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CHAPTER 1 
Tumor microvesicles: an overview 
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Introduction 

 
Release of membrane vesicles from the plasma membrane is a physiological process 
known to occur during cell cycle activation and growth without affecting cell viability, 
and is widely observed both in vitro and in vivo

1,2. Membrane vesicles are generated 
during a process called microvesicularization either at the plasma membrane or within 
endosomal structures and comprise a very heterogeneous population of vesicles ranging 
in size and content. Their sizes vary from 20 nm in diameter and have been reported up to 
900 nm, the former comprising the more homogenous population of exosomes released 
from multivesicular bodies (MVBs) and the larger ones shedding from the plasma 
membrane which are commonly referred to as microvesicles2. Here, we will refer to all 
types of shed vesicles under the common term of microvesicles (MVs). The MV content 
varies from cell to cell and seems to reflect the content of the cell they originate from. 
These MVs can be taken up by neighboring or distant cells where they release their cargo 
which can affect the status of the recipient cell1,3. It has been shown that MVs can affect 
immune responses, promote tumor invasiveness and metastasis, can confer resistance to 
drugs, and promotes endothelial cell migration, invasion and neovascularization acting as 
carriers of angiogenic stimuli4. Also, since they carry cell-specific signatures, assessment 
of MV content may be used for diagnostic purposes for early diagnosis of different 
cancers, including melanoma, ovarian cancer, renal and brain tumors5,6,7,8. 
 Along with physiological signal mediators, MVs appear as promising new tools for 
clinical diagnostics and may be useful in novel treatment modalities8,9. Several groups are 
currently looking at the tiny vesicles as potential carriers of therapeutic drugs or 
molecules that would down-regulate toxic proteins or elicit an anti-tumor immune 
response when encapsulating specific siRNAs or adeno-associated viral vectors10,11. 
Although this branch of science is growing very fast, it is hampered by limitation in 
isolation and purification technology. It is currently challenging to obtain a highly pure 
and sufficient quantity of MVs as well as measure their size and concentration. There is 
an urgent need for more reliable and reproducible exosome/microvesicle extraction 
methods so downstream studies in MVs genomics, proteomics and lipidomics can be 
more standardized and efficient.  
Brain tumors are believed to derive from neural stem cells12, 13, with a subset retaining 
their multipotent properties (cancer stem cells) and others expressing differentiated 
properties of various neural cell types in the nervous system. These dangerous expansions 
of abnormal brain cells represent a grotesque caricature of normal brain cells, with 
exaggerated features that may help us understand properties of normal neural cells which 
may have been overlooked. A dramatic example is the finding of abundant microvesicles 
(MVs) on the surface of primary human glioblastoma (GBM) cells in culture14 (Fig. 1A). 
These MVs, which are “invisible” by standard microscopy, can be visualized by 
nanoparticle tracking analysis (NTA) which reveals particles with sizes in the range of 10 
nm – 1 µm in diameter (Fig. 1B-D), with primary GBM cells in culture releasing about 
10,000 MVs per cell over 48 hrs15.  These MVs contain a plethora of protein and nucleic 
acid information, including cytoplasmic and membrane proteins, mRNAs, microRNAs 
(miRNAs), non-codingRNAs (ncRNAs) and both genomic DNA and cDNAs (ibid.), 
which can be transferred to other cells (Fig. 2). The presence of these tumor-derived MVs 
in the circulation of GBM patients and their loss upon removal of the tumor14 confirms 
that they are produced in vivo. More importantly, they are thought to have a critical role 
in manipulating normal cells in the tumor microenvironment in favor of tumor growth by 
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increasing invasion and angiogenesis, and decreasing immune responses16,17. These MVs 
are also released by neural stem cells during development18 and represent a novel means 
of intercellular communication involving genetic information and non-secreted 
proteins19. 

 
Figure 1. Monitoring MVs. A. Scanning transmission electron micrograph of primary human 
GBM cell (bar = 10 µm)14;  B. Nanosight microscope (Nanosight Ltd.); C. Serum MVs diluted 
1/5,000 and visualized using the Nanosight Tracking Analysis; D. Histogram showing distribution 
of MV diameter in serum sample (Adapted from van der Vos KE., Balaj L., et al 2011). 
 
The definition of MVs is currently a subject of debate, so for purposes of this 
commentary the term will comprise membrane-bound vesicles, including exosomes, 
shedding MVs, microparticles, retroviral-like particles and apoptotic bodies. These can 
be produced by release of vesicles contained within endosome-derived MVBs or by 
protrusion and budding from the plasma membrane20. Upon release, MVs can influence 
many biological processes by, for example, binding to and being taken up by target cells 
via ligand-receptor interactions. In some cases, MVs are thought to taken up by cells 
through endocytosis and to release their intravesicular content after fusing their 
membrane with the endosomal membrane. Alternatively, MVs may fuse directly with the 
cellular plasma membrane. Although the precise mechanisms of uptake are poorly 
understood, it is evident that release of signaling proteins and RNA from the lumen of 
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MVs can induce activation of specific signal transduction cascades and influence the 
physiologic state of recipient cells. Microvesicles have an additional advantage over 
naturally secreted signaling molecules in that they can present multiple epitopes to the 
recipient cell, allowing co-stimulatory pathways to be activated.  Like the two faces of 
Janus, MVs can serve as information packets to guide the phenotype of surrounding cells, 
or be used to rid a cell of unwanted components.  
Release of MVs is exaggerated in tumor cells, but also occurs in most normal cells. 
Neurons21, astrocytes22,23, oligodendrocytes24,25, and microglia23,26, as well as embryonic 
neural stem cells18,27 , have all been described to release MVs, which are thought to play 
an important role in development and function of the nervous system and other tissues by 
providing a gradient of morphogen polarity28. Again, in a parallel with neural stem and 
progenitor cells29, as well as embryonic cells30 brain tumor cells also show 
hypomethylation of the genome with increased expression of retrotransposon elements 
associated with plasticity of the genome31, raising the question of whether normal neural 
stem/progenitor cells also release retrotransposon elements within MVs to orchestrate 
developmental morphogenesis in the nervous system. 
 

2. Microvesicle-mediated information transfer and potential changes in the tumor 

microenvironment  

2.1 Transfer of mRNAs and miRNAs by microvesicles. In 2006 Ratajczak et al.32 

showed that MVs derived from embryonic stem cells contained mRNA encoding 
pluripotent transcription factors. Furthermore, Valadi et al. (2007)33showed that 
mRNA from mast cell-derived MVs could be translated into proteins following 
uptake, demonstrating the potential to alter the translational profile of the recipient 
cell. These surprising findings resulted in the intriguing hypothesis that, similar to 
viruses, MVs can transfer genetic information between cells. This type of intercellular 
genetic communication could play an important role in tissue development and 
homeostasis, as well as in the tumor microenvironment, and might potentially also 
affect distant sites by trafficking of MVs through the systemic circulation. For 
example, GBM cells release MVs that contain a concentrated repertoire of mRNAs 
associated with growth, invasion and immune repression14.  
Interestingly, although most of the RNA transcriptome of GBM cells was found in the 
MVs, the relative concentration of specific mRNAs varied between MVs and the cell 
of origin, suggesting that there might be a molecular process involved in selective 
packaging of mRNAs to MVs. These tumor-derived MVs were found to be avidly 
taken up by normal brain microvascular endothelial cells in culture and to promote an 
angiogenic phenotype14. Both Valadi et al. (2007) and Skog et al. (2008) also provided 
evidence that mRNAs in MVs taken up by recipient cells can be translated within 
them. Microvesicle-mediated transfer of mRNA has also been demonstrated between 
embryonic stem cells and hematopoietic progenitors32, endothelial progenitor cells and 
endothelial cells34 and mesenchymal stem cell and epithelial cells35.  In addition, MVs 
can serve as a means of transfer of cytoplasmic proteins, e.g. GFP, as well as 
membrane proteins, e.g. the mutant form of epidermal growth factor receptor 
(EGFRvIII) to recipient cells27,36.  
The release of MVs containing mRNAs has been described for other tumor types 
including colon cancer and gastric cancer37, indicating that transfer of genetic 
information via MVs is a general phenomenon in oncogenesis. Interestingly, 
comparison of microvesicular RNA derived from GBM cells and colorectal cancer 
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cells revealed a large overlap of mRNA transcripts between the two cancer cell types.  
Network analysis indicated that mRNAs involved in tumorigenesis-related processes, 
such as cell cycle regulation and metabolic processes were overrepresented in MVs, 
suggesting that MVs promote common oncogenic pathways. In addition to mRNA 
transcripts, miRNA molecules are also present in MVs derived from tumor cells such 
as GBM, lung cancer, gastric cancer and ovarian cancer14,38,39,40. Similar to mRNAs, 
the tumor-released MVs contain a miRNA signature representative of the tumor cells 
from which they originate, with specific miRNAs enriched in MVs compared to their 
cells of origin. For example,  

 

Figure 2. MV-mediated intercellular communication. Components of donor cells are 
incorporated into MVs which contain proteins (e.g. signaling proteins, transcriptional regulators, 
RT and transmembrane proteins), RNAs (i.e. mRNAs, miRNAs and ncRNAs), and DNA (i.e. 
cDNA and genomic DNA). MVs can be taken up by recipient cells through endocytosis and release 
their contents after fusing with the endosomal membrane, or fusion at the plasma membrane. 
[1]Transmembrane proteins can be transferred to the plasma membrane and trigger 
signaling.[2]Transcriptional regulators can potentially be transferred into the nucleus and regulate 
promoter activity.[3]mRNAs/miRNAs can be transferred and influence the translational profile. 
[4]Donor cell-derived cDNAs, e.g. c-Myc can be delivered directly within MVs. [5] or generated 
from reverse-transcribed mRNAs in the cell of origin, within MVs or possibly in the recipient 
cell.[6]Retrotransposon and other DNA elements from MVs may integrate into the recipient cell 
genome. In one scenario, the donor cell is a tumor cell and the recipient cells are normal cells in the 
microenvironment.  These MV delivery events have the potential to change the phenotype of 
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normal cells to make them more supportive of tumor growth (Adapted from van der Vos KE., Balaj 
L., et al 2011). 

MVs isolated from serum of ovarian cancer patients showed enhanced levels of eight 
miRNAs previously found to be overexpressed in ovarian cancer22. These small 
regulatory miRNA molecules have been found to have a critical role in the progression of 
various cancers. By negatively regulating their mRNA targets through degradation or 
translational repression, they can act either as tumor suppressors or oncogenes depending 
on their targets41. It has been estimated that a single miRNA might interact with up to 200 
different mRNAs and that relatively minor changes in levels of specific miRNAs can 
have a large impact on the physiologic state of cells. This indicates that transfer of 
miRNAs from tumor cells to surrounding tissue cells through MVs could potentially play 
an important role in modulating normal cells in the tumor microenvironment. Although 
miRNAs have been detected in MVs from multiple cancer types, their potential to 
regulate translation in recipient cells is an ongoing investigation.  
Several recent publications demonstrate that functional miRNAs can be transferred 
between cells by MVs. For example, monocyte-derived MVs transfer functional miR-150 
to endothelial cells, resulting in repression of c-Myb, thereby decreasing cell 
proliferation42, and MVs released by B cells infected with Epstein Barr virus transfer 
miRNAs which repress immunoregulatory genes in monocytes43. Insight into MV-
mediated modification of the transcriptome of normal cells (and tumor cells) in the tumor 
environment can provide a new venue for development of cancer therapeutics. For 
instance, regulatory mechanisms mediated by upregulated miRNAs may be normalized 
using specific antagomirs to those miRNAs and translation of mRNAs can be curtailed 
using siRNAs44. 
 
2.2  The "dark matter of the transcriptome".  A fascinating component of tumor MVs 
is their high content of ncRNAs15 (J. Skog, unpublished data). The human genome only 
contains about 20,000 protein coding genes, representing less than 2% of the genome. 
Until recently, most mapping projects have focused on the protein-coding sequences. We 
now know that transcription at different levels occurs from most parts of the genome and 
that these ncRNAs have many important functions in the cell. When looking at the 
genomes of different organisms, it is fascinating that the ratio of non-coding to protein 
coding DNA sequences increases as a function of developmental complexity45. 
Prokaryotes have less than 25% non-coding DNA (ncDNA), simple eukaryotes have 
between 25-50%, more complex multicellular organisms like plants and animals have 
more than 50% ncDNA, with humans have about 98.5% ncDNA45 (Fig. 3). This suggests 
that the high content of ncRNAs in MVs may be a critical feature of intercellular 
communication in higher organisms. ncRNAs have been implicated in many important 
processes in the cell, including as functioning enzymes (ribozymes), binding to specific 
proteins (aptamers) and regulating gene activity at both the transcriptional and post-
transcriptional levels. The function of most ncRNAs has not yet been determined. 
Examples of ncRNA classes, their functions and presence in MVs are shown in Table 1. 
Interestingly, many of the ncRNA species have multiple, seemingly non-related 
functions. For example, Ribonuclease P (RNase P) is a ribozyme which is involved in 
maturation of tRNA by cleaving the precursor tRNA, but nuclear RNaseP can also act as 
a transcription factor46. In addition, bifunctional RNAs have also been described that 
function both as mRNA and as nc regulatory RNAs47 or have two different ncRNA 
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functions48.One example of the many long ncRNAs is the X-inactive specific transcript 
(Xist) expressed by the inactive X-chromosome, which is used to silence the extra X-
chromosome in females49. This RNA transcript binds to and inactivates the same X 
chromosome from which it is produced. Another example is the HOX antisense 
intergenic RNA (HOTAIR)50. This RNA is expressed from chromosome 12, but controls 
gene expression on chromosome 2, affecting the skin phenotype on the different parts of 
the body surface50as well as being involved in cancer metastasis40.It is thought-provoking 
to speculate about the functional aspect of ncRNA (as well as other RNA and DNA) in 
MVs as they appear to be important modulators of cellular responses. Of the different 
ncRNA classes many have been detected in MVs including ribosomal RNA, small 
nuclear RNA, short interspersed RNA, miRNA and siRNA. Although studies have begun 
to unravel the functional consequences of MV-mediated transfer of mRNAs and 
miRNAs, the contributions of other ncRNAs awaits further research.  
 

 

 

 
 
Figure 3. Multicellular organisms have high levels of non-coding DNA sequences. The ratio of 
ncDNA to total genomic DNA (ncDNA/tgDNA) increases with the biological complexity of 
organisms. Prokaryotes are labeled in blue, unicellular eukaryotes in black, the multicellular fungus 
Neurospora crassa in orange, plants in green, non-chordate invertebrates (nematodes, insects) in 
purple, Ciona intestinalis (urochordate) in yellow and vertebrates in red. (Reproduced with 
permission from Taft and Mattick, 2003103; Adapted from van der Vos KE., Balaj L., et al 2011) 

 
 
2.3  Retrotransposons. Retrotransposon elements make up a major component of 
repetitive sequences comprising approximately 45% of the human genome and have 
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played an important role in driving evolution and shaping our genome through altering 
gene content and expression31. Only a small percentage (<0.05%) of these elements are 
capable of active genomic retrotranslocation52, but their overall expression is increased 
both in embryonic cells and tumor cells, as compared to differentiated cells, through 
hypomethylation of the genome31. In fact, retrotransposon reinsertion events in the 
human genome are thought to occur in about 0.1% of births31 and can be visualized with 
marker proteins in neural progenitor cells29. These new insertional events can engender 
positive aspects of genomic plasticity, as well as potentially negative mutagenic events. 
Retrotransposons move by a copy and paste mechanism which involves reverse 
transcriptase (RT), endonuclease cuts in the DNA and integrase activity. At the end of 
these steps, a new copy of the retrotransposon element is created and inserted into the 
genome. Most of these elements are normally silent, but under pathological condition, 
such as cancer, they may become transcriptionally active. Repetitive microsatellite 
sequences are highly upregulated in cancer, as noted for example in high level expression 
of LINE-1 retrotransposons upon microsatellite deregulation53. The most recently 
integrated retrotransposons, such as human endogenous retroviral sequences, HERV-H, 
HERV-W and HERV-K are regulated primarily by DNA methylation54. An inverse 
correlation, for example, has been observed between HERV-K transcriptional activity 
and DNA hypomethylation levels55. The most recent retrotransposon entries into our 
genome also have the most conserved coding sequences, thus increasing their potential 
for mobility within the genome. High levels of RT activity have been detected under 
some normal conditions, such as in preimplantation embryos56 and placenta57, as well 
under pathological conditions, such as cancer58. In contrast, RT activity is scarcely 
detectable in somatic tissue suggesting its correlation to cell differentiation status. 
Retrotransposition depends on RT activity and remarkably, treatment of cancer cells with 
nevirapine, an inhibitor of RT, led to a decrease in cancer cell proliferation59, thus, 
suggesting a potential driving role for active retrotransposon elements in oncogenesis. 
Our group has recently reported that retrotransposon RNAs, especially LINE-1, HERV-K 
and Alu are abundant in tumor cells and even more so in MVs derived from them, as 
compared to normal fibroblasts and their MVs15. Exposure of normal human umbilical 
vein endothelial cells to MVs from human medulloblastoma tumor cells, which have high 
levels of HERV-K sequences, increased the content of HERV-K sequences up to 60-fold 
in the endothelial cells (ibid.). These findings open a new window into the possibility of 
an active role of MVs in transferring retrotransposons sequences into normal surrounding 
cells, thereby potentially shaping their genomes and making them more cancer 
permissive. 

 

2.4  DNA. Microvesicles have also been found to contain DNA. The presence of this 
genetic material has allowed much speculation about its transfer to, and possible 
integration into neighboring cell genomes. Horizontal transfer of genes has been shown 
in lower organisms and is important, for example, in the generation of resistance to drugs, 
such as antibiotics60.  Microvesicles can include small apoptotic bodies which have been 
shown to transfer chromosomal fragments as well as oncogenes, such as H-ras and c-Myc 
to neighboring phagocytic cells, possibly aiding tumor progression61,62. In fact, p53-
negative mouse embryonic cells lost contact inhibition in vitro and became tumorigenic 
in vivo when exposed to apoptotic vesicles derived from rat embryonic fibroblast 
transfected with oncogenes cMyc and H-Ras62.  It has also been reported that MVs 
derived from GBM cells and astrocytes contain mitochondrial DNA which can be 
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transferred to recipient cells63. It was recently shown that MVs from brain tumor cells 
contain single stranded DNA (ssDNA), including both cDNA and genomic DNA15. This 
DNA included elevated levels of sequences from the c-Myc oncogene in MVs from 
medulloblastoma tumor cells that were amplified for this oncogene, as well as genomic 
sequences for the flanking POU5F1B locus, which is located about 319 kb from the c-
Myc gene and co-amplifies with it64. The cDNA in MVs presumably results from 
elevated RT activity found in these tumor cells and MVs derived from them.  L1 and 
HERV RNA elements, which encode RTs, are transcriptionally upregulated in cancer 
cells and enriched in MVs as is RT activity15. The source of genomic DNA in MVs is less 
clear, but may derive from Okazaki fragments or amplified genomic DNA sequences that 
enter the cytoplasm during mitosis during breakdown of the nuclear envelope and are 
incorporated into MVs. It has been previously reported that ssDNA accumulates in the 
cytoplasm of TREX1-negative cells (the major 3’ DNA exonuclease65) and interestingly 
most of these accumulated sequences were retrotransposon elements which may end up 
in MVs. Treatment of a tumor cell line with L-mimosine, an inhibitor of DNA 
replication, reduced the amount of ssDNA in a dose dependent manner thus supporting 
DNA replication in the origin of genomic DNA in MVs15. The presence of oncogenes 
and retrotransposon sequences in the tumor-derived MVs population increases the 
possibility of horizontal transfer of genetic information to normal cells in the tumor 
microenvironment in support of cancer cell growth and invasion. 
 
3.  Microvesicles as biomarkers for cancer 
Genotyping of mutations in individual tumors has become more and more important with 
the expanding knowledge that each tumor contains a different constellation of mutations 
that are linked to tumor phenotype and response to treatment66. This genotypic 
information will form the basis for personalized, targeted cancer therapy as reliable and 
accessible tumor genotyping methods become available. Typically mutations are 
analyzed in DNA from biopsies of the tumor themselves, which is limited by 
inaccessibility of some tumors, and genetic heterogeneity within and among tumors in the 
same individual. Further, taking repeated biopsies of a tumor during treatment, especially 
in the brain, is not practical, and tracking treatment response is usually limited to MR 
imaging of the tumor, which can be ambiguous67.The representation of the tumor cell 
transcriptome in MVs and their release into the circulation14 provides a window into the 
genotype and indirectly the phenotype of tumors in individual cancer patients without the 
need for a biopsy. Microvesicles are shed into many body fluids, including cerebrospinal 
fluid, blood or urine, making it possible to do repeated longitudinal samplings to assess 
the tumor genetics over time. Thus, sampling tumor MVs in body fluids is promising as a 
companion diagnostic to monitor response and tumor dynamics during treatment. 
Somatic mutations/splice variants of coding genes, as well as levels of tumor-related 
mRNAs, miRNAs, and ncRNAs can be measured in RNA from MVs in serum samples14. 
This information is critical as drug responses are linked to certain mutations. As 
examples, activating mutations in KRAS in colorectal cancer patients correlate with a 
poor response to EGFR inhibitors like Cetuximab/Erbitux68; the drug PLX4032 is only 
effective against melanomas bearing the V600E BRAF mutation69; and certain EGFR 
tyrosine kinase inhibitors (like gefitinib/Iressa) used for treatment of lung cancer work 
best when EGFR is activated by a mutation in the tyrosine kinase domain70. These studies 
have been important in understanding the response of tumors to drug therapy depending 
on the mutational state of the tumor, rather than just the tissue origin of the tumor. The 
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genotype of tumors is dynamic and changes over time during progression and in response 
to treatment. For example, lung cancer patients treated with EGFR tyrosine kinase 
inhibitors often relapse with a tumor subtype harboring a resistance mutation (e.g. 
EGFRT790M70). This finding supports the longitudinal profiling of the tumor 
transcriptome to guide the selection of second-line treatments. 
Recently, ncRNAs have also entered the field as cancer biomarkers, with the ncRNA, 
PCA3 proving useful as a biomarker for prostate cancer71. Although the function of 
PCA3 has yet to be determined, its primarily nuclear localization suggests a gene 
regulatory role. PCA3 can be readily measured in the RNA from urine MVs72, which can 
be extracted using a rapid filtration concentrator method73. Another ncRNA transcript 
overexpressed in prostate cancer is PCGEM174, which seems to be involved in regulation 
of cell proliferation and inhibition of apoptosis75.  The ncRNA NEAT2/MALAT1 has 
been found to be upregulated during metastasis of non-small cell lung cancer, and was 
correlated with poor patient survival76. This same transcript has also been found 
associated with trophoblast cell invasion in vitro

79. 
 
4. Microvesicles as gene delivery tools 
Microvesicles (exosomes) can be considered a natural system to deliver therapeutic cargo 
such as siRNA, oligonucleotides, drugs etc, possibly by systemic injection. Several 
studies have addressed this question by using viruses, synthetic nanoparticles etc, but the 
delivery has not been very successful and most importantly, because the vehicles are new 
to the body, the host’s immune system will usually respond leading to either a limited 
delivery of the cargo, or an elimination of the total cargo by natural defenses, as well as 
soliciting an immune response which can very from light to severe. One such example 
are AAV vectors which are showing promising results in phase I clinical trials but 
recognition by the immune system still poses a threat to this therapeutic option. 
Enveloping AAV capisids with host cell derived exosomes may indeed protect them from 
being cleared by the immune system and may improve the delivery of the cargo in a 
natural way, proving microvesicles with the unique transgene delivery properties. In 
chapter 3 we explore the possibility that during normal AAV production, a fraction of 
these capsids may be associated with microvesicles, and show that this system has great 
potential in improving gene delivery11. Recently a group from the Oxford Univerisity has 
also shown that microvesicles (exosomes) can be engineered to contain the desired cargo 
and to pass the blood-brain barrier and specifically target neurons. To address the issues 
we used exosomes secreted from immature dendritic cells (DC) that were engineered to 
express lysosomal-associated membrane protein 2 (Lamp2) fused with the neuron-
targeting rabies viral glycoprotein (RVG) peptide. Microvesicles were loaded with 
siRNAs by electroporation. When microvesicles, containing the β-site APP-cleaving 
enzyme 1 (BACE1) siRNA, were injected in the tail vein of mice, it resulted in neuron-
specific knockdown of mRNA and proteins encoded by the target genes as compared to 
no treatment. Both studies provide strong evidence of the feasibility and benefits of using 
microvesicles to specifically deliver genes of interest and open a new window for several 
therapeutic options44. 
 

5.  Summary and implications in neuronal function 
Microvesicles contain an abundance of genetic information which can report on the 
genome/transcriptome of the cell of origin and modulate the genotypic/phenotypic fate of 
recipient cells. These membrane bound satchels of information expand the number of 
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ways that cells can communicate with each other to include transfer of genetic 
information and membrane-bound and non-secreted proteins. Proteins transferred in MVs 
include oncogenic, mutant EGFRs36,the chemokine receptor, CCR5 (expanding range of 
HIV infection in brain78, transcription factors79 and sequestered cytokines, such as 
interleukin-1beta (IL-1beta12). In addition to providing a means to orchestrate 
environmental signals, MVs may prove clinically valuable as peripheral markers of 
disease states and potentially as a means to deliver therapeutic agents in vivo, e.g. siRNA 
across the blood brain barrier44.Recent studies have found MVs to participate in positive 
neural functions in many ways. For example, mature neurons release MVs in the vicinity 
of synaptic connections and their release is stimulated by exposure to a GABAA receptor 
antagonist, consistent with a role in neurotransmitter regulation and modulation80,81. 
Oligodendrocytes appear to release MVs as means of suppressing myelination until 
appropriate signals are received from neurons during development82.  Schwann cells can 
deliver mRNA and ribosomes to injured axons via MVs to stimulate protein synthesis 
and regeneration83. On the other side of the coin, the disposal function of MVs may serve 
to spread degenerative proteins throughout the nervous system. Microvesicles have been 
implicated in  release of alpha-synuclein and beta-amyloid from neural cells, the 
elevation of which are associated with neuronal degeneration in Parkinson’s disease84 and 
AD85, respectively, as well as of prion proteins causing transmissible spongiform 
encephalopathy86. For example, proteins of exosomal origin have been found to 
accumulate in Alzheimer’s disease (AD) patient’s brains and Aβ peptides have been 
shown to associate with exosomes released from cells, implicating MVs in AD 

pathogenesis87
. During brain injury astrocytes release ATP which activates release of 

MVs from microglia containing IL-1beta, which can triggers an inflammatory response 
which can be damaging to neural tissues23. Brain tumors appear to have co-opted a very 
critical mode of communication mediated by MVs in the nervous system and other 
tissues.  The exaggerated expression of this phenotype in tumors provides a window into 
deeper understanding of the various types of MVs and their array of functions. 
Microvesicles also offers a view into dynamic changes in gene expression associated with 
changes in state, as in oncogenesis, disease and normal development/communication. 
 
 

Table 1. Examples of RNAs in nature and presence in microvesicles. 
 

Non-coding 

RNA 

Abbreviation Example of function MVs* Reference 

Messenger 
RNA 

mRNA Coding information for 
translation 

Yes (see 
section 
2.1) 

88 

Transfer RNA tRNA Translation No 88 

Ribosomal 
RNA 

rRNA Translation Yes  
(ref. 26) 

88 

Signal 
recognition 
particle RNA 

7SL RNA or 
SRP RNA 

Translocation of proteins 
across the Endoplasmatic 
Reticulum 

 
No 

89 

Small nuclear 
RNA 

snRNA Splicing Yes  
(ref. 22) 

90 
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Small nucleolar 
RNA 

snoRNA Guides chemical 
modifications of other 
RNAs (like methylation 
and pseudouridylation). 

Yes 
 (ref. 102) 

91 

Short 
Interspersed 
repetitive 
elements 

SINE The most common SINE 
is the Alu element (~10% 
of the genome). Alu is 
upregulated in response 
to stress and binds RNA 
polymerase II to suppress 
transcription. 

Yes (see 
section 
2.3) 

92 

microRNA miRNA Post-transcriptional gene 
silencing 

Yes (see 
section 
2.1) 

93 

Small 
interfering 
RNA 

siRNA Post-transcriptional gene 
silencing 

Yes  
(ref. 103) 

94 

Piwi-
interacting 
RNA 

piRNA Transcriptional gene 
silencing, defense against 
retrotransposons 

No 95 

Ribonuclease P RNase P Ribozyme involved in 
tRNA maturation 

No 96 

Ribonuclease 
MRP 

RNase MRP Ribozyme involved in 
rRNA maturation as well 
as mitochondrial DNA 
replication 

No 97 

Y RNA Y RNA RNA processing, DNA 
replication 

No 98 

Telomerase 
RNA 

 Telomere synthesis No 99 

Antisense RNA aRNA Transcriptional 
attenuation/ mRNA 
degradation/ mRNA 
stabilisation/ translation 
block 

No 100 

Long ncRNA, 
large 
intervening 
ncRNA (>200 
nt) 

Long ncRNA, 
lincRNA 

Regulation of gene 
transcription, post-
transcriptional regulation, 
epigenetic regulation 

No 101 

*documented presence in MVs (Adapted from van der Vos KE., Balaj L., et al 2011). 
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AIM AND OUTLINE 

In this thesis we aim to study biogenesis, secretion and composition of microvesicles 
from healthy as well as brain tumor cell lines. We will characterize the genetic material 
of MVs from several brain tumor cell lines as well as from melanomas, and compare the 
profiles to that of healthy cells. Additionally, we will investigate the potential of using 
MVs as a tool for gene or drug delivery. Finally, we will study MVs from plasma, serum 
and CSF as a source of protein and nucleic acid for tumor biomarkers such as EGFRvIII 
and IDH1. Our group has previously shown that tumor MVs contain RNA and we now 
wonder whether tumor MVs contain DNA as well (Chapter 2). Furthermore, previous 
mRNA array data revealed the presence of many repetitive sequences in tumor MVs, and 
we will now characterize their nature. We wonder why they are enriched in tumor MVs; 
will these repetitive elements transfer to recipient cells and will they exert regulatory 
functions? We will first validate the mRNA array data by qPCR and perform functional 
assays on the MVs cargo. In Chapter 3 we will address the question whether MVs can 
be loaded with a specific gene of interest and if they can deliver this gene to recipient 
cells. We will transfect 293T-HEK cells with an adeno-associated virus (AAV), collect 
MVs, and transfer them to recipient cells to study gene delivery. In Chapter 4 we will 
explore the MV platform as a source for tumor biomarkers.  Two groups of nude mice 
will be injected with one of the  human tumor cell lines that amplify either cMYC or 
EGFR. After one month we will sacrifice the mice and use qPCR to quantify the levels of 
human cMYC and EGFR in circulating MVs. In Chapter 5 we will explore the use of 
protein biomarkers in serum-derived MVs from tumor patients. For this, we will use a 
previously developed target-specific magnetic nanoparticle using a miniaturized nuclear 
magnetic resonance system. This system has much higher detection sensitivity, and can 
differentiate glioblastoma multiforme (GBM) from host cell-derived MVs in patient 
samples. We will experimentally determine whether genotypic changes induced to 
parental cells can be reflected in circulating MVs. In Chapter 6 we will analyze the RNA 
content of serum-derived MVs from GBM patients as well as controls. We will first 
perform mRNA array and analyze the data by unsupervised clustering. We will then use 
qPCR to validate the upregulated and downregulated genes. We will also perform gene 
ontology analysis of the down-regulated genes and see if specific subfamilies are 
represented. In Chapter 7 we will set up a highly sensitive PCR assay (BEAMing) that 
can detect point mutations that can be present as low as 1:10,000. We will use serum as 
well as cerebrospinal fluid (CSF) derived MVs from GBMs and controls. We will also 
perform qPCR analysis to determine the number of IDH1 copies present in each CSF and 
serum sample. In Chapter 8 we will investigate the relationship between blood platelets 
and circulating MVs. We aim to determine if platelets take up tumor MVs and if there is 
a difference in the platelet-mRNA expression profiles between GBM and healthy 
individuals. We will investigate this by labeling tumor MVs with PKH67 (a green 
fluorescent dye) and incubating them with platelets and performing FACS analysis on the 
recipient platelets and mRNA array respectively. In Chapter 9 we will investigate 
whether differences in viscosity in human biofluids can affect the sedimentation 
efficiency of microvesicles during ultracentrifugation.  We will spike serum, plasma, 
cultured media and PBS with polystyrene beads and count the number of particles before 
and after ultracentrifugation.  
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Tumor microvesicles contain retrotransposon elements and 
amplified oncogene sequences. 

 

 

 

 

 

Leonora Balaj
1,2,3,4, Ryan Lessard1,2,3, Lixin Dai5, Yoon-Jae Cho6, Scott 

L. Pomeroy3,6, Xandra O. Breakefield1,2,3, Johan Skog1,2,3 
 
 
 
 
 
 
 
 
 

1Department of Neurology, Harvard Medical School, Boston, MA 02129, USA. 2Department of 
Radiology, Harvard Medical School, Boston, MA 02129, USA. 3Massachusetts General Hospital, 
and Neuroscience Program, Harvard Medical School, Boston, MA 02129, USA. 4Neuro-oncology 
Research Group, Department of Neurosurgery, VU University Medical Center, Cancer Center 
Amsterdam, Amsterdam, The Netherlands. 5Department of Molecular Biology and Genetics and 
High Throughput Biology Center, The Johns Hopkins University School of Medicine, Baltimore, 
Maryland 21205, USA. 6Department of Neurology, Children’s Hospital, Boston, Massachusetts 
02115, USA. 



27 
 

 

Abstract 

Tumor cells release an abundance of microvesicles containing a selected set of proteins 
and RNAs.  Here, we show that tumor microvesicles also carry DNA, which reflects the 
genetic status of the tumor, including amplification of the oncogene c-Myc. This 
amplified c-Myc status was also detected in serum microvesicles from tumor-bearing 
mice. Further, remarkably high levels of retrotransposon RNA transcripts, especially for 
some human endogenous retroviruses, LINE-1 and Alu retrotransposon elements are 
found in tumor microvesicles and these transposable elements can be transferred to 
normal cells. These findings expand the nucleic acid content of tumor microvesicles to 
include: elevated levels of specific coding and non-coding RNA and DNA, mutated and 
amplified oncogene sequences and transposable elements. Tumor microvesicles contain a 
repertoire of genetic information available for horizontal gene transfer and potential use 
as blood biomarkers for cancer. 
 
 

Introduction 

Increasing knowledge of the genetic and epigenetic changes occurring in cancer cells 
provides an opportunity to detect, characterize, and monitor tumors by analysing tumor-
related nucleic acid sequences and profiles. Cancer-related changes include specific 
mutations in gene sequences1,2, up- and down-regulation of mRNA and miRNA 
expression3,4, mRNA splicing variations, and changes in DNA methylation patterns5,6, as 
well as amplification and deletion of genomic regions7. Brain tumors comprise a variety 
of phenotypic and genetic subtypes and knowing the expression/mutational profile of 
individual cancers is critical for personalized medicine as many drugs target specific 
pathways affected by the genetic status of the tumors.  Detection of genetic biomarkers in 
tumor patient blood samples is challenging due to the need for high sensitivity against a 
background of normal cellular DNA/RNA found circulating in blood. Microvesicles 
released by tumor cells into the circulation can provide a window into the genetic status 
of individual tumors8,9.  
Many types of cancer cells release an abundance of small membrane-bound vesicles, 
which have been observed on their surface in culture8,10. These microvesicles are 
generated and released through several processes and vary in size (30 nm to 1 µm in 
diameter) and content11. Microvesicles can bud/bleb off the plasma membrane of cells, 
much like retrovirus particles12, be released by fusion of endosomal-derived 
multivesicular bodies with the plasma membrane13, or be formed as apoptotic bodies 
during programmed cell death14. In addition, defective retrovirus particles derived from 
human endogenous retroviral (HERV) elements may be found within microvesicle 
populations15.  Different microvesicle types often co-purify and given the evolving 
nomenclature for these various types, our study has focused on collective microvesicle 
populations of less than 0.22 µm in diameter. Microvesicles from various cell sources 
have been extensively studied with respect to protein and lipid content16,17. They also 
contain a select set of cellular RNAs and mtDNA8,18,19,20 and may facilitate the transfer of 
genetic information between cells and/or act as a “release hatch” for DNA/RNA/proteins 
that the cell is trying to eliminate. Both mRNA and miRNA in microvesicles can be 
functional following uptake by recipient cells8,19,21,22,23,24 and it has also been shown that 
apoptotic bodies can mediate horizontal gene transfer between cells25. 
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Increased transcription of retrotransposon elements in the human genome has been noted 
in a number of cancer cell types. These repetitive elements constitute almost 50% of the 
human genome and include: half a million LINE-1 (L1) elements, of which about 100 are 
transcriptionally active and encode proteins involved in retrotransposition, including 
reverse transcriptase (RT) and integrase; a million Alu elements, which depend on L1 
functions for integration; and thousands of provirus HERV sequences, some of which 
contain near-to-full length coding sequences15, 26. Increased expression of retrotransposon 
elements in cancer appears to result in part from overall hypomethylation of the genome, 
which is also associated with genomic instability27,28 and tumor progression29,30. 
Interestingly, increased expression of L1 and HERV RNA and proteins, as well as 
formation of retrovirus-like particles, have been reported in tumor tissue from breast 
cancer, melanoma and germ cell carcinoma31,32,33. Retrotransposon RNA/proteins, as well 
as antibodies against HERV proteins and virus-like particles, are also found in blood of 
some cancer patients33,34,35,36. 
In this study we examined the nucleic acid content of microvesicles released by cells in 
culture and tumors in vivo in: glioblastoma (GBM), the most common and malignant 
brain tumor in adults; medulloblastoma, the most common and malignant tumor in 
children with frequent amplification of c-Myc37 and atypical teratoid rhabdoid tumor 
(AT/RT), a high-grade malignant tumor in children38. We also included a peripheral 
tumor: malignant melanoma, one of the most common cancers which can metastasize to 
the brain39.  Epidermoid carcinoma tumor cells were used as a control for the in vivo 
study, as they have amplified EGFR, but not c-Myc genes40 
We examined the nucleic acid content of microvesicles released by cells in culture and 
tumors in vivo. In addition to RNA, tumor microvesicles contain single stranded (ss) 
DNA (exoDNA, excreted out of cells in microvesicles), including both genomic and 
cDNA, as well as high levels of transposable elements. Medulloblastoma cells with the 
amplified oncogene c-Myc had 8-45-fold higher DNA/RNA levels of this oncogene in 
the microvesicles compared to cells without c-Myc amplification. Elevated human c-Myc 
RNA was also found in microvesicles isolated from mice bearing tumors with amplified 
c-Myc. Further, an abundance of retrotransposon RNA, including HERV, L1 and Alu 
sequences was found in tumor-derived microvesicles. Tumor microvesicles contain 
amplified genomic DNA, cDNA and retrotransposon elements that may play a role in 
genetic communication between cells and provide a potential source of tumor 
biomarkers.  

 

RESULTS 
Cultured cells release an abundance of microvesicles. 

We characterized the size distribution and amount of microvesicle released from tumor 
cells and normal fibroblasts in culture using Nanosight LM10 nanoparticle tracking 
analysis (NTA) (Fig. 1a-h).Medulloblastoma cells were found to release more 
microvesicles/cell than the other cells types analyzed (13,400-25,300/cell/48 hrs for 
medulloblastomas and 7,000-13,000/cell/48 hrs for the GBM and melanoma cells). 
Normal human fibroblasts released 3,800-6200/cell/48 hrs, were of low passage and grew 
with similar rates as the tumor lines in culture, but of larger size and hence greater 
surface area per cell. Levels of RNA in microvesicles (exoRNA) from tumor cells as 
compared to normal fibroblasts were 120-310-fold higher for medulloblastoma cells and 
2.8-6.5-fold higher for GBM cells, with melanoma cells having similar levels of exoRNA 
compared to fibroblasts despite shedding more than twice as many microvesicles. Thus, 
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medulloblastoma tumor cells, in particular, release abundant microvesicles with a high 
content of exoRNA. 
 

 
 
Figure 1.  Quantification, size distribution and RNA yields of microvesicles from different 

human cell lines. Microvesicles were isolated from three medulloblastoma cell lines (a, D384, b, 
D425 and c, D458), one melanoma (d,Yumel 0106), two GBMs (e, 20/3 and f, 11/5) and two 
normal fibroblasts (g, HF19 and h, HF27) and measured with Nanoparticle Tracking Analysis 
(Nanosight).The number of particles/cell/48hrs is shown on the y-axis, and the size distribution 
(nm) on the x-axis. The sum refers to the total number of particles released/cell over 48 hrs and the 
exoRNA refers to the total microvesicle RNA yield/ 1 x 106cells/ 48 hrs. The result is presented as 
the mean ± SEM (n=3). 

 

Characterization of RNA and DNA in microvesicles. 
Isolated microvesicles were treated extensively with DNase prior to nucleic acid 
extraction to reduce the chance of external DNA contamination (external RNase 
treatment did not affect the RNA yield, indicating no external RNA). After microvesicle 
lysis and nucleic acid purification, the exoRNA fraction was DNase treated and the 
exoDNA fraction RNase treated. The RNA profile varied among cell types and culture 
conditions, but in general, RNA with intact 18S and 28S ribosomal peaks was isolated 
from microvesicles (Supplementary, Figure S1a). ExoDNA was more abundant in 
microvesicles from tumor as compared to normal cells, e.g. GBM versus fibroblasts, and 
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appeared to be primarily single stranded, as determined by multiple assays, as follows. 
When exoDNA from medulloblastoma tumor cells (D384) was analyzed using a dsDNA 
detection chip, no DNA was detected (Supplementary Figure S2a). However, when this 
exoDNA was subjected to second strand synthesis, this same chip detected abundant 
dsDNA (Supplementary Figure S2b). The same experiment was done on GBM cells 
(GBM 20/3) with similar results. The predominance of ssDNA in exoDNA was also 
confirmed by its complete sensitivity to S1 exonuclease digestion (Supplementary Figure 
S3). 

 

c-Myc oncogene amplification is reflected in exoRNA and exoDNA 

Levels of c-Myc amplification were measured at the genomic level (gDNA) by qPCR 
(Fig. 2a). All three medulloblastoma cell lines had significant amplifications of c-Myc 
sequences (16-34-fold) compared to normal fibroblasts and other tumor cell types. RNA 
and DNA were extracted from microvesicles shed by these cell lines and quantitated by 
qRT-PCR and qPCR respectively, using primers in exon 3 (Supplementary Table S2), 
with values for c-Myc sequences normalized to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), a housekeeping gene constitutively expressed in cells and 
found in exoRNA8 and here in exoDNA. Microvesicles from all medulloblastoma cell 
lines showed elevated levels of c-Myc sequences, both for exoRNA (8-45-fold) and 
exoDNA (10-25-fold), compared to microvesicles from fibroblasts and tumor cells with 
diploid c-Myc copy numbers; Fig. 2b and c). Also, using primers that span a full intron, 
we successfully detected a 1.6 kb fragment corresponding to the unspliced c-Myc 
genomic DNA (verified by sequencing) in exoDNA from all three medulloblastoma cell 
lines, but not in any of the other cell lines. Furthermore, to establish that this genomic 
fragment of c-Myc in microvesicles was derived from a genomic amplicon, we verified 
the presence of elevated levels of a flanking gene, POU5F1B gene41 (PCR product also 
verified by sequencing) at levels matching those of c-Myc (Supplementary Figure S4). 
Levels of n-Myc sequences in cellular genomic DNA (gDNA) or exoRNA were also 
measured by qPCR and qRT-PCR and none of the other tumor types showed genomic 
amplification of n-Myc sequences or elevated levels of n-Myc exoRNA (Supplementary 
Figure S5 a and b). 
 
Table 1. Assessment of c-Myc gene amplification levels in different cell types. 

 Method c-Myc 
genomic copy 

number 

c-Myc amount 
exoRNAa 

c-Myc amount 
exoDNAa 

 
D425 

FISHb
 

250k SNPc 
qPCR 

>25 
15 

8±3.6 

 
 

8±2.0 

 
 

13±0.2 

 
D384 

250k SNP 
 

qPCR 

25 
 

12±4.7 

 
 

42±22 

 
 

25±3.7 

 
D458 

250k SNP 
 

qPCR 

17 
 

17±3.0 

 
 

45±11 

 
 

10±0.6 
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a2.5 ng reverse transcribed exoRNA and 10 ng of exoDNA were used as template for qPCR. All 
values were normalized to GAPDH mRNA. 
bFISH = Fluorescence in situ hybridization of metaphase chromosome spread60. 
cSee representative heat map Supplementary Figure S5c.  

 
 
Figure 2. Medulloblastomas with amplified c-Myc oncogenes have elevated c-Myc exoRNA 

and exoDNA in their microvesicles. (a)c-Myc amplification levels were quantified in genomic 
DNA (gDNA) from one normal human fibroblast line (HF19), one GBM line (11/5), one atypical 
teratoid rhabdoid tumor (AT/RT) line (NS224) and three medulloblastoma (MB) lines (D425, D458 
and D384). ExoRNA and exoDNA were also isolated from their corresponding microvesicles. 
(b)qRT-PCR and (c) qPCR were carried out on exoRNA derived from microvesicles from the same 
cell lines. c-Myc levels were normalized to GAPDH in the same preparation and expressed as fold 
increase relative to normal fibroblasts. In all cases, values are expressed as mean ± SEM (n=3) and 
analyzed by two-tailed t-test comparing MB lines to HF19 (p< 0.05, 0.01, 0.001). 

 
 
The levels of c-Myc DNA quantified for gDNA and exoDNA/RNA in these 
medulloblastoma lines were also compared to levels estimated by 250K single nucleotide 
polymorphism (SNP) analysis (Table 1;see Supplementary Figure S5c for a 
representative heat map). Note. Increased copy number of c-Myc in medulloblastoma 
lines and normal copy number in AT/RT tumor line.  Increased levels of c-Myc exoDNA 
corresponded well to the genomic copy number estimated by 250k SNP and qPCR in 
medulloblastoma lines, as compared to normal diploid levels in other cell lines, with 
correspondingly elevated c-Myc exoRNA in medulloblastoma microvesicles. To assess 
the potential diagnostic utility of using exoRNA to detect c-Myc amplification in tumors, 
human medulloblastoma cells (c-Myc amplified) and epidermoid carcinoma tumor cells 

 
NS224 

250k SNP 
 

qPCR 

2 
 

2 

 
 

0.8±0.3 

 
 

4.2±0.1 

 
GBM11/5 

 
qPCR 

 

 
2 

 
2.8±1.4 

 
0.4±0.1 

 
HF19 

 
qPCR 

 
2 
 

 
1 

 
1 



32 
 

(non-amplified; Fig. 3a) were grown as xenograft tumors in nude mice. Microvesicles 
were isolated from serum samples in tumor-bearing mice and human c-Myc exoRNA was 
detected in 2/5 (40%) of the medulloblastoma-bearing mice and in 0/5 of the epidermoid 
carcinoma-bearing mice (Fig. 3b). 
 

 
 
Figure 3. Detection of amplified c-Myc sequences in serum microvesicles from tumor-bearing 
mice. Medulloblastoma (MBT; D425) and epidermoid carcinoma (ECT; A431) cells were used to 
generate subcutaneous tumors with and without c-Myc amplification, respectively.  (a) c-Myc 
amplification was evaluated on all tumor samples at the RNA level after tumor resection. Values 
were normalized to GAPDH, presented as fold change compared to epidermoid carcionoma and 
expressed as mean ± SEM (n=3) (b) exoRNA was extracted from serum samples from 5 MB and 5 
EC tumors (MBT 1-5 and ECT 1-5, respectively). c-Myc PCR product was amplified using human 
specific  primers. Amplified DNA was resolved by electrophoresis in a 2% agarose gel and 
visualized with ethidium bromide staining.c-Myc is shown as an 89 bp fragment (arrow). (NTC = 
no template control). 

 
 

Tumor microvesicles are enriched for retrotransposon elements. 
Microarray analysis of cellular RNA and exoRNA sequences from a low passage GBM 
line indicated high transcription levels of a number of retrotransposon sequences as 
evaluated using a whole genome array.  This data is represented on MA plots42 as the 
cumulative abundance (in cells and microvesicles) of specific RNAs (X-axis) and the 
relative ratio of these RNAs in microvesicles versus cells (Y-axis; Fig. 4a). The axis scale 
is log2, so RNAs above 4 or below -4 on the Y-axis have at least 16-fold different levels 
in the microvesicles vs. donor cells. While RNA from DNA transposons was similar in 
content in cells and microvesicles (Fig. 4b), RNA from retrotransposons, e.g. HERV, Alu 
and L1,was frequently higher in microvesicles than cells (Fig. 4c-e).  This was 
particularly notable for the HERV sequences. HERV-H was the most abundant and 
microvesicle-enriched in these GBM cells, followed by HERV-C, HERV-K6 and HERV-
W (Fig. 4f). Since only a selected subset of transposon/retrotransposon probes are 
represented on the Agilent arrays, this should be viewed as a partial screen. This array 
analysis supports selective packaging of retrotransposon RNA sequences, especially of 
HERV, in tumor microvesicles. 
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Figure 4. GBM microvesicles are enriched for retrotransposon elements. The levels of 
transposon and retrotransposon sequences were compared to the rest of the RNA transcriptome in 
cells and microvesicles. ExoRNA and cellular RNA were isolated from GBM 20/3 cells and 
analyzed on an Agilent two-color 44k array.(a) Relative levels of all represented RNA sequences 
(44,000 RNA probes) in cells and microvesicles were evaluated with an MA plot; Y-axis (M) = 
log2Exo - log2Cell, X-axis (A) = 0.5 x (log2Exo + log2Cell). RNA intensities from capture probes 
aligning to (b) DNA transposons, (c) L1, (d) HERV and (e) Alu sequences were extracted and 
plotted on separate MA plots. (f) Identification of members of the HERV families enriched more 
than 16-fold in the microvesicles (M ≥ 4).  Some HERV families are represented more than once on 
the array.  

 
Since L1 and HERV-K retrotransposons, as well as Alu elements26, have been implicated 
in tumor progression, we further assayed their levels in cellular RNA and exoRNA from 
tumor and normal cells by qRT-PCR (again with the caveat that the primers do not detect 
all of the many variants of L1, ALU and HERV-K sequences), with levels normalized to 
GAPDH mRNA (Fig. 5a-c). L1 and Alu sequences were abundant in both cells and 
microvesicles and enriched in most of the microvesicles compared to the cells (Y>0; Fig. 
5a and b). The levels of retrotransposon sequences tended to be higher in exoRNA when 
compared to cellular RNA, with HERV-K being especially high in some tumors. 
Interestingly, HERV-K RNA was not detectable in exoRNA from normal human 
fibroblasts (HF19), so the microvesicle to cell ratio was calculated giving the exoRNA an 
arbitrary Ct value of 36 (below detection limit; Fig. 5c).  The enrichment ratio is not the 
same as abundance of the RNA. The three medulloblastoma cell lines had the highest 
abundance of HERV-K RNA in the microvesicles, but also in the cells (as shown by the 
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high x-axis value on the MA-plot in supplementary Figure S6), making the enrichment 
ratio lower, especially for the D384 cells. To determine whether microvesicles could 
transfer HERV-K RNA to normal cells, human umbilical vein endothelial cells (HUVEC) 
were exposed to microvesicles from medulloblastoma cells and levels of HERV-K RNA 
were measured in the recipient HUVEC cells over time, showing efficient uptake with 
levels remaining high for at least 72 hrs after exposure (Fig. 5d). 
 
 
 

 
Figure 5.  Microvesicles are enriched in retrotransposon elements and can mediate horizontal 

gene transfer. Retrotransposon elements were quantified in cell RNA and exoRNA from three 
medulloblastoma (D425, D384 and D458), one GBM (11/5), one melanoma (0106) and one human 
fibroblast (HF19) line. The ratio of RNA abundances for (a) L1, (b) Alu and (c) HERV-K in 
microvesicles versus cells is shown, with RNA levels normalized to the housekeeping gene 
GAPDH.  The relative ratios are presented as the average ± SEM (n = 3-6). Enrichment of 
retrotransposons in either cells (y<0) or microvesicles (y>0) is expressed as log2values. (d) 
HUVEC cells were exposed to medulloblastoma microvesicles (D384) and their expression level of 
HERV-K RNA (normalized to GAPDH) was analyzed by qRT-PCR over 72 hrs following 
exposure and plotted as fold change compared to non-infected cells (MOCK). P values were 
calculated using the two-tailed t-test, comparing levels to MOCK infected cells (p < 0.05, 0.01, 
0.001). 

 
 

Figure 6. Retrotransposon DNA sequences inmicrovesicles. Cellular and microvesicle DNA was 
isolated from three medulloblastoma (D425, D384 and D458), one GBM (11/5), one melanoma 
(0106) and one human fibroblast (HF19) line. qPCR analysis was carried out for (a) L1, (b) Alu 
and (c) HERV-K in gDNA and exoDNA. Ct values were normalized to GAPDH levels and are 
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shown as relative enrichment of transposons in cells (y<0) and microvesicles (y>0). (d) RT activity 
was measured in the microvesicles using the EnzChek RT Assay Kit (Invitrogen) and normalized to 
protein content. Results are expressed as average ± SEM (n=3). (p < 0.05, 0.01, 0.001); N/S = not 
significantly different from HF19). 
 

ExoDNA was also analyzed at the retrotransposon level with qPCR. The levels of L1, 
ALU and HERV-K DNA were measured on nuclear gDNA isolated from the cells and 
compared to the exoDNA level in the corresponding microvesicles (with levels 
normalized to GAPDH). The exoDNA (presumably originating from the cytoplasmic 
compartment) and gDNA (isolated from the nuclear compartment of the cells) showed 
clearly different abundance  patterns (y ≠ 0).  L1 was slightly enriched in all 
medulloblastoma microvesicles, whereas Alu was not (Fig. 6a and b) and two of the 
medulloblastomas (D425 and D384) were enriched for HERV-K DNA (Fig. 6c). 
Interestingly, the enrichment of the transposable elements at the exoDNA level in the 
medulloblastoma cell lines corresponded to high levels of endogenous RT activity in 
exosomes (Fig. 6d), suggesting that a fraction of exoDNA may be cDNA. By 
comparison, Yumel 0106 and GBM11/5 cells had very little L1 and HERV-K exoDNA in 
the microvesicles compared to the cells (as shown by the negative values on the bar graph  
(Fig. 6a,c). Since the exoDNA yield in microvesicles was decreased by about 50% 
following inhibition of DNA replication with mimosine (Supplementary Figure S7), it 
appears that some of the exoDNA may also be fragments of genomic DNA generated 
during DNA replication and mitosis45. 
 

DISCUSSION 

 

Previous studies have shown that microvesicles released from tumor cells into the blood 
stream of cancer patients contain a representation of the tumor transcriptome, including 
characteristically high levels of some mRNAs and miRNAs, and mutant/splice variant 
mRNAs, as well as tumor-related proteins8,9,43,44. We now find that microvesicles derived 
from cultured tumor cells also contain high levels of exoDNA – predominantly ssDNA 
fragments. Interestingly, exoDNA was virtually undetectable in normal skin fibroblasts 
used in this study. Of the tumor lines evaluated, both exoDNA and exoRNA were highest 
in microvesicles from medulloblastoma cells which had genomic amplification and high 
expression levels of the c-Myc oncogene. In addition, tumor microvesicles were found to 
be highly enriched in certain retrotransposon RNA sequences, especially for some of the 
HERVs. Interestingly, some of the tumor cell types also had enriched levels of exoDNA 
for transposable elements (primarily L1 and HERV).  
We also found that exosomes have RT activity, especially from the medulloblastomas, 
indicating that some of the exoDNA transposable elements may represent cDNAs. It has 
previously been shown that reverse transcribed transposable element cDNA is normally 
degraded by the Trex1 protein, a 3'-exonuclease that functions as an intrinsic cell 
protection mechanism. If Trex1 protein is knocked out, single stranded DNA accumulates 
in the cytoplasm, especially L1, HERV and Alu ssDNA45. Because microvesicles are 
sticky and can bind free floating genomic DNA on their surface46, intact microvesicles 
were treated extensively with DNAse prior to analysis of exoDNA contained within 
them. Apoptotic vesicles, which are typically larger than the microvesicle fraction we 
analyzed (<0.2 µm), could also potentially contribute genomic DNA into the exoDNA 
fraction. To evaluate this contribution we incubated cells with an apoptosis-inducing 
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agent, doxorubicin. Surprisingly, this led to a reduction in exoDNA yield, indicating that 
cells undergoing apoptosis shed fewer microvesicles than healthy cells (data not shown). 
In addition, the bar graphs of transposable element DNA (Fig. 6 a-c) showed differential 
levels in microvesicles versus the cells from which they were derived (y ≠ 0), indicating a 
different composition of exoDNA compared to nuclear DNA. The elevated c-Myc 
exoDNA levels in microvesicles from medulloblastoma cells with amplified c-Myc could 
have several potential sources. They may arise from extra-genomic copies of the 
amplified c-Myc gene region, which are typically 0.1 – 1 Mb and contain one or more 
origins of DNA replication47. These amplified sequences can appear cytogenetically as 
small “double minute” (DM) chromosomes, which can end up in the cytoplasm during 
mitosis or be eliminated by extrusion out of cells within micronuclei48. Fragments of 
these DM chromosomes may end up  in microvesicles as supported by the presence of c-
Myc intronic and flanking gene sequences.  In addition, ssDNA in the cytoplasm and 
microvesicles may arise during abnormal replication of DNA in cancer cells through 
faulty re-replication and accumulation of short Okazaki fragments of linear ssDNA49. 
This potential source is supported by results from treatment with mimosine, which blocks 
DNA replication in late G1 and reduced exoDNA levels in a dose dependent manner. 
Further, some of the exoDNA maybe derived from RT activity in which cellular RNAs 
are converted into cDNAs, as supported by the RT activity in microvesicles.  
Retrotransposable elements can create a dynamic aspect to the genome, with new 
insertions of retrotransposon and cDNA sequences potentially leading to mutations, 
deletions, rearrangements and changes in gene expression.  Genome stability is 
maintained in normal differentiated cells by suppressed transcription of these 
retrotransposon elements, with tumor cells frequently having elevated retrotransposon 
expression27. The specific HERV type found in tumor microvesicles may depend on the 
cell of origin of the tumor. The abundance of HERV-H in microvesicles from GBM cells 
is consistent with it being the most active HERV in fetal brain cells with these tumors 
thought to derive from dedifferentiated glia cells or neuroprecursor cells50,51. The finding 
of high HERV-K RNAs in several tumor lines is intriguing as this is the most intact of 
the HERVs in the human genome52. 
 
Other studies have noted an association between increased retrotransposon activity and 
tumorigenesis. In some cases, retrotransposon insertion into the genome acts as a driver 
mutation in tumorigenesis53.  For example, L1 insertions in oncogenes have occurred in 
the APC gene in colon cancer54 and the MYC gene in breast cancer55.  A potential role for 
increased retrotransposon activity in tumorigenesis is also suggested by the reduced 
growth of cancer cells when RT activity is inhibited56 or when translation of HERV 
RNAs is blocked by RNA interference57. An important question is whether 
retrotransposon-derived RNA and proteins in tumor microvesicles can be delivered to 
other cells and contribute to genomic instability. This transfer is supported by our finding 
of elevated HERV RNA in endothelial cells exposed to tumor microvesicles. Although 
new retrotransposon insertion events can prove deleterious to cells in some cases58, other 
events could generate cells with increased proliferative or invasive potential.  For 
example, in murine tumors, ongoing endogenous murine leukemia virus integrations lead 
to genetic changes implicated in increased cell mobility59. Serum microvesicles derived 
from tumor cells can provide a window into the genotype and phenotype of tumors in 
individual cancer patients. The exoRNA in serum microvesicles from GBM patients can 
be used to detect the EGFRvIII mutant/variant mRNA in tumors8 and elevated miRNAs 
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in ovarian tumors11.  Further, in the present study we found that xenograft tumors of 
human medulloblastoma cells amplified for c-Myc released microvesicles into the serum 
with elevated expression of c-Myc.  
Our present findings indicate additional tumor-specific genetic properties represented in 
microvesicles from tumor cells. First, the exoDNA and exoRNA content is increased in 
tumor microvesicles as compared to microvesicles from normal fibroblasts, especially in 
the case of tumor cells with an amplified oncogene.  Since DNA is intrinsically more 
stable than RNA, this should make quantitation and analysis of genomic mutations more 
robust and sensitive in clinical biomarker assays. Elevation of exoDNA or exoRNA may 
serve as biomarkers of oncogene amplification, for example c-Myc in individuals 
harboring medulloblastoma tumors. Second, increased expression of certain 
retrotransposon RNAs appears to be a unique feature of tumor cells as compared to 
normal adult cells. Since these retrotransposon sequences are abundant in tumor 
microvesicles that can be harvested from body fluids, they could be useful as biomarkers. 
The levels of specific retrotransposon sequences, such as those for specific HERV family 
members, may be indicative of the cell origin of the tumor50. This work expands the list 
of genetic elements in tumor microvesicles that can potentially be used in blood-based 
diagnostics for cancer and suggests new modalities of intercellular genetic 
communication. 
 

METHODS 

 
Cells. Primary GBM cell lines 20/3 and 11/5 were generated in our laboratory from tumor 
specimens kindly provided by Dr. Bob Carter (Massachusetts General Hospital), and diagnosed as 
GBMs by a neuropathologist at Massachusetts General Hospital8. Glioblastoma cells were cultured 
in Dulbecco modified essential medium (DMEM; Invitrogen, Carlsbad, CA) containing 10% fetal 
bovine serum (FBS; JRH Biosciences, Carlsbad, CA) and penicillin/streptomycin (10 IU/ml and 10 
μg/ml, respectively; Cellgro, Herndon, VA). Primary medulloblastoma cell lines D458, D384 and 
D425 were cultured in suspension in DMEM containing 10% FBS, 1 x GlutaMAX (Invitrogen) and 
penicillin/streptomycin. Rhabdoid tumor cell line NS224 (AT/RT) was cultured in DMEM/F12 
containing B27 supplement, 20 ng/ml EGF, 20 ng/ml FGF and penicillin/streptomycin. Melanoma 
cell line, Yumel 0106, was kindly provided by Dr. R. Alban (Yale New Haven Hospital, New 
Haven, CT) and cultured in Optimum (Invitrogen) containing 10% FBS and 
penicillin/streptomycin.  Epidermoid carcinoma cell line, A431 (ATCC) was kindly provided by 
Hailing Shoo (Massachusetts General Hospital) and cultured in DMEM containing 10% FBS and 
penicillin/streptomycin. Human fibroblast lines, HF19 and HF27 were derived from human skin 
biopsies in the Break field laboratory;L2131 was derived in Dr. Christine Klein’s laboratory (Univ. 
Lubbock, Lubbock, Germany) and cultured in DMEM supplemented with 10% FBS, 10 mom 
HEPES (Invitrogen) and penicillin/streptomycin. Human umbilical vein endothelial cells (HUVEC) 
cells, kindly provided by Dr. Jonathan Song (Massachusetts General Hospital), were cultured in 
gelatin – coated flasks in endothelial basal medium (Luna, Walkersville, MD) supplemented with 
hag, hydrocortisone, GA-1000 and FBS (Singlequots from Lonza). All cell lines were used over a 
few passages, as microvesicle yield tended to change over extended passages. 

 
Microvesicle isolation. Cells were grown in media with 5% microvesicle-depleted fetal bovine 
serum (dFBS)8. Conditioned medium was collected after 48 hr and microvesicles were purified by 
differential centrifugation and filtration through a 0.22 µm filter followed by ultracentrifugation at 
110 000 × g8. 
 
Microvesicle RNA/DNA extraction. Microvesicle pellets generated from 39 ml conditioned 
medium produced from 0.5 x 106- 3.5 x 106cells over 48 hr were resuspended in 50 µL PBS and 
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incubated at 37oC for 30 min with DNAse I (DNA-free™ kit Ambion) and Exonuclease III 
(Fermentas, Glen Burnie, MD), according to manufacturer’s recommendation. After treatment, the 
enzymes were inactivated (using the kit’s inactivation reagent and heat inactivation, respectively) 
and samples processed for DNA or RNA isolation. Microvesicles were lysed in 300 µl MirVana 
lysis buffer (Ambion, Austin, TX) followed by extraction with an equal amount of acid-
phenol:chloroform. After centrifugation at 10,000 × g for 5 min, the upper aqueous phase was 
removed and further processed to extract DNA and RNA using the Qiagen PCR purification kit or 
the mirVana RNA isolation kit (Ambion), respectively, according to manufacturer’s 
recommendation. DNA and RNA extracts were then treated with RNAse (RNAse A, Fermentas, 
Glen Burnie, MD) or DNAse (DNA-freekit; Ambion), respectively to exclude reciprocal carryover. 
Quantity and size ranges of exoRNA and exoDNA were evaluated with the 2100 Bioanalyzer 
(Agilent, Santa Clara, CA) using either a RNA 6000 Pico Chip  or the DNA 7500 LabChip kit, 
respectively.  S1 nuclease (200 U/ml; Fermentas) was also used to digest single stranded nucleic 

acid at 37°C for 30 min. Nuclear genomic cell DNA was isolated from cells with the Flexigene 
DNA kit (Qiagen, Valencia, CA), according to manufacturers’ recommendation. 

 
qRT-PCR and qPCR. Total RNA (50 ng) was converted into cDNA with Sensiscript RT Kit 
(Qiagen) using random primers, according to manufacturer’s recommendations, and a 1:20 fraction 
(corresponding to 2.5 ng reverse transcribed RNA) was used for qPCR. The gDNA and exoDNA 
qPCR was carried out using 10 ng DNA as a template. All reactions were performed in a 25µl 
reaction using Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA) and 
160 nM of each primer. Amplification conditions consisted of: (1) 1 cycle of 50oC, 2 min; (2) 1 
cycle of 95oC, 10 min; (3) 40 cycles of 95oC, 15 sec; and 60oC, 1 min, and (4) a dissociation stage 
consisting of 1 cycle of 95oC, 15 sec; 60oC, 20 sec; and 95oC, 15 sec on the 7000 ABI Prism PCR 
system (Applied Biosystems). Ct values were analyzed in auto mode and manually inspected for 
accuracy. The Ct values at both RNA and DNA levels were normalized to the housekeeping gene 
GAPDH in each sample. Primer dimers were excluded by evaluation of dissociation curve and 
agarose gel electrophoresis. 
 
Nanoparticle tracking analysis. Microvesicles were purified from  all cell lines (D384, D425 and 
D458, Yumel 0106, GBM11/5 and HF19). The media was first spun at 300 x g for 10 min. The 
supernatant was removed and spun again at 16,500 x g, filtered through a 0.22 µm filter and used 
for analysis. The nanosight LM10 nanoparticle characterization system (NanoSight Ltd., UK) 
equipped with a blue laser (405 nm) illumination was used for real-time characterization of the 
vesicles. The result is presented as the average ± SEM of three independent experiments.  
 
Xenograft tumor models. Two groups of five adult immunodeficient mice (nu/nu NCI) were each 
injected subcutaneously in both flanks with 5 x 106medulloblastoma cells (line D425) or 
epidermoid carcinoma cells (line A431).  Tumors were allowed to grow for three weeks; the mice 
were then sacrificed and blood was drawn by cardiac puncture. Subcutaneous tumor mass weights 
at sacrifice were as follows: D425: 1 - 3.4 g; 2 – 1.7 g; 3 – 2.4 g; 4 – 2.9 g; 5 – 1.7 g and A431: 1 – 
1.7 g; 2 – 2.3 g; 3 – 3.1 g; 4 – 1.9 g 5 – 2.2 g).  Approximately 1 ml of blood was obtained from 
each mouse and allowed to clot at room temperature for 15 min and then centrifuged at 1300 x g 
for 10 min. The sera was then filtered through a 0.22 µm filter and stored at -80˚C.  Samples were 
thawed and centrifuged for 1 hr at 100,000 x g to obtain microvesicles for RNA extraction, as 
described above. All animal procedures were performed according to guidelines issued by the 
Committee of Animal Care of Massachusetts General Hospital.  
 
Estimation of gene copy number by SNP array analysis. Genomic DNA was extracted from 
medulloblastoma cell pellets using the Puregene DNA Extraction Kit (Gentra Systems, 
Minneapolis, MN), according to the manufacturer’s instruction. To obtain signal intensities and 
genotype calls, genomic DNA samples were digested, labeled and hybridized to Affymetrix 250K 
StyI SNP arrays, according to the manufacturer's protocol (Affymetrix, Santa Clara, CA). Signal 
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intensities were normalized using rank invariant set normalization, and copy numbers for altered 
genomic regions were inferred using the GLAD (Gain and Loss of DNA) algorithm available in the 
Genepattern software package (www.genepattern.org).  c-Myc and n-Myc copy numbers were 
inferred by analyzing the smoothed copy number data at genomic regions ch8q24.12 and ch2p24, 
respectively. 
 
Microarray comparison of transposable elements in microvesicles versus cells. RNA was 
extracted from microvesicles, as described above. The microarray experiments were performed by 
Miltenyi Biotec (Auburn, CA) using the Agilent whole human genome microarray, 4 x 44K 
(44,000 probes), two-color array following the manufacturer’s protocol. The array was performed 
on two different RNA preparations from primary GBM cells and their microvesicles. The 
microarray data have been deposited in NCBI’s Gene Expression Omnibus (GSE13470; GEO, 
http://www.ncbi.nlm.nih.gov/geo). 
 
MA plots. The MA plots for the array data was generated as previously described42. The log ratio 
of the intensities of microvesicle/cell is plotted on the Y-axis (M = log2Microvesicle - log2Cell) and 
the mean log expression of the two on the X-axis (A = 0.5 × (log2Microvesicle + log2Cell)). 
 
Reverse transcriptase activity assay. Microvesicles were lysed in RIPA buffer [50 mM Tris-HCl 
(pH 8); 150 mM NaCl, 2.5% sodium dodecyl sulfate, 2.5% deoxycholic acid, 2.5% Nonidet P-40] 
for 20 min at 4oC. Microvesicle debris was removed by centrifugation at 14,000 × g for 15 min. 
Proteins were quantified by Bradford assay and diluted 1:6 for each RT reaction. The RT assay was 
performed using the EnzCheck RT assay kit (Invitrogen) on a 25 µL reaction, as described by the 
manufacturer. Fluorescence signal of the samples was measured before and after the RT incubation. 
The difference between the two values indicates newly synthesized DNA. Serial dilutions of 
SuperScriptTM III First Strand (Invitrogen) were used to generate an RT unit standard curve. The 
result is presented as the average ± SEM of three independent experiments.  
 
Microvesicle transfer of HERV-K. HUVEC cells were seeded in 12-well plates at a density of 1.5 
x 105cells/well. Microvesicles were isolated from 1.2 × 107D384 cells, cultured in dFBS-DMEM, 
over a 48 hr period and added to each well in a total volume of 400 µl DMEM. Mock treated cells 
were incubated in 400 µl exosome-free DMEM. The cells were incubated for 2 hrs at 37oC and 
were then replenished with 1.5 ml DMEM (with 5% dFBS). Cells were collected at different time 
points after the microvesicle exposure and cell RNA was extracted for qRT-PCR analysis. The 
result is presented as the average ± SEM of three independent experiments. 
 

Statistics. Statistical analyses were performed using the Student t-test (two tailed). 
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Abstract 

 

Vectors based on adeno-associated virus (AAV) have shown remarkable efficiency for 
gene delivery both to cultured cells and in animal models of human disease.  However, 
limitations to AAV vector-mediated gene transfer still exist, including off-target gene 
delivery/toxicity, pre-existing antibodies and cell-mediated immunity to the virion capsid, 
which can abrogate gene delivery and expression in target tissues.  Here we show that 
during production, a fraction of AAV vectors are associated with 
microvesicles/exosomes, termed vexosomes (vector-exosomes). AAV capsids associated 
with and inside microvesicles were visualized using electron microscopy and 
immunogold labeling. In cultured cells, vexosomes outperformed conventional, cell 
lysate purified AAV vectors in transduction efficiency. Furthermore, ectopic expression 
of vesicular stomatitis glycoprotein G (VSV-G) in AAV packaging cells altered 
transduction efficiency of VSV-G containing vexosomes compared to unmodified 
vexosomes. Finally, we show that vexosomes bound to magnetic beads can be 
specifically targeted to a magnetic zone in cultured cells. Vexosomes represent a unique 
gene delivery entity which offers a promising strategy to improve virus vector-based gene 
therapy.       
 

Introduction 

AAV vectors are one of the frontrunners for gene therapy in humans due to the vector’s 
good safety profile in  clinical trials. They have shown  excellent gene expression ability 
in a variety of tissues in  rodents, nonhuman primates1 and large animal models2, as well 
as in humans3.  The robust and stable gene transfer in non-dividing cells from AAV is 
owed both to the virus’s protein capsid and it’s episomal configuration of the DNA in the 
cell nucleus.  The tropisms of AAV are very different between different serotypes4. 
Advances using self-complementary DNA and modified capsids have expanded the 
efficacy of these vectors even further5,6.  AAV vectors are showing promising results in 
phase I clinical trials in organs such as the eye7, muscle8, and brain9. However, as for 
most other viral vectors, recognition by the immune system poses a hurdle for efficient 
gene transduction in vivo.   
Pre-existing anti-capsid antibody responses can preclude efficient vascular delivery of 
AAV in animal models and many humans possess neutralizing levels of antibodies to 
AAV, although the titers and frequency varies among different AAV serotypes.  In 
addition, data suggests that pre-existing anti-capsid CD8+ T cells led to destruction of 
transduced hepatocytes in a clinical trial of AAV-mediated factor IX replacement therapy 
for hemophilia2. Most cells shed a variety of membrane bound vesicles varying in size 
from 20 nm to 1 um in diameter, which have been termed exosomes, microparticles and 
microvesicles, referred to here collectively as microvesicles10,11.  These microvesicles 
have been found to contain a selective set of lipids, proteins12,13 and nucleic acids14-17. 
Microvesicles have been shown to effectively shuttle between different cell types and 
deliver proteins and nucleic acids to the recipient cells14.   Enveloping AAV capsids in 
association with host cell-derived microvesicles may shield them from immune responses 
and provide them with unique transgene delivery properties.   
We hypothesized that during standard AAV vector production, a fraction of capsids may 
be released from the cell inside or in association with microvesicles which may bestow 
unique properties onto the vector.   
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Here we show that AAV capsids are indeed incorporated into microvesicles (termed 
vexosomes) that can be isolated from conditioned medium of the packaging cell line. 
Furthermore, vexosomes mediate enhanced transduction of cells in culture compared to 
conventionally purified AAV vector and their specificity of transduction can be modified 
by changing surface molecules on the membrane.  
 

 

Results 

AAV vectors are associated with microvesicles released from AAV producer cells.  
To test the idea that AAV capsids may be incorporated into microvesicles during virus 
vector production, AAV2 encoding GFP (AAV-GFP) was produced by standard triple-
transfection of 293T cells with AAV plasmids.  Forty-eight hours post-transfection, cells 
were harvested and examined by transmission electron microscopy (TEM).  We observed 
many microvesicles near the surface of cells (Fig. 1a, b). Next, we sought to detect AAV 
vectors associated with microvesicles shed into the media of 293T producer cells. First 
we developed a differential centrifugation protocol that would preferentially pellet the 
relatively large microvesicles rather than the free AAV capsids that may be present.  A 25 
minute centrifugation at 20,000 x g  effectively pelleted the AAV-associated 
microvesicles (data not shown).  As the sedimentation coefficient of AAV is reported to 
be 110S18, the pelleting of free AAV is very inefficiently at this speed and time.   
Different AAV vector types may have different abilities to associate with microvesicles 
in the producer cell line. We therefore generated AAV with two vector serotypes,  
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Figure 1.  293T cells producing AAV vectors secrete microvesicles associated with AAV 
particles.(a,b) Transmission electron micrograph (TEM) of 293T cells shedding microvesicles.  
Scale bar in (a) = 500 nm. Scale bar in (b) = 100 nm.(c) Cryosectioned microvesicle fractions from 
the media of AAV1 and AAV2-producing 293T cells.  Sections were stained with an anti-AAV1 
capsid antibody (panels iii., iv.) or an anti-AAV2 antibody (panels i., ii.) followed by a 10 nm gold-
labeled secondary antibody.  White arrows indicate AAV capsids apparently within microvesicles; 
black arrows indicate AAV capsids on surface of microvesicles; Scale bars =100 nm. Note: 
Staining controls for specific detection of AAV1 and AAV2 capsids are displayed in panels 
i.(AAV1 vexosomes stained with anti-AAV2 antibody followed by the gold labeled secondary 
antibody) and iv.(AAV2 vexosomes stained with anti-AAV1 antibody followed by the gold labeled 
secondary antibody). 

 
 
AAV1 and AAV2, and characterized their microvesicle packaging efficiency.  The 
microvesicle pellets from both AAV1 and AAV2 producer cell media was analyzed by 
TEM and immunogold labeling to indirectly observe the relationship of AAV capsids and 
microvesicles.  The microvesicle pellet was resuspended, fixed, cryosectioned and 
stained with anti-AAV antibodies (which recognize intact capsids) followed by a 
secondary antibody conjugated to 10 nm gold particles.  For both AAV1 and AAV2 
serotypes we observed AAV capsids associated with microvesicles (Fig 1c and Fig S1). 
Some microvesicles contained  AAV capsids in their interior as the double membrane of 
microvesicles is observed (white ring around the vesicle) indicating that the microvesicle 
has been cut (Fig 1c and Fig S1).   As a negative control, AAV2 vexosomes stained with 
anti-AAV1 or AAV1 vexosomes stained with anti-AAV2 followed by gold-conjugated 
secondary antibody yielded no specific signal (Fig 1c). We termed these 
AAV/microvesicle associations, vector-exosomes, abbreviated as vexosomes. Capsids 
were associated with vesicles ranging in diameter from approximately 50-200 nm (data 
not shown). The average number of AAV capsids/microvesicle was quantitated for 
AAV1 and AAV2.  For AAV1 there was an average of 8.2 capsids/microvesicle while for 
AAV2 there was only 1.2 capsids/microvesicle.  This difference was found to be 
statistically significant (p=0.025, Table I).  These cryosections were also analyzed for the 
percentage of microvesicles/field which contained AAV vectors.  This analysis revealed 
that 12.2% +/-2.9% and 9% +/-7.6 %  of microvesicles contained AAV capsids from 
AAV1 and AAV2 preparations, respectively.   
We also analyzed whether AAV production in 293T cells stimulated microvesicle 
release.  Microvesicles were isolated from cell cultures transfected with a control plasmid 
encoding firefly luciferase (Fluc), or from cells transfected with AAV1-Fluc plasmids or 
AAV2-Fluc plasmids.  Fort-eight hours post transfection we counted microvesicles using 
nanoparticle tracking analysis (NTA).  A slight, yet statistically significant decrease 1.23-
1.28 fold) in microvesicle count (NTA detectable size range 50-1000 nm) for AAV 
transfected cells compared to control plasmid transfected cells was observed, suggesting 
that AAV vector production does not enhance  microvesicle release (Fig. S2).    
To compare the sedimentation efficiencies of AAV2 vexosomes to a conventionally 
purified AAV2 vector through a velocity gradient, we harvested media from 293T cells 
producing an AAV2 vector encoding Fluc.  The microvesicles in media were pelleted 
using the 20,000 x g centrifugation described above, the pellet was resuspended and 
treated with Benzonase to remove any plasmid DNA bound to the microvesicle surface, 
and layered onto a 6-18% iodixanol velocity gradient, as described19. In velocity gradient 
centrifugations larger macromolecules will migrate faster through the gradient.  We also 
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concentrated the 20,000 x g microvesicle pellet-depleted media using centrifugal 
concentrators with a 100 kDa molecular weight cutoff and loaded it onto a separate 
gradient.  Finally, as a control another gradient was layered with conventionally-purified 
AAV2-Fluc mixed with 20,000 x g pelleted microvesicle-containing media from 
nontransfected 293T cells.   Fractions were collected, starting from the top of the 
gradient.  293T cells were infected with aliquots from different fractions of the gradient 
and 72 hours later, cells were harvested and a luciferase activity was measured.  For 
conventionally purified AAV2-Fluc vector mixed with purified microvesicle containing 
media, 90% of the luciferase activity was contained between fractions 30-36 with only 
16% being localized in the bottom fraction (fraction 36; Fig 2a).  In contrast, luciferase 
activity in the 20,000xg vexosome pellet sample was concentrated in the bottom fraction 
(81% of the total activity; Fig. 2a).  Finally, when the gradient sample containing 
microvesicle-depleted media was analyzed, the distribution of luciferase activity was 
similar to free AAV mixed with microvesicle containing media, suggesting that a 
substantial amount of AAV2 in the media of producer cells is microvesicle-free (Fig. 2a).  
The data with free AAV mixed with microvesicles also suggests that the majority of free 
AAV does not stick non-specifically to microvesicles.  
 

 
 
Figure 2 Characterization of vexosomes. (a) Functional vexosomes are contained in different 
gradient fractions than standard adeno-associated virus (AAV). The following three samples were 
loaded onto different 6–18% iodixanol step gradients: (i) standard AAV2-Fluc vectors mixed with 
microvesicles (MV), (ii) vexosomes pelleted at 20,000g (20K × g AAV2-Fluc vexosome pellet), 
(iii) vexosome-depleted media (20K × g vexosome pellet-depleted media). After centrifugation the 
gradients were fractionated and 5 μl aliquots from each fraction were used to transduce separate 
wells of 293T cells. Two days later, cell lysates were examined for Fluc activity to determine which 
fractions contained functional vector. (b) Nanoparticle tracking analysis (NTA) of iodixanol 
gradient fraction #36 from the standard AAV2-Fluc vector mixed with purified 293T-derived 
microvesicles (dashed line) and of iodixanol fraction #36 from the vexosome sample (solid line). 
(c) Detection of GAPDH mRNA in vexosome sample using reverse transcription (RT)-PCR. The 
PCR products were visualized on a 2% agarose gel. Lane 1, 108 AAV genome copies (g.c.) from 
fraction #36 of iodixanol gradient vexosomes pelleted at 20K× g; lane 2, 108 AAV g.c. from 
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fraction #36 of iodixanol gradient of vexosome 20K × g-depleted media; lane 3, #36 of iodixanol 
gradient, pure AAV (108 g.c.) mixed with 293T microvesicles sample; lane 4, pure AAV (108 
g.c.); lane 5, HeLa cell total RNA used as template for RT-PCR (positive control); lane 6, HeLa 
cell total RNA used as template (no RT step, negative control); lane 7, no template control; lane 8, 
DNA ladder. (d,e) Bioanalyzer analysis of RNA in (d) conventionally purified AAV-Fluc vector 
sample (108 g.c.) or (e) 108 g.c. from vexosome sample. Black bracket indicates area of small 
RNA species. 

 

Characterization of vexosome size and contents. 
To better understand the size of microvesicles observed to co-localize with AAV vectors 
in media, fraction 36 from the vexosome pellet sample or fraction 36 from the 
conventional AAV2-Fluc mixed with microvesicles  (from Fig. 2a) was analyzed for size 
by NTA. The AAV2-Fluc vector mixed with microvesicle-containing media from 
nontransfected 293T gave a profile ranging in size from around 50-200 nm in size with a 
mean size of 104 nm (Fig. 2b).  For the vexosome fraction we observed a similar 
microvesicle size distribution with the addition of a distinct “shoulder” at around 200 nm 
in size (Fig. 2b).  As microvesicles are known to contain various nucleic acids, we 
confirmed whether the vexosomes contained mRNA.  Total RNA was isolated from the 
vexosomes isolated in fraction 36 of the iodixanol gradient.  This RNA was used as a 
template for reverse transcription following by PCR amplification of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) mRNA using specific primers.  Agarose gel 
electrophoresis of this PCR product confirmed the presence of GAPDH mRNA in the 
vexosome fraction (Fig. 2c), as expected for microvesicles. We analyzed the RNA 
sample from the vexosomes for size distribution of RNA using a Bioanalyzer. 
Conventionally purified AAV (108 g.c.) did not contain a detectable small RNA peak 
(Fig. 2d)  As expected, the vexosome sample contained small RNAs which ranged from 
about 25-200 nucleotides in length (Fig 2e).    
 

Simplified purification protocol and gene delivery properties of vexosomes in vitro.  
While the iodixanol step gradient was useful in characterizing vexosomes, it is an 11-step 
gradient, making its routine use cumbersome when dealing with multiple samples.  We 
therefore sought to use another type of gradient with less density layers for a more 
streamlined vexosome purification approach.  We chose to use a 8%, 30%, 45%, 60% 
sucrose density gradient as this has been successfully employed for exosome 
purifications20. We layered the resuspended microvesicle pellet from AAV1-Fluc 
producer cell media onto the gradient and performed ultracentrifugation.  Fractions were 
collected and microvesicles pelleted by a subsequent ultracentrifugation step at 100,000 x 
g, and resuspended in PBS.  We pelleted fractions 5-10 as exosomes are reported to 
migrate in the 30-45% density (fractions 5-7)20. To ascertain how microvesicle-free AAV 
migrated in the sucrose gradient, iodixanol purified AAV1-Fluc isolated from cell lysates 
was loaded onto a gradient and subjected to the same centrifugation and pelleting steps. 
We quantitated AAV genome copy number in fractions 5-10 for either sample. For cell 
lysate isolated AAV ~95% of the total genome copies were found in fraction 5. Another 
small peak (3% of total genome copies) was located in fraction 9.  The genome copy 
qPCR distribution was remarkably different for vexosomes (Fig. 3a).   
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Figure 3.  Streamlined vexosome purification using sucrose gradients.  Vexosomes are banded 
by sucrose density ultracentrifugation.  The resuspended microvesicle pellet from AAV1-Fluc 
producer cells or iodixanol purified AAV1-Fluc from cell lysates were loaded onto a sucrose 
gradient. After centrifugation sucrose gradient fractions were analyzed for (a) AAV genomes or (b) 
Fluc activity after transduction of 293T cells with an aliquot of each fraction. The unique peak in 
fraction 7 of media purified AAV is indicated by a black arrow.  This likely represents the major 
vexosome fraction. (c)Antibody neutralization assay of  fraction #7 AAV1-Fluc vexosomes. 107 

g.c. of cell lysate purified AAV1-Fluc or AAV1-Fluc vexosomes were left untreated or incubated 
with a control anti-AAV2 antibody or a neutralizing anti-AAV1 antibody.  After 1 h incubation the 
mixture was added to cells and a transduction assay performed on U87 cells.  Cells were harvested 
at 72 h for a luciferase assay.   

 
 
Peaks were observed in fraction 5 (52% of total), fraction 7 (22% of total), and fraction 9 
(17% of total). The peak in fraction 5 for the vexosome sample likely represents 
microvesicle-free AAV as the majority of cell lysate purified AAV was localized here, 
while the unique peak in fraction 7 most likely represents vexosomes (microvesicle-
associated AAV) as this fraction is located at the published density of exosomes (30-45% 
interface20).  The peak in fraction 9 may represent free AAV aggregates although it may 
also contain larger microvesicles harboring multiple AAV capsids.  We also transduced 
293T cells with an aliquot of fractions 5-10 for either cell lysate isolated AAV or 
vexosomes and performed a luciferase assay 3 days post transduction.  The transduction 
data showed a similar profile as the qPCR data for both samples (Fig. 3b).  Finally, we 
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performed an immunoblot on fractions 5, 7, and 9 to detect the microvesicle-associated 
protein, Alix11.  For the vexosome sample, Alix was detected in all three fractions 
analyzed (# 5, 7, and 9) while it was not detected for cell lysate isolated AAV (Fig. S3).  
The Alix immunoblot suggests that fraction 5 contains free AAV particles along with 
AAV-free microvesicles and that fraction 7 contains the vexosomes.  To ascertain 
whether fraction 7 purified AAV1 vexosomes could transduce cells in the presence of 
neutralizing antibody, either cell lysate purified AAV1-Fluc or AAV1-Fluc vexosomes 
were mixed with control media, media containing a control anti-AAV2 antibody, or 
media containing an anti-AAV1 antibody which recognizes intact capsids.  Post 
antibody/vector incubation, the mixture was added to U87 cells for a transduction assay.  
Seventy-two hours post transduction cells were harvested for a luciferase assay (Fig. 3c).  
We observed a complete inhibition of transduction for both standard AAV1-Fluc vector 
as well as AAV1-Fluc vexosomes, suggesting that the capsid associated with 
microvesicles is not protected from antibody binding (Fig. 3c).  To quantitate the yield of 
sucrose gradient purified vexosomes from small scale preparations (one 15 cm plate), we 
performed qPCR for AAV genome copies (g.c.) on cell lysates, media (containing free 
and microvesicle-associated AAV), and the sucrose gradient purified samples isolated 
from the cognate media sample. This was performed for both AAV1-Fluc and AAV2-
Fluc transfected 293T cells (Table II). For AAV1 the purified vexosome fraction 
constituted 0.01% of the total AAV genome yield (sum of media and cell lysate 
numbers), while it was 0.2% for AAV2 (Table II).     
 

Table II.  Vexosome yields from sucrose density gradient purification .       

AAV 
serotype 

Total AAV yield in 
cell lysate (2 
ml/plate) 

Total AAV yield in 
media  (20 ml/plate) 

Total AAV yield in 
sucrose gradient fraction 
7 (50 μl/plate) 

AAV1 6.0x1011 +/- 3.3x1010 

g.c. 
1.3x1012 +/- 2.3x1011 
g.c. 

1.5x108 +/-1.3x107 g.c. 

AAV2 3.2 x1011 +/- 
1.4x1010 g.c. 

4.2x1010 +/- 1.2x1010 

g.c. 
7.4x108 +/-1.3x108 g.c. 

 
 The AAV yields are calculated individually from three 15cm 293T cell plates.  These 
data are representative of 3 independent AAV1 and AAV2 preparations.  The mean +/- 
standard deviation is shown. Volumes indicate the entire volume which the sample was 
resuspended or contained in. To evaluate the ability of vexosomes to deliver AAV 
genomes to cells in vitro,  we transduced human 293T  cells and human U87 glioma cells 
with 103 g.c./cell of conventionally purified AAV1-Fluc or AAV2-Fluc vector as well as 
AAV1-Fluc vexosomes or AAV2-Fluc  vexosomes (vexosomes isolated from fraction #7 
of the sucrose gradient described in Fig. 3).  Forty-eight hours post transduction cell 
lysates were analyzed for luciferase activity. Strikingly, both AAV1-Fluc vexosomes and 
AAV2-Fluc vexosomes mediated enhanced transduction (3-4.5 fold) compared to their 
cell lysate purified parental serotypes (Fig. 4a).    As previously reported, standard cell 
lysate purified AAV2 vector is more efficient than AAV1 vectors at transducing U87 
cells6 and was also more efficient on 293T cells (Fig. 4a).  Interestingly, AAV1-Fluc 
vexosomes transduced 293T with similar efficiency as standard AAV2-Fluc vector (Fig. 
4a).   

a b 
40000
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Figure 4.  Gene delivery to cultured cells by vexosomes. (a) Human 293T or U87 cells were 
transduced with 103 g.c./cell of standard AAV1 or AAV2-Fluc vectors or AAV1 or AAV2-Fluc 
vexosomes purified from sucrose gradient fraction #7.  48 h post transduction, cells were lysed and 
luciferase activity determined. Mean + STDEV are shown(b) Fluc transgene expression from 
vexosomes is not plasmid DNA, mRNA, or microvesicle-associated luciferase protein mediated.  
293T cells were transduced/transfected with 104 and 103 gc/cell of AAV2-Fluc vexosomes or 0.4 µg 
of microvesicles from AAV-Fluc (-cap) transfected 293T cells.  The microvesicles from AAV2-
Fluc vexosomes were also directly lysed for analysis of Fluc protein contained in microvesicles. 
Mean + STDEV are shown. (c)Binding and uptake of 293T cell derived-microvesicles into 293T 
cells is blocked by co-incubation with heparin.  Microvesicles from 293T cells (not transfected with 
AAV plasmids) were labeled with the lipid dye, PKH67 and added to 293T cells in the presence or 

absence of heparin (250 µg/ml).  Cells were incubated at 37°C for 45 min before fixation and 
imaging by confocal microscopy for exosome-associated fluorescence. Scale bars= 100 µm. Graph 
depicts average quantitation of PKH+ cells in the presence or absence of heparin +STDEV (n = 3).   

As microvesicles have been reported to deliver siRNA, mRNA, and proteins to recipient 
cells14,21, we ascertained if any of the luciferase activity observed at 48h in our 
transduction experiments using vexosomes could be due to luciferase plasmid DNA,  
transcribed luciferase mRNA, or translated luciferase protein packaged within 
microvesicles from the transfected 293T donor cells.  We performed a transfection of 
293T cells with the AAV plasmid containing the Fluc construct, adenovirus helper 
plasmid, and a plasmid which expressed the AAV rep proteins but no capsid proteins so 
that no AAV capsids could be produced. We speculated that omitting capsid expression 
(and thus formation of intact AAV vectors) would allow us to observe if any 
microvesicle-associated Fluc plasmid, mRNA, or protein were involved in the luciferase 
levels obtained in our earlier vexosome transduction assays.  Microvesicles were isolated 
from these cells and treated +/- Benzonase nuclease to remove any DNA bound to the 
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surface. The plasmid DNA was titered by qPCR of the 3’ end of the Fluc expression 
cassette.  No signal above detection level (108 gc/ml) was observed by qPCR in the 
Benzonase treated sample, while the titer was 2.0x1010 gc/ml in the absence of Benzonase 
, suggesting that Benzonase completely removes surface bound DNA (data not shown). 
This also suggests that the vexosome preparations contain very little Fluc plasmid DNA 
on the inside (nuclease protected) of microvesicles.  

 Next we performed a microvesicle transfection/transduction experiment with vexosomes 
lacking the cap proteins as well as the AAV2-Fluc vexosomes with cap protein for direct 
comparison. We determined microvesicle titers by Nanosight NTA to allow comparison 
between the samples.  293T cells were incubated with cap containing AAV2-Fluc 
vexosomes at 104 and 103 gc/cell, corresponding to 5 × 108 and 5× 109 
microvesicles/well, respectively.  For the vexosomes lacking cap, each well of 293T cells 
was incubated with 5 x 109 microvesicles.   Forty-eight hours post incubation cells were 
harvested and assayed for luciferase activity.  No luciferase activity was observed above 
background for the microvesicles lacking cap, indicating that the capsid is necessary for 
efficient gene transfer of the AAV transgene (Fig. 4b). In contrast, luciferase activities 
were 2.7 x 104 RLU/mg and 2.8 x 103 RLU/mg for 104 and 103 gc/cell of AAV2 
vexosomes, respectively (Fig. 4b).  Finally, for direct detection of luciferase activity in 
purified AAV2-Fluc vexosomes, we performed a luciferase assay on lysed vexosomes (1 
µl) and compared this to the luciferase levels in transduced 293T cell lysates obtained 
after incubation of 1 µl (103 gc/cell) of the same sample with 293T cells . Luciferase 
activity was undetectable in lysed AAV2-Fluc vexosomes, while it was 2.8 x 103 
RLU/mg, as mentioned above, after transduction with AAV2-Fluc vexosomes (Fig. 4b). 
These results indicate that the transgene expression levels observed after vexosome 
delivery (at 48h post transduction) is not due to donor microvesicle-associated plasmid 
DNA, Fluc mRNA, or Fluc protein.   

Further supporting this conclusion is the transduction data with AAV1-Fluc and AAV2-
Fluc vexosomes which package the same AAV genome and transgene cassette but yield 
different transduction efficiencies when delivered at the same g.c. dose (Fig. 4a). If Fluc 
plasmid, mRNA, or protein were the cause of the observed transduction, then cell 
transduction efficiencies for AAV1 and AAV2 vexosomes would be expected to be the 
same. We also examined cellular attachment of 293T-derived vexosomes to 293T cells. It 
was previously shown that microvesicles (from glioma cells) are very positively 
charged22.  Heparin is a highly negatively charged glycosaminoglycan on the cell surface 
with potential to interact with the microvesicles, and can also be used to block viruses 
(including AAV2) that utilize heparan sulfate proteoglycan (HSPG) on the cell surface 
for initial binding. We examined the ability of heparin to block uptake of 293T-derived 
microvesicle into recipient 293T cells.  Purified microvesicles from nontransfected 293T 
cells were labeled with a fluorescent lipid dye, PKH-67.  These labeled microvesicles 

were added to wells containing 293T cells and incubated at 37°C for 45 minutes.  
Analysis of cells by confocal microscopy revealed a near complete inhibition of cellular 
uptake of microvesicles in the presence of heparin (Fig. 4c).    
 

Vexosome pseudotyping with a membrane bound receptor. 

Enveloped virus vectors can be retargeted/modified by insertion of a ligand into the 
membrane. Pseudotyping vectors with vesicular stomatitis virus glycoprotein G (VSV-G) 
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has been utilized to enhance enveloped virus23 vector transduction in cultured cells due to 
the broad tropism of VSV-G.  We employed a similar strategy for vexosomes by co-
transfecting a VSV-G plasmid into 293T cells at the time of AAV2-Fluc production.  
Interestingly, we observed a visibly larger microvesicle pellet when including the VSV-G 
plasmid during vexosome production. Isolation of nucleic acid  from equal volumes of 
the microvesicle pellet from standard vexosomes or VSV-G vexosomes yielded nucleic 
acid concentrations  of 8 ng/µl and 90 ng/µl, respectively, indicating roughly a 10-fold 
increase with when pseudotyping with VSV-G.  
Furthermore, including the VSV-G plasmid increased the yield of AAV2 vector genomes 
in the microvesicle fraction increased by 13 fold (P=0.0029, Fig. S4)    This is in line 
with observations reported by Mangeot PE et al. in which VSV-G expression stimulated 
microvesicle production in transfected cells24.  We confirmed VSV-G incorporation into 
vexosomes by immunoblotting the  20,000 x g microvesicle/vexosome pellets (Fig 5a, 
Fig. S5). Next we transduced a panel of cell lines with vexosomes (104 gc/cell) purified 
from 293T cells with or without pseudotyping them with VSV-G. Remarkably, a distinct 
transduction profile was observed for the VSV-G vexosomes compared to the standard 
vexosomes (Fig.5b). For example, standard vexosomes transduced U87 cells and 293T 
cells 9 and 5 fold more efficiently than VSV-G vexosomes respectively,(Fig 5b) whereas 
it was not significantly changed on the other cell lines tested. We also analyzed the effect 
of the polycation, Polybrene®, on vexosome and VSV-G transduction efficiency, as this 
compound is known to enhance lentivirus and retrovirus vector transduction25,26.  U87 
cells were transduced with 50 gc./cell of AAV2-Fluc vexosomes or AAV2-Fluc VSV-G 
vexosomes in the presence or absence of 10 µg/ml of Polybrene®.  Two days later cells 
were harvested for analysis of luciferase levels.  Interestingly, Polybrene® inhibited 
transduction by 6-fold and 9-fold for vexosomes and VSV-G vexosomes, respectively 
(Fig 5c).      
 
 

 
 
Figure 5 Engineering vexosomes with vesicular stomatitis virus glycoprotein G (VSV-G) 
glycoprotein. AAV2-Fluc vexosomes coated with VSV-G (AAV2-Fluc VSV-G vexosomes) were 
produced by transfecting 293T cells with adeno-associated virus (AAV) plasmids as well as a 
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VSV-G expression vector. (a) Immunoblot detection of VSV-G on AAV-VSV-G vexosomes. (b) 
Transduction of a panel of cells (cell types indicated in graph) were transduced with 107 g.c./well 
of either AAV2-Fluc vexosomes or AAV2-Fluc VSV-G vexosomes. Forty-eight hours post 
transduction cells were lysed and a luciferase assay performed. White bars, AAV2-Fluc 
vexosomes; black bars, AAV2-Fluc VSV-G vexosomes. Mean + SD are shown. 

 
 

Magnetic targeting of vexosomes.   

We next ascertained if we could specifically target vexosomes to cells by expressing a 
transmembrane receptor on the microvesicle surface.  We chose to use the previously 
described Biotin Acceptor Peptide – Transmembrane Domain (BAP-TM) receptor27 as 
this genetically engineered receptor allows binding to biotinylated ligands via a 
streptavidin bridge. 293T cells were transduced with two lentivirus vectors encoding 
BAP-TM as well as the biotin ligase BirA, which allows efficient biotinylation in 
mammalian cells28.  To evaluate successful incorporation of BAP-TM into microvesicles, 
we spotted nitrocellulose membranes with 2.5-250 ng of microvesicle-associated protein 
from 293T cells or 293T cells transduced with the lentivirus vectors (called 293T-BAP-
TM cells) and probed it with streptavidin-horse radish peroxidase.  (Fig. 6a).  As 
expected, specific signal was detected for 293T-BAP-TM  -derived microvesicles but not 
for 293T-derived microvesicles, indicating successful pseudotargeting of the 
microvesicles, incorporating biotin in its membrane.   Next we produced and purified  
AAV2-Fluc vexosomes from 293T cells and AAV2-Fluc BAP-TM exosomes on 293T-
BAP-TM cells.   

 
Figure 6 Magnetic targeting of vexosomes. Vexosomes were engineered to express a biotinylated 
transmembrane receptor (BAP-TM) on their surface by transducing 293T cells with a lentivirus 
encoding BAP-TM. (a) Streptavidin-horseradish peroxidase (HRP) dot blot detection of 
biotinylation on BAP-TM microvesicles. Microvesicles (protein amount indicated on figure) from 
293T cells or 293T-BAP-TM cells were spotted onto nitrocellulose. Specific binding of 
streptavidin-HRP was detected by chemiluminescence. (b) Transduction efficiency of 107 g.c./well 
of untargeted AAV1-Fluc vexosomes or AAV1-Fluc BAP-TM vexosomes on U87 cells. (c) 
Magnetic targeting of AAV1-Fluc BAP-TM vexosomes to U87 glioma cells. Vexosomes or BAP-
TM vexosomes incubated with magnetic beads were added to a 12-well plate with a magnet 
attached to the underside of the well. Fortyeight hours post-transduction cells were harvested from 
the area inside the magnetic zone (+ magnet) as well as the cells outside the magnetic zone (- 
magnet). Luciferase assays were performed on each of these samples and protein levels normalized 
by Bradford assay. For (b–c) mean + SD is shown. AAV, adeno-associated virus. 
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We first compared the transduction efficiency of untargeted vexosomes by incubating 
GBM11/5 glioma cells with 400 gc/cell of either AAV2-Fluc vexosomes or AAV2-Fluc 
BAP-TM vexosomes.  No significant difference in transduction efficiency was observed 
at 72 h post transduction (Fig. 6b). To target vexosomes, we incubated AAV2-Fluc 
vexosomes or AAV2-Fluc BAP-TM vexosomes with streptavidin conjugated magnetic 
beads.  A magnet was adhered to the underside of one region in a wells of a 12 well plate.  
We added AAV2-Fluc vexosomes or AAV2-Fluc BAP-TM vexosomes to these wells 
expecting vexosomes which could bind to the magnetic beads to preferentially transduce 
cells in the region of the magnet.  At 72 h post transduction, cells within the magnetic 
zone were harvested as well as cells within an area of equal size outside this zone (see 
Fig. S6 for schematic).  Luciferase activity was determined and we observed a 4.1-fold 
enhanced transduction of BAP-TM vexosomes compared to standard vexosomes within 
the magnetic zone (P=0.003), Fig. 6c).  This enhancement was reversed when comparing 
transduction on the outside of the magnetic zone (Fig. 6c, compare Vexosome-outside to 
BAP-TM outside). Furthermore the inside to outside magnetic zone transduction ratio 
was 2.28 for BAP-TM vexosomes while it was 0.22 for standard vexosomes (Fig. 6c).  In 
a separate experiment we examined whether magnetic bead bound BAP-TM vexosomes 
could enhance transduction of U87 cells compared to standard vexosomes.  In this 
experiment the magnet had the same diameter as the plate well and the entire well of cells 
was harvested at 72 h post transduction.  A slight yet statistically significant enhancement 
(1.5-fold, P=0.02) in transduction of U87 cells was observed for magnet targeted AAV2-
Fluc BAP-TM vexosomes compared to standard vexosomes incubated with magnetic 
beads (Fig. 6d).         
 
 

Discussion 

Our studies demonstrate that under normal AAV production conditions in 293T cells, a 
fraction of AAV vectors isolated from the cell culture media can be detected associated 
with microvesicles.  To our knowledge, this is the first report directly visualizing virus 
vector capsids associated with microvesicles (vexosomes) and showing that these vectors 
can be purified and efficiently transduce cells. These vexosomes, were capable of 
enhanced gene transfer in cultured cells compared to conventionally purified AAV vector 
based on normalizing to the same total g.c. dose (Fig. 4a). 
The mechanism of enhanced gene transfer in culture has yet to be determined but may 
depend on factors such as alternate receptor usage or increased escape from endosomes 
post entry.  Microvesicles are known to express a plethora of host cell-derived cell 
surface receptors and ligands29 so it is quite possible that one or more of these molecules 
are utilized in cell entry.  Heparin blocked purified 293T-derived microvesicle uptake by 
293T recipient cells (Fig. 4c).   Although it is unclear at this time if heparin is blocking an 
electrostatic interaction or specifically heparan sulfate proteoglycan (HSPG) attachment, 
many viruses exploit this receptor for attachment in cultured cells30-33 and it is possible 
that 293T derived vexosomes also exploit this receptor for attachment.    
AAV2 is the most widely studied and utilized AAV vector, and most protocols for 
producing these vectors have been optimized for this serotype.  As 80-90% of packaged 
AAV2 vector is found intracellularly, the media is typically discarded and the vector 
purified from cellular lysates (Fig. 7a). All other more recently cloned serotypes are 
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harvested in a similar manner. However, two recent reports demonstrated that for some 
AAV serotypes (e.g. AAV1 and AAV8), over 80% of the total vector yield is found in 
the media fraction34, 35, although the mechanism by which AAV is shed from the cell has 
not previously been described.  As we observed both free and microvesicle-associated 
AAV in the medium (Fig. 2a, 3a-b), it is possible that more than one pathway is involved 
in the export of AAV vectors from cells (Fig. 7a).   
 

 
 
Figure 7. Overview of AAV vexosome vector system. (a)AAV is conventionally purified from 
cell lysates (i.), However,  AAV is also shed into the media apparently as both free particles[34] 
(ii.),  as well as microvesicle-associated vectors (vexosomes) (iii.).  Vexosomes can be isolated 
from the media and used for gene delivery to target cells (iv.). (b)Illustration of vexosome 
components.  The microvesicle may contain AAV vectors encoding a gene of interest, mRNA,  
miRNA or DNA  as well as vector encoded and non-vector encoded proteins (orange).  The 
microvesicle surface may be decorated with receptors or ligands endogenously (yellow) or 
ectopically (green) expressed in the packaging cell.   

 
Whether AAV particles can be actively recruited to the microvesicles still remains to be 
elucidate.  Based on the TEM analysis of the 293T cells we believe the majority of the 
AAVs are packaged in microvesicles from the plasma membrane rather than 
multivesicular bodies. Different cell types have different amounts of multivesicular 
bodies, and these 293T cells have very few.  Although the yields (in gc.) obtained for the 
sucrose purified AAV1 vexosomes and AAV2 vexosomes are only 0.01% and 0.2%, 
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respectively, of the total AAV in media and cell lysate, it is likely that the percentage of 
microvesicle-associated AAV is higher than this.  First, a 20,000 x g centrifugation is 
performed to pellet microvesicles/vexosomes.  As exosomes are often purified by 
100,000 x g centrifugation14, some AAV associated with microvesicles/exosomes may 
still remain in the media after the 20,000 x g spin.  Secondly, as microvesicles tend to 
adhere to many surfaces (pipets, microcentrifuge tubes; unpublished observations) the 
vexosome yield in the multistep purification process (2 pelleting steps and one density 
gradient) may be severely reduced.  Optimization of the purification process needs to be 
performed to increase vexosomes yields.  
Interestingly, we observed that expression of VSV-G on vexosomes increased 
microvesicle yield as well as AAV genome titers in the putative vexosome fraction #7 of 
the sucrose gradient (Fig. S4).  In addition to increasing vexosome yields, VSV-G 
expression changed the cell transduction profile compared to unmodified 293T derived 
vexosomes (Fig. 5b). This is most likely due to an interaction of fusogenic VSV-G with 
its cognate receptor in lieu of the endogenous receptors and ligands expressed on the 
293T cell-derived vexosome surface.  
It was surprising to us to observe a lower transduction efficiency on U87 and 293T using 
VSV-G vexosomes compared to standard vexosomes.  It may be that VSV-G expression 
on the surface of vexosomes interferes with innate microvesicle receptors which allow 
efficient attachment to these cell types. Alternatively, VSV-G mediated entry of 
vexosomes may enable efficient endosomal escape36 before the essential endosomal 
acidification required by AAV for efficient transduction37. We observed a decrease in 
transduction of U87 glioma cells in the presence of the positively charged compound, 
Polybrene®, with both vexosomes and  VSV-G containing vexosomes (Fig 5c).  This is 
in contrast to the enhancement in transduction observed with Polybrene® addition  for 
VSV-G pseudotyped retrovirus vectors23, although a strong decrease in infection 
efficiency in the presence of Polybrene® has been reported for HIV on certain cell types 
with an increase observed for other cell types38.  
It was previously shown that exosomes (from gliomas) are very positively charged22. 
Although we do not currently know the charge of 293T-derived microvesicles, it is 
possible that Polybrene® may block a charge interaction on the cell surface. In addition 
to altering the receptor profile on vexosomes, varying the AAV serotype inside 
microvesicle may yield different transduction patterns/levels as observed for AAV1-Fluc 
and AAV2-Fluc transduction of U87 and 293T cells (Fig. 4a).   
Although we currently do not understand the pathway which vexosomes follow from the 
cell surface to the nucleus, it is likely that properties of both the microvesicle and the 
AAV capsid play a role in this process.  AAV2 vectors are more efficient at gene transfer 
to U87 and 293T cells compared to AAV1 vectors6, 39.  A recent study examining cell 
entry, trafficking, nuclear import and transduction of AAV1, 2, and 5 vectors in HeLa 
cells  and found that although AAV1 entered cells efficiently and rapidly, low levels of 
transduction were observed compared to AAV240.  This was attributed to inefficient 
AAV1 capsid disassembly at the nucleus40. Thus, it is not surprising that the AAV2-Fluc 
vexosomes were more efficient than AAV1-Fluc vexosomes in culture (Fig. 4a), as the 
capsid is most likely involved in vexosome transduction properties. The discovery of 
AAV virus capsids associated with microvesicles opens a new window of opportunity for 
gene therapy applications.  The AAV vector may be co-delivered with microvesicles 
together with therapeutic proteins, mRNA, regulatory non-coding RNAs or even DNA17 
by electroporation of microvesicles as performed by Alvarez-Erviti et al.21 and depicted 
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in Fig. 7b. The fact that a multitude of proteins and RNA can be co-delivered to the target 
cell, may give an opportunity to change the behavior of the vector itself.  The 
microvesicle transferred Fluc plasmid, mRNA, or protein did not play a significant role in 
the luciferase activities obtained 48 h post vexosome incubation at the vexosome 
concentrations used here, indicating that such transfer is much less efficient than when a 
functional AAV vector associated with the microvesicle.  The reporter gene used in our 
study, firefly luciferase (Fluc), has a short half life of 2 h in mammalian cells41.  On the 
one hand, using this short-half life reporter was convenient for ensuring luciferase 
activities observed at 48-72 h were linked to AAV vector mediated gene delivery.   The 
use of a reporter with a longer half-life (e.g. GFP, 26 h42; Gaussia princeps luciferase, 6 
days43) may reveal an additional contribution of transgene expression after vexosome 
delivery.  
It is also important to note that while we did not detect luciferase protein in a small 
volume of lysed vexosome sample (Fig. 4b) analysis of larger amounts of the preparation 
may reveal low levels of activity. Furthermore, our existing vexosome purification 

protocol takes approximately 48 hours, so samples are frequently stored at  4°C over two  
days which would likely degrade residual Fluc proteins in the vexosome preparation. As 
other viral particles (e.g.  HIV44 and hepatitis C45) have been shown to be associated with 
microvesicles, it is possible that other gene therapy vectors may also be incorporated to 
obtain novel vexosome gene delivery vehicles. Packaging within or in association with 
lipid membranes may have two major advantages. It allows targeting molecules 
incorporated into the plasma membrane to be used for targeting of the vexosomes (Fig. 
6c, 7b) and may also alter the immunological response against the capsid and expressed 
transgene.  
Since microvesicles have been observed to have both immunogenic46 and 
immunosuppressive47 activities depending on the donor cell type, different packaging cell 
types may be  used to tailor different properties of the vexosome (e.g. to enhance or 
suppress an immune response). By TEM, we detected AAV capsids within the interior as 
well as bound to the surface of microvesicles. Thus  transgene delivery by vexosomes 
can, in theory, be mediated by AAV vectors bound to the microvesicle surface, inside the 
microvesicle interior, or both.  Although AAV1-Fluc vexosomes were neutralized by an 
anti-AAV1 antibody (Fig. 3c), this does not preclude the possibility of functional vector 
inside microvesicles.  Further optimization of purification and treatment of purified 
vexosomes will be required to attempt to remove surface bound AAV capsids to 
understand the gene delivery capacity of AAV capsids on the microvesicle interior. In 
summary, we have discovered a novel pathway by which AAV vectors are exported from 
producer cells. These microvesicle-associated vectors can be purified from the media of 
the vector producer cell lines, giving the vector unique properties as compared to 
conventionally purified vectors.  Isolation and initial characterization of these enveloped 
AAV vectors showed that they displayed efficient gene delivery properties and may 
improve the use of this vector platform both as a tool of molecular biology as well as a 
gene therapy vector. 
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MATERIALS AND METHODS 

 

Cell culture . The human glioblastoma cell line U87 and human 293T cells were obtained from 
American Type Culture Collection (Manassas, VA). Gli36 cells were obtained from Dr. Anthony 
Capanogni (University of California at LosAngeles, Los Angeles, CA).  Primary GBM cell isolates, 
GBM 20/3 and 11/5 have been previously described [6, 17]. All cells were cultured in high glucose 
Dulbecco’s modified Eagle’s medium (Nitrogen, Carlsbad, CA) supplemented with 10% fetal 
bovine serum (FBS)  (Sigma, St Louis, MO)and 100 U/ml penicillin, 100 go/ml streptomycin 
(Nitrogen) in a humidified atmosphere supplemented with 5% CO2 at 37°C. 
 

Vexosome production.  AAV vectors were produced by transfecting 15 cm plates of 293T cells 

using the calcium phosphate method with the following plasmids: 12 µg of an ITR-flanked AAV 

transgene expression vector (firefly luciferase, Fluc),  25 µg of an adenovirus helper plasmid F∆648, 

and 12 µg of the AAV2 rep/cap expression vector, pH2249. In some experiments pH22 was 
replaced with pXR1, an expression vector encoding AAV2 rep and AAV1 cap proteins39.  In the -
cap experiment we used a modified pH22 vector in which the DNA encoding for cap has been 
digested out.  Sixteen hours post-transfection, media was exchanged with fresh media 
supplemented with 2% microvesicle-depleted FBS14.  Forty-eight hours post transfection media 
was harvested and microvesicles and associated AAV vectors were purified as described below in 
“gradient centrifugation.”   
 
Conventional AAV production. Standard AAV was generated with conventional purification 
methods as previously described6. Briefly, media was discarded from transfected 293T cells and 
cells were lysed by three freeze/thaw cycles in a dry ice/ethanol bath followed by immersing tubes 

in a 37°C water bath. Cellular debris was removed by centrifugation at 1,000 x g for 10 min.  The 

clarified lysate was treated with 50U/ml of Benzonase for 1h at 37°C.  AAV vector was purified 
from the lysate using an iodixanol step gradient (15%, 25%, 40%, 60% layers).  Vector was 
harvested in the 40% layer after a 1h centrifugation at 360,000 x g.  Virus was concentrated and the 
buffer exchanged to phosphate buffered saline using Amicon® Ultra-15 100K centrifugal filter 
devices (Millipore, Billerica, MA).   

 
Vector quantitation. The vector titer (in genome copies/ml [g.c./ml]) was performed using a 
quantitative TaqMan PCR assay as previously described50.  First, AAV genomic DNA was isolated 

by treating a 2 µl vexosome fraction in a 50 µl reaction with 2 units of DNaseI for 2 h at 37°C to 
remove any potential unencapsulated or extravesicular AAV genomes or plasmid DNA.  Next, 

DNase was inactivated for 25 min at 75°C.  Then a PCR reaction was prepared using TaqMan® 
Fast Universal PCR Master Mix (Applied Biosystems, Foster City, CA), a TaqMan  probe (5'- 
6FAM-TGCCAGCCATCTGTTGTTTGCC-MGB 
Applied Biosystems) and primer set (forward primer, 5’-CCTCGACTGTGCCTTCTAG-3’; reverse 
primer, 5’-TGCGATGCAATTTCCTCAT-3’) which specifically anneals to the Poly A signal 
sequence region in the transgene cassette. A standard curve was prepared using serial dilutions of 
an AAV plasmid of a known molar concentration. The quantitative PCR was performed in an 

Applied Biosystems 7500 Thermal cycler  using the following conditions:  1cycle, 94°C 30s; 40 

cycles 94°C 3s, 60°C 30s.   
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Gradient centrifugation 
Iodixanol gradient centrifugation:  

Vexosomes were purified using a 6-18% iodixanol gradient, as previously described19 with the 
following modifications. The media harvested from AAV producer cells (293T) was centrifuged 
for 10 min at 300 x g to remove floating cells.  Media was then transferred to a fresh tube and 
centrifuged at 20,000 x g for 25 min, k factor, 1,279 .  The resulting microvesicle pellet was 
resuspended in phosphate buffered saline, pH 7.4.  The resuspended pellet was treated with 250 

Units of Benzonase® nuclease (Sigma) for 1 h at 37°C.  Next, a  6-18% iodixanol step gradient 
(1.2% increments) was prepared in 38.5 ml open-top thin-walled polyallomer tubes (Beckman, Palo 
Alto, CA) using Optiprep (Sigma-Aldrich, St. Louis, MO). After overlaying the gradient with 1 ml 
of the Benzonase treated sample, the tubes were centrifuged at 32,000 rpm in a SW32 Ti rotor 
(Beckman-Coulter) for 129 min with the brake off in an Optima L-90K ultracentrifuge (Beckman-
Coulter).  Following this centrifugation, the top 2 ml of the gradient were discarded and then 1 ml 
fractions from the top to the bottom of the gradient were collected.  
 

Sucrose gradient ultracentrifugation: 

Vexosomes were pelleted at described in Iodixanol gradient centrifugation.  Resuspended 
vexosome pellets (500 µl in phosphate buffered saline) were treated with Benzonase® (250 U) for 

1h at 37°C and then layered onto a sucrose density gradient (8, 30, 45, 60% layers) and centrifuged 
38 min at 50,000 rpm in a MLS-50 swinging bucket rotor (Beckman) in a Beckman Optima MAX-
XP ultracentrifuge (Beckman) with deceleration set to 8.  Fractions were collected, diluted 1:10 in 
PBS and microvesicles pelleted at 100,000 x g for 75 min in the MLS-50 rotor.  Pellets from each 
fraction were resuspended in 50 µl PBS and used in Fluc transduction assays, genome copy 
quantitative PCR analysis, and western blot analysis for microvesicle-associated proteins.    
 
Vesicular stomatitis virus glycoprotein G (VSV-G) vexosomes: Vexosomes pseudotyped with 
VSV-G were produced and purified as described above with the inclusion of 4 μg of a VSV-G 
expression vector per plate at the time of AAV plasmid co-transfection.   
 
Vector transduction assays:104cells (cell type indicated in figure) were plated the day before 
transduction into each well of 96 well plates.  Purified AAV or vexosomes (dose indicated in figure 

legend) were mixed with serum-free media in a total volume of 100 µl and added to cells. In some 
experiments Polybrene® (Sigma) was added to the transduction media at a final concentration of 

10 µg/ml. After 1 h at 37°C the media was changed and cells were incubated for 48-72 h in 
complete media containing 10% FBS. Cells were then rinsed in PBS and lysed using Reporter 
Lysis Buffer (Promega, Madison, WI). A luciferase assay was performed on 20 µl lysate using a 
luminometer equipped with an injector that added 100 ul of luciferase substrate buffer/well.  
Luciferase activities (in relative light units, RLU) were normalized to protein content of the 
samples by performing a Bradford assay (BioRad, Hercules, CA).  For the AAV1 neutralization 
assay, 107 g.c. of either cell lysate purified AAV1-Fluc or sucrose gradient purified AAV1-Fluc 
vexosomes were incubated for 1 h at room temperature with each of the following:  (1) control 
media [2% BSA in serum-free OPTI-MEM® I (Invitrogen)], (2) media with a 1:500 dilution of 
anti-AAV2 antibody (Clone A20, American Research Products, Belmont, MA), and (3) media with 
a 1:500 dilution of anti-AAV1 antibody (Clone ADK1a, American Research Products).  After 
incubation with antibody, the standard transduction assay described above was performed. 
 
PKH67-labelled microvesicles and heparin blocking assay. Purified 293T microvesicles were 
labeled with PKH67 green fluorescent labelling kit (Sigma-Aldrich) as described14. 100 µl of 
labeled microvesicles were incubated with or without 250 µg/ml heparin (Sigma-Aldrich) in a total 
volume of 1 ml of Dulbecco’s modified Eagle’s medium supplemented with 10% FBS 30 min at 
room temperature.  Next, the mixture was added to a well of 293T cells and cells incubated for 45 
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minutes at 37 ºC before fixation in formaldehyde.  Microvesicle-associated fluorescence was 
imaged using a Zeiss LSM 5 Pascal laser confocal microscope. 
 

 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) reverse transcriptase PCR:   
To detect mRNA inside microvesicles, 108 g.c. of purified AAV2-Fluc associated microvesicles 
were used to isolate RNA using Trizol LS reagent (Invitrogen).  RNA was isolated from HeLa cells 
as a positive control. Next a two-step reverse transcriptase PCR was performed using Sensiscript 
reverse transcriptase (Qiagen) and HotStarTaq DNA polymerase (Qiagen) was performed to 
amplify GAPDH transcripts from microvesicle RNA or from HeLa RNA.  cDNA synthesis: 50 ng 
of  RNA was reverse transcribed using Sensiscript reverse transcriptase (Qiagen)  .  PCR 
amplification of GAPDH cDNA:  1 cycle 95°C for 3 min; 40 cycles, 95°C for 30 sec, 60°C for 30s, 
70°C for 30s; 1 cycle 70°C for 7 min.  PCR products were analyzed on a 2% agarose gel stained 
with ethidium bromide.   
.   
 
Bioanalyzer analysis of RNA: RNA was measured using the Agilent RNA 6000 Pico Kit 
according to manufacturer’s recommendations.  
 
Microvesicle RNA extraction: Conditioned media was collected after 48 hrs and centrifuged first 
at 500 × g for 10 min followed by 16500 × g for 20 min to pellet dead cells and debris. The 

supernatant was then filtered through a 0.8 µm filter and ultracentrifuged at 110 000 × g for 80 min 
in a 70Ti rotor. The pellet was washed in 12 ml PBS and re-pelleted at 100 000 × g for 60 min in a 

MLA-55 rotor. The pellet was resuspended in 100 µl Tris Buffered Saline. The microvesicle RNA 
was further extracted with the miRNeasy mini kit according to manufacturer’s recommendation.  
 

Nanoparticle tracking analysis (NTA):  The size and concentration of nanoparticles in the 
vexosome preparations was determined using a LM10 nanoparticle analyzer (Nanosight, 
Amesbury, UK) operated by NTA software version 2.0. Samples were diluted in phosphate 
buffered saline and the particle concentration and size distribution were measured. 
 
BAP-TM vexosomes: BAP-TM vexosome production:293T cells were transduced (10 transducing 
units/cell) with the previously described lentivirus vector, CSCW-BAP-TM27 as well  as a 
lentivirus vector encoding the E. coli biotin ligase, BirA, referred to as CSCW-BirA28.  The latter 
vector enables efficient biotinylation of BAP-TM in cultured mammalian cells28.  Vexosome 
production in these cells (referred to as 293T-BAP-TM) was the same as for parental 293T. BAP-

TM dot blot:  20 ml of media from 293T or 293T-BAP-TM cells was harvested and microvesicles 
pelleted at 20,000 x g for 60 min.  The microvesicle pellet was washed with 20 ml PBS and 
microvesicles pelleted again.  The pellet was resuspended in 100 µl PBS, and associated protein 
quantitated by Bradford assay.  A nitrocellulose membrane was spotted with 2.5, 25, and 250 ng of 
the 293T and 293T-BAP-TM derived intact microvesicles.  The membrane was blocked overnight 
in 5% milk in PBS.  The membrane was rinsed 3 times for 5 min. each in PBS, incubated 30 min. 
with a 1:10,000 dilution of streptavidin-HRP (GE Healthcare, Piscataway, NJ) in PBS containing 
0.1% Tween 20, and then rinsed 3 times for 5 min. each in PBS.  Chemiluminescence detection of 
HRP activity was performed with a Pierce Supersignal Western Pico Chemiluminscent Substrate 
kit (Pierce, Rockford, IL) followed by exposure of the membrane to autoradiography film (Denville 
Scientific, Metuchen, NJ).  
 
Magnetic bead transduction assays.  AAV2-Fluc Vexosomes or AAV2-Fluc BAP-TM vexosomes 
(1.8 x 107 gc of either) were incubated with 2% biotin-free BSA in PBS for 30 min. on ice before 
mixing with 10 µl of Streptavidin Microbeads (Miltenyi Biotec, Auburn, CA).  Microbeads and the 
vexosome samples were incubated 30 min. on ice.  A 1.3 Tesla Neodymium rare earth disc magnet 
(10 mm diameter, 1 mm thickness; Indigo Instruments, Waterloo, ON, Canada) was taped to the 
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bottom of a tissue culture plate ( 48 well or 12 well plates). Next vexosomes or BAP-TM 

vexosomes incubated with magnetic beads were added to the well for 2 h at 37°C in 2% biotin-free 
BSA- containing serum-free DMEM.  The magnet was then removed, and media containing 10% 
FBS was added and cells were incubated for 72 h before luciferase assay analysis of transduction.  
In some experiments the entire well of cells was harvested for the assay, while in other experiments 
cells specifically over the magnet were isolated and lysed as well an equal adjacent area away from 
the magnet.        
 

Transmission Electron microscopy  
Cryopreserved sections and immunogold labeling:   Microvesicles and AAV in producer cell media 
(both AAV1 and AAV2 serotypes analyzed) were pelleted at 20,000 x g for 30 minutes.  The pellet 
was resuspended in PBS and repelleted.  Following this, the pellet was fixed for 2 h in 4% 
formaldehyde in PBS before being cryosectioned.  Sections were incubated with 1:100 dilutions of 
either anti-AAV1 (Clone ADK1a, American Research Products) or anti-AAV2 antibodies (Clone 
A20 , American Research Products) (both antibodies recognize intact particles) followed by a 10 
nm gold labeled secondary anti-mouse antibody (Sigma). Controls for staining specificity were 
performed by incubating AAV1 vexosome samples with the AAV2 antibody followed by the 
secondary antibody or incubating AAV2 vexosome samples with the AAV1 antibody followed by 
the secondary antibody.  Sample processing and images were acquired by Harvard Conventional 
Electron Microscopy Core.  Images were taken using a TecnaiTM G2 Spirit Bio TWIN transmission 
electron microscope .     
 
Immunoblots 
For Alix immunoblotting, a 15µl volume of the pelleted microvesicles from each of the sucrose 
gradient fractions was mixed with loading buffer and heated at 95˚C for 5 min.   SDS-PAGE was 
performed using NuPAGE Novex 10% Bis-Tris  acrylamide gels and MES running buffer.  The gel 
was electrophoresed at 130V for 90min. Following transfer of proteins to a nitrocellulose 
membrane, the membrane was blocked for 1h in 10% milk in TBS/0.1% Tween-20.  Membranes 
were incubated with a 1:100 dilution of anti-Alix antibody (Q-19:sc-49268, Santa Cruz 
Biotechnology, INC, Santa Cruz, CA) in 5% milk in TBS/0.1% Tween.  Following washing steps, 
the primary antibody was detected with a 1:5,000 dilution of donkey anti-goat HRP-conjugated 
secondary antibody (GE Healthcare, Piscataway, NJ).  Specific binding was detected using Pierce 
SuperSignal West Pico chemiluminescent substrate (Thermoscientific, Rockford, IL) and exposure 
of HyBlot CL autoradiography film (Denville Scientific, South Plainfield NJ) to the membrane.   
For VSV-G immunoblotting, 6 µg of either AAV2-Fluc vexosomes or AAV2-VSV-G-Fluc 
vexosomes from the 20,000 x g pellet, or 1.3 x 107 transducing units of a lentivirus vector were 
loaded onto an SDS-PAGE gel and electrophoresed and transferred as above.  Membranes were 
incubated with a 1:200 dilution of mouse anti-VSV-G antibody (F6, sc-365019, Santa Cruz 
Biotechnology) followed by a 1:5,000 dilution of sheep anti-mouse HRP-conjugated secondary 
antibody (GE Healthcare).   
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