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The effect of Fusobacterium nucleatum (F. nucleatum) autoinducer-2 (AI-2) on the polarization of macrophages
and the underlying mechanism is not known. We investigated the effect of F. nucleatum AI-2 on the migration
and polarization of cultured macrophages. We further screened AI-2-interacting proteins in macrophages using a
quantitative proteomics strategy, and evaluated the expression of TNFSF9/TRAF1/p-AKT/IL-1f signaling in
cultured macrophages and human colorectal cancer (CRC). The data showed that F. nucleatum AI-2 enhanced the
mobility and M1 polarization of macrophages, possibly through TNFSF9/TRAF1/p-AKT/IL-1B signaling.
Moreover, TNFSF9 and IL-1§ expression was significantly increased in human CRCs when compared to normal
colon (P < 0.05), and was associated with AI-2 concentration and increased survival. Together, our data sug-
gested that AI-2 induced macrophage M1 polarization by activating the TNFSF9/IL-1f pathway. Thus, AI-2 may

serve as a promising novel target for immunotherapy of gut microbiota-related diseases.

1. Introduction

The mammalian gut is home to a large population of microorgan-
isms, where host and microorganisms coordinate with each other to
maintain homeostasis [1]. The co-evolution of animals with their gut
microbiota has formed a precise balance [2]. An imbalance among gut
microbiota or between host and resident microbiota can lead to a
variety of diseases, including obesity [3], diabetes [4], cardiovascular
atherosclerosis [5], Parkinson's and neurodegenerative diseases, in-
flammatory bowel disease (IBD), and colorectal cancer (CRC) [6].
Therefore, communication between gut microbiota and the host is of
utmost importance for homeostasis of host physiology and health [7].
However, currently, the underlying mechanism of action between gut
microbiota and the gut is not well understood.

Found in large numbers of gram-positive and gram-negative bac-
teria, the quorum sensing (QS) system is an important mechanism both
within and between species, and enables bacteria to act as a team rather
than as a single cell [8]. QS plays an important role in bacterial cell
density, biofilm formation, virulence, and antibiotic production [9].
Autoinducer-2 (AI-2) is a major signal-type molecule of QS, and is a

nonspecies-specific autoinducer that is involved in mediating commu-
nication among interspecies [10]. AI-2 can mediate bacterial coloni-
zation in the intestinal tract, thereby changing the composition of in-
testinal bacteria, and regulating the host immune response, leading to
intestinal diseases [10]. In a previous study, it was reported that AI-2
synthetase (LuxS) can affect the host's pro-inflammatory responses to
Porphyromonas gingivalis [11]. Thus, it is conceivable that AI-2 can be
sensed by the host's immune system.

As an important barrier against pathogen invasion, macrophages
play a critical role in microbial sensing, inflammatory disease, and
cancer [12]. The heterogeneity of macrophages can be shaped based on
the microenvironment [13]. For example, in the tumor microenviron-
ment, macrophages can differentiate into distinct functional pheno-
types that range from M1-phenotype to M2-phenotype [14]. The main
effect of M1 type polarization is pro-inflammatory, and mainly med-
iates the release of inflammatory cytokines, including IL-1f, IL-8, and
TNF-a. M2 type polarization is anti-inflammatory and tumor-pro-
moting, and mainly mediates the release of cytokines, such as TGF-,
IL-10, and IL-4 [15]. However, whether AI-2 can shape the polarization
of macrophages has never been investigated before.
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Recently, Fusobacterium nucleatum (F. nucleatum) has been found to
play an important role in the development of intestinal inflammatory
diseases and CRC [16]. Molecules of F. nucleatum, such as lipopoly-
saccharide (LPS), FadA, Fap2, and RadD, can invade the mucosal epi-
thelium, and stimulate the release of inflammatory factors, such as NF-
kB, IL-6, IL-8, IL-10, and IL-18, thereby creating an inflammatory mi-
croenvironment that favors the development of CRC [17]. Moreover,
inflammatory signaling pathways play an important role in the initia-
tion and development of CRC [18]. For example, AKT/IL-1[3 and ERK/
IL-6 signaling form important molecular bases for the secretion of in-
flammatory factors, and are aberrantly activated in CRCs [19,20].
However, the effect of F. nucleatum AI-2 on the release of inflammatory
factors in macrophages as well as the underlying mechanism involved
has never been investigated.

We hypothesized that AI-2 from F. nucleatum can shape the phe-
notype of macrophages. Therefore, in the present study, we explored
whether F. nucleatum AI-2 plays a role on the migration and polariza-
tion of macrophages. We further screened Al-2-interacting proteins in
cultured macrophages using a quantitative proteomics approach. Our
findings showed that AI-2 activated TNFSF9/TRAF1/P-AKT/IL-1[3 sig-
naling in macrophages in vitro. Moreover, the expression of TNFSF9 and
IL-1P was upregulated in human CRC tissues, and was associated with
increased survival. Combined, our data provided a novel therapeutic
target for gut microbiota-related diseases.

2. Materials and methods
2.1. Sample collection and bacterial culture

Both stool and CRC tissue samples were collected from 40 CRC
patients admitted to the Affiliated Hospital of Southwest Medical
University (Sichuan, China) between February 2017 and December
2017. Exclusion criteria included use of antibiotic within 3 months of
study participation, inflammatory diseases, familial polyposis syn-
drome, pregnancy and radiation [21]. Informed consent was obtained
from all participants and the study was approved by the review board of
the Affiliated Hospital of Southwest Medical University.

In brief, stool samples were prepared as described by Raut. et al.,
and each sample was weighed and suspended, then diluted with steriled
water to a final dilution of 1:750 (w/v) [22]. Tumor tissues were fixed
in 4% paraformaldehyde and embedded in paraffin for immuno-
fluorescence analysis.

FE. nucleatum (FO1) strains were isolated from a proximal colon
cancer tissue as described in our previous study [23]. F. nucleatum were
cultured in fastidious anaerobe broth (FAB) medium containing 10%
serum in a humidified anaerobic chamber (85% N,, 10% H,, and 5%
CO, at 37 °C). The AI-2 reporter strain Vibrio harveyi (V. harveyi) BB170
was purchased from the Guangdong culture collection center
(Guangzhou, China), and was cultured in autoinducer bioassay (AB)
medium at 30 °C as previously described [24].

2.2. Purification of F. nucleatum AI-2

Purification of F. nucleatum AI-2 was demonstrated as previously
described [25]. Briefly, an overnight culture of F. nucleatum was diluted
1:10 with fresh AB medium and cultured at 37 °C until the late ex-
ponential phase (OD660 nm = 0.7). Culture supernatants were pre-
pared by centrifugation at 10,000 X g, transferred to 0.2 pm-pore-size
membrane filters, and subsequently passed through a Centricon YM-3
3-kDa exclusion filter. The filtrate was lyophilized, and a small amount
(200 mg) was dissolved in 2mL of cold buffer solution (pH 6.2), and
chromatographed on a C18 Sep-Pak reverse-phase column (Waters Co.,
Milford, MA, USA) according to the manufacturer's instructions.
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2.3. Determination of AI-2-mediated bioluminescence

V. harveyi strain BB170 was inoculated in AB medium at 30 °C with
aeration until OD600 = 0.7. Then, the strain was diluted with fresh AB
medium at a ratio of 1:5000. The bacterial suspension was mixed with
purified F. nucleatum AI-2 or AI-2 and its inhibitor p-ribose (50 uM)
(Tokyo Chemical Industry Co. Tokyo, Japan) at a final concentration of
10% (vol/vol) and incubated for 6 h at 30 °C. Stool samples were pro-
cessed as described above. Ten microliter of each of the processed
samples was added in triplicate to 90 uL of diluted V. harveyi BB170
cultures in 96-well polystyrene microtiter plates (Costar, corning, NY,
USA).

Bioluminescence was recorded by a TriStar LB 941 microplate
reader (Berthold, Wildbad, Germany). The standard solution 4,5-dihy-
droxy-2,3-pentanedione (DPD) (the precursor of Al-2, Omm Scientific
Inc. CAS: 142937-55-1) was diluted with sterile water to concentrations
of 1000, 100, 10, and 1 pmol/L, and 100, 10, 1, and 0.1 nmol/L. Then,
an AI-2 quantitative detection standard curve was established as pre-
viously described [22]. Nonlinear regression analysis [log (agonist) vs
response - variable slope] was used for the analysis of dose-response
curves, and the concentration of AI-2 was calculated based on the
bioluminescence value.

2.4. Cell culture and differentiation induction

U937 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA) and maintained in Gibco RPMI1640,
supplemented with 10% (v/v) fetal calf serum and 1% (v/v) penicillin
G/streptomycin at 37 °C under 5% CO». For all experiments, U937 cells
were differentiated to obtain a macrophage-like phenotype by addition
of phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, St. Louis,
MO, USA) at 100 ng/mL, at 37 °C for 48 h [26].

2.5. High-throughput quantitative proteomic analysis

U937 cells induced by PMA were treated with F. nucleatum AI-2 or
an equal amount of cell culture medium as a control. Proteins were
isolated and digested from AI-2-treated cells and controls. After diges-
tion, peptides were processed and analyzed as previously described
[27]. Differentially expressed proteins were identified using a cutoff of
absolute fold change of =1.3. The gene ontology (GO) enrichment test
with P < 0.05 was considered significant. Experiments were per-
formed in triplicate.

2.6. Cell migration assay

For quantitative cell migration assays, chambers (Corning,
Tewksbury, MA, USA) with 8.0-um polycarbonate filter inserted in 24-
well plates were used. U937 cells induced by PMA (1 x 10° cells/well)
were added in the upper chamber and the lower chambers were filled
with four different treatments: complete medium containing 20%
serum (CTR), CTR + AI-2 (400uM), CTR + AI-2 (50uM), and
CTR + AI-2 (400 uM) + p-ribose (50 uM). The 24-well plates con-
taining cells were placed in a thermostatic incubator at 37 °C for 16 h.
Then, the transferred cells were fixed with 4% paraformaldehyde,
stained with crystal violet, and counted using an inverted microscope
(IX73; Olympus, Tokyo, Japan). Experiments were performed in tri-
plicate.

2.7. Quantitative real-time PCR analysis of M1/M2-polarized macrophages

Equal amounts of PMA-stimulated U937 cells (1 X 10°%) were
treated with AI-2 (50 uM), AI-2 (400 uM), AI-2 (400 puM) + p-ribose
(50 uM), and an equal amount of cell culture medium (control). After
6 h, total RNA was extracted using an RNA extraction kit (TTANGEN,
China). A Reverse Transcription kit (TOYOBO, Japan) was used to
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prepare cDNA and quantitative real-time PCR was performed using
QuantiNovaTM SYBR Green PCR Kit (Qiagen, Germany) on an Applied
Biosystems StepOnePlus Real-Time PCR system. The primers used are
presented in Supplementary Table S1.

2.8. Western blot analysis

Total cellular protein was extracted from cultured cells using a
protein extraction solution (Beyotime, China). Western blot analysis
was performed as previously described [14]. Primary antibodies used in
this study were as follows: anti-GAPDH (1:10,000; Bioworld), anti-p-
ERK1/2 (1:1000; Beyotime), anti-p-AKT (1:1000; Beyotime), anti-IL-1f3
(1:1000; Bioworld), anti-TRAF1 (1:1000; Proteintech), anti-IL-6
(1:1000; Bioworld), anti-TNFSF9 (1:1000; Bioworld). Membranes were
then incubated with the appropriate secondary antibodies for 1h at
room temperature. Membranes were analyzed using Quantity One 4.5.0
software (Bio-Rad Laboratories, CA, USA). Experiments were performed
in triplicate.

2.9. Immunofluorescence

Immunofluorescence staining was performed using formalin-fixed,
paraffin-embedded tissue sections as described in our previous study
[14]. The primary antibodies used for immunofluorescence were as
follows: anti-CD68 (1:100, Santa Cruz, CA, USA); anti-TNFSF9 (1:100,
Bioworld, USA); anti-IL-1p (1:100, Bioworld, USA). Each section was
incubated with appropriate secondary antibodies: FITC-labeled goat
anti-mouse IgG (1:200, Beyotime, China), Cy3-labeled goat anti-rabbit
IgG (1:500, Beyotime, China) for 1 h at 37 °C. DAPI (Beyotime, China)
was used for nuclear counterstain at room temperature for 10 min.
Images were captured using a microscope (BX53; Olympus, Tokyo,
Japan). Immunofluorescence for macrophage markers CD68 and pro-
teins (TNFSF9 and IL-1f) was determined from captured pictures. A
total of five random fields at 400 X magnification were captured for
each sample, and positive cells were presented as an average number of
positive cells per square millimeter.

2.10. Statistical analysis

Data are presented as the mean and standard deviation for con-
tinuous variables and as proportions for categorical variables. Data
were analyzed using one-way ANOVA, followed by the Bonferroni test
for multiple comparisons. All significance tests were two-tailed.
Statistical analysis was performed using SPSS software version 13.0
(SPSS Inc., Chicago, IL, USA). P < 0.05 was considered significant.

3. Results
3.1. AI-2 activity of F. nucleatum

As shown in Fig. 1A, a standard curve was obtained from biolumi-
nescence values corresponding to different AI-2 concentration gra-
dients. According to nonlinear regression analysis, the concentration of
AI-2 purified from F. nucleatum (FO1) was 251.7 pmol/L. Moreover, Al-2
purified from F. nucleatum (F01) significantly induced bioluminescence
when compared to the untreated control group (P < 0.0001) (Fig. 1B).
In addition, AI-2 inhibitor p-ribose significantly inhibited AI-2-induced
bioluminescence (P < 0.0001) (Fig. 1B).

3.2. AI-2 of F. nucleatum promoted macrophage migration and M1
polarization

We compared the migration ability of U937-derived macrophages
treated with F. nucleatum AI-2 and untreated macrophages using trans-
well assays. U937-derived macrophages treated with AI-2 at both low
concentration (50 uM) and high concentration (400 pM) showed an
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increase in migration when compared to untreated macrophages (both
P values < 0.0001). In addition, AI-2 inhibitor p-ribose significantly
attenuated the migration of macrophages induced by AI-2
(P < 0.0001) (Fig. 2A, B). Combined, these findings demonstrated that
F. nucleatum AI-2 enhanced the mobility of human macrophages.

Since the phenotype of macrophages determines the immune re-
sponse to bacterium infection, we further examined the mRNA levels of
both macrophage M1 markers (IL-8, TNF-a and IL-1f), and M2 markers
(IL-10 and TGF-B) by qPCR after AI-2 challenge. We found that M1
markers, such as IL-8, TNF-a, and IL-1B were expressed at a sig-
nificantly higher level at high concentration (400 uM) of AI-2-chal-
lenged U937-derived macrophages when compared to the control group
(all P values < 0.0001). These induction effects were significantly
blocked by AI-2 inhibitor p-ribose (all P values < 0.0001). However,
the levels of TGF-f did not significantly change after AI-2 treatment
(P > 0.05). IL-10 was expressed at a significantly lower level in AI-2-
challenged macrophages when compared to the control group
(P < 0.0001) (Fig. 2C, D). AI-2 inhibitor p-ribose did not significantly
influence the levels of M2 markers (IL-10 and TGF-f3) of Al-2-challenged
macrophages. Together, these results suggested that F. nucleatum AlI-2
promoted the differentiation of M1 macrophages.

3.3. AI-2 induced high expression of cytokine-cytokine receptor interaction
including TNFSF9 signaling in U937-derived macrophages

Al-2-interacting proteins in U937-derived macrophages were ana-
lyzed using a quantitative proteomics approach. As a result, 5927
protein groups were identified, among which 5317 proteins were
quantified. Among the 5317 genes, there were 57 genes with an ex-
pression level > 1.3-fold change. Forty-six proteins were up-regulated
and 11 proteins were down-regulated (Table 1). The 46 up-regulated
proteins primarily induced expression of cytokines, such as TNFSF9, IL-
1B, C-C motif chemokine (CCL20), PTGS2, TRAF1, and C-C motif che-
mokine 3 (CCL3). Importantly, the most differentially upregulated
proteins included TNFSF9 (3.621-fold) and IL-1f3 (3.045-fold).

To evaluate the biological relevance of AI-2 with U937-derived
macrophages, cluster analysis was performed to create a heat-map,
which contained the data obtained for the 5317 dysregulated proteins.
The results showed that 46 up-regulated proteins were classified as
involved in response to bacteria, responses to the molecule of bacterial
origin, regulation of inflammatory response, and cell migration
(Fig. 3A). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
revealed that AI-2 treatment activated 26 significant pathways
(P < 0.05). The top four activated pathways included cytokine-cyto-
kine receptor interaction, rheumatoid arthritis, the IL-17 signaling
pathway, and the TNF signaling pathway (Fig. 3B, C). The more pro-
minent proteins TNFSF9, IL-1f, CCL-20, PTGS2, and TRAF1 were
mainly concentrated in the TNF signaling pathway, thus may induce
M1 polarization of macrophages.

3.4. AI-2 activated TNFSF9/TRAF1/P-AKT/IL-1f signaling in U937-
derived macrophages in vitro

To delineate the molecular mechanisms by which AI-2 induced
macrophage M1 polarization, TNFSF9/TRAF1/p-AKT/IL-13 and p-
ERK/IL-6 signaling were further investigated by Western blot analysis
in cultured macrophages that were challenged with F. nucleatum AlI-2.
When compared to the control group, the expression of TNFSFO9,
TRAF1, p-AKT, and IL-1f3 was significantly increased in cultured U937-
derived macrophages after AI-2 challenge at both 50 uM and 400 uM
(all P values < 0.05). p-ribose pre-treatment before AI-2 challenge
(400 uM) significantly decreased the expression of TNFSF9, TRAF1, p-
AKT and IL-1p (all P values < 0.05) (Fig. 4A, B). However, when
compared to the control group, p-ERK expression did not significantly
change, and IL-6 expression significantly decreased after AI-2 challenge
(P < 0.05). Furthermore, the positive control LPS significantly
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Table 1
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Proteins with at least 1.3-fold change in abundance in AI-2 treated U973-derived macrophages compared with control.

Protein accession ~Gene name Protein description AlI-2/control AI-2/control P value Regulated type
Ratio

P41273 TNFSF9 Tumor necrosis factor ligand superfamily member 9 OS = Homo sapiens 3.621 0.0019838 Up
OX = 9606 GN = TNFSF9

P35354 PTGS2 Prostaglandin G/H synthase 2 OS = Homo sapiens OX = 9606 GN = PTGS2 3.551 0.00014238 Up

P01584 IL1B Interleukin-1 beta OS = Homo sapiens OX = 9606 GN = IL1B 3.045 0.00063738 Up

Q702N8 XIRP1 Xin actin-binding repeat-containing protein 1 OS = Homo sapiens OX = 9606 2.307 0.010498 Up
GN = XIRP1

PO5121 SERPINE1 Plasminogen activator inhibitor 1 OS = Homo sapiens OX = 9606 GN = SERPINE1 2.282 0.0014379 Up

P78556 CCL20 C-C motif chemokine 20 OS = Homo sapiens OX = 9606 GN = CCL20 2.168 0.0001382 Up

P10147 CCL3 C-C motif chemokine 3 OS = Homo sapiens OX = 9606 GN = CCL3 2.166 0.0079787 Up

Q02487 DSC2 Desmocollin-2 OS = Homo sapiens OX = 9606 GN = DSC2 2.045 0.0094607 Up

015492 RGS16 Regulator of G-protein signaling 16 OS = Homo sapiens OX = 9606 GN = RGS16 2.007 0.00091878 Up

P05120 SERPINB2 Plasminogen activator inhibitor 2 OS = Homo sapiens OX = 9606 GN = SERPINB2 1.781 0.0036788 Up

QINYSO NKIRAS1 NF-kappa-B inhibitor-interacting Ras-like protein 1 OS = Homo sapiens OX = 9606 1.699 0.00020496 Up
GN = NKIRAS1

P38936 CDKN1A Cyclin-dependent kinase inhibitor 1 OS = Homo sapiens OX = 9606 1.693 0.00023895 Up
GN = CDKN1A

Q99541 PLIN2 Perilipin-2 OS = Homo sapiens OX = 9606 GN = PLIN2 1.668 0.0046628 Up

P01100 FOS Proto-oncogene c-Fos OS = Homo sapiens OX = 9606 GN = FOS 1.652 0.00012019 Up

Q07352 ZFP36L1 mRNA decay activator protein ZFP36L1 OS = Homo sapiens OX = 9606 1.651 0.0044219 Up
GN = ZFP36L1

043918 AIRE Autoimmune regulator OS = Homo sapiens OX = 9606 GN = AIRE 1.647 4.4147E-05 Up

Q9ULX9 MAFF Transcription factor MafF OS = Homo sapiens OX = 9606 GN = MAFF 1.641 0.0153829 Up

Q9H7S9 ZNF703 Zinc finger protein 703 OS = Homo sapiens OX = 9606 GN = ZNF703 1.638 7.6885E-05 Up

014763 TNFRSF10B  Tumor necrosis factor receptor superfamily member 10B OS = Homo sapiens 1.574 0.0023187 Up
OX = 9606 GN = TNFRSF10B

Q13077 TRAF1 TNF receptor-associated factor 1 OS = Homo sapiens OX = 9606 GN = TRAF1 1.567 0.0023622 Up

000175 CCL24 C-C motif chemokine 24 OS = Homo sapiens OX = 9606 GN = CCL24 1.556 0.030536 Up

Q9UNW9 NOVA2 RNA-binding protein Nova-2 OS = Homo sapiens OX = 9606 GN = NOVA2 1.553 0.0020974 Up

P03956 MMP1 Interstitial collagenase OS = Homo sapiens OX = 9606 GN = MMP1 1.528 0.0028611 Up

P11169 SLC2A3 “Solute carrier family 2, facilitated glucose transporter member 3 OS = Homo 1.508 0.0037227 Up
sapiens OX = 9606 GN = SLC2A3”

Q9HBLO TNS1 Tensin-1 OS = Homo sapiens OX = 9606 GN = TNS1 1.485 0.0085022 Up

Q16548 BCL2A1 Bcl-2-related protein A1 OS = Homo sapiens OX = 9606 GN = BCL2A1 1.485 0.00095749 Up

Q01151 CD83 CD83 antigen OS = Homo sapiens OX = 9606 GN = CD83 1.485 0.0090408 Up

Q8NC42 RNF149 E3 ubiquitin-protein ligase RNF149 OS = Homo sapiens OX = 9606 GN = RNF149 1.459 0.00037785 Up

P18510 ILIRN Interleukin-1 receptor antagonist protein OS = Homo sapiens OX = 9606 1.456 0.0024996 Up
GN = IL1RN

Q7Z3E5 ARMC9 LisH domain-containing protein ARMC9 OS = Homo sapiens OX = 9606 1.443 0.020124 Up
GN = ARMC9

Q6PCB7 SLC27A1 Long-chain fatty acid transport protein 1 OS = Homo sapiens OX = 9606 1.428 0.023823 Up
GN = SLC27A1

Q08116 RGS1 Regulator of G-protein signaling 1 OS = Homo sapiens OX = 9606 GN = RGS1 1.428 0.0073823 Up

043286 B4GALTS “Beta-1,4-galactosyltransferase 5 OS = Homo sapiens OX = 9606 GN = B4GALT5” 1.412 0.00126306 Up

Q9Y624 F11R Junctional adhesion molecule A OS = Homo sapiens OX = 9606 GN=F11R 1.399 0.00101647 Up

P53794 SLC5A3 Sodium/myo-inositol cotransporter OS = Homo sapiens OX = 9606 GN = SLC5A3 1.396 0.00834 Up

P07204 THBD Thrombomodulin OS = Homo sapiens OX = 9606 GN = THBD 1.382 0.0023023 Up

Q9HOQO FAM49A Protein FAM49A OS = Homo sapiens OX = 9606 GN = FAM49A 1.378 0.0046642 Up

Q5TGY3 AHDC1 AT-hook DNA-binding motif-containing protein 1 OS = Homo sapiens OX = 9606 1.378 0.0088028 Up
GN = AHDC1

P15090 FABP4 “Fatty acid-binding protein, adipocyte OS = Homo sapiens OX = 9606 1.365 0.0095229 Up
GN = FABP4”

Q16877 PFKFB4 “6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 OS = Homo sapiens 1.363 0.0045984 Up
OX = 9606 GN = PFKFB4”

Q58WW2 DCAF6 DDB1- and CUL4-associated factor 6 OS = Homo sapiens OX = 9606 GN = DCAF6 1.343 0.042763 Up

Q9UBN6 TNFRSF10D  Tumor necrosis factor receptor superfamily member 10D OS = Homo sapiens 1.336 0.032996 Up
OX = 9606 GN = TNFRSF10D

P01033 TIMP1 Metalloproteinase inhibitor 1 OS = Homo sapiens OX = 9606 GN = TIMP1 1.333 0.0027818 Up

P60520 GABARAPL2 Gamma-aminobutyric acid receptor-associated protein-like 2 OS = Homo sapiens 1.313 0.0052619 Up
OX = 9606 GN = GABARAPL2

Q9Y2Y9 KLF13 Krueppel-like factor 13 OS = Homo sapiens OX = 9606 GN = KLF13 1.304 0.0133835 Up

P04083 ANXA1 Annexin Al OS = Homo sapiens OX = 9606 GN = ANXA1 1.302 0.0031812 Up

increased the expression of TNFSF9, TRAF1, p-ERK, IL-1f3, and IL-6
(P < 0.05), except for p-AKT. In addition, the LPS-induced expression
of TNFSF9 and TRAF1 was significantly lower when compared to the
high concentration (400 uM) of the AI-2-treated group (P < 0.05).
These findings indicated that AI-2 induced M1 polarization of macro-
phages possibly through a specific TNFSFO/TRAF1/p-AKT/IL-1f3 sig-
naling pathway.

3.5. Increased TNFSF9 and IL-1f expression was associated with increased
survival in human CRCs

Next, we explored whether the expression of TNFSF9/TRAF1/p-
AKT/IL-1B was upregulated in human CRC tissues. TCGA and GTEx
projects provided a large number of RNA sequencing data from human
tumor tissue and normal tissue [28]. GEPIA (Gene Expression Profiling
Interactive Analysis) is an online tool that is based on TCGA and GTEx
data. Using the GEPIA database, we found that the mRNA expression of
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Fig. 4. Fusobacterium nucleatum AI-2 induced activation of TNFSF9/TRAF1/p-AKT/IL-1B signaling in vitro. (A, B) Western blots showing significantly increased
protein levels of TNFSF9, TRAF1, p-AKT, and IL-1 in cultured U937-derived macrophages after Fusobacterium nucleatum AI-2 treatment when compared to the
control group. TNFSF9, TRAF1, p-AKT, and IL-1(3 protein levels were significantly decreased in the p-ribose (50 uM) pre-treatment group when compared to the AI-2
treatment group. IL-6 expression was significantly decreased in Al-2-challenged macrophages when compared to the control group. LPS significantly increased the
expression of TNFSF9, TRAF1, IL-1p, p-ERK, and IL-6 but not p-AKT when compared to control group. Bar diagrams represent the results obtained after densitometric
scanning from three different experiments. Bars represent the mean + SD. P < 0.05 compared to the control group, #P < 0.05 compared to the AI-2 (400 pM)

group. Al-2, autoinducer-2; D-rib, p-ribose.

TNFSF9 and IL-13 was significantly higher in CRCs (n = 275) when
compared to NCs (n = 349) (P < 0.05, Fig. 5). In addition, the mRNA
expression of TRAF1, p-AKT, p-ERK, and IL-6 did not significantly differ
between groups. Interestingly, CRC patients with a high expression of
IL-1f3 had a significantly better overall survival when compared to pa-
tients with a low IL-1p expression (P < 0.05). Furthermore, CRC pa-
tients with a high expression of TNFSF9 had a better survival compared
to patients with a low TNFSF9 expression, although this difference was
not significant (P > 0.05) (Fig. 5).

To prove the cell source of TNFSF9 and IL-13 in CRC micro-
environment, multi-immunofluorescence was performed to analyze the
co-staining of macrophages (CD68) and TNFSF9/IL-1f3 in 23 CRCs with
low AI-2 concentration and 17 CRCs with high AI-2 concentration in
stool. The co-staining of macrophages (CD68") and TNFSF9/IL-1B
protein was frequently seen in CRC tissues (Fig. 6A, C). In addition, the
frequency of co-staining for CD68* macrophages and TNFSF9/IL-1
protein in CRCs with high AI-2 concentration was significantly higher
when compared to that with low AI-2 concentration in stool (both
P < 0.0001) (Fig. 6A-D). These findings suggested that macrophages
are a major source of increased TNFSF9/IL-1f expression in human
CRC tissues, which was associated with high AI-2 concentration in the
gut.

4. Discussion

The phenotype of macrophages can be shaped by the micro-
environment, and M1 type polarization is pro-inflammatory and has an
anti-tumor effect [13]. We purified AI-2 from F. nucleatum (FO1) strains,
which were isolated from proximal colon cancer tissue in our previous
study [23]. To the best of our knowledge, the levels of AI-2 in the in-
testine are unknown. In the present study, we selected 50 uM AI-2,
which was used in a previous interkingdom study, and selected 400 uM
AI-2 as the high concentration as used previously [29]. In addition, the
AI-2 inhibitor p-ribose significantly inhibited AI-2-induced biolumi-
nescence. We showed for the first time that AI-2 from F. nucleatum (FO1)
promoted M1 polarization and migration of cultured U937-derived
macrophages in vitro. These findings suggested that AI-2 purified from
F. nucleatum (FO1) may activate macrophages, thereby promoting in-
flammatory responses and anti-tumor immunity.

In a previous study, it was revealed that non-pathogenic Escherichia
coli AI-2 induced the release of various inflammatory factors, such as IL-

8 and TNF in colon cancer cells [29]. Because macrophages have an
important role in microbial sensing [12], we analyzed Al-2-interacting
proteins in macrophages using a quantitative proteomics approach.
Forty-six proteins were up-regulated with expression levels that were
changed > 1.3-fold, primarily including inflammatory cytokines, such
as TNFSF9, IL-1B, CCL20, PTGS2, TRAF1, and CCL3. The most sig-
nificantly upregulated proteins included TNFSF9 and IL-13 (expression
levels > 3-fold change). Thus, F. nucleatum AI-2 may activate macro-
phages by inducing the release of inflammatory cytokines mainly in-
volving TNFSF9 and IL-1.

The metabolites of gut microbiota can induce changes in the sig-
naling pathways of the host [30]. We found for the first time that F.
nucleatum AI-2 induced macrophage M1 polarization possibly through
the TNFSF9/TRAF1/p-AKT/IL-1f signaling pathway. It was found that
TNFSF9 signaling induced IL-1f expression, and AKT activation is cri-
tical for TNFSF9-mediated IL-1f3 expression [31]. Moreover, TRAF1 is
critical in TNFSF9-dependent memory T cell survival and expansion
[32,33]. Therefore, our results were consistent with these findings.

In human CRC tissue, we found that the expression of TNFSF9 and
IL-13 was significantly higher compared to that in normal tissue.
Moreover, our analysis showed that CRC patients with high levels of
TNFSF9 and IL-1f had a better survival than patients with a low ex-
pression. It has been reported that TNFSF9 can activate dendritic cells,
inducing CD8+ T cells to a Tc1 phenotype by secreting IL-1p, resisting
tumor-associated viruses, such as EBV and HBV [34,35]. Moreover,
TNFSF9 possessed an unequaled capacity for pro-inflammatory polar-
ization of anti-tumor lymphocytes [36]. In another study, it was shown
that TNFSF9 significantly inhibited the proliferation, migration, and
invasion of hepatocellular carcinoma cells in vitro or vivo, thereby ex-
erting an anti-tumor immunity [37]. In previous studies, it was found
that not all IL-1f signaling is involved in tumor promotion, and IL-1f is
capable of stimulating caspase-11 expression, thereby mediating tumor
suppressing activities of STAT1 in intestinal epithelial cells [38]. IL-13
can contribute to the protective effect of MyD88 during colitis-asso-
ciated cancer, and the physiological levels of IL-1 are essential for anti-
tumor immunity [39,40]. In addition, the results in present study sug-
gested that macrophages are a major source of increased TNFSF9/IL-1[3
expression in human CRC tissues, which was associated with high AI-2
concentration in the gut. Taken together, these findings suggested that
F. nucleatum AI-2 may have an anti-tumor effect by activating TNFSF9/
IL-1f signaling in macrophages.



*UOJ0D [RWLIOU ‘DN £199UBD [B1210[0 ‘DYD *(S0°0 > d) uolssaidxs ¢1-TI MO[ & Yaim sjusned 0) pareduwiod usym [BAIAINS [[RISAO 19139q Apuedyrudis e pey J1-1I Jo
uorssaidxa Y31y e yam sjuaned DYD 18Y) PAMOYS dseqeIep VIJaD Jo SISA[eur 19Uy *(S0°0 > d) DN 01 paredurod spyD ut 1y Apuedyrudis sem ¢ -] pue 64SANI JO Uoissaidxa YNYW YT, ‘(6¥€ = U) DN 01 paredurod
(G£z = u) anssn DYD ul paseasdur Apuedyruds sem 111 Pue 6ASANL Jo uolssardxe YNYW SYL “DYD uewny ur 9-Tf pue Hyg-d ‘J1-T ‘IIV-d ‘TAVYL 64SANL Jo uoissaxdxo YNYW 10j sisk[eue aseqerep yiddo °S 314

International Immunopharmacology 74 (2019) 105724

J. Wu, et al.

SYJUoN SUJUON ON J¥D ON J¥O
0slL 00L 0s 0 oSl 00l 0s 0 —_— o o
| | | | o | 1 | o 7!
o o
N o
L o L o
A — o
_______ 2 7 =5 .3 T -3
L o a L o a ‘& i H o0 : H
* 0 * 0 .m. * 4 : RS Z
= = 4 3 >
@ @ ¥ o > > & -
- % 2 TR R L % p ~”. |.u.| o .fc SM
gel=(moju M. yel=(molu m. : m o
seL=(ubiy)u = gel=(ubly)u = v — Iy
SPOO=(yH)d L o Z1'0=(yH)d ) » »
19°0=(uBIu)4H v . 89'0=(UBIU)YH %@ @ & v
€v0°0=d jueibo e 11-0=d jueibo B
NdL 9171 ybiH — ) NdL 64S4NL YbIH — i s
WdL 8171 mo7 — -2 NdL 64S3NL Mo — -2
- (4]
|BAIAINSG ||BISAQ |BAIAINSG ||BISAQ o
g-17 6d4SdNL 9-1I Wy3-d
ON DJdD ON JdO ON J¥D
o — — - o — — o o
— K
& » L -
M - N N 3
& 3 3 & 3 V3
2 2 X 2
N 4 % o & Z
> > > >
D ) g m o
- 2 F < -2
: o2 o A o o
: o = o 3 o [
. = O
o™ ()
S
- _
- o
g-17 IV LAVl 64SdANL



J. Wu, et al.

A CcD68 TNFSF9 DAPI

<40uM

Al-2 concentration

20pm 20pm

<40pM

Al-2 concentration

240pM

International Immunopharmacology 74 (2019) 105724

Merge B -
’ o 501
Lo
E L
©
o L 404
S [=
5 & 30
o ©
o ©
E S 20+
°5
s
> 0
< c T T
<40 HM >40 HM
D Al-2 concentration
E’ 501 *kk
S 5
@ 2 40
82
“— © n
S = 30
[}
a
€ O 204
=
€8
S 2 10- ®4es
g3 LI
o © LYY
2 o SYS. :
<40 UM > 40uM

Al-2 concentration

Fig. 6. The co-staining of macrophages and TNFSF9/IL-1 in human colorectal cancer correlating to autoinducer-2 concentration. (A, C) Representative images of co-
staining for macrophages (CD68 *) and TNFSF9* /IL-1p in colorectal cancer (CRC) tissues. (B, D) The frequency of co-staining for CD68 * macrophages and TNFSF9/
IL-1f protein in CRCs with high AI-2 concentration was significantly higher when compared to that with low AI-2 concentration in stool (both P < 0.0001).

Magnification, 400 X ; scale bars, 20 um. AI-2, autoinducer-2. ***P < 0.001.

F. nucleatum is a pathogenic bacteria contributing to the carcino-
genesis of CRC [16]. In our previous study as well as in studies by others
it has been shown that F. nucleatum promoted M2 polarization of
macrophages in the microenvironment of colorectal tumors [14,41]. On
the contrary, in the present study, AI-2 from F. nucleatum induced
macrophage M1 polarization. The virulence of F. nucleatum includes a
variety of virulent factors, such as LPS, FadA, Fap2, and RadD [17],
which can contribute to the development of CRC either together or
alone. Moreover, in the present study, macrophages were challenged by
AI-2 for a short period (6 h) in vitro. Therefore, whether AI-2 from gut F.
nucleatum has a similar effect on macrophages in vivo needs to be elu-
cidated.

AI-2 is a nonspecies-specific autoinducer that mediates the com-
munication among interspecies, and its levels modulate the abundance
of major phyla of intestinal microbiota [10]. Increased AI-2 levels can
partially reverse intestinal dysbiosis caused by streptomycin through
expansion of Firmicutes and reduction of Bacteroidetes [42]. Therefore, it
is conceivable that AI-2 may change the density and composition of
intestinal flora, thereby providing a novel regulator of gut microbiota.
Taken together, our data suggested that AI-2 induced macrophage M1
polarization by activating the TNFSF9/TRAF1/p-AKT/IL-13 pathway,
to play a pro-inflammatory role and have an anti-tumor effect. Thus, Al-
2 may serve as a promising novel target for immunotherapy of gut
microbiota-related diseases.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105724.
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