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Abstract 

 
Essentially all cells release microvesicles (MVs) that end up in biofluids, including blood, 
and the contents of these MVs can provide a window into the status of the cells they were 
released from. This is particularly interesting in cancer since these MVs allow for “ex-

vivo” analysis of properties of primary tumors without the need for biopsy. Gene 
mutations, rearrangements as well as amplifications can be monitored in circulating MVs. 
In this study we used two human tumor cell lines derived from an epidermoid carcinoma 
and a medulloblastoma, which had amplification for either the EGFR or MYC genes, 
respectively, and implanted them into immuno-compromised mice. We quantified the 
level of gene amplifications in both tumor lines and sought to determine if elevated levels 
of transcripts for these human genes were represented in circulating MVs in tumor-
bearing mice. We show that expression levels of both h-EGFR and h-cMyc mRNAs in 
circulating MVs correlated well with the amplified status of the primary tumors. We also 
show that tumor-bearing animals contain a higher number of circulating particles and that 
this number correlates with tumor size. This data provides further support to the idea that 
circulating MVs are a strong platform for disease biomarkers, including but not limited 
to, tumors. 

Introduction 

Brain tumors comprise a variety of phenotypic and genotypic subtypes and understanding 
specific signatures that characterize them is important for personalized clinical care, as 
many newly developed drugs target specific pathways affected by the genetic status of 
the tumor1. Currently genetic analysis is performed on biopsies obtained during surgical 
tumor resection or by surgical biopsy at a later time point for suspected recurrences. 
Analysis of tumor-related nucleic acid sequences and profiles is crucial for tumor 
diagnosis and treatment related decisions. The cancer genome atlas has recently indexed 
recurrent genetic abnormalities in glioblastoma multiforme (GBMs) into four distinct 
subtypes: Proneural, Neural, Classical, and Mesenchymal2. They also reported that 
response to therapy differs greatly among subtypes, ranging from the best prognosis in 
the proneural (mostly concomitant with IDH1/2 mutations)3 and classical subtypes, to 
virtually no benefit at all in the neuronal subtype 2, 4. Cancer-related genomic changes 
include chromosomal aberrations, nucleotide substitutions, deletions, rearrangements and 
amplifications, as well as epigenetic modifications that can drive malignant 
transformations.  
Amplification for the gene epidermal growth factor receptor is a common event in 
glioblastomas and in about 40% of the cases they appear as double minutes. 
Medulloblastoma is the most common and malignant tumor of the central nervous system 
in children. The chance of survival is high (70-80%), although this is not the case for 
patients with metastatic disease, unresectable tumor and/or who are very young, where 
the prognosis is much worse 5.  One histopathological feature that correlates with poor 
prognosis is large cell/anaplastic changes (20 – 25% of cases) and several groups have 
reported that most of this subtypes are associated with c-Myc amplifications, and that 
these amplifications can be very heterogenous in the tumor tissue 5. Brain tumors are 
known to release MVs into the blood stream 6, and therefore have a good chance of 
representing the entire genetic spectrum of changes in the tumor. A MV-based assay for 
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gene amplification could prove very beneficial for tailoring treatment and monitoring 
response to therapy in a longitudinal fashion. Amplification for the gene epidermal 
growth factor receptor is a common event in glioblastomas and in about 40% of the cases 
they appear as double minutes.  The amplification usually correlates with the presence of 
the exon 2 – 7 deletion of the EGFR gene thus worse prognosis.  
Detection of these mutations in the blood of tumor patients is a challenging task mainly 
due to lack of highly sensitive assays against a large wild type background present in the 
systemic circulation, both for circulating tumor cells 7  and MVs. The latter are nano-
sized particles released by essentially all cell types, including tumor cells, in vivo as well 
as in vitro, and comprise a mixed population of exosomes, shed microvesicles and 
apoptotic blebs 8

. Microvesicles have gained a lot of interest lately based on their 
pleiotropic biological activity, for example they can deliver functional mRNA to normal 
endothelial cells 6, miRNA, proteins etc to a variety of cells 9, 10 and exert effects on the 
recipient cells.  Microvesicles may interact directly with the recipient cell through 
specific receptor ligand interactions or transfer surface receptors to the recipient cell 
surface 11, 12. The interaction may occur by simple fusion of the MV membrane with the 
cell plasma membrane with MV contents released inside the recipient cell. Alternately 
they may be taken up by endocytosis, and once internalized inendosomes they may 
follow a number of fates: fusion with other endosomes,  targeting to lysosomes, 
conversion into multivesicular bodies, or segregation within a cell with transfer directly 
to another cell in a process known as transcytosis 13, 14. Microvesicles from endotoxin-
stimulated monocytes were shown to contain caspase-1 which induced cell death in 
recipient vascular smooth muscle cells 15. Furthermore MVs have also been implicated in 
the dissemination of infective agents such as prions 16. Microvesicles have also been 
shown to transfer endogenous retotransposon sequences such as HERV-K 17 to normal 
human umbilical vein endothelial cells (HUVEC) which results in an increase in the 
levels of HERV-K up to 40-fold by 12hrs after the transfer.  
Tumor cells have been found to release a large numbers of MVs as compared to normal 
cells 17, 18.Cancer patients, in turn, have been shown to have higher levels of circulating 
MVs as compared to normal individuals, which correlates with poor prognosis 19. In 
some cases cancer cells may eliminate toxic proteins 20 and chemotherapeutic drugs 21, 22 
by packaging them into MVs, which may explain in part the higher number of MVs 
released by tumor cells. Tumor-derived MVs may also play a role in the escape from 
immune surveillance, for example by carrying Fas ligands that reduces their sensitivity to 
T-cell Fas-mediated apoptosis 23, 24. Tumor-derived MVs can also induce apoptosis in 
activated antitumor T cells and impair monocyte differentiation into dendritic cells24. For 
some tumors the high production of MVs may also reflect transcriptional activation of 
retrotransposon elements, including HERVs with production of retroviral-like particles in 
the MV fraction 25. 
Tumor MVs can provide “real-time” information about the genetic status of tumors, since 
they represent a snapshot of the contents of the tumor cell they are released from. Brain 
tumor-derived MVs have also been found in the blood of patients with glioblastomas and 
the mutant oncogenic EGFRvIII and its mRNA has been successfully detected within 
them26,6. Microvesicles are found in all body fluids such as serum, plasma, cerebrospinal 
fluid (CSF), urine, saliva 14 and provide a window into the genotype and indirectly the 
phenotype of the tumor from which they are derived. This provides a promising platform 
for companion diagnostics to monitor tumor responses and changes during treatments. 
Tumor related mutations, amplifications and aberrations in mRNA, miRNA, ncRNA as 
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well as DNA can be measured in MVs 6, 17. Such insights can inform treatment choices: 
for example, colon cancer patients with activating KRAS mutations do not benefit from 
treatment with Cetuximab/Erbitux 27, therefore it is valuable to verify the status of KRAS 
mRNA in “real-time”. Another example is PLX4032, a drug that benefits melanoma 
patients only when the BRAFV600E mutation is present 28. Tumors are very dynamic 
entities and tend to change their genetic profile over time, especially after drug treatment 
and during recurrence. This is the case in lung cancer patients treated with EGFR tyrosine 
kinase inhibitors who tend to relapse with a tumor harboring a resistance mutation in 
EGFR

29. This and other findings stress the importance of longitudinal tumor profiling to 
select the proper clinical care.  
In this study we examined the RNA content of circulating MVs released by human 
tumors in xenograft mouse models. We used a brain tumor medulloblastoma cell line 
which is amplified for MYC, but not EGFR

17, and a peripheral tumor, epidermoid 
carcinoma cell line, which is amplified for EGFR but not MYC

30. Tumor cells were 
injected subcutaneously into both flanks of mice and allowed to grow for 1 month. RNA 
was extracted from serum-derived MVs as well as from the subcutaneous tumor tissues. 
Levels of human EGFR, cMyc and GAPDH mRNAs were assessed by qRT-PCR. We 
show that amplification of EGFR and MYC are very well reflected in the RNA extracted 
from circulating MVs in mice bearing epidermoid carcinomas and medulloblastoma 
tumors, respectively. This data strongly supports the idea that serum MVs provide an 
important platform for cancer biomarkers, in this case tumor gene amplification, and can 
be used in a point-of-care setting to tailor treatment strategies.  
 

Materials and Methods  

Cell lines. Epidermoid carcinoma cell line A431 was generously provided by Huilin Shao at the 
Massachusetts General Hospital, Boston, MA and cultured in Dulbecco’s modified essential 
medium (DMEM; Invitrogen) containing 10% fetal bovine serum (FBS; JRH Biosciences) and 
penicillin/streptomycin (10 IU ml − 1 and 10 μg ml − 1, respectively; Cellgro). Medulloblastoma 
cell lines D384 was cultured in suspension in DMEM containing 10% FBS, 1×GlutaMAX 
(Invitrogen) and penicillin/streptomycin. 

Xenograft tumor models. A431 cells were cultured as monolayers and on the day of injection they 
were washed in PBS twice and then resuspended using trypsin and then diluted in DMEM and 
centrifuged at 300 x g for 5 min to pellet the cells. D384 cells grow in suspension so after 
dispersing them they were centrifuged for 5 min at 300 x g.   The cell pellets were resuspended in 
500 μl of PBS and mixed with 500 μl of Matrigel (BD Biosciences). Two groups of five adult mice 
(nu/nu NCI) were each injected subcutaneously (s.c.) in both flanks with 5 x 106 epidermoid 
carcinoma (A431) or medulloblastoma (D384) cells. Tumors were allowed to grow for 1 month. 
Blood was drawn by cardiac puncture while mice were under deep anesthesia prior to sacrifice. 
Approximately 1 ml blood was obtained and allowed to clot at room temperature for 30 minutes. 
Samples were then spun at 1,300 x g for 10 minutes. Serum was separated, filtered through a 0.8 
μm filter and stored at -80˚C until further processing. Tumors were also resected, weighed and snap 
frozen in liquid nitrogen. All animal procedures were performed according to guidelines issued by 
the Committee of Animal Care of Massachusetts General Hospital. 
 
RNA extration from serum and tumors.Serum samples were thawed on ice and ultracentrifuged at 
100,000 x g for 90 minutes. The MVs pellet was lysed in Qiazol lysis buffer and RNA was 
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extracted using the miRNeasy kit (Qiagen) according to the manufacturers’ recommendations. 
Tumor tissue was homogenized and RNA extracted using the miRNeasy kit (Qiagen). Fifty ng of 
RNA from tumor tissue or MVs was used for qRT-PCR.  
 
Reverse transcription and qPCR. Twelve μL of the RNA from tumor tissue or MVs were reverse 
transcribed into cDNA using Superscript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA, 
USA), according to manufacturer’s recommendations. Samples were then preamplified using the 
TaqMan® PreAmp Master Mix (Applied Biosystems, Carlsbad, CA, USA). Briefly, 12.5μL of the 
cDNA was added to the PreAmp Master Mix together with human EGFR, cMyc and GAPDH and 
pre- amplified for 14 cycles, according to the manufacturer’s recommendations. The samples were 
then diluted 1:10 and TaqMan qRT-PCR was performed on all samples for the corresponding 
cDNA. The amplification was performed using ABI PRISM 7500 with the following program: 50° 
C, 2 min; 95°C, 10 min; 40 cycles of 95°C, 15 s, 60°C, 1 min on standard mode. Primers and 
probes were as follows: EGFR Forward: TATGTCCTCATTGCCCTCAACA; EGFR Reverse: 
CTGATGATCTGCAGGTTTTCCA; Fam labeled probe AAGGAATTCGCTCCACTG;  cMyc 
Forward CAACCCTTGCCGCATCCAC ; cMyc Reverse AGTCGCGTCCTTGCTCGG; Fam 
labeled probe: AGCAGCGGGCGGGCACTTTGCACT; GAPDH Applied Biosystems kit, catalog 
number Hs03929097_g1. All primers are human specific and do not detect any mouse sequences. 
 
Nanoparticle Tracking Analysis (NTA).Serum samples were diluted 1:3000 in PBS and particles 
were counted using the Nanosight (LM-10). Particles were recorded for 30 seconds each run and 
analyzed using the following settings: Gain set at 10; Detection threshold set between 3 and 7 
depending on sample concentration. Each sample was measured three times and data is expressed 
as mean ± standard deviation.  
 
Statistics.  

Statistical analyses were performed using the Student’s t-test (two tailed).  

 

Results  

Primary tumor gene amplification is reflected in circulating MVs.  

Human medulloblastoma (D384) and epidermoid carcinoma (A431) tumor cells were 
injected subcutaneously in nude mice and animals were monitored for one month. Serum 
was isolated by cardiac puncture and tumors were then resected. Serum derived MVs 
were isolated by high speed ultracentrifugation for RNA qPCR analysis. Human EGFR 
(h-EGFR) mRNA in tumor tissues from epidermoid carcinoma (A431) xenografts was 
elevated between 7.3x104 and 1.1x105-fold compared to the housekeeping mRNA 
GAPDH (Table 1). Medulloblastoma xenograft tumor tissues (D384) tumor tissues had, 
as expected, lower levels of EGFR mRNA in the range of 1.1 – 2.1-fold as normalized to 
GAPDH mRNA (Table 1). This epidermoid carcinoma tumor amplification in EGFR 
mRNA was well reflected in the RNA from circulating MVs in these xenograft models 
(Figure 1A). MVs isolated from the serum of mice injected with the epidermoid 
carcinoma cell line had elevated levels of h-EGFR mRNA in the range of 55 – 1.6x106 

fold while RNA from serum MVs of medulloblastoma D384 tumors, as expected, had 
lower amounts of h-EGFR mRNA, ranging from 1.0 – 84 fold compared to GAPDH 
mRNA (Figure 1A and Table 1). 
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Table 1. Human cMyc and EGFR mRNA fold change normalized to GAPDH in 
xenograft tumor tissue and circulating MVs. 
 
 

  Tumor tissue Circulating MVs 

Tumor h-cMYC h-EGFR h-cMYC h-EGFR 

  mRNA 

fold 
±S.D. mRNA 

fold 
±S.D. mRNA 

fold 
±S.D. mRNA 

fold 
±S.D. 

A431 - 1 1.7 ±0.1 119,936 ±0.2  --- --- 55 ±0.1 

A431 - 2 1.1 ±0.1 101,243 ±0.1 --- --- 1,176 ±0.2 

A431 - 3 1.2 ±0.7 87,194 ±0.2 --- --- 1,361 ±0.1 

A431 - 4 2.0 ±0.1 117,554 ±0.1 --- --- 1,013 ±0.1 

A431 - 5 1.6 ±0.2 73,170 ±0.2 --- --- 1,664,780 ±0.1 

                  

D384 - 1 21 ±0.2 1.6 ±0.1 2,878 ±0.2 84 ±0.1 

D384 - 2 19 ±0.1 2.1 ±0.2 1,956 ±0.1 83 ±0.1 

D384 - 3 29 ±0.2 0.5 ±0.2 967 ±0.1 44 ±0.1 

D384 - 4 18 ±0.1 0.8 ±0.4 125 ±0.2 1.0 ±0.1 

D384 - 5 28 ±0.2 1.1 ±0.3 1.5 ±0.5  2.6 ±0.1 

 
 

On average there was about 100,000 times more h-EGFR mRNA in epidermoid 
carcinomas tumor tissue when compared to medulloblastoma tumor tissue (p≤4.1x10-15). 
The difference in h-EGFR mRNA levels in MVs, although not as large, was also 
reflected in the levels of h-EGFR detected in circulating MVs from the two groups of 
mice (p≤0.001; Figure 1B). Medulloblastoma tumors in xenografts showed amplified 
cMyc mRNA between 18 and 29-fold and the levels of circulating h-cMyc reflected this 
amplification, ranging from 1.5 – 2,878-foldas compared to GAPDH mRNA. Human 
cMyc RNA was not detected in MVs from any of the epidermoid carcinoma xenografts 
(Table 1).   
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Figure 1. EGFR amplification in the primary tumor is reflected in circulating MVs. Human 
EGFR RNA  levels were quantified in circulating MVs from xenograft models injected with either 
an  epidermoid carcinoma cell line (A431; n=5) or a medulloblastoma cell line (D384; n=5). (A) 
Box plot graph represent levels of h-EGFR RNA in Ct values (lower Ct corresponds to higher 
levels of the message).  The data is normalized to GAPDH and is represented compared to levels of 
h-EGFR RNA in MVs from medulloblastoma and epidermoid carcinoma tumor-bearing mice. 
Values are represented as average ±s.d. (p≤0.001; n=5). (B) Fold change in h-EGFR mRNA levels 
in MVs from epidermoid carcionoma (A431)–bearing animals and medulloblastoma (D384)–
bearing animals. Data is normalized to human GAPDH and presented as mean  ±s.d (n=5/group). 

 

 

Tumor-bearing xenograft mouse models have higher levels of circulating MVs 

(particles) and these levels correlate with tumor mass.  

Medulloblastoma D384 cells were injected subcutaneously into the flank of five nude 
mice and allowed to grow for 1 month. Control mice (n=5) were age-matched healthy 
mice. (Figure 2A). At this time point, blood was drawn by cardiac puncture (under deep 
anesthesia) and the mice were then sacrificed. Tumor masses in each injected animal 
were as follows: 1 - 0.9 mg, 2 - 0.9 mg, 3 - 1.2 g, 4 - 1.4 g, 5 - 1.5 g.  Serum was obtained 
from both groups of mice and MVs were counted using the Nanosight. The number of 
MVs in the serum from tumor-bearing animals was significantly higher than in normal 
controls (n=5/per group; p≤0.03; Figure 2A). Furthermore, in a separate experiment, 
when mice were injected with D384 medulloblastoma cells and tumors allowed to grow 
to reach different tumor sizes, there was a clear correlation between the number of MVs 
and tumor mass (r2=0.92; Figure 2B). Each bar is the average of 2 animals. Average 
weights of tumors are reported on the graph (Figure 2B).   
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Figure 2. Serum particle number 

increases with tumor size. Xenograft 
mouse models were injected with the 
D384 medulloblastoma cell line. After 
one month mice were sacrificed, tumors 
resected and weighed (see results).  
Serum samples were obtained by cardiac 
puncture and used for particle (MV) 
count. Serum was diluted 1:3000 in PBS 
and counted using the Nanosight. (A) 
Five tumor-bearing animals and five age-
matched healthy control nude mice were 
used for MVs counts. Data is represented 
as mean±s.d. (n=5)  (B) Two groups of 
xenograft models (4 mice each) were 
also injected s.c. with D384 cell lines 
and the tumors were grown to different 
volumes. Particles were counted and the 
data is expressed as mean ±SEM. Note: 
the tumor size in the graph is the average 
of two tumor masses of similar weight. 

 

 

Xenograft tumor sizes and 

circulating MV (particle) counts. 

Medulloblastoma (D384) and epidermoid carcinoma (A431) tumors were resected after 1 
month of in vivo growth. Tumors were weighted and each tumor mass was recorded and 
is indicated in the graph next to the particle count in the graph (Figure 3). Epidermoid 
carcinoma (A431) and medulloblastoma (D384) tumor masses were in average 0.9±0.2g 
(Figure 3A) and 0.6±0.2g (Figure 3B), respectively. Serum samples from xenografts 
were diluted 1:3000 with PBS and counted using the Nanoparticle Tracking Analysis 
(NTA). Pearson correlation between particle number and tumor size revealed that 
epidermoid carcinoma tumors (A431) had no correlation (r2=0.1) while there was a good 
correlation for medulloblastoma tumors (D384; r2=0.8).  
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Figure3. Medulloblastoma 

tumors, but not 

epidermoid carcinomas 

sizes, correlate with MV 
particle number. Five 
animals were used in each 
group and injected with 
either epidermoid 
carcinomas (A431; top 
panel) or medulloblastoma 
(D38; bottom panel) tumors. 
After 1 month tumors were 
resected, masses recorded 
and snap frozen in liquid 
nitrogen. Serum was also 
extracted, filtered through a 
0.8µm filter and stored at -
80°C. For Nanosight 
analysis, serum was diluted 
1:3000 and particles were 
counted. Particle counts are 
represented as mean ± s.d.  
Each tumor mass is 
indicated in the graph for 
each animal.  

 

 

Discussion 

Tumor-derived MVs provide a promising platform for disease biomarkers. For example, 
they provide a window into the genetic status of the tumor by allowing “sampling” of the 
tumor from a distant site. Once released from tumor cells MVs end up in the bloodstream 
where they can be collected and anaylzed for tumor markers and expression signatures. 
One of the major challenges of this field is the high background of MVs released from 
normal cells which contain a “wild-type” transcriptome. Several approaches have been 
used to enrich for tumor specific MVs and the field is currently expanding to include new 
and more advanced techniques, such as microfludics 31, magnetic resonance imaging 
signals Shao et al, in press), and antibody specific capturing magnetic beads 32, 33. 
Currently a widely used technique for MVs isolation is ultracentrifugation which 
sediments particles based on their size so both normal and tumor cell derived MVs are 
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collected. Once a malignant tumor is present in a host, up to 5-10% of the total 
population of MVs is expected to be tumor-derived 34 so enriching for this subpopulation 
should greatly improve assay sensitivities. We have previously reported that human cMyc 
RNA and DNA are found in circulating MVs from xenograft models injected with a 
medulloblastoma cell line 17. 
 Here we report that the levels of gene amplification of MYC and EGFR in tumor lines 
are reflected in their transcripts in circulating MVs. In this study we used xenograft 
mouse models to study the feasibility of using circulating MVs as a source for gene 
amplification tumor biomarker. We used two human cancer cell lines, both amplified for 
a specific gene, either EGFR (A431) or MYC (D384).  Each cell line was injected 
subcutaneously in nude mice (five in each group) and allowed to grow for about a month. 
Mice were then sacrificed and tumors resected and snap frozen in liquid nitrogen. Serum 
was also collected for MV analysis. MVs were isolated by ultracentrifugation, RNA was 
extracted, reverse transcribed and pre-amplified using the TaqMan Pre Amplification Kit 
(Life Technologies). Human EGFR, c-Myc and GAPDH mRNAs were reverse 
transcribed and pre-amplified for 14 cycles and then qPCR was performed.  Epidermoid 
carcinoma EGFR amplification was well represented in circulating MVs from A431 
mouse models. Ct values for EGFR mRNA in circulating MVs from epidermoid 
carcinoma (A431) mice were lower (corresponding to higher amounts) than the levels 
from medulloblastoma-derived MVs. Human EGFR amplification levels in the primary 
tumors were in concordance with what has been previously reported for cultured A431 
cells17.  
Human EGFR levels in circulating MVs varied greatly among different mice with one of 
them having 1.6x106 fold more EGFR message (compared to GAPDH message). This 
mouse did not have the highest levels of EGFR mRNA in the primary tumor or the 
highest amount of circulating MVs (particles; Figure 3). In fact the mouse had the 
smallest tumor size (0.6mg) among the group, but it appeared to be the most malignant 
tumor in that this tumor bearing  mouse was cachexic (data not shown). High 
vascularization and invasion of the tumor may be a reason for such high malignancy 
which in turn results in a lower body mass. Furthermore, only a small portion of 
circulating MVs are thought to be of tumor origin (5-10%), and it may indicate that these 
MVs exerted their immune-suppressive properties on the host immune or stem cells thus 
decreasing the total number of circulating normal MVs. This inhibition may have 
enriched the tumor-derived MVs and thus explain the high levels of h-EGFR detected by 
qPCR.    
Human c-Myc mRNA was detected in circulating MVs from all five xenografts injected 
with the medulloblastoma cell line (D384) and it was not detected in MVs from any of 
the mice injected with the epidermoid carcinoma cell line. Worth noting is that human 
cMyc mRNA is not as upregulated in the medulloblastoma tumor, as EGFR mRNA is in 
the epidermoid carcinoma primary tumor (average mRNA fold difference 29 vs. 1.1x105, 
respectively). The data show that an 18-fold amplification for h-cMyc in the tumor is 
required for detection in circulating MVs, while h-EGFR can be detected even when not 
amplified (as compared to GAPDH).  One reason for this could be the difference in the 
half-life for these mRNA species, which is relatively short for c-Myc and therefore may 
be degraded before or after packaging inside MVs, or different localization of h-cMyc 
and h-EGFR inside the cells which affects their efficiency of packaging within the MVs.   
The levels of h-cMyc mRNA in MVs varied a lot among samples and did significantly 
correlate with the number of MV particles in the systemic circulation or with tumor size. 
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Different mice may have variable levels of background-immunity and therefore may 
respond differently to the tumor. 
Furthermore we also show that medulloblastoma tumor-bearing mice have a higher 
number of circulating MVs/particles as compared to non-tumor bearing mice  (Figure 

2A) and that the number of particles increases as the tumor size increases for 
medulloblastoma tumors but not for epidermoid carcinoma tumors (Figure 2B and 3). 
For every 60% increase in tumor weight there was on average an 80% increase in particle 
number (Figure 2B). In this study, the amount of h-EGFR or h-cMyc mRNA in 
circulating MVs did not significantly correlate with the number of serum-derived 
particles in epidermoid carcinomas and medulloblastomas injected mice (r2=0.1; r2=0.6 
respectively; Table 1 and Figure 3).  EGFR MV mRNA was detected in both groups of 
mice, but cMyc MV RNA was detected only in the group that was amplified for the gene 
c-Myc. This may also suggest specific packaging mechanisms for human EGFR mRNA 
into circulating MVs, maybe exacerbated by the fact that this is happening in a mouse 
background, especially because in 4/5 mice, h-EGFR mRNA levels in MVs were higher 
than in the primary tumor itself.  
This study confirms the thesis that MVs provide a strong platform for tumor biomarkers. 
Genetic mutations, rearrangements as well as amplifications are reflected in RNA in MVs 
released by the tumor cells. These MVs can be isolated from biofluids and provide a 
window into studying the primary tumor, either at diagnosis or later on for treatment 
response or follow up studies. 
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Abstract 

Glioblastomas shed large quantities of small, membrane-bound microvesicles (MVs) into 
the circulation. While these can potentially be used for diagnostic purposes, they have 
remained difficult to analyze in a point of care setting. Here, we describe the use of a 
highly sensitive and rapid analytical technique, capable of profiling circulating MVs 
directly from the serum of glioblastoma patients. MVs are first separated from whole 
cells by filtration on a microfluidic chip. They are then analyzed via target-specific 
magnetic nanoparticles using a miniaturized nuclear magnetic resonance system. 
Compared with current methods, this integrated system has a much higher detection 
sensitivity, and can differentiate glioblastoma multiforme (GBM) from host cell-derived 
MVs in patient samples. We also show that circulating GBM MVs can serve as a 
surrogate to analyze tumor markers in the primary. MVs have a nearly identical protein 
profile to that of parental GBM cells, and treatment induced cellular changes in the tumor 
are also detectable at the microvesicular level. Using an index which captures both MV 
number as well as the expression level of key proteins, we show that treatment effects can 
be monitored earlier than by the imaging-based tumor volumetric measurement. This 
converging nanotechnology device will likely be useful for evaluating therapeutic 
efficacies of both conventional and emerging drugs in clinical trials, within a point-of-
care setting. 
 

Introduction 

 

Many peripheral cancers shed circulating tumor cells (CTCs)1, 2 and soluble protein 
biomarkers3-5, both of which have been exploited for diagnostic purposes including 
staging, monitoring progression and quantitating treatment efficacy. More recent studies 
indicate that tumors also release circulating microvesicles (MVs)6, 7.In primary tumors of 
the central nervous system, however, where there is often a partially intact blood brain 
barrier, the number of CTCs detected is minimal (if at all) and protein biomarkers are 
largely undetectable. In contrast, circulating MVs have been found in large numbers in 
patients with glioblastoma multiforme (GBM), and thus they now offer new hope for 
monitoring the treatment of this devastating disease5, 7. 
Circulating MVs, which include exosomes and shedding MVs8, are small (50-500 nm in 
diameter) membrane bound vesicles, actively secreted by tumors. MVs contain cell 
surface proteins9,10, including EGFR and EGFRvIII11,12, as well as RNA7 and DNA13. In 
both laboratory settings and experimental studies, circulating MVs are typically isolated 
from large volumes of biofluids, either by density gradient or differential centrifugation14, 
or by column purification. For transcriptome analysis, smaller volumes (typically a few 
ml of serum) prepared by differential centrifugation or microfluidic capture are often 
sufficient7, 15. Once concentrated, circulating MVs are processed by conventional protein 
analyses such as Western blotting or enzyme-linked immunosorbent assays (ELISA), 
both of which are time consuming and require relatively large numbers of circulating 
MVs. Such analyses are often impractical in a typical clinical setting, particularly for 
serial analyses or for large patient cohorts. In the present study, we describe the use of a 
highly sensitive and rapid analytical technique for profiling circulating MVs from GBM 
cells and from the serum of GBM patients. Circulating MVs are separated from whole 
cells by filtration on a microfluidic chip, and are subsequently analyzed via target-
specific magnetic nanoparticles (MNPs) using a miniaturized (micro) nuclear magnetic 
resonance (µNMR) system. An earlier prototype of such a handheld NMR system has 
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previously been developed for analysis of whole cells and shown to be both exquisitely 
sensitive as well as quantitative in the ~ 10 µm target size range16. MVs however, are 1-2 
orders of magnitude smaller targets and equally efficient sensing presents unique 
engineering challenges. Here, we develop the new analytical technology specifically for 
the detection and profiling of MVs in gliomas. Specifically, our goal was to address the 
following questions: What are the profiles of glioma-derived circulating MVs compared 
to host cell-derived circulating MVs, and can they be differentiated on-chip? What are the 
profiles of key proteins from glioma-derived circulating MVs compared to those from 
parental GBM cells? Can the presence and absence of circulating MVs be reliably 
detected in GBM and non-GBM patients, respectively? What is the stability of proteins 
on serum-harvested circulating MVs? Can glioma-derived circulating MVs be used to 
predict treatment response, and how do such measurements compare with conventional 
imaging-based tumor volumetric analysis? For calibration, we selected a panel of both 
human and genetically engineered murine GBM cell lines grown in mice. Validation 
studies were performed using clinical patient samples. Across different cell lines tested, 
all GBM cells produced abundant MVs as measured by NTA (Nanoparticle Tracking 
Analysis): SKMG3: 108 MV/mL; GBM20/3: 109 MV/mL; Gli36vIII: 109 MV/mL; 
LNZ308: 108 MV/mL; A172: 108 MV/mL; T042: 109 MV/mL; T103: 109 MV/mL and 
the morphology was confirmed by EM analysis (Fig. 1a). For detection by µNMR, we 
labeled MVs with magnetic nanoparticles (MNPs) by targeting surface protein markers 
(Fig. 1b). Such labeling renders MV superparamagnetic, which results in faster decay of 
the 1H NMR signal. Since the decay rate (R2) is proportional to the MNP concentration, 
this approach enables quantitative detection of target MV proteins. Furthermore, due to 
the negligible intrinsic magnetic susceptibility of biological samples, the use of MNPs for 
MV detection reduces biological background and obviates the need for extensive sample 
purification. To accomplish the MNP labeling, we applied the two-step bioorthogonal 
approach (BOND-2; Fig. 1c); antibodies modified with trans-cyclooctene (TCO) first 
targeted MV protein markers, followed by the application of MNPs derivatized with 
1,2,4,5-tetrazine (Tz). The fast, covalent cycloaddition between 1,2,4,5-tetrazine (Tz) and 
trans-cyclooctene (TCO) serves to maximize MNP binding onto target MV proteins and, 
in so doing, increases the magnetic signals (higher R2). Because Tz and TCO are both 
small (~ 200 Daltons each), this chemical conjugation does not appreciably increase the 
size of the antibody or of the MNP, making it possible to use size-selective filtration to 
remove excess antibodies or MNPs whilst retaining targeted MVs.  
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Figure 1. Human glioblastoma cells produce abundant microvesicles which can be analyzed 

by µNMR. (a) Scanning electron microscopy image of a primary glioblastoma cell (GBM20/3) 
releasing abundant microvesicles (MVs). High magnification shows MVs on the cell surface, 
ranging from 50 - 500 nm. Several MVs show the typical saucer-shape characteristic of exosomes. 
Add TEM (b) Schematics showing the detection procedure. The two-step BOND-2 assay 
configuration uses bioorthogonal amplification chemistry to maximize magnetic nanoparticle 
(MNP) binding to target proteins on small circulating MVs (not drawn to scale; MV: 50-500 nm; 
MNP: 25 nm) (c) Microfluidic system for on-chip circulating MV detection. Left: The system is 
designed to i) provide MNP-targeting of MVs, ii) remove excess MNPs, 3) concentrate MNP-
tagged MVs, and 4) provide in-line NMR detection. For active fluidic control, the system employs 
pneumatic valves. Right: A prototype device fabricated from PDMS.  
 

The entire assay including MNP targeting and µNMR detection thus can be adapted into 
a microfluidic chip platform. Figure 1d shows a prototype device developed for ultimate 
clinical, point-of-care use. The device is a hybrid, multifunctional system that contains 
three essential components: i) a chaotic mixer for reacting MVs with antibodies and 
MNPs, ii) a membrane filter for collecting targeted MVs, and iii) a microcoil for NMR 
detection. The fluidic flow is controlled by automated pneumatic valves to streamline the 
whole assay procedure. Moreover, because the system is designed to provide 
multiplexed, on-chip profiling using only small sample volumes (<1 µL), it is ideally 
suited to bedside detection of circulating MVs. Our first aim was to establish an 
analytical protocol for MV typing. A critical challenge in screening MV biomarkers is 
being able to scale their expression level within a given sample. In a bid to address this 
issue, we theorized that in monocellular cultures, the highly expressed exosomal protein 
CD63 could serve as an internal reference against which MV proteins could be scaled. 
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We likewise hypothesized that in multicellular environments, CD63 could be used as a 
measure of total MVs from different cellular sources. The hypothesis was then tested on 
model cell lines; human GBM cells (SKMG3, GBM20/3) with varying expression levels 
of epidermal growth factor receptor (EGFR) and EGFR variant type III (EGFRvIII); and 
mouse GBM model (T103) engineered to encode for human EGFR and EGFRvIII. MVs 
were harvested from cell culture and magnetically tagged via the BOND-2 method. 
µNMR measurements were performed on 1 µL sample volumes to measure the 
abundance of the representative markers EGFR, EGFRvIII and CD63. Relative R2 
changes (∆R2) were then calculated using concentration-matched control samples as 
references. Figure 2 summarizes the results of the validation study. When MVs were 
analyzed for CD63 expression, the corresponding R2 changes (∆R2

CD63) were found to be 
linearly proportional to MV counts (Fig. 2a). Importantly, these changes were 
statistically identical even between MVs from different cell lines (p> 0.16), a finding 
which confirmed that CD63 can be used as a universal measure for quantitating MVs. 
Note that µNMR measurements were highly reproducible and accurate with <1% of 
instrumental errors. The expression level of other protein biomarkers was then 
determined by normalizing the marker-associated ∆R2

mAB by ∆R2
CD63 (ξmAB = 

∆R2
mAB/∆R2

CD63
;Fig. 2b). In addition to qualitatively matching Western blot analysis, the 

µNMR showed excellent agreement (R2> 99%) with fluorescence ELISA (enzyme-linked 
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immunosorbent assay).  
 
Figure 2. Detection sensitivity of MVs. (a) Correlation between µNMR measurement and 
numbers in a dilution series where MV numbers were determined by nanoparticle tracking analysis 
(NPA). (b) Correlation between µNMR and ELISA measurements for EGFR and EGFRvIII in 
MVs (R2>0.99). (c) Detection threshold of µNMR measurements for MVs. The detection threshold 
is appromixately ~104 MVs and the sample volume is 1 µL. (d) Comparison of detection sensitivity 
of MVs using different assay methods. µNMR is considerably more sensitive than Western 
blotting, ELISA and nanoparticle tracking analysis (NTA).  

 

 

 
 
 
Figure 3. Typing of GBM and host cells and MVs. (a) GBM markers (EGFR, EGFRvIII, 
PDGFR, PDPN and EphA2) as well as host cells markers (CD41, MHCII) were profiled in both 
parental cells (left) and MVs (right). The four GBM marker combination was able to clearly 
distinguish GBM-borne circulating MVs from host cell circulating MVs. cMVs: circulating MVs; 
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HBMVEC: human brain microvascular endothelial cell; NHA: normal human astrocyte.(b) 
Analysis of clinical samples.  

 
Although CD63 expression varies between patient and control sera, the amplified 
expression of EGFR and PDPN or the unique expression of EGFRvIII are specific for 
GBM. Furthermore, the detection sensitivity of µNMR far surpassed that of other 
analytical methods. For example, µNMR measurements on serially diluted CD63-tagged 
MVs achieved a detection threshold of ~104 MVs (Fig. 2c), which is approximately 104, 
103, and 102-fold more sensitive than Western blotting, ELISA, and NTA respectively 
(Fig. 2d). Since µNMR detection sensitivity depends on the integrity of membrane 
proteins, we also tested detection levels as a function of time. From this, we show that in 
untreated serum samples, MV CD63 protein levels decrease by as much as 50% over 2-3 
hours. The degradation, however, can be largely prevented by fixation with  
paraformaldehyde (data not shown).  

 
Figure 4. Effect of temozolomide treatment on GBM (T103) (a) Effect of temozolomide (TMZ) 
treatment on expression levels of key markers using the T103 GBM model. TMZ treatment did not 
change the MV expression levels of CD63, EGFR or EGFRvIII, as determined by FACS (a; top 
left) and Western blotting (top middle) as well as µNMR (b; top right). There was a good 
correlation between measurements with µNMR and other analytical techniques. (c)Effect of TMZ 
on cell and MV numbers as measured by µNMR. TMZ treatment decreased overall cell and MV 
numbers. (d) Effect of TMZ on total levels of CD63, EGFR, and EGFRvIII in MVs, as measured 
by µNMR.  

 
We next investigated a larger number of MV proteins using a varied panel of cell lines. 
Our primary interest was to determine whether GBM-derived MVs show similar surface 
vesicular protein profiles to that of intact parental cells, and whether molecular markers 
could be used to differentiate between GBM and host cell MVs. Based on published 
proteomic data and on prior reports, we chose to measure the following seven markers: 
EGFR, EGFRvIII, CD63, platelet-derived growth factor receptor (PDGFR), podoplanin 
(PDPN), ephrin type-A receptor 2 (EphA2), CD41 and major histocompatibility complex 
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class II (MHCII); the latter two represent host cell markers. Comparative analyses 
confirmed that MVs indeed reflect the protein profiles of their parental cells (Fig. 3a). 
Furthermore, our measurements revealed that GBM-derived MVs exhibit a distinct 
molecular signature. Specifically, elevated expressions of EGFR, EGFRvIII, and PDPN 
together were highly effective in discriminating GBM-MVs from host cell MVs. This 
triple marker signature was also effective for tumor-diagnosis in clinical samples (Fig. 

3b), wherein considerable differences in EGFR, EGFRvIII and PDPN expression levels 
were observed between GBM patients and healthy volunteers. The GBM samples were 
obtained preoperatively from patients with grade IV GBM and MVs expression levels 
matched tissue analysis and EGFR/EGFRv3 mRNA levels. We next investigated the 
potential use of circulating MVs for predicting responses to drug treatment. Two drug 
regimens were selected: 1) an alkylating agent, temozolomide (TMZ), which is currently 
a first line drug for GBM treatment; and 2) a heat shock protein 90 (hsp90) inhibitor, 
geldanamycin (17 AAG), whose binding to hsp90 can cause the degradation of signaling 
molecules (e.g., EGFR) via the proteasome pathway. The optimal drug doses for 
treatment were determined on a panel of GBM cell lines (data not shown). Figure 4 
compares the effect of TMZ treatment on T103 cells and MVs. The TMZ treatment did 
not appear to elicit significant changes in the cellular expressions of CD63, EGFR and 
EGFRvIII, as determined by flow cytometry and Western blotting (Fig. 4a). Likewise, 
corresponding µNMR assays on MVs reported comparable expression profiles for these 
markers (Fig. 4b). TMZ drug treatment, however, resulted in a significant drop in cell 
number as well as a concomitant decrease in total MVs (Fig. 4c). Total levels of CD63, 
EGFR, and EGFRvIII in MVs, as measured by µNMR, thus showed a similar dose-
dependent decline with increasing dose of TMZ (Fig. 4d).  
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Figure 5. Effect of geldanamycin treatment on T103. Effect of geldanamycin treatment on 
expression levels of key markers using the T103 GBM model. Geldanamycin treatment did not 
alter CD63 levels but had a considerable effect on EGFR and EGFRvIII levels as determined by (a) 
FACS of cells (left) and Western blotting (right) as well as (b) µNMR. There was a good 
correlation between measurements with µNMR and other analytical techniques. (c) Effect of 
geldanamycin on cell and MV number as measured by µNMR. Geldanamycin treatment decreased 
overall cell and MV numbers  (d) Effect of geldanamycin on CD63, EGFR and EGFRvIII levels; 
note the steeper decrease for EGFR and EGFRvIII markers, this is because decreases in number 
and expression levels are additive. (e) Response index for different drug. 

 
Figure 6. Analysis of circulating MVs in GBM bearing mice treated with temozolomide. (a) 
Untreated animals. Note the close correlation between increasing tumor volumes and circulating 
gMVs (n = 12 mice) over time. (b) Mice bearing T103 tumors were treated with temozolomide 
(TMZ; 80mg/kg, daily). Circulating gMVs showed a response (determined as change in number 
and expression levels) several days before changes in tumor size were apparent (n = 12 mice). (c) 
gMV burden plot as an indicator of treatment response.  

 
In contrast to TMZ, geldanamycin resulted in a significant decrease in EGFR and 
EGFRvIII levels, but not in CD63 levels, for both cells and MVs (Figs. 5a and b). Since 
MV numbers decreased with drug treatment due the cell loss (Fig. 5c), the decline of 
these MV markers (EGFR and EGFRvIII) was much more pronounced (Fig. 5d). To 
account for such additive effects, we defined a response index (RI) as RI =  (∆n)–1+ 
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Σ(∆ξk
–1), where ∆n and ∆ξk are the relative changes in glioma MV numbers and in target-

marker associated expression levels (ξk). The plot of RI (Fig. 5e) captured the different 
drug efficacy on T103. These findings were further corroborated in repeated studies with 
the human Gli36vIII lines, which showed nearly identical results (data not 
shown).Finally, we measured circulating MVs in cohorts of T103 tumor-bearing mice 
during tumor growth as well as following treatment with TMZ (80 mg/kg daily). Tumor 
volumes were measured 1, 3, 5 and 7 days after treatment initiation, at which times sera 
were also collected for µNMR measurements. In untreated animals, the RI as determined 
by µNMR, increased over time and was found to correlate well with tumor volume (Fig. 

6a). In TMZ treated animals, changes in the RI were seen several days prior to changes in 
tumor volume (Fig. 6b). Because the slope of the RI represents a sensitive indicator of 
treatment efficacy we also plotted the GBM MVs burden (gMV), defined as gMV = exp 
|1/RI|. As apparent in Fig. 6c, gMV rose rapidly upon TMZ administration and could thus 
serve as an important indicator for monitoring the drug treatment in patients.  
 
Discussion 
 
GBM is the most common and lethal primary malignant cancer of the central nervous 
system. It presents as a highly heterogeneous tumor, in which multiple signaling 
pathways are differentially activated or silenced under intricately converging and/or 
parallel interactions

17, 18
. Amplification of EGFR is the most common genetic 

abnormality associated with GBM, and EGFR overexpression has been shown in up to 
85% of cases

17
. GBM also often express EGFRvIII, a genomic deletion variant of EGFR 

that is constitutively active and highly oncogenic
19, 20

. It is likely that the recent 
identification of circulating MVs containing specific RNA

7
and a protein signature 

indicative of GBM
9, 21

, will not only provide new avenues for cancer diagnostics but will 
also serve to further our understanding of cellular communication. 
 
Our findings show that GBM-derived circulating MVs can be rapidly detected in serum 
with high sensitivity using a nanotechnology-inspired sensing approach. The system 
combines on-chip micro-filtration, together with µNMR principles, to enable quantitation 
of both MV number as well as levels of specific proteins. While other diagnostic 
approaches have used RNA profiling and quantitative real-time polymerase chain 
reactions (qRT-PCR) to measure nucleic acids in MVs, we now show that it is possible to 
perform protein measurements at the bedside, without the need for extensive purification 
or time consuming detection techniques. The approach also harnesses bioorthogonal 
approaches to densely pack a maximum number of slightly smaller sized MNP onto MVs 
depending on target presence. Our analytical and EM data indicate that this targeting 
approach can deliver up to 10 MNP per MV (30% of theoretical value assuming close 
cube packing of a 100 nm MV) whereas direct antibody-MNP conjugates result in an 
order of magnitude lower loading and thus detection capabilities. Initially, we tested a 
variety of human and engineered murine GBM cell lines for their ability to produce MVs. 
We then determined the relative quantities of MVs in each cell line, their protein 
composition, as well as their stability as a function of time. All GBM cells produced 
various levels of circulating MVs but, as expected, not all of them carried the GBMs 
specific EGFRvIII mutation. While it is currently estimated that approximately one third 
of GBM patients are positive for EGFRvIII22, the corresponding expression level of these 
mutations in MVs remains unknown. Furthermore, because no single cancer marker is 
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specific for all patients, we also tested a number of other proteins. We learned that wild-
type EGFR and PDPN, a type I integral membrane glycoprotein, were both generally 
elevated. In contrast, both MHCII and CD41 were exclusively expressed only in host 
cell-derived circulating MVs. In view of such differences between GBM and host MV’s, 
it should be possible to serially “type” circulating MVs which could serve as a surrogate 
for primary GBM biopsy. For example, while not done in the current study, it should be 
feasible to assess glioma-derived circulating MVs for protein levels related to IDH 
mutations23, as well as to mutations of PDGFR or the BRAF fusion gene24 once specific 
antibodies for the mutant forms are available. Another critical aspect to measuring 
marker signatures is the stability of proteins in serum harvested circulating MVs. In the 
present study, we show that freshly harvested circulating MVs show decreasing levels of 
immuno-detectable proteins over a period of several hours at room temperature; this 
finding indicates that rapid processing and/or lower temperatures are preferred for protein 
analysis. However, our results also show that circulating MVs can be fixed with 
paraformaldehyde, which stabilizes circulating MVs proteins for later analysis. 
Specifically, our study demonstrated that EGFRvIII protein levels remain stable for 
several hours after 2% paraformaldehyde fixation of serum samples.  
A major challenge in the clinic is in correctly stratifying patients into the most 
appropriate treatment regimen and then in measuring drug responses at the 
molecular/cellular level. While imaging remains useful as a clinical tool, the standard 
RECIST (Response Evaluation Criteria In Solid Tumors) and volumetric criteria for 
GBM response are insensitive markers of treatment efficacy. Newer imaging approaches 
are far more sensitive25-27 but are not yet universally available. Moreover, compared to 
blood tests, these approaches are often expensive28. As a result, there has been intense 
interest in finding serologic biomarkers for glioma. Thus, a key question in this study was 
whether serum circulating MVs could be used to monitor tumor growth. Using a mouse 
model of human GBM29, we now show that: a) µNMR measurements are accurate and 
highly reproducible, b) absolute circulating MV numbers closely correlate with tumor 
volumes, and c) relative levels of EGFRvIII/EGFR within a given population of tumor-
derived circulating MVs do not change significantly with TMZ treatment but they do 
with other treatments such as geldanamycin. Since efficient GBM serum biomarkers have 
continued to remain elusive, it is likely that these findings will have considerable clinical 
implications. The device used in the current study is a prototype, which we intend to 
refine and improve upon in the near future. Namely, we envision the following key 
advances: a) on-chip separation of whole blood rather than just serum, b) further 
increasing detection sensitivity, and c) the introduction of parallel measurement 
capabilities. Overall, we anticipate that the advanced multichannel measurement and 
microfluidic capabilities of our next generation devices will facilitate on-chip processing 
of whole blood samples and, in so doing, simplify clinical operations. With respect to 
detection sensitivity, our current device already achieves levels that surpass standard 
ELISA and flow cytometry analyses by several orders of magnitude (Fig. 2). We believe 
that this detection could be further improved with the use of newer magnetic 
nanomaterials (with higher magnetization), improved assay types, additional 
amplification steps, as well as new bioorthogonal approaches. Likewise, further 
improvements are expected with optimization of the device. One of our key priorities at 
present is the implementation of multiple, parallel on-chip measurement capabilities. By 
using parallel microfluidic networks and spatially separated radio-frequency coils, as well 
as new generations of antibodies, the device could be tailored to profile a larger number 
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of circulating MV proteins. Finally, the overall specificity of the approach could be 
enhanced by performing more detailed analyses of immune and other host cell-derived 
circulating MVs. 
In addition to monitoring the treatment of GBM, we envision a number of other clinical 
applications in which the typing of circulating MVs would be useful. Firstly, whilst the 
current study focused only on GBM, the above-described approach could easily be 
extended to other primary tumor types, particularly since many cancers have much higher 
numbers of circulating MVs than CTCs. Serial assessment of treatment response in the 
same patient is another major application of this approach. Lastly, it is likely that the 
described methodology could also be readily adapted to monitoring circulating MVs in a 
variety of inflammatory and infectious diseases (using serum, cerebral spinal fluid, urine, 
saliva or other biofluids). In summary, we anticipate that the described approach will 
have a wide range of applications both for oncology as well as for other human diseases. 
Moreover, because the device enables performance of molecular diagnostics at the 
bedside, it has the potential for redefining the current standard-of-care for patients.  
 
Materials and Methods 

 

Cell culture. The following human GBM cell lines were cultured in Dulbecco’s modified essential 
medium (DMEM, Cellgro) containing 10% fetal bovine serum (FBS, Cellgro) and supplemented 
with penicillin-streptomycin: SKMG3 (kindly provided by Dr. Wharen. GBM20/3 and Gli36vIII 
(generated and provided by the Breakefield laboratory), LNZ308 (kindly provided by Dr. Mikael 
Pittet, CSB, MGH), and A172 (ATCC). Mouse model cell lines overexpressing human wild-type 
EGFR and human EGFRvIII (T103: WT/vIII, T042: vIII only) were generated as previously 
reported, and provided by Dr. Alain Charest (Tufts University). These cell lines were cultured on 
gelatin and in DMEM containing 20% FBS, supplemented with penicillin-streptomycin. Normal 
human microvascular endothelial cells (HBMVECs; Cell Systems) were cultured in endothelial 
basal medium supplemented with SingleQuots (Lonza). Normal human astrocytes (Lonza) were 
cultured in astrocyte basal medium supplemented with SingleQuots, as recommended by the 
manufacturer. 
 
Microvesicle (MV) isolation from cells. Cells at passage 1-15 were cultured in MV-free medium 
(DMEM containing 5% depleted FBS). After 48 hours, conditioned medium from ~107 cells was 
collected, and MVs were purified by differential centrifugation as described previously

13
. MV 

numbers were determined by using the Nanosight LM10 nanoparticle characterization system 
(Nanosight). 
Microvesicle (MV) isolation from clinical samples 
Blood samples were collected from both healthy donors and GBM patients under IRB approved 
protocols. Blood was collected in non-citrated vacutainer tubes and allowed to clot for 30 minutes 
prior to serum collection. Serum was then sterile-filtered through an 0.8 µm filter (Milipore) and 
frozen at 80°C within two hours of collection. Thawed samples were processed for MV isolation by 
differential centrifugation, as above. MV numbers were determined by using the Nanosight LM10 
nanoparticle characterization system (Nanosight). 
 
Scanning and transmission electron microscopy 

Human GBM cells (GBM20/3) were grown on a glass cover slip, fixed with half-strength 
Karnovsky’s fixative and washed twice with PBS. The cells were then dehydrated in a series of 
increasing ethanol concentrations and transferred for critical drying. After coating with 
platinum/palladium, the sample were imaged by scanning electron microscopy (SEM) and 
transmission electron microscopy.  
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Tetrazine (Tz) modification of magnetic nanoparticle Amine-terminated cross-linked iron 
oxides (CLIO) with a core size of 7 nm were obtained from the CSB Chemistry Core (MGH). 
Amino-CLIO was modified with 2,5-dioxopyrrolidin-1-yl 5- (4-(1,2,4,5-tetrazin-3-yl) 
benzylamino)-5-oxopentanoate (Tz-NHS) to create CLIO-Tz. The reaction was performed in 
excess Tz-NHS relative to amino-CLIO, and proceeded in PBS containing 0.1M sodium 
bicarbonate for 3 hours at room temperature. Following conjugation, excess Tz-NHS was removed 
using Sephadex G-50 columns. 
 
Antibody modification with transcyclooctene (TCO) 
Monoclonal antibodies were modified with (E)-cyclooct-4-enyl 2,5- dioxopyrrolidin-1-yl carbonate 
(TCO-NHS) as previously reported

16
. Each antibody was buffer-exchanged into PBS (pH 8.0) 

using 2 ml Zeba desalting columns (Thermo Fisher). Purified antibodies were then reacted with 
TCO-NHS in 10% dimethylformamide (DMF) for 3 hours at room temperature. TCO conjugated 
antibodies were subsequently purified by buffer exchange into PBS and their concentration 
determined by absorbance measurements. 
 
The following antibodies were used in this study: human CD63 (clone AHN16.1, Ancell), mouse 
CD63 (clone R5G2, MBL International), human wild type EGFR (clone EGFR.1, Thermo 
Scientific), human EGFRvIII (clone L8A4, generated and provided by Dr. Bigner’s laboratory), 
human PDGFR (clone PRa292, R&D Systems), mouse PDGFR (clone APA5, BioLegend), human 
and mouse PDPN (clone 8F11, MBL International), human EPHA2 (clone 371805, R&D Systems), 
mouse EPHA2 (clone 233720, R&D Systems), human CD41 (clone HIP8, BioLegend), mouse 
CD41 (clone MWReg30, BioLegend), human and mouse MHCII (clone YE2/36, Santa Cruz 
Biotechnology), and isotype controls (BioLegend).  
 
Flow cytometry 

Adherent cells were trypsinized and labelled with unmodified antibodies (10 µg/mL) in PBS with 
0.5% bovine serum albumin (BSA) for 45 minutes at 4 °C. Following centrifugation and aspiration 
of the antibody solution, cells were labelled with fluorescein (FITC)-conjugated secondary 
antibodies (Abcam; 2 µg/mL) and washed twice by centrifugation. FITC fluorescence was assessed 
using an LSRII flow cytometer (Becton Dickinson). Mean fluorescence intensity was determined 
using FlowJo software, and biomarker expression levels were normalized with that of isotype 
control antibodies.  
 

Western blot analysis 
GBM cells and their corresponding MVs isolated from gradient centrifugation, were lysed in radio-
immunoprecipitation assay buffer, and supplemented with protease inhibitors, for 30 minutes on 
ice. Protein lysates were loaded and resolved by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), and subjected to immunoblotting with both the EGFR antibody (Cell 
Signaling) and the CD63 antibody (Santa Cruz Biotechnology). Following incubation with the 
appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling), 
enhanced chemiluminescence was used for immunodetection. 
 
Microvesicle labeling and detection. Isolated MVs were resuspended in PBS and labelled with 
antibodies (10 µg/mL) for 45 minutes at 4 °C. The samples were then washed and membrane-
filtered (Vivaspin, Sartorius-Stedim) to concentrate the MVs and to remove any unbound 
antibodies. For ELISA measurements, FITC-conjugated fluorescent antibodies were used for 
targeting and scanning. For NMR measurements, MVs were initially targeted with TCO-modified 
antibodies before undergoing filtration to remove any excess unbound antibodies. This was then 
followed by Tz-CLIO coupling for 15 minutes at room temperature. Prior to magnetic 
measurements, targeted MVs were washed twice and unbound nanoparticles were removed by 
filtration.  
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In vitro drug treatment 
Temozolomide (TMZ, Temodar, Schering Plough) and geldanamycin (17AAG, Tocris) were used 
to investigate the effects of therapy. To determine the inhibitory concentration (IC50) of these drugs, 
cells were seeded at a density of 2,000 cells/well in a 96-well plate overnight, before treatment with 
either drug (TMZ or geldanamycin) or vehicle (DMSO final concentration = 0.1%) for four days. 
Cell viability was then assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) cell proliferation assay 
(Promega), and plotted as the surviving fraction of cells relative to the untreated condition. For MV 
and cellular analyses of drug effects, GBM cells (T103 and Gli36vIII) were treated with drugs at 
their IC50 concentration 48 hours before subsequent analyses.  
 

Tumor models 
We used cells derived from a transgenic GBM model previously described

29
. T103 cells (5x106) in 

matrigel were implanted into immunodeficient nu/nu mice. Tumors were allowed to grow for two 
weeks before mice were randomized into two groups (a control and treatment group). For the 
treatment group, 80 mg/kg TMZ was administered intraperitoneally on a daily basis. Tumor 
volumes in control and treated animals were then measured by MR imaging following 1, 3, 5 and 7 
days of continuous treatment; sera were collected for µNMR measurements, as described above. 
All animal procedures were performed according to guidelines issued by the Committee of Animal 
Care of Massachusetts General Hospital. 
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