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Abstract: Anaplastic thyroid cancer (ATC) is a lethal endocrine malignancy. It has been shown that tumor-associated
macrophages (TAMs) contribute to the aggressiveness of ATC. However, stimulatory factors that could facilitate the
induction and infiltration of TAMs in the ATC tumor microenvironment (TME) are not fully elucidated. In this study, we
used a human leukemia monocytic cell line (THP-1) to study the differentiation of THP-1 into M2-like macrophages
(M2) by conditioned media (CM) derived from each of the three human ATC cells: 8505C, THJ-11T (14T), and
THJ-16T (16T). The capacity of CM to induce M2 was in the order of 16T>8505C>11T cells as determined by the
expression of M2 markers (CD163, CD204, and CCL13). Cytokine arrays and ELISA assays revealed five commonly
enriched cytokines (IL-6, IL-8, MCP-1, TIMP-1, and TGF-B1) in the CM derived from each of the three ATC cells. These
cytokines, individually, had weak activity, but together, they mimicked full CM activity in the induction of M2. Further,
they collaboratively activated STAT3, ERK, and PI3K-AKT signaling to facilitate the induction of M2 as found in CM.
Importantly, we found that the CM-induced M2 could secrete soluble growth factors to promote ATC cell proliferation
as evidenced by the increased Ki-67, cMYC, and cyclin D1 protein levels. Our studies identified the major stimulatory
cytokines which acted collaboratively to induce M2 in the TME. Importantly, the present studies indicate that when
using inhibitors to target TAMs, combination therapies would be required for effective treatment of ATC.
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Introduction

Thyroid cancer is the most prevalent endocrine
malignancy, with anaplastic thyroid cancer
(ATC) being the most aggressive. ATC patients
rarely survive beyond a year after diagnosis.
One contributing factor to the aggressiveness
of ATC could be the infiltrated tumor-associated
macrophages (TAMs), which account for more
than 50% of cell components in the tumor mi-
croenvironment (TME). TAMs have been report-
ed to alter processes such as angiogenesis,
tumor invasion, metastasis, and immunosup-
pression to promote aggressive tumorigenesis
[1-4]. Based on these observations, we hypoth-
esized that M2-like macrophages (M2) could be
an underlying reason for the aggressiveness of
ATC. However, how ATC tumor cells could induce
M2 in the TME remains to be elucidated.

In the present studies, we aimed to identify sol-
uble stimulatory factors secreted from ATC cells
which could promote the differentiation of
monocytes into M2. We used THP-1 cells, a
human leukemia cell line, as a model to study
the induction of M2 by the conditioned media
(CM) derived from each of the three human ATC
cells: 8505C, THJ-14T, or THJ-16 cells (desig-
nated as 11T and 16T hereafter, respectively).
These three human ATC cell lines have different
genetic lesions: 8505C cells have BRAFY600E
and TP53 mutations, 11T cells harbor a
KRASG12T mutation, and 16T cells have TP53,
RB, and PISKCA mutations [5]. We found that
CM from each of the three ATC cells induced
conversion of THP1 into M2, but the extent of
conversion differed. We also identified the five
major stimulatory cytokines (IL-6, IL-8, MCP-1,
TIMP-1, and TGF-B1) enriched in the ATC CM to
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induce M2. Importantly, we found that each of
these cytokines alone did not induce M2, but
acted collaboratively, promoting the differentia-
tion of THP-1 into M2. The combinatory actions
of these cytokines were through collective acti-
vation of the JAK/STAT, PI3K/AKT, and ERK
pathways. We also found that CM-induced M2
could release growth factors to reciprocally pro-
mote proliferation of ATC tumor cells, in a feed-
forward manner. The identification of multiple
cytokines acting collaboratively to induce M2
suggested that combinatory therapies would
be needed when considering targeting TAMs in
ATC.

Materials and methods
Cell lines

The THP-1 cell line (human monocytes) was
obtained from American Type Culture Collection
(ATCC) and cultured in RPMI1640 medium as
reported in [6]. Human ATC cell lines, 8505C,
14T, and 16T cells, were derived from human
anaplastic thyroid cancers. 8505C was grown
in DMEM, 11T and 16T were maintained in
RPMI1640 as described previously [7, 8]. Each
cell line was cultured in 5% CO, at 37°C in a
humidified incubator.

Conditioned media

The ATC cell line, 8505C, was seeded at a den-
sity of 1 x 10° cells in DMEM supplemented
with 10% fetal bovine serum (FBS) on 100 mm
tissue culture plates. Similarly, 11T and 16T
cells were seeded at 0.1 x 10° cells in RPMI-
1640 containing 10% FBS. After an incubation
period of 48 hours, the media was replaced
with other media containing 5% FBS. Following
an additional 48 hours, the conditioned media
(CM) was collected and clarified by centrifuga-
tion at 300 g for 5 minutes. The CM was then
utilized for treating THP-1 cells.

Induction of THP-1 to M2

THP-1 cells (1 x 10°) were cultured for 24 hours
in a 6-well plate with CM obtained from ATC cell
lines. As a control, THP-1 cells were cultured in
RPMI medium alone. Differentiation of THP-1
into M2 was assessed by the expression of M2
markers via mRNA and immunohistochemical
analyses. Induction of M2 was also tested by
treating THP-1 cells (1 x 108) with IL-6 (200 ng/
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ml), IL-8 (200 ng/ml), MCP-1 (10 ng/ml), TIMP-1
(100 ng/ml), and TGF-B1 (0.5 and 1.0 ng/ml).
These cytokines were administered either indi-
vidually or in combination, and their effects on
differentiation were analyzed by the expression
of M2 markers.

Real-time RT-PCR analysis

Total RNA extraction was performed using
TRIzol. ¢cDNA was generated using oligo dT
primers and GoScript™ Reverse Transcriptase
(Promega). PCR was performed using Quant-
Studio 3 (Applied Biosystems). The primers

used are listed in Supplementary Table 1.

Western blot analysis

Western blot was performed as described pre-
viously [9]. Cell lysates were prepared by using
cell extraction buffer, followed by centrifugation
at 12,000 rpm for 30 minutes to collect the
supernatant. After protein quantification, the
lysates were then heated at 95°C for 5 min-
utes. Equal amounts of protein were loaded on
Tris-glycine gels and transferred to 0.45 ym
nitrocellulose membranes. Membranes were
incubated with primary antibodies overnight at
4°C. After washing with TBS-T, the membranes
were incubated with secondary antibodies for 1
hour at room temperature. Following additional
washing with TBS-T, protein detection was per-
formed using the ECL system. Band intensities
were analysed by the Imagel) software (ImageJ
1.48v; Wayne Rasband, NIH). The antibodies
against p-JAK2 (Tyr1007/1008), JAK2, p-STAT3
(Tyr705), STAT3, p-ERK (Tyr202/204), ERK,
p-AKT (Ser473), AKT, p-mTOR (Ser2448), mTOR,
p-p70 S6K (Thr389), B-actin, CD163, cMYC,

Cyclin D1 were listed in Supplementary Table 2.
Immunohistochemical analysis

Cells were fixed in 10% neutral buffered forma-
lin and embedded in paraffin. Sections were
stained with hematoxylin and eosin. Immu-
nohistochemistry (IHC) was performed using
the previously described methods [10]. The
antibodies CD163, CD206, Ki-67 were listed in
Supplementary Table 2.

Preparation of green fluorescent protein (GFP)-
labeled ATC cells

The three ATC cells (8505C, 11T, and 16T) were
seeded at 2.5 x 10* per well in 6-well plate and
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were transduced with lentivirus, which encodes
the firefly luciferase (Luc2) cDNA fused with the
enhanced green fluorescent protein (eGFP)
cDNA, driven by FerH promoter (pFUGW-FerH-
ffLuc2-eGFP) [11]. After expansion, cells were
sorted to obtain cells enriched with GFP-
8505C, GFP-11T, and GFP-16T cells for confo-
cal imaging.

Live cell confocal imaging

The three ATC cell lines, 8505C-, 11T-, and 16T-
GFP were co-cultured for 48 hours with THP-1
cells, which had been cultured for 24 hours in
each respective CM. For control experiments,
pure THP-1 cells were co-cultured with ATC-GFP
cells. The number of GFP-positive cells was
counted to assess the impact of ATC-GFP on
cell growth. Extended field of view confocal
images were acquired using a Nikon SoRa spin-
ning disk microscope equipped with a 20% Apo
LWDAS (N.A. 0.95) water immersion objective
lens and Hamamatsu ORCA Fusion BT sCMOS
camera. The tiled image series, covering the
entire area of each well in a 4-well coverglass
chamber (lbidi cat#80427), were processed
using the stitching algorithm in the Nikon
Elements software (v. 5.4.1). GFP expressing
cells were segmented using a modified Cellpose
model [12] employed in an image analysis pipe-
line using Arivis Vision4D image analysis soft-
ware (v. 4.1.2). The total number of GFP posi-
tive cells per well was counted for each cell
type and treatment.

Analysis of expression of cytokines in thyroid
cancer cells using The Cancer Genome Atlas
database and GSE database

Gene expression of cytokines [IL-6, CXCLS8 (IL-
8), CCL2 (MCP-1), TIMP-1, and TGFB1] in ana-
plastic thyroid carcinomas (ATCs) was analyzed
using the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nim.nih.gov/geo/).
The dataset, GSE33630, included samples
from 45 normal thyroids (Normal), 49 papillary
thyroid carcinomas (PTC), and 11 anaplastic
thyroid carcinomas (ATC). The dataset, GSE-
65144, included samples from 13 normal thy-
roids (Normal) and 12 anaplastic thyroid carci-
nomas (ATC).

Statistical analysis

Statistical significance of differences between
groups was analyzed by ANOVA or a two-tailed
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Student’s t test. Statistical analysis was per-
formed using GraphPad Prism. Data are pre-
sented as the mean = SD. In all cases, p-values
< 0.05 were considered statistically signifi-
cant.

Results

Induction of differentiation of THP-1 cells into
M2-like macrophages (M2)

CM from each of three ATC cell lines, 8505C,
11T, and 16T, was used to investigate the dif-
ferentiation of THP-1 cells into M2 (Figure 1A).
The M2 induction was characterized by evaluat-
ing mRNA and protein abundance of several
M2 markers. The expression of M2 markers,
CD163, CD204, and CCL13, was detected after
culturing THP-1 in CM; but the capacity of CM
inducing M2 effect was in the ranking order of
16T>8505C>11T cells (compare bar 4 with
bars 2 and 3; Figure 1B).

We next analyzed the protein abundance of
these M2 markers by IHC. The H & E staining
are shown in Figure 1C-l-a, 1C-l-e, 1C-I-i and
1C-I-m for THP-1 cells cultured in regular media
or in CM derived from 8505C, 11T and 16T,
respectively. Compared with THP-1 cultured in
regular media (Figure 1C-I-c and 1C-I-d, 1C-1-b
as IgG controls), the protein abundance of
CD163 and CD206 cultured in CM derived from
8505C cells (Figure 1C-I-g and 1C-I-h, 1C-I-f as
IgG controls), 11T cells (Figure 1C-1-k and 1C-I-
I, 1C-I-j as 1gG controls), and 16T cells (Figure
1C-l-o0 and 1C-l-p, 1C-I-n as IgG controls) was
markedly elevated (Figure 1C-ll-a and 1C-lI-b).
These results indicated that the CM derived
from ATC cell lines was enriched with stimula-
tory factors that induced the differentiation of
THP-1 to M2.

Induction of THP-1 to M2 by combinatory cyto-
kines enriched in CM derived from ATC cells

To identify the stimulatory cytokines in the ATC
cells-derived CM that induced M2, we used a
cytokine antibody array containing 80 human
cytokines. Our analysis revealed strong signals
from IL-6, IL-8, MCP-1, and TIMP-1 in the CM
derived from 8505C cells (Figure 2A-a). In the
CM derived from 11T, we detected signals from
IL-8, TIMP-1, OPG, BDNF, MIP-1b, and GDNF
(Figure 2A-b). In the CM derived from 16T cells,
very strong signals of IL-6, IL-8, and TIMP-1
were detected (Figure 2A-c). Based on the find-

Am J Cancer Res 2024;14(12):5812-5825



Monocyte differentiation in ATC

A Exchange medi
nge media
Seed ATG oslls to 5% FBS media

Seed THP-1 cells l

Collect CM

with CM Analysis
o Wi Yl —
o =
Ba D163 b cD204 c ceL13
e Jede K %* *kk ok
* NS ek S
- 8- 40 =
§ 25 g é * 5 *kkk
@ 20+ 8 6- § 30+
: : :
o 15+= @
g % 4 é 20
& 104 s £
= £ 21 % 10
1 ] — ]
& _ & &
0= 0= 0= T
1 2 3 4 1 2 3 4 1 2 3 4
s g 3 s 3 3 s g 3 3
-] o O (2] ] o (2] O 3 ) (2] Q
s g9 = = e o = = s g = =
= = =
C-l
Control
8505CCM
11T CM
16T CM
C-lla
40 *kkk
g 30 € .
8 ‘Eu.
g .| o
.E I 20 é T
3 5 =
a 104 [
- -
0- 0-
1 2 3 4 1 2 3 4
o & a > o & = >
S 2 | - e o 4 4
g 8 o o g 6 2 @
g o = = g o = =
= =

5815 Am J Cancer Res 2024;14(12):5812-5825



Monocyte differentiation in ATC

Figure 1. CM derived from ATC cells induces differentiation of THP-1 cells into M2. A. Schematic representation of
the preparation of conditioned medium (CM) from ATC cells. THP-1 cells were treated with complete medium con-
taining 5% FBS or CM derived from ATC cells for 24 hours. B. RT-gPCR analysis demonstrated a significant increase
in the mRNA expression of M2 markers: CD163 (a), CD204 (b), and CCL13 (c) in THP-1 cells treated with CM for 24
hours compared to those treated with control medium. C. Immunohistochemical (IHC) analysis of THP-1 cells treat-
ed with CM for 24 hours. Representative IHC images show staining with Hematoxylin & Eosin (H&E), IgG, CD163,
and CD206 (C-l) (Magnification, bar scale =20 um). Quantitative analyses of cells positively stained for CD163 and
CD206 are presented (C-1l). Data represent the mean + SD (n=3). Significant differences are indicated by asterisks
(P<0.05[*], P<0.01[**], P<0.001 [***],and P < 0.0001 [****]). NS, not significant.
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Figure 2. Identification and activity of stimulatory cytokines enriched in CM derived from ATC cells. A. Cytokine array
profiling of CM from 8505C (a), 11T (b), and 16T (c). The cytokines detected above the background are indicated
by arrows. B. Determination of concentration of TGF-B1 in CM derived from 8505C, 11T, and 16T by ELISA assays.
Concentrations of TGF-B1 in 8505C, 11T, and 16T CM compared to normal culture medium (DMEM for 8505C CM;
RPMI for 11T and 16T CM). C. RT-qPCR analysis of M2 marker, CD136, after treatment of THP-1 cells by a combina-
tion of cytokines as marked (IL-6; 200 ng/ml, IL-8; 200 ng/ml, MCP-1; 10 ng/ml, TIMP-1; 100 ng/ml and TGF-B1;
0.5 or 1.0 ng/ml). Data represent the mean + SD (n=3). Significant differences are indicated by asterisks (P < 0.05
[*], P<0.01[**], P<0.001 [***], and P < 0.0001 [****]). NS, not significant.
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ings shown in Figure 2B and 2C, we hypothe-
sized that IL-6, IL-8, MCP-1, and TIMP-1 were
major common cytokines that acted to differen-
tiate THP-1 to M2.

Transforming growth factor-f1 (TGF-B1) is a
pleiotropic cytokine, known to promote the dif-
ferentiation of non-activating macrophages
into M2 [13]. We therefore ascertained whether
TGF-B1 was also present in the CM derived
from 8505C, 11T, and 16T cells by using ELISA
assays. Indeed, we found that TGF-B1 concen-
trations in 8505C CM were 1.6 times higher
than the regular media (Figure 2B, compare bar
2 with bar 1) and in CM derived from 11T and
16T cells, they were 1.3- and 1.6-fold higher,
respectively, than the regular media (Figure 2B,
compare bars 4 and 5, with bar 3). Figure 2B
shows that TGF-B1 concentrations were deter-
mined to be 0.5 ng/mL, 0.4 ng/mL, and 0.4 ng/
mL in CM derived from 8505C, 11T, and 16T
cells, respectively. Taken together, we have
identified five cytokines (IL-6, IL.-8, MCP-1, TIMP-
1, and TGF-B1) that could contribute to the dif-
ferentiation of THP-1 to M2.

We next tested each of these five cytokines for
their activity to induce the differentiation of
THP-1 into M2 by using M2 marker, CD163, as
a read-out. The expression of CD163 was very
low when THP-1 cells were treated with each of
the five cytokines individually (IL-6, IL-8, MCP-1,
TIMP-1, and TGF-B1) (Supplementary Figure 1).
However, when THP-1 cells were treated with a
combination of IL-6, IL-8, MCP-1, and TIMP-1
cytokines, a 4-fold induction was detected
(compare bar 2 with bar 1, Figure 2C). When
THP-1 cells were treated only with TGF-B1 at the
same concentration found in CM (0.5 ng/mL or
1 ng/mL), no significant induction was detected
(compare bars 3 and 4 with bar 1, Figure 2C).
However, when TGF-B1 (0.5 ng/ml or 1 ng/mL)
was combined with the IL-6, IL-8, MCP-1, and
TIMP-1 cytokines, an additional 2-fold induction
was found (bars 5 and 6, Figure 2C). It is impor-
tant to note that the fold of induction by com-
bining five cytokines was similar to that induced
by the CM derived from 8505C and 16T cells
(compare bars 5 and 6 with bars 7 and 9, Figure
2C). Interestingly, the combined treatment of
THP-1 cells with IL-6, IL-8, MCP-1, TIMP-1, and
TGF-B1 resulted in a higher expression of
CD163 than what was found in CM derived
from 14T cells (compare bars 5 and 6 with bar
8, Figure 2C). These data indicated that the
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combined cytokines of IL-6, IL-8, MCP-1, TIMP-
1, and TGF-B1 could account for most of the
induction activity found in CM derived from ATC
cells. Taken together, these data show that
these cytokines collaborate to facilitate the
induction of M2 from THP-1 cells.

Activation of membrane receptor signaling
pathways by the combined cytokines facilitates
M2 induction

Activation of JAK/STAT, MEK/ERT, and PI3K/
AKT has been reported to facilitate M2 polar-
ization [14-17]. We therefore assessed the
effects of the five cytokines on the activity of
STAT3, MEK/ERK, and PI3K/AKT pathways to
understand how these cytokines could collabo-
rate to induce M2 (Figure 3A). While TGF-f1
had virtually no effect on the JAK2/STAT3 activ-
ity (Figure 3B-l-a-d; and 3B-ll-a and 3B-lI-b),
the activity of JAK2/STAT3 was elevated by IL-6,
IL-8, MCP-1, and TIMP-1 (Figure 3B-I, lanes 2
and 3; and 3B-ll-a and 3B-II-b, bars 2 and 3).
While TGF-B1 weakly suppressed the ERK activ-
ity, it was elevated by IL-6, IL.-8, MCP-1, and
TIMP-1 (Figure 3B-I, lanes 2 and 3; and 3B-ll-c,
bars 2 and 3). IL-6, IL-8, MCP-1 and TIMP-1 had
no apparent effects, whereas TGF-B1 activated
PIBK/AKT/mTOR/p70 S6 signaling (Figure 3B-I;
3B-ll-d-f, bars 4 and 5). These data supported
the notion that the combinatory effects of
these cytokines could collaborate to activate
the JAK2/STAT3, ERK and PI3K/AKT, signaling
to facilitate the induction of M2.

We next evaluated the effects of CM derived
from 8505C, 11T, and 16T cells on the activity
of JAK2/STAT3, ERK, and PI3K/AKT pathways.
We first showed that the major M2 marker,
CD163, was expressed at the protein level
when THP-1 cells were treated with CM from
the three ATC cells (Figure 3C-l-a; and 3C-ll-a,
bars 2, 3, and 4). Consistent with the findings
from the effects of cytokines shown above, we
found that the JAK2/STAT3 activity was
increased by CM as evidenced by the elevated
phosphorylated JAK2/STAT3 (Figure 3C-I-b-¢;
and 3C-llI-b and 3C-ll-c). The ERK activity was
also elevated by CM derived from the three ATC
cells (Figure 3C-I-f and 3C-I-g; and 3C-IlI-d). The
activity of PISBK/AKT/mTOR/p70 S6 (Figure
3C-I-h-m and 3C-ll-e-g) was also increased by
CM. All findings were normalized using B-actin
as the control (Figure 3C-I-n). Therefore, the
CM derived from 8505C, 11T, and 16T could
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Figure 3. Activation of STAT3, ERK, and PI3K/AKT activity by combinatory actions of cytokines. A. Schematic diagram
of signaling pathways activated by interaction of IL-6, IL-8, MCP-1, TIMP-1, and TGF-B1 with the membrane recep-
tors. B. Representative Western blot analysis (B-I) and its quantitative analysis (B-Il) show the effect of cytokines
on the activity of the JAK2/STAT3 pathway and AKT/mTOR/p70 S6 pathway mediated by key effectors. THP-1 cells
were treated with cytokines as shown (IL-6; 200 ng/ml, IL-8; 200 ng/ml, MCP-1; 10 ng/ml, TIMP-1; 100 ng/ml and
TGF-B1; 0.5 or 1.0 ng/ml). C. Representative western blot analysis (C-I) and its quantitative analysis (C-ll) showing
the effect of CM derived from ATC 8505C, 11T, and 16T on the key effectors in the JAK2/STAT3, ERK, and PI3K/AKT/
mTOR pathways. Data represent the mean + SD (n=3). Significant differences are indicated by asterisks (P < 0.05
[*], P<0.01 [**], P < 0.001 [***], and P < 0.0001 [****]). NS, not significant.
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act to stimulate the JAK2/STAT3, ERK, and
PIBK/AKT/mTOR/p70 S6 pathways similarly as
by the five cytokines. These findings further
supported that the combined five cytokines
could facilitate the induction of M2.

Cross-interaction of M2-induced by CM with
the ATC tumor cells

It is known that infiltrated TAMs can secrete
growth factors to further drive the proliferation
of tumor cells [18, 19]. We ascertained whether
CM derived from ATC cells could lead to
increased proliferation of cells by assessing
Ki-67 levels by immune-staining. Compared
with THP-1 cultured in the control media (Figure
4A-l-a), increased cell numbers were positive
for Ki-67 when cultured in CM derived from
8505C (Figure 4A-I-b), 11T (Figure 4A-I-c) and
16T cells (Figure 4A-I-d). Quantitative analysis
showed that cells positively stained with Ki-67
were increased by 21% more (Figure 4A-Il).
Furthermore, we found that the protein abun-
dance of key proliferator markers, cMYC (Figure
4B-l-a, 4B-ll-a, 4B-I-c as B-actin controls) and
cyclin D1 (Figure 4B-I-b, 4B-II-b), was elevated,
indicating the stimulation of cell proliferation by
CM derived from ATC.

To provide direct evidence that CM-induced M2
could potentially secrete factors to reciprocally
stimulate proliferation of ATC tumor cells, we
prepared green fluorescent protein (GFP)-
labeled 8505C, 11T, and 16T cells. We then
treated THP-1 cells with CM derived from
8505C, 11T, and 16T cells (Figure 4C-I-b) or
with control regular media (Figure 4C-l-a), fol-
lowed by co-culturing with GFP-labeled ATC
cells and imaged by confocal imaging (Figure
4C-Il). We found that the number of GFP-8505C
co-cultured with THP-1 in CM (Figure 4C-ll-a)
was higher than in regular media (Figure
4C-ll-c). While there were no apparent changes
in the number of GFP-11T cells co-cultured with
THP-1 in CM (Figure 4C-ll-e) or in regular media
(Figure 4C-Il-g), GFP-16T was clearly higher in
CM (Figure 4C-ll-i) than co-culturing with THP-1
in regular media (Figure 4C-lI-k). The increased
cell numbers could be better visualized by the
represented images shown in the insets (com-
pare Figure 4C-ll-b with 4C-ll-d, 4C-ll-j with
4C-Il-i). Quantitative analysis of the cell num-
bers indicated 1.3- and 1.9-fold increase of
GFP-8505C and GFP-16T cells (Figure 4C-lll-a
and 4C-lll-c, respectively), co-culturing in CM
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than in regular media. It is of interest to note
that proliferation of GFP-11T cells was not
affected (Figure 4C-lll-b). It is possible that the
number of induced M2 cells by CM derived
from 11T was not as high as those from 8505C
and 16T cells. Nonetheless the data from
8505C and 16T cells supported the notion that
CM-induced M2 could potentially secrete fac-
tors to reciprocally stimulate proliferation of
ATC tumor cells, thereby further driving tumor
cell progression.

Clinical relevance of cytokines identified in CM
derived from human ATC

Our detailed molecular analysis has shown that
the combined IL-6, IL-8, MCP-1, TIMP-1, and
TGF-B1 facilitated the induction of M2 from
THP-1 cells. An important question to be
addressed is whether these cytokines play
a critical role in the induction and infiltration
of TAMs to TME that further propels human
ATC progression. We therefore ascertained the
clinical relevance of these five cytokines using
a public human ATC database. Analysis of
GSE33630 showed that the mRNA expression
of IL-6, IL.-8, MCP-1, TIMP-1, and TGF-B1 was
significantly increased in ATC than in normal
subjects and papillary thyroid cancer (PTC)
(Figure 5A-l-a-e). We further analyzed another
dataset, GSE65144, which showed that except
for IL-6 and MCP-1 (Figure 5A-1l-a and 5A-Il-c,
respectively), the mRNA expression of [L-8,
TIMP-1 and TGF-B1 was significantly higher in
ATC patients than the normal subjects (Figure
5A-1l-b, 5A-II-d and 5A-ll-e, respectively). This
close association suggested that these cyto-
kines could contribute to the induction of TAMs
and further exacerbate ATC progression.

Discussion

The impact of TME on thyroid cancer progres-
sion has been documented [20, 21]. The extent
of TAMs correlates with extrathyroidal exten-
sion and capsular invasion in DTC poorly [22].
Furthermore, human ATC was reported to have
the greatest infiltration of TAMs in the TME,
leading to poor survival rates [23].

These observations suggested that there are
stimulatory cytokines secreted by ATC cells
which could favor the infiltration and/or induc-
tion of M2. In this study, using THP-1 cells as
a model, we identified common stimulatory
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Monocyte differentiation in ATC

A-l

8505C CM

Con trol
D ""i"\l‘.qm‘ N C

fsr’
ru.

11TCM

PR T

M
a-', Q'{‘

16T CM

Ki-67 positive cell rate (%)

B-I a cnve [ - s B-ll a ouve b Cyelin 1
**  kdkkk
b Cyclin D1 — — = 33 ok P
NS :
¢ B-actin —— — — = 43 56 H 8  Rkkx
kDa ] § 6
1 2 3 a4 é‘ g
§ & 3 3 g
i 8 g ¢ s £
: 3 3
x 0 x o0
1 2 3 4 1 2 3 4
C'I A Regular media A GF:;::‘::‘:::‘;IZQHI
a TP ES < Control > =5 @
v 24he v 48hr
Co-culture with ¢ Confocal Imagi"g
A cM A GFP-labeled ATC cells
;4 [——3 .' [———3
b v 24hr v 48hr @
C-ll GFP-8505C GFP-8505C GFP-11T GFP-11T GFP-16T GFP-16T
Media: CM Regular CM Regular CM Regular
C-lll a GFP-8505C b GFP-11T Cc GFP-16T
NS
5 * .. 20000 . *
£ 3 T 3
2 1500 E 5
= = z z
§ 1000 8 8
2 2 $
s 2 Z 4000 T
8 500 8 s000 g
Q
Py N o 2000
w w w
I [0 0 ) 0
& S & » & S
Media: Q@q"\ © Q,,o?\ © Q&‘f\ ©

Figure 4. Cross-interaction of M2-induced by CM with ATC tumor cells. A. CM derived from 8505C, 11T, and 16T

stimulated cell proliferation as shown by inc

reased Ki-67 positively stained cells (A-l, representative micrographs

of IHC; A-ll, quantitation of Ki-67 positively stained cells) (magnification, bar scale =20 um). B. Increased expres-
sion of cMYC and cyclin D1 in the protein levels in THP-1 cells treated by CM derived from ATC 8505C (lane 2), 11T
(lane 3), and 16T cells (lane 4). Representative western blot analysis (B-l) and its quantitative analysis (B-l). C.

Activated proliferation of GFP-ATC cells by th

e secreted growth factors from CM-induced M2. (C-I) Representative

experimental scheme in the treatment of THP-1 cells cultured in control regular media (a), in CM media (b), followed
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by co-culturing with GFP-labeled ATC cells. (C-ll) Representative confocal images of green fluorescent cells were
captured. Comparison of green fluorescent cells co-cultured in CM media (a, e and i) or in regular control media (c,
g and k). Scale bar represents 2 mm in (a, ¢, e, g, i and k). (b, d, f, h, jand |) are zoomed insets from the respective
images (a, ¢, e, g and i) (scale bar represents 200 um in the inset images). (C-1ll) Quantitation of the cell numbers
of GFP-8505C (a), GFP-141T (b), and GFP-16T cells (c). Data represent the mean + SD (n=3). Significant differences
are indicated by asterisks (P < 0.05 [*], P< 0.01 [**], P < 0.001 [***], and P < 0.0001 [****]). NS, not significant.

cytokines in the CM derived from the three ATC
cell lines (Figure 2A and 2B). Treatment of
THP-1 with four cytokines (IL-6, IL-8, MCP-1,
and TIMP-1) or singly with TGF-B1 only partially
induced the expression of M2 marker CD163
(@ read-out for M2 induction) (Figure 2C and
Supplementary Figure 1) as compared with ATC
cells derived-CM. Our results were consistent
with those of previous studies that reported the
participation of TGF-B1 in M2-like macrophage
polarization. For instance, Zhang et al demon-
strated that THP-1 cells treated with TGF- were
polarized into an M2-like phenotype [13].
Similarly, in a recent study, we showed that, like
THP-1 cells treated with ATC cells derived-CM,
monocytes incubated with TGF-B1 also exhibit-
ed a significant increase in the expression of
classic M2 markers, including CD163 and De-
ctin-1. Moreover, inhibitors of the TGF-[3 recep-
tor partially inhibited macrophage polarization
induced by treatment with CM derived from
8505C [24]. Remarkably, when THP-1 cells
were treated with the combination of five cyto-
kines (IL-6, IL-8, MCP-1, TIMP-1, and TGF-31),
the extent of induction of M2 mimicked the full
capacity of CM (see Figure 2C). Our results sug-
gested that induction of M2 necessitated the
collaboration of the activity of multiple cyto-
kines. However, at present, we cannot exclude
the contributions of other minor activators/
cytokines present in the ATC-derived CM that
could also participate in the induction of M2.
Identification of other minor contributors would
need to await further studies.

We elucidated how the five cytokines could col-
laborate to induce M2 by analyzing their effects
on JAK/STAT, MEK/ERK, and PI3K/AKT path-
ways. The activation of these pathways has
been shown to be involved in promoting
M2 induction by five cytokines. IL-6 signaling is
mediated by membrane-bound IL-6-specific
receptor subunit (IL-6R)/signal-transducing
gp130 receptor subunit, leading to the phos-
phorylation of the immediate effector, JAK/
STAT, and downstream signaling (see Figure
3A). The activation of IL-6/JAK/STAT regulates
cell proliferation, angiogenesis, and M2 polar-
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ization [25, 26]. Interestingly, we have previ-
ously found that ATC cells secreted IL-6 [27]. In
addition, the incubation of human monocytes
with ATC-cell-derived CM promoted the increase
in the expression and secretion of IL-6 in these
cells via the induction of STAT3 phosphoryla-
tion [6]. IL-6/JAK/STAT can also be involved in
cross-signaling with MEK/ERK and PI3K/AKT
pathways. The biological effects of IL-8 (CXCL8)
are mediated by binding to its two membrane G
protein-coupled receptors, CXCR1 and CXCR2.
IL-8/receptor complexes activate AKT, MAPK,
and PKC downstream signaling to affect
immune functions, promoting growth and dif-
ferentiation of monocytes-macrophages, pro-
liferation, and angiogenesis [28]. Tissue inhibi-
tor of metalloproteinases-1 (TIMP-1) is a natu-
rally occurring inhibitor of metalloproteinases
(MMPs) [29]. In addition, TIMP-1 acts as a sig-
naling molecule with cytokine-like activities
through PI3BK/AKT and receptor-tyrosine kina-
se/RAS/RAS/MAPK signaling pathways [30]
which are involved in M2 polarization [31]. The
monocyte chemoattractant protein-1 (MCP-1/
CCL2) is a member of the C-C chemokine fami-
ly, and a potent chemotactic factor for mono-
cytes [32]. MCP-1 acts in the recruitment of
peripheral monocytes to inflammatory sites
and tumors, and to promote M2 polarization of
macrophages in vitro [33]. The biological activ-
ity of MCP-1 is mediated by the MCP-1/C-C
motif chemokine receptor 2 (CCR2) axis, lead-
ing to the activation of PI3BK/AKT, c-Raf/MEK/
ERK, and MAPK pathways [34]. The signhaling
pathways of TGF-B1 contributes to the basic
cellular processes through its interplay with
JAK/STAT, MEK/ERK, and PI3K/AKT pathways
[35]. The above reports suggested that analy-
sis of the effects of five cytokines on the activ-
ity of JAK/STAT, MEK/ERK, and PI3K/AKT path-
ways could help us understand how these cyto-
kines could collaborate for the induction of M2
in ATC. Indeed, we found that TGF-B1 acted to
suppress ERK signaling, but greatly activated
PIBK/AKT signaling, though TGF-B1 had no
effects on the STAT3 activity. In agreement with
these findings, we did not observe any signifi-
cant changes in the phosphorylation of STAT3
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Figure 5. The mRNA expression of IL-6, IL-8, MCP-1, TIMP-1, and TGF-B1 is elevated in human ATC as compared with normal subjects and/or papillary thyroid can-
cer (PTC). Analysis using the Gene Expression Omnibus (GEO) database. (A-l) Data from GSE33630. Comparison of IL-6, CXCL8, CCL2, TIMP-1, and TGF-31 mRNA
expression among normal subjects (n=45), PTC (n=49), and ATC (n=11). (A-ll) Data from GSE65144. Comparison of IL.-6, CXCL8, CCL2, TIMP-1, and TGF-31 mRNA
expression among normal subjects (n=13) and ATC (n=12). Data represent the mean * SD. Significant differences are indicated by asterisks (P < 0.05 [*], P < 0.01

[**], P<0.001 [***], and P < 0.0001 [****]). NS, not significant.
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in THP-1 cells treated with 20 ng/ml TGF-B1
[24]. The other four cytokines (IL-6, IL-8, MCP-1,
and TIMP-1), though lacking the capacity to
stimulate PIBK/AKT activity, exhibited stimula-
tory effect on the JAK/STAT3 and ERK signal-
ing. These findings indicate that the five cyto-
kines together can compensate for the insuffi-
cient capacity of a single cytokine in one path-
way, leading to complete activity mediated by
these signaling pathways, that are collectively
needed for M2 induction. This conclusion is
supported by the analysis of the effects of ATC-
derived CM on the STAT3, ERK, and PISK/AKT
activity, in which the CM concurrently activated
these three pathways (Figure 3C). However, at
present, we cannot rule out the contributions of
additional signaling pathways in the induction
of THP-1 differentiation into M2-like macro-
phages by ATC cells. For instance, it has been
demonstrated that the Notch signaling path-
way, among others, also influences macro-
phage activation [36]. Whether this and other
signaling pathways are involved in macrophage
polarization and activation by ATC-derived CM
will be investigated in future studies.

Recent studies have shown that TAMs could
secrete growth factors to reciprocally promote
tumor growth [37]. M2-induced by CM derived
from ATC cells were reported to promote thyroid
cancer cell migration and to decrease T cell
proliferation [6]. In view of the findings that
TAMs constitutes up to 50% of the TME in
human ATC tumors [22], we therefore explored
whether M2 induced from 8585C-, 11T- and
16T-CM could secrete stimulatory factors to
drive tumor cell proliferation. Indeed, this stim-
ulatory effect was shown by confocal imaging
of GFP-labeled 8505C, 11T, and 16T cells
(Figure 4C). The growth promoting effects were
more prominent in 8505C and 16T cells. For
14T cells, we did not observe the reciprocal
growth promoting effect. It is possible that the
CM-induction of M2 for 11T was not as robust
as for 8505C and 16T cells (Figure 1B), thereby
resulting in fewer 11T CM-induced M2 to pro-
vide adequate growth factors to go above the
detection sensitivity in our assays. The differ-
ential effects in the induction of M2 by CM
derived from the three ATC cells could be due to
the different genetic lesions in these three ATC
cells lines. Regardless, our data have shown
that tumor cells release stimulatory cytokines
to induce M2, which in turn, reciprocally pro-
duces growth factors to drive proliferation of
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tumor cells. The clinical relevance of our find-
ings was demonstrated by the results that ele-
vated mRNA expression of the five cytokines
was closely associated with aggressive human
ATC. Furthermore, using a TCGA database, we
also found that a high mRNA expression of IL-6,
MCP-1, IL-8 and TGF-B1 was associated with
decreased survival of PTC patients (Supple-
mentary Figure 2). Taken together, the cyto-
kines that we have identified could play an
important role in M2 induction in the TME to
drive ATC tumor cell growth.

Intensive efforts have been put forward to pur-
sue immunotherapy for thyroid cancer, espe-
cially for ATC for which treatment options are
very limited. TAMs is the major cell component
of TME, which is known to play critical roles in
ATC tumor genesis, progression, and metasta-
sis. Thus, TAMs has been considered a poten-
tial therapeutic target. The present studies
showed that induction of M2 required collabo-
ration of multiple cytokines, suggesting that
targeting TAMs by using monotherapy of inhibi-
tors may not be effective to mitigate TAMs
activity. Furthermore, the differential outcome
of induction of M2 by CM from three ATC cell
lines suggests that the genetic lesions will
modulate the capacity of induction and infiltra-
tion of TAMs in the TME. Thus, targeting the
TME in ATC could be a promising opportunity as
well as a challenge for investigators in the com-
ing years.
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Supplementary Table 1. A list of antibodies in this study

Monocyte differentiation in ATC

Reagent

Source

Identifier

Dilusion

Mouse anti CD163
Mouse anti B-actin

Santa Cruz Biotechnology, Dallas, TX, USA
Santa Cruz Biotechnology

Cat#sc-20066  1:250

Cat#sc-47778 1:10000

Rabbit anti STAT3 Cell Signaling Technology, Danvers, MA, USA Cat#4904S  1:2000
Rabbit anti Phospho-STAT3 Cell Signaling Technology Cat#9145S  1:2000
Rabbit anti ERK Cell Signaling Technology Cat#9102S  1:1000
Rabbit anti Phospho-ERK Cell Signaling Technology Cat#9101S  1:1000
Rabbit anti AKT Cell Signaling Technology Cat#9272S  1:1000
Rabbit anti Phospho-AKT Cell Signaling Technology Cat#9271S  1:1000
Rabbit anti mTOR Cell Signaling Technology Cat#2972S 1:1000
Rabbit anti Phospho-mTOR Cell Signaling Technology Cat#2971S 1:1000
Rabbit anti p70 S6 Cell Signaling Technology Cat#9202S  1:1000
Rabbit anti Phospho-p70 S6 Cell Signaling Technology Cat#9205S  1:1000
Rabbit anti cMYC Abcam, Cambridge Biomedical Campus, Cambridge, UK Cat#ab32072 1:2000

Rabbit anti Cyclin D1 Abcam Cat#ab16663 1:2000

Supplementary Table 2. Primer sequences used in this study

Gene name Forward sequence Reverse sequence
CD163 GAGACAGCGGCTTGCAGTT TAGACACAGAAATTAGTTCAGCAGC
CD204 AGTGCTGCTTTCTTTAGGACGA AGCTGTCATTGAGCGAGCAT
CCL13 GATCTCCTTGCAGAGGCTGAAG TCTGGACCCACTTCTCCTTTGG
IL-10 AAGAAGGCATGCACAGCTCA TGCAGCTGTTCTCAGACTGG
VEGFA TAAGTCCTGGAGCGTTCCCT ACGCGAGTCTGTGTTTTTGC
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
CD163

g 40 NS

B NS i

% 30 NS

R

£ 3. IL-8 + TIMP-1

5 10 = 4, IL-6 + IL-8 + TIMP-1

% - o 5. IL-6 + IL-8 + MCP-1 + TIMP-1

2 ol = . == . : . - 6. IL6+IL-8 + MCP-1 + TIMP-1 + TGF-B1

1 2 3 4 5 6 7 7. IL-6 + IL-8 + MCP-1 + TGF-B1

Supplementary Figure 1. RT-PCR result shows the effect for CD163 expression by combined cytokine treatment
(IL-6; 200 ng/ml, IL-8; 200 ng/ml, MCP-1; 10 ng/ml, TIMP-1; 100 ng/ml and TGF-B1; 20 ng/ml). Data represent the
mean + SD (n=3). Significant differences are indicated by asterisks (P < 0.05 [*], P < 0.01 [**], P < 0.001 [**¥*],
and P < 0.0001 [****]). NS, not signifcant.
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Supplementary Figure 2. Kaplan-Meier survival curves from TCGA, depicting the survival of papillary thyroid cancer
patients according to the expression levels of cytokine-associated genes. A-E. Kaplan-Meier survival curves from
TCGA-THCA datasets. A. IL-6; B. MCP-1; C. IL-8; D. TGF-B1; E. TIMP-1. NS, not significant.



