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Abstract 
Diagnostic platforms providing biomarkers that are highly predictive for diagnosing, 
monitoring, and stratifying cancer patients are key instruments in the development of 
personalized medicine. We demonstrate that tumor cells transfer (mutant) RNA into 
blood platelets in vitro and in vivo, and show that blood platelets isolated from glioma 
and prostate cancer patients contain the cancer-associated RNA biomarkers EGFRvIII 
and PCA3, respectively. In addition, gene-expression profiling revealed a distinct RNA 
signature in platelets from glioma patients compared with normal control subjects. 
Because platelets are easily accessible and isolated, they may form an attractive platform 
for the companion diagnostics of cancer.  

Introduction 

Targeted tumor therapy and personalized medicine are critically depending on disease 
profiling and the development of companion diagnostics.1–5 Mutations in tumor-derived 
nucleic acids can be highly predictive for the response to targeted treatment of cancer (eg, 
KRAS mutations in colorectal cancer, BRAF mutations in melanoma, and EGFR 
mutations in lung carcinoma).5 However, obtaining easily accessible high-quality nucleic 
acids remains a significant developmental hurdle.1–3 Blood generally contains 150 000 to 
350 000 platelets (thrombocytes) per microliter,6 which exert their diverse functions7 and 
provide a highly available biomarker source for research and clinical use.8 Moreover, 
blood platelet isolation is relatively simple and is a standard procedure in blood 
bank/hematology laboratories. Because platelets do not contain a nucleus, their RNA 
transcripts, needed for functional maintenance, are derived from megakaryocytes during 
platelet origination.6,8,9 Platelet RNA can be readily isolated and subjected to gene-
expression analysis.8–10 Here we show that blood platelets take up tumor-derived secreted 
membrane vesicles that can contain tumor-associated RNA and that platelets can serve as 
a potential biomarker source for cancer diagnostics.  

Methods 

Platelet isolation and tissue resection. Tumor tissue resection and whole blood harvesting from 
glioma and prostate cancer patients were performed at the VU University Medical Center 
(Amsterdam, The Netherlands) and at Norrlands Universitets Sjukhus (Umeå, Sweden), all after 
informed consent and following ethical guidelines in accordance with the Declaration of Helsinki. 
Platelets were isolated from whole blood collected in purple-cap BD Vacutainers containing EDTA 
anticoagulant by standard centrifugation. The cells were removed by centrifugation at room 
temperature for 20 minutes at 120g, which was repeated for 5 minutes. The platelets were isolated 
from the supernatant by centrifugation at room temperature for 20 minutes at 360g, after which the 
platelet pellet was washed twice in PBS, 0.8% EDTA and collected in 100 μL PBS. Platelet quality 
(activation and aggregation) as well as purity were assessed by microscopic analysis. Next, isolated 
platelet pellets were snap-frozen for further use.  

Microvesicle isolation, labeling, and transfer. Microvesicles were isolated from U87/U87-
EGFRvIII glioma and 22Rv1 prostate cancer cells and labeled as described previously.11 After 
U87-EGFRVIII microvesicle incubation, the platelets were washed and treated with RNAse 
enzymes to ensure that the EGFRvIII RNA was delivered into the platelets and therefore protected 
from RNAse-mediated degradation. The microvesicle uptake was analyzed using the LSM-710 
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confocal microscope system with the ZEN 2010 software (Carl Zeiss) and a 63× oil immersion 
objective (Carl Zeiss). Platelets were stained with Texas red-conjugated wheat germ agglutinin 
(Invitrogen) to indicate platelet structure and analyzed for microvesicle uptake by the presence of 
green PKH67 (Sigma-Aldrich). Electron microscopy was performed as described elsewhere.12 

RT-PCR. RT-PCR for EGFRvIII, PCA3, and GAPDH was performed as described previously,11,12 
using the following primer sets: Nested EGFRvIII primers: PCR1, forward, 5′-CCAGTATTGAT- 
CGGGAGAGC-3′; and reverse, 5′-TGTGGATCCAGAGGAGGAGT-3′; PCR2, forward, 5′-
GAGCTCTTCGGGGAGCAG-3′; and reverse, 5′-GCCCTTCGCACTTCTTACAC-3′. Nested 
PCA3 primers (exons 2-3): PCR1, forward, 5′-AGTCCGCTGTGAGTCT-3′; and reverse, 5′-
CCATTTCAGCAGATGTGTGG-3′; PCR2, forward, 5′-ATCGACGGCACTTTCTGAGT-3′; and 
reverse, 5′-TGTGTGGC- CTCAGATGGTAA-3′. GAPDH primers: forward, 5′-
GAAGGTGAAGGTCGGAGTC-3′; and reverse, 5′-TCAGAAGATGGTGATGGGATTTC-3′. 

Results 

Cancer cells secrete membrane vesicles that transfer mutant RNA into blood 

platelets 

In Figure 1, we show that platelets isolated from healthy human control subjects have the 
ability to take up secreted RNA-containing membrane vesicles derived from human 
cancer cells. We isolated platelets form healthy donor subjects, as well as secreted 
membrane vesicles from glioma and prostate cancer cells11,12 (supplemental Figure 1, 
available on the Blood Web site; see the Supplemental Materials link at the top of the 
online article). Next, we labeled the isolated microvesicles with green fluorescent dye 
PKH67 and subsequently incubated them with the blood platelets. We determined uptake 
and accumulation of labeled tumor-derived microvesicles in the blood platelets by FACS 
analysis (Figure 1A). To confirm that the microvesicles were internalized by the platelets, 
we used confocal microscopy, demonstrating significant uptake of PKH67-labeled 
microvesicles derived from glioma and prostate cancer cells (Figure 1B). The secreted 
membrane vesicles from the glioma cells analyzed here contained tumor-associated 
RNA, including mutant EGFRvIII.11 To establish that tumor-derived RNA can be 
transferred from cancer cells to blood platelets, we demonstrate microvesicle-mediated 
transfer of mutant EGFRvIII RNA into platelets from healthy control subjects by RT-
PCR (Figure 1C). We detected EGFRvIII RNA by RT-PCR in platelets from healthy 
donor subjects that were incubated with membrane vesicles isolated from EGFRvIII-
positive glioma cells, and not in platelets incubated with microvesicles from EGFRvIII-
negative glioma cells. Next, we implanted U87-EGFRvIII glioma cells expressing firefly 
luciferase in the mouse brain13; and after 2 weeks, the mice were imaged using firefly 
luciferase-mediated bioluminescence imaging showing significant tumor growth (Figure 
1D), after which 500 μL of blood was withdrawn from the heart. Platelets were isolated, 
and RT-PCR was used to demonstrate the presence of EGFRvIII mRNA in platelets in 
vivo (Figure 1D).  
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Figure 1.Uptake of tumor-derived RNA in platelets. (A) U87 glioma-derived microvesicles were 
labeled with PKH67 green fluorescent dye and incubated with isolated platelets. After 15, 30, 45, 
and 60 minutes of incubation in the presence and absence of microvesicles, the platelets were 
washed and subjected to FACS analysis of PKH67 fluorescence. (B) Platelets were incubated with 
PKH67-labeled microvesicles (MV) from glioma or prostate cancer (PCa) patients, stained with 
Texas-red wheat germ agglutinin, and analyzed by confocal microscopy for PKH67-labeled 
microvesicle uptake. Merged images and size bars are shown. (C) RNA was isolated from RNAse-
treated platelets after incubation with U87 glioma-derived microvesicles under different conditions. 
RT-PCR was performed to detect EGFRvIII RNA. MV/MV-EGFRvIII indicates microvesicles 
isolated from U87/U87-EGFRvIII cells. (D) Mice were implanted with U87-Fluc-EGFRvIII cells 
or no cells and imaged after 2 weeks. Shown are representative bioluminescence images and 
corresponding EGFRvIII RT-PCR on mouse platelets. (E) RNA was isolated from platelets from 12 
healthy control subjects and 26 glioma patients (only 18 patients shown here) and subjected to RT-
PCR analysis. Corresponding glioma tissue biopsies served as control. Platelet activation and 
heterogeneous EGFRvIII tissue distribution may have caused the possible false-negative signals. 
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PC indicates U87-EGFRvIII RNA; NC, H2O; and nd, not determined. *Positive signal. (F) RNA 
was isolated from platelets from healthy control subjects (n = 10) and prostate cancer patients (n = 
12) and subjected to PCA3 and GAPDH RT-PCR analysis.  

 

Blood platelets from cancer patients contain tumor-derived mutant RNA. To 
determine whether circulating blood platelets isolated from glioma patients contain the 
RNA biomarker EGFRvIII, we compared blood platelets from healthy donor subjects to 
blood platelets from glioma patients (Figure 1E; summarized in supplemental Table 1). In 
addition to the RNA isolated from blood platelets, we isolated RNA from the 
corresponding glioma tissues. As proof of concept, we used RT-PCR to determine 
whether mutant EGFRvIII RNA was detectable in resected glioma tissues and in platelets 
from the same patient (n = 26), as well as in platelets from healthy control subjects (n = 
12). The samples were coded, and RT-PCR was performed in a blinded fashion. A total 
of 21% of the glioma tissue samples contained the EGFRvIII transcript (supplemental 
Table 1), similar as observed earlier.11 Notably, EGFRvIII was amplified from platelets 
in 80% of the EGFRvIII-positive patients, and from none of the platelets of the healthy 
donors (n = 12), whereas GAPDH RNA was detected in all platelet samples. To 
demonstrate that the presence of tumor-associated messages is not unique to platelets 
from glioma patients, we report the presence of RNA coding for the prostate cancer 
marker PCA3 in platelets from prostate cancer patients (n = 12) and their absence in 
platelets from healthy control subjects (n = 10; Figure 1F).  
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Figure 2.Glioma-associated gene expression signature. (A) Platelet RNA from glioma patients 
and healthy control subjects was subjected to gene-expression arrays. SAM analysis was used to 
determine significantly expressed genes. A heatmap of the top-30 up-regulated RNAs is shown. (B) 
Individual expression levels for the top-10 RNAs. Dashed line indicates background (BG).  

Gene-expression profiling identifies a glioma signature in blood platelets. Finally, 
using gene-expression arrays, we determined the RNA profiles of platelets isolated from 
healthy control subjects (n = 12) and glioma patients (n = 8; supplemental Methods). 
SAM analysis was performed to determine that we obtained distinct RNA expression 
profiles and allowed us to compile a glioma-associated gene-expression signature (Figure 
2A). Interestingly, several of the potential biomarkers were hardly detectable in control 
samples, whereas in the blood platelets from the glioma patients they were highly 
expressed (Figure 2B).  

 

Discussion 

Here we demonstrate that membrane vesicles secreted by cancer cells are vehicles 
capable of transferring tumor-derived (mutant) RNA into platelets, as shown by confocal 
microscopy and RT-PCR. It is established that tumor cells can release RNA into the 
circulation via a variety of microvesicle types.11,12,14–16 However, additional mechanisms 
are emerging; for instance, circulating microRNAs (miRNAs) have been detected in 
conjunction with argonaute 2 protein,16 as well as in complex with high density 
lipoprotein.17 Therefore, tumor-derived RNA molecules in platelets may also transfer via 
microvesicle-independent mechanisms. Interest in platelets and their ability to interact 
with intravascular components have enticed several groups to pursue the use of platelets 
as a protein source for cancer biomarkers and investigating their function in disease.18–22 
Several platelet proteins were identified as potential cancer biomarkers, including PF423 
and thrombospondin-1.24 Interestingly, thrombospondin-1 was shown to be a negative 
regulator of angiogenesis and affects platelet-mediated recruitment of bone marrow–
derived cells to sites of tumor angiogenesis.25 In addition, platelet-derived 
lysophosphatidic acid was shown to support breast cancer metastasis and was identified 
as a potential therapeutic target by interfering with the recruitment of bone marrow–
derived cells to angiogenic sites.26 It was recently shown that megakaryocytes selectively 
transport mRNAs into platelets, allowing only a subset of RNAs to be transferred into 
platelets,27 and Calverly et al identified a subset of megakaryocyte/platelet-derived 
mRNAs that are differentially expressed in lung cancer metastasis.28 However, any role 
of tumor-derived RNA in platelet biology and cancer remains to be investigated, and it 
remains unclear to what extent the transferred tumor-derived RNA can be functionally 
translated into proteins, thereby manipulating platelet function, as previously shown to 
occur in endothelial cells after uptake of tumor-derived microvesicles.12 A recent study 
demonstrated miR-28 to be deregulated in platelets of cancer patients.29 Because platelets 
have a functional miRNA machinery,10,30 it would also be of interest to determine 
whether tumor-derived miRNAs can functionally repress translation in platelets, as was 
demonstrated to take place in monocytes on microvesicle-mediated delivery of tumor-
derived miRNAs.31 Besides the microvesicle uptake shown here, it was reported that 
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platelets can efficiently release protumoral microvesicles themselves,18,32,33 thereby 
possibly allowing for a blood-based distribution network of (tumor-derived) RNA. Thus, 
the spread of RNA by tumor cells via platelets provides a strategic opening for cancer 
surveillance. The results presented here demonstrate that platelets contain tumor-
associated RNA and therefore may possibly serve as an attractive platform for the 
companion diagnostics of cancer in the context of personalized medicine.  

 

 

Figure S1. Quality control of the platelet isolation procedure (A) As demonstrated here the 
protein rich plasma fraction is removed along the washes. The platelet fraction after the washes was 
pure. Erythrocyte contamination was <1:1,000. Size bar = 10 μm. (B) The isolated and labeled 
microvesicle fraction was subjected to electron microscopy, showing typical cup shaped exosomal 
vesicles. Size bar = 100 nm.  
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Figure S2. RNA was isolated from platelets from healthy control subjects (n = 8) and prostate 
cancer patients (n = 12) and subjected to PCA3, PSA, and GAPDH RT-PCR analysis. * indicates 
weak positive signal. 
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Abstract 

Microvesicles are nano-sized lipid vesicles released by all cells in vivo and in vitro. They 
are released physiologically under normal conditions but their rate of release is higher 
under pathological conditions such as tumors. Once  released they end up in the systemic 
circulation and have been found and characterized in all biofluids such as plasma, serum, 
cerebrospinal fluid (CSF), breast milk, ascites, and urine. Microvesicles represent the 
status of the donor cell they are released from and they are currently under intense 
investigation as a potential source for disease biomarkers. Currently, the “gold standard” 
for isolating microvesicles is ultracentrifugation, although alternative techniques such as 
affinity purification have been explored. Viscosity is the resistance of a fluid to a 
deforming force by either shear or tensile stress. The different chemical and molecular 
compositions of biofluids have an effect on its viscosity and this could affect movements 
of the particles inside the fluid. In this manuscript we addressed the issue of whether 
viscosity has an effect on sedimentation efficiency of microvesicles using 
ultracentrifugation. We used different biofluids and spiked them with polystyrene beads 
and assessed their recovery using the Nanoparticle Tracking Analysis. We demonstrate 
that MVs recovery inversely correlates with viscosity and as a result, sample dilutions 
should be considered prior to ultracentifugation when processing any biofluids. 

 

 

Introduction  

Exosomes are nano-sized vesicles (MVs) (30–100 nm) of endosomal origin produced by 
different parental cells1-3. Nanoparticles formed through membrane budding are also 
called microvesicles and their corresponding process of formation is called 
microvesiculation1. Their sizes differ from 30nm in diameter and have been reported up 
to 5µm, the former including the more homogenous population of exosomes released 
from multivesicular bodies (MVBs) and the latter shedding from the plasma membrane 
which are commonly referred to as MVs4, 5. In this article, we will refer to all types of 
released vesicles under the common term of microvesicles (MVs). MVs have been 
extensively studied in serum and culture media from a variety of tumors6, 7; a great body 
of evidence shows that they can be secreted into the extracellular space and are involved 
in intercellular communication by transferring functional proteins and RNA molecules 
between cells2, 8, 9. MVs are also known to carry antigens from microorganisms like 
viruses and bacteria and can be potential biomarkers for a variety of diseases10, 11. MVs 
are found in different biofluids such as plasma12, serum13, cultured media14, saliva15, 
breast milk16, amniotic fluid15and urine17.A variety of methods have been utilized to 
isolate microvesicles including sucrose gradient, ultracentrifugation, Exoquick TM, 
microfiltration and immune affinity capture method18, 19. A standardized method for 
isolation and assessment of MVs from various body fluids and culture media has not yet 
been established and hinders reproducible studies for downstream analysis of isolated 
MVs20. Ultracentrifugation is considered the "gold standard" for harvesting 
microvesicles, though inconsistencies have been reported in reproducibility and 
repeatability of the data. Ultracentrifugation protocols vary across users and this leads to 
inconsistencies in recovery of MVs 18, 19, 21. Viscosity of a fluid is the resistance of a fluid 
that is being deformed by either shear or tensile stress.  Due to different chemical and/or 
molecular compositions, the makeup of different biofluids will result in their varying 
viscosities. This manuscript explores the recovery of MVs derived from different 
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biofluids (serum, plasma, and culture media) with different viscosities, using 
ultracentrifugation. To the best of our knowledge, this is the first study to assess this 
parameter.  
 

 

 

 
MATERIAL AND METHODS 

 
Samples and preliminary sample preparation. In this study we used biobanked plasma and serum 
as well as cultured media (CM) from HEK-293T cells. Whole blood samples were obtained from 
healthy volunteers upon approved IRB protocols at Massachusetts General Hospital and Harvard 
Medical School. Serum samples were collected in 10mL tiger top tubes (BD vacutainer), allowed to 
coagulate at room temperature for 30 minutes and spun at 1,300 x g for 10 minutes to separate 
serum from coagulated blood. The serum was then filtered through a 0.8µm filter, aliquoted into 
2ml cryovials and stored at -80°C. Plasma was collected into EDTA-containing tubes (BD 
vacutainer), spun at 1,500 x g for 10 minutes to separate plasma from the buffy coat. Plasma was 
then transferred to a clean tube and filtered through a 0.8µm filter and stored at -80°C until further 
processing. Culture media was collected from HEK-293T cells, cultured for 48hrs in MV-depleted 
media, and spun at 300 x g for 10 minutes. The supernatant was transferred to a clean tube and 
spun at 2,000 x g for 15 minutes, filtered through a 0.8µm filter and stored at -80°C.As controls, 
polystyrene beads (Thermo Scientific, Fremont, USA) with the specific diameter of 100nm were 
used to make control samples (plasma+beads, serum+beads, CM+beads, PBS+beads). Two mL of 
serum, plasma, CM, and PBS were spiked with a total of 7.22 x 1010 polystyrene beads without any 
pretreatment and used for ultracentrifugation. A total of 7 samples which included 3 samples and 4 
controls were used in this study. We use the term MVs for the plasma, CM and serum without 
beads and microparticles (MPs) as a term for mixture of MVs of each biofluid plus synthetic added 
beads. 
 
Ultracentrifugation. At the time of analysis 2mL of serum, plasma, CM, serum+ beads, plasma 
+beads, and PBS+ beads were thawed at room temperature for ultracentrifugation. We defined 
“pre-ultracentrifugation” (pre-UC) as aliquots of each sample prior ultracentrifugation, obtained 
after vortexing and used for quantity measurement of MVs/MPs. All samples were ultracentrifuged 
at 100,000 x g for 90 minutes in a Optima MAX-XP model, fixed angle MLA-55 rotor (k 
factor=116) (Beckman Coulter, Miami, FL), at 4°C. After ultracentrifugation, pellets of samples 
were collected and re-suspended in 50µl PBS and now considered as “post-ultracentrifugation” 
(post-UC) aliquots of each sample post ultracentrifugation, used for quantity measurement of 
MVs/MPs.  
 
Concentration  and size analysis of MVs/MPs. The concentration of MVs/MPs for pre-UC 
samples and post-UC was identified by measuring the rate of Brownian motion using the 
NanoSight LM10 system (NanoSight, Amesbury, U.K.) supplemented with a fast video capture and 
Nanoparticle Tracking Analysis (NTA) software. The instrument was calibrated based on 
Nanosights’s protocol. The samples were measured for 30 seconds with manual shutter and gain 
adjustments. Measurements were made for each sample in triplicate after re-calibration of 
instrument as suggested by Nanosight. NTA was used to measure particle size (measured in 
nanometers); Pre-UC, Post-UC, and supernatant samples were measured at room temperature in 
triplicate after calibration of the instrument based on the manufacturer’s protocol. Each 
measurement repeated for three times.  
 
Viscometer. Relative viscosities of pre-UC samples (serum, plasma, CM and PBS) were measured 
using an Ostwald-type viscometer (Canon Instrument Co., State College, PA) at constant 
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temperature as described by Fahey et al22, based on time of flow through a volumetric capillary. 
The viscosity of each liquid (η1) was determined using the following equation: η1= (ρ1t1/ ρ2t2) η2, 
where, ρ1=density of unknown liquid, ρ2= density of other liquids (water), t 1= time of the other 
liquids, t 2= time of the known liquid, η 2= viscosity of known liquid. We used the American 
Society for Testing and Materials (ASTM) standards for measuring dynamic viscosity, centipoise 
(cP).  

Statistical analysis. Three measurements (concentration, size, and diffusion coefficient) per sample 
were generated from the Nanosight instrument for pre-UC and post-UC. Data was averaged and the 
standard deviation was calculated. The sedimentation efficiency is defined as the difference 
between initial MVs’/MPs’ amount and resulting pellet amount of microvesicles. The 
sedimentation efficiency of MVs/MPs in the samples was analyzed by one-way ANOVA (Post-hoc 
Tukey). Only the data with normal distribution (assessed by the Kolmogorov–Smirnov test) were 
used. A value of p < 0.05 was considered significant. Statistical analyses were performed by using 
SPSS 15.0 (SPSS Inc., Chicago, USA). The error bars displayed on the NTA graphs were obtained 
by the standard deviation of the different measurements of each sample. All data is represented as 
mean ± standard deviation (SD).  

 

RESULTS 

 

Higher viscosity results in lower sedimentation efficiency 

Table 1 summarizes the mean and standard deviation of pre-UC concentration, post-UC 
concentration and sedimentation efficiency for each experimental sample. We noticed a 
significant difference between sedimentation efficiency of plasma, serum and culture 
media (p<0.001). The viscosity of the plasma, serum, cultured media (CM), and PBS 
were 1.65 cP, 1.4 cP, 1.1 cP, and 1.0 cP, respectively. The Pearson correlation was -0.912 
(P<0.001), indicating that a greater viscosity leads to lower sedimentation efficiency. The 
sedimentation efficiency of plasma with 1.65 cP viscosity was lower because of higher 
viscosity in comparison to serum (1.4 cP), but the difference was not statistically 
significant (p>0.05). Figure 1, illustrates the comparison of pre-UC MVs/MPs with post-
UC concentration.  It shows that in spite of lower initial concentration of pre-UC MVs, 
the sedimentation efficiency was higher in CM when comparing MVs’ quantities pre-UC 
with post-UC. Also depicted in Figure 1, due to differences in viscosity of plasma and 
serum when compared to CM, the differences between pre-UC and post-UC was higher 
in CM when compared to MV quantities (p<0.05). This trend is also seen in plasma + 
beads and serum + beads versus media + beads (p<0.05), because of plasma and serum’s 
greater viscosity. There were no significant differences between sedimentation efficiency 
of PBS + beads and culture media + beads pre-UC and post-UC. As presented by Table 
1, the less viscous fluids (PBS and CM) have higher sedimentation efficiency.  
 
Table 1- Evaluation of microvesicles/microparticles concentration (particles/ml) and 
viscosity before and after ultracentrifugation.  

Biofluid

s 

(particle

s/ml) 

 Mean of 

Pre-UC 

Concentrat

ion 

Mean of 

Post-UC 

Concentrat

ion 

Mean of 

sedimentat

ion 

efficiency 

Std. 

Deviation 

Viscosi

ty (cP) 

Sampl

es 

Plasm
a 

3.06E+12 7.34E+10 -
2.9866E+1

1.87078E
+11 

1.65 
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2 

Seru
m 

2.98E+12 7.44E+10 -
2.9136E+
12 

4.03438E
+10 

1.4 

Cultu
re 
Medi
a 

5.30E+10 1.96E+10 -
3.3480E+
10 

5.72186E
+9 

1.1 

Contro

ls 

Plasm
a+ 
Beads 

3.49E+12 2.01E+10 -
3.4728E+
12 

4.04868E
+11 

1.65 

Seru
m + 
Beads 

3.52E+12 1.12E+11 -
3.4157E+
12 

5.52037E
+10 

1.4 

Cultu
re 
Medi
a+ 
Beads 

9.07E+10 2.26E+10 -
6.8133E+
10 

1.09436E
+10 

1.1 

PBS 
+ 
Beads 

6.92E+10 1.51E+10 -
5.4075E+
10 

1.55232E
+10 

1.0 

  
 
 
Table 2- Evaluation of microvesicles/microparticles size Pre-UC and Post-UC.  
 
 

  Pre-UC 

MVs/MPs 

size 

(mean±SD) 

nm 

Post-UC 

MVs/MPs 

size 

(mean±SD) 

nm 

P 

Value 

Supernatant 

MVs/MPs size 

(mean±SD)nm 

Samples Plasma 84.0 ±2.6 134.3 ±11.2 0.011a 93.7±8.9 

Serum 102.0±6.0 131.3±2.9 0.028a 100.3±2.1 

Culture Media 107.0 ±7.0 118.0±7.9 0.283 111.3±1.2 

Controls Plasma+Beads 96.0±19.31 139.0±6.6 0.028a 97.0±22.8 

Serum+Beads 106.0±5.59 120.7±5.8 0.075 104.7±4.9 

Culture 
Media+Beads 

113.0±3.0 129.3±2.3 0.003a 116.3±3.8 

PBS+Beads 160.0±13.0 115.7±7.4 0.017a 122.0±1.7 
aindicates significant differences in P-Value. 

 
 
Size Distribution of pre-UC, post-UC, and supernatant. 

As shown in Table 2, the mean size ±SD (nm) of the MVs/MPs in both plasma and serum 
were found to be significantly larger in Post-UC (plasma = 134.3±11.2nm; serum = 
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131.3±2.9nm) compared to Pre-UC (plasma = 84.0±2.6nm; serum = 102.0±6.0nm) 
(p<0.05). Difference between the size of MVs in CM pre-UC (mean±SD of 
107.0±7.0nm) and post-UC (mean±SD of 118.0±7.9nm) were insignificant. Additionally, 
MVs in the supernatant of plasma and serum samples were smaller in diameter when 
compared to same MVs post-UC (mean ±SD of supernatant: plasma = 93.7±8.9nm, 
serum = 100.3±2.1nm; mean ±SD of Post-UC samples: plasma = 134.3± 11.2nm; serum 
= 131.3±2.9nm; Table 2). Also, PBS+ beads showed a significant decrease in average 
size of MPs post-UC (mean ±SD of pre-UC = 160.0±13.0 versus mean ±SD of post-UC = 
115.7±7.4; p<0.05). Figure 2 shows the Nanosight distribution of MVs for plasma pre-
UC and post-UC.  
 

 
 
Figure 1- Assessment of microvesicles/microparticles concentration (particles/ml) before and after 
ultracentrifugation. Bar graph represent the concentration (particles/ml) of MVs/MPs pre-UC 
(black) and post-UC (gray) (Y axis) for different tested samples and controls (X axis) along with 
viscosity of each fluid (cP) 
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Figure 2- Size distribution (nm) and concentration (particles/ml) from NTA measurements of a 
representative plasma samples. 3D graph illustrating size versus intensity (relative frequency of 
each size range among the entire population of MVs) versus concentration (particles/ml)of 
microvesicles from plasma. (A) Plasma MVs Pre-UC- Average size of plasma MVs were 73 nm 
before ultracentrifugation; 3D graph representing particle size versus intensity versus concentration 
(particles/ml) of microvesicles before ultracentrifugation (B) Plasma MVs Post-UC- Average size 
of plasma MVs were 137 nm after ultracentrifugation; 3D graph representing particle size versus 
intensity versus concentration (particles/ml) of microvesicles before ultracentrifugation.  

 
 

DISCUSSION 

 

Microvesicles are emerging as a source of potential biomarkers with putative prognostic 
and diagnostic value. One of the interests in the field is to use MVs in a format that could 
detect initial stages of disease, and accurately predict risk assessment and patient 
response to therapy. In this study we have examined how viscosity affects sedimentation 
of MVs using ultracentrifugation. A fluid is termed viscous when the internal frictions are 
high and as a result, it takes a great deal of energy for particles to initiate and sustain their 
motion. Viscosity increases with decreasing temperature and most ultracentrifugation 
steps are carried at +4°C, the highest water density, which suggests that viscosity is at its 
highest.  Viscosity also increases with pressure. Hydrostatic pressure increases up to 
200bar/min in a sample spun at 50,000rpm 23 and this should be taken into account when 
spinning/comparing different biofluids, assuming all other conditions are kept equal. 
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Here we used a viscometer to determine the “fluid’s resistance to flow” which is defined 
as viscosity. The strain rates are defined by the geometry of the instrument and the 
corresponding stresses are defined by the fluid’s resistance to flow. When one variable is 
fixed and known, the other force will depend on the viscosity of the fluid.  Our results 
demonstrated that ultracentrifugation of MVs is greatly affected by the viscosity of the 
biofluid used. Plasma had the highest viscosity (1.65cP), followed by serum (1.4cP), 
culture media (1.1cP) and lastly PBS (1.0cP). The viscosity of serum and plasma were 
concordant with Tangney et al. 24. We found that viscosity has a significant correlation 
with the recovery of MVs/MPs. Because plasma has more proteins e.g. fibrinogen and 
other clotting factors, the internal frictions are high and as a result, it requires more 
energy for particles to move24. The same extrapolation may be attributed to serum 
because, although it lacks clotting factors, it has other proteins that increase its internal 
friction when compared with less viscous fluids like culture media and PBS. The 
sedimentation efficiency of plasma was lower because of higher viscosity in comparison 
to serum and culture media. Culture media had a viscosity very close to that of PBS and a 
higher number of MVs were pelleted in culture media. These results were confirmed 
when the samples were spiked with 100nm polystyrene beads. The data suggests that 
viscosity is an important parameter to consider when working with a biofluid where a 
lower viscous fluid yields more MVs in the pellet, and that comparison of different 
biofluids should be avoided unless samples have been diluted to reach similar viscosity 
values. Additionally, the result of this study showed that the average size of the MVs 
increased significantly after ultracentrifugation in plasma and serum (p<0.05); while 
average size of culture media derived MVs increased insignificantly. The average size of 
pelleted beads derived from PBS+beads, the less viscous fluid, decreased significantly 
(p<0.05). This finding contradicts the belief that plasma/serum has MVs that are larger in 
size in comparison with cell lines. It may indicate that longer ultracentrifugation time is 
needed because of viscosity, providing the capability of extracting smaller particles from 
plasma and serum. Another factor that should be taken into account is sedimentation 
stability (streaming) which affects both accuracy and resolution. Streaming, a factor that 
is related to Brownian motion of small particles, causes the reported size distribution to 
be larger than actual size distribution. MVs derived from plasma and serum had smaller 
sizes that reflect more Brownian motion during sedimentation, which could lead to 
reduced resolution and sedimentation efficiency.  Another factor that could lead to 
greater MVs’ diameter is lipoprotein fusion; Ala-Korpela et al.25 assessed particle fusion 
based on fluorescent resonance energy transfer and showed that lipoprotein particle 
fusion could occur after sequential ultracentrifugation. The following formula considers 
the centrifugal force, buoyancy, and Stokes law which governs the sedimentation velocity 
of a spherical particle:v=Δρ d

2
a/18ηWhere Δρ is the difference in densities of the 

microparticles and the medium, d is the effectual diameter of the MVs, a is the 
acceleration of the centrifugal force generated in the centrifuge rotor, and η is the 
viscosity of the medium21. Based on this formula, along with the effect of 
ultracentrifugation force and density of MVs, larger particles would sediment more 
effectively in the same conditions. Also, according to Scott et al. (2005), material with 
higher densities (for example higher concentration of MVs) have additional instability 
after sedimentation, which cause pelletted MVs to detach and return into supernatant. 
This could be a reason for lower efficiency and smaller average size of MVs/MPS 
observed in plasma and serum21. According to the formula, there are many other factors 
that could affect sedimentation efficacy such as difference between density of MVs and 
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fluid, centrifugal force (g), temperature, type of rotor (fixed angle versus swing out) and 
time; further studies are required to assess each factor along with their synergism to 
improve efficacy of ultracentrifugation protocol. As mentioned above, another factor that 
should be taken into account is the great likelihood of MVs/MPs fusion, based on natural 
stickiness of MVs/MPs, which could be influenced by their different derived media and 
its buffer characteristics such as salt concentration, ionic contents7, 26. Follow-up studies 
exploring the differences in MV concentration and size over a range of RCFs (eg, 100K, 
150K, 200K x g), different ultracentrifugation time spans, and different rotors and  
subsequently different k factors, investigating the stability of vesicles harvested at those 
force levels would be of great importance. In conclusion, by comparing concentration and 
size of MVs in different biofluids, we determined that viscosity of biofluids could 
significantly affect sedimentation efficiency. Also, this study revealed that the size of 
MVs in more viscous biofluids significantly increase after ultracentrifugation. 
Considering MVs and their extensive diagnostic and therapeutic potential, more 
systematic research studies regarding the standardization of isolation protocols and 
identification of effective factors for sedimentation efficiency are necessary. 
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Release of membrane vesicles from the plasma membrane is a physiological process 
known to occur in cell activation, growth etc, without affecting the cell’s viability and it 
is a process widely observed both in vitro and in vivo

1. Under the same conditions, 
normal cells seem to have a more controlled regulation of this release process, but in 
cancer cells this process appears to be largely deregulated as many more vesicles are 
constantly released from the entire surface of the cell2-4. Microvesicles comprise a very 
heterogeneous population of vesicles ranging in size and content. Their sizes vary from 
20nm in diameter and have been reported up to 900nm, the smaller ones comprising the 
more homogenous population of exosomes released from the MVBs and the larger ones 
shedding form the plasma membrane and commonly referred to as MVs5. Microvesicle 
content varies from cell to cell and has been reported to reflect the content of the cell they 
originate from. These MVs can also be taken up by neighboring or distant cells and they 
can modulate their status in response to the MVcontent1,6. It has been shown that MVs 
can affect immunoresponses, promote tumor invasiveness and metastasis, can confer 
resistance to drugs, and promote endothelial cell migration, invasion and 
neovascularization acting as carriers of angiogenic stimuli7. The recent rediscovery of 
microvesicles, especially as carriers of nucleic acid, has incited research, and 
consequently many new developments in this area. Our group has been especially 
interested in brain tumors, particularly glioblastoma multiforme (GBM). It is a 
devastating brain tumor with a median survival of 14-15 months only and 5-year survival 
rate of 10%8. Besides understanding the underlying biological process, new therapies are 
desperately needed, as well as less invasive ways to diagnose the tumor and monitor 
response to therapy.  
The representation of tumor derived genetic material inside MVs, is of great potential for 
genotyping and indirectly phenotyping of tumor in individual patients without the need 
for a biopsy. Microvesicles are shed into virtually all body fluids rendering them easily 
accessible and allowing for repeated and longitudinal studies. This new area of research 
promises new and exciting discoveries in improving patient lives. It has been previously 
shown that tumor derived RNA, DNA, cDNA, and non coding RNA, can be found in 
serum-derived MVs9. This tool will provide crucial as a companion diagnostic for several 
drugs treatments already available in the clinic. For example, colorectal cancer patients 
with activating KRAS mutations respond poorly to treatments with EGFR inhibitors such 
as Cetuximab/Erbitux10; PLX4032 is only effective against melanomas bearing theV600E 
BRAF mutation11. Another example is a drug called getifinib/Iressa, an EGFR tyrosin 
kinase inhibitor, which correlates with better response in lung cancer when the tumor has 
an activating mutation in the tyrosin kinase domain12.  
These examples stress the importance of companion diagnostic to improve patient care, 
by avoiding prescription of unnecessary drugs, as well as cutting useless spending on 
unnecessary treatments. Furthermore, immature dendritic cells from a patient can be 
stimulated with tumor specific antigen, such as the oncogenic surface receptor EGFRvIII. 
Microvesicles from these trained DCs can then be injected back in the same patients 
where they will “train” immune cells to recognize tumor cells as foreign and attack them, 
ultimately eradicating the tumor. Their small size and flexibility would favor wide 
biodistribution and thus an efficient delivery of the cargo the tumor cells. Other tumor 
biomarkers such as IDH1 can be found in MVs derived from the cerebral spinal fluid 
(likely serum as well, with some more assay optimization) which can be a platform to 
detect response to treatment, regression or tumor stratification. Mutation in the isocitrate 
dehydrogenase 1 (IDH1) is an important indicator of prognosis for gliomas so the MVs 
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platform could provide central to the concept of tumor stratification. In 2008 Pfizer and 
Celldex Therapeutics Inc entered a clinical trial with a peptide vaccine that targets the 
epidermal growth  factor receptor variant III (EGFRvIII) so a biomarker platform to 
detect and monitor the presence of the EGFRvIII protein and/or message is crucial for the 
selection and follow up of the right patients.  
 
In this thesis we firstly investigated important biological features (i.e. biogenesis and 
their cargo) of MVs and we then focused on the biomarker aspect of MVs. As previously 
mentioned, MVs provide important means to cell-cell communication, i.e. they deliver 
their cargo (RNA, DNA, proteins, retrotransposons and other non-coding RNAs) from 
one cell type to the neighboring as well as distant cells, with the ability to modify the 
recipient cell status. Immense interests has recently provided many interesting answers 
and proofs to these hypothesis but a lot of work still remains to be done to fully 
understand biological processes underlying MV biogenesis and their role in cell-cell 
communication. The first correlation between MVs and their role in cancer rose with two 
important publications in 20083,9. Both Skog et al., and Al Nedawi et al., showed that 
tumor cells produced  microvesicles bearing tumor specific cargo, and that these MVs 
could transfer protein3 and mRNA9 to recipient cells, which would in turn be expressed 
and have an effect on the recipient cells. These two publications led to many more 
interesting studies that showed that tumor MV were more that just lipid sacs; indeed they 
genetic material and specific species such as miRNA, mRNAs or proteins can be 
enriched in MVs. Once taken up by recipient cells, these RNA species can induces 
important changes such as increased growth rate, morphological and genotipical 
changes7,9,13.  
Following the first study on glioblastoma derived MVs, we aimed to further characterize 
brain tumor derived MVs. We used three medulloblastoma cell lines (D384, D425, 
D458), one primary melanoma cell line (Yumel0106) and two primary GBM cell lines 
(GBM20/3 and GBM11/5) to show that most tumor cell lines secreted many more MVs 
when compared to normal human fibroblasts, as analyzed by the Nanosight Tracking 
Analysis which counts MVs and it estimates the diameter size. Most importantly we 
showed that tumor derived MVs were enriched in retrotransposon elements. These 
sequences make up almost 50% of our genome14 and have played an important role in 
evolution. They entered our genome millions of years ago when they infected sperm 
cells, and the infection was then passed on to the new generations. Most of these 
sequences are silent either because of methylation of their genome or because of the 
many mutation acquired during retrotransposition15. The most recent entries in our 
genomes are of particular “threat” because they still have intact sequences, capable of 
encoding for reverse transcriptase, endonuclease and integrase which are necessary for 
these sequences to cut and paste themselves around the genome. Reverse transcriptase 
itself is prone to mistakes leading to some of the silencing mutations but also methylation 
of their promoter is an important silencing step15. Healthy individuals are not particularly 
affected by these sequences but hypomethylation in cancer has been shown to affect 
primarily promoter of retrotransposons, mostly the recent entries which happen to be the 
ones with the more intact sequences such as HERV-H, HERV-W and HERV-K16. An 
inverse correlation for example, has been observed between HERV-K transcriptional 
activity and DNA hypomethylation17. Finding these potentially “infectious” sequences in 
such a dynamic MVs scenario, sparked a lot of questions about their function, their effect 
on recipient cells etc. We showed that indeed MVs are particularly enriched in these 
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sequences which have the potential to be transferred to recipient cells and potentially 
affect the transcription machinery. We looked at the transfer of one human endogenous 
retrovirus (HERV), which is the most recent and with the most intact coding sequence, 
HERV-K. When HUVEC cells were exposed to MV from a tumor derived cell line 
(D384), which we had shown to be highly abundant in HERV-K, the levels of HERV-K 
increased dramatically in the recipient HUVEC cells. The effect was most pronounced at 
12hr after exposure to MVs18. Another product of transcriptionally active retrotransposon 
sequences is reverse transcriptase. We therefore looked at the reverse transcriptase (RT) 
levels in microvesicles derived from the tumor cell lines used in this study. If reverse 
transcriptase was present, one of its products would have been higher levels of single 
stranded DNA (ssDNA or cDNA). Indeed we detected RT activity in microvesicles from 
the medulloblastoma cell lines, which correlated well with the levels of single-stranded 
DNA in microvesicles. Taken together the data suggest that MVs play an important role, 
especially in cancer, where they are loaded with these highly active sequences and send 
out to mould the tumor microenvironment towards a more malignant one.  
We also investigated the potential use of delivering adeno-associated virus (AAV) 
vectors through microvesicles to improve gene delivery. AAV vectors have shown 
remarkable success in gene delivery in several human diseases. Some limitations still 
exist, such as off-target gene delivery and its related toxicity, pre existing antibodies to 
AAVs, although titers vary among serotypes, and lastly, cell mediated immunity poses a 
real threat to this techniques, which can in turn inactivate the virus. We then aimed to see 
if AAV can be associated with microvesicles and if their biodistribution and gene 
delivery would improve. We noticed indeed that a part of AAVs were associated with 
MVs and they were released in the media of the packaging cell line. These complexes 
were termed vexosomes and were isolated by centrifuging the media at 20,000 x g for 1hr 
and then by fractionating the different population in a sucrose gradient. Nanoparticle 
Tracking Analysis (NTA) showed mostly similarities in the profiles of microvesicles and 
vexosomes, except for the presence of some larger particles in the vexosomes population 
of 200nm in diameter. We also thoroughly characterized the different fractions of the 
sucrose gradient, to notice that there were mainly three populations. Size characterization, 
gene copy number quantification, transduction assay and western blot, all confirmed that 
fraction 7 contains the so called vexosomes, while the lighter and the heavier may have 
contained free MVs or MV associated with many more AAV or AAV aggregates. We 
show that gene delivery of AAV1 and AAV2 vexosomes is highly efficient in U87 and 
293T cells in culture and interestingly the uptake by both these cell lines was completely 
inhibited in the presence of heparin suggesting that MVs may bind to heparin. We also 
showed that transduction was dependent on the presence of cap protein since its deletion 
completely abrogated gene transduction. Furthermore, we also showed that it is possible 
to target vexosome specifically to a desired cell by having them express a membrane 
specific receptor by using Biotin Acceptor Peptide – Transmembrane Domain (BAP-TM) 
receptor as this genetically engineered receptor allows binding to biotinylated ligands via 
a streptavidin bridge. Thus, MVs may be loaded with AAV as well as other cargo such as 
siRNA and drugs to target specific cells.  
We explored the applicability of MVs as a biomarker platform for a variety of tumor 
related changes such as gene amplifications (cMyc, EGFR), gene deletions (EGFRvIII), 
point mutations(IDH1) as well as protein related changes. For the gene amplification 
study we were particularly interested in cMyc which is commonly amplified in 
medulloblastoma, a devastating child brain tumor and EGFR which is commonly 
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amplified in GBMs. Serum samples from children are particularly difficult to obtain so 
we sought to investigate this hypothesis in mouse models. We used two human tumor cell 
lines that amplify either the cMyc (D384) or EGFR (A431) gene and implanted them 
subcutaneously into immunocompromised mice. We let the tumors grow for one month 
and then collected blood by cardiac puncture, resected the tumors and analyzed the levels 
of human cMyc and human EGFR in the circulating serum MVs from mice. Indeed we 
show that a gene amplification in the primary tumor is reflected in circulating MVs.  
Primers were specific to human genes so there was virtually no background to interfere in 
the qPCR. Human EGFR levels were higher in circulating MVs from mice that had a 
tumor that amplifies EGFR. On the other hand human cMyc was only detected in mice 
that had tumors amplifying cMyc confirming the feasibility of the assay and platform. 
We also looked at the protein levels as tumor biomarkers in serum-derived microvesicles. 
One of the main challenges with using MVs as a source for tumor biomarkers is the 
ability to pick up disease-specific changes in a wild type background. In this study we 
used target-specific magnetic nanoparticles in a miniaturized nuclear magnetic resonance 
system, which has higher detection limit, as compared to FACS, Western Blot, ELISA, 
and Nanosight. We showed that we can distinguish with high sensitivity between tumor-
derived and host cells’-derived MVs. Further, using this technique, we found a molecular 
signature for GBMs and GBM derived MVs and used that to study the tumor’s response 
to therapy. Treatment with Temozolomide (TMZ) for example reduced the number of 
cells and MVs as measured by µNMR while measurements with FACS and WB did not 
reflect any changes. Treatment of tumor-bearing mice with TMZ had no effect on CD63 
positive MVs but it significantly reduced EGFR and EGFRvIII related MVs stressing the 
need to pull down tumor-specific MVs. The study provides a great platform for the use of 
circulating MVs as a source for tumor-related protein and its easy application could turn 
out readily usable in a point-of-care setting.  
In a different study we used mRNA-microarray data collected from serum-derived MVs 
from nine GBM samples and seven healthy controls and aimed to find novel tumor 
biomarkers at the RNA levels, or a GBM-signature that would provide useful to study 
GBMs. We showed that after unsupervised clustering, glioblastoma samples were clearly 
separated from healthy controls without looking at any specific genes yet. We then 
looked at specific p-values of all genes and after applying the Benjamini and Hochberg 
algorithm, came up with a list of 25 most up- and down-regulated genes in GBM samples 
although when we performed a gene-by-gene t-test between these two apparent groups of 
GBM samples no significant genes were left that met the p<0.05 criteria for statistical 
significance. In a volcano plot we noticed that substantially more genes were found to be 
downregulated than upregulated (121 and 24 respectively) in the GBM samples 
compared to controls. Gene ontology analysis revealed that the large majority of these 
genes are related to ribosome functions. These genes have been shown to be highly 
enriched in lymphocytes relative to other blood cells and these patients had lymphocytes 
counts that ranged between 3-19% which is well below the healthy threshold of 22%. 
qRT-PCR validation of these genes confirmed the downregulated ones but failed to do so 
with the upregulated genes. Although the amount of RNA was higher form GBMs than 
controls, this failed to be reflected on the gene levels which may be due to uninvestigated 
non coding RNA. We also investigated the feasibility of detecting point mutations in the 
background of wild type message using a digital PCR technique known as BEAMing. For 
this purpose we looked at IDH1, a gene commonly mutated in low grade gliomas. 
Mutations in the IDH1 gene are found in 80% of grade II-grade III gliomas and 
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secondary glioblastomas, with the most common mutations leading to a mutation from 
arginine to histidine at amino acid position 132 (R132H). In addition to their ubiquity, 
there is evidence that IDH1 mutations occur primarily in proneural gliomas, making it 
possible to distinguish these tumors from the classical, neural, and mesenchymal 
subtypes. We used micro-BEAMing, in which microvesicular RNA was purified and 
analyzed by BEAMing PCR, a sensitive and quantitative technique that has been 
successfully applied to the mutational analysis of plasma DNA, mitochondrial DNA, and 
fecal DNA. As a source of MVs we used cerebrospinal fluid as we well as CSF. We 
detected IDH1 mutant patients with high specificity and sensitivity in CSF but not in 
serum. The reason may be the tumor vicinity for CSF and the normal host-derived MVs 
in the serum which can hinder the small percentage of tumor derived MVs. This 
technique provides great potential to pick any brain tumor derived mutations and most 
importantly point-mutation which are commonly difficult to detect with other PCR 
techniques. We also looked at another source of biomarker in the blood, namely the 
platelets. We showed that tumor cells transfer tumor specific cargo to platelets, both in 

vitro and in vivo, and that this cargo can then be extracted from platelets. Gene 
expression analysis of GBM patient-derived-platelets compared to healthy controls 
showed a distinct RNA signature between the two groups. Cancer patient-derived MVs 
contain tumor biomarkers such as EGFRvIII in glioblastomas and PCA-3 in prostate 
cancer. Circulating MVs have been shown to be efficiently take up by platelets. 
Moreover, up to 70% of all MVs can be derived from blood platelets. This suggests that 
isolating platelets ay prove similar sensitivity and specificity as circulating MVs. Tumor 
derived cargo such as MVs, circulating miRNA, high density lipoprotein may all transfer 
to circulating platelets, therefore using platelets as a source of biomarkers may prove 
easy, non invasive and beneficial.   
Another question we addressed was the physical properties of biofluids and sought to 
indentify characteristics that may be worth taking into consideration when working with 
biofluid-derived MVs. We specifically wondered if different viscosity can affect the 
sedimentation efficiency of MVs during ultracentrifugation. Viscosity varies among 
different biofluids and it is highest at 4°C so it could have an important impact when 
pelleting MVs from different biofluids such as plasma, serum, urine, CSF etc. Indeed we 
found that serum, which had the highest viscosity, correlate with the lowest 
sedimentation efficiency, followed by plasma, conditioned media and CSF. This data 
suggest that protocols should be well standardized before comparing MVs data from 
different biofluids since the proportion of MVs may be either underestimated or 
overestimated among different biofluids.  
 

Future directions 
The field of microvesicles has greatly expanded. In the past decade (tumor) MVs have 
been of interest to basic biologists as well as to clinically oriented scientists. They have 
been shown to be secreted from normal differentiated cells, from stem cells, and cancer 
cells, and to play an important role in cell-cell communication. Several studies have 
explored the possibility of using MVs as a source for biomarkers for different types of 
cancers such as cancers of the brain, lung, stomach, liver, colon, prostate, ovarian, and 
breast. One of the biggest challenges remains to understand subcellular localizations of 
MV formation, their morphology and content that may lead to subpopulations of 
microvesicles that cells secrete and nomenclature has proved rather difficult mainly for 
this specific reason. One approach to answering these questions has been to purify MVs 
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with different (tumor MV-specific) antibodies and then perform FACS, WB, ELISA, or 
Nanosight analysis. All of these techniques come with significant drawbacks starting with 
FACS which cannot accurately measure particles below ~300 nm and moving on to WB 
which lacks sensitivity. Nanosight Tracking Analysis (NTA) has been able to overcome 
the size issue but it does not address the subpopulation question within MVs, although 
work is on the way to improve the software so it can read different fluorescent colors. 
This development would also allow using specific markers to pull out tumor or disease 
specific MVs, thereby increasing the biomarker detection. Several groups are developing 
assays and platforms to be able to specifically pull out disease-specific MVs. For 
example in the case of EGFRvIII in GBMs the assumption is that most MVs would be 
positive for this marker and therefore enriching for these MVs would greatly increase the 
sensitivity of this platform. About 70-80% of MVs that are circulating in the blood are 
normal host cell derived MVs so they may not contain the biomarker of interest. Only a 
relatively small portion of MVs, about 10% (D. Taylor, Oral presentation, Exosome 
Meeting, Orlando, Fl October 2011 and personal unpublished data) are tumor derived, so 
it may become crucial to be able to first enrich for tumor specific MVs and then use those 
to perform sensitive tumor biomarker assays. Microfluidics chambers coated with 
specific antibodies are of great potential to enrich for tumor specific MVs. In Chapter 5 
we propose a cocktail of MVs markers, highly expressed in several glioma cell lines, that 
could improve the capture of tumor MVs, by coating the microfluidic chamber with 
antibodies for proteins highly enriched in gliomas. A further development for these 
chambers could be to isolate tumor specific MVs directly from blood, thus reducing the 
preprocessing steps. One approach could be to take advantage of the small size of MVs. 
Creating a channeled chamber with a flow rate that would separate cells from MVs would 
greatly improve this field of diagnostics. Another interesting development would be to 
increase the amount of fluid that could be processed as well as the flow speed that the 
sample needs to run through. Furthermore, it is currently not known if all tumor-derived 
MVs will in fact contain the same tumor marker. Depending on the mechanism of 
formation and release, the subpopulations of MVs may vary greatly so a signature of 
biomarkers could be important to increase the chance of picking up the tumor biomarker. 
All these improvements could help bring the MV platform to the clinic for a variety of 
diseases. Another development in this area is the increased availability of read-out assays 
and several groups are now applying deep sequencing to the MV platform. Highly 
sensitive digital PCR such as BEAMing together with sequencing could address the 
feasibility of detecting tumor specific mutation, starting from point mutations to large 
gene deletions, in circulating MVs. Another big challenge remains the manipulation of 
MV secretion to demonstrate that MVs play a functional role in cell-cell communications 
in multicellular complex organisms. Overcoming this challenge requires a basic 
understanding of the molecular mechanisms involved in the secretion of MVs which can 
then lead to technical ways to manipulate their secretion. Insights into MVs secreted in 
immune responses have provided important clues into their mechanism, role and 
complexity in vivo as well as in vitro but we still lack a basic understanding of MV 
formation and release that could be applied to at least a variety of cell lines, if not all. 
Microvesicle formation and release varies a lot among cell lines and even within the same 
cell line under different conditions. Microvesicle formation seems to be a very dynamic 
process that may require a lot of characterization in normal, healthy cells, under 
physiological conditions before they can be well characterized in a disease setting. 
Microvesicles and their role in cancer is a more recent field and more work is required to 
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better understand their involvement in e.g. cancer growth, metastasis, and angiogenesis. 
Several groups have also considered MVs as a gene delivery tool, and some recent data 
from our group as well as the Woods lab at Oxford University indicate that this may be 
applicable in the future. MVs could be loaded with a prodrug, an siRNA, a gene vector or 
a tumor specific antigen and then injected in vivo. MVs may be less antigenic and may 
therefore deliver their protected cargo in a larger quantity at the specific desired site. 
Challenges remain in the fact that most MVs contain a plethora of other active 
biomolecules18, miRNAs and other non coding RNA with gene regulatory function so it 
remains difficult to predict as to what the final response will be. We have shown that 
retrotransposons and other non coding RNAs are enriched in tumor-derived MVs and 
these sequences have important regulatory effect so it remains a great challenge to 
eventually separate a retro-viral like subpopulation of MVs  and reduce the off-target, 
unwanted effects.  
 
Finally, another great challenge in this field remains the lack of standard protocols to 
collect and analyze and process the content of MVs for diagnostics purposes. Firstly, MV 
isolation protocols vary greatly among labs and there is no agreement on one technique, 
although the most widely used and accepted are ultracentrifugation together with a 
sucrose gradient floating of MVs. We have shown in this thesis that different biofluids 
have different viscosities which can affect MV sedimentation efficiency. It is important 
to bring different fluid viscosities to a close viscosity value before MVs from different 
can be isolated under the same ultracentrifugation conditions and compared to each other.  
MV content and enrichment of specific cargo could be greatly affected by the different 
ultracentrifugation conditions. . If the sedimentation efficiency of serum is different from 
plasma, urine, or CSF, and MVs are isolated under the same conditions, then it becomes 
difficult to reach conclusions as to what is overrepresented or underrepresented in MVs 
from these biofluids. Another great challenge is the data analysis: there is still no definite 
agreement as to what are the best normalizing genes for qPCR analysis. Most groups use 
the usual suspects such as GAPDH, 18S, and actin, but as we show in chapter 6 of this 
thesis, genes considered normal in cells can be differently expressed in MVs from cancer 
patients. Non-coding genes such as 18S has been shown to be enriched in MVs (Oral 
presentation, ISEV 2012) which makes it a non suitable candidate for gene normalization. 
Other genes such as GAPDH could be affected (either overexpressed or underexpressed) 
when transferring MVs from a recipient cell line to a donor cell line. More sequencing 
data and thorough analysis of MV content should help answer such questions, ultimately 
making it easier to compare different studies and understand conflicting results. Once 
considered cellular debris, MVs are now under intensive investigations for their protein 
as well as genetic material content. Earlier studies used mass spectroscopy to analyze the 
protein content of MVs. Proteomic analyses of exosome composition were first 
performed on exosomes secreted by dendritic cells5, and then on exosomes from 
numerous other different cell types, and are now compiled in the ExoCarta compendium. 
These studies show that exosomes do not contain a random array of the intracellular 
proteins, but a specific subfamily of proteins coming from the plasma membrane, 
endocytic pathway, and the cytosol, with very limited amounts of proteins from other 
intracellular compartments (such as nucleus, endoplasmic reticulum, and Golgi 
apparatus), which made them clearly different from membrane vesicles released by 
apoptotic cells. These results established that exosomes/microvesicles are actively 
secreted by live cells, and confirmed their intra-endosomal origin. Proteins for 
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multivesicular bodies and late endosomal membrane markers such as Tsg101, Alix, 
CD63, CD81, CD9 have been widely used to confirm the presence of exosomes in a 
microvesicles preparation either with western blot or ELISA. Detection remains a 
challenge when using assays such as ELISA and WB and often isolation of MVs from a 
large amount of vesicles is required. Several exosome specific ELISA assays have 
recently become available from companies such as SBI Biosciences (Mountain View, 
CA) and Hansabiomed (Haapsalu, Estonia) and although further optimization of these 
assay is required, they have provided great help to basic researches for their first steps in 
the world of exosomics.  Since the discovery of genetic material in tumor microvesicles 
by the team of Jan Lotvall in Gothenburg and confirmed by the Breakefield group 
(Boston, MA), PCR, array and sequencing of the genetic material has increased 
immensely. Several biotechnology companies are investing millions of dollars into using 
the exosome platform as a source for biomarkers with the ultimate idea of creating FDA-
approved in vitro tests. The largest focus so far has been on prostate cancer as well as on 
brain tumors and melanomas. In this thesis we used BEAMing qRT-PCR to pick up 
single base mutation in circulating MVs from glioma patients. This technique is highly 
sensitive and of great potential but it is limited by the fact that only one gene at a time 
can be analyzed. Tumors are often characterized by a signature of gene changes and 
aberrations, so looking at a panel of genes would be more informative about the genetic 
status of the tumor. Several groups as well as biotechnology companies have used array 
platforms to study mRNA and miRNA profiles and these results are also compiled into 
the Exocarta compendium. We still lack a signature of mRNA or miRNA that represents 
the MVs population which may be due to the fact that there is not a single mechanism of 
MVs formation or release. This issue poses and extra challenge on the way the data is 
normalized and different studies may result in different outcomes depending on the house 
keeping gene used, especially when making statements about transfer of genetic material 
via MVs or enrichment of certain mRNAs, miRNAs or non-coding RNAs in MVs.  It is 
assumed that common cellular house keeping genes, such as GAPDH, actin, etc would be 
equally represented in MVs and we and other use them in PCR data analysis, but further 
studies, especially on the packaging mechanisms of mRNA/miRNA into MVs, may shed 
light on what genes should be used in MVs studies.  
 
Recently several groups have put efforts in using next generation sequencing to analyze a 
panel of tumor specific mutations in MVs from blood, CSF as well as urine. Exosome 
Diagnosics for example, has developed a multiplexed sequencing method for mRNA 
from blood and urine that allows to detect rare mutations with high sensitivity, and to 
interrogate hundreds of mutations simultaneously. They are currently using a targeted 
sequencing strategy, analyzing panels of tens of PCR-amplified cDNAs derived from 
MVs mRNA. Sequencing provides more information than regular PCR and it allows 
researchers to combine targets more flexibly. This is especially important when studying 
different tumors as each tumor will have a different subset of mutations that will be 
relevant for that particular disease.  This platform would also be of particular interest to 
determine the mutation status of the patient, but most importantly, to look for treatment 
response, for example to detect any resistance mutations developed during treatment with 
targeted inhibitors and for other longitudinal studies where tumor sampling is not an 
option. Unfortunately all these studies are still in their infancy and very few publications 
have resulted from deep sequencing of MV-derived genetic material. Other blood based 
assays for tumor profiling are circulating tumor cells, serum or plasma derived free 
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floating DNA, and as described in Chapter 8, blood platelets. Circulating tumor cells 
(CTCs) are cells that have detached from the primary tumor and circulate in the 
bloodstream. They are of particular interest to detect because they may represent seeds 
for new tumor growth or metastasis in different tissues19. One of the major challenges 
with CTCs is the very low number of them in the bloodstream (an average of 1 tumor 
cells per billion normal blood cells20), and although a variety of techniques are being used 
to isolate them such as antibody based microfluidic capture and magnetic nanoparticle, 
there is still lack of consensus on what is the best method to isolate them. Nonetheless, 
CTCs may be applicable to some peripheral tumors but it is even more difficult to use 
this platform to brain tumors; brain tumors do not commonly metastasize (maybe to the 
low survival rate of the patients) and therefore there is an even smaller chance of picking 
up brain tumor CTCs in the bloodsteam. CTCs may be well detected in cerebrospinal 
fluid (CSF) but this platform still lacks investigation probably due to the difficult nature 
of sample collection. Serum or plasma derived free-floating DNA that contains somatic 
mutation is another biomarker platform that has been widely used. This platform is also 
hampered by the fact that tumor specific DNA is hindered by the large percentage of wild 
type DNA contained in a sample. Furthermore free-floating DNA is more easily digested 
from circulating enzyme found in the blood and it is not released actively by tumor cells 
but instead it is released from apoptotic tumor cells21 therefore it may more difficult to 
understand tumor recurrences and rising of novel gene aberrations in the primary tumor 
upon drug treatments. MVs on the other hand are constantly released by all cells under 
physiological and pathological conditions, so a tumor cell will constantly release MVs 
and it may release a higher number if it is a dying tumor cells. In either scenario, a 
subpopulation of blood-derived MVs will always be tumor derived (about 10-15%; DD. 
Taylor, Oral Presentation, Florida 2011 and personal observation) so highly sensitive 
assay such as BEAMing and next generation sequencing will more likely pick up tumor 
related changes. Once released from cells, MVs are very stable, so their cargo is 
protected from the degradative action of circulating enzymes9. It is a key to this 
technology to be able to enrich for a highly purified and stable RNA from biofluids. This 
provides a platform for very sensitive and specific information derived from the primary 
tumor. It is currently believed that a large amount of circulating MVs (about 70%)5 are 
derived from activated platelets and in this thesis we have shown that a brain tumor 
biomarker, the deleted version of the epidermal growth factor receptor (EGFRvIII), is 
found within circulating platelets.  This may implicate that platelets are blood scavengers 
that “clean-up” or “store” circulating MVs, therefore isolating platelets alone may 
provide a great platform for tumor/disease biomarkers. Platelets do not require high speed 
ultracentrifugation and so they may be a better source of disease biomarkers. Further 
work is required to address the usefulness of platelets as a diagnostics platform. The 
studies presented in this thesis further improve our knowledge about MV biogenesis, 
content and their potential as biomarker platform. We still lack basic knowledge about 
the formation, release and uptake mechanism of MVs, but on the other hand there is quite 
a lot of data that shows the feasibility of MVs as a platform for disease biomarkers. New 
advancements in the isolation and purification of tumor-derived MVs combined with 
highly sensitive assays such as BEAMing or deep-sequencing should provide powerful 
for the point-of-care either at diagnosis or for follow up, longitudinal studies. Of note, the 
MV biomarker platform can be extended to other types of diseases.  
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