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Purpose: Schwann cell-derived extracellular vesicles (SCEVs) have demonstrated favorable effects in spinal cord, peripheral nerve, 
and brain injuries. Herein, a scalable, standardized, and efficient isolation methodology of SCEVs obtaining a high yield with 
a consistent composition as measured by proteomic, lipidomic, and miRNA analysis of their content is described for future clinical 
use.
Methods: Human Schwann cells were obtained ethically from nine donors and cultured in a defined growth medium optimized for 
proliferation. At confluency, the culture was replenished with an isolation medium for 48 hours, then collected and centrifuged 
sequentially at low and ultra-high speeds to collect purified EVs. The EVs were characterized with mass spectrometry to identify and 
quantify proteins, lipidomic analysis to assess lipid composition, and next-generation sequencing to confirm miRNA profiles. Each 
batch of EVs was assessed to ensure their therapeutic potential in promoting neurite outgrowth and cell survival.
Results: High yields of SCEVs were consistently obtained with similar comprehensive molecular profiles across samples, indicating 
the reproducibility and reliability of the isolation method. Bioactivity to increase neurite process growth was confirmed in vitro. The 
predominance of triacylglycerol and phosphatidylcholine suggested its role in cellular membrane dynamics essential for axon 
regeneration and inflammation mitigation. Of the 2517 identified proteins, 136 were closely related to nervous system repair and 
regeneration. A total of 732 miRNAs were cataloged, with the top 30 miRNAs potentially contributing to axon growth, neuroprotec
tion, myelination, angiogenesis, the attenuation of neuroinflammation, and key signaling pathways such as VEGFA-VEGFR2 and 
PI3K-Akt signaling, which are crucial for nervous system repair.
Conclusion: The study establishes a robust framework for SCEV isolation and their comprehensive characterization, which is 
consistent with their therapeutic potential in neurological applications. This work provides a valuable proteomic, lipidomic, and 
miRNA dataset to inform future advancements in applying SCEV to the experimental treatment of neurological injuries and diseases.
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Introduction
The mammalian nervous system has a limited capacity to recover after an injury, either triggered by neurological illness 
or trauma. While peripheral nervous system regeneration can be partially achieved in some cases, the central nervous 
system fails to regenerate.1 Glial cells are one of the several factors responsible for the differences in the regeneration 
response between both systems. The main glia of the peripheral nervous system is the Schwann cell (SC), which has 
unique features that contribute to axonal repair by several means,2 including myelinophagy,3 transfer of lactate,4 iron,5 

and ribosomes,6 the release of neurotrophic factors,7,8 production of basal lamina,9 remyelination,10 and the release of 
extracellular vesicles (EVs).11,12
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The transplantation of cultured autologous SC (aSC) for treating neurological conditions has shown benefits.13–19 

However, aSC cultures have significant limitations, including limited mitotic capacity in vitro, time required for product 
preparation, and immunological responses to allogeneic transplants.20 SC-derived extracellular vesicles (SCEVs) may 
avoid most of these limitations of aSC transplantation, especially in manufacturing an allogeneic off-the-shelf product for 
clinical applications.21

EVs are nano-sized, membrane-bound particles rich in proteins, lipids, nucleic acids, and metabolites released by cells 
into the extracellular environment.22 They play crucial roles in cell-to-cell communication, tissue repair, and the 
modulation of biological processes.23 Among the potential sources of EVs, those derived from SC resembling the repair 
phenotype14,24 hold particular therapeutic promise.13,25–27 Recent advances have highlighted SCEVs as key mediators of 
regenerative processes, carrying a cargo rich in regenerative and anti-inflammatory molecules capable of promoting 
neuronal survival, axonal growth, and remyelination.28–30 The therapeutic potential of these SCEVs could extend to 
peripheral nerve injuries (PNI), spinal cord injury (SCI), traumatic brain injury (TBI), and neurodegenerative diseases, 
including amyotrophic lateral sclerosis (ALS), and potentially beyond, to disorders involving other systems where SC 
signaling plays a reparative role.31–33 These vesicles, carrying myriad bioactive molecules, can potentially transform how 
we approach treating neurological injuries and diseases.34 In addition to their therapeutic potential,21,35 our group 
demonstrated that weekly intravenous infusion of allogeneic human SCEVs for ten weeks in one patient with ALS 
was safe and correlated with clinical stabilization of the ALS Functional Rating Scale-Revised (ALSFRS-R) and 
pulmonary function.11,36

The exploration of EVs as carriers of therapeutic agents represents a frontier in regenerative medicine, with SCEVs 
exhibiting unique reparative properties.21 These vesicles could lead to a novel class of biological therapeutics capable of 
harnessing the body’s own mechanisms for repair and regeneration.13–15,18,21,37,38 Although many studies have examined 
the regenerative potential of SCEVs,21,35 we found only one study of the proteome of rat SCEVs.39

The molecular characterization of human SCEVs is not well understood. By exploring their content, our study aimed 
to advance the understanding of SCEVs’ biology and possible molecular mechanisms that can facilitate the discovery of 
novel therapeutic targets40 for intervention in specific neurological injuries and diseases. In this paper, we show that 
human SCEVs promote neurite outgrowth of rat hippocampal neurons in vitro and provide a molecular profile through 
proteomic, lipidomic, and miRNA analysis focused on their neuroregenerative potential for future exploration in well- 
defined indication of diseases.

Materials and Methods
Sural Nerve Sourcing, Donor Qualification, and SC Culture
Human SC were obtained from the sural nerves of nine cadaveric donors as described previously for both research and 
clinical batches.18 Donor screening followed standard transplant practices, and all allogeneic donors met allogeneic donor 
eligibility criteria as outlined in FDA’s 21 CFR Part 1271 for cadaveric donors41 regarding testing for infectious agents 
and source documentation.

Human sural nerve were transported in a sterile tissue container with approximately 100 mL of Belzer UW® cold 
storage solution (Bridge to Life Ltd, Northbrook, IL, USA) at 2 to 10°C, and sterility (aerobic, anaerobic, and fungal 
culture) testing was performed. Fascicles were pulled from nerves, transferred to a T-75 flask (Corning, Corning, NY, 
USA), and cultured with Schwann cell growth (SCG) media. SCG media was composed of 10% FBS (Hyclone, 
Marlborough, MA, USA), 2 µM forskolin (Sigma, St Louis, MO, USA), 10 nM Heregulin ß-1 (PeproTech, Cranbury, 
NJ, USA), 4 mM L-glutamine (Invitrogen, Waltham, MA, USA), 0.05 mg/mL Gentamicin USP grade, and DMEM 
(Invitrogen, Waltham, MA, USA). SCG media was changed every other day, and fascicles were incubated overnight with 
a dissociation enzyme solution after 7 or 8 days. The cell suspension from the dissociated fascicles was washed and 
cultured with SCG media in laminin (Sigma, St Louis, MO, USA)-coated T-75 flasks (Corning, Corning, NY, USA). 
Culture media was changed every three days, and the SCs were harvested when they reached confluency. The SC were 
then cultured for further expansion on laminin-coated flasks or cryopreserved for further expansion. The culture process 
followed previously published manufacturing methods for clinical-grade Schwann cells11,13–15,17–19,36 and is summarized 
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in Figure 1. Research batches were produced in a regular research laboratory setting, whereas the clinical batches were 
produced in a clean environment following cGMP using the same methodology.

Isolation and Purification of SCEVs
When SC reached 70 to 80% confluence in the flasks, the SCG medium was removed. Flasks were rinsed with DPBS twice 
before being replenished with SCEV serum-free culture media, composed of DMEM (Invitrogen, Waltham, MA, USA) 2µM 
forskolin (Sigma, St Louis, MO, USA), 10 mm Heregulin ß-1 (PeproTech, Cranbury, NJ, USA), 4 mm L-glutamine 
(Invitrogen, Waltham, MA, USA). The supernatant was collected 48 hours later, and the flasks were replenished with SCG 
medium. The SCs were cultured with SCG medium for another 3 days, then rinsed with DPBS (Gibco, Grand Island, NY, 
USA) twice then replenished with SCEV serum-free culture medium. Forty-eight hours later, the supernatant was collected, 
and the flasks were replenished with SCG medium. This process was repeated once more for a total of three collections of 
supernatants (summarized in Figure 1). The supernatant was centrifuged at 3000 x g for 10 minutes at 4°C, then filtered with 
a 0.22 µM cellulose acetate filter (Corning, Corning, NY, USA). The filtered supernatant was then centrifuged at 100,000 x g 
for 90 minutes at 4°C using Optima XPN-90 ultracentrifuge (Beckman Coulter, Brea, CA, USA). After removing the 
supernatant, the SCEVs were resuspended with DPBS (Gibco, Grand Island, NY, USA), then aliquoted and stored at −80°C.

Transmission Electron Microscopy
EV samples from the research batches were prepared for transmission electron microscopy. They were loaded onto 
a carbon copper grid for 30 minutes and then rinsed with phosphate buffer, followed by double-distilled water. The 
samples were then fixed with 2% glutaraldehyde and stained with 2% aqueous uranyl acetate solution. Grids were kept 
overnight protected from light and were viewed at 80 kV in a JEM-1400 transmission electron microscope (JEOL LTD, 
Peabody, MA, USA), where images were captured with an AMT BioSprint 12 digital camera.

Figure 1 Manufacture Process of SCs and SCEVs. Starting with sural nerve tissue, cells are dissociated, cultured in T-75 flasks to 70–80% confluence, and either 
cryopreserved or further cultured. Post-culture, the SCG medium is replaced with SCEV culture media to induce EV production. The supernatant is collected and processed 
through sequential centrifugation and filtration to isolate EVs. The procedure permits up to three EV harvests.
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Total Protein Analysis
EV samples from research and clinical batches were prepared to analyze total protein content using a DC Protein Assay 
Kit (Bio-Rad Laboratories, Hercules, CA, USA). In brief,  µL of purified EV samples were added to the reagent 
A (alkaline copper tartrate solution) and mixed well. Then, reagent B (dilute Folin reagent) was added and mixed, and the 
mixture was incubated at room temperature for 15 minutes. Absorbance was measured at 750 nm.

Nanoparticle Tracking Analysis (NTA)
EVs were diluted with distilled water to a final volume of about 1 mL for NTA using NanoSight NS300 (Malvern 
Panalytical, Malvern, UK). For each measurement, the ideal particle per frame was between 30 and 60 for each 
30 seconds of capture for five captures. The camera capture level was between 13 and 15, with a syringe speed of 
30 µL/s. After capture, the videos were analyzed using the built-in NanoSight Software 3.4 with a detection 
threshold of 5.

Phenotype Analysis
EVs were incubated with CD63 Isolation magnetic beads (Invitrogen, Waltham, MA, USA) overnight at 4°C and then 
incubated with conjugated antibodies for exosome surface markers against CD63-FITC (BD Biosciences, Franklin Lakes, 
NJ, USA), CD81-PE (BD Biosciences, Franklin Lakes, NJ, USA), and CD9-PE (BD Biosciences, Franklin Lakes, NJ, 
USA) for one hour at room temperature. The EVs were rinsed once and then analyzed using a Cytoflex Flow cytometer 
(Beckman Coulter, Brea, CA, USA).

Neurite Growth Assay of Hippocampal Neurons
The assays followed published methods.23 In brief, embryonic hippocampal neurons from E18 Sprague-Dawley rats were 
plated at 2000 cells per well on a poly-D-lysine coated 96-well plate with 150 µL NbActiv4 media (BrainBits, 
Springfield, IL, USA) for 1 hour at 37°C and 5% CO2. The procedures for neuron extraction were approved by the 
Animal Care and Use Committee of the University of Miami (protocol # 21–138) and following USDA and AAALAC 
guidelines for animal welfare. Eight research batches of exosomes were tested, either with 6×109 or 6×1010 particles/mL. 
The control groups were treated with 0 or 10 ng/mL of NGF. The hippocampal neurons were cultured for a further 
48 hours, then fixed with 4% paraformaldehyde (Sigma, St. Louis, MO, USA) and permeabilized with 0.3% Triton-X 
solution (Millipore, Burlington, MA, USA) for 1 hour, followed by blocking with 0.03% Triton-X, 0.2% fish gelatin 
(Sigma-Aldrich, St. Louis, MO, USA), 2% sodium azide (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 hour at 
room temperature. Cultures were stained with rabbit anti-ßIII-tubulin antibody (Sigma-Aldrich, St. Louis, MO, USA, 
1:2000) overnight at 4°C, then washed 5 times with PBS. The secondary antibody (Thermo Fischer, Waltham, MA, USA, 
1:1000) with 10 µM Hoescht (Invitrogen, Waltham, MA, USA) was added to each well and incubated for 1 hour at room 
temperature, then each well was washed 5 times with PBS before being imaged using Opera Phenix High-Content 
Screening System (Revvity, Waltham, MA, USA). Nine fields were imaged with a 10X objective for each well and 
analyzed automatically using the neurite tracing algorithm implemented in Harmony v5.1 (high-content imaging and 
analysis software, Revvity, Waltham, MA, USA), and the total neurite length was assessed.

Preparation of EV Samples for RNA-Seq, Proteomic, and Lipidomic Analysis
Two research batches and one clinical batch of SCEVs were sent to Creative Biolabs (Shirley, NY, US) for sample 
preparation and processing for RNA-seq, proteomic, and lipidomic analysis. The samples were labeled as hSCExo1(R), 
hSCExo2(R) as research batches and hSCExo3(C) as clinical batch. This labeling is part of sample traceability, ensuring 
that each cell batch can be tracked through its source, handling, and experimental use.

SCEVs isolated from three human donors were lysed to release RNA. This RNA was then extracted using the 
exoRNeasy Serum/Plasma Maxi Kit (Qiagen, Germantown, MD, USA), specifically designed for high-yield and purity 
RNA extraction from such samples. The extracted RNA was used to synthesize cDNA for the subsequent analysis. The 
cDNA samples were then sequenced using the Illumina platform with a PE150 sequencing strategy wherein paired end 
reads of 150 base pairs each were generated, allowing for comprehensive and detailed sequencing coverage. The RNA 
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sequencing data was processed using Seqtk (single-threaded), a tool for manipulating sequences in the FASTQ format. 
This included removing any linker sequences and trimming sequences where the base quality at the 3’ end was below 
a Q-score of 20, ensuring that only high-quality, error-free reads (error rate less than 0.01) were analyzed.

Protein was extracted, and the concentration was determined using a bicinchoninic acid (BCA) assay. Desalinization 
and freeze-drying were performed before analyzing the sample with Mass spectrometry. An ORBITRAP ELIPE mass 
spectrometer with a Nanospray FlexTM ion source was used at 2.0 kV. The full scan range was 350 to 1500 m/z at 120000 
resolutions. Raw Mass Spectrometry files were processed using Proteome Discoverer Software (version 2.4.1.15) and 
searched in the UniProt database (uniprot.org).

Lipids from exosome samples were isolated using chloroform (Sigma-Aldrich, St. Louis, MO, USA) and methanol 
(2:1, v/v) at −20°C and processed to a freeze-dried sample. The sample was then resuspended in 200 µL of isopropanol 
and analyzed by Mass spectrometry. Spray voltages of 3.5 kV and 2.5 kV were used, and the full scan range was set to 
150 to 2000 m/z at 35000 resolutions. LipidSearch (V4.2.28) was used to annotate the original data, and peak alignment 
and peak filtering were performed.

Analysis of miRNA, Proteomic, and Lipidomic Data
All analyses were performed using the raw data processed and collected by Creative Biolabs. The detected miRNAs were 
filtered to consider only those concordant in at least 2 out of the 3 samples. The raw intensity levels of proteins and lipids 
were normalized to the mean Z-score, and the miRNA sequence depth was normalized by counts per million. For overlap 
analysis among samples, Venn diagrams with all identified lipids, proteins, and miRNA in all three samples were 
generated using an online tool.42 The Pearson correlation coefficient was utilized to analyze the correlation of intensity 
levels among samples, and heatmaps were plotted using the corrplot package in RStudio (Posit, PBC, version 
2023.12.1–402).

For profile analysis, normalized data for each detected miRNA, lipid, and protein in each sample was pooled by mean 
and ultimately ranked by expression levels. The top 30 miRNAs and their corresponding potential influence on nervous 
system regeneration were searched in the literature (PubMed database) and listed in a table containing each miRNA and 
its respective role, study model, and mechanism of action. Target gene prediction analysis of the top 30 miRNAs was 
performed using the interactive online tool Mienturnet43 and selecting the miRtarBase database.44 A false discovery rate 
(FDR) below 0.05 was considered, and one was set as the threshold for the minimum number of miRNA-target 
interactions. The resulting list was plotted as an interaction network using Cytoscape (Cytoscape Team, v.3.10.2).

Proteomic analysis was conducted by ranking all the detected 2517 proteins based on intensity levels, followed by 
selecting the 1259 proteins that presented expression levels above the median and submitting them to the gene list to the 
Database for Annotation, Visualization, and Integrated Discovery (DAVID, version 2021)45 for functional enrichment 
analysis. For identifying enriched biological themes, we selected the following functional annotation tools: the Kyoto 
Encyclopedia of Genes and Genomes (KEGG), Wikipathways, Reactome, Gene Ontology molecular function (MF) and 
biological process (BP), and UniProt. Functional terms related to nervous system regeneration with a false discovery rate 
(FDR) below 0.05 were filtered, ranked, and listed in a table.

The lipidomic analysis was performed by counting the total number of lipid molecules per lipid subclass identified, 
represented by the bar graph generated in Microsoft Excel (version 16.78), and by the percentage of lipid subclass 
identified, represented by the doughnut graph.46

Safety Determination: Sterility, Mycoplasma, and Endotoxin
Clinical batch samples were subjected to bacterial (aerobic and anaerobic) and fungal testing. For these tests, the 
membrane filtration method was employed in accordance with the procedures outlined in 21 CFR Part 610.12 (6) (US 
Food and Drug Administration, 2023c) and/or the current United States Pharmacopeia.47 Sterility testing involves using 
Soybean-Casein Digest (SCD) and Fluid Thioglycollate Media (FTM) and cultures of aerobic, anaerobic, and fungal 
organisms using media selective to the respective types of organisms. Samples were incubated for 14 days. For 
Mycoplasma, samples were tested by PCR amplification using the VenorGeM® Mycoplasma Detection Kit (Sigma- 
Aldrich, St. Louis, MO, USA). This method can detect 1–5 fg of Mycoplasma DNA corresponding to 2–5 Mycoplasma 
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per sample volume for detection. For endotoxin, samples were tested by Limulus Amebocyte Lysate (LAL) using the 
Endosafe®-PTS portable test system (Charles River, Wilmington, MA, USA). The Endosafe®-PTS is an FDA-Licensed 
Endotoxin detection system that utilizes a LAL test cartridge along with a handheld spectrophotometer to provide point- 
of-use results. PTS system uses LAL kinetic chromogenic technology that measures a color intensity that is directly 
correlated to the Endotoxin concentration in a sample.

Statistical Analysis
For EV Mode size, particle concentration, and protein levels of phenotypical markers (CD63, CD81, and CD9) that were 
normally distributed and analyzed using unpaired t-tests comparing research and clinical batches. Neurite outgrowth was 
normally distributed and analyzed through one-way ANOVA with Tukey’s multiple comparisons test. Both tests were 
performed using GraphPad Prism (Prism 10.3.1 for macOS), and a significant difference was defined as p<0.05.

Results
Reproducibility of SCEVs Among Various Donors
We utilized the described methods to produce 25 research batches from seven donors and 6 clinical batches from two 
donors included in this study. The release testing for both the research and clinical batches of SCEVs is detailed in 
Table 1. A typical TEM image of SCEV is shown in Figure 2A. Detailed product characterization for the research SCEVs 
batches is provided in Table 2, and for the clinical SCEVs batches in Table 3. The manufacturing method did not differ 
between research and clinical batches. However, clinical batches were produced in compliance with cGMP and under
went additional testing for sterility and mycoplasma to meet regulatory standards (Table 1).47–49

The average mode size was 128.1±11.4 nm for research batches and 107.12±10.4 nm for clinical batches (Figure 2B). 
The average of clinical batches was significantly smaller (p<0.05) in mode size than in the research batches. The average 
concentration was 6.01x1011±3.22x1011 particles/mL for research batches and 5.52x1011±4.18x1011 particles/mL for 
clinical batches (Figure 2C), showing no significant differences. The average total protein yield for research SCEVs was 
0.34 mg/mL, and for clinical SCEVs, it was 0.36 mg/mL, with no significant differences. The average CD63, CD81, and 
CD9 expression was 71.18%, 76.80%, and 76.95%, respectively, for research batches and 96.28%, 90.67%, and 92.20% 
for clinical batches (Figure 2D). The average CD63 and CD81 expression in the research batches was significantly lower 
(p<0.05 for both) than in the clinical batches.

In the clinical SCEV batches, there were two donors, one 22-year-old male and one 45-year-old female (Table 3), 
while in the research SCEV batches, there are seven donors, ages ranging between 12 and 50, including both females and 
males (Table 2). The large number of donors in the research batches of SCEVs contributed to the greater variation in 
particle mode size and phenotype than in clinical batches. One research SCEV research batch run yielded low phenotype 
expression across all three markers, while the rest of the research SCEV batches showed similar phenotypical expression. 
No clear trends were observed in relation to the age (Figure 2E) of the donors of SCs used for research batches SCEV 
production and phenotype distribution. Research batches of SCEVs produced from male donors seemed to be clustering 

Table 1 Release Testing Summary of Research and Clinical Batches SCEVs. This Table Delineates the Specific Testing Parameters 
and Release Specifications Set for Both Research and Clinical Batches, Ensuring Quality Control and Consistency Across 
Different Stages of Production

Testing Release Specification Research Batch Clinical Batch

Phenotype Analysis (by flow cytometry) CD81>80% 

CD63>80%

Tested Tested

Particle Mode Size and Concentration (by Nanosight) Particle Mode size between 50 to 200 nm Tested Tested
Total Protein N/A Tested Tested

Sterility (Aerobic, anaerobic, and fungal) Negative *Not Tested Tested

Mycoplasma Negative *Not Tested Tested
Endotoxin ≤5 EU/mL *Not Tested Tested

Notes: *Safety tests were not performed for manufacturing development.
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with higher phenotypical expression in CD63, CD81, and CD9 than in SCEVs produced by female donors (Figure 2F). 
However, the difference in phenotypical expression was not observed in clinical batches where both male and female 
donors were used. Clinical batches of SCEVs tested negative for mycoplasma and sterility and passed endotoxin-level 
assessments.

SCEVs Promote Similar Neurite Length Growth as NGF
The morphology of rat embryonic hippocampal neurons was similar among the groups (Figure 3A–D). The neurite 
length measured for treatment with either 6×109 or 6×1010 SCEV particles/mL (research batches of SCEVs only, 

Figure 2 Phenotypical characterization of SCEVs from both research and clinical batches. (A) Electron micrographs of SCEVs revealed that the nanovesicles were round and 
elliptical. (B) Significant differences in EV Mode Size between research and clinical batches (***p<0.001). (C) Large variation in particle concentration of SCEVs between 
batches in both research and clinical production. Concentration can be affected by final product volume and donor variation. (D) Average expression of phenotypical 
markers of SCEVs, CD63, CD81, and CD9. Significant differences between research and clinical batches were observed for CD63 and CD81 expression (*p<0.05). One of 
the SCEVs research batches had lower expression of CD63 and CD81, which lowered the overall average of research batch expression. The rest of the SCEVs in the 
research batches were clustered with higher expressions. (E) No obvious clustering was observed with the age of donors to the phenotypical marker distribution of 
research batches of SCEVs. (F) Clustering of phenotypical marker distribution by gender observed in research batches of SCEVs.

Table 2 Characterization and Quality Metrics of Research SCEVs Batches

Sample Donor Info Passage/ 
Batch

Concentration 
(Particle/mL)

Phenotype (%) Total Protein 
(mg/mL)

EVs Mode Size 
(nm)

Age Gender CD63 CD81 CD9

HSC366 33 F P3, batch 1 8.53×1011 95.9 95.5 89.5 0.34 137.1
P3, batch 2 8.30×1010 – – – 0.342 123.2
P3, batch 3 5.40×1011 – – – 0.256 120.9

P3, batch 4 1.28×1012 – – – 0.265 137.5

P3, batch 5 2.92×1011 – – – 0.39 133.3
P3, batch 6 6.17×1011 – – – 0.35 125.4

P2, batch 1 9.71×1011 – – – 0.29 135.6

P2, batch 2 7.93×1011 – – – 0.31 116.6
P2, batch 3 6.20×1011 – – – 0.59 103.4

(Continued)
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n=7 donors each) was significantly greater (p<0.05) than neurons with no NGF (Figure 3E). Neurite length in 
neurons treated with 6×1010 SCEV particles/mL was significantly (p<0.05) longer than when treated with 10 ng/mL 
of NGF (Figure 3E).

Table 2 (Continued). 

Sample Donor Info Passage/ 
Batch

Concentration 
(Particle/mL)

Phenotype (%) Total Protein 
(mg/mL)

EVs Mode Size 
(nm)

Age Gender CD63 CD81 CD9

HSC217 23 M P0, batch 1 5.79×1011 – – – 0.29 122
P1, batch 1 1.61×1011 – – – 0.32 113.3
P2, batch 1 6.49×1011 – – – 0.191 130.4

P3, batch 1 4.98×1011 93.0 96.2 95.9 0.23 131

HSC199 24 F P3, batch 1 4.50×1011 82.4 82.5 86.6 0.242 128.7

HSC303 50 F P1, batch 1 2.54×1011 78.6 86.7 93.1 0.18 132.7

HSC265 12 M P1, batch 1 1.34×1012 – – – 0.263 145.1
P3, batch 3 8.22×1011 – – – 0.34 109.9

HSC263 45 F P1, batch 1 5.76×1011 87.8 89.3 85.3 0.653 137.3
P1, batch 3 2.13×1011 – – – 0.648 111.4

P1, batch 4 4.34×1011 70.0 70.4 71.9 0.27 135.9

P1, batch 5 4.22×1011 – – – – 119.4
P1, batch 6 9.34×1011 87.7 85.2 92.2 0.27 137.9

P2, batch 1 3.81×1011 – – – – 129.7

HSC317 29 F P3, batch 1 3.99×1011 85.1 85.6 93.4 0.43 149.2
P3, batch 2 8.70×1011 88.1 84.9 85.6 0.36 136.4

Note: Entries marked with “–” indicate tests that have not been conducted.

Table 3 Characterization and Quality Metrics of Clinical SCEVs Batches

Sample ID, 
Gender, Age

Passage 
/Batch

Concentration 
(Particle/mL)

Phenotype (%) EVs 
Mode 

Size (nm)

Total 
Protein 

(mg/mL)

*Endotoxin Sterility Mycoplasma

CD63 CD81 CD9

W430322000076 
Male, 22 years

P3, batch 1 4.18×1011 97.8 91.9 95.9 97.4 0.34 <0.500 No growth Negative

P3, batch 2 3.13×1011 96.7 96.4 94.5 97.7 0.33 No growth

P3, batch 3 4.39×1011 98.7 97.9 98.1 103.3 0.30 No growth

P3, batch 4 3.60×1011 94.1 95.2 95.2 107.4 – <0.645 No growth Negative

P3, batch 5 3.80×1011 94.9 95.5 95.6 125 – No growth

W430322000079 
Female, 45 years

P4, batch 1 1.40×1012 96.3 97.6 97.1 111.9 0.48 <0.254 No growth Negative

Note: *For products to be administered intravenously, the endotoxin level should not exceed 5 EU/kg of recipient’s body weight.
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High Correlation of Lipids, Proteins, and miRNA Expression in SCEVs Production
Among three SCEV preparations produced from three different donors, 180 lipids, 2517 proteins, and 732 miRNAs were 
identified. Lipids and proteins showed very high overlap across all samples, as depicted in the Venn diagram in Figure 4. 
The miRNA demonstrated less overlap, with about 500 miRNAs shared between at least two samples. Intensity 
correlations for lipids, proteins, and miRNAs were higher between hSCExo1R and hSCExo2R (research batches), 
ranging from 0.82 to 1, and lower between the clinical batch hSCExo3C and the two research batches, ranging from 
0.69 to 0.96. The lipid expression between hSCExo2R and hSCExo3C showed the lowest correlation.

SCEVs Carried Abundant Triacylglycerol, Diacylglycerol, and Sphingomyelin
To determine the lipid profile of SCEVs, the number of all detected lipid molecules was counted. A total of 180 lipid 
molecules distributed in 17 lipid subclasses were identified (Figure 5). The lipids subclasses detected were triacylgly
cerol, phosphatidylcholine, sphingomyelin, phosphatidylethanolamine, diacylglycerol, ceramides, methyl phosphocho
line, sphingosine, bis methyl phosphatidic acid, hexosyl-1-ceramide, monoacylglycerol, ceramide phosphoethanolamine, 
lysophosphatidylcholine, phosphatidylinositol, phosphatidylserine, wax ester, and hexosyl-1-ceramide. From this list, 
triacylglycerol (54 counts/30%) and phosphatidylcholine (45 counts/25%) are the top 2 in terms of intensity levels, 
comprising 55% of total lipid in SCEVs, followed by sphingomyelin (25 counts/14%), phosphatidylethanolamine (15 
counts/8%), diacylglycerol (10 counts/6%), and ceramides (7 counts/4%). The remaining lipid subclasses represented 
less than 4% of the total content each.

SCEVs Carried Proteins for Axon Guidance, Growth, Regeneration and Angiogenesis
To determine the protein profile of SCEVs, the 2517 detected proteins were ranked based on intensity levels. To restrict 
the number of proteins used for functional enrichment analysis, we focused on those most highly expressed, the 1259 
proteins above the median. We used the DAVID v2023q4 database of functional annotation tools to generate a table 
ranked based on the FDR, considering 0.05 as the cutoff. We found 136 terms associated with nervous system 
regeneration (Supplementary Table 1). The top 3 terms found were axon guidance, followed by other terms related to 
axon growth, such as NCAM signaling for neurite out-growth, regulation of expression of SLITs and ROBOs, signaling 
by ROBOs receptors, cell adhesion, actin filament binding, and integrin binding (Table 4). Terms related to signaling 

Figure 3 Effects of SCEVs on Neurite Outgrowth. Fluorescent images (A–D) of rat hippocampal neurons stained with β-tubulin III. A notable increase in neurite length is observed 
in neurons treated with 6×109 (C) or 6×1010 (D) particles/mL of SCEVs (n=7 donors) compared to the untreated group (A) and the group treated with 10 ng/mL of Nerve Growth 
Factor (NGF) (B). Quantitative analysis (E) confirms significantly longer neurites in the SCEVs treated group (*p<0.05, **p<0.01, ***p<0.001). Scale bar: 50 µM.
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pathways associated with nervous system regeneration included the VEGFA-VEGFR2 signaling pathway, MAPK family 
signaling cascades, ROBO receptor signaling, the brain-derived neurotrophic factor signaling pathway, and the phos
phatidylinositol 3-kinase-AKT signaling pathway. Cell survival and proliferation terms included negative regulation of 
apoptotic processes and cellular responses to growth factor stimulus; angiogenesis, including VEGF signaling, was also 
enriched in SCEVs (Table 4).

Figure 4 Comparative Analysis of Lipids, Proteins, and miRNAs in SCEVs. This figure illustrates the overlap and correlation in the contents of SCEVs (hSCExo1R, 
hSCExo2R, hSCExo3C) through Venn diagrams and Pearson correlation coefficient heat maps. The Venn diagrams reveal a substantial overlap in lipids and proteins across 
the samples, with a moderate overlap for miRNAs. A total of 180 lipids, 2517 proteins, and 732 miRNAs were identified. Meanwhile, the heat maps below each diagram 
demonstrate high to very high correlations in the intensity levels of these molecules among the three EVs samples, indicating consistency in exosomal content across 
different preparations.

Figure 5 Distribution of Lipid Subclasses in Human SCEVs. The composition and distribution of lipid molecules (total of 180) were within 17 distinct subclasses in SCEVs 
(A) emphasizing the dominance of triacylglycerol and phosphatidylcholine. Triacylglycerol and phosphatidylcholine are the most prevalent, constituting 55% of the total lipid 
content (B).
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miRNA of SCEVs Potentially Target Genes Related to Apoptosis, Inflammation, and 
Inhibition of Axon Regeneration
miRNA profiles of SCEVs exhibited potential target genes related to apoptosis, inflammatory response, and inhibition of 
regeneration (Figure 6). For the apoptosis pathway, caspase 3 and caspase 9 are potential targets of hsa-let-7a-5p, hsa-let 

Table 4 Key Proteomic Terms of SCEVs Linked to Nervous System (NS) Regeneration

Category Top 10 terms related to axon growth/extension FDR < 0.05

GOTERM_MF_DIRECT - GO:0005515~protein binding 3.02E-40
GOTERM_MF_DIRECT - GO:0045296~cadherin binding 1.26E-33

REACTOME_PATHWAY - R-HSA-422475~Axon guidance 1.38E-31

REACTOME_PATHWAY - R-HSA-9675108~Nervous system development 2.16E-31
REACTOME_PATHWAY - R-HSA-9010553~Regulation of expression of SLITs and ROBOs 1.62E-29

REACTOME_PATHWAY - R-HSA-376176~Signaling by ROBO receptors 7.90E-26

REACTOME_PATHWAY - R-HSA-1474244~Extracellular matrix organization 1.23E-14
GOTERM_BP_DIRECT - GO:0007155~cell adhesion 7.77E-14

GOTERM_MF_DIRECT - GO:0005178~integrin binding 1.27E-13
GOTERM_MF_DIRECT - GO:0051015~actin filament binding 4.29E-13

Top 10 terms related to signaling pathways regulating nervous system regeneration

REACTOME_PATHWAY - R-HSA-376176~Signaling by ROBO receptors 7.90E-26

REACTOME_PATHWAY - R-HSA-9604323~Negative regulation of NOTCH4 signaling 1.34E-12
REACTOME_PATHWAY - R-HSA-8948751~Regulation of PTEN stability and activity 3.44E-12

REACTOME_PATHWAY - R-HSA-6807070~PTEN Regulation 2.93E-07

WIKIPATHWAYS - WP3888: VEGFA VEGFR2 signaling 3.51E-07
REACTOME_PATHWAY - R-HSA-194315~Signaling by Rho GTPases 1.73E-06

REACTOME_PATHWAY - R-HSA-5684996~MAPK1/MAPK3 signaling 2.41E-06

REACTOME_PATHWAY - R-HSA-5683057~MAPK family signaling cascades 1.13E-05
GOTERM_BP_DIRECT - GO:2001046~positive regulation of integrin-mediated signaling pathway 3.60E-05

REACTOME_PATHWAY - R-HSA-1257604~PIP3 activates AKT signaling 5.28E-05

Top 10 terms related to VEGF signaling and angiogenesis

REACTOME_PATHWAY - R-HSA-1234174~Cellular response to hypoxia 5.19E-09
GOTERM_BP_DIRECT - GO:0001525~angiogenesis 3.42E-07

WIKIPATHWAYS - WP3888: VEGFA VEGFR2 signaling 3.51E-07

REACTOME_PATHWAY - R-HSA-9013026~RHOB GTPase cycle 2.68E-06
REACTOME_PATHWAY - R-HSA-9013409~RHOJ GTPase cycle 3.77E-04

REACTOME_PATHWAY - R-HSA-4420097~VEGFA-VEGFR2 Pathway 7.74E-04

REACTOME_PATHWAY - R-HSA-194138~Signaling by VEGF 0.0025131
KEGG_PATHWAY - hsa04066:HIF-1 signaling pathway 0.0066651

KEGG_PATHWAY - hsa04371:Apelin signaling pathway 0.0173103

REACTOME_PATHWAY - R-HSA-9013408~RHOG GTPase cycle 0.0245688

Terms related to cell survival and proliferation

REACTOME_PATHWAY - R-HSA-8948751~Regulation of PTEN stability and activity 3.44E-12

REACTOME_PATHWAY - R-HSA-6807070~PTEN Regulation 2.93E-07

REACTOME_PATHWAY - R-HSA-1257604~PIP3 activates AKT signaling 5.28E-05
GOTERM_BP_DIRECT - GO:0043066~negative regulation of apoptotic process 9.97E-04

KEGG_PATHWAY - hsa04151: PI3K-Akt signaling pathway 0.007554

GOTERM_BP_DIRECT - GO:0071363~cellular response to growth factor stimulus 0.0149294
GOTERM_BP_DIRECT - GO:0042127~regulation of cell proliferation 0.0241039

REACTOME_PATHWAY - R-HSA-69278~Cell Cycle, Mitotic 0.0271516

GOTERM_BP_DIRECT - GO:0060548~negative regulation of cell death 0.0426774
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-7c-5p, hsa-let-7g-5p, hsa-98-5p, and hsa-155-5p. For inflammatory pathways, IL-2, IL-6, IL-12, IL-6R, IL-1ß, TNF, 
NFKB are potential targets of hsa-let-7i-5p, hsa-143-3p, hsa-21-5p, hsa-98-5p, hsa-23-3p, and hsa-155-5p. hsa-155-5p 
can also regulate PTEN, an inhibitor of axon regeneration (Figure 6).

The activity profiles of the top 30 SCEV miRNAs were ranked by expression levels, and their known roles in 
promoting nervous system regeneration were determined by searching the PubMed database (Table 5). Key signaling 
pathways found were related to nervous system regeneration, including the PTEN/PI3K/Akt/mTOR pathway, cAMP/ 
PKA pathway, and Wnt/ß-catenin signaling, among others. We also found several miRNAs that influence repair and/or 
regeneration in different injuries and disease types, such as spinal cord injury, traumatic brain injury, peripheral nerve 
injury, retinal ganglion cell injury, cerebral ischemia injury, neurodegenerative diseases, diabetic neuropathy, glioblas
toma, and intrauterine hypoxia (Supplementary Table 2). In addition, we observed that the regeneration-promoting effects 
of these miRNAs could occur through several mechanisms, including promoting axon growth and neuroprotection, 
inducing myelination and angiogenesis, and attenuating neuroinflammation (Supplementary Table 3).

Figure 6 MicroRNA-target gene interaction networks. The interaction network map depicts the top 30 microRNAs and their potential target genes (FDR<0.05). 
MicroRNAs are illustrated in red as source nodes, and their respective target genes are in black as target nodes. Genes implicated in apoptosis, inflammation, and inhibition 
of regeneration, including caspase 3, caspase 9, IL-6, IL-1ß, and PTEN, are potential targets of hsa-let-7a-5p, hsa-let-7c-5p, hsa-let-7g-5p, hsa-98-5p, hsa-155-5p, hsa-23a-3p, 
hsa-21-5p, hsa-155-5p.
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Table 5 Functional Roles of Top 30 miRNAs in SCEVs for Nervous System Regeneration

MicroRNA ID Top 30 miRNAs associated with nervous system regeneration

hsa-let-7a-5p - Promotes the regrowth of neurons in spinal-cord-injured rats by targeting the HMGA2/SMAD2 axis.50

- Promotes Krox20 expression and myelination via Notch1 suppression in a mouse model of loss of function.51

- Enhances neurite growth of mouse dorsal root ganglion neurons after a sciatic nerve crush.52

hsa-let-7b-5p - Reduces cutaneous inflammation thought TLR4/NF-κB/STAT3/AKT signaling pathway and promotes M2 macrophage polarization.53

- Promotes Krox20 expression and myelination via Notch1 suppression in a mouse model of loss of function.51

hsa-let-7i-5p - Promotes Krox20 expression and myelination via Notch1 suppression in a mouse model of loss of function.51

hsa-let-7c-5p - Attenuates neuroinflammation via promoting microglia M2 polarization and decreases levels of caspase-3 in a murine model of traumatic brain 
injury.54

- Promotes Krox20 expression and myelination via Notch1 suppression in a mouse model of loss of function.51

- Suppresses microglia activation in a mouse model of cerebral ischemia injury.55

hsa-let-7f-5p - Promotes Krox20 expression and myelination via Notch1 suppression in a mouse model of loss of function.51

- Anti-apoptotic role in Aβ25−35-induced cytotoxicity and improves mesenchymal stem cell survival in Alzheimer disease models.56

- Enhances neurite growth of mouse dorsal root ganglion neurons after a sciatic nerve crush.52

hsa-miR-16-5p - Mature miRNA related to human axonal regeneration.57

hsa-let-7g-5p - Attenuated Aβ-induced increased permeability and apoptosis of brain microvascular endothelial cells in a human cell line model of Alzheimer’s 
disease in vitro.58

hsa-let-7e-5p - Promotes Krox20 expression and myelination via Notch1 suppression in a mouse model of loss of function.51

- Inhibits mesenchymal-epithelial transition consistent with the reduction of glioma stem cell phenotypes by targeting VSIG4 in glioblastoma.59

hsa-miR-151a-5p - Its downregulation analyzed in peripheral blood samples of patients with the sporadic form of Amyotrophic lateral sclerosis may impact the 
phenotypic expression of the disease.

hsa-miR-26a-5p - Promotes the hippocampal neuronal axon growth by suppressing PTEN and improves retinal ganglion cell survival in mice.60

- Activates the PTEN-AKT-mTOR pathway to promote axonal regeneration and neurogenesis and attenuates glia scarring in a model of spinal 
cord injury in rats.61

- Mature miRNA related to human axonal regeneration.57

hsa-miR-320a-3p - Induces neurite outgrowth of mouse N2a cells by targeting ARPP-1 in vitro.62

hsa-miR-423-5p - Inhibits microglia cells polarization to the M1 phenotype by targeting NLRP3 in a rat model of spinal cord injury.63

- Promotes angiogenesis via suppressing HIPK2 expression to disinhibit HIF1α/VEGF signaling in vitro model of diabetic neuropathy.64

hsa-miR-196a-5p - Enhances polymerization of neuronal microfilaments through suppressing insulin-like growth factor 2 mRNA binding protein 3 and 
upregulating IGF2 in in vitro and in vivo mouse models of Huntington’s disease.65

- Enhances neuronal morphology through suppressing RAN binding protein 10 and increasing the ability of β-tubulin polymerization in vitro and 
in vivo mouse models of Huntington’s disease.66

hsa-miR-191-5p - Alleviates microglial cell injury by targeting Map3k12 to inhibit the MAPK signaling pathway in a mouse model of Alzheimer’s disease.67

hsa-let-7d-5p - Promotes Krox20 expression and myelination via Notch1 suppression in a mouse model of loss of function.51

hsa-miR-100-5p - Mediates anti-tumorigenic activity in glioblastoma multiforme tumor-initiating cells in vitro.68

hsa-miR-143-3p - Decreases tau phosphorylation, promotes neurite outgrowth and microtubule assembly, attenuates amyloid precursor protein phosphor
ylation, and reduces the generation of Aβ40 and Aβ42 by targeting Death-associated protein kinase 1 in vitro.50

hsa-miR-98-5p - Attenuates neuronal apoptosis and inflammation after sevoflurane treatment in rats.69

hsa-miR-574-5p - Decreases BACE1 expression and restores synaptic function in the hippocampus and improves spatial memory and learning in a mouse model 
of PM2.5 exposure.70

hsa-miR-10a-5p - Regulates brain-derived neurotrophic factor in silico.71

- May be associated with peripheral myelination by targeting Tox4, Xrcc2, and C5ar2.72

hsa-miR-320b - Induces neurite outgrowth of mouse N2a cells by targeting ARPP-1 in vitro.62

hsa-miR-23a-3p - Improves the neurological outcome after traumatic brain injury in mice by inhibiting neurons apoptosis and inflammatory response via 
reactivating PTEN/AKT/mTOR signaling pathway.73

- Suppresses oxidative stress and lessened cerebral ischemia-reperfusion injury in a mouse model of focal cerebral ischemia-reperfusion.74

(Continued)
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Discussion
Based on our reproducible methods to produce clinical grade SCs for clinical trials targeting spinal cord and peripheral 
nerve injuries,13–15,18,95 we developed a systematic and reproducible method to generate research and clinical grade 
human SCEVs. These methods were used to generate SCEVs for treating one ALS patient11,36 who safely received serial 
intravenous infusions of allogeneic SCEVs.11,36 The treatment aimed to investigate the potential for SCEVs to repair the 
impaired SCs and consequently support motor neuron function. A sural nerve biopsy from the patient confirmed that the 
cultured SCs appeared senescent, displaying impaired growth capacity, which improved upon exposure to allogeneic 
SCEVs in vitro. Over a 10-week observation period, the patient’s serum neurofilament and cytokine levels did not shown 
a clear trend, though an in-house assay suggested possible inflammasome activation during the disease course. 
Importantly, a trend toward clinical stabilization was observed during the infusion period.11,36 As an alternative to 
autologous SCEVs, allogeneic SCEVs are off-the-shelf products that could benefit time-sensitive treatments for neuro
logical injuries. Treatment with autologous SCs is less feasible due to the time required for product manufacture and the 
invasiveness of the surgery for transplantation. Variance in phenotypical markers and particle sizes was observed in the 

Table 5 (Continued). 

MicroRNA ID Top 30 miRNAs associated with nervous system regeneration

hsa-miR-23b-3p - Enhances neurite outgrowth by targeting Nrp1 in vitro and improves nerve regeneration in mice.75

- Protects against Aβ-induced tau hyperphosphorylation by directly targeting GSK-3β and alleviates cognitive deficits by suppressing the GSK- 
3β/p-tau and Bax/caspase-3 pathways in a mouse model of Alzheimer’s disease.76

- Alleviates the severity of EAE by decreasing microglial inflammation and pyroptosis via the repression of NEK7 in a mouse model of multiple 
sclerosis.77

- Suppresses Apaf-1 protein.78

hsa-miR-27a-3p - Reduces neuronal apoptosis and microglia activation in the perihematomal area and reduces brain edema and BBB permeability after 
intracerebral hemorrhage in rats.78

- Relieves inflammation, neuronal damage, and neurologic deficit via regulating LITAF and the TLR4/NF-κB pathway in rats with cerebral 
ischemia reperfusion.79

- Inhibits the inflammatory response of spinal cord injury by negatively regulating TLR4.80

- Positively regulates key tight junction proteins, claudin-5 and occludin, at the brain endothelium through targeting GSK3ß gene and activating 
Wnt/ß-catenin signaling in an in vitro model of the brain endothelium.81

- Attenuates etoposide-induced changes in Noxa, Puma, and Bax, reduces downstream markers of caspase-dependent (cytochrome c release 
and caspase activation) and caspase-independent (apoptosis-inducing factor release) pathways, and limited neuronal cell death in an etoposide- 
induced in vitro model of apoptosis in primary cortical neurons, and attenuated cortical lesion volume and neuronal cell loss in the 
hippocampus after traumatic brain injury in mice.82

- Attenuates IR-induced inflammatory damage to the blood-spinal cord barrier by negatively regulating TICAM-2 of the TLR4 signaling pathway 
and inhibiting the NF-κB/IL-1β pathway in a spinal cord ischemia reperfusion injury model in rats.83

- Protects dissociated cortical neurons from degeneration in response to peripheral blood mononuclear cell conditioned media in the 
autoimmune.84

hsa-miR-93-5p - Inhibits retinal neurons apoptosis by inhibiting PDCD4 expression and activating PI3K/Akt pathway in a rat model of acute ocular 
hypertension.85

- Inhibits neuropathic pain possibly through inhibiting STAT3-mediated neuroinflammation in a model of rat chronic constriction sciatic nerve 
injury.86

hsa-miR-21-5p - Promotes neurite growth in rat dorsal root ganglia explant which is associated with PTEN downregulation and PI3-kinase activation in 
neurons.87

- Inhibits expression of PTEN and apoptosis and promotes angiogenesis through regulating the expression of apoptosis- and angiogenesis- 
related molecules in a rat model of traumatic brain injury.88

- Bounds to PTEN mRNA decreasing its levels and promotes neurite growth after in vivo axotomy in both the adult dorsal root ganglion and 
embryonic cortical neurons in rats.89

- Regulates astrocytic function both in vivo and in vitro likely mediated through transforming growth factor beta mediated targeting of the PI3K/ 
AKT/mTOR pathway promoting the functional recovery after spinal cord injury in mice.90

- Reduces the apoptosis and inflammation through the PI3K/AKT pathway after spinal cord injury in rats.91

hsa-miR-320c - Induces neurite outgrowth of mouse N2a cells by targeting ARPP-1 in vitro.62

hsa-miR-155-5p - Promotes dorsal root ganglion neuron axonal growth via the cAMP/PKA pathway.92

hsa-miR-382-5p - Promotes angiogenesis and activates AKT/mTOR signaling pathway by repressing PTEN in MKN1 human gastric cancer cells both in vitro and 
in vivo.93

- Promotes liver regeneration via targeting PTEN-Akt axis both in vitro and in vivo.122
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research SCEV batches, possibly due to batch and donor variability. However, despite the observed variation, SCEVs 
from various batches and donors were shown to promote neurite extension (Figure 3). This observation suggested that 
more functional identifiers should be used as part of quality development for SCEVs as therapeutic agents. The molecular 
profile of human SCEVs generated in this study allowed us to identify and develop functional identifiers in proteomic, 
lipidomic, and miRNA characteristics that could be used as qualification markers for future clinical products to reduce 
batch variations and provide the therapeutic potential needed for successful clinical applications. Related indicators to the 
desired molecular profile can be established as part of donor qualification to reduce donor variability.

This study highlights the variabilities observed in the characteristics of research batches of SCEVs, which may be 
expected due to the use of different donors due to a combination of genetics, biological, and environmental factors that 
may not be acknowledged. Donor variability is an inherent challenge in the manufacturing of allogeneic cellular 
products,96 as regulations prohibit pooling cellular materials from multiple donors into a single lot. Ideally, extensive 
large-scale donor characterization involving datasets from dozens to hundreds of donors should be conducted to identify 
robust trends.96 However, obtaining such a large number of samples is challenging due to the nature of the source 
materials. To address these issues and enhance batch consistency, we have implemented several strategies for producing 
clinical batches of SCEVs and will continue to collect additional data to refine these processes.

Standardized protocols have been adopted across all steps of SCEV production, including cell culture conditions, 
vesicle isolation techniques, and quality control measures. Comprehensive donor screening processes have been 
established to identify donors whose cellular products should consistently meet predefined quality parameters, incorpor
ating genetic, metabolic, and health information reviews. Robust quality control systems, including phenotypic and 
functional testing, should promote consistent biological activity between SCEV batches. Advanced analytical tools, such 
as flow cytometry, quantitative protein analysis like ELISA and molecular profiling, were utilized to closely monitor and 
analyze SCEV characteristics, allowing for the early detection of deviations from standard product specifications.

Additionally, batch-to-batch comparisons are conducted to identify sources of variability, leading to adjustments in 
the manufacturing process to improve product consistency. By continuing to implement these measures and collect 
molecular profile data for clinical human SCEVs, we aim to ensure that each batch of SCEVs meets regulatory standards 
and maintains the therapeutic potential required for successful clinical applications.

SC are pivotal in the peripheral nervous system for their role in normal axon function and also to promote axon 
regeneration and neurite outgrowth.2 The regenerative capabilities of SCs derive, in part, from their secretion of EVs, 
which can mediate local and systemic intercellular communication97,98 through an endocrine-like mechanism.99 This 
capacity facilitates communication between cells that are distant from each other, where SCEVs are critical carriers of 
regenerative signals between them.87,100,101

Experimental studies have demonstrated that rat SCEVs enhance recovery following spinal cord injuries, support 
neurite outgrowth in dorsal root ganglion cultures, and promote axonal regeneration post-axotomy, suggesting their 
involvement in multiple facets of neuronal repair.87,101–104 Although human SCs behave differently in some respects 
from rat SCs in vitro, including senescence and the inability to myelinate axons,105,106 parallels in the proteomic analysis 
between rat and human SCEVs further substantiate the hypothesis that they can promote neurite growth across species.39 

Moreover, the high degree of genetic conservation between rodents and humans may support the translational potential of 
these findings.107,108

Herein, we showed that rat hippocampal neurons exposed to human SCEVs exhibited enhanced neurite growth, 
superior to no treatment and comparable or superior to that induced by 10 ng/mL of nerve growth factor (NGF), a well- 
known potent neurotrophic factor.109,110 This bioassay observation underscores the potent bioactive profile of human 
SCEVs derived from 7 donors capable of supporting neurite growth independent of other external growth factors 
(Figure 3E). Despite phenotypic variations observed among SCEV research batches derived from different donors, the 
consistent promotion of neurite outgrowth highlights the intrinsic therapeutic potential of SCEVs. This consistency 
suggests that the bioactive molecules within SCEVs are robust across variations, making them promising candidates for 
clinical applications. Given the complexities of translating animal model outcomes to human clinical contexts, incorpor
ating human-derived neuronal models in human SCEV research could enhance these assays’ relevance and predictive 
value. Such models would validate the functionality of SCEVs in a human biological setting and aid in developing 
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potency assays crucial for clinical product validation. Future investigations should focus on detailed molecular analysis 
to identify the specific cargo within SCEVs that contribute to their regenerative effects. Understanding these mechanisms 
will facilitate the development of targeted therapies for neurodegenerative diseases and injury recovery, leveraging the 
natural regenerative pathways modulated by SCEVs.

We recently reported the effects of SCEVs in a severe TBI rat model.12,123 Systemic administration of human SCEVs 
was found to significantly dampen microglial activation and reduce the levels of caspase 1, a marker for inflammasome 
activation. This suggests an interruption in the secondary inflammatory cascade, often responsible for exacerbating neural 
damage. Moreover, our analysis revealed a reduction in neural tissue damage and contusion volume, signifying the 
potential of SCEVs in altering the trajectory of neurotrauma recovery. These findings underscore the promise of SCEVs 
as a cell-based therapeutic strategy for neurotrauma. By affecting a spectrum of pathological events, from reducing 
inflammation to fostering repair and regeneration, SCEVs have the potential to enhance neural repair and functional 
recovery, offering new hope for addressing the multifaceted consequences of TBI.

The proteomic analysis revealed the enrichment of functional networks related to axon growth, cell survival and 
proliferation, and angiogenesis. Wei et al (2019), using similar culture conditions and EV isolation methods, identified 12 
proteins closely related to central nervous system repair in rat SCEV cargo.39 Several terms from the KEGG pathway and 
Gene Ontology databases identified in rat SCEVs were concordant with the human SCEVs found in our proteomics, such 
as axon guidance, regulation of actin cytoskeleton, PI3K-Akt signaling pathway, ECM-receptor interaction, focal 
adhesion, angiogenesis, negative regulation of apoptotic process, protein binding, and GTP binding. Although rodent 
and human genomes differ, they share highly conserved genes and networks.107,108 This may contribute to the similarity 
in rat and human SCEV cargos and their similar effects on neurite outgrowth in rat hippocampal neurons.

The top 30 expressed miRNAs were analyzed using large databases to determine their potential roles in promoting 
axon growth and neuroprotection, attenuating neuroinflammation, and inducing myelination and angiogenesis (Table 5). 
Several of these biological processes are regulated by the PTEN/phosphatidylinositol 3-kinase/AKT/mTOR signaling 
pathway, which is activated by 4 out of the top 30 miRNAs found in human SCEVs, including miRNA 21–5p.87,91,111–114 

The regulation of PTEN stability and activity is also found to be one of the top signaling pathways in proteomic analysis 
(Table 4). miRNA related to neuroprotection did not overlap with those related to myelination but mostly overlapped 
with attenuation of inflammation. While myelination may not be directly involved in early cell survival, myelin 
regeneration protects preserved neurons and supports functional recovery.88 Persistent inflammation and neuronal 
damage are closely related biological processes, and most neurodegenerative diseases are associated with 
neuroinflammation.89 The top 30 expressed miRNAs from human SCEVs are involved in key biological processes 
known to promote nervous system regeneration (Table 5).

The lipidomic analysis has identified a rich composition of lipids in SCEVs, including triacylglycerol, phosphati
dylcholine, sphingomyelin, phosphatidylethanolamine, diacylglycerol, and ceramides. There is evidence that lipids are 
taken up and used by axons to promote axon growth during regeneration90 and that phospholipids synthesis increases 
when neurons extend neurites and produce more membranes.115 Triacylglycerol and diacylglycerol may serve as 
substrates for the generation of phospholipids during axon regeneration.115,116 Sphingomyelin is another important 
constituent of plasma membranes and is enriched in the myelin sheet of some axons. In addition, both sphingomyelin 
and ceramides have been implicated in axon growth and synaptic plasticity.

The proteomic, miRNA, and lipidomic analysis showed similar overall functional contributions in neural regenera
tion, but each component has influenced multiple pathways to achieve that purpose. PTEN/phosphatidylinositol 3-kinase/ 
AKT/mTOR in promoting neural regeneration seems to be the common pathway to be influenced by protein and miRNA 
content. The lipid component supports myelination during axon regeneration, which is not a pathway similar to either the 
proteomic or the miRNA. The diversity of pathways that the cargo of SCEVs influenced suggested that the molecular 
mechanisms would be indication-specific and would need to be studied for each intended indication. Therefore, choosing 
a potency model that best simulates the indication would be essential to explore the molecular mechanism of the 
therapeutic effects of SCEVs.117–120
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Study Limitations
The known limitations of miRNA, proteomic, and lipidomic analyses include changes attributable to sample preparation, 
problems with normalization, and limited sensitivity and specificity.

Conclusion
In conclusion, we have optimized a methodology to obtain large quantities of SCEVs based on clinically validated 
techniques for human Schwann cells. We characterized the lipid, protein, and miRNA profiles of the human SCEVs, 
identifying a diverse array of molecules, including those known to have integral roles in nervous system regeneration. 
Our Pathway analysis findings reveal the therapeutic potential for the molecular cargo of SCEVs, comprising lipids that 
facilitate membrane dynamics, proteins that guide cellular repair, and miRNAs that regulate key reparative pathways, 
potentially acting synergistically to support neuroregenerative processes. This comprehensive molecular analysis sup
ports the potential of human SCEVs as a multifaceted therapeutic strategy for treating various neurological conditions, 
including spinal cord injuries, traumatic brain injuries, and neurodegenerative diseases.

As the field advances, the insights gained from this work are expected to guide the development of EV-based therapy. 
The study also addresses a significant bottleneck in EV research by providing a scalable and efficient platform for 
clinical-grade SCEVs production, enabling more extensive studies on EV-mediated communication and repair mechan
isms. This, in turn, could support the development of EV-engineering strategies for targeted therapy delivery, further 
expanding the utility of EVs in medicine.121,122

The therapeutic promise of human SCEVs highlighted by our study will require further validation through rigorous 
in vivo studies using rodent models to replicate and extend these findings in a physiological context. Additionally, 
exploratory studies utilizing human-induced pluripotent stem cell-derived neurons will inform the translational potential 
of SCEVs in human cellular environments. These future studies will help confirm the efficacy of SCEVs and refine their 
therapeutic application, ensuring that human SCEVs can be effectively integrated into clinical strategies for neurological 
repair and regeneration.
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