
Microenvironment and Immunology

Heme-oxygenase-1 Production by Intestinal
CX3CR1þ Macrophages Helps to Resolve
Inflammation and Prevents Carcinogenesis
Giulia Marelli1, Marco Erreni1, Achille Anselmo1, Valentina Taverniti2,
Simone Guglielmetti2, Alberto Mantovani1,3, and Paola Allavena1,3

Abstract

CX3CR1þ macrophages in the intestinal lamina propria con-
tribute to gut homeostasis through the immunomodulatory
interleukin IL10, but there is little knowledge on how these cells
or the CX3CR1 receptor may affect colorectal carcinogenesis. In
this study, we show that CX3CR1-deficient mice fail to resolve gut
inflammation despite high production of IL10 andhave increased
colitis and adenomatous polyps in chemical and genetic models
of colon carcinogenesis. Mechanistically, CX3CL1-mediated
engagement of the CX3CR1 receptor induced upregulation of
heme-oxygenase-1 (HMOX-1), an antioxidant and anti-inflam-
matory enzyme. CX3CR1-deficient mice exhibited significantly
lower expression of HMOX-1 in their adenomatous colon tissues.
Combining LPS and CX3CL1 displayed a strong synergistic effect

in vitro, but HMOX-1 levels were significantly lower in KO
macrophages. Cohousing of wild-type and CX3CR1�/� mice
during the AOM/DSS treatment attenuated disease severity in
CX3CR1�/� mice, indicating the importance of the micro-
biome, but did not fully reinstate HMOX-1 levels and did not
abolish polyp formation. In contrast, pharmacologic induction
of HMOX-1 in vivo by cobalt protoporphyrin-IX treatment
eradicated intestinal inflammation and fully protected KOmice
from carcinogenesis. Taken together, our results establish an
essential role for the receptor CX3CR1 in gut macrophages in
resolving inflammation in the intestine, where it helps protects
against colitis-associated cancer by regulating HMOX-1 expres-
sion. Cancer Res; 77(16); 4472–85. �2017 AACR.

Introduction
Gut represents a complex landscape in which commensal

bacteria, harmless antigens, and food proteins are strictly in
contact with the immune system that has to be able to maintain
a balance between the immune response and tolerance (1–3). If
this crucial checkpoint is lost, the immune system is activated
and falls in a dangerous and prolonged inflammation (4). In
this context, mononuclear phagocytes are the most abundant
population and among them macrophages characterized by the
expression of the chemokine receptor CX3CR1 represent key
players in this process of discrimination, by allowing a peaceful
coexistence. Mucosal CX3CR1þ cells are nowadays considered a
population of resident macrophages in the gut, continuously
replenished from blood stream monocytes (5–7). Fractalkine
(FKN-CX3CL1) is the only ligand of the chemokine receptor

CX3CR1 (8) and, although it has been reported to be involved
in the attraction of monocytes/macrophages in several tissues,
in the gut is not regulating monocyte recruitment. The current
knowledge is that CX3CR1þ macrophages derive from inflam-
matory Ly6CHi CX3CR1Neg monocytes, which are recruited
in the intestine via the CCR2–CCL2 axis, where they upregulate
the CX3CR1 receptor once they have reached the tissue (6, 9).
In healthy conditions, Ly6CHi monocytes mature into
CX3CR1Hi macrophages expressing diverse levels of CX3CR1
during maturation stages. The process of maturation from
CX3CR1Int to CX3CR1Hi macrophages is interrupted during
colitis, allowing the expansion of proinflammatory CX3CR1Int

macrophages that are able to face pathogens (5).
In the gut, CX3CR1þ macrophages are able to sample luminal

antigens and transfer them to local dendritic cells to initiate or
block the immune response (10–15). Furthermore, they produce
and sense the anti-inflammatory cytokine IL10 to maintain
homeostasis (5, 6, 16, 17).

The role of gut CX3CR1þmacrophages has been studied taking
advantage of the availability of mice carrying the GFP reporter
protein in 1 allele of the CX3CR1 gene (CX3CR1GFP/þ) or in both
alleles (CX3CR1GFP/GFP or KOmice; refs. 5, 18). Few reports have
investigated the behavior of mucosal CX3CR1-deficient macro-
phages during experiments of acute intestinal inflammation
induced by chemical injury (Dextran Sodium Sulphate, DSS) or
bacterial infections. These studies reported controversial results,
with either higher or lower recruitment of inflammatory cells in
the intestine, and increased or decreased inflammation (19–22).

Our recent study clearly indicated that CX3CR1 KO mice
have more severe acute colitis (23); however, how the CX3CR1
receptor is involved in the molecular mechanisms that
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regulate the inflammatory response is still unclear. Moreover,
no data are available on the role of CX3CR1þ macrophages in
models of prolonged inflammation, such the colitis-induced
carcinogenesis.

In this study, we unveil the role of the CX3CR1 receptor in the
homeostatic function of mucosal macrophages. We report that
CX3CR1-deficient mice have a more severe disease in models of
colon carcinogenesis, with increased inflammation sustainedover
time. We demonstrate that ligand activation of CX3CR1 induces
the production of heme-oxygenase-1 (HMOX-1), a crucial anti-
oxidant and anti-inflammatory enzyme, which decreases inflam-
mation, protects the colonic mucosa, and prevents the develop-
ment of gut carcinogenesis.

Materials and Methods
Mouse models

Procedures involving animal care conformed tonational (4D.L.
N.116, G.U. 1992) and international laws (EECCouncil Directive
2010/63/EU,OJ L 276/33, 22.09.2010).Mice weremaintained in
a specific-pathogen free facility. All efforts weremade tominimize
the number of animals used and their suffering. All experiments
were designed using C57BL/6 mice. We compared CX3CR1þ/GFP

(WT) to CX3CR1GFP/GFP (KO) and CX3CR1þ/GFP-APCmin (WT) to
CX3CR1GFP/GFP-APCmin (KO). Usually 8 mice per group aged 8
weeks were used for each in vivo model. Table 1 schematically
lists the different treatments. Cobalt protoporphyrin IX (coPP)
was prepared in dim light due to its photosensibility and
dissolved in sodium hydroxide (NaOH) 150 mmol/L. pH was
adjusted to 7 by adding equal amount of hydrochloric acid
(HCl) at the final concentration of 5 mg/mL. The final pH of 7.4
was achieved by further dilution with PBS without calcium and
magnesium (PBS�/�, BioSera).

Histologic analysis
Colons were harvested and longitudinally opened; next, they

were rolled up transversely (swiss roll). Tissues were then fixed in
4% paraformaldehyde (PFA) and dehydrated in 30% and 40%
sucrose in PBS�/�. Next, the colonic tissues were embedded in
optimum cutting temperature compound (OCT, Diapath) and
stored at �80�C. To evaluate the histologic architecture of the
inflamed colon and calculate the percentage of the adenomatous
area over the total tissue, 8-mm thick frozen sections were cut with
cryostat and stained with hematoxylin and eosin (H&E stain).
Slides were observed with microscope (4�) and colitis score
was assessed. To define polyps' growth, slides were scanned
with VS120 Dotslide (Olympus) and analyzed with OLYVIA
software. For immunofluorescence staining, frozen tissue sections
(8 mm)were incubatedwith the primary antibody(ies) inwashing
buffer (1 hour at room temperature) and subsequently with
fluorophore-conjugated secondary antibody(ies) at room tem-
perature for 1 hour in the dark (1:2,000). Finally, cell nuclei
counterstained with DAPI. Images were captured with the Olym-
pus FluoViewTM FV1000 confocal microscope. The acquired
images were analysed with "(Fiji is just) ImageJ software". Mul-
tichannel images were split to the respective components and
every channel was transformed into a binary image. According to
the "set measure" option, the percentage of stained tissue in each
component was calculated overall the total black background of
the single slide. Considering the DAPI-stained tissue as the entire
tissue (100%), we finally calculated the percentage of tissue

stained by every single fluorophore using the mathematical
proportion: %DAPI:100 ¼ %fluorophore: X

RNA extraction and quantitative real-time PCR. Total RNA was
extracted from colon tissue. In the colitis-associated cancer (CAC)
experiments, polyps were separated from the rest of the colon and
analyzed independently. Samples were homogenized in TRIzol
(Ambion) using Tissue Lyser II (Quiagen). One microgram of
RNA was reverse-transcribed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) following man-
ufacturer's instructions. cDNAanalyzed throughquantitative real-
time PCR, performed on Viia-7 instrument (Thermo Fisher) using
the Fast SYBR Green. GAPDH gene was amplified as internal
control. The other primers are listed in Supplemental Materials
and Figures.

Western blot analysis. Quantification of HMOX-1 protein was
tested in treated colons through SDS-PAGE and Western blotting
assay. Samples were harvested after sacrifice and protein extracted
using Urea buffer (Urea 9 mol/L, 25 mmol/L Tris-HCl pH 6.8,
1 mmol/L EDTA, 10% glycerol). Twenty-five micrograms of total
proteins were resolved on 10% SDS-PAGE and transferred onto
Trans Blot TransferMedium, nitrocellulosemembrane (Bio-Rad).
After blocking, the membrane was incubated overnight with
HMOX-1 antibody. After the incubation with the membranes
were developed with chemiluminescence reagent (Bio-Rad),
according to the manufacturer's instructions, and visualized with
Chemidoc System (Bio-Rad).

Generation of bone marrow–derived macrophages. Bone marrow
was harvested from femurs of 8- to 12-week old mice by flushing
the marrow out with IMDM supplemented with 10% fetal calf
serum (FCS) and ACK (100 mL/bone). Flushed cells were resus-
pended in 20 mL IMDM, 10% FCS, 1% penicillin/streptavidin,
1% glutammine and let to adhere overnight at 37�C, 5% CO2.
After incubation, cell supernatant was removed, nonadherent
cells were spun down. Cells were stained as described and then
FACS-sorted using BD FACS Aria and resuspended at the concen-
tration of 0.5 � 106 cells/mL in complete bone marrow macro-
phage medium (IMDM, 10% FCS, 20 ng/mL M-CSF) in suspen-
sion culture dish (Corning; 10 mL/dish). After 7 days, cells were
plated at the final concentration of 2.5� 105 cells/mL in 24 wells
plated and stimulated with LPS (100 ng/mL), recombinant Frac-
talkine (FKN, 300 ng/mL) or LPS-FKN. Cells were lysated to
recover RNA as already described, and used for qPCR analysis.

Isolation of mononuclear cells from lamina propria. To isolate
lamina propria mononuclear cells (LPMC), colons were then
flushed of their luminal content, opened longitudinally and cut
into 1-cm pieces. Epithelial cells were removed by 40-minute
incubation withHBSS (without Ca2þ andMg2þ) containing 5%
FBS, 2 mmol/L EDTA at 37�C, shaking at 275 rpm. Colon pieces
were then digested in HBSS�/� containing 5% FBS, 0.5 mg/mL
Collagenase VIII (Sigma), for 40 minutes at 37�C shaking at 275
rpm. The obtained cell suspensionwas then pressed into a syringe
needle, washed with RPMI, and passed sequentially through 100-
and 40-mm cell strainers. Cells were centrifuged for 6 minutes at
1,600 rpm, resuspended in RPMI, and used for the subsequent
analysis.

Flow cytometry.Briefly, cells were harvested from colon samples of
both polyps, inflamed colon, and healthy control as described
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before. Cells were washed with FACS buffer (PBS�/�, 2% FBS),
and incubated 30 minutes at 4�C with antibodies and suspended
in 350 mL of FACS buffer. Immediately, cells were read using
FACSCanto II instrument and FACS Diva software version 6.1.1
(BD Biosciences). For each experiment, cells were stained with
appropriate isotype control antibodies to establish background
staining before calculating the percentage of positive cells.

Phospho-protein detection. To detect the expression of phosphor-
ylated protein, 2 � 106 cells were suspended in DMEM at 37�C
and stimuli were added (IL10 25 ng/mL, FKN 300 ng/mL) to a
final volume of 300 mL. Cells were treated for 5, 30, or for 120
minutes. After the treatment, PFA were added to fix the cells. Cold
methanol was added for 20 minutes to permeabilize cells and
samples were stained with pSTAT3 (py705-BD) for 30 minutes at
room temperature in the dark. After the incubation, cells were
washed and suspended in350mLof FACSbuffer (PBS�/�, FBS 1%,
NaN3 0.1%) and analyzed with FACS CANTO II instrument.

Phagocytosis assay. Peritoneal-elicited macrophages were har-
vested from WT and KO mice. Briefly, 1 mL of thioglycolate
(3% thioglycolate medium without dextrose, BD Biosciences)
was injected intraperitoneally (i.p.). After three days, mice were
sacrificed and 10mL of cold physiologic solution were injected in
the peritoneum, cells were collected and kept in ice. Live cells were
sorted using FACSAria instrument based on GFP gene reporter
expression. After, 2�105 cellswereplate on glass slides in24wells
in DMEM overnight. In the meantime, polystyrene latex beads
(Sigma-Aldrich), 3 mm in diameter were coated with LPS diluted
1:100 in bicarbonate buffer in a ratio of 1:10 cells/beads by
incubating for 1 hour at 37�C shaking. Beads were washed once
with HBSS�/� and added to cells for 1 hour. The excess of beads
was washed out and cells stained and fixed with DiffQuik (med-
ion diagnostics) andmounted on glass. Beadswere counted at the
microscope, analyzing ten fields for each samples. The percentage
of phagocytosis was calculated as follow: n cells: n bead¼ 100: x.

Reagents
The following antibodies were used. Immunofluorescence: rat

anti-mouse F4/80 mAb (eBioscience) 1:500, rabbit anti-human
Zo-1 (Invitrogen) polyclonal antibody 1:200, rabbit anti-human
HMOX-1 polyclonal antibody (Bio-Rad) 1:500. Western blot
analysis: rabbit anti-mouse HMOX-1 antibody (ProteinTech)
1:600. Flow cytometry: CD45 percP (BD Biosciences), CD11b
pacific blue (eBiolegend), F4/80 PE (Serotec), Ly6G PE-cy7 (BD
Biosciences), Ly6C APC (BD Biosciences), pSTAT3 (py705-BD
Biosciences).

Microbioma profiling
The bacterial community structure of fecal samples was deter-

minedby 16S rRNAgeneprofiling as described previously (24). In

brief, a DNA fragment encompassing the variable region V3 of the
16S rRNA gene was amplified from fecal metagenomic DNA with
the primers Probio_Uni (50-CCTACGGGRSGCAGCAG-30) and
Probio_Rev (50-ATTACCGCGGCTGCT-30) and was sequenced by
means of Ion Torrent PGM sequencing technology (Life Technol-
ogies). Sequence reads were analyzed using the bioinformatic
pipeline Quantitative Insights Into Microbial Ecology (QIIME)
version 1.7.0 (25) with the GreenGenes database updated to
version 13.5. Bacterial relative abundances in fecal sample were
studied at the taxonomic levels of phylum, family, and genus.
Details are listed in the online Supplementary files.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 6

(GraphPad Software). To compare different datasets, unpaired
two-tailed Student t test was used and results were expressed as
mean � SEM for the histograms and as median, quartiles, 5th–
95th percentiles for the whiskers box. A value of P < 0.05 (�) was
considered as statistically significant.

Results
The chemically induced colitis-associated cancer is more severe
in CX3CR1GFP/GFP mice

We used the model of CAC induced by the carcinogen
azoxymethane (AOM) and dextran sulfate sodium (DSS) in
mice proficient and deficient for the chemokine receptor
CX3CR1 (CX3CR1þ/GFP and CX3CR1GFP/GFP mice). AOM was
intraperitoneally injected and a week after mice were fed with
DSS, followed by water for two weeks, for a total of three cycles,
as schematically presented in Fig. 1A. During treatment, mice
were monitored for weight, stool consistency, and bleeding, to
score Disease Activity Index (DAI). After the first cycle of DSS,
both KO and WT mice showed loss in weight and signs of
bleeding, but during the recovery phase with water, WT mice
gained weight (Supplementary Fig. S1A) and stopped bleeding,
while KO mice failed to recover (Fig. 1B). During further cycles,
the difference between WT and KO became even stronger, in
particular for the inability of KO mice to regain weight. At the
end of the experiment, after 70 days, colons were harvested and
histologically analyzed. KO mice showed higher colitis scores
and reduced colon length (Fig. 1C), indicating they had more
severe inflammation compared with WT mice. Consistent with
this, KO mice had a significantly higher percentage of adeno-
matous polyps (Fig. 1C) and lower survival rate (Supplemen-
tary Fig. S1B).

Increased macrophage infiltration and cytokine production in
the colons of CX3CR1GFP/GFP mice

By immunofluorescence of colon sections, we observed
that CX3CR1-KO mice presented a higher number of GFPPos

Table 1. Experimental procedures in mice

Treatment Procedure Sacrifice

Acute colitis 3% DSS in drinking water for 7 days. Day 7
Recovery from colitis 3% DSS in drinking water for 7 days. Day 10–13
Colitis-associated cancer i.p. injection of azoxymethane (10 mg/kg, SIGMA), followed by 3% DSS in drinking water for 6 days, and

fresh water for 15 days. DSS treatment was repeated for a total of 3 rounds
Day 70

CoPP injection i.p. injection of 150 ug of coPP or vehicle (NaOH and HCl) in a final volume of 200 ul, 4 times a week during
each cycle of DSS administration (day �1, 0, 3, 6)

Day 70

Carcinogenesis in APCMin mice 2,5% DSS in drinking water for 7 days, followed by fresh water for 28 days. Day 35
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Figure 1.

Colitis-associated carcinogenesis is more severe in CX3CR1GFP/GFP (KO mice). A, Treatment scheme of the AOM/DSS protocol in CX3CR1GFP/GFP and CX3CR1þ/GFP

mice. Disease activity index (as described in Materials and Methods; B) and polyps' number are higher in KO mice while colon length is shorter (C). D,
Immunofluorescence of GFPþ macrophages in the polyps of CX3CR1GFP/GFP and CX3CR1þ/GFP mice after treatment with AOM/DSS; KO mice have increased
infiltration of GFPþ macrophages. E, Immunofluorescence with anti-F4/80 (red); newly recruited macrophages (F4/80þ GFPneg) mainly accumulate at the
adenomatous border, while resident GFPþ macrophages are inside the polyp; several double positive (F4/80þ GFPpos) macrophages are also visible (yellow).
Magnification, �20. GFP, green; DAPI, blue. F, FACS analysis of disaggregated polyps confirms the higher accumulation of GFPþ macrophages and
inflammatory LyC6hi monocytes (precursors of CX3CR1þ macrophages) in KO mice, while no differences were found for LyC6low myeloid cells. Results in
B and F are from one experiment with 8 mice per group, representative of five experiments performed with similar results. In C and D, results are the
mean � SEM of five experiments. t test; � , P < 0,05; �� , P < 0,01; ��� , P < 0,001; ���� , P < 0,0001.
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macrophages (Fig. 1D). Inside the adenomatous polyps, macro-
phages were GFPPos, while at the border F4/80þ cells were mostly
GFPNeg (Fig. 1E), suggesting that, and in line with the literature,
CX3CR1Himacrophages originate fromCX3CR1Neg -GFPNeg new-
ly recruited monocytes. The FACS analysis on disaggregated
colons confirmed that more GFPþ macrophages were present in
the gut of KO mice (Fig. 1F, left) and indicated that Ly6CHi

inflammatorymonocytes, but not Ly6Clowmonocytes, weremore
abundant (Fig. 1F, middle and right).

We next evaluated the expression of inflammatory media-
tors. We dissected polyps from the inflamed colons and
separately analysed the mRNA levels of proinflammatory and
anti-inflammatory cytokines. As shown in Fig. 2A, the
inflamed mucosa of KO mice contained higher levels of TNFa,
IL6, IFNg , IL1b, COX2, and IL12 (p35); IFNg , IL1b, and IL12
were increased also in the adenomatous tissue. IL10 family
members (IL10, IL19, and IL20) were also overexpressed in
the gut of KO mice (Fig. 2B) and, importantly, the IL10R was

not reduced (Supplementary Fig. S2A). As the homeostatic
ability of CX3CR1 macrophages relies also on their response to
IL10 (16), we verified that CX3CR1GFP/GFP macrophages were able
to sense IL10. When stimulated in vitro with IL10, macrophages
from KOmice correctly phosphorylated STAT3 as much as macro-
phages fromWTmice (Supplementary Fig. S2B). Thus, the cytokine
milieu of the colonic mucosa of CX3CR1-KO mice indicates an
exacerbated inflammation, not attributable to a dysregulation of
the IL10 system.

Inability of CX3CR1GFP/GFP mice to resolve acute inflammation
In view of the inability of KO mice to correctly control gut

inflammation in theAOM/DSSmodel,we analyzed their behavior
in the process of resolution from acute colitis. As shown in Fig. 3A,
mice were treated with 1 cycle (7 days) of DSS followed by water
for 3 or 6 days. By day 10,WTmice started to recover and at day 13
had completely recovered from colitis andwere healthy, while KO
mice still displayed severe signsof inflammation in termsofweight
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Figure 2.

mRNA expression of pro- and anti-inflammatory cytokines in the colonic tissue of CX3CR1þ/GFP (WT) and CX3CR1GFP/GFP (KO) mice. Tumoral tissues (polyps)
were separated from the rest of the colon and the two specimens were separately analyzed for the expression of different proinflammatory (A) or anti-
inflammatory (B) cytokines. In KO mice, the expression of several proinflammatory mediators in the colons and polyps was higher than in WT mice. The
IL10 family members (IL10, IL19, and IL20) were also upregulated in KO mice. Results are from one experiment with 8 mice per group, representative of
five experiments performed with similar results. t test; � , P < 0,05; �� , P < 0,01; ��� , P < 0,001. A.U., arbitrary units.
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loss and colon shortness (Fig. 3B). The expressionof inflammatory
mediators was high at day 10 in bothWT and KOmice, but at day
13 the mRNA levels of TNFa, IL6, IL1b, and COX2 were
decreased in WT mice, while KO mice still showed sustained
levels, in spite of significantly higher production of IL10 and IL20
(Fig. 3C). Colon tissues of KO mice had a more abundant
infiltration of macrophages, especially GFPþ Mj, and Ly6CHi

inflammatory monocytes (Fig. 3D). Thus, KO mice are unable to
successfully resolve inflammation in a prolongedmodel of colitis.

Intestinal carcinogenesis ismore severe in the double knockout
CX3CR1GFP/GFP-APCMin mice

To confirm that the absence of the CX3CR1 receptor in
macrophages was associated to increased gut carcinogenesis,
we crossed CX3CR1GFP/GFP mice with APCMin mice, which carry

a mutation in the APC gene, leading to the spontaneous
development of polyps in the small intestine and, upon short
DSS administration also in the colonic mucosa. Mice that were
either competent or not for the expression of CX3CR1 and
also carried the APCMin gene were generated. As shown in the
scheme of Fig. 4A, mice were administered DSS for one week
and then water for four weeks. As observed in the previous
sporadic model of CAC, double-KO mice (CX3CR1GFP/GFP-
APCMin) showed higher signs of inflammation (higher DAI
score and shorter colons) and a greater number of polyps
compared with WT mice (CX3CR1GFP/þ-APCMin; Fig. 4B and
C). Furthermore, macrophages and proinflammatory mono-
cytes were over-recruited in CX3CR1GFP/GFP-APCMin mice
(Fig. 4D). The mRNA analysis of the colonic mucosa revealed
the same results obtained in the AOM-DSS model: the
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Figure 3.

CX3CR1GFP/GFP (KO) mice do not recover from acute colitis after DSS treatment. A, Treatment scheme of the DSS protocol. B, Body weight and colon length
in WT mice were completely restored at day 13, but not in KO mice. C, Cytokine mRNA expression in the inflamed colonic tissues. IL10 and IL20 were higher
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inflammatory cytokines IL6, IFNg , and IL10 were upregulated
in KO mice in both polyps and colonic tissue (Fig. 4E). Overall,
also in a genetic model of gut carcinogenesis, magnified by
inflammation, KO mice are not able to properly control DSS-
triggered colitis and this condition results in an aberrant
inflammatory response and increased tumor formation.

The antioxidant enzyme HMOX-1 is directly induced by the
CX3CL1–CX3CR1 axis

HMOX-1 is an enzyme known to have important antioxidant
and anti-inflammatory activities (26–29). We explored the
expression of HMOX-1 in the colon tissues of WT and KO mice.
In all the animal models tested (AOM-DSS, CX3CR1GFP/GFP
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crossed with APCMin, and recovery from acute colitis), HMOX-1
was significantly downregulated in KOmice (Fig. 5A). The immu-
nofluorescence staining confirmed that CX3CR1-GFPþ cells are
the main producers of HMOX-1 in the colonic mucosa (Fig. 5B).

We next investigated whether the ligand CX3CL1 was able to
induce HMOX-1 production in macrophages. In bone marrow–
derived macrophages, CX3CL1 significantly upregulated mRNA
levels of HMOX-1 in WT macrophages from CX3CR1þ/GFP mice,

but no increase was detected in macrophages from KOmice (Fig.
5C). Pretreatment with a blocking anti-CX3CR1 Abs significantly
reduced HMOX-1 expression, indicating a specific effect of the
ligand (Fig. 5C). Similar results were found with concomitant
stimulation of CX3CL1 and LPS that had a strong synergistic effect
on HMOX-1 production in WT, but not in KO macrophages
(Fig. 5D). On the other hand, CX3CL1 stimulation did not
affect the production of IL10 (Fig. 5C and D). Notably,
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macrophages from KO mice produced in vitro higher levels of
IL10, a finding similar to what observed in the in vivo experi-
ments (Fig. 5C and D).

We further confirmed that CX3CL1-treated macrophages from
WT mice upregulated protein expression of HMOX-1 by flow
cytometry in spleen macrophages (Fig. 5E), and in macrophages
isolated from the colonic mucosa; this increase was not observed
in macrophages from CX3CR1-deficient mice (Fig. 5F).

We further examined HMOX-1 production in macrophages
and the potential link with signaling events downstream of
the CX3CR1 receptor. Upon in vitro stimulation with the
ligand CX3CL1, macrophages from WT mice showed early
phosphorylation of STAT3, a finding previously unappreciat-
ed, but not of STAT1 (Supplementary Fig. S3); as expected, no
phospho-STAT3 was detected in macrophages of KO mice
(Supplementary Fig. S3). To corroborate this finding, we
analyzed CX3CL1-induced HMOX-1 expression in WT macro-
phages pretreated with the STAT3 inhibitor Stattic (1 mmol/L).
As shown in (Fig. 5G) HMOX-1 upregulation was reduced
upon inhibition of STAT3 in macrophages.

Overall, the experiments demonstrated that HMOX-1 is regu-
lated by the interaction of Fractalkinewith its receptor CX3CR1, at
least partially in a STAT3-dependent manner.

Microbiome influence in colitis-associated cancer
HMOX-1 is also involved in the clearance of bacteria in the

intestinal lumen by increasing phagocytosis. Considering the
lower levels of HMOX-1 in KO mice, we tested the in vitro
phagocytic ability of macrophages from WT and KO mice. The
percentage of LPS-coated beads internalized by KOmacrophages
was significantly lower than in control mice (Fig. 6A). We also
found that the epithelial layer in the adenomatous tissue of KO
mice showed a marked downregulation of the tight junction
protein Zonula Occludens-1 (ZO-1; Fig. 6A), indicative of a
damaged barrier. These findings prompted us to analyze the
intestinal microbiota of mice treated with AOM-DSS, by 16S
rRNA gene profiling of fecal metagenomic DNA at day 0 (steady
state) and at sacrifice (day 70). To study a-diversity, Chao1
coefficient was used as predictor of taxonomic richness; in addi-
tion, the ecologic parameter of b-diversity was evaluated using
Unifrac algorithms. As shown in Fig. 6B, at day 0 there were no
differences in a-diversity between WT and KO mice. In contrast,
after the treatment, WT mice displayed higher rate of Chao1
parameter compared with KO mice. This may be explained by
the excessive immune response generated by higher inflamma-
tion, reducing bacterial richness. b-diversity analyses allow the
comparison of the overall taxonomic microbiota composition
among samples. We found that, differently from day 0, at sacrifice
KO mouse samples clustered separately from WT in unweighted
Unifrac plot (Fig. 6B), indicating that significant changes in the
fecal microbiota composition originated between WT and KO
mice throughout the DSS-induced inflammation and carcinogen-
esis process. The relative abundance of specific bacterial taxa was
analyzed at the level of phylum, family, and genus in the two time
points considered. At day 0 almost no differences were detectable
between WT and KO; on the contrary, at sacrifice, three genera-
tions were markedly different between KO and WT samples:
Akkermansia, Lachnospira, and Bacteroides. We tested the abun-
dance of Lachnospira and Bacteroides by qPCR but, despite a
tendency, no statistically significant differences between WT and
KO mice were found (Supplementary Fig. S4A–S4C). On the

contrary, qPCR experiments with primers targeting the species
Akkermansia muciniphila evidenced a significant decrease of this
bacterium in KO mice at sacrifice (Fig. 6B, right), while it was
identically represented at day 0 in untreated WT and KO mice.

To test whether the intestinal microbiota can influence the
microenvironment and has an impact on the CAC model, we
cohoused WT and KO mice. Along the AOM-DSS experiment,
weight and DAI score were registered every week, as represented
in Fig. 6C (left). It was evident that the cohousing had a
dramatic effect: both WT and KO cohoused mice displayed a
lower DAI if compared with the classical AOM-DSS experiment
(Supplementary Fig. S4A–S4C; Fig. 1B); furthermore, disease
scores did not differ between WT and KO mice. The results
clearly indicated that gut microbiota of the two strains was able
to mutually influence each other and had an important effect
on the disease. Indeed, A. muciniphila at the end of the exper-
iment had similar mRNA levels in cohoused WT and KO mice
(Fig. 6C, right). Nevertheless, some differences remained in
terms of number of polyps, which were fewer than in the
classical CAC model, bur still were significantly more in KO
mice than in cohoused WT mice (Fig. 6C, middle).

To better understand how the cohousing decreased the severity
of the disease, we extracted mRNA from polyps and determined
the levels of bothpro- and anti-inflammatory cytokines. As shown
in Fig. 6D, the differences observed in the classical AOM-DSS
model between WT and KO mice were no longer present and
similar levels of TNF, IFNg , and IL10 were detected. However,
HMOX-1 still remained underexpressed in KO mice. Overall, the
cohousing experiment resulted in an attenuation of the disease
severity, lower inflammation, and higher capability to recover
after DSS administration. In this landscape, only HMOX-1 was
still lower and, indeed, colon carcinogenesis was only partially
reduced by cohousing.

The pharmacologic upregulation of HMOX-1 protects from
prolonged inflammation and colon carcinogenesis

On the basis of our results, the excessivemucosal inflammation
found in KO mice could be ascribed to the reduced levels of
HMOX-1 inmice lackingCX3CR1. To corroborate thisfinding, we
pharmacologically modulated in vivo levels of HMOX-1 by treat-
ing mice with cobalt protoporphyrin IX (coPP), and inducer of
HMOX-1, or with the inhibitor Zinc protoporphyrin (znPP). After
administration of znPP, mice receiving 1 cycle of DSS showed a
strong increase in the severity of the disease already at days 6,
comparedwith vehicle-treated animals, and the disease indexwas
still high at day 10, during the recovery phase (Supplementary Fig.
S5). Conversely, the HMOX-1 inducer coPP completely ablated
disease index, ulcer formation, and weight loss by day 9–10
(Supplementary Fig. S5). The phenotype of znPP-treated mice
resulted so severe that it was not possible to go longer in timewith
the experiment. Therefore, the AOM-DSS experiment was per-
formed with the HMOX-1 inducer coPP. Both CXRCR1GFP/þ and
CX3CR1GFP/GFP mice were treated with coPP four times a week
during the DSS cycles, as detailed in the scheme in Fig. 7A.
Strikingly, treatment with coPP was able to switch off inflamma-
tion also in KOmice compared with vehicle-treated mice: disease
index scores were close to 0 and KO mice showed a recovery in
weight similar to that of WT mice (Fig. 7B). At the end of the
experiment (day 70), the histologic analyses revealed that the
phenotype of coPP-treated KO mice was totally reverted with no
signs of inflammation (Supplementary Fig. S6). Moreover, the
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formation of polyps was almost completely abolished by the
treatment (Fig. 7C). Induction of HMOX-1 in the colon of treated
mice was checked by Western blot analysis. In vehicle-treated
animals, HMOX-1 protein was reduced in KO compared withWT
mice, as mentioned above (Fig. 7D), but was significantly upre-
gulated in coPP-treated animals, both in KO and WT mice, with

similar levels. The high levels of inflammatorymediators found in
KOmice were blunted upon coPP treatment, confirming the anti-
inflammatory effect of HMOX-1 (Fig. 7E).

In conclusion, the pharmacological stimulation of HMOX-1
completely resolved the DSS-induced inflammation and pro-
tected mice from carcinogenesis.
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Discussion
Chronic inflammation in the gut is strongly implicated in the

promotion of carcinogenesis and disease progression (30–33). In
this study, we show that CX3CR1-deficient mice were more
susceptible in experimental models of intestinal carcinogenesis:
colonic tissuesweremore infiltrated by inflammatorymonocytes/

macrophages and had higher levels of inflammatory cytokines. As
a result of higher inflammation sustained over time, CX3CR1-KO
mice had increased tumor load with significantly more adeno-
matous polyps. The exacerbated colonic inflammation in KO
mice was not due to impaired IL10 production, which was
actually increased compared with WT mice, or to defects of the
IL10R, but to their inability to recover from inflammation.
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Colon tissues ofCX3CR1-KOmice had lower levels ofHMOX-1,
a crucial anti-inflammatory and antioxidant enzyme produced by
macrophages and other cell types (34–36). HMOX-1 is the induc-
ible form of the rate-limiting step of conversion of heme into
carbon monoxide and biliverdin (37, 38). The well-known anti-
inflammatory and tissue-protective effect of this enzyme was
observed in patients affected by IBD and in mouse models of
colitis (39–42). Upregulation of HMOX-1 results in a better
outcome in experimental colitis and its protective effect is the
result of radical scavenging (28, 43).

In vitro and ex vivo studies demonstrated that CX3CR1 engage-
ment by its ligand CX3CL1/Fractalkine induced HMOX-1 upregu-
lation inmacrophages, via STAT3 phosphorylation. This induction
was absent in CX3CR1-KO macrophages. HMOX-1 can be stimu-
lated also by bacteria; the combination of LPS and CX3CL1 in vitro
had a strong synergistic effect, but in KOmice HMOX-1 levels were
dramatically lower. During DSS treatment, in vivomice are exposed
to a huge amount of endotoxin and other microbe-associated
molecular patterns, due to disruption of the epithelial barrier and
bacterial translocation. Thefinding thatHMOX-1 levels in KOmice
were lower, indicates that the CX3CL1–CX3CR1 axis is not redun-
dant in the regulation of this enzyme in gut macrophages.

The CX3CR1 receptor in the colonic immune populations is
largely expressed by macrophages (6, 44, 45), even though a very
minor proportion of DC or activated T cells expressing low levels
of CX3CR1 has been reported (12, 46, 47). Nevertheless, in the
adenomatous polyps, our results clearly demonstrate that
CX3CR1 is expressed by virtually all F4/80þ macrophages, and
not by CD103þ DC or CD3þ T cells (Supplementary Fig. S7).

Therefore, at least in the context of colon carcinogenesis, the
CX3CL1–CX3CR1 axis impacts predominantly on gut macro-
phages for the induction of HMOX-1.

Other factors upregulating HMOX-1 include: heavy metals,
hypoxia, thermal shock, free radical, heme, NO, and IL10 (48).
Many studies suggested a synergism between IL10 and the micro-
biome in the induction of HMOX-1 (34, 49). It seems that the
microbiota and its products stimulate HMOX-1 production via
IL10, and the consequent CO formation facilitates bacteria clear-
ancebymacrophages (50). Lee and colleagues (48), demonstrated
that the upregulation ofHMOX-1 is dose-dependently induced by
IL10. In our study, although IL10 levels were much higher in KO
mice, this could not compensate the low expression of HMOX-1.

The phagocytic ability of KO macrophages was also impaired
compared with CX3CR1-expressing cells of WT animals, in line
with a previous report (51). Furthermore, we observed a profound
alteration of the epithelial barrier in KO mice with a marked
downregulation of the tight junction marker Zo-1. Thus, loss of
barrier integrity, coupled with impaired phagocytosis, facilitates
microbial translocation in tissues, generating inflammation and
tissue damage.

The analysis of the bacterial taxonomic composition of the
intestinal microbiota of mice treated with the AOM-DSS protocol
indicated that, at steady state, no differences were detected
between WT and KO mice. At the end of the experiment, KO
mice had different bacterial composition, with reduced b-diver-
sity, likely due to the exaggerated immune activation. These
findings are in line with studies in human IBD, where the richness
in bacterial species and their diversity is reduced during active
disease, and also the stability in the composition of microbiota is
changed (52, 53). The metagenomics analyses unveiled that at
sacrifice a significant difference was found only for Akkermansia.

Akkermansia is a bacterial genus that belongs to theGram-negative
phylum Verrucomicrobia and ascribes so far the only species A.
muciniphila. Reportedly, A. muciniphila is able to efficiently
degrade intestinal mucins and adhere on colonic epithelial cells,
where itmay promote the integrity of the epithelial cell layer (54).
Notably,A.muciniphila, which is severely impaired during inflam-
matory bowel diseases, was demonstrated to reduce macrophage
infiltration, downregulate proinflammatory chemokine expres-
sion, and attenuate metabolic endotoxemia inmice withWestern
diet–induced inflammation (55). Particularly, the reduction in
circulating endotoxin level mediated by A. muciniphila was attrib-
uted to the induction of intestinal expression of tight junction
proteins (55). These data are in agreement with the results of our
study showing higher inflammation and altered intestinal barrier
together with Akkermansia depletion in CX3CR1-KO mice. More-
over, being the mucus the native habitat of many species of
bacteria, its alteration results also in a dysregulation of the total
microbiome composition (56, 57). Therefore, the dysregulation
observed in KOmice may be the consequence of their inability to
produce sufficient amounts of HMOX-1 and to properly regulate
the commensal microbiome and intestinal inflammation.

We analyzed whether the microbiome of WT mice was able to
positively influence disease behavior of CX3CR1 KO mice. The
results obtained with the cohousing experiment clearly indicated
that the mixed composition of WT and KO microbiome had a
positive effect in limiting tumor development, and all the histo-
logic and inflammatory parameterswere drastically ameliorated in
KO mice. Importantly, the quantification of Akkermansia in fecal
samples revealed thepresenceof thismicroorganismalso inKOco-
housed mice (but not in KO mice housed alone), underlying the
beneficial role of this bacterium in the prevention of gut inflam-
mation. Nevertheless, a significant difference in HMOX-1 produc-
tion was still observed in cohoused KO mice, and more polyps
were generated. This finding indicates that, in spite of the relevance
of themicrobiota, a functional CX3CL1–CX3CR1 axis is necessary
to produce enough HMOX-1 to control inflammation in the
intestine. That this enzyme has a crucial role in the protection
from tumor development was fully confirmed in experiments
where the pharmacologic induction of HMOX-1, by in vivo treat-
ment with coPP, eradicated intestinal inflammation and protected
KO mice from carcinogenesis. In conclusion, we have shown that
HMOX-1 is produceddownstreamof theCX3CL1–CX3CR1axis in
gut macrophages. This pathway is nonredundant and necessary to
control intestinal inflammation and to prevent the establishment
of chronic colitis that leads to tumor development.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: G. Marelli, M. Erreni, P. Allavena
Development of methodology: G. Marelli, M. Erreni, P. Allavena
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): G. Marelli, M. Erreni
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): G. Marelli, M. Erreni, V. Taverniti, S. Guglielmetti
Writing, review, and/or revision of the manuscript: G. Marelli, V. Taverniti,
S. Guglielmetti
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): S. Guglielmetti
Study supervision: A. Mantovani, P. Allavena
Other (flow cytometry experiment analysis): A. Anselmo

How CX3CR1þ Gut Macrophages Control Cancer Development

www.aacrjournals.org Cancer Res; 77(16) August 15, 2017 4483

on February 20, 2018. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst June 15, 2017; DOI: 10.1158/0008-5472.CAN-16-2501 

http://cancerres.aacrjournals.org/


Acknowledgments
We thank Roberta Avigni for her help during the experiments.

Grant Support
P. Allavena received IG grants from the Italian Association for Cancer

Research (AIRC). A. Mantovani received the grant 5 � 1000. M. Erreni was
supported by a fellowship from Fondazione Umberto Veronesi.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received September 14, 2016; revised February 1, 2017; accepted June 6,
2017; published OnlineFirst June 15, 2017.

References
1. Klose CS, Artis D. Innate lymphoid cells as regulators of immunity,

inflammation and tissue homeostasis. Nat Immunol 2016;17:765–74.
2. Bain CC, Mowat AM. Macrophages in intestinal homeostasis and inflam-

mation. Immunol Rev 2014;260:102–17.
3. Mowat AM, Agace WW. Regional specialization within the intestinal

immune system. Nat Rev Immunol 2014;14:667–85.
4. Saleh M, Trinchieri G. Innate immune mechanisms of colitis and colitis-

associated colorectal cancer. Nat Rev Immunol 2011;11:9–20.
5. Bain CC, Scott CL, Uronen-Hansson H, Gudjonsson S, Jansson O, Grip O,

et al. Resident and pro-inflammatory macrophages in the colon represent
alternative context-dependent fates of the same Ly6Chi monocyte precur-
sors. Mucosal Immunol 2013;6:498–510.

6. Bain CC, Bravo-Blas A, Scott CL, Gomez Perdiguero E, Geissmann F, Henri
S, et al. Constant replenishment from circulating monocytes maintains the
macrophage pool in the intestine of adult mice. Nat Immunol 2014;
15:929–37.

7. Ginhoux F, Schultze JL,Murray PJ, Ochando J, Biswas SK.New insights into
the multidimensional concept of macrophage ontogeny, activation and
function. Nat Immunol 2016;17:34–40.

8. D'Haese JG, Demir IE, Friess H, Ceyhan GO. Fractalkine/CX3CR1: why a
single chemokine-receptor duo bears a major and unique therapeutic
potential. Expert Opin Ther Targets 2010;14:207–19.

9. Varol C, Vallon-Eberhard A, Elinav E, Aychek T, Shapira Y, Luche H, et al.
Intestinal lamina propria dendritic cell subsets have different origin and
functions. Immunity 2009;31:502–12.

10. Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, et al.
CX3CR1-mediated dendritic cell access to the intestinal lumen and bac-
terial clearance. Science 2005;307:254–8.

11. Rimoldi M, Chieppa M, Larghi P, Vulcano M, Allavena P, Rescigno M.
Monocyte-derived dendritic cells activated by bacteria or by bacteria-
stimulated epithelial cells are functionally different. Blood 2005;106:
2818–26.

12. Mazzini E, Massimiliano L, Penna G, Rescigno M. Oral tolerance can be
established via gap junction transfer of fed antigens from CX3CR1(þ)
macrophages to CD103(þ) dendritic cells. Immunity 2014;40:248–61.

13. Chieppa M, Rescigno M, Huang AY, Germain RN. Dynamic imaging of
dendritic cell extension into the small bowel lumen in response to
epithelial cell TLR engagement. J Exp Med 2006;203:2841–52.

14. Diehl GE, Longman RS, Zhang JX, Breart B, Galan C, Cuesta A, et al.
Microbiota restricts trafficking of bacteria tomesenteric lymphnodes byCX
(3)CR1(hi) cells. Nature 2013;494:116–20.

15. EsterhazyD, Loschko J, LondonM, Jove V, Oliveira TY,Mucida D. Classical
dendritic cells are required for dietary antigen-mediated induction of
peripheral Treg cells and tolerance. Nat Immunol 2016;17:545–55.

16. Zigmond E, Bernshtein B, Friedlander G, Walker CR, Yona S, Kim KW,
et al. Macrophage-restricted interleukin-10 receptor deficiency, but not
IL-10 deficiency, causes severe spontaneous colitis. Immunity 2014;
40:720–33.

17. Hadis U, Wahl B, Schulz O, Hardtke-Wolenski M, Schippers A, Wagner
N, et al. Intestinal tolerance requires gut homing and expansion of
FoxP3þ regulatory T cells in the lamina propria. Immunity 2011;
34:237–46.

18. Jung S, Aliberti J, Graemmel P, Sunshine MJ, Kreutzberg GW, Sher A, et al.
Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion
and green fluorescent protein reporter gene insertion. Mol Cell Biol
2000;20:4106–14.

19. Konstantinova NA, Buravkova LB, Manuilova ES, Arsen'eva EL, Grivenni-
kov IA. [Clinostatting effects on neuronal differentiation of embryonic
stem cells from mice strain R1]. Aviakosm Ekolog Med 2010;44:65–7.

20. Medina-Contreras O, GeemD, Laur O,Williams IR, Lira SA, Nusrat A, et al.
CX3CR1 regulates intestinal macrophage homeostasis, bacterial translo-
cation, and colitogenic Th17 responses in mice. J Clin Invest 2011;
121:4787–95.

21. Kayama H, Ueda Y, Sawa Y, Jeon SG, Ma JS, Okumura R, et al. Intestinal
CX3C chemokine receptor 1(high) (CX3CR1(high)) myeloid cells prevent
T-cell-dependent colitis. Proc Natl Acad Sci U S A 2012;109:5010–5.

22. Rossini V, Zhurina D, Radulovic K, Manta C, Walther P, Riedel CU, et al.
CX3CR1(þ) cells facilitate the activation of CD4 T cells in the colonic
lamina propria during antigen-driven colitis. Mucosal Immunol 2014;
7:533–48.

23. Marelli G, Belgiovine C, Mantovani A, Erreni M, Allavena P. Non-redun-
dant role of the chemokine receptor CX3CR1 in the anti-inflammatory
function of gut macrophages. Immunobiology 2016;222:463–72.

24. Ferrario C, Taverniti V, Milani C, Fiore W, Laureati M, De Noni I, et al.
Modulation of fecal Clostridiales bacteria and butyrate by probiotic
intervention with Lactobacillus paracasei DG varies among healthy adults.
J Nutr 2014;144:1787–96.

25. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequenc-
ing data. Nat Methods 2010;7:335–6.

26. NegiG,Nakkina V, Kamble P, Sharma SS.Hemeoxygenase-1, a novel target
for the treatment of diabetic complications: focus on diabetic peripheral
neuropathy. Pharmacol Res 2015;102:158–67.

27. Ryter SW, Choi AM. Targeting heme oxygenase-1 and carbon monoxide
for therapeutic modulation of inflammation. Transl Res 2016;167:
7–34.

28. ChangM, Xue J, SharmaV,Habtezion A. Protective role of hemeoxygenase-
1 in gastrointestinal diseases. Cell Mol Life Sci 2015;72:1161–73.

29. Soares MP, Hamza I. Macrophages and iron metabolism. Immunity
2016;44:492–504.

30. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation.
Nature 2008;454:436–44.

31. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
2011;144:646–74.

32. Marelli G, Allavena P, Erreni M. Tumor-associated macrophages, multi-
tasking cells in the cancer landscape. Cancer Res Front 2015;1:149–61.

33. ErreniM,Mantovani A, Allavena P. Tumor-associatedmacrophages (TAM)
and inflammation in colorectal cancer. Cancer Microenviron 2011;4:
141–54.

34. Whittle BJ, Varga C. New light on the anti-colitic actions of therapeutic
aminosalicylates: the role of heme oxygenase. Pharmacol Rep 2010;
62:548–56.

35. Guo X, Shin VY, Cho CH. Modulation of heme oxygenase in tissue injury
and its implication in protection against gastrointestinal diseases. Life Sci
2001;69:3113–9.

36. N IJ, Rijnierse A, de Wit N, Jonker-Termont D, Dekker J, Muller M, et al.
Dietary haem stimulates epithelial cell turnover by downregulating
feedback inhibitors of proliferation in murine colon. Gut 2012;
61:1041–9.

37. Maines MD. The heme oxygenase system: update 2005. Antioxid Redox
Signal 2005;7:1761–6.

38. Paine A, Eiz-Vesper B, Blasczyk R, Immenschuh S. Signaling to heme
oxygenase-1 and its anti-inflammatory therapeutic potential. Biochem
Pharmacol 2010;80:1895–903.

39. Takagi T, Naito Y, Mizushima K, Nukigi Y, Okada H, Suzuki T, et al.
Increased intestinal expression of heme oxygenase-1 and its localization in
patients with ulcerative colitis. J Gastroenterol Hepatol 2008;23 Suppl 2:
S229–33.

Cancer Res; 77(16) August 15, 2017 Cancer Research4484

Marelli et al.

on February 20, 2018. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst June 15, 2017; DOI: 10.1158/0008-5472.CAN-16-2501 

http://cancerres.aacrjournals.org/


40. Paul G, Bataille F, Obermeier F, Bock J, Klebl F, Strauch U, et al. Analysis of
intestinal haem-oxygenase-1 (HO-1) in clinical and experimental colitis.
Clin Exp Immunol 2005;140:547–55.

41. Inui M, Ishida Y, Kimura A, Kuninaka Y, Mukaida N, Kondo T. Pro-
tective roles of CX3CR1-mediated signals in toxin A-induced enteritis
through the induction of heme oxygenase-1 expression. J Immunol
2011;186:423–31.

42. Cavicchi M, Gibbs L, Whittle BJ. Inhibition of inducible nitric oxide
synthase in the human intestinal epithelial cell line,DLD-1, by the inducers
of heme oxygenase 1, bismuth salts, heme, and nitric oxide donors. Gut
2000;47:771–8.

43. Berberat PO, YI AR, Yamashita K, Warny MM, Csizmadia E, Robson SC,
et al. Heme oxygenase-1-generated biliverdin ameliorates experimental
murine colitis. Inflamm Bowel Dis 2005;11:350–9.

44. Bain CC, Hawley CA, Garner H, Scott CL, Schridde A, Steers NJ, et al. Long-
lived self-renewing bone marrow-derived macrophages displace embryo-
derived cells to inhabit adult serous cavities. Nat Commun 2016;7:
ncomms11852.

45. Scott CL, Henri S, Guilliams M. Mononuclear phagocytes of the intestine,
the skin, and the lung. Immunol Rev 2014;262:9–24.

46. Varol C, Zigmond E, Jung S. Securing the immune tightrope: mononuclear
phagocytes in the intestinal lamina propria. Nat Rev Immunol
2010;10:415–26.

47. Rivollier A, He J, Kole A, Valatas V, Kelsall BL. Inflammation switches the
differentiation program of Ly6Chi monocytes from antiinflammatory
macrophages to inflammatory dendritic cells in the colon. J Exp Med
2012;209:139–55.

48. Lee TS, Chau LY. Heme oxygenase-1 mediates the anti-inflammatory effect
of interleukin-10 in mice. Nat Med 2002;8:240–6.

49. Onyiah JC, Sheikh SZ, Maharshak N, Otterbein LE, Plevy SE. Heme
oxygenase-1 and carbon monoxide regulate intestinal homeostasis and
mucosal immune responses to the enteric microbiota. Gut Microbes
2014;5:220–4.

50. Naito Y, Takagi T, Higashimura Y. Heme oxygenase-1 and anti-inflamma-
tory M2 macrophages. Arch Biochem Biophys 2014;564:83–8.

51. Ishida Y, Gao JL, Murphy PM. Chemokine receptor CX3CR1mediates skin
wound healing by promoting macrophage and fibroblast accumulation
and function. J Immunol 2008;180:569–79.

52. Conte MP, Schippa S, Zamboni I, Penta M, Chiarini F, Seganti L, et al. Gut-
associated bacterial microbiota in paediatric patients with inflammatory
bowel disease. Gut 2006;55:1760–7.

53. Pitt JM, VetizouM,Waldschmitt N, KroemerG, ChamaillardM, Boneca IG,
et al. Fine-tuning cancer immunotherapy: optimizing theGutmicrobiome.
Cancer Res 2016;76:4602–7.

54. Reunanen J, Kainulainen V, Huuskonen L, Ottman N, Belzer C, Huhtinen
H, et al. Akkermansia muciniphila adheres to enterocytes and strengthens
the integrity of the epithelial cell layer. Appl Environ Microbiol 2015;
81:3655–62.

55. Li J, Lin S, Vanhoutte PM, Woo CW, Xu A. Akkermansia muciniphila
protects against atherosclerosis by preventing metabolic endotoxemia-
induced inflammation in Apoe�/�mice. Circulation 2016;133:2434–46.

56. Png CW, Linden SK, Gilshenan KS, Zoetendal EG, McSweeney CS, Sly LI,
et al. Mucolytic bacteria with increased prevalence in IBDmucosa augment
in vitro utilization of mucin by other bacteria. Am J Gastroenterol
2010;105:2420–8.

57. Berry D, Reinisch W. Intestinal microbiota: a source of novel biomarkers
in inflammatory bowel diseases? Best Pract Res Clin Gastroenterol
2013;27:47–58.

www.aacrjournals.org Cancer Res; 77(16) August 15, 2017 4485

How CX3CR1þ Gut Macrophages Control Cancer Development

on February 20, 2018. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst June 15, 2017; DOI: 10.1158/0008-5472.CAN-16-2501 

http://cancerres.aacrjournals.org/


2017;77:4472-4485. Published OnlineFirst June 15, 2017.Cancer Res 
  
Giulia Marelli, Marco Erreni, Achille Anselmo, et al. 
  
Carcinogenesis
Macrophages Helps to Resolve Inflammation and Prevents 

+Heme-oxygenase-1 Production by Intestinal CX3CR1

  
Updated version

  
 10.1158/0008-5472.CAN-16-2501doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://cancerres.aacrjournals.org/content/suppl/2017/06/15/0008-5472.CAN-16-2501.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/77/16/4472.full#ref-list-1

This article cites 56 articles, 15 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerres.aacrjournals.org/content/77/16/4472
To request permission to re-use all or part of this article, use this link

on February 20, 2018. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst June 15, 2017; DOI: 10.1158/0008-5472.CAN-16-2501 

http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-16-2501
http://cancerres.aacrjournals.org/content/suppl/2017/06/15/0008-5472.CAN-16-2501.DC1
http://cancerres.aacrjournals.org/content/77/16/4472.full#ref-list-1
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/77/16/4472
http://cancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




