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Introduction

Extracellular vesicles derived from ovarian cancer
cell lines discriminated by biochemical and Fourier
transform infrared spectroscopy approachesf
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Ovarian cancer is the most lethal cancer among gynaecological malignancies. Due to the lack of early
symptoms and screening tools, patients are diagnosed in advanced stages. Cancer invasion and meta-
stasis through the extracellular matrix (ECM) are enhanced by tumour cell Extracellular Vesicles (EV). The
aim of this study was to characterise the EVs derived from two ovarian cancer cell lines (ES2 and SKOV3)
using biochemical and vibrational spectroscopic approaches. EVs were prepared by ultracentrifugation
and characterised by Nanoparticle Tracking Analysis. Their surface proteins were assessed by MACSPlex
EV kit for human exosomes. The presence of MMP14 and integrin subunits was evaluated in EVs and cell
protein extracts by Western immunoblotting. Both EVs and cells were measured by Fourier transform
infrared spectroscopy (FTIR) and data were analysed by hierarchical cluster analysis (HCA). Spectral differ-
ences were observed in the lipids and polysaccharides regions both between the SKOV3 and ES2 cells
and their corresponding EVs, which allowed a good delineation by HCA. The differences in the biochemi-
cal data were confirmed by similar and specific features exhibited in their respective infrared spectral sig-
natures. ES2 EVs exhibited an enrichment in MMP14 in agreement with the aggressiveness of this ovarian
cancer metastatic cell line.

consists of four stages, I to IV.>® The diagnosis of OC often
occurs at an advanced stage due to its generally nonspecific

Ovarian cancer (OC) is the most lethal cancer among gynaeco-
logical malignancies. It ranks as the fifth and sixth most fre-
quent cause of female cancer-related mortality in Europe and
worldwide, respectively." Due to the lack of early symptoms
and screening tools, patients are diagnosed at advanced
stages. OC 1is typically staged using the International
Federation of Gynecology and Obstetrics (FIGO) system, which
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symptoms, posing challenges for curative treatment. In fact,
more than 70% of OC cases are not identified until reaching
stage III or IV, further complicating effective intervention.**

OC is divided into non-epithelial and epithelial types, but
only 10% have a non-epithelial origin.> Epithelial OC is cate-
gorised into various subtypes determined by histology and
representing the visual characteristics of tumor cells.

Late detection and rapid progression of OC are the main
reasons for poor survival rate. For the early diagnosis of OC,
several biomarkers have been identified, with CA125 and HE4
(Human Epididymis Protein 4) being the most common. In
the early 1980s the CA125 mouse monoclonal antibody
(OC125) was specifically isolated from cancerous ovarian
tissue compared to healthy ovarian tissue. However, today HE4
is considered as a more reliable biomarker for detecting OC. It
is a glycoprotein belonging to the whey acidic 4-disulfide
central protein family. HE4 was first identified in human epi-
didymal epithelial cells as a small, acidic single-signal peptide
encoded by the WFDC2 gene, with high expression in OC
tissues, but low or no expression in normal ovarian tissues.’
The specificity and sensitivity of HE4 for detecting OC was

This journal is © The Royal Society of Chemistry 2025
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96% and 67%, respectively. Determination of both HE4 and
CA125 has a significantly higher accuracy than determi-
nation of CA125 or HE4 levels alone for the diagnosis of
malignant OC, with a specificity of 95% and a sensitivity of
76%.> Thus, matricellular receptors and macromolecules of
the ECM represent potential biomarkers. Cancer invasion
and metastasis through the ECM are enhanced by tumor
cell Extracellular Vesicles (EVs) contributing to the remodel-
ing of the ECM. EVs are lipid layered vesicles that enclose
and deliver macromolecules from cell to cell and enzymes
able to degrade the ECM.® They can be of different sizes,
vary in contents and surface markers and are produced and
released from cells under normal and pathological con-
ditions.” EVs from plasma of OC patients, patients with
benign disease and healthy controls were evaluated in
several studies which showed that higher levels of exosomal
proteins were found in the plasma of the OC compared to
patients with benign tumors and healthy controls.
Proteomic comparisons of cancer EVs demonstrate differ-
ences in vesicle cargo even among various ovarian adeno-
carcinoma models in vitro; hence, it is possible that EV
cargo differs among various OC subtypes.®

Moreover, EVs secreted from OC cells have been implicated
in tumor metastasis. Activated MMPs, including MMP2,
MMP9 and uPA have also been found in OC-derived EVs,
suggesting that EVs secretion from OC cells may result in
increased ECM degradation, promoting tumor cell invasion
and metastasis.® The presence of integrins in EVs, especially
a6 and B1, is related to the progression of epithelial OC. It has
been demonstrated that tumor-derived EVs contain specific
integrin subunits, namely oefs, ®fs, %P5 and o,P;, which
determine and predispose the formation of pre-metastatic
niches in different organs and guide organ-specific
metastasis.®

OC is an aggressive and complex malignancy involving the
interaction between cancer cells and their microenvironment,
including the extracellular matrix (ECM). Dysregulation of the
ECM, involving imbalance in its synthesis, deposition, post-
translational modifications and degradation, is implicated in
all OC stages from precursor lesion to metastasis to distant
organs.”™*?

During OC, the expression of the majority of ECM macro-
molecules is altered. Collagen becomes progressively remo-
deled into short thick fibrils, randomly orientated into tracks
at angles tending toward perpendicular rather than parallel to
the epithelial boundary.” Decorin is downregulated, while ver-
sican and fibronectin are upregulated. Overexpression of pro-
teolytic enzymes, such as MMPs and cathepsins, leads to basal
membrane and stroma degradation, promoting tumor inva-
sion and metastasis. Higher expression of specific integrin
subunits has been demonstrated to facilitate tumor migration
and metastasis, as well as enhance cell proliferation, by activat-
ing the anti-apoptotic pathway PI3K/Akt and pathways invol-
ving FAK and Src kinases."® Recently, Laurent-Issartel and col-
laborators showed that ascites and their fibrinogen/fibrin com-
position affect the integrity of the mesothelium and promote
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the integrin-dependent implantation of OC spheroids in the
mesothelium.

In addition to biochemical approaches, spectroscopic ana-
lyses of disease-related EVs have been quite recently con-
sidered as promising tools to detect biomarkers in cancer'
and in Alzheimer’s disease.'® A more recent study of plasma-
derived EVs from Duchenne Muscular Dystrophy patients
showed distinct infrared spectral signatures associated to
protein and lipid changes.”” EVs can be characterised by
Fourier transform infrared (FTIR) spectroscopy based on mole-
cular content and in particular on Amide and C-H stretching
vibrations."® Complementary to FTIR spectroscopy, Raman
spectroscopy has also been employed to analyse EVs derived
from mesenchymal stromal cells,'® breast cancer cells*®* and
bile from gall bladder cancer.”’ Application of FTIR techno-
logies to the characterisation of EVs has been recently reported
in a review by Di Santo et al.*

FTIR is a vibrational spectroscopic technique largely used
for analysing the wavelengths of light absorbed by materials
after interaction with a mid-infrared polychromatic radiation
source (2.5-25 um or 4000-400 cm™'). In particular, the
ratio of the transmitted/incident light is calculated and
depending on the nature of the chemical bonds and their
environment, specific peaks appear in the spectrum. First,
an interferogram is measured that is then converted into a
spectrum by Fourier transformation. The analysis can be
performed in the absorption, reflection or transflection
mode. FTIR spectroscopy is used for structural and compo-
sitional analysis due to its ability to give a “molecular fin-
gerprint” of the sample.>*?*

At the tissue level, FTIR imaging, combined with multi-
variate data analysis, was successfully used to evidence ECM
disorganisation in melanoma and more specifically collagen
fiber orientation.?® It has shown the ability to discriminate
inflammatory from non-inflammatory breast cancer tissues®
and metastatic from non-metastatic lymph nodes in mela-
noma patients.>’

In addition, melanoma primary tumors treated with or
without lumican-derived peptide were discriminated through
infrared spectral imaging.”® In a previous study, dermis of
wild-type versus lumican-deficient mice were characterised by
infrared spectral imaging.”® It has further been employed to
characterise ovarian cancer cells and tissues.***'

In the present preliminary study, the aim was to character-
ise the extracellular vesicles and the two ovarian cancer cell
lines from which they derive, ES2 and SKOV3, using both bio-
chemical and FTIR spectroscopic approaches. EVs from ES2
cells displayed a higher level of MMP14 in agreement with the
higher aggressiveness of this ovarian cancer metastatic cell
line. Spectroscopic data revealed a good discrimination
between highly invasive and less invasive cells, but more pro-
nounced in EVs. This could be associated to a higher carbo-
hydrate/protein ratio in EVs compared to cells. This study pro-
vides promising data for the development of early and less
invasive ovarian cancer diagnosis based on spectroscopic ana-
lysis of EVs.
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Experimental

Cell culture

Cell culture of ES2 (highly metastaticc ATCC number:
CRL-1978) and SKOV3 (poorly metastatic, ATCC number:
HTB-77) human ovarian cancer cell lines was performed. ES2
is a fibroblast-like cell line that was isolated from the ovary of
a patient with clear cell carcinoma. This tumor was described
as a poorly differentiated ovarian clear cell carcinoma. SKOV3
is a cell line with epithelial morphology that was isolated from
the ovary of a 64-year-old, white, female with ovarian adeno-
carcinoma. SKOV3 cells are more resistant than ES2.

The ovarian cancer cells were cultured in high-glucose
(4.5 ¢ L™) Dulbecco’s Modified Eagle’s Medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich), 1% penicillin (final concentration, 50 U
mL™"; Gibco) and 1% streptomycin (final concentration, 50 U
mL™"; Gibco). Cells were cultured at 37 °C under 5% CO,
humid atmosphere. The ovarian cancer cell lines were cultured
up to 80% of confluency. All the cell lines were confirmed to
be mycoplasma free, based on routine PCR detection method.

Antibodies and reagents

The following primary antibodies were used: Rabbit anti-
CD81, dilution of 1:1000 (WB, Cell signaling, #56039); rabbit
anti-actin, dilution of 1:10000 (WB, Cell signaling, #4970s);
rabbit anti-p1ITG, dilution of 1:1000 (WB, Cell signaling,
#34971); rabbit anti-B3ITG, dilution of 1:1000 (WB, Santa
Cruz, sc-46655); rabbit anti-MMP14, dilution of 1:1000 (WB,
Abcam, ab51074); rabbit anti-a2ITG, dilution of 1:1000 (WB,
Merk-Millipore, AB1936); rabbit anti-a5ITG, dilution of 1: 1000
(WB, Cell signaling, #4705s); rabbit anti-avITG, dilution of
1:1000 (WB, Cell signaling, #4711s). The following secondary
antibody was used: HRP-conjugated goat anti-rabbit IgG (H +
L), dilution of 1:10 000 (WB, GE Healthcare, NA934V).

Ovarian cancer-derived EVs production and isolation

ES2 and SKOV3 human ovarian cancer cells were cultured in
150 cm® flasks in complete medium. When 80-90% conflu-
ence is reached, cells were washed twice with DPBS and incu-
bated 48 h in FBS free media at 37 °C under 5% CO, humid
atmosphere. Conditioned media (CM) were collected and EVs
were enriched via a three steps protocol. First, CM were fil-
trated through 0.22 pm pore size filter. Then, CM were ultra-
centrifuged (Beckman Coulter) at 100 000g for 2 h at 4 °C to
pellet the EVs using a Beckman Coulter Type 50.2 Ti Rotor.
The EV pellets were resuspended with PBS and ultracentri-
fuged at 100 000g for 1 h 30 at 4 °C using a Beckman Coulter
TLA110 rotor. Finally, EVs pellets were resuspended in 100 pL
of distilled water. These steps as well as the protocols
described below are summarised in the workflow in Fig. 1.

We have submitted all relevant data of our experiments to
the EV-TRACK knowledge base (EV-TRACK ID: EV240181).*?
For MACSPlex analysis, ES2 and SKOV3 cells were cultured in 6
well plates in complete medium. When 80-90% confluence is
reached, cells were washed twice with DPBS and incubated
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48 h in FBS free media at 37 °C under 5% CO, humid atmo-
sphere. CM were collected and filtrated through 0.22 pm pore
size filter.

Nanoparticle tracking analysis (NTA)

EVs suspensions were analysed for size and concentration
using nanoparticle tracking analysis. Samples were diluted in
PBS and analysis was performed on a NanoSight NS300
(Malvern analytical) system (acquisition settings: Laser Type
Blue488; Camera level 15). Three videos of 60 s were taken
under controlled fluid flow with a pump speed to 30 (arbitrary
units). Videos were analysed using the batch analysis tool of
NanoSight NTA software version 3.4 build 3.4.4 (video analysis
settings: Detect Threshold: 3). The average area under the his-
togram from the three videos was used for particle concen-
tration measurement.

Western-blot analysis

Cells were lysed in RIPA lysis and extraction buffer (Sigma-
Aldrich) supplemented with protease and phosphatase
(Thermo Fisher Scientific) inhibitors. Proteins were quantified
using the DC Protein Assay (Bio-Rad). Subsequently, 25 pg of
cell lysate proteins or EV proteins were heat denaturated at
98 °C for 5 min in Laemmli buffer and separated by
SDS-PAGE. Proteins were then transferred onto polyvinylidene
difluoride membranes (GE Healthcare Life Sciences).
Membranes were blocked in a 5% Non-Fat Dry Milk (NFDM) in
TBS-T for 2 h at room temperature (RT). The primary anti-
bodies were incubated overnight at 4 °C in 1% NFDM in
TBS-T. After extensive washes in TBS-T, the incubation with
horseradish peroxidase-conjugated secondary anti-IgG anti-
bodies was performed at RT for 90 min in 1% NFDM in TBS-T.
Immunoreactive bands were revealed using ECL chemilumi-
nescence detection kit (Amersham Biosciences, GE Healthcare
Life Sciences). Acquisition and processing were obtained using
the ChemiDoc MP imaging device and ImageLab (Bio-Rad
Laboratories).

Flow cytometry

Detection of surface proteins on EVs was performed using the
MACSPlex Exosome kit human (Miltenyi Biotec) following the
manufacturer’s protocol for overnight capture in tubes. This
kit enables the detection of 37 markers (CD1c, CD2, CD3, CD4,
CD8, CD9, CD11c, CD14, CD19, CD20, CD24, CD25, CD29,
CD31, CD40, CD41b, CD42a, CD44, CD45, CD49e, CD56,
CD62p, CD63, CD69, CD81, CD86, CD105, CD133.1, CD142,
CD146, CD209, CD326, HLA-ABC, HLA-DR DP DQ, MCSP,
ROR1 and SSEA-4) simultaneously and include two isotype
controls (mIgG1 and REA control). Briefly, ES2 and SKOV3 CM
samples were filtered with a 0.22 pm filter. Hundred and
twenty pL of each CM or medium only as blank control were
incubated with 15 pL capture beads (containing the antibody-
coated bead subsets) overnight at RT under gentle agitation.
After washing, 15 pL of detection antibody mixture (CD9,
CD63 and CD81 conjugated to APC) were added to the beads,
samples were then incubated for 1 h at RT under gentle agita-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Workflow showing the preparation of EVs (left) and cell suspensions (right) of SKOV3 and ES2 cell lines for biochemical and spectroscopic

analyses.

tion. The samples were washed two times before being ana-
lysed on a BD LSRFortessa cytometer running BD FACSDiva™
software (BD Biosciences).

The 39 individual bead populations were selected to allow
determination of the APC signal intensity on the respective
bead population and the median fluorescence intensity (MFI)
for each captured bead was measured. MFI of each bead
obtained from the control sample (PBS only) was subtracted
from the signal intensities of the respective beads incubated
with the sample. The mean of the MFI of the MACSPlex
Exosome Capture Beads CD9, CD63 and CD81 was used as the
normalisation factor for each sample.

Cell preparation for FTIR analysis

For the spectroscopic analysis of ES2 and SKOV3 cell lines,
calcium fluoride (CaF,) slides were utilised. The substrates
were placed into a 6-well-plate and 5000 cells were seeded on
them. The cells were cultured with DMEM 10% FBS and incu-
bated overnight. Subsequently, the substrates were rinsed with
DPBS and fixed for 20 min in 4% paraformaldehyde. Following
this, the substrate was rinsed again with DPBS and, then with
distilled water - to prevent crystal formation on the sample
due to DPBS. They were finally dried at room temperature.

This journal is © The Royal Society of Chemistry 2025

EVs preparation for FTIR analysis

The EV samples were recovered in distilled water after the second
ultracentrifugation to prevent crystals due to DPBS. The EVs
protein concentration was quantified using the Lowry method
and then the appropriate volume of EV samples was pipetted
onto the substrate in order to ensure a final protein amount of at
least 1 pg. Specifically, 3 pL of SKOV3-derived EVs and 2 pL of
ES2-derived EVs were deposited onto CaF, substrates. The
samples were dried at RT for approximately 10 min.

Infrared microimaging of EVs and cells

Both EV and cell preparations were imaged using an FTIR
imaging microscope, coupled with a Frontier spectrometer
(PerkinElmer, Villebon-sur-Yvette, France) at a pixel size of
6.25 x 6.25 um” and spectral resolution of 4 cm™". Each pixel
spectrum was an average of 128 scans for samples and 240
scans for background, measured in the transmission mode
over 4000-800 cm ™" spectral range. The background spectrum
from the CaF, window, recorded before an image acquisition,
was automatically subtracted from the data. The instrument
and the sample compartment were continuously purged with
dry air throughout the process to minimise atmospheric inter-
ferences from water vapor and carbon dioxide.

Analyst, 2025, 150, 1280-1292 | 1283
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The two EV samples obtained from the two cell lines were
deposited on CaF, slides and measured as dried drops.
Spectral images acquired from the drop’s periphery exhibited
higher absorbances, due to the “coffee ring” effect.

Regarding the cell lines, thirteen SKOV3 and six ES2 cell
images were collected and processed. These were obtained
from three biological replicates.

FTIR data preprocessing and processing

1. Due to

The range of the recorded spectra was 4000-800 cm™
non-informative data, the spectral range was reduced to
3700-900 cm™". The raw images were subjected to atmospheric
correction algorithm (Spectrum-Image, version 1.6, PerkinElmer)
to compensate for water vapor and CO, contributions present in
the sample environment. The process was repeated for all spec-
tral images obtained. All the spectra were preprocessed as
follows: baseline correction, vector normalisation and offset cor-
rection (OPUS software version 3.1, Bruker Optics®, Ettlingen,
Germany). Following this, the average spectrum for each cell and
EV drop was computed from the preprocessed spectra.

In order to compare the two cell lines and their derived-
EVs, Hierarchical Cluster Analysis (HCA) was performed on the
mean spectra in the 1800-900 cm ™" region. HCA is an unsu-
pervised method based on the calculation of Euclidean dis-
tances between the spectra and between the groups according
to their similarities. The endpoint is a set of clusters, where
each cluster is distinct from the others and the objects within
each cluster are broadly similar to each other. The spectral dis-
tances are represented by a heterogeneity scale. The clustering
method was previously described.’>** Further analysis was
performed by calculating intensity ratios of carbohydrate/

protein (Iy0s2/I1655)-

Statistical analysis

Data were expressed as the mean + SD. Student’s ¢ test was
used for in vitro experiments. For all tests, statistical signifi-
cance was assumed when p < 0.05 (*), p < 0.01 (**), and p <
0.001 (***).

Results
Characterisation of SKOV3- and ES2-derived EVs

In the first step, small EV size distribution and concentration
were analysed by NTA. The SKOV3 EV mean size was 79.2 +
12.5 nm (N = 7 independent EVs production) and the ES2 EV
mean size was 80.6 + 15.2 nm (N = 5 independent EVs pro-
duction) (Fig. 2a, left). Thus, no difference in the mean size of
the EVs of the two different cell lines was observed.

The mean SKOV3 EV concentration was 3.5 x 10% + 1.7 x 10°
EVs per mL of supernatant (N = 7 independent EVs pro-
duction). The mean ES2 EV concentration was 3.9 x 10° + 2.3 x
10® EVs per mL of supernatant (N = 5 independent EVs pro-
duction) (Fig. 2a, right). Thus, no difference in the mean con-
centration of the EVs of the two different cell lines was
observed.
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In second step, surface protein abundance on small EVs
was determined by Flow cytometry. The conditioned media
were collected and EV surface proteins (37 beads coupled to
specific antibodies raised against different markers including
CD9, CD63 and CD81, MACSPlex, Miltenyi) were characterised
by flow cytometry (Fig. 2b).

In addition to CD9, CD63, CD81, ES2 EVs exhibited high
levels of CSPG4, CD105, CD44, CD49e (a5 ITG), CD29 (1 ITG),
and CD146. The distribution profile of SKOV3 EVs was partly
similar except for SSEA-4, CD142 and CD326 which were
highly present in SKOV3 EVs in comparison with ES2 EVs.

Thirdly, EVs and cell protein extracts from SKOV3 and ES2
cells were identified by western blot EVs and cell protein
extracts from SKOV3 and ES2 cells were analysed by western
blot to evaluate the expression in cells and the distribution in
EVs of MMP14 and f,, o, a5, f3 and ay integrin subunits
(Fig. 2c). MMP14 (60 kDa) was detected in ES2 but not in
SKOV3 cells and EVs. It was very high in ES2 EVs in compari-
son with ES2 cells after normalisation to actin expression. The
integrin p; subunit (130 kDa) was expressed in both cells at
similar levels, but the presence was higher in EVs, especially in
ES2 EVs. The integrin a, subunit (150 kDa) was not detected
in both cells nor in SKOV3 EVs, but was strongly present in
ES2 EVs. The integrin o5 subunit (140 kDa) was present in
both cell lines but mostly in ES2 cells and EVs.

The integrin p; subunit (110-120 kDa) was expressed in
SKOV3 cells and abundant in SKOV3 EVs. It was not detected
in ES2 cells but two forms were found in ES2 EVs. The integrin
av subunit (140 kDa) was barely expressed in ES2 cells, but it
was strongly detected in ES2 EVs. It was also detected in both
SKOV3 cells and EVs at similar levels. CD81 (EV biomarker)
was detected in EVs of both cell lines.

Characterisation of SKOV3- and ES2-derived EVs and cells by
FTIR spectroscopy

Both EVs and cells were measured by FTIR spectroscopy and
data were analysed by an unsupervised chemometrics
approach based on HCA (Fig. 3 and 4).

In a first step, SKOV3- and ES2-derived EVs were character-
ised by FTIR spectroscopy. Fig. 3a shows an example of a white
light image of an EV dried drop and the peripheral region
(left) where the IR image was acquired. The insert illustrates
the raw spectral image with different absorbance intensities
(right). After preprocessing, FTIR mean spectra of EVs derived
from SKOV3 (blue line) and ES2 (orange line) cell lines are
shown in Fig. 3b. By comparing the two mean spectra, differ-
ences can be observed in the specific regions as described
hereafter. The mean and standard deviation of the
FTIR spectra of the two cell lines derived EVs are shown in
Fig. S1.t

The peak at 3296 cm ™" assigned to N-H bond vibration of
proteins was quite different; the peak for SKOV3-derived EVs
was wider (could be due to presence of water) and its intensity
was slightly higher than the one of ES2-derived EVs. For ES2
EVs, the band was sharper and two shoulders were also
present. As for the protein Amide bands (Amide I at 1665 cm ™

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Size and biochemical characterisation of SKOV3- and ES2-derived EVs. (a) Small EV size distribution and concentration analysed by NTA. The
SKOV3 mean size was 79.2 nm + 12.5 nm (N = 7 independent EVs production) and the ES2 EV mean size was 80.6 + 15.2 nm (N = 5 independent EVs
production) (left). The mean SKOV3 EV concentration was 3.5 x 10% + 1.7 x 10% EVs per mL of supernatant (N = 7 independent EVs production). The
mean ES2 EV concentration was 3.9 x 108 + 2.3 x 108 EVs per mL of supernatant (N = 5 independent EVs production) (right). (b) Surface protein
abundance on small EVs analysed by flow cytometry. The conditioned media were collected and EV surface proteins (37 beads coupled to specific
antibodies raised against different markers including CD9, CD63 and CD81, MACSPlex, Myltenyi) were characterised by flow cytometry. In addition
to CD9, CD63, CD81, ES2 EVs exhibited high levels of CSPG4, CD105, CD44, CD49e (a5 ITG), CD29 (81 ITG), and CD146. The distribution profile of
SKOV3 EVs was partly similar except for SSEA-4 and CD326 which were highly present in SKOV3 EVs in comparison with ES2 EVs. (c) EVs and cell
protein extracts from SKOV3 and ES2 cells analysed by western blot. MMP14 (60 kDa) was present in ES2 but not in SKOV3 cells and EVs. It was very
high in ES2 EVs in comparison with ES2 cells after normalisation to actin expression. The integrin p1 subunit (130 kDa) was expressed in both cells,
but its presence was higher in EVs, especially in ES2 EVs. The integrin a2 subunit (150 kDa) was not detected in both cells nor in SKOV3 EVs, but was
strongly detected in ES2 EVs. The integrin a5 subunit (140 kDa) was present in both cell lines but mostly in ES2 cells and EVs. The Integrin g3 subunit
(110-120 kDa) was expressed in SKOV3 cells and strongly detected in SKOV3 EVs. It was not detected in ES2 cells but two forms were found in ES2
EVs. The integrin av subunit (140 kDa) was barely detected in ES2 cells, but was strongly detected in ES2 EVs. It was also detected in both SKOV3
cells and EVs at similar levels. CD81 (EV biomarker, 26 kDa) was detected in EVs of both cell lines.
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Fig. 3 FTIR mean spectra of SKOV3 and ES2 EVs. (a) Infrared image of a dried SKOV3-derived EV suspension, (b) mean infrared spectra of EVs from
SKOV3 (blue line) and ES2 (orange line) EVs (n = 7) and (c) dendrogram showing a significant difference between EVs from SKOV3 and ES2 cells on
1800-900 cm™ spectral range.

and Amide II at 1547 cm™ "), the shape of the peaks was the Regarding the lipid profile, there were two common peaks
same; however, the peak intensity of SKOV3-derived EVs was for the two types of EVs; one at 2853 cm™' (symmetric
much lower than that of ES2-derived EVs. vibration of CH, groups) and one at 2923 cm ' (CH, asym-
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metric stretch). One peak in ES2-derived EVs and one shoulder However, one shoulder at 1744 cm™' was observed in both

for SKOV3 at 2956 cm™ " (CH; asymmetric stretching) were also  types of EVs, corresponding to the carbonyl (C=0) stretching
present. In the region 1800-1700 cm™" no peaks were detected.  of phospholipids. The main protein peaks assigned to Amide I
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at 1655 cm~' (mainly C=O vibration) and Amide II at
1544 cm™' (mainly assigned to C-N stretch) have a similar
profile in both EVs. The peak at 1293 cm™", assigned to Amide
II1, was present in both types of EVs, with the intensity of ES2-
derived EVs being much stronger than the one of SKOV3-
derived EVs. Significant differences were observed in the carbo-
hydrate absorption region (1200-900 cm™) of the spectra. In par-
ticular, the peak at 1031 cm™ was detected only in SKOV3-
derived EVs and corresponds to vibrational modes of -CH,OH
groups. Moreover, the peak at 1152 cm™, that could be due to C-
O vibration of carbohydrates, was observed only in SKOV3-
derived EVs. However, it can be noted that the carbohydrate/
protein ratio was higher in SKOV3 than in ES2 derived-EVs. The
HCA analysis was conducted on both cell and EVs samples to
evaluate the concordance of the data obtained. Fig. 3c displays
the HCA results of ES2- and SKOV3-derived EVs mean spectra.
The dendrogram shows that two main clusters emerged, indicat-
ing a clear distinction and, thus significant differences between
the two types of EVs. Moreover, the heterogeneity within each
cluster was very low, almost zero (0.055 for SKOV3-derived EVs
and 0.022 for ES2-derived EVs), suggesting high intra-sample
similarity. These values were negligible compared to the inter-
group variability (4.2 between ES2 and SKOV3).

In the second step, SKOV3 and ES2 cells were characterised
by FTIR spectroscopy. Regarding the cell lines, thirteen SKOV3
and six ES2 cell spectra were collected and processed. Fig. 4a
shows an example of a white light image (left) of a single ES2
cell and its corresponding infrared image (right) (Fig. 4a)
where its nucleus and cytoplasm can be visualised in the raw
image. Mean spectra from SKOV3 and ES2 cell images are dis-
played in Fig. 4b. The mean and standard deviation of the
FTIR spectra of the two cell lines are shown in Fig. S2.}

Regarding the protein profile of the two cell lines, the wide
peak at approximately 3266 cm™" due to the N-H vibration of
proteins had the same intensity for both cell lines. Amide I
peak appeared at 1655 cm™', with the intensity of ES2 peak
being higher than that of the SKOV3 peak. Amide II peaks at
1554 cm™" (assigned to N-H bend and C-N stretch) were very
similar to each other.

In the range 3100-3800 cm™, the peak at 3074 cm™
appeared only in ES2 cells and corresponds to =CH (sp?)
vibrations in alkenes and aromatic rings. The peaks at
2956 cm™" (CH; asymmetric stretch), at 2922 cm™" (CH, asym-
metric stretch) and 2852/2856 cm™" (symmetric vibration of
CH, groups) were present in both cell lines, with the peaks in
SKOV3 being lower in intensity. A very weak peak at 2872 cm ™"
(assigned to CH; symmetric vibration) was present only in ES2
cells and is due to CH, symmetric stretch of lipids and pro-
teins. In the lipid area from 1800-1700 cm™", only one very
weak peak appeared in SKOV3 cells but not in ES2 at
1743 cm™" due to ester (C=0) stretching of phospholipids. At
this wavenumber a shoulder was present in the ES2 cell line.

Differences in the intensity of the peaks were also detected
in the carbohydrate absorption region of the spectra, indicat-
ing differences in the polysaccharide amount and composition
between the two cell lines. One characteristic peak at this

1 1
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region was the one at 1238 cm™" due to asymmetric phospho-
diester vibration of nucleic acids, the intensity of which was
lower in ES2 cells compared to SKOV3 cells.

Fig. 4c presents the HCA results of FTIR spectra from ES2
and SKOV3 cells. The dendrogram shows that spectra could be
differentiated into two distinct clusters, one corresponding to
ES2 cells and the other to SKOV3 cells, indicating that the two
groups differed significantly from each other. The intra-group
variabilities were very similar to each other, as indicated by the
low heterogeneity values (0.35 for ES2 cells and 0.8 for SKOV3
cells) but remained much smaller than the inter-group varia-
bility (2.75 between ES2 and SKOV3).

Discussion

In this study, two ovarian cancer cell lines with different phe-
notypes were compared by biochemical approaches and FTIR
spectroscopy. First, the size characterisation of ES2- and
SKOV3-derived EVs was performed by NTA. These measure-
ments showed EV sizes in the same range around 80 nm.
Regarding their concentration, NTA data showed that the con-
centration of ES2-derived EVs was slightly higher compared to
that of SKOV3-derived EVs.

Then, the expression profile in cell extracts demonstrated
the presence of membrane protein involved in cancer develop-
ment. The results from the detection and quantification of the
surface epitopes of EVs demonstrated the presence of tetraspa-
nins markers CD9, CD63 and CD81 indicating the enrichment
of exosomes in EVs fractions. Differences observed between
the EVs were both qualitative and quantitative. Qualitatively,
ES2 EVs exhibited specifically CSPG4, CD105 and CD146 while
SKOV3 EVs were characterised specifically by the presence of
SSEA-4, CD142 and CD326. CSPG4, CD105 and CD146 were
described to be associated to aggressive ovarian cancers.***°
The detection of these markers in higher amount on the
surface of ES2-derived EVs was expected, due to the higher
aggressiveness of ES2 cell line, compared to the SKOV3 one.
On the other hand, SSEA-4 was found in larger amounts on
the SKOV3-derived EVs. SSEA-4 is highly expressed in several
tumors and may be considered as a marker of chemoresis-
tance.*! SSEA-4, CD142 and CD326 are reported to be potential
targets in antitumor therapy of ovarian cancer.*>**

Quantitatively, the presence of the other biomarkers was
similar in both EVs. Interestingly, CD44, CD49e (as integrin
subunit), CD29 (B, integrin subunit) and CD105 as a receptor
of TGF-p, are well-known for their contribution to tumor
aggressiveness and development were present on the EVs
suggesting their role in tumor spread.'**°

The strong presence of MMP14 on ES2-derived EVs was con-
firmed by Western blot. These results suggest the role of EVs
in promoting metastasis by the degradation of ECM of the per-
itoneum or distant organs. In addition, EVs from both cell
lines were shown to present CD44. Interestingly, it has been
previously described that subgroup of patients with double
expression of MMP14 and CD44 had a poor prognosis.*® The
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colocalisation of CD44 and MMP14 in invadopodia of breast
cancer cells has been already described where CD44 is reported
to be a central mediator for invadopodia activity and ECM degra-
dation.*® The CD44s splice isoform is a central mediator for inva-
dopodia activity. In an ovarian cancer cohort of 44 patients with
metastases in lymph nodes, spleen, and/or liver, the presence of
MMP14, MMP2, CD44, and Chondroitin Sulfate-E (CSE) was
demonstrated in both the primary tumor and the metastases by
immunohistochemistry and was related to clinical character-
istics.”” Numerous studies concluded that MMP14 plays a role in
ovarian tumors progression.”* The presence of MMP14 was
demonstrated on the surface of cultured OC cells derived from
primary ovarian tumors, metastatic tissues and ascites.*®
MMP14 mRNA expression from human tumor cells was associ-
ated with increased tumor size and tumor spread.”® As demon-
strated in a 3D collagen model, hypoxia induces MMP14 depen-
dent proliferation and invasion.”® MMP14, along with MMP9
and MMP3, has been demonstrated to promote Epithelial
Mesenchymal Transition (EMT), resulting in the detachment of
cancer cells from the primary tumor and their diffusion into the
peritoneal cavity.’ Interestingly, ascites and their fibrinogen/
fibrin composition were shown to affect the integrity of the
mesothelium and promote the integrin-dependent implantation
of OC spheroids in the mesothelium."*

In the present report, all the investigated integrin subunits
were detected confirming their presence in ovarian cancer
cells and/or EVs. Notably, the expression of integrin subunits
on the cell extracts varies from barely to highly detectable.
Most of the integrin subunits were detected in both types of
EVs except for integrin o, which was absent from SKOV3-
derived EVs. The results indicate the enrichment of molecules
in EVs that positively modulate tumor progression. The results
of Western blots concerning the presence of f; and a5 integrin
subunits on EVs surface are compatible to the results obtained
via flow cytometry analysis. Both techniques detected the pres-
ence of these subunits on EVs; notably, their presence is stron-
ger in ES2-derived EVs compared to the SKOV3 ones as
suggested by the intensity of the bands on Western blot mem-
branes and the fluorescence values in flow cytometry analysis.
Integrin os, oy, oy, as well as integrin B, and P; subunits are
the most studied integrin members in OC, which can form
asPs, 0P, 2Py and o,fz heterodimeric receptors. Most studies
support their function as oncogenic genes promoting
adhesion, migration and proliferation in OC.>* Integrin asf; is
expressed in 40% of the epithelial OC cases and is involved in
dissemination of the tumor. Patients with high expression of
asp; have worse survival. Implantation of ovarian tumor spher-
oids involve fibrinogen/fibrin and av and a5f1 integrins.'*
Integrin o,pB; is involved in spheroid adhesion of OC cells to
peritoneal cells through binding to laminin.®

The above approaches on OC cells and their derived-EVs
were complemented by a biophysical approach based on FTIR
spectroscopy that gives a global picture of their macromolecu-
lar contents.

Apart from differences in spectral profiles, the ratio of func-
tional groups absorption intensities can be used to compare
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the spectral data. Carbohydrates contain many different types
of O-H and C-O bonds and the region 1200-900 cm™" is often
used as its fingerprint region, the intensity and position being
specific for every carbohydrate. By calculating the carbo-
hydrate/protein ratio (I;ps»/l1655), it can be noticed that this
was about four times higher in SKOV3 (1.01) derived-EVs than
those of ES2 (0.245). The fact that the carbohydrate/protein
ratio is much smaller in cells than in EVs could be explained
by a higher protein content in cells due to the existence of the
endoplasmic reticulum and Golgi apparatus in the cytoplasm.
These organelles are the sites of the synthesis and maturation,
respectively. These organelles are not present in the EVs, the
role of which is to act as cargos. Furthermore, this high
increase in carbohydrate/protein ratio in SKOV3 EVs could be
associated to the high abundance of glycosaminoglycans as
reported by Vallen and collaborators.>® This study demon-
strated that CSE is associated with metastatic legions and that
it provides tumors with adhesive properties. In addition, chon-
droitin sulfate disaccharide described as serum markers for
primary serous epithelial ovarian cancer.>*>® Moreover, pro-
teoglycan like CSPG4 was described as protein biomarker
associated with poor survival in ovarian cancer patients by pro-
moting spheroid formation.*>*® Similarly, the cell surface
heparan sulfate proteoglycan Syndecan-3 was shown to
promote ovarian cancer pathogenesis and the formation of
spheroids of SKOV3 cells.>”*®

Due to these strong differences in macromolecular contents, a
clear-cut separation could be obtained between SKOV3 and ES2
EVs using HCA with a low intra-group heterogeneity, demonstrat-
ing a high homogeneity in the EV preparations. In contrast to
EVs results, SKOV3 and ES2 cells exhibit smaller differences in
their spectral profiles. The carbohydrate/protein ratio in SKOV3
cells (0.16) and ES2 cells (0.13) is much smaller than in EVs. By
comparing the two cell lines, the ratio comes out to about 1 com-
pared to 4 for their corresponding EVs. A bigger intra-group het-
erogeneity was observed for cell measurements (slightly higher
for SKOV3) compared to their corresponding EVs. This hetero-
geneity could arise from individual single cell measurement. In
contrast, the EVs being similar in size and concentration, dis-
played more homogeneous spectral profiles. In spite of this intra-
group heterogeneity, the two cell lines could be delineated based
on their phenotypic differences. A specific spectral signature of
serum and plasma-derived extracellular vesicles for cancer screen-
ing has been already published.>**° Modifications of the glycosy-
lation of EVs may alter their biodistribution®" and their capacity
to bind peptides.®®

Conclusions

In summary, this pilot study combining Fourier-transform
Infrared spectroscopy and biochemical analyses compares for
the first time two ovarian cancer cell lines, ES2 and SKOV3,
and their derived extracellular vesicles, differing by their levels
of aggressiveness. Indeed, ES2 EVs exhibited an enrichment in
MMP14 in agreement with the aggressiveness of this ovarian
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cancer metastatic cell line. Application of multivariate data
analysis based on Hierarchical Cluster Analysis (HCA) to both
cell and EV spectra showed that cell-derived EVs demonstrated
a better discrimination between highly invasive and less inva-
sive situations. Spectral differences were mainly observed in
the lipids and polysaccharides absorption regions, both
between the SKOV3 and ES2 cells and their corresponding EVs.
These results suggest that rapid, non-invasive, and reagent-free
FTIR spectroscopy represents a promising approach that can
be potentially applied for the EV-based diagnosis of ovarian
cancer patients alongside existing and globally accepted diag-
nostic approaches.
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