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ARTICLE INFO ABSTRACT

Keywords: Pancreatic Ductal Adenocarcinoma (PDAC), is the most common aggressive cancer of the pancreas. The standard
Pancreatic ductal adenocarcinoma care of PDAC includes tumor resection and chemotherapy, but the lack of early diagnosis and the limited
Small EV? response to the treatment worsens the patient’s condition. In order to improve the efficiency of chemotherapy,
gﬁ:;cjt:;:;y we look for more efficient systems of drug delivery. We isolated and fully characterized small Extracellular
FESEM Vesicles (EVs) from the RWP-1 cell line. Our study indicates that the direct incubation method was the most

efficient loading protocol and that a minimum total amount of drug triggers an effect on tumor cells. Therefore,
we loaded the small EVs with two chemotherapeutic drugs (Temozolomide and EPZ015666) by direct incubation
method and the amount of drug loaded was measured by high-performance liquid chromatography (HPLC).
Finally, we tested their antiproliferative effect on different cancer cell lines. Moreover, the system is highly
dependent on the drug structure and therefore RWP-1 small EVs™Z were more efficient than RWP-1 small
EVstPZ015666 RWP_1 derived small EVs represent a promising drug delivery tool that can be further investigated
in preclinical studies and its combination with PRMT5 inhibitor can be potentially developed in clinical trials for
the treatment of PDAC.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive
lethal malignancy and the most prevalent type of pancreatic neoplasm.
This type of cancer, that develops in the exocrine compartment, ac-
counts for more than 90% of pancreatic cancer cases [1]. It has an
average 5-year survival rate of less than 10% and is anticipated to
become the third leading cause of cancer-related mortality by 2025 [2],
mostly due to the lack of early diagnosis and limited response to treat-
ments [3].

Only a small fraction of PDAC patients can benefit from adjuvant
chemotherapy and, especially in advanced stages after tumor resection,

chemotherapeutic options are limited, with gemcitabine (Gem) being
the first drug treatment or other drugs as 5- fluorouracil with a median
survival improvement of only a few weeks [4]. PDAC treatment limi-
tations reinforce the importance of looking for new methodologies, more
efficient drugs or drug delivery to be explored and investigated, for the
development of novel treatment options.

Temozolomide (TMZ) (3,4-dihydro-3-methyl-4-oxoimidazo-[5,1-d]-
astetrazine-8-carboxamide) is a DNA alkylating agent that acts over the
methylation of guanine and adenine bases, breaking double-stranded
DNA and causing cell cycle arrest and cell death by apoptosis [5]. It
has been used to treat glioma, glioblastoma neuroendocrine tumors,
melanoma, and sarcomas [6-13] but TMZ treatment has a short half-life
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[14] and, to achieve therapeutic levels, high doses are required, with the
subsequent appearance of a great number of side effects [15-17].

EPZ015666, is a small-molecule considered a protein arginine
methyltransferase-5 (PRMT5) inhibitor. It competes with the substrate
binding pocket of PRMTS5 peptide to deny its interaction and posterior
methylation [18]. PRMT5, which modulates the biological function of
target proteins catalyzing the transference of two methyl groups to
arginine residues, is essential to maintain homeostasis in both normal
and malignant cells [19] and plays an important role in cell development
and adult hematopoiesis [20]. PRMTS5 is a novel target that has recently
emerged for cancer treatment. This enzyme is involved in tumorigenesis
and it has been found overexpressed in a variety of cancers including
melanoma, multiple myeloma, lung, gastric, prostate, ovarian, colo-
rectal cancers, and glioblastoma [21] and is associated with poor
prognosis [19].

Small EVs, that are being secreted from cells into the extracellular
space, play an important role in both physiological and pathological
processes through interaction with their neighbors and the extracellular
environment [22]. Small EVs have a diameter of 30-150 nm [22-24],
and a lipid bilayer membrane with the same characteristics of the donor
cell [25]. EVs contain mostly RNA, DNA, and proteomic material [25].
Importantly, while the proteins and genetic material may reflect the
properties of the parent cells, EVs are generally not mirrored images of
the cellular membrane. This suggests that EVs are derived from specific
subcellular locations, and their contents are likely intended for a defined
function in the extracellular space.

One of the most important characteristics to be explored of small EVs
is their use as drug delivery carriers. Small EVs have some advantages
over synthetic systems (liposomes, dendrimers, nanoparticles, etc.), like,
specific tropism for cell origin [26], non-cytotoxic effect, biocompati-
bility, facility of transporting either hydrophilic or hydrophobic bio-
molecules and facility to cross the blood-brain barrier (BBB) [27,28].
These novel nanocarriers can contribute to increasing the efficiency of
PDAC treatment.

The advanced age of most PDAC patients explains the lack of satis-
factory results, as postoperative systemic therapy may not be ideal for
these individuals. The patient’s systemic contact with chemotherapeu-
tics at high concentrations exposes them to an increased risk of systemic
toxicities, affecting their overall well-being [29]. Localized in-
terventions, however, retain cytotoxic agents at a specific site, thus
reducing drug exposure and decreasing toxicity while maximizing
treatment efficacy. In recent years, there has been considerable interest
in the use of localized drug delivery systems to perform localized in-
terventions as alternatives to systemic therapy [30].

In the present study, we focused on small EVs released from RWP-1
cells. We described an efficient and reproducible method of small EVs
purification, performing as well several characterization methods in
order to ensure its purity. We have used those small EVs to overcome the
present challenges of treatment and drug delivery in PDAC. We have
used TMZ and EPZ015666 to demonstrate that small EVs derived from
RWP-1 have target specificity, and that those drugs loaded into small
EVs inhibit the proliferation of PDAC cells in vitro at less concentration
exposure than when they are directly applied. Therefore, RWP-1-derived
small EVs could be used as a nanocarrier for the development of new
therapeutic strategies.

2. Materials and methods
2.1. Cell culture

Pancreatic adenocarcinoma cell line (RWP-1), was donated by
Instituto Municipal de Investigaciones Médicas (IMIM, Barcelona,
Spain) [31]. Isolation of primary human GBM cell line (HGUE-GB-39)
was performed from surgical washes as previously reported [32,33]. The
GBM cell line, HGUE-GB-39 and RWP-1 were cultured as previously
described [31-33].
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2.2. Proliferation assays

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assays were
performed to analyze the antiproliferative effect of the drugs and the
EVs. Cells were seeded in 96-well standard plates (Sarstedt, Niimbrecht,
Germany) with a density of 4000 cells/well and incubated at 37 °C and
5% CO, for 24 h. Then, cells were either treated with different and
increasing concentrations of the TMZ, EPZ or loaded small EVs and
incubated for 72 h under the same conditions. After that, 0.25 mg mL ™
of MTT (Sigma-Aldrich, MO, USA) was added and incubated for 3 h,
media was carefully removed and 100 pL of dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, MO, USA) was added. To dissolve the formazan crystals,
the plates were vigorously shaken at room temperature for 20 min.
Finally, the absorbance was measured on an Eon™ Microplate Spec-
trophotometer (BioTeK®, Winooski, VT, USA) at 570 nm.

2.3. Small EVs purification

Confluent populations of RWP-1 and HGUE-GB-39 cell lines were
incubated in T75 flasks with DMEM-HG and DMEM F-12 conditioned
media respectively. After 4 days small EVs were obtained by differential
ultracentrifugation method. The media samples were centrifuged at
2000 x g for 20 min at 4 °C to eliminate cells and debris followed by an
initial ultracentrifugation using Optima L-90 K Ultracentrifuge (Beck-
man Coulter) with 70.1 Ti rotor at 25,000 x g for 40 min at 4 °C to
remove macrovesicles then the supernatant was filtered through 0.22
um filters (Fisher Scientific). The resultant filtrate was centrifuged at
110,000 x g for 90 min at 4 °C to pellet small EVs that were then washed
in PBS at 110,000 x g for 90 min at 4 °C and the final pellet was resus-
pended in 200 pL of 1X PBS and then stored at — 80 °C.

2.4. Western blot

An amount of 10 pg of total protein was solubilized with loading
buffer (4x) (2-mercaptoethanol + NuPage; 1:5) and heated at 95 °C for 5
min for reducing conditions and without 2-mercaptoethanol for non-
reducing conditions. Then, proteins were separated by SDS-PAGE
using 10% gels and transferred to a Nitrocellulose membrane (Bio-Rad
Laboratories Inc, California, USA). Membranes were incubated over-
night at 4 °C with primary antibodies: anti-CD63 (mouse,1:1000, Invi-
trogen), anti-ALIX  (mouse,1:500, Invitrogen), anti-TSG101
(mouse,1:500, Invitrogen), anti-a-tubulin (mouse, 1:10000, Invitrogen)
and anti-HSP90-B1 (rabbit,1:4000, CUSABIO) followed by one hour
incubation at room temperature with ECL™ Anti-mouse IgG and ECL™
Anti-rabbit IgG, Horseradish Peroxidase linker (GE Healthcare, UK). The
membranes were visualized with ECL™ Prime Western blotting detec-
tion reagent (Amersham™) in the ChemiDoc Bio-Rad instrument [33].

2.5. Dynamic light scattering (DLS)

To characterize size distribution, RWP-1 small EVs samples were
analyzed using a Zetasizer Nano ZS instrument (Malvern Panalytical).
Each sample was diluted in Milli-Q™ water (1:10), 1 mL was dispensed
in a polystyrene disposable cuvette (Zen0040) and read at least seven
times in Zeta sizer Software. The final image with the distribution curves
was used in the figures as an illustrative example of the medium size
(Fig. 1B).

2.6. Field emission scanning electron microscope (FESEM)

RWP-1 small EVs were fixed with Paraformaldehyde 2%, sonicated
for 5 min and diluted in serial dilutions with Milli-Q™ water (1:10;
1:100; 1:1000, 1:10000). A 50 pL sample droplet was deposited on a
silicon wafer and, once evaporated, the samples were observed using a
Zeiss Sigma 300 VP Field Emission Scanning Electron Microscope
(FESEM) without coating (Fig. 1C). EVs morphology was analyzed at
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Fig. 1. Biochemical and biophysical characterization. A Expression by WB of Alix, CD63, and TSG101 in small EVs and RWP-1 cell line. a-Tub and HSP-90 were used
as control. B Size and morphology of the RWP-1 cell line derived small EVs were visualized using Dynamic light scattering (DLS) and (c) Field Emission Scanning
Electron Microscopy (FESEM). C Energy dispersive X-ray (EDX) analysis was performed with the X-ray detector in a FESEM microscope on one of the EVs samples.
The studied samples were a mixture of biological samples and salts. Green color indicates the location of the EVs analysis and red color salts. The spectrum of each of
the areas was done at 3.5 kV in order to maximize the contribution of the EVs and minimize the contribution of the silica peak (Si) which corresponds to the substrate
and is present in both samples. Blue chopped lines point at different inorganic elements present in salt crystals but not in the EVs. Scale bar 0.5 um. EVs, extracellular
vesicles; FESEM, Field Emission Scanning Electron Microscope White boxes show an optical magnification of a representative small EV. Scale bars 200 nm.). EVs,

extracellular vesicles.

low voltages around 1 kV while higher voltages were employed to
differentiate the salts from the biological sample using Energy Disper-
sive X-ray (EDX) (Fig. 1D).

2.7. Small EVs labelling

The CellVue® Claret Far Red Fluorescent kit (Sigma-Aldrich, MO,
USA) was used to label small EVs. 200 pL of RWP-1 small EVs, were
treated with the kit content following manufacturer’s instructions. After
being washed twice in PBS with 110,000 x g centrifugation, the labeled

small EVs were filtered with 0.2 pm and resuspended in PBS prior to be
used.

2.8. Immunocytochemistry (ICC)

An amount of 35,000 cells of RWP-1 cell line were seeded into
twenty-four-well plates on coverslips. After, cells were treated for 6 h
with red labeled RWP-1 small EVs, fixed with paraformaldehyde at 4%
concentration, and blocked with FBS/PBS (1X) (50 pL/mL). Then, cells
were incubated with anti-E-cadherin (1:100, rabbit, Invitrogen,
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Barcelona, Spain) primary antibody. After washing out the first anti-
body, cells were incubated with Alexa Fluor 488-labeled anti-rabbit
(1:500) secondary antibody (Invitrogen, Barcelona, Spain); the DAPI
(4',6-diamidino-2-phenylindole) reagent from Sigma (Madrid, Spain)
was used to stain the nucleus. Coverslips were mounted in Prolong™
Gold Antifade Reagent (Invitrogen, Barcelona, Spain) and analyzed
using a Zeiss Axioscope 5 microscope with the LED light source Colibri 3
(Carl Zeiss, Oberkochen, Germany).

2.9. Small EVs drug-loading

RWP-1 small EVs were loaded with two different procedures, direct
and indirect incubation. For the first method, small EVs were incubated
for 2 h at 37 °C in a thermoblock with defined concentrations of a given
chemotherapeutic drug (EPZ015666 15 pM or TMZ 5 mM). Then, they
were washed with PBS 1X and ultracentrifuged at 110,000 x g for 60 min
at 4 °C to pellet the loaded small EVs. Finally, they were filtered with a
0.22 pym membrane under sterile conditions and stored at — 80 °C. The
indirect procedure consisted in the incubation of GBM cell culture with
the drug of interest (EPZ015666 15 pM or TMZ 5 mM) for 72 h. Then,
the flasks were treated as previously described in the small EVs purifi-
cation section.

2.10. Quantification of TMZ and EPZ015666 by HPLC

The amount of TMZ and EPZ015666 loaded into the small EVs was
determined by the high-performance liquid chromatography (HPLC)
method. Briefly, 200 pL of small EVs were placed in a Concentrator plus
(Eppendorf, Germany) at 40°C for 2 h to evaporate the solvent. Then,
100 pL volume of acetonitrile was added, and the mixture was vortexed,
sonicated and then centrifuged at 13,200 x g (Centrifuge 5415 R,
Eppendorf) for 10 min. After centrifugation, the supernatant was
transferred into HPLC vials and injected into the UPLC-QtoF-MS/MS
equipment with a high-resolution flight tube and quadrupole technol-
ogy (Waters- Bruker). Detection of TMZ and EPZ015666 were optimized
with a Waters I-Class with UV detection at 330 and 254 nm respectively,
followed by the use of QToF-MS de Bruker Daltonics, maXis impact
Series model in positive ionization mode by Electrospray (ESI) with
column ACE Excel C18-Ar (50-3; 1.7 um). The mobile phase used was:
A) Water with 0.1%v/v acetic acid and B) Methanol with 0.1% acetic
acid. Gradient: 0 min, 95% A; 5.50 min, 60% A, 8.75 min, 5% A, with a
flow rate of 0.3 mL/min and an injection volume of 5 pL.

2.11. Live cell imaging

For live imaging of small EVs uptake, RWP-1 cells were seeded in 96-
well black plates with clear bottoms (Corning, Kennebunk, ME, USA)
with a density of 16000 cells/well and incubated at 37°C and 5% CO, for
24 h. Then, cells were treated with red labeled RWP-1 small EVs™Z and
incubated for 3 and 6 h under the same conditions. After that, cells were
rinsed with (1X) PBS twice and then placed in a Cytation 3 (BioTeK®,
Winooski, VT, USA) instrument to take the images. Images were
exported as a tiff file format for further analysis in Fiji software.

2.12. Statistical analysis

Results were expressed as mean =+ standard deviation (SD) of three
independent experiments. In order to evaluate the normal distribution of
the data, Shapiro-Wilk statistical test was used, and the statistical sig-
nificance was determined by Student’s t-test or the Mann-Whitney U
test. Differences were considered to be statistically significant with a p-
value of less than 0.05. Statistical analysis was performed with Graph-
Pad Prism v7.0a software (GraphPad Software Inc., San Diego CA, USA).
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3. Results

3.1. Small EVs isolation and biochemical characterization from a
pancreatic cancer cell line

In order to study the role of tumor derived small EVs, we have used
one of the two human pancreatic cancer lines, RWP-1 and RWP-2, that
were established from patients with primary pancreatic cancer meta-
static to the liver [34]. In this work, we are using RWP-1, which has
moderately well differentiated ductal cell adenocarcinoma features, and
has been used as a model cell line for pancreatic ductal adenocarcinoma
in several studies [34-38]. If an effect is observed in this PDAC cell line,
we will check if it is specific to this cancer type. Therefore, we also used
the radioresistant GBM, GB-39 cell line, obtained from a patient’s pri-
mary culture [32].

We isolated a small EVs sample from RWP-1 by ultracentrifugation
protocol for further biochemical and biophysical characterization. RWP-
1 and GB-39 small EVs were used in functional studies. Characterization
of small EVs derived from RWP-1 has been standardized for reliable and
reproducible results from assays and other downstream applications. We
have used Western Blot (WB) as an analytical technique to detect spe-
cific proteins in a sample of small EVs, as well as a semi-quantitative
estimation of the protein content. We have identified the presence and
expression level of Alix, CD63, and TSG101, the most commonly used
proteins in small EVs characterization. Our results showed their pres-
ence in small EVs derived from RWP1, while a-Tubulin and HSP-90 were
only found in cell lysates (Fig. 1A). Given that the proteins and genetic
material inside the small EVs may reflect properties of the parent cells
[39], our results established a high purity of the RWP-1-derived small
EVs samples that will be used in functional experiments.

3.2. Morphological and physical characterization of RWP-1-derived small
EVs

DLS was used on RWP-1-derived small EVs (Fig. 1B) to analyze the
size of the isolated vesicle population. Our results showed that the iso-
lated particles had a medium size of: 141.5 + 4.4, consistently within
the expected size range for small EVs (Fig. 1B). We further examined the
size and morphology of RWP-1-derived small EVs by performing FESEM
analyses (Fig. 1C). FESEM images indicated the presence of a homoge-
neous population of small EVs with diameters of 100-150 nm, with a
round or cup shaped morphology. To rule out that the structures visu-
alized by FESEM could be an artifact of the isolation or fixation process,
we performed an energy dispersive X-ray (EDX) analysis. The X-ray
detector in a FESEM microscope was used on RWP-1-derived small EVs
sample (Fig. 1D) for 10 times. The X-ray detector was placed on several
structures of the sample, confirming that the studied sample was a
mixture of organic samples and salts. All the samples showed a silica
peak corresponding with the substrate. The spectrum of the rounded
small EVs like areas, showed a high content in carbon and oxygen
confirming their organic origin. Areas corresponding to salts presented a
chloride and potassium content. In line with similar studies uncovering
small EVs characteristics, DLS and FESEM imaging confirmed the pres-
ence and purity of RWP-1-derived small EVs in our preparations [40].
Moreover, the EDX analysis established the organic nature of RWP-1
derived small EVs samples (Fig. 1D). Finally, since the small EVs will
be loaded with different drugs, it was interesting to see that they keep
their round shape after isolation (Fig. 1B) and that they have a consid-
erable and well established size (Fig. 1C) that can be reproducible.

3.3. RWP-1 drug resistance profile

PDAC is one of the most lethal diseases, mostly because the majority
of patients have unresectable, locally advanced, or metastatic disease at
the time of diagnosis. Unfortunately, traditional treatments such as
surgery, chemotherapy and radiation lead to modest improvements in
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postoperative survival due to the high prevalence of drug-resistant
phenotypes [41]. Moreover, since chemotherapy is all too often asso-
ciated with toxicity, many patients elect for palliative care [42]. At the
moment the standard of care is the use of Gem alone or in combination
with other drugs such as 5-Fluorouracil, Leucovorin, Irinotecan, and
Oxaliplatin, although it shows marginal efficacy in clinical trials
[43-45]. Since there is currently no effective treatment for PDAC, it is
essential to find new alternative drugs and new delivery systems that
enhance drug efficacy and extend patient survival while improving
quality of life.

The alkylating agent TMZ is a treatment option for several solid tu-
mors such as glioma, glioblastoma, neuroendocrine tumors, melanoma,
and sarcomas [6-13]. However, when TMZ has been used in an
advanced untreated pancreatic cancer phase II study, it is not a standard
of care due to its high cytotoxicity and low effect on patients [13]. We
hypothesize that if it could reduce the side effects of systemic exposure
to TMZ, this drug could also be a therapeutic option for PDAC patients.
The effect of TMZ treatment on proliferation was assessed using an
increasing concentration of the drug. We evaluated a range of concen-
trations between 0.05mM and 10 mM. Our analyses revealed that
treatment of the RWP-1 with TMZ resulted in more than 75% decreased
proliferation, together with an ICsg of 0.7301 + 0.066 (Fig. 2A).

As mentioned before, Gem has been used since 1983, constituting the
first-line chemotherapy for most PDAC patients and forming the back-
bone of several drug combinations [46]. Recent studies have revealed
that protein arginine methyltransferase gene 5 (PRMT5) is a promising
druggable candidate whose inhibition creates synergistic vulnerability
of PDAC cells to Gem [47]. EPZ01666 is the inhibitor of PRMT5, which
has been shown to regulate the splicing of detained introns in
proliferation-associated genes in GBM[48] and has been broadly used in
several types of cancer [18,49]. In this study, we are testing the effect of
both treatments, TMZ but also new therapies like EPZ015666, on the
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RWP-1 cell line.

The effect of the EPZ015666 treatment on proliferation was assessed
using an increasing concentration of the drug. We evaluated a range of
concentrations between 10 pM to 60 pM. Our analyses revealed that
treatment of the RWP-1 with EPZ015666 resulted in more than 60%
decreased proliferation, together with an ICsy of 23.31 + 0.064
(Fig. 2B).

3.4. Loaded GBM derived small EVs decrease RWP-1 cell proliferation

In order to test which incubation method is better for drug loading,
GB-39 derived small EVs were loaded by two incubation methods [50].
For indirect incubation, the GB-39 cell line was treated for 72 h with
high doses of TMZ or EPZ015666 and small EVs were isolated from the
medium (Fig. 3B). For direct incubation protocol, small EVs were first
isolated from GB-39 and then incubated in a medium containing a low
dose of either of the proposed drugs (Fig. 3A).

Small EVs were loaded by direct and indirect incubation with 5 mM
of TMZ, and the loading efficiency of GBM derived small EVs was
determined by measuring the amount of TMZ within the EVs by HPLC.
Our HPLC measurements showed a higher amount of TMZ being loaded
into the small GBM derived EVs by direct incubation (data not shown).

Next, we wonder if small EVs can be used as a drug delivery system
for PDAC cancer treatment. When applying the TMZ loaded small EVs on
the RWP-1 cell line, direct incubation showed no significant differences
as compared with indirect incubation, although both incubation
methods have a mild effect on tumor pancreatic cells (Fig. 3C). However,
EPZ015666 has a significant effect in RWP-1 cells, direct incubation
being the most effective loading method (Fig. 3D). This reduction in
proliferation is very important since the small EVs were loaded with only
0.04 uM and they were applied in concentrations that range from 0.002
to 0.02 pM.

B

EPZ015666

0 RWP-1

Proliferation [%]

10 15 20 40 60
EPZ015666 [uM]

Fig. 2. Cell proliferation effect of TMZ and EPZ015666 in RWP-1 cell line. (A) Cancer cells were treated with increasing concentrations of TMZ and (B) EPZ015666
and their effect over cell proliferation was measured. Asterisks indicate the statistical significance of the results (** p < 0.01, *** p < 0.001, **** p < 0.0001). TMZ,

Temozolomide.
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Taken together, direct incubation was a better method to load the
small EVS (Fig. 1C-D) and, for the first time, the effect of PRMT5 drug
inhibitor has been tested on a cancer cell line derived from a patient with
pancreatic adenocarcinoma. Our results show not only the potential
therapeutic effect of EPZ05666, but also the increase in the efficacy of
both drugs as indicated by the decrease in cell proliferation at very low
doses (Fig. 3C-D).

3.5. TMZ shows more efficiency when loaded in RWP-1-derived small
EVs

It has been proposed that small EVs have directionality toward their
mother cell [26]. Therefore, we speculate that small EVs derived from
RWP-1 may have a higher effect on their cells of origin, than the GBM
derived small EVS. To test this idea, we used the isolated small EVs from

the RWP-1 cell line to load them with the proposed drugs. We used the
direct incubation method in our experiment to load the vesicles, using a
concentration of 5mM for TMZ (RWP-1 EVs™%) and 15 uM for
EPZ015666 (RWP-1 EVs*F2015666) for the incubation.

In order to know the precise amount of drug contained in the small
EVs, we performed an HPLC analysis followed by drug identification
with a mass spectrometer (Fig. 4A). Our quantifications showed that
RWP-1 EVs™Z were loaded with 7.2 pM. Isolated RWP-1 EVs™Z were
applied to the cells in serial dilutions ranging from 50% to 5% of the
original stock. Since the amount of drug applied to the cultures
throughout the RWP-1 EVs™? corresponds to a range that goes from
3.6 pM to 0.36 pM, we tested the direct exposure of the RWP-1 cell line
to TMZ at these low concentrations to compare both effects (Fig. 4C).
The maximum concentration applied was 3.6 uM of TMZ corresponding
to 50% of RWP-1 EVs™Z and the minimum was 0.36 uM at 5% of TMZ.
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Fig. 4. HPLC-MS analysis of small EVs sample
RWP-1 EVs™? and cell proliferation effect. A
The amount of TMZ incorporated into small EVs
was quantified by HPLC. The dark blue arrow
indicates the standard TMZ (2 ppm) at 3.38 min
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RWP-1 EVs™Z treatment resulted in a dose dependent reduction in
cancer cell proliferation. Interestingly, the application of the drug using
RWP-1 EVs™Z resulted in a more significant effect on RWP-1 cell pro-
liferation with 25.6% than the reduction produced by GB-39 EVs™Z by
only 17.7% (Fig. 3C, Fig. 4B), supporting the idea that small EVs have
tumor tropism to their mother cell.

It has been shown that the best way to maintain the structure and
functionality of the EVs is to keep them at — 80 °C [51]. Therefore, we
also analyzed the stability of the drug loaded EVs over long term storage.
We repeated the same experiments after two years of keeping EVs ™
under — 80 °C conditions and we observed only a decrease of 4% effi-
ciency in the case of TMZ and 10% decrease in EPZ015666 (Fig. S4),
These results corroborate that the storage at — 80 °C is appropriate but
the stability also depends on the drug.

Our results indicate that the total amount of TMZ used for the
treatment with EVs was up to a hundred and fifty times lower than the
direct application of TMZ in cells (Fig. 2A, Fig. 4B). This is very
important because when TMZ was applied to the cells directly, at the
very same RWP-1 EVs™Z treatment concentrations, it had no significant
effect in cell proliferation (Fig. 4C). All these data indicate that RWP-1
EVs™Z treatment not only increases the target directionality but also
the efficiency of the drug.

3.6. Small EVs incorporation by their mother cell

It has been shown that small EVs have tropism for their mother cell

retention time. The yellow arrow indicates the
RWP-1 EVs™? sample (Direct Incubation)
(1.405 pg/mL) at a retention time of 3.41 min B
Small EVs of RWP-1 were loaded directly with a
5mM concentration of TMZ (RWP-1 EVs™%),
Small EVs alone or serial dilutions of RWP-1
EVs™Z were applied to RWP-1 cell line and
their effect on proliferation was measured. C
Cancer cells were treated with increasing con-
centrations of TMZ and their proliferation was
measured. The red box indicates the equiva-
lence of concentrations. Asterisks indicate the
statistical ~ significance  of the results
(*** p < 0.001). TMZ, Temozolomide; EVs,
extracellular vesicles.

RWP-1

0.36 0.9 1.8 3.6
TMZ [uM]

[26,38]. In order to see how the loaded small EVs were incorporated into
RWP-1, we treated this cell line with red labeled RWP-1 small EVs™? in
unfixed cells, for 3 and 6 h. As shown in the figure (Fig. 5A) small EVs
T™Z tend to aggregate in the cytoplasm but mostly in the nucleus after
6 h of treatment. Besides, after 6 h of incubation, the number of small
EVs/ cell significatively increases (Fig. 5B). At 6h of treatment,
immunocytochemistry showed that the internalized small EVs were in
the cytoplasm, aggregated around the nucleus, as shown by DAPI and
E-Cad staining (Fig. S2).

3.7. EPZ015666-loaded RWP-1-derived small EVs have a similar effect
on cancer cells

Given that PDAC patients’ median survival rate is only 6 months, and
more than 93% of patients die within the first 5 years [52], many efforts
have been made to find novel drug combinations that will synergistically
increase Gem’s therapeutic effects. Using a multiplex CRISPR gene KO
screening technology with a library of sgRNAs to screen chromatin
regulators whose depletion may create conditional lethality with Gem,
Wei and colleagues have recently shown that PRMTS5 is a significant
therapeutic target in PDAC patients who mostly receive Gem as a
chemotherapeutic agent [47].

To test the effect of the EPZ015666 treatment on proliferation,
increasing concentrations of the drug were used. Small EVs were loaded
by direct incubation in 15 pM EPZ015666 (RWP-1 EVsEPZ015666) gimilar
to the previous experiments, the HPLC analysis followed by drug
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Fig. 5. RWP-1 small EVs internalization in living cells. A RWP-1 cells (Brightfield) were incubated with RWP-1 small EVs™Z (red) at 3 and 6 h. A representative
experiment is shown (n = 6). B Scheme representing the treatment with RWP-1 small EVs (red). The Fiji software was used to account for the number of small EVs

(red dots). Data represent mean + SEM, Student’s 2-tailed unpaired t-test was

identification with a mass spectrometer was performed (Fig. 6A). Our
quantifications showed a 0.05 pM concentration in the small RWP-1
EVsEP2015666 Ly direct incubation. Therefore, those samples were
loaded with a concentration that was three hundred times lower than
the original 15 pM. We wonder if EPZ015666 could have different target
efficacy based on the cell origin of the small EVs. Therefore, isolated
small RWP-1 EVsFPZ015666 yyere applied to the RWP1 and GB-39 cells in
serial dilutions ranging from 50% to 5% of the original stock (Fig. 5B,
Fig. S1). Consequently, the maximum concentration was 0.02 pM cor-
responding to 50% small EVs and the minimum was 0.002 pM when 5%
of EVsEPZ015666 yyere applied (Fig. 6B). Direct administration of the drug

used, *p < 0.05. Scale bars: A,1000 um; B, 20 pm.

showed a nearly 60% decrease in proliferation in RWP-1 at high doses
(60 uM) (Fig. 2B) however, at the low concentration corresponding to
the amount loaded inside the small EVs, EPZ015666 didn’t have any
effect (Fig. 5C).

RWP-1 EVsEPZ015666 application resulted in an average of 16%
reduction in proliferation on the RWP-1 cell line. Contrary to the RWP-1
EVs™Z effect, this reduction was observed regardless of the small EVs
concentration (Fig. 6B). It has been shown that different drugs with
different mechanisms of action and chemical properties could be more
suitable for small EVs drug delivery. We could observe that TMZ-loaded
in RWP-1 EVs was more efficient than EPZ015666, indicating that TMZ
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has better interaction with the lipid bilayer of the small EVs membrane
as previously reported for other compounds [53]. Therefore, our results
indicate that even if the amount of EPZ015666 that reaches the cell is
sufficient to induce an effect, RWP-1 derived small EVs are not suitable
to be loaded with EPZ015666 for PDAC therapy.

4. Discussion

Endocrine pancreatic cancers are generally more indolent tumors
with a more favorable prognosis as compared with exocrine cell tumors,
most commonly pancreatic ductal adenocarcinomas. Since PDAC con-
stitutes approximately 95% of pancreatic cancers, the fundamental
challenges that underlie the high mortality of this type of cancer are: 1)
Pancreas location. As the pancreas is situated deep within the upper
abdomen and only 15-20% can undergo surgical resection. As the
pancreas is located between the aorta and its major upper abdominal
branches, it is difficult to visualize growing tumors and cancer often
grows around the vessels, wrapping them. 2) Early metastasis. More
than 50% of PDAC patients develop distant metastasis and the majority
of patients who undergo resection will develop metastases within 4
years of surgery [54-57]. 3) Wasting syndrome. At diagnosis, 80% of
patients with PDAC, have a reduced ability to withstand aggressive
treatment due to the physiologic effects of PDAC [58]. The poor treat-
ment tolerance is evidenced by decreased survival of those patients after
pancreatectomy or chemotherapy [59-63]. In order to improve the
treatment of these patients it is necessary to find not only new treat-
ments but also new delivery approaches to reduce the side effects.

In this study, we used several sources of small EVs and presented
evidence that direct incubation was a better method to load the small
EVS (Fig. 1C-D). Thus, when RWP-1 pancreatic tumor cell line is exposed
to GB-39 EVs loaded with TMZ or EPZ015666, it undergoes a lower
decrease in proliferation than when loaded RWP-1 EVs are applied. This
data supports the idea that small EVs derived from RWP-1 are a more
efficient drug carrier than GB-39 EVs.

In this study, we demonstrated that EVs derived from RWP-1 are
good drug carriers for PDAC treatment, providing more efficiency than
direct administration at very low doses. Moreover, in this work we have
shown that small EVs have target specificity, having a higher impact on
proliferation when they are isolated from the same type of tumor cell.

The uptake of the RWP-1 EVsEFPZ015666 by the pancreatic tumor cells
was not dose-dependent, indicating that RWP-1 small EVs were not a
good carrier for this drug. The fact that the direct application of
EPZ015666 has a great impact on RWP-1 suggests that it could be a good
therapy for PDAC, although it should be mobilized by other means such
as nanoparticles (Fig. 2B).

Several groups have extensively studied how the storage conditions
affect the morphology and functionality of the EVs [51,64-66]. We have
observed that both tested drugs not only behave differently and have
different loading capacities, but also present different long-term
stability.

The fact that the benefit associated with the use of this natural
nanocarrier depends on the type of the used drug, probably relies on the
different interactions between the chemical structure of the drug and the
extravesicular membrane, and this interaction will define its
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internalization. Along this line, our data indicate that RWP-1 EVs™?

was more efficient than RWP-1 EVsEFZ015666  gyugoesting that TMZ has
better interaction with the lipid bilayer. This opens a new field of study,
to investigate which drugs can be better loaded into small EVs. Taken
together, this work provides evidence that RWP-1 derived small EVs
represent a promising drug delivery tool that can be further investigated
in preclinical studies and in clinical trials for the treatment of PDAC.

5. Conclusions

In summary, we have demonstrated that TMZ and EPZ015666
inhibit the growth of RWP-1 cells in vitro by less exposure to the drug
when this is loaded in small EVs. Interestingly, we observed that the
benefit associated with the use of this natural nanocarrier, depends on
the type of the used drug, probably due to the different interactions
between the chemical structure of the drug and the extravesicular
membrane and this interaction will define its internalization. In this
context, our results suggest that TMZ has a better interaction with the
lipid bilayer than EPZ015666. Altogether, these results suggest a po-
tential use of RWP-1 derived small EVs as a drug delivery system to
obtain the maximum therapeutic effect with minimal toxicity for PDAC
patients’ treatment.
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