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Abstract: Papillary thyroid cancer (PTC) is the most common endocrine malignancy which diagno-
sis and recurrences still challenge clinicians. New perspectives to overcome those issues could come
from the study of extracellular vesicles (EVs) populations and content. Here, we aimed to elucidate
the heterogeneity of EVs circulating in tumor and the changes in their microRNA content during
cancer progression. Using a mouse model expressing BRAFV®E, we isolated and characterized EVs
from thyroid tissue by ultracentrifugations and elucidated their microRNA content by small RNA
sequencing. Cellular origin of EVs was investigated by ExoView and that of deregulated EV-mi-
croRNA by qPCR on FACS-sorted cell populations. We found that PTC released more EVs bearing
epithelial and immune markers, as compared to healthy thyroid, and that changes in EV-mi-
croRNAs abundance were mainly due to their deregulated expression in thyrocytes. Altogether, our
work provides a full description of in vivo-derived EVs produced by, and within, normal and can-
cerous thyroid. We elucidated the global EV-microRNAs signature, the dynamic loading of mi-
croRNAs in EVs upon BRAFV6F induction, and their cellular origin. Finally, we propose that thy-
roid tumor-derived EV-microRNAs could support the establishment of a permissive immune mi-
croenvironment.

Keywords: thyroid cancer, PTC, BRAFV¢E, mouse model, miRNA, extracellular vesicles, heteroge-
neity, sequencing

1. Introduction

Thyroid cancer, with papillary thyroid carcinoma (PTC) accounting for 85% of the
cases, is the most common endocrine malignancy [1] and the most rapidly increasing can-
cer in the US [2]. Despite high survival rate of patients [3], clinicians are facing two chal-
lenges. First, overdiagnosis of nodules or indolent microcarcinomas leads to overtreat-
ment and unnecessary surgeries [4,5]. Second, 10-20% of patients present aggressive,
poorly differentiated, metastatic thyroid tumors often associated with BRAFV60E mutation
and poor prognosis [6-8]. Continued fundamental research to improve differential diag-
nosis between thyroid cancer stages and types, and to better understand the biology of
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PTC is thus required. For those reasons, attention have recently been drawn on extracel-
lular vesicles (EVs) [9-11].

EVs are small lipid bilayer-enclosed vesicles released by virtually all cell types. EVs
transport a specific cargo including proteins and nucleic acids that constitutes a complex
signal. This signal can be transferred to a receiver cell supporting local and/or distant
communication in several physiological and pathological processes, most noticeably can-
cer [12-14]. Among the different component of EV cargo, microRNAs (miRNAs) attracted
a lot of interest for their functional versatility. miRNAs are endogenous single-stranded
non-coding RNA molecules ranging from 18 to 22 nucleotides in length, which inhibit the
translation of target mRNAs. Deregulation of miRNAs expression have been associated
with onset, progression and metastasis of various cancer [15,16]. EV-miRNAs secreted by
tumor cells are now considered as important actors in cancer progression [17], and as
promising non-invasive markers for disease monitoring [18,19].

Although many studies have demonstrated EV-mediated transfer of biological mol-
ecules, including miRNAs, to recipient cells, the origin of these EVs were mostly derived
from homogeneous cultured cell lines [14,20-22]. However, the histological complexity of
tumors is such that multiple cell types produce EVs whose origins, properties, and effects
on the tumor microenvironment (TME) and progression are still largely unexplored. Only
a few studies have recently examined the properties of tissue-derived EVs, including EVs
isolated directly from tumors [23-26]. For example, Cianciaruso et al. demonstrated that
macrophages-derived EVs represented about 60% of EVs isolated from MC38 tumors,
thereby stressing the impact of cellular populations present in the microenvironment, and
their EV production potential, in the EV pool [24].

In this study, we aimed to elucidate the heterogeneity of EV populations within thy-
roid tumor, a complex tissue, as well as the dynamic of miRNAs expression and loading
in extracellular vesicles during cancer progression. We used a genetically-engineered
mouse model of PTC in which BRAFV6E expression can be selectively induced in thyro-
cytes [27]. This model allowed to harvest EVs released by thyroid tissue, to investigate
their cellular origin, to profile the evolution of miRNA expression in tissue and their load-
ing in EVs during BRAFVék-dependent PTC development. We integrated miRNA dereg-
ulation in the different cell types of the TME with the changes in EV populations produced
within the tissue. In silico analyses revealed that EV-miRNAs identified could be involved
in immune cell modulation within the tissue. Altogether, our results provide insights in
the dynamic of miRNA deregulation in PTC upon BRAFV6E induction and identify EV-
miRNAs that could play a role as actors or markers of PTC development. Our results shed
light on intercellular communications by EVs occurring in a complex developing thyroid
tumor.

2. Materials and Methods

We have submitted all relevant data of our experiments to the EV-TRACK
knowledgebase (EV-TRACK ID: EV210002) [28].

2.1. Mice

Tg-rtTA and tetO-BRAFV6E mice were obtained from J. A. Fagin [27]. Single homo-
zygous mice in the FVB background, were crossed to generate double heterozygous Tg-
rtTA/tetO-BRAFV6E mice in which the oncogene BRAFV6E can be selectively expressed
in thyrocytes upon doxycycline administration. Doxycycline was delivered to mice at 10
to 14 weeks of age via intraperitoneal injection (1ug/g body weight) every 24 hours for 24
(day 1), 48 (day 2), 72 (day 3) or 96 hours (day 4). Control mice were injected with saline
sodium chloride solution.
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2.2. Tissue collection and histology

Mice were sacrificed by cervical dislocation under anaesthesia by 150pL of a xylazine
(20mg/kg)/ ketamine (200mg/kg) solution and after cardiac puncture. Thyroid lobes were
excised and either snap-frozen for RNA analysis or cut in 1mm?3 pieces for tissue dissoci-
ation and EV isolation. For histological and immunohistochemical analyses, thyroid lobes
were extracted together with trachea, fixed in 4% paraformaldehyde and embedded in
paraffin using a Tissue-Tek VIP-6 (Sakura). Sections of 6um were obtained with the mi-
crotome Micron HM355S (ThermoScientific). After paraffin removal and rehydration, his-
tological sections were stained with hematoxylin and eosin, slides were mounted in Dako
aqueous Medium (Agilent Technologies) and scanned with the panoramic P250 digital
slide scanner (3DHistech), as described [29].

2.3. Immunohistochemistry and immunohistofluorescence

After paraffin removal and endogenous peroxidases inhibition with 0.3% H02 for
immunohistochemistry, slides were treated as described [30] for antigen retrieval, perme-
abilization and blocking of non-specific sites. Anti-phospho-ERK primary antibody (Cell
Signaling Technology #4376; 1/200) was incubated overnight at 4°C. HRP-conjugated sec-
ondary antibody was incubated in PBS/ 10% BSA/ 0.3% Triton X-100 for 1h at room tem-
perature (RT). Diaminobenzidine was used for revelation of phosphor-ERK im-
munostained cells while hematoxylin staining allowed visualization of tissue structure.
Finally, slides were mounted in Dako aqueous Medium (Agilent Technologies) and
scanned with the panoramic P250 digital slide scanner (3DHistech). For immunohisto-
fluorescence, thyroid lobes were embedded in gelatin and fozen sections of 6pum were
obtained with the cryostat (Thermoscientific) as described [31]. Anti-CD206 primary anti-
body was incubated overnight at 4°C. Secondary antibody coupled to Alexa-488 (Invitro-
gen) and fluorescent nuclear dye (Hoechst 33258; Sigma) were used. Slides were observed
with the Zeiss Cell Observer Spinning Disk (COSD) confocal microscope.

2.4. mRNA quantification

Total RNA was extracted from thyroid lobes or BMDM using TRIzol Reagent
(Thermo Scientific), as described [29] and followed by a second phenol/chloroform puri-
fication step. Reverse transcription was performed on 500 ng of total RNA using M-MLV
Reverse Transcriptase (Invitrogen) and random hexamers. Real-time quantitative PCR
was performed as described [32]. Primers sequences are listed in Supplementary Table 1.
Data were analyzed using the AACT method, with the geometric mean of Gapdh and Rpl27
expression as reference.

2.5. Flow cytometry and FACS

Thyroid lobes were cut in Imm? pieces and incubated in dissociation solution
(DMEM Ca2+ free, Collagenase P 1mg/mL, Dispase II 2.5mg/mL, DNase 5U/mL) under
stirring for 40 min at 37°C with homogenization using a 1 mL micropipette every 8 min.
Then, cell suspension was passed through a 40 pm-filter and diluted in DMEM Ca2+ free,
FBS 20%, 1mM EDTA pHS to stop dissociation. Cells were centrifuged and resuspended
in blocking solution (PBS, 1 mM EDTA, FBS 1%, 1pg TrueStain FcXTM, biolegend
#101320) for 10 min. The identification of immune populations by flow cytometry was
performed using anti-CD45, anti-CD11b and anti-CD3 fluorochrome-conjugated antibod-
ies. Dead cells were visualized by DAPI staining. Data were acquired on the BD LSRFor-
tessa™ Cell Analyzer and analysed with Flow]JoTM software (BD Biosciences). FACS ex-
periments were performed on the BD FACSAria™ III Cell Sorter. Cells were sorted using
anti-E-cadherin (Ecad), anti-CD31 and anti-CD45 fluorochrome-conjugated antibodies,
and recovered in TRIzol reagent. The triple negative population was also collected. All
antibodies and working conditions are recapitulated in Supplementary Table 2.
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2.6. Tissue-EVs isolation

For tissue dissociation and EV isolation, all solutions were filtrated on a 0.2 pm-filter
and each step was performed at 4°C. Thyroid lobes were microdissected, cut in 1mm3
pieces and incubated overnight under stirring in Trypsin-EDTA 0.05% (Life Technolo-
gies). After up-downs with a P1000, trypsin-EDTA supernatant was diluted with BSA 5%
and conserved at 4°C. Non-dissociated tissue pieces were incubated in a collagenase type
II solution (400U/mL, Worthington LS004176) solution for 60 minutes. Enzymatic dissoci-
ation was complemented with mechanical dissociation by passing the solution through
syringes of decreasing diameter (0.8 um; 0.6 um; 0.5 pm). The resulting cell suspension
was finally recovered with the first trypsin-EDTA supernatant in BSA 5% and submitted
to a 2,000 g centrifugation for 15 min (GR 4.11, Jouan) to pellet dissociated cells. For the
analysis of EV-miRNAs, the supernatant was treated with RNase A (Thermoscientific) at
10pug/mL for 45min at 37°C prior to differential ultracentrifugation as described [33] :
20,000xg for 15 min in a Ti50 rotor (Beckman), and 150,000xg for 90 min in a Ti80 rotor
(Beckman). This last 150k pellet was washed once by suspension in PBS and resedimen-
tation at 150,000x g for 90 minutes. This material is hereafter referred to as “EV-pellet”.
All the procedure is schematized in Supplementary Figure 1.

2.7. Tissue-EVs characterization

Particles in EV-pellets were counted with the Zetaview (Particle Metrix, GmbH), as
described [33]. Briefly, diluted samples in pre-filtered PBS (0.2 pm filter) were analyzed
with a sensitivity of 85 and camera shutter of 100. Measurements were performed with
medium resolution for two cycles at 11 different positions (or frames) of the cell chamber
containing the sample.

EV-pellets were observed by scanning electron microscopy, as described [33]. For
transmission electron microscopy after negative staining, all samples were appropriately
diluted in water with a final concentration of 1% stain. A 50 ul drop of diluted sample and
stain was put on formvar and carbon coated grid for 5 min then excess of liquid was re-
moved by filter paper, specimen was dried overnight in a closed box containing dried
silicagel. TEM and SEM samples were observed in a transmission electron microscope
(CM12, Philips, Netherlands) at 80kV.

Western blotting was performed as described [33]. EV-pellets were lysed in RIPA
buffer, and protein concentration was measured using bicinchoninic acid assay. EV-pellet
lysates, normalized to protein content, were resolved on 8% or 10% homemade poly-
acrylamide gels, and transferred onto PVDF membrane. These were blocked in TBST-milk
5% and incubated overnight with primary antibodies listed in Supplementary Table 2.
HRP-conjugated secondary antibodies were incubated in TBST-milk 0,5% for 1 hour. Im-
muno-reactive bands were detected using Super Signal Chemiluminescent Substrate
(Thermo Scientific) and images were acquired using Fusion Solo S (Vilber Lourmat).

EV-pellets were analyzed using the ExoView Mouse Tetraspanin Kit (NanoView Bi-
osciences, USA). Samples were diluted in manufacturer supplied incubation solution, and
incubated overnight at RT on ExoView Mouse Tetraspanin Chips. After washing, chips
were incubated with anti-CD9, anti-CD11b, anti-CD81, anti-CD31, anti-CD45 and anti-
Ecad fluorochrome-conjugated antibodies (listed in Supplementary Table 2) for 1 hour at
RT with shaking. Chips were then washed, dried and imaged by the ExoView R100 using
ExoView Scanner v3.1. Data was analyzed using ExoView Analyzer v3.1. Fluorescent cut-
offs were set relative to the Rat IgG and Hamster IgG controls.

2.8. miRNA quantification

Total RNA was extracted from RNase-treated EV-pellets and from dissociated tis-
sues using miRNeasy Mini kit (QIAGEN) according to the manufacturer’s instructions.
RNA was resuspended in 30 ul of RNase-free water and stored at -80°C. RNA was quan-
tified using Quant-iT™ RiboGreen™ RNA Assay Kit (Thermo Scientific). Pulsed reverse
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transcription was performed on 10 ng of total RNA using M-MLV Reverse Transcriptase
(Invitrogen) and a mix of 5 nM specific stem-loop primers, as described [34]. Real-time
quantitative PCR was performed as described [35], in the presence of 300 nM of universal
reverse primer, 300 nM of specific forward primer, 250 nM of probe with Takyon Probe
Master Mix (Eurogentec) on a CFX96 touch real-time PCR Detection System (Bio-Rad).
Primers and probes sequences are listed in Supplementary Table 3. Data were analysed
using the AACT method, with let-7c-5p or the geometric mean of miR-126a-3p and let-7b-
5p as reference miRNAs for cellular samples or EV samples, respectively.

2.9. miRNA sequencing

Total RNA from EV-pellets and dissociated tissues were sent to the QIAGEN RNA
sequencing platform (Germany) for miRNA next-generation sequencing. Library was pre-
pared using Qiaseq miRNA NGS kit and [llumina platform was used for sequencing. Fil-
tered reads were annotated using miRbase v22, with reference genome GRCm38. All anal-
yses were carried out using CLC Genomics Workbench (version 20.0.2) and CLC Ge-
nomics Server (version 20.0.2) by QIAGEN. KEGG pathway analysis was performed with
DIANA mirPath v.3 web server using microT-CDS v.5 as prediction tool [36].

2.10. Statistical analysis

All graphs and statistical analyses were performed with Prism software (GraphPad
Software). Real-time qPCR values were obtained by the AACT method and are expressed
as means + standard deviation [37]. Each graph represents the results from a minimum of
four independent experiments. Nonparametric statistical tests were used: Kruskal-Wallis
followed by Dunn’s post-test for multiple comparison. Differences were considered sta-
tistically significant when p<0.05 (¥); # stands for p<0.01; $ for p<0.001.

3. Results

3.1. BRAFVSWE expression in mouse thyrocytes triggers progressive thyroid tissue transfor-
mation mimicking features of human PTC

To trigger BRAFV6E expression in thyrocytes, we treated Tg-rtTA/tetO-BRAFV600E
mice by intraperitoneal injections of doxycycline every 24 hours for 2 or 4 days. Macro-
scopically, thyroid size was normal after 2 days (i.e., after injections at Oh and 24h and
analysis at 48h), but clearly enlarged at 4 days (Suppl. Fig. 2). Histologically, loss of follic-
ular structure, colloid consumption and papillae formation were initiated at 2 days (Fig.
1A). In addition, a strong stromal and inflammatory reaction was observed at 4 days (Fig.
1A). At the cellular level, transformed thyrocytes exhibited irregular shape, multilayering
and increased ERK phosphorylation (Fig. 1B). Expression of MAPK pathway target genes,
Fosl1 and Dusp5, was dramatically increased (Fig. 1C). Conversely, expression of thyroid-
specific genes (Nis, Tpo, Tg and Tshr) and of thyroid transcription factors (Pax8 and Nkx2.1)
were decreased after 2 days and 4 days, indicating progressive thyroid dedifferentiation
(Fig. 1D). MiRNA deregulation was assessed by measuring the expression of some well-
known miRNA candidates identified in human PTC. We found that the expression of
miR-31-5p, miR-222-3p, miR-146b-5p and miR-21a-5p was significantly increased as early
as 2 days of injections (Fig. 1E). On the contrary, the expression of miR-26a-5p, miR-148a-
5p, miR-30d-5p, miR-99a-5p and miR-10b-5p was significantly decreased only after 4 days
(Fig. 1E).

Altogether, histological and molecular analyses demonstrated that the induction of
BRAFV60E expression in thyrocytes triggered rapid and evident morphological changes in
the entire thyroid, over-activation of MAPK pathway, thyrocytes dedifferentiation and
deregulation of miRNA expression. Those features recapitulated events that occur in hu-
man PTC, proving the relevance of this mouse model to study early events triggered by
BRAFV60E expression.


https://doi.org/10.20944/preprints202203.0260.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2022 d0i:10.20944/preprints202203.0260.v1

6 of 23

H&E staining

P-ERK staining

027 %ﬂ gcr o 2°8 ' 7 20 ’ i
c 28 o Oioevz 2, ﬂ Z
= 56 $, [l Days _E:: 8 'y T
o] -4
T 54 fr T 2 S8 o#
L L 26 s #f .
2 <
3?2 l : Z 35 ”, et
0
% 22 E 210 # 4 [] bay 2
27 [l Day 4
2_4_ 2712, #
Fosl1 Dusp5 Nis Tpo Tg Tshr Pax8 Nkx2.1
E
212_ S
gl mcr
[] Day 2
2% [l Day 4
(7]
go 26_
2 4
g 2
% 92
s »f
o
E 2—2_
2-:1,
2—5_
2-8_
.?\3&5‘3 iﬂ:’bﬂl &6‘0'6‘? ,’l\aﬁQ ’16’5’6‘) \’b(%,a,%? ,506’6’9 BgaﬁQ @\0—59
& @ @ & @ @ & & W

Figure 1: BRAFVSE expression in mouse thyrocytes triggers histological and molecular changes.
(A) Histological staining of thyroid tissues from control and doxycycline-treated mice, after 2 and 4
days of intraperitoneal injections. (B) Immunohistochemistry of phospho-ERK (P-ERK) on thyroid
tissues from control and doxycycline-treated mice, after 2 and 4 days of injections. (C-D) RT-qPCR
analyses of (C) two MAPK pathway-target genes, and (D) thyroid markers in thyroid tissues from
control (n=8) and doxycycline-treated mice, after 2 (n=6) and 4 days (n=4) of injections. mRNA fold
changes are normalized on the geometric mean of Rpl27 and Gapdh expression and compared to the
control group. (E) MiRNA analyses of thyroid tissue from control (n=11) and doxycycline-treated
mice after 2 (n=10) and 4 days (n=11) of injections. MiRNA fold changes are normalized on let-7c-5p
and compared to the control group. Data are expressed as mean + SD (* p<0.05; # p<0.01; $ p<0.001).
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3.2. Control and BRAFV®0E thyroids release EV's with exosomal characteristics

To test whether thyroid tissue directly releases extracellular vesicles, we optimized a
gentle dissociation protocol of microdissected control and BRAFV60E-transformed thyroid
lobes combined with differential ultracentrifugations (Suppl. Fig. 1). Particles in the high-
speed pellet, supposedly enriched in EVs, were measured by nanoparticle tracking anal-
ysis (NTA). Analysis revealed a similar size distribution of particles in the EV-pellets from
control, day 2, day 4 samples, with a median diameter between 130 and 160 nm and a
mean diameter around 200 nm (Fig. 2A). Particle size and shape were also determined by
scanning and transmission electron microscopy. EM showed isolated double-membrane
vesicles of approximately 50 to 150 nm in diameter (Fig. 2B). NTA further revealed in-
creased particle counts upon BRAFV6E expression (Fig. 2C). Finally, western blotting
demonstrated the presence of several EV-specific markers in the high-speed pellet with
an enrichment of CD63, CD9, Alix and Flotilin-1 as compared to total cellular lysates (Fig.
2D). Conversely, absence of two reticulum endoplasmic markers (Calnexin and Protein
disulfide-isomerase) in the EV-pellets argued against contamination by intracellular
membrane compartments (Fig. 2D). We concluded that control- and BRAFV60E-thyroid re-
lease extracellular vesicles with exosomal characteristics.
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Figure 2: Small EVs isolated from control and BRAFV6E thyroid tissues display exosomal char-
acteristics. (A) Nanoparticle tracking analysis (NTA) of resuspended EV-pellets from control and
doxycycline-treated thyroids, after 2 and 4 days of injections. Results are presented as the percentage
of total particles as a function of particle diameter. (B) Scanning and transmission electron micros-
copy of resuspended EV-pellets isolated from dissociated control thyroid. The SEM and the first
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TEM images show large overview of the sample; arrowheads point EV structures. (C) NTA quanti-
fication of particle numbers from the EV-pellets. (D) Biochemical characterization of EV lysates as
compared to cell lysates by western blotting of five EV-markers (CD63, CD9, CD81, Alix & Flottilin-
1) and two reticulum endoplasmic markers (Calnexin & Protein disulfide-isomerase).

3.3. BRAFE induction affects the EV populations found within the thyroid

To evaluate the heterogeneity of EV populations within thyroid tissue and unravel
the intercellular crosstalk that could be triggered within tumor microenvironment, we
aimed to identify the cellular origin of thyroid- and tumor-derived EVs. We analyzed the
presence of cell population markers on EV surface with the ExoView technique. Capture
antibodies were directed against CD9 and CD8]1, two tetraspanins previously detected by
western blot (Fig. 2D). Fluorochrome-conjugated antibodies were directed against specific
cell population markers, Ecad, CD31, CD45 and CD11b to identify EVs produced by epi-
thelial cells, endothelial cells, and immune cells. E-cadherin+ EVs were CD9+ and/or
CD81+ (Fig. 3A). In contrast, CD31+ and CD11b+ EVs were mostly CD9+ (Fig. 3A). There
was negligible (<1,4%) Ecad/CD31 colocalization validating the specificity of the tech-
nique (Suppl. Fig. 3A). Overall, endothelial CD31+ and immune CD11b+ EVs were the
most abundant populations, respectively representing 31 and 56% of total CTL-EVs, and
23 and 49% of PTC-EVs pool (Fig. 3B). In PTC tissue compared to normal tissue, all EVs
populations were increased (Fig. 3A, red bars), thereby reflecting the overall increase in
EV count (Fig. 2B). More importantly, Ecad+ EVs and CD45+ EVs were drastically and
proportionally more abundant in PTC tissue as compared to normal tissue (Fig. 3A, B).
Finally, Ecad fluorescence intensity was increased on CD81+ PTC-EVs, indicating an in-
crease in Ecad molecules per EV in PTC tissues (Suppl. Fig. 3C). Similarly, CD45 fluores-
cence intensity was increased on CD9+ and CD81+ PTC-EVs compared to CTL-EVs
(Suppl. Fig. 3C). Size measurement of the CD81+ population showed a shift of the mean
diameter between CTL-EVs and PTC-EVs from 60,3 nm to 71,7 nm while the mean diam-
eter of the CD9+ population was stable (Suppl. Fig. 3D). This confirmed changes in the
CD81+ EV population. In conclusion, Ecad+ EVs and CD45+ EVs, respectively derived
from epithelial cells and immune cells, constituted a minor fraction (11%, Fig. 3B) of thy-
roid tissue-derived CD9+/CD81+ EV pool, but showed a doubling in their proportion
within the total EV pool of tumor tissue (23%, Fig. 3B).

Cell sorting based on Ecad, CD31 and CD45 markers revealed that these 3 popula-
tions were increased in PTC-tissues, supporting tissue growth (Fig. 3C and suppl. Fig. 2).
Immune CD45+ cells displayed the most drastic, 40-fold, increase in cancerous tissue, in
which they accounted for 50% of non-epithelial cells (Fig. 3C, D). Endothelial cells repre-
sented the most abundant non-epithelial cell type in normal tissue and the less abundant
one in cancerous tissue (Fig. 3D), despite a two-fold increase (Fig. 3C). It is important to
mention that a large fraction of epithelial cells remained on the filter due to incomplete
epithelial cell dissociation. Nevertheless, the doubling observed by FACS (Fig. 3C) illus-
trates the hyperplasia of tumor cells observed on histological sections (Fig. 1A). In conclu-
sion, we identified two deregulated EV population in the thyroid tumor, CD45+ EVs and
Ecad+ EVs. While the increased abundance of CD45+ EVs probably represent the increase
in CD45+ cells (Fig. 3C, D), the increased abundance of Ecad+ EVs (about 10-fold) is more
important than the expansion of the epithelial tissue (Fig. 1A & Fig. 3C). This suggests that
BRAFV60E transformed cells would produce more EVs than normal thyroid cells.
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Figure 3: BRAFV6®E-driven tissue transformation alters the proportion of cellular and EV popu-
lations. (A-B) Results obtained with the EXoView platform (n=3). Capture antibodies were directed
against CD9 and CDS81 tetraspanins. Two detection panels were used with antibodies directed
against Ecad and CD31 or CD45 and CD11b. (A) Number of EVs in control and PTC samples (day
4) according to the tetraspanin and the cellular marker present on EVs. (B) Percentage of EVs bearing
each population marker (Ecad, CD31, CD45, CD11b) in the two, CD9+ and CD81+, EV populations.
(C-D) Results obtained by FACS analysis (n=4). Sorting antibodies were directed against Ecad, CD31
and CD45. (C) Number of Ecad+, CD31+, CD45+ and triple negative cells in control and DOX-treated
dissociated tissues (day 4). (D) Percentage of non-epithelial cell populations from dissociated control
and DOX-treated tissues (day 4).

3.4. BRAFVE induction triggers differential and progressive miRNA loading in thyroid tissue
EVs

We then focused on the RNA content of EVs isolated from thyroid tissue. Electropho-
retic profiles of total RNA from CTL- and PTC-EVs (day 2 and day 4) were similar, lacked
a tRNA peak, arguing against artefactual intracellular contamination (Suppl. Fig. 4A), and
showed a predominance of small RNA species with a peak around 20 nucleotides, most
probably corresponding to miRNAs (Suppl. Fig. 4B). In addition, RNA quantification re-
vealed that total RNA content of particles did not significantly change upon induction of
BRAFV60E expression (Suppl. Fig. 4C). After floatation in a density gradient (Suppl. Fig.
1), miRNAs were shown to be associated with EV-fraction (Suppl. Fig. 4D, E, F, G: high
number of particles, CD9 signal, density of 1.08-1.15).

To elucidate the miRNA content of EVs released by thyroid tissue, we sequenced
miRNAs of EVs isolated from control- and BRAFV6®E-thyroids (day 2 and day 4). Hierar-
chical clustering of the samples using miRNA expression patterns allowed separation of
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EV samples according to the treatment, revealing dynamic and progressive changes in
miRNA abundance in EVs upon BRAFV6%E induction (Fig. 4A), as observed in tissues (Fig.
1E). Differential expression analysis identified 26 and 97 miRNAs with differential abun-
dance (DA) between control- and PTC-EVs at 2 and 4 days, respectively (FDR p-value
<0.05). Volcano-plot showed that DA-miRNAs in day 2 samples were predominantly
more abundant in EVs upon BRAFV6%E expression (Fig. 4B, D), supporting the rapid up-
regulation of miRNAs observed in tissues (Fig. 1E). After 4 days of BRAFV6%E induction,
the 97 DA-miRNAs were equally distributed in the plot, indicating similar number of
more abundant and less abundant miRNAs in EVs (Fig. 4C, D).
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Figure 4: Identity and abundance of EV-associated miRNAs changes with tumor progression. (A-
D) Analyses of miRNAs sequencing results showing miRNAs differential abundance in EVs from
control and DOX-treated thyroids, after 2 and 4 days of injections (n=3). (A) Unsupervised hierar-
chical clustering per sample and per miRNA performed on the 50 miRNAs that have the largest
coefficient of variation. MiRNAs in yellow are more abundant in the corresponding tissue while
miRNAs in blue are less abundant. (B-C) Volcano plot showing p-adjusted value and fold change
relation in day 2 vs control (B), and in day 4 vs control (C) comparisons. (D) Percentage of differen-
tially abundant (DA) miRNAs in day 2 vs control and in day 4 vs control comparisons. (E) RT-qPCR
analyses of upregulated EV-miRNA from control and doxycycline-treated thyroids after 1, 2, 3 and
4 days of injections (n>4). MiRNA fold changes are normalized on the geometric mean of miR-126a-
3p and let-7b-5p expression. Data are expressed as mean + SD (* p<0.05; # p<0.01; $ p<0.001).
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To confirm sequencing data and establish a time-course of miRNA deregulation in
tissue and EVs at early stages of PTC development, miRNAs levels were quantified by
RT-gPCR in dissociated tissues (Suppl. Fig. 5A, B) and in EVs (Suppl. Fig. 5C, D) after 1,
2, 3 and 4 days of doxycycline injections. Results revealed upregulation of miR-31-5p,
miR-146b-5p, miR-21a-5p, miR-221-3p and miR-222-3p in tissue and higher abundance in
EVs as early as day 1 of doxycycline treatment (Fig. 4E), when tissue structure and differ-
entiation started to be impacted (Fig. 1). EV-miRNAs presenting at sequencing a reduced
abundance after BRAFV6"E induction showed a trend towards reduced abundance at day
3 and day 4 in tissue as in EVs (Suppl. Fig. 5B, D). Altogether, these results pinpoint a
progressive and differential deregulation of EV-loaded miRNAs that mirrors the changes
occurring in BRAFV6E thyroid tissues: a rapid and prolonged upregulation of miRNAs
with a delayed downregulation of other miRNAs.

3.5. MiRNAs more abundant in tumor-derived EVs are mainly produced by epithelial cells

Next, we investigated which cell populations were responsible for the increased
miRNA abundance in EVs. For this, we assumed that the population with the highest
expression of a miRNA of interest would be the main source of EVs containing this
miRNA. We selected four miRNAs, miR-31-5p, miR-21-5p, miR-146b-5p and miR-221-3p,
as the most abundant and rapidly increasing EV-miRNAs in BRAFVeE-expressing thyroid
tissues (Fig. 5A, B). We measured their expression in FACS-sorted epithelial (Ecad+), en-
dothelial (CD31+), immune (CD45+) and mesenchymal (Ecad-CD31-CD45-) cells from
CTL- and PTC-tissues (Suppl. Fig. 6A). Purity of sorting was assessed by measuring the
enrichment of some canonical epithelial (Suppl. Fig. 6B), endothelial (Suppl. Fig. 6C), im-
mune (Suppl. Fig. 6D) and mesenchymal (Suppl. Fig. 6E) genes in each population. The
expression of the four miRNA candidates were increased only or mainly in the epithelial
population (Fig. 5C, violin plots). Moreover, in PTC tissues, they were mostly expressed
by this population (Fig. 5C, stacked bars at right). Importantly, their expression in the
immune population was constant or decreased (Fig. 5C, violin plots). To consider the
changes in proportion of each cell population between control and BRAFV60E-thyroids
(Fig. 3C), we adjusted miRNA relative expression to the amount of RNA extracted from
non-epithelial cells. Despite important increase of immune cells number, the expression
by the immune compartment was still representing only a negligible part of the total ex-
pression by non-epithelial cells (Suppl. Fig. 6F).

In summary, the number of epithelial cells and of epithelial EVs was increased in
PTC tissue compared to control tissue (Suppl Fig 2, Fig. 3A), and the more abundant EV-
miRNAs were mainly expressed and deregulated in epithelial cells of PTC tissue (Fig. 5C).
From those data, we concluded that the deregulation in miRNA cargo that we measured
in the total PTC-derived EV pool was mainly due to epithelial/thyrocyte-EVs.
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Figure 5: The most deregulated and most abundant EV-miRNAs are mainly expressed, and
deregulated, in epithelial cells. (A-B) Scatter plots showing abundance (CPM calculated from
miRNA sequencing data) of statistically deregulated EV-miRNAs between control and DOX-treated
tissues at day 2 (A) and day 4 (B). (C) RT-qPCR analyses of miRNA expression in FACS-sorted cell
populations (n=4). Violin plots show miRNA fold changes normalized on the abundance of a spike-
in miRNA and compared to its expression in the epithelial population of control thyroids. Stacked
bars show the relative expression (in percent) of miRNAs in each population of control and DOX-
treated tissues. Data are expressed as mean + SD.

3.6. MiRNAs more abundant in tumor-derived EVs could be involved in immune cells regu-
lation

To propose a role for miRNAs loaded in EVs, we focused on miRNAs specifically
enriched in PTC-derived EVs. Indeed, these were the first deregulated upon BRAFV60E
expression (Fig. 4B, D) and the most susceptible to be implicated in intercellular commu-
nication via EVs within the tumor microenvironment. KEGG pathway analyses of miR-
NAs showing increased abundance in EVs isolated from BRAFV6E thyroid tissues
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revealed an association with several pathways related to cancer and cytokine-cytokine
receptor interaction (Fig. 6A, B for day 2 and day 4). Since upregulation in EV-miRNAs
species were mainly caused by epithelial cells, these in silico analyses led us to consider a
potential crosstalk between tumor and immune cells and to characterize changes occur-
ring in the immune compartment after BRAFV6E induction in thyrocytes.

Flow cytometry experiments were performed to identify the immune populations
among dissociated control- and BRAFV6E-thyroids. CD45-positive cells were dramati-
cally increased in BRAFVéE-thyroids (Fig. 3C), with CD11b-positive myeloid cells ac-
counting for 20-30% of CD45+ cells (Fig. 6C, D). Alternatively-activated macrophages par-
ticipated to the increase of myeloid cells number (Fig. 6E) as shown by immunohistofluo-
rescence for CD206 (Fig. 6F). Altogether, those results demonstrated important changes
in the immune compartment after BRAFV6%F induction in thyrocytes, with the recruitment
of anti-inflammatory pro-tumoral macrophages, most likely creating a permissive im-
mune microenvironment for cancer progression.

Despite the low abundance of Ecad+ EVs in the total pool of EVs (Fig. 3B), we tested
whether EV-miRNAs, released by BRAFV6%E thyroid tumors, could affect or polarize pri-
mary culture of bone marrow-derived macrophages (BMDM). PKH67-labelled PTC-EVs
were readily internalized by macrophages (Suppl. Fig. 7A). However, we could not
demonstrate reproducible effects of PTC-EVs by transcriptomic analysis. In two out of the
three independent experiments, we showed that CTL-EVs induced genes involved in im-
mune and inflammatory-signaling pathways (Suppl. Fig. 7B, C). BMDM treated with
CTL-EVs shared a pro-inflammatory gene signature with in vitro (LPS+IFNy; Suppl. Fig.
7E) or in vivo (LPS+; Suppl. Fig.7F) classically-activated macrophages. On the contrary,
PTC-EVs induced genes implicated in cell cycle and proliferation (Suppl. Fig. 7B, D). In
addition, BMDM treated with PTC-EVs shared an anti-inflammatory gene signature with
in vitro (IL-4; Suppl. Fig. 7E) or in vivo (LPS-; Suppl. Fig.7F) alternatively-activated macro-
phages. However, expression of the bona fide polarization markers (Arg1, Mrc1, Nos2) was
not different in BMDM treated with PTC-EVs or CTL-EVs (Suppl. Fig. 7G), neither was
the production of TNFa, IL-6 or IL-10 (Suppl. Fig. 7H, I, ]). We could only observe a trend
toward an increase of cytokines production after EV treatment, with PTC-EVs being less
effective to promote this effect as compared to CTL-EVs. In conclusion, although in vivo
isolated EVs targeted and impacted primary BMDM cultured in vitro, we failed to demon-
strate reproducible effects with a global, not local, treatment of BMDM with our in vivo
isolated pool of EVs produced by different cell types.

4. Discussion

More and more studies suggest that extracellular vesicles (EVs) are important actors
in tumor progression, as therapeutic tools, or as biomarkers, including in thyroid cancer
[9-11,14]. However, to the best of our knowledge, no studies have studied EVs produced
in vivo within the thyroid tissue and developing thyroid tumor, thus in a complex and
native environment. In this study, we used a validated genetically-engineered, doxycy-
cline-inducible mouse model of BRAFV60E-driven papillary thyroid cancer that mimics
human PTC, and optimized an EV isolation protocol from dissociated tissue. On the one
hand, we studied the heterogeneity of EV populations released within the tissue and cor-
related population changes with microenvironment alterations. On the other hand, we
identified EVs-loaded miRNAs during PTC development and established the time-course
of their deregulation upon BRAFV6E expression. Overall, we showed that BRAFV600E-in-
duced PTC development predominantly affect epithelial EV-miRNAs which could poten-
tially impact the immune compartment of the tumor.
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Figure 6: Loading of upregulated miRNAs in EVs could impact on the immune microenviron-
ment of BRAFV$E tumor. KEGG pathway analysis using the most abundant EV-miRNAs (A) after
2 days, and (B) after 4 days of BRAFVSE induction, as compared to control EV-miRNAs. (C) Flow
cytometry analyses of CD45+, CD11b+ and CD3+ immune cells from dissociated control and DOX-
treated tissues (day 4). (D-E) Percentage of CD11b+ myeloid cells among the CD45+ immune popu-
lation (D) or among the live cells (E). (F) Immunohistofluorescence of CD206 on thyroid tissues from
control and DOX-treated mice (day 4). DAPI (blue) is used to label the nuclei.

The challenging isolation of EVs produced within an organ without intracellular con-
taminants was validated by an in-depth characterization of the high-speed pellet in ac-
cordance with the MISEV guidelines. The size of particles and the detection of CD9, CD81
and CD63 support an enrichment of exosomes in our EV-pellets. CD9 and CD81 were
found on a majority of small EVs derived from different cell lines [38,39]. We thus ana-
lyzed the cellular origin of CD9+ and CD81+ EVs by detecting markers of the main cell
types in thyroid TME: epithelial, endothelial and immune cells. EVs bearing the E-cad-
herin marker were considered as thyrocyte-derived EVs in normal thyroid tissue and as
tumor cell-derived EVs in our model.

The large majority of thyroid- and PTC-EVs were derived from endothelial and my-
eloid cells. Since the thyroid gland is a densely vascularized organ [40,41], it was not so
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surprising to isolate high amount of EVs derived from endothelial cells in healthy thyroid.
It was still unexpected that this endothelial tissue produced much more EVs than the ep-
ithelial tissue, the most abundant tissue of the thyroid gland. This implied that endothelial
cells are important producers of EVs, as compared to epithelial cells. Others have already
studied endothelial cell-derived EVs [42-44] and we have demonstrated important role of
these latter in developing thyroid [33]. However, to our knowledge, it has never been re-
ported that endothelial cell could be a major source of EVs in a tissue. It was also striking
to detect a large fraction of EVs derived from CD11b+ immune cells considering the very
low abundance of immune cells in control thyroid. This supports the fact that macro-
phages are super-producers of EVs, as proposed in [24], and that EVs are mostly bearing
the CD11b marker. Immune cells also produced CD45+ EVs but the amount of this later
population was relatively low. On the contrary, this CD45+ EV population doubled upon
BRAFV60E induction. This could be due to immune cell recruitment within the thyroid.
However, recruitment did not affect the number of CD11b+ EVs. The last and minor (~2%
of total) populations of CD9+/CD81+ EV produced in the thyroid were positive for the
epithelial marker Ecad. However, upon BRAFV6E induction the proportion of Ecad+ EVs
doubled. BRAFV6E induction and sustained activation of the MAPK pathway severely
alters gene expression and phenotype of thyrocytes which could trigger a direct effect on
EVs production. It is generally accepted and largely spread in literature that cancer cells
produce more EVs than normal cells [45]. The ~7-fold increased abundance of Ecad+ EVs
compared to the expansion of epithelial tissue (~2-fold) supports this hypothesis. Finally,
even if not the most abundant in the thyroid tumor, we are tempted to propose that these
CD45+/immune- and Ecad+/epithelial cell-derived EVs could influence other cell types in
the TME through the transfer of biologically active molecules such as miRNAs.

We elucidated the miRNome of EVs derived from control- and BRAFV6E-thyroids
by miRNA sequencing and RT-qPCR, and provided a global signature of deregulated EV-
miRNAs. A large proportion of upregulated and downregulated miRNAs identified in
EVs upon BRAFV6E expression have already been reported in human PTC, thereby sup-
porting the relevance of the mouse model to study miRNAs in BRAFV6®E-driven thyroid
cancers. For example, expression of miR-146b-5p, miR-181b-5p, miR-222-5p/3p, miR-21-
5p, miR-31-5p/3p, miR-221-3p is increased in fine needle aspiration biopsy and tissues of
PTC patient, as compared to benign samples, and has further been associated with the
degree of PTC tumor malignancy [46-50]. The mouse model allowed the dynamic analysis
of miRNAs upon BRAFV6E induction and revealed a primary phase of miRNAs upregu-
lation, e.g. miR-31-5p, miR-21a-5p, miR-146b-5p and miR-21a-5p, followed by their stabi-
lization at later time point of tissue transformation. The rapid and sustained upregulation
of these miRNAs could be inherent to their role as oncomiRs, inhibiting antagonists of the
MAPK pathway. Indeed, miR-21 targets PDCD4, a MAPK pathway inhibitor, thereby en-
hancing proliferation and invasion, while inhibiting apoptosis in TPC-1 cell line [51,52].
In addition, the mouse model revealed at later time points the downregulation of miRNAs
(e. g. miR-200 and miR-30 families) that are recognized as negative regulators of cell mi-
gration, invasion, and epithelial-to-mesenchymal transition (EMT) [53,54]. The delayed
downregulation of these “cancer suppressor” miRNAs could thus promote a secondary
phase in cancer progression, associated with a worsening of the phenotype, increased ag-
gressiveness, and metastasis of dedifferentiated cancer cells. EV-associated miRNAs
could thus participate in these tumorigenesis processes.

The rapid and sustained upregulation of oncomiRs upon BRAFV60E induction in mice
thyrocytes is perfectly in line with the significant overexpression of these miRNAs in PTC
tissue of patients with BRAF mutations, as compared to other mutational status [46,55,56].
Interestingly, we found increased abundance of these oncomiRs in EVs isolated from
mouse PTC, probably a direct consequence of their increased expression by BRAFV600E-
induced transformed thyrocytes. Indeed, the most abundant and most deregulated EV-
miRNAs were expressed by the epithelial population. We thus assume that the miRNA
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content of thyroid-derived EVs was affected by changes in miRNA content in BRAFV600E
tumor cells. The mechanisms governing miRNAs loading in EVs have been recently
shown to rely on small motifs in miRNA sequences. These motifs would be cell-type spe-
cific or preferentially used by certain cell types for EV loading [57,58]. Further investiga-
tions about the use of those motifs in the thyroid should confirm, or infirm, the tumor cell
origin of EVs, and could then explain the impact of EVs on tumor progression and the
TME. Few studies, mostly performed in vitro, reported the role of EV-miRNAs in thyroid
cancer. Wu et al. demonstrated that EVs isolated from PTC cell lines increase HUVEC an-
giogenesis through miR-21-5p transfer [22]. Lee et al. showed that EVs from serum of PTC
patients contain miRNA-146b and miRNA-222, and that these miRNAs increase invasive-
ness of thyroid cancer cell lines [59]. It is thus conceivable that autocrine and paracrine
transfer of miRNAs via EVs are at play in thyroid cancer.

In this context, our in silico analyses highlighted a potential role for EV-miRNAs in
modulating the immune microenvironment, already in the initial stages of cancer progres-
sion. Thyroid tumors have recently been classified as “inflammatory tumors” by a TCGA-
based study [60]. Several studies evidenced a positive correlation between the density of
tumor-associated macrophages in PTCs and larger tumors, lymph nodes metastasis, and
decreased survival [61]. Tumor-associated macrophages are the most abundant and cru-
cial non-neoplastic immune cells of the tumor stroma. TME establishment as pro- or anti-
tumorigenic highly depends on macrophage polarization towards an anti-inflammatory
pro-tumorigenic M2-like phenotype or a proinflammatory anti-tumorigenic M1-like phe-
notype, which are controlled by microenvironmental signals [62,63]. The mouse thyroid
cancer model used in this study recapitulates the inflammatory nature of aggressive
BRAFV6E thyroid cancer with the massive recruitment of immunosuppressive macro-
phages expressing typical M2-like markers, such as CD206, F4/80, CD11b and Stabl [64,
Spourquet and Pierreux, in preparation]. Among the more abundant EV-miRNAs identi-
fied, miR-146b-5p, miR-222-3p and miR-21a-5p have been shown to impact macrophage
polarization by different mechanisms, ultimately increasing Mrc1, Argl, and 1110 expres-
sion and decreasing Tnfa and [I12 expression, thereby promoting a M2-like phenotype
[65,66]. We thus propose that Ecad+ EVs isolated from thyroid tumors could support the
local establishment of a pro-tumoral immune microenvironment.

Some studies have shown the ability of tumor-derived EVs to polarize macrophages
towards the M1 or M2 phenotype [65]. On the contrary, others revealed the incapacity of
tumor-derived exosomes to impact on macrophage plasticity [67,68]. If the role of EVs
derived from in vitro cultured cancer cell lines on macrophage polarization is still cur-
rently unclear, studying the role of an heterogenous population of EVs produced by, and
isolated from, a tumor is a challenge. In our settings, in vitro treatment of primary BMDM
with CTL- and PTC-derived EVs were not conclusive. Transcriptomic analysis of BMDM
treated with PTC-EVs compared to CTL-EVs pinpointed some differences compatible
with an anti-inflammatory and pro-tumoral M2-like gene signature. However, the effects
were marginal and variable preventing us from reaching an unequivocal conclusion. The
variability and weak effects probably come from our in vitro culture settings, highly dif-
ferent from local release and action of EVs, and the heterogenous population of EVs iso-
lated from the tumor that could trigger different effects. Indeed, in our study we demon-
strated the existence of at least 3 different EV-producing cell types. In addition, up to 80%
of the EVs isolated from control and BRAFV60E thyroid might be the same in the two con-
ditions (number of CD31+ and CD11b+ EVs do not change upon BRAFV60E induction).
Conversely, since less than 10% of EVs derive from the epithelial tumor cells, it might be
difficult to observe an effect without first purifying this EV population. The difficulty to
recover pure and sufficient epithelial derived-EV thus limit functional studies with in vivo
produced EVs. New technical solutions are needed to experimentally study the role of
EV-miRNAs released from the tumor in M2-macrophage polarization or in the
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maintenance of a TME mediating pro-survival and proliferative phenotypes, thus nega-
tively impacting patient outcomes.

5. Conclusions

Our work provides an in-depth characterization of in vivo-derived extracellular ves-
icles produced by, and within, normal and cancerous thyroid. This includes the identifi-
cation of a global EV-microRNAs signature showing the temporal dynamic of miRNA
loading in EVs during PTC development and thyrocyte dedifferentiation. The more abun-
dant miRNAs found in tumor-derived EV, and deregulated as compared to control thy-
roid, appear to derive from the transformed epithelial cell population. Tumor cell-derived
EVs could impact on thyroid tumorigenesis and communication within the tumor micro-
environment, supporting the establishment of a permissive immune microenvironment
for tumor development.
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from thyroid lobes by tissue dissociation followed by differential ultracentrifugation and optional
iodixanol density gradient; Supplementary Figure 2: BRAFVE expression in thyrocytes triggers tis-
sue growth and remodeling; Supplementary Figure 3: The ExoView platform allows EV population
analyses; Supplementary Figure 4: miRNAs detected in the high-speed pellets are associated with
EV fractions after density-based fractionation; Supplementary Figure 5: miRNAs display rapid and
important changes in their abundance in BRAFV®E tissues and EVs; Supplementary Figure 6: Puri-
fication of epithelial, endothelial and immune populations by FACS-sorting of thyroid and tumour
dissociated cells using Ecad, CD31 and CD45 markers; Supplementary Figure 7: Treatment of
BMDM with CTL-EVs or PTC-EVs pools demonstrate internalization but no major effects; Supple-
mentary Table 1: Sequences of primers used in mRNAs RT-qPCR; Supplementary Table 2: List of
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qPCR; Supplementary Table 4: List of the most frequently sequenced miRNAs in EVs isolated from
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of injections, with the associated count per million (CPM); Supplementary Table 6: List of the most
frequently sequenced miRNAs in EVs isolated from doxycycline-treated thyroids after 4 days of
injections, with the associated count per million (CPM); Supplementary Table 7: List of miRNAs
with a differential abundance, expressed in logFC, in EVs isolated at day 2 and day 4, as compared
to control thyroids. MiRNAs marked with a “*” also present a differential abundance in the day 4
and day 2 samples.
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Appendix A : Supplementary methods

miRNA analysis

Electrophoretic profile of RNA molecules contained in the EV-pellets were obtained
with the 2100 Bioanalyzer System (Agilent Technologies). RNA 6000 pico assay was used
for total RN A characterization while the Small RNA assay was used to resolve small RNA
in the size range of 6 to 150 nucleotides, according to the manufacturer’s instructions (Ag-
ilent Technologies).

PKH67 labelling and density gradient

EVs fluorescent labelling with PKH67 (Sigma) was performed according to manu-
facturer’s instructions. Free dye was eliminated by a 30%-20%-10% iodixanol density gra-
dient as described [33]. For characterization, eight fractions (denoted F1 to F8 from top to
bottom) were collected, diluted in PBS, pelleted again at 150,000xg as above, and sus-
pended in PBS for NTA measurement or in RIPA lysis buffer for WB analysis. For miRNA
quantification, F1-2, F3-5 and F6-8 were pooled and lysed in QIAzol lysis buffer (QI-
AGEN). Density of each fraction was calculated, using an equilibrating gradient.

Bone marrow-derived macrophage primary culture and treatment

Bone marrow derived cells were aseptically harvested by flushing leg bones of eu-
thanized male mice. After incubation in red cell lysis buffer (Invitrogen), cells were cul-
tured in RPMI+ 20% serum+ 50 ng/ml M-CSF (BioLegend) with a change of media at day
4. At day 7, 2.5x10° bone marrow derived macrophages were seeded in 12-wells plates in
RPMI+ 10% EV-free serum (centrifuged at 150000g for 16h) + 5 ng/ml M-CSF. After 3
hours, 5x108 EVs, isolated from control- or BRAFV6E thyroids (day 4) by ultracentrifuga-
tion combined to density gradient (F3-5), were added. Equal volume of PBS was added to
non-treated wells. After 24h hours of treatment, RNA was harvested from macrophages
using TRIzol Reagent (Thermo Scientific) and cell supernatants were collected. For inter-
nalization assays, cells were seeded in IBIDI chambers, PKH67-labelled PTC-EVs were
added at a concentration of 2000 EVs/cell. As control, a density gradient with PKH67 alone
was prepared and an equal volume of washed F3-5 was added to macrophages. After 1, 3
and 6 hours, cells were washed, incubated with FM® 4-64 FX dye (Invitrogen) according
to the manufacturer’s instruction and immediately observed in live imaging with the Zeiss
Cell Observer Spinning Disk (COSD) confocal microscope.

ELISA

Culture supernatants were centrifuged at 2000xg for 5min. Secreted IL-10 and
TNFo were quantified using mouse IL-10 or TNFa uncoated ELISA kits (Invitrogen) ac-
cording to the manufacturer's instructions. Secreted IL-6 was quantified using home-
made ELISA assay.

mRNA sequencing and bioinformatic analysis

DNase-treated RNA samples from BMDM treated with CTL- and PTC-EVs (n=3)
were sequenced by GENEWIZ-NGS Europe company (Germany) using Illumina No-
vaSeq system. Fastq files were processed using a standard RNAseq pipeline including
trimmomatic v0.38 [68] to remove low quality reads, Hisat2 v 2.1.0 [70] to align reads to
the human genome (GRCh38), and gene expression levels were evaluated using feature-
Counts v2.0.0 [71] and Homo_sapiens. GRCh38.94.gtf. Differential expression analyses
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were performed with DESeq2 Bioconductor package v1.32.0 [72]. Based on the PCA ex-
ploratory analysis, one experiment was excluded, and differential expression analysis was
performed on two different replicates. KEGG pathway analysis was performed with
GSEA software. Deregulated gene set was crossed with publicly available data sets

GSE38705 and GSE69607.
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