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Abstract
Extracellular vesicles (EVs) are a heterogenous group of lipid bilayer bound particles naturally released by cells. These vesicles are
classified based on their biogenesis pathway and diameter. The overlap in size of exosomes generated from the exosomal pathway
and macrovesicles that are pinched off from the surface of the plasma membrane makes it challenging to isolate pure populations.
Hence, isolated vesicles that are less than 200 nm are called small extracellular vesicles (sEVs). Extracellular vesicles transport
a variety of cargo molecules, and multiple mechanisms govern the packaging of cargo into sEVs. Here, we discuss the current
understanding of howmiRNAs are targeted into sEVs, including the role of RNA binding proteins and EXOmotif sequences present
inmiRNAs in sEV loading. Several studies in human pain disorders and rodentmodels of pain have reported alterations in sEV cargo,
including miRNAs. The sorting mechanisms and target regulation of miR-939, a miRNA altered in individuals with complex regional
pain syndrome, is discussed in the context of inflammation. We also provide a broad overview of the therapeutic strategies being
pursued to utilize sEVs in the clinic and the work needed to further our understanding of EVs to successfully deploy sEVs as a pain
therapeutic.

Keywords: Small extracellular vesicles, Exosomes, sEV biogenesis, miRNA, Pain, miR-939

1. Introduction

1.1. Extracellular vesicles and pain

Nearly every cell type within the human body releases extracellular
vesicles (EVs). Extracellular vesicles are bilipid nanoparticles that
range in diameter from nanometer to micrometer, with distinct
biogenesis pathways and some common cargoes. Extracellular
vesicleswere first describedasparticles in bloodplasma,where their
removal via ultracentrifugation increased clotting time.20 These
“clotting factors” were subsequently identified as lipid vesicles.
Extracellular vesicles were considered a type of molecular waste for
most of the 20th century and as such little effort was dedicated to
studying their functionality.We nowknow that EVs are a central form
of information exchange between cells and can contain numerous
molecules not limited to proteins, coding and noncoding nucleic
acids, and lipids. These EVs serve several roles, including signaling,
regulatory, and epigenetic functions, and have been implicated in
many diseases.26

Defined as a complex sensory and emotional experience, pain
serves as a protective warning mechanism to prevent potential
harm to the body and promotes behaviors helping recovery.119

Acute pain is usually time-limited and resolves as the underlying
cause heals. Pain that persists beyond the normal healing time
lastingweeks to years is considered chronic. Recent studies have
shown that EVs released from different cell types including
neurons, immune cells, and glial cells can modulate pain
perception through various mechanisms.16,172 In this review,
we will discuss small extracellular vesicles (sEVs), their bio-
genesis, and miRNA cargo sorting under inflammation and pain
reported in rodent models and human studies. Our objective is to
provide a general overview of EV biogenesis and known cargo
loading mechanisms in the context of miRNA, as well as our
current understanding of how miRNAs are targeted and loaded
into sEVs. In addition, we provide an overview of the therapeutic
strategies being pursued to utilize sEVs in the clinic, and the work
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that needs to be done to further our understanding of how EVs
could be used as a pain therapeutic.

1.2. Why we call it small extracellular vesicles instead
of exosomes

The nomenclature surrounding EVs, historically, has not been
well defined. Limited consensus existed on naming conventions
for the multitude of particles released by cells, resulting in
ambiguous characterization of self-reported particle types. As
part of their initiative, the International Society for Extracellular
Vesicles (ISEV) put forth standardized nomenclature for de-
scribing EVs, which has evolved from their original report
(MISEV2014) to their most recent MISEV2023,162 released
February 2024. As such, we will refer to different EV categories
with the terms defined byMISEV guidelines. It is important to note
that EV classifications have distinct biogenesis mechanisms,
origins, cargo, and functional purposes, which have been
compiled and extensively described in these position papers. It
is therefore imperative to use discretion when choosing the
appropriate naming convention, since each classification has
implications, especially regarding biogenesis.

Extracellular vesicles are generated by 2 broad mechanisms:
outward budding of the plasma membrane or by an intracellular
endocytic trafficking pathway involving fusion of multivesicular
bodies (MVBs) with the plasma membrane. Extracellular release
of intraluminal vesicles through MVBs generates exosomes
ranging in size between 30 and 150 nm. Larger EVs such as
microvesicles, microparticles, or ectosomes are pinched off from
the plasma membrane with a size range of 100 to 1000 nm,
whereas apoptotic bodies are 1 to 5 mm EVs released by cell
death. Because of the overlap in diameter of exosomes and
microvesicles, isolation methods almost always result in a het-
erogeneous population of EVs. Since it is difficult to distinguish
the origin of vesicles under 200 nm to classify them as exosomes
or microvesicles, the term sEVs is used to encompass all
extracellular vesicles purified from various sources.151

1.3. Small extracellular vesicle biogenesis, packaging,
and uptake

Exosomes are canonically formed through the endosomal
pathway. Endosomes are intracellular, membrane-bound organ-
elles generated from the invagination of the plasma membrane
and are responsible for the trafficking of proteins to the lysosome.
These early endosomes are generated through several endocytic
pathways often classified as either clathrin-mediated or clathrin-
independent endocytosis. Clathrin-mediated endocytosis is the
primary endocytic pathway in mammalian cells, which involves
the recruitment of clathrin and associated factors to the plasma
membrane to promote membrane curving and scission.98

Clathrin-independent endocytosis includes endocytosis medi-
ated by caveolin and flotillin, among others.98 Some of these
pathways are constitutive, whereas others are triggered by
specific signals. For example, interleukin-2 receptor (IL-2R) is one
of the markers of clathrin-independent endocytosis. IL-2R is
associated with cholesterol-rich lipid raft microdomains that
promote optimal clustering of IL-2R at the cell surface, which is
necessary for the efficient internalization of the receptor and
thereby the regulation of IL-2–induced signaling.84,130 Early
endosomes then mature into late sorting endosomes through
several maturation events.64 These late sorting endosomes
interact with the endoplasmic reticulum and the trans-Golgi
network to sort cargo and fully mature.12,167

During late sorting endosome maturation, intraluminal vesicles
(ILVs) begin to form by the inward budding of the limiting
membrane of endosomes, creating aMVB (Fig. 1A). TheseMVBs
have 2 fates: either fusion with the plasma membrane to release
its ILVs as exosomes or fusion with a lysosome for degradation.56

The production of ILVs is intimately involved with cargo loading,
as intracellular components are taken up by vesicular invagina-
tions,8 and cargo is independently sorted into generating ILVs.
The endosomal sorting complexes required for transport (ESCRT)
are the canonical ILV cargo sorting machinery, comprised of 4
subcomplexes (ESCRT-0, -I, -II, and -III) and numerous
accessory and scaffolding proteins.12 Although the ESCRT
complex is implicated in endosomal formation and many other
cellular processes,157 it is critical to EV biogenesis and is most
prominently characterized in cargo sorting and ILV formation.156

Endosomal sorting complexes required for transport-mediated
exosome biogenesis begins at the limiting membrane of the
endosome, where ESCRT-0 congregates mono-ubiquitinated
proteins through association with its subunit hepatocyte growth
factor–regulated tyrosine kinase substrate (Hrs). These ubiquitin-
tagged proteins are trafficked into forming ILVs with high
phosphatidylinositol-3-phosphate content.51,134 ESCRT-0 then
recruits ESCRT-1 through its tumor susceptibility gene 101
(Tsg101) subunit. ESCRT-1 subsequently recruits ESCRT-II, both
of which are responsible for invagination of the limitingmembrane
to form the ILV. ESCRT-III is finally recruited to the budding
membrane, where it binds to ESCRT-II to facilitate the remainder
of scission of the mature ILV. ESCRT-III is also responsible for the
deubiquitination of sequestered cargo, a step required for proper
delivery of proteins targeted to lysosomes for degradation.54

ESCRT-III utilizes several accessory proteins, including compo-
nents present in the cytosol and are incorporated into ILV
membranes during formation. These complexes bind to and sort
ubiquitinated proteins, which are targeted either to the ILV for
secretion or to the lysosome for degradation.56

Importantly, the ESCRT pathway appears to contribute signifi-
cantly to exosome production. A recent study performed an RNA
interference screen targeting 23 components of the ESCRT
machinery in exosome biogenesis, composition, and secretion.23

They showed that depletion of vacuolar protein sorting–associated
protein 4B (VPS4B) augmented secretion while not altering the
features of exosomes. Silencing of genes for 2 components of
ESCRT-0 (hepatocyte growth factor–regulated tyrosine kinase
substrate or HRS), signal transducing adaptor molecule 1 (STAM1),
or one component of ESCRT-I (TSG101) reduced exosome
secretion.23 In addition to subunits belonging to the 4 ESCRT
complexes, the type II sphingomyelinase contributes to exosome
biogenesis. Neutral sphingomyelinase 2 (nSMase2) is a key enzyme
in the biogenesis and cargo loading of exosomes, hydrolyzing
sphingomyelin into phosphocholine and ceramide, thereby initiating
the formation of exosomes in multivesicular bodies.152 Since there
are multiple pathways regulating exosome biogenesis, it is
technically challenging to completely block exosome release
in vivo, thereby posing a challenge to conduct gain and loss of
function studies to elucidate exosome function.

As mentioned above, the ESCRT machinery is also responsible
for trafficking proteins for lysosomal degradation. Many subunits in
the ESCRT machinery have ubiquitin binding motifs (notably,
ESCRT-0, -I, and -II),54 which help facilitate interactions withmarked
cargo. The role of ubiquitin in the sorting of cargo into ILVs destined
for secretion is not fully understood.51 Ubiquitination serves as
a trafficking signal within MVBs and is essential to proper function of
the endosomal system, as certain ESCRT components are
regulated via ubiquitination.59,78 Ubiquitinated proteins and
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Figure 1. Multivesicular body maturation and miRNA packaging into exosomes. (A) Canonical exosome biogenesis begins with the invagination of the plasma
membrane, forming a nascent endosome that often fuses with other newly formed invaginations. Recruitment of necessary proteins like ESCRT-0 and -I perform
the prerequisite steps for ILV formation by promoting bending of the limiting membrane. ESCRTs-II, -III, and accessory proteins then sort ubiquitinated cargo,
deubiquitinate them, and traffic the proteins into the vesicle. These complexes also assist in the scission of the limiting membrane, which completes the formation
of the vesicle. The endosome continues to accumulate these vesicles andmatures into a late sorting endosome, also called a multivesicular body (MVB). MVBs at
this stage can either fuse with a lysosome (degradation) or traffic to the plasma membrane, where fusion of the limiting membrane leads to extracellular release of
exosomes. (B) miRNA trafficking into ILVs has been reported to be mediated by several mechanisms: (1) after export from the nucleus to the cytosol, miRNAs can
associate with a number of RBPs. These proteins then traffic to MVBs where they, along with the miRNA, are packaged into exosomes. The molecular
mechanisms governing this trafficking are not well understood. (2) miRNAs sorted into exosomes are often enriched in small consensus sequences (EXOmotifs)
that confer specificity for sorting into exosomes. RBPs such as sumoylated-hnrnpA2B1 are known to bind these EXOmotif-containing miRNAs and facilitate their
localization into exosomes. (3) miRNAs can be enriched in molecular condensates, a type of phase-separated, membrane-less structure, which contains higher
concentrations of certain molecules, such as proteins and RNA, compared to the cytosol. YBX1 binds to and localizes certain miRNAs to condensates, which
increases their local concentration. YBX1-miRNA complexes are associated with processing (P-) bodies.

Figure 2. Schematic representations of miR-939 transport via exosomes and regulation of target genes in donor and recipient cells. (1) miR-939 packaging:
selective inflammatory agents (MCP-1 but not LPS) upregulatemiR-939 expression and thereby packaging and release of thismiRNA in sEVs. (2)miR-939 release:
since miR-939 can downregulate proinflammatory target mRNAs, packaging and release of miR-939 into circulation can make it conducive for the donor cell to
upregulate proinflammatory genes in response to inflammatory stimuli. EV packaging could be a strategy used by the donor cell to regulate the balance between
miRNA and its target genes and potentially signal cells at a distance by exporting miRNAs in sEVs. (3) miR-939 uptake: although it is unknown if miR-939 carrying
sEVs are targeted to specific recipient cells, uptake of miR-939 enriched EVs can downregulate target genes in recipient cells at a distance, potentially reducing
inflammation.
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molecules, especially when polyubiquitinated, are known to be
targeted for degradation via the proteasome and lysosomes.
Ubiquitin is normally removed from cargo before degradation,118

yet EV cargoes are commonly ubiquitinated.18,117 The exact role
ubiquitinationplays in EVcargo sorting is currently unclear.However,
cargo loading is known to be nonrandom and heavily organized in
mammalian cells, which suggests that such modifications are
purposeful. Cargo from endocytosed exosomes are not necessarily
functional, as they can be trafficked to lysosomes in recipient
cells.150 Therefore, it is possible that ubiquitination could confer
a signal of degradation in recipient cells.

Once EVs are in circulation, they can exert their effect in both
paracrine and autocrine manner,4,44 after uptake by recipient cells.
Extracellular vesicle uptake pathways can differ between cell types,
with several known mechanisms including macropinocytosis,
phagocytosis, clathrin-dependent endocytosis, clathrin-
independent caveolin-mediated uptake, and lipid raft-mediated
internalization.40,106 For example,microglial cells havebeenobserved
to uptake EVs variably via macropinocytosis,40 whereas neurons
seem to prefer clathrin- and dynamin-mediated endocytosis.42

Interestingly, exosomes have also been reported to “surf” on filopodia

andenter humanprimary fibroblasts.57 It hasbeen reported that sEVs
from different sources exhibit preferential interactions with specific
recipient cells, although the mechanisms are unclear. Docking
specificity of EVs to recipient cells is conferred by receptors and
adhesion molecules present both on the EVs and recipient cells,41

but there is no broad consensus in the field on all aspects underlying
this phenomenon.128 Membrane composition of recipient cells also
plays a large role in efficient sEV internalization. A recent study using
time-resolved atomic forcemicroscopy showeda crucial role for local
membrane fluidity with the strongest interaction and sEV fusion
observed over the less fluid regions.111 They reported that sEVswere
capable of disrupting ordered domains in regions with high
cholesterol concentration, indicating that the biophysical character-
istics of recipient cell membranes can regulate sEVs uptake.111

1.4. Small extracellular vesicle cargo packaging—emphasis
on miRNAs

Extracellular vesicles transport a variety of cargo. There are
several purported mechanisms of EV cargo loading besides
ESCRT-mediated mechanisms, and while the latter is far more

Figure 3. Proposed and hypothetical mechanisms of pain regulation by sEVs and potential clinical implications. (A) The effects of sEVs are governed by their
intraluminal and membranous cargo, which is dependent on the donor cell type and its environment during sEV biogenesis. Many different classes of molecules
identified in sEVs have been shown to regulate pain signaling. sEVs transport cytokines,3 growth factors, and protein complexes such as peptide-loaded MHC
molecules,127 which may exacerbate inflammation and delay pain resolution, while certain cytokines like IL-10 are antinociceptive.3 Endogenous bioactive lipids
are present in sEVs and can promote inflammation and increase neuronal excitability contributing to pain.124 Anti-inflammatory resolvins136 could be present in
sEVs and contribute to the restoration of cellular homeostasis after inflammation and injury. Several miRNAs, mRNA, and RBPs can have context specific
proinflammatory or proresolving roles in recipient cells. Metabolic reprogramming induced by sEV uptake can result in a myriad of effects.21,113 We hypothesize
that these changes in signaling and metabolism culminate in epigenetic modifications, which, depending on the state of sEV cargo, could lead to upregulation of
pro- or anti-inflammatory genes. (B) sEVs as pain therapeutic and biomarkers. sEVs produced from stem cells and immune cells such as macrophages have anti-
inflammatory properties and are efficacious in rodent models of a wide variety of painful disorders.173 In addition, the unique cargo profile of sEVs under disease
could be utilized as biomarkers for pain disorders.27,34,69,100,139,174 The ability of sEVs to cross the blood-brain barrier, combined with additional bioengineering of
endogenous EVs, holds promise for a customizable therapeutic platform for treating pain.16,172,173 Exogenous loading of several types of molecules have been
proposed, including miRNAs, proteins, and small molecules, among others. ATP, Adenosine tri-phosphate; C5a, Complement component 5a; FMR1, Fragile X
messenger ribonucleoprotein 1; HuR, Human antigen R; IL-10, Interleukin-10; NGF, Neuronal growth factor; NGFR, Neuronal growth factor receptor; nSMase2,
Neutral sphingomyelinase 2; pMHC, Peptide major histocompatibility complex; TNFa, Tumor necrosis factor alpha.
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characterized, there is no consensus on which mechanisms
predominate and when each alternative is used. The surge in
interest in exosome biology, especially miRNAs as diagnostic
biomarkers, followed the first report that miRNAs andmRNAs are
present in sEVs in circulation and uptake of sEVs induces gene
expression changes in recipient cells.154 While there is an
abundance of information on the extent of molecules that can
be detected in sEVs and their effects, what mechanisms govern
their sorting is still poorly understood.86 Here, we will focus on
miRNA cargo within sEVs, their sorting, and functional impact in
recipient cells and discuss this in the context of pain biology.

2. Factors contributing to miRNA loading into small
extracellular vesicles

2.1. Endosomal sorting complexes required for
transport-dependent pathway and implications on
miRNA loading

Several studies have shown that distinct components of ESCRT
machinery promote the formation of exosomes, and that multiple
pathways contribute to exosome biogenesis and release.24,82 As
mentioned above, the ESCRT complex is amajor regulator of protein
trafficking via the endosomal system through its ubiquitin interactions.
However, it is less apparent ifmiRNA loading into exosomes is equally
regulated by ESCRT. Because of its large role in EV biogenesis, it is
reasonable to infer that the ESCRT complex may also exert some
level of control over miRNA packaging. However, there is limited
evidence to support a level of regulation similar to that of proteins
sorted into endosomes. Some studies have indicated that certain
ESCRT components help facilitate miRNA loading into sEVs,
specifically in the presence of RNA binding proteins (RBPs).61,65

ALIX, an ESCRT accessory protein, was reported to bind with RBP
Argonaute2 in human liver stem-like cells, which is a protein involved
inmiRNAmaturation and function.65 In addition, the RBPsYBX1 and
MEX3Cwere found toassociatewithESCRTmachinery,61 andYBX1
has been directly implicated in sorting specific miRNAs into
exosomes.92,96,137 Fragile X mental retardation protein (FMRP) has
been observed to bind Rab interacting lysosomal protein (RILP),
which is involved in trafficking MVBs toward the cellular periphery.151

There are no studies that systematically determine the
necessity of ESCRT for miRNA EV loading. From current available
evidence, it is unclear how important ESCRT and its accessory
proteins are to miRNA loading into exosomes. One report
showed that knockdown of ALIX reduced the uptake of small
RNA species via a stoplight CRISPR reporter system.29 Gibbings
et al. reported that localization of GW182, a component of the
RNA-inducing silencing complex (RISC) complex, to MVBs is
required for proper miRNA function and that knockdown of
certain ESCRT proteins (ALIX and TSG101) inhibited miRNA
activity.49 This in itself does not provide evidence for miRNA
loading into EVs via ESCRT, but it does demonstrate that these
components have functional localization with miRNA relevant
machinery. Taken together with the studies referenced above,
there is support for the plausibility of ESCRT-mediated miRNA
loading. A recent review covers interactions of miRNAs with
ESCRT components and associated RNA binding proteins.39

2.2. Endosomal sorting complexes required for
transport-independent pathway and implications on
miRNA loading

Although central to sEV biogenesis, the ESCRT complex is not
the only mechanism responsible for exosome production.

Knockout of the entire ESCRT complex does not inhibit the
formation of MVBs or sEVs in mammalian cells, and silencing
ESCRT protein components Tsg101, Vps24, and Vps22 did not
prevent MVB formation in mammalian cells.143 Several ESCRT-
independent pathways have been observed, but implications to
miRNA loading are seldom. Neutral sphingomyelinase 2
(nSMase2) is responsible for the conversion of sphingomyelin
into ceramide in endosomal membranes. Ceramide has been
reported as essential to ILV formation of exosomes containing
proteolipid protein (PLP)80,83 and was the first ESCRT-
independent pathway identified.152 In addition, oligodendroglial
cells with nSMase2 overexpression had increased presence of
miRNAs in sEVs and conversely saw a decrease when nSmase2
was inhibited. Ceramide has been implicated with loading of
angiogenic miRNAs in human breast cancer cells.79 nSMase2
inhibition with GW4869 resulted in a decrease in exosomal
markers and certain miRNAs in HEK293 cells and tumor cell
lines,36,62,80 which may support the role of ceramides in ILV
formation and miRNA loading in certain cancers. Interestingly,
human melanoma cells showed no requirement of nSMase2 for
ILV production.50 Rather, a CD63-dependent mechanism also
exists for generating ILVs without ESCRTmachinery, which could
imply cell type–specific loading mechanisms. A number of other
molecules are reported in mediating ESCRT-independent mech-
anisms, including phospholipase D2 (PLD2),85 Rab31/flotillin,161

small integral membrane protein of the lysosome/late endosome
(SIMPLE),177 and microtubule-associated proteins 1A/1B light
chain 3B (LC3).87 To the best of our knowledge, there are no
reports on the relevance of these additional mechanisms to RNA
presence in sEVs.

2.3. RNA binding proteins implicated in small extracellular
vesicle cargo loading

One mechanism of RNA cargo loading into sEVs is mediated by
RBPs (Fig. 1B). These are a functionally diverse group of proteins
that can form complexes with both single and double stranded
RNA. The ribonucleoprotein (RNP) complexes that are formed
play a crucial role in regulating post-transcriptional gene
expression. Numerous RBPs have been identified in recent
years,25,144 and advances in methodology have led to the
identification of RBPs lacking canonical RNA binding domains.55

Thus, in addition to structurally well-defined RNA binding
domains, complex protein–RNA interactions mediated by in-
trinsically disordered regions, protein–protein interaction inter-
faces, and enzymatic cores can contribute to regulation of gene
expression.55 Several RBPs are implicated in the sorting of RNAs
into EVs.39 These include heterogeneous nuclear ribonucleopro-
teins A2/B1 (hnRNPA2B1),159 SYNCRIP,58,132 HuR,105 major
vault protein (MVP),142,149 and YBX1.92,96,137 Selectivity for cargo
sorting into EVs is best studied for RNA molecules including
miRNAs.126 Thirty RBPs detected in exosomes have been found
to form complexes with both cellular RNA and exosomal-RNA
species.142 The authors concluded that since RBPs were found
bound to their related RNAs, the RBP-RNA were loaded into
exosomes as a complex. They suggest that RBPs could confer
functionality within exosomes, including the maintenance of
RNAs inside exosomes and shuttling RNAs into sEV recipient
cells.142 Post-translational modifications of RBPs such as
SUMOylation, uridylation, and ubiquitination play a role in the
selection of miRNA cargo for secretion in EVs.77,159 There are
a number of studies associating RBPs in trafficking miRNA to
MVBs for cargo loading. hnRNPA2B1 is awell-knownmediator of
sorting specific miRNAs into sEVs. First shown by Villarroya-Beltri
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et al. (2013), hnRNPA2B1 resides in the nucleus where it often
binds to polyU pre-mRNA. This hnRNP has been proven to bind
to miR-198, which was enhanced after the addition of small
ubiquitin-like modifier (SUMO) protein to hnRNPA2B1. Other
hnRNPA family proteins have been shown to havemiRNA binding
partners as well.39 In addition, knockdown of hnRNPA2B1 in
murine keratinocytes impaired their ability to package
miRNAs.176

Major vault protein is another ubiquitously expressed RBP
associated with transport of miRNAs into sEVs (Fig. 1B).
Silencing of MVP reduced RNA shuttled into exosomes by
approximately 50% while the total RNA in cells remained
unchanged, and introduction of MVP increased shuttled
RNA.142 In another study, knockout of MVP resulted in the
accumulation of miR-193a in the cytoplasm of donor cells,
instead of being released in exosomes.149 It is now well
established that there are major differences between the RNA
content of sEVs and their cells of origin. For example, exosomes
lack 18S and 28S rRNA.154 It is also known that different cell
types may use RBPs with distinct binding preferences to secrete
specific miRNA subsets in exosomes.137

We investigated mRNAs of all 30 identified RBPs in sEVs
released by cultured primary neurons and astrocytes, with the
majority showing no differential expression between the 2 cell
types. We observed that mRNAs of 3 RBPs hnRNPH1,
Argonaute 1 (AGO1), and Argonaute 4 (AGO4) were higher in
neurons, while annexin A2 (ANXA2) and MVP were significantly
lower compared to astrocytes. Similar to mRNA, MVP protein
level was higher in astrocytes compared to neurons but there was
no significant difference in ANXA2 protein between neurons and
astrocytes. In addition, MVP was present in astrocytic sEVs but
absent from neuronal sEVs, suggesting a role for MVP in
differential RNA sorting into astrocytic vs neuronal sEVs. Thus,
the mRNA and protein for MVP was upregulated in astrocytes
compared to neurons, and MVP was present in astrocytic sEVs
but not neuronal sEVs.95 The role of MVP in shuttling RNA in sEVs
released by neurons and astrocytes is not yet known.

2.4. RNA-inducing silencing complex complex and miRNAs

miRNAs associate with Argonaute 2 (AGO2) protein of the RISC
to form AGO2-miRNA complexes. These complexes have been
detected in both the extracellular space, such as plasma, as well
as in secreted exosomes.101 Thus, 2 distinct populations of
circulating miRNAs are conferred stability by associating with
AGO2 protein. This is an important consideration in biomarker
discovery based on capture and analysis of circulatingmiRNAs.11

The possibility of cells releasing functional miRNA-induced
silencing complex into the circulation as extracellular AGO2-
miRNA complexes cannot be ruled out.11 Cell culture conditions
can also affect the association of RBPs and RNAs with sEVs.

A large amount of nonvesicular RBPs were detected in
conditioned media indicating that culture conditions greatly
influence the RBP and RNA levels both inside and outside of
sEVs.71

2.5. Role of EXOmotif in miRNA packaging

One reported sorting mechanism for miRNA loading into sEVs
involves the presence of specific sequences in miRNA, called
EXOmotifs. For example, 4 base-long motifs (GGAG) are present
in EV-sorted miRNA at indiscriminate locations within the
sequence (Fig. 1B).159 EXOmotifs have a role for EV-targeted
release through interactions with SUMOylated hnRNPA2B1. In

addition to miRNA sorting EXOmotifs that determine miRNA
secretion in sEVs, cellular retention sequences called CELLmotifs
have been reported.46 Different cell types employ preferential use
of specific sorting sequences, thus defining the sEV miRNA
profile of that cell type. Increase in miRNA levels mediated by
EXOmotifs within sEVs enhanced inhibition of target genes in
distant cells, suggesting that thesemiRNA code not only provides
insights that link circulating sEV miRNAs to tissues of origin but
can be used for improved targeting in RNA-mediated therapies.46

Overall, multiple motifs have been reported to contribute to sEV
sorting and cellular retention in a cell type–specific manner,95 but
not all miRNAs within sEVs have knownmotifs, indicatingmultiple
mechanisms may be at play in vesicular encapsulation of
miRNAs. A recent CRISPR genome-wide screening study used
a library of artificially barcoded miRNAs containing EXOmotifs to
quantitively assess the levels of the barcoded miRNAs in EVs and
identify genes involved in the packaging and secretion of RNA.93

In addition to validating several previously reported genes, they
identified novel players including a critical role for Wnt signaling in
the regulation of EV release.93

2.6. Molecular condensates

Another mechanism proposed for sEV cargo loading is via
biomolecular condensates (Fig. 1B). These are non–membrane-
bound organelles within cells formed by liquid–liquid phase
separation, a process in which molecules such as proteins, RNA,
and other biopolymers are concentrated into a liquid-like
compartment. These include stress granules and processing
bodies (P-bodies) among others and can exhibit a preference for,
and exclusion of, specific proteins and RNAs.5 Based on studies
examining miR-223 sorting into exosomes by YBX1, it was
proposed that local enrichment of cytosolic RBPs and their
cognate RNAs via phase separation aids in their targeting and
packaging by vesicles that bud into MVBs.92 This can provide an
efficient mechanism for entry of RBP bound RNAs into ILVs,
which are then secreted as exosomes from cells.92 The precise
mechanisms by which cytosolic RBP-RNA complexes are
recognized by MVBs and are loaded into exosomes remain
largely unknown but is an active area of interest.

3. Small extracellular vesicles, miRNAs, and pain

A few recent publications have discussed the role of sEVmiRNAs
and their potential use as biomarkers and novel treatment
strategies in various pain disorders and rodent models of
pain.27,172,175 In a comprehensive overview of human studies
summarizing miRNA expression in the pathogenesis of chronic
primary and secondary pain, the authors performed in silico
analysis to identify target genes and pathways that are
differentially regulated and could potentially contribute to the
physiopathology of pain.129 Molecular profiling of the epidermis
using skin biopsy specimens from a homogeneous group of well-
phenotyped individuals with gain-of-function variants in the
voltage-gated sodium channel SCN9A gene identified alterations
in 4 tissue-specific miRNAs. These miRNA strongly distinguished
individuals with SCN9A gain-of-function mutations from healthy
control donors. Epidermal miRNA–mRNA network analysis
showed pain-relatedmolecular signature and cross-talk between
epidermal cells and axons in neuropathic pain.9 A study
investigating the correlation between the severity of symptoms
in knee osteoarthritis (KOA) with changes in serum EV sub-
populations identified changes in tetraspanin profiles between
control and patient EVs. They did not investigate miRNA
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composition but focused on EV proteins of the tetraspanin
superfamily, which are among the most abundant membrane
proteins in EV serum. The clear associations with KOA pain and
functional limitations with EV tetraspanin profiles suggest that
KOA influences the composition of EVs secreted into serum of
individuals with KOA.108

Few studies in rodent models have investigated sEVs released
by specific cells after culturing dissociated cells and isolating
sEVs released into culture media. Small extracellular vesicles
derived from both the central and peripheral tissues have been
studied. miRNAs released from dorsal root ganglion (DRG)
neurons in a rat chronic constriction injury model of neuropathic
pain identified an increase in 6 miRNAs. Of these miRNAs, which
were released from primary cultured DRG neurons prepared from
rats 7 days after nerve injury, miR-221 was also upregulated in
serum after nerve injury. miR-221 was not upregulated in an
inflammatory pain model induced by the intraplantar injection of
complete Freund adjuvant, suggesting specificity to models of
nerve injury.66 EV-mediated communication between neurons
and glia have been reviewed recently.1,114 The cargo character-
ization and function of sEVs released by satellite glial cells and
Schwann cells, and their implications in pain pathogenesis and
treatment, have also been reviewed recently.48

3.1. Small extracellular vesicles cargo alterations in the
context of pain

Several human and rodent model studies have reported
alterations in cargo composition in painful disorders. Studies on
circulating miRNAs were performed using patient samples
including blood, serum, plasma, and cerebrospinal fluid.115 Pain
disorders investigated include complex regional pain syndrome
(CRPS),33,120,125,164 migraine,10,43,145 osteoarthritis,76,108,122

rheumatoid arthritis,148 inflammatory bowel diseases,70

chemotherapy-induced pain,17 bone cancer pain,75 oral can-
cer,14,37 head and neck cancer,67 lumbar disc herniation,104 and
neuropathic pain.69,139 These studies serve as a foundation for
further investigations on how the cargo molecules facilitate
intercellular communication under pain states. Further, the
changes reported under pain state could be explored as potential
biomarkers in combination with other clinical parameters.

While sEV transfer can modulate various aspects of pain
processing, the cargo molecule most studied for their functional
impact is miRNA transfer.19,129 miRNAs can target genes
involved in painmodulation, thereby influencing neuronal function
and pain processing. Expression of inflammatory mediators
regulated by pro- and anti-inflammatory miRNAs can contribute
to the modulation of pain associated with inflammation.174 Small
extracellular vesicles released by neurons and glia have been
reported to affect neuronal excitability and sensitization, thereby
modulating signaling pathways in the nervous system.1,48,135

Small extracellular vesicles released by immune cells taken up by
neurons contribute to the neuroimmune crosstalk affecting pain
responses, especially in conditions where immune activation is
involved in pain states.31,97 Stimulation of sensory neurons in vitro
with capsaicin to activate neuronal TRPV1 receptors induced the
release of exosomes containing miR-21-5p. Uptake of these
exosomes by macrophages increased the expression of proin-
flammatory genes and proteins, suggesting neuron–macrophage
communication in the DRG after nerve trauma.138 Using neuron
specific exosome reporter mice with extracellularly localized
CD63-GFP 1 vesicles induced by neuronal CaMKII-Cre, it was
demonstrated that CD631 vesicles can be secreted from
neurons in the brain. Vesicles were primarily localized in soma

and dendrites but not in axonal terminals in vitro and in vivo.
miRNA cargos in secreted neuronal exosomes were transferred
into astrocytes regulating astrocytic function.102 A number of
neuronal functions such as axon guidance, synapse formation,
synapse elimination, neuronal firing, and potentiation have been
reported to be affected by sEV uptake.109 A recent study reported
that macrophages transfer mitochondria to neurons through
vesicles to resolve inflammatory pain.155 Several recent studies
showing therapeutic efficacy of sEVs in rodent models of pain are
listed in Table 1.

It is now established that sEVs play significant roles in both
physiological and pathological pain, acting as either beneficial or
detrimental agents depending on the complex interactions and
specific conditions under which sEVs exert their effects (Fig. 3A).
The beneficial effects can be from anti-inflammatory properties
dampening immune responses and promoting tissue repair to
alleviate pain in conditions such as arthritis.53,72 The cargo
molecules in sEVs can influence pain signaling pathways by
regulating gene expression and thereby modulating pain recep-
tors, either directly or indirectly, potentially providing pain relief.
The neuroprotective role of sEV cargo can facilitate the repair and
regeneration of neural tissues.173 On the contrary, sEVs released
by injured or cancer cells can transport proinflammatory
cytokines and other molecules that exacerbate pain. Tumor-
derived exosomes have been shown to contribute to cancer-
induced pain by promoting inflammation and sensitizing pain
pathways.14,37,47,75,90,113 Uptake of sEVs with molecules that
exacerbate inflammation and pain can lead to the amplification or
transition to chronic pain states. How sEVs travel long distances
in circulation to impact pain is an area that awaits further
exploration.

3.2. RNA binding proteins regulating pain

RNA binding proteins have been implicated in pain by regulating
mRNA cap recognition, stabilization, stimulation, repression, and
decay.30 Two RBPs shown to regulate miRNA loading into sEVs
have also been linked to painmodulation. Loss of function of RBP
Fragile X mental retardation protein (FMRP) results in Fragile X
syndrome. Studies using Fmr1-knockout mice have shown
decreased responses to ongoing pain and a lag in the onset of
injury-induced allodynia.116 FMR1 was reported to regulate
miRNA cargo loading into exosomes during inflammation
(Fig. 1B). Sequence-specific interactions between miRNAs and
FMR1 contributed to selective miRNA loading into exosomes via
interaction with components of the ESCRT pathway under
inflammation.168 RNA binding protein HuR has been implicated
in multiple sclerosis–related neuropathic pain and silencing spinal
HuR alleviated hypernociceptive behavior in mice.131 An in-
teresting avenue to pursue would be to determine the function of
RBPs transferred by sEVs into recipient cells and how RBP cargo
modulates gene expression and function upon its transfer.

3.3. miR-939 packaging into small extracellular vesicles in
complex regional pain syndrome and regulation of target
genes in recipient cells

Complex regional pain syndrome is a chronic pain disorder with
peripheral and central components. Individuals with CRPS have
a range of symptoms including pain and inflammation15 not
alleviated by commonly usedmedications. A persistent pain state
and chronic inflammation in individuals point to systemic
aberrations. Investigation of circulating miRNA changes in whole
blood from 41 individuals with CRPS compared to 20 control
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donors identified differential expression of 18 miRNAs.110 Of
these miRNAs, miR-939 ranked first and showed a 4.3-fold
downregulation in whole blood from individuals with CRPS.110

Investigations into the potential of miRNA to regulate target
gene expression is particularly important to advance our un-
derstanding of their role in pain. Mechanistic studies focusing on
individual miRNAs altered in circulation can provide insights on
the underlying molecular mechanisms regulating pain and
inflammation. Small noncoding miRNAs regulate gene expres-
sion by binding predominantly to the 39 untranslated region
(39UTR) of mRNAs by a 6- to 8-basepair seed sequence
complementarity to induce either mRNA degradation or trans-
lational repression. Therefore, miRNAs negatively regulate the
expression of target genes.13,165 Bioinformatic predictions
showed that miR-939 can potentially target several genes
encoding various proinflammatory mediators, including
interleukin-6 (IL-6), vascular endothelial growth factor A (VEGFA),
inducible nitric oxide synthase (NOS2A), and nuclear factor-kB2
(NFkB2). Among these putative targets, protein levels of IL-6 and
VEGF were significantly upregulated in the whole blood of
individuals with CRPS, and hence were negatively correlated
with miR-939 levels.110 Binding of miR-939 to the 39 UTR of
VEGFA, IL-6, NOS2A (iNOS), and NFkB2 was confirmed using
a luciferase reporter assay.99 To test the ability of miR-939 to
modulate inflammatory mRNAs in vitro, we transfected THP-1
(human monocytic) and HUVEC (human umbilical vein endothe-
lial) cells, representing 2 cell types in constant contact with
circulating molecules. miRNAs can regulate gene expression by
mRNA degradation or translational repression. Matched qPCR
and ELISA/western data showed that miR-939-mediated gene
regulation occured through both degradation and translational
repression depending on the target gene. Overexpression ofmiR-
939 cell-specifically reduced levels of both endogenous IL-6 and
NOS2A mRNA and their gene products in THP-1 and HUVEC

cells, respectively. miR-939 overexpression reduced VEGFA
levels in THP-1 cells, but not levels of its mRNA, suggesting
regulation by translational repression.99 Thus, both cellular
context and modality of miRNA target gene regulation could
have a significant role on downstream gene and protein
expression.

There was significant upregulation of plasma levels of VEGFA
and IL-6 proteins in all or a subset of individuals with CRPS
compared with control,110 in line with observations above
showing miR-939 reduced the protein levels of IL-6 and VEGFA
secreted into the media under inflammatory conditions.99 The
functional consequence of miR-939 downregulation on NOS2A
was assessed by determining levels of the NOS substrate,
L-arginine, in individuals with CRPS. There was a significant
decrease in L-arginine levels in individuals with CRPS, suggesting
that a reduction in miR-939 may contribute to an increase in
NOS2A protein and NO and thereby result in inflammation. Thus,
miR-939 may regulate multiple proinflammatory genes and that
downregulation of miR-939 may increase expression of its target
genes, including those involved in amplification of proinflamma-
tory signaling cascades.99

Asmentioned earlier, miRNAs in circulation can be transported
via vesicles including exosomes, microvesicles, or apoptotic
bodies. Alternately, miRNAs are rendered protection from
RNases when present in association with high density lipoprotein
(HDL) or the AGO protein complex. These could be nonspecific
products resulting from cell death.153 Thus, it is crucial to
determine whether miRNAs are released randomly upon cell
death or from a regulated compensatory mechanism in response
to a stress signaling, such as inflammation. Determining the
source of aberrant circulating miRNAs in chronic pain can have
a significant clinical impact in identification of therapeutic
targeting strategies and biomarker discovery. Live cells employ
multiple distinct processes to release miRNA-containing

Table 1

Recent studies showing therapeutic efficacy of small extracellular vesicles in rodent models of pain.

Year Model system sEV type Proposed mechanisms Effects Ref.

2020 Nerve crush injury (rat) SKP-SC EVs Akt/mTOR/p70S6K pathway activation Axonal regeneration 169

2021 CFA-induced inflammation (mouse) RAW 264.7
sEVs

Anti-inflammatory miRNAs Attenuated mechanical allodynia 68

2022 IDD via needle puncture (rat) hMSC EVs Notch signaling via Vasorin Disc regeneration 91

2022 Carrageenan-induced inflammation
(mouse)

BMDM sEVs Transfer of mitochondria from CD200R1

BMDMs to iSec11 sensory neurons
Resolution of pain 155

2022 Carrageenan-induced tendinopathy (rat) iMSC sEVs Inhibiting mast cell infiltration Alleviated acute pain and inflammation 45

2022 SNI (mouse) hPMSC sEVs miR-26a-5p/Wnt5a signaling Attenuated mechanical hypersensitivity 94

2022 IS (rat) huMSC sEVs NLRP3 inhibition Neuroinflammation and mechanical allodynia
alleviation

171

2023 Osteoarthritis (mouse) hMSC EVs Inhibition of neuronal hyperexcitability via NGF Reduced pain behavior 2

2024 IDD via needle puncture (mouse) PRP EVs LncRNA MALAT1 regulating miR-217/SIRT1 to
inhibit NF-kB/NLRP3-mediated pyroptosis

Promoted cell proliferation 147

BMDM, bone marrow–derived macrophages; CFA, complete Freund adjuvant; hMSC, human mesenchymal stem cells; hPMSC, human placental mesenchymal stem cells; huMSC, human umbilical cord mesenchymal stem

cells; IDD, intervertebral disc degeneration; iMSC, induced mesenchymal stem cells; IS, interstitial cystitis; PRP-EVs, platelet-rich plasma-derived EVs; sEV, small extracellular vesicles; SKP-SC, skin precursor–derived

Schwann cells; SNI, spared nerve injury.

Table 2

Clinical trials evaluating the efficacy of small extracellular vesicles as a treatment for pain.

Study identifier Disease/Condition Treatment Phase and enrollment (N) Study status Location

NCT05261360 Degenerative meniscal injury Synovial fluid–derived mesenchymal stem
cells–derived exosomes

Phase II, N 5 30 Recruiting Türkiye

NCT04849429 Intervertebral disc pathology Platelet-rich plasma enriched with exosomes Phase I, N 5 30 Completed India
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exosomes. Though it is difficult to determine the exact source of
exosomes in circulation, immune cells can contribute to
circulating miRNAs in blood.28

To determine whether exosome miRNAs reflect the miRNA
signature in whole blood of individuals with CRPS,110 we profiled
miRNAs in exosomes purified from the serum of 6 individuals with
CRPS and 6 healthy controls.100 As an endogenous control, we
used the mean CT (cycle threshold) values of the 10miRNAs with
the lowest standard deviation. We observed differential expres-
sion of 127 miRNAs between CRPS and control-derived
exosomes.100 Sixteen of the 18 miRNAs dysregulated in
individuals with CRPS from our previous study were detected in
human serum–derived exosomes, but only 5, including miR-939,
were significantly altered. In the exosome fraction of patient blood
miR-939 was significantly upregulated; however, in whole blood
miR-939 was downregulated.110 Thus, although miR-939 was
downregulated in whole blood (relative to total RNA including
RNA derived from all circulating immune cells),110 miR-939 was
significantly upregulated in the serum-derived sEV fraction
(normalized to sEV RNA).100 This change in directionality should
be considered in the context of total RNA normalization methods,
as there are;25-fold more miRNAs in whole blood compared to
exosomal miRNA.22

Another study characterizing individuals with CRPS over
a course of 2.5 years of standard treatment investigated
exosomal miR-223 and miR-939 expression. This longitudinal
study compared the changes in pain over this time period and
then stratified individuals into “pain relief” (mean pain reduced
by $ 2 numeric rating scale) or “persistence” (mean pain
unchanged or worsened) groups. Although individuals reported
lower pain and improved clinical characteristics after 2.5 years,
they did not observe significant differences in miR-223 and miR-
939 expression and in quantitative sensory testing. Stable
exosomal miR-223 was observed in indviduals meeting the
criteria for pain relief but decreased further when pain
persisted.125 Since a high incidence of CRPS after fracture has
been reported, another study compared exosomes from
individuals with CRPS to those with fracture. They found that
miR-223-5p but not hsa-miR-144-5p was downregulated in
individuals with CRPS compared to thosewith fracture.33 It will be
interesting to compare miRNA expression in individuals with
CRPS from different studies to healthy control donors reported in
literature if identical methods38,141 are used in sEV and RNA
isolation.

Higher levels of miR-939 in exosomes from individuals with
CRPS suggests 2 possibilities: under inflammation (1) cells
upregulate proinflammatory genes by selectively reducing cellular
miR-939 through its secretion and (2) deliver the protective anti-
inflammatory miR-939 to recipient cells using exosome-mediated
signaling (Fig. 2). However, this raises the question as to why
upregulation of exosomal miR-939 in individuals with CRPS does
not reduce inflammation. This could be due to reduced/impaired
efficacy of exosomal uptake by immune cells in individuals with
CRPS. Inefficient delivery of anti-inflammatory miRNAs including
miR-939 can increase proinflammatory gene expression in
acceptor cells, leading to an outcome that differs from normal
cellular response. It is possible that inflammation can upregulate
the packaging of anti-inflammatory miRNAs into exosomes, and
the uptake of these exosomes can decrease proinflammatory
gene expression in recipient cells under normal conditions.
Aberrant exosome uptake by specific immune cells could
contribute to chronic inflammation in inividuals with CRPS.

Endogenous mRNAs were shown to modulate miRNA sorting
into exosomes and transfer to acceptor cells.140 Thus, miRNA

secretion in sEVs could be a mechanism whereby cells rapidly
dispose of excessmiRNAs. Thiswould prevent downregulation of
target mRNAs and regulate cellular miRNA:mRNA homeostasis.
If this mechanism is employed by different cell types, then
perturbations in EV synthesis and release can affect cellular
homeostasis and the proinflammatory target genes of miR-939.
miR-939 packaging into sEVs could serve as a unique model to
understand both miRNA alterations in an inflammatory state and
how sEV-mediated gene regulation can influence pro- and anti-
inflammatory homeostasis. Our studies suggest that there is
a reciprocal regulation between miR-939 and its target mRNAs,
and that blocking exosome release can upregulate cellular miR-
939 and downregulate all 4 or a subset of target mRNAs.

Proinflammatory mediators like cytokines and chemokines
play an important role in selectively recruiting immune cells such
as monocytes and neutrophils.32 Plasma levels of monocyte
chemoattractant protein-1 (MCP-1), a chemokine also known as
C-C motif chemokine ligand 2 (CCL2), is reported to be elevated
in inividuals with CRPS.110,112 Thus, we modeled an in vitro
system by treating human monocytic THP-1 cells with MCP-1 to
(1) assess if higher MCP-1 levels can influence miR-939
packaging into sEVs and (2) if the uptake of sEVs overexpressing
miR-939 can alter gene expression in recipient cells. We
observed that miR-939 was packaged into sEVs under in-
flammation (Fig. 2). This was specific for MCP-1 because LPS
treatment of sEV donor cells did not induce miR-939 packaging
into sEVs, indicating that sEV composition is governed by the
stimulus.121 Increase in miR-939 also caused the lowering of its
target mRNA IL-6. sEV miR-939 was decreased upon LPS
stimulation, which could be due to the elevated levels of cellular
IL-6 acting as amiRNA “sponge” and reducing available miR-939
that can be packaged.121 Thus, sorting ofmiRNAs into exosomes
can be modulated by changing either cellular miRNA expression
or their respective endogenous target mRNA levels in the donor
cells.140 Collectively, these observations suggest that miRNA
cargo sorting into sEVs is governed by cellular context and
signaling.

As mentioned above, miRNAs contain sequence motifs called
EXOmotifs, which control their localization in exosomes. These
short sequence motifs are overrepresented in miRNAs that are
commonly enriched in exosomes, allowing miRNAs to be
specifically recognized (and bound) by transport protein
hnRNPA2B1. These motifs control the loading of miRNAs into
exosomes.158 miR-939 sequence harbors one such EXOmotif
(GGAG). Mutation of this EXOmotif under inflammatory stimula-
tion reducedmiR-939 expression in sEVswhen compared to wild
type miR-939, but did not completely abolish its incorporation
into sEVs. This suggests that additional mechanisms could be at
play in miR-939 packaging into sEVs.

nSMase2 aids exosomal secretion,79 and nSMase2 inhibitors
such as GW4869 and spiroepoxide88 are widely used to inhibit
the secretion of sEVs from cells. Additional commercially available
inhibitors of nSMase2 include manumycin-A or brefeldin A.103

Monensin is another pharmacological tool that can be employed.
It is a Na1/H1 exchanger that induces changes in intracellular
calcium (Ca21), resulting in the generation of large multivesicular
bodies and enhanced exosome release.133 Thus, pharmacolog-
ical tools of exosome formation and release6,63,88 can be used to
elucidate if there is increase in cellular miRNA levels. When THP-1
cells were treated with GW4869, there was an increase in cellular
miR-939 levels121 indicating that inhibiting the secretion of sEVs
resulted in the retention of miR-939 within the cells.

In conducting studies investigating uptake of sEVs expressing
miR-939, we observed that proinflammatory gene expression
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was always higher in recipient cells. This was due to the use of
lipofectamine for miR-939 transfection into donor cells for sEV
packaging, suggesting that other proinflammatory molecules
may be packaged into sEVs in addition to miR-939.121 Other
studies have recommended caution in using transfection
reagents for RNA interference studies, as these agents are
known to cause subtle changes in inflammatory gene expres-
sion.170 Thus, we pursued electroporation of naı̈ve sEVs to
efficiently package sEVs with miRNA with parameters optimized
due to the smaller surface area of the vesicle compared to
a eukaryotic cell surface.160 Iodixanol was used in the electro-
poration buffer to reduce aggregation and maximize colloidal
stability, since the low zeta potentials of sEV membranes (230
mV) makes them susceptible to aggregation after electropora-
tion.60 Global RNA sequencing studies of THP-1 recipient cells
after the uptake of miR-939–enriched sEVs showed a reversal of
inflammation supporting a protective anti-inflammatory role for
miR-939 (Fig. 2). This reversal in transcript expression, although
closer to naı̈ve cellular state, was not total under the experimental
conditions employed.121 This could be due to the fine-tuning
function miRNAs exert on gene expression.

While in vitro studies can providemechanistic insights on cargo
sorting and the functional impact of specific miRNA enriched
sEVs in cells of interest, it is crucial to determine the source of the
miRNAs of interest that are altered in circulation under disease
states. Although it is technically challenging to determine the
source of sEVs in circulation because of the heterogeneous
nature of both the sEVs present and the cells releasing them,
controlled comparative studies can be performed by isolating
immune cells of interest from study participants. We used
peripheral blood mononuclear cells (PBMCs) to obtain CD41

T cells, CD81 T cells, monocytes, NK cells, and B cells and
confirmed their purity by flow cytometry. The cells were
immediately incubated in exosome-depleted RPMI individually
for 24 hours, and the supernatant was used to isolate immune
cell–specific sEVs for downstream analysis.121

The sEVs secreted by B cells, T cells, and NK cells showed
elevated levels of miR-939 compared to monocyte-derived sEVs
in controls. However, in individuals with CRPS, the ability of
immune cells to secrete miR-939 within sEVs is diminished. Only
B-cell–derived sEVs showed a significantly higher level of miR-
939 among all the immune cell–derived sEVs. Studies using
murine models of CRPS suggested that therapies directed at
reducing B-cell activity may be beneficial in treating individuals
with CRPS.89 Thus, it is possible to obtain insights on the source
of aberrant expression of specific miRNAs and potentially link
them to cellular functions altered under disease states.

4. Clinical applications of small extracellular vesicles
for pain

There is an emerging interest in understanding the role of sEVs in
mediating pain and how they could be used as therapeutics and
biomarkers (Fig. 3B). From a drug delivery perspective, sEVs can
serve as natural nano-carriers for an array of therapeutic agents,
including small molecules, proteins, and nucleic acids. The
membrane protects EV cargo from degradation and could
facilitate targeted delivery to specific tissues or cells. Small
extracellular vesicles are considered to be safe, less immuno-
genic than their donor cells, and biodegradable when compared
to lipid nanoparticles.107 Amajor challenge in RNA therapeutics is
the inability of these molecules to cross cell membranes.35 An
advantage of sEVs over lipid nanoparticles is that sEVs have an
intrinsic ability to cross cellular and tissue barriers7,52 and are

endowed with endogenous cell-entry mechanisms. Small extra-
cellular vesicles loaded with cannabinoids were successfully
delivered to cancer cells, and a similar strategy has been
proposed to alleviate cancer pain.74 Although sEVs can cross
the blood–brain barrier, challenges remain to ensure the drugs or
therapeutic agent can reach the target of interest. For sEVs to be
successful as a therapeutic strategy, several challenges need to
be addressed; efficient scale-up of sEV production, controlled
and reproducible loading of EVs with endogenous or exogenous
drug, and poor pharmacokinetics (EVs have a short half-life of
minutes in vivo after systemic administration)107,146 are all
impediments to be addressed. However, sEVs show much
promise as an effective therapeutic. The lipids within EVs can
exert a signaling role. Extracellular vesicles are reported to be
a highly potent source of eicosanoids such as prostaglandins and
leukotrienes, and are active both in vitro and in vivo.123 Small
extracellular vesicles derived from stem cells possess regener-
ative properties, and their immunomodulatory properties have
been reported in various preclinical models including osteoar-
thritis and spinal cord injury.81 Small extracellular vesicles derived
from native or engineered immune cells (to express specific
antigens) can modulate immune responses and hold promise as
therapeutic agents for treating autoimmune diseases, inflamma-
tory and pain disorders, and cancer.68,73 Immune cell–derived
sEVs can exert an immunoprotective or immunosuppressive
effect on target cells and are capable of presenting peptide
loaded major histocompatibility complexes (MHC) to
T cells.127,163

5. Conclusions

Although sEV biogenesis has been well studied, the exact
mechanisms that ultimately determine the fate of molecules for
secretion in cells are not understood. Extracellular vesicles
biogenesis is highly organized and regulated, and the general
cargo loading mechanisms have been described. Yet it is unclear
how, or why, certain molecules are loaded into sEVs. This is also
true for sEV uptake by recipient cells; while there are several
theories as to how sEVs could be targeted to certain recipients,
a convincing paradigm that can explain such a mechanism and
the factors involved is lacking. Obscurity of cargo loading
mechanisms for the different types of macromolecules present
in sEVs, including RNA, impedes researchers from utilizing sEVs
to their full extent. These shortcomings are additionally con-
founded by the complicated nature of sEV uptake in recipient
cells and the effects of different forms of internalization, which
may affect the functionality of cargo. There are some significant
gaps in knowledge that prevent full exploitation of these nano-
carriers. An enhanced understanding of the biodistribution profile
of exogenously administered sEVs and delaying rapid clearance
can improve targeted sEV delivery.

A recent study evaluated a single injection of EVs from bone
marrow–derived mesenchymal stem cells, an advanced in-
vestigational product, into the lumbar facet joint space as
a treatment for chronic low back pain (Table 2).166 A single
injection did not induce any adverse effects during the 90-day
evaluation period. Moreover, there was a significant and steady
improvement of the scores across 3 different assessments of pain
severity, interference, and disability over the entire 90-day study
period, suggesting durable efficacy and minimal safety risks. A
follow-up randomized controlled trial is needed to further evaluate
the safety and efficacy of EVs.166 To widen the therapeutic
potential of EVs, it will be necessary to determine the feasibility of
engineering cell type–specific targeting which is seldomobserved
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at this point in time. If such mechanisms exist, elucidating them
would be incredibly beneficial to broadening the application of
EVs as a treatment option for more diseases and routine clinical
applications.
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[108] Mustonen AM, Palviainen M, Säisänen L, Karttunen L, Tollis S, Esrafilian
A, Reijonen J, Julkunen P, Siljander PR, Kröger H, Mäki J, Arokoski J,
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