Extracellular Vesicles in Cancer Nanomedicine | Encyclopedia.pub

Extracellular Vesicles in Cancer Nanomedicine

Subjects: Medicine, General & Internal

Contributor: Valentina Cauda

Fast diagnosis and more efficient therapies for cancer surely represent one of the huge tasks for the worldwide
researchers’ and clinicians’ community. In the last two decades, our understanding of the biology and molecular
pathology of cancer mechanisms, coupled with the continuous development of the material science and

technological compounds, have successfully improved nanomedicine applications in oncology.

extracellular vesicles exosomes chemico-physical functionalization loading cancer

nanomedicine translational medicine nanotechnology: bioengineering

| 1. Introduction

The latest literature reports underline that extracellular vesicles (EVs), released by prokaryotic and eukaryotes cells
into the extracellular surroundings, are the main drivers of the intracellular communication, not only in physiological
but also under pathological conditions LIZIEBIAIBIEIIBIE],

The International Society for Extracellular Vesicles (ISEV) defines EVs generally as lipid bilayer-delimited particles
released from cells and unable to replicate 19, Agreement has not yet been reached on the specific markers for
defining EVs subtypes, such as exosomes and ectosomes, originated from the endosome and the plasma
membrane, respectively. Researchers are advised to contemplate the use of operational terms for EV subtype
definition, referring to EVs’ physical characteristics such as size (<100 nm for “small EVs”, and > 200 nm for
“medium/large EVSs”), density, biochemical composition (tetraspanin/Annexin presence, etc.) and reference to
condition or tissue/cell biogenesis (podocyte EVs, cardiosomes and prosatosomes, large oncosomes, apoptotic
bodies) LAL1I2 \ore in general, referring to their dimension and biogenesis’ mechanisms, EVs can be grouped

into three broad categories: apoptotic bodies, ectosomes and exosomes 13124],

Apoptotic bodies (ApoBDs) are typically 1-5um EVs released as cells’ blebs during the apoptotic process. They
contain cytoplasm, organelles and often also nuclear fragment, lipids, proteins 2 and a high amounts of

phosphatidylserine 181,

Ectosomes and exosomes formation rests on confined microdomains assembled in the plasma membrane for
ectosomes and in the endocytic membrane system for exosomes 7. Ectosomes (100-500 nm diameter) are
larger than exosomes (30—-150 nm diameter) and both their cargoes and membranes composition partially differ
from each other. Exosomes originate from the endosomal compartment inside multivesicular bodies and they are

released by the fusion with the plasma membrane. Exosomes’ membranes are rich in tetraspanins (CD9, CD63,
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CD81, CD82 and CD151) 18 sphingomyelin, cholesterol 22 and adhesion molecule (ICAM-1), while the

ectosomes’ ones are characterized by plentiful of glycoproteins, receptors and metallo proteinases 171291,

Oncosomes are exceptionally large ectosomes, typical of advanced cancers containing active molecules involved

in the metabolic pathways promoting tumoral cell survival and growth [21],

Starting from the key role that the tumor microenvironment plays in cancer establishment and progression, it is
easy to understand how the EVs have an active part in influencing processes as pre-metastatic niche

development, oncogenic transfer, and immune modulation 2211231,

Tumor-derived EVs, by carrying chemokines, are able to induce white blood cells’ chemotactic response [24],
Tumor-derived exosomes promote inflammation compromising natural immunity and reprogramming T cells 23],
while ApoBDs join in the horizontal oncogenes transfer thanks to the nuclear material that comes out from the

dying cells by which they were produced 28],

Since EVs have an active role in the tumoral intercellular communication and signal transduction systems, it

spontaneously comes out to consider their applications as biomarkers and therapeutic agents in oncology.

It actually results very interesting to observe how an advanced Web of Science search (carried out on the 26th
September 2019 at the all databases level) for the terms ‘extracellular vesicles cancer’ and ‘extracellular vesicles
cancer nanomedicine’ has clearly shown an incredible increase in the number of publications in the last five years
(Figure 1). A further more detailed analysis was carried out on these results and considered the percentages of the
papers’ distribution in the various research areas. It revealed that, by adding the term ‘nanomedicine’ to the query,
the percentage of papers in the section ‘Science technology other topics’ increases from the 25% to the 85%, thus

demonstrating the current interdisciplinary research trend of this topic.
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Figure 1. Results coming out from a Web of Science search carried out on the 26th September 2019, at the all
databases level, for the terms ‘extracellular vesicles cancer’ (upper panel) and ‘extracellular vesicles cancer

nanomedicine’ (lower panel).

Current trends refer to EVs as successfully non-invasive diagnostic and prognostic biomarkers: actually their
membrane proteins, their lipid fingerprint (reflecting the protein and lipidic content of the parent cells at the moment

of their formation) and micro RNA load can be easily screened in blood, urine and in other biological fluids [29(2€]
21,

Regarding EVs’ application as cancer therapeutics, it basically differs from conventional approaches, i.e., molecular
targeting drugs and chemotherapy. Referring to native EVs, a huge number of in vivo and in vitro studies have
been reported [28129][301[31](32](33][34] | details, three main approaches in cancer treatment through native EVs can
be identified: the inhibition of EVs production [B2IB8I37] the eradication of circulating EVs, and finally the reduction
of EV uptake [281[39],

EVs are usually biocompatible, low immunogenic and non-cytotoxic, with a high loading ability, long life span in
circulation and the capacity to cross barriers, i.e., the cytoplasmic and the blood brain barriers, making them
suitable for drug delivery applications 4941 Furthermore, EVs are internalized 10 times more than liposomes of

similar size in cancer cells, showing a higher specificity towards tumoral cells 42 and, thanks to their dimensions,
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they can also exploit the enhanced retention and permeability effect to accumulate in the cancerous tissues and
reach easily the bulk of a solid tumor 3], The research on EVs is making great strides in cancer medicine and

there are already 136 clinical trials on exosomes and 36 on EVs listed on “www.clinicaltrials.gov” both for therapy

and diagnosis. Given these premises, EVs can be considered promising tools for the development of new
engineered devices for therapeutic and diagnostic applications. Starting from scalable, reproducible and well
standardized EVs isolation procedures, it is possible to obtain highly purified products ready for further
microscopic, immunological characterizations or for cryopreservation treatments able to guarantee the stability and
integrity necessary for long-term storage or subsequent modifications. Otherwise, these modifications can be
carried out directly by engineering the parent cells before the isolation, to obtain already loaded or functionalized
EVs (Figure 2).

Chemico-physical Biological
functionalization functionalization

Figure 2. Schematic view of the flow of the different steps concerning the direct and indirect engineering of

extracellular vesicles (EVs) for cancer diagnosis and therapy applications.

2. EVs’ Indirect Nanotechnological Modification through
Parent Cells’ Engineering
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A frequently applied method to modify EVs in vitro, i.e., loading cargo molecules or accomplishing membrane
functionalization, is through the engineering of parent cells. Cell engineering methods, such as genetic and
metabolic modification and exogenous delivery, can alter the surface expression and cargo content of newly-

produced EVs and thus enhance their biocompatibility, targeting and therapeutic abilities 24!,

2.1. Indirect Surface Functionalization

EVs’ membrane is a complex structure constituted by phospholipids and membrane proteins. Since the membrane
is the first point of contact with the cell, tuning its composition strongly improves the targeting ability and enhances
the therapeutic ability of EVs 431,

This approach can be employed for the non-invasive monitoring of EVs in vivo exploiting the fluorescence of some
binding molecules. Molecular imaging allows a quantification of the EVs biodistribution and, eventually, a
therapeutic effect over the time. For instance, pancreatic cell lines that stably expresses the green fluorescent
protein (GFP) linked to CD63 can produce exosomes consistently positive to GFP [“8l47148] Another effective
labelling strategy for EVs is the incorporation of an azido-sugar in the glycans through a combined metabolic
glycan labelling click chemistry reaction. Tetraacetylated N-azidoacetyl-D-mannosamine (Ac4ManNAz) is placed in
culture with the parent cells, spontaneously incorporated into glycans and uniformly redistributed on their EVs. The
azido-EVs are then labeled with azadibenzylcyclooctyne (ADIBO)-fluorescent dyes by a bioorthogonal click
reaction 42, Exploiting the principle of bioluminescence for tracking EVs, in vivo Gaussian Luciferase (Gluc) is
linked to a transmembrane domain of a platelet-derived growth factor receptor BYBL or a lactadherin B2I53l Gluc
is the only naturally-produced luciferase that can emit flash of bioluminescence in the presence of oxygen as
cofactor for the reaction. After the engineering of parent cells with Gluc, the produced EVs are extracted and, when
administered systemically, they can be tracked in vivo thanks to their bioluminescence BYBI The cellular
transgene expression into the parent cell allows the expression of the candidate protein or peptide in the released
EVs. The coding sequence of the desired ligand is inserted by a gene transfer vector (i.e., lentivirus) between the
signal peptide and the N-terminus of the mature peptide of a transmembrane protein. In this way, the parent cells
can generate EVs with the peptide of interest on their surface [44. The candidate protein or peptide, after the
transfection in the parent cells, fuses with EVs membrane proteins such as Lamp2b and tetraspanins CD63 and
CD9 ¥3l thus the produced EVs display the just-engineered molecule on their surface. For instance, dendritic cells
can be engineered to express a protein composed by Lamp2b and av integrin-specific iRGD peptide in order to
secrete iIRGD peptide-EVs. This functionalization considerably increases the delivery of doxorubicin to av integrin-
positive breast cancer cells in vitro 4. The transfection can occur by using plasmid vectors. A plasmid vector
encoding streptavidin (which binds to biotin with high affinity) and lactadherin (an exosome-tropic protein) fusion
protein allow to obtain streptavidin-lactadherin-modified exosomes that are mixed with the biotinylated pH-sensitive
fusogenic GALA peptide exerting a lytic activity in acid environment B2l Lentiviral vector bearing LAMP2b-
Designed ankyrin repeat protein (DARPin) G3 chimeric gene or herpes simplex virus with plasmid pACgp67B-
HER2m, containing the anti-human epidermal growth factor receptor 2 (HER2) scFv (ML39) antibody DNA
sequence, are used to engineer HEK-293T cells. EVs isolated from transfected cells can bind specifically to

HER2/Neu in adenocarcinoma cell lines B8EZ, Human carcinoembryonic antigen or human HER2/neu can be also
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inserted into the mouse lactadherin expression plasmid pemLC1C2 and transfected into dendritic cells, enhancing
the production of functionalized EVs to target breast cancer cells 8. Similarly, prostate-specific antigen and
prostatic acid phosphatase linked to the C1C2 domain of lactadherin produce EVs that specifically target prostate
cancer cells B2, |n another study, an anti-epidermal growth factor receptor (EGFR) nanobodies with anchor signal
peptide glycosylphosphatidylinositol (GPI) fusion protein are transfected to parent cells in order to generate EVs

with this functionalization. These EVs show a significantly improved targeting ability towards EGFR-positive tumor
cells (69,

An alternative strategy is the hydrophobic insertion used to functionalize the EVS’ membranes by exploiting the
phospholipid composition of plasma membranes. Amphiphilic molecule DSPE-PEG, FDA approved for medical
applications, can self-assemble in the phospholipid bilayer 611, Based on this consideration, if DSPE-PEG is bound
to the molecule of interest, it can be incorporated inside the cell membrane, making it overexpresses the molecule
on its surface and producing EVs with the desired functionalization. The most frequently used molecules are biotin
and folate: the first one binds selectively with streptavidin, used for further functionalization, and the second one
targets specific cancer cells 82631641651 |n addition to folate, also other binding sites can be created on EVs using

this approach, for example by adding the RGD sequence or sulfhydryl groups (€8],

A summary of EVs ‘surface functionalization nanotechnological modification through parent cells’ engineering with

the related bibliographic references is reported in Table 1.

Table 1. EVs' Surface functionalization by parent cells’ engineering.

EVs Type Nanotechnological Modification Application Reference

Exosomes from Ac4ManNAz labeled with ADIBO- . . 49]

Breast cancer imaging
breast cancer fluorescent dyes

Exosomes from 53]
melanoma

Exosomes from . . Biodistribution and tumor [50][51]
HEK 293T Gaussian Luciferase targeting

Exosomes from 52]
melanoma

Exosomes from Biodistribution and tumor 51]

HEK 293T Alexa Fluor 680-Streptavidin

targeting
Monitoring and tracking of [46][47][48]
GFP exosomes uptake in [67]
different types of cancer

Exosomes from
different cell lines

EVs from HEK Palmitoylation signal genetically fused in- Monitoring the uptake by [68]
293T frame to the N terminus of enhanced green cancer cells

https://encyclopedia.pub/entry/13476 6/22



Extracellular Vesicles in Cancer Nanomedicine | Encyclopedia.pub

EVs Type Nanotechnological Modification Application Reference
fluorescence protein (EGFP) and tandem
dimer Tomato (tdTomato)
Arginyl—glycyl-aspartic acid (RGD)-
Exosomes from functionalized DSPE-PEG (DSPE-PEG- Targeting Hela cells [66]
macrophage RGD), sulfhydryl-functionalized DSPE-PEG geting
(DSPE-PEG-SH) and folic acid
EVs from Targeting breast cancer for
squamous cell DSPE-PEG-Biotin and folate g 9 . (631
. diagnosis and therapy
carcinoma
Exosomes from DSPE-PEG-biotin Targeting hgpatocellular [65]
HUVEC carcinoma
EVs from DSPE-PEG-Biotin and folate Targeting Hela cells (62
macrophage
EVs from HUVEC DSPE-PEG-Biotin Targeting melanoma (64]
Targeting HER-2 over-
Exosomes from DARPIns expressing cancer cells_ [56]
HEK 293T (breast, ovarian and gastric
cancers)
Exosomes from . . Inhibit the growth of HER2 57]
HEK 293 Anti-HER2 scFv antibody (ML39) positive breast cancer
Exosomes from Streptavidin-lactadherin fusion protein
. linked with biotinylated pH-sensitive Cancer immunotherapy (5]
murine melanoma i )
fusogenic GALA peptide
Extracellular
v_eS|cIes from Anti-EGFR fused tq GPI anchor signal Targeting of Hela cells [60]
murine neural stem peptides
cells
Exosor.n.es from Lamp2b fuged with '|RGD (CRGDKQPDC) Targeting breast cancer [54]
dendritic cells targeting peptide for av integrin
Exosomes from Carcinoembryonic antigen or HER2 linked . (58]
dendritic cells to the C1C2 domain of lactadherin Targeting breast cancer
Prostate-specific antigen, and prostatic acid
Exosomes from . [59]
HEK 293F cells phosphatase Targeting prostate cancer
linked to the C1C2 domain of lactadherin
: . R In vivo fibrosarcoma. More
Exosomes from Chicken egg ovalbumin by fusing it to the [69][70]

fibrosarcoma cells

C1C2 domain of the lactadherin

efficient antitumor immune
response

2.2. Indirect Loading

Genetically engineered parent cells allow the production of pre-loaded EVs. This approach enhances the loading

efficiency of molecules inside the EVs compared to the post-isolation techniques, minimizing the impairment of the
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EVs Type Nanotechnological Modification (721 Application Reference | ccessful

C1C2 ddrgiidlof lactadherin is fused4a ntal cells.
soluble proteins or extracellular domain of

E f - [ee]
L XOdS(.Jt.meS ”r?m membrane proteins G_entetrate ar;)t.lbodleks (74 yrate EVs
endritic cell line [76]77] against tumor biomarkers its high
Transmembrane protein HLA-A2 2 [45] Loading

proteins inside the EVs can be accomplished by transfecting the parent cell with a vector containing the gene
GFieREBdRRRNGC dPEARZ AW TPRIKREY EhaBleab) 2he transfected gene are synthesized by the cells and then
secreted enveloped in EVs. Despite the apparent simplicity of this approach, many aspects need to be considered.
The expression of cytotoxic proteins can inhibit the growth of the parent cells or induce their apoptosis.

Furthermore, impaired biological reactions and interactions can obstacle the production of EVs ability (49,

Viruses are often used for the transfection of genetic materials or molecules inside the parent cells in vitro.
Different kind of viruses are employed, but the most used is lentivirus because of its transfection ability and safety.
Generally, the transfection of parent cells has the aim to overexpress a particular therapeutic or anticancer
molecule in order to secrete it as enveloped inside EVs. For example, EVs-enriched human MUC1 (hMUC1)
injected intra-dermally suppress the growth of h(MUC1-expressing tumor 8. Similarly, tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL), a widely tested anticancer protein, causes the apoptosis of transformed
or tumoral cells, but not of the normal ones. Due to its therapeutic efficacy, it has been encapsulated in EVs to
overcome the shortcomings of a poor pharmacokinetic profile and the tumor resistance to drug 28I Target
proteins can also be delivered inside the parent cell by fusion with constitutive proteins of EVs, such as CD63, to
improve the specificity of the protein loaded inside EVs [8ll. Nef/E7 DNA vector expressing Nef exosome-anchoring
protein combined with HPV-E7 is delivered to parent cells to make them able to generate immunogenic EVs
containing the Nef-E7 fusion protein to elicit an efficient anti-E7 cytotoxic T lymphocyte immune response for
cancer therapy 2. Another strategy to incorporate proteins of interest inside EVs is pseudotyping, which packages
viral RNAs or DNAs with the envelope proteins from another virus. The G glycoprotein of the vesicular stomatitis
virus glycoprotein (VSVG) is frequently used for this purpose because of its efficacy in transduction and broad
tropism. The selected protein is fused with VSVG and transfected into different parent cell lines [2l. This method
can be further developed by adding to VSVG cell-recognizing peptides for targeting or engineered therapeutic
antibodies, such as anti-CD19 chimeric antigen receptors, that target specific suppressors of cytotoxic T cells for
cancer therapy 4. A novel method, called EXPLORs (exosomes for protein loading via optically reversible protein-
protein interactions), allows the loading of cargo proteins inside EVs through endogenous biogenesis processes,
delivering soluble proteins into the cytosol via controlled, reversible protein-protein interactions. For this purpose, a
photoreceptor cryptochrome 2 (CRY2) and CRY-interacting basic-helix-loop-helix 1 (CIB1) protein module, which
regulates the floral initiation of Arabidopsis thaliana via blue light-dependent phosphorylation, are selected. Then, a
transient docking of CRY2-conjugated cargo proteins is induced by introducing CIBN (a truncated version of CIB1)
conjugated with an exosome-associated tetraspanin protein CD9 and by blue light illumination. After the release of
the EVs with the cargo proteins linked to tetraspanins from the parent cell, they can be detached from CD9-

conjugated CIBN by the removal of the illumination source, releasing them into the intraluminal space of the EVs
s8],
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The strategies described above to load EVs with proteins by engineering of the parent cells can be applied also in
the case of nucleic acids. For instance, to reverse the chemoresistance to cisplatin-refractory gastric cancer,
human embryonic kidney 293T (HEK-293T) cells are transfected with anti-miR-214 and the produced vesicles are
administered systemically in combination with cisplatin, injected intraperitoneally, to overcome the in vitro and in
vivo drug-resistance 8. EVs produced by miR-134 or anti-miR-21 transfected mammary carcinoma cells have the
ability to reduce the cellular proliferation and migration and to enhance the apoptosis in breast cancers Z8E7, miR-
122 is essential to tune the chemosensitivity of hepatocellular carcinoma cells. lts effective delivery is
accomplished by transfecting adipose-derived mesenchymal stem cells in order to produce EVs already loaded
with miR-122 B8, EVs from mesenchymal stem cells transfected with miR-146b expressing plasmid silence the
EGFR and significantly decrease glioma growth B2 while EVs loaded with miR-143 inhibit the migration ability of
osteosarcoma cells 29, Mesenchymal stem cells can be loaded with anti-miR-9 to produce anti-miR-9 EVs. Anti-
miR-9 delivered to cancer cells can reverse the expression of P-glycoprotein, involved in the chemoresistance, to
enhance the efficacy of the temozolomide in otherwise resistant glioblastomas 2. HEK-293T cell line can be
genetically engineered to overexpress a suicide gene mRNA and protein-cytosine deaminase fused to uracil
phosphoribosyltransferase in their microvesicles. They can transfer the therapeutic mRNA/protein to schwannoma
cancer cells, achieving the inhibition of tumor growth 22l Prostate cancer cell line is incubated with spherical
nucleic acids (SNA), which are a new type of therapeutic agent composed by a core of gold nanoparticle with a
dense shell of highly oriented nucleotides. The secreted EVs display a potent gene knockdown, when internalized
in cancer cell, due to the presence of the anti-miR-21 8. EVs overexpressing hepatocyte growth factor (HGF)
siRNA drastically reduced HGF and vascular endothelial growth factor (VEGF) expression in gastric cancer 23,
EVs delivery of siRNA against RAD51 and RAD52 causes an inhibition of proliferation and a massive reproductive

cell death in human breast cancer cells [£4],

The previously described method EXPLOR can be also used for the encapsulation of peptides inside cells, in
particular of miR-21 sponges inside HEK-293T cells. The EVs produced are then loaded with this nucleic acid,
which is an inhibitor of miR-21, overexpressed in most cancer types, and reduces the tumor progression and
metastasis. After the collection of EVs loaded with miR-21 sponges, EVs are functionalized with cholesterol-AS411
aptamers exploiting the interaction with lipids of EVs’ membrane. The expression of AS1411 on EVs allows the
targeting of leukemia cells for the interaction with nucleolin, overexpressed by these cancer lines. miR-21 sponges

can inhibit miR-21 functions, triggering leukemia cells’ apoptosis 23,

Engineering the donor cells in order to make them produce already loaded EVs is possible also in the case of
chemotherapeutic drugs and nanoparticles, as resumed in Table 2. For example, mesenchymal stromal cells are
cultured for 24 h with paclitaxel and, after a change of media, cells are left to produce EVs with Paclitaxel for 48 h.
These EVs can be used in the treatment of human pancreatic adenocarcinoma and they demonstrate a strong
antiproliferative activity [28. A melanoma cell line is engineered to produced EVs loaded with both survivin T34A
and gemcitabine. Loaded EVs are collected and administered to pancreatic adenocarcinoma cells. The presence
of survivin-T34A, which targets and inhibits survivin, an inhibitor of apoptosis, enhances the toxic effect of the
Gemcitabine with lower dosages 7. Different cell lines are incubated with methotrexate or doxorubicin and then

irradiated with ultraviolet light to induce cells apoptosis. The produced ApoBDs, as delivery vehicles of
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chemotherapeutic drugs, exert a strong cytotoxic effect and inhibit the drug efflux from cancer cells 28], A hybrid
approach between drugs and nanoparticles involves the co-incubation of macrophages with both iron oxide NPs
and a photosensitizer called m-THPC. The produced EVs containing both the two cargoes stabilize the strong
hydrophobic photosensitizer drug and are injected into a mouse model. The drug allows the photodynamic therapy
on cancer cells, while nanoparticles, responsive to magnetic fields, can be tracked with magnetic resonance
imaging and used for hyperthermia treatments 2. A further experiment, carried out by the previous research
groups, besides the iron oxide nanoparticles, includes also a chemotherapeutic agent (doxorubicin), tissue-
plasminogen activator (t-PA) and two photosensitizers (disulfonated tetraphenylchlorin-TPCS2a and 5,10,15,20-
tetra(m-hydroxyphenyl)chlorin-mTHPC) to better enhance the antitumor ability of the produced EVs 29 The
delivery of compounds to parent cells can be difficult, especially in presence of hydrophobic molecules. For this
reason, in the case of the hydrophobic photosensitizer zinc phthalocyanine, it is encapsulated in liposomes and
they are used to treat the parent cells. The hydrophobic compound is secreted from the parent cells by
incorporation in the EVs and then transferred to adjacent cells. This approach allows to significantly penetrates
spheroids and in vivo solid tumors, enhancing the efficacy of the therapy [2%L. The same procedure can be followed
also for other molecule, both hydrophobic or hydrophilic, including fluorophores such as 1,1'-dioctadecyl-3,3,3",3'-
tetramethylindodicarbocyanine perchlorate (DiD) and carboxy-fluorescein, drugs (paclitaxel and tirapazamine),
lipids and bio-orthogonal chemicals [292. A similar approach is used also to incorporate nanoparticles inside EVs.
Hollow-gold nanopatrticles were shielded with a PEG functionalization and then incubated with human placental
mesenchymal stem cells. After the uptake, the cells produced EVs loaded with hollow-gold nanoparticles. These

EVs allowed to track the cell-cell communication and also perform the optical hyperthermia for cancer therapy 1921,

Table 2. Nanotechnological modification of EVs’ loading through parent cell engineering.

EVs Type Nanotechnological Modification Application Reference
Human placental Hyperthermia therapy
mesenchymal stem Hollow gold NPs against different type of [103]
cells cancer
Exosomes from Porous silicon NPs loaded with Decrease_d the expressmn o
hepatocellular . of multidrug-resistant
. doxorubicin . .
carcinoma protein P-glycoprotein
EVs from
mesenchymal stem SPIONs Therapy against leukemia [105]
cells
. - Phototoxicity against
Iron oxide NPs and clinical .
EVs from HUVEC iy prostate adenocarcinoma [106]
photosensitizer (Foscan)
cells
_Extracellular Iron oxide nanoparticles and m-THPC Thergnostlc gpproach [99]
vesicles from human against cervical and

macrophages

photosensitizer

prostate cancer
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EVs Type

Microvesicles from
different cancer cell
lines

Microvesicles from
human
macrophages

Exosomes from
mesenchyme
stromal cells

Exosomes from
melanoma cell line

Apoptotic bodies
from tumoral cells

Exosomes from
breast cancer

Exosomes from
HEK 293

Exosomes from
HEK 293T

Extracellular
vesicles from breast
cancer

Exosomes from
HEK 293T

Exosomes from
prostate cancer cells

Exosomes from
mammary
carcinomas

Exosomes from
mesenchyme stem
cells

Exosomes from
mesenchymal stem
cells

Nanotechnological Modification

A hydrophobic photosensitizer zinc
phthalocyanine encapsulated in
liposomes

Doxorubicin, tissue-plasminogen

activator and two photosensitizers

Paclitaxel

Survivin-T34A and Gemcitabine

Doxorubicin or Metotrexate

Curcumin

P53 gene

miR-21 sponges

Anti-miR-21

Inhibitor of miR-214

Anti-miR-21 spherical nucleic acid

miR-134

miR-122

miR-143

Application

Photodynamic therapy for
different cancer cell lines

Targeting and therapy of
ovarian and prostate
cancers

Treatment of pancreatic
cancer

Treatment of pancreatic
adenocarcinoma

Tumor cells killing with
reduce side effects

Reverse inhibition of NK
cell tumor cytotoxicity in

breast cancer

Transfer p53 gene to p53-
deficient cells

Therapy for leukemia cells

Theranostic method for
breast cancer

Reverse chemoresistance

to cisplatin in gastric cancer

Prostate cancer

Increase sensitivity of
breast cancers to
chemotherapeutic drugs

Increase sensitivity of

hepatocellular carcinoma to

chemotherapeutic drugs

Inhibit migration of
osteosarcoma cells

Reference

101

100

[97]

(98]
NCT01854866

107

108
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EVs Type Nanotechnological Modification Application Reference
Exosomes from Increase sensitivity of
mesenchymal stem anti-miR-9 glioblastoma multiforme to 1
cells chemotherapeutic drugs
Exosomes from
mesenchyme stem miR-146b Inhibit glioma growth 9]
cells
Microvesicles from ch!de gene mRNA and protem-. Inhibit schwannoma tumor [92]
cytosine deaminase fused to uracil
HEK 293T . growth
phosphoribosyltransferase
Exosomes from Inhibition of tumor growth
. . - . [93]
HEK 293T HGF siRNA and angiogenesis in gastric
cancer
Exosomes from RADS51 and RAD52 SIRNA Gene therapy against [94]
breast cancer cells breast cancer
Extracellular Lung, breast, kidney
vesicles from TNF-related apoptosis-inducing ligand cancer, pleural [79]
mesenchymal stem (TRAIL) mesothelioma and
cells neuroblastoma
Exosomes from
chronic TNF-related apoptosis-inducing ligand Enhance apoptosis in [80]
myelogenous (TRAIL) lymphoma
leukemia cells
Exosomes from Glioblastoma and liver 83]
VSVG
HEK 293T cancer cells drugs or
1gineered
Exosomes from Nef-E7 fusion protein T lymphocytes immune [82] ) or BCR-
lymphoblast response
r surface.
Exosomes from two Human MUC1. tumor antigen Generate immune (78] 1d almost
mouse cell lines response against tumor
.ancerous
Microvesicles from DiD, carboxyfluorescein, paclitaxel, The same cancer cell lines »-resistant
diffel-ﬁnt cancer cell tirapazamine encapsulated in used to produce [102]
lines fusogenic liposomes microvesicles 2 or EGF,

dllu Wil IE-/a ITIKINA. TTIE T1dIVESLEU £ VS die uncuoridaiZeu will uie pepuue il uieln suriace diiu ioaued with the
miRNA. Then, EVs are injected intravenously and their surface functionalization allows the specific targeting of
EGFR-expressing cancer tissues, such as breast cancer. The tumor suppressor let-7a is delivered to the tumor and
reduce the expression of RAS and HMGA2 inhibiting the malignant growth of cancer cells 4. In another study,
adeno-associated virus (AAV) is used as viral vector for transfection. It is broadly used for gene therapy in human,
thanks to its safety profile, but it has some limitations, such as off-target gene delivery (to liver for example) and
low transfection of target cells. For this reason, by transfecting the parent cells with AAV, capsids associate with the
membrane and the interior part of the newly-produced EVs (called vexosomes). Harvested vexosomes show to be
more resistant to anti-AAV antibodies if compared to naked AAV and they can efficiently transduce cells, enhancing

gene transfer. Furthermore, parent cells are also engineered to express a transmembrane receptor on the
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microvesicle surface, i.e., biotin acceptor peptide-transmembrane domain (BAP-TM) receptor, allowing the specific
targeting of glioblastoma cells 199, Gene engineering method is applied to HEK-293T cell line to functionalize the
CD9 tetraspanin with the RNA-binding protein HUR and then, they are modified with miR-155 or the clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 system. The produced EVs are effectively
enriched by the above mentioned RNAs and in future these nanoconstructs need to be evaluated in some diseases

such as liver cancer [119],

Table 3. EVs' indirect modifications through combined loading and surface parent cells engineering.

EVs Type Nanotechnological Modification Application Reference
Exosomes from Functionalization: CD9-HuUR Targeting and therapy of liver 110
HEK 293T Load: miR-155 or CRISPR/Cas9 cancer

Functionalization: Lamp2b, fused to a

Exosomes from fragment of IL-3

Inhibition of chronic myeloid [73]

HEK 293T Load: Imatinib or BCR-ABL siRNA leukemia growth
Exosomes from Functionalization: GE 11 peptide Targeting and therapy of EGFR- [74]
HEK 293T Load: let-7a miRNA expressing cancer tissues

Functionalization: BAP-TM receptor
and biotin ligase BirA Gene therapy against glioma [109]
Load: viral capside

Exosomes from
HEK 293T cells
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