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A B S T R A C T

Extracellular vesicles (EVs) participate in cell-stroma crosstalk within the tumor microenvironment and fibrob-
lasts (Fb) contribute to tumor promotion in thyroid cancer. However, the role of tumor-stroma derived EVs still
needs to be deciphered. We hypothesized that the interaction of thyroid tumor cells with Fb would liberate EVs
with a specific proteomic profile, which would have an impact on EV-functionality in thyroid tumor progression-
related events. Tumor (TPC-1, 8505c) and non-tumor (NThyOri) thyroid cells were co-cultured with human Fb.
EVs, obtained by ultracentrifugation of conditioned media, were characterized by nanoparticle tracking analysis
and western blotting. EV-proteomic analysis was performed by mass-spectrometry, and metalloproteinases
(MMPs) were studied by zymography. EV-exchange was evaluated using immunofluorescence, confocal mi-
croscopy and FACS. EVs expressed classical exosome markers, with EVs from thyroid tumor cell-Fb co-cultures
showing a proteomic profile related to extracellular matrix (ECM) remodeling. Bidirectional crosstalk between
Fb and TPC-1 cells produced significantly more EVs than their isolated cells, and potentiated EV-functionality. In
line with this, Fb-TPC-1 derived EVs induced MMP2 activation in NThyOri supernatants, and MMP2 activity
could be evidenced in Fb and TPC-1 contact-independent co-cultures. Besides, MMP2 interactors allowed us to
discriminate between EVs from thyroid tumoral and non-tumoral milieus. Interestingly, Fb internalized more
EVs from TPC-1 than from NThyOri producing cells. Fb and thyroid tumor cell crosstalk produces specialized EVs
with an ECM remodeling proteomic profile, enabling activation of MMP2 and possibly facilitating ECM-
degradation, which is potentially linked with thyroid tumor progression.

Abbreviations: CAFs, cancer-activated fibroblasts; CI, contact-independent; CMs, conditioned media; DAPI, 4’,6-diamidino-2-phenylindole; DEPs, differential
enriched proteins; DEqMS, differential expression analysis of the quantitative mass spectrometry data; ECM, extracelular matrix; EVs, extracelular vesicles; FASP,
filter-aided sample preparation; Fb, fibroblasts; FDR, false discovery rate; GO, gene ontology; MMPs, matrix metalloproteinases; nLC-MS/MS, nano-scale liquid
chromatography coupled to tandem mass spectrometry; NTA, nanoparticle tracking analysis; ORA, over-representation analysis; PCoA, principal coordinate analysis;
PPI, protein-protein interactions; PTC, papillary thyroid carcinoma; RT, room temperature; SFM, serum-free medium; TME, tumor microenvironment; TW, transwell;
TW-CMs, transwell conditioned media
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1. Introduction

From the first stages of tumor initiation, malignant cells interact
with resident and recruited host cells and the extracellular matrix
(ECM), as well as with soluble factors in the tumor microenvironment
(TME). These multiple interactions, which reprogram the phenotype of
both interactive partners, include cell-to-cell contact, growth factor and
cytokine signaling, and extracellular vesicles (EVs) exchanging bioac-
tive molecules (Maman and Witz, 2018).

EVs constitute heterogeneous populations of nano-sized vesicles
typically classified according to their cellular biogenesis (van Niel et al.,
2018) or just based on their size, defined as small- (50–200 nm) or
large-EVs (200 nm-2 µm) (Kowal et al., 2016). In 2019, Jeppesen and
coworkers (Jeppesen et al., 2019) introduced a sub-classification of
classical and non-classical exosomes into the small-EVs, based on the
presence of the exosomal markers CD63, CD81, and CD9. Before their
release, EVs are packed with bioactive molecules, including proteins,
lipids, and nucleic acids. Importantly, interactions of EVs with recipient
cells may regulate their pathophysiological state.

In tumors, ECM remodeling, including ECM deposition, crosslinking
and degradation, creates a cancer permissive microenvironment, in-
creasing the bioavailability of ECM-bound biomolecules. Among the
main drivers of ECM degradation are the matrix metalloproteinases
(MMPs), produced by both stromal and tumor cells (Winkler et al.,
2020). Considering the tumor stroma cells, fibroblasts (Fb) produce and
degrade ECM (Sahai et al., 2020), and they are also key elements that
play a role in cell-to-cell communication. Interestingly, Bertero and
coworkers (Bertero et al., 2019) described that the metabolic crosstalk
between tumor-associated Fb and cancer cells sustains cancer cell pro-
liferation, while promoting ECM remodeling activity from Fb.

Thyroid cancer is the most prevalent malignant disease of the en-
docrine system and originates principally from follicular cells. Papillary
thyroid carcinoma (PTC), a differentiated thyroid cancer, is the most
frequent type, sometimes slow-growing but with local lymph node com-
promise. The anaplastic thyroid carcinoma, a dedifferentiated thyroid
cancer, presents a fast growth and the highest aggressiveness, with a
poor prognosis and resistance to cancer treatments (Fozzatti and
Cheng, 2020). The incidence of thyroid cancer has increased gradually
but continuously since the 1980s, though apparently becoming stabi-
lized from 2015 onwards (Siegel et al., 2021). Nevertheless, there is an
increasing tendency for larger and more advanced PTCs to be detected,
accompanied by a significant increase in thyroid cancer mortality
(Kitahara and Sosa, 2020).

In thyroid cancer, the role of TME in tumor development is begin-
ning to be clarified. In this sense, using experimental models, Fb re-
cruitment and ECM remodeling in the tumor milieu have been empha-
sized as being key features for thyroid tumor progression (Jolly et al.,
2016; Saitoh et al., 2009). In agreement, Minna and coworkers (Minna
et al., 2020) described an enriched expression of αSMA in human PTC
tissues, as being indicative of cancer-activated fibroblasts (CAFs). Simi-
larly, our laboratory reported that soluble factors present in the condi-
tioned media (CMs) of CAFs promoted the proliferation and invasion of
the follicular thyroid cancer cell line FTC-133 (Fozzatti et al., 2019).
More recently, by using an in vitro co-culture model, we described that
Fb-thyroid tumor cell interaction promotes thyroid tumor cell migra-
tory phenotype and MMP2 and MMP9 expression in CMs (Bravo-Miana
et al., 2020). This study also demonstrated the presence of EVs from
thyroid tumor cell-Fb interacting cells and their capacity to modify the
proteolytic performance of normal recipient Fb, revealing distinctive
characteristics between EVs secreted from tumoral and those from non-
tumoral thyroid milieu.

Considering these results, in the present work, we aimed to charac-
terize the EVs produced by Fb, as well as by isolated- and Fb-co-
cultured tumoral and non-tumoral thyroid cells, to study the role of tu-
mor-Fb crosstalk in the EV protein cargo and biological function.

2. Material and methods

2.1. Cell lines, Fb-thyroid cell contact-dependent co-cultures and EVs
isolation

The human papillary thyroid cancer cell line (TPC-1) was purchased
from the University of Colorado Cancer Center Cell Bank. The human
anaplastic thyroid cancer cell line (8505c) and the non-tumor thyroid
cell line (NThyOri) were kindly donated by Dr. Pilar Santisteban (Insti-
tuto de Investigaciones Biomédicas Alberto Sols, Madrid, Spain) and au-
thenticated by STR genotyping using PowerPlex Fusion System
(Promega) at the Centro de Excelencia en Procesos y Productos de Cór-
doba (Córdoba, Argentina). In accordance with Bravo-Miana and
coworkers (Bravo-Miana et al., 2020), normal human Fb were obtained
from skin biopsies from anonymized healthy volunteers, with the proto-
col being approved by the Ethical Committee of Hospital Nacional de
Clínicas, Universidad Nacional de Córdoba, and used as stromal repre-
sentative cells. Cells were also regularly tested for mycoplasma contam-
ination using in-house PCR assays. Fb, TPC-1, 8505c were maintained
in DMEM medium (Gibco, Life Technologies) and NThyOri in RPMI
medium 1640 (Gibco, Life Technologies) both supplemented with 10%
v/v fetal bovine serum (FBS, Gibco, Life Technologies) and 100 units/
mL penicillin-0.1 mg/mL streptomycin (Gibco, Life Technologies), at
37 °C and 5% of CO2. TPC-1, 8505c and NThyOri (600,000 cells) were
co-plated with Fb (600,000 cells) in 100-mm-diameter plates; and the
expressions ‘Fb-TPC-1’, Fb-8505c’ and ‘Fb-NThyOri’ are used to indi-
cate the contact-dependent co-cultures between Fb and their corre-
sponding thyroid cells. Isolated Fb, TPC-1, 8505c, and NThyOri
(600,000 cells) cells were seeded as controls of their corresponding co-
cultures. First, the cells were cultured in a serum-supplemented
medium for 72 h. Then, cell-monolayers were washed two times with
warm Dulbecco’s modified phosphate-buffered saline (PBS) to finally,
being incubated with serum-free medium (SFM, 9 mL/plate) for 48 h.
The CMs were collected, cooled to 4 °C, and processed to obtain the EVs
as previously described (Bravo-Miana et al., 2020). The pellets of EVs
were resuspended in 60–100 μL of PBS and stored at − 80 °C for further
analysis. For functional studies, the EVs were maintained at 4 °C and
used immediately after being obtained. Fig. S1, shows the experimental
workflow.

2.2. Nanoparticle tracking analysis and western blotting

The size and concentration of the EVs were determined by nanopar-
ticle tracking analysis (NTA), using a NanoSight LM10 system (Royo et
al., 2017). Biochemical characterization of the EVs (5 µg of EVs lysates,
quantified using Bradford assay) was performed by western-blotting
analysis under non-reducing conditions, as previously described (Royo
et al., 2017). Primary mouse monoclonal antibodies against CD63
(clone H5C6, #556019, RRID:AB_396297; 1/1000), FLOT-1 (#610820,
RRID:AB_398139; 1/1000), GRP78 (#610979, RRID:AB_398292; 1/
250), and GM130 (#610822, RRID:AB_398142; 1/250) were purchased
from BD Biosciences, CD9 (MAB1880, RRID:AB_2075900; 1/1000)
from R&D Systems, and β-actin from Santa Cruz Biotechnology (sc-
69879, RRID:AB_1119529; 1/1000). The secondary anti-mouse HRP-
conjugated antibody (#315-035-045, RRID:AB_2340066; 1/6000) was
purchased from Jackson ImmunoResearch.

2.3. Proteomic analysis

EV samples were incubated in a buffer containing 7 M urea, 2 M
Thiourea, 4% CHAPS and 5 mM DTT. Proteins (200 ng) were digested
in solution following a filter-aided sample preparation (FASP) protocol
(Wisniewski et al., 2009), with minor modifications. Briefly, trypsin
was added at a trypsin:protein ratio of 1:50, and the mixture was incu-
bated overnight at 37 °C, dried out in a RVC2 25 speedvac concentrator,
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and resuspended in 0.1% formic acid. Peptides were further desalted
and resuspended in 0.1% formic acid using C18 stage tips (Millipore).
Samples were analyzed in a novel and high-resolution hybrid trapped
ion mobility spectrometry–quadrupole time of flight mass spectrometer
(timsTOF Pro with PASEF, Bruker Daltonics), coupled online to a na-
noElute liquid chromatograph (Bruker). The EV samples (200 ng) were
directly loaded in a 15 cm Bruker nanoelute FIFTEEN C18 analytical
column (Bruker) and resolved at 400 nl/min with a 30 min gradient
(0–35% acetonitrile, where mobile phase A was water containing 0.1%
v/v formic acid, while mobile phase B was acetonitrile containing 0.1%
v/v formic acid).

Protein identification and quantification were carried out using
PEAKS software (Bioinformatics solutions). Searches were carried out
using a database consisting of human entries (Uniprot/Swissprot 2020_
04, 20375 entries), with precursor and fragment tolerances of 20 ppm
and 0.05 Da. Trypsin was considered as the digestion enzyme, and two
missed cleavages were allowed. Oxidation of methionines was consid-
ered as a variable modification, and carbamidomethylation of cysteines
as a fixed modification. A search against the decoy database was con-
ducted in order to estimate the false discovery rate (FDR), with only
peptides identified with FDR< 1% being kept. For the quantitative
analysis, only proteins identified with at least two peptides with FDR
< 1% were considered in the study. Data was loaded onto the Perseus
platform (https://maxquant.net/perseus/, RRID:SCR_015753)
(Tyanova et al., 2016) and further processed: log2 transformed, filtered
for reproducibility (two out of three intensity-valid values, identified in
biological triplicates, in at least one group of samples), and imputated.

2.4. Statistical and bioinformatic proteome analysis

The bioinformatic analysis used the human Vesiclepedia database
(http://microvesicles.org/, 2020_10, RRID:SCR_019011) (Pathan et al.,
2019) to make comparisons between annotated data and the experi-
mental EV-proteome. FASTA files of all the identified proteins were up-
loaded to Signal P 4.1 servers (RRID:SCR_015644) to predict the pres-
ence of signal peptide cleavage sites (Petersen et al., 2011). Next, an
analysis using the Gene Ontology (GO) database against cellular com-
ponents of all identified proteins was performed, utilizing FunRich Soft-
ware (http://www.funrich.org/, RRID:SCR_014467) (Pathan et al.,
2017). Data were exported to R software v3.3.2 ( http://cran.r-
project.org, RRID:SCR_001905) to conduct statistical and principal co-
ordinate analysis (PCoA), to generate a heatmap and matrix correla-
tions, and to apply the DEqMS (differential expression analysis of the
quantitative mass spectrometry data) method (Zhu et al., 2020), using
the ggplot2 (RRID:SCR_014601) and Bioconductor (RRID:SCR_006442)
packages. DEqMS pipeline analysis with Benjamini-Hochberg multiple
testing FDR correction allowed the differential enriched proteins
(DEPs) in the EV-proteome to be obtained, using the following estab-
lished comparisons:

(1) TPC-1 and 8505c vs. NThyOri cells, and vice versa,
(2) Fb-TPC-1 and Fb-8505c co-cultures vs. Fb-NThyOri co-culture

and vice versa, and
(3) Fb-TPC-1, Fb-8505c, and Fb-NThyOri co-cultures vs. their

isolated thyroid cells.

Adj. p-values< 0.001 and FC ≥ 2 for comparisons (1) and (2), and
adj. p < 0.01 and FC ≥ 2 for comparison (3) were considered statisti-
cally significant. The lists of DEPs (Tables S1-S5) and over-
representation analysis (ORA) were used to detect statistically signifi-
cantly enriched terms, using g:profiler webtool (https://biit.cs.ut.ee/gp
rofiler/gost, RRID:SCR_006809), related with GO (biological process
and molecular function terms) and Reactome databases. Datasets re-
turned by g:Profiler were visualized and interpreted using the Enrich-
mentMap plug-in v3.3.1 (RRID:SCR_016052), ClusterMaker2 and Au-

toAnnotate v1.3.3 run on Cytoscape v3.8.2 (RRID:SCR_003032)
(Reimand et al., 2019). Finally, published or predicted protein-protein
interactions (PPI) were searched, using the String database
(RRID:SCR_005223) in Cytoscape (Szklarczyk et al., 2019), between
EV-proteins that presented a significant PPI score with a high confi-
dence score cut off > 0.7 and MMP2 (MMP2 interactors).

2.5. NThyOri EV-stimulation assay

NThyOri (150,000 cells) were seeded in six-well culture plates until
confluence. The NThyOri monolayers were then washed with PBS and
stimulated for 24 h with the pelleted EVs obtained from the same num-
ber of EV-secreting Fb, TPC-1, NThyOri and Fb-TPC-1 or Fb-NThyOri
cells (Tkach et al., 2018). Those EV pellets were resuspended in 2.0 mL
of SFM, and as control, SFM was added to another set of NThyOri cells.
After 24 h of incubation, the CMs were collected, cleared of intact cells
and cell debris (10,000x g), and saved at − 80 °C for zymography.

2.6. Fb and TPC-1 EV-uptake assay

For the EV-uptake assay, EV-secreting cells were stained with 1 mM
Vybrant™ DiI or DiO Cell-Labelling Solution (V-22885, V-22886, Invit-
rogen). Briefly, Fb, TPC-1, 8505c and NThyOri cell-monolayers (in 100-
mm-diameter plates in SFM, at 80% confluence) were incubated with
5 μL DiI/mL (Fb) or 5 μL DiO/mL (TPC-1, 8505c and NThyOri cells) for
4 h at 37 °C. After incubation, the culture media were discarded, cell
monolayers were washed with PBS to remove the excess dye, and the
cells were collected for the assay. Fb ( 100,000 cells) or TPC-1 ( 40,000
cells) recipient cells were seeded in the lower chamber of a six-
transwell (TW) system (0.4 µm pore size; Corning-Costar). Isolated
FbDiI, TPC-1DiO, 8505cDiO, NThyOriDiO ( 40,000 cells) and their corre-
sponding FbDiI-TPC-1DiO, FbDiI-8505cDiO, FbDiI-NThyOriDiO ( 40,000 cells
+ 40,000 cells) co-cultures were transferred to the upper chambers of
the TW. Alternatively, Fb or TPC-1 recipient cells were grown on
11 mm-uncoated glass coverslips in the lower chambers of the TW sys-
tem. Contact-independent (CI) co-cultures were incubated for 72 h in a
serum supplemented medium, followed by 48 h of incubation in SFM.
The EV-uptake by recipient cells was evaluated using indirect immuno-
fluorescence, confocal microscopy, and flow cytometry. Lower chamber
transwell CMs (TW-CMs) were harvested for zymography. As controls,
Fb or TPC-1 recipient cells were cultured with unlabeled cells in the up-
per chamber (negative controls). For positive controls, 1 μL of DiI or
DiO/mL of HG-DMEM was added to the cell-free upper chambers.

2.7. Immunofluorescence and confocal microscopy

After culture, recipient cells grown on 11 mm-uncoated coverslips
were washed with PBS and fixed in 2% formaldehyde for 20 min at
room temperature (RT). Coverslips were then washed, incubated with
0.7 µg/mL 4’,6-diamidino-2-phenylindole (DAPI), and finally mounted
with 10 μL Fluormount-G (0100-01, Southern Biotech). Images were
acquired on an Axio imager D1 (ZEISS, Oberkochen, Germany). Alter-
natively, for studying the intracytoplasmic localization of the EVs, fixed
coverslips were immunostained with mouse monoclonal antibody
against CD81 (clone Js-81, #555675, RRID:AB_396028, 1/500; BD Bio-
sciences) overnight at 4 °C and washed three times with PBS. As sec-
ondary antibodies, anti-mouse Cy™3-conjugated (#715-165-150,
RRID:AB_2340813, 1/500; Jackson ImmunoResearch) or Alexa Fluor®
488 (A-21202, RRID:AB_141607, 1/500; Invitrogen) was used. Finally,
the coverslips were washed and mounted, with images being acquired
using an Fv1200 confocal microscope (Olympus Life Sciences) with x60
and x100 oil immersion objectives. All images were processed using
FIJI-ImageJ software (RRID:SCR_002285; National Institutes of Health,
Bethesda, MD).
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2.8. EV-uptake quantification by flow cytometry

After culture, Fb and TPC-1 recipient cells, grown in the lower
chambers of the TW system, were washed with PBS and detached with
0.3 mL (Fb) or 0.6 mL (TPC-1) of 1X TrypLE Select (12563011, Gibco).
Flow cytometry was performed with a BD FACSCanto II instrument (BD
Biosciences, San Jose, USA), and 10000 (Fb) and 50000 (TPC-1) events
were acquired using a 5000 threshold. The DiI dye (red) was read on
the PE channel (578 nm), and DiO (green) on the FITC channel
(520 nm). Data analysis was performed using FlowJo X software
(RRID:SCR_008520) and comparisons were made among the data ob-
tained with the same fluorophore.

2.9. Zymography

Gelatinolytic activity in the CMs (40 μL) from NThyOri EV-
stimulated cells was analyzed by zymography, as previously described
(Bravo-Miana et al., 2020). On the other hand, TW-CMs (8 μL) were
evaluated using a pre-cast zymogram assay (15605608, Novex Zymo-
gram Gels, Life Technologies), following the manufacturer's instruc-
tions. Areas of protease activity appear as clear bands against a dark
background.

2.10. Statistical analysis

Results were expressed as mean ± SEM from at least three indepen-
dent experiments. The statistical significance of differences among
means was determined by a parametric or non-parametric ANOVA test,
and by an unpaired t-test using Graph-Pad Prism 6.0
(RRID:SCR_002798; GraphPad Software). Differences were considered
statistically significant at p < 0.05.

3. Results

3.1. Characterization of EVs from isolated Fb, thyroid cell and Fb-thyroid
cell co-cultures

EVs from Fb, TPC-1, 8505c, and NThyOri isolated cells, as well as
from Fb-TPC-1, Fb-8505c, and Fb-NThyOri co-cultures, were quantified
and morphometrically and biochemically characterized. Regarding size
determination (NTA), most of the EVs obtained from isolated or co-
cultured cells presented a size that ranged from 50 to 200 nm. No sig-
nificant size differences could be detected among EVs from co-cultured
or isolated cells (Fig. 1A, B). In agreement, previous results using trans-
mission electronic microscopy showed the characteristic cup-shaped
morphology of EVs from isolated and co-cultured cells, with the
80–90% of the vesicles of the size described for small-EVs (i.e.
50–200 nm) (Bravo-Miana et al., 2020).

In addition, among isolated cells, 8505c produced a significantly
higher quantity of EVs/106-secreting cells than TPC-1 or Fb (1.4 ×109

± 3.5 ×108 vs 2.7 ×108 ± 5.7 ×107 and vs 2.9 ×108 ± 7.6 ×107; p
< 0.05, respectively; Fig. 1C). With respect to the number of EVs pro-
duced by Fb-thyroid cell co-cultures, no significant differences were
registered among Fb-TPC-1, Fb-8505c, and Fb-NThyOri. Regarding the
EVs released by co-cultured cells in relation with their corresponding
isolated cultured cells, Fb-TPC-1 delivered a significantly higher num-
ber of EVs/106 cells than isolated TPC-1 and Fb (8.5 ×108 ± 1.7 ×107

vs. 2.7 ×108 ± 5.7 ×107 and vs 2.9 ×108 ± 7.6 ×107; p < 0.01 and
p < 0.05, respectively). In contrast, although Fb-8505c produced a sig-
nificantly higher number of EVs in comparison with Fb, no significant
differences were found when compared to the number of EVs released
by 8505c cells. Finally, no differences were detected among Fb-
NThyOri and Fb or NThyOri isolated cells. EVs revealed the expression
of the classical exosome markers CD63, CD9, and FLOT-1, with these
proteins being enriched in EVs with respect to cell lysates; in addition to

the previously described expression of CD81 (Bravo-Miana et al.,
2020). Interestingly, CD63 appeared highly enriched in EVs from Fb-
TPC-1 and Fb-8505c compared to EVs from Fb-NThyOri. GRP78 and
GM130, which revealed a lack of cellular debris contamination, were
not detected in the EV preparations (Fig. 1D and Suppl. Fig. S2).

3.2. Comparative proteomic analysis of EVs from isolated Fb, thyroid cell
and Fb-thyroid cell co-cultures

To compare the EV-protein cargo among isolated Fb, TPC-1, 8505c,
NThyOri, and Fb-TPC-1, Fb-8505c and Fb-NThyOri co-cultured cells,
the EVs (biological triplicates) were analyzed by nano-scale liquid chro-
matography couped to tandem mass spectrometry (nLC-MS/MS). The
results obtained identified 1977 proteins; 98% of the EV-protein cargo
has been previously reported in EVs, and 97 out of the 100-most fre-
quent proteins previously annotated in the Vesiclepedia database were
identified, thereby confirming EV-enrichment in the EV samples (Fig.
2A). GO analysis of cellular components revealed a significant enrich-
ment of the identified EV-proteins related to EVs (45.5%), membrane
(32.7%), cytosol (53.7%) among other cellular components, and also
supported EV-isolation (Fig. 2B). Subsequent analysis using Signal P 4.1
software showed that 1533 out of 1977 proteins did not present the pre-
dicted signal peptide in their polypeptidic sequences.

A PCoA, using the top 100 identified EV-proteins, demonstrated the
similarity of biological triplicates with no outlier samples within each
cluster, and showed segregation between TPC-1/Fb-TPC-1, 8505c/Fb-
8505c and NThyOri/Fb-NThyOri (Fig. 2C). Unsupervised hierarchical
clustering, based on the average intensity of the top 100 identified EV-
proteins, revealed the segregation between Fb-EVs with isolated and co-
cultured thyroid cells, and confirmed clustering among EV samples
from biological triplicates. More interestingly, a segregation between
TPC-1/Fb-TPC-1 regarding the 8505c/Fb-8505c and NThyOri/Fb-
NThyOri EV samples was evidenced (Fig. 2D). These findings were rein-
forced by the Pearson correlation analysis, as displayed in Fig. 2E using
the 1977 identified proteins. As stated above, segregation of the pro-
teomic EV-datasets into three main clusters was shown, two based on
the EV-proteome from thyroid cells and their co-cultures, and another
comprising the EV-proteome of Fb. Furthermore, the analysis of the cor-
relation indexes revealed a close association between the proteomic
datasets of EVs from Fb-8505c and Fb-NThyOri with their correspond-
ing thyroid isolated cell EV-proteomic dataset (r = 0.96 and 0.93–0.95,
respectively). However, although a strong correlation between the EV-
proteomic datasets of Fb-TPC-1 vs. TPC-1 was also detected, the r in-
dexes (r = 0.85–0.91) suggest that Fb co-culturing provides an addi-
tional source of variability.

3.3. EVs from Fb-thyroid tumor cell co-culture participate mainly in
extracellular matrix remodeling

In all, 97 DEPs in EVs from TPC-1 vs EVs from NThyOri (Table 1 and
Table S1A) were detected. The ORA revealed significant enrichments in
several clusters of terms in TPC-1-derived DEPs, such as MET and PTK2
signaling, heparan sulfate metabolism, ECM organization and interac-
tions, and platelet degranulation, among others (Fig. 3A). In turn, 61
DEPs were detected in Fb-TPC-1 vs. Fb-NThyOri-derived EVs (Table 1
and Table S2A), and interestingly, these showed a significantly en-
riched convergence in one cluster, related to ECM organization, degra-
dation and interaction terms (Fig. 3B). The same strategy was used to
compare the DEPs between EVs derived from: (1) NThyOri vs. TPC-1
isolated cells and (2) Fb-NThyOri vs Fb-TPC-1 co-cultured cells (Table
1; Table S1B and S2B). This analysis showed that the clusters of terms
obtained in both comparisons were similarly related to the mainte-
nance of cellular metabolism (data not shown). The ORA analyses of
DEPs between EVs derived from 8505c vs. NThyOri isolated cells re-
vealed 48 DEPs (Table 1 and Table S3A) that converged on five clusters
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Fig. 1. Morphometric, quantitative and biochemical characterization of EVs from Fb, thyroid cells and Fb-thyroid cell co-cultures. Size distribution of EVs from (A)
isolated Fb, TPC-1, 8505c and NThyOri cells and (B) Fb-TPC-1, Fb-8505c and Fb-NThyOri co-cultures. Insets show the representative size profile determined by
NTA from (A1) TPC-1 and (B1) Fb-TPC-1. (C) Quantification by NTA of the number of particles per 106 EV-secreting cells released from Fb, TPC-1, 8505c and NThy-
Ori isolated cells, and from Fb-TPC-1, Fb-8505c and Fb-NThyOri co-cultured cells. A significantly higher quantity of EVs from 8505c vs TPC-1 and Fb (* p < 0.05;
Kruskal-Wallis test, Dunn’s post test), from Fb-TPC-1 vs TPC-1 and Fb (**p < 0.01; * p < 0.05 respectively, Kruskal-Wallis test, Dunn’s post test) and from Fb-
8505c vs Fb (* p < 0.05, Kruskal-Wallis test, Dunn’s post test) were observed. Data are presented as the mean value of at least five independent experiments (mean
± SEM). (D) Western blotting assay of EV (CD63, CD9, FLOT-1) and non-EV (GRP78 and GM130) proteins in EVs and cell lysates.

of terms related with ECM organization and ECM binding, among oth-
ers. (Fig. 3C). When Fb-8505c- and Fb-NThyOri-derived EVs were com-
pared, ECM organization, degradation and interactions were evidenced
(Table 1 and Table S4A; Fig. 3D). Finally, DEPs obtained on comparing
NThyOri vs. 8505c (Table 1 and Table S3B) and Fb-NThyOri vs. Fb-
8505c (Table 1 and Table S4B) did not show enriched terms to note.
Among the DEPs in EVs from both Fb-TPC-1 and Fb-8505c, CD63 was
one of the over-represented proteins, in agreement with western blot re-
sults.

3.4. Fb and TPC-1 crosstalk releases specialized EVs that induce MMP2
activation in NThyOri cells

Previously reported results have described that only EVs derived
from thyroid tumor cell-Fb interacting cells modified the proteolytic
performance of normal recipient Fb (Bravo-Miana et al., 2020). These
findings prompted us to identify and compare DEPs and their potential
functionality in EVs derived from tumor Fb-TPC-1, Fb-8505c and Fb-
NThyOri co-cultures with EVs from isolated thyroid cells (TPC-1,

8505c, and NThyOri, respectively). The DEPs (Table 1 and Table S5),
among the three data sets, are presented using a Venn diagram. Further
examination showed 25 DEPs in the Fb-TPC-1 vs. TPC-1 set, with only 5
in the Fb-8505c vs. 8505c set, and 23 DEPs in the Fb-NThyOri vs. NThy-
Ori set (Fig. 4A). The ORA analysis carried out with DEPs from the Fb-
TPC-1 vs. TPC-1 set showed that proteins were focally associated with
ECM and collagen degradation (Fig. 4A1).

Among MMPs, MMP2 has been associated with ECM remodeling,
collagen IV degradation and tumor angiogenesis during cancer progres-
sion (Quintero-Fabian et al., 2019). Moreover, MMP2 has been pointed
as a predictive marker for PTC (Shi et al., 2018). Regarding this, we
evaluated the ability of EVs from Fb-TPC-1 as well as from Fb, TPC-1,
NThyOri and Fb-NThyOri co-cultured cells, to induce MMP2 secretion
and activation in NThyOri cells (Fig. 4B). In agreement with previous
findings (Bravo-Miana et al., 2020), a remarkable increase in active
MMP2 in NThyOri CMs was registered upon stimulation with EVs from
Fb-TPC-1 compared with EVs from TPC-1 cells (Fig. 4C and D). Interest-
ingly, no changes in proMMP2 or MMP2 activity were detected when
NThyOri were incubated with EVs from isolated Fb, NThyOri or Fb-
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Fig. 2. Proteomic characterization of EVs isolated from Fb, thyroid cells and Fb-thyroid cell co-cultures. (A) Venn diagrams showing the overlap between proteins
identified in isolated and co-cultured cell-derived EVs, with all those previously reported and the top 100 most frequent proteins in the Vesiclepedia database. (B)
GO-cellular component enrichment analysis of EV-proteome with p < 0.001 Benjamini-Hochberg multiple testing FDR correction performed with FunRich and us-
ing Uniprot human genome as the background. (C) PCoA of the top 100 identified proteins in the EV-proteome, showing methodological repeatability and the segre-
gation among different samples. (D) Unsupervised hierarchical clustering of the log2 intensity value of the top 100 identified proteins. (E) Pearson correlation of the
all EV-proteome among isolated and co-cultured cells; larger and darker circles depict a higher correlation between samples. PCoA analysis, unsupervised hierarchi-
cal clustering, and Pearson correlation performed using R software, showing a robust segregation between EVs from TPC-1/Fb-TPC-1 and 8505c/Fb-8505c, NThy-
Ori/Fb-NThyOri; and the discrimination between EVs from isolated thyroid cells and from Fb-thyroid cell co-cultures.

NThyOri co-cultured cells (Fig. 4C). To note, MMP2 was a shared DEP
in the three EV-datasets (Fig. 4A), however, no detectable MMP2 activ-
ity was observed in EVs under zymography experimental conditions as
was previously described (Bravo-Miana et al., 2020).

3.5. EV trafficking between tumor cells and Fb is more efficient than in non-
thyroid tumor environments

In order to study the uptake of EVs, DiI-labeled Fb (FbDiI) or DiO-
labeled TPC-1, 8505c or NThyOri cells (TPC-1DiO, 8505cDiO, and
NThyOriDiO) were seeded in the upper chamber of TW dishes, and the
uptake of released colored-EVs by recipient cells was evaluated by con-
focal microscopy and flow cytometry. Fig. 5 shows representative im-
ages of the characteristic labeling pattern in recipient Fb (Fig. 5A) and
TPC-1 (Fig. 5B) cells after their TW CI co-culture with FbDiI, TPC-1DiO,
and FbDiI-TPC-1DiO cells. The dotted pattern, observed in all cultures, is
compatible with the uptake of EVs by recipient cells (Lazaro-Ibanez et
al., 2017). Moreover, a similar labeling pattern was obtained when
8505cDiO, FbDiI-8505cDiO, NThyOriDiO, and FbDiI-NThyOriDiO were used
as stimuli (data not shown). With the aim of exploring whether the la-
beled EVs were on the surface or inside the recipient cells, Fb or TPC-1
recipient cells were stained with CD81 to delineate the cell contour, and

images were acquired by confocal microscopy. Fig. 5C shows a repre-
sentative image of Fb co-cultured with TPC-1DiO, where spots-DiO+
(top view, xy) were observed inside the cytoplasm (orthogonal view,
xz) of the recipient Fb. A similar pattern, suggestive of intracellular lo-
calization of EVs, was observed in recipient TPC-1 cells after their CI co-
culture with FbDiI (Fig. 5D). These results confirm trafficking of EVs be-
tween Fb and thyroid cells in culture.

Differences in the potential functionality between EVs from tumoral
and non-tumoral contexts have been suggested. To determine whether
EVs from thyroid tumoral contexts could also be differentially internal-
ized, recipient Fb and TPC-1 cells were CI co-cultured with FbDiI, TPC-
1DiO, 8505cDiO, NThyOriDiO and FbDiI-TPC-1DiO, FbDiI-8505cDiO and FbDiI-
NThyOriDiO cells, and the percentage of DiI+ or DiO+ recipient cells
was evaluated by FACS. In this regard, no differences were detected in
the frequency of Fb or TPC-1 DiI+ cells after their CI co-culture with
isolated FbDiI or FbDiI co-cultured with tumor and non-tumor cells (Fig.
S3A and B). Next, we evaluated the frequency of DiO+ recipient cells.
Given that no differences were registered between the percentage of Fb
DiO+ after their CI co-culture with TPC-1DiO or FbDiI-TPC-1DiO (Fig.
S3C1), with 8505cDiO or FbDiI-8505cDiO (Fig. S3C2), or with NThyOriDiO

or FbDiI-NThyOriDiO cells (Fig. S3C3), these results were combined and
displayed as TPC-1-tumoral context, 8505c-tumoral context and NThy-
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Table 1
Number of DEPs in EVs obtained by the DEqMS method.

DEPs (adj. p < 0.001 and FC ≥ 2)
EVs from isolated thyroid cells

Comparison TPC-1 & NThyOri (Table S1) Comparison 8505c & NThyOri
(Table S3)

A. DEPs in EVs from
TPC-1

B. DEPs in EVs from
NThyOri

A. DEPs in EVs
from 8505c

B. DEPs in EVs
from NThyOri

97 105 48 20
EVs from Fb-thyroid cells co-culture

Comparison Fb-TPC-1 & Fb-NThyOri
(Table S2)

Comparison Fb-8505c & Fb-
NThyOri (Table S4)

A. DEPs in EVs from
Fb-TPC-1

B. DEPs in EVs from
Fb-NThyOri

A. DEPs in EVs
from

Fb-8505c

B. DEPs in EVs
from

Fb-NThyOri
61 49 51 18

DEPs (adj. p < 0.01 and FC ≥ 2) (Table S5)
EVs from Fb-thyroid cells co-culture vs. EVs from isolated thyroid cells
Comparison

Fb-TPC-1 & TPC-1
Comparison

Fb-8505c & 8505c
Comparison

Fb-NThyOri & NThyOri
DEPs in EVs from

Fb-TPC-1
DEPs in EVs from Fb-8505c DEPs in EVs from Fb-

NThyOri
25 5 23

DEPs were obtained using the DEqMS method with Benjamini-Hochberg multi-
ple testing FDR correction, using Bioconductor packages in R software, with adj.
p < 0.001 or adj. p < 0.01 and FC ≥ 2 between different selected comparisons.
FC: fold change. Tables S1-S5: Supplementary Tables 1-5.

Ori-non-tumoral context (Fig. 5E, F). A significant higher frequency of
Fb DiO+ was observed after CI co-culture with TPC-1-tumoral com-
pared to NThyOri-non-tumoral contexts (5.2 ± 0.7 vs. 1.5 ± 0.3, re-
spectively, p < 0.05; Fig. 5E). A similar trend was obtained after Fb in-
cubation with isolated- or co-cultured 8505c cells, although no signifi-
cant differences were found (4.45 ± 0.9 vs. 1.5 ± 0.3, respectively;
Fig. 5E). Regarding the TPC-1 DiO+ cells, no changes were detected af-
ter their CI co-culture with TPC-1DiO+ or NThyOriDiO+ isolated or co-
cultured with Fb (Fig. 5F and Fig. S3D1 and D2). These findings suggest
that in a thyroid tumoral milieu, Fb could uptake a higher quantity of
EVs, providing more efficient crosstalk between Fb and thyroid tumor
cells.

3.6. Active MMP2 is produced in Fb and TPC-1 CI co-cultures

In tumors, cellular interplay occurs through direct cell-to-cell con-
tact, or indirectly, through paracrine signals and EVs. Therefore, and
considering the eventual role of EVs in cell-to-cell communication,
MMP2 expression was checked using a CI co-culture strategy. To this
end, MMP2 activity was measured in the TW-CMs obtained from iso-
lated Fb and TPC-1 cells, as well as from CI co-cultures of Fb and TPC-1
cells. ProMMP2 and MMP2 activities were detected, with a significant
increase in the MMP2/proMMP2 ratio being registered in TW-CMs ob-
tained from (Fb)-(TPC-1) CI co-cultures, respect to Fb and TPC-1 con-
trols (Fig. 6B, C and D).

Previous data have demonstrated that Fb and TPC-1 cells are impor-
tant for MMP2 expression in the TPC-1 background. Using String data-
base and Cytoscape we found 16 proteins, present in the EV-proteomic
data, that exhibited a significant PPI score (1 ×10-16) with MMP2, de-
noted as MMP2 interactors in Fig. 6E. Unsupervised hierarchical clus-
tering and the Pearson correlation matrix of MMP2 interactors enabled
us to discriminate between EVs derived from thyroid tumor cells and
Fb-thyroid tumor cells (TPC-1/8505c and Fb-TPC-1/Fb-8505c) from
EVs from non-tumor cells (Fb, NThyOri, Fb-NThyOri). Moreover, this
analysis discriminated between Fb-thyroid tumor cell co-culture-
derived EVs and isolated thyroid tumor cell-derived EVs (Fig. 6F).

4. Discussion

The importance of fibroblast-tumor cell bidirectional crosstalk, as
well as EV release and function, has been shown in different tumor en-

vironments (Sahai et al., 2020; Shoucair et al., 2020). In the present
work, we characterized for the first time the proteome of EVs from Fb,
TPC-1, 8505c and NThyOri cells, as well as their co-cultures with Fb,
and described the role of this cellular interplay in EV-cargo and func-
tionality. The results revealed that Fb-thyroid tumor cell crosstalk pro-
duces EVs with a biologically relevant-cancer proteome profile, which
are specialized in ECM degradation. In contrast, Fb interplay with non-
tumor thyroid cells might not provide a stroma remodeling functional-
ity to the secreted EVs, preserving their original message related to cel-
lular metabolism. Supporting this, EVs from thyroid tumoral environ-
ments stimulated the synthesis and activation of MMP2 in TME, which
could facilitate ECM degradation potentially related to thyroid tumor
progression.

Several studies have shown that tumor cells release a higher amount
of EVs than their non-tumor counterparts (De Luca et al., 2017; Konig et
al., 2017; Osti et al., 2019). In this line, Rappa and co-workers detected
a significantly higher number of plasma-EVs from thyroid cancer pa-
tients than from healthy controls (Rappa et al., 2019). In contrast, in
our cellular model, no differences were detected between the number of
EVs derived from TPC-1 and 8505c thyroid tumor cells compared to
NThyOri non-tumor cells, in agreement with other reported results
(Clos-Garcia et al., 2018; Peinado et al., 2012). However, a significantly
higher number of EVs was released from Fb-TPC-1 co-cultures in com-
parison with EVs obtained from isolated Fb and TPC-1 cells. Regarding
these findings, EVs released by tumor cells may be influenced by inner-
cell signals or by microenvironmental signals (Bebelman et al., 2018).

In the TME, CAFs represent one of the main stromal components in-
volved in tumor biology, providing all the hallmarks of cancer (Sahai et
al., 2020). In this sense, Fb's capacity to promote tumor progression and
aggressiveness has been demonstrated in several tumor types, including
breast (Chen et al., 2021), lung (Lee et al., 2021) and liver cancers (Affo
et al., 2021). Furthermore, in thyroid cancer, CAFs were found to be
greatly increased compared with Fb in normal thyroid tissue (Fozzatti
and Cheng, 2020). Recently, LOX expression (Boufraqech et al., 2019),
COL1A1 deposition, and the concurrent presence of CAFs in association
with more aggressive clinicopathological features, have also been de-
scribed in human thyroid cancer samples (Minna et al., 2020). Despite
these findings, evidence that relates Fb-thyroid cell crosstalk to EV se-
cretion is scarce, with studies reporting EVs from thyroid cancer being
focused on miRNA cargo (Wang et al., 2020) and with few investiga-
tions having considered other biomolecules (Luo et al., 2018). The pre-
sent findings revealed a characteristic proteomic profile in EVs from Fb-
thyroid tumor cell co-cultures, with EV-DEP convergence to the remod-
eling and homeostasis of the ECM, including ECM organization and
structure, ECM interactions, and ECM degradation. Specifically, DEPs
in the Fb-TPC-1 background vs. TPC-1 cells were associated with ECM
structural constituents and degradation. These interesting functional
enrichments suggest that Fb and the bidirectional crosstalk with TPC-1
cells could provide a functional advantage to EVs from the thyroid tu-
moral milieu, which become specialized in direct communication with
the ECM. In this sense, a new paradigm concerning the activity of EVs
in the TME contemplates the existence of active crosstalk between EVs
and the ECM (Lewin et al., 2020). Consequently, EVs could be consid-
ered constitutive elements of ECM, carrying ECM components as well as
the enzymes involved in matrix network reorganization. Furthermore, a
functional role of ECM-anchored EVs, as a reservoir of intercellular sig-
nals that may be released upon matrix remodeling by bystander cells,
has also been proposed (Rilla et al., 2019). Moreover, in a comprehen-
sive study, Soekmadji and coworkers (Soekmadji et al., 2020) high-
lighted the contribution of the interstitial fluid and ECM to tissue de-
rived EVs, that also harbor cell type-specific information, contributing
to outline the physiological and/or pathological conditions of an organ.

In turn, an exclusively enriched protein in EVs from Fb-TPC-1 vs.
TPC-1 background is MAMDC2. The human protein atlas database de-
scribes a positive association between MAMDC2 and thyroid aggres-
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Fig. 3. Fb-TPC-1-and Fb-8505c-derived EVs present a functional convergence in ECM remodeling. ORA analysis of the biological process, molecular function (Gene
Ontology terms) and Reactome pathways associated with the DEPs, with adj. p < 0.001 and FC ≥ 2 in EVs between samples. Data returned by g:profiler was visual-
ized and interpreted using EnrichmentMap plug-in v3.3.1, ClusterMaker2 and AutoAnnotate v1.3.3 with Markov clustering (MCL cluster) run on Cytoscape v3.8.2.
(A) DEPs in EVs from TPC-1 vs. NThyOri, showing their convergence in several clusters. (B) DEPs in EVs from Fb-TPC-1 vs. Fb-NThyOri, showing their convergence
in one cluster, associated with ECM remodeling. (C) DEPs in EVs from 8505c vs. NThyOri showing ECM organization and binding enriched terms and (D) Fb-8505c
vs Fb-NThyOri, converged in terms related to ECM remodeling. Larger nodes indicate higher number of associated DEPs. MET: protein tyrosine kinase c-Met or he-
patocyte growth factor receptor (HGFR). PTK2: protein tyrosine kinase 2 or focal adhesion kinase (FAK).

siveness, making this protein an unfavorable prognostic marker in thy-
roid cancer. However, further studies would help to shed light on these
issues.

The biochemical and proteomic characterization of the EVs revealed
an enrichment in CD63 expression in EVs and within DEPs from Fb-
TPC-1- and Fb-8505c-tumoral contexts. CD63 participates in the
biosynthesis of certain subpopulations of EVs and helps in vesicle iden-
tification. Although its functional role is still being debated, it has been
shown that tetraspanins participate in directing EV-composition with a
specific role in EV-formation, release and internalization by recipient
cells (Andreu and Yanez-Mo, 2014; Mathieu et al., 2021). Furthermore,
tetraspanins have been associated with tumor progression and metasta-
sis through facilitating and coordinating the function of adhesion recep-
tors and enzymes at the plasma membrane in tumor cells to form
tetraspanin-enriched microdomains, thereby promoting multiple can-
cer stages (Hemler, 2014; Schaper and van Spriel, 2018).

In the present work, evidence has been provided of higher amounts
of EVs from thyroid tumor producing cells being taken up by Fb. This
finding, although preliminary, suggests that the different EV-uptake by
Fb could be related to the EV-quality or their specific cargo. In agree-
ment with our results, Lee and coworkers (Lee et al., 2016) demon-
strated that stromal cells, in particular Fb, take up larger numbers of
cancer cell-derived EVs compared to epithelial normal cells, with this
trafficking being a key regulator of Fb transdifferentiation into an acti-

vated form. Accordingly, previous data from our group demonstrated
changes in the Fb-phenotype due to Fb-thyroid tumor cell crosstalk
(Bravo-Miana et al., 2020; Fozzatti et al., 2019).

In cancerous tissues, ECM provides a niche for tumor cells to live.
This ECM network should be properly modified, and to this end, pro-
teinases, such as MMPs, acquire relevance and are carried by EVs or in-
duced and activated in the TME (Rilla et al., 2019). In thyroid cancer,
MMPs, specially MMP2 and MMP9, were described as critical effectors
of invasion in vitro (Yeh et al., 2006). On the other hand, in PTC pa-
tients, the increased expression of MMP2 and MMP9 in tumor tissues
was positively correlated with lymph node metastasis (Huang et al.,
2017). In addition, other study described serum MMP2 levels as being a
predictor of lymph node metastasis and disease persistence/recurrence
in PTC patients (Shi et al., 2018). Recently, we demonstrated that cell-
to-cell contact in Fb-TPC-1 co-cultures induced MMP2 expression and
activity in CMs, and that EVs derived from that environment induced
MMP2 expression and activity in Fb (Bravo-Miana et al., 2020). In the
present work, MMP2 activity could also be induced in Fb-TPC-1 co-
cultures independently of the cell-to-cell contact, which reinforces the
role of EVs. Interestingly, the search for MMP2 interactors in the EV-
proteome revealed 16 proteins which can discriminate between thyroid
microenvironments, and also distinguish Fb-tumor cell interplay in the
tumoral milieu. In addition, EVs derived from Fb-TPC-1 co-cultures
were able to induce MMP2 expression in non-tumor thyroid cells, con-
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Fig. 4. Fb-TPC-1-derived EVs stimulate MMP2 activity in CMs from NThyOri. (A) Venn diagrams showing DEPs, with adj. p < 0.01 and FC ≥ 2, in Fb-TPC-1- vs.
TPC-1-, Fb-8505c- vs. 8505c-, and Fb-NThyOri- vs. NThyOri-derived EVs. (*A1) Analysis by ORA and representation by Cytoscape of 25 DEPs in Fb-TPC-1, showing
ECM degradation convergence. (B) Schematic representation of EV-preparation and NThyOri + EVs CMs preparation. (C) Representative zymogram showing
proMMP2 and MMP2 gelatinolytic activity in NThyOri-CM upon stimulation with medium (control) or EVs (CMs of NThyOri + EVs) from isolated Fb, TPC-1,
NThyOri and Fb-TPC-1 and Fb-NThyOri co-cultured cells. Areas of protease activity are indicated by clear bands in the gel for proMMP2 (72 kDa) and MMP2
(63 kDa). (D) Densitometric analysis of proMMP2 and MMP2 in NThyOri-CMs. Results are expressed as the mean of three independent determinations. A signifi-
cant increase was observed in MMP2 activity in NThyOri-CMs upon stimulation with EVs from Fb-TPC-1 cells vs. EVs from TPC-1 cells (**p < 0.01; Kruskal-Wallis
test, Dunn’s post test). CMs: conditioned media. EVs: extracellular vesicles. CMs of NThyOri + EVs: conditioned media from NThyOri upon stimulation with EVs.
OD: optical density.

tributing to the MMP activity in the tumor milieu. In line with this find-
ing, Hardin and coworkers (Hardin et al., 2018) demonstrated that EVs
from thyroid cancer stem cells transform NThyOri cells, increasing their
proliferation and invasive ability, and inducing epithelial-mesenchymal
transition. In agreement with these results, clear modifications in the
secretome of tumor-adjacent normal thyroid tissue compared to the tis-

sue-secretome of healthy patients have been described (Robinson et al.,
2019).

5. Conclusions

Fb and thyroid tumor cell crosstalk produces specialized EVs with
an ECM remodeling proteomic profile, enabling activation of MMP2
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Fig. 5. Fb incorporate a higher number of EVs from tumoral thyroid context than non-tumoral thyroid context. Schematic representation of (A) Fb and (B) TPC-1 re-
cipient cells incubated with FbDiI, TPC-1DiO, and FbDiI-TPC-1DiO cells. Representative immunofluorescence images of EV-uptake by Fb incubated with (A1) FbDiI, (A2)
TPC-1DiO and (A3) FbDiI-TPC-1DiO, and by TPC-1 incubated with (B1) FbDiI, (B2) TPC-1DiO and (B3) FbDiI-TPC-1DiO. Isolated or co-cultured-labeled cells in the upper
chambers are represented between parentheses (*). The dotted pattern observed in Fb (A1, A2, A3) and TPC-1 (B1, B2, B3) recipient cells is compatible with EV-
uptake. Representative confocal images of (C) Fb (after their CI co-culture with TPC-1DiO) and (D) TPC-1 (after their CI co-culture with FbDiI) recipient cells, after
cell-staining with CD81 antibody. Top view (xy) and orthogonal view (xz). Nuclei were stained with DAPI (blue). The orthogonal view (xz) allows visualization of
the DiI+ signal inside Fb and TPC-1 recipient cells. The quantification of the EV uptake was performed by FACS and expressed as the percentage of (E) Fb DiO+
(green) and (F) TPC-1 DiO+ (green) recipient cells. A significant increase in the percentage of Fb DiO+ was observed after their CI co-culture with TPC-1DiO or
FbDiI-TPC-1DiO (TPC-1-tumoral context), respect to Fb incubated with NThyOriDiO or FbDiI-NThyOriDiO (NThyOri-non-tumoral context) EV-secreting cells (*p < 0.05;
Kruskal-Wallis test, Dunn’s post test). No differences (n.s.) in EV-uptake were registered in TPC-1 recipient cells. Data are expressed as the mean ± SEM of three in-
dependent determinations. n.s.: no significant. Scale bars, 50 µm and 10 µm (A); 10 µm (B); 12 µm (C); 10 µm (D).

and possibly facilitating ECM degradation. The present results provide
a background that could be used by future studies aimed at exploring
and deciphering how Fb could modify the EV-performance, specifically
in the thyroid cancer environment. The knowledge of the bioactive
cargo present in EVs, and a better the understanding of their biological
function on the TME, could contribute to promoting novel treatment
strategies, offering opportunities for minimally invasive diagnostic pro-
cedures and the identification of better biomarkers for the diagnosis
and the monitoring of the evolution of cancer patients.
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Fig. 6. MMP2 activity in Fb and TPC-1 CI co-cultures and tumoral/non-tumoral stratification with MMP2 interactors. (A) Schematic representation of CI co-cultures
of the TW system. Representative zymogram showing proMMP2 and MMP2 gelatinolytic activity in TW-CMs from (B) Fb incubated with (Fb) and (TPC-1); and (C)
TPC-1 incubated with (Fb) and (TPC-1) cells. Cells between parentheses represent upper-chamber seeded cells. Areas of protease activity are indicated by clear bands
in the gel for proMMP2 (72 kDa) and MMP2 (63 kDa). For comparisons, Fb-(DMEM) and Fb-(Fb) were pooled as Control Fb; TPC-1-(DMEM) and TPC-1-(TPC-1) were
pooled as Control TPC-1; Fb-(TPC-1) and TPC-1-(Fb) were pooled as (Fb)-(TPC-1). (D) Densitometric analysis of proMMP2 and MMP2 in TW-CMs from Fb and TPC-1
control and (Fb)-(TPC-1) contact-independent co-culture. Results are expressed as MMP2/proMMP2 mean rate ± SEM of at least four independent determinations. A
significant increase in the MMP2/proMMP2 ratio was observed in TW-CMs from (Fb)-(TPC-1) CI co-cultures respect to Fb and TPC-1 controls (**p < 0.01; one-way
ANOVA, Tukey’s post test). (E) MMP2 and MMP2 interactors in the proteome of EVs obtained using String database and Cytoscape v.3.8.2 software. (F) Unsuper-
vised hierarchical clustering of the Pearson correlation values of the MMP2 interactors in EVs derived from isolated and co-cultured cells. MMP2 interactors allow
EVs from tumoral and non-tumoral contexts to be discriminated. TW: transwell. OD: optical density. au: arbitrary units.
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