
Vol.:(0123456789)1 3

Cancer Immunology, Immunotherapy (2018) 67:1635–1646 
https://doi.org/10.1007/s00262-018-2233-x

ORIGINAL ARTICLE

Fusobacterium nucleatum promotes M2 polarization of macrophages 
in the microenvironment of colorectal tumours via a TLR4-dependent 
mechanism

Ting Chen1 · Qing Li2 · Jiao Wu2 · Yaxin Wu2 · Wei Peng2 · Huan Li2 · Jianmei Wang3 · Xiaowei Tang2 · Yan Peng2 · 
Xiangsheng Fu4 

Received: 26 February 2018 / Accepted: 9 August 2018 / Published online: 18 August 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Fusobacterium nucleatum (Fn) has been shown to promote colorectal cancer (CRC) development by inhibiting host anti-
tumour immunity. However, the impact of Fn infection on macrophage polarization and subsequent intestinal tumour for-
mation as well as the underlying molecular pathways has not been investigated. We investigated the impact of Fn infection 
on macrophage polarization in human CRCs and cultured macrophages as well as the effects on macrophage phenotype and 
intestinal tumour formation in ApcMin/+ mice. We also examined whether macrophage-polarized activation challenged by 
Fn infection via a TLR4-dependent mechanism involved the IL-6/STAT3/c-MYC signalling cascade. Our data showed that 
macrophages are a major tumour-infiltrating immune cell type in human CRCs with Fn infection (P < 0.001). Fn infection 
increased M2 polarization of macrophages in vitro and in vivo, leading to intestinal tumour growth in ApcMin/+ mice. Moreo-
ver, Fn infection induced high expression of TLR4, IL-6, STAT3, p-STAT3, and c-MYC in cultured macrophages challenged 
with Fn, which was blocked by TAK-242 pre-treatment (P < 0.05). Interestingly, c-MYC protein was mainly co-localized 
with  CD206+ M2 macrophages with Fn infection. In conclusion, we show that Fn infection increased M2 polarization of 
macrophages in vitro and in vivo. Furthermore, Fn infection enhanced colorectal tumour growth in a TLR4-dependent manner 
involving activation of the IL-6/p-STAT3/c-MYC signalling pathway. For the first time, our results indicate an immunosup-
pressive effect of Fn by promoting M2 polarization of macrophages through a TLR4-dependent mechanism, which may 
serve as a promising target for immunotherapy of Fn-related CRC.
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Abbreviations
CRC   Colorectal cancer
E. coli  Escherichia coli
FAB  Fastidious anaerobe broth
FISH  Fluorescence in situ hybridization
Fn  Fusobacterium nucleatum
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
NE  Neutrophil elastase
TAM  Tumour associated macrophages

Introduction

Macrophages are immune cells that participate in host 
defence, tissue repair, angiogenesis, and inflammation [1, 
2]. Tumour associated macrophages (TAM) play an impor-
tant role in the development and progression of colorectal 
cancer (CRC) [3, 4]. Macrophage-polarized activation has 
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significant effects on immune responses in CRC [3]. Mac-
rophages are characterized by their heterogeneity, which 
can be shaped by the microenvironment [5]. In response 
to diverse signals within the tumour environment, mac-
rophages can differentiate into distinct functional pheno-
types that range from a pro-inflammatory M1-phenotype to 
a tumour-promoting M2-phenotype [6, 7]. Moreover, the 
molecular mechanisms that determine the activation state 
of TAMs within CRC are still not completely understood. 
Understanding the mechanisms that direct macrophage dif-
ferentiation in response to diverse environmental signals 
will provide a basis for novel cancer therapeutic strategies.

In recent years, increasing evidence has indicated that 
Fusobacterium nucleatum (Fn) may promote CRC devel-
opment by inhibiting the anti-tumour adaptive immunity 
[8–10]. However, the presence and activation state of 
TAMs within CRCs with Fn infection remains to be elu-
cidated. To target the immunity of Fn-related CRC preven-
tion and therapy, a better understanding of the molecular 
mechanisms that determine the activation state of TAMs 
within the tumour microenvironment of Fn-related CRC is 
clearly warranted. However, information on the underlying 
molecular pathways in macrophage-polarized activation in 
Fn-related CRC remains largely unknown.

In our previous study, it has been shown that Fn infec-
tion can increase c-MYC expression in colon cancer cells 
via a TLR4-dependent pathway [11]. IL-6 trans-signalling 
via STAT3 is a key modulator of TLR4-driven inflam-
matory responses [12]. The activation of the IL-6/STAT3 
signalling pathway has been implicated in the pathogen-
esis of CRC [13]. IL-6-mediated STAT3 activation blocks 
the functional maturation of dendritic cells, leading to a 
suppression of anti-tumour immunity in cancers [14]. Fur-
thermore, tumour-induced IL-6 can suppress intratumoural 
immunity by impairing the ketogenic response to reduced 
caloric intake [15]. Moreover, IL-6 can enhance c-MYC 
protein expression and translocation in multiple myeloma 
[16]. Recent studies have suggested that c-MYC is a key 
player in alternative macrophage activation [17, 18] and 
IL-6 can promote M2 polarization of adipose tissue mac-
rophages via upregulation of the IL-4 receptor α [19]. 
Therefore, it would be interesting to investigate whether 
Fn infections can determine macrophage phenotypes in 
a TLR4-dependent manner involving the IL-6/STAT3/c-
MYC cascade.

In the current study, we investigated the impact of Fn 
infection on TAM polarization in human CRCs and cul-
tured macrophages along with the phenotype of TAMs and 
consequences on intestinal tumour formation in Apcmin/+ 
mice. We also examined whether macrophage-polarized 
activation challenged by Fn infection is TLR4-dependent 
via the IL-6/STAT3/c-MYC signalling pathway.

Methods

Sample collection

Formalin-fixed, paraffin-embedded CRC tissues (n = 16) 
were obtained from the pathology department archives of 
the Affiliated Hospital of Southwest Medical University 
(Sichuan, China) between February 2016 and December 
2016.

Animal experiments

Fifteen male C57BL/6-ApcMin/+ mice were randomly and 
equally divided into three groups: Fn, Fn + TAK-242, and 
control. Mice in the control group were given fastidious 
anaerobe broth (FAB), and mice in the other two groups 
were fed Fn at  109 colony forming units suspended with 
0.25 ml FAB per day. The period of bacterial feeding experi-
ments was performed for 8 weeks to ensure tumour forma-
tion. Tumours in the colon and small intestine were counted 
and tumour volume was calculated as described previously 
[20]. Colon and small intestine tissues were resected and 
fixed in 4% paraformaldehyde and embedded in paraffin for 
histological analysis.

Cell culture and bacterial infection

The mouse macrophage cell line RAW 264.7 was graciously 
supplied by Dr. Jing Ren of Medical Laboratory Centre of 
the Southwest Medical University. RAW 264.7 macrophages 
were cultured in high glucose DMEM supplemented with 
10% fetal bovine serum (FBS) (Pan Biotech, Germany), 
100 U/mL penicillin, and 0.1 mg/mL streptomycin (Beyo-
time, china) in a 5%  CO2, 95% air incubator at 37 °C. RAW 
264.7 cells were seeded in 6-well plates and incubated for 
6 h (until 60% confluency) at 37 °C. The cells were then 
infected with bacteria (MOI 1:100) for 2 and 6 h. The plates 
were shaken gently and incubated at 37 °C in an incubator 
with controlled 5%  CO2.

TAK‑242 treatment of mice and macrophages

TAK-242 (10 mg) was dissolved in 1 ml DMSO and fur-
ther diluted in 24 ml sterile endotoxin-free water. The final 
concentration of TAK-242 and DMSO was 0.4 mg/ml and 
4%, respectively. TAK-242 was injected intraperitoneally 
into mice at a dose of 4 mg/kg with an injection volume 
of 0.1 ml/10 g body weight before bacterial feeding every 
2 days for 8 weeks [21]. For intervention of cultured mac-
rophages, a stock solution of TAK-242 was prepared in 
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DMSO and further diluted with DMEM to yield a final con-
centration of 1 µM. TLR4 was inhibited with 1 µM TAK-242 
for 1 h prior to Fn stimulation.

Fn and Escherichia coli (E. coli) culture

Fn (F01) strains were isolated and confirmed as previously 
described [11]. Fn (ATCC10953) was kindly supplied by 
Dr. Junqiang Jiang of the Affiliated Dental Hospital of 
Southwest Medical University and non-pathogenic E. coli 
(ATCC25922) was kindly supplied by Dr. Yinshun Zhou 
of the Microbiology Department of Southwest Medical 
University. Fn was incubated for 4–5 days in FAB supple-
mented with vancomycin (4 µg/mL) and neomycin sulphate 
(30 µg/mL) under anaerobic conditions at 37 °C. E. coli was 
cultured for 24 h in Luria–Bertani broth at 37 °C using an 
orbital shaker incubator.

Microbial fluorescence in situ hybridization (FISH) 
analysis

Sections  (5 µm-thick) were prepared and hybridized as 
previously described [22]. Five random 200× magnifica-
tion fields per sample were evaluated by an observer blind 
to sample status and the number of bacteria per field was 
calculated. We defined negative, weak, and positive Fn as 
those cases with < 5, between 5 and 20, and > 20 visualized 
FUS664 probes per field on average, respectively.

IHC

Indirect immunohistochemistry was performed with forma-
lin-fixed, paraffin-embedded tissue sections as previously 
described [23]. The primary antibodies used in the study 
were as follows: IL-6 (1:100; Bioworld), STAT3 (1:100; Cell 
Signaling Technology).

Western blot analysis

Total cellular protein was isolated from cultured cells with 
a protein extraction solution (Beyotime, China). Proteins 
were subjected to 10% SDS–PAGE and transferred to poly-
vinylidene fluoride membranes. Following this, membranes 
were blocked with 5% skimmed milk in PBST for 2 h at 
room temperature and incubated overnight at 4 °C with the 
following primary antibodies: TLR4 (1:500; Santa Cruz), 
IL-6 (1:1000; Bioworld), STAT3 (1:1000; Cell Signaling 
Technology), phosphorylated-STAT3 (1:1000; Cell Signal-
ing Technology), c-MYC (1:100; Bioworld), and GAPDH 
(1:10,000; Bioworld, USA). Membranes were then incubated 
with the appropriate secondary antibodies for 1 h at room 
temperature. Blots were quantified by densitometry using 
Quantity One 4.5.0 software (Bio-Rad Laboratories, CA).

Immunofluorescence

Immunofluorescence staining was performed as previ-
ously described [24]. Tissue immunofluorescence studies 
were performed on paraffin-embedded 5 µm sections. The 
immunofluorescence staining of RAW 264.7 macrophages 
was performed on glass coverslips and sections were incu-
bated with the following primary antibodies: CD3-ε (1:100; 
Santa Cruz), CD4 (1:100; Santa Cruz), CD8-α (1:100; Santa 
Cruz), CD83 (1:100; Santa Cruz), CD68 (1:100; Santa 
Cruz), Neutrophil Elastase (NE) (1:100; Beijing Biosynthe-
sis), CD86 (1:100; Santa Cruz), CD206 (1:100; Santa Cruz), 
and c-MYC (1:100; Bioworld) for 16 h at 4 °C. Slides were 
then incubated with appropriate secondary antibodies for 1 h 
at 37 °C in the dark; DAPI (Beyotime, China) was used as a 
nuclear counterstain. Immunofluorescence staining was ana-
lysed using a microscope (BX53F; Olympus, Tokyo, Japan).

Quantification of immune cells and M1/
M2‑polarized macrophages

Immunofluorescence for eight immune cell markers (CD3, 
CD4, CD8, CD83, NE, CD68, CD86, and CD206) was 
counted manually from captured images. As described pre-
viously, the cell density of M1 and M2 macrophages was 
determined by  CD86+ or  CD206+ staining, respectively [25]. 
Additionally, CD68 antibody was used as a pan-macrophage 
marker. Five random high-power fields of vision at 400× 
magnification were counted. Immune cell density was cal-
culated and presented as the average number of positive cells 
per square millimetre [24, 26].

Quantitative real‑time PCR (qPCR)

The extraction of total RNA from treated RAW 264.7 mac-
rophages was accomplished using a RNA extract kit (TIAN-
GEN, China) according to the manufacturer’s instructions. 
Reverse transcription was done using a Reverse Transcrip-
tion kit (TOYOBO, Japan) to obtain cDNA. The qPCR pro-
cess was carried out using a QuantiNova™ SYBR Green 
PCR Kit (Qiagen, Germany) on an Applied Biosystems Ste-
pOnePlus Real-Time PCR system [27]. Primer sequences 
used in this study are presented in Supplementary Table 1. 
All experiments were performed in triplicate.

Statistical analysis

Data are presented as the mean and standard deviation for 
continuous variables and as proportions for categorical vari-
ables. Data were analysed using one-way ANOVA followed 
by Bonferroni test for multiple comparisons. Differences 
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were considered significant if P < 0.05. All significance tests 
were two-tailed. All statistical tests were performed using 
SPSS software Version 13.0 (SPSS Inc., Chicago, IL, USA).

Results

Macrophages were the predominant infiltrating 
immune cell population in human CRC with Fn 
infection

Since tumour infiltrating immune cells play a role in anti-
tumour immune responses to CRC, we analysed the densities 
of  CD3+,  CD4+, and  CD8+ T cells, dendritic cells  (CD83+), 
neutrophils (NE), and macrophages  (CD68+) by immuno-
fluorescence in CRC tissues with and without Fn infection. 
The densities of  CD3+,  CD4+, and  CD8+ T cells in Fn-
negative CRCs were not significantly different from those 
in Fn-positive CRCs (Fig. 1a). We observed significantly 
higher number of dendritic cells (P = 0.031), neutrophils 
(P = 0.048), and macrophages (P < 0.001) in Fn-positive 
CRCs compared to Fn-negative CRCs. It is worth noting that 

 CD68+ macrophages were the most predominantly increased 
immune cell populations in Fn-positive CRCs. These find-
ings suggest that macrophages in the CRC microenviron-
ment play an important role in the immune response to Fn 
infection.

Increased M2‑phenotype macrophage populations 
in the human CRC microenvironment with Fn 
infection

Since the phenotype of macrophages determines the immune 
response to bacterium infection and cancers,  CD86+ 
M1-phenotype macrophages and  CD206+ M2-phenotype 
macrophages were examined by immunofluorescence in 
human CRC tissues with and without Fn infection. In Fn-
negative CRCs, the densities of M1 and M2 macrophages 
were not significantly different (P > 0.05). In Fn-positive 
CRCs, the densities of M2 macrophages were signifi-
cantly higher than those of M1 macrophages (P = 0.001). 
Moreover, the densities of M2 macrophages in Fn-positive 
CRCs were significantly higher than those in Fn-nega-
tive CRCs (P < 0.001) (Fig. 1b, c). These results suggest 

Fig. 1  Infiltrating immune cell populations detected by immuno-
fluorescence in human colorectal cancer. a The average number 
of  CD3+,  CD4+

, and  CD8+ T cells was not significantly different 
between Fn-negative (n = 8) and Fn-positive CRCs (n = 8). The densi-
ties of  CD83+ cells, neutrophils, and  CD68+ cells were significantly 
increased in Fn-positive CRCs compared to Fn-negative CRCs. Fn 

was detected by FISH. b  CD206+ M2-phenotype macrophages were 
significantly higher than  CD86+ M1 macrophages in Fn-positive 
CRCs, while no different in Fn-negative CRCs. c Representative 
images of  CD206+ and  CD86+ macrophages in Fn-positive CRCs 
compared to Fn-negative CRCs. NE neutrophil elastase. *, P < 0.05; 
**, P < 0.001
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that macrophage polarization into the tumour promoting 
M2-phenotype in CRCs is enhanced in the presence of Fn.

Fn infection favoured M2 polarization in cultured 
macrophages

To determine the effect of Fn infection on macrophage 
phenotypes in vitro, M1 and M2 markers were measured 
by immunofluorescence on a murine macrophage cell line 
(RAW 264.7).  CD206+ M2 macrophages were significantly 

increased in Fn (ATCC10953) and Fn (F01) challenged mac-
rophages compared to E. coli challenged macrophages at 
both 2 and 6 h (all P values < 0.05).  CD86+ M1 macrophages 
were significantly decreased in Fn (ATCC10953) and Fn 
(F01) challenged macrophages compared to E. coli chal-
lenged macrophages at both 2 and 6 h (all P values < 0.05) 
(Fig. 2).

Moreover, the mRNA levels of M1 markers (IL-12 and 
TNF-α) and M2 markers (IL-10 and TGF-β) were deter-
mined by qPCR. IL-12 and TNF-α were expressed at a 

Fig. 2  Fn infection favours M2 polarization in cultured macrophages. 
a  CD86+ M1 macrophages and its markers (IL-12 and TNF-α) were 
significantly decreased in Fn (ATCC10953) and Fn (F01) challenged 
macrophages compared to E. coli challenged macrophages at 6 h. The 
mRNA levels of cytokines were determined by quantitative real-time 
PCR. b  CD206+ M2 macrophages were significantly increased in Fn 
(ATCC10953) and Fn (F01) challenged macrophages compared to E. 
coli challenged macrophages. IL-10 and TGF-β were expressed at a 
significantly higher level in Fn (F01) challenged macrophages than in 

Fn (ATCC10953) and E. coli challenged macrophages. TAK-242 pre-
treatment before Fn (F01) challenge significantly decreased  CD206+ 
M2 macrophages compared to Fn (F01) treatment. c Representative 
immunofluorescence images of  CD206+ and  CD86+ macrophages 
after E. coli, Fn (ATCC10953), Fn (F01) and TAK-242 pre-treatment. 
*P < 0.05 compared to E. coli group; **P < 0.001 compared to E. coli 
group; #P < 0.05 compared to Fn (F01) group; ##P < 0.001 compared 
to Fn (F01) group; ‡P < 0.05 compared to Fn (ATCC10953) group
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significantly lower level in Fn (ATCC10953) and Fn (F01) 
challenged macrophages compared to E. coli challenged 
macrophages at 6 h (all P values < 0.05) (Fig. 2). Impor-
tantly, IL-10 was expressed at a significantly higher level in 
Fn (F01) challenged macrophages than in Fn (ATCC10953) 
as well as E. coli challenged macrophages at 2 and 6 h (all P 
values < 0.05). Moreover, TGF-β was expressed at a much 
higher level in Fn (F01) challenged macrophages compared 
to Fn (ATCC10953) and E. coli challenged macrophages at 
6 h (P = 0.003, P = 0.005, respectively). These results dem-
onstrate that Fn (F01) infection promotes the accumulation 
as well as differentiation of M2 macrophages.

The host can recognize microbial structures and compo-
nents via pattern-recognition receptors such as TLR4, which 
is expressed by a variety of immune cells. Therefore, we 
asked whether macrophage polarization is affected by block-
ing TLR4 signalling. M1 and M2 markers were measured on 
Fn (F01) challenged macrophages following pre-treatment 
with the TLR4 inhibitor TAK-242. Notably,  CD206+ M2 
macrophages were significantly decreased in macrophages 
pre-treated with TAK-242 compared to Fn (F01) challenged 
macrophages (P < 0.001). Moreover, mRNA levels of M2 
markers (IL-10 and TGF-β) were dramatically reduced in 
the TAK-242 pre-treatment group compared to the Fn (F01) 
group (P < 0.05) (Fig. 2). These in vitro results suggest that 
TLR4 signalling is required for macrophage M2 activation 
in response to Fn challenge.

Fn infection increased M2 polarization 
and intestinal tumour growth in ApcMin/+ mice 
and was TLR4‑dependent

To determine whether Fn could promote the formation of 
intestinal tumours, we fed C57BL/6-ApcMin/+ mice with 
Fn (F01). All mice were killed after 8 weeks of treatment. 
Fn-fed mice had higher number of tumours (P = 0.029) as 
well as larger average intestinal tumour volume (P = 0.027) 
compared to the control group (Fig. 3A-B), suggesting that 
Fn potentiates intestinal tumourigenesis in ApcMin/+ mice.

To further test the hypothesis that Fn infection polarizes 
macrophages towards the tumour promoting M2-phenotype 
in vivo, M1 and M2 markers were measured by immuno-
fluorescence on macrophages in the Apcmin/+ mice intesti-
nal tumour microenvironment. The density of  CD68+ mac-
rophages in the intestinal tumour microenvironment was 
significantly higher in Fn-fed mice compared to the control 
group (P = 0.002).  CD206+ M2 macrophages were signifi-
cantly higher in the intestinal tumour microenvironment 
of Fn-fed mice compared to the control group (P < 0.05). 
Moreover,  CD86+ M1 macrophages were significantly lower 
in Fn-fed mice compared to the control group (P < 0.05) 
(Fig. 3c–e). These findings offer direct support that Fn 

infection favours the M2 polarization of macrophages and 
contributes to the tumourigenesis of intestinal tumours.

To confirm that TLR4 signalling polarizes macrophages 
towards the M2-phenotype in vivo, ApcMin/+ mice were 
pre-treated with TAK-242. Compared to the Fn-treated 

Fig. 3  Fn infection increased M2 polarization of macrophages and 
intestinal tumour growth in  ApcMin/+ mice. a, b Fn (F01) fed mice 
had higher number and larger volume of intestinal tumours compared 
to the control group. TAK-242 pre-treatment significantly decreased 
intestinal tumour number and size compared to the Fn-treated group. 
c Fn infection significantly increased the densities of macrophages 
 (CD68+) compared to the control group. TAK-242 pre-treatment 
significantly decreased the densities of macrophages. d  CD206+ M2 
macrophages were significantly higher in the intestinal tumours of 
Fn-fed mice than in the control group.  CD86+ M1 macrophages were 
significantly lower in Fn-fed mice than in the control group. TAK-242 
pre-treatment significantly reduced M2 polarization of macrophages 
compared to the Fn treatment group. e Representative immunofluo-
rescence images of  CD206+ and  CD86+ macrophages in the intestinal 
tissue microenvironment of ApcMin/+ mice in the Fn (F01) treatment, 
TAK-242 pre-treatment, and control group. *P < 0.05, **P < 0.001
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group, TAK-242 pre-treatment significantly reduced the 
M2 polarization of macrophages within the tumour micro-
environment (P < 0.05). Moreover, the average number 
of intestinal tumours in the TAK-242 pre-treated group 
was significantly lower compared to the Fn-treated group 
(P < 0.001) and the control group (P = 0.002). The average 
size of intestinal tumours in the TAK-242 pre-treated group 
was significantly smaller compared to the Fn-treated group 
(P < 0.001) (Fig. 3). Collectively, these results suggest that 
TLR4 signalling is required for M2 activation of TAMs in 
response to Fn challenge in vivo.

Macrophage phenotype was associated 
with increased IL‑6/STAT3/c‑MYC signalling 
in human CRCs with Fn infection

Using immunofluorescence co-staining for immune cells 
 (CD3+,  CD4+,  CD8+, NE,  CD83+

, and  CD68+ cells) and 
IL-6 in 8 human CRC tissues with Fn infection, IL-6 
was found mainly co-localized with  CD68+ macrophages 
(P < 0.05) (Fig. 4). These results indicate that increased IL-6 
expression in human CRCs with Fn infection was mainly 
associated with  CD68+ macrophages. Furthermore, IL-6 and 
STAT3 protein abundance was compared in 8 Fn-positive 
and 8 Fn-negative CRCs by IHC. The abundance of IL-6 
and STAT3 protein was significantly higher in Fn-positive 
CRCs compared to Fn-negative CRCs (P < 0.001, P = 0.004, 
respectively) (Fig. 5A-B). To investigate whether mac-
rophage polarization is associated with c-MYC expression, 
immunofluorescence co-staining for macrophages  (CD86+ 
and  CD206+ cells) and c-MYC protein was performed in 
human CRCs with Fn infection. In human CRCs with Fn 
infection, the frequency of co-staining for  CD206+ mac-
rophages and c-MYC protein was significantly higher than 
that for  CD86+ macrophages and c-MYC protein (P < 0.001) 
(Fig. 6a, b). These findings suggest that M2 polarization 
of macrophages in human CRCs with Fn infection may be 
associated with the activation of the IL-6/STAT3/c-MYC 
signalling pathway.

Fn promoted M2 polarization of macrophages 
via a TLR4‑dependent mechanism involving 
the IL‑6/p‑STAT3/c‑MYC cascade

To delineate the cellular mechanisms by which Fn infec-
tion increased M2 macrophage polarization within the CRC 
microenvironment, the expression of TLR4, IL-6, STAT3, 
p-STAT3, and c-MYC was further assessed by qPCR or 
Western blot in cultured macrophages challenged with Fn 
(F01). The mRNA of IL-6 was expressed at a significantly 
higher level in Fn (F01) challenged macrophages compared 
to Fn (ATCC10953) and E. coli challenged macrophages at 
2 and 6 h (P < 0.05). The expression of TLR4, IL-6, STAT3, 

p-STAT3, and c-MYC protein was significantly increased in 
cultured macrophages after Fn (F01) infection compared to 
the control group (all P values < 0.05) (Fig. 5c–e).

The frequency of co-staining of  CD206+ macrophages 
and c-MYC in Fn (F01) challenged cells was signifi-
cantly higher than that for  CD86+ macrophages and 
c-MYC (P < 0.05). Furthermore, it was significantly 
higher than that for  CD206+ macrophages and c-MYC in 
Fn (ATCC10953) and E. coli challenged cells (P < 0.05, 
P < 0.05, respectively). Moreover, TAK-242 pre-treatment 

Fig. 4  Immunofluorescence co-staining for immune cells and IL-6 
in human CRC with Fn infection. a The frequency of immunofluo-
rescence co-staining for macrophages  (CD68+) and IL-6 was signifi-
cantly higher than that for other immune cells  (CD3+,  CD4+,  CD8+, 
 NE+

, and  CD83+) and IL-6 in Fn-positive CRCs (n = 8). b Repre-
sentative images of immunofluorescence co-staining for immune cells 
 (CD3+,  CD4+,  CD8+, NE,  CD83+, and  CD68+ cells) and IL-6. NE 
neutrophil elastase. *P < 0.05
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before Fn (F01) challenge significantly decreased the 
frequency of co-staining of  CD206+ macrophages and 
c-MYC compared to Fn (F01) challenged cells (P < 0.05) 
(Fig. 6c, d). These findings indicate that c-MYC is a spe-
cific signature of M2-phenotype macrophage activation.

Furthermore, we examined whether the inhibition of 
TLR4 affects IL-6/p-STAT3/c-MYC expression in cul-
tured macrophages. Pre-treatment with TAK-242 prior 
to challenge with Fn (F01) led to a significant decrease 
of IL-6 mRNA abundance compared to the Fn (F01) 
treatment group (P < 0.05) (Fig. 5c). Western blot anal-
ysis found that the expression of TLR4, IL-6, STAT3, 
p-STAT3, and c-MYC was significantly decreased in the 
TAK-242 pre-treatment group compared to the Fn (F01) 
treatment group (P < 0.05) (Fig. 5d, e).

Discussion

The type, density, and location of immune cells within 
human CRC can influence the behaviour of tumours, pre-
dict clinical outcome, and potentially identify appropriate 
immunotherapies [28, 29]. We have made the discovery 
that macrophages are a major tumour-infiltrating immune 
cell type in a small sample of CRCs with Fn infection. 
This finding is consistent with a previous study, which 
revealed that Fn abundance was significantly associ-
ated with macrophage infiltration [30]. Macrophages in 
the microenvironment of cancers can differentiate into 
either an M1-phenotype, which impedes tumour progres-
sion or an M2-phenotype, which can enhance tumour cell 

Fig. 5  Fn infection induced the activation of the IL-6/STAT3/c-
MYC signalling in a TLR4-dependent manner in vivo and in vitro. a 
Examples of high expression of IL-6 and STAT3 in Fn-positive CRC 
compared to low expression of IL-6 and STAT3 in Fn-negative CRC 
using immunocytochemistry. b Expression of IL-6 and STAT3 was 
significantly higher in Fn-positive CRCs (n = 8) than that in Fn-neg-
ative CRCs (n = 8). *P < 0.05; **P < 0.001. c Using quantitative real-
time PCR, IL-6 mRNA was expressed at a significantly higher level 
in Fn (F01) challenged macrophages compared to Fn (ATCC10953) 
and E. coli challenged macrophages at 2 and 6  h (*P < 0.05). Pre-
treatment with TAK-242 led to a significant decrease in IL-6 mRNA 

compared to the Fn (F01) treatment group (#P < 0.05). d, e Western 
blots showing significantly increased levels of TLR4, IL-6, t-STAT3, 
p-STAT3, and c-MYC protein in cultured macrophages after Fn (F01) 
infection compared to control group, while TLR4, IL-6, t-STAT3, 
p-STAT3, and c-MYC protein levels were significantly decreased in 
the TAK-242 pre-treatment group compared to the Fn (F01) treat-
ment group. Bar diagrams represent the results obtained after densito-
metric scanning from three different experiments. Bars represent the 
mean ± SD. *P < 0.05 compared to control group; #P < 0.05 compared 
to Fn (F01) group
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proliferation, migration, angiogenesis, and metastasis [6, 
7]. M2 macrophages are generally associated with tumour 
progression in various cancers [31]. Another important 
finding in this study was that M2 macrophages were the 
main population compared to M1 population in the micro-
environment of human CRCs with Fn infection. Moreo-
ver, as demonstrated by the immunofluorescence data and 
qPCR results, Fn infection increased M2 polarization of 
macrophages in vitro and in vivo in intestinal tumours in 
ApcMin/+ mice. Our results suggested that TAMs in the 
microenvironment of Fn-positive CRCs mostly possess an 
M2-phenotype. These findings can explain the impaired 
immune response and poor clinical prognosis of CRC 
patients with Fn infection.

In the ApcMin/+ mouse model, we found that Fn infec-
tion increased M2 polarization of macrophages within the 
tumour microenvironment and intestinal tumour growth. 
Inhibition of TLR4 by TAK-242 significantly decreased 
M2-polarized macrophages and the formation of intestinal 
tumours. LPS-TLR4 signalling is classically involved in 
M1 macrophages’ polarization [32]. However, our results 

suggest that TLR4 signalling is required for tumour-asso-
ciated M2 macrophage activation in response to Fn chal-
lenge in vivo. This is similar to a recent report in which 
M2 macrophage polarization was induced in a TLR4-
dependent manner [33]. These findings indicate a novel 
mechanism by which Fn in the CRC microenvironment 
may contribute to tumour progression by promoting M2 
macrophage polarization. However, the mechanism behind 
this altered response to Fn infection by macrophages is yet 
to be fully understood.

Previous studies have reported that stimulation of TLR4 
through the MyD88-dependent signalling pathway leads to 
the secretion of IL-6 [34, 35]. Our data demonstrated that 
inhibition of TLR4 reduced IL-6 expression in response to 
Fn infection. Our findings are consistent with previous stud-
ies, which reported that TAK-242 inhibited TLR4-induced 
secretion of IL-6 in a dose-dependent manner [34, 36]. IL-6 
has been reported to promote the M2 polarization of mac-
rophages [19, 37]. These findings further support a role for 
TLR4 in promoting IL-6 gene transcription to promote M2 
polarization of macrophages.

Fig. 6  High frequency of co-staining for  CD206+ macrophages 
and c-MYC protein after exposure to Fn infection. a Examples of 
immunofluorescence co-staining for c-MYC and M1-polarized cells 
 (CD86+) or M2 cells  (CD206+) in human colon cancer with Fn infec-
tion. b The frequency of co-staining for  CD206+ macrophages and 
c-MYC protein was significantly higher than that for  CD86+ mac-
rophages and c-MYC. c Examples of immunofluorescence co-stain-
ing for c-MYC and M1-polarized cells  (CD86+) or M2-polarized 
cells  (CD206+) in cultured macrophages after exposure to E. coli, Fn 
(ATCC10953), Fn (F01), and TAK-242 pre-treatment with Fn (F01). 

d The frequency of co-staining for  CD206+ macrophages and c-MYC 
in Fn (ATCC10953) and Fn (F01) challenged cells was significantly 
higher than that for  CD86+ macrophages and c-MYC (#P < 0.05). 
The frequency of co-staining for  CD206+ macrophages and c-MYC 
in Fn (F01) challenged cells was significantly higher than that in Fn 
(ATCC10953) and E. coli challenged cells. TAK-242 pre-treatment 
significantly decreased the frequency of co-staining for  CD206+ 
macrophages and c-MYC compared to Fn (F01) challenged cells. 
*P < 0.05
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IL-6/STAT3 signalling has been shown to play an impor-
tant role in the pathogenesis of CRC [13, 38, 39]. We found 
high abundance of IL-6 and STAT3 in CRCs with Fn infec-
tion as well as high expression of IL-6, STAT3, p-STAT3, 
and c-MYC in cultured macrophages challenged with Fn. 
A recent study reported that cancer-associated fibroblasts 
can promote endometrial cancer growth via activation of 
the IL-6/STAT3/c-MYC pathway [40]. In the present study, 
TAK-242 pre-treatment significantly decreased the expres-
sion of IL-6, STAT3, p-STAT3, and c-MYC in cultured 
macrophages. Moreover, TAK-242 pre-treatment signifi-
cantly decreased the frequency of co-staining for c-MYC 
and  CD206+ macrophages challenged with Fn. These pre-
liminary findings suggest that Fn infection may activate the 
IL-6/p-STAT3/c-MYC signalling pathway in macrophages 
in a TLR4-dependent manner.

The biological functions of c-MYC have been investi-
gated mostly in cancer cells and its effects on immune cells 
have not been well characterized. Interestingly, our study 
found that c-MYC was mainly co-localized with  CD206+ 
M2 macrophages in human CRCs with Fn infection as well 
as in cultured macrophages challenged by Fn. Our results 
were consistent with previous studies which suggested that 
c-MYC is a key player in macrophage M2 activation [18, 
41]. Taken together, these findings demonstrate that the 
IL-6/p-STAT3/c-MYC signalling pathway in macrophages 
is key in the control of macrophage differentiation and sug-
gests that interfering with this pathway should be taken into 
account when targeting TAM activation.

As a heterogeneous group of organisms, Fn is a com-
mon inhabitant of both the oral cavity and the human gut 
[42]. Some oral bacteria were detected abundant in the stool 
of CRC patients, indicating an oral-gut translocation route 
[43]. In our study, both a gut-derived Fn (F01) strain from a 
CRC patient and an Fn (ATCC10953) strain originating from 
the oral cavity induced M2 polarization of macrophages. 
It is worth to noting that compared to Fn (ATCC10953), 
Fn (F01) strain induced significantly higher levels of M2 
macrophages, suggesting some oral Fn may have evolved 
towards higher levels of virulence, and subsequently play a 
role in the CRC tumourigenesis. Further studies are needed 
to investigate the mechanism for the evolved virulence of 
CRC-related Fn.

In conclusion, our results showed that Fn infection 
increased M2 macrophage polarization in vitro and in vivo, 
enhanced colorectal tumour growth, which is likely TLR4-
dependent involving the IL-6/p-STAT3/c-MYC signalling 
pathway. Our study has provided additional targets for CRC 
therapeutic strategies, which could be used in combination 
with other targeted approaches. The use of TLR4 antagonists 
can potentially be another therapeutic approach to suppress 
tumour-promoting M2 macrophage polarization. We propose 
for the first time, a novel mechanism of action, which may 

explain the immunosuppressive effect of Fn by promoting 
M2 polarization of macrophages via a TLR4-dependent 
mechanism. This may serve as a promising target for immu-
notherapy of Fn-related CRC.
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