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Abstract

Spinal cord injury (SCI) initiates a complex secondary cascade characterized by disruption of the blood—spinal cord barrier (BSCB), infil-
tration of peripheral immune cells, and chronic neuroinflammation. Within this response, macrophages and microglia act as key effectors
that critically influence both the progression of injury and the subsequent repair processes. Mesenchymal stromal/stem cell-derived small
extracellular vesicles (MSC-sEVs) have recently gained recognition as a promising cell-free therapeutic approach that acts through mul-
tiple paracrine mechanisms, including but not limited to immunomodulation. This review summarizes current evidence elucidating how
macrophages and microglia contribute to the multifaceted therapeutic actions of MSC-sEVs in the context of SCI. Following intravenous
administration, MSC-sEVs preferentially localize to the lesion site, where they are internalized by CD206™ macrophages. This inter-
action initiates a multifaceted therapeutic program. First, MSC-sEVs not only reprogram myeloid cells toward an anti-inflammatory,
M2-like phenotype but also sustain this reparative state, thereby stabilizing a pro-resolving immune environment, attenuating the pro-
duction of proinflammatory cytokines such as TNF-« and IL-6, and enhancing the expression of anti-inflammatory mediators, including
Interleukin-10 (IL-10) and Transforming growth factor-beta (TGF-$). This polarization is partly driven by transferred microRNAs that
suppress central inflammatory signaling hubs, notably the Toll-like receptor 4 (TLR4)/Nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-xB) and NOD-like receptor protein 3 (NLRP3) inflammasome pathways. Second, MSC-sEVs augment macrophage
phagocytic capacity, facilitating the removal of myelin debris and apoptotic cells and thereby creating a permissive microenvironment
for regeneration. Third, soluble factors released from reprogrammed myeloid cells confer neuroprotective and trophic support to neurons
and oligodendrocytes, mitigating secondary degeneration. Finally, these cells contribute to the re-establishment of BSCB integrity by
promoting tight junction protein re-expression, reconstituting pericyte—endothelial interactions, and enhancing microvascular remodel-
ing. Collectively, these coordinated mechanisms suppress neuroinflammation, preserve neural tissue, and support functional recovery.
The therapeutic benefits of MSC-sEVs in SCI, therefore, depend substantially on the reprogramming of macrophages and microglia.
Elucidating this bidirectional communication between MSC-sEVs and myeloid cells provides critical insight into SCI pathophysiology
and identifies macrophage and microglial modulation as a strategic target for next-generation sEV-based neuroregenerative interventions.
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spinal cord barrier

1. Introduction [2,3]. Early BSCB breakdown exposes the injured cord
to blood-borne mediators and promotes infiltration of cir-

Spinal cord injury (SCI) is a catastrophic neurological  ¢ylating leukocytes, amplifying pro-inflammatory signal-
condition that frequently leads to lifelong sensorimotor dis-  jng (e.g., Nuclear factor kappa-light-chain-enhancer of ac-
ability and reduced quality of life [1]. Beyond the primary  tjvated B cells (NF-xB)-associated cytokine programs in-
mechanical insult, a secondary injury cascade—including  yolving Tumor necrosis factor-alpha (TNF-q), Interleukin-

microvascular failure, blood—spinal cord barrier (BSCB) | peta (IL-1/) and Interleukin-6 (IL-6) and exacerbating tis-
disruption, and neuroinflammation—expands tissue dam- sue loss [4,5].

age over hours to weeks and limits spontaneous recovery

Copyright: © 2026 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/FBL47612
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-3155-5116

After SCI, both microglia and monocyte-derived
macrophages are rapidly activated and play indispensable
roles in subsequent pathophysiological processes [5,6]. De-
spite their distinct developmental origins—microglia aris-
ing from yolk sac progenitors as resident immune cells of
the central nervous system (CNS) [7], and macrophages be-
ing derived from circulating monocytes—both cell types
belong to the myeloid lineage and emerge as major con-
tributors to the inflammatory milieu following SCI [8,9].
While microglia are specialized for CNS surveillance and
rapid injury responses [10] and infiltrating macrophages
are recruited from the periphery, both populations undergo
dynamic activation and polarization after injury, adopting
phenotypes along the classical M1 (pro-inflammatory) and
alternative M2 (anti-inflammatory) axes [8,9]. Importantly,
the context-dependent activation of these two myeloid pop-
ulations critically dictate the magnitude of inflammation,
scar formation, and ultimately neurological outcome after
SCI [6,10,11]. Thus, therapeutic strategies aimed at appro-
priately regulating the functions of macrophages and mi-
croglia around the lesion site may represent a critical av-
enue for the treatment of SCI.

Mesenchymal stromal/stem cell-derived small extra-
cellular vesicles (MSC-sEVs) are membrane-bound par-
ticles with a diameter of approximately 30-200 nm, re-
leased from MSCs [12]. MSC-sEVs are a subclass of ex-
tracellular vesicles that include exosomes which are com-
monly enriched in markers such as CD63, CD81, and CD9
[12]. These nano-sized vesicles carry a complex cargo
of proteins, lipids, and nucleic acids (including microR-
NAs), which is influenced by their parent cell’s profile
and can mediate intercellular communication [13]. Impor-
tantly, MSC-sEVs are widely considered a major effec-
tor of the paracrine therapeutic actions of MSCs [6] and
may offer advantages in terms of biological stability, im-
munological safety, and ease of standardization compared
to whole-cell therapies [14]. In SCI research, preclini-
cal studies using rodent models report that intravenously
delivered MSC-sEVs can reach the injured spinal cord
and preferentially associate with M2-like macrophages,
accompanied by enhanced TGF-3/TGF-f receptor sig-
naling, microvascular stabilization, and BSCB restora-
tion and increased junctional proteins (e.g., ZO-1, oc-
cludin, N-cadherin) [6]. Other reports further suggest that
MSC-sEVs can reprogram myeloid responses—shifting
macrophages toward pro-resolving phenotypes and rescu-
ing impaired macrophage phagocytosis of inhibitory myelin
debris—thereby improving tissue preservation and loco-
motor recovery in experimental SCI [15,16]. Accord-
ingly, this review synthesizes MSC-sEV therapy through
a macrophage/microglia-centered framework, focusing on
five interlinked processes: (1) phenotypic reprogramming
toward pro-resolving states; (2) cytokine modulation and
cell survival; (3) enhanced efferocytosis and myelin/debris
clearance; (4) support of neuroprotection and axonal repair;
and (5) microvascular stabilization and BSCB repair.

2. Spinal Cord Injury
2.1 Primary and Secondary Injury Following SCI

SClI is a chronic, life-altering neurological condition
with traumatic and non-traumatic causes [17]. Across
most registries, road-traffic collisions and falls account
for the largest share of traumatic SCI, with a young male
predominance. In the aging populaton low-energy falls
and non-traumatic etiologies—ischemia/reperfusion, vas-
cular malformations, neoplasms, infection, and inflamma-
tory myelopathies—are increasingly represented [18]. Re-
gardless of cause, a stereotyped sequence—primary me-
chanical insult followed by secondary biochemical and cel-
lular cascades—governs tissue loss and functional outcome
[19].

Contusion, compression, distraction, or laceration
shear axons and microvessels, producing intraparenchy-
mal hemorrhage and an immediate dysfunction of the
BSCB that initiates the secondary injury cascade [20].
Within this secondary phase, gray-matter neurons and
oligodendrocytes are disrupted; ionic disequilibrium
(Na™ influx/K™ efflux) and conduction block develop
within minutes [21]. Edema and local ischemia are
compounded by ongoing spinal cord compression and
vasospasm [22]. Excess extracellular glutamate activates
N-methyl-D-aspartate (NMDA)/ «-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors,
inducing Ca2* overload and mitochondrial dysfunction
that drive reactive oxygen/nitrogen species and lipid
peroxidation [23]. Protease systems (e.g., calpains) and
matrix metalloproteinases (MMP-2/9) loosen endothelial
junctions and promote pericyte detachment, thereby
amplifying BSCB permeability and edema [24]. In par-
allel, TLR-NF-xB signaling elevates pro-inflammatory
cytokines (e.g., TNF-«, IL-13, IL-6), recruits neutrophils
and monocyte-derived macrophages, and activates resident
microglia [25]. These processes culminate in demyeli-
nation and axonal degeneration (Wallerian degeneration),
followed by astroglial/fibroblastic scarring enriched in
chondroitin sulfate proteoglycans (CSPGs) and, in severe
cases, cystic cavitation [26]. Thus, diverse etiologies
converge on microvascular failure, excitotoxic/oxidative
injury, and excessive scar formation; processes that are
exacerbated by myeloid-driven inflammation.

2.2 Myeloid Cells as Central Effectors of the Innate
Immune Response After Spinal Cord Injury: Activation of
Macrophages and Microglia

Macrophages and microglia are the dominant innate
immune effectors in the injured spinal cord, and their phe-
notypic states decisively shape the pathological trajectory
by influencing both recovery and inflammation mediated
secondary injury (Fig. 1A). In the acute phase (typically
0-3 days post injury), activated microglia and infiltrat-
ing macrophages rapidly respond to mechanical and is-
chemic damage, contributing to debris clearance and con-
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tainment of cellular damage, while also releasing pro-
inflammatory mediators that can exacerbate neuronal and
glial loss [9]. These dual roles—both protective and
deleterious—underscore their importance as central mod-
ulators of the injury microenvironment [8]. Because these
myeloid programs are highly plastic and responsive to local
cues, they represent tractable targets for therapeutic inter-
vention aimed at modulating both primary and secondary
injury cascades [27].

Within minutes to hours after SCI, microglia shift
from a surveillant to an activated state; neutrophils
surge over the first 24-48 h; and monocyte-derived
macrophages infiltrate and, by ~day 3-7, dominate the
lesion core [28], limiting injury spread through elimina-
tion of damaged cells (Fig. 1B) [29]. Within a week
of SCI, macrophages predominate in the lesion core,
with both deleterious (M1, inducible nitric oxide synthase
(INOS)/Tumor necrosis factor-alpha (TNF-«)-driven) and
reparative (M2, CD206/Transforming growth factor-beta
(TGF-f)-rich) programs (Fig. 1C) [9]. Microglia, the
tissue-resident macrophages of the CNS, share this plastic-
ity [30], however, activated resident microglia and infiltrat-
ing macrophages are often indistinguishable in function. A
sustained M1 bias impedes healing, whereas M2 polariza-
tion supports tissue repair and wound resolution [31]. Im-
portantly, the M1/M2 paradigm represents a simplified con-
ceptual framework; in vivo, macrophages and microglia ex-
ist along a continuous activation spectrum rather than dis-
crete binary states, dynamically shifting phenotypes in re-
sponse to local microenvironmental cues such as cytokines,
damage-associated molecular patterns (DAMPs), and cell—-
cell interactions [30,32]. Activation state does not uniquely
specify ontogeny: M1-like or M2-like transcriptional pro-
grams can be expressed by either lineage depending on
niche cues, so origin often requires fate tracing rather than
surface markers alone [30]. This phenotypic plasticity un-
derscores the therapeutic opportunity to redirect rather than
simply suppress myeloid cell responses after SCI.

The rapid activation of microglia and infiltrating
macrophages following the primary mechanical insult con-
stitutes a double-edged response; essential for debris clear-
ance and neuroprotection yet liable to exacerbate tissue
damage through dysregulated inflammatory signaling. This
is in contrast to peripheral wounds that resolve rapidly [29].
As these myeloid populations persist and adapt to the evolv-
ing microenvironment, their phenotypic transitions increas-
ingly influence vascular integrity, glial reactivity, and ex-
tracellular matrix dynamics. These shifts mark the transi-
tion from the acute innate immune response to a chronic,
myeloid-driven phase of secondary injury, characterized by
sustained BSCB dysfunction and scar formation, which will
be discussed in the next section.
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2.3 Myeloid-Driven Secondary Injury: Sustained BSCB
Dysfunction and Scar Formation

Activated myeloid cells (microglia and infiltrating
monocyte-derived macrophages) function as key drivers
of the non-permissive microenvironment that defines sec-
ondary injury, primarily by coordinating a pathologi-
cal crosstalk between sustained blood-spinal cord barrier
(BSCB) dysfunction and maladaptive matrix remodeling
[33,34]. Release of pro-inflammatory cytokines (e.g., TNF-
a, IL-1p) and proteolytic enzymes, including matrix met-
alloproteinases (MMP-2/9), that dismantle endothelial tight
junctions and degrade the vascular basement membrane
[35] results in a persistent increase in BSCB permeability
(Fig. 1D). As shown in Fig. 1D, BSCB permeability ex-
hibits a characteristic biphasic pattern: an initial peak at
1-2 weeks post-injury is followed by a transient decline
around 4 weeks, then a secondary elevation at approxi-
mately 6 weeks, with incomplete recovery persisting be-
yond 10 weeks [2]. This prolonged vascular leakage fuels
parenchymal edema and sustains the local accumulation of
chemoattractants, driving a continuous influx of peripheral
leukocytes that perpetuates a self-amplifying cycle of neu-
roinflammation throughout the subacute-to-chronic phases
of SCI [36]. In addition to releasing cytotoxic proinflam-
matory cytokines and increasing BSCB permeability, the
same activated myeloid populations promote assembly of
an inhibitory glial and fibrotic scar. Although macrophages
can directly contribute fibronectin and collagen to the le-
sion core, their predominant role is instructing other cells
to deposit scar material [37,38]. Sustained secretion of pro-
fibrotic mediators such as TGF-/ [39] by macrophages in-
duces reactive astrocytes and perivascular fibroblasts to de-
posit a dense, cross-linked scar matrix enriched in chon-
droitin sulfate proteoglycans (CSPGs) and collagens [40].
This pathological crosstalk culminates in a self-reinforcing
loop: a compromised BSCB continually fuels the pro-
fibrotic myeloid response, while the resulting stiff, non-
compliant scar which physically entraps microvessels, im-
pairs reperfusion, and prevents meaningful vascular repair
[41,42]. Therefore, myeloid cells do not merely participate
in secondary injury; they actively couple vascular and ma-
trix pathology to create and maintain an environments that
is inhibitory to axonal regrowth, remyelination, and func-
tional recovery.

3. MSC-EV Therapy
3.1 MSC-sEVs

MSC therapies for SCI has been investigated for more
than two decades in animal models and have advanced into
multiple early-phase clinical studies [43]. Although multi-
ple studies have shown improved functional outcomes after
intravenous or intrathecal delivery of MSCs in animal mod-
els of SCI, little to no engraftment of MSCs has been found
within the lesioned areas [2], arguing that MSCs do not di-
rectly participate in tissue repair, but rather secrete factors
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Fig. 1. Temporal dynamics of injury progression, immune responses, and blood—spinal cord barrier disruption after spinal cord
injury. Schematic representation of the temporal profile of spinal cord injury (SCI). The upper panel (A) illustrates the rapid primary
injury followed by a prolonged secondary injury phase. Subsequent panels depict immune cell dynamics (B), including neutrophil
infiltration, microglial activation, and macrophage accumulation, as well as macrophage/microglia polarization from proinflammatory
(M1) to anti-inflammatory (M2) phenotypes (C). The lower panel (D) shows the time-dependent increase and partial recovery of blood—
spinal cord barrier (BSCB) leakage over 10 weeks after injury. Created in BioRender. Nakazaki, M. (2026) https://BioRender.com/z01
x89y.
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which travel to the injury sites. One of the early effects of
MSC treatments on the injured spinal cord was a rapid stabi-
lization of the BSCB. MSC administration reduces macro-
molecular leakage and edema, restores tight-junction orga-
nization (e.g., ZO-1, occludin, claudins) [6], and enhances
pericyte—endothelial coupling [34], thereby curbing leuko-
cyte influx and limiting the number of inflammatory cells
in the paranchyma [34]. These changes also correlate with
a suppression of key proteases (calpains, MMP-2/9), rebal-
ancing toward increased production of the metalloprotease
inhibitor TIMPs [44].

Mesenchymal stromal/stem cell-derived small extra-
cellular vesicles (MSC-sEVs) are largely responsible for the
therapeutic effects observed following intravenous MSC
administration. The term “sEVs” encompasses heteroge-
neous vesicle populations (30-200 nm in diameter) released
by MSCs, including exosomes and other subtypes; defini-
tive assignment to a specific biogenesis pathway requires
demonstration of endosomal origin markers [45]. In our
studies western blot analysis showed that hMSC-sEVs sam-
ples were highly enriched in three key exosomal surface
marker proteins (CD63, CD9, and Alix), when compared
to equivalent protein amounts from the cultured MSCs from
which the sEVs were isolated [6,11]. Thus, while we feel
that the sEVs we use are highly enriched in exosomes, we
use the conservative term sEVs. MSC-sEVs are increas-
ingly recognized as key mediators of paracrine activity, ca-
pable of delivering microRNAs, proteins, and lipids to tar-
get cells [6]. Although intravenously infused MSCs do not
reach the lesion site, they become trapped in the lung mi-
crovasculature, where they survive for 2-3 days and con-
tinuously release MSC-sEVs into the systemic circulation
(Fig. 2) [2,6]. These circulating MSC-sEVs subsequently
accumulate at the site of SCI and are preferentially internal-
ized by activated CD206"-macrophages/microglia within
the lesion microenvironment [6]. This mechanism explains
how MSCs exert therapeutic effects at distant injury sites
without direct cellular engraftment.

MSC-sEVs reproduce key MSC effects on functional
recovery and restoration of BSCB function—reducing per-
meability, reinforcing tight and adherens junctions, and
increasing pericyte coverage—while also reprogramming
macrophages/microglia toward IL-10/TGF-g-rich states
that favor barrier repair and controlled matrix replacement
[6,11]. Consistent with this model, fractionated dosing of
MSC-sEVs over a three day time period consistent with the
survival time of MSCs trapped in the lungs after intravenous
delivery mimicked both the functional locomotor improve-
ments and accelerated BSCB recovery of intravenous MSC
treatment in subacute SCI [6]. These effects induced by
MSC-sEVs may also be mediated by secondary factors (in-
cluding sEVs) initiated in MSC-EV recipient cells [6].
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3.2 MSC-sEV Cargo

The cargo of MSC-sEVs is complex, including pro-
teins, mRNAs, microRNAs (miRNAs), cDNA, and lipids,
each with the potential to alter the phenotypical expression
of recipient cells [46]. Experiments showing that RNase
treatments of MSC-sEVs abolished their protective effects
on kidney ischemia—reperfusion injury, argued that RNAs
were likely a key active component of MSC-sEVs [47]. In
particular, miRNAs have long been proposed as key me-
diators: as each miRNA regulates numerous mRNA tar-
gets, reshaping rates of mRNA translation and decay and
profoundly altering gene expression, allowing small quan-
tities of miRNAs to exert outsized effects on cell functions
[34]. miRNAs can regulate key processes such as inflam-
mation, apoptosis, angiogenesis, and neurogenesis, offer-
ing new avenues for promoting functional recovery after
SCI. Intravenous delivery MSC-sEVs have been shown to
modulate gene expression in injured spinal tissue, reduc-
ing neuronal apoptosis, suppressing inflammation, and pro-
moting vascular and neural regeneration. Specific miR-
NAs identified in MSC-sEVs—such as miR-381, miR-21-
5p, miR-126, and miR-216a-5p—target signaling pathways
(e.g., BRD4/WNTS5A, FasL, SPRED1/PIK3R2, TLR4/NF-
xB/PI3K/AKT) which can orchestrate these effects, respec-
tively [48,49]. However, while upregulating the expres-
sion of specific RNAs in MSCs has been shown to influ-
ence therapeutic efficacy, the lack of comprehensive RNA-
seq, proteomics, and lipidomics on the administered sEVs
makes it uncertain whether other cargoes may have been
inadvertently altered. As emphasized by Minimal infor-
mation for studies of extracellular vesicles (MISEV) 2023
[45], altering donor cells can unpredictably shift EV bio-
genesis, yield, and composition, complicating attribution
to the engineered RNA alone. Conceptually, it is also im-
portant to recognize that miRNAs typically function within
cooperative regulatory networks, and although individual
miRNAs or mRNAs may be necessary, or even sufficient,
to produce specific effects on targeted cells, the broader
compositional architecture of the sEV cargo is more likely
to determine the therapeutic efficacy. Overall, preclinical
evidence suggest that RNAs are the most likely mediators
of the therapeutic effects MSC-sEVs in SCI, while leaving
open which RNA species, or combinations, are critical for
these effects.

3.3 Recipient Cells of MSC-sEVs in Spinal Cord Injury

The potential cell targets for MSC-sEVs in the injured
cord include all major cellular compartments within the le-
sion: tissue-resident microglia and recruited macrophages
at the border [6,11,34,50], neurons [51,52], astrocytes [53],
oligodendrocytes [52,54], endothelial cells [55], and peri-
cytes [56], lining the central canal [49]. Route and timing of
delivery shape apparent targeting. After intravenous dosing
in the subacute window, labeled sEVs are most consistently
detected within lesion phagocytes [6,11,50], whereas in-


https://www.imrpress.com

L.V infusion of MSC

L.V Injection

sEV secretion from
trapped MSCs

MSC-sEV delivery to
spinal cord injury

Systemic
, Circulation
*v
Trapped MSC
Ty Activated
‘ Macrophage/
Microglia
)
!".
~/MSC-sEVs delivery
MSC-sEVs to spinal cord injury

Fig. 2. Proposed mechanism of MSC-derived small extracellular vesicle (EV) delivery to the injured spinal cord following systemic

administration. Following intravenous (I.V.) infusion, mesenchymal stromal/stem cells (MSCs) do not traffic directly to the injury site;

instead, due to their relatively large size (15-30 pm), they become entrapped within the lung microvasculature, where they survive

transiently for 2-3 days (left panel). During this period, the trapped MSCs continuously secrete small extracellular vesicles (MSC-

sEVs, 30-200 nm in diameter) into the systemic circulation (middle panel). These circulating MSC-sEVs subsequently home to sites

of tissue injury, including the damaged spinal cord, where they extravasate through the disrupted blood-spinal cord barrier (BSCB) and

accumulate within the lesion microenvironment (right panel). At the injury site, MSC-sEVs are preferentially internalized by activated

macrophages and microglia. The internalized sSEVs deliver bioactive cargo, including immunomodulatory microRNAs, to reprogram

macrophage/microglial function and promote a reparative microenvironment conducive to neural repair [6]. Created in BioRender.

Nakazaki, M. (2026) https://BioRender.com/6kegcsw.

tralesional or intranasal delivery often yields stronger colo-
calization with neurons and astrocytes [57]. Caution is war-
ranted about interpretation of MSC-sEVs uptake in some
in vivo studies however, as resolution of the micrographs
could not always conclusively distinguish between surface-
bound sEVs and true sEVs uptake [50].

Although MSC-sEVs influence multiple cellular
nodes in SCI, macrophages/microglia emerge as the dom-
inant in vivo conduit translating vesicle cargo into lesion-
wide benefits [6,11,34,50]. The direct evidence shows that
intravenously delivered MSC-sEVs selectively accumulate
within macrophages of the injured spinal cord [50]. Using
DiR-labeled sEVs isolated from rat bone marrow MSCs and
high-resolution confocal microscopy, it was demonstrated
that MSC-sEVs trafficked specifically to contused, but not
intact, spinal cord regions, where fluorescence “hotspots”
co-localized with CD206" M2-type macrophages, but not
with iNOS* M1 macrophages, neurons, astrocytes, en-
dothelial cells, or pericytes. Three-dimensional reconstruc-
tions confirmed that these sEVs were internalized rather
than surface-bound, indicating genuine cellular uptake [50].

The preferential uptake of MSC-sEVs by M2
macrophages can be attributed to the distinctive sur-
face receptor profile and enhanced phagocytic capacity
characteristic of the M2 phenotype. M2 macrophages
express high levels of scavenger receptors, including
CD206 (mannose receptor), CD36, and CD163, which
facilitate recognition and internalization of extracellular
particles [6,11,58,59].  Phosphatidylserine exposed on
the sEV surface serves as an “eat-me” signal recognized
by receptors such as TIM4 and MerTK expressed on
phagocytic cells [60]. Additionally, MSC-sEVs interact
with heparan sulfate proteoglycans on the recipient cell
surface, and subsequent internalization proceeds via lipid
raft/caveolar-mediated endocytosis [61].

The lesion microenvironment appears to prime M2
macrophages for preferential SEV uptake. In vitro studies
demonstrated that macrophages polarized to an M2 pheno-
type with IL-4 stimulation, cultured under low pH condi-
tions (pH 6) mimicking the acidic inflammatory milieu, and
exposed to phagocytosis-inducing debris showed markedly
enhanced uptake of DiR-labeled MSC-sEVs [6,11]. No-
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Fig. 3. Illustration of MSC-sEV-mediated modulation of macrophages and microglia following SCI. Mesenchymal stromal/stem
cells (MSCs) secrete small extracellular vesicles (MSC-sEVs) enriched in bioactive cargo, including regulatory microRNAs, mRNAs,
and proteins. Following systemic administration, MSC-sEVs are preferentially internalized by macrophages and microglia at the SCI
lesion site, triggering a coordinated immunomodulatory program that shifts these cells toward an anti-inflammatory, reparative (M2-like)
phenotype. The downstream functional consequences include: (1) Increased M2 phenotype polarization: MSC-sEV-derived microRNAs
suppress TLR4/NF-xB signaling and downregulate M1-associated transcription factors, promoting expression of M2 markers such as
CD206 and Argl. (2) Elevated anti-inflammatory cytokine production: The M1—M2 phenotypic shift results in reduced secretion of pro-
inflammatory cytokines (TNF-c, IL-14, IL-6) and enhanced production of anti-inflammatory mediators (IL-10, TGF-$). (3) Enhanced
phagocytic capacity: M2-polarized macrophages/microglia exhibit increased phagocytic activity, facilitating clearance of cellular debris
and myelin fragments. (4) Neuroprotection: M2 macrophages/microglia secrete neurotrophic factors (IGF-1, BDNF, NGF) and anti-
inflammatory cytokines (IL-10, TGF-/3) that activate PI3K-AKT, JAK-STAT3, and Smad pathways, promoting neuronal survival, neurite
outgrowth, and reduced excitotoxicity. (5) Blood-spinal cord barrier (BSCB) repair: MSC-sEV-induced TGF- signaling upregulates
tight junction proteins (ZO-1, occludin) and adherens junction proteins (N-cadherin), restoring BSCB integrity and reducing vascular
permeability. Together, these MSC-sEV-mediated effects mitigate secondary injury cascades, stabilize the lesion microenvironment, and
promote functional recovery following SCI. Created in BioRender. Nakazaki, M. (2026) https://BioRender.com/n70q8ut.

tably, SEV uptake was not observed in M 1-polarized or rest-
ing MO macrophages under any condition tested [6,11,50].
This suggests that active phagocytic priming, rather than
CD206 expression alone, is required for efficient MSC-
sEV internalization. The acidic microenvironment at the
lesion site, combined with the presence of myelin debris
and other damage-associated molecular patterns, likely cre-
ates the optimal conditions for M2 macrophage-selective
uptake of MSC-sEVs. Collectively, these findings iden-
tify macrophages/microglia as a key cellular target through
which MSC-sEVs mediate anti-inflammatory, trophic, and
vascular-stabilizing effects in SCI. The next section there-
fore focouses on macrophage/microglia-mediated mecha-
nisms in detail.
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3.4 Macrophages/Microglia in MSC-sEV Therapy

Mononuclear phagocytes—tissue-resident microglia
together with recruited monocyte-derived macrophages —
are the predominant in vivo recipients of MSC-sE Vs follow-
ing SCI. Several convergent features account for this pri-
macy (i) spatiotemporal proximity, with microglia rapidly
surveying the parenchyma and macrophages accumulat-
ing at the lesion border from ~24 h onward [62]; (ii)
vesicle-capture capacity driven by phagocytic receptors and
recognition of sEV surface lipids (e.g., phosphatidylser-
ine) [63]; and (iii) network centrality, as myeloid cells
shape the lesion microenvironment by controlling NF-xB—
linked cytokines, proteases, and pro-resolving mediators
that, in turn, govern BSCB integrity, astrocyte states, ma-
trix architecture, and neuronal survival [64]. Biodistri-
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MicroRNAs in MSC-sEVs
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Fig. 4. MicroRNA-mediated regulation of macrophage/microglial polarization and cell death by MSC-sEVs.
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MSC-sEVs de-

liver regulatory microRNAs to activated macrophages and microglia. miR-216a-5p, miR-23b, miR-181c, and miR-146a-5p suppress
TLR4/NF-xB signaling, while miR-125a and miR-124-3p inhibit IRF5 and Ern1, respectively, collectively promoting M1—M2 polar-

ization. This phenotypic shift reduces pro-inflammatory cytokines (TNF-a, IL-1/3, IL-6) and enhances anti-inflammatory mediators
(IL-10, TGF-p). Additionally, miR-146a-5p and miR-21a-5p block NLRP3-mediated pyroptosis via TRAF6 and PELII targeting, while
miR-21-5p inhibits apoptosis through PDCD4 suppression. Created in BioRender. Nakazaki, M. (2026) https://BioRender.com/mtb1410.

bution and co-localization studies consistently detect in-
travenously delivered sEVs within reparative (“M2-like”)
macrophages/microglia at subacute time points, with far
less signal in iNOS™ M1 cells [6,11,50]. Functionally,
SEV cargo (microRNAs, mRNAs, proteins, and lipids)
reprograms these cells toward efferocytosis-competent,
TGF-B/IL-10-tich phenotypes that attenuate TNF-o/IL-
13 output [11], suppress MMP-2/9 activity, and reduce
fibronectin-/collagen-driven scarring [16]. The ensu-
ing immuno-vascular stabilization—tightened endothelial
junctions, improved pericyte coupling, and restoration of
BSCB permeability—promotes neuronal/oligodendroglial
preservation and axonal plasticity [34,64]. These processes
are schematically illustrated in Fig. 3 and are further de-
tailed in the following subsections.

3.4.1 Increased Anti-Inflammatory (M2)
Macrophage/Microglial Phenotype

MSC-sEVs exhibit strong immunomodulatory capac-
ity, being preferentially incorporated by macrophages and
microglia and actively promoting their polarization to-
ward the anti-inflammatory, reparative M2 phenotype,
thereby transforming the local microenvironment from a
pro-inflammatory to a restorative state [6,11,15,50,65—68].
Intravenously delivered hMSC-sEVs predominantly local-

ize to CD206™ M2 macrophages along the edges of the
SCI lesion site, showing minimal colocalization with the
M1 marker iNOS in vivo [6,11,50]. This M1-to-M2 pheno-
typic shift is primarily mediated by exosomal microRNAs
(miRNAs), which target distinct signaling nodes to repro-
gram myeloid cell function (Table 1, Ref. [15,66,67,69—
741, Fig. 4).

Multiple microRNAs (miRNAs)-target axes converge
on TLR4/NF-xB signaling. Exosomal miR-216a-5p de-
rived from hypoxia-preconditioned BM-MSCs shifts mi-
croglia from M1 to M2 via TLR4/NF-xB suppression
[69]. Similarly, miR-181¢ from hUC-MSC-sEVs down-
regulates TLR4 and depresses p65 activation [70], while
miR-23b targets TLR4 to suppress NF-«B signaling in BV2
microglia; TLR4 overexpression reverses these effects,
confirming pathway specificity [71]. Furthermore, miR-
146a-5p from hypoxia-preconditioned BM-MSC-sEVs tar-
gets TNF receptor-associated factor 6 (TRAF6), suppress-
ing downstream NF-xB signaling and promoting M1—+M2
macrophage polarization, thereby attenuating neuroinflam-
mation and improving functional recovery after SCI [67].
Beyond TLR4/NF-xB axis, miR-125a from BM-MSC-
sEVs down-regulates IRFS5, a master transcription factor
driving M1 polarization, thereby promoting M2 polariza-
tion and neuroprotection [15]. Additionally, miR-124-3p
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Table 1. Key microRNAs in MSC-sEV-mediated macrophage/microglial modulation after spinal cord injury.

Micro RNA Sample source Expression  Target genes Target pathways Cell types Biological effect Year/References
miR-216a-5p Hypoxia- Down TLR4 TLR4/NF-xB Microglia M1—-M2 shift; Inflammation | 2020/ Liu et al. [69]
preconditioned
BM-MSC-sEVs
miR-181c hUC-MSC-sEVs Down TLR4 TLR4—NF-kB (p65) Macrophages TNF-a |, IL-15 |; IL-10 1 2021/ Zhang et al. [70]
miR-23b BM-MSC-sEVs Down TLR4 TLR4—NF-xB Microglia (BV2) 1IL-6 |, IL-18 |, TNF-a |; IL-10 1 2021 / Nie and Jiang [71]
iRl4gasp | ypovia-preconditioned TRAF6 TRAF6—NLRP3 Macrophage, Microgli M1—M2 polarization/Pyroptosis | 2024/ Liang et al. [67]
miR-146a- own — acrophage, Microglia — olarization/Pyroptosis
P BM-/MSC-sEVs; hUC- phag g P yrop 2022 / Hua et al. [74]
MSC-sEVs
miR-125a BM-MSC-sEVs Down IRFS5 IRF5 signaling Macrophages M2 polarization 1; Neuroprotection 2021/ Chang et al. [15]
miR-124-3p BM-MSC-sEVs Down Ernl Ernl signaling Macrophage, Microglia M2 polarization 1; Inflammation | 2020/ Lietal. [72]
miR-21-5p IL-4-primed Down PDCD4 PDCD4-mediated apoptosis Macrophages M1—-M2 shift; Inflammation |, Apoptosis | 2025/ Liet al. [66]
hUC-MSC-sEVs
miR-21a-5p BM-MSC-sEVs Down PELII NLRP3 mediated Pyroptosis ~ Macrophage, Microglia Pyroptosis | 2024/ Guet al. [73]

Abbreviations: BM, bone marrow; hUC, human umbilical cord; MSC-sEVs, mesenchymal stem/stromal cell-derived small extracellular vesicles; IRFS, interferon regulatory factor 5; TLR4, Toll-like receptor 4;
NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; PI3K/Akt, phosphoinositide 3-kinase/protein kinase B; TRAF6, TNF receptor-associated factor 6; IRAK1, interleukin-1 receptor-associated
kinase 1; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; PDCD4, programmed cell death 4; PELI1, Pellino E3 ubiquitin protein ligase 1; PTEN, phosphatase and tensin homolog; Ern1, endoplasmic

reticulum to nucleus signaling 1; ER, endoplasmic reticulum; M1/M2, classically activated (pro-inflammatory)/alternatively activated (anti-inflammatory) macrophage phenotypes; 1, increase/upregulation; |,

decrease/downregulation.
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suppresses Ernl signaling, promoting M2 polarization
and reducing inflammation in macrophages and microglia
[72]. MSC-sEVs also modulate M1/M2 balance through
apoptosis-related pathways. Exosomal miR-21-5p from IL-
4-primed hUC-MSC-sEVs targets PDCD4 (programmed
cell death 4), suppressing PDCD4-mediated apoptosis and
shifting macrophages from M1 to M2, with concurrent re-
duction in inflammation [66]. These findings demonstrate
that MSC-sEVs selectively reprogram macrophages and
microglia toward a reparative M2 phenotype through mul-
tiple convergent miR-mediated mechanisms.

In addition to miRNAs, emerging evidence impli-
cates other non-coding RNAs in MSC-sEV-mediated im-
munomodulation after SCI. Notably, long non-coding
RNA (IncRNA)-Gm37494-loaded exosomes from adipose
tissue-derived MSCs have been shown to regulate M1/M2
polarization of microglia through the miR-130b-3p/PPAR~y
axis [75]. More broadly, genome-wide analyses have un-
covered SCl-related IncRNA expression profiles and reg-
ulatory axes (e.g., IncRNA/miR-21a-5p/Smad7) involved
in spinal fibrotic scar formation [76]. Additionally, cir-
cular RNAs (circRNAs) such as CDR1as regulate fibro-
sis through the miR-7a-5p/TGF-5R2/Smad pathway after
SCI [77]. Whether MSC-sEVs can be engineered to de-
liver these functional IncRNAs and circRNAs to modu-
late macrophage/microglial responses remains an important
area for future investigation.

3.4.2 Cytokine Modulation and Cell Survival

MSC-sEVs coordinate an anti-inflammatory program
in injured tissues by dampening pro-inflammatory signaling
while amplifying pro-resolving mediators [66,68,73,78]. In
arat SCI model, intravenously delivered MSC-sEVs signif-
icantly demonstrated lower level of systemic serum TNF-«
and IL-6 compared to PBS and increased M2 macrophage
abundance at the lesion, consistent with both local and sys-
temic immunomodulation [11]. Consistent effects are seen
across models: bone-marrow—derived MSC-sEV's suppress
canonical pro-inflammatory cytokines (e.g., IL-1/3, TNF-
«) and rebalance myeloid activation. After traumatic brain
injury, MSC-sEVs decreased IL-13 and TNF-a within 24
h, while shifting microglia/macrophages from an M1-like
(iNOShieh) toward M2-like (CD206/Arg1"e") states [79].
As described in section 3.4.1, MSC-sEVs promote M2
polarization while suppressing M1 phenotype (Table 1,
Fig. 4); consequently, the cytokine milieu shifts from pro-
inflammatory (IL-13, TNF-a, IL-6) to anti-inflammatory
and pro-resolving mediators (IL-10, TGF-(3), reflecting the
altered functional state of reprogrammed macrophages and
microglia.

In addition to cytokine modulation, MSC-sEVs sup-
press multiple forms of programmed cell death that am-
plify tissue damage after SCI. MSC-sEVs potently in-
hibit inflammasome-mediated pyroptosis: MSC-sEVs po-
tently suppress inflammasome-mediated pyroptosis, a form
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of inflammatory cell death that amplifies tissue damage
after SCI. Exosomal miR-146a-5p from hUC-MSC-sEVs
targets TRAF6, inhibiting NOD-like receptor protein 3
(NLRP3) inflammasome activation and reducing pyropto-
sis in macrophages and microglia (Table 1, Fig. 4) [74]. In
parallel, miR-21a-5p from BM-MSC-sEVs targets PELII,
an E3 ubiquitin ligase that promotes NLRP3-mediated py-
roptosis; suppression of PELI1 enhances autophagy and in-
hibits pyroptotic cell death in macrophages and microglia,
thereby attenuating neuroinflammation (Table 1, Fig. 4)
[73]. In addition to pyroptosis, MSC-sEVs also inhibit
apoptosis. Exosomal miR-21-5p from IL-4-primed hUC-
MSC-sEVs targets PDCD4 (programmed cell death 4), a
pro-apoptotic tumor suppressor that promotes inflamma-
tion and cell death. Down-regulation of PDCD4 suppresses
apoptosis in macrophages and shifts their phenotype from
M1 to M2, with concurrent reduction of inflammatory cy-
tokines (Table 1, Fig. 4) [66]. Thus, MSC-sEVs protect
against both pyroptosis and apoptosis, collectively preserv-
ing cell viability and promoting a reparative microenviron-
ment.

Taken together, MSC-sEVs exert broad anti-
inflammatory and cytoprotective effects through three
interconnected mechanisms: (i) suppression of pro-
inflammatory cytokines (IL-18, TNF-«a, IL-6) and
enhancement of anti-inflammatory mediators (IL-10,
TGF-p); (ii) inhibition of pyroptosis; and (iii) sup-
pression of apoptosis. These convergent mechanisms
collectively reduce inflammatory cell death and cytokine
storm, thereby preserving tissue integrity and creating a
microenvironment conducive to neural repair. Notably,
individual microRNAs can exhibit context-dependent,
double-edged effects; for example, miR-21-5p has also
been implicated in TGF-S-mediated fibrogenic activation
of spinal fibroblasts and fibrotic scar formation after SCI
[39]. This underscores that therapeutic benefit likely arises
not from any single microRNA but from the coordinated
action of multiple microRNAs delivered by MSC-sEVs,
which together balance pro-repair and anti-fibrotic sig-
nals to promote functional recovery. These convergent
mechanisms collectively reduce inflammatory cell death
and cytokine storm, thereby preserving tissue integrity and
creating a microenvironment conducive to neural repair.

3.4.3 Enhancement of Phagocytic Capacity and
Debris/Pathogen Clearance

After SCI, inefficient clearance of cellular debris—
especially myelin fragments laden with axon growth—
inhibitory lipids and proteins—perpetuates inflammation
and impedes regeneration [80]. Restoring macrophage
phagocytic capacity is thus a rational therapeutic target to
foster a pro-regenerative milieu in the injured CNS. MSC-
sEVs restore macrophage debris clearance and improve out-
comes after SCI. In a rodent SCI model, MSC-sEVs rescued
the post-injury phagocytic defect of infiltrating monocyte-
derived macrophages, increased in vitro and in vivo up-
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take of myelin debris, and translated these cellular effects
into improved axon regrowth and enhanced hindlimb lo-
comotor recovery [16]. Mechanistically, myelin debris is
cleared via multiple receptors on phagocytes; among them,
MARCO (macrophage receptor with collagenous structure)
has been implicated in binding polyanionic ligands and par-
ticipating in myelin debris recognition/uptake [16]. Phar-
macologic antagonism of MARCO with poly-G blunted
exosome-driven myelin uptake and attenuated functional
recovery [16]. EV-mediated MARCO induction thus pro-
vides a mechanistic link between MSC-sEVs and enhanced
debris clearance after SCI.

M2-biased macrophages are primed for efferocytosis
and high-capacity clearance. Across tissues and disease
models, M2 macrophages exhibit strong efferocytic activ-
ity (the engulfment of apoptotic cells)—a phenotype as-
sociated with resolution of inflammation and tissue repair
[81]. Reviews from immunology and drug-discovery per-
spectives converge on this point and highlight efferocytosis
as a tractable therapeutic axis to redirect macrophages to-
ward pro-resolving functions [81,82]. MSC-sEVs both act
on and are internalized by reparative macrophages. In SCI,
intravenously administered MSC-sEVs home to the lesion
and are preferentially taken up by M2-type macrophages
in vivo [6,11,50]. Complementary in vitro evidence shows
that IL-4—stimulated, M2-like rat macrophages exposed to
a central-myelin—enriched fraction (acidic pH conditions)
efficiently internalize DiR-labeled human MSC-sEVs, sup-
porting a positive feedback loop in which sEVs both repro-
gram and are captured by reparative macrophages [6,11].
MSC-sEVs broadly tune macrophage phenotype and func-
tion.

MSC-sEVs enhance macrophage effector function
by (i) restoring phagocytosis of inhibitory myelin debris
through upregulating debris-recognition machinery such as
MARCO, and biasing macrophages toward M2-like, effero-
cytic states. These coordinated actions accelerate removal
of detrimental debris, mitigate the inhibitory microenviron-
ment, and support axonal regrowth and functional recovery
after SCI.

3.4.4 Macrophage/Microglia-Mediated Support for
Neuroprotection and Tissue Regeneration

Polarization of macrophages and microglia toward
the M2 phenotype driven by upstream modulators such as
MSC-sEVs contributes to the establishment of a reparative
environment marked by reduced neurotoxicity, diminished
glial scarring, and activation of neuronal and axonal regen-
erative programs [15,83,84]. In vitro, conditioned media
from IL-4/IL-13—induced M2 macrophages elicit in adult
dorsal root ganglion (DRG) neurons a distinctive neurite
phenotype characterized by elongation and sparse branch-
ing and promote neurite extension across CSPG-rich in-
hibitory substrates [85]. In contrast, M1 macrophages in-
duce short, highly branched neurites and exert direct neu-
rotoxic effects [86]. Mechanistically, M2 macrophages
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upregulate arginase-1, thereby diverting L-arginine toward
polyamine biosynthesis (putrescine/spermidine/spermine),
which functions downstream of cAMP to mitigate myelin-
and MAG-mediated growth inhibition [86]. Concurrently,
M2-associated proteolytic signatures, defined by restrained
MMP-9 activity and matrix-remodeling bias, may enable
selective ECM turnover in perineuronal regions without
compromising neuronal stability, thus maintaining growth-
permissive microenvironments [86]. M2 macrophages also
secrete a neurotrophic repertoire including IGF-1, BDNF,
and NGF, each capable of directly engaging neuronal recep-
tors to support survival, plasticity, and neurite outgrowth
[87]. Notably, macrophage-derived IGF-1 alone induces
robust sprouting from DRG explants; inhibition or deletion
of neuronal IGF-1R abolishes this effect, confirming a di-
rect neuron-targeted mechanism [88].

Beyond trophic support, M2 macrophages are en-
riched sources of IL-10 and TGF-5 [89]. Both cytokines
directly activate survival pathways in neurons: IL-10 en-
gages IL-10R to trigger Phosphoinositide 3-kinase (PI3K)—
Protein kinase B (AKT) and Janus kinase (JAK)- Signal
transducer and activator of transcription 3 (STAT3) signal-
ing, stabilizing mitochondria and suppressing glutamate-
induced apoptosis via Bcl-2/Bcl-xL induction [90]; TGF-
B activates Smad-dependent and Smad-independent cas-
cades, conferring anti-apoptotic and anti-excitotoxic effects
while promoting neuroplasticity across diverse injury mod-
els [91]. These neuron-intrinsic pathways complement the
previously described growth-promoting mechanisms.

Microglia similarly confer direct trophic support to
neurons. Microglia-derived IL-10 and TGF-# activate the
same PI3K-AKT/JAK-STAT3 and Smad/non-Smad sur-
vival pathways, respectively, via direct signaling, and com-
plement microglial surveillance interactions with neurons
[90,91]. Collectively, these macrophage- and microglia-
mediated, neuron-directed mechanisms operate in paral-
lel with debris clearance and inflammation resolution to
facilitate axonal navigation through inhibitory substrates
and promote neuronal viability in the post-injury CNS.
Across CNS injury models, M2-skewed macrophages and
microglia reprogram neuronal growth through polyamine-
mediated pathways, deliver IGF-1, BDNF, and NGF
directly to neurons, and activate IL-10— and TGF-5—
dependent intracellular survival cascades. This multifac-
torial, neuron-targeted support contributes to the robust as-
sociation between M2 polarization, reduced neurotoxicity,
and improved structural and functional outcomes.

3.4.5 M2 Macrophage— and Microglia—Mediated Vascular
Stabilization and Blood—Spinal Cord Barrier (BSCB)
Repair

Disruption of the blood—spinal cord barrier (BSCB)
following SCI initiates edema, leukocyte infiltration, and
subsequent tissue loss. Among neuroimmune regulators
within the neurovascular unit (NVU), macrophages and mi-
croglia exhibit dual functions: pro-inflammatory (M1) phe-
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notypes exacerbate oxidative and proteolytic damage to the
endothelium, while reparative (M2) states facilitate resolu-
tion, vascular restoration, and barrier re-sealing [92]. Con-
vergent evidence from SCI and broader CNS models sug-
gests that promoting M2-like and homeostatic programs
is critical for re-establishing microvascular integrity and
BSCB functionality, typically accompanied by the reap-
pearance of tight-junction (TJ) and adherens-junction (AJ)
proteins (occludin, claudin-5, ZO-1) and functional recov-
ery [41].

A key reparative pathway is characterized by im-
munomodulatory regulation at the endothelial interface.
Pro-inflammatory cytokines such as TNF-a and IL-173,
characteristic of M1-like responses, increase endothelial
permeability and suppress TJ proteins (e.g., claudin-5,
Z0-1) via PKCv/NF-xB signaling, thereby compromis-
ing barrier integrity [41]. In contrast, M2-polarized
macrophages and homeostatic microglia produce anti-
inflammatory mediators—principally IL-10 and TGF-5—
that stabilize brain/spinal endothelial cells, inhibit apop-
tosis, and preserve TJ architecture. For example, ex-
ogenous IL-10 restores claudin-5 expression and TJ orga-
nization under systemic inflammatory conditions through
STAT3-mediated survival signaling in brain microvascular
endothelium [93]. Structural analyses of the BBB/BSCB
underscore that recovery of claudin-5, occludin, and ZO-
1 is mechanistically aligned with barrier repair and re-
flects the cytokine milieu associated with M2-like states
[41]. A distinct process involves purinergic-dependent mi-
croglial sealing at compromised microvessels. /n vivo two-
photon imaging has demonstrated that juxtavascular mi-
croglia rapidly extend processes following microvascular
injury to form a P2RY12-dependent seal, restricting ex-
travasation; pharmacologic or genetic P2RY 12 blockade at-
tenuates this response [94].

Collectively, these reports indicate that macrophages
and microglia play coordinated and phase-dependent roles
in BSCB restoration. The sustained presence of anti-
inflammatory and homeostatic signals, particularly IL-10
and TGF-j, supports endothelial stability, limits leukocyte
infiltration, and promotes tight-junction repair. Therapeu-
tic approaches that maintain these reparative phenotypes,
such as MSC-sEV-mediated modulation of myeloid cells,
may provide an effective means to achieve long-term BSCB
stabilization after SCI.

4. Clinical Translation Challenges and
Future Perspectives

Despite positive preclinical results in rodent SCI mod-
els, several barriers remain for clinical translation of MSC-
sEVs.

4.1 Standardization and Quality Control

Current isolation methods produce heterogeneous
products with variable potency, and batch-to-batch vari-
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ability remains a significant concern [95]. Key quality
metrics—particle size distribution, surface marker profiles
(CD9, CD63, CD81), and cargo composition—differ sub-
stantially between protocols, and many clinical trials lack
detailed sEV characterization, reducing reproducibility [95,
96]. Potency assays are not yet robust or standardized, and
marker-based quantification does not guarantee therapeu-
tic efficacy [96]. Advances in Good Manufacturing Prac-
tice (GMP) production have enabled scalable isolation, but
defining critical quality attributes and establishing release
criteria remain active areas of development.

4.2 Storage and Stability

MSC-sEVs can be stored at —80 °C with preserved
bioactivity, offering logistical advantages over live cell
therapies [97]. However, optimal storage conditions,
freeze-thaw stability, and long-term shelf-life require fur-
ther standardization for clinical-grade products.

4.3 In Vivo Biodistribution and Pharmacokinetics

Understanding the biodistribution, clearance kinetics,
and target tissue accumulation of systemically administered
MSC-sEVs is critical for dose optimization and safety as-
sessment. Current evidence suggests rapid hepatic and
splenic uptake following intravenous administration, with
limited accumulation at injury sites without targeted de-
livery strategies [50]. Engineering approaches—including
surface modification with targeting peptides, magnetic
guidance, and hydrogel-based local delivery—may en-
hance therapeutic efficacy by improving site-specific reten-
tion [98].

4.4 Safety and Regulatory Considerations

MSC-sEVs have low tumorigenic risk compared to
cell-based therapies, but do not fit existing drug or cell ther-
apy regulatory categories, complicating approval pathways
and GMP compliance [95]. Data on long-term immuno-
genicity and repeated dosing remain limited [95,97]. These
challenges are important but tractable, and ongoing regula-
tory dialogue will be essential for establishing appropriate
frameworks.

4.5 Translational Models

Current preclinical evidence predominantly derives
from rodent models, which provide valuable mechanistic
insights but may not fully recapitulate human SCI patho-
physiology [5,99]. Large animal models including porcine
and canine SCI offer closer anatomical and physiological
parallels to humans, particularly regarding spinal cord di-
mensions, CSF dynamics, and immune responses, poten-
tially providing more predictive efficacy and safety data
[99,100]. Organoid-based in vitro systems and patient-
derived induced pluripotent stem cell (iPSC) models rep-
resent complementary approaches for mechanistic studies
and personalized medicine applications [101].

&% IMR Press


https://www.imrpress.com

4.6 Future Directions

Integration of MSC-sEV therapy with emerging tech-
nologies offers promising avenues for optimization. Per-
sonalized genomic approaches may enable patient stratifi-
cation and prediction of therapeutic response [98]. Addi-
tionally, combination strategies incorporating MSC-sEVs
with biomaterial scaffolds, electrical stimulation, or reha-
bilitative training may enhance functional recovery through
synergistic mechanisms. Engineering tools that enable
targeted drug delivery, such as surface-modified sEVs or
stimulus-responsive release systems, represent active areas
of development [98,102—104]. Future research should pri-
oritize cross-model validation studies that bridge rodent,
large animal, and human-derived systems to establish ro-
bust therapeutic paradigms and accelerate clinical transla-
tion.

5. Conclusions

Macrophages and microglia are central regulators of
the neuroimmune and vascular responses that shape the
trajectory of spinal cord repair. Evidence summarized in
this review indicates that MSC-sEVs exert their therapeutic
efficacy primarily through bidirectional interactions with
these myeloid populations. By promoting and maintain-
ing anti-inflammatory, efferocytic and pro-resolving phe-
notypes, MSC-sEVs attenuate cytokine-driven injury, en-
hance debris clearance, and restore blood—spinal cord bar-
rier integrity. The resulting stabilization of the neurovas-
cular unit provides a permissive environment for neuronal
survival, axonal growth and remyelination.

Future research should focus on defining the precise
molecular cargoes responsible for these effects, mapping
sEV uptake and signaling in vivo at single-cell resolution,
and optimizing delivery strategies that achieve sustained
myeloid modulation. Such advances will accelerate transla-
tion of MSC-sEV-based therapeutics toward clinically vi-
able interventions for spinal cord injury and other neurolog-
ical disorders.
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