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Abstract

Background: Tumour-associated macrophages (TAMs) in the tumour microenvironment (TME) can promote the
progression of hepatocellular carcinoma (HCC). Some tumours can be suppressed by targeting Wnt2b in tumour
cells. However, the role of Wnt2b in HCC is still unknown. In particular, the role of Wnt2b-mediated signal activation
in macrophage polarization in the HCC microenvironment, and the regulatory effect between Wnt and glycolysis in
TAMs has not been described.

Methods: The expression of Wnt2b in TAMs was detected by gPCR and immunofluorescence. Wnt2b/B3-catenin
interference in HCC-TAMs was performed by lentivirus carrying targeted shRNA or TLR9 agonist. Markers related to
macrophage polarization and the changes of key glycolytic enzymes expression were detected by flow cytometry
and gPCR. ECAR was analysed by Seahorse analyser. MTT assay, wound healing assay, western blotting were used
to evaluate the promoting effect of different HCC-TAMs on the proliferation, migration and EMT of HCC in vitro.
Tumour cells and different HCC-TAMs were injected via subcutaneously into immunodeficient mice to assess the
effects of CpG ODN, Wnt2b, or 3-catenin on HCC-TAMSs in tumour growth in vivo.

Results: Polarization-promoting factors derived from HCC cells upregulated the expression of Wnt2b in
macrophages, which promoted the polarization of TAMs to M2-like macrophages by activating Wnt2b/R-catenin/c-
Myc signalling. Furthermore, this process was associated with the activation of glycolysis in HCC-TAMs. These HCC-
TAMs could promote the development of EMT, proliferation, and migration of HCC. In addition to silencing Wnt2b
or 3-catenin expression, TLR9 agonist CoG ODN downregulated the level of glycolysis and inhibited the M2
polarization of HCC-TAMs, reversing the tumour-promoting effects of TAMs in vitro and vivo.
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TAMs.

Conclusions: As a potential target for HCC therapy, Wnt2b may play an important regulatory role for the functions
of TAMs in the TME. Moreover, the TLR9 agonist CpG ODN might act as a Wnt2b signal inhibitor and can
potentially be employed for HCC therapy by disturbing Wnt2b/{3-catenin/c-Myc and inhibiting glycolysis in HCC-
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Background

The liver, an organ with immunological properties,
is closely related to the proliferation and deterior-
ation of tumour cells caused by oncogenic factors
such as HBV and HCV infection, alcoholism, gene
mutation, and abnormal activation of signaling path-
ways. Moreover, the occurrence and development of
hepatocellular carcinoma (HCC) is associated with
the immunosuppressive tumour microenvironment
(TME) in the liver. In addition to tumour cells, the
TME mainly consists of 1) cellular components such
as tumour-associated fibroblasts, tumour-associated
immune cells, and endothelial cells and 2) non-
cellular components such as cytokines and growth
factors.

Macrophages—a type of tumour-associated inflamma-
tory cell—are a major component of most solid tumours,
including HCC. They represent up to 50% of the tumour
mass in tumour tissues of some patients [1]. These infil-
trated macrophages are known as tumour-associated
macrophages (TAMs), which are mainly differentiated
from peripheral circulating monocytes rather than the
expansion of resident macrophages in tumour tissue [2].
Importantly, these macrophages can be polarized to dif-
ferent phenotypes based on the microenvironment of
different diseases; thus, displaying different roles in
HCC.

Polarized macrophages are generally classified into
two major groups: 1) classically activated macro-
phages (M1), exhibiting pro-inflammatory effects,
and 2) alternatively activated macrophages (M2),
exhibiting anti-inflammatory effects. Polarized mac-
rophages can be identified by distinctive surface
markers and functional molecules. TAMs with
tumour-killing effects show phenotypic characteris-
tics similar to those of M1-type macrophages, while
TAMs with tumour-promoting effects show pheno-
typic characteristics similar to those of M2-type
macrophages. Ample studies have indicated TAMs to
be primarily M2 polarized, which can be induced by
tumour-derived signals. TAMs and HCC cells regu-
late each other as TAMs promote the proliferation,
metastasis, development of stemness, drug resistance,
and angiogenesis of HCC, and inhibit adaptive

immunity against HCC [3]. HCC cells can induce
the M2 polarization of TAMs through the upregula-
tion of B7-H3 or expression of Tim-3 in macro-
phages [4, 5]. However, the underlying mechanisms
involved during the interaction between HCC cells
and TAMs have not been fully clarified.

Both M1- and M2-like TAMs exhibit great plasticity
in their phenotype and function. Various soluble factors
(IL-10, TGF-B, IL-4, etc.) in the TME play an important
role in the polarization and functional regulation of
TAMs [6]. Toll-like receptors (TLRs)—part of the pat-
tern recognition receptors—are mainly expressed in
macrophages and other innate immune cells. TLR7/8 ag-
onists are able to reverse the M2 polarization of colon
carcinoma-associated macrophages and increase the sen-
sitivity of tumour cells to chemotherapy drugs [7].
Moreover, Yang et al. [8] designed a safe and highly spe-
cific TLR2 agonist that is able to induce M1 polarization
of TAMs to exert an anti-tumour effect; thus, demon-
strating the role of TLR agonists in regulating the
polarization of TAMs. Additionally, the transformation
of different metabolic patterns may be related to the dif-
ferentially activated phenotypes of macrophages [9]. For
instance, in classical LPS/IFN-y-activated M1 macro-
phages, glycolysis, pentose phosphate pathway, and fatty
acid synthesis are enhanced. In IL-4/IL-13-activated M2
macrophages, oxidative phosphorylation, and fatty acid
oxidation are enhanced [10].

As a secreted protein, Wnt ligands mediate a
highly conserved signaling pathway during biological
evolution; thus, playing an essential role in many
physiological and pathological processes, especially in
the development of tumours [11, 12]. Aberrant acti-
vation of the Wnt/p-catenin signalling pathway has
been observed in HCC patients which is closely re-
lated to the procession of HCC [13, 14]. Specifically,
the activation of Wnt signaling has been reported to
enhance glycolysis in tumour cells and play an im-
portant role in the formation of a tumour immuno-
suppressive microenvironment by mediating cell-cell
interactions [15]. Studies have shown Wnt3a to pro-
mote M2 polarization by activating [-catenin in
macrophages [16]. Additionally, the expression of
Wnt5a in TAMs promotes tumour invasion by
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activating non-classical Wnt signalling in breast can-
cer cells [17]. Although tumour suppression by tar-
geting Wnt2b has been found in a variety of
tumours [18], the role of Wnt2b—despite having an
important role in the Wnt family—in HCC is still
unknown. In particular, the role of Wnt2b-mediated
signal activation in macrophage polarization in the
HCC microenvironment, and the regulatory effect
between Wnt and glycolysis in TAMs has not been
described.

In this study, we described the polarized phenotype of
HCC-educated macrophages (HCC-TAMs) and the role
of these macrophages in promoting the development of
epithelial-mesenchymal transformation (EMT) in HCC.
Furthermore, during this process, we clarified the mech-
anism of the Wnt2b/B-catenin signalling pathway. Our
findings reveal a novel mechanism in the complex regu-
latory network between HCC cells and macrophages as
well as the formation of an immunosuppressive micro-
environment in tumour tissues.

Methods

Cell lines and reagents

Human hepatoma cell lines Huh-7 (from the Chinese
Academy of Sciences, Shanghai, China) and SMMC-
7721 (from Shandong University Affiliated Shandong
Cancer Hospital and Institute, Jinan, China) were
conserved in our laboratory. The HCC cells were
cultured in DMEM and RPMI 1640 medium
(Hyclone, Logan, Utah, USA), respectively, while the
human acute monocytic leukaemia cell line THP-1
(from the Chinese Academy of Sciences) was cul-
tured in RPMI 1640 medium (Hyclone). All cultures
were supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin and 100 mg/mL strepto-
mycin and maintained in a 5% CO, incubator at
37°C. The TLRY agonist CpG OND (ODN M362,
tlrl-m362-1) was purchased from InvivoGen (San
Diego, California, USA). Phorbol-12-myristate-13-
acetate (PMA) was purchased from Beyotime (S1819;
Shanghai, China). 2-Deoxy-D-glucose (2DG, D8375)
was purchased from Sigma-Aldrich (St Louis, MO,
USA). The human cytokines M-CSF, IL-10, and
TGEF-B were purchased from PeproTech (Rocky Hill,
NJ,USA).

Inducing the PBMC-M, THP-1-M, HCC-TAMs and condition
medium (CM)

Peripheral blood mononuclear cells (PBMCs) were
derived from peripheral blood of healthy donors
using the Human Blood Mononuclear Cell Separ-
ation Kit (P9010, Solarbio, Beijing, China). To obtain
PBMC-derived macrophages (PBMC-M), CD14"
monocytes were derived from PBMCs using the
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CD14 Monocyte Isolation Kit (130—050-201; Miltenyi
Biotec, Bergisch Gladbach, Germany) and induced
with 100 ng/mL M-CSF for 5days. Following treat-
ment with 100 ng/mL PMA for 24h, THP-1 cells
were rested for another 24 h in RPMI 1640 medium
to obtain THP-1-derived macrophages (THP-1-M).
HCC-TAMs were generated following the incubation
of these macrophages in 50% HCC-TCM for 48 h.
The indicated macrophages were washed with 1x
PBS for three times and incubated in RPMI 1640 for
another 24 h to obtain the condition medium (CM).

Patient samples

Peripheral blood samples from healthy donors were ob-
tained from Qilu Hospital in accordance with the Ethics
Committee of Shandong University, China, and in-
formed consent was obtained from all participants. For
the studies on human tissue samples, a tissue microarray
(TMA) containing pairs of tumours and matched para-
carcinoma tissues of 10 HCC patients were constructed
by Shanghai Biochip Co., Ltd.(China), and approved by
the Ethical Committee of Zhejiang province Taizhou
Hospital. Written informed consent was obtained from
all subjects in this study.

HCC-conditioned medium (HCC-TCM)

HCC cells were grown to 70% confluence in the ap-
propriate complete medium in 10-cm tissue culture
dishes for 48 h. The supernatants were collected and
centrifuged at 3000 g for 10 min for removal of dead
cells and cell debris. The supernatant was then fil-
tered through a 0.22 um filter purchased from Milli-
pore (Boston, MA, USA) and stored at — 80 °C until
further use.

Cell proliferation assay
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide (MTT, 5mg/mL, M8180; Solarbio) assay
was used to evaluate cell growth according to the manu-
facturer’s instructions. Briefly, HCC cells were plated in
96-well plates. With the attachment of the cells to the
plate, the supernatant was removed, and the indicated
CM was added. After 24h, 20 uL MTT solution was
added to each well and incubated at 37 °C. After 4 h, the
supernatant was removed and 150 uL. DMSO was added
to each well to dissolve the formazan crystals. The ab-
sorbance at 490 nm was then determined using a scan-
ning multiwall spectrophotometer (Bio-Rad, Hercules,
CA, USA).

Wound healing assay

The HCC cells were plated onto 24-well plates and
incubated in RPMI 1640 or DMEM containing 10%
FBS until sub-confluence was reached. Wound
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healings were made to the cell monolayer using a
200 uL plastic pipette tip. The cells were then cul-
tured in the indicated medium. After 24h, the
wound healing areas were captured using a micro-
scope (IX73, Olympus, Tokyo, Japan). The wound
distance was measured and averaged from 3 points
per wound area using the Image Pro Plus software.
The experiments was performed in triplicate.

RNA isolation and quantitative real-time PCR

Total RNA was extracted using Trizol reagent (Invi-
trogen, Carlsbad, California) and then used to
synthesize c¢DNA using the FastQuant RT Kit
(KR106; TIANGEN, Beijing, China). Sequences of the
primers used for the PCR analysis are listed in Table
S1. Quantitative PCR was performed according to a
standard protocol using the SYBR Green Real-Time
PCR MasterMix (Roche, Basel, Switzerland) in a
Roche LightCycler 96 System. The PCR conditions
were: 94°C for 180s, followed by 50 cycles of 94°C
for 10s, 65°C for 15s, and 72°C for 15s; followed
by 95°C for 10s, 65°C for 60s, and 97°C for 1s.
Relative mRNA expression levels of the gene of
interest were calculated using the 2°°““* method.

Plasmids and cell transfection

Active Wnt2B-V5 encoding homo Wnt2b (plasmid
#43808; Addgene) was a gift from Xi He (Professor of
Neurology, Harvard Medical School, USA). The control
vectors were conserved in our laboratory. In the overex-
pression experiment, THP-1-M cells were transfected
with 1 pg plasmid vector mixed with Lipofectamine 2000
reagent (11668—019, Invitrogen, CA, USA) according to
the manufacturer’s instructions. The human beta-
catenin (CTNNB1) shRNA lentivirus vectors pLKO.1-
sh-B-catenin and its control vectors were purchased
from Addgene (Plasmid #19761). The human Wnt2b
shRNA lentivirus vectors pLKO.1-sh-Wnt2b were gener-
ated via ligation of lentivirus vector pLKO.1-puro with
oligonucleotides, and the correct insertion was con-
firmed by sequencing. The targeting sequence for hu-
man Wnt2b gene interference was as follows: CGGCGG
ACTGATCTTGTCTACTTTCTCGAGAAAGTAGA
CAAGATCAGTCCGTTTTTG.  Lentiviruses  with
pLKO.1-sh-Wnt2b or pLKO.1-sh-B-catenin were gener-
ated to knock down Wnt2b or [B-catenin expression.
Briefly, 293 T cells were co-transfected with pLKO.1-sh-
B-catenin or pLKO.1-sh-Wnt2b and the packaging vec-
tors pMD2G and pSAX2 using calcium phosphate trans-
fection. After 48 h, the supernatants were collected,
filtered through a 0.45 pm filter, and stored at —80°C
until further use. THP-1 cells were transduced using the
lentivirus supernatants with 10 pg/mL polybrene (Sigma-
Aldrich) for 8h. After washing twice, the cells were
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cultured with 1.5 pg/mL puromycin (Sigma-Aldrich) for
another 5 days prior to use.

Western blot analysis

Cells were lysed with RIPA peptide lysis buffer (P0013B;
Beyotime, Shanghai, China) and centrifuged at 13,000 g
for 10 min. The resulting supernatants were used for
western blotting. Nuclear and cytoplasmic proteins were
extracted using the Nuclear and Cytoplasmic Protein Ex-
traction Kit (P0028; Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions. Protein
concentrations were determined using an Enhanced
BCA Protein Assay Kit (P0010S; Beyotime). Protein ex-
tracts were separated by 10% SDS-PAGE and probed
with the following antibodies (1:1000): E-cadherin (cat.
no. 3195; Cell Signaling Technology, Danvers, MA,
USA), N-cadherin (cat. no. 13116; Cell Signaling Tech-
nology), vimentin (cat. no. 5741; Cell Signaling Technol-
ogy), Snail (cat. no. 3879; Cell Signaling Technology),
Twist (cat. no. A7314; ABclonal, Wuhan, China), ZEB1(-
cat. no. ab203829; Abcam), Slug (cat. no. 9585; Cell Sig-
naling Technology), p-catenin (cat. no. 8480; Cell
Signaling Technology), B-actin (cat. no. AC026; ABclo-
nal), LaminA/C (cat. no. 4777; Cell Signaling Technol-
ogy). Antibody binding was revealed using an HRP-
labelled goat anti-rabbit IgG (H + L) (A0208; Beyotime).
The signals were visualised using a GelDoc XR+ imaging
system (Bio-Rad). Integrated density of E-cadhein and
N-cadherin was analyzed by Image] software to quanti-
fied E-cadhein/ N-cadherin ratio.

Immunofluorescence

Macrophages were fixed with 4% paraformaldehyde for
20 min at room temperature, washed three times with
PBS, and blocked with Immunol Staining Blocking Buf-
fer (P0102; Beyotime) for 1h at 37°C. They were then
incubated with monoclonal antibodies against human p-
catenin (cat. no. 8480; Cell Signaling Technology) at 4 °C
overnight at a dilution ratio of 1:100, and washed thrice
with PBS. The cells were then incubated with a DyLight
549 dye conjugated goat anti-rabbit IgG (1:200; A23320;
Abbkine, CA, USA) for 1h. DAPI (C1002; Beyotime)
was used for nuclear staining. Images were captured
using a microscope (IX73, Olympus). TMAs containing
pairs of tumours and matched para-carcinoma tissues of
10 HCC patients were used to compare the expression
of Wnt2b in macrophages. Briefly, TMA was deparaffi-
nized with xylene, rehydrated with ethanol, and incu-
bated with Immunol Staining Blocking Buffer (P0102;
Beyotime) and 5% goat serum (C0265; Beyotime),
followed by incubation with primary antibodies against
CD68 (1:100; cat. no. A13286; ABclonal) and Wnt2b (1:
100; sc-166,502; Santa Cruz, CA, USA) at 4 °C overnight.
Then, the TMAs were incubated with two different
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fluorochrome-conjugated secondary antibodies, goat
anti-rabbit DyLight 488 dye (1:200; A23220; Abbkine)
and goat anti-mouse Cy3 dye (1:200; cat. no. AS008;
ABclonal), at 37°C for 1h. DAPI was used for nuclear
staining. Images were captured using a microscope
(IX73, Olympus).

Flow cytometry

Cells were incubated with mouse serum for 30 min, and
surface stained with anti-CD163 antibody (GHI/61; Bio-
Legend, CA, USA) at 4°C for 1h, then washed with 1x
PBS. All stained cells were measured using FACS Cali-
bur (BD Biosciences, Franklin, NJ, USA). The data were
analysed using the FCS Express V3 software.

Tumour formation assay

Male BALB/c nu/nu mice (6 weeks old) were purchased
from Beijing HFK Bioscience (Beijing, China) and
housed under specific pathogen-free conditions. All ani-
mal protocols and experiments were approved by the In-
stitutional Animal Care and Use Committee of
Shandong University, China. All animals received hu-
mane care and all operations and experiments were per-
formed according to the Guide for the Care and Use of
Laboratory Animals. To assay the effects of CpG ODN,
Wnt2b, or B-catenin on HCC-TAMs in tumour growth,
tumour cells (6 x 10°) with or without the indicated
HCC-TAMs (1.5 x 10°) were mixed with Matrigel (at a
ratio of 4:1; Corning, Union City, CA, USA) in a total
volume of 100 uL. and then subcutaneously injected into
the right subaxillary of 6-week old immunodeficient
mice. Each group contained six animals. Six days after
inoculation, tumour sizes were measured every 2 days
using a Vernier calliper by two independent observers,
and tumour volumes were calculated as volume (mm?) =
axb®/2 (a and b represent the largest and smallest
tumour diameters).

Immunohistochemistry (IHC)

Mouse tumour tissues were fixed with 4% paraformalde-
hyde for 24 h and embedded in paraffin. Sections (5 pm-
thick) were prepared and blocked with Immunol Stain-
ing Blocking Buffer (P0102; Beyotime) and 5% goat
serum (C0265; Beyotime) followed by incubation with
primary antibodies against VIM (cat. no. 5741; Cell Sig-
naling Technology), E-cadherin (cat. no. A3044; ABclo-
nal), B-catenin (cat. no. 8480; Cell Signaling Technology)
and c-Myc (cat. no. ab32072; Abcam) at 4 °C overnight.
These sections were then washed and incubated with
the mouse/rabbit streptomycin-biotin assay system (SP-
9000; ZSGB-BIO, Beijing, China). Expression of vimentin
and E-cadherin were visualised by 3,3’ -diaminobenzidine
tetrahydrochloride (ZLI-9017; ZSGB-BIO) staining. At
least four random fields were examined for each sample.
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Images were captured using a microscope (IX73,
Olympus).

Extracellular acidification rate (ECAR) analysis

For the ECAR analysis, indicated THP-1-M was plated
onto the Seahorse XFe24 Cell Culture Microplates (Agi-
lent, Palo Alto, CA, USA). When cells were adhered, the
medium was changed to Seahorse XF Base Medium
(with 1mM GlutaMax, pH7.4; 102,353-100; Agilent)
and incubated in a non-CQO, incubator for 1h at 37°C
prior to the start of the assay. The assay was performed
with Seahorse XF Glycolysis Stress Test Kit (103020—
100; Agilent) according to the manufacturer’ s instruc-
tions. Briefly, the test consisted of four consecutive
stages: basal (without drugs), glycolysis induction (10
mM glucose), maximal glycolysis induction (1 uM oligo-
mycin), and glycolysis inhibition (50 mM 2DG). The data
were collected and analysed using the XFe24 wave soft-
ware (Agilent).

GEPIA2 database and overall survival curve

Overall survival curves based on gene expression levels
of HCC patients were drawn using the GEPIA2 database
(http://gepia2.cancer-pku.cn/) based on the The Cancer
Genome Atlas (TCGA) database via Kaplan—Meier ana-
lysis [19].

Statistical analysis

GraphPad Software Prism 5.0 (San Diego, CA, USA) was
used for statistical analysis. All data are presented as
mean * standard error of the mean (mean + SEM). Com-
parisons were made with a standard two-tailed unpaired
or paired t-test or one-way ANOVA with post hoc Bon-
ferroni correction. All experiments were replicated at
least two or three times, with similar results. Statistically
significant differences were set at *p <0.05, **p <0.01,
***p <0.001.

Results

HCC-TCM induces M2 polarization of macrophages
THP-1, a human mononuclear cell line, has been widely
used to differentiate into macrophages; therefore, THP-
1-M were selected for the relevant experiments in this
study. First, THP-1-M were treated with HCC-TCM;
flow cytometry analysis showed that TCM from different
HCC cell lines could upregulate the expression of the
M2-type macrophage marker CD163 to different degrees
(Fig. 1a). Meanwhile, we also found that the mRNA
levels of M1-type macrophage markers IL-12, NOS2,
and TNF-a were downregulated, while M2-type macro-
phage markers IL-10 and CCR2 were upregulated in
THP-1-M that was treated with HCC-TCM for 48 h
(Fig. 1b). Similar results were observed in healthy human
PBMC-derived macrophages (PBMC-M) (Supplementary
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Fig. 1 HCC-TCM induces M2 polarization of macrophages. THP-1 derived macrophages (THP-1-M) were incubated with 50% HCC-TCM for 48 h to
obtain HCC-educated macrophages (HCC-TAMs). a The expression levels of CD163 on HCC-TAMs were detected by flow cytometry. b Transcript
expression levels of markers for M1 or M2 macrophages were determined in HCC-TAMs by gPCR. HCC-TAMs were incubated with RPMI 1640 for
an additional 24 h to obtain the condition medium (CM). ¢ Huh-7 or SMMC-7721 cells were scratched with a plastic pipette tip and incubated
with culture medium (Ctrl) or CM for 24 h. The results of this wound healing assay were photographed and measured. One representative of at
least three independent experiments is shown. d Huh-7 or SMMC-7721 cells were incubated with the indicated volume of CM for 24 h. The cell
viability of each group was detected by MTT assay. qPCR, quantitative real-time PCR; HCC, hepatocellular carcinoma; TCM, tumour condition
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Fig. 1). Recent studies have shown that TAMs show
phenotypic characteristics similar to those of M2-type
macrophages in tumours and play a significant role in
tumour promotion [20]. To further verify if the TAMs
induced by HCC-TCM (HCC-TAMs) have the charac-
teristics of tumour-promoting TAMs, HCC cells were
incubated with the CM of HCC-TAMs for 24 h. The
CM of HCC-TAMs were found to significantly promote
HCC migration (Fig. 1c) and promoted the viability of
HCC cells in a concentration-dependent manner (Fig.
1d). These results suggested that the supernatant se-
creted by HCC could induce the polarization of

macrophages to M2-like TAMs with tumour-promoting
effects.

HCC-TCM promotes M2 polarization via Wnt2b/B-catenin
signalling

Recent studies have shown that high expression and
activation of B-catenin in M2-type macrophages in-
duced by IL-4, and Wnt ligands secreted by HCC
could activate Wnt/B-catenin signalling in macro-
phages and induce M2-like TAMs development [16].
We found that TCM from different HCC cell lines
could wupregulate the expression of Wnt2b in
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macrophages to different degrees under the condi-
tion of M2 polarization of THP-1-M (Fig. 2a). In
addition, fluorescence colocalization staining analysis
for the TMA of HCC patients also showed that the
expression of Wnt2b in macrophages within the

(2021) 40:13

Page 7 of 18

tumour tissues was higher than that in adjacent tis-
sues (Fig. 2b).

To clarify the role of Wnt2b in macrophage
polarization, Wnt2b was overexpressed in THP-1-M.
Compared to the control THP-1-M, CD163 expression
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HCC-TCM for 48 h to obtain the HCC-educated macrophages (HCC-TAMs). Transcript expression levels of Wnt2b were determined in HCC-TAMs
by gPCR. b The expression levels of Wnt2b (red) in CD68" macrophages (green) were determined by immunofluorescence using TMA containing
pairs of tumors and matched para-carcinoma tissues of HCC patients. ¢, d THP-1-M were transfected with control vectors or Wnt2B-V5 (over-
Wnt2b) vectors for 48 h. The expression levels of CD163 and markers for M1 or M2 macrophages on/in these cells were determined by flow
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was upregulated in THP-1-M Wnt2b-overexpressed cells
(Fig. 2c), accompanied by the downregulation of IL-12,
NOS2, and TNF-q, as well as the upregulation of IL-10
and CCR2 (Fig. 2d). On the contrary, as silencing Wnt2b
by the lentivirus carrying targeted Wnt2b-shRNA, the
expression of CD163 on THP-1-M induced by HCC-
TCM was inhibited (Fig. 2e). Meanwhile, the expression
of IL-12, NOS2, and TNF-a was upregulated, but the ex-
pression of MSR1 and CCR2 was downregulated (Fig.
2f). These data indicated the participation of Wnt2b in
the M2 polarization process induced by HCC-TCM.

The classical Wnt signalling regulates the expression
of downstream genes by activating [-catenin. To con-
firm if the activation of -catenin leads to the contribu-
tion of Wnt2b in the M2 polarization of TAMs, we
examined the effect of silencing Wnt2b on the levels of
[-catenin at the protein level. As shown in Fig. 2g the
total level of P-catenin was increased in HCC-TAMs,
but decreased with the silencing of Wnt2b. [B-catenin
levels in nuclear and cytoplasmic fractions were further
analyzed by immunofluorescence (Fig. 2h) and western
blotting (Supplementary Fig. 2A&B). The results showed
that nuclear translocation of B-catenin was decreased in
HCC-TAMs Wnt2b-silenced cells. Similarly, HCC-TCM
treatment upregulated the expression of Wnt2b,
CTNNBI1 (B-catenin) and Axin-2, an universal target
molecule of Wnt/beta-catenin signal in PBMC-M (Sup-
plementary Fig. 2C-E). Furthermore, silencing CTNNB1
with the lentivirus carrying targeted CTNNB1-shRNA
inhibited HCC-TCM-induced expression of CD163 on
HCC-TAMs (Fig. 2i). Moreover, the expression of IL-12
and TNF-a was upregulated while the expression of IL-
10 and CCR2 was downregulated in the sh-CTNNB1
HCC-TAMs (Fig. 2j). These findings demonstrate the
ability of HCC-TCM in promoting M2 polarization by
activating classical Wnt2b/p-catenin signalling in
macrophages.

The activation of Wnt2b/f3-catenin signalling enhances
TAMs-induced tumour-promoting effects

EMT, considered an important mechanism that pro-
motes the progression of malignant tumours, is related
to malignant biological behaviours such as proliferation
and migration of tumours; TAMs facilitate tumour pro-
gression by promoting EMT [21]. We observed that the
culture medium of Wnt2b-overexpressed macrophages
could noticeably upregulate the expression of mesenchy-
mal markers N-cadherin and vimentin, and the EMT-
related transcription factors Snail, Twist and ZEB1 in
HCC cells (Fig. 3a; Supplementary Fig. 3A), but down-
regulated the E-cadherin/N-cadherin ratio in HCC cells
(Supplementary Fig. 3D). Consistently, compared with
the HCC cells treated with the culture medium of con-
trol HCC-TAMs (Vector-CM), the expression of the
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mesenchymal markers and the EMT-related transcrip-
tion factors was downregulated (Fig. 3b; Supplementary
Fig. 3B) but E-cadherin/N-cadherin ratio was upregu-
lated (Supplementary Fig. 3E) in HCC cells treated with
the culture medium of Wnt2b-silenced HCC-TAMs (sh-
Wnt2b-CM). These results suggest the influence of
Wnt2b expression on the tumour-promoting effect of
HCC-TAMs.

Next, the role of Wnt2b/B-catenin signalling in
TAMs-induced HCC EMT was further verified by silen-
cing CTNNBI1 (p-catenin) expression. Compared with
the HCC cells treated with the culture medium of con-
trol HCC-TAMs (Vector-CM), the expression of N-
cadherin, vimentin, Snail, Twist and ZEB1 was decreased
(Fig. 3¢; Supplementary Fig. 3C) but E-cadherin/N-cad-
herin ratio was upregulated (Supplementary Fig. 3F) in
HCC cells treated with the culture medium of
CTNNBI-silenced HCC-TAMs (sh-CTNNB1-CM). In
addition, compared with untreated HCC cells (Ctrl),
Vector-CM promoted the proliferation and migration of
HCC cells, which was obviously suppressed by the silen-
cing of Wnt2b or CTNNBI (Fig. 3d & e). These results
suggest that Wnt2b/fB-catenin signalling mediates HCC-
TAMs-induced HCC EMT, and silencing the expression
of Wnt2b or CTNNB1 can reverse the tumour-
promoting role of TAMs.

Wnt2b/B-catenin signaling augments the glycolysis of
HCC-TAMs

An increasing number of studies have shown that
glycolysis can also affect and regulate the phenotype
and function of immune cells [9, 22]. To clarify if
Wnt2b/p-catenin affected macrophage polarization
by regulating glycolysis of HCC-TAMs, we first de-
tected changes in the expression of key glycolytic en-
zymes in HCC-TAMs in which Wnt2b or CTNNB1
expression was silenced. The results showed that
compared with the control HCC-TAMs, the expres-
sion of key glycolytic enzymes such as HK2, PGKI,
PKM2, LDHA, and LDHB was downregulated in
HCC-TAMs silenced Wnt2b or CTNNBI1(Fig. 4a &
b). In addition, the ECAR of HCC-TAMs was re-
markably decreased by the silencing of Wnt2b or
CTNNBI1 compared with the control group (Fig. 4c).
These observations were further confirmed by the
visual inspection of the colour of the culture
medium to evaluate acidification (Fig. 4d). Notably,
we found that the glycolytic inhibitor 2DG upregu-
lated the expression of IL-12 while downregulating
the expression of IL-10 in HCC-TAMs (Fig. 4e), and
blocked the ability of HCC-TAMs to induce HCC
EMT (Fig. 4f; Supplementary Fig. 4A) accompanied
with upregulated E-cadherin/N-cadherin ratio in
HCC cells (Supplementary Fig. 4B). These findings
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Fig. 3 The activation of Wnt2b/B-catenin signalling enhances TAMs-induced tumour-promoting effects. a THP-1 derived macrophages (THP-1-M)
were transfected with control vectors or Wnt2B-V5 (over-Wnt2b) vectors for 48 h. These macrophages were incubated with RPMI 1640 for an
additional 24 h to obtain the condition medium (CM). HCC cells were cultured in the presence of indicated CM for 48 h. The expression levels of
EMT markers were determined by western blotting. (b-e) THP-1-M infected with control vectors, sh-Wnt2b or sh-CTNNB1 (3-catenin) vectors were
acquired as described in Materials and Methods. These macrophages were incubated with 50% HCC-TCM for 48 h for the preparation of the
different TAMs. These TAMs were incubated with RPMI 1640 for another 24 h to obtain the CM. b, ¢ HCC cells were cultured in the presence of
the indicated CM for 48 h. The expression levels of EMT markers were determined by western blotting. d HCC cells were incubated with culture
medium (Ctrl) or the indicated CM for 24 h. The cell viability of each group was detected by MTT assay. e HCC cells were scratched with a plastic
pipette tip and incubated with culture medium (Ctrl) or indicated CM for 24 h. The results of this wound healing assay were photographed and
measured. One representative of at least three independent experiments is shown. gPCR, quantitative real-time PCR; HCC, hepatocellular
carcinoma; TCM, tumour condition culture medium; TAMs, tumour-associated macrophages; 7721, SMMC-7721. Data are presented as mean +
SEM from at least three independent experiments (*p < 0.05, **p < 0.01 and ***p < 0.001)




Jiang et al. Journal of Experimental & Clinical Cancer Research

(2021) 40:13

Page 10 of 18

Huh-7-TAMs

= Vector
zz sh-Wnt2b

-

(3]

N

(&)}
I

-
o
N
o
1
*

o
(¢}
o
(S}
1
N\

Huh-7-TAMs

= Vector X
zz sh-CTNNB1 £

Huh-7-TAMs
— 807 ! ! -~ Vector
; ; -= sh-Wnt2b

— sh-CTNNB1

ANNNNNNNNNNY
ECAR

Relative Expression
Relative Expression

o
[=}

o
QCQ

7721-TAMs

1.0 *

*

*%
0.5 a
0.0

¢ & X @
T E S

Relative Expression
Relative Expression

O

Vecctor sh-Wnt2b Vecctor

Y

Vector sh-CTNNB1 Vecctor sh-CTNNB1

DR ™

=7721-TCM
=zz7721-TCM+2DG

Huh-7-TAMs
7721-TAMs

E = Huh-7-TCM
@2 Huh-7-TCM+2DG
*%

- -
o )]

o
3

Relative Expression
Relative Expression
=)

o

IL-12 IL-10

& ng 0 20 40 60 80
vo he

7721-TAMs

sh-Wnt2b F

@)HCC ® Macrophage o o
N ™

Fig. 4 Wnt2b/B-catenin signals affect the glycolysis of HCC-TAMs. THP-1 derived macrophages (THP-1-M) infected with control vectors, sh-Wnt2b
or sh-CTNNB1 (3-catenin) vectors were obtained as described in Materials and Methods. These macrophages were incubated with 50% HCC-TCM
for 48 h to obtain the different TAMs. a-b The mRNA expression levels of key enzymes involved in glycolysis were determined in these cells by
gPCR. ¢ The extracellular acidification rate (ECAR) of the indicated TAMs was measured with a seahorse analyser. d Different TAMs were cultured
under normoxic conditions for 24 h. Acidification of the culture medium was evaluated by visual inspection of the colour of the medium from
the indicated TAMs. e-f THP-1-M were treated with HCC-TCM for 20 h in the presence or absence of 2DG (12.5 mM) to obtain different TAMs. The
expression levels of polarization markers in these TAMs were determined by gPCR (e). These TAMs were incubated with RPMI 1640 for an
additional 24 h to obtain the condition medium (CM). HCC cells were cultured in the presence of indicated CM for 48 h. The expression levels of
EMT markers were determined by western blotting (f). 2DG, 2-deoxy-D-glucose; qPCR, quantitative real-time PCR; HCC, hepatocellular carcinoma;
TCM, tumour condition culture medium; TAMs, tumour-associated macrophages; 7721, SMMC-7721. Data are presented as means + SEM from at
least two (c) or three (a, b, d-f) independent experiments (*p < 0.05, **p <0.01 and ***p < 0.001)

0 SR -
100
Time (minutes)

7721-TAMs
H 1 —e— Vector

: i -= sh-Wnt2b

i — sh-CTNNB1

0 20 40 60 &0

)

<O X
OIGI2)
HCC—TCM+/-2D§
C >
o ©C

CM)

P<® ®
OIGRI2)

:

)

Snai

Huh-7

i

K
[
Al

7721

£

analyze EMT markers

indicate the involvement of Wnt2b/B-catenin signal-
ling in glycolysis regulation and the tumour-
promoting effects of HCC-TAMs.

Wnt2b/B-catenin signalling in TCM-induced M2
polarization can be inhibited by the TLR9 agonist

Studies on inflammation have shown that there is a
certain interaction between TLRs and Wnt signalling
[23]. Some experiments have validated that com-
bined with the block in IL-10 receptor, the TLR9
agonist can reverse M2 polarization in breast cancer

and colon cancer [24, 25]. Therefore, we analysed
the effects of the TLR9 agonist CpG ODN on the
polarization and Wnt signal activation of HCC-
TAMs. The expression of CD163 on TAMs treated
with TLR9 agonist CpG ODN was lower than that
of TAMs treated with TCM alone (Fig. 5a). This was
accompanied by the downregulation of IL-10 and
CCR2, and the upregulation of IL-12, TNF-a, and
NOS2 (Fig. 5b). Furthermore, we found that CpG
ODN treatment decreased the expression of Wnt2b
(Fig. 5c¢), the expression and nuclear translocation of
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Fig. 5 CpG ODN blocks TCM-induced M2 polarization and downregulates the expression of Wnt2b/3-catenin in HCC-TAMs. THP-1 derived

-M) were treated with HCC-TCM for 48 h in the presence or absence of CpG ODN (2 ug/mL). a, b The expression levels of
CD163 and markers for M1 or M2 macrophages on/in these TAMs were determined by flow cytometry and gPCR, respectively. ¢ The expression
levels of Wnt2b in these TAMs were determined by gPCR. d, e The expression levels of 3-catenin in THP-1-M and indicated TAMs were
determined by western blotting and immunofluorescence, respectively. f These TAMs were incubated with RPMI 1640 for another 24 h to obtain
the condition medium (CM). HCC cells were cultured in the presence of indicated CM for 48 h. The expression levels of EMT markers were
determined by western blotting. One representative of at least three independent experiments is shown. gPCR, quantitative real-time PCR; HCC,
hepatocellular carcinoma; TCM, tumour condition culture medium; TAMs, tumour-associated macrophages; 7721, SMMC-7721. Data are presented
as means + SEM from at least three independent experiments (*p < 0.05, **p < 0.01)

B-catenin (Fig. 5d & e; Supplementary Fig. 5A&B),
and the expression of Axin-2 in HCC-TAMs (Sup-
plementary Fig. 5C). This phenomenon was also ob-
served in human PBMC-M (Supplementary Fig. 6A-
D). Notably, CpG ODN suppressed the ability of
TAMs in promoting HCC EMT (Fig. 5f; Supplemen-
tary Fig. 5D) and upregulated E-cadherin/N-cadherin
ratio in HCC cells (Supplementary Fig. 5E) These
findings suggest that TLR9 agonists can inhibit the
activation of Wnt2b/B-catenin signalling in HCC-
TAMs, thereby inhibiting M2 polarization.

The TLR9 agonist suppresses the glycolysis of HCC-TAMs
via c-Myc

As Wnt2b/p-catenin signalling affects the glycolysis
level of HCC-TAMs, we further verified if CpG

ODN could also inhibit the glycolysis of HCC-
TAMs. As shown by Fig. 6a & b and Supplementary
Fig. 6E, TCM upregulated the glycolysis level of
macrophages, which was downregulated by CpG
OND treatment. This was accompanied by the
downregulation of key glycolytic enzymes. As an im-
portant downstream target gene of [-catenin, c-Myc
is involved in Wnt2b/B-catenin signal transduction
and acts as a key regulator of glycolysis in tumour
cells [26]. We found that the expression of c¢c-Myc in
HCC-TAMs was inhibited by either the silencing of
Wnt2b expression (Fig. 6¢) or by CpG ODN treat-
ment (Fig. 6d; Supplementary Fig. 6F). These results
indicate that c¢-Myc mediates Wnt2b/p-catenin
signal-regulated glycolysis of HCC-TAMs, which can
be suppressed by TLR9 agonists.
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Fig. 6 CpG ODN suppresses the glycolysis of HCC-TAMs via c-Myc. THP-1 derived macrophages (THP-1-M) were incubated with 50% HCC-TCM
for 48 h in the presence or absence of CpG ODN (2 pg/mL). a The extracellular acidification rate (ECAR) of the indicated macrophages were
measured with a seahorse analyser. b The mRNA expression levels of key enzymes involved in glycolysis were determined in Huh-7-TAMs by
gPCR. ¢, d The mRNA expression levels of c-Myc were determined in Huh-7-TAMs by gPCR. gPCR, quantitative real-time PCR; HCC, hepatocellular
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carcinoma; TCM, tumour condition culture medium; 7721, SMMC-7721. Data are presented as mean + SEM from at least two (@) or three

Inhibition of Wnt2b/f-catenin signaling reduces the
tumour-promoting effect of HCC-TAMs in vivo
SMMC-7721 cells alone or in combination with
TAMs were inoculated subcutaneously into the right
subaxillary of mice. We observed that the tumour
growth rate was faster in mice inoculated with a
mixture of SMMC-7721 cells and TAMs than in
mice inoculated with SMMC-7721 cells alone, indi-
cating that TAMs could promote HCC growth
in vivo. However, TAMs-induced tumour-promoting
effects could be suppressed by CpG ODN pre-
treatment (Fig. 7a-b). Meanwhile, compared with
tumour tissues from the inoculation of SMMC-7721
cells alone, the expression of E-cadherin was signifi-
cantly downregulated, but the expression of vimen-
tin, B-catenin and c-Myc was upregulated in tumour
tissues that were inoculated from the mixture of
SMMC-7721 and TAMs, which was reversed by
CpG ODN pre-treatment of TAMs (Fig. 7c). Subse-
quently, compared with mice inoculated with a mix-
ture of SMMC-7721 cells and TAMs that were
transfected with a vector, we found that tumour
growth rate and tumour load were remarkably re-
duced in mice inoculated with a mixture of SMMC-
7721 cells and TAMs that had either silenced
Wnt2b or CTNNBI1 (Fig. 7d-e). Meanwhile, com-
pared with tumour tissues from SMMC-7721 com-
bined with TAMs transfected with a vector, the

expression of E-cadherin was remarkably upregu-
lated, but the expression of vimentin, B-catenin and
c-Myc was downregulated in tumour tissues from
SMMC-7721 mixed with silenced Wnt2b or
CTNNB1 in TAMs (Fig. 7f). Finally, the GEPIA2
database was used to analyse the influence of
Wnt2b expression on the prognosis of HCC pa-
tients. The overall survival of HCC patients with
high expression of Wnt2b was significantly lower
than that of the low expression group. In addition,
the expression of EMT-related markers N-cadherin
and Snail is also associated with poor prognosis of
patients (Fig. 7g). These results demonstrate that
Wnt2b/B-catenin signalling mediates TAMs-induced
HCC-promoting effects, and TLR9 agonists might
be a potential therapeutic agent.

Discussion

With an integral role in the TME, TAMs can play a
tumour-promoting role via interaction with HCC
cells. Accumulation of M2-like TAMs is closely asso-
ciated with poor prognosis in HCC patients [27].
Therefore, reversing the M2 polarization of TAMs
may be a potential therapeutic target for the treat-
ment of HCC. Although the mechanisms involved in
inducing M2 polarization of TAMs have been widely
reported, the mechanisms in regulating TAMs
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Fig. 7 The inhibition of Wnt2b/B-catenin signaling reduces the tumour-promoting effect of HCC-TAMs in vivo. SMMC-7721 cells (6 x 10°) with or
without the indicated TAMs (1.5 x 10%) were mixed with Matrigel (at ratio 4:1) and subcutaneously injected into the right subaxillary of 6-week old
immunodeficient mice (n =6 mice/group). a, d Representative images of the subcutaneous tumors from each group. b, e Growth of
subcutaneous tumours (left); the average tumour weight of each group at the time of euthanisation(right). ¢, f Representative images of
immunohistochemistry staining of vimentin, E-cadherin, 3-catenin, c-Myc in tumour tissues. g Overall survival HCC patients related to indicated
gene expression levels, were generated by the GEPIA2 database via Kaplan-Meier analysis. HCC, hepatocellular carcinoma; TAMs, tumour-
associated macrophages; IHC, Immunohistochemistry. Data are presented as mean = SEM (*p < 0.05, **p < 0.01 and ***p < 0.001)

polarization have been continuously explored due to
the complex regulatory network in the TME.

M2-type macrophages induced by IL-4/IL-13 are
often utilized as TAMs to conduct experimental
studies. Notably, compared with alternatively acti-
vated M2-type macrophages, TAMs formed in TME
are regulated by more complex factors and have ob-
vious heterogeneity [28]. Herein, to better mimic the
characteristics of macrophages in the TME, we used
the culture medium of HCC to “educate” macro-
phages, by showing similar phenotypic characteristics
of M2-like TAMs. TAMs have been shown to pro-
mote tumour proliferation and migration, a process
associated with EMT in tumour cells [29]. Similarly,
the HCC-TAMs we used significantly promoted the
EMT of HCC cells as well as the proliferation and
migration of HCC cells, further proving that these
HCC-TAMs display similar functional characteristics
to M2-like TAMs.

Some studies have found that Wnt signalling plays
an important role in tumour-induced immunosup-
pressive microenvironment formation [30]. Neverthe-
less because of the large number of ligand molecules
in the Wnt family, the mechanisms of Wnt signalling
activation in the TME also remain to be further ex-
plored—especially the role of Wnt signalling in
HCC-TAMs polarization, which has completely not
been reported. In a variety of Wnt ligands, compared
with the other ligands, the role of Wnt3a in the
regulation of TAMs polarization and function has
been extensively studied [16, 31]. In this study, we
first found that the expression of Wnt2b was upreg-
ulated in HCC-TAMs, and these tumour-promoting
M2-like macrophages promote the proliferation, mi-
gration, and EMT of HCC. Further investigation
proved that the upregulated Wnt2b can promote the
polarization of HCC-TAMs by activating the classical
Wnt/p-catenin pathway. The activation of Wnt/f-ca-
tenin signaling has been widely reported to be re-
lated to the occurrence and development of HCC.
Notably, Tang et al. [32] have recently found that
CTNND1(delta-catenin) was highly expressed in
HCC tissues and dramatically enhanced Wnt/p-ca-
tenin signaling, indicating CTNND1 might act as a
regulator of the canonical Wnt/fB-catenin signaling

pathway [33]. Although CTNND1 has been shown to
be associated with macrophage migration and influ-
ence macrophage in the inflammatory response [34,
35], whether CTNND1 can promote the M2
polarization through activating canonical Wnt/p-ca-
tenin signaling pathway in HCC-TAMs remains to
be further explored.

Various soluble factors in the TME can repolarize
TAMs to Mz2-like macrophages through different
mechanisms. Abnormal expression of IL-10 and
TGE-f has been found in the HCC microenviron-
ment [4, 36]. We observed that both IL-10 and
TGF-B can stimulate the expression of Wnt2b, B-
catenin, and c-Myc in macrophages (Supplementary
Fig. 7), suggesting that various factors in TME medi-
ate the polarization of HCC-TAMs via Wnt2b/p-ca-
tenin signalling.

Despite an adequate supply of oxygen, tumour cells se-
lect glycolysis as the main energy supply method—a
phenomenon known as the Warburg effect—which pro-
motes the occurrence and development of tumours [37].
Initially, the concept of Warburg effect was thought to
be limited only to tumour cells, neglecting the metabolic
interactions between tumour cells and other compo-
nents. More recently, the emerging concept of the ‘re-
verse Warburg effect’ was proposed that stromal cells
exhibit more aerobic glycolysis and metabolically sup-
ports adjacent tumour cells. The differential expression
patterns of monocarboxylate transporters (MCT) in
tumour cells and CAFs contribute to metabolic symbi-
osis, in which caveolinl-null CAFs tend to activate aer-
obic glycolysis and secrete lactate via MCT4; meanwhile,
epithelial tumour cells express MCT1 that contributes
to uptake of lactate, generating large amounts of ATP to
meet the demands of development in tumour [38-40].
This effect evolved into dynamic interplay between
tumour cells and tumour stromal compartments. In a
complex TME, macrophages have unique metabolic
characteristics and are involved in the metabolic repro-
gramming of the microenvironment. The polarization
and function of macrophages are closely related to me-
tabolism, and glucose metabolism is closely related to
host defence among various metabolic modes [41]. In
the TME, although TAMs have similar phenotypic char-
acteristics to M2-type macrophages, there are differences
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in their selection of metabolic patterns. It has been dem-
onstrated that TAMs are more inclined to select glycoly-
sis as the main metabolic pattern [42] and inhibition of
TAMs glycolysis can reverse the M2 phenotype [43, 44].
However, the regulatory roles of Wnt signalling and gly-
colysis in TAMs have not been described. In this study,
we found that by silencing Wnt2b in macrophages the
aerobic glycolysis level of HCC-TAMs can downregu-
lated by blocking the activation of Wnt/p-catenin signal-
ling and affecting M2 polarization. Similarly, the
glycolytic inhibitor 2DG could antagonise the M2
polarization of macrophages induced by HCC-TCM,
thereby blocking the intensive effect of HCC-TAMs on
HCC EMT. Since the increased intratumoural infiltra-
tion of MCT4-positive macrophages has been suggested
shorter overall survival in HCC patients [45], whether
the ‘reverse Warburg effect’ also exists in HCC micro-
environment between HCC cells and TAMs needs to be
further explored.

As an oncogene, c-Myc is closely related to the devel-
opment of human and mouse tumours. Moreover, acti-
vation of Wnt/B-catenin signalling can induce the
expression of c-Myc [46]. A previous study has demon-
strated that the upregulation of c-Myc expression is cor-
related with M2 polarization induced by IL-4, IL-10,
TGE-B, and other factors [47]. We also found that the
expression of c-Myc in macrophages could be upregu-
lated by HCC-TCM, which suggested the involvement of
c-Myc in the regulation of glycolysis in HCC-TAMs. It’s
worth noting that endogenous expression of oncogenic
¢-Myc and Kras can increase the transcription of NRF2
to promote ROS detoxification, tumorigenesis [48] and
tumour resistance [49]. NRF2 also plays a critical role in
cancer metabolism by altering glucose and glutamine
metabolis [50]. Tumour cell-derived lactate activates
NRF2 in macrophages, skewing macrophage M2
polarization [51]. As the downstream regulator of c-
Myc, NRF2 may also be involved in regulation of metab-
olism and polarization of HCC-TAMs, promoting
tumorigenesis and tumour resistance by TAMs.

Metabolic checkpoint refers to a set of enzymes, recep-
tors, transcription factors, and signaling complexes, which
play important roles in a certain metabolic pathway and
affect the immune function of immune cells [52]. As a typ-
ical metabolic checkpoint, mTOR plays a vital role in T cell
differentiation and function [52]. mTOR inhibition medi-
ates metabolic cell cycle checkpoints block, which can in-
duce G1 cell cycle arrest [53, 54]. Based on the differences
in the metabolic plasticity of effector T cells and tumour
cells, blocking the glutamine metabolism checkpoint could
cause a strong anti-tumor response [55]. In our study, we
found that the HCC microenvironment made TAMs more
prone to glycolytic metabolism and this process depended
on the activation of Wnt2b/B-catenin/c-Myc. Inhibition of
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Wnt2b or -catenin suppressed the glycolysis of TAMs and
reversed its tumor-promoting effects. This suggests that in
addition to key enzyme molecules during glycolysis,
Wnt2b/B-catenin/c-Myc signalling might also act as an im-
portant metabolic checkpoint in HCC-TAMs. As a key en-
zyme and also another important metabolic checkpoint in
glycolysis, the expression of PKM2 with lower glycolytic en-
zyme activity is necessary for the Warburg effect. On the
one hand, it activates glycolysis to produce ATP more rap-
idly than the oxidative phosphorylation. On the other hand,
the low glycolytic enzyme activity of PKM2 inhibits the
conversion of pyruvate to lactate and promotes the produc-
tion of glycolytic intermediates to enter the glycolysis
branch pathways, thereby producing NADPH to protect
tumour cells from accumulated ROS and involves in nu-
cleotide synthesis [56]. Furthermore, c-Myc can promote
glycolysis with up-regulation many glycolytic genes, includ-
ing PKM2 [57-59]. The translocation of PKM2 into the nu-
cleus could promote B-catenin transactivation, leading to
the expression of c-Myc [60]. Therefore, a positive feedback
loop between c-Myc and PKM2 might exist to drive gly-
colysis. In our study, we also observed the increased expres-
sion of c-Myc, PKM2 and other glycolytic genes in HCC-
TAMs, indicating a similar regulatory effect may also exist
between c-Myc and PKM2. However, the specific role of
PKM2 in the glycolytic in HCC-TAMs remains to be fur-
ther discovered.

Many studies have shown that a variety of TLR agonists
can induce tumour suppression by triggering an anti-
tumour immune response [61]. Among them, the TLR9
agonist showed improved therapeutic effects, whether used
alone or in combination with other drugs, immunocheck-
point blocking therapy, or as an adjuvant of a tumour vac-
cine [62, 63]. In our previous work, we reported that the
TLR9 agonist CpG ODN could promote the apoptosis of
HCC [64]. But the role of TLRs in the polarization of
HCC-TAMs is not completely clear. Interestingly, we found
that the TLR9 agonist CpG ODN downregulated the ex-
pression of Wnt2b in HCC-TAMs and inhibited the activa-
tion of P-catenin, thus reversing the M2 polarization.
Furthermore, CpG ODN could suppress the glycolysis of
TAMs induced by HCC-TCM. Further investigation
showed that silencing the expression of Wnt2b or using
TLR9 agonist CpG ODN could both inhibit the activation
of Wnt/B-catenin signalling and downregulate the expres-
sion of c-Myc in HCC-TAMs, inhibiting the glycolysis of
TAMs and the process of M2 polarization induced by
HCC-TCM. However, the specific mechanism by which
CpG ODN regulates Wnt signalling remains to be further
explored.

As shown in the schematic representation in Fig. 8,
our current study illustrated that polarization-
promoting factors in the HCC TME can activate p-
catenin by upregulating the expression of Wnt2b in
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Fig. 8 Schematic representation illustrates the positive feedback loop between HCC cells and HCC-TAMs. Polarization-promoting factors (IL-10,
TGF-B, ect) in the HCC TME can up-regulate the expression of Wnt2b in macrophages, then promote expression and nuclear translocation of (3-
catenin, which can promote the M2 polarization of TAMs, a process associated with the activation of HCC-TAMs glycolysis by activating c-Myc.
These polarized TAMs can promote the proliferation, migration and EMT of tumor cells. TLR9 agonist CpG ODG can act as a blocker of Wnt2b
signal which can inhibit M2 polarization of HCC-TAMs induced by HCC-TCM. HCC, hepatocellular carcinoma; TME, tumor microenvironment;
TAMs, tumour-associated macrophages; EMT, epithelial-mesenchymal transformation

macrophages, which can promote the polarization of
TAMs to M2-like macrophages—a process associated
with the activation of HCC-TAMs glycolysis. The
TLR9 agonist CpG ODG can act as an inhibitor of
the Wnt2b signal, which can block the M2
polarization of HCC-TAMs induced by HCC-TCM.
As a potential target of tumour therapy, Wnt2b can
not only promote malignant formation of tumour
cells, but also play an important role in the forma-

tion of an immunosuppressive tumour
microenvironment.
Conclusion

In summary, in this study, we investigated the role of
Wnt2b-mediated signal activation in macrophage
polarization in the HCC microenvironment, and the
regulatory effect between Wnt and glycolysis in TAMs.
Targeting Wnt2b in TAMs might be a great potential
treatment strategy in immune therapy of HCC, and
TLR9 agonist CpG ODN might act as a Wnt2b signal
inhibitor for HCC therapy.
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