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Simple Summary: Gastrointestinal cancers originate in the digestive system and harbor distinct
characteristics according to their site of origin. This review focusses on the role of small extracellu-
lar vesicles (sEVs, exosomes) in the progression, metastasis, and treatment of the main GI cancer
entities, such as colorectal cancer, gastric cancer, hepatocellular carcinoma, and pancreatic ductal
adenocarcinoma. In recent years, sEVs have gained increasing attention as important mediators of
intercellular communication within the local tumor microenvironment, and also to distant metastatic
niches. sEVs deliver bioactive cargos, like proteins, mRNA, and miRNAs, to reprogram target cells,
promoting tumor growth, invasion, immune suppression, and metastasis to specific organs. Due to
their presence in all biological fluids, sEVs are ideal biomarker platforms for multiplexing analysis.
Furthermore, sEV engineering generated promising approaches for the use of sEV-based therapeutic
nanovesicles in GI cancer treatment.

Abstract: Discovered in the late eighties, sEVs are small extracellular nanovesicles (30-150 nm
diameter) that gained increasing attention due to their profound roles in cancer, immunology, and
therapeutic approaches. They were initially described as cellular waste bins; however, in recent
years, sEVs have become known as important mediators of intercellular communication. They are
secreted from cells in substantial amounts and exert their influence on recipient cells by signaling
through cell surface receptors or transferring cargos, such as proteins, RNAs, miRNAs, or lipids. A
key role of sEVs in cancer is immune modulation, as well as pro-invasive signaling and formation of
pre-metastatic niches. sEVs are ideal biomarker platforms, and can be engineered as drug carriers or
anti-cancer vaccines. Thus, sEVs further provide novel avenues for cancer diagnosis and treatment.
This review will focus on the role of sEVs in Gl-oncology and delineate their functions in cancer
progression, diagnosis, and therapeutic use.

Keywords: gastrointestinal cancer; small extracellular vesicles; sEVs; metastasis; pre-metastatic
niches; biomarkers; therapeutic sEVs

1. sEVs-Biogenesis, Cargo Loading, Secretion, and Uptake

Extracellular vesicles (EVs) are lipid bilayer nanovesicles that are physiologically
released from almost all cell types. Based on their respective size and distinct biogenesis
pathways, major subclasses can be defined, such as apoptotic bodies, which are the largest
EVs with a size greater than 1000 nm, microvesicles (100-1000 nm), and small extracellular
vesicles (sEVs, exosomes) with a diameter of 30-150 nm [1-3]. The International Society for
Extracellular Vesicles (ISEV) has also published a statement on the minimal information
that defines the following parameters for sEVs required for experimental studies: Size
distribution 30-150 nm, as defined by nano-particle tracking analysis (NTA) or dynamic
light scattering (DLS), detection of sEV surface markers, like tetraspanins (CD63, CD81,

Cancers 2024, 16, 567. https:/ /doi.org/10.3390/ cancers16030567

https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers16030567
https://doi.org/10.3390/cancers16030567
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0003-0418-0478
https://doi.org/10.3390/cancers16030567
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers16030567?type=check_update&version=1

Cancers 2024, 16, 567

2 of 24

CD?9), measurement of luminal markers (e.g., TSG101), exclusion of endosomal vesicle
contaminations by GRP9%4, as well as demonstration of nanovesicles by transmission
electron microscopy (TEM) [4]. This review will focus on small extracellular vesicles (sEVs)
in GI cancer entities, and will use the term “sEVs” instead of exosomes to allow for easy
communication with the reader [5].

sEVs were initially discovered in 1981 by Trams et al. as exfoliated membrane vesicles
of red blood cells [6], and they were thought to function as cellular waste bins. However,
in recent years, the focus has shifted to intercellular communication as a key function
of sEVs. This is mediated by transmission or signaling through bioactive cargos, which
include lipids, proteins, metabolites, DNA, or different RNA classes such as full-length
mRNA, miRNA, or IncRNA. This cargo reprograms recipient cells, both under healthy
conditions and also in disease states, such as cancer [1,7]. In line, cancer cells release a large
amount of sEVs, which fulfill important functions both in shaping the immediate tumor
microenvironment (TME), and also in forming distant pre-metastatic niches to promote
tumor growth and cancer dissemination [8-10].

sEVs also contribute to the regulation of the immune system and can be exploited
by tumor cells to modulate and dampen an anti-tumor immune response that is mounted
to a large extent by the adaptive immune system with CD8+ T-cells. The role of sEVs
in modulating this process is still under investigation, but there is crucial evidence that
sEVs regulate antigen processing in antigen-presenting cells (APCs), and also that they
act directly on T-cells by altering their priming, activation, expansion, and survival [11].
Since sEVs can be detected ubiquitously in all body fluids, they have also been proposed as
an ideal biomarker platform to detect various diagnostic or prognostic markers, such as
microRNAs (miRNAs) or proteins, even utilizing multiplex approaches [9,12]. To this end,
non-invasive liquid biopsy methods—e.g., analyzing sEVs in patient blood samples—are
increasingly used for biomarker studies [9].

1.1. Biogenesis Mechanisms

There are several pathways by which sEVs are formed and released from cells.
The most well-known pathway involves the endosomal sorting complexes required for
transport (ESCRT) machinery, which sorts tagged cargo into intraluminal vesicles (ILVs)
within endosomal structures, so-called multivesicular bodies (MVBs) that fuse with the
plasma membrane to release intraluminal nanovesicles as sEVs [1,8,9]. However, other
pathways—such as ESCRT-independent mechanisms—have also been described. Each of
the different biogenesis pathways has unique characteristics and is specifically regulated
to generate distinct sEV sub-populations. The most extensively studied pathways are
described in the following section in more detail (Figure 1).

The ESCRT machinery comprises a set of four protein complexes (ESCRT-0, ESCRT-I,
ESCRT-II, and ESCRT-III) that work sequentially to sort ubiquitinated cargo into ILVs
within MVBs. Subsequently, the MVBs containing ILVs are transported via microtubules
to the plasma membrane where they release the sEVs. It can be shown that even after
silencing key ESCRT subunits, the formation and release of MVB is still possible, indicating
that ESCRT-independent ways of sEV biogenesis are existing as well [2,8,9,13].

In vitro experiments showed a decrease in sEV release when neutral sphingomyeli-
nase (nSMase) is inhibited, indicating that ceramide is an important regulator of exosome
biogenesis. The lipid-based biogenesis is driven by ceramides, lysophospho-, or glycosph-
ingolipids, which incorporate into the membrane and thereby enable spontaneous budding
of ILVs. The enzymatic conversion of ceramides to sphingosine and sphingosinl-phosphate
(S1P) also activates sphingosinel-phosphate receptors on limiting membranes, which are
implicated in the sorting of tetraspanins into ILVs [14]. Tetraspanins are major sEV biomark-
ers that regulate the clustering of surface proteins, such as integrins, endocytosis of the
respective cargos, and distribution into intraluminal vesicles during biogenesis [1,8,9,13]
(Figure 1). Another pathway involved in ESCRT-independent biogenesis is controlled by
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the small integral membrane protein of the lysosome/late endosome (SIMPLE), which was
shown to increase sEV release upon transfection of COS cells [15].
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Figure 1. Schematic depiction of pathways involved in sEV biogenesis and uptake in recipient cells.
Endosomal sorting complexes required for transport, ESCRT; soluble N-ethylmaleimide-sensitive

factor attachment protein receptors, SNARE; Ras associated binding protein, Rab. For description of
inhibitors, see Section 1.5.
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1.2. Major Cargos and sEV Markers

Several proteins have been identified as specific markers of sEVs, which distinguish
them from other extracellular vesicles and cell debris. Some major sEV markers are the
tetraspanins CD9, CD63, CD81, CD82, CD53, and CD37. sEVs also contain other biogenesis
related proteins, such as ALG-2 interacting protein X (ALIX) and tumor susceptibility gene
101 protein (TSG101), as well as Ras associated binding protein (Rab)-GTPases, controlling
the transport and the release of sEVs from MVBs at the plasma membrane. Additionally,
major surface markers such as class 1 and 2 major histocompatibility complexes (MHC I/1I),
annexins, flotillin (FLOT1), and integrins can be integrated into sEV membranes [8,9,13,16].

Other cargo classes include lipids and nucleic acids, such as DNA, mRNA, and
miRNAs, as well as long noncoding or circular RNAs. The loading of RNA cargos into
sEVs involves several mechanisms. One major factor is the recruitment of different RNA
species by RNA binding proteins, like heterogeneous nuclear ribonucleoprotein A2/B1
(hnRNPA2B1) [8,17]. Additionally, some studies have suggested that RNA molecule
loading is facilitated by specific sequence motifs in their respective RNAs (EXOmotif and
EXO-SEQUENCE) [18]. A study by Jeppesen et al. has analyzed major protein, RNA, and
DNA constitutes of sEVs. They further found that extracellular RNA and RNA binding
proteins are differentially expressed in sEVs and non-vesicular compartments. Moreover,
they state that Argonaute 14, as well as glycolytic enzymes and cytoskeletal proteins, are
absent from sEVs [19]. The presence of DNA cargo molecules has been reported in sEVs [20]
as well, although this is controversially discussed. To this end, Jeppesen et al. claim that
sEVs are not vehicles of active DNA release, and that active secretion of extracellular
DNA is thought to be an sEV-independent mechanism driven by an autophagy- and
multivesicular endosome-dependent mechanism [19]. Proteins are sorted into sEVs via the
ESCRT-machinery or by ESCRT-independent pathways—e.g., in a tetraspanin-dependent
manner [8,16,21]. Additionally, some proteins are loaded into sEVs via interactions with
cytosolic chaperones, such as heat shock proteins (HSP), which facilitate their incorporation
into ILVs [22]. The lipid composition of sEVs is modulated by a combination of passive
diffusion and active transport mechanisms. One example is the transfer of lipid raft
domains from the plasma membrane into ILVs [23,24]. Another mechanism involves the
interaction of specific lipid-binding proteins with the ESCRT machinery [8,9,25,26].

1.3. sEV Secretion

The final release of sEVs includes additional stages following MVB biogenesis. MVBs
are transported along microtubules to the plasma membrane. To this end, Rab family
GTPases, like Rab27a/b or Rab11, control various aspects of this transport process [27,28].
Subsequently, MVBs fuse with the plasma membrane, which is mediated by soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNARESs) [1,13,29]. In ad-
dition, the presence of branched actin filaments at the plasma membrane formed by the
actin-related protein (Arp)-complex is required for efficient sEV release. Weaver and
colleagues, as well as our group, have recently shown that this process is controlled by
Cortactin [21,30,31], a downstream target of protein kinase D1 (PRKD1) [21]. Our data
further indicate that the nucleation promoting factor WASp Family Verprolin-homologous
Protein-2 (WAVE2) is required in this process to activate the Arp-complex [21].

Inducible secretion of sEVs is also dependent on several exogenous factors, like cellular
stresses, including low pH, DNA damage, hypoxia, or increased intracellular Ca* concen-
tration [13,32-35]. Moreover, major tumor driver mutations, such as Kirsten rat sarcoma
virus (KRAS) or tumor suppressor protein 53 (Tp53) have been described to modulate both
sEV secretion and cargo content [36-39]. In addition, altered intracellular signaling of the
RAS-mitogen-activated protein kinase (MAPK) pathway, the Phosphoinositide 3-kinase-
AKT pathway (PI3K-AKT), and the Mammalian target of rapamycin (mTOR) pathway, also
translate into changes in sEV release [40,41]. These factors work in concert to regulate the
quantity and quality of sEV secretion depending on the cell type, the physiological state,
and the environmental context [8,13,25].
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1.4. sEV Uptake in Target Cells

After release into the extracellular space or circulation, sEVs affect target cells through
different mechanisms, including direct binding of cellular surface receptors or incorpora-
tion of sEVs and cargo transfer [1]. Uptake mechanisms utilize direct membrane fusion,
clathrin-, or lipid raft (caveolae/caveolin-1)-mediated endocytosis, macropinocytosis, and
phagocytosis [1,42-46]. Interestingly, different uptake mechanisms are prevalent in differ-
ent tumor types. In the cancer context, uptake of sEVs supports different aspects of tumor
growth, cancer progression, and metastasis [21]. sEV uptake can be detected using reporter
systems, such as fluorescent labeled lipophilic dyes, labeled RNA, or proteins [21,47,48].

1.5. Inhibition of sEV Release and Uptake

The modulation of both sEV secretion and uptake are attractive approaches to inter-
fere with intercellular communication in diseases such as cancer. However, the currently
used sEV biogenesis and uptake inhibitors are not FDA /EMA-approved, or are not suit-
able for clinical use due to high dosage requirements or side effects. A common sEV
secretion inhibitor for the ESCRT-independent pathway is the sphingomyelinase (nSMase)
inhibitor GW4869, which inhibits ceramide release from sphingomyelin. Ceramide is re-
quired for ESCRT-independent sEV biogenesis by generating lipid raft domains involved
in sEV shedding. ESCRT-dependent biogenesis of sEVs is inhibited by manumycin A,
which blocks Ras farnesyltransferase activity and thus Ras activation. To this end, Datta
et al. have reported that the Ras-dependent inhibition of sEV biogenesis is mediated by
ERK-dependent inhibition of the oncogenic splicing factor hnRNP H1 [49]. Furthermore,
nexinhib and macropinocyt target RAB27A, a protein involved in sEV release at the plasma
membrane [49-55]. Uptake inhibition can be accomplished by high-dose heparin, which
blocks the binding of heparin sulphate proteoglycans, and is thus thought to inhibit endo-
cytosis [56]. Dynamin-2, a small GTPase required for pinching of membranes, is targeted
by dynasore, inhibiting endocytosis [57]. Moreover, blocking macropinocytosis—e.g., by
amiloride—also prevents sEV uptake [56—61]. Efforts to identify possible therapeutic up-
take inhibitors, especially in cancer, are ongoing. Due to unspecific blocking of healthy
sEVs and potential side effects, a therapeutic strategy to inhibit sEV uptake is still under
development.

2. Functions of sEVs in Gastrointestinal Cancers

Gastrointestinal cancers (Gl-cancers) originate in the digestive system, which includes
the esophagus, stomach, small intestine, colon, rectum, liver, and pancreas. Those cancer
entities have different characteristics; some are known for their very poor 5-year survival
rate, and others respond quite sufficiently to chemotherapy, but all have a strong impact
on a patient’s life expectancy and quality of life [62-65] In this review, we focus on the
following main GI cancer entities: Gastric, colorectal, pancreatic, and liver cancer.

Gastric cancer (GC) is the fourth most common cause of cancer-related death world-
wide, and is often diagnosed at an advanced stage. It is a multifactorial disease with
common risk factors, such as Helicobacter pylori infection, smoking, alcohol consumption,
and high salt intake [62,66]. Although the median age at diagnosis is around 70 years, the
incidence, particularly among young adults (age < 50 years), has dramatically increased
over the last years. For early gastric cancer, endoscopic resection is possible, whereas
radical surgery for locally advanced tumors is recommended [62,66,67]. At advanced,
metastatic stages, systemic chemotherapy is the primary treatment option. In addition,
targeted therapeutic approaches (e.g., targeting human epidermal growth factor receptor 2
(HER?2), Claudin 18-2 or tumor associated vessels), immunotherapy (e.g., anti-programmed
death protein 1/ligand 1 (PD1/PD-L1), or anti-cytotoxic T-lymphocyte-associated protein
4 (CTLA4) monoclonal antibodies (mAbs) significantly improved the outcome of gastric
cancer patients in recent years [62,68,69].

For colorectal cancer (CRC), the incidence in younger patients (early-on-set CRC) is
dramatically increasing. Due to organized screening programs, early detection with endo-
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scopic or surgical excision is possible, which has significantly reduced mortality over recent
years in the screening population [70,71]. However, CRC is still frequently detected only at
an advanced stage, and in some cases, a synchronous metastatic spread, preferentially to the
liver, is present at the time of diagnosis [72]. A better pathophysiologic understanding and
molecular characterization of the tumor led to groundbreaking advances in the systemic
treatment of metastatic CRC. Aside from the RAS mutation status, the serine/threonine-
protein kinase B-Raf (BRAF) and HER2 mutation status and the microsatellite instability
status deliver both prognostic information as well as new treatment options [65].

The liver displays the sixth most common side of primary cancers, with hepatocellular
carcinoma (HCC) accounting for 80-90% of all primary liver tumors. Chronic inflammation
and cirrhosis constitute the most common background for the development of HCC [73]. If
diagnosed at an early stage, surgery with curative intention is possible. Furthermore, other
local treatment opportunities—e.g., ablative strategies or embolization—show promis-
ing therapeutic results. For systemic treatment of advanced stages, the combination of
immunotherapy and antiangiogenic treatment—e.g., Atezolizumab and Bevacizumab or
dual checkpoint blockade (using durvalumab plus termelimumab)—emerged as first-line
treatments and showed superior efficacy compared to the old standard treatment with
kinase inhibitors [64,74].

Of all GI-cancers, pancreatic ductal adenocarcinoma (PDAC) is known for its aggres-
siveness, therapy resistance, and poorest overall 5-year survival rate, at around 12%. The
tumor is often detected at an advanced, metastatic state when only palliative chemother-
apy with FOLFIRINOX (5-fluorouracil [5-FU], leucovorin, irinotecan, and oxaliplatin) or
gemcitabine plus (nab)-paclitaxel can prolong survival [63]. Unfortunately, in most cases,
the response to chemotherapy remains limited due to various resistance mechanisms of
the tumor. A better molecular understanding of both the tumor microenvironment and the
cellular subpopulations of PDAC could deliver new treatment options, and personalized
medicine approaches are urgently needed to improve survival [63,75].

In the next chapter, we will summarize the current state of research in the respective fields
of GI cancer, focusing on the role of sEVs as key mediators of intercellular communication
during cancer progression and metastasis. We will also summarize the respective functions as
biomarker platforms and therapeutic vehicles for novel treatment approaches (Figure 2).

2.1. Role of sEVs in Tumor Growth, Cancer Progression, and Chemoresistance
2.1.1. Gastric Cancer

sEVs derived from gastric cancer promote tumor cell proliferation by activation of
PIBK/Akt and MAPK [76]. In addition, MAPK-signaling can be induced by sEVs re-
leased from CD97-high expressing gastric cancer cells [77]. Gastric cancer proliferation and
migration is controlled via transfer of the LncRNA ZFAS1 via sEVs [78]. Moreover, chemore-
sistance in gastric cancer can be conferred by sEVs from M2 polarized macrophages via
transfer of miRNA-21 (miR-21) [79], promoting tumor cell survival. A major chemothera-
peutic agent in gastric cancer is paclitaxel. Gastric cancer cell lines with paclitaxel-resistance
were shown to transfer mir-155p via sEVs to sensitive cells and induce chemoresistance,
likely by targeting GATA binding protein 3 (GATA) and tumor protein p53 inducible
nuclear protein 1 (TP53INP1) [80].

2.1.2. Colorectal Cancer

CRC cells were shown to drive proliferation by sorting the tumor-suppressive miRNA-
193a into sEVs as part of a mechanism to eliminate unwanted tumor-suppressive com-
pounds [81]. To this end, an antiproliferative effect of miR193a was demonstrated by
targeting Caprinl, which is a positive regulator of cell cycle progression. In addition, CRC
progression is controlled by sEV-based signaling [82]. sEVs from KRAS-mutated colon tu-
mors enhance invasiveness of recipient cells in vitro by transferring tumor promotors, such
as mutant KRAS [83], endodermal growth factor receptor (EGFR), and integrins to KRAS
wildtype cells [84]. CRC-sEVs also induce epithelial-to-mesenchymal-transition (EMT),
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promoting invasiveness and loss of epithelial characteristics via transfer of miR-210 [85].
Despite improvements in targeted treatments and immunotherapy, chemotherapy still is
a mainstay in CRC treatment. sEVs secreted from cancer-associated fibroblasts (CAFs)
promote chemoresistance in CRC by enhancing both stemness and EMT [86]. Moreover,
CAF-derived sEVs were described to deliver IncRNA19 to CRC cells, inducing stemness
properties and drug-resistance by activating Wnt and beta-catenin [87].
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Figure 2. Role of sEVs in gastrointestinal cancer entities. Hepatocellular carcinoma, HCC; Hepatic
stellate cells, HSCs; Epithelial-to-mesenchymal-transition, EMT; Inhibitory regulatory T-cells, TREGs;
Gastric cancer, GC; pancreatic ductal adenocarcinoma, PDAC; Cancer-associated fibroblasts, CAFs;
Overall survival, OS; Colorectal carcinoma, CRC.

2.1.3. Hepatocellular Carcinoma

sEVs significantly affect tumor progression of HCC. To this end, hepatic stellate cells
(HSC) in the tumor microenvironment (TME) secrete sEVs containing miR-21, which
target PTEN and AKT-signaling in quiescent hepatic stellate cells [88]. These activated
CAFs in turn promote tumor progression by secreting angiogenetic cytokines and EMT
regulators, such as vascular endothelial growth factor (VEGF), matrix metalloproteinase
2 (MMP2), MMP9, basic fibroblast growth factor (bFGF), and transforming growth factor
beta (TGF-beta) [89]. In addition, HCC-derived sEVs were reported to mediate HCC
progression and recurrence by inducing EMT through MAPK/extracellular signal regulated
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kinase (ERK) signaling [90], while another study has shown EMT regulation through TGF-
beta/SMAD signaling [91]. Although there are many treatment options in HCC, drug
resistance is a challenging issue. In particular, sEVs from HCC were shown to induce
sorafenib (TKI) resistance in vitro by activating hepatocyte growth factor/mesenchymal-
epithelial transition factor/AKT (HGF/c-Met/ Akt) signaling in other HCC cancer cells,
thus preventing sorafenib-induced apoptosis [92].

2.1.4. Pancreatic Cancer

The PDAC TME comprises immune cells, fibroblasts, myofibroblasts, stellate cells,
and a large amount of dense extracellular matrix (ECM). CAFs remodel the ECM and
support tumor growth [9]. In vitro studies have shown that sEVs released from gemcitabine
exposed CAFs increase proliferation and survival of chemosensitive and chemoresistant
PDAC cell lines via regulation of the transcription factors SNAIL and miR-146a [93].
Inhibition of sEV release in turn reduces PDAC cell proliferation and survival. In addition,
sEVs from CAFs were shown to rescue proliferation of nutrient-deprived PDAC cells
by supplying vital metabolites [9]. Tumor progression via EMT towards an invasive
phenotype is also promoted by PDAC-derived sEVs. Here, tumor sEVs containing tenascin-
C (TNC) were reported to induce Wnt/ 3-catenin signaling, EMT, and tumor progression [9].
sEVs also play a major role in chemoresistance [63]. Gemcitabine resistance was induced
by exosomal miRNA-106b, released from CAFs upon treatment against TP53INP1 [94].
Furthermore, sEVs from Gemcitabin-resistant PDAC stem cells transfer drug resistance to
gemcitabine-sensitive PDAC cells by delivering miR-210, which targets the mammalian
target of rapamycin (mTOR) signaling [95].

2.2. Role of sEV's in Metastasis and Pre-Metastatic Niche Preparation (PMN)
2.2.1. Gastric Cancer

Apart from lymph nodes, the liver is a major metastatic site in GC [96]. Zhang
et al. demonstrated that EGFR in GC-derived sEVs is transferred to liver stromal cells,
thereby suppressing miR-26a/b, which causes an upregulation of hepatocyte growth
factor (HGF) expression. Paracrine secretion of HGF in turn mediates the interaction with
migrated cancer cells via binding c-Met, thereby establishing the GC metastatic niche [97].
A second major manifestation for GC spread is the peritoneal cavity [96]. There, peritoneal
mesothelial cells (PMCs) experience mesothelial-to-mesenchymal transition (MMT) to
establish a favorable metastatic niche environment. This phenotype can be induced by
transfer of GC-derived exosomal miR-21-5p by activating the TGF-f3/Smad pathway [98].

2.2.2. Colorectal Cancer

In CRC, lymph node metastasis is a prognostic factor in determining the overall 5-year
survival of patients, since it is a predisposing factor for distant tumor dissemination [99].
Lymphatic vessels are generated by lymph angiogenesis, which can be initiated down-
stream of vascular endothelial growth factor (VEGF)-C and VEGEF-D signaling [100]. Sun
et al. demonstrated that the formation of lymphatic networks is promoted by CRC-derived
sEVs, inducing VEGF-C signaling by macrophages in the sentinel lymph node via interferon
regulatory factor 2 (IRF-2) containing sEV cargo [101]. In addition, CRC liver metastasis can
be established by polarizing liver macrophages towards a pro-inflammatory, interleukin-6
(IL-6) secreting phenotype via transfer of miR-21 by CRC-derived sEVs [102]. This study
underlines the role of CRC-derived sEVs in establishing premetastatic niche formation via
pro-inflammatory signaling.

2.2.3. Hepatocellular Carcinoma

HCC is the most common liver cancer. At an advanced stage, patients often present
with lung metastasis [103]. Mao et al. found that pulmonary metastasis of HCC is enhanced
by angiogenesis and pulmonary endothelial permeability driven by Nidogen-1-positive
HCC-derived sEVs, thereby inducing pre-metastatic niche formation in the lung [104].
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Additionally, miR210 was detected in serum sEVs of HCC patients, and it induced an-
giogenesis in vitro by targeting SMADA4, the signal transducer, and the activator of tran-
scription 6 (STAT6) signaling, emphasizing the important role of angiogenesis in HCC
dissemination [105].

2.2.4. Pancreatic Cancer

PDAC is characterized by early metastasis, which is often already present at the time of
the initial diagnosis. The liver and lungs, as well as the peritoneal cavity are the main sites
for PDAC metastasis. Formation of distant metastatic sites depends on the establishment
of pre-metastatic niches, supporting the survival and growth of cancer-initiating cells. In
recent years, it has become evident that sEVs are vital communicators during the formation
of pre-metastatic niches in specific organs (organotropic metastasis) [21,106]. To this end,
specific integrin combinations on tumor-derived sEVs, such as avf35, a634-, or «6f31
were described to drive niche formation in the liver or lung, respectively [21,106,107].
Integrins are important signaling mediators during metastasis, drive cell-ECM adhesion,
and cell motility. Interestingly, integrins from the cell surface are packaged into sEVs in a
tetraspanin-dependent manner to regulate organotropic metastasis [21,106]. For the liver
metastatic sites, Costa-Silva et al. found that PDAC-derived sEVs transfer the migration
inhibitory factor (MIF) to Kupffer cells (KCs) in the liver, which in turn release TGF-f3 to
facilitate pre-metastatic niche formation by hepatic stellate cells. In line with that, PDAC
patients present with elevated levels of MIF-positive circulating sEVs compared to healthy
control subjects. Distant metastasis of PDAC to the lungs is regulated by sEVs with the
distinct integrin pattern, ®634/1 [107]. For organotropic lung metastasis, we could show
that «634 expression on PDAC-derived sEVs is regulated downstream of a signaling
pathway initiated by the loss of a kinase, PRDK-1, via epigenetic mechanisms in aggressive
PDAC [21]. Loss or inhibition of PRKD-1 strongly enhanced sEV release with altered
integrin «634 surface cargo, determining metastasis to the lung, while integrin 35 was
downregulated, leading to impaired liver metastasis. The in vitro data could be validated
by injection of the respective sEVs in xenografted mice in vivo. Enhanced expression of
integrin «634 on the respective sEVs was caused by transcriptional upregulation in cells as
well as increased endosomal recycling and packaging in a tetraspanin CD82-dependent
manner. Consequently, targeting CD82 impaired packaging of integrin «634 in their
respective sEVs. The final establishment of pre-metastatic lung niches was mediated by
lung fibroblasts and induction of S100A6, A13, and A16 expression [21]. Thus, targeting
integrin cargo-packaging into sEVs may constitute an attractive new therapeutic approach
for PDAC.

2.3. Functions of sEVs in Immune Modulation and Tumor Immune Escape

An important role of tumor-derived sEVs is immune modulation to target the anti-
tumor immune response, both in the primary tumor matrix and at the distant pre-metastatic
niches supporting tumor-dissemination [108]. Anti-tumor immunity is triggered by tumor-
associated antigens, and results in the activation of innate and adaptive effector cells,
such as natural killer cells and CD8+ T-cells, which directly eliminate tumor cells upon
activation. They are also targeted by tumor-derived sEVs to facilitate immune escape. In GI
cancer, sEVs promote immune evasion by reprogramming, suppressing, or killing immune
cells; e.g., via expression pro-apoptotic Fas-ligands or immune-checkpoint regulators, like
PDL-1[109,110].

2.3.1. Gastric Cancer

In GC, sEV-resident PDL-1 was associated with high-immunosuppressive activity and
a poor prognosis [111]. Another study demonstrated that 5-FU chemotherapy induces
upregulation of exosomal PDL-1 via miR-940, thus triggering the casitas B lymphoma-b
(Cbl-b)/STATS5A axis to induce systemic immune suppression. The respective sEVs induced
apoptosis in Jurkat T-cells and prevented T-cell activation in peripheral blood mononuclear
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cells (PBMCs) [112]. This study indicates that chemotherapy-induced signaling can severely
impact anti-tumor immunity via intercellular communication by tumor-derived sEVs, not
only at local tumor sites, but also with systemic consequences.

2.3.2. Colorectal Cancer

Huber et al. have shown that CRC cell-derived EVs contain Fas-Ligand and tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), thereby inducing apoptosis
of T-cells in vitro and in vivo [113,114]. One of the most abundant cell types in the CRC
environment are tumor-associated macrophages (TAMs). A recent study demonstrated
that specific CRC-cancer derived sEV-miRNAs induce macrophage M2-polarization and
PDL-1 expression via PTEN/AKT and suppressor of cytokine signaling (5COS1)/STAT1.
This results in depression of CD8+-T-cell activity and the promotion of CRC growth [115].
The role of CRC-derived sEVs in immune and TME regulation is also well described and
summarized in a recent review article by Glass et al. (2022) [116].

2.3.3. Hepatocellular Carcinoma

Immunotherapy is a major breakthrough in the treatment of HCC [117]. Inhibitory regula-
tory T-cells (Tregs) are central mediators of immune escape in the TME. The exosomal resident
circular RNA genetic suppressor element 1 (GSE1) was able to induce Treg expansion via miR-
324-5p/TGFBR1/5mad3 signaling [118]. CD8-T cell immune suppression may be further regu-
lated indirectly via specific B-cell subpopulations, which secrete immune inhibitory cytokines.
To this end, T-cell immunoglobulin, and mucin domain 1 (TIM1) + regulatory B-cells (Bregs)
were shown to release IL-10, exhibiting strong immunosuppressive activity on CD8 T-cells.
This phenotype was controlled via HCC-derived sEVs that induce the expression of TIM1 in
the Bregs [119].

2.3.4. Pancreatic Cancer

Immunologically cold tumors such as PDAC have a highly immunosuppressive
TME which harbors immunosuppressive regulatory T-cells (Tregs), M2-polarized tumor
associated macrophages (TAMs), and immature myeloid-derived suppressor cells (iMDSCs)
that inhibit functional CD8+ T-cell responses. Additionally, iMDSCs can impede proper
antigen presentation by dendritic cells (DCs), or anti-tumor responses by M1-polarized
macrophages [9]. In PDAC, sEV-resident PDL-1 levels were reported to be inversely
correlated to post-surgical survival [120]. However, direct evidence for immune evasion by
the respective sEVs in PDAC is still under investigation.

In conclusion, the reported studies underline that sEV-mediated immune evasion
is a critical mechanism in GI cancer. This allows tumor cells to survive and grow in
the primary tumor matrix, and also supports tumor embedding and proliferation in pre-
metastatic niches.

3. sEVs as Biomarkers

Due to their presence in all biological fluids, such as blood, urine, or saliva, sEVs
are ideal biomarker platforms for multiplexing analysis—e.g., simultaneous detection of
proteins, RNAs, or miRNAs. As a part of personalized medicine approaches, non-invasive
diagnostics using liquid biopsies from patient blood samples are currently translated
into the clinical routine. Liquid-biopsy-derived sEVs carry a variety of protein, RNA,
and DNA cargo as diagnostic and prognostic markers. sEVs have advantages for DNA-
mutational profiling when compared to circulating-cell-free-DNA (cfDNA); they provide
larger DNA fragment sizes up to 10 kB, which improves the quality of sequencing with
tumor mutational panels. [9,121].

As diagnostic markers, liquid-biopsy-derived sEVs allow the differentiation of cancer
patients from healthy individuals and other non-cancer diseases. Specific markers have
been associated with overall survival (OS), disease-free survival, and tumor stage or disease
progression. In addition, chemosensitivity as well as treatment response can be monitored
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using longitudinal liquid-biopsy-based sEV cargo profiling [122]. In GI oncology, several
biomarkers have been described already. In particular, both sEV-derived miRNAs and
larger miRNA panels as well as long-noncoding RNAs are used as biomarkers for diagnosis
and prognosis [9].

A selection of different sEV-derived markers used in the diagnosis of GI-cancer entities

are summarized in Table 1.

Table 1. Selection of diagnostic exosomal biomarkers in GI-cancer entities.

Diagnostic Markers

Exosome Sample/

Cancer Type Reference Clinical Source Biomarkers Major Findings
7-miRNAs:
!et-7a Higher levels of these 7 miRNAs in
Ogata-Kawata et al. Patient serum m}R—1229 primary CRC patients
CRC 2014 88 CRC patients ml}}{' 11246 Expression was downregulated after
[123] 11 healthy controls s 50 surgical resection
miR-21 Verification in vitro
miR-223
miR-23a

Patient plasma
2 patient cohorts:

Cohort 1: . .
6 patients with CRC and S.mlRNAS: mlR'16'5P Identification and Isolation of EpCam+
Ostenfeld et al. miR-23a-3p miR-23b-3p EVs from CRC patient
5 healthy controls . . SEVS IT0 patents
2016 Cohort 2: miR-27a-3p miR-27b-3p In the sEVs, miRNA levels were
[124] ohort 2: miR-30b-5p miR-30c-5p .
7 Stage-I1I CRC patients " increased and decreased after surgery
miR-222-3p
(samples were collected
prior to surgery and 6
months after)
Patient serum )

Dong et al. 76 preoperative CRC mRNA KRTAP5-4 Expression of KRTAP5-4, MAGEA3,
2016 patients, mRNA MEGEA3 énd BCAR4 derived f.rom sEVs was
[125] 76 matched healthy IncRNA BCAR4 increased in CRC patients

controls
. Increased levels in stage I/11
Patient plasma -
Wang et al. 50 early-stage CRC CRC patients
2017 Ay o as miR-125a-3p Diagnostic power of CEA is enhanced
patients 50 matched . .
[126] healthy volunt by correlating with
catthy votunteers miR-125a-3p expression
. UCA1 was downregulated, whereas
Barbagallo et al. Patient serum IncRNA UCAL1, TUG1 was upregulated in CRC patients
2018 20 CRC patients and 20 Combination of UCA1 with TUG1
IncRNA TUG1
[127] healthy controls AUC =0.814
i high expressions of exosomal miR-23a
Karimi ot al. Patient serum ) and miR-301a in CRC patients
2019 25 CRC patients and 13 mlR—301a miR-301a and miR-23a were able to
[128] matched healthy miR-23a discriminate CRC patients from normal
controls subjects by ROC
RPPH1 plasma levels were higher in
P | treatment-naive CRC patients, but
; atient plasma lower after tumor resection
Liang etal. 2019 61 CRC patients and 61 IncRNA RPPH1 Fxosomal RPPHI in CRC plasma

[129]

healthy controls

showed a better diagnostic value (AUC
= 0.86) compared to CEA and CA19-9
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Table 1. Cont.

Diagnostic Markers

Exosome Sample/

Cancer Type Reference Clinical Source Biomarkers Major Findings
6 miRNA signatures:
let-7a
Maminezhad et al. Patient serum miR-150 Upregulation in CRC patients, but
2020 45 CRC patients and 45 miR-143 miR-143 and miR-145 were shown to be
[130] healthy individuals miR-145 downregulated
miR-19a
miR-20a
miR-19b and miR-106a were markedly
overexpressed in individuals with
gastric cancer (GC) compared to
healthy controls
. 2 miRNAs (miR-19b-3p and
Patient serum miR-106a-5p) correctly discriminated
Wi 20 healthy controls and miR-19b-3p P Y o
ang et al. 20 individuals with GC iR-106a-5 19 out of 20 GC serum samples (95%
GC 2017 mevicuas wi i P sensitivity) and 18 out of 20 normal
[131] training (90 GC vs. 90 miR-17-5p samples (90% specificity) in the
; NCs) and blinded miR-30a-5p .
phases 20 GC vs. 20 NCs blinded phase
' miRNAs (miR-19b-3p and miR-106a-5p)
were related to GC lymphatic
metastasis (p < 0.01) and expressed at
higher levels in stages III and IV
compared to I and II stages (p < 0.05)
Expression of 4 miRNA levels of
circulating sEVs were altered
Exosomal miR-217 was increased in GC
patients and the expression was
) ) significantly up-regulated in GC tissues
Lietal. Patlent'plasma . In GC, CDH1 has been reported to be a
2018 67 gastr.lc cancer miR-217 tumor suppressor and to be
[132] patients downregulated
CDHL1 is a direct target of miR-217
Overexpression of miR-217 enhanced
gastric cancer cells proliferation, and
reduced exosomal CDH1 level
TRIM3 knockdown promoted tumor
Patient serum growth and metastasis of gastric cancer
serum samples of 20 Exosomal TRIM3 was decreased in the
Fu et al. gastric cancer patients TR serum sEVs of gastric cancer patients
2018 (14 male and 6 female) . M3 sEV-mediated delivery of
[133] and age matched 20 miR-20a overexpressed TRIM3 could suppress
healthy volunteers (13 gastric cancer growth
male and 7 female) TRIMS is negatively regulated by
miR-20a
Lnc RNA PCSK2-2:1 expression level in
serum sEVs of gastric cancer patients
was significantly downregulated
. ) expression level of Exo-Lnc RNA
Cai et al. Patient Serum Lnc RNA PCSK2-2:1 was correlated with tumor
2019 29 hea.lthy people gnd 63 PCSK2-2:1 size, tumor stage, and venous invasion
[134] gastric cancer patients AUC of Exo-Lnc RNA PCSK2-2:1 was

0.896. At the optimal cut-off value, the
diagnostic sensitivity and specificity
were 84% and 86.5%, respectively.
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Table 1. Cont.

Diagnostic Markers

Cancer Type Reference

Exosome Sample/

. Biomarkers
Clinical Source

Major Findings

Shao et al.
2020
[135]

96 paired gastric cancer
tissues hsa_circ_0065149
Patient plasma

Hsa_circ_0065149 expression was only
significantly downregulated in gastric
cancer

Hsa_circ_0065149 levels were
significantly decreased in plasma sEVs
of early GC patients

Xue et al.
HCC 2019
[136]

8 miRNAs:
miR-122, miR-125b,
miR-145, miR-192,
miR-194, miR-29a,
miR-17-5p, and
miR-106a

80 patients with
histologically HCC
Patient serum
30 clinical controls

Significant correlation between serum
exosomal miRNAs and tumor size
Significant survival difference of HCC
patients with high or low exosomal
miR-106a

Gosh et al.
2020
[137]

miR-10b-5p/miR-221-
3p/miR-223-3p 1
Distinguishing low
alpha-fetoprotein (AFP)

Normal liver tissue
HCC tissue
Plasma-derived sEVs

Improving diagnosis in HCC patients
with low AFP

Identification of liver specific exosomal
miRNAs

miRNAs were validated in normal and
in HCC tissues and in plasma-derived
sEVs

AFP level was found below 250 ng/mL
in about 94% of HCV-HCC and 62% of
HBV-HCC patients

Yao et al.
2020
[138]

Exosome-derived
IncRNAs
Inc-FAM72D-3 1,
Inc-EPC1-4 |

Serum of controls and
hepatitis, cirrhosis, and
HCC patients

Inc-FAM72D-3 knockdown decreased
cell viability and promoted cell
apoptosis

Inc-EPC1-4 overexpression inhibited
cell proliferation and induced cell
apoptosis

the expression levels of Inc-EPC1-4
correlated with serum
alpha-fetoprotein level
Inc-FAM72D-3 and Inc-EPC1-4 might
contribute to hepatocarcinogenesis

Kim et al.
2021
[139]

serum samples from 239
HCC patients and 45
non-HCC patients

miR-125b |

Significant downregulation of
miR-125b in HCC patients with
metastasis

Migration and invasion abilities were
significantly inhibited by
Exosome-mediated miR-125b

Sun et al.
2021
[140]

combination of miR-101
and miR-125b |

HCC patients
Patient serum

Combination of miR-101 and miR-125b
expression was significantly
downregulated in both tissue and
serum sEVs of HCC patients

Higher diagnostic utility for HCC (area
under the curve (AUC) = 0.953) was
shown using a combination of miR-101
and miR-125b downregulation
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Table 1. Cont.

Diagnostic Markers

Cancer Type Reference

Exosome Sample/
Clinical Source

Biomarkers

Major Findings

Wei et al.
2022
[141]

90 HCC patients
Patient serum

miR-370-3p |, miR
-196a-5p 1

Lower expression of miR-370-3p and
higher expression of miR-196a-5p
detected in serum sEVs of HCC
patients

Serum exosomal miR-370-3p and
miR-196a-5p were associated with
tumor size, tumor grade and TNM
stage

Overexpressed miR-370-3p or silenced
miR-196a-5p suppressed proliferation,
invasion, and migration of Huh-7 HCC
cells

Melo et al.
PDAC 2015
[142]

Patient serum
192 patients
100 controls

Glypicanl

GPCl is a cell surface glycoprotein
specifically enriched on cancer-cell
derived sEVs

With absolute specificity and sensitivity,
GPC1+ sEVs could be detected in the
sera of pancreatic cancer patients

By monitoring and isolating GPC1+
circulating sEVs, healthy controls could
be distinguished from patients with
early and late stage pancreatic cancer
In pre- and post-surgical pancreatic
cancer patients, levels of GPC1+ crExos
correlate with tumor burden and
survival

Allenson et al.

2017
[143]

Patient plasma
68 PDAC patients of all
stages

Mutant KRAS

In patients” plasma, droplet digital PCR
(ddPCR) was performed on exoDNA
and ¢fDNA for sensitive detection of
KRAS mutants

KRAS mutations in exoDNA were
identified in 7.4% of localized PDAC,
66.7% of locally advanced, 80% of
metastatic PDAC patients, and 85% of
age-matched controls,

In comparison, mutant KRAS ¢fDNA
was detected in 14.8%, 45.5%, 30.8%,
and 57.9% of these individuals,
respectively

Goto et al.
2018
[144]

Patient serum
32 PDAC patients
29 IPMN patients

22 controls

miR-21
miR—-451a
miR-191

In patients with pancreatic cancer and
IPMN-lesions, the expression of
exosome-derived miR-191, miR-21 and
miR-451a was significantly
up-regulated (p < 0.05)

The diagnostic accuracy of the
exosome-derived miRNAs was 5-20%
superior compared with the expression
of the respective serum bulky miRNAs
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Table 1. Cont.

Diagnostic Markers

Cancer Type

Reference

Exosome Sample/

Clinical Source Biomarkers Major Findings

Carmicheal et
2019
[145]

. In order to identify tumor-specific
spectral signatures, label-free analysis
of sEVs isolated from normal and
pancreatic cancer cell lines was
performed using surface enhanced

Glypicanl Raman Spectroscopy (SERS) and
EpCAM principal component differential
function analysis (PC-DFA)

. sEVs could be differentiated originating
from pancreatic cancer patients or
normal pancreatic epithelial cell lines
with 90% accuracy

al.
Patient serum

Luxetal.
2019
[120]

. By flow cytometry, serum-sEVs from
pancreatic cancer patients which were
bound to latex beads and stained with
antibodies against c-Met or PD-L1

e A higher fluorescent signal could be
measured for c-Met in PDAC-patients
compared to patients with benign

) disease (p < 0.001)
Patient serum Exo c-Met . By combining the test with levels of the
55 patients with PDAC Exo PD-L1 established tumor marker carbohydrate
antigen 19-9 (CA 19-9), the diagnostic
power could even be improved

. Pancreatic cancer patients with high
levels of PD-L1-positive serum sEVs
showed a significantly shorter
postoperative survival time (7.8 vs.
17.2 months, p = 0.043)

Reese et al.
2020
[146]

. From total EpCAM-positive serum
sEVs, a biomarker panel consisting of
miR-200b and miR-200c showed by
receiver operating characteristic (ROC)
curve analysis an enhanced diagnostic

. accuracy of carbohydrate antigen 19-9
Patient serum miR-200b; EpCAM:+ (CA.19-9) to 97% (p < 0.0001)
miR-200c; EpCAM+ e  High expression of miR-200c in total
serum sEVs correlated with shorter
overall survival (p = 0.038)

. In EpCAM-positive serum sEVs, also
high expression of miR-200b correlated
with shorter overall survival (p = 0.032)

Keratin Associated Protein 5-4, (KRTAP5-4); Melanoma-associated antigen 3, (MAGEAS3); Breast cancer anti-
estrogen resistance 4 (BCAR4); Carcinoembryonic antigen, (CEA); urothelial carcinoma-associated 1 (UCA1);
Taurine Up-Regulated 1, (TUG1); Ribonuclease P RNA Component H1 (RPPH1; Carbohydrate antigen 19-9,
(CA 19-9); Cadherin 1, (CDH1); Tripartite motif, (TRIM); Alpha-fetoprotein, (AFP); Hepatitis-C-Virus, (HCV);
Hepatitis-B-Virus, (HBV); Tumor node metastasis, (TNM); Glypicanl, (GPC1); Intraductal papillary mucinous
neoplasm, (IPMN); Epithelial cell adhesion molecule, (EpCAM).

4. sEVs in Cancer Therapy and Vaccination
4.1. Strategies for sEV Engineering for Therapeutic Vehicles

In recent years, research has focused on the therapeutic potential of sEVs and their use
in cancer therapy. Since sEVs inherit many physiological characteristics of their originating
cells, they are used as cell free therapeutics with comparable potency but better safety
profiles. To this end, mesenchymal-stem-cell-derived (MSC) sEVs are currently being
investigated for different therapeutic applications due to their anti-inflammatory properties,
their regenerative potential, as well as their use as vehicles for tumor therapy [147,148].
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sEVs can be loaded with pharmaceutical agents, such as chemotherapeutic drugs or
siRNAs for anti-cancer treatment. Therefore, different engineering strategies and technolo-
gies have been developed to improve loading efficacy or targeting specificity [147-149].
Loading can be differentiated by active and passive mechanisms. Passive cargo loading
involves incubation with bioactive agents or drugs, whereby uptake in sEVs is improved by
sonication, electroporation, freeze-thaw cycles, or incorporation during extrusion. Active
cargo loading can be more specific, and is not as damaging for sEVs through processing.
This is usually performed by modifying the sEV-producing cells—e.g., by expression vec-
tors, whereby the ectopically expressed cargo is packaged into sEVs via natural biogenesis
pathways. To this end, transgenic fusion proteins with tetraspanins or endosomal resident
Lysosome-associated membrane protein 2B (LAMP-2B) are generated, which are actively
shifted into sEVs. Another strategy involves fusion proteins, peptides, or nanobodies with a
glycosylphosphatidylinositol (GPI) anchor that are incorporated into membranes and sEVs.
Alternatively, sEVs may be chemically modified post release. Here, DSPE-or DMPE-PEG
lipid ankers are used to present peptides or other surface markers by direct coupling or
indirect binding via streptavidin-biotin interaction [147-150].

Tissue targeting strategies for sEVs involve ectopic expression of binding-peptides
as fusion proteins on the sEV surface. To this end, tumor-targeting of sEVs could be im-
proved by LAMP-2B-CRGDKGPDC fusion peptides (iRGD). These sEVs displayed highly
effective targeting abilities for av integrin-positive breast cancer cells in vitro [151,152].
Another targeting strategy is to exploit the natural affinity of specific sEVs for different
tissues. Here, mesenchymal-stem-cell (MSC)-sEVs have been used to target different can-
cer cell populations—e.g., pancreatic cancer cells as described in a study by Zhou and
co-workers [153]. They used MSC-sEVs to deploy galectin-9 siRNA and oxaliplatin (OXA)
(IEXO-OXA platform). The respective sEVs were shown to significantly improve tumor
targeting and drug delivery to the tumor region [151,153].

4.2. Engineered sEV's in the Treatment of GI-Cancer

There have been approaches to design therapeutic sEVs in the treatment of most GI cancer
entities. In 2017, Kamerkar et al. demonstrated that sEVs derived from mesenchymal cells can
be engineered in order to carry si- or shRNAs, which specifically target oncogenic KRASS12P,
known to be a key driver mutation in PDAC. Treatment with these iExosomes prolonged OS
in mouse models and suppressed PDAC tumor growth [154]. This study is one of the most
advanced approaches in the field, even including a clinical phase-1 trial (NCT03608631).

Another study used autologous sEVs from Panc-1 cells loaded with gemcitabine (Exo-
Gem) for treatment of Panc-1 tumors in xenografted mice. Tumor growth was significantly
suppressed, resulting in prolonged survival after treatment with ExoGem [155]. Moreover,
in PDAC, autologous sEVs were specifically targeted to PDAC cells by modifying their
surface with arginin-glycin-aspartatic acid (RGD)-sequences (DSPE-PEG-RGD cloaking),
thus delivering paclitaxel as a therapeutic agent [156]. As described above, Zhou et al.
utilized bone marrow MSC-derived sEVs to facilitate homing to PDAC cells. The authors
further employed an interesting concept to extensively modify the MSC-sEVs with two
chemotherapeutic agents, luminal gemcitabine, and surface-bound paclitaxel to improve
penetration and therapy performance. Efficacy was demonstrated in orthotopic xenograft
models and tumor spheroids [157].

In addition to chemotherapeutic agents or siRNA, other cargos like circular RNAs
were applied for treatment of different cancer entities. HEK293-cells were transfected with
circDIDO1 circulating RNA to produce modified sEVs, which were targeted to gastric
cancer cells using RGD sequences. These sEVs inhibited tumor progression via the miR-
1307-3p/SOCS2 axis [158].

Other treatment concepts involve the reversion of chemoresistance. In gastric cancer,
high expression of c-Met is associated with poor prognosis and chemoresistance. Accord-
ingly, sEVs were modified with siRNAs to target and deplete c-Met from gastric cancer
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cells in vitro and in xenografted mice, thereby overcoming tumor-invasive properties and
cisplatin resistance [159].

In conclusion, sEV engineering is a promising new research field with the potential to
establish innovative treatment options and foster clinical translation.

4.3. Use of sEVs as Tumor Vaccines and Immunotherapeutic Agents

Cancer vaccines aim to stimulate a person’s immune system to recognize and attack
cancer cells. Unlike traditional vaccines, they are designed to facilitate targeting of tumor
cells by the immune system. A cancer vaccine usually contains antigens and adjuvants.
Ideally, these antigens are tumor-specific, while adjuvants boost activation of the immune
system, both in the absence and the presence of the antigen [160].

Tumor-derived sEVs with tumor-specific antigens were described as cancer vaccines
in several studies [161-163]. In addition, tumor-derived sEVs contain immunostimulatory
molecules, like CD70, CD80, OX40, MHC, or heat shock proteins (HSPs), which directly
initiate the innate immune cascade or induce pro-inflammatory cytokine signaling as
damage-associated-molecular-patterns (DAMPS) [164,165]. There are initial ongoing clini-
cal trials that use sEVs as cancer vaccines with additional immunostimulatory properties
(NCT02657460 and NCT01854866). However, one has to consider the pro-tumorigenic
role of the respective tumor-derived sEVs, which can also mediate the establishment of
pre-metastatic niches in different organs [21,107].

A second strategy is the use of sEVs from immune cells as anti-cancer vaccines. They
contain MHC-I and MHC-II complexes and co-stimulatory molecules, such as CD40, CD80,
and CD86. Several studies have used sEVs from dendritic cells to activate anti-tumor
immunity [166-168]. Other concepts utilize sEV engineering by overexpressing CT40L to
induce dendritic cell maturation and boost the immune system. Furthermore, modulation
of the CD47- signal regulatory protein alpha (SIRP-p-x) “don’t eat me” signal by sEVs was
reported to alter macrophage phagocytosis [169]. sEVs have been additionally modified to
express stimulator of interferon genes (STING) agonists, which induces toll-like-receptor
(TLR) signaling and interferon response, thereby preventing tumor progression [170].

5. Conclusions and Future Perspectives

A better understanding of the underlying mechanisms of sEV biogenesis, secretion,
and uptake is crucial for identifying novel targets for clinical translation and therapeutic
options. sEVs are major regulators of tumor progression and metastasis in GI cancers. They
are also important mediators during the establishment of pre-metastatic niches in different
organs, as well as in the regulation of chemoresistance. These features of sEVs have a major
translational impact on patients’ survival and prognosis. Therefore, several groups are
currently trying to identify clinically applicable inhibitors for sEV biogenesis. However,
due to utilization of different biogenesis pathways and cellular adaptation mechanisms, so
far, the identification and development of suitable inhibitors is still challenging.

In addition, sEVs have exciting potential as prognostic and diagnostic biomarker
platforms in different GI cancer entities.

Moreover, there have been attempts to use sEVs as vehicles for different therapeutic
approaches, which are still limited in the GI cancer field. Nevertheless, efforts are made to
use sEVs for anti-tumor therapy in the clinical context. To this end, sEV engineering tech-
niques for targeting specific cell populations and cargo loading are extensively investigated.
Therapeutic agents loaded in sEVs include chemotherapeutic drugs, like gemcitabine or
paclitaxel, as well as siRNAs and specific inhibitors. The most advanced study in this field
has been published by Kamerkar et al. for pancreatic cancer. The authors have explored
the use of therapeutic sEVs with siRNAs targeting KRASG!?P (iExosomes) to inhibit PDAC
tumor growth. Currently, there is even a phase-1 clinical trial (NCT03608631) ongoing.

Thus, sEVs have a great translational and therapeutic potential, which needs to be
further developed in GI cancer entities.



Cancers 2024, 16, 567 18 of 24

Author Contributions: Conceptualization, N.S., T.E. and T.S.; collection and review of the literature,
N.S. and T.E.; writing, N.S. and T.E.; visualization, N.S. and P.C.H.; review and editing, N.S., PC.H.,
T.E. and T.S. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Clinician Scientist Program of the University of Ulm to NS as
well as DFG project No.: 380319649 (EI792/7-1 and BL-1186/5-1) to T.E. This work was supported
by funds from the state of Baden-Wiirttemberg within the centers for personalized medicine Baden-
Wiirttemberg (ZPM) to T.E and T.S.

Acknowledgments: Illustrations were created using Servier medical art templates (https://smart.
servier.com/) (accessed on 14 November 2023) with minor modifications according to terms of the
creative commons attribution 3.0 license agreement (https://creativecommons.org/licenses/by/
3.0/) (accessed on 14 November 2023) with the help of Affinity Designer 2 © Serif (Europe) Ltd.,
Nottingham, UK.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Jadli, A.S.; Ballasy, N.; Edalat, P; Patel, V.B. Inside(sight) of tiny communicator: Exosome biogenesis, secretion, and uptake. Mol.
Cell Biochem. 2020, 467, 77-94. [CrossRef]

2. Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Théry, C. Specificities of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9-17. [CrossRef] [PubMed]

3. Karn, V,; Ahmed, S.; Tsai, L.W.; Dubey, R.; Ojha, S.; Singh, H.N.; Kumar, M.; Gupta, PK.; Sadhu, S.; Jha, N.K.; et al. Extracellular
Vesicle-Based Therapy for COVID-19: Promises, Challenges and Future Prospects. Biomedicines 2021, 9, 1373. [CrossRef] [PubMed]

4. Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. . Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

5. Witwer, KW.,; Théry, C. Extracellular vesicles or exosomes? On primacy, precision, and popularity influencing a choice of
nomenclature. . Extracell. Vesicles 2019, 8, 1648167. [CrossRef]

6. Trams, E.G,; Lauter, C.J.; Salem, N., Jr.; Heine, U. Exfoliation of membrane ecto-enzymes in the form of micro-vesicles. Biochim.
Biophys. Acta 1981, 645, 63-70. [CrossRef]

7. Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208-1215. [CrossRef] [PubMed]

8.  Seibold, T.; Waldenmaier, M.; Seufferlein, T.; Eiseler, T. Small Extracellular Vesicles and Metastasis—Blame the Messenger. Cancers
2021, 13, 4380. [CrossRef] [PubMed]

9.  Waldenmaier, M.; Seibold, T.; Seufferlein, T.; Eiseler, T. Pancreatic Cancer Small Extracellular Vesicles (Exosomes): A Tale of Short-
and Long-Distance Communication. Cancers 2021, 13, 4844. [CrossRef]

10. Yang, X,; Zhang, Y.; Zhang, Y.; Zhang, S.; Qiu, L.; Zhuang, Z.; Wei, M.; Deng, X.; Wang, Z.; Han, J. The Key Role of Exosomes on
the Pre-metastatic Niche Formation in Tumors. Front. Mol. Biosci. 2021, 8, 703640. [CrossRef]

11.  Whiteside, T.L. Immune modulation of T-cell and NK (natural killer) cell activities by TEXs (tumour-derived exosomes). Biochem.
Soc. Trans. 2013, 41, 245-251. [CrossRef]

12.  LeBleu, V.S,; Kalluri, R. Exosomes as a Multicomponent Biomarker Platform in Cancer. Trends Cancer 2020, 6, 767-774. [CrossRef]

13.  Hessvik, N.P; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018, 75, 193-208. [CrossRef]

14. Yue, B.; Yang, H.; Wang, J.; Ru, W.; Wu, J.; Huang, Y.; Lan, X,; Lei, C.; Chen, H. Exosome biogenesis, secretion and function of
exosomal miRNAs in skeletal muscle myogenesis. Cell Prolif. 2020, 53, €12857. [CrossRef]

15.  Zhu, H,; Guariglia, S.; Yu, R.Y.; Li, W.; Brancho, D.; Peinado, H.; Lyden, D.; Salzer, ].; Bennett, C.; Chow, C.W. Mutation of SIMPLE
in Charcot-Marie-Tooth 1C alters production of exosomes. Mol. Biol. Cell 2013, 24, 1619-1637. [CrossRef] [PubMed]

16. Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.; Tkach, M.; Théry, C.
Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc.
Natl. Acad. Sci. USA 2016, 113, E968-E977. [CrossRef] [PubMed]

17. Statello, L.; Maugeri, M.; Garre, E.; Nawaz, M.; Wahlgren, J.; Papadimitriou, A.; Lundqvist, C.; Lindfors, L.; Collén, A;
Sunnerhagen, P; et al. Identification of RNA-binding proteins in exosomes capable of interacting with different types of RNA:
RBP-facilitated transport of RNAs into exosomes. PLoS ONE 2018, 13, e0195969. [CrossRef]

18. Garcia-Martin, R.; Wang, G.; Brandao, B.B.; Zanotto, T.M.; Shah, S.; Kumar Patel, S.; Schilling, B.; Kahn, C.R. MicroRNA sequence
codes for small extracellular vesicle release and cellular retention. Nature 2022, 601, 446-451. [CrossRef] [PubMed]

19. Jeppesen, D.K.; Fenix, A.M.; Franklin, ].L.; Higginbotham, ].N.; Zhang, Q.; Zimmerman, L.J.; Liebler, D.C; Ping, J.; Liu, Q.; Evans,
R.; et al. Reassessment of Exosome Composition. Cell 2019, 177, 428-445.e18. [CrossRef]

20. Kabhlert, C.; Melo, S.A.; Protopopov, A.; Tang, J.; Seth, S.; Koch, M.; Zhang, J.; Weitz, J.; Chin, L.; Futreal, A.; et al. Identification

of Double-stranded Genomic DNA Spanning All Chromosomes with Mutated KRAS and p53 DNA in the Serum Exosomes of
Patients with Pancreatic Cancer. . Biol. Chem. 2014, 289, 3869-3875. [CrossRef]


https://smart.servier.com/
https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1007/s11010-020-03703-z
https://doi.org/10.1038/s41556-018-0250-9
https://www.ncbi.nlm.nih.gov/pubmed/30602770
https://doi.org/10.3390/biomedicines9101373
https://www.ncbi.nlm.nih.gov/pubmed/34680490
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2019.1648167
https://doi.org/10.1016/0005-2736(81)90512-5
https://doi.org/10.1172/JCI81135
https://www.ncbi.nlm.nih.gov/pubmed/27035812
https://doi.org/10.3390/cancers13174380
https://www.ncbi.nlm.nih.gov/pubmed/34503190
https://doi.org/10.3390/cancers13194844
https://doi.org/10.3389/fmolb.2021.703640
https://doi.org/10.1042/BST20120265
https://doi.org/10.1016/j.trecan.2020.03.007
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1111/cpr.12857
https://doi.org/10.1091/mbc.e12-07-0544
https://www.ncbi.nlm.nih.gov/pubmed/23576546
https://doi.org/10.1073/pnas.1521230113
https://www.ncbi.nlm.nih.gov/pubmed/26858453
https://doi.org/10.1371/journal.pone.0195969
https://doi.org/10.1038/s41586-021-04234-3
https://www.ncbi.nlm.nih.gov/pubmed/34937935
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1074/jbc.C113.532267

Cancers 2024, 16, 567 19 of 24

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

Armacki, M.; Polaschek, S.; Waldenmaier, M.; Morawe, M.; Ruhland, C.; Schmid, R.; Lechel, A.; Tharehalli, U.; Steup, C.; Bektas,
Y,; et al. Protein Kinase D1, Reduced in Human Pancreatic Tumors, Increases Secretion of Small Extracellular Vesicles from Cancer
Cells That Promote Metastasis to Lung in Mice. Gastroenterology 2020, 159, 1019-1035.e22. [CrossRef]

Mathew, A.; Bell, A.; Johnstone, RM. Hsp-70 is closely associated with the transferrin receptor in exosomes from maturing
reticulocytes. Biochem. . 1995, 308 Pt 3, 823-830. [CrossRef] [PubMed]

Delenclos, M.; Trendafilova, T.; Mahesh, D.; Baine, A.M.; Moussaud, S.; Yan, LK.; Patel, T.; McLean, P]. Investigation of Endocytic
Pathways for the Internalization of Exosome-Associated Oligomeric Alpha-Synuclein. Front. Neurosci. 2017, 11, 172. [CrossRef]
[PubMed]

Gurung, S.; Perocheau, D.; Touramanidou, L.; Baruteau, J. The exosome journey: From biogenesis to uptake and intracellular
signalling. Cell Commun. Signal. 2021, 19, 47. [CrossRef]

Colombo, M.; Raposo, G.; Théry, C. Biogenesis, Secretion, and Intercellular Interactions of Exosomes and Other Extracellular
Vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289. [CrossRef] [PubMed]

Hadders, M.A.; Agromayor, M.; Obita, T.; Perisic, O.; Caballe, A.; Kloc, M.; Lamers, M.H.; Williams, R.L.; Martin-Serrano, J.
ESCRT-III binding protein MITD1 is involved in cytokinesis and has an unanticipated PLD fold that binds membranes. Proc. Natl.
Acad. Sci. USA 2012, 109, 17424-17429. [CrossRef] [PubMed]

Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F; Schauer, K.; Hume, A.N.; Freitas, R.P;
et al. Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 2010, 12, 19-30. [CrossRef]
[PubMed]

Savina, A.; Fader, C.M.; Damiani, M.T.; Colombo, M.I. Rab11 promotes docking and fusion of multivesicular bodies in a
calcium-dependent manner. Traffic 2005, 6, 131-143. [CrossRef] [PubMed]

Liu, C; Liu, D.; Wang, S.; Gan, L.; Yang, X.; Ma, C. Identification of the SNARE complex that mediates the fusion of multivesicular
bodies with the plasma membrane in exosome secretion. . Extracell. Vesicles 2023, 12, 12356. [CrossRef]

Weaver, A.M.; Karginov, A.V,; Kinley, A.W.; Weed, S.A.; Li, Y.; Parsons, ].T.; Cooper, J.A. Cortactin promotes and stabilizes
Arp2/3-induced actin filament network formation. Curr. Biol. 2001, 11, 370-374. [CrossRef]

Sinha, S.; Hoshino, D.; Hong, N.H.; Kirkbride, K.C.; Grega-Larson, N.E.; Seiki, M.; Tyska, M.].; Weaver, A.M. Cortactin promotes
exosome secretion by controlling branched actin dynamics. J. Cell Biol. 2016, 214, 197-213. [CrossRef] [PubMed]

Park, J.E.; Tan, H.S.; Datta, A ; Lai, R.C.; Zhang, H.; Meng, W.; Lim, S.K.; Sze, S.K. Hypoxic tumor cell modulates its microenviron-
ment to enhance angiogenic and metastatic potential by secretion of proteins and exosomes. Mol. Cell Proteom. 2010, 9, 1085-1099.
[CrossRef] [PubMed]

Zhang, W.; Zhou, X,; Yao, Q.; Liu, Y.; Zhang, H.; Dong, Z. HIF-1-mediated production of exosomes during hypoxia is protective
in renal tubular cells. Am. J. Physiol. Ren. Physiol. 2017, 313, F906-F913. [CrossRef] [PubMed]

Savina, A.; Furlan, M.; Vidal, M.; Colombo, M.I. Exosome Release Is Regulated by a Calcium-dependent Mechanism in K562
Cells*. J. Biol. Chem. 2003, 278, 20083-20090. [CrossRef] [PubMed]

Takahashi, A.; Okada, R.; Nagao, K.; Kawamata, Y.; Hanyu, A.; Yoshimoto, S.; Takasugi, M.; Watanabe, S.; Kanemaki, M.T.; Obuse,
C.; et al. Exosomes maintain cellular homeostasis by excreting harmful DNA from cells. Nat. Commun. 2017, 8, 15287. [CrossRef]
[PubMed]

Cha, D.J.; Franklin, J.L.; Dou, Y.; Liu, Q.; Higginbotham, J.N.; Demory Beckler, M.; Weaver, A.M.; Vickers, K.; Prasad, N;
Levy, S.; et al. KRAS-dependent sorting of miRNA to exosomes. eLife 2015, 4, e07197. [CrossRef]

Demory Beckler, M.; Higginbotham, J.N.; Franklin, J.L.; Ham, A.]J.; Halvey, PJ.; Imasuen, L.E.; Whitwell, C.; Li, M.; Liebler, D.C,;
Coffey, R.J. Proteomic analysis of exosomes from mutant KRAS colon cancer cells identifies intercellular transfer of mutant KRAS.
Mol. Cell Proteom. 2013, 12, 343-355. [CrossRef]

Kiline, S.; Paisner, R.; Camarda, R.; Gupta, S.; Momcilovic, O.; Kohnz, R.A.; Avsaroglu, B.; L'Etoile, N.D.; Perera, R.M.; Nomura,
D.K,; et al. Oncogene-regulated release of extracellular vesicles. Dev. Cell 2021, 56, 1989-2006.e6. [CrossRef]

Zhang, Q.; Jeppesen, D.K.; Higginbotham, ].N.; Demory Beckler, M.; Poulin, E.J.; Walsh, A.J.; Skala, M.C.; McKinley, E.T.;
Manning, H.C.; Hight, M.R ; et al. Mutant KRAS Exosomes Alter the Metabolic State of Recipient Colonic Epithelial Cells. Cell
Mol. Gastroenterol. Hepatol. 2018, 5, 627-629.e6. [CrossRef]

Agarwal, K.; Saji, M.; Lazaroff, S.M.; Palmer, A.F,; Ringel, M.D.; Paulaitis, M.E. Analysis of Exosome Release as a Cellular
Response to MAPK Pathway Inhibition. Langmuir 2015, 31, 5440-5448. [CrossRef]

Zhang, W.; Zhou, Q.; Wei, Y,; Da, M.; Zhang, C.; Zhong, |.; Liu, ].; Shen, J. The exosome-mediated PI3k/Akt/mTOR signaling
pathway in cervical cancer. Int. J. Clin. Exp. Pathol. 2019, 12, 2474-2484. [PubMed]

Doherty, G.J.; McMahon, H.T. Mechanisms of Endocytosis. Annu. Rev. Biochem. 2009, 78, 857-902. [CrossRef] [PubMed]
Grassart, A.; Cheng, A.T.; Hong, S.H.; Zhang, F; Zenzer, N.; Feng, Y.; Briner, D.M.; Davis, G.D.; Malkov, D.; Drubin, D.G. Actin
and dynamin2 dynamics and interplay during clathrin-mediated endocytosis. J. Cell Biol. 2014, 205, 721-735. [CrossRef] [PubMed]
Rudt, S.; Miiller, R.H. In vitro phagocytosis assay of nano- and microparticles by chemiluminescence. II. Uptake of differently
sized surface-modified particles, and its correlation to particle properties and in vivo distribution. Eur. J. Pharm. Sci. 1993,
1, 31-39. [CrossRef]

Swanson, J.A. Shaping cups into phagosomes and macropinosomes. Nat. Rev. Mol. Cell Biol. 2008, 9, 639-649. [CrossRef]
[PubMed]


https://doi.org/10.1053/j.gastro.2020.05.052
https://doi.org/10.1042/bj3080823
https://www.ncbi.nlm.nih.gov/pubmed/8948438
https://doi.org/10.3389/fnins.2017.00172
https://www.ncbi.nlm.nih.gov/pubmed/28424577
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://www.ncbi.nlm.nih.gov/pubmed/25288114
https://doi.org/10.1073/pnas.1206839109
https://www.ncbi.nlm.nih.gov/pubmed/23045692
https://doi.org/10.1038/ncb2000
https://www.ncbi.nlm.nih.gov/pubmed/19966785
https://doi.org/10.1111/j.1600-0854.2004.00257.x
https://www.ncbi.nlm.nih.gov/pubmed/15634213
https://doi.org/10.1002/jev2.12356
https://doi.org/10.1016/S0960-9822(01)00098-7
https://doi.org/10.1083/jcb.201601025
https://www.ncbi.nlm.nih.gov/pubmed/27402952
https://doi.org/10.1074/mcp.M900381-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/20124223
https://doi.org/10.1152/ajprenal.00178.2017
https://www.ncbi.nlm.nih.gov/pubmed/28679592
https://doi.org/10.1074/jbc.M301642200
https://www.ncbi.nlm.nih.gov/pubmed/12639953
https://doi.org/10.1038/ncomms15287
https://www.ncbi.nlm.nih.gov/pubmed/28508895
https://doi.org/10.7554/eLife.07197
https://doi.org/10.1074/mcp.M112.022806
https://doi.org/10.1016/j.devcel.2021.05.014
https://doi.org/10.1016/j.jcmgh.2018.01.013
https://doi.org/10.1021/acs.langmuir.5b00095
https://www.ncbi.nlm.nih.gov/pubmed/31934074
https://doi.org/10.1146/annurev.biochem.78.081307.110540
https://www.ncbi.nlm.nih.gov/pubmed/19317650
https://doi.org/10.1083/jcb.201403041
https://www.ncbi.nlm.nih.gov/pubmed/24891602
https://doi.org/10.1016/0928-0987(93)90015-3
https://doi.org/10.1038/nrm2447
https://www.ncbi.nlm.nih.gov/pubmed/18612320

Cancers 2024, 16, 567 20 of 24

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Tian, T.; Zhu, Y.-L.; Zhou, Y.-Y,; Liang, G.-F.; Wang, Y.-Y.; Hu, F-H.; Xiao, Z.-D. Exosome Uptake through Clathrin-mediated
Endocytosis and Macropinocytosis and Mediating miR-21 Delivery. . Biol. Chem. 2014, 289, 22258-22267. [CrossRef] [PubMed]
Puzar Dominkus, P,; Stenovec, M.; Sitar, S.; Lasi¢, E.; Zorec, R.; Plemenitas, A.; Zagar, E.; Kreft, M.; Lenassi, M. PKH26 labeling of
extracellular vesicles: Characterization and cellular internalization of contaminating PKH26 nanoparticles. Biochim. Biophys. Acta
BBA Biomembr. 2018, 1860, 1350-1361. [CrossRef] [PubMed]

Levy, D.; Do, M.A,; Brown, A.; Asano, K.; Diebold, D.; Chen, H.; Zhang, J.; Lawler, B.; Lu, B. Genetic labeling of extracellular
vesicles for studying biogenesis and uptake in living mammalian cells. In Methods in Enzymology; Academic Press: Cambridge,
MA, USA, 2020; Volume 645, pp. 1-14. [CrossRef]

Datta, A.; Kim, H.; Lal, M.; McGee, L.; Johnson, A.; Moustafa, A.A.; Jones, ].C.; Mondal, D.; Ferrer, M.; Abdel-Mageed, A.B.
Manumycin A suppresses exosome biogenesis and secretion via targeted inhibition of Ras/Raf/ERK1/2 signaling and hnRNP
H1 in castration-resistant prostate cancer cells. Cancer Lett. 2017, 408, 73-81. [CrossRef]

Catalano, M.; O’Driscoll, L. Inhibiting extracellular vesicles formation and release: A review of EV inhibitors. J. Extracell. Vesicles
2020, 9, 1703244. [CrossRef]

Costa Verdera, H.; Gitz-Francois, J.J.; Schiffelers, R.M.; Vader, P. Cellular uptake of extracellular vesicles is mediated by clathrin-
independent endocytosis and macropinocytosis. J. Control. Release 2017, 266, 100-108. [CrossRef]

Lin, H.-P; Singla, B.; Ghoshal, P.; Faulkner, J.L.; Cherian-Shaw, M.; O’Connor, PM.; She, J.-X.; Belin De Chantemele, E.J.; Csanyi,
G. Identification of novel macropinocytosis inhibitors using a rational screen of Food and Drug Administration-approved drugs.
Br. J. Pharmacol. 2018, 175, 3640-3655. [CrossRef] [PubMed]

Dinkins, M.B.; Dasgupta, S.; Wang, G.; Zhu, G.; Bieberich, E. Exosome reduction in vivo is associated with lower amyloid plaque
load in the 5XFAD mouse model of Alzheimer’s disease. Neurobiol. Aging 2014, 35, 1792-1800. [CrossRef]

Seibold, T.; Schonfelder, J.; Weeber, E; Lechel, A.; Armacki, M.; Waldenmaier, M.; Wille, C.; Palmer, A.; Halbgebauer, R.; Karasu,
E.; et al. Small Extracellular Vesicles Propagate the Inflammatory Response After Trauma. Adv. Sci. 2021, 8, €2102381. [CrossRef]
[PubMed]

Kim, ].H.; Lee, C.H.; Baek, M.C. Dissecting exosome inhibitors: Therapeutic insights into small-molecule chemicals against cancer.
Exp. Mol. Med. 2022, 54, 1833-1843. [CrossRef] [PubMed]

Christianson, H.C.; Svensson, K.J.; van Kuppevelt, T.H.; Li, ].P.; Belting, M. Cancer cell exosomes depend on cell-surface heparan
sulfate proteoglycans for their internalization and functional activity. Proc. Natl. Acad. Sci. USA 2013, 110, 17380-17385. [CrossRef]
Macia, E.; Ehrlich, M.; Massol, R.; Boucrot, E.; Brunner, C.; Kirchhausen, T. Dynasore, a Cell-Permeable Inhibitor of Dynamin.
Dev. Cell 2006, 10, 839-850. [CrossRef]

Atai, N.A.; Balaj, L.; van Veen, H.; Breakefield, X.O.; Jarzyna, P.A.; Van Noorden, C.J.; Skog, J.; Maguire, C.A. Heparin blocks
transfer of extracellular vesicles between donor and recipient cells. |. Neurooncol. 2013, 115, 343-351. [CrossRef]

Wang, M.; Cai, W.; Yang, A.J.; Wang, C.Y.; Zhang, C.L.; Liu, W.; Xie, X.E; Gong, Y.Y.; Zhao, Y.Y.; Wu, W.C,; et al. Gastric cancer
cell-derived extracellular vesicles disrupt endothelial integrity and promote metastasis. Cancer Lett. 2022, 545, 215827. [CrossRef]
Zheng, Y,; Tu, C.; Zhang, ].; Wang, J. Inhibition of multiple myeloma-derived exosomes uptake suppresses the functional response
in bone marrow stromal cell. Int. J. Oncol. 2019, 54, 1061-1070. [CrossRef]

Schonfelder, J.; Seibold, T., Morawe, M.; Sroka, R.; Schneider, N.; Cai, J.; Golomejic, J.; Schiitte, L.; Armacki, M,
Huber-Lang, M; et al. Endothelial Protein kinase D1 is a major regulator of post-traumatic hyperinflammation. Front.
Immunol. 2023, 14, 1093022. [CrossRef]

Guan, W.-L.; He, Y.; Xu, R.-H. Gastric cancer treatment: Recent progress and future perspectives. J. Hematol. Oncol. 2023, 16, 57.
[CrossRef]

Ettrich, T.].; Seufferlein, T. Systemic Therapy for Metastatic Pancreatic Cancer. Curr. Treat. Options Oncol. 2021, 22, 106. [CrossRef]
Abou-Alfa, G.K.; Lau, G.; Kudo, M.; Chan, S.L.; Kelley, R K.; Furuse, J.; Sukeepaisarnjaroen, W.; Kang, Y.-K.; Dao, T.V.; Toni,
EN.D,; et al. Tremelimumab plus Durvalumab in Unresectable Hepatocellular Carcinoma. NEJM Evid. 2022, 1, EVID0a2100070.
[CrossRef]

Seufferlein, T.; Simoes, C.; Kude, F.; Ettrich, T.]. Molecular Approaches to Metastatic Colorectal Cancer: Better Diagnosis—Better
Treatment? Visc. Med. 2019, 35, 259-265. [CrossRef]

Smyth, E.C.; Nilsson, M.; Grabsch, H.I.; van Grieken, N.C.; Lordick, F. Gastric cancer. Lancet 2020, 396, 635-648. [CrossRef]
[PubMed]

Machlowska, ].; Baj, J.; Sitarz, M.; Maciejewski, R.; Sitarz, R. Gastric Cancer: Epidemiology, Risk Factors, Classification, Genomic
Characteristics and Treatment Strategies. Int. J. Mol. Sci. 2020, 21, 4012. [CrossRef] [PubMed]

Chen, J.; Xu, Z.; Hu, C.; Zhang, S.; Zi, M.; Yuan, L.; Cheng, X. Targeting CLDN18.2 in cancers of the gastrointestinal tract: New
drugs and new indications. Front. Oncol. 2023, 13, 1132319. [CrossRef]

Shitara, K.; Ajani, ].A.; Moehler, M.; Garrido, M.; Gallardo, C.; Shen, L.; Yamaguchi, K.; Wyrwicz, L.; Skoczylas, T.; Bragagnoli,
A.C,; et al. Nivolumab plus chemotherapy or ipilimumab in gastro-oesophageal cancer. Nature 2022, 603, 942-948. [CrossRef]
[PubMed]

Burnett-Hartman, A.N.; Lee, ].K.; Demb, J.; Gupta, S. An Update on the Epidemiology, Molecular Characterization, Diagnosis,
and Screening Strategies for Early-Onset Colorectal Cancer. Gastroenterology 2021, 160, 1041-1049. [CrossRef]

Dekker, E.; Tanis, PJ.; Vleugels, ].L.A.; Kasi, PM.; Wallace, M.B. Colorectal cancer. Lancet 2019, 394, 1467-1480. [CrossRef]


https://doi.org/10.1074/jbc.M114.588046
https://www.ncbi.nlm.nih.gov/pubmed/24951588
https://doi.org/10.1016/j.bbamem.2018.03.013
https://www.ncbi.nlm.nih.gov/pubmed/29551275
https://doi.org/10.1016/bs.mie.2020.02.001
https://doi.org/10.1016/j.canlet.2017.08.020
https://doi.org/10.1080/20013078.2019.1703244
https://doi.org/10.1016/j.jconrel.2017.09.019
https://doi.org/10.1111/bph.14429
https://www.ncbi.nlm.nih.gov/pubmed/29953580
https://doi.org/10.1016/j.neurobiolaging.2014.02.012
https://doi.org/10.1002/advs.202102381
https://www.ncbi.nlm.nih.gov/pubmed/34713625
https://doi.org/10.1038/s12276-022-00898-7
https://www.ncbi.nlm.nih.gov/pubmed/36446847
https://doi.org/10.1073/pnas.1304266110
https://doi.org/10.1016/j.devcel.2006.04.002
https://doi.org/10.1007/s11060-013-1235-y
https://doi.org/10.1016/j.canlet.2022.215827
https://doi.org/10.3892/ijo.2019.4685
https://doi.org/10.3389/fimmu.2023.1093022
https://doi.org/10.1186/s13045-023-01451-3
https://doi.org/10.1007/s11864-021-00895-4
https://doi.org/10.1056/EVIDoa2100070
https://doi.org/10.1159/000500617
https://doi.org/10.1016/S0140-6736(20)31288-5
https://www.ncbi.nlm.nih.gov/pubmed/32861308
https://doi.org/10.3390/ijms21114012
https://www.ncbi.nlm.nih.gov/pubmed/32512697
https://doi.org/10.3389/fonc.2023.1132319
https://doi.org/10.1038/s41586-022-04508-4
https://www.ncbi.nlm.nih.gov/pubmed/35322232
https://doi.org/10.1053/j.gastro.2020.12.068
https://doi.org/10.1016/S0140-6736(19)32319-0

Cancers 2024, 16, 567 21 of 24

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Li, Q.; Wang, G.; Luo, J.; Li, B.; Chen, W. Clinicopathological factors associated with synchronous distant metastasis and prognosis
of stage T1 colorectal cancer patients. Sci. Rep. 2021, 11, 8722. [CrossRef]

Li, X.; Ramadori, P; Pfister, D.; Seehawer, M.; Zender, L.; Heikenwalder, M. The immunological and metabolic landscape in
primary and metastatic liver cancer. Nat. Rev. Cancer 2021, 21, 541-557. [CrossRef]

Ducreux, M.; Abou-Alfa, G.K.; Bekaii-Saab, T.; Berlin, J.; Cervantes, A.; De Baere, T.; Eng, C.; Galle, P; Gill, S.; Gruenberger,
T.; et al. The management of hepatocellular carcinoma. Current expert opinion and recommendations derived from the 24th
ESMO/World Congress on Gastrointestinal Cancer, Barcelona, 2022. ESMO Open 2023, 8, 101567. [CrossRef]

Wood, L.D.; Canto, M.L; Jaffee, E.M.; Simeone, D.M. Pancreatic Cancer: Pathogenesis, Screening, Diagnosis, and Treatment.
Gastroenterology 2022, 163, 386—402.el. [CrossRef] [PubMed]

Qu, J.L,; Qu, X.J.; Zhao, M.F,; Teng, Y.E.; Zhang, Y.; Hou, K.Z,; Jiang, Y.H.; Yang, X.H.; Liu, Y.P. Gastric cancer exosomes promote
tumour cell proliferation through PI3K/Akt and MAPK/ERK activation. Dig. Liver Dis. 2009, 41, 875-880. [CrossRef]

Li, C; Liu, D.R; Li, G.G.; Wang, H.H.; Li, X.W.; Zhang, W.; Wu, Y.L.; Chen, L. CD97 promotes gastric cancer cell proliferation and
invasion through exosome-mediated MAPK signaling pathway. World . Gastroenterol. 2015, 21, 6215-6228. [CrossRef] [PubMed]
Pan, L.; Liang, W.; Fu, M,; Huang, Z.H.; Li, X,; Zhang, W.; Zhang, P,; Qian, H.; Jiang, P.C.; Xu, W.R,; et al. Exosomes-mediated
transfer of long noncoding RNA ZFAS1 promotes gastric cancer progression. J. Cancer Res. Clin. Oncol. 2017, 143, 991-1004.
[CrossRef]

Zheng, P; Chen, L.; Yuan, X,; Luo, Q.; Liu, Y,; Xie, G.; Ma, Y.; Shen, L. Exosomal transfer of tumor-associated macrophage-derived
miR-21 confers cisplatin resistance in gastric cancer cells. J. Exp. Clin. Cancer Res. 2017, 36, 53. [CrossRef] [PubMed]

Wang, M.; Qiu, R; Yu, S.; Xu, X,; Li, G.; Gu, R;; Tan, C.; Zhu, W.; Shen, B. Paclitaxel-resistant gastric cancer MGC-803 cells promote
epithelial-to-mesenchymal transition and chemoresistance in paclitaxel-sensitive cells via exosomal delivery of miR-155-5p. Int. ].
Oncol. 2018, 54, 326-338. [CrossRef]

Kotelevets, L.; Chastre, E. Extracellular Vesicles in Colorectal Cancer: From Tumor Growth and Metastasis to Biomarkers and
Nanomedications. Cancers 2023, 15, 1107. [CrossRef] [PubMed]

Teng, Y;; Ren, Y,; Hu, X,; Mu, J.; Samykutty, A.; Zhuang, X.; Deng, Z.; Kumar, A.; Zhang, L.; Merchant, M.L.; et al. MVP-mediated
exosomal sorting of miR-193a promotes colon cancer progression. Nat. Commun. 2017, 8, 14448. [CrossRef] [PubMed]

Shang, A.; Gu, C.; Zhou, C;; Yang, Y.; Chen, C.; Zeng, B.; Wu, J.; Lu, W.; Wang, W.; Sun, Z.; et al. Exosomal KRAS mutation
promotes the formation of tumor-associated neutrophil extracellular traps and causes deterioration of colorectal cancer by
inducing IL-8 expression. Cell Commun. Signal. 2020, 18, 52. [CrossRef] [PubMed]

Choi, S.H.; Kim, ].K.; Chen, C.T.; Wu, C.; Marco, M.R,; Barriga, EM.; O’'Rourke, K,; Pelossof, R.; Qu, X.; Chang, Q.; et al. KRAS
Mutants Upregulate Integrin 34 to Promote Invasion and Metastasis in Colorectal Cancer. Mol. Cancer Res. 2022, 20, 1305-1319.
[CrossRef] [PubMed]

Bigagli, E.; Luceri, C.; Guasti, D.; Cinci, L. Exosomes secreted from human colon cancer cells influence the adhesion of neighboring
metastatic cells: Role of microRNA-210. Cancer Biol. Ther. 2016, 17, 1062-1069. [CrossRef]

Hu, J.L; Wang, W.; Lan, X.L.; Zeng, Z.C.; Liang, Y.S,; Yan, Y.R,; Song, EY.; Wang, EF; Zhu, X.H.; Liao, W.J.; et al. CAFs secreted
exosomes promote metastasis and chemotherapy resistance by enhancing cell stemness and epithelial-mesenchymal transition in
colorectal cancer. Mol. Cancer 2019, 18, 91. [CrossRef] [PubMed]

Ren, J.; Ding, L.; Zhang, D.; Shi, G.; Xu, Q.; Shen, S.; Wang, Y.; Wang, T.; Hou, Y. Carcinoma-associated fibroblasts promote
the stemness and chemoresistance of colorectal cancer by transferring exosomal IncRNA H19. Theranostics 2018, 8, 3932-3948.
[CrossRef]

Cao, L.-Q.; Yang, X.-W.; Chen, Y.-B.; Zhang, D.-W.; Jiang, X.-F; Xue, P. Exosomal miR-21 regulates the TETs/PTENp1/PTEN
pathway to promote hepatocellular carcinoma growth. Mol. Cancer 2019, 18, 148. [CrossRef]

Zhou, Y.; Ren, H.; Dai, B.; Li, ].; Shang, L.; Huang, J.; Shi, X. Hepatocellular carcinoma-derived exosomal miRNA-21 contributes
to tumor progression by converting hepatocyte stellate cells to cancer-associated fibroblasts. J. Exp. Clin. Cancer Res. 2018, 37, 324.
[CrossRef]

Chen, L.; Guo, P; He, Y.; Chen, Z.; Chen, L.; Luo, Y.; Qi, L.; Liu, Y.; Wu, Q.; Cui, Y.; et al. HCC-derived exosomes elicit HCC
progression and recurrence by epithelial-mesenchymal transition through MAPK/ERK signalling pathway. Cell Death Dis. 2018,
9, 513. [CrossRef]

Qu, Z; Feng, ].; Pan, H,; Jiang, Y.; Duan, Y.; Fa, Z. Exosomes derived from HCC cells with different invasion characteristics
mediated EMT through TGF-f3/Smad signaling pathway. OncoTargets Ther. 2019, 12, 6897-6905. [CrossRef]

Qu, Z.; Wu, ].; Wu, ].; Luo, D,; Jiang, C.; Ding, Y. Exosomes derived from HCC cells induce sorafenib resistance in hepatocellular
carcinoma both in vivo and in vitro. J. Exp. Clin. Cancer Res. 2016, 35, 159. [CrossRef]

Richards, K.E.; Zeleniak, A.E.; Fishel, M.L.; Wu, J.; Littlepage, L.E.; Hill, R. Cancer-associated fibroblast exosomes regulate
survival and proliferation of pancreatic cancer cells. Oncogene 2017, 36, 1770-1778. [CrossRef] [PubMed]

Fang, Y.; Zhou, W.; Rong, Y.; Kuang, T.; Xu, X.; Wu, W.; Wang, D.; Lou, W. Exosomal miRNA-106b from cancer-associated
fibroblast promotes gemcitabine resistance in pancreatic cancer. Exp. Cell Res. 2019, 383, 111543. [CrossRef] [PubMed]

Yang, Z.; Zhao, N.; Cui, J.; Wu, H.; Xiong, J.; Peng, T. Exosomes derived from cancer stem cells of gemcitabine-resistant pancreatic
cancer cells enhance drug resistance by delivering miR-210. Cell. Oncol. 2020, 43, 123-136. [CrossRef] [PubMed]

Rithimé&ki, M.; Hemminki, A.; Sundquist, K.; Sundquist, J.; Hemminki, K. Metastatic spread in patients with gastric cancer.
Oncotarget 2016, 7, 52307-52316. [CrossRef]


https://doi.org/10.1038/s41598-021-87929-x
https://doi.org/10.1038/s41568-021-00383-9
https://doi.org/10.1016/j.esmoop.2023.101567
https://doi.org/10.1053/j.gastro.2022.03.056
https://www.ncbi.nlm.nih.gov/pubmed/35398344
https://doi.org/10.1016/j.dld.2009.04.006
https://doi.org/10.3748/wjg.v21.i20.6215
https://www.ncbi.nlm.nih.gov/pubmed/26034356
https://doi.org/10.1007/s00432-017-2361-2
https://doi.org/10.1186/s13046-017-0528-y
https://www.ncbi.nlm.nih.gov/pubmed/28407783
https://doi.org/10.3892/ijo.2018.4601
https://doi.org/10.3390/cancers15041107
https://www.ncbi.nlm.nih.gov/pubmed/36831450
https://doi.org/10.1038/ncomms14448
https://www.ncbi.nlm.nih.gov/pubmed/28211508
https://doi.org/10.1186/s12964-020-0517-1
https://www.ncbi.nlm.nih.gov/pubmed/32228650
https://doi.org/10.1158/1541-7786.MCR-21-0994
https://www.ncbi.nlm.nih.gov/pubmed/35394541
https://doi.org/10.1080/15384047.2016.1219815
https://doi.org/10.1186/s12943-019-1019-x
https://www.ncbi.nlm.nih.gov/pubmed/31064356
https://doi.org/10.7150/thno.25541
https://doi.org/10.1186/s12943-019-1075-2
https://doi.org/10.1186/s13046-018-0965-2
https://doi.org/10.1038/s41419-018-0534-9
https://doi.org/10.2147/OTT.S209413
https://doi.org/10.1186/s13046-016-0430-z
https://doi.org/10.1038/onc.2016.353
https://www.ncbi.nlm.nih.gov/pubmed/27669441
https://doi.org/10.1016/j.yexcr.2019.111543
https://www.ncbi.nlm.nih.gov/pubmed/31374207
https://doi.org/10.1007/s13402-019-00476-6
https://www.ncbi.nlm.nih.gov/pubmed/31713003
https://doi.org/10.18632/oncotarget.10740

Cancers 2024, 16, 567 22 of 24

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Zhang, H.; Deng, T.; Liu, R.; Bai, M.; Zhou, L.; Wang, X.; Li, S.; Wang, X,; Yang, H.; Li, ].; et al. Exosome-delivered EGFR regulates
liver microenvironment to promote gastric cancer liver metastasis. Nat. Commun. 2017, 8, 15016. [CrossRef] [PubMed]

Li, Q. Li, B; Li, Q.; Wei, S.; He, Z.; Huang, X.; Wang, L.; Xia, Y.; Xu, Z.; Li, Z.; et al. Exosomal miR-21-5p derived from gastric
cancer promotes peritoneal metastasis via mesothelial-to-mesenchymal transition. Cell Death Dis. 2018, 9, 854. [CrossRef]

Knijn, N.; Van Erning, EN.; Overbeek, L.IH.; Punt, C.J.A.,; Lemmens, V.E.P.P,; Hugen, N.; Nagtegaal, I.D. Limited effect of lymph
node status on the metastatic pattern in colorectal cancer. Oncotarget 2016, 7, 31699-31707. [CrossRef] [PubMed]

Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target
for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097-1105. [CrossRef]

Sun, B.; Zhou, Y.; Fang, Y.; Li, Z.; Gu, X.; Xiang, ]. Colorectal cancer exosomes induce lymphatic network remodeling in lymph
nodes. Int. J. Cancer 2019, 145, 1648-1659. [CrossRef]

Shao, Y.; Chen, T.; Zheng, X.; Yang, S.; Xu, K.; Chen, X,; Xu, E; Wang, L.; Shen, Y.; Wang, T.; et al. Colorectal cancer-derived
small extracellular vesicles establish an inflammatory premetastatic niche in liver metastasis. Carcinogenesis 2018, 39, 1368-1379.
[CrossRef]

Duseja, A. Staging of Hepatocellular Carcinoma. J. Clin. Exp. Hepatol. 2014, 4, S74-S79. [CrossRef] [PubMed]

Mao, X;; Tey, S.K.; Yeung, C.L.S.; Kwong, EM.L.; Fung, YM.E.; Chung, C.Y.S.; Mak, L.Y.; Wong, D.K.H.; Yuen, M.F,; Ho, ].C.M,;
et al. Nidogen 1-Enriched Extracellular Vesicles Facilitate Extrahepatic Metastasis of Liver Cancer by Activating Pulmonary
Fibroblasts to Secrete Tumor Necrosis Factor Receptor 1. Adv. Sci. 2020, 7, 2002157. [CrossRef] [PubMed]

Lin, X.-J.; Fang, J.-H.; Yang, X.-J.; Zhang, C.; Yuan, Y.; Zheng, L.; Zhuang, S.-M. Hepatocellular Carcinoma Cell-Secreted Exosomal
MicroRNA-210 Promotes Angiogenesis In Vitro and In Vivo. Mol. Ther.-Nucleic Acids 2018, 11, 243-252. [CrossRef] [PubMed]
Hoshino, A.; Costa-Silva, B.; Shen, T.-L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka, S.; Di Giannatale, A;
Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature 2015, 527, 329-335. [CrossRef] [PubMed]
Costa-Silva, B.; Aiello, N.M.; Ocean, A.J.; Singh, S.; Zhang, H.; Basant; Becker, A.; Hoshino, A.; Mark, M.T.; Molina, H.; et al.
Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver. Nat. Cell Biol. 2015, 17, 816-826. [CrossRef]
[PubMed]

Whiteside, T.L. The Role of Tumor-Derived Exosomes (TEX) in Shaping Anti-Tumor Immune Competence. Cells 2021, 10, 3054.
[CrossRef] [PubMed]

Kim, J.W.; Wieckowski, E.; Taylor, D.D.; Reichert, T.E.; Watkins, S.; Whiteside, T.L. Fas ligand-positive membranous vesicles
isolated from sera of patients with oral cancer induce apoptosis of activated T lymphocytes. Clin. Cancer Res. 2005, 11, 1010-1020.
[CrossRef] [PubMed]

Theodoraki, M.N.; Yerneni, S.S.; Hoffmann, T.K.; Gooding, W.E.; Whiteside, T.L. Clinical Significance of PD-L1* Exosomes in
Plasma of Head and Neck Cancer Patients. Clin. Cancer Res. 2018, 24, 896-905. [CrossRef] [PubMed]

Fan, Y,; Che, X.; Qu, J.; Hou, K.; Wen, T,; Li, Z; Li, C.; Wang, S.; Xu, L.; Liu, Y,; et al. Exosomal PD-L1 Retains Immunosuppressive
Activity and is Associated with Gastric Cancer Prognosis. Ann. Surg. Oncol. 2019, 26, 3745-3755. [CrossRef]

Zhang, M.; Fan, Y.; Che, X.; Hou, K,; Zhang, C.; Li, C.; Wen, T.; Wang, S.; Cheng, Y.; Liu, Y,; et al. 5-FU-Induced Upregulation of
Exosomal PD-L1 Causes Immunosuppression in Advanced Gastric Cancer Patients. Front. Oncol. 2020, 10, 492. [CrossRef]
Andreola, G.; Rivoltini, L.; Castelli, C.; Huber, V.; Perego, P.; Deho, P.; Squarcina, P.; Accornero, P.; Lozupone, E; Lugini, L.; et al.
Induction of Lymphocyte Apoptosis by Tumor Cell Secretion of FasL-bearing Microvesicles. J. Exp. Med. 2002, 195, 1303-1316.
[CrossRef]

Huber, V,; Fais, S.; Iero, M.; Lugini, L.; Canese, P.; Squarcina, P.; Zaccheddu, A.; Colone, M.; Arancia, G.; Gentile, M.; et al. Human
colorectal cancer cells induce T-cell death through release of proapoptotic microvesicles: Role in immune escape. Gastroenterology
2005, 128, 1796-1804. [CrossRef]

Yin, Y.; Liu, B.; Cao, Y,; Yao, S.; Liu, Y.; Jin, G.; Qin, Y.; Chen, Y.; Cui, K.; Zhou, L.; et al. Colorectal Cancer-Derived Small
Extracellular Vesicles Promote Tumor Immune Evasion by Upregulating PD-L1 Expression in Tumor-Associated Macrophages.
Adv. Sci. 2022, 9, 2102620. [CrossRef]

Glass, S.E.; Coffey, R.J]. Recent Advances in the Study of Extracellular Vesicles in Colorectal Cancer. Gastroenterology 2022, 163,
1188-1197. [CrossRef]

Sharma, P.; Allison, J.P. Inmune Checkpoint Targeting in Cancer Therapy: Toward Combination Strategies with Curative Potential.
Cell 2015, 161, 205-214. [CrossRef] [PubMed]

Huang, M.; Huang, X.; Huang, N. Exosomal circGSE1 promotes immune escape of hepatocellular carcinoma by inducing the
expansion of regulatory T cells. Cancer Sci. 2022, 113, 1968-1983. [CrossRef] [PubMed]

Ye, L.; Zhang, Q.; Cheng, Y.; Chen, X.; Wang, G.; Shi, M.; Zhang, T.; Cao, Y.; Pan, H.; Zhang, L.; et al. Tumor-derived exosomal
HMGBI fosters hepatocellular carcinoma immune evasion by promoting TIM-1* regulatory B cell expansion. J. Immunother.
Cancer 2018, 6, 145. [CrossRef]

Lux, A.; Kahlert, C.; Griitzmann, R.; Pilarsky, C. c-Met and PD-L1 on Circulating Exosomes as Diagnostic and Prognostic Markers
for Pancreatic Cancer. Int. J. Mol. Sci. 2019, 20, 3305. [CrossRef] [PubMed]

Yu, D,; Li, Y.; Wang, M.; Gu, J.; Xu, W,; Cai, H.; Fang, X.; Zhang, X. Exosomes as a new frontier of cancer liquid biopsy. Mol. Cancer
2022, 21, 56. [CrossRef]

Yu, W.; Hurley, J.; Roberts, D.; Chakrabortty, S.K.; Enderle, D.; Noerholm, M.; Breakefield, X.O.; Skog, ].K. Exosome-based liquid
biopsies in cancer: Opportunities and challenges. Ann. Oncol. 2021, 32, 466—477. [CrossRef]


https://doi.org/10.1038/ncomms15016
https://www.ncbi.nlm.nih.gov/pubmed/28393839
https://doi.org/10.1038/s41419-018-0928-8
https://doi.org/10.18632/oncotarget.9064
https://www.ncbi.nlm.nih.gov/pubmed/27145371
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1002/ijc.32196
https://doi.org/10.1093/carcin/bgy115
https://doi.org/10.1016/j.jceh.2014.03.045
https://www.ncbi.nlm.nih.gov/pubmed/25755615
https://doi.org/10.1002/advs.202002157
https://www.ncbi.nlm.nih.gov/pubmed/33173740
https://doi.org/10.1016/j.omtn.2018.02.014
https://www.ncbi.nlm.nih.gov/pubmed/29858059
https://doi.org/10.1038/nature15756
https://www.ncbi.nlm.nih.gov/pubmed/26524530
https://doi.org/10.1038/ncb3169
https://www.ncbi.nlm.nih.gov/pubmed/25985394
https://doi.org/10.3390/cells10113054
https://www.ncbi.nlm.nih.gov/pubmed/34831276
https://doi.org/10.1158/1078-0432.1010.11.3
https://www.ncbi.nlm.nih.gov/pubmed/15709166
https://doi.org/10.1158/1078-0432.CCR-17-2664
https://www.ncbi.nlm.nih.gov/pubmed/29233903
https://doi.org/10.1245/s10434-019-07431-7
https://doi.org/10.3389/fonc.2020.00492
https://doi.org/10.1084/jem.20011624
https://doi.org/10.1053/j.gastro.2005.03.045
https://doi.org/10.1002/advs.202102620
https://doi.org/10.1053/j.gastro.2022.06.039
https://doi.org/10.1016/j.cell.2015.03.030
https://www.ncbi.nlm.nih.gov/pubmed/25860605
https://doi.org/10.1111/cas.15365
https://www.ncbi.nlm.nih.gov/pubmed/35396771
https://doi.org/10.1186/s40425-018-0451-6
https://doi.org/10.3390/ijms20133305
https://www.ncbi.nlm.nih.gov/pubmed/31284422
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1016/j.annonc.2021.01.074

Cancers 2024, 16, 567 23 of 24

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Ogata-Kawata, H.; Izumiya, M.; Kurioka, D.; Honma, Y.; Yamada, Y.; Furuta, K.; Gunji, T.; Ohta, H.; Okamoto, H.; Sonoda, H.; et al.
Circulating exosomal microRNAs as biomarkers of colon cancer. PLoS ONE 2014, 9, €92921. [CrossRef]

Ostenfeld, M.S.; Jensen, S.G.; Jeppesen, D.K.; Christensen, L.-L.; Thorsen, S.B.; Stenvang, J.; Hvam, M.L.; Thomsen, A.; Mouritzen,
P.; Rasmussen, M.H.; et al. miRNA profiling of circulating EpPCAM™* extracellular vesicles: Promising biomarkers of colorectal
cancer. J. Extracell. Vesicles 2016, 5, 31488. [CrossRef]

Dong, L.; Lin, W.; Qi, P.; Xu, M.D.; Wu, X,; Ni, S.; Huang, D.; Weng, WW.; Tan, C.; Sheng, W,; et al. Circulating Long RNAs in
Serum Extracellular Vesicles: Their Characterization and Potential Application as Biomarkers for Diagnosis of Colorectal Cancer.
Cancer Epidemiol. Biomark. Prev. 2016, 25, 1158-1166. [CrossRef] [PubMed]

Wang, |.; Yan, E; Zhao, Q.; Zhan, E; Wang, R.; Wang, L.; Zhang, Y.; Huang, X. Circulating exosomal miR-125a-3p as a novel
biomarker for early-stage colon cancer. Sci. Rep. 2017, 7, 4150. [CrossRef]

Barbagallo, C.; Brex, D.; Caponnetto, A.; Cirnigliaro, M.; Scalia, M.; Magnano, A.; Caltabiano, R.; Barbagallo, D.; Biondi, A;
Cappellani, A.; et al. LncRNA UCA1, Upregulated in CRC Biopsies and Downregulated in Serum Exosomes, Controls mRNA
Expression by RNA-RNA Interactions. Mol. Ther. Nucleic Acids 2018, 12, 229-241. [CrossRef]

Karimi, N.; Ali Hosseinpour Feizi, M.; Safaralizadeh, R.; Hashemzadeh, S.; Baradaran, B.; Shokouhi, B.; Teimourian, S. Serum
overexpression of miR-301a and miR-23a in patients with colorectal cancer. J. Chin. Med. Assoc. 2019, 82, 215-220. [CrossRef]
Liang, Z.-X.; Liu, H.-S.; Wang, E-W.; Xiong, L.; Zhou, C.; Hu, T.; He, X.-W.; Wu, X.-J.; Xie, D.; Wu, X.-R,; et al. LncRNA
RPPH1 promotes colorectal cancer metastasis by interacting with TUBB3 and by promoting exosomes-mediated macrophage M2
polarization. Cell Death Dis. 2019, 10, 829. [CrossRef] [PubMed]

Maminezhad, H.; Ghanadian, S.; Pakravan, K.; Razmara, E.; Rouhollah, F; Mossahebi-Mohammadi, M.; Babashah, S. A panel
of six-circulating miRNA signature in serum and its potential diagnostic value in colorectal cancer. Life Sci. 2020, 258, 118226.
[CrossRef] [PubMed]

Wang, N.; Wang, L.; Yang, Y.; Gong, L.; Xiao, B.; Liu, X. A serum exosomal microRNA panel as a potential biomarker test for
gastric cancer. Biochem. Biophys. Res. Commun. 2017, 493, 1322-1328. [CrossRef]

Li, W.; Gao, Y.-Q. MiR-217 is involved in the carcinogenesis of gastric cancer by down-regulating CDH1 expression. Kaohsiung J.
Med. Sci. 2018, 34, 377-384. [CrossRef]

Fu, H.; Yang, H.; Zhang, X.; Wang, B.; Mao, ].; Li, X.; Wang, M.; Zhang, B.; Sun, Z.; Qian, H.; et al. Exosomal TRIM3 is a novel
marker and therapy target for gastric cancer. J. Exp. Clin. Cancer Res. 2018, 37, 162. [CrossRef] [PubMed]

Cai, C.; Zhang, H.; Zhu, Y,; Zheng, P.; Xu, Y; Sun, J.; Zhang, M.; Lan, T.; Gu, B.; Li, S.; et al. Serum Exosomal Long Noncoding
RNA pcsk2-2:1 As A Potential Novel Diagnostic Biomarker for Gastric Cancer. OncoTargets Ther. 2019, 12, 10035-10041. [CrossRef]
[PubMed]

Shao, Y.; Tao, X; Lu, R.; Zhang, H.; Ge, J.; Xiao, B.; Ye, G.; Guo, J. Hsa_circ_0065149 is an Indicator for Early Gastric Cancer
Screening and Prognosis Prediction. Pathol. Oncol. Res. 2020, 26, 1475-1482. [CrossRef]

Xue, X.; Zhao, Y.; Wang, X.; Qin, L.; Hu, R. Development and validation of serum exosomal microRNAs as diagnostic and
prognostic biomarkers for hepatocellular carcinoma. J. Cell Biochem. 2019, 120, 135-142. [CrossRef]

Ghosh, S.; Bhowmik, S.; Majumdar, S.; Goswami, A.; Chakraborty, J.; Gupta, S.; Aggarwal, S.; Ray, S.; Chatterjee, R.; Bhattacharyya,
S.; et al. The exosome encapsulated microRNAs as circulating diagnostic marker for hepatocellular carcinoma with low alpha-
fetoprotein. Int. J. Cancer 2020, 147,2934-2947. [CrossRef] [PubMed]

Yao, Z.; Jia, C.; Tai, Y.; Liang, H.; Zhong, Z.; Xiong, Z.; Deng, M.; Zhang, Q. Serum exosomal long noncoding RNAs Inc-FAM72D-3
and Inc-EPC1-4 as diagnostic biomarkers for hepatocellular carcinoma. Aging 2020, 12, 11843-11863. [CrossRef] [PubMed]
Kim, H.S,; Kim, ].S.; Park, N.R.; Nam, H.; Sung, PS.; Bae, S.H.; Choi, ].Y.; Yoon, S.K.; Hur, W.; Jang, J].W. Exosomal miR-125b Exerts
Anti-Metastatic Properties and Predicts Early Metastasis of Hepatocellular Carcinoma. Front. Oncol. 2021, 11, 637247. [CrossRef]
[PubMed]

Sun, L.; Xu, M,; Zhang, G.; Dong, L.; Wu, J.; Wei, C.; Xu, K.; Zhang, L. Identification of Circulating Exosomal miR-101 and
miR-125b Panel Act as a Potential Biomarker for Hepatocellular Carcinoma. Int. |. Genom. 2021, 2021, 1326463. [CrossRef]

Wei, Y,; Zhang, Q.; An, L.; Fang, G.; Hong, D.; Jiao, T.; Yang, H.; Wang, Z. Serum exosomal microRNA-370-3p and microRNA-
196a-5p are potential biomarkers for the diagnosis and prognosis of hepatocellular carcinoma. Folia Histochem. Cytobiol. 2022,
60, 215-225. [CrossRef]

Melo, S.A.; Luecke, L.B.; Kahlert, C.; Fernandez, A.F; Gammon, S.T.; Kaye, J.; Lebleu, V.S.; Mittendorf, E.A.; Weitz, |,
Rahbari, N.; et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature 2015, 523, 177-182. [CrossRef]
[PubMed]

Allenson, K.; Castillo, J.; San Lucas, FEA.; Scelo, G.; Kim, D.U.; Bernard, V.; Davis, G.; Kumar, T.; Katz, M.; Overman, M.].; et al.
High prevalence of mutant KRAS in circulating exosome-derived DNA from early-stage pancreatic cancer patients. Ann. Oncol.
2017, 28, 741-747. [CrossRef] [PubMed]

Goto, T.; Fujiya, M.; Konishi, H.; Sasajima, J.; Fujibayashi, S.; Hayashi, A.; Utsumi, T.; Sato, H.; Iwama, T.; Ijiri, M.; et al. An
elevated expression of serum exosomal microRNA-191, —21, —451a of pancreatic neoplasm is considered to be efficient diagnostic
marker. BMC Cancer 2018, 18, 116. [CrossRef] [PubMed]

Carmicheal, J.; Hayashi, C.; Huang, X.; Liu, L.; Lu, Y.; Krasnoslobodtsev, A.; Lushnikov, A.; Kshirsagar, P.G.; Patel, A.; Jain, M;
et al. Label-free characterization of exosome via surface enhanced Raman spectroscopy for the early detection of pancreatic
cancer. Nanomed. Nanotechnol. Biol. Med. 2019, 16, 88-96. [CrossRef]


https://doi.org/10.1371/journal.pone.0092921
https://doi.org/10.3402/jev.v5.31488
https://doi.org/10.1158/1055-9965.EPI-16-0006
https://www.ncbi.nlm.nih.gov/pubmed/27197301
https://doi.org/10.1038/s41598-017-04386-1
https://doi.org/10.1016/j.omtn.2018.05.009
https://doi.org/10.1097/JCMA.0000000000000031
https://doi.org/10.1038/s41419-019-2077-0
https://www.ncbi.nlm.nih.gov/pubmed/31685807
https://doi.org/10.1016/j.lfs.2020.118226
https://www.ncbi.nlm.nih.gov/pubmed/32771555
https://doi.org/10.1016/j.bbrc.2017.10.003
https://doi.org/10.1016/j.kjms.2018.02.003
https://doi.org/10.1186/s13046-018-0825-0
https://www.ncbi.nlm.nih.gov/pubmed/30031392
https://doi.org/10.2147/OTT.S229033
https://www.ncbi.nlm.nih.gov/pubmed/31819499
https://doi.org/10.1007/s12253-019-00716-y
https://doi.org/10.1002/jcb.27165
https://doi.org/10.1002/ijc.33111
https://www.ncbi.nlm.nih.gov/pubmed/32441313
https://doi.org/10.18632/aging.103355
https://www.ncbi.nlm.nih.gov/pubmed/32554864
https://doi.org/10.3389/fonc.2021.637247
https://www.ncbi.nlm.nih.gov/pubmed/34386414
https://doi.org/10.1155/2021/1326463
https://doi.org/10.5603/FHC.a2022.0019
https://doi.org/10.1038/nature14581
https://www.ncbi.nlm.nih.gov/pubmed/26106858
https://doi.org/10.1093/annonc/mdx004
https://www.ncbi.nlm.nih.gov/pubmed/28104621
https://doi.org/10.1186/s12885-018-4006-5
https://www.ncbi.nlm.nih.gov/pubmed/29385987
https://doi.org/10.1016/j.nano.2018.11.008

Cancers 2024, 16, 567 24 of 24

146.

147.

148.
149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Reese, M.; Flammang, I.; Yang, Z.; Dhayat, S.A. Potential of Exosomal microRNA-200b as Liquid Biopsy Marker in Pancreatic
Ductal Adenocarcinoma. Cancers 2020, 12, 197. [CrossRef] [PubMed]

Chen, S.; Sun, F; Qian, H.; Xu, W,; Jiang, J. Preconditioning and Engineering Strategies for Improving the Efficacy of Mesenchymal
Stem Cell-Derived Exosomes in Cell-Free Therapy. Stem Cells Int. 2022, 2022, 1779346. [CrossRef]

Liang, Y.; Duan, L.; Lu, ].; Xia, J. Engineering exosomes for targeted drug delivery. Theranostics 2021, 11, 3183-3195. [CrossRef]
Susa, F; Limongi, T.; Dumontel, B.; Vighetto, V.; Cauda, V. Engineered Extracellular Vesicles as a Reliable Tool in Cancer
Nanomedicine. Cancers 2019, 11, 1979. [CrossRef]

Zhang, H.; Wang, S.; Sun, M.; Cui, Y; Xing, J.; Teng, L.; Xi, Z.; Yang, Z. Exosomes as smart drug delivery vehicles for cancer
immunotherapy. Front. Immunol. 2022, 13, 1093607. [CrossRef]

Akbari, A.; Nazari-Khanamiri, F.; Ahmadi, M.; Shoaran, M.; Rezaie, ]. Engineered Exosomes for Tumor-Targeted Drug Delivery:
A Focus on Genetic and Chemical Functionalization. Pharmaceutics 2022, 15, 66. [CrossRef]

Tian, Y,; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, J.; Nie, G. A doxorubicin delivery platform using engineered natural
membrane vesicle exosomes for targeted tumor therapy. Biomaterials 2014, 35, 2383-2390. [CrossRef] [PubMed]

Zhou, W.; Zhou, Y.; Chen, X.; Ning, T.; Chen, H.; Guo, Q.; Zhang, Y.; Liu, P; Zhang, Y.; Li, C.; et al. Pancreatic cancer-targeting
exosomes for enhancing immunotherapy and reprogramming tumor microenvironment. Biomaterials 2021, 268, 120546. [CrossRef]
[PubMed]

Kamerkar, S.; Lebleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.E; Melo, S.A; Lee, ].J.; Kalluri, R. Exosomes facilitate therapeutic
targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546, 498-503. [CrossRef]

Li, Y.J.; Wu, J.Y,; Wang, ] M.; Hu, X.B.; Cai, ].X.; Xiang, D.X. Gemcitabine loaded autologous exosomes for effective and safe
chemotherapy of pancreatic cancer. Acta Biomater. 2020, 101, 519-530. [CrossRef] [PubMed]

Al Faruque, H.; Choi, E.S.; Kim, J.H.; Kim, E. Enhanced effect of autologous EVs delivering paclitaxel in pancreatic cancer. J.
Control. Release 2022, 347, 330-346. [CrossRef] [PubMed]

Zhou, Y.; Zhou, W.; Chen, X.; Wang, Q.; Li, C.; Chen, Q.; Zhang, Y.; Lu, Y.; Ding, X,; Jiang, C. Bone marrow mesenchymal stem
cells-derived exosomes for penetrating and targeted chemotherapy of pancreatic cancer. Acta Pharm. Sin. B 2020, 10, 1563-1575.
[CrossRef]

Guo, Z.; Zhang, Y.; Xu, W.; Zhang, X,; Jiang, ]. Engineered exosome-mediated delivery of circDIDO1 inhibits gastric cancer
progression via regulation of MiR-1307-3p/SOCS2 Axis. J. Transl. Med. 2022, 20, 326. [CrossRef]

Zhang, Q.; Zhang, H.; Ning, T.; Liu, D.; Deng, T.; Liu, R.; Bai, M.; Zhu, K,; Li, J.; Qian, F; et al. Exosome-Delivered c-Met siRNA
Could Reverse Chemoresistance to Cisplatin in Gastric Cancer. Int. ]. Nanomed. 2020, 15, 2323-2335. [CrossRef]

Saxena, M.; Van Der Burg, S.H.; Melief, C.J.M.; Bhardwaj, N. Therapeutic cancer vaccines. Nat. Rev. Cancer 2021, 21, 360-378.
[CrossRef]

Vincent-Schneider, H.; Stumptner-Cuvelette, P.; Lankar, D.; Pain, S.; Raposo, G.; Benaroch, P.; Bonnerot, C. Exosomes bearing
HLA-DR1 molecules need dendritic cells to efficiently stimulate specific T cells. Int. Immunol. 2002, 14, 713-722. [CrossRef]
Whiteside, T.L. The effect of tumor-derived exosomes on immune regulation and cancer immunotherapy. Future Oncol. 2017,
13, 2583-2592. [CrossRef] [PubMed]

Wolfers, J.; Lozier, A.; Raposo, G.; Regnault, A.; Théry, C.; Masurier, C.; Flament, C.; Pouzieux, S.; Faure, F; Tursz, T.; et al.
Tumor-derived exosomes are a source of shared tumor rejection antigens for CTL cross-priming. Nat. Med. 2001, 7, 297-303.
[CrossRef] [PubMed]

Kim, S.B. Function and therapeutic development of exosomes for cancer therapy. Arch. Pharmacal Res. 2022, 45, 295-308.
[CrossRef] [PubMed]

Rubenich, D.S.; Omizzollo, N.; Szczeparnski, M.].; Reichert, T.E.; Whiteside, T.L.; Ludwig, N.; Braganhol, E. Small extracellular
vesicle-mediated bidirectional crosstalk between neutrophils and tumor cells. Cytokine Growth Factor. Rev. 2021, 61, 16-26.
[CrossRef]

Admyre, C.; Johansson, S.M.; Paulie, S.; Gabrielsson, S. Direct exosome stimulation of peripheral humanT cells detected by
ELISPOT. Eur. . Immunol. 2006, 36, 1772-1781. [CrossRef]

Pitt, ] M.; André, F.; Amigorena, S.; Soria, J.-C.; Eggermont, A.; Kroemer, G.; Zitvogel, L. Dendritic cell-derived exosomes for
cancer therapy. J. Clin. Investig. 2016, 126, 1224-1232. [CrossRef]

Zitvogel, L.; Regnault, A.; Lozier, A.; Wolfers, J.; Flament, C.; Tenza, D.; Ricciardi-Castagnoli, P.; Raposo, G.; Amigorena, S.
Eradication of established murine tumors using a novel cell-free vaccine: Dendritic cell derived exosomes. Nat. Med. 1998, 4,
594-600. [CrossRef] [PubMed]

Whiteside, T.L. Therapeutic targeting of oncogenic KRAS in pancreatic cancer by engineered exosomes. Transl. Cancer Res. 2017,
6, S1406-51408. [CrossRef]

Kugeratski, F.G.; Kalluri, R. Exosomes as mediators of immune regulation and immunotherapy in cancer. FEBS J. 2021, 288, 10-35.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/cancers12010197
https://www.ncbi.nlm.nih.gov/pubmed/31941049
https://doi.org/10.1155/2022/1779346
https://doi.org/10.7150/thno.52570
https://doi.org/10.3390/cancers11121979
https://doi.org/10.3389/fimmu.2022.1093607
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.1016/j.biomaterials.2013.11.083
https://www.ncbi.nlm.nih.gov/pubmed/24345736
https://doi.org/10.1016/j.biomaterials.2020.120546
https://www.ncbi.nlm.nih.gov/pubmed/33253966
https://doi.org/10.1038/nature22341
https://doi.org/10.1016/j.actbio.2019.10.022
https://www.ncbi.nlm.nih.gov/pubmed/31629893
https://doi.org/10.1016/j.jconrel.2022.05.012
https://www.ncbi.nlm.nih.gov/pubmed/35561870
https://doi.org/10.1016/j.apsb.2019.11.013
https://doi.org/10.1186/s12967-022-03527-z
https://doi.org/10.2147/IJN.S231214
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1093/intimm/dxf048
https://doi.org/10.2217/fon-2017-0343
https://www.ncbi.nlm.nih.gov/pubmed/29198150
https://doi.org/10.1038/85438
https://www.ncbi.nlm.nih.gov/pubmed/11231627
https://doi.org/10.1007/s12272-022-01387-1
https://www.ncbi.nlm.nih.gov/pubmed/35604532
https://doi.org/10.1016/j.cytogfr.2021.08.002
https://doi.org/10.1002/eji.200535615
https://doi.org/10.1172/JCI81137
https://doi.org/10.1038/nm0598-594
https://www.ncbi.nlm.nih.gov/pubmed/9585234
https://doi.org/10.21037/tcr.2017.10.32
https://doi.org/10.1111/febs.15558
https://www.ncbi.nlm.nih.gov/pubmed/32910536

	sEVs–Biogenesis, Cargo Loading, Secretion, and Uptake 
	Biogenesis Mechanisms 
	Major Cargos and sEV Markers 
	sEV Secretion 
	sEV Uptake in Target Cells 
	Inhibition of sEV Release and Uptake 

	Functions of sEVs in Gastrointestinal Cancers 
	Role of sEVs in Tumor Growth, Cancer Progression, and Chemoresistance 
	Gastric Cancer 
	Colorectal Cancer 
	Hepatocellular Carcinoma 
	Pancreatic Cancer 

	Role of sEVs in Metastasis and Pre-Metastatic Niche Preparation (PMN) 
	Gastric Cancer 
	Colorectal Cancer 
	Hepatocellular Carcinoma 
	Pancreatic Cancer 

	Functions of sEVs in Immune Modulation and Tumor Immune Escape 
	Gastric Cancer 
	Colorectal Cancer 
	Hepatocellular Carcinoma 
	Pancreatic Cancer 


	sEVs as Biomarkers 
	sEVs in Cancer Therapy and Vaccination 
	Strategies for sEV Engineering for Therapeutic Vehicles 
	Engineered sEVs in the Treatment of GI–Cancer 
	Use of sEVs as Tumor Vaccines and Immunotherapeutic Agents 

	Conclusions and Future Perspectives 
	References

