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Extracellular vesicles (EVs) are increasingly recognised as a pivotal player in cell-cell communication, an attri
bute of EVs that derives from their ability to transport bioactive cargoes between cells, resulting in complex
intercellular signalling mediated by EVs, which occurs under both physiological and pathological conditions. In
the context of cancer, recent studies have demonstrated the versatile and crucial roles of EVs in the tumour
microenvironment (TME). Here, we revisit EV biology, and focus on EV-mediated interactions between cancer
cells and stromal cells, including fibroblasts, immune cells, endothelial cells and neurons. In addition, we focus
on recent reports indicating interactions between EVs and non-cell constituents within the TME, including the
extracellular matrix. We also review and summarise the intricate cancer-associated network modulated by EVs,
which promotes metabolic reprogramming, horizontal transfer of neoplastic traits, and therapeutic resistance in
the TME. We aim to provide a comprehensive and updated landscape of EVs in the TME, focusing on oncogenesis,
cancer progression and therapeutic resistance, together with our future perspectives on the field.

1. Introduction
Cancer poses a significant threat to public health and is one of the
leading causes of mortality globally [1]. Throughout the history of
modern medicine, researchers and clinicians have been searching for the
molecular pathways and mechanisms that regulate cancer initiation,
development, and progression [2]. Only in recent decades have extra
cellular vesicles (EVs), membranous structures secreted by cells, started
to become a major focus of cancer researchers [3]. The discovery of EVs
dates back to the 1960s, when Wolf isolated platelet-derived vesicles
and characterised them by electron microscopy [4]. Later, different

groups described the role of cell-derived vesicles in transferrin receptor
recycling in reticulocytes [5,6]. Despite this, EVs had been considered
merely as receptacles used by the cell to dispose of unwanted compo
nents [7]. In 1996, a seminal work by Raposo et al. called for a recon
sideration of roles of EVs in intercellular communication; this work
focused on B lymphocytes, which were shown to secrete major histo
compatibility complex (MHC) class II-enriched EVs that presented an
tigens to induce antigen-specific T cell responses [8]. Today,
intercellular communication has been well recognised as one of the main
functions of EVs in a wide array of human diseases including cancer [9].
The tumour microenvironment (TME) is another important aspect of
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cancer. Malignant tumours are much more than a mere aggregation of
cancer cells, rather, such tumours often exist as a complex conglomerate
of cancer cells and other non-malignant cells within the TME [10].
Networks and pathways of complex and highly regulated intercellular
interactions occur during each and every stage of cancer within the TME
[11]. It is traditionally believed that these intercellular interactions are
mediated by chemokines, cytokines, growth factors and the extracellular
matrix [12,13]. More recently, it is clear that EVs are also an active and
pivotal player contributing to intercellular communication and in
teractions that occur within the TME [14,15]. Here, we review and
summarise recent and important studies in this burgeoning field. In
particular, we focus on how EVs mediate cell-to-cell communication,
and the resulting induction of downstream cascades within the TME,
including oncogenesis and therapeutic resistance.

quantities of key metabolites, such as amino acids and TCA-cycle in
termediates, which can be internalised by nutrient-deprived cancer
cells. Internalization of these metabolites can promote central carbon
metabolism and subsequent tumour growth and cancer progression
[36]. Thus, researchers are exploring the utility of EV metabolites as
disease biomarkers [37]. It is important to note that in addition to the
role of the parental cell background, EV metabolite cargoes are greatly
affected by cell culture conditions, as conventional cell culture and
bioreactor-based cell culture seem to generate distinctively different EV
metabolite profiles [21].
The International Society for Extracellular Vesicles (ISEV) has rec
ommended guidelines for the definition of EVs, which are found in
Minimal Information for Studies of Extracellular Vesicles 2018
(MISEV2018) [16]. Accordingly, two mandatory properties should be
satisfied in order for biomaterials to be considered as EVs, first, the
material must be ‘extracellular’, meaning that the isolated contents shall
be devoid of intact cells; second, the material must be ‘vesicular’, that is,
consist of an intact membrane-enclosed structure. There are two types of
EV characterisation parameters, namely quantification parameters and
characterization parameters [16]. Quantification parameters describe
the amount of EVs and can be derived from input information (cell
count; volume of tissue culture medium; etc) and global information
(protein amount of EV lysate by BCA assay; particle count by nano
particle tracking analysis; etc) [16]. Characterization parameters focus
on the nature of contents isolated from EVs. Both transmembrane and
cytosolic proteins are used as EV markers, and are commonly detected
by western blot and flow cytometry [16,38]. Comparative assays are
also recommended, in order to show the enrichment of EV markers and
the depletion of expected contaminants [39]. Microscopy, including
electron microscopy and scanning probe microscopy, is widely used to
demonstrate the morphology and intactness of single EVs, while
non-imaging techniques, such as nanoparticle tracking analysis, tunable
resistive pulse sensing, and high-resolution flow cytometry, are used to
analyse populations of EVs, allowing the numbers and size distributions
of particles to be determined [16,40,41].

2. Extracellular vesicles (EVs)
EVs are vesicular structures secreted by multiple different types of
cells into the extracellular milieu [16] and are abundant in a wide range
of human biofluids, such as blood-derived serum/plasma, urine and
milk, under both physiological and pathological conditions [17–19].
These attributes of EVs have stimulated researchers’ passion in studying
the involvement of EVs in cancer biology as well as utilising EVs as
biomarkers for diagnosis and tools to deliver anticancer agents [20].
2.1. Composition and characterization of EVs
EVs are cell-derived vesicles enclosed by a lipid bilayer membrane,
and carry proteins, nucleic acids and metabolites; collectively these
cargoes can correspond well to the constituents of their parental cells [3,
21]. A variety of lipids are also found in EVs, including sphingolipids,
phosphatidylserine, and cholesterol [22–24]. Sphingolipids and their
related enzymes are pivotal to EV biogenesis [22], while cholesterols are
involved in a broad range of EV activities, from biogenesis and release to
uptake [24]. A notable and distinctive feature of EV lipids is that
phosphatidylserine is found to the outer leaflet of the plasma membrane
of EVs, in contrast to the prototypical localisation of phosphatidylserine
to the inner leaflet of the plasma membrane [23,25]. The lipid mem
brane of EVs also serves as a docking station for membrane-bound
proteins and as a shield for EV-enclosed nucleic acids, protecting them
from degradation by extravesicular nucleases [3]. Researchers have
identified many proteins linked to EV biogenesis as EV cargoes,
including ALIX, TSG101 and syntenin [26]. Many EV
biogenesis-associated proteins are used as markers for EV detection and
purification. Tetraspanins, including CD63, CD9 and CD81, are an
additional class of EV cargo proteins, which are usually found on the EV
surface [27]. Probes to surface-localised tetraspanins are frequently
used to track EV secretion and uptake [28]. Additional proteins abun
dant in many EVs include chaperones, such as HSP70 and HSP90,
adhesion molecules, such as integrins, and other multifunctional pro
teins, such as beta-catenin and Rab proteins [29,30]. In addition to these
protein cargoes, a diversity of nucleic acids are found in EVs, including
DNA, mRNA, microRNAs, circRNA and other non-coding RNAs [31].
Notably, the sequences and identities of EV nucleic acid cargoes can be
used to identify the donor cells from which the EVs originated, and are
frequently explored as biomarkers for disease diagnostics and moni
toring [31]. As they are naturally occurring, EVs are likely to be mini
mally immunogenic and highly biocompatible, and are also used as a
delivery platform for small molecule-based therapeutics [32–34].
The metabolites found within EVs are a relatively new aspect of the
field. The EV metabolome is efficiently profiled using mass
spectrometry-based platforms, including gas chromatography-mass
spectrometry, liquid chromatography-mass spectrometry and thinlayer chromatography-mass spectrometry [35]. EV-enclosed metabo
lites are capable of reprogramming the metabolism of recipient cells. For
instance, EVs secreted by cancer-associated fibroblasts contain ample

2.2. Heterogeneity and biogenesis of EVs
EVs are typically found as a heterogeneous population of vesicles of
diverse sizes, ranging from 20 nm to several microns in diameter [3].
Based on our current understanding, EVs are typically classified in three
major groups, according to their biogenesis pathways. These groups are
exosomes, microvesicles and apoptotic bodies [3].
Exosomes are EVs of endosomal origins, which derive from the fusion
of multivesicular bodies (MVBs) with plasma membrane, and the
resulting release of intraluminal vesicles (ILVs) into extracellular space
through exocytosis [42]. The formation of exosomes can be traced back
to the endocytosis of extracellular components, which gives rise to early
endosomes. The process involves the first orientation flip of the proteins
on the plasma membrane, i.e. the cytosolic side of the plasma membrane
now becomes the outer side of the early endosomal membrane [43].
Early endosomes can interact with the trans-Golgi network and endo
plasmic reticulum, allowing for potential cargo sorting and entry into
early endosomes [44,45]. As early endosomes mature into late endo
somes, a second orientation flip of the endosomal membrane occurs,
which is mediated by the inward budding of the endosomal limiting
membrane and generation of ILVs in late endosomes. This inward
invagination of late endosomal membrane and formation of ILVs pro
vides the venue for additional cargo to be exported into the nascent
exosomes. Different proteins, including the Rab GTPase and the endo
somal sorting complex required for transport (ESCRT), are reported to
be actively involved in the process [44,46,47]. At this stage, these late
endosomes are also referred to as MVBs. A subset of MVBs undergoes
degradation through lysosomes, while other MVBs can fuse with the
plasma membrane for docking and the subsequent extracellular release
of ILVs as exosomes [48,49]. The double orientation flips of the ILV
25

D.X. Zhang et al.

Seminars in Cancer Biology 74 (2021) 24–44

membranes gives the mature exosomes a similar membrane protein
orientation to that of the plasma membrane of the parental cells.
Microvesicles and apoptotic bodies are generated through direct
outward budding or blebbing of the plasma membrane, and are some
times referred to collectively as ectosomes; in general, ectosomes are
larger in size than exosomes [50]. Regarding microvesicle biogenesis,
the fluidity, curvature and deformability of the plasma membrane have
been considered to play instrumental roles [51]. Factors that affect the
deformability or curvature of the plasma membrane tend to positively
influence microvesicle formation. Lipid rafts are a fundamental class of
membrane components that maintain the functions and dynamics of the
plasma membrane [52]. The accumulation of psychosine, a cytotoxic
lipid associated with Krabbe’s disease, causes disruption to
sphingomyelin-enriched domains in lipid rafts and elicits the secretion
of microvesicles [53]. As discussed earlier, the translocation of phos
phatidylserine to the outer leaflet of the microvesicle membrane is a
unique feature of microvesicles, and this feature may also contribute to
microvesicle biogenesis [54]. Inhibition of lipid transporter proteins,
such as flippases and floppases, which shuttle lipids between the inner
and outer faces of plasma membrane, can hamper the budding of
microvesicles [55–57]. Moreover, the translocation of TSG101 from
endosomes to the plasma membrane is also essential to the budding of
TSG101-positve microvesicles, a process mediated by arrestin
domain-containing protein 1 [58]. Additional parameters, such as
extracellular Ca2+ levels and cytoskeletal modulators such as RhoA, can
also alter the formation and release of microvesicles [59–61]. In
contrast, apoptotic bodies are blebbed by cells experiencing apoptosis
[62]. The morphological changes happening in apoptotic cells are
considered to give rise to apoptotic bodies [63]. Apoptotic cell blebbing
and shrinkage and breakdown of the cell skeleton allows for the for
mation of apoptotic bodies, while fragmentation of genetic material in
apoptotic cells may explain the presence of fragmented DNA within
apoptotic bodies [63]. Apoptotic bodies are regarded as emerging bio
markers, as their cargoes likely directly reflect the state and possibly
identity of the diseased cells that they originate from [62].
Separating EVs based on their different biogenesis pathways is
currently extremely challenging. Therefore, the ISEV recommends using
operational or specification terms to describe purified EVs, rather than
defining them as exosomes, microvesicles or apoptotic bodies [16]. In
addition to the classic taxonomy of EVs based on biogenesis, the het
erogeneous population of EVs can also be subtyped based on size (small,
or large EVs with size ranges refined), origins (tumour-derived EVs,
mesenchymal stem cell-derived EVs, etc), functions (pro-apoptotic EVs,
immune-supressing/stimulating EVs, etc), and EV surface biomarkers
(CD63+, CD9+, CD81+, or EpCAM+ EVs) [64]. Subtyping based on
surface markers, in particular, may become a powerful and important
tool in future studies, as it is not only practical but also reflects the
functional relevance of the EV subsets. It seems likely that functional
classification of EVs will continue to develop rapidly, and more powerful
methods for purification will likely also propel the field in the short and
medium-terms.

integrins and their associated proteins. Integrin-associated protein
(IPA), or CD47, is abundant on the surface of diverse types of EVs [70].
An IPA blocking antibody can modulate EV-associated intercellular
signalling, and IPA on EVs can also protect EVs from phagocytosis by
monocytes and macrophages in circulation, leading to a more efficient
delivery of therapeutic short interfering RNA by IPA-bearing EVs [71,
72]. Another recent study found that β3 integrin mediates EV uptake
through interaction with focal adhesion kinase, which is essential for
endocytosis of EVs [73]. Other surface factors proposed to affect EV
uptake include survivin [74], heparan sulfate proteoglycans [75], and
EV surface charge [76]. Once EVs are internalised, they are destined for
either degradation through lysosomes or cargo release/recycling
through endosomes [3]. Most current theories use a model of EV cargo
release to explain the downstream signalling, where acidification is
considered an important step [77,78]. Moreover, endosomal escape
enhancing compounds improve the efficiency of EV cargo delivery [79],
as previously reviewed [80].
Although the majority of the cell-cell communications mediated by
EVs are dependent on EV uptake, it should be made clear that EVs can
also play the messenger role without being internalised or delivering the
EV content to the recipient cells. As mentioned above, MHC class IIenriched EVs can act as antigen presenters and trigger antigen-specific
T cell responses [8]. This phenomenon is reliant on the T
cell-activating function of the MHC-peptide complexes on the EV surface
rather than EV-enclosed contents [81]. It is conceivable that additional
examples of this type remain to be discovered.
3. Tumour microenvironment
Oncogenesis and cancer progression occur not just because of genetic
and epigenetic alterations in the malignant cells but also as a result of
diverse and complex crosstalk between cancer cells and other cancerassociated stromal cells (CASCs) in the TME [82]. CASCs include a
wide variety of cell types, depending on the tumour location and tissue
type, from fibroblasts and endothelial cells to immune cells and neurons
[83,84]. Cancer cells are traditionally believed to be the specifier of the
TME, directing CASCs to adapt and function to support and nourish
cancer cells [83]. However, recent publications have revealed that
CASCs are themselves capable of reprogramming cancer cells [85,86].
This bilateral communication can be mediated by both cellular and
non-cell components in the TEM. The direct cellular interactions
involved in the TME are predominantly cell-cell junctions. For instance,
gap junction proteins, connexins, may act as tumour suppressors, as they
are important in maintaining cell homoeostasis and regulating cell
growth and differentiation [87], and may also facilitate the transfer of
antigenic peptides from cancer cells to dendritic cells for enhanced
DC-mediated T cell response and tumour suppression [88]. In addition,
neurons can establish synaptic connections with cancer cells in brain
tumours, enabling intercellular signalling and accelerating tumour
colonization and progression [89–91]. Non-cell components also
actively participate in intercellular crosstalk within the TME, including
roles for chemokines, cytokines, growth factors, and extracellular matrix
[12,13]. Many chemokines function through modulation of immune
cells in the TME: CCL2, CCL3, and CCL5 recruit monocytes and mac
rophages to promote different aspects of tumour development [92]
whereas CXCL8 and CXCL14 mediate more anti-tumour effects [93,94].
Another important TME player in the non-cell category is extracellular
matrix. Extracellular matrix can account for the majority of tumour mass
in many cancers and high expression levels of many extracellular matrix
molecules are found in the TME [95]. The recognition of the multiple
cell and non-cell constituents of the TME has significantly enhanced our
understanding of the molecular mechanisms involved in cancer biology.
In addition, the emerging role of EVs in the TME has been recognised,
which we will detail in the coming sections.

2.3. EV uptake and EV-mediated intercellular communication
EVs exert their function of intercellular communication upon the
uptake of EVs by recipient cells [65]. Thus, there has been a rising in
terest in studying the mechanism of EV uptake, as it has remained poorly
characterised till now. Uptake selectivity is a bilateral issue, depending
on both recipient cell types and EV identities. Different recipient cell
types have different uptake capabilities for the same types of EVs [66],
while alternative origins of EVs also affect the uptake efficiencies by the
same cell types [67]. Upon cell-EV contact, EVs start to enter the
recipient cells via internalisation. Both non-specific and
receptor-specific internalisation via pinocytosis and endocytosis have
been proposed [68,69]. Receptor-specific EV internalisation via endo
cytosis is mediated by many kinds of surface proteins, including
26
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4. EV-mediated interactions between cancer cells and CASCs
plus non-cell components in the TME

those associated with the wound healing process [98]. CAFs typically
demonstrate a tumour-promoting role through the secretion of extra
cellular matrix proteins and remodelling enzymes and an interconnected
interaction network among CAFs, cancer cells and extracellular matrix
[98].
Tumour-derived EVs transfer various molecules to activate resident
fibroblasts in the TME. Ji et al. reported that colorectal cancer cells
secrete integrin beta-like 1 (ITGBL1)-bearing EVs to promote metastasis
through the activation of fibroblasts in pre-metastatic niches [99].
Tumour-derived, ITGBL1-enriched EVs enter the circulation, reach
distant organs, and activate fibroblasts there via the TNFAIP3-mediated
NF-κB signalling pathway [99], which is well known in inflammation
signalling [100]. Upon activation, fibroblasts secrete higher levels of
pro-inflammatory cytokines, including IL-6 and IL-8, which foster
pre-metastatic niche formation and promote metastasis [99]. Further
more, the transcription factor RUNX2 is found to regulate ITGBL1 levels
in colorectal cancer derived EVs [99]. Similarly, we demonstrated a
fibroblast-activating
role
of
breast
cancer-derived,
micro
RNA-125b-containing EVs [101]. Using a green fluorescent protein
(GFP)-CD63 EV tracing system, we identified fibroblasts as an active
receiver of breast cancer-derived EVs in the TME [101]. Sequencing and

In the past decade, EVs have emerged as crucial intercellular mes
sengers in the TME. Through a complex signalling network, cancer cells
and CASCs in the TME both secrete and take up EVs to foster a favour
able environment for tumour progression, which we will focus on and
detail below (Fig. 1).
4.1. Fibroblasts
Under physiological conditions, resident fibroblasts usually display a
dormant and non-contractile phenotype with a flat and spindle-like
morphology [96]. However, during the wound healing process, resi
dent fibroblasts are transformed into an activated phenotype. Activated
fibroblasts show their contractile properties, which aid in wound closing
and healing [97]. Other changes include elevated expression of alpha
smooth muscle actin (α-SMA) as well as increased secretion of extra
cellular matrix proteins and matrix metalloproteinases [97]. In the TME,
resident fibroblasts are activated, and are referred to as
cancer-associated fibroblasts (CAFs), which share many similarities with

Fig.
1. Extracellular
vesicle-mediated
crosstalk between cancer cells and stromal
cells, and with non-cell constituents in the
tumour microenvironment.
Cancer cells and stromal cells, including fibro
blasts, immune cells, endothelial cells, and
neonatal and glial cells, communicate with each
other in the tumour microenvironment via EVs.
The majority of EV-mediated intercellular
crosstalk is achieved through delivery of EVbound bioactive molecules, while EV-surface
signalling without requiring the internalisation
of EVs also occurs. In general, cell-cell signal
ling mediated by EVs modulates cancer cells
and stromal cells to potentiate a favourable
TME for tumour growth and progression.
Moreover, EVs can interact with non-cell con
stituents, especially the extracellular matrix, in
the TME.
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out the anti-tumour functions of certain subsets of EVs in the TME.
As an integral part of immunosurveillance and the innate immune
system, natural killer cells (NK cells) are at the forefront of detection and
response to cancer cells. An important mechanism involved in NK cells
detection of cancer cells is the recognition of stress-associated molecules
on cancer cell surface through an NK cell receptor known as NKG2D
[112]. Lundholm et al. showed that prostate cancer cells can express
NKG2D ligand on the surface of EVs that they secrete, which can
down-regulate NKG2D on NK cells, resulting in a potential cytotoxic
impairment of NK cells [113]. In addition to NKG2D, Zhao et al.
demonstrated that cancer-derived EVs are capable of down-regulating
levels of LAMP1, TNF-α, and INF-γ, which collectively attenuate NK
cell cytotoxicity along with reducing expression of CD71 and CD98 to
halt glucose uptake in NK cells [114]. In contrast, NK cells also secrete
EVs and NK cell-derived EVs are shown to harbour NKG2D/CD94, per
forin and granzymes, which contribute to NK cell cytotoxicity and
represent a potential therapeutic tool to boost NK cell anti-cancer ac
tivities [115]. From the perspective of the acquired immune system,
dendritic cells (DCs), the robust antigen presenting cells, are also
frequently modulated by EVs in the tumour immune microenvironment.
However, unlike NK cells, DCs modulated by EVs seem to enhance
anti-tumour activity, a process mediated by enhanced antigen presen
tation. Xu et al. reported that macrophage-derived EVs help transfer
antigens to DCs to promote CD4+ T-cell responses [116]. The immu
nosuppressive role of cancer-derived EVs is reported to happen further
upstream during the differentiation stage of DCs. Multiple reports have
shown that tumour-derived EVs can suppress the differentiation of DCs
from myeloid precursors in the bone marrow [117] and from monocytes
[118] but boost the expansion of myeloid-derived suppressor cells [118,
119]. Nevertheless, it should be acknowledged that not all EV uptake by
DCs leads to enhanced immunity. Xie et al. found that T cell-derived EVs
could cause down-regulation of peptide/MHC Ag I and trigger apoptosis
in DCs, which further suppresses the CD8+ cytotoxic T cell response
[120]. Consistent with previous reports that DC-derived EVs trigger
immune responses [121], Matsumoto et al. demonstrated that EVs from
activated DCs stimulated macrophages and DCs via Toll-like receptor
(TLR) 4 signalling and have shown stronger antitumour immunity in vivo
[122]. These reports include the proposal that DC-EVs might have utility
for cancer immunotherapy [123].
Macrophages are another abundant cell type that actively participate
in immune-oncological processes with significant inputs from EVs.
Tumour-modulated macrophages in TME, or tumour-associated mac
rophages (TAMs), have been reported to show immunosuppressive and
tumour-promoting phenotypes [124]. Chen et al. reported that epithe
lial ovarian cancer-derived EVs can transfer a variety of microRNAs to
macrophages to educate them towards a tumour-promoting phenotype,
which can be heightened by the hypoxic TME [125]. In a mechanistic
study, Cooks et al. looked further into the molecular pathways involved
and reported that cancer cells with mutant TP53 secrete EVs enriched in
microRNA-1246, whose internalisation by macrophages reprogrammes
them into cancer-promoting and immunoinhibitory states with elevated
TGF-β activity [126]. Another study by Gao et al. pointed out that EGFR
carried by tumour-derived EVs can signal MEKK2 in macrophages to
turn down antiviral immune response [127]. Moreover, Popēna et al.
explored cytokine secretion by macrophages upon stimulation by colo
rectal cancer-derived EVs from isogenic primary and metastatic cell
lines and discovered a distinctive cytokine secretion profile [128]. Pri
mary colorectal cancer-derived EVs stimulated CXCL10 expression in
macrophages while metastatic colorectal cancer-derived EVs upregu
lated IL-6, IL-23 and IL-10 secretion in addition to CXCL10 [128]. It is
noteworthy that macrophage polarization plays a crucial role in the TME
where M0 inactive macrophages can be polarised into classically acti
vated M1 macrophages and alternatively activated M2 macrophages
[129]. In the TME, M1 macrophages are believed to be cancer-inhibiting
while M2 are cancer-promoting [130]. In this respect, Hsu et al.
demonstrated that EVs from hypoxic lung cancers can transfer

further gain- and loss-of-function assays support the transfer of
microRNA-125b via EVs. Moreover, transfer of microRNA-125b was
shown to be crucial to the fibroblast-activating capability of
tumour-derived EVs [101]. Besides direct EV-mediated transfer of pro
teins and RNA from cancer cells to fibroblasts, Umakoshi et al. discov
ered an alternative route mediated by macrophages [102]. Upon
internalisation of tumour-derived EVs, macrophages exhibited
enhanced invasiveness and dispersed widely in the TME, leading to
increased contact between macrophages and CASCs including fibro
blasts [102]. Macrophages conditioned by tumour-derived EVs
continued to release EVs containing tumour-derived RNA and proteins, a
process found to be dependent on activation of caspase-3 in these
macrophages [102]. Fibroblasts in the TME showed an activated
phenotype upon uptake of oncogenic materials transferred by
macrophage-mediated EVs [102]. Notably, this study postulates a po
tential amplifying effect by macrophages to help tumour-derived EVs
better disseminate and reach target cells [102].
It is worth noting that mesenchymal stem cells, other than resident
fibroblasts, also have the potential to be differentiated into an activated,
myofibroblast-like phenotype and contribute to tumour progression in
the TME [103]. EVs also play a pivotal role in this differentiation. Cho
et al. demonstrated that EVs from breast cancer and ovarian cancer cells
are able to transform adipose tissue-derived mesenchymal stem cells
into an activated, myofibroblast-like phenotype with tumour-supporting
functions via SMAD-mediated signalling pathway [104,105]. A further
study by Gu et al. confirmed this role of tumour-derived EVs and the
involvement of SMAD-mediated signalling in gastric cancer [106].
However, the EV cargoes involved in these phenomena, and the un
derlying molecular mechanisms remain poorly understood.
After transformation into CAFs, activated fibroblasts can, in turn,
signal cancer cells via EVs. Santi et al. reported that EVs transfer a
considerable amount of protein and lipid from CAFs to neighbouring
cells, including cancer cells, thus resulting in enhanced tumour growth
[107]. The tumour-supporting functions of EVs can be attributed to the
increased migration and invasion of cancer cells upon education by
CAF-derived EVs [108]. An additional investigation by Li et al. revealed
that EVs from CAFs, as compared to EVs from normal fibroblasts, have
lower levels of microRNA-34a-5p, which could directly target AXL to
suppress cancer cell proliferation and progression [109]. Moreover, loss
of microRNA-34a-5p in CAF-derived EVs induced higher expression of
AXL and activated the AKT/GSK-3β/β-catenin signalling cascade in
recipient cancer cells, causing cancer cells to undergo
epithelial-to-mesenchymal transition and therefore enhanced metastasis
[109]. To date, most studies depict a positive feedback loop in which
cancer cells and fibroblasts continue to support each other via
EV-mediated education, thereby promoting tumour progression. Dis
rupting EV-mediated liaisons between cancer cells and fibroblasts rep
resents a potential therapeutic strategy. CAF-derived EVs are also
capable of reprogramming metabolic activities in the TME, which we
will detail below together with EVs from other cell types, in the section
titled EV-mediated metabolic reprogramming.
4.2. Immune cells
Immune cells are vital to the homeostasis of our bodies and play a
crucial role in the TME [110,111]. Once oncogenesis occurs, immune
cells are in a long-term battle against cancer cells, striving to recognise
and eliminate malignant cells [110]. However, cancer cells constantly
evolve various means to evade immunosurveillance and suppress
anti-tumour immunity; this cancer progression can involve both cancer
cells themselves and also in concert with other CASCs [110]. As a result,
tumours form, develop, and progress. Recent studies have demonstrated
the critical roles of EVs in the tumour immune microenvironments,
adding a significant piece to the puzzle. The majority of studies have
shown an immunosuppressive and pro-tumorigenic role of EVs in the
tumour immune microenvironments, while there are reports pointing
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microRNA-103a to directly target PTEN in macrophages, leading to the
activation of AKT and STAT3 and subsequent M2 polarization [131]. A
similar EV-mediated M2 polarization was observed through the down
regulation of histone deacetylase 11 in macrophages caused by
miR-145-enriched EVs from colorectal cancer cells [132]. To attenuate
the M2-polarising effect induced by cancer-derived EVs, Ono et al.
knocked down the trio of chaperones HSP90α, HSP90β and CDC37, and
found that depletion of the trio decreased EV transmission to macro
phages and inhibited TAM polarization [133]. As discussed earlier, IPA
on the EV surface helps them evade phagocytosis by macrophages [70].
This evasion is achieved by interactions between IPA and signal regu
latory protein α (SIRPα) on macrophages to supress their engulfing
ability, an emerging phagocytosis checkpoint blockage target in cancer
therapy development [134]. The blockage treatment has the potential to
enhance cancer cell phagocytosis but may also increase the modulation
conferred by EVs to macrophages, some of which can be immunoinhi
bitory. The effects of macrophage-derived EVs on other cells has
received less attention than the effects of tumour-derived EVs on mac
rophages but is potentially important. Surprisingly, Cianciaruso et al.
demonstrated that TAM-derived EVs promote T cell proliferation and
activation, opposite to the assumed role of TAM-derived EVs as immu
nosuppressive, given that TAMs are cancer-promoting and immu
noinhibitory [135]. Chen et al. reported that TAM-derived EVs
positively regulate aerobic glycolysis in cancer cells through targeting
PHD2 and HIF-1α by transmitting the myeloid-specific long non-coding
RNA HISLA [136]. Considering the immunostimulatory role of M1
macrophages, Cheng et al. also proposed using M1-derived EVs as a
cancer vaccine adjuvant to boost a pro-inflammatory TME [137].
Further studies are warranted to characterise the role of
macrophage-derived EVs in the TME.
The diversity of T cells gives them many essential roles in cancer
immunology. To start with, cytotoxic T cells are among the major killer
cells of dysregulated cancer cells [138]. After activation by DCs, T cells
use T cell receptors (TCR) along with co-receptors such as NKG2D and
CD8 to detect tumour-associated antigens on cancer cells and secrete
granzymes and perforins to cancer cells, eliciting apoptosis of the cancer
cells [138,139]. Cancer-derived EVs can down-regulate NKG2D on CD8+
cytotoxic T cells to mediate cancer immune evasion [113]. Tumour
immune evasion can also be potentiated by tumour-derived EVs, which
can supress proliferation of activated CD8+ cells and trigger their
apoptosis [140]. In addition, Maybruck et al. demonstrated that
tumour-derived EVs expressing galectin-1 can induce an immunosup
pressor phenotype in CD8+ T cells [141]. Given the tumour-inhibiting
role of CD8+ T cells, Seo et al. proposed the therapeutic potential of
activated CD8+ T cell-derived EVs [142]. They showed that activated
CD8+ T cell-derived EVs can induce cytotoxic apoptosis of mesenchymal
tumour stromal cells to suppress tumour progression [142]. In the TME,
the killer capacity of CD8+ cytotoxic T cells is supported by CD4+ T
helper cells through helping DCs activate CD8+ cytotoxic T cells and
secreting cytokines for further recruitment of other immune cells such as
NK cells and macrophages [143]. However, there are few investigations
into EV-associated CD4+ T helper cell interactions in the TME, although
microRNA-45 delivered by cancer-derived EVs is reported to increase
T-helper-17 cell (a CD4+ T cell subset) differentiation by down
regulating AMPK and upregulating mTOR activity [144]. In contrast,
cancer-related regulatory T cells (Tregs) are better studied in an EV
context. Tregs are known for immune suppression, and in the TME, they
are often attracted to the site of oncogenesis to suppress the cytotoxic
response mediated by CD8+ cytotoxic T cells [145]. Aiello et al. showed
that Treg-derived EVs exhibit a suppressive effect on T cell proliferation
in an allograft model [146]. In cancer, Ni et al. documented that long
non-coding RNA (lncRNA) SNHG16 transmitted by cancer-derived EVs
to Vδ1 T cells can serve as a competing endogenous RNA by sponging
microRNA-16–5p,
a
process
which
mediates
the
SNHG16/miR-16–5p/SMAD5-regulatory axis to induce CD73 + γδ1
Treg cells [147]. Cancer-derived EVs can also facilitate the recruitment

of Tregs in the TME [148] and promote Treg expansion [140].
Furthermore, Zhao et al. reported EVs from TAMs can upregulate the
ratio of Tregs/T-helper-17 cells from a background of CD4+ T cells
through suppression of STAT3 by EV-delivered microRNA-29a-3p and
microRNA-21− 5p [149]. The above reports describe effects mediated by
delivering EV-enclosed contents to Tregs, while Muller et al. hypothesise
an alternative signalling cascade mediated by EV-cell surface signalling,
rather than EV uptake. In particular, they observed that EVs derived
from cancer cells could induce sustained and significant Ca2+ influx in
Tregs leading to a significant spike of extracellular ATP-to-inosine
conversion despite the minimal uptake of cancer-derived EVs [150]. In
addition, cancer cells can also actively express inhibitory molecules such
as PD-L1 on their plasma membrane to deactivate CD8+ T cells, inhibit
cytotoxicity and thereby facilitate immune invasion [151]. This
pathway has inspired a revolutionising class of cancer treatment known
as anticancer immune checkpoint inhibitors [152], which we will
discuss below.
Other cell types involved in the tumour immune microenvironment,
such as B cells [153] and neutrophils [154], also participate in the
EV-meditated crosstalk, in spite of being relatively poorly studied in this
context. For instance, Näslund et al. showed that dendritic cell-derived
EVs loaded with proteins can enhance antitumour immunogenicity
potentially through B cell- and T cell-dependant activation of cytotoxic T
cell response [155]. In contrast, Saunderson et al. reported that deple
tion of B cells did not affect the cytotoxic T cell response mediated by B
cell-derived EVs [156]. Another report demonstrated that B cell-derived
EVs can also stimulate CD4+ T cells [157]. Regarding neutrophils,
several reports have shown that cancer-derived EVs can modulate neu
trophils to facilitate tumour progression. Zhang et al. showed that
cancer-derived EVs transfer HMGB1 to interact with TLR4 for NF-κB
activation in neutrophils, leading to pro-tumorigenic neutrophil polar
isation [158]. Another report documented that cancer-derived EVs can
use EV-RNA to activate TLR3 in alveolar epithelial cells for recruitment
of neutrophils, which prepares a favourable niche in the lung for
metastasis [159]. RNAs from tumour stem cell-derived EVs can also
prime neutrophils [160]. Neutrophils can also produce neutrophil
extracellular traps (NETs) to promote cancer metastasis and progression
[161]. Leal et al. have demonstrated that tumour-derived EVs can prime
the formation of NETs [162]. Nevertheless, the functions and related
mechanisms of neutrophil-derived EVs in the TME warrant further
investigation.
In summary, the literature currently depicts tumour-derived EVs as
an immunoinhibitory modulator in the TME, through impeding recog
nition of cancer cells by immune cells and attenuating the cytotoxic T
cell response. The EV-mediated inhibition of cancer cell recognition is
achieved by disguising or down-regulating receptors that sense tumour
cells or supressing the differentiation and reducing the recruitment of
antigen presenting cells. The debilitation of cytotoxic T cell response
modulated by EVs can derive from promoting immunosuppressor cells,
such as Tregs and M2 macrophages, and targeting CD8+ cytotoxic T cells
directly. In terms of EVs from immune cells, versatile functions are
described. For some, the shed EVs resemble the functions of parental
cells, such as NK cell-derived EVs harbouring perforin and granzymes to
enhance anticancer cytotoxicity, and DC-derived EVs magnifying
immunogenicity to facilitate the antitumour effects of T cells. For others,
polarised or even opposite roles are reported. For instance, macrophagederived EVs can increase the cancer-associated antigen presentation by
DCs but EVs from TAMs can stimulate T cell proliferation and activation
to facilitate their antitumour roles despite TAMs protumourigenic and
immunoinhibitory roles. Based on our current knowledge, delivery of
EV-enclosed contents is the predominant mode of action of EVs within
the intricate and elaborate network of cancer cells and immune cells,
although EV-cell surface signalling independent of internalisation
clearly also contributes.

29

D.X. Zhang et al.

Seminars in Cancer Biology 74 (2021) 24–44

4.3. Endothelial cells

microRNA-independent pathway of tumour-derived EVs modulating
junction proteins in endothelial cells through endoplasmic reticulum
(ER) stress [186]. Down-regulation of protein kinase RNA-like ER kinase
limited ER stress and prevented the reduction of tight junction proteins
zonula occludens-1 and Claudin-5 in human umbilical vein endothelial
cells after incubation with HeLa cell-derived EVs [186]. EVs from other
sources may also regulate the permeability of endothelial cells. For
instance, platelet-derived EVs inhibit VEGF-A-induced vascular perme
ability of endothelial cells and can restore their tight junctions [187],
while neutrophil-derived EVs are proposed to increase endothelial
permeability, as proteomic profiling of these EVs revealed many pro
teins known to enhance permeability [188]. Although the regulation of
endothelial permeability by platelet-derived or neutrophil-derived EVs
has not yet been investigated in a TME context, these findings are still
noteworthy, especially given the involvement of platelets and neutro
phils in the TME [189,190]. Further investigations are warranted to
study their function in the TME.

Endothelial cells are important components of the TME and often
facilitate tumour growth and progression using two major mechanisms
— promoting tumour angiogenesis and facilitating cancer cell
extravasation.
When tumours grow, cancer cells typically require more nutrients
and a higher level of oxygen [163], presenting the pathophysiological
demands for new blood vessels to form and entangle within the tumours,
namely tumour angiogenesis [164]. In the TME, many growth factors
regulate tumour angiogenesis, including vascular endothelial growth
factor (VEGF) [165], fibroblast growth factor [166], and
platelet-derived growth factor [167]. Among them, VEGF is the most
studied, and these studies led to the development of the anti-VEGF
therapeutic drug bevacizumab, whose combination use with the
anti-PD-L1 drug atezolizumab has revolutionised the immunotherapy
landscape in advanced liver cancer treatments [168,169]. Treps et al.
found that EVs from glioblastoma stem-like cells carry high levels of
VEGF-A, which induces angiogenic potential in human brain endothelial
cells [170]. Moreover, circulating EVs from glioblastoma patients
showed high levels of VEGF-A in comparison to healthy donors, impli
cating the potential clinical significance of the findings [170].
Anti-angiogenesis therapy is a promising treatment strategy but can be
compromised due to the emergence of resistance [171]. For instance,
tumour-derived EVs can harbour a 189-amino-acid isoform of VEGF
(VEGF-189) that is insensitive to treatment with bevacizumab, and
elevated levels of VEGF in EVs from bevacizumab-treated cancer pa
tients are associated with tumour progression, implying a significant
role of EV-bound VEGF-189 in bevacizumab resistance [172]. In addi
tion, treatment with the anti-angiogenesis drug vandetanib triggers
endothelial cells to release VEGF-enriched EVs despite abolishing
angiogenesis and inducing autophagy [173]. The VEGF-enriched EVs
can in return facilitate the formation of endothelial vessels and vascu
logenic mimicry to promote progression in hepatocellular carcinoma
[173]. Targeting the VEGF-enriched EVs may be a novel way to over
come anti-angiogenesis treatment resistance.
In addition to VEGF-related mechanisms, EVs are also capable of
mediating angiogenesis through VEGF-independent pathways. Naza
renko et al. demonstrated that Tspan8 is important to the recruitment of
α4 integrin into EVs in adenocarcinoma, and that the uptake of EVs
bearing Tspan8-α4-integrin complex regulates VEGF-independent,
angiogenesis-related gene expressions, accompanied by enhanced pro
liferation, migration, and sprouting of endothelial cells [174]. Further
more, hypoxia also plays a role in the EV-mediated angiogenesis:
Svensson et al. showed that hypoxic endothelial cells are activated by
glioblastoma-derived EVs in a tissue factor VIIa–dependent manner
[175] and activation of endothelial cells is an important step in tumour
angiogenesis [176]. EV-enclosed microRNAs are also a major contrib
utor to angiogenesis. EVs from many types of cancer cells possess
distinct microRNAs including microRNA-130a, microRNA-155,
microRNA-23a, microRNA-182− 5p, and microRNA-17− 5p, which have
been reported to promote angiogenesis in endothelial cells [177–181].
Enhanced vascular permeability of endothelial barriers is important
for cancer cells to extravasate and later metastasize [182]. Education
and reprogramming by tumour-derived EVs can cause endothelial cells
to show increased permeability. Zeng et al. reported that EVs from
colorectal cancer cells contain microRNA-25− 3p, which targets KLF2
and KLF4 in endothelial cells to upregulate their vascular permeability
[183]. Edmond et al. demonstrated the EV-mediated transfer of
pro-permeability factor Semaphorin3A can enhance brain endothelial
permeability in vitro as well as vascular permeability in vivo in glio
blastoma [184]. Similarly, transport of microRNA-103 via EVs enhances
vascular permeability and fosters metastasis in hepatocellular carci
noma by targeting transcripts encoding junction proteins VE-Cadherin,
p120-catenin, and zonula occludens-1 [185]. In addition to this
microRNA-103-dependant pathway, Lin et al. demonstrated a

4.4. Neuronal and glial cells in the nervous system
Neurons, unlike the abovementioned cell elements of the TME, i.e.
fibroblasts, immune cells, and endothelial cells, have received little
attention in the TME, despite clinical and research observations indi
cating that brain tumour cells infiltrate among neurons [191]. In a
retrospective analysis of prostate adenocarcinoma patient samples,
Magnon et al. demonstrated that higher densities of nerve fibres in the
TME are associated with worsened clinical outcomes [192]. Lately, three
reports have shown that glioma cells and neurons can communicate
directly via synaptic structures, which favours tumour growth and
metastasis, in addition to the well-studied paracrine and autocrine
pathways [193–195]. Together, these studies imply an emerging and
pivotal role of neurons in the TME.
Amit et al. explored further the communication mechanisms that
exist between tumour cells and neurons using oral cavity squamous cell
carcinoma (OCSCC) as a model [196]. They demonstrated that mutation
or loss of the tumour suppressor p53, a commonly observed phenome
non in OCSCC, leads to the secretion of EVs devoid of microRNA-34a
[196]. microRNA-34a is known as a tumour suppressor and injecting
microRNA-34a-lacking EVs from p53-mutant OCSCC cells in mice
bearing wild-type p53 OCSCC tumour induced formation of
tumour-associated sensory nerves in the TME and later promoted
tumour growth as compared to the controls [196]. This result indicates a
novel EV-mediated interaction mechanism between OCSCC cells and
neurons, which aids tumour progression. Interestingly, they also
demonstrated that treatment with carvedilol, a β1, β2, and α1 adrenergic
receptor blocker used to treat high blood pressure and congestive heart
failure, can slow tumour growth, a result that may be mediated by tar
geting of the newly formed adrenergic neurons in the TME [196]. This
observation may partially explain a previous population-based cohort
study where carvedilol use is associated with reduced cancer risk [197],
and may inspire a novel class of be a potential anticancer therapeutic
strategies [198].
Astrocytes, the star-shaped, non-neuronal glial cells in the central
nervous system, are reported to be an active player in crosstalk within
the TME. Zhang et al. showed the characteristic loss of tumour sup
pressor PTEN in cancer cells after metastasising to the brain but not to
other organs [86]. The signature loss of PTEN was induced by uptake of
astrocyte-derived, microRNA-19a-containing EVs and led to an
enhanced secretion of chemokine CCL2 for recruitment of IBA1-positive
myeloid cells to promote metastatic tumour outgrowth [86]. Further
more, reactive astrocytes can release EVs containing increased levels of
O6-alkylguanine DNA alkyltransferase mRNA, which upon uptake can
trigger temozolomide resistance in glioma cells [199]. The EV-mediated
crosstalk between astrocytes and tumour cells is also mutual. Glioblas
toma cells are capable of secreting EVs to promote the cytokine pro
duction and migration of normal astrocytes and direct them towards a
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tumour-supportive phenotype through p53 and MYC signalling path
ways [200,201].
Tumour-derived EVs can not only reprogramme neurons and nonneuronal cells in nervous system, but also breach the blood-brain bar
rier to facilitate metastasis. This attribute of EVs is achieved jointly by
enhanced transcytosis regulated by Rab7 [202] and PDPK1-related BBB
destruction via EV-delivered microRNA-181c [203]. These findings
suggest two different therapeutic strategies: one, to antagonise the
BBB-crossing functions of EVs to halt metastasis, and two, to utilise such
functions to deliver therapeutic agents to treat brain tumours [204].

It will be interesting to learn whether the integrins on the EV surface
interact with fibronectin in the extracellular matrix within the TME and
thereby contribute to tumour progression.
To summarise, current studies indicate a role of EVs and EV-bound
proteinases in extracellular matrix degradation in the TME. Acidity
and hypoxia in the TME can enhance the extracellular matrix degrada
tion through EV-mediated processes. In addition, some components of
the extracellular matrix, such as heparan sulfate, proteoglycans and fi
bronectins are found on the plasma membrane and EV surface, which
contributes to EV internalisation and EV-mediated cell motility,
respectively.

4.5. EVs interaction with non-cell components in the TME

5. EV-mediated metabolic reprogramming and horizontal
transfer of neoplastic traits

One of the most reported non-cell TME components that interact
with EVs is the extracellular matrix, in addition to carrying cytokines
[205], chemokines [206], growth factors [172], chemokine receptors
[207] and growth factor receptors [208] for the later cellular interaction
and signalling upon EV uptake. Indeed, this is especially true in the TME,
where EVs serve as the signalling messengers between cells and the
extracellular matrix, which forms the structural and biochemical sup
port niche for cancer cells [209].
EVs can mediate the degradation of extracellular matrix components
in the TME, thus potentially contributing to tumour invasiveness and
metastasis. The TME is acidic and hypoxic, two aspects that can lead to
increased extracellular matrix degradation via EVs. Cancer cells under
hypoxia secrete EVs with elevated levels of MMP-13, which can break
down extracellular matrix [210] and is associated with cancer pro
gression [211], and contributes to metastasis [212]. The acidity of the
TME can also contribute: Giusti et al. reported that acid exposure en
hances the activity of proteinases associated with tumour-derived EVs
for matrix degradation and leads to increased pro-invasive capabilities
[213].
The major components of extracellular matrix include hyaluronans,
proteoglycans, and collagens, all of which have been reported to interact
with EVs in the TME. For instance, certain cancer-derived EVs are re
ported to bear a hyaluronan coating [214]. The hyaluronan coating of
EVs is CD44-mediated and this entire process may induce cancer cell
tumorigenicity, niche remodelling and enhancement of stemness [215,
216]. These observations may inspire therapeutic innovations. Hong
et al. used EVs carrying hyaluronidase to promote the degradation of
tumour stromal hyaluronan, which could be an immune-suppressive,
physiological barrier in the TME [217]. Stromal hyaluronan degrada
tion resulting from EV-hyaluronidase treatment activated CD103+ DCs,
resulting in their further activation of tumour-specific CD8+ T cells
[217]. Liu et al. took advantage of binding of hyaluronan and CD44 to
engineer EVs with lipid-grafted hyaluronic acid for better
tumour-specific targeting to overcome drug resistance [218]. For pro
teoglycans in an EV context, heparan sulfate proteoglycans on the cell
surface are important receptors for EV internalization and functioning
[75,219]. Surprisingly, Bandari et al. found that chemotherapy resulted
in cancer cells releasing EVs with an abundance of heparanase on the EV
surface, which degraded heparan sulfate in the extracellular matrix
[220]. The enzymatic degradation of collagens could also be expected
due to the presence of collagenase-3/MMP-13 on EVs, as discussed
above [210,212].
Fibronectin is another important glycoprotein member of the
extracellular matrix and can bind to the cell membrane integrins
through recognition of the RGD motif to mediate cell adhesion, migra
tion, proliferation and many other functions [221]. Chanda et al. iden
tified and confirmed the presence of fibronectin on fibroblast-derived EV
surface and its role in promoting fibroblast invasion via interaction with
its receptor α5β1 integrin [222]. In a cancer context, Sung et al. showed
that EVs are important for cancer cell chemotaxis, and fibronectin on
EVs controls cell speed but not movement directionality during
chemotaxis [223]. The sorting of fibronectin into EVs is dependent on
integrins [224], which are themselves abundant on the EV surface [30].

The hallmarks of cancer illustrate the crucial biological capabilities
that cancer cells gain and develop in the course of oncogenesis and
tumour progression [225]. A decade ago, four emerging hallmarks of
cancer were depicted, that is, dysregulated cellular metabolism,
genomic and genetic instability, immune evasion, and protumourigenic
inflammation [226]. Strikingly, all of these hallmarks of cancers are
reported to involve EV-mediated processes. Immune evasion typically
involves interactions between cancer cells and immune cells, while
cancer cells, CAFs, and immune cells all participate in the complex
network of protumourigenic inflammation. Both aspects have been
extensively discussed in the earlier sections of this review. In terms of
dysregulated cellular metabolism and genomic and genetic instability,
we will discuss them in this section, given their complexity in
EV-mediated cell-cell crosstalk (Fig. 2). The literature frequently de
scribes horizontal transfer of genomic and genetic instability via EVs,
along with some classic hallmarks of cancer, i.e. sustained cell prolif
eration and resistance to cell death, and enhanced invasion and metas
tasis. These topics, all related to transfer of neoplastic traits, will be
discussed as a group.
5.1. EV remodelling metabolism in the TME
The TME is usually defined as a hypoxic, nutrient-deprived and
acidic environment, which requires adaptation of niche cells via meta
bolic reprogramming [227]. Fong et al. showed that breast cancer cells
can secrete microRNA-122 to direct niche cells to downregulate glyco
lytic enzyme pyruvate kinase for inhibition of glucose uptake so that
tumour cells have higher nutrient availability for metastasis [228]. This
is a signature study where intercellular crosstalk is recognised to be
important for metabolic reprogramming in the TME. Considering the
pivotal role of EVs in TME cell-cell communication, this topic is
emerging as an important component in studying the involvement of
EVs in TME metabolic reprogramming.
A direct way for EVs to affect the TME metabolism is to transport the
‘cellular fuels’, such as fatty acid, as various fatty acids have been
identified in EVs [229]. Clement et al. demonstrated that
adipocyte-derived EVs can deliver both fatty acids and fatty acid
oxidation-related enzymes to melanoma cells to enhance fatty acid
oxidation and melanoma cell migration via regulating lipophagy and
remodelling of the mitochondrial network, respectively [230]. Impor
tantly, in obesity, such effects of adipocyte-derived EVs are heightened
due to extra loading of fatty acids, rather than fatty acid
oxidation-related enzymes, into the EVs [230], which may explain the
association of increased risk of malignant melanoma with obesity in men
[231]. In addition to direct fatty acid transport through EVs, modulation
of TME metabolism can be achieved either through the transfer of me
tabolites, enzymes, and lipid transporter proteins or via downstream
gene regulation upon EVs uptake by various cell types.
Increasing evidence indicates that CAFs are a dynamic participant of
EV-mediated metabolic reprogramming. EVs from patient-derived CAFs
can reduce the mitochondrial oxidative phosphorylation of cancer cells,
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Fig. 2. The impacts of EVs on metabolic reprogramming
and horizontal transfer of neoplastic traits in the TME.
EVs can transport a wide range of cargo, including fatty acids,
metabolic intermediates, enzymes, lipid transporter proteins
and non-coding RNAs to reprogram TME metabolism. Different
neoplastic traits, such as enhanced cell proliferation and
supressed apoptosis, heightened metastatic and invasive ca
pabilities, and genomic instability, can also be transferred be
tween cancer cells and stromal cells in the TME with the aid of
EVs.

and enhance their glycolysis and glutamine-dependent reductive
carboxylation [36]. Moreover, a de novo ‘off-the-shelf’ transfer of me
tabolites, such as amino acids, lipids, and TCA-cycle intermediates from
CAFs to cancer cells has been identified [36]. Both serve the purpose for
cancer cells to better survive the nutrient-deprived environment [36].
Moreover, Sansone et al. proposed a model in which EV-mediated
transfer of mitochondrial DNA (mtDNA) repairs the impaired meta
bolism in recipient cells [232]. In particular, CAF-derived EVs are loaded
with whole genomic mtDNA and the horizontal transfer of mtDNA via
EVs is responsible for the restoration of oxidative phosphorylation and
the escape from metabolic quiescence in the recipient hormonal
therapy-resistant metastatic breast cancer cells [232]. Nevertheless,
additional work will be needed to reveal/confirm the underlying
mechanism. Reminiscent of other observations discussed above (111),
this EV-liaised metabolic reprogramming appears to be mutual for
cancer cells and CAFs. Yan et al. reported the exchange of
microRNA-105 via EVs from cancer cells to CAFs [233]. The elevation of
microRNA-105 in breast cancer-derived EVs was induced by oncopro
tein MYC in tumour cells and triggered MYC signalling in CAFs upon
uptake, adding to the metabolic plasticity of CAFs under different con
ditions [233]. When nutrients suffice, microRNA-105-reprogrammed
CAFs demonstrate a ‘symbiosis’ state with increased glucose and
glutamine metabolism to power the surrounding tumour cells; when
nutrients exhaust and metabolic by-products accumulate, a ‘scavenging’
state of CAFs is activated with enhanced lactic acid gluconeogenesis and
NH4+ detoxification for sustainable metabolite conversion [233]. This
metabolic homeostasis under different nutrition states in the TME can be
bestowed, in part, due to the metabolic plasticity of CAFs reprogrammed

by microRNA-105.
EV-related metabolic changes involving immune cells should not be
neglected, given their high presence and widespread involvement in the
TME, as discussed above, and their unique metabolic reprograms in the
TME [234]. Chen et al. illustrated an EV-mediated feed-forward meta
bolic reprogramming loop between tumour-associated macrophages
(TAMs) and tumour cells [136]. EVs secreted by TAMs contain a type of
myeloid-specific long non-coding RNA (lncRNA) HISLA, which upon
internalisation by breast cancer cells hampers the hydroxylation and
degradation of hypoxia-inducible factor 1-alpha (HIF-1α) via disruption
of PHD2-HIF-1α interaction [136]. Upregulation and accumulation of
HIF-1α is observed broadly in cancer cells and considered to be associ
ated with progression and higher mortality, potentially by aiding cancer
cells to overcome intratumoral hypoxic stress [235]. HISLA is associated
with tumour glycolysis and glycolic cancer cells release lactate to the
TME to further enhance levels of lncRNA HISLA in TAMs, forming an
EV-transmitted feed-forward metabolic reprogramming loop between
TAMs and cancer cells [235]. Earlier studies have shown that lactate
released by cancer cells can suppress the anti-tumour immune response
through modulation of myeloid-derived suppressor cells and NK cells
[236] and thus the upregulation of HIF-1α in cancer cells upon meta
bolic tuning by TAMs-derived EVs could have a broader impact on
various immune cells extending beyond just TAMs. Another study
showed that tumour-derived EVs bear CD39 and CD73, which partially
contribute to the potent ATP- and 5′ AMP-phosphohydrolytic effects,
respectively [237]. Adenosine production from 5′ AMP conversion trig
gered by tumour-derived EVs can hamper T cell activation regardless of
cellular CD73 expression [237]. Overall, these findings demonstrate an
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important yet poorly understood role of EVs in the interconnected and
complex network of metabolic reprogramming in the TME.

RNAs, circular RNAs (circRNAs), which when found in EVs can also
promote cancer invasiveness [251]. Prostate cancer-derived EVs con
taining high level of the circRNA circ_SLC19A1, which can target and
downregulate microRNA-497 in EV recipient cells, and thereby further
increase expression of SEPT2, leading to ERK1/2 pathway activation,
ultimately fostering invasiveness [251]. Campos et al. showed that
caveolin-1-containing EVs, known to be elevated in advanced cancer
patients, are responsible for transporting adhesion-related proteins, such
as Cyr61 and tenascin, in metastasis [252]. Metalloproteinases (MMPs)
are an important player in cancer invasiveness and metastasis [253].
Shan et al. showed that hypoxic nasopharyngeal carcinoma (NPC) cells
can convert normoxic cells into a more metastatic phenotype though EV
education and that high MMP-13 is detected in EVs from hypoxic NPC
cells as compared to the normoxic ones [212]. In addition, Colangelo
et al. showed that ionizing radiation can cause an increase of CD147
level in glioblastoma-derived EVs and incubation of astrocytes with such
EVs induces MMP secretion for enhanced invasiveness [254]. EV uptake
can promote metastasis through enhancing cell mobility. Liu et al. found
that the elevation of Tspan8 of serum EVs may predict future metastasis
in patients with non-small cell lung cancer and that incubation with
Tspan8-overexpressing EVs enhance the Matrigel invasion of cancer
cells [255], which is consistent with the observation that internalisation
of Tspan8 can promote cell migration in EV-mediated delivery [256].
EVs from malignant cells can also encourage epithelial-mesenchymal
transition (EMT) to promote metastasis and progression [257]. For
instance, when incubated with and internalising cancer-derived EVs,
normal epithelial prostate cancer cells showed increased levels of VIM
and N-Cad genes and decreased level of E-cad genes, suggesting EMT in
the recipient cells [258]. This is also accompanied by other oncogenic
features in recipient normal prostate cells [258]. Thus, we can see that
EVs can confer traits of both invasiveness and metastasis between cells
via various pathways and mechanisms.
Given that many cancer cells show genomic instability [259], re
searchers have been trying to detect extrachromosomal DNA in EVs and
see whether EV DNA can serve as a useful clinical biomarker [260].
Vagner et al., using whole genome sequencing, revealed that large EVs,
rather than small EVs, contain most of the circulating DNA in plasma
and are representative of genetic abnormalities of the cells of origin
[261]. Specifically, alterations of MYC, KLF10 and PTK2 genes are
detected in tumour-derived EVs [261]. The DNA from these genes,
which are associated with metastasis and poor prognosis, is located in an
unstable region of chromosome 8 [262]. Not only is the loading of
extracellular DNA into EVs associated with genomic instability, the
malignant feature of genomic instability can also be conferred between
cells via EVs. Chennakrishnaiah et al. showed that tumour cells with
mutant HRAS oncogene can confer, via EVs, the trait of micronuclei
formation [263], which is an event of chromosomal instability and
frequently observed in cancer [264]. Indeed, treatment with EVs from
HRAS-driven cancer cells induced endothelial cells to form an increased
number of micronuclei and the same was also observed in treatment
with oncogenic EVs from cells expressing oncogenic EGFRvIII [263].
Another study by Mo et al. demonstrated that EVs from irradiated cells
contain higher levels of micro-1246 as compared to those from nonir
radiated cells and that incubation with such EVs caused DNA damage
and impaired DNA repair efficiency in the recipient cells by directly
targeting LIG4 [265].

5.2. Horizontal transfer of malignant traits
Many malignant traits of cancer cells can be horizontally transferred
by EVs, including sustained cell proliferation and resistance to cell
death, enhanced invasion and metastasis, and instability of the genome
and genetic materials [225,226]. These traits are all hallmark features of
cancer.
Sustained cell proliferation and resistance to cell death are among
the major characteristics of cancer cells. The cell proliferation signal in
cancer cells is frequently self-sufficient, in comparison to other normal
cells in the body whose proliferation is tightly controlled [238]. This
self-sufficiency is orchestrated by a number of genetic and epigenetic
changes, predominantly dysregulation of oncogenes and tumour sup
pressor genes [238]. Cancer cells also resist programmed cell death
through evading apoptosis [239]. EVs are reported to mediate both
processes. Borzi et al. showed that the shuttling of oncoprotein c-Myc by
lung cancer-derived EVs educate lung bronchial cells to display a
hyperproliferative phenotype, which can be partly attributed to induced
expression of microRNA-19b and microRNA-92a in the recipient bron
chial cells [240]. Moreover, even senescent cell-derived EVs can pro
mote the proliferation of cancer cells [241]. Takasugi et al. showed that
the oxidative inactivation of PTP1B phosphatase leads to an increased
phosphorylation of EphA2 in senescent cells, eventually leading to the
sorting of EphA2 into senescent cell-derived EVs. EV-bound EphA2 from
senescent cells can interact with ephrin-A1 in cancer cells to promote the
proliferation of cancer cells through EphA2/ephrin-A1 reverse signal
ling [241]. The pro-proliferation trait is also conferred from breast
cancer cells to non-cancerous breast cells through EVs [242]. With re
gard to apoptosis evasion, Cappellesso et al. found that programmed cell
death 4 (PDCD4) is down-regulated in ovarian serous carcinoma tissues
as compared to non-cancerous ovarian tissues [243]; PDCD4 is a tumour
suppressor gene and a target of microRNA-21 [244]. Furthermore, the
inverse correlation of PDCD4 and microRNA-21 is also identified in EVs
from ovarian serous carcinoma peritoneal effusions, in contrast to those
from non-neoplastic effusions [243]; moreover, EV-delivered micro
RNA-21 has a pro-senescent effect on endothelial cells in the TME [245].
Finally, Yang et al. showed that bladder cancer cell-derived EVs can
inhibit cancer cell apoptosis in vitro, potentially contributing to tumour
progression [246].
Enhanced invasion and metastasis are another malignant trait of
cancer cells, and metastasis contributes to tumour progression and the
majority of cancer-related mortalities [247]. Invasion generally refers to
the extension and infiltration of tumour cells to surrounding tissues.
Metastasis describes the spread of cancer cells through various routes to
establish a secondary growth of tumour in other distant tissues or organs
[248]. Tumour invasion is often deemed as the first step of metastasis
and later steps of metastasis involve intravasation into the vasculature,
traveling and surviving in the circulation, arresting or docking at distant
tissues and organs, extravasating into the organ parenchyma, and
adapting to a new environment for secondary tumour growth, collec
tively termed as the invasion-metastasis cascade [248]. The
invasion-metastasis cascade is attributed to a number of complex bio
logical processes, such as regulation of cell-cell/cell-matrix adhesion,
increased proteinase activities, enhanced cell mobility, and
epithelial-mesenchymal transition, as a result of genetic, epigenetic and
molecular alterations [248]. EVs are capable of mediating invasive and
metastatic traits [249]. Le et al. used human and mouse breast cancer
cells of different metastatic capabilities to demonstrate that the meta
static trait can be transferred from highly metastatic cancer cells to
poorly metastatic ones through EV-mediated transport of
microRNA-200 in vitro and in vivo, consistent with previous findings that
microRNA-200 is enriched in the serum of patients with metastatic
cancers [250]. Zheng et al. described another novel class of non-coding

6. EV-mediated resistance to anticancer therapies
Advancements in cancer therapy have significantly improved the
prognosis, survival and quality of life of cancer patients. However,
resistance to therapeutic agents often develops, diminishing their effi
cacy and resulting in deteriorating prognosis. Here, we review and
discuss studies showing the role of EVs in contributing to therapeutic
resistance, including radioresistance, chemoresistance, hormone ther
apy resistance, targeted therapy resistance and immunotherapy
33

D.X. Zhang et al.

Seminars in Cancer Biology 74 (2021) 24–44

resistance (Fig. 3).

elucidated the RNA species responsible for conferral of radioresistance.
Tang et al. demonstrated that microRNA-208a was elevated in serum
EVs after radiotherapy [274]. Upregulation of microRNA-208a can
enhance radioresistance in lung cancer cells by targeting p21 in the
AKT/mTOR pathway [274]. Similar radioresistant functions were
discovered in both EV-enclosed circRNA circATP8B4 and antisense
transcript of hypoxia‑inducible factor‑1α in glioma [275,276].

6.1. Radioresistance
Radiotherapy or radiation therapy is among the major treatments for
certain cancers, such as nasopharyngeal carcinoma (NPC) and some
other head and neck cancers [266,267], and can be a radical curative
treatment and comes second only to surgery. Radiotherapy is believed to
function through inducing DNA damage in cancer cells and causing
them to die [268,269]. Thus, radiotherapy resistance can result from
enhanced DNA repair in cancer cells, especially cancer stem cells [270].
Zhang et al. reported the important role of EV-bound, Epstein-Barr
virus (EBV) encoded latent membrane protein 1 (LMP1) in NPC radio
resistance [271]. Internalisation of LMP1-expressing EVs promotes the
radioresistance of recipient cancer cells through the P38 MAPK signal
ling, a pathway activated in response to DNA damage [272], and a P38
inhibitor is effective in rescuing and restoring the radiosensitivity
induced by EV-bound LMP1 [271]. An earlier study by Boelens et al.
showed that transfer of EV-enclosed RNA from CASCs to breast cancer
cells activates the antiviral STAT1 pathway through RIG-I [273], leading
to radiation resistance. This study paved the way for later work that

6.2. Chemoresistance
Chemotherapy is a common treatment against a variety of cancers,
where therapeutic agents are used to kill cancer cells, often by modu
lation of the cell cycle such that cell reproduction is inhibited [277].
Despite the variety of chemotherapeutic drugs with diverse anticancer
mechanisms, resistance to chemotherapy can develop over time, cause
significant difficulty in treatment, and diminish the prognosis and sur
vival of patients affected. Over the decades, different mechanisms have
been identified to contribute to chemotherapeutic resistance, including
alteration in drug efflux/influx transport, inhibition of cell death and
enhanced DNA repair, inactivation of the chemotherapeutic agents, and
alterations in the druggable targets [278]. In addition, the heterogeneity
Fig. 3. EV-related emergence of resistance
to anticancer treatments.
EVs are reported to contribute to the emergence
of resistance to different anticancer treatments
including, radiotherapy, chemotherapy, tar
geted therapy, hormone therapy and immuno
therapy. A better understanding of the EVmediated molecular mechanisms involved will
shed light on novel strategies to tackle the ris
ing issue of therapeutic resistance in cancer
treatments.
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of tumours is also attributed to chemotherapeutic resistance through the
consistent selection of resistant cancer cells [279]. Although inactiva
tion of therapeutic drugs and alteration in the druggable targets are
reported in chemoresistance [278], the EV-mediated development of
chemoresistance occurs primarily through increasing drug efflux, inhi
bition of drug toxicity and enhanced DNA repair.
P-glycoprotein, an ATP-dependant efflux pump encoded by ABCB1,
is an important intercellular mediator of acquired chemotherapeutic
resistance [280]. Wang et al. recently described the EV-mediated
transfer of P-glycoprotein in chemoresistance acquisition [281]. Expo
sure to chemotherapeutic agents can stimulate chemoresistant cancer
cells to release more P-glycoprotein-containing EVs through Rab8B
regulation, which can induce rapid but unstable chemoresistance in the
chemosensitive cancer cells receiving EVs [281]. Chemoresistance
resulting from EV-transported P-glycoprotein has also been reported in
leukemia [282], ovarian cancer [283], prostate cancer [284], and breast
cancer [285]. EVs also facilitate the intercellular transfer of other
APT-dependant transporters such as ABCG2 and ABCC2 in chemo
resistance development [286,287]. The roles, discussed above, of
EV-transported LMP1 and c-Myc in DNA repair [271] and proliferation
boost [240], respectively, may also contribute, as LMP1 [288] and
c-Myc [289–291] are involved in chemoresistance development. Other
pro-survival EV cargo resulting in chemoresistance include survivin
[292] and microRNA-485− 3p [293].

progression-free survival and overall survival as compared to high
AR-V7 levels [299].
The above findings suggest that the role of EVs extends beyond
conferring resistance to hormone therapy — they are also indicative of
potential resistance risks and prognosis, which make them suitable as
potential biomarkers.
6.4. Resistance to targeted therapy
Targeted therapeutic agents include small molecules, monoclonal
antibodies, and their derivatives. Most small-molecule drugs are tyro
sine kinase inhibitors and block the enzymatic activation of diverse
proteins in signal transduction cascades while monoclonal antibodies in
the targeted therapy category bind to the antigens on the cell surface and
block them to inhibit cancer growth [300,301]. Many tyrosine kinase
inhibitors and monoclonal antibodies based drugs are now among
first-line options for responders [302]. Common molecular targets for
targeted therapies include EGFR and ALK in lung cancer [303], BRAF in
melanoma [304], BCR-ABL in chronic myeloid leukemia (CML) [305],
and EGFR and VEGF in colorectal cancer [306,307]. We will next focus
on the EV-associated mechanisms of resistance to these targets.
Since EGFR is detected in circulating EV from cancer patients [308,
309] and can be transported via EVs [14,310], it is possible that the
resistance to anti-EGFR drugs can be conferred by EVs as well. EVs from
anti-EGFR-resistant cancer cells have a distinct proteomic profile with
an overrepresentation of AKT/mTOR pathway components [311],
consistent with findings from patient tissue samples in the clinic [312].
The EV-mediated transfer of microRNA-21 [313], lncRNA H19 [314,
315], and lncRNA RP11‑838N2.4 [316,317] could contribute to the
anti-EGFR drug resistance via this AKT/mTOR pathway and other
related pathways. It is noteworthy that treatment with the anti-EGFR
drug gefitinib can enhance EV uptake and improve the anticancer effi
cacy of doxorubicin-loaded EVs, thus potentiating future combination
treatment strategies [318].
In resistance to an ALK-tyrosine kinase inhibitor, Kwok et al.
described differential levels of miR-21− 5p and miR-486− 3p, and
lncRNAs MEG3 and XIST in anti-ALK drug resistant EVs in comparison
with the drug sensitive ones [319]. The EV-mediated transfer of such
non-coding RNAs may induce anti-ALK drug resistance in the drug
sensitive subpopulation of cancer cells within the heterogenous tumour
[319]. EVs can also transport a truncated form of ALK and lead to BRAF
inhibitor resistance in melanoma via MAPK signalling pathway [320].
Another study by Vella et al. showed that BRAF inhibitor resistance is
attributed to the EV-transported PDGFRβ through activation of the
PI3K/AKT signalling pathway and escape from MAPK pathway [321].
Treatment with BRAF inhibitor increases the level of PD-L1 protein in
EVs [322], which could further assist tumour growth by enhancing
immune escape [323]. These findings may provide a novel insight into
the short-lived clinical benefit and frequent recurrence following BRAF
inhibitor treatment [324]. Through profiling of small RNAs in EVs from
BRAF inhibitor-resistant/sensitive cells, Gad et al. identified the upre
gulation of microRNA-3613− 3p in EVs of resistant origin and the role of
this microRNA in targeting of CDC7 [325]. Importantly, reconstitution
of microRNA-3613− 3p in BRAF inhibitor-resistant cells led to a decrease
in CDC7 expression and sensitized the resistant cells to treatment with
BRAFV600E-specific inhibitors [325].
BCR-ABL1 is a mutated hybrid gene commonly found in cancers and
an important therapeutic target in CML [305], which is also secreted
into CML-derived EVs and has the potential to be a prognostic biomarker
[326]. Min et al. reported that the EV-mediated horizontal transfer of
microRNA-365 is responsible for acquired drug resistance to imatinib, a
tyrosine kinase inhibitor targeting BCR-ABL in CML treatment [327].
The acquired drug resistance is due to the inhibition of pro-apoptosis
signals in imatinib-sensitive cells [327]. Another earlier study found
that upregulation of drug efflux pump P-glycoprotein is crucial to ac
quired imatinib resistance [328], which can be transported between

6.3. Resistance to anticancer hormone therapy
Unlike radiotherapy or chemotherapy, which non-specifically cause
DNA damage to irradiated cells or kill rapidly dividing cells, respec
tively, targeted therapy, hormone therapy and immunotherapy repre
sent novel and more precise paradigms in cancer treatment as they
target specific pathways that cancer cells rely on at a molecular level.
Given this, some have classified hormone therapy and immunotherapy
as part of targeted therapy. Here, we refer to treatments targeting hor
mones or hormone receptors needed for cancer cells to grow as hormone
therapy, and those modulating our immune system as anticancer
immunotherapy.
Hormone anticancer therapy either tries to reduce the levels of
hormones or inhibits the binding of hormones to their receptors to halt
hormone-dependant cancer growth [294,295]. It is commonly used in
certain types of cancers such as breast cancer and prostate cancer if the
cancers are hormone receptor-positive or -responsive [294,295].
Augimeri et al. reported that the aromatase inhibitor-resistant
variant of breast cancer cells secrete an increased number of EVs as
compared to isogenic estrogen-dependent cancer cells [296]. This
conclusion is supported further by proteomic profiling of the two cell
variants where the aromatase inhibitor-resistant form showed an upre
gulation of Rab GTPases shown to be crucial for EV production [296].
Anti-estrogen drug resistance can also be partially transferred by EVs, as
shown by Semina et al. [297]. Incubation of estrogen-dependent breast
cancer cells with EVs from anti-estrogen drug resistant cells led to a
reduction of estrogen receptor alpha activity along with other common
resistant features [297]. In addition, the transfer of mitochondrial DNA
via EVs from CAFs to hormone therapy-naïve cells contributes to the
dormancy escape and the resulting resistance development as well
[232].
EVs can be used for breast cancer subtyping, as Rontogianni et al.
demonstrated that proteomic profiling of EVs from various breast cancer
cell lines are reflective of their molecular subtypes respectively, which
are routinely classified in accordance with their estrogen receptor,
progesterone receptor, and the human epidermal growth factor receptor
statuses in clinic [298]. The RNA profiles of plasma EV can also predict
the resistance to hormone therapy in metastatic prostate cancer [299].
Del Re et al. reported that plasma EV-derived androgen receptor splice
variant 7 (AR-V7) is a reliable tool to predict hormone therapy resis
tance and a lower level of AR-V7 in the EVs is correlated with longer
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cells through EVs [281]. Other than EVs, imatinib resistance can be
induced by the transport of intercellular vesicles and proteins from
CASCs to CML cells, which is mediated by tunnelling nanotubes, the
cellular protrusions extending from the plasma membrane that partici
pate in intercellular communication [329]. In imatinib-resistant CML
patients, dasatinib was proved to be an effective option [330].Treatment
with dasatinib can function through inducing apoptotic response but
trigger increased EV secretion in imatinib-resistant CML cells [331].
Unlike the genes above, which are druggable targets in cancer cells,
anti-VEGF therapy is an effective cancer treatment that targets endo
thelial cells in the TME. However, resistance to anti-VEGF therapy can
significantly diminish the therapeutic potential of this therapy. One
possible mechanism for resistance to anti-VEGF treatment is that cancerderived EVs contain and transfer an VEGF-189 isoform that is insensitive
to bevacizumab treatment, thereby contributing to enhanced angio
genesis and tumour progression [172]. Li et al. observed some similar
ities in CAF-derived EVs [332]. VEGF carried by CAF-derived EVs cannot
be neutralised by bevacizumab and can cause activation of
VEGFR2-AKT-ERK signalling pathway upon uptake [332]. Another
study by Simon et al. proposed a model based upon bevacizumab export
into EVs by glioblastoma cells to escape from anti-VEGF treatment and
develop potential resistance [333].

findings by Poggio et al. [347], which showed that EV-associated PD-L1
may not respond to anti-PD-L1 antibody blockade and that genetic
removal of EV-associated PD-L1 can abrogate the resistance to
anti-PD-L1 antibody blockade and suppress tumour growth [347]. TGF-β
can also stimulate the expression of PD-L1 on EVs and blockage of TGF-β
decreased the level of PD-L1 EVs [348], potentially useful in combatting
resistance attributed to EV-associated PD-L1.
An alternative source of resistance to PD-1/PD-L1inhibitors is solu
ble PD-L1 [349]. Orme et al. showed that ADAM10 and ADAM17 can
cleave PD-L1 from the surface of cancer cells and their derived EVs and
form soluble PD-L1 that inhibits CD8+ T cells [350]. This suggests
resistance to PD-(L)1 inhibitors may be attenuated using ADAM10/A
DAM17 inhibitors [350]. Use of therapeutic plasma exchange is reported
to effectively remove soluble PD-L1 and EV-bound PD-L1 as well [351].
Moreover, Zhang et al. identified the circRNA circUHRF1 in EVs as a
possible contributor to anti-PD-L1 therapeutic resistance in HCC [352].
circUHRF1 level was higher in HCC patients with tumour progression
than those who partially responded to post-surgery anti-PD-L1 treat
ment or who had stable disease [352]. Moreover, knockdown of cir
cUHRF1 in HCC cells implanted in mice boosted the sensitivity to
anti-PD-L1 treatment [352]. However, the underlying mechanisms
involved remain unsolved and are worthy of further investigation.

6.5. Resistance to immunotherapy

7. Concluding remarks and future perspectives

Immunotherapy represents a novel, exciting, and fast-moving area of
cancer treatment. Other than attacking cancer cells directly using ther
apeutic agents, immunotherapy trains, activates, and uses the immune
system to attack cancer cells [334]. One of the most common types of
immunotherapy is based on inhibiting immune checkpoint. Antigen
presenting cells (APCs) monitor for abnormal cells such as cancer cells
[335]. Once detected and signalled by APCs, effector cells in the immune
system such as CD8+ cytotoxic T cells destroy the abnormal cells [335].
To avoid unnecessary attack upon healthy cells and to maintain ho
meostasis, the immune system develops a checkpoint procedure serving
as a safety switch [336]. However, to evade immunosurveillance,
tumour cells can express immune checkpoint points such as PD-L1,
which can bind to the checkpoint receptors such as PD-1 on CD8+
cytotoxic T cells to switch them off [336]. In this sense, immune
checkpoint inhibitors, such as PD-L1 inhibitors and PD-1 inhibitors,
block the switch of immune deactivation and cause CD8+ cytotoxic T
cells to kill cancer cells [336]. Currently, immune checkpoint inhibitors
are used to treat many late-stage cancers while resistance causes sig
nificant problems [337].
Chen et al. reported that melanoma-derived EVs can carry PD-L1 on
their surface to inhibit the CD8+ cytotoxic T cells and promote tumour
progression [338]. It is known that interferon-γ, commonly secretly by T
cells [339], can induce cell surface PD-L1 in cancer cells [340]. In an EV
context, interferon-γ also simulates PD-L1 expression on the EV surface
for further CD8+ T cell suppression [338]. Not only is EV-associated
PD-L1 a promising druggable target, it may also serve as an indicator
of potential therapeutic response, as the increase of PD-L1 on circulating
EVs in patients distinguishes clinical responders from non-responders
[338]. This phenomenon is consistently reported in other cancers as
well, including head and neck cancer [341], melanoma, and NSCLC
[342].
Expression of PD-L1 on other immune cells such as monocytes and
NK cells also contributes to the deactivation of cytotoxic T cell response
[343,344]. Haderk et al. demonstrated that noncoding Y RNA hY4 from
chronic lymphocytic leukemia (CLL)-derived EVs can induce the
expression of PD-L1 on monocytes in a TLR7-depedent manner [345].
Inhibition of TLR signalling rescues the upregulation of PD-L1 caused by
CLL-derived EVs and halts CLL progression, which may be a potential
therapeutic strategy against resistance.
Another report suggested the blockage of EV-PD-L1 secretion to
enhance anti-tumour immunity [346]. This result is consistent with the

With the rapid and continued expansion of EV research, the
emerging and versatile roles of EVs in TME are increasingly recognized.
In this review, we revisit EV biology including EV composition and
mechanisms of biogenesis and uptake, as they are essential to under
standing EV-mediated intercellular crosstalk in the TME. As our focus,
we review and summarise how EVs can interact with cancer cells and a
variety of CASCs, mediate metabolic remodelling and horizontal transfer
of different malignant traits, and contribute to anticancer therapeutic
resistance in the TME.
The constituents of EVs, which include proteins, nucleic acids, lipids,
and metabolites, are central to cell-cell communication in the TME. Most
current reports describe the delivery of proteins and nucleic acids upon
EV internalisation as an essential step for EV signalling. Thus, it is
essential to continue the investigation of how these specific, biorelevant
cargoes of proteins and nucleic acids are sorted or exported into EVs.
Further studies can also focus on how the EV cargoes escape degradation
subsequent to internalisation, and exert their functions in the TME.
Despite a relatively limited number of studies, EV lipids and metabolites
are increasingly deemed as important players in EV-mediated crosstalk,
and deserve further attention. However, it should not be neglected that
not all EV-mediated communication requires EV uptake since EV-cell
surface signalling independent of EV internalisation also occurs.
The rapid advancement of techniques is allowing us to characterise
EVs with lower input and higher confidence. Still, there remains a need
to demonstrate the ‘extracellular’ and ‘vesicular’ nature of the isolated
particles, as stated in the latest guidelines. As we start to appreciate the
heterogeneity of EVs, a more detailed and comprehensive reporting on
sources, isolation and storage conditions and characteristics of EVs will
lead to improved rigor and reproducibility in EV research. This is of
considerable importance to applications of EVs as diagnostic and prog
nostic biomarkers since the abovementioned parameters can affect the
results significantly.
The TME is an organic whole composed of cancer cells, CASCs and
other non-cell components where EV-mediated interactions are pivotal.
Cancer cells and CASCs are reciprocally educated by EVs and illustrate
an enhanced/impaired phenotype of existing functions or show newly
gained functional traits conferred by EVs. Fibroblasts in the TME can be
activated by tumour-derived EVs into CAFs while CAF-derived EVs can
finetune cancer cells to promote proliferation and metastasis. The ma
lignant modulation by cancer-derived EVs also increase cancer immune
evasion and enhance tumour progression, which derive from various
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mechanisms, including shutting down cancer cell scanning and sensing
and attenuating cytotoxic destruction of cancer cells. In contrast, some
EVs derived from immune cells can enhance anticancer activities and
merit further exploration as cancer therapeutics or cancer vaccines.
Through modulation of endothelial cells, EV signalling in the TME
harmonizes the processes of angiogenesis and vascular permeability.
The former supplies ample oxygen and nutrients to the niche while the
latter allows cancer cells to invade and metastasise, which together lead
to a favourable environment for tumours to develop and progress.
Moreover, although only recognised recently, neurons are crucial in the
EV-associated crosstalk as cancer-derived EVs are capable of reprog
ramming neutrons to a protumourigenic phenotype. Last but not least,
EVs are decorated with different proteinases for breaking down extra
cellular matrix, which can be heightened by the hypoxic and acidic TME.
All the above findings have brought us one step further to a more
complete depiction of the EV-modulated TME, and now provide many
promising targets to treat malignancies. In spite of diverse mechanisms
specific to different components of the TME, there is one thing in com
mon — the EV-mediated positive feedback loops between cancer cells
and TME constituents, which mutually enhance one another. These
loops represent an attractive therapeutic target.
In addition to modulation of the innate functions of specific TME
components, EVs remodel the cancer-associated metabolic circum
ambience, confer various malignant traits, and foster resistance to
different therapies. EVs can not only transport a number of metabolic
ingredients and intermediates, oxidation-related enzymes, and lipid
transporter proteins, but also regulate the effector cells via transcrip
tional and posttranscriptional regulation, in order to reprogramme TME
metabolism. Neoplastic traits conferred by EVs lead to genetic and
genomic instability, sustained cell proliferation and resistance to cell
death, and enhanced invasion and metastasis of cancer cells. Through
EV education, cancer cells also obtain enhanced DNA repair ability and
resistance to apoptosis, alter the druggable targets and increase drug
efflux to develop resistance to various anticancer therapies and lead to
treatment failures. All these aspects involve EV-mediated communica
tion between a diverse range of cell types. Collectively, these studies
enlighten us to view the TME more globally, and further suggest the
likely importance of combination therapeutic strategies to treat cancers
comprehensively.
Despite the remaining challenges in the field, such as the lack of
standardized EV isolation protocols, and the clinical efficacy of EVtreatments yet to be assessed, it is clear that what we are seeing today
in EV research is inspiring and encouraging. We trust that a better un
derstanding of EV-related cancer biology will be a powerful driving
force to facilitate the clinical translation of laboratory findings of EVs in
the TME.
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