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ABSTRACT 

Schwann cells (SCs) play a critical role in peripheral nerve regeneration, undergoing dynamic phenotype transitions from 

myelinating to repair stages following injury. While SC-derived extracellular vesicles (SC-EVs) have emerged as key mediators of 
intercellular communication during nerve repair, their stage-specific molecular cargo and functional roles remained incompletely 
understood. Here, we delineate protein, microRNA and long non-coding RNA (lncRNA) landscapes of SC-EVs across distinct 
differentiation stages, including immature, myelinating, and repair phenotypes, using an in vitro model of primary rat SCs. We 
show that repair SC-EVs carry distinct microRNAs predicted to modulate genes involved in myelin ensheathment, neuronal 
differentiation, and neurogenesis. Treatment of immature Schwann cells with repair SC-EVs increased SOX2 expression, 
suggesting activation of repair-associated Schwann cell responses. Furthermore, modulation of miR-330-5p, miRNA identified 
in repair SC-EVs, altered SOX2 expression, Schwann cell proliferation, and migration. Repair SC-EVs also contain lncRNAs 
that may bind and sequester miRNAs, potentially relieving repression of pro-regenerative genes. These findings suggest possible 
mechanisms by which SC-EVs may regulate Schwann cell repair functions and provide a molecular framework for mechanistic 
studies. 
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 Introduction 

chwann cells (SCs), the glial cells of the peripheral nervous
ystem (PNS), play a fundamental role in maintaining neuronal
tructure and function (Bosch-Queralt et al. 2023 ). These cells
orm the myelin sheath, which wraps around the axon and
nables saltatory conduction of nerve impulses at the nodes of
anvier, thereby facilitating rapid signal transmission (Rasband
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and Peles 2021 ). During development, immature SCs undergo a
morphogenetic process called radial sorting, whereby immature
SCs segregate large-caliber axons ( > 1 µm) from mixed bundles in
response to signals from both basal lamina and axons (Feltri et al.
2016 ). This process directs SC differentiation into myelinating
SCs, which ensheathe single large-caliber axons in a 1:1 ratio,
or non-myelinating SCs, which surround multiple small-caliber
axons to form Remak bundles (Feltri et al. 2016 ). 
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ions or adaptations are made. 
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chwann cells also play a critical role in peripheral nerve repair
ollowing injury (Oliveira et al. 2023 ; Rigoni and Negro 2020 ).
xonal damage triggers the activation of transcription factors
uch as c-Jun, STAT-3, and Mitf, which reprogram myelinating
Cs into a repair phenotype (Benito et al. 2017 ; Daboussi et al.
023 ; Jessen and Mirsky 2021 ). Elevated c-Jun drives myelin
learance via JNK/c-Jun-dependent myelinophagy (Benito et al.
017 ) and concurrently suppresses early growth response protein
 (EGR2), also known as KROX20, a myelination-promoting tran-
cription factor, to maintain SCs in a repair stage (Parkinson et al.
004 ). In parallel, repair SCs facilitate debris clearance by recruit-
ng macrophages through TNF- α and MCP-1 (Martini et al. 2008 )
nd guide the axonal regrowth by aligning into bunger bands,
hich are regulated by Ephrin-B2/EphB2 signaling and SRY-box
ranscription factor 2 (Sox2)-mediated N-cadherin redistribution
Parrinello et al. 2010 ). To promote axon elongation and neuronal
urvival, repair SCs secrete neurotrophic factors, including glial
ell line-derived neurotrophic factor (GDNF), neurotrophin-3
NT3), brain-derived neurotrophic factor (BDNF), and nerve
rowth factor (NGF) (Oliveira et al. 2023 ; Pandey and Mudgal
022 ; Parrinello et al. 2010 ). Upon completion of axonal regrowth,
euregulin-1 type III (Nrg1 III) activates ErbB2/B3 receptors
n repair SCs, initiating PI3K/Akt and MAPK/Erk1/2 signaling
ascades that restore KROX20 and SRY-box transcription factor
0 (SOX10) expression and enable remyelination (Boerboom et al.
017 ). 

ost current research on SC-mediated repair has focused on the
irect role of cells and cell-cell interactions. However, growing
vidence suggests that extracellular vesicles (EVs) also play a
ritical role in facilitating intercellular communication during
eripheral nerve regeneration such as between SCs and neurons
Izhiman and Esfandiari 2024 ). EVs are nanoscale, lipid bilayer-
nclosed particles released by cells that transport bioactive
olecules, including proteins, lipids, messenger RNA (mRNA),
icroRNAs (miRNAs), and long non-coding RNAs (lncRNAs)
o mediate intercellular communication over short and long
istances ( O’Brien et al. 2020 ; Zhao et al. 2021 ). EVs also regulate
mmune responses, promote tissue repair, and modulate disease
rogression (Chutipongtanate et al. 2022 ; Kongsomros et al. 2022 ).
n the context of nerve regeneration, EVs from various sources,
ncluding mesenchymal stem cells (MSCs), adipose-derived stem
ells (ASCs), neurons, olfactory ensheathing cells, and dental
ulp stem cells, have been shown to promote axonal growth and
yelination (Chen et al. 2023 ; Luo et al. 2018 ; Namini et al.
023 ; Xia et al. 2019 ). Schwann cell-derived extracellular vesicles
SC-EVs), in particular, exhibit potent neuroprotective and regen-
rative properties (Lopez-Leal and Court 2016 ; López-Leal et al.
020 ; Lopez-Verrilli et al. 2013 ; Wong et al. 2022 ). SC-EVs enhance
etinal ganglion cell survival and axonal growth following optic
erve injury (Zhu et al. 2023 ) as well as promote motoneuron
egeneration (Wu et al. 2020 ). Mechanistically, SC-EVs deliver
egeneration-associated molecules, such as miR-21 (enriched in
epair SCs) and miR-23b-3p, both of which promote neurite
utgrowth (López-Leal et al. 2020 ; Xia et al. 2020 ). Additionally,
C-EVs carry TNFR1, which binds and sequesters excess TNF α,
hereby limiting inflammation and promoting macrophage polar-
zation toward a pro-repair phenotype, ultimately supporting
issue regeneration (Gonias and Campana 2023 ). These findings
mphasize the regenerative potential of SC-EVs. 
of 20
Despite promising evidence, the functional role of SC-EVs
in nerve repair remains incompletely understood, particularly
regarding their contributions at distinct stages of SC differenti-
ation. Transcriptomics analyses can identify potential regulatory
candidates. Here, we aim to characterize the molecular landscape
of SC-EV cargo across Schwann cell differentiation stages to
guide future mechanistic investigations. We hypothesize that
SC-EVs, whether released from repair SCs at injury sites or
from adjacent uninjured myelinating SCs, act as mediators of
nerve regeneration by delivering stage-specific molecular cargo
to neurons and SCs, thereby coordinating the repair process.
In this study, we investigated the roles of SC-EVs across three
differentiation stages: immature, myelinating, and repair SCs.
By isolating and characterizing EVs from each phenotype, we
performed western blotting and comparative transcriptomic pro-
filing to identify regeneration-associated proteins and RNAs,
and conducted functional assays demonstrating that repair SC-
EVs induce regenerative transcriptional responses in recipient
immature SCs. Our findings reveal how SC-EVs orchestrate
regeneration through stage-specific molecular cargo and provide
mechanistic insights into SC-EV-mediated intercellular signaling
in peripheral nerve repair. 

2 Results 

2.1 Validation and Characterization of an in 

Vitro Schwann Cell Differentiation Model 

Schwann cells (SCs) are essential for peripheral nerve repair,
undergoing reprogramming from a myelinating to a repair
phenotype in response to injury. To investigate the molecu-
lar mechanisms underlying this transition and EV-mediated
communication, we utilized a previously established in vitro
differentiation model (Figure 1A ) that recapitulates key stages of
SC maturation and reversion (Zou 2023 ). Primary rat SCs were
treated with dbcAMP to simulate axonal contact and activate sig-
naling cascades that induce differentiation into the myelinating
phenotype (Leitman et al. 2011 ). Subsequent dbcAMP withdrawal
prompted reversion to the repair phenotype (Monje 2018 ; Zou
et al. 2023 ). 

Distinct morphological changes of SC differentiation were
observed under phase-contrast and actin-stained imaging
(Figure 1B,C ). Immature SCs exhibited an undifferentiated,
spindle-shaped, elongated morphology, while myelinating SCs
were bigger, rounded, and flattened appearance with reduced
cytoskeletal organization, consistent with the previous report
(Leitman et al. 2011 ), indicating activation of the myelination
process. Upon dbcAMP withdrawal, repair SCs reverted to
an elongated morphology and re-established organized actin
filaments, resembling the immature SC phenotype. 

To further evaluate stage-specific characteristics, we assessed the
expression of key markers by immunofluorescence (Figure 1D )
and western blot analysis (Figure 1E ). Immature SCs expressed
transcription factors c-Jun and SOX2 and the neurotrophin
receptor p75NTR , indicative of a proliferative, undifferentiated
stage. Myelinating SCs showed upregulation of KROX20 and
myelin basic protein (MBP), hallmarks of myelin sheath for-
Journal of Extracellular Biology, 2026



FIGURE 1 Schwann cell differentiation and molecular marker validation. (A) Schematic of the in vitro differentiation model used to induce 
Schwann cells (SCs) myelination, followed by reversion to a repair phenotype. Rat primary SCs were treated with 1 mM dbcAMP in rat SC basal media for 
72 h to induce differentiation into myelinating SCs, followed by dbcAMP withdrawal to reprogram into repair SCs. (B) Phase contrast and (C) phalloidin- 
stained super-resolution fluorescence imaging illustrates morphological differences and cytoskeletal organization in immature, myelinating, and repair 
SCs. Scale bars: 20 µm and 10 µm, respectively. (D) Immunofluorescence staining for SC-specific markers p75NTR , SOX2, c-Jun, and KROX20 shows 
distinct molecular profiles for differentiation stages. Immature SCs express high p75NTR , c-Jun, and Sox2; myelinating SCs express KROX20; repair 
SCs re-express immature proliferative markers. Scale bars: 100 µm. Immunofluorescence quantification of KROX20-positive cells is shown in Figure S1 
(E) Western blot analysis confirms different expression patterns of SC markers across distinct differentiation stages (the full-length blot images were 
available in Figure S2 ). (F) Western blot quantification shows downregulation of p75NTR , c-Jun, and Sox2 as normalized to actin in myelinating SCs, 
with significant upregulation in repair SCs. KROX20 and MBP were elevated in myelinating SCs. The data are presented as the mean ± SEM of three 
biological replicates. Statistical analysis was performed by using one-way ANOVA with Tukey’s multiple comparisons test: * p < 0.05, ** p < 0.005, and 
*** p < 0.001, ns, not significant. 

Journal of Extracellular Biology, 2026 3 of 20
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4

ation. In contrast, repair SCs upregulated c-Jun, SOX2, and
75NTR , and concurrently repressed KROX20, consistent with a
egenerative, dedifferentiation stage. Quantification of protein
xpression confirmed significant upregulation of P75NTR , SOX2,
nd c-Jun expressions in repair SCs, and increased expression of
ROX20 and MBP in myelinating SCs (Figure 1F ). Immunofluo-
escence analysis confirmed efficient myelination induction, with
 75% of cells expressing KROX20 after dbcAMP treatment; this
ercentage subsequently declined to ∼ 5% during the repair stage
Figure S1 ). Together, these findings validate the in vitro SC dif-
erentiation model as a robust platform for dissecting molecular
ransitions and SC-EV-mediated communication during nerve
njury and regeneration. 

.2 Transcriptomic Profiling Reveals Molecular 
athways Driving Schwann Cell Myelination and 

epair 

o elucidate molecular mechanisms governing SC differentia-
ion, we performed poly(A) RNA sequencing on SCs at distinct
ifferentiation stages; immature, myelinating, and repair pheno-
ypes, with RNA integrity confirmed in Figure S3 . The heatmap
ith hierarchical clustering showed discrete gene expression
rofiles among these states (Figure 2A ). Principal component
nalysis (PCA) revealed clear transcriptional segregation between
mmature and myelinating SCs (Figure 2B ), as well as between
yelinating and repair SCs (Figure 2C ). Notably, immature
nd repair SCs exhibited overlapping transcriptional signatures
Figure 2D ), consistent with a partial reversion to an immature-
ike stage during nerve repair (Bosch-Queralt et al. 2023 ; Quintes
nd Brinkmann 2017 ). 

uring differentiation into myelinating SCs, differential expres-
ion analysis identified 726 upregulated and 947 downregulated
enes compared to immature SCs (Figure 2E , full data in
able S1 ). Myelinating SCs exhibited significant upregulation of
ROX20/Egr2 and MBP genes, both essential for myelin forma-
ion. Gene ontology (GO) enrichment analysis identified the top
0 biological pathways enriched in myelinating SCs, including
ph/ephrin signaling, myelination, receptor tyrosine kinase sig-
aling, neuron projection development, and sodium/potassium
on transmembrane transport (Figure 2H , full data in Table S2 ).
ene set enrichment analysis (GSEA) corroborated enrichment
n pathways associated with myelination, myelin maintenance,
nd membrane potential regulation, indicating the specialized
ole of myelinating SCs in axon wrapping, myelin sheath forma-
ion, and signal propagation (Figure S4A ). 

onversely, reprogramming to repair SCs was characterized by
30 upregulated and 380 downregulated genes compared to the
yelinating stage (Figure 2F , full data in Table S3 ). This transition
as marked by downregulation of myelin-related genes, includ-
ng MBP and KROX20/Egr2, and upregulation of transcription
actors c-Jun, SOX2, and neurotrophin receptor p75NTR /Ngfr,
ndicating activation of a proliferative state (Figure 2F ). GO
nalysis identified the enriched pathways involved in axon
uidance, which facilitates axon regrowth and SC migration, as
ell as PI3K/Akt signaling, ERK1/2 cascade, and MAPK activa-
ion, which promote cell survival and regeneration. Additional
of 20
enriched pathways included negative regulation of apoptosis,
essential for preventing neuronal death, and positive regulation
of cell migration, which directs SCs to injury sites (Figure 2I ,
full data in Table S4 ). GSEA identified gene sets associated
with neurogenesis, neuroinflammatory responses, growth activ-
ity, and apoptosis regulation, indicating their roles in nerve
repair, inflammation response, and neuroprotection (Figure S4B ).
Collectively, these transcriptomic data delineate stage-specific
regulatory mechanisms that direct the functional specialization
of SCs in myelinating and repair stages. 

2.3 Isolation and Characterization of 
Extracellular Vesicles From Schwann Cells Across 
Distinct Differentiation Stages 

To elucidate the role of SC-EVs in nerve repair, EVs were
isolated from the conditioned media of immature, myelinating,
and repair-stage SCs using an indirect dielectrophoresis-based
microfluidic device (iDEP) (Figure 3A ), which we have previously
established (Sharma et al. 2023 ; Shi and Esfandiari 2022 ; Shi et al.
2019 ; Shi et al. 2018 ). The presence of EVs was validated according
to the Minimum Information for Studies of Extracellular Vesicles
(MISEV2023) guidelines (Welsh et al. 2024 ). TEM with negative
staining of EVs purified from all three SC stages showed cup-
shaped vesicle morphology (Figure 3B ). Nanoparticle tracking
analysis (NTA) revealed a consistent mean diameter less than
200 nm of SC-EVs from all differentiation stages, characteristic
of small EVs (Figure 3C ) (Welsh et al. 2024 ). Western blotting
confirmed the presence of common EV markers including CD63,
HSP70, and TSG101, and the absence of negative marker Calnexin
(Figure 3D , the full-length western blot images are available
in Figure S5 . In addition, to reduce potential carryover of EVs
generated during earlier differentiation stages, cells were exten-
sively washed during stage transitions prior to EV collection,
and differentiation efficiency was confirmed prior to EV isolation
(Figure S1 ). These characterization data support the integrity and
specificity of EV preparations for further analyses. 

2.4 Myelinating Schwann Cell-Derived 

Extracellular Vesicles Carry 
Regeneration-Associated Proteins 

To confirm the SC origin of EVs at different differentiation
stages, super-resolution microscopy was employed to identify
CD63+ vesicles co-expressing the SC marker p75NTR (Figure 4A ).
Next, we utilized western blotting to further characterize their
protein cargo. As expected, MBP was highly enriched in
myelinating SC-EVs, reflecting the identity of their parental
cells (Figure 4B,C ). Interestingly, SOX2 and p75NTR , mark-
ers of proliferation and repair, were enriched in myelinating
SC-EVs despite relatively low expression in myelinating SCs,
while their levels were reduced in SC-EVs from immature and
repair stages compared to their cellular sources (as shown in
Figure 1E ). These findings suggest that myelinating SC-EVs selec-
tively package proteins associated with repair-related signaling
pathways. However, the functional contribution of these EV-
associated proteins to peripheral nerve repair requires further
investigation. 
Journal of Extracellular Biology, 2026



FIGURE 2 Transcriptomic analysis of Schwann cell differentiation. (A) Heatmap with hierarchical clustering shows significant differential gene 
expression profiles across immature, myelinating, and repair SCs. Each row represents an individual mRNA, with color intensity indicating expression 
levels (blue: downregulated; yellow: upregulated). Principal component analysis (PCA) reveals distinct clustering of transcriptomic profiles between 
myelinating and immature SCs (B), repair and myelinating SCs (C), and overlapping profiles between repair and immature SCs (D). Volcano plots 
demonstrate differentially expressed genes between SC stages, with upregulated (yellow) and downregulated (blue) genes. (E) Myelinating SCs vs. 
immature SCs (baseline = immature SCs). (F) Repair SCs vs. myelinating SCs (baseline = myelinating SCs). (G) Repair SCs vs. immature SCs (baseline 
= immature SCs). Genes with log2 fold change ≥ 1.5 or ≤ -1.5 and q -value ≤ 0.05 are considered significantly differentially expressed. (H) Top 10 gene 
ontology (GO) enrichment analysis of upregulated genes identifying biological processes associated with myelinating SCs compared to immature and 
repair SCs. (I) Top 10 GO enrichment analysis of upregulated genes identifying biological processes associated with repair SCs compared to myelinating 
SCs. 

Journal of Extracellular Biology, 2026 5 of 20



FIGURE 3 SC-EV isolation and characterization. (A) A schematic diagram represents SC-EV isolation process. (B) Transmission electron 
microscopy shows a cup-shape morphology of EVs isolated from immature, myelinating, and repair SCs. Scale bar, 100 nm. (C) Nanoparticle tracking 
analysis (NTA) showing EV size distributions and concentrations, with average diameters of 124.8 ± 7.3 nm, 128.7 ± 9.1 nm, and 126.1 ± 6.4 nm, and 
concentrations of 6.04 × 109 , 1.77 × 109 , and 1.72 × 109 particles/ml for immature, myelinating, and repair SCs, respectively. (D) Western blot analysis 
confirming the presence of EV-specific markers CD63, TSG101, HSP70, and calnexin across all stages. 
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6

.5 Stage-Specific SC-EV miRNAs Regulate 
athways Associated With Nerve Regeneration 

o determine whether SC-EVs carry stage-specific miRNAs
ssociated with nerve regeneration, we performed small RNA
equencing on EVs isolated from SC at three differentiation
tages. RNA quality, assessed by Bioanalyzer, is shown in Figure
7 . RNA quality assessment confirmed good integrity, and three
iological replicates per group, consistent with standard RNA-seq
ractice (Conesa et al. 2016 ), support the reliability of the dataset.
eatmap with hierarchical clustering of significantly expressed
iRNAs revealed stage-specific expression profiles (Figure 5A ),
ndicating selective miRNA cargo associated with each SC stage.
e selected differentially expressed miRNAs from this heatmap,
ocusing on those upregulated or downregulated in repair SC-EVs
ompared to myelinating SC-EVs, as this transition represents
 shift from axonal maintenance to regenerative function. In
otal, 52 downregulated and 67 upregulated mature miRNAs were
dentified in repair SC-EVs (Table S5 ). Target prediction using
he intersection between miRWalk and miRDB revealed 2,541
hared target genes of downregulated miRNAs and 2,325 targets
f upregulated miRNAs (Figures 5B,F ). 

o validate the sequencing-based miRNA findings, we selected
he top two downregulated miRNAs (miR-503-3p and miR-330-
p) and the top upregulated miRNA (miR-223-3p) identified
n repair versus myelinating SC-EVs (Table S6 ) and performed
uantitative Reverse Transcription Polymerase Chain Reaction
qRT-PCR) analysis. Consistent with the sequencing results,
iR-503-3p and miR-330-5p were significantly reduced in repair
C-EVs compared with myelinating SC-EVs, whereas miR-223-
of 20
3p was significantly elevated (Figure S8 ). These data support the
reliability of the differential miRNA signatures identified in the
sequencing dataset. 

To assess the functional relevance of these miRNAs, we per-
formed pathway enrichment analysis using DAVID. Gene ontol-
ogy (GO) analysis of target genes of downregulated miRNAs
in repair SC-EVs revealed significant enrichments in neuronal
structures including dendrites, axons, neuronal cell bodies, and
synapses (Figure 5C , full data in Table S7 ) as well as biological
processes involved in regulation of signaling (GO: BP cluster 1),
neurogenesis (GO: BP cluster 2), neuron morphogenesis (GO: BP
cluster 3) and protein localization (GO: BP cluster 4) (Figure 5D ,
full data in Table S8 ). Reactome pathway enrichment showed
involvement in signal transduction, MAPK signaling (including
ERK/MAPK targets and MAP kinase activation), receptor tyro-
sine kinase signaling, and transmembrane transport (Figure 5E ,
full data in Table S9 ). 

Upregulated miRNAs in repair SC-EVs were also linked to
target genes; presumably suppressed in recipient cells, involved
in neuronal cell bodies, synapses, and dendritic structures
(Figure 5G , full data in Table S7 ). Gene ontology analysis further
identified enrichment of biological processes related to neuron
projection morphogenesis (GO: BP cluster 1), transcriptional
activation (GO: BP cluster 2), glycosylation (GO: BP cluster
3), and myelination (GO: BP cluster 4). (Figure 5H , full data
in Table S8 ). Reactome pathway analysis revealed significant
enrichment in signaling pathways related to PI3K/AKT signaling,
RHO GTPase pathways, TGFB and WNT signaling, transcrip-
tion factor activation (including AP-1), ion homeostasis, and
Journal of Extracellular Biology, 2026



FIGURE 4 Stage-specific protein cargo in Schwann cell-derived extracellular vesicles (SC-EVs). (A) Representative direct stochastic optical 
reconstruction microscopy (dSTORM) showing positive CD63 signals co-expression with SC marker p75NTR on a single particle SC-EV. Upper panels 
show lower magnification views (scale bar, 1 µm) with circled regions indicating single EVs positive for both markers. Lower panels present high- 
magnification views of representative EVs (scale bar, 50 nm). (B) Western blot analysis of stage-specific EV marker SOX2, p75NTR , and MBP in EVs 
derived from immature, myelinating, and repair SCs (the full-length blot images are available in Figure S6 ). (C) Quantification of EV-associated protein 
expression demonstrating significant enrichment of SOX2, p75NTR , and MBP markers in EVs derived from myelinating SCs. Data presented as mean ± 

SEM ( n = 3 biological replicates per group). Statistical analysis was performed by using one-way ANOVA with Tukey’s multiple comparisons test: * p < 

0.05, ** p < 0.005, and *** p < 0.001, ns, not significant. 
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ell death signaling (Figure 5I , full data in Table S9 ). Over-
ll, our data demonstrate that SC-EVs exhibit stage-specific
iRNA cargo capable of modulating gene expression in recipient
ells, thereby contributing to distinct roles in peripheral nerve
egeneration. 

.6 Repair SC-EVs Contain lncRNAs That May 
odulate miRNA Activity 

ong non-coding RNAs (lncRNAs) regulate gene expression
hrough diverse mechanisms, including by acting as competi-
ive endogenous RNAs or sponges that sequester miRNAs and
ournal of Extracellular Biology, 2026
modulate downstream targets (Chen and Kim 2024 ; Chuang
et al. 2023 ). To explore the presence of regulatory lncRNAs in
SC-EVs, we performed expression profiling across immature,
myelinating, and repair SC-EVs. RNA quality was verified in
Figure S7 . A heatmap of the most abundantly expressed lncRNAs
in repair SC-EVs is shown in Figure 6A (expression data in Table
S10 ); although these lncRNAs were not statistically differentially
expressed, they were selected based on relative abundance and
remain uncharacterized in current databases. To assess their
potential function as miRNA sponges, we selected upregulated
clusters from the heatmap and performed miRNA-lncRNA inter-
action analysis using miRanda, focusing on high-affinity binding
pairs (total score > 140; minimum energy < –20 kcal/mol) (Marín
7 of 20



FIGURE 5 miRNA profiling of Schwann cell-derived extracellular vesicles (SC-EVs). (A) Heatmap showing hierarchical clustering shows 
differentially expressed miRNAs in SC-EVs from immature, myelinating, and repair SCs. Each row represents an individual miRNA, with color intensity 
indicating relative expression levels (blue: downregulated; yellow: upregulated). (B, F) Venn diagrams illustrating overlap between predicted target genes 
identified by miRWalk and miRDB databases for downregulated (B) and upregulated (F) miRNAs in repair SC-EVs. The intersection region indicates 
commonly predicted targets. (C, G) Gene Ontology (GO) Cellular component analysis of predicted target genes associated with downregulated (C) 
and upregulated (G) miRNAs in repair SC-EVs. (D, H) GO Biological process enrichment analysis of target genes corresponding to downregulated 
(D) and upregulated (H) miRNA in repair SC-EVs. (E, I) Reactome functional pathway enrichment analysis of predicted target genes associated with 
downregulated (E) and upregulated (I) miRNAs in repair SC-EVs. 
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nd Vanícek 2011 ). This analysis focused on miRNAs associated
ith neurogenesis that were downregulated in repair SC-EVs.
pregulated lncRNAs were then predicted to bind these miRNAs.
Figure 6B , full data in Table S11 ). These results support the
ossibility that repair SC-EVs may deliver lncRNAs which could
ind and sequester miRNAs, lifting their repression of genes
ssociated with regenerative pathways. 
of 20
2.7 Repair SC-EV Treatment Increases SOX2 
Expression in Recipient Schwann Cells 

To determine whether the stage-specific molecular signatures
of repair SC-EVs translate into functional effects, we assessed
their ability to induce repair-associated responses in immature
Schwann cells. Since SOX2 is transiently upregulated after nerve
Journal of Extracellular Biology, 2026



FIGURE 6 lncRNA expression and predicted miRNA interactions in repair SC-EVs. (A) Heatmap with hierarchical clustering of the most abundant 
lncRNAs in repair SC-EVs. Each row represents an individual lncRNA, with color intensity indicating relative expression (blue: low; yellow: high). (B) 
Sankey diagram showing predicted interactions between upregulated lncRNAs in repair SC-EVs and downregulated miRNAs, based on miRanda binding 
predictions. 

i  

w  

a  

E  

r  

(  

S  

w  

f  

r  

S

2
S

T  

S  

N  

e  

i  

S  

w  

i  

5  

o  

I  

n  

i  

e  

e  

c  

d  

b  

c  

p  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

J

njury and a key driver of the repair phenotype (Li et al. 2021 ),
e used SOX2 as a marker of repair-associated transcriptional
ctivation. Primary immature Schwann cells were treated with
Vs derived from all three stages (immature, myelinating, and
epair SCs), as well as with media alone as a control for 72 h
Figure 7A ). Western blot analysis showed that only repair
C-EVs significantly increased SOX2 protein levels compared
ith the control or EVs from other stages (Figure 7B,C ). This
unctional effect suggests that repair SC-EVs may influence
epair-associated transcriptional responses in immature recipient
chwann cells. 

.8 MiR-330-5p Regulates SOX2 Expression, 
chwann Cell Proliferation, and Migration 

o further investigate the mechanisms associated with repair
C-EV-mediated SOX2 induction, we examined candidate miR-
As identified in repair SC-EVs. Among the differentially
xpressed miRNAs, miR-330-5p and miR-503-3p were enriched
n myelinating SC-EVs but reduced in repair SC-EVs (Figure
8 ). To evaluate their functional roles, RT4-D6P2T Schwann cells
ere transfected with miR-330-5p or miR-503-3p mimics and
nhibitors. Western blot analysis demonstrated that miR-330-
p overexpression reduced SOX2 expression, whereas inhibition
f miR-330-5p restored the expression of SOX2 (Figure 8A ).
n contrast, transfection with -503-3p mimics or inhibitors did
ot significantly alter SOX2 expression (Figure 8A ). Since SOX2
s associated with cell proliferation and repair responses (Li
t al. 2021 ; Zhang et al. 2020 ), we examined the functional
ffects of miRNA modulation. Consistent with the observed
hanges in SOX2 expression, miR-330-5p mimic significantly
ecreased Schwann cell proliferation, whereas miR-330-5p inhi-
ition restored proliferation to control levels (Figure 8B ). In
ontrast, miR-503-3p mimic showed only a slight increase on
roliferation while miR-503-3p inhibitor restored proliferation
ournal of Extracellular Biology, 2026
toward control levels (Figure 8B ). Wound healing assays further
demonstrated that miR-330-5p overexpression delayed wound
closure at 12 h and 24 h, whereas miR-330-5p inhibition promoted
wound closure (Figure 8C–D ). In comparison, miR-503-3p mimic
and inhibitor had minimal effects on wound closure (Figure 8C–
D ). Collectively, the results indicate that miR-330-5p contributes
to repair-associated Schwann cell functions by regulating SOX2
expression, proliferation, and migration. 

3 Discussion 

Following nerve injury, SCs undergo a dynamic phenotypic
reprogramming, transitioning from a myelinating to a repair
stage to support nerve regeneration. Emerging evidence suggests
that SC-EVs are crucial mediators of SC-neuron communica-
tion (Izhiman and Esfandiari 2024 ; Lopez-Leal and Court 2016 ;
Lopez-Verrilli et al. 2013 ; Wong et al. 2022 ). However, the
molecular cargo and functional divergence of SC-EVs at distinct
differentiation stages remain incompletely understood. Here, we
comprehensively profiled proteins, miRNAs, and lncRNAs in SC-
EVs derived from immature, myelinating, and repair phenotypes,
revealing stage-specific regulatory signatures associated with
peripheral nerve regeneration. 

We first validated the differentiation stages of immature, myeli-
nating, and repair SCs (Zou 2023 ) by confirming characteristic
morphology and molecular markers (Figure 1 ). Immature SCs
showed high expression of c-Jun, SOX2, and p75NTR ; mark-
ers associated with proliferation, developmental plasticity, and
regenerative potential (Balakrishnan et al. 2016 ; Leitman et al.
2011 ; Liu et al. 2015 ; Zou 2023 ). Myelinating SCs showed increased
KROX20 and MBP expression together with morphological mat-
uration (Balakrishnan et al. 2016 ; Leitman et al. 2011 ; Liu et al.
2015 ). Upon dedifferentiation, repair SCs re-acquired immature-
like morphology and re-expressed regenerative markers, high-
9 of 20



FIGURE 7 Repair SC-EVs induce SOX2 expression in recipient Schwann cells. (A) Schematic of the experimental workflow. Primary immature 
Schwann cells were seeded in 12-well plates and cultured in growth medium containing EV-depleted FBS for 24 h prior to treatment. EVs were isolated 
from media collected from immature, myelinating, and repair Schwann cells and applied to recipient cells at 20 µg EV protein ( ∼ 5 × 103 EVs per cell). 
SOX2 expression was assessed 72 h after treatment by western blot. (B) Representative western blot analysis showing SOX2 protein expression in Schwann 
cells treated with EVs from each differentiation stage or media alone (control). β-actin served as the loading control. (C) Quantification of SOX2 protein 
levels relative to β-actin. Repair SC-EV treatment significantly increased SOX2 expression compared with the control group or EVs from other stages. 
Data presented as mean ± SEM ( n = 3 biological replicates per group). Statistical analysis was performed by using one-way ANOVA with Tukey’s multiple 
comparisons test: * p < 0.05, ** p < 0.005, and *** p < 0.001, ns, not significant. 
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ighting SC plasticity in response to injury-associated signals
Boerboom et al. 2017 ; Nocera and Jacob 2020 ; Quintes and
rinkmann 2017 ; Yao and Wang 2020 ; Zou 2023 ). Transcrip-
omic analyses further supported these phenotypic transitions.
yelinating SCs displayed enrichment of myelin-related genes,

ncluding KROX20/Egr2 and MBP, and signaling pathways
inked to myelination, such as receptor tyrosine kinase and
ph/ephrin signaling. Upregulation of ion channel-related genes
urther reflected the functional maturation of myelinating SCs.
Figure 2H ) (Boerboom et al. 2017 ; Bosch-Queralt et al. 2023 ;
uppirala et al. 2021 ). In contrast, repair SCs showed enriched
ignaling pathways linked to proliferation, axon guidance, anti-
poptosis, and immunomodulation (Figure 2I ), consistent with
heir role in supporting regeneration (Jessen and Mirsky 2021 ,
022 ). This was accompanied by reactivation of c-Jun, SOX2,
nd p75NTR , and downregulation of myelin-specific genes; the
allmarks of the repair phenotype. 

C-EVs carry stage-specific molecular cargo that mirrors the
henotype of their cells of origin. Notably, EVs released by myeli-
ating SCs were enriched in regenerative proteins, including
OX2 and p75NTR , despite relatively low intracellular expression at
his stage (Figures 1E and 4B ). This discrepancy points to selective
0 of 20
cargo-sorting mechanisms, whereby EV content does not directly
reflect cellular protein abundance (Chen et al. 2022 ; Dixson et al.
2023 ). One possibility is that SCs utilize EVs to expel proteins
no longer required intracellularly, consistent with the dual roles
of EVs in both intercellular communication and cellular waste
management (M et al. 2017 ; Zou et al. 2023 ). The enrichment
of SOX2 and p75NTR within myelinating SC-EVs suggests their
potential involvement in nerve repair. Since myelinating SCs
mostly present near injury sites, their EVs may serve as readily
accessible sources of regenerative signals during the early phases
of nerve regeneration. This mechanism is supported by previous
studies demonstrating that SOX2-contained EVs promote neurite
extension and axonal regeneration (Chen, Chang, et al. 2022 ;
López-Leal et al. 2020 ), and p75NTR enhances neuronal survival
(Follis et al. 2021 ). Nevertheless, functional validation is required
to confirm whether EV-contained SOX2 and p75NTR proteins
actively contribute to nerve regeneration in this context. Further-
more, studies investigating selective cargo loading and sorting
mechanisms in Schwann cells will be important for advancing our
understanding of SC-EV biology. 

A particular novel aspect of our study is the identification
of stage-specific miRNA cargo within repair SC-EVs. Small
Journal of Extracellular Biology, 2026



FIGURE 8 Functional analysis of miR-330-5p and miR-503-3p in SOX2 expression, Schwann cell proliferation, and migration. (A) Representative 
Western blot analysis of SOX2 expression in RT4-D6P2T Schwann cells transfected with miR-330-5p or miR-503-3p mimics, inhibitors, and corresponding 
non-targeting negative control mimics (miR-NC) or negative control inhibitors (miR-NC inh) lacking homology to known miRNA sequences. β-actin 
was used as the loading control. (B) Quantification of Schwann cell proliferation using MTT assay following transfection with miR-330-5p or miR- 
503-3p mimics and inhibitors. (C) Representative images from wound healing assays at 0 h, 12 h, and 24 h following transfection with (i) miR-330- 
5p mimic/inhibitor, (ii) miR-503-3p mimic/inhibitor, and (iii) negative controls. Cyan outlines indicate wound boundaries. Scale bars: 100 µm. (D) 
Quantification of wound closure percentage over time. Data are presented as mean ± SEM ( n = 3 biological replicates). Statistical analysis was performed 
using two-way ANOVA with Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.005, *** p < 0.001, ns, not significant. 
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NA sequencing of SC-EVs revealed miRNA signatures in
epair SC-EVs compared with immature and myelinating SC-
Vs (Figure 5A ). Focusing on differentially expressed miRNAs
etween repair and myelinating SC-EVs, we found that repair
C-EVs contain distinct miRNA signatures predicted to tar-
et neuronal compartments and repress transcripts involved
n neuron projection morphogenesis, RNA biosynthesis, pro-
ein glycosylation, and myelination (Figure 5C,G,H ). Pathway
nalysis predicted a coordinated suppression of neuronal dif-
erentiation, axon elongation and synaptic formation through
I3K/AKT, NTRK, RHO GTPase, and AP-1 signaling pathways
Figure 5I ), consistent with the early repair phase’s prioritization
f axon outgrowth over maturation and synaptic stabilization
Lopez-Leal and Court 2016 ; López-Leal et al. 2020 ). In addi-
ion, downregulated miRNAs in repair SC-EVs were associated
ournal of Extracellular Biology, 2026
with de-repression of regeneration-associated genes linked to
neurogenesis, neurite outgrowth, cytoskeleton remodeling, and
macromolecular transport (Figure 5D ), supporting structural
reformation of injured axons and dendrites. Reactome pathway
analysis further highlighted activation of NTRK, MAPK, and
receptor tyrosine kinase pathways (Figure 5E ) that support
neurotrophin-mediated axon elongation and neuronal survival
(Li et al. 2020 ). The miRNA shift may be influenced by p75NTR 
expression in repair SCs, as loss of p75NTR alters EV-associated
small RNA profiles, including miRNAs involved in autophagy
and phosphatidylinositol signaling (Gonçalves et al. 2020 ). These
findings suggested that SC-EVs may influence gene expression
during nerve injury, with their miRNA cargo contributing to
both intra- and intercellular reprogramming. This aligns with
prior evidence that SC-EVs promote neurite outgrowth, axonal
11 of 20
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egrowth, and modulation of regenerative microenvironments
López-Leal et al. 2020 ; Xia et al. 2020 ), and is further supported
y our transcriptomic data demonstrating that repair SCs contain
istinct miRNA signatures that upregulate genes involved in axon
egrowth, migration, and modulation of PI3K/Akt, ERK, and
APK pathway modulation. 

mong miRNAs identified in SC-EVs, several have established
oles in promoting nerve regeneration. For example, miR-125b
upports neurite elongation (Le et al. 2009 ), miR-138-5p inhibits
poptosis (Maza et al. 2022 ), and miR-193b-3p and miR-223-3p
ontribute to anti-inflammation (Huang et al. 2022 ; Lai et al.
020 ). Similarly, miR-345-3p implicates in resolving inflamma-
ion and promotes neuronal survival (Wei et al. 2020 ). Conversely,
ownregulation of miR-125b, miR-140, miR-181c, and miR-199a-
p has been linked to enhanced axonal extension and cell viability
Kar et al. 2021 ; Kos et al. 2016 ; Song et al. 2024 ; Yuan et al.
018 ), suggesting that suppression of specific miRNAs may de-
epress neuronal regeneration. While miR-21 is widely recognized
s pro-regenerative (Cong et al. 2021 ; López-Leal et al. 2020 ),
ts downregulation in our dataset may reflect dynamic or stage-
pecif ic regulation during the repair process (Borger et al. 2022 ).
urthermore, suppression of miR-423-5p and miR-92a-2-5p, both
nvolved with neuroprotection and neuronal differentiation (Luo
t al. 2022 ; Zhuang et al. 2022 ), are consistent with transcriptional
eprogramming toward a regenerative stage. Notably, several
iRNAs in SC-EVs remain uncharacterized, presenting new
pportunities to uncover regulatory elements underlying nerve
egeneration. 

n parallel, we identified highly expressed long non-coding RNAs
lncRNAs) enriched in repair SC-EVs (Figure 6 ), most of which
re currently unannotated. Given that lncRNAs can function as
olecular sponges that sequester miRNAs and relieve suppres-
ion of their target transcripts (Chen and Kim 2024 ; Chuang
t al. 2023 ), we assessed potential lncRNA–miRNA interactions
sing miRanda (Marín and Vanícek 2011 ). lncRNAs exhibited
trong predicted binding to miRNAs downregulated in repair
C-EVs, i.e., miR-125b, miR-149-5p, miR-222-5p, miR-330-5p, miR-
03-3p, miR-423-5p, and miR-128-3p, all of which are implicated in
euroregenerative processes (Lanza et al. 2023 ; Li et al. 2022 ; Luo
t al. 2022 ; Yuan et al. 2018 ; Zhou et al. 2012 ). These interactions
emonstrated low hybridization energies and multiple binding
ites, indicating stable lncRNA-miRNA complexes (Table S11 ).
ollectively, the observations suggest that lncRNAs within SC-
Vs may contribute to post-transcriptional regulation through
odulation of miRNA activity during pair-associated Schwann
ell responses. However, these interactions remain predictive and
equire further validation. In addition to miRNA sequestration,
ncRNAs may also function through other mechanisms such
s chromatin remodeling, transcriptional regulation, and mod-
lation of RNA-binding proteins (Chen and Kim 2024 ), which
arrant future investigation. 

onsistent with the predicted functions of EV-associated RNAs,
nly repair SC-EVs induced a significant increase in SOX2 protein
n immature Schwann cells (Figure 7B,C ), suggesting activa-
ion of repair-associated signaling pathways. Several miRNAs
dentified in repair SC-EVs, such as miR-503-3p and miR-330-
p, may target upstream elements of pathways linked to SOX2
ctivation, including LIF/STAT3, Wnt/ β-catenin, TGF- β/SMAD,
2 of 20
and FGF/PI3K-AKT signaling (Mansouri et al. 2016 ; Niharika
et al. 2024 ; Zhang et al. 2020 ). These findings are consistent with
previous reports demonstrating that miRNAs in EVs can regulate
transcriptional signaling networks and cellular reprogramming
through modulation of transcription factors (Aswani et al. 2024 ).
Functional validation of miR-330-5p provides mechanistic sup-
port for this model. miR-330-5p was among the most significantly
downregulated miRNAs in repair versus myelinating SC-EVs
(Figure S8 ), and its overexpression in RT4-D6P2T Schwann
cells reduced SOX2 protein levels, decreased proliferation, and
impaired wound closure, whereas its inhibition restored these
effects (Figure 8 ). The results establish a link between miR-
330-5p abundance and repair responses. In contrast, miR-503-3p
produced relatively minor effects on Schwann cell proliferation
and migration compared to the control, without notable effects on
SOX2 expression, suggesting that individual EV-associated miR-
NAs may differentially contribute to repair-associated Schwann
cell responses through distinct regulatory mechanisms. Future
studies will be needed to further define the role and downstream
targets of miR-503-3p in Schwann cells. 

One limitation of this study is the use of in vitro Schwann cell
models. In culture, Schwann cells lack interactions with axons,
inflammatory cells, fibroblasts, extracellular matrix components,
and biomechanical cues present in the nerve injury microenvi-
ronment that are known to regulate repair phenotypes and regen-
eration (Lu et al. 2024 ; Yang et al. 2025 ). Accordingly, the findings
should be interpreted as mechanistic insights derived from a
simplified in vitro system rather than a complete representation
of the in vivo nerve injury microenvironment. However, this
Schwann cell monoculture model provided an important advan-
tage for mechanistic investigation of Schwann cell-derived EVs.
By excluding co-secreted EVs from other injury-associated cell
populations, this model enabled precise attribution of EV cargo
composition and functional activity specifically to Schwann cells
across distinct differentiation stages. Future studies using mul-
ticellular co-culture systems or in vivo nerve injury models will
be implemented to validate these findings under physiologically
relevant conditions. In addition, only a single EV dose (20 µg total
EV protein; ∼ 5 × 103 EVs per cell or ∼ 5 × 108 EVs/mL) was eval-
uated in the functional assays. This concentration was selected
based on previously reported regenerative EV dosing ranges (Wu
et al. 2020 ). A single EV concentration was applied across all
groups to enable direct comparison between stage-specific SC-EV
populations. Future dose-response studies will be crucial to deter-
mine the optimal therapeutic range for SC-EV-mediated repair
signaling. 

Despite these limitations, our findings provide insight into the
stage-dependent molecular composition of SC-EVs and support
their potential role as regulators of repair-associated Schwann
cell responses. Engineering strategies to enhance SC-EV produc-
tion and regenerative potency represent promising avenues for
translational development. Notably, mechanical and electrical
stimulation of SCs has been shown to increase EV secretion
and enrich their cargo with regenerative factors (Izhiman and
Esfandiari 2024 ; Xia et al. 2020 ). Incorporating piezoelectric or
conductive biomaterials (Bryan et al. 2023 ; Krutko et al. 2025 ;
Orkwis et al. 2022 ; Orkwis et al. 2020 ; Poling et al. 2026 ) into
culture systems may further enable stage-specific EV enrichment.
Journal of Extracellular Biology, 2026
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hese approaches lay the groundwork for advancing SC-EVs
oward translational SC-EV therapies for peripheral nerve repair.

 Materials and Methods 

.1 Rat Primary Schwann Cell Culture 

rimary Rat Schwann cells (RSC) (Catalog R842-05a) were pur-
hased from CELL Applications (San Diego, CA, USA) and main-
ained according to the manufacturer’s protocol. Briefly, Schwann
ells were cultured in RSC growth medium (Catalog R825-500)
CELL Applications, San Diego, CA, USA) at 37◦C in 5% CO2 . The
ulture medium was replaced every 48 h. Sub-culturing was
erformed when the cells reached 80% confluency and cells were
aintained for no longer than 5 passages. Passages 3 to 5 were
sed for experiments. 

.2 Rat Schwann Cell Line Culture 

T4-D6P2T rat Schwann cells (CRL-2768) were obtained from
he American Type Culture Collection (ATCC, Manassas, VA,
SA). Cells were cultured in Dulbecco’s Modified Eagle Medium
DMEM, Corning) supplemented with 10% fetal bovine serum
FBS; Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin
Gibco). Cells were maintained at 37◦C in a humidified incubator
ith 5% CO2 and passaged upon reaching approximately 80%
onfluency. 

.3 Cell Differentiation and Dedifferentiation 

ssay 

ix-well plates and 11 mm glass coverslips were incubated with
chwann Cells Coating solution (Cat036-20) CELL Applications
San Diego, CA, USA) at 37◦C overnight. The remaining solution
as aspirated, rinsed twice with PBS, and dried. RSC samples
ere prepared according to a modified protocol (Zou 2023 ). Cells
ere seeded into a coated 6-well plate at a density of 2 × 105
ells/well for western blot and RNA sequencing and seeded into
 24-well plate (covered with coated glass coverslips) at a density
f 1 × 104 cells/well for immunofluorescence staining. Cells were
ultured in RSC complete growth medium (R825-500) for 24 h and
he medium was changed into the complete medium-RSC basal
edia containing 10% Exosome-Depleted FBS (Gibco, Thermo
isher Scientific, Cat# A2720801, Lot# 2631751RP; verified by the
anufacturer to remove > 90% of exosome), 2 mM of Foskolin
Sigma-Aldrich, catalog number: F6886), 10 ng/mL of human
euregulin 1- β1/heregulin (R&D Systems, Catalog Number: 396-
B/CF), and 100 mg/mL penicillin-streptomycin (Gibco) for 24 h.
hen the medium was removed and replaced by a medium
ontaining DMEM, 1% Exosome-depleted FBS, and 100 mg/mL
enicillin-streptomycin (starvation medium) overnight to limit
itogenic stimulation. Cells were then differentiated into myeli-
ating SC by removing the starvation medium and replacing
t with medium containing DMEM, 1% Exosome-depleted FBS,
00 mg/mL penicillin-streptomycin, and 1 mM db-cAMP (Sigma,
SA). After 72 h, the medium was replaced with the Exosome-
epleted complete medium for an additional 72 h to induce
ournal of Extracellular Biology, 2026
dedifferentiation. Cells maintained in the absence of db-cAMP-
inducing agents served as a control for undifferentiated cells.
Cells were monitored daily to observe changes in morphology.
At the end of the assay, cells were harvested for SC stage-specific
markers for characterization of Schwann cell differentiation
stages, and the supernatant was collected for EV isolation. 

4.4 Immunofluorescence Staining 

Cells were washed three times before fixation in 3.7% formalde-
hyde for 15 min at room temperature. Following two washes with
PBS, cells were permeabilized with 0.1% Triton X-100 (Fisher)
in PBS at 4◦C for 5 min and washed with PBS. The cells
were blocked with 200 uL 0.2% bovine serum albumin (BSA)
in PBS (blocking buffer) for 1 h at RT, and then incubated
with primary antibodies (1:400 diluted in blocking buffer) as fol-
lows; rabbit anti-p75 NGF Receptor (ab52987; Abcam, Waltham,
MA, USA), rabbit anti-SOX2 (ab97959; Abcam, Waltham, MA,
USA), mouse anti-c Jun (NBP2-71059, Novus Biologicals, CO,
USA), rabbit anti-KROX20 (Abcam, Waltham, MA, USA) or
EGR2 (ab245228; Abcam, Waltham, MA, USA) antibodies at 4◦C
overnight. The next day, cells were washed with PBS followed
by separate incubations for 30 min at 37◦C with 1:100 dilution
of rhodamine phalloidin (Invitrogen, OR, UAS), goat anti-rabbit
IgG Alexa Fluor 488 (ab150077; Abcam, Waltham, MA, USA),
and anti-mouse IgG Alexa Fluor 647 (ab150115; Abcam Waltham,
MA, USA) secondary antibodies. After washing, cells were
mounted in mounting medium with DAPI (Catalog-50011, ibidi,
WI, USA) on a microscope slide. Clear nail polish was used to
seal coverslips. Imaging was performed using a NIKON ECIPSE
TE-2000-S. 

4.5 Schwann Cell-Derived Extracellular Vesicle 
Isolation 

EVs were isolated using an insulator-based dielectrophoretic
(iDEP) as described (Sharma et al. 2023 ; Shi and Esfandiari
2022 ). The culture supernatant (5 mL) from each condition was
centrifuged at 21,000 ×g at 4◦C for 20 min to remove large EVs and
cell debris. Conditioned media were concentrated 5-fold using
Amicon Ultra-4 centrifugal filters (100-kDa cutoff; Millipore,
Burlington, MA, USA), which also removed a substantial portion
of soluble proteins prior submitted to the iDEP. Briefly, borosil-
icate glass capillaries (BF-100-50-15, Sutter Instrument, Novato,
CA, USA) were fabricated into micropipettes with 2 µm pore
diameters using a laser-assisted puller P2000 (Sutter Instrument
Company, Novato, CA, USA). The micropipette was filled with
0.02- µm filtered 1x PBS buffer using a 33-gauge Hamilton syringe
needle and positioned on a substrate. Then, 1X filtered PBS and
50 µL of sample were loaded at the base side and tip side of the
micropipette, respectively. EVs were trapped at the tip by applying
a 10 V/cm direct current (DC) for 15 min, followed by a release in
15 µL 1 × filtered PBS by reversing the applied voltage for another
10 min. Isolated EVs were aliquoted and stored at − 80◦C for
further analysis. Only one freeze-thaw cycle was allowed for each
aliquot. 
13 of 20
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.6 Western Blot Analysis 

ell and EV samples were lysed in 1X RIPA buffer (Abcam) and
X protease/phosphatase inhibitor (Abcam). The samples were
ubjected to measure protein concentration using the DC Protein
ssay (Bio-Rad, Hercules, CA, USA. For validation of Schwann
ell molecular markers, 5 µg of total cellular protein was loaded
er lane. For EV marker analysis, 1 µg of total protein from
oth EVs and corresponding cell lysates was loaded to enable
irect comparison of marker enrichment between cellular and
V fractions. Samples were mixed with 4x Laemmli buffer (Bio-
ad), heated at 95◦C for 5 mins. The samples were run into a
–20% Mini-PROTEAN TGX Precast Protein gel, 200 V for 35 min
efore being transferred onto a PVDF membrane using a Trans-
lot Turbo System (Bio-Rad). The membrane was blocked with
veryBlot blocking buffer (Biorad) for 5 min, and then probed
ith 1:1,000 dilution of primary antibodies as follows; rabbit
nti-p75 NGF Receptor (ab52987; Abcam, Waltham, MA, USA),
abbit anti-SOX2 (ab97959; Abcam), rabbit anti-c Jun (ab40766;
bcam), rabbit anti-KROX20 or EGR2 (ab245228; Abcam) and
uman anti- myelin basic protein (ab209328; Abcam) antibodies
or SC markers, mouse anti-beta actin antibody (Ab6276; Abcam),
nd mouse anti-CD63 (Ab108950; Abcam), rabbit anti-TSG101
ab125011;Abcam) and rabbit anti-HSP70 (ab181606; Abcam) anti-
odies for EV common markers at 4◦C overnight. After washing,
he membranes were incubated with secondary antibody specific
o the species of the primary antibody at a dilution of 1:2000
s follows; goat anti-rabbit IgG-HRP, goat anti-mouse IgG-HRP
Abcam), and goat anti-human IgG-HRP (Abcam) at room
emperature for 1 h. The immunoblot was developed by ECL (Bio-
ad, USA) for the cell samples and SuperSignal West Pico PLUS
Thermo) for the EV samples. The membrane was imaged on a
hemiDoc MP imaging system (Bio-Rad, USA). Signal intensities
ere quantified using the Image J software (NIH, USA). At least
hree independent experiments were performed. For SCs, protein
ands were normalized to actin and quantified relative to the con-
rol (undifferentiated condition). For EVs, band intensities were
uantified relative to the control (undifferentiated condition). 

.7 Nanoparticle Tracking Analysis (NTA) 

 NanoSight NS300 (Malvern Instruments Ltd., Malvern,
orcestershire, UK), integrated with a sample pump, was utilized
or the analysis. EV samples were diluted in 0.22 µm filtered 1x
BS at a ratio of 1:40 to achieve a total volume of 1 mL. The
iluted sample was then injected into the sample chamber using
he syringe pump. Five 1-minute videos were recorded under the
ollowing parameters: camera: sCMOS; cell temperature: 25◦C;
yringe pump speed: 30 µL/s. After capture, the videos were
nalysed by NanoSight Software NTA 3.4 Build 3.4.003 using the
ettings: detection threshold, 5; blur size and max jump distance,
uto. Ideal concentrations contained 20–100 particles/frame. 

.8 Transmission Electron Microscopy (TEM) 

EM was performed to visualize the morphology of SC-EVs.
ive microliters of isolated EVs were applied onto 200-mesh
arbon-coated copper grids (FCF200-CU; Electron Microscopy
ciences) and allowed to adsorb for approximately 1 min at room
4 of 20
temperature. The grids were gently rinsed twice with deionized
water and subsequently stained with 2% uranyl acetate (Cat#
22400; Electron Microscopy Sciences) for 10 s. After removing
excess stain with filter paper, grids were air-dried for 1 min.
Imaging was performed on a Thermo Talos L120C transmission
electron microscope operated at 100 kV. 

4.9 Super-Resolution Microscopy 

Single-level EV images were obtained using a Nano imager S
Mark II microscope (Oxford Nanoimaging, Oxford, UK) equipped
with a 100X, 1.4 NA oil immersion objective, an XYZ closed-
loop piezo 736 stage, and dual or triple emission channels split
at 640 and 555 nm. EV samples were prepared according to a
modified protocol (Wiklander et al. 2024 ). 1 × 109 EVs were
stained with 5ug of primary antibodies in combination of mouse
anti-CD63 (Ab108950; abcam) and rabbit anti-p75 NGF Receptor
(ab52987; abcam) in 100 µL 0.2% BSA in PBS overnight on
a shaker at 4◦C. Next day, samples were wash with 400 µL
filtered 1xPBS for three times using Ultracel-100 K membrane
filter (Merck Millipore, Burlington, MA, USA) at 5000 RPM
for 3 min. Samples were collected and labeled with secondary
antibodies including Goat pAb to mouse IgG AF488 (AB150116)
and Goat pAb to rabbit IgG AF594 (Abcam, Waltham, MA, USA)
at a dilution of 1:400 in 400 µL 0.2% BSA in PBS for 3 h at 4◦C.
Following reaction completion, samples were washed three times
with filtered 1X PBS and collected in a final volume of 100 µL.
For imaging, μ-Slide 8 well glass bottom slides (Ibidi, Fitchburg,
WI, USA) were washed two times with distilled water, coated
with 100 uL poly-L-lysine solution (Sigma Aldrich, St. Louis, MO,
USA), and incubated at 37◦C overnight. Upon incubation, the
solution was carefully removed and the sample of antibodies-EVs
was added at a final volume of 100 µL and kept at 4◦C overnight.
The next day, the buffer was removed, washed, and fixed with
3.7% formaldehyde for 15 min at 4◦C. Lastly, samples were washed
3X with filtered PBS. Three to five fields of view were recorded
for each sample using direct stochastical optical reconstruction
microscopy (dSTORM). Analysis was performed using algo-
rithms including filtering, drift correction, and DBScan clustering
developed by ONI (Oxford Nanoimaging, Oxford, UK) via the
Collaborative Discovery (CODI) platform. The dSTORM analysis
was performed qualitatively to visualize the co-localization and
expression of CD63 and p75NTR on individual EVs. 

4.10 Whole RNA Sequencing for mRNA and 

lncRNA 

Whole-transcriptome RNA sequencing was performed by the
Genomics, Epigenomics, and Sequencing Core (GESC) at the
University of Cincinnati following updated protocols as previ-
ously described (Qiu et al. 2023 ; Reigle et al. 2021 ). Total RNA
was isolated from Schwann cells for mRNA-seq and SC-EVs for
lncRNA-seq, and quality control was assessed using the Agilent
Bioanalyzer with the RNA 6000 Pico Kit (Agilent Technologies,
Santa Clara, CA). Gel-like images and electropherograms of total
RNA from Schwann cells and SC-EVs demonstrated distinct 28S
and 18S rRNA peaks and RNA fragment distributions above
200 nt, confirming good RNA quality suitable for mRNA and
lncRNA sequencing (Figures S3 and S7 ). Next, 10 ng of total RNA
Journal of Extracellular Biology, 2026
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as used as input for library preparation using the NEBNext
ltra II Directional RNA Library Prep Kit (New England BioLabs,
pswich, MA). PCR was run for 9 cycles. Library quality and
oncentration were evaluated using Qubit fluorometric quantifi-
ation (Thermo Fisher Scientific, Waltham, MA). Each library
as then uniquely indexed and proportionally pooled. The
inal library pool was sequenced on the Illumina NextSeq 2000
latform (Illumina, San Diego, CA) with setting of PE 2 ×61 bp
o generate ∼ 30 million reads per sample for mRNA and ∼ 20
illion reads per sample for lncRNA. Sequencing output was
rocessed via the Illumina BaseSpace Sequence Hub to generate
astq files for downstream mRNA and long noncoding RNA
lncRNA) analysis. 

.11 MicroRNA-Sequencing 

mall RNA sequencing was carried out by the GESC following
stablished protocols (Langevin et al. 2020 ; Sheth et al. 2025 ).
otal RNA isolated from SC-EVs was quantified and quality
ontrol-assessed using the RNA 6000 Pico Kit on the Agilent
ioanalyzer (Agilent Technologies, Santa Clara, CA). Gel-like
mages and electropherograms revealed RNA fragments below
00 nucleotides, corresponding to small RNAs, confirming good
NA quality suitable for miRNA sequencing (Figure S7 ). ∼ 5 ng
f total RNA was used for library construction with the NEB-
ext Multiplex Small RNA Library Prep Kit (New England
ioLabs, Ipswich, MA), incorporating a protocol modification to
ncrease sensitivity and specificity for small RNA detection. PCR
mplification was performed with 15 cycles, and 10 µL of each
niquely indexed PCR mixture was pooled. The pooled libraries
ere then subjected to DNA purification using the DNA Clean
 Concentrator kit (Zymo Research, Irvine, CA). For precise
ize selection, the libraries were spiked with custom 135 and
46 bp DNA ladders and run on a high-resolution agarose gel
lectrophoresis. MiRNA-containing fragments, ranging from 135
o 146 bp (including adapters and miRNA inserts), were cut,
el-purified, and quantified using the NEBNext Library Quantifi-
ation Kit on a QuantStudio 5 Real-Time PCR System (Thermo
cientific). Quantified libraries were low-depth sequenced on the
llumina NextSeq 2000 platform (Illumina, San Diego, CA) for the
irst round to generate a few million reads per sample. Based on
he preliminary read counts, library input volumes were adjusted
o normalize sample representation. A second round, high-depth
equencing run was subsequently performed to generate ∼ 40
illion reads per sample for final data analysis. 

.12 Bioinformatics and Data Analysis 

.12.1 MRNA Analysis 

NA sequencing reads in FASTQ format were first subsampled,
nd strandedness was inferred using fq tool ( https://github.com/
tjude- rust- labs/fq ). Quality control was performed with FastQC
 http://www.bioinformatics.babraham.ac.uk/projects/fastqc ), 
ollowed by adapter and quality trimming using Trim
alore ( https://www.bioinformatics.babraham.ac.uk/projects/
rim_galore ) and Cutadapt (Martin 2011 ). Sequencing quality
ontrols including total reads, duplication rates, and GC
ontent were evaluated using FastQC and summarized with
ournal of Extracellular Biology, 2026
MultiQC, confirming consistently high per-base quality scores
(Figure S9 ). Trimmed reads were aligned to the rat reference
genome using the STAR (Dobin et al. 2013 ), with HISAT2
(Kim et al. 2019 ) as an alternative aligner. The alignments
were sorted and indexed using SAMtools (Li et al. 2009 ), and
PCR duplicates were marked using Picard MarkDuplicates
( http://broadinstitute.github.io/picard/ ). Transcript assembly
and quantification were performed using StringTie (Pertea et al.
2015 ). BEDTools (Quinlan and Hall 2010 ) and bedGraphToBigWig
were used to generate bigWig tracks. Intensive quality control of
the RNA-seq data was carried out using tools including RSeQC
(Wang et al. 2012 ), Qualimap (Okonechnikov et al. 2016 ), and
dupRadar (Sayols et al. 2016 ). Transcript quantification was
performed using Salmon (Patro et al. 2017 ), and transcript counts
were converted to gene counts using the tximport package
( https://github.com/thelovelab/tximport ). Differential gene
expression analysis between sample groups was conducted using
DESeq2 v1.26.0 (Love et al. 2014 ). Only read count sum > 30
were included for differential-expression analysis. Hierarchical
clustering heatmaps of differentially expressed genes (DEGs: log2 
fold change ≥ |0.58| and q-value ≤ 0.05) were generated. Genes
with log2 fold change ≥ 1.5 or ≤ -1.5 and q-value ≤ 0.05 were
considered significantly differentially expressed and visualized
in volcano plots. All upregulated genes were submitted to DAVID
( http://david.ncifcrf.gov) for gene ontology (GO) enrichment
analysis (Huang da et al. 2009 ; Sherman et al. 2022 ) to identify
the top 10 biological processes ranked by fold enrichment (FDR
< 0.05). Additionally, genes ranked by log2 fold change were
submitted for gene set enrichment analysis (GSEA) using the
GSEA tool (Subramanian et al. 2005 ). Gene sets upregulated
in the “na_pos” phenotype with FDR < 25% were considered
significant. All visualization were generated using SRplot (Tang
et al. 2023 ). 

4.12.2 MiRNA Analysis 

miRNA sequencing data were processed using the nf-
core/smrnaseq pipeline (version 2.3.1), which performs adapter
trimming, quality control, alignment, and quantification of small
RNA reads. The pipeline generated both raw and normalized
gene count files, with normalization reported in counts per
million. A summary report of quality control metrics and
pipeline outputs was generated using MultiQC (Ewels et al.
2016 ). Sequencing QC parameters, including total reads, GC
content, and duplication rates, were evaluated using FastQC and
MultiQC, confirming high-quality reads suitable for downstream
analysis (Figure S10 ). Differential expression analysis between
sample groups was conducted using the DESeq2 package (v1.26.0)
in R (Love et al. 2014 ). For downstream analysis, read count
sum > 30 were included for differential-expression analysis.
Significantly differentially expressed miRNAs were identified
based on log2 FoldChange ≥ |0.58| and false discovery rate (FDR)
≤ 0.05. DEGs clustering heatmaps were generated using SRplot
(Tang et al. 2023 ), and the two primary clusters representing
upregulated and downregulated miRNAs in myelinating
versus repair SC-EV groups were selected for downstream
analysis. Target prediction for differentially expressed miRNAs
was performed using the intersection of miRWalk (version
3.0, binding P-value ≥ 0.95) (Sticht et al. 2018 ) and miRDB
15 of 20
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prediction score > 50) (Chen and Wang 2020 ). Predicted target
enes were submitted to DAVID ( http://david.ncifcrf.gov) for
ene ontology (GO) analysis to identify the top 10 cellular
ompartments. The DAVID gene functional classification tool
 http://david.ncifcrf.gov) (Huang et al. 2007 ) was used to identify
our functional clusters ranked by enrichment score (P-value ≤
.05). All visualizations were performed using SRplot (Tang et al.
023 ). 

.12.3 LncRNA Analysis 

NA sequencing reads were assessed for quality using FastQC
 https://github.com/stjude- rust- labs/fq ) (Figure S11 ) and
ubsequently trimmed to remove adapter sequences using Trim
alore ( https://www.bioinformatics.babraham.ac.uk/projects/
rim_galore ) and Cutadapt (Martin 2011 ). The cleaned reads
ere aligned to the rat reference genome using the STAR
ligner (Dobin et al. 2013 ). Raw counts and lncRNA expression
Transcripts Per Million, TPM) were generated. The top 20
ost highly expressed lncRNAs were used to generate heatmap.
pregulated clusters from the heatmap were subjected to
iRNA-lncRNA interaction prediction using miRanda through
Rplot (Tang et al. 2023 ). Interactions with high binding affinity
total score > 140 and minimum free energy < –20 kcal/mol)
ere selected (Marín and Vanícek 2011 ). All data visualization
nd plotting were performed using SRplot (Tang et al. 2023 ). 

.13 Quantification of miRNA Expression by 
RT-PCR 

iRNA expression was quantified using the miRCURY LNA
YBR Green system (QIAGEN). Total RNA ( ∼ 0.3 ng per 10 µL RT
eaction) was reverse transcribed into cDNA with the miRCURY
NA RT Kit (QIAGEN, Cat. No. 339340) including the UniSp6
NA spike-in as an exogenous control. The cDNA was diluted
:30 and amplified using the miRCURY LNA SYBR Green PCR
it (QIAGEN, Cat. No. 339345) with target-specific primers for
no-miR-503-3p and rno-miR-330-5p (Primer assay, QIAGEN,
at. No. 339306). Each 10 µL PCR reaction contained 5 µL of
 × SYBR Green Master Mix, 1 µL of primer assay, 1 µL of
uclease-free water, and 3 µL of diluted cDNA. Amplification
as performed in StepOne Real-Time PCR System (Applied
iosystems) using the following cycling conditions: 95◦C for
 min, followed by 60 cycles of 95◦C for 10 s and 56◦C for 60 s,
ith a melt-curve analysis. Non-template controls (NTCs) were
ncluded as a negative control. Relative expression levels were
etermined using the ΔΔCt method, normalized to U6 snRNA,
ith immature SC-EVs serving as the comparator group. 

.14 SC-EV Treatment and SOX2 Expression 

nalysis 

rimary immature Schwann cells were plated in 12-well plates
nd cultured in growth medium containing EV-depleted FBS for
4 h before treatment. Cells were then treated with immature,
yelinating, or repair SC-EVs at 20 µg total EV protein (quantified
y DC Protein assay), equivalent to 5 × 103 EVs per recipient
ell for 72 h at 37◦C in a humidified 5% CO2 atmosphere before
6 of 20
SOX2 analysis by western blotting. Medium alone was served as
a control. All treatments were conducted with three biological
replicates per group. 

4.15 MiR-330-5p and miR-503-3p 

Mimic/Inhibitor Transfection 

RT4-D6P2T rat Schwann cells were seeded in 24-well plates
for Western blot analysis and 96-well plates for MTT assays
and cultured in complete growth medium until approximately
60–70% confluency. Cells were then transfected with 5 nM
rno-miR-330-5p miRCURY LNA miRNA Mimic (GeneGlobe
ID: YM00472899-ADB), rno-miR-503-3p miRCURY LNA miRNA
Mimic (GeneGlobe ID: YM00471651-ADB), Negative Control
miRCURY LNA miRNA Mimic (GeneGlobe ID: YM00479902-
ADB), rno-miR-330-5p miR CURY LNA miRNA Inhibitor (Gene-
Globe ID: YI04101483-DDA), rno-miR-503-3p miRCURY LNA
miRNA Inhibitor (GeneGlobe ID: YI04107715-DDA), or Negative
Control A miRCURY LNA miRNA Inhibitor (GeneGlobe ID:
YI00199006-DDA) (QIAGEN, MD, USA) using Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen, Thermo Fisher
Scientific) according to the manufacturer’s instructions. 

Transfection complexes were prepared in Opti-MEM reduced-
serum medium (Gibco) and added to the cells. Following
transfection, cells were incubated for 96 h at 37◦C in a humidified
atmosphere containing 5% CO2 prior to downstream analyses.
SOX2 protein expression was evaluated by western blotting, and
cell proliferation was assessed using the MTT assay. 

4.16 MTT Cell Proliferation Assay 

Cell proliferation was evaluated using the CyQUANT MTT Cell
Viability Assay Kit (Invitrogen, Waltham, MA, USA) according to
the manufacturer’s protocols. Following 96 h post-transfection,
culture medium was replaced with 100 µL of culture medium
containing 10 µL of 12 mM MTT stock solution. Cells were
incubated for 2 h at 37◦C in a humidified incubator with 5%
CO2 . After incubation, the supernatant was carefully removed,
and 50 µL of dimethyl sulfoxide (DMSO) was added to dissolve
the formazan crystals. The plate was incubated for an additional
10 min at room temperature. Absorbance was measured at 540 nm
using a BioTek 800 TS microplate reader (Agilent, Santa Clara,
CA, USA). Cell proliferation was normalized to the negative
control group and presented as percentage relative to negative
control conditions. 

4.17 Wound Healing and Migration Assays 

Schwann cells were reverse-transfected with miRNA mimics or
inhibitors using Lipofectamine RNAiMAX Transfection Reagent
(Invitrogen, Thermo Fisher Scientific) and seeded into 2-well
adhesive silicone inserts (ibidi, Germany) placed in 24-well plates
for 48 h. Following incubation, the inserts were carefully removed
to generate a uniform cell-free gap of approximately 500 µm
between cell populations. Fresh culture medium was then added,
and phase-contrast images were acquired at 0 h, 12 h, and 24 h
using a NIKON ECIPSE TE-2000-S microscope. Wound closure
Journal of Extracellular Biology, 2026
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rea was quantified using ImageJ software (NIH, USA) together
ith the ImageJ plugin for in vitro scratch wound healing assays
Suarez-Arnedo et al. 2020 ). Results were expressed as percentage
f wound closure relative to the initial wound area at 0 h.
hree independent biological replicates were analyzed for each
ondition. 
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