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Background: The therapeutic effect of stem cells is attributed to their direct maturation into somatic cells and their paracrine effects,
which influence the extracellular environment. One such component released is extracellular vesicles containing proteins and genetic
materials with immunomodulatory functions and facilitating cell-to-cell communication.

Purpose: The study’s main objective was to characterize extracellular vesicles (EVs) from Human Neural Precursor Cells (hNPCs).
Methods: Wharton’s Jelly mesenchymal stem cells (WJ-MSCs) were isolated by explant technique and characterized by flow
cytometry and trilineage differentiation. The hNPCs obtained from neurospheres were produced by seeding WJ-MSCs on a natural
functional biopolymer matrix. EVs derived from WJ-MSCs and hNPCs were isolated by precipitation methodology and characterized
by flow cytometry, nanoparticle tracking analysis (NTA), scanning electron microscopy (TEM), and proteomic.

Results: hNPCs expressed proteins and genes characteristic of neural precursor cells. The EVs were characterized by flow cytometry
and showed varied expression for the markers CD63, CD9, and CD81, indicating different subpopulations based on their origin of
formation. NTA and TEM of the EVs exhibited characteristic size, shape, and structural integrity consistent with the criteria
established by the International Society for Extracellular Vesicles (ISEV). EV-hNPCs function enrichment analysis of the proteomic
results showed that these vesicles presented abundant proteins directly involved in neuronal biological processes such as plasticity,
transduction, postsynaptic density, and overall brain development.

Discussion: The results indicate that EVs derived from hNPCs maintain key neural precursor characteristics and exhibit marker
variability, suggesting distinct subpopulations. Their structural integrity aligns with ISEV standards, supporting their potential as
reliable biological entities. The proteomic analysis highlights their role in neuronal functions, reinforcing their applicability in
neurodegenerative research and therapeutic strategies.

Conclusion: The EVs were successfully isolated from hNPCs with abundant proteins involved in neuronal processes, making them
attractive for acellular therapies to treat neurodegenerative diseases.
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Introduction
Biotechnology and regenerative medicine have been gaining space in pre-clinical and clinical studies due to the
advancement of cell therapies and their application in cancer treatments and neurodegenerative diseases. According to
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the Alliance for Regenerative Medicine, an organization dedicated to promoting studies in advanced therapy and
regenerative medicine, cell therapy has been applied worldwide in approximately 2093 clinical trials, of which 48%
are sponsored by industry and 52% by non-industrial institutions (academics, for example).'* Considering this informa-
tion, it is essential to carry out research aimed at developing good manufacturing practice (GMP) techniques to produce
mesenchymal stem cells and their derivatives for therapeutic application in humans.

Evidence suggests that the therapeutic effect of stem cell (SC) transplantation is not only due to the cell itself but also
to the paracrine effects that these cells can cause. These paracrine effects are known to be caused by what the cell
releases into the extracellular environment.>® The released components are the extracellular vesicles with proteins and
genetic materials (messenger RNA/mRNA, siRNA, long RNAs, and micro-RNA/miRNA) inside, with immunomodula-
tory and intercellular communication functions.'®'® Stem cell therapy is limited when it considers that these cells within
the organism could have changes in their survival rate and differentiation capacity due to changes in their behavior
in vitro and to be subject to the modifications and physiological responses from the host.'® One of the effects of cell
transplantation is matched by what it releases into the extracellular environment, that is, the paracrine effects. Therefore,
cellular products become strong candidates to replace therapy with cells giving rise to acellular biological therapy.'®!%2°

One of the challenges for nervous system regeneration is finding a safe cellular type without induction factors or
transfections that impose some risks as teratogenic or tumor cells. Several cell types have been considered for this
purpose: 1) induced pluripotent stem cells (iPSCs) that need the transfection of the somatic cells then to differentiate into

pluripotent stem cells that can differentiate in various types of neurons;>'*?

ii) the embryonic stem cells (ESCs) with
have the capacity to differentiate into all cellular types, including extraembryonic tissues;> iii) neural progenitors cells,
derived from specific regions of the brain and spinal cord, but with ethical concerns similar to the ESCs, as they are
obtained from fetal or postnatal neural tissue;** and iv) mesenchymal stem cells (MSCs), also known as mesenchymal
stromal cells according to the International Society for Cellular Therapy (ISCT),*> which are multipotent, capable of
differentiating into mesodermal and non-mesodermal lineages, such as neurons, also exhibit paracrine effects. MSCs are
easily obtained from medical waste tissues such as adipose tissue and umbilical cord.?® 2

This study aims to isolate and characterize extracellular vesicles (EVs) derived from Wharton jelly mesenchymal
stem cells (WJ-MSCs) and human neural precursor cells (hNPCs) in vitro cultured medium. The MSCs can be the
candidate for this aim because they are the origin of the neural crest in embryonic development.”” ' The caudal part of
the neural tube and some MSCs have the properties to transit for epithelial cells derived from this MSCs population and
constitute a subpopulation as human neural precursor cells or neural crest-derived stem cells.>>*> On the other side, the
paracrine effects of the MSCs demonstrated that they were responsible for the beneficial effects of cells released in
medium culture or host tissue after transplantation as a secretoma.>* For this reason, developing other therapies based on

extracellular vesicles from hNPCs and their derivatives as proteins to treat neurological diseases will be interesting.

Materials and Methods

The study was conducted in four stages (Figure S1). First, WJ-MSCs were collected, isolated, and characterized by flow
cytometry and trilineage differentiation. The second stage involved the production and characterization of hNPCs using
Suppl immunocytochemistry and RT-PCR. In the third stage, EV isolation was standardized using a precipitation method
for both WJ-MSC- and hNPC-derived EVs. Finally, EVs were characterized by flow cytometry with magnetic beads,
NTA, and TEM.

Umbilical Cord-Ethical Donors

The Human Ethics Research Committee of Pequeno Principe Faculties (CEP-FPP) approved this study, numbered
3.288.297 (2019/04/26). Three human umbilical cord (HUC) samples were collected from healthy mothers who signed
the Free and Informed Consent Form. The HUCs were obtained from healthy mothers at a maternity hospital in Curitiba,
Parana State, Brazil. The collections were performed at the time of birth, shortly after the placenta was discharged. The
HUCs were processed within four hours.
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Isolation of Wharton Jelly Mesenchymal Stem Cells

For Wharton’s Jelly Mesenchymal Stem Cell isolation, HUCs were washed with PBS (Sigma-Aldrich™) containing 3%
antibiotic (Thermo Fisher™), sectioned, and had veins and arteries removed. The tissue was fragmented into 2X2 mm
pieces, plated with DMEM/Ham-F12 (Sigma-Aldrich®) supplemented with 10% FBS (Gibco, Thermo Fisher™) and 1%
antibiotic, then incubated at 37°C with 5% CO,. The medium was first replaced after five days and then every 72 hours
until 85% confluency was reached (Figure S2).%

Mesenchymal Stem Cells Characterization

WI-MSCs were characterized following the International Society of Cell Therapy guidelines. Immunophenotypic
analysis used CD105, CD73, CD90, CD29, CD34, CD45, and 7-AAD (Becton Dickinson®), the latter for cell viability
(Stricker et al, 2021). Pluripotency was assessed through adipogenic, osteogenic, and chondrogenic differentiation using
StemPro kits (Gibco™, Thermo Fisher™). Differentiation was confirmed by specific staining: Alizarin Red and Oil Red
O for osteogenic, and Alcian Blue for chondrogenic (Sigma-Aldrich®).

Productions and Characterization of Human Neural Precursor Cells

hNPCs were prepared as described by Stricker et al. Briefly, a natural functional biopolymer matrix (NFBX) was
prepared at a dilution (v/v) of 1:2 in aqueous solution, pure water, followed by exposure to ultraviolet rays of laminar
flow for overnight sterilization and then plated onto the culture flasks and developed the neurospheres when a density
plating of 2x10* WJ-MSCs/mL and DMEM/Ham-F12, 100 UI/mL penicillin, 100 pg/mL streptomycin (Gibco®™, Thermo
Fisher, Waltham, Massachusetts, EUA) culture medium incubated with 20% FBS at 37°C and 5% CO®. Since this is
a primary culture, the lifespan of the neurospheres is approximately 15 to 21 days, depending on the sample.?®

Immunocytochemistry Characterization of Human Neural Precursors Cells

hNPCs were cultured in 24-well plates, fixed with 4% paraformaldehyde (Sigma-Aldrich®, San Luis, Missouri, USA),
and washed with PBS. Cells were then permeabilized with 0.1% Triton X-100 (Sigma-Aldrich®) and 1% BSA, followed
by overnight incubation at 4°C with primary antibodies against Nestin (S1409 - Sigma-Aldrich®), B-tubulin III (T8578 -
Sigma-Aldrich®), and GFAP (G3893 - Sigma-Aldrich™). After washing, the cells were incubated with FITC anti-rabbit
IgG, FITC anti-mouse IgG, and CY5 anti-mouse IgG (Sigma-Aldrich™) for one hour in the dark, then stained with
Hoechst 33342 (Thermo Fisher®™, Waltham, Massachusetts, USA). The experiment included WJ-MSCs and the NLP-
ReNCell neural progenitor lineage (ReNcelTMVM Immortalized, SCC008, Sigma-Aldrich®). Fluorescence was ana-
lyzed using the IN-Cell Analyzer 2000 Imaging System (GE HealthcareTM, Illinois, Chicago, USA).

Qualitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

To assess the expression of neuronal progenitor-associated genes (NESTIN/NES, MAP2, GFAP, and 3-TUBIII/TUBB3),
RNA was extracted from WJ-MSCs (passage 3), hNPCs (passage 5), NLP-ReNCell (positive control), and CCD1059SK
fibroblasts (negative control) using the Purelink kit (Thermo Fisher®™, Waltham, Massachusetts, USA), following the
manufacturer’s protocol. cDNA synthesis was performed using the Promega ImProm II Reverse Transcription System
Kit (Promega®, Madison, USA). PCR was conducted in a 25uL reaction containing magnesium-free buffer, dNTPs,
magnesium chloride, primers (forward and reverse), Taq polymerase (Thermo Fisher™), and 2uL of cDNA. Primer
sequences, amplicon sizes, and annealing temperatures are detailed in Table 1.

Standardization of Isolation of Extracellular Vesicles

The EV isolation assay was performed using the Total Exosome Isolation Kit (from cell culture media) (Thermo Fisher™,
Waltham, Massachusetts, EUA), following the manufacturer’s instructions. The assay was performed by culturing cells in
225 cm2 culture flasks, the medium was collected, and the isolation was performed. Quantification of proteins for each
assay was performed using the Bradford method. Tests were performed using DMEM Ham-F12 medium without phenol
supplemented with 100 IU/mL penicillin: 0.1 mg/mL streptomycin.
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Table | Primers

Gene Primers Annealing Temperature (°C) | Amplicon (pb)

NES (nestin) (NM_006617.2) F: 5" AACAGCGACGGAGGTCTCTA 3' 58 220

R: 5" TTCTCTTGTCCCGCAGACTT 3'

TUBB3 (B — Tubulin) Il (NM_006086.4) F: 5 GGAGATCGTGCACATCCAGG 3’ 62 385

R: 5" CAGGCAGTCGCAGTTTTCAC 3’

MAP2 (NM_002374.4) F: 5 GCTAAATCGTAAGTGAGGGCTG 3’ 60 241

R: 5" TGGCTCTCTGGCTCTCTAGC 3’

Notes: Primers were from Sigma-Aldrich, San Luis, Missouri, EUA.

Standardization of EVs Flow Cytometry Characterization

EVs were characterized using specific magnetic beads: Exosome-Human CD63 Isolation/Detection (CAT 10608D, Thermo
Fisher"™), Exosome-Human CD9 Flow Detection (CAT 10614D, Thermo Fisher"™), and Exosome-Human CD81 Flow Detection
(CAT 10616D, Thermo Fisher™). Beads were homogenized, mixed with 1% HSA PBS, incubated in a magnetic separator
(Dynabeads-Sigma-AldrichTM), and combined with 100 pL of isolated EVs. After an overnight incubation at 2-8°C under rotation,
the samples were washed, resuspended in 300 puL of PBS 1% HSA, and incubated with anti-CD9 (PE Cat. 555372-Becton
Dickinson®), anti-CD81 (APC Cat. 555676-Becton Dickinson®), and anti-CD63 (FITC Cat. 10606D-Thermo Fisher™) antibodies.
Isotype controls (PE, APC, FITC) were added separately. Following incubation on a plate shaker under light protection, samples
were washed twice, resuspended in 200 pL of PBS 1% HSA, and analyzed by flow cytometry (FACS Calibur; Becton Dickinson™)
using Infinicyt Flow CytometryTM version 1.6.0 software. Graphical data are shown in Figures S3—S5.

Characterization of EVs by Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) aims to measure the size of EV based on Brownian motion. The particles are illuminated
with a laser beam, and by scattering the light, a conventional optical microscope can capture the light reflected from the vesicles
and measure the size of the particles. For this experiment, three samples of extracellular vehicles from WJ-MSCs and three
samples of VEs from hNPCs were used. Each measurement was performed in triplicate using the Nanosight-NS500 (Malvern
Panalytical™, Malvern, UK) instrument from Instituto Carlos Chagas, FIOCRUZ-PR, Curitiba, Brazil. Samples were diluted
50-fold in PBS, collected in a 1-mL syringe, and pumped into the instrument under constant pressure and temperature. After
laser incidence, the concentration (in particles/mL) and size (nm) of the particles of each sample could be measured.

Characterization of EVs by Transmission Electron Microscopy (TEM)

An amount of 50 uL EVs from each sample was applied to microscopy grids containing formvar, and the grids were
incubated for 1 hour at room temperature. After incubation, the grids were washed with PBS and fixed with Karnovisky
for 10 min. They were then washed three times with 0.1 M cacodylate buffer and negatively contrasted with 5% uranyl
for 2 minutes, followed by washing with 18.2 'Q H20. Gratings were coated with a carbon film (Leica EM ACE200-
Leica Microsystems' ™, Wetzlar, Germany), and readings were taken in a transmission electron microscope (Jeol -Jem
-1400 — Plus — Hitachi High Technologies, Tokyo, Japan) at 100kV and a magnification of 20k to 25k, which is part of
the technology platform of the Instituto Carlos Chagas, FIOCRUZ-PR, Curitiba, Brazil.

Proteomics

Sample Preparation

Proteins from extracellular vesicles were initially mechanically extracted using 0.1 mm zirconium beads. Then, chemical
extraction was carried out using RapiGest detergent at a concentration of 0.1% in accordance with the manufacturer’s
guidelines. Protein concentrations were determined using the Qubit platform’s fluorometric assay (Invitrogen). Proteins
from four samples of extracellular vesicles from MSCs (EV-WJ-MSCs) and four samples of extracellular vesicles from
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NPCs (EV-hNPCs) were reduced with dithiothreitol (DTT-10 mM) for 30 minutes at 60°C. After cooling to room
temperature, the samples were alkylated with iodoacetamide (30 mm) for 25 minutes at room temperature in the dark and
ultimately digested with sequence-grade modified trypsin in a 1/50 (E/S) ratio for 20 hours at 37°C.*%>’

Desalting and Sample Quantification

Subsequently, the enzymatic reaction was stopped by introducing trifluoroacetic acid (0.4% v/v final), and the peptides were
further incubated for additional 40 minutes to degrade the RapiGest. Following this, the samples underwent centrifugation
at 18,000 g for 10 minutes to eliminate any insoluble materials. Then, the peptides were quantified using the fluorometric
assay (Qubit 2.0 - Invitrogen), as recommended by manufacturer. Each sample was desalted and concentrated using Stage-

Tips (STop and Go-Extraction TIPs) in accordance with the method described by Rappsillber et al.*®

Mass Spectrometry Analysis

The peptides underwent LC-MS/MS analysis using a Thermo Scientific'™ Easy-nLC 1000 ultra-high-performance liquid
chromatography (UPLC) system coupled with an LTQ Orbitrap XL mass spectrometer. The peptide mixtures were loaded
onto an in-house-packed column (75 mm i.d., 30 cm long) with 3.2 pm ReproSil-Pur C18-AQ resin at a flow rate of 250
nL/min. Subsequently, elution occurred with a flow rate of 250 nL/min, transitioning from 5% to 40% acetonitrile (ACN)
in 0.1% formic acid and 5% dimethyl sulfoxide (DMSO) over a 180-minute gradient.

The mass spectrometer operated in data-dependent mode, alternating between MS and MS/MS (MS2) acquisition. Survey
full-scan MS spectra (from m/z 300-2000) were acquired in the Orbitrap analyzer at a resolution of R = 60,000 at m/z 400,
following accumulation to a target value of 1,000,000 in the linear trap. The ten most intense ions were sequentially isolated and
subjected to fragmentation in the linear ion trap using collision-induced dissociation with a normalized energy of 35%. Previously
selected target ions for MS/MS were dynamically excluded for 90 seconds. The total cycle time was approximately 3 seconds.

General mass spectrometric conditions included a spray voltage of 2.4 kV, no sheath and auxiliary gas flow, an ion transfer
tube temperature of 175°C, collision gas pressure of 1.3 mTorr, and normalized energy collision energy using wide-band
activation mode set at 35% for MS2. Ion selection thresholds were established at 250 counts for MS2. MS2 acquisitions applied
an activation q = 0.25 and an activation time of 30 ms. Each biological replicate was subjected to two technical replicates.

Data Analysis

A biological replicate for each sample (EV-WJ-MSCs and EV-hNPCs) were performed, with two technical replicates
each. Quantitation followed the Normalized Ion Abundance Factors (NIAF) method from PatternLab, serving as
a relative quantitation strategy, as outlined in our bioinformatics protocol. It is worth noting that NIAF is analogous to
NSAF but is applied to extracted ion chromatograms (XIC).

Differentially proteins were identified using PatternLab’s TFold, comparing two samples, EV-WJ-MSCs and EV-
hNPCs. Additionally, a T-Fold analysis was conducted comparing the two batches of biological replicates. The analysis
was conducted considering proteins that are present in at least three samples from the same biological group. Finally,
Enrichr tools were employed to aid in the interpretation of the data and discover in which signaling pathways the
differentially expressed proteins are present.’® *° Database SynGO is used to analyze the synaptic pathway, which is
a public knowledge base and online analysis platform for synapse research.*'

Results

Flow Cytometry Analysis

The WJ-MSCs from all isolated samples had the characteristics the International Society of Cell Therapy recommended
for mesenchymal stem cells. They were 99.25% positive for the markers CD73, CD90, and CD105 and negative for the
hematopoietic markers CD45 and CD34. These cells showed low immunogenicity, 99.97% negative for the marker HLA-
DR. Of these cells, 11.12% were 7AAD-positive cells, meaning they were not viable.

Trilineage Differentiation Test
WIJ-MSCs satisfactorily differentiated into three cell lines. In Figure 1A, cells differentiated into adipocytes, with lipid
deposition detected by staining with Oil Red O (red dots in the cytoplasm of the cells). In Figure 1C, cells differentiate
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Figure | Trilineage Differentiation. (A) Adipogenic Differentiation. (B) Negative control of adipogenic differentiation (WJ-MSCs not induced to differentiation). (C) Osteogenic
Differentiation. (D) Negative control of osteogenic differentiation. (E) Chondrogenic Differentiation. (F) Negative control of chondrogenic differentiation. Image obtained using an
inversion optical microscope at 100x magnification (Axio Vert Al, Car Zeiss, Oberkochen, Germany).

into osteocytes, with calcium deposition detected by staining with Alizarin Red (red dots on the cells). In Figure 1E, cells
differentiate into chondrocytes, with proteoglycan deposition detected by staining with Alcian blue (blue/green deposi-
tion within cells with round morphology-chondrocytes). In Figure 1B, D and F WJ-MSCs- were not stimulated to
adipogenic, osteogenic and chondrogenic differentiation, which is the negative control of this technique.
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Production of Human Neural Precursor Cells
Human Neural precursor cells were obtained from WJ-MSCs and were satisfactory. In Figure 2, the process of formation of

neurospheres on a natural functional biopolymer matrix (NFBX) without induction factors or gene transfections (A and B),

Figure 2 Human Neuronal Precursor Cells production by NFBX. (A and B) Neurospheres forming from sample WJ-MSCs-seeded on NFBX. (C and D) Neurospheres
formed on NFBX. (E and F) Expanding hNPCs in a 75cm? culture bottle. Image obtained using an inversion optical microscope at |00x magnification (Axio Vert Al, Car

Zeiss, Oberkochen, Germany).
Abbreviations: WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; NFBX, Natural functional biopolymer matrix; hNPCs, Human Neural Precursor cells.
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the already formed neurospheres on the NFBX membrane (C and D) and the hNPCs after the expansion process of
neurospheres (E and F) is shown.

Human Neural Precursor Cells Characterization
Immunocytochemistry
hNPCs showed protein expressions of Nestin, Beta Tubulin 3, and glial fibrillary acidic protein (GFAP), as shown in Figure 3.

Qualitative Reverse Transcription—Polymerase Chain Reaction

Both WJ-MSCs and Human neural precursor cells (hNPCs) showed expression for the NES, MAP2, GFAP, and TUBB3
genes. As well as the human neural progenitor cells from the ReNCell line (ReNcell ™VM Immortalized, SCC008, Sigma-
Aldrich, San Luis, Missouri, EUA), which was used as a positive control, also showed expression for all amplified genes.
Amplification of a constitutive gene, in this case f- ACTIN, was used as a control for the methodology performed and
showed expression for all samples tested, as shown in Figure 4.

Isolation Method of Extracellular Vesicles
Three samples of EVs were isolated from WJ-MSCs and from their respective neural precursor cells. Table 2 shows

protein yield and the number of cells from these isolations.

Extracellular Vesicles Characterization

Flow Cytometry Characterization

Flow cytometric characterization assay of EVs was performed with magnetic beads. The extracted EVs were character-
ized from three samples of mesenchymal stem cells from Wharton Jelly origin (4E, SE, and 6E) and three respective
samples of human neural precursor cells (4E, SE, and 6E)—the results are represented in Table 3.

NESTIN/ FITC BTUBIII/CY5 MERGEDF/i;?/CY5 + GFAP / FITC +DAPI

WJ-MSC

hNPC

Figure 3 Immunofluorescence of WJ-MSCs and hNPCs. In the first line, we have the WJ-MSCs labeled with anti-NESTIN (FITC), anti-BTUB-IIl (CY5) and anti-GFAP (FITC)
antibodies, demonstrating the presence of Nestin, Beta Tubulin-Ill and Acid Protein glial fibrillation (GFAP). In the second line, the hNPCs labeled with anti-NESTIN (FITC),
anti-BTUB-IIl (CY5) and anti-GFAP (FITC) antibodies, demonstrating the presence of the proteins Nestin, Beta Tubulin-lll and Glial fibrillary acidic protein (GFAP). The
Hoechst for nuclear marking. The image was obtained using the IN-Cell Analyzer 2000 Imaging System, GE Healthcare, UK, 200X magnification.

Abbreviations: WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor cells.
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Figure 4 RT-PCR analysis to determine the expression of genes related to neural origin (NES, MAP2, GFAP, and TUBB3) in WJ-MSCs, hNPCs, and NP ReNcell. (A) Amplification
of NES (240 bp), MAP2 (241 bp), and GFAP (769 bp) in WJ-MSCs, hNPCs, NP ReNcell, and CCD 1059Sk. (B) Amplification of TUBB3 (385 bp) and S-ACT (564 bp) in the same cell

groups. B-actin was used as an endogenous control.
Abbreviations: WJ-MSCs, Wharton Jelly mesenchymal stem cells; hNPCs, human neural precursor cells; NP ReNcell, neural progenitor cells.

Nanoparticle Tracking Analysis (NTA)
Isolation of EVs by the precipitation method resulted in vesicles with sizes between 100 and 200 nm for both particles of

WIJ-MSCs and hNPs (Figure 5). The concentration of the particles was varied, and no direct correlation with the
concentration of cells or proteins could be established. In Table 4 show values of the modes in nanometers as well as the

concentration of particles per milliliter of each sample detected by NTA.

Transmission Electron Microscopy (TEM)

TEM confirms the results observed in the NTA graphs, concluding that EVs have sizes between 100 and 200 nm in
Figure 6. Furthermore, Figure 6 shows the rounded structures with a lipid bilayer (arrows indicating the lipid bilayer in
a rounded structure). The TEM results in Figure 6 below are for both EV-WJ-MSCs and EV-hNSCs of sample 6E.
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Table 2 Protein Yield of Isolated EVs

Samples Protein Yield pg/mL Amount of Medium Number of Cells/mL
Used for Isolation in mL
4E WJ-MSCs 520 20 32 x 10°
4E hNPCs 890 40 1.6 x 10°
5E WJ-MSCs 1030 40 8.0 x 10°
5E hNPCs 1750 40 3.3 x 10°
6E WJ-MSCs 820 40 6.6 x 10°
6E hNPCs 510 40 9.6 x 10°

Abbreviations: WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, human Neural Precursor Cells.

Table 3 Flow Cytometry Results

Samples CD9+ | CDé63+ | CD8I+

4E WJ-MSCs | 95.49 78.23 99.81

4E hNPCs 5.72 0 72.06
5E WJ-MSCs | 92.19 5291 93.94
5E hNPCs 95.60 49.61 97.35

6E WJ-MSCs | 74.57 49.23 83.08

6E hNPCs 95.40 29.48 91.21

Note: All values are represented in percentage (%).
Abbreviations: NTA, Nanoparticle tracking analysis;
WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells;
hNPCs, human Neural Precursor Cells.

Proteomic Characterization from EV-W]-MSCs and EV-hNPCs

Proteomic analysis of EV-WJ-MSCs and EV-hNPCs identified a total of 982 proteins and 9586 peptides of which 8695
map to a single entry in the sequence database. Thirty-three were exclusive to EV-WJ-MSCs and six were exclusive to
EV-hNPCs (Table S1 - Raw proteomic analysis data Supplementary Material). This article will discuss these differen-
tially presented abundant proteins and the exclusive protein abundances from each source.

As we can observe in the vein diagram and volcano plot (Figure 7A and B), there is a significant resemblance
between the two sources of extracellular vesicles (Correlation of 0.896 — Figure S6). In Figure 8A, the DEPs indicate
that, while correlated, there are differences in the proteins expressed across each analyzed source of extracellular
vesicles. This suggests that, even when similar, these vesicles demonstrate variations in their formation and signaling
patterns. Figure 8B and C demonstrated that differentially expressed proteins are interconnected within signaling
pathways in functional enrichment analysis.

Functional Analysis of EV-WJ-MSCs and EV-hNPCs

Gene Ontology (GO) functional annotation was performed for the total number of proteins, differentially expressed
proteins (DEPs), and proteins exclusively identified from each source of extracellular vesicles, describing biological
processes (BP), cellular components (CC), and molecular functions (MF). The results for the total number of proteins
indicated that EV-WJ-MSCs and EV-hNPCs exhibit similar gene ontology function annotations, as illustrated in Figure 9.
KEGG diagram from these proteins also shown similar pathways from EV-WJ-MSCs and EV-hNPCs, as seen in
Figure 9.
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Figure 5 Nano Sight graphics representing the characterization of EVs. The graphs represent the size of the EVs from each of the samples. (A) EV-WJ-MSCs-4E EVs from
WJ-MSCs of sample 4E; (B) EV-hNPCs-4E VEs from the hNPCs of sample 4E; (C) VE-WJ-MSCs-5E VEs from WJ-MSCs of sample 5E; (D) EV-hNPCs-5E VEs from the NP of
sample 5E; (E) VE-WJ-MSCs-6E VEs from W|-MSCs of sample 6E; (F) EV-hNPCs-6E VEs from the hNPCs of sample 6E. (Nano sight - NS500).

Abbreviations: EVs, Extracellular vesicles; WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor Cells.

The GO and KEGG pathway analyses for the DEPs from EV-WJ-MSCs and EV-hNPCs demonstrated that these
proteins participate in different biological processes, cellular components, and molecular functions when compared, as
can be seen in Figure 10.

The analysis of enrichment of proteins exclusively expressed in each of the vesicle sources demonstrated that EV-
hNPCs is involved in various biological processes and neuronal cellular components such as Postsynaptic Process
Involved In Chemical Synaptic Transmission (GO:0099565), Postsynapse to Nucleus Signaling Pathway (GO:0099527),
postsynaptic Density, Intracellular Component (G0O:0099092), Presynaptic Cytosol (GO:0099523), Postsynaptic Density
(GO:0014069). The complete results of the analysis of enrichment of exclusive proteins are shown in Figure 11.

Table 4 NTA Results

Samples Mode (nm) | Concentration of Particles/mL
4E WJ-MSCs 134.1 587 x 10®
4E hNPCs 121.5 3.42 % 108
5E WJ-MSCs 184.3 8.96 x 10°
5E hNPCs 155.6 8.10 x 108
6E WJ-MSCs 129.2 2.59 x 10®
6E hNPCs 148.3 1.92 x 108

Abbreviations: WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs,
human Neural Precursor Cells.
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Figure 6 Transmission electron microscopy of EV. Representation of EVs from WJ-MSCs (A) and from hNPCs (B). In the image we can see spheroid bodies representative

of EVs in the 200 nm scale. (Jeol -Jem-1400 — Plus — Hitachi High Technologies, Tokyo, Japan).
Abbreviations: EVs, Extracellular vesicles; WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor Cells.
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Figure 7 Vein Diagram and Volcano plot comparing EV-WJ-MSCs and EV-hNPCs. (A) The Venn diagram showed that extracellular vesicles from different sources share
about 500 proteins, with EV-WJ-MSCs having only 33 abundant and exclusive proteins and EV-hNPCs having only six abundant and exclusive proteins. (B) Each volcano plot
represents a protein. Abscissa (x) represented log2(P-value) and ordinate (y) represented -log2(fold change). Red dots represent proteins that do not meet the criteria for
fold change and g-value cutoffs. Green dots represent proteins that meet the fold change criteria but not the g-value cutoff. Orange dots represent proteins that meet both
the fold change and g-value cutoffs but have shallow quantitative values, thus excluded from the analysis. Finally, blue dots represent proteins that meet all statistical filters
and are considered statistically differentially abundant.

Abbreviations: EVs, Extracellular vesicles; WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor Cells.
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Figure 8 Differentially abundant presented proteins (DEPs) from EV-WJ-MSCs and EV-hNPCs. (A) DEPs from EV-hNPCs are represented in the green graph bar, and DEPs
are represented in the red graph bar. (B) Co-abundance proteins from EV-WJ-MSCs. (C) Co-abundance proteins from EV-hNPCs.
Abbreviations: EVs, Extracellular vesicles; WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor Cells.

Discussion
MSC-W] Culture and Characterization

MSCs have high regenerative capacity and differentiation potential, making them prominent in cell therapy studies. Data from
2020 show that research with MSCs has grown significantly, where more than a thousand clinical studies have been registered,
61% of which are already in Phase 2, with patients with diseases that can be treated with mesenchymal stem cell therapy.**
When compared WJ-MSCs with the MSCs originating from the bone marrow demonstrated, in addition to a greater capacity
for proliferation and significant power of differentiation.** In this study, MSCs derived from Wharton’s jelly were isolated and
cultivated using the explant methodology, and an average yield of 8x106 cells was obtained—other methodologies were used
for isolating WJ-MSCs, such as enzymatic digestion. However, the literature differs concerning the methodology that has the
best performance. Some authors cite the methodology of enzymatic digestion as more profitable.** This isolation technique
relies on digestive enzymes such as trypsin and collagenase for tissue dissociation and cell cultivation. Other authors described
the explant methodology with higher yield.*> This methodology is free of digestive or chemical agents; only tissue
fragmentation is necessary for cell cultivation to be possible. Finally, other authors claim no difference in performance
between the methodologies.*® When the intention is to use cells or their derivatives for therapy in humans, the intention is to
use isolation methods with less interference as possible. The explant is a technique that minimally modifies the cells, not using

digestive enzymes, providing more remarkable self-renewal and purity power.*”
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Figure 9 Total protein gene ontology terms enriched, and KEGG diagram pathways from EV-W|-MSCs and EV-hNPCs. (A) Gene Ontology terms of biological process (BP),
cellular component (CC) and molecular function (MF) from EV-W|-MSCs. (B) KEGG diagram enriched by the proteome from EV-WJ-MSCs. (C) Gene Ontology terms of
biological process (BP), cellular component (CC) and molecular function (MF) from EV-hNPCs. (D) KEEG diagram enriched by the proteome from EV-hNPCs.

Abbreviations: EVs, Extracellular vesicles; WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor Cells.

The characterization of WJ-MSCs followed the recommendations of the ISCT with adherence to a plastic substrate,
differentiation potential (adipogenic, chondrogenic, and osteogenic), and proven specific cell surface markers.”>** Considering
the recommended criteria, the WJ-MSCs isolated in this work showed plasticity. They differentiated into three different cell
lineages (osteocyte, chondrocyte, and adipocyte), and the surface markers were specific for mesenchymal lineages, with 99.25%
of cells positive for CD73, CD105 and CD90 and negative for the evaluated hematopoietic markers, CD34 and CD45.
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Figure 10 DEPs gene ontology terms enriched, and KEGG diagram pathways from EV-WJ-MSCs and EV-hNPCs. (A) Gene Ontology terms of biological process (BP),
cellular component (CC) and molecular function (MF) from EV-WJ-MSCs. (B) KEGG diagram enriched by the proteome from EV-WJ-MSCs. (C) Gene Ontology terms of
biological process (BP), cellular component (CC) and molecular function (MF) from EV-hNPCs. (D) KEEG diagram enriched by the proteome from EV-hNPCs.
Abbreviations: EVs, Extracellular vesicles; WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor Cells.

In this study, the low immunogenicity of the cultured WJ-MSCs was demonstrated with the low expression of HLA-DR;

that is, 99.97% of the cells were negative for this marker in the flow cytometry methodology. This result demonstrates that WJ-

MSCs are a source with safe characteristics for applicability in therapy, considering the low immunogenicity.**->°
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Abbreviations: EVs, Extracellular vesicles; WJ-MSCs, Wharton Jelly Mesenchymal Stem Cells; hNPCs, Human Neural Precursor Cells.

Culture and Characterization of Neural Precursor Cells

This study aims to isolate the extracellular vesicles from hNPCs; therefore, their cultivation and characterization were
conducted. First, the hNPCs were cultured according to the protocol developed by this research group.® The principle of
hNPCs production by this method is based on the plating of MSCs, independent of their origin, in a natural polymer, without
chemical inducers or gene transfections. This differentiation is explained by epigenetics or, more precisely, by the process of
mechanotransduction of YAP and AMOT proteins.”’ Producing hNPCs is crucial for cultivating and expanding cells with
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neural characteristics. Usually, this culturing process is associated with chemical growth factors or gene transfections.”*>

Therefore, as it is a production technique without chemical interferences or gene transfection, the methodology used in this
research to produce hNPCs makes the use of these cells, or their products, in cell therapy even more attractive.

The hNPCs produced were characterized and showed characteristics compatible with the neural precursors listed in the
literature, such as the expression of genes characteristic of these lineages, such as NES, BTUB3, GFAP, and MAP2), and protein
expression of Nestin, Beta Tubulin 3 and of glial fibrillary acidic protein (GFAP).”*>* As can be seen, the results of protein
expression and gene expression for WJ-MSCs and hNPCs were positive for the proteins and genes evaluated. The results align
with the literature when considering that WJ-MSCs have the capacity for spontaneous neuronal differentiation. Therefore, the
expression of the Nestin, beta Tubulin 3, and GFAP proteins in WJ-MSCs and their ANPCs becomes evident and essential.>>° In
addition, sustaining this hypothesis, the NES, BTUB3, GFAP, and MAP2 genes’ expressions are demonstrated. To quantify the
expression rate of these genes in different cell types and to verify whether they are differentially expressed in the two cell types,
additional real-time PCR experiments will be necessary, which is one of the limitations of this study.

Isolation and Characterization of Extracellular Vesicles

The therapeutic effect of MSCs is well-defined and characteristic of these cells. The therapeutic effect of these cells is the
result of what they can release into the extracellular environment, such as proteins, lipids, and genetic material, such as
miRNAs.?” Therefore, EVs released by MSCs become a promisor product for therapeutic application.’”>® In addition,
these vesicles show potential use in nanomedicine, being essential for communication between cells, biomarkers, and
drug carriers, thus becoming structures applicable in therapies and diagnosis.”” "

Studies demonstrate the therapeutic anti-inflammatory action of EVs derived from MSCs for several diseases such as
osteoarthritis®® pancreatitis,®> corneal inflammation,®* neuro inflammation,®> multiple sclerosis,®® spinal cord injury,®’
and myocardial injury.°® These effects are, in part, mediated by bioactive molecules carried by EVs, including genetic
material, lipids, proteins, and membrane-bound ecto-enzymes. In addition to proteins, lipids, and genetic material, ecto-
enzymes play a crucial role in modulating the extracellular environment, influencing immune responses and tissue
regeneration, further supporting the therapeutic potential of EVs in inflammatory and degenerative diseases.®”"

The isolation of EVs is a major challenge when considering the yield and purity of these structures. The isolation by
precipitation, chosen for the development of this study, presented sufficient yield for the proposed characterizations. In
addition, it is a faster technique when compared to ultracentrifugation, immunoaffinity, or density gradient centrifugation
methodologies.”” On the other hand, Andreu et al compared different exosome isolation methods, such as ultracentri-
fugation and total exosome isolation (TEI) precipitation from various manufacturers, which were used according to their
instructions. These authors concluded that the precipitation method is the most appropriate procedure for EV enrichment
to incorporate into clinical practice. However, there has yet to be a consensus in the literature.

EVs from WJ-MSCs or hNPCs hold great promise for immunomodulation and regenerative effects, but the yield of
these vesicles is a challenge.”> Regarding the yield found in this study and considering the total protein by the
standardized method, a concentration similar to studies that used the same methodology was obtained.”* Cell cultivation
conditions can influence EVs’ yield and final characterization.”> Therefore, standardization of cell cultivation and
isolation of EVs should be considered for large-scale applications, considering the use of bioreactors.”®”’

Characterization by flow cytometry of EVs originating from WJ-MSCs and hNPCs have shown controversial results.
The presence of specific markers (CD9, CD63, and CD81) is not equally positive for the analyzed samples. While the
WIJ-MSCs 4E sample showed positivity for all markers, the hNPCs derived from the same sample lost CD63 expression
and showed low expression for CD9. Despite the static analysis demonstrating that there was no statistical difference
between the expression of the markers, it was possible to biologically observe the decrease in the expression of the CD63
marker in EVs-hNPCs.

This same pattern of decrease in the expression of the CD63 marker was also observed for samples SE and 6E, considering
the two origins WJ-MSCs and hNPCs. This result is understood with the acknowledgment that EVs are formed. Mammalian
cells can release two types of extracellular vesicles derived from intracellular compartments (late endosomes or multivesicular
bodies) after fusing with the plasma membrane or those derived directly from the plasma membrane.”® According to the
authors Mathieu et al, the CD63 marker may be an essential clue to defining the origin of EVs.”
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The results of the characterization of EVs from different samples show that there may be heterogeneity between them
in forming the EVs found. Other authors have already identified these subpopulations through proteomics comparison,
evidencing the possibility of subpopulations in small EV isolations.*® However, between the EV-WJ-MSCs and the EV-
hNPCs, the probable existence of these subpopulations can be observed, which explains the origin of these vesicles’
formation, which probably has heterogeneity in the formation process.

Following a previous study, EVs isolated by precipitation technique showed sizes between 121.5 and 184.3 nm.”*
Although methods of isolation of EVs by ultracentrifugation result in a purer population of vesicles considering the size,
in this study, we can treat them as a population of small EVs.””#' Considering the possibility of the presence of
subpopulations of EVs to the presence or absence of the CD63 marker, the results of the NTA corroborate the
identification of these subpopulations since the EVs originating from the plasma membrane can present sizes between
100 and 1000 nm.®* Furthermore, in the statistical analysis of vesicle sizes comparing the origins of EVs (WJ-MSCs and
hNPCs), no difference was observed between them. Finally, the EVs were characterized according to their morphology
using the TEM methodology. EVs from both origins (WJ-MSCs and hNPCs) showed spheroid morphology and the
presence of the lipid bilayer characteristic of EVs, as recommended in the literature. In addition, the sizes of EVs
evidenced by the NTA results followed the sizes described through the TEM technique at the 200 nm scale.””

Proteomic Characterization of Extracellular Vesicles

Proteomic characterization of EVs-WJ-MSCs and EV-hNPCs showed a similar profile of proteins with a correlation of 0.896.
However, these proteins exhibited different expressions in each source. It is widely discussed that the therapeutic effects of
stem cells are also mediated by paracrine signaling, with extracellular vesicles emerging as key candidates for conveying these
effects.®””*37% Consequently, these differences may relate to predicting variations in treatments using EVs from these two
sources. Compared to cells, EVs exhibit advantages such as biocompatibility and low immunogenicity.

The proteomic profile of EVs-WJ-MSCs show that proteins CKAP4, H2BC21, H2BC26, H2BC3, H2BC17, H2BCl1,
H2BC18, H2BCI12L, H2BC5, H2BC12, H2BC14, H2BC4, H2BC9, H2BC15, H2BC13, CCT6B, PDIA6, FKBP10, CALR
and KRT19 are differently expressed, as seen in Figure 8A. Histones proteins are essential for chromatin arrangement and are
related to gene expression regulation.®” This is an important function performed by extracellular vesicles.*® *' The presence of
these proteins in EVs confers a signaling character for differentiation, as these proteins are directly related to the signaling of
chromatin organization through their methylation.®® Histone proteins are reported to be important in neuronal differentiation
signaling due to the post-translational modifications (PTM) that these proteins undergo.’'*** Defects in the pattern of PTM of
histones are associated with neurodegenerative diseases such as Alzheimer’s and Parkinson’s.”**

The proteins CKAP4, PDIA6, FKBP10, CALR, and KRT19 play roles in protein folding, cellular homeostasis,
endoplasmic reticulum (ER) function, and cellular structure.”®®’ All these proteins, except KRT19, are associated with
the ER and collaborate in processes like protein folding, quality control, and responding to ER stress.”> *? PDIA6 and
CALR are specifically involved in protein folding and quality control within the ER, potentially coordinating their
activities with ER-resident proteins such as CKAP4 and FKBP10.'” FKBP10 plays a distinct role in collagen
biosynthesis, which might intersect with other proteins participating in collagen maturation and secretion.'®!

Lastly, KRT19 is a structural protein that could interact with or be influenced by other proteins like CKAP4, which
also plays a role in cytoskeletal organization.'%?

These proteins are essential for signaling cell differentiation, thus is expected to be present in EVs-WJ-MSCs. These findings
corroborate with the results from GO, which indicated that the proteins are involved in biological processes such as extracellular
matrix organization, cell adhesion, external encapsulating structure organization, and cytoskeleton organization; cellular
components as collagen-containing extracellular matrix, focal adhesion, cell-substrate junction and extracellular matrix; and
molecular functions such as structural constituent of cytoskeleton, extracellular matrix structural constituent, integrin binding,
protein binding, signaling receptor binding. To finalize KEGG analysis demonstrated that EVs-WJ-MSCs proteome shown to be
associated with pathways related to proteins differentially expressed, such as ECM-receptor interaction, tight junction, phago-
some, and focal adhesion. Regarding the exclusive proteins found in EVs-WJ-MSCs, they are associated with intracellular
homeostasis processes. Furthermore, they already show evidence of function in processes such as the synaptic vesicle cycle, as
indicated by the analysis of KEGG and SynGO (Figure 11B and C), which is associated with neuronal communication. Li et al
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have already demonstrated that extracellular vesicles from umbilical cord-derived cells can regulate the synaptic vesicle cycle
pathway and have shown through a preclinical model that these vesicles possess therapeutic potential.'*®

The proteomic profile of EV-hNPCs show proteins LTBP2, COL1A1, LAMA2, PFKL, COL4A2, GPC1, FBN2 and
POSTN that are differently expressed, as seen in Figure 7B. It can be observed that the differentially expressed proteins
in EV-hNPCs are distinct from those found in EVs-WJ-MSCs. These proteins, including LTBP2, COL1A1, COL4A2,
FBN2, and POSTN, engage in ECM organization, maintenance, and remodeling.'®*'*> They may interact directly or
indirectly through shared ECM components or signaling pathways.'*® Proteins like LAMA2 and POSTN participate in
cell adhesion and migration processes, which are essential for tissue development and repair.'®” PFKL plays a role in
glycolytic metabolism, which provides energy for various cellular processes, including ECM synthesis and
remodeling.'%*'% GPC1 and LTBP2 are involved in cell signaling pathways, potentially influencing cellular responses
to growth factors and other signaling molecules.''” Six proteins are founded exclusively in EV-hNPCs: COL8AI,
BMP10, ANOSI1, BRCA2, ANKSIB, CEP250. Among these proteins, ANOS]1 stands out as being involved in axonal
guidance and migration of olfactory neurons.''""''? These ANOSI gene mutation are associated with various neurode-
generative disease, such as Alzheimer and Parkinson.''' Bae et al demonstrated through the Xenopus embryos models
that ANOS1 have a significant role in the development of craniofacial structures. The study shown that ANOSI
knockdown influences the development of derivatives from the adenohypophysis, olfactory, and optic placodes.''
This protein can be a crucial for signaling and improving neural development when present in the EV-hNPCs.
Another important protein founded exclusively in EV-hNPCs is BMP10. BMP proteins are involved in various biological
process as differentiation, immunosuppression, proliferation, tissue repair and apoptosis.''* Several studies show that
5 Ogawa et al demonstrated that the BMP10
protein is widely expressed in the CNS of rats through immunocytochemistry, found in neurons, astrocytes, and

BMPs are involved in the regulation and plasticity of brain development.

ependymal cells.''® Thus, this protein also plays an important role in signaling for neuronal development. Protein
ANKSI1B (also known as AIDA or AIDA-1) is encoded by the gene ANKSIB and is also present in the normal
development of the brain.''”"''"® ANKSIB is associated with tyrosine kinase signal transduction and post-synaptic
density.!'”'?! Studies demonstrate that dysfunction of this protein contributes to non-health conditions such as
schizophrenia,''® Alzheimer’s disease,'** and autism spectrum disorder.'” COL8A1, BRCA2, and CEP250 are proteins

related to maintaining tissue integrity and potentially influencing cell signaling pathways,'**'* 126

genomic stability,
centrosome cohesion, and cell cycle,'?’ respectively.

These biological functions are imperative for neural development, and consequently, they are important findings in
the characterization of EV-hNPCs. All this evidence corroborates with the results found in the functional enrichment
analysis. The result, as shown in Figure 11, demonstrated that these proteins presented exclusively in EV-hNPCs are
involved in biological processes as postsynaptic process involved in chemical synaptic transmission, and postsynapse to
nucleus signaling pathway; and cellular component as postsynaptic density (intracellular component), presynaptic
cytosol. This result demonstrates the signaling capacity of EVs for neuronal differentiation and functionality processes,
making these vesicles an acellular material to be applied for the treatment of pre-clinical models of neurodegenerative
diseases, such as Parkinson’s and Alzheimer’s, for example, considering that these cells have already been obtained free

128

of the interferences and these hNPCs could differentiate into several neuronal lineages as described before “° as well

been demonstrated their capacity to regenerate the nervous tissue in diabetic retinopathy.'?’

Research into preclinical applications of EV-hNPCs is essential to demonstrate the true therapeutic potential of these
structures. Preliminary studies suggest significant promise, but it is imperative to conduct in-depth analysis in preclinical
settings to validate their efficacy and safety. Additionally, the need for further characterizations, such as identifying the
genetic material present in these vesicles, is crucial to fully understand their mechanisms of action and optimize their

clinical application.

Conclusion
This study successfully obtained EVs from cultured human neural precursor cells without induction factors or gene
transfections, making this product attractive for acellular therapies.
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These EV-hNPCs show promising potential for therapeutic applications in neurodegenerative diseases, such as
Parkinson’s and Alzheimer’s.
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