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Abstract: As the economic burden associated with vision loss and ocular damage continues to rise,
there is a need to explore novel treatment strategies. Extracellular vesicles (EVs) are enriched with
various biological cargo, and there is abundant literature supporting the reparative and immunomod-
ulatory properties of stem cell EVs across a broad range of pathologies. However, one area that
requires further attention is the reparative effects of stem cell EVs in the context of ocular damage.
Additionally, most of the literature focuses on EVs isolated from primary stem cells; the use of
EVs isolated from human telomerase reverse transcriptase (hTERT)-immortalized stem cells has
not been thoroughly examined. Using our large-scale EV-manufacturing platform, we reproducibly
manufactured EVs from hTERT-immortalized mesenchymal stem cells (MSCs) and employed var-
ious methods to characterize and profile their associated cargo. We also utilized well-established
cell-based assays to compare the effects of these EVs on both healthy and damaged retinal pigment
epithelial cells. To the best of our knowledge, this is the first study to establish proof of concept for
reproducible, large-scale manufacturing of hTERT-immortalized MSC EVs and to investigate their
potential reparative properties against damaged retinal cells. The results from our studies confirm
that hTERT-immortalized MSC EVs exert reparative effects in vitro that are similar to those observed
in primary MSC EVs. Therefore, hTERT-immortalized MSCs may represent a more consistent and
reproducible platform than primary MSCs for generating EVs with therapeutic potential.

Keywords: extracellular vesicles (EVs); hTERT-immortalized mesenchymal stem cells; retinal pigment
epithelium (RPE) cells; ionizing radiation (IR)

1. Introduction

Mesenchymal stem cells (MSCs) are widely recognized for the various therapeutic
applications they can offer to both science and medicine. Since their discovery in the
late 1960s, MSCs have been extensively studied for their regenerative properties across
various tissues; according to clinicaltrials.gov, over 1400 studies currently cross reference
with “mesenchymal stem cells” [1,2]. Most recently, MSCs have also been proposed as an
alternative therapy for the secondary complications associated with COVID-19 [3–6]. The
therapeutic properties of MSCs have been attributed to their ability to influence and act
upon cells within the adaptive and innate immune systems. Mechanistically, this is achieved
through paracrine interactions where soluble factors mediate angiogenic, anti-apoptotic,
anti-inflammatory, anti-oxidative, and other reparative effects in damaged or distressed
cells [7–9]. Growing evidence now suggests that extracellular vesicles (EVs) are the secreted
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factors that aid in driving these effects. EVs represent a mixture of extracellular particles that
display biochemical, biophysical, and functional heterogeneity and contribute to various
homeostatic processes [10]. Historically, exosomes and microvesicles (MVs) comprised the
two subtypes of stem cell EVs that have been the most widely studied for their physiological
and pathological interactions [11,12]. However, in the 2024 Minimal Information for Studies
of Extracellular Vesicles (MISEV) guidelines, researchers are discouraged from using these
terms when describing EVs. Instead, it is recommended to cautiously use the operational
terms “small EVs” (i.e., less than 200 nm in size) and “large EVs” (i.e., greater than 200 nm
in size) when describing EV subtypes [13].

MSC EVs are enriched with various types of biological cargo, including nucleic acids,
proteins, and lipids [14–16]. Upon fusion or uptake, EV-associated cargo is transferred to
recipient cells where it has the potential to interact with numerous signal transduction
pathways. For example, previous studies have demonstrated the involvement of MSC EVs
in the mTOR, Akt, ERK, NF-kB, and MAPK signaling pathways [17–22]. Along these lines,
there is abundant literature supporting the reparative (e.g., pro-survival, anti-apoptotic) and
immunomodulatory properties of MSC EVs across a broad range of pathologies, including
those affecting the central nervous system (CNS), liver, kidney, lung, and heart, as reviewed
elsewhere [23,24]. While the literature surrounding MSC EV-mediated tissue repair is vast,
one area that remains relatively underexplored is the therapeutic potential of stem cell EVs
in the context of ocular damage or disease.

Recent reports have estimated that at least 1.1 billion individuals are affected by vision
impairment and that the economic burden associated with vision loss is greater than USD
130 billion [25,26]. The Centers for Disease Control and Prevention list age-related diseases
such as macular degeneration, cataracts, diabetic retinopathy, and glaucoma as the leading
causes of impaired vision (CDC.gov). Additionally, combat ocular trauma represents a
major cause of visual impairment and morbidity among members of the military [27].
Therefore, with a significant percentage of the population at risk for experiencing vision
issues, there is an unmet need to explore novel treatment strategies.

Because of its classification as “immune privileged,” meaning that it is inherently pro-
tected from potential damage caused by inflammation, the eye is an attractive therapeutic
target for stem cells and their byproducts (i.e., EVs). Along these lines, different types of
stem cells, including neural stem cells, MSCs (bone marrow, adipose, dental pulp), and
induced pluripotent stem cells (iPSCs), have been studied for their ability to repair retinal
neurons, retinal pigment epithelial cells, and corneal endothelium. Additionally, a number
of clinical trials using MSC-based treatment against various eye diseases such as glaucoma,
retinitis pigmentosa, age-related macular degeneration, and diabetic retinopathy have been
registered on clinicaltrials.gov [28,29].

Despite this progress, several challenges have limited the therapeutic outcomes of
cell-based therapy for eye disease. For example, decreased self-renewal, cell death, and
reactive gliosis have been reported post-transplantation. Additionally, other factors such as
donor age and tissue source can dampen the functional effects of transplanted MSCs [30].
For these reasons, alternative approaches, such as MSC EVs, should be evaluated. To
date, only a few studies have investigated and documented the reparative effects of MSC-
derived EVs against eye damage and/or disease; most of these studies have been reviewed
elsewhere [31,32].

The majority of the literature focuses on MSC EVs isolated from primary cultures;
however, there are certain factors that must be considered when working with cells isolated
directly from donor tissue. For example, there is inherent tissue variability when isolating
stem cells from different donors/source material and this can further compound the
downstream lot-to-lot variability in EV preparations. In addition, large-scale/continuous
manufacturing is difficult because of the limited and finite cellular lifespan of primary
stem cells. The “end replication problem” is the phenomenon by which telomeres are
progressively shortened during DNA replication; over time, this leads to growth arrest and
replicative senescence [33]. Previous research has demonstrated that human MSCs lack
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active expression of telomerase, the reverse transcriptase enzyme that is responsible for
maintaining telomere length [34–36].

To overcome these challenges, researchers have developed technology that allows for
the continuous replication of primary cells. This technology, known as human telomerase
reverse transcriptase (hTERT) immortalization, provided a breakthrough in primary cell
research. Through the forced overexpression of exogenous hTERT, it was shown that
telomere length could be preserved and cellular senescence could be prevented [37,38].
Since its inception, hTERT immortalization has been successful in immortalizing a wide
range of human primary cells, including MSCs, thereby extending their proliferative
abilities in vitro [39–43]. However, it is worth noting that there have been conflicting results
regarding whether or not hTERT immortalization may predispose cultures to a cancerous or
malignant phenotype, as some of the literature has suggested that hTERT immortalization
can contribute to genomic instability and promote premalignant phenotypes and cancer
invasion [44–46]. Furthermore, whether or not the EVs isolated from these cell types exhibit
similar effects remains to be explored.

In this study, we sought to characterize EVs from hTERT-immortalized MSCs and
to evaluate their reparative effects on retinal epithelial cells in vitro. As a control, we
performed side-by-side studies with EVs from cancer cells to compare their biochemical and
functional properties. Using our large-scale EV manufacturing platform, we manufactured
two independent batches (i.e., biological replicates) each of EVs from hTERT-immortalized
MSCs and PC3 cancer cells. We employed various methods and technologies to characterize
and profile EV-associated cargo. We also utilized several cell-based assays to compare
the effects of these EVs on both healthy and damaged retinal pigment epithelial cells.
The results from our studies not only highlight the differences in EV-associated cargo
and functional effects but also suggest that hTERT-immortalized MSCs may represent a
more consistent and reproducible platform than primary MSCs for generating EVs with
therapeutic potential.

2. Materials and Methods
2.1. Cell Lines

The following cell lines from the American Type Culture Collection (ATCC, Manassas,
VA, USA) were used for downstream EV isolation: hTERT-immortalized MSCs (ASC52telo;
ATCC® SCRC-4000™), prostate carcinoma cells (PC3; ATCC® CRL-1435™), and colorectal
carcinoma cells (HCT 116; ATCC® CCL-247™). hTERT-immortalized MSCs were cultured
in Mesenchymal Stem Cell Basal Medium (ATCC® PCS-500-030™) supplemented with
the Mesenchymal Stem Cell Growth Kit (ATCC® PCS-500-040™) and G418 at a final
concentration of 0.2 mg/mL. PC3 cells were cultured in F-12K Medium (ATCC® 30-2004™)
supplemented with 10% Fetal Bovine Serum (FBS) (ATCC® 30-2002™). HCT 116 cells were
cultured in McCoy’s 5A Medium (ATCC® 30-2007™) supplemented with 10% FBS. The
human retinal pigmented epithelium cell line ARPE-19 (ATCC® CRL-2302™) was cultured
in DMEM:F12 Medium (ATCC® 30-2006™) supplemented with 10% FBS. All cell lines were
maintained in culture following the manufacturer’s recommended guidelines.

2.2. EV Isolation and Nanoparticle Tracking Analysis

Cells were maintained at 37 ◦C and 5% CO2 and were scaled up according to the
manufacturer’s recommended guidelines in T-flasks and Corning® CellSTACK® (Corning,
NY, USA) vessels until an approximate volume of five liters was achieved. Two batches
of EVs (i.e., Lot 1 and Lot 2) were independently manufactured from each cell type and
therefore represented biological replicates. Prior to EV isolation, cells were cultured in EV-
depleted FBS. EV isolation was based on our previously published protocols [47]. Briefly,
this process involves centrifugation (i.e., 2000× g) of the bulk cell culture medium followed
by tangential flow filtration (TFF) (KrosFlo® Research Iii, Repligen Corporation, Waltham,
MA, USA) using a modified polyethersulfone (mPES) membrane with a molecular weight
cutoff of 500 kDa. The samples underwent a 5X buffer exchange/diafiltration with PBS
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prior to the final concentration and then were sterile-filtered (i.e., 0.2 µM) to obtain the
concentrated product [47]. The EVs used in this study are available from ATCC as follows:
hTERT -immortalized MSC (ATCC® SCRC-4000-EXM™), PC3 (ATCC® CRL-1435-EXM™),
and HCT 116 (ATCC® CCL-247™). EV aliquots were frozen at −20 ◦C prior to downstream
applications. Nanoparticle tracking analysis (NTA) was performed using a NanoSight®

NS300 (Malvern Panalytical, Malvern, Worcestershire, UK) to measure EV concentration
(particles/mL) and size distribution. This equipment is routinely maintained in accordance
with the manufacturer’s recommendations. Two biological replicates (i.e., Lot 1 and Lot 2)
of each EV sample were analyzed. EVs were diluted in sterile PBS prior to analysis, and
each EV sample was measured in triplicate. The data were analyzed using the instrument’s
built-in NanoSight® NTA software version 3.4.

2.3. Transmission Electron Microscopy

Approximately five mL of each EV suspension was applied for five minutes onto
formvar/carbon-coated 200 mesh copper grids (Electron Microscopy Sciences) that were
glow-discharged (20 mA for 60 s) right before use. EVs were negatively stained with
1% uranyl acetate (Electron Microscopy Sciences, Hatfield, PA, USA) for one minute and
air-dried before imaging. A FEI Talos™ F200X transmission electron microscope operated
at 200 kV was used. Images were acquired with a Thermo Scientific™ Ceta 16M CMOS
(Waltham, MA, USA) camera at a relative magnification of 58,000× (field of view 883.1 nm,
pixel size 215.6 pm, defocus ~1 mm). Thermo Scientific Maps Software version 3.18 was
used for the automated acquisition of 20 × 20 tiled images to create a large field of view.
Representative images were trimmed from large tiles using Adobe Photoshop, modifying
brightness and contrast if necessary.

2.4. Multiplex Immunoassays

Total levels of intact EVs in each sample were compared using R-PLEX® EV assays
(Meso Scale Discovery®, Rockville, MD, USA) in a multiplex format according to the
manufacturer’s instructions. Capture antibodies for CD63, CD81, and CD9 were displayed
on MULTI-SPOT® U-PLEX® plates (Meso Scale Discovery®, Rockville, MD, USA), and
EVs were captured and subsequently detected with a cocktail of ECL-labeled CD63, CD81,
and CD9 antibodies. The ECL signal produced on each spot was proportional to the
relative number of EVs in the sample presenting the target of each capture antibody. An
EV calibrator provided by the manufacturer was also assayed, but since the signals for all
samples were in the linear range of each assay, we reported raw ECL counts rather than
relative concentrations. All assays were performed in duplicate for each lot.

EVs were screened for thirty additional surface markers using a similar multiplex
immunoassay. These markers were AAP, ALCAM, ALK7, α-sarcoglycan, CD15, CD24,
CD276, CD40, CEA, DPPIV, EGFR, CD105, EpCAM, EPCR, EphA2, ESAM, FAP-α, FASR,
GJA1, HCAM, ICAM1, ITGB1, MCAM, Neprilysin, CD73, PECAM, Thrombomodulin,
Thy-1, and TNAP. Here, capture antibodies for up to 9 putative EV surface antigens and
a negative control capture antibody were displayed on MULTI-SPOT® U-PLEX® (Meso
Scale Discovery®, Rockville, MD, USA) plates. EVs from each sample were captured and
subsequently detected with a cocktail of ECL-labeled CD63, CD81, and CD9 antibodies.
The ECL signal produced on each spot was proportional to the relative number of EVs
in the sample presenting the target of each capture antibody. Assays were performed in
duplicate for each lot.

Inflammatory cytokines were assayed in the EV samples using the S-PLEX® proin-
flammatory Panel 1 Kit (Meso Scale Discovery®, Rockville, MD, USA) following the manu-
facturer’s instructions. Assays were performed in duplicate for each lot. Where detectable,
analyte concentrations were calculated using a 4-PL fit of a standard curve of the calibrators.
EVs were assayed before and after lysis using 0.5% Triton X-100 to determine whether
cytokines were potentially encapsulated within the EV membrane.
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For all multiplex immunoassays, EV input was based on volume (approximately 25 µL
per sample).

2.5. Western Blot

Protein concentration was measured by the Bicinchoninic acid (BCA) assay. EV lysates
(approximately 3 µg per sample) and cell lysates (approximately 10 µg per sample) were
mixed with Laemmli buffer and heated at 95 ◦C. Samples were run on a 4–20% Tris/glycine
gel (Invitrogen, Carlsbad, CA, USA) and then transferred to a PVDF membrane overnight.
Blocked membranes were incubated with the appropriate primary antibody overnight
at 4 ◦C. The primary antibodies used included α-CD63, α-CD81, α-CD9, α-GAPDH, α-
Caspase 3, α-Cyclin A, α-Cyclin D1, α-Cyclin E, α-N-cadherin, α-E-cadherin, α-CD142,
α-VEGF, α-DNA Polymerase β, α-p-AKT, and α-Akt, and α-Actin. See Table 1 below for
primary antibody catalog information. After incubation with the appropriate secondary
antibody, membranes were developed with Clarity™ or Clarity Max™ Substrate (Bio-
Rad, Hercules, CA, USA), and images were taken with the ChemiDoc™ Imaging System
(Bio-Rad). Images of full-length blots are included in Figure S1.

Table 1. List of primary antibodies.

Antibody Vendor Catalog

α-CD81 SBI (Palo Alto, CA, USA) EXOAB-CD81A-1

α-CD63 SBI EXOAB-CD63A-1

α-CD9 SBI EXOAB-CD9A-1

α-GAPDH Santa Cruz Biotechnology
(Dallas, TX, USA) sc-47724

α-Caspase 3 Santa Cruz Biotechnology sc-7148

α-Cyclin A Santa Cruz Biotechnology sc-751

α-Cyclin D1 Santa Cruz Biotechnology sc-753

α-Cyclin E Santa Cruz Biotechnology sc-198

α-Actin Santa Cruz Biotechnology sc-8432

α-N-cadherin Cell Signaling Technology
(Danvers, MA, USA) 14215S

α-E-cadherin Cell Signaling Technology 3195T

α-CD142 Cell Signaling Technology 97438T

α-VEGF Santa Cruz Biotechnology sc-57496

α-DNA Polymerase β
Novus Biologicals (Centennial,

CO, USA) NBP2-38600

α-p-AKT Santa Cruz Biotechnology sc-16646-R

α-AKT Cell Signaling Technology 9272S

2.6. Proteomics

Purified EV samples were processed and analyzed by mass spectrometry according to
the methods described in Howard et al. [48]. Liquid chromatography coupled tandem mass
spectrometry (LC-MS/MS) experiments were performed on an Exploris™ 480 (Thermo
Fisher Scientific®, Waltham, MA, USA) operated in a data-dependent mode. Tandem mass
spectra were searched against the NCBI human database using Proteome Discover v 2.3
from Thermo Fisher Scientific®. A 1% false discovery rate (FDR) was used as a cutoff value
for reporting peptide spectrum matches (PSM) from the database search. Shared proteins
between EVs were analyzed using the web-based Venn diagram maker InteractiVenn
(https://www.interactivenn.net) [49]. The proteomics data files were deposited to the

https://www.interactivenn.net
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ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD044629.

The Search Tool for the Retrieval of Interacting Genes (STRING) was used to calculate
the protein–protein interactions (PPIs) of peptides extracted from the EV preparations.
STRING is a publicly accessible database of known and projected PPIs. Direct (physical)
and indirect (functional) linkages result through computer predictions, information trans-
mission between species, and interactions collated from primary databases (i.e., Biocarta,
BioCyc, KEGG, and Reactome). PDB, BioGRID, IntAct, and other databases provide ex-
perimental and biochemical data. In this study, accession numbers of unique peptides
associated with hTERT-immortalized MSC EVs and PC3 EVs were imported into STRING;
interactions with a combined score of 0.70 (high confidence) were considered significant.

2.7. RNA Extraction and qPCR

RNA was isolated from cell pellets and EVs using TRIzol (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol. The RNA samples were enriched for mRNA
using Oligo (dT) 25 magnetic beads (Catalog S1419S, New England Biolabs, Ipswich, MA,
USA) according to the manufacturer’s guidelines. Briefly, isolated RNA samples were
incubated with Oligo (dT) beads, washed, and eluted in Tris-HCl. GoScript™ Reverse
Transcriptase (Promega, Madison, WI, USA) was used for cDNA synthesis along with
oligo (dT) reverse primers (Promega). For qPCR, cDNA samples were prepared with an
SYBR® Green (Bio-Rad) master mix with the corresponding primer sets. The primers and
annealing temperatures (Tm) are shown in Table 2. The reaction conditions included the
following: 50 ◦C for 2 min (1 cycle), 95 ◦C for 2.5 min (1 cycle), 95 ◦C for 15 s, and the
corresponding annealing temperature for 40 s (41 cycles). All reactions were performed in
triplicate. The data were quantified by comparison of cycle threshold (Ct) values generated
by the BioRad CFX ManagerTM Software version 3.0. Sample input for cDNA synthesis and
qPCR were standardized based on volume. The data were analyzed in GraphPad Prism.

Table 2. Primer sequences and annealing temperatures (Tm).

Primer Forward Sequence Reverse Sequence Tm

S100A6 5′-GTGACAAGCACACCCTGAGCAA-3′ 5′-GGAAGTTCACCTCCTGGTCCTT-3′ 58.1 ◦C

RPS23 5′-AGGAAGTGT GTAAGGGTCCAGC-3′ 5′-CACCAACAGCATGACCTTTGCG-3′ 58.9 ◦C

LGALS1 5′-AGCAGCGGGAGGCTGTCTTTC-3′ 5′-ATCCATCTGGCAGCTTGACGGT-3′ 61.2 ◦C

GAPDH 5′-GAAGGTGAAGGTCGG AGTCAAC-3′ 5′-CAGAGTTAAAAGCAGCCCTGGT-3′ 57.5 ◦C

2.8. Cell Migration Assay

ARPE-19 cells were seeded at an approximate density of 1.0 × 105 viable cells/cm2

into cell culture inserts in their complete culture medium. Cells were incubated overnight
and, upon reaching confluence, an artificial gap approximately 500 µm in diameter was
introduced to the cultures by removing the inserts. Cells were gently rinsed once with PBS
and then basal DMEM:F12 was added to each well. Untreated cells received DMEM:F12
only and EV-treated cells received either hTERT-immortalized MSC EVs or PC3 EVs at an
approximate ratio of 1:10,000 (recipient cell:EV). Each condition was performed in duplicate,
and cells were further incubated for a period of 48 h. Cells were imaged using the BioTek®

Cytation™ Cell Imaging Multimode Reader (Agilent, Santa Clara, CA, USA) at different
time points. The percentage of gap coverage was quantified using ImageJ software version
1.54d and the phantast plugin [50].

2.9. In Vivo Wound Healing Assay

The Institutional Animal Care and Use Committee at ATCC approved all protocols.
BALB/c mice (6 to 8 weeks old) were allowed to acclimate for a period of one week prior
to initiating the study. The dorsal skin of each mouse was shaved twenty-four hours prior



Cells 2024, 13, 861 7 of 26

to the punch biopsy. On day 0, mice were anesthetized with Ketamine, and the surgical site
was scrubbed with chlorhexidine scrub and alcohol. Two superficial wounds on the upper
dorsal region were created using a 6 mm Disposable Biopsy Punch (Integra™ Miltex®,
Princeton, NJ, USA). Each wound bed was immediately treated with four subcutaneous
injections of the indicated treatments as follows: untreated (PBS), hTERT-immortalized
MSC low dose (10 µg), hTERT-immortalized MSC high dose (100 µg), PC3 low dose
(10 µg), and PC3 high dose (100 µg). EV treatments were based on approximate protein
concentrations. All treatments were administered in a total volume of 200 µL with n = 5
mice per group. On day 2, all treatments were readministered as described above. The
approximate diameter of each wound bed was measured immediately after administration
(day 0) with a caliper, and subsequent measurements were taken and recorded daily.

2.10. Ionizing Radiation (IR)

ARPE-19 cells were seeded in either 96-well plates or 6-well plates. Semi-confluent
cultures (i.e., ~60–70% confluent) were irradiated at a dose of 20 Gy using the RS 2000
X-ray Irradiator (Rad Source Technologies, Buford, GA, USA). Immediately after exposure,
ARPE-19 cells were treated with either hTERT-immortalized MSC EVs or PC3 EVs (day 0)
at an approximate ratio of 1:10,000 (recipient cell:EV). Untreated cells received culture
medium only. Each condition was performed in duplicate, and cells were incubated for
downstream assays.

2.11. Cell Viability and Repair Assays

ARPE-19 cells were seeded and irradiated as described above and incubated for either
5 days or 7 days. Cultures that were incubated for 5 days post-IR received only 1 dose of
the indicated treatment on day 0. On day 5, cells that were seeded in 96-well plates were
assayed for viability using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega,
Madison, WI, USA) GloMax®-Multi Detection System (Promega). On day 5, cells that were
seeded in 6-well plates were harvested, and protein lysates were prepared for Western blot.
Cultures that were incubated in 6-well plates for 7 days post-IR received EVs on day 0 as
well as additional EV treatments (same ratio) on days 1, 2, 3, and 6. On day 7, cells were
imaged with the BioTek® Cytation™ Cell Imaging Multimode Reader (Agilent, Santa Clara,
CA), and then cells were harvested and protein lysates were prepared for Western blot.

For the inactivation of EV-associated proteins, EV samples were heated at 56 ◦C for
approximately 30 min. For the inactivation of EV-associated RNAs, EV samples were
treated with 45 MJ/cm3 of Ultraviolet-C (UV-C) light.

2.12. Statistical Analysis

Quantitative data were analyzed with GraphPad Prism software version 9.0. p-values
were determined by either an unpaired t-test, one-way analysis of variance (ANOVA),
or two-way ANOVA. p-values were defined as statistically significant (<0.05), of greater
significance (<0.01), of greatest significance (<0.001), and of extreme significance (<0.0001).

3. Results
3.1. Large-Scale EV Isolation and Characterization

The ability to manufacture EVs at scale in a reproducible and robust manner remains
a challenge for many EV researchers. We have previously published data demonstrating
our ability to isolate EVs from large batches (i.e., multiple liters) of conditioned culture
medium from A549 lung carcinoma cells, primary MSCs, and human induced pluripotent
stem cells [47]. To further demonstrate our large-scale EV manufacturing capabilities, we
isolated EVs from bulk suspensions of hTERT-immortalized MSCs and PC3 cancer cells.
EVs were isolated as previously described with slight modifications to the protocol to
further enhance the concentration of the final product [47].
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To highlight the reproducible nature of our protocols, we included data from two
independently produced large-scale batches of EVs isolated from each cell type. EV con-
centration and size distribution were analyzed by NTA. Dashed lines at 50 nm and 200 nm
are included on each histogram as a visual tool to annotate the size distribution range that
is expected to represent a population of small EVs. Figure 1a shows the NTA histograms
for two lots of hTERT-immortalized MSC EVs, which display major peaks at 113 nm and
135 nm as well as several other prominent peaks less than 200 nm. Figure 1b shows the NTA
histograms for two lots of PC3 EVs, which display major peaks at 115 nm and 138 nm. Both
lots of PC3 EVs also displayed peaks of larger vesicles or aggregates greater than 200 nm.
When comparing the average percentage of EVs among each lot within a defined size
range (i.e., 50 to 200 nm and 200+ nm), the differences between hTERT-immortalized MSC
EVs and PC3 EVs were significantly different. hTERT-immortalized MSC EVs displayed a
higher percentage of EVs within the range of 50 to 200 nm, whereas PC3 EVs displayed a
higher percentage of EVs larger than 200 nm (Figure 1c). These results are further supported
by data in Figure S2a,b, which include the NTA profiles and size distribution measurements,
respectively, of two independent batches of EVs isolated from the cancer cell line HCT 116.
Similar to PC3 EVs, HCT 116 EVs show major peaks around 158 nm and 113 nm as well
as other prominent peaks of larger vesicles greater than 200 nm. Again, when comparing
the average percentage of EVs among each lot within defined size ranges, the differences
between hTERT-immortalized MSC EVs and HCT 116 EVs were significantly different.
hTERT-immortalized MSC EVs displayed a higher percentage of EVs within the range of 50
to 200 nm, whereas HCT 116 EVs displayed a higher percentage of EVs larger than 200 nm.

Transmission electron microscopy (TEM) was also performed on hTERT-immortalized
MSC EVs and PC3 EVs to assess morphology. Representative images of hTERT-immortalized
MSC EVs (Figure 1d) and PC3 EVs (Figure 1e) show the presence of vesicles that appear to
be approximately 100 nm or smaller in diameter. Overall, hTERT-immortalized MSC EVs
appeared to cluster in aggregates of small EVs with similar morphology, whereas PC3 EVs
displayed more complex morphology and inconsistent structures.

EV protein concentration was measured by BCA. The average protein concentration of
hTERT MSC EVs was 5.4 µg/µL (SD = 0.314), and the average protein concentration of PC3
EVs was 0.41 µg/µL (SD = 0.008). A Western blot was performed to assess the expression of
tetraspanins between two independent lots of hTERT-immortalized MSC EVs and PC3 EVs.
The results from this experiment show that both lots of hTERT-immortalized MSC EVs
(Figure 2a) and both lots of PC3 EVs (Figure 2b) co-express CD63, CD9, and CD81, as well
as GAPDH. To further assess the relative expression of EV-associated tetraspanins, EVs
were assayed using a highly sensitive multiplex assay system. As shown in Figure 2c, both
lots of hTERT-immortalized MSC EVs displayed consistent patterns of expression, with
CD63 displaying the highest ECL values followed by CD81 and CD9 (CD63 > CD81 > CD9).
The differences in ECL values were statistically significant between both lots. In contrast,
Figure 2d shows that both lots of PC3 EVs displayed the opposite pattern of expression,
with CD81 having the highest ECL values followed by CD9 and CD63 (CD81 > CD9 >
CD63). Additionally, the average ECL of CD63 was significantly lower than both CD81 and
CD9 in each lot of PC3 EVs. A similar pattern of expression was also observed in the two
independent lots of HCT 116 (cancer) EVs (Figure S2c). The authors acknowledge that this
trend in tetraspanin expression is based on an input of standardized volume, and further
confirmations can be performed by standardizing sample input on other parameters such
as EV number or EV protein.
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Figure 1. Nanoparticle tracking analysis and EV morphology. NTA was performed on two biological
replicates (i.e., Lot 1 and Lot 2) of (a) hTERT-immortalized MSC EVs and (b) PC3 EVs to analyze
relative concentration (particles/mL) and size distribution. Dashed lines indicate values of 50 nm
and 200 nm. (c) The average % of EVs from each lot that measured between 50–200 nm in size and
200+ nm in size. n = 6 (2 biological replicates and each biological replicate was measured in triplicate).
** = p < 0.01. Representative TEM images show the appearance of (d) hTERT-immortalized MSC EVs
and (e) PC 3 EVs. Scale bar = 100 nm.
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Figure 2. Characterization of EVs. (a) Western blot for CD63, CD9, CD81, and GAPDH from two
independent lots (biological replicates) of hTERT-immortalized MSC EVs. (b) Western blot for CD63,
CD9, CD81, and GAPDH from two independent lots (biological replicates) of PC3 EVs. Multiplex
analysis was performed to analyze tetraspanins (CD63, CD81, and CD9). (c) Average ECL values
from two independent lots (biological replicates) of hTERT-immortalized MSC EVs. Each lot was
assayed in duplicate. (d) Average ECL values from two independent lots (biological replicates) of
PC3 EVs. Each lot was assayed in duplicate. (* p < 0.05; ** p < 0.01; **** p < 0.0001).

Collectively, these results demonstrate our ability to consistently manufacture EVs
from multiple different cell types with low lot-to-lot variability. These results also indicate
that EVs from cancer cell lines contain subpopulations of larger vesicles (>200 nm) as
compared with EVs from hTERT-immortalized MSCs. Lastly, these results suggest that EVs
from cancer cells and stem cells display cell type-specific expression of CD63, CD9, and
CD81. Given the reproducible nature of these data, all subsequent experiments will include
data representing one lot of hTERT-immortalized MSC and PC3 EVs.

3.2. Profiling of EV Surface Proteins and EV-Mediated Effects on Cell Migration

The EV surface can be characterized by several different molecular components in-
cluding receptors, transporters, enzymes, and antigens. In addition to aiding in EV identi-
fication, classification, and isolation, these molecules also play important biological roles
by contributing to processes related to intercellular interactions and biodistribution [51].
To further explore the potential cargo differences between hTERT-immortalized MSC and
cancer EVs, we performed EV surface marker screening using the U-PLEX® multiplex
assay platform. For these experiments, EVs were screened using antibodies targeting
various cellular surface proteins and adhesion molecules expected to be present on EVs
from some samples but not others. Our rationale for these studies was based on the
premise that EV surface proteins may not only serve as biomarkers for disease but also
be responsible for important functions relating to EV trafficking and uptake by recipient
cells [52]. EVs presenting 24 of the 30 surface markers were present in one or both samples
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while α-Sarcoglycan, EPCR, ESAM, GJA1, PECAM, and TNAP were absent from both
sample types.

When plotting the average ECL values of the screened proteins, we observed distinct
differences between hTERT-immortalized MSC EVs and PC3 EVs. For example, the cell
surface glycoprotein THY-1 (CD90) and the transmembrane proteins Neprilysin and Throm-
bomodulin (CD141) were strongly associated with hTERT-immortalized MSC EVs and
displayed approximate fold-differences of 461, 85, and 72, respectively, when compared with
those of PC3 EVs (Figure 3a). On the other hand, PC3 EVs were found to be significantly
enriched with the transmembrane proteins MCAM (CD146), EpCAM (CD326), ICAM-1
(CD54), EGFR, and ALCAM (CD166) and displayed approximate fold-differences of 549, 489,
70, 39, and 21, respectively, when compared with those of hTERT-immortalized MSC EVs
(Figure 3b). Comparison of the average ECL values between hTERT-immortalized MSC EVs
and HCT116 EVs yielded similar results. Here, the values associated with THY-1, Thrombo-
modulin, and Neprilysin were each significantly higher in hTERT-immortalized MSC EVs
(Figure S3a), whereas the values associated with MCAM, EPCAM, ICAM-1, ALCAM, and
EGFR were all significantly higher in HCT116 EVs (Figure S3b). Not surprisingly, each of the
surface proteins that are highly enriched in PC3 and HCT116 EVs are well-known markers
that are associated with cancer and metastasis [53–60]. Interestingly, THY-1, Thrombomod-
ulin, and Neprilysin, which were more highly enriched in hTERT-immortalized MSC EVs,
may have potential roles in biological processes related to inflammation, tumor suppression,
cellular differentiation and migration, regeneration, and apoptosis [61–67]. The authors
acknowledge that the observed expression of EV-associated surface markers is based on an
input of standardized volume, and further confirmations can be performed by standardizing
sample input on other parameters such as EV number or EV protein.
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Figure 3. EV surface marker profiling and cell migration Assay. Multiplex analysis was performed to
analyze various EV-associated surface marker proteins. Assays were run in duplicate. The average
ECL values of each surface marker were analyzed and compared between hTERT-immortalized
MSC and PC3 EVs. (a) THY-1, Thrombomodulin, and Neprilysin were significantly enriched in
hTERT-immortalized MSC EVs. (b) MCAM, EPCAM, ICAM-1, EGFR, and ALCAM were significantly
enriched in PC3 EVs. **** p < 0.0001; *** p < 0.001; ** p < 0.01. (c) A cell migration assay was performed
using RPE cells. After the creation of an artificial gap, cells were immediately treated with EVs at
an approximate ratio of 1:10,000 (recipient cell:EV). Representative images display gap closure over
48 h in response EVs. Scale bar = 1000 µm. (d) GraphPad Prism was used to analyze raw images to
quantify percent gap coverage. **** p < 0.0001 relative to untreated.

Given the data suggesting that both hTERT-immortalized MSC and PC3 EVs contain
proteins and molecules that promote various cellular processes, we next evaluated their
effects on the migration of retinal pigment epithelial (RPE) cells in vitro. For this assay,
an artificial gap was introduced to confluent cultures of RPEs and immediately treated
with EVs. Cells were further incubated and observed for a period of two days, and the
representative images in Figure 3c show a decrease in the gap width of cells that were
treated with both EVs relative to the untreated cells. We next used ImageJ to quantify
the percent of gap coverage. Image analysis revealed that after 48 h, the percent of gap
coverage was approximately 18%, 79%, and 85% for the untreated, hTERT-immortalized
MSC EV, and PC3 EV treated cells, respectively. At each time point (24, 48 h), treatment
with both EV types resulted in a significant increase in cell migration relative to untreated
cells. At 24 h post-treatment, there was a significant difference between the effects of
hTERT-immortalized MSC EVs (58% gap coverage) and PC3 EVs (45% gap coverage);
however, there was no statistically significant difference between cells treated with hTERT-
immortalized MSC EVs and PC3 EVs after 48 h (Figure 3d). These data confirm that
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both hTERT-immortalized MSC EVs and PC3 EVs can promote the migration of RPE cells
in vitro.

The effects of EVs on cell migration were further confirmed in vivo using a mouse
model for wound healing. In this study, two dorsal punch biopsies were introduced per
mouse (day 0) and each wound bed was immediately treated with four subcutaneous
injections of EVs (Figure S4a). EV treatments were administered at both low (10 µg total per
wound bed) and high (100 µg total per wound bed) doses for both hTERT-immortalized
MSC and PC3 EVs. Untreated control mice received four subcutaneous injections of PBS
around each wound bed. All treatments were readministered as described above on day 2.
The diameter of each wound bed was measured over a period of 9 days. By day 6, the
average wound diameters of mice treated with both doses of hTERT-immortalized MCS EVs
were significantly less than those of untreated mice. On the other hand, only the low dose
of PC3 EVs resulted in a significant reduction in the wound diameter by day 6 (Figure S4b).
By day 9, only the high dose of hTERT-immortalized MSC EVs had a significant effect
on the reduction in the average wound diameter relative to untreated. We also observed
that the average wound diameters of the PC3 EV high dose and untreated control were
relatively similar on day 9 (Figure S3c). Taken together, these data point toward a time-
and dose-effect response of hTERT-immortalized MSC EVs on wound healing in vivo;
furthermore, these data suggest that the effects of cancer EVs on cell migration may be
more variable than the effects of hTERT-immortalized MSC EVs.

3.3. Effects of hTERT-Immortalized MSC EVs on Cell Viability and Apoptosis in RPE Cells after
Ionizing Radiation

Based on the above data demonstrating that hTERT-immortalized MSC EVs can
promote processes related to cell migration, we next sought to investigate the reparative
properties of these EVs on damaged RPE cells in vitro. Ionizing radiation (IR) is well
known for inducing a cascade of biological effects in cells and tissues including DNA
damage, chromosomal abnormalities, inflammation, apoptosis, and carcinogenesis [68,69].
In addition, our previous research suggested that stem cell EVs can rescue the viability
of multiple cell types (neurons, astrocytes, and monocyte-derived macrophages) after
exposure to ionizing radiation (IR) [15]. Therefore, we chose to adopt a similar model of
IR-induced damage using RPE cells for these experiments.

We first carried out a titration study with RPE cells to determine an acceptable dose
of IR and from these studies, we chose a dose of 20 Gy for downstream experiments. To
evaluate the effects of EVs on irradiated cells, semi-confluent (i.e., 60–70%) cultures of RPE
cells were exposed to 20 Gy IR and immediately treated with EVs (Day 0). Cell viability
was assayed on day 5 post-irradiation. The results from this experiment confirmed that
exposure of RPE cells to IR resulted in a significant reduction in viability relative to control
cells and that a single treatment with hTERT-immortalized MSC EVs had a significant
impact on restoring cellular viability (Figure 4a). Interestingly, the viability of irradiated
cells that received a single treatment with PC3 EVs was lower than the viability of the
irradiated cells.

To better assess the effects of EVs on the health and growth of RPE cells, we performed
a Western blot on protein lysates from day 5 cultures. As shown in Figure 4b, exposure of
RPE cells to irradiation was associated with decreased expression of Caspase 3 (uncleaved).
The addition of hTERT-immortalized MSC EVs to irradiated RPE cells restored the expres-
sion of this protein to a level that was comparable to the non-irradiated cells, suggesting an
anti-apoptotic effect. However, the addition of PC3 EVs had little to no effect on Caspase 3
expression relative to the irradiated cells.
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Figure 4. Functional effects of EVs on irradiated RPEs. RPE cells were exposed to IR and treated with
EVs (day 0). (a) On day 5, a CellTiter-Glo® assay was performed to quantify the effects of EVs on
cellular viability. n = 3. **** p < 0.0001. (b) A Western blot was performed to evaluate the effects of
EVs on the expression of proteins involved in apoptosis and cell cycle regulation. (c) RPEs received
additional EV treatments on days 1, 2, 3, and 6. Representative photographs show their relative
appearance on day 7. Scale bar = 1000 µm. (d) Day 7 cultures were harvested, and a Western blot was
performed to evaluate the effects of EVs on the expression of various proteins involved in cellular
migration and repair.

We were also interested in evaluating the potential cell cycle dynamics of EV-treated
cells post-irradiation. To this end, we assessed the relative expression of proteins that
are responsible for regulating progression through the cell cycle. The results in Figure 4b
show that exposure of RPE cells to irradiation led to decreased expression of Cyclin A,
Cyclin D1, and Cyclin E relative to non-irradiated cells. Again, the addition of hTERT-
immortalized MSC EVs to irradiated cells was associated with a reversal of this effect as
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indicated by increased expression of Cyclin A, Cyclin D1, and Cyclin E relative to irradiated
cells. Although PC3 EVs were also associated with slight increases in Cyclin A, Cyclin
D1, and Cyclin E, their relative expression was still lower when compared with hTERT-
immortalized MSC-EV treated cells. These data suggest that EVs from stem cells and cancer
cells may exert differential effects on the regulation of the cell cycle in damaged cells.

3.4. hTERT-Immortalized MSC EVs Rescue the Expression of Cell Migration and Repair Proteins
in RPE Cells after Ionizing Radiation

Our studies so far focused on the effects of a single treatment of EVs and, remarkably,
the data suggest that a single dose is sufficient to exert pro-migratory and anti-apoptotic
effects in retinal epithelial cells. We next asked whether multiple consecutive EV treatments
would still promote a reparative phenotype in IR-damaged RPEs and if we would observe
any adverse effects that would be indicative of a potential loss of cellular homeostasis. For
this set of experiments, RPEs were exposed to IR (20 Gy) and immediately treated with
EVs (day 0). Cells received additional EV treatments on days 1, 2, 3, and 6 for a total of five
treatments post-IR.

On day 7, cultures were observed and representative photographs were taken. As
shown in Figure 4c, when the images were enlarged, the control (non-irradiated) cells
exhibited a compact, epithelial morphology while cells exposed to IR were overall less
compact and appeared elongated and/or stretched. On the other hand, irradiated cells that
were treated with hTERT-immortalized MSC EVs more closely resembled the control cells
in their relative size and appearance, whereas irradiated cells that were treated with PC3
EVs appeared slightly larger and less compact. These images suggest that after multiple
treatments, irradiated cells that received hTERT-immortalized MSC EVs regained and
maintained their characteristic morphology and phenotype. These images also provide
visual evidence that hTERT-immortalized MSC EVs may regulate cell cycle dynamics in
damaged cells, which further supports the data in Figure 4b.

Given these results, we next assessed the relative expression of other cellular proteins
that are associated with cell migration and/or reparative properties. The results in Figure 4d
show that exposure of RPE cells to IR reduced the expression of N-cadherin, E-cadherin,
DNA polymerase β, and VEGF and that the addition of hTERT-immortalized MSC EVs
reversed this effect. Conversely, the exposure of RPE cells led to increased expression of
CD142, and treatment with hTERT-immortalized MSC EVs lowered its expression to a level
that was similar to the control cells. Lastly, we also observed a reduction in the expression of
p-Akt in RPE cells that were exposed to IR, and, again, the addition of hTERT-immortalized
MSC EVs restored its expression to a level that was similar to the control cells. Overall, the
effect of PC3 EVs on the expression of each of these proteins was variable and not as robust
as hTERT-immortalized MSC EVs. Collectively, these data indicate that multiple doses of
hTERT-immortalized MSC EVs are capable of rescuing the expression of key proteins that
are relevant for cell migration and repair in irradiated RPE cells.

3.5. Cargo Profiling of hTERT-Immortalized MSC EVs Reveals Proteins, Cytokines, and mRNAs
Involved in Cellular Repair

The various types of EV-associated cargo are expected to drive functionality in recip-
ient cells. While the literature characterizing the proteomic and RNA landscape of MSC
EVs is growing, to the best of our knowledge, similar studies have not been performed on
hTERT-immortalized MSC EVs. In an effort to screen EV-associated protein cargo, we first
performed mass spectrometry. After processing the raw data, we identified approximately
605 and 178 proteins that were unique to PC3 EVs and hTERT-immortalized MSC EVs,
respectively, and approximately 309 proteins that were common (Figure 5a). Proteins
unique to hTERT-immortalized MSC EVs included peripherin and various isoforms of
periostin, protein tyrosine phosphatase receptor gamma, and mannan-binding lectin serine
protease 1, while proteins unique to PC3 EVs included moesin, ezrin, various isoforms of
syntenin-1, ras-related proteins, annexins, and beta integrins. Proteins common among
both EV preps include various isoforms of fibronectin, collagen, tenascin, and Target of
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Nesh-SH3. Protein interactions were further evaluated using the STRING database, and the
resulting protein–protein interaction (PPI) networks are graphed in Figure 5b. Interestingly,
the PPI networks of hTERT-immortalized MSC EVs and PC3 EVs both revealed nodes of
proteins associated with laminins and ECM-receptor interactions, whereas protein nodes
relating to inflammatory response and alpha 6 beta 4 signaling pathways were unique to
hTERT-immortalized MSC EVs and PC3 EVs, respectively.
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Figure 5. Profiling of EV-associated cargo. (a) The results from MS show the number of unique and
shared proteins between hTERT-immortalized MSC EVs and PC3 EVs. (b) The STRING database was
used to calculate the PPIs of peptides extracted from each EV preparation. Proteins are represented
by nodes that are connected by lines representative of their confidence level. Colors represent specific
functions that are associated with proteins. (c) Total RNA was isolated from hTERT-immortalized
MSCs, and RT-qPCR was performed to target candidate mRNAs. Average Cq values are shown. n = 3.
(d) Total RNA was isolated from hTERT-immortalized MSC EVs, and RT-qPCR was performed to
target candidate mRNAs. Average Cq values are shown. n = 3. (e) EVs were assayed for the presence
of inflammatory cytokines using the S-PLEX® proinflammatory Panel 1 Kit (Meso Scale Diagnostics)
following the manufacturer’s instructions. Assays were run in duplicate. Analyte concentrations
were calculated using a 4-PL fit of a standard curve of the calibrators. The data shown represent
samples assayed without lysis. *** p < 0.001; * p < 0.05.
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We next assayed EVs for the presence of select mRNAs. Our rationale for these
experiments is based on emerging evidence that EVs may serve as natural carriers of
functional mRNA that can be delivered to recipient cells. For our initial screening, we
consulted the RNAseq data from our previous experiments [70], which identified certain
mRNA transcripts in stem cell EVs. From this list, we chose three candidate mRNAs
(LGALS1, RPS23, S100A6) for confirmation by RT-qPCR. GAPDH was included primarily
as a control for hTERT-immortalized MSC donor cells. After isolating total RNA from
hTERT-immortalized MSC donor cells and hTERT-immortalized MSC EVs, RNA samples
were enriched for mRNA (to exclude the possibility of non-functioning fragments) using
Oligo (dT) magnetic beads. cDNA was generated using oligo (dT) primers. From there, we
synthesized primers for our target transcripts and carried out qPCR using a SYBR® Green
protocol. As shown in Figure 5c, LGALS1, RPS23, and S100A6 all displayed average Cq
values that were lower than the average Cq value of GAPDH in hTERT-immortalized MSC
donor cells, confirming that they were each present in relatively higher abundance than the
control. Remarkably, we also detected each of these mRNAs in hTERT-immortalized MSC
EVs at levels that were lower or similar to GAPDH (Figure 5d). These results support the
presence of potential full-length mRNA within EVs. Whether these mRNAs are functional
and are transferred to recipient cells remains to be studied.

For our last set of experiments, we screened for potential EV-associated cytokines.
For these experiments, EVs were assayed against a panel of cytokines using a multiplex
immunoassay platform. In the absence of lysis buffer, IL-6, TNFα, and IL1β were detected
among hTERT-immortalized MSC EV samples; however, only TNFα was detected among
PC3 EV samples. The relative concentrations of these cytokines are shown in Figure 5e.
When samples were assayed in the presence of lysis buffer, the only detectable cytokine
was IL-6 among the hTERT-immortalized MSC EV samples. The authors acknowledge that
the observed expression of EV-associated cytokines is based on an input of standardized
volume, and further confirmations can be performed by standardizing sample input on
other parameters such as EV number or EV protein. Collectively, our cargo profiling
highlights the differences that exist between stem cell and cancer EVs and identifies certain
cargoes that may collectively contribute to the functional and reparative effects of hTERT-
immortalized MSC EVs.

4. Discussion

Stem cell EVs represent a relatively novel and unique form of cell-free therapy. The
literature supporting their potential therapeutic applications across multiple tissue types
and pathologies is growing, as recently reviewed by others [23,24,71,72]. One area that has
only recently begun to attract increased attention is the therapeutic potential of MSC EVs
for ocular repair. The significant morbidity and economic burdens associated with vision
loss and eye disease underscore the importance of novel treatment strategies.

To date, most of the literature has focused on EVs isolated from primary MSCs
(e.g., bone marrow, adipose, umbilical). MSCs have been regarded as ideal sources for re-
generative medicine because of their abundance/availability, multi-lineage differentiation
potential, and vast reparative properties [73]. Despite these benefits, there are inherent
challenges when working with primary MSCs. These include donor-to-donor variability in
isolated tissues/cells and passage limitations due to their finite lifespan in culture. How-
ever, in 2009, Wolbank et al. reported the generation of telomerase-immortalized human
adipose MSCs in an effort to overcome the limitations described above [74]. Since then, this
breakthrough technology has been applied to advance the field of stem cell biology. Despite
this success, the literature is conflicting regarding the possibility of hTERT-immortalized
MSCs to harbor cancerous or malignant phenotypes [43–45]. It is therefore important to
evaluate carefully the potential long-term complications that may be associated with both
hTERT-immortalized MSCs and their EV byproducts if they are going to be considered
for potential therapeutic use. For reference, the hTERT-immortalized MSC cells that were
used in this study previously underwent karyology testing and were reported to exhibit a
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normal karyotype, suggesting that transduction by hTERT did not induce chromosomal
abnormalities [74]. It is also worth pointing out that this rationale also holds true for EVs
isolated from primary MSCs, as some researchers have observed pro-tumorigenic effects
associated with their use [75–78]. While others have begun to assess the immunomodula-
tory properties of hTERT-immortalized MSCs [79,80], to the best of our knowledge, this is
the first study to investigate the reparative effects of hTERT-immortalized MSC EVs in the
context of eye repair.

The development of scalable and standardized platforms is an important considera-
tion for the future of EV manufacturing, particularly for EVs with potential therapeutic
applications such as stem cell EVs. EVs isolated from large-scale bulk volume offer sev-
eral advantages including reduced lot-to-lot variability and improved reproducibility in
downstream assays. In this study, we demonstrated both the scalability and reproducibility
of our EV isolation platform by providing data generated from independent large-scale
batches of EVs from hTERT-immortalized MSC cells and cancer (e.g., PC3, HCT 116) cells.
Based on the NTA size distribution profiles, the EVs used in this study are expected to
be a mixture of small EVs and potentially other smaller extracellular particles such as
exomeres [81]. Our studies thus far have not resolved which of these EV subpopulations
may be responsible for driving the observed functional effects. Future research will include
additional EV purification steps to begin to address these questions.

Our characterization data highlight the different phenotypic and biochemical differ-
ences between hTERT-immortalized MSC EVs and cancer EVs. For example, EVs from
cancer cells typically include subpopulations of larger vesicles (i.e., greater than 200 nm)
relative to hTERT-immortalized MSC EVs. This may be attributed to the fact that cancer
cells display more heterogeneity and, thus, produce and secrete even more heterogeneous
EVs than non-cancerous cells, as suggested by others [82–84]. Although it is true that by
their nature, EVs from all cell types exhibit a certain degree of heterogeneity, our data indi-
cate a relative consistency in the distinct biochemical cargos of hTERT-immortalized MSC
EVs vs. cancer (i.e., PC3, HCT 116) EVs. For example, we observed significant differences
in the pattern of tetraspanin expression (e.g., CD63, CD81, CD9) when comparing hTERT-
immortalized MSC EVs to both PC3 and HCT 116 EVs. Across two biological replicates
each, hTERT-immortalized MSC EVs were most enriched with CD63, followed by CD81,
and CD9; this pattern of expression was reversed in PC3 EVs and HCT 116 EVs. Interest-
ingly, some of the literature suggests that high levels of CD9, which we found to be enriched
in cancer EVs, have been correlated with increased metastasis in various cancers [85–87].
On the other hand, CD63, which we found to be enriched in hTERT-immortalized MSC
EVs, has been associated with tumor suppression and decreased invasiveness [88–90].

The profiling of other EV-associated surface markers further revealed distinct differ-
ences between hTERT-immortalized MSC EVs and cancer EVs. Although the study of these
markers remains relatively unexplored compared with other types of EV-associated cargo,
their co-localization on the EV surface implies direct roles in various biological functions
such as antigen presentation, uptake, and disease pathogenesis [52]. Our data highlighted
a significant enrichment of certain cellular adhesion molecules, including MCAM, EpCAM,
ICAM-1, EGFR, and ALCAM, in cancer EVs relative to hTERT-immortalized MSC EVs.
Not surprisingly, each of these molecules is regarded as a marker of tumor progression
and invasion when their levels are overexpressed [58,91–94]. Conversely, the molecules
that were found to be more highly enriched in hTERT-immortalized MSC EVs (i.e., THY-1,
Thrombomodulin, Neprilysin) have been associated with reparative, tumor suppressive,
and anti-inflammatory properties [62–64,95–97].

For these reasons, we hypothesized that even if hTERT-immortalized MSC EVs and
PC3 EVs exhibit similar superficial phenotypic effects that may appear to be reparative in
nature, there may be less desirable and potentially irreparable effects on the underlying
molecular and biochemical pathways in cells treated with cancer EVs. To some degree, this
premise may be supported when comparing the results from the in vitro cell migration
assay and the in vivo wound healing assay. Here, we found that a single fixed dose of
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hTERT-immortalized MSC EVs and PC3 EVs exerted comparable pro-migratory effects on
RPE cells in vitro over the course of 48 h. Conversely, multiple subcutaneous injections of
either hTERT-immortalized MSC EVs or PC3 EVs across multiple days yielded contrasting
results in a mouse model of skin repair. Only high doses of hTERT-immortalized MSC
EVs were associated with a significant reduction in the wound diameter after 6 and 9 days,
whereas high doses of PC3 EVs had no substantial effect on reducing the wound diameter
regardless of time. While the topic of skin repair is not directly related to eye repair, we
believe that the results from the wound healing experiment demonstrate proof of concept
for future in vivo studies relating to hTERT-immortalized MSC EV-mediated repair.

In our in vitro model of irradiation-induced damage, we found that a single dose of
hTERT-immortalized MSC EVs was sufficient in restoring the viability of RPE cells, whereas
the same dose of PC3 EVs had no impact on viability as measured by an ATP-based assay.
Since exposure to IR is expected to activate the intrinsic pathway of apoptosis [98], we
assessed the expression of Caspase 3 in EV-treated cells before and after IR. The addition of
hTERT-immortalized MSC EVs restored the expression of uncleaved Caspase 3, consistent
with the anti-apoptotic properties that we have previously observed with primary MSC
EVs [68]. Our model of IR-induced damage also allowed us to examine the effects of
EVs on cell cycle dynamics, as exposure to IR is well known for initiating cell cycle arrest
at the G1 and G2 checkpoints [99]. The results from our study provide experimental
evidence that hTERT-immortalized MSC EVs may primarily regulate the cell cycle at the
G1/S transition, as indicated by the restoration of expression of Cyclin A, Cyclin D1, and
Cyclin E after exposure to IR. This could partially explain why these EVs are effective in
restoring the viability of damaged cells as they prevent premature entry into the S phase
and permit proper response to DNA damage. Future studies will further elaborate on this
concept by evaluating the effects of hTERT-immortalized MSC EVs on the regulatory and
effector proteins responsible for controlling the DNA damage response, such as ATR, ATM,
DNA-PK, and p53.

The proteins E-cadherin, N-cadherin, VEGF, and DNA polymerase β also play roles in
cellular repair/homeostasis and/or DNA damage response [100–103]. Conversely, aberrant
expression of E-cadherin, N-cadherin, and VEGF is also associated with transformation,
metastasis, and tumor progression [104,105]. We, therefore, asked whether or not the
addition of repetitive EV treatments to RPE cells would restore the relative expression levels
of these proteins after exposure to irradiation, which would be consistent with the initiation
of reparative processes. We were also interested in understanding whether EV treatments
would result in a collective overexpression of these proteins relative to the control RPEs,
which could possibly point toward a loss of cellular polarization and induction of cellular
transformation. This is an important issue that needs to be resolved when considering any
EV-based treatment as any potential dysregulation of repair processes could promote an
environment that would be favorable for cancer formation.

Indeed, we found that IR caused a drastic reduction in the expression of E-cadherin,
N-cadherin, VEGF, and DNA polymerase β and that hTERT-immortalized MSC EVs were
able to partially restore the expression of these proteins. Importantly, when compared to
the control, the expression levels of these proteins displayed relatively similar expression
compared to control RPEs. We also found that the effect of PC3 EVs on the expression of
these proteins was variable and not as robust as hTERT-immortalized MSC EVs. We ac-
knowledge that the protein expression levels that we observed in response to EV treatment
may only be temporary or transient in nature. To better examine potential long-term effects,
a soft agar assay could be performed to assess whether hTERT-immortalized MSC EVs
may cause cells to lose their anchorage dependence and promote colony formation, which
would be indicative of cellular transformation. While outside of the scope of the current
manuscript, future studies should further evaluate this topic to rule out any potential
carcinogenicity associated with hTERT-immortalized MSC EVs.

The results highlighted above are consistent with the existing literature describ-
ing the anti-apoptotic and pro-reparative properties of EVs isolated from primary/non-
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immortalized MSCs. Previous data from others suggest that these effects could be the result
of EV-mediated activation of the Akt signaling pathway [106–110]. Our data also point
toward a potential hTERT-immortalized MSC EV-modulated activation of Akt in damaged
RPE cells, as indicated by the increased expression of p-Akt in response to EV treatment. It
is worth noting that although PC3 EVs exhibited similar effects in restoring certain protein
levels, the authors do not advocate the use of cancer EVs for reparative purposes, and
further interpretation of these data is outside of the scope of the current study.

At this point, we believe EV-mediated reparative effects may be collectively driven
by multiple different cargoes, including surface-associated and EV-encapsulated proteins,
cytokines, and RNAs. To that end, we recently performed preliminary studies to see
whether the inactivation of EV-associated proteins and/or RNAs would diminish their
functional effects. Using the same model of IR-induced damage, we treated irradiated RPEs
with EVs that had been treated with either heat to inactivate EV-associated protein cargo
or Ultraviolet-C (UV-C) light to inactive EV-associated RNA cargo and then performed a
cell viability assay. Not surprisingly, the results from this experiment showed treatment
of hTERT-immortalized MSC EVs with both heat and UV-C significantly decreased their
capacity to restore viability compared with non-treated EVs (Figure S5a). This implies that
both EV-associated RNA and protein content play critical roles in mediating functional
effects. Interestingly, there were no appreciable effects when the same study was carried
out using PC3 EVs (Figure S5b). This may be due to the fact that PC3 EVs are much more
enriched with molecular cargo that already overwhelms recipient cells upon uptake; this
notion is somewhat supported by the fact that untreated PC3 EVs led to an even further
reduction in the viability of RPE cells.

The results from mass spectrometry and the corresponding PPI networks further
highlight the differences between hTERT-immortalized MSC EVs and PC3 EVs. As ex-
pected, PC3 EVs had a higher number of unique proteins and much more overlap and
redundancy in their protein networks compared with hTERT-immortalized MSC EVs. A
somewhat surprising finding in the current study was the detection of certain inflammatory
cytokines that were present in significantly higher concentrations in hTERT-immortalized
MSC EV samples relative to PC3 EV samples. These cytokines, namely, IL-6, TNFα, and
IL1β, are regarded as pleotropic cytokines with effects ranging from inflammation and
immunoregulation to apoptosis, DNA repair, and cell proliferation [111–116]. For this
reason, we speculate that EV-associated cytokines could act both directly on damaged cells
and indirectly by further recruiting innate immune cells to the damaged environment. In
this sense, EV-associated cytokines may augment the ability of the host cell to regulate the
inflammatory response to injury and/or damage. While the current data do not suggest
that these cytokines are encapsulated within the EV membrane, whether or not they are
membrane-bound or co-isolates that remain after EV isolation remains to be further studied.

In the current study, we also present data to support the relatively novel concept of
EV-associated mRNAs. The concept of selectively loading EVs with synthetic mRNAs
has been discussed as an improved strategy for drug delivery or vaccine development, as
recently reviewed elsewhere [117,118]; however, the screening of EV-associated mRNAs
remains relatively understudied relative to other types of RNAs. For our initial screening,
we consulted the RNAseq data from our previous experiments [68]. From there, we
selected candidate mRNAs based on their relevance to cellular repair and their relatively
high abundance in primary MSCs. After confirming their presence in donor hTERT-
immortalized MSC cells, we then confirmed their association with hTERT-immortalized
MSC EVs. Although the present study does not directly address whether these mRNAs are
effectively delivered to recipient cells and, if so, whether they are translated into functional
proteins, it nonetheless provides proof of concept for the EV-mediated delivery of natural
mRNAs to target cells. Follow-up studies are warranted to further explore this subject.

It has been documented that exposure to radiation can lead to several ocular complica-
tions including, but not limited to, those affecting the cornea, conjunctiva, iris, retina, and
optic nerve [119]. Previous reports have also documented the occupational hazards and
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ophthalmic consequences (i.e., cataracts, lens damage) that are associated with exposure to
ionizing radiation during or after radiation therapy [120,121]. Therefore, the data presented
here highlights a relevant EV-based platform that could be applied to reduce or reverse
radiation-induced ocular damage. These results could also potentially translate to other
models of eye-related damage and EV-mediated eye repair. To the best of our knowledge,
this is the first study to establish proof of concept for reproducible, large-scale manufac-
turing of hTERT-immortalized MSC EVs and to investigate their reparative properties
in vitro using RPE cells. For this reason, hTERT-immortalized MSCs may represent a more
consistent platform than primary MSCs for generating functional EVs for downstream
therapeutic evaluation. However, as mentioned above, further testing will be required to
evaluate the long-term safety profile and any associated side effects that could be associ-
ated with these EVs. Collectively, this research sets a precedent for continued efforts to
investigate novel applications of hTERT-immortalized MSC EVs not only for eye repair but
for any cell type exhibiting a damaged or diseased phenotype.
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