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Extracellular vesicles isolated from adipose
tissue-derived mesenchymal stromal cells as
carriers for Paclitaxel delivery
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Abstract

Background Mesenchymal Stromal Cells (MSC)-derived Extracellular Vesicles (EV) represent innovative tools for
drug delivery systems. However, their clinical use is limited by the lack of standardized good manufacturing practice
(GMP)-compliant isolation and conservation protocols. In this study, we developed a GMP-compliant protocol for
the preparation of MSC-EVs and investigated the feasibility of producing EVs loaded with paclitaxel (PTX) for clinical
application as drug products.

Methods Adipose tissues from 13 donors were used to obtain MSC-EVs via culture supernatant ultracentrifugation.
EVs loaded with PTX were manufactured by adding the drug to the culture medium of MSCs before supernatant
collection. EV identity was verified in terms of concentration/size, protein content, morphology, and expression of
EV surface markers. The anti-proliferative activity, accumulation ability in tumor cells and PTX content, as well as their
stability over time, were also evaluated.

Results High numbers of EV/EV-PTX compliant in terms of integrity/identity were obtained and can be successfully
stored for up to one year at -80 °C. Cellular studies have shown that EVs are capable of accumulating in tumor cells
and, when loaded with PTX, inhibiting the proliferation of a pleural mesothelioma cell line.

Conclusions These results support the potential future clinical use of EVs as carriers for drug delivery to improve
cancer treatment strategies.
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Introduction

In recent years, Extracellular Vesicles (EV) have emerged
as promising and innovative tools for drug delivery, offer-
ing a wide range of potential applications that could revo-
lutionize patient care and outcomes.

EVs are small particles that are delimited by a lipid
bilayer and carry a cargo of proteins, nucleic acids and
lipids but cannot replicate on their own. Recent stud-
ies have highlighted the potential benefits of Mesenchy-
mal Stromal Cell-derived EVs (MSC-EVs), which have
been shown to maintain the same therapeutic effects as
MSCs without potential disadvantages, such as the risk
of tumor formation [1, 2]. Compared withThe majority
of the biological effect EVs derived from other cell types,
MSC-EVs are characterized by higher stability, lower
immunogenicity, and the possibility of being engineered
to display therapeutic effects [3]. Indeed, the high poten-
tial of MSC-EVs as Drug Delivery System (DDS) to treat
different diseases has been described, as the lipid bilayer
membrane of EVs can support both hydrophilic and
hydrophobic drugs [4, 5]. EVs can cross the blood—brain
barrier, a feature that makes them especially interesting
as natural carriers of drugs for curing neurodegenera-
tive diseases [6]. MSC-EVs are also used as DDS in car-
diovascular, nervous, kidney and skin diseases, with the
primary aim of strongly improving treatment efficacy and
limiting systemic adverse events [7-12].

The characteristics of MSC-EVs make them suitable
candidates for use as DDSs in neoplastic diseases due
to various possible advantages: (i) the delivered drugs
could be better localized to the tumor site, reducing the
interaction between the drug and normal cells, thereby
contributing to limit systemic toxicity; (ii) the drug con-
centration in the tumor environment could be enhanced,
increasing tumor drug uptake and, again, reducing side
effects; (iii) pharmacological therapy could be carried out
using a reduced amount of drug, compared with the con-
ventional dose; and (iv) the bioavailability of the drugs
already used in standard therapy could be increased via
new routes of administration [13—16]. Moreover, since
EVs cannot replicate, the safety of EV-based approaches
is greater than that of cell-based therapies.

Although the approval of MSC-EVs as drug product
from regulatory agencies could be facilitated for all these
reasons, the clinical use of EVs is limited to date by the
lack of robust and standardized good manufacturing
practice (GMP)-compliant preparation and conservation
protocols.

MSC-EV preparation is a complex process that involves
many critical steps, starting from the choice of the cell
source to the MSC isolation methods and the culture
conditions. Indeed, compliance of the primary cells
is considered mandatory to obtain an EV product of
acceptable quality. The choice of culture medium is also
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a critical issue, as although medium supplemented with
platelet lysate represents the best choice of many labora-
tories to improve the MSC growth rate, the use of plate-
let lysate can lead to impurities in the final product (i.e.,
EVs of plasma origin). Among the critical steps, the EV
isolation method and the choice of phenotypic and func-
tional EV characterization methods are crucial as well. It
has been widely demonstrated that different sources and
protocols lead to different products in terms of identity,
quantity and efficacy [17-19]. Moreover, there is limited
knowledge about the optimal storage conditions or time,
shelf life and stability, all of which are key points for the
use of EVs as medicinal products.

Since 2010, our laboratory has focused on the devel-
opment and manufacturing of cell therapy medicinal
products and is now involved in the manufacturing and
quality control of MSCs loaded with Paclitaxel (PTX)
used as a drug product to treat patients with mesotheli-
oma enrolled in a new clinical trial (PacliMES), approved
by ISS and AIFA [20].

The aims of the present study were to explore the pos-
sibility of (a) setting up a GMP-compliant protocol for
the preparation of MSC-EVs, starting from lipoaspirated
Adipose Tissue (AT) from healthy donors, for use in ther-
apeutic approaches and (b) preparing EVs loaded with
PTX for potential clinical application as antitumor drug
products.

Materials and methods
Sample collection
AT lipoaspirates were collected under general anesthe-
sia from 13 healthy volunteer donors (9/13 females and
4/13 males) undergoing plastic surgery for aesthetic pur-
poses. The mean age was 46.4 years (range: 20—63 years).
Samples were collected after signed informed consent
was obtained for the use of surgical tissues (otherwise
destined for destruction) in accordance with the Decla-
ration of Helsinki. Informed consent was obtained prior
to tissue collection, and the Institutional Review Board
of the IRCCS Neurological Institute C. Besta Foundation
approved the design of the study (n. 15, 29/03/23).

The AT samples were processed within 24 h from
surgery.

MSC isolation and expansion and supernatants collection

MSCs from AT lipoaspirates were isolated and expanded
as described previously [21]- [22]. Briefly, samples were
disaggregated by enzymatic digestion with 0,3 PZU of
collagenase type I (Life Technologies, USA) and then
centrifuged (300xg, 15 min), and the floating fraction and
cellular pellet were plated in 150 cm? flasks (Euroclone,
UK), 10 mL/flask in DMEM (Euroclone, UK) supple-
mented with 5% platelet lysate and 2 mM L-glutamine
(Euroclone, UK). MultiPL100 (Macopharma, France)
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and Stemulate (Sextonbio, USA), both derived from
platelets of more than 100 donors, were used as platelet
lysates. The flasks were maintained at 37 °C in a humidi-
fied atmosphere containing 5% CO, and checked twice
weekly; medium was added (2 mL) every 3—4 days. When
the MSC sprouted from the lipoaspirated AT, the tissue,
detached from the plastic support, is collected together
with the culture medium. Cells were washed twice with
5 ml of PBS and new culture medium was added to the
flasks (10 ml/flask). After reaching 80% confluence,
the MSCs were harvested via TrypLe solution (Sigma-
Aldrich, USA) and propagated at 4,000 cells/cm? until the
passage did not exceed passage 4 (P4).

Twenty-four hours before supernatant collection,
the complete medium of MSC cultures not exceeding
50-60% confluence was replaced with medium without
platelet lysate (starvation) to deprive supernatants from
EVs of lysate origin and to stimulate the maximum EV
release from cells. After 24 h, the supernatants were col-
lected and processed immediately or cryopreserved at
-80 °C.

MSCs were detached and characterized in terms of
morphology, number and viability, Population Dou-
bling Time (PDT), and the expression of the typical
MSC markers CD90, CD73, and CD105 and the hema-
topoietic/endothelial markers CD34, CD45 and CD31, as
described previously [21].

Drug loading of MSCs with PTX and supernatants
collection

To obtain MSC-EVs loaded with PTX (EV-PTX), cells
at a maximum confluence of 50-60% were treated with
PTX (final concentration 10 pg/mL; PTX, TEVA, IT,
6 mg/mL) for 20-22 h before supernatant collection. For
this purpose, complete medium without PTX was rap-
idly replaced with complete medium supplemented with
PTX. After 20-22 h of incubation at 37 °C and 5% CO,,
the complete medium containing PTX was replaced with
basal DMEM alone. The supernatants were collected 24 h
after replacement.

EV and EV-PTX isolation and storage

EV were isolated immediately or after the cryoconserva-
tion of the culture supernatant (SUP), supplemented or
not with 1% Dimethyl Sulfoxide (Cryosure DMSO GMP
grade, Li StarFISH) at -80 °C, to test the possibility of
cryoconservation of the supernatants. EV-PTX were iso-
lated immediately after SUP collection. EV were purified
starting from 80 ml supernatant in each experiment. EV
and EV-PTX isolation was performed by ultracentrifu-
gation. Briefly, SUP were centrifuged first at 800xg for
20 min at 4 °C to eliminate debris and dead cells and then
at 100000xg for 1 h at 4 °C. EVs were cryopreserved in
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sterile solutions of 0.9% NaCl (pharmaceutical grade)
supplemented or not of 1% DMSO at -80 °C.

Assessment of EV and EV-PTX identity

Nanopatrticle tracking analysis (NTA)

The concentration and size distribution of EV and EV-
PTX were assessed using the NanoSight NS300 system
(Malvern Technologies, Malvern, UK) configured with a
532 nm laser and NTA software version 3.4 to perform
Nanoparticle Tracking Analysis (NTA), according to
the manufacturer’s instructions. Settings were adjusted
as follows: a syringe pump with constant flow injection
was used, and three videos of 60 s each were captured to
obtain the mean concentrations expressed as particles/
mL and mode size. The samples were diluted with fil-
tered Phosphate Buffer Salt (PBS) to a final volume of 1
mL to yield the ideal particle per frame value, ranging
from 20 to 100 particles/frame, which corresponds to a
particle concentration in the range of 1 x 10"7 to 1 x 10"9
particles/mL.

Measurement of total protein content

A micro BCA protein assay kit (Thermo Fisher Scientific,
USA) was used to determine the total protein concentra-
tion. The samples were lysed with RIPA buffer (1:1) for
30 min on ice before the test was performed. The assay
was carried out following the manufacturer’s instruc-
tions. The absorbance values were read in a Victor NIVO
(Perkin Elmer, USA) at a wavelength of 562 nm, and the
protein concentrations of the samples were quantified
using a standard curve.

Transmission electron microscopy (TEM)

Ten microliters of isolated EV and EV-PTX were care-
fully deposited onto 200-mesh Formvar-carbon coated
nickel grids and incubated for 30 min. After incubation,
the excess solution was blotted dry using filter paper. The
grids were then subjected to negative staining with 25%
Uranyl Acetate Replacement (UAR) for 10 min. Follow-
ing the staining, the UAR solution was removed with fil-
ter paper, and the grids were air-dried for 20 min prior
to analysis. Imaging was performed at 120 kV using a
FEI Tecnai Spirit transmission electron microscope,
equipped with an Olympus Megaview G2 camera.

Flow cytometry analysis of surface markers
EV and EV-PTX surface markers were evaluated by flow
cytometry using the MACSPlex Exosome Kit (Miltenyi
Biotec, Bergisch Gladbach, Germany), analyzing 37 sur-
face markers simultaneously, following the manufactur-
er’s instructions and as described by Las Heras et al. [23].
The 37 surface markers are detailed in Table 1.

Briefly, 1x10"9 EV/EV-PTX were diluted to 120 pL
with MACSPlex buffer and incubated for 15 min at Room
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Table 1 Surface marker antibodies used in the macsplex
exosome kit

Antibody Isotype Antibody Isotype
CD3 Mouse IgG2a CcD81 Recombinant
human IgG1

CD4 Mouse 1gG2a MCSP Mouse IgG1

cD19 Mouse 1gG1 CD146 Mouse 1gG1

CD8 Mouse IgG2a CD41b Recombinant

human IgG1

HLA-DRDPDQ Recombinant CD42a Recombinant
human IgG1 human IgG1

CD56 Recombinant CD24 Mouse 1gG1
human IgG1

CD105 Recombinant CD86 Mouse IgG1
human IgG1

cD2 Mouse IgG2b CD44 Mouse IgG1

CD1c Mouse IgG2a Cd326 Mouse 1gG1

CD25 Mouse 1gG1 CD133/1 Mouse IgGTk

CD49%e Recombinant CD29 Mouse IgGTk
human IgG1

ROR1 Mouse IgGTk CD69 Mouse IgGTk

CD209 Mouse IgG1 CD142 Mouse IgGTk

b9 Mouse 1gG1 CD45 Mouse 1gG2a

SSEA-4 Recombinant CD31 Mouse IgG1
human IgG1

HLA-ABC Recombinant REA Control Recombinant
human IgG1 human IgG1

CDe63 Mouse IgGTk CD20 Mouse 1gG1

CD40 Mouse IgGTk CcD14 Mouse 1gG2a

CD62p Recombinant mlgG1 Control  Mouse IgG1
human IgG1

CD11c Mouse IgG2b

Overview of the surface marker antibodies used in the MACSPlex Exosome Kit.
CD: cluster of differentiation

Temperature (RT) in a 1.5 mL tube. Then, 15 uL of EV
capture beads and 15 pL of EV detection reagent mixture
(CD9, CD63 and CD81) were added to each tube and
incubated for 1 h at RT under agitation. For the blank
control, only MACSPlex buffer was used. Next, 500 pL of
MACSPlex buffer was added to each tube, and the tubes
were centrifuged at 3000xg for 5 min at RT. The samples
were subsequently washed with 500 pL of MACSPlex
buffer and centrifuged again. After the supernatants were
removed, the samples were resuspended in MACSPlex
buffer and transferred to a flow cytometry tube. Samples
were acquired using the MACSQuant flow cytometer
(Miltenyi Biotec, Bergisch Gladbach, Germany) and the
data were analyzed with the MACSQuant analyzer 10
Software (Miltenyi Biotec, Bergisch Gladbach, Germany).
The 37 single bead populations were gated to determine
the APC signal intensity on each bead population and the
Median Fluorescence Intensity (MFI) for each capture
bead was measured. For each population, the background
was corrected by subtracting the respective MFI values
from non-EV controls that were treated exactly like the
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EV samples. The values of the corresponding isotype
controls were also subtracted.

EV labeling and accumulation in tumor cells

EV have been labelled with PHK67 (PKH67GL-1KT
Sigma-Aldrich) endowed with excitation at 490 nm and
emission at 504 nm.

The labeling was carried out using the PKH67
Green Fluorescent Cell Linker Mini Kit for General
Cell Membrane Labeling (Sigma-Aldrich) accord-
ing to the manufacturer’s instructions. Samples were
added with diluent C and PHK67 and subsequently 10%
BSA/0.971 M sucrose. EV were then ultracentrifuged
(100000xg) 1 h at 4 °C and resuspended in saline contain-
ing 1% DMSO.

The accumulation capability of PKH67GL-1KT-
labeled EV in the mesothelioma cell line MSTO-211 H
cells (ATCC, LGC standard, Milan, Italy) was evalu-
ated by flow cytometric analysis. Cells were seeded in
12-well plates (12500 cells/cm?) and 48 h later they were
exposed to two different concentrations of EV (7,2 x 107
and 5,4 x 10°). Four or 24 h after treatment cells were har-
vested by trypsin-EDTA and resuspended in medium,
i.e., RPMI-1640 (Sigma, St. Louis, Missouri, United
States) containing 10% FBS (Euroclone, Milan, Italy). The
cells were then washed with PBS and resuspended in 500
uL of PBS for flow cytometric analysis. Untreated cells
were used as a control sample. Samples were acquired
using the BD Accury flow cytometer (BD Accuri, Bec-
ton Dickinson, Milan, Italy). Ten thousand events were
acquired for each sample. Data analysis was carried out
using the Kaluza Analysis 2.1 software (Beckman Coul-
ter Brea, California, United States). Fluorescence was
expressed as MFL

Paclitaxel dosage

The quantification of PTX was carried out as previously
described [24]. The analysis was performed with an LC/
MS 6546 platform that includes an Agilent 1290 II liq-
uid chromatography system (Agilent Technologies, Palo
Alto, CA, United States) coupled to a quadrupole-time-
of flight (q-TOF) mass spectrometer (Agilent Technolo-
gies, Palo Alto, CA, United States). Chromatographic
separation was performed with hydrophilic interaction
liquid chromatography (HILIC) using an Acquity amide
column, 100x2.1 mm, 1.7 pm (Waters, Milford, MA,
USA), and the chromatographic eluents were as follows:
A, 100% water, and B, 100% methanol, both containing
0.1% formic acid. The gradient applied was as follows:
0 min 80% of B, 3 min 2% of B, 3.1 min 20% of B, 4 min
80% of B, 6 min 80% of B. The flow rate was 0.25 mL/min,
the column temperature was set at 45 °C and the injec-
tion volume was 15 pL. The samples were analyzed in ESI
positive ionization mode, and the mass spectrometer was
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operated at a resolving power of 40.000 over a full scan
range of m/z 100-1200 at a scan rate of 2 spectra/s with
the following settings: gas flow 10 1/min; gas temperature
180 °C; nebulized 50psi; sheath gas temperature 350 °C;
sheath gas flow 11 I/min; capillary voltage 3500 V; nozzle
voltage 1000 V; fragmentator 250 V. The quantification of
PTX was assessed both in the isolated EV-PTX and in the
EV-depleted supernatants, in both cases the detection
and quantification of PTX was performed using the Na*
adduct ion.

Isolated EV-PTX samples were processed as follows: 3
mL of cold methanol was added to 1 mL of EV samples.
Then, samples were centrifuged at 15,000 x g for 3 min
at 4 °C, supernatants were dried and finally reconstituted
with 80 pL methanol. Calibration curve was used for
quantification spiking PTX to EV sample from 1 ng/mL
to 100 ng/mL.

EV-depleted supernatants were processed as follows:
1 mL of cold methanol was added to 1 mL of medium
sample. Then, samples were centrifuged at 15000xg for
3 min at 4 °C, supernatants were dried and finally recon-
stituted with 80 pL methanol. Calibration curve was used
for quantification spiking PTX to medium sample from 1
ng/mL to 100 ng/mL. Some medium samples containing
PTX were further diluted to fit the linear range 1ng/mL
to 100 ng/mL.

Antiproliferative activity of EV-PTX (Potency)
The potency test evaluates the antiproliferative activity of
EV-delivered PTX.

The effect of EV-PTX was evaluated in the pleural
mesothelioma cell line NCI H2052 as a reference. NCI-
H2052 cells were seeded in a 96-well culture plate (1000
cells/well in 100 pl). The cells were placed in an incubator
at 37 °C and 5% CO, for 18—24 h to promote adhesion.

After 18—24 h, a curve with serial dilutions of PTX, in
quadruplicate (25-0.4 ng/mL) was set up in complete
MSC medium as diluent; EV/EV-PTX were added at 100
pL/well in triplicate (TEST); 100 pL/well of MSC (nega-
tive control, absence of PTX) and MSC-PTX (positive
control, presence of PTX in free form and conjugated to
EVs) supernatants were added in triplicate; 0 ng/mL PTX
reference, consisting of complete MSC growth medium,
was added, 100 uL/well, to fill the plate.

The plate was incubated for 7 days at 37 °C and 5% CO,.
After 7 days of culture, the intensity of proliferation was
evaluated by incubation of the plate with MTS at 37 °C
for 2.5+0.5 h; the absorbance was measured at 492 nm on
a plate reader (Victor NIVO, Perkin Elmer).

The data were managed via GraftPad Prism software,
version 10.2.3. A four-parameter logistic regression (4PL)
function was applied for the analysis; the effect induced
by EV/EV-PTX was quantified by comparison with the
standard curve of pure PTX, plotted with respect to the
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percentage of surviving cells (% viability), and expressed
as Paclitaxel Equivalent Concentration of PTX (PEC, ng/
mL).

Stability assessment

The stability of the fresh EV and EV-PTX was assessed
(n=3 samples) in terms of EV number and size and EV
surface markers under the following conditions: a) imme-
diately at the end of ultracentrifugation (t=0), with sam-
ples maintained at RT; t=0, with samples maintained at
4 °C; 2.5 h after the end of ultracentrifugation (t=2.5),
with samples maintained at RT; t=2.5, with samples
maintained at 4 °C; and 12 h after the end of ultracentri-
fugation (t=12), with samples maintained at 4 °C.

The stability of the cryopreserved EV and EV-PTX was
assessed (1 =6 samples) in terms of EV number and size,
total protein content and EV surface markers, and the
product was thawed within 30 days of cryoconservation
and at 6 and 12 months after freezing.

Impact of preprocessing storage of EV-containing
supernatant

The impact of storing EV-containing supernatants on EV
isolation/characterization was investigated. Specifically,
three EV samples isolated immediately after supernatant
collection were compared with those obtained after the
storage of supernatants supplemented with or without
1% DMSO at -80 °C for 1 month.

Statistical analysis

Statistical analyses were performed via GraphPad Prism
software, version 10.2.3. The quantitative data collected
from independent experiments are expressed as the
means * standard deviations (SDs). Differences between
two datasets were determined by Student’s t test; two-
way ANOVA was used for multiple comparisons. Statisti-
cal significance was accepted for p values<0.05 (*), <0.01
(**), or <0.001 (***).

Results
MSCisolation and characterization
MSCs were isolated from a mean of 40 mL (range: 25-60
mL) of AT lipoaspirate collected from 13 healthy donors.
We were able to isolate MSCs from 13/13 processed
lipoaspirate samples. MSCs sprouted from the lipoaspi-
rates after a median time of 3.88 days (range: 3—5 days)
and underwent the first detachment (P1) after a median
time of 11.44 days (range: 7-14 days). The cells were
expanded in flasks until a maximum P4 was reached.
MSC displayed the typical spindle-shaped morphol-
ogy, as shown in Fig. 1A; PDT was 19.96+4.62 h at P2,
21.18+2.89 h at P3. Results are expressed as mean+ SD
of 13 cultures.
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Fig. 1 MSCs morphology. (A) Spindle-shaped morphology of MSCs at P3; (B) MSCs morphology after loading with PTX. Magnification 10X
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Fig. 2 Flow cytometry analysis of MSCs. Cells displayed high percentages of the typical MSCs-positive markers and are negative for hematopoietic and

endothelial markers

During the culture period, the cells maintained a high
percentage of viability, as evaluated with trypan blue
staining at every passage (mean value 96.5 + 3.41%).

After a first expansion in flasks, MSCs displayed
high percentages of the markers typically expressed
by AT-derived MSCs (CD90=98.09+5.22%,
CD105=95.36+5.21% and CD73=98.18+4.43%)
and were negative for hematopoietic mark-
ers (CD31=1.09+1.32%, CD34=1.03+1.7% and
CD45=1.7+1.5%, mean+ SD, Fig. 2 and Supplementary
Table S1).

After the PTX loading and starvation phases, the cells
maintained plastic adhesion with a variation in mor-
phology that ranged from spindle shaped to rounded
(Fig. 1B). At the end of the culture period, the MSCs and
MSC-PTX were harvested to evaluate the cell number
and viability. Cell number was 7.60+2.85x 106 MSCs
and 6.78+4.29x 10"6 MSCs-PTX, whereas viability was
96.18+2.67% (MSCs) and 96.75+2.48% (MSCs-PTX,
mean + SD of 13 cultures, Supplementary Table S2).

Assessment of EV and EV-PTX identity

Number, size, protein content and morphology

Starting from 7.60+2.85x 106 MSCs (mean +SD of 13
samples) at 50-60% confluence in 80 mL supernatants,

we were able to obtain 7.03+6.55x 10”9 total EV parti-
cles (mean+SD). All EV samples analyzed with a Nano-
Sight NS300 system presented a single peak and a very
homogeneous population, with sizes ranging from 186 to
263 nm (Fig. 3A and Supplementary Table S3). The EV
protein content was 40.19+13.30 pg/mL (mean+SD of
n =13 samples). Finally, as recommended by the MISEV
guidelines, a selected number of EV samples were evalu-
ated using high-resolution imaging technique (TEM).
The morphology of the EVs exhibited the characteristic
lipid bilayer and confirmed their round-shaped structure.
(Fig. 4A).

The number of EV-PTX was not significantly differ-
ent from that of EVs. Starting from 6.78 +4.29x10"6
MSCs-PTX (mean+SD of 13 samples) at 50-60% con-
fluence in 80 mL supernatants, we were able to obtain
5.92 +2.92 x 1079 total particles (mean + SD). All EV-PTX
analysis showed a single peak and a very homogeneous
population, with sizes ranging from 189 to 248 nm (mean
213 nm), very similar to those of EVs. (Fig. 3B and Sup-
plementary Table S3). The protein content of EV-PTX
was 44.90 +£15,73 pg/mL. The integrity, morphology and
size of EV-PTX were confirmed via TEM (Fig. 4B).
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Fig. 3 EV characterization by NTA. Analysis of a representative sample of EV (A) and the corresponding EV-PTX (B). Both EV and EV-PTX showed a single
peak and a very homogeneous population
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Fig. 4 EV characterization by TEM. EV (A) and EV-PTX (B) morphology by TEM analysis. White dotted squares highlight three representative examples of
EV and EV-PTX among many others. Panel C show a high magnification (200 nm) image of an EV, underlining the lipid bilayer structure
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Flow cytometry analysis of exosome surface markers

Flow cytometry analysis confirmed the expression of the
tetraspanins CD9, CD63 and CD81 in both the EV and
EV-PTX samples. The typical AT-derived MSC surface
markers CD105, CD49e, CD146, CD44, and CD29 were
also highly expressed in both the EV and EV-PTX sam-
ples. Specific leucocyte markers (CD1c, CD2, CD3, CD4,
CDS8, CD14, CD19, CD20, and CD56) and platelet mark-
ers (CD41b, CD42a, and CD62p), as well as the endothe-
lial marker CD31, were present only at very low levels on
the EV and EV-PTX surfaces. (Fig. 5A). The Figure shows
slightly greater expression of the typical MSC-positive
markers CD105, CD49e, CD44 and CD29 in EV-PTX
samples than in EV samples, although the differences
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were not significant. Figure 5B show the comparison
of the proportion of EV positive for MSC markers with
those positive for platelet markers in terms of normalized
CD9/CD63/CD81 median signal intensity (%).

Cytofluorimetric analysis of EV accumulation

PHK67-stained EVs were used to evaluate EV accumula-
tion in MSTO-211 H cells. The cells were exposed to 2
different concentrations of EV and analyzed after 4-24 h,
as shown in Fig. 6. Under these conditions, we observed
increased fluorescence compared with the autofluores-
cence of untreated control cells, already at 4 h (Panel
A), with a higher concentration of EVs (7.2x10"7 EV)
corresponding to a ratio of approximately 5900 EV/cell,
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Fig. 5 EV characterization by flow cytometry analysis. (A) Both EV and EV-PTX show high expression of the tetraspanins CD9, CD63 and CD81 as well as
of the typical MSC markers CD105, CD49e, CD146, CD44, and CD29; (B) comparison of the proportion of EV positive for MSC markers with those positive
for platelet markers in terms of normalized CD9/CD63/CD81 median fluorescence intensity (%). MFI, Median Fluorescence Intensity
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Fig. 6 Quantitative analysis of accumulation of EVs in MSTO-211 H cells. Cells were seeded and treated 48 h later with EVs at the concentration of
7.2Xx10A7 (20 pb) or 5.4 x 1016 (1.5 pL) for 4-24 h (Panel A and B, respectively). EV accumulation was evaluated by flow cytometry measuring and quan-
tifying the MFIin panel C. Statistical analysis was performer using ANOVA followed by Bonferroni’s test. P<0.001 ***

whereas with a lower concentration of EVs, the increase
in fluorescence was negligible. A more marked accu-
mulation of EVs was observed after 24 h of incubation
(Panel B). MFI quantification and statistical analysis are
reported in Figure (P<0.001 OneWay ANOVA followed
by Bonferroni’s test).

Paclitaxel dosage
To determine the quantity of PTX released by the MSC
inside the EV or in a “free-form’, the quantification of
PTX was assessed both in the EV-PTX and in the EV-
PTX-depleted supernatants.
PTX content was 8.11 +0.17-05 ng/10”6 EV.
(mean+SD). The concentration of PTX in the EV-
PTX-depleted supernatants was 36.18+13.82 ng/mL.
As expected, we detected no evidence of PTX in the
unloaded EVs or in the EV-depleted supernatants, which
were used as controls.

Antiproliferative activity of EV-PTX (Potency)

To evaluate the amount of pharmacologically active PTX
incorporated by EV-PTX, isolated EV-PTX, whole EV-
PTX-containing supernatants (SUP#1) and EV-PTX-
depleted supernatants (SUP #2) were tested for their
ability to inhibit the proliferation of the pleural meso-
thelioma cell line NCI H2052; the PTX content was indi-
rectly quantified by its cytostatic effect. EV-PTX and
supernatants were compared to the unloaded EV/super-
natant (as background), which was produced following

Table 2 Antiproliferative activity of EV-PTX and supernatants

NO PTX (background) PTX

PECng/mL % Viability = PECng/mL]I % Viability
EV 3.234+0.092 86.8+0.8 4.616+0.336 76.0£2.9
SUP #1 3.795+1.146 88.2+13.1 12.227£2.471 26.8+7.2
SUP#2  4248+0.687 782464 11.236+3.239 324£17.7

Antiproliferative activity of EV-PTX and supernatants compared with that of
unloaded EVs/supernatants. EV-PTX had a significantly greater effect when
compared to PTX-unloaded EV (p=0.02110 PEC, p=0.02636% survival). EV-
PTX showed a significantly lower cytostatic effect when compared to both
SUP#1 and SUP#2 (vs. SUP#1 p=0.00358 PEC, p=0.00012% survival; vs. SUP#2
p=0.01850 PEC, p=0.00927% survival). No statistically significant differences
are detected between SUP#1 and SUP#2. PTX, Paclitaxel; SUP, Supernatant; EV,
Extracellular Vesicles; PEC, Paclitaxel Equivalent Concentration

the same manufacturing process. As shown in Table 2,
EV-PTX had a significantly greater effect when compared
to PTX-unloaded EV (p=0.02110 PEC, p=0.02636% sur-
vival), thus demonstrating that the PTX incorporated
into EVs is pharmacologically effective.

However, the isolated EV-PTX showed a significantly
lower cytostatic effect when compared to both SUP#1
and also SUP#2 (vs. SUP#1 p =0.00358 PEC, p=0.00012%
survival; vs. SUP#2 p=0.01850 PEC, p=0.00927% sur-
vival). No statistically significant differences were
detected between SUP#1 and SUP#2.

The majority of the biological effects appear to be
concentrated in the supernatants, even in the EV-PTX-
depleted portion (SUP#2), thus suggesting that most of
the PTX is released from MSCs in free form.
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Stability assessment

The stability of the fresh EV/EV-PTX was evaluated in
terms of particle number and size, and the results are
presented in Table 3.

No significant differences were observed when the
samples were maintained at either RT or 4 °C for up to
2.5 h after EV isolation. Moreover, the tested parameters
remained stable for up to 12 h when the EVs were stored
at 4 °C. Similar findings were obtained from the EV-PTX
analysis.

Flow cytometry analysis revealed that EV and EV-PTX
samples maintained similar expression of the typical
MSC surface markers CD105, CD49e, CD44, and CD29

Table 3 Stability of the fresh product

EV Number-RT Number- Size-RT Size-4 °C
(particle/mL) T=4°C (nm, (nm,

(particle/mL) mean+SD) mean*SD)

HD 1 3.30%x 1019 3.80x 1019 2054+1086 184.1+£88.7

t=0

HD 1 2.50x 1019 3.30% 1019 2103+979 2005+1053

t=25h

HD 1 / 3.62%x 1079 / 177.2+893

t=12h

HD 2 7.52x1019 9.08 X 1019 1884+854 181.6+86.1

t=0

HD 2 9.81x 1019 1.18x 10710 1784+763 181.2+82.2

t=25h

HD 2 / 7.95% 1019 / 192.8+884

t=12h

HD 3 8.58x 1019 7.54x 1079 189.9+957 189.2+95.8

t=0

HD 3 7.29%x 1019 6.76 X 1019 191+91.1 1924+939

t=25h

HD3 / 6.97 X 1019 / 1943491

t=12h

EV-PTX

HD1  230%x1019 280x10M9  187+£904  1823+847

t=0

HD1  2.10x10A9 2.70x10A9 2074+107  1922+918

t=25h

HD 1 / 265X 1079 / 192.8+91.1

t=12h

HD 2 5.00x 1019 4.70x 1019 197.1+£100.5 207+97.2

t=0

HD 2 3.66X 1019 4.32x101N9 1955+963 195.7+97.1

t=25h

HD 2 / 4.11x 1019 / 194.6+98.3

t=12h

HD 3 4.86x 1019 6.44x 1019 2228+1109 206.7+1059

t=0

HD3  530x1079 5.53% 1019 21124109  2174+101.9

t=25h

HD3  / 513x1009  / 234541025

t=12h

Stability assessment of the fresh product in terms of number and size. HD,
Healthy Donor; T, Temperature; RT, Room Temperature; EV, Extracellular
Vesicles; PTX, Paclitaxel; SD, Standard Deviation; nm, nanometer
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for up to 2.5 h after isolation, either at RT or at 4 °C; a
decrease in the expression of the typical MSC markers
was observed after 12 h keeping EV at 4 °C, althought the
differences were not significant. (Fig. 7A-D)

The same stability study was performed on EV and EV-
PTX samples stored at -80 °C for 1, 6 and 12 months. All
the evaluated parameters remained unchanged for up to
12 months of cryoconservation, as reported in Table 4 for
particle number and size and in Fig. 8A-B for the typical
MSC surface markers.

Impact of the EV-containing supernatant storage
conditions

To evaluate whether the storage conditions of EV-con-
taining supernatants affect EV isolation and character-
ization, three EV samples isolated immediately after
supernatant collection (fresh SUP) were compared with
those obtained after the storage of the supernatant, sup-
plemented or not supplemented with 1% DMSO (SUP-
Cryo-DMSO versus SUP-Cryo), at -80 °C for 1 month.

Processing a volume of 43 mL of supernatants, we
were able to obtain 9.79+4.01x10"9 EVs from fresh
SUP, 4.50+3.38x10"9 EVs from SUP-Cryo-DMSO
and 4.90+£4.6x10"9 EVs from SUP-Cryo. The EV sizes
obtained under the three conditions were similar:
213.1+8.6 nm in fresh SUP, 203.3 £ 8.3 nm in SUP-Cryo-
DMSO, and 188+9.1 nm in SUP-Cryo (mean+SD of 3
runs, Supplementary Table S4). These differences were
not statistically significant. NTA graphs of a represen-
tative EV sample treated under the three conditions are
shown in Fig. 9 (A-C).

Flow cytometry analysis (Fig. 10) revealed greater
expression of typical MSC surface markers in EVs
obtained from fresh SUP than in those derived from
cryopreserved SUP-Cryo. A significant reduction in the
expression of the markers CD44 (p<0.01) and CD29
(p<0.05) was observed.

In contrast, no statistically significant differences
were found between fresh SUP and SUP-Cryo-DMSO,
although slightly lower expression of the MSC-positive
markers CD105, CD49%e, CD44 and CD29 was noted in
SUP-Cryo-DMSO.

Characterization of EVs from platelet lysates
To better characterize our final product, i.e. EVs and
EV-PTX obtained from MSCs and to exclude the pres-
ence of EVs of plasma origin, we analyzed EVs obtained
from fresh complete medium containing platelet lysate at
the same concentration used for MSC culture, following
the same EVs isolation protocol as that used for MSC-
derived EVs.

Platelet lysate-derived EVs were characterized in
terms of particle number, size and surface marker
expression. Starting from 30 mL of complete medium
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Fig. 7 Stability assessment of the fresh product by flow cytometry analysis. EV samples maintain a similar expression of the typical MSCs surface markers
CD105, CD49e, CD44, and CD29 up to 2,5 h after isolation, preserving EV both at room temperature (A) and at +4 °C (B); a decrease in the expression of
the typical MSCs markers was observed 12 h after EV isolation keeping EV at +4 °C (B), althought the differences were not significant. Similar results were
obtained analyzing EV-PTX at room temperature (C) and at +4 °C (D). MFI, Median Fluorescence Intensity

Table 4 Stability of the cryopreserved product

<1 month 6 months 12 months
EVNumber  589+1.77Xx10A9 344E+17%x10A9 6.11+£2.92x10A9
(particle/mL)
EV Size (hnm) 21334+1295 2163842892 187.94+8.81
EV-PTX Num- 859+£334%x10A9 6.71+£423x10N9 8.14+£4.08%x 1019
ber (particle/
mL)
EV-PTX Size  21884+19.97 209.24+7.71 20245+11.68
(nm)

Stability assessment, in terms of number and size, of the products cryopreserved
for <1 month, 6 months and 12 months. EV, Extracellular Vesicles; nm,
nanometer

containing 1.5 mL of platelet lysate, we were able to
obtain 2.05x10710+4.95x10"9 total EV particles
(mean +SD of 6 runs, Supplementary Table S5). All EV
analyses revealed a single peak and a very homogeneous
population, with a size of 144.62+9.19 nm (mean+ SD,
Supplementary Table S5). Figure 11 displays the analysis
of a representative sample.

Flow cytometry analysis of platelet-derived EVs con-
firmed high expression of the typical platelet markers
HLA-ABC, CD62P, CD41b, CD42a, and CD29, whereas
the typical MSC surface markers CD105, CD44, and
CD49e were present at very low levels (Fig. 12A-B,
respectively).

Discussion and conclusions

There is currently no consensus on best practices for any
of the critical stages in obtaining MSC-derived EVs. An
opinion paper by members of several scientific societies

focused on EVs reported that many factors can affect
EVs quantitatively and qualitatively [25]. Differences in
sample collection, MSC sources, culture conditions and
media used, as well as in EV isolation and collection and
storage strategies, may lead to the generation of products
with different features and functional activity [19, 26, 27].

In the present study, we aimed to explore the possibil-
ity of setting up a GMP-compliant protocol for the prepa-
ration of MSC-EVs, starting from AT lipoaspirates from
healthy donors, and to investigate the feasibility of pre-
paring EVs loaded with PTX for potential clinical appli-
cation as drug products.

Different groups believe that a critical issue to obtain
MSC-EV compliant, in terms of quantity and quality, is
the compliance of the MSC [25, 28, 29]. We previously
demonstrated the possibility of generating highly stan-
dardized, large-scale, GMP-compliant MSCs, also loaded
with the chemotherapeutic drug PTX and that our
approach was efficient in terms of quantity and quality
of the obtained medicinal product [22]. Regulatory agen-
cies approved the Investigational Medicinal Product Dos-
sier and in the year 2022 authorized the Facility of the
IRCCS Neurological Institute C. Besta Foundation for
the MSC production process and quality controls. The
protocol of the clinical trial (PacliMES, Eudract number
2020-005928-11), aimed to treat patients with pleuric
malignant mesothelioma was also approved [20]. In this
protocol the drug is administrated locally. The clinical
efficacy of a drug is highly dependent on the adminis-
tration route. Historically, systemic delivery has been
the most widely used method in cancer patients, but the
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after cryoconservation; (B) Analysis of EV-PTX at time points t< 1, t=6, t=12 months after cryoconservation. No significant differences were found at dif-

ferent time points both in EV and EV-PTX. MFI, Median Fluorescence Intensity

results have often been disappointing. After intravenous
injection, the amount of drug that reach the tumor site
is low and consequently the therapeutic effect is reduced.
Moreover, increasing the dose to achieve better efficacy
is often not possible due to the risk of systemic toxicity.
To overcome this hurdle and to localize the drug’s effect
at the tumor site, while sparing normal tissue and mini-
mizing collateral toxicity, local delivery should be the
preferred route of administration although it is rarely
feasible. Peculiar characteristics of the MSC, as well as of
the MSC-derived EV, include their tumor-specific hom-
ing capability and their ability to release anti-inflam-
matory molecules. Therefore, EV-PTX delivery can be
envisioned both locally, for intraperitoneal or intrapleural
tumors, and systemically [20].

This highly standardized MSC production process rep-
resented the background from which we started the pres-
ent study. The results of the characterization of MSCs
obtained from the 13 healthy volunteers confirmed
those previously reported. Another critical issue in the
MSC-derived EV preparation process is the use of plate-
let lysate as supplement of the MSC culture medium;
this is an almost imperative choice to avoid the use of

serum, especially of animal origin, during MSC culture,
as requested from the regulation for drug product man-
ufacturing. However, as described by different groups,
platelet lysate contains EVs of plasma origin, therefore
the final product obtained at the end of the MSC-derived
EV preparation process also contains EVs of plasma ori-
gin [25, 30-32]. We introduced, in our protocol, 24 h of
MSC culture (not exceeding 50-60% confluence) without
platelet lysate before supernatant collection to deprive
supernatants from EVs of plasma origin and to stimu-
late the maximum EV release from MSCs, as suggested
by different studies [25, 32, 33]. To demonstrate that the
EVs isolated with our protocol were derived from MSCs
and not from plasma and to better characterize our prod-
uct, we analyzed EVs obtained from complete medium
alone, following the same isolation protocol as that used
for MSC-derived EVs. The results revealed that platelet
lysate-derived EVs are slightly smaller than MSC-derived
EVs and, most importantly, highly express the typical
platelet markers HLA-ABC, CD62P, CD41b, and CD42a
and low levels of the typical MSC markers CD105, CD44
and CD49e. Conversely, EV-derived MSCs displayed very
low levels of platelet markers and high levels of MSC
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Fig. 9 Impact of pre-processing storage of EV-containing supernatant-NTA analysis. Analysis of a representative EV sample isolated immediately after
supernatants collection (fresh SUP, A) compared with those obtained after the storage of supernatant, supplemented with 1% DMSO (SUP-Cryo-DMSO,

B) or alone (SUP-Cryo, €)

markers. This finding allows us to exclude the presence of
platelet lysate-derived EVs in the final product.

EV and EV loaded with PTX were similar in terms of
morphology, number, size and distribution, as evaluated
by TEM and NTA. Moreover, the EV/EV-PTX popu-
lation is very homogeneous. Flow cytometry analysis
confirmed the expression of tetraspanins and typical AT-
derived MSC surface markers in both the EV and EV-
PTX samples, with slightly but not significantly greater
expression of all positive markers in the EV-PTX samples
than in the EV samples. Taken together, these results
confirmed the identity of our EV products.

The results of the stability assessment in terms of
identity, number and size of the fresh EV/EV-PTX dem-
onstrated that EV (both PTX loaded and unloaded) main-
tained their concentration/integrity and cytofluorimetric
profile up to 2.5 h from the isolation, when preserved at
a temperature of 4 °C and at room temperature. When
maintained at a temperature of 4 °C, EVs are stable for up
to 12 h, although a moderate, not significant decrease in
the expression of typical MSC markers was observed. In
terms of long-term stability, EV/EV-PTX cryopreserved

at -80 °C maintained their identity, concentration and
integrity for up to 12 months.

Considering that the management of the manufactur-
ing processes within the Facilities can be difficult, espe-
cially in the case of small multiproduct Facilities with a
limited number of Class B suites, as is the case of a public
hospital Facility, the possibility of cryopreserving the EV-
containing conditioned medium (at the end of the cell
culture process and before the EV/EV-PTX isolation) was
evaluated. There is no consensus on this issue, with some
laboratories showing that preprocessing storage condi-
tions are not critical for EV isolation [34—36] and oth-
ers showing that freeze/thaw damage occurs, implying
that cryopreservation and proper storage temperatures
are important [37-40]. EV isolated immediately after
supernatant collection (fresh SUP) were compared with
those isolated from the supernatant cryopreserved in the
presence or absence of 1% DMSO (SUP-Cryo-DMSO
and SUP-Cryo) at -80 °C for one month. NTA revealed a
decreased concentration of EVs obtained from cryopre-
served supernatants compared with those isolated from
fresh samples, which also revealed increased expression
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Fig. 10 Impact of pre-processing storage of EV-containing supernatant-
Flow Cytometry Analysis. Supernatants processed immediately after
collection (fresh SUP, blue) show higher expression of the typical MSCs sur-
face markers then both supernatants cryopreserved supplemented of 1%
DMSO (SUP Cryo-1% DMSO, green) and alone (SUP Cryo, red) at the tem-
perature of -80 °C for 1 month. Samples cryopreserved alone displayed
a significant reduction, in comparison with fresh SUP, in the expression,
in terms of MFI, of the markers CD44 (** p<0,01) and CD29 (* p<0,05).
Statistical analysis was performed using 2way ANOVA followed by Bonfer-
roni’s test. Greenhouse-Geisser method was used to apply corrections for
multiple comparisons. MFI, Median Fluorescence Intensity
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Fig. 11 Characterization of EV from platelet lysate-NTA analysis. The peak
of a representative EV sample from platelet lysate show a very homoge-
neous population in terms of size

of typical MSC surface markers. Specifically, a significant
reduction in the expression of the CD44 and CD29 mark-
ers was observed in the EVs isolated from supernatants
cryopreserved in the absence of DMSO (SUP-Cryo).
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These findings indicate that storing the EV-containing
supernatant before EV isolation, especially in the absence
of DMSO, is not recommended.

Concerning the feasibility of employing EVs as carriers
for PTX delivery, our results demonstrate the ability of
PKH67GL-1KT-labeled EVs to accumulate in the meso-
thelioma cell line MSTO-211 H; moreover, EVs loaded
with PTX have the ability to incorporate the drug, as con-
firmed by PTX quantification, and release it. The released
drug maintains its antiproliferative activity against the
pleural mesothelioma cell line NCI H2052. As expected
and also described by other groups [41]- [42], PTX is
partially released encapsulated within EV and partially in
a free form, as PTX was detected both in EV-PTX sam-
ples and in EV-PTX depleted supernatants.

EV-PTX demonstrated a significantly lower antipro-
liferative effect than that shown by the corresponding
supernatants. However, it is important to highlight that
EV-PTX effect is higher and statistically different from
unloaded EV, demonstrating that PTX incorporated into
EV is pharmacologically effective. The majority of phar-
macological effect is concentrated in the supernatants,
even in the EV-depleted portion, suggesting that most of
the PTX is released from MSCs in free form.

Given these results, to obtain a biological effect from
EV-PTX, comparable to that from whole EV-containing
supernatant, it is necessary to use a number of vesicles
that, from a productive point of view, could be difficult to
obtain. The low efficiency in PTX loading may be associ-
ated with its high hydrophobicity and poor solubility in
water. However, introducing some modifications in the
manufacturing protocol could improve the efficiency of
EV loading with PTX. A report from Kim and colleagues
demonstrated that reducing the stiffness of exosome
membranes by sonication promoted the incorporation of
PTX into lipid bilayers, resulting in high loading capac-
ity [43]. Moreover, post-isolation EV loading and sonica-
tion could increase cargo efficiency potentially allowing
a lower number of EVs to achieve the desired biologi-
cal activity. Alternative delivery strategies have recently
been investigated such as nanocarriers for combination
therapy in tumors, albumin bound PTX, or polymeric,
lipid-based, and inorganic nanoparticles [44—48]. Nev-
ertheless, the use of EVs as drug delivery tools for anti-
cancer therapies, including conventional chemotherapy
agents and novel RNA-based drugs, remains a promis-
ing hypothesis and a highly active area of research [49]—
[50]. Certainly, increasing the cargo capacity of EVs thus
reducing the required dose for infusion, is particularly
important when EVs are produced by Academic Cell Fac-
tories. These facilities typically have a limited number of
Class B clean rooms, a small workforce, and constrained
budgets. Such Cell Factories are often engaged in mul-
tiple, relatively time-consuming production processes.
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Fig. 12 Characterization of EV from platelet lysate-Flow cytometry analysis Samples show high expression of the typical platelet markers HLA-ABC,
CD62P, CD41b, CD42a, CD29 (Panel A), and low expression of the typical MSC markers CD105, CD49e and CD44 (Panel B). MFI, Median Fluorescence

Intensity

As a result, they face a choice: either concentrate their
efforts on manufacturing a single product or invest in
expanding both space and personnel. In addition to logis-
tical challenges, another major limiting factor for these
innovative therapies is the high production cost, which
necessitates fundraising efforts.Overall, the results of this
study indicate that, starting from AT lipoaspirate, our
manufacturing protocol permits the use of GMP-compli-
ant standardized MSC-EVs as carriers for PTX delivery.
Further studies, mainly aimed to determine the optimal
EV-PTX dosage, are mandatory to establish the use of the
EV-PTX drug product in antitumor therapy.
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