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Abstract

Emergent approaches in regenerative medicine look towards the use of extracellular vesicles (EVs)
as a next generation treatment strategy for intervertebral disc (I'\VD) degeneration (I\VDD) because
of their ability to attenuate chronic inflammation, reduce apoptosis, and stimulate proliferation in
a number of tissue systems. Yet, there are no FDA-approved EV therapeutics on the market with
an indication for 1'VDD which motivates this article to review the current state of the field and
provide an 1\VD-specific framework to assess its efficacy. In this systematic review, we identify
29 preclinical studies that investigate EVs in relation to the IVD, and additionally review the
regulatory approval process in an effort to accelerate emerging EV-based therapeutics towards
FDA submission and timeline-to-market. The majority of studies focus on nucleus pulposus
responses to EV treatment, where main findings show that stem cell-derived EVs can decelerate
the progression of I\VDD on the molecular, cellular, and organ level. Findings also highlight the
importance of the EV parent cell’s pathophysiological and differentiation state, which affects
downstream treatment responses and therapeutic outcomes. This systematic review substantiates
the use of EVs as a promising cell-free strategy to treat I\VDD and enhance endogenous repair.

Table of Contents

Extracellular vesicles are an emerging cell-free treatment strategy for intervertebral disc
degeneration with demonstrated therapeutic potential to promote endogenous repair. This
systematic review identifies all preclinical studies to-date that investigate the use of stem cell-
or primary cell-derived extracellular vesicles to treat models of intervertebral disc degeneration,
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aggregates their outcomes, and highlights future directions to advance this next-generation
treatment strategy.
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1. Introduction

The intervertebral disc (IVD) is the largest avascular organ in the body, and by consequence,
has a poor intrinsic ability to heal itself upon injury and degeneration.l1=41 Accumulation

of irreparable tissue damage can result in painful VD degeneration (IVVDD) involving

loss of function, chronic pain, and disability from spinal pathologies such as VD

herniation which can warrant surgical intervention.[>6] Although surgical treatment options
are effective in relieving neuropathic and radicular pain, they do not restore the IVD’s
native structure or biomechanical function and may accelerate IVDD.[78] Next generation
treatment strategies call upon regenerative medicine to develop therapies that prevent back
and leg pain by retarding degenerative processes and enhancing repair.l9 These strategies
are broadly categorized as cell-based or cell-free therapies, where cellular therapies have
gained much attention as a biologically active treatment option for 1VDD.[10-13] Although
cell-based approaches demonstrate some functional improvement compared to untreated
controls, results are variable in preclinical IVDD models primarily due to the IVD’s

harsh microenvironment and biomechanical loading patterns.[14-17] Given these challenging
biological and mechanical conditions, it’s unsurprising that cell-based strategies have

mixed outcomes and can be ineffective or lead to unfavorable outcomes that undermine

the translational success of such approaches; notable adverse outcomes include injectate
leakage, poor cell viability, and ectopic osteophyte formation following an intradiscal
injection of an exogenous supply of cells.[18-21] Moreover, the regulatory pathway and
bioethical use of human-sourced cell products pose additional obstacles for the translation of
cell therapies for 1IVDD.[?2]

While cell delivery strategies still hold promise to treat VDD, cell-free alternatives may
offer similar or greater therapeutic benefits with fewer translational obstacles, bioethical
superiority, and a more straightforward pathway to regulatory approval.l1% As growing
evidence suggests that cell therapies principally impart their therapeutic effects through
paracrine signaling factors, scientists are aiming to identify and apply the soluble and
vesicular fractions in the secretome as cell-free alternatives for therapy.[23-26]1 Extracellular
vesicles (EVs) are a heterogeneous population of nanoparticles produced by nearly all

cell types and are key mediators of intercellular communication that can efficiently
transfer its molecular cargo from source cell to target cell.[27:28] The molecular contents
encapsulated within EVs are directly representative of its source cell, rendering EVs as
highly suitable agents for biomarkers as well as natural drug delivery systems.[2%] EVs
effector molecules such as microRNAs (miRs) emanate from the EV source cell and
modulate target cell function through post-transcriptional regulation by binding to mRNA.
[30] Therapeutic use of EVs initially emerged as a cell-free treatment strategy to repair
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cardiovascular, neurological, pulmonary, hepatic, renal, and dermal tissue systems, thus
offering promise for musculoskeletal repair applications.[31-41] The majority of preclinical
studies derive EVs from mesenchymal stem cells (MSCs), which elicit pro-regenerative and
immunomodulatory responses by attenuating inflammation, reducing fibrotic remodeling,
decreasing oxidative stress, increasing cell proliferation, and stimulating resident cell
migration.[31-33,42-50]

EVs use as a therapeutic agent for musculoskeletal repair and regeneration is still in its
infancy, with most studies published in the last 3-5 years.[3251] Given their therapeutic
benefits in other organ systems, it is clear that EVs also have the potential for the
treatment of degenerative joint diseases such as osteoarthritis (OA) and IVDD in an

effort to slow or prevent their progression in addition to relieving painful symptoms.
[26,32,51-55] |n OA-specific applications, MSC-derived EV treatment led to a downregulation
of proinflammatory cytokines (IL-1, IL-6, IL-8, etc.), inhibition of hyperalgesia, increase
in ECM synthesis, as well as preservation of condylar cartilage and subchondral bone. 6]
Although there are distinct differences in the etiology and pathophysiology of OA and
IVVDD, the phenotypic hallmarks between the two degenerative joint diseases are quite
similar suggesting that MSC-derived EVs also could be a new treatment paradigm for
IVDD (Figure 1).[571 When evaluating the effectiveness of EV treatment in the context of
IVDD, it is imperative to consider tissue-specific evaluation criteria that are prescribed by
the complex anatomy and physiology of the IVD. Ultimately, these assessments are related
to the biomechanical function of the I'VD as well as the biology of resident cells within

the 1VD that retains that function. However, there is currently no guiding framework to
scientifically assess the efficacy of EV therapies in an IVD-specific manner.

In order to postulate a framework that evaluates EVs as a biologic for IVDD, it is first
necessary to define the mechanism of action for EVs as a drug delivery system and compile
outcomes from previous studies that use EVs to treat IVDD in preclinical models. To that
end, we provide a systematic review that addresses these gaps in the literature by answering
four primary questions: (1) What is the cellular mechanism of EV biogenesis and how do
they transfer effector molecules from cell to cell?; (2) What post-isolation characterization
methods do investigators use to examine biophysical and biochemical properties of EVs and
ensure quality control?; (3) What are the known outcomes from previous /n vitro and /in vivo
studies that use EVs as a treatment strategy for IVDD?; and (4) On the molecular, cellular,
and tissue levels, what are key functional assessments needed to demonstrate effectiveness
of EVs in ameliorating hallmarks of painful IVDD? We then identify critical avenues of
future investigation and provide an overview of the regulatory approval pathway in order to
advance the translation of EVs as a next generation cell-free alternative for IVDD therapy.

2. Literature Review Methods

PubMed, Scopus, and MEDLINE were the three literature databases used in this systematic
review, where a total of 44 citations were identified in February 2021 from the primary
search using the following search terms: (1) “Extracellular Vesicles” and “Intervertebral
Disc”, (2) “Extracellular Vesicles” and “Annulus Fibrosus”, (3) “Extracellular Vesicles”
and “Nucleus Pulposus”, (4) “Exosomes” and “Intervertebral Disc”, (5) “Exosomes”
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and “Annulus Fibrosus”, and (6) “Exosomes” and “Nucleus Pulposus” (Figure 2). After
carefully examining each citation according to the inclusion and exclusion criteria, 29 non-
duplicate original research articles were retrieved and used to identify EV characterization
methods (Section 4), compile preclinical outcomes (Section 5), and propose an IVDD-
specific conceptual framework for therapeutic evaluation (Section 6). Data regarding EV
source cell type, source cell species, culture conditions, VDD model system, target cell
type, target cell species, EV dosage, and EV treatment outcomes were collected for all
studies. Across the 29 articles, large heterogeneity was observed in EV source cell type
and treatment outcomes, thus motivating a review of EV biogenesis and their mechanisms
of action (Section 3). Given the translational promise of EV-based therapies for VDD
demonstrated in the 29 articles, regulatory and manufacturing considerations are included in
this review and informed by FDA documentation (Section 7).

3. Exosome Biogenesis and Mechanisms of Action

Since the majority of studies included in this systematic review (22 of 29 articles) investigate
the exosome subpopulation of EVs, this section is exclusively focused on exosome
biogenesis and their mechanisms of action, given that exosome-related mechanisms are
distinctly different than other EV subpopulations (i.e. microvesicles and apoptotic bodies).
Exosomes constitute a vesicular fraction of the secretome and are a heterogeneous
population of lipid-bound nanoparticles by composition and size.[58] Nearly all cell types
produce exosomes, which carry a variety of biologically active effector molecules and
range from 30 nm to 150 nm in diameter.[%.60] While their precise contents depend

on the originating cell type and culture conditions, they are known to carry lipids,

nucleic acids, amino acids, metabolites, an assortment of proteins (e.g. tetraspanins, ALIX,
Flotillin, TSG101, heat shock proteins, Rab family proteins, enzymes, etc.), mRNAs,

short non-coding RNAs (e.g. miRNAs, InNcRNAs, tRNAs, etc.), and DNA.[6] These
contents are encapsulated by plasma membranes that resemble lipid rafts in composition,
containing high proportions of sphingomyelin, phosphatidylcholine, cholesterol, ceramide,
and diacylglycerol.[62]

Exosome biogenesis starts with the formation of an early sorting endosome after
endocytosis, which initially contains extracellular content and is subsequently loaded with
molecular cargo from mitochondria, endoplasmic reticulum, and the trans-Golgi complex.
(63,641 The early sorting endosome matures into the late sorting endosome and continues to
exchange cargo in and out of the endosome via the trans-Golgi network.[%%] Late sorting
endosomes then undergo inward budding to form intraluminal vesicles (ILVs, also known as
pre-exosomes) within newly formed multivesicular bodies (MVB). These MVBs fuse with
the cell membrane through docking proteins and exocytose their ILVs into the extracellular
space, which are then called exosomes.[1]

Exosomes serve as key mediators of intercellular communication involving several
mechanisms of biogenesis and cellular uptake (Figure 3). Internalization of exosomes occurs
through six possible pathways: (1) soluble signaling, (2) juxtacrine signaling, (3) fusion,

(4) receptor-/raft-mediated endocytosis, (5) macropinocytosis, and (6) phagocytosis.[66.67]
Through soluble and juxtacrine signaling, proteins on the surface of exosomes can bind to
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one or more receptors on target cells, inducing a cellular response through a downstream
signaling cascade.[®8] Through fusion, exosomes merge directly with the plasma membrane
of the recipient cell, releasing their contents into the cytoplasm where they influence
cellular expression and function.[®9] In receptor-/raft-mediated endocytosis, exosomes can
undergo clathrin-mediated endocytosis, caveolae-mediated endocytosis, as well as RhoA-,
CDC42-, and ARF6-regulated endocytosis, leading to a cellular response or clearance.[70]
In micropinocytosis, cellular protrusions on the recipient cell invaginate extracellular fluid
containing particles, which can then lead to lysosomal degradation or transfer of molecular
cargo that induces a cellular response.[87] Following cellular uptake, exosomes can either
transfer their material to induce a cellular response, undergo lysosomal degradation, or
take part in endosomal recycling.[87] Lastly, exosomes can undergo phagocytosis, in which
these particles first bind with complement receptors or Fc receptors and are subsequently
processed for lysosomal degradation.[71] Small exosomes are likely internalized via non-
phagocytic processes, while larger exosomes are likely internalized via phagocytosis.[72]

Exosome internalization can lead to the uptake and processing of its molecular cargo in
recipient cells, where exosomal proteins and genetic material can induce a cellular response.
miRs are one of the main types of exosomal effector molecules that modulate target cell
expression and function.[5® There are four known methods in which miRs are sorted into
naive exosomes: (1) the neural sphingomyelinase 2-dependent pathway, (2) the miRNA
motif and sumoylated heterogeneous nuclear ribonucleoproteins-dependent pathway, (3) the
3’-end of the miRNA sequence-dependent pathway, and (4) the miRNA induced silencing
complex-related pathway.[”3] By composition, miRs are short (~22 base pair) non-coding
RNA strands that bind to complementary mRNA sequences and functionally promote target
mRNA degradation or translational repression.[74] Also, miRs can serve as physiological
ligands to specific Toll-like receptors (TLR) and yield an immune response through the
TLR signaling cascade.[”>] Exosomes characteristically contain a higher proportion of
miRs than their parent cells, underscoring their key role in mediating miR transfer and
post-transcriptionally regulating target cells.l”®] A given miR transcript can have multiple
downstream targets, thereby affecting a large number of gene networks and featuring high
regulatory diversity in recipient cells.[5% This pleiotropic phenomena enables miRs to
produce a wide variety of functional effects that can mediate tissue homeostasis, disease
pathophysiology, and therapy.

4. EV Characterization Methods

EV characterization is important with respect to quality control since EVs are classified into
three different groups based on size, molecular composition, and biogenesis mechanism.
Exosomes are the smallest class of EVs, with sizes ranging from 30 nm to 150 nm.[51]
Microvesicles are generally larger, ranging in size from 50 nm — 1000 nm, while apoptotic
bodies are the largest, ranging in size from 50 nm — 5 pm.l771 Given the overlaps in size
across each group, it is necessary to measure specific biochemical and biophysical properties
unique to the EV subtype in order to confirm the class and quantity of EVs.

Among the 29 research articles in this review, there were a variety of EV isolation methods
as well as biochemical and biophysical characterization techniques used to confirm the
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presence, type, and quantity of EVs in biological samples. (Table 1) We retained the
nomenclature of the isolation product used in the original article for consistency with the
literature and also provide the isolation methods described. We note that isolation methods
are not always fully detailed in the text and can influence whether the EV products are pure
exosomes. Nearly every study used a combination of at least one biochemical technique and
at least one biophysical technique to characterize EV samples. The most common technique
for biochemical characterization was western blot, where CD9, CD63, TSG101, and ALIX
were the most frequent positive protein markers for blotting. This analysis was most often
used in tandem with transmission electron microscopy (TEM) to physically characterize EV
morphology and size. Nanoparticle tracking analysis (NTA) was the second most common
biophysical characterization technique to determine EV size distribution. While dynamic
light scattering (DLS), flow cytometry (FC), and scanning electron microscopy (SEM) are
other common techniques, they were less frequently used for EV physical characterization.
Associated disadvantages of these techniques may explain why DLS, FC, and SEM are less
commonly used for biophysical characterization of EVs. Although DLS methods acquire
data on the EV size distribution for a given sample, it fails to report the concentration

of EVs at a given hydrodynamic diameter unlike NTA methods and generally requires

more concentrated samples.[78] Conventional FC using immune-captured EVs or nano-FC
may require instruments with a high degree of sensitivity and fluorophores with a large
fluorescent intensity since EVs are limited by the number of antigen molecules due to their
small size.["%-811 SEM methods can result in a ‘coffee ring phenomena’ when imaging
EVs, which creates bias in size and quantity measurements of EVs in a given field of
view.[82:83] |n addition to biophysical characterization methods, a number of biochemical
techniques were used across the 29 studies to characterize and quantify EV protein or RNA
content. Methods such as the Qubit Protein Assay Kit, uBCA Protein Assay Kit, Fourier-
transform infrared spectroscopy, and liquid chromatography-mass spectrometry were used in
15 studies for the quantification and/or identification of proteins in EV sample preparations.
With respect to RNA quantification, quantitative polymerase chain reaction was used in 4
studies to determine levels of expression for specific RNA transcripts in EV samples.

Biochemical characterization techniques qualitatively and quantitatively describe the
molecular composition and identity of EVs, which commonly includes western blotting

to detect canonical EV proteins in reconstituted samples. It is recommended that three
categories of markers be analyzed in bulk EV preparations to confirm the presence of EVs.
[84] The first category includes the presence of transmembrane proteins, with some of the
most commonly used non-cell specific markers being CD47, CD55, CD59, CD63, CD81,
CD82, and FLOT1/2, as well as commonly used MSC-specific markers being CD9 and
CD90.184] The other two categories of EV markers include the presence of cytosolic proteins
(TSG101, ALIX, etc.), as well as the presence of protein contaminants (e.g. apolioproteins
A1/2 and B, albumin, and uromodulin) that are often co-isolated with EVs isolated from
biofluids.[84] There exists a number of other transmembrane and cytosolic proteins that are
less-commonly used as markers. This includes transmembrane proteins that are non-cell
specific markers, as well as markers that are specific to cells and tissues other than MSCs.
Additional techniques used to characterize biochemical properties are immunosorbent
assays, which are techniques derived from enzyme-linked immunosorbent protein assays.[8%]
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These techniques generally involve capturing EVs on a supporting surface coated with an
antibody targeting EV-associated transmembrane proteins, such as CD9, CD63 and CD81.
Once the antibodies are labeled with an enzyme to induce conversion of a fluorescent
substrate, a spectrophotometer is commonly used to quantify the conversion. Additionally,
captured EVs could be identified using fluorophore-linked immunosorbent assay or time-
resolved-fluorescence immunoassay.[8°] For the quantification of RNA transcripts in EVs,
next generation sequencing methods can be used for a comprehensive transcriptomic
analysis of RNA content or quantitative polymerase chain reaction can be used to determine
levels of expression for specific RNA transcripts.

Biophysical characterization techniques qualitatively and quantitatively describe EV
physical properties and can be used to identity the subtype of EVs in a given

sample preparation. Biophysical characterization includes determination of average particle
diameter, size distribution/polydispersity, and morphology. Electron microscopy techniques
enable investigators to observe particle morphology and size by obtaining high resolution
images on the nanoscale. TEM is the most common technique and is used to confirm
whether a sample contains EVs and to visually examine sample purity for downstream
applications.[88] TEM yields a 2D image of EV particles typically stained with urany!
acetate, where the characteristic morphology of an EV is a lipid-bound cup-shaped structure.
[87] Additionally, cryo-TEM combined with immunogold labeling is used to differentiate
between the three EV groups, analyze EV proteins, and track EV uptake by recipient cells.
[83] SEM and atomic force microscopy (AFM) are used to determine the surface topography
of EVs, with a round or saucer-shaped morphology characteristic of SEM and a cup or
spherical morphology characteristic of AFM.[83.88]

Light scattering methodologies are an integral component of biophysical characterization
techniques to measure particle size distribution. DLS involves the fluctuations of scattered
light as a function of time due to the Brownian motion of suspended particles.[8%] DLS
measures hydrodynamic particle diameter ranging from 1 nm - 6 pm as well as the particle
size distribution, where monodisperse suspensions yield the most accurate light scattering
measurements.[?0.91] NTA is another light scattering technique based on Brownian motion
of particles in suspension, and allows for the determination of average particle size, modal
value, and size distribution.[%2] NTA allows for minimal sample preparation, particle size
measurements as low as 30 nm, as well as the recovery of samples after analysis.[9 Like
DLS, NTA is best suited for monodisperse samples, and although fluorescent labeling is
used for the detection of antigens on EVs, it is limited to very bright fluorescent signals.
Bead-free and bead-based FC can quantitatively characterize biophysical and biochemical
EV properties by measuring scattered light at different angles to determine particle size as
well as the presence of specific markers.[3.941 Forward scattered light in FC provides data
regarding EV particle size and side scattered light in FC provides data on the granularity of
internal structures.[88] Additionally, EVs can be labeled with fluorescent dyes or antibodies
to detect the presence of specific proteins, lipids, or nucleic acids.[93] However, bead-free
FC is limited by its ability to accurately size particles 500 nm in diameter and greater, since
EVs below this size scatter laser light in the range of electronic noise, making it difficult

to characterize smaller EVs.[9 There exists a number of other techniques to characterize
EV physical properties, including tunable resistive pulse sensing and small-angle X-ray
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scattering, however these techniques are less commonly used due to the technical challenges
of such techniques or other associated disadvantages.[91:95.98] Tunable resistive pulse
sensing methods can be technically challenging for heterogeneous EV fractions, where
large EVs and EV aggregates can frequently clog the nanopore during data acquisition.

[97] Determining the size distribution of polydisperse EV fractions via small-angle X-ray
scattering is difficult since large differences in EV diameter will result in large differences
in the scattering signal.[9] Moreover, the low electron density contrast between EVs and
aqueous buffers requires intense monochromatic X-rays, in which instruments with such
specialized capabilities are located at specific synchrotron radiation facilities.[%]

EV characterization techniques provide important measures to qualitatively and
quantitatively analyze EV samples, where western blot was most commonly used with
NTA and TEM to determine EV protein expression, size distribution, concentration, and
morphology. As EVs advance beyond preclinical development towards regulatory review,
comprehensive proteomic and transcriptomic analyses will enable investigators to establish
quality control criteria for EV manufacturing and determine therapeutic mechanisms of
action. When assessing EV preparation methods, only 1 of the 29 studies incorporated

a cryoprotectant to preserve the integrity and stability of EV fractions upon freeze-thaw
cycles, where Bari et al. used 0.5% (w/v) Mannitol to treat lyophilized EVs.[108] Moreover,
only 1 study by Cheng et al. examined miR stability by incorporating 0.4mg/mL RNase A
and 0.1mg/mL Proteinase K in EV fractions and Xie et al. added these reagents to EVs for
gRT-PCR analysis.[194.122] Wwith respect to protein integrity for EV characterization, Zheng
et al. added a 1X protease inhibitor cocktail to lysed EVs for western blot procedures.[12%]
Notably, 25 of the 29 studies do not report the addition of RNase and/or protease inhibitors
in EV fractions to enhance product stability or report the use of RNases and/or proteases for
biochemical characterization methods.

5. Overview of Preclinical Studies

Experimental parameters (Table 2) and associated outcomes (Table 3) were extracted from
the 29 original research articles included in this systematic review and were broadly
categorized across /in vitroand in vivo studies that: (1) investigate the use of EVs derived
from stem cells to treat terminally differentiated cells /n vitro or the IVD in vivo, and (2)
investigate the use of EVs derived from terminally differentiated cells in the VD to treat
another cell population.

5.1 Evaluation of EVs using in vitro model systems

In vitro systems enable the investigation of EVs in highly controlled environments and
allow investigators to determine therapeutic mechanisms of action, where 28 of the 29

studies in this literature review evaluated EVs using /n vitro experimental configurations.
[99-105,107-127]

5.1.1 Stem cell-derived EVs rescue biochemically challenged IVD cells—Stem
cell-derived EVs were applied in to /in vitro challenge experiments to rescue hallmarks of
degeneration in 14 of the 29 studies (Table 2).[99.103,104,108,109,113-115,121-124,126,127] The
degenerative microenvironment was emulated /n vitro through cellular challenges including
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exposure to advanced glycation end products (AGEs), hydrogen peroxide (H,05), tumor
necrosis factor alpha (TNFa.), tert-butyl hydroperoxide (TBHP), lipopolysaccharide (LPS),
interleukin-1p (IL1p), high concentrations of glucose, acidic pH, and high pneumatic
pressure. Each biochemical challenge has the ability to induce a cellular stress response

that is implicated in progressive degeneration. Despite some differences in their intracellular
signaling pathways, these biochemical challenges at their respective working concentrations
can all serve as damage-associated molecular patterns and produce common cellular
responses such as NLRP3 inflammasome activation.[99.128-131] ypon NLRP3 activation,
there is an increase in caspase 1 activity and upregulation of IL1f and IL18 cytokines,
resulting in a proinflammatory state that emulates the degenerative environment.[132.133]
Investigators used these /in7 vitro systems of simulated degeneration to screen the therapeutic
efficacy of EVs in attenuating damage-associated molecular pattern-induced apoptosis,
catabolism, and inflammation.

EVs in these 15 rescue studies were derived from various cell sources, including MSCs
from bone marrow (7 studies), adipose (1 study), umbilical cord (1 study), placental (1
study), and unspecified (2 studies) tissues, urine-derived stem cells (1 study), and cartilage
endplate (CEP)-derived stem cells (1 study). Regardless of cell source, EVs surprisingly
demonstrated protective effects when primary cells were exposed to biochemical challenges,
such as a reduction in apoptosis, attenuated pro-inflammatory cytokine production,
decreased catabolic activity, alleviated oxidative stress, and ameliorated endoplasmic
reticulum stress. EV treatment also demonstrated partial restoration of gene expression
levels to that of control nucleus pulposus cells (NPCs) (e.g. COL2A1, ACAN, SOX9Y, etc.),
supported annulus fibrosus cell viability, and inhibited calcification of CEP chondrocytes.
[99.103,104,108,109,113-115,121-127] Despite the variety of MSC tissue sources across studies,
MSC-derived EVs may impart similar protective effects upon treatment given that 60%

of EV protein content was conserved between EVs from differing MSC sources.[43.134]
Although MSC-EV miR signatures are more sensitive to MSC tissue source than protein
content, similar regenerative outcomes were observed for other tissues when systematically
comparing treatment effects of MSC-EVs derived from bone marrow, umbilical cord, and
adipose tissues.[135-137]

The mechanisms of action by which EVs alleviated cellular stress in these rescue
experiments corresponded to differences in the respective mechanisms of action for

each biochemical challenge, despite common therapeutic effects such as a reduction of
programmed cell death observed across studies (Table 3). Two studies showed that exosomal
miR-21 and miR-532-5p prevented TNFa-induced apoptosis in NPCs by targeting the
PI3K/AKT pathway and RASSFS5, respectively, after EV treatment.[104127] A study that
induced NPC apoptosis through IL1p treatment found that exosomal miR-142-3p reduced
apoptosis by targeting mixed MLK3 in MAPK signaling.[126] Another study demonstrated
that exosomal miR-410 targeted the NLRP3 3’UTR and reduced NPC pyroptosis after LPS
treatment.[124] Although treatment with EVs containing these miRs led to a reduction in
programmed cell death through multiple pathways, a number of small RNAs and proteins
in MSC-derived EVs are responsible for other protective effects, highlighting additional
avenues of research to comprehensively determine mechanisms of action for this type of
biologic therapy.
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5.1.2 Effects of stem cell-derived EVs on IVD cells without a biochemical
challenge—Three studies evaluated MSC-EV treatment effects on NPCs without the

use of biochemical agents that instigate damage-associated molecular pattern responses

in culture.[100.111,120] These 3 studies show that MSC-EVs promoted NPC proliferation

and inhibited apoptosis, generally supporting cell growth and survival. In particular, NPC
proliferation rate increased with time in culture, suggesting that sustained exposure to MSC-
EVs leads to the greatest increase in NPC proliferation.[190.111] Evaluation of ECM markers
demonstrated that treatment with MSC-EVs led to increases in ACAN, SOX9, COLZ, and
TIMP1 expression, as well as decreases in MMPI and MMP3 expression. Together, these
outcomes indicate that MSC-EVs can stimulate pro-regenerative activities in terminally
differentiated cells derived from degenerative IVD tissue by attenuating catabolic activity,
promoting ECM elaboration, and supporting cell proliferation,[100.111.120]

5.1.3 Effects of primary IVD cell-derived EVs on primary cells and stem cells
—Another subset of /n vitro studies evaluate the regenerative capacity of EVs derived

from terminally differentiated cells in the nucleus pulposus (NP).[100-102,107.125] Bach et al.
parsed out the effects of soluble factors (i.e. peptides and proteins) and pelletable factors (i.e.
EVs) from notochordal cell conditioned media (NCCM) on bovine and canine chondrocyte-
like cell (CLC) proliferation and ECM anabolism.[102.107] The investigators reported that
pelletable factors from porcine NCCM had negligible effects on bovine CLCs but showed
that pelletable factors from canine NCCM significantly enhanced GAG and collagen type

I production in canine CLCs.[2971 A follow up study by Bach et al. further investigated

the effects of EVs from porcine NCCM on human and canine CLCs in 3D culture, and
reported outcomes that did not necessarily corroborate with their previous work.[201] In this
subsequent study, Bach et al. reported that EVs derived from porcine NCCM increased GAG
deposition in both human and canine CLC aggregates as well as showed an increase in

DNA content in human CLC aggregates. These outcomes suggest that the species of the EV
source may play a role in the regenerative potential of EV therapeutics and that congruence
between species of EV source and target tissue/cell may be necessary to elicit proliferative
and anabolic effects. Since EVs principally act by transcriptional regulation to modulate
target cell function, discrepancy of species between the EV source and target tissue/cell may
lead to null outcomes after treatment if the target genes of interest are not conserved across
species. To ensure that EV treatment elicits a response in a target cell, it is imperative that
small RNAs within the EV feature exact antisense sequences in the regions of interest for the
mature mMRNAs that it aims to regulate.

The regenerative effects of NPC-EVs engineered with FOXFI plasmids on degenerate
NPCs in 3D agarose gels was investigated by Tang and colleagues. EVs were successfully
engineered by electroporation to encapsulate FOXFI plasmids and NPCs efficiently
internalized their cargo. Delivery of engineered NPC-EVs significantly modified degenerate
NPC phenotype by upregulating FOXF1 and KR719, downregulating /L1, /L6, and
MMP13, and increasing in GAG production, demonstrating that FOXFI could upregulate
healthy NP markers while attenuating effects of inflammation and catabolism. This study
suggests that engineered EV's may have greater therapeutic potential than naive EVs if the
molecular contents are modified to promote a healthy phenotype.
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NPC-EVs were investigated for their ability to induce differentiation of MSCs towards
NP-like cells in two studies.[100.102] | y et al. showed that NPC-EVs promoted an NP-like
phenotype in hBM-MSCs over a 14-day culture period, demonstrated by a monotonic
increase in ACAN, SOX9, COL2, HIF1a, CA12 and KRT19expression. Lan et al.
reproduced these findings and also showed that NPC-EVs were more effective in inducing
MSC differentiation when compared to an indirect co-culture system with NPCs. Both
studies postulate different mechanisms in which this differentiation response is elicited. Lu
et al. suggests that this response is due to a high abundance of TGFp in the EV samples,
where TGF is a necessary factor for chondrogenic differentiation. Lan et al. attempted to
investigate the Notchl pathway through application of DAPT, a gamma-secretase inhibitor,
to their MSC culture to knockdown Notchl. They showed that inhibition of the Notchl
pathway led to enhanced MSC differentiation towards an NP-like phenotype after EV
treatment, where COL2A1, ACAN, and SOX9were significantly upregulated compared to
controls. Moreover, they applied SIAG1, a Notch ligand, to their MSC culture to enhance
Notchl signaling, and showed the opposite trends found in their DAPT-treated cultures,
suggesting that inhibition of the Notch1 pathway facilitates NPC-EV induced differentiation
of MSCs.

EVs from NP and AF cells can also affect cellular and pathological processes such as
autophagy, angiogenesis, and vascularization implicated in the progression of IVDD. Hu

et al. investigated the relationship between autophagy and EV secretion in NPCs, where
rapamyecin-activated autophagy increased the number of NPC-EVs while the inhibition of
autophagy through bafilomycin A1 demonstrated the opposite effect.[112] The use of siRNA
to silence the expression of ATG5, a gene implicated in autophagy, resulted in a decrease in
the number of NPC-EVs and validated their original finding. Additional siRNA knockdown
experiments identified that the RhoC/ROCK?2 pathway modulates autophagy-regulated EV
secretion, which may serve as a target for the synthesis of EVs as a therapeutic for IVDD.
Sun et al. investigated the effect of mechanical loading on notochordal cell (NC)-EVs

and their ability to inhibit angiogenesis, which is a pathological signature of I\VDD.[117]
NC-EVs collected under a 0.5MPa compressive load demonstrated an ability to inhibit
angiogenesis by transferring miR-140-5p to endothelial cells and regulating the Wnt11/p-
catenin signaling pathway. Notably, NC-EVs collected under OMPa and 1MPa compressive
loads did not differentially express miR-140-5p, highlighting the important role of the
cellular culture environment in determining the EV molecular signature and regulatory
capabilities. Sun et al. went on to investigate AF cell-EVs and determine if EVs originating
from AF cells also possess a regulatory role in 1VD vascularization.[!18] EVs originating
from degenerated AF cells promoted endothelial cell migration and expression of IL6,
TNFa, MMP3, MMP13, and VEGF, whereas EVs obtained from healthy AF cells showed
inverse effects. These findings indicate that degeneration grade influences the regulatory
landscape of EVs derived from terminally differentiated cells in the IVD, where degenerated
AF cell-EVs promote sustained inflammation and vascularization.

5.1.4 Effects of EV source cell pathophysiological state on downstream
responses—EVs represent the pathophysiological state of their parent cell and a subset
of 3 in vitro studies examined the effects of EVs produced by terminally differentiated
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cells from degenerated IVD tissues and assessed their role in VDD pathogenesis.

Song et al. isolated EVs from NPCs of varying degeneration grades and identified
circRNA_0000253 and miR-141-5p as the most upregulated RNAs in EVs derived from
degenerative tissue.[116] It was determined that circRNA_0000253 could competitively
adsorb miR-141-5p and in turn downregulate SIRT1 to promote the expression of
inflammatory and catabolic markers and decrease collagen Il and aggrecan production,
suggesting that circRNA_0000253 could serve as a potential therapeutic target to treat
IVDD. Chen et al. investigated senescent NPC-EVs and their role in NPC senescence, which
is a known hallmark of 1VDD.[!10] Senescent NPC-EVs were used to treat healthy NPCs,
resulting in increased expression of senescence-related protein markers P53 and P21, as well
as reduced proliferation and colony formation. siRNA transfection of the P53/P21 pathway
resulted in significantly decreased expressions of P53 and P21, as well as increased NPC
proliferation, indicating that senescent NPC-EVs can induce a degenerative phenotype that
can be reversed through inhibition of the P53/P21 pathway.

The role of apoptotic bodies, a type of EV produced by cells undergoing apoptosis, in
IVDD pathogenesis via CEP calcification was investigated by Yuan et al.[193] H,0, was
demonstrated to induce CEP chondrocyte oxidative stress in a dose-dependent manner and
led to an increase in mineralization and production of apoptotic bodies. CEP chondrocyte-
derived apoptotic bodies were then isolated and used to treat other CEP chondrocytes in
culture, which led to an increase in mineralization and decrease of extracellular inorganic
pyrophosphate (PPi) content. The investigators showed that apoptotic bodies produced
under conditions of oxidative stress modified chondrocyte metabolism through increased
TNAP expression, resulting in the conversion of PPi to Pi and consequentially promoting
mineralization. CEP calcification as a result of chondrocyte mineralization accelerated

the degenerative cascade by preventing the transport of nutrients into the disc space and
waste products out of the IVD in order to maintain homeostasis.[138.13%] These 3 studies
demonstrate that the EV’s identity and molecular composition is a direct representation of
the health or pathophysiological state of their originating cell and can contribute to VDD
pathophysiology if derived from a cell with an aberrant degenerative phenotype.

5.1.5 Future directions for in vitro EV studies—Taken together, 28 of the 29
studies utilized /n vitro systems to demonstrate that EVs hold significant promise for

IVDD therapy or as a potential biomarker for VDD with several critically important
unanswered questions remaining for future research. The majority of /n vitro studies
determine the effect of EVs on NPCs with a much smaller number of studies reporting

the effects of EVs on AF cells (2 studies) and CEP chondrocytes (2 studies). As EVs
undergo future investigation for therapeutic application and regulatory review, it is important
to comprehensively understand the protective and regenerative effects of this treatment
strategy on all terminally differentiated cell types within the 1\VD. For studies that investigate
EVs from primary cells in the human 1VD to induce MSC differentiation, it is not yet
understood how the 1VD degeneration grade corresponding to the EV’s parent cell affects
MSC differentiation to I'\VD-like phenotypes. Given the outcomes from Song et al. and Chen
et al., NPC-EVs from a degenerative 1VVD might yield a comparatively weaker NP-like
phenotype as compared to NPC-EVs from a healthy IVD, however, this has yet to be tested.
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[110,116,140] Moreover, there is currently no study that systematically compares the extent
and efficiency of MSC directed differentiation between NPC-EV treatment and traditional
chondrogenic differentiation protocols with TGFp supplementation. Studies published by Lu
et al. and Lan et al. demonstrate that NPC-EV treatment could be a highly effective factor,
where future work could engineer EVs to contain overexpressed small RNA transcripts that
knockdown the Notchl pathway in order to enhance MSC directed differentiation. Section 6
presents additional avenues of investigation using /n vitro systems that evaluate EVs on the
molecular and cellular level.

5.2 Evaluation of EVs with in vivo models of degeneration

In vivo systems facilitate the investigation of EVs in a physiologically relevant environment,
however these studies are more complex when compared to /n vitro systems and only 13 of

the 29 studies in this literature review evaluated the effects of EVs using preclinical animal
models of I\VDD.[99:104,106,109,115-117,119-124]

5.2.1 Stem cell-derived EVs decelerate IVDD in vivo—Stem cell-derived EVs were
investigated for their capacity to decelerate IVDD using 7 vivo IVD puncture models

with a biochemical challenge or small molecule inhibitor in 2 (of the 13 /n vivo studies).
Liao and colleagues used an /n vivo rat model, where coccygeal 1VDs were punctured

and injected with AGEs and MSC-EVs concomitantly.[1091 At 4- and 8- weeks, intradiscal
injection of EVs led to an improvement in disc height index, MRI grade, and histological
score compared to AGE-challenged 1\VVDs without EV supplementation. Moreover, EVs
were able to attenuate AGE-induced apoptosis as demonstrated by a reduction in the number
of TUNEL positive cells. In the same animal model, Luo and colleagues compared treatment
effects between normal and degenerated CEP stem cell-derived EVs and demonstrated that
normal CEP stem cell-derived EVs could inhibit NPC apoptosis and alleviate VDD via
activation of the PI3K/AK T/autophagy pathway.[115] AKT activation plays an important role
in EV rescue since delivering LY294002, an AKT inhibitor, led to less prominent therapeutic
effects.

Stem cell-derived EVs for therapeutic use in IVD needle puncture models without a
biochemical challenge or small molecule inhibitor was investigated in 8 additional /n

vivo studies. Xie and colleagues used an /n vivo rat model to evaluate the therapeutic

effect of weekly sub-endplate injection of MSC-EVs for 9 weeks, where EV treatment

led to a lower MRI score, better preservation of CEP and NP tissues, inhibition of
apoptosis, and reduction in CEP calcification.[122] Other studies provide additional evidence
that substantiate the therapeutic potential of stem cell-derived EVs in mouse and rabbit
models, where EV treatment led to a reduction in NPC necrosis and apoptosis, decreased
catabolic enzyme and proinflammatory cytokine production, increased GAG content, and
improvements in gait pattern, disc height index, MRI signal intensity, and histological score.
[99,104,109,120,121,123,124] 5ome studies attribute these therapeutic effects to specific miRs
found in EVs, where Cheng et al. highlighted the role of miR-21 in preventing apoptosis,
Zhang et al. elucidated the role of miR-410 in reducing pyroptosis, and Xie et al. specified
the protective role of miR-31-5p in the ATF6/Endoplasmic Reticulum (ER) stress pathway.
[104,122,124] Conversely, other studies attribute therapeutic effects to a downregulation of
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specific miRs, where Yuan et al. used MSC-EVs to deliver AntagomiR-4450 and block
miR-4450, which in turn alleviated 1VDD.[123]

5.2.2 Primary cell-derived EVs alleviate hallmarks of IVDD in vivo—Primary
cell-derived EVs were evaluated using /n vivo IVDD models in 4 studies, and includes

EVs derived from mature NCs, NPCs, and primary mouse embryonic fibroblasts. VD
treatment with NC-EVs from 0.5MPa compressive load culture led to improved disc height
index and decreased CD43 expression, indicating that EVs could elicit anti-angiogenesis
effects in an in vivo mouse model.[117] Primary mouse embryonic fibroblast-derived EVs
were engineered to efficiently deliver FOXFI mRNA /n vivo as a therapeutic strategy

to promote a healthy NP phenotype and enhance FOXF1 and Brachyury expression.[119]
Furthermore, Moen et al. found that miR-223 in NPC-EVs is associated with a reduced
likelihood of persistent pain following herniation.[198] Through in vivo electrophysiological
measurements in a rat model, Moen and colleagues showed that prolonged exposure of
miR-223 onto dorsal nerve roots decreases C-fiber response, indicating that this specific
miR has an anti-nociceptive effect. The investigators also found that miR-223 was one of
three miRs that were significantly increased more than 5-fold from NP tissue. These findings
suggest that the EV’s heterogenous cargo regulates a variety of downstream targets with
distinct biological functions and produce a number of therapeutic outcomes. However, Song
and colleagues showed that NPC-EVs could exacerbate the degenerative cascade if EVs
were derived from degenerate NPCs.[116] Rat I\VDs injected with degenerative NPC-EVs
resulted in a higher degeneration grade, lower disc height index, increased expression of
caspase-3, MMP3, MMP13, and ADAMTS4, as well as decreased expression of collagen Il
and aggrecan. Song et al. mechanistically determined that degenerative NPC-EVs transport
circular RNAs such as circRNA_0000253 to regulate VD degeneration by competitively
adsorbing miR-141-5p. Overall findings from these 4 studies suggest that EVs derived from
healthy primary cells demonstrate therapeutic potential comparable to that of EVs derived
from stem cells, whereas EVs derived from primary cells with a degenerative phenotype can
deleteriously affect cells downstream.

5.2.3 Future directions for EVs applied to in vivo models of IVDD—The /n vivo
studies in this literature review collectively demonstrate that EVs are promising to decelerate
IVDD, yet there many open questions remain for future investigation regarding the /n vivo
administration of EVs to treat IVDD. These studies primarily provide insight regarding the
effects of EVs on ECM remodeling and apoptosis, but they do not provide data on immune
system responses and pain behaviors. Given that Yuan et al. was the only study to assess
effects of EV treatment on biomechanical properties, more data is necessary to understand
the effects of EVs on potential changes in functional VD biomechanical behaviors. A key
advantage of /7 vivo models is the ability to holistically evaluate the treatment response from
multiple interconnected systems. However, there is a lack of understanding with regards to
how these different systems work in concert to promote endogenous repair and attenuate
pain following EV treatment. With respect to clinical translatability, two important factors of
consideration are the dosage and frequency of EV administration. Although injection of EVs
derived from healthy cells led to protective effects in all studies, there is no consensus with
respect to the dose of EVs in a given injection and the frequency of administration. Section
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6 touches upon avenues of investigation in which preclinical /77 vivo models of IVDD would
be helpful in understanding the effect of EVs on the cellular and organ levels.

6. Evaluating Functional Metrics of EV Efficacy and Regenerative

Potential

The pathophysiology of IVDD occurs between interrelated factors on the molecular,
cellular, and tissue scales, thus warranting the development of an tissue-specific conceptual
framework that factors functional assessments within these scales of biological organization
and complexity.l141142] Evaluation criteria on the molecular scale are first proposed and
then related assessments on the cellular and tissue levels are proposed to comprehensively
determine the therapeutic efficacy of a naive or engineered EV of interest (Figure 4).

This framework was constructed according to the evaluation methods and output measures
previously reported in preclinical studies for IVDD therapy (Section 5) in addition to
targeting the known mechanisms and/or factors that contribute to IVDD pathophysiology.
[141-145] The primary goal of this conceptual framework is to highlight key avenues of
preclinical investigation in order to determine if a naive or engineered EV can slow or
reverse progressive VDD across all scales of action.

6.1 Evaluation of therapeutic efficacy on the molecular level

The literature review identified that EVs have strong potential to regulate molecular factors
implicated in the progression of 1VDD.[146.147] Nutrient transport bears major importance
for the survival and proper metabolic function of resident cells in the IVD.[27] In IVDD,
there is limited nutrient transport and sub-physiological glucose concentrations result in a
reduction in cell viability under acidic conditions.[148] Additionally, decreased transport
leads to dysregulated metabolism and lactic acid accumulation, which not only drives
degenerative processes, but is associated with the buildup of metabolites that induce
oxidative stress, including reactive oxygen species and reactive nitrogen species.[149-151]
Under oxidative stress, the proteomic profile of the AF and NP secretome changes and
alterations occur in growth factor and cytokine production, particularly those involved in
proinflammatory and catabolic processes.[147:152.153] Reagents such as H,O, and TBHP, as
used in 5 preclinical studies in this literature review, can experimentally contrive oxidative
stress conditions to determine if EVs can alleviate metabolic and oxidative stress phenotypes
associated with IVDD and elucidate EV mechanisms of action. Molecular targets for therapy
that enhance solute diffusivity or glucose uptake into the cell (i.e. GLUT4) upon EV
treatment may provide protective effects and aid in slowing the progression of VDD by
promoting cell viability. Given the bidirectional flow of mass transport within the IVD,
lactic acid would be able to diffuse out of the disc space and prevent sub-physiological
decreases in pH or aberrant reactive oxygen species/reactive nitrogen species production.
The attenuation of reactive oxygen species/reactive nitrogen species would in turn prevent
proinflammatory cytokine production and damage to resident cells and ECM, contributing
to the maintenance of cell viability and ECM integrity following EV treatment. Since EVs
contain a heterogeneous group of effector molecules with multiple downstream targets,
they may have the ability to regulate signaling pathways and proteomic profiles associated
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with oxidative and metabolic stress by means of their molecular cargo, offering numerous
protective effects in the context of IVDD treatment.

6.2 Evaluation of therapeutic efficacy on the cellular level

Cellular internalization of EVs can therapeutically target molecular pathways associated
with VDD and in turn modulate changes in cellular function under aberrant physiological
conditions. AF and NP cells demonstrate shifts in their canonical markers from healthy

to degenerative conditions, thus leading to changes in cellular behavior and homeostasis.
[154,155] | the healthy IVD, cells maintain a balance of anabolic and catabolic activity
resulting in normal ECM turnover. However, in the degenerative 1D, cells exhibit
disproportionately high levels of catabolic activity, leading to significant breakdown of
soft tissue that ultimately manifests in mechanical failure.[141.156] preclinical outcomes

in this literature review demonstrate that EVs affect ECM remodeling processes and
treating degenerative 1VD cells with EVs from healthy cells may be able to promote ECM
elaboration in the AF, NP, and CEP and inhibit ECM breakdown. To remain consistent
with previously reported outcomes, a naive or engineered EV for therapeutic application is
recommended to elicit similar responses in expression for anabolic and catabolic proteins.
Restoration of anabolic activity includes the synthesis of collagen and proteoglycan content
that aligns with the distinct species found in the AF, NP, and CEP. Repression of catabolic
activity includes a reduction in proteases significantly associated with IVDD, such as
enzymes belonging to the MMP and/or ADAMTS families.[157]

Preclinical outcomes in this systematic review indicate that EVs can influence cellular
senescence, the senescence-associated secretory phenotype, and apoptosis depending on
the pathophysiological state of the EV source cell [99.104,109-111,114,115,120,122,126,127]
Biophysical and biochemical changes in the ECM lead to aberrant cues that promote cellular
senescence, where VD cells residing in a degenerative microenvironment exhibit lower
levels of mitotic activity compared to those in the healthy 1'VD.[158] Not only do resident
cells slow their proliferation rate in VDD, but they also undergo a marked increase in
apoptosis, as evidenced by an upregulation of cleaved caspase 3 and corresponding loss

in the number of viable cells.[15%-161] Caspase 3 silencing and enhanced proliferation
prevented IVDD in a rabbit model and EV treatment may achieve this therapeutic outcome
by regulating these biological processes in that fashion.[162.163] Gjven the ability of EVs

to target pathways involved in apoptosis and proliferation, investigations determining naive
and/or engineered EV treatment responses related to cellular senescence and proliferation
are of interest for VDD therapy.

A critically important process necessary for endogenous tissue repair is cellular migration.
[164] The literature points to stem/progenitor cells residing in the perichondrium area
outside the epiphyseal plate increasing migratory behavior and infiltrating the VD upon
degeneration, which is stimulated by intercellular communication via signaling factors.
[165-170] NPCs release chemokines including HIF1a, VEGF, SDF1, and CCL5 into the
degenerative environment and consequentially promote chemotaxis of non-resident MSCs
into the 1\VD, suggesting that cell recruitment is an innate mechanism that drives cell-
based repair.[165.171.172] However, due to the avascular nature of the IVD and harsh
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microenvironment, cell motility and tissue infiltration is limited, contributing to the

IVD’s poor capacity to heal itself via endogenous repair processes.[173-176] preclinical
outcomes in this literature review suggest that EVs may promote cellular migration by
establishing chemotactic gradients, particularly if the EVs were derived from NPCs.[100]
When evaluating the cell homing capabilities of naive or engineered EVS, investigators can
use transwell /n vitro systems to measure migratory behavior or use /n vivo preclinical
models following intradiscal injection. Since non-resident stem cells must migrate into

a nutrient-deprived and acidic environment for endogenous IVD repair, experimental
systems determining if cells can exhibit high levels of motility in the presence of aberrant
biochemical cues following EV treatment are of importance.

Intradiscal injection of EV therapeutics not only would affect resident AF and NP

cells, but also affect resident macrophages since the IVD contains a heterogeneous cell
population including cells from the immune system. It is not yet well understood how

EV treatment modulates resident macrophage responses, which play important roles in
inflammation and tissue repair. Macrophages are shown to be directly involved with the
pathophysiology of VDD, where their polarization state is significantly correlated with
degeneration grade and can either enhance the progression of IVDD or attenuate the
progress.[177.178] Macrophage dysfunction and sustained activation towards the M1-type
results in an overproduction of inflammatory factors and leads to ECM degradation,

which in turn catalyzes the degenerative cascade.[179] In contrast, activation towards the pro-
regenerative M2-type results in the production of anti-inflammatory cytokines and promotes
tissue repair and remodeling, ultimately preventing degeneration.l1’7] Given the plasticity of
macrophage activation state, cellular assessments may include the temporal characterization
of macrophage polarization post-EV treatment and determine if EVs can transcriptionally
regulate activation state preferentially towards the M2-type instead of the M1-type.[180.181]

Neuronal responses to EV treatment in dorsal root ganglion (DRG) are also of considerable
interest due to the proximity of the nerve roots to the delivery site and neoinnervation in
IVDD, where EVs could potentially modulate molecular markers of pain and corresponding
sensitization pathways.[182-184] |n 1\VDD, biomechanical and biochemical insult to the
nerve roots leads to hyperalgesia and allodynia with an associated upregulation of 7ACZ
and CALCA, which are the encoding genes for substance P and calcitonin gene-related
peptide, respectively.[185186] Evaluation of an EV therapeutic offers potential to attenuate
the expression of some of these factors associated with neoinnervation, which are implicated
in pain sensitization and hyperalgesia.l1871 Moreover, pain behavioral assays in preclinical
animal models could support more strongly a functional reduction of pain upon EV
treatment, as demonstrated in a rat model of temporomandibular joint osteoarthritis.[56.188]

6.3 Evaluation of therapeutic efficacy on the organ level

Degenerative changes on the molecular and cellular scales manifest in functional changes

on the organ level, and are detected by histological, biomechanical, and radiographic
methods. In the degenerative state, there are observable differences in matrix abundance and
quality, thus leading to significant changes in histopathological scores.[18%] These deleterious
changes in VD matrix architecture and composition affect the micromechanical properties
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of the ECM and may result in organ-level changes in motion segment axial and torsional
biomechanics.[190.191] Additionally, significant alterations in matrix composition lead to
distinguishable features through MRI, where degenerative 1VVDs exhibit significant decreases
in NP voxel count (NP hydration state), Modic changes (vertebral endplate quality), and
higher Pfirrmann grades.[192] Along with detectable changes via MRI, X-Ray imaging
can detect degeneration-associated changes in disc height and disc height index, which
can lead to neuropathic or inflammation-related pain if there are large enough decreases
in either parameter.[193:194] An efficacious EV treatment would principally aim to either
reverse or slow the progression of these histological, biomechanical, and radiographical
degeneration-related changes. By modulating target cell expression, EVs may collectively
influence cell behavior that manifests in organ-level changes and functional responses. Ex
vivo and/or in vivo animal systems serve as preclinical VD models to assess histological,
biomechanical, and radiographical outcomes and determine whether a naive or engineered
EV can effectively treat these hallmarks of 1\VDD.

7. Regulatory and Manufacturing Considerations

As EVs emerge as a prominent candidate for cell-free therapy, it is critical that investigators
understand the pertinent regulatory pathway for approval in order to advance these
technologies towards the clinic. First, the FDA regulatory review process is described,
which comprehensively evaluates EV characterization metrics, methods of administration,
safety and efficacy profiles, and production processes. Following an overview of the

FDA review process, important manufacturing considerations are highlighted for scale up.
EV characterization methods (Section 4), experimental configurations and model systems
(Section 5), and evaluation criteria (Section 6) inform the contents of an FDA application
with the goal for favorable regulatory review.

7.1 FDA Regulatory Review Process for EV Therapeutics

EV-based therapeutics as novel and therapeutically active substances for intended use in
clinical studies are considered an investigational new drug (IND). In order to advance

an IND into clinical trials, the submission of an IND application following preclinical
development is required.[195] These applications must provide information regarding
previously conducted animal studies, manufacturing information, clinical protocols, and
investigator information.[196] Additionally, EVs as, “a medicine that contains one or more
active substances made by or derived from a biological cell,” are classified as biological
medicinal products and the regulation of such products in the United States is under the
purview of the Center for Biologics Evaluation and Research (CBER), a subsidiary of the
Food and Drug Administration (FDA).[197] CBER reviews IND applications and ultimately
decides if new therapeutics can progress into early phase clinical trials.

In an IND application, investigators are also required to report technical specifications that
influence the clinical feasibility and outcomes of EV therapeutics, including the optimal EV
source (e.g., donors, cells, tissues, fluids) as well as strategies for EV production, isolation,
purification, characterization, and storage. Investigators must establish quality control
requirements in which biological, molecular, and physical characteristics are consistent
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amongst batches of EVs to ensure consistent effects upon administration. In addition

to technical specifications, investigators have to provide extensive /in vitroand in vivo

data that demonstrate adequate pharmacological and toxicological profiles for therapeutic
safety and efficacy.[197] Alongside preclinical research and development, investigators are
required to establish clinical protocols for treatment, including the route and frequency of
administration. Ideal administration of EV-based therapeutics targeting 1'VDD would involve
a localized injection, given the avascular composition of the VD, as well as a single dose so
as to prevent numerous needle injections that would instigate progressive degeneration.[19€]

Since most EV-based therapeutics are in preclinical development, it is critically important
to understand the necessary data required to file an IND application for favorable

review. Notable sections of the IND application include 21CFR312.23(a)(7) ‘Chemistry,
Manufacturing, and Control Information’ as well as 21CFR312.23(a)(8) ‘Pharmacology and
Toxicology Information’.[19%] To meet the requirements of 21CFR312.23(a)(7), investigators
need to supply quantitative data regarding the identity, quality, purity, stability, and
composition of a naive or engineered EV therapeutic. Moreover, 21CFR312.23(a)(8)
requires investigators to provide pharmacological and toxicological data on /n vitroand

in vivo effects, absorption, distribution, metabolism, excretion, toxicity, and, if possible, the
corresponding mechanisms of action. A key challenge for EV therapeutics is defining clear
mechanisms of action, given that EVs contain a wide variety of effector molecules and

each effector molecule can have multiple downstream targets that induce pleiotropic effects.
[195.200] Fyrthermore, data pertaining to these two key sections of the IND application
should align with FDA-implemented safety requirements prescribed by the by The
International Conference on Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH), given that the production of EVs requires the use

of biological matter (i.e. cells).[201] Ultimately, preclinical studies must provide compelling
evidence regarding preliminary quality, safety, and efficacy of a naive or engineered EV to
treat a target disease.[202]

Following the completion of clinical testing and IND review phase, investigators then
prepare a Biologics License Application (BLA) in order for a biological product to be
legally marketed within the United States and enter interstate commerce.[203] A complete
BLA submission includes a full description of manufacturing methods, representative
samples of the product, summaries of preclinical and clinical test results, as well as
proposed labels, enclosures, and containers for the product.[203] A BLA ultimately serves to
demonstrate that a product meets pre-determined requirements in safety, quality, purity, and
potency, demonstrated through data obtained in both preclinical and clinical studies.[204]

Although there are currently no FDA approved EV therapeutics on the market for any
indication, results from early clinical trial testing are promising. Ongoing studies involving
the treatment of melanoma, non-small cell lung cancer, colon cancer, and chronic kidney
disease with EVs have all demonstrated high levels of safety and efficacy in human subjects.
[205-208] Of particular note, chronic kidney disease patients treated with MSC-EVs display
improved kidney function (increased levels of s-creatinine, blood urea, and eGFR) and
decreased inflammation (increased levels of 1L-10, decreased levels of TNFa., increased
levels of TGF-B1).[208] These positive clinical outcomes to treat non-musculoskeletal tissues
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substantiate the promise of this biologic as a next generation treatment strategy for cell-free
therapy of the musculoskeletal system. However, there are currently no clinical trials to
evaluate EVs to treat degenerative musculoskeletal diseases, such as OA or 1\VDD.

7.2 Manufacturing Considerations for EV Therapeutics

Large-scale EV production is necessary to meet the requirements for distribution and
manufacturing processes must be compliant with the appropriate regulatory standards

to ensure quality control. The development of a manufacturing process to produce EV-
based therapeutics requires an adequate reactor platform, associated control system, as

well as an established quality management system to comply with good manufacturing
practice (cGMP) standards.[2091 One of the most significant barriers in producing EV-based
therapeutics to scale is that there is a lack of established upstream and downstream
manufacturing processes.[210] Recent efforts focus on developing bioreactors for large scale
production of EVs, which include the use of hollow fiber membrane bioreactors that can
culture significantly more cells than traditional cell culture flasks.[?11] However, it is unclear
how the operating conditions of such large-scale reactors impact the molecular composition
and function of EVs, a concern which must be addressed when developing EV production
processes. Other factors of consideration in addition to reactor operating conditions include
cell culture parameters such as biological donor, cell type, seeding density, and population
doubling level, which are known to impact the homogeneity and composition of EVs and
therefore must be considered in the design of large-scale manufacturing processes.[210]

8. Conclusions

This systematic review provides a comprehensive overview of extracellular vesicles as an
emerging therapeutic platform for cell-free treatment of 1\VDD. We identified 29 original
research articles that investigate EVs for IVD applications and report EV characterization
techniques employed in each study as well as associated outcomes in preclinical models

of IVDD. Most studies characterize EVs using at least one biophysical method and

one biochemical method to determine EV size, concentration, and protein levels. EVs
derived from terminally differentiated NPCs had the ability to promote MSC migration

and MSC differentiation towards an NP-like phenotype while MSC-EVs demonstrated
remarkable therapeutic potential /n vitroto alleviate hallmarks of degeneration, including a
reduction in NPC apoptosis, inflammation, and ECM catabolism. Studies employing /n vivo
models further demonstrate MSC-derived and healthy primary cell-derived EVs yield partial
functional restoration including an increase in disc height index when compared to untreated
IVDD controls. Most /n vitro and /n vivo studies examine NPC or organ-level responses to
treatment with markedly fewer studies examining EV treatment effects on AF or CEP cell
types, highlighting important avenues of future investigation for tissue-specific outcomes.
Other important directions of future research include immune cell and DRG neuronal
responses to examine immunomodulation and pain sensitization, respectively, following

EV treatment. Additional important areas of future investigation include the optimization

of stem cell source, culture conditions, and molecular cargo of EVs to maximize their
therapeutic potential. This review offers a guiding conceptual framework to advance EVs
beyond the discovery phase and presents a holistic and systematic evaluation of the
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therapeutic efficacy of EVs spanning the molecular, cellular, and organ levels, and describes
the regulatory approval pathway with the goal to accelerate naive or engineered EVs towards
the clinic as a novel treatment strategy for IVDD.
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Figure 1:
Workflow of EV therapy for IVDD. Cell culture platforms are first used to generate

conditioned medium, which is then collected and processed for EV isolation and
purification. Resuspended EVs are then delivered to the degenerated 1D via intradiscal
injection for treatment.
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Figure 2:

PubMed
10 Citations Excluded

29 Unique Citations Included

Literature review methods for this systematic review article. Six independent literature
searches with the defined search terms were performed using three literature databases, and
all identified articles were screened for exclusion or inclusion. Twenty-nine non-duplicate
original research articles were included in this systematic review after identification and

screening.
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Figure 3:
Exosome biogenesis and internalization mechanisms. Extracellular contents are first

internalized and processed by the source cell, ultimately forming intraluminal vesicles
contained within multivesicular bodies. Exosomes are then released into the extracellular
environment and internalized by recipient cells through six known mechanisms, which can
either induce a cellular response or lead to cellular clearance.

Adv Healthc Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

DiStefano et al.

Does EV treatment lead to:

. : ; .
I Inflammation Downregulatlon_of promﬂammqtory cytokines
S and/or associated transcription factors?
o
o
[} P Decrease in Reactive Oxygen Species (ROS)
= Oxidative Stress or Reactive Nitrogen Species (RNS)?
AF & NP Cell Maintenance or recovery of phenotypic markers
Phenotype for AF and NP cells?
Anabolic Activity An increase in collagen gnd/or proteoglycan
synthesis?
Catabolic Activity A decrease in MMP or ADAMTS production?
roliferation n increase in mitotic activity?
& Proliferati Ani in mitotic activity?
3
© .
O Apoptosis Adecrease in cleaved caspase 3 expression?
|
=
igration n increase in cell motility?
g Migrati Ani in cell motility?
a
E Immune Cell
Q M1 or M2 M® polarization?
O Response
L.
Q Pai Change in sensitization proteins and associated
S Al pain pathways?
2]
Decrease in histopathological score?
Histological
Deposition and maturation of ECM?
Improvement in mechanical integrity/properties
of ECM?
Biomechanical
Restoration in axial and torsional motion
g segment mechanics?
7]
2
= Restoration of disc height or disc height index?
An increase in NP voxel count?
Radiographical
Adecrease in Pfirmann Grade?
Improvement in Modic changes?

Figure 4:
Conceptual framework to evaluate EV-based therapeutics for IVDD across biological

levels of scale and complexity. Questions regarding therapeutic outcomes are grouped by
functional response type and biological scale (i.e. molecular-, cellular-, and tissue-level).
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Total Exosome Isolation ALIX 20190109]
Reagent)
Exosomes (Differential X X CD63, Chenetal.,
uc) TSG101 2020[110]
Small extracellular
vesicles (SEVs)/ X X X X X Cng(élDea Hingert et al.,
Exosomes (Differential FLOTA 20200111]
uC)
Exosomes (Differential X X X TSG101, Huetal.,
uc) ALIX 2020(112]
Exosomes (Differential CDB63, Lietal,
uc) X X X X | Tsc1o1 20200113
Exosomes
(Ultrafiltration with Lietal,
Total Exosome Isolation X X CD9, CD63 20200114
Reagent)
CD9, CD63,
Exosomes (Differential X X X CD81, Luo etal.,
uC) TSG101, 2021[115]
ALIX
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Isolation Product Biophysical Characterization . . o .
(Method) Techniques Biochemical Characterization Techniques
Protein Positive EV Reference
TEM | SEM | DLS | NTA | FC Quantification PCR | WB Marker/
Label
Exosomes (Total
Exosome Isolation
ExoQuick PLUS X X X X CDg,D%Iiﬁ& Sggéqoe[}laeg.,
Exosome Purification
Kit)
. . CD63,
Exosomes (Differential X X X X TSG10L, Sunetal.,
202001171
PKH67
. . CD63,
ExosomeSU ((l:D)lfferentlaI X X X TSG101, SZL(J)E ;}&Iﬁ'
ALIX
Extracellular vesicles X Tang et al.,
(Differential UC) 2021[119]
Extracellular vesicles X X X ggg? Wen et al.,
p - ) 120
(Differential UC) TSG101 2021[120]
Exosomes (Differential X X X CD63, Xiang et al.,
uC) TSG101 20200121
Exosomes (Differential X X X CD63, Xie et al.,
uc) TSG101 20201221
Exosomes (Differential Yuan et al.,
uc) X X X X CD9, CD63 202001231
Exosomes (Differential CD9, CD63,
UC with 30% sucrose X X X cDsl, Zg%’;%ﬁtzﬁ'
cushion) TSG101
Exosomes (Differential CD9, CD63, Zhang et al.,
uc) X X X TSG101, 202001251
ALIX
Exosomes (Differential X X X CD63, Zhu et al.,
uc) TSG101 2020[1261
Exosomes X X X CD9, CD63, Zhu et al.,
(Chromatography) CcDsl 202001271

Abbreviations: UC = Ultracentrifugation; SEC = Size Exclusion Chromatography; TEM = Transmission Electron Microscopy; SEM = Scanning
Electron Microscopy; DLS= Dynamic Light Scattering; NTA = Nanoparticle Tracking Analysis; FC = Flow Cytometry; PCR = Polymerase Chain
Reaction; WB = Western Blot; CD = Cluster of Differentiation; TSG101 = Tumor Susceptibility Gene 101; ALIX = ALG-2 Interacting Protein X;
ARF6 = ADP-Ribosylation Factor 6; FLOT1 = Flotillin-1.
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Table 3:

Regenerative Outcomes in Preclinical EV Studies.
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Reference

Cell Source
of EV

Test Method of
Application

Species of
Target
Cell or
Tissue

Outcome

Xia et al., 201999

BM-MSCs

in vitro

in vivo

Rat

1. EV treatment attenuated NPC apoptosis after H,O, exposure

2. EV treatment restored /NOS, /L6, MMP3, MMP13,
COL2A1, CASPI1, IL1b, TXNIP, NLRP3, and SOX9to
untreated control levels

3. EV treatment increased the number of mitochondria and
reduced mitochondrial dysfunction

1. Intradiscal injection of EVs at 1pg/uL slowed the decrease in
disc height index through 8 weeks compared to injury group

2. Intradiscal delivery of EVs slowed the progression of VDD
through 8 weeks assessed by histological scoring

3. Intradiscal delivery of EVs restored MMP13 and COL2A1
equivalent to uninjured control through 8 weeks

Lu et al., 2017[100]

BM-MSC

in vitro

NPC

in vitro

Human

1. EV treatment increased proliferation rate over 12-day period

2. EV treatment increased ACAN, COL2A1, SOX9, and
TIMPI over 21 days in culture

3. EV treatment decreased MMPI and MMP3 over 21 days in
culture

1. Migration activity increased with an increase in NPC-EV
concentration

2. NPC-EV treatment increased MSC ACAN, SOX9, COL2A1,
HIFla, CA12 and KRT19expression

3. Changes in MSC expression were greater after EV treatment
than indirect co-culture model with NPCs

Bach et al., 2017[201]

NCs

in vitro

Canine

1. EV treatment increased GAG and GAG/DNA in
chondrocyte-like cell aggregates

2. EV treatment increased GAG and collagen content in culture
medium

3. Increase in EV treatment concentration increased DNA
content, GAG content, and GAG/DNA ratio in a 7-day culture
period

4. Significant positive correlation between total number of EVs
used to treat chondrocyte-like cell aggregates and GAG content
and GAG/DNA ratio

Human

1. EV treatment increased DNA, GAG and GAG/DNA in
chondrocyte-like cell aggregates

2. EV treatment increased GAG and collagen content in culture
medium

Lan et al., 2019[102

NPCs

in vitro

Rat

1. EV treatment increased ACAN, SOX9, COLZA1 expression
in hBM-MSCs

2. Knock down of Notch1 in MSCs resulted in higher
upregulation of ACAN, SOX9, COL2A1 after EV treatment
than controls

Qi et al., 2019[103]

UC-MSCs

in vitro

Human

1. EV treatment protected NPMSCs from high glucose induced
injury

Cheng et al., 2018[104]

BM-MSC

in vitro

Rat

1. Lower apoptosis rate for NPCs in EV treatment group when
compared to untreated controls after application of TNFa
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Reference

Cell Source
of EV

Test Method of
Application

Species of
Target
Cell or
Tissue

Outcome

in vivo

2. miR-21 delivery via EVs inhibited TNFa-induced NPC
apoptosis by targeting PTEN in the PI3K-Akt pathway

1. Intradiscal injection of EVs alleviated TNFa induced NPC
apoptosis /n vivo

2. No difference in Pfirmann grade between uninjured control
and EVs treated IVDs

3. EV-treated I1VVDs appeared histologically similar to uninjured
control 1VDs through H&E staining

Yuan et al., 2019[105]

CEPCs

in vitro

Rat

1. Treatment with apoptotic bodies (Abs) promoted
mineralization and upregulation of ALP, RUNX2, OCN, and
COL1A1in endplate chondrocytes

2. Abs treatment promoted PPi metabolism modifications in
endplate chondrocytes with an increase in Pi and decrease in
PPi

3. Abs treatment decreased levels of ENPPIand ANK
expression, but increased 7NVAP expression

4. Treatment with H,O, significantly increased the generation
of Abs due to oxidative stress

Moen et al., 201711061

NPCs

in vivo

Rat

1. Application of miR-223-3p onto dorsal nerve roots decreased
C-fiber responses (indirect application of NPC-EVs)

2. miR-223 upregulated in NPC-EVs when the NP tissue is
exposed to dorsal nerve roots

Bach et al., 2016[107]

NCs

in vitro

Bovine

1. The effects of porcine NCCM-P factors were negligible on
bovine CLCs

Canine

1. Canine NCCM pelletable factors increased the canine CLC
GAG, GAG/DNA and COL2 content compared with controls

2. Canine NCCM pelletable factors decreased VEGF and
increased KRT19 expression

3. At least 4 d of freezing at =70 °C did not influence the
biological activity of canine Canine NCCM pelletable factors
on canine CLC micro-aggregates compared to non-frozen
controls

4. Protein aggregates and EVs exerted a moderate
concentration-dependent anabolic effect, but only on canine
CLCs

Bari et al., 2018[108]

ASCs

in vitro

Human

1. Exosomes were less abundant than microvesicles in lyo-
secretome

2. Lyo-secretome was not hematolytic at any of the tested
concentrations

3. Cell metabolic activity remained at least >60% when treated
with lyo-secretome

4. Lyo-secretome became cytotoxic to NPCs at a concentration
of over 50 mg/mL

5. Lyo-secretome (5-50 mg/mL) protected NPCs from the
oxidative stress damages induced by H,0,

Liao et al., 2019[109]

BM-MSCs

in vitro

Human

1. EVs led to protective effect by reducing ER stress-induced
apoptosis

2. EVs regulated UPR activation in response to AGEs-induced
ER stress in human NPCs

3. EVs protected against ER stress-related apoptosis partly
through the AKT and ERK activation in human NPCs
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Reference

Cell Source
of EV

Test Method of
Application

Species of
Target
Cell or
Tissue

Outcome

in vivo

Rat

1. EVs inhibited the activation of AGEs-induced ER stress-
related cell apoptosis and slowed the progression of IVDD

Chen et al., 2020110

NPCs

in vitro

Rat

1. Senescent NPC EVs showed an increase in the relative
expression of P21 and P53

2. Senescent NPC-EV treatment led to a lower growth rate,
fewer colony forming units, and higher SA-B-gal positivity in
healthy NPCs

3. Senescent NPC-EV treatment led to more G1 phase cells and
fewer S phase cells compared to the control group

4. siRNA transfection of EV treated NPCs led to a decrease
in P21 and P53 expression, higher growth rate, and lower SA-
B-gal positivity

Hingert et al.,
2020(111]

BM-MSCs

in vitro

Human

1. EV treatment increased cell proliferation and decreased
cellular apoptosis in degenerated disc cells

2. EV-treated disc cell pellets demonstrated 3X greater ECM
production compared to control disc cell pellets

3. EV treatment suppressed secretion of MMP-1 in disc cells

Hu et al., 2020[112]

NPCs

N/A

N/A

1. Rapamycin and bafilomycin Al led to induction of NPC
autophagy and EV secretion in an autophagy-dependent
manner

2. siRNA against ATG5 induced accumulation of ILVs and
decrease in isolated EVs

3. Knockdown of RhoC and ROCK?2 with siRNA inhibited
secretion of EVs

Li et al., 2020(113]

BM-MSCs

in vitro

Human

1. Proliferation activity, collagen 11, and aggrecan expression
decreased in NPCs cultured at pH 5.9 - 6.7

2. Caspase-3 and MMP-13 expression increased in NPCs
cultured at pH 5.9 - 6.7

3. EV treatment led to an upregulation of collagen Il and
aggrecan, and a downregulation of matrix-degrading enzymes

Li et al., 2020[114]

BM-MSCs

in vitro

Human

1. EVs suppressed IL1p-induced inflammation and apoptosis of
AF cells by suppressing autophagy

2. EVs supported AF cell viability after IL1p treatment

3. EVs inhibited AF cell autophagy by activating the
PI3K/AKT/mTOR signaling pathway

Luo et al., 20211151

CESCs

in vitro

in vivo

Rat

1. Treatment with healthy CESC-EVs inhibited apoptosis
compared to degenerated CEP stem cell-derived EVs

2. Healthy CESC-EVs inhibited apoptosis of NPCs by
activating the PISBK/AKT pathways

1. Healthy CESC-EVs alleviated I\VVDD via activation of
PIBK/AKT pathways

Song et al., 2020[1161

NPCs

in vitro

Human

1. circRNA_0000253 was highly upregulated in degenerative
NPC-EVs

2. circRNA_0000253 promoted an VDD phenotype by
adsorbing miRNA-141-5p and downregulating SIRT1 /in vitro

in vivo

Rat

1. circRNA_0000253 accelerated 1VDD by adsorbing
miRNA-141-5p and downregulating SIRT1 /n vivo

Sun et al., 2020117]

NCs

in vitro

Human

1. 0.5MPa-conditioned EVs inhibit endothelial cell
angiogenesis through miR-140-5p and regulate Wnt/p-catenin
signaling
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Reference

Cell Source
of EV

Test Method of
Application

Species of
Target
Cell or
Tissue

Outcome

2. NP EV-derived miR-140-5p is negatively associated with
angiogenesis in clinical samples

in vivo

Mouse

1. 0.5MPa-conditioned EV treatment reduced vascularization in
degenerated 1VDs

Sun et al., 2021[118]

AFCs

in vitro

Human

1. HUVECs phagocytose AFC-EVs

2. Degenerated AFC-EVs promoted cell migration and
upregulation of /L-6, TNF-a, MMP-3, MMP-13, and VEGF,
while non-degenerated AF cell-derived EVs demonstrated
inverse effects

Tang et al., 2021119

NPCs

in vitro

Human

1. Bulk electroporation of cells with FOXFI led to FOXF1
plasmids in designer EV's and demonstrated efficient cell
uptake

PMEFs

in vivo

Mouse

1. Injection of FOXFI-loaded EVs into 1VDs showed
significant upregulation of FOXFI and Brachyury compared
to controls

Wen et al., 20211201

BM-MSCs

in vitro

in vivo

Mouse

1. EV treatment led to an increase in COL2 and ACAN staining
intensity and decrease in SA-B and TUNEL positive NPCs

2. A reduction in EV-derived miR-199a led to an impaired
protective effect of EVs on NPCs

3. EV-derived miR-199a promotes repair by targeting GREM1
and downregulating TGFp pathway

1. EV treatment led to increased levels of miR-199a and
decreased levels of MMP3-, MMP6-, TIMP1-, and TUNEL-
positive cells

Xiang et al., 2020[121]

USCs

in vitro

Human

1. EV treatment led to a decrease in GRP78, GRP94, Caspase
3, and Caspase 12 expression under stress-induced conditions

2. EVs inhibit excessive activation of unfolded protein response
under stress-induced conditions

3. EVs regulate stress by activating AKT and ERK signaling
pathways in NPCs under stress-induced conditions

in vivo

Rat

1. EVs inhibited ER stress-associated cell apoptosis and
decelerated 1VDD progression in vivo

Xie et al., 2020[122]

MSCs

in vitro

in vivo

Rat

1. EVs inhibited apoptosis and TBHP-induced CEP
calcification

2. Downregulation of miR-31-5p impaired EV protective
effects

3. miR-31-5p negatively regulated ATF6-related ER stress and
inhibited CEP apoptosis and calcification

1. Sub-endplate injection of EVs ameliorate IVDD hallmarks

2. Downregulation of EV-derived miR-31-5p inhibited EV
protective effects /n vivo

Yuan et al., 2020123

PLMSCs

in vitro

Human

1. EV-derived AntagomiR-4450 ameliorates NPC damage by
promoting proliferation and migration

2. EV-derived AntagomiR-4450 decreased MMP13, IL6, IL1B,
CASP3expression, and increased COLZ2and ACAN expression

in vivo

Mouse

1. EV-derived AntagomiR-4450 attenuated I\VVDD damage by
repressing miR-4450 and increasing ZNF121 expression

2. EV-derived AntagomiR-4450 ameliorated gait abnormality

Zhang et al., 2020[124]

MSCs

in vitro

Mouse

1. EV treatment inhibited pyroptosis by suppressing the
NLRP3 pathway
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Reference

Cell Source
of EV

Test Method of
Application

Species of
Target
Cell or
Tissue

Outcome

in vivo

2. EV treatment inhibited LPS-induced pyroptosis in NPCs

3. EV-derived miR-410 suppressed LPS-induced pyroptosis in
NPCs

1. EV treatment and miR-410 treatment alleviated VDD
severity

Zhang et al., 2020[123]

NPCs

in vitro

Rat

1. Rapamycin treatment led to an increase in miR-27a in NPCs
and their EVs

2. EV-derived miR-27a alleviated IL1B-induced ECM
degradation by downregulating MMP13in NPCs

Zhu et al., 202001261

BM-MSCs

in vitro

Mouse

1. EV treatment attenuated NPC apoptosis by reducing
inflammatory cytokine secretion and activating MAPK
pathway

2. EV-derived miR-142-3p targets mixed MLK3 and inhibits
NPC apoptosis and promotes MAPK signaling

3. MLK3 overexpression abolished EV effects on
inflammation, NPC apoptosis, and MAPK signaling activation

Zhu et al., 20201271

BM-MSCs

in vitro

Rat

1. EV treatment led to inhibition of apoptosis, ECM
catabolism, and fibrosis in TNFa-treated NPCs

2. miR-532-5p was abundant in TNFa-treated MSC-derived
EVs and was less abundant in apoptotic NPCs

3. RASSFS5 is an empirically validated target of miR-532-5p

MSC = Mesenchymal Stem Cell; BM-MSC = Bone Marrow-derived Mesenchymal Stem Cell; NPC = Nucleus Pulposus Cell; NC = Notochordal
Cell; AFC = Annulus Fibrosus Cell; UC-MSC = Umbilical Cord-derived Mesenchymal Stem Cell; ASC = Adipose-derived Mesenchymal Stromal
Cell; CEPC = Cartilage Endplate Chondrocyte; CESC = Cartilage Endplate Stem Cell; PMEF = Primary Mouse Embryonic Fibroblast; USC =
Urine-derived Stem Cell; PLMSC = Placental Mesenchymal Stem Cell; HUVEC = Human Umbilical \ein Endothelial Cell.
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