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Abstract: Exosomes are small membrane vesicles of endocytic origin containing cytokines, RNAs,
growth factors, proteins, lipids, and metabolites. They have been identified as fundamental intercel-
lular communication controllers in several diseases and an enormous volume of data confirmed that
exosomes could either sustain or inhibit tumor onset and diffusion in diverse solid and hematological
malignancies by paracrine signaling. Thus, exosomes might constitute a promising cell-free tumor
treatment alternative. This review focuses on the effects of exosomes in the treatment of tumors, by
discussing the most recent and promising data from in vitro and experimental in vivo studies and
the few existing clinical trials. Exosomes are extremely promising as transporters of drugs, antagomir,
genes, and other therapeutic substances that can be integrated into their core via different procedures.
Moreover, exosomes can augment or inhibit non-coding RNAs, change the metabolism of cancer
cells, and modify the function of immunologic effectors thus modifying the tumor microenvironment
transforming it from pro-tumor to antitumor milieu. Here, we report the development of currently
realized exosome modifiers that offer indications for the forthcoming elaboration of other more
effective methods capable of enhancing the activity of the exosomes.

Keywords: extracellular vesicles; exosome; cancer; hematological malignancy; cell communication;
chemoresistance; microRNA; drug delivery; immune response

1. Introduction

Biological cell-to-cell interactions take place to preserve the homeostasis of the organ-
isms. Extracellular vesicle (EV)-intermediated cell communication has particular impor-
tance in this field as these elements’ capacity to carry and deliver a diversity of substances
from the generating cell to recipient cells [1].

Exosomes are nanometer-sized EVs generated by the internal budding of the mem-
brane of endosomal multivesicular bodies. Exosomes were previously considered ‘trash
bags’ for cellular elements to reject discarded proteins. Instead, in the last few years, they
have appeared as a fundamental method for controlling a large variety of cellular activities,
such as growth, programmed cell death, and angiogenetic dynamics. Moreover, exosomes
have been reported to play a central role in regulating innate and adaptive immune re-
sponses, contributing to antigen presentation in connection with major histocompatibility
complex (MHC) molecules [2,3].
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Several experimental findings recently confirmed exosome participation in different
diseases such as autoimmune pathologies, neurodegenerative diseases such as Alzheimer’s
and Parkinson’s, infective diseases such as tuberculosis and HIV, and cardiovascular
disorders [4].

Exosomes are involved in cancer development and diffusion and could be essential in
provoking the phenomenon of chemoresistance. Evidence suggested that cell-derived EVs
could mimic their parental cells, possessing the same pro-tumor and anti-tumor effects,
and inherent tumor tropism. Therefore, cell-derived EVs can be a cell-free cancer treatment
alternative [5].

For this motive, numerous efforts have been performed to intervene on neoplasms
modifying exosome functions, exploiting exosomes that have a cell-specific tropism, de-
termined by the elements present on their external face, directing them to precise cells or
tissues [6]. It has also been shown that the immune systems do not impede endogenous
exosome trafficking as they can evade immune identification and removal, unlike exoge-
nous vesicles. Furthermore, exosomes have a protein membrane structure that facilitates
effective absorption towards the cells to which they are directed, modifying their mimetic
structures or arming them with different drugs or siRNAs [7]. A further therapeutic ap-
proach for tumors can be attempted by modifying pro-tumorigenic instructions contained
in the exosomes or changing their load and function to prevent the onset or spread of the
tumor [8–10].

The use of exosomes and their modulation for the treatment of solid neoplasms and
hematological tumors is the subject of this review, which examines both in vitro and in vivo
experiments and the still few clinical studies that have employed exosomes in the treatment
of oncological diseases.

2. Exosomes and Breast Cancer

Breast cancer (BC) is the most frequent form of tumor detected in the female sex, with
2.1 million cases every year. It is responsible for the most significant amount of cancer-
correlated death in women, with an overall 15% death provoked by tumor annually [11].

It has been reported that an augmented concentration of exosomes happens in the BC
cells [12,13]. Exosomes have a central role in cancer cell growth, epithelial to mesenchymal
transition (EMT), tumoral angiogenesis, and cancer diffusion in BC patients [14]. EMT
is a process by which epithelial cells lose their cell polarity and cell–cell adhesion, and
gain migratory and invasive properties to become mesenchymal stem cells; these are
multipotent stromal cells that can differentiate into a variety of cell types. EMT is essential
for numerous developmental processes including the initiation of metastasis in cancer
progression. Exosomes appear to play a vital role in this process. Cancer-associated
fibroblasts (CAFs) secreted exosomes promoted cell invasion and chemotherapy resistance
by promoting cell stemness and EMT in cancer cells. Moreover, CAFs secreted exosomal
miR-92a-3p promoted cell stemness and EMT and inhibited cell apoptosis, leading to
metastasis and chemotherapy resistance in cancer cells [15].

BC cell-originated exosomes enclose several different cancer-exclusive nucleic acids
and proteins, which are transferred and integrated by adjacent cells, such as mesenchymal
stem cells (MSC). Consequently, MSC can be re-conditioned by alteration of altering their
physiological trophic capacities into pro-tumoral functions. On the other hand, absorption
of MSC-derived exosomes by tumor cells can modify the function of tumor cells, comprising
BC cells. Thus, MSC-derived exosomes can transmit the input to block or to promote cancer
proliferation, and the reciprocal transmission of exosomes between MSC and tumor cells
modifies tumor cell behavior (Table S1).

Different approaches have been implemented to perform exosome-based treatment in
BC subjects. The knowledge of exosome genesis has allowed to generate exosomes from
other cell lines labeled with monoclonal antibodies to target BC cells [16]. For instance,
loading MSC544 exosomes with different drugs enable them to be transmitted directly
to tumor cells with an enormous therapeutic impact [17], As reported above, we can
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load exosomes with miRNAs or miRNAs regulators, and some of these miRNAs, called
anti-oncomirs, can negatively control the expression of the oncogenes so blocking tumor
diffusion [18]. It follows that an exosome armed with an anti-oncomir can reduce the
protumor effect of a pro-oncogenic miRNA [19]. For instance, MSCs-originated exosomes
charged with locked nucleic acid (LNA) anti-miRNA 144-3p can drastically reduce the
expression of oncogenic miRNA-150 and miRNA-144-3p in MCF-7 stem-like tumor cells.
In this case, the reduction in oncomirs induces a decrease in tumor cells’ clonogenicity by
increasing the number of target genes both in vitro and in vivo [20].

Similarly, miRNA-106a-5p is augmented in triple-negative breast cancer (TNBC) cells
and is positively associated with the cancer grade, suggesting a bad outcome for TNBC
patients. MSCs can transfer miRNA-106a-5p into TNBC cells via exosomes. Several exper-
iments demonstrated that exosomal(exo)-miRNA-106a-5p produced by MSCs facilitates
cancer diffusion in TNBC cells. However, administration of lncRNA HAND2-AS1 under-
expressed in TNBC cells can reduce the production of exo-miRNA-106a-5p from MSCs,
suppressing TNBC development [21].

In a different experiment, miRNA-126, which efficiently controls the activation of
oncogenic genes and inhibits the signaling of PTEN/PI3K/AKT, has prevented the diffusion
of BC [22].

In addition to MSCs, macrophages have a role in the exosome-based treatment of BC.
M2 macrophages are the most numerous cell types in the BC milieu and have a relevant
effect on cancer diffusion. A study demonstrated that exosomes effectively transport
miRNA-130 into macrophages, followed by an increase in M1 molecules and chemokines,
such as TNF-α, IL-1β, Nos2, CD86, and Irf5 and a reduction in M2 mediators such as TGF-β,
IL-10, CD206, Arginase, and Ym1. Moreover, the therapy with miRNA-loaded exosomes
favors the phagocytosis capacity of macrophages. Resetting macrophages from M2 to M1
has been shown to decrease the growth and diffusion of 4T1 breast cancer cells [23].

Using exosomes as transporters of molecules with therapeutic effects has been a further
attempt for the therapy of BC. Biomimetic exosomes are generated by natural materials
such as cell membranes from tumor cells, or other cells such as platelets, red blood cells,
white blood cells, platelets, and might be used for anticancer drug delivery. These exosomes
have long-lasting persistence, target-homing capacity, and biocompatibility [24]. Exosomes
can be armed with anti-tumor drugs, including them under the hydrophobic core, protected
from the hydrophilic extracellular matrix (ECM) milieu until exosomes discharge them
into the target cell. Kalimuthu et al. reported that paclitaxel (PTX), a hydrophobic mitotic
inhibitor packed inside MSC-originated exosomes, has a relevant antitumor effect in BC
in vivo and in vitro [25].

Similarly, a macrophage-originated exosomes-coated poly(lactic-co-glycolic acid) nanoplat-
form for treating TNBC employing doxorubicin was made [26]. In this case, the surface of
the exosome was charged with a peptide to target the mesenchymal-epithelial transition
factor (c-Met), which is highly expressed on TNBC cells. Such modified exosome-coated
nanoparticles significantly increased doxorubicin’s cellular uptake and anticancer efficacy.
These nanocarriers have shown extraordinary effectiveness, causing a marked reduction
in cancer proliferation and inducing the programmed cancer cells’ death in vivo [26].
Gomari et al. confirmed that exosomal delivery of doxorubicin to HER2 + BC was very
effective, with decreased cancer proliferation [27], while Melzer et al. reported that the
transport of paclitaxel through MSC-originated exosomes is very effective in BC cells induc-
ing a 90% augmentation in cell toxicity respect to the usual treatment [28]. The alteration
of the environment in the tumor niche causes an increase in the immune response with
a more significant number of immune cells in the niche. In a BC mouse model, the same
group reported that intravenous administration of paclitaxel-armed MSC544 exosomes had
greater cancer-reducing capabilities than oral dispensing of paclitaxel exosomes. When
epirubicin was added to MSC544-originated exosomes, the anticancer response was found
to be effective in several tumor cell cultures [29].
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Furthermore, the exosomes can be labeled with specific antibodies, thus obtaining a
drug-antibody conjugate which determines a greater specificity and efficacy of the drugs.
Trastuzumab emtansine (T-DM1) is an antibody–drug conjugate that carries a cytotoxic drug
(DM1) to HER2-positive cancer. The transport of DM1(T-DM1)-originated trastuzumab-
labeled exosomes to BC cells exhibited increased toxicity against cancer cells. It has been
speculated that this effect is due to a stimulation of caspase-mediated programmed cell
death in BC cells [30].

Exosomes can also be charged with a series of different molecules such as carboplatin,
aquaporin, and aspirin. Experiments were made with MSC-originated exosomes treated
to obtain MSCCXCR4 + TRAIL (tumor necrosis factor-related apoptosis-inducing ligand)
transduced with CXCR4, the most frequently observed chemokine receptor in tumor cells.
It turned out that exosomes-CXCR4 + TRAIL had a synergistic effect with carboplatin in a
SCID mouse model MDA-MB-231Br, setting the stage for a new approach for the therapy
of BC brain metastases [31]. Promising impacts on the treatment of BC metastases were
also achieved when exosomes were modified to transport aquaporin affecting miRNAs
and IL-4 receptor-binding peptide [32].

Non-cytotoxic molecules can also be employed to modify exosomes. Recent findings
suggest that aspirin could increase BC subjects’ survival by 20% and significantly improve
therapy outcomes through a COX-1-dependent effect and rapid alteration of epidermal
growth factor and EGF receptor internalization [33]. The anticancer actions of nanoamor-
phous exosomes derived from aspirin-loaded mammary cells have been analyzed in vitro
and in vivo [34]. These exosomes were absorbed through clathrin-dependent and indepen-
dent endocytosis with considerably increased cytotoxicity of aspirin to BC cells through
increased programmed cell death and autophagy. Animal experiments have shown that
this exosomal platform effectively transfers aspirin to BC cells in vivo. It is relevant that this
exosomal system facilitates the eradication of cancer stem cells. Furthermore, the effects of
these exosomes on tumor cells were amplified by coupling an aptamer specifically targeted
to the epithelial cell adhesion molecule protein, a type I transmembrane glycoprotein.

The metabolic characteristics of neoplastic cells are different from those of healthy cells,
which generally die in hypoxic situations. In contrast, tumor cells in a hypoxic environment
survive through changes in the gene expression program [35]. Given the relevance of
hypoxia in cancer cells’ survival, a study tested the anticancer actions of oxygenated water
to reduce hypoxia and cancer-derived exosomes to affect cancer cells. Balb/c mice of the
BC model were treated with oxygenated water administered through an intratumoral (IT)
or intraperitoneal (IP) route and/or exosome (TEX) [36]. Results revealed a substantial
decrease in cancer dimension, the most significant concentrations of IFN-γ and IL-17, and
the slightest concentrations of HIF-1 alpha, MMP-2, MMp-9, IL-4, FoxP3, and VEGF the
IT+IP+TEX-treated group [36].

Exosomes also participate in a paracrine reduction in cancer proliferation through
inhibition of angiogenesis in BC cells. MSC-originated exosomes cause a relevant and
dose-dependent decrease in vascular endothelial growth factor (VEGF) production by
changing BC cells’ mTOR/HIF-1α signaling axis. Moreover, miRNA-100 transported by
MSC-derived exosomes to BC cells induces a decrease in VEGF. The supposed effect of
exosomal miRNA-100 transport in controlling VEGF production was confirmed by the
capacity of anti-miRNA-100 to contrast the repressing action of MSC-originated exosomes
on the production of VEGF in BC-derived cells [37].

Exosomes have also been used successfully in particular cancer treatment modalities
such as photothermal therapy (PTT) and sonodynamic therapy (SDT). Exosomes associated
with chemotherapy and PTT could represent a new strategy for treating BC. Indocyanine
green (ICG) is a commonly used photosensitizer that can cause cancer cell death under
808 nm laser irradiation, with a greater antitumor effect when combined with doxorubicin.
Nevertheless, the hydrophobic properties of ICG and the toxicity of doxorubicin in vivo
restrain its clinical use. These problems are overcome by co-loading ICG and doxorubicin
into exosomes, which further augments the efficacy of anticancer therapy. Armed exosomes,
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efficiently taken up by cancer cells, can increase cancer accumulation, maintaining the
photothermal action of ICG and cytotoxicity of doxorubicin. ICG can induce hyperthermia
under 808 nm near-infrared irradiation causing the collapse of nanovesicles with an aug-
mented drug discharge that causes cancer cell death. In vivo experiments confirmed that
armed exosomes efficiently reduce the proliferation and metastasis of BC [38].

SDT acts by generating reactive oxygen species (ROS) from sonosensitizers under
ultrasound (US) exposure and is a possible substitute for PTT in tumor treatment. SDT can
be applied in the therapy of deep-placed cancers which the PTT cannot achieve since the US
has greater tissue penetration. The generation of carriers that can transport sonosensitizers
into cancer cells without general harmfulness is essential to enable the implementation of
SDT into clinical practice [39], exosomes could be a perfect choice. In a study, exosomes
were employed as transporters of a sonosensitizer, ICG, the same substance reported
above. The exosomes can be modified with tumor-targeting ligands. ICG-loaded exosomes
(ExoICG) with folic acid (FA) as ligand significantly augmented ROS production in BC cells
causing superior sonotoxicity against BC cells than free ICG, without systemic effects [40].
Remarkably, cancer proliferation in mice was considerably reduced by a single intravenous
administration of the FA-ExoICG and subsequent US treatment [41].

Using exosomes armed with cytotoxic substances could be especially advantageous
for the therapy of BC metastases problematic to treat with traditional chemotherapy. For
instance, brain metastasis is a great challenge in the treatment of BC due to its inaccessibility.
Regrettably, more than a quarter of BC subjects present brain metastasis and, unfortunately,
employed anticancer drugs cannot pass through the blood–brain barrier effectively [42]. A
diverse opportunity is to provoke an immune response against the BC cells or the cancer
milieu. Natural killer (NK) cells are a group of lymphocytes that specifically identify
and destroy tumor cells and are stimulated by the interaction between cancer cells on
MHC 1 molecules. This causes the merging of NK granules to the plasma membrane, cell
degranulation, and entrance of molecules into the cancer cell that consequently die [43].
NK cells also release these molecules through EVs. Cochran et al. identified granulysin,
perforin, and granzymes A and B in EVs generated from NK3.3 cells, a clonal normal
NK cell line. They reported that NK3.3 EVs enclose different cytolytic substances such as.
K3.3-derived EVs were administered intratumorally every 3–4 days in a model of BC mice,
with a decrease in tumor and caspase-mediated programmed BC cell death [44].

An interesting cancer treatment procedure was proposed by Wang et al. employ-
ing gene-delivered enzyme prodrug therapy (GDEPT) in HER2+ BC. EVs with specific
membrane molecules able to target HER2 receptors of BC cells and enclose the prodrug
6-chloro-9-nitro-5-oxo-5H-benzo-(a)-phenoxazine and the bacterial enzyme mRNA from
E. coli were used. Release of these substances into BC cells caused translation of the
enzyme’s mRNA which operated on prodrug to generate the cytotoxic active 9-p amino-6-
chloro-5H-benzo[a]phenoxazine-5-one which results in decreased BC proliferation in vitro
as well as in vivo [45].

An interesting cancer treatment procedure was proposed by Wang et al. employing
gene-delivered enzyme prodrug therapy (GDEPT) in HER2+ BC. It used EVs with specific
membrane molecules able to target HER2 receptors of BC cells and enclose the prodrug
6-chloro-9-nitro-5-oxo-5H-benzo-(a)-phenoxazine and the bacterial enzyme mRNA from
E. coli. The release of these substances into BC cells caused translation of the enzyme’s
mRNA, which operated on prodrug to generate the cytotoxic active 9-p amino-6-chloro-
5H-benzo[a]phenoxazine-5-one, resulting in decreased BC proliferation in vitro as well as
in vivo [45].

Studies on BC-derived exosomes aiming at cell-to-cell communication in tumor
advancement, diagnosis, and therapeutic technologies may assist in further obtaining
exosome-based cellular control systems for BC treatment by eliminating and/or inac-
tivating cancer-correlated exosomes, which augment tumor progression or employing
exosome-based intracellular transport of functional molecules. A critical role will be played
by analyzing exosomal miRNAs expression profiles and amounts closely correlated to BC
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extent, type, and prognosis. Deep comprehension of such relationships and the systematiza-
tion of experimental results will give a new BC identification and management approach.

2.1. Exosomes and Chemoresistance in Breast Cancer

Drug resistance, the main obstacle to BC therapy being correlated to a lousy out-
come [46], is modulated by exosomes through control of gene expression [47–49]. MiRNAs
could modify resistance in BC cells [50]. About 60% of patients, after early response, ac-
quire resistance to trastuzumab, a monoclonal antibody pursuing the extracellular region
of HER-2 BC [51]. In these patients, exosome-transmitted miRNA-567 reduces autophagy
and augments sensitivity to trastuzumab targeting ATG5 an autophagy-correlated protein
linked to BC carcinogenesis [52].

Furthermore, macrophage-originated exosomes armed with PTX, and doxorubicin
can be employed to overwhelm the multidrug resistance in BC [53]. The sensitivity to
doxorubicin is increased by exosome-transported miRNA-770 by decreasing the stathmin1
(STMN1) gene in vitro and in vivo [54]. It operates by regulating programmed cell death
and modifying the cancer milieu. Restoration of STMN1 could partially nullify the effect of
miRNA-770 [55] (Table S2).

2.2. Exosomes and Lung Cancer

Lung cancer (LC) is the leading cause of tumor-related death worldwide, and non-
small-cell lung cancer (NSCLC) stands for about 85% of all cases of LC [56].

As in the case of BC, numerous experiments on the therapeutical use of exosomes
have been performed for the LC. For instance, the inhibitory effect of miRNAs transported
by exosomes was evaluated. Human cell-originated exosomes containing miRNA-497
efficiently inhibited cell proliferation and the production of genes such as VEGF, cyclin E1,
yes-associated protein 1, and hepatoma-derived growth factor in A549 cells of NSCLC [57].
Remarkably, the effects of exo-miRNA-497 on angiogenetic dynamics were studied. A549
cells were co-cultured with human umbilical vein endothelial cells (HUVECs) to simulate
the in vivo-like cancer milieu of NSCLC. The generation of endothelial cells and migration
of cancer cells was reduced significantly compared to the control when miRNA-497-loaded
exosomes were added.

A similar effect with an antineoplastic action can target lymphatic vessels, which are
essential constituents of both cancer and lung microenvironments. Once cancer has taken
roots, nearby lymphatic endothelial cells (LECs) are stimulated and generate novel vessels
under the effect of specific signals sent by cancer cells or the milieu. In a study, Yang et al.
demonstrated that glypican-5 (GPC5), a component of heparan sulfate proteoglycans,
augments the expression of CTDSP1 (miR-26b host gene) through the AhR-ARNT system,
and such an increase causes a reduction in lung tumor cell proliferation. Furthermore,
exosomes originating from GPC5-overexpressing lung cancer cells (GPC5-OE-originated
exosomes) had an inhibitory action on LECs, reducing their generation and diffusion. The
mechanism of action of miRNA-26b in LEC is related to the inhibition of the protein tyrosine
kinase 2 (PTK2) 3′-UTR [58].

Similarly, let-7a-5p delivered from macrophages to lung tumor cells inhibits lung
cancer cell proliferation acting, via PI3Kg signaling system, on Bcl-2-like protein-1 (BCL2L1),
a potent inhibitor of apoptosis. This finding was demonstrated in vitro on A549 lung cancer
cells, and it has been observed that altered production of let-7a-5p modifies the survival of
lung cancer patients. Moreover, altered expression of BCL2L1 considerably changes the
generation of lung tumor markers such as vimentin, MYC, and EGFR [59].

Xue et al. demonstrated that the combination of miRNA-34a and K-ras siRNA enclosed
in lipid polymers positively affects a lung adenocarcinoma model [60].

Moreover, the exosomes can be charged with drugs used to treat lung cancer. An-
titumor effectiveness of airway-delivered exosomes armed with paclitaxel was reported
in a model of murine Lewis lung carcinoma pulmonary metastases [53]. Moreover, the
same authors implemented a novel exosome-based drug transport platform able to transfer
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drugs. Their experimentation targeted moiety aminoethylanisamide-polyethylene glycol
(AA-PEG) into the exosome-PTX preparation. AA-PEG aimed at the sigma receptors,
augmented in lung tumor tissues, and increased the therapeutic response [61].

A further strategy of cancer treatment can be performed by promoting the anticancer
immune response. Cortez et al. reported that exosomal transfer of miRNA-34a mimics
(MRX34) into a lung adenocarcinoma experimental animal model increased the number of
cancer-infiltrating CD8+ cells and reduced the amounts of T-regulatory cells, macrophages,
and tumor-infiltrating PD1+ T-cells [62].

Always in this area, dendritic cells (DC) vaccine-based immune treatment has been
applied as a therapeutic approach for tumor therapy. However, the anticancer action of DC
vaccines performed on tumor cell lysates (TCLs) has given unsatisfactory results due to
cancer antigens’ modest immunogenicity. Tumor-associated exosomes (TAEs) have been
studied as an encouraging opportunity for DC vaccines. In a study, authors isolated TAEs
from the supernatant of cancer cell culture medium and compared the action of TAEs with
TCLs on DCs. The results proved that TAEs were more efficient than TCLs in stimulating
DC, causing a more robust tumor-specific cytotoxic T lymphocyte response.

Furthermore, TAEs decreased the presence of PD-L1 of DCs, thus provoking a decrease
in T regulator cells in vitro. Finally, DC-TAE significantly reduced cancer proliferation
and augmented survival in vivo [63]. Based on these data, a phase I clinical trial with
tumor-associated antigens-loaded DC-derived exosomes in NSCLC subjects [64], and a
phase II clinical trial with DC-originated exosomes for maintenance immune-treatment after
chemotherapy in NSCLC were executed [65] (NCT01159288). A relevant novelty in this
trial is utilizing exosomes originating from Toll-like receptor 4- or IFN-γ-maturated DCs. It
was reported that such exosomes cause stronger T cell stimulation versus DC-originated
exosomes from immature DCs. Thirty-two percent of patients showed stability of their
tumor for over 4 months, while only one patient presented grade-3 hepatotoxicity [65].

Then et al. performed a study to evaluate the capacity of cryopreserved umbilical
cord blood mononuclear cell-derived DCs (cryo CBMDCs) and their exosomes to modify
allogeneic T cell growth and to study toxicity against A549 lung tumor cells [66]. They
proved that cell lysate-pulsed DCs and their exosomes could stimulate allogeneic T cell
growth and have a cytotoxic effect against A549 cells. These findings also evidenced that
cryo umbilical cord blood mononuclear cells source is efficient for producing exosomes
and might be useful for vaccinating against tumors.

Moreover, unconventional substances with anticancer potential can be inserted into
exosomes. Employing bovine milk as a fount of exosomes, Munagala et al. [67] showed that
withaferin A, a steroidal lactone, has increased anti-tumor actions in lung tumor cell lines
and in in vivo lung cancer xenografts when transported through exosomes concerning free
withaferin A. Similarly, exosome-armed celastrol (a plant-originated triterpenoid inhibitor
of heat shock protein 90 and NF-κB) showed a more significant anticancer action in lung
tumor cell xenograft experimental model for free drug [68].

Curcumin is another substance studied in anticancer treatment as it induces DNA
hypomethylation, which epigenetically regulates genome stability [69]. Curcumin reduces
the activity of a methyltransferase, DNMT1, so modifying the methylation of several tumor-
correlated genes [70] and causes an augment of the transcription factor 21 (TCF21). In a
study, exosomes derived from curcumin-pretreated H1299 cells caused an increase in TCF21
amount in BEAS-2B cells with a decrease in cancer cells proliferation [71]. Analysis per-
formed by the GEO database showed a positive correlation between TCF21 concentrations
and lung tumor subject survival.

Lung tumor-derived exosomes transferring molecular information from LC cells
to cells close to them or at distant sites may activate the tumor microenvironment and
accelerate tumor diffusion. Exosomes seem to intervene in the regulation of numerous
processes that affect neoplastic lung cells, such as angiogenesis, apoptosis, and the immune
response. Furthermore, exosomal miRNAs might be believed as noninvasive markers
for precocious diagnosis of LC. Finally, several promising modalities in the treatment of
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LC with loading microRNAs, drugs, protein, and siRNAs inside specific antigen-targeted
exosomes have been proposed.

Exosomes and Chemoresistance in Lung Cancer

Various exosome-associated substances can reduce resistance to drugs used in lung
cancer, such as cisplatin and erlotinib. For instance, by operating as tumor suppressors,
exosome-associated miRNA373, miRNA146a-5p, and miRNA512 are strongly correlated
with reduced chemoresistance to cisplatin [72,73]. CAFs have been reported to be crucial
stromal constituents in the cancer milieu, controlling tumor proliferation, diffusion, and
chemo-response via various pathways [74]. NSCLC-originated CAFs were resistant to
cisplatin administration. In a study, CAFs-originated exosomes were taken up by NSCLC
cells, and exosomal miRNA-130a was transported from CAFs to NSCLC cells, causing
chemoresistance. Contrariwise, knockdown of miRNA-130a inverted the effect of CAFs-
originated exosomes. Moreover, it was demonstrated that pumilio homolog 2 (PUM2), an
RNA-binding protein, favors the storage of miRNA-130a into exosomes. The augment or
knockdown of PUM2 stimulated or decreased cancer proliferation in the xenograft mice
experimental model [75]. These findings show that CAFs-originated exosomes induce
cisplatin chemoresistance of NSCLC cells via transporting miRNA-130a and that PUM2 is
an essential element for modifying cisplatin chemoresistance in NSCLC.

Moreover, phosphoribosyl pyrophosphate synthetase 2 (PRPS2) is reported as an
oncogene in different tumors. PRPS2 increases cisplatin resistance of NSCLC cells enabling
exosome-mediated macrophage M2 polarization in NSCLC tissues [76].

Finally, exosomal lncRNA H19 favors erlotinib resistance in NSCLC cells [77]. In
fact, H19 concentrations were augmented in erlotinib-resistant cells, while knockdown of
H19 reduced cell growth. Extracellular H19 can be stored into exosomes, and Exo-H19
provoked erlotinib resistance of sensitive cells, while knockdown of H19 inverted this
action. Moreover, it was demonstrated that miRNA-615-3p was a target of H19 and can link
to autophagy-related gene (ATG)7. Exosomal H19 modified erlotinib resistance of NSCLC
cells through targeting miRNA-615-3p to control ATG7 expression. In an experimental
model, HCC827 cells transfected with sh-NC or sh-H19 lentiviral vector were injected into
nude mice administered with erlotinib, demonstrating that knockdown of H19 reduced
erlotinib resistance through controlling miR-615-3p and ATG7 generation in vivo.

2.3. Exosomes and Colon Cancer

Colon cancer (CC) is among the more frequent tumors affecting about one million
people every year. Its mortality percentage ranks fourth among cancer-related deaths [78].

Managing miRNAs originating from exosomes is a possible therapeutic approach
to CC. The aberrant increase in macrophages in CC tissues participates in its diffusion,
and exosomal miRNA-183-5p has been reported as an oncogene. Zhang et al. studied
the influence of exosomal miRNA-183-5p enhanced by M2-polarized tumor-associated
macrophages (TAM) on CC cells [79]. M2-TAM-originated exosomes remarkably aug-
mented CC cells growth and inhibited programmed cell death. It decreased miRNA-183-5p
rescued M2-TAM-correlated cancer-supportive influences. Exo-miRNA-183-5p affected
thioesterase superfamily member 4 (THEM4) and reduced protein production. Contrari-
wise, THEM4-increase consolidated miRNA-183-5p-correlated pro-tumorigenic actions
and rendered inactive NF-kB and Akt systems in CC cells.

Moreover, it is interesting that cancer cells and normal cells possess different miRNAs
originating from exosomes, with different consequences. A study evaluated miRNAs
in exosomes derived from human CCC SW620 cells and human normal colon epithelial
cells NCM460 [80]. Two groups of miRNAs were described: “high in exosome and high
in cell” (HEHC) and “high in exosome but low in cell” (HELC). MiRNA-2277-3p and
miRNA-26b-3p, which are representative of the different groups, have opposite effects:
MiRNA-2277-3p stimulates growth and diffusion of SW620 cells by aiming Nupr1-like
isoform (NUPR1L), while miRNA-26b-3p has a blocking action by targeting prefoldin 1
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(PFDN1). Exosomes rich in miRNA-2277-3p have a tumor-promoting action, whereas
exosomes rich in miRNA-26b-3p have no activities in tumor cells.

Other molecules can modify the activity of the non-coding genetic material, varying
their pro or antineoplastic activity. For instance, Sevoflurane, an inhaled anesthetic fre-
quently employed in clinical practice, has a remarkable effect on CC cell proliferation [81].
Circular RNA 3-hydroxy-3-methylglutaryl- CoA synthase 1 (circ-HMGCS1) is reduced in
CC cells by sevoflurane and circ-HMGCS1 augment could rescue the action of sevoflurane
on CC cell growth. MiRNA-34a-5p is the target of circ-HMGCS1, and miRNA-34a-5p
reduction inverts the act of circ-HMGCS1 silencing on CC cell proliferation [82]. Moreover,
circ-HMGCS1 knockdown reduces sphingosine-1-phosphate phosphatase 1 production
through sponging miRNA-34a-5p and decreases cancer proliferation in vivo. Thus, sevoflu-
rane blocks CC diffusion by regulating the exosome-transmitted circ-HMGCS1/miRNA-
34a-5p/SGPP1 axis.

Exosomes and Chemoresistance in Colon Cancer

Treatment founded on 5-fluorouracil (5-Fu) is the conventional line for the therapy of
CC, but chemoresistance to 5-Fu is the main reason for tumor advancement in CC subjects.

Exosomes from 5-Fu-resistant CC cells seem to stimulate angiogenesis, and exosomal
growth/differentiation factor 15 (GDF15) is a potent activator of the angiogenetic dynamics
by blocking the Smad pathway. Transforming growth factor (TGF)-β1, an inducer of the
Smad pathway, could partially reduce this effect. Thus, the Exo-GDF15-Smad axis might
be a new target to increase sensitivity to 5-FU in colon cancer [83].

2.4. Exosomes and Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) constitutes about 75% to 85% of primary liver tu-
mors. Current data report that approximately 840,000 people experience HCC every year
moreover, and about 780,000 people die from this form of tumor every year [78].

Several types of exosomes seem to have a tumorigenic effect on HCC. For instance,
Sphingosine kinase 2 (Sphk2) is a relevant controller regulator in exosome genesis. Employ-
ing Sphk2 siRNA-loaded nanoparticles can decrease miRNA-21 presence into exosomes,
participating in reducing the HCC pro-tumoral activity of exosomes [84].

Other data propose that MSC-originated exosomes could block HCC development,
which was correlated with transporting cancer-suppressed ncRNAs [85,86]. Contrariwise,
some reports stated that MSC-derived exosomes might stimulate cancer growth [87].

Lou et al. described that miRNA-122-transfected adipose mesenchymal stem cells
(AMSCs) could store miRNA-122 into exosomes, and miRNA-122-loaded exosomes make
HCC cells more susceptible to chemotherapeutic drugs by reducing metalloprotease do-
main 10, insulin-like growth factor 1 receptor, and cyclin G1 [88]. Liang et al. employed
electroporation to charge miRNA-26a to HEK-293T cell-derived exosomes. These exosomes
could reduce HCC proliferation by repressing proliferative factors such as cyclin-dependent
kinase 6, cyclin D2, and cyclin E2 [89]. Similarly, HSC-derived exosomes armed with
miRNA-335-5p inhibited HCC cell growth by targeting different epigenetic regulators,
factors such as thrombospondin-1, casein kinase 1 gamma 2, CDC42, CDK2, eukaryotic
translation initiation factor 2C2, eukaryotic translation initiation factor 5, LIMaK1, NRG1,
polo-like kinase 2, TCF3, YBX1, and zinc finger MYND-type containing 8 [90].

Moreover, it is possible to employ siRNA-armed exosomes to treat HCC. For example,
glucose-regulated protein 78 (GRP78), a well-known molecular chaperone in mammalian
cells, is correlated with sorafenib chemoresistance but employing exosomes containing
siRNA against siRNA GRP78 could inhibit sorafenib resistance in HCC [54].

Finally, exosomes originating from BM-MSCs provoke programmed cell death in
HepG2 cells, while the intra-tumor dispensation of exosomes administration of exosomes
in established tumors generated by subcutaneous injection of HepG2 cells in SCID mice
significantly reduced tumor growth [84].



Cells 2022, 11, 1128 10 of 33

Other substances could be used to arm exosomes against HCC cells. Sinomenine
(SIN), an alkaloid found in the root of the plant Sinomenium acutum, has an anticancer effect
in vitro. A study evaluated the efficacy of combined exosomes-SIN for HCC treatment in an
experimental animal model showing a more significant reduction in HepG2 cells concerning
free SIN. Exo-SIN causes programmed cell death and cell cycle arrest by reducing survivin,
an essential protein for the survival of cells [91].

miRNA-142 and miRNA-223 can also be transported from macrophages to liver
cells by exosomes to reduce the proliferation of HCC cells [92]. Exosomal miRNA-122
produced by hepatocellular carcinoma can inhibit EMT, increase drug sensitivity, and
inhibit angiogenesis by targeting LMNB2 [93,94]. Finally, Wang et al. demonstrated that
LX-2 exosomes, supplemented with miR-335-5p, decrease HCC proliferation after intra-
tumoral administration in MHCC97H cell xenografts [95].

2.4.1. Exosomes and Immunotherapy for HCC

Recent experiments show that AD-MSC-originated exosomes can stimulate anti-HCC
NK T cell responses in rat N1S1 cells (an orthotopic HCC model) [96]. This and other
data suggest the possibility of HCC immunotherapy. A study demonstrated that bone
marrow mesenchymal stem cells acquired relevant anticancer ability after exposure to HCC
cell-originated exosomes and blocked the growth of HCC cells.

Alpha-fetoprotein (AFP)—expressing DC-originated exosomes (DEXs) produced a
powerful antigen-specific immune response and determined a decreased HCC proliferation
and augmented survival of animals with carcinogen-caused HCC tumors that exhibited
antigenic heterogeneousness [97]. Moreover, this type of approach was able to modify
immune effectors in the cancer milieu. DEXAFP-treated HCC mice presented significantly
more gamma interferon-expressing CD8+ T lymphocytes and augmented the concentrations
of IFN-gamma and interleukin-2, with reduced CD25+/Foxp3+ regulatory T cells and
reduced concentrations of interleukin-10 and transforming growth factor-beta in the cancer
microenvironment. The absence of effectiveness in CD8+ T cell-depleted mice suggests that
T cells participate in DEXAFP-mediated anticancer activity [97]. However, although it has
been demonstrated that mast cells-originated exosomes increase HCC cell proliferation,
HCV-E2-stimulated MC-originated exosomes block the migration of HCC cells and reduce
HCC cell metastasis by repressing the ERK1/2 signaling pathway [90].

2.4.2. Exosomes and Chemoresistance in HCC

Chemoresistance sometimes makes ineffective the treatment with Sorafenib of HCC
patients with advanced disease [98]. It has been demonstrated that resistant HCC cell-
generated exosomal miRNA-210 may be transported into non-resistant HCC cells, provok-
ing multidrug resistance via the reduction in phosphatase and tensin homolog deleted on
chromosome ten and the augmentation of the PI3K/Akt pathway [99].

miRNA-744 was reduced in exosomes originating from resistant HCC cells, and these
exosomes could be absorbed by non-resistant HCC cells. The reduced concentration of
miRNA-744 causes an increase in paired box 2 that favors HCC cell growth and reduces
the chemosensitivity of non-resistant HCC cells [100].

TGFβ has also been associated with chemoresistance as it decreases the sensitivity
of HCC cells to sorafenib or doxorubicin and modifies the delivery of both extracellular
vesicles and specific long non-coding RNA (lncRNA) within these vesicles. LincRNA-ROR
(linc-ROR), a stress-responsive lncRNA, was highly increased in HCC cells. Incubation with
HCC-originated EVs augments linc-ROR expression and decreases chemotherapy-caused
cell death via the repression of p53 [101]. These results demonstrate that exosomal ncRNAs
might boost chemosensitivity in HCC.

Lou et al. evaluated if MSC-originated exosomes could operate as transporters of
miRNA-199a-3p to augment HCC chemosensitivity. In this study, miRNA-199a lentivirus
infection and puromycin selection generated miRNA-199a-modified AMSCs (AMSC-199a).
AMSC-Exo-199a appreciably reduced chemoresistance of HCC cells to doxorubicin in vitro
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by altering the mTOR signaling pathway. Moreover, its effect was significantly augmented
by i.v. administration in vivo [102].

HCC cells treated with exosomes and cisplatin display augmented sensitivity to cyto-
toxic T lymphocytes (CTLs), with prolonged survival of animals. Likely, after immunization
with exosomes, FasL increases spleen lymphocytes’ binding to the Fas on target cells, induc-
ing HCC cells apoptosis. This data suggest that exosomes can synergize with chemotherapy
and remarkably augment their antitumoral effects.

On the other hand, as reported above, exosomes can also augment chemoresistance
in HCC. Exosomes from two aggressive HCC cell lines were able to provoke sorafenib
resistance in vitro by stimulating the hepatocyte growth factor/c-Met/Akt pathway and
reducing sorafenib-caused programmed cell death [103].

Finally, Rab27B expression in 5Fu-resistant Bel7402 (Bel/5Fu) cells augments remark-
ably analogized drug-sensitive Bel7402 cells, and Bel/5Fu cells produced more exosomes
under 5Fu stimulation. Moreover, exosomes produced by Bel/5Fu cells suggestively de-
crease after knocking down Rab27B, and the cellular levels of 5Fu augment, increasing its
therapeutic action. The dispensation of drug efflux pump inhibitors and knockdown of
Rab27B further extend the positive actions of 5Fu [104].

2.5. Exosomes and Melanoma

Malignant melanoma is the most severe skin cancer, and its frequency is continually
increasing, and with metastatic diffusion, subjects have a negative outcome [105].

Inserting active molecules into exosomes could be a valid approach to treat melanoma.
Some experiments demonstrated that MSC-originated exosomes could reduce melanoma
diffusion via increased apoptosis or a cell cycle arrest with an augmentation of caspase3
cleavage and a decrease in Akt phosphorylation. Other experiments suggest that exo-
somes interfere with angiogenetic processes reprogramming melanoma cells and reducing
VEGF expression.

In a well-designed study, mesenchymal stem cells presenting TRAIL/green fluorescent
proteins (TRAIL is an essential mediator of the programmed cell death [106]) were gener-
ated, and exosomes including TRAIL protein (Exo-TRAIL) were separated. The anticancer
efficacy of both MSC-originated exosomes and Exo-TRAIL was evaluated, demonstrating
that the co-administration of both Exo-TRAIL and tumor cells deferred melanoma develop-
ment. Moreover, the melanoma weight was significantly reduced in melanoma-bearing
animals treated by multiple administrations of Exo-TRAIL while a single administration
did not display a relevant anticancer effect [107].

In a different study, TRAIL-modified exosomes charging triptolide (TPL), the principal
active and toxic component of Tripterygium wilfordii Hook F, were evaluated for the treatment
of melanoma [108]. TRAIL/TPL exosomes seem able to augment melanoma targetability,
decrease growth and diffusion of melanoma cells, and stimulate programmed cell death of
A375 cells via triggering the extrinsic TRAIL system and the intrinsic mitochondrial system
in vitro. Moreover, in vivo, intravenous administration of Exo-TRAIL/TPL remarkably
reduced melanoma diffusion in a nude mouse experimental model [109].

Numerous studies have used various engineered liposomes to treat melanoma [110,111].
Similar or even better results have been achieved employing exosome-based therapy.
Zhu et al. proposed a possible immunotherapeutic approach for melanoma using exosomes
originated from NK with promising results [112].

However, the most innovative therapeutic attempt involves the activation of the
Stimulator of Interferon Genes (STING) system associated with the innate immune re-
sponse. Stimulation of the cytosolic DNA sensor STING in antigen-presenting cells (APC)
causes a response to type I interferon. However, STING agonists (STINGa) have negative
pharmacological characteristics, such as rapid clearance and inadequate transfer to the
cytosol. McAndrews et al. used exosomes loaded with STING’s GMP-AMP cyclic agonist
(iExoSTINGa) to specifically target the STING pathway in APCs with greater efficacy than
STINGa alone in inhibiting B16F10 cancer proliferation. Furthermore, iExoSTINGa showed
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greater uptake of STINGa in dendritic cells than STINGa alone, with a significant increase
in stimulated CD8+ T cells and an improved antitumor immune response [113].

Finally, tumor vaccination has been limited by the complex recognition of specific can-
cer antigens and their transport to APC. The exosome-founded cancer antigens-adjuvant
co-transport technique employing genetically modified cancer cell-originated exosomes,
including cancer antigens and immunostimulatory CpG DNA, was used in a murine
melanoma B16BL6 [114]. Murine melanoma B16BL6 cells were transfected with a plas-
mid vector encoding a fusion streptavidin (SAV)-lactadherin (LA; an exosome-tropic pro-
tein) protein, yielding genetically engineered SAV-LA-expressing exosomes (SAV-exo).
CpG-SAV-exo displayed active transport of exosomes with CpG DNA to murine dendritic
DC2.4 cells, with stimulation of DC2.4 cells and augmented cancer antigen presentation.
Immunization with CpG-SAV-exo showed greater in vivo anticancer action in B16BL6
cancer-bearing animals than the co-dispensation of CpG DNA and exosomes [114].

2.6. Exosomes and Ovarian Cancer

Epithelial ovarian cancer (EOC) is the leading cause of gynecological-correlated deaths
and the fifth reason for tumor mortality in women [115].

Numerous studies have demonstrated the therapeutic efficacy of exosome-based
therapy in ovarian cancer. For instance, macrophage-originated exosomes bearing TNF-like
weak inducer of programmed cell deaths (TWEAK) reduce the motility and diffusion of
EOC cells. Their action is due to the increased production of miRNA-7 with the reduction
of EGFR/Akt/ERK1/2 pathway stimulation, proposing that exosomal miRNA-7 from
TWEAK-activated macrophages may have encouraging therapeutic perspectives [116,117].

IRGD exosomes, generated through transfecting plasmid with cancer-targeting pep-
tide IRGD to exosomes, were reported to interconnect with ovarian cancer cell NuTu-19
via membrane fusion specifically. IRGD exosomes armed with adriamycin (Dox) were ad-
ministered to animals with ovarian tumors causing a reduction in the tumor volume [118].
Similarly, tumor-derived exosomes (TEX) loaded with staphylococcal enterotoxin B (SEB)
have cytotoxic effects on ovaria tumor cell SKOV3 with remarkably reduced tumor growth
and increased programmed cell death [119].

As reported above, Triptolide (TP) is a molecule that has been isolated from the herbal
medicine T. wilfordii Hook F., which has numerous anticancer, and immunomodulatory
effects, the clinical use of which is limited due to severe side effects. It has been demon-
strated that TP-enclosed exosomes stimulate programmed cell death, modify the cancer
milieu by repressing M2 cancer-associated macrophages, and augment anticancer immu-
nity. Unlike free TP, they remarkably increased the anti-tumor effects, with a reduction in
side effects [120].

Interfering with miRNAs contained in exosomes has been demonstrated as a promis-
ing way to treat EOC. MiRNA-101 mimics are possible therapeutic tools for EOC therapy
as it inhibits the production of brain-derived neurotrophic factor by acting on 30-UTR [121].
Different concentrations of miRNA-101 in both ovarian tissue and serum exosomes could
inhibit tumor cell growth repressing genes such as zinc finger E-box-binding homeobox 2,
membrane-associated ring-CH-type finger 7, suppressor of cytokine signaling 2, and en-
hancer of zeste 2 polycomb repressive complex 2 subunit [122].

Since omento fibroblasts are a source of exosomes [11,123], Kobayashi et al. eval-
uated the feasibility of using fibroblast-derived exosomes for miRNA transport [124].
MiR199a-3p-loaded exosomes (miRNA-199a-3p-Exo) significantly increased the concentra-
tion of miRNA-199a-3p in several OC cell lines, resulting in the inhibition of cell growth
and spread, possibly by suppressing the expression of c-Met, a direct target of miRNA-
199a-3p. Moreover, in a xenograft study, miRNA-199a-3p-Exo also remarkably reduced
peritoneal diffusion in OC animal experimental models. Moreover, in this case, tumors
displayed a decreased expression of c-Met and MMP2 expression and a diminished ERK
phosphorylation [124].
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Finally, exosome mimetics facilitate the transport of other active substances. Immune-
derived exosome mimetics (IDEM) resulted in a productive attempt to treat ovarian cancer
cells [125]. IDEM were produced from monocytic cells, and doxorubicin was employed as
an associated drug. IDEM demonstrated greater encapsulation effectiveness and a higher
ability to deliver doxorubicin than normal Exo. The study of doxorubicin-armed exosomes’
cytotoxic and pro-apoptotic action showed IDEM as a more effective platform than free
doxorubicin and able to reduce side effects [125].

Finally, exosomes can transport substances implicated in antigen presentation, such as
MHCI, HSP, and tumor-associated antigens, suggesting the possibility of an EOC immune
treatment. For example, Andre et al. demonstrated that exosomes taken from malignant
ascites represent a source of cancer antigens that could be transported to DCs, favor-
ing the proliferation of cancer-specific cytotoxic T lymphocytes, provoking an anticancer
response [126]. A phase I/II clinical trial evaluated the therapeutic feasibility of ascites-
originated exosomes linked to TLR3 agonists for the immune treatment of EOC [127].

The fast dissemination of EOC causes several treatment challenges. Exosomes can
stimulate cell angiogenesis, immunosuppression, division, and tissue invasion, crucial for
EOC progression. Moreover, exosome protein signatures that are derived from EOC have
been recognized. Clinically, these data may allow appropriate modifications in treatment
before the onset of diffuse disease evolutions. Evaluation of the differential expression
of metastatic genes derived from circulating exosomes might represent an easy screening
tool for EOC detection and longitudinal monitoring of changes associated with metastatic
spread. Finally, exosomes are also attractive candidates for drug delivery. At the same
time, studies suggested that miRNA replacement therapy using exosomes derived from
non-malignant cells may be a promising tool for EOC treatment.

Exosomes and Chemoresistance in Ovarian Cancer

OC has one of the highest rates of chemoresistance-related relapse: over 50% of all OCs
in 5 years. Exosomes have a relevant effect in inducing this phenomenon as exo-miRNAs
can control the gene activation of target cells and can favor chemoresistance in OC cells.

Li et al. demonstrated higher concentrations of miRNA-429 in multidrug-resistant
SKOV3 cells and their exosomes (SKOV3-EXO) than insensitive A2780 cells and their exo-
somes [128]. Exo-miRNA-429 augmented chemoresistance by acting on the calcium-sensing
receptor (CASR)/STAT3 pathway. Interestingly, the NF-κB block decreased the production
of miRNA-429 and restored the sensitivity of EOC cells. Resistant cells pretreated with an
NF-κB inhibitor or miRNA-429 antagomir displayed sensitivity to drugs such as cisplatin
and showed reduced cell growth [128].

Similarly, serum exosomal concentrations of miRNA-214-3p were remarkably aug-
mented in platinum-resistant EOC cells. Transfecting the miRNA-214-3p inhibitor in EOC
cells, cell growth was reduced, whereas programmed cell death was augmented. This
effect appears to be due to altered mitochondrial functions caused by disproportionate ROS
generation [129].

miRNA-1246 production was also remarkably significant in PTX-resistant OC exo-
somes than insensitive counterparts, and experimentation demonstrated that the Cav1
gene, which is the target of miRNA-1246, is implicated in exosomal transport [130]. Aug-
mented expression of Cav1 and anti-miRNA-1246 therapy considerably sensitized OC
cells to PTX. The study demonstrated that miRNA-1246 blocks Cav1 and operates via the
PDGFβ receptor. Moreover, miRNA-1246 inhibitor therapy combined with chemotherapy
caused a diminished cancer burden in vivo [130].

A different possibility to induce cisplatin resistance was identified by evaluating the
genomic DNA methylation pattern. DNA methyltransferase 1 (DNMT1) is responsible for
genome-wide methylation. DNMT1 transcripts were incredibly augmented in exosomes
from ovarian cells, and in vivo employment of DNMT1-containing exosomes increased
chemoresistance and xenograft progression and diminished overall survival. However,
therapy with exosome inhibitor GW4869 reestablished sensitivity in resistant cells [131].
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Finally, hypoxia, an essential element favoring the diffusion and aggressivity of OC,
increases chemoresistance [132]. Rab proteins are a group of small GTPases that influence
cell exosome production and are implicated in tumor growth and diffusion [133]. Exosomes
released in the hypoxic cancer milieu may participate in these processes by transferring
miRNAs and proteins between tumor cells and normal cells. A study reported that OC
cells subjected to hypoxia remarkably augmented exosome discharge by increasing Rab27a,
decreasing Rab7, LAMP1/2, and NEU-1. STAT3 knockdown in OC cells decreased exosome
liberation by modifying the concentrations of Rab7 and Rab27a under hypoxic conditions.

Moreover, exosomes from ascites of OC patients under hypoxia transported more
powerful oncogenes. Hypoxic OC cells originated exosomes efficiently modify the fal-
lopian tube epithelial cells to be pro-oncogenic in animal models. Finally, cisplatin efflux
through exosomes was significantly augmented in OC cells under a hypoxic situation. Pre-
venting exosome liberation by amiloride or STAT3 inhibitors caused a marked increase in
programmed cell death, decreased colony formation, and cisplatin-treated OC growth [134].

2.7. Exosomes and Pancreatic Cancer

Pancreatic cancer (PC) is digestive cancer with the worst outcome. The 5-year overall
survival is less than 5% [135].

As in the case of the solid neoplasms previously described, it is also possible to
transfer substances with therapeutic activity by exosomes in the case of PC. In a study,
gemcitabine (GEM) was stored into autologous exosomes to generate ExoGEM to treat PC.
Exosomes favored cellular absorption of GEM and determined augmented cytotoxic activity
of GEM. In experimental animal models, exoGEM treatment reduced cell proliferation,
with prolonged survival and insignificant injury to normal tissues. Furthermore, PC in
animals treated with ExoGEM regressed without relapse [136]. Similarly, Zhou et al. armed
exosomes with PTX and GEM, and these exosomes displayed exceptional cell entering
capacities with significant therapeutic effectiveness [137]. A different experiment confirmed
that the release of PTX-armed exosomes significantly reduced the growth of CFPAC-1
pancreatic cell lines [138].

Several other reports proved exosomes’ capacity to transport and release different
molecules that target cancer cells or genes implicated in PC onset and progression. For
instance, it was reported that exosomes could transport Curcumin in PC cells with in vitro
cytotoxicity [139]. Furthermore, to counter gemcitabine resistance in PC, Aspe et al. em-
ployed exosomes to transport survivin T34A to PC cell lines, restoring sensitivity to gemc-
itabine [140].

The combined use of drugs such as GEM, all-trans retinoic acid (ATRA), and sunitinib
(usually employed for PC therapy) with vaccines including DCs stocked with PC-originated
exosomes proficiently blocked the diffusion of metastases and augmented animals’ sur-
vival [141].

Targeting macrophages is an encouraging method for PC treatment. Su et al. demon-
strated that exosomes originating from Panc-1 cells induced a change in M1 macrophages
to assume an M2 phenotype. However, this could be reversed by administering the M2
macrophages exosomes from Panc-1 cells that have been transfected with miRNA-155 and
miRNA-125b2. In this case, the M2 cells reverted to an antitumor M1 phenotype [142].

A therapeutic attempt was to use a biomimetic tactic based on membrane fusion.
Deng et al. generated a platform by combining CLT (Celastrol)-armed PEGylated lipids
with the DC2.4 cell membrane (M-LIP-CLT) applied for the treatment of Kras-mutant PC
with exceptional anti-tumor efficacy [143]. This hybrid nanoplatform combines the benefits
of artificial lipids and natural cell membranes to mimic the bio-features of exosomes. Being
partly PEGylated liposomes, M-LIP could include a significant quantity of CLT and have a
prolonged circulation time. At the same time, being partially cell-membrane vesicles, they
mimic the surface elements of exosomes for a more remarkable ability to target Kras-mutant
PC cells via micropinocytosis.
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Cancer-originated re-assembled exosomes (R-Exo) were employed as a drug trans-
porter and an immunostimulatory mediator. A chlorin e6 photosensitizer was stored
into cancer-originated exosomes during exosomal re-assembly. Chlorin e6-loaded R-Exo
(Ce6-R-Exo) can produce ROS in cancer cells proficiently under laser irradiation. Moreover,
Ce6-R-Exo augmented the production of cytokines by immune cells, which suggests that
these specific exosomes can be employed for immunotherapy [144].

A different therapeutic attempt is to modify miRNAs enclosed in exosomes. Amongst
these miRNAs, miRNA-124 was particularly interesting in PC patients. Some reports have
demonstrated that miRNA-124 production diminishes in PC subjects, and K-Ras has been
recognized as a direct target of miRNA-124. Moreover, enhancer of zeste 2 polycomb
repressive complex 2 subunit is a histone methyltransferase that regulates the methylation
of H3K27me3 in PC and has been reported to be a downstream gene of K-Ras. A study
evaluated the anticancer effects of miRNA-124 delivered by BM-MSC-derived exosomes.
To assess the effects of miRNA-124 against PC, the miRNA-124-3p mimic and pcDNA3.1-
EZH2 were transferred into AsPC-1 and PANC1 cells. The miRNA-124 mimic transfection
remarkably augmented the intracellular miRNA-124 concentrations, while the transfection
of pcDNA3.1-EZH2 significantly augmented the generation of EZH2. Augmented levels of
miRNA-124 reduced cell survival and increased programmed cell death, while the increase
in EZH2 inverted this effect. Moreover, augmented levels of miRNA-124 decreased the
diffusion and EMT of PC cells [145].

miRNA-34a inhibits several families of proteins, which are implicated in cell prolifer-
ation, and apoptosis. In addition to targeting Bcl-2, an apoptotic controller, miRNA-34a,
reduces the production of Yin and Yang 1 (YY1) protein and Notch1/2 [146]. Exosomes
loaded with miRNA-34a (exomiR-34a) were able to decrease Bcl-2 production, reduce PC
cell proliferation, and cause programmed cell death in tumor cells. In vivo experiment per-
formed in xenograft nude mice carrying Panc28 tumor cells demonstrated that exomiR-34a
inhibited PC proliferation [147].

miRNA-126-3p also blocked PC proliferation and diffusion originating from BMSCs
exosomes by reducing ADAM9 [148].

However, other non-coding genetic material could be a proper therapeutic target
besides miRNAs. Several data have demonstrated that circRNAs were abnormally present
in PC cells and contributed to the onset and diffusion of PC [149]. SCL/TAL1 interrupting
locus (STIL) is the parent gene for hsa_circ_0000069, and its augmented expression was
correlated to a bad outcome in PC subjects. Moreover, a decrease in hsa_circ_0000069
reduced STIL expression, diminished the diffusion and invasion of PC cells, stimulated
programmed cell death, caused a cell cycle stop, and inhibited the proliferation in PA
cells. Furthermore, hsa_circ_0000069 knockdown blocked the expansion of xenograft PC
in vivo [150]. Pancreatic duct epithelial cells internalize SW1990 cell-originated exosomes,
allowing the transport of hsa_circ_0000069. Remarkably, SW1990 cell-originated exosomes
stimulated the growth of pancreatic duct epithelial cells, while exosomes with decreased
hsa_circ_0000069 inhibited the growth [150].

P21-activated kinase 4 (PAK4), a component of the PAK group of serine/threonine
kinases which operate as mediators of numerous small GTPases, has oncogenic activity
when augmented, stimulating cell growth and diffusion. PAK4 is overexpressed in PC cells,
and increased PAK4 expression is parallel with the expanded production of c-Met and the
p85α subunit of PI3K. Thus, PAK4 might be a therapeutic target in PC, as demonstrated
by administering Exo-mediated RNAi [151]. Intra-tumoral administration of Exo-siPAK4
decreased PC proliferation in vivo and augmented animal survival, with little toxicity [151].

Other experiments have confirmed the possibility of blocking the expression of specific
genes to treat PC cells. Kamerkar et al. modified exosomes to transport siRNA or shRNA
aiming KRAS in PC cells, which efficaciously blocked cancer proliferation in experimental
animal models and augmented the overall survival [152], while Mendt et al. employed
exosomes armed with siRNA to target KRAS G12D, which extended the survival in different
PC mouse models [153].
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Exosomes and Chemoresistance in Pancreatic Cancer

Cancer-associated fibroblasts (CAFs) regulate chemoresistance by transporting exoso-
mal miRNAs to tumor cells. It has been demonstrated that CAFs were intrinsically resistant
to gemcitabine (GEM), and the exosomes originating from CAFs participated in the onset of
GEM resistance. MiRNA-106b concentration was augmented in CAFs exosomes after GEM
treatment, and pretreatment miRNA-106b inhibitor favored a reduction in chemoresistance
of PC cells to GEM [154].

We report in Table 1 the few ongoing clinical trials on the possible use of exosomes in
the treatment of some solid neoplasms (Table 1) [155].

Table 1. Ongoing clinical trials on the use of exosomes in the treatment of some solid neoplasms.

Condition Study Title Interventions ID

Advanced Breast Cancer Omic technologies to track resistance to palbociclib in
metastatic breast cancer Procedure: specimen sample collection NCT04653740

Non-small cell lung cancer Trial of vaccination with tumor antigen-loaded
dendritic cell-derived exosomes Biological: Dex2 NCT01159288

Colon cancer A study investigating the ability of plant exosomes to
deliver curcumin to normal and colon cancer tissue

Dietary Supplement: Curcumin conjugated
with plant exosomes NCT01294072

Pancreas cancer iExosomes in treating participants with metastatic
pancreas cancer with KRASG12d mutation

Drug: mesenchymal stromal cells-derived
exosomes with KRASG12D siRNA NCT03608631

3. Exosomes and Leukemia

Leukemia-originated exosomes transport molecules that increase cellular growth and
augment programmed cell death of leukemic cells.

3.1. Acute Myeloid Leukemia and Exosomes

Acute myeloid leukemia (AML) is a hematologic neoplasm distinguished by a high
degree of alteration of differentiation and by abnormal growth of myeloid progenitor cells.

The possibility to use exosomes for leukemia treatment has been proved by several
experiments [156]. Dibavar et al. treated NB4 cell line with bone marrow (BM)-hMSC-
originated exosomes and arsenic trioxide, a well-known drug employed in promyelocytic
leukemia. NB4 cells displayed more significant amounts of programmed cell death markers
than NB4 cells exposed to exosomes or arsenic trioxide alone [157]. However, conflicting
data exist in the literature. A pro-tumoral action of BM-MSC-exo has been found in a
study showing that BM-MSC-exo augmented the number of leukemia stem cells (LSCs)
and stimulated the discharge of leukemic cells into the peripheral blood. Probably, this
effect is due to an increase in S100A4 by BM-MSC-exo into leukemic cells. S100A4 is
a calcium-binding protein involved in controlling different biological functions such as
cell proliferation, angiogenesis, cell diffusion, and apoptosis. The reduction in S100A4
decreased the growth and distribution of leukemia cells after BM-MSC-exo treatment [158].

Interestingly, Peng et al. detected that miRNA-34c-5p, a miRNA controlling the
senescence process, was remarkably decreased in AML stem cells compared to normal
hematopoietic stem cells [159]. This lower expression in LSCs was directly related to a bad
response to AML treatment. Conversely, high levels of miRNA-34c-5p stimulated LSCs
senescence ex vivo, inhibited leukemia onset, and augmented the suppression of LSCs in
immune-deficient animals. The mechanism is related to the role of miRNA-34-5p in causing
LSC aging via two different pathways: p53-p21Cip1-cyclin-dependent kinase (CDK)/cyclin
and p53-independent CDK/cyclin pathways. MiRNA-34c-5p-loaded exosomes were
particularly effective in favoring the aging process. Furthermore, miRNA-34c-5p aug-
ments its intracellular concentration through RAB27B, a substance that stimulates exosome
detaching [160].

Thus, in-depth studies have examined the role of exosomes produced by AML blasts
and how the bone marrow microenvironment changes in favor of leukemia progression
and survival to identify the mechanisms of treatment failure. Findings demonstrated that
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malignant cells could modify the behavior of adjacent cells, and by secreting exosomes
containing immune-inhibiting cytokines, AML cells render inoperative the immune system
against leukemic cells, guaranteeing their survival. Thus, leukemia-derived exosomes
support clonal cell growth while suppressing normal hematopoiesis; therefore, inhibiting
the generation of these exosomes as well as their reprogramming seems to be an interesting
approach in leukemia treatment.

Finally, exosome-based therapy has been used to stimulate an immune response
against AML. Stimulated NK cells generate significant quantities of exosomes that contain
important cytotoxic molecules, including IFN-γ, lymphocyte function-associated anti-
gen (LFA-1), DNAX accessory molecule-1 (DNAM1), and programmed cell death protein
(PD-1) [160]. Vaccines with DCs electroporated with Wilms Tumor 1 mRNA have displayed
high effectiveness in reducing relapses in AML subjects [161]. In this context, DCs pulsed
with exosomes induced an effective cytotoxic activity and antileukemic immune response
in mice experimental models. In the specific case of AML, DCs pulsed with exosomes
isolated from leukemia cell cultures caused leukemic regression and prolonged survival
of vaccinated animals [162]. Unexpectedly, in vitro incubation of exosomes with patients’
DCs reduced K562 cell death, whereas the destruction of leukemic cells was significantly
augmented when immature DCs were pulsed with exosomes originating from K562 cul-
tures [163]. Therefore, according to this study, the employment of vaccines utilizing patients’
exosomes would not lead to the appearance of a beneficial effect. In contrast, exosomes
from cultured cells may induce a DCs cytotoxic phenotype.

Exosomes and AML Chemoresistance

The effect of exosomes inducing resistance to various chemotherapeutic drugs such as
doxorubicin and etoposide is decisive. For instance, U937 cells augment their resistance
against the PEGylated liposomal doxorubicin (PLD) via the exosome-related discharge of
the PLD. Blocking exosome delivery could stop PLD emission and raise the susceptibility
of U937 cells to the toxic actions of PLD. U937 cells were administered with PLD with
or without the dispensation of the exosome discharge blocking agent, GW4869. Inhibitor
administration augmented cell death. Remarkably, the administration of GW4896 and
0.5 µM PLD induced the equivalent cytotoxic action as that of the 1 µM PLD [164].

In a further study, it has been reported that exosomes isolated from AMLs stimulate
IL-8 production in HS-5 BMSCs, which causes etoposide resistance in AML cells. Blocking
exosomes or IL-8 can revert the chemoresistance, with augmented etoposide-induced
apoptosis of AML cells [165].

3.2. Exosomes and Acute Lymphoblastic Leukemia

Numerous evidence has proved that exosome-originated miRNA-181a affects central
nervous system alteration in pediatric acute lymphoblastic leukemia (PALL), and the use
of an miRNA-181a inhibitor may produce beneficial effects in PALL [166]. Blocking exo-
miR-181a caused the decrease in genes able to augment cell growth, such as BCL2, PCNA,
MCL-1, and KI-67. Moreover, inhibiting pro-apoptotic genes such as BAX or BAD can
reduce exosome-caused cell growth [167].

Anti-leukemic immune responses can also be obtained for ALL by administration
of leukemia-originated exosomes. The shRNA inhibition of TGF-β1 in ALL cell lines
efficaciously decreased the TGF-β1 concentration in exosomes originated from leukemic
cells (LEX). When LEXTGF-β1si were absorbed by DCs, they were able to stimulate DC
activities by augmenting the presence of MHC class II molecules. Moreover, they caused
the production of TNF alpha and IL-12p70 and augmented CD4+ T-cell growth and Th1
cytokine production. Finally, they induced a powerful T lymphocyte and NK cell cytotoxic
response. In experimental animal models, administration of LEXTGF-β1si provoked an
inhibition of leukemia cell proliferation and prolonged survival [168].

Exosome-based immunotherapies are safe and effective. For instance, CAR-T cell
treatment is burdened with numerous side effects, such as cytokine storms. Haque et al.
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generated exosomes presenting CD19 CAR to treat CD19-positive B-cell neoplasms. This
approach decreased the risk of excessive cytokine discharge and was associated with
cellular toxicity and augmented programmed cell death genes in CD19 leukemia B-cells
without causing apoptosis in CD19-negative cells [169].

Exosomes and Acute Lymphoblastic Leukemia Chemoresistance

Relapsed leukemia is generally due to the therapy failure due to chemoresistance.
Vincristine and prednisone are drugs employed for the ALL therapy, as they cause pro-
grammed cell death in first-line leukemia. However, these drugs do not provoke apoptosis
in relapsed leukemia. This is probably due to the inability to determine suppression of
cellular and exosomal miR-181a expression. These findings propose a possible effect of an
inhibitor on exosome-derived miRNA-181a in the treatment of relapsed ALL [170].

3.3. Exosomes and Chronic Myeloid Leukemia

Chronic myeloid leukemia (CML) is a malignancy distinguished by a reciprocal translo-
cation between the long arms of chromosomes 9 (ch9) and 22 (ch22), which determines the
production of the Philadelphia chromosome. Even though the insertion of tyrosine kinase
inhibitors (TKIs) transformed treatment and prognosis in CML patients, the use of new
therapeutic approaches could further improve the natural history of this disease.

In a study, a venetoclax-armed immunoliposome (IL-VX) was designed and showed a
more remarkable ability to induce CML programmed cell death than free venetoclax [171].
Another study reported the effects of exosomes armed with imatinib and IL-3 on CML
blasts being interleukin 3 receptor augmented on CML blasts. IL3-exosomes armed with
imatinib target CML blasts and transported imatinib and BCR-ABL1-silencing RNA, with
a consequent reduction in leukemia cell proliferation in vitro and in vivo and imatinib-
resistant cells [172].

Several other substances might be used to arm exosomes against CML cells. Curcumin
has been reported to display antitumor activities in many tumors [173]. The addition
of Curcumin to CML cells provoked a dose-dependent augmentation of phosphatase
and tensin homolog (PTEN), an oncosuppressor gene, target of miRNA-21. Curcumin
administration also reduced Akt phosphorylation and VEGF production, affecting the
survival of CML cells. A report evaluated the miRNA-21 amount in K562 and LAMA84
cells and exosomes after the addition of curcumin and its effect on CML cells. Authors
demonstrated that the addition of curcumin to CML cells provoked a reduction in Bcr-
Abl expression via the cellular increase in miRNA-196b. The action of curcumin was
also evaluated on a CML xenograft in SCID mice, and curcumin-administered animals
presented a lower tumor burden compared to controls. Moreover, exosomes discharged
in the plasma of the curcumin-administered animals presented augmented amounts of
miRNA-21. These findings indicated that a storing of miRNA-21 in exosomes might
participate in the antitumoral action of curcumin in CML [174].

It was also reported that curcumin exosomes reduce Ras homolog gene family mem-
ber B (RhoB) production and negatively control endothelial cells diffusion. Adding CML
exosomes to HUVECs provokes an augment in VCAM1 and IL-8 concentrations, but
curcumin-loaded exosomes inverted these results, reducing their angiogenic effects. This
antiangiogenic property was verified with in vitro and in vivo studies. Quantitative anal-
yses of peptides of curcumin exosomes demonstrated that curcumin addition modifies
their molecular characteristics. Curcumin stimulates the discharge of exosomes depleted
of pro-angiogenic factors and enriched in proteins with antiangiogenic functions. Among
these factors, Myristoylated alanine-rich C-kinase substrate (MARCKS) seems to play an
essential role since it was a target of the miRNA-21 mentioned above. Thus, curcumin
reduces the exosome’s capacity to stimulate the angiogenic phenotype and regulate the
endothelial barrier structure [175].

Other pathways could also be involved in exosome-intermediated treatment, such
as the transforming growth factor (TGF)-β1, enhanced in LAMA84-originated exosomes.
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Raimondo et al. assessed the autocrine effects of exosomal-TGFbeta1 on leukemic cells
employing a TGF-β1 receptor inhibitor or a neutralizing antibody. They demonstrated that
the exosome augmented cell growth, and the generation of an antiapoptotic phenotype can
be avoided by inhibiting the TGF-β1 system [176].

Finally, Zhang et al. reported that BM MSC-Exo could block the growth of CML cells
in vitro through miRNA-15a and induce apoptosis. These results were not achieved in
BALB/c nu/nu mice. BMMSC-Exo augmented CML occurrence and stimulated tumor
diffusion in vivo. It was reported that the production of the antiapoptotic protein Bcl-2
increased, while the caspase3 generation reduced [177]. Further studies are needed to
understand the reason for these discrepancies

Exosomes and CML Chemoresistance

Imatinib resistance is the greatest obstacle for the therapy of CML, and recently there
was the observation that exosomes can affect drug resistance. It was demonstrated that
hUC-MSC-Exo alone had no action on cell survival or programmed cell death of K562 951
cells. However, hUC-MSC-Exo promoted IM-induced cell viability inhibition and apoptosis.
Moreover, hUC-MSC-Exo enhanced the increased Bax expression and the decreased Bcl-2
expression that IM induced. Interestingly, the antitumoral actions of hUC-MSC-Exo on
K562 cells could be blocked by treatment with caspase inhibitor Z-VAD-FMK [178].

In a different study, authors reported that miRNA-328 remarkably was reduced during
the onset of imatinib resistance [179]. MiRNA-328 supplementation reverted the resistance
to imatinib by reducing ABCG2 expression, while miRNA-328 knockdown caused imatinib
resistance in K562 cells. Furthermore, the transfer and discharge of alkalized exosomes
augmented miRNA-328 production and sensitized the CML cells to imatinib.

4. Exosomes and Lymphomas

Lymphomas are lymphoid malignancies that originate from lymph glands or extra-
nodal lymphoid tissue [180].

Several substances can be inserted into exosomes for therapeutic purposes against
lymphoproliferative diseases. Curcumin stored in lymphoma cells-originated exosomes
target CD11b+/Gr–1+ cells, induces an increase in programmed cell death, and has anti-
inflammatory activity [181].

Omacetaxine, previously identified as homoharringtonine (HHT), is a natural al-
kaloid originating from Cephalotoxus fortunei with an anticancer activity that operates
synergistically with different drugs in non-Hodgkin lymphoma (NHL) via NOXA and
MCL-1-dependent systems [182]. HHT interferes with angiogenesis and tumor growth in
lymphomas [183]. A study stated that HHT and curcumin remarkably blocked the devel-
opment and diffusion in U937 and Raji cells and reduced VEGF concentration in the same
cells. In the meantime, combined use of the two substances reduced VEGFA concentrations
in exosomes that originated from Raji cells. Treatment with exosomes with a low amount
of VEGF to HUVECs inhibited growth and tube formation of HUVECs, and diminished
MMP2, MMP9, p-Akt, and angiogenin-1. This suggested that combined administration of
HHT and curcumin could block lymphoma cell proliferation and angiogenesis through
repression of the VEGF/Akt system [184].

Koch et al. reported that treating diffuse large B-cell lymphoma (DLBCL) cell lines
with a non-steroidal anti-inflammatory drug such as indomethacin leads to reduced ex-
osomes discharge and inhibited lymphoma development. Moreover, they proved that a
reduced exosome discharge causes an augmented efficacy of drugs such as anthracyclines,
both in vitro and in vivo [185]. A different approach involves the decrease in exosomes’
absorption by inhibiting elements such as heparan sulfate proteoglycans (HSPGs) on target
cells [186]. HSPGs have been proposed to operate as a receptor for exosome absorption.
It was proved that pretreatment of exosomes with low molecular weight heparin drasti-
cally reduced the absorption of chronic lymphocyte leukemia-derived EV by target cells
augmenting cell sensitivity [187,188].
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A further attempt was to cause programmed cell death of lymphoma cells employing
TRAIL-mediated apoptosis. Numerous molecules affecting this system have been identi-
fied, comprising TRAIL receptor agonists and recombinant soluble TRAIL. However, no
substantial antitumor effects could be demonstrated in tumor patients. A novel possibil-
ity to transfer and discharge TRAIL could be to insert it within exosomes produced by
TRAIL-expressing cells. Rivoltini et al. reported the capacity of TRAIL-loaded exosomes
to move molecules able to reduce cell proliferation and stimulate programmed cell death
in lymphoma cells [189]. Intratumor administration of TRAIL+ exosomes provoked a
reduced increase in SUDHL4. Moreover, TRAIL+ exosomes cluster in tumor sites and in
the lungs, spleen, and liver, generating a substantial decrease in lymphoma proliferation in
SUDHL4-bearing mice. Interestingly, programmed cell death related to TRAIL exosomes
was inhibited by adding TRAIL Ab [189].

The inhibition of numerous genetic pathways induced by modifying the activity
of the exosomes could constitute a practical therapeutic possibility. Lunavat et al. gen-
erated exosome-like nanoparticles containing siRNA and demonstrated that inhibiting
c-Myc effectively stimulated poly (ADP-ribose)polymerase-dependent apoptotic systems
in l820 lymphoma cells [190]. Moreover, the shRNA approach has been employed to inhibit
TGF-beta1 in lymphoma cells, augmenting the discharge of TGF-beta1-depleted exosomes.
By eliminating this antitumor–immune surveillance inhibitor, it was possible to stimulate
an increase in the immune response against leukemic cells [165]. Modified exosomes were
also employed to transport and deliver tumor antigens to elicit immune responses. In a
study, stromal cells were transfected with the Epstein–Barr virus protein gp350. These cells
were able to discharge gp350C exosomes interacting with CD21 on B cells. The absorption
of Gp350C exosomes in chronic lymphocytic leukemia cells caused a strong immunogenic
effect, triggering the stimulation of tumor-associated and EBV-specific T-cells [191].

Synthetic lipid vesicles loaded with active Apo2 ligand/TRAIL were evaluated on
lymphoma cell lines with relevant pro-apoptotic action of cancer cells without effects on
normal cells both in vitro and in vivo, with little toxicity in vivo [192].

However, the possibility to manipulate exosomes to restore anti-lymphoma immunity
was also confirmed in numerous other models of lymphoma. An exosome-DC vaccine
was constructed to reestablish immune surveillance in lymphoma. Unlike what was
described when DLBCL-originated exosomes were incubated with T-cells and caused their
inhibition by producing different immunosuppressive substances [193], DLBCL-derived
exosomes transporting lymphoma-specific antigens pulsed into DCs reestablished the
antigen-presenting ability of DCs, provoking the onset of powerful CTL-dependent lysis of
lymphoma cells [194].

The capacity of exosomes to bind to particular receptors on both lymphoma cells and
microenvironment cells via membrane molecules renders them an attractive instrument to
transport exogenous cytotoxic and inhibitory molecules for therapeutic intents. Engineered
exosomes are potent tools to be utilized against B-cell tumors. As stated above, it is clear
that one of the several vantages is the possibility to join this approach with other strategies,
such as traditional chemotherapy and those intending at rebooting the host immune system.
These approaches have the potential to reduce tumor growth and diffusion, thus decreasing
any off-target side effects.

5. Exosomes and Multiple Myeloma

Multiple myeloma (MM) is classified by the clonal growth of neoplastic plasma cells
and the production of monoclonal immunoglobulin in the BM. MM is still judged as an
incurable malignancy [195,196].

MM is a disease with a highly destructive action on the BM. The delivery and discharge
of exosomes MM plasma cells considerably modify the BM milieu, stimulating plasma cell
proliferation and the onset of lytic lesions. This changed microenvironment establishes a
particular place, a niche, which is superlatively appropriate for maintaining its growing
elements and establishing a reduced immune response and chemoresistance [197].
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Several reports have evaluated the possibility to modify exosome production to target
MM plasma cells. In animal MM experimental models, sphingomyelinase inhibitor GW4869
inhibited exosome discharge, avoiding the onset of exosome-mediated lytic lesions and
augmenting cortical bone volume. GW4869 also powerfully operated synergistically with
bortezomib to provoke anti-myeloma effects, proposing that modifying exosome transport
and delivery can influence MM growth and viability. However, ceramide C6 (C6-cer), an
exogenous ceramide, augmented MM exosome production but blocked cell growth and
caused programmed cell death [198].

Different molecules could help modify the generation and activities of exosomes
in MM. For example, a noteworthy molecule is a protein called heparanase, supplied
through the production of exosomes. Heparanase, produced both by MM or host cells,
reaches the BM milieu and controls the activities of adjacent cells by stimulating the
production of exosomes. It modifies exosome contents inducing the production of cytokines
correlated to the onset of MM or the generation of blood vessels, such as VEGF, syndecan-
1, and hepatocyte growth factor [199,200]. Reports have demonstrated that heparanase
production in MM subjects is more outstanding, suggesting that this molecule might be a
possible therapeutic target. A study by Ritchie et al. reported that a heparanase inhibitor
named SST0001 reduced MM cell proliferation [201]. Another study proved that H1023, a
monoclonal antibody, could block heparanase enzymatic effects [202].

Several agents can inhibit heparinase, such as modified heparin or heparin mimics,
that are presently valued in clinical trials. Purushothaman et al. demonstrated that heparan
sulfate exerts a relevant effect on exosome-cell communication, encapsulating fibronectin
on exosomes and operating as a receptor for fibronectin. This effect can stimulate pERK
and p38 pathways or MMP-9 and Dickkopf-1 involved in MM advancement [203]. The
most relevant aspect of the experiment is discovering that inhibiting heparan sulfate by
using monoclonal antibody for Hep-II heparin-binding domain of fibronectin or removing
it with bacterial heparitinase prevents the effects of exosomes on MM cells [203]. Similarly,
the heparin originated Roneparstat blocked communications between exosomes and MM
cells in phase 1 clinical trial (NCT01764880) [204].

The effects of other inhibitors were also evaluated. However, although a decrease in
exosomes absorption was demonstrated in BMSCs after administration of molecules such
as inhibitors of membrane fusion, endocytosis, or macropinocytosis, these compounds
negatively modified the survival of BMSCs. Dynasore and heparin did not alter BMSC
survival, while substances such as amiloride and omeprazole remarkably reduced BMSC
survival. Moreover, they seemed to act via the inhibition of STAT1, STAT3, and ERK1/2
phosphorylation in the presence of RPMI8226 or H929 exosomes [205].

The study of exosome activity after treatment could open new, unexpected fields of
knowledge in MM [206]. Many drugs used in the treatment of MM, or other neoplasms,
could use exosomes as valuable vehicles for modifying the cellular activity of neoplastic
cells and the medullary microenvironment. In an elegant study, Malavasi et al. analyzed
the membrane changes of MM cells induced by specific antibodies targeting CD38 [204].
MM cells (BF01) were cultured in vitro with antibodies, and exosomes originated from
antibody-exposed cells increased CD73 and CD39 expression, programmed death-ligand 1,
and induced relevant changes of miRNAs production. Moreover, after exosome absorption,
NK cells presented a decrease in genes implicated in the cell cycle and an augmented
expression of genes correlated to the stimulation of immune response [207].

Different mechanisms, such as an extra activity of immune effectors, determined by
a modification of the movement of the exosomes, justify the therapeutic action of other
substances. A study suggested that small dosages of doxorubicin and melphalan cause cell
senescence, augmenting IL15/IL15RA complex production in MM cells and their exosomes,
stimulating NK cell function, and growth [208]. Thus, chemotherapy might operate by
releasing exosomes to induce an anti-myeloma immune response.

Finally, MM-originated exosomes as a source of MM antigens for vaccines have also
been studied. Xie et al. demonstrated that HSP70-modified MM cell-originated exosomes in-
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duced DCs development and triggered effectual CD4+/Th1, CD8+/CTL, and NK-mediated
anti-MM immune response. Moreover, membrane-bound HSP70 operated both as a damage
signal and an antigenic peptide chaperone that stimulated DCs, representing an essential
adjuvant for exosome-based antitumor vaccine [209].

A modulation of exosome activity could also be useful in preventing or treating
numerous complications of MM. More than 50% of MM subjects present a heart injury such
as heart insufficiency or cardiomyopathy provoked by amyloidosis or anemia. In addition,
some treatments used for MM can affect cardiac function through specific circRNAs [210].
For instance, circ-G042080 was augmented in the serum exosomes of MM subjects and
might provoke myocardial damage via the activation of the miRNA/TLR4 axis. In vitro
study reported that the circ-G042080/hsa-miR-4268/TLR4 axis might operate in H9C2 cells
cultured with exosomes and provoke anomalous autophagy [211]. Interfering with this
system could reduce heart damage in MM patients.

Exosomes and Chemoresistance in Multiple Myeloma

Exosomes could modify the resistance to MM treatment. Fact et al. reported an
alteration in the sphingolipid metabolism, increasing ceramides and acid sphingomyelinase
(ASM) and decreasing sphingomyelin [212]. Moreover, a further augment in ASM in MM
cells and in their exosomes after treatment with melphalan or bortezomib was reported.
Exosomes with a raised concentration of ASM can transmit the chemo-resistant phenotype
to chemo-sensitive cells. Furthermore, amitriptyline can extend drug sensitivity in MM
cells by inhibiting ASM.

As reported above, heparanase (HPSE) is augmented in MM cells and correlates to
MM cell proliferation and bortezomib (BTZ) resistance. Rodrigues-Junior et al. assessed
miRNAs and HPSE presence in MM lines (U266 and RPMI-8226) [213], and synthetic
miRNA mimics were inserted in MM cells to evaluate the miRNA effect in HPSE expression.
Exosomes derived from HEK293T cells were modified with miRNAs to assess their impact
on BTZ. The results showed a relevant correlation between BTZ sensitivity, HPSE, and
miRNA-1252-5p generation. Moreover, increased production of miRNA-1252-5p remark-
ably diminished HPSE generation and HPSE activity in MM cells. The greater concentration
of miRNA-1252-5p was related to a decrease in cell survival and a reduced chemoresistance
to BTZ. Finally, exosomes transporting miRNA-1252-5p increased MM cells’ sensitivity to
BTZ administration.

In conclusion, exosomes have been involved in MM-correlated processes comprising
angiogenesis, osteolysis, immune suppression, and drug resistance. Pursuing exosome
production and secretion could, therefore potentially inhibit these different processes.

6. Conclusions

In recent years, a wide variety of drug transporting platforms, such as nanoparticles,
have been implemented. Still, they present several inconveniencies, such as their xenobiotic
origin, which can provoke unwanted immune reactions and unexpected toxicities [214].
On the contrary, exosomes have modest toxicity and mutagenicity and a high capacity
to carry and discharge different compounds with ample distribution in the body fluids
and across the blood–brain barrier. Moreover, they present other receptors and ligands
which favor targeting specific cells [7] (Table S3). Furthermore, it is easy to insert genetic
material into exosomes [215]. Finally, in vivo exosomes can be administered intravenously,
intramuscularly, or intraperitoneally.

Exosomes have several features that make them appealing for tumor treatment. For
instance, they can elude blood clearance by the immune system [216], while the nanoscopic
dimensions allow their infiltration into cancer mass and metastatic sites. Lastly, the specific
organotropism of exosomes to cancer sites renders them perfect elements for the institution
of productive antitumor treatments with a low incidence of side effects [217].

In the near future, a fruitful field of study could be constituted by the analysis of
the role played by exosomes in long-distance cell–cell communication, maybe from one
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organ to another. Tunneling nanotubes (TNTs) are membrane-enclosed tubular connections
between cells that carry a large number of cellular cargoes, such as exosomes, non-coding
RNAs, and mitochondria, and they have been recognized as the principal participants in
tumoral cell communication. TNTs have been reported in several cancers in in vitro, ex vivo,
and in vivo models promoting the onset and progression of tumors. Cancer cells employ
TNT-like channels to transport information between themselves or with the tumoral milieu.
As a result, tumor cells accomplish novel capabilities, such as the augmented capacity of
metastasis, angiogenic capacity, and chemoresistance, elevating tumor severity [218].

However, despite all these favorable characteristics, some inadequacies slow their
clinical employment as a delivery system. The main problem is the difficulty of a large-scale
preparation: the generation of subject-originated exosomes is expensive, time consuming,
and challenging. Moreover, the reproducibility represents a different difficulty, as experi-
mental data suggest that three diverse formulations of exosomes from MSC only shared
20% of their proteome.

An encouraging option for exosome-founded cancer treatments is manufacturing exosome
mimetics, which could allow the synthesis of exosomes appropriate for clinical employment.

A different source of exosomes could be plants. Plant exosomes show similar charac-
teristics to those of mammalian exosomes. Plant exosomes have been defined as “exosome-
like” as their appearance and size are comparable to mammalians. Numerous experiments
have demonstrated that edible plant-originated exosomes can aggregate in mammalian
cells, while plant microRNAs might operate as controllers of biological functions in mam-
mals. In particular, plant-derived exosomes have antitumor activity, as in the case of
Moringa oleifera seed exosomes [219] or Citrus Limon L. enclosed nanoparticles (whose
features make them exosome-like nanovesicles [220].

The ability of exosomes to augment the radiation resistance of cancer cells opens excit-
ing perspectives for their use in tumor treatment [221,222]. In contrast, exosomes might
affect the mechanism of action of a new class of immunotherapy such as the oncolytic
virus [223,224]. Exosomes might also have relevant activity in the abscopal effect, a condi-
tion in which immune stimulation is the main factor. The research evaluated the role of
exosomes in the abscopal effect of a telomerase-specific oncolytic adenovirus, Telomelysin
(OBP-301). Exosomes separated from HCT116 human colon carcinoma cells treated with
OBP-301 demonstrated an increased programmed cell death and autophagy comparable
to OBP-301. In different cancer experimental models, an intra-tumoral dispensation of
OBP-301 provoked decisive anticancer actions on tumors that were not directly treated
with OBP-301, implicating straight intervention by cancer-originated exosomes enclosing
OBP-301 [225].

In conclusion, exosomes are essential mediators and regulators of cellular communica-
tion. However, a complete full comprehension of the interchange between the cancer milieu
and the exosome is necessary to apply them in clinical practice successfully. Identifying the
exosomes’ contents is not enough to plan an exosome-associated cancer treatment but com-
prehending the communication patterns and forms of communication might be the key.
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therapeutic potential for each cell.

Author Contributions: Conceptualization, A.A., M.D.G. and S.G.; methodology, C.M.; software, C.P.;
data curation, C.P.; writing—original draft preparation, A.A.; writing—review and editing, A.A.,
M.D.G., C.M., C.P., M.C. and S.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/cells11071128/s1
https://www.mdpi.com/article/10.3390/cells11071128/s1


Cells 2022, 11, 1128 24 of 33

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Corrado, C.; Raimondo, S.; Chiesi, A.; Ciccia, F.; De Leo, G.; Alessandro, R. Exosomes as intercellular signaling organ elles

involved in health and disease: Basic science and clinical applications. Int. J. Mol. Sci. 2013, 14, 5338–5366. [CrossRef] [PubMed]
2. Pitt, J.M.; Charrier, M.; Viaud, S.; André, F.; Besse, B.; Chaput, N.; Zitvogel, L. Dendritic cell-derived exosomes as immunotherapies

in the fight against cancer. J. Immunol. 2014, 193, 1006–1011. [CrossRef] [PubMed]
3. Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19.

[CrossRef] [PubMed]
4. De Toro, J.; Herschlik, L.; Waldner, C.; Mongini, C. Emerging roles of exosomes in normal and pathological conditions: New

insights for diagnosis and therapeutic applications. Front. Immunol. 2015, 6, 203. [CrossRef] [PubMed]
5. Weng, Z.; Zhang, B.; Wu, C.; Yu, F.; Han, B.; Li, B.; Li, L. Therapeutic roles of mesenchymal stem cell-derived extracellular vesicles

in cancer. J. Hematol. Oncol. 2021, 14, 136. [CrossRef] [PubMed]
6. Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J. Delivery of siRNA to the mouse brain by systemic injection of

targeted exosomes. Nat. Biotechnol. 2011, 29, 341–345. [CrossRef]
7. Johnsen, K.B.; Gudbergsson, J.M.; Skov, M.N.; Pilgaard, L.; Moos, T.; Duroux, M. A comprehensive overview of exosomes as drug

delivery vehicles—Endogenous nanocarriers for targeted cancer therapy. Biochim. Biophys. Acta 2014, 1846, 75–87. [CrossRef]
8. Marleau, A.M.; Chen, C.S.; Joyce, J.A.; Tullis, R.H. Exosome removal as a therapeutic adjuvant in cancer. J. Transl. Med. 2012,

10, 134. [CrossRef]
9. Thuma, F.; Zoller, M. Outsmart tumor exosomes to steal the cancer initiating cell its niche. Semin. Cancer Biol. 2014, 28, 39–50.

[CrossRef]
10. Patel, S.K.; Valicherla, G.R.; Micklo, A.C.; Rohan, L.C. Drug delivery strategies for management of women’s health issues in the

upper genital tract. Adv. Drug Deliv. Rev. 2021, 177, 113955. [CrossRef]
11. DeSantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Goding Sauer, A.; Jemal, A.; Siegel, R.L. Breast cancer statistics

2019. CA Cancer J. Clin. 2019, 69, 438–451. [CrossRef] [PubMed]
12. Giordano, C.; Gelsomino, L.; Barone, I.; Panza, S.; Augimeri, G.; Bonofiglio, D.; Rovito, D.; Naimo, G.D.; Leggio, A.;

Catalano, S.; et al. Leptin Modulates Exosome Biogenesis in Breast Cancer Cells: An Additional Mechanism in Cell-to-Cell
Communication. J. Clin. Med. 2019, 8, 1027. [CrossRef] [PubMed]

13. van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213–228. [CrossRef]

14. Mashouri, L.; Yousefi, H.; Aref, A.R.; Ahadi, A.M.; Molaei, F.; Alahari, S.K. Exosomes: Composition, biogenesis, and mechanisms
in cancer metastasis and drug resistance. Mol. Cancer 2019, 18, 75. [CrossRef]

15. Hu, J.L.; Wang, W.; Lan, X.L.; Zeng, Z.C.; Liang, Y.S.; Yan, Y.R.; Song, F.Y.; Wang, F.F.; 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]

16. Si, Y.; Kim, S.; Zhang, E.; Tang, Y.; Jaskula-Sztul, R.; Markert, J.M.; Chen, H.; Zhou, L.; Liu, X.M. Targeted Exosomes for Drug
Delivery: Biomanufacturing, Surface Tagging, and Validation. Biotechnol. J. 2020, 15, e1900163. [CrossRef]

17. Melzer, C.; Von Der Ohe, J.; Hass, R. Concise review: Crosstalk of mesenchymal stroma/stem-like cells with cancer cells provides
therapeutic potential. Stem Cells 2018, 36, 951–968. [CrossRef]

18. Innao, V.; Allegra, A.; Pulvirenti, N.; Allegra, A.G.; Musolino, C. Therapeutic potential of antagomiRs in haematological and
oncological neoplasms. Eur. J. Cancer Care 2020, 29, e13208. [CrossRef]

19. Du, J.; Fan, J.J.; Dong, C.; Li, H.T.; Ma, B.L. Inhibition effect of exosomes-mediated Let-7a on the development and metastasis
of triple negative breast cancer by down-regulating the expression of c-Myc. Eur. Rev. Med. Pharm. Sci. 2019, 23, 5301–5314.
[CrossRef]

20. Naseri, Z.; Oskuee, R.K.; Forouzandeh-Moghadam, M.; Jaafari, M.R. Delivery of LNA-antimiR-142-3p by Mesenchymal Stem
Cells-Derived Exosomes to Breast Cancer Stem Cells Reduces Tumorigenicity. Stem Cell Rev. Rep. 2020, 16, 541–556. [CrossRef]

21. Xing, L.; Tang, X.; Wu, K.; Huang, X.; Yi, Y.; Huan, J. LncRNA HAND2-AS1 suppressed the growth of triple negative breast cancer
via reducing secretion of MSCs derived exosomal miR-106a-5p. Aging (Albany NY) 2020, 13, 424–436. [CrossRef] [PubMed]

22. Nie, H.; Xie, X.; Zhang, D.; Zhou, Y.; Li, B.; Li, F.; Li, F.; Cheng, Y.; Mei, H.; Meng, H.; et al. Use of lung-specific exosomes for
miRNA-126 delivery in non-small cell lung cancer. Nanoscale 2020, 12, 877–887. [CrossRef] [PubMed]

23. Moradi-Chaleshtori, M.; Shojaei, S.; Mohammadi-Yeganeh, S.; Hashemi, S.M. Transfer of miRNA in tumor-derived exosomes
suppresses breast tumor cell invasion and migration by inducing M1 polarization in macrophages. Life Sci. 2021, 282, 119800.
[CrossRef]

24. Zhang, S.; Deng, G.; Liu, F.; Peng, B.; Bao, Y.; Du, F.; Chen, A.T.; Liu, J.; Chen, Z.; Ma, J.; et al. Autocatalytic Delivery of Brain
Tumor-targeting, Size-shrinkable Nanoparticles for Treatment of Breast Cancer Brain Metastases. Adv. Funct. Mater. 2020,
30, 1910651. [CrossRef]

http://doi.org/10.3390/ijms14035338
http://www.ncbi.nlm.nih.gov/pubmed/23466882
http://doi.org/10.4049/jimmunol.1400703
http://www.ncbi.nlm.nih.gov/pubmed/25049431
http://doi.org/10.1186/s13578-019-0282-2
http://www.ncbi.nlm.nih.gov/pubmed/30815248
http://doi.org/10.3389/fimmu.2015.00203
http://www.ncbi.nlm.nih.gov/pubmed/25999947
http://doi.org/10.1186/s13045-021-01141-y
http://www.ncbi.nlm.nih.gov/pubmed/34479611
http://doi.org/10.1038/nbt.1807
http://doi.org/10.1016/j.bbcan.2014.04.005
http://doi.org/10.1186/1479-5876-10-134
http://doi.org/10.1016/j.semcancer.2014.02.011
http://doi.org/10.1016/j.addr.2021.113955
http://doi.org/10.3322/caac.21583
http://www.ncbi.nlm.nih.gov/pubmed/31577379
http://doi.org/10.3390/jcm8071027
http://www.ncbi.nlm.nih.gov/pubmed/31336913
http://doi.org/10.1038/nrm.2017.125
http://doi.org/10.1186/s12943-019-0991-5
http://doi.org/10.1186/s12943-019-1019-x
http://www.ncbi.nlm.nih.gov/pubmed/31064356
http://doi.org/10.1002/biot.201900163
http://doi.org/10.1002/stem.2829
http://doi.org/10.1111/ecc.13208
http://doi.org/10.26355/eurrev_201906_18197
http://doi.org/10.1007/s12015-019-09944-w
http://doi.org/10.18632/aging.202148
http://www.ncbi.nlm.nih.gov/pubmed/33290256
http://doi.org/10.1039/C9NR09011H
http://www.ncbi.nlm.nih.gov/pubmed/31833519
http://doi.org/10.1016/j.lfs.2021.119800
http://doi.org/10.1002/adfm.201910651


Cells 2022, 11, 1128 25 of 33

25. Kalimuthu, S.; Gangadaran, P.; Rajendran, R.L.; Zhu, L.; Oh, J.M.; Lee, H.W.; Gopal, A.; Baek, S.H.; Jeong, S.Y.; Lee, S.W.; et al. A
New Approach for Loading Anticancer Drugs Into Mesenchymal Stem Cell-Derived Exosome Mimetics for Cancer Therapy.
Front. Pharmacol. 2018, 9, 1116. [CrossRef]

26. Li, S.; Wu, Y.; Ding, F.; Yang, J.; Li, J.; Gao, X.; Zhang, C.; Feng, J. Engineering macrophage-derived exosomes for targeted
chemotherapy of triple-negative breast cancer. Nanoscale 2020, 12, 10854–10862. [CrossRef] [PubMed]

27. Gomari, H.; Forouzandeh Moghadam, M.; Soleimani, M. Targeted cancer therapy using engineered exosome as a natural drug
delivery vehicle. Onco Targets Ther. 2018, 11, 5753–5762. [CrossRef] [PubMed]

28. Melzer, C.; Rehn, V.; Yang, Y.; Bähre, H.; von der Ohe, J.; Hass, R. Taxol-Loaded MSC-Derived Exosomes Provide a Therapeutic
Vehicle to Target Metastatic Breast Cancer and Other Carcinoma Cells. Cancers 2019, 11, 798. [CrossRef]

29. Melzer, C.; Ohe, J.V.; Hass, R. Anti-Tumor Effects of Exosomes Derived from Drug-Incubated Permanently Growing Human MSC.
Int. J. Mol. Sci. 2020, 21, 7311. [CrossRef]

30. Barok, M.; Puhka, M.; Vereb, G.; Szollosi, J.; Isola, J.; Joensuu, H. Cancer-derived exosomes from HER2-positive cancer cells
carry trastuzumab-emtansine into cancer cells leading to growth inhibition and caspase activation. BMC Cancer 2018, 18, 504.
[CrossRef]

31. Liu, M.; Hu, Y.; Chen, G. The Antitumor Effect of Gene-Engineered Exosomes in the Treatment of Brain Metastasis of Breast
Cancer. Front. Oncol. 2020, 10, 1453. [CrossRef] [PubMed]

32. Park, E.J.; Jung, H.J.; Choi, H.J.; Jang, H.J.; Park, H.J.; Nejsum, L.N.; Kwon, T.H. Exosomes co-expressing AQP5-targeting miRNAs
and IL-4 receptor-binding peptide inhibit the migration of human breast cancer cells. FASEB J. 2020, 34, 3379–3398. [CrossRef]
[PubMed]

33. Bashir, A.U.I.J.; Kankipati, C.S.; Jones, S.; Newman, R.M.; Safrany, S.T.; Perry, C.J.; Nicholl, I.D. A novel mechanism for the
anticancer activity of aspirin and salicylates. Int. J. Oncol. 2019, 54, 1256–1270. [CrossRef]

34. Tran, P.H.L.; Wang, T.; Yin, W.; Tran, T.T.D.; Nguyen, T.N.G.; Lee, B.J.; Duan, W. Aspirin-loaded nanoexosomes as cancer
therapeutics. Int. J. Pharm. 2019, 15, 118786. [CrossRef] [PubMed]

35. Allegra, A.; Innao, V.; Gerace, D.; Bianco, O.; Musolino, C. The metabolomic signature of hematologic malignancies. Leuk. Res.
2016, 49, 22–35. [CrossRef]

36. Pakravan, N.; Abbasi, A.; Hassan, Z.M. Immunotherapy Using Oxygenated Water and Tumor-Derived Exosomes Potentiates
Antitumor Immune Response and Attenuates Malignancy Tendency in Mice Model of Breast Cancer. Oxid. Med. Cell Longev.
2021, 2021, 5529484. [CrossRef] [PubMed]

37. Pakravan, K.; Babashah, S.; Sadeghizadeh, M.; Mowla, S.J.; Mossahebi-Mohammadi, M.; Ataei, F.; Dana, N.; Javan, M. MicroRNA-
100 shuttled by mesenchymal stem cell-derived exosomes suppresses in vitro angiogenesis through modulating the mTOR/HIF-
1α/VEGF signaling axis in breast cancer cells. Cell. Oncol. 2017, 40, 457–470. [CrossRef]

38. Tian, R.; Wang, Z.; Niu, R.; Wang, H.; Guan, W.; Chang, J. Tumor Exosome Mimicking Nanoparticles for Tumor Combinatorial
Chemo-Photothermal Therapy. Front. Bioeng. Biotechnol. 2020, 8, 1010. [CrossRef]

39. Um, W.; Kumar, E.K.P.; Song, Y.; Lee, J.; An, J.Y.; Joo, H.; You, D.G.; Park, J.H. Carboxymethyl dextran-based nanocomposites for
enhanced chemo-sonodynamic therapy of cancer. Carbohydr. Polym. 2021, 273, 118488. [CrossRef]

40. Li, Y.; Zhou, Q.; Deng, Z.; Pan, M.; Liu, X.; Wu, J.; Yan, F.; Zheng, H. IR-780 Dye as a Sonosensitizer for Sonodynamic Therapy of
Breast Tumor. Sci. Rep. 2016, 6, 25968. [CrossRef]

41. Nguyen Cao, T.G.; Kang, J.H.; You, J.Y.; Kang, H.C.; Rhee, W.J.; Ko, Y.T.; Shim, M.S. Safe and Targeted Sonodynamic Cancer
Therapy Using Biocompatible Exosome-Based Nanosonosensitizers. ACS Appl. Mater. Interfaces 2021, 13, 25575–25588. [CrossRef]
[PubMed]

42. Li, J.; Cai, P.; Shalviri, A.; Henderson, J.T.; He, C.; Foltz, W.D.; Prasad, P.; Brodersen, P.M.; Chen, Y.; DaCosta, R.; et al. A
multifunctional polymeric nanotheranostic system delivers doxorubicin and imaging agents across the blood-brain barrier
targeting brain metastases of breast cancer. ACS Nano 2014, 8, 9925–9940. [CrossRef] [PubMed]

43. Moretta, L.; Moretta, A. Unravelling natural killer cell function: Triggering and inhibitory human NK receptors. EMBO J. 2004,
23, 255–259. [CrossRef] [PubMed]

44. Cochran, A.M.; Kornbluth, J. Extracellular Vesicles From the Human Natural Killer Cell Line NK3.3 Have Broad and Potent
Anti-Tumor Activity. Front. Cell Dev. Biol. 2021, 9, 698639. [CrossRef]

45. Wang, J.H.; Forterre, A.V.; Zhao, J.; Frimannsson, D.O.; Delcayre, A.; Antes, T.J.; Efron, B.; Jeffrey, S.S.; Pegram, M.D.; Matin, A.C.
Anti-HER2 scFv-Directed Extracellular Vesicle-Mediated mRNA-Based Gene Delivery Inhibits Growth of HER2-Positive Human
Breast Tumor Xenografts by Prodrug Activation. Mol. Cancer Ther. 2018, 17, 1133–1142. [CrossRef]

46. Liu, M.; Li, Q.; Zhao, N. Identification of a prognostic chemoresistance-related gene signature associated with immune microenvi-
ronment in breast cancer. Bioengineered 2021, 12, 8419–8434. [CrossRef]

47. Choi, J.; Yoon, Y.N.; Kim, N.; Park, C.S.; Seol, H.; Park, I.C.; Kim, H.A.; Noh, W.C.; Kim, J.S.; Seong, M.K. Predicting Radiation
Resistance in Breast Cancer with Expression Status of Phosphorylated S6K1. Sci. Rep. 2020, 10, 641. [CrossRef]

48. Wei, Y.; Lai, X.; Yu, S.; Chen, S.; Ma, Y.; Zhang, Y.; Li, H.; Zhu, X.; Yao, L.; Zhang, J. Exosomal miR-221/222 enhances tamoxifen
resistance in recipient ER-positive breast cancer cells. Breast Cancer Res. Treat. 2014, 147, 423–431. [CrossRef]

49. Wang, X.; Xu, C.; Hua, Y.; Sun, L.; Cheng, K.; Jia, Z.; Han, Y.; Dong, J.; Cui, Y.; Yang, Z. Exosomes play an important role in the
process of psoralen reverse multidrug resistance of breast cancer. J. Exp. Clin. Cancer Res. 2016, 35, 186. [CrossRef]

http://doi.org/10.3389/fphar.2018.01116
http://doi.org/10.1039/D0NR00523A
http://www.ncbi.nlm.nih.gov/pubmed/32396590
http://doi.org/10.2147/OTT.S173110
http://www.ncbi.nlm.nih.gov/pubmed/30254468
http://doi.org/10.3390/cancers11060798
http://doi.org/10.3390/ijms21197311
http://doi.org/10.1186/s12885-018-4418-2
http://doi.org/10.3389/fonc.2020.01453
http://www.ncbi.nlm.nih.gov/pubmed/32850457
http://doi.org/10.1096/fj.201902434R
http://www.ncbi.nlm.nih.gov/pubmed/31922312
http://doi.org/10.3892/ijo.2019.4701
http://doi.org/10.1016/j.ijpharm.2019.118786
http://www.ncbi.nlm.nih.gov/pubmed/31669214
http://doi.org/10.1016/j.leukres.2016.08.002
http://doi.org/10.1155/2021/5529484
http://www.ncbi.nlm.nih.gov/pubmed/34194604
http://doi.org/10.1007/s13402-017-0335-7
http://doi.org/10.3389/fbioe.2020.01010
http://doi.org/10.1016/j.carbpol.2021.118488
http://doi.org/10.1038/srep25968
http://doi.org/10.1021/acsami.0c22883
http://www.ncbi.nlm.nih.gov/pubmed/34033477
http://doi.org/10.1021/nn501069c
http://www.ncbi.nlm.nih.gov/pubmed/25307677
http://doi.org/10.1038/sj.emboj.7600019
http://www.ncbi.nlm.nih.gov/pubmed/14685277
http://doi.org/10.3389/fcell.2021.698639
http://doi.org/10.1158/1535-7163.MCT-17-0827
http://doi.org/10.1080/21655979.2021.1977768
http://doi.org/10.1038/s41598-020-57496-8
http://doi.org/10.1007/s10549-014-3037-0
http://doi.org/10.1186/s13046-016-0468-y


Cells 2022, 11, 1128 26 of 33

50. Santos, J.C.; Ribeiro, M.L.; Sarian, L.O.; Ortega, M.M.; Derchain, S.F. Exosomes mediate microRNAs transfer in breast cancer
chemoresistance regulation. Am. J. Cancer Res. 2016, 6, 2129–2139.

51. Adamczyk, A.; Kruczak, A.; Harazin-Lechowska, A.; Ambicka, A.; Grela-Wojewoda, A.; Domagala-Haduch, M.; Janecka-Widla, A.;
Majchrzyk, K.; Cichocka, A.; Rys, J.; et al. Relationship between HER2 gene status and selected potential biological features
related to trastuzumab resistance and its influence on survival of breast cancer patients undergoing trastuzumab adjuvant
treatment. Onco Targets Ther. 2018, 11, 4525–4535. [CrossRef] [PubMed]

52. Han, M.; Hu, J.; Lu, P.; Cao, H.; Yu, C.; Li, X.; Qian, X.; Yang, X.; Yang, Y.; Han, N.; et al. Exosome-transmitted miR-567 reverses
trastuzumab resistance by inhibiting ATG5 in breast cancer. Cell Death Dis. 2020, 11, 43. [CrossRef] [PubMed]

53. Kim, M.S.; Haney, M.J.; Zhao, Y.; Mahajan, V.; Deygen, I.; Klyachko, N.L.; Inskoe, E.; Piroyan, A.; Sokolsky, M.; Okolie, O.; et al.
Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells. Nanomedicine 2016, 12, 655–664. [CrossRef]

54. Li, H.; Yang, C.; Shi, Y.; Zhao, L. Exosomes derived from siRNA against GRP78 modified bone-marrow-derived mesenchymal
stem cells suppress Sorafenib resistance in hepatocellular carcinoma. J. Nanobiotech. 2018, 16, 103. [CrossRef] [PubMed]

55. Li, Y.; Liang, Y.; Sang, Y.; Song, X.; Zhang, H.; Liu, Y.; Jiang, L.; Yang, Q. MiR-770 suppresses the chemo-resistance and metastasis
of triple negative breast cancer via direct targeting of STMN1. Cell Death Dis. 2018, 9, 14. [CrossRef] [PubMed]

56. Herbst, R.S.; Heymach, J.V.; Lippman, S.M. Lung cancer. N. Engl. J. Med. 2008, 359, 1367–1380. [CrossRef] [PubMed]
57. Jeong, K.; Yu, Y.J.; You, J.Y.; Rhee, W.J.; Kim, J.A. Exosome-mediated microRNA-497 delivery for anti-cancer therapy in a

microfluidic 3D lung cancer model. Lab Chip 2020, 20, 548–557. [CrossRef]
58. Yang, X.; Chen, Y.; Zhou, Y.; Wu, C.; Li, Q.; Wu, J.; Hu, W.W.; Zhao, W.Q.; Wei, W.; Wu, C.P.; et al. GPC5 suppresses lung cancer

progression and metastasis via intracellular CTDSP1/AhR/ARNT signaling axis and extracellular exosome secretion. Oncogene
2021, 40, 4307–4323. [CrossRef]

59. Duan, S.; Yu, S.; Yuan, T.; Yao, S.; Zhang, L. Exogenous Let-7a-5p Induces A549 Lung Cancer Cell Death Through BCL2L1-
Mediated PI3Kγ Signaling Pathway. Front. Oncol. 2019, 9, 808. [CrossRef]

60. Xue, W.; Dahlman, J.E.; Tammela, T.; Khan, O.F.; Sood, S.; Dave, A.; Cai, W.; Chirino, L.M.; Yang, G.R.; Bronson, R.; et al. Small
RNA combination therapy for lung cancer. Proc. Natl. Acad. Sci. USA 2014, 111, E3553–E3561. [CrossRef]

61. Kim, M.S.; Haney, M.J.; Zhao, Y.; Yuan, D.; Deygen, I.; Klyachko, N.L.; Kabanov, A.V.; Batrakova, E.V. Engineering macrophage-
derived exosomes for targeted paclitaxel delivery to pulmonary metastases: In vitro and in vivo evaluations. Nanomedicine 2018,
14, 195–204. [CrossRef] [PubMed]

62. Cortez, M.A.; Ivan, C.; Valdecanas, D.; Wang, X.; Peltier, H.J.; Ye, Y.; Araujo, L.; Carbone, D.P.; Shilo, K.; Giri, D.K.; et al. PDL1
Regulation by p53 via miR-34. J. Natl. Cancer Inst. 2015, 108, djv303. [CrossRef] [PubMed]

63. Wang, C.; Huang, X.; Wu, Y.; Wang, J.; Li, F.; Guo, G. Tumor Cell-associated Exosomes Robustly Elicit Anti-tumor Immune
Responses through Modulating Dendritic Cell Vaccines in Lung Tumor. Int. J. Biol. Sci. 2020, 16, 633–643. [CrossRef] [PubMed]

64. Morse, M.A.; Garst, J.; Osada, T.; Khan, S.; Hobeika, A.; Clay, T.M.; Valente, N.; Shreeniwas, R.; Sutton, M.A.; Delcayre, A.; et al.
A phase I study of dexosome immunotherapy in patients with advanced non-small cell lung cancer. J. Transl. Med. 2005, 3, 9.
[CrossRef]

65. Besse, B.; Charrier, M.; Lapierre, V.; Dansin, E.; Lantz, O.; Planchard, D.; Le Chevalie, T.; Livartoski, A.; Barlesi, F.;
Laplanche, A.; et al. Dendritic cell-derived exosomes as maintenance immunotherapy after first line chemotherapy in NSCLC.
Oncoimmunology 2015, 5, e1071008. [CrossRef]

66. Than, U.T.T.; Le, H.T.; Hoang, D.H.; Nguyen, X.H.; Pham, C.T.; Bui, K.T.V.; Bui, H.T.H.; Nguyen, P.V.; Nguyen, T.D.;
Do, T.T.H.; et al. Induction of Antitumor Immunity by Exosomes Isolated from Cryopreserved Cord Blood Monocyte-Derived
Dendritic Cells. Int. J. Mol. Sci. 2020, 21, 1834. [CrossRef]

67. Munagala, R.; Aqil, F.; Jeyabalan, J.; Gupta, R.C. Bovine milk-derived exosomes for drug delivery. Cancer Lett. 2016, 371, 48–61.
[CrossRef]

68. Aqil, F.; Kausar, H.; Agrawal, A.K.; Jeyabalan, J.; Kyakulaga, A.H.; Munagala, R.; Gupta, R. Exosomal formulation enhances
therapeutic response of celastrol against lung cancer. Exp. Mol. Pathol. 2016, 101, 12–21. [CrossRef]

69. Allegra, A.; Innao, V.; Russo, S.; Gerace, D.; Alonci, A.; Musolino, C. Anticancer Activity of Curcumin and Its Analogues:
Preclinical and Clinical Studies. Cancer Investig. 2017, 35, 1–22. [CrossRef]

70. Jiang, A.; Wang, X.; Shan, X.; Li, Y.; Wang, P.; Jiang, P.; Feng, Q. Curcumin Reactivates Silenced Tumor Suppressor Gene RARbeta
by Reducing DNA Methylation. Phytother. Res. 2015, 29, 1237–1245. [CrossRef]

71. Wu, H.; Zhou, J.; Zeng, C.; Wu, D.; Mu, Z.; Chen, B.; Xie, Y.; Ye, Y.; Liu, J. Curcumin increases exosomal TCF21 thus suppressing
exosome-induced lung cancer. Oncotarget 2016, 27, 87081–87090. [CrossRef] [PubMed]

72. Adi Harel, S.; Bossel Ben-Moshe, N.; Aylon, Y.; Bublik, D.R.; Moskovits, N.; Toperoff, G.; Azaiza, D.; Biagoni, F.; Fuchs, G.;
Wilder, S.; et al. Reactivation of epigenetically silenced miR-512 and miR-373 sensitizes lung cancer cells to cisplatin and restricts
tumor growth. Cell Death Differ. 2015, 22, 1328–1340. [CrossRef] [PubMed]

73. Yuwen, D.L.; Sheng, B.B.; Liu, J.; Wenyu, W.; Shu, Y.Q. MiR-146a-5p level in serum exosomes predicts therapeutic effect of
cisplatin in non-small cell lung cancer. Eur. Rev. Med. Pharm. Sci. 2017, 21, 2650–2658.

74. Xing, F.; Saidou, J.; Watabe, K. Cancer associated fibroblasts (CAFs) in tumor microenvironment. Front. Biosci. 2010, 15, 166.
[CrossRef]

75. Zhang, T.; Zhang, P.; Li, H.X. CAFs-Derived Exosomal miRNA-130a Confers Cisplatin Resistance of NSCLC Cells through
PUM2-Dependent Packaging. Int. J. Nanomed. 2021, 16, 561–577. [CrossRef]

http://doi.org/10.2147/OTT.S166983
http://www.ncbi.nlm.nih.gov/pubmed/30122944
http://doi.org/10.1038/s41419-020-2250-5
http://www.ncbi.nlm.nih.gov/pubmed/31969559
http://doi.org/10.1016/j.nano.2015.10.012
http://doi.org/10.1186/s12951-018-0429-z
http://www.ncbi.nlm.nih.gov/pubmed/30572882
http://doi.org/10.1038/s41419-017-0030-7
http://www.ncbi.nlm.nih.gov/pubmed/29323124
http://doi.org/10.1056/NEJMra0802714
http://www.ncbi.nlm.nih.gov/pubmed/18815398
http://doi.org/10.1039/C9LC00958B
http://doi.org/10.1038/s41388-021-01837-y
http://doi.org/10.3389/fonc.2019.00808
http://doi.org/10.1073/pnas.1412686111
http://doi.org/10.1016/j.nano.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/28982587
http://doi.org/10.1093/jnci/djv303
http://www.ncbi.nlm.nih.gov/pubmed/26577528
http://doi.org/10.7150/ijbs.38414
http://www.ncbi.nlm.nih.gov/pubmed/32025211
http://doi.org/10.1186/1479-5876-3-9
http://doi.org/10.1080/2162402X.2015.1071008
http://doi.org/10.3390/ijms21051834
http://doi.org/10.1016/j.canlet.2015.10.020
http://doi.org/10.1016/j.yexmp.2016.05.013
http://doi.org/10.1080/07357907.2016.1247166
http://doi.org/10.1002/ptr.5373
http://doi.org/10.18632/oncotarget.13499
http://www.ncbi.nlm.nih.gov/pubmed/27894084
http://doi.org/10.1038/cdd.2014.221
http://www.ncbi.nlm.nih.gov/pubmed/25591738
http://doi.org/10.2741/3613
http://doi.org/10.2147/IJN.S271976


Cells 2022, 11, 1128 27 of 33

76. Liu, G.; Luo, Y.; Hou, P. PRPS2 Enhances Resistance to Cisplatin via Facilitating Exosomes-mediated Macrophage M2 Polarization
in Non-small Cell Lung Cancer. Immunol. Investig. 2021, 1–14. [CrossRef]

77. Pan, R.; Zhou, H. Exosomal Transfer of lncRNA H19 Promotes Erlotinib Resistance in Non-Small Cell Lung Cancer via miR-615-
3p/ATG7 Axis. Cancer Manag. Res. 2020, 12, 4283–4297. [CrossRef]

78. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]

79. Zhang, S.; Li, D.; Zhao, M.; Yang, F.; Sang, C.; Yan, C.; Wang, Z.; Li, Y. Exosomal miR-183-5p Shuttled by M2 Polarized Tumor-
Associated Macrophage Promotes the Development of Colon Cancer via Targeting THEM4 Mediated PI3K/AKT and NF-κB
Pathways. Front. Oncol. 2021, 11, 672684. [CrossRef]

80. Gao, Q.; Lei, F.; Zeng, Q.; Gao, Z.; Niu, P.; Junnan, N.; Li, J.; Zhang, J. Functional Passenger-Strand miRNAs in Exosomes Derived
from Human Colon Cancer Cells and Their Heterogeneous Paracrine Effects. Int. J. Biol. Sci. 2020, 16, 1044–1058. [CrossRef]

81. Yang, X.; Zheng, Y.T.; Rong, W. Sevoflurane induces apoptosis and inhibits the growth and motility of colon cancer in vitro and
in vivo via inactivating Ras/Raf/MEK/ERK signaling. Life. Sci. 2019, 239, 116916. [CrossRef] [PubMed]

82. He, J.; Zhao, H.; Liu, X.; Wang, D.; Wang, Y.; Ai, Y.; Yang, J. Sevoflurane suppresses cell viability and invasion and promotes cell
apoptosis in colon cancer by modulating exosome-mediated circ-HMGCS1 via the miR-34a-5p/SGPP1 axis. Oncol. Rep. 2020, 44,
2429–2442. [CrossRef] [PubMed]

83. Zheng, X.; Ma, N.; Wang, X.; Hu, J.; Ma, X.; Wang, J.; Cao, B. Exosomes derived from 5-fluorouracil-resistant colon cancer cells are
enriched in GDF15 and can promote angiogenesis. J. Cancer 2020, 11, 7116–7126. [CrossRef] [PubMed]

84. Liang, J.; Zhang, X.; He, S.; Miao, Y.; Wu, N.; Li, J.; Gan, Y. Sphk2 RNAi nanoparticles suppress tumor growth via downregulating
cancer cell derived exosomal microRNA. J. Control. Release 2018, 286, 348–357. [CrossRef] [PubMed]

85. Bruno, S.; Collino, F.; Deregibus, M.C.; Grange, C.; Tetta, C.; Camussi, G. Microvesicles derived from human bone marrow
mesenchymal stem cells inhibit tumor growth. Stem Cells Dev. 2013, 22, 758–771. [CrossRef] [PubMed]

86. Alzahrani, F.A.; El-Magd, M.A.; Abdelfattah-Hassan, A.; Saleh, A.A.; Saadeldin, I.M.; El-Shetry, E.S.; Badawy, A.A.; Alkarim, S.
Potential effect of exosomes derived from cancer stem cells and MSCs on progression of DEN-induced HCC in rats. Stem Cells Int.
2018, 2018, 8058979. [CrossRef]

87. Zhang, X.; Sai, B.; Wang, F.; Wang, L.; Wang, Y.; Zheng, L.; Li, G.; Tang, J.; Xiang, J. Hypoxic BMSC-derived exosomal miRNAs
promote metastasis of lung cancer cells via STAT3-induced EMT. Mol. Cancer 2019, 18, 40. [CrossRef]

88. Lou, G.; Song, X.; Yang, F.; Wu, S.; Wang, J.; Chen, Z.; Liu, Y. Exosomes derived from miR-122-modified adipose tissue derived
MSCs increase chemosensitivity of hepatocellular carcinoma. J. Hematol. Oncol. 2015, 8, 122. [CrossRef]

89. Liang, G.; Kan, S.; Zhu, Y.; Feng, S.; Feng, W.; Gao, S. Engineered exosome-mediated delivery of functionally active miR-26a and
its enhanced suppression effect in HepG2 cells. Int. J. Nanomed. 2018, 13, 585–599. [CrossRef]

90. Wang, F.; Li, L.; Piontek, K.; Sakaguchi, M.; Selaru, F.M. Exosome miR-335 as a novel therapeutic strategy in hepatocellular
carcinoma. Hepatology 2018, 67, 940–954. [CrossRef]

91. Wang, Y.; Zhao, L.; Yuan, W.; Liang, L.; Li, M.; Yu, X.; Wang, Y. A Natural Membrane Vesicle Exosome-based Sinomenine Delivery
Platform for Hepatic Carcinoma Therapy. Curr. Top. Med. Chem. 2021, 21, 1224–1234. [CrossRef] [PubMed]

92. Aucher, A.; Rudnicka, D.; Davis, D.M. MicroRNAs transfer from human macrophages to hepato-carcinoma cells and inhibit
proliferation. J. Immunol. 2013, 191, 6250–6260. [CrossRef] [PubMed]

93. Bandiera, S.; Pfeffer, S.; Baumert, T.F.; Zeisel, M.B. miR-122—A key factor and therapeutic target in liver disease. J. Hepatol. 2015,
62, 448–457. [CrossRef] [PubMed]

94. Li, X.N.; Yang, H.; Yang, T. miR-122 Inhibits Hepatocarcinoma Cell Progression by Targeting LMNB2. Oncol. Res. 2020, 28, 41–49.
[CrossRef]

95. Ko, S.F.; Yip, H.K.; Zhen, Y.Y.; Lee, C.C.; Lee, C.C.; Huang, C.C.; Ng, S.H.; Lin, J.W. Adipose-derived mesenchymal stem cell
exosomes suppress hepatocellular carcinoma growth in a rat model: Apparent diffusion coefficient, natural killer T-cell responses,
and histopathological features. Stem Cells Int. 2015, 2015, 853506. [CrossRef]

96. Lu, Z.; Zuo, B.; Jing, R.; Gao, X.; Rao, Q.; Liu, Z.; Qi, H.; Guo, H.; Yin, H. Dendritic cell-derived exosomes elicit tumor regression
in autochthonous hepatocellular carcinoma mouse models. J. Hepatol. 2017, 67, 739–748. [CrossRef]

97. Xiong, L.; Zhen, S.; Yu, Q.; Gong, Z. HCV-E2 inhibits hepatocellular carcinoma metastasis by stimulating mast cells to secrete
exosomal shuttle microRNAs. Oncol. Lett. 2017, 14, 2141–2146. [CrossRef]

98. Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.L.; Forner, A.; et al.
Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 2008, 24, 378–390. [CrossRef]

99. Fu, X.; Liu, M.; Qu, S.; Ma, J.; Zhang, Y.; Shi, T.; Wen, H.; Yang, Y.; Wang, S.; Wang, J.; et al. Exosomal microRNA-32-5p induces
multidrug resistance in hepatocellular carcinoma via the PI3K/Akt pathway. J. Exp. Clin. Cancer Res. 2018, 37, 52. [CrossRef]

100. Wang, G.; Zhao, W.; Wang, H.; Qiu, G.; Jiang, Z.; Wei, G.; Li, X. Exosomal MiR-744 Inhibits Proliferation and Sorafenib
Chemoresistance in Hepatocellular Carcinoma by Targeting PAX2. Med. Sci. Monit. 2019, 25, 7209–7217. [CrossRef]

101. Takahashi, K.; Yan, I.K.; Kogure, T.; Haga, H.; Patel, T. Extracellular vesicle-mediated transfer of long non-coding RNA ROR
modulates chemosensitivity in human hepatocellular cancer. FEBS 2014, 4, 458–467. [CrossRef] [PubMed]

102. Lou, G.; Chen, L.; Xia, C.; Wang, W.; Qi, J.; Li, A.; Zhao, L.; Chen, Z.; Zheng, M.; Liu, Y. MiR-199a-modified exosomes from
adipose tissue-derived mesenchymal stem cells improve hepatocellular carcinoma chemosensitivity through mTOR pathway.
J. Exp. Clin. Cancer Res. 2020, 39, 4. [CrossRef] [PubMed]

http://doi.org/10.1080/08820139.2021.1952217
http://doi.org/10.2147/CMAR.S241095
http://doi.org/10.3322/caac.21492
http://doi.org/10.3389/fonc.2021.672684
http://doi.org/10.7150/ijbs.40787
http://doi.org/10.1016/j.lfs.2019.116916
http://www.ncbi.nlm.nih.gov/pubmed/31626792
http://doi.org/10.3892/or.2020.7783
http://www.ncbi.nlm.nih.gov/pubmed/33125091
http://doi.org/10.7150/jca.49224
http://www.ncbi.nlm.nih.gov/pubmed/33193874
http://doi.org/10.1016/j.jconrel.2018.07.039
http://www.ncbi.nlm.nih.gov/pubmed/30077738
http://doi.org/10.1089/scd.2012.0304
http://www.ncbi.nlm.nih.gov/pubmed/23034046
http://doi.org/10.1155/2018/8058979
http://doi.org/10.1186/s12943-019-0959-5
http://doi.org/10.1186/s13045-015-0220-7
http://doi.org/10.2147/IJN.S154458
http://doi.org/10.1002/hep.29586
http://doi.org/10.2174/1568026621666210612032004
http://www.ncbi.nlm.nih.gov/pubmed/34126903
http://doi.org/10.4049/jimmunol.1301728
http://www.ncbi.nlm.nih.gov/pubmed/24227773
http://doi.org/10.1016/j.jhep.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25308172
http://doi.org/10.3727/096504019X15615433287579
http://doi.org/10.1155/2015/853506
http://doi.org/10.1016/j.jhep.2017.05.019
http://doi.org/10.3892/ol.2017.6433
http://doi.org/10.1056/NEJMoa0708857
http://doi.org/10.1186/s13046-018-0677-7
http://doi.org/10.12659/MSM.919219
http://doi.org/10.1016/j.fob.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24918061
http://doi.org/10.1186/s13046-019-1512-5
http://www.ncbi.nlm.nih.gov/pubmed/31898515


Cells 2022, 11, 1128 28 of 33

103. Wang, S.H.; Shen, Y.; Li, J.; Xiang, Z.W.; Fan, W.K.; Chen, L. Experimental studies on anti-mouse hepatocellular carcinoma effects
of cisplatin combined with exosomes. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 2009, 25, 49–52. [PubMed]

104. Li, R.; Dong, C.; Jiang, K.; Sun, R.; Zhou, Y.; Yin, Z.; Lv, J.; Zhang, J.; Wang, Q.; Wang, L. Rab27B enhances drug resistance in
hepatocellular carcinoma by promoting exosome-mediated drug efflux. Carcinogenesis 2020, 41, 1583–1591. [CrossRef]

105. Liu, Y.; Sheikh, M.S. Melanoma: Molecular pathogenesis and therapeutic management. Mol. Cell. Pharmacol. 2014, 6, 228.
106. Tufano, M.; Cesaro, E.; Martinelli, R.; Pacelli, R.; Romano, S.; Romano, M.F. FKBP51 Affects TNF-Related Apoptosis Inducing

Ligand Response in Melanoma. Front. Cell Dev. Biol. 2021, 9, 718947. [CrossRef]
107. Shamili, F.H.; Bayegi, H.R.; Salmasi, Z.; Sadri, K.; Mahmoudi, M.; Kalantari, M.; Ramezani, M.; Abnous, K. Exosomes derived

from TRAIL-engineered mesenchymal stem cells with effective anti-tumor activity in a mouse melanoma model. Int. J. Pharm.
2018, 549, 218–229. [CrossRef]

108. Jiang, L.; Gu, Y.; Du, Y.; Tang, X.; Wu, X.; Liu, J. Engineering Exosomes Endowed with Targeted Delivery of Triptolide for
Malignant Melanoma Therapy. ACS Appl. Mater. Interfaces 2021, 13, 42411–42428. [CrossRef]

109. Resnier, P.; Galopin, N.; Sibiril, Y.; Clavreul, A.; Cayon, J.; Briganti, A.; Legras, P.; Vessières, A.; Montier, T.; Jaouen, G.; et al.
Efficient ferrocifen anticancer drug and Bcl-2 gene therapy using lipid nanocapsules on human melanoma xenograft in mouse.
Pharmacol. Res. 2017, 126, 54–65. [CrossRef]

110. Sadhu, S.S.; Wang, S.; Dachineni, R.; Averineni, R.K.; Yang, Y.; Yin, H.; Bhat, G.J.; Guan, X. In Vitro and In Vivo Tumor Growth
Inhibition by Glutathione Disulfide Liposomes. Cancer Growth Metastasis 2017, 10, 1179064417696070. [CrossRef]

111. Abu Lila, A.S.; Ishida, T. Liposomal Delivery Systems: Design Optimization and Current Applications. Biol. Pharm. Bull. 2017, 40,
1–10. [CrossRef] [PubMed]

112. Zhu, L.; Kalimuthu, S.; Gangadaran, P.; Oh, J.M.; Lee, H.W.; Baek, S.H.; Jeong, S.Y.; Lee, S.-W.; Lee, J.; Ahn, B.-C. Exosomes
Derived From Natural Killer Cells Exert Therapeutic Effect in Melanoma. Theranostics 2017, 7, 2732–2745. [CrossRef] [PubMed]

113. McAndrews, K.M.; Che, S.P.Y.; LeBleu, V.S.; Kalluri, R. Effective delivery of STING agonist using exosomes suppresses tumor
growth and enhances antitumor immunity. J. Biol Chem. 2021, 296, 100523. [CrossRef] [PubMed]

114. Morishita, M.; Takahashi, Y.; Matsumoto, A.; Nishikawa, M.; Takakura, Y. Exosome-based tumor antigens-adjuvant co-delivery
utilizing genetically engineered tumor cell-derived exosomes with immunostimulatory CpG DNA. Biomaterials 2016, 111, 55–65.
[CrossRef]

115. Wang, J.; Lv, H.; Xue, Z.; Wang, L.; Bai, Z. Temporal trends of common female malignances on breast, cervical, and ovarian
cancer mortality in Japan, Republic of Korea, and Singapore: Application of the age-period-cohort model. BioMed Res. Int. 2018,
2048, 5307459. [CrossRef] [PubMed]

116. Hu, Y.; Li, D.; Wu, A.; Qiu, X.; Di, W.; Huang, L.; Qiu, L. TWEAK-stimulated macrophages inhibit metastasis of epithelial ovarian
cancer via exosomal shuttling of microRNA. Cancer Lett. 2017, 393, 60–67. [CrossRef]

117. Hu, Y.; Qiu, L.H. Study on the mechanism of macrophages inhibiting epithelial ovarian cancer cell metastasis induced by TWEAK
via exosomes. Prog. Obstet. Gynecol. 2015, 24, 512–515.

118. Yue, Y.; Wang, X.; Li, J.; Huang, G.R.; Fan, L. An experimental study on the construction of multifunctional exosome for treatment
of ovar ian cancer. Anti-Tumor Pharm. 2017, 7, 406–411. [CrossRef]

119. Mahmoodzadeh Hosseini, H.; Soleimanirad, J.; Mehdizadeh Aghdam, E.; Amin, M.; Imani Fooladi, A.A. Texosome-anchored
superantigen triggers apoptosis in original ovarian cancer cells. Med. Oncol. 2015, 32, 409. [CrossRef]

120. He, D.; Xu, X.; Li, L.; Chen, C.; Gong, K.; Guo, Q.; Liu, F.; Wang, Y.; Duan, Y.; Li, H. Functional Exosome-Mediated Delivery of
Triptolide Endowed with Targeting Properties as Chemotherapy Carriers for Ovarian Carcinoma. J. Biomed. Nanotechnol. 2021, 17,
426–438. [CrossRef]

121. Xu, Y.; Xu, L.; Zheng, J.; Geng, L.; Zhao, S. MiR-101 inhibits ovarian carcinogenesis by repressing the expression of brain-derived
neurotrophic factor. FEBS Open Bio. 2017, 7, 1258–1266. [CrossRef] [PubMed]

122. Guo, F.; Cogdell, D.; Hu, L.; Yang, D.; Sood, A.K.; Xue, F.; Zhang, W. MiR-101 suppresses the epithelial-to-mesenchymal transition
by targeting ZEB1 and ZEB2 in ovarian carcinoma. Oncol. Rep. 2014, 31, 2021–2028. [CrossRef] [PubMed]

123. Cai, J.; Tang, H.; Xu, L.; Wang, X.; Yang, C.; Ruan, S.; Guo, J.; Hu, S.; Wang, Z. Fibroblasts in omentum activated by tumor cells
promote ovarian cancer growth, adhesion and invasiveness. Carcinogenesis 2012, 33, 20–29. [CrossRef] [PubMed]

124. Kobayashi, M.; Sawada, K.; Miyamoto, M.; Shimizu, A.; Yamamoto, M.; Kinose, Y.; Nakamura, K.; Kawano, M.; Kodama, M.;
Hashimoto, K.; et al. Exploring the potential of engineered exosomes as delivery systems for tumor-suppressor microRNA
replacement therapy in ovarian cancer. Biochem. Biophys. Res. Commun. 2020, 527, 153–161. [CrossRef]

125. Pisano, S.; Pierini, I.; Gu, J.; Gazze, A.; Francis, L.W.; Gonzalez, D.; Conlan, R.S.; Corradetti, B. Immune (Cell) Derived Exosome
Mimetics (IDEM) as a Treatment for Ovarian Cancer. Front. Cell Dev. Biol. 2020, 8, 553576. [CrossRef]

126. Andre, F.; Schartz, N.E.; Movassagh, M.; Flament, C.; Pautier, P.; Morice, P.; Pomel, C.; Lhomme, C.; Escudier, B.;
Le Chevalier, T.; et al. Malignant effusions and immunogenic tumour-derived exosomes. Lancet 2002, 360, 295–305. [CrossRef]

127. Navabi, H.; Croston, D.; Hobot, J.; Clayton, A.; Zitvogel, L.; Jasani, B.; Bailey-Wood, R.; Wilson, K.; Tabi, Z.; Mason, M.D.; et al.
Preparation of human ovarian cancer ascites-derived exosomes for a clinical trial. Blood Cells Mol. Dis. 2005, 35, 149–152.
[CrossRef]

128. Li, T.; Lin, L.; Liu, Q.; Gao, W.; Chen, L.; Sha, C.; Chen, Q.; Xu, W.; Li, Y.; Zhu, X. Exosomal transfer of miR-429 confers
chemoresistance in epithelial ovarian cancer. Am. J. Cancer Res. 2021, 11, 2124–2141.

http://www.ncbi.nlm.nih.gov/pubmed/19126388
http://doi.org/10.1093/carcin/bgaa029
http://doi.org/10.3389/fcell.2021.718947
http://doi.org/10.1016/j.ijpharm.2018.07.067
http://doi.org/10.1021/acsami.1c10325
http://doi.org/10.1016/j.phrs.2017.01.031
http://doi.org/10.1177/1179064417696070
http://doi.org/10.1248/bpb.b16-00624
http://www.ncbi.nlm.nih.gov/pubmed/28049940
http://doi.org/10.7150/thno.18752
http://www.ncbi.nlm.nih.gov/pubmed/28819459
http://doi.org/10.1016/j.jbc.2021.100523
http://www.ncbi.nlm.nih.gov/pubmed/33711340
http://doi.org/10.1016/j.biomaterials.2016.09.031
http://doi.org/10.1155/2018/5307459
http://www.ncbi.nlm.nih.gov/pubmed/29750160
http://doi.org/10.1016/j.canlet.2017.02.009
http://doi.org/10.3969/j.issn.2095-1264.2017.04.05
http://doi.org/10.1007/s12032-014-0409-6
http://doi.org/10.1166/jbn.2021.3041
http://doi.org/10.1002/2211-5463.12257
http://www.ncbi.nlm.nih.gov/pubmed/28904856
http://doi.org/10.3892/or.2014.3106
http://www.ncbi.nlm.nih.gov/pubmed/24677166
http://doi.org/10.1093/carcin/bgr230
http://www.ncbi.nlm.nih.gov/pubmed/22021907
http://doi.org/10.1016/j.bbrc.2020.04.076
http://doi.org/10.3389/fcell.2020.553576
http://doi.org/10.1016/S0140-6736(02)09552-1
http://doi.org/10.1016/j.bcmd.2005.06.008


Cells 2022, 11, 1128 29 of 33

129. Yang, C.; Kim, H.S.; Park, S.J.; Lee, E.J.; Kim, S.I.; Song, G.; Lim, W. Inhibition of miR-214-3p Aids in Preventing Epithelial Ovarian
Cancer Malignancy by Increasing the Expression of LHX6. Cancers 2019, 11, 1917. [CrossRef]

130. Kanlikilicer, P.; Bayraktar, R.; Denizli, M.; Rashed, M.H.; Ivan, C.; Aslan, B.; Mitra, R.; Karagoz, K.; Bayraktar, E.; Zhang, X.; et al.
Exosomal miRNA confers chemo resistance via targeting Cav1/p-gp/M2-type macrophage axis in ovarian cancer. EBioMedicine
2018, 38, 100–112. [CrossRef]

131. Cao, Y.L.; Zhuang, T.; Xing, B.H.; Li, N.; Li, Q. Exosomal DNMT1 mediates cisplatin resistance in ovarian cancer. Cell Biochem.
Funct. 2017, 35, 296–303. [CrossRef] [PubMed]

132. Holmes, D. Ovarian cancer: Beyond resistance. Nature 2015, 527, S217. [CrossRef] [PubMed]
133. 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]

134. Dorayappan, K.D.P.; Wanner, R.; Wallbillich, J.J.; Saini, U.; Zingarelli, R.; Suarez, A.A.; Cohn, D.E.; Selvendiran, K. Hypoxia-
induced exosomes contribute to a more aggressive and chemoresistant ovarian cancer phenotype: A novel mechanism linking
STAT3/Rab proteins. Oncogene 2018, 37, 3806–3821. [CrossRef]

135. 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]

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

137. 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]

138. Pascucci, L.; Coccè, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Viganò, L.; Locatelli, A.; Sisto, F.; Doglia, S.M.; et al.
Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that inhibit in vitro tumor growth: A new
approach for drug delivery. J. Control. Release 2014, 192, 262–270. [CrossRef]

139. Osterman, C.J.; Lynch, J.C.; Leaf, P.; Gonda, A.; Ferguson Bennit, H.R.; Griffiths, D.; Wall, N.R. Curcumin Modulates Pancreatic
Adenocarcinoma Cell-Derived Exosomal Function. PLoS ONE 2015, 10, e0132845. [CrossRef]

140. Aspe, J.R.; Diaz Osterman, C.J.; Jutzy, J.M.; Deshields, S.; Whang, S.; Wall, N.R. Enhancement of Gemcitabine sensitivity in
pancreatic adenocarcinoma by novel exosome-mediated delivery of the Survivin-T34A mutant. J. Extracell. Vesicles 2014, 17, 3.
[CrossRef]

141. Xiao, L.; Erb, U.; Zhao, K.; Hackert, T.; Zöller, M. Efficacy of vaccination with tumor-exosome loaded dendritic cells combined
with cytotoxic drug treatment in pancreatic cancer. Oncoimmunology 2017, 6, e1319044. [CrossRef] [PubMed]

142. Su, M.J.; Aldawsari, H.; Amiji, M. Pancreatic cancer cell exosome-mediated macrophage reprogramming and the role of micrornas
155 and 125b2 transfection using nanoparticle delivery systems. Sci. Rep. 2016, 6, 30110. [CrossRef] [PubMed]

143. Deng, L.; Zhang, H.; Zhang, Y.; Luo, S.; Du, Z.; Lin, Q.; Zhang, Z.; Zhang, L. An exosome-mimicking membrane hybrid
nanoplatform for targeted treatment toward Kras-mutant pancreatic carcinoma. Biomater. Sci. 2021, 9, 5599–5611. [CrossRef]

144. Jang, Y.; Kim, H.; Yoon, S.; Lee, H.; Hwang, J.; Jung, J.; Chang, J.H.; Choi, J.; Kim, H. Exosome-based photoacoustic imaging
guided photodynamic and immunotherapy for the treatment of pancreatic cancer. J. Control. Release 2021, 330, 293–304. [CrossRef]
[PubMed]

145. Xu, Y.; Liu, N.; Wei, Y.; Zhou, D.; Lin, R.; Wang, X.; Shi, B. Anticancer effects of miR-124 delivered by BM-MSC derived exosomes
on cell proliferation, epithelial mesenchymal transition, and chemotherapy sensitivity of pancreatic cancer cells. Aging (Albany
NY) 2020, 12, 19660–19676. [CrossRef]

146. Chen, F.; Hu, S.J. Effect of microRNA-34a in cell cycle, differentiation, and apoptosis: A review. J. Biochem. Mol. Toxicol. 2012, 26,
79–86. [CrossRef]

147. Zuo, L.; Tao, H.; Xu, H.; Li, C.; Qiao, G.; Guo, M.; Cao, S.; Liu, M.; Lin, X. Exosomes-Coated miR-34a Displays Potent Antitumor
Activity in Pancreatic Cancer Both in vitro and in vivo. Drug Des. Dev. Ther. 2020, 14, 3495–3507. [CrossRef]

148. Wu, D.M.; Wen, X.; Han, X.R.; Wang, S.; Wang, Y.J.; Shen, M.; Fan, S.H.; Zhang, Z.F.; Shan, Q.; Li, M.Q.; et al. Bone Marrow
Mesenchymal Stem Cell-Derived Exosomal MicroRNA-126-3p Inhibits Pancreatic Cancer Development by Targeting ADAM9.
Mol. Nucleic Acids 2019, 16, 229–245. [CrossRef]

149. Li, H.; Hao, X.; Wang, H.; Liu, Z.; He, Y.; Pu, M.; Zhang, H.; Yu, H.; Duan, J.; Qu, S. Circular RNA Expression Profile of Pancreatic
Ductal Adenocarcinoma Revealed by Microarray. Cell. Physiol. Biochem. 2016, 40, 1334–1344. [CrossRef]

150. Ye, Z.; Zhu, Z.; Xie, J.; Feng, Z.; Li, Y.; Xu, X.; Li, W.; Chen, W. Hsa_circ_0000069 Knockdown Inhibits Tumorigenesis and Exosomes
with Downregulated hsa_circ_0000069 Suppress Malignant Transformation via Inhibition of STIL in Pancreatic Cancer. Int. J.
Nanomed. 2020, 15, 9859–9873. [CrossRef]

151. Xu, L.; Faruqu, F.N.; Lim, Y.M.; Lim, K.Y.; Liam-Or, R.; Walters, A.A.; Lavender, P.; Fear, D.; Wells, C.M.; Tzu-Wen Wang, J.; et al.
Exosome-mediated RNAi of PAK4 prolongs survival of pancreatic cancer mouse model after loco-regional treatment. Biomaterials
2021, 264, 120369. [CrossRef] [PubMed]

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

http://doi.org/10.3390/cancers11121917
http://doi.org/10.1016/j.ebiom.2018.11.004
http://doi.org/10.1002/cbf.3276
http://www.ncbi.nlm.nih.gov/pubmed/28791708
http://doi.org/10.1038/527S217a
http://www.ncbi.nlm.nih.gov/pubmed/26605761
http://doi.org/10.1038/ncb2000
http://www.ncbi.nlm.nih.gov/pubmed/19966785
http://doi.org/10.1038/s41388-018-0189-0
http://doi.org/10.1038/onc.2016.353
http://doi.org/10.1016/j.actbio.2019.10.022
http://doi.org/10.1016/j.apsb.2019.11.013
http://doi.org/10.1016/j.jconrel.2014.07.042
http://doi.org/10.1371/journal.pone.0132845
http://doi.org/10.3402/jev.v3.23244
http://doi.org/10.1080/2162402X.2017.1319044
http://www.ncbi.nlm.nih.gov/pubmed/28680753
http://doi.org/10.1038/srep30110
http://www.ncbi.nlm.nih.gov/pubmed/27443190
http://doi.org/10.1039/D1BM00446H
http://doi.org/10.1016/j.jconrel.2020.12.039
http://www.ncbi.nlm.nih.gov/pubmed/33359580
http://doi.org/10.18632/aging.103997
http://doi.org/10.1002/jbt.20412
http://doi.org/10.2147/DDDT.S265423
http://doi.org/10.1016/j.omtn.2019.02.022
http://doi.org/10.1159/000453186
http://doi.org/10.2147/IJN.S279258
http://doi.org/10.1016/j.biomaterials.2020.120369
http://www.ncbi.nlm.nih.gov/pubmed/32977209
http://doi.org/10.1038/nature22341
http://www.ncbi.nlm.nih.gov/pubmed/28607485


Cells 2022, 11, 1128 30 of 33

153. Mendt, M.; Kamerkar, S.; Sugimoto, H.; McAndrews, K.M.; Wu, C.C.; Gagea, M.; Yang, S.; Blanko, E.V.R.; Peng, Q.; Ma, X.; et al.
Generation and testing of clinical-grade exosomes for pancreatic cancer. JCI Insight. 2018, 3, e99263. [CrossRef] [PubMed]

154. 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]

155. ClinicalTrials.gov. Available online: www.clinicaltrial.gow (accessed on 29 October 2021).
156. Kordelas, L.; Rebmann, V.; Ludwig, A.K.; Radtke, S.; Ruesing, J.; Doeppner, T.R.; Epple, M.; Horn, P.A.; Beelen, D.W.; Giebel, B.

MSC-derived exosomes: A novel tool to treat therapy-refractory graft-versus-host disease. Leukemia 2014, 28, 970–973. [CrossRef]
157. Abbaszade Dibavar, M.; Soleimani, M.; Atashi, A.; Rassaei, N.; Amiri, S. The effect of simultaneous administration of arsenic

trioxide and microvesicles derived from human bone marrow mesenchymal stem cells on cell proliferation and apoptosis of
acute myeloid leukemia cell line. Artif. Cells Nanomed. Biotechnol. 2018, 46, S138–S146. [CrossRef]

158. Lyu, T.; Wang, Y.; Li, D.; Yang, H.; Qin, B.; Zhang, W.; Li, Z.; Cheng, C.; Zhang, B.; Guo, R.; et al. Exosomes from BM-MSCs
promote acute myeloid leukemia cell proliferation, invasion and chemoresistance via upregulation of S100A4. Exp. Hematol.
Oncol. 2021, 10, 24. [CrossRef]

159. Peng, D.; Wang, H.; Li, L.; Ma, X.; Chen, Y.; Zhou, H.; Luo, Y.; Xiao, Y.; Liu, L. miR-34c-5p promotes eradication of acute myeloid
leukemia stem cells by inducing senescence through selective RAB27B targeting to inhibit exosome shedding. Leukemia 2018, 32,
1180–1188. [CrossRef]

160. Di Pace, A.; Tumino, N.; Besi, F.; Alicata, C.; Conti, L.A.; Munari, E.; Maggi, E.; Vacca, P.; Moretta, L. Characterization of human
nk cell-derived exosomes: Role of DNAM1 receptor in exosome-mediated cytotoxicity against tumor. Cancers 2020, 12, 661–676.
[CrossRef]

161. Anguille, S.; Van de Velde, A.L.; Smits, E.L.; Van Tendeloo, V.F.; Juliusson, G.; Cools, N.; Nijs, G.; Stein, B.; Lion, E.; Van Driessche, A.; et al.
Dendritic cell vaccination as postremission treatment to prevent or delay relapse in acute myeloid leukemia. Blood J. Am. Soc.
Hematol. 2017, 130, 1713–1721. [CrossRef]

162. Yao, Y.; Wang, C.; Wei, W.; Shen, C.; Deng, X.; Chen, L.; Ma, L.; Hao, S. Dendritic cells pulsed with leukemia cell-derived exosomes
more efficiently induce antileukemic immunities. PLoS ONE 2014, 9, e91463. [CrossRef] [PubMed]

163. Benites, B.D.; da Silva Santos Duarte, A.; Longhini, A.L.F.; Santos, I.; Alvarez, M.C.; de Morais Ribeiro, L.N.; Paula, E.; Saad, S.T.O.
Exosomes in the serum of Acute Myeloid Leukemia patients induce dendritic cell tolerance: Implications for immunotherapy.
Vaccine 2019, 37, 1377–1383. [CrossRef] [PubMed]

164. Hekmatirad, S.; Moloudizargari, M.; Moghadamnia, A.A.; Kazemi, S.; Mohammadnia-Afrouzi, M.; Baeeri, M.; Moradkhani, F.;
Asghari, M.H. Inhibition of Exosome Release Sensitizes U937 Cells to PEGylated Liposomal Doxorubicin. Front. Immunol. 2021,
12, 692654. [CrossRef]

165. Chen, T.; Zhang, G.; Kong, L.; Xu, S.; Wang, Y.; Dong, M. Leukemia-derived exosomes induced IL-8 production in bone marrow
stromal cells to protect the leukemia cells against chemotherapy. Life Sci. 2019, 221, 187–195. [CrossRef] [PubMed]

166. Egyed, B.; Kutszegi, N.; Sági, J.C.; Gézsi, A.; Rzepiel, A.; Visnovitz, T.; Lőrincz, P.; Müller, J.; Zombori, M.; Szalai, C.; et al.
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