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(30%), mouse double minute 2 (MDM2) 
amplifications (<10%) and/ or overexpres-
sion (50%), p16INK4a deletions (30–40%), 
and loss of heterozygosity on chromosome 
10 in 50–80% of all cases.[3] Around 5–10% 
of all GBMs harbor isocitrate dehydroge-
nase (IDH) mutations with a better prog-
nosis compared to tumors carrying the 
wildtype form known to exhibit a much 
more aggressive clinical behavior, particu-
larly in adults.[4,5] It is now appreciated that 
IDH-wildtype and IDH-mutant gliomas 
represent distinct clinical and genetic enti-
ties, and efforts have been made to restrict 
the term “glioblastoma” to tumors without 
IDH mutations.[6,7] The standard-of-care 
treatment consists of maximal surgical 

resection of the tumor in combination with radiation and temo-
zolomide (TMZ) chemotherapy. However, GBM is insidious 
and treatments have not been effective in preventing eventual 
disease progression as recurrence remains inevitable.[8–11]

Transcriptomic, genomic, and epigenomic characterization 
have unveiled the highly heterogeneous nature of GBM with 
complex interactions among different cells within as well as 
cells surrounding the tumor.[3,12–17] Comprehensive longitu-
dinal analyses of the tumor transcriptome have uncovered 
intricate intertumoral heterogeneity and classified GBM into 
three distinct subtypes: classical (CL), proneural (PN), and mes-
enchymal (MES).[18] In addition to this intertumoral heteroge-
neity, single-cell RNA sequencing demonstrated the presence 
of numerous transcriptome subtypes within the same tumor.[14] 
Further, single-cell lineage tracking and expression analysis of 
specimens from The Cancer Genome Atlas (TCGA) revealed 
that malignant cells in GBM exist in four main cellular states: 
neural-progenitor-like, oligodendrocyte-progenitor-like, astro-
cyte-like, and mesenchymal-like.[19] The number and frequency 
of cells in each defined state varies between patients and is 
influenced by mutations in the neurofibromin 1 (NF1) locus 
and copy number amplifications of EGFR, cyclin dependent 
kinase 4 (CDK4), and platelet-derived growth factor receptor 
alpha (PDGFRA) loci.

The intricate combination of inter- as well as intratumoral 
heterogeneity plays a key role in rendering conventional and 
experimental targeted therapy approaches ultimately inef-
fective.[20–22] The majority of glioma cells lack the capacity 
to recapitulate a phenocopy of the original tumor and only a 
small subpopulation of neural stem-like cells within the tumor, 
called glioma stem cells (GSCs) or tumor initiating cells, have 
that ability upon xenotransplantation in immunocompromised 
mice.[23–25] Evidence suggests that these GSCs act as a driving 
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1. Background

1.1. Glioblastoma

Gliomas account for around 27% of primary and 80% of all 
malignant central nervous system tumors.[1] Glioblastoma 
(GBM), which encompasses 54% of all gliomas, is the most 
malignant form in adults with a five-year survival rate of 4.3%.[2] 
On the genomic level, GBM is characterized by epidermal 
growth factor receptor (EGFR) amplifications (40% of cases) 
and/or overexpression (60%), phosphatase and tensin homolog 
(PTEN) mutations (30%), tumor protein 53 (TP53) mutations 
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factor in the development of chemo- and radio-resistance via 
upregulation/activation of pathways involved in DNA damage 
response and/or repair.[26,27] MES GSCs exhibit a more aggres-
sive phenotype with increased therapeutic resistance.[28,29] 
Similar to the well-characterized epithelial–mesenchymal 
transition, PN GSCs can shift their molecular and phenotypic 
subtype toward a more MES-like state, thereby acquiring more 
aggressive characteristics leading to therapeutic resistance.[30] 
Interestingly, exposing PN GSCs to radiation therapy can 
downregulate PN associated markers while upregulating MES 
specific markers.[31] The exact course and mechanisms respon-
sible for gliomagenesis remain opaque. Recent evidence sug-
gests that astrocyte-like neural stem cells in the subventricular 
zone are the cells of origin that contain the driver mutations of 
GBM.[32]

1.2. Extracellular Vesicles (EVs)

In the past, communication between tumor cells was thought 
to occur via the tumor secretome (soluble molecules) and cell-
to-cell contact through gap junctions. The scientific community 
has since embraced another critical component of tumor com-
munication that involves proteins and nucleic acids contained 
within extracellular vesicles, small nanoparticles shed by nearly 
every cell of the body.[33,34] EVs are highly heterogeneous and 
can be roughly divided into two main categories based on their 
mode of biogenesis: microvesicles and exosomes.[35] Micro-
vesicles are generated by the outward budding of membrane 
vesicles from the cell surface whereas exosomes originate 
within the endosomal system.[36] In this review, we will collec-
tively refer to them as EVs, as there is no reliable method or 
marker to distinguish one from the other. An important finding 
with broad relevance in biology, and certainly in the context of 
cancer, was the demonstration that EVs released by mast cells 
contain functional RNA and that exosomal mRNA can be trans-
ferred and translated into functional proteins after entering 
recipient cells.[37] Subsequent studies showed that EVs contain 
additional active molecules such as microRNA, long noncoding 
RNA, DNA, lipids, and proteins.[35,38,39] Following these initial 
findings, a plethora of studies demonstrated that EVs can func-
tionally transfer biomolecules between a multitude of different 
cell types and may be used as a biomarker source or even be 
modified to act as therapeutic vehicles/agents.[37–52]

1.3. EVs and Intratumoral Heterogeneity

GBM remains incurable and resistant to chemo and targeted 
therapies, making it almost always fatal. Molecular classifica-
tion into distinct subgroups has helped to shine light on GBM 
inter/intratumoral heterogeneity and demonstrated that these 
subgroups are flexible and differ spatially and temporally within 
patient tumors.[14,18,19,31] As a result, science begun to portray 
tumor growth as a Darwinian tree with the trunk harboring the 
founding ubiquitous driver mutations and the branches repre-
senting heterogeneous mutations not present in every tumor 
cell/tumor region.[53] The resulting intratumoral heterogeneity 
seems to contribute to, if not plays a major role, in the dismal 

GBM disease course by initiating phenotypic diversity and 
assisting the emergence of drug resistance. Single cell-derived 
GBM subclones, for example, showed distinct genetic identities 
and abilities to maintain differential drug resistance profiles.[54] 
Coactivation of multiple receptor tyrosine kinases (RTKs) like 
EGFR, C-MET and PDGFR in GBM may further explain the 
modest success of targeted therapies that inhibit individual 
RTKs.[55] Interestingly, a potential intratumoral heterogenic 
response to RTK is also observed in GBM; Szerlip et al. dem-
onstrated the presence of heterogeneous amplification of EGFR 
and PDGFRA within the same tumor.[56] The temporal aspect 
of intratumoral heterogeneity is another crucial driver of GBM 
therapeutic resistance. For instance, PN GSCs have the ability 
to acquire treatment resistance and present a more aggressive 
phenotype by shifting toward a more mesenchymal state, sim-
ilar to the well-described epithelial–mesenchymal transition in 
tumors of epithelial origin.[29–31]

Another reason for the opaque and aggressive nature of 
GBM is its spatial heterogeneity. Sampling of geographically 
distinct regions of the same tumor revealed tumor fragments 
with different GBM molecular subtypes.[57] Specific types of 
GSCs can exist in the GBM core in comparison to its invasive 
edge.[31] Interestingly, tumor cells at the invasive edge under-
going radiation treatment can acquire the expression of CD109 
while losing CD133, which in turn drives oncogenic signaling 
resulting in increased radioresistance.[31]

A multitude of studies have demonstrated the profound role 
of EVs in modulating various cancers.[58] Early findings showed 
that EVs derived from different mesenchymal stem cells iso-
lated from bone marrow, umbilical cord, and adipose tissue 
have various effects on recipient GBM (U87MG) cells, with adi-
pose tissue mesenchymal stem cell EVs increasing cell prolif-
eration, while bone marrow and umbilical cord cells having the 
reverse effect.[59] Further, intercellular transfer between tumor 
cells of the truncated and oncogenic form of EGFR (EGFRvIII; 
common in GBMs) via EVs has been demonstrated.[60] EVs con-
taining EGFRvIII are released to cellular surroundings, fuse 
with plasma membranes of cancer cells lacking this receptor, 
leading to altered oncogenic activity in recipient cells. This pro-
cess can include activation of transforming signaling pathways, 
changes in expression of EGFRvIII-regulated genes, morpho-
logical transformation, and increase in anchorage-independent 
growth capacity, demonstrating the phenotype transforming 
ability of EVs among subsets of GBM cells. Interestingly, EVs 
isolated from GBM cells promoted proliferation and migration 
of recipient astrocytoma (SHG-44) cells.[61] Pinet et  al. demon-
strated that exposing TrkB-containing EVs to YKL-40-silenced 
cells restored cell proliferation and promoted endothelial cell 
activation.[62] In addition, TrkB-depleted EVs derived from YKL-
40-silenced cells inhibited tumor growth in vivo.[62] Zeng et al. 
showed that EVs derived from GBM cells harboring PTPRZ1–
MET fusion were taken up by nonharboring GBM cells and 
normal human astrocytes, resulting in altered gene expres-
sion, migration, invasion, neurosphere growth, angiogenesis, 
as well as TMZ resistance.[63] In TMZ-resistant MES tumors, 
a consistent diminution of mesenchymal features correlated 
with increased expression of Nestin, leading to a decreased 
sensitivity to radiation.[64] Interestingly, mRNA expression 
profile corresponding to GSC phenotype and TMZ resistance 
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were mirrored in the transcriptome of corresponding EVs.[64] 
Another study conducted by Ricklefs et  al. showed that EV-
mediated protein transfer between MES and PN cells leads to 
increased protumorigenic behaviors, demonstrating the ability 
of EVs to maintain and modulate intratumoral heterogeneity 
in high grade gliomas.[65] Although EV signatures were hetero-
geneous, they reflected the molecular makeup of their donor 
GSCs and consistently clustered into the two molecular sub-
types. Further, analyses of high-grade glioma patient data from 
the TCGA database revealed that proneural tumors with mesen-
chymal EV signatures or mesenchymal tumors with proneural 
EV signatures were both associated with worse outcomes, sug-
gesting influences by the proportion of tumor cells of varying 
subtypes in tumors.[65] Recently, we showed that MES GSCs 
release EVs which can be taken up by PN cells, leading to an 
increase in their invasiveness, stemness, migration, prolif-
eration, aggressiveness, and therapeutic resistance through 
nuclear factor kappa B (NF-κB) and signal transducer and acti-
vator of transcription (STAT3) signaling.[66] Our study endorses 
the role of extracellular vesicles in intratumoral heterogeneity 
and therapeutic resistance in GBM. Gyuris et  al. showed that 
mRNA from medium-sized glioma EVs (0.22–0.79 µm) most 
closely reflects the cellular transcriptome, whereas RNA from 
the small EV fraction (0.21–0.02 µm) is enriched with small 
noncoding RNAs, highlighting the highly heterogeneous com-
position of GBM-derived EVs.[67] Interestingly, small EVs appear 
to be less heterogeneous in their protein content compared to 
their larger counterparts.

1.4. EVs and the Tumor Microenvironment

In addition to their role in tumor–tumor cell interaction, EVs 
appear to play a crucial role in the communication between 
tumor cells and their surrounding microenvironment 
(Figure  1). The tumor microenvironment (TME) is a network 
of various cell types that actively contributes to cancer initiation 

and consequential progression, and nearly all hallmarks of 
cancer biology.[68,69] The TME usually consists of myofibro-
blasts, fibroblasts, neuroendocrine cells, adipose cells, immune-
inflammatory cells, the extracellular matrix, components of the 
cardiovascular system as well as lymphatic vascular networks.[70] 
Apart from the juxtracrine signaling present in the tumor envi-
ronment, EVs have been shown to contribute to paracrine inter-
actions between cells in the TME. Nearly every component of 
the TME appears to receive signals from the tumor via EVs 
which thereby modulate the complex interactions of tumor 
and nontumor cells. EVs derived from breast cancer cells, for 
example, can instigate nontumorigenic epithelial cells to form 
tumors.[45] In the context of brain cancer, EVs have been shown 
to facilitate communication between GBM and astrocytes.[71,72] 
For instance, GBM cell derived EVs stimulate normal astrocytes 
to acquire a tumor-supportive phenotype (through p53 and 
MYC signaling pathways).[73] Furthermore, astrocytes treated 
with GBM-derived EVs displayed enhanced cytokine production 
and increased migratory capacity, promoting tumor growth.[74] 
Similarly, glioma-derived EVs shuttle lncRNA activated by TGF-
β (lncRNA-ATB) to astrocytes, increasing their activation.[75] 
More importantly, astrocytes activated by lncRNA-ATB in turn 
induce the invasion and migration of glioma cells.[75] Similar 
to what has been observed in other cancers, GBM EVs have the 
ability to regulate an intricate tumor suppression signaling net-
work in order to modulate the TME.[76] Gao et al. demonstrated 
that gliomas communicate with nonglioma cells in the TME 
(including glial cells, neurons, and vascular cells) and that inhi-
bition of EV release results in halting tumor growth.[77]

Complex interactions between immune cells and tumor cells 
lead to both inhibitory as well as stimulatory effect on tumor 
growth and progression.[78,79] The immune environment in 
the brain significantly differs from the peripheral immune 
system. Main components of the neuroimmune and brain 
tumor environment are astrocytes, microglia, infiltrating mac-
rophages, lymphocytes, and neutrophils.[80] The immunomod-
ulatory potential and immune evasion ability of EVs has been 

Figure 1. Illustration highlighting the core interaction of extracellular vesicles (EVs) secreted by glioblastoma (GBM) cells. GBM-derived EVs exert 
effects on astrocytes, microglia, T-cells, monocytes, endothelial cells, and components of the extracellular matrix. Further, EV exchange between dif-
ferent GBM cell subpopulations supports intratumoral heterogeneity. Consequently, GBM-derived EVs facilitate tumor pathogenesis by increasing 
aggressiveness and invasion ability, supporting immune evasion, modulating therapeutic resistance, and promoting angiogenesis. GBM = glioblas-
toma; EVs = extracellular vesicles; ECM = extracellular matrix; Chemo = chemotherapy; RT = radiotherapy.
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extensively described in various cancers.[81–86] Early findings 
identified selective enrichment of proteins involved in recruit-
ment of leukocytes in EVs isolated from GBM cultures.[87] Fur-
thermore, EVs from murine GL261 glioma cells have shown 
to promote tumor growth by inhibiting CD8+ T-cells.[88] More 
recently, van der Vos et  al. demonstrated that GBM-derived 
EVs transfer functional RNA to microglia/macrophages in the 
brain. Exposure of microglia to GBM-EVs lead to downregu-
lation of miR-21/miR-451 target c-Myc mRNA.[89] Abels et  al. 
revealed that GBM EVs functionally transfer miR21, thereby 
reprogramming microglia to create a favorable tumor micro-
environment.[40] Another strategy by which GBM could modu-
late the TME and evade immune response is to increase the 
release of PD-L1 presenting EVs, thereby blocking T-cell activa-
tion and proliferation. A strong correlation was found between 
PD-L1 DNA in circulating EVs from GBM patients and tumor 
volume, indicating potential applications of EVs as a biomarker 
source.[90] Interestingly, Hellwinkel et  al. demonstrated that 
high concentrations of glioma-derived EVs decrease periph-
eral blood mononuclear cell/T-cell activation.[91] Domenis et al. 
suggested that glioma-derived EVs suppress T cell immune 
response indirectly by acting on monocyte maturation.[92] Fur-
thermore, functional mRNA transfer between GBM cells and 
Gr1+ CD11b+ myeloid-derived suppressor cell population has 
been observed.[93]

Pathological angiogenesis is another hallmark of cancer 
and essential for extensive tumor growth.[68,94] GBM is the 
most vascularized and angiogenic of all solid tumors.[95] GBMs 
often express a multitude of proangiogenic factors such as 
vascular endothelial growth factor (VEGF), PDGF, fibroblast 
growth factor, integrins, and angiopoietins.[96,97] Therefore, 
signal exchange between tumor and endothelial cells is cru-
cial in GBM angiogenesis.[98,99] EVs have been shown to play 
a major role in this bidirectional crosstalk in various types 
of cancer.[100–104] Skog et  al. showed in their landmark paper 
that GBM derived EVs do not just transport RNA and pro-
tein but are further loaded with angiogenic proteins and ulti-
mately stimulate an angiogenic phenotype in normal human 
brain microvascular endothelial cells.[105] Notably, GBM EVs 
contain a variety of functional angiogenic proteins[106–109] and 
RNAs[110–112] modulating the endothelial components of the 
TME. Human GBM cell line U251 derived EVs are capable 
of stimulating proliferation, motility, and tube formation of 
endothelial cells in vitro.[106] Furthermore, Treps et al. reported 
that EVs isolated from patient-derived GSCs contain the proan-
giogenic propermeability factor VEGF-A and interact with 
brain endothelial cells, impacting their ability to form new ves-
sels.[108] It is worth mentioning that EVs derived from GBM 
cells under hypoxic conditions can induce angiogenesis in 
vitro and ex vivo through modulation of endothelial cells.[107] 
Despite all of these exciting results, it is not yet fully under-
stood how EVs transporting a VEGF ligand would activate the 
vascular endothelial growth factor receptor 2 (VEGFR2) on the 
endothelial surface to elicit angiogenic signaling. Furthermore, 
bevacizumab (a VEGF neutralizing antibody) could not pro-
duce notable survival benefits in GBM patients.[113,114] These 
findings may indicate that VEGF-driven angiogenesis (and 
VEGF-transporting/modulating EVs) play a negligible role in 
GBM neovascularization.

Indirect evidence further supports the potential signal 
exchange between the extracellular matrix and GBM cells, as 
extensively reviewed in Morad et al.[115–117]

2. EVs and Therapeutic Resistance

GBMs are notorious for their ability to evade therapeutic treat-
ment and develop resistance. Standard of care consists of 
maximal safe surgical resection followed by a combination of 
TMZ and radiation therapy.[9] However, long-term survival 
remains uncommon and advances in developing new treat-
ment strategies have been perpetually accompanied by dis-
appointment. Various factors render GBM a difficult tumor 
to treat and practically incurable. In addition to GBMs inter/
intratumoral heterogeneity, the bidirectional crosstalk of GSCs 
with the TME facilitates GBM to decrease/inactivate drug 
uptake or activate a multitude of repair mechanisms to render 
drug-induced damage inefficient.[22,66] Compelling evidence 
suggests that EVs add yet another facet to the GBM treatment 
evasion mechanism repertoire. GBM EVs appear to counteract 
therapeutic approaches in a more direct manner. Early find-
ings identified that mRNA and proteins in GBM EVs can act 
as surrogate biomarkers for cancer diagnosis and prognosis, 
hinting at a potential causal effect between EVs and treatment 
outcome.[118,119] More recent studies suggested that EVs derived 
from GBM cells harboring the PTPRZ1–MET fusion transcript 
lead to TMZ resistant phenotype in recipient nonfusion GBM 
cells.[63] Interestingly, treatment of GBM cells with their own 
EVs also induces TMZ resistance.[120] Of note, blood from GBM 
patients contains a higher number of circulating EVs and the 
release of EVs is enhanced in resistant tumors previously chal-
lenged with TMZ.[121] Mass spectrometry and in silico anal-
ysis further suggest that EVs derived from TMZ-treated cells 
are enriched with proteins related to cell adhesion.[121] Zhang 
et al. reported that the lncRNA SET-binding factor 2 antisense 
RNA1 (lncSBF2-AS1) is upregulated in TMZ-resistant GBM 
cells and tissues, and inhibiting it regains sensitivity to this 
chemotherapeutic agent.[122] Interestingly, EVs derived from 
TMZ-resistant GBM cells had increased levels of lncSBF2-AS1 
and lead to TMZ resistance in recipient GBM cells.[122] Further-
more, poor response of GBM patients to TMZ was associated 
with increased lncSBF2-AS1 in serum-derived EVs.[122] Yin et al. 
found that TMZ resistance correlates with miR-1238 levels in 
serum and GBM cell-derived EVs, and these EVs confer chem-
oresistance in recipient cells.[123] Radioresistant GBM cells or 
cells exposed to radiation exhibit an upregulation of the anti-
sense transcript of hypoxia-inducible factor-1α (AHIF).[124] 
Interestingly, EVs derived from AHIF-knockdown GBM cells 
inhibited viability, invasion, and radioresistance, whereas EVs 
derived from AHIF-overexpressing GBM cells had the reverse 
effect in recipient cells. Further, AHIF regulates factors associ-
ated with angiogenesis and migration in EVs, concluding that 
AHIF promotes GBM progression and radioresistance via EVs. 
GBMs tend to shift toward a more aggressive and resistant phe-
notype following treatment. Pavlyukov et al. hypothesized that 
EVs released from apoptotic GBM cells (apoEVs) could change 
the behavior of surviving tumor cells and demonstrated that 
GBM cells exposed to apoEVs had an increased TMZ, cisplatin, 
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and radiation resistance.[125] They concluded that apoEVs alter 
RNA splicing in recipient cells (identifying RBM11 as a repre-
sentative splicing factor shed in EVs upon apoptosis), thereby 
promoting a highly migratory and therapeutic resistant 
phenotype.

A novel mechanism by which GBM utilizes EVs to coun-
teract therapeutic attacks was recently described by Simon 
et al.[126] The authors showed that bevacizumab can be directly 
captured by GBM cells and is detectable at the surface of their 
corresponding EVs. Interestingly, inhibiting the production of 
EVs improved the antitumor effect of bevacizumab, suggesting 
that GBM may utilize EVs to decrease bevacizumab efficacy.

Overwhelming evidence suggests a crucial role of EVs in 
GBM pathogenesis and progression; however, a definite proof 
that EV signaling is essential for GBM progression and, if 
inhibited, would disable the disease-driving mechanisms, 
remains to be established.

3. EV Tracking

To understand EV biogenesis and their role in tumorigenesis, it 
is essential to develop sensitive tools to image their release and 
uptake by different cells. EVs tracking poses significant tech-
nical challenge owing to their size, diversity of cargo content, 
and heterogeneity of biogenesis.[35] Various methods have been 
developed to track EVs, characterize their biodistribution, and 
to monitor successful functional cargo delivery.

3.1. Direct Tracking Methods

EVs can be directly labeled by means of various agents like lipo-
philic tracer dyes, radionuclides, or magnetic particles to allow 
subsequent tracking in vitro and in vivo. One of the simplest 
strategies to image and track EVs is to label the EV lipid mem-
brane with a lipophilic tracer dye. Many studies have used dyes 
like DiR,[127–129] DiD,[130,131] PKH26,[132] or PKH67[133] to visu-
alize EV uptake and/or biodistribution. Although this method 
is simple, it suffers from major disadvantages; for instance, 
non-EV nanoparticles are formed during the dye staining pro-
cess, which may potentially lead to confounding signals.[134,135] 
Further, these dyes have a long in vivo half-life (5 to >100 days), 
thus while they may assist in “marking a trail” of where the 
administered EVs have been trafficked to, the persistence of 
the dye may outlast the labeled EVs, yielding an inaccurate 
spatiotemporal information.[136] In a newer study, Mondal et al. 
demonstrated the visualization and tracking of EVs derived 
from glioma cells by labeling intravesicular proteins, such as 
TSG101 or HSP70, thereby avoiding noise resulting from mis-
labeling.[137] However, this dye-based EV labeling also comes 
with the downside that dye can be released from EVs, leading to 
false signals. In addition, the use of tracer dyes has not yet been 
demonstrated to be suitable for in vivo tracking.

Another way of directly labeling and tracking EVs, espe-
cially for deep organs/tissues, is based on nuclear imaging. 
Early studies used 99mTc-hexamethylpropyleneamineoxime 
(HMPAO) to label EVs and monitor their biodistribution pat-
tern.[127,138] Although EVs are easily visualized by a gamma 

camera or SPECT, the low radiochemical yield might pose 
imaging problems at low EV concentrations. Another approach 
uses the 99mTc-tricarbonyl complex to achieve a higher labe-
ling efficiency (∼40%) in EVs.[139] Morishita et al. conjugated a 
streptavidin–lactadherin fusion protein expressed in EVs with 
a 125I-labeled biotin derivative to obtain radioiodine-labeled EVs 
and quantify biodistribution.[140]

More recent studies show that EVs can be labeled with 
ultrasmall superparamagnetic iron oxide (USPIO) and conse-
quently visualized by magnetic resonance imaging (MRI).[141,142] 
Although suitable for in vivo imaging, a large number of EVs 
is required for this technique and the sensitivity of USPIO-
labeled EVs is significantly lower than that of nuclear or optical 
imaging.[143]

3.2. Indirect Tracking Methods

For indirect tracking methods, cells are genetically modified to 
express reporter proteins, which are taken up by EVs released 
from these cells. Bioluminescence imaging via luciferases has 
long been used to monitor biological processes in vitro and in 
vivo due to assay simplicity and sensitivity.[144,145] We have dem-
onstrated that by engineering the cell surface to express a fusion 
protein between Gaussia luciferase (Gluc) and a biotin acceptor 
domain, the released EV membranes are labeled with Gluc 
and biotin (GlucB).[136,146] This EV reporter allows multimodal 
imaging (bioluminescence and fluorescence using streptavidin-
conjugated dyes) of EV biodistribution and uptake by different 
organs in vivo. Subsequent studies showed that membrane-
bound Gluc may undergo proteolytic cleavage, leading to the 
release of protein fragments into the extracellular space in 
an active form.[147] Following this observation, we developed a 
novel membrane-bound Gluc based assay to quantitatively track 
the shedding of membrane proteins from EVs in vitro and in 
vivo.[147] Furthermore, we utilized this assay to demonstrate 
that ectodomain shedding in EVs is continuous and mediated 
by proteases.[147] Takahashi et  al. took another approach and 
used lacadherin, a membrane-associated protein often found in 
EVs, and designed a fusion protein between Gluc and a trun-
cated form of this protein, which labeled cancer cells and their 
secreted EVs, allowing their in vivo visualization.[148]

To monitor EV uptake at the cellular level, fluorescent-based 
techniques were developed by several groups. Suetsugu et  al. 
tagged GFP to CD63, a general marker of EVs, and used this 
reporter to monitor transfer of EVs from breast cancer cells into 
the TME.[149] Another study tagged GFP to CD9 or RFP to miR-
214 to monitor exosomal trafficking between hepatic cells.[150] 
We took a different approach and fused GFP or tdTomato to 
a palmitoylation signal (PalmGFP or PalmtdTomato), thereby 
labeling the cell membrane and consequently EVs secreted by 
them (Figure 2A).[136,146] We used these reporters to monitor EV 
exchange between different tumor cells and their microenvi-
ronment. More recently, Hyenne et  al. described an approach 
for tracking circulating tumor EVs in a living zebrafish by 
combining chemical and genetically encoded probes.[151] The 
authors used this strategy to provide a detailed description of 
EV dynamics and uptake properties in a living system. Further-
more, they showed that tumor EVs can activate macrophages, 
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demonstrating the usefulness of this model system to track 
EVs and dissect their role in tumor progression and metastatic 
niche formation in vivo.[151]

3.3. Functional Transfer of EV Content

All of the above discussed techniques have proven to be valu-
able tools to visualize/identify EV exchange with different cells 
and monitor their biodistribution. They, however, lack the 
ability to track and/or confirm functional transfer of proteins or 
nucleic acids via EVs. As every cell is releasing EVs, identifying 
cargo transfer between specific cells of interest poses technical 
challenges, especially in vivo. To monitor EV-RNA cargo, we 
tagged transcripts encoding PalmtdTomato with MS2 RNA 
binding sequences, which could be detected by co-expression of 
bacteriophage MS2 coat protein fused to GFP. By multiplexing 
these fluorescent reporters with the GlucB bioluminescent EV 
membrane reporter, we revealed the rapid dynamics of both 
EV uptake and translation of EV-delivered cargo mRNAs in 
cancer cells, which occurred within 1 h posthorizontal transfer 
between cells (Figure 2A).[146] A different approach utilized the 
Cre-LoxP system, in which cells are engineered to secrete EVs 
containing Cre mRNA, which in turn induces recombination 
in neurons after injection into the brain.[152] Using this system, 
the authors demonstrated that recombined neurons exhibit a 
different miRNA profile compared to their nonrecombined 
counterparts. More recently, Zomer et  al. used the Cre-LoxP 
system to demonstrate the uptake and functional release of 
EV content in recipient tumor cells (in the local environment 
and at distant sites).[41] Here, recipient cells were modified to 
express a reporter which can shift from DsRed to GFP upon 
functional transfer of Cre-recombinase via EVs (Figure 2B). As 
a result, only cells that have taken up and processed Cre+ EVs 

will express GFP and appear green. Using this approach, the 
authors showed that mRNA containing EVs released by malig-
nant tumor cells are taken up and are functionally processed by 
less malignant tumor cells located within close proximity and at 
distant tumor sites, resulting in modulation of their behavior. 
All of these studies successfully demonstrate functional trans-
port of RNA between cells via EVs, and that this RNA is trans-
ported and processed in recipient cells. Additional studies and 
approaches are needed to evaluate the exclusive uptake of EV-
contained proteins (without RNA) and their contribution to the 
observed effect in recipient cells.

4. Where to Go from Here?

The last decade has observed a remarkable progress in the field 
of EVs. Many findings highlight the “power” of EVs in mod-
ulating recipient cells and their role in cancer initiation, pro-
gression, and therapeutic resistance. However, many questions 
remain unaddressed. For instance, how long does the observed 
EV-mediated effect last and is it reversible? Studies are needed 
to investigate whether EVs induce stable effects and transfor-
mations and/or temporary phenotypic switches in recipient 
cells. Transfer of proteins may transiently modulate a cell’s 
phenotype, whereas exchange of mRNA, miRNA, DNA and/or 
transcription factors may lead to permanent reprogramming. 
One important point to keep in mind is that tumor cells con-
stantly release EVs and their exerted effect is therefore likely to 
be long-term. However, there is no definite proof yet that GBM 
is a scene of horizontal transformation mediated by EV com-
munication between cancer and normal cells. These studies 
clearly demonstrate surrogate changes in cell growth, invasion 
ability, and aggressiveness of recipient cells, but fail to rule out 
the possibility that the observed effect may simply be transient.

Figure 2. Approaches to track/visualize EV uptake or cargo transfer. A) Schematic of a GlucB (Gluc fused to a biotin acceptor domain) bioluminescent 
reporter multiplexed with palmitoylated GFP (palmGFP) to monitor EV uptake and mRNA translation in recipient mCherry cells. Recipient cells express 
palmGFP and translate EV-delivered GlucB mRNA. B) Cre-LoxP system to monitor functional release of EV content in recipient cells. Schematic depic-
tion of a red-to-green color switch upon transfer of EVs from Cre+ donor cells to recipient cells.
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EVs have been shown to increase metastatic potential of cells 
via distant communication.[41] Long-distance effects of GBM 
EVs, however, are yet to be described. Future studies could eval-
uate if this potential mechanism of long-distance signaling may 
offer additional answers to the recurring nature of GBM. Cir-
culating tumor cells, enriched with MES genotype/phenotype, 
were recently described in blood of GBM patients.[153,154] Inter-
estingly, GBM EVs can be detected in blood or cerebrospinal 
fluid and may function as a platform for “liquid biopsy” 
approaches not only for GBM, but for any cancer type;[155] how-
ever, separating tumor-derived EVs from the overwhelming 
number of “normal” EVs remains incredibly difficult. New 
approaches are necessary to tackle this “needle in the haystack” 
problem and identification of tumor EV-specific markers could 
help in this process.

Another major question that needs to be addressed is how to 
separate the EV-mediated effect from other secreted molecules 
on recipient cells. It is simple to extract EVs or other soluble 
factors using size exclusion or ultracentrifugation methods in 
an in vitro setting, however, this is practically impossible in 
vivo. Some studies used drugs/inhibitors to disrupt EV forma-
tion or release in order to establish a causal link between EVs 
and target effect.[126,156,157] New approaches that may physically 
encapsulate cells (for instance hydrogels with different pore 
sizes compatible with in vivo use) to either inhibit EV release to 
the environment but allow for smaller proteins to pass through, 
or allow secretion of both EVs and soluble proteins, could solve 
this issue.

Single-cell RNA-sequencing shed light on many important 
processes in tumor heterogeneity, development, and thera-
peutic resistance. Although challenging, novel techniques 
that allow analyses at the single EV level will further help 
to fill in important gaps in our understanding of the role 
of EVs in cancer in general and GBM in particular. Various 
approaches for single EV characterization have been devel-
oped and some of which confirmed the relationship between 
GBM and EVs.[119,158,159] However, only a limited number of 
targets could be analyzed simultaneously with each of these 
techniques. Increasing the output and sensitivity of these 
methods may help to not only understand the role of EVs in 
cancer, but to also develop methods to improve blood-based 
diagnostics and to predict prognosis and therapeutic response 
in real-time.

GBM utilizes EVs in numerous ways to manipulate its envi-
ronment and evade treatment. The discovery of EVs and their 
role in GBM pathology, however, has opened doors to a whole 
new world of therapeutic approaches, giving hope to finding an 
effective treatment for this aggressive cancer.
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