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Abstract: Low back pain (LBP) is one of the most frequent symptoms associated with intervertebral
disc degeneration (IDD) and affects more than 80% of the population, with strong psychosocial
and economic impacts. The main cause of IDD is a reduction in the proteoglycan content within
the nucleus pulposus (NP), eventually leading to the loss of disc hydration, microarchitecture,
biochemical and mechanical properties. The use of mesenchymal stem cells (MSCs) has recently arisen
as a promising therapy for IDD. According to numerous reports, MSCs mediate their regenerative and
immunomodulatory effects mainly through paracrine mechanisms. Recent studies have suggested
that extracellular vesicles (EVs) extracted from MSCs may be a promising alternative to cell therapy
in regenerative medicine. EVs, including exosomes and microvesicles, are secreted by almost all cell
types and have a fundamental role in intercellular communication. Early results have demonstrated
the therapeutic potential of MSCs-derived EVs for the treatment of IDD through the promotion of
tissue regeneration, cell proliferation, reduction in apoptosis and modulation of the inflammatory
response. The aim of this review is to focus on the biological properties, function, and regulatory
properties of different signaling pathways of MSCs-derived exosomes, highlighting their potential
applicability as an alternative cell-free therapy for IDD.

Keywords: extracellular vesicles; exosomes; mesenchymal stem cells; miRNA; low back pain; inter-
vertebral disc degeneration; regenerative medicine

1. Introduction

Low back pain (LBP) is one of the most common musculoskeletal symptoms affecting
up to 80% of adults aged between 40-80 years. Chronic LBP is one of the main causes
of disability and loss of work ability with a strong impact on patients” quality of life;
additionally, it poses a significant socioeconomic burden on public health worldwide [1].
According to a recent global report on the prevalence of LBP, it has been estimated that two
thirds of adults are afflicted with LBP at least once in their lives. In addition, the financial
burden of LBP in the United States is estimated to exceed $100 billion per year, depending
on the inevitable effect of changes in work status, prolonged hospitalization, and increased
outpatient visits [2—4].

The majority of LBP episodes are associated with intervertebral disc degeneration
(IDD). The intervertebral disc (IVD) acts as a shock absorber between the vertebrae while
allowing for flexion—extension, lateral flexion, and rotation movements. The IVD is a
complex structure connecting two adjacent vertebrae and is composed of the annulus
fibrosus (AF), nucleus pulposus (NP) and cartilaginous endplates (CEP) [5]. The AF is
a fibro-cartilaginous ring encircling the NP and it consists of concentric lamellae of type
I collagen fibers associated with an interlamellar matrix, in which scattered cells with
fibroblast-like morphology and phenotype are present [6]. The NP presents a gelatinous
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extracellular matrix (ECM) rich in proteoglycans (mainly aggrecan), type II collagen and
other proteins such as elastin and fibronectin. The high level of water content helps
maintain disc height and supports the functions of the IVD [7]. The NP cell population has
a notochordal origin: notochordal cells (NCs) act as progenitor cells and play an important
role in stimulating ECM synthesis by NP cells (NPCs), although in adult human NP tissue
the number of NCs diminishes drastically [8]. To preserve IVD architectural features,
it is essential to maintain disc cell metabolism and physiological biomechanics, but the
avascular and relatively acellular environment of the NP leads to a limited regenerative
capacity against stressful and degenerative stimuli. IDD is an age-related disease and
is mainly linked to loss of NP hydration and reduction in the proteoglycan content [9].
Current approaches to treat IDD are based on conservative or surgical procedures that aim
to relieve the symptoms; however, they are not able to change the natural history of the
disease [10].

Recent advances in the understanding of IVD biology have led to an increased in-
terest in the development of novel biological treatments. Growth factors, gene therapy,
stem cell transplantation and tissue engineering might support intervertebral disc regen-
eration [11-16]. The transplantation of mesenchymal stem cells (MSCs), including bone
marrow-derived (BM-MSCs) and adipose tissue (Ad-MSCs), has been evaluated in different
clinical trials. Although encouraging results have been achieved, there are still several
impediments related to the survival and differentiation of transplanted MSCs due to the
particularly hostile microenvironment of degenerated IVDs [17]. Moreover, costs related to
cell expansion under Good Manufacturing Practice (GMP) conditions and to the quality
control guidelines for Advanced Therapy Medical Products (ATMP) limits the large-scale
application of a cell therapy strategy.

In the last decade, the interest in extracellular vesicles (EVs) and their therapeutic
potential has grown regarding different applications in several fields, including oncol-
ogy, neurology, cardiology, and orthopedics [18,19]. EVs are endogenous nanoparticles
released by different cell types and are involved in various physiological mechanisms
including apoptosis, tissue regeneration, inflammation, ECM synthesis, cell prolifera-
tion and immunomodulation [20]. Based on morphology, biogenesis, size, and content,
EVs are generally distinguished in apoptotic bodies, microvesicles and exosomes [21].
One of the contemporary challenges in regenerative medicine is the development of new
biology-based therapeutic strategies employing EVs. Indeed, MSCs-derived exosomes
have recently demonstrated their potential benefits in preclinical models of cardiovascular
diseases, graft-versus-host disease and osteoarthritis [19], while their role in IDD still
remains unclear [22].

The aim of this review is to focus on the biological properties, function, and regulatory
properties of different signaling pathways of MSCs-derived exosomes, highlighting their
potential applicability as an alternative cell-free therapy for IDD.

2. Intervertebral Disc Degeneration

IDD is an age-related chronic and progressive process, characterized by a gradual loss
of proteoglycans and water content in the NP with a reduction in the disc’s capacity to
withstand compressive loads [17].

The IVD is an avascular organ, and the supply of nutrition occurs by diffusion from
its surrounding vasculature through the CEPs [23]. However, IVD aging and mechan-
ical overload progressively foster endplate calcification and capillary obliteration, thus
reducing nutrient delivery to the IVD itself [24]. Due to the lack of blood flow, a hypoxic
microenvironment is consequently established with higher O, concentrations at the sur-
face of the AF (19.5%) and a reduction towards the center of the NP (0.65%). However,
low oxygen concentration has not been shown to be detrimental for NPC viability [25].
Another factor involved in making the IVD microenvironment hostile is the low glucose
concentration, which ranges from about 5 mM at the periphery to about 0.8 mM at the
center of the IVD [26].
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pH is another crucial parameter in the IVD microenvironment. Local production of
lactic acid by IVD maintains a pH between 2 and 6, with significant effects on cell survival
and matrix synthesis, as well as on the expression of proinflammatory cytokines and
pain-related factors [27]. The main change in NP during IDD is in the imbalance between
anabolic factors, such as insulin-like growth factor 1 (IGF-1), growth differentiation factor
6 (GDF-6), transforming growth factor 3 (TGF-3), bone morphogenetic proteins (BMPs)
and catabolic enzymes, such as matrix metalloproteinases (MMPs) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS) [28].

Aggrecan, the most abundant proteoglycan in the NP matrix, binds to sulphated
glycosaminoglycans (GAGs, e.g., keratan and chondroitin sulfate), and consequently
retains hydration and osmotic pressure within the IVD. Negatively charged GAGs regulate
the ion balance of the ECM [29]. In a healthy state, osmolarity can range from 430 mOsm/L
(isosmotic pressure) to about 496 mOsm/L (hyperosmotic pressure) [30]. In degenerative
conditions, due to the progressive loss of proteoglycans, the osmolarity of the IVD decreases
until it reaches values of about 300 mOsm/L [31]. Tao et al. reported that high osmolarity
can not only decrease the viability and proliferation of disc cells but can also influence the
expression levels of collagen type II, SOX-9 and aggrecan in progenitor NPCs [32].

Excessive mechanical loading may be another crucial factor that compromises the
biomechanical characteristics of IVD. Static compression stress induces apoptosis, senes-
cence, mitochondrial damage, and matrix catabolism due to a reduction in collagen and
aggrecan expression with an increase in MMPs [33]. On the contrary, dynamic compressive
loading often triggers an anabolic response and improves the transport of nutrients and
growth factors within the NP [34].

The inflammatory response may also contribute to the onset and progression of the
degenerative process [35]. The nutritional decrease and accumulation of degraded matrix
products promote macrophage-mediated production of pro-inflammatory cytokines such
as interleukin (IL)-1 and tumor necrosis factor-« (TNF-«) through activation of the nu-
clear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathway [36]. IL-13
and TNF-« are involved in the progression and initiation of IDD by regulating inflamma-
tory response, IVD cell proliferation, senescence, apoptosis, pyroptosis, autophagy, ECM
destruction, and oxidative stress [37]. TNF-a is able to amplify the inflammatory response
by stimulating IVD cells to synthesize additional cytokines, including IL-6, IL-8, IL-17,
IL-1p and numerous chemokines [38]. IL-1f3 is expressed at higher levels in degenerated
IVDs with an increased production of genes and proteins for the IL-1 receptor. Therefore,
although both cytokines are involved in the pathogenesis of IDD, IL-13 may play a more
significant role, and could thus be considered an ideal therapeutic target [39]. Tissue aging
increases oxidative stress, mitochondrial dysfunction, DNA damage, cell senescence and
apoptosis, thus compromising ECM homeostasis [40]. Besides, the viability of NPCs has
an important impact on ECM composition. The declining number of cells, their phenotype
modification and the inability to withhold compression stresses lead to the deterioration of
the AF lamellar architecture and the reduction in ECM synthesis [41,42]. The low metabolic
activity of cells and the avascular nature of IVD may explain the inability to self-repair
following injury and degeneration [43]. However, recent research has reported the presence
of progenitor stem cells in the NP, which may be physiologically responsible, to a certain
extent, for endogenous repair of intrinsic insults to IVD integrity.

The natural history of IDD may progress to disc herniation, degenerative spondy-
lolisthesis, spinal instability, and stenosis associated with neurological symptoms such as
radiculopathy and/or myelopathy, and surgical intervention is often required [44]. How-
ever, the available treatment approaches are not able to arrest IDD; they are only able to
relieve accompanying symptoms. Therefore, strenuous research efforts are being made to
develop effective strategies that can achieve IVD regeneration. Therefore, the potential use
of EVs appears to be a promising therapeutic tool that may support endogenous repair and
re-establish the proteoglycan content, thus improving disc hydration and biomechanics.
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3. MSC Interaction with NP Cells

Human MSCs are multipotent cells present in almost all tissues such as bone marrow,
adipose tissue, skin, lung, synovial membrane, dental pulp, nasal olfactory mucosa, muscle,
periosteum, corneal limbus, peripheral blood, endometrial and menstrual blood, uterine
cervix, and in fetal /neonatal tissues [9]. Stem cell transplantation represents a promising
approach to restore the homeostasis of the degenerated environment of IVD due to the
ability of the stem cells to differentiate towards NP-like cells and their immunomodulatory
and anti-catabolic effects [14]. In recent decades, several preclinical studies have evaluated
the interaction between MSCs and NPCs in vitro [44-46].

Cunha et al. tested the systemic delivery of BM-MSCs in a rat IVD and reported a
diminished hypoxic response, risk of herniation and synthesis of cytokines [45]. In an
experimental study, Wangler et al. described the homing of MSCs as a potential strategy
to prevent the onset of the degenerative cascade in IVDs. They have also evaluated the
effect of human MSCs homing in bovine and human disc cells expressing Tie2 (also known
as angiopoietin-1 receptor TEK tyrosine kinase). Tie2* cells represent a progenitor cell
population with discogenic differentiation potential. The results showed a proliferative
response and reduction in dead cells in both tissues [46].

Our group was one of the first to report the crosstalk mechanism between MSCs and
NPCs. In a 3D culture system, where a short distance may improve communication among
cells, a paracrine effect of MSCs on NPCs collected from a degenerative disc was demon-
strated. Gene expression analysis on both cell types showed that MSCs exerted a trophic
effect on NPCs while acquiring a chondrogenic phenotype due to the communication with
NPCs [47]. In another similar in vitro study, we highlighted the significant increase in GAG
content and proliferation of NPCs when co-cultured with MSCs [48].

In the last decade, intradiscal stem cell therapy for IDD has provoked increasing inter-
est in the field. Since cell isolation and implantation procedures can be safely performed
in a sterile environment and with low immunogenicity, both autologous and allogeneic
transplants can be used [49]. In a pilot study by Orozco et al., 10 patients with chronic LBP
were injected with autologous BM-MSCs for the treatment of lumbar disc degeneration.
Three months after surgery, LBP and disability were significantly reduced. Despite the
small number of patients, this study demonstrated that intradiscal BM-MSC transplanta-
tion was a safe procedure with a promising role in the treatment of IDD [50]. Similarly, a
randomized controlled trial including 24 patients with lumbar IDD reported a significant
reduction in pain in the lumbar region and reduced disability one year after BM-MSC
allogeneic transplant, whereas the control group, who received a sham infiltration within
the paravertebral musculature did not show any improvement [51].

Earlier research has proved that MSCs secrete bioactive molecules and trophic factors
such as soluble proteins, nucleic acids, lipids and EVs, and highlights their anti-apoptotic,
immunomodulatory, angiogenetic, anti-fibrotic functions and differentiation capacity, prob-
ably mediated by paracrine mechanisms [52-54]. The products released by MSCs in vitro
and in vivo constitute their secretome [55]. In a bovine ex vivo model, Teixeira et al. in-
vestigated the immunomodulatory paracrine effect of BM-MSCs in the proinflammatory
IDD microenvironment. While MSCs viability was not influenced, cell migration increased,
collagen type II and aggrecan levels remained stable while inflammatory cytokines IL-6,
IL-8 and TNF-o were downregulated by MSCs in IL-1{3-stimulated IVDs [56]. Furthermore,
MSCs have been shown to migrate from their niches to damaged sites in response to injury,
immune or physicochemical signals. This physiological mechanism of MSCs recruitment
or homing may play a role in promoting the repair of different musculoskeletal tissues [57].

Interestingly, recent studies investigated the cross-talk between MSCs and NPCs
through trophic factors [58]. Shim et al. investigated paracrine interactions in a co-culture
system by isolating MSCs, AF and NPCs from the same donor. The characterization
revealed an increase in mRNA levels expression of ECM genes (SOX9, COL2A1 and
ACAN), the downregulation of MMPs and ADAMTS, as well as the inhibition of the
production of pro-inflammatory factors compared to monocultures [59]. Li et al. also
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employed a co-culture system to understand the influence of BM-MSCs on TNF-«-induced
NPC degeneration and reported an increase in cell proliferation and type II collagen
production, a decrease in MMP-9 expression, and reduced TGFf3/NF-«B signaling in
pro-senescent NPCs. Premature senescence and aging of NPCs were restored in the co-
culture system [60]. Even though the regenerative, anabolic, and inflammatory-modulating
properties of MSCs have been demonstrated in several investigations, many aspects are
still unclear.

The harsh microenvironment with the absence of vasculature, hypoxia, low glucose
concentration, acidity, hyperosmolarity and continuous mechanical stimulation plays a
crucial role for cell survival and their regenerative potential [61]. Furthermore, MSC
implantation may further impair the balance between the nutrient supply and demand
of resident disc cells, thus causing cell death. Miguélez-Rivera et al. investigated the
effectiveness of a conditioned medium (CM) derived from the culture of MSCs in a rat
IDD model. MSC-derived CM has shown immunomodulatory and anti-inflammatory
properties in a detrimental environment by down-regulating the expression levels of
pro-inflammatory cytokines such as IL-13, IL-6, IL-17 and TNF [62].

Although MSC-based therapy may be considered an attractive and a safe option, there
are still unsolved issues. In addition to the abovementioned shortcomings, MSCs require a
long and expensive process for in vitro expansion according to the minimum standard to
guarantee controlled conditions in production processes and clinical procedures [63].

4. Extracellular Vesicles

EVs were discovered in 1987 by Johnstone et al. during the in vitro maturation of retic-
ulocytes in culture [64]. Secreted EVs are a group of cell-derived membranous structures
with biological potential in numerous human diseases (e.g., cancer, neurodegenerative
and musculoskeletal disorders). Collection, pre-processing, separation, concentration, and
characterization of EVs have been widely studied. In 2018, the International Society for
Extracellular Vesicles (ISEV) proposed the Minimal Information for Studies of Extracellular
Vesicles (MISEV) as an update of general knowledges presented in MISEV 2014 guidelines
to allow the reproducibility of results among investigators [65].

4.1. Size and Morphology

The determining factors that discriminate the different classes of EVs are size, mor-
phology, origin and content (Table 1) [66].

Table 1. General features of exosomes, microvesicles and apoptotic bodies.

Exosomes Microvesicles Apoptotic Bodies
Size 30-100 nm 50-1000 nm 800-5000 nm
Morphology Cup-shaped Spherical structures Heterogeneous
Content nf&iﬁi;{EﬁA RNA, proteins, Proteins, lipids, DNA,
proteins, lipids, DI\,T A lipids, cytosol RNA, cytosol
By exocytosis in By outx{va?d budding
which ILVs within the alndnfllssr;or;r?bfrt}f
Biogenesis lumen of MVEs fuse aﬂgs’ch:su‘s-se 3;1 t Outward blebbing of
& with the plasma q the cell membrane

release of vesicles into
the
extracellular space

membrane to
release ILVs

ILVs = intraluminal vesicles; MVEs = multivesicular endosomes.

It is possible to distinguish three main EV categories: apoptotic bodies, microvesicles
and exosomes (Figure 1) [67].
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Figure 1. Extracellular vesicles distinguished by size: apoptotic bodies (800-5000 nm), microvesicles
(50-1000 nm) and exosomes (30-100 nm). Created with BioRender.com (accessed on 10 October 2021).

Apoptotic bodies have a size range of 800-5000 nm with a heterogeneous morphol-
ogy. They also include smaller vesicles known as apoptotic cell-derived microparticles or
apoptotic blebs released by apoptotic cells [66].

Microvesicles were originally described as “platelet dust”, as they were first isolated
from platelets [68]. They have a diameter of 50-1000 nm, a spherical structure, and are
expelled through exocytosis of the plasma membrane [69].

The last class of vesicles are smaller than those mentioned above, have a size range
of 30-100 nm, a cup-shaped morphology and are called exosomes [70]. However, some
studies have shown that the cup-shaped morphology could be an experimental artefact
and the overlapping range of size may lead to unclear terminology [71]. Further isolation
and characterization protocols are expected to establish an appropriate classification and
nomenclature [72].

4.2. Content and Biogenesis

Cell type and the physiological or pathological state of the parent cell may influence
its EV content [73]. To date, the interest in EVs has grown exponentially due to their
abundant presence in body fluids, their wide range of regulatory functions and their capac-
ity as vehicles for DNA, mRNAs, miRNAs, proteins, and lipids involved in intercellular
communication (Figure 2) [74].

Exosome
Tetraspanin

Integrin
Extracellular ! i 9

environment ‘
***. MHC I and Il class

wmmemsen Cytoskeletal proteins
ncRNA, mRNA, miRNA

ESCRT protein

Signal trasduction

Sphyngomielin,
Ceramide

‘ Enzyme
Q0
]

Cholesterol

[N

Chaperonine

Figure 2. Exosomal composition in terms of bioactive molecules: lipids, proteins, and nucleic acids.
Created with BioRender.com (accessed on 10 October 2021).
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The protein content of EVs is often used as a marker to recognize EV sub-populations.
Exosomes are rich in endosome-associated proteins (e.g., Rab GTPases, SNAREs, annexins,
and flotillin), proteins involved in EV biogenesis (e.g., Alix and Tsg101), transmembrane
proteins composed of four domains such as tetraspanins (CD63, CD81, CD9 and CD82),
major histocompatibility complex (MHC) molecules and cytosolic proteins such as heat
shock proteins [20]. EVs also present a lipidic component. Exosomes are enriched in
cholesterol, sphingomyelin, phosphatidylcholine, and phosphatidylethanolamine, as well
as proteins associated to lipid rafts such as glycosylphosphatidylinositol-anchored proteins
and flotillin. Nevertheless, the lipid content of microvesicles is less known than exosomes
and is primarily involved in their budding from the plasma membrane [75]. Regarding
nucleic acids, it was reported that microvesicles and exosomes carry single-stranded
DNA (ssDNA), double-stranded DNA (dsDNA), genomic DNA, mitochondrial DNA, and
reverse-transcribed complementary DNAs [76,77]. On the other hand, EVs can deliver
mRNA, mRNA fragments, long non-coding RNA (InRNA), miRNA, ribosomal RNA
(rRNA) and fragments of tRNA, vault- and Y-RNA [78]. More importantly, miRNAs may
act on the behavior of recipient cells by regulating gene expression, immune response, and
additional physiological processes [79,80].

Exosomes and microvesicles have two different pathways of biogenesis. They are
constantly produced by viable cells, while apoptotic bodies are released exclusively during
the apoptotic phase of the cell cycle [81]. Whereas the releasing mechanisms of apoptotic
bodies from the cell membrane have been widely elucidated, those related to microvesicles
have been investigated only recently. Microvesicles are formed by fusion with the internal
side of the plasma membrane and requires several rearrangements within the membrane
itself such as reorganization of lipid and protein components and Ca?* levels [82,83]. It
has been reported that a reduction in cholesterol in microvesicles may compromise their
generation in activated neutrophils [84]. In addition, the small GTPase family Rho and
the protein kinase associated with Rho (ROCK) induce the biogenesis of microvesicles in
various populations of cancer cells by regulating the activity of cytoskeletal components
such as actin [85].

Exosomes are defined as intraluminal vesicles (ILVs) formed by the invagination of
the endosomal membrane during the maturation of multivesicular endosomes (MVEs).
This process leads to the acquisition of cargo and emission of vesicles in the lumen through
particular sorting machineries (Figure 3) [86].

Early
endosome | -

Exosomes

Figure 3. Visualization of MVEs by electron microscopy (scale bar = 1 um). Biogenesis process of
ILVs by budding into early endosomes. MVEs release exosomes by fusion with the plasma membrane
or fuse with lysosomes. ILVs = intraluminal vesicles; MVEs = multivesicular endosomes. Created
with BioRender.com (accessed on 10 October 2021).
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The discovery of the endosomal sorting complex required for transport (ESCRT)
machinery was important as it seems to be a fundamental component in several cell types
for the generation of MVEs and ILVs [87,88]. The first step is the enrolling of ESCRT-0
subunits, which select cargo in a ubiquitin-dependent manner; ESCRT-I and ESCRT-II
are involved in budding endosomal membrane formation, and ESCRT-III is deputed to
ILV scission and recycling of the ESCRT machinery [89]. Tumor susceptibility gene 101
(TSG101) and ALIX are two important members of the ESCRT complex discovered by
Théry et al. in a proteomic analysis of mouse dendritic cell-derived exosomes [90].

Exosomes can also be formed through an ESCRT-independent mechanism. The
sphingolipid ceramide plays a role by creating a spontaneous negative curvature in the
membrane leaflets of MVEs to shape ILVs [91]. The formation and the sorting of ILV
cargo can also be regulated by the syndecan-syntenin—ALIX pathway. Indeed, syndecan
heparan sulphate proteoglycans are connected to their cytoplasmic adaptor syntenin, which
interacts with ALIX hence promoting endosomal membrane budding [92].

Finally, exosomal surface proteins belonging to the tetraspanine family, such as CD63
CD81, CD82 and CD9 or heat shock protein (Hsp70), may control ESCRT-independent
exosomes biogenesis [93,94]. Intracellular vesicular trafficking, fusion with the plasma
membrane, and consequently, exosome secretion are driven by Rab GTPases proteins [95].
Mechanisms regulating the sorting of nucleic acids in exosomes are still not known.

In summary, microvesicles bud directly from the plasma membrane, while exosomes
are firstly incorporated into the endosomal vesicles and then released into the extracellular
milieu by fusion of MVEs with the plasma membrane. Once released, EVs are absorbed
by neighboring cells by endocytosis, phagocytosis, pinocytosis, or fusion of membranes.
Ligands on the extracellular vesicle membrane can also bind to a receptor on target cells to
thereby induce an intracellular signal [96].

5. Exosome Therapy for IVD Regeneration

Emerging cell therapies have demonstrated promising results by supplementing
damaged IVDs with stem cells harvested from different sources [97]. Despite this, there
is a growing interest in cell-free therapy. Recent research has proposed that exosomes
derived from different tissues such as bone marrow and adipose tissue could represent
an emerging tool in regenerative medicine [98]. The use of MSC-derived exosomes may
offer several advantages. In fact, they do not require tissue engraftment but present
high biocompatibility, low immunogenicity and toxicity, less oncogenic potential and
substantial economic benefits compared to cell therapy. Such aspects may promote the use
of MSCs-derived exosomes for IVD regeneration as an attractive alternative to intradiscal
cell therapy [99].

However, before the exploitation and application of exosomes, it is necessary to isolate
them efficiently from biological fluids or supernatants from in vitro cell cultures [100,101].
Ultracentrifugation is the most used technique and is often coupled with ultrafiltration
to improve the purity of the sample, although this provides the risk of nanoparticle de-
formation [102,103]. Other sophisticated approaches include tangential flow filtration,
dimensional exclusion chromatography and polymeric precipitation [104-106]. Several
methods are available for exosome characterization. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) are often employed to verify their mor-
phology. Nanoparticle tracking analyzers (NTA) measure the diameter size and specific
EV markers (CD9, CD63, CD81, TSG101 and ALIX) can be identified through flow cytome-
try [107].

The role of exosomes has been evaluated with regards to ECM synthesis, metabolic
dysfunction, anti-apoptotic processes, inflammation, and wound healing (Table 2) [108,109].
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Table 2. Summary of available evidence on the role of EVs in IDD.

Authors

Type of Study

Potential Role of EVs

Results

Liao et al. [110]

In vitro/In vivo

Modulation of ER stress and
reduction in NPC apoptosis
during IDD

Attenuation of ER stress-induced
apoptosis by activating AKT and ERK
signaling in vitro and in a rat
tail model

Induction of NPC exosomes

NPC exosomes play a key role in the
differentiation of MSCs into NP-like

Lan etal. [111] In vitro/In vivo on the .dlfferentllatlon of MSCs cells through inhibition of the
into NP-like cells
Notchl pathway
Intercellular communication Improvement in BM-MSC migration
. between BM-MSCs and NPCs and differentiation to a NP-like
Luetal. [112] In vitro

after exosomal reciprocal
up-take

phenotype, NPC proliferation and
ECM production

Xia etal. [113]

In vitro/In vivo

Restorative effects of
exosomes on HyO,-induced
NPC inflammation, ROS
production and
mitochondrial dysfunction

Anti-inflammatory role in
pathological NPCs and reversion of
the damaged mitochondria. In the
rabbit model exosomes significantly
prevented IDD

Stimulation of ECM
production, cell proliferation

hMSCs-derived EVs increased cell
viability and stimulated

AF cells proliferation

Hingert et al. [114] In vitro and reduction in cell apoptosis ..
i in disc cells after tregtn}zent chondrogenesis in NPCs from
with EVs from hMSCs degenerated [VDs
Protective effect on human MSC-derived exosomes promote the
Lietal. [115] In vitro NPCs in the IVD expression of ECM, protecting NPCs
acid environment from acidic pH-induced damage
and apoptosis
Suppression of IL-13-induced
Lietal. [116] In vitro BM-MSC-exosomes promoted inflammation, apoptosis rate and

autophagy in AF cells

Luo etal. [117]

In vitro/In vivo

CEP stem cell-derived
exosomes decrease the
apoptosis rate of NPCs
in vitro and activated
autophagy in vivo

Reduction in the apoptotic NPCs after
treatment with healthy exosomes
compared to degenerated exosomes
and attenuated IDD via activation of
the AKT and autophagy pathways

Luo et al. [118]

In vitro/In vivo

Stimulation of the migration
of CEP stem cells into the IVD
and their differentiation into
NPCs via autocrine
exosomes release

CEP stem cell-derived exosomes
promoted invasion, migration, and
differentiation of cartilage endplate

stem cells by autocrine exosomes via
the HIF-1ac/Wnt pathway

Engineered EVs deliver
FOXF1 and reprogram human

Upregulation of healthy NP markers
(FOXF1, KRT19), downregulation of

Tang et al. [119] In vitro/In vivo NPCs in vitro and mouse IVD Ip—l [3. an.d. IL—6,.MMP13, and NGE,
cells in vivo with significant increases of GAG in
human NPCs
AF-derived exosomes mediate AF- derived exosomes could be
Sun et al. [120] In vitro intercellular communication =~ phagocytosed by HUVECs regulating

between AF cells
and HUVECs

cell migration and inflammation with
a proangiogenic effect in IDD

AF = annulus fibrosus; BM-MSCs = bone marrow-derived mesenchymal stem cells; CEP = cartilaginous endplate; ECM = extracel-
lular matrix; ER = endoplasmic reticulum; EVs = extracellular vesicles; GAG = glycosaminoglycan; hMSCs = human mesenchymal
stem cells; HUVECs = human umbilical vein endothelial cells; IDD = intervertebral disc degeneration; IL = interleukin; IVD = inter-
vertebral disc; MMP = matrix metalloproteinase; MSC = mesenchymal stem cell; NGF = nerve growth factor; NP = nucleus pulposus;

NPC = nucleopulpocyte; ROS = reactive oxygen species.
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The beneficial effect of MSC-derived exosomes on NPCs in acidic conditions has been
recently demonstrated. BM-MSC-exosomes increased proliferation and attenuated the
apoptosis of NPCs and enhanced the expression of ECM components [115]. Moreover,
exosomes are able to inhibit IL-1p-induced inflammation and apoptosis in AF cells and they
promote cell proliferation [116]. On the other hand, Liu et al. identified various similarities
between CEP stem cells and MSCs, including their capacity to communicate with IVD
cells by secreting extracellular vesicles [121]. Indeed, IVD repair may be promoted by CEP
stem cell exosomes by inhibiting NPC apoptosis and encouraging the migration of CEP
stem cells into the IVD and differentiate into NPCs via autocrine mechanisms [117,118].
AF-derived exosomes have also showed a protective effect in IDD [120]. Aging and
degenerative tissues usually accumulate in endoplasmic reticulum (ER) advanced glycation
end-products (AGEs) related to inflammation, cell death, metabolic dysfunction, and
stress [122,123]. Liao et al. found that the injection of MSCs-derived exosomes in an
in vivo rat IDD model modulated ER stress by protecting NPCs against cell death and
ameliorating IDD through an attenuation of AGE-induced ER stress mediated by AKT
and ERK pathways [110]. Exosomes may also induce differentiation of stem cells towards
different phenotypes, although the underlying mechanisms are still unknown. It was
reported that the inhibition of Notchl may promote exosome-induced differentiation of
MSCs into NP-like cells in vitro [111]. Lu et al. analyzed exosomes secreted by both NP
cells and BM-MSCs in a co-culture system. They highlighted that NPC-derived exosomes
induced BM-MSC differentiation towards a NP-like phenotype, whereas BM-MSC-derived
exosomes promoted NPC proliferation and ECM production [112].

Recently, a study by Xia et al. described the protective role of exosomes in a rabbit IDD
model. Exosomes inhibited H,O,-induced NLRP3 inflammasome activation, drastically
reduced the catabolic action of MMP-3, MMP-13, IL-6 and inducible nitric oxide synthase
(iNOS), repressed reactive oxygen species (ROS) generation and mitochondrial dysfunction
was restored [113]. Hingert et al. have reported the potential abilities of MSC-derived EVs
in a 3D in vitro model to improve cell viability, proliferation, ECM production, apoptosis,
chondrogenesis and cytokine secretion in NPCs harvested from patients with IDD and
chronic LBP [114]. Furthermore, an actual challenge is the potential of engineered EVs to
lead NPC towards a healthy NP-like phenotype, decrease catabolism and inflammation,
and improve GAG accumulation both in vitro and in vivo.

However, the clinical application of exosomes is still premature, and appropriate strate-
gies will be necessary to exploit exosomes as drug delivery vehicles with high specificity,
non-cytotoxic effects and low immunogenicity [67].

6. The Role of miRNAs in IDD

Exosomes may be promising diagnostic biomarkers due to their ability to incorporate
several molecules including lipids, RNAs and proteins targeting specific recipient cells
or tissues [124]. Interestingly, many studies have shown that several miRNAs can be
predictive markers for IDDs. miRNAs are single-stranded and small non-coding RNAs
that can bind to the 3’-untranslated region (3’-UTR) of target mRNA molecules, leading
to their translational repression or degradation [125]. They represent key biomolecular
players that regulate the expression of several target genes and are involved through
various pathways in cell proliferation, apoptosis, immunomodulation, ECM anabolism
and catabolism (Figure 4) [126].
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Figure 4. Potential therapeutic role of exosomes in IDD through the modulation of ER stress,
stimulation of production of ECM components, anti-apoptotic and anti-inflammatory effects on NP
cells. BM-MSCs = bone marrow-derived stem cells; ECM = extracellular matrix; ER = endoplasmic
reticulum; NP = nucleus pulposus; NPC = nucleus pulposus cell. Created with BioRender.com
(accessed on 10 October 2021).

The anti-apoptotic effects of exosomes from MSCs-derived CM were described in a
study conducted by Cheng et al. These results seem to be partially mediated by the transfer
of exosomal miR-21 associated with the downregulation of homologous phosphatase and
tensin (PTEN), which leads to the activation of the phosphoinositide 3-kinase (PI3K)/Akt
pathway and the inhibition of TNF-x-induced NPC apoptosis [127]. The regulatory role
of miR-210 was also investigated. Indeed, miR-210 upregulation inhibited apoptosis in
human NPCs, suggesting its involvement in the etiology of IDD [128]. It has hypothe-
sized that increased miR-223 expression may be a predictive marker of chronic lumbar
radicular pain, as it would be released from the NP following disc herniation [129]. Simi-
larly, the transfection of miR-146a in bovine NPCs decreased IL-1{3-driven inflammatory
and catabolic responses both in vitro and ex vivo [130]. Chen et al. have reported that
miR-494-5p was upregulated in NP tissues of a mouse IDD model, while tissue inhibitors
of metalloproteinases-3 (TIMP-3) were downregulated. The reduced expression of this
miRNA promoted viability and attenuated the apoptosis and senescence of NPCs [131].
The upregulation of miR-142-3p or miR-199 delivered by MSC-derived exosomes may
protect NPC from injury through inhibition of mitogen-activated protein kinase (MAPK)
signaling [132,133]. In addition, miR-199a decreased MMP-2, MMP-6, TIMP-1 and apop-
totic cells in a mouse model of IDD, while the expression of collagen type II, aggrecan,
increased following the exposition to BMSC EVs in vitro [134]. Among other miRNAs
previously identified, miR-27a was involved in the regulation of apoptotic pathways and
in the prevention of IDD through the ability to suppress ECM degradation targeting MMP-
13 [135,136]. Similarly, under TNF-« stimulation, exosomes extracted from BM-MSCs
were able to secrete miR-532-5p. This exosomal miRNA has been linked to a reduction in
apoptosis in NP cells and matrix degradation by targeting Ras association domain family 5
(RASSF5), attenuating disc degeneration [137]. Zhang et al. suggested the potential effect
of MSC-derived exosomes on pyroptosis activation and the role of miR-410 as a specific
medjiator of NPC pyroptosis [138].

Activating transcription factor 6 (ATF6) is a transcription factor identified as the target
gene of miR-31-5p. When miR-31-5p was upregulated, the expression of ATF6 and other
proteins involved in oxidative stress-induced ER-stress was suppressed, resulting in a
protective effect in IDD [139].
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Another family of molecules delivered by exosomes is represented by circular noncod-
ing RNAs (circRNAs). CircRNAs may act as post-transcriptional regulators and interact
with miRNAs as miRNA sponges. In a recent study, the role of exosomal circRNA_0000253
was explored, suggesting that it may competitively absorb miRNA-141-5p and downregu-
late SIRT1 promoting IDD progression [140].

Further research is required to optimize the effects of MSCs-derived exosomes and to
confirm the association of their miRNAs with the pathogenesis of IDD. It will be crucial
to know the active components responsible for their actions, underlying mechanisms,
pharmacokinetic aspects, and safety of this approach. Table 3 summarizes the different
miRNA studied in IVD research.

Table 3. Summary of available evidence on the role of miRNA in IDD.

Authors miRNA Target Gene Results
. miR-21 alleviated TNF-« induced NPC
Cheng etal. [127] miR-21 PTEN apoptosis by inhibiting PTEN
. miR-210 significantly decreased NPC
Zhang etal. [128] miR-210 HOXA9 apoptosis via downregulation of HOXA9
miR-223 may be a predictive biomarker
Moen et al. [129] miR-223 - associated with persistent lumbar
radicular pain
An increase in miR-146a protects against
Gu et al. [130] miR-146a TRAF6/IRAK-1 IL-1 induced IVD degeneration and

inflammation

A dysregulation of miR-494-5p could

Chen et al. [131] miR-494-5p TIMP-3 decelerate the progression of IDD via
promoting the expression of TIMP3
Inhibition of inflammation, cell apoptosis,
Zhu et al. [132] miR-142-3p MLK3 and MAPK signaling activation in NPCs
through the downregulation of MLK3
. TNF-« induced NPC apoptosis by
Wang et al. [133] miR-199 MAP3K5 downregulating MAP3K5
miR-199a carried by BM-MSC EVs
Wen et al. [134] miR-199a GREM1 promotes IVD repair by targeting GREM1
and downregulating the TGF-3 pathway
Liu et al. [135] miR-27a PI3K/MMP-13 Upregulation of miR-27a promotes

apoptosis in human IVD by targeting PI3K

Zhang et al. [136]

miR-27a

PI3K/MMP-13

miR-27a suppressed ECM degradation and
MMP-13 expression induced by IL-1f in
NP cells

Zhu et al. [137]

miR-532-5p

RASSF5

Suppression of TNF-a-induced apoptosis,
ECM degradation, and fibrosis in NPCs

Zhang et al. [138]

miR-140

NLRP3

miR-410 delivered by MSC exosomes may
inhibit NLRP3 inflammasome-mediated
pyroptosis in NPCs

Xie et al. [139]

miR-31-5p

ATF6

MSC exosomes negatively regulated ER
stress, apoptosis and calcification in CEP
through miR-31-5p

ATF = activating transcription factor; BM-MSCs = bone marrow-derived mesenchymal stem cells; CEP = cartilaginous endplate; ECM = extra-
cellular matrix; EVs = extracellular vesicles; GREM = gremlin; HOX = homeobox; IL = interleukin; IRAK = interleukin 1 receptor associated
kinase; IDD = intervertebral disc degeneration; IVD = intervertebral disc; MAPK = mitogen-activated protein kinase; MLK = mixed-lineage
protein kinase; MMP = matrix metalloproteinase; NLRP = nucleotide-binding oligomerization domain, leucine rich repeat and pyrin domain
containing; NPC = nucleus pulposus cell; PI3K = phosphoinositide 3-kinase; PTEN = phosphatase and tensin homolog; RASSF = Ras
association domain family; TGF = transforming growth factor; TIMP = tissue inhibitor of metalloproteinases; TNF = tumor necrosis factor;

TRAF = tumor necrosis factor receptor-associated factor.
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7. Conclusions

In recent years, the transplantation of adult MSCs has been considered a promising
approach for IVD tissue regeneration due to their capacity to secrete growth factors,
cytokines, and other molecules with paracrine activity. However, the success of MSC-based
therapies depends on the survival rate and functionality of transplanted cells within the
harsh IVD microenvironment. A growing number of clinical trials have opted for cell
therapy, even though there are still many doubts about their routine clinical application.

The use of cell-free therapies could circumvent many obstacles. Numerous studies
have recently shown that EVs are released by many cell types including MSCs. These small
vesicles can transfer functional proteins, RNA, miRNAs, and lipids among cells, hence
promoting intercellular communication, proliferation, inhibition of apoptosis and tissue
damage repair. Exosomes represent a promising alternative to traditional stem cell-based
therapies. Interestingly, exosomal miRNAs may be predictive biomarkers that regulate
the balance between regeneration and degeneration mechanisms in IDD. However, due
to many unknown pathophysiological processes in which exosomes are involved, further
studies are necessary to confirm the ability of these nanoparticles to promote IVD health
and homeostasis.
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