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Abstract: Anaplastic thyroid cancer (ATC) is a clinically aggressive form of undifferentiated thyroid cancer with limited
treatment options. Tumor-associated macrophages (TAMs) constitute over 50% of ATC-infiltrating cells, and their
presence is associated with a poor prognosis. We have previously shown that paracrine signals released by ATC
cells induced pro-tumor M2-like polarization of human monocytes. However, which soluble factors derived from ATC
cells drive monocyte activation, are largely unknown. In this study we investigated the participation of transform-
ing growth factor 1 (TGFB1) on the phenotype of macrophage activation induced by ATC cell-derived conditioned
media (CM). THP-1 cells exposed to CM derived from ATC cells and recombinant human TGFB1 induced M2-like
macrophage polarization, showing high CD163 and Dectinl expression. Moreover, we showed that TGFB1 induced
the messenger RNA (MRNA) and protein expression of the transcription factors SNAIL and SLUG. Accordingly, in-
creased TGFB1 secretion from ATC cells was confirmed by enzyme-linked immunosorbent assay (ELISA). Addition
of SB431542, a TGFB receptor inhibitor, significantly decreased the Dectinl, CD163, SNAIL and SLUG expression
stimulated by ATC cell-derived CM. We validated the clinical significance of the expression of TGFp ligands, their
receptors, as well as SNAIL and SLUG in human ATC by analyzing public microarray datasets. We found that the
expression of the main TGFp ligands, TGFB1 and TGFB3, along with their receptors, TGFR1 and TGFR2, as well as
SLUG, was significantly higher in human ATC tissue samples than in normal thyroid tissues. Our findings indicate
that ATC cell-secreted TGFB1 may play a key role in M2-like macrophage polarization of human monocytes and in the
up-regulation of SNAIL and SLUG transcription factors. Thus, ours results uncovered a novel mechanism involved in
the activation of TAMs by soluble factors released by ATC cells, which suggest potential therapeutic targets for ATC.
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Introduction

Thyroid cancer (TC) is one of the most common
malignant tumor of the endocrine system [1].
Anaplastic thyroid cancer (ATC), although rare,
is the most malignant pathological type be-
cause of its aggressive behavior and resis-
tance to traditional treatments [2-4]. Until
recently, ATC patients had a median survival of
only three to five months after diagnosis [2].
The approval of the combination therapy of a
BRAF inhibitor, dabrafenib, with the MEK inhibi-
tor, trametinib, has improved the overall sur-

vival of patients with BRAF-mutated ATCs [5].
However, resistance is inevitable and therefore,
the development of new therapeutic strategies
for these patients is urgently needed.

Recent studies highlighted the important role
of the tumor microenvironment (TME) in the
progression, invasion and metastasis in many
different types of tumors [6, 7]. A variety of
immune cells are found in the TME, with macro-
phages being one of its main immune cellular
components [8]. Due to the remarkable plastic-
ity, they can acquire distinct phenotypes and
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polarize into a continuum spectrum of function-
al states from pro-inflammatory/anti-tumor,
M1-like macrophages, to anti-inflammatory/
pro-tumor, M2-like macrophages [9]. Macro-
phages in the TME, or tumor-associated macro-
phages (TAMs), as a results of local signhals
secreted by tumor cells, are mostly polarized
towards an M2-like phenotype and can pro-
mote the malignant progression of many tu-
mors [10]. Interestingly, TAMs largely infiltrate
the TME of ATC [11-14]. Consistently, increase
in TAMs density correlates with poor prognosis
in ATC [11]. Therefore, targeting TAMs may offer
opportunities for the development of novel
combination therapies for ATC patients.

We previously provided valuable insights into
the process by which soluble factors derived by
ATC cells induce pro-tumor M2-like polarization
of macrophages, both in vitro and in vivo [15,
16]. Thus, we observed that treatment of THP-
1 cells with conditioned media (CM) produced
by ATC cells induced an increase in the expres-
sion of M2 markers without affecting the levels
of M1 markers. Once activated by ATC cell
derived-CM, macrophages adopted a more pro-
tumor phenotype [15]. More recently it was
demonstrated by us and by others the recruit-
ment of M2-like macrophages into ATC-cell-
derived xenograft tumors, recapitulating the
human disease [16, 17]. However, the soluble
factors secreted by ATC cells responsible for
macrophage activation remain largely unknown.

Transforming growth factor B (TGFB) is a pleio-
tropic cytokine frequently present in tumors
[18]. Furthermore, it has been demonstrated
that TGFB affects macrophage activation. Thus,
macrophages stimulated by TGFB induce the
expression and secretion of classical M2-like
markers, including interleukin (IL)-10, while
decreasing M1-like macrophage markers, such
as IL-12 [19, 20]. Therefore, we explored its
participation in the macrophage activation
phenotype induced by soluble factors released
by ATC cells and investigated the underlying
molecular mechanism. We found for the first
time that, similar to ATC cell-derived CM, TGFB1
treatment induced macrophage polarization
toward an M2-like phenotype, and TGFf recep-
tor blockade greatly inhibited the promoted
M2-like polarization by ATC cell-derived CM.
Furthermore, the expression of the transcrip-
tion factors SNAIL and SLUG was positively
regulated by TGF( produced by the ATC cells,
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that could suggest their potential contribution
in the activation of human monocytes. Together,
our results suggest that TGFB plays a key role
in macrophage activation in ATC and in the reg-
ulation of SNAIL and SLUG expression.

Materials and methods
Cell cultures

The THP1 cell line (human monocytes) was
obtained from American Type Culture Colle-
ction (ATCC) and confirmed as mycoplasma
free. THP-1 cells were grown in Roswell Park
Memorial Institute (RPMI) 1640 medium
(Gibco) as previously described [15]. Human
ATC cell line 8505C was obtained from the
European Collection of Authenticated Cell
Cultures while the ATC-derived C643 cell line
was obtained from the University of Colorado
Cancer Center Cell Bank. Human ATC cells
were authenticated by short tandem repeat
(STR) profiling analysis by the Science Cordoba
Agency (CEPROCOR, Cérdoba, Argentina), as
previously described [15, 21]. ATC cells were
cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM) (Gibco) as previously reported [15,
16, 21]. All cell lines were cultured in medium
supplemented with 10% fetal bovine serum
(FBS, Hyclone), penicillin/streptomycin and
L-glutamine (Gibco).

Conditioned media (CM) harvesting and TGF31
interference

CM preparation from ATC cell lines were
performed as previously described [15, 21].
Briefly, ATC cells (8505C and C643) were
seeded (1x10° cells) on 100 mm tissue culture
plates in DMEM 10% FBS. 48 hours (h) later,
the media were replaced with 5% FBS. After
additional 48 h, CM were collected and clarifi-
ed by centrifugation (2000 rpm for 10 minutes).
CM from ATC cells were called 8505C CM or
C643 CM. The THP-1 cells (1x10° cells/well)
were cultured in complete media containing
5% FBS (THP-1 control), treated with 100% CM
of 8505C CM or recombinant human TGFB1
(#240-B-010, R&D Systems) for different peri-
ods of time, and a variety of parameters were
analyzed. To explore the role of TGFp produced
by ATC cells on macrophage polarization, THP-1
cells were pre-incubated with the TGF( recep-
tor, SB431542 (20 uM, #1614, Tocris) for 1 h
before the 8505C cell-derived CM treatment.
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In vitro cell proliferation assay

Cell proliferation assay was performed as
previously described [15, 21]. Briefly, 2x10°
THP-1 cells/well were incubated with ATC cell-
derived CM, recombinant human TGFB1 or
DMEM-FBS 5% in six-well plates each with
duplicates. The number of viable cells was
counted at 24 h and 48 h after treatment us-
ing a cell counter (Countless Il, ThermoFisher
Scientific).

RNA isolation and quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR)

Total RNA purification, complementary DNA
(cDNA) synthesis, and quantitative PCR (qPCR)
were performed as previously described [15,
21]. The primers used are listed in Table S1.

Flow cytometry

Cells were harvested, washed with phosphate-
buffered saline (PBS) and resuspended in 1%
FBS in PBS. Cells were then incubated with
the Phycoerythrin (PE) anti-human CD369
(Dectinl, #355403, BioLegend) fluorochrome-
conjugated monoclonal antibody for 20 min-
utes at 4°C and used at a 1:50 dilution. To
discriminate dead cells in our samples, a viabil-
ity stain was performed (LIVE/DEAD™ Fixable
dead cell stain kits, #.10119, Thermofisher). It
was diluted 1/1000 in PBS (Gibco), and cells
were incubated in 30 yL of this dilution for 15
minutes at room temperature. Finally, the sam-
ples were acquired using the BD FACS Canto I
flow cytometer (BD Biosciences) and the data
were processed using the FlowJo software [16].

Determination of human TGFB1 by enzyme-
linked immunosorbent assay (ELISA)

Culture supernatants were harvested, clarified
by centrifugation, and frozen for the subse-
quent determination of human TGFB1 concen-
tration by ELISA according to the manufactur-
er’s instructions (#ab100647, Abcam).

Immunofluorescence staining

Human tumor xenografts were established
by subcutaneous injection of 8505C cells into
NOD/SCID mice. Experiments were conducted
as previously described [16] in full accordance
with the procedures outlined in the Guide for
the Care and Use of Laboratory Animals
(National Institutes of Health, NIH). The experi-
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mental protocols were approved by the Insti-
tutional Animal Care and Use Committee.
Tumors were harvested, embedded in Cryo-
plastR (Biopack), rapidly frozen and cut into 5
pm thick sections using a Cryostat 0620E
(Thermo Scientific Shandon, USA). Sections
were rehydrated in sodium citrate-Tris buffer
10 mM and then blocked for 60 minutes with
10% goat serum-Tris buffer. After blocking,
slides were incubated overnight at 4°C with
Fluorescein Isothiocyanate (FITC)-labeled anti-
mouse F4/80 (1:100 dilution, #11-4801-81
eBioscience, Thermo Fisher Scientific) or anti-
SMAD3 (1:100 dilution, #9523, Cell Signaling)
in blocking buffer, followed by incubation with
the secondary antibody conjugated with Ale-
xa Fluor 555 (#A-31572, Invitrogen). Sections
were counterstained with 4,6-diamidino-2-
phenylindole (DAPI). Slices were mounted with
FluorSave (Merck Millipore, Burlington, MA,
USA). Images were collected with a Leica micro-
scope (DMi8) [16].

Western blot analysis

Whole-cell lysates were prepared as previously
described [15, 21, 22]. The protein samples
(20-30 pg) were analyzed by Western blot
as described previously [15, 21]. Antibodies
used according to the manufacturers’ manu-
als include anti-phosphorylated Stat3 (Tyr705,
#9131), total Stat3 (#4904), vimentin (#5741),
SMAD3 (#9523), SNAIL (#3895) and SLUG
(#9585), all from Cell Signaling and used at a
1:1000 dilution. Anti BActin (#sc-47778) and
GAPDH (#sc-25778) from Santa Cruz Biotech-
nology and used at a 1:200 dilution. Band
intensities were quantified by using NIH IMAGE
software (ImageJ 1.50i; NIH).

Gene expression analysis from public datasets

Microarray datasets, generated on the Aff-
ymetrix GPL570 platform containing ATCs
(GSE29265, GSE33630, GSE76039 and GSE-
65144) and normal thyroid tissue (GSE3467,
GSE3678, GSE6004, GSE29265, GSE33630,
GSE53157, GSE35570, GSE60542), were
downloaded from the National Center for
Biotechnology Information (NCBI) Gene Expre-
ssion Omnibus (GEO) database (http://www.
nibi.nih.gov/geo/) and processed in R version
3.6.3 (https://www.r-project.org/). Data were
normalized using the GeneChip Robust Mul-
tiarray Averaging method, and a matrix of 171
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normal tissues and 52 ATCs was generated.
Genes were annotated using hgul133plus2.db
package version 3.2.3 [16].

Statistical analysis

Analysis of intergroup differences was con-
ducted by one-way analysis of variance (ANO-
VA), followed by the Turkey’s test. Comparisons
between two groups were carried out using
unpaired Student’s t-test or non-parametric
Mann-Whitney U-test. Statistical analysis was
conducted using GraphPad Prism 8.0.1 soft-
ware (GraphPad Software, San Diego, CA,
USA). Values of P<0.05 were considered to be
statistically significant.

Results

Our previous studies have shown that para-
crine signals derived from ATC cells induce pro-
tumor M2-like polarization of human mono-
cytes [15]. It remains to identify which soluble
ATC cell-derived mediators are involved in the
macrophage activation phenotype. TGFB is
one of the main cytokine secreted by tumor
cells [18]. In addition, it has been previously
described that TGFB signaling induced a M2-
like macrophage polarization [19]. Since TGFB1
is the most relevant member of the family [18],
we examined the contribution of TGFB1 on
macrophage activation induced by ATC cell-
derived CM.

Firstly, we investigated the involvement of
TGFB1 on macrophage activation phenotype.
THP-1 cells were exposed to CM derived from
8505C cells and recombinant human TGFB1
protein, and the effects on cell morphology
were analyzed. Consistent with our previous
findings [15], THP-1 cells increased their adher-
ence and changed their morphology after
treatment with 8505C cell-derived CM for 18 h
(Figure 1A-1l), compared with THP-1 cell con-
trols (Figure 1A-l). Contrarily, in THP-1 cells
after treatment with 20 ng/ml TGFB1, the
extent of the morphological changes was
less pronounced (Figure 1A-1ll). We previously
reported the impact of ATC cell-derived soluble
factors in decreasing human monocytes prolif-
eration [15]. Thus, we examined the effect of
TGFB1 on human monocytes proliferation by
cell counting. We found that treatment with
12.5 ng/ml TGFB1 significantly reduced THP-1
cell number at 24 h and 48 h (Figure 1B), mim-
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icking the impact of 8505C cell-derived CM on
human monocytes proliferation (Figure 1B).
Next, we investigated whether TGFB1 influence
the expression of M2 macrophage markers. As
previously reported [15], THP-1 cells exposed
to 8505C cell-derived CM expressed high mes-
senger RNA (mRNA) levels of classic M2 macro-
phage markers, including C-C motif chemokine
ligand 13 (CCL13), Dectinl and CD163, com-
pared to THP-1 controls (Figure 1C). In line
with these observations, TGFB1 treatment
increased Dectinl and CD163 mRNA expres-
sion (Figure 1C). Flow cytometry assays furth-
er confirmed that Dectinl protein levels were
increased in monocytes incubated for 24 h
with 20 ng/ml TGFB1 (Figure 1D). Figure 1E
shows the quantitative data. In contrast to
what was observed after treatment with
8505C cell-derived CM [15], mRNA levels of
CCL13 were significantly decreased in TGFB1
treated human monocytes (Figure 1C). Our
observations were further confirmed through
dose response curves of TGFB1 by qPCR
assays. THP-1 cells were stimulated with a
range of concentrations of TGFB1 (1-15 ng/
mL) for 24 h (Figure S1A-C). Consistent with
our observations, we found that the use of dif-
ferent concentrations of TGFB1 also caused a
reduction in CCL13 mRNA levels (Figure S1A)
while inducing an increment in Dectinl and
CD163 mRNA levels (Figure S1B and SiC).
Altogether, our data are in agreement with pre-
vious observations [19], confirming that TGFB1
regulates the expression of macrophage mark-
ers in human monocytes. The presence of TGF[3
signaling in TAMs from ATC was further validat-
ed in 8505C xenograft tumors by immunofluo-
rescence assays. Similar to our previous find-
ings [16], we evidenced extensive macrophage
infiltration in xenografts using the F4/80 anti-
body (a marker of mouse macrophages). Addi-
tionally, here we showed that some macro-
phages were positive only for F4/80 or for
the TGFB signaling mediator, SMAD3, while
others showed co-expression of both (Figure
S1D, white arrows). Accordingly, western blot
revealed a significant increased abundance of
SMAD3 in THP-1 cells treated for 18 hand 24 h
with CM derived from 8505C cells, compared
with THP-1 cell controls [Figure S1E, compare
lane 1 (18 h) and lane 3 (24 h) (THP-1 control)
with lanes 2 (18 h) and 4 (24 h) (8505C cell-
derived CM)]. We next ascertained whether ATC
cells secreted TGFB1 into the media. In line
with our findings, we found that 8505C and
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Figure 1. The effect of transforming growth factor 1 (TGFB1) on the phenotype of THP-1 cells. (A-I-A-lll) Soluble
factors derived from anaplastic thyroid cancer (ATC) cells induced morphological changes in THP-1 cells. Monocytes
were treated for 18 hours (h) with 8505C-derived conditioned media (CM) and TGFB1 20 ng/ml. Representative
bright-field imaging of THP-1 cells control (A-l) or treated with 8505C-derived CM (A-ll) and TGFB1 20 ng/ml (A-lll). (B)
Proliferation of THP-1 cells incubated with 8505C-derived CM and TGFB1 12.5 ng/ml for 24 h and 48 h, estimated
by cell counting. (C) Quantitative reverse transcription polymerase chain reaction (RT-gPCR) assay to detect human
C-C motif chemokine ligand 13 (hCCL13), hDectinl and CD163 in THP-1 cells grown under normal conditions (con-
trol) and treated with 8505C-derived CM and TGFB1 20 ng/ml for 24 h. (D, E) Flow cytometry analysis showed sig-
nificant induction of hDectinl in THP-1 cells treated with 8505C-derived CM and TGFB1 20 ng/ml for 24 h compared
to THP-1 control (E). Representative histograms and quantification (D) are shown. (F) Concentrations of TGFB1 in
Dulbecco’s modified Eagle’s medium (DMEM) alone, DMEM FBS 5% (control) and in the CM of 8505C and C643
cells, determined by enzyme-linked immunosorbent assay (ELISA) as described in Methods and Materials. Data are
expressed as mean + SEM. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001.
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Figure 2. SNAIL and SLUG are up-regulated in THP-1 cell activation induced by cancer cell-secreted TGFB1. (A, B)
Immunoblot analysis of SNAIL in THP-1 cells grown under normal conditions (control) or exposed to CM derived from
8505C cells and TGFB1 20 ng/ml for 18 h and 24 h (A). The figure shows a representative Western blot of 4 inde-
pendent experiments. Quantification of relative expression of SNAIL protein in human monocytes after using BActin
as loading control (B). (C) Expression levels of SNAIL messenger RNA (mRNA) levels by RT-qPCR in control and THP-1
cells treated for 12 h and 24 h with 8505C-derived CM and TGFB1 20 ng/ml. (D, E) Immunoblot for SLUG from THP-1
cells treated with CM derived from 8505C cells and TGFB1 20 ng/ml for 18 h and 24 h. The same blot was stripped
and re-blotted using anti-BActin antibody. The figure shows a representative Western blot of 4 independent experi-
ments (D). Expression levels of SLUG mRNA levels by RT-qPCR in control and THP-1 cells treated for 18 h and 24
h with 8505C-derived CM and TGFB1 20 ng/ml. Data are expressed as mean + SEM. **P<0.005, ***P<0.0005,
**%%P<(0.0001. ns, not significant.

C643 cells secreted high amounts of TGFB1 Secreted TGFB1 regulates SNAIL expression in
(3251 pg/mL and 2752 pg/mL, respectively) human monocytes. THP-1 cells were treated for
into the media as compared with DMEM con- 18 h and 24 h with 8505C cell-derived CM or
taining 5% FBS and DMEM alone (1350 pg/mL TGFB1. Western blot revealed a significant
and 10 pg/mL, respectively), under the same increased abundance of SNAIL in THP-1 cells
experimental conditions (Figure 1F). treated for 18 h with CM derived from 8505C

cells and TGFB1 20 ng/ml, compared with
Previous studies reported that TGFB1 induces THP-1 cell controls [Figure 2A, compare lane
M2-like macrophage polarization through up- 1 (18 h) (THP-1 control) with lanes 2 (18 h)
regulation of the transcription factor SNAIL1 (8505C cell-derived CM) and 3 (18 h) (TGFR1
(SNAIL) [19]. Since we found that ATC cells 20 ng/ml)], with Figure 2B showing a quantita-
secrete plenty amounts of TGFB1 (Figure 1F), tive comparison of the band intensities from
we next investigated whether 8505C cell- Figure 2A. We further determined the expres-
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sion of SNAIL mRNA, and in agreement with
the changes in the protein levels, we observed
that the treatment of human monocytes for 18
h and 24 h with 8505C cell-derived CM and
TGFB1 20 ng/ml induced a significant increase
in the expression of SNAIL mRNA compared
with THP-1 cell controls (Figure 2C). Further-
more, we examined the expression of ano-
ther TGFP target gene, SNAIL2 (SLUG) [23].
Interestingly, by Western blot (Figure 2D) and
RT-gPCR (Figure 2E) assays we found a signifi-
cant increase in SLUG abundance in THP-1
cells treated with CM derived from 8505C
cells, as well as 20 ng/ml TGFB1, compared to
THP-1 cell controls. Since SNAIL and SLUG
belong to the transcriptional factors that drives
the epithelial-mesenchymal transition (EMT)
process, we determined whether TGFB1 impact
the expression of vimentin, another EMT mark-
er, in human monocytes. Contrary to the incre-
ment in vimentin levels observed in THP-1 cells
after treatment with CM derived from 8505C
cells [15] [Figure S2A, compare lanes 1 (24 h)
and 4 (48 h) (THP-1 control) with lanes 2 (24 h)
and 5 (48 h) (8505C cell-derived CM)], we did
not observe any changes in the expression lev-
els of this protein in THP-1 cells treated for 24 h
and 48 h with TGFB1 20 ng/ml [Figure S2A,
compare lanes 1 (24 h)and 4 (48 h) (THP-1 con-
trol) with lanes 3 (24 h) and 6 (48 h) (TGFB1 20
ng/ml)]. We previously reported an increase in
STAT3 phosphorylation in human monocytes
exposed to 8505C cell-derived CM [15]. There-
fore, we explore the possible participation of
TGFB1 in these effects. However, we did not
find any significant changes in phosphorylation
of STAT3 in THP-1 cells treated with 20 ng/ml
TGFB1 for 18 h and 24 h (Eigure S2B) as well
as stimulated with different concentrations of
TGFB1 (1-10 ng/mL) for 24 h (Figure S2C).

Next and to confirm the contribution of TGFB1
on the macrophage activation phenotype in-
duced by 8505C cell-derived CM, we used
TGFB receptor inhibitor (SB431542). THP-1
cells were pre-incubated with SB431542 or
vehicle [dimethyl sulfoxide (DMSO)] for 1 h
before stimulation with ATC cell-derived CM.
The expression of M2 macrophage markers
were determined by qPCR. Consistent with our
previous observations, the qPCR results con-
firmed the up-regulation of CCL13, Dectini,
and CD163 expression in THP-1 cells incubated
for 18 h and 24 h with 8505C cell-derived CM
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plus DMSO (Figure 3A-C). Interestingly, a com-
bination treatment of 8505C cell-derived CM
and SB4 31542 significantly reduced the mRNA
expression levels of Dectinl and CD163, in
THP-1 cells (Figure 3B, 3C). Instead, mRNA lev-
els of CCL13 were significantly increased in
SB431542 treated human monocytes for 18 h
and 24 h (Figure 3A). In addition, we observed
a significantly reduced in the mRNA expres-
sion levels of SNAIL (Figure 3D) and SLUG
(Figure 3E) in human monocytes incubated for
18 h and 24 h with 8505C cell-derived CM plus
SB431542 compared to THP-1 cell incubated
with 8505C cell-derived CM plus DMSO.
Collectively, our results support the idea that
TGFB in the ATC cell-derived CM is one of the
critical signals for M2-like polarization of THP-1
cells.

We next studied the clinical significance of our
findings by analyzing public datasets. We com-
pared the expression levels of the main TGFf
ligands, its receptors and the transcription fac-
tors SNAIL and SLUG between 171 normal thy-
roid tissues and 52 ATCs. As shown in Figure
4A, ATCs exhibited a significantly higher ex-
pression of TGFB1 and TGFB3 compared with
normal thyroids. Besides, ATC expressed high
levels of TGFBR1 and TGFBR2 but low levels of
TGFBR3 compared with normal thyroids (Figure
4B). Furthermore, ATC exhibited a significantly
higher expression of SLUG but lower expres-
sion of SNAIL compared with normal thyroids
(Figure 4C). Interestingly, the expression of
SNAIL (Figure 4D) and SLUG (Figure 4E) were
positive correlated with TGFB1, while CD68
(Figure 4F) and CD163 (Figure 4G), both mac-
rophage markers, were positive correlated with
SLUG expression.

Discussion

In previous studies we found that soluble fac-
tors secreted by ATC cells induce a tumor-pro-
moting M2-like phenotype in macrophages in
vitro. Consistent with these observations, a
large number of M2-like macrophages infiltrate
ATC-cell-induced xenograft tumors [15-17].
However, the key signals released by ATC cells
responsible for TAMs reprogramming remain
largely unidentified. In the present study, we
found that similarly to THP-1 cells treated with
ATC cell-derived CM, monocytes incubated with
TGFB1 showed a decrease in cell proliferation
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and an increase in the expression of classic
M2 markers including Dectinl and CD163.
Moreover, both 8505C cell-derived CM and
TGFB1 upregulated the expression of the tran-
scription factors SNAIL and SLUG during macro-
phage differentiation. In accordance, inhibitors
of the TGFP receptor partially inhibited macro-
phage polarization as well as mRNA expression
of SNAIL and SLUG induced by treatment with

3633

Relative hDectinl
mRNA Expression

Wl THP-1 control
B THP-1 (8505C CM+DMSO)
[0 THP-1 (8505C CM+5B431542)

e sk ke

20+

Aok ok ok *
—_—

Il THP-1 control

B2 THP-1 (8505C CM+DMSO)

[0 THP-1 (8505C CM+SB431542)
15

Relative SNAIL mRNA Expression

18h 24h

Figure 3. TGFB receptor inhibition affects 8505C-
derived CM induced macrophage polarization as
well as expression of SNAIL and SLUG. (A-C) THP-
1 cells pre-incubated with SB431542 (20 uM) or
dimethyl sulfoxide (DMSO) as control for 1 h, were
treated with 8505C-derived CM for 18 h and 24 h.
The expression of hCCL13 (A), hDectin1 (B) and
hCD163 (C) were analyzed by RT-gPCR. (D, E) RT-
qPCR of SNAIL (D) and SLUG (E) expression in THP-
1 cells pre-treated with SB431542 (20 uM) before
8505C-derived CM treatment for 18 h and 24 h.
Data are expressed as mean + SEM. *P<0.05,
**P<0.005, ***P<0.0005, **+**P<0.0001. ns,
not significant.

ATC cell-derived CM. Interestingly, high concen-
trations of TGFB1 in ATC cell-derived CM were
further confirmed by ELISA assays. Altogether
in the present study, we have identified TGFB1
as one of the key regulators of macrophage
polarization towards the M2-like phenotype, as
well as of the expression of the transcription
factors SNAIL and SLUG. Conversely, the IL-6/
STAT3 signaling pathway was not implicated in
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Figure 4. TGFBs, TGFP receptors (TGFBRs), SNAIL and SLUG in ATC. (A-C) Boxplots showing TGFB1-3 (A), TGFp re-
ceptors, TGFBR1-3 (B), SNAIL and SLUG (C) gene expression in normal thyroids (NT) and ATC samples derived from
Gene Expression Omnibus (GEO) datasets (GSE3467, GSE3678, GSE6004, GSE29265, GSE33630, GSE53157,
GSE35570, GSE60542, GSE29265, GSE33630, GSE76039 and GSE65144). Statistical significance by Mann Whit-
ney test; ****P<0.0001. ns, not significant. (D-G) Correlation between expression of TGFB1 and SNAIL (D) and
SLUG (E). Correlation between expression of SLUG and macrophages markers (CD68 and CD163).

the M2-like macrophage polarization induced
by TGFB1 secreted by anaplastic thyroid cancer
cells (Figure 5).

Our results were consistent with those of sev-
eral previous studies that reported the involve-
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ment of TGFB in the M2-like macrophage
polarization. Gong et al demonstrated that
knocking out TGFBRII in mouse macrophages
resulted in their inability to upregulate M2-like
polarized genes [24]. Furthermore, Zhang et al
showed that TGFp treated THP-1 macrophages
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Figure 5. Schematic model showing the contribution of ATC cell-secreted TGFB1 on macrophage activation. ATC
cells, among other soluble factors, produce and secrete high levels of TGFB1, which activates its signaling pathway
including up-regulation of SMAD2/SMAD3 transcription factors. Activation of the TGFB1 signaling pathway in turn
increases the expression of the transcription factors SNAIL and SLUG in THP-1 cells. The up-regulation of SNAIL and
SLUG would induce M2-like macrophage polarization of human monocytes triggered by TGFB1, thereby contributing
to the progression of thyroid cancer. The activation of macrophages induced by ATC cell-secreted TGFB1 would be
independent of the IL-6/STAT3 signaling pathway activation induced by ATC cell-derived CM. Created with BioRender.

increased the expression of markers of the
M2-like phenotype, while M1 markers were
downregulated [19]. A recent study demon-
strated that TGFB1 secreted by triple-negative
breast cancer cells induced M2-like polariza-
tion of human monocytes in vitro [25]. In anoth-
er work, it was described that bone-marrow-
derived macrophages transfected with TGFB1
siRNA suppressed M2-like macrophage polar-
ization but this trend was reversed after the
treatment with TGFB1 [26]. Collectively, these
results, along with those reported here, clearly
establish the role of TGFB in macrophage dif-
ferentiation towards an M2-like phenotype.

Our results demonstrated that after exposure
to TGFB1, THP-1 cells increased the mRNA
and protein levels of SNAIL and SLUG, detected
with gRT-PCR and Western Blot assays, respec-
tively. Accordingly, the inhibitor of TGFB1 recep-
tor resulted in decreased expression of both
proteins induced by ATC cell-derived CM. In
agreement with our findings, Zhang et al dem-
onstrated that TGFP promotes M2-like pheno-
type by increasing the expression of SNAIL
[19]. SNAIL (SNAIL1) and SLUG (SNAIL2) are
the main epithelial-to-mesenchymal transition
(EMT)-inducing transcription factors. However,
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they also have other cellular functions. In addi-
tion to the regulation of cell movements, they
also play an important role in cell proliferation
and immune regulation. The induction of SNAIL
and SLUG expression in ATC cell-derived TGF1
activated macrophages could suggest their
role as possible regulators of the M2-like phe-
notype. However, their contribution to TGFpB-
mediated macrophage activation remains to
be elucidated. Moreover, we do not exclude the
participation of other transcription factors to
these effects. The key regulators involved in
the activation of macrophages mediated by
TGFB-derived from ATC cells will be studied in
future research. On the other hand, EMT is a
hallmark of metastasis. EMT provides tumor
cells with great plasticity so that they acquire
mesenchymal characteristics, helping them in
the metastatic process and therefore in tumor
progression. Although we did not evidence an
increase in the expression of vimentin (another
marker of EMT), we do not rule out the possibil-
ity that the increased expression of SNAIL and
SLUG in macrophages activated by ATC cell-
derived TGFB1 could represent a marker of
those macrophages with a greater capacity for
migration and motility to the tumor in ATC.
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Future research are required to validate this
hypothesis.

Although TGFB1 is a key mediator, it is not the
only soluble factor that can explain macro-
phage polarization induced by ATC cell-derived
CM. In this sense and contrary to what was
observed after treatment with ATC cell-derived
CM, TGFB1 stimulation decreased CCL13 ex-
pression in THP-1 cells, which is also an M2-like
phenotype marker. Accordingly, TGFB blockade
caused increased expression of this chemo-
kine in human monocytes incubated with ATC
cell-derived CM. In line with our findings, it was
previously documented that TGFB downregu-
lated the expression of CCL13 mRNA in human
airway smooth muscle cells [27]. The reason
why ATC cell-derived TGFB1 negatively regu-
lates CCL13 expression in human monocytes
remains unknown. Given the dual functions of
inhibiting and promoting cancer of TGFB [28], it
is not surprising to observe this negative regu-
lation between this multifunctioning cytokine
and CCL13 in THP-1 cells, at least, at the time
points tested. We will need further studies to
explore the mechanisms as well as the mean-
ing of down-regulation of CCL13 expression by
TGFB41 in human monocytes in ATC.

We have previously found that ATC cell-derived
CM drives macrophage activation through mod-
ulation of STAT3 signaling pathway [15]. For
that reason, we explored potential regulation
of p-STAT3 in human monocytes by TGFB1.
Contrary to what happened with ATC cell-
derived CM, THP-1 cells treated with different
concentrations of TGFB1 did not show any
changes in the phosphorylation of pSTAT3
(Figure S2B). Therefore, in addition to TGFB1,
other ATC cell-derived paracrine signals must
be involved in macrophage polarization and
activation. In this regard, Mazzoni et al showed
that prostaglandin E2 (PGE2) produced by dif-
ferent thyroid tumor cells and senescent cells
was also capable of inducing M2-like macro-
phage polarization of primary monocytes [29].
It is unknown whether PGE2 is also playing a
role in THP-1 polarization induced by ATC cell-
derived CM. Future studies will be performed to
identify other local cues, in addition to TGFp1,
released by ATC cells that also participate in
macrophage differentiation.

In conclusion, our observations identified
TGFB1 secreted by ATC cells as a critical para-
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crine signal involved in the activation of macro-
phages. Thus, TGFB1 inhibition might repre-
sent a new therapeutic strategy for ATC by
modulating the phenotype and activity of
TAMs. This has specific relevance in ATC, in
which TAMs constitute more than 50% of tumor
mass, and for which no effective therapeutic
options are available.
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Table S1. Sequences of the primers used for polymerase chain reaction (PCR)

Forward Primer Reverse Primer

hCCL13 5’-AGCCAGATGCACTCAACGTC-3’ 5-TCTCCTTGCCCAGTTTGGTT-3’
hDectin1 5’-AACCACAGCTACCCAAGAAAAC-3’ 5’-GGGCACACTACACAGTTGGTC-3’
hCD163 5-TTTGTCAACTTGAGTCCCTTCAC-3’ 5’-TCCCGCTACACTTGTTTTCAC-3’
hSNAIL 5’-CCCCAATCGGAAGCCTAACT-3’ 5-GCTGGAAGGTAAACTCTGGATTAGA-3’
hSLUG 5’-TTCGGACCCACACATTACCT-3’ 5’-GCAGTGAGGGCAAGAAAAAG-3’
hBactin 5’-ACTCTTCCAGCCTTCCTTCC-3’ 5'-GTTGGCGTACAGGTCTTTGC-3’
h, human.
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Figure S1. (A-C) Human monocytes were treated with recombinant human transforming growth factor 1 (TGFB1)
1-15 ng/ml for 24 hours (h). Quantitative reverse transcription polymerase chain reaction (RT-gPCR) showed that
the messenger RNA (mRNA) expression of hCCL13 (A), hDectinl (B) and CD163 (C) (all markers for M2 macro-
phages) were changed compared to the control group. (D) 100x images of 5 um thick 8505C xenograft tumor sec-
tions immunostained with F4/80-Fluorescein Isothiocyanate (FITC) antibody (green) and SMAD3 antibody (red). Nu-
clei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). Merged image is showing co-expression (white
arrows). (E) Immunoblot for SMAD3 from THP-1 cells treated with conditioned media (CM) derived from 8505C cells
for 18 h and 24 h. Data are expressed as mean + SEM. *P<0.05, ***P<0.0005, ****P<0.0001.



TGFB1 activates macrophages in anaplastic thyroid cancer

A .1 2 3 456
- <«Vimentin
64 -
e ——————— <+ 3-Actin
36 -
 Control 8505C TGFR1 Control 8505C TGFR1 .CM
24h 48h
B C
gg. 1 2 3 4 5 6 s gyl 2 34 5
64- iU 64._ — <« P-STAT3
98- ; 98 -
— e — — - <« lOtal-STAT3 -— - « Total-STAT3
64- 64 -
36- TP +B-Actin 3 ————— <+ B-Actin
Control 8505C TGFR1 Control 8505¢ TGFR1  (C[V] Control 8505C _1 5 10
L 1L ] - TGFR1 (ng/ml) .
18h 24h 24h

Figure S2. (A-C) Immunoblot for Vimentin from THP-1 cells treated with CM derived from 8505C cells and TGF1 20
ng/ml for 24 h and 48 h. The same blot was stripped and re-blotted using anti-BActin antibody (A). Immunoblot for
p-STAT3 from THP-1 cells treated with CM derived from 8505C cells and TGFB1, for 18 h and 24 h. The same blot
was stripped and re-blotted using anti-Total STAT3 antibody (B, C).



