Chapter 3 “®)
The Emerging Role of Exosomes in Cancer <z
Progression and Their Potential as Therapy
Targets

Carolina F. Ruivo and Soénia A. Melo

Abstract Exosomes are a specific population of extracellular vesicles (EVs) that
originate from an endocytic process. Virtually every cell type secretes exosomes and
their size ranges from 40 to 150 nm. Exosomes are surrounded by a lipid bilayer and
contain functional cargo that comprises proteins, lipids and genetic material such as
protein, RNA and DNA. In the recent years, several studies have reported the role of
exosomes as mediators of intercellular communication. Exosomes serve as vehicles
used by cancer cells and stromal cells to influence both local and distant metastatic
sites, by reprogramming recipient cells. This chapter will focus on the mechanisms
underlying the role of exosomes in tumor development, metastasis, immune escape,
therapy resistance, microenvironment reprogramming and angiogenesis.
Furthermore, we will also discuss the potential to target exosomes as a new thera-
peutic strategy in cancer.
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Exosomes: Structure, Cargo and Origin

Normal and cancer cells release vesicles into the extracellular space. Typically,
these vesicles have sizes in the range of hundreds to thousand nanometers and con-
sist of a lipid bilayer that encloses proteins from the cytosol and from organelles, as
well as nucleic acids such as RNA and DNA [1, 2]. Besides these common features,
evidence shows that extracellular vesicles [3] are not homogeneous in their mor-
phology and molecular content [4, 5]. This diversity is partially due to the fact that
released vesicles derive from different subcellular locations. Larger vesicles are
classically associated with a plasma-membrane origin [6], while smaller vesicles
with a diameter inferior to 150 nm are associated with an endosomal origin [7].
Exosomes fall into this last category of EVs. With sizes ranging from 40 to 150 nm,
they are produced within multivesicular bodies (MVB) that upon fusion with the
plasma membrane release the exosomes to the extracellular space (Fig. 3.1). EVs
heterogeneity is currently a highly discussed topic in the field and effort is being
made to develop a systematic classification according to the already well-established
features for each vesicle type [10]. In this chapter we discuss studies that respect the
most accepted criteria to classify EVs, as it is size range, endosomal-origin associ-
ated markers and isolation methods.

Johnstone first observed exosomes in 1987; he was interested in understanding
how the transferrin receptor (TfR) was secreted by reticulocytes [11]. By tracing
this receptor with electron microscopy (EM), they found that TfR co-localized with
nanosized round-shaped structures inside MVBs of endosomal origin [11]. The
endocytic pathway comprises the processes of internalization of extracellular com-
ponents, lipids and membrane proteins [12]. Upon endocytosis, endosomes are
formed by the inward folding of the PM resulting in sac-like structures commonly
found in the cell cytoplasm [13]. These initial endosomes, also known as early
endosomes, collect the endocytosed cargo and are responsible for its sorting. Early
endosomes mature into late endosomes and during this maturation process, they
form vesicles that bud into their lumen, intraluminal vesicles (ILVs) that correspond
to future exosomes (Fig. 3.1). Due to their vesicular anatomy, these endosomes are
called MVBs. MVBs can then fuse with lysosomes leading to their content degrada-
tion or fuse with the PM in an exocytosis process [13]. While ILVs are produced,
they capture proteins and nucleic acids present in the cytoplasm [4], particularly the
protein loading is carried by the endosomal sorting complex (ESCRT), whose -0, -1
and -II complexes recognize and sequestrate ubiquinated proteins in the endosomal
membrane [16], while ESCRT-III is responsible for the inward budding of the
plasma membrane [17]. Biogenesis of ILVs can also occur via an ESCRT-
independent mechanism, for example through the action of sphingolipid ceramide
[18]. Although these sorting mechanisms are not yet fully understood, it is believed
that exosomes cargo is somewhat tailored by the cell. Therefore, the cargo of exo-
somes does not necessarily fully mimics the composition of the donor cell and can
be enriched in certain components [19].
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Fig. 3.1 Exosomes-mediated communication in cancer. The biogenesis of exosomes initiates
through the invagination of the cellular membrane into an early endosome. After the inward bud-
ding of the membrane of the endosome the ILVs are formed. The mature endosome with the ILVs
are called MVB then fuses with the plasma membrane and releases its content to the extracellular
space, as exosomes. In the extracellular space exosomes interact with nearby and distant cells,
playing several roles that ultimately contribute to cancer formation and fuels disease progression.
Exosomes are capable of modulating the expression and differentiation of fibroblasts [8, 9],
degrading the ECM, and prepare the tissue for the arrival of cancer cells, thus promoting the forma-
tion of the pre-metastatic niche. The angiogenic and immunomodulatory features of exosomes
have also been recently addressed which furthers implicates exosomes and its effectors in the
carcinogenic process

Rab proteins are GTPases involved in intracellular vesicular transport and play
an important role in guiding and processing the MVBs. Distinct Rabs act during
exosomes biogenesis. Rab11 and Rab35 carry their role in the early endosomes
promoting the docking and fusion of MVBs [20]. On the other hand, RAB27A and
RAB27B are involved in the release of exosomes to the extracellular space by locat-
ing the MVBs close to the PM and managing its docking in order for the fusion to
occur [21, 22]. As a result of their endosomal origin, exosomes are characterized by
the presence of proteins involved in membrane transport and fusion processes, such
as the mentioned Rabs, annexins and flotilins, components of the ESCRT complex,
tumor susceptibility gene 101 (TGS101), heat shock proteins (HSP60, HSP70 and
HSP90) [23], integrins and tetraspanins including CD81, CD63 and CD9 [7, 24].
Likewise, the double inward membrane invagination that originates the MVBs,
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allows the membrane-domains and receptors to retain the PM original orientation,
meaning these proteins are capable of maintaining their molecular function.

Regarding RNA cargo, exosomes are specially enriched in non-coding RNAs
such as microRNAs. MicroRNAs consists of small RNA fragments of 20-22
nucleotides that imprecisely pair with mRNA silencing their expression and
inhibiting their protein synthesis [25]. Because many microRNAs are located in
cancer-associated genomic regions, there are several alterations in their expres-
sion that correlate with tumor initiation and progression [26]. Interestingly when
analyzing human serum for microRNA content, the majority of the microRNAs
are concentrated in the exosomes when compared with cell-free RNA [27].
Recent reports show that tumor-derived exosomes contain distinct microRNA
profiles in many cancers, including gastric [28], hepatocellular carcinoma [29],
breast [30], and ovarian cancer [31]. In glioblastoma-derived exosomes, the
miR-21 is functionally active in host cells and positively impacts the prolifera-
tion of cancer cells [3].

Additionally to RNA and proteins, exosomes contain mitochondrial DNA [32],
single stranded DNA, transposable elements [2] and more recently double stranded
DNA [33]. Pancreatic cancer (PC) derived exosomes contain dsDNA fragments
with a size >10-kb spanning all chromosomes and it is possible to detect mutations
on TP53 and KRAS genes that are frequently found altered in these tumors [33].
Also using circulating exosomal DNA KRAS®?P and TP53%?7*H mutations (Fig. 3.2)
are detectable in both PC and precursor lesions. Up until now, the majority of the
available studies show that exosomal DNA has great potential to be used as a bio-
marker, however unlike proteins and RNA, no biological function has been attrib-
uted to this cargo. Could exosomal DNA be delivered to a recipient cell and be
transcribed? Is exosomal DNA degraded once is delivered? These are a few exam-
ples of the many questions that remain to be elucidated.

Exosomes-Mediated Communication Promotes Tumor
Development

Cell-to-cell communication is a critical process that mediates homeostasis in a
multicellular organism [34, 35]. Many physiological processes rely on a coordi-
nate cellular response achieved by intercellular communication. Synapsis and
gap junctions are classical examples of short-distant cellular communication
that allow signals to travel fast and efficiently enough to allow a nervous
response [36]. When it comes to cancer, it has been established that cancer cells
communicate between themselves and with other cells from the tumor microen-
vironment. Several studies show that cancer cells secrete soluble factors such as
chemokines, cytokines and growth factors that modulate immune cells activity
and activate fibroblasts [37]. For example, transforming growth factor beta
TGF-p secreted by cancer cells mediates a paracrine signaling between breast
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Fig. 3.2 Cargo of cancer exosomes. Reported exosomal content includes both proteins and nucleic
acids such as mRNA, microRNA and dsDNA. The surface markers CD63, CD9 and CDS8]1 are
known to be broadly expressed in exosomes and therefore are commonly used as exosomal bio-
markers. Protein cargo specific for cancer exosomes is being currently explored; HIFla [14] and
GPC-1 [15] are examples of intra and surface proteins respectively, that are being explored as
biomarkers

cancer cells and fibroblasts that activates and differentiates fibroblasts into
cancer associated-fibroblasts (CAFs), hence promoting tumor progression [38].
There are three main mechanisms proposed for exosomes-mediated intercellular
communication: direct interaction of membrane proteins with receptors in the
target cell activating intracellular signaling processes, through the cleavage of
exosomal membrane proteins by proteases in the extracellular space, resulting
in differently sized fragments that may act as ligands that can be internalized by
the recipient cell or they can fuse with the target cell membrane and release their
contents directly into the cytoplasm [39, 40]. Exosomes are found in every body
fluid (blood, saliva, urine, cerebral fluid etc.) [41-43], meaning that these vesi-
cles can travel long distances within the organism and they seem to be suffi-
ciently stable to hold in circulation. This opens the possibility for exosomes to
work as vehicles of inter-tissue/organ communication that can support cancer
progression.
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Exosomes and Tumor Growth

Cancer derived-exosomes have oncogenic proteins as part of their cargo, as well as
mRNA and pro-oncogenic microRNAs. Because exosomes can interact with and be
internalized by surrounding cells, this means that their cargo can be directly deliv-
ered, constituting a new way of horizontal transfer of information between cells [1].
When oncogenic cargo is transferred from cancer cells via exosomes to less active
cancer cells, it can ultimately reprogram the recipient cell into a more aggressive
state. The oncogenic form of the epidermal growth factor receptor, EGFRVIII is
particularly enriched in exosomes derived from glioma cells. Upon their cargo
release, EGFRVIII is transferred to cancer cells with decreased tumorigenic activity,
resulting in the activation of MAPK and AKT signaling pathways [44]. These can-
cer derived-exosomes constitute a mechanism for the propagation of oncogenic
activity within tumor cells [44]. Exosomes derived from mutated cancer cells are
also responsible for transmitting tumor-promoting proteins that include KRAS,
EGFR, SRC family kinases, Amphiregulin (AREG) and integrins to non-mutated
cancer cells [45, 46]. By delivering mutated proteins that are responsible for driving
tumor progression, these exosomes are capable of enhancing three-dimensional
cancer growth and promote invasion [45, 46]. But the simple transport of oncogenic
material is not the only process that justifies the pro-tumor growth effect of cancer
derived-exosomes on recipient cells. Breast cancer derived-exosomes are able to
maturate miRNA in a cell independent fashion [47]. By selectively loading RISC-
Loading Complex associated proteins such as DICER along with pre-miRNA into
cancer exosomes, this allows the maturation of miRNA outside the cell of origin
hence transforming pre-miRNA into functional miRNA that upon exosomes deliv-
ery silences genes expression on non-transformed cells [47]. DICER is also found
associated to CD63, a well described exosomal marker, in colorectal cancer and its
presence on exosomes is independent of the cells KRAS status [48]. Such a process
occurring in cancer-exosomes points to a poorly explored exosomal feature of cell-
independent activity. Are exosomes able to conduct even more complex cellular
processes outside the cytoplasm? Exploring this topic can certainly add new knowl-
edge to the biological significance of exosomes in cancer and even in normal physi-
ological processes.

Exosomes and Tumor Microenvironment

A tumor is comprised of many cells and biological components besides the cancer
cells themselves. Classically, the malignant mass that we call a tumor has also many
non-malignant cells such as fibroblasts, endothelial cells, immune cells and other
non-cellular components [49]. Depending on the cancer type and stage, the fre-
quency and type of normal cells will vary [50, 51]. There is an evident interaction
between cancer and tumor-microenvironment (TMC) that is based on the exchange
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of secreted factors such as cytokines, chemokines, growth factors and enzymes [49].
This intercellular communication strongly correlates with the promotion of malig-
nant features like tumor growth, invasion and metastasis [52, 53]. Exosomes have
also been pointed as mediators of the communication between cancer cells and
TMC. Fibroblasts are commonly the most frequent cellular component of the tumor
microenvironment. When associated to cancer, fibroblasts are also known as cancer-
associated fibroblasts CAFs and present an activated phenotype similar to what hap-
pens in a wound healing process [54]. CAFs are well described for promoting tumor
proliferation, production of ECM and for modulating metabolism [54]. Many stud-
ies support that CAFs-derived exosomes also have a positive impact on cancer pro-
liferation and migration [1, 8, 47]. Breast cancer-associated fibroblasts secrete
CDS81-positive exosomes that activate Wnt-PCP pathway in recipient cancer cells
through production of Wntl1, resulting in the overexpression of Fzd, Vangl and
Dvl, which stimulate protrusive activity and mobility [9]. Exosomes derived from
CAFs also play a role in metabolic reprogramming of cancer cells. Prostate and
pancreatic cancer patient CAFs-derived exosomes are able to reduce oxygen-
dependent metabolism by downregulating mitochondrial oxidative phosphorylation
and promoting glycolysis [55]. Additionally, CAFs-derived exosomes contain pro-
glycolysis metabolites such lactate, acetate, aminoacids, lipids and intermediates of
the Krebs cycle. The recipient cancer cells in nutrient/oxygen-deprived environment
continue to proliferate by using these metabolites.

On the other hand, cancer cells are also known to promote the recruitment and
activation of fibroblasts. TGF-p is a well-established factor responsible for the dif-
ferentiation of fibroblasts into CAFs (also known as myofibroblasts) (Fig. 3.2).
Cancer-derived exosomes containing TGF-f can bind to type II receptor and ALK5
receptor, forming a complex that results in the phosphorylation of SMAD2 and 3
that can then bind to SMAD4 resulting in its activation. Following SMAD cascade,
this protein translocates to the nucleus and activates the expression of several genes
including aSMA that is associated with the myofibroblast phenotype [8]. This
resulting activated phenotype that is driven by cancer-exosomes cargo is different
from the one generated in response to soluble TGF-f [8]. Unlike the soluble form of
TGF-, cancer exosomes that carry this factor also activate the secretion of angio-
genic factors by CAFs. Interestingly, downregulation of RAB27A gene, involved in
the late stages of exosomes biogenesis, in cancer cells leads to a failure in triggering
fibroblasts activation in vivo. Altogether, this demonstrates that exosomes play a
crucial role on both sides of tumor-microenvironment communication. On one side
cancer-derived exosomes promote the activated state of fibroblasts, on the other
CAFs-exosomes enhance migration and support proliferation of cancer cells.

Exosomes and Immune Modulation
The immune escape in cancer includes processes that involve antigen masking.

Transformation of cells into cancer cells originates a plethora of new antigens, the
so-called neoantigens. Since tumors principally arise due to mutations in key
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oncogenic genes, they will express non-mutated and mutated antigens that will be
recognized by the immune system. In order to become “invisible” to the immune
selection, cancer cells often present loss of the major histocompatibility MHC com-
plex and silence antigen presenting mechanisms. On the other hand, if the tumor
retains antigenicity, it can reduce its immunogenicity instead by expressing immune
inhibitor molecules such as PD-L.1 and FASL [56].

Exosomes from both tumor and immune cells show expression of MHC class I
and class II [57]. Cancer-derived exosomes express functional MHC-Peptides com-
plexes that work similarly to an antigen-presenting cell by directly present or cross
present the complexes to CD8+ T-Cells [57]. This process of exosomes-dependent
antigen presentation is considered to be anti-cancer because it primes an immune
response against the tumor. However, cancer-derived exosomes can also perform an
immune inhibitory action (Fig. 3.2). In fact, this dual role can be observed in the
response of subsets of T-Cells that react differently to carcinoma-derived exosomes
[58]. Resting TRegs treated with tumor derived exosomes increase the expression of
CD39 and CD73, while in activated TRegs there is an overexpression of immune-
suppressive genes. T-cell CD39*CD73* phenotype is associated with ATP catalysa-
tion into AMP that has pro-inflammatory effects and promotes secretion of IL-17
[59]. Additionally, uptake of tumor-derived exosomes in activated CD4* T-cells
leads to a decreased expression of immune suppressive genes like COX2, CTLA-4,
Fas, Fas Ligant (FASL) and TGF-f. Exosomes from the same tumor-origin potenti-
ate contrary responses when it comes to immune cells. Depending on the recipient
cell type, tumor-derived exosomes can potentiate an immune response or suppress
an anti-tumor reaction. The suppression of an immune reaction is also achieved by
cancer-derived exosomes that express FASL. By binding to FAS, this ligand induces
apoptosis in CD8+ T-Cells when they are treated with these exosomes [60].
However, this effect can be reversed when exosomes are treated with antibodies
against FASL that block the interaction with T-Cells FAS. Besides lymphocytes,
tumors are also classically associated with inflammatory pro-oncogenic environ-
ments modulated by myeloid cells like macrophages [61]. Several studies show that
macrophages uptake exosomes ex-vivo and in-vivo [62, 63]. Particularly, cancer-
derived exosomes stimulate NF-KB that results in the production of pro-
inflammatory cytokines such as IL-6, TNFa, GCSF, and CCL2 [62]. When
genetically abrogated in breast cancer cells Toll-like receptor 2 (TLR2), part of
NF-KB signaling, cancer-derived exosomes do no longer show this effect. On the
other hand, engineered PC-derived exosomes that express miRNA-155 and miR-
125b2, are able to invert M2 polarized macrophages into M1 polarization [64]. M1
polarization state corresponds to the activated state that reacts to immune stimuli
such as interferon y, while M2 macrophages promote inflammation by secretion of
angiogenesis and fibrosis. This means that cancer-exosomes can themselves be used
to alter the immune composition of the tumor microenvironment when it comes to
macrophages. Due to the complex role of immune cells in cancer, it is crucial to
further address the immunomodulatory properties of cancer derived-exosomes in
the context of tumor progression and explore how these apparent contradictory
exosomes-mediated effects occur in vivo.
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Exosomes and Extracellular Matrix (ECM)

ECM is composed by a network of macromolecules such as proteins, collagen and
proteoglycans frequently modified with sugar chains that are secreted by stromal
and cancer cells. It is well established that ECM not only provides support
and mechanic cues but its composition is also an authentic reservoir of growth
factors and signaling molecules that have great impact on the tumor growth [65].
Fibronectin (FN) is one of the most frequent ECM constituents and it is released
via fibrosarcoma-derived exosomes that promote the adhesion assembly of cancer
cells to the ECM. This FN exosomes-mediated release also directs cancer cell
mobility, since cells attach their protrusions to FN that is deposited according to
integrins orientation that directly interact with the exosomes [66]. This exosomal-
mediated process comprehends an autocrine mechanism of directional mobility
and it also influences the migration speed of cancer cells. Cancer cells with higher
mobility are known to transmit its migratory phenotype to non-motile cells.
Uptake of exosomes derived from hepatocellular carcinoma leads to the activation
of PI3K/AKT and MAPK pathways that result in the expression of metallopro-
teinases, particularly MMP-2 and MMP-9 [67]. This group of enzymes is respon-
sible for degrading proteins and collagen part of the ECM. Traditionally,
degradation of the ECM promotes migration leading to invasion and ultimately to
metastization. Evidence shows that due to their cargo, cancer-derived exosomes
are able to directly interplay with ECM via protein-interaction or indirectly by
activating the expression of ECM degrading proteins.

Exosomes and Angiogenesis

Tumor growth implies an increased supply of oxygen, nutrients and a constant
replacement of extracellular fluid that allows waste excretion. To support cells pro-
liferation and metastization, tumors promote a pro-angiogenic environment leading
to the formation of new vessels. Based on chemical factors secreted by cancer cells,
angiogenic factors, endothelial cells are recruited to regions were the basement
membrane was disrupted, where they proliferate and stabilize [68]. Tumors often
present regions of hypoxia and the exosomes released from these hypoxic cancer
cells are able to reach endothelial cells [69, 70]. Exosomes derived from hypoxic
cancer cells promote endothelial proliferation via cytokines and growth factors that
also stimulate pericytes and lead to the activation of PI3K/AKT pathway [71].
Hypoxia seems to have a great influence on exosomes biogenesis and their compo-
sition [72]. Cells under hypoxia produce a significant higher number of exosomes
[71, 72]. Moreover, under hypoxic conditions, lung cancer exosomes specifically
express miR-23a, that is known to target PHD2 [73]. PHD protein family members
control HIFla action. When HIFla is downregulated in endothelial cells, these
present tight junction loss and are more easily recruited [73]. By turning back on
HIFla, it increases endothelial cells proliferation and tube formation. Additionally,
in hypoxic conditions, miR-23a besides targeting PHD2 also downregulates ZO-1,
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a tight junction protein, allowing endothelial barrier to be disrupted hence promot-
ing cancer cells extravasation [73]. Cancer-derived exosomes are considerably
enriched in angiogenic friendly-cargo and this particular cargo results from the
hypoxic state of their cell of origin.

Exosomes and Metastasis

Metastasis corresponds to the process by which cancer cells leave the primary
tumor, reach a secondary location and proliferate originating a new tumor mass
[74]. The mechanisms used by cancer cells to gain a migratory phenotype, such as
epithelial-to-mesenchymal transition, to survive in circulation and create a meta-
static niche are far from being totally explored. In fact, the probability of a tumor
cell that enters circulation, a circulating tumor cell (CTC), to actually give rise to a
mass is below 0.02% [75]. Therefore, cancer cells should probably have other tricks
under their sleeve to help them seed to different organs. The concept of pre-
metastatic niche arises from the observation that bone marrow-derived hematopoi-
etic progenitor cells (BMDCs) are recruited previous to the cancer cells arrival to a
distant organ [76, 77]. These BMDCs express vascular endothelial factor receptor-1
and VLA-4 while maintaining their progenitor phenotype (CD133+, CD34+ and
c-Kit expression). The role of these cells is to create a permissive “soil” for cancer
cells to seed [76]. Interestingly, melanoma-derived exosomes re-educate BMDCs
and enhance their recruitment through MET signaling. When treating mice with
melanoma-derived exosomes it is possible to simulate BMDCs recruitment, which
after cancer cells inoculation show to significant metastasis enhancement [6]. The
protein cargo of exosomes derived from highly metastatic cells compared with poor
metastatic melanoma cells is actually enriched in MET cascade proteins that are
responsible for the BMDCs recruitment [6]. Melanoma patient’s exosomes are also
known to contain a proteomic signature that includes TYRP2, VLA-4, HSP70,
HSP90 and MET [6]. The presence of this cargo also correlates with the patients’
metastatic disease and tumor burden [6].

Cancer derived-exosomes are responsible for the formation of the liver pre-
metastatic niche that is a typical metastasis site for PC [6]. PC-derived exosomes
are uptaken by the liver Kupffer cells (KC) and induce TGF-f signaling [78]. This
activation leads to ECM remodeling by hepatic stromal cells and deposition of FN
that in turn promotes bone marrow derived-macrophages migration to the liver
[78]. All of these reprogramming effects construct a favorable environment in the
liver that helps cancer cells to proliferate and form a metastasis. PC-exosomes
contain MIF, an anti-fibrotic factor that most likely is the molecular effector
behind this niche formation. In fact, MIF-positive exosomes bind more frequently
to Kupffer cells in the liver, increasing TGF-P expression that then will increase
FN production and deposition [78]. FN also works as an anchor for bone marrow-
derived macrophages to settle and create an inflammatory reaction that is also
advantageous for the cancer cells [78].
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Exosomes can also be behind a very peculiar characteristic of tumors, the so
called metastatic organotropism. This term refers to the predisposition of cancer
cells to metastasize only to certain organs. PC-derived exosomes express integrins
that target specific niche cells, ITGavp5 is associated with KC cells in the liver,
while ITGa6p4 and ITGa6f1 are associated with the uptake of these exosomes by
lung resident fibroblasts and epithelial cells [79]. When interacting with the target
cells, these exosomes promote a pro-migratory and inflammatory reaction mediated
by the S100 gene family overexpression [79]. By injecting specific integrin-positive
exosomes it is possible to recapitulate and simulate PC-metastization organotro-
pism, also by using antibodies to block these integrins exosomes uptake is signifi-
cantly reduced [79]. Altogether, these observations support that exosomes derived
from tumors have a predominant role in promoting metastasis, however these obser-
vations need a deeper evaluation using better animal cancer-models that recapitulate
the human disease.

Exosomes and Therapy Resistance Mechanisms

In cancer, a failed response to therapy can derive from intrinsic or acquired
resistance. The first one corresponds to pre-existing factors that unable the drug
action, while acquired resistance results from cellular response to the therapy
[80]. The cellular mechanisms behind acquired resistance are extremely com-
plex and rely on varied signaling pathways that are not fully understood [81].
The dissemination of therapy resistance due to communication between resis-
tant and sensitive cancer cells is one of the processes that can help explain how
a tumor becomes rapidly resistant to a certain drug. Exosomes derived from a
breast cancer cell line resistant to docexatel express P-glycoprotein [82, 83].
P-glycoprotein works as a drug efflux pump that allows a cell to reduce the drug
intracellular lIevel. Upon exosomes transfer to sensitive cells with low levels of
P-glycoprotein, these become resistant to docexatel [83]. Exosomes can effi-
ciently transfer molecular cargo from resistant to sensitive cells thereby trans-
ferring resistance to therapy.

Together with cancer cells, TMC particularly fibroblasts also play a role in
the overall tumor response to therapy [84]. Paracrine signaling and fibroblasts-
derived exosomes communication towards cancer cells constitutes important
mechanisms that promote therapy resistance. In response to radiotherapy, breast
cancer stroma derived-exosomes transfer large non-coding RNA and transpos-
able elements that activate anti-viral response in cancer cells via RIG-1 receptor
and STAT pathway [85]. This results in the expansion of tumor initiating cells
(TICs) that are therapy resistant thereby leading to tumor growth. Likewise,
CAFs exosomes isolated from colorectal cancer also promote an increased num-
ber of cancer stem cells (CSCs) as well as their clonogenicity [86]. Cancer stem
cells are known to be intrinsically resistant to therapy and their presence pro-
motes tumor recurrence after treatment [87]. Alongside with the mentioned
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indirect promotion of therapy resistance via TICs or CSCs proliferation, fibro-
blasts exosomes also seem to directly support anti-drug response. When PC
associated fibroblasts are exposed to therapy (gemcitabine) there is a significant
increase in their exosomes production that leads to increase proliferation and
survival of PC cells [88]. Upon gemcitabine treatment PC-associated fibroblasts
show increased levels of SNAIL1 and microRNA-146a, hence modulating the
cancer cells response to therapy [88]. Exosomes mediated-transfer of therapy
resistance can constitute an important cellular response mechanism that tumors
rely on to rapidly bypass the aggressions provoked by conventional chemo and
radiotherapy.

Oncogenic Transformation and Its Impact on Exosomes

Cancer derived-exosomes have oncogenic proteins and mutated genetic material
as part of their cargo [3]. Additionally, many studies have shown that this cargo
is effectively delivered to neighbor cells and reprogram them, most frequently in
favor of the tumor progression. Could this mean that cancer cells have the ability
to use exosomes in their advantage and that this was a result of their malignant
transformation they suffered? Currently, there is not enough evidence to fully
support this hypothesis, however some studies are showing that oncogenic driv-
ers have direct implications on the cargo and biogenesis of exosomes. Upon
DNA damage, p53 is activated and promotes or represses the transcription of
certain genes. This gene is frequently mutated in many cancers. Non-small cell
lung cancer cell lines that are p53 wild type increase exosomes secretion when
submitted to y radiation [89]. On the other hand, p53 mutant cell lines do not
show increased exosomes production after radiation treatment [§9]. Interestingly,
expression of TSAP6 gene allows the cells to produce exosomes after stress,
independently of p53 status [89]. By comparing microRNA expression of
colorectal cancer cells that express wild type or mutant KRAS, it is observed that
KRAS mutant cells show an enrichment of miR-100 and miR-10b [90].
Additionally, KRAS activating mutations of MEK-ERK signaling regulate AGO2
secretion into exosomes by promoting a phosphorylation process that prevents
AGO?2 interaction with MVB, also affecting the sorting of specific miRNAs such
as let-7a, miR-100 and miR-320a into exosomes [48]. There is also increasing
evidence that oncogenic transformation affects exosomes uptake. Stimulation of
EGFR increases exosomes uptake via macropinocytosis [91]. Also, PC cell lines
with activating KRAS mutations have increased macropinocytosis when com-
pared with KRAS wild type cancer cells [91, 92]. If oncogenic transformation
deeply alters exosomes processing it is relevant to consider which and how dif-
ferent biological functions can be carried by exosomes in cancer compared to the
normal physiological role of these vesicles.
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Therapeutic Potential of Exosomes: Targets and Vehicles

Due to their pro-oncogenic properties, cancer derived-exosomes could constitute an
important target when considering anti-tumor therapy. At the moment, there are no
genes described exclusively dedicated to the biogenesis of exosomes. Nonetheless,
several proteins associated with MVB and exosomes release show promising results
as targets to block exosomes secretion by cancer cells. Most importantly, when
blocking exosomes production many studies show that it is possible to inhibit the
pro-oncogenic effects caused by these vesicles. GW4869, a neutral sphingomyelin-
ase inhibitor that acts on ceramide, can effectively block the production of exo-
somes. Treating PC associated CAFs with GW4869 exosomes production is reduced
both in the presence and absence of gemcitabine [88]. Since exosomes derived from
PC-CAFs enhance cancer cell proliferation, especially when the CAFs are treated
with gemcitabine, cancer cells significantly reduce their survival once CAFs-derived
exosomes are blocked [88]. Similarly, exosomes produced by metastatic breast can-
cer cells lines induce invasion by miR-10b regulation of non-metastatic cells.
GW4869 treatment reduces exosomes production in metastatic cells, and minimizes
the invasion potential of the non-metastatic recipient cells [93]. RAB proteins fam-
ily are implicated in MVB processing. RAB27A and B are involved in the late
stages of MVB fusion and exosomes release. Melanoma-derived exosomes are able
to potentiate the recruitment of BMDCs to metastatic niches [6]. Moreover, these
cells show an increased expression of RAB27A that points to an increased exo-
somes secretion [6]. Using RNA interference to shut down this gene, exosomes
release is significantly reduced [6]. This also prevents the recruitment of BMDCs
via exosomes [6].

On the other hand, if considering exosomes as specialized vehicles of intercel-
lular communication, they can constitute a way of delivering therapy to cancer or
other cells because they are well described for delivering genetic information capa-
ble of reprogramming recipient cells. Interference RNA can be electroporated into
exosomes and efficiently shutdown gene expression on target cells [94, 95].
Moreover, is also possible to redirect exosomes to certain cell types [96]. Exosomes
can be directed to neural cells by using dendritic cells that are engineered to express
Lamp2b fused with an RVG peptide that is neuron specific [96]. In this study engi-
neered exosomes were filled with siRNA against GADPH and BACE-1 genes and
were delivered in vivo via intravenous injection and inhibited the target genes
expression by 60%. Studies like this one illustrate how exosomes are biocompatible
and stable in vivo, and open up the possibility to engineer exosomes to target them
to specific cell populations. Epidermal growth factor receptor, EGFR, is frequently
overexpressed in many cancers such breast, lung and kidney, and its signaling,
which is activated by EGF, promotes cell division and therefore proliferation. A
small peptide called GE11 specifically binds to EGFR, but because it is significantly
less mitogenic than EGF, GE11 can work as its competitor [97]. Exosomes engi-
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neered to express GE11 at their surface is done using a platelet-derived growth fac-
tor receptor transmembrane domain fused with the GE11 sequence, hence promoting
its expression on the plasma membrane and consequently on exosomes [97]. Using
this strategy, GE11 positives exosomes are able to target EGFR expressing cancer
cells, both in vitro and in vivo. Additionally, it is possible to deliver microRNA let-
7a in a breast cancer model via GE11 exosomes [97]. Let-7a inside modified exo-
somes reduces also tumor growth [97].

Recently, it was demonstrate that fibroblasts-derived exosomes can be engi-
neered to target one of the most common mutated genes in PC, KRAS [92]. The
activated KRAS gene is a well-known driver of PC, and up until now no therapy
system to target KRAS was successfully developed. In this study, exosomes were
engineered to carry siRNA against KRASG12D, a mutation that is present in about
80% of PC cases [98]. Curiously, fibroblasts-derived exosomes express CD47 that
is a ligand for the signal regulatory protein alpha SIRPa present in macrophages,
that upon binding inhibits their destruction, working like a ‘don’t eat me signal’ [99,
100]. Moreover, this activated form of KRAS promotes micropinocytosis that con-
stitutes a process of exosomes uptake, hence enhancing the delivery of these exo-
somes to PC tumors. In vivo studies using genetically engineered mouse models
(GEMMs) that spontaneously develop PC driven by KRASG12D mutation, show
that the modified exosomes significantly decrease pancreatic tumors by suppressing
cell proliferation, enhancing apoptosis and blocking RAS signaling [92]. Altogether,
studies like the ones mentioned in this chapter illustrate the potential of exosomes
to be used as tailored therapy deliver vehicles with very promising results in vivo.
Due to their biocompatible and engineering properties, modified exosomes will
soon be tested in a clinical setting.

Conclusion

Accumulating evidence points to the pro-oncogenic role of tumor and stroma-
derived exosomes. As discussed, these vesicles seem to actively participate in very
crucial processes that sustain tumor development such cell proliferation, activation
of the microenvironment, immunosuppressive action and formation of the pre-
metastatic niche. However, many of these effects are described based on in vitro
observations, or based on in vivo models that do not fully recapitulate the natural
behavior of exosomes in an organism. We hope in the future that the field will pro-
vide new demonstrations of the role of exosomes in cancer using models that allow
to track exosomes secreted from the tumor and/or stroma in new animal models.
Moreover, very few studies explore how blocking exosomes could hamper tumor
progression; this is also a very crucial aspect that will define how important exo-
somes are for cancer development. On the other hand, the potential of exosomes as
therapy delivery systems is being highly explored with great success. With the
advent of more comprehensive and promising studies being published we predict
that engineered exosomes can reach clinical studies in a near future.
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