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Abstract

Cancer treatment still represents a formidable challenge, despite substantial advancements in
available therapies being made over the past decade. One major issue is poor therapeutic efficacy
due to a lack of specificity and low bioavailability. The progress of nanotechnology and the
development of a variety of nanoplatforms have had a significant impact in improving the
therapeutic outcome of chemotherapeutics. Nanoparticles can overcome various biological barriers
and localize at tumor site, while simultaneously protecting a therapeutic cargo and increasing its
circulation time. Despite this, due to their synthetic origin, nanoparticles are often detected by the
immune system and preferentially sequestered by filtering organs. Exosomes have recently been
investigated as suitable substitutes for the shortcomings of nanoparticles due to their biological
compatibility and particularly small size (i.e., 30-150 nm). In addition, exosomes have been found
to play important roles in cell communication, acting as natural carriers of biological cargoes
throughout the body. This review aims to highlight the use of exosomes as drug delivery vehicles
for cancer and showcases the various attempts used to exploit exosomes with a focus on the
delivery of chemotherapeutics and nucleic acids.
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INTRODUCTION

Cancer is considered a multifactorial disease that causes millions of global deaths per year.
The identification of selective treatment able to kill only tumor cells is hard to find, since
cancer arises from an organism’s own healthy cells that have developed abnormal properties,
resulting in uncontrolled cell growth [1]. Currently, cancer treatment strategies are based on
chemotherapy using cytotoxic drugs. Systemic administration of these agents exhibited
several issues, including poor specificity, low efficacy, high toxicity and induction of drug
resistance. Pharmacokinetics, physiochemical properties, and poor selectivity of
chemotherapeutics contribute to reduced therapeutic efficacy. Moreover, the limited
biological barrier penetration of cytotoxic agents prevents successful site-specific
accumulation [2], requiring repeated administration which may lead to the acquisition of
drug resistance. Furthermore, recent studies have demonstrated that the interaction between
heterogeneous tumor cell populations and the microenvironment can induce therapeutic
resistance [3].

Consequently, new approaches have been explored to increase the effectiveness of anti-
tumor therapeutics systemically administered by enhancing therapeutic agent’s permeability
and selectivity [4]. Among these, nanotechnology has been employed for drug delivery to
improve therapeutic potency to cancerous cells while sparing healthy tissues. Accordingly,
recent investigations have demonstrated the use of nanoparticles (NPs) as a promising
platform for the delivery of therapeutic agents. NPs provide better therapeutic efficacy
through the improvement of loading and release parameters [5,6], biocompatibility and drug
circulation-time [7,8,9] and, finally, the controlled and targeted delivery of drugs to target
sites [10-14]. In this manner, NPs significantly decrease adverse health effects and
simultaneously increase tumor selectivity [15]. Efficient delivery of NPs is also the result of
the enhanced permeability and retention effect (EPR) [16]. Indeed, due to high permeability
and poor lymphatic drainage, the tumor vasculature is highly abnormal thus promoting the
extravasation of NPs into tumors. Unfortunately, despite promising therapeutic applications,
nanotechnology has provided only modest improvements in patient survival.

NPs have showed several limitations due to their suboptimal properties, including premature
drug release during NPs synthesis, storage or circulation in blood and lack of specificity for
the tumor. These issues result in an inability to reach and effectively penetrate tumors [17].
Additionally, after administration, NPs can interact with the immune system (i.e. uptake by
macrophages known as Mononuclear Phagocytic System (MPS)) resulting in a strong
adverse response to the treatment [18,19]. Currently, only a small number of NPs such as
polyethylene glycol (PEG)-conjugated liposomal doxorubicin (i.e., Doxil/Caelyx) and
liposomal irinotecan (i.e., Onivyde) have seen Food and Drug Administration-approval for
cancer therapy [20]. PEG-conjugation of NPs prevents MPS recognition and exploits EPR-
mediated tumor accumulation [21]. Nevertheless, Gabizon A.A. et al. have demonstrated
that repeated injections of PEGylated liposomes are associated with the production of anti-
PEG antibodies, which extend blood clearance and reduce the efficacy of these formulations
[22]. In addition, biological barriers can hinder NP penetration reducing bioavailability and
limiting therapeutic efficacy [2]. In conclusion, the improvement of the therapeutic index of
injectable nanocarriers is strictly connected to their ability to: 1) circulate in the bloodstream
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while avoiding the opsonization process; 2) escape immune surveillance; 3) preserve their
cargo; 4) deliver drug into tissue desired sites; 5) overcome the biological barriers; 6)
penetrate target cell membranes and 7) minimize accumulation at undesired sites.

Recently, to overcome these NP limitations, exosomes have emerged as a promising
platform for cancer treatment, providing a viable alternative to NPs [23]. In this review, we
describe exosomes and their application in drug delivery. We will pay special attention to the
use of exosome-like NPs as drug delivery systems for anti-cancer treatment.

2- EXOSOMES

Exosomes are extracellular vesicles in the range of 30-150 nm, secreted by almost all cell
types in both physiological and pathological conditions. Their origin begins from multi
vesicular bodies (MVB) and their release occurs upon MVB fusion with plasma membrane
(Figure 1) [24]. Exosomes are highly heterogeneous with diverse molecular compositions
and contain a variety of cargoes. However, although their heterogeneity can often be
dependent on the origin cell type, exosomes derived from the same cell type have also
expressed different molecular compositions. The composition of the exosome surface is
decorated by several cell-specific antigens, including fusion proteins, adhesion molecules,
and integrins which address the selective targeting of those cells [25-27].

Exosomes circulate in the bio-fluids and transport messages from one cell to another; these
messages include several molecules, such as lipids, proteins, DNA, mRNA, non-coding
RNA and various metabolites [28] that can modify the behavior of recipient cells [29] both
at short- and long-distance cell communication. The cargo internalization in recipient cells
occurs mainly by endocytosis but it has also been demonstrated that exosomes are able to
transfer their payload by fusion with the plasma membrane of the recipient cells. [30]. It is
known that exosome fusion with recipient cells occurs preferentially in acidic conditions,
explaining the reason why tumors may have a better uptake than normal cells [31].

In addition, exosomes have a wide variety of functions that certainly play a key role in both
physiological and pathological processes. Tumor-derived (TD) exosomes are able to
modulate tumor microenvironment components and affect immune system functions. TD
exosomes have an immunosuppressive behavior, helping tumor cells to avoid immune
system clearance [32]. Moreover, they play a key role in the cross-talk between tumor cells
and the microenvironment, converting it into a tumor prone environment. Conversely, the
stroma itself can release exosomes supporting tumor growth [33]. Another important
function of exosomes is the contribution in cell motility and dissemination. In fact, they can
modulate the extracellular matrix, drive hematopoietic cells towards an inflammatory
phenotype and stimulate epithelial to mesenchymal transition in non-metastatic cells [34].
Exosomes are also involved in chemoresistance through various mechanisms such as: 1)
actively export the drug out of the cells, reducing its concentration into the cytoplasm [35];
2) transport drug efflux pumps; 3) modulate the sensitivity of other cells [36]; 4) deliver
molecules (i.e. miRNA, pro-survival proteins, etc.) to other tumor cells or to the stroma; 5)
induce drug resistance mechanisms increasing drug expulsion (Figure 2) [37].
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Exosomes have high versatility in translational medicine. Indeed, they can be used for
diagnosis, prognosis and treatment of cancer. TD exosomes represent non-invasive
biomarker because they carry tumor biomarkers and antigens and can be isolated from
different body fluids of cancer patients, such as saliva, plasma and urine [38]. Thanks to
their ability to activate immune cell response and the major histocompatibility complex on
their surface, exosomes are a favorable strategy for cancer vaccination, inducing a potent
anti-tumor response. Moreover, immunogenicity of exosomes can be artificially increased by
genetic modification or fusion with specific antigens [39].

3- USE OF EXOSOMES IN NANOMEDICINE

Exosomes represent an efficient drug delivery platform, due to their good biodistribution,
biocompatibility and low immunogenicity. Exosomes present very good permeability and
can cross most biological membranes [24]. Recent studies have reported that they can pass
through the blood-brain barrier, demonstrating their potential in brain cancer treatment [40].
Moreover, a recent study showed that exosomes derived from fruit can efficiently deliver
curcumin, a drug able to interfere with colon carcinogenesis. A phase | clinical trial has been
undertaken to study the effects of curcumin delivered by fruit-derived exosomes fruit on
treatment of colon cancer [41]. For all these reasons, exosomes are promising candidates for
cancer treatment delivery. Currently, there are 33 clinical trials that involve exosomes as
diagnostic/prognostic factors [clinicaltrials.gov].

Since interest in exosomes as nanocarriers has intensified, many techniques for their
isolation and consequent loading have been developed [42-44]. Among the purification
techniques, the most commonly employed protocols are based on: centrifugation [45,46],
microfiltration [47,48], density gradient separation [45], immunoaffinity capture using
antibodies specific for exosome surface proteins [45,49,50], and microfluidic [51,52]. On the
other hand, the available methods to load drugs into exosomes include, but are not limited to,
passive loading by electroporation [53,54], saponin membrane permeabilization [55], freeze/
thaw cycles [56], sonication [57], and extrusion [58,59]. Alternatively, to keep the loading
process as natural as possible, cells can be induced to incorporate the payload during
exosome formation [60]. This approach has been employed to develop Mesenchymal
Stromal Cell (MSC)-derived exosomes loaded with paclitaxel [60]. MSCs have been shown
to possess innate tumor targeting abilities that successfully transfer to released exosome
vesicles. Furthermore, once loaded with an anti-cancer drug, MSC-derived exosomes
exhibited inhibited tumor growth, thus demonstrating the potential of this platform [60].
Recently, a new endogenous method to produce labeled exosomes, has been described by
Monopoli M.P. et al. This method allows the production of labeled exosomes presenting
endogenous fluorescent molecules, previously internalized by the cells. This approach can
be used also to produce drug-loaded exosomes [61].

Exosomes produced by many different cells have been explored for use in clinical
applications [62—64]. TD exosomes have gained the interest of many groups for delivery of
anticancer drugs [65] and for their use in immunotherapy [66]. The message contained in
TD exosomes can be used not only to exchange information among cells, but also as a
diagnostic and prognostic biomarker of cancer [67]. Taylor D.D. et al. have used the miRNA
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content of TD exosomes as a diagnostic biomarker of ovarian cancer [67], while Jin H. et al.
identified early diagnostic biomarkers of pancreatic cancer by using differential proteomic
analysis of TD exosomes [68]. A clear and complete characterization of the genomic and
proteomic content of TD exosomes is of crucial importance and many efforts have been
devoted toward this aim [69,70].

Moreover, exosomes can also be isolated from sources other than cells. Recently, it has been
revealed that bovine milk-derived exosomes contain mMRNAs and miRNAs [71-73].
Moreover, edible plant-derived exosomes are currently under investigation for their anti-
inflammatory and anti-cancer properties [74,75].

4- EXOSOMES-LIKE NANOCARRIERS

Despite the great potential of exosomes as delivery systems and the presence of clinical
trials on this platform, the lack of standardized protocols for the isolation of sufficient
quantities represents a major obstacle for their implementation [76]. To overcome this
obstacle, synthetic extracellular nanovesicles have been recently developed. These cell-
derived nanovesicles are made up of a lipid bilayer enriched with membrane-associated
proteins derived from cells of interest. They are produced mainly by using common
protocols developed for liposomes synthesis (Figure 3A) [10], thus allowing drug loading
which is not readily achievable in naturally purified exosomes. Moreover, synthetic
exosome-like nanocarriers offer excellent versatility for surface modifications with entire
cell membrane patches or with only a few selected membrane proteins crucial for specific
function and/or a targeting effect [22,77,78]. Using the thin layer evaporation method
commonly used for liposome synthesis, our group developed a protocol for the fabrication of
biomimetic exosome-like vesicles for targeting inflamed tissues [10]. These immune cell-
derived nanovesicles, called leukosomes, demonstrated a natural targeting ability of immune
cells toward inflamed tissues by preserving the topology of plasma membrane proteins.
Specifically, we demonstrated the successful implementation of critical adhesion proteins,
lymphocyte function-associated antigen 1 (LFA-1) and macrophage-1 antigen (Mac-1),
along with over 300 additional proteins involved in signaling, adhesion, immunity, and
transport into a lipid vesicle [79]. LFA-1 and Mac-1 have been shown to be responsible for
adhesion to intracellular adhesion molecule 1, a ligand for both proteins found on
endothelial cells [80]. We previously demonstrated when either LFA-1 or Mac-1 was
blocked on the particle surface, a significant reduction in endothelium accumulation was
observed [77].

Indeed, being synthetic nanovesicles, leukosomes were easily loaded with several types of
payloads with different chemical compositions, demonstrating the versatility of this platform
[10]. Leukosomes can also be used as an imaging tool of inflamed vasculature. Specifically,
leukosomes showcased superior accumulation in /n vivo models of breast cancer tumor and
vascular lesions (i.e. atherosclerotic plaque), demonstrating their potential for theranostic
drug delivery [81]. The leukosome’s membrane proteins, which have been characterized by
proteomic-based approaches [10,82], induce also the formation of a protein corona [83-85]
that is responsible for the prolonged circulation time of these nanovesicles when compared
to traditional liposomes [86]. In fact, when nanoparticles encounter biological fluids, they
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are rapidly encased in a layer of biomolecules, creating a crown around their surface [87].
This corona has been shown to alter the biological fate of nanoparticles, with a considerable
effect observed for active targeting applications [87]. Many studies have investigated the
composition, structural conformation and impact of the protein corona on cellular uptake,
targeting, cytotoxicity of inorganic and lipid nanoparticles (for a complete review, please
refer to references [85]).

Taken further, even less is known regarding the protein corona of extracellular vesicles (e.g.,
exosomes) and exosome-like nanovesicles. In theory, exosomes should not have any corona
other than specific receptors for their surface antigens. Exosome-like nanovesicles may or
may not have a protein corona according to the method/material employed for their
synthesis. To the best of our knowledge, our work on the protein corona of exosome-like
nanovesicles (i.e., leukosomes) represents the only such example in literature [88]. Our
synthesis process implied the use of phospholipids commonly used for liposomes. We found
many common proteins between the corona of liposomes and leukosomes. However, due to
the different impact of the corona on cellular uptake, we speculated that those proteins were
oriented differently between the two types of nanovesicles, thus stressing the importance of
considering not only the identity of proteins, but also their orientation in the corona [88]. We
envision that this interesting aspect of the protein corona of exosome-like nanovesicles, so
far not explored, will become of major interest very soon.

The exosome-like NPs can be easily modified to induce the over-expression of a specific
membrane protein before the membrane protein extraction. Using such approach, we
developed specialized leukosomes to selectively target the inflamed tissue in inflammatory
bowel disease (IBD) mouse model [88]. These exosome-like NPs, are immune cells-derived
nanovesicles doped with the integrin a4p7, responsible for the T-cells homing to inflamed
tissue in the gastrointestinal tract. Treatment of IBD mice with these specialized
nanovesicles unloaded (i.e. with no therapeutics) resulted in a reduction of inflammation and
in an enhanced intestinal repair thus showing an intrinsic anti-inflammatory action of the
a4f7 leukosomes [88].

With a different synthesis approach, Jang S.C. et al. have developed cell-derived
nanocarriers, coined as exosome-mimetic nanovesicles for targeted delivery of
chemotherapeutics to tumors [53]. In an effort to overcome the often difficult task of
obtaining sufficient exosomes from traditional cell culture methods, the authors produced
exosome-like nanovesicles by consecutive extrusion passages of cells through membrane
filters with diminishing size followed by density gradient ultracentrifugation (Figure 3B)
[53]. These immune cell-derived nanovesicles induced /n vitro death of TNF-a-stimulated
endothelial cell. Moreover, when loaded with chemotherapeutics and injected, these vesicles
exhibited a reduction in /n vivotumor growth, demonstrating the promise of a serial
extrusion approach to mitigate the potential insufficient number of exosomes obtained from
traditional methods Importantly, if the plasma membrane proteins are removed by
trypsinization, the nanovesicles lose their efficacy both /n vitro and in vivo, thus highlighting
the crucial role of plasma proteins [53]. More recently, exosome-like nanovesicles have been
obtained by microfluidic approaches which represent a novel and robust method to scale-up
the synthesis process [89].
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SURFACE MODIFICATIONS

Recent evidence indicated that changing the composition of the exosome surface permits
modifications to interactions between exosomes and targeted cells. Membrane-engineering
approaches represent a novel strategy for the development of advanced drug-carrier
exosomes. Alvarez-Erviti L. et al. transfected dendritic cells, isolated from mice, in order to
express the neuronal targeting ligand RVG coupled with the exosomal membrane protein
Lamp2b. The obtained exosomes demonstrated higher cargo delivery potential to the brain in
a mouse model, suggesting a possible application in the treatment of glioblastoma [90].
Ohno S.I. et al. engineered human embryonic kidney cells with a pDisplay vector encoding
for GE11 peptide [91]. Compared to epidermal growth factor (EGF), this ligand showed
comparable binding ability to the receptor (EGFR) but present less mitogenic and
neoangiogenic activity. To increase targeting efficacy and accumulation at tumor site, the
authors demonstrated exosomes purified from the transfected cells, express GE11 on their
membrane and present a higher ability to target EGFR-expressing breast cancer cells both /n
vitroand /n vivo compared to naturally purified exosomes [91]. Modification of the exosome
surface using tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), a so-called
“death receptor”, has also been shown to provide improved targeting potential in various
cancers [92]. Use of this ligand has been shown to induce apoptosis in tumor cells while not
effecting normal cells. However, the non-specific accumulation has led investigators to
investigate the incorporation of TRAIL into exosome-like vesicles. Evaluation of exosomes
enhanced with TRAIL was found to promote apoptosis in myeloma- and melanoma-based
tumors. Despite this, no significant effect on tumor volume was observed in vivo. Evaluation
of the treatment of lymphoma tumor-bearing mice showed similar signs of apoptosis /in
vitro, however, an opposite effect was observed /n vivo [93].

Next to the engineering of donor cells to produce ligand-conjugated or drug-loaded
exosomes, other techniques have been developed to improve the targeting ability of
exosomes by surface modification. Tian T. et al. developed an efficient method to conjugate
multiple functional ligands to the surface of exosomes pre-isolated from culture medium or
body fluids without affecting the exosome features or the bioactivity of the loaded cargo [40]
Through a “copper-free click chemistry” reaction the authors conjugated c(RGDyK) peptide
to the surface of exosomes derived from MSC [40]. Functionalized exosomes, delivering
curcumin, could target the ischemic brain region in a mouse model of cerebral artery
occlusion and reduce inflammation. Since c(RGDyK) is a recognized tumor-targeting
ligand, the use of these synthetic exosomes could be investigated as drug carriers in cancer
treatment. Another approach exploited the use of liposomes for the generation of synthetic
exosomes. Using this technique, Sato Y.T. et al. developed engineered hybrid exosomes by
fusing phospholipidic liposomes with tyrosin kinase receptor (HER2)-expressing exosomes
purified from HER2 expressing cells [56]. These results strongly imply that not all the
components of the exosome’s membrane are required for an efficient delivery to the target
cells, suggesting synthetic mimetic exosomes as promising candidates for a tailored anti-
cancer drug delivery approach.
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PROS AND CONS OF USING PURIFIED VS. SYNTHETIC EXOSOMES

TD exosomes mirror most of the molecular features of the tumor cells from which they
originate, making them the perfect biomarker and drug delivery tool for the diagnosis and
treatment of cancer. The low immunogenicity, negative surface charge and a surface protein
composition similar to cell membrane are all characteristics that help improve TD exosome
cellular internalization within target tumor cells. In addition, these features minimize
degradation and clearance by the immune system, contributing to reduced side effects. As
such, several attempts have been made in the use of TD exosomes as vehicles for small
bioactive molecules and chemotherapeutics, i.e. doxorubicin [94] and paclitaxel [60].
Nevertheless, growing evidence has demonstrated that TD exosomes support tumor growth,
progression and metastases formation. In non-small cell lung cancer [95], glioma [96] and
gastric cancer cell lines [97] TD exosomes have been shown to enhance the tumor
microenvironment resulting in cancer cell proliferation [98] and angiogenesis [99]. Harris
D.A. et al. have demonstrated in three different breast cancer cell lines that, according to the
cells of origin, exosomes promoted tumor cell invasiveness and metastatic potential through
the expression of adhesion molecules and proteases such as urokinase plasminogen activator,
vimentin, galectin 3-binding protein and annexin Al [100]. In addition, it has been
demonstrated that TD exosomes promote tumor escape from immune recognition. Indeed,
exosomes triggered apoptosis of activated cytotoxic T cells through expression of ligands
such as FASL, TRAIL and PSL2 [101], impaired dendritic cell differentiation from
monocytes, and suppressed lymphoid activation signaling molecules [69]. In melanoma
patients, Taylor D.D. et al. demonstrated that TD exosomes enhance the production of
myeloid-derived suppressor cells, which play a key role in immune system modulation
[102].

Conversely, synthetic exosomes produced by genetic modification of the exosome-producing
tumor cells represent a promising tool to achieve a higher antitumor immune response. The
expression induction of artificial neoantigens or neoepitopes on the surface of exosomes can
evoke anti-tumor recognition by immune cells. Koyama Y. et al. previously demonstrated
that early secretory antigen target-6 (ESAT-6) is a potent antigen able to induce immune
response. They produced ESAT-6 carrier exosomes from genetically modified tumor cells
and showed significant tumor growth reduction in mice treated with these exosomes [103].
A different approach has been exploited by Wang J. et al. [104]. These authors labeled donor
cell membranes with biotin and exposed them to a potent anti-neoplastic drug. After cell
functionalization with avidin, to improve the targeting efficiency, they obtained exosomes
expressing both biotin and avidin on the membrane surface and encapsulated with the drug.
These synthetic exosomes showed high target ability to tumor cells and receptor-mediated
cellular uptake.

The production of synthetic exosomes has yielded to overcome another important aspect in
the application of purified exosomes in cancer treatment. Indeed, although cells
continuously produce exosomes, the recovery is often too small especially for clinical
application [105]. To obtain the desired amount of material, it is necessary to begin with a
large number of initial cells and effectively quantity the cell media. Moreover, biological
fluids contain a mixture of exosomes produced by all a variety of cell types. Due to this
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aspect and the exosome’s small size, the processes of purification and isolation are still
challenging. To date several techniques have been developed to isolate and purify exosomes.
However, most of them require multiple, complicated and time-consuming steps of
ultracentrifugation and with a lack of specificity [40]. On the contrary, the production of
synthetic exosomes can be scaled up and the assembling process is easily controllable,
overcoming the difficulties of using naturally derived exosomes.

7- DELIVERY OF CHEMOTHERAPEUTICS

The ability of exosomes to enable intercellular communication through the transfer of
biological molecules to a variety of cells [106] and through the presentation of important
surface proteins [26] has led to significant efforts being made to investigate their potential as
a drug delivery vehicle. In particular, the use of exosomes in the treatment of cancer has
raised considerable interest due to their low toxicity and immunogenicity. In one instance,
exosomes were evaluated for their ability to shuttle chemotherapeutic doxorubicin to tumor
tissue [107]. In an effort to provide improved tumor targeting, murine immature dendritic
cells were transfected with an iIRGD peptide segment and collected by purifying cell
supernatant [107]. iRGD peptide was selected for its ability to readily binds to av integrins,
which are commonly overexpressed on tumor cells [107]. Next, following an
electroporation-mediated loading of doxorubicin into exosomes, the iRGD-modified
exosomes were found to significantly decrease cancer cell proliferation 24 h following
treatment with a rate closely matching free doxorubicin [107]. In this same study, a similar
observation was obtained following the treatment of a MDA-MB-231 tumor-bearing mouse
model. It was reported that iRGD-modified exosomes were able to decrease tumor growth
by ~3.5-fold compared to free doxorubicin or non-modified exosomes [107]. This strategy
demonstrates the improvement possible when exosome surface is functionalized with
peptides or other proteins.

Similar strategies employing dendritic cell-derived exosomes have been increasingly
explored due to their biocompatibility and have already begun to be investigated in early
phase clinical trials for cancer treatments [108-110]. To elaborate, assessment of exosomes
with and without granulocyte—macrophage colony-stimulating factor administered to 20
patients demonstrated the safety of exosomes as an immunotherapy tool for colorectal
cancer [108]. Exosomes were further proven to be suitable tools for cancer vaccines as
demonstrated in a phase | study that evaluated exosome usage in non-small cell lung
carcinomas [110]. In this study, exosomes containing MAGE antigens, commonly express in
a variety of cancers [111], were evaluated and found to serve as a feasible treatment option
for this disease. Nevertheless, although these clinical trials represent promising therapeutic
outcomes, further work is still needed to fully realize exosome’s potential in the treatment of
cancer-related diseases.

As described in Section 4, strategies aimed at significantly increasing exosome yield have
also been investigated. Specifically, Jang S.C. et al. devised a multi-tiered, serial extrusion
protocol to develop high-yield exosome-mimetic particles derived from monocytes (i.e.
U937 or RAW264.7 — Figure 3B) [53]. This resulted in an increase of total protein and
particle yielded by more than 100-fold compared to naturally-occurring exosomes (Figure
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4A). In addition, the use of a leukocyte cell source allowed for the ability to efficiently target
activated endothelium. When exosome-mimetic particles were loaded with doxorubicin, a
significant increase in cell death was achieved for activated endothelium /n vitro with over a
10-fold increase in cell-death compared to free doxorubicin (Figure 4C). Similar targeting
potential was reached when exosome-mimetic particles were used in the treatment of colon
carcinoma /n vivo. Specifically, it was exhibited that a 6-fold increase in potency was
achieved when doxorubicin was encapsulated in exosome-mimetic particles (Figure 4D)
[53].

Exosomes generated using brain endothelial and glioblastoma-astrocytoma cells (U-87)
were shown to also act as favorable drug delivery vehicles for model chemotherapies
doxorubicin and paclitaxel [112]. In particular, doxorubicin and paclitaxel-loaded exosomes
were found to inhibit /n vitro cell proliferation by up to 50%. In addition, encapsulation of
chemotherapeutic payload was found to primarily localize to the site of cancer in a zebrafish
model, resulting in minimal expression of tumor cells following treatment. Evaluation of this
technology with a xenotransplanted brain tumor model was found to inhibit expression of
cancer cells when vascular endothelial growth factor siRNA was delivered [113].

8- DELIVERY OF NUCLEIC ACIDS

Exosomes have also been shown to provide favorable properties for effective gene therapy.
Although viral vectors have shown considerable promise for gene therapy, their inherent
toxicity, infectivity, and immunogenic potential limit their function as cancer therapies

[114]. In a strategy to increase the efficacy of gene knockdown in a hepatocellular carcinoma
mouse model, Liang G. et al. modified the surface of exosomes with an Apo-A1/CD63
complex, a known target of scavenger receptor class B type 1 receptors, that has been shown
to be highly expressed in liver cancers [115]. Following encapsulation of miR-26a, a known
downregulated miRNA in liver cancer, a significant reduction in proliferation of HepG2 liver
carcinoma cells was observed. This was found to be attributed to the arrest of the cell cycle
at the G1 phase as a result of miR-26a delivery [115].

For targeted delivery of exosomes to the brain, exosomes were generated using dendritic
cells modified to express the exosome membrane protein Lamp2b fused with the neuron-
specific rabies viral glycoprotein (RVG) peptide [115] or a muscle-specific peptide. This
was found to result in an effective delivery strategy that could be exploited in the delivery of
SiRNA to the brain [90], a site that is traditionally challenging to target. To demonstrate the
exosome targeting potential, murine muscle (C2C12) and neuronal (Neuro2A) cells were
evaluated for their ability to bind MSP- and RVG-modified exosomes, respectively. It was
reported that the exosome-mediated delivery was peptide-dependent and performed similar
to transfection reagents. More so, exosomes displayed minimal nonspecific uptake in vivo
with significant knockdown of being reported in the brain of RVG exosome-treated mice
[90].

Using a similar strategy to combat morphine addiction, exosomes were modified with the
RVG peptide to localize delivery of siRNA to the brain [116,117]. To generate peptide-
expressing exosomes, RVG peptide and opioid receptor Mu siRNA were co-transfected into
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kidney cells and collected 48 h later. RVG exosomes were found to effectively target neuron
cells expressing the RVG peptide receptor, indicating its promise as a targeting tool. Similar
efficacy was observed /n vivo with modified exosomes displaying the ability to effectively
overcome the blood brain barrier and deliver biological cargo into neural cells. Specifically,
it was reported that RVG-modified exosomes were able to significantly reduce MOR mRNA
and protein levels, when siRNA was encapsulated into exosomes.

Targeting of exosomes to EGFR, expressed on a number of human tumors, was achieved
similarly by incorporation of GE11 (i.e., EGFR peptide) into kidney cells (Figure 5) [91].
Following a purification step, GE11 or EGF-expressing exosomes were found to
preferentially bind to EGFR-positive cells including HCC70 and MCF-7 cells. Targeting
ability was further assessed in an /n vivo system and displayed tumor-specific targeting with
significant accumulation observed for GE11-positive exosomes compared to control (Figure
5C). Delivery of a miRNA payload was also found to be enhanced when incorporated within
the GE11-expressing exosome, demonstrating exosome’s effectiveness as a drug delivery
vehicle for biological cargo (Figure 5D).

The exogenous loading of siRNA into exosome-mimetic nanovesicles through
electroporation, as a method to optimize encapsulation, has also been explored and found to
protect the biological cargo [118]. This method was employed to knockdown c-Myc in a
lymphoma cell line and to evaluate the feasibility of an exosome-mimetic delivery system.
Interestingly, it was reported that sShRNA incorporated within the nanovesicle were
successfully internalized by the recipient cells similar to exosomes, resulted in the
downregulation of c-Myc [118].

Exosomes have also been explored for their ability to deliver anti-miRNA to minimize the
expression of drug resistant genes. In one case, the loading of anti-miR-214, a miRNA that
correlates with multiple drug resistance, was loaded into exosomes and evaluated for its
ability to prevent drug resistance in gastric cancer [119]. This analysis revealed delivery of
an anti-miRNA for drug resistance resulted in a significant inhibition of gastric tumor
growth when cisplatin co-administered every 4t day. This provides considerable promise in
the ability of exosomes to serve as rational delivery agents for biological cargos while
displaying biocompatibility with minimal immunogenic response.

9- CONCLUSIONS

The conventional drug treatment of cancer exhibits several limitations, including reduced
specificity of the target and consequently, low therapeutic index and the presence of adverse
side effects. The main obstacles to achieve an efficacious therapeutic dose at the tumor site
often include various biological barriers and molecular characteristics of the therapy
employed. Previously, nanotechnology has made great progress in drug delivery to overcome
these issues although more effort is still necessary to improve NP characteristics to obtain an
efficient therapeutic effect. Exosomes represent a promising alternative to standard NPs,
owing to their intrinsic advantageous features for drug delivery. In particular, they have
showcased prolonged circulation time, reduced clearance levels and an ability to protect
payloads from degradation or inactivation. Exosomes-like NPs have been studied for the
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delivery of a variety of payloads demonstrating favorable chemotherapeutic delivery and
nucleic acid delivery (e.g. miRNA, shRNA). In addition, modification of the molecular
composition of exosomes has been employed to improve the translational impact of
exosomes. Surface modifications allow for specific recognition of the target and the
achievement of increased potency for therapies at the site of disease. Nevertheless, while
exosomes provide a variety of desirable traits for drug delivery, further work is still required.
As described in this review, TD exosomes offer a variety of promising characteristics but as
with exosome extraction, yield continues to remain a significant hurdle. As such, a variety of
methods have been explored to develop exosome-like vesicles that maintain similar
characteristics of TD exosomes or cell-derived exosomes. For example, discussed herein, we
demonstrated the use of serial extrusion as a method for developing exosome-like vesicles
with greater yield. This method incorporates key proteins into the vesicle surface,
maintaining key properties of exosome function (e.g., targeting). However, while both
methods demonstrate promise, further investigations are still necessary to improve exosomes
properties to more effectively target and penetrate solid tumors, providing efficacious
therapeutic doses and making exosomes a player in the clinic. In conclusion, we claim that
exosomes have offered new possibilities in cancer treatment; in fact, they can potentially
serve as drug delivery vehicles. In our point of view, exosomes will reasonably be employed
for the design of innovative treatments to potentially enable translation into the clinic, but
first issues into exosomes purification and/or synthesis, stabilization and loading must be
addressed.
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RVG Rabies viral glycoprotein
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TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
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Figure 1. Exosomes biogenesis.
Schematic representation of the origin and release of exosomes. Exosomes originate by the

fusion of intracellular vesicles and early endosomes, heading to the origin of MVBs. MVBs
can either fuse with lysosomes or with the membrane ending to the release of their content.
There are other types of vesicles that are generated directly from the plasma membrane:
microvesicles.
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Figure 2. Exosomesrolein chemoresistance.
Schematic representation of exosomes role in drug resistance acquisition. Exosomes can

contribute to drug resistance by actively exporting drugs out of the cells transferring drug
efflux pumps or delivering molecules (i.e. miRNA and prosurvival proteins) to sensitive
recipient cells. Particularly, exosomes released by drug-resistant cells expressed high level of
P-gp and are able to transfer P-gp to sensitive cells [37]. Moreover, exosomes containing
miRNA expelled from drug-resistant cells can modify chemo-sensitivity in recipient cells by
modulating cell cycle distribution and drug-induced apoptosis [37].
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Figure 3. Approachesfor synthesis of exosome-like nanovesicles.
A. Schematic of synthesis of leukosomes: synthetic extracellular nanovesicles composed by

a lipid bilayer enriched with membrane-associated proteins derived from leukocyte. B.
Exosome-like nanovesicles obtained by consecutive extrusion passages of cells through
membrane filters with diminishing size, followed by density gradient ultracentrifugation.
Adapted with permissions from ref [10] A, and [53] B.
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Figure 4. Evaluation of chemother apy-loaded exosome nanoparticles.
A. Total particle yield of exosome-mimetic nanovesicles (NV) and exosomes (EXO) derived

from 1 x 107 total cells. B. Cryo-transmission electron micrographs depicting NV with and
without doxorubicin (DOX). C. Evaluation of TNF-a-activated HUVEC proliferation
following treatment with varying doses of DOX-loaded NV. D. Tumor growth following
administration of NV and NV containing DOX (2 pg or 10 pg). Reprint with permissions

from ref [53].
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Figure 5. EGFR-mediated exosome delivery of miRNA.
A. Electron microscope images depicting the presence of GE11 and EGF on the exosome

surface. B. Confocal microscope images depicting PKH67 dye-loaded exosomes (green)
internalized within HCC70 human breast cancer cells. C. /n vivo imaging comparing normal
exosome and GE11-modified exosomes accumulation within a human breast cancer tumor-
bearing mouse model. D. Antitumor effect 4 week following post-administration of let7a
miRNA-containing exosomes. Reprint with permission from ref [91].
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