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Abstract
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Background: M2-polarized tumor-associated macrophages (M2-TAMs) have been shown to correlate with the pro-
gression of various cancers, including intrahepatic cholangiocarcinoma (ICC). However, the interactions and mecha-
nism between M2 macrophages and ICC are not completely clear. We aimed to clarify whether M2 macrophages

Methods: Two progressive murine models of ICC were used to evaluate the alterations in different macrophage
populations and phenotypes. Furthermore, we assessed M2 macrophage infiltration in 48 human ICC and 15 normal
liver samples. The protumor functions and the underlying molecular mechanisms of M2 macrophages in ICC were

Results: We found that the number of M2 macrophages was significantly higher in ICC tissues than in normal bile
ducts in the two murine models. M2 macrophage infiltration was highly increased in peritumoral compared with
intratumoral regions and normal liver (p <0.01). ICC cells induced macrophages to differentiate into the M2-TAM
phenotype, and coculture with these M2 macrophages promoted ICC cell proliferation, invasion and epithelial-mes-
enchymal transition (EMT) in vitro. Mechanistically, M2-TAM-derived IL-10 promoted the malignant properties of

ICC cells through STAT3 signaling. Furthermore, blockade of IL.-10/STAT3 signaling partly rescued the effects of M2

Conclusion: Our results indicated that M2-polarized macrophages induced by ICC promote tumor growth and inva-
siveness through IL-10/STAT3-induced EMT and might be a potential therapeutic target for ICC.
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Background

Intrahepatic cholangiocarcinoma (ICC) is an epithe-
lial cell malignancy and the second most common pri-
mary liver cancer, constituting approximately 10-15% of
all primary liver malignancies [1, 2]. The incidence and
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mortality rates of ICC have been rising in recent years,
and the highly malignant and invasive characteristics
result in a poor prognosis of ICC patients, with a 5 year
survival rate of only 20-40% after surgery [3, 4].

Chronic inflammation and injury of bile duct cells
are known ICC-promoting conditions [5]. During can-
cer-related chronic inflammation, leukocytes, such as
macrophages, dendritic cells, mast cells and T cells,
are recruited to the tumor microenvironment to play
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a role in oncogenesis [6]. Among them, tumor-asso-
ciated macrophages (TAMs) are the most frequently
encountered stromal cells in the tumor microenviron-
ment and are alternatively activated [7, 8], promoting
cancer proliferation, epithelial-mesenchymal transi-
tion (EMT), invasion and metastasis [9, 10], which
play an important role in modulating tumor growth
and progression [11, 12]. Moreover, cancer cells can
activate macrophages and consequently induce tumor
malignancy. This suggests a positive feedback between
tumor cells and TAMs to promote malignancy [13].

As is reported, tumor-derived factors induce the dif-
ferentiation of macrophages into the M2 phenotype,
and M2-TAM-conditioned medium can mediate ICC
cell migration with increasing N-cadherin expression,
but only in vitro. The biological function and regula-
tory mechanism of M2 macrophages in ICC remain
elusive, and there is no evidence to illustrate their role
in ICC in vivo [14, 15].

In this study, to further understand the interactions
that take place between ICC cells and M2 macrophages
and how they contribute to the malignancy of ICC
in vitro and in vivo, we first generated two progres-
sive murine models of ICC, a thioacetamide rat model
and diethylnitrosamine-left median bile duct ligation
(LMBDL) mouse model, to evaluate the alteration of
different macrophage populations and phenotypes
during ICC progression [16, 17]. We then induced
M2 macrophage polarization in vitro from monocyte
THP-1 cells and cocultured them with ICC cells to
investigate whether M2 macrophages could promote
ICC cell proliferation, invasion and migration.

Materials and methods

Patient samples

Human liver tissues, which included tumorous tissues
(intratumor) and corresponding paracarcinoma tis-
sues (peritumor), were collected from 48 patients who
underwent radical resection for ICC at the Affiliated
Tumor Hospital of Zhengzhou University in 2018. In
addition, 15 normal liver tissue samples were obtained
from hemangioma during the same period.

Cell culture

Human ICC cell lines (HuCCT1, Huh28) and THP-1
cells were obtained from American Type Culture
Collection (ATCC) and were cultured in RPMI-1640
medium (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco) at 37 °C with a humidified
atmosphere of 5% CO,.
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M2 polarized macrophage induction

To obtain M2-polarized macrophages, we induced
THP-1 monocytes in vitro [18]. THP-1 cells were cul-
tured in RPMI-1640 supplemented with 200 nM phor-
bol myristate acetate (PMA, Peprotech, USA) for 6 h to
produce MO macrophages, and then 20 ng/ml recom-
binant interleukin 4 (IL-4, Peprotech) and recombinant
interleukin 13 (IL-13, Peprotech) were added for an
additional 18 h to induce M2-polarized macrophages.

Animal studies

All rats and mice were purchased from Guangdong
Medical Laboratory Animal Center. The animal experi-
mental protocol was reviewed and approved by the
Institutional Animal Ethical Committee, Experimental
Animal Center of Southern Medical University, and
followed the Guide for the Care and Use of Laboratory
Animals by the US National Institutes of Health.

The thioacetamide model of ICC

The thioacetamide (TAA) rat model of cholangiocar-
cinoma was established as reported [16]. TAA (Sigma,
USA) was given in drinking water at a standard dose of
0.03% for male Sprague—Dawley (SD) rats (350+20 g).
Foci of cholangiocyte proliferation could be observed
at the 9th week, and dysplasia could be detected at the
12th week. Whitish and visible ICC tumors could be
observed at the 16th week after administration. All ani-
mals developed multiple different sized invasive tumors
at 24 weeks.

The DEN-left median bile duct ligation model of ICC

The construction of this model was performed as
reported [17]. To achieve tumor development in mice,
we subjected 7 week-old male BALB/c mice to two
separate weekly intraperitoneal injections of 100 mg/
kg diethylnitrosamine (DEN, Sigma). After 2 weeks,
left median bile duct ligation was performed in all
experimental mice. After a week, DEN (25 mg/kg) was
administered by oral gavage once a week, and the total
duration of the experiment lasted 28 weeks, with ICC
formation.

Subcutaneous xenograft experiments

Huh28 cells (2 x 10°) were cocultured with 1 x 10® M2
macrophages (THP-1-induced) or monocytes (THP-1)
as a control, and then the cell mixtures were subcu-
taneously injected into the flanks of 5 week-old male
BALB/c nude mice (n=8/group). Tumor size was
measured by Vernier calipers, and the tumor volume
was calculated as length x (width)? x 0.5. Mice were
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sacrificed at day 15 after injection, and tumors were
excised, weighed, and processed for analysis.

Cell proliferation assay

The cell proliferation ability was determined using the
Cell Counting Kit-8 (CCKS, Dojindo, Japan). Briefly, 3000
cells were seeded into 96-well plates (Corning, USA).
At the indicated times, each well medium was replaced
with an equal volume of fresh medium containing 10%
CCK-8 reagent. After cells were incubated at 37 °C for
2.5 h, absorbance was measured using an Enzyme-linked
immunosorbent instrument (Thermo-Fisher, USA) at
450 nm. Recombinant human interleukin 10 (rhIL-10,
R&D Systems, USA) and its neutralizing antibody (Anti-
IL-10, Abcam, UK) were used in this study.

Macrophage and ICC cell coculture

ICC cell and THP-1/M2 macrophage coculture was con-
ducted using 0.4-um diameter transwell chambers (Corn-
ing, USA). A total of 1 x 10° M2 macrophages polarized
from THP-1 cells were seeded in the upper chamber,
and then inserts containing THP-1 or M2 macrophages
were placed into 6-well cell culture plates seeded with
HuCCT1 or Huh28 cells (1x10° cells per well) in
advance and incubated for up to 72 h. Coculture systems
were treated with rhIL-10 or its neutralizing antibody or
the STATS3 inhibitor, S31-201 (Selleck Chemicals, USA).
Cells in the upper and lower chambers were collected
and used for qRT-PCR or Western blotting to detect
changes in M2-related gene expression in macrophages
and STATS3 or its phosphorylation and epithelial-mesen-
chymal transition (EMT)-related genes in ICC cells.

Invasion and migration assays

Transwell chambers 8.0 pm in diameter (Corning, USA)
were used to evaluate cell invasion and migration. For
the invasion assay, the upper chamber was coated with
60 pl of a mixture of Matrigel (BD Biosciences, USA) and
RPMI-1640 without serum (1:8) and allowed to solidify
at 37 °C for 2 h. Then, 1.0 x 10% cells were seeded into the
upper chamber, and the bottom chamber was filled with
500 pl of RPMI-1640 supplemented with 10% FBS. After
incubation at 37 °C for 36 h, cotton swabs were used to
remove the Matrigel and the cells remaining in the upper
chamber. For the migration assay, 1.0 x 10* cells were
seeded into the upper chamber with serum-free RPMI-
1640. After incubation at 37 °C for 12 h, cotton swabs
were used to remove the cells remaining in the upper
chamber. The cells were counted and imaged under a
light microscope. Each experiment was performed in
triplicate.
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Immunohistochemistry (IHC) and immunofluorescence (IF)
Immunostaining was performed to determine the
expression levels of F4/80, iNOS, CD163/CD206, Ki-67,
E-cadherin, vimentin, p-STAT3 and IL-10 antibodies as
reported. IHC staining and scoring were performed as
described previously [19]. A biotinylated secondary anti-
body and diaminobenzidine (DAB) kit (Dako, Denmark)
were used according to the manufacturer’s protocol.
The density of positive IHC staining was measured with
a computerized imaging system (Toupcam, China). The
density was quantified by Image] software.

After coculture with THP-1-derived macrophages,
ICC cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.1% Triton X-100. Next, these cells were
incubated with primary antibodies overnight at 4 °C,
followed by incubation with fluorescein-labeled second-
ary antibody (1:1,000; Santa Cruz Biotechnology, USA)
at room temperature for 1 h. After the final washes with
phosphate-buffered saline, the samples were stained with
DAPI and examined using a laser confocal microscope
(Zeiss, Germany).

The primary antibodies used for IHC and IF are listed
in Additional file 1: Table S1.

ELISA assay

IL-10 levels were quantified in the supernatants of ICC
cell (HuCCT1 and Huh28), monocyte and THP-1-de-
rived M2 macrophage monocultures and ICC cell/THP-1
and ICC cell/M2 macrophage cocultures using an IL-10
Human ELISA kit from MEIMIAN (China). All proce-
dures were performed according to the manufacturer’s
instructions.

Real-time quantitative PCR (qRT-PCR)

Total RNA was extracted from cell lines using TRIzol
Reagent (Invitrogen, USA) and used to synthesize com-
plementary DNA (cDNA) with a reverse transcriptase
kit (Takara Bio Inc, Dalian, China) in accordance with
the manufacturer’s instructions. Subsequently, qRT-PCR
analysis was performed using SYBR® Green I Master Mix
(Roche, Switzerland) on the LightCycler®480 platform.
Primers used for the amplification of human genes are
shown in Additional file 2: Table S2.

Western blotting

Western blotting was performed as described previ-
ously [19]. Briefly, protein was extracted from cells using
RIPA lysis buffer with protease/phosphatase inhibitor
(Thermo-Fisher), separated by a NuPAGE Novex 4-12%
Bis—Tris Gel (Invitrogen, USA) and then transferred to
PVDF membranes. The PVDF membranes were blocked
with 5% nonfat milk for 1.5 h at room temperature and
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Fig. 1 The number of M2 macrophage was increased in two murine models of ICC spontaneous induction. a Schematic of the experimental design
of the thioacetamide rat model of ICC and representative images of rat liver stained with H&E and CK19. b The left panel shows representative
images of F4/80, iNOS and CD163 immunohistochemistry staining of rat bile duct disease and normal tissues, and the right panel shows the
analysis of IHC staining between ICC (n = 16) and normal tissues (n=5). ¢ Schematic of the experimental design of the DEN-left median bile

duct ligation (LMBDL) model of ICC. The left panel shows a diagram of the LMBDL position, and the right panel shows representative images of
mouse liver stained with H&E and CK19. d Immunofluorescence staining for monocytes/macrophages (F4/80), M1 macrophages (iNOS), and M2
macrophages (CD163) in mouse ICC and normal liver tissues (n = 3/group). The red/green signal represents individual marker staining, and the blue
signal represents DAPI-stained nuclei. The data are presented as the mean £ SD; **p <0.01, **p <0.001. Bar=1 mm

then incubated with the corresponding primary anti-
bodies overnight at 4 °C. Subsequently, the PVDF mem-
branes were washed with TBST and incubated with the
secondary antibodies. The corresponding band was
revealed using enhanced chemiluminescence reagents
(Pierce, Rockford, IL). The primary antibodies used for
Western blotting are listed in Additional file 1: Table S1.

Statistical analysis

All statistical analyses were performed with GraphPad
Prism 7.00 software (San Diego, CA, USA). Quantitative
data were analyzed by Student’s ¢ test. At least three sam-
ples were tested in each assay. All data are represented as
the means 4+ SD, and a p value <0.05 was considered sta-
tistically significant.

Results

The number of M2 macrophage was increased in two
murine models of ICC spontaneous induction

To evaluate the expression of macrophages and its phe-
notypes, we successfully generated two murine spon-
taneous induction models of ICC (which develop as a
consequence of biliary hyperplasia and atypical hyper-
plasia), including a thioacetamide rat model and dieth-
ylnitrosamine (DEN)-LMBDL mouse model (Fig. 1a, c).
Three antibodies, targeting monocytes/macrophages
(F4/80), M1 macrophages (iNOS), and M2 macrophages
(CD163), were used to identify distinct subpopulations by
immunofluorescence and immunohistochemistry. In the
rat spontaneous induction model of ICC, we found that
M2 macrophages were more abundantly present, while
M1 macrophages were decreased in the stroma of ICC
samples compared to normal tissues (p <0.01). Further-
more, we did not observe an increase in M2 macrophages
during bile duct hyperplasia and dysplasia (Fig. 1b). We
also found a similar change in the BALB/c ICC mouse
model, in which M2 macrophages were increased in
the stroma of ICC samples compared to normal tissues
(Fig. 1d).

M2 macrophage infiltration is increased in human ICC
tissues

It has been reported that M1 macrophages have lit-
tle effect on cancer cells [20]. In our study, we found
that M1 macrophages were also decreased in the two
murine ICC models. Thus, we focused more on M2 mac-
rophages. We assessed the number of M2 macrophages
in intratumoral and peritumoral tissue regions of 48 ICC
samples and 15 normal liver tissue samples by immuno-
histochemistry. The results showed that both CD163 and
CD206 were expressed at a higher level in the peritu-
moral region than in the intratumoral region and normal
liver tissues (p<0.01), which indicated that the number
of M2 macrophage was elevated in the tumor peripheral
area (Fig. 2a, b). It has been previously reported that M2
macrophages promote proliferation and invasiveness in
various cancers, and we next investigated the role of M2
macrophage infiltration in the malignant properties of
ICC.

ICC cells induced M2 macrophage polarization

To demonstrate the interactions that take place between
ICC cells and M2-polarized tumor-associated mac-
rophages, we induced M2 macrophage polarization
from monocytic THP-1 cells in vitro according to previ-
ously published methods [18]. M2 macrophages became
adherent and exhibited pseudopod formation, in con-
trast to the suspended state of THP-1 cells (Fig. 3a). We
found that the expression of the M2 macrophage mark-
ers CD206, CD163 and Argl was significantly increased
compared to that in undifferentiated THP-1 cells, while
there was a decrease in the mRNA expression of the M1
markers iNOS and IL-6 (Fig. 3a). THP-1 cells were pre-
treated with PMA at 200 nM for 24 h to obtain M0 mac-
rophages. Then, they were cocultured with ICC cells for
48 h, and we observed that the number of cells extending
pseudopods and the expression of CD206 and Argl were
significantly increased compared to those in control cul-
tures (Fig. 3b—d). Thus, ICC cells can induce tumor-asso-
ciated macrophage differentiation into the M2 phenotype
after PMA treatment.
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Fig. 2 M2 macrophage infiltration is increased in human ICC tissues. a Analysis of CD163 4+and CD206 4+ M2 macrophages infiltrating ICC and
normal liver tissues. b Immunohistochemical staining of CD163 and CD206 (M2 macrophage markers) in normal liver and ICC tissues. The upper
and lower panels represent images of tissues stained with anti-CD163 and anti-CD206 antibodies, respectively. The data are presented as the
mean £ SD; **p<0.01, **p<0.001.Bar=1 mm

M2 macrophages promote tumor growth and invasiveness
To investigate whether M2 macrophages could promote
ICC cell proliferation, invasion and migration, we added
the supernatant from M2 macrophages to ICC cells, or
macrophages were cocultured with ICC cells in transwell
chambers (Fig. 4a). We found that supernatant from M2
macrophages induced HuCCT1 and Huh28 cell prolifera-
tion in vitro (p<0.001, Fig. 4b). The migration and inva-
sion capacities of both HuCCT1 and Huh28 cells were
significantly enhanced after coculture with M2 mac-
rophages (p <0.05, Fig. 4¢).

Next, we investigated whether M2 macrophages could
sustainably facilitate ICC growth in vivo (n=8/group).
Huh28 cells were cocultured with M2 macrophages or
THP-1 cells and then subcutaneously co-injected into
nude mice (Fig. 4d). As expected, Huh28 cells cocultured
with M2 macrophages and implanted in nude mice gen-
erated larger tumors, and the tumor weight was greater
than that of the negative control group (p <0.001, Fig. 4e,
f). Furthermore, we assessed Ki-67 expression in mouse
xenografts by immunohistochemistry and found more
positive cells in xenografts from the experimental group
than in the control group (p<0.01, Fig. 4g), suggest-
ing that M2 macrophages significantly facilitate ICC
tumor growth in vivo. In addition, the expression of

EMT markers were significantly changed in the subcu-
taneously co-transplantation tumor (Fig. 4h). We found
that vimentin expression was significantly upregulated,
while E-cadherin expression was downregulated in the
co-transplantation tumor tissues (p<0.001, Fig. 4h). It
has been well reported that EMT enhanced the invasion
capacity of tumor cells [21]. These results were consist-
ent with the in vitro data and suggested that the co-trans-
plantation with M2 macrophages increased invasion
capacity of ICC cells.

IL-10 is responsible for the pro-proliferative and invasive
effects of M2 macrophages on ICC

M2 macrophages are known to secrete various kinds
of cytokines to mediate their oncogenic effects [22,
23], which accounts for the previously described M2
macrophages abundantly present in the tumor periph-
eral area and their protumorigenic activities in ICC.
Therefore, we assessed the expression of six secreted
cytokines in M2 macrophages after coculture with
HuCCT1 and Huh28 cell. Among the cytokines tested,
IL-10 was highly expressed (p <0.01, Fig. 5a). Interleu-
kin-10 (IL-10) is one of the cytokines released by M2
macrophages and has been subsequently found to play
multiple roles in cancer development. ELISA confirmed
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a significant increase in IL-10 in M2/HuCCT1 or
Huh28 coculture supernatants (553.5 pg/ml, 494.8 pg/
ml) compared to HuCCT1 (150.9 pg/ml), Huh28
(297.07 pg/ml), THP-1/HuCCT1 or Huh28 (286.7 pg/
ml, 330.63 pg/ml), THP-1 (142.9 pg/ml) and M2 mac-
rophage (281.9 pg/ml) supernatants (Fig. 5b), indicating
that IL-10 was involved in the ICC induction effects.
Subsequently, we further confirmed that M2 mac-
rophages (CD163 +) were enriched in human ICC tis-
sues and secreted IL-10 to exert their tumor-promoting
effects (Fig. 5¢). We found more IL-10-positive cells
in subcutaneous xenografts from the Huh28/M2 mac-
rophage co-injected group than in the control group
(Fig. 5d).

Based on these observations, we added recombinant
human IL-10 and its neutralizing antibody (IL-10 Ab)
into the M2/ICC cell coculture system to determine
whether IL-10 is associated with the proliferation and
invasiveness of ICC cells. We found that IL-10 signifi-
cantly promoted ICC cell proliferation, invasion and
migration. Similarly, the IL-10 Ab partially blocked
M2 macrophage-induced proliferation, invasion and
migration of ICC cells (Fig. 5e—h).

These data indicated that IL-10 secreted from M2
macrophages plays a promoting role in the effects on
proliferation and invasiveness in ICC.
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M2 macrophage-mediated enhancement of ICC
malignancy through the STAT3 signaling pathway

It has been reported that M2 macrophages can pro-
mote EMT in tumors [24, 25], a process that underlies
metastasis in various cancers [13, 18]. Therefore, we
investigated whether coculture of ICC cells with M2
macrophages affected the expression of EMT markers
in ICC cells. After 3 days of coculture with M2 mac-
rophages, the morphology of ICC cells, which were
originally round-shaped, changed to fusiform- or spin-
dle-shaped morphology. This process is highly consist-
ent with EMT (Fig. 6a). The results of qRT-PCR and
Western blotting showed that the expression of the

epithelial phenotype marker E-cadherin was decreased,
while that of the mesenchymal markers vimentin and
N-cadherin were increased in ICC cells cocultured with
M2 macrophages compared with the control (Fig. 6b,
¢). The immunofluorescence results in ICC cells con-
firmed these changes (Fig. 6a). In addition, we found
that the expression of EMT-inducing transcription fac-
tors in ICC cells, such as Snail, Slug, Twist and ZEBI,
was significantly elevated after coculture with M2 mac-
rophages, as demonstrated by qRT-PCR (Fig. 6b). These
results indicated that M2 macrophages may promote
the migration and invasion of ICC cells through EMT.
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Signal transducer and activator of transcription 3
(STAT3) signaling has been considered a key inducer of
ICC tumorigenesis [26], and IL-10 can activate STAT3
signaling in tumors. To investigate whether IL-10 pro-
motes EMT in ICC cells by activating STAT3, we
attempted to evaluate the activation status of the STAT3
signaling pathway, one of the most commonly involved

pathways in the EMT process [27, 28]. We found that
ICC cells cocultured with M2 macrophages significantly
enhanced STAT3 phosphorylation, and the p-STAT3
levels were increased when rhIL-10 was added to the
coculture system (Fig. 7a, b). Furthermore, IL-10 Ab
in the coculture system partly reduced p-STAT3 lev-
els (Fig. 7b). The STAT3 inhibitor S3I-201 was used to



Yuan et al. Cancer Cell Int (2020) 20:586

further substantiate the finding that ICC cells cocultured
with M2 macrophages induce EMT by activating STAT3
signaling. We found that the expression of p-STAT3 and
EMT markers in ICC cells cocultured with M2 mac-
rophages were partly reversed by S31-201 (Fig. 7c, d).

These results indicated that IL-10 secreted by M2 mac-
rophages may promote the migration, invasion and EMT
of ICC cells through the STAT3 signaling pathway.

Discussion

ICC is a highly malignant type of adenocarcinoma that
originates from the epithelium of the bile duct [29]. Cur-
rently, surgical resection is the only effective but unsat-
isfactory treatment for ICC, and the risk of recurrence
of ICC is still high, with a 5 year survival rate of only
20-40% after surgery [30, 31]. Therefore, an important
research direction is to explore the tumorigenic mecha-
nisms and find effective molecular targets for ICC.

Tumor-associated macrophages are key orchestrators
of the tumor microenvironment and play an important
role in modulating tumor development and progres-
sion [8, 12]. Specifically, macrophages can be differ-
entiated into two subtypes: M1 macrophages and M2
macrophages. M1 macrophages are able to kill tumor
cells, while M2 macrophages act as “protumoral mac-
rophages” and promote the initiation and metastasis of
tumor cells and subsequent tumor progression [20, 32,
33]. Although it has been reported that M2 macrophages
may promote EMT partially by increasing the secretion
of cytokines and activating the AKT3/PRAS40 signaling
pathway in ICC in vitro [34], the molecular mechanisms
of ICC malignancy are not completely clear, and with the
lack of clinical evidence, very little is known regarding
their role in ICC in vivo. Our study revealed the interac-
tions between ICC cells and M2 macrophages and how
they contribute to the growth and invasiveness of ICC
in vitro and in vivo. We first explored the role of M2 mac-
rophages in ICC murine models and human samples and
found that majority of macrophages located in the peri-
tumoral regions exhibited the M2 phenotype, and the
number was significantly higher than that in normal liver
tissue.

Most functions of macrophages are achieved
through the secretion of signaling inducers or regu-
latory cytokines [22, 23]. M2 macrophages promote
tumor malignant characteristics directly or indirectly
through the paracrine activation of various cytokines
and chemokines [35]. IL-6 has been confirmed to acti-
vate STAT3 pathway. In present study, we assessed the
expression of several secreted cytokines in M2 mac-
rophages after co-culture with HuCCT1 or Huh28
cells. We found the upregulated level of IL-6, IL-8,
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IL-10, IL-13 and TGF-B, and IL-10 was the most
significant increased cytokines. IL-10 is an impor-
tant inflammatory cytokine and has been shown to
play a regulatory role in immune and inflammatory
responses [36—38]. Moreover, IL-10 was reported
to play important role in cancer development and to
strongly induce the phosphorylation of STAT3 in can-
cer cells [39]. Collectively, we focused the role of IL-10
in the crosstalk between M2 macrophages and intra-
hepatic cholangiocarcinoma cells. In this study, we
validated that IL-10 could promote ICC malignancy by
promoting EMT.

We successfully induced M2 macrophages from
THP-1 cells in vitro and confirmed subtype-related
marker expression (CD206, CD163 and Arg-1) by qRT-
PCR. To simulate the tumor microenvironment while
preventing direct contact between cells, we used a tran-
swell coculture system of M2 macrophages and ICC
cells. After coculture, we found that the morphology
of ICC cells (both HuCCT1 and Huh28) were changed
along with the aberrant expression of EMT markers.
In addition, IL-10 levels in cell coculture supernatants
were significantly increased compared with those in
untreated THP-1 cells. It has been reported that IL-10
can regulate proliferation, invasiveness, and EMT by
activating STAT3 signaling in other malignant tumors.

Therefore, to determine whether IL-10 secreted by
M2 macrophages promotes the progression and devel-
opment of ICC by activating STAT3, we added recom-
binant human IL-10, IL-10 neutralizing antibody or a
STAT3 inhibitor to the M2/ICC cell coculture system
in vitro. We found that IL-10 significantly promoted
ICC cell proliferation, invasiveness and EMT by acti-
vating STAT3, and these effects exerted by M2 mac-
rophages could be partly eliminated after blocking
IL-10/STAT3. We used a subcutaneous co-transplan-
tation tumor model in nude mice to visually observe
the tumor growth effect of M2 macrophages in vivo.
ICC cells co-cultured with M2 macrophages or THP-1
cells and then together used to build the in vivo inva-
sive assay, such as the peritoneal metastasis or long-
distance lung metastasis, seem not very suitable and
not enough to verify the capacity of M2-macrophages
induced by intrahepatic cholangiocarcinoma in pro-
moting tumor invasion [40]. Therefore, we verify the
changes in the expression of EMT markers in subcuta-
neously co-transplantation tumor mouse model. E-cad-
herin was decreased while vimentin and IL-10 were
simultaneously increased in the experimental group,
as demonstrated by immunohistochemistry, suggest-
ing that M2-TAMs modulate malignant properties via
IL-10/STAT3 in ICC cells and could block the effect of
the signaling molecule-specific repressor.
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Conclusion

In conclusion, monocytes are recruited to the peri-
tumoral region in ICC and are polarized towards
M2-TAMs. IL-10 secreted by M2-TAMs promotes malig-
nant characteristics and EMT in ICC through STAT3
signaling. Blockade of IL-10/STATS3 signaling partly res-
cued the protumor effects of M2 macrophages on ICC.
Therefore, it might be a novel therapeutic strategy for
ICC patients (Fig. 7e).

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512935-020-01687-w.

Additional file 1: Table S1. List of antibodies used in this study.

Additional file 2: Table S2. Real-time polymerase chain reaction primers.

Abbreviations

ICC: Intrahepatic cholangiocarcinoma; M2-TAMs: M2-polarized tumor-associ-
ated macrophages; EMT: Epithelial-mesenchymal transition; DEN: DiethyIni-
trosamine; LMBDL: Left median bile duct ligation; CCK-8: Cell counting kit-8;
FBS: Fetal bovine serum; IHC: Immunohistochemistry; gRT-PCR: Real-Time
Quantitative PCR; STAT3: Signal transducer and activator of transcription 3.

Acknowledgements
Not applicable.

Authors’ contributions

HY, CQ and JH contributed to the conception and design of the study. YJL
participated in the samples selection and provided the samples. HY, ZLL, YCJ,
KL and MXT performed the experiments. HY and CQ contributed to the data
analysis and interpretation. HY drafted the manuscript. NY contributed to the
revised work. CQ and JH revised the manuscript critically editing. All authors
read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(81672320 and 81871987 to Jian Hong; 81802423 to Chen Qu), Science and
Technology Program of Guangzhou, China (201704020128 to Jian Hong),
Yangcheng Scholar Program (1201561579 to Jian Hong).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Ethics approval and consent to participate

The present study was approved by the Institutional Review Board of the
South Medical University, and written informed consent was obtained from
all patients. The animal experimental protocol was reviewed and approved
by the Institutional Animal Ethical Committee, Experimental Animal Center of
Southern Medical University, and followed the Guide for the Care and Use of
Laboratory Animals by the US National Institutes of Health.

Consent for publication
Not Applicable.

Competing interests
The authors declare that they have no competing interest.

Author details

! Department of Pathophysiology, School of Medicine, Jinan University,
Guangzhou 510630, Guangdong, China. ? Department of Gastroenterology,
Huizhou Municipal Central Hospital, Huizhou 516001, Guangdong, China.

3 Cancer Center, Integrated Hospital of Traditional Chinese Medicine, Southern
Medical University, Guangzhou 510315, Guangdong, China.  Department

Page 13 of 14

of General Surgery, Affiliated Tumor Hospital of Zhengzhou University,
Zhengzhou 450008, Henan, China. > College of Pharmacy, Jinan University,
Guangzhou 510632, Guangdong, China. ® Department of Oncology, The Sec-
ond Affiliated Hospital of Guangzhou Medical University, Guangzhou 510260,
Guangdong, China.

Received: 10 March 2020 Accepted: 27 November 2020
Published online: 07 December 2020

References

1. Razumilava N, Gores GJ. Cholangiocarcinoma. Lancet.
2014;383(9935):2168-79.

2. Saha SK, Zhu AX, Fuchs CS, Brooks GA. Forty-year trends in cholangiocar-
cinoma incidence in the U.S.: intrahepatic disease on the rise. Oncologist.
2016;21(5):594-9.

3. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin.
2018;68(1):7-30.

4. Zhang H,Yang T, Wu M, Shen F. Intrahepatic cholangiocarcinoma: Epide-
miology, risk factors, diagnosis and surgical management. Cancer Lett.
2016;379(2):198-205.

5. Liau JY, Tsai JH, Yuan RH, Chang CN, Lee HJ, Jeng YM. Morphological
subclassification of intrahepatic cholangiocarcinoma: etiological, clinico-
pathological, and molecular features. Mod Pathol. 2014,27(8):1163-73.

6. ZhouZ, PengY,Wu X, Meng S, YuW, Zhao J, Zhang H, Wang J, Li W.
CCL18 secreted from M2 macrophages promotes migration and inva-
sion via the PI3K/Akt pathway in gallbladder cancer. Cell Oncol (Dordr).
2019;42(1):81-92.

7. Nagarsheth N, Wicha MS, Zou W. Chemokines in the cancer microenvi-
ronment and their relevance in cancer immunotherapy. Nat Rev Immu-
nol. 2017;17(9):559-72.

8. Ngambenjawong C, Gustafson HH, Pun SH. Progress in tumor-associ-
ated macrophage (TAM)-targeted therapeutics. Adv Drug Deliv Rev.
2017;114:206-21.

9. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression
and metastasis. Nat Med. 2013;19(11):1423-37.

10. Rolny C, Mazzone M, Tugues S, Laoui D, Johansson |, Coulon C, Squadrito
ML, Segura |, Li X, Knevels E, et al. HRG inhibits tumor growth and metas-
tasis by inducing macrophage polarization and vessel normalization
through downregulation of PIGF. Cancer Cell. 2011;19(1):31-44.

11. Condeelis J, Pollard JW. Macrophages: obligate partners for tumor cell
migration, invasion, and metastasis. Cell. 2006;124(2):263-6.

12. Ruffell B, Coussens LM. Macrophages and therapeutic resistance in
cancer. Cancer Cell. 2015;27(4):462-72.

13. SuS, Liu Q, Chen J, Chen J, Chen F, He C, Huang D, Wu W, Lin L, Huang W,
et al. A positive feedback loop between mesenchymal-like cancer cells
and macrophages is essential to breast cancer metastasis. Cancer Cell.
2014;25(5):605-20.

14. Hasita H, Komohara Y, Okabe H, Masuda T, Ohnishi K, Lei XF, Beppu
T, Baba H, Takeya M. Significance of alternatively activated mac-
rophages in patients with intrahepatic cholangiocarcinoma. Cancer Sci.
2010;101(8):1913-9.

15. Thanee M, Loilome W, Techasen A, Namwat N, Boonmars T, Pairojkul C,
Yongvanit P. Quantitative changes in tumor-associated M2 macrophages
characterize cholangiocarcinoma and their association with metastasis.
Asian Pac J Cancer Prev. 2015;16(7):3043-50.

16. Yeh CN, Maitra A, Lee KF, Jan YY, Chen MF. Thioacetamide-induced intes-
tinal-type cholangiocarcinoma in rat: an animal model recapitulating the
multi-stage progression of human cholangiocarcinoma. Carcinogenesis.
2004;25(4):631-6.

17. Yang H, LiTW, Peng J, Tang X, Ko KS, Xia M, Aller MA. A mouse model of
cholestasis-associated cholangiocarcinoma and transcription factors
involved in progression. Gastroenterology. 2011;141(1):378-88.

18. Yeung OW, Lo CM, Ling CC, Qi X, Geng W, Li CX, Ng KT, Forbes SJ, Guan
XY, Poon RT, et al. Alternatively activated (M2) macrophages promote
tumour growth and invasiveness in hepatocellular carcinoma. J Hepatol.
2015;62(3):607-16.

19. QuC, Zheng D, Li S, LiuY, Lidofsky A, Holmes JA, Chen J, He L, Wei L,

Liao Y, et al. Tyrosine kinase SYK is a potential therapeutic target for liver
fibrosis. Hepatology. 2018;68(3):1125-39.


https://doi.org/10.1186/s12935-020-01687-w
https://doi.org/10.1186/s12935-020-01687-w

Yuan et al. Cancer Cell Int (2020) 20:586

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Italiani B, Boraschi D. From monocytes to M1/M2 macrophages: pheno-
typical vs functional differentiation. Front Immunol. 2014;5:514.
Pastushenko |, Blanpain C. EMT transition states during tumor progression
and metastasis. Trends Cell Biol. 2019;29(3):212-26.

Komohara Y, Fujiwara Y, Ohnishi K, Takeya M. Tumor-associated mac-
rophages: potential therapeutic targets for anti-cancer therapy. Adv Drug
Deliv Rev. 2016;99(Pt B):180-5.

Aras S, Zaidi MR. TAMeless traitors: macrophages in cancer progression
and metastasis. Br J Cancer. 2017;117(11):1583-91.

Suarez-Carmona M, Lesage J, Cataldo D, Gilles C. EMT and inflammation:
inseparable actors of cancer progression. Mol Oncol. 2017;11(7):805-23.
Zhu L, Fu X, Chen X, Han X, Dong P. M2 macrophages induce EMT
through the TGF-beta/Smad2 signaling pathway. Cell Biol Int.
2017;41(9):960-8.

Yang XW, Li L, Hou GJ, Yan XZ, Xu QG, Chen L, Zhang BH, Shen F. STAT3
overexpression promotes metastasis in intrahepatic cholangiocarci-
noma and correlates negatively with surgical outcome. Oncotarget.
2017;8(5):7710-21.

Wendt MK, Balanis N, Carlin CR, Schiemann WP. STAT3 and epithelial-
mesenchymal transitions in carcinomas. JAKSTAT. 2014;3(1):e28975.
WangY, Sun SN, Liu Q, Yu YY, Guo J, Wang K, Xing BC, Zheng QF, Campa
MJ, Patz EF Jr, et al. Autocrine Complement Inhibits IL10-Dependent
T-cell-Mediated Antitumor Immunity to Promote Tumor Progression.
Cancer Discov. 2016;6(9):1022-35.

Bridgewater J, Galle PR, Khan SA, Llovet JM, Park JW, Patel T, Pawlik TM,
Gores GJ. Guidelines for the diagnosis and management of intrahepatic
cholangiocarcinoma. J Hepatol. 2014;60(6):1268-89.

Guro H, Kim JW, Choi Y, Cho JY, Yoon YS, Han HS. Multidisciplinary man-
agement of intrahepatic cholangiocarcinoma: current approaches. Surg
Oncol. 2017,26(2):146-52.

Cadamuro M, Brivio S, Mertens J, Vismara M, Moncsek A, Milani C, Fingas
C, Cristina Malerba M, Nardo G, Dall'Olmo L, et al. Platelet-derived growth
factor-D enables liver myofibroblasts to promote tumor lymphangiogen-
esis in cholangiocarcinoma. J Hepatol. 2019;70(4):700-9.

Chittezhath M, Dhillon MK, Lim JY, Laoui D, Shalova IN, Teo YL, Chen

J, Kamaraj R, Raman L, Lum J, et al. Molecular profiling reveals a

Page 14 of 14

tumor-promoting phenotype of monocytes and macrophages in human
cancer progression. Immunity. 2014;41(5):815-29.

33. De Santis M, Locati M, Selmi C. The elegance of a macrophage. Cell Mol
Immunol. 2018;15(3):196-8.

34. Sun D, LuoT, Dong P, Zhang N, Chen J, Zhang S, Dong L, Janssen HLA,
Zhang S. M2-polarized tumor-associated macrophages promote
epithelial-mesenchymal transition via activation of the AKT3/PRAS40
signaling pathway in intrahepatic cholangiocarcinoma. J Cell Biochem.
2020;121(4):2828-38.

35. Koizumi K, Hojo S, Akashi T, Yasumoto K, Saiki I. Chemokine receptors in
cancer metastasis and cancer cell-derived chemokines in host immune
response. Cancer Sci. 2007;98(11):1652-8.

36. El-Emshaty HM, Nasif WA, Mohamed IE. Serum Cytokine of IL-10 and IL-12
in Chronic Liver Disease: The Immune and Inflammatory Response. Dis
Markers. 2015;2015:707254.

37. Degboe Y, Rauwel B, Baron M, Boyer JF, Ruyssen-Witrand A, Constantin A,
Davignon JL. Polarization of Rheumatoid Macrophages by TNF Targeting
Through an IL-10/STAT3 Mechanism. Front Immunol. 2019;10:3.

38. Kwasniak K, Czarnik-Kwasniak J, Maziarz A, Aebisher D, Zielinska K,
Karczmarek-Borowska B, Tabarkiewicz J. Scientific reports concerning the
impact of interleukin 4, interleukin 10 and transforming growth factor
beta on cancer cells. Cent Eur J Immunol. 2019;44(2):190-200.

39. Gupta M, Han JJ, Stenson M, Maurer M, Wellik L, Hu G, Ziesmer S, Dogan
A, Witzig TE. Elevated serum IL-10 levels in diffuse large B-cell lymphoma:
a mechanism of aberrant JAK2 activation. Blood. 2012;119(12):2844-53.

40. LiL, SunP Zhang C, Li Z, Cui K, Zhou W. MiR-98 modulates macrophage
polarization and suppresses the effects of tumor-associated mac-
rophages on promoting invasion and epithelial-mesenchymal transition
of hepatocellular carcinoma. Cancer Cell Int. 2018;18(95):018-0590.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Intrahepatic cholangiocarcinoma induced M2-polarized tumor-associated macrophages facilitate tumor growth and invasiveness
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Patient samples
	Cell culture
	M2 polarized macrophage induction
	Animal studies
	The thioacetamide model of ICC
	The DEN-left median bile duct ligation model of ICC
	Subcutaneous xenograft experiments

	Cell proliferation assay
	Macrophage and ICC cell coculture
	Invasion and migration assays
	Immunohistochemistry (IHC) and immunofluorescence (IF)
	ELISA assay
	Real-time quantitative PCR (qRT-PCR)
	Western blotting
	Statistical analysis

	Results
	The number of M2 macrophage was increased in two murine models of ICC spontaneous induction
	M2 macrophage infiltration is increased in human ICC tissues
	ICC cells induced M2 macrophage polarization
	M2 macrophages promote tumor growth and invasiveness
	IL-10 is responsible for the pro-proliferative and invasive effects of M2 macrophages on ICC
	M2 macrophage-mediated enhancement of ICC malignancy through the STAT3 signaling pathway

	Discussion
	Conclusion
	Acknowledgements
	References




