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Editorial
Editorial of the Special Issue: Extracellular Vesicles and
Exosomes as Therapeutic Agents

David J. Rademacher

Department of Microbiology and Immunology and Core Microscopy Facility, Stritch School of Medicine,
Loyola University Chicago, Maywood, IL 60153, USA; drademacher@luc.edu; Tel.: +1-414-628-9063

1. Introduction

Membrane-enclosed particles, known as extracellular vesicles (EVs), are ubiquitously
present in organisms, including animals, plants, and microorganisms [1,2]. EVs are clas-
sified according to their size and origin as apoptotic bodies, microvesicles, or exosomes
(EXs) [1-3]. EXs, the most extensively studied EVs, are enclosed in a single phospholipid
bilayer and are secreted by all cell types [1,3-5]. EXs are usually 30 to 150 nm in diameter
and are formed by fusion of the multivesicular body and the inward invagination of the
endosomal membrane [1,3-5]. EXs are present in body fluids such as saliva, amniotic fluid,
breast milk, urine, and plasma [6]. They are essential for intercellular communication
because they change the functions of recipient cells by delivering a variety of biologically
active cargo, including proteins, lipids, and nucleic acids [7,8].

The use of EXs as a delivery strategy for therapeutic cargo has become increasingly
popular, in part, because they overcome many of the challenges encountered by other
approaches. EXs exhibit a high degree of stability and biocompatibility with minimal
immunogenicity [9]. The delivery-to-target efficiency is higher for EXs than conventional
approaches because they can traverse biological barriers, such as the blood-brain barrier
(BBB) [10,11]. EXs can selectively target tissues or cells and reduce off-target effects because
of their inherent tropism based on their cells of origin [12]. EXs provide a protective envi-
ronment for the encapsulated cargo, safeguarding it from degradation [13]. Furthermore,
because EXs are the primary way that stem cells exert their biological effects, the use of
stem cell-derived EXs preserves the therapeutic potential of stem cells while avoiding
any potential harm from the cells [14,15]. Importantly, systemic administration of EXs
derived from a variety of cell types often results in their primary accumulation in the
liver and spleen, with less than 1% of that administered reaching the desired target [12,16].
Consequently, several engineering approaches have been developed to improve targeting
and increase the accumulation of EXs in the target tissue and/or cells.

2. Recent Developments in the Use of Extracellular Vesicles and
Exosomes as Therapeutic Delivery Systems

2.1. Genetic Engineering of EXs

Genetic engineering has been used to modify exosomal surface proteins to better
target EXs to tissues and cell types of interest, since even slight variations in exosomal
tetraspanin complexes have a significant impact on target cell selection. Transfecting genes
expressing a targeting moiety with exosomal membrane components is one method of
genetically altering EX-producing cells. Through the natural EX biogenesis process, the
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cells transfected with these vectors produce surface-modified EXs that express the targeting
moieties. EXs produced from genetically engineered cells stably display the introduced
targeting moiety on their surface [17]. For example, Wang and colleagues [18] genetically
engineered stem cell-derived EXs loaded with a ferroptosis inhibitor to target M2 microglia.
The genetically engineered EXs exhibited M2 microglia targeting specificity in vitro and
in vivo, inhibited ferroptosis in M2 microglia, and improved neurological function in
ischemic stroke-affected mice [18]. A fusion protein, consisting of rabies virus glycoprotein
(RVG), a protein that binds nicotinic acetylcholine receptors, and lysosomal membrane-
associated protein 2B, an exosomal membrane protein, was transfected into 293T cells. The
cells produced EXs with RVG embedded in the exosomal membrane [19]. As neurons and
glia express receptors that bind to RVG on their cell surface, systemic administration of
RVG-expressing EXs resulted in a two-fold increase in brain EX accumulation compared to
systemic administration of non-engineered EXs [19].

2.2. Chemical Modifications of EXs

To make therapeutic EXs more targetable, their surface can be directly engineered
through chemical modifications. One such approach is click chemistry. Click chemistry
utilizes covalent interactions between an alkyne and an azide residue to form a stable tria-
zole linkage, which can be applied to attach targeting moieties on the surface of EXs [20,21].
For example, Jia and colleagues [22] used click chemistry to conjugate the RGERPPR pep-
tide (RGE) to the exosomal membrane. The engineered EXs delivered therapeutic cargo
to intracranial tumors because RGE binds specifically to neuropilin-1 (NRP-1), which is
overexpressed in glioma cells and is either not expressed at all or expressed at a low level
in normal neurons and other tissues [22]. Chen and coworkers [23] used click chemistry to
attach a targeting peptide to the surface of macrophage-derived EXs. These engineered EXs
targeted bone tissue and released anti-microbial peptides, thereby relieving osteomyelitis
without adverse effects in a rat model [23].

2.3. Combinatorial Approaches
Hybrid Nanoparticles

As an alternative to genetic engineering of parent cells or EXs and chemical modifica-
tion of EXs, targeting ligands conjugated to polyethylene glycol (PEG) have been used to
produce EXs in which the targeting ligand is expressed in the exosomal membrane. For
example, nanobodies specific for epidermal growth factor receptor (EGFR), upregulated in
a variety of solid tumors, were conjugated to phospholipid-PEG derivatives to produce
nanobody-PEG-micelles [24]. Nanobody-PEG-micelles were expressed in the exosomal
membrane when they were incubated with EXs; this had no effect on the size distribution,
protein composition, or morphology of EXs. The PEGylated and targeted EXs increased
the binding to tumor cells overexpressing EGFR and were retained in the circulation for six
times longer than unmodified EXs [24].

Diacyl-chain phospholipids self-assemble in aqueous solutions to form spherical
vesicles called liposomes [25]. Liposomes expressing tLyp-1 (CGNKRTR), which has a high
affinity to NRP-1 to target glioma cells, were created and fused with EXs, which have an
enhanced ability to cross the BBB, in part because of the expression of transferrin receptors
on the EX’s surface, to create hybrid liposome-EX nanovesicles with an enhanced ability
to cross the BBB and target brain tumors [26,27]. Compared with liposomes and EXs, the
hybrid nanovesicles demonstrated an increased ability to cross the BBB and accumulate in
glioma in mice [26].
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In a fascinating study, adipose-derived mesenchymal stem cell (ADSC) EXs and
gelatine nanoparticle (GNP) hydrogel combined to form a stable meshwork because of
the opposing charges of the two substances. In a rat skull defect model, the skull bone
formation produced by the GNP hydrogel-ADSC EX mixture was substantially greater
than that of the GNP- and sham-treated groups [28].

Liu and colleagues [29] created a nanocomplex, referred to as REXO-C/ANP/S, which
was comprised of a core and a shell. The core, referred to as C/ANP/S, was comprised of:
(a) curcumin, a small molecule that disrupts «-synuclein aggregates; (b) small interfering
RNA targeting SNCA to downregulate x-synuclein synthesis; and (c) a reactive oxygen
species (ROS)-responsive polymer, poly(2-(dimethylamino)ethyl acrylate, which encapsu-
lates curcumin and enables ROS-responsive drug release. The shell, termed REXO, was
comprised of: (a) immature dendritic cell-derived EXs; and (b) RVG peptide, a targeting
peptide embedded in the exosomal membrane to enhance delivery across the BBB and tar-
get neurons. In a mouse model of Parkinson’s disease, the REXO-C/ANP/S nanoparticles
decreased a-synuclein aggregates in diseased neurons [29].

2.4. Large-Scale EX Production Approaches

The quality and quantity of secreted EXs are reduced in conventional two-dimensional,
static cultures, as these cultures cannot replicate the in vivo environment, including fluidic
stimuli [30]. To overcome these limitations, Huang and coworkers [31] developed a method
of culturing genetically engineered mesenchymal stromal cells to increase the production of
EXs rich in hepatocyte growth factor (HGF) for improved wound healing. Two structured
polydimethylsiloxane layers were used to construct a microfluidic chip, which was a crucial
part of their culturing technique. The top layer had herringbone grooves, and the bottom
layer had a micropillar array. By disrupting the laminar flow, these structures produced
a turbulent vortex that improved waste removal and nutrient delivery. In addition, the
bottom micropillar layer provided a large number of cell adhesion sites. The EX yield
obtained from cells cultured on the microfluidic chip was ~14 times that obtained from
cells cultured in a conventional, two-dimensional static cell culture flask. Furthermore,
the EXs derived from microfluidic chip-cultured cells were abundant in HGF and aided in
wound healing [31].

Contrary to conventional, static cell culture conditions, a flat-plate bioreactor was
used to increase EX production. The chamber in the flat-plate bioreactor was seeded with
cells. The culture medium was delivered to the chamber via a peristaltic pump, which
produced laminar flow conditions. The flow introduced shear stress to the cells, which
opened calcium channels, leading to increased calcium influx [32]. Prior studies have
shown that increasing intracellular calcium concentration increases EX yield [33]. A closed-
loop system was used to collect and recirculate the culture medium, which ensured a
continuous exchange of oxygen and nutrients while eliminating waste. The bioreactor
produced ~7 times more EXs than static culture conditions, while preserving the quality
and therapeutic efficacy of the EXs [32].

2.5. Milk and Plant EXs

Milk- and plant-derived EXs have gained popularity recently despite advancements
in the mass production of EXs derived from cultured cells. Milk is a particularly dense
source of EXs, with concentrations in milk exceeding 10'? EXs per milliliter [34]. Due to
their stability, scalability, ability to cross biological barriers, and between-species biocom-
patibility, recent research has focused on the development of milk EXs as a drug delivery
platform. Milk EXs are non-immunologic oral delivery vehicles for gene editing agents,



Biomedicines 2025, 13, 2234

peptides, small molecules, and bioactive RNA cargo [35-37]. However, the isolation and
characterization of milk EXs is complicated by the fact that milk contains a variety of
nanoparticles besides EXs [38]. Continued research is crucial to harness the full potential of
milk EXs in clinical and therapeutic contexts.

Similar to milk-derived EXs, plant-derived EXs represent a potentially rich source of
useful EXs. Plant-derived EXs are thought to be used as a means of intercellular commu-
nication and immune regulation to protect plants from pathogenic attacks [39]. Notably,
the size distribution, density, morphology, and surface electric charge of EXs derived from
plants are comparable to those derived from mammals [40]. Like mammalian cell-derived
EXs, they contain lipids, proteins, and RNAs, which reflect their plant sources, such as
grapes, ginger, and apples [41-43]. The techniques used to isolate EXs from plants are not
very different from those used to isolate EXs produced by cultured mammalian cells [44].
Plant EXs are safe [42] and their production is more scalable and cost-effective than EXs
derived from mammalian cells [45]. Ongoing research is needed to establish standardized
plant EX extraction protocols and evaluate long-term safety for clinical applications.

3. Contributions to This Special Issue

In this Special Issue, Mecocci and colleagues [46] described the anti-microbial and
anti-inflammatory effects of cow colostrum-derived EXs in an in vitro model of neona-
tal calf diarrhea caused by Escherichia coli infection. Their results present the fascinating
prospect that colostrum-derived EXs may provide an alternative to antibiotics in combating
drug-resistant bacterial infections. Schepici and coworkers [47] provided a comprehen-
sive review of the regenerative effects of mesenchymal stromal/stem cell-derived EXs
in spinal cord injury and a summary of the preclinical studies on their therapeutic po-
tential. Mohammad and colleagues [48] examined the effects of exercise-induced EXs on
trophoblasts in vitro, highlighting their potential role in maternal-fetal communication
during pregnancy. Rademacher [49] described the dual role of EXs in Parkinson’s disease,
as both a contributor to disease progression and a potential therapeutic tool. In Parkin-
son’s disease, EXs act as mediators of disease progression by spreading toxic proteins and
promoting neuroinflammation. However, their natural role in intercellular communica-
tion and ability to deliver therapeutic agents make them a promising tool for developing
next-generation therapies [49]. Wang and coworkers [50] investigated the role of EXs
derived from osteogenic-differentiated human bone marrow-derived mesenchymal cells
(hBMSCs) in the rescue of the osteogenic ability of hBMSCs impaired by hypoxia. They
discovered that EXs derived from hBMSCs cultured in normoxia restored the osteogenic
capacity of hBMSCs that had been compromised by hypoxia, offering a possible treatment
approach for bone regeneration in hypoxic conditions [50]. The literature on the effects of
physical cues on stem cell-derived EXs to treat peripheral neuropathy was reviewed by
Berry and colleagues [51]. They concluded that physical cues such as electrical stimulation,
mechanical agitation, and conductive materials greatly improved the production, quality,
and therapeutic potential of stem cell-derived EXs. These improvements make EXs more
effective in treating peripheral neuropathy [51]. The efficiency and quality of artificial EXs
produced by T cells using two different induction techniques—cytochalasin B, a chemical
inducer, and ultrasonication, a physical inducer—were compared by Zmievskaya and
colleagues [52]. Garaeva and colleagues [53] discovered that EXs loaded with exogenous,
recombinant heat shock protein 70 derived from grapefruit triggered an anti-tumor immune
response in both in vitro and in vivo models of colorectal cancer, highlighting the potential
of plant-derived EXs as effective therapeutic cargo delivery vehicles. Jones and cowork-
ers [54] determined the efficacy of lyophilized EXs derived from human adipose stem cells
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in promoting healing from traumatic brain injury, underlining their potential for storage at
room temperature and clinical application. Finally, Salih and colleagues [55] investigated
the expression of the microRNAs let-7a-5p and miR-21-3p in EXs derived from the serum of
non-small-cell lung cancer patients, highlighting their potential as diagnostic biomarkers.

4. Future Research

High production costs, a high level of technical expertise, and challenges differentiat-
ing genetically engineered EXs from naturally occurring EXs in biological fluids are some of
the drawbacks of genetically engineered EXs, despite their many benefits such as improved
targeting precision, effective therapeutic delivery, and decreased off-target effects. Further
research and optimization are needed to make them more feasible for clinical applications.
Chemically modified EXs offer several advantages, including enhanced targeting, versatil-
ity, retention of the natural properties of the EXs, and the ability to cross biological barriers.
The technical difficulties of both covalent and non-covalent EX modifications, the possible
loss of native protein function in the EX membrane, and the difficulty in scaling up chemical
modification techniques to large-scale production are the drawbacks of chemical modifica-
tion of EXs. Future studies should focus on addressing these issues. Potential disruption of
the exosomal membrane during production, the possibility of an immunological reaction,
and regulatory ambiguity surrounding their classification—which makes approval more
difficult—are some of the difficulties with hybrid nanoparticles. Clear regulatory frame-
works, scalable production methods, and improved engineering techniques are essential
to tackle these challenges. Future developments in isolation technologies, engineering
methods, and standardization protocols are required to enable scalable EX production for
clinical applications, even though recent advancements in the large-scale production of
EXs, such as the use of microfluidic chips and bioreactors, are encouraging. Despite the
fact that milk EXs are non-immunologic oral delivery vehicles for a range of therapeutic
substances, a major obstacle is the transfer of isolation techniques from the laboratory
to the industrial production process. In addition, there are no detailed pharmacokinetic
studies, and the complex composition of milk makes it difficult to isolate high-purity milk
EXs. To address these issues, improvements in isolation techniques, scalable production
methods, and thorough safety and efficacy studies are needed. Despite the fact that plant
EXs are safe [42] and can be produced more cheaply and efficiently than EXs produced
by mammalian cells [45], preclinical and clinical research are required to confirm their
therapeutic efficacy, optimize dosages, and assess long-term effects before they can be used
successfully in clinical settings.
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Abstract: Background/Objectives: Despite the significant advancements made in the
diagnosis of lung cancer, the traditional diagnostic methods remain limited because they
are often invasive, expensive, and not suitable for regular screening, creating a need for
more accessible and non-invasive alternatives. In this context, the analysis of miRNAs
in EVs and free circulating microRNA may be used as liquid biopsies in lung cancer to
identify individuals at risk. This study aimed to compare miRNA profiles in the serum and
EVs derived from lung cancer patients by focusing on Let-7a-5p and miR-21-3p. Materials
and Methods: Serum and EVs were isolated from lung cancer patients and healthy controls.
EVs were characterized using nanoparticle tracking analysis, electron microscopy, and
Western blotting for surface markers (CD63, CD81, TSG101). Total miRNA levels were
quantified in the serum and EVs, and specific miRNAs (hsa-let-7a-5p and hsa-miR-21-3p)
were analyzed using RT-qPCR. Statistical analysis evaluated miRNA expression across
clinicopathological features, including age, gender, smoking status, tumor stage, cancer
type, and EGFR mutation status. Results: Total miRNA levels were significantly enriched
in EVs compared to the serum. Let-7a-5p was downregulated in EVs from patients with
advanced-stage lung cancer (Stage III-1V) compared to those with early-stage cancer and
controls (p < 0.05), while no differences were observed in the serum. Conversely, miR-21-3p
was significantly upregulated in EVs and serum from advanced-stage patients (p < 0.01)
and in adenocarcinoma compared to squamous cell carcinoma (p < 0.05). No significant
differences were observed for age, gender, or smoking status. Conclusions: Our findings
highlight the differential expression of miRNAs in EVs and the serum, emphasizing the
diagnostic potential of EV-associated Let-7a-5p and miR-21-3p in lung cancer. These results
suggest that EVs are a more robust source for miRNA biomarkers compared to the serum.
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1. Introduction

Lung cancer is still the leading cause of cancer deaths worldwide due to its late diagno-
sis. Early detection significantly improves prognosis by reducing mortality and enhancing
survival rate, adding to successful treatment by focusing on detecting asymptomatic pa-
tients. However, the diagnostic techniques currently available have major limitations,
especially in the early detection of cancer [1].

CT has a high false-positive rate, indicating the presence of cancer when the reality is
otherwise, and sputum cytology is only of limited sensitivity in locating minute lung tumors
that are in the peripheral regions of the lungs. Therefore, these methods are not particularly
effective in the early detection of lung cancer [2]. Considering these limitations, there is
an urgent need for non-invasive and reliable biomarkers for the early-stage detection of
lung cancer.

Recent extensive studies have identified microRNAs (miRNAs) as potential biomark-
ers for the diagnosis, prognosis, and targeted therapy of lung cancer. miRNAs are a class
of highly conserved small non-coding RNAs, varying between 18 and 25 nucleotides in
length [3], that modulate gene expression at the post-transcriptional level by binding to
the complementary 3’ untranslated region (3'UTR) of target mRNAs, thereby facilitating
mRNA degradation or inhibiting protein synthesis [4].

Bioinformatics algorithms predict that miRNAs regulate more than 60% of the protein-
coding genes in the human genome. One miRNA can regulate numerous target mRNAs,
just as one mRNA is regulated by several miRNAs. Thus, miRNAs are important in many
biological processes, including gene regulation, apoptosis, hematopoietic development,
and the maintenance of cell differentiation [5,6].

Multiple studies indicate the dysregulation of miRNAs involved in the pathogenesis
of different cancers, including lung cancer, through the regulation of various biological
processes such as cell proliferation [7], differentiation [8], angiogenesis [9], and apopto-
sis [10]. Specific miRNAs have oncogenic or tumor-suppressing potential, and their altered
expression profiles in cancer patients serve as diagnostic biomarkers [11].

Previous investigations have reported that a variety of differentially expressed miR-
NAs in lung cancer may have potential as diagnostic biomarkers. For example, studies have
pointed out that several miRNAs such as miR-21, miR-106a, miR-10b, miR-328, miR-155,
let-7, and miR-103 are usually dysregulated in lung cancer patients [12-14].

These miRNAs have been found in several body fluids, such as the plasma and serum,
and thus are accessible for non-invasive diagnostic tests. Bai et al. [13] found that miR-21
was significantly overexpressed in the serum of NSCLC patients compared with healthy
controls, indicating a possible role as a diagnostic biomarker. Similarly, Xue et al. [15]
reported elevated levels of miR-21 and miR-155 in the plasma of lung cancer patients,
correlating with a poor prognosis.

MicroRNAs are unstable in body fluid and susceptible to degradation by ribonucle-
ases (RNases) present in the bloodstream, which can affect their reliability as diagnostic
biomarkers. Due to their instability, researchers are investigating alternative sources of
miRNA that are more stable and less susceptible to degradation [16]. Recently, extracellular
vesicles (EVs) have gained increasing attention in biomedical research as a promising
solution to this problem due to the cargo composition of miRNAs in EVs and their stability
in body fluids [6].

EVs are small, heterogeneous, membrane-bounded vesicles released by different cell
types into the extracellular environment, contributing to intercellular communication. EVs
are enriched with proteins, lipids, and nucleic acids, including DNA, mRNA, and miRNA.
Based on their size and biogenesis, they have been categorized into exosomes, microvesicles,
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and apoptotic bodies [17]. The miRNA cargo of EVs reflects the molecular signature of
their parental cell, hence becoming attractive candidates for the non-invasive diagnosis of
cancer. Also, the miRNA packaged within EVs is more stable and reliable than free miRNA
in plasma or serum because the phospholipid bilayer encapsulated in EVs protects them
from the RNases degradation in body fluids [18].

Several studies have investigated the miRNA profiles of EVs derived from lung
cancer patients and proved their potential in diagnostics. Rabinowits et al. [19] found
that the miRNA profiles of EVs derived from plasma and tumor tissues of NSCLC were
distinct from those of healthy individuals, with upregulated levels of 12 specific miRNAs,
including miR-21, miR-210, and miR-223, meaning that the profile of plasma exosomal
miRNAs parallels that of tumor-derived miRNAs. Similarly, Wu et al. demonstrated
that serum EV miRNA-96 expression was higher in lung cancer patients than in controls
and displayed a correlation with the stage of the cancer [20]. Although EV miRNA has
tremendous potential, further studies are required to confirm the above findings and to
develop reliable diagnostic assays.

However, there are still technical challenges in the isolation and characterization
of EVs, necessitating the need for standardized protocols to ensure reproducibility and
accuracy in miRNA detection. The aim of this study was to investigate the microRNA
profile in EVs isolated from lung cancer by quantifying and comparing the total miRNA
levels in the serum and EVs to assess their diagnostic potential. Subsequently, we focused
on two specific miRNAs previously reported to be dysregulated in serum and lung cancer
tissues, namely miR-let-7a, functioning as a tumor suppressor, and miR-21, identified as
oncogenic, which were isolated and analyzed separately in both serum and EVs.

2. Materials and Methods
2.1. Patients” Samples

Whole blood samples from 37 patients with lung cancer and 37 healthy controls who
showed no evidence of cancer or other diseases were collected before treatment at Foggia
Hospital in the south of Italy. Venous blood samples (3 mL) were collected in coagulation-
promoting tubes. The samples were allowed to coagulate in an upright position for 30 min
without being disturbed and then centrifuged at 2500 g for 10 min at 20 °C. The top layer
containing serum was carefully transferred to a 15 mL reaction tube and centrifuged at
3200 g for 20 min at 20 °C. Finally, the serum was transferred into a fresh 1.5 mL reaction
tube or cryotube without disturbing the pellet and filtered with a 0.45 uM filter, and the
serum samples were stored at —80 °C until needed.

2.2. Isolation of EV's by Size Exclusion Chromatography

EVs were isolated from serum samples by means of size exclusion chromatography
(SEC) using sepharose-based qEV columns (iZON Science, Christchurch, New Zealand)
according to the manufacturer’s recommendations and previously published methods [18].

Briefly, the columns were removed from a 4 °C environment and slowly adapted
to room temperature, the 20% ethanol storage solution was removed, and the column
was flushed one to two times with 10 mL of PBS. The serum samples were thawed on ice
and centrifuged for 10 min at 1500 g at 10 °C, and the supernatant was transferred to
new Eppendorf tubes and subjected to another centrifugation for 10 min at 10,000 x g at
10 °C. Each serum sample was transferred to a new Eppendorf tube and stored at —80
°C or processed directly. For frozen samples, an additional centrifugation at 10,000x g
for 10 min at 10 °C was performed after thawing and immediately prior to SEC to remove
aggregates potentially formed during storage. A 0.5 mL aliquot of serum was applied to
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the qEV column, and the flow-through was discarded. Then, 3900 uL of Hank’s balanced
salt solution (HBSS) was applied, and the flow-through was discarded. Another 3 x 500 uL
of HBSS was applied and the flow-through was collected and protease inhibitor was added.
Finally, the 1.5 mL samples of the collected EVs were subjected to ultracentrifugation at
130,000 g for 2.5 h at 4 °C. The supernatant was carefully removed, leaving 115 pL. This
was used to carefully resuspend the pellet by pipetting for 5 min. EV suspensions were
kept at —80 °C until further application.

2.3. Nanoparticle Tracking Analysis

The particle size distribution and concentration of EVs were assessed using nanoparti-
cle tracking analysis (NTA), following established protocols [3]. Briefly, EV suspensions
were diluted in HBSS buffer to obtain a final measurement volume of 1 mL, with dilution
ratios ranging between 1:50 and 1:2000. The working concentration was optimized by en-
suring a particle count of approximately 140-200 per frame. Each analysis consisted of two
measurement runs, scanning 11 distinct positions, and capturing 30 frames at each position.
Data acquisition was carried out under standardized conditions, including automatic focus
adjustment, a fixed camera sensitivity of 79, a shutter speed of 70, auto-detected scattering
intensity, and a chamber temperature of 24 °C. Recorded videos were processed using
ZetaView Software (version 8.05.11 SP1, Particle Metrix, Meerbusch, Germany) on the
ZetaView PMX-120 instrument, applying the following analytical thresholds: a minimum
area of 5, a minimum brightness of 30, and a maximum area of 1000. The system hardware
consisted of a CMOS camera and an integrated 40 mW, 488 nm laser source.

2.4. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was employed to confirm and analyze the
morphology and size of EVs. For sample preparation, 3 pL of the EV suspension was
placed onto glow-discharged copper grids coated with pioloform carbon and left to adsorb
for 5 min. The grids were subsequently rinsed twice with drops of deionized distilled
water. Negative staining was carried out by applying two successive 4 pL drops of 0.5%
aqueous uranyl acetate. After excess stain was carefully removed with filter paper, the
grids were air-dried prior to imaging. The vesicles were visualized using a JEOL JEM-1400
transmission electron microscope operated at 80 kV. Digital images were acquired with a
Megaview III camera system and processed using iTEM software 5.2.

2.5. Western Blotting

Proteins from the extracellular vesicles were extracted using 1 x RIPA lysis buffer
composed of 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% SDS, and supplemented with a protease and phosphatase inhibitor cocktail.
The protein was estimated using the BCA protein assay kit (ThermoFisher, Waltham, MA,
USA, Cat#: 23227), and 5X Laemmli buffer was added to the lysate solution. Then, equal
volumes of protein (50 ug) for each sample were prepared by separating them via 10%
SDS-PAGE and then transferring them onto 0.45 pM nitrocellulose membranes (Sigma-
Aldrich, ST. Louis, MO, USA, GE10600003). The membranes were blocked in 5% BSA in
TBS-T for an hour at room temperature after being rinsed four times for five minutes each
time with TBS bulffer, followed by immunoblotting with primary antibodies of interest.
The following antibodies were used: CD9 (1:1000. rabbit monoclonal, Abcam, Cambridge,
UK, Cat#: ab92726), CD81 (1:1000. mouse monoclonal, Cat#: sc-166029), flotillin-1 (1:5000.
mouse monoclonal, BD Biosciences, San Jose, CA, USA, Cat#: 610821), and TSG101 (1:5000.
mouse monoclonal, Santa Cruz, CA, USA, Cat#: sc-7964). Membranes were again washed
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another four times for five minutes with TBS-T, and HRP-conjugated secondary anti-mouse
antibody (1:10,000. mouse monoclonal, Cell signaling, Danvers, MA, USA, Cat#: 7076) was
added for 1 h at room temperature. The detection of protein bands was carried out with
an enhanced chemiluminescence (ECL) reagent (GE Healthcare Life Sciences, Chicago, IL,
USA), and the resulting signals were captured and analyzed using the Odyssey Fc imaging
system (LI-COR Biosciences, Lincoln, NE, USA).

2.6. Isolation of miRNAs

The EVs, after purification, were transferred to RNase-free tubes. Total RNA, including
miRNA, from 100 uL of EVs and 200 uL of serum was extracted utilizing the QIAGEN
miRNeasy Micro Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s
instructions. RNA was eluted in 30 pL of RNase-free water provided with the kit. The
NanoDrop One spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was
employed to assess the concentration and purity of the eluted RNA. RNA purity was
evaluated with the absorbance ratio OD260/0D280.

2.7. miRNAs Reverse Transcription and Expression by gRT-PCR

Following miRNA extraction, miRNA quantification was performed by using RNA
samples with equal volumes for cDNA synthesis using miRCURY LNA RT kit according to
the manufacturer’s protocol (Qiagen, Hilden, Germany). Quantitative RT-PCR (qRT-PCR)
was performed by using a QuantStudio 5 (ThermoFisher Scientific, Waltham, MA, USA)
with miRCURY LNA SYBR Green PCR Kit (Qiagen, Hilden, Germany). Among the various
target miRNAs, we focused on two microRNAs that have previously been reported as
being altered in serum or lung cancer tissue samples: miR-let-7a-5p, identified as a tumor
suppressor miRNA, and miR-21-3p, classified as an oncogenic miRNA. miR-103a-3p was
selected as the internal control because it is consistently expressed in healthy populations
and has not been reported to show alterations in lung cancer (Table 1). The PCR reactions
were carried out in duplicate with 60 cycles of denaturation (10 s at 95 °C), annealing (60 s
at 56 °C), and elongation (30 s at 54 °C) after an initial enzyme activation (2 min at 95 °C).
The expression levels of EV miRNA in the serum and free circulating miRNA of patients
with lung cancer were compared with those of healthy controls. The expression levels of
the target miRNAs were normalized to the miR-103a, and the calculation was performed
using the comparative 2—AACt method.

Table 1. Primers used in this study.

Product Name Sequence GeneGlobe Id
hsa-let-7a-5p 5'UGAGGUAGUAGGUUGUAUAGUU  YP00205727
hsa-miR-21-3p 5'CAACACCAGUCGAUGGGCUGU YP00204302
hsa-miR-103a-3p 5’ AGCAGCAUUGUACAGGGCUAUGA  YP00204063
UniSp6 YP00203954

Normalization was performed using miR-103a, which has been reported to show
stable expression across diverse tissue types and pathological conditions, including cancer.
In a previous work from our group, systematic screening identified miR-103a and miR-484
as reliable endogenous reference miRNAs in serum and extracellular vesicle studies [3,17].
In our present dataset, miR-103a expression did not differ significantly between NSCLC
patients and controls, supporting its use as an internal normalizer.
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2.8. Statistical Analysis

All statistical analyses were performed using SPSS version 22.0 (IBM, Armonk, NY,
USA), while figures and graphs were generated with GraphPad Prism version 10.1.2
(GraphPad Software, San Diego, CA, USA). To assess the adequacy of this sample size,
we conducted a post hoc power analysis using the two-sample t-test model. Assuming a
medium-to-large effect size (Cohen’s d = 0.7) and a significance level of 0.05, the analysis
indicated a statistical power of approximately 0.84, which exceeds the commonly accepted
threshold of 0.80. The results are expressed as average + SD. One-way ANOVA and
Student’s t-test were used to analyze the statistical significance of the differences between
the groups. A threshold of p < 0.05 was considered statistically significant.

3. Results
3.1. Participant Characteristics

In the present study, from January 2023 to December 2023, serum samples from a
total of 37 lung cancer patients who visited the Thoracic Surgery Department at the A.O.U.
Polyclinic in Foggia, Italy, and 37 healthy controls (HC) were investigated. Among them
were 31 patients with adenocarcinoma and 6 with squamous cell carcinoma. In lung
cancer patients, samples were prospectively collected at a time prior to any treatment. The
clinicopathological characteristics of the participants are shown in Table 2.

Table 2. The characteristics of the participants.

Patients Healthy Control
Groups
No. 37 % No. 37 %
<60 10 27.03 16 43.24
Age
>60 27 72.97 21 56.76
Male 22 59.46 24 64.86
Gender

Female 15 40.54 13 35.14
Non-Smokers 17 45.95 15 40.54
Smoking Former smokers 15 40.54 9 24.32
Current smokers 5 13.51 13 35.14

Stage I 8 21.62

Stage II 14 37.84

TNM stages

Stage IIT 9 24.32

Stage IV 6 16.22

AD* 31 83.78

Type of Cancer

SCC* 6 16.22

EGFR statue EGFR wild type 32 86.49

EGFR mutant 5 13.51

* AD: adenocarcinoma, SCC: squamous cell carcinoma.

3.2. EVs Are Significantly Enriched in NSCLC Patient Serum

Circulating EVs were isolated from the serum of patients with lung cancer and healthy
controls by means of size exclusion chromatography (SEC). The EV-enriched fractions were
characterized by their size, morphology, concentration, and protein markers.

The NTA results showed that the diameter of EVs isolated from the serum of pa-
tients and healthy individuals primarily ranged between 50 and 200 nm in diameter
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(Figure 1a—c). The median size of EVs in lung cancer patients was significantly smaller
(116 £ 9.91 nm) compared to healthy controls (128 £ 7.63 nm) (Figure 1c). Quantifi-
cation of EVs by NTA revealed that the concentration of EVs in lung cancer patients
(7.99 4 0.85 x 10'° particles/mL) was significantly higher compared to healthy controls
(3.58 4 0.42 x 10%0 particles/mL) (p < 0.01), representing an approximately 2.2-fold in-
crease (Figure 1d). TEM analyses revealed a majority of vesicles in the expected size range
of 70-150 nm, which is characteristic of small EVs, from both NSCLC patient serum and that
of healthy controls (Figure le). In addition, the protein concentration of the EV samples was
evaluated. No significant differences were observed regarding the protein concentration
of EVs from patient (349 £25.7 ug/mL) or HC serum (307 £ 28.43 pg/mL) (Figure 1f).
However, the higher protein concentrations of the patient EV samples reflect the higher
number of EVs isolated from 0.5 mL of patient serum.
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Figure 1. Characterization of EVs derived from lung cancer patients. NTA was used to analyze the
size and concentration of EVs. (a—c) EV size: Representative measurements of lung cancer patient
(a) and healthy control (b) EVs showing the size range of the isolated EVs. (c) Median sizes of
EVs from lung cancer patients (116 & 9.91 nm) and healthy individuals (128 + 7.63 nm). (d) EV
concentrations in lung cancer patients (7.99 + 0.85 x 10'? particles/mL) and in healthy controls
(3.58 & 0.42 x 100 particles/mL) particles/mL. (e) TEM image of EVs derived from patient serum.
EVs, negatively stained with 2% uracyl acetate after removal of moisture, showed the expected size
and shape of small EVs (30-150 nm in diameter). (f) EV protein quantification. n = 37.
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3.3. Western Blot Analysis Confirms Purity of EVs Isolates

To ensure the successful enrichment and purity of EVs after SEC isolation, EVs were
analyzed by means of Western blot to confirm the presence of EV markers and absence of
proteins indicating contamination. In accordance with the Minimal Information for Studies
of EVs 2024 (MISEV) [21], several known EV markers, including CD9, CD8]1, Flotillin-1,
and TSG101, were observed in the purified serum EVs of patients with lung cancer and
healthy individuals. Meanwhile, the endoplasmic reticulum marker calnexin was absent in
our isolated EV samples, indicating their purity (Figure 2).

Ctrl.1 Ctrl.3 Ctrl.3  Patient.]1 Patient.2 Patient.3

23kDa | .- e e )

26kDa [N BN . e g  |cCD81

47 kDa . ‘ “ oy . e Flotillin-1
kDA | i - — e TSG101
90 kDa Calnexin

Figure 2. Inmunoblotting assay for EV markers detected CD9, CD81, Flotillin-1 and TSG101 in EVs
derived from lung cancer patients and healthy controls. Calnexin was used as a negative control.

3.4. miRNAs Are Targeted into EV's

In the present study, we isolated miRNAs from EVs and free-circulating serum in
both lung cancer patients and healthy controls. EVs were isolated from 500 uL of serum,
while free-circulating miRNA was extracted from 200 pL of serum, and in both cases,
RNA was eluted in 30 pL of buffer. The average concentration of EV-derived miRNA
in lung cancer patients was 78.53 & 55.74 ng/uL, compared to 16.78 & 8.82 ng/uL in
free-circulating serum. Among the healthy controls, EV miRNA concentration averaged
69.61 & 48.46 ng/ L, while free-circulating miRNA measured 12.36 £ 5.61 ng/uL. When
normalized to serum input volume, these correspond to 4.71 ng/uL serum for patient-
derived EV miRNA and 2.39 ng/pL serum for free serum miRNA (Figure 3a). Similarly, in
healthy controls, EV miRNA yielded 4.18 ng/uL serum, while the free-circulating fraction
yielded 1.85 ng/uL serum (Figure 3b). These findings confirm a consistent and significant
enrichment of miRNAs in the EV compartment compared to the free-circulating serum
fraction in both patients and healthy individuals.

Interestingly, the amount of miRNA in the patient EV samples was considerably higher
compared to the miRNA content of EVs from healthy controls. However, the data indicates
that there was no significant difference between the miRNA concentrations in the EVs
of patients with lung cancer and those of healthy individuals (p = 0.76), nor between the
miRNA concentrations in the serum of patients and those of healthy individuals (p = 0.39).
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Figure 3. miRNAs are enriched in EVs after normalization to serum input volume. Box plots
illustrate the distribution of normalized total miRNA concentrations in extracellular vesicles (EVs)
and matched free-circulating serum fractions from lung cancer patients and healthy controls. miRNA
concentrations were calculated based on original serum input volumes. Each plot shows the median
with the interquartile range. (a) In lung cancer patients, EVs yielded significantly higher miRNA
concentrations normalized to serum (mean: 4.71 ng/uL) than serum-derived free-circulating miRNA
(2.39 ng/uL, p = 0.0294). (b) Among healthy controls, EV miRNA concentration (mean: 4.18 ng/uL)
was also higher than in the serum (1.85 ng/uL), but the difference was not statistically significant
(p = 0.1403).

3.5. Dysregulation of Several EV's miRNA and Circulating miRNA in Lung Cancer Patients

Previous studies have reported that multiple miRNAs show abnormal expression pat-
terns in patients with lung cancer. Here, we conducted qRT-PCR for one tumor suppressor
miRNA, Let-7a-5p, and one oncogenic miRNA, miR-21-3p, in EVs derived from 37 patients
with lung cancer and compared them with 37 healthy individuals. miR-103a-3p was used
as an endogenous control for normalization. In addition, we evaluated the circulating
miRNAs in the serum of all patients and healthy individuals.

The results indicate, as shown in Table 3, that the expression levels of EVs Let-7a-5p
(Figure 4a) was downregulated in lung cancer patients compared to the controls, while
the expression of EVs miR-21-3p (Figure 4b) was significantly upregulated in lung cancer
patients compared to the controls.

Table 3. EVs miRNAs differentially expressed in patients and healthy controls.

Patients EVs Control EVs
Groups p Value
Mean SD Mean SD
hsa-let-7a-5p 0.76 0.35 1.96 0.46 0.0001
hsa-miR-21-3p 2.87 0.47 141 0.39 0.0001

Analysis of the circulating miRNA expression levels in serum (Table 4) was not able
to detect the differences in Let-7a-5p expression between patients and HC as identified
in EV miRNA. In total serum RNA, both groups maintained comparable expression of
hsa-let-7a-5p, indicating that Let-7a-5p is efficiently targeted in EVs (Figure 5a). In contrast,
the significantly elevated miR21-3p expression in patient serum is also observed when
analyzing total serum RNA. (Figure 5b).
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Figure 4. EVs miRNAs differentially expressed in lung cancer patients. Quantitative real-time PCR
analysis of differentially expressed miRNAs in serum EVs from patients with lung cancer versus
healthy controls. Let-7a-5p (a) and miR-21-3p (b) reached statistical significance.

Table 4. Circulating miRNAs differentially expressed in patients and healthy controls.

Patients Serum Control Serum
Groups p Value
Mean SD Mean SD
hsa-let-7a-5p 1.21 0.41 1.40 0.72 0.16
hsa-miR-21-3p 3.29 0.51 1.92 0.91 0.0001
4.01 Serum Let-7a 6.0 Serum miR-21
5.5
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Figure 5. Circulating miRNAs differentially expressed in lung cancer patients. Quantitative real-time
PCR analysis of differentially expressed miRNAs in serum EVs from patients with lung cancer versus
healthy controls. Only hsa-miR-21-3p (b), but not hsa-Let-7a (a) reached statistical significance.

Interestingly, when comparing EV-associated and total serum miRNA levels within
each group, we observed distinct distribution patterns for the two miRNAs. hsa-let-7a-5p
was predominantly detected in the EV fraction, with minimal levels in the total serum in
both patients and controls, indicating preferential encapsulation of this miRNA in EVs.
In contrast, hsa-miR-21-3p was present in both EVs and total serum at comparable levels,
suggesting that a substantial proportion of this miRNA circulates outside EVs as free
miRNA, in addition to its EV-associated form.
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3.6. Association of miRNA Expression with Clinicopathological Features

The expression levels of Let-7a-5p and miR-21-3p in EVs and the serum were analyzed
with respect to different clinicopathological features of patients with lung cancer.

There was no statistically significant difference in the expression of Let-7a-5p (Table 5)
in the EVs or serum of patients with lung cancer with respect to age group (<60 vs.
>60 years) or gender (male vs. female subjects), with p-values > 0.05, as well as for healthy
controls. Nevertheless, the expression levels of Let-7a-5p in EVs were downregulated
in tumor patients at advanced stages (Stage III-IV) when compared with the expression
levels found in early-stage patients (Stage I-1I) (p < 0.05), though they remained unaltered
in the serum. However, Let-7a-5p expression levels did not significantly differ between
adenocarcinoma and squamous cell carcinoma (p > 0.05).

Table 5. Expression levels of Let-7a-5p in EVs and serum across clinicopathological features of lung
cancer patients.

. . . EVs Serum
Clinicopathological Features (Mean + SD) p Value (Mean + SD) p Value
Age (<60 vs. >60) 0.72 £0.12 >0.05 1.12 +0.44 >0.05
Gender (Male vs. Female) 0.70 £ 0.13 >0.05 1.14 £ 0.46 >0.05

Smoking (Current Smokers vs.
Non-smokers/ 0.70 £0.14 >0.05 1.154+0.42 >0.05
Former Smokers)

TNM Stages (Stage III-1V vs.
Stage I-1I)

Type of Cancer (AD vs. SCC) 0.71+£0.15 >0.05 1.13 £ 043 >0.05

0.67 £0.13 <0.05 1.16 £+ 0.45 <0.05

Conversely, hsa-miR-21-3p (Table 6) was significantly upregulated in the EVs and
serum from lung cancer patients in some clinicopathological features. Its expression in EVs
was significantly higher in patients with advanced tumor stages (Stage III-IV) compared
to patients with cancer in the early stages (Stage I-1I) (p < 0.01). In addition, the levels of
hsa-miR-21-3p were higher in adenocarcinoma patients compared to those with squamous
cell carcinoma (p < 0.05). No significant associations between hsa-miR-21-3p expression
levels and smoking status, age, or gender were detected (p > 0.05).

Table 6. Expression levels of miR-21-3p in EVs and serum across clinicopathological features of lung
cancer patients.

Clinicopathological EVs Serum
Fepatures & (Mean + p Value (Mean + p Value
SD) SD)
Age (<60 vs. >60) 2.85 +0.35 >0.05 3.08 + 0.41 >0.05
Gender (Male vs. Female) 2.80 + 0.30 >0.05 3.12 +0.39 >0.05
Smoking (Current Smokers
vs. Non-smokers/ 2.70 £ 0.25 >0.05 3.10 £ 0.37 >0.05
Former Smokers)
TNM Stages (Stage NIV vs. 7y | () 53 <0.01 3.11 + 0.43 <0.01
Stage I-1I)
Type of Cancer 2.92 +0.32 <0.05 3.18 4 0.33 <0.05
(AD vs. SCQ) ' ’ ’ ) ’ ’
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To specifically address the diagnostic utility of these two microRNAs at the early stages
of lung cancer, we compared expression levels between early-stage NSCLC (Stage I-1I)
patients and healthy controls. No statistically significant differences were observed in
either the serum or EVs.

4. Discussion

The majority of lung cancer patients are diagnosed at advanced stages, frequently
leading to an unfavorable prognosis. This has driven researchers to develop biomarkers
that can detect lung cancer at an early stage and improve the accuracy of diagnosis and
treatment. In recent years, miRNAs have been discovered to play a crucial role in the
pathogenesis and progression of lung cancer. Consequently, many research groups have
focused on optimizing the potential of miRNAs as biomarkers for lung cancer [22].

Since miRNAs are involved in multiple cellular mechanisms that regulate tumor
growth and progression, their use as biomarkers identified in blood has yielded very
promising outcomes in the early detection of cancer. This is due to their relative stability
against external factors such as pH alternation, storage, freezing, and thawing, as well as
their resistance to degradation by endonucleases [23]. However, the results are sometimes
contradictory, with variability in miRNA detection and inconsistent findings across different
studies. This highlights the need for more reliable and consistent biomarkers for lung
cancer detection.

To address these challenges, researchers are increasingly turning to EVs as an alterna-
tive source for miRNA as biomarkers. EVs are lipid bilayer nanovesicles that play a critical
role in cell-to-cell communication by transporting bioactive molecules such as proteins,
lipids, and nucleic acids, including miRNAs [24].

The miRNAs within EVs offer several advantages over free-circulating miRNAs. The
miRNA within EVs is protected from degradation, thereby enhancing the stability and
reliability of miRNA detection in bodily fluids. In addition, EVs are constantly released by
living cells and are present in various body fluids, including the blood, urine, and saliva,
making them accessible for non-invasive diagnostic tests. Most importantly, the miRNA
profiles of EVs can reflect the molecular changes occurring within tumors, providing a
more accurate snapshot of the disease state [6,18]. Despite this promising background, only
a few studies have directly compared EVs and free circulating miRNAs in lung cancer.

In the present study, we isolated miRNAs from EVs and free-circulating miRNAs
from serum in both lung cancer patients and healthy individuals. EV-derived miRNAs
from lung cancer patients were obtained at an average of 471.2 ng per 100 pL serum, while
the corresponding free-circulating fraction yielded 251.7 ng per 100 puL serum. Similarly,
in healthy controls, EV-associated miRNAs were obtained at 417.7 ng per 100 pL serum,
compared to 185.4 ng per 100 uL serum in the free-circulating component. These findings
confirm a consistent enrichment of miRNAs in the EV compartment compared to free-
circulating serum across both the cancer and control groups. This pattern aligns with
previous studies [3]. For example, Dohmen et al. reported higher miRNA concentrations in
exosomes versus serum in colorectal cancer patients (1504 ng/100 uL vs. 1024 ng/100 pL,
respectively) [25]. Although the absolute concentrations in our lung cancer cohort are
lower, the proportional enrichment in EVs is consistent, supporting the hypothesis that
EVs provide a protective environment against serum RNase-mediated degradation.

The expression levels of miRNAs in cancer vary significantly, with both oncogenic
and tumor-suppressive miRNAs being differentially regulated. Depending on the function
of the miRNA, both variants can be beneficial for the tumor, inducing upregulation of
miRNAs that act as proto-oncogenes, promoting tumor growth, and downregulation of
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miRNAs that act as tumor suppressors [26]. Based on this rationale, we analyzed an
oncogenic and a tumor-suppressive miRNA in EVs derived from lung cancer patients, both
previously reported as dysregulated in lung cancer patients [1].

In the present study, we found that the tumor suppressor miRNA Let-7a-5p is sig-
nificantly downregulated in EVs derived from lung cancer patients compared to healthy
individuals. In contrast, its abundance in free-circulating serum miRNA did not differ
between groups. The downregulation of this miRNA in EVs isolated from lung cancer
patients aligns with prior studies reporting reduced Let-7a-5p levels in EVs from lung [13],
breast [27], and colorectal cancer [28].

However, the comparable expression levels of Let-7a-5p in the serum of both lung
cancer patients and healthy controls in our present study contradicts previous findings
that reported upregulation of this miRNA in the serum [29] of lung cancer patients. This
discrepancy may be attributed to selective miRNA packaging mechanisms in EVs, which are
regulated by specific RNA-binding proteins such as hnRNPA2B1 and YBX1 that recognize
sequence motifs or secondary structures and direct miRNAs into EVs [30,31]. This selective
encapsulation can lead to altered EV miRNA profiles independent of total serum miRNA
levels. Furthermore, tumor cells may preferentially load tumor-suppressive miRNAs, such
as let-7a, into EVs for secretion as a means of reducing their intracellular tumor-suppressive
effects, while maintaining a balanced overall level in circulation contributed by non-tumor
cells [32].

Multiple studies have reported the upregulation of miR-21-3p in various malignan-
cies, both as free-circulating and EV-associated miRNA. Our data support these findings,
demonstrating increased miR-21-3p levels in EVs isolated from the serum of patients with
lung cancer [33] and free-circulating serum miR-21-3p [34]. Elevated miR-21 expression
levels have been linked to tumor development, growth, and size through suppression of
the tumor suppressor PTEN. This suggests the presence of miR-21 at early disease stages
and thereby supports its potential utility in early detection.

Although previous studies have reported that both Let-7a-5p and miR-21-5p may
serve as promising biomarkers for early-stage NSCLC detection due to their differential ex-
pression compared to healthy individuals [35,36], our findings did not reveal a statistically
significant difference in the expression levels of these miRNAs between early-stage NSCLC
patients (Stage I-1I) and healthy controls. This lack of significance may be attributed to the
limited number of Stage I patients in our cohort, reducing statistical power, as well as possi-
ble heterogeneity among early-stage disease presentations. Additionally, it is plausible that
these two miRNAs alone are not sufficient for early detection, and a panel of multiple miR-
NAs or additional biomarkers might be required for improved sensitivity and specificity.
Nevertheless, the overall trend of downregulation of Let-7a and upregulation of miR-21
in NSCLC patients relative to healthy controls aligns with previous reports and supports
their utility in diagnosis and prognosis, particularly in more advanced stages [37,38].

Limitations

This study has some limitations. The cohort size was relatively small (n = 37 per group),
which may limit the statistical power and generalizability of our findings. Furthermore, the
absence of an independent validation cohort and the lack of blinded analysis restrict the
extent to which the diagnostic potential of EV-associated hsa-miR-21-3p can be confirmed at
this stage. Therefore, while our data suggest that EV-derived hsa-miR-21-3p is a promising
biomarker for NSCLC detection, future studies with larger, independent, and blinded
cohorts will be required to validate and extend these observations.
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5. Conclusions

In conclusion, we were able to validate recent research findings regarding cancer
miRNA enrichment in circulating EVs in contrast to the serum. EV levels of Let-7a-5p and
miR-21-3p were significantly different in patients with lung cancer when compared with
healthy controls. While free-circulating miR-21 levels were significantly increased in lung
cancer patients compared to healthy controls, these differences were not observed for free-
circulating Let-7a. Altogether, these findings support the potential of specific EV-miRNA
cargo analysis as a minimally invasive approach in NSCLC detection and monitoring.
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Abstract: Background: Traumatic brain injury (TBI) occurs in individuals of all ages, pre-
dominantly during sports, accidents, and in active military service members. Chronic
consequences of TBI include declined cognitive and motor function, dementia, and emo-
tional distress. Small extracellular vesicles (SEVs), previously referred to as exosomes, are
nano-sized lipid vesicles that play a role in intercellular communication. Our prior research
established the efficacy of sEVs derived from human adipose stem cells (hASC sEVs) in
accelerating the healing of brain injuries. The hASC sEVs are a biologic therapeutic and
need to be stored at —20 °C or —80 °C. This limits their use in translating to everyday
use in clinics or their inclusion in first-aid kits for application immediately after injury.
To address this, here we demonstrate that hASC sEVs can be stored at room temperature
(RT) for two months post lyophilization. Methods: A transmission electron microscope
(TEM) and nanoparticle tracking analysis (NTA) were used to validate the morphology
of lyophilized RT sEVs. Using in vitro models of neuronal injury mimicking physical
injury, inflammation, and oxidative stress, we demonstrate that lyophilized RT hASC sEVs
are viable and promote the healing of neuronal injuries. Results: The lyophilized sEVs
maintain their purity, size, and morphology upon rehydration. Lyophilized, RT stored sEVs
showed better efficacy after two months compared with —80 °C stored sEVs. Conclusions:
RT storage of lyophilized hASC sEVs maintains their efficacy to accelerate the healing of
injuries in neuronal cells. This will advance the use of hASC sEVs, bringing them closer to
use in clinics, home first-aid kits, and on battlefields by active service members.

Keywords: sEVs; exosomes; adipose stem cells; traumatic brain injury; TBI; hASC sEVs;
lyophilization; NTA

1. Introduction

Traumatic brain injury (TBI) has exponentially increased in the last few years and
affects nearly 50 million people globally. TBI is defined as a disruption or injury to brain
function caused by an outside force, such as a blow or jolt to the head or an object entering
the brain [1]. The effects from TBI can be either short- or long-term; the long-term effects
are more severe and, in some cases, result in early death. Secondary injury, often tied to
neuroinflammation, results from the primary brain injury and occurs over time, and it
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includes chemical, cellular, tissue, and blood vessel changes in the brain. Secondary injuries
typically include ischemia, cerebral edema, hypoxia, and more [2]. These injuries can cause
secondary cell death, resulting in a decrease in cell proliferation [3,4]. The development of
treatments for these injuries is often difficult due to the complexity of progression. These
complications stem from pathophysiological and prolonged development of secondary
injuries. The most common treatments for secondary injury generally target neuroinflam-
mation; however, there is a still a need for more effective treatments [5]. The impact of
TBI may last for several years, and it can leave some individuals disabled or in need of
rehospitalization even 10 years after the injury. Thus, the availability of robust treatment
options in the hours following TBI is imperative [6,7].

One of the most widely affected demographics of TBI are active military service
members and veterans. TBI is known to be the most impactful cause of disabilities related
to combat [8]. TBl is a signature injury of the Global War on Terrorism (GWOT) conflicts,
including post-9/11 conflicts, Operation Iragi Freedom (OIF), Operation Enduring Freedom
(OEF), and Operation New Dawn (OND) [9,10].

Recently, the definition and nomenclature of extracellular vesicles (EVs) have been
updated according to the Information for Studies of Extracellular Vesicles (ISEV) [11].
Small extracellular vesicles (sEVs) are characterized as EVs that are lipid-membrane-bound
particles less than 200 nm and released by cells. Exosomes are often identified through
surface markers such as the tetraspanins CD9, CD63, CD81. However, research is still
ongoing on whether these tetraspanins solely mark exosomes and no other intracellular
multivesicular bodies.

Mesenchymal stem cells (MSCs) derived from adipose tissue have become a promis-
ing therapeutic for TBI due to their anti-inflammatory and regenerative properties [12].
However, since stem cells can differentiate into different phenotypes based on the stimuli,
the secretome was evaluated. We have previously demonstrated that the secretome from
human adipose stem cells (hASCs) contains large and small extracellular vesicles (EVs). We
further characterized the sEV using the tetraspanin markers CD9, CD63, and CD81, which
demonstrated that hASC sEVs (previously referred to as exosomes in our publications),
contained long, noncoding RNA that was pivotal to driving the regeneration and repair
post brain injury [4]. In this study, we used the hASCs from the same master hASC bank
and collected its conditioned media to purify the sEVs and evaluate their efficacy upon
lyophilization. Over the past decade, there has been an increased interest in the use of sEVs
due to their important role in intercellular communication and drug-delivery applications.
The sEVs carry cargo such as proteins, RNA, and DNA that can be transported from cell to
cell and serve as biomarkers for disease progression and diagnosis [13]. The sEVs have also
become a useful tool as a drug-delivery vehicle. Due to their low toxicity, biocompatibility,
and ability to carry small molecules, these vesicles have also proven to be effective in
delivering drugs [14,15].

There are various ways to isolate sEVs. The method of isolation can influence the
purity, functionality, and performance of sEVs [16,17]. Some of the most common methods
used include size exclusion-based methods and ultracentrifugation. Methods that include
ultracentrifugation can harm the morphology of the sEVs due to the force and are often
tedious. Size exclusion methods can remove larger EVs and contaminating particles that
are not vesicles while keeping the sEVs intact [18]. More recently, size exclusion methods
have been coupled with other methods such as ultrafiltration to facilitate more efficient
removal of bigger particles. In this study, we investigated the efficiency of ExoSpin columns
compared with qEV columns for sEV isolation.
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The hASC sEVs have tremendous potential in treating TBL; however, there remains an
issue with storage that limits their use in the clinic and battlefield. The sEVs stored at 4 °C
show 100% efficacy up to 1 week. sEVs are usually stored long-term at —80 °C to preserve
their size and cargo; however, several studies have reported that storage of EVs and sEVs
at —80 °C can cause harm to their morphology and cargo over time, interfering with their
performance [19,20]. In addition, rural clinics and battlefield clinics often do not have
access to —80 °C ultra-low freezers. To address this issue, lyophilization has been proposed
as a storage method at room temperature [21]. Lyophilization (freeze-drying) is a method
that removes water from a sample using sublimation and desorption (Figure 1). There
are three phases to the lyophilization process. The first phase is freezing, which involves
cooling the material below its triple point. This can be achieved by rapidly freezing the
sample in a —80 °C freezer for biological samples. The next phase is primary drying or
sublimation. During sublimation, the pressure is lowered (|) and the sample is heated (1)
to —20 °C so the water will sublimate and solidify while under vacuum [22]. The last phase
is secondary drying or adsorption. During this phase, water-bound molecules are removed
from the material by raising the temperature. During freezing and drying, the bilayer and
cargo of the sEVs can be damaged due to the stresses they undergo during these processes.
To combat this issue, cryoprotectants may be used [23].

Lyophilization Process

Unbound Bound
2 water water
removed - removed
( = ﬂw [: ) (6s))
( ==\ = )~ Inertgas
Freeze P, 1T T backfill
. | —_— —_— Il —_— —_—
=3 g bimation J
Liquid 5 . . . Aeration
formulation Freezing Primary drying Secondary drying Unload
30
:G 20 1000
‘9_7 10 100 _
2 0 10
g c
g -10 1 — =
§ -20 0.1
-30 0.01
-40 0.001

Time (h)

Figure 1. Schematic of the three processes that occur during lyophilization. The publication license
can be found in Supplementary File S2 (Created in BioRender. Jones, B. (2024) https:/ /BioRender.
com/s06h883; accessed on 15 December 2024).

In this study, we used trehalose, a nonreducing disaccharide found in many organisms,
to protect the hASC sEVs during lyophilization [24]. We investigated the sEVs’ morphology,
size, and concentration as well as protein concentrations post lyophilization and storage at
room temperature. We then investigated the in vitro efficacy of the lyophilized hASC sEVs
in models of neuronal injury mimicking TBI.

The aim of the study was to (1) compare two widely used EV isolation methods to
establish an effective and reproducible isolation method for the extraction of sEVs from
hASCs; (2) demonstrate that lyophilization with the addition of trehalose does not change
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the morphology or size of the sEVs; and (3) compare the efficacy of lyophilized RT stored
sEVs with —80 °C stored sEVs using in vitro neuronal injury models.

2. Materials and Methods
2.1. Cell Culture

Studies were carried out using mouse hippocampal neuronal cell line (HT22) Dr. D.R.
Schubert (Salk Institute, La Jolla, CA, USA). HT22 cells were cultured in DMEM (GibcolL-
ifeTechnologies, Waltham, MA, USA: # 11,965-092), 10% FBS (Sigma, St. Louis, MO, USA;
#F4135), and 1 x penicillin-streptomycin (Sigma #P4333) at 37 °C and 5% CO,. The hASCs
(ZenBio, Durham, NC, USA: #ASC-F-SL) were pooled from lean female subcutaneous
depo with an average BMI of 27.9. All donors were non-smokers and non-diabetic. For
collection of conditioned media (CM) from human adipose stem cells (hASCs), hASCs
were grown to 90% confluence (8 x 10® hASCs) in T75 flasks, and then, cell medium was
replaced with serum-free mesenchymal stem cell basal media with StemFlex medium kit
(GibcoLifeTechnologies, Waltham, MA, USA, # A33494-01). The CM derived from hASCs
was collected after 48 h.

2.2. sEV Isolation and Size Characterization

The CM (as described in Section 2.1) was then used to isolate sEVs. CM was cen-
trifuged at 3000 g for 15 min to remove any hASC cell debris. The CM was then processed
to isolate sEV's using 2 methods.

For hASC sEVs isolated using ExoSpin columns, ExoSpin™ (Cell Guidance systems,
St. Louis, MO, USA: Catalog EX05) reagent was added to the CM and incubated for 20 min
at room temperature. The mixture was centrifuged at 1500 g for 30 min to remove large
EVs by precipitation, and the supernatant was added to the top of the ExoSpin column and
centrifuged at 50x ¢ for 60 s. The sEVs were eluted in PBS by centrifugation.

For sEVs isolated using qEV columns (35 nm from IZON, Bellaire, TX, USA), CM was
concentrated using a 10 kDa molecular weight cut-off filter (MWCO) which retains the
large EVS and allows only EVs smaller than 10 kDa to pass through the pores. qEV columns
were prepared following the manufacturer’s instructions using PBS as a buffer. The qEV
column was mounted on the Automated Fraction Collector (AFC, from IZON, Bellaire,
TX, USA), which enabled reproducible and exact collection of fractions by size exclusion
chromatography. The concentrated CM was then added to the prepared qEV columns. The
sEVs were eluted in PBS, and fractions were collected every 500 uL until a pink color was
seen eluting from the column (end of sample collection). Nanoparticle tracking analysis
(NTA3.1, Build 3.1.46 RRID SCR-014239) was used to analyze size and concentration of
sEVs in each fraction. The fractions containing a single peak of sEV particles within
35-200 nm size were identified and used in the TEM to image the morphology and in the
experimental setups.

2.3. Transmission Electron Microscopy (TEM)

For the hASC sEVs, 4 uL at a concentration of 1 x 10% particles/mL was placed on
a carbon-filled coated copper mesh grid. The sample was then incubated for 10 min at
room temperature. The excess liquid was then removed from the grid using filter paper.
One drop of 0.2 micron filtered, boiled distilled water was placed on the grid and removed
three times to rinse off PBS. Sample was left to dry overnight. Samples were then imaged
using a JEOL 1400 transmission electron microscope at 100 k x magnification. All TEM
images are the original images. To select which TEM images would be used, the following
criteria were followed: (1) The low-magnification image should show two or more sEVs in
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the field or include minimal debris from the sEV; (2) the size of the particles present should
be between 30 and 150 nm and have a spherical or cup shape with a distinct, well-defined
border; (3) the image should have good contrast to show the membrane of the vesicle; and
(4) the particles present should have electron-dense areas inside of the defined border to
indicate the cargo is present [25].

2.4. Lyophilization

A total of 500 uL of isolated sEVs at a concentration of 4.5 x 108 particles/mL was
buffer exchanged to 50 mM trehalose in water using 50 kDa MWCO filters. The buffer-
exchanged samples were aliquoted into ten 50 pL samples, and then rapidly frozen. Sam-
ples were lyophilized overnight using a FreeZone 4.5 liter Console Freeze Dry System
from Labconco Corporation, Kansas City, MO, USA and stored at room temperature for
2-8 weeks. Before use, lyophilized samples were rehydrated with PBS to their original
volume and used in the experiments. For lyophilized sEVs without trehalose, SEV samples
were buffer-exchanged to water and rapidly frozen, and then lyophilized overnight.

2.5. Protein Concentrations

To determine protein concentrations of —80 °C sEVs and lyophilized hASC sEVs,
a nanodrop spectrophotometer was used. A 1 uL. amount of sample was placed on the
nanodrop and measured at an absorbance of 280 nm. Measurements were conducted thrice
for each sample.

2.6. Scratch Assay

To evaluate the hASC sEVs for wound-healing efficacy, a scratch assay was performed
using HT22 cells. HT22 cells were grown to confluency in a 12-well plate, and a scratch
was created using a p10 pipet tip. The CM was replaced and 2 ng/mL of hASC sEVs or
lyophilized hASC sEVs was added to the cells. Cell migration was imaged on a Keyence
BZ-X810 microscope from Keyence Corporation, Tampa, FL, 33607) at 0, 16, and 24 h at
4 x magnification.

2.7. DiD-Labeled sEV Uptake

HT22 cells were grown to confluency in an 8-well chamber plate and used to assess
exosomal uptake. The hASC sEVs were incubated with 100 nM DiD, prepared according
to manufacturer’s instructions in EtOH, for 30 min. Then, 2 pg/mL of labeled hASC
sEVs were added to HT22 cells stained with 4,6-diamidino-2-phenylindole (DAPI) and
imaged using a Keyence BZ-X810 microscope after 24 h at 40 x magnification. At the 24 h
mark, the fluorescence intensity was measured and assessed using the Keyence software (v
1.1.1.8), Keyence Corporation, Tampa, FL, 33607. One window was used to measure the
fluorescence intensity. A window was chosen if it had (1) a high concentration of sEVs
present and (2) a wide spread of cells present with little to no clumping,.

2.8. In Vitro Inflammation Model

HT22 cells were plated in an 8-well chamber plate and grown to confluency. Cells
were treated with 5 ng/mL of LPS for six hours. Medium was changed, and 2 ug/mL of
sEVs was added for 18 h. Immunochemistry was performed as described below.

2.9. In Vitro Oxidative Stress Model

HT22 cells were plated in an 8-well chamber plate and grown to confluency. Cells
were treated with 1:1000 HyO; for 1 h. Medium was changed, and 2 pg/mL of sEVs was
added for 18 h. Immunochemistry was performed as described below.
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2.10. Immunochemistry

HT22 cells were plated in an 8-well chamber plate and grown to confluency. Medium
was then removed, and cells were washed 3 times with PBS and fixed with 4% paraformalde-
hyde for 30 min. Cells were rinsed with PBS and blocked with 1% bovine serum albumin
for 30 min at room temperature. Cells were washed 3 times with PBS and then incubated
with primary antibodies for Ki-67 overnight at 4 °C. Cells were rinsed with PBS 3 times
and incubated in secondary fluorescent antibody for 1 h at room temperature. Cells were
stained with 4/,6-diamidino-2-phenylindole (DAPI) for 15 min at room temperature to
visualize the nucleus. Samples were imaged at 20 x using a Keyence microscope.

2.11. Statistical Analysis Methods

Statistical analyses were performed using GraphPad Prism SPSS Analysis Software
V.10.0.2 (GraphPad PRISM™ Software (v 10.0.0), IBM SPSS Inc., Boston, MA, USA). Com-
parisons of the means were made between groups using unpaired Student’s t-tests or
ANOVA analysis. The significance of the results is indicated by the (*) symbol with the
corresponding p-values: * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.

3. Results
3.1. Optimal Method of hASC sEV Preparation

Kits using reagents to precipitate EVs from hASC conditioned media (CM) sometimes
result in impurities in the final SEV preparation. Hence, we sought to compare two widely
used methods to determine the method yielding pure sEVs (size 35-200 nm). The hASC
cells were plated in T-25 flasks, and conditioned media (CM) was collected. The sEVs were
isolated from the CM as described in the Methods section. The NTA data revealed that
the qEV columns demonstrated cleaner particle size distribution peaks compared with the
ExoSpin columns. The particle size distribution peak from the ExoSpin column had a sharp
peak at 56 nm, but the tailing of the peak showed various other sizes (Figure 2A). The peak
from the qEV isolation showed a sharp peak at 145 nm and one smaller peak at 213 nm
(Figure 2B). These data established that the qEV column combined with ultrafiltration
produces pure particle size distributions compared with the ExoSpin Columns. From here
on, the gEV method was used to prepare and purify the hASC sEVs for the experiments.
To establish the morphology of the hASC sEVs, transmission electron microscopy was used
to image the sEVs after extraction (Figure 2C). The TEM images show round-shaped sEVs
at a size of 141 nm at 40 kx and 80 kx magnification.
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Figure 2. NTA and TEM data showing the sizes and concentrations of sEVs isolated from hASCs.
(A) sEV elution from ExoSpin column showing an average size of 80.3 nm and concentration of
9.84 x 10® particles/mL. (B) sEV elution from qEV column showing a peak size of 145 nm and
concentration of 9.20 x 107 particles/mL. Measurements in triplicate for each sample. (C) TEM
image showing hASC sEVs extracted from a qEV column at 40 kx and 80 kx magnification.
Scale bar = 500 nm and 200 nm, respectively.

3.2. Lyophilization Has No Effect on Concentration or Morphology of hASC sEV's

The hASC sEVs were purified using gEV columns and divided into two aliquots.
One aliquot was stored at —80 °C, and the other aliquot was lyophilized. The hASC
sEVs were lyophilized, stored at room temperature (RT), and analyzed after 2 weeks and
compared with the sEVs stored at —80 °C. At the 2-week mark, the —80 °C stored exosome
and the lyophilized RT samples with trehalose had protein concentrations of approximately
2 ug/mL. This was also observed at the 1- and 2-month marks. All protein concentrations
were within 1% of each other (Table 1) between the —80 °C stored sEVs and the lyophilized
RT samples with trehalose (Table 1). For lyophilized sEVs without trehalose, there was a
decrease in protein concentration of almost 50% seen at the 2-week mark.

Table 1. Protein and particle concentrations of —80 °C sEVs and lyophilized room temperature sEVs.
All measurements were performed in triplicate. Statistical analysis was performed by two-tailed
Student’s t-test or ANOVA analysis.

Storage
Time

Protein
Sample Concentration p-Value
(ug/mL)

(am) p-Value

Size Concentration
(particles/mL)

p-Value

2 Weeks

—80 °CsEV 2.047 £ 0.036 157 £ 32 2.59 x 107
Lyophilized sEV + trehalose 2.039 + 0.037 0.0014 157 £ 17 0.1840 242 x 107
Lyophilized sEV—trehalose 1.163 & 0.027 182 £+ 159 1.74 x 10°

0.2535

1 Month

—80 °CsEV 2.122 +0.015 159 £ 39 5.03 x 107

Lyophilized sEV 2158 + 0.025 08468 131423 0.0782 144 x 107

0.1454

2 Months

—80 °CsEV 2.003 £ 0.024 155 £ 56 212 x 107

Lyophilized sEV 2.022 +0.017 09135 151 + 64 0.7649 1.03 x 107

0.3788

To evaluate the morphology, hASC sEVs were imaged using TEM. At two weeks,
both the —80 °C sEVs and the lyophilized RT with trehalose sEVs showed intact spherical
morphology shapes (Figure 3D). The sizes of the sEVs were within 10% compared with the
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freshly extracted sEVs based on NTA data (Figure 3A). The lyophilized RT sEVs without
trehalose did not show intact morphology, and a change in size was observed based on
TEM images and NTA data (Figure 3G). There were also signs of aggregation and loss
of protein observed. Due to these changes, lyophilized sEVs without trehalose were not
evaluated after 2 weeks. The sizes of the sEV samples at 1 and 2 months, stored either at
—80 °C or lyophilized and stored at room temperature, remained within 10% of each other
(Figure 3B,C). There were no changes observed in morphology after 1 month in both the
sEVs stored at —80 °C and sEVs lyophilized and stored at RT. After 2 months of storage,
the morphology of the sEV samples was still spherical for both lyophilized sEVs stored at
room temperature and sEVs stored at —80 °C (Figure 3E,F). However, samples stored at
—80 °C showed signs of aggregation in the TEM images and NTA data. Loss of protein
was also observed in the TEM images for the —80 °C sEVs.
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Figure 3. TEM images of —80 °C sEVs and lyophilized sEVs at low and high magnifications and
NTA data showing the sizes of the —80 °C sEVs and lyophilized sEVs after 2 weeks, 1 month, and
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2 months. (A) NTA data showing sizes of hASC sEVs after 2 weeks of storage. (B) NTA data showing
sizes of hASC sEVs after 1 month of storage. (C) NTA data showing sizes of hASC sEVs after 2 months
of storage. (D) TEM images of sEVs after 2 weeks of storage. (E) TEM images of sEVs after 1 month
of storage. (F) TEM images of sEVs after 2 months of storage. (G) NTA data and TEMs of lyophilized
sEVs without trehalose after 2 weeks of storage. For 40 kx images, the scale bar = 500 nm. For 50 kx,
80 kx, and 100 kx images, the scale bar = 200 nm. For 150 kx images, the scale bar = 100 nm.

3.3. Lyophilized sEV's Stored at Room Temperature Promote Wound Healing in Neuronal Cells

To assess cellular uptake of the hASC sEVs in HT22 cells, 2 pg/mL of DiD-labeled
sEVs were applied to the cells and monitored for 24 h. The sEVs were incubated in
DiD at a concentration of 100 nM for 30 min and centrifuged to remove excess dye, and
then added to the cells. After 24 h, DAPI stain was added and used to visualize the
nuclei of the cells in this experiment. We first evaluated the staining effects of DiD alone
on the cells. DiD without the sEVs stained the cell membrane of the cells, whereas the
labeled sEVs can be seen as small circles in the nucleus and cytoplasm. The fluorescence
intensity of the DiD was about 17,000 (Figure 4A). Both —80 °C stored sEVs and lyophilized
hASC sEVs with trehalose were taken up efficiently by the HT22 cells. The fluorescence
intensity for the —80 °C stored sEVs and lyophilized RT sEVs was about 27,000 and 26,000,
respectively; however, for the lyophilized sEVs without trehalose, the intensity was about
20,000 (Figure 4B).

We then evaluated the efficacy of the lyophilized hASC sEVs for treating wounds
using the in vitro scratch assay, which creates cell-free gaps in the cell culture mimicking
wounds. HT22 cells were wounded by creating a scratch (described in Methods). Then,
2 ug/mL of sEVs stored at —80 °C and a lyophilized sEV sample stored at room temperature
was applied to the HT22 cells. Wound closure was assessed for 24 h and compared with
a control without sEVs (Figure 4C). The wound closure percentages of the —80 °C stored
sEVs and the lyophilized RT sEVs with trehalose at the 24 h mark were comparable, at 95%
for both samples. The lyophilized RT sEVs without trehalose showed a wound closure of
only 68%. Due to this low wound closure percentage and uptake, lyophilized sEVs without
trehalose were not used in further studies. The rate of migration of HT22 cells to close the
wound was also similar between the —80 °C stored sEVs and the lyophilized RT sEVs with
trehalose (Figure 4D). We also assessed the effects of trehalose on its own in the cells. A
wound closure of 59% was observed, a 5% difference from the control.
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Figure 4. Cellular uptake and wound closure comparison of —80 °C sEVs and lyophilized RT sEVs
at two weeks in HT22 cells. (A) Cellular uptake of DiD and DiD-labeled sEVs over 24 h, imaged
at40x (scale bar = 25 um). (B) Graphical comparison of DiD intensity. The images for DiD, DAPI,
and the overlay are all images of the same section of cells. DiD is being used to stain the sEVs in
this study, while DAPI stains the nuclei of the cells. The overlay shows both DiD and DAPI in one
image together to visualize how well the DiD-labeled sEVs are taken up by the cells. A high cell
colocalization with sEV indicates that a higher number of sEVs are making their way into the cells.
Statistical analysis was performed by ANOVA analysis, with no significant differences between
—80 °C stored sEVs compared with lyophilized RT sEVs with trehalose. (C) Scratch assay over 24 h,
imaged at 4 x. (D) Comparison of % wound closure and rate of cell migration between samples. The
images in each column shown in the figure demonstrate a scratch in the HT22 cells at different time
intervals. The scratch shown at each time interval is the same scratch in the same section of cells to
demonstrate how each treatment affects the ability of the cells to close the wound gap. A high %
wound closure indicates how well the sEVs are repairing the damage to the cells. Statistical analysis
was performed by ANOVA analysis (* p < 0.05, ** p < 0.01, and **** p < 0.0001, no significance (ns)).

3.4. Lyophilized sEV's Promote Wound Healing Efficiently After 1 Month at Room Temperature

The cellular uptake was also assessed for 1 month, and no significant changes were
observed between the lyophilized RT and the —80 °C stored sEVs (Figure 5A). The fluores-
cence intensities for the —80 °C stored sEVs and the lyophilized RT sEVs were about 27,000
and 25,000, respectively (Figure 5B). Next, we evaluated the efficacy of the lyophilized
hASC sEVs stored at room temperature for one month. Scratch assay was performed in
HT22 cells followed by treatment with —80 °C stored sEVs and lyophilized (room tem-
perature for 1 month) hASC sEVs (Figure 5C). There was no change in the efficacy of the
lyophilized RT sEVs. Both the —80 °C sEVs and the lyophilized RT samples showed a 100%
wound closure at 24 h. The wound treated with lyophilized, RT sEVs had a higher rate of
cell migration to fill the wound gap (Figure 5D).
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Figure 5. Cellular uptake and wound closure comparison of —80 °C sEVs and lyophilized RT sEVs
at one month in HT22 cells. (A) Cellular uptake of DiD-labeled sEVs over 24 h, imaged at 40x (scale
bar = 25 pm). (B) Graphical comparison of DiD intensity. The images for DiD, DAPI, and the overlay
are all images of the same section of cells. DiD is being used to stain the sEVs in this study, while
DAPI stains the nuclei of the cells. The overlay shows both DiD and DAPI in one image together to
help visualize how well the DiD-labeled sEVs are taken up by the cells. A high cell colocalization
with sEVs indicates that a higher number of sEVs are making their way into the cells. Statistical
analysis was performed by two-tailed Student’s t-test, no significance (ns). (C) Scratch assay over
24 h, imaged at 4x. (D) Comparison of % wound closure and rate of cell migration between samples.
The images in each column shown in the figure demonstrate a scratch in the HT22 cells at different
time intervals. The scratch shown at each time interval is the same scratch in the same section of cells
to demonstrate how each treatment affects the ability of the cells to close the wound gap. A high %
wound closure indicates how well the sEVs are repairing the damage to the cells. Statistical analysis
was performed by ANOVA analysis ** p < 0.01).

3.5. Lyophilized sEV's Promote Wound Healing Efficiently After 2 Months at Room Temperature

Cellular uptake and wound healing were assessed after 2 months of storage at room
temperature following lyophilization. Both samples of sEVs displayed similar DiD intensity
values over a 24 h period (Figure 6A,B). We then investigated the efficacy of the lyophilized
hASC sEVs (stored at room temperature for 2 months) in HT22 cells using a scratch assay
over 24 h (Figure 6C). At the 16 h mark, the —80 °C sEVs showed a significant difference
in wound closure compared with the lyophilized RT sEVs. The —80 °C sEVs were at 74%,
while the lyophilized sEVs were at 87% wound closure (Figure 6D). The lyophilized RT
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sEVs also demonstrated better efficacy, showing a wound closure of 100%, compared with
the —80 °C sEVs, which showed a closure of 92% at the 24 h mark (Figure 6E).
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Figure 6. Cellular uptake and wound closure comparison of —80 °C sEVs and lyophilized RT sEVs
at two months in HT22 cells. (A) Cellular uptake of DiD-labeled sEVs over 24 h, imaged at 40x (scale
bar = 25 pm). (B) Graphical comparison of DiD intensity. The images for DiD, DAPI, and the overlay
are all images of the same section of cells. DiD is being used to stain the sEVs in this study, while
DAPI stains the nuclei of the cells. The overlay shows both DiD and DAPI in one image together to
help visualize how well the DiD-labeled sEVs are taken up by the cells. A high cell colocalization with
sEV indicates that a higher number of sEVs are making their way into the cells. Statistical analysis
was performed by two-tailed Student’s t-test, no significance (ns). (C) Scratch assay over 24 h, imaged
at 4x. (D) Comparison of % wound closure and rate of cell migration between samples after 16 h.
Statistical analysis was performed by two-tailed Student’s t-test. (E) Comparison of % wound closure
and rate of cell migration between samples after 24 h. The images in each column shown in the figure
demonstrate a scratch in the HT22 cells at different time intervals. The scratch shown at each time
interval is the same scratch in the same section of cells to demonstrate how each treatment affects
the ability of the cells to close the wound gap. A high % wound closure indicates how well the
sEVs are repairing the damage to the cells. Statistical analysis was performed by ANOVA analysis
***p <0.001, and **** p < 0.0001.

3.6. Lyophilized sEVs Rescue Cell Proliferation in Neuronal Cells with Underlying Inflammation
In Vitro

The efficacy of the lyophilized hASC sEVs was investigated using a cell proliferation
assay in an inflammation model. HT22 cells were exposed to lipopolysaccharide (LPS) to
mimic underlying inflammation and treated with 2 pg/mL lyophilized RT hASC sEVs
(stored at room temperature for one or two months) for 24 h. The cells were then stained
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with Ki-67, a marker for proliferation, and imaged on a Keyence microscope (Figure 7A,B).
After exposure to LPS, cell proliferation decreased dramatically, which was rescued by
treatment with the lyophilized RT hASC sEVs.
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Figure 7. Inmunochemistry assay of HT22 cells treated with 5 ng/mL LPS for 6 h, after which the
medium was changed, and the cells were treated with 2 ug of sEVs for 18 h. (A) Cells were stained
using Ki-67 as a marker for proliferation and DAPI as a nucleus stain and imaged with a Keyence
BZx-810 microscope at 20x (scale bar = 50 um). (B) Determination of colocalization of Ki-67 and
DAPI was determined using the Keyence software. The images for Ki67, DAPI, and the overlay
are all images of the same section of cells. Ki67 stains proliferating cells, while the DAPI stains the
nuclei of the cells. The overlay shows both the Ki67 and DAPI in one image together to visualize cell
proliferation occurring from each treatment. Statistical analysis was performed by ANOVA analysis
(* p<0.05,* p <0.01, and **** p < 0.0001).

After treatment with the hASC sEVs, proliferation increased, which is what was
observed during this study. Cells without any treatment were used as a control, and
the percent of Ki-67 was 51%. Cells that were treated with LPS showed a decrease in
proliferation. Cells that were treated with LPS followed by lyophilized sEVs showed a
rescue of cell proliferation. We also looked at the effects of trehalose and observed a slight
increase in proliferation, but it was significantly lower compared with the rescue by sEVs.

3.7. Lyophilized sEV's Decrease Oxidative Stress in Neuronal Cells

Neuronal cells were treated with hydrogen peroxide (HyO,) to mimic oxidative stress
for one hour, and the efficacy of lyophilized sEVs for rescuing proliferation was assessed
over 18 h (Figure 8A). After treatment with sEVs post oxidative stress, an increase in
proliferation was observed in each type of sEV. Results showed an increase of 107% for
one-month lyophilized samples and 102% for two-month lyophilized sEVs (Figure 8B).
This demonstrates that the lyophilized sEVs, stored up to two months at room temperature,
are efficient at decreasing oxidative stress in neuronal cells. Trehalose treatment did not
rescue oxidative stress induced by peroxide.

37



Biomedicines 2025, 13, 275

H,0, + H,0,+1-month  H,0,+2-month R
A Control H,0, Trehalose Lyophilized sEV  Lyophilized sEV

*k
1

200 KFK Kk

Ki67

DAPI

Overlay

Figure 8. Inmunochemistry assay of HT22 cells treated with 1:1000 hydrogen peroxide for 1 h, after
which the medium was changed, and the cells were treated with 2 ug of lyophilized sEVs for 18 h.
(A) Cells were stained using Ki-67 as a marker for proliferation and DAPI as a nucleus stain and
imaged with a Keyence BZx-810 microscope at 20x (scale bar = 50 um). (B) Determination of
colocalization of Ki-67 and DAPI was determined using the Keyence software. The image for Ki67,
DAPI, and the overlay are all images of the same section of cells. Ki67 stains proliferating cells,
while the DAPI stains the nuclei of the cells. The overlay shows both the Ki67 and DAPI in one
image together to visualize cell proliferation occurring from each treatment. Statistical analysis was
performed by ANOVA analysis (** p < 0.01, *** p < 0.001, **** p < 0.0001).

4. Discussion

In this study, we have established that qEV columns are a better isolation method
than ExoSpin kits. We also established that lyophilization with the addition of trehalose
preserves the size and morphology of hASCs sEVs. We were then able to test if the
lyophilized sEVs performed equally to the —80 °C sEVs after being stored at RT using
several in vitro assays of neuronal injury that mimic TBI. We found that the lyophilized RT
sEVs were significantly better at promoting wound healing than the —80 °C stored sEVs.
This was demonstrated through physical injury, inflammation, and oxidative stress.

We previously demonstrated the efficacy of hASC sEVs in promoting repair and
regeneration in traumatic brain injury in vivo [4,26,27]. The lyophilized hASC sEVs will
be used in a similar setup. Other groups have also utilized sEVs derived from ASC and
showed that they have immunoregulatory properties [28,29]. To address the limitations
of room temperature storage and viability of hASC sEVs, we undertook this systematic
evaluation. First, we evaluated the effect on the purity of sEVs using two different size
exclusion techniques. Comparisons of size and concentration were evaluated using NTA
data. In accordance with previous studies, the qEV size exclusion column coupled with
ultrafiltration produced pure sEVs efficiently [30,31]. Our previous studies used CD9,
CDe63, and CD81 markers to verify that the sEVs described here contain exosomes [4,26,27].

The hASC sEVs have a tremendous potential in wound healing. However, storage
remains an issue for translation to clinics. In this study, the use of lyophilization as a storage
method for sEVs was explored. In previous studies, lyophilization has been investigated
as a storage method for sEVs using trehalose. It was reported that sEVs can be stored at
room temperature for one week after lyophilization with the addition of trehalose [21].
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Without trehalose, aggregation and a change in morphology can occur, which we have
demonstrated. Here, we sought to evaluate the efficacy of lyophilized hASC sEVs on
neuronal wound healing potential after storage at room temperature for two months,
which has not been demonstrated so far. To evaluate the effects of lyophilization, the
morphology, size, and functionality of the hASC sEVs were evaluated after two, four, and
eight weeks of storage at room temperature. Our data demonstrate that lyophilization is an
effective long-term storage method, and we further establish that the protein concentration
and size were unchanged between the lyophilized samples with trehalose. During the
lyophilization process, trehalose can form a protective layer around the bilayer of the sEV.
Trehalose can form hydrogen bond interactions with the polar head groups of the bilayer,
effectively keeping the bilayer and cargo inside the sEVs safe from damage [32]. It was also
demonstrated that the morphology and size of the lyophilized sEVs after two months did
not show a difference between samples. It is also worth noting that the lyophilized samples
showed a smaller size distribution than the sEVs stored at —80 °C.

Our results have demonstrated that sEVs are efficiently being taken up by HT22 cells.
In some cases, aggregation of the sEVs can be seen, which could be due to their low zeta
potential [33]. We have initiated studies to investigate the mechanism underlying the
aggregation of the sEVs. It is reported that smaller extracellular vesicles such as sEVs
have faster cellular uptake [34]. The uptake demonstrated by each sEV sample in this
study supports this notion, as each sample is relatively in the same size range. Our results
also demonstrate that the sEVs are present in the cytoplasm and nucleus of the HT22
cells, showing efficient internalization of sEVs. There was also no change observed in
the efficiency of the sEVs’ cellular uptake post lyophilization. hASC sEVs have shown
regenerative capabilities due to the biological material secreted inside of their sEVs. We
have previously shown that these hASC sEVs can be used for wound healing in vitro and
in vivo in TBI models [4,26,27].

Finally, we also evaluated the effects of lyophilization on the efficacy of hASC sEVs
using in vitro neuronal injury models mimicking physical injury, inflammation, and ox-
idative stress. We have shown that hASC sEVs have regenerative capabilities and can be
used to increase cell proliferation in neuronal cells in vitro [26]. In this study, we used
lyophilized sEVs to assess the efficacy of the lyophilization of sEVs stored at room tempera-
ture, and the results demonstrate that the efficacy of sEVs to promote wound healing is
maintained. TBI is an injury that affects many people every year, and it is known to cause
secondary injuries that damage neuronal cells. LPS, which was used to mimic underlying
inflammation caused by TBI in vitro, and hydrogen peroxide, which mimics oxidative
stress caused by TBI, were used to assess the lyophilized sEVs’ efficacy to rescue the cell
proliferation. It was also important to evaluate the effects of trehalose under oxidative
stress, as it has been reported that trehalose can increase proliferation under oxidative
stress in high concentrations. These data further support the assertion that lyophilization
can be used as a storage method for sEVs at room temperature for two months and can be
effectively used to treat neuronal injury seen in TBL

The lyophilization of sEVs could also be applied to engineered EVs. EVs have regu-
larly been used as therapeutics in the past few years by loading them with mRNA, proteins,
peptides, and more. Long-term storage of the engineered vesicles would still require
storage temperatures of —20 °C or —80 °C, causing a potential issue in clinical settings.
Lyophilization could be proposed as a solution to this issue. In a previous study, sEVs
loaded with Gaussia luciferase showed a little change in the pharmacokinetics of the engi-
neered sEVs before and after lyophilization, suggesting that lyophilization can be used for
engineered EVs [21]. To our knowledge, this is the only study that has shown lyophilization
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of engineered EVs. There is still much more research that should be performed regarding
the lyophilization of engineered EVs.

In summary, we have demonstrated that lyophilization can be used as an effective
room temperature storage of hASC sEVs for two months without any harmful effects on
morphology, concentration, cell migration, and cellular uptake. We have also established
that the efficacy of lyophilized sEVs for wound healing is comparable to sEVs stored at
—80 °C up to 4 weeks, and is better than the sEVs stored at —80 °C after 8 weeks, based
on in vitro assays used to mimic TBI injuries. We have initiated in vivo studies using
lyophilized, room temperature stored sEVs in rodent models of TBI. In the previous study,
we demonstrated the intranasal route of delivery of hASC sEVs post TBI, and we have
undertaken a similar intranasal delivery of lyophilized sEVs. The in vivo study will provide
information on genomic changes by RNAseq, which can be compared with our previously
published results using freshly prepared sEVs. Here, we successfully demonstrated the
viability and efficacy of lyophilized sEVs stored at room temperature, thereby enabling
the initiation of in vivo studies using lyophilized RT sEVs. The hASC sEVs are applied
topically for dermal wounds [35] or administered intranasally for TBI [27], and they do not
need any carrier, thus adding to the advantage of hASC sEVs in accelerating the healing
of wounds.

5. Conclusions

In conclusion, we have shown that qEV produces clean size-distribution peaks.
The sEVs extracted from qEV columns showed cleaner peaks based on the NTA results.
Lyophilization can be used as a storage method for sEVs at room temperature for two
months with the addition of trehalose without any damage to performance or structure.
This method does not inhibit the performance of the hASC sEVs, as demonstrated by
neuronal in vitro injury models such as scratch assay, LPS-induced inflammation, and
hydrogen peroxide-induced oxidative stress. Thus, lyophilized sEVs stored at room tem-
perature can be incorporated into first-aid kits in the future, which will advance their
translation to clinic and routine use by all individuals.
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Abstract: Background/Objectives: Stress protein HSP70 administered exogenously has demon-
strated high potential as an efficient adjuvant in antitumor immune response. To enhance the
antigen-presenting activity, bioavailability, and stability of exogenous recombinant human HSP70,
we propose incorporating it into plant extracellular vesicles. Earlier, we found that grapefruit-derived
extracellular vesicles (GEV) were able to store the protein with no loss of its major function, chaperone
activity. Methods: In this study, we tested whether HSP70 loaded into GEV (GEV-HSP70) could elicit
an antitumor immune response in cellular and animal models of colorectal cancer. Results: To test
the hypothesis in vitro, human and mouse colorectal cancer cell lines were used. We have shown
that the addition of HSP70, either in free form or as part of GEVs, increases the sensitivity of human
(HCT-116, DLD1) or mouse (CT-26) colon cancer cells to mouse cytotoxic lymphocytes and human
NK-92 cells. Moreover, the amount of protein in the form of GEV-HSP70 required to cause the same
activation of antitumor immunity was 20 times less than when HSP70 was added in free form. In
a colon carcinoma model in vivo, GEV-HSP70 were inoculated subcutaneously into BALB/c mice
together with CT-26 cells to form a tumor node. As compared with the control groups, we observed
an increase in the lifespan of animals and a decrease in the tumor size, as well as a decrease in the
level of TGFB1 IL-10 factors in the blood plasma. In vitro analysis of the immunomodulatory activity
of GEV-HSP70 showed that antitumor response in GEV-HSP70-treated mice was associated with the
accumulation of CD8+ cells. Conclusions: These results demonstrate the high feasibility and efficacy
of the new technique based on HSP70 encapsulated in plant vesicles in activation of the specific
response to colon tumors.

Keywords: HSP70; extracellular vesicles; plant-derived extracellular vesicles; drug delivery systems;
antitumor immunity; colon cancer

1. Introduction

Immunotherapy is now the method of choice for a great number of cancers, and almost all
the techniques employ the ability of specific molecules to enhance the antitumor response of a
patient. Some of such molecules serve as adjuvants that are able to recognize tumor-associated
antigens and participate in their presentation by dendritic cells. This function is typical
for HSP70 molecular chaperone that was convincingly proven to elicit antigen-presenting
activity leading to the activation of both innate and adaptive immune response [1,2]. It is well
established that HSP70 or its particular peptides linked to tumor antigens work efficiently in
numerous anti-cancer vaccine constructs whose efficacy has been established in pre-clinical
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and clinical trials [3-11]. Notably, pure recombinant HSP70 alone was employed in cell and
animal tumor models and demonstrated the ability to generate a powerful immune response
towards melanoma tumors [12,13]. In our studies, human recombinant HSP70 was also
employed to increase the recognizability of C6 glioblastoma cells in vitro and in vivo [14],
which was probably related to the ability of the chaperone to bind the phosphatidylserine
component of the plasma membrane and penetrate living cells [15,16]. It was found that
HSP70 entering melanoma and colon cancer cells displaced its intracellular counterpart
and expulsed the latter being soluble or embodied in exosomes; in the latter form, HSP70
demonstrated greater immunogenic and antitumor activity [17-19]. Thus, delivery of pure
HSP70 to a tumor could potentially lead to activation of both adaptive and innate antitumor
immune responses.

The use of extracellular vesicles as carriers is a promising approach for the delivery
of therapeutic biomolecules. Given that the use of animal-derived exosomes is hampered
by ethical and manufacturing restrictions, plant-derived vesicles have been increasingly
considered as effective delivery vehicles for exogenous therapeutic biomolecules in recent
years [20-22]. Plant-derived extracellular vesicles are nanosized particles secreted by plant
cells, surrounded by a lipid bilayer, and containing proteins, lipids, and nucleic acids. It is
believed that plant vesicles mainly mediate the response of plant cells to abiotic stress and
pathogen infection [20-22]. A few studies have successfully attempted to use intact plant
vesicles from cabbage and ginger to deliver therapeutic biomolecules [23-25], including
ours, which showed that grapefruit vesicles can effectively deliver exogenous recombinant
HSP70 to cultured mammalian cells while maintaining its functional activity [26]. The data
prompted us to use the HSP70 protein inserted in plant vesicles obtained from grapefruit
which were demonstrated to hold considerable amounts of the active chaperone [26]. Thus,
the aim of this work was to test the possibility of using grapefruit vesicles to deliver
exogenous HSP70 to colon tumor cells in vivo with subsequent analysis of the activation of
antitumor immunity.

2. Materials and Methods
2.1. Recombinant HSP70 Preparation

Synthesis of human recombinant HSP70 protein was carried out in E. coli bacteria
transfected with pMS-Hsp70 plasmid (presented by Prof. R. Morimoto, Evanston, IL, USA).
The obtained BL21 DE3 bacterial strain was grown on LB medium at 37 °C to OD = 0.5.
HSP70 expression was induced by 1 mM IPTG followed by co-incubation for two hours,
after which the bacteria were harvested and lysed at —80 °C freezing after 30 min incubation
at room temperature in a buffer: 0.5 mM ethylenediaminetetetraacetic acid (EDTA), 50 mM
Naz POy, pH 8.5 with 1 mg/mL lysozyme. The protein was purified by sequential two-step
chromatography. Bacterial lysates were passed through a DEAE-Sepharose column (GE
Healthcare UK Ltd., Little Chalfont, UK) equilibrated with buffer A [20 mM NaCl, 20 mM
Tris-HCL, 0.1 mM EDTA, pH 7.5], after which bound proteins containing Hsp70 were eluted
from the column with buffer A containing 0.5 M NaCl. The eluate was dissolved in buffer B
[20 mM Tris-HCI, 2 mM MgClI2, pH 7.5] and passed through ATP-agarose (Sigma-Aldrich,
St Louis, MO, USA). HSP70 was eluted with 15 mM ATP, added up to 5 mM EDTA, and
precipitated with ammonium sulfate followed by centrifugation. The precipitate was
dissolved in phosphate buffer (PBS) and subjected to dialysis using Pierce Slide-a-Lyser
cassettes (Pierce, Rockford, IL, USA). The resulting HSP70 solution was further purified
by incubation with polymyxin B-agarose gel (Sigma-Aldrich, St Louis, MO, USA) and
sterilized by passing through a 0.2 mm pore diameter filter (Millipore, Burlington, MA,
USA). Protein concentration was measured according to the Bradford method.
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2.2. Isolation of Vesicles from Fruit Parts of Citrus x Paradisi (Grapefruits) and Loading of
Grapefruit-Derived Vesicles with Proteins

For the isolation of grapefruit-derived extracellular vesicles (GEV), the sequential
ultracentrifugation method was applied, as described earlier [26]. The juice was obtained
using a household citrus juicer from supermarket-purchased grapefruits. The obtained juice
was successively centrifuged (JA-10 rotor, Avanti J-25I Centrifugation, Beckman Coulter,
Brea, CA, USA) at 1500x g, 3000x g, 16,000 g, and 10,000x g for 30 min, three times
for 20 min, 1 h and 15 h, respectively, after which the supernatant was ultracentrifuged
(Ti45 rotor, Optima L-90K Ultracentrifuge, Beckman Coulter, Brea, CA, USA) at 4 °C at
150,000 x g for 2 h, followed by resuspension of the gel pellet in PBS overnight at 4 °C. The
pellets were then broken mechanically with a pipette, diluted with PBS, and centrifuged at
16,000x g for 1 h (SW55 rotor, Optima L-90K Ultracentrifuge, Beckman Coulter, Brea, CA,
USA) for additional purification. The collected supernatant was again ultracentrifuged for
2 h at 150,000 g (SW55 rotor, Optima L-90K Ultracentrifuge Beckman Coulter, Brea, CA,
USA) to concentrate the vesicles. The resulting transparent pellets were diluted with PBS
and incubated overnight at 4 °C. The resulting grapefruit vesicle preparations were then
flash-frozen in liquid nitrogen and stored at —80 °C for further experiments.

The size of GEVs and their concentration in suspensions were determined by Nanopar-
ticle Tracking Analysis (NTA) using the NanoSight LM10 (Malvern Instruments, Worcester-
shire, UK) analyzer, equipped with a blue laser (45 mW at 405 nm) and a C11440-5B camera
(Hamamatsu Photonics K.K., Fukuoka City, Japan). Recording and data analysis were per-
formed using the NTA software 2.3. The following parameters were evaluated during the
analysis of recordings monitored for 60 s: the average hydrodynamic diameter, the mode
of distribution, the standard deviation, and the concentration of vesicles in the suspension.

A combination of passive and active cargo loading was used. Recombinant human
HSP70 protein at a final concentration of 0.1 mg/mL was mixed with suspension of GEVs at
a final concentration of ~3 x 10'? particles/mL and incubated overnight at 4 °C. Then, the
mixture was sonicated at a frequency of 35 kHz for 15 min at RT by the Bandelin SONOREX
SUPER ultrasonic bath (Bandelin Electronic GmbH & Co. KG, Berlin, Germany) at room
temperature and incubated for an additional 90 min at 4 °C. To remove the excess free
protein, the vesicles were purified using ultrafiltration through a 100-kDa filter (Amicon,
Millipore, Temecula, CA, USA) ten times with washing by PBS. The obtained suspension
of HSP70-loaded grapefruit vesicles (GEV-HSP70) was adjusted to the starting volume of
the initial suspension of GEVs with PBS and sterilized by filtration through a 0.22 um filter
(Millipore, Temecula, CA, USA). The final concentration of loaded GEVs was established
by NTA.

2.3. Evaluation of the Efficiency of the GEV Loading by Western-Blotting

The HSP70 protein amount in the samples of GEV-HSP70 was determined by western
blotting. The purified samples of GEV-HSP70 were incubated at 4 °C for 30 min with
20 pL of lysis buffer (7M urea, 2M thiourea, 4% CHAPS, 1% DTT). The same number
(2 x 10M) of vesicles isolated from grapefruit (without loading procedure) was analyzed
in parallel. Recombinant HSP70 at 0.2, 0.5, 1.0, and 2.0 ug per lane was also analyzed by
Western blotting. The protein samples were diluted in Laemmli buffer (BioRad, Hercules,
CA, USA), subjected to 10% SDS-PAGE containing 0.1% SDS, and transferred to the PVDF
membrane (Thermo Scientific, Waltham, MA, USA) using the Trans-Blot Turbo Transfer
System (BioRad, Hercules, CA, USA). Inmunoblotting was performed according to the
Blue Dry Western protocol [27]. Mouse monoclonal antibodies to HSP70 (clone 8D1, patent
# Ru2722398) were used as primary antibodies at 1:500 dilution. Horseradish peroxidase-
conjugated rabbit anti-mouse polyclonal antibodyies (Cloud-Clone Corp., Wuhan, China)
were used as secondary antibodies at 1:5000 dilution. Chemiluminescent detection of
the protein bands was performed with Clarity Western ECL Blotting Substrate (Bio-Rad,
Hercules, CA, USA) and ChemiDoc System (BioRad, Hercules, CA, USA). Aliquots of
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the recombinant HSP70 (0.2 to 2 pg per lane) were used in densitometry for subsequent
evaluation of the amount of protein loaded into GEV-HSP70.

2.4. Cryo-Electron Microscopy Evaluation of the Efficiency of the GEV Loading Using
Western-Blotting

Direct visualization of the grapefruit-derived vesicles and loaded GEVs was per-
formed by Cryo-EM as described previously [26,28]. The aqueous solution of the sample
was applied on a glow-discharged lacey carbon EM grid, which was then plunge-frozen
into the precooled liquid ethane with Vitrobot Mark IV (ThermoFisher Scientific, Waltham,
MA, USA). The samples were studied using a cryo-electron microscope Titan Krios 60-300
TEM/STEM (ThermoFisher Scientific, Waltham, MA, USA), equipped with TEM direct
electron detector Falcon II (ThermoFisher Scientific, Waltham, MA, USA) and Cs image
corrector (CEOS, Heidelberg, Germany) at accelerating voltage of 300 kV. To minimize radi-
ation damage during image acquisition, low-dose mode in EPU software (ThermoFisher
Scientific, Waltham, MA, USA) was used. The resulting micrographs of GEVs were ana-
lyzed using the open-source image analysis and processing program Image] 1.54g (National
Institutes of Health, Bethesda, MD, USA).

2.5. Cells

HCT116 and DLD1 human colon cancer cells were obtained from the Cell Culture
Collection, Institute of Cytology of the RAS (St. Petersburg, Russia). Mouse colon carcinoma
CT-26 cells were kindly provided by Prof. G. Multhoff (Technical University of Munchen,
Germany). Cultured CT-26 cells were stably transfected with pHIV-iRFP720-E2A-Luc
plasmid as previously described [17]. The resulting CT26;rpp720-52A-Luc Cells expressed near
far-red fluorescent protein (ex. 698 nm/em. 720 nm) and luciferase. To assess the activation
of the antitumor immune response in vitro, a culture of natural killer (NK) cells was used.
NK-92 cells were kindly provided by Dr. Elena Kovalenko (Shemyakin-Ovchinnikov
Institute of Bioorganic Chemistry, RAS (Moscow, Russia).

HCT116 and DLD1 cells were cultured in DMEM-F12 (BioLot, St. Petersburg, Russia)
containing 10% heat inactivated fetal bovine serum (FBS) and CT-26 or CT-26;rpp720-E2A-Luc
cells were grown in RPMI-1640 media supplemented with 10% FBS (HyClone, Logan, UT,
USA), 2 mM L-glutamine, 100 U/mL penicillin and 0.1 mg/mL streptomycin (PanEco,
Moscow, Russia) in a 5% CO, atmosphere with 90% humidity. The number and viability
of cells were estimated on a LUNA-II™ Automated Cell Counter (Logos Biosystems,
Dongan-gu, Republic of Korea) after mixing the cell suspension with trypan blue (1:1).

2.6. Cytotoxicity Assay

The cytotoxicity assay was performed with the xCELLigence RTCA system (Agi-
lent, Santa Clara, CA, USA). This impedance-based assay carries out label-free, real-time,
high-throughput analysis of cell growth and lymphocyte-mediated cytotoxicity [29]. Since
NK cells and other lymphocytes are non-adhesive, they do not possess impedance [29];
therefore, a change in electrical signal relates only to adherent tumor cells. To evaluate
the sensitivity of cancer cells (incubated with soluble recombinant HSP70 or HSP70 in the
composition of GEVs) to cytotoxic lymphocytes, intact CT-26 mouse colon cancer cells
and HCT116 or DLD1 human colon cancer cell were seeded in the wells of an E-plate
at concentrations of 5 x 10% cells/well and incubated during 18 h at standard condi-
tion. Then HSP70 (50 ug/mL or 5 ug/mL), or the GEVs loaded with recombinant HSP70
(0.5 x 10'2 GEVs/mL, concentration of loaded HSP70 ~2.5 pg/mL), or GEVs without
loading (0.5 x 10'?> GEVs/mL), were added. 18 h later, effector cells isolated from the
spleen of C3HA mice (3 x 10° cells/well) or human NK-92 cells (1 x 10° cells/well) were
added with the exchange of culture medium, and recording was carried out over the next
48 h. Each experimental point was duplicated within one experiment. All experiments
were performed in triplicate.
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2.7. Animal Experiments

All in vivo experiments were carried out following the requirements of the Institute
of Cytology of the Russian Academy of Sciences Ethic Committee (Identification number
F18-00380). Male C3HA mice were obtained from the Scientific and Production Enter-
prise “Nursery of Laboratory Animals” of the Institute of Bioorganic Chemistry of the
Russian Academy of Sciences (Pushchino, Russia). BALB/c mice were purchased from the
Biomedical Technology Research Center (Nizhniy Novgorod, Russia).

Male BALB/c mice were used for subcutaneous CT-26 tumor formation. The mice were
divided into 4 groups (18 animal/group) and subcutaneously injected with
2 x 10° CT26irrp720-E2A-Luc Cells (hereafter referred to as CT-26) per mouse. The cells were
previously mixed with: (i) cultural medium (“Untreated” group); (ii) HSP70 (50 ng/mouse,
“HSP70” group); (iii) GEVs loaded with HSP70 (4 x 10'! loaded vesicles/mouse, quantity
of loaded HSP70 ~2 png/mouse, “GEV-HSP70” group); (iiii) GEVs (4 x 10! vesicles/mouse,
“GEV” group).

Tumor formation in animals of the experimental groups was assessed every 3 days
starting from the eighth day after the injection of CT-26 cells using direct measurement
of the tumor node with a caliper. The tumor volume was estimated using the formula
V=LxDx %, where L is the length of the largest dimension, and D is the width or the
smallest dimension.

Tumor growth rate was also estimated by weighing tumors taken from 8 control and
treated animals on day 21 after engrafting; blood and spleens were collected on the same
day. Tumors were photographed and weighed. Blood plasma was frozen at —80 °C before
cytokine measurement by ELISA, while spleens were used immediately. Five random
CT26irrp720-E24-Luc-injected mice from each group were subjected to bioimaging with the
use of the IVIS Spectrum imaging system (Perkin-Elmer, Beaconsfield, UK) on day 21.

The lifespan of four experimental groups of animals, each consisting of 10 mice, was
assessed daily for 3 months, with the fact of death of each animal recorded. Survival
curves were established according to the method of Kaplan-Meier and compared using a
Mantel-Cox method.

To estimate the specific cytotoxic activity, the splenocytes of mice from all experimental
groups were used. For the precise analysis of the total or specific CD8+ cell response,
we first isolated spleen cells from animals belonging to appropriate treatment groups
and further divided each into two groups. One group was incubated with Dynabeads
FlowComp™ Mouse CD8 (Invitrogen, Carlsbad, CA, USA) to isolate CD8+ cells, and the
other comprised the total lymphocyte fraction. These cell populations were used as effector
cells, which were added to CT-26 cells at a ratio of 100:1. Cell viability was analyzed using
the xCELLigence equipment as described above.

The collected blood of 5 animals from each group was centrifuged for 1 h at 3000 x g at
+4 °C to obtain blood plasma. The level of cytokines TGFB-1 and IL-10 in the blood plasma
of experimental animals was assessed using the ELISA Kit for Transforming Growth Factor
Beta 1 (TGFb1) (Cloud-Clone Corp., Wuhan, China) and ELISA Kit for Interleukin 10 (IL10)
(Cloud-Clone Corp., Wuhan, China) according to the manufacturer’s instructions. All the
probes were triplicated.

2.8. Statistics

Visualization and analysis of the obtained data were carried out in GraphPad Prism
9.5.1 software. For multiple comparisons of group means, one-way ANOVA with Tukey’s
test was used. To process data on the survival of experimental animals, the Kaplan-Meier
estimate was used. Analysis of the results of western blotting and Cryo-EM was carried
out using the freely available software ImageJ 1.54g. Data are presented as mean =+ SD.
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3. Results
3.1. Characterization of Native and HSP70-Loaded GEV's

First, we analyzed the particle concentration and size of GEVs as well as their mor-
phology and integrity before and after the loading procedure. Using NTA method, we
showed that there were no significant changes in the median particle size after loading.
The particles had a median size of 58 + 7 nm before and 56 + 6 nm after the loading
(Figure 1A,B), but the concentration of particles decreased by a factor of 1.5-2 times.
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Figure 1. Size, concentration, and morphology of grapefruit-derived vesicles before (GEV) and
after loading procedure (GEV-HSP70). (A,B) Typical examples of nanoparticle tracking analysis
(NTA) of the sample of isolated GEV (A) and GEV-HSP70 (B). (C,D) Cryo-EM images of GEV (C) or
GEV-HSP70 (D). White arrows indicate vesicles with intact membrane, red arrows indicate vesicles
with broken membrane, and black arrows—debris in the sample. The blue arrows depict a lipid
bilayer membrane of the vesicle. Scale bars are 50 nm. Inset-size distribution histogram. A total
of 100 particles were analyzed. (E,F) Loading efficiency of GEV with HSP70 protein: (E) Example
of Western blot (WB) of HSP70 in the initial GEV (line 7) and GEV-HSP70 (lines 5,6) in an amount
of 101 particles per line. Recombinant HSP70 in an amount from 0.2 ug to 2 ug per line (lines 1-4).
(F) Cumulative quantification of HSP70 loaded into GEV obtained from WB.
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The study using Cryo-EM demonstrated that native GEVs have a predominantly spheri-
cal shape, surrounded by a lipid bilayer with an average particle size of 53 &= 20 nm. Double
vesicles and particles with impaired membrane integrity were occasionally encountered
(Figure 1C). The GEV-HSP70 showed the appearance of some contaminant debris in the sam-
ple, as well as an increase in the number of vesicles with impaired integrity. At the same time,
the average size of the analyzed particles did not change and was 55 £ 18 nm (Figure 1D).
Thus, using the NTA and Cryo-EM methods, it was shown that the loading procedure does
not significantly change the overall morphology and size of GEVs.

The loading efficiency of human recombinant HSP70 into GEVs was quantified using
WB with anti-HSP70 antibodies (Figure 1E,F). Lysed GEV-HSP70 in an amount of 10!
particles/lane was applied to the WB, as well as rHSP70 in an amount from 0.2 pg to
2 ug per lane. Using Image] software, we established a linear standard curve (R = 0.92),
according to the equation of which it was found that 10! particles contain approximately
0.5 pg of protein. Thus, in all animal experiments, the administered 4 x 10" GEV-HSP70-
corresponded to about 2 pg of recombinant HSP70 per dose, and in vitro experiments used
approximately 0.5 pg/well but not more than 1 pug/well of the protein.

3.2. Recombinant HSP70 Loaded into GEV's Effectively Stimulates Immune Cell Activity In Vitro

Recently, we have demonstrated that mouse exosomal HSP70, as well as a soluble
HSP70, were able to pull out intracellular chaperones on cancer cell surfaces and acti-
vate the cytotoxic response of natural killer (NK) cells [12]. In this study, we tested the
immunomodulatory activity of GEV-HSP70 in several colon cancer models.

At first, to test whether GEV-HSP70 is also capable of sensitizing cancer cells to
cytotoxic cells, we used two human colon carcinoma cells, HCT-116 and DLD], incubated
with GEV-HSP70, in cytotoxic T lymphocyte (CTL) assay using xCELLigence technique. It
is shown that the pre-incubation of human colon cancer cells with GEV-HSP70 resulted in
a 2-3-fold reduction of cell index, which indicated an increase in the sensitivity of tumor
cells to cytotoxic NK-92 cells (Figure 2A,B).

Then, we compared the immunomodulatory activity of GEV-HSP70 and HSP70 in
mouse CT-26 colon carcinoma cells in vitro. CT-26 cells were preincubated with rHSP70
(10 ng/well), as well as with GEV-HSP70 (101 particles/well, containing about 0.5 ug of
rHSP70), then naive lymphocytes obtained from the spleens of C3HA mice (Figure 2C)
or NK-92 cells (Figure 2D) were added and cytotoxic activity was monitored in real-time
using the xCELLigence technique. We observed an increase in the toxic effect of CTL
both to cells incubated with HSP70 in free form or GEV-HSP70 (Figure 2C,E). Of note, the
effect was equal for cells that were co-incubated with free HSP70 (10 pg), the amount of
which was 20 times higher than in GEV-HSP70 (about 0.5 pg of HSP70). A similar result
was obtained when NK-92cells were used. The effect of natural killer cells was observed
after 10 h of co-incubation, and cell survival decreased by 50% (Figure 2D,F). To test the
assumption that accumulation of rHSP70 in mouse cells is more efficient when the protein
is encapsulated in vesicles, free rHSP70 was also previously added to the cells in an amount
of 1 pug, which approximately corresponds to its content in GEV-HSP70 samples. It was
shown that the amount of free HSP70 comparable to that loaded in GEVs does not lead to
NK cell activation, as do unloaded GEVs (Figure 2D,F).

Thus, we have shown that the addition of HSP70 in free form and as part of GEVs
increases the sensitivity of human (HCT-116, DLD1) or mouse (CT-26) colon cancer cells to
mouse cytotoxic lymphocytes and human NK-92 cells. Moreover, as part of GEVs, HSP70
caused activation of antitumor immunity when the amount of protein was 20 times less as
compared to the protein added in free form.
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Figure 2. Effect of free HSP70 and GEV-HSP70 on the proliferative activity of human and murine
colon cancer cells when attacked by cytotoxic lymphocytes (CTL) from naive C3HA mice or human
NK-92 cells. (A,B) GEV-HSP70 increases the sensitivity of human colon cancer cells to the NK
cells action: HCT-116 (A) and DLD1 (B) cells were seeded to wells of E-plate and incubated or not
with GEV-HSP70 for 24 h, and then NK-92 cells were added into wells. Recoding on xCELLigence
equipment lasted 45 h. (C-F) Effect of free and GEV-loaded HSP70 on the proliferative activity of
CT-26 cells when attacked by CTL from naive C3HA mice or human NK-92 cells. (C,E) Proliferative
activity of CT-26 cells preincubated with HSP70 (10 ug), GEV (0 ug HSP70), and GEV-HSP70 (about
0.5 ug HSP70) when exposed to the CTL. (FH). Proliferative activity of CT-26 cells preincubated with
HSP70 (10 pg or 1 nug), GEV (0 pg HSP70), and GEV-HSP70 (about 0.5 ng HSP70) upon exposure to
NK-92 cells. Addition of rHSP70, GEV-HSP70, and naive GEVs at 24 h of incubation, addition of
effector cells at 40 h of incubation. For the (E,F) panels, the last observation time point was chosen for
analysis. In panels (A-D), the normalization point for the proliferation curves is chosen to correspond
to the time point of effector cells. Pairwise multiple comparisons were performed using ANOVA
with Tukey’s posterior test. A statistically significant difference between the is indicated as **** for
p < 0.0001, *** for p < 0.0005, * for p < 0.05, ns—not statistically significant.
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3.3. Antitumor Effect of HSP70 and GEV-HSP70 in a Mouse Model of Colorectal Cancer

Next, we analyzed the effect of GEV-HSP70 on the tumor growth of CT-26 cells in vivo.
A single administration of the GEV, GEV-HSP70 (2 ug HSP70/dose), and HSP70 (50 pg) were
used at the same time as tumor cells were inoculated subcutaneously to male Babl/c mice.

For three weeks after inoculation of tumor cells, either intact or in the presence of GEV,
HSP70, or GEV-HSP70, we measured the volume of growing tumors. We observed a delay
in tumor growth in the “HSP70” and ‘GEV-HSP70’ groups; their average size on the last
day of measurement was significantly lower than the size in the “Untreated” group or in
the “GEV” group (2.0 & 0.2 for “GEV-HSP70” or 1.0 & 0.4 for “HSP70” groups vs 3.4 & 0.6
and 2.7 4 0.4 cm? for “Untreated” and “GEV” groups respectively) (Figure 3A).

Then, tumors from eight animals from each group were isolated (Figure 3B) and
weighed (Figure 3C). Again, the weight of tumors from the “Untreated” group or from the
“GEV” group varied significantly from the “HSP70” and “GEV-HSP70” groups (0.5 &+ 0.3
and 0.5 £ 0.2 g for “GEV-HSP70” and “HSP70” respectively vs. 1.1 +0.4and 0.9 £ 0.3 g
for “Untreated” and “GEV” groups respectively). It was also shown that the average tumor
luminescence in “GEV-HSP70” was 4.0-fold less than in the “Untreated” group and 5.8-fold
less than in the “GEV” group. The luminescence of tumors from the “HSP70” group was
not statistically different from that in the “GEV-HSP70” group (Figure 3D,E).

Animal survival of ten remaining mice in each group was monitored over a 90-
day period, which showed a 3-fold increase in lifespan for animals in the “HSP70” and
“GEV-HSP70” groups compared to the control groups (Figure 3F). The average life span
in the two control groups, “Untreated” and “GEV”, was 32.3 & 5.4 and 29.8 + 4.8 days,
respectively, while in the “GEV-HSP70” and “HSP70” groups, 3 mice in each group survived
the observation time (90 days), and the remaining had average lifespan 42.2 4+ 9.6 and
459 + 9.0 days.

The data obtained indicate that the delivery of HSP70 into CT-26 tumor cells as part
of grapefruit vesicles leads to a decrease in the tumor growth as well as, tumor weight, or
size, as well as an increase in the life expectancy of experimental animals compared to the
control group with the same efficiency, as free rHSP70 in 25-fold exceeding quantities.

3.4. Activation of a Specific Immune Response in Animals Received HSP70 and GEV-HSP70 in a
Mouse Model of Colon Carcinoma

To analyze if the immune response was possibly stimulated in animals by HSP70
administration, blood samples were collected on the 21 days of tumor growth, followed by
ELISA assay for TGFf3-1 and IL10. It was shown that in the blood of mice of the “HSP70”
and “GEV-HSP70” groups, there was a significant reduction in the levels of IL-10 and
TGFf-1 compared to the “Untreated” group (Figure 4A,B). It is also worth noting that in
the “GEV” group, we observed a 2-fold decrease in the level of pro-inflammatory IL-10 in
the blood.

In order to further verify that the observed in vivo antitumor effects are related to
the activation of a specific immune response, the proliferative activity of CT-26 cells was
assessed during their co-incubation with the total fraction of lymphocytes obtained from
the spleens of mice of experimental and control groups, as well as during co-cultivation
of CT-26 cells with a fraction of cytotoxic CD8+ T lymphocytes obtained from the total
lymphocyte fraction using the DynabeadsFlowComp™ Mouse CDS8 kit. Cell viability and
proliferative activity were assessed using the xCellLigence system. It was shown that after
the addition of total lymphocytes or CD8+ T cells obtained from HSP70 or GEV-HSP70
groups of mice, CT-26 cell viability was reduced by 30% and 20%, respectively (Figure 4C,E).
Lymphocyte fractions depleted of CD8+ cells, for which no stimulatory or cytotoxic effect
was observed, were also used as a control (Figure 4D). The data obtained indicate that
specific CD8+ cytotoxic T lymphocytes are involved in the observed in vivo antitumor
effect of HSP70, both in free form and loaded into GEVs.
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Figure 3. Antitumor effect of HSP70 and GEV-HSP70 in a mouse model of colorectal carcinoma.
(A) Analysis of the growth rate of the tumor node during the 21st day of observation in 4 groups
of animals after inoculation of CT-26 cells (Untreated) or CT-26 cells mixed with GEV, GEV-HSP70
(2 ug HSP70/dose), and with HSP70 (50 nug/dose) (N = 8) (B,C) Twenty-one days after CT-26 cells
inoculation tumors were isolated, photographed (B) and weighed (C) (N = 8). (D,E) Analysis of the
tumor size by the intravital luminescence imaging system (N = 5). (F) Life expectancy of animals in

control and experimental groups (N =

ns—not statistically significant.

10). Legend *** for p < 0.0005, ** for p < 0.005, * for p < 0.05,
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Figure 4. GEV-HSP70 and free HSP70 induce a specific antitumor immune response in the CT-26
mouse model of colorectal carcinoma. (A,B) Assessment of the concentration of cytokines IL-10
and TGFB-1 in the blood plasma of mice 21 days after inoculation with CT-26 cells (Untreated),
CT-26 cells mixed with GEV, GEV-HSP70 (about 2 ug HSP70/dose) or HSP70 (50 pg/dose) (N = 5).
(C) Proliferative activity of CT-26 cells when exposed to the total fraction of lymphocytes isolated
from the spleens of mice of experimental and control groups. (D) The influence of the lymphocyte
fraction depleted of CD8+ T-lymphocytes on the proliferative activity of CT-26 cells. (E) Cytostatic
effect of CD8+ T lymphocytes from mice from experimental and control groups on the proliferation
of CT-26 cells (N = 5). Pairwise multiple comparisons were performed using ANOVA with Tukey’s
posterior test. p < 0.0001 = ****, p < 0.0005 = ***, p < 0.005 = **, ns—not statistically significant.
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4. Discussion

Multifaceted function of HSP70 chaperone in tumor growth and immune response
to cancer is well established, and there are hundreds of publications dedicated to this
topic [30]. In addition to its protective activity, HSP70 was shown to leave cancer cells or
enter them; when occurring exogenously, HSP70, by binding tumor antigens or a variety of
other polypeptides, is able to regulate immune response to cancer cells by triggering the
mechanisms of innate and adaptive immunity [2].

HSP70 is released from tumor cells in free form or within extracellular vesicles (EV) [2,31].
HSP70-containing EVs or exosomes strongly affect tumor progression by promoting the
activity of Tregs or inducing myeloid-derived suppressor cells, which help the tumor avoid
immune surveillance [32,33]. On the other hand, HSP70-containing EVs from heat-treated
CT-26 and B16 melanoma cells exhibited antitumor activity, which seemed to be associated
with the enhancement of a strong Th1 immune response [4]. Exosomes from mouse colon
carcinoma MC38 cells also showed strong antitumor effects associated with the conversion of
regulatory T cells into Th17 cells [34]. Our earlier data demonstrated that EVs from tumor
cells loaded with HSP70 caused high antitumor immune responses in mouse B16 melanoma
and CT-26 colon carcinoma-bearing mice, activating CD8+ dependent immune response [17].
Taking into account that tumor exosomes may be dangerous to apply as a therapeutic agent,
we loaded grapefruit vesicles with pure HSP70 and found that they efficiently activated
innate pro-tumor immunity to colorectal cancer cells in vitro slowed down tumor growth and
increased the survival rate in the animal model in vivo, stimulating specific antitumor CD8+
dependent immunity, which was accompanied by a reduction in the amount of pro-tumor
cytokines, TGF(3-1 and IL-10.

5. Conclusions

Summarizing the results, we can conclude that the HSP70 protein activates the an-
titumor immune response in the models of colorectal cancer, both in vitro and in vivo.
Recombinant HSP70 protein can be loaded into grapefruit vesicles while maintaining its
functionality. Moreover, in both cell and animal models, HSP70 in the composition of GEVs
has the same antitumor effect as a 20-fold greater amount of the free form of the chaperone.
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Abstract: Cell therapy is at the forefront of biomedicine in oncology and regenerative medicine.
However, there are still significant challenges to their wider clinical application such as limited
efficacy, side effects, and logistical difficulties. One of the potential approaches that could overcome
these problems is based on extracellular vesicles (EVs) as a cell-free therapy modality. One of the
major obstacles in the translation of EVs into practice is their low yield of production, which is
insufficient to achieve therapeutic amounts. Here, we evaluated two primary approaches of artificial
vesicle induction in primary T cells and the SupT1 cell line—cytochalasin B as a chemical inducer and
ultrasonication as a physical inducer. We found that both methods are capable of producing artificial
vesicles, but cytochalasin B induction leads to vesicle yield compared to natural secretion, while
ultrasonication leads to a three-fold increase in particle yield. Cytochalasin B induces the formation
of vesicles full of cytoplasmic compartments without nuclear fraction, while ultrasonication induces
the formation of particles rich in membranes and membrane-related components such as CD3 or
HLAII proteins. The most effective approach for T-cell induction in terms of the number of vesicles
seems to be the combination of anti-CD3/CD28 antibody activation with ultrasonication, which leads
to a seven-fold yield increase in particles with a high content of functionally important proteins (CD3,
granzyme B, and HLA II).

Keywords: T cells; extracellular vesicles; artificial vesicles; vesicle induction; ultrasonication

1. Introduction

T cell-based immunotherapy, including CAR-T, TILs, Tregs, and many others, repre-
sents one of the most promising types of modern cell therapy in the fields of oncology and
autoimmune diseases. Despite its success, this type of therapy has some drawbacks—live
cells are difficult to store, transport, and dose, and in the majority of cases, they have
to be autologous for each patient. These challenges may limit the availability and ac-
cessibility of this therapy for patients. However, ongoing research and development
are focused on overcoming these obstacles and improving the feasibility and efficacy of
T cell-based immunotherapies.

One potential approach to address these issues is the use of artificial extracellular
vesicles (EVs). EVs are a heterogeneous group of nano-sized lipid vesicles of cellular
origin. They are typically classified into three types based on their size and mechanism of
formation: exosomes, microvesicles, and apoptotic bodies. The biochemical composition
and functional properties of EVs are determined by the parental cell type and physio-
logical state, making them a cell-free analog of cell therapy. Artificial vesicles (AVs) are
designed to mimic the biological properties of EVs and can be produced in a scalable and
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standardized manner to achieve more convenient storage, transportation, and dosage than
for live cells [1].

The secretion of EVs by T cells is a natural process, particularly in response to TCR-
specific activation. T cell-secreted EVs are known to carry a variety of effector proteins
such as CD3, MHC-I and MHC-II, CD2, LFA-1, CXCR4, and Fasl, as well as small
RNAs [2]. Functionally, EVs derived from CD8" T cells have been shown to possess
immune-activating and antitumor properties, while EVs from Tregs have been shown to
have immunomodulatory effects [1].

Overall, EVs represent a promising therapeutic agent due to their stability, biosafety,
and capability to target specific tissues with better penetration than cells [3]. Some reports
claim that they also have the potential to cross biological barriers such as the blood-brain
barrier [4]. EVs can also be used as drug delivery vehicles and have advantages over other
nanoscale delivery approaches, including better biocompatibility, longer half-life, and lower
immunogenicity and toxicity. By combining the natural properties of EVs with therapeutic
small molecules, the overall therapeutic efficacy can be significantly enhanced [5].

The main obstacle to EV technology becoming a viable treatment option is the diffi-
culty of large-scale production. Natural EVs have a very low yield, sufficient for academic
research but insufficient for industrial or clinical use. Up to a 500 L high-density per-
fusion bioreactor may need to be used to manufacture the required amount of EVs for
clinical use [6].

As a result, several approaches are being investigated to increase EV production yield.
The strategies include dynamic culture, hypoxia, starvation, low pH, chemical stimulation
(vesiculation buffer, cytochalasin B, and sulfhydryl blocking agents), physical stimula-
tion (shear stress, high-frequency ultrasonication (US), and irradiation), cell membrane
disruption (extrusion, nitrogen cavitation, and low-frequency ultrasonication) [7].

In this study, we aimed to investigate and compare two main approaches for the
generation of artificial extracellular vesicles from T cells: chemical stimulation (cytochalasin
B) and cell membrane disruption (low-frequency ultrasonication). The detailed study
design is presented in Figure 1.
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Resting and CD3/CD28 SupT1 cell line
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analysis microscopy Cellular components Cellular components and
Particles yield Visualization transfer Important proteins transfer

Figure 1. The scheme of the experiment includes the induction of artificial vesicles from primary T
lymphocytes and SupT1 cell line with two methods under investigation and further comprehensive
study of obtained vesicles.

58



Biomedicines 2024, 12,919

2. Materials and Methods
2.1. T Cells’ Isolation and Expansion

Peripheral blood mononuclear cells (PBMCs) were obtained from the whole blood
of a healthy donor (according to ethics approval and written informed consent) by Ficoll
(Paneco, Moscow, Russia) density centrifugation at 800x g for 30 min. The buffy coat
was collected and washed twice with Dulbecco’s phosphate-buffered saline, and the cells
were seeded in 10% RPMI with L-glutamine and penicillin-streptomycin (Paneco, Moscow
Russia). T cells were activated with T-cell TransAct (Miltenyi, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol, and IL-2 (Prospec, Rehovot, Israel) was added at
a concentration of 300 IU/mL. T cells were counted every two days, and a fresh medium
containing IL-2 was added to maintain a cell density of approximately 1 x 10° cells/mL.
After 14 days of expansion, cell populations were phenotyped by flow cytometry for CD3,
CD4, and CD8 markers (Figure S1, Supplementary Materials).

2.2. SupT1 Cell Culture and Transduction

SupT1 (ATCC CRL-1942, mycoplasma free) cells were cultured in 10% RPMI sup-
plemented with penicillin—streptomycin and L-glutamine. To obtain AVs, the cells were
washed twice with DPBS and resuspended in serum-free RPMI. To obtain SupT1(Kat+)
cells, SupT1 expressing red fluorescent protein Katushka?2S, lentiviral transduction was
performed using second-generation lentivirus harvested from HEK293FT culture and con-
centrated using Amicon 15 (Merck, Darmstadt, Germany). Transduction was performed
with protamine sulfate at a concentration of 50 pug/mL for 16 h. The medium was then
replaced, and a selective antibiotic (blasticidine) was added after 48 h. The selection of
SupT1(Kat+) continued for 1 week. The efficacy of Katushka2S transduction was deter-
mined by flow cytometry (Figure S2, Supplementary Materials).

2.3. MV Induction and Collection

To obtain microvesicles from primary T cells, the cells were harvested on day 14,
washed twice with DPBS, and seeded at a density of 1 x 10° cells/mL in a serum-free
AIM-V medium (Thermo Fisher, Waltham, MA, USA) containing 300 IU/mL IL-2. The cells
were then divided into two parts. One portion was left in a CO; incubator (ESCO, Seoul,
Republic of Korea) to allow for resting T-cell culture, while the other was reactivated using
T-cell TransAct (Miltenyi, Auburn, CA, USA). After 48 h of incubation, the supernatants
were obtained by centrifugation to separate natural microvesicles (MVs), while the cell
pellets were washed twice with DPBS, resuspended in serum-free media, and subsequently
induced to generate AVs.

2.4. AV Induction

To obtain AVs, the cells were washed twice with DPBS and resuspended in serum-
free media. AVs were then induced using either cytochalasin B or ultrasonication. For
cytochalasin B induction, cytochalasin B (ChB) was added at a concentration of 10 pg/mL,
and the cells were incubated in a CO, incubator (ESCO, Seoul, South Korea) for 30 min.
The cells were then gently vortexed for 30 s. For ultrasonication induction, the cells were
subjected to ultrasonication impact using a Bandelin Sonopuls HD2200 (Bandelin, Berlin,
Germany) homogenizer at cycle 5 and 20% power for 1 min.

2.5. MV and AV Isolation

The isolation of MVs and AVs was performed by differential centrifugation. First, the
cell pellet was obtained by centrifugation at 300 x g for 10 min, followed by centrifugation
of the supernatant at 2000x g for 10 min to remove debris and apoptotic bodies. Finally,
the vesicles were sedimented by centrifugation at 15,000 g for 20 min. After separation,
the samples were washed twice with DPBS.
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2.6. Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed using NanoSight LM-10 (Malvern
Instruments, Malvern, UK). The detector was a C11440-50B CMOS camera with an FL-280
image capture sensor from Hamamatsu Photonics (Shizuoka, Japan). Measurements were
performed in a special cuvette for aqueous solutions equipped with a 405 nm laser (CD
version, S/N 2990491) and a sealing ring made of Kalrez material. The temperature was
recorded for all measurements using an OMEGA HH804 contact thermometer (Engineering
Inc., Chicago, IL, USA). Samples for analysis were collected and injected into the measuring
cell using a 1 mL two-part glass syringe (tuberculin) through the Luer (Hamilton Company,
Reno, NV, USA). To increase the statistical dose, the sample was pumped through the
measuring chamber using a piezoelectric dispenser. Each sample was acquired six times
sequentially; the acquisition time was sequential and was 60 s. The NanoSight images were
processed using NTA 2.3 software applications (build 0033), as previously described [8].
The detailed work is currently presented in the “Principle of Operation” by B. Carr and
A. Malloy [9]. The hydrodynamic diameter was calculated using the two-dimensional
Einstein-Stokes equation [10].

2.7. Atomic Force Microscopy

For atomic force microscopy (AFM), the vesicle samples were washed twice and
resuspended in sodium phosphate buffer (pH 7.4). A drop of the suspension was placed
on a coverslip and dried in a vacuum oven for 30 min. AFM was then performed using
Dimension FastScan (Bruker, Billerica, MA, USA). AFM images were obtained in the
PeakForceQNM mode (quantitative nanomechanical mapping) using standard silicon
cantilevers ScanAsyst-Fluid+ (Bruker, Billerica, MA, USA) with a curvature of 2 nm and
stiffness of 0.7 N/m. PeakForceQNM is a non-resonant, discontinuous contact method of
AFM measurement. The probe moved vertically in a sinusoidal manner.

2.8. Total Protein Assay

MVs and cell pellets were lysed using a RIPA buffer (Thermo Fisher, Waltham, MA,
USA) with the addition of Halt Protease Inhibitor Cocktail (Thermo Fisher, Waltham, MA,
USA) to prevent protein degradation. Lysates were incubated for 30 min at 4 °C and then
centrifuged at 16,000 x g for 30 min at 4 °C. The supernatant was collected and aliquoted
for storage at —80 °C. The total protein concentration in the samples was determined
using a Pierce BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, USA) according to
the manufacturer’s instructions. Optical density (OD) measurements were performed at
562 nm using an Infinite 200 Pro microplate reader (Tecan, Mannedorf, Switzerland).

2.9. Western Blot Analysis

For immunoblotting, samples were subjected to SDS-PAGE electrophoresis in TGX
FastCast 12% gel (Bio-Rad, Hercules, CA, USA) at 70 V and 180 V. Briefly, 1 ug of total
protein per well was loaded for primary T-cell samples, and 2 pg of protein per well for
SupT1 cell samples. Western C protein ruler (Bio-Rad, Hercules, CA, USA) was used
for size estimation. The SDS-PAGE gels were transferred to 0.45 um PVDF membranes
(Bio-Rad, Hercules, CA, USA) using a Mini Trans-Blot Cell (Bio-Rad, Hercules, CA, USA)
at a constant voltage of 17 V for 30 min using Turbo Transfer Buffer (Bio-Rad, Hercules,
CA, USA). The membrane was blocked with 5.0% nonfat dry milk in PBS-Tween for 1.5 h
at room temperature. The (3-actin antibody (A00730, GenScript, Piscataway, NJ, USA)
was used at a dilution of 1:2000 in 5% milk-PBS-Tween for staining for 1.5h at room
temperature. The membranes were then washed with PBST-Tween for 4 x 15 min. The
primary antibody to the protein of interest was used overnight at 4 °C at the recommended
dilution with slow mixing. The membranes were washed with PBS-Tween for 4 x 15 min.
HRP-conjugated secondary antibody was then added at the recommended dilution in 5%
milk-PBS-Tween and incubated for 1 h at room temperature, followed by washing with
PBS-Tween for 4 x 15 min. Then, 1.2 mL Pierce ECL Western Blotting Substrate (Bio-Rad,
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Hercules, CA, USA) was added, and the membranes were incubated for 2-5 min. Images of
the membranes were obtained using the ChemiDoc XRS+ system (Bio-Rad, Hercules, CA,
USA). The images were processed densitometrically in Image] (1.53k) software for relative
protein amount estimation and (3-actin normalization.

List of antibodies used: CD3 (ab699, Abcam, Waltham, MA, USA), granzyme B
(ab134933, Abcam, Waltham, MA, USA), MHCII (ab180779, Abcam, Waltham, MA, USA),
calnexin (MAA280Hu22, Cloud-Clone, Wuhan, China), HSP-70 (AF5466, Affinity, Dar-
linghurst, Australia), Lamin B1 (PAF548Mi01, Cloud-Clone, Wuhan, China), anti-rabbit HRP-
conjugated antibody (ab9751, Abcam, Waltham, MA, USA), anti-mouse HRP-conjugated
antibody (ab205729, Abcam, Waltham, MA, USA).

2.10. Fluorometric Assay

The fluorometric assay was performed using a VarioSkan microplate reader (Thermo
Fisher, Waltham, MA, USA) in a black 96-well plate. For the Dil (Thermo Fisher, Waltham,
MA, USA) and Calcein AM (Abcam, Waltham, MA, USA) assays, cells were pre-stained
prior to obtaining vesicles. Cells were washed twice with DPBS, stained with the dyes
for 20 min in a CO, incubator, washed twice to remove the dyes, and then used for AV
induction. A suspension of vesicles from stained cells in DPBS was used for the fluorometric
assay. For Hoechst 33258 (Abcam, USA), AVs were first obtained and then stained with
Hoechst 33258 for 20 min.

2.11. Flow Cytometry

For flow cytometry, 3 x 10° cells were harvested, washed twice with DPBS, and
stained with antibodies for 20 min. Cells were then washed twice to remove antibodies,
and flow cytometry analysis was performed using FACS Aria III (BD Biosciences, Fremont,
CA, USA). List of antibodies used: CD3-FITC (344804, Biolegend, San Diego, CA, USA),
CD4-APC (354408, Biolegend, San Diego, CA, USA), and CDS8-PE (344706, Biolegend, San
Diego, CA, USA).

2.12. Statistical Analysis

Kruskal-Wallis test with Dunn’s post hoc test was used for atomic force microscopy
data. One-way ANOVA with Tukey post hoc test was used for fluorometric and total
protein data, except for the Hoechst33258 assay, for which a t-test was used. Data analysis
was performed using GraphPad Prism 5. In the graphs, p-value < 0.05 is marked *, p < 0.01
is marked **, and p < 0.001 is marked ***.

3. Results
3.1. Cytochalasin B and Ultrasonication Result in T-Cell AVs with Different Yield, Size
Distribution, and Mechanical Properties

Our aim was to investigate the ability of cytochalasin B (ChB) and ultrasonication (US)
to induce the generation of AVs from T cells and to assess their yield and size. To achieve
this, we first isolated PBMCs, which were then activated with CD3/CD28 antibodies and
expanded for two weeks in media containing IL-2. The cells were then washed twice with
DPBS, split in half, and placed in optimized serum-free media. One half was left to incubate,
while the other was first reactivated with CD3/CD28 antibodies and then incubated. After
48 h, the supernatants were collected as a source of natural T cell-derived MVs. The cells
were then washed twice with DPBS and used to obtain AVs. All samples were processed in
parallel by differential centrifugation (see list of samples in Table 1 and scheme in Figure 2).

The obtained samples were analyzed using nanoparticle tracking analysis (Figure 3).
The particle concentration was measured and used to calculate the microvesicle yield per
parent cell (Figure 4A). In general, AVs generated with ChB or US showed a lower mean
and mode size than natural MVs (Figure 4B). For natural MVs, the yield was equal to 1858
particles per cell, whereas after activation, this number increased three-fold. Cytochalasin
B allowed us to obtain AVs with a yield comparable to that of natural MVs. Ultrasonication
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alone produced AVs at a level similar to activation (4978 AVs US per T cell vs. 5437 aMVs
per activated T cell), and ultrasonication combined with activation led to a seven-fold
increase in the yield of AVs compared to natural MVs. Using a similar ultrasonication
induction method, Wang et al. reported an 18.5-fold increase in AV yield from mesenchymal
stem cells (MSCs) compared to natural MVs [11]. Interestingly, cytochalasin B-induced AVs
from renal carcinoma cell lines (786-O, ACHN) showed only a 1.8-3.7-fold increase in yield
compared to natural MVs [12].

Table 1. List of sample abbreviations and methods of induction.

Cell Source Method of Induction Sample Abbreviation
. . MVs
Resting T cells No (natural secretion) (naturally secreted microvesicles)
Resting T cells . . . AVs ChB
(or SupT1 cells) Cytochalasin B at 10 pg/mL. for 30 min, with vortex (artificial vesicles generated with cytochalasin B)
Resting T cells Ultrasonication 20 kHz, amplitude 36 um, 1 min AVs US
(or SupT1 cells) (0.5 s sonication, 0.5 s pause) (artificial vesicles generated with ultrasonication)
. . aMVs
Activated T cells No (natural secretion) (natural microvesicles from activated T cells)
AVs aChB
Activated T cells Cytochalasin B at 10 ug/mL for 30 min, with vortex (artificial vesicles from activated T cells
generated with cytochalasin B)
— . . AVs aUS
Activated T cells Ultrasonication 20 kHz, amplitude 36 um, 1 min (artificial vesicles generated from activated

(0.5 s sonication, 0.5 s pause) T cells with ultrasonication)

N
| Anti-cD3/CD28 antibodies |

T cell
resting

s

O O AVs US aMVs O Alsath

AVs ChB AVs aChB

Figure 2. Scheme of experiments with primary T cells. Two types of cell sources were used—resting
and activated T cells. Additionally, two types of induction were tested—chemical induction with
cytochalasin B and physical induction with ultrasonication. Naturally secreted vesicles were used as

a control.
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generated with cytochalasin B from resting T cells); (C) AVs US (artificial vesicles generated with
ultrasonication from resting T cells); (D) aMVs (MVs secreted by activated T cells); (E) AVs aChB
(artificial vesicles generated with cytochalasin B from activated T cells); (F) AVs aUS (artificial vesicles
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Figure 4. Comparison of yields and sizes of microvesicles generated using different induction

techniques: (A) calculated microvesicle yields (number) per donor primary T cell (calculation is based

on concentration measured by nanoparticle tracking analysis); (B) mean and mode microvesicle

sizes measured by nanoparticle tracking analysis. MVs (naturally secreted from resting T cells)

7

AVs ChB (artificial vesicles generated with cytochalasin B from resting T cells); AVs US (artificial

vesicles generated with ultrasonication from resting T cells); aMVs (MVs secreted by activated T

cells); AVs aChB (artificial vesicles generated with cytochalasin B from activated T cells); AVs aUS

(artificial vesicles generated with ultrasonication from activated T cells). All samples were analyzed

in five repetitions.

In terms of particle size distribution, we found that both chemical (ChB) and physical
(US) induction methods resulted in more uniform MVs with lower dispersion and smaller
average size than natural MVs in general (Figure 3). Functional analysis revealed interesting
patterns, suggesting that irrespective of the type of induction, a population of vesicles
with a size of 77 4= 3 nm was present in all samples. Another population of small vesicles
114-115 nm in size was also observed (Figure 3A,D). We assume that both 77 £ 3 nm
and 114-115 nm particles represent exosomes that are characteristic of natural vesicles
from resting and activated T cells. The next well-differentiated population of natural
MVs is 169 + 5 nm in size, while other larger fractions potentially can be attributed to
smaller vesicle associates, as observed in a recent study [8]. Cytochalasin B-induced
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membrane vesicles demonstrated lower polydispersity with a significant population of
small particles 51 & 5 nm in size (Figure 3B,E). At the same time, vesicles generated with
ChB from activated T cells contained many larger particle clusters, consistent with AFM
data (Figure 5). Ultrasonication-induced vesicles showed a similar set of clusters but with
the opposite correlation between resting and activated T cells; vesicles from activated T
cells were predominantly represented by a 45-52 nm population with smaller mean size
and polydispersity (Figure 3C,F). These observations were also consistent with AFM data
(Figure 5C,F).

AVs aUS

AVs aChB

1pm

Figure 5. Images of microvesicle samples obtained by atomic force microscopy: (A) MVs (naturally
secreted from resting T cells); (B) AVs ChB (artificial vesicles generated with cytochalasin B from
resting T cells); (C) AVs US (artificial vesicles generated with ultrasonication from resting T cells);
(D) aMVs (MVs secreted by activated T cells); (E) AVs aChB (artificial vesicles generated with
cytochalasin B from activated T cells); (F) AVs aUS (artificial vesicles generated with ultrasonication
from activated T cells).

AFM was used to visualize the vesicles (Figure 5) as one of the recommended methods
of single-particle study by MISEV2023 (Minimal Information for Studies of Extracellular
Vesicles 2023). In general, the obtained images are consistent with the NTA results in
terms of particle size and dispersion. The samples that were the most homogeneous and
contained smaller particles were generated with cytochalasin B from resting T cells and
with ultrasonication from activated T cells, while naturally secreted MVs from resting or
activated T cells were more variable in size and larger in general. The mechanical properties
of the vesicles, such as adhesion and deformation, were also evaluated by AFM (Figure 6).
We found that vesicles from activated T cells had higher adhesion (Figure 6A) than vesicles
from resting T cells, and this parameter also increased across the natural/ChB/US range.
The AFM probe was made of silicon nitride and was negatively charged due to oxidation
during the experiment, so this observed interaction may be electrostatic in nature [13].
The activation of T cells results in an increased presence of surface proteins such as T-cell
receptor (TCR) or major histocompatibility complex (MHC) that, along with many other
proteins, may contain positively charged motifs available for electrostatic interaction [14].
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Figure 6. Adhesion and deformation properties of various microvesicles obtained by atomic force mi-
croscopy: (A) relative adhesion of microvesicles; (B) relative deformation of microvesicles, n = 85-220
depending on the sample. MVs (naturally secreted from resting T cells); AVs ChB (artificial vesi-
cles generated with cytochalasin B from resting T cells); AVs US (artificial vesicles generated with
ultrasonication from resting T cells); aMVs (MVs secreted by activated T cells); AVs aChB (artificial
vesicles generated with cytochalasin B from activated T cells); AVs aUS (artificial vesicles generated
with ultrasonication from activated T cells). p-value < 0.05 is marked *, p < 0.01 is marked **, and
p < 0.001 is marked ***.

Despite significant differences in deformation properties observed in some of the
samples (Figure 6B), there seems to be a minor tendency toward lower deformation in
vesicles generated from activated T cells and across the natural/ChB/US range.

3.2. AVs from SupT1 Cells Contain Various Cellular Components of the Donor Cells

SupT1 cells were used to estimate the transfer of various cellular components into
generated AVs using fluorometric assays and Western blot analysis. Several fluorescent
probes were selected for the fluorometric assay, including Calcein AM cell-permeant dye
used to determine cell viability, Katushka2S exogenous red fluorescent protein expressed
in the cytoplasm, Dil lipophilic dye for membrane staining, and Hoechst 33342 for dsDNA
staining. We also aimed to determine whether AVs were formed by the disruption of the
cell membrane or by membrane budding. To achieve this, we collected AVs from an equal
number of SupT1(Kat+) cells at different dilutions (10 x 106 cells/mL, 5 x 10° cells/mL,
and 2.5 x 10° cells/mL) for samples stained with Calcein AM and Dil.

The total protein concentration measured in AVs by bicinchoninic acid assay confirmed
that the yield was higher after US treatment compared to ChB, which is consistent with
the NTA results. Furthermore, the yield was not affected by cell dilution for ChB-treated
samples (Figures 7F and 8C,F). The differences between diluted US-treated samples can be
explained by the variation in sample volume, which is critical due to the physical basis of
the method.

Initially, SupT1 cells were simultaneously stained with Dil and Calcein AM, and then
AVs were generated by ChB or US treatment. Dil fluorescence showed a much higher
yield of the lipid component for AVs US at higher dilutions, whereas for Avs ChB, the
maximum yield was in the middle of the concentration range (Figure 7A,D). By contrast,
no significant difference in fluorescence was observed across samples stained with Calcein
AM (Figure 7B). Interestingly, when the fluorescence of Calcein AM-stained cells was
normalized to total protein or lipid (Dil fluorescence) levels, we observed a tendency for a
decreased normalized Calcein AM signal for highly diluted samples (Figure 7C,E). This
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may indicate membrane disruption during AVs US formation. In addition, for Avs US the
Calcein AM fluorescence normalized to total protein content was much lower than for AVs
ChB, suggesting a greater loss of cytoplasmic content.
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Figure 7. Transfer of SupT1 cytoplasmic compartments to AVs measured by fluorometric assay.
ChB 10, ChB 5, and ChB 2.5 refer to AV samples obtained by cytochalasin B induction of cell suspen-
sions diluted to 10 x 10° cells/mL, 5 x 10° cells/mL, or 2.5 x 10 cells/mL, respectively. US 10,
US 5, US 2.5 refer to AV samples obtained by ultrasonication induction of cell suspensions diluted
to 10 x 10° cells/mL, 5 x 10° cells/mL, or 2.5 x 10° cells/mL, respectively. All other samples were
prepared from 5 x 10° cells/mL SupT1 suspension. Unst—vesicles obtained from unstained cells;
DPBS—clear DPBS; Dil or Calcein—DPBS with dye at concentration used for staining: (A) fluores-
cence of Dil in samples obtained from different cell dilutions; (B) fluorescence of Calcein in samples

obtained from different cell dilutions; (C) Calcein fluorescence normalized to lipid level; (D) lipid

level normalized to total protein concentration; (E) Calcein fluorescence normalized to total protein
concentration; (F) protein concentration in native samples obtained from different cell dilutions. All
samples were analyzed in triplets. p-value < 0.05 is marked *, p < 0.01 is marked **, and p < 0.001 is

marked ***.

From this point of view, the results for AVs obtained from SupT1(Kat+) cells may
be somewhat ambiguous (Figure 8A-C). For both AVs ChB and AVs US an increase in
Katushka2S fluorescence was observed, as the source cells were diluted. However, AVs US
consistently showed lower Katushka2S fluorescence compared to AVs ChB, similar to that

of Calcein AM staining.

Next, we determined whether the AVs contained residual parent cell DNA. To investi-
gate this, AVs generated from SupT1 cells were stained with Hoechst 33258. The fluoro-
metric assay showed that only AVs US, but not AVs ChB, contained dsDNA (Figure 8D-F).
These results suggest that the method of AV induction can have a significant impact on the
quality and cargo content of the resulting vesicles. Therefore, careful consideration of the
method used for AV generation is critical for reliable experimental results.
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Figure 8. Transfer of SupT1 cytoplasmic fluorescent protein Katushka2S and nuclei to AVs mea-
sured by fluorometric assay: (A-C) Fluorometric data of Katushka2S transfer into AVs; ChB 10,
ChB 5, and ChB 2.5 refer to AV samples induced with cytochalasin B from cell suspension diluted
to 10 x 10° cells/mL, 5 x 10° cells/mL, or 2.5 x 10° cells/mL, respectively. US 10, US 5, and US 2.5
refer to AV samples induced with ultrasonication from cell suspension diluted to 10 x 106 cells/mL,
5 x 100 cells/mL, or 2.5 x 10° cells/mL, respectively. All other samples were obtained from SupT1
cells at 5 x 10° cells/mL. (D-F) Fluorometric data of AVs, stained by Hoechst33258 for detection
of double-strand DNA. DPBS—clear DPBS; ChB unst, US unst—samples of vesicles, obtained from
non-fluorescent or unstained cells; Hoechst—DPBS with dye at concentration used for staining. All
samples were analyzed in triplets. p-value < 0.05 is marked *, p < 0.01 is marked **, and p < 0.001 is
marked ***.

Western blot (WB) analysis also confirmed the transfer of various cellular components
from the parental cells to AVs (Figure 9). All samples were normalized to total protein before
loading; however, they had different 3-actin contents, most likely due to the discrepancies
in transfer efficiency during induction. Therefore, non-normalized data are also provided
for diligent analysis.

Calnexin (90 kDa) is an important membrane-bound component of the endoplasmic
reticulum (ER) [15] and is recommended by MISEV2023 (Minimal Information for Studies
of Extracellular Vesicles 2023) guidelines as a marker of ER content in EVs. WB analysis
showed that AVs ChB contained ER amounts comparable to that of the parental SupT1 cells
when normalized to (3-actin, whereas AVs US contained much higher ER amounts. How-
ever, in absolute amounts (not normalized to 3-actin), AVs ChB and AVs US demonstrated
comparable ER levels, which were higher than in SupT1 cells (Figure 9A).

Hsp70 (70 kDa) is a chaperone protein found in several cellular compartments, includ-
ing the nucleus and mitochondria [16]. However, according to the MISEV2023 guidelines,
Hsp70 should be considered a cytosolic protein found inside EVs. Our results showed that
EVs ChB contained less Hsp70 than parental SupT1 cells after normalization to (3-actin.
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However, this may be due to the higher contents of 3-actin in total protein rather than
actual differences in Hsp70 levels. According to WB results, AVs US appeared to contain
insignificant Hsp70 amounts, and it was difficult to distinguish this from the artifact signals
of the non-specific binding (Figure 9B).
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Figure 9. Transfer of SupT1 cell compartment into AVs measured by immunoblotting analysis:
(A) immunoblotting analysis of calnexin (endoplasmic reticulum marker); (B) immunoblotting anal-
ysis of Hsp70 (cytosolic marker); (C) immunoblotting analysis of lamin Bl (nuclear marker). Data
include immunoblotting images, calculated levels of the normalized target protein, and 3-actin.

Lamin B1 is a key component of the nuclear lamina, which comprises the inner nuclear
membrane and nucleoplasm [17]. The lack of Lamin B1 in AVs ChB suggests the absence
of the nuclear fraction, consistent with the presumed induction mechanism (Figure 9C).
Meanwhile, AVs US contained nuclear components from the parental cells, albeit at lower
levels than in the cells themselves. Further investigation is required to determine the exact
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mechanism underlying the transfer of nuclear components in AVs US and whether this is

due to the cell isolation process or a natural feature associated with their formation.

In summary, AVs ChB appear to be strikingly similar to their parental cells in terms of
content, except for nuclear components. In contrast, AVs US were found to consist mainly
of membranes and membrane-bound components of the parental cells. Further research is
needed to fully understand the formation mechanism, composition, and functions of these

types of AVs.

3.3. AVs from Primary T Cells Generated with Cytochalasin B or Ultrasonication Carry Key

Functional Proteins

We also investigated whether T cell-derived extracellular vesicles contained function-
ally important proteins. The expression of CD3 on the surface of T cells is well known to
become enhanced upon activation [18]. We aimed to determine whether CD3 is detectable
on T cell-derived EVs. For that, we performed WB analysis and normalized the data to
(-actin. Our results showed a relative increase in CD3 levels in all types of vesicles tested,
especially in the case of AVs aUS obtained from activated T cells. Notably, natural MVs

showed the highest absolute levels of CD3 (Figure 10A).
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Figure 10. Functionally important proteins (CD3, granzyme B, and HLA II) presented in different
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AVs aChB, and AVs aUS): (A) immunoblotting analysis of CD3; (B) immunoblotting analysis of
granzyme B; (C) immunoblotting analysis of HLA II. Data include immunoblotting images, calculated
levels of the normalized target protein, and {3-actin.
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Granzyme B (30 kDa) is one of the major effectors of cytotoxic T lymphocyte (CTL)-
mediated cell death that is released into the extracellular space upon T-cell activation, where
it penetrates target tumor cells via perforin-mediated entry [19]. Our results showed that
all vesicles obtained from activated T cells had similar levels of granzyme B (Figure 10B).
The 60 kDa bands observed in the T-cell samples most likely represent dimers [20] that did
not dissociate under SDS-PAGE conditions. However, no such dimers were found in the
vesicle samples, except for AVs aChB.

HLA 1I expression reflects the antigen-presenting function of T lymphocytes and
is predominantly known as a characteristic of CD4" Th cells, which increases after acti-
vation [21]. HLA 1II is a heterodimer consisting of a-chain (approximately 35 kDa) and
-chain (approximately 25 kDa) that normally dissociates after boiling under SDS-PAGE
conditions [22]. Interestingly, we found that the 35 kDa subunit was predominantly present
in T-cell samples, whereas the 25 kDa subunit was much more abundant in microvesicle
samples (Figure 10C). Nevertheless, the overall HLA II content in microvesicles appeared
to be high, especially in the case of microvesicles generated from pre-activated T cells.

4. Discussion

The relatively well-established field of natural EVs is now being complemented by
industry-oriented approaches to generate artificial vesicles with uniform properties and
high yields. In this study, we aimed to evaluate the induction of T-cell microvesicles using
cytochalasin B and ultrasonication and to compare the resulting products with natural EVs
and parental cells.

We have shown that both cytochalasin B and ultrasonication can induce the formation
of artificial vesicles (AVs) (Figure 11). Considering the number of particles and the total
protein content, ultrasonication appears to be more efficient in producing higher quantities
of AVs. However, in terms of the quality of the resulting AVs, these two induction methods
yielded different results. In contrast, AVs induced by ultrasonication showed higher self-
inclusion of membrane-bound proteins and parental cell DNA and had lower content of
cytosolic and cytoplasmic proteins. Importantly, membrane disruption during ultrasonica-
tion could potentially be exploited to enhance AVs with therapeutic or otherwise functional
payload, e.g., small-molecule drugs, genetic vectors, proteins, fluorescent compounds, etc.

In the biopharmaceutical industry, the manufacturing of AVs requires high efficiency,
scalability, simplicity of technology, and a minimal chemical footprint. These features
are necessary to make upstream and downstream processes cost-effective while ensuring
that the final product is functional and safe. From this perspective, ultrasonication as an
induction method appears to be one of the most attractive techniques for producing AVs
for therapeutic purposes.

Cell-free therapy modality in the context of T cells is a highly promising technology.
Nowadays, T cells are used and studied for the treatment of various diseases such as oncol-
ogy, autoimmune disorders, and many others. In all these fields, artificial vesicles could
contribute to significant progress, for example, by facilitating access through dense solid
tumor microenvironment, overcoming immunosuppressive tumor resistance to CAR-T
therapy, providing increased safety, and presenting the possibility of allogeneic production.

However, significant research gaps remain to be addressed by the scientific commu-
nity. These include the need to investigate the content of AVs as a time- and cell-type
dependent process and its impact on the properties of the resulting AVs, especially for
activated immune cells as a source. In addition, the functional capacity of AVs is an open
question that requires further investigation. The wide range of technology implementation
gives rise to a number of promising research directions. Different cell sources, genetic mod-
ification of parent cells (e.g., to achieve allogeneicity or to increase specificity or efficacy),
and additional loading with small molecules are promising but not limited avenues for
further development.
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Figure 11. Formation of artificial vesicles from T cells using physical induction by ultrasonication and
chemical induction by cytochalasin B. Ultrasonication causes disruption of the cell membrane with
partial leakage of cell contents, while membrane proteins are transferred to vesicles. Cytochalasin B
induces vesiculation from the cell surface with effective intracellular transfer of cytoplasmic contents.
In both cases, functional components such as granzyme B are transferred to the resulting vesicles.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines12040919/s1, Figure S1: Flow cytometry pheno-
typing of T cells used for AV generation, A—CD3" stained T-cells, B—CD4" and CD8* subpopu-
lations of CD3" T-cells. Figure S2: Percentage of Katushka2S-positive cells in SupT1 cells used for
AV generation.
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Extracellular Vesicles Derived from Osteogenic-Differentiated
Human Bone Marrow-Derived Mesenchymal Cells Rescue
Osteogenic Ability of Bone Marrow-Derived Mesenchymal
Cells Impaired by Hypoxia
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Abstract: In orthopedics, musculoskeletal disorders, i.e., non-union of bone fractures or osteoporosis,
can have common histories and symptoms related to pathological hypoxic conditions induced by
aging, trauma or metabolic disorders. Here, we observed that hypoxic conditions (2% O,) suppressed
the osteogenic differentiation of human bone marrow-derived mesenchymal cells (hBMSC) in vitro
and simultaneously increased reactive oxygen species (ROS) production. We assumed that cellular
origin and cargo of extracellular vesicles (EVs) affect the osteogenic differentiation capacity of hBMSCs
cultured under different oxygen pressures. Proteomic analysis revealed that EVs isolated from
osteogenic differentiated hBMSC cultured under hypoxia (hypo-osteo EVs) or under normoxia (norm-
osteo EVs) contained distinct protein profiles. Extracellular matrix (ECM) components, antioxidants
and pro-osteogenic proteins were decreased in hypo-osteo EVs. The proteomic analysis in our
previous study revealed that under normoxic culture conditions, pro-osteogenic proteins and ECM
components have higher concentrations in norm-osteo EVs than in EVs derived from naive hBMSCs
(norm-naive EVs). When selected for further analysis, five anti-hypoxic proteins were significantly
upregulated (response to hypoxia) in norm-osteo EVs. Three of them are characterized as antioxidant
proteins. We performed qRT-PCR to verify the corresponding gene expression levels in the norm-
osteo EVs” and norm-naive EVs’ parent cells cultured under normoxia. Moreover, we observed that
norm-osteo EVs rescued the osteogenic ability of naive hBMSCs cultured under hypoxia and reduced
hypoxia-induced elevation of ROS production in osteogenic differentiated hBMSCs, presumably by
inducing expression of anti-hypoxic/ antioxidant and pro-osteogenic genes.

Keywords: extracellular vesicles; BMSC; osteogenic differentiation; hypoxia; normoxia;
ROS; antioxidants
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1. Introduction

Poor blood circulation affects tissue oxygen saturation levels in the human body,
creating hypoxic pathological conditions that are the underlying cause of many human
diseases, such as brain ischemia, heart attack and acute lung and kidney injury [1,2]. In
orthopedics, many diseases have common pathological conditions related to hypoxia. For
example, femoral head osteonecrosis can develop due to blood supply disruption, which
results in hypoxic injury to the femoral head. The bone mineral loss, which arises from arte-
riosclerosis of the lower limbs, together with hypoxic ischemia, can induce osteoporosis [3].
In addition, basic reports [4,5] support the theory that these orthopedic diseases” patho-
logical conditions are related to hypoxia. Hypoxia is able to impair bone regeneration by
reducing the differentiation capacity of bone marrow-derived mesenchymal cells (BMSC)
toward osteoblasts [6]. However, there are also other reports showing conflicting and
inconsistent results regarding the influence of hypoxia on the osteogenic differentiation
of precursor cells. Wagegg et al. [7] showed that osteogenic differentiation of naive hu-
man (h)BMSCs is enhanced under hypoxic conditions compared to normoxic conditions.
They concluded that hypoxia promotes osteogenesis of hBMSCs in a hypoxia-inducible
factor (HIF)-1-dependent manner. HIFs are proteins that respond to changes in oxygen
concentration and are subjected to proteosomal degradation under normoxia while they
are stabilized under hypoxia [8].

‘Reactive oxygen species” (ROS) is an umbrella term for an array of derivatives of
molecular oxygen, including hydrogen peroxide (H,O,) and the superoxide anion radical
(O27). Changes in ROS production were shown to modulate diverse physiological pro-
cesses [9,10], as excessive production of ROS is suggested to inhibit bone formation [11,12].
In general, hypoxic conditions affect ROS levels [13,14], suggesting that the ROS level is
increased under hypoxia. Contrary, reports from other studies [15,16] showed that hypoxia
caused a ROS level decrease compared to normoxic conditions in a pre-osteoblastic cell
line and in macrophages. Thus, our first aim was to determine how hypoxia would affect
the osteogenic differentiation ability of naive hBMSCs and if it increases ROS production.

Extracellular vesicles (EVs) are enclosed by a lipid bilayer and released by a wide range
of cell types (under physiological and pathological conditions), with diameters ranging
from 50 to 200 nm [17,18]. EVs carry a wide range of bioactive molecules, including proteins,
lipids, mRNAs, microRNAs (miRNAs), and long noncoding RNAs (IncRNAs), with EVs’
cargo being directly dependent on the metabolic condition or the differentiation status of
their parental cells [19-21]. Moreover, EVs, which function as cell-to-cell communicators,
have emerged as an important route for interchanging proteins, lipids and genetic material
between cells and tissues, similar to neurotransmitters acting as chemical messengers
transmitting information between neurons [1,21]. In previous years, many therapeutic
approaches for musculoskeletal disorders have been focused on MSC-based cell therapies
due to their differentiation and immunomodulatory properties. MSC-EVs may account
for a large part of these functions and are, therefore, under investigation as an alternative
therapeutic approach to cell therapies. Immigrating MSCs into the bone defect secrete large
amounts of EVs, and it was shown that MSC-EV-based approaches have the potential to
promote bone regeneration [19].

EVs may play a pivotal role in cancer cell growth, progression, and metastasis in
solid tumors [22]. It is well established that cell proliferation is rapid in tumors, but
the vasculature formed is insufficient to maintain a sufficient oxygen level, leading to
the development of a hypoxic tumor microenvironment [23,24]. The alteration in the
composition and function of tumor-derived EVs mediated by hypoxia allows the tumor
cells to respond to hypoxia and to modify their surrounding microenvironment [22,24].
Furthermore, several in vitro studies [25,26] suggested that EVs derived from tumor cells
under hypoxia contain a unique protein signature that significantly enhances invasion
compared to EVs from tumor cells grown under normoxia. However, according to our
current knowledge, none of those studies addressed the analysis of EVs from osteogenic
differentiated BMSCs under hypoxia. Therefore, the second aim of this study was to
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analyze the proteomes of EVs derived from osteogenic differentiated hBMSCs under
normoxic or hypoxic conditions and to investigate whether osteogenic EVs generated
under hypoxia are loaded with unique proteomic signatures, which would allow the cells
to respond to hypoxia.

EVs are envisioned as promising bioactive effectors to promote the osteogenic differen-
tiation capacity of MSCs, which induce the efficient repair of bone injuries [27,28]. Further,
MSC-EVs can promote new bone formation with supporting vascularization and displaying
improved morphological, biomechanical, and histological outcomes, coupled with positive
effects on cell survival, proliferation, migration, osteogenesis, and angiogenesis [19].

Our previous study [29] showed that under normoxic conditions, EVs, isolated from
hBMSCs at a late-stage of osteogenic differentiation, promote the osteogenic differentia-
tion capacity of hBMSCs and, at the same time, have negative effects on the adipogenic
differentiation capacity of hBMSCs. Current knowledge of the underlying molecular mech-
anisms of these pro-osteogenic and anti-adipogenic effects of EVs under hypoxia is very
limited. Thus, in this study, the third aim was to further investigate why and how EVs
derived from hBMSCs at late-stage osteogenic differentiation under normoxia enhance the
osteogenic capacity of naive hBMSCs cultured under hypoxia. The three aims of this study
are summarized in Figure 1.

(1) Determination if hypoxia suppresses the osteogenic ability of naive hBMSCs (aim 1 and aim 2).
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(2) Determination of the effects of osteogenic EVs on osteogenic capacity of naive hBMSCs cultured
under hypoxia (aim 3).

normoxia (21%0,)
osteogenic differentiation

l day 0 day 28—35\

naive EVs osteogenic EVs

Stimulation with EVs under hypoxia(2%0,)

) &

: ".\

osteogenic differentiation under hypoxia
(2%0,)

lday 14 day 21

1. Osteogenic marker (QPCR) 1.Alizarin Red Staining
2. Alkaline Phosphatase Assay
3. Reactive Oxygen Species

(ROS)

#& hBMSC Osteoblast #%) Extracellular vesicles

Figure 1. Overview of experimental set-up; EVs = extracellular vesicles.
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2. Materials and Methods
A graphical illustration of the experimental set-up is shown in Figure 1.

2.1. Ethical Statement

This study has been approved by the local ethics committee (MSCs: Ethikkommission,
No. 14-101-0189, University of Regensburg), and all patients’ written informed consent was
obtained before undergoing surgery (email: ethikkommission@klinik.uni-regensburg.de).

2.2. Isolation, Culture and Characterization of Immunophenotype of Human BMSCs

hBMSCs were prepared from frozen stocks obtained from the femoral bone marrow
aspirate of twelve patients undergoing hip replacement surgery (mean age: 60.4 & 8.7 years,
range: 46-73 years, male: 50%). Density gradient centrifugation was used to isolate
the hBMSCs according to established protocols [30-32]. hBMSCs were expanded until
80% confluency (passage 1-4) in StemMACS™ MSC expansion medium (Miltenyi Biotec,
Bergisch Gladbach, Germany) with the following composition: L-glutamine, fetal calf serum
(FCS) (Sigma-Aldrich GmbH, Bergisch Gladbach, Germany), phenol red and supplemented
with 0.2% MycoZap (Lonza, Basel, Switzerland). Flow cytometric analysis of hRBMSC with
specific antibodies against MSC positive marker (CD44, CD73) and negative marker (CD19,
CD34) is shown in Supplementary Figure S1.

2.3. Generation of EVs-Depleted FCS

EVs-depleted FCS (FCS9ePl¢) was prepared according to established protocols [33,34].
In short, FCS was diluted in a-MEM medium to a final concentration of 20% and subse-
quently ultra-centrifuged at 120,000x g (Beckman Coulter, Brea, CA, USA) overnight (18 h)
at 4 °C to generate EV-depleted FCS. FCSI¢P!"U¢ was stored in aliquots at —20 °C. Medium
used for EV collection and hBMSC stimulation was supplemented with 10% FCSdePl-uc,

2.4. Osteogenic Differentiation of Human BMSCs

For harvesting the conditioned medium (CM) for EV isolation, 3 x 10 hBMSCs
(passage 4) were cultured in growth medium in triple T175 flasks (ThermoFisher, Dreie-
ich, Germany) until 80% confluency before onset of osteogenic differentiation. To induce
osteogenic differentiation of hBMSCs according to established protocols [32,34], the expan-
sion medium was changed to osteogenic differentiation medium («-MEM (Sigma-Aldrich,
Steinheim, Germany), 10% FCS9¢P™ ™ or 10% regular FCS, 4 mM GlutaMAXTM-I (Gibco,
Paisley, UK), 1% penicillin—streptomycin (P/S), 10 uM ascorbic acid-2-phosphate, 10 mM
B-glycerophosphate and 100 nM dexamethasone (all from Sigma-Aldrich, Steinheim, Ger-
many). Osteogenic differentiation was terminated after a maximum of 35 days (medium
was replaced every 3 days).

2.5. Induction of Hypoxia

A total of 2% oxygen is defined as a hypoxic condition according to published pro-
tocols [35,36]. For osteogenic differentiation under hypoxia, hBMSCs were cultured in a
hypoxia incubator (ThermoFisher Scientific, Langenselbold, Germany) set at 2% O, and 5%
CO;, levels, balanced with 93% N». Normoxic control BMSCs were incubated in a standard
cell culture incubator set at 20% oxygen, 5% CO, and 75% Nj.

2.6. Collection of Conditioned Medium for EV Isolation

Worth noting, 3 x 10° hBMSCs (passage 4) were expanded in triple T175 flasks in
growth medium until 80% confluency under normoxia.

For harvesting the norm-naive EVs, conditioned medium (CM) for EV isolation from
undifferentiated naive hBMSCs (i.e., norm-naive EVs = naive hBMSCs derived EVs) under
normoxia, growth medium was replaced by «-MEM medium with 1% P/S, 10% FCSdepl-ue
and 4 mM GlutaMAXTM-I. After 48 h incubation under normoxic conditions, CM was
stored immediately at —80 °C for subsequent EV isolation.
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Osteogenic differentiation of hBMSCs was induced under normoxic or hypoxic condi-
tions, respectively. For harvesting osteogenic CM under normoxia and hypoxia, regular
FCS was replaced by 10% FCSdepl-uc iy the osteogenic medium on days 26, 28, 30 and 33 of
culture. After 48 h incubation, CM was collected on days 28, 30, 32 and 35 under normoxic
and hypoxic conditions, respectively. (i.e., hypo-osteo EVs containing CM = harvesting and
pooling of CM from hBMSCs undergoing osteogenic differentiation from 28-35 days under
hypoxia; norm-osteo EVs containing CM = harvesting and pooling CM after 28-35 days
under normoxia) and stored at —80 °C for further processing.

2.7. EV Isolation

To isolate hypo-osteo EVs, norm-naive EVs and norm-osteo EVs from the respective
CM, ultracentrifugation was performed according to our previously published proto-
col [34,37]. In brief, the respective CM was centrifuged at 300x g (Sigma, Osterodea, Harz,
Germany) for 10 min at 4 °C to remove intact cells. The supernatant was transferred to a
new falcon tube and centrifuged again at 2000x g to remove dead cells. Afterward, the
supernatant was transferred to a new tube and centrifuged for 30 min at 10,000x g to
remove cell debris, and the subsequent supernatant was filtered (Filtropur S plus 0.2 um;
Sarstedt, Niimbrecht, Germany) into an ultracentrifugation tube (Polypropylene Centrifuge
Tubes; Beckman Coulter, Brea, CA, USA) and was subjected to ultracentrifugation once at
120,000 x g for 70 min at 4 °C. Following careful aspiration of the supernatant, the pellet
was washed with PBS and centrifuged again (120,000 x g for 70 min at 4 °C). The resulting
EV pellets were resuspended in the presence of 25 mM trehalose (Carl Roth, Karlsruhe,
Germany) in PBS. Protein concentration was measured using BCA Protein Assay Kit Pierce
(Thermo Scientific, Rockford, IL, USA).

2.8. Conditioned Medium pH under Hypoxia and Normoxia

CM for isolation of hypo-osteo EVs and norm-osteo EVs was obtained as described
above. Osteogenic medium with 10% FCS9¢P-¢, kept in T75 flasks for two days either
under hypoxia or normoxia (without cells), was set as control groups. Subsequently,
all CM groups were collected, and pH of each CM was determined using a pH meter
(Hanna Instruments, Nusfalau, Romania).

2.9. Subcellular Protein Extraction

Nuclear protein extracts were obtained using the NE-PER™ Nuclear and Cytoplasmic
Extraction Kit and Halt™ Protease Inhibitor Cocktail according to the manufacturer’s
instructions. The nuclear protein isolates were determined using a BCA Protein Assay Kit
(all reagents are from Thermo Scientific, Rockford, IL, USA).

2.10. Western Blotting Analysis
2.10.1. Detection of EV Markers

From each sample, 10 pg purified EVs were loaded onto and separated by 15% SDS-
PAGE. After electrophoretic separation, proteins were blotted onto 0.22 pm PVDF mem-
branes (Carl Roche, Karlsruhe, Germany). The PVDF membranes were stained with
Ponceau S staining solution (Sigma-Aldrich, Steinheim, Germany) and documented by
photography for blotting efficiency and total protein expression analysis. Subsequently, the
membranes were washed and blocked with 5% BSA (Carl Roth, Karlsruhe, Germany) in
0.1% Tween Tris Buffered Saline (T-TBS) for 1 h at RT and consecutively incubated with
the following primary antibodies in 5% BSA /T-TBS overnight at 4 °C: anti-CD9 (1:1000),
anti-CD63 (1:500) and anti-CD81 (1:1000) antibodies (all Thermo Fisher Scientific, Rockford,
IL, USA) overnight at 4 °C. After three washing steps, 10 min each, membranes were
incubated with horseradish peroxidase coupled secondary antibody (1:10,000) (Jackson
Immuno Research, West Grove, PA, USA) for 1 h at RT. Protein bands were visualized
with ECL detection reagents and SuperSignal™ West Femto Maximum Sensitivity Sub-
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strate (both Thermo Fisher Scientific, Rockford, IL, USA). Semi-quantitative analysis was
performed with Image]J 1.54 software (Bio-Rad, Hercules, CA, USA).

2.10.2. Detection of HIF-1ax and RUNX2

Then, 3 x 10° hBMSCs were cultured in growth medium (T75) until 80% confluency.
Growth medium was exchanged with osteogenic differentiation medium containing 10%
FCS under either normoxia or hypoxia, and cells were cultured for 14 days. Nuclear
proteins were isolated using the NE-PER™ Nuclear and Cytoplasmic Extraction Kit. From
each sample, 30 pg of nuclear protein was loaded onto and separated by 4-15% Mini-
PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, Hercules, CA, USA). Western blot
was performed as described above using anti-HIF-1« (1:1000), anti-RUNX2 (1:1000) and
anti-Histone H3 (1:1000) antibodies (all Cell Signaling Technology, Danvers, MA, USA).

2.11. EV Uptake Test

Similar volumes of hypo-osteo EVs (15 ug) and norm-osteo EVs (15 pg) were labeled
with PKH26 Red Fluorescent Cell Linker Mini Kit for general cell membrane labeling
(Sigma-Aldrich, Saint Louis, MO, USA) according to our previous publication [29]. Subse-
quently, 2 x 10* naive hBMSCs were cultured in growth medium in eight-well chamber
slides (Falcon, Big Flats, NY, USA) for 48 h. Cells were washed with PBS, and the pre-stained
EVs (15 pg) were added for 24 h. Nuclei of cells were counterstained with DAPI (Molecular
Probes, Eugene, OR, USA) and the cytoskeleton with Phalloidin (Abcam, Malvern, UK),
then staining was analyzed using a fluorescence microscope (Eclipse TE2000-U; Nikon,
Tokyo, Japan).

2.12. Nanoparticle Tracking Analysis (NTA)

The concentration and particle size distribution of the purified EV fractions were
analyzed using The NanoSight NS300 (Malvern Instruments, Malvern, UK) following the
manufacturer’s instructions. Briefly, the accuracy of NTA was confirmed with 100 nm
polystyrene beads (Sigma-Aldrich, Saint Louis, MO, USA), then EV samples were diluted
1:100 in PBS at RT and a total of five 30 s videos were recorded.

2.13. Alkaline Phosphatase Assay

Intracellular alkaline phosphatase (ALP) enzyme activity was determined with Quan-
tiChrom™ Alkaline Phosphatase Assay Kit (BioAssay Systems, Hayward, CA, USA).
Moreover, 1 x 10* hBMSCs were cultured in 24-well plates in growth medium under
normoxia until 80% confluency.

Then, growth medium was replaced by osteogenic differentiation medium with 10%
FCS under either normoxia or hypoxia (2% O;), and cell culture was continued for two
weeks. For EV treatment, hBMSCs were cultured under hypoxia for two weeks in os-
teogenic differentiation medium containing 10% FCSIPI'"® and were treated with the
different EV groups (10 pg/mL) or PBS (no EVs) from days 8 to 14 (fresh EVs were added
every two days). hBMSCs kept in osteogenic differentiation medium containing 10%
FCS9ePu¢ under normoxia for two weeks were set as positive control group (no EVs).
Afterward, intracellular ALP enzyme activity was quantified in all groups. Data were
calculated either as percentage of the ‘no EVs’ group under hypoxia (negative control
group) or as percentage of normoxia group (no EV treatment = positive control).

2.14. Alizarin Red Staining

For analyzing calcification levels, 3 x 10%* hBMSCs were cultured in 12-well plates in
growth medium until 80% confluency. For comparison of hypoxic and normoxic conditions,
growth medium was replaced by osteogenic differentiation medium containing 10% FCS
under either normoxia or hypoxia for three weeks.

For EV treatment, cells were cultured under hypoxia with osteogenic differentiation
medium containing 10% FCSYePu¢ for 3 weeks and stimulated with the different EV
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groups (10 pg/mL) or PBS (no EVs) from days 5 to 21 (fresh EVs and PBS were added
every two days). Cells, which were kept in osteogenic differentiation medium containing
10% FCS4ePruc ynder normoxia for three weeks, were set as positive control group (no
EVs). Subsequently, cells were washed and fixed with glutaraldehyde for 15 min at RT.
After a washing step with PBS (pH = 4.2), cells were incubated for 20 min with Alizarin
Red-S staining solution (1%, Carl Roth, Karlsruhe, Germany) at RT. Afterward, quantitative
analysis was performed as described previously [34]. Results were further calculated as
percentage of the ‘no EVs group’ under hypoxia (negative control group).

2.15. RNA Isolation and Real-Time -gPCR

For analyzing gene expression, 6 x 10* hBMSCs were cultured in growth medium
(6-well plates) until 80% confluency. For comparison of hypoxic and normoxic conditions,
growth medium was exchanged for osteogenic differentiation medium containing 10%
FCS under either normoxia or hypoxia for two weeks. For EV treatment, growth medium
was exchanged to osteogenic differentiation medium with 10% FCS9P"¢, and cells were
cultured for 2 weeks under hypoxia and treated with the different EV groups (10 pg/mL)
or PBS (no EVs) from day 12 on. Cells kept in osteogenic differentiation medium containing
10% FCS9ePIu¢ ynder normoxia for two weeks were set as positive control group (no
EVs). Afterward, RNA was isolated using Absolutely RNA™ Microprep Kit (Agilent
Technologies, Cedar Creek, TX, USA), and cDNA was prepared using AffinityScript QPCR
cDNA Synthesis Kit (Agilent Technologies, Cedar Creek, TX, USA) as recommended by
manufacturer’s protocol. RI-qPCR was performed in duplicates using the Brilliant III Ultra-
Fast SYBR Green QPCR Master Mix with an Agilent PCR-System (Agilent Technologies,
Cedar Creek, TX, USA). All genes were analyzed relatively in relation to GAPDH and
TATA-binding protein (TBP) expression (normalizer). All genes were set to the expression
of the calibrator (‘no EVs’ group under hypoxia).

For validation of proteomics data, norm-naive EVs parent cells (undifferentiated, naive
hBMSCs) were harvested for RNA isolation under normoxia. For harvesting RNA of the
norm-osteo EVs’ parent cells, the growth medium was replaced by osteogenic medium
with 10% FCSY¢P¢ and cells were cultured for either 14 or 35 days under normoxia. All
genes were analyzed and calibrated to the expression in naive hBMSCs under normoxia
(calibrator). Primers are listed in Supplementary Table S2.

2.16. Measurement of Reactive Oxygen Species (ROS) Level

Extracellular ROS level was measured with the OxiSelect™ in vitro ROS/RNS Assay
Kit (Cell Biolabs Inc., San Diego, CA, USA). 1 x 10* hBMSCs were cultured in 24-well
plates in growth medium under normoxia until 80% confluency. Growth medium was
replaced by osteogenic differentiation medium, which was changed every third day.

For comparison of hypoxic and normoxic conditions, hBMSCs were cultured in os-
teogenic differentiation medium containing 10% FCS for either 14 or 35 days under either
normoxia or hypoxia. Osteogenic differentiation medium was changed every third day.
After 48 h incubation at day 12 and day 33, the osteogenic supernatants were collected
subsequently on days 14 and 35.

For EV treatment, hBMSCs were cultured under hypoxia for two weeks in osteogenic
differentiation medium containing 10% FCSdePluc The different EV groups (10 pg/mL)
or PBS (no EVs) were added from days 12 to 14. hBMSCs, which were kept in osteogenic
differentiation medium containing 10% FCSdepl-ue ynder normoxia for two weeks, were set
as positive control group (no EVs). Results were further calculated as percentage of the ‘no
EVs group’ under hypoxia (negative control group).

Extracellular ROS was quantified according to manufacturer’s instructions. Briefly,
50 uL of cell supernatants were added into a 96-well black-bottom fluorescence plate
(NunclonTM, Thermo Fisher Scientific, Roskilde, Denmark), and 50 pL of catalyst were
added to each well and incubated for 5 min at RT. Afterward, 100 uL. of DCFH was added
at RT for 15 min in the dark. Fluorescence was measured using a SpectraMax® iD3 plate
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reader (Molecular Devices, San Jose, CA, USA) at 480 nm excitation/530 nm emission.
Fluorescence intensity is proportional to the total ROS levels within the sample.

2.17. Proteomic Analysis
2.17.1. Sample Preparation of EVs for Proteomics Analysis

EV samples were purified from the culture supernatant of the corresponding three cell
donors, and total protein concentration was measured using the BCA assay. Briefly, 5 ug EV
protein was reduced in 10 mM dithiothreitol (DTT) at 56 °C for 30 min and consecutively
alkylated in 30 mM of iodoacetamide (IAA) at RT for 30 min in the dark. The remaining
IAA was quenched with 30 mM DTT at RT for 15 min. Afterward, EV proteins were
digested using the S-Trap™ (ProtiFi, Fairport, NY, USA) mini procedure according to the
manufacturer’s protocol.

2.17.2. Quantitative Proteomic Analysis by LC-MS/MS

From each EV sample, 500 ng per protein was analyzed by nano LC-MS/MS. EV
samples were loaded on an Ultimate 3000 Rapid Separation Liquid chromatography (RSLC)
nano system with a ProFlow flow control device coupled to a Lumos Fusion orbitrap mass
spectrometer (both from Thermo Scientific). Peptides dissolved in 0.1% TFA were placed
onto a trapping column (Acclaim PepMap100 C18, 100 um X 2 cm, Thermo Scientific,
Bremen, Germany) at a flow rate of 10 pL/min. Afterward, peptides were separated on
a phase column (Acclaim PepMap100 C18, 75 pm x 50 cm, Thermo Scientific, Bremen,
Germany) using a binary gradient.

2.17.3. Database Search and Bioinformatics Analysis

All MS raw data were identified using the Proteome Discoverer software 2.3.0.523
(Thermo Scientific, Bremen, Germany), and it is MASCOT algorithm against a human
UniprotKB database (http://www.uniprot.org; downloaded 21 November 2019). The
search parameters were 0.5 Da for MS and MS/MS and precursor and fragment ion
tolerances of 10 ppm, respectively. Carbamidomethylation of cysteine was set as fixed
modification, and oxidation of methionine was set as dynamic modification. Trypsin was
set as enzyme with a maximum of two missed cleavages, using Percolator false discovery
rate (strict) set to 0.01 for both peptide and protein identification. Label-free quantification
(LFQ) analysis was performed, including replicates for each condition. Proteins with more
than 2-fold change were considered as distinct proteins. All distinct upregulated and
downregulated proteins in hypo-osteo EVs compared with those in norm-osteo EVs were
then subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology
(GO) analyses. The following bioinformatic analyses include Venn diagram, heatmap,
KEGG and GO databases. Among them, Venn diagram was conducted with the bioinfor-
matics platform jvenn [38] (http://jvenn.toulouse.inra.fr/app/index.html, accessed on
21 November 2019), and the heatmap was constructed with the software TBtools 1.0 [39].
GO and KEGG analysis of annotated proteins were conducted with the bioinformatics
platform STRING database (http://string-db.org, accessed on 21 November 2019) and
visualized using following bioinformatics platform (https://www.bioinformatics.com.cn,
accessed on 21 November 2019). In order to obtain a better idea of the potential relation-
ships between the proteins, protein—protein interaction networks of the identified proteins
were constructed with the STRING database with default parameters and visualized using
Cytoscape software 3.9.1.

2.18. Statistical Analysis

Prism 8.21 software (GraphPad, San Jose, CA, USA) was used for statistical analysis.
Differences between groups were assessed by One sample t-test and Wilcoxon test or by
one-way ANOVA with Dunn’s multiple comparisons test when appropriate. p < 0.05 was
considered statistically significant.
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3. Results
3.1. Generating Conditioned Medium for Preparation of Osteogenic EV's from a Hypoxic (Hypo-Osteo
EVs) Environment and Osteogenic EV's from a Normoxic (Norm-Osteo EVs) Environment
Representative images in Supplementary Figure S2 show that the color of conditioned
medium (CM) from osteogenic differentiated hBMSCs under hypoxic conditions is distinct
from CM under normoxic conditions and also distinct from osteogenic medium (OM) (no
cells) subjected to both hypoxic and normoxic conditions (Supplementary Figure S2A). In
order to explain the different medium colors under normoxic and hypoxic conditions, the
pH-values of CM and OM were determined. As shown in Supplementary Figure S2B, the
pH of CM from osteogenic differentiated hBMSCs under hypoxia decreased significantly
compared to CM recovered from osteogenic differentiated hBMSCs under normoxia and
from both OM subjected to both hypoxia and normoxia.

3.2. Characterization of EVs
3.2.1. NTA Evaluation of EVs

We determined the particle concentration, distribution and size of hypo-osteo EVs
and norm-osteo EVs via nanoparticle tracking analysis (NTA). The average particle size
of hypo-osteo EVs (n = 3) was smaller by trend than their norm-osteo-EV counterparts,
although both representatively shown EV groups correspond to the standard size of EVs
(Figure 2A,B,D). However, there is no statistically significant difference in counts and size
between hypo-osteo EVs and norm-osteo EVs (Figure 2C,D).

3.2.2. Uptake of EVs by Naive hBMSCs

In order to evaluate the cellular internalization of EVs, naive hBMSCs were incubated
with PKH-26 stained hypo-osteo EVs and norm-osteo EVs for 24 h. Intracellular fluores-
cence labeling (red) revealed that the internalized hypo-osteo EVs and norm-osteo EVs
accumulated in the cytoplasm (Figure 2E,F “merge”) of the target hBMSCs with no obvious
differences between both groups.

3.2.3. Surface Markers of EVs

The presence of the most common canonical EV membrane markers CD9, CD63 and
CD81 was analyzed via Western blotting. Positive bands for CD9, CD63 and CD81 were
detected in both hypo-osteo-EV and norm-osteo-EV groups (Figure 2G). Supplementary
Figure S2A,B show the respective uncropped Western blot membranes after develop-
ment and the respective blot membranes stained with Ponceau S as loading control. The
quantification of each marker band intensity showed that CD9, CD63 and CD81 protein ex-
pression levels were significantly decreased in hypo-osteo EVs compared to norm-osteo EVs
(Figure 2H-J). Quantitative proteomic analyses confirmed the presence of CD9, CD63 and
CD81 in the EV samples (Figure 2K). Uncropped Western blot membranes and Ponceau S
stained loading control images are shown in Supplementary Figure S3.
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Figure 2. Characterization of the EV groups. (A,B) Representative particle size distribution of hypo-
osteo EVs and norm-osteo EVs was measured by NTA; n = 3. (C,D) Quantitative comparison between
hypo-osteo EVs and norm-osteo EVs in count and size measured; n = 3. (E,F) Uptake of EVs by naive
hBMSCs. PKH26-labeled hypo-osteo EVs (E) and norm-osteo EVs (F) were internalized by naive
hBMSCs and visualized with fluorescence microscopy. Cell nuclei were stained with DAPI, and
structure of the cytoskeleton was visualized with Phalloidin staining. 20 x 10 magnification; Scale
bar 100 pum; n = 3. (G) Western blot image showing bands of standard surface markers (CD9, CD81
and CD63) of hypo-osteo EVs and norm-osteo EVs; n = 3; Pat. = patient. (H-]J) Relative quantitation
of western blot image band intensities; n = 3. (K) The expression/level ratio of CD9, CD81 and CD63
proteins in hypo-osteo EVs was compared with that in norm-osteo EVs (proteomics data); n = 3.
Results were calculated as percentage of the unstimulated control group (norm-osteo EVs, shown by
the dotted line); * = p < 0.05.

3.3. Osteogenic Differentiation of hBMSCs under Hypoxia

To assess the influence of hypoxia on the matrix calcification ability of osteogenic
differentiated hBMSCs, analysis of calcified matrix nodules after 21 days of osteogenic
differentiation under normoxia and hypoxia was conducted via Alizarin Red staining.
Figure 3A demonstrates that calcium deposits in the hypoxia sample groups decreased in
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intensity and area compared to the normoxia samples, even though the staining intensity
showed inter-sample differences. In general, the quantification of the Alizarin Red staining
intensity and amount confirmed that the BMSCs of all five donors cultured under hypoxia
have significantly decreased calcium deposits compared to those cultured under normoxia
after 21 days of osteogenic differentiation. Results from different donors were combined
for quantification (Figure 3B). Alkaline phosphatase (ALP) enzyme activity level serves
as an indicator of bone formation and correlates with osteoblast activity [40]. Here, the
ALP activity assay revealed that compared to the normoxia group, hypoxia significantly
suppresses ALP activity in hBMSCs after 14 days of osteogenic differentiation (Figure 3C).
To assess whether hypoxia influences the ROS level of osteogenic differentiated hBMSCs,
we performed a ROS assay after 14 and 35 days of osteogenic differentiation under hypoxic
and normoxic conditions. Supplementary Figure S4A shows that the extracellular ROS
level was already significantly increased after 14 days of osteogenic differentiation of
hBMSCs under hypoxic conditions compared to normoxic conditions. Moreover, excessive
production of ROS was maintained up to 35 days of osteogenic differentiation under
hypoxia (Supplementary Figure S4B).
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Figure 3. Evaluation of osteogenic differentiation ability of naive hBMSCs under hypoxia and
normoxia. (A) Alizarin Red staining of hBMSCs after 3 weeks of osteogenic differentiation under
hypoxia or normoxia. Shown are the individual results from five different donors. Macroscopic
view (scale bar 1 cm); n = 5; Pat. = patient. (B) Quantification of Alizarin Red staining; n = 5.
(C) Quantification of Alkaline Phosphatase (ALP) activity of hBMSCs after 2 weeks of osteogenic
differentiation under hypoxia or normoxia; n = 5. (D) Representative Western blot images of HIF-1o
and RUNX2 after 2 weeks of osteogenic differentiation of h(BMSCs under hypoxia and normoxia;
n = 4. (EF) Relative quantitation of Western blot image band intensities relative to Histone H3; n = 4.
Results were calculated as percentage of the unstimulated control group (osteogenic differentiation
of hBMSCs under normoxia, shown by the dotted line); * = p < 0.05; ** = p < 0.01; *** = p < 0.001;
= p < 0.0001.
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We further analyzed gene expression levels of the osteogenic markers BGLAP (Osteo-
calcin), RUNX2 (Runt-related transcription factor 2), ALP, COL1A1 (Collagen alpha-1(I)
chain) and OPN (Osteopontin). Besides OPN, the expression of all analyzed genes revealed
a significant decrease under hypoxia compared to normoxia (Supplementary Figure S4C-G).

3.4. HIF-1a and RUNX2 Protein Expression in hBMSCs Undergoing Osteogenic Differentiation
under Hypoxia

In order to evaluate if a 2% O, condition is effective for induction of hypoxia in
cells, we analyzed hypoxia-inducible factor-1cc (HIF-1«) protein expression, and if hypoxia
influences osteogenic differentiation of hBMSCs, we analyzed RUNX2 protein expression.
Western blotting analysis showed that hypoxia induces HIF-1x protein expression and
downregulates RUNX2 protein expression in hBMSCs undergoing osteogenic differentiation.
Nuclear protein Histone H3 served as loading control. Results from four different donors
were combined for quantification (Figure 3D-F). Uncropped Western blot membranes and
Ponceau S-stained loading control images are shown in Supplementary Figure S5.

3.5. Proteomic Analysis of Osteogenic EVs Produced under Hypoxia and Normoxia
3.5.1. Summary of the Proteomic Profiles

To investigate whether osteogenic EVs from a hypoxic environment are loaded with
unique proteomic signatures, we performed quantitative proteomic analysis to identify the
protein profiles of hypo-osteo EVs (n = 3) and norm-osteo EVs (n = 3). The Venn diagram in
Figure 4A shows that 52 unique proteins were identified in the norm-osteo EV group, and
11 unique proteins were identified in the hypo-osteo EV group. Moreover, the norm-osteo
EV group has 913 proteins in common with the hypo-osteo EV group. Analysis of distinct
proteins with at least a 2-fold change between the hypo-osteo EV group and the norm-osteo
EV group revealed that the protein levels of 67 proteins were increased and the levels
of 377 proteins were decreased in the hypo-osteo EVs compared to the norm-osteo EVs
(Supplementary Table S1). As shown in Figure 4B, the detailed list of the distinct proteins
(more than a 2-fold change) and their abundance is presented in the heatmap. We identified
21 pro-osteogenic proteins, 21 proteins involved in ECM remodeling and five antioxidant
proteins, which were decreased in hypo-osteo EVs compared to that in norm-osteo EVs
(Tables 1-3). The hypo-osteo EVs/norm-osteo EVs ratios measured for these proteins
ranged from a 100-fold to a 2008-fold reduction. The five decreased antioxidant proteins
are: 5'-AMP-activated protein kinase catalytic subunit alpha-1 (PRKAA1), NAD(P)H dehy-
drogenase 1 (NQO1), Annexin Al (ANXAT1), 40S ribosomal protein S3 and Peroxiredoxin-1
(RPS3) and Peroxiredoxin-1 (PRDX1).

Table 1. The expression/level ratio of selected downregulated pro-osteogenic proteins in hypo-osteo
EVs compared with those in norm-osteo EVs.

Hypo-Osteo
UniProt Protein Names Gene Names EVs/Norm-Osteo EVs
Ratio (Fold Change)

Q92896 Golgi apparatus protein 1 GLG1 0.01
Q4VILe6 Transmembrane protein 119 TMEM119 0.106

P05186 Alkaline phosphatase ALPL 0.154

P17813 Endoglin ENG 0.245
Q04771 Activin receptor type-1 ACVR1 0.265
QIULC3 Ras-related protein Rab-23 RAB23 0.287

P26373 60S ribosomal protein L13 RPL13 0.292

Plasma membrane
P20020 calcium-transporting ATP2B1 0.303

ATPase 1
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Table 1. Cont.

Hypo-Osteo
UniProt Protein Names Gene Names EVs/Norm-Osteo EVs
Ratio (Fold Change)
P35222 Catenin beta-1 CTNNB1 0.304
P00533 Epidermal growth EGFR 0.305
factor receptor
Q16610 Extracellular matrix protein 1 ECM1 0.326
P50281 Matrix metalloproteinase-14 MMP14 0.331
P08133 Annexin A6 ANXA6 0.356
P07355 Annexin A2 ANXA2 0.362
P13797 Plastin-3 PLS3 0.387
Q16832 Discoidin domain-containing DDR2 0.401

receptor 2

Ectonucleotide pyrophos-
P22413 phatase/phosphodiesterase ENPP1 0.438
family member 1

Guanine nucleotide-binding
Q5JWE2 protein G(s) subunit alpha GNAS 0.448
isoforms XLas

000299 Chloride 1ntrace.llular CLIC1 0.458
channel protein 1

Neuronal membrane
Q13491 glycoprotein M6-b GPM6B 0.494

P61586 Transforming protein RhoA RHOA 0.498

Table 2. The expression/level ratio of selected downregulated ECM proteins in hypo-osteo EVs
compared with that in norm-osteo EVs.

Hypo-Osteo EVs

UniProt Protein Names Gene Names /Norm-Osteo EVs
Ratio (Fold Change)

Q12965 Unconventional myosin-Ie MYOI1E 0.01
P02458 Collagen alpha-1(II) chain COL2A1 0.01
Q01955 Collagen alpha-3(IV) chain COL4A3 0.01
Q12965 Unconventional myosin-Ie MYOI1E 0.01
Q16610 Extracellular matrix protein 1 ECM1 0.326
075578 Integrin alpha-10 ITGA10 0.189
P17813 Endoglin ENG 0.245
P26006 Integrin alpha-3 ITGA3 0.256
P06756 Integrin alpha-V ITGAV 0.323
Q13683 Integrin alpha-7 ITGA7 0.326
P50281 Matrix metalloproteinase-14 MMP14 0.331
P18084 Integrin beta-5 ITGB5 0.347
P98095 Fibulin-2 FBLN2 0.347
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Table 2. Cont.

Hypo-Osteo EVs
UniProt Protein Names Gene Names /Norm-Osteo EVs
Ratio (Fold Change)

Leukocyte surface

Q08722 antigen CD47 CD47 0.352
P07355 Annexin A2 ANXA2 0.362
Q14112 Nidogen-2 NID2 0.379
P24821 Tenascin TNC 0.396
Q16832 Discoidin domain-containing DDR2 0.401
receptor 2
P16070 CD44 antigen CD44 0.412
Disintegrin and
014672 metalloproteinase ADAMI0 0.428
domain-containing
protein 10
P08648 Integrin alpha-5 ITGA5 0.498
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Figure 4. Venn diagram of total proteins and heatmap of distinct proteins identified in hypo-osteo
EVs and norm-osteo EVs. (A) The distinct profiles (Venn diagram) of total proteins in hypo-osteo EVs
and norm-osteo EVs; n = 3. (B) The distinct protein (more than 2-fold change) profiles of norm-osteo
EVs and hypo-osteo EVs (heatmap); n = 3. The color code indicates the log2 (FC) difference of the
proteins for those two EV groups: red means enriched in EVs, and blue means depleted in EVs.
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Table 3. The expression/level ratio of selected downregulated antioxidant proteins in hypo-osteo
EVs compared with that in norm-osteo EVs.

Hypo-Osteo EVs

UniProt Protein Names Gene Names /Norm-Osteo EVs
Ratio (Fold Change)
5-AMP-activated protein
Q13131 kinase catalytic subunit PRKAA1 0.143
alpha-1

NAD(P)H dehydrogenase

P15559 [quinone] 1 NQO1 0.298
P04083 Annexin Al ANXA1 0.343
P23396 40S ribosomal protein S3 RPS3 0.438
Q06830 Peroxiredoxin-1 PRDX1 0.485

3.5.2. GO and KEGG Enrichment Analyses

GO (Gene Ontology) terms were performed for annotation of the differentially ex-
pressed proteins (more than 2-fold change) in norm-osteo EVs and hypo-osteo EVs, which
are divided into three categories (biological processes, molecular functions and cell compo-
nents). GO biological processes analysis of upregulated and downregulated proteins in
hypo-osteo EVs were compared with that in norm-osteo EVs. Among them, upregulated
proteins matched 42 significant GO terms (no GO terms related to bone regeneration). The
top 19 upregulated Go terms are shown in Figure 5A. Downregulated proteins matched 650
significant GO terms, and the significant downregulated GO terms related to bone regener-
ation (ECM, osteogenesis, ROS, adhesion and angiogenesis) are also shown in Figure 5A.
GO analysis revealed information about all upregulated and downregulated molecular
functions, specifically concerning the downregulated cell-to-cell and cell-to-matrix binding
processes (Figure 5B) and cellular components (Figure 5C) in hypo-osteo EVs compared
to norm-osteo EVs. KEGG pathway analysis identified significantly downregulated and
upregulated enriched pathways in hypo-osteo EVs compared to that in norm-osteo EVs
(Figure 5D). The pathways, shown in Figure 5D, revealed that especially the ‘PI3K-Akt
signaling’, ‘ECM-receptor interaction” ‘cGMP-PKG signaling pathway’ and ‘growth hor-
mone synthesis, secretion and action’, were significantly downregulated in hypo-osteo EVs
compared with norm-osteo EVs.

3.5.3. Hub Proteins

Protein—protein interaction (PPI) networks of all the differently expressed proteins
(more than a 2-fold change) were created using the STRING database and visualized using
Cytoscape with unconnected nodes excluded. Altogether, 520 nodes (62 upregulated and
358 downregulated proteins in hypo-osteo EVs compared to that in norm-osteo EVs) and
2680 interaction pairs were identified in the PPI network of the distinct proteins (Figure 6A).
Hub nodes contain the key genes of the PPI network. The top 20 hub proteins of the
whole PPI network were identified using the Degree and CytoHubba plug-ins in Cytoscape
(Figure 6B). Among them, the two most highly correlated hub proteins are epidermal
growth factor receptor (EGFR) and catenin beta-1 (CTNNB1), which are downregulated
in hypo-osteo EVs compared to norm-osteo EVs. Notably, EGFR was identified in the
context of GO terms “cellular response to reactive oxygen species’, pro-osteogenic and pro-
angiogenic proteins’. Moreover, CTNNB1 was identified in the context of pro-osteogenic
and pro-angiogenic proteins (Table 1). As shown in Figure 6B, the two hub proteins are
marked with a yellow box.
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Figure 5. Functional enrichment analysis of distinct regulated and downregulated proteins in hypo-
osteo EVs compared with that in norm-osteo EVs. Gene ontology (GO) analysis of the upregulated
and downregulated biological processes (A), molecular functions (B), hypo-osteo EVs compared
with that in norm-osteo EVs for upregulated and downregulated proteins were clustered; n = 3.
(C) Cellular components in hypo-osteo EVs compared with that in norm-osteo EVs with the
KEGG (D) enrichment analyses data for upregulated and downregulated proteins were clustered;
n = 3. KEGG = Kyoto Encyclopedia of Genes and Genomes. Pathways related to bone regeneration
are marked with pink lines. BP = biological processes; MF = molecular functions; CC = cellular
components. GO terms related to bone regeneration (ECM, osteogenesis, angiogenesis, ROS and
adhesion) and EV are marked with different colored lines.

3.6. Effects of EVs Derived from Late Stage Osteogenic-Differentiated hBMSCs under Normoxia on
Osteogenic Ability of hBMSCs Cultured under Hypoxia

To investigate the capability of norm-osteo EVs to influence matrix calcification of
osteogenic differentiated hBMSCs impaired by hypoxia, Alizarin Red staining of calcified
matrix was evaluated after 21 days of osteogenic differentiation under hypoxia and simul-
taneous EV stimulation (EVs from osteogenic differentiated and naive hBMSCs cultured
under normoxia) for the last 16 culture days. Representative images showing calcium
deposits revealed that norm-osteo EVs induced increased intensity and area of calcification
compared to the negative control group (no EVs under hypoxia) and compared to EVs
isolated from undifferentiated naive hBMSCs (norm-naive EVs) when added to hBMSCs
(Figure 7A). The quantification of the Alizarin Red staining intensity was consistent with
these results. The norm-osteo EV group significantly increased calcium deposits compared
to the negative control group (no EVs under hypoxia) and the norm-naive EV group when
added to hBMSCs; however, the area of calcium deposits was still smaller compared to the
positive culture group (no EVs under normoxia) (Figure 7B). 14 days of osteogenic differen-
tiation of hBMSCs in the presence of norm-naive EVs and norm-osteo EVs (applied for the
last six culture days), resulted in increased ALP activity compared to the negative control
group (Figure 7C). In addition, the ‘"no EV’ treatment group cultured under normoxia still
displayed a higher ALP activity level in comparison to stimulation with norm-naive EVs
and norm-osteo EVs under hypoxia.
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Figure 6. Protein—protein interaction (PPI) network of the identified proteins and hub proteins in

hypo-osteo EVs compared with that in norm-osteo EVs. (A) Interactions between upregulated and
downregulated proteins in hypo-osteo EVs compared with that in norm-osteo EVs; n = 3; Red nodes
indicate upregulated proteins and blue nodes indicate downregulated proteins. (B) The 20 most
highly correlated hub proteins in PPI network. The colors indicate the strength of correlated hub
proteins of top 20 hub proteins; red is the highest correlated hub. The top two hub proteins (EGFR
and CTNNB1) are marked with blue circles and yellow boxes.

To investigate the capability of norm-osteo EVs to reduce elevated ROS levels in
osteogenic differentiated hBMSCs under hypoxia, ROS concentration was determined after
14 days of osteogenic differentiation under hypoxia and simultaneous EV stimulation.
Figure 8D showed that the norm-osteo EV group and norm-naive EV group significantly
reduced ROS levels compared to the negative control group (no EVs under hypoxia).
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Furthermore, there was no significant difference in ROS production among the two EV
groups and the positive control group.
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Figure 7. Evaluation of osteogenic differentiation ability of hBMSCs after EV treatment under
hypoxia. (A) Alizarin Red staining of hBMSCs after 3 weeks of osteogenic differentiation and
simultaneous stimulation with the different EV groups (scale bar 1 cm); n = 6-7. (B) Quantification
of Alizarin Red staining; n = 6-7. (C) Quantification of ALP activity of hBMSC after 2 weeks of
osteogenic differentiation and simultaneous stimulation with the different EV groups under hypoxia;
n =7. (D) ROS production of hBMSCs after 2 weeks of osteogenic differentiation and simultaneous
stimulation with the different EV groups under hypoxia; n = 8. (E-I) Gene expression of the osteogenic
marker genes (RUNX2, BGLAP, ALP, COL1A1 and OPN) were analyzed after 2 weeks of osteogenic
differentiation of hBMSCs and simultaneous treatment with the different EV groups under hypoxia;
n = 5-6. Results were calculated as percentage of the negative control group (no EVs under hypoxia,
shown by the dotted line). Difference to the negative control: * = p < 0.05; ** = p < 0.01; ** = p < 0.001;
difference between groups: *=p < 0.05; # = p < 0.01.
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Figure 8. Validation of selected proteomic data obtained from norm-naive EVs and norm-osteo
EVs by gene expression analysis of hBMSCs. (A) The expression/level ratio of the five identified
anti-hypoxic proteins (CAV1, SFRP1, SOD3, HSP90B1 and AQP1) in norm-osteo EVs compared with
that in norm-naive EVs (proteomics data); n = 3. (B-F) Gene expression of the five anti-hypoxic genes
(CAV1, SFRP1, SOD3, HSP90B1 and AQP1) were analyzed in hBMSCs after 35 days of osteogenic
differentiation and in naive hBMSCs both cultured under normoxia; n = 4-5. Results were calculated
as percentage of the control group (naive hBMSCs under normoxia, shown by the dotted line);
*=p<0.05* =p<0.01

Analysis of osteogenic markers revealed that treatment with the norm-osteo EVs
significantly increased RUNX2 expression in hBMSCs compared to the norm-naive EVs
and no EVs control groups under hypoxia (Figure 7E). No significant difference was found
in ALP, OPN, BGLAP and COL1A1 gene expression between hBMSCs stimulated with
hypo-naive and hypo-osteo EVs (Figure 7F-I), whereas ALP and BGLAP gene expression
in the positive control group (no EVs under normoxia) was significantly higher.

3.6.1. GO Enrichment Analyses and Protein—-Protein Interaction (PPI) Network Analyses of
Norm-Naive EVs and norm-Osteo EVs

Our previous study [29] revealed that norm-osteo EVs and norm-naive EVs contained
distinct protein profiles, with pro-osteogenic proteins and ECM components highly en-
riched in norm-osteo EVs. In order to determine the potential molecules that mediate the
effects of osteogenic EVs in rescuing the osteogenic ability of hBMSCs impaired by hypoxia,
GO biological processes analysis of upregulated proteins in norm-osteo EVs compared to
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that in norm-naive EVs were further analyzed, and the five significant GO terms related to
hypoxia and osteogenesis are shown in Supplementary Figure S6A. To further investigate
the potential molecular factors contained in norm-osteo EVs that suppress hypoxia and
promote osteogenesis, we performed Venn diagram (Supplementary Figure S6B) and PPI
network analyses on upregulated proteins in norm-osteo EVs associated with ‘response
to hypoxia’, ‘ossification’, ‘skeletal system development’, ‘osteoblast differentiation” and
‘extracellular matrix (ECM) organization” (Supplementary Figure S6C-G). Four protein
interaction networks at significant levels (PPI enrichment p value < 0.05) and one pro-
tein interaction network (response to hypoxia) at no significant level (PPI enrichment
p value = 0.102) were constructed. As shown in Supplementary Figure S6G, ‘response to
hypoxia” has three proteins (Caveolin-1 (CAV1)/Secreted frizzled-related protein 1 (SFRP1)
and/or matrix metalloproteinase-2 (MMP-2) in common with the ‘ossification’, ‘skeletal
system development’, ‘osteoblast differentiation” or ‘'ECM organization’. The analysis indi-
cates a significant relationship between the CAV1/SFRP1/MMP-2 and the other proteins
in the four GO terms related to osteogenesis and ECM (PPI enrichment p value < 0.05).

3.6.2. Hub Proteins

The Cytoscape platform confirmed 148 nodes (96 upregulated and 52 downregulated
proteins in norm-osteo EVs compared to those in norm-naive EVs), and 653 interaction pairs
were identified in the PPI network of the distinct proteins (Supplementary Figure S7A).
The top 20 hub proteins of the whole PPI network were identified using the Degree and
CytoHubba plug-ins in Cytoscape (Supplementary Figure S7B). Among them, 11 hub proteins
(Caveolin-1, Fibulin-1, Collagen alpha-1(VI) chain, Nidogen-2, Collagen alpha-3(VI) chain, 72
kDa type IV collagenase, Elastin, Decorin, Fibronectin, Basement membrane-specific heparan
sulfate proteoglycan core protein, MAGUK p55 subfamily member 2) related to hypoxia
or osteogenesis, were increased in the norm-osteo EVs group compared to the norm-naive
EVs group.

3.6.3. Anti-Hypoxic Proteins

As shown in Supplementary Figure S6G, a total of nine proteins were identified
in the GO terms related to ‘response to hypoxia’, which are highly enriched in norm-
osteo EVs compared with that in norm-naive EVs, and they were selected for further
analysis. Among them, five anti-hypoxic proteins were experimentally determined in
the previous studies [41-45], which are Caveolin-1, Secreted frizzled-related protein 1,
Extracellular superoxide dismutase (SOD), Endoplasmin (i.e., 94 kDa glucose-regulated
protein or HSP90B) and Aquaporin-1 (AQP1). Three of these five proteins (Caveolin-1,
Extracellular superoxide dismutase-3 and Endoplasmin) are also classified as antioxidant
proteins [46—48]. In this line, the norm-osteo EVs/norm-naive EVs ratios measured for
these five proteins ranged from a 5.09-fold to a 100-fold increase (Figure 8A).

3.7. Validation of Proteomics Data
3.7.1. Anti-Hypoxic Gene Expression Levels in the EVs’ Parent Cells

To assess the reliability of the proteomic data from norm-osteo EVs and norm-naive
EVs, we selected the five anti-hypoxic genes (CAV1, SFRP1, SOD3, HSP90B1 and AQP1)
and further performed qRT-PCR to verify their relative expression levels in the norm-
osteo EVs’ and norm-naive EVs’ parent cells cultured under normoxia. We observed
that CAV1, SFRP1, and AQP1 gene expression was significantly increased after 14 days
(Supplementary Figure SSA-E) and after 35 days (Figure 8B-F) of osteogenic differentiation
of hBMSC compared to naive hBMSC both cultured under normoxia.

3.7.2. Anti-Hypoxic Gene Expression Levels in hBMSCs Undergoing Osteogenic
Differentiation under Hypoxia after EV Treatment

Under hypoxia, gene expression analysis of these five anti-hypoxic genes (CAV1,
SFRP1, SOD3, HSP90B1 and AQP1) revealed that stimulation with both the norm-naive
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EV and norm-osteo EV groups significantly increased CAV1 and HSP90B1 expression in
hBMSCs compared to the negative control group (no EVs under hypoxia). Moreover, the
SFRP1 gene expression level after norm-osteo EV stimulation was significantly increased
compared to the negative control group. SOD3 gene expression level in hBMSCs after
norm-naive EVs stimulation was significantly increased compared to the negative control
group (Figure 9A-E).
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Figure 9. Evaluation of gene expression of the five anti-hypoxic proteins during osteogenic differentia-
tion of hBMSCs under hypoxia after EVs stimulation. (A-E) Expression levels of the five anti-hypoxic
genes were analyzed after 2 weeks of osteogenic differentiation in hBMSCs and simultaneous treat-
ment with the different EV groups under hypoxia; n = 6-7. Results were calculated as percentage
of the negative control group (no EVs under hypoxia, shown by the dotted line); Difference to the
negative control: * = p < 0.05; ** = p < 0.01, ***= p < 0.001.

4. Discussion

We characterized EVs isolated from naive or osteogenic differentiated hBMSCs cul-
tured under normoxia and hypoxia and confirmed their purity and identity in line with our
previous studies [42,43,46]. Hypoxia can suppress the osteogenic differentiation capacity
of naive hBMSCs, correlated to decreased calcium deposits, reduced ALP activity and
downregulation of gene/protein expression of the osteogenic markers BGLAP, RUNX2,
ALP, and COL1AL1. This confirms an earlier study by Pattappa et al. [49], who showed that
hypoxia may enhance long-term MSC expansion and reduce cell senescence but results
in a population with impaired osteogenic differentiation potential. Our proteomic data
supported these findings, revealing that hypoxia affected EVs’ protein cargo. Moreover,
21 pro-osteogenic proteins were reduced in hypo-osteo EVs compared to norm-osteo EVs
(Table 1). In particular, Golgi apparatus protein 1 (GLG1), Transmembrane protein 119
(TMEM119) and alkaline phosphatase, tissue-nonspecific isozyme (ALPL) concentration
were reduced about 6.5-fold to 100-fold in hypo-osteo EVs compared to norm-osteo EVs.
GLG1 (alternative name: E-selectin ligand 1 = ESL-1) was recently described as an impor-
tant regulator of bone remodeling, and loss of GLG1 in osteoblasts is leading to delayed
differentiation and mineralization [50]. TMEM119 (alternative name: Osteoblast induc-
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tion factor = OBIF) is an osteoblast differentiation factor that plays a vital role in bone
formation and osteoblast differentiation [51], and ALPL (i.e., ALP) as an indicator of bone
formation can reflect the activity of the osteoblasts [30]. Here, we clearly demonstrated
that a hypoxic culture environment reduced the osteogenic activity of hBMSCs-derived
EVs as it significantly suppressed ALP enzyme activity, expression of osteogenic genes,
and ALP protein amount in hypo-osteo EVs’ cargo. Furthermore, the top two hub proteins,
EGFR and CTNNBI, which were less concentrated in hypo-osteo EVs, are pro-osteogenic
proteins. EGFR is critically important for osteogenesis, as EGFR deficiency leads to irregular
mineralization of bone in mice [52]. CTNNB1 can upregulate osteogenic differentiation and
mineralization via FOXQ1, which also promotes the nuclear translocation of CTNNBI in
murine (m)BMSCs, enhancing Wnt/ 3-catenin signaling, which was also shown to be essen-
tial for the osteogenic differentiation-promoting effect of FOXQ1 in mBMSCs [53]. In bone,
the ECM is an intricate dynamic structure that plays an important role by instructing the
osteogenic differentiation process of BMSCs [54]. The proteomic profiling of EVs showed
that the concentration of 21 ECM proteins was decreased in hypo-osteo EVs compared to
norm-osteo EVs (Table 2), and subsequent KEGG pathways analysis confirmed that ECM-
receptor interaction pathways were significantly reduced in hypo-osteo EVs compared
with norm-osteo EVs. ECM macromolecules promote the osteogenic differentiation process
of BMSCs through ECM-receptor interaction, e.g., via integrin receptors. Integrins are het-
erodimeric cell surface receptors that mediate cell-ECM contact and subsequent adhesion
and are critical in signal transduction from the ECM into the cells and vice versa [55,56].
CD9, CD81 and CD63 members of the tetraspan superfamily are associated with integrins
and form different complexes with different members of the integrin family [57-60]. CD81
and CD?9 identified as hub proteins in the PPI network, were decreased in hypo-osteo
EVs compared to norm-osteo EVs, as validated with proteomic profiling and Western
blot analysis. We assume that CD81 and CD?9 are associated with osteogenesis, which is
consistent with the study of Singh et al. [61], showing that osteo-chondro-progenitor cells
expressing CD9 were readily differentiated to osteoblasts compared to cells without CD9,
both in vitro and in vivo.

Cellular oxidative stress may be defined as an imbalance between free radicals (i.e.,
ROS) and antioxidant proteins in favor of free radicals, potentially leading to oxidative
damage of cell membranes and intracellular organelles [62,63]. In our study, hypoxia
increased ROS production and secretion. Supported by our proteomic data, we demon-
strated that hypoxia reduced the amount of several antioxidant proteins in the EVs’ cargo.
Five antioxidants (5’-AMP-activated protein kinase catalytic subunit alpha-1 = PRKAA1,
NAD(P)H quinone dehydrogenase 1 = NQO1, Annexin A1 = ANXA1, 40S ribosomal protein
S3 = RPS3, Peroxiredoxin-1 = PRDX1) were clearly reduced in hypo-osteo EVs compared
to norm-osteo EVs (Table 3). Zhu et al. [64] reported that PRKAA1 inactivation led to
enhanced mitochondrial ROS production. NQO1, a superoxide scavenger, assists cells in
handling ROS [65] and ANXA1, as an anti-inflammatory agent, can interfere with the gen-
eration of ROS [66]. RPS3 exerts antioxidative functions and protects cells against oxidative
stress [67]. PRDX1 is described as a scavenger of ROS, and loss of PRDX1 in mice leads
to an elevation of ROS. Thus, the proteomic analysis of hypo-osteo EVs provided novel
insights into the putative mechanisms by which hypoxia can increase ROS production
because antioxidant proteins were less abundant in hypo-osteo EVs, disturbing the subtle
balance between extracellular ROS level and the intercellular transported antioxidants
inside the EVs.

EVs derived from distinct cell types preferring a hypoxic environment, such as can-
cer cells, MSCs and cardiac cells, significantly increased angiogenesis compared to their
normoxic EV controls [1,68]. Notably, our proteomic data revealed that the GO terms
related to angiogenesis were significantly downregulated in hypo-osteo EVs derived from
osteogenic differentiated BMSCs under hypoxia compared to the norm-osteo EV counter-
parts. Moreover, the top hub protein in our proteomic analysis is EGFR, a pro-angiogenic
protein, which was less abundant in hypo-osteo EVs compared to norm-osteo EVs. It is

94



Biomedicines 2023, 11, 2804

known that osteonecrosis and osteoporosis pathogenesis are promoted by blood supply
disruption, which results in hypoxic injury in bone. Thus, we speculate that under hypoxic
pathological conditions in bone tissue, the alteration in the composition/cargo and function
of osteogenic EVs, mediated by hypoxia, affects bone homeostasis, which in turn affects
osteogenesis and angiogenesis negatively. Moreover, in our study, pro-angiogenic pro-
teins were enriched in norm-osteo EVs, consistent with the study of Narayanan et al. [69],
showing that norm-osteo EVs have a strong capacity for promoting vascularization in vivo.

We clearly demonstrated that norm-osteo EVs, harvested at a late stage of osteogenic
differentiation of hBMSCs under normoxia, can rescue the osteogenic ability of hBMSCs
impaired by hypoxia. This was demonstrated by increased calcium deposits, enhanced
ALP activity and the induction of gene expression of the osteogenic transcription fac-
tor RUNX2. Our previous study [29] revealed that under normoxic culture conditions,
pro-osteogenic proteins were enriched in norm-osteo EVs in comparison to norm-naive
EVs from undifferentiated hBMSCs. Here, we further suggest that the five anti-hypoxic
proteins (Caveolin-1 = CAV1, Secreted frizzled-related protein 1 = SFRP1, Extracellular
superoxide dismutase-3 = SOD3, Endoplasmin = HSP90B1 and Aquaporin-1 = AQP1),
which were highly enriched in norm-osteo EVs, might prevent cell damage or mitigated
altered response to external stimuli inflicted by hypoxia. Caveolin-1 can reduce HIF1-o
transcriptional activity under hypoxia by reducing HIF-1ox S-nitrosylation in vitro and
in vivo [35]. For secreted frizzled-related protein 1, it was recently reported that it can
directly protect cells from apoptosis during hypoxia and reoxygenation [32]. Overexpres-
sion of SOD3 (i.e., EcCSOD) suppressed the hypoxia-induced accumulation of HIF-1c in
cells. When neurons were exposed to hypoxia/reoxygenation, cells with overexpression of
HSPI90BI (i.e., GRP94) were resistant to apoptosis induced by hypoxia/reoxygenation [31].
Aquaporin 1 is a water and oxygen channel that can suppress hyperglycemia-induced
cellular hypoxia [34]. The gene expression levels of CAV1, SFRP1 and AQP1 analyzed in
the EVs’ parent cells (naive and osteogenic differentiated hBMSCs kept under normoxia)
followed the same trend as those indicated by the proteomic data of norm-osteo EVs and
norm-naive EVs supporting our proteomic data. In addition, after stimulation of hBMSCs
kept under hypoxic conditions with EVs, we observed that norm-osteo EVs induced CAV1,
SFRP1 and HSP90B gene expression in the osteogenic differentiated hBMSCs. Hence, we
speculate that norm-osteo EVs are able to transfer CAV1, SFRP1 and HSP90B1 cargo to
target cells in a hypoxic environment, and we hypothesize that the cargo of osteogenic
EVs enable them to rescue the osteogenic ability of hBMSCs by transferring these and
other proteins to the target cells. Moreover, our data suggest that norm-naive EVs can also
promote the anti-hypoxic capacity of a cell by the induction of the expression of CAV1,
SOD3 and HSP90B1 in the target cells. That is a likely reason why norm-naive EVs were
able to promote ALP activity in hBMSCs cultured under hypoxia.

Interestingly, three (CAV1, SOD3 and HSP90B1) of the five identified anti-hypoxic
proteins are also known to act as antioxidants [36-38,70]. In our study, norm-osteo EVs
could inhibit hypoxia-induced elevation of ROS produced by osteogenic differentiated
hBMSCs, presumably by an increased antioxidant gene expression (CAV1 and HSP90B1).
Moreover, norm-naive EVs suppressed hypoxia-induced elevation of ROS levels in cul-
tures of osteogenic differentiated hBMSCs, presumably by the increased antioxidant gene
expression of SOD3, CAV1 and HSP90B1. Our results are consistent with the study of
Khanh et al. [71], showing that EVs from infant MSCs rescued elderly MSCs from ox-
idative cell damage due to the elevation of ROS via upregulation of SOD1 and SOD3
protein expression. Furthermore, Ma et al. [14] reported that Icariin, a major bioactive
pharmaceutical constituent isolated from Chinese medicine Horny Goat Weed, rescued the
osteogenic ability of osteoblasts impaired by hypoxia via reducing the production of ROS,
increasing SOD and ALP activity and forming a mineralized matrix. Thus, we speculate
that norm-osteo EVs and norm-naive EVs rescued the ALP activity of hBMSCs impaired by
hypoxia by reducing the production of ROS. However, norm-naive EVs were not able to
rescue the mineralization ability of osteogenic differentiated hBMSCs impaired by hypoxia.
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According to our previous study [29], together with the current data presented here, a
possible reason for that might be the fact that ECM components, pro-osteogenic proteins
and anti-hypoxic proteins were less abundant in norm-naive EVs compared to norm-osteo
EVs.

5. Conclusions

In conclusion, the proteomic analysis of hypo-osteo EVs provides novel insights
into how hypoxia can suppress the osteogenic ability of hBMSCs and simultaneously
promote ROS production and secretion. The present study provides evidence that ECM
macromolecules and -receptors, antioxidant- and pro-osteogenic proteins are decreased in
hypo-osteo EVs, which otherwise would allow the osteogenic differentiated hBMSCs to
respond to hypoxia and to accommodate to their surrounding microenvironment. These
novel findings add to the understanding that the production of particular hypo-osteo EVs
under hypoxic conditions contributes to impaired osteogenesis of mesenchymal precursor
cells. Furthermore, norm-osteo EVs rescued the osteogenic ability of hBMSCs, impaired by
hypoxia, by inducing expression of anti-hypoxic genes (CAV1, SFRP1, HSP90B1) and re-
versed hypoxia-induced elevation of ROS production in osteogenic differentiated hBMSCs.
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Abstract: Exercise induces the release of small extracellular vesicles (sEVs) into circulation that
are postulated to mediate tissue cross-talk during exercise. We previously reported that pregnant
individuals released greater levels of sEVs into circulation after exercise compared to matched
non-pregnant controls, but their biological functions remain unknown. In this study, sEVs isolated
from the plasma of healthy pregnant and non-pregnant participants after a single bout of moderate-
intensity exercise were evaluated for their impact on trophoblasts in vitro. Exercise-associated sEVs
were found localized within the cytoplasm of BeWo choriocarcinoma cells, used to model trophoblasts
in vitro. Exposure to exercise-associated sEVs did not significantly alter BeWo cell proliferation, gene
expression of angiogenic growth factors VEGF and PLGF, or the release of the hormone human
chorionic gonadotropin. The results from this pilot study support that exercise-associated sEVs could
interact with trophoblasts in vitro, and warrant further investigation to reveal their potential role in
communicating the effects of exercise to the maternal—fetal interface.

Keywords: exercise; physical activity; small extracellular vesicles; placenta; trophoblast; pregnancy

1. Introduction

Exercise during pregnancy is well known to bestow benefits on both mother and fetus,
potentially improving health across two generations. To promote maternal health and
as a front-line therapy for mitigating the risk of pregnancy disorders, the 2019 Canadian
Guideline for Physical Activity throughout Pregnancy recommends that those without
contraindications should engage in at least 150 min of moderate-intensity physical activity
per week [1]. Maternal physical activity is associated with decreased risk of pregnancy
complications, including preeclampsia, gestational diabetes mellitus, and gestational hyper-
tension [2], and improvement of prenatal depressive symptoms [3] while reducing blood
glucose levels [4]. Prenatal physical activity is also associated with beneficial neonatal
outcomes such as reduced odds of macrosomia [5] and fat mass at birth [6]. While the
advantages are numerous and well established, the biological mechanisms by which these
benefits are communicated to the mother and fetus are not well understood.

Exercise has been posited to alter the structure and physiology of the placenta [7], the
critical interface between mother and fetus chiefly responsible for maternal—fetal commu-
nication. The placenta supports fetal growth and survival by mediating the exchange of
gases, nutrients, and waste, while providing endocrine and immune support. As a transient
discoid organ anchored to the maternal uterus, the placenta is composed of a heterogeneous
population of cells organized in a manner to ensure sufficient maternal-fetal exchange
between the juxtaposed maternal and fetal circulatory systems. In the placenta, maternal
exercise has been shown to impact oxidative stress [8], nutrient transporters [9,10], and
angiogenic growth factors [11,12]. Data from exercise interventions also show beneficial
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effects on placental growth [13] and volume available for maternal-fetal exchange [14,15].
While it is evident that exercise impacts placental function, the biological mechanisms
contributing to these changes are less clear.

The benefits of exercise are hypothesized to be mediated in part by the release of
bioactive molecules into circulation after exercise, including myokines (cytokines produced
and released by skeletal muscle) [16,17] and small extracellular vesicles (sEVs) [18,19].
sEVs (historically referred to as “exosomes” [20]) are lipid membrane-enclosed particles
(~20-120 nm in diameter) secreted by cells into extracellular space and contain bioactive
compounds such as nucleic acids (i.e., mRNAs and miRNAs), lipids, and proteins [21,22].
sEVs are theorized to facilitate long-distance intercellular communication by interaction
or transfer of their biological cargo from donor to target cells [23,24]. Data from both
human and animal studies demonstrate that sEVs are released into circulation after exercise
(reviewed by [19]) and contain biological molecules potentially involved in tissue cross-talk
in response to exercise [18]. We previously reported that pregnant individuals release
greater levels of sEVs into circulation compared to non-pregnant individuals after a single
bout of moderate-intensity exercise [25]. The potential biological function and cellular
targets of circulating sEVs released in response to maternal exercise are unknown. Since the
placenta can release and take up sEVs as a part of maternal-fetal communication [26,27],
exercise-associated sEVs could possibly act on the placenta. Therefore, circulating sEVs
may represent a potential mechanism involved in improving placental function in the
context of maternal exercise.

In this study, we examined in pilot experiments whether exposure to circulating sEVs
obtained after acute exercise affected trophoblasts in vitro. Trophoblast cells are special-
ized epithelial cells that constitute the maternal—fetal interface and are responsible for
hormone production and the exchange of gases, nutrients, and waste between mother
and fetus. First, we determined whether circulating exercise-associated sEVs from healthy
pregnant and non-pregnant individuals could interact with trophoblasts in vitro. Further,
we evaluated whether exposure to exercise-associated plasma sEVs could influence metrics
of trophoblast biology, including proliferation, expression of angiogenic growth factors
known to be altered in the placenta of physically active vs. inactive mothers [11], and
secretion of the major pregnancy hormone, human chorionic gonadotropin (b-hCG). Treat-
ment with sEVs from healthy non-pregnant controls was used to determine whether the
potential effects on trophoblast biology were associated with pregnancy status or exercise
stimulus. In this set of pilot experiments, we hypothesized that exercise-associated sEVs
from pregnant individuals would elicit greater effects on trophoblast biology compared to
exercise-associated sEVs from non-pregnant controls.

2. Materials and Methods
2.1. Ethical Approval and Study Participants

Experimental procedures were approved by the University of Ottawa Research Ethics
Board (file number: H-06-18-634). All protocols were performed in fulfillment of the
guidelines described in the Declaration of Helsinki. Informed written consent was secured
from participants after an explanation of the study procedures. Pregnant and non-pregnant
individuals were recruited from the Ottawa area (ON, Canada) for participation in the
study. Healthy individuals without contraindication to exercise between the ages of 18
and 40 were eligible for inclusion, with a self-reported pre- or non-pregnant body mass
index (BMI) of 18.5-29.9 kg/m?. Participants were required to be weight-stable (£5 kg) for
approximately six months before the study. Pregnant participants needed to be between
13 and 28 weeks gestation carrying a singleton fetus to participate in the study. Those
with chronic health conditions including hypertension, diabetes (pre/non-pregnant or
gestational diabetes), and untreated thyroid disease and frequent users of tobacco, drugs,
or alcohol were excluded from participation.
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2.2. Acute Exercise Procedure

The acute exercise stimulus followed procedures outlined by Hutchinson et al. (2019) [28]
and Mohammad et al. (2021) [25]. Briefly, participants were requested to refrain from
exercise and food for 8 h before the acute exercise session. Participants were provided
with a standardized snack, after which resting heart rate was determined as previously
described [25,28]. A target range of 40-59% of heart rate (HR) reserve was used to specify
moderate-intensity exercise [29,30], where HR reserve was calculated using the Karvonen
equation [31] as described previously [25,28]. The moderate-intensity acute exercise session
consisted of a brisk 30 min treadmill walk with continuous HR monitoring using a Polar
V800 HR monitor (Polar Electro, Lachine, QC, Canada). A short warm-up (3 min at 2%
incline at a speed of 2 miles per hour (mph)) was followed by an incremental phase (6%
incline), where treadmill speed was increased by 0.2 mph every minute until the upper
range of moderate-intensity HR reserve (59%) was met. Once this range was met, the
participants continued to exercise for 30 min. Blood was collected (10 mL) immediately
before (at rest) and after the exercise session from the median cubital vein using potassium
EDTA blood collection tubes (#367863; BD Biosciences, Mississauga, ON, Canada). Plasma
was promptly processed by centrifugation at 1700x g for 15 min at 4 °C, and samples were
stored at —80 °C until further analyses.

2.3. sEV Isolation and Labeling

Isolation of sEVs from plasma was performed using differential ultracentrifugation
as described previously [25,32,33]. Plasma samples (1.0 mL) were thawed rapidly at
37 °C, then kept on ice for all remaining procedures. Samples were first centrifuged at
20,000x g for 20 min at 4 °C to remove large EVs and apoptotic bodies. The remaining
supernatant was centrifuged at a speed of 100,000 g using a Beckman Coulter Optima
MAX ultracentrifuge (Beckman Coulter Inc., Brea, CA, USA) equipped with a TLA-55 rotor
(Beckman Coulter) for 90 min at 4 °C. The resulting pellet of sEVs was washed with 1.0 mL
of 0.1 um filtered phosphate-buffered saline (PBS) and then centrifuged at 100,000 x g as
described above. The final residual pellet of sSEVs was resuspended in 100 uL of 0.1 pm
filtered PBS. Aliquots of 10 uL of this suspension were separated and frozen at —80 °C
for further analysis. One 10 uL aliquot was used for protein extraction and quantification
to standardize sEV treatment concentrations for subsequent functional assays. To extract
protein, 1 puL of 10x radioimmunoprecipitation assay (RIPA) buffer with protease inhibitor
cocktail (MilliporeSigma Canada Co., #P8340, Oakville, ON, Canada) was added to a
10 uL sEV aliquot. Samples were sonicated using a bath sonicator for 1 min to achieve
EV and protein lysis and subsequently were incubated on ice for 30 min before protein
quantification using a DC protein assay (Bio-Rad Laboratories, #5000112, Mississauga,
ON, Canada). sEVs from this cohort were previously validated to be the expected size
(~100-120 nm) and displayed characteristics confirming the presence of these particles (i.e.,
expression of classical sEV protein markers TSG-101 and flotillin-1, absence of non-sEV
marker calnexin, and intact membrane integrity and characteristic size as determined by
transmission electron microscopy [25]. Where indicated, sEVs were fluorescently labeled
with PKH26, a lipophilic membrane dye, using the PKH26 Red Fluorescent Cell Linker
Kit according to the manufacturer’s instructions (Phanos Technologies, MilliporeSigma
Canada Co., #MINI26-1KT). Following the incorporation of the dye, the labeled sEVs were
centrifuged at 100,000 x g for 90 min at 4 °C, and the resulting sEV pellets were resuspended
in 100 pL of 0.1 pm filtered PBS and stored at —80 °C for subsequent sEV internalization
and interaction fluorescence assays.

2.4. Cell Culture

BeWo choriocarcinoma cells were obtained from the American Type Culture Collection
(ATCC CCL-98, Manassas, VA, USA) and grown in Ham’s F-12K (Kaighn’s) medium (Gibco,
Thermo Fisher Scientific, #21127022, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) and incubated at 37 °C and 5% CO, in a humidified environment.
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For all sEV treatment experiments, cells from passages 7—12 were used in the presence of
F-12K medium supplemented with 10% EV-depleted FBS. EV-depletion of undiluted FBS
was achieved by ultracentrifugation at 100,000 g for 90 min at 4 °C [34] and retention
of the resulting supernatant, confirmed by nanoparticle tracking analysis. Cells were
experimentally manipulated 48 h post-seeding.

2.5. sEV Localization by Fluorescence Confocal Microscopy

BeWo cells (2.5 x 10%) were plated in 8-well chamber slides (ibidi USA, #80826, Fitch-
burg, WI, USA) and incubated with 2.5 pg/mL of PKH26-labeled sEVs (or PBS control)
overnight (16 h) at 37 °C and 5% CO,. The cell culture supernatant was removed, and
wells were vigorously washed five times with PBST and then fixed with 10% buffered
formalin for 10 min at room temperature. All subsequent steps were conducted at room
temperature with three PBST washes between each step unless noted otherwise. Fixa-
tive was removed, and then cells were permeabilized using 0.1% Triton X-100 in PBS for
5 min. Next, slides were incubated with phalloidin-iFluor 488 Reagent (1:1000; Abcam
Inc., #ab176753, Cambridge, MA, USA) in 1% BSA in PBS for 25 min. Finally, 1 drop of
NucBlue Fixed Cell ReadyProbes Reagent (DAPI) (Invitrogen, Thermo Fisher Scientific,
#R37606) was added to each well for 5 min. Mounting media (ibidi USA, #500001) were
added to each well before imaging using an inverted Zeiss LSM 880 AxioObserver Z1
laser-scanning confocal microscope with Airyscan FAST detector equipped with Zen Black
software (version 2.3, Carl Zeiss Microscopy GmbH, Jena, Germany). Images were taken
using a 63 x oil-immersion objective lens (Carl Zeiss Microscopy GmbH, Plan Apochromat
63/1.4 NA oil) with optical slices (z-stacks) at a thickness of 0.20 um. The confocal was
equipped with lasers emitting at 405, 488, and 561 nm which were used for the excitation
of each fluorophore: DAPI (Ex/Em 405/450 nm), phalloidin (Ex/Em 488/516 nm), and
PKH26 (Ex/Em 561/579 nm). Each confocal microscopy image was acquired using the
same imaging parameters. Images were subjected to linear unmixing of the measured spec-
tral profiles for each fluorophore (DAPI, phalloidin, and PKH26) using Zen Black software
(version 2.3) to account for signal crossover between spectral channels. Representative
maximum intensity projections were acquired from a subset of z-stacks corresponding to
the middle of the cells. For each condition, a minimum of three random fields of view were
selected and examined for sEV localization. To increase the quality of the images for display
purposes, lookup tables for the phalloidin channel image were set to “Magenta” and for
the PKH26 channel image were set to “Green” using Fiji software (version 2.3.0/1.53f, U.S.
National Institutes of Health, Bethesda, Maryland, USA).

For the localization experiments, a range of PKH26-labeled sEV concentrations was
initially tested (1, 2.5, 5, and 10 ug/mL) for visualization by confocal microscopy. The
concentration of 2.5 pg/mL of sSEVs incubated overnight (16 h) was found to be the exposure
with the best signal-to-noise ratio.

2.6. Proliferation Assessment by Ki67 Immunostaining

To assess the influence of exercise-associated plasma sEVs on BeWo cell proliferation
in vitro, Ki67 immunostaining was used. BeWo cells (2.5 x 10%) were seeded onto 8-well
chamber slides (ibidi USA, #80826) and incubated with 10 ug/mL sEVs (or PBS control) for
24 h at 37 °C and 5% CO; in duplicate. Then, the cell culture supernatant was removed
and wells were washed three times with PBST. All of the following steps were carried
out at room temperature unless stated otherwise. Cells were fixed with 10% formalin
for 10 min and then washed three times with PBST. Cells were then permeabilized using
0.1% Triton X-100 in PBS for 5 min followed by three washes with PBST. Cells were
blocked for 30 min with BlockAid Blocking Solution (Invitrogen, Thermo Fisher Scientific,
#B10710) and then incubated with recombinant anti-Ki67 rabbit monoclonal antibody (SP6)
(1:250; Abcam Inc, #ab16667) at 4 °C in PBST overnight. Negative controls omitted the
primary antibody. The following day, wells were washed three times with PBST and
then incubated with goat AlexaFluor 488 anti-rabbit IgG (H+L) Superclonal recombinant
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secondary antibody (1:1000; Invitrogen, Thermo Fisher Scientific, #A27034) in PBST for
60 min. Wells were washed three times with PBST and then incubated with 1 drop of
NucBlue Fixed Cell ReadyProbes Reagent (DAPI) (Invitrogen, Thermo Fisher Scientific,
#R37606) per well for 5 min. Mounting media (ibidi USA, #500001) were added to each
well before imaging using a ThermoFisher FL. Auto 2 inverted automated epifluorescent
microscope equipped with version Auto2 software (Invitrogen, Thermo Fisher Scientific).
Each well was divided into four quadrants, with one image taken at 20 x magnification per
quadrant for a total of four images per well. All experiments were performed in triplicate.
A ratio of Ki67 immunostaining intensity to nuclear area was measured using Fiji software
(version 2.3.0/1.53f, U.S. National Institutes of Health).

2.7. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (gPCR)

BeWo cells were seeded at a density of 1.0 x 10° in 12-well dishes; 48 h later, they
were treated with 10 pg/mL plasma sEVs (or PBS control) for 24 h at 37 °C and 5% CO,.
Cell culture supernatant was collected and stored at —80 °C for downstream b-hCG anal-
ysis described below. Cells were washed twice with cold sterile PBS and then lysed for
total RNA isolation using an Illustra RNAspin Mini isolation kit (Cytiva Life Sciences,
Fisher Scientific Company, #25050071, Ottawa, ON, Canada) as per the manufacturer’s
instructions. Isolated total RNA was eluted in RNase-free water and was analyzed for con-
centration and purity using spectrophotometry (Take3, Gen5 software version 1.11.5, BioTek
Instruments Inc., Winooski, VT, USA). RNA integrity was verified using a 2% agarose gel
stained with SYBR Safe DNA gel stain (Invitrogen, Thermo Fisher Scientific, #533102) and
electrophoresis of bromophenol blue-labeled RNA aliquots at 100 V for 30 min in TAE
(Tris-acetate-EDTA) buffer. RNA bands were visualized by ultraviolet transillumination
using a ChemiDoc XRS+ system (Bio-Rad Laboratories, Mississauga, ON, Canada). Then,
0.5 ng of RNA was reverse transcribed into cDNA using an iScript cDNA synthesis kit
(Bio-Rad Laboratories, #1708891) and a Biometra TPersonal Combi Thermocycler (Analytik
Jena, Jena, Germany) according to the manufacturer’s protocol, and then stored at —20 °C
until further analysis. A total of 25 ng of cDNA was used for quantitative polymerase chain
reaction (qPCR) using TagMan Advanced Master Mix (Applied Biosystems, Thermo Fisher
Scientific, #444557). Samples were loaded into a Rotor-Gene 3000 real-time DNA detection
system with Rotor-Gene software (version 6.1.93, Corbett Research, Sydney, Australia).
The expression of angiogenic growth factors VEGF and PLGF was measured relative to an
endogenous control, GAPDH. Tagman gene expression assay probes labeled with 6-FAM (6-
carboxyfluorescein) fluorescent dye were used for the detection of VEGF (Hs00900055_m1),
PLGF (Hs00182176_m1), and GAPDH (Hs02786624_g1). The qPCR reaction was as follows:
hold at 50 °C for 2 min, then hold at 95 °C for 2 min, followed by 40 cycles consisting of
denaturing at 95 °C for 3 s and hold at 60 °C for 30 s. All qPCR reactions were performed in
duplicate with appropriate controls (no cDNA reverse transcriptase cDONA control and no
template qPCR control), and all experiments were conducted in triplicate. Corresponding
threshold cycle (CT) values were recorded, and relative gene expression was calculated us-
ing the 2-8ACT method [35]. Data from the target genes (VEGF and PLGF) were expressed
as a ratio to GAPDH gene expression for normalization. Gene expression values from PBS
control treatment conditions were considered as control.

2.8. b-hCG Assay

Cell culture supernatant collected from the gene expression analyses described above
were used to determine the effect of sEV treatment on b-hCG production in BeWo cells after
24 h of exposure using a DRG b-hCG ELISA kit (DRG International, #EIA-1911, Springfield,
NJ, USA) as per the manufacturer’s instructions. b-hCG concentration was normalized
to mg of total RNA isolated from the corresponding gene expression experiments and is
presented in mIU/mL.
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2.9. Statistical Analysis

All data are presented as mean =+ standard deviation (SD) from three independent
experiments. All statistical analyses and graphs were generated using GraphPad Prism
version 9.3 (GraphPad Software, La Jolla, CA, USA). A one-way ANOVA with Tukey’s post-
test (if applicable) was used to compare whether no treatment (PBS control) was different
from exposure to exercise-associated sEVs from pregnant and non-pregnant individuals.
The homogeneity assumption was confirmed by Levene’s test. Statistical significance was
considered when p < 0.05.

3. Results
3.1. Exercise-Associated sEVs Interact with BeWo Cells

We first examined whether circulating sEVs obtained from pregnant and non-pregnant in-
dividuals after a bout of acute moderate-intensity exercise could be found within trophoblast-
like cells in vitro. Representative images obtained by confocal microscopy show that PKH26-
labeled sEVs from both pregnant and non-pregnant individuals obtained post-exercise
localized within the cytoplasm of BeWo cells after overnight incubation (Figure 1).

Pregnant Non-pregnant

Vehicle control

Figure 1. Exercise-associated sEVs were found within BeWo cells in vitro. Representative confocal
microscopy images of BeWo cells after overnight (16 h) incubation with 2.5 pug/mL PKH26-labeled
sEVs from pregnant (A) and non-pregnant (B) plasma post-exercise. Panel (C) shows a representative
vehicle control image (PBS). Blue represents DAPI staining for nuclei, magenta depicts phalloidin
staining, and green shows PKH26-labeled sEVs. “Magenta” and “Green” lookup tables were used to
display phalloidin and sEV labeling, respectively. For each panel, orthogonal projections show the
XY (main image), YZ (right of main image), and XZ (top image) planes. All images were taken using
a 63x objective lens with oil immersion. Scale bar = 10 um for all images.
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3.2. BeWo Cell Proliferation Was Not Affected upon Exposure to Exercise-Associated sEV's

Immunostaining of the protein Ki67 was used to assess proliferation in BeWo cells
after 24 h incubation with exercise-associated sEVs. Ki67 is a widely used marker of
cell proliferation and has been used in the examination of trophoblast and BeWo cell
proliferation and phenotype [36]. Exposure to sEVs obtained from pregnant participants
and non-pregnant controls after exercise did not influence BeWo cell proliferation after 24
h when compared to vehicle treatment (PBS control) (Figure 2).

>

B

Pregnant Non-pregnant

Ki67/Dapi

PBS Ctrl

Ki67 fluorescence intensity
relative to nuclear area (A.U.)

Ki67/Dapi

Figure 2. Exercise-associated sEVs did not affect BeWo cell proliferation. There were no differences
in proliferation when no treatment (PBS Ctrl) was compared to treatment with exercise-associated
sEVs from pregnant and non-pregnant individuals (F = 0.469, p = 0.642) (A). Representative merged
fluorescence images of each condition (B) and a negative control (Neg Ctrl) where primary antibody
was omitted are shown, where blue depicts DAPI staining for nuclei and green shows Ki67 positive
signal. All experiments were conducted in triplicate, with sEVs obtained from #n = 3 pregnant and n =
3 non-pregnant participants, with corresponding PBS controls (1 = 5). Scale bar = 200 um. Neg ctrl,
negative control; PBS Ctrl, phosphate-buffered saline control.

3.3. Exposure to Plasma sEVs Did Not Alter the Gene Expression of Angiogenic Growth Factors in
BeWo Cells

We previously reported that maternal exercise was associated with differential ex-
pression of angiogenic proteins in the placenta of individuals categorized as physically
active vs. inactive during pregnancy [11]. We therefore determined whether exposure to
circulating exercise-associated sEVs from pregnant or non-pregnant individuals affected
gene expression of VEGF and PLGF in BeWo cells. Gene expression of both VEGF and PLGF
did not differ between treatment with PBS control vs. exercise-associated sEVs obtained
from both groups (F = 1.98, p = 0.200, and F = 0.726, p = 0.513, respectively) (Figure 3A,B).
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Figure 3. The effect of exercise-associated sEVs on relative gene expression of angiogenic growth
factors and b-hCG production in BeWo cells. Gene expression of VEGF (A) and PLGF (B) was not
altered upon exposure to circulating exercise-associated sEVs (10 pug/mL for 24 h) obtained from
pregnant and non-pregnant individuals compared to PBS control (PBS Ctrl) treatment (F = 1.98,
p =0.200, and F = 0.726, p = 0.513, respectively). (C) There were no differences in b-hCG cell media
levels when no treatment was compared to treatment with exercise-associated sEVs from pregnant
and non-pregnant participants (F = 0.885, p = 0.450). All experiments were conducted in triplicate,
with sEVs obtained from n = 3 pregnant and n = 3 non-pregnant participants, with corresponding
PBS controls (1 = 5).

3.4. Human Chorionic Gonadotropin Levels Were Not Affected upon Exposure to
Exercise-Associated sEV's

The hormone b-hCG is known to be produced and released from BeWo cells in vitro
in the process of syncytialization, an essential part of trophoblast differentiation and
function [37,38]. We examined the levels of b-hCG in cell media after incubation with
exercise-associated plasma sEVs from pregnant and non-pregnant participants. Exposure
to exercise-associated sEVs did not result in differing levels of b-hCG in cell media when
compared to no treatment (PBS control exposure) (F = 0.885, p = 0.450; Figure 3C).

4. Discussion
This study aimed to determine whether sEVs released after a single bout of acute
moderate-intensity exercise in pregnant individuals and respective non-pregnant controls
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can be internalized by cells modeling placental trophoblasts in vitro and alter their function.
We provide the first evidence that sEVs released after exercise into circulation could interact
with trophoblasts in vitro but do not alter traditional indices of trophoblast biology, includ-
ing proliferation, gene expression of angiogenic markers, or production of the pregnancy
hormone b-hCG. sEVs are postulated to be an important delivery mechanism in the adap-
tive response to exercise on a systemic level [18,19,39]. This study provides preliminary
evidence that may facilitate our understanding of how exercise is communicated from the
mother to the fetus during pregnancy via the maternal—fetal interface.

Central to the hypothesis that sSEVs communicate the benefits of exercise systemically is
their uptake into recipient tissues and cells, or surface interactions with activating receptors.
Exercise-associated sEVs from both pregnant and non-pregnant individuals were localized
within BeWo cells. Few studies have evaluated whether sEVs released into circulation in
response to exercise can be taken up by or interact with recipient cells. Notably, Whitham
etal. (2018) showed that fluorescently labeled EVs from mouse myoblasts could be localized
within mouse liver hepatocytes and that cargo of plasma EVs from exercising mice was
incorporated into mouse liver hepatocytes [18]. In the context of exercise training and
cardiomyocyte injury, PKH26-labeled EVs isolated from the plasma of exercising rats were
found to be internalized into cardiomyocytes in vitro after a 6 h incubation period [40].
In a study conducted by Just et al. (2020), sEVs released after acute blood flow-restricted
resistance exercise in healthy young men were localized within muscle stem cells and
fibro-adipogenic progenitor cells in vitro [41]. Our proof-of-concept experiments show
that exercise-associated sEVs can also interact with trophoblasts, specialized cells that are
in direct contact with maternal blood and constitute the maternal—fetal interface. Since
evidence suggests that EV uptake is not a passive process and involves a variety of energy-
requiring endocytic pathways (reviewed by [42]), we postulate that exercise-associated
sEVs may play a role in modifying trophoblast function in the context of maternal exercise.

Having observed that exercise-associated sEVs could interact with trophoblast-like
cells in vitro, we sought to investigate their potential impact on trophoblast physiology.
The secretion of b-hCG in cell culture media was investigated as a marker of BeWo cell
and trophoblast differentiation. Impaired trophoblast differentiation and fusion are seen
in pregnancy pathologies including pre-eclampsia [38], for which risk is mitigated by
regular engagement in physical activity during pregnancy [2]. The release of b-hCG was
not affected by exposure to exercise-associated sEVs from pregnant or non-pregnant in-
dividuals, nor was BeWo cell proliferation. Trophoblasts produce VEGF and PIGF to
promote branching and non-branching placental angiogenesis, respectively [43,44]. Given
that we previously reported differential expression of angiogenic growth factors VEGEF,
PIGEF, and their respective receptors in term placenta of individuals categorized physically
active or inactive [11], we aimed to determine whether gene expression of VEGF or PLGF
was affected by exercise-associated sEVs. Regardless of pregnancy status, exposure to
exercise-associated sEVs did not produce changes in VEGF or PLGF expression levels in
BeWo cells. Our observations differ from data in human umbilical vein endothelial cells
(HUVECs), where exposure to plasma sEVs isolated from pregnant and non-pregnant
individuals at resting conditions was found to increase endothelial cell migration similarly
to VEGF-induced migration [27]. It must be noted that Salomon et al. (2014) [27] used
a concentration of sEVs that was 10-fold higher than concentrations used to expose tro-
phoblasts in our study (i.e., 100 pg/mL vs. 10 pug/mL EV protein, respectively), and they
did not examine gene expression of VEGF.

Relatively few studies to date have determined the physiological impact of exercise-
associated sEVs on the biological functions of target cells, and none have been conducted
on trophoblasts or cells constituting the maternal-fetal interface. The majority of work
on the physiological consequences of exercise-associated sEVs involve animal models,
where their interactions have been shown to delay prostate cancer progression [45], provide
sustained cardioprotection [40], and elicit beneficial effects in ischemic stroke [46]. In
humans, sEVs obtained after blood flow-restricted resistance exercise in healthy men were
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found to increase the proliferation of fibro-adipogenic progenitor cells [41]. The lack of
biological impact on trophoblast biology demonstrated in the present study is likely due to
a variety of factors. The bioactivity of sEVs is largely dependent on their diverse biological
cargo, which is influenced by the cells of origin. Identifying the contents and origins
of exercise-associated sEVs in pregnant and non-pregnant participants was beyond the
scope of this preliminary study but represents a critical knowledge gap in this emerging
field. Characterization of the biological contents and cellular origins of exercise-associated
maternal sEVs will allow for the development of more targeted hypotheses regarding
assessments of trophoblastic function. Exercise training status may influence the biological
contents of exercise-associated sEVs, as Nair et al. (2020) reported that microRNA profiles
differed in circulating sEVs obtained from sedentary vs. active older men [47]. In the
present study, we were unable to objectively validate the habitual physical activity patterns
of the study participants. Future studies should examine whether exercise training or
chronic habitual exercise could alter the bioactivity of maternal sEVs, and evaluate their
potential impact on trophoblasts. Currently, there is inconsistent evidence to suggest
that exercise intensity or modality could affect SEV release and contents [19,48-50]. It is
unknown whether differing exercise intensities (i.e., moderate vs. vigorous intensity) could
impact sEV cargo, and whether a specific intensity or threshold is required to produce
functional changes in trophoblasts.

Our study presents some strengths and limitations. As noted by others, caution must
be exercised when extrapolating results obtained using transformed immortalized cell
lines, including BeWo choriocarcinoma cells, in the modeling of normal trophoblast popu-
lations [51-53]. In this case, while not an exact simulation of trophoblasts, readily available
and accessible BeWo cells provide invaluable insights into trophoblast function [52-54].
Future experiments deducing the potential function of sEVs in the context of maternal
exercise should employ primary human trophoblasts or trophoblast populations obtained
from the derivation and differentiation of trophoblast stem cells [55,56]. Another limi-
tation relates to pitfalls associated with physical-based sEV isolation methods including
differential ultracentrifugation. Lipoproteins have been reported to be isolated alongside
sEVs using physical-based isolation methods, leading to the contamination of sEV isolate
fractions [57,58]. Lipoproteins may also carry bioactive molecules such as miRNAs [59,60],
which may have introduced potential confounders in the current preliminary study. Future
studies should employ alternative sEV isolation methods (i.e., combinations of density
gradient centrifugation and size-exclusion chromatography) to minimize co-isolation of
contaminating non-sEV species. Further, co-isolated lipoproteins may compete with sEVs
upon labeling with lipid-anchored fluorophores, including PKH26 [61-63]. Therefore,
future investigations should characterize the extent to which samples may be contami-
nated with co-isolates that could result in the unintended labeling of non-sEV targets in
uptake studies.

A strength of the sEV localization analysis stems from the use of an Airyscan detector
in conjunction with confocal microscopy allowing for enhanced detection not available
in traditional confocal systems [64]. However, it is important to note that the confocal
imaging studies presented here are qualitative in nature. Another strength is the duration
and type of exercise selected for the representation of acute exercise during pregnancy. The
Canadian evidence-based physical activity guidelines throughout pregnancy recommend
individuals engage in a minimum of 150 min of moderate-intensity physical activity to
achieve benefits, within a recommended heart rate range based on age [1]. We therefore
intentionally designed a physiologically appropriate exercise session for pregnancy, while
the majority of studies to date on exercise-associated sEVs involve sustained vigorous-
intensity exercise until volitional exhaustion in men (reviewed by [19]). Low sample
size was a major limitation of our study, but herein we provide pilot data to support the
continued exploration of maternal exercise-associated sEVs and their potential impact on
placental function.
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5. Conclusions

In summary, our preliminary results show that exercise-associated sEVs could be
localized within trophoblast-like cells in vitro. Whether they can produce biological changes
sufficient to improve trophoblast biology or stimulate other intercellular signaling pathways
that may transmit signals to the fetus remain unknown. Since the placenta is primarily
responsible for maternal-fetal communication and fetal growth, further investigation is
warranted to determine the biological impact and mechanisms linking maternal sEVs to
the benefits sustained from engagement in exercise during pregnancy.
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Abstract: Extracellular Vesicles (EVs) are nano-sized double-lipid-membrane-bound structures, acting
mainly as signalling mediators between distant cells and, in particular, modulating the immune
response and inflammation of targeted cells. Milk and colostrum contain high amounts of EVs
that could be exploited as alternative natural systems in antimicrobial fighting. The aim of this
study is to evaluate cow colostrum-derived EVs (colosEVs) for their antimicrobial, anti-inflammatory
and immunomodulating effects in vitro to assess their suitability as natural antimicrobial agents
as a strategy to cope with the drug resistance problem. ColosEVs were evaluated on a model of
neonatal calf diarrhoea caused by Escherichia coli infection, a livestock disease where antibiotic therapy
often has poor results. Colostrum from Piedmontese cows was collected within 24 h of calving and
colosEVs were immediately isolated. IPEC-]2 cell line was pre-treated with colosEVs for 48 h and
then infected with EPEC/NTEC field strains for 2 h. Bacterial adherence and IPEC-]2 gene expression
analysis (RT-qPCR) of CXCLS8, DEFB1, DEFB4A, TLR4, TLR5, NFKB1, MYD88, CGAS, RIGI and STING
were evaluated. The colosEVs pre-treatment significantly reduced the ability of EPEC/NTEC strains
to adhere to cell surfaces (p = 0.006), suggesting a role of ColosEVs in modulating host-pathogen
interactions. Moreover, our results showed a significant decrease in TLR5 (p < 0.05), CGAS (p < 0.05)
and STING (p < 0.01) gene expression in cells that were pre-treated with ColosEVs and then infected,
thus highlighting a potential antimicrobial activity of ColosEVs. This is the first preliminarily study
investigating ColosEV immunomodulatory and anti-inflammatory effects on an in vitro model of
neonatal calf diarrhoea, showing its potential as a therapeutic and prophylactic tool.

Keywords: colostrum; Extracellular Vesicles; colibacillosis; coloEVs; antimicrobial

1. Introduction

Colostrum is the first unique nutrition source for the mammalian newborn, giving
nutritive elements and playing an important role in health protection and the development
of the immune system. Cow’s colostrum, compared with milk, is enriched in fat, proteins,
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peptides, non-protein nitrogen, ash, vitamins and minerals, hormones, growth factors,
cytokines and nucleotides, which influence metabolism, endocrine systems and the nutri-
tional state of neonatal calves. Moreover, it contains enzymes with antimicrobial functions
and immunoglobulins conferring passive immunity, and it stimulates the development
and function of the gastrointestinal tract [1]. The sophisticated signalling system of mater-
nal messages to promote postnatal health is also composed of transcription modulatory
elements, such as small RNAs, derived from various cell sources of the mammary gland
and present in different milk fractions (cells, lipids, and the skim milk) [2]. Small RNAs
can be found as free molecules or packed in vesicles that confer protection to these labile
molecules, allowing to overcome the harsh conditions of the gastrointestinal tract [3].

Extracellular Vesicles (EVs) are micro- and nano-sized phospholipidic double-layer-
enclosed systems, mainly functioning as message delivery vectors of molecules, such as
proteins, antigens, lipids, metabolites, RNAs and, as recently found, DNA fragments [4-6].
Being produced by all cell types, EVs can be taken-up by receiving cells, inducing the regula-
tion of biological processes though the molecular cargo delivery [7]. EVs can be classified as:
exosomes, released from the fusion of multi-vesicular bodies and cell membrane, generated
through the late endosomal pathway and characterized by the smallest size (30-150 nm);
microvesicles (ectosomes or shedding vesicles), released for exocytosis and ranging from
100 to 1000 nm; and the biggest apoptotic bodies (generally greater than 1000 nm) [5,7-11].
However, the impossibility to distinguish the different types merely on the basis of their
size induced the International Society of Extracellular Vesicles (ISEV) to adopt and suggest
the use of a size-based nomenclature, namely small, medium/large EVs and apoptotic
bodies [12]. Being released in the extracellular environment, EVs can be recovered from
every biological fluid, including milk (mEVs) and colostrum (colosEVs) [13-17].

The amount of EVs and dimension-based subtypes within colostrum /milk depend on
the lactation period, characterized by a dilution in the EVs concentration going through the
lactation stages and an enrichment in small EVs in colostrum [18]. The lactation stage also
influences the cargo composition and function, with colosEVs particularly characterized
by proteins and transcripts that could be related to the regulation of homeostasis and
the immune system at a protein—protein interaction functional analysis, although further
studies are needed to prove this hypothesis [19]. ColosEVs have been found to induce
apoptosis in cultured cells [20] and liver cancer cells and to decrease the gene expression
of inflammatory and angiogenetic genes [21]. Similar to bovine mEVs, colosEVs showed
a positive effect on inflammation and immune regulation in colitis [22] and were able to
shift the inflammatory process to the fibroblast proliferation, migration and endothelial
tube formation, accelerating wound recovery [23]. A role in shaping microbiota was
found for cow colosEVs, which correlates with bone remodelling and partial recovery in a
osteoporosis mouse model [24]. Bovine transcriptomic analysis shows differences between
the colosEVs of two breeds, thus highlighting variability among individual features and
the need for deeper investigations into these important natural signalling systems [25].

Neonatal calf diarrhoea represents a relevant livestock disease caused by different
types of Escherichia coli (E. coli), for which antibiotic therapy often has poor results due to
the high rates of multi- and extensively drug-resistant isolates [26,27]. To date, it represents
one of the major health challenges for livestock production, since it can lead to an increased
death rate and, subsequently, to serious economic losses [28]. In this context, colosEV fea-
tures can be exploited for alternative strategies in fighting infections, assisting or replacing
the action of conventional antimicrobials [29] when trying to cope with the multi-drug
resistance problem [30]. Antimicrobial properties have been found for EVs deriving from
different human cells but also from plant and animal products, such as honey [31-33]. This
study aimed to investigate the protective potential of colosEVs using an in vitro model of
neonatal calf diarrhoea. In detail, we evaluated the immunomodulatory, anti-inflammatory
and antimicrobial effects of ColosEV pre-treatment on porcine intestinal epithelial cells
(IPEC-]2) infected with wildtype E. coli isolates. According to previous studies, IPEC-]2 was
proven to be an effective in vitro model for investigating host—pathogen interactions [34]
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since it is able to express and produce cytokines, toll-like receptors (TLRs) and mucins [35].
By infecting ColosEV-pre-treated IPEC-]2 cells, we intended to highlight the effect of Colo-
sEV on bacterial adhesion and immune-related gene expression and, thus, to preliminarily
investigate the feasibility of ColosEV application as prophylaxis against infectious disease
in cattle herds.

2. Materials and Methods
2.1. Farm and Animals Selection

In order to minimize variables capable of influencing the EV composition (stress,
nutrition, genetics, age), selection criteria allowing to have a homogeneous study group
of cows were adopted. Five heifers (primiparous cows) were selected from a closed-cycle
farm consisting solely of Piedmontese cattle with the presence of newborn calves affected
by neonatal diarrhoea attributable to ETEC. Selected animals were fed in the pre-calving
period with a homogeneous diet.

2.2. Strains Isolation and Characterization

Following episodes of diarrhoea in new-born calves, stool samples and deceased
subjects were transferred to the laboratories for strain isolation. A total of 1 g of faeces was
diluted in 10 mL of buffered peptone water BPW (Biolife, Monza, Italy) and then submitted
to serial 10-fold dilution in the same medium until reaching the fifth dilution. The last three
dilutions were streaked by a 10 uL loop onto McConkey agar plates (MCK) (Microbiol,
Macchiareddu, Italy) and incubated overnight at 37 °C. Thirty suspected E. coli colonies
(relatively big, rounded, convex and pink colonies on purple-turned medium) were selected
from the three MCK plates, sub-cultured on blood agar plate (BA) and MCK, then incubated
overnight at 37 °C and 42 °C, respectively. Identification procedures based on growth on
MCK at 42 °C, indole production and Gram staining suggestive of E. coli were performed
before the preparation of six pooled samples with selected colonies. The pooled samples
were inactivated by heat and submitted to molecular test aimed to highlight presence
of some pathogenic factors specific for: enteropathogenic E. coli (EPEC) intimin-coding
gene (eae); ETEC adhesin (K99) and shigatoxin genes (STa, STb); and/or necrotoxigenic
E. coli (NTEC) cytotoxic necrotizing factor 1 (CNF1). Colonies selected for biomolecular
analyses were diluted in 200 puL of ultrapure water and subjected to DNA extraction by
thermal lysis (boiling for 15 min on heating mantle). The extracted DNA was subjected to
qualitative-quantitative analysis by BioSpectrometer® (Eppendorf, De). The determination
of eae presence was performed by a multiplex PCR according to ISO/TS 13136 [36], while
the identification of K99, STa and STb was carried out with a multiplex PCR described by
Casey et al. (2009) [37]. Moreover, CNF1 was detected in simplex PCR. Primers, amplicon
sizes and thermal profiles are summarized in Table S1. When the pooled samples gave
positive results for target pathogenic factors, the single colonies constituting the positive
pool [38] were submitted to the cited molecular test in order to confirm the results and
obtain the strain eligible for drug susceptibility test. Drug susceptibility was tested using
the minimum inhibitory concentrations (MICs) method according to the guidelines of the
Clinical and Laboratory Standards Institute (CLSI). Quality controls of the plates used
for MIC were performed according to the CLSI VETO01S supplement (CLSI, 2020) [39].
MIC breakpoints (expressed in ug/mL) were evaluated and interpretative criteria were
retrieved from both human (M100) [39] and veterinary CLSI Standards (VET08) [40] from
the European Committee on Antimicrobial Susceptibility Testing (EUCAST) [41] and from
the guidelines of the Committee for the Antibiotic Susceptibility testing of the Société
Frangaise de Microbiologie Comité de I’Antibiogramme (CA-SFM) [42] (Table S2).

Collected E.coli strains were used for further in vitro assays (see Sections 2.5.2 and 2.6).

2.3. Colostrum Collection and ColosEV Isolation

From each of the five heifers, three samples of colostrum collected within 24 h of
calving were pooled to reach a final quantity of 500 mL and stored at 4 °C for less than 24 h
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before processing, avoiding cryo-preservation to minimize artifacts. ColosEVs were isolated
by serial differential centrifugations (DC) and a step using ethylenediaminetetraacetic acid
tetrasodium salt dihydrate (EDTA) before an ultracentrifugation at 35,000x g for 1hat4 °C.
The resulted supernatant was submitted to ultracentrifugation at 200,000 x g for 90 min at
4 °C using a Beckman Coulter Optima L-100 XP with a 45 Ti rotor following the protocol
of Mecocci et al. [43]. Collected colosEV pellets were used for morphological analysis and
in vitro assays.

2.4. ColosEV Morphological Characterization
2.4.1. Western Blotting

To extract proteins, colosEVs were lysed in RIPA Buffer (25 mM Tris-HCI pH 7.6,
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). Total protein concentra-
tion was measured using Bradford assay. A quantity of 25 ug of total proteins were
separated using 12% T sodium dodecyl sulfate—polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes. Blotted membranes were saturated
and incubated overnight with primary antibodies against CD81 (1:500; Bioss Antibodies,
Woburn, MA, USA), TSG-101 (1:400, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
calnexin (1:400 sc-23954, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Anti-rabbit
HRP-conjugated IgG (1:3000, Cell Signaling Technology, Danvers, MA, USA) and anti-
mouse HRP-conjugated IgG (1:3000, Cell Signaling Technology) were used as secondary
antibody. Clarity Western ECL Substrate (Bio-Rad) was used to evidence protein bands,
and the images were acquired using a GS-800 imaging systems scanner (Bio-Rad, Hercules,
CA, USA).

2.4.2. Transmission Electron Microscopy (TEM)

Few drops of colosEV suspension were deposited on Parafilm. Formvar-coated copper
grids (Electron Microscopy Sciences) were gently placed on the drops with the coated
side towards the suspension and colosEVs were allowed to adhere to the grids for about
20 min. Grids were contrasted with 2% uranyl acetate for 5 min after being rinsed in PBS
and distilled water. The observation was performed using a Philips EM208 transmission
electron microscope equipped with a digital camera (University Centre of Electron and
Fluorescence Microscopy—CUMEF).

2.4.3. Nanoparticle Tracking Analysis (NTA)

A Malvern Panalytical NanoSight NS300 nanoparticle tracking analysis (NTA) system
(Malvern, Worcestershire, UK) was used to assess the concentration and size distribution
of isolated colosEVs. One colosEV pellet, derived approximately from 15 mL of colostrum,
was resuspended and diluted in filtered (0.22 um pore size) phosphate-buffered saline (PBS)
(Sigma, St. Louis, MO, USA) to be suitable for the NTA system’s working concentration
range, and five measurements were performed. Concentration and diameter results are
reported as mean =+ 1 standard error of the mean.

2.5. Cell Cultures

IPEC-]2 cells (porcine jejunal epithelial cells, IZSLER Cell Bank code BS CL 205) were
grown in a mixture (1:1) of Dulbecco’s Modified Eagle (DMEM) (Euroclone, Milan, Italy)
and Nutrient Mixture F-12 (F12) (Euroclone, Milan, Italy) enriched with 10% Fetal Bovine
Serum (FBS, GIBCO™, Thermofisher scientific, Milan, Italy), 1% L-glutamine solution
(Carlo Erba Reagents s.r.1., Milan, Italy) and 1% penicillin/streptomycin solution (Carlo
Erba Reagents s.r.l., Milan, Italy). We decided to use these cells because they spontaneously
secrete IL-8 and were previously employed in studies on bacterial and virus pathogenicity
and on the intestinal inflammatory response [44].
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2.5.1. Cell Viability Assay

Firstly, in order to determinate the most suitable vesicle concentration to be used for
the in vitro assay, we tested different colosEV quantities at scalar concentrations in terms
of protein weight (0.015 ug, 0.15 pg, 1.5 ug, 15 ug, 150 pug). A 2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay was performed according to the
manufacturer’s instructions (XTT Cell Viability Kit, Cell Signaling Technology Inc., Danvers,
MA, USA). In brief, IPEC-]2 cells were plated on a 96-well plate (100 uL per well, 0.1 x 10°)
in DMEM/F12 medium, 10% FBS, 1% L-glutamine and 1% penicillin/streptomycin and
incubated for 24 h at 37 °C until confluence. The day after, the 96-well plates’ seeding cells
were exposed to a scalar concentration of colosEVs and then incubated again for 48 h at 37
°C, 5% CO,. Untreated cells were used as controls. XTT assay was performed at selected
time points (24 h and 48 h). On the day of the assay, cell culture medium was removed
and replaced with 100 uL of fresh DMEM/F12 medium supplemented with XTT detection
solution (1:50). The plates were then incubated again at 37 °C, 5% CO; for 2 h, and the
absorbance was measured at 450 nm using a multimode microplate reader (Glomax®,
Promega™, Milan, Italy). This assay was performed three times for each colostrum at scalar
concentrations, setting up four technical replicas each.

2.5.2. ColosEV and E. coli Cell Treatments

Cells were seeded into 12-well culture plates (1 mL per well, 1.5 x 10° cells/mL),
as stated in Section 2.5, and exposed to 1.5 pg (protein weight) colosEVs, incubated at
37 °C, 5% CO,, After 48 h, 1 mL of E. coli suspension was added to the cultures and
incubated at 37 °C in 5% CO, for 2 h. For E. coli stimulation, a pool of two different E. coli
strains (EPEC, NTEC) was used. Briefly, bacteria were grown in brain heart infusion (BHI)
medium at 37 °C for 12-18 h. Subsequently, 200 pL of overnight cultures were inoculated
into fresh BHI and incubated for 1-2 h at 37 °C in order to obtain mid-log-phase cultures.
E. coli strains were pelleted and resuspended as 10® colony-forming units (CFU)/mL in
DMEM/F12, 1% L-glutamine solution.

At 2 h post-stimulation bacteria were removed and cell monolayers were gently
washed five times with DMEM/F12, 1% L-glutamine solution. Untreated cells were used
as control. The experiment was performed three times with three technical replicates each.

For each experiment, we have untreated cells (“Control” in the graphs), cells infected
with E. coli strains (“E. coli” in the graphs) and cells pre-treated with 1.5 pg (protein weight)
colosEVs and subsequently infected with E. coli (“E. coli + colosEVs” in the graphs).

2.6. Bacterial Adhesion Assay

For the experimental point reported in Section 2.5.2, cells were lysed by adding 200
uL of 1% Triton X-100 in PBS at room temperature for 5 min [44-46]. After cell lysis, 800 uL
of PBS was added to each well; the resulting cell suspension was vortexed, serially diluted
and seeded on Tryptone Bile X-GLUC (TBX) agar plates.

2.7. Gene Expression Assay

Cells of the experimental points reported in Section 2.5.2 were also tested for gene
expression. After removing supernatants, cells were washed three times and again incu-
bated in their medium for 3 h. Cells were lysed with 400 pL of RLT buffer (Qiagen, Hilden,
Germany) and, after incubation for 10 min at room temperature, they were collected and
stored at —80 °C until analysis. Untreated cells were used as controls.

Total RNA was extracted from IPEC-]2 cells using RNeasy Mini Kit (Qiagen s.r.1,
Milan, Italy) following manufacturer’s instructions and eluted in 50 pL of ultrapure RNase-
free water. RNA extracted was quantified through Qubit 3.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA).

From each sample, 250 ng of RNA was reverse-transcribed into cDNA, using iScript®
cDNASyntesis Kit (Bio-Rad, Milan, Italy). Real-time PCR amplification was performed on
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CFX96™ Real-Time System (Bio-Rad, Milan, Italy) in accordance to a protocol previously
described [47,48].

Primers of target and reference genes were derived from previous studies [49,50] or
designed according to the sequences available on the Primer-BLAST online design platform
(https:/ /www.ncbi.nlm.nih.gov/tools/primerblast/, accessed on 31 July 2021). Primer
pairs were placed in different exons or at exon—exon junctions to avoid biases due to
genomic DNA amplification. Specific primer pairs for the reference genome were verified
in silico using in silico PCR software (https:/ /genome.ucsc.edu/cgi-bin/hgPcr, accessed
on 31 December 2021) to confirm their specificity for targeting. Primer sequences of target
genes and gene reference are reported in Table 1.

Table 1. Primer set sequences for target genes and reference.

Gene Primer Sequences Amplicon Length Source

For—5'-TTCGATGCCAGTGCATAAATA -3/

CXCLs Rev—5/-CTGTACAACCTTCTGCACCCA-3' 175 [44]
For—5'-CGAGAGGAGCACGGATACCA-3'
NFKB1 Rev—5'-GCCCCGTGTAGCCATTGA-3' 61 [44]
Re For—5'-TGGCAGTTTCTGAGGAGTCATG-3' - m
Rev—5'-CCGCAGCAGGGACTTCTC-3'
RS For—5'-TCAAAGATCCTGACCATCACA— 3/ “ i)
Rev—5'-CCAGCTGTATCAGGGAGCTT-3
For-5'-AGTTGCCTGGGACTCCTCAA-3'
IENB Rev-5-CCTCAGGGACCTCGAAGTTCAT-3' 59 [44]
For—5'-CTGTTAGCTGCTTAAGGAATAAAGGC-3'
DEFB1 Rev—5'-TGCCACAGGTGCCGATCT-3' 80 [44]
For—5'-CCAGAGGTCCGACCACTA-3'
DEFB4A Rev—5'-GGTCCCTTCAATCCTGTT-3' 87 [44]
For—5'-TGGAGTGAAATGTTGCAGGAAAGA-3'
cGAS Rev—5'-GGGTCCTGGGTACAGACGTG-3 149 XM_013985148
For—5'-GCCTGCATCCATCCATCCCA-3'
STING Rev—5'-GCTGCTCTGGTACCTGGAGTG-3' 226 MK302493.1
For—5'-GAATCTGCACGCTTTCGGGG-3'
RIGI Rev—5'-CTGCACCTCATCGTCCCTA-3' 96 NM_213804.2
— 5/ Y
CAPDH For—5'-ATGGTGAAGGTCGGAGTGAA-3 o M 0012063591

Rev—5'-AGTGGAGGTCAATGAAGGGG -3/

2.8. Statystical Analysis

A Kolmogorov-Smirnov test was carried out to check Gaussian distributions in the
data sets concerning viability assay, gene expression and bacterial adhesion.

All the results failed the Kolmogorov-Smirnov test; therefore, statistically significant
differences were checked through the non-parametric Kruskal-Wallis test, followed by a
Dunn’s post hoc test for viability assay and gene expression. For the bacterial adhesion
assay, CFU data were converted into log10 values and a Student’s t-test was performed.
The significance threshold was set at p < 0.05 (Prism 5, GraphPad Software, GraphPad
Software Inc., San Diego, CA, USA).

3. Results
3.1. Strains Isolation and Characterization

Two different E. coli strains were isolated from stool samples. The strain n.1, which
resulted positive for the presence of the intimin-coding gene (eae), was identified as EPEC;
differently, the strain n.2 was classified as a chimeric NTEC since it resulted positive for
eae and the CFN1 gene (Table S3). Results obtained from antimicrobial characterization
through MIC are summarized in Table S4. Isolated E. coli strains were used for further
in vitro assays.
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3.2. ColosEV's Morphologic Characterization

The presence and purity of colosEVs in the pellet generated from the colostrum along
with the size range and shape assessment were determined, respectively, by Western
blotting and TEM. At TEM, colosEVs appeared rather homogeneous in shape. They ranged
from 30 to 120 nm and were single or arranged in aggregates. The absence of cell debris
and background confirmed the efficiency of purification procedure (Figure 1A,B). Western
blot assay proved the EVs presence, showing a positive reaction for Tumor Susceptibility
Gene 101 protein (TSG101) and Cluster of Differentiation 81 (CD81). One vesicle-negative
antigen, the calnexin, was used to evaluate the presence/absence of cellular contaminants
(Figure 1C). Based on the NTA data, the colosEV mean (£standard error) diameter was
177.4 + 2.4 nm (Figure 1D). The distribution of colosEV populations showed three main
picks at different diameters (110 nm, 172 nm and 253 nm) and a mode of 117.5 £ 5.3 nm
(D10 = 105.0 & 0.9 nm and D90 = 269.7 & 4.8 nm). NTA also determines nanoparticle
densities, reporting the mean concentration (particles/mL) (£standard deviation) of five
measurements after a pellet resuspension in 400 uL of PBS that resulted in 1.02 x 10'2
(£4.88 x 1019).
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Figure 1. Morphological characterization of isolated colosEVs: Transmission electron microscopy
low (A) and high (B) magnification micrographs showing single and clustered colosEVs indicated
by red arrows. Scale bar: A. 100 nm; B. 200 nm; (C) Western blot images obtained using Ab against
Tsg101 (Tumor Susceptibility Gene 101 protein) and CD81 (Cluster of Differentiation 81) that are both
mEV antigens and calnexin as negative cellular debris control of two colosEV samples (1 and 2); (D)
nanoparticle tracking analysis graph indicating colosEV size distribution.

3.3. Cell Viability

The IPEC-]2 cells cultured in 96-well plates and treated with scalar concentrations
of colosEVs (see Section 2.5.1) were analysed by measuring the absorbance at 450 nm
using a microplate reader. As shown in Figure 2, 150 ug (protein weight) colosEVs at 48 h
determined a significant reduction in cell viability with respect to controls (p < 0.0001). No
significant effect in terms of cell viability was observed at 24 h (Figure S1).
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Figure 2. Viability of IPEC-]2 after colosEVs exposure at 48 h. The different concentrations of colosEVs
did not determine a significant difference in terms of cell viability after 24 h (see Figure S1), whereas
150 pug colosEVs determined a significant reduction in IPEC]2 vitality at 48 h (p < 0.0001, indicated
by *** in the graph). Data are expressed as optical density (OD) + SD. Differences were evaluated
through the Kruskal-Wallis test and applying the post hoc Dunn’s multiple comparison test.

3.4. Gene Expression Assay

In order to determine the effect of colosEVs on cells infected with E. coli strains, we
compared IPECJ2 gene expression in E. coli-inflamed cells, pre-treated cells with 1.5 ug
colosEVs and then infected with E. coli and untreated ones (control). According to the
results obtained, a significant upregulation of CXCLS8 (p < 0.001), NFKB1 (p < 0.001), DEFB1
(p <0.001), DEFB4A (p < 0.001), RIGI (p < 0.01) and down-regulation of IFNB (p < 0.05) was
highlighted in E. coli-inflamed cells compared with control (Figure 3).
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Figure 3. Effect of 48 h +1.5 ug colosEVs on E. Coli-inflamed IPEC-]J2 cells. IPEC-]J2-tested conditions
were: inflamed (E. coli, pink), inflamed 1.5 pg colosEVs (E. coli + 1.5 ug colosEVs, light yellow),
untreated (control, dark yellow). Significant differences are reported with respect to infected cells
with E. coli. Differences were evaluated through the Kruskal-Wallis test and applying the post
hoc Dunn’s multiple comparison test. The asterisks indicate the statistical significance: * p < 0.05,
**p <0.01 and *** p < 0.001.
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Concerning cells pre-treated with colosEVs and then infected, our results highlighted a
significant decrease in TLR5 (p < 0.05), CGAS (p < 0.05) and STING (p < 0.01) gene expression
compared with E. coli-inflamed cells, while no significant modulation was proved for the
other tested genes (Figure 3).

3.5. Bacterial Adhesion

Since NTEC /EPEC strains are associated to neonatal calf diarrhoea in cattle [27], we
performed our in vitro bacterial adhesion assay by using previously isolated E. coli strains
(see Section 3.1). In detail, our aim was to investigate the ColosEV effect on host—pathogen
interactions and, more specifically, to evaluate if ColosEV pre-treatment could modulate
E. coli in vitro adhesion. Based on our results, the pools of strains under study were able
to adhere to IPEC]2 cells. Our results highlighted greater adhesion of E. coli strains on
untreated IPEC-J2 (7.5 4 0.06 SD log10 CFU/5 x 10°) compared with cells pre-treated with
1.5 pg colosEVs cells (7.3 £ 0.09 SD log10 CFU/5 x 10%) (p = 0.006) (Figure 4). In particular,
exposure to 1.5 ug colosEVs cells determined a decrease in bacterial adhesion of 0.2 log10
CFU/10° cells.
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M Untreated IPECJ2
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Figure 4. Adhesion of E. coli strains on 1.5 ug colosEVs pre-treated cells compared with untreated
ones. Data are expressed as log10 CFU of adherent, E. coli/5 x 10° cells and mean value of
3 experiments + 1 standard deviation. Differences were evaluated through the Student’s t-test.
The asterisks indicate the statistical significance: ** p < 0.01.

4. Discussion

In order to reduce the use of bactericidal and bacteriostatic chemotherapeutic agents
in animals, which is necessary to also fight the spread of antibiotic resistance in humans, an
increasing attention to research aimed at clarifying the mechanisms of action underlying
both innate and acquired immunity should be considered strategic, since there is a need to
obtain new tools capable of enhancing current prophylactic and therapeutic protocols.

Calf neonatal diarrhoea infections, caused by several strains of E. coli, are among the
livestock diseases where the use of chemotherapeutic agents is the most common treatment
practice [27,51]. However, antimicrobial-based therapeutic protocols achieve poor results
due to the widespread of antibiotic resistance; the immunization of the calves takes place
through the intake of colostrum and failure of transfer of passive immunity to the calf
entails a high risk of mortality.

This study provides insights into the interaction between pathogens-hosts and the
possibility to provide potential therapeutic and prophylactic support using colosEVs that
are known to contain a miRNA cargo capable of modifying the responses of the calf’s
innate immunity, as described by Hata and collaborators [52]. In this study, the presence
of RNA capable of modulating the early differentiation of lymphocytes and regulating
inflammatory processes was found for milk and, even more so, for colostrum EVs.

Our results evidenced how the cellular adhesion of E. coli induces modifications of
inflammation-related gene expression. Indeed CXCL8 and NFKB1 were significantly up-
regulated after bacterial incubation, while IFNB was down-regulated [53]. These data are
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in agreement with previous studies on E. coli infection. In particular, Tsai and co-workers
demonstrated that E. coli adhesion determines the increase in CXCLS§ expression by the
activation of MAPK and NF-kB pathways [54]. Our results highlighted the increased
expression of the RIGI gene, which is one of the molecules responsible for the transcription
factor NFKB1 pathway activation in E. coli infections [55]. E. coli infection also induces
the inhibition of IFN-f production, promoting inflammation and barrier disruption [56], a
condition that seems to be also established in our experiment.

Moreover, the E. coli adhesion of our model determines the up-regulation of DEFB1
and DEFB4A transcripts whose encoded proteins may function as important regulators of
host defence against exogenous pathogens. Indeed, these cationic antimicrobial peptides
have broad-spectrum antibacterial activity, inhibiting the growth of E. coli and modulating
the innate immune response [57].

Conversely, an antimicrobial reaction through the down-regulation of TLR5, CGAS and
STING genes was seen in E. coli-infected cells pre-treated with colosEVs. It is worth noting
that TLRS is the host molecule that recognizes E. coli flagellin and activates the immune
response [58]. Indeed, the E. coli infection modifies TLR5 distribution and increases its
presence on the cell surface through EPEC flagellum, translocation of effectors and intimate
adherence; in turn, the modulation of TLR5 leads the intimate adherence that alters the
proinflammatory response [59]. In our study, TLR5 was up-regulated after E. coli infection
as a consequence of both NFKB1 and CXCLS increases; furthermore, 48 h of colosEV
incubation significantly down-regulated TLR5, demonstrating the capabilities of these
vesicles to interact with the molecular mechanism behind the E. coli intimate adhesion.

Beyond TLR5 activation, innate cytosolic sensing of foreign nucleic acids represents
an important trigger of innate immune responses in several microbial infections. There
are mechanisms of crosstalk between the cytosolic RIG-1 and cGAS-STING nucleic acid-
sensing pathways that amplify the innate antimicrobial responses against both RNA and
DNA [60]. Indeed, a central regulator of cytosolic DNA sensing is cyclic GMP-AMP
(cGAMP) synthase (cGAS), and cGAMP binds to an essential cytosolic sensor stimulator
of interferon genes (STINGs). STINGs, moreover, antagonize RIG-1 by binding its N-
terminus, probably to avoid the overactivation of RIG-1 signalling and the associated
autoimmunity [61]. Nevertheless, most studies have focused on viruses’ infections, and
only a few studies evaluated the interaction between bacteria, especially E. coli. To date, the
cGAS-STING signalling pathway has emerged as a key mediator of inflammation in the
settings of infection, cellular stress and tissue damage, and has recently emerged as a nodal
player in immunity that is currently being explored as a potential therapeutic target [62].

In this contest, in our experimental study, CGAS and STING genes were up-regulated
after E. coli incubation, as expected, and, interestingly, down-regulated in cultures pre-
treated with colosEVs for 48 h and then infected. This suggests the colosEVs and the
molecular cargo may be inhibitors of the cGAS-STING pathway and therefore responsible
for the decreased bacterial adhesion observed in our experiments after vesicle treatment
(Figure 4). Nevertheless, epithelial cells participate actively in the innate immune response
in the gut. Thus, we may speculate that their stimulation, for example by the EV cargo,
might result in the generation of antibacterial bioactive molecules to eliminate E. coli. Our
findings are particularly relevant considering that recent studies have linked STING and
type I IFNs to necroptosis, a highly pro-inflammatory form of cell death [63,64]. The
down-regulation of this pathway by colosEVs suggests their anti-inflammatory activity.

Concerning host-pathogen interaction, as mentioned above, colosEV pre-treatment
determines the reduction in E. coli adhesion, probably due to the decrease in TLR5 expres-
sion and the down-regulation of the cGAS/STING pathway. In this way, we can speculate
that adhesion reduction could be due to the modulation of cellular receptor expression.
It is worth noting that the strains isolated in this study showed multi-antimicrobial resis-
tance; therefore, the evidence that colosEV treatment altered the host-pathogen interaction
suggests the possibility of using them as an alternative to antibiotic treatment.

124



Biomedicines 2022, 10, 3264

5. Conclusions

The results obtained from our study highlighted the capacity of colosEVs to modulate
host—pathogen interactions. In particular, our data showed a significant reduction in the
ability of E. coli to adhere to cells pre-treated with 1.5 pg colosEVs when compared with
untreated IPEC-]J2. Furthermore, a significant decrease in TLR5, CGAS and STING gene
expression was detected, suggesting that ColosEV molecular cargo could exert an antimi-
crobial activity by modulating the cGAS/STING pathway, a key player in inflammation,
tissue damage and cellular response. This is a preliminary but promising result that high-
lights a possible mechanism of action of the molecular cargo against microbial infections. It
represents a starting point for future studies to further evaluate the feasibility of colosEV
application as a natural antimicrobial agent to cope with the drug resistance problem.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10123264 /51, Figure S1: Viability of IPEC-]2 after 24 h
colosEVs exposure; Table S1: Primers, amplicon sizes and thermal profiles used for Multiplex and
Simplex PCR; Table S2: Classes of antibiotic drugs employed for antimicrobial characterization and
related clinical breakpoints; Table S3: Results obtained from Multiplex PCR and Simplex PCR; Table
S4: MIC values (ug/mL) and related SIR results of antimicrobial agents tested against E. coli strains.
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Abstract: The peripheral nervous system undergoes sufficient stress when affected by diabetic
conditions, chemotherapeutic drugs, and personal injury. Consequently, peripheral neuropathy
arises as the most common complication, leading to debilitating symptoms that significantly alter
the quality and way of life. The resulting chronic pain requires a treatment approach that does not
simply mask the accompanying symptoms but provides the necessary external environment and
neurotrophic factors that will effectively facilitate nerve regeneration. Under normal conditions, the
peripheral nervous system self-regenerates very slowly. The rate of progression is further hindered
by the development of fibrosis and scar tissue formation, which does not allow sufficient neurite
outgrowth to the target site. By incorporating scaffolding supplemented with secretome derived from
human mesenchymal stem cells, it is hypothesized that neurotrophic factors and cellular signaling
can facilitate the optimal microenvironment for nerve reinnervation. However, conventional methods
of secretory vesicle production are low yield, thus requiring improved methods to enhance paracrine
secretions. This report highlights the state-of-the-art methods of neuropathy treatment as well
as methods to optimize the clinical application of stem cells and derived secretory vesicles for
nerve regeneration.

Keywords: peripheral neuropathy; stem cells; extracellular vesicles; electrical stimulation; neurogenesis

1. Introduction

Communication between the central nervous system (CNS) and the peripheral ner-
vous system (PNS) is essential for successful operation of the human body [1,2]. This
crosstalk occurs via chemical cues translated as electrical signals [1,2]. During embryonic
development, localized neural crest stem cells invaginate to form the brain and the spinal
cord, which expand from the neural tube [3]. Later, neural crest stem cells migrate to the
dorsal region of the embryo, differentiate into a mesenchymal lineage of PNS derivatives,
and give rise to efferent (motor) and afferent (sensory) neurons [3]. Efferent neurons
receive signals relayed as motor function, whereas afferent neurons return sensory infor-
mation translated to chemical signals by the CNS [1,2]. For efficient communication, an
intricate network of nerve fibers or axons is required to transmit signals that ensure the
self-regulation of bodily systems, the collection of sensory information, and the execution
of motor function [1,2]. Axons within the spinal cord branch out and transmit signals from
the CNS to the peripheral regions [4]. An inhibitory or excitatory electrical impulse travels
through the dendrites to the cell body, then propagates down the axon to the synapse, where
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information is relayed to the target area [5]. The propagation of the electrical signal is due
to Schwann cells (SCs) forming protective segments of myelin sheath separated by nodes
of Ranvier to increase conductivity [4,6,7]. Axons within the PNS elongate throughout the
trunk and the upper and lower extremities, forming the somatic and autonomic nervous
system [1,4,8]. The somatic nervous system encompasses voluntary muscular functions
influenced by conscious decisions [1]. The autonomic nervous system governs involuntary
function including the regulation of survival instincts and functionality of the circulatory,
digestive, urinary, and reproductive systems [1,9]. Short-term and long-term trauma to the
PNS can be fatal, causing decreased function of autonomic systems, altered motor function,
inaccurate sensory input, and delayed sensory response from the CNS. When peripheral
nerves become damaged or diseased, communication with the CNS is disrupted, leading
to the most common neurological disease, peripheral neuropathy (PN) [10].

PN is estimated to affect approximately 8.8% of the world population by 2040, pri-
marily affecting older generations [11-14]. Those affected commonly experience muscular
atrophy, decreased sensation, mobility, balance, and coordination [13,15]. Other associated
symptoms include symmetrical pain, numbness, tingling, or burning sensations at the dis-
tal end of the upper and lower extremities [12,16]. As the PN and associated pain continue
to escalate, affected people will experience increased risk of further injury due to muscular
weakness, altered gait cycle, decreased joint movement and range of motion, and in the
worst-case scenario, complete paralysis [13,17,18]. Depending upon the injury mechanism,
the recommended treatment approach for superficial injuries encompasses noninvasive
therapy. Once the nerve gap surpasses tensionless reconstruction, stem cell-based therapies
can provide supportive growth factors to accelerate the natural healing process, potentially
replacing conventional invasive therapeutic methods [2]. The intervention of stem cells
can assist in maintaining the cellular microenvironment and supplementation of secretory
vesicles compacted with regenerative growth factors necessary for reinnervation [19,20].
Thus, understanding the interaction of stem cells with an injured nerve is crucial to suc-
cessfully manipulate the cellular microenvironment, avoiding unethical complications [21].
Therefore, further investigation into the mechanisms guiding the regenerative influence
of stem cells and the increased production of secretory vesicles will effectively manage
chronic pain and treat neuropathy [22].

2. Mechanisms of Peripheral Neuropathies

Understanding the diverse etiology behind PN is beneficial to developing appropriate
diagnoses and courses of treatment [10]. The accurate identification of the specific condition
that attributes to neuropathy is difficult due to a variety of methods used in the diagnosis
and classification of origin [15]. Accounting for less than 30%, patients with idiopathic
neuropathy are diagnosed without an established mechanism of injury [12,13,23]. Based on
diagnosis, neuropathic symptoms are attributed to genetic or developed acquisition, axonal,
or demyelinated degeneration and acute or chronic injury progression [12]. According to
the method of nerve degeneration, PN can present in several forms such as distal symmetric
neuropathy (DSN), sensory neuropathy (SN), and autonomic neuropathy (AN) [10,12].

DSN, also known as length-dependent neuropathy, originates in the most distal por-
tion of the lower extremities and progresses symmetrically to more proximal regions of
the body [24]. On the other hand, SN negatively affects proprioception, which reduces
thermal and pain sensibility in the upper extremities and more proximal regions, eventually
causing complete loss of sensation in the lower and more distal extremities [24]. Finally, AN
affects the sympathetic and parasympathetic nervous systems, leading to the neurological
dysfunction of one or more organ system [25]. Alongside an in-depth diagnostic workup,
the various symptoms of each form of neuropathy can be utilized to identify the underlying
cause [10]. To complete a diagnostic evaluation, patient history, neurological examination,
assessment of symptom distribution, and further laboratory testing are required to cate-
gorize symptoms in preestablished clinical patterns [10]. However, multiple etiologies of
neuropathy can be active at once, highlighting the importance of early diagnosis, optimal
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treatment, and preventative measures to further decrease the occurrence of PN [10]. Within
this section, the most prevalent mechanisms of PN are summarized and the specific forms
and symptoms of neuropathy are detailed.

2.1. Diabetic Peripheral Neuropathy

Diabetes is prevalent in 6.4% of the worldwide population and is estimated to im-
pact 439 million individuals by 2030 [12,26]. Of all the diabetic patients, 30-50% suffer
from diabetic peripheral neuropathy (DPN). Type 1 and type 2 diabetes results from the
downregulation of insulin production and absorption, respectively, which disrupts glucose
regulation [27]. High levels of glucose in the vasculature affect cellular metabolism and
energy production in peripheral nerves, ultimately leading to DPN [14,26,28,29]. Typi-
cally, cellular respiration via glucose phosphorylation and glycolysis pathways provides a
mechanism of transporting electrons when converting between the oxidative nicotinamide
adenine dinucleotide (NAD+) and reductive nicotinamide adenine dinucleotide (NADH)
to produce adenosine triphosphate (ATP) in the mitochondria [27,30-32]. However, excess
glucose promotes an excess supply of NADH, leading to imbalanced NADH/NAD+ redox
signaling [30,32].

This imbalanced environment increases reactive oxygen species (ROS), negatively
affecting mitochondrial metabolism and respiration and insulin insufficiency [27,33-36].
Huang et al. investigated the correlation between hyperglycemia and mitochondrial dys-
function concerning neurodegeneration in streptozotocin (STZ)-diabetic rats [34]. As the
concentration of glucose increases and insulin uptake decreases, glycolysis discontinues, re-
sulting in ATP depletion, uncontrolled oxidative stress, the downregulation of neurotrophic
factors, decreased neurite outgrowth, and the induction of PN [27,30,34,37,38]. As repre-
sented in Table 1, DPN is categorized into five major categories based on the type of nerve
affected or where that effect occurs.

Table 1. Various types of diabetic neuropathy categorized into five major categories.

Form of DPN Description Reference
Focal Affecting 1 ora singular group of nerves [39]
(i.e., carpal tunnel).
Multifocal Peripheral Length-dependent motor/ [24]
Neuropathy sensory neuropathy.
Autonomic Loss of involuntary bodily function. [40]
Diabetic Amyotrophy Unilateral or bilateral pain and sensory 'loss
. and muscular atrophy in quadriceps, hips, [24]
(Proximal Neuropathy) .
and gluteus maximus.
Idiopathic Neuropathy Undetermined etiology of neuropathy. [41]

Prevalent in more than 80% of patients affected by DPN, length-dependent neuropa-
thy is the most common, typically described as chronic and symmetrically distributed
pain, affecting first, more minor, then larger nerves until numb [14,23,24,42,43]. Focal
and multifocal diabetic neuropathies such as oculomotor dysfunction and carpal tunnel
are atypical, affecting a singular or small bundle of nerves within the cranial, trunk, or
limb regions [14,42,44-46]. AN mediates the dysfunction of the urinary, reproductive,
gastrointestinal, and cardiac systems, prevalent in less than 65% of both type I and type
II diabetics [14,23,47,48]. Finally, diabetic amyotrophy presents as acute anterior burning
when touched, pain, and muscular weakness in the quadriceps with spontaneous improve-
ment after months of deterioration [42]. Diabetic neuropathy affects everyone differently,
causing neurodegeneration in various forms within the central and peripheral nervous
systems [49]. The variation in injury distribution directs treatment toward eliminating the
underlying condition and managing developing symptoms [50].
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Consequently, the development of chronic diabetic sensory and autonomic neuropa-
thy affects the individual’s overall health and finances. DPN requires therapeutic and
financial support to adequately manage the emotional, social, and mental health burdens
of diabetes and DPN [38,51,52]. Poor adjustment to lifestyle changes necessary to maintain
glycemic and psychological control can result in blindness, kidney failure, amputations,
and increased risk of anxiety and depression [14,53,54]. To assist, appointments with
health care providers and medical specialists, equipment, medication, and living assistance
accumulates costly societal and direct expenses [14,55]. In the United Kingdom, DPN
has been estimated to cost approximately $£18 billion in direct and £25 billion in indirect
societal costs by 2035 [56,57]. Individually, DPN patients spend between $9632 and $24,702
annually, depending upon the form of neuropathy and severity of their condition [14,58].

2.2. Chemotherapy-Induced Peripheral Neuropathy

Cancerous cells are treated with antineoplastic agents that despite optimizing patient
survival, introduce life-threatening side effects that can hinder a healthy physical and
psychological way of life [59,60]. Depending on the type of chemotherapy, dosage, and
duration of treatment, approximately 40% of patients experience chemotherapy-induced
peripheral neuropathy (CIPN) [59,60]. CIPN includes progressive length-dependent senso-
rimotor and autonomic neuropathies caused by prescribed neurotoxic drugs. Chemother-
apy is an individualized course of treatment that works to eliminate malignant tumors
but also plagues the body with chronic toxicity and compromised immunity [60-62]. It is
required that oncologists consider pre-existing conditions and the drug’s unpredictable
side effects to prevent cancer remission [63,64]. Unfortunately, the utilized drugs are not
target-specific [65,66]. Both malignant and healthy cells are inhibited once exposed to the
maximum tolerated dose capable of reducing uncontrolled proliferation [67,68]. Although
there is a reduction in cancerous agents, the side effect of CIPN becomes more prevalent
due to the type, dosage, and administration of the drugs, especially in patients with pre-
existing conditions [64,69]. The drugs used to treat various types of cancer include platinum
compounds, taxanes, vinca alkaloids, immunomodulators, and proteosome inhibitors, as
summarized in Table 2. As a result, patients experience hair loss, bone marrow toxicity,
immunosuppression, decreased appetite, and induced nausea and vomiting [65,70,71].

Table 2. Description of the five types of drugs used when treating cancerous agents.

Drug

Treated Condition

CIPN Pathogenesis

Platinum Compounds

Tumors in cranium, digestive, urinary,
respiratory, and reproductive systems.

Mitochondrial dysfunction.
Increased oxidative stress.
Voltage-gated K* and Na* hyperactivity.

Taxanes

Tumors in breast, ovaries, prostate, lungs,

Mitochondrial dysfunction.
Increased oxidative stress.
Voltage-gated K* and Na* hyperactivity.

and bladder. Altered functionality of skin-based receptors

(AB, C, and Ab nerve fibers).

. . Tumors in k1d.r1eys, h\{er, lungs, brea.st, and brain. Mitochondrial dysfunction.

Vinca Alkaloids Hematological malignancies, testicular, and . .
Microtubule function inhibition.
non-small cell lung cancer.
Inhibition of growth factors (VEGF, TNF-«,
Example: thalidomide. MM, glioblastoma, NF-kB, b-FGF).
Immunomodulators

breast, and prostate cancer.

ROS activation.
Induced hypoxia and ischemia.

Proteosome Inhibitors

Example: bortezomib. Progressive, relapsed, or
refractory MM.

Mitochondrial dysfunction.
Increased oxidative stress.
Increased apoptosis via release of Ca’* in
endoplasmic reticulum.
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Chemotherapeutic agents affect fundamental cellular processes including axonal
transport, mitosis, cellular movement, and the management of metabolic and oxidative
stress [67,68,72-74]. Cellular communication is possible through the release of neurotrans-
mitters to the presynaptic terminal. Microtubules transport the chemicals along the axon
to the presynaptic terminal, which are then secreted as vesicles to receptors in the post-
synaptic membrane [1,75,76]. The action potential depolarizes the cellular membrane to
activate voltage-gated ion channels that release neurotransmitters via exocytosis [75,77,78].
Neurotransmitter receptors, located in the membrane of the postsynaptic neuron, receive
inhibitory or excitatory chemicals via endocytosis to process sensory information and
generate muscular contraction [79,80]. Platinum compounds, taxanes, and vinca alkaloids
disrupt microtubule function in axonal transport as well as cellular division and homeo-
static regulation [74,81-83]. Under oxidative stress, microtubules initiate the release of in-
flammatory cytokines, directly effecting signaling pathways such as the mitogen-activated
protein kinase (MAPK), regulated by stress-activated C-Jun N-terminal kinase (JNK) and
p38 MAPK [67,73,81,82,84-86]. MAPK pathways respond to external stimulus that influ-
ences cellular function such as proliferation, differentiation, and senescence [85-87]. The
activation of JNKs are the result of MAPK phosphorylation, further influencing cellular
growth, death, and survival [88]. Lower levels of p38 MAPK are closely related to the
autophagy of damaged organelles, playing an active role in cellular survival by tending
to homeostatic functions [84]. Chemotherapeutic agents rely on the hyperactivation of
p38 MAPK to inhibit cellular growth and activate genotoxic stress-induced apoptosis by
disrupting spindle assembly within mitosis [84,85,87]. Neurotoxic agents that promote
microtubule dysfunction and the disruption of homeostatic cellular signaling cause CIPN
since the chemical cues, proteins, and nutrients required for nerve communication are
inhibited [89,90].

2.3. Peripheral Neuropathy via Physical Injury

Physical injury to the nerve instantaneously alters the quality of life of those affected.
Trauma to the PNS includes repetitive physical movements, the mechanical deformation of
nerves, lacerations, and ischemia [91,92]. Complete recovery from such trauma depends on
the severity of the injury. According to the Seddon and Sunderland classification systems,
peripheral nerve injuries are divided into five categories [92,93]. To further understand
how various degrees of injury are organized, the structural composition of the nerve is
shown in Figure 1.

Epineurium

Fascicle

Myelin Sheath
Nodes of Ranvier

Endoneurium
Perineurium

Figure 1. Structural representation of the nerve in PNS.

The epineurium composes the outermost layer of connective tissue, grouping together
all fascicles of one peripheral nerve [94]. A bundle of nerve fibers forms a fascicle, sur-
rounded by the perineurium, which protects the nerve by providing it with tensile strength
and elasticity [95-98]. Each myelinated nerve fiber is surrounded by the endoneurium,
maintaining fluidic pressure between the endoneurial space and the surrounding envi-
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ronment [93,96,99-102]. Beneath the endoneurium, SCs form a nutritional and protective
layer of myelin sheath around the axon [101-103]. The axon conducts an action potential
from the cell body to the nerve terminal, modulating the release of neurotransmitters [104].
Between each segment of myelin, nodes of Ranvier propagate the transmission of electri-
cal impulses between nerves [101-103]. Once the myelin sheath is damaged, the rate of
electrical transmission decreases, often diagnosed as a form of PN [103].

Peripheral nerve injuries are classified into three primary categories by Seddon and
further defined by severity by Sunderland, as shown in Figure 2. Seddon’s method of
classification developed from observed nerve injuries during World War I, focusing on
conduction blocks, loss of axon continuity, and complete nerve transection [105,106]. How-
ever, Sunderland’s focused on the histological structure of each injury [105]. Seddon first
defines neuropraxia as the mildest form of nerve injury caused by blockage or compres-
sion [93,107]. Neuropraxias are equivalent to Sunderland’s description of first-degree
injuries [92,98,99]. First-degree injuries primarily block the transmission of electrical
impulses without permitting further injury to the axon. Seddon defines axonotmesis,
which is the severity of the axon, endoneurium, and perineurium, with little effect on
the epineurium [92,99,106,108,109]. Sutherland further describes axonotmesis as second-
and third-degree injuries [105,110]. Within second-degree injuries, the axon experiences
discontinuity, but the endoneurium and perineurium are still intact [2,98,105,111]. Third-
degree injuries damage the axon and endoneurium; however, the perineurium is com-
plete [105,106,110]. This process is attributable to the SC release of cellular signals and
the recruitment of macrophages to engulf axonal and myelin debris and begin regenera-
tion [112-115]. Seddon then defines neurotmesis, which is the loss of anatomical continuity
within the three layers surrounding the axon [93,109]. In this case, the event of axonal
regeneration without intervention is rare [93]. Sunderland describes neurotmesis as fourth-
and fifth-degree injuries. Within a fourth-degree injury, the axon, endoneurium, and
perineurium are discontinuous, but the epineurium, the outermost layer, is intact [2,110].
Without the guidance of the endoneurium and perineurium, the regenerating axons return
unorganized and are constricted by the development of fibrosis and scar tissue blocks.
Finally, fifth-degree injuries describe the complete severance of the nerve, requiring medical
interventions to treat [92,105,106,108,110].

Epineurium
Perineurium
Endoneurium

Healthy Nerve

Nodes of Ranvier
Axon
Myelin sheath

Neurapraxia

Axonotmesis

;; a ié Neurotmesis ’E

Figure 2. Classification of peripheral nerve injuries.
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Beyond third-degree injuries, nerve regeneration becomes increasingly difficult due
to impaired axon recovery. Minimal interventions are necessary for complete axon rein-
nervation with returned functionality to treat first- and second-degree injuries [93,109].
When the injury is substantial enough to damage the perineurium or introduce a nerve
gap, surgical and noninvasive treatment methods are practiced to manage symptoms and
promote nerve regeneration [108].

2.4. Pathophysiology of Axonal Injury

To maintain neurons distant from the cell body to the synaptic terminal, dynein and
kinesin motors actively transport intracellular cargo along axonal microtubules within the
cytoskeleton [116,117]. The transport components include secretory membrane vesicles,
essential organelles (mitochondria, lysosomes, and lipids), and messenger ribonucleic acid
(mRNA) to maintain cellular polarity and migration [118-120]. Following axonotmesis,
Wallerian degeneration (WD) occurs at the distal end, causing the axon to self-degenerate
in preparation for reinnervation [2,7,121,122]. However, with the discovery of the Wallerian
degeneration slow (Wlds) gene mutation in mice, axonal degradation is recognized as an
active process [123,124].

Molecular homeostasis of the cellular environment is maintained by the neuropro-
tective properties of nicotinamide mononucleotide adenylyltransferase (NMNAT) and
the NAD+ regulation of gene expression and metabolic and signaling processes [125-127].
NAD-+ serves as an essential catalyst for enzymes that regulate energy metabolism, the
management of ROS, and overall health of the cell [126,127]. The biosynthesis of NAD+
occurs in three primary pathways with varied precursors requiring several steps for syn-
thesis [128]. The Preiss-Handler pathway converts nicotinic acid (NA) into NAD+ in three
steps [126,128,129]. The de novo pathway synthesizes tryptophan (Trp) in 10 steps [126,128,129].
Finally, the salvage pathway can occur in a 2-step process with either nicotinamide (NAM)
or nicotinamide riboside (NR) [126,128-130].

The disrupted production of NAD+ is primarily associated with decreased phys-
iological and metabolic functions associated with age and the progression of neurode-
generative diseases, presenting a similar inflammatory response when an axonal injury
occurs [131,132]. Demonstrated by metabolic flux analysis, Sasaki et al. concluded that
axon fragmentation is induced when sterile alpha and toll/interleukin-1 receptor motif-
containing 1 (SARM1) activates an increase in NAD+ synthesis until depletion due to the
discontinuation of NMNAT2 [133]. Once NAD+ is consumed by SRAM1 via MAPK signal-
ing, the decreased supply of ATP further expedites WD [134]. However, the overexpression
of NMNAT or nicotinamide mononucleotide (NMN) de-amidase halts SARM1 activation,
proving neuroprotective abilities following injury [133].

To facilitate the microenvironment for regeneration, subsets of glial cells such as SCs,
astrocytes, microglia, and neural progenitor cells promote migration accuracy [135]. Via
axo—glial interaction, c-Jun and notch transcription factors within the MAPK kinase extracel-
lular signaling regulation pathway (MEK/ERK) promote the upregulation of transforming
growth factor-beta 1 (TGF-f31) and growth factor secretion in repairing SCs (rSCs) [20,136].
As the rSCs develop uninterrupted alignment, the growth of Biingner bands are direc-
tionally influenced for successful reinnervation [2,20,137]. This guidance is provided by
the influence of macrophages, fibroblasts, and SCs toward self-renewal [2]. Macrophages
secrete cytokines of two different phenotypes, pro-inflammatory (M1) or anti-inflammatory
(M2), further divided into four subsets (M2a, M2b, M2c, M2d) [138,139]. The fluctuating
levels of M1 and M2 macrophages influence the migration, proliferation, and secretion
patterns of SCs at the site of injury [138]. Until the fourth day post injury, M1 macrophages
engulf fragmented axons and myelin debris during WD [2,138,140,141]. Following the first
phase of regeneration, M1 macrophages are polarized to subsets of M2 macrophages to
further promote immunoregulation, tissue repair and remodeling, and long-distance axonal
growth [138,139]. As treatment progresses, hypoxic conditions promote M2d secretion of
vascular endothelial growth factor (VEGF) to extend blood vessels across gaps between

135



Biomedicines 2024, 12, 489

nerve segments [138,140,142,143]. The regrown vasculature serves as guidance for bands
of Blingner to the target endoneurial tubes [19,138,140,142]. However, the probability of
connection without growth misdirection is slim [144]. Uncontrolled branching of growing
axons leads to misdirection from the target site [7]. The accumulation of dense scar tissue
and fibrosis resulting from fibroblast proliferation flares up inflammation, distracts axonal
regeneration, and endoneurial tube reinnervation [2].

3. Approaches to Peripheral Nerve Injury Treatment

The PNS is capable of self-regenerating at a rate of ~1 mm/day [2,7,20,92,98]. Grade 1
and 2 injuries will heal within a few months without assistance [2,7,98]. However, injuries
of a high caliber that traumatize the axon and surrounding connective tissue require
medical interventions to promote remyelination and active healing [93]. Prior to medical
interventions, the primary goal of diagnosis and treatment is to mitigate the underlying
mechanism of injury [138,139]. DPN and CIPN progressively alter the external environment
encompassing the nerve. To halt neuropathy progression and ensure treatment to the nerve
is not reversed, the elimination of toxic medication and nutritional deficiency is the goal.
Within personal injuries, the nerve trauma is more instantaneous, leading to a noninvasive
therapeutic approach or surgical procedure that will guide regeneration [2].

Noninvasive strategies that promote remyelination include over-the-skin electrical
stimulation, steroid hormone therapy, and pharmacological agents. Once a nerve expe-
riences interrupted stimulation to the neuromuscular junction, the release of neurotrans-
mitters for muscular contraction is halted [145]. Therefore, voluntary and involuntary
muscular contractions are impaired, increasing neuropathic symptoms [146]. To alleviate
pain and improve neuromuscular activity, the PNS is exposed to transcutaneous electrical
nerve stimulation (TENS) [147,148]. Electrodes are placed over the skin to stimulate the
nerve and induce muscle contraction [145]. The stimulation is modified between high
(>80 Hz) or low (<10 Hz) frequency, duration, and intensity depending upon the sever-
ity of neuropathic pain (NP) [147,149,150]. As a result, the clinical application of TENS
increases blood circulation and axonal transport, decreases inflammation, and reinnervates
muscle and nerve fibers [150,151]. Although TENS can alleviate NP, research supporting
the influence of TENS in nerve regeneration is limited [152]. In a separate study, TENS has
also been observed to reduce the axon count, disorganize cellular arrangement within the
tissue, and negatively affect the remaining nerves at the injury site [2]. Externally applied
stimuli hinder morphological development in nerve regeneration but positively effect
sensory-motor function [152]. Hormonal steroids influence the regulation of physiological
functions within the CNS and PNS [153]. These steroids modulate pain sensitivity while
providing neuroprotection and the maintenance of SC myelination when PNS nerve injury
occurs [153-155]. The utilization of estradiol in neuropathy management treatment directs
functional improvement and the regeneration of injured peripheral nerves [156]. In a
study by Calabrese et al., animals experiencing pain caused by DPN were treated with
testosterone metabolites [157]. DPN induces the expression of toll-like receptor member 4
(TLR4), which increases the production of inflammatory cytokines causing NP [157,158].
Once treated with testosterone metabolites, 3x-diol and dihydrotestosterone (DHT), pro
anti-inflammatory cytokines were counteracted, increasing the analgesic properties [157].

The pharmacological treatment of NP is focused on the management and relief of
symptoms [159,160]. Commonly, the combination of anti-depressants, anti-convulsant,
opioids, and natural products work to reduce the perception of pain resulting from neu-
ral hyperexcitation [159,160]. First-line drugs such as tricyclic antidepressants, lidocaine,
phenytoin, and capsaicin inhibit the transduction of voltage-gated channels, ligand-gated
channels, G protein-coupled receptors (GPCRs), and gamma-aminobutyric acid (GABA)
receptors [161]. Natural components including omega-3, curcumin, berberine, lycopene,
and naringin possess anti-inflammatory properties by inhibiting the expression of injury-
induced chemokines and cytokines [161]. Second- and third-line drugs such as opioids
also reduce NP, however, adverse side effects and a high dosage required for effective treat-
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ment discourages usage [161]. Once treated with natural or synthetically derived drugs,
patients commonly experience a placebo effect or a euphoric relief from pain, without
treating the original mechanism [159,160]. Alternatively, topical agents such as tacrolimus
(FK506), hyaluronic acid (HA), melatonin, lidocaine, and vitamin B12 actively support
the alleviation of NP [147]. Tarcolimus (FK506) counteracts neurotoxicity by increasing
the expression of growth-associated protein 43 (GAP-43), known for neuronal plasticity
and regeneration [162,163]. HA is naturally found in the extracellular matrix composi-
tion, stimulating cluster of differentiation 44 (CD44) expression following a traumatic
nerve injury [164,165]. HA can provide a suitable environment for nerve regeneration
and recovery when topically administered [165]. Lidocaine targets the mechanism of neu-
rotransmitter release, inhibiting the generation of an action potential required for nerve
signal conductance [147]. Finally, vitamin B12 promotes myelination and upregulates gene
transcription factors for nerve regeneration and pain management [166]. However, this
approach to treatment is passive, lacking specificity to the various types of neuropathies
and accompanying symptoms [147,159].

Invasive techniques used to treat severe nerve injuries include nerve graft, allograft,
nerve transfer, and conduits. The U.S. Food and Drug Administration (FDA) has approved
conduits that are primarily constructed with collagen or hyaluronic acid hydrogels, or
synthesized with poly-glycolic acid (PGA), polycaprolactone (PCL), and polyvinyl acetate
(PVA), effectively re-establishing functionality (Table 3) [167]. In vitro and rodent-based
trials (in vivo) have occurred with a combination of natural and synthetic materials, explor-
ing manufacturing techniques for nerve injury treatment. Standard fabrication methods
include dip coating, solvent casting, freeze-drying, micro-patterning, and additive man-
ufacturing [168]. The dip coating, solvent casting, and freeze-drying methods produce
conduits with varying sizes and connectivity of pores, decreasing the transfer of nutrients
and metabolic waste [168]. With electrospinning and micropatterning, the fiber network
resembles the extracellular matrix (ECM) and allows for the strategic alignment of growing
axons; however, low reproducibility is a disadvantage [168]. Finally, additive manufactur-
ing is highly reproducible and can control specific morphological features depending on
the printing method and material used [168].

Table 3. Beneficial properties of each protein within the ECM.

Protein Properties Benefit to Neural Regeneration Reference
Highly elastic. water- Promotes cellular adhesion, proliferation, stem
Elastin g1y ! . cell differentiation, the release of growth factors, [169]
soluble, hydrophobic. .
drug delivery.
Produces fibrin . . . .
Fibrinogen network, composed of Facilitate stem cell proliferation, adhesion, [170]

polypeptide chains and differentiation.

Basement membrane. Facilitate
Laminin Abundant in native ECM. cellular attachment, differentiation, and [171,172]
neurite outgrowth.

Promotes oxygen and permeability. Biodegradable.

Silk Naturally occurring in ECM. Supports SC and neuron growth and attachment. [173,174]
Collagen Abundant in native ECM. Fibroblast prohferafclpn, angiogenesis, regulation of [175,176]
pro- and anti-inflammatory response.
Maintains ECM, regulates binding proteins in
. . Abundant in embryonic tissue cellular adhesion, proliferation,
Hyaluronic Acid and ECM. pro/anti-inflammatory response depending on (1771

molecular weight.

Protein-based hydrogels and synthetic conduits are engineered with varied concentra-
tions of crosslinking agents to influence the biophysical and biochemical cues that promote
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cellular proliferation, the secretion of ECM components from seeded SCs, and the orga-
nization of regrowing axons [169,178,179]. Adjusting the crosslinking agent allows for
the effective treatment of severe injuries of a significant distance and large diameter [169].
Biophysical properties such as the porosity, stiffness, degradation, and biochemical com-
munication between protein binding sites and proliferating cells ensure nutritional support
as regenerating axons close the nerve gap [169,179-181].

4. Neurotrophic Support in Neuropathy Treatment

With natural or biomaterials acting alone, conduits lack the mechanical and structural
properties necessary to support axon regeneration. However, combining biodegradable
polymers with biological proteins produces a biocomposite conduit capable of regulating
the biochemical cues and growth factors necessary to support neurite outgrowth without
disrupting the surrounding connective tissue [117,178,182]. Growth factors are released
from the distal and proximal nerve stumps to generate axoplasmic fluid, forming a neo-
matrix of fibrin [167,180]. Nerve injuries with significant gaps and are large in diameter
have limited neurotrophic support; therefore, additional nutrients are required to see nerve
reinnervation to completion [180]. Recent studies support the seeding of stem cells and
growth factors within biocomposite conduits to enhance the neomatrix between nerve
stumps [108,183,184]. To further increase the probability of axon regeneration, neurotrophic
factors such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial
cell-derived neurotrophic factor (GDNF), and VEGF are released from SCs and localized
along the conduit [2,168]. Neurotrophic factors within conduits assist in promoting SC
migration, neuronal survival, and axon regeneration [168,173].

4.1. Stem Cell Differentiation

Stem cells are classified into two categories: embryonic (totipotent and pluripotent)
and nonembryonic (multipotent, oligopotent, and unipotent), based on where they are
derived [185]. Self-renewing pluripotent stem cells express transcription factors for the
blastula formation that generate the three germ layers: ectoderm, mesoderm, and en-
dotherm [186—-189]. The ectoderm gives rise to the nervous system, the mesoderm gives
rise to connective and muscular tissue, and the endoderm gives rise to organ systems
throughout the body [190]. Multipotent stem cells, commonly derived from bone marrow,
adipose tissue, or dental pulp, experience differentiation into several cell types within one
designated germ line [186-188,191]. Once within a specific lineage, differentiation is flexi-
ble [185]. Due to increased plasticity, self-renewal, and proliferative properties, totipotent,
pluripotent, and multipotent stem cells are most advantageous in tissue engineering [188].
However, there are limitations associated, primarily moral objections when harvesting
embryonic stem cells and uncontrolled teratoma formation and immunorejection, once
clinically applied [187,188,192].

To harvest, tissue rich in stem cells such as the umbilical cord or placenta, bone marrow,
adipose tissue, and peripheral blood is first collected then filtered [188,193]. However,
neonatal-derived stem cells from the umbilical cord and placenta are considered unethical,
leading to the preferred use of mesenchymal stem cells (MSCs) and induced pluripotent
stem cells (iPSCs) harvested from connective tissue within the body [188]. Connective tissue
is preferred due to the accessibility, cost effectiveness, and abundance of MSCs, however,
the harvesting technique influences the survival and yield of the cells collected [194].
Compared to liposuction, syringe aspiration is the most effective because trauma to the
donor site is minimized, and the viability of the cells is maintained [194].

MSCs give rise to different mesenchymal lineages within the mesoderm based on the
specific stimuli and signaling required for differentiation [193,195,196]. MSCs are derived
from bone marrow and adipose tissue [193,195,197,198]. Cellular components of bone
marrow and adipose tissue include sympathetic neurons, SCs, macrophages, regulatory
T cells, neutrophils, fibroblasts, pericytes, and endothelial cells [195,197]. The positive
markers of CD90, CD73, CD105, and negative markers of CD45, CD34, CD14, CD11b,
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CD19, and human leukocyte antigen (HLA-DR) effectively distinguish MSCs from other
cellular components in the bone marrow (BM) and adipose tissue [193,194,198-202]. De-
pending upon the source, whether bone marrow or adipose tissue, the markers present
slightly differ [194]. To influence differentiation, MSCs are exposed to specific chemical
cocktails that upregulate Wnt signaling for osteogenic, chondrogenic, and cardiogenic
differentiation [196,197]. Wnt signaling is highly influential in stem cell division, pro-
liferation, migration, and fate determination to increase neurite outgrowth [5,203]. The
differentiation of MSCs to a true neuronal lineage is arguable since neurons and connective
tissue reside in a different lineage [190]. To encourage an altered lineage, the activation
of Wnt signaling promotes the expression of neuronal and glial cell markers in MSCs
after exposure to signals that will influence transdifferentiation [196,198]. The induction
medium is supplemented with fibroblast growth factor (FGF), Sonic Hedgehog protein
(SHH), retinoic acid (RA), and BDNF over 18 days [198]. Reverse transcription polymerase
chain reaction (RT-PCR) is used to confirm the gene expression of neural phenotypes [198].
Immunocytochemistry visually confirmed the morphological changes of neurite extension
typically exhibited by neural stem cells [198]. Within this study conducted by Urrutia et al.,
RT-PCR and immunocytochemistry identified the expression of neuroepithelial stem cell
protein (NESTIN), 3-tubulin III, synaptophysin, neurofilament light polypeptide (NEFL),
neurofilament medium polypeptide (NEFM), dopaminergic neuron marker (NURR1),
calcium-binding protein B (S100B), and neurotrophin-3 (NT-3) [198]. Comparing the multi-
ple sources human MSCs were isolated from, neuronal markers were considerably more
expressed in adipose-derived mesenchymal stem cells (ASCs) than in BM-MSCs [198].

Identical to embryonic stem cells (ESCs), iPSCs are developed from reprogram-
med somatic cells or human fibroblasts by introducing growth factors [193]. In 2007,
Takahashi et al. reconditioned human fibroblasts to human iPSCs by utilizing a tran-
scription factor cocktail including octamer transcription factor 3 and 4 (OCT-3/4), sex-
determining region Y-box 2 (SOX2), c-Myc gene, and Kruppel-like factor 4 (KLF4), engi-
neered initially by Yamanaka for mice fibroblasts [204-206]. This discovery eliminates the
need to transfer the nucleus from somatic cells [206]. However, using c-Myc leads to the
death of embryonic stem cells [206]. Alternatively, Yu et al. demonstrated the successful
reprogramming of human MSCs to iPSCs using OCT4, SOX2, NANOG gene, and Lin28
gene [206]. The addition of NANOG and LIN28 proved to increase the survival rate and
recovery of reprogrammed cells [206]. To verify similarities between iPSCs and ESCs,
RT-PCR and Western blot analysis identified comparable gene expressions and undifferen-
tiated cell-surface markers such as OCT3/4, SOX2, NANOG, FGF4, reduced expression 1
(REX1), and growth and differentiation factor 3 (GDE3) [205,207]. Immunocytochemistry
also showed consistent morphology and proliferation between the embryonic and induced
pluripotent cell lines [205,207]. IPSCs can differentiate into mature neural progenitor cells
and astrocytes once introduced to a neural induction medium for 21 days [208]. Kang et al.
mapped the morphological, genetic expression, and electrophysiological profile changes
endured during iPSCs to neuron differentiation [208]. The morphology of differentiating
iPSCs detailed increased dendrites and the lengthening of axons following growth cone
development throughout 15 days [208]. Immunostaining confirmed the positive gene
expression of mature neurons including NESTIN, paired box 6 (PAX6), SOX2, class III beta-
tubulin (Tuj1), glial fibrillary acidic protein (GFAP), synapsin 1, and tyrosine hydroxylase
(TH) [208]. The genes identified also influence the upregulation of signaling pathways
that regulate stem cell proliferation such as MAPK, ligand-receptor interaction, and Wnt
pathways [208]. The electrophysiological profile characterization confirmed the synapse’s
successful formation by recording excitatory postsynaptic currents [208]. Once the cellular
membrane is depolarized, the calcium (Ca2*) current, decreased membrane resistance, and
increased membrane capacitance are recorded, confirming signal conductance for effective
neural communication [208].

Based on the specific conditions the MSCs are transplanted to, complete neural differ-
entiation is not achieved, however, the phenotypic properties of glial cells are adopted [209].
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Once injected, MSCs promote angiogenesis, anti-inflammation, and neuroprotection during
the regeneration process through secretome expression by which cells exchange commu-
nicative signals [209]. Clinically, compared to MSC injections, the intravenous application
of paracrine secretions has gained popularity due to the ability to modulate injury symp-
toms and facilitate functional recovery [209]. As a cell-free therapeutic method, secretory
treatment voids the instability experienced with MSC differentiation and the safety risks
associated with stem cell transplantation [210,211].

4.2. The Application of Stem Cells in Neuropathy Treatment

Stem cell treatment of PN-induced chronic pain provides assistive interaction with
the damaged cells by inhibiting apoptosis and enhancing cellular survival during regen-
eration [181,212]. The primary mechanism of pain is attributed to the activation of the
Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) path-
way, p38-MAPK pathway, and Notch signaling once peripheral damage occurs [213].
In response to injury, nerve hyperexcitation from an immune-mediated response and
continuous infiltration of proinflammatory cytokines contribute to demyelination and
neuronal death [181,212,213]. By releasing anti-inflammatory, angiogenic, and nutritional
neurotrophic factors such as BDNF, NT-3, FGFE, and VEGEF, stem cells strongly regulate the
body’s natural immunoresponse when peripheral nerve damage occurs [181]. Transplan-
tation of BM-MSCs has been proven to upregulate the expression of anti-inflammatory
M2 macrophages, downregulate inflammatory M1 macrophages, and influence the MAPK
signaling pathway toward the native SC response to injury [181].

Preclinical trials have primarily focused on the successful delivery and retention of
stem cells in neurodegenerative diseases such as Parkinson’s disease, Huntington’s disease,
and ischemic stroke [214]. Traditionally, MSCs have been introduced systemically via
intracerebral, intravenous, arterial, and nasal infusion to activate neurogenesis in diseases
affecting the CNS [212,213]. Stem cells can cross the blood-brain barrier (BBB), allowing
effective migration toward damaged brain tissue [215]. The intracerebral application of
MSCs in ischemic stroke has proven to reduce inflammation, inhibit further destruction
of the BBB, and promote neurogenesis [215]. However, the limitations of this method
compromise the success of treatment due to cell clusters trapped in the respiratory and
circulatory system [212,215]. Alternatively, the intravenous and intraarterial application
is safer but less effective as many cells do not cross the BBB and develop into blood clots
or occlusions that lead to further damage [215]. Intranasal administration allows for the
successful migration of stem cells via the olfactory system with MSC detection in brain
tissue [215]. Proving their success in neurodegenerative diseases affecting the CNS provides
gateway access to pain modulation and neuropathy treatment within the PNS [213].

MSC transplantation to the PNS improves neuropathic symptoms by inhibiting de-
structive mechanisms while maintaining nerve function and axonal regeneration [213].
Various studies, outlined in Table 4, support MSC mediation of oxidative stress, ROS
formation, neural inflammation, and apoptosis through the secretion of neurotrophic
factors [213].

Table 4. Studies that utilized MSCs in neuropathic treatment.

MSC Source Neuropathy Treated Title of Study Reference

Human umbilical cord-derived mesenchymal stem cells
hUC-MSC DPN prevent the progression of early diabetic nephropathy [216]
through inhibiting inflammation and fibrosis.

The bone marrow-derived mesenchymal stem cells
(BMSCs) alleviate diabetic peripheral neuropathy
induced by STZ via activating GSK-33 / 3-catenin

signaling pathway.

BM-MSC DPN [217]
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Table 4. Cont.

MSC Source Neuropathy Treated Title of Study Reference

Treatment with adipose tissue-derived mesenchymal
stem cells exerts anti-diabetic effects, improves

ASC DPN long-term complications, and attenuates inflammation [218]
in type 2 diabetic rats.
Nasal administration of mesenchymal stem cells
hMSC CIPN prevents accelerated age-related tauopathy after [219]
chemotherapy in mice.
BM-MSC CIPN Bone me}rrow—.derlved mesenchymal stem (j.el}s alleviate [220]
paclitaxel-induced mechanical allodynia in rats.
Nasal administration of mesenchymal stem cells
MSC CIPN reverses chemotherapy-induced peripheral neuropathy [221]
in mice.
Adipose-derived stem cells decrease pain in rat
ASC CIPN model of oxaliplatin-induced neuropathy: Role of [222]
VEGEF-A modulation.
. Intravenous administration of human mesenchymal
Neuropathic stem cells derived from adipose tissue and umbilical
hASC and hUC-MSC symptoms via partial . . . [223]
L S cord improves NP via suppression of neuronal damage
sciatic nerve ligation .. } ;
and anti-inflammatory actions in rats.
Peripheral nerve injury Role of adipose tissue grafting and adipose-derived
ASC . . . i [194]
repair for NP relief stem cells in peripheral nerve surgery.

Yu et al. investigated the effect of multiple intravenous infusions of ASC on systemic
inflammation and the long-term complications brought on by type 2 diabetes [218]. This
study aimed to demonstrate the long-term therapeutic potential of ASCs in pain manage-
ment and interruption of injury progression [218]. Diabetic rats were treated with ASC
infusions once a week for 24 weeks. Blood glucose levels gradually decreased to normal
levels throughout treatment after each MSC infusion [218]. Insulin sensitivity increased
due to the restoration of islet b cells, which is necessary for a proper pancreatic negative
response to glucose [218]. MSC treatment also alleviated inflammation due to an increased
expression of M2 macrophage phenotypes, effectively combating the development of fi-
brosis, which negatively affects other essential bodily systems [218]. Similarly, Xiang et al.
concluded that treating MSCs in diabetic rats reduced the expression of proinflamma-
tory interleukin-1b (IL-1b), IL-6, and tumor necrosis factor (TNF-«) and reduced the M1
macrophage secretion of TGF-3 within the kidneys [216]. Xiang et al. also observed the
secretion of anti-inflammatory and anti-fibrotic factors that effectively improved renal
function and inhibited the harmful progression of DPN [216]. Within CIPN, the admin-
istration of MSCs reversed the pain in mice exposed to chemotherapeutic medications
known to negatively affect mitochondrial function and increase oxidative stress [220,221].
After 24 days of MSC treatment, mitochondrial respiration was restored, attributed to the
increased MSC and M2 macrophage expression of IL-10 signaling [221]. The limitations of
the systemic administration of MSCs are still an issue, requiring an abundant amount of
MSCs in the hope that they stay viable, successfully differentiate, and accurately treat the
desired target site [220,224].

As previously stated, the intravenous transplantation of MSCs for nerve regeneration
increases the risk of complications that limit treatment capabilities. MSCs undoubtedly
promote healing, however, the retention of neural differentiation and capability of effective
treatment is not guaranteed [225]. The decreased survival rate requiring multiple injection
and the risk of vascular obstruction contributing to stroke encourages research into a more
optimal therapeutic approach [225]. Alternatively, the secretome produced from MSCs has
been explored due to the production of extracellular vesicles [225]. Extracellular vesicles
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(EVs) are secreted organelles from the parent cell, compacted with cargo that promotes
regenerative function, induces angiogenesis, and regulates cellular communication [224].
EVs range in size and function including apoptotic bodies (>1000 nm), microvesicles
(100-1000 nm), and exosomes (50-150 nm) [226,227]. The variety in size requires differ-
ential centrifugation to isolate a pure sample [224,228]. The cargo of EVs is potent with
proteins, lipids, mRNA, and microRNA (miRNA), which promotes an enhanced regen-
erative potential such as the type of cell they are derived from (Figure 3). EVs derived
from a specific lineage of stem cells replicate mechanisms of intracellular communication
and signaling mediation as the parent cell to encourage regenerative properties [227,228].
For example, EVs derived from differentiated neural MSCs have been shown to stimulate
angiogenesis, neurite outgrowth, and regeneration and inhibit inflammation, oxidative
stress, and apoptosis [224,229].
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Figure 3. Components of EV cargo. Exosomes are composed of a multitude of proteins, molecules,
growth factors, cytokines, lipids, and nucleic acids that influence the exosome structure, cargo
organization, secretion, and signaling in multiple biological processes.

4.3. Potential of MSCs Secretome in Nerve Regeneration

Naturally, exosomes within the PNS regulate synaptic activity via neurotransmitters,
modulate intracellular and cell-to-cell communication, and facilitate the exchange of bio-
logical information to maintain homeostatic conditions [228,230,231]. The primary mode
of communication is through the transportation and selective delivery of mRNA, miRNA,
and proteins from the donor to the recipient cell. The EV transfer of mRNA facilitates
the paracrine exchange of genetic information [224]. MiRNAs are crucial in stimulating
gene expression and facilitating cellular proliferation, differentiation, migration, and apop-
tosis [224]. The delivery of proteins is essential for managing tissue regeneration and
providing a mechanism for the EV surface to interact with cellular receptors for targeted de-
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livery [224]. The primary methods of EV uptake include phagocytosis, receptor-mediated
endocytosis, and direct fusion with the cellular membrane [227,232]. However, efficient EV
consumption depends on the biophysical and mechanical properties that allow the proper
interaction for tissue absorption [227]. The size, elasticity, stiffness, and Young’s modulus
of EVs differs per source of the parent cell [227]. Modification of the EV surface increases
migration through the ECM and enhances the attraction of specific surface proteins to
cellular receptors for more effective delivery [227].

4.3.1. EV Biogenesis and Transport

The biogenesis of EVs is attributed to the endosomal sorting complex required for
transport (ESCRT) mechanism complex, which guides endosomes through the early and
late stages of development before exocytosis (Figure 4) [233]. Subunits of ESCRT pro-
mote cargo organization and internalization during intraluminal vesicle (ILV) forma-
tion, dictated by the expression of seven primary proteins: tumor susceptibility gene
101 (TSG101), Alix, chromatin modified protein 4C (CHMP4C), vascular protein sorting-
associated (VPS) protein 4B, vacuolar protein sorting-associated protein (VTA1), hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs), and signal transducing adaptor
molecule (STAM1) [233-235]. Once organized within late-endosome development, the
Golgi apparatus then supplies ILVs with major histocompatibility complex (MHC) class
I and II molecules, growth factor receptors, and RNAs, encompassed by multivesicular
bodies (MVBs) [233,236]. The MVBs are then transported to the cellular membrane, guided
by cytoskeleton, microtubules, and Ras-associated binding guanosine triphosphates (Rab
GTPases), then secreted as exosomes via exocytosis [233,234]. Rab GTPases are crucial
during the transport of MVBs to the cellular membrane, specifically Rab27a and Rab27b,
during MVB docking and intracellular trafficking [233]. The mechanism by which the
cells receive cargo includes ligand-receptor interaction, binding to target receptors on the
cellular membrane, membrane fusion, and complete exosome internalization via endocyto-
sis [227,232,233,236]. EVs contain surface markers on the phospholipid bilayer membrane
that are attracted to specific sites for targeted delivery [224,226,227,229].

Plasma Membrane

Figure 4. Biogenesis of exosomes. (1) Internalized cargo from the cellular membrane via endocytosis
is sorted into (2) early endosomes. (3) ESCRT, tetraspanins, and lipids guide early endosomes through
late endosome/MVB maturation, (4) which is concentrated with ILVs. (5) The Golgi apparatus then
supplements ILVs with nucleic acids, RNAs, proteins, and MHC II molecules. (6) MVBs are then
transported to the plasma membrane via the cytoskeletal and microtubule network. (7) During
the transportation process, Rab GTPases guide the docking and fusion of MVB with the plasma
membrane. (8) ILVs are secreted as exosomes via exocytosis.
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Within neuropathy treatment, incorporating EVs enhances the repair environment
with neurotrophic factors such as GDNF (SC recruitment), insulin-like growth factor
1 (IGF-1), TNF-«, and TGF to promote the regeneration of damaged tissue and improve
functional recovery [180,237]. The primary source of EVs is derived from BM-MSC and
ASCs due to easy access, nonimmunogenic response when transplanted, and the phe-
notypic alteration of immune-mediated cells responding to injury [237-239]. Due to the
therapeutic capabilities of BM-MSCs and ASCs, derived exosomes from each respective
stem cell are favorable in drug delivery and the treatment of neuropathy, neurodegenerative
diseases, and cancer [237].

4.3.2. Targeted Transplantation of EVs in Neuropathy Treatment

Within neuropathic treatment, the transplantation of exosomes derived from MSCs
directly targeted to the injury site will activate signaling pathways that promote angio-
genesis, immune response regulation, and the management of the extracellular environ-
ment [240,241]. The mentioned effects, which are also highlighted in Table 5, are attributed
to the cargo within exosomes. Once EVs are applied to damaged cells, the cargo uptake
leads to the downregulation of key factors that negatively affect the quality and health
of the cells within the injury site. For example, Song et al. isolated EVs from healthy
cortical neurons containing miR-NA-181-3p, which have been shown to suppress neu-
roinflammation via targeting the CXCL1 gene in astrocytes [242]. Alternatively, EV cargo
isolation from damaged PC12 cells containing miRNA-21-5p, known to cause chronic neuro-
inflammation, upregulated the expression of proinflammatory factors following EV uptake
in BV2 cells [243]. The RNA within EV cargo is critical to their therapeutic effect. MiRNA-
133b, a regulator of tyrosine hydroxylase production and dopamine transporter, is the best
understood MSC-EV mediated treatment regarding cerebral injury [244]. Researchers have
transferred MSC-EVs to injured neurons, successfully promoting neural plasticity and neu-
rite outgrowth due to its role in post-transcriptional gene regulation and neuroprotective
upregulation [244,245]. However, a more directed approach to treatment will accelerate the
healing capabilities associated with EVs. The uptake of EVs continues to be a challenging
obstacle to overcome. When injected intravenously, EVs primarily accumulate in organs of
the reticuloendothelial system such as the liver or spleen [246]. A further understanding of
site-specific EV uptake is needed, specifically toward neuropathy treatment.

Table 5. Studies that utilized exosomes in neuropathy treatment.

Exosome Source Neuropathy Treated Title of Study Reference

Treatment of diabetic peripheral neuropathy with
engineered mesenchymal stromal cell-derived exosomes

hMSC DPN enriched with microRNA-146a provide amplified [237]
therapeutic efficacy.
Exosomes derived from atorvastatin-pretreated MSC
hBM-MSC DPN accelerate diabetic wound repair by enhancing angiogenesis [240]

via AKT/eNOS pathway.

Melatonin-stimulated MSC-derived exosomes improve
hBM-MSC DPN diabetic wound healing through regulating macrophage M1 [241]
and M2 polarization by targeting the PTEN/AKT pathway.

SC-EV DPN EXOSQmes derived from SChwann C(?HS ar'nehf)rate [247]
peripheral neuropathy in type 2 diabetic mice.

Small extracellular vesicles ameliorate peripheral
CEC-sEV CIPN neuropathy and enhance chemotherapy of oxaliplatin on [238]
ovarian cancer.

Bone marrow mesenchymal stem cells and their derived
hBM-MSC-EVs CIPN exosomes resole doxorubicin-induced chemobrain: Critical [248]
role of their miRNA cargo.
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Table 5. Cont.

Exosome Source Neuropathy Treated Title of Study Reference
Microelial activation Huc-MSCs-derived exosomes attenuate NP by inhibiting
hUC-MSC & of NP activation of the TLR2/MyD88/NF-kB signaling pathway [249]
in the spinal microglia by targeting Rasad?2.
Microelial activation Mesenchymal stem cell-derived extracellular vesicles
MSC gOf NP carrying miR-99b-3p restrain microglial activation and NP [250]
by stimulating autophagy.
NP via sciatic . . . .
BM-MSC nerve chronic Exosomes carried miR-181c-5p alleviates NP in CCI [251]
L rat models.
constriction injury
Extracellular vesicles derived from mesenchymal stem cells
MSC NP via spinal alleviate neuroinflammation and mechanical allodynia in [252]
neuroinflammation interstitial cystitis rats by inhibiting NLRP3
inflammasome activation.
Alleviate Huc-MSCs-derived exosomes attenuate inflammatory pain
hUC-MSC by regulating microglia pyroptosis and autophagy via the [253]

inflammatory pain miR-146a-5p / TRAF6 axis.

Once applied, the uptake of EVs may occur via five different mechanisms including
clathrin-dependent and independent endocytosis, caveolin-mediated invagination, lipid
raft-mediated endocytosis, phagocytosis, and macropinocytosis [233]. Clathrin-mediated
endocytosis occurs by forming a clathrin-coated vesicle due to deformation in the plasma
membrane cytoskeleton [233,254]. The inward budding vesicle is separated from the mem-
brane by dynamin-2 and then further developed through the endocytic pathway [233,254].
Similarly, caveolae-mediated invagination creates a membrane specifically concentrated
with glycoproteins and cholesterol, recognized as caveolae [233,254]. Lipid-raft mediated
endocytosis is an invagination process that is enriched in cholesterol, sphingolipids, and
glycosylphosphatidylinositol (GPI)-anchored proteins, promoting the formation of early
endosome [233]. Phagocytosis internalizes EVs into a large vacuole through the rear-
rangement of the membrane cytoskeleton, identified by the phagocytic marker, lysosomal-
associated membrane protein 1 (LAMP-1) [233,254,255]. Alternatively, macropinocytosis
promotes the rearrangement of the cytoskeleton into lamellipodia to engulf nonspecific EVs
into lysosomes [233,255]. Each method of internalization can co-exist and co-occur [233].
To specifically direct EVs toward damaged nerves for neuropathic treatment, utilizing
EVs derived from the parent cell known to be directly involved in nerve injury treatment
may influence the targeting capabilities [256]. Common EV markers identified for neu-
ronal regeneration, EV biogenesis, and uptake by neuronal cells include CD81, CD9, and
CD63 [257,258]. Further research on the surface protein and chemical dependence is needed
to understand which mechanisms govern EV uptake toward neuropathy treatment.

SCs play an influential role in the maintenance of the PNS. The plasticity of SCs
allows the transdifferentiation from mature myelinating SCs to immature SCs, then rSCs
that initiate the neuroinflammatory response causing NP [259]. Following the dissipation
of injured nerve fragments, rSCs supply neurotrophic factors for axonal regeneration,
alter the phenotype of immune-responsive M1 macrophages to anti-inflammatory M2
macrophages, and guide Biingner bands to the target site [239]. Due to their crucial role in
nerve regeneration, recent studies have explored the application of rSC-derived exosomes
in neural regeneration and neuropathic treatment [239]. Further investigation strives to
identify the miRNA composition with rSC-derived exosomes directly influencing axonal
growth [260]. El-Derany et al. treated CIPN with exosomes derived from BM-MSCs, suc-
cessfully identifying exosomal miRNAs (miR-21-5p, miR-125b-5p, miR-199a-3p, miR-24-3p,
and let-7a-5p) secreted to the damaged nerves [248]. Lopez-Leal et al. demonstrated in-
creased neurite outgrowth once rSC exosomes transferred miRNA21 to damaged tissue,
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directly activating the expression of c-Jun, SOX2, and the modified regulation of regen-
erative molecules via the phosphatidylinositol 3-kinase (P13K)/protein kinase B (AKT)
signaling pathway [239,261,262]. C-Jun expression activates the repair mechanism of SCs,
and SOX2 activates the immune response while inhibiting myelinating factors of rSCs [261].
The PI3K/AKT pathway is active in cellular proliferation, cellular survival, cell cycle pro-
gression, cellular plasticity, glucose metabolism, and protein synthesis [262]. Targeting
the PI3K/AKT pathway has been explored as a viable option to regulate diabetics and
diseases affecting the nervous system [262]. For example, Li et al. successfully alleviated
NP induced by chemotherapeutic agents through the supplementation of resveratrol via
the PI3K/AKT signaling pathway [263]. As a result, mitochondrial dysfunction improved
due to the reduction in oxidative stress and successfully alleviated NP symptoms [263].
Concerning SC function, the PI3K/AKT pathway, which regulates the tuberous sclero-
sis complex (TSC), activates the mechanistic target of rapamycin complex 1 (mTORC1),
playing an important role in the myelination of axons and mRNA protein translation for
cellular metabolism, growth, and proliferation [264-268]. Along with the Erk1/2 signaling
pathway, this pathway is also influential in SC development and transdifferentiation in
response to pathological conditions [267,268].

Of the three types of SCs, the expression of rSCs and derived exosomes is most bene-
ficial in the axonal regeneration and management of NP [261]. However, the utilization
of rSC exosomes is limited regarding the number of EVs produced, the loading efficiency
of desired cargo, and retention once applied clinically [224,239]. The process of EV iso-
lation has not been optimized to generate large enough quantities to support complete
regeneration [224,237]. Additionally, nonfunctional components within EV cargo hinder
effective treatment, requiring an abundance of EVs at the injury site [224,239]. Finally, the
retention of rSC phenotype expression is unstable [239,269]. Once the injury gap length
and time required for reinnervation become extensive, the secretion of neurotrophic fac-
tors fades as the cell-to-axon biochemical cascade no longer encourages a regenerative
microenvironment [269,270].

4.4. Methods to Increase EV Production

The clinical application of EVs requires mass production and an optimal isolation pro-
tocol to ensure that sustainable quantities are obtained [211]. Traditional two-dimensional
(2D) cultures produce a low yield of EVs and batch-to-batch variability between cellular
passages [211]. A 2D culture does not actively represent the native environment in which
cell-to-cell and cell-to-matrix interactions naturally occur within the ECM [271]. To mimic
accurate cellular behavior, three-dimensional (3D) culture conditions allow cells to form
aggregates for the increased production of EVs [272]. Furthermore, 3D aggregates enhanced
by dynamic cellular agitation have been proven to allow for the large-scale production
of EVs with an enhanced expression of therapeutic cargo [211,272-274]. Through shear
stress, the expression of ESCRT-independent/dependent biogenesis markers significantly
increased alongside EV production within the PBS Vertical-Wheel Bioreactor compared
to the 2D culture [273]. As a result, the EVs isolated from the 3D culture expressed upreg-
ulated therapeutic miRNA secretion consistent with angiogenesis, wound healing, and
neuroprotection [273]. Jeske et al. compared the effect of shear stress within the PBS
Vertical-Wheel Bioreactor to 2D static culture, investigating the secretion and cargo profile
of hMSC-derived EVs [273]. Western blot analysis presented an upregulation in exosomal
markers HRS, syntenin-1, CD81, and CD63 in the bioreactor groups compared to the 2D
group [273]. Finally, the miRNA cargo within the 3D bioreactor groups, compared to the
2D groups, showed an upregulation in EVs that would effectively promote wound healing
such as miR-10, 19a, 19b, 21, 30b, 92a, 126, and 132 [273]. Therefore, culture expansion and
increased EV production rely on improving culture conditions, enhancing the external en-
vironment, and stimulating signaling pathways that influence cellular secretions [211,271].
Alternatively to the PBS Vertical-Wheel Bioreactor, the spinner flask and rotating wall
bioreactors mildly support scaling up for clinical application; however, various limitations
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discourage utilization. For example, a horizontal impeller is used to agitate the media in
spinner flask bioreactors. However, this application of shear stress results in turbulent flows
and nonhomogeneous shear zones within the reactor, generating aggregates of different
quality [275,276].

Alongside scaling up EV production, the ability to store generated EVs effectively
while ensuring a nonsignificant drop in quality is also a limiting factor in the clinical utiliza-
tion of EVs. EVs are typically stored in PBS or media at 4 °C or —80 °C, as suggested by the
International Society for Extracellular Vesicles [277]. However, in 2018, these suggestions
were redacted due to the impact of EV preservation and long-term storage on the stability,
concentration, and overall function [278]. These storage methods have been shown to
significantly decrease EV yield within seven days of storage [279]. The buffer selection,
temperature, and storage techniques greatly influence the EV shelf life to optimize current
storage techniques.

Regarding a storage buffer, Kawai-Harada et al. developed an EV storage buffer
consisting of trehalose and BSA-supplemented PBS-HEPES buffer [279]. This buffer showed
better cargo protection than the standard storage techniques without sacrificing any loss in
targeting ability, size, or EV morphology [279]. While a promising alternative to standard
storage methods, the study on the effects of the EV storage buffer is limited to 7 days.
A clinically applicable method would need long-term storage of months to years. This
EV storage buffer has yet to be tested on EVs derived from stem cells, as Kawai-Harada
et al. utilized HEK293T cell-derived EVs, and it is unlikely that the necessary cargo
for neuropathic treatment is stored within these EVs. Therefore, the effects the storage
buffer could have on stem cell-derived EV cargo quality are unknown. Another study
by Gorgens et al. addressed EV storage conditions for up to two years, concluding that
buffers composed of trehalose and human albumin showed significant improvement in
EV preservation for samples stored at —80 °C [280]. While MSC-derived EVs were studied
within this research, the data are inconclusive compared to those of the HEK293T cells
utilized. Particle concentration saw a significant improvement after storage, regardless of
temperature. Cellular uptake and cargo quantification were not investigated with these
EVs. Another limitation, regardless of the storage solution, is that multiple freeze-thaw
cycles have been shown to induce membrane disruption and re-micellization, with effects
being significant after as few as two cycles [281,282]. Other avenues such as lyophilization
and temperature dependency have also been explored with varying levels of success and
conflicting results [281,283,284]. These alternative methods share the same limitation of
short-term analysis, with no studies testing for the effects on EVs over extended periods.
For EVs to be clinically ready, the enormous hurdles of successful scale and proper long-
term storage protocols must be addressed to ensure the quality and repeatability of EVs
between stocks.

The influence of the external environment on cellular gene expression directly al-
ters the protein synthesis and behavior of the cell [285]. Specifically regarding ESCRT-
dependent and -independent biogenesis markers, the upregulation of HRS, TSG101, Alix,
sphingomyelin phosphodiesterase 2 (SMPD2), SMPD3, melanocyte including transcription
factor (MITF), STAM1, and GTPases Rab27a and Rab27b expression effectively increases
the exosome yield [234,273]. ESCRT-dependent exosome biogenesis markers, HRS, TSG101,
and Alix, promote endosomal budding, selective cargo sorting, and MBV formation toward
exosome release [235]. The ESCRT-independent biogenesis markers include the vital role
of lipids and tetraspanins such as CD9, CD63, CD37, CD81, CD82, and CD53 during cargo
sorting and exosome budding [235]. Ceramide is a lipid that is essential in the formation
of ILVs, generated by the enzyme neutral sphingomyelinase 2 (nSMase2) [234,235]. As
one of the primary mechanisms of exosome formation, upregulating nSMase2 expression
alongside increased metabolic activity effectively promotes ceramide function within the
ESCRT-independent pathway [234]. Once formed, GTPases Rab27a and Rab27b promote
the transport and binding of MVBs for release [233,235]. The influence of external stimulus
toward increased EV production has been accurately identified in the upregulation of
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essential exosome biogenesis markers. Wang et al. demonstrated the upregulation of
MSC-derived exosomes without increasing the cellular volume [234]. The introduction
of norepinephrine, fenoterol, N-methyldopamine, and forskolin to the MSC culture in-
creased exosome production 3-fold [234]. The additional molecules effectively enhanced
the nSMase2 promotion of ceramide expression as well as Rab27a and Rab27b, correlat-
ing the increased production of exosomes to an abundance of cargo [234,235]. Similarly,
the microcarrier-based expansion of hMSCs within 3D PBS Vertical-Wheel Bioreactors
compared to base 2D cultures effectively increased the exosome yield 2.5-fold, an up-
regulation of EV biogenesis markers, and the enhanced expression of neuroprotective
microRNA [273]. Aside from environmental cues, direct stimulation of the signaling path-
ways that control the endolysosomal pathway charged with EV production may produce
the largest yield [271].

Electrical Stimulation Promoting Transdifferentiation and EV Production

Electrical stimulation (ES) is a form of neuromodulation commonly used to stimulate
damaged nerve fibers that induce chronic pain in spinal cord injuries and peripheral
neuropathy [286]. The neuronal response to ES is induced neuroplasticity, which alters the
synaptic release of neurotransmitters, cellular behavior, and overall response to injury [286].
Similarly, the cellular response to an electrical field promotes cellular signaling to initiate
hMSC transdifferentiation toward a neural lineage and increases exosome production for
therapeutic applications, evident in Table 6 [287,288]. Neural-like differentiation, neurite
outgrowth, and increased exosome production are attributed to low-level ES combined with
growth factors and mechanical cues from the external microenvironment [212,288,289].

ES catalyzes the role of neurotransmitters and receptors in cellular signaling, subse-
quently increasing the production of EVs [288]. Limited understanding of the relationship
between ES and cellular signaling further promotes the investigation of ES on the natural
SC response to peripheral nerve injury [290]. Enhanced neural excitation directly alters
voltage-gated ion kinetics across the cellular membrane and the synaptic release of neu-
rotransmitters that influence pain modulation and cellular functionality [286]. Hu et al.
electrically stimulated dorsal root ganglion (DRG) cells with 100 mV /mm, which effectively
increased cellular proliferation as well as the production of glutamate [291]. Glutamate is
an excitatory neurotransmitter that mediates the peripheral nerve communication, cellular
signaling, and SC secretion of exosomes [290]. Once ES is applied, excess glutamate binds
with ionotropic glutamate receptors, causing an influx in Ca* [290,291]. As a result, Hu
et al. highlighted the direct correlation between an upregulation in Ca®* ion concentration
and the increased secretion of EVs [288,291]. Similarly, Zhang et al. exposed cardiac-MSCs
(C-MSCs) to low-level ES from 2 to 72 h. There was a significant increase in the nSMase2
protein levels, crucial to EV biogenesis and release [292]. Compared to C-MSCs (control),
C-MSCs (ES) produced a 38% increase in EV particles/mL concentration and diameter [292].
Alternatively, with high voltage and exposure time, the hyperactive rate of nerve action
potential proved to be damaging to the cell [291]. A complete understanding of ES on the
cell has yet to be fully understood; however, ES has been confirmed to alter cellular energy
metabolism, morphology, phenotype, and Ca?* expression [291,292]. The optimization of
ES parameters is necessary to ensure cellular proliferation and the secretion of glutamate
and EVs without causing cellular damage or the ability to produce quality EVs. Fukuta
et al. isolated EVs from electrically stimulated B16F1 and 3T3 Swiss Albino cultures that
effectively increased the particle quantity without compromising the exosome quality [288].
Compared to cultures unexposed to ES, Western blot analysis reflected an insignificant
difference in the expression of EV markers CD9, HSP70, and CD81 [288]. The low-level ES
permits a Ca®* influx to activate exosome biogenesis and Rho GTPase involvement in the
mechanism of cellular exocytosis [288].

The effect of ES can be further enhanced by materials known to possess the ideal
biophysical and conductive properties for enhanced EV secretion and MSC neural differen-
tiation. For example, graphene is commonly used in scaffold manufacturing, implant de-
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vices, and substrates for cellular differentiation [256,293,294]. Despite graphene’s benefits,
complex material production places its viability into question. Guo et al. utilized a reduced
graphene oxide (rGO) microfiber scaffold to enhance electrical stimulation toward neural
differentiation. Further modifications incorporated poly(3,4-ethylenedioxythiophene) (PE-
DOT), a biocompatible conductive polymer, within the rGO microfibers due to negatively
charged carboxylic acid groups. This composite material is bioactive due to rGO and is
highly conductive due to the PEDOT, with no significant effect on mechanical proper-
ties [212]. Compared to rGO microfibers, rtGO-PEDOT hybrid microfibers maintained
99% cellular viability, and increased MSC adhesion and proliferation over five days of ES
exposure. Finally, immunostaining and quantitative PCR (qPCR) results expressed Tujl
and GFAP markers toward neural differentiation [212]. This is attributed to the enhanced
electrical-cellular interface and the mechanical and topographical features that influence
MSC morphology and gene expression [212].

ES has been shown to enhance the MSC microenvironment for differentiation. To
mimic these physiological conditions in a closed system, Naskar et al. fabricated lab-on-a-
chip microfluidic devices. They utilized polymethylmethacrylate (PMMA) as the material
because it is noncytotoxic, biocompatible, and autoclavable for sterilization [287]. Con-
duction within the closed microenvironment is possible with pressure sensitive adhesive
(PSA) tape and two stationary electrodes. This design allowed for a uniform electric field
to stimulate the entire cell population simultaneously. ES was shown to strengthen the
differentiation of C2C12 cells to neural-like cells due to the electrophysiological analysis of
Ca?* depolarization.

Electroconductive substrates have also been developed and implemented for local-
ized ES during cell proliferation and differentiation. Many conductive polymers were
investigated due to their potential as substrates for biological and medical applications,
one of the most promising polymers being polyaniline (PANI). It was previously shown
to be an excellent matrix that supports cardiac myoblast and nerve cell proliferation and
differentiation [295-297]. Thrivikramn et al. attempted to understand the behavior of
hMSCs grown on PANI films with tunable conductivity combined with ES. Results showed
that the intermittent delivery of low-level ES (100 mV /cm) at 24-h intervals created distinct
morphological changes, enhanced cytoskeletal elongation, and the expression of early
neural markers such as NESTIN and beta-tubulin III, providing further evidence of the
benefit of ES on both neural differentiation and cell proliferation [289].

Table 6. Electrical stimulation to promote transdifferentiation or increased exosome production for
peripheral nerve injury treatment.

Title of Study Cell Culture ES ES Duration ES Method Reference
Intermittent electrical stimuli for
. Parallel
guidance of human mesenchymal stainless-steel
stem cell lineage commitment MSCs DC;1mV-=2V 10 min/day, 3 days electrodes [289]
towards neural-like cells on PANI film
electroconductive substrates.
Neurogenesis-on-Chip: Electric
field modulated transdifferentiation hMSCs DC Microfluidic device;
of human mesenchymal stem cell Murine myoblast ~8 + 0.06 mV,/mm 20 h/day for 9 days grapher.le O)flde (GO) [287]
and mouse muscle precursor microfiber
cell coculture.
Effectiveness of electrical
stimulation on nerve regeneration gy narve 25Hz, 1-3mA, 30 min/day Implanted wireless
after crush injury: Comparison - . 5 times /week for [298]
. . crush injury 0.1 ms pulse width cuff electrodes
between invasive and non- 6 weeks
invasive stimulation.
Low level electricity increases the Murine 60 min Two Ag-AgCl
secretion of extracellular vesicles melanoma cell 0.34 mA /cm? Immediate EV electrodes with [288]
from cultured cells. line, B16F1 isolation 2.5 cm? surface areas
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Table 6. Cont.

Title of Study Cell Culture ES ES Duration ES Method Reference
The frequency-dependent effect of 5 min of constant Stimulus isolator
electrical fields on the mobility of Rat astrocytes 5mV/mm; 2 Hz voltage; 0.1 nms A365 with [299]
intracellular vesicles in astrocytes. pulse 600 total pulses 1 KQ resistor
Electrical stimulation increases the 2-72 h;
secretion of cardioprotective . 1.5V/18 cmvoltage,  Cultured-cell pacer
extracellular vesicles from cardiac Cardiac MSC 15V/18cm 0.5 Hz frequency, system (lonOptix) (292]
mesenchymal stem cells. pulse width at 5 ms

The molecular mechanism of cellular differentiation and increased EV production
following ES exposure is inconclusive [299]. However, various studies have concluded on
the increased mobility of secreted vesicles that transport vesicular cargo, neurotransmitters,
neuromodulators, hormones, and peptides [299]. Ang et al. concluded that the effect of ES
may not directly alter the EV, but the external factors that depict cytoskeleton and motor
protein functionality surrounding the vesicles [299]. ES generates an action potential that
increases the expression of Ca?*, neural marker proteins, cellular signaling pathways, and
exosomal paracrine communication, effectively promoting enhanced cargo produced by
MSC-derived EVs [287,300].

Naskar et al. applied a direct current (DC) of low-level ES of ~8 = 0.06 mV /mm for
20 h/day for nine days to a hMSC and murine myoblast coculture within a microfluidic
device [287]. The microfluidic device mimicked native biochemical cues and the directional
orientation of the ECM to promote neural differentiation [287]. As a result, the appro-
priate microenvironment and ES profile successfully promoted the hMSC expression of
NESTIN, Tuj1, and MAP2 and intracellular calcium-signaling, signifying neuronal synaptic
activity [287]. The condition media also facilitated exosome mRNA protein translation
from differentiated neural hMSCs to the myoblasts, exhibiting neural-like phenotypes
and morphology [287]. DC stimulation at a low frequency has repeatedly demonstrated
successful neural differentiation, increased exosome production, and enhanced axon re-
generation [298]. Enhancement of the external environment further amplifies the method
by which ES promotes nerve regeneration [212,289,300]. Biocompatible, electroconductive
materials such as carbon, graphene, and PANI, enhanced with electrodes, are strategically
engineered to mimic the ECM and induce cellular signals congruent with neural differenti-
ation. However, the long-term integration of various biocompatible materials with the host
tissue for additional manipulation of the external cellular environment requires further
investigation. The studies incorporating biocompatible and electroconductive materials
were conducted in vitro in controlled environments. However, Leng et al. successfully
utilized carbon nanotube bucky paper in vivo to transplant human retinal pigment ep-
ithelium cells within the subretinal space of rats [301]. This study explicitly emphasized
that minimal material manipulation is suitable for short-term host interaction. However,
functionalization of the material surface is required to extend material capabilities beyond
the retina [301].

Depending on the cell type and expected outcome, the parameters for electrical stimu-
lation can range in frequency, direction, magnitude, and current. Therefore, optimization is
challenging. However, the primary comparison between low- and high-level frequency
and an alternating current (AC), DC, and pulsed current contributes toward an optimized
protocol per cell type. An AC flows bidirectionally, causing the charge’s magnitude to
periodically reverse [300]. A DC produces a consistent and directional charge, effectively
guiding the cellular migration toward the anode or cathode [300].

Similarly, a PC, which can be a direct or alternating current, produces a unidirectional
or bidirectional current, allowing a dynamic range of electrical frequency, strength, and
duration [300,302]. Cellular directional migration during ES stimulation, otherwise known
as electrotaxis or galvanotaxis, is influenced by the polarity of the activated intracellular
signaling pathways and Golgi apparatus [300,302,303]. However, this phenomenon is
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cell-type dependent, with MSCs and iPSCs directed toward the anode and neural stem cell
(NSC) migration toward the cathode [302-304]. To investigate cellular viability concerning
ES duration and current, ASCs stimulated with direct and pulsed currents within a custom
agar-salt electrotaxis chamber were exposed to 1200 pA for 3, 6, and 9 h [302]. There
was a direct correlation between increased DC exposure and decreased cellular viability.
However, the exact duration of pulsed current ES revealed minimal cell death while actively
maintaining directional migration toward the anode through Golgi polarization [302].

Regarding frequency, the cellular response to low-level ES includes increased EV
production, the upregulation of neural phenotype markers, and extended neurite out-
growth [288,289,300]. This is ultimately beneficial for neuropathic and nerve injury treat-
ment. Alternatively, the high-level frequency that approaches the voltage capacity of the
cellular membrane, especially for an extended duration, contributes toward decreased
cellular proliferation, viability, and membrane integrity [300,302]. The method and param-
eters by which the ES was applied differed for each experiment. Each ES chamber was
custom-built, thus decreasing the ability to reproduce results quickly. Although the ES
parameters were different, favorable results were consistently produced when applying
low-frequency levels.

5. Discussion

Damage to the PNS results from physical injury or demyelinating mechanisms that
severely alter the microenvironment encompassing the nerves. The current state-of-the-art
treatment methods for neuropathic injury do not effectively treat nerve degeneration but
instead mask the associated chronic pain. Treating physical damage by nerve graft remains
the golden standard; however, donor site morbidity diminishes its success. The transition
to artificial nerve grafts utilizing biocompatible and biodegradable materials is a favorable
alternative. However, the probability of complete nerve regeneration becomes less than
likely as the nerve gap surpasses three centimeters, thus extending the time required for
complete regeneration.

The three stages of SC differentiation mediate the pathophysiology of injury response.
Once fragmented cellular debris is cleared, rSCs and distal and proximal nerve stumps
supplement neurotrophic factors that initiate a cascade of biochemical cues that facili-
tate the remyelination of damaged nerves and accurately guide regrowing axons to the
target site [180]. The signaling pathways most influential in nerve regeneration include
PIBK/AKT/mTORC1, MAPK, Notch, Wnt, and JAK2/STAT3. Each pathway influences
the cellular response to external stress, determining the cellular fate and the natural im-
munoresponse to injury. Working together, nerve regeneration is possible; however, large
peripheral nerves with significant nerve gaps require additional neurotrophic support [180].
Gapped nerves require more time for neurite outgrowth, decreasing the survivability of
rSCs. To overcome this limitation, supplying the nerve conduit with additional factors
will maintain the regenerative microenvironment surrounding regrowing nerves. The
application of MSCs expressing neural phenotypes and rSCs within the biocomposite
conduit will actively modulate the surrounding area. Additionally, rSC-derived exosomes,
compacted with cytokines, anti-inflammatory factors, and miRNA, will supply an optimal
combination of neurotrophic factors necessary to accelerate the regeneration process.

To further promote the regenerative properties provided by the coculture of neural-like
MSC, rSCs, and rSC-derived exosomes, modifications to the external environment enhance
the production of rSC exosomes, increasing the probability of clinical applications. Low
levels of direct electrical stimulation activate the Rho GTPase and PKC signaling pathways
to increase EV production [288]. Within a lab setting, the in vitro application of electrical
stimulation requires a device to supply voltage and conductive electrodes. However, the
previously described schematic could be more realistic and convenient to the patient within
clinical applications. Guo et al. developed a self-generating device powered by triboelectric
charging [212]. Incorporating conductive, biocompatible, and biodegradable materials
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such as carbon nanotubes, enhanced by a triboelectric effect, is an effective method of
maintaining a regenerative environment.

6. Conclusions

The PNS is more susceptible to damage than the CNS, which is protected by the skull
and spinal column. Due to the associated symptoms, individuals affected by peripheral
nerve injuries have trouble navigating through everyday life, preventing effective commu-
nication between the CNS and PNS. These symptoms are influenced by mechanisms such
as the compression or severance of nerves, classified as Grade I-Grade IV injuries. Once a
nerve is severed, the muscular function and sensory information that the nerve innervates
are disconnected. The treatment options for various nerve injuries successfully restore
function; however, the associated disadvantages discourage long-term use. Fortunately,
peripheral nerves can slowly self-regenerate, encouraging the utilization of biocomposite
conduits to guide and facilitate axon reinnervation. In conjunction with a biocompatible
material, seeding neural-like MSCs, rSCs, and rSC-derived exosomes will further encourage
the presence of growth factors necessary for axon growth, myelination, and nerve rein-
nervation. Difficulties arise when attempting this treatment method. Effective treatment
requires accurate mapping of the mechanisms that guide cellular differentiation and release
neurotrophic support.

Before exosomal therapeutics can become an effective clinical option, limitations such
as upscale, site specificity, storage, and quality assurance must be addressed. Upscaling
cellular expansion for EV production has been shown to affect cell quality and, in turn, the
cargo and concentration loaded within exosomes. A practical and repeatable upscaling
technique that ensures minimal difference in cell and exosome quality from static to large-
scale dynamic cultures has yet to be devised. After upscale, long-term storage must also
be addressed. It is pivotal to store EVs for long periods in an economically feasible way
to ensure clinical viability. Research is inconclusive, and many different methods such as
lyophilization, storage buffer, and storage temperature still need to be studied. Despite
having some site specificity due to the markers on their surface, EVs often accumulate
in unintended sites like the liver or spleen. Current research focuses on increasing site
specificity via exosomal surface modifications and cargo. The results are promising, but
considering the effects of culture conditions on EV formation, they should be tackled along
with engineered modifications to produce more site-specific exosomes. More research
on engineered EV surface modifications, storage, particle reconstitution, clearance within
the body, and long-term outcomes are all avenues of research that are of interest in cell-
free therapy. Furthermore, a method of EV isolation to maximize exosome production
as well as the optimal combination of materials necessary to enhance the regenerative
microenvironment must be universally established. With EVs becoming more and more
prevalent in research, it is critical to note that many safety barriers must be addressed.
Regarding MSCs, there are conflicting data regarding safety. While the research suggests
human MSC EVs are nontoxic, these studies are in vitro cultures with small dosages relative
to those needed in clinical work [305]. Despite being nontoxic, there is conflicting evidence
regarding oncogenesis derived from MSC EVs. While EVs cannot grow tumors, they
can inhibit or upregulate tumor growth and metastasis [306-308]. In a 2021 study by
Tan et al., they proposed that these conflicting data could be due to the heterogeneity of
the MSC source, EV isolation methodology, or tumor model utilized [309]. Nonetheless,
more must be known about EVs regarding oncogenesis and other safety concerns prior to
clinical applications.
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LAMP1 Lysosomal-associated membrane protein 1 Trp Tryptophan

LF Low frequency TRAIL TNF related apoptosis-inducing ligand
mA Milliamps TSG Tumor susceptibility gene

MAL Myelin and lymphocyte protein Tujl Class III beta-tubulin

MAPK Mitogen-activated protein kinase hUM-MSC Human umbilical cord derived MSC
MEK/ERK Kinase extracellular signaling regulation pathway =~ VEGF Vascular endothelial growth factor
MHC Major histocompatibility complex VPS Vascular protein sorting-associated protein
miRNA MicroRNA VTA1 Vacuolar protein sorting-associated protein
MITF Melanocyte including transcription factor WD Wallerian degeneration

MM Multiple myeloma WHO World Health Organization

MRI Magnetic resonance imaging Wilds Wallerian degeneration slow

mRNA Messenger RNA us Microseconds

MSCs Mesenchymal stromal cells um Micrometers

MVB Multivesicular bodies 2D Two-dimensional

NA Nicotinic acid 3D Three-dimensional

Na* Sodium
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Abstract: Pathogenic forms of «-synuclein (x-syn) are transferred to and from neurons, astrocytes,
and microglia, which spread o-syn pathology in the olfactory bulb and the gut and then throughout
the Parkinson’s disease (PD) brain and exacerbate neurodegenerative processes. Here, we review
attempts to minimize or ameliorate the pathogenic effects of x-syn or deliver therapeutic cargo
into the brain. Exosomes (EXs) have several important advantages as carriers of therapeutic agents
including an ability to readily cross the blood-brain barrier, the potential for targeted delivery of
therapeutic agents, and immune resistance. Diverse cargo can be loaded via various methods, which
are reviewed herein, into EXs and delivered into the brain. Genetic modification of EX-producing
cells or EXs and chemical modification of EX have emerged as powerful approaches for the targeted
delivery of therapeutic agents to treat PD. Thus, EXs hold great promise for the development of
next-generation therapeutics for the treatment of PD.

Keywords: exosomes; extracellular vesicles; Parkinson’s disease; pathogenesis; therapeutics; a-synuclein;
neurodegeneration; genetic modification; chemical modification

1. Introduction

Extracellular vesicles (EVs) are membrane-enclosed particles released by cells into
the extracellular space [1,2]. EVs can be classified as exosomes (EXs), microvesicles, or
apoptotic bodies based on their origin and size [1-3]. EXs are enclosed within a single
phospholipid bilayer, secreted by all cell types, formed by the inward invagination of the
endosomal membrane and fusion of the multivesicular body (MVB), and are typically
30-150 nm in diameter [1,3-5]. Microvesicles are EVs that form from direct outward bud-
ding from the cell’s plasma membrane and are typically 100 nm to 1 pm in diameter [1-5].
Although the route of microvesicle formation is not fully understood, it is thought to
require cytoskeleton components, molecular motors, and fusion machinery [6]. Apoptotic
bodies are EVs formed during apoptosis and released into the extracellular space; they
range in diameter from 50 nm to 5 um [3]. Apoptotic bodies form through the separation
of the cell’s plasma membrane from the cytoskeleton due to increased hydrostatic pressure
after the cell contracts [7]. EVs contain thousands of different biologically active molecules,
including nucleic acids, proteins, lipids, and metabolites [8-11]. Here, we focus on the
most extensively studied EVs, typically designated as EXs, which play key roles in inter-
cellular communication by delivering biologically active cargo to recipient cells, thereby
altering the recipient cell’s functions [12,13]. Thus, EXs hold great promise for developing
next-generation delivery vehicles of therapeutic agents.

2. Role of EXs in the Pathogenesis of Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease in the
world after Alzheimer’s disease, affecting 1-2% of the population over the age of 65 [14].
There are approximately seven million PD cases in the world; approximately one million
of those cases are in the United States [15]. As the population ages, the burden on society
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attributable to PD is expected to increase substantially. The main pathological changes in
PD are a progressive loss of dopamine (DA)-secreting neurons in the substantia nigra, a
significant decrease of DA in the striatum, and the appearance of eosinophilic inclusions
in the cytoplasm of DA neurons in the substantia nigra, namely Lewy bodies (LBs) [16].
The progressive loss of nigrostriatal neurons leads to the appearance of classical parkinso-
nian motor symptoms (e.g., bradykinesia, tremor, and rigidity) and numerous non-motor
symptoms (e.g., depression, constipation, pain, gastrointestinal dysfunction, and sleep
problems) [17,18]. The presence of a-synuclein (x-syn) aggregates in LBs [16], approxi-
mately 90% of which are phosphorylated on serine residue 129 [19], and the finding that
mutations in the o-syn gene, SNCA, cause familial PD [20-23] and accelerate the pathogenic
aggregation of a-syn [24,25], strongly suggested a role for a-syn in the pathogenesis of PD.

Prions are infectious agents in which the conformationally altered protein, PrP%,
recruits and corrupts its counterpart protein, PrP®, generating self-propagating, misfolded
species that spread from cell to cell [26]. According to the prion hypothesis of PD [27], like
prion proteins, misfolded x-syn is transmitted from diseased cells to healthy cells, thereby
spreading «-syn pathology in the PD brain [28,29]. The notion that EXs can be used as
a carrier of toxic, misfolded proteins, such as a-syn, is an important tenet of the prion
hypothesis of PD and is well supported by evidence. In vitro experiments provided the
first evidence that newly synthesized monomeric and aggregated «-syn was released into
the extracellular environment [30-32], a finding consistent with the presence of a-syn in
human cerebrospinal fluid and blood plasma in both PD and normal human subjects [33,34].
Interestingly, EXs provide an environment conducive to x-syn aggregation [35]. In vitro
studies have demonstrated x-syn release in EXs from donor neurons, uptake by recipient
neurons, and subsequent cell death of recipient neurons [36-38]. When EXs harvested from
the brain tissue of dementia with Lewy bodies patients were injected into the brains of mice,
x-syn was taken up by neurons and astrocytes, and intracellular «-syn accumulation was
observed [39]. Additional support for the prion hypothesis of PD comes from a study that
examined the EXs isolated from the serum of PD patients, which contained a higher content
of a-syn phosphorylated at serine residue 129 and oligomeric and monomeric x-syn than
controls. In vitro studies demonstrated that the PD EXs, which contained an abundant
amount of toxic, misfolded «-syn, were taken up by recipient cells, and acted as a seed or
template to induce the aggregation of endogenous x-syn in recipient neurons. Interestingly,
in human midbrain DA neuron cell cultures, pathogenic, misfolded x-syn was secreted in
EXs via an autophagic secretory pathway [40]. Moreover, PD EX administration to mice
resulted in DA neuron degeneration, microglial cell activation, and motor deficits [41].
Notably, neuron-to-neuron, neuron—to—microglia, microglia—to—neuron, neuron-to-astrocyte,
and astrocyte-to-neuron transfer of x-syn has been demonstrated (Figure 1) [42—-46].
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Figure 1. The transfer of a-syn to and from neurons, astrocytes, and microglia. The transfer of x-syn
to astrocytes and microglia results in their activation. Activated astrocytes and microglia release
ROS, pro-inflammatory cytokines and chemokines, which contribute to the neurodegenerative
processes in PD. The figure was created with BioRender.com https:/ /app.biorender.com/ (accessed
on 24 March 2023).

3. Role of Microglia in the Pathogenesis of PD

Microglia, the main resident immune cells in the brain, can have beneficial and harm-
ful effects on PD depending, in part, on their activation state. Concerning their harmful
effects on PD, microglia have been implicated in the pathogenesis of PD. Positron emission
tomography imaging demonstrated microglia activation in the substantia nigra and stria-
tum of PD patients [47]. Increased microglia activation in the midbrain was correlated with
a loss of DA-secreting nerve terminals in the striatum [48]. In addition, activated microglia
were more frequently observed near LBs containing o-syn and near dying neurons [49].

Concerning their beneficial effects, microglia can enhance neuronal survival by re-
leasing trophic factors, clearing debris, dead cells, and misfolded a-syn aggregates in
PD [50-53]. However, x-syn activates microglia (Figure 1) [53,54]. Activation of microglia
induces an oxidative stress response, including the release of reactive oxygen species (ROS)
and nitric oxide, the production of NADPH oxidase, and the release of pro-inflammatory
cytokines and chemokines (Figure 1) [55-57]. Inflammation and oxidative stress can lead
to neuron dysfunction and cell death (Figure 1) [58,59], effects that have been linked to the
pathogenesis of PD [60], and it is known that microglia release EXs [61]. There is evidence
to support the notion that «-syn can be transferred from microglia to neurons via EXs and
induce x-syn aggregation in the recipient neurons (Figure 1), an effect that is exacerbated
by microglia-derived pro-inflammatory cytokines. In addition, microglial EXs isolated
from PD patients induced x-syn aggregation and cell-to-cell transfer of x-syn, DA neuron
degeneration in the substantia nigra, and motor deficits in mice [45].
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4. Role of Astrocytes in the Pathogenesis of PD

In common with microglia, astrocytes have beneficial and harmful effects on PD.
Astrocytes can enhance neuronal survival by releasing trophic factors, antioxidants, and
other factors that protect against oxidative stress [62—-64]. Although a consensus has
not been reached on the degree of astrocyte activation in the PD brain [65,66], «-syn
aggregates have been observed in human astrocytes [67], and there is considerable evidence
suggesting that x-syn activates astrocytes that, in turn, result in the astrocytic release of
pro-inflammatory cytokines, chemokines, and ROS, microglial cell activation, and neuronal
cell death (Figure 1) [53,68,69].

5. Pathogenic «-Syn-Containing EXs as Therapeutic Targets

Given the abundance of evidence implicating «-syn-containing EXs in the pathogene-
sis of PD, a logical therapeutic approach for PD is to minimize or eliminate the pathogenic
effects of x-syn-containing EXs. This could be accomplished by decreasing EX biogenesis
in parent cells, removing pathogenic EXs from circulation, and inhibiting EX uptake by the
recipient cells (Figure 2A-D).
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Figure 2. Approaches to minimize or eliminate the pathogenic effects of x-syn-containing EXs in PD.
(A). The major steps in the biogenesis of a-syn-containing EXs. Therapeutic approaches may target
key proteins involved in each of these steps. (B). An EX that contains pathogenic, misfolded x-syn
and expresses the tetraspanins, CD9 and CD63, is sequestered by antibodies directed against CD9
and CD63 and then cleared from circulation. (C). a-Syn-containing EXs are taken up by recipient
cells by clathrin-mediated endocytosis. Therapeutic approaches may target proteins involved in EX
uptake. Note that there are numerous ways that EXs can be taken up by recipient cells including
caveolin-mediated endocytosis, lipid raft-mediated endocytosis, micropinocytosis, phagocytosis, and
membrane fusion [70]. (D). There are numerous ways to load therapeutic cargos into EXs and deliver
them to target cells in the brain, as described in the text. The figure was created with BioRender.com
https:/ /app.biorender.com/ (accessed on 24 March 2023).

169



Biomedicines 2023, 11, 1187

5.1. Decreasing EX Biogenesis

Several proteins responsible for EX biogenesis have been identified as targets to de-
crease pathogenic EX formation. EXs are formed by the invagination of the MVB system and
their fusion with the plasma membrane [71]. As EX formation requires either endosomal
sorting complexes required for transport (EXCRT)-dependent or ESCRT-independent cargo
sorting at the MVB and MVB-plasma membrane fusion, related proteins can be regarded
as potential therapeutic targets (Figure 2A) [72]. Two extensively studied proteins are the
ALG-2-interacting protein X (ALIX) and the Rab protein [73-75]. During EX biogenesis,
ALIX proteins are associated with the invagination of the MVB membrane by recruiting
ESCRT proteins. Treatment with ALIX small interfering RNA (siRNA) and siRNA directed
against the ALIX ligand, syntenin, suppressed ALIX function, resulting in reduced EX
biogenesis [73]. Rab27a and Rab27b are notable as they are involved in the process of
MVB fusion with the plasma membrane [71,76]. Knockdown or silencing of Rab27a and
Rab27b reduced the number of EXs released [77]. In addition, the inhibition of two Rab27
effectors, Slp4 and Slac2b, also reduced the number of EXs released [76]. GW4869 is a
potent neutral sphingomyelinase inhibitor that blocks EX production by preventing the
formation of intraluminal vesicles (ILVs) (Figure 2A) [78]. Pretreatment of «-syn-activated
microglia with GW4869 decreased the release of cathepsin L-containing EXs from microglia,
which prevented neuronal death [79]. Similarly, treatment with GW4869 decreased EX
release by activated microglia and prevented the death of DA neurons in midbrain slice
cultures [80]. Systemic administration of DDL-112, an inhibitor of neutral sphingomyeli-
nase, decreased EX biogenesis, reduced the number of x-syn aggregates in the substantia
nigra, and improved motor function in an «x-syn mouse model of PD [81].

5.2. Depleting Circulating Pathogenic EXs

After EXs are released from parent cells, they are either taken up by neighboring
cells or travel to distant recipient cells to deliver their cargo. One interesting strategy
to deplete pathogenic EXs from circulation is to use EX-specific antibodies so that EXs
can be removed by the immune system (Figure 2B). The administration of anti-CD9 and
anti-CD63 antibodies resulted in phagocytosis of the antibody-bound EXs by macrophages
(Figure 2B) [82].

5.3. Inhibiting EX Uptake by Recipient Cells

In an attempt to ameliorate EX-mediated pathogenic cell-to-cell communication, re-
searchers have inhibited EX uptake by recipient cells (Figure 2C) [83,84]. Endocytosis in-
hibitors have been heavily studied as potential therapeutics, as EXs are primarily taken up
by recipient cells via endocytosis [70]. Cytochalasin D inhibits phagocytosis and endocyto-
sis by blocking actin polymerization and inducing depolymerization of actin filaments [83].
Cancer-associated fibroblast-derived EXs were not effectively taken up by cancer cells in
the presence of cytochalasin D [83]. Dynasore blocked the uptake of cancer cell-derived EXs
due to an endocytosis-inhibiting effect [84]. In addition, the destabilization of lipid rafts in
the plasma membrane is another strategy for inhibiting EX uptake (Figure 2C) [85,86].

6. The Therapeutic Effects of Stem Cells Are Mediated by EXs

In recent years, some non-pharmacological methods, such as gene therapy and stem
cell therapy, have been considered potential therapeutics for neurodegenerative diseases
including PD [87,88]. Mesenchymal stem cells (MSCs) are multipotent progenitor cells that
can be isolated from a wide variety of tissues (e.g., bone marrow, adipose tissue, dental
tissues, skin, salivary gland, and limb buds) [89]. MSCs are considered therapeutic agents
due to their effects on several biological processes, such as immune regulation, oxidative
stress, and cytokine secretion [90]. For example, MSCs exert significant antioxidant effects in
neurodegenerative diseases [91,92]. While MSC transplantation has been employed in the
treatment of several diseases, such as cancer, nerve injury, and neurodegeneration [93-95],
several studies have shown that MSC transplantation may cause tumors, embolisms, and
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abnormal cell differentiation [96], limiting the clinical translation of MSC transplantation
as a therapy for PD. Importantly, MSCs exert their biological effects mainly by the secretion
of EXs. Thus, the use of EXs derived from MSCs retains the therapeutic potency of MSCs,
while preventing the possible damage caused by MSCs [97].

Bone marrow-derived stem cells (BMSCs), in common with other stem cells, can be
differentiated into different cells under different physiological conditions. BMSCs can
selectively migrate to a site of damage, and interact with neurons and glia, where they
stimulate the production of growth factors, such as brain-derived neurotrophic factor
(BDNF) and nerve growth factor [98,99]. BMSCs have beneficial effects in models of
neurodegenerative diseases [100]. For example, the injection of BMSC-derived EXs into the
DA-depleted striatum improved parkinsonian behavior, tyrosine hydroxylase expression,
and decreased protein levels of interleukin-6, interleukin-1{3, tumor necrosis factor-c, and
ROS in the substantia nigra in a rat PD model [101]. It is known that BMSCs mediate their
effects through paracrine activities [102]. Importantly, the paracrine activities of BMSCs are
mediated through EXs [103].

7. EXs as Therapeutic Delivery Systems in PD

The first-line treatment for PD is the administration of DA and/or by administering
agents that increase DA in the brain, specifically, the striatum. Although DA-replacement
therapy benefits many PD patients, its therapeutic window is limited due to its decreasing
efficacy and increasing side effects, such as dyskinesias [104,105]. Importantly, delivering
DA to the brain or agents that increase DA in the brain is difficult due to the blood-brain
barrier (BBB). For example, although L-3,4-dihydroxyphenylalanine (L-DOPA) is the most
effective treatment for PD symptoms, approximately 1% of the L-DOPA administered
systemically reaches the brain [106]. After L-DOPA has reached the brain, it must be
converted to DA by DOPA decarboxylase, which is less active in the brains of patients with
PD [107]. Moreover, long-term administration of L-DOPA is marred by the emergence of
abnormal involuntary movements called L-DOPA-induced dyskinesias [106].

EXs have the potential to serve as carriers of therapeutic agents into the diseased
PD brain, in part, due to their ability to readily cross the BBB [108,109], the potential for
targeted delivery of exosomal cargo over long distances, and immune resistance [110]. The
intravenous administration of DA-encapsulated blood EXs readily crossed the BBB and
delivered DA to the brain, including the striatum and substantia nigra. DA-encapsulated
EXs increased brain DA content by greater than fifteen-fold and resulted in motor behav-
ioral improvements and increases in DA synthetic enzymes and enzymes against oxidative
stress in a 6-hydroxydopamine (6-OHDA) model of PD. Importantly, compared to the
intravenous administration of free DA, DA-encapsulated EXs had greater therapeutic
efficacy and lower toxicity [111]. Intranasal administration of catalase-loaded EXs was
neuroprotective in a 6-OHDA model of PD [112]. The administration of MSC-derived
EXs rescued DA neurons in a 6-OHDA model of PD [113]. Stem cell-derived EXs carry
beneficial microRNAs (miRNAs) that reduce neuroinflammation in animal models of PD.
For example, miR-133b, one of the miRNAs downregulated in PD, can promote neurite
outgrowth in both in vitro and in vivo models of PD [114]. In addition, EXs isolated from
human neural stem cells (NSCs) exerted a protective effect on PD pathology in a 6-OHDA
in vitro and an in vivo mouse model of PD by reducing intracellular ROS and counteracting
the activation of apoptotic pathways. NSC-derived EXs carry anti-inflammatory factors and
specific miRNAs (i.e., has-miR-182-5p, has-miR-183-5p, has-miR-9, and has-let-7) involved
in cell differentiation that contributed to decreased cell loss [115].

8. Strategies to Load EXs with Therapeutic Cargo

After EXs are isolated from tissues, body fluids, or cell culture medium by differential
or gradient ultracentrifugation, co-precipitation, size exclusion chromatography, or field
flow fractionation [116] then purified to remove unwanted material, they can be loaded
with cargo. Notably, EXs are endowed with an aqueous core and a lipid bilayer that allow
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both hydrophilic and lipophilic cargo to be loaded [117]. In addition to the delivery of small
therapeutic compounds, EXs have a natural capacity to transport siRNA, short hairpin
RNA (shRNA), miRNA, and proteins [118]. Strategies for loading cargo into EXs include
incubation, transfection, and physical treatments.

8.1. Incubation
8.1.1. Incubation of Desired Cargo with EXs

The simplest way to load cargo into EXs is to incubate the desired cargo with EXs or
EX-secreting cells to allow the cargo to diffuse into the EXs, following its concentration
gradient. Several types of cargo, such as small molecule drugs, nucleic acids, proteins,
and peptides have been loaded into EXs using this method [119-121]. Notably, BDNF
has been loaded into macrophage-derived EXs and delivered into the brain [120] while
the anti-inflammatory and anti-oxidative stress agent, co-enzyme Q10, has been loaded
into EXs obtained from adipose-derived stem cells [121]. The strength of the incubation
strategy is that it is technically easy and has minimal effects on the structural integrity
of the EXs. However, the loading efficiency is low, and the amount of cargo loaded is
difficult to control due to the physical and chemical properties of the cargo and EX. For
example, hydrophilic drugs tend to reside in the aqueous phase of the interior of EXs, while
hydrophobic drugs are more stable in the EX lipid bilayer [122,123]. In addition, pH can
influence loading efficiency. When the hydrophilic compound, doxorubicin, was loaded
into macrophage-derived EXs, a pH of 8.0 facilitated the diffusion of the compound across
the EX lipid bilayer [124].

8.1.2. Incubation of Desired Cargo with EX-Secreting Cells

Drugs and nanomaterials were incubated with EX-secreting cells to generate cargo-
loaded EXs. Some small molecule drugs directly pass across the lipid bilayer of parent
cells, are packaged into ILVs, and then secreted as EXs. For example, macrophages were
incubated with curcumin to generate curcumin-loaded EXs, which were able to cross the
BBB and enter the brain [125]. In addition, nanomaterials were incubated with EX-secreting
cells to generate cargo-loaded EXs. Although they may induce autophagy and may be
destroyed in lysosomes, undegraded nanomaterials are exocytosed within EXs [126]. For
example, doxorubicin-loaded silicone nanoparticles were incubated with cancer cells to
obtain nanoparticle-loaded EXs for the treatment of lung cancer [126].

8.2. Transfection or Transduction

Transfection or transduction is the most common strategy for stably loading nucleic
acids, proteins, and peptides into EXs. Using transfection reagents, specific plasmids
are transduced into cells to ectopically express the desired nucleic acids, proteins, or
peptides that are later packaged into EXs. For example, MSCs have been transfected
with a miR-122-expressing plasmid using a Lipofectamine-based protocol to generate
miR-122-enriched EXs [127]. HEK293 cells have been transduced with designed plasmids
to generate catalase mRNA-loaded EXs that target the brain to treat PD [128]. HEK293
cells were transfected with lentivirus to generate EXs loaded with translocase of the outer
mitochondrial membrane 40 (Tom40). EX-mediated delivery of Tom40 protected cells
against hydrogen peroxide-induced oxidative stress [129]. Other types of cells can be
transfected with vectors that express proteins and peptides to generate protein- or peptide-
loaded EXs [130,131]. In addition, EXs can be directly transfected with nucleic acids by
chemical treatment. HEK293 cells have been transfected with siRNA by a heat-shock
protocol [132] and cell-derived EXs have been transfected with miR-497 and miR-126 by
commercially available kits [133,134]. Although transfection is a common strategy for
loading nucleic acids, proteins, or peptides into EXs, the loading efficiency is low [135] and
direct chemical transfection of EXs introduces impurities [136].
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8.3. Physical Treatments

Physical treatments produce micropores in the EX membrane or membrane recom-
bination that promotes the entry of cargo into EXs to achieve cargo-loaded EXs. Physical
treatments include sonication, electroporation, extrusion, the freeze-thaw method, incuba-
tion with membrane permeabilizers, and dialysis.

8.3.1. Sonication

Sonication is a physical strategy that applies an extra mechanical shear force to weaken
the EX membrane, which promotes the loading of EX cargo [137]. Cancer cell-derived EXs
incubated with the anti-cancer drug, gemcitabine, were sonicated. The loading capacity of
gemcitabine-loaded EXs was more than four times greater than that of those obtained using
the incubation approach [137]. Other researchers have reported that the sonication method
results in a higher loading capacity than the incubation approach (e.g., [124]). In addition,
nanoparticles and catalase have been loaded into EXs via sonication [112,138]. Note,
however, that the sonication method has the potential to produce significant membrane
damage. For example, a significant decrease in EX membrane microviscosity was observed
after sonication, an effect that was completely reversed after incubating the EXs for 1 h at
37 °C after sonication [139]. Thus, sonication is a simple and effective method for loading
cargo into EXs with high loading capacity.

8.3.2. Electroporation

Electroporation is a strategy for loading cargo into EXs through the use of an ex-
tra electrical field that produces micropores on the EX membrane to increase perme-
ability. Drugs, nucleic acids, and nanomaterials have all been loaded into EXs using
electroporation [139-141]. Although drugs can diffuse, in accordance with their concentra-
tion gradient, into EXs via the incubation method, the use of electroporation can signifi-
cantly increase drug loading efficiency. Researchers have developed modified dendritic
cell-derived EXs, which specifically target the brain, by introducing a brain targeting pep-
tide, rabies virus glycoprotein (RVG), on the exterior surface of the EX. An anti-x-syn short
hairpin RNA-minicircle (sShRNA-MC) construct was loaded into RVG EXs via electropora-
tion. Intravenous administration of ShARNA-MC-loaded EXs decreased «-syn aggregation,
attenuated the loss of DA-secreting neurons, and improved clinical symptoms in an o-syn
preformed fibril model of PD [142].

8.3.3. Extrusion

Extrusion is a physical procedure that utilizes a syringe-based extruder and mechan-
ical force. In this approach, the cargo and EXs are loaded into the extruder equipped
with a porous membrane. The extrusion process causes the EXs membrane to collapse
and blend with cargo to form cargo-loaded EXs after repeated extrusions under specific
parameters [143]. This approach has been taken to load the antioxidant, catalase, into EXs
and then deliver the catalase-loaded EXs to the brain as a potential anti-PD therapeutic.
The extrusion method resulted in high loading efficiency, sustained release of catalase,
and protection of the catalase cargo from degradation by proteases. When administered
to mice intranasally, a considerable amount of catalase was detected in the brain and the
catalase-loaded EXs had a neuroprotective effect in a 6-OHDA model of PD [112].

8.3.4. Freeze-Thaw Method

The first step of this method is to incubate the isolated EXs with the to-be-loaded
cargo for a specific amount of time at room temperature. Next, the EX and cargo solution is
rapidly frozen at —80 °C or below, then the solution is thawed at room temperature [112].
For better cargo loading, the aforementioned process is repeated for at least three cycles.
Although the freeze-thaw approach is simple and effective to load various cargo (e.g., drugs,
proteins, and peptides) into EXs, it has a lower cargo-loading capacity than the sonication
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and extrusion methods [144] and multiple freeze-thaw cycles could inactivate proteins and
induce EX aggregation.

8.3.5. Incubation with Membrane Permeabilizers

Saponin is a surfactant molecule that can form complexes with cholesterol in cell mem-
branes and generate pores, thus leading to an increase in membrane permeabilization [145].
Membrane permeabilizers significantly increase the loading capacity of a variety of cargo
into EXs, at least compared to the incubation method [144]. Incubation with saponin
resulted in an eleven-fold greater loading of a hydrophilic compound compared to the
incubation method [122]. Given the concerns about the hemolytic activity of saponin [145],
the concentration of saponin during drug loading should be low, and the EXs should be
purified after incubation with saponin.

8.3.6. Dialysis

This method involves placing a mixture of cargo and EXs onto dialysis membranes,
which are dialyzed by stirring to obtain cargo-loaded EXs. Compared to the incubation
approach, the dialysis procedure has increased the amount of cargo loaded into EXs more
than eleven-fold [122]. In addition, the dialysis system can be used to reduce the intra-
exosomal pH gradient to generate a pH gradient between the inside and the outside of the
exosomal membrane [146]. Although the pH gradient modification increases the loading of
miRNA and siRNA into EXs, it may induce the degradation of proteins and peptides [146].
Whereas some studies have reported good cellular uptake of cargo-loaded EXs obtained via
the dialysis method [147], others have reported poor cellular uptake [122]. Although the
dialysis method appears to be a relatively simple and effective EX-cargo loading technique,
researchers should carefully consider the type of loading cargo and whether to use a pH
gradient modification.

8.3.7. Comparing Different Loading Methods

The advantages and disadvantages of the different loading approaches are given in
Table 1. Note that loading compounds in EXs, regardless of the loading method, may
result in greater stability, increased bioavailability, and reduced immunogenicity, as well as
preserving the activity of the cargo (as the cargo is protected from degradation) [112,148].
The packaging of the hydrophobic compound, curcumin, in EXs substantially increased its
stability in aqueous solutions. The solubility of curcumin-loaded EX was five-fold higher
than free curcumin.

Although studies directly comparing exosomal loading by the different loading meth-
ods are sparse, the exosomal loading efficiency and cellular uptake of catalase across
different loading methods have been assessed. The loading efficiency of catalase into EXs
by incubation, the freeze-thaw method, incubation in the presence of saponin, sonication,
and extrusion were 4.9%, 14.7%, 18.5%, 22.2%, and 26.1%, respectively. The uptake of
catalase-loaded EXs by PC12 cells by incubation, the freeze-thaw method, and sonica-
tion were 10%, 15%, and 40%, respectively [112]. Interestingly, regardless of the loading
method, the cellular uptake of catalase-loaded EXs was substantially greater than that of
poly(lactic-co-glycolic acid) nanoparticles [112], which have been used for the delivery
of L-DOPA to the brain to treat PD [149]. The loading efficiencies of the small molecule,
porphyrin, into EXs by incubation, electroporation, extrusion, incubation in the presence of
saponin, and dialysis were compared. Compared to the loading efficiency of porphyrin into
EXs by incubation, the loading efficiency of porphyrin into EXs was increased more than
eleven-fold by incubation in the presence of saponin and dialysis but not by electroporation
or extrusion [122]. These researchers also observed a four-fold increase in drug uptake by
breast cancer cells for EXs loaded by incubation in the presence of saponin and electropora-
tion compared to the uptake of drugs not loaded into EXs [122]. When electroporation and
sonication were used to load the highly hydrophobic compound, paclitaxel, into EXs, more
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than 3 times and more than 19 times, respectively, of paclitaxel was loaded into EXs than
when the incubation method was used [139].

Table 1. Advantages and disadvantages, type of cargo that can be loaded, and whether a therapeutic

cargo has been used to treat PD for each loading method.

Loading Method Advantages Disadvantages Type of Cargo Loaded  Therapeutic Cargo for PD
Simple Low loading capacity Small drugs, nucleic
Incubation Minimal effects on EX Hard to control the acids, proteins, BDNE, c?o—enzyme Q10,
. curcumin, DA
structure amount of cargo loaded  peptides
Low loading efficiency Nucleic acids, proteins
Transfection Easy Possible introduction of peptides P ’ Catalase mRNA, Tom40
impurities
. Simple Produces damage to EX  Small drugs, proteins,
Sonication Higﬁ loading capacity =~ membrane ¢ peptides =P None
Produces damage to EX
Electroporation High loading efficiency gﬁﬁiz? fo induce EX 2211133 i;i%;;riillzlsc shRNA-MC
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9. Strategies to Target EXs to the Brain

9.1. Exploit EX Homing/Tropism

Cells of different origins are known to home in on specific locations in vivo.

For

example, immune cells preferentially target sites with immunological activity, such as the
spleen, to a greater extent than control cells [150]. There is support for the idea that EXs
possess intrinsic tropisms based on their cells of origin [151], an attribute that decreases the
probability of off-target effects and can be exploited for organ-targeted delivery of EX cargo.
For example, EXs secreted from cortical neurons preferentially bind and are endocytosed
by neurons [152]. In addition, systemic administration of NSC-derived EXs resulted in
preferential brain targeting whereas systemic administration of MSC-derived EXs did
not [153]. Notably, brain endothelial cell-derived EXs crossed the BBB and delivered
anti-cancer drugs to brain tumors [154].

The currently available methods for EX engineering can be classified into two main
approaches: (1) genetic engineering, and (2) chemical modification. Genetic engineering is
effective for displaying genetically engineered proteins on the surface of EXs, although it is
limited to genetically encodable peptides and proteins. The chemical modification approach
can be used to functionalize EXs with a wide range of molecules by using noncovalent or
covalent interactions. However, this approach is challenging because of the complexity of
the EX membrane and the issues associated with separating unreacted chemicals from the
EXs [155].
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9.2. Genetic Engineering

One interesting approach to target EXs to the brain has been to genetically modify
EX-producing cells by transfecting genes expressing a targeting moiety (e.g., peptides, re-
ceptors) with exosomal membrane components, such as tetraspanins, lysosomal membrane-
associated protein 2B (LAMP2B), or the C1C2 domain of lactadherin [156,157]. The cells
transfected with these vectors generate surface-modified EXs that express the targeting
moieties via the natural EX biogenesis process. The EXs produced from genetically engi-
neered cells stably display the introduced target moiety on their surface [158]. For example,
cells were transfected with a fusion protein comprised of LAMP2B and RVG, and the cells
generated EXs with RVG embedded in the exosomal membrane. These RVG-expressing
EXs more readily localized to the brain due to the cell surface expression of receptors
for RVG by neurons and glia [159]. Intravenous administration of RVG-expressing EXs
resulted in a two-fold greater accumulation of EXs in the brain and a substantial accumula-
tion of EXs in the heart and muscle, which also express receptors for RVG (i.e., nicotinic
acetylcholine receptors) [151]. Notably, intravenous administration of a slightly modified
RVG peptide, RVG-9R, has been used to transport siRNA to neurons to produce a neuron-
specific knockdown [160]. In addition, intravenous administration of RVG-expressing
EXs loaded with GAPDH siRNA specifically delivered the siRNA to neurons and glial
cells in the brain, resulting in an approximately two-fold knockdown of GAPDH mRNA
compared to non-treated mice [141]. In an attempt to reduce the expression of mutant
huntingtin (mHTT) protein, the root cause of Huntington’s disease, mice received tail
vein injections of a plasmid containing an RVG, LAMP2B, and mHTT siRNA under the
control of a cytomegalovirus promoter. When the plasmid was taken up by hepatocytes,
the cytomegalovirus promoter directed the localization of the RVG tag to the EX surface.
The RVG-tagged, mHTT siRNA penetrated the BBB, was delivered to the cerebral cortex
and striatum, decreased levels of mHTT protein and toxic aggregates in the cerebral cortex
and striatum, and ameliorated behavioral deficits in three mouse modes of Huntington’s
disease [161].

9.3. Chemical Modification

The surface of EXs can be directly engineered via chemical modifications for induc-
ing targetability of therapeutic EXs. One approach is to use covalent attachments of
targeting moieties, such as click chemistry, and the other approach uses non-covalent
modifications [162].

9.3.1. Covalent Modification of the Surface of EXs

Click chemistry utilizes covalent interactions between an alkyne and azide residue
to form a stable triazole linkage, which can be applied to attach targeting moieties on the
surface of EXs [162,163]. One of the most common examples of a chemical conjugation
method that uses covalent attachments is the modification of the EX’s surface with branched
polyethylene glycol (PEG), termed PEGylation [164]. Interestingly, to target sigma receptor
overexpressing lung cancer cells, EXs were modified with an aminoethylanisamide-PEG
moiety, which served as a targeting ligand for the sigma receptor [165]. In addition,
¢(RGDyK), a peptide that has a high affinity for integrin oy 33, which is expressed in
reactive cerebral vascular endothelial cells after ischemia, was conjugated to the surface of
MSC-derived EXs via click chemistry [166]. ¢(RGDyK)-labeled EXs exhibited an eleven-fold
tropism to the lesioned region of the ischemic brain compared to scrambled c(RGDyK)
peptide-labeled EXs [166]. We are not aware of the use of a covalent modification of the
surface of EXs for the targeted delivery of therapeutic EXs to the brain to treat PD.

9.3.2. Non-Covalent Modification of the Surface of EXs

The exosomal membrane can also be engineered via non-covalent methods, such
as receptor-ligand binding, electrostatic interaction, and hydrophobic insertion [167,168].
Transferrin was used to conjugate superparamagnetic magnetite colloidal nanocrystal
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clusters to the surface of EXs by binding to transferrin receptors expressed on the EXs [169].
The electrostatic interaction approach to conjugate targeting moieties to EXs involves
interactions of cationic species with negatively charged functional groups on the EX mem-
brane [168]. This method has been used to attach cationic lipids and a pH-sensitive
fusogenic peptide to the negatively charged membrane of EXs [170]. These fusogenic
peptide-expressing EXs exhibited increased binding to the endosomal membrane after
endocytosis, which facilitated the intracellular delivery of cargo [170]. The substance
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-hydroxysuccinimide (DOPE-NHS) is
a hydrophobic chemical that can be used to conjugate targeting peptides into exosomal
membranes. For targeting EXs to the heart, stem cell-derived EXs were conjugated with
cardiac homing peptide via a DOPE-NHS linker, which resulted in EX accumulation in the
heart [171]. We are not aware of the use of receptor-ligand binding, electrostatic interaction,
and hydrophobic insertion methods for the targeted delivery of therapeutic EXs to the
brain to treat PD.

10. Conclusions

EXs play key roles in intercellular communication by delivering biologically active
cargo to nearby or distant recipient cells. The cargo delivered by EXs can have a harmful
or beneficial effect on the recipient cell. EXs spread a-syn pathology in the olfactory bulb
and the gut, then throughout the PD brain, by transferring pathogenic, misfolded forms
of a-syn from diseased cells to healthy cells. Pathogenic, misfolded forms of «-syn are
transferred via EXs to and from neurons, astrocytes, and microglia. This sets in motion a
cascade of events whereby astrocytes and microglia are activated and then secrete ROS and
pro-inflammatory cytokines and chemokines into the extracellular space, which contributes
to the degeneration of neurons (Figure 1). Researchers have attempted to minimize or
ameliorate the pathogenic effects of a-syn-containing EXs by (a) targeting proteins that play
a role in EX biogenesis; (b) developing methods aimed at the removal of «-syn-containing
EXs from circulation; (c) inhibiting EX uptake by recipient cells; and (d) loading EXs with
therapeutic cargo and delivering them to the brain (Figure 2). Advantages of EXs as
carriers of therapeutic agents into the diseased brain include their ability to readily cross
the BBB, their potential for targeted delivery of therapeutic cargo over a long distance,
and their immune resistance. In addition, a wide variety of cargo, including hydrophilic
and lipophilic small therapeutic compounds, siRNA, miRNA, and proteins can be loaded
into EXs. The choice of loading method depends on the objective of the study and an
assessment of the advantages and disadvantages of each (Table 1). Regardless of the
loading method, the loading of therapeutic agents into EXs often results in greater stability,
increased bioavailability, protection (e.g., from degradation), and reduced immunogenicity.
Genetic modification of EX-producing cells and/or EXs and chemical modification of
EXs have emerged as powerful approaches for the targeted delivery of therapeutics to
neurons and/or glia. Thus, EXs hold great promise for the development of next-generation
therapeutics for the treatment of PD.
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Abstract: Spinal cord injury (SCI) is a devastating condition usually induced by the initial mechanical
insult that can lead to permanent motor and sensory deficits. At present, researchers are investigating
potential therapeutic strategies to ameliorate the neuro-inflammatory cascade that occurs post-injury.
Although the use of mesenchymal stromal/stem (MSCs) as a potential therapy in application to
regenerative medicine promoted anti-inflammatory and neuroprotective effects, several disadvan-
tages limit their use. Therefore, recent studies have reported the effects of exosomes-derived MSCs
(MSC-EXOs) as an innovative therapeutic option for SCI patients. It is noteworthy that MSC-EXOs
can maintain the integrity of the blood-spinal cord barrier (BSCB), promoting angiogenic, prolifera-
tive, and anti-oxidant effects, as well as immunomodulatory, anti-inflammatory, and antiapoptotic
properties. Therefore, in this study, we summarized the preclinical studies reported in the literature
that have shown the effects of MSC-EXOs as a new molecular target to counteract the devastating
effects of SCL

Keywords: exosomes; spinal cord injury; mesenchymal stromal/stem; blood-spinal cord barrier integrity

1. Introduction

Spinal cord injury (SCI) is a disabling condition that causes partial or complete senso-
rial and motor deficits. Usually, SCI is the result of an initial mechanical insult, followed
by a cascade of structural and neuroinflammatory changes. To ameliorate the damaging
events that occur after SCI, researchers have been evaluating the potential of mesenchymal
stromal/stem cells (MSCs) as therapeutic agents in application to regenerative medicine.
Despite the fact that experimental studies that have used MSCs have proven their beneficial
effects on SCI, there are several limitations regarding the application of MSCs as therapeu-
tic agents for humans. Therefore, it is necessary to identify new agents for regenerative
medicine application [1].

MSCs exert their therapeutic effects through the release of extracellular vesicles (EVs),
a group of membranous vesicles that are cell-derived and 30-1000 nanometer in size,
composed of lipid bilayers and secreted into the extracellular space [2]. EVs have been
found in biological fluids, including cerebro-spinal fluid (CSF), blood, urine breast milk,
saliva, amniotic fluid, and synovial fluid [3]. In addition to MSCs, EVs are also produced
by several cell types, such as B cells, NK cells, T cells, erythrocytes, platelets, epithelial
cells, endothelial cells, dendritic cells, neurons, oligodendrocytes, Schwann cells, mus-
cle cells, cancer cells and embryonic cells [4]. Based on their size and biogenesis, three
comprehensive classes of EVs are known: exosomes, microvesicles (MVs) and apoptotic
bodies. Apoptotic bodies are vesicles of 50-2000 nm in size that result from cell death.
MVs are vesicles of 150-1000 nm in diameter, obtained by direct budding from cytoplasmic
membrane. Exosomes are endosomal vesicles of size 40-150 nm in diameter generated by
the fusion of multivesicular bodies (MVBs) with the cell membrane that are released into
the extracellular environment [4,5].

It was demonstrate that EVs exert the capacity of transferring biological molecules
such as proteins, nucleic acids and lipids without direct cell-to-cell contact [6]. Thanks
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to their inclusion, morphology and ability to act as carriers to reach injury sites through
biological barriers, EVs could be useful for the diagnosis and treatment of diseases [7].
Consequently, advancing technologies in regenerative medicine have led researchers to the
isolation and application of exosomes-derived MSCs (MSC-EXOs).

In this regard, it has been demonstrated that MSC-EXOs exerts MSCs physiological
functions including anti-inflammatory, restorative, regenerative and immunomodulatory
potential. Therefore, due to their specific properties, researchers have investigated MSC-
EXOs as a potential therapeutic application for the treatment of permanent disability
conditions such as SCI [7,8].

The aim of this review is to summarize the preclinical studies that have reported the
effects of MSC-EXOs as a possible therapeutic strategy for SCL

2. Methodology

Publications between 2017 and 2022 are taken into consideration for this review.
PubMed and Scopus were used to retrieve the publications that corresponds to the key-
words: “MSCs derived exosomes” and “spinal cord injury”.

Studies that have evaluated the role of MSCs-derived exosomes in promoting SCI
repair and reducing functional deficits were selected. The Prisma flow diagram illustrates
the article selection process (Figure 1).
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Figure 1. The Prisma flow diagram illustrates the methodology that was used to select the in vivo
and in vitro studies used for the writing of the review. Duplicate articles were excluded from the total
of the studies that were found. Conversely, articles that highlight the role of MSCs derived exosomes
in promoting injury repair and restoring functional deficits are described (The PRISMA Statement is
published in [9].
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3. Spinal Cord Injury (SCI)

SClis a devastating injury to the spinal cord that leads to temporary or permanent
changes into the spinal cord, as well as the partial or complete loss of motor, autonomic
and sensory function [10,11]. SCI is common in males below 30 years of age [12,13].
The hallmarks of SCI are generally paralysis (paraplegia or quadriplegia), with sensory
dysfunction below the injury level [14]. It has been demonstrated that SCI can induce the
loss of connection between the brain and peripheral nervous system, in turn negatively
influencing the majority of basic bodily functions, including breathing, sexual function,
hormone release, as well as bowel and bladder functions [15].

Mechanical insult due to physical forces, including compression or contusion, can lead
to the transection or stretching of the spinal column with consequent spinal cord disruption,
thus promoting the primary injury [16-18].

“Primary injury” is an irreversible process that occurs immediately following injury
to the spinal cord, leading the axonal membranes to rupture and the release of materials
that inhibit axonal regeneration, including the neurite outgrowth inhibitor protein A, oligo-
dendrocyte myelin glycoprotein, chondroitin sulfate proteoglycan and myelin-associated
glycoprotein [19,20].

The subsequent phase of SCI is known as “secondary injury”, in which a cascade of
events are triggered, leading to progressive neuronal tissue damage and the exacerbation
of neurological deficits [21]. The secondary lesion is divided into an acute, a subacute, and
a chronic phase [22]. The acute phase is characterized by progressive hemorrhage, edema,
ischemia, thrombosis, an increase in oxidative stress, apoptosis, cell necrosis, as well as
the release of inflammatory cytokines due to the rupture of the blood-spinal cord barrier
(BSCB) [11]. Secondary injury negatively regulates cell survival, leading to an increase
in the lesion into the spinal cord in the rostrocaudal directions [23]. Indeed, it has been
shown that, among the mechanisms of secondary injury, the major contribution is provided
by inflammation due to macrophages, T-cells, microglia and neutrophils infiltration into
the site of the lesion, thus promoting the blood-marrow barrier rupture [24]. These cells
generate an inflammatory environment mediated by the release of interleukin (IL)-1f3, IL-6,
and tumor necrosis factor-o (TNFo). It is noteworthy that the inflammatory cytokines reach
their peak 6-12 h after injury and stay in circulation for four days [25]. The acute phase is
followed by the subacute phase; this is characterized by ionic homeostasis imbalance, which
is responsible for an increase in intracellular calcium, which in turn promotes mitochondrial
dysfunction and cell death [26,27]. In particular, oligodendrocyte death promotes the
axon demineralization process [28]. The mitochondrial changes induce DNA oxidative
damage, oxidation of proteins, and lipid peroxidation, leading to reactive oxygen species
(ROS) and reactive nitrogen species (RNS) production with further exacerbation of the
tissue damage [29]. The expansion of the damage prompts the chronic phase wherein the
activation of astrocytes produces excessive levels of the extracellular matrix and increases
neuronal apoptosis. This process triggers cystic cavity formation, axonal death and the
maturation of the glial scar [30,31]. Consequently, scar formation, tissue necrosis, and
cavity can interfere with cell regenerative processes, such as axonal regeneration, which
compromises the functional recovery and therapeutic regenerative potential [32]. While
in the early phase of secondary injury, the glial scar exerts a positive role in containing
inflammation, both removing debris and regenerating BSCB. In the later phase of injury,
axonal growth inhibitors and scars can interfere with neuronal regeneration (Figure 2) [33].

Although advances in SCI management have led to an improvement in patients’
quality of life, their recovery remains limited [34].

In this regard, the current treatments, including surgical decompression [35], spinal
cord pressure monitoring [36], corticosteroids [37,38] and hemodynamic therapy [39], do
not completely restore the function of the damaged spinal cord; thus, it is necessary to find
new therapeutic treatments for SCI management, such as MSC-EXOs.
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Figure 2. Pathophysiology of spinal cord injury (SCI). This schematic diagram illustrates the phase of
SCI and its pathophysiology. Immediately after primary injury, the activation of resident astrocytes
and microglia, and the subsequent infiltration of blood immune cells, induce an important neuroin-
flammatory response. This acute neuroinflammatory response plays a key role in the secondary
injury mechanisms in the sub-acute and chronic phases that lead to cell death and tissue degeneration,
as well as the formation of the glial scar, axonal degeneration and demyelination. During the acute
phase, monocyte-derived macrophages occur in the central area of the injury to scavenge tissue
damage. In these phases, the loss of oligodendrocytes leads to axonal demyelination, followed by
spontaneous remyelination. Instead, astrocytes and pericytes, normally present in the spinal cord
parenchyma, after damage proliferate and migrate to the site of injury and contribute to the formation
of the glial scar. The image was created using the image bank of Servier Medical Art (Available online:
http:/ /smart.servier.com/, accessed on 1 December 2022), licensed under a Creative Commons
Attribution 3.0 Unported License (Available online: https://creativecommons.org/licenses/by/3.0/,
accessed on 1 December 2022).

4. MSC-EXOs

Exosomes are natural nanomaterials enclosed by a lipid bilayer membrane that con-
tains phosphatidylserine, cholesterol, sphingomyelin and ceramide. It is noteworthy that
exosomes play an important role in cellular communication through the transport of genetic
information and bioactive substances, including proteins, nucleic acids and lipids, to create
paths for communication between cells. In this regard, it was reported that exosomes could
maintain the homeostasis of the CNS crossed with the BBB and communicate through the
miRNA proteins in the neurovascular unit [40].

Exosomes are widely distributed in some body fluids, such as blood, cerebrospinal
fluid, urine, amniotic fluid, pericardial effusion, milk and saliva [41]. Additionally, exo-
somes express surface proteins, including membrane transport/fusion proteins and heat
shock proteins (HSPs). Despite electron microscopy being the golden standard method
for exosome identification, the presence of CD9, CD63, and CDS81 favors their identifica-
tion [42]. Several techniques for the isolation of exosomes from different sources have been
developed [43]. Ultracentrifugation is the most used isolation method and is based on the
density difference and particle size. Additionally, it is a simple and cost-effective method
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that allows for isolating a high amount of exosomes [43,44]. The size-exclusion chromatog-
raphy and ultrafiltration are isolation methods that lead to the biomolecule’s separation,
according to their size [45]. Additionally, immunocapture techniques are exosome isolation
methods based on the interactions between the antibodies and proteins present in the
exosome’s surface [46]. Polymer precipitation is an isolation method based on the solubility
exosome changes [47]. Another method used to isolate and purify exosomes involves the
use of microfluidic technologies in order to obtain high purity and sensitivity [43].

As exosomes are membrane-coated nanoparticles, their use as vehicles for drug de-
livery, as well as in immune modulation and tissue regeneration, are being investigated.
Hence, techniques that employ the modification of exosomes to increase their targeting
efficiency and cross-biological membranes could be useful for biomedical applications. At
present, the gold standard technique for modifying the surface of nanoparticles is poly
(ethylene glycol) (PEG) coating, which has led to improved pharmacokinetics through the
stability and immunogenicity of the nanoparticles in vivo compared to uncoated nanopar-
ticles. Despite this, it was reported that PEG-coated nanoparticles mediate complement
activation and recognition by PEG-specific IgM antibodies with an increase in blood
clearance by the liver and hypersensitivity in vivo. Therefore, integrated cell cloaking
nanotherapeutics that exploit the biomimetic intrinsic properties of cell membranes could
enhance the increment of the nanoparticles in the target tissue. In this regard, it was
reported that macrophage membrane-coated nanoparticles improved their accumulation
in inflammatory sites. Additionally, prolonged circulation in vivo was also shown in
red blood cell membrane-coated nanoparticles. Moreover, to improve the integrated cell
cloaking nanotherapeutic techniques for potential clinical applications, the combination
of genetic, chemical and physical engineering and nanotherapeutic platforms, including
mesoporous silica nanoparticles, magnetic nanoparticles and metal-organic framework, is
providing promising results both in regenerative medicine and cancer immunotherapy [48].

Exosome biogenesis is achieved through plasma membrane invagination and the
generation of intracellular MVBs with intraluminal vesicles (ILVs). The endocytic pathway,
which involves the donor cell, is followed by the transport of intravesicular and transmem-
brane proteins from the Golgi complex, to lead to the formation of early endosomes [49].
Subsequently, the differentiation and maturation of early endosomes into late endosomes
occurs [50]. Morphological and physical changes can identify the transition into late en-
dosomes. In this regard, it has been reported that early endosomes show a tubular shape
and are found in the external portion of the cytoplasm. In contrast, late endosomes are
spherical and located near the nucleus [51]. Additionally, late endosomes are degraded by
binding to lysosomes, plasma membranes or autophagosomes to release the ILVs into the
extracellular environment as exosomes [52]. The interaction of exosomes with the recipient
cells can occur through their surface receptor molecules and ligands. It has been demon-
strated that, after secretion, some exosomes stay on the cell membranes of the donor cells,
while the remaining ones interact with the recipient cells [53]. Exosome internalization is
a process related to caveolae, raft or clathrin-dependent endocytosis. Additionally, it has
been reported that phagocytosis and micropinocytosis can also be considered as methods
of internalization. Therefore, exosome internalization that targets recipient cells can be
interesting as a potential therapeutic application in regenerative medicine [54,55]. In com-
parison to MSCs, exosomes have both higher safety and stronger plasticity, deeming them
potentially useful in clinical application to Central Nervous System (CNS) injuries [56,57].

As it has been demonstrated that the differentiation of MSCs towards a neural lineage in
the damaged brain only includes a limited number of cells, the regenerative potential of MSCs
could be more related to their paracrine activity, which is performed by exosomes [44,45].

In addition to the features of MSCs, MSC-EXOs are known for their immunomodula-
tory, anti-inflammatory, antiapoptotic, angiogenic, proliferative and antioxidant effects [58].
Moreover, MSC-EXOs offer several benefits, including accessible storage, high stability and
low immunogenicity [59,60]. MSC-EXOs are cystic vesicle cup-shaped structures with a
diameter of 30-100 nm, containing lipids, proteins and RNA [13,14]. The lipid bilayer is
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important in stabilizing biological activities and maintaining the integrity of the exosomes,
while protein modification on the surface leads to an improvement in targeting and recog-
nition of the exosomes. Additionally, the presence of nucleic acids, such as microRNAs
(miRNAs), is important in intercellular communication [61,62].

Despite their biogenesis being common to other sources, it has been reported that
MSC-EXOs show no differences in terms of their isolation, conservation and morphological
characteristics. Moreover, MSC-EXOs have demonstrated the ability to produce more
exosomes than other cell lines [15,16]. In addition to the common surface markers CD9 and
CD81, MSC-EXOs express some specific adhesion molecules, including CD29, CD44 and
CD73, present on the MSCs membrane [17].

Therefore, based on their paracrine effects, MSC-EXOs could be useful to improve
functional recovery, as well as being used as a cell-free therapeutic strategy [63].

5. MSC-EXOs as a Potential Therapeutic Tool in SCI

MSC-EXOs are easier to collect and store and possess poor ethical restrictions com-
pared to MSCs. For this reason, researchers have been evaluating the potential therapeutic
effects of MSC-EXOs in SCI experimental studies [64]. Several experimental studies have
reported that MSC-EXOs can exert anti-inflammatory and anti-apoptotic effects, promote
axonal regeneration and macrophage polarization, as well as protect the BSCB from spinal
cord damage [65-67]. The functional recovery of SCI patients is related to pro-inflammatory
and anti-inflammatory environments, as well as relative levels of pro-inflammatory cy-
tokines and anti-inflammatory factors [68,69]. In this regard, it has been demonstrated that
the intravenous injection of human umbilical cord MSC-EXOs inhibited the expression of
proinflammatory cytokines IL-13, IL-6 and the formation of scars, and promoted motor
function recovery in a SCI rat model [70].

Neuroinflammation plays an important role in secondary injuries of SCI. It has been
demonstrated that neuroinflammation leads to the activation of resident immune cells
and is mediated by a protein complex-inflammasome known as the nucleotide-binding
domain-like receptor protein 3 (NLRP3) inflammasome. NLRP3 is located in the cytoplasm
and regulates the natural immune response [71]. It is noteworthy that an increase in NLRP3
inflammasome activity in a SCI mice model has been reported [72]. Additionally, the
inhibition of NLRP3 inflammasome activation led to functional recovery in SCI rats, thus
confirming the important role of NLRP3 inflammasome in the control of the inflammatory
events that occur in SCI [72,73]. Similarly, it has been shown that the systematic adminis-
tration of epidural fat MSC-EXOs induced injury reduction and improved neural function
recovery in SCI rats, according to a molecular mechanism that led to the suppression of
NLRP3 inflammasomes activation and a reduction in inflammatory cytokines. Additionally,
an increase in B cell lymphoma-2 (Bcl-2) and a decrease in Bcl-2 associated X protein (Bax)
was observed [65].

As SClI leads to the activation of both the classic and alternative complement pathways,
thus exacerbating the inflammatory reaction, the inhibition of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-«B) may be a possible strategy for minimizing
inflammation in secondary injury and for promoting functional recovery [74]. Consequently,
the interaction of complements Clq and C3 to the NF-«B signalling pathway could explain
this [75]. Additionally, it has been observed that the C3 complement protein a (key marker
of Al astrocytes) upregulates NF-«B in a dependent manner [76]. In this respect, in a
SCI rats model, the administration of bone marrow MSC-EXOs led to a reduction in A1l
astrocytes through the downregulation of NF«B P65 [77].

In addition, macrophages are involved in the inflammatory process that occurs in
secondary injuries of SCI. Researchers have demonstrated the potential therapeutic effect
of MSC-EXOs in macrophage polarization [78]. It is known that macrophages can switch
from the pro-inflammatory phenotype M1 to the anti-inflammatory M2 one [79]. Following
injury, myelin damage at the initial SCI site leads to the infiltration of the macrophage via
chemotaxis [80]. M1 macrophages induce the production of pro-inflammatory cytokines,
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including TNF-«, IFN-y, IL-6, ROS and nitric oxide, with harmful effects to the injured
spinal cord [78]. In contrast, M2 macrophages exert anti-inflammatory effects through IL-10
release and promote axonal regeneration [80,81]. Hence, the persistence of M1 macrophages
induces a severe inflammatory state in SCI and causes further damage to the injured spinal
cord. Consequently, it is necessary promote strategies that lead to the polarization of
macrophages from the M1 phenotype to the M2 type [82]. The intravenous administration
of MSC-EXOs targets M2 macrophages in the injured spinal cord in order to release EVs by
MSCs and to improve SCI [83].

It is worth noting that the BSCB plays an important role both in the normal function of
the nervous system and in maintaining its integrity. The BSCB is formed by the basement
membrane, capillary endothelial cells, astrocyte foot processes and pericytes. Therefore,
the BSCB could be a potential therapeutic target for SCI [84]. After SCI, the rupture of
the BSCB induces the destruction of the blood vessels at the site of injury and causes a
consequent increment both of permeability and toxic materials into the injured spinal
cord, leading to edema and neuronal cell death [85]. Additionally, pericytes, as a part
of the neurovascular unit, are involved in the formation and maintenance of the blood
vessels” properties, as well as BSCB integrity [86]. It is noteworthy that pericytes and
several vascular wall cells could induce vessel wall fragility and, thus, the development of
spinal vascular shunts and arteriovenous malformations (AVMs), as well as intracerebral
hemorrhage [87]. Pericytes play an important role in maintaining vessel stability and
angiogenesis through crosstalk with angiopoietin signalling. In this regard, it was reported
that Angiopoietin-2, in the presence of the vascular endothelial growth factor (VEGF), can
promote vessels formation [88]. The therapeutic potential of MSCs-EXOs in SCI could also
occur via the NF-«B p65 pathway, thus inhibiting the migration of pericytes and, promoting
BSCB integrity, axonal regeneration and improved motor function, as well as leading to a
reduction in neuronal cell apoptosis [66]. Additionally, it has been reported that pericyte
from EXOs reduced cell apoptosis, improved microcirculation and protected the BSCB in
SCI mice [89].

The importance of miRNAs, such as miRNA-21, miRNA-133 and miRNA-126, as
potential therapeutic targets for SCI has recently been proposed [90].

Therefore, thanks to their characteristics, EXOs could cross the BSCB, enhancing the
effects of miRNAs, and potentially be used as carriers to miRNAs at the SCI site [91].

Moreover, during tissue damage, an increase in miRNA-21 expression has been high-
lighted, with a reduction in neuronal apoptosis via the phosphatase and tensin homolog
(PTEN)-protein kinase B (Akt) signalling pathway, as well as the modulation of the ex-
pression levels of protein-related apoptosis, including Bcl-2, Bax, caspase-3 and caspase-
9[92,93]. Additionally, it has been reported that the downregulation of miRNA-133b led
to a reduction in neuronal axonal regeneration and prevented the recovery of motor func-
tion [94]. It is worth noting that a decrease in miRNA-126 after SCI has been shown, while
an increase in miRNA-126 led to a reduction in inflammation and improved functional
recovery and angiogenesis [95].

6. MSC-EXOs as a Potential Therapeutic Tool in SCI Experimental Studies

Several experimental studies have investigated the effects of MSC-EXO as a potential
therapeutic strategy for SCL

Sung et al. evaluated the efficacy of MSCs-EXOs from human epidural adipose tissue
(hEpi AD), isolated by tangential flow filtration and characterized by flow cytometry,
in addition to nanoparticle tracking analysis. HEpi ADMSCs-EXOs were administrated
intravenously, both at low and high concentrations, in SCI-Sprague Dawley (SD) rats
and induced by the compression method. The study results demonstrated that the hEpi
ADMSCs-EXOs led to a reduction in the inflammatory responses, as well as improved
spinal functions. Histopathological and immunohistochemical analyzes of Iba-1 and glial
fibrillary acid protein (GFAP) in rat spinal cords demonstrated that the administration of
high and low concentrations of hEpi ADMSCs-EXOs reduced neuroinflammation. Overall,
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an increase in the brain-derived neurotrophic factor (BDNF) level in the spinal cord of rats
after the administration of high MSCs-EXOs concentrations was significantly reduced in the
SCI vehicle group. In addition, VEGE, an important neurotrophic factor for the survival of
spinal neurons, was higher in the spinal cords of the treated mice. Additionally, a reduction
in the pro-inflammatory cytokines IL-13, IL-2 and TNF-« in the MSCs-EXOs groups was
highlighted. It is noteworthy that mRNA sequencing analysis of the spinal cord tissue
demonstrated that the administration of hEpi ADMSCs-EXOs reduced the SCI-induced
inflammatory responses by targeting the immune response and neurogenesis-related genes,
thus suggesting that MSCs-EXOs could be useful to improve neurological recovery in
SCI [96].

In contrast, Zhou et al. evaluated the effects of bone marrow (BM) MSC-EXOs both
in vivo and in vitro. In order to perform the in vivo model, the authors used SD rats in-
duced with the impact method and subsequently treated with BMMSC-EXOs. The in vivo
results demonstrated that the transplant of the BMMSC-EXOs led to a reduction in myelin
loss and neuronal cell death, and improved both the myelin arrangement and locomotor
functional recovery. Moreover, the transplant of the BMMSC-EXOs reduced edema and
caspase-1 expression, and inhibited the pericyte pyroptosis and IL-1§3 release, thus main-
taining BSCB integrity. To confirm the in vitro results, microvascular pericytes isolated
from a rat’s spinal cord were induced with IFN-y 100 ng/mL plus TNF-«; 10 ng/mL and
transfected with lipopolysaccharide (LPS) 1 ug/mL, premixed with Lipofectamine, as well
as co-incubated with or without adenosine triphosphate (ATP) 5 mM. Additionally, to
test the protective effect of the MSCs-EXOs, pericytes were co-incubated with or without
BMMSCs-EXOs (100 pg/mL). The exposure of pericytes to IFN-y + TNF-« + LPS + Lipo-
fectamine + ATP led to the upregulation of pro-caspase 1 and Nod1 inflammasome, as well
as the release of IL-13. In addition, the treatment with BMMSCs-EXOs effectively inhibited
Nod1 inflammasome and pyroptosis in the pericytes, promoting the inhibition of IL-13
release and the upregulation of pro-caspase 1. Therefore, overall, the data suggest that
the use of BMMSCs-EXOs improved the integrity of the BSCB after SCI through pericyte
pyroptosis inhibition [97].

Zhang et al. also demonstrated the potential therapeutic effects of exosomes de-
rived from human placental MSCs (hPMSCs-EXOs) in SCI. The hPMSCs-EXOs, extracted
by sequential centrifugation, displayed proangiogenic effects both in vitro and in vivo.
Male mice induced by the contusive SCI model were administered with hPMSCs-EXOs
(200 png/pL) into the SCI epicenter. The in vivo results reported that the transplant of
hPMSCs-EXOs led to improved locomotor and sensory function recovery, as well as pro-
moting the new vessel formation and angiogenesis, as shown by a subset of endothelial
cells near the injury site that took up the labelled hPMSCs-EXOs. Additionally, to develop
the in vitro model and simulate ischemia in SCI, Human Umbilical Vein Endothelial Cells
(HUVECsS) were cultivated in oxygen-glucose deprivation (OGD) conditions scratching
was performed, and they were divided into experimental groups. The in vitro results
highlighted that treatment with hPMSCs-EXOs promoted tube formation by endothelial
cells, thus confirming the proangiogenic effects of hPMSCs-EXOs. Although is not yet
known whether endothelial cells can uptake MSCs-EXOs in the injured area, it is possible
that endothelial cells can only uptake MSCs-EXOs at certain stages of their development.
Therefore, further studies are required to elucidate the underlying mechanisms [98].

PTEN-AKT-mTOR pathway activation could also promote neurogenesis and axonal
regeneration, leading to a reduction in glial scarring and thus be potentially useful for
SCI treatment. As miR-26a could activate the PTEN-AKT-mTOR pathway, Chen et al.
investigated the effects of BM-MSCs transfected with the mimics of miR-26a, from which
the exosomes were harvested. After transfection, the expression level of miR-26a in the
exosomes was significantly increased. Then, PC12 cells were incubated with miR-26a
overexpressing exosomes (BMMSCs-EXOs-miR-26a) for 48 h. In vitro, BMMSCs-EXOs-
miR-26a promoted neurofilament generation in the PC12 cells by downregulating PTEN
expression and consequently increasing the phosphorylation of Phosphoinositide 3-kinases
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(PI3Ks), AKT and the mammalian target of rapamycin (mTOR) proteins. Targeting the
PTEN-AKT-mTOR pathway increased NF generation and nerve regeneration. In addi-
tion, in vivo, in the SCI rat model, the injection of BMMSCs-EXOs-miR-26a reduced the
injury in the damaged area and ameliorated the functional recovery. Following SCI, miR-
26a-overexpressing BMMSC-EXOs improved axonal regeneration, as also shown by the
upregulation of neurofilament and B-tubulin-3. Therefore, miR-26a could activate the
PTEN-AKT-mTOR pathway and promote axonal regeneration and neurogenesis [99].

Recently, several studies have investigated the potential role of MSCs-EXOs as a
miRNAs source in SCI experimental studies. In this regard, Li et al. studied the effects
of BMMSCs-derived EXOs transfected with miR-544. Following extradural compression
to induce the SCI model, SD rats were treated with BMMSCs-EXOs containing miR-544.
The BMMSCs-EXOs transfected with miR-544 improved the neural functional recovery
in SCI rats. Additionally, it has been evidenced that overexpressing miR-544 can alleviate
the inflammatory response after SCI, evaluated by proinflammatory cytokines reduction
including TNF-«, IL-1cx, IL-17B and IL-36f3 [100].

As miRNAs represent the most abundant nucleotides in exosomes, they are receiving
increasing attention from researchers. In this regard, Wang et al. identified the expression
profiles of exosomal miRNAs derived from human umbilical cord mesenchymal/stromal
stem cells (hUCMSCs). MiR-199a-3p and miR-145-5p were the most abundant miRNAs
identified in the hUCMSC-EXOs. Furthermore, bioinformatic analysis showed that these
miRNAs regulate TrkA turnover, as there seems to be a direct relationship between miR-
199a-3p and Cblb, miR-145-5p and Cbl. In this regard, the role of exosomal miR-199a-
3p/145-5p on neuronal differentiation through the regulation of the Cblb and Cbl genes
was explored. To evaluate the synergistic effects of miR-199a-3p/145-5p in EXOs, hUC-
MSCs were co-transfected with miR-199a-3p/145-5p antisense RNA and the EXO were
isolated. To simulate the inflammatory environment and promote the neurite outgrowth
that occurs after SCI, an injury model was developed. The PC12 cells were induced with LPS
11 pg/mlL, highlighting both the reduction in cell differentiation and miR-199a-3p/145-5p
expression. It is noteworthy that when the PC12 cells were pre-treated with hUCMSCs-
EXOs co-transfected with miR-199a-3p/145-5p, an increase in PC12 cell differentiation by
modulation of the nerve growth factor (NGF)/TrkA pathway differentiation was observed.
Moreover, the overexpression of neuronal markers, including 3-tubulin-3, heavy-chain
neurofilament (NF-H) and Neuronal Nuclei (NeuN) was shown. On the contrary, the
knockdown of miR-199a-3p/145-5p in MSCs-EXOs partially abolished the protective effect
of the exosomal miRNAs in the PC12 cells. In addition, bioinformatic analysis followed
by Western blotting and QRT-PCR analysis demonstrated that miR-199a-3p and miR-145-
5p targeted, respectively, the Cblb and Cbl genes, leading to the modulation of TrkA
ubiquitination. To confirm the data obtained, the authors performed the study in an in vivo
model of SCI. In addition, the in vivo results demonstrated that the injection of EXOs
led to an antiapoptotic effect at the lesion site; this effect was partially attributed to the
exosomal miR-199a-3p /145-5p that upregulated TrkA expression. Additionally, it has been
reported that hUCMSCs-EXOs co-transfected with miR-199a-3p /145-5p infusion improved
locomotor function in SCI rats and reduced inflammation [101].

Obesity is considered a metabolic disorder that reshapes the MSCs and their EVs; in
this regard, Ji et al. evaluated the protective effects of miR-21 transfected in MSCs-EXOs
derived from obese rats. To perform the study, SD rats were induced by laminectomy and
were administrated with MSCs-EXOs 24 h after surgery. It has been demonstrated that
MSCs-EXOs derived from obese rats did not exert a beneficial effect on the recovery of
hindlimb locomotor function and a decrease in miR-21 levels was also observed compared
to the group induced with MSCs-EXOs from the control rats. The involvement of miR-21
in SCI’s protective effects has been demonstrated by treating MSCs derived from obese
rats with miR-21 mimics. MSC-EXOs isolated from obese rats transfected with miR-21
mimic decreased cell apoptosis and injury, and improved locomotor function. Additionally,
it has been reported that obesity-related insulin resistance promoted miR-21 deficiency
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in MSCs-EXOs purified from obese rats. Therefore, it has been suggested that miR-21
could be a potential target for SCI treatment [102]. In addition, Kang et al. investigated
the effect of miR-21 on SCI, as well as their underlying molecular mechanisms. It has
been demonstrated that miR-21 targets the phosphatase and tensin homolog (PTEN).
Indeed, after injury, an increase in miR-21 expression and a consequent reduction in
PTEN was observed. To induce an experimental study and investigate the role of miR-
21, the authors used MSC-EXOs transfected by miR-21 or PTEN siRNA. The MSC-EXOs
transfected by miR-21 or PTEN siRNA led to a reduction in neuronal loss and improved
functional recovery after SCI. In this regard, RT-PCR, Western Blot and bioinformatics
analysis reported that miR-21m through the inhibition of PTEN/PDCD4, suppressed
neuronal death. Additionally, the therapeutic potential of miR-21 has been shown in SH-
SY5Y and U251 cells transfected with MSC-EXOs transfected by miR-21 or PTEN small
interfering RNA (siRNA). In addition, in vitro, the treatment increased cell viability and
suppressed cell death by the miR-21/PTEN/PDCD4 signalling pathway [103]. MiR-21 is
known to have the ability to phosphorylate PTEN, which is important in SCI as its silencing
in SCI mice was shown to induce cortical neuron growth and increased levels of the
mammalian target of rapamycin (mTOR) [104]. In addition, Wang et al. demonstrated the
effects of EXOs isolated from PC12 cells or MSCs transfected with phosphatase and tensin
homolog pseudogene 1 (PTENP1) short hairpin RNA (shRNA). The EXOs transfected
with PTENP1 shRNA led to a reduction in apoptosis both in the SH-SY5Y and U251 cells,
according to a mechanism that involved the overexpression of miR-21 and miR-19b, as
well as the downregulation of PTENP1 and PTEN. Moreover, the in vitro results were also
confirmed in SCI SD rats induced by a contusive model. The in vivo results confirmed the
reduction in neuronal apoptosis 28 days after the transplant in the experimental groups
treated with transfected EXOs. Therefore, MSC-EXOs transfected with PTENP1 shRNA,
through the modulation of miR-19b and miR-21 expression, could be proposed as a new
tool for post-SCI recovery [105]. The therapeutic potential of miR-21 and miR-19b derived
from hMSCs-EXOs has also been highlighted by Xu et al. The in vitro results demonstrated
that, after 48 h, the treatment with EXOs isolated from the supernatant of MSCs and PC12
cells differentiated, led to an increase in miR-21 and miR-19b expression, as well as a
decrease in PTEN expression in SH-SY5Y and U251 cells. Therefore, treatment with PC12
cells/MSC-EXOs exerts an inhibitory effect on neuron cell apoptosis. Additionally, the
authors evaluated the role of the miR-21/miR-19b pathway in an SCI rat model. The
intravenous administration of PC12 cells/MSC-EXOs led to an improvement in functional
recovery, as well as reduced neuronal apoptosis in SCI animals. Moreover, it has been
confirmed that miR-21 and miR-19b derived from hMSCs-EXOs exerts neuroprotective
effects by regulating PTEN expression [106].

Huang et al. investigated the effects of EXOs derived from miR-126-modified MSCs on
SCI both in vivo and in vitro. The in vivo results demonstrated that, 28 days after injury, the
intravenous administration of labelled miR-126 EXOs led to a reduction in lesion volume
and improved functional recovery in SD rats induced by moderate contusion injuries.
In addition, in vitro, labelled miR-126 EXOs improved the angiogenesis and migration
of HUVECs through the inhibition of Sprouty-related EVH1 domain-containing protein
1 (SPRED1) and phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2), i.e., two targets
of miR-126 EXOs. Indeed, it was reported both in vitro and in vivo that treatment with
miR-126 EXOs led to a suppression of SPRED1 and PIK3R2 expression and, conversely, an
increase in VEGE. These data highlight the potential therapeutic capacity of MSC-EXOs to
efficiently transfer miRNAs to the injured spinal cord, thus proving to be a novel potential
therapeutic strategy for treating SCI [107].

These data demonstrate the protective role of miRNAs in regeneration and neurogene-
sis, highlighting their potential use as a treatment for SCI. In this regard, we investigated
whether systemic injections of MSC-EXOs transfected with miR-133b, a miRNA already
known for its neuroprotective effects in SCI, could reduce spinal cord damage. The study
demonstrated that, five days after the transplant, the animals systemically injected with
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miR-133b EXOs showed an improvement in the recovery of hindlimb function compared
to control groups. Moreover, both a reduction in the injury volume and the neuronal cell
loss, as well as an increase in the axonal regeneration in the miR-133b EXOs group, were
reported. Furthermore, four days following SCI, miR-133b EXOs increased extracellular-
signal-regulated kinase (ERK) 1/2 phosphorylation by targeting Ras homolog gene family
member A (RhoA) and thus avoiding neuronal cell death. In addition, miR-133b EXOs
led to the activation of the signal transducer and activator of transcription 3 (STAT3) and
cAMP-response element binding protein (CREB), thus promoting the neuronal cell survival
and axonal regeneration; this highlighting once more the potential role of MSC-EXOs trans-
fected with miRNAs [108]. In contrast, Jiang et al. demonstrated the effects of MSC-EXOs
transfected with miR-145-5p in an SCI experimental study. The MSC-EXOs transfected with
miR-145-5p led to inflammation reduction and improved the animal’s functional recovery
according to a mechanism that involved the Toll-Like Receptor (TLR)4/NF-«B signalling
pathway modulation. In order to confirm the MSC-EXOs effects on cell viability, apoptosis
and inflammation, the authors induced an inflammation model in PC12 cells through LPS
(5 ug/mL) and then incubated it with 10 pg of MSC-EXOs transfected with miR-145-5p.
It is noteworthy that the Western Blot analysis demonstrated that MSC-EXOs containing
miR-145-5p reduced the inflammation, as well as the TLR4/NF-«B pathway activation in
the PC12 cells [109]. In line with the previous results, Lu et al. demonstrated that the trans-
plant of BMSCs-EXOs reduced neuronal cell death and improved motor recovery through
a mechanism that preserved the BSCB integrity. In this regard, it has been shown that
the administration of BMSCs-EXOs suppressed the migratory potential of pericytes, thus
promoting BSCB integrity via the NF-kB p65 pathway. To confirm the in vivo results and to
simulate the pathological environment of SCI in vitro, pericytes isolated from SD rats were
exposed to OGD/reperfusion conditions and treated with BMSCs-EVs. In addition, in vitro,
treatment with BMMSCs-EVs reduced the migration of pericytes and thus preserved the
integrity of the BSCB via NF-«kB p65 pathway modulation [66]. It is worth noting that
the NF-«kB pathway has been related to Al astrocyte activation and the inflammatory re-
sponse after SCI. Therefore, with this aim, Wang et al. investigated the inhibitory effects of
MSCs-EXOs on the activation of astrocytes following SCI. The intravenous administration
of both MSC-EXOs and MSCs led to a decrease in Al astrocytes activation through the
inhibition of the nuclear translocation of NF-«B p65, induced by SCI in the ventral horn of
the spinal cord. Moreover, it has been shown that the administration of MSC-EXOs or MSCs
reduced pro-inflammatory cytokine levels, including TNFe, IL-1oc and IL-1f in the ventral
spinal cord after SCI, as well as a decrease in the injury area and improved functional
recovery in SCI rats. Additionally, the infusion of MSC-EXOs or MSCs in SCI rats also
exerts neuroprotective and anti-apoptotic effects, as shown by the increase in the Myelin
Basic Protein (MBP), Synaptophysin (Syn) and Neuronal Nuclei (NeuN). In addition, the
in vitro exposure to MSCs-EXOs and MSCs reduced the proportion of SCl-induced Al
astrocytes, most likely through the inhibition of NF«B p65 nuclear translocation [77].

In compliance with this study, Liu et al. demonstrated the efficacy of MSC-EXOs in
the suppression of Al neurotoxic reactive astrocytes activation post-SCI. The BMMSCs-
EXOs treatment led to a reduction in Al neurotoxic reactive astrocytes and suppressed
neuronal apoptosis. Through the proangiogenic effects, 28 days after SCI, the treatment
with BMMSCs-EXOs promoted axonal regeneration and functional behavioral recovery, as
well as reduced glial scar formation, lesion size and inflammation. To confirm the results
obtained, the authors performed several in vitro functional assays. In line with the in vivo
results, the incubation of HUVEC led to the proliferation, migration and tube formation of
HUVEC. The BMMSC-EXOs pre-treatment led to a reduction in the release of LPS-induced
nitric oxide in the microglia after 24, 48, 72, and 96 h. Moreover, it has been reported that
BMMSCs-EXOs reduced neuronal cell death in the primary neurons induced by treatment
with glutamate for 24h [110]. Taken together, these results suggest that the application
of BMMSC-EXOs treatment, which represses A1l neurotoxic reactive astrocytes activation,
may be a promising strategy for SCI.
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The results of the aforementioned studies demonstrate the potential beneficial effects
of MSCs and their MSC-exosome in models of acute SCI. As intravenously administered
MSCs are known to not reach the site of injury, it has already been observed that small
EVs characterized as exosomes by the trafficking of bone marrow-derived MSCs (MSC-
smallEVs) reach the site of injury and target the type M2 macrophages in the injured spinal
cord. In this regard, as smallEVs are smaller and more stable and storable than living
cells, Nakazaki et al. hypothesized that the infusion of MSC-smallEVs could overcome the
many problems associated with cell infusion. Indeed, the transplant of MSC-smallEV's led
to BSCB stabilization and improved functional recovery compared to the control animal
groups. Additionally, the authors observed that labelled MSCs-EVs have been associated
specifically with M2 macrophages and are co-localized with exosome markers, such as
CDe63, in the lesion site. Moreover, it has been reported that the infusion of EVs increased
the expression of M2 macrophage markers, TGF-f3 and TGF-f3 receptors, and reduced
BSCB permeability. The in vitro results confirm that MSC-sEVs are only taken up by
cells when polarized to an M2 phenotype with IL-4 treatment. On the contrary, the cells
stimulated to an M1 phenotype did not show a detectable uptake of the EXOs. Overall,
these data suggest that MSC-sEVs promote a cascade of cellular responses that improve
functional recovery in SCI. Finally, MSC-smallEVs, by targeting M2 macrophages, activate
the TGF-f3 signalling pathway, thus exerting therapeutic effects in SCI. Therefore, contrary
to MSCs which could cause risks related to pulmonary embolism, the results of this study
demonstrate that multiple administrations of MSC-sEV could be safe. These data highlight
how the intravenous administration of MSC-sEV can represent an important non-cellular
therapeutic approach for the management of this pathology [111].

In this regard, Lankford et al. evaluated the possible mechanism of action of MSC-
EXOs in SCI by studying the tissue distribution and cellular targeting of 1,1-dioctadecyl-
3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) fluorescently labelled MSC-EXOs at 3 h
and 24 h after intravenous infusion in SCI rats. The DiR labelled MSCs-EXOs were detected
in the lesion site in M2 macrophages that express the marker CD206. Therefore, the data
suggest that the MSCs-EXOs’ regulation of the macrophage’s action into the lesion site
can contribute to the therapeutic effects of EXOs released by MSCs. MSC-EXOs targeting
M2-type macrophages at the site of SCI support the idea that EXOs, released from MSCs,
may mediate at least some of the therapeutic effects of the intravenous administration of
MSCs [83].

To improve the therapeutic potential of EXOs as a possible clinical application on SCI,
researchers are developing different strategies. At present, MSC-secreted nano-sized EXOs
have demonstrated an important potential to promote functional behavioral recovery after
SCI. As normoxic conditions that occur in vitro differ from the hypoxic micro-environment
in vivo, Liu et al. evaluated the effects of MSCs-EXOs under hypoxic (HEXOs) or normoxic
(EXOs) conditions, as well as their underlying mechanism. miR-216a-5p is most enriched
in HExos and is potentially involved in the microglial polarization of HExos-mediated.
The authors isolated EXOs from BMSCs cultivated in normoxic or hypoxic conditions and
they transfected them with miR-216a-5p mimics or miR-216a-5p inhibitors, as well as being
co-incubated for 24 h with the microglial cell line BV-2 or primary microglia, both induced
with LPS to reproduce microglial neuroinflammation in vitro. Although no morphological
differences have been shown in experimental groups treated with hypoxic or normoxic
conditions, both a greater protein concentration and of the easy up-take of EXOs labelled
by microglial cells have been highlighted in HEXOs groups. Moreover, an increase in
anti-inflammatory cytokines, as well as a decrease in pro-inflammatory cytokines, both in
BV2 cells and primary microglia treated with overexpressed miR-216a-5p-HEXOs (miROE-
HEXO:s), has been demonstrated. On the contrary, it has been reported that the knockdown
of miR-216a-5p in HEXOs (miRKD-HEXOs) could reduce the beneficial effects seen with
HExos. Additionally, the authors used C57BL/6 male mice induced by laminectomy and a
spinal cord impactor, as well as immediately after SCI infused by tail vein injection with
EXOs 200 pg precipitated in 200 uL PBS, or an equal volume of PBS (200 pL). The in vivo
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results demonstrated that the administration of HEXOs promoted functional behavioral re-
covery after SCI compared to the EXOs mice group. It has been reported that the transplant
of HEXOs led to a shift in the polarization of the microglial /macrophage from the M1 to M2
phenotype. Additionally, it has been confirmed that miR-216a-5p overexpression facilitated
the polarization of the microglia/macrophage from the M1 to M2 phenotype. As TLR4
has been identified as a target of exosomal miR-216a-5p, the TLR4/NF-«B/PI3K/AKT sig-
nalling pathway can be involved in the microglial polarization modulation. In conclusion,
the combination of miRNAs and MSC-EXOs derived from hypoxic conditions could be a
minimally invasive approach for SCI treatment [112].

Although there are numerous advantages over MSCs, both EXOs and MSC-derived
nanovesicles (N-NVs) do not show the ability to target diseased organs after systemic ad-
ministration. In this regard, Lee et al. developed and evaluated the effects of macrophage
membrane-fused umbilical cord blood-derived MSCs (MF-MSCs). As macrophage mem-
branes contain several binding molecules, including a431 integrin, as well as receptors of
inflammatory cytokines, MF-NVs by neuroprotective, anti-inflammatory and angiogenic
effects, they could improve the efficacy of NVs on SCI. To mimic the ischemic conditions
in the spinal cord, HUVECs underwent hypoxia and MF-NVs were added. The in vitro
results demonstrated a greater targeting efficiency of MF-NVs for HUVECs cultivated
in hypoxic-conditioned. Moreover, the intravenous administration of MF-NVs led to an
improvement in the functional recovery in SCI C57BL/6 mice induced by the compression
model 1 h after injury and were injected again seven days post-injury. Moreover, the
injection of NVs reduced the acute inflammation and cellular damage that occur after
SCI. In addition, three days post-injury, the proliferative and remodelling phases that are
involved in angiogenesis were observed. As has been reported in the previous studies, the
NVs membrane coated from immunocytes, including neutrophils and macrophages, could
likely remove inflammatory cytokines, such as IL13 and TNF, so to explain the targeting
mechanism of MF-NVs [113]. Thus, potentiated exosome-mimetic nanovesicles appear as
potential therapeutical strategies for SCI management.

In addition, in order to improve the release and integration of EXOs, Li et al. used an
innovative implantation strategy related to human MSCs-EXOs immobilized in a peptide-
modified adhesive hydrogel (pGel). Otherwise from systemic treatment, MSCs-EXOs
immobilized in a pGel contain exosome-encapsulated in an extracellular matrix are able to
be inserted in the damaged nervous system, leading to a mitigation of the SCI microenvi-
ronment. Before performing the in vivo study, the authors evaluated the delivery capacity
of MSCs-EXOs encapsulated in pGel compared to the hyaluronic acid hydrogel group.
To induce the in vivo study, SD rats underwent laminectomy, and the spinal cord was
transected. Following the lesion, the animals were implanted with human MSCs-EXOs
(100 pg) that had been suspended in PBS (20 pL) and injected into the pGel (60 puL). The
study results demonstrate the efficacy of the transplant in functional recovery and uri-
nary protection. Finally, 28 days after the Exo-pGel transplants, the exert regenerative
effects leading to lesion reduction and an increase in myelin sheaths were observed, thus
explaining the improved locomotor functions [100].

The results of all of these studies (Table 1) show the beneficial effects of MSC-EXOs
transplantation in neuron tissue regeneration and motor function recovery, as shown
in Figure 3. The clinical data and experimental animal reports show that exosomes, in
particular exosomal miRNAs, are closely associated with SCL. For this reason, MSC-EXOs
could have potential applications in several diseases and may be a promising hope for SCI
management. Indeed, MSC-EXOs can cross the BSCB, reducing both neuroinflammation
and neuronal apoptosis, thus promoting vascular remodelling, neurogenesis, microglia
activation and axonal regeneration in the nervous system and protecting the BSCB.
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Figure 3. Repair of the nervous system following SCI post exosomes transplantation. Exosomes
secreted by donor cells can cross to the blood-brain barrier, reducing both neuroinflammation
and neuronal apoptosis, thus promoting vascular remodeling, neurogenesis, microglia activation
and axonal remodeling in the nervous system. The image was created using the image bank
of Servier Medical Art (Available online: http://smart.servier.com/, accessed on 1 December
2022), licensed under a Creative Commons Attribution 3.0 Unported License (Available online:
https:/ /creativecommons.org/licenses/by/3.0/, accessed on 1 December 2022).

7. Challenges and Future Perspectives

For decades, research has focused on regenerative strategies capable of improving the
recovery of the injured spinal cord after SCI. Although the transplant of MSCs seems to be
a potential treatment for SCI, factors such as tumorigenesis, low survival rate and immune
rejection, as well as the lack of direct differentiation of MSCs in neuronal cells, can limit
their application to promote spinal cord repair. The study of MSC-EXOs could represent
new challenges and opportunities for developing regenerative strategies. However, before
MSC-EXOs can be applied to clinical practice, it is necessary to address several challenges
related to the source and optimal culture conditions, including isolation, purification,
amplification, as well as the optimal dose, frequency and route of EXOs administration. As
MSC-EXOs isolated from different tissue sources contain different inclusions, they show
different abilities to repair damage. Consequently, the choice of MSC-EXOs should be
performed according to the different tissues of origin. Furthermore, in order to not affect
the biological activity of EXOs, it is necessary to implement standardized, inexpensive,
rapid isolation and purification procedures. Indeed, the different separation methods show
significant differences in RNA and protein contents. Hence, the storage, transportation,
and preservation of EXOs are fundamental. In order to improve the recovery of the
injured spinal cord after SCI, a further challenge is represented by the sufficient MSC-EXOs
number to be administered. Consequently, physiological stimuli, as well as chemical and
physical pretreatment, including hypoxic preconditioning or cytokine preconditioning,
could improve the paracrine effects of MSC-EXOs and regulate the production and release
of different factors, as well as of EXOs. Additionally, innovative implantation strategies,
such as EXOs-encapsulated in an extracellular matrix, have led to an improvement in the
capacity of EXOs inserted into damaged nervous systems. Despite the PEG being the
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gold-standard technique for modifying the surface of nanoparticles, new techniques, such
as integrated cell cloaking nanotherapeutics, are being investigated in order to improve the
increment of nanoparticles in the target tissue and, thus, being used as vehicles for drug
delivery, immune modulation and tissue regeneration. Although encouraging results are
being obtained by methods that combine MSC-EXOs with biological materials, or those that
used MSC-EXOs for targeted drug or gene delivery, future studies are needed to investigate
them in depth.

8. Conclusions

As the therapeutic effects of MSCs are related to their paracrine activity by the release
of proteins, lipids and high levels of miRNAs in their contained MSC-EXOs, modulating
the signaling pathways involved in their neuro-regenerative and neuroprotective effects
could be a potential tool to treat SCIL. Several experimental studies have demonstrated that
different miRNAs, including miR-21; miR-19; miR-126; miR-133b; miR-199a-3p /145-5p;
miR-26a and miR-544, through modulation of the signaling pathways PTEN/AKT/mTOR,
NEF-«B p65 or ERK1/2, reduced astrocytes activation and pericytes migration suppressed
both neuronal apoptosis and inflammation in SCI. Additionally, an improvement in the
functional recovery induced by axonal regeneration, the release of proangiogenic factors
and the polarization of macrophages toward the M2 state have been shown, thus promoting
BSCB integrity and a reduction in the damage post-SCI. As, at present, there are no stan-
dardized methods to isolate and administered MSC-EXOs, it could be useful to investigate
new methods to deliver the EXOs directly to the lesion site. Moreover, it is necessary to
understand the additional mechanisms involved in the regenerative properties, as well as
to establish the efficacy and safety of transplanting EXOs in SCI patients; hence, further
studies are required.
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