‘.\' frontiers

Author’s Proof

Carefully read the entire proof and mark all corrections in the appropriate place, using the Adobe Reader commenting tools (Adobe
Help). Do not forget to reply to the queries.

We do not accept corrections in the form of edited manuscripts.
In order to ensure the timely publication of your article, please submit the corrections within 48 hours.

If you have any questions, please contact health.production.office@frontiersin.org

Author Queries Form

Query No. Details required Author’s Response

Qi The citation and surnames of all of the authors have been
highlighted. Please check all of the names carefully and
indicate if any are incorrect. Please note that this may
affect the indexing of your article in repositories such as

PubMed.

Q2 Confirm that the email address in your correspondence
section is accurate.

Q3 Verify that all the equations and special characters are
displayed correctly.

Q4 Ensure, if it applies to your study, the ethics statement is
included in the article.

Q5 Ensure that all the figures, tables and captions are correct.

Q6 If you decide to use previously published, copyrighted

figures in your article, please keep in mind that it is your
responsibility, as the author, to obtain the appropriate
permissions and licenses and to follow any citation
instructions requested by third-party rights holders. If
obtaining the reproduction rights involves the payment of a
fee, these charges are to be paid by the authors.

Q7 Please check if the abbreviation “Lamp2b” is appropriate
for the expansion “lysosome-associated membrane
protein 2.”

Q8 Please confirm if the details in Ref. (2, 14, 26, 72, 81) are
fine and also provide the DOl number.

Q9 Please provide the page range for Ref. (2, 19, 38, 43, 81).

Q10 Ensure to add all grant numbers and funding information,

as after publication this is no longer possible.



https://helpx.adobe.com/acrobat/using/mark-text-edits.html
https://helpx.adobe.com/acrobat/using/mark-text-edits.html
mailto:health.production.office@frontiersin.org
https://zendesk.frontiersin.org/hc/en-us/articles/115001975425-Do-I-need-to-obtain-copyright-licenses-for-reuse-of-already-published-material-
https://zendesk.frontiersin.org/hc/en-us/articles/115001975425-Do-I-need-to-obtain-copyright-licenses-for-reuse-of-already-published-material-

034

048

',\' frontiers

in Immunology

MINI REVIEW
published: xx July 2018
doi: 10.3389/fimmu.2018.01534

OPEN ACCESS

Edited by:

Martin Herrmann,
Universitatsklinikum Erlangen,
Germany

Reviewed by:

Silvano Sozzani,

University of Brescia, Italy

Dalil Hannani,

UMR5525 Techniques de
I'Ingénierie Médicale et de la
Complexité Informatique,
Mathématiques et Applications,
Grenoble (TIMC-IMAG), France
Giovanna Schiavoni,

Istituto Superiore di Sanita, Italy

*Correspondence:
Valeriya V. Solovyeva
solovyovavwv@gmail.com

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 23 March 2018
Accepted: 21 June 2018
Published: xx July 2018

Citation:
Chulpanova DS, Kitaeva KV,
James V, Rizvanov AA and

Solovyeva VW (2018) Therapeutic
Prospects of Extracellular Vesicles

in Cancer Treatment.
Front. Immunol. 9:1534.
doi: 10.3389/fimmu.2018.01534

Check for
updates

Therapeutic Prospects of Extracellular
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and Valeriya V. Solovyeva™
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Extracellular vesicles (EVs) are released by all cells within the tumor microenvironment,
such as endothelial cells, tumor-associated fibroblasts, pericytes, and immune system
cells. The EVs carry the cargo of parental cells formed of proteins and nucleic acids,
which can convey cell-to-cell communication influencing the maintenance and spread
of the malignant neoplasm, for example, promoting angiogenesis, tumor cell invasion,
and immune escape. However, EVs can also suppress tumor progression, either by
the direct influence of the protein and nucleic acid cargo of the EVs or via antigen
presentation to immune cells as tumor-derived EVs carry on their surface some of the
same antigens as the donor cells. Moreover, dendritic cell-derived EVs carry major
histocompatibility complex class | and class ll/peptide complexes and are able to prime
other immune system cell types and activate an antitumor immune response. Given the
relative longevity of vesicles within the circulation and their ability to cross blood—-brain
barriers, modification of these unique organelles offers the potential to create new bio-
logical-tools for cancer therapy. This review examines how modification of the EV cargo
has the potential to target specific tumor mechanisms responsible for tumor formation
and progression to develop new therapeutic strategies and to increase the efficacy of
antitumor therapies.

Keywords: extracellular vesicles, tumor microenvironment, tumor cells, immune cells, stromal cells, vaccination,
cancer therapy

INTRODUCTION

Extracellular vesicles (EVs) are of particular interest due to their ability to mediate intercellular
communication, influencing multiple cellular processes. EVs can be categorized based upon their
biogenesis and divided into exosomes, microvesicles (MVs), and apoptotic bodies (ABs) (1, 2).
Exosomes are small vesicles 40-100 nm in diameter, formed as part of the endocytic pathway.
Exosomes carry the donor cell cargo, represented by various proteins and nucleic acids [DNA,
mRNA, miRNA, and other non-coding RNAs (ncRNAs)] (Figure 1C) (3, 4). Exosomes are stable in
biological fluids and small enough to pass through the blood-brain barrier (5). MV have a diameter
of 100-1,000 nm and are released by directly budding from the plasma membrane (6). MVs also
carry cargos of proteins and nucleic acids, although their functional roles in cell-to-cell communica-
tion remains less well studied than the exosome population (7). In contrast to exosomes and MVs,
which are formed continuously by cells, ABs are formed as part of the fragmentation process of cells
undergoing apoptosis, the process of programmed cell death (1) (Figure 1A).
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FIGURE 1 | Extracellular vesicle (EV) properties and application in antitumor treatment. (A) EVs can be classified based upon their biogenesis and are divided into
exosomes, microvesicles (MVs), and apoptotic bodies (ABs). Exosomes are formed as part of the endocytic pathway by inward budding of endosomal membranes,
resulting in accumulation of early endosomes and formation of large multivesicular bodies (MVBs) which release their contents (exosomes) into the extracellular
space. MVs are released by directly budding from the plasma membrane. ABs are formed as part of the fragmentation process of cells undergoing apoptosis.

(B) EVs derived from native or primed/genetically modified cells can be used in antitumor treatment. (C) Different types of EVs contain various proteins, lipids, and

nucleic acids and have specific membrane markers. Exosomes have tetraspanin (such as TSPAN29 or TSPANS0), endosomal sorting complex required for transport
(ESCRT) components, milk fat globule-EGF factor 8 protein (MFGES), programmed cell death 6 interacting protein (PDCD6IP), tumor susceptibility gene 101 protein
(TSG101), and flotillin molecules on their surface. Exosome content include mRNAs, microRNAs, and other non-coding RNAs (ncRNAs), cytoplasmic and membrane

proteins including receptors and major histocompatibility complex (MHC) molecules. MVs carry integrins, selectins, and CD40 ligand on their surface, and also
contain mRNAs, microRNAs, ncRNAs, cytoplasmic and membrane proteins. ABs have extensive amounts of phosphatidylserine and contain various parts of the
apoptotic cell such as proteins, lipids, nuclear fragments, and cell organelles. Cargo and biogenesis of EVs have been comprehensively discussed elsewhere (8, 9).

The tumor microenvironment is often a very complex and
dynamic niche containing not only neoplastic cells but also a
multitude of non-malignant stromal cells such as endothelial
cells, tumor-associated fibroblasts, pericytes, and immune
cells (10). In addition to stromal cells, the extracellular matrix
and surrounding tumor adipose tissue also make an important
contribution to tumor progression as they contain adipocytes
and progenitor cells [preadipocytes and mesenchymal stem cells
(MSCs)] (10, 11), as well as a variety of soluble cytokines, growth
factors, and metabolites produced the stromal cells within the
tumor microenvironment (10, 12). As EVs are believed to medi-
ate cell-to-cell communication in the tumor microenvironment

and induce phenotypic modification in recipient cells, there is
a growing interest in the potential role of EVs as key mediators
of tumor progression and the spread of malignant neoplasm
(13-16). Since EV functions are related to the donor cell type and
the imparted cargo of proteins and nucleic acids, EV's of different
origins exhibit different features. However, as these have been
comprehensively discussed elsewhere (17), this review focuses on
the use and efficacy of EV's as antitumor therapies. For instance,
as a result of the unique properties of MSCs, the EVs produced
by stem cells retain the ability to migrate toward tumor niches
(18), they also posses the same low immunogenicity of the donor
MSCs (19). Therefore, the use of MSC-derived EVs as non-cell
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structures, in place of MSCs themselves, allows the avoidance of
the risk of unlimited cell growth, undesirable transformation, and
potential tumor formation (20). The ability to act as multi-signal
messengers makes EVs a prospective new class of therapeutic
agents to modulate the processes occurring in the tumor micro-
environment (21) (Figure 1B).

TUMOR CELL-DERIVED EVs

Intercellular EV-mediated signaling by tumor cells has been
linked with maintain angiogenesis, invasion, immune escape (22)
and to develop an aggressive phenotype and chemo- and radio-
therapy resistance (16, 23-25). The extent of the contribution of
EVs in tumor maintenance has been demonstrated through the
study of EV inhibition, following which malignancy is suppressed
and cancer cells show enhanced sensitivity to proton-pump
inhibitor (omeprazole) and cisplatin (26, 27). As EV traffic is
regulated by an acidic microenvironment, a common feature of
all solid tumors, altering intracellular pH is an effective means of
modulating exosome release. Changes in intracellular pH alters
the lipid composition of the cells membrane and subsequently
modulates both exosome release and fusion/uptake (28). In addi-
tion, the lower extracellular pH can promote tumor resistance to
cytotoxic drugs through neutralization of those antitumor drugs
that are weak bases or isolating drugs in acidic vesicles and/or
eliminating them through an exocytotic pathway (29).

Extracellular vesicles may also promote tumor progression
through the transfer of their specific cargos, for example, dur-
ing the formation of a pre-metastatic niche (PMN), where the
transfer of EV-cargos to stromal cells, induce molecular and
cellular changes that promote PMN development (30, 31). For
example, the tumor exosomal transport of miR-494 and miR-
542p to stromal cells and lung fibroblasts leads to cadherin-17
downregulation and matrix metalloproteinase upregulation
(30), while proangiogenic RNAs contained within MVs trigger
angiogenesis to promote PMN formation (32).

The ability of tumor cell-derived EVs to fuse with recipient cells
through endocytosis and release their cargo into the recipient cell
cytoplasm makes EVs a promising biological vector for targeted
delivery of various antitumor agents (33). This is exemplified by
the use of EVs derived from LNCaP and PC-3 prostate cancer
cell lines modified to transport paclitaxel (PTX) into recipient
cells through the endocytic pathway, significantly increasing
PTX cytotoxicity in vitro (33). Furthermore, U-87 MG (brain
neuronal glioblastoma-astrocytoma) derived EVs primed with
doxorubicin (DOX) or PTX significantly decreased the viability of
recipient U-87 MG cells by 70 and 50%, respectively, at the highest
tested concentration of exosomes (200 ug/mL) in vitro (34).

Tumor-derived EVs can be used for therapeutic drug delivery
to reduce systemic toxicity by targeting the tumor microenviron-
ment. It was shown that in vitro and in vivo, doxorubicin-loaded
exosomes (exoDOX) derived from MDA-MB-231 (breast
adenocarcinoma) and HCT-116 (colorectal carcinoma) cell lines
did not reduce DOX efficacy. Simultaneously, exoDOX treated
nude mice did not show the cardiotoxicity observed in their free-
DOX-treated counterparts. Mass spectrometry confirmed that
DOX accumulation in the heart was reduced by approximately

40% when DOX was delivered via exosomes (exoDOX) (35). The
reduced cardiotoxicity achieved when delivering DOX via modi-
fied exosomes would allow for a higher concentration of exoDOX
to be used, thus offering the potential to increase DOX efficacy.
Similar findings have also been reported for in vivo models of
breast (MDA-MB-231) and ovarian (STOSE) cancer (36).

Tumor cell-derived EVs carry on their surface the same
antigens as the cell that produced them (the donor cell), such
as HER2/neu, melan-A, Silv, carcinoembryonic antigen (CEA),
mesothelin, and others (37). Thus, they can act to prime immune
cells by antigen presentation. The delivery of dendritic cells (DCs)
in vitro primed with exosomes isolated from the mesothelioma
cell line AB1 within a BALB/c mouse mesothelioma model,
resulted in increased mean and overall survival times in vivo (38).
Similarly, DCs primed with exosomes isolated from rat glioblas-
toma cells, induced a strong antitumor response and significantly
increased median survival times in glioblastoma-bearing rats
when used in combination with a-galactosylceramide (39).

The efficacy of priming immune cells can be improved by com-
bining their use with immune cell stimulating drugs. For instance,
exosomes derived from the pancreatic cancer cell line UNKC6141
were co-delivered with DCs (DCs/Exo) to UNKC16141 xenograft
mice. Tumor onset was delayed in these animals and subsequently
a significant increase in survival was observed. When the same
assay was repeated, but with the inclusion of all-transretinoic
acid (ATRA) alongside the delivery of DCs/Exo, increased lym-
phocyte proliferation within lymph nodes was reported which
coincided with increased cytotoxic T-cell activity in comparison
with untreated or DCs/Exo only treated animals. However, the
inclusion of ATRA had no further effect on prolonging survival
and only modest changes in metastasis to distant organs were
observed. The combination of DCs/Exo with sunitinib in these
animal models also led to an increase in cytotoxic activity which
in these assays did lead to significantly prolonged survival times
in DCs/Exo/sunitinib compared to animals treated only with
free sunitinib therapy. Similar increases in survival time and a
reduction in metastatic spread was also observed when DCs/Exo
use was combined with gemcitabine treatment (40).

To increase the therapeutic potential and immunogenicity of
EV-based tumor vaccines, tumor cells producing the EVs can be
modified to express specific cytokine/chemokine genes that have
an immunomodulating effect. Dai et al. reported that exosomes
derived from LS-174T cells genetically modified to express IL-18
CEA (Exo/IL-18), had a more pronounced effect on specific
antitumor immunity when compared with exosomes from native
LS-174T cells. Exo/IL-18 promoted proliferation of peripheral
blood mononuclear cells and induced cytokine secretion by
T-lymphocytes and DC in vitro, as well as inducing the phenotypic
and functional maturation of DCs (41). Similar results were obtained
by Yang et al. using in vivo experiments, whereby exosomes were
derived from IL-2-modified ovalbumin (OVA)-expressing EL-4
lymphoma cells (Exo/IL-2). Vaccination of C57BL/C mice with
Exo/IL-2 more effectively inhibited tumor growth (42).

The modification of tumor cells through the aberrant expres-
sion of tumor suppressor genes, apoptosis inductors, and ncRNAs
has also been shown to impart a potential therapeutic benefit to
the resulting EVs. YUSAC 2 melanoma cells were engineered
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to overexpress a dominant-negative mutant form of Survivin
(Survivin-T34A). Exosomes derived from Survivin-T34A-
modified YUSAC 2 cells, in combination with gemcitabine, sig-
nificantly increased apoptosis in pancreatic adenocarcinoma MIA
PaCa-2 cells in comparison with gemcitabine alone (43). Rivoltini
et al. showed that exosomes derived from K562 leukemia cells
modified with TNF-related apoptosis-inducing ligand (TRAIL)
[TRAIL(+) exosomes], induced apoptosis in TRAIL-death recep-
tor (DR)5(4+) SUDHL4 lymphoma and INT12 melanoma cells
in vitro. In in vivo experiments of TRAIL(+) exosomes demon-
strated homing of the exosomes to the tumor sites and significant
suppression of tumor growth by 58% in SUDHL4-B-cell lym-
phoma bearing mice (44). Li et al. investigated exosomes derived
from glioblastoma multiforme (GBM) cells with overexpression
of the tumor suppressor gene LRRC4 (Exo/LRRC4). Exo/LRRC4
induced significant chemotaxis and expansion of CD4*CCR4*
T cells, inhibited the proportion of Ti-Treg cells, and promoted
Ti-Teff cell expansion through cytokines release in vitro (45).
The Rab GTPases control many stages of membrane traffick-
ing, including the formation and release of vesicles. Ostrowski
et al. identified Rab GTPases Rab2b, Rab9a, Rab5a, Rab27a, and
Rab27b that promote exosome secretion in HeLa cells (46),
indicating the possibility of manipulating the secretion of Rab
proteins to control exosome production. Exosomes, derived
from Rab27a-overexpressing A549 cells (exo/Rab27a), exhibited
the ability to regulate major histocompatibility complex (MHC)
class II molecules and co-stimulatory molecules CD80 and CD86
on DCs. Furthermore, DCs primed with exosomes derived from
Rab27-overexpressing A549 cells significantly increased CD4*
T cell proliferation in vitro. In vivo immunization with exo/
Rab27a inhibited tumor growth in a tumor mouse model (47).
At present ncRNAs are actively being studied as potential anti-
tumor agents. However, when developing miRNA-based therapies
there are problems with specific targeting of tumor cells and target
cells within the tumor microenvironment. Tumor-derived EVs can
be used for delivering a variety of potentially therapeutic ncRNAs,
for instance miR-134 (48), miR-29a, and miR-29¢c microRNAs
(49), as well as short interfering RNAs (siRNAs) (50) (Table 1).

IMMUNE CELL-DERIVED EVs

Exosomes from immature dendritic cells (imDCs) can be used
to deliver chemotherapeutic agents such as DOX. For instance,
imDCs were modified to express lysosome-associated membrane
protein 2 (Lamp2b) fused to the av-integrin-specific iRGD pep-
tide. It was shown that modified imDC-derived exosomes (Exo/
iRGD) loaded with DOX, effectively targeted and delivered DOX
to av-integrint MDA-MB-231 breast cancer cells in vitro. Exo/
iRGD intravenous injection in BALB/c mice led to inhibition of
breast tumor cell growth without any apparent toxic effects (52).

A new approach for cancer immunotherapy is the combina-
tion of exosomes and the invariant NKT immune cell ligand
a-galactosylceramide (aGC) (53). Loaded with «GC and OVA-
model antigen exosomes induced potent NK and yd T-cell innate
immune responses in vitro and in vivo. In an OVA-expressing
mouse model of melanoma treatment of tumor-bearing mice with
aGC/OVA-loaded exosomes decreased tumor growth, increased

antigen-specific CD8" T-cell tumor infiltration, and increased
median survival, relative to control mice immunized with solu-
ble «GC + OVA alone (53). Similarly, exosomes derived from
a-fetoprotein (AFP)-expressing DCs (DEXAFP) intravenously
injected into hepatocarcinoma-bearing C57BL6 mice prolonged
survival to 57 days in 100% of DEXAFP-treated mice (55).

Without modification, DC-derived exosomes alone carry
MHC class I and class II/peptide complexes capable of leading
to the priming of CD8* and CD4* T cells, respectively, and sub-
sequent T cell-dependent tumor rejection (13, 54). DC-derived
exosomes have also been reported to trigger NK cell proliferation
and activation in vitro and in patients, by trans-presentation of
IL-15by IL-15Ra. This mechanism of action was shown to signifi-
cantly reduce the number of lung metastases in vivo. Combination
of DC-derived exosomes with IL-15Ra and rhIL-15 molecules led
to NK cell proliferation and activation and significantly enhanced
IFNY secretion by NK cells in vitro (54).

Phase I clinical trials have demonstrated the safety of using
DC-derived exosomes in patients with metastatic melanoma (69)
and lung cancer (70). Phase II trials in non-small cell carcinoma
patients using modified IFN-y expressing DCs to produce
exosomes have reported an increase in NKp30-dependent NK cell
functions, and 32% of participants experienced stabilization for
more than 4 months (56).

In addition to DCs, macrophages have also been studied as
a source of EVs of potential therapeutic benefit. Derived from
RAW 264.7 macrophages, vesicles loaded with PTX (exoPTX)
were reported to significantly increase drug cytotoxicity (more
than 50 times) in multidrug resistance (MDR) MDCKMDRI,
MDCKwt, and 3LL-M27 cells in vitro. Furthermore, when deliv-
ered into the airway of mice modeling Lewis lung carcinoma
pulmonary metastases, exoPTX were found to have a potent
anticancer effect (57). For PTX targeted delivery macrophages
can be modified with aminoethylanisamide-polyethylene glycol
(AA-PEG) a vector moiety to target the o-receptor which is
overexpressed by lung cancer cells (58). Jang et al. developed a
bioinspired exosome-mimetic nanovesicles that can be modi-
fied to deliver DOX, gemcitabine, or carboplatin to the tumor
tissue after systemic administration. Chemotherapeutic-loaded
nanovesicles, derived from monocytes or macrophages, induced
TNF-a-stimulated endothelial cell (HUVECs) death in a dose-
dependent manner in vitro. DOX-loaded nanovesicles increased
apoptosis and reduced the number of proliferating cells in CT26
colorectal cancer murine models (59) (Table 1).

MSC-DERIVED EVs

Extracellular vesicles released from MSCs have been reported to
exhibit variable effects on tumor growth, indicating the influence
of EVs is dependent on cargo and the donor cell type (71, 72).
Delivered by MSC-derived exosomes molecules of different types
of RNA can induce adipogenesis, angiogenesis, apoptosis, and
proteolysis in recipient cells (15). Exosomes from gastric cancer-
derived MSCs were found to deliver miR-221 to HGC-27 gastric
cancer cells, promoting their proliferation and migration in vitro
(73). Other biomolecules carried by exosomes such as onco-
genic proteins, cytokines, adhesion molecules, and anti-apoptotic

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1534

386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

EVs in Cancer Treatment

Chulpanova et al.

o — N [sa} < wn o o~ =} f=)} (= — (o} o < n O D~ e f=)} (=] — N o < un O D~ 0 N O — o o < el o o~ = N (=] — N o < wn N o~ el N (=3 — o o N wn Nl
S O O O O O O O O O = ~ ™~ ™~ ~ ~ = A 4 ~~ &4 & & & o ada g g & &6 0 0 0 6 N N on o on F ¥ F F F O F F F F F nonon on n n N
[Xa} wn [Xa} wn (X2} wn wn wn wn wn wn wn wn wn wn wn e} wn wn wn wn wn wn wn wn wn wn wn wn ) wn wn wn uwn uwn wn wn wn wn wn e} e} e} wn wn wn uwn wn wn wn wn wn wn wn e} wn wn
(penunuoD)
UMoIB Jowny Jo uomgyul
'9800 Pue 08D ‘seinosjow || ssejo (OHIA)
(L) ONIA Ul [opOW 801w O/g1vg ‘0434 Ul SO xa|dwod Ayjigiredwooolsly Jofew Jo uoienien e/zqey uoleBnyuIuLd [enualayiq SOWOSOX] Slle0 6YSY
oolw Bulesd-+THANS uomHaIyul YimolB Jown|.
OJJIA UJ S||o0 BuIOURIBW (w4 pueby s||e0
(1) ZLINI pue ewoydwA| ¥ 1HaNS uononpu sisoydode pejejpl-iydl  Buonpul-sisoydode payejel-4N L uoleBnyuIuLd [enuslayiq SOW0SOX3 elueyna| ZoSH
(uey0ud uolebnjuuade.N ][00 BUIOUB[OW
(e1) 0.}/ Ul S||90 J8dUED Dljealoued uoponpu sisoydode pue uoleAloe asedse)  Buo0|q UINAINS) VEL-UINAINS sjuaIpeld 8s0IoNg SOWOSOX] 2 OVSNA
SN
uonqiyut uolebnjuusde.N ewoydwA| 13
(ey) ONIA UJ [opOW 821W D/19/.8D YmmoiB Jowny pue uoionpul asuodsel sunwiul| 4l sjuaIpeld 8s0IoNg SOWOSOX] Buisseidxa-yAO
SN
Jowny 1v/1-S71
Buissaidxa
110 +8d0 uopebnjuuaocenn -(v30) usbnue
(1) OJ3A Ul S||80 11D pue sDA ol10ads-y30 JO uonoONPUI pue SO 4O UoieINIEN gLl SjuaIpelB 8s0IoNg SOWOSOXT  OluoAIqUIBOUIDIED
awil} [leAnns pefuojold sulgeyoweb + 0x3/s00
aw [eAnns pebuojoid quiuns pue ox3/s0d
AUAOE [|80 | OIX0101A0 pUE S|j80 8pou YdwA| jo
uoljeseyoid pasealoul pIoe dloujaisuell-|[e + 0x3/s0d §160
|} [EAIMNS pasealoul uoleBnyLuaoel}n (190UBD ONERIOUEd)
(ov) 901w BuLeag- | L9OMNN puE Josuo Jown} paAejep sOJ PePEO-aW0osOXg suebiue pajeIoosse-lown|. sjuelpe.B esoionsg SOW0SOX3 L7 LOOMNN
oplwelsdjAsoioeeh-n + suabiue (usBeI) 1Y
(62) ONIA Ul [oPOW Jes Bulieag-euoISE|oIS) — auWl} [BAIMNS UelpaWw paseasoul O Pasind sewosoxg pajeIoosse-Iown|  IXe|\ BuSe|d/unIes AsesNHox3 SOWOSOX3  Bwolse|qolb ey
slied +gv (AIN)
[BAIAINS |[BIOAO pUB ewoljpyjosew
(8¢2) ONIA Ul [opOW 901l O/g g Jown | gy Uelpaw pasealoul (OQ) (190 OlpUsp popeo|-awosoxg suebue payeloosse-Jown|. uonebnjuueoeN asimdels Sewosoxg  Jueubifew asnopy
Aydesborewoiyo
(19) aINYNd (|80 MN OJ¥A U] 8Sealoul AlDIX0J0IAD (|90 MN Pue uofessyjoid |90 MN suabljue pareloosse-Iown| Ajuie pue uone|iyelyn SOWO0SOX] S||90 J8oued [Bl0
OAJA Uj siowiny 8snowl 3SOLS (VOILMVYNY gv) uonnjos saul| 189 3SOLS
(9¢) UBLIBAO PUB |L£Z-gIN-VAIN Iseald X0da SO[0ISeAOURBU-2INND (|90 gY SOWwosox3  pue |eg-gn-van
(seoueos0Ig Soull 180 9| 1-LOH
(Ge) OAJA Ul [opOW &01W 180 | g2-dIN-VAN aseaioul Aoeolye XOQ ‘esealosp AJoixo} olpied XOQ  WslsAg) uonn|os w01 -*oINDOoX3 SowIosoxg  pue | gg-dN-vdN
SO[0ISOA0IOIW SN
pue Jaoueo ayelsoud
(€2) aInyNo |80 JeDQNT PUE £-0d O4A Uf 9SE8IOU| 1094 OIX0J01A0 X | d Xld uoleBnyuIuLd [enusiayiq SOW0SOX3  £-Od PUe deON
SII®0 OIN
(usBoupnul) /8- Bwolkoolise
(%) 2INyNo ||90 N L8-N OJHIA U] asea.09p AlljIgeln |90 X1d 10 XOd Juebeal uone|os! sU0SoX SOWO0SOX3 —BWOISE|qOID
s||e9 J9ouen
aoualajey I9PON uonoek Jo wsiueyospy obien ABajens uoneoyund adA} sjoisep 924N0S JOISOA

443
444
445
446
447
448
449
450
451
452
453
454
455
456

457
458
459
460
461
462
463

<
o
<

n
o
<

NJ
o
A

N © o ©
o O O o oy
<+

N
D
<

‘Adesay} Jownyue 10} 0BIED PSIPOLL INOYNM IO YNIM (SAT) SBIOISOA JEIN[j0BIXS JO 8sn 8y | | 319V.L

o
D
<

474

n
SN
<

o
~
<

~
N
<

0
o~
<

=2l
N
A

(=3
0
A

481

N
0
<

)
o
<

484

n O Ir K
X X X X X
A A A

f=3
=)
<

= o o
D D D
<+

494

n O I X N
D DD
AR A A

July 2018 | Volume 9 | Article 1534

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

EVs in Cancer Treatment

Chulpanova et al.

< wn o o~ 0 f=)} f=] — N o < e} o 0~ 0 [=2} (=3 — o o ey uwn o o~ 0 =N (=] — N o < wn Nl D~ el N (=3 — o o <t un Nl D~ o« f=N) (=3 — o o <t wn Nl >~ =<} fo) f=]
T8l TTTTTTTLCTTTTTTTLSTTTITITITITIT T T T I T B B3 8888888888888 EE 88 Es
(penupuoD)
OJYA Ul 8INYND
(09) 90 INGD 1UB}SISaI-opILIOj0ZOWS]| 9sealou| AJIAINISUSS SpILIOj0ZOWa] 6-HIW-Ruy uoebnjuiua0 [enualeylq SBWO0SOX] SOSIN
(SOSIN) S1192 was [ewAyouasay
S8[0ISeA0UBU
Jooued uononpal s|jed uopebnjuuacenn oW sebeydoioew
(69) [810810|00 9210 9SNOW JO [9POW OAIA U| BuneJsyold Jo Jegquunu pue asealoul sisoydody XOd SjuaIpe.d |[oueXIpoO) -oWwosoxg 1O S81A00UON
|epow asealoul awi}
(89) JeoueD Bun| 801w 9/19/G0 ONA U] [BAIMNS pUE YmoiB sesejsejaw Jo uoissaiddng X1ld + 53d-wWw
ONIA UJ [9POW 8SNOW
BWOUIDIBD Bun| SIMeT ‘0J3A U 84n)nd Umnoib sesejselowl (se@ouslogolg sebeydosoew
(29) |90 BoUEB)SISa) BnipiNW JUElSISaY 10 uonIqIyul ‘esealoul Al1oIX010340 BniQg Xld WelsAS) uonnjos wiO1-4oINHox3 SBWOSOX] 1'v92 Mvd
uopebnyuusden
sjuened JusWwieoUBYUS sjusipelB 8soions pue
(99) J90UED BUN| [[90 [[ewS-Uou PaduBAPY uonouny 89 YN wepusdep-0gdyN A-N4| uoneJyielp/uonen|eln SOWOSOX] s0d
ONA UI
(g9) |epow 80w 91g9/60 Bueaq-iown| uonyebuojoid a1es [eANg d4v uoeBnjuua0 [enualeyd SOW0SOX] s0a
uonoNPaJ seseIselow
JO Joquunu ‘vYgG |- Aq G 17| Jo uonelussaid
OAIA U] [oPOW 8SNON -SsueJ} AQ UolyeA}oe pue uolessyljoid (190 YN || SSE|D PUE | SSE[O DHIN uoneBnIUecEN
JUSWISOUBYUS UON8I08S Sjusipelb 8s0IoNs pue
(73) O4pA Ul S|189 MN ANAI ‘uoireAioe pue uoiesayold (90 YN || SSe|d pue | sSel0 OHIN uonesjjelp/uoneiienin SOWOSOX] sOd
ONA Ul
[epoW Jown} BWOUBRW YAO/91 9 9SBaJ08p YIMOUB Jown|
(e9) OJ}IA Ul S|[8D ] MN IUeueAu| uononpul sesuodsal sunwiwl [[99-] Q4 pue MN YAO + DH» uonebnjuued [enualayiq SBWO0SOX] sOd
ONJA UJ [9POW 821w uopebnjuuaoesn
(29) opnu o/gvg peroslul LeZ-gIN-Yan uomqiyur yimoub Jown| XOad + oy + gzdwe] sjsipelb 8s010Ng $BWOSOX] sOa
S||92 aunwiw|
uonoNPUl Yreap (190 usidioal pue 8|9k |189 Jo 25avy pue |gavy isuebe uolesy|j-oJolw s|leo
(09) OJ)A UJ S|[90 BT8H saseyd \/Z9 pUe S Ul S||90 8U} JO UOEINWNOOY  (SYNYIS) SYNY Buliepelul Loys pue suonebnjusd [enualayiq S8WO0SOXg 080 }1H PUE ET8H
ONIA Ul 901W
(6Y) 9/g1vd SIIe0 106.09S Uim pajuedu| uoissaiddns yimolb Jouiny pue sisausBolbuy 062-HIW PUE BEZ-HIW uoebnjuIuS0 [eualeylq  SeI0ISeA0IDIN S|[90 106.09S
JuBWBOUBYUS AlIAIISUSS s||00 8()sL8/GSH
(81) 0.3 Ul S|190 8())S18/GSH sBnJp ‘uononpal uoiseAu pue uopelbiw Jejn|je) PEL-HIW  uonebnjuuadeIN pUE uoiel}i4 SOWOSOX] pue 18/GsH
s|leo
(INgD) oW
(Sv) On Ul S|180 NGO S|[e0 | +7HO0 +dD 4O Uoisuedxs pue sIXejowayD odd uoRebN}LIUSD [ERUBIBYIA SOUI0SOX] BWOISEIqOID
aouaiajey I°PON uol}o. JO WSIUBYOIDN obie) ABajesys uoneosyind adA} ajoIsap 92IN0S JJOISOA
penuiuo) | 1 31avL
N~ 0 & © = &8 o F 1N YW I X AN O —~ N Nn F N WO N W AN = AN F N Y NN DO = AN F WIS N DO = AN F O N DD ~ ™
n 1w v O LY LY LY LV LV VW VW VW WO > x Ix Ix Ix > Ix Ih I I ®© X XV XV XV XV XV BV XV XV DA D DD DD DD DD OO OO0 O O O O O = orHo - -
w w w w w w wn wn wn wn wn wn w w w w w wn wn wn wn wn wn wn wn w w wn wn wn [Ls} (s} (s} wn wn wn wn wn wn wn wn wn [} =} =} O =l el el el el el el o o o o

July 2018 | Volume 9 | Article 1534

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

672
673

675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

724
725
726
727

Chulpanova et al.

EVs in Cancer Treatment

o
Q
s - |-
2 | = |«

o | ©
&vv
1)

[+

o

o

€

=)

2

£

©

8 |0

> | =

c | >

£ | £

s | 38

B | £

s | =

- |8

g | ¢

= |2

S | @
- ®©
g 2 £
o | |8
2| & | O

c
Qo
=

o

>
o

o

>

R
c L
6|2 | T
= o |2
© |3 | O
mbg
5 £ |5
g |3

©
5 5
c | 5 | ®
g | @ | >
£|l5 | £
o 2 |3
G)qu

5 | @
2= >

o | ®©

g | J
o
L |2
© | = =
o | &E | &

S

[0}

2}

[

>

2)

C
> | Qo
> =
g 3
5 8 2
175(5)%
c | O
s |k 8| ¢S
B | x Q| O
8 O5 @
o359 9
E10% €
=
:Q.Q%
a | U &
o
24 g
- | O | O
s £k
o
w3 |38
E S I

kel
[0}
>
£
=
o
5| o
S
O | 3
= | 0
- @
w 2o
« | 0
82 3 |9
< 9o 2 2
FIs>1=Z [=

(63)
(64)

In vivo model of mouse GSC267 glioma

Endothelial cell culture in vitro
Bladder cancer cells in vitro

Tumor angiogenesis inhibition via the HGF/

Prolonged survival rate
c-MET signaling pathway

Polo-like kinase 1 (PLK-1) siRNA  Cancer cell proliferation reduction by PLK-1
gene silencing

o
<
@
o
IS
IS
[0}
i3}
[%2]
>
25
cC
5 S
E=] ©
5 g
C
s |2 £
B (ﬁ) S
S Fg °
2 7 =
= x 2 &
AR
215
o |G o
@ 3 D o
= X Q| E
=] wm|Aa
N w0
[0} (o]
IS IS
(e} o
[ 1)
o o
x x
w V0]
»
O
100}
52
s =
[l
GE)(H 2]
200
e R2AN%]
m=l=

(65)

Hepatocellular carcinoma model in vivo
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ultrafiltration

Exosomes

MSCs

proteins can also promote tumor progression (74-76), as well as
increase tumor resistance to chemotherapy drugs (77).

Exosomes from bone marrow MSCs (BM-MSCs) can transfer
miRNAs from the BM, particularly miR-23b, which promote dor-
mancy in bone marrow-metastatic human breast cancer through
the suppression of a target gene, MARCKS in vivo (78). In support
of this, Lee et al. showed that MSC-derived exosomes can sup-
press human breast cancer angiogenesis by downregulating the
expression of VEGF in tumor cells in vitro and in vivo (79).

In addition to the endogenous effects of MSC-EVs, MSC-
derived MVs can be used as delivery vehicles for a variety of
potential therapeutic agents, in particular ncRNAs. For example,
injection of exosomes derived from miR-146-expressing MSCs
into xenograft gliomas in primary brain tumor rat models cause
a significant reduction in tumor growth (61). Treatment with
MSC-derived exosomes containing miR-124a reduce the viability
and clonogenicity of glioma stem cell lines in vitro and increase
the survival rate in glioma mouse models up to 50% by silencing
FOXA2 (62), while the loading of MSC exosomes with miR-143
acts to significantly reduce the migration of 143B osteosarcoma
cells (80). Transfection of bone marrow stromal cells with miR-
340 generates exosomes capable of inhibiting tumor angiogenesis
via the HGF/c-MET signaling pathway in endothelial cells (63).
MSC-derived EV's can also be used to alter the chemosensitivity
of tumor cells. Delivery of anti-miR-9 to temozolomide-resistant
GBM cells increases cell sensitivity to this drug (60). The sensitiv-
ity of hepatocellular carcinoma cells to chemotherapeutic agents
(5-fluorouracil and sorafenib) can similarly be altered through
the use of miR-122 loaded MSC exosomes in vivo (65). MSC-
derived MVs can also be loaded with various siRNAs that target
key genes driving tumorigenesis, for example, MSC exosomes
carrying siRNAs against polo-like kinase 1 significantly reduce
bladder cancer cell proliferation in vitro (64).

In addition to biomolecules, MSC-derived vesicles can be
loaded with chemotherapeutic drugs. BM-MSC-derived MVs
primed with high-dose PTX inhibited cell growth by 50% in
human CFPAC-1 pancreatic adenocarcinoma cells in vitro (66).
This finding was supported by the recent studies of Cocce et al,,
which showed antitumor activity of MSCs MVs loaded with PTX
or gemcitabine (GCB) on pancreatic cancer cells in vitro (67).

Recent studies have also highlighted the potential to deliver
TRAIL by MSC-EVs (MSCT). MSCT-EVs induced apoptosis
in 11 cancer cell lines in a dose-dependent manner but showed
no cytotoxicity in human bronchial epithelial cells in vitro.
Interestingly TRAIL-primed EVs that contain 3.88 ng TRAIL/
mL induced significantly more apoptosis in M231 breast cancer
cells compared with 100 ng/mL of recombinant TRAIL. TRAIL
delivery by MSC-EVs induced significant apoptosis in TRAIL
resistant A549 lung adenocarcinoma cells in a dose-dependent
manner in vitro (68) (Table 1).

CONCLUSION

Extracellular vesicles, which include groups of differing origins
such as exosomes and MVs, are released by all cells within the
tumor microenvironment during normal cellular activity. EVs
carry variable cargos that reflect the composition of the donor
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cells, these cargos can be transferred to neighboring cells and
thus affect the processes occurring in those recipient cells and
subsequently the tumor microenvironment as a whole. In addi-
tion to their endogenous ability to influence tumor progression,
the ability to modify the EV content makes them a promising tool
for cancer therapy. Surface antigens of tumor cell-derived vesicles
can be used for immune cell priming. They can also be modified
with various agents to directly affect tumor cells or modulate anti-
tumor immunity. Genetic modifications can also be performed
on MSC-derived vesicles, the main advantage of which is targeted
cargo delivery to the tumor microenvironment. From priming
the immune response to delivering ncRNAs and antitumor
drugs, EVs provide a unique biological means of targeting tumors
and their microenvironments, minimizing cytotoxic effects, and
increasing the efficacy of treatments at lower drug doses (Table 1).
However, despite these many advantages, EVs can have variable
effects on tumor progression and the tumor microenvironment
dependent upon their protein and nucleic acid cargos. One of
the limitations of EV usage is the heterogeneity of the isolated
population, since the size of exosomes and M Vs overlap, and as
yet it is not clear which population carries the greatest potential to
elicit functional changes. Furthermore, the inconsistency of the
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