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Cancer can be described as a dynamic disease formed by malignant and stromal
cells. The cellular interaction between these components in the tumor microenvironment
(TME) dictates the development of the disease and can be mediated by extracellular
vesicles secreted by tumor cells (TEVs). In this review, we summarize emerging findings
about how TEVs modify important aspects of the disease like continuous tumor
growth, induction of angiogenesis and metastasis establishment. We also discuss
how these nanostructures can educate the immune infiltrating cells to generate an
immunosuppressive environment that favors tumor progression. Furthermore, we offer
our perspective on the path TEVs interfere in cancer treatment response and promote
tumor recurrence, highlighting the need to understand the underlying mechanisms
controlling TEVs secretion and cargo sorting. In addition, we discuss the clinical potential
of TEVs as markers of cell state transitions including the acquisition of a treatment-
resistant phenotype, and their potential as therapeutic targets for interventions such as
the use of extracellular vesicle (EV) inhibitors to block their pro-tumoral activities. Some
of the technical challenges for TEVs research and clinical use are also presented.

Keywords: extracellular vesicles, tumor microenvironment, cell communication, tumor progression, functional
dynamics

INTRODUCTION

Malignant tumors are defined as a microenvironment composed not only by different clones of
tumor cells, but also by stromal cells as well as extracellular matrix (ECM) (Quail and Joyce,
2013). All these components interact with each other dictating the natural history of the disease
and the response to treatment. From an ecological point of view, these interactions can be
described as cooperative or competitive and, in both cases, depend on the mechanism of cellular
communication (Pelham et al., 2020). In fact, these interactions are dynamic and mediated not only
by soluble factors secreted by cells or trapped in the ECM, but also by extracellular vesicles (EVs)
(Tkach and Théry, 2016).
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Extracellular vesicles are spherical lipid bilayer structures
secreted by many cell types which play an important role in tumor
progression (Schubert and Boutros, 2021). In the last decade,
it has become clear that EVs shuttle messages between cells at
short and large distances, changing the way cell communication
has been described so far (Raposo and Stahl, 2019). Two major
classes of EVs, exosomes (or small vesicles, from 30 to up 150 nm
in size) and microvesicles (or large vesicles, from > 100 nm
to 1 µm) are the most studied and better characterized among
the other EVs types. Exosomes have endocytic origin, being
formed as intraluminal vesicles (ILVs) by inward budding of
the limiting membrane of late endosomes. After the fusion
of multivesicular bodies with the plasma membrane, exosomes
are released into the extracellular environment. By contrast,
microvesicles are formed by outward budding of the plasma
membrane (van Niel et al., 2018). The other classes of EVs, like
large oncosomes, apoptotic bodies and platelet-derived vesicles,
will not be discussed in this Review.

Amongst the diverse means of communication, EVs are
the only ones that are known to carry almost all types of
signaling molecules varying from DNA, different types of RNAs,
protein/ligands, enzymes, metabolites, growth factors, lipids and
even cytokines as recently described (Fitzgerald et al., 2018;
Anand et al., 2019; Lázaro-Ibáñez et al., 2019; O’Brien et al.,
2020). In general; EVs exert their effects by the transfer of their
cargo to recipient cells modulating their phenotype and function
(Yáñez-Mó et al., 2015). In this review, we will discuss some
examples of how EVs can orchestrate cellular communication
in the tumor microenvironment (TME) to promote tumor
progression. In addition, we will exploit the role of these EVs in
treatment response and discuss the gaps and future directions
for clinics and EVs research. We apologize to all authors
whose relevant and important work could not be cited due to
space constraints.

TEVs AS IMPORTANT MEDIATORS OF
CELL COMMUNICATION DURING
MALIGNANT TRANSFORMATION AND
TUMOR PROGRESSION

In the past years, several groups showed that extracellular vesicles
secreted by tumor cells (Tumor–Derived Extracellular Vesicles,
TEVs) can modulate the cancer hallmarks described in 2011
(Hanahan and Weinberg, 2011). For example, it is already known
that TEVs are able to promote cooperation with stromal cells
like endothelial cells to allow tumor development (Aslan et al.,
2019), to suppress the anti-tumor immune response in cancer
patients (Sharma et al., 2020), and to signal at distant sites
to resident cells for the establishment of pre-metastatic niche
(Costa-Silva et al., 2015).

In fact, TEVs can also participate in tumor initiation and
propagation. In the study of Kalra et al. (2019), TEVs from
colorectal cancer (CRC) cells harboring β-catenin mutation were
shown to transfer this protein to wild-type CRC recipient cells,
inducing the activation of WNT signaling pathway in these cells

and, consequently, boosting tumor growth in xenograft models.
Similarly, Fonseka et al. (2019) showed that TEVs secreted by
N-myc-amplified neuroblastoma cells increased the proliferative
and migratory potential of N-myc-non-amplified tumor cells,
increasing tumor aggressiveness. Furthermore, very recently, an
interesting study conducted by Kilinc et al. (2021) demonstrated
that oncogene activation led to regulation of EVs release and
cargo, suggesting that these nanostructures are biologically
relevant even in the initial phases of the disease (Figure 1A).

Beyond this scenario, an important hallmark of solid tumors
is the induction of angiogenesis – a sine qua non-condition
for continuous tumor growth and progression (Folkman, 1975).
More recently, several groups showed that TEVs are one of
the mediators for this process (Yang et al., 2018; Bai et al.,
2019; He et al., 2019; Wang et al., 2019; Shang et al., 2020;
Biagioni et al., 2021). Indeed; in 2017, it was demonstrated
that TEVs from glioma stem-like cells carried VEGF-A (Treps
et al., 2017). One year later, Tang et al. (2018) observed that
TEVs from ovarian cancer contained E-cadherin in their surface
which were able to form heterodimers with VE-cadherin in
endothelial cells, promoting their sprouting and angiogenesis
in vivo. Furthermore, Sato et al. (2019) demonstrated that
higher expression of EPHB2 within EVs isolated from head
and neck squamous carcinoma cell lines were able to promote
angiogenesis through the activation of ephrin reverse signaling
in endothelial cells. Interestingly, Ko et al. (2019) observed
that TEVs from ovarian cancer induced migration and tube
formation by endothelial cells through a bevacizumab-insensitive
VEGF presented in vesicles, showing that TEVs can also
impair the efficacy of anti-angiogenic therapies. Furthermore,
the pro-angiogenic role of TEVs can also be a consequence
of their uptake by other stromal cells like fibroblasts, inducing
a pro-tumoral phenotype in these cells (Zhou et al., 2018;
Fan et al., 2020; Figure 1B).

Additionally, environmental stimuli like hypoxia can
somehow modify TEVs release and/or TEVs cargo leading to
increased angiogenesis (Chen X. et al., 2018; Guo et al., 2018;
Wang et al., 2018; Park et al., 2019; Qian et al., 2020). Under
hypoxia, for example, lung cancer cells produce more exosomes
in comparison to normoxia. Elevated levels of miR-23a were
found inside these exosomes which targeted prolyl hydroxylase
1 and 2 (PHD1 and 2), leading to an increase in HIF-1 alpha in
endothelial recipient cells and sustained angiogenesis and tumor
growth in vivo. Furthermore, enrichment of Wnt4 protein and
carbonic anhydrase 9 (CA9) in TEVs in response to hypoxia
were demonstrated to be responsible for increased angiogenesis
in colorectal cancer (Horie et al., 2017; Huang and Feng, 2017).
Beyond angiogenesis, TEVs secreted under hypoxia can also
promote cancer progression through the induction of drug
resistance (Dorayappan et al., 2018), stemness phenotype and
increased invasive capability (Ramteke et al., 2015).

In fact, concerning metastasis, the mechanisms triggered by
TEVs are quite diverse. EVs derived from the plasma of CRC
patients were enriched with ITGβL1 and associated with lung
and liver metastasis. This effect was caused by the activation
of resident fibroblasts, which were induced to secret pro-
inflammatory cytokines, promoting the establishment of the
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FIGURE 1 | Tumor-derived extracellular vesicles (TEVs) as mediators of tumor development and their use as potential theranostic biomarkers in oncology. (A) TEVs
have been recognized as important modulators of many biological processes that govern tumor initiation such as sustained cell growth, evasion of antiproliferative
and death stimuli, and immune evasion. Their uptake by tumor and stromal cells induces phenotype reprogramming that supports malignant transformation and
tumor establishment. (B) Along tumor progression these nanostructures are able to create a permissive microenvironment characterized by sustained angiogenesis,
inflammatory and immunosuppressive milieu at short and long distances supporting the formation of the pre-metastatic niche (PNM). (C) In addition, TEVs secreted
in response to therapy can elicit a bystander effect in both tumor and stromal cells, inducing cell survival and outgrowth resulting in tumor recurrence. (D) In the
clinical setting, since TEVs can reach all body fluids, they can be found in peripheral circulation and used for cancer diagnosis, prognosis and also as biomarkers for
monitoring tumor response to therapies. Figure created using Biorender.

pre-metastatic niche (Ji et al., 2020). Similarly, EVs secreted
by pancreatic tumor cells were shown to be selectively taken
up by Kupffer cells (KC) in the liver leading to the release
of TGFβ and the production of fibronectin by hepatic stellate
cells, which recruited bone marrow-derived macrophages to
establish a pro-inflammatory milieu to facilitate tumor metastasis
(Costa-Silva et al., 2015). Few years later, Zeng et al. (2018)
observed that TEVs from CRC not only increased vascular
permeability, but also enhanced CRC metastasis in liver and
lungs. Moreover, exosomes carrying miR-122 released by breast
cancer cells reduced glucose uptake by normal recipient cells in
pre-metastatic niche, increasing nutrient supply for metastatic
cells Fong et al., 2015). Then, the metastatic effect by TEVs can
also be mediated by their effect in stromal cells like fibroblasts
(Fang et al., 2018; Xu et al., 2019); macrophages (Liang et al., 2019;
Zhao et al., 2020) and in bone stroma (Dai et al., 2019) at long
distances (Figure 1B).

THE ESTABLISHMENT OF AN
IMMUNOSUPPRESSIVE ENVIRONMENT
BY TEVs

Regarding the regulation of immune cells in TME, TEVs can
educate infiltrating immune cells to cooperate with malignant
cells, creating a permissive environment for tumor progression.
In this context, EVs shed by GBM cells displaying PD-
L1 were able to induce CD8 T cells exhaustion by directly
binding to PD-1, thus facilitating tumor progression and
impairing immunotherapy treatment efficacy (Ricklefs et al.,
2018). Similar results were obtained for EVs derived from
metastatic melanoma (Chen G. et al., 2018). In NSCLC patients,
PD-L1 enriched exosomes from these patients inhibited IL-
2 and IFN-γ production by T CD8+ lymphocytes (Kim
et al., 2019). In fact, exosomal PD-L1 is already pointed
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out as an important biomarker in treatment management
which demonstrates the translation of these findings into
clinical practice. In hepatocarcinoma cells, TEVs can induce an
immunosuppressive phenotype also in infiltrating B cells (Ye
et al., 2018). In addition, interestingly, these immunosuppressive
effects of TEVs also occur at long distances beyond the primary
tumor site. Hsieh et al. (2018) showed that EVs shed by
head and neck cancer cells induced M2 polarization through
the transfer of miR-21 to CD14+ human monocytes, favoring
tumor growth (Figure 1B). In fact, this work shows that these
cooperative relationships mediated by TEVs are not restricted
to the tumor primary site and indeed can be established even
at larger distances due to their presence in all body fluids,
reinforcing the notion of cancer as a systemic disease under the
influence of vesicles.

TREATMENT-ELICITED TEVs
PROMOTES TUMOR RE-GROWTH

Tumor recurrence is considered one of the major causes of
treatment failure, being directly correlated with a poor prognosis.
The cellular mechanisms behind this involve intrinsic and/or
acquired resistance (Zhu et al., 2021). The latter one can be
mediated by vesicular cargo transfer of multidrug resistance
transporters (Bebawy et al., 2009; Corcoran et al., 2012),
anti-apoptotic and pro-tumorigenic molecules (Khan et al.,
2012; Vella et al., 2017) from resistant to sensitive tumor
cells, for example. Mrowczynski et al. (2018) showed that
EVs derived from nervous system cancer cells upon Ionizing
Radiation (IR) therapy could induce cell death evasion and
consequent treatment resistance. Interestingly, higher radiation
doses were significantly correlated with more expressive decrease
in tumor suppressive molecules (STAT4, TPM1, miR-516, and
miR-365) and greater increase of oncogenic cargo (CCND1,
ANXA2, NPM1, and miR-889). Also, vesicles derived from dying
pancreatic cancer cells after radiotherapy were shown to be
enriched with miR-194-5p and could potentiate the survival
of recipient cells by up-regulating DNA damage responses. In
addition, the inhibition of TEVs release by aspirin significantly
suppressed tumor re-growth and increased the survival of tumor-
bearing mice (Jiang et al., 2020).

Moreover, EVs released upon chemotherapy have also been
reported to promote tumor resistance. Survivin was found to
be enriched in EVs secreted by chemotherapy-treated breast
cancer cells and was able to promote the survival of tumor
cells and tumor associated fibroblasts exposed to paclitaxel
(Kreger et al., 2016). Furthermore, targeted therapy treatment
with vemurafenib in BRAF-mutated melanoma cells resulted
in altered miRNA and protein profile within EVs, inducing
increased resistance in recipient cells (Lunavat et al., 2017).
In accordance with these findings, Marconi et al. (2021)
demonstrated that TEVs secreted by ERBB2 + breast cancer cells
in response to trastuzumab carry a different protein cargo that
are known to be associated with cytokinesis, lipid metabolism
and organelle organization, indicating that this process might be
altered in the recipient cells.

Our group recently demonstrated that EVs release by
melanoma cells treated with temozolomide are taken up not
only by tumor cells, which showed an increase in pluripotent
and DNA repair gene expression levels, but were also able
to induce a M2-phenotype in macrophages, promoting tumor
repopulation in nude mice (Andrade et al., 2019). Additionally,
EVs released by breast cancer cells upon paclitaxel or doxorubicin
treatment were reported to contain higher amounts of ANXA6
protein, which could induce the pre-metastatic niche formation,
by promoting Ccl2 expression, monocyte expansion and NF-
kβ-dependent endothelial cells activation in pulmonary tissues,
favoring lung metastasis at in vivo models (Keklikoglou et al.,
2019). In myelomas, TEVs released upon chemotherapy were able
to induce ECM remodeling and promote chemoresistance and
relapse (Bandari et al., 2018; Figure 1C).

Still under this context, another process which is often sped
up and induced by cytotoxic therapy is the autophagic flux. In
the last few years, some studies have shown cross-regulation
between autophagy and exosome release. Initially, autophagy
was known as a catabolic process of intracellular degradation
of proteins and organelles destined to the recycling of material
and the balance of energetic cellular metabolism maintaining
cellular homeostasis. However, autophagy can also interfere
within the TME communication through its secretory function
called secretory autophagy (SA) in a similar way as observed for
TEVs (Thorburn et al., 2009; Claude-Taupin et al., 2018; Rak,
2020). Based on studies showing the similarities between EVs and
autophagy concerning their biogenesis and secretory function
(Murrow et al., 2015; Galluzzi et al., 2017; Pathan et al., 2019), one
might speculate that this interconnection can be used by tumor
cells to establish a cooperative relationship among different cells
in the TME, impacting both tumor progression and treatment
response in some tumors as discussed below.

Few years ago, Dutta et al. (2014) observed that exosomes
released by breast cancer cells were taken up by normal epithelial
cells, which was accompanied by an increase in ROS levels
and autophagy in recipient cells. Consequently, these cells
secreted soluble growth factors that induced the proliferation
of malignant cells. More recently, cooperation among different
cells in TME was shown to be dependent on the synergism
between these two secretory pathways. In response to oxidative
stress, pancreatic ductal adenocarcinoma cells released exosomes
enriched in KRASG12D during autophagy-dependent ferroptosis.
These vesicles were engulfed by macrophages which, in turn, were
polarized to M2 phenotype and promoted tumor growth in a
mouse model (Dai E. et al., 2020).

About tumor response to therapy, it has been demonstrated
that the use of chemotherapy and inhibitors of mTOR pathway
led to an increased autophagic flux and, simultaneously, the
exosome release (Hessvik et al., 2016; Xu J. et al., 2018; Ma et al.,
2019). Exosomes harvested from irradiated brain cells carrying
the miR-7 induced autophagy and transferred this signal to non-
irradiated lung cells, mediating a bystander effect of autophagy in
the lung after brain irradiation (Cai et al., 2017). In non-small cell
lung carcinoma cells, exosomal miR-425-3p released in response
to cisplatin decreased responsiveness to this drug via targeting the
AKT1/mTOR signaling pathway and upregulation of autophagic

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 August 2021 | Volume 9 | Article 737449

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-737449 August 25, 2021 Time: 17:43 # 5

Santos et al. TEVs Reveal Tumor Functional Dynamics

activity in recipient cells. On the other hand, enhanced miR-
567 levels in HER2 + breast cancer cells were packaged into
exosomes which were responsible for suppressing autophagy and
reversing chemoresistance by targeting ATG5 in recipient cells
(Han et al., 2020).

TEVs: FROM THE BENCH TO THE
BEDSIDE

As already discussed, TEVs are multifaceted regulators of tumor
progression and response to different therapeutic modalities.
Although some aspects regarding their biogenesis and cargo
sorting are still largely unknown, their diagnostic and therapeutic
potential in oncology have been explored with enthusiasm
for several groups. At some level, TEVs cargo reflects the
molecular composition of malignant cells and, since these
nanostructures can be found in all body fluids, they can serve

as circulating biomarkers in liquid biopsy (LeBleu and Kalluri,
2020). Moreover, many studies demonstrated that the level of
EVs in plasma is significant higher in cancer patients than
healthy individuals as reported for esophageal squamous cell
carcinoma (Matsumoto et al., 2016) and glioblastoma (Osti et al.,
2019), indicating that EVs plasma quantification can be a useful
surrogate indicator for cancer screening. Besides that, it has been
demonstrated that plasma exosomal level increases with tumor
stage progression as observed in patients with non-small cell lung
cancer (Liu et al., 2018) and can be used also as an indicator of
disease progression (Figure 1D).

Another aspect of EVs biology that has been explored in
translational studies relies on the presence of macromolecules
carried by these nanostructures. A very recent study by Hoshino
et al. (2020) identified tissue-specific and tumor derived proteins
in TEVs from cancer plasma patients in comparison to health
individuals, indicating the potential use of vesicular proteins
in cancer diagnosis. Moreover, in colorectal patients (CRC), it

FIGURE 2 | Schematic representation of TEVs in cancer biology. Upper corner: pro-tumorigenic effect of TEVs in tumor initiation and progression. Right corner:
establishment of an immunosuppressive environment by TEVs. Lower corner: effect of TEVs in pre-metastatic niche formation and in tumor repopulation after
therapy. Left corner: the use of TEVs as theranostic biomarkers in oncology. Some of the published articles illustrating these mains findings of TEVs were cited in the
figure. Figure created using Biorender.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 August 2021 | Volume 9 | Article 737449

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-737449 August 25, 2021 Time: 17:43 # 6

Santos et al. TEVs Reveal Tumor Functional Dynamics

was found that elevated levels of serum exosomal circ-PNN,
a circular RNA, can be used for CRC diagnosis according to
the validation analysis conducted by the authors (Xie et al.,
2020). Interestingly, even the lipidic profile of plasma exosomes
shows to be a promising biomarker in cancer (Bestard Escalas
et al., 2021). To date, there are 16 clinical studies registered in
Clinicaltrials.gov that aim to evaluate EVs potential in cancer
diagnosis for different tumors, demonstrating that although the
biology behind these nanostructures is still largely unknown,
their use in clinical practice has been already explored.

Another promising use of TEVs in clinical settings is the
potential of EVs as vehicles for the delivery of therapeutic agents
which has also generated considerable excitement in the field.
In fact, several studies evaluating the use of exosomes for the
delivery of miRNAs, mRNAs, proteins, peptides, and synthetic
drugs have been performed in the last years (Xu R. et al., 2018;
Dai J. et al., 2020). Drugs such as doxorubicin (Srivastava et al.,
2016), paclitaxel (Kim et al., 2016) and siRNA against oncogenic
KRASG12D (Kamerkar et al., 2017) were successfully loaded in
EVs and demonstrated potential anticancer effects in vitro and
in vivo.

On the other hand, one alternative to explore the use of
TEVs in cancer therapy is to reduce the exosome production
or inhibit their secretion by tumor cells (Qi et al., 2016).
A plenty of exosome inhibitors have been discovered and tested
in vitro and in pre-clinical models to evaluate their effectiveness
against transformed cells especially as neoadjuvant compounds.
Most of them were developed to target important molecules
of the exosome biogenesis machinery such as Rab27A and
sphingomyelinases (Zhang et al., 2020) showing exciting results.

OUTSTANDING QUESTIONS, GAPS, AND
CONCLUSION

Although remarkable progress has been made in the EVs
field, as summarized in Figure 2, there are some gaps in our
understanding of molecular mechanisms that control vesicle
packaging and also how the cargo loading can be modified
in response to different stimuli such as cancer therapies. This
aspect is crucial for the comprehension of how EVs can
promote resistance and tumor recurrence after therapy and to
design new therapeutic strategies to minimize and block these

pro-tumoral effects. Furthermore, EVs heterogeneity should
be considered in pre-clinical and clinical studies and our
understanding of functional differences among EVs classes is
still limited. The answer for this question in particular will be
necessary especially for the use of EVs as biomarkers in cancer
diagnosis and prognosis.

Second, technical challenges are still debated in the EVs
community and an effort for the standardization of methods
for EV isolation, purification, quantification, and molecular
characterization has been made to allow interlaboratory
comparisons of pre-clinical and clinical data.

Third, even though interventions in TEVs like the ones
involving drug loading and the use of EVs secretion inhibitors
indicate therapeutic potential, new criteria become relevant to be
investigated such as the timing of therapy, tumors to be treated
and chemo-radio-immunotherapy combinations. It is also crucial
to determine how the effect of different strategies to regulate
exosomes in particular could influence the autophagy machinery
or vice versa. Nevertheless, beyond these considerations, we
believe that the study of the complex regulation between both
pathways after chemo and radiotherapy, among other modalities,
may open avenues for the design of novel therapies as well as
improve the current ones, avoiding tumor recurrence. Then, in
our opinion, the comprehension of the tumor-driven cooperation
mediated by TEVs during tumor progression and upon therapy
will pave the way to improve therapy outcomes in cancer patients.

AUTHOR CONTRIBUTIONS

RC and LA conceptualized the manuscript, reviewed, and
edited the manuscript before submission. LA, NS, SB, DB, and
RC provided intellectual input, analyzed the literature, and
participated in the writing. NS prepared the figures. All authors
read and approved the final version of the manuscript.

FUNDING

This research was supported by grants from FAPESP (Grant
Number 2020/09176-8 and 2019/07278-0) and CNPq (Grant
Number 305700/2017-0). The funder did not play any role in
design, interpretation, or writing of the review.

REFERENCES
Anand, S., Samuel, M., Kumar, S., and Mathivanan, S. (2019). Ticket to a

bubble ride: Cargo sorting into exosomes and extracellular vesicles. Biochim.
Biophys. Acta Proteins Proteom. 1867:140203. doi: 10.1016/j.bbapap.2019.02.
005

Andrade, L. N. S., Otake, A. H., Cardim, S. G. B., da Silva, F. I., Ikoma Sakamoto,
M. M., Furuya, T. K., et al. (2019). Extracellular vesicles shedding promotes
melanoma growth in response to chemotherapy. Sci. Rep. 9:14482. doi: 10.1038/
s41598-019-50848-z

Aslan, C., Maralbashi, S., Salari, F., Kahroba, H., Sigaroodi, F., Kazemi, T.,
et al. (2019). Tumor-derived exosomes: implication in angiogenesis and
antiangiogenesis cancer therapy. J. Cell Physiol. 234, 16885–16903. doi: 10.1002/
jcp.28374

Bai, M., Li, J., Yang, H., Zhang, H., Zhou, Z., Deng, T., et al. (2019). miR-135b
delivered by gastric tumor exosomes inhibits foxo1 expression in endothelial
cells and promotes angiogenesis. Mol. Ther. 27, 1772–1783. doi: 10.1016/j.
ymthe.2019.06.018

Bandari, S. K., Purushothaman, A., Ramani, V. C., Brinkley, G. J., Chandrashekar,
D. S., Varambally, S., et al. (2018). Chemotherapy induces secretion of exosomes
loaded with heparanase that degrades extracellular matrix and impacts tumor
and host cell behavior. Matrix Biol. 65, 104–118. doi: 10.1016/j.matbio.2017.09.
001

Bebawy, M., Combes, V., Lee, E., Jaiswal, R., Gong, J., Bonhoure, A., et al. (2009).
Membrane microparticles mediate transfer of P-glycoprotein to drug sensitive
cancer cells. Leukemia 23, 1643–1649. doi: 10.1038/leu.2009.76

Bestard Escalas, J., Reigada, R., Reyes, J., de la Torre, P., Liebisch, G., and Barceló-
Coblijn, G. (2021). Fatty acid unsaturation degree of plasma exosomes in

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 August 2021 | Volume 9 | Article 737449

http://Clinicaltrials.gov
https://doi.org/10.1016/j.bbapap.2019.02.005
https://doi.org/10.1016/j.bbapap.2019.02.005
https://doi.org/10.1038/s41598-019-50848-z
https://doi.org/10.1038/s41598-019-50848-z
https://doi.org/10.1002/jcp.28374
https://doi.org/10.1002/jcp.28374
https://doi.org/10.1016/j.ymthe.2019.06.018
https://doi.org/10.1016/j.ymthe.2019.06.018
https://doi.org/10.1016/j.matbio.2017.09.001
https://doi.org/10.1016/j.matbio.2017.09.001
https://doi.org/10.1038/leu.2009.76
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-737449 August 25, 2021 Time: 17:43 # 7

Santos et al. TEVs Reveal Tumor Functional Dynamics

colorectal cancer patients: a promising biomarker. Int. J. Mol. Sci. 22:60. doi:
10.3390/ijms22105060

Biagioni, A., Laurenzana, A., Menicacci, B., Peppicelli, S., Andreucci, E., Bianchini,
F., et al. (2021). uPAR-expressing melanoma exosomes promote angiogenesis
by VE-Cadherin, EGFR and uPAR overexpression and rise of ERK1,2 signaling
in endothelial cells. Cell Mol. Life Sci. 78, 3057–3072. doi: 10.1007/s00018-020-
03707-4

Cai, S., Shi, G. S., Cheng, H. Y., Zeng, Y. N., Li, G., Zhang, M., et al. (2017).
Exosomal miR-7 mediates bystander autophagy in lung after focal brain
irradiation in mice. Int. J. Biol. Sci. 13, 1287–1296. doi: 10.7150/ijbs.18890

Chen, G., Huang, A. C., Zhang, W., Zhang, G., Wu, M., Xu, W., et al. (2018).
Exosomal PD-L1 contributes to immunosuppression and is associated with
anti-PD-1 response. Nature 560, 382–386. doi: 10.1038/s41586-018-0392-8

Chen, X., Zhou, J., Li, X., Wang, X., and Lin, Y. (2018). Exosomes derived from
hypoxic epithelial ovarian cancer cells deliver microRNAs to macrophages and
elicit a tumor-promoted phenotype. Cancer Lett. 435, 80–91. doi: 10.1016/j.
canlet.2018.08.001

Claude-Taupin, A., Bissa, B., Jia, J., Gu, Y., and Deretic, V. (2018). Role of
autophagy in IL-1β export and release from cells. Semin. Cell Dev. Biol. 83,
36–41. doi: 10.1016/j.semcdb.2018.03.012

Corcoran, C., Rani, S., O’Brien, K., O’Neill, A., Prencipe, M., Sheikh, R.,
et al. (2012). Docetaxel-resistance in prostate cancer: evaluating associated
phenotypic changes and potential for resistance transfer via exosomes. PLoS
One 7:e50999. doi: 10.1371/journal.pone.0050999

Costa-Silva, B., Aiello, N. M., Ocean, A. J., Singh, S., Zhang, H., Thakur, B. K., et al.
(2015). Pancreatic cancer exosomes initiate pre-metastatic niche formation in
the liver. Nat. Cell Biol. 17, 816–826. doi: 10.1038/ncb3169

Dai, E., Han, L., Liu, J., Xie, Y., Kroemer, G., Klionsky, D. J., et al.
(2020). Autophagy-dependent ferroptosis drives tumor-associated macrophage
polarization via release and uptake of oncogenic KRAS protein. Autophagy 16,
2069–2083. doi: 10.1080/15548627.2020.1714209

Dai, J., Escara-Wilke, J., Keller, J. M., Jung, Y., Taichman, R. S., Pienta, K. J.,
et al. (2019). Primary prostate cancer educates bone stroma through exosomal
pyruvate kinase M2 to promote bone metastasis. J. Exp. Med. 216, 2883–2899.
doi: 10.1084/jem.20190158

Dai, J., Su, Y., Zhong, S., Cong, L., Liu, B., Yang, J., et al. (2020). Exosomes: key
players in cancer and potential therapeutic strategy. Signal Transduct. Target
Ther. 5:145. doi: 10.1038/s41392-020-00261-0

Dorayappan, K. D. P., Wanner, R., Wallbillich, J. J., Saini, U., Zingarelli, R., Suarez,
A. A., et al. (2018). Hypoxia-induced exosomes contribute to a more aggressive
and chemoresistant ovarian cancer phenotype: a novel mechanism linking
STAT3/Rab proteins. Oncogene 37, 3806–3821. doi: 10.1038/s41388-018-01
89-0

Dutta, S., Warshall, C., Bandyopadhyay, C., Dutta, D., and Chandran, B. (2014).
Interactions between exosomes from breast cancer cells and primary mammary
epithelial cells leads to generation of reactive oxygen species which induce DNA
damage response, stabilization of p53 and autophagy in epithelial cells. PLoS
One 9:e97580. doi: 10.1371/journal.pone.0097580

Fan, J., Xu, G., Chang, Z., Zhu, L., and Yao, J. (2020). miR-210 transferred by
lung cancer cell-derived exosomes may act as proangiogenic factor in cancer-
associated fibroblasts by modulating JAK2/STAT3 pathway. Clin. Sci. 134,
807–825. doi: 10.1042/CS20200039

Fang, T., Lv, H., Lv, G., Li, T., Wang, C., Han, Q., et al. (2018). Tumor-derived
exosomal miR-1247-3p induces cancer-associated fibroblast activation to foster
lung metastasis of liver cancer. Nat. Commun. 9:191. doi: 10.1038/s41467-017-
02583-0

Fitzgerald, W., Freeman, M. L., Lederman, M. M., Vasilieva, E., Romero, R.,
and Margolis, L. (2018). A System of Cytokines Encapsulated in ExtraCellular
Vesicles. Sci. Rep. 8:8973. doi: 10.1038/s41598-018-27190-x

Folkman, J. (1975). Tumor angiogenesis: a possible control point in tumor growth.
Ann. Intern. Med. 82, 96–100. doi: 10.7326/0003-4819-82-1-96

Fong, M. Y., Zhou, W., Liu, L., Alontaga, A. Y., Chandra, M., Ashby, J., et al.
(2015). Breast-cancer-secreted miR-122 reprograms glucose metabolism in
premetastatic niche to promote metastasis. Nat. Cell Biol. 17, 183–194. doi:
10.1038/ncb3094

Fonseka, P., Liem, M., Ozcitti, C., Adda, C. G., Ang, C. S., and Mathivanan, S.
(2019). Exosomes from N-Myc amplified neuroblastoma cells induce migration
and confer chemoresistance to non-N-Myc amplified cells: implications of

intra-tumour heterogeneity. J. Extracell. Vesicles. 8:1597614. doi: 10.1080/
20013078.2019.1597614

Galluzzi, L., Baehrecke, E. H., Ballabio, A., Boya, P., Bravo-San Pedro, J. M.,
Cecconi, F., et al. (2017). Molecular definitions of autophagy and related
processes. EMBO J. 36, 1811–1836. doi: 10.15252/embj.201796697

Guo, X., Qiu, W., Liu, Q., Qian, M., Wang, S., Zhang, Z., et al. (2018).
Immunosuppressive effects of hypoxia-induced glioma exosomes through
myeloid-derived suppressor cells via the miR-10a/Rora and miR-21/Pten
Pathways. Oncogene 37, 4239–4259. doi: 10.1038/s41388-018-0261-9

Han, M., Hu, J., Lu, P., Cao, H., Yu, C., Li, X., et al. (2020). Exosome-transmitted
miR-567 reverses trastuzumab resistance by inhibiting ATG5 in breast cancer.
Cell Death Dis. 11:43. doi: 10.1038/s41419-020-2250-5

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013

He, L., Zhu, W., Chen, Q., Yuan, Y., Wang, Y., Wang, J., et al. (2019). Ovarian
cancer cell-secreted exosomal miR-205 promotes metastasis by inducing
angiogenesis. Theranostics 9, 8206–8220. doi: 10.7150/thno.37455

Hessvik, N. P., Øverbye, A., Brech, A., Torgersen, M. L., Jakobsen, I. S., Sandvig, K.,
et al. (2016). PIKfyve inhibition increases exosome release and induces secretory
autophagy. Cell Mol. Life Sci. 73, 4717–4737. doi: 10.1007/s00018-016-2309-8

Horie, K., Kawakami, K., Fujita, Y., Sugaya, M., Kameyama, K., Mizutani, K.,
et al. (2017). Exosomes expressing carbonic anhydrase 9 promote angiogenesis.
Biochem. Biophys. Res. Commun. 492, 356–361. doi: 10.1016/j.bbrc.2017.08.107

Hoshino, A., Kim, H. S., Bojmar, L., Gyan, K. E., Cioffi, M., Hernandez, J., et al.
(2020). Extracellular Vesicle and Particle Biomarkers Define Multiple Human
Cancers. Cell 182, 1044–1061. doi: 10.1016/j.cell.2020.07.009

Hsieh, C. H., Tai, S. K., and Yang, M. H. (2018). Snail-overexpressing Cancer
Cells Promote M2-Like Polarization of Tumor-Associated Macrophages by
Delivering MiR-21-Abundant Exosomes. Neoplasia 20, 775–788. doi: 10.1016/j.
neo.2018.06.004

Huang, Z., and Feng, Y. (2017). Exosomes Derived From Hypoxic
Colorectal Cancer Cells Promote Angiogenesis Through Wnt4-
Induced β-Catenin Signaling in Endothelial Cells. Oncol. Res. 651–661.
doi: 10.3727/096504016X14752792816791

Ji, Q., Zhou, L., Sui, H., Yang, L., Wu, X., Song, Q., et al. (2020). Primary tumors
release ITGBL1-rich extracellular vesicles to promote distal metastatic tumor
growth through fibroblast-niche formation. Nat. Commun. 11:1211. doi: 10.
1038/s41467-020-14869-x

Jiang, M. J., Chen, Y. Y., Dai, J. J., Gu, D. N., Mei, Z., Liu, F. R., et al. (2020). Dying
tumor cell-derived exosomal miR-194-5p potentiates survival and repopulation
of tumor repopulating cells upon radiotherapy in pancreatic cancer. Mol.
Cancer 19:68. doi: 10.1186/s12943-020-01178-6

Kalra, H., Gangoda, L., Fonseka, P., Chitti, S. V., Liem, M., Keerthikumar, S., et al.
(2019). Extracellular vesicles containing oncogenic mutant β-catenin activate
Wnt signalling pathway in the recipient cells. J. Extracell. Vesicles 8:1690217.
doi: 10.1080/20013078.2019.1690217

Kamerkar, S., LeBleu, V. S., Sugimoto, H., Yang, S., Ruivo, C. F., Melo, S. A.,
et al. (2017). Exosomes facilitate therapeutic targeting of oncogenic KRAS in
pancreatic cancer. Nature 546, 498–503. doi: 10.1038/nature22341

Keklikoglou, I., Cianciaruso, C., Güç, E., Squadrito, M. L., Spring, L. M., Tazzyman,
S., et al. (2019). Chemotherapy elicits pro-metastatic extracellular vesicles in
breast cancer models. Nat. Cell Biol. 21, 190–202. doi: 10.1038/s41556-018-
0256-3

Khan, S., Jutzy, J. M., Valenzuela, M. M., Turay, D., Aspe, J. R., Ashok, A., et al.
(2012). Plasma-derived exosomal survivin, a plausible biomarker for early
detection of prostate cancer. PLoS One 7:e46737. doi: 10.1371/journal.pone.
0046737

Kilinc, S., Paisner, R., Camarda, R., Gupta, S., Momcilovic, O., Kohnz, R. A., et al.
(2021). Oncogene-regulated release of extracellular vesicles. Dev. Cell 2021:14.
doi: 10.1016/j.devcel.2021.05.014

Kim, D. H., Kim, H., Choi, Y. J., Kim, S. Y., Lee, J. E., Sung, K. J., et al. (2019).
Exosomal PD-L1 promotes tumor growth through immune escape in non-small
cell lung cancer. Exp. Mol. Med. 51, 1–13. doi: 10.1038/s12276-019-0295-2

Kim, M. S., Haney, M. J., Zhao, Y., Mahajan, V., Deygen, I., Klyachko, N. L., et al.
(2016). Development of exosome-encapsulated paclitaxel to overcome MDR in
cancer cells. Nanomedicine 12, 655–664. doi: 10.1016/j.nano.2015.10.012

Ko, S. Y., Lee, W., Kenny, H. A., Dang, L. H., Ellis, L. M., Jonasch, E., et al.
(2019). Cancer-derived small extracellular vesicles promote angiogenesis by

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 August 2021 | Volume 9 | Article 737449

https://doi.org/10.3390/ijms22105060
https://doi.org/10.3390/ijms22105060
https://doi.org/10.1007/s00018-020-03707-4
https://doi.org/10.1007/s00018-020-03707-4
https://doi.org/10.7150/ijbs.18890
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.1016/j.canlet.2018.08.001
https://doi.org/10.1016/j.canlet.2018.08.001
https://doi.org/10.1016/j.semcdb.2018.03.012
https://doi.org/10.1371/journal.pone.0050999
https://doi.org/10.1038/ncb3169
https://doi.org/10.1080/15548627.2020.1714209
https://doi.org/10.1084/jem.20190158
https://doi.org/10.1038/s41392-020-00261-0
https://doi.org/10.1038/s41388-018-0189-0
https://doi.org/10.1038/s41388-018-0189-0
https://doi.org/10.1371/journal.pone.0097580
https://doi.org/10.1042/CS20200039
https://doi.org/10.1038/s41467-017-02583-0
https://doi.org/10.1038/s41467-017-02583-0
https://doi.org/10.1038/s41598-018-27190-x
https://doi.org/10.7326/0003-4819-82-1-96
https://doi.org/10.1038/ncb3094
https://doi.org/10.1038/ncb3094
https://doi.org/10.1080/20013078.2019.1597614
https://doi.org/10.1080/20013078.2019.1597614
https://doi.org/10.15252/embj.201796697
https://doi.org/10.1038/s41388-018-0261-9
https://doi.org/10.1038/s41419-020-2250-5
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.7150/thno.37455
https://doi.org/10.1007/s00018-016-2309-8
https://doi.org/10.1016/j.bbrc.2017.08.107
https://doi.org/10.1016/j.cell.2020.07.009
https://doi.org/10.1016/j.neo.2018.06.004
https://doi.org/10.1016/j.neo.2018.06.004
https://doi.org/10.3727/096504016X14752792816791
https://doi.org/10.1038/s41467-020-14869-x
https://doi.org/10.1038/s41467-020-14869-x
https://doi.org/10.1186/s12943-020-01178-6
https://doi.org/10.1080/20013078.2019.1690217
https://doi.org/10.1038/nature22341
https://doi.org/10.1038/s41556-018-0256-3
https://doi.org/10.1038/s41556-018-0256-3
https://doi.org/10.1371/journal.pone.0046737
https://doi.org/10.1371/journal.pone.0046737
https://doi.org/10.1016/j.devcel.2021.05.014
https://doi.org/10.1038/s12276-019-0295-2
https://doi.org/10.1016/j.nano.2015.10.012
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-737449 August 25, 2021 Time: 17:43 # 8

Santos et al. TEVs Reveal Tumor Functional Dynamics

heparin-bound, bevacizumab-insensitive VEGF, independent of vesicle uptake.
Commun. Biol. 2:386. doi: 10.1038/s42003-019-0609-x

Kreger, B. T., Johansen, E. R., Cerione, R. A., and Antonyak, M. A. (2016). The
Enrichment of Survivin in Exosomes from Breast Cancer Cells Treated with
Paclitaxel Promotes Cell Survival and Chemoresistance. Cancers 2016:8120111.
doi: 10.3390/cancers8120111

Lázaro-Ibáñez, E., Lässer, C., Shelke, G. V., Crescitelli, R., Jang, S. C., Cvjetkovic,
A., et al. (2019). DNA analysis of low- and high-density fractions defines
heterogeneous subpopulations of small extracellular vesicles based on their
DNA cargo and topology. J. Extracell. Vesicles 8:1656993. doi: 10.1080/
20013078.2019.1656993

LeBleu, V. S., and Kalluri, R. (2020). Exosomes as a Multicomponent Biomarker
Platform in Cancer. Trends Cancer 6, 767–774. doi: 10.1016/j.trecan.2020.03.
007

Liang, Z. X., Liu, H. S., Wang, F. W., Xiong, L., Zhou, C., Hu, T., et al. (2019).
LncRNA RPPH1 promotes colorectal cancer metastasis by interacting with
TUBB3 and by promoting exosomes-mediated macrophage M2 polarization.
Cell Death Dis. 10:829. doi: 10.1038/s41419-019-2077-0

Liu, Q., Xiang, Y., Yuan, S., Xie, W., Li, C., Hu, Z., et al. (2018). Plasma exosome
levels in non-small-cell lung cancer: Correlation with clinicopathological
features and prognostic implications. Cancer Biomark. 22, 267–274. doi: 10.
3233/CBM-170955

Lunavat, T. R., Cheng, L., Einarsdottir, B. O., Olofsson Bagge, R., Veppil
Muralidharan, S., Sharples, R. A., et al. (2017). BRAF(V600) inhibition alters
the microRNA cargo in the vesicular secretome of malignant melanoma cells.
Proc. Natl. Acad. Sci. U S A. 114, E5930–E5939. doi: 10.1073/pnas.1705206114

Ma, Y., Yuwen, D., Chen, J., Zheng, B., Gao, J., Fan, M., et al. (2019). Exosomal
Transfer Of Cisplatin-Induced miR-425-3p Confers Cisplatin Resistance In
NSCLC Through Activating Autophagy. Int. J. Nanomedicine 14, 8121–8132.
doi: 10.2147/IJN.S221383

Marconi, S., Santamaria, S., Bartolucci, M., Stigliani, S., Aiello, C., Gagliani,
M. C., et al. (2021). Trastuzumab Modulates the Protein Cargo of Extracellular
Vesicles Released by ERBB2. Membranes 2021:11030199. doi: 10.3390/
membranes11030199

Matsumoto, Y., Kano, M., Akutsu, Y., Hanari, N., Hoshino, I., Murakami, K., et al.
(2016). Quantification of plasma exosome is a potential prognostic marker for
esophageal squamous cell carcinoma. Oncol. Rep. 36, 2535–2543. doi: 10.3892/
or.2016.5066

Mrowczynski, O. D., Madhankumar, A. B., Sundstrom, J. M., Zhao, Y., Kawasawa,
Y. I., Slagle-Webb, B., et al. (2018). Exosomes impact survival to radiation
exposure in cell line models of nervous system cancer. Oncotarget 9, 36083–
36101. doi: 10.18632/oncotarget.26300

Murrow, L., Malhotra, R., and Debnath, J. (2015). ATG12-ATG3 interacts with Alix
to promote basal autophagic flux and late endosome function. Nat. Cell Biol. 17,
300–310. doi: 10.1038/ncb3112

O’Brien, K., Breyne, K., Ughetto, S., Laurent, L. C., and Breakefield, X. O. (2020).
RNA delivery by extracellular vesicles in mammalian cells and its applications.
Nat. Rev. Mol. Cell Biol. 21, 585–606. doi: 10.1038/s41580-020-0251-y

Osti, D., Del Bene, M., Rappa, G., Santos, M., Matafora, V., Richichi, C.,
et al. (2019). Clinical Significance of Extracellular Vesicles in Plasma from
Glioblastoma Patients. Clin. Cancer Res. 25, 266–276. doi: 10.1158/1078-0432.
CCR-18-1941

Park, J. E., Dutta, B., Tse, S. W., Gupta, N., Tan, C. F., Low, J. K., et al. (2019).
Hypoxia-induced tumor exosomes promote M2-like macrophage polarization
of infiltrating myeloid cells and microRNA-mediated metabolic shift. Oncogene
38, 5158–5173. doi: 10.1038/s41388-019-0782-x

Pathan, M., Fonseka, P., Chitti, S. V., Kang, T., Sanwlani, R., Van Deun, J.,
et al. (2019). Vesiclepedia 2019: a compendium of RNA, proteins, lipids and
metabolites in extracellular vesicles. Nucleic Acids Res. 47, D516–D519. doi:
10.1093/nar/gky1029

Pelham, C. J., Nagane, M., and Madan, E. (2020). Cell competition in tumor
evolution and heterogeneity: Merging past and present. Semin. Cancer Biol. 63,
11–18. doi: 10.1016/j.semcancer.2019.07.008

Qi, H., Liu, C., Long, L., Ren, Y., Zhang, S., Chang, X., et al. (2016). Blood Exosomes
Endowed with Magnetic and Targeting Properties for Cancer Therapy. ACS
Nano 10, 3323–3333. doi: 10.1021/acsnano.5b06939

Qian, M., Wang, S., Guo, X., Wang, J., Zhang, Z., Qiu, W., et al. (2020). Hypoxic
glioma-derived exosomes deliver microRNA-1246 to induce M2 macrophage

polarization by targeting TERF2IP via the STAT3 and NF-κB pathways.
Oncogene 39, 428–442. doi: 10.1038/s41388-019-0996-y

Quail, D. F., and Joyce, J. A. (2013). Microenvironmental regulation of tumor
progression and metastasis. Nat. Med. 19, 1423–1437. doi: 10.1038/nm.3394

Rak, J. (2020). L(C3)icensing of exosomes for RNA export. Nat. Cell Biol. 22,
137–139. doi: 10.1038/s41556-020-0466-3

Ramteke, A., Ting, H., Agarwal, C., Mateen, S., Somasagara, R., Hussain, A., et al.
(2015). Exosomes secreted under hypoxia enhance invasiveness and stemness of
prostate cancer cells by targeting adherens junction molecules. Mol. Carcinog.
54, 554–565. doi: 10.1002/mc.22124

Raposo, G., and Stahl, P. D. (2019). Extracellular vesicles: a new communication
paradigm? Nat. Rev. Mol. Cell Biol. 20, 509–510. doi: 10.1038/s41580-019-01
58-7

Ricklefs, F. L., Alayo, Q., Krenzlin, H., Mahmoud, A. B., Speranza, M. C.,
Nakashima, H., et al. (2018). Immune evasion mediated by PD-L1 on
glioblastoma-derived extracellular vesicles. Sci. Adv. 4:eaar2766. doi: 10.1126/
sciadv.aar2766

Sato, S., Vasaikar, S., Eskaros, A., Kim, Y., Lewis, J. S., Zhang, B., et al. (2019).
EPHB2 carried on small extracellular vesicles induces tumor angiogenesis via
activation of ephrin reverse signaling. JCI Insight 4:132447. doi: 10.1172/jci.
insight.132447

Schubert, A., and Boutros, M. (2021). Extracellular vesicles and oncogenic
signaling. Mol. Oncol. 15, 3–26. doi: 10.1002/1878-0261.12855

Shang, D., Xie, C., Hu, J., Tan, J., Yuan, Y., Liu, Z., et al. (2020). Pancreatic
cancer cell-derived exosomal microRNA-27a promotes angiogenesis of human
microvascular endothelial cells in pancreatic cancer via BTG2. J. Cell Mol. Med.
24, 588–604. doi: 10.1111/jcmm.14766

Sharma, P., Diergaarde, B., Ferrone, S., Kirkwood, J. M., and Whiteside, T. L.
(2020). Melanoma cell-derived exosomes in plasma of melanoma patients
suppress functions of immune effector cells. Sci. Rep. 10:92. doi: 10.1038/
s41598-019-56542-4

Srivastava, A., Amreddy, N., Babu, A., Panneerselvam, J., Mehta, M., Muralidharan,
R., et al. (2016). Nanosomes carrying doxorubicin exhibit potent anticancer
activity against human lung cancer cells. Sci. Rep. 6:38541. doi: 10.1038/
srep38541

Tang, M. K. S., Yue, P. Y. K., Ip, P. P., Huang, R. L., Lai, H. C., Cheung, A. N. Y.,
et al. (2018). Soluble E-cadherin promotes tumor angiogenesis and localizes to
exosome surface. Nat. Commun. 9:2270. doi: 10.1038/s41467-018-04695-7

Thorburn, J., Horita, H., Redzic, J., Hansen, K., Frankel, A. E., and Thorburn, A.
(2009). Autophagy regulates selective HMGB1 release in tumor cells that are
destined to die. Cell Death Differ. 16, 175–183. doi: 10.1038/cdd.2008.143

Tkach, M., and Théry, C. (2016). Communication by Extracellular Vesicles: Where
We Are and Where We Need to Go. Cell 164, 1226–1232. doi: 10.1016/j.cell.
2016.01.043

Treps, L., Perret, R., Edmond, S., Ricard, D., and Gavard, J. (2017). Glioblastoma
stem-like cells secrete the pro-angiogenic VEGF-A factor in extracellular
vesicles. J. Extracell. Vesicles 6:1359479. doi: 10.1080/20013078.2017.1359479

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell
biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228. doi:
10.1038/nrm.2017.125

Vella, L. J., Behren, A., Coleman, B., Greening, D. W., Hill, A. F., and Cebon,
J. (2017). Intercellular Resistance to BRAF Inhibition Can Be Mediated by
Extracellular Vesicle-Associated PDGFRβ. Neoplasia 19, 932–940. doi: 10.1016/
j.neo.2017.07.002

Wang, X., Luo, G., Zhang, K., Cao, J., Huang, C., Jiang, T., et al. (2018). Hypoxic
Tumor-Derived Exosomal miR-301a Mediates M2 Macrophage Polarization
via PTEN/PI3Kγ to Promote Pancreatic Cancer Metastasis. Cancer Res. 78,
4586–4598. doi: 10.1158/0008-5472.CAN-17-3841

Wang, Z. F., Liao, F., Wu, H., and Dai, J. (2019). Glioma stem cells-derived
exosomal miR-26a promotes angiogenesis of microvessel endothelial cells in
glioma. J. Exp. Clin. Cancer Res. 38:201. doi: 10.1186/s13046-019-1181-4

Xie, Y., Li, J., Li, P., Li, N., Zhang, Y., Binang, H., et al. (2020). RNA-Seq Profiling of
Serum Exosomal Circular RNAs Reveals Circ-PNN as a Potential Biomarker for
Human Colorectal Cancer. Front. Oncol. 10:982. doi: 10.3389/fonc.2020.00982

Xu, J., Camfield, R., and Gorski, S. M. (2018). The interplay between exosomes and
autophagy partners in crime. J. Cell Sci. 131:215210. doi: 10.1242/jcs.215210

Xu, R., Rai, A., Chen, M., Suwakulsiri, W., Greening, D. W., and Simpson, R. J.
(2018). Extracellular vesicles in cancer - implications for future improvements

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 August 2021 | Volume 9 | Article 737449

https://doi.org/10.1038/s42003-019-0609-x
https://doi.org/10.3390/cancers8120111
https://doi.org/10.1080/20013078.2019.1656993
https://doi.org/10.1080/20013078.2019.1656993
https://doi.org/10.1016/j.trecan.2020.03.007
https://doi.org/10.1016/j.trecan.2020.03.007
https://doi.org/10.1038/s41419-019-2077-0
https://doi.org/10.3233/CBM-170955
https://doi.org/10.3233/CBM-170955
https://doi.org/10.1073/pnas.1705206114
https://doi.org/10.2147/IJN.S221383
https://doi.org/10.3390/membranes11030199
https://doi.org/10.3390/membranes11030199
https://doi.org/10.3892/or.2016.5066
https://doi.org/10.3892/or.2016.5066
https://doi.org/10.18632/oncotarget.26300
https://doi.org/10.1038/ncb3112
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1158/1078-0432.CCR-18-1941
https://doi.org/10.1158/1078-0432.CCR-18-1941
https://doi.org/10.1038/s41388-019-0782-x
https://doi.org/10.1093/nar/gky1029
https://doi.org/10.1093/nar/gky1029
https://doi.org/10.1016/j.semcancer.2019.07.008
https://doi.org/10.1021/acsnano.5b06939
https://doi.org/10.1038/s41388-019-0996-y
https://doi.org/10.1038/nm.3394
https://doi.org/10.1038/s41556-020-0466-3
https://doi.org/10.1002/mc.22124
https://doi.org/10.1038/s41580-019-0158-7
https://doi.org/10.1038/s41580-019-0158-7
https://doi.org/10.1126/sciadv.aar2766
https://doi.org/10.1126/sciadv.aar2766
https://doi.org/10.1172/jci.insight.132447
https://doi.org/10.1172/jci.insight.132447
https://doi.org/10.1002/1878-0261.12855
https://doi.org/10.1111/jcmm.14766
https://doi.org/10.1038/s41598-019-56542-4
https://doi.org/10.1038/s41598-019-56542-4
https://doi.org/10.1038/srep38541
https://doi.org/10.1038/srep38541
https://doi.org/10.1038/s41467-018-04695-7
https://doi.org/10.1038/cdd.2008.143
https://doi.org/10.1016/j.cell.2016.01.043
https://doi.org/10.1016/j.cell.2016.01.043
https://doi.org/10.1080/20013078.2017.1359479
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.neo.2017.07.002
https://doi.org/10.1016/j.neo.2017.07.002
https://doi.org/10.1158/0008-5472.CAN-17-3841
https://doi.org/10.1186/s13046-019-1181-4
https://doi.org/10.3389/fonc.2020.00982
https://doi.org/10.1242/jcs.215210
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-737449 August 25, 2021 Time: 17:43 # 9

Santos et al. TEVs Reveal Tumor Functional Dynamics

in cancer care. Nat. Rev. Clin. Oncol. 15, 617–638. doi: 10.1038/s41571-018-
0036-9

Xu, Z., Zheng, X., and Zheng, J. (2019). Tumor-derived exosomes educate
fibroblasts to promote salivary adenoid cystic carcinoma metastasis via
NGF-NTRK1 pathway. Oncol. Lett. 18, 4082–4091. doi: 10.3892/ol.2019.10
740

Yáñez-Mó, M., Siljander, P. R., Andreu, Z., Zavec, A. B., Borràs, F. E., Buzas,
E. I., et al. (2015). Biological properties of extracellular vesicles and their
physiological functions. J. Extracell Vesicles. 4:27066. doi: 10.3402/jev.v4.27
066

Yang, H., Zhang, H., Ge, S., Ning, T., Bai, M., Li, J., et al. (2018). Exosome-Derived
miR-130a Activates Angiogenesis in Gastric Cancer by Targeting C-MYB in
Vascular Endothelial Cells. Mol. Ther. 26, 2466–2475. doi: 10.1016/j.ymthe.
2018.07.023

Ye, L., Zhang, Q., Cheng, Y., Chen, X., Wang, G., Shi, M., et al. (2018). Tumor-
derived exosomal HMGB1 fosters hepatocellular carcinoma immune evasion
by promoting TIM-1. J. Immunother. Cancer. 6:145. doi: 10.1186/s40425-018-
0451-6

Zeng, Z., Li, Y., Pan, Y., Lan, X., Song, F., Sun, J., et al. (2018). Cancer-derived
exosomal miR-25-3p promotes pre-metastatic niche formation by inducing
vascular permeability and angiogenesis. Nat. Commun. 9:5395. doi: 10.1038/
s41467-018-07810-w

Zhang, H., Lu, J., Liu, J., Zhang, G., and Lu, A. (2020). Advances in the discovery
of exosome inhibitors in cancer. J. Enzyme Inhib. Med. Chem. 35, 1322–1330.
doi: 10.1080/14756366.2020.1754814

Zhao, S., Mi, Y., Guan, B., Zheng, B., Wei, P., Gu, Y., et al. (2020). Tumor-
derived exosomal miR-934 induces macrophage M2 polarization to promote

liver metastasis of colorectal cancer. J. Hematol. Oncol. 13:156. doi: 10.1186/
s13045-020-00991-2

Zhou, X., Yan, T., Huang, C., Xu, Z., Wang, L., Jiang, E., et al. (2018). Melanoma
cell-secreted exosomal miR-155-5p induce proangiogenic switch of cancer-
associated fibroblasts via SOCS1/JAK2/STAT3 signaling pathway. J. Exp. Clin.
Cancer Res. 37:242. doi: 10.1186/s13046-018-0911-3

Zhu, X., Li, S., Xu, B., and Luo, H. (2021). Cancer evolution: A means by which
tumors evade treatment. Biomed. Pharmacother. 133:111016. doi: 10.1016/j.
biopha.2020.111016

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Santos, Bustos, Bhatt, Chammas and Andrade. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 August 2021 | Volume 9 | Article 737449

https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.3892/ol.2019.10740
https://doi.org/10.3892/ol.2019.10740
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1016/j.ymthe.2018.07.023
https://doi.org/10.1016/j.ymthe.2018.07.023
https://doi.org/10.1186/s40425-018-0451-6
https://doi.org/10.1186/s40425-018-0451-6
https://doi.org/10.1038/s41467-018-07810-w
https://doi.org/10.1038/s41467-018-07810-w
https://doi.org/10.1080/14756366.2020.1754814
https://doi.org/10.1186/s13045-020-00991-2
https://doi.org/10.1186/s13045-020-00991-2
https://doi.org/10.1186/s13046-018-0911-3
https://doi.org/10.1016/j.biopha.2020.111016
https://doi.org/10.1016/j.biopha.2020.111016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Tumor-Derived Extracellular Vesicles: Modulation of Cellular Functional Dynamics in Tumor Microenvironment and Its Clinical Implications
	Introduction
	TEVs as Important Mediators of Cell Communication During Malignant Transformation and Tumor Progression
	The Establishment of an Immunosuppressive Environment by TEVs
	Treatment-Elicited TEVs Promotes Tumor Re-Growth
	TEVs: From the Bench to the Bedside
	Outstanding Questions, Gaps, and Conclusion
	Author Contributions
	Funding
	References


