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A B S T R A C T

Background: Exosomes are nanovesicles actively secreted by potentially all cell types, including tumour cells,
with the primary role of extracellular systemic communication mediators, both at autocrine and paracrine levels,
at short and long distances. Recently, different studies have used exosomes as a delivery system for a plethora of
different molecules, such as drugs, microRNAs and proteins. This has been made possible thanks to the simplicity
in exosomes engineering, their great stability and versatility for applications in oncology as well as in re-
generative medicine.
Scope of review: The aim of this review is to provide information on the state-of-the-art and possible applications
of engineered exosomes, both for cargo and specific cell-targeting, in different pathologies related to the mus-
culoskeletal system.
Major conclusions: The use of exosomes as therapeutic agents is rapidly evolving, different studies explore drug
delivery with exosomes using different molecules, showing an enormous potential in various research fields such
as oncology and regenerative medicine.
General significance: However, despite the significant progress made by the different studies carried out, cur-
rently, the use of exosomes is not a therapeutic reality for the considerable difficulties to overcome.

1. Introduction

The development of new procedures for cellular-specific treatments
have opened new possibilities for the delivery of different molecules
involved in regenerative medicine and oncology. Recently, exosomes
have emerged as potent cell-free delivery tools, thanks to their high
physicochemical stability and biocompatibility [1, 2], together with the
lack of potentially dangerous effects derived from viable cell adminis-
tration [3].

In fact, the use of viable cells can induce the development of au-
toimmune reactions or rejection of injected cells, increased cancer risk

or occlusions of the micro-vasculatures and risks of persistent and
amplified stimulation also after disease resolution. [3]. In addition,
injected cells can move towards erroneous differentiation, leading to
potentially deleterious effects, as reported by Breitbach et al. [4]. These
authors described that injected mesenchymal stem cells (MSCs) for
myocardial regeneration determined ectopic ossifications and/or cal-
cifications in a murine model of myocardial infarctions.

The risks associated with exosome therapies are rather small com-
pared to therapies with modified cells, making exosomes ideal nano-
carriers for clinical applications. In addition, their ability to directly
communicate with target cells makes them far preferable to other
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delivery formulations, which can carry risks of toxicity or rapid clear-
ance. In fact, some pre-clinical in vivo studies showed that the use of
targeted exosomes to specific cells can reduce the concentration of
transported molecules administered, achieving the same effect of sys-
temic treatments and avoiding their short- and long-term side effects
that, for some drugs, are extremely harmful.

Despite the increasing interest in these carriers, no specific reg-
ulatory requirements for pharmaceutical manufacturing and clinical
application are present so far. It is however undeniable that their pro-
duction should be carried out in specific well-organized structures,
strictly following GxP standards (GxP=Good Manufacturing/Good
Laboratory/Good Distribution/Good Clinical/Good Scientific Practice
or GMP/GLP/GDP/GCP/GSP), to limit any possible contamination and
taking into account both donor and recipient safety [5, 6].

The aim of the present review is to summarize the state-of-art on the
use of modified exosomes used as natural nanoparticles to deliver dif-
ferent molecules as therapeutic agents in regenerative medicine, on-
cology and other orthopaedic pathologies, highlighting the most recent
therapeutic uses and possible new applications.

2. Search strategy

The following literature research was carried out in the MEDLINE
database (PubMed research engine): (((exosome?) OR exosomes [MeSH
Terms]) AND (((engineering) OR engineered) OR targeted)), by con-
sidering articles with abstract in English (AND “English” [language])
and published after January 1, 2010 (AND (“2010/01/01”[Date -
Entrez]: “2017/09/30”[Date - Entrez])). This search retrieved 713 ar-
ticles. Reviews (NOT Review [Publication Type]) were then excluded,
reducing the number of collected articles to 506. Three reviewers
manually assessed the title and abstract of collected references and
those not considered pertinent were excluded. Finally, 147 articles re-
lated to the topics of our interest (bone, cartilage and musculoskeletal
diseases) were selected, but articles already cited in others were not
included, obtaining 72 studies. In addition to the selected articles,
further 47 studies were added being considered of interest in the final
review and to add information on some technical aspects (Fig. 1).

3. Exosomes: characteristics and potentialities

Exosomes are small bi-layered vesicles with a diameter of
40–100 nm, produced by almost all cell types, both in physiological and
pathological state, within the endo-lysosomal compartment and re-
leased with the exocytosis of multivesicular bodies (MVB). Initially
identified as cellular garbage vehicles, removing a variety of molecules
like unnecessary proteins, in the past 15 years, exosomes emerged as
important intercellular communication systems, working at very short
and long distance [7].

Most common isolation method of exosomes, from conditioned
medium (CM) of source cells, is based on:

1) differential centrifugation of CM to remove intact cells, cellular
debris and other big contaminants; and 2) ultracentrifugation on su-
crose gradient to remove contaminating material in the exosome pellet
such as protein aggregates or other microvesicles (as macromolecules as
apoptotic bodies or microvesicles that originates from plasmatic
membrane) due to different flotation of this macromolecules respect to
exosomes [7].

Protein content of exosomes represents an aspect of particular in-
terest, consisting of proteins related to the source cell type, reflecting its
pathological or physiological status at the time of micro-vesicles for-
mation [8, 9], as well as the so called “exosomal markers”. These
proteins, related to exosomes biogenesis, include Alix, Lysosome-asso-
ciated membrane glycoproteins (Lamp 1, 2 and 3), Tetraspanins (CD9,
CD63, CD81, CD82, and CD151) and Endosomal Sorting Complexes
Required for Transport (ESCRT) machinery [10, 11] (Fig. 2). In addi-
tion, other proteins are usually displayed in the exosomes such as major
histocompatibility complex (MHC) proteins, which exhibit surface an-
tigens stimulating the immune system [12], soluble and membrane
morphogens, implicated in cell differentiation and tissue regeneration
[13, 14], and other surface proteins present in exosomal membrane that
confer a specific tropism to target cells [15]. For example, cancer cells
are able to interact with stromal cells through exosomes release, which
induce local differentiation of fibroblasts and neovascularization to
support tumour growth [16]. In addition, other studies showed that the
presence of surface integrins in exosomes membranes, such as α6β4,
α6β1 or αvβ5, promote tumour exosome spreading in different tissue
(lung or liver) to prepare the appropriate environment for tumour co-
lonization [17].

Particular interest was given to the RNA content of these nanove-
sicles, which differ significantly, both quantitatively and qualitatively,
from the total RNA of the source cells, suggesting an active, regulated
and selective loading, as reported in literature [18–22]. Exosomes lack
intact ribosomal RNA and are rich of non-coding RNA and, as micro
RNA (miRNA) and long non-coding RNAs (lncRNAs), which can mod-
ulate cell viability interfering in different cellular pathways in targeted
cells [23, 24]. Although the activity of other exosomal factors cannot be
excluded, miRNAs specifically seem to play a pivotal role in exosome-
mediated biological functions [24]. The peculiar characteristics of
exosomal RNA, in particular their greater stability in comparison to
cellular RNAs, make them interesting for RNA-based in vivo therapies,
which still suffers from lack of appropriate delivery systems [25].

Exosomes cargo can be internalized via endocytosis, pinocytosis and
direct fusion with plasma membrane, which lead to different actions
and fates of cargo itself (Fig. 3). For example, modifications in exosomal
membrane can occur, conferring the ability of cell selection and inter-
nalization in target cells [26, 27]. For their characteristics, such as
stability in all bodily fluids [28], specific tropism to target cells or tis-
sues [17], ability to pass easily through biological barriers, exosomes
are emerging as system for delivery of different molecules and represent
a powerful therapeutic tool for numerous diseases.

Strategies to modify exosomes for application as carriers can be very
different and require modifications of source cells or exosomes directly.
Expression vector can be used to induce overexpression of proteins or
noncoding RNA into cells, packaged into nanovesicles to obtain theFig. 1. Diagram of the reference search strategy and selection.
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specific delivery of cargo or regulate the transcription in target cells
[29–34]. Exogenous material, such as short interference RNA (siRNAs)
or drugs, may be naturally internalized into exosomes through the di-
rect treatment of exosome source cells, which subsequently release
them by exocytosis. Alternatively, the exogenous material may be
transfected directly into the exosomes [31–36]. For example, a direct
exosomal modification strategy is to permeabilize isolated micro-
vesicles to allow loading of different molecules into the exosomes. A
similar approach uses lipophilic or amphipathic molecules to mark
exosomal membrane with the phospholipid bilayer [37] (Fig. 4).

Chemical reactions may also be performed directly on the vesicle
membrane. For instance, carbodiimides can be used to modify native
amines in order to present azide groups to trigger chemistry reactions.
Modified exosomes are initially used as drug delivery system, where
these vesicles are charged with chemotherapeutic molecules or specific
siRNA to induce inhibition of tumour growth. Additionally, these exo-
somes can be engineered with a fusion protein to create a specific
tropism to tumour cells [29, 30, 32–34]. For example, Alvarez-Erviti
et al. created, for the first time, a fusion protein between murine
Lamp2b, an exosomal membrane protein, with neuron-specific RVG
peptide. Exosomes with this engineered protein has an intrinsic ability
to target neuronal cells [29]. In our laboratory, we have engineered
human Lamp2B, adding Interleukin 3 epitope. Exosomes with this
protein show to bind selectively to chronic myeloid leukemia cells [34].

Engineered exosomes were explored in the musculoskeletal field
and their use has been applied to regenerative medicine (nervous

system, cartilage and bone regeneration) and regulation of immune
system (stimulation and/or repression in different pathologies), while
their application in oncology is still at the beginning phases.

4. Exosomes in regenerative medicine

In this section, we discuss the reviewed studies on exosomes ap-
plications in regenerative medicine for muscular-skeletal pathologies,
summarized in Table 1.

4.1. Exosomes in regenerative process

In the last decades, treatment protocols for regenerative medicine
have been extensively enriched with the use of stem cells, thanks to
their capability to differentiate towards different lineage under specific
stimuli, accelerating and improving tissue healing [37, 38]. However,
many aspects of the mechanisms of action underlying this process are
still under debate. In literature, there are indications that the re-
generative effect of stem cells might be related to a paracrine activity
and not merely to the effective differentiation of these cells directly into
the damaged tissue. This is also suggested by evidence that only a small
number of locally or systemically injected stem cells integrate into the
damaged tissue [39]. In any case, the paracrine activity can explain
only in part the regenerative effects of stem cells. Indeed, it is more and
more evident that there are many actors in the repair process, from
circulating cells to tissue resident cells, and that a key role is played by
the active communication between these cell population through dif-
ferent mechanisms, including exosomes.

The involvement of exosomes on the regenerative process has been
highlighted in many papers, investigating the effect of exosomes from
different cell types on various tissues and organs. The cell types include
MSCs of different origins (i.e. bone marrow and adipose tissue), he-
matopoietic stem cells, progenitor of endothelial cells, embryonic stem
cells, and well differentiated cells such as dendritic cells (DC), or im-
mune system cells (monocytes, macrophages, B- and T-cells). Exosomes
source cells can be loaded with different molecules that enhance or
inhibit specific factors in target cells, thus modulating the regeneration
rate [40].

From an overview of the articles on exosomes in regenerative
medicine emerges a prevalence of studies related to Central Nervous

Fig. 2. Schematic representation of an exosome and its content.

Fig. 3. Schematic draw of the various exosome uptake mechanisms.
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System (CNS) injuries [41, 42], cardiovascular disease [43–45], or
kidney injury [46–49] and the extensive exploitation of exosomes im-
mune regulation activities on target cells. In fact, inflammation status
influences the regeneration rate, since proinflammatory cytokines can
activate different pathways determining poor tissue regeneration and
the formation of fibrous scars.

4.2. Exosomes in bone and cartilage regeneration

In the field of bone regeneration, great attention is given to MSCs-
derived exosomes for their capability to influence bone formation, in-
teracting with bone microenvironment at different levels [50]. Bone
regeneration is a temporal and spatial concerted regulation of the ac-
tivity of different cell types, such as osteoblasts (OBs), osteoclasts (OCs),
osteocytes, chondrocytes, and endothelial cells, which communicate
through different mechanisms. MSCs-derived exosomes can generally

induce OBs differentiation through the delivery of different miRNA
cargos [51–53], but recent in vitro and in vivo studies suggest that this
effect seems to be improved by a previous commitment of MSCs to-
wards osteoblastic lineage [52, 54–56]. In particular, Narayanan et al.
indicated that exosomes produced by already committed cells were able
to bind to the extracellular matrix (ECM) and induce osteoblastic dif-
ferentiation of all cells they locally interact with [52]. In addition,
considering the importance of the cross-talk between OCs and OBs in
bone homeostasis, targeting specific molecules to inhibit or promote
osteoblastogenesis, like miR-214-3p in OCs, is of great interest, as
suggested by a recent work by Li et al. [57]. Moreover, other bone cell
populations, like immune and hematopoietic cells and their exosomes,
have a strong influence in bone and cartilage regeneration by means of
their roles in inflammation. For example, in a lipopolysaccharide (LPS)
induced inflammation model, monocytes produce exosomes with en-
hanced pro-osteogenic differentiation [58, 59].

Fig. 4. Schematic draw of different types of content in native or engineered exosomes.

Table 1
Published studies on application of exosomes in regenerative medicine.

Source cell Target cell Modification Actions Reference

hMSCs Neurons Lentiviral vector expressing miR-133b in source cells Nerve regeneration [41]
Mouse macrophage (RAW 264.7) CNS environment Plasmid vector expressing catalase in source cells Brain inflammation reduction [42]
hBMMSCs hBMMSCs Osteogenic medium treatment of source cells Osteoblastogenesis induction [52]
hBMMSCs hBMMSCs Plasmid for overexpression of Runx2 in source cells Osteoblastogenesis induction [54]
Pre-osteoblast cells (MC3T3-E1 cells) Bone marrow stromal cells

(ST2 Cells)
Osteogenic medium treatment of source cells Osteoblastogenesis induction [55]

Human monocytes hMSCs Native exosomes with no specific regenerative activities Osteoblastogenesis induction [59]
hESCs Intra-articular environment Native exosomes with no specific regenerative activities Osteochondral regeneration [63]
mDCs Intra-articular environment Adenoviral vector expressing IL-10, IL-4, or FasL in source

cells
Articular inflammation reduction [65, 66]

hMSCs mouse C2C12 myoblast cells
HUVECs

Transfection of miR-494 in source cells Skeletal muscle regeneration
Angiogenesis

[69]

Abbreviation: CNS - Central Nervous System; hBMMSCs - human Bone Marrow Derived Mesenchymal Stem Cells; hESCs - human Embryonic Stem Cells; hMSCs =
human Mesenchymal Stem Cells; HUVECs = Human Umbilical-Vein Endothelial Cells; mDCs = mouse Dendritic Cells.
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On the front of articular cartilage regeneration, current treatments
such as mosaicplasty and autologous chondrocytes implantation, still
present drawbacks, like donor site morbidity, and often generate low
quality fibrocartilage repair. Cell therapies based on MSCs have shown
promising results in cartilage regeneration in many studies, where cells
paracrine effect seems more and more evident [60–63]. Zhang et al.
[63] demonstrated that MSCs exosomes have high power of regenera-
tion of osteochondral defects in a rat model and data are supported by
other evidence of the involvement of exosomal miRNAs in this re-
generation process. In particular, it seems that different miRNA, en-
riched in MSCs exosomes, exert beneficial effects on cartilage re-
generation, inducing miR-92a and could be used as therapeutic agents
against osteoarthritis for their regulatory roles in proliferation and
chondrogenic differentiation [64]. Tolerogenic properties of Dendritic
Cell-derived exosomes can be increased by overexpressing IL-10, IL-4,
or FasL in source cells, generating exosomes able to reduce inflamma-
tion in induced arthritis mouse models [65, 66].

4.3. Exosomes in muscle regeneration

Recently, the use of MSCs secretome and, in particular, of MSC-
derived exosomes for muscle regeneration was investigated [67–69]. In
vivo studies demonstrated that MSCs-derived exosomes were able to
accelerate muscle regeneration by increasing angiogenesis and reducing
fibrosis [69]. In addition, other studies identified different miRNAs
associated with antiapoptotic (miR-21) [67] and myogenic (miR-1,
miR-133, miR-206 and miR-494) activities, which could be delivered by
specific MSCs engineered exosomes to injured muscles in a skeletal
muscle injury rat model [68]. Nakamura et al. highlighted the strategic
role of exosomes in the regeneration process and, in particular, of
miRNA, identifying the role of not- and well-characterized miRNA.
Although the studies on exosomes activities on muscle regeneration are
incompletely understood, modified MSCs-derived exosomes with en-
hanced myo-regenerative effects might be a new therapeutic tool for
muscle injury [69].

4.4. Exosomes in nervous system repair

Exosomes were also tested in regenerative medicine of the central
and peripheral nervous system, being able to cross the blood-brain
barrier as well as to modulate inflammatory response, with positive
effects on regeneration rates [41, 70]. Nervous system injuries and
degenerations are highly debilitating for patients, often resulting in
significant musculoskeletal impairments and their management is still
demanding and often not resolutive.

Peripheral nerve injuries determine an inflammatory state leading
to lack of neuronal functions and consequent neuronal degeneration,
cell death and formation of permanent scarring. As previously men-
tioned, MSCs support nerve growth also through paracrine effects such
as secretion of neurovascular factors (as VEGF), and supporting
Schwann cells, which are critical for nerve myelination. Several in vivo
studies that used different types of bioactive polymers, such as collagen
type 1 and hyaluronic acids, for MSCs scaffold, showed enhanced and
accelerated nerve regeneration in mouse model after nerve transection.
[71–75].

It is reported that MSCs exosomes are able to induce nerve re-
generation and the key role is played by miR-133b they contain. MSCs-
derived exosomes, modified with lentiviral expression vector, de-
termining overexpression or silencing of miR-133b, can respectively
induce or repress neurite regeneration, as indicated by the number and
length of neurites [41]. Xin et al. hypothesized that MSCs-derived
exosomes might be used for the delivery of other functional miRNAs,
similarly to miR-133b, for the treatment of nerve diseases where re-
generation processes are involved [41].

Inflammation is also the basis of Central Nervous System (CNS)
pathologies, such as Parkinson's and Alzheimer's diseases, characterized

by microglia activation and reactive oxygen species (ROS) production.
Injection of genetically modified macrophages with an expression
vector codifying for high level of catalase, seems to determine a strong
reduction of brain inflammation [70]. In particular, Haney et al., using
a mouse model of brain inflammation induced by intracranial injections
of LPS or 6-hydroxydopamine (6-OHDA), highlighted that macrophage
exosomes can cross the blood-brain barrier and transfer the vector,
catalase mRNA and protein, to neurons, thus reducing inflammation
[70].

5. Exosomes in oncology

5.1. Exosomes as drug delivery system

Drug toxicity has always represented one of the most critical point
of chemotherapeutic treatments with deleterious long- and short-term
effects. The debate on the best ways to eliminate or minimize che-
motherapy toxicity, treating the lesions selectively, has been going on
for years, but a fully satisfying result is still to be found. [76].

Engineered exosomes as therapeutic agents are proving to be a very
useful tool for the delivery of therapeutic molecules in different onco-
logical diseases, such as colon carcinoma [77], breast tumour [27, 32,
78, 79], pancreatic adenocarcinoma [80], lung tumour [36] and
chronic myeloid leukemia [34]. Many studies demonstrated that nat-
ural or engineered exosomes, loaded with chemotherapeutic agents (i.e.
imatinib, doxorubicin, or paclitaxel) or macromolecules such as siRNA
or miRNA (i.e. Let-7a, BCR-ABL siRNA, miR-134, anti-miR-503, miR-
143), are able to reduce tumour growth in vivo [32, 34, 78, 81], using
far lower concentrations of chemotherapeutic molecules compared to
those used for systemic treatments, achieving the same results and
avoiding all short- and long-term deleterious effects.

5.2. miRNA as therapeutic target in osteosarcoma

It is well- known that miRNAs deregulation can determine tumour
development or promote the onset of metastasis, inducing modifica-
tions in established tumours. Increasing evidences show an active cross-
talk between cancer cells and stromal cells mediated by exosomes, af-
fecting metastatic niche formation and metastatic progression [82, 83].
The role of miRNA present in released exosomes was investigated by
Lim et al., who detected that CXCL12 specific miRNAs, transported via
exosomes from bone marrow stroma to breast cancer cells, were able to
modulate the dormancy of bone metastatic tumour cells [45].

Some researchers used deregulated miRNA not only as possible
biomarkers, but also as therapeutic molecules for different cancer dis-
eases. Various deregulated miRNAs were reported to act as both tumour
suppressors and oncogenes in osteosarcoma [84]. MiR-326, which
regulates BCL-2 expression, is downregulated in osteosarcoma de-
termining enhanced cell survival and inhibition of apoptosis [85],
which is associated to tumour progression, metastasis formation and
drug resistance [86, 87]. Similarly, tumour suppressor miR-130 is
downregulated in osteosarcoma cells [88], while its overexpression is
related to the inhibition of cell growth, migration and metastasis for-
mation, interfering with tumour metabolism [88]. Up-regulated
miRNAs, also indicated as onco-miRNAs, are associated with tumour
development and progression of malignancy, as demonstrated by Lo
Dico et al. [89] and Costa et al. [90] in glioma and colon cancer pro-
gression respectively. Osteosarcoma cells overexpress miR-300, which
acts by targeting bromo-domain-containing protein 7 (BRD7) mRNA,
determining cell proliferation and tumour invasion through the in-
duction of Epithelial-Mesenchymal Transition (EMT) [91, 92]. MiR-
135b is another miRNA implicated in tumour progression and EMT
process by targeting the 3′ untranslated regions (3′UTR) of large tu-
mour suppressor kinase 2 (LATS2), adenomatous polyposis coli (APC),
and glycogen synthase kinase 3 beta (GSK-3β) mRNAs, resulting in
inhibition of expression of these tumour suppressors [93].
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5.3. miRNA as therapeutic target in chondrosarcoma

Numerous deregulated miRNAs have also been correlated to the
development of chondrosarcoma, the second most common cancer of
the musculoskeletal apparatus, characterized by the abnormal produc-
tion of cartilage matrix. MiR-30a is a very important tumour suppressor
of Sox-4, a factor of SRY-related HMG box (SOX) gene family and runt-
related transcription factor (Runx-2), both implicated in chondrogen-
esis. In chondrosarcoma, Sox-4 and Runx-2 are up-regulated via in-
hibition of miR-30a synthesis, whose levels correlate negatively with
tumour progression [94, 95]. Another downregulated miRNA im-
plicated in chondrosarcoma is miR-145, which regulates Sox-9 expres-
sion, a transcription factor very important in tumour development, not
only for chondrosarcoma but also for other tumours. Increased Sox-9
activities up-regulate ETV-5 transcription factor implicated in EMT
process, which induces metastatic formation [96, 97]. Recently, an in
vitro study showed that the knockdown of SOX9 by synthetic siRNA,
determines cell-cycle arrest and apoptosis, as well as the inhibition of
metastasis formation. [98].

All deregulated miRNA identified in these pathologies represent
potential targets in therapeutic approaches. However, clinical applica-
tions using RNA-based techniques for oncologic diseases have been
hindered by the high fragility of these macromolecules, which should
be delivered avoiding degradation in order to preserve their therapeutic
efficacy. From the publication of the article by El-Andaloussi et al. [30],
who firstly public a protocol to produce engineered exosomes to deliver
specific siRNA into specific cells, exosomes began to be an important
engineering platform, representing a solution for in vivo exogenous
RNAs delivery in different models [32, 34, 78, 79, 99]. Among these,
the most recent engineered exosomes were made to efficiently deliver
BCR-ABL siRNA to chronic myeloid leukemia (CML) cells in order to
inhibit cellular growth of Imatinib resistant K562 cells in an in vivo
mouse model [34].

5.4. Exosomes as miRNA delivery system in osteosarcoma and bone
metastasis

The first attempt of transferring siRNA by exosomes in osteosarcoma
cells was carried out by Shimbo et al. [100], who engineered MSCs
exosomes introducing miR-143, known to inhibit cells proliferation and
migration of osteosarcoma cells. However, their engineered exosomes
were able to inhibit migration but not growth of 143B human osteo-
sarcoma cell line, probably because of the low level of delivery [100].

Following El-Andaloussi et al. work [30], various studies tried to
improve exosomes delivery through the expression of engineered pro-
teins on the exosomal membrane, whose epitopes are recognised by
specific receptors overexpressed in target cells. This strategy aims at
increasing the affinity of engineered exosomes to target cells, and to
better vehicle chemotherapeutic molecules avoiding aspecific delivery
[32, 34, 36, 78, 79, 101]. The encouraging results obtained with exo-
somes make them attractive also for the management of difficult to
treat metastases. Bone metastases from many types of primary tumours,
like lung, breast, prostate, kidney, and thyroid cancers, often share the
over-expression of some receptors with parental cells. These are usually
involved in the events triggering cells metastatic transformation, like
epidermal growth factor receptor (EGFR) [102–105]. Tyrosine kinase
inhibitors represent the first treatment of tumours with overexpressed
EGFR [104, 106], but sometimes they are not effective on metastases
that are not sensitive to treatment despite overexpressing the receptor
[104, 107]. In this sense, the use of engineered exosomes to specifically
target the receptor seems to be a valid option for the effective treatment
of both primary tumour and metastases.

Among various therapeutic applications, new roads are opening for
the use of exosomes as biomarkers. In fact, in some clinical studies
evaluating the activity of cancer cells- derived exosomes on the mod-
ulation of immune system, hypothesize the possibility to use them as

biomarkers of chemotherapeutic efficacy (i.e. liquid biopsy), as better
reported below.

6. Exosomes and immune system in musculoskeletal diseases

The capability of exosomes to modulate the immune system en-
hancing or suppressing inflammation makes them an attractive candi-
date as immunotherapy agent [28]. It is well-known that exosomes are
able to transport different antigens, loaded onto MHC class I and II
complexes, and stimulate immune response through this epitope pre-
sented by antigen presenting cells. Dendritic cell (DC)-derived exo-
somes loaded with viral antigens are capable of activating CD8+ T cells
[108], and exosomes from cells of infected tissue that transport bac-
terial and viral antigens are able to elicit macrophage and determine T
cells activation [109, 110]. Similarly, cancer specific epitopes trans-
ported by cancer cells- derived exosomes, after internalization in DC
cells, can stimulate cytotoxic T-cells activation against cancer cells.
Exploiting this mechanism of action, Yao et al. reported the possible use
of cancer cells-derived exosomes as vaccine in CML patients, inducing
strong cytotoxic T-cells activity towards CML cells. Furthermore, MSCs-
derived exosomes presenting cancer-epitopes on their membrane, are
able to stimulate the activation of antibody secretion by B cells and
induction of Th1 memory cells [111]. The improvement in this topic
might lead to the possibility to control all immune regulatory actions of
exosomes in degenerative disease, as well as create exosome-based
vaccines through bacteria, viruses and cancer cells [112].

6.1. Exosomes as inflammatory modulator

Exosomes are important in the regulation of the immune system, not
only through a vaccine-like action, but also through inflammatory
modulation, which might be useful for some degenerative pathologies
such as osteoporosis and arthritis, where alteration of immunologic
system and related inflammation status play a crucial role [113, 114].
In these pathologies, pro-inflammatory cytokines have clearly a key
role in the activation of osteoclastogenesis and consequently of bone
resorption and in the inhibition of osteogenesis and bone formation. For
example, Sun et al., used exosomes for curcumin delivery, increasing its
solubility, stability, bioavailability and anti-inflammatory effects inside
target cells, with the consequent inhibition of IL-6 and TNF-α secretion
as found in an in vivo mouse model, where septic shock was induced
through LPS injection [115].

Similarly, exosomes can be used for the delivery of a series of im-
munomodulator as vitamin D compounds that have immune-regulative
effects in osteoporosis [113] or DNA vectors for the expression of anti-
inflammatory molecules in these pathologies [114]. Exosomes-based
immunotherapies might have numerous advantages compared to cel-
lular immunotherapies, considering that their production seems to have
a better qualified and especially safer product, without the necessity to
preserve cellular viability that represent the greater disadvantage in cell
therapy. Furthermore, liposomes or polymeric nanoparticles, currently
used to deliver some types of drug molecules, present different pro-
blems such as stability, toxicity, other than evading the host immune
system. For polymeric nanoparticles, biocompatibility is another pro-
blem. Exosomes, by virtue of their natural origin, compared to these
systems, are an ideal drug delivery system, with a long half-life, ac-
quired or intrinsic ability to target tissues, high biocompatibility, and
minimal or no toxicity issues. In addition, results obtained in exosome-
based immune regulations when compared to the problems of those
cell-related, foresee the possibility to switch rapidly to an exosomal
immunotherapy [116–119].

7. Conclusions

The use of exosomes as therapeutic agents is rapidly evolving,
showing an enormous potential in various research fields such as
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regenerative medicine and oncology. However, there are still con-
siderable difficulties to overcome to make their use a therapeutic rea-
lity. Among these, there is the necessity to standardize manufacturing
procedures and the unfavourable ratio between isolation rate and costs.
The studies described in this review highlight the great variety of ap-
proaches that might be used to modify exosomes and the many ther-
apeutic agents that can be loaded for musculoskeletal diseases treat-
ment. In the field of regenerative medicine, exosomes are still poorly
used, although a number of recent studies have shown the potential
application of modified exosomes to improve regeneration of different
tissues such as bones, nerves and muscles.

A possible limitation of the use of engineered exosomes can be
immune reactive actions through exosomes that have different MHC in
the membrane respect to host. This problem can easily be overcome
using exosome produced by the same host cells, otherwise, im-
munologically inert exosomes produced by cells cannot have MHC
molecules as immature dendritic cells, as suggested in Andaloussi et al.
protocol [30].

Conversely, in oncology, exosomes have proven to be a great ther-
apeutic promise, considering their relative easy handling for both their
content and targeting to cancer cells. Their small size also allows them
to cross barriers that cells or other molecules cannot, and their low
immunogenicity makes them suitable as a vehicle for specific drugs,
avoiding systemic administration that has deleterious effects [120].

Despite significant advances in the use of exosomes as a vehicle for
different chemotherapeutic molecules, to date only one attempt has
been made in bone cancers.

Exosomes represent a great promise and new therapeutic area to
develop personalized therapeutic carriers as cellular specific delivery of
drugs in different pathologies. However, before it can become a ther-
apeutic reality as an effective drug delivery system, the characterization
of all their components and their potentially immune actions need to be
clearly performed. Moreover, engineering processes should be stan-
dardized, to have adequate analytic methods to control exosomes pro-
ductions in order to ensure a high quality product.
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