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Preface

The field of cancer therapy has undergone tremendous transformation over the past

few decades and yet significant challenges remain, particularly in addressing drug resistance,

targeting difficult-to-treat cancers, and improving therapeutic delivery. One of the most promising

developments in recent years is the emergence of exosomes—small extracellular vesicles (EVs)—as

potential drug delivery systems.

This Special Issue is dedicated to exploring the potential of exosomes in cancer diagnosis and

therapy. The exosomes’ potential as biomarkers, diagnostic tools, and therapeutic vehicles offers new

hope in the fight against cancer. Their ability to cross biological barriers, such as the blood–brain

barrier, and to carry both chemotherapeutic drugs and natural agents represents a breakthrough

in cancer treatment. This Special Issue explores the mechanisms by which exosomes operate, their

role in cancer progression and metastasis, and their application in therapeutic delivery. Moreover, it

highlights the challenges of scaling exosome-based therapies for clinical use and explores alternative

sources for large-scale production such as bovine milk and colostrum. These alternative approaches

hold great promise for making exosome-based treatments more accessible and cost-effective.

The contributors to this Special Issue bring together a wealth of expertise from both academia

and industry, and we are excited to present the latest findings in preclinical and clinical studies related

to exosome-based cancer therapy. We hope that this Special Issue will serve as a valuable resource

for scientists, clinicians, and students alike, promoting further exploration of exosomes and their

potential to transform cancer therapy.

Farrukh Aqil and Ramesh C. Gupta

Editors
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Editorial

Exosomes in Cancer Therapy

Farrukh Aqil 1,2,* and Ramesh C. Gupta 1,3,*

1 UofL Health—Brown Cancer Center, University of Louisville, Louisville, KY 40202, USA
2 Department of Medicine, University of Louisville, Louisville, KY 40202, USA
3 Department of Pharmacology and Toxicology, University of Louisville, Louisville, KY 40202, USA
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Exosomes or small extracellular vesicles (EVs) are natural nanoparticles and known to
play essential roles in intercellular communications, carrying a cargo of a broad variety of
lipids, proteins, metabolites, RNAs (mRNA, miRNA, tRNA, long non-coding RNA), and
DNAs (mtDNA, ssDNA, dsDNA). This is an emerging field. Recent studies have been
conducted on exosomes demonstrating physical and biological stability and suitable tolera-
bility, simplicity of preparation, possibility of commercial scale-up and functionalization
for tumor-targeting. These features make exosomes ideal nanoparticles for drug delivery,
with wide therapeutic applications. These findings have invigorated researchers to explore
the exosomes and their roles under both physiological and pathological conditions in
greater detail.

Exosomes participate in complex biological responses and have been proposed for
drug-delivery purposes, as they can be loaded with both small molecules and macro-
molecules, which endorse their use as therapeutic tools to treat various diseases, including
cancer. There have been inherent problems associated with other nanoparticle delivery
systems. Thus, for exosomes to be accepted as a drug carrier in clinics, the development of
biocompatible and economically viable exosomes, which are effective and well-tolerated
in vivo, must be demonstrated. Exosomes have many of the desirable features, such as a
long circulating half-life, the intrinsic ability to target tissues, biocompatibility, and minimal
or no inherent toxicity issues, overcoming the limitations observed with the majority of
other delivery systems.

In the last decade, there has been an exponential growth in the field of exosomes, with
about 21,000 publications on exosomes listed in PubMed alone and over 4200 in the year
2020 (Figure 1). Due to their nano-size (30–150 nm) and biological functions, exosomes
have been used as nano-carriers for small molecules and macromolecules (siRNA and
pDNA) in cancer therapy in pre-clinical studies, as well as biomarkers for cancer diagnosis
and prognosis. Progress in the use of exosomes in clinical studies has been slow. Kalluri’s
laboratory recently reported a scalable production of exosomes from mesenchymal stem
cells (MSCs) using a bio-reactor [1] and listed a clinical trial in the National Institutes of
health website (NCT03608631) with the exosome-mediated delivery of siKRASG12D against
pancreatic cancer [2]. The abundance of exosomes is orders of magnitude higher in bovine
milk [3] and colostrum powder [4,5] compared to cell culture media. In this regard, the
research article by Kandimalla and colleagues [5] presented in this Special Issue showed
the utility of exosomes isolated from bovine colostrum powder for delivery of the thera-
peutic drug paclitaxel, which is of high clinical relevance. This article highlights the tumor
targetability of exosomes and successfully showed that an oral functionalized exosomal
formulation of paclitaxel significantly improved the efficacy and mitigated immunotoxicity,
while providing a user-friendly, cost-effective alternative to an intravenous bolus dose
standard-of-care paclitaxel and abraxane. Reviewing the progress from the discovery to the
therapeutic development of exosomes, Jan et al. [6] summarized the valuable information
on exosome donor cell types, exosome cargoes, cargo loading, routes of exosome adminis-

Cancers 2022, 14, 500. https://doi.org/10.3390/cancers14030500 https://www.mdpi.com/journal/cancers1



Cancers 2022, 14, 500

tration, and the engineering of exosomal surfaces for specific peptides that increase target
specificity and, as such, therapeutic efficacy.

Figure 1. List of publications on exosomes in PubMed in last 10 years.

Exosomes derived from cancer cells carry the cargo reflective of genetic alterations
in cancer cells and could likely serve as a biomarker in the early detection of cancer. To
further highlight this area of exosome research, Guerrini and colleagues [7] discuss the
role of exosomes as one of the most intriguing cancer biomarkers in modern oncology for
early cancer diagnosis, prognosis and treatment monitoring. They discussed the applica-
tion of plasmonic devices exploiting surface-enhanced Raman spectroscopy (SERS) as the
optosensing technique for the structural interrogation and characterization of the heteroge-
neous nature of exosomes. Using a similar concept, Bondhopadhyay and colleagues [8]
reviewed the role of exosomes in communication between tumor cells in the breast cancer
tumor microenvironment. They highlighted the role of exosomes in breast carcinogenesis
and how exosomes could be used or targeted by recent immunotherapeutics to achieve
promising intervention strategies.

The role of Rab proteins and endocytosis process was discussed by Sinha et al. [9]. In
this article, authors reviewed the potential of exosomes in many aspects of cancer biology
including exosome biogenesis, cargo, Rab-dependent and Rab-independent secretion of
endosomes and exosomal internalization. They further show that exosomes could migrate
to distal parts and propagate oncogenic signaling and epigenetic regulation, modulate the
tumor micro-environment and facilitate the immune escape, tumor progression and drug
resistance responsible for cancer progression. The exosomes have been detected in all the
bodily fluids, and play different roles based on their origin. In the research manuscript,
Cacic and colleagues [10] showed that platelet-derived microparticles were internalized
by THP-1 cells, and resulted in increased levels of different miRNAs such as miR-125a,
miR-125b, and miR-199.

Recent advances have confirmed exosomes immunotherapy as a feasible, safe option
leading to both innate and adaptive immune responses. Exosomes possess different proper-
ties according to their source and the cargo they carry. The review by Giacobino et al. [11],
provides an up-to-date summary of exosome use in cancer immunotherapy involving the
use of exosomes to transport molecules that are able to trigger an immune response and
damage cancer cells. Furthermore, besides basic notions regarding cancer immunotherapy,
this article focuses on the potential of exosome-based therapeutic vaccines in the treatment
of cancer patients, overviewing the clinically relevant trials. This approach may represent a
potential target for future anti-cancer therapy. On a similar line, Yao et al. [12] reviewed
dendritic-cell-derived exosome vaccines exhibiting better antitumor efficacy in pre-clinical
animal models. This review further highlights recent clinical trials with DC exosomes as
cancer vaccines and discuss why they only showed limited clinical efficacy in advanced
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cancer patients. Since clinical studies failed to induce tumor-specific T-cell responses, these
observations could be helpful in future clinical studies on the fight against cancer.

Tumor cell exosomes have also been shown to contain danger-associated molecular
patterns (DAMPs), which are released in response to cellular stress to alert the immune
system to the dangerous cell. Linder and Strandmann [13] shed the light on this aspect in
their review. They discuss the role of exosomes in the defense mechanism of heat shock
protein 70 (HSP70), as HSP70-positive T-EVs are known to trigger anti-tumor immune
responses. The release of DAMPs, including HSP70, may also induce chronic inflamma-
tion or suppress immune cell activity, promoting tumor growth. They summarize the
current knowledge on soluble, membrane-bound, and EV-associated HSP70 regarding their
functions in regulating tumor-associated immune cells in the tumor microenvironment.
Additionally, a valuable discussion on the immunotherapies that aimed to target HSP70
and its receptors for cancer treatment is presented.

As discussed above, while exosomes have shown utility in the diagnosis, and treat-
ment of various cancers, recent evidence reveals that cancer-cell-derived exosomes can
change the behavior of target cells. The review represented by Burgos-Ravanal [14] dis-
cussed that exosomes isolated from aggressive cancer cells can transfer their “traits” to less
aggressive cancer cells and convert them into more malignant tumor cells. This review
further highlights the role of exosomes in drug resistance, and provides a valuable discus-
sion on why pharmacological therapies are often ineffective. Besides highlighting how
inhibiting exosome production could interfere in reduced metastasis and drug resistance,
this review highlights exosomes that can be used for therapeutic and prognostic purposes
in cancer.

In summary, this Special Issue comprises informative research and authoritative
review articles written by an international group of expert scientists and comprehensively
discusses exosome biogenesis and protein-sorting, the isolation of exosomes, better loading
efficiency, and targeted delivery of drugs and their roles in cancer diagnosis, progression,
metastasis and treatment. The articles represent preclinical in vitro and in vivo data to
demonstrate exosomes as an oral delivery vehicle for cancer therapeutics. Various reviews
debate/discuss strategies where the use of exosomes led to ‘cheerful’ results when exploring
diagnosis and treatment options for different human cancers.
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Simple Summary: Exosomes symbolize membrane-enclosed entities of endocytic origin. They
play an important role in the intracellular communication by shuttling proteins, nucleic acids, etc.,
between cells of different tissues and organs. Recent studies have revealed an interplay between cell
and exosomes; thereby highlighted their importance in disease diagnosis and possible implication
for use in therapeutics. They are currently been explored for the strategic development of platforms
towards their employment in achieving the target specific delivery of therapeutics. This review
summarizes the composition, biogenesis and trafficking of exosomes in different cellular backgrounds
and explores their multifarious role as drug delivery vehicles towards achieving correct functionality
and efficacy of the therapeutic molecules. Additionally, it discusses genetic engineering platforms for
employment in the designing of optimal delivery modules for their application in the delivery of
drugs as part of anticancer therapy.

Abstract: Exosomes are membrane-enclosed distinct cellular entities of endocytic origin that shuttle
proteins and RNA molecules intercellularly for communication purposes. Their surface is embossed
by a huge variety of proteins, some of which are used as diagnostic markers. Exosomes are being
explored for potential drug delivery, although their therapeutic utilities are impeded by gaps in
knowledge regarding their formation and function under physiological condition and by lack of
methods capable of shedding light on intraluminal vesicle release at the target site. Nonetheless, exo-
somes offer a promising means of developing systems that enable the specific delivery of therapeutics
in diseases like cancer. This review summarizes information on donor cell types, cargoes, cargo
loading, routes of administration, and the engineering of exosomal surfaces for specific peptides that
increase target specificity and as such, therapeutic delivery.

Keywords: antigen; cancer; exosomes; immune response; therapeutics

1. Introduction

Extracellular vesicles (EVs) represent a heterogenous population of membranous
structures of varying sizes and cellular origin [1]. Their secretion into the extracellular
milieu provides a means of mediating intercellular communication. Exosomes are a subset
of EVs that were introduced to the scientific world as vesicles released from mature blood
reticulocytes expressing transferrin receptor [2]. Exosomes develop intracellularly as

Cancers 2021, 13, 1157. https://doi.org/10.3390/cancers13051157 https://www.mdpi.com/journal/cancers5
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multivesicular bodies (MVBs) that undergo fusion with cell membrane for their release
into the extracellular space [3,4]. Exosomes are homogenous in shape with size ranging
in between 30 to 150 nm compared to microvesicles and apoptotic bodies that exhibit
substantial variation in size (from 100 to 1000 nm and 50 to 500 nm, respectively) [5,6].
They were initially determined to be definite intracellular entities by electron microscopy
(EM) [7].

Morphologically, exosomes are “saucer-like” or “deflated football shaped” in whole-
mount EM images, though their collapsed appearance is probably caused by sample
preparation procedures, as SEM (scanning electron microscopy) showed them to be per-
fectly spherical [8]. Irrespective of their cellular background, exosomes display specific
components on their surface and sequester molecules such as nucleic acids, cytokines,
and other bioactive compounds. Following their secretion by epithelial, endothelial, and
cells of other sources [9], exosomes make their way into body fluids such as blood, bile,
bronchoalveolar lavage, urine, and breast milk [10–12], and their transport to distant sites
facilitate cell-to-cell communication that influence physiologies and pathologies [13]. In
addition to their role in intercellular communication [8], their potential diagnostic and
therapeutic applications are of great interest to researchers. The present review was under-
taken to provide an overview of the composition, biogenesis, and trafficking of exosomes,
and to provide insight into the marked changes they undergo in diseased state and a
detailed summary of their therapeutic applications with respect to types of cells and thera-
peutic cargoes, methods of loading, and possible administration routes. In addition, we
discuss methods used to engineer exosomes with enhanced specificities and their current
therapeutic statuses in the context of different diseases.

2. Composition

Exosomes constitute a subcomponent of the secretome [14], and their composition is
dictated by the functional status of the cell (rested, stimulated, transformed, or stressed) [13].
Although the composition of exosomes are highly dependent on their origin, they all
contain specific sets of endocytic proteins and nucleic acids (DNA, RNA), and are enclosed
by a membrane of plasma membrane origin (Figure 1).

Figure 1. General representation of the exosome structure.
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A wide range of methods are employed to separate exosomes from cell culture and
body fluids (Table 1). Analyses of their composition by fluorescence-activated cell sort-
ing (FACS), Western blot, and mass spectrometry have revealed them to have a series of
tetraspanins (CD9, -26, -58 and others), RAB proteins, heat shock proteins (Hsp70, -90),
endosome-associated proteins (Alix, TSG101), annexins, cytoskeletal elements (actin, tubu-
lin), the lysosomal protein (Lamp2b), and the intercellular adhesion molecule (ICAM-1)
and co-stimulatory molecules of T-cell origin such as CD86 [15–18]. Surface proteins such
as heat shock protein, α4β1 (surface localized protein) on reticulocytes, A33 on enterocytes,
and P-selectin on platelets are signatures of cell-specific exosomes [19–21]. Proteomic
analyses of exosomes have shown them to possess surface-anchored sheddases, such as
ADAM (a disintegrin and metalloproteinase), matrix metalloproteinases (MMPs), and
MHC II molecules [22–24].

In addition to their role in extracellular matrix (ECM) remodeling, MMPs have been
associated with intra- and intercellular communication via the proteasomal processing
of exosome contents [25]. Enzymatic proteins, such as pyruvate kinases and peroxidases,
have also been reported in human dendritic cells (DCs) and enterocyte-derived exosomes.
In addition to displaying an array of intracellular proteins, exosomes contain DNA, and
a wide range of non-coding RNAs (miRNAs, lncRNAs, and circRNAs). lncRNAs have
emerged as regulatory RNA molecules with functions often related to cell differentiation
and cell cycle regulation, whereas circRNAs act as competitive inhibitors of miRNAs during
regulation of protein function [12,26–28]. Furthermore, exosome membranes are rich in
lipids such as phosphatidylserine and cholesterol [29]. At the time of writing, the exosome
database (http://www.exocarta.org; accessed on 20 December 2020) contained 9769 entries
for proteins, 3408 for mRNAs, 2838 for miRNAs, and 1116 lipid entries. The presence of
such a wide range of proteins, mRNAs, and miRNAs suggest enormous heterogeneity in
terms of exosomal contents, the local expression of proteins and lipids, and the uniqueness
of exosomes.

Table 1. Exosome isolation methods and their advantages and disadvantages.

Extraction Method Advantages Disadvantages Reference(s)

Ultracentrifugation (UC;
Differential centrifugation) High Purity Low yield, time-consuming,

requires costly instruments [30–33]

Density gradient centrifugation Satisfactory purity Low yield, time-consuming [30,34,35]

Size elusion chromatography (SEC) Relatively gentle
Unable to differentiate

exosomes from particles of
similar size

[35–37]

Filtration (Non-porous
membrane-based) Simple, time saving Low yield, high

contamination [38]

Polymeric precipitation High yield Low purity than SEC [39]

Affinity capture (Vn-96 peptide-based) Simple and time-saving, high yield,
high purity

Costly, unsatisfactory
recovery [40–42]

Immunoaffinity capture
(Antibody-based)

Simple and time-saving, high yield,
high purity Costly, non-specificity of Abs [43–45]

3. Biogenesis

The most accepted model of exosome biogenesis involves membrane orientation and
inward budding. According to this model, budding events during exosome formation oc-
cur in a reverse membrane orientation, similar to that observed during apoptosis [22,46,47]
and the release of milk fat globules from the epithelial cells of mammary glands [48].
Budding events during exosome formation involves phosphatidylserine flipping from
the inner to the outer plasma membrane leaflet. Furthermore, electron microscopic obser-
vations have revealed the fusion profiles of late endosomes with the plasma membrane
of antigen-presenting cells (APCs [15]), cytotoxic T-lymphocytes (CTLs [49]), dendritic
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cells (DCs [50]), and platelets [51]. Exosome production occurs in an active or passive
manner, that is, with or without protein involvement. Active production involves a het-
erooligomeric protein complex referred to as endosomal sorting complex required for
transport (ESCRT) and fusion of multivesicular bodies (MVBs) with the plasma membrane
to enable exosome release. Ubiquitination is one of the sorting mechanisms that results in
the incorporation of endosomal proteins into MVBs. The loading of monoubiquitinated
entities into MVB compartments is achieved by four different ESCRTs (ESCRT- 0, I, II,
and III) that interact with accessory proteins such as Vps-4 (vacuolar protein sorting-4)
and ALIX (programmed cell death 6 interacting protein, also called PDCD6IP) [52–54]. A
complex comprising ESCRT-0, HRS (hepatocyte growth factor regulated tyrosine kinase
substrate), and STAM1 (signal transducing adapter molecule 1) aids in the recognition of
ubiquitinated transmembrane proteins for incorporation into endosomal membrane [54].
Reportedly, ESCRT-I and II recruitment drive membrane budding, whereas ESCRT-III is
required for bud scission [54–56]. The recruitment of ESCRT-III by ESCRT-I and II occurs
with the involvement of ALIX, a protein that causes simultaneous binding of ESCRT-III
to TSG101 (tumor susceptibility gene 101 and a component of ESCRT-I) [57]. After exo-
some membrane formation, ESCRT dissociates from MVB membrane and contributes to
the transport of new cargos. ATPase VPS-4 (adenosine triphosphatase vacuolar protein
sorting-4) is required for the dissociation of ESCRT from MVB membrane, which represents
the first step of the ESCRT recycling machinery [54,58].

The production of exosomes involves ten stages; (1) endosomal membrane invagi-
nation, (2) budding of intraluminal vesicles (ILVs), (3) loading of different entities (DNA,
non-coding RNAs, proteins, etc.), (4) formation of multivesicular bodies (MVBs; ESCRT-0,I,
II, & 4, Vps-4, ALIX), (5) docking and fusion of MVB that have escaped fusion with lyso-
somal components to the plasma membrane (PM; Rab and SNARE proteins), (6) release
of exosomes into the extracellular milieu, (7) exosome-receptor interaction, (8) receptor-
mediated exosome uptake by the recipient, (9) exosome internalization, and (10) release of
exosome contents in cytoplasm (Figure 2).

Figure 2. Exosome biogenesis and uptake at recipient surfaces.
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Passive exosome formation involves the participation of lipids (ceramide), tetraspanins
(CD63), and heat shock proteins independently of ESCRT [59–61]. Studies have shown
localization of lipid metabolizing enzyme sphingomyelinase (SMase) and phospholipase
D2 (PLD2) to MVB membrane induces the inward curvature required for exosome forma-
tion [62–64]. Concomitant inactivation of different ESCRT components using RNAi helped
in establishing the independent nature of exosome biogenesis, as knockdown of different
ESCRT components did not affect CD63 accumulation or suppress MVB formation [65,66].
Studies by Wehman et al. painted a mixed picture of this RNAi-based strategy as ESCRT-
0 and I silencing were found partially suppressing the shedding, but have no effect on
ESCRT- II or III [67]. The dependence or independence of exosome biogenesis on the
ESCRT machinery has been extensively studied and discussed elsewhere [56,68,69].

4. Exosome Trafficking

Fusion of MVBs with the plasma membrane results in the release of exosomes into
the extracellular milieu. Although the mechanism that drives this fusion is unknown, the
secretion of acetylcholinesterase tagged exosomes from reticulocytes was found to depend
on the function of VAMP-7 (vesicle associated molecular pattern-7) [70]. Recent studies
on exosomes carrying WNT3A morphogen revealed that their release is dependent on
R-SNARE (soluble N-ethylmaleimide sensitive fusion attachment protein receptor) protein
(also called Ykt6) [71–73]. Furthermore, MVB–plasma membrane fusion was found to be
mediated by a ternary SNARE (t-SNARE) complex formed by v-SNARE (vesicle SNARE)
and t-SNARE [73–77]. After the two membranes make contact, the energy barrier required
for their fusion is overcome by the SNARE complex due to its association with the V0
subunit of V-type ATPase. The ability of V-type ATPase to overcome this energy barrier was
found to be independent of its proton pump activity [78]. Other key regulatory components
of the exosome secretion pathway include Rab proteins, e.g., Rab11 and Rab27b, which
play key roles in the docking of MVBs to the plasma membrane [79].

Exosomes are rich in Rab GTPases, particularly Rab4 and Rab5, which are believed to
be regulators of membrane trafficking [80]. Raposo et al. reported that plasma membrane
fusion with MHC-II enriched MVBs in B-lymphocytes results in exosome release [15], and
Zitvogel et al. reported stimulation of T-cell response by the components of exosomes from
DCs [81]. Savina et al. deciphered the presence of Rab11 in exosome secretions [82], and in
another study, though calcium transients were found to trigger exosome release, Rab 27
and Rab35 acted as regulatory GTPases for exosome secretion [83–88]. In addition, Alix
and Vps4 (components of the ESCRT pathway) were reported to play an important role
in exosome secretion [89], which was found to be regulated by P2X receptor activation
by LPS-induced ATP on monocytes and neutrophils, and by TLR4 activation on dendritic
cells [9,10,79,90].

5. Immunomodulatory Effect of Exosomes

Insights of the role of exosomes have revealed their importance as regulator of different
biological processes under physiologic and pathologic conditions. Exosomes release into
the extracellular milieu influences cellular morphology by interfering with cell signaling
components and by modulating recipient gene expressions and functions and the cell dif-
ferentiation program. Exosomes have been reported to influence infections [91–93], tumor
development and metastasis [94–98], neurodegenerative diseases [99–102], inflammation,
and autoimmune disorders [103–106]. In addition, they play crucial role in intracellular
communication and in the pathogenesis of several diseases as they can transfer signals
(cytokines, proteins, lipids, nucleic acids, and infectious agents) from cells to nearby or
distant locations [91,107,108]. In one study, exosomes derived from immunocytes were
found to contain a minimum of 98 immunogenic molecules [109]. The immunological
functions of exosomes are highly dependent on their membrane proteins and cells of
origin, and their stabilities in the extracellular space enable them to carry cargoes to distant
cells [110]. Furthermore, the regulatory effects of exosomes involve cross-talk between
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different immune cells, for example, between B-lymphocyte-derived exosomes and CD8+

cytotoxic cells [111] and between T-cell-derived exosomes and DCs [112–118]. Here, we
summarize the involvements of exosomes derived from mesenchymal stem cells (MSCs)
and immune cells in cell-to-cell communication and immune system stimulation and
suppression (Figure 3).

Figure 3. Immunomodulatory and tumor inhibitory effects of exosome loaded with different thera-
peutic cargoes.

5.1. MSC-Derived Exosomes

Mesenchymal stem cells (MSCs) are multipotent stromal cells sourced from bone
marrow, adipose tissues, placenta, or umbilical cord (Table 2). Their regenerative capacities
underlie their importance in immune modulation [106,119–122]. The immunomodulatory
effects of MSC-derived exosomes on peripheral blood mononuclear cells (PBMCs) have
been well established. Exosomes from healthy human bone marrow are essential for
the interaction between MSCs and PBMCs. Furthermore, MSC-derived exosomes can
modulate the activities of lymphocytes, macrophages, neutrophils, DCs, and natural killer
(NK) cells [123]. The ability of MSC-derived exosomes to inhibit the secretion of pro-
inflammatory cytokines such as interleukin-6 (IL-6), interleukin-1beta (IL-1β) [124], and
tumor necrosis factor-alpha (TNF-α) and to increase the production of anti-inflammatory
factors such as transforming growth factor-beta (TGF-β) and interleukin-10 (IL-10) have
been well described [125]. In addition, MSC-derived exosomes induce conversion of T-
helper-1 (Th1) to T-helper-2 (Th2) cells and reduces potential of T-cells to differentiate into
effector T-cells (Th17, capable of producing IL-17). The exosomes induce the proliferation
and differentiation of CD4+ cells into Th2 cells, and thereby, suppress differentiation of
Th1 to Th17 cells, which are known to participate in autoimmune response. Furthermore,
an increase in the regulatory T-cells (Tregs) was also observed in the interaction between
Th-cells and exosomes. Together, studies have revealed that MSC-derived exosomes have
favorable immunomodulatory properties [106,120–126], and thus, they are considered as
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potential therapeutic candidates in many pathological contexts and as a convenient means
of delivering therapeutics, enzymes, and genes to targeted cells [127]. Interestingly, recent
evidence suggests that MSC-derived exosomes offer a potentially safe means of treating
graft-versus-host disease (GvHD) [128].

Table 2. Characteristics of exosomes derived from human mesenchymal stem cells (MSCs) and other human immune cells.

Source of Exosomes Markers Characteristic miRNAs Cargo/Pathway Role Reference(s)

MSC-derived exosomes
(BM-MSCs-exo,
AD-MSCs-exo,
UC-MSCs-exo, and
PL-MSCs-exo)

CD9,CD34,CD44,CD63,CD81,CD90,
CD105, ALix, TSG101, OCN, OPN,

BMP-7, NKG2D ULBPs
miR-155, miR-146

P13K/AKT/AKT mTOR,
TGF-β/Smad/β-catenin,

STAT3/Bcl-2/Beclin1, IL-6,
ERK1/2, P38, MAPK

Immunosuppressive [129–133]

1. Mature DEXs
2. Immature DEXs

CD63, CD81, CD82, αMβ2,
MFG-E8 miR-155 Syntenin Gi2α, β-catenin Immunostimulatory [134]

Annexins, CD63, Alix, TSG101,
Calnexin and CCR-7

miR-125b-5p, miR-146a,
and miR-148 Syntenin Gi2α, β-catenin Immunosuppressive [135]

NKC-derived exosomes
(NK-exo) CD56 miR-186, miR-328,

miR-21, miR-29a

Granulysin (GNLY), TGF-β,
granzymes (Gzm-A &

Gzm-B), perforin (PFN)
Immunostimulatory [136,137]

Treg-derived exosomes
(Treg-exo) CD25 and CTLA-4 miRNA-155, Let-7b,

Let-7d IL-10, IL-35, and TGF-β Immunostimulatory [138,139]

BM, Bone Marrow; AD, Adipose Tissue; UC, Umbilical cord; PL, Placenta; DEX, Dendritic cell derived exosomes.

5.2. DC-Derived Exosomes

Exosomes secreted by immune cells such as mature DCs displaying MHC molecules
on their surface can act as antigen-presenting vesicles, thereby activate lymphocytes and
initiate innate or adaptive immune responses [118,134,140]. DC-derived exosomes can bind
antigenic peptides either by direct capture or by indirect antigen processing through parent
DCs [141]. DC-derived exosomes displaying MHC II molecules mediate CD4+ helper cell
activation by interacting with lymphocyte function-associated antigen 1 (LFA-1) expressed
on the surface of T-cells [142]. In the context of antigen-presenting properties, DC-derived
exosomes have greater immunostimulatory effect than intact DCs [143], and in the absence
of antigen-presenting cells (APCs), exosomes can activate CD8+ lymphocytes, which sup-
ports a report that exosomes contain high levels of class I MHC proteins and ICAM-1 [110].
On the other hand, immature DC-derived exosomes have opposite effects on the immune
system, as their cargoes are enriched with self-antigens and anti-inflammatory factors that
might promote or induce immune tolerance. The immature DC-derived exosomes were
also found to contain low levels of MHC II and co-stimulatory CD86+ molecules, and
thus, were incapable of inducing immune response and instead had immunosuppressive
effects [104,135]. In the background of allograft transplantation, immature DC-derived
exosomes have been shown to promote allograft survival by secreting anti-inflammatory
cytokine IL-10, and thus, suppressing T-cell proliferation [144]. It appears that DC-derived
exosomes participate in the modulation of helper and cytotoxic T-cell immune responses,
and thus, maintain immune tolerance.

5.3. NK-Derived Exosomes

NK cells are innate immune cells that play a central role in immune response. These
cells exhibit natural cytotoxicity that enables them to lyse malignant and virus-infected cells
without prior sensitization [145]. Also, activated NK cells can mediate immune response
indirectly by secreting pro-inflammatory cytokines and chemokines that modulate adaptive
cell-mediated immune response [146]. It has also been reported NK-derived exosomes
have anti-tumor effects similar to those of NK cells [136]. In a recent study, activated NK
cell-derived exosomes loaded with cytotoxic proteins, such as perforin (PFN), granulysin
(GNLY), and granzymes (Gzm-A and Gzm-B) induced caspase-dependent apoptosis on
entry into target cells [137]. A comparative study on the effect of resting and activated
NK cells on tumor cells revealed that activated NK cell-derived exosomes contain high
levels of FasL (Fas ligand) and perforin molecules with cytotoxic lysing activity against
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cancer cells, especially in hematologic malignancies, such as leukemia and lymphoma [147].
Furthermore, it has been suggested that understanding of the cytotoxic activities of NK-
derived exosomes at the molecular level would undoubtedly aid in the development of
immunotherapeutic strategies for the treatment of cancers and viral infections [148–150].

5.4. Treg-Derived Exosomes

Treg cells (suppressive T-cells) compose a subset of T-cells that play crucial im-
munomodulatory role by maintaining self-antigen tolerance and in preventing autoim-
munity by inhibiting the proliferation of effector T-cells (i.e., CD4+ and CD8+ cells) [151].
Like other immune cells, Treg cells are capable of releasing exosomes, which markedly
outnumber those released by other T-cell subpopulation [152–154]. The secretion of exo-
somes by Treg cells is highly dependent on hypoxia, calcium levels, and IL-2 [155–157].
Recent studies on the proteomic profile of Treg-derived exosomes have shown that these
exosomes contain most components of the parent cell and transport several molecules such
as miRNAs, CD73+, CD25+, and CD125+ (also known as cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4)) with marked immunomodulatory effect [139,158].

Recently, Treg-derived exosomes were reported to be enriched with miRNAs (e.g.,
miRNA-155, Let-7b, and Let-7d) as compared with parental Tregs, and when transferred
to conventional effector cells, these specific miRNAs suppressed IFN-γ production and
the expression of effector genes, thereby, inhibited T-cell proliferation [139]. An analysis
of the Treg-derived exosomes showed high expression of CD73+, which perform an es-
sential function in immune modulation by enhancing the production of adenosine (an
anti-inflammatory modulator) that potently suppresses the proliferation and function of
T-cells and block the production of IFN-γ and IL-2 [158].

6. Exploiting Exosomes for Therapeutics

The utilization of exosomes as drug delivery vehicles requires proper understanding
of their production in different cellular backgrounds to achieve correct functionality and
efficacy of the therapeutic cargoes. The following section summarizes the considerations
that should be borne in mind to achieve targeted drug delivery.

6.1. Choice of Cells

In addition to stability in body fluids, reduced immune-stimulatory activity and mini-
mal inflammatory response are prerequisites of therapeutic exosomes, and correct donor
cell choice is a steppingstone toward achieving these developmental targets (Table 3).

Table 3. Exosomes in therapeutics. The table summarizes sources, cargoes, loading mechanisms, and effects observed for
exosomes from different cell types.

Exosome Source Cargo and Loading Mechanism Effect Observed Reference(s)

Mesechymal Stem Cell

miR-124 (Transfection) Reduction of cell migration &
self-renewal [159]

Anti-miR-9 (Transfection) Reversal of chemoresistance [160]

miR-146b (Transfection) Reduction of progression &
metastasis [161]

miR-133b (Transfection) Suppression of progression [162]

PLK-1 siRNA (Electroporation) Induction of apoptosis & necrosis [163]

Paclitaxel (Incubation) Growth inhibition of human
pancreatic adenocarcinoma cell [164]
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Table 3. Cont.

Exosome Source Cargo and Loading Mechanism Effect Observed Reference(s)

Dendritic Cell

BACE1 siRNA (Electroporation)
Knockdown of specific gene after

specific siRNA delivery to the brain
for AD

[165]

VEGF siRNA (Electroporation) Suppression of tumor growth in
breast cancer [166]

GAPDH siRNA
(Electroporation)

Knockdown of specific gene after
specific siRNA delivery to the brain

for AD
[165]

Doxorubicin (Electroporation) Specific drug delivery to the tumor
site & inhibited tumor growth [167]

HEK293 Let-7a mimic (Transfection)
Target EGPR-expressing cancerous
tissues with nucleic acid drugs for

breast cancer
[168]

HEK293T BCR-ABL siRNA (Transfection) Overcome pharmacological resistance
in CML cells [169]

Mouse lymphoma cell Curcumin (Mixing) Increase anti-inflammatory activity [170]

Human cell lines such as HeLa and HEK293 and murine melanoma cell lines like
B16-F1, B16-F10, and B16-BL6 are commonly used to produce exosomes [168,171–179]. In
terms of immunogenic properties, immature DCs acts as a suitable donor cell alternative
for exosome production [135]. Additionally, surface modification of locally expressed
peptides enable exosomes to be used for targeted drug delivery [165,167]. DC-derived
exosomes engineered to locally express rabies virus glycoproteins have been utilized to
deliver siRNA across the blood-brain barrier in murine models [165]. However, despite
their attractive characteristics, production at large-scale for clinical use is restricted due to
technical difficulties [167]. To scale up production for clinical use, MSCs offer a possible
alternative as they produce large number of exosomes [160,161,180–182]. The use of MSC-
derived exosomes to deliver drugs to glioblastoma (GBM) xenograft tumors significantly
reduced tumor size [161]. Although exosomes provide a platform for developing new
therapeutic strategies, scale-up of MSC-derived exosome production is mostly hampered
by technical difficulties [183,184], and manufacturing challenges remain to be properly
addressed [7]. In this regard, a combination of tissue-specific targeting and scalability to
large-scale production appears to be an appropriate developmental target.

6.2. Choice of Therapeutic Cargoes

Several therapeutic cargoes have been loaded into exosome-based delivery systems.
Utilization of the abilities of exosomes to carry interfering RNAs [185,186] and deliver
therapeutic cargoes offer a potential means of treating different cancers [187]. Several
research groups have investigated the use of exosomes to carry siRNA for gene-based
therapy [165,174,176,187–190]. Exosome-mediated delivery of siRNA not only reduces the
risk of degradation, but substantially increases bioavailability and delivery efficiency. When
MAPK1-siRNA was delivered using plasma or cell-based exosomes, a significant reduction
in MAPK1 gene expression was observed in peripheral blood mononuclear cells [174]. In
fibrosarcoma cells, gene knockdown by exosome-mediated delivery of RAD51 or RAD52-
siRNA reduced viability and proliferation [176]. In a similar study, exosomes carrying
the siRNAs of glyceraldehyde-3-phosphate dehydrogenase (GAPDH; the housekeeping
gene) or β-site APP cleaving enzyme -1 (BACE1; an Alzheimer’s disease-associated gene)
downregulated targeted protein level in neurons [165]. Also, the risk of hepatitis C virus
(HCV) infection was reduced in liver cells treated with exosomes containing short hairpin
RNAs (shRNAs) against viral entry receptor and the replicative machinery of HCV [49,176].
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Dysregulation of the expression profiles of miRNAs is a characteristic of a large num-
ber of cancers [191,192], and subsequent studies reported that the exosome-based targeted
delivery of miRNAs suppressed symptoms in different disease models [185]. Encapsula-
tion of miR-150 in exosomes suppressed T-cell populations and reduced endothelial cell
migration, and treatment of T-cells with the conditioned media of miR-122 transduced
HEK293T cells increased miR-122 gene expression several-fold and suppressed hepatic
inflammation, necrosis, and fibrosis [172,193,194]. Exosome-based delivery of miR-214 to
hepatic stellate cells suppressed fibrosis by downregulating CCN2 expression [195,196],
and miRNAs had tumor-suppressive effects when miR-143 or let-7a were transported
to prostate and breast cancers in vivo [168,173]. However, no effect was observed when
normal prostate epithelial cells were treated with exosome-encapsulated miR-143 [173].
MSC exosome (MSCexos)-mediated delivery of miR-133b was found to be effective for treat-
ing brain ischemia in mice [182], and exosome-mediated miRNA transfer from activated
immune cells effectively induced epigenetic changes that influence convalescent plasma
response to virus in COVID-19 [197].

In a systematic review, Khalaj et al. [198] reported that exosomes extracted from
mesenchymal stem cells derived from bone marrow or umbilical cord ameliorate lung
injury in experimental models by (1) attenuating inflammation (reducing pro-inflammatory
cytokine levels, neutrophil infiltration, and macrophage polarization); (2) regenerating
alveolar epithelium (by reducing apoptosis and stimulating surfactant production); (3)
reducing microvascular permeability (by upregulating endothelial cell junction protein
levels); and (4) preventing fibrosis (reducing fibrin production). The authors attributed
these differential effects to the release of EV cargoes and identified several of the factors
responsible, which included miRs126, -30b, -3p, -145, -27a-3p, syndecan-1, hepatocyte
growth factor, and angiopoietin-1 [198]. Exosomal delivery of miR-146b inhibited tumor
growth in a xenograft model of GBM [161,199], and the delivery of anti-miRs against miR-9
(an oncogenic miRNA) to GBM cells increased their susceptibility to chemotherapeutics
like temozolomide [160]. The desired output highlights the communicative role played
by exosomes in interaction between MSCs and GBM cells irrespective of the presence of
gap junctions. These observations show that the exosomal delivery of miRNAs offers
a promising means of delivering anti-cancer and anti-COVID-19 agents. Nevertheless,
knowledge of the mechanisms of miRNA loading into exosomes would undoubtedly
improve results. In particular, we suggest investigations be conducted to identify and
characterize the EXO-motifs that direct the targeted exosome-based deliveries of miRNAs.

Exosomes containing chemotherapeutics like doxorubicin have shown growth in-
hibitory effect on xenografted breast and colon adenocarcinoma tumors [167,200]. En-
hancement in the efficiency of chemotherapeutic agents like doxorubicin achieved by
direct delivery of immature DC-derived exosomes effectively reduced side effects on non-
targeted organs, especially the heart [167,201]. An exosome preparation of JSI-124 (a STAT3
inhibitor) effectively reduced tumor volume in a murine model of GBM [170,202,203], and
notably, exosomes containing 5-fluorocytidine (a prodrug) facilitated its conversion to
5-fluorouracil and 5-fluoro-deoxyuridine and resulted in tumor cell apoptosis in an ortho-
topic model of schwannoma [175,204]. Furthermore, an exosome-based co-treatment offer
another means of treating malignancies, and exosomes loaded with super paramagnetic
iron oxide nanoparticles (SPIONs) were shown to have potential use as an MRI cancer
imaging agent [177,205].

6.3. Exosome Loading Procedures

The loading of therapeutic cargoes into exosomes involves the use of classical incuba-
tion and electroporation methods and transfection reagents and the modern techniques of
donor cell transfection or activation [177,188]. However, simple incubation with a cargo is
sometimes sufficient to load exosomes (Table 3). The best example of this is provided by
curcumin, a natural compound with an anti-inflammatory effect, which can be loaded by
simple incubation for 5 min at 22 °C, presumably because curcumin rearranges membrane
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lipids and alters membrane fluidity [206,207]. The encapsulation efficiency for the drug
doxorubicin was higher for exosome-mimetic bioengineered nanovesicles generated from
filtered monocytes or macrophages [194,200]. On the other hand, the loading of small-sized
cargoes, such as miR-150, was efficiently achieved by simple incubation [200,208].

Efficient loading of therapeutic cargoes into exosomes can also be achieved by elec-
troporation at 150–700 V [165,186], but the effectiveness of cargo loading depends on
the donor cell type [167,174,176], exosome type, and cell concentrations [165,167,177,209].
Quantification of cell delivery using fluorescently labeled siRNA revealed higher uptake
than by chemical reagent-based transfection [163,174]. An analysis of the cell viability after
electroporation of exosomes with therapeutic cargoes was used to investigate the efficiency
of the technique [176]. Although it seems to be a suitable clinical option, electroporation
is known to have adverse effects on the integrities of exosomes and cargoes, for example,
it has been reported to induce exosome and siRNA aggregation. In fact, after optimizing
delivery parameters and using trehalose medium to minimize exosome aggregation [177],
siRNA retention in exosomes was only <0.05% [210]. Nevertheless, the loading of drugs
like doxorubicin by electroporation is still considered a better option than incubation or
chemically based transfection methods, because it better maintains the functionality of the
drug [167]. The use of chemical-based transfection methods to load therapeutic cargoes
such as siRNA into exosomes has restricted usage because they are less efficient than that
achieved using HiPerFect transfection reagent-based methods [174,176]. Although Lipo-
fectamine 2000-based siRNA loading was reported to alter gene expression in recipients,
leftover micelles generated during exosome preparation prevented quantification of the
effects of siRNA cargoes at target sites [174,176].

Transfection of donor cells with appropriate cargoes to obtain cargo-loaded exosomes
appears to offer an acceptable means of therapeutic exosome production [211]. Destined
for secretion, transfection of donor cells with the overexpression construct facilitates entry
of therapeutic cargo into the lumen or its labeling to the surface of exosomes [161,168]. In
most studies, miRNAs are transfected as overexpression constructs in miRNA expression
vectors and then loaded into exosomes [161,162,172,173,195]. Exosomes produced from
MSCs transfected with a construct carrying miR-146b were found to restrict tumor growth
effectively [161]. In a similar study, let-7a containing exosomes with a surface expressed
target peptide efficiently delivered cargo to epidermal growth factor receptor (EGFR)
expressing breast cancer cells [168]. Elevated miR-214 expression achieved by transfecting
cells with anti-miRs seems to be a promising alternative to transfecting donor cells with
pre-miR-214 [160,195]. Though transfection of donor cells seems appropriate for exosome
loading for in vivo studies, engineering cells to express desired surface molecules and carry
maximum therapeutic load is time-consuming. Thus, non-autologous exosome producing
methods are required to generate non-immunogenic exosomes with specific targeting
characteristics for clinical use.

Studies that used activated donor cells to generate exosomes have shown them to be
less appropriate choice for exosome production as they are capable of transferring therapy
resistance to drug sensitive cells via, proteins, that increases DNA repair and tumor
cell survival along with disposal of the pro-apoptotic proteins. Using this methodology,
stimulation of THP-1 cells using inflammatory stimulants caused an increase in miR-150
levels in vesicles [193], and in another study, co-culture of brain extracts from rats that
had undergone middle cerebral artery occlusion show increased miR-133b levels [182].
Hypoxia is a characteristic of tumor microenvironment [212–214] and is believed to enhance
release of exosomes. Studies that used hypoxic condition to generate exosomes have
revealed them to be enriched with CD81, CD63 and HSP70 markers [215–217]. Although
hypoxic microenvironment alter the miRNA cargoes of exosomes from different cells [215],
exosomes generated under hypoxic conditions were found to be enriched in IL-8 and
IGFBP3 mRNAs and proteins, which promote the proliferation and migration of angiogenic
cells in vitro [218,219].
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6.4. Exosome Administration Routes

Conventional routes are required to administer drug-loaded exosomes. In addi-
tion, to the efforts being made to increase stability during long-term storage, research is
also being conducted to identify means of delivering drugs to tumors located in fragile
tissues [220,221]. Administration of exosome-based therapeutics via intravenous injec-
tion has been commonly used to deliver drugs to brain, pancreas, and tumors in other
tissues [165,167,168,172,198,222–226], and the endogenic origins of exosomes help them
escape removal by immune cells [227]. Exosome-based delivery of therapeutics increases
drug stability and enables high drug loadings in body fluids [227], and lack of lymphatic
drainage and the presence of fewer blood vessels aid in the retention of exosomes in tumori-
genic tissues [12,228,229], which enhances their therapeutic efficacies. Upon administration
through an intravenous mode, the half-life of exosome-based therapeutic cargo in circula-
tion was approximately two minutes [178]. The distribution of exosomes to lungs, liver,
spleen, and bone marrow and their later accumulation in liver and then lungs, suggests
a clearance mode similar to that of synthetic liposomes [178,230,231]. Accumulation in
liver has also been reported in studies on the administration of EGFR-bearing exosomes
with high affinity for hepatic tissues, and in tumor tissues in a xenograft model of breast
cancer [168,232]. Despite their exhaustion in circulation within short span of time, the
presence of therapeutic cargo in tumor vasculogenesis appears to program bone marrow-
derived MSCs [233]. In addition, modifications, such as PEGylation, aimed at increasing
their half-lives, are still warranted [234].

The intra-tumoral injection (another appropriate administration technique) of exosome-
encapsulated therapeutics for the treatment of different cancers resulted in successful reduc-
tion in tumor volumes [161,173,175,235,236]. The combined use of intratumoral injection
and tumor resection further reduces the risk of tumor recurrence [161,237]. The oral admin-
istration of exosomes potently induce intestinal stem cell proliferation after stable passage
through the gut in a murine model of colitis [238]. Administration of exosomes loaded
intraperitoneally with curcumin increased their bioavailability by improving their stability
in the circulation [170]. Intranasal administration of exosomes encapsulating curcumin or
Stat3 inhibitor for delivery to microglial cells reduced inflammation in brain [202], and
the subcutaneous administration of MHC II over-expressing exosomes proved effective in
murine melanoma [179,202,239]. The exosomes loaded with therapeutic cargo exerts their
effects at the target with in a short span of time after its delivery to the target [165,178].
Adoption of exosomes in clinical settings requires characterization of exosome protein
compositions in order to avoid adverse effects in patients.

7. Increased Specificity by Exosome Engineering

The expression of targeting peptides or proteins on exosome surface is a prerequi-
site for the specific delivery of therapeutic cargoes and in avoiding the adverse effects
associated with chemotherapeutic agents on normal cells surrounding tumors. Although
many studies have been performed on the exosome-based delivery of therapeutic cargoes,
few have addressed the engineering of exosomes to achieve the target-specific delivery
of therapeutic cargoes [240–244]. The exosome-engineering aimed at inserting a peptide
correctly into exosomes, while avoiding cleavage of peptide regions, is accomplished by
expressing the target peptide as a fusion product with the surface localized lysosomal
associated membrane protein-2b (Lamp-2b) [245,246]. This bioengineering approach helps
to enhance the uptake of exosomes and as such treatment specificities in tissues of inter-
est. An excellent example of this phenomenon is provided by RVG and iRGD peptides,
which when engineered on immature DC-derived exosomes helps to target therapeutics
to the brain and tumor tissues [165,167]. The expressions of hemagglutinin, myc-tag, and
peptide (epidermal growth factor; EGF or GE11) as a fusion protein with platelet-derived
growth factor receptor (PDGFR) on the surface of exosomes effectively targeted drugs
to tumors [168]. With ability to bind specifically to EGFR-upregulated cells in tumor
tissues, GE11-mediated delivery of therapeutic cargoes proceeds without activating the
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EGF-receptor [168], and thus, this method of delivery appears to be appropriate for treating
different types of cancers [247].

U937 or Raw264.7 cell-derived exosomes or exosome mimetic nanoparticles express-
ing surface LFA-1 induced significant reduction in the tumor volume when used to deliver
chemotherapeutics to tumor cells [200]. LFA-1 facilitates binding of exosomes to endothe-
lial cell adhesion molecules and has been used to deliver therapeutics to rapidly growing
tumors with extensive neovascularization [200]. The cell-specific characteristics of exo-
somes facilitate the delivery of therapeutics more specifically to tumor tissues. Transfection
of the CIITA gene to induce the expression of MHC II in murine melanoma cells resulted
in the production of exosomes expressing high surface levels of the MHC II protein [179].
The study indicated that MHC II has two functions, that is, as a targeting peptide to deliver
cargoes to specific destinations and as a therapeutic [179]. Exosomes derived from choroid
plexus epithelial cells expressing folate receptor-α (FRα) were reported to transport cargo
to brain parenchyma cells after passaging through the choroid plexus [239]. The ability to
cross the blood–brain barrier (BBB) or choroid plexus and the surface expression of target-
ing peptides on exosomes hold great promise for drug delivery to the brain [165,239,248].
The surface expression of tetraspanin proteins can be used as an alternative method to en-
gineer exosomes that deliver therapeutics to tumor tissues [222]. Similarly, utilizing target
specific antibodies to coat the surface of exosomes provides another means of avoiding the
laborious procedure of modifying membrane proteins.

8. Advancement in the Therapeutic Uses of Exosomes

Many commercial enterprises have been established to exploit the exosome-based
delivery of therapeutics. Codial BioSciences (Cambridge, MA, USA) has devised a specific
platform called engEx™ for engineering exosomes to deliver different therapeutics enti-
ties [249]. exoSTING—a therapeutic entity developed on exosome backbone with minimal
cytotoxicity is viewed as a promising therapeutic delivery candidate in the treatment of
cancer [249]. Exosomes carrying therapeutic cargoes have also been subjected to clinical
trials (Table 4). In a phase I study, DC-derived exosomes (DEX) loaded with MAGE3
antigenic peptides were administered to stage III/IV melanoma patients [250]. Studies
performed on the intradermal and subcutaneous administration of DEX revealed an in-
creased number of natural killer cells (NKCs) and reconstitution of NKG2D expression
on NK and CD8+ T-cells. Autologous exosome production from these non-toxic cells was
achieved successfully using standard manufacturing protocols [250]. In a phase II study of
DC-derived exosomes (DEX2) loaded with the chemotherapeutic metronomic cyclophos-
phamide, DEX2 encapsulation increased the immunostimulatory effect of the drug on
T-cells (NCT01159228). In addition, the application of ascites-derived exosomes (AEX)
together with GM-CSF was found to have greater cytotoxic T-cell response in colorectal
cancer than AEX alone [251]. Furthermore, exosome-based treatment was subjected to clin-
ical trials in malignant glioma. Implantation of glioma cells isolated from resected tumor
tissue into the abdomen of glioma patients treated with drug-inhibiting insulin-like growth
factor receptor-1 (IGF-1) induced apoptosis in implanted cells, and this was followed by
exosome release from these cells that stimulated the immune system to induce a T-cell
mediating antitumor response (NCT01550523).

A joint venture between PureTech Health and Roche aimed at developing novel
exosome technologies, led to the development of milk exosome-based technology for the
oral administration of antisense oligonucleotides [252], and this technology is considered
to have the potential to enhance treatment efficacies and reduce toxicities as compared with
conventional intravenous injection. In addition, plant-derived exosomes were assessed
for potential use as cancer treatments at the James Graham Brown Cancer Center. Orally
administered exosomes containing curcumin were tested for therapeutic effectiveness
against colorectal cancer (NCT01294072) and evaluated for their effects on oral mucositis
and pain after chemotherapy for head and neck cancers (NCT01668849). These trials,
which are ongoing and completed, respectively, have demonstrated good safety profiles
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in clinical settings, and relevance of continuing the development of exosome-based drug
delivery systems.

Table 4. Clinical trial data of exosomes used to treat various diseases.

Exosome Source Condition Payload Phase, Patients Clinical Trial Identifier

MSCs

Multiple organ failure NA NA (n = 60) NCT04356300

Severe COVID-19
Pneumonia NA Phase 1 (n = 24) NCT04276987

Periodontitis NA Phase 1 (n = 10) NCT04270006

Dry Eye NA Phase 1 (n = 27) NCT04213248

Type I Diabetes Mellitus NA Phase 1 (n = 20) NCT02138331

Metastatic Pancreatic
cancer

KRAS G12D
siRNA Phase 1 (n = 28) NCT03608631

Macular Holes NA Phase 1 (n = 44) NCT03437759

Cerebrovascular disorders NA Phase 1/2 (n = 5) NCT03384433

Diabetic Nephropathy Placebo NA (n = 38) NCT04562025

Dendritic Cell

Sepsis Antibiotics NA (n = 50) NCT02957279

Non-small cell lung cancer
Antigens

Phase 2 (n = 41) NCT01159288MAGE tumor antigens

Metastatic melanoma MAGE 3 peptides

Plant

Colorectal cancer Curcumin Phase 1 (n = 7) NCT01294072

Obesity NA NA (n = 160) NCT02706262

Head & Neck cancer Grape extract Phase I (n = 60) NCT01668849

Polycystic ovary syndrome Ginger & Aloe NA (n = 176) NCT03493984

Source: https://www.clinicaltrials.gov (accessed on 24 December 2020). NA = Not available.

9. Conclusions

Exosomes are considered as versatile carriers due to their immunogenic nature and
abilities to traverse biological barriers (e.g., the blood–brain barrier) and migrate to tissues
or areas with no blood supply (e.g., dense cartilage matrix). Exosomes encapsulate many
cargo types (DNAs, RNAs, proteins, and lipids) and transport them via body fluids to
nearby or distant cells. Their biocompatibilities and the genetic engineering possibilities
that prevent unwanted exosome accumulation and enable selective targeting, have en-
couraged researchers to develop exosome-based drug delivery systems. Selection of the
source and optimization of the isolation methods are currently being explored towards
achieving enhancement in the production of exosomes with distinct characteristics and
functionalities. Studies are currently being undertaken on the potential therapeutic use of
exosome derived from human tissues as drug carriers. However, such investigations are
hampered by lack of suitable isolation methods and drug uptake discrepancies. Currently,
the use of hollow fiber-based bioreactors offer an attractive means of harvesting exosomes
with reproducible characteristics. As effectiveness of therapeutic cargo depends on the
source of generation of exosomes and its release at target site, efforts are required to un-
derstand exosome generation in different cellular backgrounds and their drug uptake at
the target tissues. Exosomes exhibit a lipid bilayer structure with embedded characteristic
surface protein signatures that promote uptake at target sites. Given the complexity of
exosomes, internalization of exosomes loaded with therapeutic cargoes can be achieved by
incorporating cell-penetrating peptides (CPPs), such as arginine-rich CPPs, which stim-
ulate micropinocytosis at target sites, onto their surfaces. Investigations are required to
determine the optimal dosage, administration methods, and kinetic characteristics, and to
further investigate the effects of environmental conditions, such as pH, on the efficiency
of cargo delivery. Moreover, comprehensive investigations of the properties of cells used
for exosome production and the functionalities of exosomes are needed to ensure target-
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specific delivery of therapeutics in the context of personalized medicine. Furthermore, the
standardization of large-scale production and purification procedures would undoubtedly
improve exosome reproducibility and aid in the development of exosome-based cancer
therapeutics. Finally, investigations aimed at elucidating the mechanisms that govern
the specific delivery of exogenously administered exosomes, their biodistribution, and
pharmacokinetics would help to achieve the developmental transition of exosomes to the
clinical level.
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20. Sadovska, L.; Eglı̄tis, J.; Linē, A. Extracellular Vesicles as Biomarkers and Therapeutic Targets in Breast Cancer. Anticancer. Res.
2015, 35, 6379–6390. [PubMed]

21. Urabe, F.; Kosaka, N.; Ito, K.; Kimura, T.; Egawa, S.; Ochiya, T. Extracellular vesicles as biomarkers and therapeutic targets for
cancer. Am. J. Physiol. Physiol. 2020, 318, C29–C39. [CrossRef] [PubMed]

22. Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569–579.
[CrossRef] [PubMed]

23. Erin, N.; Ogan, N.; Yerlikaya, A. Secretomes reveal several novel proteins as well as TGF-β1 as the top upstream regulator of
metastatic process in breast cancer. Breast Cancer Res. Treat. 2018, 170, 235–250. [CrossRef] [PubMed]

24. Han, K.Y.; Chang, J.H.; Azar, D.T. Proteomics-based Characterization of the Effects of MMP14 on the Protein Content of Exosomes
from Corneal Fibroblasts. Protein Pept. Lett. 2020. [CrossRef]

25. Shimoda, M.; Khokha, R. Proteolytic factors in exosomes. Proteomics 2013, 13, 1624–1636. [CrossRef] [PubMed]
26. Wojtuszkiewicz, A.; Schuurhuis, G.J.; Kessler, F.L.; Piersma, S.R.; Knol, J.C.; Pham, T.V.; Jansen, G.; Musters, R.J.; van Meerloo, J.;

Assaraf, Y.G. Exosomes secreted by apoptosis-resistant acute myeloid leukemia (AML) blasts harbor regulatory network proteins
potentially involved in antagonism of apoptosis. Mol. Cell Proteom. 2016, 15, 1281–1298. [CrossRef]

27. Yang, M.; Song, D.; Cao, X.; Wu, R.; Liu, B.; Ye, W.; Wu, J.; Yue, X. Comparative proteomic analysis of milk-derived exosomes in
human and bovine colostrum and mature milk samples by iTRAQ-coupled LC-MS/MS. Food Res. Int. 2017, 92, 17–25. [CrossRef]

28. Kogure, T.; Yan, I.K.; Lin, W.L.; Patel, T. Extracellular vesicle-mediated transfer of a novel long noncoding RNA TUC339: A
mechanism of intercellular signaling in human hepatocellular cancer. Genes Cancer 2013, 4, 261–272. [CrossRef] [PubMed]

29. Schorey, J.S.; Bhatnagar, S. Exosome function: From tumor immunology to pathogen biology. Traffic 2008, 9, 871–881. [CrossRef]
30. Van Deun, J.; Mestdagh, P.; Sormunen, R.; Cocquyt, V.; Vermaelen, K.; Vandesompele, J.; Bracke, M.; De Wever, O.; Hendrix, A.

The impact of disparate isolation methods for extracellular vesicles on downstream RNA profiling. J. Extracell. Vesicles 2014,
3, 24858. [CrossRef]

31. Fraser, K.; Jo, A.; Giedt, J.; Vinegoni, C.; Yang, K.S.; Peruzzi, P.; Chiocca, E.A.; Breakefield, X.O.; Lee, H.; Weissleder, R.
Characterization of single microvesicles in plasma from glioblastoma patients. Neuro-Oncology 2019, 21, 606–615. [CrossRef]

32. Webber, J.; Clayton, A. How pure are your vesicles? J. Extracell. Vesicles 2013, 2, 19861. [CrossRef]
33. Tian, Y.; Gong, M.; Hu, Y.; Liu, H.; Zhang, W.; Zhang, M.; Hu, X.; Aubert, D.; Zhu, S.; Wu, L.; et al. Quality and efficiency

assessment of six extracellular vesicle isolation methods by nano-flow cytometry. J. Extracell. Vesicles 2020, 9, 1697028. [CrossRef]
34. Van Deun, J.; Mestdagh, P.; Agostinis, P.; Akay, Ö.; Anand, S.; Anckaert, J.; Martinez, Z.A.; Baetens, T.; Beghein, E.; Bertier, L.; et al.

EV-TRACK: Transparent reporting and centralizing knowledge in extracellular vesicle research. Nat. Methods 2017, 14, 228–232.
[CrossRef] [PubMed]

35. Simonsen, J.B. What are we looking at? extracellular vesicles, lipoproteins, or both? Circ. Res. 2017, 121, 920–922. [CrossRef]
36. Flaherty, S.E., 3rd; Grijalva, A.; Xu, X.; Ables, E.; Nomani, A.; Ferrante, A.W., Jr. A lipase-independent pathway of lipid release

and immune modulation by adipocytes. Science 2019, 363, 989–993. [CrossRef]
37. Takov, K.; Yellon, D.M.; Davidson, S.M. Comparison of small extracellular vesicles isolated from plasma by ultracentrifugation or

size-exclusion chromatography: Yield, purity and functional potential. J. Extracell. Vesicles 2019, 8, 1560809. [CrossRef] [PubMed]
38. Coumans, F.A.W.; Brisson, A.R.; Buzas, E.I.; Dignat-George, F.; Drees, E.E.E.; El-Andaloussi, S.; Emanueli, C.; Gasecka, A.;

Hendrix, A.; Hill, A.F.; et al. Methodological guidelines to study extracellular vesicles. Circ. Res. 2017, 120, 1632–1648. [CrossRef]
[PubMed]

39. Lobb, R.J.; Becker, M.; Wen, S.W.; Wong, C.S.; Wiegmans, A.P.; Leimgruber, A.; Möller, A. Optimized exosome isolation protocol
for cell culture supernatant and human plasma. J. Extracell. Vesicles 2019, 4, 27031. [CrossRef] [PubMed]

40. Ghosh, A.; Davey, M.; Chute, I.C.; Griffiths, S.G.; Lewis, S.; Chacko, S.; Barnett, D.; Crapoulet, N.; Fournier, S.; Joy, A.; et al. Rapid
isolation of extracellular vesicles from cell culture and biological fluids using a synthetic peptide with specific affinity for heat
shock proteins. PLoS ONE 2014, 9, e110443. [CrossRef]

41. Bijnsdorp, I.V.; Maxouri, O.; Kardar, A.; Schelfhorst, T.; Piersma, S.R.; Pham, T.V.; Vis, A.; van Moorselaar, R.J.; Jimenez, C.R.
Feasibility of urinary extracellular vesicle proteome profiling using a robust and simple, clinically applicable isolation method. J.
Extracell. Vesicles 2017, 6, 1313091. [CrossRef]

42. Stokman, M.F.; Bijnsdorp, I.V.; Schelfhorst, T.; Pham, T.V.; Piersma, S.R.; Knol, J.C.; Giles, R.H.; Bongers, E.M.H.F.; Knoers,
N.V.A.M.; Lilien, M.R.; et al. Changes in the urinary extracellular vesicle proteome are associated with nephronophthisis-related
ciliopathies. J. Proteom. 2019, 192, 27–36. [CrossRef]

43. Fang, S.; Tian, H.; Li, X.; Jin, D.; Li, X.; Kong, J.; Yang, C.; Yang, X.; Lu, Y.; Luo, Y.; et al. Clinical application of a microfluidic chip
for immunocapture and quantification of circulating exosomes to assist breast cancer diagnosis and molecular classification. PLoS
ONE 2017, 12, e0175050. [CrossRef]

44. Dorayappan, K.D.P.; Gardner, M.L.; Hisey, C.L.; Zingarelli, R.A.; Smith, B.Q.; Lightfoot, M.D.S.; Gogna, R.; Flannery, M.M.;
Hays, J.; Hansford, D.J.; et al. A microfluidic chip enables isolation of exosomes and establishment of their protein profiles and
associated signaling pathways in ovarian cancer. Cancer Res. 2019, 79, 3503–3513. [CrossRef]

45. Hisey, C.L.; Dorayappan, K.D.P.; Cohn, D.E.; Selvendiran, K.; Hansford, D.J. Microfluidic affinity separation chip for selective
capture and release of labelfree ovarian cancer exosomes. Lab Chip 2018, 18, 3144–3153. [CrossRef] [PubMed]

20



Cancers 2021, 13, 1157

46. Aupeix, K.; Hugel, B.; Martin, T.; Bischoff, P.; Lill, H.; Pasquali, J.L.; Freyssinet, J.M. The significance of shed membrane particles
during programmed cell death in vitro, and in vivo, in HIV-1 infection. J. Clin. Investig. 1997, 99, 1546–1554. [CrossRef] [PubMed]

47. Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19.
[CrossRef]

48. Mather, I.H. Proteins of the milk-fat-globule membrane as markers of mammary epithelial cells and apical plasma membrane. In
The Mammary Gland: Development, Regulation and Function; Neville, M.C., Daniel, C.W., Eds.; Plenum Press: New York, NY, USA,
1987; pp. 217–267.

49. Peters, P.J.; Geuze, H.J.; Van der Donk, H.A.; Slot, J.W.; Griffith, J.M.; Stam, N.J.; Clevers, H.C.; Borst, J. Molecules relevant for
T cell-target cell interaction are present in cytolytic granules of human T lymphocytes. Eur. J. Immunol. 1989, 19, 1469–1475.
[CrossRef] [PubMed]

50. Thery, C.; Regnault, A.; Garin, J.; Wolfers, J.; Zitvogel, L.; Ricciardi-Castagnoli, P.; Raposo, G.; Amigorena, S. Molecular
characterization of dendritic cell-derived exosomes. Selective accumulation of the heat shock protein hsc73. J. Cell Biol. 1999, 147,
599–610. [CrossRef]

51. Heijnen, H.F.; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, J.J. Activated platelets release two types of membrane vesicles:
Microvesicles by surface shedding and exosomes derived from exocytosis of multivesicular bodies and alpha-granules. Blood
1999, 94, 3791–3799. [CrossRef]

52. Babst, M.; Katzmann, D.J.; Estepa-Sabal, E.J.; Meerloo, T.; Emr, S.D. Escrt-III: An endosome-associated heterooligomeric protein
complex required for mvb sorting. Dev. Cell 2002, 3, 271–282. [CrossRef]

53. Hosseini, H.M.; Fooladi, A.A.; Nourani, M.R.; Ghanezadeh, F. The role of exosomes in infectious diseases. Inflamm. Allergy Drug
Targets 2013, 12, 29–37. [CrossRef]

54. Cashikar, A.G.; Shim, S.; Roth, R.; Maldazys, M.R.; Heuser, J.E.; Hanson, P.I. Structure of cellular ESCRT-III spirals and their
relationship to HIV budding. eLife 2014, 3. [CrossRef]

55. Wideman, J.G.; Leung, K.F.; Field, M.C.; Dacks, J.B. The cell biology of the endocytic system from an evolutionary perspective.
Cold Spring Harb. Perspect Biol. 2014, 6, a016998. [CrossRef]

56. Hurley, J.H. ESCRTs are everywhere. EMBO J. 2015, 34, 2398–2407. [CrossRef]
57. McCullough, J.; Fisher, R.D.; Whitby, F.G.; Sundquist, W.I.; Hill, C.P. ALIX-CHMP4 interactions in the human ESCRT pathway.

Proc. Natl. Acad. Sci. USA 2008, 105, 7687–7691. [CrossRef] [PubMed]
58. Hanson, P.I.; Cashikar, A. Multivesicular body morphogenesis. Annu. Rev. Cell Dev. Biol. 2012, 28, 337–362. [CrossRef] [PubMed]
59. Wei, D.; Zhan, W.; Gao, Y.; Huang, L.; Gong, R.; Wang, W.; Zhang, R.; Wu, Y.; Gao, S.; Kang, T. RAB31 marks and controls an

ESCRT-independent exosome pathway. Cell Res. 2020. [CrossRef]
60. Addi, C.; Presle, A.; Frémont, S.; Cuvelier, F.; Rocancourt, M.; Milin, F.; Schmutz, S.; Chamot-Rooke, J.; Douché, T.; Duchateau, M.;

et al. The Flemmingsome reveals an ESCRT-to-membrane coupling via ALIX/syntenin/syndecan-4 required for completion of
cytokinesis. Nat. Commun. 2020, 11, 1941. [CrossRef]

61. Bánová Vulić, R.; Zdurienčíková, M.; Tyčiaková, S.; Benada, O.; Dubrovčáková, M.; Lakota, J.; Škultéty, L’. Silencing of carbonic
anhydrase I enhances the malignant potential of exosomes secreted by prostatic tumour cells. J. Cell. Mol. Med. 2019, 23,
3641–3655. [CrossRef]

62. Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brugger, B.; Simons, M. Ceramide triggers
budding of exosome vesicles into multivesicular endosomes. Science 2008, 319, 1244–1247. [CrossRef]

63. Ghossoub, R.; Lembo, F.; Rubio, A.; Gaillard, C.B.; Bouchet, J.; Vitale, N.; Slavik, J.; Machala, M.; Zimmermann, P. Syntenin-ALIX
exosome biogenesis and budding into multivesicular bodies are controlled by ARF6 and PLD2. Nat. Commun. 2014, 5, 3477.
[CrossRef]

64. Groot, M.; Lee, H. Sorting Mechanisms for MicroRNAs into Extracellular Vesicles and Their Associated Diseases. Cells 2020, 9.
[CrossRef] [PubMed]

65. Stuffers, S.; Sem Wegner, C.; Stenmark, H.; Brech, A. Multivesicular endosome biogenesis in the absence of ESCRTs. Traffic 2009,
10, 925–937. [CrossRef]

66. Babst, M. MVB vesicle formation: ESCRT-dependent, ESCRT-independent and everything in between. Curr. Opin. Cell Biol. 2011,
23, 452–457. [CrossRef]

67. Wehman, A.M.; Poggioli, C.; Schweinsberg, P.; Grant, B.D.; Nance, J. The P4-ATPase TAT-5 inhibits the budding of extracellular
vesicles in C. elegans embryos. Curr. Biol. 2011, 21, 1951–1959. [CrossRef] [PubMed]

68. Colombo, M.; Raposo, G.; Thery, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef] [PubMed]

69. Kowal, J.; Tkach, M.; Thery, C. Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 2014, 29, 116–125. [CrossRef]
70. Fader, C.M.; Sanchez, D.G.; Mestre, M.B.; Colombo, M.I. TI-VAMP/VAMP7 and VAMP3/cellubrevin: Two v-SNARE proteins

involved in specific steps of the autophagy/multivesicular body pathways. Biochim. Biophys. Acta 2009, 1793, 1901–1916.
[CrossRef] [PubMed]

71. Gross, J.C.; Chaudhary, V.; Bartscherer, K.; Boutros, M. Active Wnt proteins are secreted on exosomes. Nat. Cell Biol. 2012, 14,
1036–1045. [CrossRef]

72. Ruiz-Martinez, M.; Navarro, A.; Marrades, R.M.; Viñolas, N.; Santasusagna, S.; Muñoz, C.; Ramírez, J.; Molins, L.; Monzo, M.
YKT6 expression, exosome release, and survival in non-small cell lung cancer. Oncotarget 2016, 7, 51515–51524. [CrossRef]

21



Cancers 2021, 13, 1157

73. Santos, M.F.; Rappa, G.; Karbanová, J.; Kurth, T.; Corbeil, D.; Lorico, A. VAMP-associated protein-A and oxysterol-binding
protein-related protein 3 promote the entry of late endosomes into the nucleoplasmic reticulum. J. Biol. Chem. 2018, 293,
13834–13848. [CrossRef]

74. De Paoli, S.H.; Tegegn, T.Z.; Elhelu, O.K.; Strader, M.B.; Patel, M.; Diduch, L.L.; Tarandovskiy, I.D.; Wu, Y.; Zheng, J.; Ovanesov,
M.V.; et al. Dissecting the biochemical architecture and morphological release pathways of the human platelet extracellular
vesiculome. Cell Mol. Life Sci. 2018, 75, 3781–3801. [CrossRef]

75. Duan, M.J.; Yan, M.L.; Wang, Q.; Mao, M.; Su, D.; Sun, L.L.; Li, K.X.; Qu, Y.; Sun, Q.; Zhang, X.Y.; et al. Overexpression of miR-1
in the heart attenuates hippocampal synaptic vesicle exocytosis by the posttranscriptional regulation of SNAP-25 through the
transportation of exosomes. Cell Commun. Signal 2018, 16, 91. [CrossRef]

76. Limanaqi, F.; Biagioni, F.; Gambardella, S.; Ryskalin, L.; Fornai, F. Interdependency Between Autophagy and Synaptic Vesicle
Trafficking: Implications for Dopamine Release. Front. Mol. Neurosci. 2018, 11, 299. [CrossRef]

77. Xu, P.; Hankins, H.M.; MacDonald, C.; Erlinger, S.J.; Frazier, M.N.; Diab, N.S.; Piper, R.C.; Jackson, L.P.; MacGurn, J.A.; Graham,
T.R. COPI mediates recycling of an exocytic SNARE by recognition of a ubiquitin sorting signal. Elife 2017, 6. [CrossRef]

78. Marshansky, V.; Futai, M. The V-type H+-ATPase in vesicular trafficking: Targeting, regulation and function. Curr. Opin. Cell Biol.
2008, 20, 415–426. [CrossRef] [PubMed]

79. Hu, G.; Gong, A.Y.; Roth, A.L.; Huang, B.Q.; Ward, H.D.; Zhu, G.; Larusso, N.F.; Hanson, N.D.; Chen, X.M. Release of luminal
exosomes contributes to TLR4-mediated epithelial antimicrobial defense. PLoS Pathog. 2013, 9, e1003261. [CrossRef] [PubMed]

80. Vidal, M.J.; Stahl, P.D. The small GTP-binding proteins Rab4 and ARF are associated with released exosomes during reticulocyte
maturation. Eur. J. Cell Biol. 1993, 60, 261–267. [PubMed]

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

82. Savina, A.; Vidal, M.; Colombo, M.I. The exosome pathway in K562 cells is regulated by Rab11. J. Cell Sci. 2002, 115, 2505–2515.
83. Hsu, C.; Morohashi, Y.; Yoshimura, S.; Manrique-Hoyos, N.; Jung, S.; Lauterbach, M.A.; Bakhti, M.; Gronborg, M.; Mobius, W.;

Rhee, J.; et al. Regulation of exosome secretion by Rab35 and its GTPase-activating proteins TBC1D10A-C. J. Cell Biol. 2010, 189,
223–232. [CrossRef] [PubMed]

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

85. Augimeri, G.; La Camera, G.; Gelsomino, L.; Giordano, C.; Panza, S.; Sisci, D.; Morelli, C.; Győrffy, B.; Bonofiglio, D.; Andò, S.;
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Simple Summary: Cancer is the second leading cause of death in humans, and in 2020, 9.8 million
cancer-related deaths were reported worldwide. In the last 20 years, it has become apparent that
small vesicles released by cancer cells, referred to as extracellular vesicles (EVs), are key players
in cell–cell communication in the tumor environment, and as a consequence, research in this area
has increased dramatically. This review summarizes the recent advances in our understanding of
how EVs serve as mediators of communication between cancer cells and with their surroundings
in order to promote the acquisition of specific characteristics that permit their aberrant behavior.
In addition, we dwell on how EVs aid in the development of drug resistance, which is a frequent
cause of treatment failure in chemotherapy. Finally, we discuss an exciting new area of research
that envisions harnessing the unique characteristics of EVs for therapeutic and diagnostic purposes
(theranostics). Taken together, the available literature suggests that advances in our understanding
of EV biology in the next decades will likely be critical to achieving more effective treatments in
cancer patients.

Abstract: Cancer remains a leading cause of death worldwide despite decades of intense efforts to
understand the molecular underpinnings of the disease. To date, much of the focus in research has
been on the cancer cells themselves and how they acquire specific traits during disease development
and progression. However, these cells are known to secrete large numbers of extracellular vesicles
(EVs), which are now becoming recognized as key players in cancer. EVs contain a large number
of different molecules, including but not limited to proteins, mRNAs, and miRNAs, and they are
actively secreted by many different cell types. In the last two decades, a considerable body of evidence
has become available indicating that EVs play a very active role in cell communication. Cancer cells
are heterogeneous, and recent evidence reveals that cancer cell-derived EV cargos can change the
behavior of target cells. For instance, more aggressive cancer cells can transfer their “traits” to less
aggressive cancer cells and convert them into more malignant tumor cells or, alternatively, eliminate
those cells in a process referred to as “cell competition”. This review discusses how EVs participate
in the multistep acquisition of specific traits developed by tumor cells, which are referred to as “the
hallmarks of cancer” defined by Hanahan and Weinberg. Moreover, as will be discussed, EVs play
an important role in drug resistance, and these more recent advances may explain, at least in part,
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why pharmacological therapies are often ineffective. Finally, we discuss literature proposing the use
of EVs for therapeutic and prognostic purposes in cancer.

Keywords: extracellular vesicles; hallmarks of cancer; drug resistance; theranostics

1. Introduction

Extracellular vesicles (EVs) were initially identified in the 1950s as a type of particle
derived from platelets present in plasma [1]. Approximately 20 years later, these particles
were still merely considered as “platelet dust” or an insignificant platelet by-product [2].
It took several years before the role of EVs was revealed to be very much the opposite of
meaningless cell debris, as their fundamental role in regulating homeostasis at the local
and systemic level became apparent [3,4]. EVs are generally described as a heterogeneous
population of membrane-enclosed, non-replicating, and sub-micron sized structures, which
are actively secreted by a wide variety of eukaryotic and prokaryotic organisms [5,6].
Moreover, EVs can be found in biological fluids, such as serum, plasma, urine, saliva,
and breast milk, amongst others [7–10]. In general terms, EVs can be separated into three
subtypes according to their biogenesis and biophysical properties [11], namely exosomes,
microvesicles, and other small membrane-limited fragments, such as apoptotic bodies,
which are generally thought to be less relevant to cell-to-cell communication [12,13].

Indeed, EVs can also induce important changes in recipient cells [4,14,15]. Specifically
in cancer, EVs secreted by tumor cells promote the development of tumor-related features
in recipient cells and the acquisition of the cancer hallmarks described in the literature [16].
Furthermore, several studies have documented that cancer cells secrete increased levels
of EVs when compared to normal cells [17,18]. Considering the aforementioned data and
the fact that EVs play an important role in cancer progression, EVs can also be envisioned
as appealing targets for developing non-invasive liquid biopsy strategies in patients with
cancer. These micron-sized particles can be readily isolated from biofluids as mentioned,
and they can be used to facilitate cancer diagnosis and surveillance. Moreover, they can
serve to evaluate treatment efficacy, as well as identify patients prone to cancer relapse
and/or resistance to therapy [19,20]. Interestingly, EVs have ultimately been described
to display considerable potential as novel transport vehicles, which may be employed to
deliver molecules or chemotherapeutic drugs in a targeted manner to tumors. In doing
so, toxicity or adverse effects can be reduced in comparison to conventional treatment
approaches [21,22]. Thus, this review will discuss literature relating to the role of EVs
in promoting acquisition of the hallmarks of cancer and also the use of these vesicles in
cancer therapy.

It should be mentioned that one of the many difficulties associated with the EV re-
search field in recent years has been the considerable confusion that exists with respect to
their nomenclature. This can be attributed largely to the lack of a consensus between the
type of isolation used to purify EVs and the techniques used to distinguish between EV sub-
types according to their biogenesis or release. To tackle this problem, several EV researchers
decided to combine their knowledge to unify the currently used nomenclature [15,23]. This
effort gave rise to the development of guidelines, which permit distinguishing between
EVs according to their size, density, molecular cargo, or information regarding the cell
of origin. In addition, these guidelines also determined that the terms “exosomes” or
“microvesicles” should only be used, for example, when imaging techniques were used
to confirm a specific biogenesis pathway [15,23]. Thus, in this review, we will refer to
the terms “exosomes”, “microvesicles”, or “apoptotic bodies” only when data regarding
their biogenesis is presented and confirmed. Alternatively, when such data are unclear or
lacking, the term “EVs” will be used instead. In doing so, this review focuses the discussion
predominantly, but not exclusively, on the effects of exosomes.
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2. Extracellular Vesicles

Extracellular vesicles (EVs) are mainly featured as a heterogeneous population of
membrane-enclosed, non-replicating, and sub-micron sized structures, which are actively
secreted by a wide variety of eukaryotic and prokaryotic organisms [5,6]. In addition,
EVs are mediators of communication between cells in physiological and pathological
settings, and they transport a diverse array of biomolecules, including lipids, nucleic acids,
carbohydrates and proteins [6,24]. Finally, EVs can be sorted into three different subtypes
according to their biogenesis and biophysical properties (Figure 1) [11].

Figure 1. Extracellular vesicles are a heterogeneous population of cell-derived membrane vesicles.
Extracellular vesicles (EVs) have classically been divided into three types according to their biogenesis
and biophysical properties: exosomes, microvesicles, and apoptotic bodies. Recently, a new group of
non-membranous nanoparticles of less than 50 nm, called exomeres, was identified. However, still,
little is known about their biogenesis, and proteins that have been connected to exomeres must be
characterized further in order to validate them as markers. For this reason, they are not included
here. EVs are carriers of a variety of molecules, including proteins, nucleic acids, and lipids. The
insert with a close-up view of exosomes shows some molecules commonly transported by them.

2.1. Exosome Biogenesis

Exosomes are currently considered the most studied subtype of nano-sized vesicles
smaller than 150 nm, which originate by the inward budding of endosomes or multi-
vesicular bodies (MVBs) toward the luminal space, which results in the formation of
intraluminal vesicles (ILVs) that are also known as exosome precursors [11,25]. As a next
step, these ILV-containing MVBs can either be redirected to degradation in the lysosome
or fuse with the plasma membrane (PM), thus leading to the release of exosomes into
the extracellular space [6,11]. Interestingly, exosome biogenesis and cargo sorting are
closely related processes. In this regard, there are two well-known mechanisms of ILV
formation that may depend or not on the presence of a particular set of Endosomal Sorting
Complexes Required for Transport (ESCRT), namely complexes 0, I, II, and III [6,11]. The
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first mechanism involving ILV formation requires the presence of ESCRT-0, which has been
described to select ubiquitinated proteins and segregate them into microdomains found on
the endosomal membrane. In addition, ESCRT-I and II are held responsible for the binding
of specific cargoes to the aforementioned microdomains. Subsequently, these complexes
recruit the Alix protein, which aids in recruiting the ESCRT-III complex containing proteins
involved in the last stages of ILV formation or vesicle budding and complex detachment
from the endosomal membrane [11]. The second mechanism, also considered as being
independent of ESCRT, requires the presence of Alix and transmembrane proteins, such
as syntenin and syndecan, which are responsible for recruiting specific molecular cargoes
(adhesion molecules, growth factors, integrins, etc.) along with the tetraspanin CD63,
which eventually leads to ILV formation [11]. Recent evidence points towards the existence
of a third mechanism of ILV biogenesis, which does not depend on components of the
ESCRT complexes but rather involves the participation of membrane lipid microdomains
or lipid rafts. The specific characteristics of the lipids involved favor inward bending of
the MVB membrane and thereby promote ILV formation [11]. One of the main proteins
involved in this lipid-dependent mechanism is the neutral sphingomyelinase, which is
responsible for generating ceramide, a conical lipid with a small head group that favors
bending toward the lumen of the MVB membrane [26].

2.2. EV Release from the Cell Surface

MVBs can either fuse with the plasma membrane for release of their content or with
lysosomes for their subsequent destruction [6,27]. Several reports are available indicating
that the final destination depends on factors such as the interaction with microtubules
or the actin cytoskeleton, as well as the engagement of specific members of the Rab
GTPase family of proteins [27]. Examples in the latter case include Rab27b, Rab11, and
Rab35, which promote MVB motility and fusion with the plasma membrane in HeLa, K562
(bone marrow chronic myelogenous leukaemia cells), and Oli-neu (oligodendroglial) cells,
respectively [28–30].

The second subtype of vesicles ranging in size 50–500 nm (up to 1000 nm), also known
as microvesicles (MVs), ectosomes, oncosomes, or microparticles, are described to be re-
leased from the cell surface by blebbing from the plasma membrane and subsequent mem-
brane fission [6]. Interestingly, MVs are formed by phospholipid redistribution, positioning
phosphatidylserines to the outer leaflet followed by actin–myosin contraction [31,32]. In ad-
dition, MV biogenesis requires the participation of small GTPases, such as ADP-ribosylation
factor 6 (ARF6) [33,34] and Ras-related proteins, e.g., Rab-22A [34,35]. Importantly, ESCRT
complexes also participate in MV formation [32], increasing the level of complexity in EV
subtype studies when evaluating vesicle biogenesis. In addition, MV release has been
shown to involve Rho family members, such as RhoA, which promotes MV release via
ROCK and ERK activation [27,36]. Moreover, RhoA, together with ARF6 and ARF1, in-
creases myosin contractility, thereby favoring MV fission and the subsequent pinching-off
from the plasma membrane [6,27,33,37].

Apoptotic bodies, referred to as the third subtype of EVs in the literature, vary widely
in size ranging from 50 to 2000 nm in diameter and are ultimately produced by an essential
physiological process, which is known as programmed cell death or apoptosis. One of
the main features of apoptotic bodies is that mechanisms for specific sorting of organelles,
RNA and DNA fragments can be detected, which are absent in other EV subtypes [32,38].

2.3. Exomeres

The discovery of exomeres was made possible by the development of new technolo-
gies to isolate and visualize EVs. In this regard, two studies report on the efficient isolation
of exomeres by optimizing asymmetric-flow field-flow fractionation and ultracentrifuga-
tion protocols [39,40]. Exomeres are approximately 50 nm and smaller in size than EVs.
In addition, they were shown to be highly enriched in calreticulin, argonaute proteins,
amyloid precursor proteins, proteins associated with coagulation (for instance, factors
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VIII and X), and enzymes involved in metabolism (e.g., glycolysis), especially glycolysis,
and mammalian target of rapamycin complex 1 (mTORC1) metabolic pathways [40,41].
Moreover, several recent reports have shown that exomeres can carry nucleic acids, such as
DNA, RNA, and miRNAs along with lipids, such as ceramide, esterified cholesterol triglyc-
erides, and phosphatidylcholine [42]. Interestingly, exomeres are not limited by a lipid
bilayer, but instead are enriched in certain types of lipids, which differ from those found
in exosomes [41]. Although limited information is available concerning their biogenesis,
the absence of a lipid bilayer suggests that exomeres cannot be classified as EVs but rather
should be viewed as a new type of extracellular particle (EP). In addition, the absence of
ESCRT components in these EPs suggests they are different from EVs derived from the
plasma membrane or generated via the endocytic pathway [42]. Despite such differences, a
novel role for exomeres has been proposed in cancer, since they were shown to promote
tumor organoid growth in recipient cells [40].

Interestingly, a novel role for exomeres in the COVID-19 pandemic was suggested, as
full-length angiotensin-converting enzyme 2 (ACE2) was reported to be contained in EVs
from colorectal cancer cells. Specifically, these cells were able to shed ectodomain fragments
of ACE2 that were enriched in exomeres [43]. Given that soluble human recombinant ACE2
can bind to SARS-CoV-2 [44], the binding of SARS-CoV-2 S protein to ACE2 fragments in
EVs and exomeres may play an important role in controlling the infection [43]. A relevant
question at this point is whether the ability to shed ACE2 fragments is limited to cancer
cells and if so, thinking of treatments for SARS-CoV-2 infection, why this might be the case.

2.4. EVs in Cell Communication

EVs have emerged as essential players in cell-to-cell communication, because they
represent a complex type of “biological package” capable of transporting a wide variety of
molecules from one cell to another.

EVs can elicit cellular responses without the need to be internalized into a cell by two
mechanisms referred to as soluble and juxtacrine signaling. Soluble signaling involves the
proteolysis of an EV surface ligand and its subsequent binding to a cell membrane receptor,
whereas juxtacrine signaling requires the juxtapositioning of ligands and receptors on
opposing surfaces of the EVs and the target cell [45].

On the other hand, EV internalization by recipient cells involves at least four mecha-
nisms: membrane fusion, phagocytosis, micropinocytosis, and endocytosis. For membrane
fusion, the EV membrane directly merges with the cell plasma membrane and transfers
cargo molecules to recipient cells. Protein members of the Rab family, Sec1/Munc-18-
related proteins (SM proteins), Lamp-1, and SNAREs contribute to this process. Uptake by
phagocytosis inevitably results in the fusion of the phagosome with the lysosomes and the
degradation of EV content. Phagocytosis likely represents a process important for EV clear-
ance by the immune system, given that the presence of phosphatidylserine (PS) on the outer
EV surface promotes their uptake. Indeed, PS appears to represent an essential component
of EVs for triggering their clearance by phagocytosis. Macropinocytosis is characterized
by plasma membrane ruffling induced by growth factors or other signals. The resulting
vesicles contain extracellular fluid and small particles. Macropinocytosis is induced by
signaling cascades involving Rho family GTPases, which facilitate actin-driven membrane
protrusion formation. The mechanism of EV macropinocytosis is dependent on Na+/
H+ exchanger function, actin, Rac1 GTPase activity, cholesterol, dynamin, and low pH.
Endocytosis is divided into two types of receptor-mediated processes: clathrin-mediated
endocytosis (CME) and caveolin-dependent endocytosis (CDE). CME is produced by the
interaction between ligands on the EV surface and specific receptors present on the plasma
membrane that utilize clathrin and adaptor protein 2 (AP2) complexes for the subsequent
formation of clathrin-coated vesicles (intracellular) to internalize EVs. The clathrin coat
alters the structure of the plasma membrane to promote invagination and vesicle fission.
Once inside the cell, the clathrin coat of the vesicles is removed to permit fusion with the
endosome and transfer of cargo molecules. CDE requires the presence of caveolins, which
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associate with cholesterol-rich microdomains in the plasma membrane and form small
flask-shaped invaginations together with cavins. Hence, CDE is sensitive to cholesterol
depletion. In addition, dynamin 2 is a common regulator of endocytosis that has been
implicated in CME and CDE [46].

In summary, soluble signaling, juxtacrine signaling, and membrane fusion are more
likely to culminate in a cellular response, since EV components do not enter the endosomal-
lysosomal degradation pathway directly.

EVs can modify the behavior of recipient cells depending on the biological message
or cargo that is being transferred from the donor cell or tissue [47]. Specifically in cancer,
EVs have been shown to play a critical role in cell-to-cell communication in the tumor
microenvironment that permits the acquisition and maintenance of cell traits, which are
referred to as the hallmarks of cancer.

2.5. Regulation of EV Release in Cancer

The number of EVs circulating in the blood of patients with different diseases is
elevated compared to healthy subjects. For example, patients with breast, ovarian, gastric,
prostate, liver, colon, and pancreas cancers have higher levels of exosomes in plasma than
healthy donors [48]. Moreover, in gastric cancer, elevated levels of EVs were associated
with more advanced stages of disease development [49,50]. In addition, patients with hema-
tological malignancies have higher EV levels compared to healthy controls. Interestingly,
among the latter patients, those with Hodgkin lymphomas, multiple myeloma, and primary
myelofibrosis had a higher proportion of smaller EVs in blood samples [51], suggesting
that vesicle size relates to function. Using scanning electron microscopy, normal human
ovarian cells were found to release EVs from a few select areas of the plasma membrane,
while ovarian serous adenocarcinoma cells release EVs from the entire cell surface [52].
Elevated EV release in cancer cells has been proposed to occur via a Ca2+-Munc13-4-
Rab11-dependent pathway. Specifically, the expression of Munc13-4, a Ca2+-dependent
Rab-binding protein, is elevated in cancer cells, which combined with the increased Ca2+
levels enhances exosome release from cancer cells [53]. Comparison of the breast cancer
cells MCF-7 and MCF-7 LTED (Long-Term Estrogen Deprived, a cell line model for the
resistance to aromatase inhibitors) revealed a significant increase in exosome secretion from
the MCF-7 LTED cells. This was accompanied by an increase in Rab GTPase expression,
which could represent another mechanism that permits increased exosome release from
more malignant cells [54]. Finally, EV release from cancer cells can be increased by microen-
vironmental factors, such as hypoxia, increased glycolysis, an acidic microenvironment,
calcium signaling, and irradiation [55].

3. EV-Mediated Function in Cancer

Extracellular vesicles have many physiological and pathophysiological functions. In
cancer, EVs play an important role in many, if not all, stages of cancer development, includ-
ing tumorigenesis, epithelial–mesenchymal transition, metastasis, and drug resistance. The
available evidence also indicates that EVs play a role in many types of cancer, including
gastric cancer, breast cancer, melanoma, and lung cancer, among many others. Moreover,
EVs are involved in the acquisition of all the “hallmarks of cancer” (see Figure 2). Initially
described by Hanahan and Weinberg (2000) [56] and updated in 2011 [16], these traits refer
to several biological characteristics that are acquired by cancer cells during the multistep
process leading to tumor development. In the following section, we will summarize evi-
dence available from in vitro and in vivo studies indicating how EVs participate in these
events (see Figure 2).
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Figure 2. EV-mediated function in cancer. The term “hallmarks of cancer” described by Hanahan
and Weinberg [56] refers to ten biological characteristics that are acquired by cancer cells during
the multistep process leading to tumor development. The EV-mediated roles reported to date are
shown here for each “hallmark of cancer”: Sustaining proliferative signaling [57–63], Evading growth
suppressors [64], Resisting cell death [65,66], Enabling replicative immortality [57,67], Inducing
angiogenesis [58,68–72], Invasion and metastasis [14,73–79], Genome instability and mutation [80],
Tumor promoting inflammation [81,82], Deregulating cellular energetics [83,84] and Avoiding im-
mune destruction [85–87].

3.1. Sustaining Proliferative Signaling

Cancer cells acquire the ability to proliferate continuously and do so by generating
their own signals, thus rendering themselves independent of external input. They may
achieve this through a variety of strategies that do not necessarily involve EVs and have
been reviewed elsewhere. EVs can promote cell proliferation in an autocrine manner in
many types of cancer, including glioblastoma, breast adenocarcinoma, colorectal, and
triple negative breast cancer [58,61,88,89]. Specifically, in some cancers, such as bladder,
gastric, and non-small cell lung cancer, it has been shown that this increase in proliferation
is through the activation of signaling pathways involving phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) or AMP-activated protein kinase (AMPK)/extracellular
signal-regulated kinases (ERK) [62,90–92]. EVs transfer growth factor receptors, such as
the epidermal growth factor receptor (EGFR), which promote receptor-dependent cell
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signaling [69]. In fact, the EGFR is widely present in EVs from various cancer cell lines [63].
Furthermore, a highly oncogenic isoform of the EGFR (EGFRvIII) is transferred through
EVs in glioblastoma, which is a very aggressive cancer disease [58]. Intermediate signaling
molecules, such as AKT, PI3K, and cyclins are also found within EVs [59,61,62], and they
are likely transferred from cancer cells to target cells to activate proliferative signaling
pathways. Nucleophosmin (NPM) is another oncoprotein that is highly enriched in EVs
of several cancer cells and participates in many pathways involved in proliferation and
growth suppression [63]. Furthermore, EVs may participate in the elimination of tumor
suppressors, such as let-7, which is a microRNA precursor highly expressed in EVs from
cancer cell lines [60].

The tumor microenvironment, which includes cells such as fibroblasts, myofibrob-
lasts, endothelial, pericytes, and immune cells, is also important for tumor growth and
development. EVs play an essential role in communication between tumor cells and the
tumor microenvironment. For instance, HeLa cancer cell EVs increase Human Umbilical
Vein Endothelial Cell (HUVEC) proliferation [93]. In addition, microvesicles from the
cerebrospinal fluid of glioblastoma patients enhanced endothelial cell viability in vitro [94].
This is relevant, since angiogenesis promoted by endothelial cell proliferation increases tu-
morigenicity. Moreover, EVs isolated from non-small cell lung cancer cells (A549) increase
the proliferation of the normal fibroblast cell line HLF1 [95]. Cancer cell EVs containing
the mRNA for hTERT, the telomerase transcript, induce phenotypic changes, including
increased proliferation and extension of the life span in fibroblasts. In addition, EVs isolated
from the sera of patients with pancreatic and lung cancer also reportedly contain hTERT
mRNA [57]. As previously stated, the inverse scenario has also been observed, namely
that EVs from cancer-associated fibroblasts (CAFs) increase the proliferation of pancreatic
and oral cancer cells [96,97]. In summary, the evidence presented highlights how EVs
from cancer cells may act by several mechanisms in a paracrine manner to change the
behavior of neighboring cancer cells or cells of the tumor microenvironment to enhance
tumor growth.

3.2. Evading Growth Suppressors

Tumor suppressor genes act in many different ways to limit cell growth and prolifera-
tion. Thus, because the acquisition of these traits is key to the development and progression
of cancer, tumor suppressor function is frequently reduced or eliminated in tumor cells.
Some of the best-studied tumor suppressor proteins include the retinoblastoma (RB) pro-
tein and p53; both act as central control nodes within two key complementary regulatory
circuits that determine whether cells proliferate or, alternatively, induce senescence and
apoptosis [16].

Due to their relevance, many mechanisms have been identified that control the ex-
pression of these tumor suppressors; yet, to date no reports are available involving either
EVs or exosomes in regulation of the RB protein or vice versa, RB in the regulation of EV
composition. Alternatively, however, p53 has been shown to regulate the secretion, size, as
well as the RNA and protein cargoes of tumor-derived EVs [98]. Proteomics analysis was
used to identify proteins secreted in the culture media that are regulated by p53 in response
to DNA damage in human non-small lung cancer cells. A more comprehensive analysis
showed that exosomes isolated from the culture medium after p53 activation using ionizing
radiation (IR) contained transcriptional targets of p53 (Maspin, PGK1, Eno1, and EF-1α),
and unexpectedly, proteins encoded by genes that are not transcriptional targets of p53
(Hsp90β and CyPA). A p53-regulated gene product, tumor suppressor activated pathway-6
(TSAP6), was shown to increase exosome production in cells when p53 was activated in
response to IR [99]. However, mechanisms that explain how TSAP6 increases exosome
secretion have not yet been identified, although p53 is known to control the intracellular
vesicle trafficking system by regulating components of the endosomal compartment (see
details about EVs biogenesis in Section 1). The activation of p53 directly increases the
transcription of the ESCRT-III subunit CHMP4C [100]. The ESCRT-III complex contains

37



Cancers 2021, 13, 3324

oligomers of small α-helical CHMP proteins, of which CHMP4 family members are the
most abundant components [101]. ESCRT-III is required for the scission of the intraluminal
vesicles (ILVs) into the MVB lumen during exosome biogenesis [6]. Human colorectal
cancer cells expressing a dominant-negative mutation of p53 (R248W) were found to
secrete exosomes enriched in several microRNAs (miRNAs), including miR-1246. The
miR-1246-enriched exosomes are taken up by adjacent macrophages leading to their repro-
gramming into the anti-inflammatory, tumor-supportive M2-like phenotype characteristic
of tumor-associated macrophages (TAMs) [102].

Beyond the ability of p53 to determine EV content, EVs are also known to regulate p53
activity. Bioinformatics analysis of proteome changes in astrocytes treated with glioblas-
toma (GBM)-derived EVs predicted the inhibition of p53. At the same time, significantly
decreased Δ133p53 and increased p53β (truncated p53 isoforms) transcripts in astrocytes
exposed to GBM-derived EVs were reported [103]. Changes in both truncated p53 isoforms
suggest that astrocytes acquire a Senescence-Associated Secretory Phenotype that modi-
fies the tissue microenvironment by secreting pro-inflammatory molecules, extracellular
proteases, and extracellular matrix (ECM) components. In doing so, such “senescent”
astrocytes promote tumor progression [103].

Exosomes from colon cancer cells transfected with a shRNA against p53 downregu-
lated p53 expression in fibroblasts and promoted their proliferation. Among the miRNAs
in exosomes from p53-deficient colon cancer cells, the upregulation of miR-1249-5p, miR-
6737-5p, and miR-6819-5p was observed. Moreover, each of these miRNAs was shown
individually to suppress p53 expression in fibroblasts [64]. These results reinforce the
notion that p53 plays an active role in the control of exosomal RNA cargos.

3.3. Resisting Cell Death

Tumor cells develop strategies that limit or prevent apoptosis to survive and grow.
One of these strategies involves EVs, since several studies have shown that EVs play
a role in promoting resistance to cell death. Specifically, EVs are known to transport a
defined set of miRNAs that transfer the resistance phenotype to sensitive cancer cells
by altering cell cycle control and blocking apoptosis [104–108]. One of the anti-apoptotic
pathways that has been linked to EV function is the inhibition of the c-Jun N-terminal kinase
(JNK) pathway. Bone marrow-derived mesenchymal stem/stromal cell (BMSC)-derived
exosomes have been shown to inhibit the JNK pathway and downregulate the expression
and phosphorylation of Bcl-2-like protein 11 (Bim) [109]. Moreover, EVs can help prevent
apoptosis under cell stress conditions. In EVs obtained from HeLa cervical carcinoma cells
exposed to irradiation induced-stress, elevated levels of the inhibitor of apoptosis protein
survivin were detected [110]. Finally, it has been reported that EVs derived from both
bladder and gastric cancer cells inhibit cancer cell apoptosis by upregulating the expression
of Bcl-2 and cyclin-D1 and downregulating Bax and caspase-3 [91,111].

3.4. Enabling Replicative Immortality

Cells in most normal cell lineages in the body can only divide a limited number of
times, as defined by the “Hayflick” limit [112]. In cells in culture, repeated cycles of cell
division induce initially senescence and then the crisis phase, which generally leads to cell
death. However, cells that survive this crisis acquire an unlimited replicative potential.
This transition is referred to as immortalization and is typical of cell lines that proliferate
without developing senescence. The immortalization of cells, as occurs in tumors, is linked
to their ability to maintain telomere regions, thereby avoiding senescence or apoptosis,
and it is achieved by increasing telomerase expression. The telomeres are multiple tandem
hexanucleotide repeats, which shorten progressively in non-immortalized cells after each
cell division. Eventually, these regions lose the ability to protect the chromosome ends
and generate unstable chromosome patterns that affect cell viability. The length of the
telomer regions determines how many successive divisions a cell can undergo before
telomeres are eroded and consequently lose their protective functions. Telomerase, the
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enzyme that adds telomere repeat segments to the ends of telomeric DNA, is almost absent
in non-immortalized cells, but it is expressed at significant levels in human cancer cells,
where it favors telomere maintenance [16].

As an example, breast epithelial cancer cells were treated with EVs purified from
conditioned media of X-ray exposed cells. Compared to control cells, telomerase activity
decreased in EV-treated cells. Moreover, exosome treatment with RNase prevented the
effect on telomerase activity. These observations suggest that EVs transfer RNA-mediated
information relating to telomerase activity between cells; however, unfortunately, this
study did not provide any characterization of the exosomes/EVs [113].

The mRNA of the catalytic subunit of the telomerase reverse transcriptase (hTERT) is
shuttled in exosomes from cancer cells to fibroblasts that do not express telomerase, where
expression of the protein and activity are subsequently detected. Importantly, exosomes
from the sera of patients with pancreatic or lung cancer contained hTERT mRNA as well.
Telomerase activity induced phenotypic changes in target fibroblasts, including increased
proliferation and delayed onset of senescence. In addition, telomerase activity protected
the fibroblasts from DNA damage induced by phleomycin [57]. Later studies showed that
hTERT is also present in amniotic fluid stem cell-derived EVs [67].

3.5. Inducing Angiogenesis

EVs participate in the regulation of pathological angiogenesis, as well as tumor an-
giogenesis. Hypoxia, a common feature of most solid malignant cancers, is generated by
an imbalance between the altered oxygen supply capacity of the abnormal tumor vascu-
lature and increased oxygen consumption of the tumor cells [114]. Therefore, hypoxia
is a key driver of tumor angiogenesis [115,116]. Here, it should be noted that exosomes
derived from hypoxic colorectal cancer cells promote angiogenesis in vitro and in vivo
via Wnt/β-catenin signaling in endothelial cells [117]. In addition, another in vivo study
showed that exosomes isolated from hypoxic lung cancer cells contained miR-23a, which
increased angiogenesis [118]. In addition, exosomes derived from hypoxic leukemia cells
were shown to enhance tube formation by human umbilical vein endothelial cells (HU-
VECs) via a miR-210-dependent mechanism [119]. Nevertheless, it is important to consider
that although hypoxia is important in the development of angiogenesis, it is not the only
relevant factor, given that several different pro-angiogenic molecules are present in EVs
from tumor cells that are independent of hypoxia.

EVs secreted by cancer cells contain pro-angiogenic mediators, including vascular
endothelial growth factor (VEGFA), interleukin-8 (IL-8), interleukin 6 (IL-6) and fibroblast
growth factor 2 (FGF2). Moreover, EVs can contain pro-angiogenic miRNAs, such as
miR-21, miR-23a, miR-29a, and miR-30 [58,68–72]. Exosomes derived from gastric cancer
cells deliver miR-130a to vascular cells to promote angiogenesis and tumor growth by
targeting c-MYB both in vitro and in vivo [120]. In addition, exosomes that contain miR-205
from ovarian cancer cells significantly promoted angiogenesis in an in vivo model [121].
Additionally, using an in vivo nude mouse model, pancreatic cancer cell-derived exosomes
carrying miR-27a were shown to promote angiogenesis [122]. In addition, recent research
showed that the deleted in malignant brain tumors 1 protein (DMBT1) is enriched in
EVs compared to the cancer cell of origin [63]. DMBT1 binds to pro-angiogenic factors
and promotes adhesion, migration, proliferation, as well as angiogenesis [123]. Cancer
cell-derived EVs also contain proangiogenic ECM remodeling enzymes, such as urokinase
plasminogen activator (uPA), as well as the MMP2 and MMP9 [68]. Glioblastomas are
among the most studied types of tumors known to release EVs carrying potent inducers of
angiogenesis in vitro, ex vivo, and in vivo [124] that modify the phenotype of endothelial
cells [58,94,125,126]. To date, two mechanisms have been proposed to understand how
tumor-derived EVs may promote angiogenesis. First, the uptake by endothelial cells of
exosomes derived from cancer cells is known to be increased. In addition, the expression
of certain tetraspannins in cancer cell-derived EVs promotes the internalization of EVs by
endothelial cells [127–131]. Therefore, EVs stimulate the transcription of genes related to
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angiogenesis and promote the migration and proliferation of endothelial cells. For example,
EVs secreted by cancer cells were reported to transfer mutant EGFR to tumor endothelial
cells, promoting mitogenic MAPK and AKT signaling [69]. Second, it has been reported
that EVs mediate intercellular communication in the tumor microenvironment through
mechanisms other than the transfer of their luminal cargos to recipient cells, in a manner
independent on uptake [132,133]. Indeed, a recent study shows that cancer cell-derived
EVs stimulate endothelial cell migration via the heparin-bound 189 amino acid isoform of
VEGF, which, unlike other common VEGF isoforms, is enriched on the surface of EVs [134].

3.6. Invasion and Metastasis

The acquired ability to migrate and invade allows cancer cells to escape from the
primary tumor and establish themselves at a new secondary site in a process commonly re-
ferred to as metastasis, which is responsible for 70–90% of all cancer-related deaths [16,135].
Numerous in vitro and in vivo studies show that EVs, in particular exosomes, play an
important role in cell migration and metastasis in many types of cancer, including breast,
glioblastoma, fibrosarcoma, nasopharyngeal, brain, melanoma, and colorectal, among
others [89,136–139]. Some examples of how cancer cell-derived EVs modulate their envi-
ronment are provided. For instance, the incubation of poorly metastatic B16F1 cells with
EVs from the highly metastatic melanoma cell line B16F10 increased B16F1 metastasis to the
lung after intravenous injection in mice [136]. Furthermore, exosomes obtained from the
sera of prostate cancer patients increased significantly the invasiveness of DU145 prostate
cancer cells in vitro compared to cells incubated with exosomes isolated from healthy
individuals of the same age [140]. The loss of Rab27a in melanoma cell lines changes the
size and protein composition of released exosomes [141]. Rab27a, a protein known to
participate in exosome biogenesis [30], is overexpressed in melanomas. In addition, the loss
of Rab27a in melanoma cell lines inhibited spontaneous metastasis in vivo, suggesting that
Rab27a is important for the pro-invasive effects of exosomes produced by the wild-type
cells [141].

EVs can modulate cell migration and metastasis through a variety of different mech-
anisms. These include the transfer of molecules that enhance migration, EMT-related
molecules, MMPs, and miRNAs [14,73,76,78,142]. For instance, exosomes from a colorec-
tal cancer cell line (HT-29), with high potential to induce liver metastasis, significantly
increased in vitro migration and metastasis to the mouse liver of human colorectal Caco-2
cancer cells, which is a cell line with very low metastatic potential to the liver. This effect
was proposed to be mediated by elevated levels of the C-X-C Motif Chemokine Receptor 4
in the exosomes [78]. In breast cancer, EVs from the highly metastatic cell line MDA-MB-231
containing caveolin-1 enhanced the migration and invasion in vitro of the less metastatic
breast cancer cell line T47-D lacking caveolin-1 [14], providing evidence for the importance
of caveolin-1 in the genesis of exosomes with elevated malignant potential. In prostate
cancer, Integrin subunits α3 and β1, Talin 1, and Vinculin, proteins all relevant to migration
and invasion, were more abundant in EVs of the more aggressive PC3 cell line, compared
to the exosomes from less aggressive LNPaC cells. Furthermore, EVs derived from each of
these cell lines increased the invasion of non-cancerous cells, which was prevented when
integrin subunit α3 was blocked. Additionally, integrin subunits α3 and β1 are increased
in EVs isolated from the urine of metastatic prostate cancer patients [142]. Interestingly,
stromal cells from gastrointestinal tumors release exosomes containing the receptor tyro-
sine kinase proto-oncogene KIT (also called CD117), which increases MMP1 expression
in smooth muscle cells, creating a positive feedback loop between stromal and tumor
cells that favors tumor cell invasion [74]. Moreover, fibrosarcoma exosomes containing fi-
bronectin, an important ECM protein, promoted cell adhesion and migration [143]. Finally,
prostate cancer cells produce large oncosomes containing bioactive MMPs, in addition to
other molecules that are important for cancer progression, such as caveolin-1 and ADP
ribosylation factor 6 [144].
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On the other hand, RNA-bearing exosomes are also important for cell migration
and metastasis. In particular, some miRNAs are relevant in this context, such as miR-9,
-145, -21, -29a, -494, and -542-3p. These miRNAs affect the expression of many different
targets, such as cell–cell adhesion molecules, chemokine ligands, cell cycle regulators and
angiogenesis-promoting proteins, which are all factors that contribute to metastasis [76,79].
Exosomes derived from primary lung tumors, carrying small nuclear RNAs, were shown
to activate Toll-like receptor 3 (TLR3) in lung epithelial cells, inducing chemokine secretion
and neutrophil recruitment to the lung that favors the formation of pre-metastatic niches
in vivo [145]. In addition, exosomes derived from breast cancer cells were shown to
transfer miR-105 to HUVEC cells, where miR-105 reduces the expression of the tight
junction protein ZO-1 to promote vascular permeability that favors the spread of cancer
cells [146]. Furthermore, exosomes from B16-F10 cells can also induce vascular leakiness, as
evidenced by increased pulmonary endothelial permeability [147]. This was corroborated
by Hoshino et al. using exosomes with tropism to the lung from the MDA-MB-231-derived
human breast cancer cell lines 4175 and 1833, in a mouse model [77]. Taken together, this
evidence suggests that exosomes initially increase vessel permeability in order to prepare
the pre-metastatic niche.

Moreover, exosomes can also act as a scaffold for the attachment of metastatic cells [143].
In this respect, an interesting study shows that exosome release is important for autocrine
cell migration. Specifically, using the chick embryo chorioallantoic membrane assay, as well
as in vitro assays, the authors found that exosomes from H10T80 human fibrosarcoma cells
enhanced directional migration and promoted adhesion assembly in an autocrine manner.
Moreover, in these in vitro assays, exosomes promoted the migration of H10T80 cells by
enhancing adhesion. Somewhat surprisingly, miR-210-containing exosomes from HCT-8
colon cancer cells with a more adhesive phenotype inhibited the MET and cell-surface
adhesion of a subpopulation of HCT-8 cells with elevated metastatic potential in vitro [148].
These results suggest that exosomes may also reduce the adhesion of tumor cells and
thereby favor their dissemination.

Exosomes can also function as vectors that sequester molecules to reduce their intra-
cellular bioavailability, thereby altering the phenotype of the parent cell [75]. For example,
the Let-7 and miR-200 miRNA levels observed in exosomes from the ovarian cancer cell
lines SKOV-3 and OVCAR-3 were elevated compared to the intracellular levels. This is
relevant, given that the let-7 miRNA family suppresses cell proliferation, while the miR-200
family suppresses EMT [75]. Thus, the elimination of these miRNAs through exosomes
reduces their intracellular levels.

Regarding the role of exosomes in preparing the metastatic niche and colonization,
Hood et al. provided evidence for the importance of melanoma-derived exosomes in
promoting metastasis to lymph nodes in vivo. To this end, C57BL/6 mice were pre-
conditioned by injecting into the left footpad exosomes isolated from B16F10 cell culture
supernatants. The subsequent injection of B16F10 cells into the left footpad revealed
that preconditioning increased melanoma cell recruitment to lymph nodes of the mice,
which is a preferential site for melanoma metastasis [149]. Another study showed that the
intravenous injection of B16F10-derived exosomes following orthotopic injection of B16F10
cells into C57BL/6 mice increased metastasis to the lung. Furthermore, the transplantation
of bone marrow-derived cells (BMDC) treated with exosomes derived from B16F10 cells,
after subcutaneous implantation with B16F10 cells, resulted in higher metastatic burden
in vivo in the lung and ipsilateral lymph nodes, which was attributed to transfer of the
MET oncoprotein [147]. In addition, during colonization, exosomal integrins are important
for specific organ tropism. In particular, using a knock-down strategy, exosomes containing
the α6β4 integrin were shown to promote lung metastasis, while αvβ5 integrin presence
was linked to liver metastasis. Furthermore, exosomal integrins were associated with the
increased expression of genes related to metastasis, such as S100A8 and S100P, as well as
elevated levels of the src protein and phosphorylation on Tyr-416 [77].
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Finally, another mechanism by which exosomes can promote metastasis is by reducing
the permeability of the vascular endothelial barrier, which is a topic that will be addressed
further on in an independent section.

3.7. Genome Instability and Mutation

In physiological conditions, the genome maintenance systems find and repair defects
in the DNA, maintaining very low rates of spontaneous mutation. Cancer cells often
increase the rates of mutation through increased sensitivity to mutagenic agents or deregu-
lation of components of the genome maintenance and repair machinery, or both [16]. Since
the late 1990s, several types of defects that affect components of the DNA maintenance
machinery, have been described [150]. For instance, DNA repair genes and mitotic check-
point genes, such as the MutL homolog 1 (MLH1), the breast cancer susceptibility gene 1
(BRCA1), MYH (also known as MUTYH), and the xeroderma pigmentosum group A (XPA)
all encode proteins that help to maintain genomic stability [151].

The MLH1 protein is one of seven DNA mismatch repair proteins (MLH1, MLH3,
MSH2, MSH3, MSH6, PMS1, and PMS2) in humans. A heterodimer between MSH2 and
MSH6/MSH3 first recognizes the DNA mismatch. The MSH2–MSH6 heterodimer allows
the binding of a second heterodimer of MLH1 and PMS2/PMS3/MLH3. This protein
complex formed between the two sets of heterodimers enables the initiation of repair
of the mismatch defect in DNA [152]. EVs isolated from sorafenib-resistant renal cell
carcinoma (RCC) cells contain high levels of the microRNA miR-31-5p. Treatment with
miR-31-5p-containing EVs suffices to downregulate MLH1 expression in target cells [80].
This mechanism would presumably reduce the activity of the DNA mismatch repair
system and lead to long-term accumulation of mutations, but this hypothesis has not yet
been corroborated.

BRCA1 promotes the repair of DNA double-strand breaks (DSB) by homologous
recombination. BRCA1 associates with BRCA1-associated RING domain protein 1 (BARD1)
and other tumor suppressor proteins to initiate the nucleolytic resection of DNA lesions
and the recruitment and regulation of the recombinase RAD51 [153], which catalyzes the
insertion of single-stranded DNA (ssDNA) into sister chromatids. Using sister chromatid
as the template, ssDNA is elongated, and junctions are formed between the two sister
chromatids [154]. Recent studies show that BRCA1-deficient fibroblasts treated with uveal
melanoma-derived and colorectal cancer-derived EVs transfer malignant traits to target
cells, and the authors suggest that BRCA1 activity is necessary to prevent the detrimental
effects of cancer-derived EVs in non-cancer cells [155,156].

To date, a literature search for evidence linking EVs to the control of the other two
caretaker genes, MYH/XPA, did not yield any results.

3.8. Tumor-Promoting Inflammation

Cancer cell-derived EVs promote the generation and persistence of the inflammatory
environment, which contributes to disease progression. Fabri et al. demonstrated that
the miR-21 and miR-29a contained in exosomes derived from lung cancer cells bind
to members of the Toll-like receptor (TLR) family on immune cells. TLR engagement
triggers the activation of nuclear factor kappa-light chain-enhancer of activated B cells
(NF-κβ), secretion of pro-metastatic inflammatory cytokines, and the transcription of genes
that favor tumor proliferation and metastasis [81]. Another study showed that when
monocytes are stimulated with EVs derived from oral squamous cell carcinoma (OSCC),
the uptake of these EVs by monocytes leads to NF-κB activation and the generation of a pro-
inflammatory environment, which was characterized by elevated levels of IL-6, monocyte
chemoattractant protein 1 (MCP1), prostaglandin E2 (PEG2) and MMP9 [157]. Using RNA
sequencing and proteomics analysis, Haderk et al., observed that expression of the Y RNA
(small non-coding RNA) hY4 is increased in exosomes isolated from chronic lymphocytic
leukemia (CLL) cells and from the culture supernatant of a CLL cell line. Additionally,
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when monocytes were treated with these exosomes, PD-L1 expression and cytokine release
were induced, facilitating cancer-related inflammation [82].

In addition, the pro-inflammatory effects of tumor-derived exosomes that affect
macrophage performance have been described. Wu et al., found that exosomes derived
from gastric cancer cells induced macrophages to express higher levels of pro-inflammatory
factors, such as IL-6 and TNF-α. These exosomes markedly increased the phosphorylation
of NF-κB in macrophages and, additionally, activated macrophages in human peripheral
blood monocytes via NF-κB [158]. Moreover, lung cancer cell-derived exosomes trans-
form naïve mesenchymal stem cells (MSCs) into a new kind of pro-inflammatory MSCs
(P-MSCs) by activating TLR2/NF-κB signaling [159]. Recently, Pritchard et al. reported
that lung tumor cells secrete exosomes that are taken up by macrophages and differentiate
into tumor-associated M2 macrophages, which can promote inflammation in the tumor
environment and immune suppression [160]. Together, these studies highlight how EVs
play an important role as messengers in the communication between tumor cells and
cells of the immune system. Such cell–cell communication promotes the genesis of a pro-
inflammatory environment that permits the escape of tumor cells from destruction by the
immune system.

3.9. Deregulating Cellular Energetics

Cancer cells exhibit remarkable metabolic plasticity that is necessary to generate en-
ergy and at the same time satisfy the biosynthetic requirements, which permit maintaining
proliferation and/or metastatic spread [161]. In addition, particularly for cancer cells
in a hypoxic environment, the enzymes of the glycolytic pathway are upregulated, and
elevated release of lactate and pyruvate is observed, which leads to an acidification of
the tumor environment [162]. In turn, the decrease in pH is associated with an increase
in the secretion and uptake of EVs [163] that contain proteins involved in metabolism
and miRNAs that target proteins related to metabolic activities of the cell [83,164]. Fatty
acid synthase (FASN), a key enzyme involved in the de novo synthesis of FAs, is one of
the most frequently identified proteins in EVs [83]. Additionally, not only the protein
but also the mRNA of FASN has been identified in prostate cancer (PCa) cell-derived
EVs [165], which suggests a possible role for these EVs in the lipogenesis of cancer cells. On
the other hand, a study compared by proteomics analysis exosomes from non-aggressive
hepatocellular carcinoma cells with those released by aggressive cell lines and found that
in the latter case, exosomes are enriched in enzymes involved in glycolysis, gluconeogen-
esis, and the pentose phosphate pathway [84]. Potentially, these exosomes may be more
easily absorbed by the recipient cells, which translates into an increased uptake of these
metabolic drivers that affect the metabolic profile of the recipient cells, as is the case for
hepatocellular carcinoma cells [84]. However, the presence of glycolytic enzymes in EVs
does not necessarily correlate with functional transfer, as shown in a proteomics analysis
of adipocyte EVs, which suggested that both glucose oxidation and lactic acid release
remained essentially unchanged in recipient cells after treatment with these EVs [166].
Therefore, it will be necessary to increase the number of studies both in vitro and in vivo
to establish more conclusively whether EVs enriched in glycolytic enzymes are able to
reprogram the metabolism of recipient cells and to what extent this capacity depends on
the tumor cell origin.

3.10. Avoiding Immune Destruction

Exosomes can induce immune responses by regulating signals controlling both the
adaptive and innate immune responses [167]. Tumors avoid being recognized by cytotoxic
T cells as a strategy to escape destruction by the immune system. To do so, they can
directly impair the functioning of antigen-presenting cells (APC) or cytotoxic T cells, or
alternatively induce suppressor T cells. In all cases, efficient immune responses against
cancer cells are blocked [168]. Several mechanisms have been described by which EVs
participate in the evasion of the immune destruction of tumor cells. For instance, tumor-
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derived EVs induce immunosuppression by promoting the expansion of regulatory T cells
(Treg) and depletion of anti-tumor CD8+ effector T cells, which in conjunction permit
tumor escape [169]. Interestingly, metastatic melanomas release EVs, mainly in the form
of exosomes, which transport programmed death-ligand 1 (PD-L1) on their surface and
suppress CD8 T cell function [86,87]. Recently, a study showed that exosomes from Lewis
lung carcinoma or 4T1 breast cancer cells impaired dendritic cell (DC) differentiation
and promoted apoptosis [170]. Moreover, several studies have shown that exosomes
from cancer cells can inhibit natural killer (NK) cell proliferation and cytotoxic functions,
mainly through the downregulation of NK group 2 member D (NKG2D), which is a central
mediator of NK cytotoxicity [171–177]. Xia et al., have shed light on a potentially new
mechanism by which cancer-derived EVs may inhibit NK cell activity. Their study shows
that exosomes isolated from the supernatants of primary cell cultures of tissue samples
from patients with clear cell renal cell carcinoma obtained after nephrectomy display
TGF-β1 on their surface, which may impair NK function by activating the Small Mothers
Against Decapentaplegic (SMAD) pathway in these cells [85]. Despite their relevance,
these results were obtained using in vitro approaches and need to be confirmed in in vivo
settings. Elucidating the role of EVs in the evasion of cancer cell destruction by the immune
system should aid in the development of new therapies that block evasion of the immune
response by tumor cells, consequently enhancing anticancer treatment efficacy.

3.11. EVs and Thrombosis

Although the pro-thrombotic role of EVs is not considered a hallmark of cancer,
presumably because it does not appear to contribute to cancer development, it does play an
important role in determining cancer patient survival and for that reason is considered here.

A variety of studies have identified a role for EVs in modulating processes related
to coagulation and hemostasis, as well as in pathologies associated with thromboembolic
events, such as sepsis, atherosclerosis and cancer [178–180]. Thrombosis is one of the
most common complications in cancer patients and represents the second leading cause of
death in cancer patients in the United States [181–185]. The procoagulant activity of EVs
is associated predominantly with the surface exposure of phosphatidylserine (PS), which
facilitates the assembly of complexes, including the coagulation factors VIIIa, IXa, and X, as
well as the prothrombinase factors Va, Xa, and II on the EV surface [179]. Moreover, tumor
cells release EVs with tissue factor (TF) on their surface, which activates the extrinsic branch
of the coagulation cascade [186,187]. Several in vitro and in vivo studies have linked the
expression of TF on EVs to their pro-coagulant potential [188–192]. Indeed, circulating
TF-positive EVs (TF+EVs) have been observed in leukemia [193], multiple myeloma [194],
breast, pancreatic [195], ovarian [180] and lung [189] cancer.

3.12. EVs and Cell Competition

In any given tumor, several different cancer cell subpopulations coexist and, conse-
quently, tumor subclones compete for available resources in a process denominated cell
competition (CC). This process determines the relative fitness in neighboring cells and
permits eliminating defective or damaged cells in communities to favor the proliferation
and growth of the most competent cells [196]. Given that this will ultimately determine the
nature of a tumor, some evidence relating to factors involved in CC mechanisms and the
role of exosomes/EVs in that context will be discussed below.

One of the best characterized factors that regulates CC is the transmembrane protein
Flower (hFWE). In humans, there are four splice variants of hFWE (1–4), and co-culture
studies revealed that cells expressing hFWE2 or hFWE4 proliferate while triggering caspase-
dependent apoptosis in cells expressing hFWE1 or hFWE3 [196]. Although this is perhaps
one of the clearest examples illustrating how specific molecules participate in CC, there is
unfortunately no published information available indicating that hFWE (1–4) are present
in exosomes/EVs.
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Bone morphogenetic proteins (BMPs) have also been previously associated with CC.
In mammals, pluripotent cells with decreased BMP signaling are eliminated in the presence
of WT cells [197]. Calcium-dependent activator protein for secretion 1 (CAPS1) protein
promotes metastasis in colorectal cancer cells (CRCs), and exosomes derived from CAPS1-
overexpressing CRCs increase the migration of normal colonic epithelial cells. Interestingly,
proteomics analysis showed that the overexpression of CAPS1 downregulated the BMP4
cargo in exosomes [198]. Thus, these results suggest that CAPS-1 expressing cells restrict
BMP4 export using exosomes to upregulate their own signaling or to prevent the functional
transfer of this protein to neighboring cells.

Latent membrane protein 1 (LMP1), an oncogenic protein, plays an important role
in malignant transformation. In AGS gastric cancer cell populations, LMP1-positive cells
decreased gradually with each cell passage when the cells were co-cultured with LMP1-
negative cells. The experiments performed to study this phenomenon suggest that LMP1-
positive cells stimulate the proliferation of surrounding LMP1-negative, but not LMP1-
positive cells, via EV-mediated EGFR activation [199].

YAP is a transcriptional co-activator that does not bind directly to DNA. The phospho-
rylation of YAP by LATS kinases can either prime the protein for binding to 14-3-3 proteins
leading to cytoplasmic sequestration or ubiquitin-mediated protein degradation. Alterna-
tively, however, active (non-phosphorylated) YAP translocates to the nucleus and binds
mainly to transcription factors of the TEA domain family (TEAD). In the nucleus, the YAP–
TEAD protein complex transcribes genes that control cell proliferation and apoptosis [200].
In co-culture conditions, cells expressing higher levels of YAP have enhanced growth and
cause the elimination by apoptosis of cells expressing lower levels of this protein [201].
Wnt5a-enriched exosomes isolated from lymph node metastasis-derived gastric cancer
(LNM-GC) cells induced YAP dephosphorylation in bone marrow-derived mesenchymal
stem cells (BM-MSCs) [202]. Experiments performed in Xenopus laevis embryos have
identified human frizzled-5 (hFz5) as the receptor for Wnt5a [203]. Thus, the autocrine
stimulation of gastric cancer cells with Wnt5a-containing exosomes could function as an
auto-stimulatory mechanism that increases the proliferation of specific subpopulations of
cancer cells in metastatic tumors, which are mediated by the activation of hFz5 receptor
and YAP-mediated intracellular signaling.

The non-canonical Wnt-planar cell polarity (PCP) pathway does not involve β-catenin
but rather controls cell movement through the activation of RHOA, c-Jun N-terminal
kinase (JNK), and nemo-like kinase (NLK)-dependent signaling cascades [204]. Exosomes,
secreted from human fibroblasts, stimulate breast cancer cell (BCC) protrusive activity,
motility, and metastasis via Wnt/PCP signaling in vitro. In orthotopic mouse models of
breast cancer, the co-injection of BCCs with fibroblasts dramatically enhances metastasis in a
manner dependent on Wnt/PCP signaling in BCCs. Surprisingly, exosome activity in BCCs
was shown to be dependent on Wnt11 produced in BCCs. Proteomics analysis revealed
that the fibroblast-derived exosomes do not contain Wnt11. The experiments carried out
to elucidate the causes of this unexpected observation showed that fibroblast-derived
exosomes are internalized by BCCs and then loaded with Wnt11 [205]. These results show
how the interactions between different populations of cancer and stroma cells in complex
biological systems can lead to modifications in the composition of exosomes/EVs. Finally,
the incorporation of Wnt11 into exosomes/EVs may represent a key factor in determining
fitness during CC.

Importantly, it should be noted that numerous other proteins found in exosomes or
EVs involved in CC mechanisms were already mentioned in the sections on EV-mediated
functions in cancer: see EGFR, MAPK (Section 3.5), p53 (Section 3.2), src (Section 3.6), and
JNK (Section 3.3).

4. EVs in Cancer Drug Resistance

Chemotherapy is widely used to treat cancer, but the effectivity of such therapies is
reduced in several types of cancer due to the development of drug resistance, which can
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be attributed to the activation of intrinsic or acquired mechanisms. Intrinsic resistance
refers to the presence of resistance factors in tumor cells prior to chemotherapy that
render the treatment ineffective. Acquired resistance, on the other hand, is developed
during the treatment of tumors that were initially sensitive and can be caused either
by mutations arising during treatment or through adaptive responses [206]. Moreover,
tumors are extremely heterogeneous, so drug resistance can arise through the therapy-
induced selection of a minor resistant subpopulation of cells that was present in the original
tumor [207]. Alternatively, drug resistance can also be acquired by drug-sensitive cells via
communication with drug-resistant cells (cancer or stromal) through EV-mediated transfer
of resistance factors. Some of these EV-mediated mechanisms of drug resistance will be
explored in the next sections.

4.1. EV-Mediated Drug Transport

Regardless of the route of anticancer drug administration, these drugs generally need
to be taken up by cancer cells because they target an intracellular process. Note that
membrane receptor antagonists are exceptions in this respect. The uptake of such drugs by
cancer cells may involve active transport mechanisms or rely on simple diffusion because
of high membrane permeability. Independent of the mechanism, these drugs must reach
a threshold concentration to be effective. However, cancer cells are known to express
multidrug resistance (MDR)–ATP binding-cassette (ABC) proteins that export drugs to the
extracellular space. These transporters are membrane-bound proteins that consume ATP
to eliminate a wide variety of molecules, even against steep concentration gradients [208].
This phenomenon results in decreased intracellular anticancer drug accumulation, which
decreases or even abolishes drug effects. In this context, it is important to mention that
an alternative drug export mechanism has been described involving EVs to eliminate the
drugs in an ABC transporter-independent manner.

Shedden et al., (2003) were the first to report that anticancer drug resistance and the
release of EVs could be mechanistically linked. In cancer cell lines, the expression of vesicle
shedding-related genes is associated with chemosensitivity profiles. Furthermore, in the
breast cancer cell line MCF7, the fluorescent chemotherapeutic agent doxorubicin was
incorporated into EVs and released to the culture media [209]. Similarly, in vitro B-cell
lymphoma cell lines efficiently extrude doxorubicin in exosomes [210].

Early studies suggested that cisplatin, once inside tumor cells, may be sequestered
into acidic vesicles belonging to a secretory pathway. The treatment of human ovarian
carcinoma cells with cisplatin showed that the exosomes released from cisplatin-resistant
cells contained more than 2-fold higher platinum levels than those released from cisplatin-
sensitive cells [211]. Moreover, exosomes released by drug-resistant melanoma cells that
were previously treated with a fixed dose of cisplatin in culture contained varying amounts
of the drug depending on the pH of the medium, and the level of cisplatin in the exosomes
was higher in acidic culture medium [212]. Additionally, it was reported that mouse
leukemia cell-derived exosomes can include paclitaxel and, interestingly, that the paclitaxel-
containing exosomes reduced the proliferation of a human pancreatic cell line. These
observations suggest that exosomes or EVs can be used to package and deliver active
drugs [213].

4.2. EVs Transport Drug Efflux Pumps

ABC transporters can confer multidrug resistance to tumor cells. In addition, cancer
cells can transmit resistance through horizontal transfer using EVs carrying drug efflux
pumps. The first evidence for the transfer of ABC transporters between cancer cells was
obtained studying human acute lymphoblastic leukemia cells. P-glycoprotein (P-gp)-
containing “microparticles” were isolated from drug-resistant cells and then used to treat
drug-sensitive cells. The results revealed that P-gp protein transfer coincided with reduced
drug accumulation in recipient cells, confirming that the transfer of functional P-gp was
mediated by EVs [214]. Later studies showed that exosomes from docetaxel-resistant
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human prostate cancer cell lines conferred resistance to previously sensitive target cells. In
addition, this study revealed that P-gp was only present in exosomes derived from resistant
but not docetaxel-sensitive cells [140]. Exosomes derived from doxorubicin-resistant (DXR)
osteosarcoma cells are taken up by recipient cells, where they convey a doxorubicin-
resistant phenotype. The treatment of doxorubicin-sensitive (DXS) osteosarcoma cells
with exosomes derived from DXR cells reduced the sensitivity of the recipient cells to
doxorubicin. Moreover, exosomes from DXR cells contain higher mRNA and protein levels
of P-gp. In addition, both P-gp mRNA and protein levels increased in cells after treatment
with DXR-derived exosomes [215].

P-gp is the best studied drug efflux pump; however, other members of the ABC
transporter family have been identified in cancer cell-derived EVs/exosomes, too. GAIP
interacting protein C terminus (GIPC) is a protein regulator of autophagy and the exocy-
totic pathways in cancer. The knockdown of GIPC in pancreatic cancer cells induces the
overexpression and incorporation into exosomes of the ATP-binding cassette sub-family G
member 2 (ABCG2). This finding opens up the possibility of horizontal transfer of ABCG2
via exosomes mediates drug resistance in pancreatic cancer [216].

In addition, exposure to the chemotherapeutic drug vincristine increases the secretion
of ATP-binding cassette sub-family B member 1 (ABCB1)-enriched EVs by inducing dysreg-
ulation of the Ras-related proteins Rab8B and Rab5. The transfer of ABCB1 via exosomes
helps sensitive cancer cells develop a drug-resistant phenotype [183].

4.3. EVs Transfer Pro-Survival Cargos

EV cargoes also include pro-survival factors, which decrease apoptosis sensitivity
and increase cell viability, thus leading to resistance to anticancer drugs. Components of
the PI3K/AKT pathway, an oncogenic signaling axis involved in cancer cell proliferation
and survival, have been reported in EVs. Exosomes derived from HCC cells induced
sorafenib resistance in vitro and in vivo by activating the HGF/c-Met/AKT signaling
pathway and inhibiting sorafenib-induced apoptosis [217]. Triple negative breast cancer
cell lines, resistant to docetaxel and doxorubicin, release EVs that induced resistance to
the same drugs in recipient non-tumorigenic breast cells. The treatment with EVs from
the resistant cells increased the expression of eight genes associated with the PI3K/AKT
pathway [218].

BRAF is a component of the MAPK pathway involved in cell differentiation and
survival. BRAF kinase inhibitors, such as vemurafenib and dabrafenib, are used in ad-
vanced melanoma treatment. Platelet-derived growth factor receptor β (PDGFRβ) is a
receptor tyrosine kinase that induces activation of the PI3K/AKT pathway. Vella et al.
showed that PDGFRβ can be transferred to recipient melanoma cells in EVs, resulting in
a dose-dependent activation of PI3K/AKT signaling and escape from MAPK pathway
inhibition by BRAF [219].

In addition, resistance to apoptosis is an escape mechanism by which cancer cells
acquire drug resistance and thus contribute to cancer progression. Cancer-associated
fibroblast (CAF)-EVs induced the drug resistance of gastric cancer cells by decreasing
cisplatin-induced apoptosis. The proteomics analysis of CAF-derived EVs identified that
annexin A6 plays a pivotal role in the drug resistance of gastric cancer cells via the activa-
tion of β1 integrin and the downstream intracellular signaling pathways, involving focal
adhesion kinase (FAK) and the yes-associated protein (YAP). Consistently, the inhibition of
FAK or YAP efficiently attenuated gastric cancer drug resistance in vitro and in vivo [220].

Survivin is a pro-survival protein member of the inhibitor of apoptosis (IAP) family
that is present in EVs derived from different tumor types [221]. Paclitaxel treatment of
triple negative breast cancer cells induces the secretion of EVs enriched in survivin, which
increased the survival of serum-starved, as well as paclitaxel-treated fibroblasts and breast
cancer cells [222].
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4.4. EVs Mediate Drug Resistance via the Transfer of microRNAs

MicroRNAs (miRs) are well-established components of EVs, and their horizontal
transfer favors the development of drug resistance. Sorafenib is a kinase inhibitor drug
approved for the treatment of primary kidney cancer, advanced primary liver cancer,
and advanced thyroid carcinoma. EVs derived from sorafenib-resistant (SR) cells were
taken up by sorafenib-sensitive (SS) RCC cells and promoted drug resistance. Elevated
miR-31-5p in EVs derived from SR cells downregulated the expression of MLH1, which
is a gene commonly associated with hereditary nonpolyposis colorectal cancer in SS cells
and thus promoted sorafenib resistance in vitro. In addition, low expression of MLH1 was
observed in SR RCC cells and upregulation of MLH1 expression restored the sensitivity
of resistant cell lines to sorafenib. Experiments in mice also confirmed that miR-31-5p
could regulate drug sensitivity in vivo. Finally, miR-31-5p levels in circulating EVs from
the plasma of RCC patients with progressive disease during sorafenib therapy were higher
when compared with the levels observed prior to therapy [80].

Exosomes isolated from gemcitabine (GEM)-resistant human pancreatic cancer stem
cells (R-CSCs) inhibited GEM-induced cell cycle arrest and apoptosis as well as promoted
tube formation and cell migration in drug-sensitive human pancreatic cancer stem cells
(S-CSCs). Elevated miR-210 levels were detected in R-CSC exosomes compared to S-CSCs
exosomes, and MiR-210 levels in exosomes were dependent on the GEM doses used to
treat cells. Moreover, treatment with R-CSC-derived exosomes increased miR-210 levels in
recipient cells [223].

The aforementioned studies are only a few recently published examples of the increas-
ing evidence linking cancer drug resistance to the presence of specific miRNA cargos in
EVs. A more comprehensive summary of related information can be found in a recent
article by Maacha et al. [221].

4.5. EV Interference in Immunotherapies

Specific EV surface antigens can be targeted by immunotherapy where they act as a
“hunter” in monoclonal antibody-based therapies by diminishing antibody bioavailability.
For instance, rituximab (anti-CD20 antibody) binds to CD20 on the surface of EVs and
protects targeted lymphoma cells from rituximab-induced toxicity [224]. EVs secreted either
by HER2-overexpressing breast carcinoma cells or present in the serum of breast cancer
patients bind to trastuzumab. In vitro studies showed that HER2-containing EVs, but not
EVs lacking HER2, prevent the reduction in cell proliferation induced by trastuzumab
treatment, although no change in HER2 activation status was detected in EV-treated cells
by Western blotting [225].

EVs are involved in additional ways in downregulating the immune response.
Melanoma patients display different responses to the immune checkpoint inhibitor pem-
brolizumab (anti-PD-1). The detection of immune checkpoint ligand (PD-L1) on EVs early
after therapy is indicative of whether the patients will respond or not to anti-PD-1 therapy.
PD-L1 binds to PD-1 receptors on the surfaces of effector T cells, preventing their ability to
target tumor cells for destruction. PD-L1 containing exosomes derived from melanoma
cells inhibit the proliferation, cytokine production, and cytotoxicity of T cells. Pre-treatment
of the exosomes with the anti-PD-L1 antibodies nearly abolished these effects. In vivo
studies suggest that exosomal PD-L1 suppresses anti-tumor immunity systemically [86].
In addition, EVs from glioblastoma stem cells were found to contain PD-L1 and inhibit
T cell proliferation and antigen-specific T cell responses [226]. These results suggest that
by capturing the anti-PD-1 antibodies on their surface, EVs prevent this antibody from
accessing the tumor, thereby permitting PD-L1 to bind to PD-1 on T cells and attenuate
anti-tumor immune responses.

These findings further extend our understanding of the implications of EVs in the
development of the disease. The composition of cancer-derived EVs can regulate patient
responses to chemotherapy using one or more of the aforementioned mechanisms. With
this in mind, one may predict that EVs will serve to predict or evaluate therapy efficacy,
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and as such will likely become powerful tools to improve cancer treatment. However, the
clinical application of new techniques for rapid EV detection and characterization remains
a pending issue.

5. EVs in Organ Tropism, Drug Delivery, Imaging and Theranosis

The intrinsic organ tropism of EVs and their potential physiological benefits, combined
with drug loading and targeting strategies, provide multiple therapeutic benefits for drug
delivery, such as greater cellular uptake and focalization, prolonged circulation time,
immunomodulation, biocompatibility, and stability. Furthermore, EVs can be used as
biological nanocarriers with the inclusion of active principles, nanoparticles, or imaging
agents. As such, they can significantly improve the therapeutic efficacy and selectivity, as
well as facilitate the early detection of multiple diseases, including cancer [227]. However,
to consider the use of EVs in potential clinical applications, the effects discussed previously
relating to the role of EVs in cancer and other pathologies need to be kept in mind.

5.1. EV Organ Tropism

EVs have emerged in recent years as potential tools for the delivery of different
bioactive agents to target tissues and specific organs [228,229]. In this context, the cellular
origin of EVs is key to determining the tropism toward specific organs. For instance, EVs
from melanoma cells predominantly accumulate in the lungs, while EVs from dendritic
cells tend to accumulate in the spleen [230]. Interestingly, EVs derived from tumor cells
reportedly also show selective tropism toward the tumor tissue from which they originated.
EVs from brain endothelial cells can cross the blood–brain barrier and accumulate in
the brain and brain tumor tissue, while EVs from melanoma cells preferentially target
metastatic melanoma tumors [229,231]. However, it is not clear whether the tumor cells
from which EVs originate determine alone their tissue tropism. Garofalo et al. [232]
observed the in vitro and in vivo targeting and accumulation of lung cancer cell-derived
EVs in colon carcinoma cells and vice versa. This may be taken to suggest the existence of a
generalized tropism for tumor-derived EVs toward any neoplastic tissue, regardless of the
tumor type. Although the molecular basis for EV tropism is not fully understood, there have
been some significant advances in discovering molecules involved in this process [233,234].
For example, integrins are cell surface adhesion molecules with a substantial role in
determining EV organ tropism, particularly toward the lung and liver. In particular, the
expression of α6β4 and α6β1 is important in the EV tropism toward the lungs, while
αvβ5 promotes EV accumulation in the liver [77,235]. Exosomes from rat pancreatic
carcinoma cells expressing the Tspan8-α4 complex preferentially accumulate in the pancreas
and lungs of rats [236]. There is also evidence showing that the cell migration-inducing
and hyaluronan-binding protein (CEMIP), which is enriched in exosomes of brain-tropic
metastasis-derived MDA-MB-231 breast cancer cells, promotes exosome accumulation in
the brain by generating a pro-metastatic environment [237]. Additionally, expression of the
programmed death-ligand 1 (PD-L1) in tumor-derived EVs is important for the suppression
of T-cell activation and thereby avoiding the immunological anti-tumor responses [87].
These findings further extend our understanding of EV tropism, which opens up novel
possibilities for the selective targeting of diagnostic/therapeutic agents to tumors.

5.2. EVs as Drug Delivery Vehicles

EVs have become novel biological delivery vehicles for several cargoes, due to the
variety of natural properties that they possess. These vesicles have the intrinsic capacity
to cross biological barriers and to transport various cargoes, protecting their content
from degradation until reaching the target. Depending on their cellular origin, EVs are
highly heterogeneous in content, and such variations contribute significantly to their
uptake, organ tropism and immunomodulation [238]. EV tropism is determined by the
presence on their surface of different adhesion and immunoregulatory molecules, as well
as specific cell receptors, which contribute to enhancing their accumulation in specific
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tissues [239,240]. This characteristic combined with their small size favors EV accumulation
in highly vascularized tissues with deficient lymphatic drainage, such as tumors. This
phenomenon, referred to as the enhanced permeability and retention (EPR) effect, can
be used as a strategy to increase targeting toward tumors [230]. EVs have been widely
studied as drug delivery nanocarriers in cancer research, so recent and representative
studies for each application of these vesicles in the delivery of proteins, genetic material,
and chemotherapeutics drugs will be described (see Figure 3). In this field, Kim et al.
developed a formulation of paclitaxel-loaded exosomes by the sonication and conjugation
of an aminoethilanisamide–polyethylene glycol (AA-PEG) vector moiety to target the
sigma receptor, which is overexpressed by lung cancer cells. The nanosystem (AA-PEG-
exoPTX) possesses a remarkable ability to accumulate in cancer cells and demonstrates
high anticancer efficacy in a mouse model of pulmonary metastasis [241].

Figure 3. EVs are nanoscale structures with excellent biocompatibility and the ability to trans-
port/deliver many different types of proteins, genetic material, and chemical drugs that can be used
in cancer therapy.

With respect to protein delivery, Aspe et al. [242] engineered EVs from melanoma cells
to overexpress survivin-T34A, which is a dominant-negative mutant variant of the inhibitor
of apoptosis protein survivin that blocks the protein’s function. Survivin overexpression
plays an important role in the development of resistance to both chemo- and radiotherapy
in pancreatic cancer. The authors observed that EVs containing either survivin-T34A alone
or in combination with gemcitabine increased apoptosis in multiple pancreatic cancer cell
lines, as well as enhanced the sensitivity of these cells to gemcitabine.

Beyond such applications, the use of EVs in site-specific drug delivery can be improved
by protein engineering and modifying the vesicle surface by attaching additional ligands to
improve EV targeting properties and their interaction with tumor cells [243]. For instance,
glycosylphosphatidylinositol (GPI) anchored EV proteins such as decay-accelerating factor
(known as CD55) were used by Kooijmans et al. [244] to attach anti-epidermal growth factor
receptor (EGFR) nanobodies to EVs and thereby improve targeting to EGFR overexpressing
epidermoid carcinoma A431 cells. They showed that the GPI-linked nanobodies were
successfully displayed on EV surfaces and greatly improved EV binding to tumor cells in a
manner dependent on EGFR density.

On the other hand, EVs readily transfer nucleic acids, such as DNA or RNA, to
cells where they can cause specific genetic changes. Regarding genetic drug delivery,
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Kamerkar et al. [245] engineered EVs known as iExosomes derived from fibroblast-like
mesenchymal cells loaded by electroporation with siRNA or shRNA specific for the onco-
genic GTPase KrasG12D, which is a common mutation in pancreatic cancer. The iExosomes
showed enhanced targeting to oncogenic Kras-expressing cells, which was dependent
on CD47 and the uptake facilitated by micropinocytosis. Subsequently, the treatment
with iExosomes was shown to inhibit tumor growth and significantly increase the overall
survival in multiple mouse models of pancreatic cancer.

5.3. EV Imaging for Cancer Diagnosis

Regarding the imaging of tumors, one of the major problems is the tremendous spatial
heterogeneity combined with temporal variation, which leads to errors in the diagnosis
and surgical treatment of tumors and thus represents major causes of therapy failure [246].
Since EVs permit detecting as little as a few hundred cancer cells, their application in cancer
imaging represents a promising new approach. By attaching an optical reporter in the
nanoscale dimension to the EVs and combining with optical imaging, robust diagnostic
and prognostic modalities can be developed [243]. Using such approaches, tumor-targeted
EVs can be monitored in real time to check their distribution and identify the precise
location of tumors. Fluorescence is generally used for exosome tracking and imaging
because of its great versatility and simple application by incubation of EVs with a variety
of lipophilic fluorescent markers. In this field, generally small lipophilic fluorescent dyes,
such as DiR, DiD and PKH67, have been used to label the membranes of EVs. Although
these dyes are useful for distribution studies, clinical applications for diagnosis have yet to
be developed [247,248]. Additionally, EV membranes have been labeled with fluorescent
proteins, such as green fluorescent protein (GFP) or tandem dimer tomato (td Tomato) [249].
This type of labeling is considered more stable and suitable for evaluation in clinical
applications. EVs can also be labeled using luciferase reporters in the cells of origin to
produce bioluminescent proteins that are then included in the EVs and permit stable
real-time monitoring [250,251].

Another alternative is the use of semiconductor quantum dots as optical reporters.
They are more stable and have tunable optical properties that can be used for a wide range
of applications, including in vivo imaging and diagnosis. For instance, Zong et al. [252] and
Jiang et al. [253] obtained high-resolution images of breast tumor cells or their metastatic
activity by loading either silicon or gold-carbon quantum dots, respectively, onto the outer
membrane of the exosomes secreted by SKBR3 cells.

Superparamagnetic iron oxide nanoparticles (SPIONs) represent another interesting
system for imaging. They have been effectively incorporated into EVs and then tracked
in vivo by magnetic particle imaging and MRI, as has been shown for breast cancer [254]
and melanomas [255].

Another type of nanomaterial that can be used for EV imaging is gold nanoparticles
(AuNPs), which are highly versatile due to their tunability, biocompatibility, and unique
optical properties [256]. The AuNP optical properties are due to the interaction of light
with the electrons on the surface of the nanoparticles, which produces the collective
oscillation of electrons, a phenomenon called surface plasmon resonance (SPR). This
phenomenon leads to higher light absorption and scattering efficiency, thus making AuNPs
excellent photoacoustic and Raman imaging agents [257,258]. On the other hand, gold
exhibits a high absorption coefficient of X-rays, which make AuNPs useful as contrast
agents for computerized tomography. AuNPs can be efficiently incorporated into EVs
and then used for imaging, as well as tumor ablation in cancer therapy. In this field,
Lara et al. [229] developed a double-labeling method to incorporate AuNPs indirectly into
EVs by incubating them with cells and isolating them in EVs, which were then labeled with
fluorescent dyes. This combination permitted analyzing the vesicle biodistribution and
detecting the presence of small metastatic foci in the animal lungs by neutron activation
analysis, NIR fluorescence, CT imaging and gold-enhanced microscopy imaging.
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The use of EVs in imaging applications has been made possible by exploiting some
of their natural properties. In particular, EVs have a mean size of 50–200 nm and can
evade clearance by the mononuclear phagocytes, as well as favor passive extravasation
in inflamed tissues [259]. The presence of immunomodulatory molecules, such as CD47
and PD-L1 ligand, on the EV surface aids significantly in avoiding phagocytosis and
suppressing T cell activation, respectively [87,245]. EVs also possess a “tunable” surface
that can be modified by adding targeting molecules, such as antibodies, aptamers, and
ligands, all of which can favor specific EV accumulation in tumors, thereby avoiding
undesirable off-target effects [260,261]. For these reasons, EVs are nowadays considered
very appealing nanoscale tools for use as diagnostic sensors, as well as therapeutic vehicles
in oncology.

5.4. EVs for Theranostic Applications

With the advances in nanotechnology and thanks to their unique properties, nanopar-
ticles have become a promising tool in many areas in recent years, including theranosis.
This novel concept, which combines the use of an agent for diagnosis and therapy in a
single formulation, represents a great advance in personalized medicine. Existing evidence
points towards the great potential of EVs both as diagnostic biomarkers and therapeutic
tools. Such tumor-derived EVs have characteristic proteomic and genomic signatures,
indicating that they represent suitable vectors for cancer diagnosis and prognosis [18,262].
In addition, because EVs can transfer various therapeutic compounds, as well as imaging
agents, some researchers have proposed to exploit these vesicles as a tool for simultaneous
therapy and active diagnosis (see Figure 4). EVs have been proposed as an ideal solution
to overcome limitations of inorganic particles, including toxicity, off-target effects and
immunogenicity [263].

Figure 4. EVs as theranostic nanoplatforms. By combining the natural properties of exosomes
with the use of drugs, imaging agents, or NPs, unique platforms can be generated. In combination
with different targeting strategies, multiple therapeutic benefits can be achieved, such as improved
targeting/uptake, immunomodulation, prolonged circulation time, easy tracking and better ther-
apeutic effects. In doing so, side effects can be reduced, and the need to apply multiple drugs can
be eliminated.

In this regard, Jia et al. [264] obtained glioma-targeting EVs with diagnostic and
therapeutic potential by conjugating RGE, which is a peptide that binds to neuropilin-1
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overexpressed on glioma cells, with the EV membrane by applying click chemistry. In ad-
dition, superparamagnetic iron nanoparticles (SPION) and curcumin were synchronously
loaded into EVs by electroporation. The engineered system efficiently crossed the blood–
brain barrier and provided good results for MRI-targeted imaging when applied to glioma
cells and in orthotopic xenograft models. Additionally, SPION-mediated magnetic flow
hyperthermia and curcumin-mediated effects combined lead to synergistic antitumor
activity. Likewise, Wang et al. [234] designed a new platform for tumor-targeted chemo-
photothermal therapy and imaging that was based on combining gold nanorods (AuNRs)
with exosomes through a donor cell-assisted membrane modification strategy. First, the
membrane of the donor cells was modified with RGD peptides and sulfhydryl groups.
Then, the isolated exosomes (RGD-Exos-SH) were functionalized with AuNRs by the
formation of Au-S bonds and coupling folic acid (FA) to improve the uptake efficiency by
tumor cells. Further, doxorubicin (DOX) was loaded into exosomes by electroporation.
Such designer exosomes showed effective accumulation at target tumor sites via dual
ligand-mediated endocytosis, which were monitored in nude mice bearing tumor cell
xenografts, using non-invasive near-infrared optical imaging. Moreover, the localized
hyperthermia induced by the conjugated AuNRs during near-infrared irradiation increases
the permeability of exosome membranes to enhance drug release, thereby preventing
tumor relapse in a programable manner. Hence, the compatibility of EVs with different
therapeutic agents and nanomaterials provides a unique opportunity to develop novel
approaches in diagnosis and personalized treatment modalities.

6. EVs and Cancer Patient Survival

Cancer-derived EVs/exosomes are promising markers for diagnosis and prognosis in
cancer and have been shown to predict the survival of patients. For example, in colorectal
cancer, high levels of exosomes in the plasma of patients correlated with elevated presence
of the carcino-embryonic antigen (CEA), and such patients tended to have shorter overall
survival periods than patients with low exosome levels [265]. In addition, in lung cancer,
the presence of the EGFR protein in exosomes from patient plasma has been suggested
to represent a biomarker for lung cancer diagnosis [266]. Furthermore, high urinary
exosomal levels of the long non-coding RNAs (lncRNAs) MALAT-1 and PCAT-1 correlated
with decreased recurrence-free survival in non-invasive muscle bladder cancer (NIMBC)
patients [267]. In pancreatic ductal carcinoma (PDAC), the lncRNA Sox2ot was identified in
exosomes from plasma samples, and its presence there was closely associated with higher
Classification of Malignant Tumors (TNM) stage and reduced overall survival rates of
PDAC patients [268]. Combined analysis of exosomal miR-1290 and miR-375 reportedly
predicts the overall survival of castration-resistant prostate cancer patients. Over the same
follow-up period of 20 months, patients with high levels of both miRNAs had a general
mortality rate of 80%, while patients with normal concentrations for both only had a
mortality rate of 10% [269]. These are just a few examples from a rapidly growing research
field illustrating how exosomes/EVs affect the survival of cancer patients.

On the other hand, tumor-derived exosomes may also be used to evaluate the response
to surgery. For instance, their persistence after PDAC tumor resection is related to the
presence of hidden metastases. Patients with more than 20% heparan sulfate proteoglycan
glypican-1 (GPC1) positive exosomes in peripheral blood have been reported to have
lower progression-free and overall survival [270]. Similarly, the detection of high levels
of exosome-encapsulated miR-415a was also associated with reduced progression-free
and overall survival [271]. In addition, the detection of exosomes containing miR-4525,
miR-415a, and miR-21 in the portal vein identified more effectively patients at high risk for
recurrence after surgery than did the detection in peripheral blood [272].

In summary, these examples illustrate how the targeted identification of specific
proteins or miRNAs in exosomes may serve both diagnostic, as well as prognostic purposes.
Indeed, it is important to mention that currently, there are 89 registered clinical trials [273]
underway, studying exosomes in cancer patients and looking for markers that could be
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useful for diagnosis or prognosis. Of these trials, many focus on the prevalent cancer types
in the lungs and prostate (14), breast (9), pancreas (8), and colon (6). As the results of these
studies become available in the next few years, we may anticipate that a clearer picture
should emerge connecting the presence of exosomes and their content to the survival of
cancer patients.

7. Concluding Remarks

In summary, EVs are a heterogeneous population of membrane-enclosed, non-replicating,
and sub-micron sized structures. EVs are actively released by virtually all cell types and
by a wide variety of eukaryotic and prokaryotic organisms. EVs can be sorted into three
different subtypes according to their biogenesis and biophysical properties: exosomes,
microvesicles, and apoptotic bodies (Figure 1). A large number of studies show that EVs
are active participants in cell communication. In the context of cancer biology, cancer cell-
derived EV cargoes can change the behavior of target cells. The evidence provided shows
that EVs are involved in the acquisition of all the “hallmarks of cancer”, that is, biological
characteristics acquired by cancer cells during tumor development. Consequently, more
aggressive cancer cells can transfer their “traits” to less aggressive cancer cells and convert
them into more malignant tumor cells (Figure 2). In addition, EVs play a role in the
mechanisms of drug resistance, which can be acquired by drug-sensitive cells through EV-
mediated transfer of resistance factors and other mechanisms, which aid in understanding
why chemotherapy often fails. However, on the upside, these very characteristics of EVs
combined with drug loading and targeting strategies provide unique opportunities for the
delivery of different cargoes (Figure 3). Finally, EVs can be used as biological nanocarriers
for both therapeutic and diagnostic purposes (theranosis) by including active principles,
nanoparticles, as well as imaging agents (Figure 4). With this in mind, it would appear that
such “designer” EVs will have a bright future in cancer medicine.
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Simple Summary: Intensive research in the field of cancer biology has discovered a unique mode
of interplay between cells via extracellular bioactive vesicles called exosomes. Exosomes serve as
intermediators among cells via their cargoes that, in turn, contribute in the progression of cancer.
They are ubiquitously present in all body fluids as they are secreted from both normal and tumor
cells. These minuscules exhibit multiple unique properties that facilitate their migration to distant
locations and modulate the microenvironment for progression of cancer. This review summarizes
the multifarious role of exosomes in various aspects of cancer research with its pros and cons. It
discusses biogenesis of exosomes, their functional role in cancer metastasis, both protumorigenic and
antitumorigenic, and also their applications in anticancer therapy.

Abstract: Exosomes, the endosome-derived bilayered extracellular nanovesicles with their contri-
bution in many aspects of cancer biology, have become one of the prime foci of research. Exosomes
derived from various cells carry cargoes similar to their originator cells and their mode of generation
is different compared to other extracellular vesicles. This review has tried to cover all aspects of
exosome biogenesis, including cargo, Rab-dependent and Rab-independent secretion of endosomes
and exosomal internalization. The bioactive molecules of the tumor-derived exosomes, by virtue of
their ubiquitous presence and small size, can migrate to distal parts and propagate oncogenic sig-
naling and epigenetic regulation, modulate tumor microenvironment and facilitate immune escape,
tumor progression and drug resistance responsible for cancer progression. Strategies improvised
against tumor-derived exosomes include suppression of exosome uptake, modulation of exosomal
cargo and removal of exosomes. Apart from the protumorigenic role, exosomal cargoes have been
selectively manipulated for diagnosis, immune therapy, vaccine development, RNA therapy, stem cell
therapy, drug delivery and reversal of chemoresistance against cancer. However, several challenges,
including in-depth knowledge of exosome biogenesis and protein sorting, perfect and pure isolation
of exosomes, large-scale production, better loading efficiency, and targeted delivery of exosomes,
have to be confronted before the successful implementation of exosomes becomes possible for the
diagnosis and therapy of cancer.

Keywords: tumor-derived exosomes; exosomal cargoes; protumorigenic effect; drug resistance;
anticancer therapy

1. Introduction

Exosomes are bilayered endosomal nanovesicles, first discovered in 1983, as transfer-
rin conjugated vesicles (50 nm) released by reticulocytes [1]. Due to the increasing interest
of scientists in exosome biology, a consensus guideline was proposed by board members
of International Society of Extracellular Vesicles under “minimal experimental require-
ments for definition of extracellular vesicles and their functions” (MISEV2014) which was
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later updated in 2018 (MISEV2018). The guidelines advocated norms for nomenclature,
isolation, separation, characterization, functional studies, and reporting requirements for
proper identification of and experimentation with extracellular vesicles and exosomes [2,3].
Exosomes are generally formed by inward budding of late endosomes, also known as
multivesicular bodies (MVBs). Intraluminal vesicles (ILVs) of MVBs engulf a variety of
biomolecules which are released into extracellular space as exosomes. Exosomes are anucle-
ated particles naturally released by cells, surrounded by lipid bilayer and are not capable
of replication. Exosomes are identified by size (30–200 nm) and surface markers, such
as membrane-associated proteins, e.g., lysosome-associated membrane glycoprotein 3
(LAMP3)/CD63; intercellular adhesion molecule (ICAM1)/CD81; and tetraspanin mem-
brane protein/CD9. Exosomes are observed in various body fluids, such as blood, plasma,
saliva, urine, synovial fluid, amniotic fluid, and breast milk [4,5].

All cellular types (normal and diseased) secrete exosomes, mediating intercellular
communications [6]. Exosomes exhibit heterogeneity in size—Exo-Large (90–120 nm), Exo-
Small (60–80 nm), and the membrane-less exomere (<50 nm). Exosome-mediated intercel-
lular transfer of specific repertoire of proteins, lipids, RNA and DNA confer physiological
and/or pathological functions to the recipient targets. Exosomes regulate physiological
functions, such as neuronal communication, immune responses, reproductive activity, cell
proliferation homeostasis, maturation and cellular waste disposition. They also contribute
in clinical disorders, including inflammation, cancer, cardiovascular diseases, neuronal
pathologies and pathogenic infections [5].

Our review deals with exosomal contents, exosome-associated protumorigenic, antitu-
morigenic effect and therapeutics, unlike other reviews, which discuss combinational roles
of all microvesicles in cancer progression [7,8] or have primarily focused on tumor-derived
exosomes (TEXs) with little information on therapeutics [9]. In contrast to reviews which
have focused on specific exosomal cargoes and therapeutics [10,11], we have envisaged
the exosomal contents, the mechanisms influencing cancer progression and their ther-
apeutic implications in cancer management. The inexplicable nature of exosomes has
raised concern about their role in the invasion and metastasis of cancer cells, encompassing
epithelial-to-mesenchymal transition (EMT), angiogenesis, and immune regulation [12].
Thus, instead of reviewing the isolated impact of exosomes, e.g., evasion of immune
surveillance [13] for cancer progression, we have tried to encompass exosome-mediated
propagation of oncogenic signaling, epigenetic regulation, modulation of tumor microenvi-
ronment (TME) and immune escape, EMT, angiogenesis, metastasis and drug resistance.
Considering the clinical applications, the exosomes serve as potent diagnostic and prog-
nostic biomarkers because of their bioavailability, low toxicity and differentiated surface
markers [5]. Recent reviews on exosomes have focused on therapeutic efficacy of exo-
somes by addressing extracellular vesicular interaction with the host immune system [14],
constraints and opportunities available with bioengineering of exosomes [15–17], success
against multiple cancers [18] and exosome-based drug delivery [19–21]. Anticancer treat-
ments sometimes experience shortfall in their efficacy due to unwanted side effects of the
therapeutic agents or shortened shelf-life, but exosomes serve as natural agents to overcome
these issues and become a potent therapeutic agent [22]. However, instead of perceiving
specific therapeutic potential of exosomes, the present review has tried to decipher the
entire repertoire of exosomes, including both protumorigenic and antitumorigenic impact.

2. Cargo Composition of Exosomes

Exosomes are rich in enzymes, transcription factors, heat shock proteins (Hsps),
major histocompatibility complex (MHC), cytoskeleton components, signal transducers,
tetraspanins, lipids, RNAs and DNAs [6,23]. Detailed information about the exosomal
components can be accessed via databases, such as ExoCarta [www.exocarta.org], EVpe-
dia [http://evpedia.info] and Vesiclepedia [www.microvesicles.org]. Though exosomes
diverge in size and biomolecular inclusions, some common components are observed
in all types [5]. Lipid components are cholesterol, sphingomyelin, glycosphingolipids,
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phosphatidylcholine, phosphatidylserines, phosphatidylethanolamines and saturated fatty
acids [4]. RNAs include specific microRNAs (miRNAs), long non-coding RNAs (lncRNAs),
vault RNA, Y-RNA, transfer RNAs (tRNAs), ribosomal RNA (rRNA) fragments (such as
28S and 18S rRNA subunits) and messenger RNAs (mRNAs) [24]. Exosomal cargo compo-
nents also include mitochondrial DNA (mtDNA), single-stranded DNA, double-stranded
DNA and retrotransposons [4,6]. Different protein forms include components of the im-
mune system (MHC class I and II molecules, cytokines), endosomal sorting complexes
required for the transport (ESCRT) complex, those involved in trafficking (tetraspanins,
glycosylphosphatidylinositol-anchored proteins, Rabs, soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptors (SNARES), flotillins, lipid-rafts residents [25]
and those involved in carcinogenesis (oncoproteins, tumor suppressor proteins, and tran-
scriptional factors) [4]. The plasma membrane (PM) proteins constitute the vesicle mem-
brane for maintaining composition parity with the cell membrane which helps in seques-
tration of soluble ligands. Exosomal proteins are involved in (i) antigen presentation, (ii)
cell adhesion, (iii) cell structure and motility, (iv) stress regulation, (v) transcription and
protein synthesis, and (vi) trafficking and membrane fusion [26]. The structure of exosome
with membrane proteins and cargoes have been depicted in Figure 1.

Figure 1. Structure of exosome with membrane proteins and cargoes. Exosomes consist of many constituents of a cell
including DNA, RNAs, amino acids, proteins, metabolites, enzymes, lipids (cholesterol) and Hsps along with several
cytosolic and cell-surface signaling proteins which are involved in intercellular communications. Exosomal membrane
is rich in transmembrane proteins (tetraspanins such as CD81, CD63 and CD9), flotillin, ICAMs, integrins and adhesion
molecules. They consist of immune components including MHC class I and class II molecules. Abbreviations: CD, cluster
of differentiation; DNA, deoxyribonucleic acids; Hsps, heat shock proteins; ICAMs, intercellular adhesion molecules; MHC,
major histocompatibility complex; mRNA, messenger RNA; miRNA, microRNA.
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3. Exosome Biogenesis

Endocytosis generates early endosomes via invagination of PM rich in lipid rafts. This
internalizes the PM receptors which are either recycled or degraded. The exosome biogene-
sis involves a complex network of enzymatic actions and signal transductions. Early endo-
somes mature to MVBs or late endosomes upon internal budding of endosomes, forming
ILVs [23]. MVB budding is primed with actin polymerization at PM lipid domains [27,28].
ADP ribosylation factor 6 (ARF6), along with phospholipase D2 (PLD2), converts ILVs
into mature MVBs [29]. Heparanase enzyme stimulates the syndecan-syntenin-ALG-2
interacting protein X (ALIX) axis, upregulating exosome formation [30]. ARF6-induced
actomyosin contractility and ESCRTs promote ILVs shedding from MVBs as exosomes [31].
The MVBs undergo one of the three type consequences [23,32] mentioned below:

(i) Recycling through the trans-Golgi network (TGN) which may be subdivided into a
fast and a slow pathway, considering the duration taken by the specific proteins/lipids
from internalization to re-exposure at the cell surface or exocytosis.

(ii) Lysosomal degradation by hydrolytic enzymes which are able to digest complex
macromolecules.

(iii) Fusion of MVBs with the cell surface release exosomes via exocytosis. Additional
materials may be incorporated to the TGN at any juncture and processed through the
canonical secretory pathways.

4. Sorting of Exosomal Cargoes

4.1. ESCRT-Dependent Sorting Pathway

The ESCRT pathway participates in sorting ubiquitinated proteins of exosome, after
being internalized within ILVs. The complex includes ESCRT-0, which identifies and
processes ubiquitin-dependent cargo inside the vesicles; ESCRT-I and ESCRT-II evoke
budding and ESCRT-III causes vesicle scission from endosomal membrane. Other accessory
proteins such as ALIX aid in vesicle budding and vacuolar protein sorting associated protein
4 (VPS4) promotes scission [30,33].

4.2. ESCRT-Independent Exosomal Sorting

Ceramide and cholesterol, PLD2, or tetraspanins mediates ESCRT independent sorting
machinery. Tetraspanins may promote incorporation of specific cargoes into exosome,
e.g., CD9 facilitates encapsulation of metalloproteinase CD10 and CD63. Even the lipid
composition and membrane dynamics of the early endosome and MVBs may regulate
exosomal cargoes. Ceramide and neutral sphingomyelinase 2 (nSMase2) play a pivotal
role in an ESCRT independent process of exosome formation, loading, and release [23].
Podoplanin, a transmembrane glycoprotein, is another regulator of exosome biogenesis
and cargo sorting [31].

5. Exocytosis and Secretion of Exosomes

Exocytosis is exosomal secretion into the extracellular matrix (ECM) which is regulated
by Rab GTPases, molecular motors, cytoskeletal proteins, SNAREs, intracellular Ca2+ levels
(increased Ca2+ results in increased exosome secretion) and extracellular/intracellular pH
gradients [23]. Vesicular SNAREs (v-SNARE) on the MVB bind with the target SNARE
(t-SNARE), Syx 5, on the inner surface of the PM for mediating fusion of MVB with the
cell membrane [34]. The fusion of exosome with PM occurs at the actin-rich zones of the
invadopodia, promoting ECM degradation and metastasis, followed by their exocytosis
into extracellular space [34]. Peptidyl arginine deiminases aid exosomal secretion by
deaminating actin [35]. A negative feedback mechanism limits excess exosome secretion
from the same cells [34].

Rabs Control Endocytic Pathway

The Rab GTPases belong to a large family of highly conserved proteins with 60 mem-
bers, which regulate vesicular trafficking in eukaryotes. Different Rab forms are involved
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in endocytic trafficking—Rab4, 5, 9, 11a, 11b, 25 and 35 control recycling [36–39]; Rab5 and
7 cause endosomal maturation [40]; Rab 7 regulates sorting and degradation [41]; Rab 7,
27a and b control secretion of exosomes [42,43] and Rab5 overexpression causes release
of exosomal markers [44]. Deregulation of the Rabs perturb the progression of cargo at
specific endocytic locations. Rabs also play a crucial role in the regulation of tumor-derived
exosomes. Rab11 influenced extrusion of exosome and interaction of MVB with autophago-
somes [45] and promoted calcium dependent docking of MVBs to the PM [46] in K562 cells.
Rab27A, in association with its GTPase activator, EP164, promoted exosome secretion by
A549 lung cancer cells [47]. Rab27A/B are associated with exchange of exosomes between
different cells of TME as well as with exosome secretion by macrophages [6]. Various types
of Rabs involved in endocytic cargo trafficking have been depicted in Table 1.

Table 1. Different types of Rabs and their function in endocytic trafficking.

Rabs Effects Functions References

Rab27
Secretion of exosomes

Release of markers MHC II, CD63, and
CD81 in cancer cells [32]

Rab7, Rab27a/b Fusion with plasma membrane [43]

Rab5, Rab4, Rab35

Recycling

Fast delivery of cargo to the plasma
membrane [36]

Rab5, Rab11a, Rab11b, Rab25 Slow delivery of cargo to the
plasma membrane [37,38]

Rab9 Transportation to TGN [39]

Rab5, Rab7 Endosome maturation Release of Rab5 [40]

Rab7 Sorting and degradation Reduction in pH and acquisition of
hydrolytic enzymes [41]

Rab5 overexpression<break/>Note:
may be rescued by Rab7

Suppression of release of
exosomal markers syndecan,

CD63, and ALIX

Inhibition of progression of endocytosed
material from early endosomes [44]

Abbreviations: ALIX, ALG-2 interacting protein X; MHC-II, major histocompatibility complex II; TGN, trans-Golgi network.

6. Exosomal Internalization by Recipient Cells

Exosomes float in the ECM after their release and exosomal surface proteins help in
detecting the target cells for their internalization [48]. Exosomes attach to specific target
cells by receptor-ligand binding, mediated through integrins, tetraspanins and intercellular
adhesion molecules, which then internalizes exosomes (Figure 2) by (i) clathrin/caveolin-
mediated endocytosis, (ii) uptake via lipid raft, (iii) macropinocytosis, (iv) direct fusion
with the PM and (v) phagocytosis.

Clathrin protein forms a mesh like structure around the exosomes for its internaliza-
tion. The PM of the recipient cells forms an inward invagination, followed by pinching
off the clathrin coated vesicle from the membrane. The exosome empties all its contents in
recipient cell’s endosomes to perform specific functions [49]. Endocytosis, similar to the
clathrin-dependent process, may be also mediated by caveolin-1 whose aggregations in
PM form rafts. The invagination of the PM (caveolae) is rich in glycolipids, cholesterol and
caveolin 1 [50]. Macropinocytosis involves distortion of PM forming protrusions from the
membrane which encompass a region of extracellular fluid and exosomes, thereby inter-
nalizing exosomes. This process is Rac1-, actin- and cholesterol-dependent and it requires
Na+/H+ exchange [51]. LAMP-1, integrins or tetraspanins are involved in the fusion of
exosomes with the PM of recipient cells [52,53]. Phagocytosis is similar to macropinocy-
tosis where exosomes are internalized along with some extracellular fluids. This process
is followed by both phagocytic cells—like macrophages and dendritic cells (DCs)—and
non-phagocytic cells like γδ T cells [54]. During exosome uptake by soluble signaling,
exosomal ligands are cleaved by cytoplasmic proteases and are bound to their respective
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receptors present on the PM of the recipient cells. In case of juxtacrine signaling, the ligands
and receptors need to be in close proximity for efficient ligand–receptor binding [55]. Exo-
somal tetraspanins (CD9, CD63, CD81 and CD82) regulate cell fission and fusion, target cell
selection [42], migration, adhesion, proliferation, and interaction between exosomes and
recipient cells [56]. Size distribution in exosomes facilitates their internalization since cells
have a propensity for loading smaller exosomes [5]. Oncogenic integrins play a dominant
role during internalization of tumor-derived exosomes by recipient cells. Metastasis has
been observed to be associated with exosome-integrins, such as αvβ6 integrin in prostate,
αvβ5 integrins in liver and α6β4 and α6β1 integrins in lung [56].

Figure 2. Mechanisms of internalization of exosomes. The exosomes inside the MVBs are extruded out from the donor
cells by exocytosis on merging with plasma membrane. The released exosomes are then internalized via different modes:
soluble/juxtacrine signaling; phagocytosis; fusion; micropinocytosis and lipid raft mediated endocytosis. The lipid raft
mediated endocytosis can be either clathrin or caveolin protein dependent. Exosomes internalized by soluble/juxtacrine
signaling affect the signaling cascade of the recipient cell. During phagocytosis, the exosomes undergo degradation, whereas,
in the fusion event, genetic material is released that causes cellular response. In macropinocytosis and lipid raft-mediated
endocytosis, the exosomes either undergo lysosomal degradation or mediate cellular response. Abbreviations: mRNA,
messenger RNA; miRNA, microRNA; MVBs, multivesicular bodies.

7. TEX

The TEXs influence shaping of the TME, tumor progression, invasion and premetastatic
niche formation, metastasis, angiogenic switch, and immune escape by paracrine subver-
sion of local and distant microenvironments [57].
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7.1. Oncogenic Signaling Involved in Exosomal Trafficking

According to the genometastatic theory, complex biomolecules in exosomes transfer
oncogenic traits to target cells. Matrix cells in the TME interact with their oncogenic
counterparts through exosomes and mediate tumor evolution and progression. Exosomal
cargoes confer oncogenic transformation, EMT, immune surveillance evasion, invasion,
and metastatic properties to the recipient cells [58]. Hypoxia and extracellular acidity
culminate in greater release of TEXs [58]. Cells having even one oncosuppressor mutation
are more prone towards uptake of exosomal oncogenic factors. Mutations leading to
upregulated mitogen-activated protein kinase (MAPK) signaling in cancer cells elevated
exosomes release [59]. Secretion of exosomes by activated platelets promoted MAPK and
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/matrix metalloproteinase (MMP)
signaling during cancer progression [31]. Expression of oncogenic RAS in non-tumorigenic
epithelial cells promoted secretion of oncoprotein-rich exosomes [60]. Robust expression of
oncogenic and truncated forms of epidermal growth factor receptor (EGFR) vIII in glioma
cells augmented exosomal secretion and transfer of oncogenic activity to other normal
cells [61]. Mutation of liver kinase B1 (STK11), a tumor suppressor, increased exosome
secretion in lung cancer [62]. Secretion of exosomal mtDNA induced anaerobic metabolism
and dormancy in cancer cells [31].

7.2. Exosomal miRNA-Mediated Cancer Promotion

Breast TEXs, enriched with Dicer, Protein Argonaut 2, and transactivation response
element RNA-binding protein, processed precursor miRNAs into mature miRNAs for
gene silencing in target cells and induced non-tumorigenic epithelial cells to form tu-
mors [63]. Exosomal miRNAs suppressed cell proliferation by downregulating the C-X-
C motif chemokine ligand 12 (CXCL12); exosomal-miR-23b augmented cell quiescence
by inhibiting myristoylated alanine-rich C-kinase substrate expression in the metastatic
niche [64]; miR-10b molded the TME to promote tumor metastasis [65] of breast cancer (BC)
cells. Astrocyte-derived exosomes suppressed phosphatase and tensin homolog (PTEN)
by intracellular trafficking of miR-19a in metastatic BC and melanoma brain metasta-
sis models [66]. Release of exosomal miR-1245 from mutant p53 cancer cells reoriented
macrophages to transforming growth factor-β (TGF-β)-rich tumor-associated macrophages
(TAMs) which, in turn, propagated tumor progression [67]. Exosomal miR-105 and miR-939
in BC and miR-181c in brain cancer dissolved tight junctions, caused vascular leakiness
and induced metastasis [31].

7.3. Exosomes and TME

TEXs are well documented for immune suppression by multiple interactions with
immune cells of the TME (Figure 3). They hinder helper and cytotoxic T-cell activation
and function, activate regulatory T-cell (Tregs), inhibit cytotoxicity of natural killer (NK)
cells, augment differentiation of myeloid-derived suppressor cells (MDSCs) and reduce
leukocyte adhesion [34]. Exosomes modulate the TME by extracellular signal-regulated
kinase (ERK)-mediated cell growth or apoptosis. Interaction of stromal cells and tumor
via exosomes inflict dissemination of tight junctions, generating a suitable niche for metas-
tasis [68]. TEXs induced cancer-associated fibroblasts (CAFs) for exosomes’ release [69].
The transfer of CAF-derived exosomal cargoes in the form of metabolic intermediates of
the tricarboxylic acid cycle to cancer cells promotes neoplastic growth by alteration of
glycolysis and glutamine-dependent reductive carboxylation [70]. Exosomes transformed
fibroblasts into CAFs in melanoma [71]. CAFs or mesenchymal stem cells (MSCs) derived
exosomes maneuvered Wnt signaling-induced migration [68]. Exosomes expressing Fas
ligand activated CD8+ T-cell apoptosis [72]. Exosomal αvβ6 integrin inhibited the signal
transducer and activator of transcription 1 (STAT1)/MX1/2 signaling in cancer cells and
reprogramed monocytes into the M2 phenotype [73]. Exosomal miR-146a-5p from hepato-
cellular carcinoma (HCC) cells induced M2 polarization [74]. BC cell derived exosomes
inhibited NK cells [75] and infiltrated neutrophils into tumors [76]. Melanoma-derived
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exosomes perturbed maturation of DCs in lymph nodes [77]. However, TEXs can sup-
ply antigens to DCs for cross-presentation to cytotoxic T cells [78]. Administration of
topotecan/radiation induced the release of exosomal immunostimulatory DNA, which
inflicted DC maturation and cytotoxic T cell activation [31]. Programmed death ligand 1
(PD-L1)-positive exosomes positively correlated with head and neck squamous cancer cells
(HNSCC) progression in patients and administration of anti-PD-L-1 antibodies inhibited
the immunosuppressive function of PD-L1 [79].

 

Figure 3. Exosomes in tumor microenvironment. Exosomes secreted from tumor cells containing MVBs exhibited a dynamic
signaling between tumor cells and the TME. Exosomes may lead to immune suppression by downregulating macrophages,
DC, T cells and NK cells and upregulating immunosuppressive cells like Tregs, MDSCs and TAMs. Exosomes induced
differentiation of fibroblasts, activation of CAFs and degradation of ECM, which are associated with TME construction.
They are involved in the alteration of ECM, hypoxia-mediated angiogenesis and the formation of pre-metastatic niches that
trigger the metastatic escape of tumor cells. Abbreviations: CAFs, cancer-associated fibroblasts; ECM, extracellular matrix;
DCs, dendritic cells; MDSCs, myeloid-derived suppressor cells; NK cells, natural killer cells; TAMs, tumor-associated
macrophages; TME, tumor microenvironment; Tregs, tumor regulatory cells.

7.4. Impact of Exosomes on EMT, Invasion, Metastasis and Angiogenesis

Exosomal cargoes CD151 and Tspan8 are related with ECM degradation, stromal
reprogramming, cell motility and tumor progression [80]. EMT was induced by exoso-
mal miR-663b in bladder cancer [81]; lncRNA SOX2 overlapping transcript (Sox2ot) in
pancreatic ductal adenocarcinoma (PDAC cells) [82]; and TGF-β-enriched TEXs in myofi-
broblasts [83]. Migration of tumor cells was facilitated by the exosome-mediated transfer
of αvβ6 in prostate cancer [84]; miR-21 in bladder cancer [85]; TAM derived exosomes in
gastric cancer (GC) cells [86]; and lncRNA ubiquitin-fold modifier conjugating enzyme 1
(UFC1) in non-small cell lung carcinoma (NSCLC) [87]. Exosomal lncRNA zinc finger anti-
sense 1 (ZFAS1) induced EMT and migration in GC cells [88]. Metastasis was promoted by
exosomal EGFR in GC [89]; MMP1 mRNA in ovarian cancer [90]; miR-25-3p, miR-130b-3p,
miR-425-5p in colorectal cancer cells (CRC) [91]; miR-106b in lung cancer [92]; and miR-21
in oesophageal cancer [93]. Cell proliferation and invasion was induced by exosomal
miR-1260b in lung adenocarcinoma [94] and miR-222 in PDAC [95]. Angiogenesis and
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tumor progression were influenced by exosome mediated Wnt4/β-catenin signaling in
CRC [96] and by vascular endothelial growth factor A (VEGF-A) enriched exosomes in
brain endothelial cells [97]. Tumor progression was augmented by exosomal miRNAs from
TP53-mutant cells in colon cancer cells [98] and by exosomal lncRNA ZFAS1 in GC [92].
Exosomal miR-21 reduced apoptosis in GC cells [99], exosomal IL-6 induced metastasis
in BC cells [100], exosomal HSP70 induced tumor progression in MSC cells [101], and
exosomal TGF-β promoted tumor growth in LAMA84 cells [102]. Various recent studies
based on the tumor promoting effect of exosomes have been listed in Table 2.

Table 2. Tumor-promoting effects of exosomal cargoes on recipient cells.

Exosome Donor Cells Exosomal Cargo Target Cells Effects Mechanisms References

Human prostate cancer (PC3) cells Integrin αVβ6

Peripheral blood
mononuclear cells

and THP-1
monocyte cells

↑M2 polarization ↓STAT1/MX1/2
signaling [73]

Human prostate
cancer DU145 cells

↑Cell adhesion and
migration

↑Latency-associated
peptide-TGF-β [84]

HCC (mouse Hepa1-6, H22, and
human HepG2, H7402) cells miR-146a-5p

Mouse RAW264.7
cells, THP-1 cells,
mice peritoneal
macrophages

↑Pro-inflammatory
factors, ↑M2

polarization, ↑T-cell
exhaustion by M2

macrophages

↑NF-κB, ↑p-STAT3,
↓p-STAT1 [74]

Human Bladder cancer (T24 and
5637) cells miR-663b T24 and 5637 cells ↑Cell proliferation,

↑EMT
↓ERF, ↓E-cadherin,

↑Vimentin [81]

Human PDAC (Hs 766 T) and
metastatic (Hs 766T-L2) cells lncRNA-Sox2ot Human PDAC

(BxPC-3) cells

↑EMT, ↑stemness,
↑invasion and

metastasis
↑Sox-2 [82]

Human bladder cancer (T24) cells miR-21
Human THP-1

cell-derived
macrophages

↑M2 polarization,
↑tumor cell

migration and
invasion

↓PTEN,
↑PI3K/Akt-STAT3

signaling
[85]

M2 polarized
macrophages (TAMs) Apolipoprotein E

Mouse gastric
carcinoma (MFC)

cells
↑Cell migration ↑PI3K-Akt signaling [86]

Human NSCLC (A549 and
H1299) cells lncRNA UFC1 A549 and H1299 cells

↑Cell proliferation,
↑migration,
↑invasion

↓PTEN via
EZH2-mediated

epigenetic silencing
[87]

Human GC (BGC-823) cells lncRNA-ZFAS1 Human GC
(MKN-28) cells

↑EMT, ↑cell
proliferation,
↑migration

↑Cyclin D1, ↑Bcl-2,
↓Bax, ↓E-cad, ↑N-cad,

↑Slug
[88]

Human GC (SGC7901) cells EGFR Primary mouse liver
cells

↑Cell proliferation,
↑metastasis

↓miR-26a/b, ↑HGF,
↑c-Met [89]

Human CRC (HCT116) cells
miR-25-3p,

miR-130b-3p and
miR-425-5p

Macrophages
RAW264.7

↑M2 polarization,
↑EMT, ↑liver

metastasis

↑CXCL12/CXCR4
axis, ↓PTEN,

↑PI3K-Akt signaling
[91]

Human lung cancer (SPC-A-1 and
H1299) cells miR-106b SPC-A-1 and H1229

cells
↑Migration and

invasion ↓PTEN [92]

Human esophageal cancer
(EC9706) cells miR-21 EC9706 cells ↑Metastasis ↓PDCD4, ↑MMP2,

↑MMP9 [93]

Human lung adenocarcinoma
(H1299) cells miR-1260b Human A549 cells

↑Cell invasion, ↑cell
proliferation, ↑drug

resistance

↑Wnt/β-catenin
signaling, ↓sFRP1,

↓Smad4
[94]

Human PDAC (Capan-1 and Hs
766T-L3) cells miR-222 PDAC (Capan-1 and

Hs 766T-L3 cells)
↑Cell invasion,
↑metastasis

↑Akt, ↓PPP2R2A,
↑p-P27 [95]
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Table 2. Cont.

Exosome Donor Cells Exosomal Cargo Target Cells Effects Mechanisms References

Hypoxic human CRC (HT29 and
HCT116) cells Wnt4

Endothelial
(HUVECs) and CRC

(HT29) cells

↑Proliferation,
↑angiogenesis,
↑migration

↑β-Catenin signaling [96]

TP53-mutant (HT29) colon
cancer cells

miR-1249-5p,
miR-6737-5p, and

miR-6819-5p

Human colon
fibroblasts

(CCD-18Co) cells
↑Tumor progression ↓TP53 [98]

Murine bone marrow–derived
macrophages miR-21 Human GC (MFC,

MGC-803) cells

↓Apoptosis,
↑resistance to

cisplatin

↑PI3K/AKT
signalling, ↓PTEN [99]

Co-culture of THP-1-derived
macrophages exposed to

apoptotic human BC (MCF-7 or
MDA-MB-231) cells

IL-6 Naive (MCF-7 or
MDA-MB-231) cells

↑Proliferation,
↑metastasis

↑p-STAT3, ↑cyclin
D1, ↑MMP2, ↑MMP9 [100]

Human lung cancer (A549) cells HSP70 MSCs extracted from
human adipose tissue

Pro-inflammatory
MSCs, ↑tumor

growth

↑TLR-2/NF-κB
signaling, ↑IL-6,
↑IL-8, ↑MCP-1

[101]

Human chronic myeloid leukemia
(LAMA84) cells TGF-β LAMA84 cells

↑Proliferation,
↓apoptosis, ↑tumor

growth

↑SMAD 2/3, ↑Bcl-w,
↑Bcl-xL, ↑survivin,

↓BAD, ↓BAX,
↓PUMA

[102]

Human BC (MCF-7) tamoxifen
resistant cells miR-221/222 Human BC (MCF-7)

wild type cells
↑Resistance to

tamoxifen ↓P27, ↓ERα, [103]

Human cisplatin resistant
A549 cells miR-100-5p Human A549 cells ↑Resistance to

cisplatin ↑mTOR [104]

Gemcitabine treated human
PDAC CAFs Snail and miR-146a Human pancreatic

cancer L3.6pl cells

↑proliferation,
↑resistance to
gemcitabine

↑Snail, ↑miR-146a [105]

Human HER-2-positive BC
trastuzumab resistant (SKBR-3

and BT474) cells

lncRNA
AFAP1-AS1

SKBR-3 and
BT474 cells

↑Resistance to
trastuzumab ↑ERBB2 [106]

Tamoxifen resistant BC
(LCC2) cells lncRNA UCA1 ER-positive BC

MCF-7 cells

↑Cell viability,
↑resistance to

tamoxifen
↓caspase-3 [107]

Human GC (MGC-803 and
MKN-45) cisplatin resistant cells lncRNA HOTTIP MGC-803 and

MKN-45 cells
↑Resistance to

cisplatin ↑HMGA1 [108]

Symbols: ↑, upregulated; ↓, downregulated; Abbreviations: AFAP1-AS1, actin filament associated protein1 antisense RNA 1; Akt, protein
kinase B; Bad, Bcl-2 associated agonist of cell death; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; c-Met, Mesenchymal-epithelial
transition factor; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C chemokine receptor type 4; Erα, estrogen receptor-α; ERF,
Ets2-repressor factor; ERBB2, erythroblastic oncogene B; HGF, hepatocyte growth factor; HMGA1, High-mobility group A1; HOTTIP,
HOXA transcript at the distal tip; MCP-1, monocyte chemoattractant protein-1; MMP, matrix metalloproteinase; NF-κB, nuclear factor
kappa-light-chain-enhancer of activated B cells; PDCD4, programmed cell death 4; PI3K, phosphoinositide 3-kinase; PPP2R2A, protein
phosphatase 2 regulatory subunit B alpha; PTEN, phosphatase and tensin homolog; PUMA, p53 upregulated modulator of apoptosis; sFRP,
secreted frizzled-related protein 1; STAT, signal transducer and activator of transcription; Sox-2, sex determining region Y-box 2; TGF-β,
transforming growth factor-β; TLR-2, toll-like receptor 2; TP53, tumor protein p53.

7.5. Exosomes and Drug Resistance

Exosomes form a physical barrier against drug penetration and confer drug resistance
by transfer of cargoes from resistant to sensitive cells [104]. Exosome-mediated drug
resistance may be devised through trafficking of non-coding RNAs, drug transporters and
neutralization of antibody-based drugs, which has been described in the following sections.

7.5.1. By Trafficking of Non-Coding RNAs

Non-coding RNAs, including miRNAs and lncRNAs, perpetuated drug resistance
across an array of cancer cells. Exosomes from M2-macrophage exerted miR-21-mediated
upregulation of PI3K/Akt signaling and reduced apoptosis and cisplatin resistance in
GC [93]. Exosomal miR-221/222 modulated p27 and ERα for tamoxifen resistance [103] in
BC cells. Exosomes derived from cisplatin resistant cells induced resistance in cisplatin sen-
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sitive A549 cells in a miR-100-5p-dependent manner [104]. In ovarian cancer cells, exosomal
miR-443 induced senescence and resistance against paclitaxel [109]. In prostate cancer, CAF
derived exosomes conferred gemcitabine resistance via Snail and miR-146a [105]. Exoso-
mal cargo-lncRNA UCA1 mediated tamoxifen resistance [107] and lncRNA actin filament
associated protein1 antisense RNA 1 (AFAP1-AS1) conferred trastuzumab resistance by
binding to AU binding factor 1 and translating erythroblastic oncogene B2 (ERBB2) [106]
in BC cells. MSC-derived exosomes aided the transfer of lncRNA PSMA3-AS1 to myeloma
cells and exerted resistance against proteasome inhibitor [110]. In GC, exosomal lncRNA
HoxA transcript at a distal tip (HOTTIP) made sensitive GC cells cisplatin resistant [108].

7.5.2. By Trafficking of Drug Transporters and Neutralizing Antibody-Based Drugs

The exosome-mediated transfer of drug transporter molecules is intimately associated
with the spread of drug resistance across diverse cancer forms. Exosomes transported P-
glycoprotein (P-gp) from doxorubicin-resistant cells [68] and multidrug resistance protein-1
(MDR-1) from docetaxel-resistant cells [111] to confer drug resistance in sensitive BC cells.
Recently, it has been evidenced that exosome-mediated transfer of chloride intracellular
channel 1 upregulated P-gp and B cell lymphoma-2 (Bcl-2) and conferred vincristine
resistance in GC cell line SGC-7901 [112].

B-cell lymphoma derived exosomes modulated ATP-binding cassette (ABC) trans-
porter A3, carried CD20 antigen which shielded the cancer cells against therapeutic CD20
antibodies and evaded immune surveillance [113]. Exocytosis of TEXs from human epider-
mal growth factor receptor 2 (HER2) positive BC cells expressed specific decoy molecules
and conferred resistance against monoclonal antibody trastuzumab, thus depicting that
TEXs are also involved in neutralizing antibody based drugs [114].

8. Strategies against Tumor-Derived Exosomes

There have been, primarily, three approaches for the management of exosomes associ-
ated with pathogenesis, as described below.

8.1. Suppression of Exosome Biogenesis and Trafficking

Genetic knockdown of tumor suppressor TSG1 (protein involved with exosome bio-
genesis and trafficking) reduced Wnt5b-positive exosomes in colon cancer [115]. Sup-
pression of annexin A1 (responsible for membrane contact sites, inward vesiculation and
exosome biosynthesis) reduced the number of secreted exosomes in pancreatic cancer
cells [116]. Manumycin A was reported to inhibit ESCRT-dependent exosome biogenesis
by modulating Ras/Raf/ERK1/2/heterogeneous nuclear ribonucleoprotein H1 axis in
prostate cancer cells [117].

Small molecule inhibitor GW4869 against nSMase2 reduced secretion of ceramide en-
riched exosomes [118] and sensitized breast tumors by inhibition of exosomal PD-L1 [119].
Knockout of nSMase2 reduced exosome secretion, angiogenesis and metastasis in breast
tumors [120]. Another inhibitor of lipid metabolism, pantethine, a pantothenic acid (vi-
tamin B5) derivative, depleted the release of exosomes in MCF-7 variants and increased
doxorubicin responsiveness [121]. Genetic silencing of Rab27A/B reduced exosomal se-
cretion by HNSCC and macrophages, thereby minimizing metastasis in BC cells [76] and
lung metastasis in melanoma [122]. PRAS40 downregulated Akt, downstream of TGF-
β, and mediated antagonistic effects against exosome secretion and chemoresistance in
breast and lung cancer cells [123]. WEB2086, a platelet-activating factor receptor (PAFR)
antagonist, was shown to reduce gemcitabine-induced exosome release in PAFR-positive
pancreatic cancer cells [124]. Other exosome extrusion inhibitors, such as chloramidine,
bisindolylmaleimide-I, imipramine, d-pantethine, and calpeptin, and calcium chelators,
such as ethylene glycol bis (2-aminoethyl ether) tetra-acetic acid, increased responsive-
ness toward 5-FU in prostate and BC cells [125]. The inhibition of protease-activated
receptor 2 by an anticoagulant, apixaban, which binds to the tissue factor–factor VIIa
complex, downregulated the secretion of TF-bearing exosomes from pancreatic cancer
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cells [126]. Dasitinib inhibited exosome release and beclin-1/Vps34 mediated autophagy
in imatinib resistant K562 cells [127]. Reduced exosome secretion by synthetic peptide
(constructed with a derivative of the secretion modification region of HIV-1 Nef protein, a
N-terminus anchored polyethylene glycol residue and a c-terminus cluster in peptide) [128]
and by Docosahexaenoic acid (a polyunsaturated fatty acid) [34] inhibited metastasis and
angiogenesis, respectively, in BC cells.

8.2. Depletion of Exosome Uptake

A synthetic nanoparticle, which is a prototype of high-density lipoprotein, was used
as an agonist of the scavenger receptor type B-1 (SR-B1) which eliminated cholesterol
from lipid rafts and prevented exosome uptake by SR-B1 expressing cancer cells [129].
Other agents, such as heparin sulfate proteoglycans, methyl-β cyclodextrin (molecule
used for cholesterol removal from natural and artificial membranes) and dynasore (dy-
namin inhibitor), have been reported to abrogate exosome endocytosis in cancer cells [130].
Heparin and dynasore attenuated the uptake of multiple myeloma-derived exosome by
bone marrow stromal cells and inhibited phosphorylation of STAT1, STAT3, and ERK1/2
signaling pathways [131]. Radiation-derived exosomes made the recipient cancer cells
radiation-resistant and aggravated proliferation. Heparin and simvastatin attenuated
radiation-derived exosome uptake by recipient cells in in vitro and in vivo models of
glioblastoma [132].

8.3. Modulation of Harmful Exosomal Cargo and Inhibition of Exosome Dissemination

Alteration of exosomal cargoes was achieved by viral manipulation or by incorpo-
ration of viral proteins/RNA into secreted exosomes [133]. Curcumin culminated the
immunosuppressive effect of exosomes in BC by deregulation of the ubiquitin-proteasome
system and cargo sorting of ILVs [134]. Subscapular sinus CD169+ macrophages bound
with exosomes restricted their interaction with B cells, promoting tumor progression [135].
Exosome release was inhibited by inhibitors like indometacin (COX2 inhibitor) in combina-
tion with rapamycin (interfere with MVB biogenesis) in B lymphoma cells, by suppressing
ATP-binding cassette sub-family A member 3 expression of the lymphoma cells and in-
duced the cells to undergo complement dependent cytolysis under the effect of drug
rituximab [113].

8.4. Removal of Exosomes

A microfluidics-based technology-microscale acoustic standing wave technology facil-
itates clearance of exosomes from circulation [136]. Innate immune system in co-operation
with opsonization effects of complement proteins may be used for elimination of exo-
somes [137]. Opsonization of exosomal markers CD9 and CD63 by targeting anti CD9 and
anti CD63 antibodies elevated exosomes representation to the macrophages, leading to
exosomes’ elimination, which suppressed lung metastasis in vivo [138]. In colorectal can-
cer, dimethyl amiloride depleted exosomes, thereby elevating cyclophosphamide efficacy
against the cancer cells [139].

9. Cancer Management with Exosomes

Exosomes have emerged as a new arena of clinical interest due to their prospective
use in diagnostic applications as potential biomarkers, for carrying specific information of
their progenitor cells, as well as for being ideal candidates for liquid biopsy [56].

9.1. Preclinical Studies on Anticancer Potential of Exosomal Cargoes

Uptake of exosomal contents does not always confer procarcinogenic signaling. There
are instances where exosomal proteins promoted anticarcinogenic signaling pathways,
e.g., exosomal uptake with payload of gastrokine1 suppressed H-Ras/Raf/MEK/ERK-
mediated gastric carcinogenesis in gastric epithelial cells [140]. The miR-375 carried by
exosomes inhibited cell proliferation and invasive capability in colon cancer cells through
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Bcl-2 blocking [141]. Exosomal miR-520b derived from normal fibroblasts cells inhibited
proliferation and migration of pancreatic cancer cells [142]. The migratory behavior of
lung cancer cells was reduced by exosomal miR-497 through suppression of growth fac-
tors, cyclin E1 and VEGF [143]. Exosomal circulating RNA circ-0051443 inhibited tumor
progression through apoptosis induction in HCC cells [144]. In BC cells, exosomal miR-100
derived from MSCs inhibited angiogenesis in vitro via modulating mTOR/HIF-1α/VEGF
signaling [145].

9.2. Exosomes as Biomarkers

Cancer cells secrete exosomes ten times higher than normal cells, which makes TEXs
major potential candidates for liquid biopsy needed for cancer diagnosis and progno-
sis [57]. The release of exosomes in the extracellular space also aids in cancer diagnosis
by examining their increased levels in various body fluids, such as blood, ascites fluid,
urine, and saliva [146]. Exosomal DNA represents the entire genome; therefore, liquid
biopsies of plasma aid in early detection of cancer-specific mutations. Exosomal CD63
and caveolin-1 served as non-invasive markers of melanoma [121]. Exosomal lncRNA,
either with miR-21 or alone, was correlated with tumor classification (III/IV), stage of
tumor and lymph node/distant metastasis in many cancer types [5]. Differential expression
of exosomal miR-150, miR-155, and miR-1246 in serum of normal individuals and acute
myeloid leukemia patients detected minimal residual disease [147]. Phosphatidylserine
present on the exosomal surface also serves as a biomarker for diagnosis of early-stage
cancer [148]. However, exosomal biomarkers are often overshadowed by highly prevalent
complex proteins of the body fluids. Exosome isolation from body fluids follows either of
the three methods, namely differential centrifugation coupled with ultracentrifugation, im-
munoaffinity pull-down, and density gradient separation. Mining of exosomal biomarkers
from body fluid of cancer patients has been explored with fluorescence-based analytical
techniques, electrochemical aptamer-based detection methods, localized surface plasmon
resonance and surface-enhanced Raman scattering [149]. Though exosome biomarker anal-
ysis has tremendous translational potential, a gold standard for exosome isolation under
clinical settings is yet to be achieved [150]. Since there is no definite consensus for isolation
of exosomes, the best suitable body fluid for exosome isolation is also under investigation.

9.3. Role of Exosomes in Immunotherapy and Vaccine Development

DCs and other antigen presenting cells (APCs) derived exosomes are loaded with
specific drugs; miRNAs of interest or even exosomes alone are implemented to trigger
immune response in the recipient individuals (Figure 4). DC-based exosomes, in therapy,
are beneficial as they possess abundant surface lactadherin that helps in efficient exosome
uptake [151]. The functional moieties, such as MHC-I, MHC-II, CD40, CD80, CD86 TNF,
FasL, TRAIL and natural killer group 2D (NKG2D) ligands on the surface of DC-derived
exosomes, facilitate in imparting innate and adaptive antitumor immune response [152].
DC-derived exosomes activated NK cells in NKG2D and interkeukin (IL)-15Rα ligand
dependent mode, which restored 50% functionality of NK cells and was implemented as a
cell free vaccination strategy [153]. The administration of adjuvants, such as IFN-γ, Toll-
like receptor agonists, and polyinosinic: polycyctidylic acid, was explored for production
of mature DC-derived exosomes which showed greater potential for activation of Th1
cells [154,155]. Immunogenic cell death was induced by melphalan, an anticancer drug, in
multiple myeloma cells by increasing the damage-associated molecular pattern containing
exosomes, thus triggering NK cell cytotoxicity [156]. A histone deacetylase inhibitor, MS-
275, increased the release of Hsp70 and MHC-I polypeptide-related sequence B (MICB)-rich
exosomes which induced NK cytotoxicity and lymphocyte proliferation [157]. Heat shock
treatment increasing the immunostimulatory activities of TEXs has been demonstrated
in A20 lymphoma/leukemia cells. Heat shock tumor derived exosomes were observed
to possess more immune-stimulating activities due to elevated expression of MHC and
increased levels of cytokines, such as IL-1β, IL-12p40, and TNF-α [158].
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Figure 4. Exosomes in therapeutic approaches. Exosomes derived from DCs, APCs and stem cells can be utilized for
immunotherapy, gene therapy, stem cell therapy and adjuvant therapy. Exosome based gene therapy is obtained by
genetically engineered exosomes loaded with miRNA, siRNA and plasmids of interest. Stem cell or DC-derived exosomes
can be implemented alone as vaccines and confer stem cell-based therapy or immunotherapy. The exosomes can also be
utilized for drug delivery vectors by modifying them with drugs of interest. The DC-, APC- and stem cell-derived exosomes
administered into the patient help in triggering immune response in combating cancer by targeting and regulating the
mechanisms against which the exosomes are implemented. Abbreviations: APCs, antigen presenting cells; DCs, dendritic
cells; miRNA, microRNA; siRNA, small interfering RNA.

Exosomes have potential use in vaccine development because the surface-bound
proteins on exosomes of APCs, DCs and tumor cells originate from the progenitor cell
membranes [5]. Nanoscale immunotherapy treatments with TEX, DC-derived exosomes
and ascitic cell-derived exosomes have shown efficacy in stimulating the body’s immune
system against cancer cells [159]. Ascitic cell-derived exosomes obtained from peritoneal
cavity fluid of cancer patients triggered cancer cell lysis via activation of dendritic cells
and MHC-1-dependent T cell response. Membrane-bound Hsp70 of TEX exhibited robust
priming of T helper cell 1 (Th1)- and NK-mediated antitumor immune response [160].
Chemotherapy accompanied with hyperthermia has evolved as a new treatment mode for
cancer involving TEXs. For instance, heat stress has increased the antitumor effect of TEXs
derived from doxorubicin-treated MCF-7 cells [161]. DC-derived exosomes control tumor
growth by eliciting CD8+ and CD4+ T cell responses [162]. DC-derived exosomes incu-
bated with cancer antigen triggered cancer specific T cell response [163]. Adjuvant-based
exosomal vaccines are effective in eliciting immune response. For example, streptavidin-
lactadherin protein fused with immunostimulatory biotinylated CpG DNA (adjuvant) after
transfection into murine melanoma cells created genetically modified exosomes. These
exosomes have the ability to trigger improved antigen presentation to the DCs and other
immune cells, contributing to enhanced immune response [164]. DC-derived exosomes
have been observed to be more efficient as cell-free vaccines in treating malignancies that
respond poorly to immunotherapy. For instance, α-feto protein-rich DC derived exosomes
triggered more effective antitumor immune responses and modulated the TME in a HCC
mice model [165]. Recently, it was observed that vaccination with TEX-pulsed DC along
with cytotoxic drugs specifically targeted immunosuppressive MDSCs in pancreatic cancer
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cells [166]. DNA vaccines prepared by fusing ovalbumin antigen with lactadherin present
on exosomal surface diminished fibrosarcoma, thymoma and melanoma metastasis by
activating T lymphocytes [167].

9.4. Exosome-Based RNA Therapy

Exosome-based miRNA therapy exhibited immunosuppressive properties by control-
ling the gene expressions [19]. An early study reported that exosomes derived from human
embryonic kidney cells were effective in regressing tumor growth by delivering miR-let7a
in an EGFR-positive BC xenograft model [168]. The MSCs transfected with miR-124a
enhanced exosomes carrying the RNA of interest production, which, when implemented
against gliomas, reduced the cell viability and targeted FOXA2 that caused accumulation
of lipids [169]. Transfer of lncRNA PTEN pseudogene 1 by exosomes derived from normal
cells to bladder cancer cells reduced tumor progression in vitro and in vivo [170].

Exosomes also mediated targeted delivery of siRNA, e.g., siRNA transfected into
exosomes targeted RAD51 and RAD52 in Hela and fibrosarcoma cells, which inhibited
proliferation of the recipient cells [171]. Engineered exosomes containing IL-3 ligand
or functional siRNA for BCR-ABL were successfully used against imatinib resistance in
chronic myeloid leukemia patients [172]. Exosomes used for trafficking RNA interference
(RNAi) mediators counteracted against oncogenic KRAS and improved overall survival
in mouse models of pancreatic cancer [173]. Delivery of engineered exosome mediated
siRNA inhibited post-operative metastasis of BC, indicating a promising strategy against
tumor progression [174]. Successful delivery of antisense miRNA oligonucleotides against
miR-21 by electroporating them in exosomal membrane improved the treatment efficacy
for glioblastoma by inducing the expression of PTEN and PDCD4, resulting in decreased
tumor size [175].

9.5. Exosomes in Stem Cell Therapy

Normal stem cell-derived exosomes are free of tumorigenic factors and are potential
candidates for stem cell therapy [176]. MSC-derived exosomes can protect their cargoes
from degradation, facilitate easier uptake by recipient cells, elicit low toxicity and immuno-
genicity, and these exosomes can be modified to enhance cell type-specific targeting and
may be a prospective tool for cell-free based therapeutic approaches [177]. Exosomal miR-
144 derived from bone marrow derived MSC retarded the spread of NSCLC by targeting
cyclin E1 or E2 [178]. Exosomes released from miR-101-3p overexpressing MSCs negatively
affected the proliferation and migration of oral cancer cells by targeting the collagen type X
α1 chain [179]. MSC-derived exosomes were genetically engineered by loading them with
polo-like kinase 1 (PLK-1)-siRNA and were utilized for PLK1 gene silencing in bladder
cancer [180]. The primary hurdles of stem cell-based therapy, such as teratoma formation
and embolization, are less frequent with exosome-based stem cell therapeutics. Exosomes
secreted from induced pluripotent stem cells may exert better therapeutic effects [163].

9.6. Exosomes in Drug Delivery

Normal cell derived exosomes exhibit excellent biodistribution, biocompatibility, low
immunogenicity, capacity to cross the blood–brain barrier and high target specificity, which
make them potential candidates for drug delivery in cancer [5]. The exosomal surface
proteins regulate efficient drug delivery because of their involvement in exosomes uptake
by the tumorigenic recipient cells [181]. Exosomes derived from androgen-sensitive hu-
man prostate adenocarcinoma cells carrying paclitaxel negatively affect the cancer cells’
viability [182]. DC-derived exosomes in BC and macrophage-derived exosomes in lung
cancer were loaded with the drugs trastuzumab and paclitaxel, respectively, and success-
fully delivered to the recipients [183,184]. Moreover, exosomes loaded with doxorubicin
conjugated with gold nanoparticles showed anticancer effect against lung cancer cells [185].
Exosomes with A disintegrin and metalloproteinase 15 (ADAM15) expression (A15-Exo)
co-delivered with doxorubicin and cholesterol-modified miRNA 159 exhibited anticancer
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effect in BC cells [186]. Paclitaxel loaded exosomes showed sensitivity towards MDR
cancer cells via by-passing P-gp-mediated drug efflux and also inhibited metastasis in
a lung cancer xenograft model [187]. Unmodified exosomes encapsulated with doxoru-
bicin reduced tumor proliferation in a mouse mammary carcinoma xenograft model [137].
Exosomal delivery of doxorubicin induced its therapeutic activity in xenograft models
of breast and ovarian cancer [188]. Exosomes isolated from engineered immature DCs
(expressed Lamp2b fused with αv integrin-specific iRGD peptide (CRGDKGPDC)) loaded
with doxorubicin successfully targeted αv integrin-positive breast tumor cells [189]. Exo-
some encapsulated gemcitabine exhibited anticancer properties in autologous pancreatic
cancer cells and in a xenograft model [190].

Phytochemicals, administered via an exosome-mediated drug delivery system, can
provide health benefits and anticancer properties [56]. Pancreatic adenocarcinoma cell-
derived exosomes aided curcumin in inflicting its anticancer properties among tumor
cells [191]. Milk-derived exosomes encapsulated with anthocyanidins exhibited antiprolif-
erative effect in a xenograft lung carcinoma model [192]. Exosomal formulations of black
bean extract exhibited pronounced antiproliferative effect in many cancer cells [193]. Exo-
somal formulations with berry anthocyanidins exhibited anticancer properties in ovarian
cancer with enhanced sensitivity in chemoresistant tumors [194]. Exosomal encapsulation
of celastrol (a triterpenoid) exhibited antiproliferative effect in lung cancer cells and in a
xenograft model [195]. Recent studies on exosomal drug delivery of chemotherapeutic
drugs and phytochemicals are listed in Table 3.

9.7. Induction of Chemosensitivity with Exosomes

TEXs impart drug resistance but may also be used for inducing drug sensitivity.
Dimethyl amiloride augmented ABC transporter containing exosome secretion revived the
cyclophosphamide sensitivity of cancer cells [31]. Downregulation of the GAIP-interacting
protein C terminus mediated secretion of ABCG2 drug transporters containing exosomes
and suppressed gemicitabine resistance in pancreatic cancer cells [196]. In oral squamous
cell carcinoma, exosomal miR-155 increased chemoresistivity in cisplatin-sensitive cancer
cells [197]. The exosomes loaded with CRISPR/Cas9 induced apoptosis and cisplatin
chemosensitivity in ovarian cancer cells [198]. An increase in apoptosis and chemosen-
sitivity was observed in cisplatin-resistant human gastric adenocarcinoma cells through
treatment with si-c-Met containing exosomes derived from human kidney epithelial cell
line [199]. Normal intestinal FHC cell-derived exosomes transferred miR-128-3p into
oxiplatin resistant CRC cells which induced their chemosensitivity and decreased motil-
ity [200]. miR-122-transfected adipose tissue-derived MSCs (AMSCs) released exosomes
carrying miR-122 and, when cocultured with hepatocyte carcinoma cells, induced sorafenib
chemosensitivity [201]. miR-567 induced chemosensitivity in resistant BC cells towards
trastuzumab and blocked autophagy [202]. Exosomal miR-200c induced chemosensitivity
towards docetaxel and apoptosis in tongue squamous cell carcinoma [203]. Coculture
of miR-199a carrying exosomes derived from AMSCs with HCC cells downregulated
mammalian target of rapamycin (mTOR) pathway and induced chemosensitivity towards
doxorubicin [204]. Various recent reports on exosome-mediated reversal of chemosensitiv-
ity have been listed in Table 4.
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Table 4. Reversal of chemoresistance in resistant cancer cells with exosomal cargoes.

Exosome Source
Modification in Exosomal

Cargo Content
Target Cells Effects Mechanisms References

Human mesenchymal
stem cells (MSCs) Anti-miR-9 Glioblastoma (U87 and

T98G) cells

↑Apoptosis
↑chemosensitivity

towards
temozolomide

↑Caspase-3
↓P-gp
↓MDR1

[151]

Human kidney
epithelial

(HEK293T) cells
si-c-Met

Human gastric
adenocarcinoma

(SGC7901and
SGC7901/DDP) cells

↑Apoptosis
↑chemosensitivity
towards cisplatin

↓c-Met gene [199]

Normal intestinal foetal
human cells (FHC) miR-128-3p

Human oxiplatin
resistant colorectal cancer

(HCT116OxR) cells

↑Oxiplatin
accumulation
↑apoptosis

↓proliferation
↓self-renewal

↓Bmi1
↓MRP5

↓N-cadherin
↑E-cadherin

[200]

Human adipose tissue
derived mesenchymal

stem cells (AMSCs)
miR-122 Human HCC (HepG2,

Huh7) cells

↑Apoptosis
↑cell cycle arrest
↑chemosensitivity
towards sorafenib

↑G0/G1 arrest
↓CCNG1
↓ADAM10
↑Caspase-3

↑Bax

[201]

Human normal breast
epithelial (MCF

10A) cells
miR-567

Human trastuzumab
resistant BC (SKBR-3/TR

and BT474/TR) cells

↑Chemosensitivity
towards trastuzumab

↑autophagy

↓ATG5
↑p62

↓LC3-11
[202]

Human normal tongue
epithelial (NTECs) cells miR-200c

Docetaxel resistant
hepatic stellate cells

(HSC-3DR) cells

↑Chemosensitivity
towards docetaxel

↑apoptosis

↓TUBB3
↓PPP2R1B [203]

Human adipose tissue
derived mesenchymal

stem cells (AMSCs)
miR-199a

Human colorectal cancer
(CRC) (Huh7,
SMMC-7721,

PLC/PRF/5) cells

↑Chemosensitivity
towards doxorubicin ↓mTOR [204]

Symbols: ↑, upregulated; ↓, downregulated; Abbreviations: ADAM10, A disintegrin and metalloproteinase 10; ATG5, autophagy related
5 protein; Bax, Bcl-2-associated X protein; BC, breast cancer; c-MET, mesenchymal epithelial transition factor; CCNG1, Cyclin G1; LC3,
microtubule associated protein PIA/IB-light chain 3-I; MDR1, multidrug resistance protein-1; MRP5, multidrug resistant associated protein
5; mTOR, mammalian target of rapamycin; P-gp, P-glycoprotein; PPP2R1B, protein phosphatase 2 scaffold subunit 1β; TUBB3, class III
β-tubulin gene.

9.8. Exosomes in Clinical Trials

According to the National Institutes of Health website, a large number of clinical trials
are being conducted with exosomes (Table 5). In a study, plant exosomes were modified
to deliver curcumin in colon cancer patients (ClinicalTrials.gov Identifier: NCT01294072).
Phase I and II clinical trials with DC-derived exosomes indicated activation of T cell-
and NK cell-based immune responses in NSCLC patients [154]. A phase II clinical trial
(ClinicalTrials.gov Identifier: NCT01159288) on NSCLC observed that exosomes derived
from TLR4L-or interferon-γ (IFN-γ)-maturated DCs enriched with MHC I- and MHC
II-restricted cancer antigens as maintenance immunotherapy subsequent to first-line
chemotherapy [205]. A study on HER2-positive BC patients measured HER2-HER3 dimer
expression in exosomes (ClinicalTrials.gov Identifier: NCT04288141). Another trial led
to a therapeutic analysis on cancer-derived exosomes via treatments with lovastatin and
vildagliptin in thyroid cancer patients (ClinicalTrials.gov Identifier: NCT02862470). Char-
acterization of exosomal non-coding RNAs was carried out in cholangiocarcinoma patients
(ClinicalTrials.gov Identifier: NCT03102268). Another study reported exosome-mediated
intercellular signaling in pancreatic cancer (ClinicalTrials.gov Identifier: NCT02393703). In
metastatic pancreatic adenocarcinoma, exosomes with KrasG12D siRNA were used to treat
pancreatic cancer with KrasG12D mutation (ClinicalTrials.gov Identifier: NCT03608631). In
head and neck cancer, the effects of metformin hydrochloride on cytokines and exosomes
were investigated (ClinicalTrials.gov Identifier: NCT03109873). A phase I clinical trial
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(ClinicalTrials.gov Identifier: NCT01668849) investigated the ability of plant exosomes to
prevent oral mucositis induced by combined chemotherapy and radiation in head and neck
cancer patients. However, more clinical trials are needed with modified exosomes which
may exhibit anticancer effect.

Table 5. Clinical trials on exosomes.

Trial No.
(ClinicalTrials.gov

Identifier:)
Study Type Cancer Type Study Perspective Study Design Status

NCT01294072 Phase I Colon cancer Interventional
Investigation of the ability of
plant-derived exosomes to

deliver curcumin
Active, not recruiting

NCT01159288 Phase II Non-small cell
lung cancer Interventional

Trial of a vaccination with
exosomes derived from

dendritic cell loaded with
tumor antigen

Completed

NCT04288141 Observational

Early
HER2-positive
BC, Metastatic
HER2-positive

BC

Prospective

Assessment of HER2-HER3
dimer expression in exosomes
from HER2-positive patients

receiving HER2 targeted
therapies

Recruiting

NCT02862470 Observational

Anaplastic
thyroid cancer,

Follicular thyroid
cancer

Prospective

Analysis of cancer-derived
exosomes via lovastatin and
vildagliptin treatments and
prognostic study through
urine exosomal markers

Active, not recruiting

NCT03102268 Observational Cholangiocarcinoma Prospective

Characterization of exosomal
non-coding RNAs from

cholangiocarcinoma patients
before anticancer therapies

Unknown

NCT02393703 Observational Pancreatic cancer Prospective Investigation of exosome
mediated disease recurrence Active, not recruiting

NCT03608631 Phase I

Metastatic
pancreatic

adenocarcinoma,
Pancreatic ductal
adenocarcinoma

Interventional

Study of the mesenchymal
stromal cells-derived

exosomes with KrasG12D
siRNA (iExosomes) for

pancreatic cancer patients
having KrasG12D

Not yet recruiting

NCT03109873 Early phase I Head and neck
cancer Randomized

Assessment of the effect of
metformin hydrochloride on
cytokines and exosomes in

cancer patients

Completed

NCT01668849 Phase I Head and neck
cancer Interventional

Investigation of the ability of
plant-derived exosomes to

prevent oral mucositis
induced by combined

chemotherapy and radiation

Active, not recruiting

10. Current Limitations and Challenges

Exosomes mediate intercellular communication and play significant roles in both
physiological and pathological processes. A new hypothesis suggested that the target
cells inhibit the incoming signals by forming exosome dimers based on the particle size,
zeta potential and/or ligand–receptor pairs which facilitates cancer metastasis, cancer
immunoregulation, intraocular pressure homoeostasis, tissue regeneration and many
others [206].

Exosomes released by normal and malignant cells are endowed with heterogeneity
and pleiotropic physiological and pathological effects. Inhibition of the release of TEXs
may have both anti-carcinogenic and pro-carcinogenic effects. The majority of the exo-
some released inhibitors are not cancer-specific and also affect normal cells. Therefore,
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inhibition of exosome release may act as a double-edged sword which should be carefully
manipulated for minimal adverse effects [34].

Isolation of pure and specific exosomes is limited by technical constraints, the availabil-
ity of suitable biomarkers for specific exosomes, and expensive technologies [5]. A major
hurdle in the execution of liquid biopsy is isolation of exosomes by an economic user-
friendly tool. Protein contaminated and heterogenous exosome pool is obtained using
ultracentrifugation. Asymmetric flow field-flow fractionation, though a prospective tool,
needs technical expertise and requires a huge amount of initial sample. Other exosome iso-
lation methods like microfluidic devices, sucrose gradients, size exclusion chromatography,
and affinity-based exosome isolation kits are accompanied with both advantages and dis-
advantages like lack of robustness and specificity [31]. A perfect exosome isolation method
should be robust, reproducible, specific, economic and user friendly as a diagnostic tool.

Detailed research of exosome biogenesis, functional diversity of exosomes and the
identification of cancer specific biomarkers may be effective for exosome-based therapeutic
approaches with minimum adverse effects [34]. Determination of exosomal cargo sorting
and releasing mechanisms holds great potential for the development of various applications
in cancer research [31].

Normally, less than 1 μg of exosomal protein is yielded from 1 mL of culture medium,
whereas the majority of studies have reported 10–100 μg of exosomal protein as an effective
dose for in vivo models [163]. The introduction of exosome-mimetic vesicles (100–200 nm
in diameter) has conquered exosomal limitations like low loading efficiency and low yields.
These nanovesicles have been used for delivery of chemotherapeutic drugs [204,205] and
RNAi [207] to target cancer cells. Hybrid nanocarriers formed by the fusion of exosomes
with liposomes changed the exogenous lipid composition and was effective in the delivery
of chemotherapeutic drugs [208].

11. Conclusions

It may be deciphered that the intercellular communication via exosomes is evident
throughout cancer progression. Apart from cancer pathogenesis, exosome biology heralds
the future arena of non-invasive diagnostic tools for cancer management, especially in
the spheres of liquid biopsy, immunotherapy and vaccine development, RNA therapy,
stem cell therapy, drug delivery, and reversal of chemoresistance. Preclinical studies
have undoubtedly proven the immense potential of exosomes in cancer therapeutics,
but a number of clinical trials have failed to achieve this success. These inconsistent
results indicate major challenges including in-depth knowledge of exosome biogenesis
and protein sorting, perfect and pure isolation of exosomes, large scale production, better
loading efficiency targeted delivery of exosomes. These hurdles have to be confronted
before successful implementation of exosomes for the diagnosis and therapy of cancer.
This review has attempted to envisage the implication of exosomes in cancer pathogenesis
and cancer therapeutics along with the current limitations so that researchers may be
made aware of the existing lacunae with regard to exosomes in their use against cancer.
This knowledge may help scientists to improvise innovative technologies for successful
translation of the exosome-mediated diagnosis and treatment of malignant neoplasms.
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ABC ATP-binding cassette;
ABCA3 ATP-binding cassette sub-family A member 3;
ADAM10 A disintegrin and metalloproteinase 10;
AFAP1-AS1 actin filament associated protein1 antisense RNA 1;
Akt protein kinase B;
ALIX ALG-2 interacting protein X;
AMSCs adipose tissue-derived MSCs;
APC antigen presenting cell;
ARF6 ADP ribosylation factor 6;
ATG5 autophagy related 5 protein;
CAFs cancer-associated fibroblasts;
CCNG1 cyclin G1;
CRC colorectal cancer cells;
CXCR4 C-X-C chemokine receptor type 4;
DCs dendritic cells;
ECM extracellular matrix;
EGFR epidermal growth factor receptor;
EMT epithelial mesenchymal transition;
ERBB2 erythroblastic oncogene B2;
ERF Ets2-repressor factor;
ERK extracellular signal-regulated kinase;
ERα estrogen receptor-α;
ESCRT endosomal sorting complexes required for the transport;
GC gastric cancer;
HCC hepatocellular carcinoma;
HER2 human epidermal growth factor receptor 2;
HGF hepatocyte growth factor;
HNSCC head and neck squamous cell carcinoma;
HOTTIP HoxA transcript at a distal tip;
Hsps heat shock proteins;
ICAM intercellular adhesion molecule;
IL-6 interleukin-6;
ILV intraluminal vesicles;
LAMP-1 lysosome-associated membrane glycoprotein-1 LncRNAs
LncRNAs long non-coding RNAs;
MAPK mitogen activated protein kinase;
MDR-1 multidrug resistance protein-1;
MDSCs myeloid-derived suppressor cells;
MHC major histocompatibility complex;
miRNAs microRNA;
MMP matrix metalloproteinase;
mRNA messenger RNA;
MSCs mesenchymal stem cells;
mtDNA mitochondrial DNA;
MVB multivesicular bodies;
NF-κB nuclear factor κ-light-chain-enhancer of activated B cells;
NK natural killer cells;
NKG2D natural killer group 2D;
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NSCLC non-small cell lung carcinoma;
PAFR a platelet-activating factor receptor;
PDAC pancreatic ductal adenocarcinoma;
PDCD4 programmed cell death 4;
PD-L1 programmed death ligand 1;
P-gp P-glycoprotein;
PI3K phosphoinositide 3-kinase;
PLD2 phospholipase D2;
PLK-1 polo-like kinase 1;
PM plasma membrane;
PPP2R1B protein phosphatase 2 scaffold subunit 1β;
PTEN phosphatase and tensin homolog;
rRNA ribosomal RNA;
SNARES soluble NSF attachment protein receptors;
Sox2ot SOX2 overlapping transcript;
SR-B1 scavenger receptor type B-1;
STAT1 signal transducer and activator of transcription 1;
TAMs tumor-associated macrophages;
TEX tumor derived exosomes;
TGF-β transforming growth factor-β;
TGN trans-Golgi network;
TLR-2 toll like receptor-2;
TME tumor microenvironment;
Tregs T regulatory cells;
TUBB3 class III β-tubulin gene;
UFC1 Ubiquitin-fold modifier conjugating enzyme 1;
VEGF-A vascular endothelial growth factor A;
Vps4 vacuolar protein sorting associated protein 4;
ZFAS1 zinc finger antisense 1.
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Simple Summary: Paclitaxel (PAC) is a widely used antitumor agent in the treatment of various
early-stage and advanced cancers, including lung cancer. While efficacious, solvent-based PAC
generally is not well tolerated and is associated with severe side effects. To overcome such limitations,
naturally occurring nanocarriers such as exosomes are attracting great interest. In this paper, we show
that tumor-targeted oral formulation of PAC, using bovine colostrum-derived exosomes, not only
enhance therapeutic efficacy against orthotopic lung cancer but also mitigate or eliminate systemic
and immunotoxicity of the conventional i.v. dosing. These data will leverage the advantages of
bovine colostrum exosomes to advance the exosome-mediated targeted oral delivery of PAC as a
therapeutic alternative to current therapies.

Abstract: Lung cancer is the leading cause of cancer-related deaths worldwide. Non-small-cell lung
cancer (NSCLC) is the most common type accounting for 84% of all lung cancers. Paclitaxel (PAC) is
a widely used drug in the treatment of a broad spectrum of human cancers, including lung. While
efficacious, PAC generally is not well tolerated and its limitations include low aqueous solubility,
and significant toxicity. To overcome the dose-related toxicity of solvent-based PAC, we utilized
bovine colostrum-derived exosomes as a delivery vehicle for PAC for the treatment of lung cancer.
Colostrum provided higher yield of exosomes and could be loaded with higher amount of PAC
compared to mature milk. Exosomal formulation of PAC (ExoPAC) showed higher antiproliferative
activity and inhibition of colony formation against A549 cells compared with PAC alone, and also
showed antiproliferative activity against a drug-resistant variant of A549. To further enhance its
efficacy, exosomes were attached with a tumor-targeting ligand, folic acid (FA). FA-ExoPAC given
orally showed significant inhibition (>50%) of subcutaneous tumor xenograft while similar doses of
PAC showed insignificant inhibition. In the orthotopic lung cancer model, oral dosing of FA-ExoPAC
achieved greater efficacy (55% growth inhibition) than traditional i.v. PAC (24–32% growth inhibition)
and similar efficacy as i.v. Abraxane (59% growth inhibition). The FA-ExoPAC given i.v. exceeded the
therapeutic efficacy of Abraxane (76% growth inhibition). Finally, wild-type animals treated with p.o.
ExoPAC did not show gross, systemic or immunotoxicity. Solvent-based PAC caused immunotoxicity
which was either reduced or completely mitigated by its exosomal formulations. These studies
show that a tumor-targeted oral formulation of PAC (FA-ExoPAC) significantly improved the overall
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efficacy and safety profile while providing a user-friendly, cost-effective alternative to bolus i.v. PAC
and i.v. Abraxane.

Keywords: colostrum exosomes; paclitaxel; drug delivery; lung cancer; immunotoxicity assessment

1. Introduction

Cancer is the second leading cause of death worldwide. In 2020, there were an
estimated 1.8 million new cancer cases diagnosed and 606,520 cancer deaths in the United
States [1]. More people in the U.S. (135,760) are expected to die of lung cancer in 2021
than prostate, breast and colon cancer combined [2]. Lung cancer remains the leading
cause of cancer-related deaths in the United States and worldwide. Non-small cell-lung
cancer (NSCLC) is relatively insensitive to chemotherapy and accounts for about 85% of
all lung cancer cases. Regrettably, over 80% of all patients diagnosed with NSCLC die
eventually due to the disease within five years [1,3]. Despite treatment with platinum-based
chemotherapy, new molecularly-targeted therapies and immunotherapies, the overall
survival benefit for NSCLC remains modest.

Paclitaxel (PAC) is the first- or second-line chemotherapy for the treatment of various
cancers, including lung cancer and exhibits both anti-proliferative and apoptotic effects
against cancer cells. Mechanistically, PAC interferes with the normal function of cellular
microtubule growth by binding to the β-subunits of the tubulin and locking the micro-
tubules preventing further cell division. Tubulins are the building blocks of microtubules,
which play a major role in the migration of chromosomes during anaphase of the cell
division [4]. However, the utility and clinical application of PAC has been hindered due
to its poor aqueous solubility requiring formulation in the organic solvent Cremophor EL
(CrEL) and its dose-related toxicity. For these reasons, the delivery of PAC is associated
with substantial challenges. While the use of polyoxyethylated castor oil also known as
CrEL and ethanol (50:50) overcomes the solubility problem, this solvent-based approach
is associated with severe side effects [5,6]; therefore, PAC formulations are infused over
several hours to reduce the effect of bolus dose.

To overcome these solvent-based limitations, several nanoparticle systems have been
reported for the delivery of PAC. Abraxane® is an FDA-approved nanoformulation of
PAC bound to human serum albumin that was developed to improve the toxicity profile
of solvent-based PAC. In a phase III clinical trial, Abraxane was shown to enhance the
therapeutic efficacy and pharmacokinetics compared to PAC given in CrEL [7]. However,
the i.v. infusion of the Abraxane was reported to lower the blood cell count. Besides toxicity
concerns, i.v. administration requires medical assistance, which, in turn, substantially
increases the medical costs, besides patient suffering for a long duration.

To overcome these unfavorable physicochemical and pharmacokinetic properties of
PAC, several additional delivery approaches have been attempted [8]. Toxicity limitations
of solvent-based carriers can be overcome by using nanovesicles derived from natural
sources such as milk [9,10]. Further, oral dosing of the chemotherapeutic achieved using
these nanovesicles has many advantages such as flexibility of timing and location of
administration, flexibility of drug exposure, reduction of the use of healthcare resources
and a better quality of life [11,12]. Oral chemotherapy is also good for the metronomic (anti-
angiogenic) chemotherapy [13], as it maintains a low serum level of the chemotherapeutic
for a longer time than parenteral routes.

Exosomes (Exo) or small extracellular vesicles (sEVs), as the terminology is being
debated [14], are biogenic nanocarriers (30–150 nm) with the lipid bilayer and have signif-
icant role in cell-to-cell communications. Exosomes are released from essentially all cell
types and are present in all bodily fluids like blood, urine, saliva, amniotic fluid, lymphatic
fluid and milk etc. [15,16]. Unlike other nanoparticulate systems, exosomes possess special
proteins in their membrane surface proteins that may help in the endocytosis, which, in
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turn, promotes the delivery of tethered content [17,18]. We have previously demonstrated
the utility of bovine milk as a source of exosomes for the delivery of small-molecule
drugs [19–22] and siRNA [23,24] and for the oral delivery of PAC to inhibit subcutaneous
lung tumor xenografts [19]. Biocompatibility, cost-effectiveness and abundance are some
of the hallmarks that make milk exosomes a potentially commercially viable option as a
nanodrug carrier.

In this study, we used exosomes isolated from a standardized source of bovine
colostrum powder obtained from the early lactation period as a delivery vehicle for PAC
(ExoPAC). Colostrum powder provides higher yields of exosomes than mature milk. We
have shown an overexpression of FRα and RFC in H1299 and A549 lung cancer cells; the
overexpression of the folate receptors was more pronounced in tumor tissue versus normal
lung tissue (100-fold overexpression) [24]. Here, exosomes, functionalized with folic acid
(FA) to target tumor cells, are embedded with PAC (FA-ExoPAC), and the therapeutic
efficacy of the formulation was compared with Abraxane for lung tumors grown in a
tumor microenvironment. We show that FA-ExoPAC given orally surpassed efficacy of
solvent-based PAC and matched efficacy of Abraxane; whereas, i.v. FA-ExoPAC signifi-
cantly exceeded the efficacy of Abraxane. ExoPAC formulations lacked gross, systemic and
immunotoxicity in wild-type mice.

2. Materials and Methods

2.1. Chemicals and Reagents

PAC was procured from LC laboratories, Woburn, MA, USA. XenoLight D-Luciferin,
potassium salt was purchased from PerkinElmer, (Waltham, MA, USA). BCA Protein
Assay Kit was procured from ThermoFisher Scientific (Waltham, MA, USA) and folic acid
was purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of
analytical grade.

2.2. Isolation of Exosomes

Exosomes were isolated from colostrum powder (Immunodynamics, Inc., Fennimore,
WI, USA). Briefly, colostrum powder was rehydrated in deionized water achieving a fi-
nal concentration of 5% w/v, and exosomes were isolated by sequential centrifugations
(13,000× g, 30 min; 65,000× g, 60 min; and 135,000× g, 2 h, as described [22], followed
by removal of residual non-exosomal protein by ultrafiltration. After completion of ultra-
centrifugation, the supernatant containing free drug was discarded and ExoPAC pellet
was washed with PBS. The exosome pellet was suspended in PBS (pH 7.4) and sterilized
using 0.22 μM filter. The yield of exosomes was measured by means of exosomal protein
concentration by a standard BCA protein assay kit. The exosome suspension (≤6 mg/mL)
was stored at −80 ◦C.

2.3. Exosome Characterization

The particle size, polydispersity index (PDI) and zeta potential of the exosomes were
determined by Zetasizer (Malvern Instruments Ltd., Malvern, Worcestershire, UK). Particle
numbers per milligram of exosomal protein were measured by nanoparticle tracking
analyzer (NonoView, Particle Matrix Inc., Grayslake, IL, USA). Samples were analyzed
in triplicates. The size of exosomes was confirmed by atomic force microscopy (AFM) as
described [22].

2.4. FA-Functionalization of Exosomes for Tumor Targeting

We functionalized exosomes with FA, a known tumor-targeting ligand. To stabilize
the interaction of FA with exosomal proteins in vivo, we attached FA covalently by using
activated FA. Activated FA was prepared using standard EDC (1-ethyl-3-(-3-dimethyl
aminopropyl) carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide esters). Free
FA was removed using ultrafiltration. The degree of functionalization was achieved by
varying FA concentration, and FA loading was determined by releasing the FA from the
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formulation in the presence of NaOH, followed by recovery of the exosomes. The FA and
exosomal proteins were measured by spectrophotometry and BCA assay, respectively, and
percent FA loading was calculated.

2.5. Loading of PAC on Exosomes

PAC was loaded onto the exosomes as described by us previously [19], except that
exosomes used were derived from colostrum powder, the ratio of exosomes to PAC was
reduced and harvesting time of ExoPAC formulation by ultracentrifuge was reduced to
achieve higher drug loading. Briefly, PAC (dissolved in ethanol: acetonitrile; 1:1 v/v)
was mixed with exosomes (6 mg/mL in PBS), keeping the solvent concentration ≤10%.
The reaction mixture was incubated at room temperature for 30 min. The unbound PAC
was removed by centrifugation (10,000× g for 10 min) and the exosomal PAC (ExoPAC)
was collected by ultracentrifugation (135,000× g for 90 min). The resulting pellet was
suspended in PBS and filter-sterilized. The ExoPAC solution (≤6 mg/mL) was stored
at −80 ◦C.

2.6. Determination of PAC Loading

PAC loading was determined by analyzing the PAC and Exo concentrations using
ultra-performance liquid chromatography (UPLC) and BCA protein estimation kit, respec-
tively, as described [19]. Briefly, 50 μL of the ExoPAC formulation was added to 950 μL of
acetonitrile to extract the PAC and precipitate the Exo protein. The reaction mixture was
then centrifuged (10,000× g for 10 min) to separate the pellet. Supernatant was collected
separately to analyze PAC. Protein pellet was suspended in PBS and its concentration was
determined by BCA.

2.7. UPLC Analysis

UPLC Shim-Pack XR-ODS II reverse-phase column (Shimadzu; 150 × 3.0 mm i.d.,
2.2 μm) was used for the analysis of PAC. Acetonitrile and water were used as a mobile
phase with 0.75 mL/min flow rate. In a linear gradient elution, the concentration of
acetonitrile was increased from 5 to 60% (from 1.3 to 5.1 min), to 80% (from 5.1 to 7.7. min)
and 100% at 10 min and maintained till 10.9 min; the concentration was then reduced to 5%
at 12 min. PAC was detected by using PDA-UV detector at 227 nm and concentration was
calculated against the standard curve of PAC.

2.8. Mechanism of Drug Loading

Proteins in exosomes show intrinsic fluorescence due to the presence of aromatic
residues of tryptophan, tyrosine and phenylalanine. This property was utilized to deter-
mine the fluorescent quenching of exosomes due to hydrophobic interaction with different
concentration of PAC, as reported for human serum albumin [25]. Briefly, exosomes alone
(6 mg/mL) and PAC-loaded exosomes in PBS were analyzed for fluorescent signals at exci-
tation and emission wavelengths of 280 nm and 320 nm, respectively, using a SpectraMax
Spectrofluorometer. The reduction in the fluorescent signals in the presence of PAC was
calculated and suggestive that the strong hydrophobic interactions play a crucial role in
drug loading onto exosomes.

2.9. Cell Lines and Maintenance

Human lung cancer cell lines A549 were obtained from American Type Culture Collec-
tion (Manasa, VA, USA) and taxol-resistant A549TR cells were provided by Dr. Bruce Zetter
of Children’s Hospital Boston, Harvard Medical School (Boston, MA, USA). Bioware® Brite
Cell Line A549 Red-FLuc was procured from PerkinElmer, USA. Cells were cultured in
RPMI (Gibco, Waltham, MA, USA) supplemented with 10% FBS and antibiotics (peni-
cillin/streptomycin) at 37 ◦C in 5% CO2. No antibiotic solution was supplied to the
culture media.

100



Cancers 2021, 13, 3700

2.10. In Vitro Antiproliferative Activity

The effect of PAC and its exosomal formulation on cell viability was measured using
the MTT assay. Briefly, A549 and A549TR cells were plated in 96-well plates at an initial
density of 3 × 103 cells per well and treated with Exo, PAC or ExoPAC and incubated for
72 h. The cell survival was determined by MTT assay, as described [26]. Briefly, A549-LUC
cells (3 × 103 cells/well) were plated in 96-well white plates. Cells were treated with PAC
and ExoPAC at different concentrations for 72 h. Culture media were replaced with fresh
media containing luciferin (150 μg/mL). The luminescence intensity was measured using a
SpectraMax spectrophotometer.

2.11. Colony-Forming Assay

Taxol-sensitive (A549) and taxol-resistant (A549TR) cells were seeded into 6-well
tissue culture plates at a density of 500 cells/well, as described [26]. The cells were treated
with PAC or ExoPAC at different concentrations for 24 h. The drug-containing medium
was discarded and replaced with a fresh drug-free medium. After 10 d, the plates were
washed with sterile PBS, and the cells were fixed using methanol/acetic acid solution (3:1)
for 5 min and stained with 0.5% crystal violet (in methanol) for 15 min. The crystal violet
solution was carefully removed, the cells were rinsed with water and air dried at room
temperature. The number of colonies in each well was counted manually.

2.12. Animal Studies

All animals were maintained according to the Institutional Animal Care and Use
Committee guidelines (IACUC).

2.12.1. Lung Cancer Subcutaneous Xenograft

Female athymic nude (nu/nu) mice (5–6 weeks old) were procured from Harlan
(Indianapolis, IN, USA) and used to assess the antitumor efficacy. Lung tumor xenografts
were produced by subcutaneously injecting human lung A549 cells (2.5 × 106), in serum-
free media mixed with Matrigel matrix (Becton Dickinson, Bedford, MA, USA), in the left
flank of the mice. Animals were provided purified AIN93M diet and water ad libitum.
Once the average tumor size reached about 100 mm3, mice were randomized into four
groups (n = 10) and provided with oral doses of PBS, PAC, ExoPAC and FA-ExoPAC, three
times a week. The PAC doses in all the regimens were kept equal (6 mg/kg). Tumor
size, animal weights, diet intake, and overall animal health were monitored weekly. After
7 weeks of treatment, the animals were euthanized and select tissues were collected for
further analysis.

2.12.2. Lung Cancer Orthotopic Xenograft
Pilot Study

For the orthotopic lung tumor model, we first performed a pilot study to establish the
effect of doses and time on tumor growth, before initiating the tumor inhibition study. After
acclimation, female NOD/SCID mice (4–5-week old) were randomized into three groups
(n = 4) and inoculated with Bioware® Brite A549-Red-Fluc cells (1 × 106, 2 × 106, and
4 × 106 cells) in 50 μL of Matrigel mixed in serum-free media (1:1; v/v) via intrathoracic
injection using 30-gauge needles [27,28]; an untreated group served as control. Luciferase
expressions were monitored for tumor growth twice a week. The luciferase signals were
detected 15 min post-intraperitoneal injection of luciferin (120 mg/kg) by using Advanced
Molecular Imager, AMI1000.

Tumor Inhibition Study (Low Dose)

For the tumor inhibition study, groups of female NOD/SCID mice were inoculated
with A549-Red-Fluc cells (2 × 106 cells) via intrathoracic injection, as described above.
After 10 days, when the luminescence intensity reached approximately 6 × 106 photons,
animals were randomized (n = 10) and treated with i.v. PAC, i.v. Abraxane, p.o. ExoPAC,
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i.v. FA-ExoPAC or p.o. FA-ExoPAC. The i.v. doses of all regimens having PAC (6 mg/kg)
were given once a week, whereas oral doses were given three times a week. The PAC and
Abraxane were given i.v. to mimic the clinical scenario. Two additional groups were treated
with Exo and FA-Exo. The exosome concentration in all the formulations was 50 mg/kg.

Tumor Inhibition—Higher Dose

This study was patterned after the low dose study and the animals were randomized
(n = 10) and treated with PAC, Abraxane, ExoPAC and FA-ExoPAC given orally or intra-
venously, as described for the low dose study, except PAC was given initially at 4 mg/kg
for three weeks, then switched to 8 mg/kg in all the regimens; the frequency of dosing
and the exosome concentration was same as in the low-dose study. Bodyweight gains, diet
intake, and overall animal physical health were monitored weekly. At euthanasia, various
tissues were collected and imaged ex vivo. Lung, liver, and tumor tissues were collected
and stored at −80 ◦C for marker analysis.

2.12.3. Toxicity Study

Female C57BL/6 mice (5–6 weeks old) were purchased from Charles River Labo-
ratories. Animals were randomized in six groups (n = 5) and treated with vehicle, Exo
(60 mg/kg/week; oral), FA-Exo (60 mg/kg/week; oral), PAC (6 mg/kg/week; i.p.), Ex-
oPAC (9 mg/kg/week; p.o.) and FA-ExoPAC (9 and 18 mg/kg/week; p.o.). The exosome
concentration was kept constant to 60 mg/week in all the exosomal formulation-treated
groups. The drug was given three times a week in all the treatment groups and continued
for four weeks. Bodyweight, physical mobility and food intake were monitored twice a
week throughout the study. After four weeks of treatments, animals were euthanized by
CO2 asphyxiation. At the time of euthanasia, blood and the major organs were weighed
and collected for further analysis. The spleen and femur bone were collected in fresh media
to harvest the spleen and bone marrow cells.

Systemic Toxicity

Blood was collected at the time of euthanasia and hematological parameters were
analyzed using whole blood by the CellDyn 3500 hematology analyzer (Abbott laboratories,
Santa Clara, CA, USA). Serum was used to analyze the liver and kidney function enzymes,
as described [23]. Electrolyte analysis was done by using an ion-selective electrode while
other biochemical parameters were analyzed spectrophotometrically using AU640 Chem-
istry Immuno Analyzer (Beckman Coulter, Inc., Brea, CA, USA). Spleen and bone marrow
were used for immune toxicity studies described below.

Immune Cell Analysis

Immune cell quantification was performed by staining single-cell suspensions of
spleen cells with fluorescent dye-coupled antibodies to CD19 for B cells, CD5 (total T-
cells), CD4, and CD8 for T-cell subsets, F4/80, CD11b, Gr-1, to identify macrophages and
neutrophils, CD11c for dendritic cells, NK1.1 and CD49b for natural killer cells.

Bone marrow stem and progenitor cells were identified by negative staining for
lineage-specific markers using biotin-labelled antibodies to B220, CD11b, Gr-1, CD5, CD8,
Ter-119 and APC-Cy7 coupled streptavidin and positive staining for Sca-1 and c-kit. The
cells stained with fluoresceinated antibodies were analyzed using an LSR II flow cytometer
(BD BioSciences) and the data were analyzed using FlowJo software. All statistical analyses
were performed by two-way ANOVA using group A as the control group.

For cytokine assays, spleen cells were cultured with lipopolysaccharide (LPS) or anti-
CD3 antibody for 24 h in Iscove’s DMEM (IMDM) in the presence of 10% fetal calf serum.
The culture supernatants were analyzed for IL-6, IL-10, IL-2 and γ-interferon using specific
reagents obtained from R&D Biosystems (Minneapolis, MN, USA) and multiples reagent
from MesoScale using respective recombinant cytokines as standards. Data are presented
as percent control where control is the average value for spleen cells from PBS-treated mice.
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2.13. Statistical Analysis

Statistical analysis was performed with GraphPad Prism statistical software (version
4.03; La Jolla, CA, USA) using two-way ANOVA followed by a Bonferroni post-test for
xenograft studies. Data in the xenograft studies are expressed as mean ± standard error
of mean (SEM) (n = 10). Statistical significance of differences in immune cell numbers,
cytokine assays and proliferation responses between various treatments was evaluated by
an unpaired Student’s t-test. Values of p < 0.05 were considered statistically significant.

3. Results

3.1. Exosome Isolation and Characterization

Colostrum derived exosomes are lipid bilayer nanovesicles and their diameters vary
from 30–150 nm. Exosome suspension was homogenous with an average particle size
of 59 ± 1.1 nm, PDI of 0.3 ± 0.1, and zeta potential of −30.2 ± 0.1 mV, as determined
by Zetasizer and NanoView (Figure 1A); these analyses were performed after removing
PBS from the exosomes by ultrafiltration (300,000 MWCO spin filter) since the presence
of PBS increased zeta potential of the particles. Zeta view analysis of exosomes showed
0.5–1.0 × 1014 particles per mg of exosomal proteins. The size was confirmed with AFM
(Figure 1B). Exosomes isolated from colostrum showed hallmark protein markers such as
CD81, Tsg101, Alix and the anti-phagocytic protein, CD47, as described elsewhere [24].

 
Figure 1. Characterization and drug loading of colostrum-derived exosomes. Size, polydispersity index (PDI), and zeta
potential (ZP) of exosomes, FA-Exo, ExoPAC and FA-ExoPAC, analyzed by Zetasizer. Data represent mean ± SD from three
preparations (A). Analysis of exosomes and ExoPAC by atomic force microscopy (AFM) after diluting with deionized water
up to 10 μg/mL. For measurement, samples were placed on a silica wafer and air-dried for 30 min. AFM in tapping mode
and aluminum-coated silicon probes were used for imaging (B). The bar diagram shows the quenching of autofluorescence
from the exosomes following PAC loading (C). Higher quenching of fluorescence in the presence of higher drug load
suggests a hydrophobic interaction of drug with exosomal proteins.
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3.2. Drug Loading and FA Functionalization

Exosomes were functionalized by covalently attaching FA first, followed by loading
of PAC. The PAC was loaded with simple mixing of drug solution with FA-functionalized
exosome. The size of exosomes was only slightly increased (68 ± 6.3 nm from 59 ± 1.1)
after FA conjugation. However, PAC loading increased the size modestly for both exosomes
(89 ± 1.1 from 59 ± 1.1) and FA-exosomes (98.8 ± 4.1 from 68.1 ± 6.3). The zeta potential
of FA-ExoPAC (−19.8 ± 0.5) was increased compared with exosomes (−30.2 ± 0.1) and
ExoPAC (−23.3 ± 0.9) (Figure 1A,B).

3.3. Mechanistic Understanding of Drug Loading in Exosomes

We utilized quenching of intrinsic fluorescence of surface-bound exosomal proteins
to determine if the PAC was surface-bound. We observed a dose-dependent decrease
in fluorescence with an increase in PAC loading to exosomes. The percent fluorescence
quenching was correlated with the PAC load—a drug load of 24%, 57% and 75% resulted
in 26%, 49% and 64% fluorescence quenching, respectively (Figure 1C). These data clearly
suggest that at least part of the drug is sequestered in the hydrophobic domains of surface-
bound exosomal proteins; however, we cannot rule out that part of the drug is in the lipid
bilayer and/or lumen of the exosomes.

3.4. ExoPAC Inhibits Growth of Both Drug-Sensitive and Drug-Resistant Lung Cancer Cells

The antiproliferative effects of PAC, ExoPAC and FA-ExoPAC were determined against
drug-sensitive and drug-resistant human lung cancer cells and compared with albumin-
bound PAC (Abraxane). PAC and its exosomal formulations showed a dose-dependent cell
growth inhibition against A549 cells. FA-ExoPAC, however, showed a twofold reduction in
the IC50 values compared to PAC; the IC50 of Abraxane was similar to PAC (Figure 2A).
Exosome alone (Figure 2A) and FA-Exo (data not shown) demonstrated about 20% inhi-
bition of A549 cells. To determine if the exosomal formulation could chemosensitize the
drug-resistant cells, we tested all the formulations against taxol-resistant A549TR lung
cancer cells. PAC did not show any inhibition of the resistant cells up to 200 nM. However,
the data indicated that FA-ExoPAC was able to inhibit the growth of the drug-resistant
cells dose-dependently with the IC50 values of 12.5 nM. ExoPAC and Abraxane showed a
similar effect. (Figure 2B).

Figure 2. ExoPAC inhibits proliferation of drug-sensitive and drug-resistant cells. (A) Drug-sensitive
(A549) and drug-resistant (A549TR) cells were treated with Exo, ExoPAC and FA-ExoPAC and
compared with Abraxane. Antiproliferative activity was determined by MTT assay after 72 h.
Exosomal PAC dose-dependently inhibited the proliferation of drug-sensitive A549 (A) and drug-
resistant A549TR cells (B).
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3.5. Colony Formation Assay

To validate the observed antiproliferative effects, we investigated the potential effects
of PAC and ExoPAC on the replicative ability of drug-sensitive (A549) and its drug-resistant
variant (A549TR) using colony formation assay (Figure 3A,B). Similar to the MTT data,
while PAC showed 65% inhibition of colony formation at 6.25 nM, ExoPAC had over 90%
inhibition at the same dose. Interestingly, the effect of PAC (25–100 nM) was minimal on
the resistant cells, while ExoPAC had significant inhibition starting from 25 nM. As ex-
pected, ExoPAC showed dose-dependent inhibition of colony formation against both A549
(Figure 3A; Supplementary Figure S1) and A549TR (Figure 3B; Supplementary Figure S2)
cells; ExoPAC inhibited colony formation in both cell lines greater than PAC alone.

Figure 3. Exosomal PAC inhibited colony formation in NSCLC cells. Representative images showing the colony formation
assay in drug-sensitive A549 (A) and drug-resistant A549TR (B) cells. Lung cancer cells were seeded (500 cells/well)
in a six-well plate and incubated with different concentrations of PAC and ExoPAC. After 10 days, developed colonies
were fixed, stained and counted manually. While PAC was effective, only against drug-sensitive cells (A1,B1), ExoPAC
shows dose-dependent inhibition of colony formation of both sensitive and resistant cells (A2,B2). Statistical analysis was
performed using the Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3.6. Antitumor Efficacy Following Oral Administration of ExoPAC
3.6.1. Subcutaneous Lung Tumor Xenografts

We determined the antitumor efficacy of ExoPAC and FA-ExoPAC using athymic nude
mice bearing subcutaneous A549 xenografts and compared them with PAC. There was no
difference in the body weight or diet consumption, suggesting no gross toxicity due to
PAC or ExoPAC. Compared to untreated control, PAC (6 mg/kg) showed about 30% but
statistically insignificant inhibition of the tumor growth. However, ExoPAC (6 mg/kg PAC
and 50 mg exosomal proteins/kg) showed a significant (45%; p < 0.05) growth inhibition at
the end of the study (Figure 4). FA-ExoPAC at the same dose was even more effective (54%;
p < 0.05) with the growth inhibition occurring as early as five weeks after the treatment
(Figure 4).
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Figure 4. Antitumor activity against subcutaneous xenografts. Following inoculation with A549 cells,
nude mice were treated with oral gavage three times a week with PAC (6 mg/kg bw), ExoPAC and
FA-ExoPAC (6 mg PAC and 50 mg Exo protein/kg bw). Data represent average ± SD of means
(n = 8). Statistical analysis was performed using the Student’s t-test. * p < 0.05; ** p < 0.01.

3.6.2. Orthotopic Lung Tumor Xenografts

We first established an orthotopic lung tumor model in a pilot study using Bioware®

Brite A549 Red-FLuc lung cancer cells. Live animal imaging showed the biolumines-
cence signals from lung tumors (Figure 5A); tumor growth was dose- and time-dependent
(Figure 5A). The tumors could be detected as early as 10–12 days after tumor cell inocula-
tion, with nearly exponential growth. After four weeks, animals inoculated with different
cell numbers showed a dose-dependent increase in bioluminescence signals. Based on the
tumor growth and expected tumor size, we used 2 × 106 cells in efficacy studies.

In an efficacy study, two doses of PAC (6 mg/kg and 8 mg/kg) were tested. Figure 5B
shows the data from the low-dose study; i.v. PAC showed 32% inhibition of tumor growth
whereas p.o. FA-ExoPAC showed a somewhat higher growth inhibition (39%), although
the difference was not statistically significant; the nonfunctionalized formulation (ExoPAC)
showed only a slight inhibition (18%). However, FA-ExoPAC administered i.v. resulted in
significantly higher growth inhibition (70%; p < 0.001) matching the efficacy of i.v. Abraxane
(62%; p < 0.001).

The data presented in Figure 5(C1,C2) demonstrates significant tumor growth inhi-
bition in the following order: i.v. FA-ExoPAC (76%; p < 0.001) > p.o. FA-ExoPAC (55%,
p < 0.001) ≈ i.v. Abraxane (59%, p < 0.001) > p.o. ExoPAC (36%, p < 0.05) > i.v. PAC (24%) >
p.o. FA-Exo (9%).

Clearly, oral FA-ExoPAC far exceeded the efficacy of i.v. PAC and, in fact, matched the
efficacy elicited by i.v. Abraxane; i.v. FA-ExoPAC exceeded the efficacy of i.v. Abraxane.
Dose-optimization studies are warranted to identify the most efficacious oral doses and
frequency of FA-ExoPAC formulation. At the completion of the study, we observed that
animals treated with i.v. FA-ExoPAC (6 and 8 mg/kg) did not exhibit any mortality,
while about 42% of the animals died in solvent-based i.v. PAC and 30% in control groups.
Importantly, ExoPAC-treated animals also showed a significantly improved overall health
index compared to PAC or untreated controls (Supplementary Figure S3).
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Figure 5. Antitumor activity against orthotopic xenografts. Detection of orthotopic lung cancer using bioluminescent
A549-Red-luc cells. (A) A1: image of live animals after 27 d of inoculation with 2 × 106 cells (3 mice/group). A2: Mean of
bioluminescence signals. (B) Inhibition of A549 orthotopic lung tumors in NOD Scid female mice (n = 10) by i.v. paclitaxel
(PAC), i.v. Abraxane, and p.o. ExoPAC and p.o. FA-ExoPAC (three doses weekly), all given at 6 mg/kg. FA-Exo was used
as control for FA-ExoPAC. (C) Inhibition of A549 orthotopic lung tumors in NOD Scid female mice (n = 10) by i.v. PAC,
Abraxane, FA-ExoPAC (once weekly) and p.o. ExoPAC and FA-ExoPAC (three doses weekly), all given at 4 mg/kg until
three wks, then switched to 8 mg/kg, as indicated by an arrow in C2. Representative images of animals at different time
points in the indicated treatment groups (C1) and time-dependent tumor inhibition (C2). Statistical analysis was performed
using the Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3.7. Assessment of Toxicity Due to PAC and ExoPAC
3.7.1. Systemic Toxicity

For the analysis of the potential toxicity of PAC, exosomes and ExoPAC, wild-type
C57BL/6 mice were treated for 28 days and assessed for gross and systemic toxicity. We
observed no difference in the body weight, diet intake and physical wellness of treated
versus control animals. We analyzed the levels of liver enzymes (aspartate transaminase,
alanine aminotransferase, alkaline phosphatase, gamma-glutamyl transpeptidase, amylase,
and lipase) in the serum of animals treated either with PAC, exosomes or ExoPAC. PAC
significantly changed the levels of amylase and total bilirubin. These effects were not
evident with ExoPAC suggestive of hepatoprotective role when PAC was embedded in
exosomes. Similarly, toxicity caused by PAC in kidney function tests and hemopoietic
parameters was mitigated by its formulations in exosome (Tables 1 and 2).
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Table 1. Effect on biochemical profile (systemic toxicity) following 28 days exposure to Exo, PAC and
ExoPAC in C57BL/6 mice.

Parameter Control Exo PAC ExoPAC FA-ExoPAC

Liver Profile

AST (SGOT) 400 ± 220 343 ± 102 381 ± 80 314 ± 73 423 ± 83
ALT (SGPT) 39.7 ± 20.0 56.0 ± 19.5 51.8 ± 20.2 42.0 ± 4.9 53.2 ± 17.6

Alk Phosphatase 62.8 ± 62.2 89.2 ± 17.4 10.5 ± 4.9 14.0 ± 9.9 63.0 ± 49.5
GGT 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0

Amylase 378 ± 164 523 ± 17 987 ± 606 * 525 ± 28 476 ± 80
CPK 1044 ± 499 1488 ± 596 1231 ± 541 1030 ± 393 1313 ± 278

Total Bilirubin 0.6 ± 0.4 0.1 ± 0.0 * 0.1 ± 0.0 * 0.5 ± 0.3 # 0.6 ± 0.3 ##

Kidney Function Test

BUN 16.6 ± 4.1 19.6 ± 0.9 12.6 ± 3.1 16.8 ± 3.8 15.4 ± 3.1
Creatinine 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0

BUN/CreatRatio 83.1 ± 20.5 98.0 ± 4.5 63.0 ± 15.7 84.0 ± 19.2 77.0 ± 15.7
Phosphorus 13.0 ± 4.8 18.5 ± 4.6 10.4 ± 0.6 10.1 ± 0.8 10.1 ± 0.8

Calcium 7.5 ± 1.7 11.0 ± 0.8 *** 8.7 ± 0.6 8.4 ± 0.5 8.1 ± 0.4
Magnesium 5.0 ± 2.0 4.2 ± 0.3 3.8 ± 0.8 3.9 ± 0.4 4.2 ± 0.5

Sodium 120.5 ± 23.5 150.2 ± 5.7 * 137.2 ± 6.3 135.8 ± 6.3 131.6 ± 5.9
Potassium 17.5 ± 15.5 9.2 ± 0.8 9.0 ± 2.2 10.4 ± 1.3 12.5 ± 1.9 #

NA/K Ratio 10.6 ± 5.6 16.4 ± 1.8 * 16.0 ± 2.6 13.6 ± 1.9 10.8 ± 2.5 #

Chloride 115.4 ± 13.9 111.8 ± 8.0 121.8 ± 3.8 123.2 ± 3.8 117.6 ± 5.9
Total Protein 7.9 ± 3.7 6.2 ± 0.5 5.6 ± 1.3 6.4 ± 0.6 6.7 ± 0.6

Albumin 4.9 ± 2.1 3.7 ± 0.3 2.9 ± 0.8 3.8 ± 0.6 4.2 ± 0.5 #

Globulin 2.8 ± 1.0 2.4 ± 0.3 2.7 ± 0.6 2.7 ± 0.3 2.5 ± 0.4
A/G Ratio 1.8 ± 0.4 1.6 ± 0.2 1.1 ± 0.1 ** 1.5 ± 0.4 1.7 ± 0.3 ##

Cholesterol 343 ± 317 142 ± 20 148 ± 44 157 ± 31 204 ± 47
Triglyceride 60.6 ± 29.8 84.6 ± 14.3 93.8 ± 16.9 * 84.0 ± 9.9 64.4 ± 10.4 #

Glucose 147.1 ± 40.4 89.8 ± 66.8 109.2 ± 17.6 154.0 ± 7.0 # 159.6 ± 26.8 ##

Female C57BL/6 mice (5–6 weeks old) were provided control diet (AIN 93M) and water ad libitum and treated
with colostrum-derived exosomes (60 mg/kg, b. wt.) by oral gavage, i.p. PAC (8 mg/kg) and ExoPAC and
FA-ExoPAC (8 mg/kg PAC and 60 mg/kg exosome) for 28 days, three times a week. At euthanasia, blood was
collected and analyzed using an automated AU640 Chemistry Analyzer by Antech diagnostics. Data represent
average ± SD of four animals. Statistical analysis was performed by the Student t-test. Asterisks represent
comparison to control while # represents a comparison to PAC group. *, p-value <0.05; **, p < 0.01; ***, p < 0.001;
#, p-value <0.05; ##, < 0.01.

Table 2. Effect on hematological parameters (systemic toxicity) following 28-day exposure to exo-
somes, PAC and ExoPAC in C57BL/6 mice.

Parameter Control Exo PAC ExoPAC FA-ExoPAC

WBC 7.4 ± 1.6 4.3 ± 1.9 ** 7.7 ± 0.9 5.3 ± 1.7 *,# 4.6 ± 2.0 *,#

RBC 9.2 ± 0.4 9.0 ± 0.4 7.8 ± 0.5 *** 8.0 ± 2.3 8.5 ± 0.9
HGB 14.5 ± 0.6 14.7 ± 0.5 12.8 ± 0.4 *** 12.4 ± 4.3 13.3 ± 1.7
HCT 45.7 ± 1.4 46.5 ± 2.1 37.2 ± 2.6 *** 38.6 ± 11.9 40.4 ± 4.2 **
MCV 49.3 ± 1.7 51.3 ± 0.5 47.4 ± 1.1 48.0 ± 1.9 47.2 ± 0.8 *
MCH 15.8 ± 0.9 16.3 ± 0.2 16.5 ± 0.7 15.1 ± 1.7 15.6 ± 0.9

MCHC 32.0 ± 2.1 31.8 ± 0.5 34.6 ± 1.9 31.6 ± 2.8 33.0 ± 1.9
Platelet Count 856 ± 111 829 ± 145 891 ± 131 674 ± 260 570 ± 202 **,#

Neutrophils 9.7 ± 3.8 13.5 ± 6.1 30 ± 11.6 *** 8.8 ± 2.8 ## 10.8 ± 2.4 ##

Bands 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Lymphocytes 87.1 ± 3.1 82.3 ± 4.2 66 ± 12.6 *** 87.6 ± 3.0 ## 84.8 ± 3.8 ##

Monocytes 1.1 ± 1.3 3.0 ± 2.3 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0
Eosinophils 2.0 ± 1.2 1.3 ± 0.5 3.0 ± 1.2 2.6 ± 0.9 3.4 ± 1.7
Basophils 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Absolute

Neutrophils 688.1 ± 208.5 561.3 ± 314.7 2345 ± 1026 ** 453.2 ± 170.1 ## 479.6 ± 221.1 ##

Absolute
Lymphocytes 6519 ± 1563 3546 ± 1686 5008 ± 1082 4664 ± 1573 3942 ± 1731 *

Absolute
Monocytes 44.0 ± 17.0 115.8 ± 79.4 76.6 ± 8.7 53.0 ± 16.8 # 46.0 ± 19.5 #

Absolute
Eosinophils 152.0 ± 101.4 52.3 ± 24.8 * 231 ± 105 130.0 ± 37 132.0 ± 22

Female wild-type C57BL/6 mice (5–6 weeks old) were provided control diet (AIN 93M) and water ad libitum and
treated with colostrum-derived exosomes (60 mg/kg, b. wt.) by oral gavage, i.p. PAC (8 mg/kg) and ExoPAC and
FA-ExoPAC (8 mg/Kg PAC and 60 mg/kg exosome) for 28 days, three times a week. At euthanasia, blood was
collected and analyzed using an automated AU640R Chemistry Analyzer by Antech diagnostics. Data represent
average ± SD of four animals. Statistical analysis was performed by the Student t-test. *, p < 0.05; **, p < 0.01;
***, p < 0.001 in comparison to control group. #, p < 0.05 and ##, p < 0.01 in comparison to PAC group.
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3.7.2. Immunotoxicity

Single cell suspensions of splenic and bone marrow cells were prepared and viable
cells were quantified by trypan blue exclusion. No significant differences were found in
the total cell numbers of splenic as well as bone marrow cells (Figure 6A,B) upon any of
the treatments. Next, splenic cells were stained with multiple fluorochrome-conjugated
antibodies specific to B cells (CD19), total T-cells (CD5), T-cell subsets (CD4, CD8) and
were analyzed by flow cytometry. Overall percentages of the different lymphocyte subsets
were not significantly different between control and ExoPAC or FA-ExoPAC treatment
groups. Interestingly there were small reductions in total CD5+ and CD8+ T-cells in the
spleen after treatment with PAC alone but these reductions were abrogated when PAC
was provided as ExoPAC or FA-ExoPAC. On the other hand (Figure 7B). PAC caused a
significant increase (p < 0.001) of macrophages (F4/80), neutrophils (CD11b+Gr-1+) and
dendritic cells (CD11c+) compared to control, which were mitigated by the use of exosomal
formulations. Natural killer cells (NK1.1+) were unaffected irrespective of treatment
(Figure 7C). However, in the analysis of bone marrow cells, there was no difference in
neutrophils (CD11b+Gr-1+) and B cells (B220) by any treatment (Figure 7C).

Figure 6. Potential immunotoxicity of PAC and FA-ExoPAC. Female C57BL/6 mice were treated with Exo, PAC and
FA-ExoPAC for four weeks. At euthanasia, spleen and bone marrow cells were collected. Live splenic (A) and bone marrow
(B) cell counts were performed by trypan blue exclusion.

Stem and progenitor (LSK or LIN-Sca-1+cKit+) cells were highly increased by treat-
ment with PAC (p < 0.001), whereas this increase was not found with ExoPAC formulations
suggesting that exosomal formulation could mitigate the toxicity associated with PAC
(Figure 7D). Splenic cells were induced to proliferate by treating with different stimulants
for 72 h, which is an important requirement for effective immune response to tumor cells
or pathogens. Cells were pulsed with 3H-thymidine for 4 h, then, cells were harvested
and the incorporation of radioactivity was quantified using a beta-plate counter. PAC
treatment showed a lower T-cell proliferation and a lower T-cell independent B-cell prolif-
eration induced by LPS (p < 0.01). However, exosomal formulation mitigated these adverse
effects. There was no significant difference in the αCD40 treatment, which represents a
T-cell-dependent B-cell proliferation response (Figure 7E).

In order to assess cytokine response, splenic cells were treated with different stimu-
lants for 24 h. Sups were collected and MesoScale analysis (V-PLEX of 6 cytokines) was
performed. LPS was used for B-cell and macrophage response and αCD3+αCD28 was
used for T-cell response (Figure 8). We observed increase in almost all cytokines (except
IL-2, which was decreased) in response to PAC treatment, which was mitigated with the
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exosome formulations suggesting protection of PAC-induced immunotoxicity by exosomal
formulations (Figure 8).

Figure 7. Potential immunotoxicity of PAC and FA-ExoPAC. Female C57BL/6 mice were treated with Exo, PAC and
FA-ExoPAC for four weeks. At euthanasia, spleen and bone marrow cells were collected. Splenic cells were stained with
multiple fluorochrome-conjugated antibodies. Samples were run using LSRII cytometer and data was analyzed by FlowJo
software. Effect of treatment was analyzed on B cells, total T-cells, T helper cells, and cytotoxic T-cells (A), macrophages,
neutrophils and dendritic cells (B), B cell (C), %LSK cells (D) and T-cell proliferation (E). All statistical analysis was
performed by two-way ANOVA and compared with untreated control. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 8. Potential immunotoxicity of PAC and FA-ExoPAC. Female C57BL/6 mice were treated with Exo, PAC and
FA-ExoPAC for four weeks. At euthanasia, spleen and bone marrow cells were collected. Splenic cells were treated with the
different stimulant for 24 h. Sups were collected and MesoScale analysis (V-PLEX of 6 cytokines) was performed. LPS was
used for B-cell response and αCD3+αCD28 for T-cell response. All statistical analysis was performed by two-way ANOVA
and compared with untreated control. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

4. Discussion

PAC is an antineoplastic chemotherapeutic drug that is routinely used as the first-
or second-line chemotherapeutic in the treatment of a broad spectrum of human can-
cers, including lung cancer. As with many other chemo drugs, PAC exhibits poor oral
bioavailability; hence, it is administered intravenously. To increase bioavailability, sev-
eral drug delivery formulations of PAC have been developed, including nanoparticle
albumin-bound (Abraxane®), liposomal (Lipusu®), polymeric micelles (Genexol® PM),
polymeric-drug conjugates (Xyotax™/OPAXIO) and an injection concentrate for nanodis-
persion (Taclantis™/Bevetex®), as reviewed by Chor et al. [8]. Clinical translatability of
these nanoformulations was impeded due to various factors like toxicity, scalability and
cost. In addition to cremophor-based PAC, Abraxane is the only formulation of PAC ap-
proved by the FDA to date while the remaining formulations, also as i.v. therapeutics, are
currently in clinical trials at various stages. In a randomized multinational phase 3 study
(NCT02594371) lead by Athenex Inc., an oral formulation of PAC and Encequidar was
evaluated in women with metastatic breast cancer. This combination therapeutic showed
improved progression-free survival and overall survival compared to i.v. PAC in breast
cancer patients [29]. Encequidar, although not systemically absorbed, is an inhibitor of
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multidrug resistance efflux pump P-glycoprotein that increases the oral bioavailability of
PAC by preventing the efflux of PAC from intestinal epithelial cells in the GI tract. While
oral PAC/encequidar carried less risk of neuropathy and alopecia compared to i.v. PAC,
higher risk for GI and neutropenia adverse events was found [30]. These results exemplify
the potential of oral PAC for the treatment of cancer while mitigating, in-part, toxicity
of bolus i.v. dosing, however, the oral PAC formulation used in these clinical studies
lacks specificity.

The primary objective of this study is to develop a tumor-targeted oral formulation
of PAC (FA-ExoPAC) to improve the overall efficacy and safety profile while providing
a user-friendly, cost-effective alternative to bolus i.v. PAC. Exosomes provide a nontoxic
scalable and cost-effective approach to drug delivery. Exosomes are biogenic nanocarriers
and have been shown by us and others to deliver both small and macromolecules to
the tumor site [19,21–24]. Most of the current exosomal delivery technologies rely on
harvesting exosomes from cells grown in high-density bioreactors. Mendt et al. [31]
reported production of 10–15 × 1012 exosomes per bioreactor culture. In comparison,
exosomes isolated from milk or colostrum are abundant in a readily available source, bovine
milk, which dominates commercial production and is estimated to be 85% of worldwide
milk consumption [32]. Bovine milk contains abundant exosomes (239 ± 9.6 mg exosomal
protein or 33 × 1016 particles/L) [22]. The abundance of exosomes is further increased in
bovine colostrum. Clearly, bovine milk/colostrum contains several orders of magnitude
higher amounts of exosomes/L than media from high-density bioreactors.

The generally recognized safety of colostrum powder combined with high exosome
yield makes it a biocompatible source for cost-effective, large-scale production of exosomes.
In these studies, bovine colostrum powder derived exosomes showed small uniform
distribution of size, approximating 60 nm, which only slightly increased (13%) following
the covalent attachment of the tumor-targeting ligand FA while a modest increase (approx.
30%) in exosomal size was observed following the loading of PAC. This modest increase in
exosomal size and our observed fluorescent quenching of exosome surface-bound proteins
due to hydrophobic interaction with increasing concentrations of PAC could be attributed
to sequestration of PAC by the hydrophobic domains of the exosomal surface-bound
proteins; however, we cannot rule out that part of the drug is in the lipid bilayer and/or
lumen of the exosomes.

Cancer cells develop resistance to PAC through several mechanisms like initiating
the efflux pump, DNA mutations and changes in microtubule dynamics. In our in vitro
antiproliferative and colony-forming studies, we noted while PAC is effective against the
drug-sensitive cells, its exosomal formulations showed significant activity even against
drug-resistant cells, suggesting a role for exosomes in preventing the efflux of PAC. The
present study suggests that lung cancer drug resistance towards PAC could be avoided
by using exosomal formulation. We have previously shown that the growth of normal
epidermal keratinocytes (HEKn) and Beas-2B epithelial cells was unaffected by milk exo-
somes [21,22]. In the present study we showed that ExoPAC did not disturb the immune
homeostasis which was affected by PAC alone in altering some immune cell subsets. Also,
ExoPAC, unlike PAC did not alter the cytokine production or growth response of various
immune cells further attesting to near absence of any immunotoxicity.

Tumor-targeted drug delivery approaches have attracted extensive attention due
to their ability to achieve higher drug accumulation in tumor site and reduce off-target
effects. Under physiological conditions, reduced form of folates transports into the cells
via reduced folate carrier (RFC) through an anion-exchange mechanism. After entering
the cell, folate plays a crucial role in biosynthesis of building blocks of DNA synthesis,
methylation and repair [33]. The other form of folate entry into the cell is through folate
receptor (FR). There are four isoforms of FR (FRα, FRβ, FRγ and FRδ) identified in humans.
In cancer cells, the expression of FRα covers the entire cell surface due to loss of its
polarized cellular location. FRα, the target of FA, is present at low levels in normal tissues
but it is overexpressed in majority of NSCLCs and in lung adenocarcinomas [34]. Our
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data show >100-fold higher expression levels in lung tumors versus normal lung. We
also showed that FA-Exo-AF750 resulted in significantly higher tumor accumulation of
exosomes compared with nonfunctionalized Exo-AF750 [24]. Thus, the limited expression
and restricted distribution pattern of this receptor make it attractive for targeting lung
tumors [35]. Once FA or RFC binds to the FR receptor, the total complex enters into the
cells via the process of endocytosis. In this context, FA serves as a feasible option to direct
ExoPAC to cancer cells. In this study, FA was covalently attached to exosomes to enhance
the specificity of ExoPAC. Since FA is not retained in the kidneys, no significant toxicities
have been observed in rodent models or humans with FRα-targeted agents [35–37].

Oral dosing of chemotherapeutics offers many advantages—including flexibility of
timing, location of administration, flexibility of drug exposure, reduction of the use of
the healthcare resources for in-patient and ambulatory-patient care services, and a better
quality of life [11,12]. However, due to the poor GI absorption and hepatic first-pass
effect, bolus doses of PAC and other chemotherapeutics are required for efficacy and likely
contribute to overall toxicity.

It is evident from our previous study that ExoPAC using exosomes from bovine
milk exhibits enhanced anticancer response versus free PAC against lung cancer cells and
efficiently inhibits the lung cancer subcutaneous xenografts [19]. In this study, first we show
that given orally, ExoPAC and FA-ExoPAC, using exosomes isolated from bovine colostrum
powder, demonstrate much higher activity compared to free PAC in subcutaneous lung
cancer xenografts, followed by efficacy studies using an orthotopic model to mimic relevant
tumor microenvironment. Our previous studies demonstrate that exosomes maintain their
integrity in gastrointestinal pH and the release of PAC was consistent at wide ranges
of pH (5, 5.8 and 6.8) resembling physiological conditions of the body, suggesting that
ExoPAC formulations are stable in the harsh environment of GI and produce higher activity
compared to free PAC.

As per our previous studies, colostrum exosomes express CD47 protein marker along
with other hallmark exosomal proteins on their surface, which enhances the circulatory
half-life of the exosomal drug formulations [24]. Further, FA functionalization on exosomes
leads to trafficking to tumor site due to the presence of folate receptors (FR-α) and reduced
folate receptors (RFC) on tumor cells. At the tumor site, exosomes are internalized in the
cancer cells through several mechanisms like endocytosis, phagocytosis, micropinocytosis
and/or fusion with cellular plasma membrane [38–41]. After entering the cell cytoplasm,
exosomes directly release their payloads or undergo lysosomal digestion to release the
drug contents [42]. In this study, we postulated that FA-ExoPAC releases PAC inside the
cancer cells either through direct release or by the lysozyme-mediated digestion, which
was clearly demonstrated by its in vivo antitumor response against subcutaneous and
orthotropic lung cancer xenografts.

The orthotopic xenograft models represent a clinically relevant tumor model with
respect to the tumor’s primary site, microenvironment and metastasis [43,44]. These
models are further improved with the advent of imaging techniques, which help in the
measurement of internally implanted orthotopic tumors. In this study, using an orthotopic
model, we demonstrate that FA-ExoPAC given either i.v. or p.o. has much greater efficacy
compared to PAC i.v. and that for the higher dose study, FA-ExoPAC given orally produced
efficacy similar to i.v. Abraxane. Noteworthy is that when used i.v., FA-ExoPAC produced
significantly higher antitumor activity compared to Abraxane, suggesting the potential of
exosome-based drug formulation for the management of cancer. The enhanced activity of
FA-ExoPAC could be due to tumor targeting, slow release of PAC from the exosomes and
intrinsic ability of exosomes to inhibit the cancer cells [21].

Clinical translatability of new drugs or nanoformulations are often limited due to
toxicity concerns at various stages of drug discovery and development. While efficacious,
PAC is generally not well tolerated and its limitations include low solubility, and signif-
icant toxicity associated with both the drug and the solvent (Cremophor EL), including
hypersensitivity reactions, bronchospasms, hypotension, hematological toxicity, periph-
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eral sensory neuropathy, myalgia, arthralgia and alopecia [8,45]. We have demonstrated
FA-ExoPAC clearly enhanced therapeutic efficacy of PAC diminishing the dose-related
toxicity issues. Our previous toxicity study reports establish milk exosomes as nontoxic
and nonimmunogenic [19]. The present study using colostrum exosomes further sup-
ports lack of PAC-related gross, systemic and immune toxicity concerns when used in an
exosomal formulation.

5. Conclusions

In summary, our findings have potential clinical implications for the management of
advanced non-small cell lung cancer and potentially other cancers routinely treated with
PAC. We showed that: (i) an abundance of exosomes in standardized bovine colostrum
powder displays high PAC loading, and enhanced tumor targeting with FA-functionalized
exosomes; (ii) PAC in exosomal formulation exhibits strong activity against both drug-
sensitive (A549) and drug-resistant (A549TR) lung cancer; (iii) ExoPAC administered orally
inhibit both subcutaneous and orthotopic lung tumors, and the efficacy is enhanced when
FA-functionalized exosomes are used; (iv) p.o. FA-ExoPAC surpassed the efficacy of i.v.
PAC and matched efficacy of i.v. Abraxane in one study; (v) i.v. FA-ExoPAC exceeded
efficacy of i.v. Abraxane, the only FDA-approved albumin-bound nanoformulation of
PAC; and (vi) FA-ExoPAC minimally perturbed the immune homeostasis of the host, thus
eliminating potential adverse effects of PAC on the immune system. Together, these data
provide a strong rationale for the development of oral exosomal formulations of PAC as a
therapeutic alternative to current therapies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13153700/s1, Figure S1: Inhibition of A549 colony formation by PAC and ExoPAC,
Figure S2: Inhibition of resistant A549TR colony formation by PAC and ExoPAC, Figure S3: Health
index of the animals treated with PAC and ExoPAC.
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Simple Summary: In recent years, immunotherapy has shown great advancement, becoming a
powerful tool to combat cancer. In this context, the use of biologically derived vesicles has also
acquired importance for cancer immunotherapy. Extracellular vesicles are thus proposed to trans-
port molecules able to trigger an immune response and thus fight cancer cells. As a particular
immunotherapeutic approach, a new technique also consists in the exploitation of extracellular
vesicles as new cancer vaccines. The present review provides basic notions on cancer immunotherapy
and describes several clinical trials in which therapeutic anticancer vaccines are tested. In particular,
the potential of extracellular vesicles-based therapeutic vaccines in the treatment of cancer patients is
highlighted, even with advanced stage-cancer. A focus on the clinical studies, already completed or
still in progress, is offered and a systematic collection and reorganization of the present literature on
this topic is proposed to the reader.

Abstract: Extracellular vesicles (EVs) are natural particles formed by the lipid bilayer and released
from almost all cell types to the extracellular environment both under physiological conditions
and in presence of a disease. EVs are involved in many biological processes including intercellular
communication, acting as natural carriers in the transfer of various biomolecules such as DNA,
various RNA types, proteins and different phospholipids. Thanks to their transfer and targeting
abilities, they can be employed in drug and gene delivery and have been proposed for the treatment
of different diseases, including cancer. Recently, the use of EVs as biological carriers has also been
extended to cancer immunotherapy. This new technique of cancer treatment involves the use of EVs to
transport molecules capable of triggering an immune response to damage cancer cells. Several studies
have analyzed the possibility of using EVs in new cancer vaccines, which represent a particular form
of immunotherapy. In the literature there are only few publications that systematically group and
collectively discuss these studies. Therefore, the purpose of this review is to illustrate and give a
partial reorganization to what has been produced in the literature so far. We provide basic notions on
cancer immunotherapy and describe some clinical trials in which therapeutic cancer vaccines are
tested. We thus focus attention on the potential of EV-based therapeutic vaccines in the treatment of
cancer patients, overviewing the clinically relevant trials, completed or still in progress, which open
up new perspectives in the fight against cancer.

Keywords: extracellular vesicles; cancer vaccine; immunotherapy; drug delivery; gene delivery;
surface funzionalization; nanoparticles

1. Extracellular Vesicles: An Introduction

According to the latest literature reports, extracellular vesicles (EVs) are particles with
a spherical shape and delimited by a phospholipid bilayer. They are produced by several

Cancers 2021, 13, 2280. https://doi.org/10.3390/cancers13092280 https://www.mdpi.com/journal/cancers117
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cell types according to different physiological processes and even pathological conditions
and released into the extracellular environment [1]. EVs can be thus extracted from fluids
of biological origin, such as blood, saliva, urine, amniotic fluid, breast milk, cerebrospinal
fluid, and synovial fluid [2]. Although EVs were initially considered to be part of the waste
management of the cells [3], many advancements have been achieved so far to unravel their
mechanisms of the transfer of cell-derived biomolecules (i.e., DNA, various RNA types,
proteins, lipids and metabolites), characterizing the communication between different cells
and tissues [4]. For this reason, in recent years, more and more attention has been paid to
extracellular vesicles and many research and literature reviews have emerged so far [1–6].
Furthermore, EVs are also involved in processes such as angiogenesis, coagulation, cell
survival, waste management, immunomodulation and inflammation [5]. The International
Society for Extracellular Vesicles (ISEV) suggests the term “extracellular vesicle” to define
particles delimited by a lipid bilayer, naturally released by cells and unable to replicate.
The lipid bilayer membrane of EVs protects their load from enzymatic degradation during
the transfer from donor to recipient cells [3]. Packaging also allows cargo to be stored more
efficiently and to deliver it at dedicated target cells by modifying the vesicles with cell type-
specific adhesion receptors. For this reason, new clinical applications of EVs for therapy or
as biomarkers reporting about healthy and diseased conditions are under development,
rising increasing interest in both the research and clinical community [6]. However, due
to their heterogeneity, at the moment the definition of EVs subclasses cannot be based on
their specific markers expressed at EVs surface. Anyhow, it is possible to classify them into
three groups, according to their size and biogenesis’ mechanism: microvesicles, apoptotic
bodies and exosomes [7]. Figure 1 illustrates the different EVs biogenesis mechanisms and
an example of exosome composition.

 

Figure 1. Extracellular vesicles biogenesis and a specific focus on exosome composition. Exosomes
originate intracellularly as intraluminal vesicles of the multivesicular bodies; microvesicles originate
from the outwards budding and fission of plasma membrane; apoptotic bodies are caused by the
fragmentation of the apoptotic cells. The exosomes membrane is composed by different kinds
of lipids and proteins and they can carry inside cytosol-derived molecules, such as proteins and
nucleic acids.

Microvesicles (MVs) are heterogeneous cell-derived membrane vesicles that protrude
from the surface of cells in a highly regulated process and are then released to the extracel-
lular environment [8]. They are large vesicles with a diameter from 100–1000 nm, detected
in many bodily fluids, such as blood, urine, synovial fluid, and many others, under both
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physiological and pathological conditions. Moreover, elevated MV concentrations have
been also observed in atherosclerotic plaques and tumor tissues [9]. In general, MVs
are the result of the budding of the cell membrane from which they take shape through
ARF6-mediated (ADP-ribosylation factor 6) rearrangement of the actin cytoskeleton. The
mechanisms of formation and release of MVs remain only partially understood. Microvesi-
cles biogenesis also involves the trafficking of cargo molecules towards the cell membrane
and the redistribution of phospholipids of the plasma membrane. The specific function
of microvesicles is determined by the composition of their molecular cargo, which, from
what described above, is in turn clearly dependent upon the progenitor cell type and
condition, as well as upon the microenvironment and the triggering stimuli which pre-
ceded the MVs release. Generally, microvesicles transport membrane-derived receptors,
cytokines, chemokines, proteins involved in cellular signaling, lipids, carbohydrates [2],
and nucleic acids, such as DNA and various types of RNA, including mRNAs, microRNAs
(miRNAs), and small-interfering RNAs (siRNAs) [9]. When microvesicles are released into
the extracellular environment, their cargo can be released and used to modify or alter the
extracellular milieu. In other cases, MVs can dock to recipient cells and be internalized
via endocytosis or fusion mechanisms, or even activate a signaling cascade mediated by
the cell receptors [8]. Therefore, MVs are also fundamental in modifying the extracellular
environment and signaling among cells, in targeting specific recipient cells, as well as in
assisting the cell invasion and metastasis towards tissues using a cell-independent matrix
proteolysis mechanism, or even in transferring specific receptors to recipient cells, thus
enabling new cell signaling in cells initially missing the receptor. In the end, the MVs,
while taking part in cellular communication, affect processes such as blood coagulation,
thrombosis, angiogenesis, immunomodulation and inflammation [2].

Apoptotic bodies (ApoBDs) are vesicles bound to cell membrane, ranging from 50–
5000 nm in diameter, which are then released from cells undergoing apoptosis [4]. Apop-
tosis is a physiologically-programmed cell death that does not induce inflammatory re-
sponses. It is commonly appearing in multicellular organisms as it consists in a homeostatic
mechanism for controlling the population of cells in a tissue and has a key role during
the processes of development and aging. The splitting of cellular content through the
membrane blebbing determines the formation of distinct membrane-delimited vesicles:
the apoptotic bodies. These apoptotic bodies are then engulfed by phagocytes for final
degradation [10]. This process is immunologically silent, which is a typical characteristic of
apoptosis. Different cell types can use different mechanisms to disassemble and thus to
undergo in apoptosis. Thus, apoptotic bodies can vary their content and biomolecules such
as glycosylated proteins, chromatin, large amounts of RNA, nuclear fragments, and even
intact organelles (mitochondria) can be included. Despite this diversity in the apoptotic
mechanism depending to the cell type, recent reports have shown that ApoBDs are also
involved in the formation and conditioning of the tumor microenvironment and metastatic
niche. It has been understood that this mechanism lies in the active role of ApoBDs to
transfer biomolecules towards specific “target” cells [11]. Furthermore, ApoBDs have been
also reported to show a consistent procoagulant effect towards cancer cells, which in turn
would contribute to the prothrombotic state and immune regulation. Actually, the forma-
tion process of apoptotic body is closely related to cell death and clearance, and ultimately
in the intercellular communication [12]. These mechanisms have direct implications in the
regulation of immune system, which is particularly relevant in cancer therapy. Therefore,
ApoBDs can promote an important role in anticancer immunity and further studies are
needed to clearly demonstrate their role and further use in medicine.

Exosomes are vesicles with a diameter of 40–100 nm and derive from cell secretion
upon multivesicular bodies (MVBs) formation [13]. Exosomes are released by almost all cell
types and, as the other above-mentioned EVs, are present in many different bodily fluids.
Exosome also have a spherical shape and a nanosized dimension, and their phospholipid
bilayer membrane is composed of different phospholipids and proteins types (including
transport proteins, heat shock proteins, tetraspanins) [14], which in turn derive from the
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cell of origin. In particular, according to recent databases (ExoCarta and EVPedia), it results
that the protein composition of exosomes is somehow defined and include both conserved
and cell-specific proteins. Interestingly, the tetraspanins CD9, CD63, CD37, CD81, or CD82
are typically present in the exosomes membrane and thus used as biomarkers for exosome
identification [15].

Exosomes were identified in extracellular space for the first time in late 1980s. They
were initially considered as cellular waste or as by-products of cell homeostasis [16].
Currently, these extracellular vesicles are considered functional vehicles, because they are
able to deliver molecular cargoes to target cells and reprogram the behavior of recipient cells
even located far from exosome release site. Generally, exosomes contain proteins, DNA,
mRNA, miRNA, lipids, and this molecular composition directly derives from the parent cell,
reflecting clearly the signature of the multiple physiological roles or pathological state of
the progenitor cell. It is broadly recognized that exosomes play a major role in intercellular
communication, but they also take part in many biological processes, including antigen
presentation in immune responses, coagulation, inflammation, maturation of erythrocytes,
and angiogenesis [14]. It has been recently discovered the role of exosomes in tumor
progression and metastasis formation, in particular in pre-conditioning of the metastatic
niche and tumor microenvironment. In this sense, exosomes are responsible of transferring
bioactive molecules from the primary tumor site to other cells and tissue, both in the local
and distant microenvironments [17].

In the recent years, the use of vesicles as biological carriers has also been extended to
cancer immunotherapy [18]. This kind of cancer treatment involves the use of extracellular
vesicles to transport molecules capable of triggering an immune response to damage cancer
cells. In particular, different literature reports have studied the possibility of using extracel-
lular vesicles as new cancer vaccines, which represent a particular form of immunotherapy.
However, in the literature there are only few publications that systematically gather and
collectively discuss these studies. A recent review [19] highlights specifically the role of
exosome, a subclass of EVs, as mediators of immune regulation of both lymphoid and
myeloid cells in cancer. However, in that review and others present in the literature, the
re-engineering of EVs to become therapeutic players for immunotherapy against cancer is
poorly highlighted.

Therefore, the purpose and the novelty of our review is to illustrate and give a
reorganization to what has been produced in the literature so far [20], related to both
the research and the clinical studies made on therapeutic anticancer vaccines based on
extracellular vesicles, completed or still in progress.

The review begins by a defining extracellular vesicles and highlighting importance
concepts related to their therapeutic potential. In view of many and prominent reviews
present in the literature to date [1–6,14,16,17], here we skip on the detailed the discussion
about the EVs nature, origin and types. For the same reason, the description of cargo
loading techniques for EVs are only briefly introduced, being recently reported already [21].
Some engineering techniques, aimed at introducing surface markers for cell targeting, are
however reported here with the aim to give a proper outline of the main concepts related to
extracellular vesicles modifications and re-engineering. We specifically provide the reader
with basic notions about cancer immunotherapy and show several examples, including
clinical trials, in which therapeutic anticancer vaccines are involved. We then focus on
the potential role of EVs as therapeutic vaccines in the treatment of cancer patients, even
with advanced stage-cancers, focusing on clinical trials. Thus, the novel perspective of the
present review is not only the discussion of the interaction between EVs and immunology,
but to report on the biological applications of re-engineered EVs as cancer vaccines.

2. EVs for Therapeutic and Drug Delivery Purposes

EVs have various advantages such low immunogenicity, toxicity and targeting ability.
Furthermore, the use of EVs can overcome some limitations encountered in conventional
nanoparticulate systems used for drug delivery, such as liposomes, which are vesicular
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structures prepared from lipids in the laboratory and widely used as drug carriers. Unlike
liposomes, exosomes-based delivery systems pass through main biological barriers, such
as the blood brain barrier (BBB) [22,23], evade the lysosomal degradation and transport
cargoes into the cytoplasm [24]. Therefore, they are ideal candidates for constructing novel
therapeutic delivery nanosystems.

Thanks to new technologies enabling for isolating microvesicles and their ability to
deliver and transfer biomolecules such as nucleic acids, also microvesicles can be exploited
for targeted and therapeutic drug delivery, which can be further improved by engineering
the microvesicles. The first study on the delivery of mRNA and proteins through MVs
for cancer therapeutics has indeed shown that such genetically engineered vesicles are
viable delivery vehicles. In particular the authors showed the ability to deliver suicide
mRNA genes to cancerous schwannoma cells [25]. MVs were isolated from cells which
stably expressed the suicide gene of interest and a protein–cytosine deaminase (CD) fused
to uracil phosphoribosyltransferase (UPRT), which constitutes a valid prodrug-activating
combination. Such MVs were then directly injected into schwannoma tumor of an ortho-
topic mouse model in combination the prodrug (5-fluorocytosine, 5-FC), which is then
transformed within the tumor cell to 5-fluorouracil (5-FU), an anticancer agent. Therefore,
the combination treatment of CD-UPRT mRNA/protein via MVs and 5-FU led to regression
of these tumors. Recently, a group of researchers from Michigan State University (USA)
demonstrated the efficacy of using MVs as a delivery vehicle in cancer treatment in a breast
cancer mouse model [26]. They loaded MVs with engineered minicircle plasmid DNA
encoding a thymidine kinase fusion protein. Such protein is then able to activate two
prodrugs, ganciclovir and CB1954, against breast cancer cells. Then, they detected that the
efficiency of delivery of MVs loaded with the engineered DNA was 14-times greater than
the efficacy given by MVs loaded with regular plasmids. In addition, minicircle-loaded
MVs were even more successful in destroying cancer cells. These outcomes confirm that
gene delivery via MVs enables an effective drug delivery, so it can be considered an al-
ternative to chemotherapy and, thanks to the high compatibility with the human body,
unwanted immune responses can also be reduced.

The natural role of exosomes in cell communication, as well as their unique charac-
teristics, enable them to be ideal candidates as drug delivery systems, promoting their
application in both drugs and biomolecules delivery. Indeed, other than having a low im-
munogenicity and toxicity, these vesicles are able to transport a great variety of substances
both in their core or associated to their membrane.

Exosomes are secreted by many different cell types, each influencing their nature and
biological role. From the proteomic analysis it emerges that other than the ubiquitous
proteins (f.i. tetraspanin, alix, TSG101), exosomes are composed by cell type-specific
proteins inherited by their cellular source that condition their biological activities. For
instance, exosomes released by mature reticulocytes show elevated levels of transferrin
receptors, that is lost by these cells during their maturation. Similarly, the aquaporin
proteins, involved in the water transport, are enriched in exosomes derived from kidney
cells [24,27].

Other two important factors that promote the application of exosomes as new delivery
systems are the amenability to modifications, thus to enhance exosomal targeting capability
and the scalability of the process. Generally, it is possible to introduce modifications
to the exosomal membrane proteins which are responsible for cell targeting. However,
exosomes derived from specific cell source have been investigated to solve the problem
of cell targeting or to produce a desirable therapeutic effect. Some exosomes released by
tumor cells are reported harbouring an intrinsic targeting activity versus the tumor site that
could be exploited in clinical applications. Other surface specific proteins, called tumor
associated antigens, could be transferred to dendritic cells (DC), thus used to promote an
immune reaction against cancer cells [28].
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Therefore, the delivery ability of these kind of vesicles has already opened new
scenarios for the development of new exosomes-based therapeutic agents and also for their
application in cancer immunotherapy.

Cancer immunotherapy is defined as “the artificial stimulation of the immune system
to treat cancer” [29]. This cancer treatment approach is based on the idea to use the immune
system to fight and destroy the cancer cells, exploiting the natural immune mechanisms
already normally used by the immune system to defeat diseases. Indeed, EVs could play
a key role in immune regulation of cancer development through the use of those EVs
released by immune cells or cancer cells. There is actually a controversy on the most
suitable exosomes donor cells to be used, due to their putative involvement in immune
system activation against cancer but also as immunesupressors, as reoprted already for
glioblastoma, pancreatic and ovarian cancers [30–32]. In addition, cancer derived exosomes
arise also some controversy due to their origin from malignant cells. However, upon
engineering, there is no doubt on their beneficial use given that the antibodies produced by
the immune system could be trained to bind to the tumor’s antigens, identifying in this
way the cancer cells and promoting their elimination. However, at the same time, tumor-
derived exosomes could produce undesired effects, such as the inhibition or the killing of
the cytotoxic T cells, used by the immune system to destroy its enemies. As a result, the
release of exosomes by tumors may allow them to evade the “immunosurveillance” and
interfere with cancer immunotherapy [33,34]. The potential risk in using tumor exosomes
and the possibility in aggravating the pathological condition of the patients, induced the
scientific community to explore new exosomes sources. Exosomes derived from plants or
agricultural products, such as milk, have been proved to be a most safe and really scalable
options to produce exosomes for clinical applications [35]. However, in the context of
cancer immunotherapy they are not the best choice. In fact, unlike those derived from
tumors, these are unable to stimulate the immune system for the cancer treatment.

As a consequence, immune cell-derived exosomes have been investigated, in particu-
lar those derived from DC cells [36,37]. These cells are main components of the immune
systems and act as antigen presenting cells to the T effector cells [38]. Consequently,
DC-derived exosomes contain antigen presenting molecules, adhesion molecules and cos-
timulatory molecules, that are the necessary equipment required for generating powerful
immune responses and thus for exosome-based vaccines. This new technique for the thera-
peutic administration of the vaccines is based on the production of exosomes, engineered
with the vaccine antigen of interest, to induce a powerful cytotoxic T cell (CTL) mediated
immune response against a large number of tumors and viral antigens. Other than the
DC cells, another attractive healthy exosomes’ source are the Mesenchymal Stem Cells
(MSC). These cells are able to self-renewal and are multipotent since they can differentiate
in different kind of cells and also own many useful characteristics [39]. They could be
isolated from many different sources (f.i. bone marrow, placenta, umbilical cord), they
are easily expanded In vitro to produce large amounts of exosomes and they harbour
immunosuppressive properties that are demonstrated transferable to their exosomes [40].
The only main limitation associated to these cells is that they are not immortal, so the
number of produced exosomes is limited by the number of their replications. Yeo et al. [27]
investigated the immortalization of human embryonic stem cells (hESC-MSC) with the
oncogene MYC to avoid this limitation, allowing the growth of this kind of cells In vitro for
even long periods. Similar immortalization approaches have been reporte so far, proposing
a feasible manufacturing method for therapeutic EVs [41,42].

Another, yet to be developed, application of exosomes, could be in enhancing the
performance of CAR-T cell therapies, given the natural role of exosomes to activate T cells
through antigen presentation. Although some studies previously reported the possible
potent antitumor effect of exosomes isolated from CAR-T cells [43], bibliography is still
scarce and many efforts will be required to achieve this specific application transference to
clinical use.
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3. Cargo-Loading Methods of EVs

The unique structure of EV membrane, constituted by a phospholipid bilayer with a
hydrophobic space within the bilayer and a hydrophilic surface, allows a great variety of
molecules to be loaded into the EVs [3,21]. Hydrophobic and hydrophilic molecules can be
loaded into EVs, including anticancer drugs, miRNA, siRNA, DNA and proteins additional
to their physiological molecular composition [35,44,45]. Recently, EVs have been proposed
to carry nanoparticles (NPs) as well [46–49]. By loading NPs into EVs, it is possible to
overcome problems such as particle aggregation, degradation and rapid clearance, which
often occur in the use of nanoparticles.

Therapeutic cargos are incorporated into EVs by following two main loading ap-
proaches: exogenous (or direct loading) and endogenous loading approaches [3,21]. By
exogenous methods, therapeutic cargos are loaded into EVs after their isolation. In addition,
these techniques are subclassified into passive and active cargo-loading methods. Passive
loading refers to a simple method wherein cargo is passively loaded into EVs without any
external interventions. Instead, active loading uses different techniques that force EVs to
load the cargo. Cargo-loading methods of EVs have been illustrated in other more detailed
reviews [1,3,21] and will thus be no further discussed here.

Endogenous loading refers to (a) genetic engineering of donor cells to constitutively
produce exosomes loaded with the Active Pharmaceutical Ingredients (API) of interest,
or to (b) transient donor cells transfection to achieve the release of loaded exosomes. In
particular, some genetic engineering techniques are used for surface functionalization and
are briefly described below in Section 4.

4. EVs Surface Functionalization: An Overview

The functionalization of the EVs surface is carried out to improve targeting abilities,
biodistribution and therapeutic applications of EVs. However, the use of this approach
needs the development of protocols with a strict control of the experimental conditions
(f.i. temperature, pressure, solvents, salt concentrations) to preserve the exosomes integrity
and functions. Indeed, undesired effects for therapeutic applications, such as vesicles
aggregation due to inadequate reaction conditions, have been reported in the literature so
far [50].

4.1. Post-Isolation Methods

Between the methods used for the EVs surface modifications there are the covalent and
non-covalent chemical modifications [1]. The non-covalent approaches provide membrane
modifications through the use of gentle reactions, such as the electrostatic interactions or
the hydrophobic insertions [50]. For this purpose, Nakase et al. [51] used Lipofectamine,
a commercial transfection reagent containing cationic lipids, to modify the EVs charge
and promote their interaction with the plasma membrane. Indeed, the adsorption of the
Lipofectamine on the EVs surface confers them a positive charge helping their interaction
with the negative domains of the target cell membrane. In addition, the functionalization
with cationic lipids was used to recruit the negatively charged fusogenic peptide GALA.
This peptide promoted the EVs escape from the endosomal compartments, essential for
many drug delivery applications [52]. Therefore, as it is evident, the functionalization
based on electrostatic interaction combined with the application of the GALA peptide can
be used to improve cellular uptake and also enhance the exosomal escape and content
release in the cytosolic space.

The covalent methods, on the contrary, need the formation of new chemical bonds at
the EVs surface. A widely diffused method is the click chemistry, that adds molecules on
the EVs surface through a cicloaddiction reaction. This method can be easily performed and
is highly versatile in terms of reaction conditions, such as pH and temperature ranges [53].
Furthermore, a study demonstrated that click chemistry did not alter exosome size and
functionality [54]. Another common approach of surface functionalization of EVs, based on
covalent bonding, is the PEGylation, to achieve stealth surfaces, as performed everywhere
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for different kinds of nanosystems. In fact, the addition of the polyethylene glycol (PEG)
on the EV surfaces forms a corona that is effective in reducing their immunogenicity. A
study by Kooijmans et al. [55] showed that this surface modification significantly increases
the EV circulation half-life in mice because it reduces EVs recognition by the mononuclear
phagocyte system (MPS) avoiding plasma protein opsonization. However, the presence
of this PEG corona around the EVs surface is also been associated to a reduction in EVs
interaction with the plasma membrane, thus a reduction of cellular uptake. To overcome
these limitations, many authors functionalize the PEG with targeting ligands, directed to
receptors overexpressed by the target cells [55,56].

For example, Kim et al. [57] loaded exosome with paclitaxel (PTX), an anti-cancer
agent widely used against lung cancer, to be delivered to pulmonary metastases. They
developed a specific procedure based on sonication and incubation to add PEG, and a
similar procedure to incorporate a vector moiety with Aminoethylanisamide AA, a ligand
of the sigma receptor, overexpressed by lung cells [58]. Experimental results showed that
the AA-PEG-exoPTX formulation can be easily internalized into target cancer cells, other
than a high loading capacity and strong anticancer effects compared to the unfunctional-
ized exosomes.

4.2. Genetic Engineering of Parental Cells for Surface Functionalization

The EVs surface can be functionalized with ligands not only through EV post-isolation
methods such as click chemistry, but also through genetic engineering, wherein the cells
that will produce the EVs are induced to express the protein or peptide of interest. This
approach was employed by Alvarez-Erviti et al. [22] that used exosomes loaded with
small interfering RNAs (siRNAs) to achieve knockdown of β-site APP-cleaving enzyme
1 (BACE 1), a therapeutic target for Alzheimer’s disease [59]. In particular, to obtain a
selective targeting of this EVs versus the mouse brain, they functionalized the EVs with
the targeting peptide obtained from Rabies Virus Glycoprotein (RVG), able to bind the
nicotinic acetyl choline receptor (AchR) highly expressed by the cells at the blood brain
barrier level [13]. This functionalization was obtained attaching this peptide to the Lamp2b
protein expressed on the EVs surface, transfecting the cell with the plasmid codifying
for this construct. Moreover, researchers observed a strong knockdown of BACE 1 and
an important reduction of amyloid plaques components, which are in turn associated to
Alzheimer’s pathology. In a recent study, Yang et al. [60] have found a similar approach to
systematically deliver nerve growth factor (NGF) into ischemic cortex for the treatment of
stroke, in a photothrombotic ischemia model. NGF has a primary role in the growth, as well
as the maintenance, proliferation, and survival of nerve cells [61]. The exosomes loaded
with the mRNA coding for the NGF protein were functionalized on their surface with the
peptide RVG, thus obtaining NGF@ExoRVG. The in vivo administration of such modified
exosomes led to an effective delivery of the NGF mRNA to the cells of the ischemic cortex
and in its consequent protein translation. Interestingly, the treatment with these exosomes
was associated to a reduced inflammation mediated by the M2 microglia: a process which
mediates the immune response in the CNS.

All these results suggest that the exosomes engineering could be a useful tool for the
production of exosome-based delivery vehicles, providing new options for target therapies.

5. Cancer Immunotherapy

Immune system is a defensive apparatus that the human body uses to fight illness. It
is constituted by a complex “surveillance network” made up of several highly specialized
organs and cells, shared by the lymphatic vessels, and located in various parts of the
body. All of them cooperate, each with a specific role, to defend the organism and keep it
healthy. The immune system has the main role to trace the “foreign” substances present
in the organism. Therefore, whenever substance not normally present in the organism
enters the body triggers an alarm and causes an immune response, aimed at destroying it.
Unfortunately, cancer can commonly escape the immune system’s natural defences, allow-
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ing cancer cells to continue growing. Immunotherapy is specialized in the development
of novel anti-cancer therapies by understanding and making use of immune pathways.
This innovative cancer treatment stimulates the natural immune system to fight cancer
by finding and attacking cancer cells. There are many types of immunotherapy including
monoclonal antibodies, oncolytic virus therapy, adoptive cell therapies and cancer vaccines.

Monoclonal antibodies are highly specific molecules produced in laboratory from
identical immune cells and engineered to work as substitute antibodies that target only a
single site (epitope) on a single antigen in order to obtain a strong immune response against
cancer cells [62]. The monoclonal antibody recognizes the presence of a specific receptor
on the surface of the tumor cell and binds to it. In this way, it induces the immune system
to attack and destroy cancer cells while minimizing the damage to healthy cells. It can also
induce cancer cells to self-destruct or can block the receptor preventing it from binding to
a different protein that stimulates the cancer growth. Some examples of commercialized
monoclonal antibodies for cancer treatment or maintenance cancer therapy are trastuzumab
and pertuzumab for breast cancer and rituximab for non-Hodgkins lymphoma.

The goal of oncolytic virus therapy is to use viruses to destroy tumors; in particular,
the oncolytic viruses (OVs) are able to replicate in cancer cells (while not in healthy
ones) producing a lysis of the tumor mass. At the same time, OVs can stimulate the
immune system to implement a strong and lasting response against the tumor itself.
Unfortunately, it is necessary to consider that this kind of therapy could be hindered
by the possible occurrence of an anti-viral response due to the recognition of the virus
as a pathogen. Therefore, many researchers are currently looking for a solution that
allows a right balance between anti-tumor and anti-viral immunity to make OV therapy as
successful as possible [63].

Adoptive cell therapy requires that the patient’s autologous T cells be genetically
engineered in the laboratory so that they express a receptor, called chimeric antigen receptor
(CAR) specific for a tumor antigen. T cells are taken from a patient’s blood, then the gene
for CAR expression is added to the T cells in the laboratory. After ex vivo cell expansion,
CAR T cells are administered to the patient by infusion, then they bind the antigen on the
cancer cells and kill them [64].

Lastly, cancer vaccines are designed to stimulate the immune system to recognize
cancer cells in the patient and thus fight cancer more effectively [65].

The next section will investigate cancer vaccines more in detail and in particular the
role of extracellular vesicles as delivery vehicles to enhance and amplify the effect of the
immune response against tumor cells.

6. What Is a Cancer Vaccine?

Vaccines are generally prophylactic agents which are administered to healthy people
to achieve long-term immunity against a virus and to prevent the consequent onset of
the disease. However, cancer vaccines are different from prophylactic antiviral vaccines
as they include not only (i) prophylactic vaccines used for cancer prevention, but also (ii)
therapeutic vaccines [66]. Actually, currently existing prophylactic cancer vaccines only
apply to virus-induced malignancies, such as liver cancer caused by the hepatitis B virus
or genital cancers caused by the human papilloma virus (HPV). In contrast, therapeutic
vaccines are designed for individuals with an existing disease. There are two aspects to
take into account. First, cancer is often a silent disease and for this reason, at the time
of diagnosis, it is already out of the control of the immune system and therefore already
established in the body. Secondly, the vast majority of tumors that are classically treated
with surgery, chemotherapy or radiotherapy definitively disappears. In some patients,
however, the tumor may relapse and become increasingly resistant to treatment [67–69].
This happens because in some cases a certain number of cancer cells can escape treatment
and remain in the body, even if the anticancer therapy was initially very effective. These
cells are able to reproduce the tumor even years after its first appearance, and conse-
quently the disease becomes more difficult to eradicate with classic treatments. In this
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context, recent clinical trials propose the combined or sequential use of different therapeutic
strategies to create a “multimodal” therapeutic approach [70]. For example, therapeutic
cancer vaccines are administered after complete surgical removal of the tumor, followed
or not by chemotherapy, in lung cancer or cutaneous melanoma patients (NCT00530634,
NCT04245514, NCT02211131, NCT04330430). The main goal of therapeutic vaccines is to
elicit strong antigen-specific T cell responses, particularly CD8+ cytotoxic T lymphocytes
(CTLs) mediated responses, with the assistance of suitable adjuvants which enhance the
immune response [71]. CTLs are primarily responsible for the recognition and suppression
of tumor cells: they recognize tumor-associated antigenic epitopes that are expressed by
human leukocyte antigen (HLA) class I molecules on tumor cells, then attack, proliferate
and cause cancer cell lysis [72]. The making of a cancer vaccine is based on the fundamental
choice of the antigen together with its characteristics. The ideal antigen must be expressed
only by tumor cells and not by normal cells; it must be present on all tumor cells in such
a way that the cancer does not escape immune attack due to antigen downregulation;
it must be highly immunogenic [73]. Antigens meeting all of these criteria do not exist,
but they can be classified as (i) tumor-associated antigens (TAAs) and (ii) tumor-specific
antigens (TSAs).

TAAs are self-antigens that can be expressed by both tumor cells and normal cells.
However, the use of these antigens presents a major obstacle as the T lymphocytes that bind
to TAAs are typically cleared by immune tolerance mechanisms. Immune tolerance is an
important means by which growing tumors manipulate the tumor microenvironment with
the aim of preventing elimination by the host immune system. Tolerance is the result of the
so-called immune checkpoints. These pathways include the presence of protein receptors
on the surface of immune system cells, which, if bound to specific ligands, prevent the
immune system from attacking cells indiscriminately. Often, these specific ligands are
expressed by tumor cells. In this way, cancer cells are able to trigger inhibitory signals that
make immune cells inert or tolerant. For example, the binding between the checkpoint
proteins PD-1 on the surface of T cells and the PD-L1 inhibitory receptors on tumor cells
not only prevents T cells from attacking malignant cells in the body, but also inhibits T cells
proliferation [74,75]. Therefore, to be effective, a cancer vaccine based on TAAs must be
able to contrast and interrupt the tolerance mechanisms described above. Moreover, many
vaccine clinical studies have revealed that the triggered immune response does not have
significant efficacy. Indeed, Hollingsworth and Jansen [73] explain that these vaccines allow
a very low rate of activation and proliferation of CD 8 T cells, compared to the amounts
typically obtained with antiviral vaccines.

Conversely, TSAs, or tumor neoantigens, are truly tumor-specific as they are expressed
only by cancer cells, highly immunogenic and dependent on tumor type [76]. Most
importantly, these immunogenic neoantigens are the result of hotspot mutations which
occur in numerous cancer patients so they are unique to each patient. For this reason, the
design of a cancer vaccine based on single neoantigens requires a patient-specific approach.
It starts with the sequencing of the tumor genome, then the mutations are identified and at
the end, through computerized algorithms, the neoantigens are designed, possibly with
experimental confirmation [73].

Antigens to be employed in therapeutic vaccines can be given to patients in the form
of peptide-restricted epitopes, proteins, heat shock proteins transporting immunogenic
peptides, recombinant viruses, autologous or allogeneic tumor cells, or DNA constructs.
The main routes of administration are the direct injection, the coupling to immunostim-
ulatory adjuvants and the ex-vivo loading of antigen presenting cells (APCs), typically
dendritic cells (DCs) [72,77].

A peptide-based vaccine consists of immunogenic restricted epitopes, usually from
tumor-specific or tumor-associated antigens, typically conjugated to a carrier protein [78].
The binding with the carrier protein helps enhance immune response thanks to its immuno-
genic properties and its characteristic of increasing the half-life of the epitope. Cancer cells
can be distinguished from healthy cells because most of them are capable of overexpressing
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proteins or are characterized by mutations of those same proteins. Therefore, any gene
product that has a mutated form with respect to healthy cells can be a potential target for
the vaccine, just like the HER2 gene and its modified form HER2/neu that is one of the
most studied oncogenes in cancer. HER2/neu is an epidermal growth factor (EGF) receptor.
Human EGF is a protein naturally produced by the human body, which when attached
to another protein, such as HER2 or CerbB2, stimulates the multiplication of cancer cells.
About 30% of breast cancers develop along with the amplification of the HER2/neu gene
or the overexpression of its protein product [79]. Its overexpression also takes place in
other cancers such as stomach, ovarian, and colorectal cancers and in aggressive forms of
pancreatic cancer, uterine cancer, and non-small cell lung cancer. Tumors characterized
by HER2 overexpression are known as HER2-positive and can be highly aggressive [80].
Several peptide-based vaccines derived from the HER2 receptor have been developed in
the last few years. NeuVaxTM is a 9-aminoacid peptide resulting from the combination of
the extracellular domain of HER2 with granulocyte-macrophage colony-stimulating factor
(GM-CSF). The vaccine stimulates specific CD8+ cytotoxic T lymphocytes to destroy HER2
positive cancer cells by promoting the lysis of breast cancer cells. Actually, Brossart et al.
demonstrated that CTLs are also able to lyse other types of cancer cells expressing the
HER2/neu oncogene, such as in the case of colon carcinoma and renal cell carcinoma [81].
Initial clinical trials showed that NeuVaxTM was well tolerated by patients but had no
significant effect in preventing recurrence (NCT01479244). Currently, two Phase II clinical
trials are examining NeuVaxTM treatment combined with trastuzumab in HER2-positive
breast cancer to evaluate the real effectiveness of a combination therapy (NCT01570036,
NCT02297698). Trastuzumab works by interfering with one of the ways in which breast
cancer cells grow and divide. In particular, it attaches to the HER2 protein, thereby pre-
venting the human growth factor in the epidermis from reaching the neoplastic cells and,
consequently, preventing their division and growth. Trastuzumab also acts as a stimulator
of the immune cells to improve their killing action against cancer cells. The main objectives
of these two trials are disease-free survival at 24 months and 36 months and invasive
disease-free survival from the beginning of therapy until the end of the study (5 years).
Only NCT01570036 has been completed so far, by also achieving promising results in terms
of rate of survival: disease-free survival as percentage of participants who survived at
24 months was 89.8%, at 36 months was 86.7%.

GP2 is another 9-amino acid peptide derived from HER2. Likewise, for this vaccine
the preliminary In vitro tests have confirmed the ability to induce CTLs immune responses.
Clinical studies have also shown that it is well tolerated and have also found an increase in
HER2-specific CTLs. These are just two of the peptide-based vaccines designed specifically
for breast cancer treatment [78]. It is also important to mention another peptide-based
vaccine, HerVaxx. It consists of three peptides isolated from HER2 extracellular domain
and linked to another carrier protein that is diphtheria toxin [82]. In the last few months a
Phase 2 HerVaxx study was updated to evaluate the overall survival and the progression-
free survival and to measure the efficacy, safety and immune response in 68 patients with
metastatic gastric cancer overexpressing the HER-2 protein (NCT02795988).

In the examples described so far, the vaccine is directly injected to the patient. As
already mentioned, however, it is possible to administer the vaccine also through the ex
vivo loading of DCs. DCs are specialized antigen presenting cells (APCs) fundamental
to the proper behavior of the immune system because they play as mediators between
innate and adaptive immune responses. In particular, they act as sentinels throughout the
organism and are able to recognize antigens. At the same time, through the processing of
the antigenic material and the so-called “antigen presentation”, they allow the activation
of the immune response implemented by the T lymphocytes. More precisely, DCs activate
T lymphocytes through major histocompatibility complex (MHC) signaling [83]. These
properties led to many attempts in the development of DC-based vaccines, achieving
also promising results in individuals with advanced-stage cancers [84]. In 2010, the FDA
approved the sipuleucel-T (PROVENGE®) for metastatic castration-resistant prostate can-

127



Cancers 2021, 13, 2280

cer (mCRPC) [85]. Sipuleucel-T is an autologous DC vaccine based on enriched blood
APCs cultured with a recombinant protein derived from the combination of prostatic acid
phosphatase (PAP) with granulocyte-macrophage colony-stimulating factor (GM-CSF),
that are, respectively, an antigen expressed in prostate cancer tissue and an immune cell
activator [86]. Sipuleucel-T is a personalized therapy: DCs are directly taken from the
peripheral blood mononuclear cells (PBMC) of the patient. Then, after ex vivo loading of
PAP and activation, the vaccine is administered to the patient by infusion. In 2010, a Phase
III clinical trial enrolled 512 mCRPC patients to receive sipuleucel-T (NCT00065442). The
study primarily aimed at evaluate the overall survival compared to a placebo: it resulted
25.8 versus 21.7 months. Despite this positive outcome, the complex formulation and
consequently the high cost of production of sipuleucel-T have hindered a more extensive
diffusion. Nonetheless, sipuleucel-T has given a contribution to the development of numer-
ous other DC-based vaccines. As various kind of DC vaccines are currently undergoing
clinical trials for different cancer disease, many therapeutic candidates are envisioned, and
the most relevant ones are listed in Table 1.

Table 1. Representative selection of the currently active clinical trials investigating dendritic cell-
based cancer vaccines.

Condition Treatment Clinical Phase NCT Identifier

Breast cancer HER-2 pulsed DC Vaccine Phase I NCT02063724

Brain tumors Autologous DCs pulsed with CSC
Lysate Phase I NCT02010606

Prostate cancer
Autologous DCs loaded with
mRNA from Primary prostate

cancer tissue + hTERT + survivin
Phase I/II NCT01197625

Sarcoma/soft tissue
Sarcoma/bone

sarcoma

DC vaccine + tumor lysate +
imiquimod Phase I NCT01803152

Brain
Metastases

Personalized cellular vaccine:
tumor antigen mRNA-pulsed

autologous DCs
Phase I NCT02808416

Newly diagnosed
glioblastoma

AV-GBM-1: autologous DCs
loaded with autologous tumor

antigens derived from
self-renewing TICs

Phase II NCT03400917

Multiple myeloma
ASCT + DC myeloma fusion

vaccine + MAb CT-011
(pidilizumab)

Phase II NCT01067287

AML DC AML fusion vaccine Phase II NCT01096602

Advanced breast
cancer

DCs co-cultured with CIK cells +
capecitabine monotherapy Phase II NCT02491697

Legend: DC = dendritic cell, CSC = cancer stem cell, hTERT = human telomerase reverse transcriptase, TIC =
tumor-initiating cell, ASCT = autologous stem cell transplantation, Mab = monoclonal antibody AML = acute
myelogenous leukemia, CIK cells = cytokine-induced killer cells.

These studies highlight that these new strategies can become real possibilities in the
fight against cancer, therefore they must be increasingly explored, as they can seriously
improve and enhance the capabilities of existing cancer drugs.

7. EVs in Anti-Tumor Immunotherapy

The capabilities of the DCs as powerful and versatile APCs make them suitable to be
the vehicles in cancer vaccines and anti-tumor immunotherapy. However, many drawbacks
hinder their use in clinical treatments. DCs are a heterogeneous cellular population com-
prising various subtypes having different functional properties. Depending on the subset
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and on the received stimuli, DCs can display different capacities for antigen presentation,
migration, and cytokine secretion. In particular, they can induce different T cell behaviors,
by polarizing them into effector or tolerogenic cells [87]. Because of this heterogeneity
they can thus promote either antitumor activity or regulation of immune tolerance, which
is known to be a very limiting factor in vaccine success [88]. For example, some soluble
immunosuppressive cytokines produced by tumor cells can convert immature DCs into
tolerogenic DCs. These converted dendritic cells activate regulatory T (Treg) cells. Treg
cells inhibit or downregulate proliferation of T cells such as CD4+ and CD8+, by promoting
tumor proliferation [18]. Another limitation in the use of DCs is also due to their difficult
storage aimed at maintaining their efficacy even for long periods of time. Finally, applying
such therapies to a broad population is expensive and needs to meet rigorous quality con-
trol parameters. The exploitation of DC-derived exosomes (Dex) has proven to be a possible
solution to the problems encountered in DC-based immunotherapy. Dex are characterized
by unique molecular composition that allows them to maintain the immunostimulatory
abilities of DCs. Indeed, Dex contain MHC-I and MHC-II molecules, which can respectively
stimulate cytotoxic and helper T cells (Th cells), together with costimulatory (CD86, CD40)
and adhesion molecules (ICAMs), which can elicit strong immune responses toward cancer
cells [89]. Furthermore, the lipid composition of exosomal membrane allows to storage
Dex at −80 ◦C for more than 6 months maintaining high stability. Finally, compared
to other types of cancer vaccines, cell-free treatment such as Dex-based treatment may
be less vulnerable to immunotolerance and other immunomodulatory mechanisms that
usually occur in tumors [90]. Some important preclinical studies carried out to evaluate the
immunogenicity of Dex and their possibility of use in the production of new therapeutic
vaccines are collected in Table 2.

Table 2. Preclinical studies evaluating Dex immunogenicity for cancer vaccines.

Authors Method Main Outcomes Refs

Théry C. et al. In vitro
Dex can transfer functional

peptide-loaded MHC class I and II
complexes to DCs.

[91]

André F. et al.

In vitro and in vivo
Dex harbouring MHC class I/peptide

complexes require DC for efficient
priming of CTLs.

[92]

In vivo
Dex mimic the capacity of mature DCs to

initiate peptide-specific CD8+ T cell
responses.

Segura E. et al. In vitro

Dex from immature DCs (imDC) and
mature DCs (mDC) have different protein

composition due to maturation signals.
MHC class I molecules are up-regulated in

mDC and reduced in mature exosomes.
Molecules stimulating CD4 T cells are

up-regulated in mDC and mature
exosomes.

[93]

Sprent J.

In vitro Peptide-pulsed Dex are immunogenic for
CD8+ T cells also in the absence of APCs.

[94]
In vivo

Peptide-loaded Dex induce high
proliferative responses and CTLs

induction, so priming CD8+ T cells.

Viaud S. et al.

In vivo
Dex administration promotes

proliferation, activation and cytotoxicity
of NK cells. [95]

In vitro Human Dex harbouring IL-15Rα lead to
NK cell proliferation and IFNγ production

129



Cancers 2021, 13, 2280

Many Phase I clinical trials performed on various cancers have shown exosome-based
vaccines to be safe, so exosomes could effectively represent a new approach for cancer
immunotherapy. In particular, a Phase I clinical study investigated not only the feasibility
and efficacy, but also the safety of administering autologous Dex loaded with peptides of
melanoma-associated antigen (MAGE) to individuals with advanced NSCLC [96]. MAGE
gene-derived peptides are widely expressed in many tumor and are able to stimulate
antigen-specific CTL responses against MAGE-expressing cancer cells, resulting in tumor
cell lysis. Therefore, thanks to their effectiveness in preventing and treating diverse cancers,
MAGE has been used as a target for cancer immunotherapies [97]. In this Phase I trial,
Morse et al. [96] isolated Dex by ultracentrifugation from peripheral blood mononuclear
cells and loaded them with MAGE-A3, -A4, -A10, and MAGE-3DPO4 peptides. MAGE
peptides were loaded directly into Dex after the purification step or indirectly into cultured
DCs. The three patient groups in the clinical study were given the same Dex dose of
1.3 × 1013 MHC class II molecules in a volume of 3 mL once a week for 4 weeks, varying
both the peptide loading method and the peptide concentration in each cohort. Dex therapy
administered to 9 patients resulted non-toxic, tolerated and without the appearance of
autoimmune responses. By contrast, In vitro immunologic analysis detected an increase in
T cell activity in only one of tested patients, probably due to Treg-mediated suppression
of immune cells. In 2/3 patients who had analyzable samples, an increase in Treg was
observed after the conclusion of Dex therapy. Other possible explanations were related
to not well performing or low-sensitive assays, insufficient antigen presentation, or the
absence of circulating antigen-specific T cells. Actually, it was hypothesized that might be
due to activation of natural killer (NK) cells, that are cytotoxic lymphocytes involved in
the innate immune system. NK cells are named “natural” because they recognize tumor
or infected cells without the need of antigen-specific cell surface receptors or any prepara-
tory activation and kill them by producing cytokines [98]. Confirming the hypothesis,
Morse et al. [96] observed an increased activity of NK cells after immunization in two
over four of the analysed patients, but in general, the clinical observations confirmed the
successful immunization of the treated patients. Finally, the main clinical result was a very
good disease stability, in both two patients with disease progression and in two initially
stable patients. A similar study used MAGE peptides as cancer vaccine and was carried
out in 15 patients with stage III/IV malignant melanoma [99]. Again, MAGE peptides
were loaded directly into autologous DC-derived exosomes or indirectly into cultured
DCs and administered to patients every week for 4 weeks. All patients underwent as-
sessment of tumor status at 2 weeks after the fourth exosome vaccination. Vaccination
was well-tolerated and resulted in a therapy response in four patients; in particular, a
stabilization of the disease was proved in two patients receiving the highest dosage of
directly-loaded exosomes. In contrast, one partial response and a minor response were
identified in two patients who were then subjected to a continuation therapy, allowing for
stabilization. Unfortunately, as in the previous study by Morse et al., no significant T cell
response was observed.

Briefly, although there are clear advantages in Dex-based vaccine applications, not all
treated patients show satisfactory responses due to the obstacles described above. Tumor-
derived exosomes (Tex) are another type of exosomes investigated for the improvement
of antitumor immune responses. Tex contain tumor-associated antigens expressed in the
parental tumor cells and major histocompatibility complex (MHC) class I molecules [100].
Thus, Tex could present tumor antigens to DC and induce CD8+ T cell-dependent anti-
tumor immune responses. In addition, tumor cells release a larger number of exosomes
compared to healthy cells-derived exosomes. As a result, they are designated to become a
new source of tumor antigens and thus a novel type of cell-free cancer vaccine [101,102].
However, previous studies reported that Tex can promote immune escape through different
immunosuppressive mechanisms as described in the review by Whiteside et al. [103]. Gen-
erally, Tex are involved in the progression, regression and drug resistance of tumors and
contribute to the development of metastases because they regulate immune responses by
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mediating communication between immune cells and cancer cells [104]. Many studies have
verified the feasibility and functionality of Tex in activating immune responses against can-
cer in mouse models. Bu et al. [105] showed that a single dose of L1210 leukaemia-derive
exosome-based vaccine not only inhibited tumor formation but also promoted protection
against tumor growth in syngeneic mice. To assess the efficacy of the vaccine, the treated
mice and the control group, consisting of unvaccinated mice, were stimulated with L1210
tumor cells 2 weeks after vaccination. Regarding tumorigenesis, 87.5% of the vaccinated
mice were found to be tumor free, while in all untreated mice the tumor appeared in less
than 10 days. Meanwhile, the rate of protection against tumor growth after 60 days was
85% in the vaccinated with a dose of 5 μg and 60% with the dose reduced to 2.5 μg. Finally,
with regard to the immune response, CTL activity against L1210 was also observed and
was better than the control group. Other studies on leukaemia vaccination proposed Tex as
a possible antigen source for DC-based vaccination because of: Tex contain high amounts
of tumor-associated antigens; Tex have markers that make easier the uptake by the DCs;
the antigen presentation through MHC by DC induce CD8 T cell-dependent antitumor
immune responses. Thus, a new perspective is emerging that is to produce cancer vaccines
based on DCs loaded with exosomes derived from tumor cells, with the aim of exploiting
the advantages deriving from the combined use of Tex and DCs. Indeed, Yao et al. [106]
demonstrated that exosome-pulsed DCs induced stronger antitumor immunity than ex-
osomes and DCs alone. Gu et al. have shown that In vitro, in the presence of DCs, it
is possible to avoid inhibition of Th lymphocytes activation by Tex and for this reason
they have considered vaccination based on DC loaded with Tex (DC-TEX): they have
proposed to load the DCs of patients with Tex circulating in the peripheral blood and to
test the vaccine in a myeloid leukaemia mouse model [107]. In the end, they confirmed that
Tex-pulsed DCs really increased the survival time of mice and determined a conspicuous
activation of CTLs thanks to the combined use of Tex and DCs. Other studies that have
evaluated the possibility of using extracellular vesicles as a vehicle in cancer vaccines are
shown in Table 3.

Table 3. Preclinical studies investigating the use of EVs in cancer vaccines.

Therapeutic Agent Condition Outcome Refs

Irradiated C6 glioma
cell-derived MVs

(IR-MVs)
Malignant C6 glioma

In vivo vaccination with IR-MVs
promotes antitumor immune

response leading to the apoptosis of
glioblastoma cells and increases Th
cells and CTL infiltration into the

tumor.

[108]

DC-derived-
exosomes

functionalized with
costimulatory

molecules, MHCs,
antigenic Ovalbumin

peptide and
anti-CTLA-4 antibody

(EXO-OVA-mAb)

B16-OVA melanoma
tumor model

Exosomes are targeted to T cells
in vivo. EXO-OVA-mAb are able to
effectively prime T-cell activation

and proliferation, In vitro and
in vivo. The fraction of memory T
cells is increased in mice treated
with vaccination. The antitumor

efficacy is confirmed by the
infiltration of both CD4 + and CD8 +
cells and the CTLs/Treg ratio within

the tumor site of vaccinated mice.

[109]

Interferon-γ-
modified

prostate cancer cell-
derived exosomes

RM-1 prostate cancer

Vaccine induces macrophages
differentiation and the production of

antibodies, reduces tumor
angiogenesis and metastasis rate,

inhibits tumor growth and prolongs
survival time of mice with metastatic

prostate cancer.

[110]
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Table 3. Cont.

Therapeutic Agent Condition Outcome Refs

Interferon-γ-
modified

prostate cancer cell-
derived exosomes +

IFN-γ-modified RM-1
cell vaccine

RM-1 prostate cancer

Exosomal vaccine improves the T
cell response generated by the tumor

cell vaccine and downregulates in
the expression of IDO1 and PD-L1

immune checkpoints. Combination
therapy show the highest

tumor-specific cytotoxic activities
compared to vaccine monotherapies

and tumor growth is significantly
suppressed.

[110]

Mature DCs
pulsed with
ovalbumin

protein-pulsed
DC-derived exosomes

(EXO-pulsed DCs)

B16-OVA melanoma
tumor model

EXO-pulsed DCs stimulate CD8+
T-cell proliferation and

differentiation into CTL effectors
In vitro and in vivo. EXO-pulsed
DCs induce stronger immunity

against lung tumor metastases and
can eradicate established tumors.

They also induce strong long-term
OVA-specific CD8+ T-cell memory

[111]

As described above, exosomes, and more broadly EVs, are also natural carriers of RNA
and can be employed to deliver siRNA in silencing of genes for cancer treatment [112,113].
In addition, silencing of immunosuppressive genes via siRNA combined with immune
checkpoint blockade therapy has been found to be a promising practice in new cancer
immunotherapy applications [114,115]. As already mentioned, immune checkpoint block-
ade plays a key role in preventing the interruption of immune responses. Actually, im-
mune checkpoint inhibitors, including monoclonal antibodies against programmed death
1 (PD-1), inhibit immunosuppressive molecules and restores the ability of the CTLs to
kill cancer [116]. For all these reasons, Matsuda et al. used extracellular vesicles (EVs)
for targeting β-catenin in hepatocellular carcinoma (HCC) via intrahepatic delivery of
siRNA [117] β-catenin takes part in the signaling pathway of cell proliferation and of-
ten its alteration causes the development of carcinomas. In particular, Wnt/β-catenin
pathway activation is associated with poor spontaneous T cell infiltration across most
human cancers; thus, it contributes to immune escape [118,119]. By taking into account that
responsiveness to anti-PD-1 therapy needs the presence of tumor antigen-specific T cells
within tumor tissue, a poor or even absent T-cell infiltration can result in immune deserts
and weak response to immunotherapy. Moreover, mutations in gene encoding β-catenin
were identified among the most frequent alterations associated to the development of
HCC [120,121]. Consequently, in this study, together with the β-catenin siRNA-loaded EVs,
also anti-PD-1-based therapy were administered in order to reduce the tumor growth and
at the same time, to improve the therapeutic action of immune checkpoint inhibitors. A
synthetic model of hepatocellular cancer was induced in mouse livers by the co-expression
of c-tyrosine-protein kinase Met (cMET) and mutant β-catenin via hydrodynamic injection
(HDI) of DNA and plasmids [122]. The EVs were derived from bovine milk, which is a
safe and scalable source of EVs [123]. First, the therapeutic effectiveness of anti-PD-1 was
evaluated. Three weeks after HDI, two groups of mice bearing HCC were respectively
administered with 250 μg/mouse of anti-PD-1 and with phosphate-buffered saline (PBS)
for control measurements, for 2 weeks. The transfection of Gaussia luciferase (g-luc) and
its expression level allowed to verify the success of the therapy against tumor growth in
terms of relative luminescence units [124]. It was observed a reduced rate of tumor growth
over a 6-week period and a very extended survival of the mice which received anti-PD-1
therapy, with a mean of 119 days compared to 96 in the control group. Secondly, to evaluate
the efficacy of combined treatment with both therapeutic EVs and anti-PD-1 in targeting
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β-catenin, four groups of mice received different treatments three weeks after HDI for a
period of 2 weeks. The first group received only 250 μg of anti-PD-1, the second group
received only EVs (2 × 1012 particles/body), and the third group both anti-PD-1 and EVs.
Last group was used as control and did not receive any treatment. Matsuda et al. [117]
first demonstrated the In vitro effectiveness of β-catenin siRNA delivery via EVs: they
incubated HepG2 cells with siRNA-loaded EVs and then found a decreased expression
of β-catenin protein. Subsequently, they evaluated the effect of siRNA delivery in vivo.
Tumor growth rate decreased with anti-PD-1, EV or both in the first three weeks after
stopping treatment, but later a relapse was noted in 38% and 100% of the first and the
second groups, respectively. Finally, the mice treated with both anti-PD-1 and EVs did not
display any relapse, on the contrary they showed a considerable decrease in the tumor
growth rate (between 3 and 12 weeks) even greater than that with either treatment alone.
Therefore, this confirmed that targeting an oncogenic factor can improve the therapeutic
effect of anti-PD-1. Ultimately, the combined treatment produced the highest degree of
infiltration of CD8+ T cells within the tumor microenvironment. Furthermore, it has been
confirmed that inhibition of β-catenin signaling in HCC improve the activation of specific
T cells, promoting their infiltration into the tumor microenvironment and preventing CD8+
T-cell exhaustion following an initial response to anti-PD-1 therapy. However, there is still
no scientific evidence to elucidate the mechanism used by β-catenin to promote CD8+ infil-
tration. Table 4 shows the currently active or already completed clinical trials involving EVs
in immunotherapy. Figure 2 illustrates the main EVs application in cancer immunotherapy.

Table 4. Collected currently active or completed clinical trials investigating the use of EVs-based
immunotherapies.

Condition Treatment Year Clinical Phase
NCT Identifier
and References

Advanced
NSCLC

Dex loaded with the
MAGE tumor antigens 2005 Phase I [96]

Metastatic
melanoma

Autologous exosomes
pulsed with MAGE 3

peptides
2005 Phase I [99]

Colorectal
cancer

Ascites-derived
exosomes (Aex) in
combination with

GM-CSF

2008 Phase I [125]

Melanoma Human Dex bearing
NKG2D ligands 2009 Phase I [95]

NSCLC Tumor Antigen-loaded
Dex 2010 Phase II NCT01159288

Unresectable
NSCLC

IFN-γ-Dex loaded with
MHC class I- and class

II-restricted cancer
antigens

2015 Phase II [89]

NSCLC = non-small-cell lung cancer, IFN = interferon γ, GM-CSF = granulocyte–macrophage colony-
stimulating factor.
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Figure 2. EVs applications in cancer immunotherapy. (1) Scheme of EVs as cargos of siRNAs, drugs and monoclonal
antibodies and (a) therapeutic effect on tumor growth rate of anti-PD-1 and tMNV-directed therapy targeting B-catenin.
Reproduced from [117] with the permission of Jhon Wiley and Sons. p-Values as indicated, one-way ANOVA analysis. (2)
Scheme of EVs-mediated T-cell activation and (b) data analysis of CD69, a T-cell activation marker on CD4+ and CD8+
T cells following incubation with different exosomes formulations. Reproduced from [109] with permission of Elsevier.
* p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA analysis. (3) Scheme of EVs vaccination and (c) tumor specific
cytotoxic activity of the combination therapy involving exosomal vaccine and tumor cell vaccine against prostate cancer
cells. Reproduced from [110] with permission of John Wiley and Sons. (4) Scheme of DC-pulsed EVs and (d) proliferative
response of CD8+ T cells co-cultured with EXOOVA (10 μg/mL), DCOVA, mDCEXO and imDCEXO (3 × 104 cells/well),
determined by (3H)thymidine uptake assay after two days. Reproduced from [111] with permission of Jhon Wiley and Sons.
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8. Conclusions

The research on extracellular vesicles has recently intensified considerably, leading to
the achievement of important results in the application EVs for gene and drug delivery.
In particular, exosomes have proved to be the ideal candidates to be used as therapeutic
delivery vehicles. Based on this, the use of extracellular vesicles has also been extended to
the field of cancer immunotherapy. A particular form of immunotherapy is represented by
therapeutic anticancer vaccines. Among the different types of cancer vaccines investigated,
the most promising are the cancer vaccines based on dendritic cells, as these cells facilitate
the triggering of the immune response. Several clinical trials are currently active to evaluate
the efficacy of therapeutic vaccines against various forms of cancer. As shown by numerous
pre-clinical tests, dendritic cell-derived exosomes can also be used in the production of
cancer vaccines. Clinical trials have confirmed the safety and feasibility of exosome-based
cancer vaccines; however, some studies have not been fully satisfactory. In fact, vaccines
are generally well tolerated by patients undergoing treatment, but often no significant
immune response is observed. This indicates that significant progress has been made in
building safe delivery vehicles but, at the same time, the clinical efficacy of extracellular
vesicles based-cancer vaccines remains to be determined. The exosomes derived from
tumor cells have been proposed as an alternative to the previous ones, as they are able
to improve the antitumor immune responses. Nevertheless, some studies have shown
that exosomes derived from tumor cells could be involved in processes that promote
tumor proliferation, therefore, they are not preferable. To overcome these drawbacks, the
possibility of producing cancer vaccines based on dendritic cells loaded with exosomes
derived from tumor cells has recently emerged, but they are still under investigation. The
use of extracellular vesicles in immunotherapy therefore seems to be hindered only by
technological problems and not by qualitative ones. Therefore, an ever-increasing effort in
this direction could lead to tangible results and above all to a new and innovative way to
fight cancer.
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Simple Summary: Dendritic cells (DCs)-based cancer vaccines have not succeeded in generating
significant clinical responses despite their capacity to induce host anti-tumor CD8 T cell immunity,
and one major hurdle is tumor-mediated immunosuppression. Exosomes are nano-sized inert
membrane vesicles derived from the endocytic pathway that play a critical role in intercellular
communication. DC-derived exosomes (DCexos) additionally carried MHC class I/II (MHCI/II)
often complexed with antigens and co-stimulatory molecules, thus capable of priming antigen-
specific CD4 and CD8 T cells. Indeed, vaccines with DCexos have been shown to exhibit better
anti-tumor efficacy in eradicating tumors compared to DC vaccines in pre-clinical models. Coupled
with their resistance to tumor immunosuppression, DCexo-based cancer vaccines have been heralded
as the superior alternative cell-free therapeutic vaccines over DC vaccines, and have now been tested
in multiple clinical trials. In this review, current studies of DCexo cancer vaccines as well as potential
future directions will be discussed.

Abstract: As the initiators of adaptive immune responses, DCs play a central role in regulating the
balance between CD8 T cell immunity versus tolerance to tumor antigens. Exploiting their function to
potentiate host anti-tumor immunity, DC-based vaccines have been one of most promising and widely
used cancer immunotherapies. However, DC-based cancer vaccines have not achieved the promised
success in clinical trials, with one of the major obstacles being tumor-mediated immunosuppression.
A recent discovery on the critical role of type 1 conventional DCs (cDC1s) play in cross-priming tumor-
specific CD8 T cells and determining the anti-tumor efficacy of cancer immunotherapies, however,
has highlighted the need to further develop and refine DC-based vaccines either as monotherapies
or in combination with other therapies. DC-derived exosomes (DCexos) have been heralded as
a promising alternative to DC-based vaccines, as DCexos are more resistance to tumor-mediated
suppression and DCexo vaccines have exhibited better anti-tumor efficacy in pre-clinical animal
models. However, DCexo vaccines have only achieved limited clinical efficacy and failed to induce
tumor-specific T cell responses in clinical trials. The lack of clinical efficacy might be partly due to
the fact that all current clinical trials used peptide-loaded DCexos from monocyte-derived DCs. In
this review, we will focus on the perspective of expanding current DCexo research to move DCexo
cancer vaccines forward clinically to realize their potential in cancer immunotherapy.

Keywords: dendritic cells; exosomes; vaccines; plasmacytoid DCs; cancer immunotherapy

1. Dendritic Cells, Anti-Tumor Immunity and Dendritic Cell-Based Cancer Vaccines

As the sentinel of the immune system, DCs play a central role in bridging innate and
adaptive immune responses [1]. Known as the most potent professional antigen presenting
cells (APCs), DCs initiate all adaptive immune responses by uptaking, processing, and pre-
senting antigens including tumor antigens to activate naive antigen-specific CD4 and CD8
T cells [2,3]. Since their identification in 1973 [4], intensive studies have shown that DCs are
heterogeneous populations comprising several subsets distinguished by their development,
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phenotype, localization, and functional specialization [5–9]. DCs originate in bone marrow
from progenitors called common myeloid progenitors (CMPs). In the presence of transcrip-
tion factor Nur77, CMPs differentiate into monocytes which can further differentiate into
monocyte DCs (MoDCs) under inflammatory conditions [8]. Alternatively, CMPs differen-
tiate into macrophage/DC progenitors (MDPs) that give rise to common DC progenitors
(CDPs), which then differentiate into two major DC subsets: classical/conventional DCs
(cDCs) and plasmacytoid DCs (pDCs) [5,7–11]. Murine cDCs consist of two subtypes
currently described as cDC1s (CD11b-, type 1 cDCs) and cDC2s (CD11b+, type 2 cDCs),
and their human counterparts are CD141+ DCs (also known as BDCA3+) and CD1c+ DCs
(also known as BDCA1+), respectively [12]. These two subtypes of cDCs differ in their
transcriptional factor dependency, function, and phenotypes. cDC1 cells include lymphoid
tissue CD8α+ cDC1s and non-lymphoid tissue CD103+ cDC1s [13]. cDC1 cells depend on
interferon regulatory factor 8 (IRF8) and basic leucine zipper transcriptional factor ATF-like
3 (Batf3) for their development, and are specialized in presenting internalized antigens
bound to MHCI to CD8 T cells in a process termed cross-presentation [13,14]. cDC2s
depend on interferon regulatory factor 4 (IRF4) and represent a heterogeneous population
with enhanced MHCII antigen presentation that preferentially activate CD4 T cells [15–18].
On the other hand, pDCs are a multifunctional population best known for their specialized
ability in producing and secreting large amount of type I interferons (IFNIs) [19–21]. pDCs
also express high level of IRF8 similar to cDC1s, but depend on the E2-2 transcription
factor for their development from CDPs in both mice and humans [22]. Besides MDPs,
recent studies have shown that pDCs also develop from lymphoid progenitors with distinct
function from their MDP-derived counterparts [23].

Cross-priming, a process which DCs prime CD8 T cells following cross-presentation
of exogenous antigens onto MHCI [24,25], plays a critical role in inducing anti-tumor CD8
T cell immunity as well as mediating CD8 T cell tolerance (cross-tolerance) [26–29]. In fact,
the ability of DCs to cross-present tumor-associated antigens onto an MHCI molecule to
prime CD8 T cells is the foundation of the Cancer-Immunity cycle proposed by Chen and
Mellman [30]. Exploiting DCs’ function to potentiate host anti-tumor immunity, DC-based
vaccines have become one of the most widely-used cancer immunotherapies [7,8,31–34].
However, DC-based vaccines, the vast majority of which make use of monocyte-derived
DCs (MoDCs) differentiated in vitro, remain mostly unsuccessful, only resulting in 5–15%
objective clinical responses in numerous clinical trials. To date, Provenge (Sipuleucel-T)
remains the first and only “DC” cancer vaccine to be approved by FDA for treatment
of castration-resistant prostate cancer in 2010 [35]. Despite mostly unsuccessful clinical
trials, recent findings that cDC1s play a critical role in cross-priming tumor-specific CD8 T
cells and in determining the anti-tumor efficacy of cancer immunotherapies [36–40], has
reignited the efforts to further develop/refine DC-based vaccines either as monotherapies
or combined therapies. One of the major obstacles for DC-based cancer vaccines is tumor-
mediated immunosuppression, often targeting DC function in cross-priming leading to
CD8 T cell tolerance (cross-tolerance) instead of immunity [5,10,11,41–43]. Vaccines with
DC-derived exosomes (DCexos), which are superior in their resistance to tumor-mediated
suppression, bioavailability, and biostability compared to DCs, have demonstrated better
anti-tumor efficacy than DC-based vaccines in preclinical trials, and thus have emerged as
the promising alternative cell-free therapeutic vaccines that could overcome the obstacles
of DC vaccines [44]. This review will examine the results and limitations of clinical trials,
recent development on DCexo research and the future of DCexos as viable cancer vaccines.
For more detailed review on DC-based cancer vaccines, readers are hereby referred to
many recent excellent reviews [6–8,33,34,45].

2. DC-Derived Exosomes and Their Function

All cells release extracellular vesicles (EVs) of different sizes and intracellular origin.
These EVs could be broadly classified into three main groups according to their origin
and size: the nanosized exosomes, microvesicles (MVs, also referred to as ectosomes), and
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apoptotic bodies that are constructed by direct sprouting of the cellular membrane in living
and dying cells, respectively [46–49]. Apoptotic bodies are large vesicles generated by
cells undergoing apoptosis, with 1000–5000 nm in size. MVs are generated through the
direct budding or shedding from the plasma membrane by living cells, with a diameter
from 50 to 1000 nm. On the other hand, exosomes are a heterogenous group of nano-sized
EVs originating from endosomal pathway, with size ranging from 40 to 160 nm (Figure 1).
Exosomes are produced in the endosomal compartment by inward budding of limiting
endosomal membrane into intraluminal vesicles (ILVs) within the lumen of multivesicular
bodies (MVBs, or so-called late endosomes) [48–50]. MVBs are either targeted for lysosomal
degradation or they may fuse with the cellular membrane to release these ILVs into the
extracellular space as free exosomes (Figure 1). Exosomes can contain membrane proteins,
cytosolic and nuclear proteins, extracellular matrix proteins, metabolites, and nucleic
acids including mRNA, miRNA, non-coding RNA, and DNA [49] (Figure 1). Although
Exosomes were initially presumed to be an alternate route to excrete waste products
in order to sustain cellular homeostasis, a seminal study have shown that exosomes
carry and transfer mRNA and miRNA between cells [51]. It is well established now that
exosomes play significant roles in intercellular communications and material transfer of
their cargo [44,52,53]. In addition, exosomes are also no-immunogenic due to their similar
membrane composition to the cells, biostable in vitro and in vivo, capable of targeting
tissues and penetrating of biological barrier, making them attractive delivery vehicles
for genetic material (miRNA, mRNA) and loaded drugs [54,55]. It should be noted that
exosomes have great heterogeneity reflective of their size, content, function, and cellular
origin, and current phenotypic and functional analyses of exosomes have been performed
on only exosome-enriched populations, thus demanding caution when interpreting the
data [49,55,56]. For more in-depth reading, several recent publications provided excellent
comprehensive review on exosomes [46–49].

Figure 1. Biogenesis and characteristics of exosomes. Exosomes are produced in the endosomal compartment by inward
budding of limiting endosomal membrane into intraluminal vesicles (ILVs) within the lumen of multivesicular bodies
(MVBs). MVBs are either targeted for lysosomal degradation or they may fuse with plasma membrane to release these
ILVs into the extracellular space as free exosomes. Exosomes are highly heterogenous with size ranging from 40 to 160 nm.
Besides expressing an array of receptors on their surface, exosomes carry proteins, metabolites and nucleic acids including
mRNA, miRNA, other non-coding RNA and DNA. Tetraspanins (CD9, CD63 and CD81) and other proteins such as Alix
and TSG101 are often enriched in exosomes, and are commonly used as markers for exosomes.
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DC-derived exosomes (DCexo) additionally carry functional MHCI and MHCII, co-
stimulatory molecules (CD80, CD86) and adhesion molecules (ICAM1) involved in antigen
uptake and presentation on their surface, which might be the most prominent feature
distinct from exosomes produced from other immune cells [44,49,55,57]. As DCs process
exogenous antigens in endosomal compartments including MVBs, which in turn fuse
with plasma membrane resulting in the release of DCexos, DCexos have been shown
to express both functional peptide/MHCI and peptide/MHCII complexes (pMHCI and
pMHCII) for priming antigen-specific CD4 and CD8 T cells. It was first reported that
exosomes generated from another APC–B cells express functional pMHCII complexes
on their surface to activate antigen-specific CD4 T cells [58]. DCexos also carry high
level of MHCI molecules, thus affording them the capacity to induce antigen-specific
CD8 T cell responses [59]. Indeed, Zitvogel et al. have showed that DCexos from tumor-
associated antigens (TAAs)–stimulated DCs prime tumor-specific CD8 T cell responses
in vivo, and a single intradermal injection of DCexos achieved better anti-tumor efficacy in
eradicating established tumors compared to the injection of DCs [60]. Although DCexos
have been shown to directly prime T cells in vitro [59,61], this direct mechanism has been
reported to be unable to prime naive T cells and is less likely to play a significant role
in vivo [44,62] (Figure 2). Indeed, studies have shown that DCexos prime antigen-specific
T cells far more efficiently with bystander DCs through indirect mechanisms. Several
exosome membrane proteins, including integrins and ICAMs, facilitate their binding and
subsequent internalization by bystander DCs, leading to indirect antigen presentation.
One of the indirect antigens is called “cross-dressing”, referring to the direct transfer of
exosomal pMHC complexes to the bystander DCs following exosome binding to bystander
DCs (or other APCs) [44] (Figure 2). The second mechanism involves the processing and
presentation of exosomal antigens onto MHC of bystander DCs, following binding and
internalization of DCexos (Figure 2). In one scenario, DCexos pMHCExo complexes could
be reprocessed through endosomal pathway in bystander DCs, resulting in the transfer of
exosomal antigenic epitopes to bystander DC MHC molecules to be presented as pMHCDC
complexes on bystander DCs [44,63] (Figure 2). Alternatively, protein antigens carried
by DCexos, which have been shown previously [64], could be processed by bystander
DCs, and multiple different epitopes for both CD4 and CD8 T cells (or even B cells) could
be presented on MHCDC of bystander DCs (Figure 2). This mechanism might be most
relevant for the use of DCexos as cancer vaccines, as studies have shown that only OVA
protein-loaded but not peptide-loaded DCexos induced strong (allogeneic) CD8 T cell
responses without requiring exosomal MHCI in vivo [65,66].

While DCexo-mediated T cell activation plays a critical function in their potential
application in immunotherapy, DCexos also express NK receptors to induce NK cell
activation [67] (Figure 2). In addition, DCexos have been shown to exert regulatory
functions through exosomal membrane proteins or miRNA [68–70].

The capacity of DCexos to prime T cells—especially antigen-specific CD8 T cells—and
their ability to shuttle different biomolecules, including proteins (such as antigens and
cytokines) and RNAs to modulate immune responses, coupled with their amenability to
modification of their composition and cargos, have presented DCexo-based vaccines as
much improved alternative to DC cell-based vaccines [44,71–74]. Additionally, DCexos
possess other advantages over DC(cell)-based vaccines. (1) DCexos have a more restricted
and controllable molecular composition than DCs, owing to specific sorting and loading
mechanisms. (2) DCexos have much longer shelf life than the very short shelf life of DCs.
(3) DCexos can reach the proper location on secondary lymphoid organs more efficiently
compared to DCs, and could be easily modified to deliver their cargos to specific targeted
destinations [44]. (4) DCs are susceptible to tumor-mediated immunosuppression often
observed in cancer patients, whereas DCexos being inert vesicles are not or more resistant.
(5) DCexos might be more potent than DCs in activating T and NK cells, as DCexos actually
present 10–100 times more pMHC complexes on their surface than DCs and have been
shown to be enriched of activation ligands for NK cells [67,75]. Indeed, it has been reported
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that DCexos loaded with tumor antigens achieved better anti-tumor efficacy in eradicating
established murine tumors compared to vaccines using DCs in preclinical models [60], thus
supporting their clinical application as cancer vaccines [44,57,76–78].

Figure 2. DCexo-mediated antigen presentation to activate T cells. (A): The presence of MHCExo-Ag complexes on the
surface of DCexos enables them to activate antigen-specific CD4 and CD8 T cells directly. Only MHCI and CD8 T cells
are illustrated. NK cell-expressed ligands (NKG2D-L, IL-15R and BAG6) on DCexos can also activate natural killer (NK)
cells directly. (B–C): DCexos activate antigen-specific T cells more efficiently indirectly via bystander DCs. (B): DCexos
can transfer MHCExo-Ag complexes to the DC plasma membrane, a process termed cross-dressing, leading to activation of
antigen-specific T cells. MHC of DCexos and T cells has to be the same while MHC of the bystander DCs is not required.
DCexos can also transfer MHCExo-Ag complexes to tumor cells to be presented to host T cells (not depicted). (C): After
internalization, (C-1) DCexos could transfer antigenic peptides to the MHCDC in bystander DCs. The pMHCDC complexes
could be transported to the DC plasma membrane to be presented to T cells. DCexos, bystander DCs and T cells are required
to have the same MHC in this mode. (C-2) Protein antigens carried by DCexos could be processed by bystander DCs,
and multiple and different epitopes for both CD4 and CD8 T cells could be presented on MHC of bystander DCs. Only
bystander DCs and T cells need to have the same MHC, allowing DCexos to induce allogeneic T cell responses.

3. DC-Derived Exosomes in Clinical Trials

Three clinical trials using DCexos including two phase I and one phase II clinical trials
(see Table 1) have been completed [79–81]. In addition, there was one phase I clinical trial,
which treated advanced colorectal carcinoma (CRC) patients with autologous ascites-derived
exosomes (ASexos) either alone or in combination with GM-CSF [82]. ASexos were prepared
from ascites of the CRC patients, that were enriched for MHCI and MHCII, HSPs (including
HSC70, HSP70 and HSP90), CD80 and ICAM1. While ASexos were mainly derived from CRC
cells in the ascites, they likely also contained exosomes from immune cells including DCs.

Table 1. Summary of current clinical trials with DC-derived exosomes (DCexos).

Cancer
Type

Phase
Exosomes
/Antigen

Doses Patients Toxicity Clinical Outcomes

Advanced
Non-small cell

lung cancer
I

Exosomes were
isolated from

autologous MoDCs
generated in vitro,
and loaded with
MAGE peptides

once weekly for
4 weeks

13 (9 completed)
HLA-A2+ stage IIIb and
IV NSCLC patients with

tumor
expression of MAGE3

or MAGE4

Grade 1–2 toxicity

DTH reactivity against MAGE
peptides in 3/9; MAGE-specific
T cell responses in 1/3 patients
examined; increased NK lytic

activity in 2/4 [79].
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Table 1. Cont.

Cancer
Type

Phase
Exosomes
/Antigen

Doses Patients Toxicity Clinical Outcomes

MAGE3-
expressing
advanced
melanoma

I

Autologous
MoDC-derived
exosomes were

loaded with
MAGE3 peptides

once weekly for
4 weeks

15 stage IIIb and IV,
HLA-A1+, B35+ or

HLA-DPO4+ patients

Only grade 1
toxicity

No detectable
MAGE3-specific CD4 and

CD8 T cell responses;
restored NKG2D expression

and NKG2D-dependent
function of NK cells in 7/14

patients; 1/15 partial
responses [67,80].

Advanced
colorectal

cancer
I

Exosomes from
patient ascites +
GM-CSF, ASexos
contained CEA

with no
additional

antigen loading.

once weekly for
4 weeks

40 HLA-A2+CEA+

stage III and IV
CRC patients

Grade 1–2 toxicity

DTH induction in both
groups, and CEA-specific

CTL responses were
observed in ASexo +

GM-CSF group.
1 stable disease and 1 minor

response in ASexo +
GM-CSF group [82].

Non-small
cell lung
cancer

II

IFN-γ-matured
autologous

MoDCs were
loaded with both

MHCI and
MHCII

tumor epitopes.

exosome
immunization in
1, 2 and 3 week

intervals in a
maintenance
immunother-
apy regime

26 (22 HLA-A2+ stage
IIIb and IV

NSCLC patients

1/22 grade 3
hepato-toxicity

No detectable induction of
antigen-specific T cell
responses; increased

NKp30-dependent NK cell
function; 7 patients (32%)

with progression-free
survival at 4 months after

chemotherapy cessation; no
objective tumor response

according to RECIST
criteria [81].

4. DCexo Phase I Clinical Trials

The first phase I clinical trial with DCexos as cancer vaccines employed DCexos
obtained from autologous immature monocyte-derived DCs (MoDCs) (Table 1). Exosomes
were isolated by ultracentrifugation and loaded with both MHCI and MHCII melanoma-
associated antigen (MAGE) peptide epitopes. An MHCI-restricted cytomegalovirus (CMV)
peptide and an MHCII-restricted tetanus toxoid-derived peptide were also loaded onto
exosomes. Peptides were loaded either directly onto isolated exosomes, or indirectly by
adding peptides into DC culture that produced exosomes, and the antigen-loaded exosomes
were then administered into advanced non-small cell lung cancer (NSCLC) patients [79]. A
total of 13 HLA-A2+ patients with pre-treated advanced stage (IIIb and IV) NSCLC were
enrolled, and 9 patients completed therapy after receiving 4 exosome doses at weekly
interval. Only grade 1–2 toxicity and no autoimmune reactions were observed, suggesting
that the exosome vaccine was safe and well-tolerated in patients similar to DC vaccines.
One week after the last DCexo injection, three patients of the tested participants, who had not
shown MAGE-specific immune responses before DCexo injections, exhibited systemic MAGE-
specific immune reactivity as measured by delayed- type hypersensitivity (DTH) response.
Increased MAGE-specific T cell responses were only observed in one of five patients examined
by enzyme-linked immunospot (ELISPOT) assay. However, no antigen (MAGE)-specific T cell
responses were observed in PBMCs by in-vitro assays. The low rate of T cell activation was
attributed to potential suppression by regulatory T cells (Tregs, CD4+CD25+ T cells). In two of
three patients examined, the percentages of Tregs out of total CD4+ T cells were increased
following DCexo vaccinations. Interestingly, two of four tested samples exhibited increased
NK cell lysis activity. Overall, the NSCLC phase I study showed that DCexo vaccines were
well-tolerated with an acceptable safety profile, with disease stability observed in two patients
who had progressive cancer at diagnosis. In addition, disease stability continued for over
12 months in two of four patients with stable disease [79].

The other DCexo phase I clinical trial enrolled 15 MAGE3+ advanced (stage IIIb or
IV) metastatic melanoma (MM) patients (Table 1). Exosomes were isolated by ultracen-
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trifugation from autologous immature MoDCs, and loaded with both MHCI and MHCII
MAGE3 peptide epitopes either directly or indirectly. Similar to the NSCLC trial, an MHCII-
restricted tetanus toxoid-derived peptide was also loaded unto DCexos. All patients were
administered 4 doses of DCexos at a weekly interval, and evaluation of the vaccine efficacy
was conducted two weeks after vaccinations. Of these patients, one patient exhibited
a partial response to DCexo immunotherapy. In this patient, a halo of depigmentation
around naevi was observed, and the arterial neovasculature disappeared and tumor size
reduced. This patient received 4 months of continuation therapy with DCexos, leading to
disease stabilization and reduced toxicity. Stabilization of the disease for up to 24 months
was also observed in another patient who was given continued DCexo immunotherapy.
Overall, this clinical trial resulted in two stable diseases, as well as one minor, one partial,
and one mixed response at lymph nodes or skin. Some of these responses were achieved
in patients with progressive disease who had formerly been given other cancer therapies.
Similar to the NSCLC phase I clinical trial, neither DTH responses or MAGE-specific T cell
responses were observed in peripheral blood, although T cell responses against MART1
(melanoma antigen recognized by T cells 1) which were not included in the vaccines, were
detected [80]. In contrast, NK cell effector functions were enhanced in peripheral blood of
8/13 patients following DCexo vaccination [80], thus suggesting that augmented NK cell
functions in vivo might account for the T cell-independent clinical responses.

As enhanced NK cell activation was observed in the two phase I clinical trials, Viaud
S. et al. further examined whether NK cell activation instead of T cells could be responsible
for the clinical effects observed in the clinical trial carried out by Escudier B. et al. [67].
Indeed, exosomes generated from immature human DCs express killer cell lectin–like
receptor subfamily K, member 1 ligands (NKG2D-L), which can directly interact with
NKG2D on NK cells, resulting in their activation [67]. Examining samples from the DCexo
clinical trial on MM [80], Viaud S. et al. observed that circulating NK cell numbers were
significantly increased after 4 DCexo vaccinations. Moreover, the expression of NKG2D
and NK cytotoxicity were restored after vaccinations in 50% of patients who had NK cell
function defects at the beginning of the clinical trial [67]. Further studies have shown that
DCexo vaccinations induce NK cell proliferation in an IL-15Rα–dependent manner. These
findings on DCexo-mediated effects on NK cells are consistent with improved control
of tumor metastasis in B16F10-bearing C57BL/6 mice by NK1.1+ cells [67]. Interestingly,
exosomes generated from human immature DCs have also been reported to express BCL2-
associated athanogene 6 (BAG6, also known as BAT3), a ligand for NKp30 receptors
expressed on NK cells [83,84]. Cytokine production of NK cells has been reported to
directly correlate with exosomal BAG6 expression levels l [84]. Additionally, DCexo
expression of TNF superfamily ligands TNF, FasL, and TRAIL on their surface activate
NK cells and stimulate them to secrete IFN-γ [69]. Taken together, the two phase I clinical
trials and follow-up studies suggest that DCexos likely possess the capability to activate
NK cells to generate anti-tumor immunity.

The third phase I clinical trial that might involve DCexos used ascites-derived ex-
osomes (ASexos) alone or in combination with GM-CSF to treat 40 advanced colorectal
carcinoma (CRC) patients [82] (Table 1). Exosomes were prepared from patient ascites, and
were shown to be enriched in MHCI and MHCII, CD80, and ICAM1 similar to DCexos. In
addition, these ASexos also contained the immunogenic carcinoembryonic antigen (CEA)
of CRC. The patients received 4 weekly immunizations. Unlike the other two phase I clinical
studies, DTH responses as well as CEA-specific CTL cell responses were observed in patients
treated with ASexos plus GM-CSF. A higher level of tumor-associated antigens (TAAs) in
ASexos may be responsible for the augmented T cell responses compared to the two aforemen-
tioned DCexo phase I trials. Despite the T cell responses, however, no detectable therapeutic
responses were observed with the exception of one stable disease and a minor response after
ASexos plus GM-CSF treatment. Another drawback for this model is that the majority of
the ASexos were likely derived from the CRC cells instead of immune cells including DCs,
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and tumor-derived exosomes have been shown to be often immunosuppressive and promote
tumor growth, metastasis, and development of drug resistance [85,86].

5. DCexo Phase II Clinical Trial

The limited clinical benefit shown by the phase I trials using exosomes from immature
MoDCs prompted researchers to design and develop innovative strategies to promote
DCexo-induced anti-tumor host immune responses. Based on previous studies showing
that DCexos from mature DCs prime T cells more efficiently compared to DCexos from
immature DCs [61,87], one strategy is to utilize DCexos originated from matured DCs.
A clinical-grade process for producing DCexo vaccines was developed with human DC
cultures [88]. Here, IFNγ was employed to stimulate human MoDCs in culture, and
subsequently, costimulatory factors and ICAMs were upregulated, resulting in second-
generation DCexos (IFNγ DCexos) with increased immunostimulatory capacity [88]. A
phase II clinical trial was carried out with these second-generation IFNγ DCexos, aim-
ing to investigate whether maintenance immunotherapy of advanced NSCLC patients
using IFNγ–DCexos could increase progression-free survival (PFS) at 4 months following
platinum-based chemotherapy [81] (Table 1). Twenty-two advanced HLA-A2+ NSCLC
patients who had inoperable (stage IIIb or IV) NSCLC with neutrophils ≥1.5 × 109/L
and showed immune responses or disease stabilization following 4 rounds of a first-line
platinum-based chemotherapy were eligible to receive IFNγ DCexos [81]. Both MHCI-
restricted (MAGE-A1, MAGE-A3, NY-ESO, MART1) and MHCII-restricted (EBV) TAA
were used. Patients first received 3 weeks of metronomic oral low-dose cyclophosphamide
(CTX) prior to IFNγ DCexo maintenance therapy, based on both preclinical and clinical
data showing that this protocol reduces Treg function and induces IFN-γ/IL-17–producing
T cells [89–92]. Of these participants, 7 patients (32%) exhibited stable disease after 9 times
of IFNγ DCexo vaccinations, and proceeded to receive DCexo therapy every 3 weeks.
Unfortunately, a PFS of 50%, the primary end-point of the trial, was not reached, and no
objective response was reported in the clinical trial. However, one patient exhibited a
long-term disease stabilization, which allowed for surgical removal of the tumor and the
eligibility for local adjuvant radiotherapy.

As to immunological readouts, the use of IFNγ DCexos as cancer immunotherapy
were again insufficient to induce TAA-specific T cell responses in patients despite loading
of multiple epitopes and CTX adjuvant therapy [81]. Thus, the immunostimulatory effects
by IFNγ DCexos was likely mediated via augmented NK cell activation through NKp30
signaling. Indeed, increase in NKp30-mediated IFNγ and TNFα production by circulating
NK cells was observed upon four IFNγ DCexo vaccinations, although NK cells in these
advanced NSCLC patients only exhibited low levels of NKp30. More significantly, this
increased NKp30-elicited NK cell activation correlated with longer PFS. In addition, the
membrane-associated NKp30 ligand, BAG6, was detected on the membrane of DCexo
vaccine preparations and was reported to play a critical role in mediating NK cell activation
through a NKp30-dependent manner, thus supporting IFNγ DCexos promote NK cell
activation/function through a NKp30-dependent mechanism. Moreover, BAG6 levels
correlated with the MHCII concentrations of DCexos and NKp30-dependent NK cell
activation. It should be noted that the NKp30-dependent NK activation differs from the
finding of the phase I clinical trial on MM where NKG2D/NKG2D-L (and potentially
IL-15/IL-15Rα) signaling mediated DCexo-induced NK activation [67,80]. Given that the
DCexos employed in the MM clinical trial were not generated from MoDCs matured by
IFNγ, which has been shown to upregulate BAG6, NKG2D/NKG2D-L–mediated NK cell
activation likely plays a more prominent role instead of NKp30/BAG6 signaling.

Overall, these DCexo phase I and II clinical trials have demonstrated that DCexo
vaccines are well-tolerated and safe, and are amenable to large-scale production in clinical
settings. While only partial or minor responses were observed in these clinical trials with
small number of patients, some patients achieved stabilization of disease.
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While we focused our discussion on DCexos, it’s worth pointing out that exosomes
from tumor cells, mesenchymal stem cells, and other immune cells such as B cells,
macrophages, and NK cells, T cells have also been examined for their application in cancer
immunotherapy [55,62]. Indeed, tumor cells were likely the main source of the ASexos in
one of the clinical trials we mentioned above [82]. Although tumor cell-derived exosomes
(Texos) are capable of inducing anti-tumor immune responses, Texos generally seem to
exhibit immune-suppressive functions [55,62]. Nevertheless, vaccines with Texos have
emerged as promising cancer vaccines, likely due to their enrichment of tumor antigens
making them capable of inducing T and B cell responses [93]. One promising approach to
counter the suppressive properties of these exosomes is exosome engineering—to modify
surface molecules on exosomes to induce tumor cell death or improve targeted delivery of
exosomal cargos, to modify exosomal contents to deliver miRNA, mRNA, and cytokines
for immune modulation, thus improving their efficacy [72,73]. The application of these
exosomes was excellently reviewed recently [47,86,93,94].

6. Conclusions and Future Directions

The three clinical trials of DCexos as cancer vaccines have shown limited clinical
efficacy in advanced cancer patients, which could be attributed to weak induction of
adaptive immune responses specifically T cell responses in these patients. The poor
adaptive immune responses could be potentially due to several factors: (1) the heterogeneity
and the limited number of the patients, who had received previous treatments before
enrollment; (2) systemic and local immunosuppressive mechanisms often present in these
advanced-stage patients; (3) lack of sufficient maturation/adjuvant signals; (4) autologous
MoDCs might not be the best DCs to achieve the optimal anti-tumor T cell responses; and
(5) T cell antigens employed in these clinical trials might be insufficient to induce tumor
antigen-specific T cell responses [44,63].

Given the low clinical efficacy and lack of antigen-specific T cell responses in all
clinical trials with DCexos, there is a critical need to develop strategies to augment DCexo
functions in generating anti-tumor T cell immunity to improve the anti-tumor efficacy of
DCexo vaccines. A number of approaches have been discussed in detail in several reviews
recently [44,63,95]. Briefly, the following improvements have been proposed: (1) Based on
the phase II trial data on NSCLC [81], DCexo immunotherapy was likely most effective
in patients with measurable levels of serum BAG6, which is possibly related to NKp30
functional defects. Thus, selection of patients who showed downregulation or defective
functions of NK receptors (particularly NKG2D or NKp30), will likely improve the efficacy
of DCexo therapy. The screening of NK receptors in the patients can be achieved now
by using high-dimensional immunoprofiling approach such as CyTOF [96]. Along the
same line, to generate synergistic immunogenic effects against NK-dependent cancers
including gastrointestinal stromal tumors, neuroblastomas, and kidney cancers, DCexo
vaccines could be combined with NK-based therapies, such as anti-KIR Ab (anti-killer
cell immunoglobulin-like receptor antibody) [97–99]. (2) To counter systemic or local im-
munosuppressive mechanisms often observed in patients with advanced cancers, DCexo
vaccines could be combined with other therapy regimes that reduce tumor-mediated im-
munosuppression. For example, in the phase II clinical trial DCexo vaccines were combined
with CTX treatment [81], which has been shown in preclinical and clinical studies to reduce
Treg function and stimulate dual IFN-γ/IL-17–producing T cells [89–92]. Unfortunately,
objective responses were not observed in the Phase II NSCLC clinical trial even with the
combination treatment, likely due to the advanced stages of NSCLC. However, combi-
nation treatments with other immunotherapies including immune checkpoint blockade
(ICB) remain promising approaches. (3) To employ additional TLR ligand adjuvants as DC
maturation signals, as DCexo-induced anti-tumor immune response directly depends on
the degree of maturity of DCs and the type of maturation stimuli. For example, DCexos
from DCs treated with poly(I:C) have been shown to be the most efficient in a model of
B16-OVA melanoma in vivo compared to other TLR ligands, inducing robust activation of
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melanoma-specific CD8 T cells in tumor-draining lymph nodes, spleen, and tumor tissues
and recruited NK and NKT cells to the tumor site, resulting in drastic inhibition of tumor
growth and an increase in survival in tumor-bearing animals [100]. Together with other
studies, TLR3 ligand poly(I:C) seems to be a favorable TLR agonist for DC maturation
during antigen loading, which significantly increased the potential for DCexo-induced anti-
tumor immunity, and could be employed as a promising maturation stimulus to generate
DCexos in future clinical trials. (4) In addition, DCexos could be engineered to improve
their migration and immunostimulatory capacity. DCexos could be modified to express
TNF, FasL, and TRAIL to target tumor cells directly and induce tumor cell apoptosis, and
DCexos could be engineered to transfer miRNAs, cytokines, and chemokines, mRNAs
that encode relevant neoantigens or regulatory proteins to modulate gene functions in
targeted immune cells or cancer cells. Similarly, immortalized DC cell lines, which could
bypass the demanding procedure of generating autologous MoDCs on advanced cancer
patients, could be amendable to generate DCexos of desired modification. (5) For DC
vaccines, one promising approach to overcome the functional limitations of autologous
MoDCs used in all three DCexo clinical trials is to use naturally circulating primary DCs
(nDCs) [45,101]. Indeed, several clinical trials using naturally circulating DCs including
cDC2s and/or pDCs have shown that nDC vaccines are safe and well-tolerated in patients,
with the induction of antigen-specific immunity in some patients [102–107]. Conceivably,
corresponding exosomes generated from theses DCs could be tested as vaccines. Simi-
larly, exosomes from immortalized DC cell lines such as the human pDC cell line used in
GeniusVac-Mel4 clinical trial) would bypass the need of using autologous MoDCs [108].
(6) To expand TAAs beyond the current T cell-restricted epitopes to augment anti-tumor
adaptive immune responses, as recent studies have suggested that both B cells and CD4 T
cells played critical role in DCexo-induced antigen-specific CD8 T cell responses [64,65].
In addition, the same group has shown that DCexos loaded with protein antigens but not
with peptide antigens were capable of inducing allogeneic CD8 T cell responses, leading to
the suggestion that allogeneic DCexos should be tested as cancer vaccines [66].

It should be noted that the two major presumed advantages for DCexo vaccines over
DC-based vaccines; namely, better anti-tumor efficacy and resistance to immunosuppres-
sion, have not been realized in the three DCexo clinical trials [79–81]. While these strategies
discussed above will undoubtedly improve on current DCexo-based cancer vaccines, they
are unlikely to overcome the hurdles to move DCexo vaccines forward as discussed below.
One of the major drawbacks of the DCexo clinical trials is that all three current DCexo
clinical trials use peptide-pulsed DCexos from labor- and cost-intensive autologous MoDCs,
based on the idea that exosomal pMHC complexes play a critical role in priming T cells.
MoDCs were generated from autologous DC culture systems [44], where a leukapheresis is
performed on already immunocompromised advanced cancer patients. The patient loses
important immune cells, and the cells may be suboptimal. Indeed, ex vivo differentiated
MoDCs have been shown to differ from the primary DCs both in phenotypic and transcrip-
tional features and are less efficient in migratory capacity and T cell activation [95]. All
three DCexo clinical trials, however, have shown limited clinical efficacy and induced little
or no antigen-specific T cell responses, although enhanced NK cell activity was observed,
which likely contributed to the improved clinical outcomes [79–81]. Collectively, these data
suggest that exosomal pMHC complexes on peptide-pulsed DCexos from autologous MoDCs
are likely not sufficient and/or critical to prime T cells in vivo, consistent with recent report
showing that protein-loaded DCexos but not peptide-loaded DCexos induced antigen-specific
T cell responses in vivo [65]. However, protein-loaded DCexos have not been tested in clinical
settings. Given that current DCexo studies are focusing only on peptide- or protein-loaded
DCexos from ex vivo differentiated MoDCs [44,109], there is an urgent need to expand our
studies on DCexos beyond MoDCs, to develop new approaches to generate DCexos that are
able to prime (CD8) T cells and generate anti-tumor immunity in vivo.

Several developments support/demand the expansion of DCexos from other DCs such
as other DC subsets and primary DCs. For example, clinical trials with naturally circulating
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primary DCs including CD1c+ conventional type 2 DCs (cDC2s) and plasmacytoid DCs
(pDCs) are well-tolerated and safe in patients with promising results [103,104,107]. A new
report on previously unreported pDCexos offers an important and exciting addition to
current arsenal of DCexos [110], which we will discuss in more details.

7. Plasmacytoid DC-Derived Exosomes—The New Addition to DCexos

Although pDCs were generally thought to play a tolerogenic role in tumors as accumu-
lation of pDCs in multiple tumors was often associated with poor prognosis [20,21,111–113],
immunotherapies with pDCs either alone or in combination with cDCs have shown promis-
ing clinical results [45,101,103,114,115]. However, it remains unclear whether pDCs exert
their effects directly through their cross-priming or indirectly by regulating other immune
cells (i.e., cDCs, regulatory T cells, and NK cells) through pDC activation and subsequent
production of IFNI and other cytokines [116,117]. In fact, even the involvement of pDCs
in cross-priming in vivo is still under debate [118–121], although pDCs have been shown
to be capable of cross-presentation in vitro [122–126]. Moreover, whether pDCs generate
exosomes have not been investigated, although earlier studies have shown that exosomes
could regulate the functions of pDCs [127–129].

As it remains unclear how pDCs exert their functions in inducing anti-tumor CD8 T
cell immunity or promoting tolerance, our group decided to use a pDC-targeted vaccine
model to investigate how pDCs achieve cross-priming of antigen-specific CD8 T cells [110].
Previous studies have shown that pDC-targeted anti-Siglec-H and anti-Bst2 antibodies
delivered antigens to only pDCs, but not cDCs in vivo [130,131]. As anti-Siglec-H-Ag have
been reported to induce CD4 T cell tolerance with or without adjuvants [130], we first
employed pDC-targeted anti-Siglec-H-OVA to investigate if pDCs similarly cross-prime
CD8 T cells to induce tolerance in vivo. To our surprise, vaccination with anti-Siglec-
H-OVA plus CpG as adjuvant resulted in strong cross-priming of OVA-specific CD8 T
(OTI) cells and recalled memory CD8 T cell responses [110]. Interestingly, pDC-mediated
cross-priming in vivo is dependent on non-targeted cDCs, as depletion of cDCs abrogated
effector differentiation of antigen-specific CD8 T cells [110]. Further analysis revealed that
while pDCs transferred antigens to cDCs leading to both pDCs and cDCs expressing MHCI-
antigen (pMHCI, H-2Kb-SIINFEKL) complexes on their surfaces, only cDCs but not pDCs
effectively primed naive OTI cells ex vivo, suggesting that pDCs likely achieve cross-priming
by transferring antigens to non-targeted cDCs [110]. Taking advantage of an in vitro culture
system where antigens were only accessible to pDCs, we were able to confirm the requirement
of bystander cDCs for pDC-mediated cross-priming, showing that cross-presenting pDCs
primed naive CD8 T cells by transferring antigens to bystander cDCs [110]. Thus, our
data suggest that cross-presenting pDCs transferred antigens to naïve bystander cDCs, thus
conferring bystander cDCs the ability to cross-priming CD8 T cells [110].

We next investigated how cross-presenting pDCs transferred the antigens to cDCs.
Using multiple approaches, we have further demonstrated that cross-presenting pDCs
transferred antigens to bystander cDCs through pDC-derived exosomes (pDCexos). In-
terestingly, pDCexo-mediated priming of CD8 T cells was dependent on the presence
of bystander cDCs, similar to cross-presenting pDCs, suggesting that cross-presenting
pDCs achieve cross-priming through a novel mechanism of pDCexo-mediated antigen
transfer to cDCs [110]. The pDCexo-mediated antigen transfer to cDCs is not limited to
targeting pDCs via Siglec-H. Using both soluble proteins and antigens targeted to pDCs
through anti-Bst2, we further showed that pDCs loaded with soluble proteins or antigens
delivered through anti-Bst2 generated pDCexos, which similarly induced cDC-dependent
cross-priming by transferring antigens to bystander cDCs. Taken together, our data has
suggested that pDCs employ an exosome-mediated and cDC-dependent mechanism for
cross-priming under multiple settings [110].

151



Cancers 2021, 13, 3667

8. The Future of DCexos as Cancer Vaccines?

The identification of previously unreported pDCexos not only provides an interesting
addition to current DCexo arsenal, but also open up new avenues for expanding DCexo
research. As pDCexos function similarly to their counterpart pDCs, it’s worthy to explore
exosomes from different in-vitro differentiated DCs, as well as primary DCs to determine
their potential in cancer vaccines [102–107,132].

As multiple clinical trials of pDC-based vaccines have already reported promising
results [103,108,115], it is conceivable that cancer vaccines with pDCexos could combine
the advantages of both pDC and DCexo vaccines. Compared to pDCs, pDCexos are more
resistant to tumor-mediated immunosuppression and more biostable, and thus might
achieve better anti-tumor efficacy. More excitingly, a pDC vaccine clinical trial using a
human pDC cell line (GeniusVac-Mel4 clinical trial) has shown promising results [108]. The
availability of multiple well-characterized human pDC cell lines, including the one used
in GeniusVac-Mel4 clinical trial [108,133–135], will in theory produce pDCexos without
quantity limitation at low cost, and eliminate the need of the demanding leukapheresis
on vaccine patients often with advanced cancers. Production of pDCexos from these
immortalized pDC cell lines will also reduce production time and is more amendable to
quality control and scale up. Further studies on these pDCexos are warranted to determine
their potential clinical application in cancer immunotherapy.

On the other hand, the use of DC-targeted antibody carrying desired antigens to
generate pDCexos also opens up the field beyond the current peptide- or protein-loaded
DCexos [44,109]. As cDC1-targeted anti-DEC-205-antigen has been shown to be about
1000 times more efficient in cross-presentation compared to soluble protein antigens [136], it
would be interesting to investigate if pDCexos loaded with pDC-targeted antigens are also
more efficient in cross-priming than pDCexos loaded with non-targeted protein antigens.
Along the same line, our identification of pDCexos loaded with pDC-targeted antigens
prompted us to ask if we could similarly generate cDC-derived exosomes (cDCexos) using
cDC-targeted antigens such as anti-DEC-205-Ag, and whether such exosomes function
more efficiently in cross-priming than cDCexos loaded with peptide antigens or non-
targeted protein antigens. Of note, human anti-DEC-205 carrying NY-ESO-1 targeting
DEC205-expressing cDCs induced both humoral and NY-ESO-1-specific CD4 and CD8
T cell responses, and achieved partial clinical responses in a phase I clinical trial [137].
Studies are warranted to further investigate how these pDCexos and/or cDCexos loaded
with DC-targeted antigens function in vivo to determine if these DCexos are suitable as
cancer vaccines.

Another related question raised from our pDCexo study is how pDCexos generated with
pDC-targeted antigens transfer antigens to cDCs to achieve CD8 T cell priming. Interestingly,
Gabrielsson’s group has reported recently that DCexos generated with soluble OVA protein
carried intact OVA protein [64], and these OVA-loaded DCexos induced strong allogeneic CD8
T cell responses requiring no exosomal MHC [65,66]. As uptake of pDC-targeted antigens was
mediated by receptor-mediated endocytosis similar to soluble OVA protein [138], pDCexos
might similarly carry intact antigens to be transferred to bystander cDCs. Indeed, our
preliminary data have shown that pDCexos loaded with pDC-targeted anti-Siglec-H-Ag
carried the intact anti-Siglec-H-Ag and efficiently primed allogeneic CD8 T cells in vitro and
in vivo [139]. Future studies are warrantied to determine if pDCexos could be employed as
impersonalized vaccines that are broadly applicable without MHC restriction [63]. Together
with the potential of generating pDCexos from available human pDC cell lines, one of which
has already been employed in a clinical trial with promising results [108], we would argue
that pDCexos might represent the most promising DCexo candidate as cancer vaccines that
could overcome the hurdles presented in previous DCexo clinical trials.

While we are focused on the application of exosomes in cancer immunotherapy,
exosome-based vaccines have also emerged as good candidates for rapid development
of vaccines against infectious diseases due to their increased efficacy and versatility [71].
Cross-talk between their applications in cancers and infectious diseases will likely benefit
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both fields. Indeed, a casual search will find that at least 7 registered human clinical trials
are testing exosomes/EVs as therapeutics for treating severe acute respiratory syndrome
coronavirus 2 (SARS-CoV2) (ClinicalTrials.gov Identifier: NCT04276987, ClinicalTrials.gov
Identifier: NCT4384445, ClinicalTrials.gov Identifier: NCT04389385, ClinicalTrials.gov
Identifier: NCT04491240, ClinicalTrials.gov Identifier: NCT04493242, ClinicalTrials.gov
Identifier: NCT04602442 and ClinicalTrials.gov Identifier: NCT04798716). Our recent
study has shown that resting primary HPBCs harbor abundant cytoplasmic angiotensin-
converting enzyme 2 (ACE2) protein and that circulating exosomes contain ACE2, the
surface expression of which is indispensable for SARS-CoV2 infection of circulating mono-
cytes/macrophages [140], highlighting the potential of exosome-based and/or exosome-
targeted immunotherapies against COVID-19. Furthermore, exosome-based vaccines might
potentially synergize with mRNA-based vaccines, which have shown much success in
generating efficient vaccines against SARS-CoV2 [141]. Indeed, mRNA-based vaccines are
revolutionizing the field of rapid development of vaccines for emerging pathogens and
have reported encouraging data in personalized neoantigen vaccines using mRNAs encod-
ing neoantigens of patients [142,143], although achieving an efficient cytoplasmic delivery
of mRNA to target cells remains one major challenge. Exosomes/EVs are known to play
a critical role in intercellular communication, shuttling proteins, metabolites and nucleic
acids including mRNA, miRNA, non-coding RNA, and DNA [47,49,78]. While exosomes
have not been tested as potential vehicles in mRNA vaccination, exosomes have been re-
ported to be excellent vehicles to transport mRNAs and to target the delivery to secondary
lymphoid organs efficiently [144]. More importantly, direct application of mRNA or its
electroporation into DCs was shown to induce polyclonal antigen-specific CD4 and CD8 T
cell responses as well as the production of protective antibodies with the ability to eliminate
transformed or infected cells [141]. More than 10 clinical trials on mRNA vaccines using
DCs as vehicles have been completed, with similar number of ongoing clinical trials [141].
Given that exosomes are amendable to modification by introducing exogenous cargos
into or unto exosomes, either through direct modification or manipulation of the parental
cells [71–74], exosomes could serve as suitable vehicles for delivering mRNAs as vaccines.
Similarly, DCexos would be easily modified to carry multiple desired mRNAs to augment
anti-tumor immune responses and improve the anti-tumor efficacy of mRNA-based cancer
vaccines. Thus, combining exosome-based and mRNA-based vaccines might represent a
promising strategy to further improve mRNA-based vaccines again infectious diseases and
cancer (Figure 3).

Figure 3. Exosome-based mRNA vaccines for immunotherapy. Combining exosome and mRNA vaccines might represent a
promising strategy to further improve mRNA-based vaccines again infectious diseases and cancer: receptors on exosomes
could enhance the targeted delivery of mRNAs, and multiple mRNAs could be efficiently delivered.
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Despite the great promise of DCexo-based immunotherapy, the advance of DCexos as
cancer vaccines has stalled due to the limited clinical efficacy of recent clinical trials [79–81].
However, the expansion of DCexos beyond the peptide-loaded DCexos from MoDCs,
coupled with recent advance in exosome-based therapies against COVID-19 and their
potential use in combination with mRNA-based vaccines, suggest that the future for
exosomes/DCexos as cancer vaccines is very bright.
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Simple Summary: The intracellular heat shock protein 70 (HSP70) is essential for cells to respond
to stress, for instance, by refolding damaged proteins or inhibiting apoptosis. However, in cancer,
HSP70 is overexpressed and can translocate to the extracellular milieu, where it emerged as an impor-
tant modulator of tumor-associated immune cells. By targeting the tumor microenvironment (TME)
through different mechanisms, extracellular HSP70 can trigger pro- or anti-tumorigenic responses.
Therefore, understanding the pathways and their consequences is crucial for therapeutically targeting
cancer and its surrounding microenvironment. In this review, we summarize current knowledge
on the translocation of extracellular HSP70. We further elucidate its functions within the TME and
provide an overview of potential therapeutic options.

Abstract: Extracellular vesicles released by tumor cells (T-EVs) are known to contain danger-
associated molecular patterns (DAMPs), which are released in response to cellular stress to alert the
immune system to the dangerous cell. Part of this defense mechanism is the heat shock protein 70
(HSP70), and HSP70-positive T-EVs are known to trigger anti-tumor immune responses. Moreover,
extracellular HSP70 acts as an immunogen that contributes to the cross-presentation of major histo-
compatibility complex (MHC) class I molecules. However, the release of DAMPs, including HSP70,
may also induce chronic inflammation or suppress immune cell activity, promoting tumor growth.
Here, we summarize the current knowledge on soluble, membrane-bound, and EV-associated HSP70
regarding their functions in regulating tumor-associated immune cells in the tumor microenviron-
ment. The molecular mechanisms involved in the translocation of HSP70 to the plasma membrane of
tumor cells and its release via exosomes or soluble proteins are summarized. Furthermore, perspec-
tives for immunotherapies aimed to target HSP70 and its receptors for cancer treatment are discussed
and presented.

Keywords: HSP70; extracellular vesicles; tumor microenvironment; cancer; immune modulation

1. Introduction

Heat shock protein 70 (HSP70/HSPA1A/HSP72) is a molecular chaperone and be-
longs to the HSP70 family. It is upregulated upon stress-stimuli, such as heat, exercise,
or pathological stress. HSP70 comprises a plethora of crucial housekeeping and chaper-
one activities, including folding of newly synthesized proteins, refolding or disposal of
damaged proteins, preventing protein aggregates, or translocating proteins to different
compartments. In addition, HSP70 can directly inhibit apoptosis, thus protecting cells from
stress-induced cell death [1]. However, in pathologies like cancer, upregulated HSP70 can
lead to disease progression and therapy resistance [2]. The chaperone consists of three
main domains, the N-terminal ATPase domain (NBD), the substrate-binding domain (SBD),
and a C-terminal domain. The NBD is crucial for binding and hydrolyzing ATP to ADP,
thus regulating the chaperone’s conformational state. In general, the binding of ATP leads
to an open or low-affinity conformation allowing HSP70 to bind its substrates via its SBD.

Cancers 2021, 13, 4721. https://doi.org/10.3390/cancers13184721 https://www.mdpi.com/journal/cancers160
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In the ADP state, the chaperone turns into a closed or high-affinity conformation in which
the protein is further protected and processed. Importantly, all functions of HSP70 require
different co-chaperones, such as BCl-2-associated anthanogene 3 and 4 (BAG3, BAG4) or
carboxy-terminus of HSP70 interacting protein (CHIP), and is mainly mediated by the
C-terminal region of the chaperone [1]. Initially, HSP70 was identified as an intracellular
protein (iHSP70), but it can translocate to the extracellular milieu (exHSP70) under stressful
conditions. This includes physiological stress (e.g., physical activity) and pathological
stress (e.g., cancer) and is higher in the latter. Hereby, it is either associated with the plasma
membrane (mHSP70), with extracellular vesicles (evHSP70), or secreted as soluble proteins
(sHSP70) [2].

Extracellular vesicles (EVs) are nanoparticles secreted by virtually all cells under
physiological and pathophysiological conditions. EVs differ in size, origin, and cargo and
can be mainly subdivided into ectosomes and exosomes [3]. Ectosomes, also referred to as
microvesicles, are generally described as particles with a size of 50–1000 nm, generated by a
direct outward budding of the plasma membrane. In contrast, exosomes are small EVs with
a size between 40 and 200 nm and are generated along an endosomal pathway by double
invagination of the plasma membrane (Box 1). EVs contain a plethora of molecules, includ-
ing proteins, lipids, and nucleic acids, usually reflecting the cell of origin [3]. In the past,
it has been speculated that they function as trash bins to remove unwanted cellular com-
ponents; however, increasing evidence demonstrates crucial functions as an intercellular
communication system [3–5].

Box 1. Biology and function of exosomes

Exosomes are small extracellular vesicles (40–200 nm; small EVs), which are produced by a double
invagination of the plasma membrane. In particular, endocytosis leads to the generation of early
sorting endosomes (ESE), containing factors from the cell membrane and the extracellular milieu.
After maturation to late sorting endosomes (LSE), a second invagination of the membrane occurs,
leading to the formation of multivesicular bodies (MVB) containing future exosomes. During MVB
formation, cargo is specifically sorted to the vesicles by several distinct mechanisms. The endosomal
sorting complexes required for transport (ESCRT) machinery is widely believed to play a role in the
sorting process; however, specific loading mechanisms remain largely unknown and need to be
elucidated. Typical exosomal markers often include ESCRT components, such as Alix or TSG101.
Interestingly, HSP70 is also described as an exosome marker; however, its expression is not specific
to the small EVs. The cargo can include various proteins, lipids, or nucleic acids, indicating a
multitude of distinct functions. After the release, exosomes can interact with target cells by binding
to specific receptors, fusion with the plasma membrane, or endocytosis. Since they are critical
players of intercellular communication in physiological and pathological conditions, the research
interest significantly increased in the last decade [3,4].

In this review, we summarize the current knowledge on the HSP70 translocation to
the extracellular milieu, either in association with the plasma membrane, extracellular
vesicles, or as soluble extracellular proteins. Moreover, we outline the functions of exHSP70,
especially its ability to modulate the immune system in cancer. We address possible
interactions of the chaperone with the tumor microenvironment. Finally, we provide an
overview of the potential therapeutic options regarding exHSP70.

2. Translocation of exHSP70

HSP70 has several functions, including folding newly synthesized proteins, regu-
lating protein activity, or preventing aggregation, indicating a cytosolic localization of
the chaperone [1]. However, HSP70 has also been found on the plasma membrane, as-
sociated with EVs, or secreted as free soluble protein [6–8]. Here, the translocation was
shown to occur independently of the physiological state, although stress, such as in cancer,
drastically increases the extracellular localization [8,9].

In the classical secretory pathway, proteins synthesized by ribosomes are released
into the lumen of the endoplasmic reticulum (ER), where chaperones assist and control the
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proper protein folding. Correctly folded proteins subsequently enter the Golgi apparatus
and are eventually secreted by transport vesicles. This pathway usually requires a short
peptide sequence that targets proteins for secretion [10]. HSP70 lacks such a specific signal
peptide indicating different mechanisms for its translocation [11].

2.1. Membrane HSP70 (mHSP70)

In accordance, Broquet and colleagues reported an unhindered translocation of HSP70
to the plasma membrane after treatment with the classical secretory pathway inhibitors
brefeldin A or monensin [12]. Brefeldin A is an antiviral lactone compound blocking the an-
terograde transport from the ER to the Golgi. In contrast, monensin is a polyether antibiotic
acting as an ionophore, inhibiting the transport from the Golgi apparatus [13]. This study
further revealed that mHSP70 preferentially localizes in lipid rafts, which are microdomains
enriched in cholesterol, glycosphingolipids, and protein receptors. They typically form in
the exoplasmic leaflet of the Golgi apparatus and are also known as detergent-resistant
microdomains (DRMs) due to their composition and resistance to non-ionic detergents [14].
Moreover, treatment with the drug methyl-β-cyclodextrin (MβCD), which degrades choles-
terol and disrupts DRMs, resulted in a significant decrease in mHSP70, suggesting lipid
raft-mediated translocation of HSP70 [12]. In accordance, Hunter and Levin showed HSP70
release in peripheral blood mononuclear cells (PBMCs), which could be blocked by MβCD
but not by brefeldin A [15]. However, in contrast to the previous study, translocation was
also partially inhibited by monensin. The authors postulated that the Golgi but not the
ER might be important for HSP70 secretion or that monensin led to a disruption of the
plasma membrane, ultimately inhibiting the transport [15]. It has also been reported that
HSP70 can non-covalently bind to the lipid raft component globotriaosylceramide (Gb3),
further supporting the role of lipid rafts in the translocation of the chaperone [16,17]. There-
fore, HSP70 could be associated with Gb3 and subsequently secreted and recruited to lipid
rafts. Another mechanism of membrane integration by HSP70 could be a direct interaction
with the plasma membrane, as suggested by its ability, to bind to phosphatidylserine (PS),
integrate into membranes, or form ionic channels [7,18–21]. It has been hypothesized that
HSP70 translocates to the membrane after oligomerization, where it binds to PS [7]. Spon-
taneous flipping allows PS to reach the outer membrane layer, leading to the integration of
the chaperone. It is further described that the return of PS into the cytosolic layer does not
affect the integration of HSP70 [7].

2.2. EV-Associated HSP70 (evHSP70)

In 2005, Lancaster and co-workers presented another mechanism for the translocation
of HSP70 [6]. They reported that HSP70 is released by exosomes in PBMCs independently
of stress. Neither brefeldin A nor MβCD were able to inhibit the transport, indicating an
endosomal-mediated secretion mechanism. It was further postulated that the controversial
results of previous studies in PBMCs from Hunter and Levin could be due to an insuffi-
cient concentration of the inhibitor MβCD [6,15]. However, distinct exocytosis processes
could occur in different and even within the same cell types. It can be hypothesized that
translocation of HSP70 into or onto exosomes could eventuate after the chaperones are
localized in DRM. Lipid raft-mediated endocytosis could then lead to the formation of
endosomes, further maturing into multivesicular bodies (MVB) containing future exosomes.
Many other reports have confirmed exosomal secretion of HSP70; however, the mechanism
of sorting the chaperone to the vesicles is still elusive [7,22–24]. In general, posttransla-
tional modifications, including ubiquitination, phosphorylation, or sumoylation, have been
indicated to play a role in cargo sorting into exosomes [25–28]. Interestingly, HSP70 was
found to be ubiquitinated by the co-chaperone CHIP, mainly presumed to mark the protein
for degradation [29,30]. However, Jiang and colleagues showed that ubiquitylation of
the constitutive isoform HSC70 by CHIP did not lead to an increased degradation [31].
This is in line with a report displaying that crucial amounts of secreted HSP70 in A431
cells are ubiquitinylated [32]. In contrast, acetylation of the HSP70 family member high
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glucose-regulated protein 78 (GRP78) was shown to inhibit exosomal secretion through
interaction with the phosphoinositide-3 kinase VPS34 [33]. Acetylated HSP70 was also
reported to bind to VPS34 [34]. Hereby, autophagosomal stress led to disruption of the
interaction of histone deacetylase 6 (HDAC6) with the chaperone, resulting in increased
acetylation. Interestingly, oligomerization, which was shown to play a role in membrane
integration of HSP70, was indicated to be preferentially loaded into exosomes [7,35]. This is
supported by studies of Nimmervoll and co-workers, demonstrating mHSP70-mediated
clathrin-independent endocytosis, which was dependent on the oligomerization of the
chaperone [36,37]. Therefore, HSP70 could be sorted into exosomes after integration into
the membrane in an oligomeric form.

2.3. Soluble Extracellular HSP70 (sHSP70)

In addition to mHSP70 and evHSP70, the chaperone can also be found in a free soluble
form, which was previously thought to result exclusively from passive release upon cell
death [11]. In particular, necrosis rather than apoptosis was assumed to be responsible for
the release of sHSP70 [38]. However, cell death accounts only for a minor fraction of sHSP70,
and it is mainly released in an active manner [11]. Mambula and Calderwood postulated an
endolysosomal route as a mechanism for solubleHSP70 (sHSP70), as the secretion correlated
with the lysosomal marker lysosomal-associated membrane protein 1 (LAMP1) and could
be inhibited by lysosomotropic compounds [39]. Moreover, they showed that HSP70
could enter lysosomes via ATP-binding cassette (ABC) family transporter proteins [39].
Interestingly, ABC transporters are also expressed on endosomes and exosomes, where one
could postulate a possible way for HSP70 loading into exosomes. The secreted chaperone
was also found to bind back to the plasma membrane, indicating an alternative route to the
lipid raft-mediated pathway for membrane-associated HSP70 [39].

Another way of HSP70 release was demonstrated by Evdonin et al., showing the
formation of secretory-like granules upon inhibition of phospholipase C [32]. Interestingly,
this secretion could be blocked by brefeldin A, indicating an involvement of the classical
secretory pathway [32,40]. This was contradictory to prior studies that demonstrated
no inhibition of the secretory pathway by brefeldin A [6,12,15]. However, the authors
suggested a time-dependent effect since previous studies evaluated the translocation of
HSP70 at least 4 h after inducing stress or treatment with brefeldin A [40]. Therefore, it can
be postulated that distinct cells potentially use different mechanisms, possibly depending
on the stress level and exposure.

Altogether, it can be concluded that translocation of HSP70 into the extracellular milieu
is increased under stress conditions and that several pathways lead to either membrane-,
EV-associated, or soluble HSP70 (Figure 1). Still, additional research is needed to further
unravel the different mechanisms and their functional consequences.
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Figure 1. Translocation of extracellular HSP70 (exHSP70). Cellular stress leads to the translocation of HSP70 via different
potential mechanisms. In particular, membrane-associated HSP70 (mHSP70, green) can be found in lipid rafts, mainly in-
teracting with globotriaosylceramide 3 (Gb3). Moreover, HSP70 can interact with phosphatidylserine (PS), leading to its
integration into the plasma membrane. Oligomerized HSP70 was also reported to integrate into the plasma membrane
directly. HSP70 can also be released into or onto extracellular vesicles (evHSP70, red), by either budding of the plasma
membrane (ectosomes) or by an endolysosomal pathway (exosomes). Soluble HSP70 (sHSP70, blue) can be secreted either
passively during cell necrosis or actively via secretory granules or lysosomes. ESE: early sorting endosomes; LSE: late sorting
endosomes; MVB: multivesicular bodies; EV: extracellular vesicles; PS: phosphatidylserine; Gb3: globotriaosylceramide 3;
HSP70: heat shock protein 70.

3. Role of exHSP70: Regulation of Immune Responses

The immune system is a complex network of biological processes protecting us from
various pathogens and diseases. It is mainly divided into two groups, the innate immune
system, which is defined by a non-specific and rapid response, and the adaptive immune
system, which can respond and adapt to specific stress stimuli. A typical immune re-
sponse can be divided into four phases: (I) Recognition of pathogen- or damage-associated
molecular patterns (PAMPs/DAMPs) by innate immune cells resulting in phagocytosis,
complement activation, and secretion of pro-inflammatory cytokines. (II) Released cy-
tokines, such as IL-1, Il-12, or TNF-α, then trigger an acute inflammatory response helping
to control the infection. (III) Meanwhile, antigen-presenting cells (APCs) activate naïve
T-helper cells via their MHC class II and co-stimulatory signal molecules. (IV) Activated
T-helper cells subsequently initiate the adaptive immune system, including a cell-mediated
and humoral immune response [41].

In the case of inflammation, intracellular HSP70 expression is dramatically increased
and exerts cytoprotective functions. This is achieved both through classical chaperone
functions, such as refolding and repair of proteins, and by direct inhibition of apopto-
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sis [42]. Since excessive apoptosis can lead to severe human inflammatory diseases (HIDs),
HSP70 plays a crucial role in balancing the appropriate response to cell stress. However,
in cancer, HSP70 is known to be overexpressed, upsetting the balance and increasing prolif-
eration, invasiveness, and resistance of malignant cells [2]. As described in the previous
chapter, HSP70 is known to translocate into the extracellular milieu primarily upon stress
stimuli. Moreover, exHSP70 was shown to exert pro-inflammatory functions, leading to
increased tissue damage, indicating a dual role of HSP70 [43]. In the following section,
we provide an overview of the general mechanisms of exHSP70 in immunity and summa-
rize current data of its functions towards immune cells in the tumor microenvironment.

3.1. General Mechanisms of Immunomodulation by exHSP70

The role of HSP70 in immunity is still extensively discussed in the literature, and a
plethora of distinct functions and mechanisms are described. It is associated with develop-
ing an innate and adaptive immune response, formation of memory cells, and termination
of the immune response [2].

To exert specific immunomodulatory functions, proteins need to interact with immune
cells. Here, membrane-bound and free HSP70 were both shown to bind to different
immune cells, including macrophages, dendritic cells, and natural killer (NK) cells [44–46].
Moreover, in the early 2000s, Asea and colleagues demonstrated that exHSP70 specifically
binds to monocytes, increasing the pro-inflammatory cytokines TNF-α, IL-6, and IL-1β [47].
This was postulated to be mediated by two distinct pathways: a CD14-dependent and
a CD14-independent mechanism, with both being dependent on intracellular calcium.
Consequently, exHSP70 binds monocytes, increasing the intracellular calcium flux and
resulting in NF-κB-mediated transcription of pro-inflammatory cytokines [47]. Hence,
the authors termed HSP70 a “chaperokine” [48]. This finding led to many publications
displaying pro-inflammatory cytokine functions of HSP70 [49–51]. In addition to CD14,
Toll-like receptors 2 and 4 (TLR2/TLR4) and CD40 were also described to mediate those
effects, mainly via NF-κB and the MAPK pathway [49,51,52]. The fact that HSP70 could be
released during necrotic cell death and subsequently induce an inflammatory response by
TLR and being increasingly expressed in various inflammatory diseases emphasized its
role as a DAMP [38,47,51].

However, shortly after the first publication, Gao and Tsan issued their concerns about
the pro-inflammatory functions and postulated that endotoxin contamination and not
HSP70 itself could trigger those effects [53]. They showed that highly purified recombinant
HSP70 could not induce TNF-α in murine macrophages [53]. Moreover, endotoxin-free
HSP70 was not able to mature dendritic cells, as described earlier [38,54]. Further studies
from different groups supported the theory that most pro-inflammatory functions could
be due to contamination [55–58]. Therefore, results obtained using recombinant HSP70,
mainly produced in Escherichia coli (E. coli), need to be interpreted with caution. In addition,
studies with purified recombinant proteins are limited since the activity of HSP70-protein
complexes is often overlooked.

Fong and co-workers gave another explanation of the contradictory results. They
showed that exHSP70 binds to sialic acid-binding immunoglobulin-type lectins (Siglecs),
which are membrane proteins expressed on immune cells. In particular, exHSP70 can
interact with the anti-inflammatory Siglec-5 as well as the pro-inflammatory Siglec-14.
Different expression patterns of Siglecs in specific immune cell populations could therefore
explain different inflammatory responses [59].

Interestingly, recent studies introduced another receptor that potentially induces pro-
inflammatory functions [60,61]. Here, the authors showed that exHSP70 binds to the recep-
tor for advanced glycation endproducts (RAGE), leading to extracellular signal-regulated
kinases (ERK)-dependent activation of NF-κB. Apart from releasing pro-inflammatory cy-
tokines, activated NF-κB also increased RAGE expression, resulting in a positive feedback
loop [61].
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In contrast, it was also reported that exHSP70 has rather anti-inflammatory than pro-
inflammatory functions [62]. Studies showed that highly purified exHSP70 downregulated
TNFα and IL-6 production in monocytes [63]. This was explained by upregulation of the
heat shock factor 1 (HSF1), subsequently inhibiting NF-κB activation and directly binding
the TNFα gene promotor [63,64]. Extracellular HSP70 was also shown to repress LPS-
induced cytokines in rats [65]. In addition, in most neurological disorders, the chaperone
was described to be primarily anti-inflammatory [66].

The function of HSP70 in the adaptive immune response is less controversial. It is
widely accepted that the chaperone plays a significant role in the antigen-presenting process.
Firstly, HSP70 can bind antigens either inside or outside of the cell [67]. The complex is
then recognized by APCs via the CD91 or scavenger receptors, such as LOX-1 or SREC-1,
resulting in endocytosis [68]. Inside of the APCs, HSP70 protects the antigen until it reaches
the proteasome. Here, the antigen is released, processed, and transported to MHC class
I molecules [69]. This unique cross-presentation finally leads to the activation of CD8+

T-cells. Moreover, the HSP70-antigen complex can be processed in the lysosome leading
to the presentation of the antigen on MHC class II molecules, subsequently activating
CD4+ T-cells [69]. The presentation itself was shown to be significantly enhanced by the
HSP70-antigen complex compared to the antigen alone [70]. Therefore, HSP70 is essential
for the transport, uptake, protection, and effective (cross-)presentation of antigens.

Additionally, to the four phases of a typical immune response, the generation of im-
munological memory is crucial. Generally, the formation of B- and T-memory cells depends
on the respective B- and T-cell receptors (BCR/TCR) and the MHC class II antigen com-
plex [41]. In 2005, researchers of the University of Tuebingen showed enhanced activation
of CD4+ memory T-cells by HSP70-peptide complexes compared to peptides alone [71].
This activation was shown to be dependent on CD91 and scavenger receptors [72]. More-
over, Wang and colleagues demonstrated a TCR- and MHC class II-independent mechanism
of CD4+ memory T-cell formation [73]. Here, stress-induced dendritic cells upregulated
intracellular and membrane-associated HSP70, which activates NF-κB via CD40, result-
ing in increased membrane-bound IL-15 expression. The IL-15 then activates the JAK3
and STAT5 pathway in CD4+ T-cells, upregulating CD40L, which can reactivate the DCs
for a positive feedback loop and subsequently lead to the formation of CD4+ memory
T-cells [73]. This was the first time researchers could demonstrate the formation of memory
cells independent of the antigen. These results were also validated in vivo [74].

The last step of the immune response is the termination, which is vital to prevent
tissue damage by excessive inflammation [75]. Overexpression of HSP70 on the surface of
immune cells serves as a regulator for the termination by displaying a “death signal” [76].
HSP70 is hereby recognized by γδT killer cells, which subsequently terminate the cells [76].
Moreover, HSP70 was shown to prime γδT killer cells, leading to higher proliferation and
killing [77]. This priming could be dependent on TLRs [78].

All in all, HSP70 is crucially involved in many aspects of immunity, including the
development of the innate and adaptive immune response, the formation of memory cells,
and the termination of the immune response. Hereby, the chaperone exhibit either pro- or
anti-inflammatory functions, potentially depending on its location, cell type, and expression
level. Several receptors are known to interact with exHSP70, such as CD40, TLR2, TLR4,
CD14, RAGE, CD91, as well as different scavenger receptors, primarily exhibiting their
function via the NF-κB or MAPK pathway.

3.2. The Role of exHSP70 in Immunomodulation of Cancer

The communication of cancer cells and immune cells is a crucial step in cancer pro-
gression. Therefore, understanding the mechanisms and consequences of the interaction is
essential. A potential key player of the crosstalk in the tumor microenvironment may be
HSP70, which is overexpressed in cancer compared to normal tissue [2,79–82]. The expres-
sion was shown to be correlated to tumor grade, therapy resistance, and worse overall sur-
vival [80–85]. In particular, HSP70 can inhibit the intrinsic and extrinsic apoptotic pathway
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and block oncogene-induced senescence, resulting in therapy resistance [2]. The chaperone
was also reported to be translocated into the extracellular milieu in cancer, including as a
membrane-bound or as an exosome secreted form [82,83,86–89]. Recently, Finkernagel and
colleagues were able to identify HSP70 as a major constituent of ovarian cancer EVs and
demonstrated a significant correlation of exHSP70 with patient survival [88]. Moreover,
in a prospective clinical study of breast and lung cancer, exosomal HSP70 was correlated to
metastasis and disease status. Here, the authors suggested HSP70-positive exosomes as a
potential biomarker to predict tumor responses and clinical outcomes [82].

One candidate of the pro-tumorigenic effects of exHSP70 could be TLR4 and the
subsequent PI3K/Akt pathway engagement. It is described that the pathway leads to
IL-10 and galectin-1 production, resulting in an increase of matrix-metalloproteases 2 and 9
(MMP-9/MMP-2), finally enhancing tumor migration [90]. The induction of MMP-2 and
MMP-9 by exosomal HSP70 was already reported in mesoangioblasts, where initiation
occurred via TLR4 and CD91 in an autocrine fashion [91]. In addition, MMP-9 induction
was also reported in monocytes. Extracellular HSP70 stimulated NF-κB and activating
protein-1 (AP-1), enabling MMP-9 expression [92]. Interestingly, HSP70 was also shown
to increase its own expression via the TLR4 by inactivating glycogen synthase kinase-3β
(GSK-3β) via Akt signaling. Inactivation of GSK-3β then stimulated HSF1, finally inducing
intracellular HSP70 [93]. It was also reported that tumor-derived exosomal HSP70 acti-
vated myeloid-derived suppressor cells (MDSC), enhancing tumor growth [94]. This is
due to TLR2 activation and subsequent MyD88-dependent phosphorylation of the signal
transducer and activator of transcription 3 (STAT3) [94,95]. STAT3 is known to be critically
involved in tumor progression and generation of an immunosuppressive and therefore
pro-tumorigenic environment [96,97]. Moreover, activation of TLR2 by exosomal HSP70
led to upregulation of IL-6, iNos, and Arg-1 [95]. Thereby, iNos enhances nitric oxide pro-
duction, whereas Arg-1 leads to arginine depletion, both inhibiting T-cell proliferation and
function [98,99]. MyD88-independent activation of TLR4 by exHSP70 was also described
to facilitate cancer growth, potentially through the TRIF pathway [100].

The interaction of exHSP70 with TLR 2/4 was further demonstrated to activate neu-
trophils [88]. Klink and co-workers showed that activation of those receptors led to the
production of reactive oxygen species (ROS) and the release of IL-8. This is associated
with cancer progression since ROS can stimulate the expression of vascular endothe-
lial growth factor (VEGF) and activate MMPs, thus enhancing tumor angiogenesis and
metastasis [88,101]. Moreover, exHSP70-TLR2 interaction also leads to activation and
pro-inflammatory cytokine production in neutrophils [102].

Additionally, the TLR4 pathway was suggested to play a role in chemotherapy re-
sistance [103]. In ovarian cancer, TLR4 activation resulted in MyD88-dependent nuclear
localization of NFκB, upregulating the production of IL-6 as well as the chemokines MCP-1
and GRO-α, which are all associated with tumor progression. Furthermore, the Akt path-
way was activated, followed by enhanced expression of the anti-apoptotic protein XIAP,
thus exhibiting resistance to chemotherapy [103,104]. In accordance, a recent study showed
that transfer of exHSP70 via small EVs resulted in therapy resistance of breast cancer by
increasing ROS production [105].

Epithelial to mesenchymal transition (EMT) is believed to be a key step of cancer cells
to enable tumor invasion and metastasis. Li and colleagues showed that treating cells
with tumor-derived exHSP70 resulted in the decrease of E-cadherin and the increase of
α-SMA and, therefore, in the induction of EMT [106]. This was mediated by TLR2/4 and
subsequent activation of the JNK1/2 and MAPK pathways [107].

Another target of exHSP70 is the receptor RAGE, which was shown to result in a pro-
inflammatory response via ERK-dependent NF-κB activation [61]. Interestingly, RAGE was
also found to be overexpressed in cancer, where it was correlated to tumor size and cancer
stage [108,109]. Additionally, RAGE is expressed on immune cells, such as monocytes or
macrophages, further extending possible targets for exHSP70 [110]. It is also described that
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RAGE interacts with TLR4 and that this crosstalk leads to MyD88-dependent activation of
NF-κB [110,111] (Figure 2).

Figure 2. Pro-tumorigenic functions of exHSP70. MDSC: myeloid-derived suppressor cell; RAGE: receptor for advanced
glycosylation endproducts; GSK-3β: glycogen synthase kinase-3β; NO: nitride oxide; TLR: Toll-like receptor; NFκB:
nuclear factor kappa-light-chain-enhancer of activated B cells; HSF1: heat shock factor 1; VEGF: vasculogenic endothelial
growth factor; pSTAT3: phosphorylated signal transducer and activator of transcription 3; ROS: reactive oxygen species;
MyD88: myeloid differentiation primary response 88; PI3K: phosphoinositide 3-kinase; Akt: protein kinase B; MMP: matrix
metalloproteinases; HSP70: heat shock protein 70.

Extracellular HSP70 can also exert anti-tumorigenic functions, which can be medi-
ated by activating or priming NK-, dendritic- or T-cells (Figure 3). For instance, NK cells
specifically interact with mHSP70 on tumor cells, probably via the C-type lectin receptor
CD94 [112–114]. Moreover, it was described that exHSP70 could mature dendritic cells
and increase the expression of the NK ligand MICA and the co-stimulatory molecules
CD86 or CD40. Therefore, exHSP70 stimulates NK cells either directly via CD94 or indi-
rectly via MICA, which binds the NK cell activating receptor NKG2D [87,115]. NK cells
can then kill tumor cells in an NKG2D-dependent way or by increasing granzyme B re-
lease [115]. Interestingly, granzyme B was found to be incorporated in tumor cells by
explicitly binding to mHSP70, which results in perforin-independent apoptosis of the
cells [44]. Moreover, Sharapova and colleagues recently reported another possibility of NK
cell activation while investigating a novel exHSP70 target receptor [116]. They showed
that exHSP70 binds TREM-1 on monocytes, leading to the secretion of TNF-α and INF-
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γ. The cytokines then stimulate CD4+ T-cells to secrete IL-2, finally activating NK cells.
Moreover, CD8+ T-cells are also activated by this mechanism and can kill tumor cells via
FasL/Fas interaction [116]. Interestingly, FasL can trigger the secretion of an HSP70-Tag7
complex in T-cells. This complex further induces tumor cell lysis via the tumor necrosis
factor receptor 1 (TNFR1) [117,118].

Figure 3. Anti-tumorigenic functions of exHSP70. FASL: Fas ligand; TNFR1: tumor necrosis factor receptor 1; APC:
antigen-presenting cell; NK: natural killer; DC: dendritic cell; MHC: major histocompatibility complex; MICA: MHC class
I polypeptide–related sequence A; TREM-1: triggering receptor expressed on myeloid cells 1; INF-γ: interferon-gamma;
TNF-α: tumor necrosis factor-alpha; IL-2: interleukin-2; Tag7: peptidoglycan recognition protein; CXCL10: C-X-C motif
chemokine ligand 10; CCL5: Chemokine (C-C motif) ligand 5; HSP70: heat shock protein 70.

Dendritic cells can also be stimulated by binding to the TLR4. Activation of MyD88-
and TRIF-dependent pathways result in the production of chemokines, such as CXCL10 or
CCL5, engaging immune cells and inducing anti-tumor immunity [119].

Furthermore, exHSP70 was reported to inhibit the conversion of monocytes to a
pro-tumor phenotype, which is potentially due to a diminished expression of pro-tumor
cytokines, such as IL-10 and MCP-1 [120].

Finally, as described in the previous chapter, exHSP70 can induce an adaptive immune
response by (cross-) presentation of antigens on MHC class I or II molecules. In particu-
lar, HSP70-antigen complexes are endocytosed by APCs after binding to CD91 or other
scavenger receptors, where the antigen is processed and presented to T-cells [69].

Increasing evidence emphasizes exHSP70 as an important player in mediating im-
mune responses in cancer by either exerting pro- or anti-tumorigenic functions. However,
there is still much unknown or controversially described; thus, specific functions and their
associated mechanism urgently need to be investigated.
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4. Therapeutic Potential of exHSP70

Since intracellular HSP70 is upregulated in cancer and elicits anti-apoptotic functions,
it represents an important target for developing new therapeutics. Typical inhibitors are
small molecules targeting various aspects of the HSP70 machinery [121]. These include
ATPase and complex inhibitors as well as nucleotide-binding domain (NBD)- or substrate-
binding domain (SDB)-targeting inhibitors [121]. Apart from small molecule inhibitors,
Minnelide, a Triptolide derivative, has been shown to effectively downregulate HSP70 by
inducing the miRNA miR-142–3p [122,123]. Additionally, Minnelide is currently tested in
several phase I and II studies, including pancreatic cancer and acute myeloid leukemia [2].
Although targeting iHSP70 and therefore altering its expression or function also affects
exHSP70, the linkages and consequences are not well understood.

4.1. HSP70 Antibody

The fact that mHSP70 is uniquely expressed on cancer cells compared to normal tissue
makes it an excellent therapeutic target [124,125]. Gabrielle Multhoff’s group developed
a specific IgG antibody directed against the exposed region of mHSP70 by immunizing
mice with a 14-mer peptide (TKDNNLLGRFELSG, known as TKD) that encompasses the
amino acids 450–463 of the chaperone [126,127]. This antibody, known as cmHsp70.1 mAb,
was shown to bind specifically to mHSP70 in vitro and in vivo [127]. In addition, antibody-
dependent cell-mediated cytotoxicity (ADCC), induced by the Fc-region of the antibody,
was shown to significantly inhibit tumor growth in a preclinical study in mice [126].
However, IgG antibodies are inefficient in inducing ADCC, primarily via neutrophils,
due to the binding of several inhibitory Fc-receptors [128]. Therefore, IgA antibodies
should be considered an alternative since they efficiently induce ADCC by binding to the
Fcα-receptor (CD89) on neutrophils, monocytes, and macrophages [129]. Furthermore,
IgA antibodies do not activate the classical complement pathway, consequently being rather
anti-inflammatory than IgG antibodies [130]. The ability to oligomerize enables IgA to
bind and crosslink several Fc-receptors, which was reported to release the chemoattractant
LTB4, engaging neutrophils for tumor cell killing [131]. Disadvantages, such as the short
serum half-life, could be overcome by antibody engineering [132].

The antibody cmHSP70.1 was also reported to be efficiently endocytosed by tumor
cells, offering a specific route for targeted therapy [127]. Therefore, superparamagnetic
iron oxide nanoparticles (SPIONs), a specific group of magnetic nanoparticles (MNPs),
were decorated with the antibody [133,134]. The results showed an increase in retention of
the particles in a glioma model in vivo [133]. Generally, MNPs can be used for diagnosis
via magnetic resonance imaging or exploited for therapy by applying an alternate magnetic
field (AMF) [135]. The AMF results in the spinning of iron particles, generating heat and
killing the tumor by hyperthermia [135]. Interestingly, inducing ionizing radiation after
injecting the particles significantly increased the retention of the particles in the tumor [134].
This is in line with the findings that radiation increases mHSP70 in tumor cells [136].

An alternative to MNPs are gold nanoparticles (AuNPs), which have a good bio-
compatibility and are easy to synthesize, although their costs of synthesizing are quite
high [136]. They can be used for several applications, including delivering different com-
pounds and photothermal or photodynamic therapy [136]. Recently, AuNPs coated with
cmHsp70.1 mAb were shown to enable computed tomography of tumors in a preclinical
study [137].

Using extracellular vesicles as specific carriers of drugs is another promising ap-
proach. Since EVs are naturally occurring vesicles, side-effects of the carrier should be
minimal. Moreover, EVs could be engineered to express HSP70 and specifically target
tumor cells while carrying distinct molecules for tumor cell killing. In 2010, Xie and
colleagues demonstrated that mHSP70 engineered exosomes efficiently induced DC mat-
uration, which increased T- and NK cell-dependent tumor killing [138]. Other reports
showed successful loading of the chemotherapeutic paclitaxel into exosomes, resulting in
tumor growth inhibition [139,140].
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4.2. HSP70 Peptides

Since exHSP70 was shown to stimulate immune cells for tumor cell killing, the 14mer-
peptide, which was used to generate the antibody, was also investigated as a therapeutic
option. In the early 2000s, Multhoff and co-workers reported TKD as a recognition structure
for NK cells and showed that it stimulated the proliferative and cytolytic activity [113].
Shortly after, TKD was successfully studied in a phase I trial, where NK cells were stimu-
lated ex vivo, together with low doses of Il-2 [141]. This was supported by a recent phase
II trial, where the peptide showed promising results in non-small cell lung cancer [142].
Moreover, together with the inhibition of the programmed cell death protein 1 (PD-1),
a prolongation in patient survival was reported in several phase II trials of glioblastoma
and lung cancer [143,144].

Another group developed a small peptide targeting the SBD of HSP70. The A8 pep-
tide aptamer showed a decrease in MDSC and inhibited tumor progression in vivo [94].
This was due to a higher affinity of mHSP70 to A8 compared to the TLR2, thus block-
ing HSP70/TLR2 interaction. Therefore, A8 effectively blocked the exosome-mediated
activation of MDSCs. Moreover, MDSC proliferation was also hampered since TLR2-
dependent production of IL-6 via pSTAT3 was blocked. Interestingly, treating mice with
cisplatin or 5-Fluorouracil led to increased HSP70-bearing exosomes, enhancing activation
of MDSCs [94].

Recently, Lin and colleagues demonstrated that a 72 bp long peptide (Tx-01) could
suppress ovarian cancer migration and growth in vivo [145]. They showed that Tx-01 is
internalized by endo- or pinocytosis, where it binds to iHSP70, which consequently blocks
the interaction of HSP70 with the Notch1 intracellular domain (NICD). This hampers the
nuclear localization of HSP70, decreasing tumor invasion and migration. In addition,
Tx-01 can also bind to mHSP70 leading to a rapid internalization, where it subsequently
blocks the translocation of HSP70. Furthermore, the binding of Tx-01 to mHSP70 could be
used as a prognostic marker in serous ovarian carcinoma [145].

In addition to peptides and antibodies, granzyme B has been reported to bind to mHSP70,
leading to internalization and subsequent apoptosis of the cells [44]. Moreover, the enzyme
showed significant tumor suppression of HSP70-positive colon carcinoma in vivo [31]. Re-
cently, granzyme B-tagged SPIONs were developed, demonstrating increased survival of
mice with glioblastoma or late-stage lung cancer [146]. Magnetic targeting further enhanced
the localization of the SPIONs within the tumor. In addition, the nanoparticles could be used
to image HSP70-positive tumors by magnetic resonance imaging [146].

4.3. HSP70 Vaccines

Since exHSP70 was shown to trigger T-cell responses, using it as a vaccine is another
potential therapy approach. In particular, tumors are stimulated to secrete HSP70 (and anti-
gens), which can subsequently be purified. HSP70-peptide complexes are then used as
vaccines, where they mediate cross-presentation of the antigen in DCs, finally activating
CD8+ T-cells [147]. This approach was already investigated in the early 2000s, where re-
searchers showed inhibition of tumor growth in a prostate cancer mouse model [147].
Moreover, using HSP70-peptide complexes from the fusion of DCs and tumor cells signifi-
cantly enhanced DC maturation and T-cell responses [148].

In summary, targeting exHSP70 represents an interesting theranostic approach. Since
exHSP70 is uniquely expressed in tumors and not in normal cells, targeting can be used
for both imaging and therapeutic approaches. Various strategies are being investigated,
including peptides, antibodies, and enzymes, that bind either directly to HSP70 on tumor
cells/EVs or target receptors on immune cells. The latter would mimic a vaccination
and lead to activation and engagement of immune cells for tumor cell killing. Finally,
vehicles such as nanoparticles or EVs can further enhance tumor imaging or treatment by
carrying cytotoxic compounds. HSP70 may also be linked as a chaperone to DNA vaccines
to enhance immunogenicity in humans [149]. In this study HSP70 was linked to the HPV16
E7 sequence to facilitate uptake by antigen-presenting cells and antigen presentation.
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HPVE7-specific T-cell responses were generally of low frequency but increased in subjects
in the second and third cohorts. Tumor regression was reported in 3 out of 9 patients;
however, significancy of these results needs to be confirmed in further studies.

5. Conclusions

Cellular stress leads to a multitude of molecular responses, guarding cells from dam-
ages. One specific response is the upregulation of the inducible HSP70, subsequently
protecting cells via chaperone activities or inhibiting apoptosis. However, in cancer,
HSP70 is overexpressed, leading to tumor progression and therapy resistance. Moreover,
the chaperone is translocated to the extracellular milieu by several pathways, resulting in
membrane-bound, EV-associated, or soluble HSP70. Hereby, exHSP70 can interact with
immune cells of the tumor microenvironment, where it operates as a double-edged sword.
By targeting different receptors on immune cells, it is able to either trigger pro- or anti-
tumorigenic responses. Pro-tumorigenic responses include stimulating neutrophils or
monocytes to secrete pro-inflammatory cytokines or activating MDSC, which results in
reduced T-cell activity. In contrast, anti-tumorigenic responses comprise activation of NK
cells, either directly or indirectly via DCs, and activation of T-cell by stimulating mono-
cytes. Moreover, mediating (cross-)presentation of antigens on MHC class I or II molecules
also activates the adaptive immune response for tumor cell killing. Since exHSP70 is
uniquely expressed in cancer compared to normal tissue, it is a valuable therapeutic target.
Therapies can include targeting exHSP70 or its receptors on tumor-, immune cells or EVs.
Moreover, HSP70-antigen complexes can be used to prime immune cells for an effective
anti-tumor response.

Although it is widely believed that exHSP70 can trigger opposing effects, much is still
unknown or critically debated. For instance, cytokine activities of exHSP70 were questioned
since this might be a result of endotoxin contamination. Moreover, the actions of HSP70-
protein complexes are often overlooked but, depending on the complex, could trigger
different responses. Altogether, exHSP70 can emerge as a crucial player in cancer therapy;
however, a better understanding of its function is essential. Therefore, more research
regarding specific mechanisms as well as novel therapeutic strategies are needed.
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Simple Summary: Breast cancer prevalence is a major challenge worldwide due to the lack of early
diagnostics and treatment modalities. In this era of technological advancements, researchers are
exploring several grey areas in breast cancer research, which may lead to the appropriate point of care,
non-invasive and diagnostic aid for early breast cancer detection and management. Exosome-based
research, an emerging area, endeavors to locate and elucidate the role of exosomes in breast cancer
diagnostics, immune response and clinical outcomes. This review may provide insights on small
extracellular vesicles research and their role in breast cancer. Future extensive studies on exosome
biology in conjunction with cancer genetics shall undoubtedly open up new vistas in exosome-based
diagnostics for early cancer detection and therapeutics.

Abstract: Despite the recent advancements in therapeutics and personalized medicine, breast cancer
remains one of the most lethal cancers among women. The prognostic and diagnostic aids mainly
include assessment of tumor tissues with conventional methods towards better therapeutic strategies.
However, current era of gene-based research may influence the treatment outcome particularly as an
adjunct to diagnostics by exploring the role of non-invasive liquid biopsies or circulating markers.
The characterization of tumor milieu for physiological fluids has been central to identifying the role
of exosomes or small extracellular vesicles (sEVs). These exosomes provide necessary communication
between tumor cells in the tumor microenvironment (TME). The manipulation of exosomes in TME
may provide promising diagnostic/therapeutic strategies, particularly in triple-negative breast cancer
patients. This review has described and highlighted the role of exosomes in breast carcinogenesis and
how they could be used or targeted by recent immunotherapeutics to achieve promising intervention
strategies.

Keywords: exosomes; small extracellular vesicles; breast cancer; cancer aggressiveness; multi-drug
resistance; diagnosis; immune response; immunotherapy
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1. Introduction

Breast cancer, a heterogeneous disease, is a common cause of death in females world-
wide [1–3]. The current treatment strategies are based on the expression pattern of the
estrogen receptor (ER), the progesterone receptor (PR) and the ERBB2 receptor (Her2)
profile [4,5]. Recently, breast cancer survival rate has improved due to outcomes in the
primary molecular sub-classification when administered with targeted therapies such as
hormone therapy and HER2-targeted therapy (e.g., trastuzumab) [6]. As per the gene
expression pattern of breast cancer patients, clustering leads to five different molecular
subtypes of breast cancer, i.e., normal type, basal type, Her2-rich, luminal A and luminal
B [7], and classifies ER- breast cancer into four different subtypes and triple-negative breast
cancers (TNBCs) into six subtypes [8]. The current understanding of breast cancer biology
has led to significant improvements in diagnostic and prognostic methods and enhanced
novel targeted therapies. However, the limited knowledge about the molecular processes
or mechanisms involved in breast cancer pathogenesis has led to restricted therapeutic
approaches and poor prognosis of breast cancer patients. Studies have recently elucidated
the role of a typical vesicular structure of 30–150 nm diameter called exosomes and/or
small extracellular vesicles (sEVs), secreted by various immune cells such as dendritic and
Chimeric Antigen Receptor T cells (CAR-T) cells to provide robust diagnostics and thera-
peutic interventions [9,10]. In the year 1985, exosomes were initially described as a budding
membrane of intracellular vesicles [11]. However, recently, stem cells, endothelial cells, den-
dritic cells, B cells, T cells and especially cancer cells were found to secrete exosomes [12],
that can play a crucial role in cell signaling communication, in both paracrine and autocrine
manner [13]. Exosomes also assist in transporting various molecules, including proteins,
lipids, DNA, mRNA, micro RNAs (miRNA) and lncRNA (Long noncoding RNA) [14,15].
Moreover, exosomes are found amply in pathological and/or physiological fluids, such as
breast milk, cerebrospinal fluid, serum, saliva, urine, plasma and ascites [16], making them
promising target molecules as cancer cells release more exosomes than non-cancer cells.

2. Exosomes: Structure and Functions

Exosomes, first identified by Johnstone et al., are nanovesicles derived from cul-
tured monolayer cells [17], made of growing intracellular endosomes that produce mul-
ticellular bodies (MVBs) fused with plasma membranes to secrete exosomes out of the
cells [11,18]. Exosomes are lipid vesicles with a bilayer structure and a diameter of 30
to 150 nm [10,19,20], and a buoyant density of 1.13 g/mL to 1.19 g/mL [21]; formed
during the process of endosomal maturation by dependent and independent endosomal
sorting complexes required for transport (ESCRT) processes [22]. They express several
proteins including protein/tetraspanin markers such as TSG101, ALIX, CD63, HSP70,
tetraspanin 1–19, Putative tetraspanin-19, Uroplakin-1a,1b, Peripherin-2, CD Antigen 9,
63, 81, 82, 151 and Leucocyte surface antigen CD53, CD37 which play a key role in vesicle
detection [23–25].

Exosomes are a crucial element in the metastasis, development and treatment efficacy
of cancer. They also play a key role in tumor development owing to their ten times higher
secretion efficiency in cancer cells than in normal cells, resulting in cellular contact in
the tumor niche through nucleic acid and oncogenic protein transmission [26–34]. The
absorption of exosomes induces upregulation of genes related to angiogenesis, leading to
proliferation, migration and germination of endothelial cells [35]. In the premetastatic niche,
exosomes help in epithelial to mesenchymal transition (EMT) through distant metasta-
sis [36–38], and also contribute to cancer-associated fibroblasts (CAFs) for the enhancement
of cancer aggressiveness. Exosomes are also involved in neutrophil deployment, growth
and stimulation of myeloid-derived suppressor cells (MDSC), inhibition of dendritic cell
(DC) differentiation, inhibition of natural killer cells (NK) cytotoxicity, induction of M2
polarization of macrophages, development of regulatory T cells (Treg) and induction of
apoptosis of cytotoxic T (Tc) cells [39–42]. Exosomes not only contribute to the growth of
cancer cells but also provide chemoresistance to the neighboring cells in the tumor microen-
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vironment against various chemotherapeutic agents, displaying the role as a safeguard for
other cancer cells [43,44]. Various in-vitro studies and clinical studies on breast cancer have
demonstrated that exosomes might contribute to miRNA processing delivery and result in
induction of tumor formation and/or transformation in non-tumorigenic breast cells [45].
In addition, autocrine signaling has been found to trigger further cancer progression via
exosomes derived from the cancer cells. For example, exosomes extracted from in vitro
gastric cancer cells encourage growth via Akt/PI3K (Phosphoinositide 3-Kinase), MAPK
(Mitogen Activated Protein Kinase) and Notch-1 dependent signaling pathways [46,47].
Overall, cancer cells can customize isomorphic exosomes to guide cancer progression by
targeting the different molecules and processes related to breast carcinogenesis (Figure 1).

 

Figure 1. The schematic figure represents the functional abilities of exosomes that may be involved in various cellular
processes during breast carcinogenesis (Icons are created with biorender.com (accessed on 20 June 2021)).

3. Origin-Based Types of Exosomes

There are several types of exosomes depending on their site of origin: DCs-derived
exosomes, Tumor-derived exosomes, Ascites-derived exosomes (Aexs), CTL derived ex-
osomes, CAR-T (Cytotoxic T Lymphocyte) cells-derived exosomes, Mesenchymal stem
cell-derived exosomes (MSCs) and natural source derived exosomes which are discussed
below in detail and represented in Figure 2.

3.1. DCs-Derived Exosomes (Dexs)

Dendritic cells (DCs), involved in the first stage of cancer immunity, aims to activate
tumor-specific cytotoxic lymphocytes, leading to the destruction of tumor cells [48]. The
first FDA-approved DC vaccine to be used as immunotherapy for castration-resistant
prostate cancer showed an average survival of 4.1 months (25.8 months in the ciprofloxacin-
T group and 21.7 months in the placebo group) [49]. However, the DC vaccine consists of
living cells, making it really expensive in terms of storage and stability over a longer period
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of time. Dexs carry numerous DC molecules associated with immune function including
peptide/Major Histocompatibility Complex (MHC) complexes that trigger the response
of antigen-specific T lymphocytes [50,51], and co-stimulatory molecules, in particular
CD80, CD83, CD86, which further aid in the enhancement and initiation of T lymphocyte
cells. Exposing adenocarcinoma cells to Dex treatment also causes an increase in the
induction of interferon secretion [52,53]. These studies suggest that Dex maintains an
essential immunostimulatory power of DCs, which could become a promising tool for
cancer immunotherapy in future.

 

Figure 2. The diagrammatic representation depicts the release of different types of exosomes from the cells and their
molecular markers (Icons are created with biorender.com (accessed on 20 June 2021)).

3.2. Tumor-Derived Exosomes (Texs)

Texs carry MHC-I, HSP70 and antigens speculated to be the source of specific stimuli
against immune response exerted by cancer cells. Texs elicit an enhanced anti-tumor
reaction more efficiently than the cancer cell debris, apoptotic materials and irradiated
tumor cells [54]. HSP70, a stress-inducible exosomal heat shock protein that promotes NK
cell activation and cancer cell lysis via granzyme B, acts as an endogenous danger signal to
increase the immunogenicity of tumors by induction of CTL response [55]. Texs can also
effectively release a variety of tumor antigens to DC; thus, they can be exploited as antigen
carriers for cancer immunotherapeutics [56]. Texs are known to play a key role in cancer
growth and progression, such as inducing apoptosis in activated CD8+ T cells, inhibiting
immune cell proliferation, interfering with the monocyte differentiation, suppressing NK
cell activity and encouraging Treg and MDSC expansion [57]. These effects come by directly
suppressing the proliferation and inhibiting the cytotoxicity of NK cells or binding directly
to the T-cells associated with HER2 receptors leading to the activation of multiple cells to

182



Cancers 2021, 13, 4672

inhibit tumor growth. In addition, the removal of PD-L1 leads to the anti-tumor properties,
hence becoming as one of the potential therapeutic target [58]. Similar to the Dexs, Texs
might also become a potential and immunogenic acellular vaccine [59].

3.3. Ascites-Derived Exosomes (Aexs)

Aexes are another form of exosome shown to play an important role in carcinogenesis.
Aexs contain MHC-I and –II molecules, co-stimulatory molecules, ICAMs and the immuno-
genic carcinoembryonic antigen (CEA) which APCs may recognize. Initial clinical trials in
advanced CRC patients have shown promising anti -tumor response of Aexs along with
GM-CSF (Granulocyte-Macrophage Cell Simulating Factor) and may serve as alternative
to immunotherapy [60].

3.4. CTLs Derived Exosomes

In the year 1989, Peters et al. suggested that exosomes derived from human T cells
participate in the interaction of CTLs and the target cells [61]. However, in specificity
towards CTLs, the presence of CD3, CD8 and TCR on CTLs derived exosomes could
provide cytotoxicity to the targeted cells through TCR (T- Cell Receptor) interaction with
the antigen/MHC-I complex. Such interaction may result in the target cell death [62], due
to the presence of cytotoxic compounds in exosomes, including perforin, granzymes and
lysosomal enzymes [63]. Early studies have emphasized that the accelerated secretion
of exosomes by CTLs through TCR activation and TCR/CD3ζ complex has existed on
the surface membrane of exosomes derived from human CTL [64], resulting in the rapid
elimination of the target cell and thus serving and contributing to the adaptive immunity.

3.5. Exosomes Derived from CAR-T Cells

CAR-T cell-derived exosomes may possess antibody-derived single-chain variable
fragment (scFv), a promising alternative to cell therapy. Cellular communications between
CAR-T or CTL and cancer cells are required for the anti-tumor effect of CAR-T cells and
CTLs especially in an aggressive tumor. Both CAR-T cells and CTLs interaction with the
cancer cells require the penetration of the CAR-T or CTLs cells in the tumor. However,
the tumor milieu can limit the mode of action of CAR-T cells and CTLs as the scFv may
influence the CAR-T cell function [65]. Consequently, this may limit clinical application of
CAR-T-based cell therapy particularly in many solid tumors [66]. However, the adoptive
transfer of CAR-T cells proposes an innovative method in cancer immunotherapy by
provoking prompt and long-lasting clinical responses albeit with acute toxicities [67]. The
exosomes released by CAR-T cells carry CAR on their surface, which helps in releasing
highly cytotoxic molecules, thus inhibiting tumor growth. CAR exosomes do not express
programmed cell death protein 1 (PD1) and, in contrast with CAR-T cells, their anti-tumor
effect is uninfluenced by recombinant PD-L1 treatment. In addition, CAR exosomes have
less toxicity and thus safer than CAR-T based cell therapy [63]. Having said that, CAR-T
cell administered in vivo have shown significant tumor suppression and thus the use of
CAR-T cell exosomes against triple negative breast cancer (TBNC) expressing MSLN may
provide significant therapeutic benefit [68].

3.6. Mesenchymal Stem Cell-Derived Exosomes (MSCs)

MSCs are the important components in tissue repair/wound healing and can also
produce exosomes at a very large scale [67]. MSC-exosomes also play a role in apoptosis of
the activated T cells as they express galactin-1, a carbohydrate-binding protein that binds to
the distinct set of glycoprotein receptors and acts extracellularly to induce cell death. MSCs
can also pack mRNA into exosomes, preventing tumor migration and infiltration to distant
areas. MSC-derived exosomes can also transmit extracellular miR-143 to osteosarcoma cells,
which significantly decreases the migration of osteosarcoma cells. In addition, the discharge
of MSC-derived exosomes miR-23B causes cell cycle suppression and dysfunction of breast
cancer cells, thus preventing cancer cell migration and infiltration [69,70]. These exosomes
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stimulate the secretion of Interleukin-6 (IL-6), Interferon-γ (IFN-γ), Tumor necrosis factor-
α (TNF-α) along with Activated B cells, T cells and Antigen presenting Cells (APCs)
containing HoxB4. This affects the DC maturation and promotes T cell proliferation,
differentiation and activation through the WNT signaling pathway [67]. These findings
need to be further explored extensively for better therapeutics.

3.7. Exosomes Derived from Natural Sources

Interestingly, exosomes are also derived from plant sources and food/edible materials.
Food derived exosomes (FDEs) are involved in the transport of biomolecules for cell-to-cell
communication. These small vesicles (50–300 nm) are surrounded by a phospholipid bilayer
and form intraluminal vesicles (ILVs) in multi vesicular bodies. These bodies fuse with
the plasma membrane to produce ILVs in the extracellular environment and are referred
to as exosomes [71,72]. Plant-derived exosome-like particles have gained much attention
because of their source of origin and are known as Plant-derived edible nanoparticles
(PDENs). They are found in the paramural space of plants and are identical in structure
and function to their mammalian counterparts [73]. PDENs respond differently in different
biological conditions; variation in the size and surface charge of exosomes depends on the
plant source and environment. In the stomach and intestinal environment, grape-derived
exosome-like vesicles reduced in size compared to vesicles suspended in water, while a
fraction of ginger-derived vesicles expanded in stomach and intestine [74]. In addition,
large number of exosome-like vesicles has been identified from ginger (Aprox. 50 mg
per 1 kg of ginger) which are rich in proteins, lipids and other nuclear components [26].
The epidemiological studies suggest that continuous human exposure to exosomes of
pasteurized milk may confer substantial risk for the development of chronic diseases
including obesity, type 2 diabetes mellitus, osteoporosis, common cancers such as prostate,
breast, liver, B-cells and Parkinson’s disease [26].

4. Exosomal Biomarkers in Breast Cancer

As the basic principles of exosome biology and their relationship with cancer and
drug resistance are better understood, exosomes and the tumor microenvironment are
increasingly becoming attractive targets for clinical applications; primarily due to their
versatile role in carcinogenesis in terms of cancer diagnostic and treatment response [75].
Subsequently, exosomes can portray the entire tumor milieu because of their ability to be
secreted from any cancer cell type [76]. It has been observed that exosome secretion has a
direct relationship with the severity of cancer lesions, which may not only detect the disease
but also the type of disease [76,77]. Circulating exosome-encapsulated miRNAs have been
observed as ideal biomarkers for breast cancer for its good correlation with disease progres-
sion. For example, significantly high amount of exosomal miRNAs such as ci-miRNA-27
and ci-miRNA-365 are found in triple negative breast cancer patients compared to hormone
receptor positive breast cancer patients [77–80]. Exosomes are shown to preserve miRNAs
as cell-free miRNAs, as they are found in purified human peripheral blood micro-vessels.
Subsequently, various studies show exosomal miRNAs in the blood as novel biomarkers
for the diagnostic and prognostic evaluation of various human cancers including breast
cancer [81–87]. In situ detection of miRNAs has highlighted that miR-21 could be a poten-
tial biomarker for both MCF-7 cells derived and normal cell-derived exosomes. In addition,
miR-16 was also found to be transferred from murine breast cancer-derived TAMs via
tumor-derived exosomes that prevent infiltration and polarization of macrophages in the
tumor niche [88]. Exosomes derived from TAMs, containing miR-223 promote the invasive
potential of breast cancer cells, thus promoting tumorigenesis [89]. Studies have also shown
that the elevated level of TAMs resulting in a poor prognosis of breast cancer. However,
TAM-derived exosomes might play a significant role in controlling disease progression and
treatment via miRNA secretion. Consequently, exosomal miRNAs may critically impact
breast cancer proliferation: metastasis, drug resistance, microenvironment formation and
immune response. Some significant miRNAs are discussed in Table 1. Moreover, isolation
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of tumor markers in liquid biopsies is easy and cost-effective than solid tissue biopsies [90].
However, the physiognomies of circulating tumor cells (CTC) and cell-free DNA (cf-DNA)
related to cancer are still unclear as compared to the exosomes of solid tumor biopsies.
Furthermore, cf-DNAs carry mutations distinctively of the consistent primary tumors.
In contrast, more circulating tumor DNA clearance is usually observed in the liver or
kidneys, indicating steadiness and pathogenicity of circulating tumor DNA [91]. Exosomes
containing different markers are represented in Table 2 and Figure 2.

Table 1. List of some important exosomal miRNAs related to breast cancer.

S.No. Description/Function miRNAs Involved Refs.

1
Exosomal miRNAs in breast cancer cell

proliferation and apoptosis

miR-10a, miR-10b, miR-21, miR-27a, miR-155
and miR-373 [45]

miR-21 and miR-10b [92,93]

miR-128 [94]

2 Exosomal miRNAs in breast cancer metastasis
miR-200a, miR-200b, miR-200c, miR-429 and

miR-141 [95]

miR-200c and miR-141 [95]

3 Exosomal miRNAs in drug sensitivity and
resistance in breast cancer

miR-100, miR-17, miR-222, miR-342–3p and
miR-451 [44]

miR-4443, miR-574–3p, miR-7847–3p,
miR-423–5p, miR-4298, miR-3178,

miR-6780b-3p, miR-7107–5p, miR-744–5p,
miR-4258, miR-138–5p and miR-210–3p

[96]

miR-221/222 [97]

miR-9 [98]

miR-939 [99]

miRNA-122 [100]

miR-23b and miR-320b [101]

4 Exosomal miRNAs in breast cancer tumor
microenvironment

miR-21, miR-378e and miR-143 [102]

miR-127, miR-197, miR-222 and miR-223 [103]

MiR-503 [104]

Exosomal miR-198, miR-26a, miR34a and
miR-494 [19]

miR-134 [105]

miR-182 [106]

miR-101 and miR-372 [107]

miR-21 and miR-1246 [80]

exosomal miR-1246 [108]

miR-105 [98]

miRNA-10b [109]

miR19a [110]

miR-338-3p, miR-340-5p and miR124-3p [111]

miR-29b-3p, miR-20b-5p, miR17-5p,
miR-130a-3p, miR-18a-5p, miR-195-5p,

miR-486-5p and miR-93-5p
[111]

miR-221/222 [112]

miRNA-451 [113]
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Table 2. List of exosomal protein markers involved in breast cancer.

S.No. Expression Site Protein Markers Refs.

1
Serum/pleural effusion-derived exosomes

from breast cancer patients or cell lines

ADAM10, HSP70, CD9, Annexin1, [114]

TrpC5 [115]

Glucose transporter 1 (GLUT-1), glypican
1 (GPC-1), [116]

Glutathione S-transferase P1(GSTP-1) [117]

HER-2 [118]

Survivin (Survivn 2B) [119]

P-glycoprotein/TrpC5/ABCG2 [120]

Ubiquitin carboxyl terminal hydrolase-L1
(UCH-L1) [121]

CD24, tetraspanins and epithelial cell
adhesion molecule (EpCam) [122]

2 Plasma

Developmental endothelial Locus-1
(Del-1) and fibronectin [123,124]

Fibronectin [124]

4 Total blood SERPINA1, KRT6B and SOCS3, IGF2R [125]

5. Exosomes in Breast Cancer Aggressiveness

Communication of cancer cells with neighboring cells is crucial for tumor develop-
ment, and it may happen through direct cell to cell or intracellularly with the help of some
secretary molecules [126,127]. Exosomes produced from tumors are capable of promoting
tumor cell proliferation and metastasis. Apart from their pro-tumorigenic activities, exo-
somes also contribute to tumor-tumor communication via chemoresistance transmission.
Corcoran and colleagues first demonstrated that exosomes could convey Docetaxel resis-
tance in prostate cancer [128], similar events have been observed in a variety of tumors
such as hepatocellular, lung, liver including breast cancers [129–131]. Exosomes derived
from tumors also interact with non-transformed differentiated cells, triggering the devel-
opment of malignant characteristics in these target cells. For example, exosomes mediate
intercellular communication between neoplastic and normal cells, resulting in the latter
developing a pro-inflammatory phenotype. Exosomes from arsenite-treated liver cells
were demonstrated to activate the IL6, IL8/STAT3 pathway, thereby increasing miR155
expression and inflammatory characteristics in normal liver cells [132].

In addition, tumor-derived exosomes play a critical role in tumor invasion by pro-
moting tumor cell viability along with extracellular matrix degradation through matrix
metalloproteinases (MMPs). They also exclude apoptosis-inducing proteins, specifically
leading to the escape of tumor cells from immune surveillance [133,134]. HSP90+ exo-
somes derived from metastatic breast cancer cells and released exotically with the help of
rab27b, can promote tumor invasion via degradation of extracellular matrix and activation
of MMP2 [135]. Studies have also highlighted that exosome derived from linoleic acid-
induced MDA-MB-231 can reduce E-cadherin expression while enhancing the expression
of Snail 1/Snail 2, Twist 1/Twist 2, Vimentin, N-cadherin and Sip1 [136]. It has also been
observed that exosomes derived from breast cancer cells contain miR-105, which regu-
lates the tight junction protein ZO1 in recipient endothelial cells, may lead to augmented
vascular permeability by downregulating the levels of ZOI [98]. Furthermore, recent re-
search suggest that breast cancer-derived exosomes play a compelling role in organ-specific
metastasis and angiogenesis as they contain annexin A2, which mediates brain and lung
metastasis in particular [137]. An improved understanding of their mechanism may allow
important therapeutic implications.
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6. Exosomes as Drug Carriers

Exosomes have a low immune prototype, and thus have minor adverse effects [138].
Furthermore, exosomes can easily enter cells due to interactions between exosome mem-
brane proteins and recipient cells [139], which makes them the most effective natural carrier
for drug delivery. However, the origin of exosomes, techniques of purification, forms of
drug loading and the final drug delivery system needs to be elucidated [17]. Tumor derived
exosomes can deliver drugs more precisely to tumor cells and suppress tumor progression
as seen in case of paclitaxel delivery to prostate cancer [140]. Similarly, exosomes from
pancreatic cancer cells could effectively transfer curcumin to pancreatic cancer cells and
cause considerable cell death [141]. In general, drug-loaded exosomes show better efficacy
than chemical drugs alone. Furthermore, Kim et al. discovered that paclitaxel-loaded
macrophage-derived exosomes had higher stability and loading efficiency than other drug-
loading approaches, inhibiting Lewis Lung Carcinoma cell proliferation more effectively
and showing anti-tumor activity in a murine Lewis Lung Carcinoma model [142]. In
addition, Yong T et al. developed biocompatible tumor cell-exocytosed exosome-sheathed
PSiNPs (E-PSiNPs) as a drug carrier for targeted cancer chemotherapy, which resulted
in greater in vivo enrichment in total tumor cells and side population cells with CSC-
like characteristics. The treatment also showed remarkable anticancer and CSC-killing
activity in subcutaneous, orthotopic and metastatic tumors [143]. The administration of
doxorubicin-loaded exosomes generated from DCs can significantly decrease breast tumor
cell proliferation with no toxicity in mice. When DC-derived exosomes are combined
with specific IRGD peptides, the exosomes have the ability to target breast cancer more
effectively than a chemical formulation alone [144]. Exosomes containing cisplatin can pro-
long the life of ovarian cancer mice without generating liver or kidney side effects, which
is an advantage over cisplatin alone. Additionally, exosomes containing cisplatin have
an anti-tumor impact, in vivo and in vitro [145]. Curcumin loaded exosome of a murine
lymphoma cell line may be successfully transferred to brain tissue, causing microglia death
in the brain. These findings suggest that the strategy could provide a noninvasive and
innovative therapeutic approach for treating brain inflammatory illnesses [146]. Mesenchy-
mal stem cell-derived exosomes have been used to load miR-146b, resulting in effective
inhibition of tumor growth [147,148]. These findings suggest that exosomes may be used
as effective drug delivery vehicle with minimal side effects, however, more evidence are
needed to use exosomes as drug delivery system.

7. Exosomes in Multidrug Resistance

Breast cancer exosomes can bind to selective therapeutic antibodies that can lead to
treatment failure due to drug adsorption. Exosomes isolated from Her2+ breast cancer
cell supernatants or serum can bind to trastuzumab, inhibiting its activity. The finding
suggests that Her2+ exosomes may be used as a biomarker in trastuzumab-resistant
tumor aggressiveness [118,149,150]. Various molecule such as transient receptor channel
5 (TrpC5), P-glycoprotein (P-gp), Survivin, DOX, mtDNA, Glutathione S-transferase P1
(GSTP1), ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) etc. are linked with exosome
mediated drug resistance [115,117,120,121,150–152]. Therefore, tumor derived exosome
may not only serve as non-invasive biomarkers to explore the mechanism of drug resistance
in breast cancer cases but also lead to personalized medicine or therapeutic interventions.

8. Exosomes in Breast Cancer Diagnosis

Recent research shows the presence of exosomes in nearly all body fluids, including
blood, urine, saliva, breast milk, cerebrospinal fluid, semen, amniotic fluid and ascites [153].
Few studies have also proposed the utility of exosomes in the diagnosis and prognosis
of different types of cancers. Particularly, in breast cancer, differential secretion of exo-
somes displaying an array of proteins such as Tetraspanin CD9, HSP70, Annexin-1 and
metalloprotease ADAM10 at various stages of breast cancer may contribute to an accurate
diagnosis and prognosis [114,150]. For example, tetraspanin CD63, an integrin-binding
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partner exclusively present on exosomes, expression correlates inversely with the can-
cer metastasis [154–156]. Del-1 and exosomal survival-2B (pro-apoptotic protein) can be
used for differentiating benign/non-cancerous breast tumor [123] and a diagnostic and/or
prognostic marker in patients with early breast cancer, respectively [119]. Along with
several proteins, tumor-derived exosomal miRNAs such as miR16 also contribute to tumor
evasion, leading to tumor progression. Mechanistically, exosomes derived from cancerous
cells modifies the tumor microenvironment, which can eventually trigger immune cells to
release epigallocatechin gallate (EGCG) [157]. Further mechanistic elucidation of proteins
and miRNAs derived from circulating plasma exosomes can act as an early diagnostic,
prognostic as well as therapeutic tool in cases of breast cancer.

9. Exosomes in Immune Response and Immunotherapy

Recent research findings indicate a distinct advantage of immunotherapy over existing
conventional therapies [158]. Exosomes, derived from the cancer cells including breast
cancer can modify the immune response by interacting with various immune cells, e.g.,
macrophages, regulatory T cells (Tregs), dendritic cells (DCs) and T cells [159]. Studies
in breast cancer have also demonstrated that exosomal miRNAs transport stimulate the
macrophages and contribute to angiogenesis [160]. Exosomes derived from murine breast
cancer 4T1 cells took up fibronectin leading to an active interaction with immune cells
when co-cultured with tumor infiltrating leukocytes [161]. The release of protein-coated
exosomes called PD-L1, part of immune checkpoint protein family actively involved in
immune surveillance, in melanoma skin cancer models and in blood samples of the people
treated for breast and lung cancer [162] suggest a novel method to increase the efficacy of
exosomes dependent tumor vaccines.

In addition, immunocyte exosomes include cytokines that govern inflammatory re-
sponses, innate immunity and lymphocyte production, among other processes. The re-
search team of Gao, et al. found that Dex contains TNF-α, which could activate NF-KB by
releasing membrane-bound TNF-α suggesting an involvement in endothelial inflammation
and atherosclerosis [163]. Exosomes released by DCs, and macrophages include membrane-
bound IL-1, which could be involved in inflammation [164,165]. Wang et al. found that the
TGF-β-containing thymic cell-based exosomes boost T-cell development to Foxp3+ Tregs,
the differentiation of CD4+CD25 T-cells from Tregs into the effector and their in vitro and
in vivo proliferation [165]. Findings mentioned above suggest that exosomes may control
key immunologic processes, release cytokines, regulate inflammatory response and innate
immunity and also imply that immune cell exosomes may govern stem cell mobilization,
tissue remodeling and immunological regulation.

10. Clinical Application of Exosomes

Recently, cancer cells secreted exosomes have become one of the emerging research
areas in understanding cancer, especially breast carcinogenesis. Additionally, it also pro-
vides us an opportunity to explore biomarkers for better diagnosis and prognosis at an
early stage [166,167]. In 2016, two test kits on fluid biopsy-based approaches were avail-
able to detect prostate and lung diseases (ExoDx® prostate and ExoDx® Lung, Exosome
Diagnostics Inc., Waltham, MA, U.S.A) [87,168,169]. Breast cancer-derived exosomes have
also been considered as a potential indicator of cancer progression [114]. However, further
investigation is needed. Several proteins, including epidermal growth factor receptor
(EGFR), survival apoptosis inhibitor, carcinogenic marker CD24, localized adhesive kinase
(FAK) and surface cell proteoglycan glycan-1, are significantly overexpressed in the breast
cancer patient’s serum-derived exosomes as compared to the healthy donors [119,170].
Researchers found a higher level of exosomes derived 27-hydroxycholesterol exosomes
in MCF-7 when compared to MDA-MB-231 cells [171,172]. Exosomes derived epigallo-
catechin gallate (EGCG)-treated breast cancer cells when incubated with TAM in vivo,
were found to repress M2 polarization and NF-κB signaling led to anti-tumor immune
response [88]. Such studies indicate the potential use of exosomes as a promising agent for
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drug delivery vehicles in anti-tumor therapy. Furthermore, exosomes can both spread and
curb the infections, and thus are considered as suitable candidates for developing vaccines
for prevention and treatment [173]. The vaccine developed from exosomes was effective in
anti-tumor immunity, however, further research is warranted to exploit its potency as a
therapeutic candidate.

11. Future Prospects

Availability of limited therapies against breast cancer particularly TNBCs cause higher
mortality than other subtypes among breast cancer patients. Ample evidence indicates
the role of exosome and/or sEVs in carcinogenesis and thus can be used for diagnosis.
Moreover, exosomes may act as a bridge for cellular communication in the tumor mi-
croenvironment resulting in tumor development, invasion, metastasis and drug resistance.
Apart from their role in cancer progression, these could serve as a potential vehicle for
inhibiting tumor growth and development by manipulating them for drug development
and immune-surveillance.

Recent path-breaking research tools such as immunotherapeutics (PDL-1, CAR-T, etc.)
have immensely benefitted patients. Importantly, exosome-based immunotherapeutics
exoPDL1, type of exosome-related immunotherapy, can be used to design drugs with
minimum toxicity and greater clinical benefits. The small size of the exosomes makes
them useful natural carriers for drug delivery into the cancer cell and may significantly
contribute to therapeutic use.

12. Conclusions

It is desirable that the ongoing efforts in cancer research should not only focus on
the role of exosomes or sEVs in vitro but also on their significance in liquid biopsies,
immunotherapy, drug designing and drug delivery systems to benefit patients greatly
particularly in triple- negative breast cancer patients.
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Simple Summary: Activated or apoptotic platelets both shed platelet microparticles that are proven
to be internalized by many different cell types, including cancer cells. Here, we have investigated
whether platelet microparticles can transfer their contents to the monocytic leukemia cell line THP-
1 and if this could change cell activity and resistance to chemotherapy. We show that platelet
microparticles were internalized by THP-1 cells and that platelet-associated microRNAs were elevated
after a brief co-incubation. Furthermore, differentiation toward macrophages was induced and
cell cycle progression, proliferation, and mitochondrial activity were decreased. Co-incubation
with platelet microparticles increased chemotherapy resistance, which also was evident in acute
myelogenous leukemia cells from patient samples, and it could be explained by the decrease in
cell activity. Thus, platelet microparticles may have a role in the evolution of acute myelogenous
leukemia and contribute to development of chemotherapy resistance, making them an interesting
target for treatment.

Abstract: The role of platelets in cancer development and progression is increasingly evident, and
several platelet–cancer interactions have been discovered, including the uptake of platelet micropar-
ticles (PMPs) by cancer cells. PMPs inherit a myriad of proteins and small RNAs from the parental
platelets, which in turn can be transferred to cancer cells following internalization. However, the
exact effect this may have in acute myelogenous leukemia (AML) is unknown. In this study, we
sought to investigate whether PMPs could transfer their contents to the THP-1 cell line and if this
could change the biological behavior of the recipient cells. Using acridine orange stained PMPs,
we demonstrated that PMPs were internalized by THP-1 cells, which resulted in increased levels
of miR-125a, miR-125b, and miR-199. In addition, co-incubation with PMPs protected THP-1 and
primary AML cells against daunorubicin-induced cell death. We also showed that PMPs impaired
cell growth, partially inhibited cell cycle progression, decreased mitochondrial membrane potential,
and induced differentiation toward macrophages in THP-1 cells. Our results suggest that this altering
of cell phenotype, in combination with decrease in cell activity may offer resistance to daunorubicin-
induced apoptosis, as serum starvation also yielded a lower frequency of dead and apoptotic cells
when treated with daunorubicin.

Keywords: acute myelogenous leukemia; platelets; microparticles; apoptosis

1. Introduction

Acute myelogenous leukemia (AML) is a bone marrow malignancy originating in
hematopoietic stem and progenitor cells [1–3]. The average 5-year survival rate for de novo
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disease is approximately 50% in younger patients [4], but this may vary widely depending
on the occurrence of a selection of genetic aberrances. According to the 2017 European
LeukemiaNet genetic risk stratification of AML, survival varies from 20% to over 60% [5].
Curative treatment involves intensive chemotherapy and, for select high-risk patient
groups, the addition of consolidating treatment with allogenic stem cell transplantation,
which carries the risk of a fatal outcome [6]. Thus, there is a need for a better understanding
of tumorigenesis and evolution of the disease to improve treatment strategies.

Platelet–cancer interactions are becoming increasingly evident, and there is proof of
cancer disease fundamentally altering the platelet transcriptome [7]. In aggregates with
cancer cells, platelet function is hijacked to evade the NK cell response [8,9] and induce
cancer cell epithelial–mesenchymal transition to facilitate metastasis [10,11]. Platelets
are also important mediators for the development and maintenance of the cancer cell
microenvironment [12,13].

Platelet microparticles (PMPs) are small membranous platelet particles (<1000 nm),
which either bud off as a result of platelet activation [14] or as apoptotic bodies [15,16].
These microparticles are internalized by a variety of cell types, transferring their contents
during this process [16–19]. PMPs contain a selection of the myriad of parent platelet alpha
granule proteins [20,21] and platelet-associated microRNAs [22,23], which may potentially
affect the biological behavior of the cells that have internalized them. This transfer of
microRNAs has been demonstrated in a number of cancer models [24–26], where, although
the effects are dependent on the cancer type and model, the PMPs appear to have both pro
and anti-tumoral properties.

Targeting anti-apoptotic proteins is a novel strategy in the treatment of AML [27].
BCL2 is an important regulator of the intrinsic or mitochondrial apoptosis pathway, inhibit-
ing BCL2 Antagonist/Killer (BAK) and BCL2 Associated X, Apoptosis Regulator (BAX)
oligomerization, thus preventing pore formation in the outer mitochondrial membrane and
subsequently leading to the leakage of cytochrome c and activation of caspase-9 [28]. Both
platelet releasate and lysate seem to counter the effects of agents that specifically target
this pathway, revealing an anti-apoptotic potential of platelets in AML [29]. There is also
evidence that intrinsic apoptosis can be affected by the transfection of certain microRNAs,
which are also found to be overexpressed in AML and present in platelets, indicating the
potential relevance of these regulatory RNA molecules in an interaction between AML
cells and platelets [30,31].

The role of microRNAs in AML is further supported by several studies showing
an association of microRNA expression with mortality and chemotherapy resistance in
patients, in whom several of the microRNAs are known to be present in high concentrations
in platelets and platelet microparticles [32–34]. In this study, we aimed to assess whether
PMPs could be taken up by AML cells and if this would change the AML cells’ microRNA
levels and in vitro chemotherapy resistance.

2. Results

2.1. Platelet-Associated microRNAs Are Increased in THP-1 Cells after PMP Co-Incubation

To examine whether platelet microparticles could be internalized by AML cells, we
cultured cells from the monocytic AML cell line THP-1, with acridine orange (AO)-stained
PMPs for 18 h. There was a PMP concentration-dependent increase of fluorescence in the
co-incubated cells, and fluorescence microscopy revealed that that the stain was indeed
dispersed within the cell nucleus and not located to bound microparticles (Figure 1A,B).
To further investigate whether this PMP internalization could increase microRNA levels,
we analyzed a selection of platelet-associated microRNAs in THP-1 cells after 18 h of
co-incubation with PMPs. miR-125a-5p, miR-125b-5p, and miR-199-5p levels were all
markedly increased (Figure 1C). This was particularly true for miR-199-5p, where levels
were undetectable without PMP co-incubation in 2/3 samples (range 37.55–not detected),
versus an average Cq value of 33.20 (range 33.13–33.24) with PMP co-incubation. These
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findings give indirect proof that microRNAs can be transferred from platelets to THP-1
cells through PMP internalization.

Figure 1. Internalization of platelet microparticles (PMPs) in THP-1 cells after 18 h of co-incubation. (A) Transfer of acridine
orange from stained PMPs analyzed by flow cytometry (FCM). Histogram plot from a representative experiment (n = 2).
Number following different PMP groups denotes the final concentration in million PMPs per mL medium. AO, acridine
orange. (B) Transfer of acridine orange from stained PMPs analyzed by fluorescence microscopy (FM) at 400× magnification.
(C) Changes in levels of microRNAs (n = 3). microRNA data were calculated as fold change from THP-1 without PMP
co-incubation, normalized for BCR. p values were calculated using the one-sample t test. * p < 0.05. #, fold change was not
calculated as levels were undetectable in 2/3 replicates for THP-1 without PMP co-incubation. ND, not detected.

2.2. PMPs Lead to Increased Resistance of THP-1 Cells to DNR

Both miR-125a-5p and miR-125b-5p have been associated with resistance to chemother-
apy in retroviral transduction studies [30,31]. Therefore, we examined whether the cytotoxic
effect of daunorubicin (DNR), a common front-line chemotherapeutic in AML, could be
influenced by PMP internalization. Co-incubation of THP-1 cells with PMPs decreased
the relative frequency of dead and apoptotic cells in a concentration-dependent manner
following treatment with DNR (Figure 2A). Thus, for all other analyses, PMPs were co-
incubated at a concentration of 1.5 × 107 per mL medium, unless otherwise specified, as
this generated the highest chemoprotective effect. Vector control experiments, where the
supernatant of isolated PMPs was added to Iscove’s Modified Dulbecco’s Medium (IMDM)
+ 10% FBS medium at a concentration of 5%, only had a small and non-significant effect on
resistance to DNR (p = 0.109).
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Figure 2. Apoptosis and cell death in THP-1 and primary acute myelogenous leukemia (AML) cells
treated with 0.5 μM daunorubicin. (A) Difference in frequency of dead and apoptotic cells in THP-1
cells with or without co-incubation with platelet microparticles (PMPs) (n = 3). Number following
different PMP groups denotes final concentration in million PMPs per mL medium. (B) Evaluation
of the effect of PMPs on the frequency of dead and apoptotic cells in primary AML cells (nine patient
samples, n = 4). p values were calculated using the one-sample t test (test value = 0). * p < 0.05.

2.3. Co-Incubation of Primary AML Cells with PMPs Also Increased Resistance to DNR

As there are limitations for the clinical relevance of cell line AML models [35], we
examined whether the chemoprotective effect of PMPs could be observed in cells derived
from AML patients. Using a similar approach, albeit with serum-free conditions, our results
showed an identical effect on primary AML cells where we identified a significantly lower
frequency of dead and apoptotic cells when PMPs were added (Figure 2B). The average
absolute reduction in dead and apoptotic cells in individual patient samples ranged from
0.2 to 55.9% and was significant in 8/9 patients (Figure S1). One-way ANOVA analysis of
the effects on THP-1 cells of PMPs from different releasates (when used in the primary AML
experiments as quality controls) revealed no significant inter-releasate batch difference
(p = 0.823).

2.4. THP-1 Cells Co-Incubated with PMPs Had Lower Caspase-9 Activity Following
DNR-Treatment

Using microRNA databases (miRDB [36] and TargetScanHuman [37]), we found
several predicted target mRNAs for miR-125a-5p and miR-125b-5p with important roles
in the intrinsic apoptotic pathway, such as the pro-apoptotic BCL2 family proteins, BCL2
Modifying Factor (BMF) and BAK1 [38]. To investigate whether PMP internalization
could influence the intrinsic apoptotic pathway, THP-1 cells were co-incubated with PMPs
and treated with DNR using the established approach. Then, the cells were analyzed
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for caspase-9 activation, which is a downstream effect of mitochondrial outer membrane
permeabilization (MOMP). There was a lower frequency of caspase-9 positive cells in the
THP-1 cell cultures co-incubated with PMPs (Figure 3), suggesting that the chemoprotective
effect of PMPs could be the result of the effects on the intrinsic apoptotic pathway upstream
of caspase-9 activation.

Figure 3. Caspase-9 activation in daunorubicin (DNR)-induced cell death. DNR-treated THP-1 cells were analyzed for
caspase-9 activation (n = 3). Caspase-9 positive cells were identified as the distinct second peak in the flow histogram.
p values were calculated using the paired-sample t test. * p < 0.05.

2.5. Decreased Cell Activity Protected THP-1 Cells against DNR

Cytotoxic chemotherapy is believed to be most potent in highly proliferating cancer
cells. Inducing cellular dormancy to decrease DNA replication should theoretically offer
a chemoprotective effect, as it would prevent DNR-triggered DNA damage. Thus, we
investigated whether serum starvation would decrease cell activity and subsequently
protect THP-1 cells against DNR. We analyzed proliferation, cell cycle distribution, and
mitochondrial membrane potential, and we observed that 48 h of serum starvation in
THP-1 cells induced a significant growth arrest (Figure 4A–C). To evaluate whether serum
starvation affected DNR-resistance, we compared apoptosis and cell death in THP-1 cells,
with or without serum starvation, 24 h after treatment with 0.5 μM DNR. We showed a
marked reduction in the frequency of dead and apoptotic cells (Figure 4D).

To investigate whether the apparent chemoprotective effect of PMP co-incubation
may be the result of a similar decrease in cell activity, we measured the effects of PMPs
on cell proliferation, cell cycle distribution, and mitochondrial membrane potential. Our
results showed that co-incubation with PMPs increased the frequency of cells in the G0/G1
cell phase, reduced mitochondrial membrane potential, and inhibited cell proliferation
(Figure 5A–C). These findings lead us to believe that PMPs may protect THP-1 cells from
DNR-induced cell death by partially inhibiting cell cycle progression and proliferation.
Co-incubation with PMPs did not alter mRNA or protein levels of CDK4 (Figure 5D,E),
which is fundamental for THP-1 viability and normal cell cycle progression [39,40].
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Figure 4. Effects of serum starvation on cell activity and daunorubicin (DNR)-resistance in THP-1 cells. (A) Daily
proliferation rate analyzed by flow cytometric counting (n = 4). (B) Cell cycle analysis after 48 h of serum starvation (n = 3).
Cells in the G0/G1 cell phase were gated. (C) Mitochondrial membrane potential after 48 h of serum starvation (n = 3), mean
fluorescence intensity (MFI) data. (D) Difference in DNR-induced cell death and apoptosis after 48 h of serum starvation
compared to standard conditions. (A–C) were compared using the paired-sample t test. (D) was compared using the
one-sample t test (test value = 0). * p < 0.05.
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Figure 5. Effects of platelet microparticles (PMPs) on cell activity in THP-1 cells. (A) Proliferation analysis by Cell Trace
Figure 5. (n = 5). (B) Cell cycle analysis (n = 3). Cells in G0/G1 cell phase were gated. (C) Mitochondrial membrane
potential (n = 4), mean fluorescence intensity (MFI) data. (D) CDK4 mRNA levels (n = 3). (E) CDK4 protein levels (n = 5).
(B–E) were analyzed after 24 h of PMP co-incubation. mRNA data are calculated as fold change from THP-1 without
PMP co-incubation, normalized for ACTB. Protein data are calculated as fold change in MFI from THP-1 without PMP
co-incubation. Data were compared using the paired-sample t test for data pairs or the one-sample Wilcoxon signed-rank
test for ratios. * p < 0.05. ** p < 0.001.

2.6. PMP Co-Incubation Increased Differentiation of THP-1 Cells toward Macrophages

THP-1 cells are capable of macrophage differentiation, leading to cell growth arrest.
Thus, we wanted to examine if increased differentiation of the cells could contribute
to the observed decrease in cell cycle progression. PMP co-incubation increased both
forward scatter and side scatter (Figure 6A), indicating increased cell size and granularity,
which are two hallmarks of macrophage differentiation [41]. Surprisingly, we could not
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corroborate the forward scatter findings with measurement of cell cross-sectional area
using the particle analysis function in the ImageJ software with pictures taken under an
inverted phase-contrast microscope (Figure 6B). However, co-incubation with PMPs led
to a significant increase in CD14 antigen expression (Figure 6C). Thus, the decrease in
cell cycle progression, and therefore part of the chemoprotective effect, could stem from
differentiation of the cells toward macrophages.

Figure 6. Phenotypical changes induced by platelet microparticles (PMPs) co-incubation. (A) Forward scatter (FSC) and
side scatter (SSC; n = 4). (B) Ratio of cell cross-sectional area (n = 4). (C) CD14 antigen expression after 48 h of culture (n = 5).
Data were compared using the paired-sample t test for data pairs or the one-sample t test for ratios. ** p < 0.001.
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3. Discussion

The important role of platelets in cancer development, progression, and metastasis
is becoming increasingly clear, and there are several known mechanisms in this interplay,
including the transfer and uptake of platelet microparticles. We showed that co-incubating
primary AML cells and THP-1 cells with PMPs increased their DNR resistance. In ad-
dition we demonstrated the inhibition of THP-1 cell proliferation, cell cycle progression,
mitochondrial membrane potential, and induction of differentiation toward macrophages.

We observed internalization of PMPs by THP-1 cells and a subsequent increase of
platelet-associated microRNAs. The internalization was observed using AO-stained PMPs.
AO will stain DNA, RNA, and acidic vesicles. Platelets do not contain DNA, other than a
small amount of mtDNA. However, platelets and PMPs both contain RNA and lysozomes,
making AO staining suitable for our purpose.

Co-incubation of THP-1 or primary AML cells with PMPs increased their resistance
to DNR-treatment at a concentration of 0.5 μM, which is close to the peak plasma concen-
tration measured in patients receiving 60 mg/m2 DNR [42]. In AML, DNR is routinely
administrated at dosages of 45–90 mg/m2 [43]. This observed chemoprotective effect could
be the result of microRNA transfer from PMPs. The overexpression of both miR-125a
and miR-125b have been associated with DNR resistance in AML cell lines, including
THP-1 [30,31]. Using the transduction of THP-1 cells with murine stem cell virus (MSCV),
these studies obtained a 4 and 4.9-fold increase of miR-125a and miR-125b. In our study,
the respective levels were increased 3.0 and 3.2-fold. The transduction of miR-125a and
miR-125b resulted in downregulation of the apoptotic proteins Grk2 and Puma [30,31].
The latter is a member of the pro-apoptotic BH3-only proteins of the intrinsic apoptosis
pathway [38], where we show a decrease in activation with PMP co-incubation. These
proteins are known to be crucial participants in apoptosis, as genetic knockout models
are protected against several apoptotic stimuli [44]. However, the cited studies with the
transduction of miR-125a and miR-125b did not include an analysis of cell activity in the
THP-1 cells associated with microRNA overexpression, which may be decisive for the
actual DNA-damage induced by DNR. Other studies have linked the ectopic expression of
miR-125a with proliferation inhibition, although in solid tumor cell lines [45,46].

PMPs contain several hundred different proteins and small RNAs, meaning the
underlying mechanism for chemoprotection are likely more complex than that reflected
in the single microRNA transduction studies. The anti-cancer effect of DNR and other
anthracyclines are believed to mainly be a result of interference with topoisomerase II (Top2)
enzyme activity [47]; however, other mechanisms have been identified [48]. Top2 introduces
double-strand DNA breaks during replication [47]; thus, an inhibition of proliferation
should decrease the efficiency of Top2 poisons. We showed that decrease of cell activity
through serum starvation protects THP-1 cells against DNR-triggered apoptosis and cell
death, and we suggest that PMPs could offer chemoprotection through this mechanism.

Vasina and colleagues have previously shown that microparticles from apoptotic platelets
can induce macrophage differentiation in THP-1 cells after 7 days of co-incubation [16]. Here,
we show prominent upregulation of CD14 antigen already after 48 h using platelet mi-
croparticles from activated platelets from platelet concentrates containing a mixture of
PMPs generated by activation and apoptosis, better resembling the in vivo milieu. Seem-
ingly, there are conflicting results regarding cell size analyses, as forward scatter and side
scatter were increased, but the measured cross-sectional cell area was unchanged. However,
we believe the increase in light scatter was affected by morphological changes with more
vacuolization in the cells treated with PMPs.

The observed differentiation effect can at least partially explain the decrease in cell
cycle progression, as THP-1 cells treated with phorbol myristate acetate for macrophage
differentiation only exit G1 phase to a little extent [49]. CDK4 mRNA and protein levels
were unchanged, and the decrease in cell cycle progression would appear to be the result of
a downstream target. However, notable downregulation of the CDK4 gene is known to be
a later event in macrophage differentiation of THP-1 cells [49]. We have not identified the
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exact substances that initiate differentiation or lead to the inhibition of cell cycle progression.
The latter could partially be an independent process, because contrary to our findings,
mitochondrial activity is increased with macrophage differentiation [41]. Transforming
growth factor beta (TGF-β) is a potent cell cycle regulator known to be present in platelets.
TGF-β induces dormancy or quiescence through several mechanisms, but it cannot be
entirely responsible for the observed chemoprotective effect of PMPs, as it is known to be
abundant in the platelet secretome [50,51], and we did not observe any significant effects
on the frequency of dead and apoptotic cells in our vector control experiments.

Several research groups have reported that PMPs affect cancer development. Michael
and colleagues showed that PMPs could infiltrate solid tumors and inhibit the growth of
lung and colon cancer [26]. Others have linked PMPs to increased epithelial–mesenchymal
transition and metastatic capacity in ovarian cancer [25] and lung cancer invasion [24].
Recent evidence has shown that platelets can have a bimodal effect in colorectal cancer
where they inhibit growth but promote metastasis [52]. An extensive review of the role of
PMPs in cancer progression can be found elsewhere [53].

Our protocol for the quantitation of microparticles has some limitations, as the PMP
number per mL releasate varied on average by 10.0%, but it ranged from 0.4 to 34.9%
between technical replicates. Thus, the final concentration of PMPs in the culture media may
have varied extensively in some experiments. Accordingly, the concentration of microRNAs
and proteins will vary from batch to batch of platelet concentrates. We accounted for the
latter when we chose to use pooled platelet concentrates derived from four different donors.
Furthermore, we found no inter-batch differences with respect to chemoprotective effect.

The induction of resistance to DNR by PMPs could have significant clinical relevance.
Inhibiting the production of PMPs may present a potential therapeutic approach in AML to
increase chemosensitivity. This can easily be achieved with platelet inhibition [54]. Platelet
inhibition has also previously been linked to both lower cancer incidence and improved
cancer-specific survival [55–58], although the exact mechanism is unknown. On the flip
side, the differentiation of AML cells by PMPs might be beneficial to inhibit evolution of
the disease.

4. Materials and Methods

4.1. Cell Line

The THP-1 cell line was purchased from ATCC (American Type Culture Collection;
Manassas, VA, USA) and maintained in Iscove’s Modified Dulbecco’s Medium (IMDM;
Thermo Fisher Scientific, Waltham, MA, USA) + 10% FBS (Sigma Aldrich, St. Louis, MO,
USA). Only cells in the exponential growth phase were used, and cultures were kept for
less than three months.

4.2. Primary AML Cells

Primary AML cells were isolated by density gradient separation of peripheral blood
from consenting patients at the Department of Medicine, Section of Hematology, Haukeland
University Hospital (Bergen, Norway). The cells were cryopreserved in liquid nitrogen until
use. The cryopreservation solution consisted of insulin-free RPMI 1640 (Sigma Aldrich),
supplemented with 10% dimethylsulfoxide and 20% FBS. Primary AML cells were cultured
in StemSpan Serum-Free Expansion Medium (Stem Cell Technologies, Vancouver, BC,
Canada) with the addition of the following recombinant cytokines in a final concentration
of 20 ng/mL: stem cell factor (Peprotech EC, London, UK), G-CSF (Peprotech), and FMS-
like tyrosine kinase 3 ligand (Peprotech). Charateristics of the AML patients can be found
in Table 1.
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Table 1. Characteristics of primary AML patients.

# Sex Age
Prev.

Myeloid
Disease

FAB Cytogenetics FLT3 NPM1 CEBPA CD11b CD14 CD33 CD34 CD45 CD64 CD117
HLA-
DR

L-
MPO

1 M 22 No M5 del(9)
ITD
(low
ratio)

wt neg neg pos pos dim pos pos dim

2 F 60 PV del(7) wt wt wt neg neg pos dim pos pos

3 F 56 No M4 inv(16) wt wt neg neg pos pos dim neg pos pos pos

4 M 44 No M4 inv(16) wt wt neg neg neg neg dim dim neg pos

5 F 92 No M1 neg neg dim neg dim dim pos pos pos

6 M 49 No M4 45, XY wt ins wt neg neg neg dim dim pos pos

7 M 76 No M5 Normal wt ins wt hetero hetero neg hetero pos hetero pos

8 F 95 No M4 Normal wt wt wt dim dim dim

9 M 29 No M4 Normal
ITD

(high
ratio)

wt wt neg neg neg pos dim neg neg pos pos

# patient number.

4.3. Platelet Concentrate

Routinely prepared platelet concentrates pooled from four donors (Tacsi system;
Terumo BCT, Lakewood, CO, USA) were provided by the Department of Immunology
and Transfusion Medicine, Stavanger University Hospital (Stavanger, Norway), after
written consent from the donors. The platelet concentrations were 0.88–1.08 × 109 per
mL. Leukocytes were removed by filtration to a residual level of <1.00 × 106. In the final
concentrate, the storage medium contained approximately 65% additive solution (PAS-III,
Baxter, Lake Zurich, IL, USA) and 35% plasma.

4.4. Platelet Releasate

The platelet concentrate was transferred from the blood bag to separate 50 mL tubes
and incubated with a final concentration of 1 U/mL human thrombin (Sigma Aldrich) for
one hour in a 37 ◦C water bath. The tubes were gently agitated every 5 min. The platelet
releasate was centrifuged for 10 min at 900× g, and the supernatant was transferred to new
50 mL tubes. The samples were stored at −80 ◦C. Fibrin clots that appeared after thawing
were plucked using a 10 mL serological pipette.

4.5. Platelet Microparticles Isolation, Co-Culture, and Measurement

Platelet releasate was centrifuged at 15,000× g for 90 min at room temperature and
the supernatant was carefully poured off. To examine the biological effects of platelet
microparticles, a mastermix of StemSpan + cytokines (for primary cells), or IMDM + 10%
FBS (for THP-1 cells), was used to resuspend PMPs before transfer to cell culture and
thoroughly mixed with the cells by pipetting. Two hours after the PMPs were added to the
cell cultures, the wells were mixed again by pipetting. For quantitation, the microparticles
were resuspended in 400 μL of 0.22 μm filtered Annexin V Binding Buffer (Miltenyi Biotec,
Bergisch Gladbach, Germany), before 200 μL of the solution was transferred to a second
tube. Twenty μL of Annexin V FITC (Milteny Biotec), and 2 μL of anti-CD61 APC (clone
Y2/51; Miltenyi Biotec), or 22 μL of 0.22 μm filtered Annexin V Binding Buffer for an
unstained control, were added and incubated for 15 min at room temperature. Finally,
278 μL of 0.22 μm filtered Annexin V Binding Buffer and 50 μL CountBright beads (Thermo
Fisher Scientific) were added before analysis. Microparticle gates were set with Megamix-
PLUS FSC beads (size range of beads: 0.3 to 0.9 μm; BioCytex, Marseille, France) using the
side scatter channel, according to Poncelet and colleagues [59]. At least 2500 bead events
were collected. This as well as all other flow cytometric analyses were performed on a
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) using CytExpert ver. 2.4
acquisition and analysis software (Beckman Coulter).
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4.6. Acridine Orange Staining of Platelet Microparticles

Platelet releasate was stained with 100 μg/mL of acridine orange (Thermo Fisher
Scientific) and incubated for 30 min at room temperature. Then, the solution was washed
and centrifuged two times at 15,000× g for 90 min. Tubes were changed after the first wash
step to avoid any contamination of acridine orange that may have adhered to the plastic.
Finally, the PMPs were resuspended in IMDM + 10% FBS and co-cultured with THP-1 cells
for 18 h at a concentration of 5 × 106 PMPs per mL. The cells were harvested and washed
twice in Dulbecco’s phosphate-buffered saline (DPBS; Sigma Aldrich) before analysis with
flow cytometry using the FITC channel, and with a Zeiss Axioplan 2ie MOT fluorescence
microscope (Carl Zeiss, Göttingen, Germany) using an SpGreen filter. At least 25,000 gated
cells were collected for flow cytometric analysis.

4.7. mRNA and microRNA Analysis

Total RNA was isolated using the miRNeasy kit (QIAGEN GmbH, Hilden, Germany),
and RNA concentration was measured on a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). Reverse transcription was performed with the TaqMan MicroRNA Re-
verse Transcription Kit (Thermo Fisher Scientific), and the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Real-Time PCR was done on the Mx3005P
qPCR system (Agilent Technologies, Palo Alto, CA, USA) using TaqMan MicroRNA Assays
(Thermo Fisher Scientific) with the TaqMan Universal Master Mix for microRNA analy-
ses (Thermo Fisher Scientific), and the TaqMan gene expression assays (Thermo Fisher
Scientific) with the TaqMan Gene Expression Master Mix (Thermo Fisher Scientific) for
mRNA analyses, following the manufacturer’s instructions. BCR or ACTB were used
as reference genes, and the relative expression was calculated using the 2−ΔΔCq method.
ΔΔCq was calculated as ΔCq value (target gene minus reference gene) for cells without
PMP co-incubation minus ΔCq value for PMP co-incubated cells. For a comprehensive list
of the microRNA and mRNA assays used in this study, see Table S1.

4.8. Daunorubicin Apoptosis Assay

Approximately 5 × 105 cells per mL of resuscitated primary AML cells, or THP-1
cells in exponential growth phase, were cultured under aforementioned conditions with or
without PMPs for 24 h. The cells were then treated with 0.5 μM daunorubicin hydrochloride
(Sigma Aldrich) for another 24 h before further analysis. THP-1 cells were also used as
a quality control for the experiments with primary AML cells. Then they were kept in
the same batch of StemSpan + cytokines to detect any false negative results in case of
issues with the PMP isolation. Cell viability was analyzed with the Annexin V-FITC kit
(Miltenyi Biotec), strictly following the manufacturer’s instructions. Dead and apoptotic
cells were analyzed using flow cytometry and gated out in a single gate using a pseudo
color plot of FITC-A versus PerCP Cy 5.5-A after doublet discrimination. For analysis with
primary AML cells, contaminating cells were gated out based on light scatter properties.
See Figure S2 for gating strategies. At least 25,000 gated cells were collected.

4.9. Caspase-9 Activity

Caspase-9 activity in daunorubicin-treated THP-1 cells was measured using the Casp-
GLOW Fluorescein Active Caspase-9 Staining Kit (Thermo Fisher Scientific). Approxi-
mately 5 × 105 cells in 0.3 mL IMDM + 10% FBS were stained with 1 μL FITC-LEHD-FMK
and incubated for 30 min in a CO2 incubator before washing twice with the supplied wash
medium and analysis with flow cytometry. Both untreated and treated, but not stained
THP-1 cells, were used as negative controls. At least 25,000 gated cells were collected.

4.10. Mitochondrial Membrane Potential

Mitochondrial membrane potential was assessed using the MitoProbe DiIC1(5) Assay
Kit (Thermo Fisher Scientific). THP-1 cells were cultured with or without PMPs for 24 h
before 5 × 105 cells in 1 mL IMDM + 10% FBS were stained with DiIC1(5) using carbonyl
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cyanide 3-chlorophenylhydrazone-treated cells as a correction for background signal and
incubated for 30 min following the manufacturer’s instructions. After doublet discrimi-
nation, MFI (mean fluorescence intensity) values of gated cells were compared using the
APC channel on the flow cytometer. See Figure S3A and B for gating strategy. At least
30,000 gated cells were collected.

4.11. Cell Cycle Analysis

THP-1 cells were incubated for 24 h in IMDM + 10% FBS with or without PMPs. Cells
were washed and 5 × 105 cells were stained with 10 μM Vybrant Dye Cycle Green Stain
(Thermo Fisher Scientific) and incubated for 30 min in a 37 ◦C water bath. Immediately
after incubation, the cells were analyzed using the FITC channel on the flow cytometer.
2N cells, representing G0/G1 cell phase, were gated out after doublet discrimination. See
Figure S3A and C for gating strategy. At least 10,000 gated cells were collected.

4.12. Flow Cytometry Proliferation Analysis

Proliferation analysis was performed with the Cell Trace Far Red Proliferation Kit
(Thermo Fisher Scientific) and analyzed with the APC channel on the flow cytometer. On
day 0, THP-1 cells at a concentration of 1 × 106 per mL were stained with 5 μM Far Red
reagent in DPBS and incubated briefly for 5 min in a 37 ◦C water bath to avoid excessive cell
toxicity. The stained cells were washed with IMDM + 20% FBS and cultured as previously
described. Medium with or without PMPs was added on days 2 and 4 to keep concentration
of cells below 8 × 105 per mL. A sample of the cells was analyzed on day 0 to identify
baseline MFI. At least 25,000 gated cells were collected.

4.13. Flow Cytometry Immunophenotyping

THP-1 cells were cultured under aforementioned conditions with or without PMP
co-incubation and harvested after 48 h. Approximately 1 × 106 cells were washed in DPBS,
resuspended in 98 μL of DPBS containing 0.5% BSA, and labeled with 2 μL of anti-CD14
APC (clone REA599; Miltenyi Biotec). The cells were incubated for 10 min at 4 ◦C and
washed before analysis. An unstained sample was used to determine background signal.
At least 30,000 gated cells were collected.

4.14. Measurement of CDK4 by Indirect Intracellular Flow Cytomtery

THP-1 cells were cultured for 24 h before harvest and analyzed for intracellular
protein using the published protocol by Ludwig and colleagues [60]. Briefly, cells were
fixed and permeabilized using the eBioscience Foxp3/Transcription Factor Staining Buffer
Set (Thermo Fisher Scientific). Then, cells were incubated with unconjugated anti-CDK4
(clone DCS-31; Thermo Fisher Scientific) and labeled with the proper conjugated secondary
antibody. Dilution and incubation time can be found in Table S2. A “no primary antibody”
sample was used to subtract background signal. At least 25,000 gated cells were collected.

4.15. Measurement of Cell Cross-Sectional Area

For measurement of the cross-sectional area, cultured cells were transferred to a Bürker
chamber to minimize the physical cell membrane manipulation and assessed under an
inverted phase-contrast microscope. Four representative fields per technical replicate at
100× magnification were captured using an Olympus Pen Lite E-PL5 camera (Olympus,
Tokyo, Japan). Pictures were analyzed using the particle analysis function of the ImageJ
software ver. 1.52k [61]. Image optimization and thresholding was performed as described
in the Supplementary Methods.

4.16. Serum Starvation

In separate experiments, analysis of daunorubicin-induced apoptosis and cell death,
cell cycle, and mitochondrial membrane potential were performed in serum-starved THP-1
cells without PMP co-incubation. Cells in the exponential growth phase were washed,
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resuspended, and kept for 48 h in IMDM before further analysis, as described in the
separate sections. For measurement of proliferation rate, cells were resuspended at a
concentration of 4 × 105 per mL IMDM, with or without 10% FBS, and counted using the
flow cytometer after 24, 48, and 72 h.

4.17. Statistical Analysis

Statistical analyses were performed using the IBM SPSS 26 software (IBM Corp.,
Armonk, NY, USA). Comparison between experimental groups was performed using tests
for paired or independent data when appropriate. The data were checked for normality
using P-P plots, Shapiro–Wilks test, and Kolmogorov–Smirnov test. A p value < 0.05 was
considered significant. Mean values are reported with a 95% confidence interval unless
otherwise specified. “n” denotes technical replicates.

5. Conclusions

We show that PMP co-incubation decreases mitochondrial membrane potential, in-
hibits cell cycle progression, decreases proliferation, and induces differentiation toward
macrophages in THP-1 cells. This differentiation effect, combined with decrease in cell
activity, may explain the observed protection against daunorubicin-induced cell death,
which is also evident in primary AML cells.

Our results warrant further research to explore the in vivo effects of platelet micropar-
ticles in AML, both as anti-apoptotic agents, and as modulators of the disease, as they
represent possible therapeutic targets through the use of platelet inhibitors.
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Simple Summary: The distinct molecular and biological properties of exosomes, together with their
abundance and stability, make them an ideal target in liquid biopsies for early diagnosis and disease
monitoring. On the other hand, in recent years, nanomaterial-based optical biosensors have been
extensively investigated as novel, rapid and sensitive tools for exosome detection and discrimination.
The scope of this review is to summarize and coherently discussed the diverse applications, chal-
lenges and limitations of nanosensors based on surface-enhanced Raman spectroscopy (SERS) as the
optosensing technique.

Abstract: Exosomes are emerging as one of the most intriguing cancer biomarkers in modern
oncology for early cancer diagnosis, prognosis and treatment monitoring. Concurrently, several
nanoplasmonic methods have been applied and developed to tackle the challenging task of enabling
the rapid, sensitive, affordable analysis of exosomes. In this review, we specifically focus our attention
on the application of plasmonic devices exploiting surface-enhanced Raman spectroscopy (SERS) as
the optosensing technique for the structural interrogation and characterization of the heterogeneous
nature of exosomes. We summarized the current state-of-art of this field while illustrating the main
strategic approaches and discuss their advantages and limitations.

Keywords: exosomes; cancer diagnosis; sensing; early detection; plasmonics; nanoparticles; surface-
enhanced Raman spectroscopy

1. Introduction

In the impending decades, cancer is set to become a major cause of morbidity and
mortality across all regions of the globe [1], with an estimated 13.2 million related deaths
by 2030 [1,2]. Thus, the development of more effective treatments and, fundamentally, new
forms of prevention and early diagnosis are both necessary strategies to achieve a cure [3].
In fact, diagnosis at the very earliest stages improves cancer outcomes by prompting
treatments aimed at preventing the disease development to incurable stages.

The prevailing theory about the origin of cancer indicates that a primary tumor
develops for a long time, from a subclinical or microscopic level, before it spreads at
distance (metastasis) [4]. To be clinically detectable, a tumor must reach a size of ca. 1 cm3,
which approximatively contain 109 cells [5]. Therefore, at the time of diagnosis, there is
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a high probability of prior dissemination. As a result, there is an urgent need for new
technologies capable of detecting the presence of tumor cells before the disease emerges as
clinically visible. In this regard, exosome-based liquid biopsy in peripheral blood and other
body fluids is among the most promising techniques for pre-metastatic cancer diagnosis [6].
The validity of such an approach builds upon the current concept and understanding of
metastasis [7–11]. Indeed, it has been recognized that before they spread to distant sites, the
original or primary tumors “communicate” with cells and tissues of other organs, as well as
their surrounding environment, to prepare what will be eventually a metastatic niche. This
horizontal intercellular communication takes place through exosomes. In bone-marrow [7],
for example, hematopoietic progenitor cells that express VEGFR1 are located in tumor
premetastatic sites and form cellular clusters induced by exosomes originated in primary
tumor cells. In these niches, such cells express VLA4 and certain integrins that facilitate the
arrival of tumor cells, a process that is also mediated by exosomes [12]. On the other hand,
by this communication, tumor stem cell deference can be induced from normal cells.

Exosomes were first described in the 1960s as vesicles related to coagulation processes
derived from platelets and, two decades later, they were associated with enzymatic func-
tions [13]. Subsequent observations showed that these vesicles were generated as cell
desquamation in the reticulocyte maturation process [14]. Exosomes are small, single-
membrane vesicles approximately between 30 and 150 nm diameter, secreted by practically
all cells into the extracellular environment through the fusion of specific endosomes (mul-
tivesicular bodies, MVBs) with the plasma membrane. MVBs are formed by primary
endosomes which are incorporated as “intraluminal vesicles” (ILV) via inward budding
of the multivesicular body membrane [12]. They can follow this secretory pathway to-
wards the extracellular environment or a degradative pathway through their fusion with
lysosomes. Exosomes have been shown to intervene in multiple functions (e.g., immune
response, healing, viral synthesis, antigenic presentation, etc.) [15,16]. In cancer, multiple
functions have been attributed to exosome-mediated communication such as reprogram-
ming of stromal cells, initiation of metastasis, preparation of metastatic niches, modelling
of the immune response and extracellular matrix, drug resistance, antigen presentation,
etc. [17]. Notably, such intercellular exosomal communication takes place in both directions:
from tumor cell to normal cell and vice versa. Thus, tumor cells can gain capacities such
as “invasiveness” or enhance their proliferative efficiency. An example of this reverse
communication process has been observed for normal adipocytes, which secrete exosomes
carrying proteins involved in the oxidation of fatty acids that are eventually incorporated
into melanoma cells. Such process culminates in an increase of this function in malignant
cells, which enhances their migration and invasion capabilities [18].

Exosome lumen and membrane carry biological and genetic information related to
their parental cell types as they are selectively enriched of specific nucleic acids (e.g.,
mRNA, miRNA, tRNA, etc.), proteins (e.g., integrins, immunoglobulins, growth factors,
cytoskeletal protein actin and tubulin, endosomal sorting complex required for transport
ESCRT-related proteins, hsp90, hsp70, tetraspanin, major histocompatibility complex),
lipids, metabolites and glycoconjugates (Figure 1) [19,20]. It is also worth stressing that the
exosome biogenesis itself can significantly impact their composition and functionality [3].
In this sense, the most significant aspect is that exosome molecular composition is not a
mere random replica of the original cell but is selected and specific. The overall mechanisms
of such selection (sorting) are very complex and have been only recently being unveiled.
In general terms, the integration of the molecular components into endosomes takes
place selectively via recognition by specific sequences of nucleotides or peptides. This
mechanism is similar to ubiquitination, a process that marks and selects proteins destined
for endosomal degradation [21]. In this way, RNA molecules containing a specific sequence
(EXOmotif) are recognized by certain proteins (hnRNPA2B1) that facilitate their entry into
exosomes. These proteins also undergo an activation process through reactions known as
sumoylation, which helps integration, or isegilation (incorporation of ISG15 into TSG101),
which inhibits the generation of exosomes (or facilitates their elimination by fusion to
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lysosomes) [22,23]. As a result, characteristic miRNAs in exosomes nucleic acid cargoes,
while not expressed in the corresponding healthy tissues, have been detected, for instance,
in breast cancer [24] and lung adenocarcinoma [25], demonstrating their validity as unique
disease markers. Similarly, exosome membrane protein composition has also shown to be
correlated with the nature of the originating cell and the transformation events that have
undergone [26,27], which also make them promising diagnostic biomarkers and therapeutic
targets [26–28]. This is consistent with the central role played by surface membrane proteins
of exosomes in malignant processes such as metastasis [29,30]. Moreover, glycans bound
to surface proteins and outer lipids are also found onto the exosomal surfaces [19], and
they have been reported to play an important biological role, among others, in the exosome
uptake [31]. Overall, the unique distinct molecular and biological properties of exosomes,
together with their abundance and stability, make them an ideal target in liquid biopsies
not only for early diagnosis [6] but also for disease monitoring and, finally, an opportunity
for cancer cure [32].

Figure 1. General outlook of the exosome membrane composition and different molecular cargoes in the lumen which
can markedly vary based on the parental cell and vesicle biogenesis. Adapted with permission from [33]. Copyright 2018,
Nature Publishing.

2. Isolation and Characterization of Exosomes

The pronounced molecular and size heterogeneity of exosomes, even for vesicles
originating from the same parental cells, confers a central role to isolation methods in (i)
separating exosomes from potentially interfering protein aggregates, lipoparticles, viruses
and cell debris in cell culture supernatants or bodily fluids, and (ii) discriminating differ-
ent exosome subpopulations that could be related with different pathological states and
stages of disease progression [33]. The gold standard for exosome isolation is differential
centrifugation which, through several centrifugation rounds (such as ultra-high-speed
centrifugation or ultracentrifugation), selectively precipitates the vesicles of interest with
high purity [34]. Ultracentrifugation, however, is a slow separation method with low re-
covery efficiency (<25%) that requires costly and bulky instrumentations and, thus, is not
suitable for the point-of-care diagnosis [35]. Additional separation strategies, exploiting
diverse physiochemical properties of exosomes, include size exclusion chromatography,
ultrafiltration, immunoaffinity capturing, charge neutralization-based polymer precipita-
tion, and microfluidic techniques, each of them with a characteristic set of advantages and
disadvantages [35]. Physical characterization of the isolated vesicles (i.e., enumeration, size
distribution and morphology) are commonly determined via nanoparticle tracking analysis
(NTA), flow cytometry, microscopy methods (e.g., transmission electron microscopy, TEM;
scanning electron microscopy, SEM) and dynamic light scattering [36–38]. On the other
hand, exosome protein quantification is conventionally carried out via Western blotting and
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enzyme-linked immunosorbent assay (ELISA) [38]. However, western blotting typically
requires complex and time-consuming procedures as well as relatively large volumes of
biosamples; whereas ELISA fails to execute multiplexed analysis. Differently, nucleic acid
cargoes, mainly RNAs, are commonly analyzed upon extraction via amplification and
sequencing techniques (e.g., PCR, next-generation sequencing) [38].

In recent years, nanomaterial-based optical biosensors have been extensively investi-
gated as novel, rapid and sensitive tools for exosome detection and discrimination [39–41].
Within the field of nanoplasmonic, surface-enhanced Raman spectroscopy (SERS) has
emerged as a powerful optical technique for a very broad range of applications [42–45],
with the most intriguing one being in biosensing and clinical diagnostic [46–50]. SERS is
an analytical technique that relies on the excitation of strong electromagnetic fields (i.e.,
localized surface plasmon resonances, LSPRs) at the surface of plasmonic materials (mainly,
silver and gold nanostructures) (Figure 2A). As a result of the excitation of the molecular
species with the LSPR rather than with the illuminating light, the Raman scattering of
molecules located in close contact or directly attached to the plasmonic substrate undergoes
a notable amplification, up to a factor of ca. 1010–1011 [51]. Thus, SERS simultaneously
affords an ultra-sensitive optical response based on the plasmonic associated intensifi-
cation and the intrinsically rich structural information contained in the Raman spectra.
In Figure 2 we provide few illustrative examples with the aim of intuitively emphasize
some of the key concepts of SERS spectroscopy which have major implications in the
application to exosome analysis, as discussed later in the review. We refer the readers to ref-
erences [46,51,52] for detailed insights on the theoretical and experimental aspects of SERS
and related plasmonic substrates. Firstly, Figure 2B depicts the calculated electromagnetic
field around a silver nanosphere of 45 nm diameter, hinting the distance-dependent nature
of the SERS phenomenon. In fact, the local field enhancements swiftly drop at an increasing
distance, d, from the metallic surface (the decay is ∼1/(a + d)12 for a nanosphere of radius
a) [51]. In an explicative study, Kumari et al. [53] synthesized spherical silver colloids of
increasing diameter and coat them with silica shells of progressively larger thicknesses
(silica prevents the direct contact between the analyte and the nanoparticle). Results show
that the SERS intensity decays exponentially for all nanoparticle size as silica shell thickness
is increased. On the other hand, the enhancing properties of silver colloids improve with
the nanoparticle size up to ca. 100 nm diameter before dropping due radiation effects that
reduce the quality of the LSPRs (i.e., plasmon damping) for larger particles. Accordingly,
the distance from the metallic surface up to which the SERS signal of the analyte can be
observed (i.e., accessible distance) increases with the nanoparticle size up to a maximum
of ca. 5 nm distance for ca. 90 nm size colloids. While nanosphere size plays a role in
determining the final enhancing properties [54], the largest optical intensifications are,
nonetheless, achieved at the tips of sharp protruding features [55,56] and, even more so,
at nanometer-sized gaps between metal nanoparticles (i.e., hot-spots) due to interparticle
plasmon coupling [52,57]. This latter effect is plainly visualized in Figure 2B–D, which
compares the calculated electromagnetic fields in dimers and larger aggregates with that of
their parental isolated nanosphere [58]. Notably, local enhancements at the gaps rapidly
rise with the shortening of the interparticle distance (see the case of a silver nanoparticle
dimer in Figure 2F). However, this simultaneously occurs at an increasing degree of spatial
localization (i.e., higher enhancements extend over a smaller volume around the hotspot
for smaller gaps) [51]. These aspects highlight the importance of an appropriate struc-
tural design of the plasmonic substrate as well as the successful localization of the target
molecule within the volumes where the largest enhancements take place. It is also worth
noting that, besides the dominant plasmonic-mediated amplification via an electromagnetic
mechanism, additional enhancements can result from electron charge transfers between
the surface and the analyte (i.e., chemical mechanisms).
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Figure 2. (A) Outline of the surface-enhanced Raman scattering effect due to the excitation of localized surface plasmon
resonances at a gold nanosphere/air interface. Reprinted with permission from [59]. Copyright 2017, American Chemical
Society. (B–D) TEM images and calculated electrical fields for an isolated silver nanoparticle of 45 nm diameter and its
corresponding dimer and tetramer (as a representative example of a largercluster), respectively, under a 514 nm excitation
laser (interparticle gap, g = 1.31 nm). Reprinted with permission from [58]. Copyright 2015, American Chemical Society.
(E) TEM image of a silica-coated silver nanoparticle and plot of the maximum silica shell thickness at which the SERS
signal of rhodamine 6G is still detectable (i.e., accessible distance) as a function of nanoparticle diameter. Adapted with
permission from [53]. Copyright 2015, American Chemical Society. (F) Dimer composed of two identical silver nanospheres
(radii a = 25 nm) separated by a gap g (the incoming wave is polarized along the axis of the dimer) and their theoretical
SERS enhancement factors calculated at the point on the surface in the gap (i.e., hot-spot) as a function of the excitation
wavelength for different gaps. The thick dashed line is the average SERS enhancement factor in the case of a 2 nm gap.
Adapted with permission from [51]. Copyright 2009, Elsevier.

Most studies aimed at correlating the intercellular signalling and pathological re-
sponses of exosomes with their composition focused on analyzing their respective nucleic
acid cargoes which often mirror the phenotypes of their parental cells [19,28,60,61]. SERS-
based detection of RNA cargoes extracted from exosomes contained in blood samples of
patients have been reported, for instance, for early detection of pancreatic cancer [62] and
lung cancer [63]. In these studies, exosomes were separated from plasma and, subsequently,
microRNA cargoes were isolated using available kits yielding miRNA elutes to be analyzed.
Thus, the scientific challenges and sensing strategies of these approaches are by and large
independent of the biomolecule source and fall within the field of nucleic acids SERS
detection [64–67]. On the other hand, in this review, we will focus on the burgeoning body
of work on SERS analysis of whole exosomes, a field of research that has been growing at
an extremely fast rate in very recent years. For reasons that will be explained shortly, whole
exosome SERS analysis mostly focuses and build upon the diversity in their membrane
composition.

Broadly speaking, SERS detection approaches can be classified into two main configu-
rations: direct and indirect schemes. In direct SERS, the signal read-out is provided by the
acquisition of the intrinsic SERS spectrum of the analyte, which contains a wealth of struc-
tural information representative of the molecular structure and composition. This label-free
analysis can be carried out with simple and inexpensive plasmonic materials. However, it
is usually restricted to the interrogation of relatively pure samples to prevent competing
co-adsorptions of other molecular species that could undermine the correct interpretation
and reliability of the final SERS spectrum. Moreover, direct SERS characterization of large
biomolecules or supramolecular structures such as exosome poses important challenges in
terms of understanding and interpretation of complex and often highly similar vibrational
patterns. On the other hand, indirect approaches are designed to monitor the extrinsic
SERS signal of molecular labels for detection and quantification of the target species. The
most common indirect strategy relies on the use of SERS-encoded nanoparticles (or SERS
tags) combined with surface ligands for selective recognition (e.g., antibody, aptamers), as
optical probes performing similar functions as fluorescent labels [68]. Although labelled
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methods typically demand elaborate and extensive fabrications of relatively expensive
SERS substrates, they also feature ultrasensitivity, high-throughput screening, multiplexing
abilities, robust quantitative response in complex media (e.g., biofluids) and suitability
to be integrated into miniaturized devices for automated testing, especially at the point-
of-care. For these reasons, they have been largely preferred for biosensing applications
over direct approaches. Nonetheless, the current literature survey on exosome SERS anal-
ysis shows a larger number of reports based on direct approaches [69–91] than indirect
ones [92–101]. This apparent anomaly may be explained by taking into considerations the
intrinsic exosomal heterogeneity that currently burdens the identification of specific disease-
related biomarkers for selective separation and labelling of clinically relevant exosome
subpopulations [90,99,102]. Thus, the more holistic approach of acquiring the vibrational
fingerprint of the whole ensemble of molecular constituents, including known and un-
known biomarkers, remains a very valuable and effective sensing strategy as compared to
indirect analytical methods that selectively inform about one or few structural features.

3. Direct Label-Free SERS Analysis of Exosomes

The acquisition of intense, well-defined and reproducible vibrational spectra is key to
use direct SERS for sensing purposes. Overall, several factors determine the final intensi-
fication and ultimate spectral profile (i.e., band centers, relative intensities, bandwidths)
of the vibrational fingerprint. Among those, we can identify inherent features of each
element of the SERS analysis, such as the optical properties of the plasmonic material, the
Raman cross-section of the target analyte and the experimental set-up (e.g., laser excitation
wavelength) [51]. On the other hand, more intertwined variables play also a central role,
such as the extent of analyte surface coverage and the relative spatial localization of the an-
alyte with respect to the metallic surface. As previously discussed, the plasmon-mediated
electromagnetic enhancement dramatically declines with the distance from the plasmonic
surface. This phenomenon accounts for the observation that SERS spectra are typically
dominated by the contributions of the first layer of molecules directly exposed to the metal
surface. Furthermore, the adsorption of the molecular entity onto the metallic surface may
induce both specific orientations and potential alterations of its Raman polarizability which
can severely impact the spectral profile of the SERS signal [51]. Thus, the acquisition of
reliable SERS spectra is mostly constrained by the careful control and knowledge of all
these parameters.

In the liquid phase, the close contact between the analyte and the plasmonic surface is
commonly achieved by exploiting the intrinsic chemical affinity of the molecule for gold or
silver surfaces, mainly via the formation of metal-O, metal-N, and metal-S bonds (in the
typical order of relative increasing strength) or via electrostatic interactions. Alternatively,
molecular adhesion can be forced via physical evaporation of the sample solution onto
the plasmonic substrate. In this regard, it is worth stressing that for large biomolecules,
such as the exosome components (proteins, nucleic acids, etc.) and even further to micro-
entities such as cells, a transition from a hydrated to a dried state often results in major
structural alterations that usually increase the intra-sample spectral variability [103,104].
All these considerations also justify the need for pre-isolation steps to extract the target
biomolecules from complex biological environments containing a multitude of other molec-
ular species which would otherwise compete for the adsorption onto the metallic surface
and, eventually, yield unintelligible SERS spectra.

In the specific case of exosomes analysis, several additional features further increase
the complexity of common direct SERS analysis. Firstly, the complex composition of
exosomes, which mostly includes a large fraction of biomolecules with typically weak
spontaneous Raman scattering (e.g., lipids, proteins), intrinsically generates an intricate
vibrational spectral pattern comprising overlapping and often broad features. As a repre-
sentative example, in Figure 3 we report a normal Raman spectrum of exosomes isolated
from rat hepatocytes together with a table illustrating the main vibrational features and
their assignment to dominant molecular contributions. As exosomes differentiation oc-
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curs via recognition of subtle spectral differences, the use of multivariate mathematic and
statistic methods is commonly required for a more accurate spectral analysis. These mathe-
matical methods (e.g., principal component analysis, PCA; partial least square discriminant
analysis, PLS-DA, etc.) reduce the high multidimensionality of the large set of vibrational
data by identifying a dominant, smaller group of variables that still retains most of the key
information of the initial large data set. It is worth noting that the spectral complexity may
be also exacerbated by the inherited heterogeneity of the exosome particles, which further
stresses the central role of efficient and reliable isolation methods to yield relative pure
fractions of exosomes for direct SERS interrogation.

Figure 3. Normal Raman spectrum of exosomes from rat hepatocytes (water buffer contribution was
removed via subtraction) and vibrational assignment of the main bands. Adapted with permission
from [105]. Copyright 2019, Royal Society of Chemistry.
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Secondly, the size range itself of exosomes (ca. 30–150 nm) poses additional challenges.
In fact, exosomes are large enough to prevent their optimum trapping into nanometric
plasmonic gaps (hot spots) capable of concentrating extremely high intense EM fields in
the whole analyte volume. Thus, the design and choice of the plasmonic substrate and ex-
perimental set-up analysis face two contrasting needs: (i) the necessity to expose exosomes
to high electromagnetic enhancements to improve the amplification of their relatively weak
Raman scattering; and (ii) the importance to immerse the vesicle in a relatively uniform
electromagnetic field so that to minimize heterogeneous enhancements of random portions
of exosomes due to different spatial arrangements onto the metallic surface. Indeed, such
uneven exposures may lead to high spectral variability even within the same population of
exosomes, an outcome that can be further aggravated by the heterogeneous distribution
of the diverse molecular components on the exosome surface. Clearly, the reproducibility
issue becomes particularly relevant when the SERS spectra are acquired from single/few
exosomes rather than large ensembles of particles (i.e., single vs bulk analysis). For instance,
Russo et al. [69] observed a significant loss in intra-sample spectral reproducibility, as com-
pared to normal Raman spectroscopy, for drop-cast exosomes on non-uniform plasmonic
substrates comprising randomly distributed gold nanostructures. The existence of such
a significant number of variables arising from different sources (e.g., origin of the vesi-
cle, isolation protocols, physiochemical characteristics of the plasmonic substrate, sample
preparation, experimental set-up, etc.) is most likely the reason why we can observe, from
study to study, marked fluctuations of the exosome spectral profiles that appear to go
beyond the intrinsic biochemical nature of the interrogated vesicles.

Exosome sizes are, on the other hand, typically too small to facilitate single-particle
Raman analysis. This explains why, for instance, single-cell Raman spectroscopy is a
well-established and relatively straightforward tool for in vitro and in vivo interrogation
of individual living cells while Raman characterization of individual/few exosomes is
very limited and requires complex technologies such as exosome trapping via optical
tweezers [105–107].

Finally, as the electromagnetic enhancement commonly declines very rapidly within
few nanometers from the metallic surface, direct SERS analysis of whole exosomes yield
spectra that are mostly dominated by the vibrational features of the molecular components
of the outer membrane (mainly sugars and proteins). Thus, SERS spectra substantially
disregard the lumen content as compared to normal Raman scattering of whole EVs,
where nucleic acids contributions are distinguishable in the vibrational pattern [107].
While this aspect prevents the application of SERS as a technique for characterizing the
global biomolecular composition of exosomes, it appears not to hamper its viability in
diagnostic applications. In this regard, both normal Raman and SERS studies showed
that trypsinization of exosomes drastically reduces the capability of differentiating sub-
populations of exosomes, including vesicles from diverse cellular sources [73,107]. The
enzymatic treatment of exosomes with trypsin promotes the cleavage of most surface
membrane proteins and surface glycans, thereby exposing the intraluminal content to
plasmonic-mediated signal enhancement. This result highlights the central role of the
extraluminal domain for exosome differentiation and, in turn, the validity of the direct
SERS approach for whole exosome classification.

Spherical-like gold and silver colloids synthesized via chemical reduction in solu-
tion are easily and reproducibly prepared in large batches at very low cost, yielding very
amenable plasmonic materials for SERS analysis of exosomes. Most likely, the simplest
and cheapest approach to generate SERS substrates rich in electromagnetic hot-spots
is by the direct casting of colloids onto glass slides [79,80]. For instance, Choi and co-
workers [80] dried 80 nm gold nanoparticles on a cover glass previously functionalized with
3-aminopropyltriethoxysilane (APTES) to yield a positive surface charge that would pro-
mote the adhesion of the negatively charged colloids via electrostatic binding (Figure 4A).
Similarly, dried nanoparticle surfaces were further modified with cysteamine to promote
the subsequent adsorption of the negatively charged exosomes (Figure 4B). SERS spectra
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of the vesicles were acquired at the edges of the dried spot (Figure 4C) where very dense
nanoparticle clusters accumulate due to the coffee-stain effect (Figure 4D). Figure 4E shows
representative SERS spectra of exosomes obtained via size-exclusion column chromatogra-
phy from HPAEC (normal) and H1299, PC9 (lung cancer) cell lines (phosphate-buffered
saline is used as a control). PCA score plot of the SERS data clearly shows the efficient
discrimination between normal vs cancer cells-derived exosomes (Figure 4F). Besides a
mere differentiation of distinct spectral patterns from normal and cancerous exosomes, the
recognition of the molecular origin of the Raman markers at the core of such discrimination
would provide a deeper understanding of their biochemical nature and, also, increase
the diagnostic and prognostic value of direct SERS analysis. To this end, the authors per-
formed a ratiometric analysis by acquiring the averaged SERS spectra of mixtures of normal
and cancerous exosomes at different ratios (the total amount of exosomes was fixed at
108 particles/mL). Subsequently, they identified 13 bands that correlated well with the
relative exosome content and which were used as Raman markers for non-small-cell lung
carcinoma (NSCLC) derived exosomes (Figure 4G,H). These features were then compared
to the vibrational profiles of clinically relevant exosomal protein markers (CD9, CD81,
EpCAM, and EGFR). While all these individual protein markers display similar peak
compositions, they diverge in relative band intensities thereby generating a unique spectral
pattern. Notably, the ensemble of the Raman markers for NSCLC exosomes displayed low
similarity for CD9, CD81 and EpCAM spectral fingerprints but high similarity for EGFR,
indicating that EGFR expression is a primary variable of NSCLC exosome differentiation
(Figure 4I), as further confirmed by immunoblotting analysis.

Figure 4. (A–C) Outline of the substrate fabrication and experimental set-up. (D) Scanning electron microscopy (SEM)
image at an edge of the substrate. (E) SERS spectra of exosomes derived from HPAEC (normal) and H1299, PC9 (lung
cancer) cell lines. Phosphate-buffered saline (PBS) was chosen as the experimental control. (F) PCA score plot of the SERS
data and 90% confidence ellipses. (G–I) Schematic representation of the experimental process for the identification of
unique SERS profile of lung cancer cell-derived exosomes followed by comparison to the profiles of their potential surface
protein markers to determine their respective similarity. Adapted with permission from [80]. Copyright 2018, American
Chemical Society.

Besides the direct casting of preformed colloids onto glass-slide surfaces, inexpensive
SERS substrate can be generated by in-situ synthesis of plasmonic nanoparticles anchored
onto the solid support. In this regard, Ferreira et al. [81] reported the simple fabrication
of a hybrid SERS material via in situ silver nanoparticles growth into bacterial cellulose
(BC), a low-cost and abundant support obtained from commercial nata de coco. The
viability of the substrate for direct SERS analysis of exosomes was demonstrated in the
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efficient discrimination of exosome samples isolated from MCF-10A (nontumorigenic
breast epithelium) and MDA-MB-231 (breast cancer) cell cultures.

A practical and straightforward alternative to promote exosome-nanoparticles interac-
tions is by combining vesicles and plasmonic colloids in suspension before their deposition
onto a support slide for SERS interrogation [71,79,87,88]. A common drawback of this
method is the relatively low affinity of common negatively-charged gold and silver colloids
(typically, citrate-stabilized) for similarly negatively-charged exosome membranes that
reduces the extent of nanoparticle loading onto the vesicle surface [71]. To tackle this issue,
Fraire et al. [88] modified gold nanoparticles with 4-(dimethylamino)pyridine (DMAP) to
impart positive charge (DMAP-AuNPs) and, consequently, favor the electrostatic adhesion
onto exosomes vesicles derived from B16F10 melanoma cells. In this regard, it is also worth
noting that the largest enhancements of the exosome SERS signals have been observed for
nanoparticle/exosome ratios yielding approximately 40% coverage, as higher nanoparticle
coatings suffer from radiation damping. Regardless, DMAP yields intense bands that
markedly overlap with the SERS signal from the vesicle (Figure 5). Such an issue has been
circumvented by in situ overgrowing of a sufficiently thick Ag layer on Au nanoparticles
(Au@AgNPs) previously attached to the exosomes. The outer metallic coating quenches
the DMAP spectral contributions while further boosting the exosome signal by a factor of
ca. 5. The acquisition of a “clean” exosome spectrum by removing the interfering DMAP
features enabled a more reliable statistical classification of individual exosomes isolated
from B16F10 melanoma cells and red blood cells.

Figure 5. SERS spectra of B16F10 melanoma derived exosomes for 40% coverage with Au@AgNPs or DMAP–AuNPs, and
100% coverage with DMAP–AuNPs. Intense DMAP bands are indicated by blue arrows (these features disappear upon
silver coating). An illustrative description of DMAP–AuNPs or Au@AgNPs attached on the exosomes surfaces is also
included. Adapted with permission from [88]. Copyright 2019, American Chemical Society.

Direct interaction of exosomes with traditional gold and silver nanoparticles, either
physically forced via evaporation onto a solid support or chemically-mediated in sus-
pension, offers a very simple, inexpensive and straightforward strategy for direct SERS
analysis. However, it inherently poses important challenges for obtaining reproducible and
uniform SERS responses due to the irregular arrangement of the nanoparticles onto the
exosome outer layer. To address these limitations, multiple examples of precisely tailored
SERS substrates have been generated profiting from the continuous advances in very
diverse areas of nanofabrication technologies [108–110]. While each methodology displays
a characteristic set of drawbacks and advantages, the fine-tuning of the morphological
features of plasmonic materials for maximizing the homogeneity and efficiency of the SERS
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performances typically takes place, as a rule of thumb, at an increasing price and technical
complexity.

In this regard, Xie and co-workers [78] fabricated a substrate comprising a single-layer
graphene overlaid on a periodic Au-pyramid nanostructure (Figure 6A). The graphene layer
imparts a biocompatible and chemically stable surface while further boosting the amplifica-
tion of the Raman signal via a chemical mechanism up to ca. 2 orders of magnitude [51,111].
In the same work, the authors highlighted the necessity of an efficient isolation procedure
to enable a reliable exosome SERS fingerprinting analysis [78]. Exosomes from fetal bovine
serum were isolated either via ultracentrifugation/filtration method or salting-out proce-
dure using a commercial ExoQuick kit (System Biosciences LLC, Palo Alto, CA, USA). The
former approach has the advantage of yielding purer samples while the second method
is faster and capable of collect almost 1000 times more biomaterial but at the expenses
of a lower purity. Particle size analysis of the two processed samples showed a similar
mean diameter (ca. 135–143 nm range) but a narrower distribution for particles recovered
by ultracentrifugation/filtration. Conversely, the outcome of the SERS analysis revealed
many striking differences. Two μL of the exosome solutions were applied onto a hybrid
plasmonic platform surface and allowed to air-dry before the measurement. A hundred
of SERS spectra were collected on different spots of the platform, yielding reproducible
fingerprint signatures for exosomes separated via ultracentrifugation/filtration (Figure 6B,
see band assignment in Figure 6C) while ExoQuick-derived materials produced an ensem-
ble of highly heterogenous vibrational profiles, preventing the acquisition of a unique and
recognizable SERS spectrum (Figure 6D). The validity of the SERS platform for discriminat-
ing different populations of exosomes was demonstrated in combination with principal
component analysis (PCA), using vesicles from different sources (fetal bovine serum vs
human serum; and lung cancer cell lines HCC827 vs H1975). Interestingly, the authors
also performed a dilution study to assess the possibility of performing single exosome
analysis. SEM imaging was performed to visualize and count the exosomes localized
over a specific area (Figure 6E). The so-estimated exosome density was correlated with
the SERS mapping carried out on the same area (overlapping of adjacent laser spots for
each SERS measurement was avoided). The results show a linear response of the overall
SERS intensity with the change of the sample concentration, indirectly suggesting that
individual SERS measurements possibly arise from the interrogation of single exosomes.
In a separate work, Pramanik et al. [85] focused on maximizing the SERS response of a
hybrid graphene-plasmonic substrate by embedding gold nanostars, one of most SERS
efficient individual nanoparticles [55], into 2D graphene oxide structures. This hybrid
substrate was successfully employed in the fingerprint identification and discrimination of
exosomes derived from triple-negative breast cancer and HER2(+) breast cancer down to
ca. 4 × 102 exosomes/mL.

In addition to the intrinsic qualities of the plasmonic substrate, practical issues asso-
ciated with the sample preparation can significantly impact the overall sensitivity of the
method, such as the capability of concentrating vesicles in highly localized and electromag-
netically active spots of the substrate. For instance, drop-casting of exosome dispersion onto
a surface is typically affected by the coffee-ring effect, leading to an uneven distribution of
the vesicles over a relatively broad area. Technically, SERS mapping of large areas (e.g., in
the upper micrometric ranges) with high spectral resolutions to maximize the collection of
intense signals is feasible but is typically a rather time-consuming process unless state-of-
the-art techniques (e.g., SERS holography) are used [112]. A convenient way to concentrate
diluted solutions of biological samples onto a small area is integrating plasmonic features
on micro- and nano-patterned surfaces with superhydrophobic properties [113]. Super-
hydrophobic substrates typically comprises micro- and nano-textured surface imparting
superior non-adhesive properties via entrapment of air pockets underneath a liquid droplet
deposited on top of it. Thus, a droplet retains a quasi-spherical shape during evaporation
rather than spread all over the surface, which progressively minimizes the contact area
and, in turn, concentrates the analytes [114] over a small spot (less than few microns) [77].
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Di Fabrizio and co-workers pioneered such an approach for the direct SERS analysis of
exosomes [77]. In their work, a superhydrophobic array of silicon micropillars decorated
with silver nanostructures (Figure 7A,B) was designed to discriminate exosomes isolated
from either healthy (CCD841-CoN) or tumor (HCT116) colon cells using a commercial
ExoQuick kit. Small drops of exosome dispersions (~0.2 ng/mL) were deposited on the
substrates (Figure 7C) and, through evaporation, the vesicles were conveyed into small
plasmonic-active regions of the substrate (Figure 7D) for the acquisition of averaged SERS
spectra (50 acquisitions for each sample). More recently, Suarasan et al. [74] reported a
simple, cheaper superhydrophobic plasmonic platform for SERS interrogation of exosomes
in small sample volume (as low as 0.5 μL). A PDMS substrate consisting of nano- and micro-
bowl structures exhibiting superhydrophobic properties was fabricated via soft lithography.
Silver nanoparticles were then grown in situ to impart SERS enhancing properties.

Figure 6. (A) Outline of the hybrid Au/graphene platform. (B,D) SERS spectra of exosomes isolated from fetal bovine
serum using ultracentrifugation/filtration or the ExoQuick kit, respectively. (C) Assignment of the main SERS bands in
(B). (E) A representative SEM micrograph of exosomes (circled in yellow) deposited onto the graphene-covered surface.
Adapted with permission from [78]. Copyright 2019, American Chemical Society.
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Figure 7. (A) A superhydrophobic surface consisting of periodic hexagonal patterns of cylindrical pillars. (B) A silicon
micropillar with a randomly distributed silver nanograins. (C) A drop on top of the superhydrophobic surface displaying a
contact angle as large as 165◦. (D) Top view SEM image of exosomes on pillars. Adapted with permission from ref. [77].
Copyright 2012, Elsevier.

Alternatively, local enrichment of exosomes can be achieved via intracavity trapping.
For instance, Xiao and co-workers [70] engineered a multifunctional 3D gold-coated TiO2
macroporous inverse opal structure (Figure 8A) providing (i) an interconnected beehive-
like pore networks for trapping exosomes to improve their separation from the medium;
and (ii) enhanced signal amplification within the cavity volumes as compared to flat or
non-cavity structures. This latter effect results from the superimposition of the field en-
hancements from both the dipole resonance of the spherical cavity, which amplifies the
intensity of the normal Raman signal of exosomes, and the strong plasmonic resonances at
the gold film surface, enabling the corresponding SERS magnification under a 633 nm exci-
tation. As a result, these hybrid structures appear particularly suitable for the interrogation
of molecular objects in the exosome size-range. The authors exploited these materials for
discriminating exosomes from healthy donors and patients diagnosed with lung, liver and
colon cancer using the intensity of the 1087 cm−1 band as the spectral biomarker. This
feature has been ascribed to the vibration of the P-O bond in the phosphate groups of phos-
phoproteins, which have been described as a protein biomarker of breast cancer-derived
exosomes [115]. Exosomes were isolated from peripheral blood samples of cancer patients,
using the Total Exosome Isolation Reagent (Invitrogen, Carlsbad, CA, USA) and dispersed
in deionized water. 50 μL were then dropped onto the substrate (25 mm × 25 mm) sub-
strate and dried naturally. SERS mapping measurements were finally performed over
an area of 16.5 μm × 11.5 μm at 0.4 μm intervals to yield the resulting average spectra
(Figure 8B). The intensity of the 1087 cm−1 SERS peak from the exosomes secreted by most
of these lung, liver, and colon cancer patients was at least two times of that from healthy
individuals (Figure 8C) while displaying much larger intensity fluctuations. The validity
of the 1087 cm−1 band intensity as a spectral biomarker was further corroborated by the
analysis of exosomes from the prostate, lung, liver, colon cancer cell lines.

As previously exploited for promoting the adhesion of plasmonic colloids in suspen-
sion onto exosomes, electrostatic interactions of the vesicles onto solid supports can also be
employed to promote their local accumulation. For instance, Carney and co-workers [73]
described the fabrication of a simple, low-cost plasmonic material comprising a microscale
biosilicate material decorated with silver nanoparticles for SERS analysis of ovarian and
endometrial cancer exosomes. Metallic surfaces were functionalized with cysteamine to
impart positive charge and, therefore, favor the accumulation of exosomes in suspension
via electrostatic binding with their negatively charged outer shell. Exosomes were initially
isolated via differential ultracentrifugation from serum of 8 patients (6 of them with dif-
ferent cancer subtypes) and resuspended in up to 100 μL of ultrapure water. The samples
were diluted 1:100 in pH 6.4 buffer and 30 μL drops were pipetted onto 2 mm × 5 mm
substrate elements. Pretreatment of the substrates with the slightly acidic buffer was also
performed to maximize the protonation of the cysteamine amino groups onto the silver
surface. Upon incubation, SERS spectra were acquired in liquid condition on 5–10 different
random spatial locations of the biosilicate plasmonic platform. Multivariate data analysis
was successfully applied to distinguish tumor samples from healthy ones in patients sus-

226



Cancers 2021, 13, 2179

pected of gynecologic malignancy. A limit of detection (LOD) of less than 600 vesicles/mL
has been reported.

Figure 8. (A) Outline of the 3D gold-coated TiO2 macroporous inverse opal structure. (B) Typical SERS spectra of exosomes
separated from plasma of normal individual and lung, liver, and colon cancer patients. (C) Averaged SERS intensity at
1087 cm−1 from exosomes separated from normal individuals and 15 lung cancer, 15 liver cancer patients and 8 colon cancer
patients. The black dashed line shows the intensity boundary of the 1087 cm−1 peak between normal individuals and cancer
patients. Adapted with permission from ref. [70]. Copyright 2020, American Chemical Society.

Overall, direct SERS analysis in combination with multivariate statistical methods has
fully demonstrated the consistent ability to discriminate exosomes isolated from different
cell types. However, the complexity of exosome populations secreted from heterogeneous
sources, such as those isolated from human blood, has significantly limited the viability
of this approach as a diagnostic tool. As a striking example, Shin et al. [90] acquired
the SERS spectra of cell-derived exosomes from healthy and cancer lung cell lines as
well as human plasma exosomes from healthy controls and patients with different stages
of lung cancer (Figure 9A). The average size of the examined exosomes fractions was
similar (specifically, cell-derived exosomes = 139.6 ± 14.4 nm, human plasma-derived
exosomes = 136.3 ± 3.2 nm). SERS measurements were performed by dry-cast exosome
solutions onto gold nanoparticle decorated coverslips. Figure 9B illustrates the averaged
SERS signals for normal cells and lung cancer cell exosomes which can be efficiently dis-
criminated even by visual analysis. On the contrary, spectral differences between exosomes
from plasma of healthy controls and lung cancer patients are negligible (Figure 9C), most
likely due to the presence of a large number of exosomes from various organs that conceals
the specific vibrational patterns of lung-derived exosomes. To overcome this limitation,
the authors employed deep learning algorithms to analyze the spectroscopic signals of
exosomes. Deep learning (DL) is a machine learning method based on artificial neural net-
works that effectively process big sensing data for complex matrices or samples, allowing
classification, identification, and pattern recognition [116]. Notably, DL algorithms have
shown to be extremely beneficial for analyzing spectroscopic data in biosensing applica-
tions [116]. In this abovementioned work [90], besides a mere classification of the SERS data
from healthy controls and cancer patients, deep learning was used to establish a correlation
between the exosome data from individual lung cells with the overall patient’s histological
characteristics. Specifically, the spectral data set of cell-derived exosomes were first used to
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train the DL models for binary classification of cell types which, subsequently, efficiently
separated exosomes from human plasma (healthy vs cancer) into two clusters with an
accuracy of 95% (Figure 9D). Finally, using PCA scores at the terminal fully connected
layer, the Mahalanobis distance between plasma and cell exosome clusters is determined to
quantitatively evaluate the resemblance of the data from plasma and cancer cell exosomes.
The DL model predicted that 90.7% of plasma exosomes from 43 patients, including stage
I and II cancer patients, had higher similarity to exosomes derived from lung cancer cell
lines than the average of the healthy controls (Figure 9E). Remarkably, the degree of such
similarity correlates to the progression of cancer. It is worth stressing that, besides reducing
the need of acquiring a sufficiently large number of patient samples to generate a robust
and reliable data set for discrimination, this approach provides the biological basis for
classification. This reduces the impact of undetected potential experimental errors as the
source of spectral differences.

Integration of SERS sensing and Raman components into multifunctional platforms
with additional features (e.g., microfluidics and magnetic separation for sample handling,
fluorescence spectroscopy for multimodal optical analysis, etc.) [62,117,118] has been in-
tensely pursued in recent years to overcome intrinsic limitations of SERS as a stand-alone
technique and, thus, pave the way for the fabrication of miniaturized biosensor for point-of-
care testing. In particular, Raman spectroscopy can be easily combined with microfluidics,
a technology that facilitates high throughput and automated analysis with very low sam-
ple consumption [62,117]. In exosome analysis, Hao et al. [89] combined acoustics and
microfluidics technologies with dual fluorescence and SERS optical detection into a single
analytical device. The main features of the fabricated acoustofluidic platform are outlined
in Figure 10. The device generates surface acoustic waves (SAWs) that propagate toward
the glass capillary microchannel where the exosome suspension is confined. This results in
pressure fluctuations within the liquid that force the suspended particles to concentrate
at the center of the fluid chamber (for immunofluorescent detection) or the edge near a
plasmonic Ag nanoparticle-deposited ZnO nanorod arrays (for SERS analysis). To this end,
CD63 aptamer-conjugated 400 nm silica nanoparticles were used to capture exosomes and
enable their acoustic-assisted enrichment at the plasmonic substrates for highly sensitive
label-free SERS detection down to ca. 20 exosomes per μL (from human plasma-derived
exosome samples).
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Figure 9. (A) Schematic of the collection of SERS spectra for exosomes isolated from different cell media and human
plasma and dry-cast onto a gold-nanoparticle (100 nm) coated cover-slip. Specifically, cell-derived exosomes were isolated
from lung-related cells: normal cell exosomes from human pulmonary alveolar epithelial cells (HPAEpiC) and cancer
cell exosomes from A549, H460, H1299, H1763, and PC9 cells. Human plasma samples were collected from 20 healthy
controls and 43 lung adenocarcinoma patients (22 patients in stage IA, 16 in stage IB, and 5 in stage IIB). (B,C) Average
SERS signals of cell media supernatant-derived and human plasma-derived exosomes, respectively. (D,E) Overview of deep
learning-based cell exosome classification and lung cancer diagnosis, respectively, using exosomal SERS signal patterns.
Adapted with permission from ref. [90]. Copyright 2020, American Chemical Society.
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Figure 10. Outline of the acoustofluidic biosensor features and mechanisms of optical detections (immunofluorescence
and SERS sensing). The device comprises a transparent piezoelectric lithium niobate (LiNbO3) substrate with patterned
interdigital transducers (IDTs) and a square-shaped glass capillary bonded to the substrate. Surface acoustic waves
concentrate particles at either the center or the perimeter of a glass capillary. Adapted with permission from [89]. Copyright
2020, Wiley-VCH.

4. Indirect SERS Analysis of Exosomes Using SERS-Encoded Nanoparticles (SERS tags)

A large variety of SERS-encoded particles (SEPs), or also referred to as SERS tags, with
different structural and chemical features has been reported in the literature [68,119–121].
Despite a broad range of diversity, it is possible to recognize the following key building
units (Figure 11): (i) a nanoparticle-based core (typically, silver or gold) as the plasmonic
enhancer, (ii) a dense collection of molecules with large Raman cross-sections (referred
to as codes or labels or reporters) attached to the metallic surface to provide an intense
and well-defined vibrational fingerprint, and (iii) a variety of surface molecular ligands
(e.g., antibodies, aptamers, peptides) to impart selectivity toward a target analyte. These
recognition elements are often conjugated onto the surface of a protective inert layer (e.g.,
silica) coating the SERS labelled plasmonic core, which is integrated into the nanomaterial
to afford high stability in complex media and avoid leaking of the codes [119]. Indirect
sensing with SEPs is entailed with multiplexing capabilities with single laser excitation,
thanks to the unique vibrational fingerprints of each code, and quantitative response, as
the SEP structure can be engineered to provide a SERS intensity that would scales linearly
with the SEP content [119].

Figure 11. Depiction of a representative example of SERS-encoded particle (SEP) or SERS tag. Adapted with permission
from [119]. Copyright 2017, Springer Nature.
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In the indirect SERS analysis of exosomes, SEPs are conjugated with recognition
elements that promote their selective accumulation at the surfaces of the vesicles. To fa-
cilitate the SERS interrogation, capturing substrates are also integrated into the sensing
system to enable the separation and accumulation of the SEPs-decorated exosomes into a
small area for ultrasensitive detection. Typically, capturing substrates consist of magnetic
beads [92–94,96,97,122] or flat supports [98–100] functionalized with further recognition
molecules for specific exosome binding. Notably, such an approach also removes the
need for time-consuming, costly and complex exosome isolation procedures (e.g., ultra-
centrifugation) as SEPs and capturing substrates can be directly applied to biological
media (e.g., conditioned medium, serum, blood, urine, saliva) for exosome binding and
separation. The multiplexing capability of indirect SEP-based sensing makes this method
particularly suited for phenotypic profiling of transmembrane proteins of cancer-derived
exosomes [93,97,99]. Simultaneous evaluation of the expression levels of multiple sur-
face proteins (phenotype) provides a much more reliable molecular description of the
heterogeneous nature of tumour-derived exosomes as compared to a single marker charac-
terization [97]. Notably, multidimensional phenotyping has shown to play a central role
in improving diagnostic, drug treatment, disease monitoring and prognosis [47,123]. In a
proof of concept study, Wang and co-workers [97] demonstrated the viability of such an
approach by profiling three surface biomarkers of pancreatic cancer (Glypican-1, epithelial
cell adhesion molecules—EpCAMs, and CD44 variant isoform 6—CD44V6) on exosomes
secreted by a human pancreatic cancer cell line (Panc-1). Exosomes of ca. 130 nm size
suspended in a conditioned medium were obtained upon removing cells from the culturing
media. Aliquots of conditioned exosomes were either diluted in either PBS or plasma
from healthy subjects and, subsequently, directly combined with an equimolar mixture
of three classes of SEPs (Figure 12A). The different batches of SEPs (Au@MBA-EpCAM;
Au@TFMBA-CD44V6 and Au@DTNB-MIL38) comprise 55 nm gold nanoparticles labelled
with a unique molecular code (DTNB, MBA or TFMBA) and conjugated with one CD44V6,
EpCAM and MIL38 monoclonal antibodies (MIL38 is specific to Glypican-1). The mixture
was stirred for 1 h before adding exosome-specific CD63-modified magnetic beads to
enable, after an additional hour of incubation, the magnetically-assisted separation of the
sandwich-like immunocomplex (Figure 12A). An enriched immunocomplex suspension in
PBS was then interrogated by SERS, providing highly averaged spectra (Figure 12B) where
the intensities of marker bands of the three codes (1077, 1340 and 1380 cm−1 for MBA,
DTNB and TFMBA, respectively) indirectly inform about the relative expression levels of
surface protein biomarkers. The phenotype signature was expressed by normalizing the
corresponding Raman signals (IEVs) and SEPs (Inanotags) using the same concentration of
conditioned exosomes. The study was also repeated with C3 (bladder cancer) and SW480
(colorectal cancer)-derived exosomes. Figure 12C illustrates the corresponding phenotypic
signatures in either PBS or exosome-spiked plasma from healthy people. The results dis-
play a different degree of both absolute and relative surface proteins levels, with EpCAM
the more expressed one. This is consistent with the current knowledge of EpCAM as the
most highly expressed cancer biomarker. Molecular profiles show high similarity in both
PBS and plasma suspended exosomes, but with a consistently lower absolute intensity for
exosome dispersed in the plasma medium. This has been tentatively ascribed to a dilution
of the cancer-specific signals due to the presence of additional exosomes equipped with sur-
face CD63 antigens that are also magnetically separated by the CD63-conjugated magnetic
beads. The sensitivity of the assay was determined to be 2.3 × 106 particles/mL in PBS,
which is below the average exosome concentration in most body fluids (ca. 108 EVs/mL
and above), thereby meeting the clinical requirements.
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Figure 12. (A) Schematic illustration of molecular phenotype profiling of CD63-positive exosomes using CD63 antibody-
functionalized magnetic beads and three classes of SERS-encoded nanoparticles separately conjugated with antibodies
targeting Glypican-1, EpCAM, and CD44V6 surface biomarkers. SERS codes: 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB);
4-mercaptobenzoic acid (MBA), and 2,3,5,6-Tetrafluoro-4-mercaptobenzonic acid (TFMBA). (B) SERS spectra for the simul-
taneous detection of three biomarkers on Panc-1-derived exosomes in PBS. Peaks at ca. 1077, 1340, and 1380 cm−1 are
correlated with the presence of EpCAM, Glypican-1, and CD44V6, respectively. (C) Phenotypic signature of Panc-1-, C3-,
and SW480-derived exosomes in PBS and plasma (n = 3). Adapted with permission from [97]. Copyright 2020, American
Chemical Society.

The use of immunoaffinity magnetic beads for separation/enrichments of exosomes
from biofluids is, however, often affected by issues related to limited reproducibility, long
incubation time and low exosome yields (<50%) [95]. On the other hand, the use of cap-
turing substrates with one, highly specific recognition element such as an antibody, can
introduce biases in the exosome isolation, leading to the enrichment of distinct exosome
subpopulations to the detriment of others which, however, may be critical to diagno-
sis [124]. To this end, Pang et al. [95] replaced immunoaffinity beads with TiO2-coated
magnetic particles, which allowed the indiscriminate, rapid and highly efficient removal
of the exosomes from serum by exploiting the affinity of TiO2 for binding the hydrophilic
phosphate head of the exosomal phospholipids. In their study, the programmed death
ligand 1 (PD-L1) protein biomarker on the exosomal membrane was subsequently targeted
with SEPs modified with an anti-PD-L1 antibody (Figure 13A). Exosomes derived from
adenocarcinoma human alveolar basal epithelial cells (A549) were initially used as model
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samples because of their PD-L1 expression level closely correlated with lung cancer stage.
Figure 13B,C show SEM images that visualize the capturing of the exosomes onto the
Fe3O4@TiO2 particles and the subsequent binding of SEPs onto the exosomal surfaces.
Laser interrogation of the aggregates yields SERS intensities that linearly scales with the
exosome concentration in the 5 × 103 to 2 × 105 particles/mL range, with a detection limit
of 1 PD-L1 + exosome/μL and an exosomal capture efficiency of 96.5%. The assay was
finally tested with human serum samples from healthy donors (12) and NSCLC patients
of early (7) and advanced stages (10). Figure 13D shows the scatter plots of the log SERS
intensity for each group of samples. Clear separation can be observed for the healthy
persons and the diagnosed patients, whereas discrimination has not been successfully
achieved for this cohort of stage I-II and stage III-IV patients. Notably, this strategy allows
the ultracentrifugation-free quantification of exosomal PD-L1 by using only 4 μL clinic
serum sample and in less than 40 min in total (much lower than the 2–5 h time reported by
other exosomes detection methods) [95].

Figure 13. (A) Outline of the sandwich complex between TiO2-coated Fe3O4 beads (Fe3O4@TiO2), exosomes and SERS-
encoded nanoparticles (SEPs) comprising a gold-silver core-shell nucleus functionalized with 4-mercaptobenzoic acid
(MBA) as the SERS code and further conjugated with an anti-PD-L1 antibody. (B,C) SEM images of Fe3O4@TiO2 + A549
exosome, and Fe3O4@TiO2 + A549 exosome + SEPs, respectively.(D) Scatter plots of the log SERS intensity (MBA band at ca.
1074 cm−1) in the serum samples from the controls and the early-stage (stage I/II) and advanced (stage III/IV) patients
diagnosed with non-small-cell lung carcinoma (NSCLC). Adapted with permission from [95]. Copyright 2020, Elsevier.

Alternatively, Trau and co-workers [99] tackled the limitations of immune-affinity
separation and slow binding kinetics by integrating a nanomixing strategy that improves
exosome capture efficiency while reducing non-specific adsorption and incubation time. A
chip implementing nanomixing forces was designed for the streamlined plasma exosome
phenotype analysis in less than 40 min, as outlined in Figure 14A–C. Exosomes derived from
melanoma cell lines of patients treated with the BRAF inhibitor were selected to evaluate
responses to the treatment. BRAF inhibitor targets BRAF V600, a mutation found in ca.
40% of melanoma patients that promotes cell cycle progression and tumor growth. The cell
culture medium or diluted patient plasma containing the exosomes are directly fed into the
capturing chip without any previous purification and enrichment steps (Figure 14A). The
capturing area was modified with an anti-CD63 antibody targeting a generic, non-cancer
specific exosome biomarker to maximize the vesicle accumulation at the interrogation spot.
Exosomes are then simultaneously targeted by a pool of four classes of SEPs (Figure 14B),
which comprise gold nanoparticles labelled with unique SERS codes and tumour-specific
antibodies targeting four biomarkers that have been previously shown to undergo changes
in expression levels with treatment and melanoma progression (i.e., melanoma chondroitin
sulfate proteoglycan—MCSP, melanoma cell adhesion molecule—MCAM, low-affinity
nerve growth factor receptor—LNGFR, and receptor tyrosine protein kinase—ErbB3). SERS
mapping of the surface capturing area (Figure 14C) collects spectral intensities that are
proportional to the numbers of exosomes and their expressing biomarker levels. Thus, as
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previously discussed, the exosome phenotype can be extracted by determining the relative
SERS intensities of the code marker bands. Characterization of the phenotypic changes
during treatment was first demonstrated on exosomes from patient-derived melanoma
cell lines harbouring either a BRAF mutation (e.g., LM-MEL-64) or an NRAS mutation in a
BRAF wild type (experimental control). For instance, exosomes collected from LM-MEL-64
cells without drug treatment did not show any significant changes across four selected
biomarkers (Figure 14D). Upon drug exposure, however, it is visible a radical reshaping
of the protein expression levels followed by a general up-regulation of the MCSP and
MCAM levels once the BRAF inhibitor treatment was interrupted (Figure 14E). It is worth
noting that, when anti-CD63 antibody at the capturing area was replaced with anti-MCSP,
exosomes cell-derived phenotypes (specifically, from SK-MEL-28 cell lines) were different,
suggesting heterogeneity of secreted vesicle subpopulations. Such heterogeneity further
reflects a potential genetic or epigenetic variability within the cell population. The method
was finally validated by monitoring the evolution of cancer-specific exosomes phenotypes
from the plasma of melanoma patients receiving targeted therapy, which reflects the
potential of exosome phenotyping for monitoring treatment responses.

Increasing the density of biologically functioning antibodies at the capturing surface
is also a central factor for improving the efficiency and sensitivity of the immunoassay. In
this regard, Li et al. [100] reported the use of polydopamine (PDA) self-polymerizing on
glass slides to generated a 50–100 nm thick, rough layer suitable for enhanced antibody
anchoring. Similarly, SEPs were fabricated with a thin PDA shell for antibody conjugation.
Overall, the PDA encapsulation yields a more uniform, mild and biocompatible surface
functionalization which entails high antibody capture efficiency and high sensitivity for
detecting cancer-derived exosomes. PDA technology was integrated into a miniaturized
device for the monoplex SERS analysis of 2 μL samples from clinical serum collected
from healthy donors and pancreatic cancer patients. The assay efficiently discriminated
between healthy donors and patients as well as between patients with different stage
tumors (discriminatory sensitivity = 95.7%). Also, the assay displayed high sensitivity
with a detection limit estimated to be just one single exosome per 2 μL for cell line-
derived samples.
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Figure 14. (A–C) Schematic of the exosome phenotyping using SERS-encoded nanoparticles: (A)
Exosomes are secreted by melanoma cells with a BRAF V600E mutation in the culture medium or
into circulation; (B) The exosome containing sample is injected, together with SERS tags, into the
nanomixing chip equipped with capture antibodies; (C) Upon removal of non-target molecules (e.g.,
protein aggregates and apoptotic bodies) and unbound SERS tags, SERS mapping is performed to
provide the SERS phenotyping of the captured exosomes. The false-color SERS image is generated
from the characteristic peak intensities of each SERS tags (MCSP-MBA, red; MCAM-TFMBA, blue;
ErbB3-DTNB, green; LNGFR-MPY, yellow). (D,E) Phenotypic alterations of exosomes derived
from melanoma patient-derived LM-MEL-64 cell line in response to BRAF inhibitor treatment at
different times (before, during and after treatment). Anti-CD63 antibodies were used in the capturing
area. Adapted with permission from [99]. © The Authors, some rights reserved; exclusive licensee
AAAS. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).
Available online: http://creativecommons.org/licenses/by-nc/4.0/ (accessed on 30 April 2021).

5. Future Challenges

In this review, we summarized and coherently discussed the diverse applications of
SERS in the analysis of exosomes, with a special focus on the more recent and promising
advances. We have also progressively highlighted current key challenges and limitations,
which can be broadly associated with either the general application of SERS in biosensing
and clinical diagnostic or the specific nature of exosomes as the biological target. In the first
case, the translation of SERS-based analytical tools into competitive, commercial devices
still faces important practical obstacles such as the production of cost-effective, robust and
efficient plasmonic substrates at a large scale. Similarly, the fabrication of affordable and
portable Raman spectrometers for fast data acquisition is critical for lowering the cost while
providing manageable equipment for routine analysis in the clinical setting. In this regard,
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the integration of SERS substrates and Raman components into multifunctional platforms
(e.g., microfluidics) is also pivotal for automatization and efficient standardization of the
measuring procedures. Furthermore, as also stressed in the review, the efficient implemen-
tation of the most advanced chemometric tools appears to be the way to fully access the
multidimensional information contained in large SERS data set. On the other hand, the
intrinsic nature of these vesicles makes exosome-based diagnostics a difficult task, mainly
due to their pronounced molecular heterogeneity and the requirement of determining
the presence and relative distribution of different sub-populations, especially in complex
biofluids. As pointed out, both improvement and standardization of the isolation proce-
dures are needed to reproducibly supply exosomes with high purity in good yields, while
identification of a much broader set of potential biomarkers is mandatory for enabling
clinical applications.
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