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The Fractalkine-Receptor Axis Improves Human Colorectal
Cancer Prognosis by Limiting Tumor Metastatic
Dissemination

Marco Erreni,* Imran Siddiqui,""1 Giulia Marelli,""1 Fabio Grizzi,* Paolo Bianchi,Jr
Diego Morone,* Federica Marchesi,** Giuseppe Celesti,” Samantha Pesce,*
Andrea Doni,* Cristiano Rumio,® Massimo G. Roncalli,™" Luigi Laghi,*"

Alberto Mantovani,""ql and Paola Allavena*

Human colorectal cancer (CRC) is a frequent neoplasia in Western countries, and its metastatic progression is a major cause of cancer-
related death. In search of specific molecules upregulated in CRC, with possible clinical relevance, we performed a differential gene-
profiling analysis in surgery-derived CRC samples and adjacent uninvolved intestinal mucosa. The chemokine CX3CL1 and its specific
receptor CX3CR1 were significantly upregulated in tumors. Higher expression of CX3CL1 and CX;CR1 was confirmed by immu-
nohistochemistry in 100 CRC tumor samples (stages I-1II). Unexpectedly, high immune scores of CX3CL1 did not correlate with the
density of tumor-infiltrating CD3" T cells or CD68" macrophages. Coexpression of ligand and receptor by tumor cells (axis-positive
tumors) significantly associated with longer disease-free (p = 0.01) and disease-specific survival (p = 0.001). Conversely, axis-negative
tumors (with low expression of both ligand and receptor) had increased risk of tumor relapse (p = 0.02), and increased likelihood of
metachronous metastasis (p = 0.001), including after stage adjustment (p = 0.006). Transduction of CX3CL1 and CX;CR1 in CRC
tumor cell lines induced cell aggregation that strongly inhibited in vitro migration in chemotaxis assays. In a mouse model of spleen—
liver metastases, cancer dissemination to liver was dramatically reduced in CX;CL1-CX3CR1-expressing tumors, and ligand—
receptor interaction was confirmed in cancer cells in vivo by fluorescence resonance energy transfer analysis. In conclusion, tumoral
expression of the CX;3;CL1-CX;CR1 chemokine axis functions as a retention factor, increasing homotypic cell adhesion and limiting
tumor spreading to metastatic sites. Lack or low levels of expression of CX3;CL1-CX;CR1 by tumor cells identifies a group of CRC

patients at increased risk of metastatic progression.

olorectal cancer (CRC) is a frequent malignancy and still

a major cause of cancer-related death. Major advances

have defined the genetic alterations and molecular
pathways involved in tumor progression (1, 2). Recent studies
highlighted that alteration of the intestinal barrier and penetration
of commensal microbiota triggers innate immune cells and ini-
tiates an inflammatory response (3-5). It is now established that an
inflammatory microenvironment plays a major role in cancer de-
velopment (6, 7). In CRC, this evidence is even stronger and is
supported by the epidemiological findings that neoplastic trans-
formation is more frequent in patients with inflammatory bowel
disease and that long-term treatment with nonsteroidal anti-
inflammatory drugs has a protective role (8). Sustained expression
of transcription factors (e.g., NF-kB, STAT3) and inflammatory
mediators (e.g., cyclooxygenase 2, cytokines: IL-6, IL-23,
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chemokines) links chronic inflammation and tumorigenesis
(9, 10). As far as the adaptive immunity is concerned, host—tumor
interactions have emerged as a pivotal factor in CRC progression:
the increasing density of tumor-infiltrating lymphocytes has been
documented as being positively associated with improved overall
as well as disease-free survival (11-14). However, this holds true
only for early-stage tumors, as in some studies this association
was lost in cancers with nodal metastasis (12). A better under-
standing of the biological features and diversity of this neoplasia
in terms of clinical outcome is needed.

In a differential gene-profiling analysis between freshly isolated
human CRC samples and autologous adjacent uninvolved intes-
tinal mucosa, we found many differentially expressed genes (15):
among these, the chemokine CX;CL1 and its specific receptor
CX;CR1 were selected for further investigation. Unlike other
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family members, CX3CL1 (originally named Fractalkine) is a
trans-membrane chemokine that can be cleaved by specific pro-
teases (16, 17). It is expressed at low levels by several cell types
(neurons, endothelial, and epithelial cells) and is induced by in-
flammatory stimuli (IL-1, TNF, IFN-y). CX3CL1 is involved in
the pathogenesis of different inflammatory/autoimmune condi-
tions (18, 19). Overexpression of CX3CL1 and/or its receptor
CX3CR1 was described in different human tumors (20-24) and
was associated with immune cell infiltration (25, 26) and tumor
cell invasion (21, 27). In particular, expression of the CX3CLI1-
CX;3CRI1 axis in tumors has been associated with increased met-
astatic capacity, directing the tropism of circulating cancer cells to
bones (20). Moreover, our group demonstrated that CX3CR1 over-
expression is an early event in pancreatic cancer progression and
correlates with tumor invasion of local nerves and ganglia (21, 23).

In this study, we report that coexpression of CX3CL1 and its
receptor CX3CR1 by neoplastic cells is significantly associated
with more favorable patients’ prognosis. Conversely, low expres-
sion of both molecules identifies a subset of patients with signif-
icantly higher risk of developing distant metastasis and rapid
tumor progression.

Materials and Methods

Patients and tissue specimens

Patients included in this study underwent resective surgery for colorectal
cancer at the Clinical and Research Institute Humanitas (Milan, Italy) from
1997 to 2003. The absence of metastasis at diagnosis was assessed by
combining histopathological findings, surgical records, and perioperative
imaging. Postsurgical tumor recurrence was monitored by thoraco-
abdominal computerized tomography, abdominal ultrasonography, and
chest radiography. The study was approved by the Institute Ethical Com-
mittee, and written informed consent was obtained from patients.

Abs and reagents

The following Abs were used: mouse anti-human CD68 (Dako), mouse anti-
human CD3 (Dako), rabbit anti-human CX3CR1 (Abcam), goat anti-human
CX3CL1 (R&D Systems), mouse anti-human p4-integrin (Abcam), mouse
anti-human ,-integrin (R&D Systems), mouse anti-human ay35 integrin
(R&D Systems), rabbit anti-human CX;CL1 (Torrey Pines Biolabs), rat
anti-mouse F4/80 (Serotec), rat anti-mouse CD3 (eBioscience), Alexa
donkey anti-goat 647, Alexa donkey anti-rabbit 488, Alexa donkey anti-
mouse 647, Alexa goat anti-rabbit 647, Alexa goat anti-rabbit 488 (Invi-
trogen), biotin-conjugated donkey anti-goat (SantaCruz Biotecnology),
ABC Vectastain, and HRP rabbit/mouse Envision (ChemMate, Dako).
Cells were transfected with Lipofectamine (Invitrogen). Human recombi-
nant CX;CL1 (thCX3CL1) was from R&D Systems. Where required,
Tyramide Signal Amplification Systems (PerkinElmer) has been used.

Immunohistochemistry

Formalin-fixed, paraffin-embedded, and 2-pum-thin sections of tumor
samples were deparaffinized and exposed or not to an Ag-retrieval system,
before being incubated with the specific Ab. Endogenous peroxidase ac-
tivity was blocked with 3% hydrogen peroxide for 20 min at room tem-
perature (RT). Primary Ab was applied for 1 h at RT. Reactive sites were
identified by exposure to a HRP-conjugated secondary Ab for 30 min
at RT. Immunoperoxidase staining was then obtained by using
diaminobenzidine as a chromogen (DAB+chromogenX-50, ChemMate;
DakoCytomation, Carpinteria, CA). The slides were finally counterstained
with hematoxylin (Harris Hematoxilyn, DiaPath, Microstain Division,
Martinengo, Bergamo, Italy). Immunostaining of CX;CL1 and CX3CRI in
tumor samples was evaluated by three independent operators, blind to any
patient clinical data. Scores of CX3CL1 and CX3CRI1 expression by tumor
cells were calculated considering the percentage of positive tumor cells
and staining intensity classified as negative (0), moderate (1), and strong
(2). For each specimen, the entire section was analyzed and the final score
was calculated using the following formula:

(0 X % of negative tumor cells)+(1 X % of moderate tumor cells)+(2 X % of strong tumor cells)
100

CD3" and CD68" cell density at the tumor invasive margin was measured
in three randomly selected and noncontiguous microscopic areas encom-
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passing the deep front of tumor invasion. For each selected area, the cancer
tissue had to represent ~50% of the entire microscopic field. The pathol-
ogist who selected the areas was blinded to any patient clinical data. For
each selected region, a digital image was captured. A computer-aided
image analysis software was used, able to discriminate the immunos-
tained area on the basis of RGB color segmentation, and to calculate the
percentage of immunoreactive area as a fraction of the total area digitally
captured.

Animal experiments

Eight-week-old female nude mice (purchased form Charles River), NSG
mice (purchased from The Jackson Laboratory), and CX;CR1&™® mice
(purchased from The Jackson Laboratory) were used for mouse models.
Animals were maintained in a specific pathogen-free facility. Procedures
involving animals and their care conformed to institutional guidelines in
compliance with national (4D.L. N.116, G.U., suppl. 40, 18-2-1992) and
international law and policies (European Economic Community Council
Directive 2010/63/EU, OJ L 276/33, 22.09.2010; National Institutes of
Health Guide for the Care and Use of Laboratory Animals, U.S. National
Research Council, 2011). All efforts were made to minimize the number of
animals used and their suffering. Nude mice (10 mice per group) received a
s.c. injection into the flank with 2 X 10° viable cells. Tumors were mea-
sured every 3 d by caliper. After 1 mo, mice were sacrificed, and tumors
were removed and used for subsequent experiments.

NSG mice were used for the spleen—liver model of metastasis. Eight-
week-old female NSG mice were anesthetized, and the spleen was exposed
through a left lateral flank incision. Tumors were established by intra-
splenic injection of 2 X 10° cells in suspension using a 27-gauge needle.
The injection site on the spleen was pressed with a cotton stick to wipe out
any spilled cells and ensure hemostasis. The peritoneum and skin were
closed with surgical thread. After the indicated period, mice were sacri-
ficed, and spleen and liver were removed and used for subsequent analysis.
The experiment was repeated four times, for a total of 80 mice used. The
percentage of metastatic area was analyzed using VS120-S5 Virtual Slide
System (Olympus) and ImagePro Analyzer 7.0 (Media Cybernetics).

CX;CR12P2" and sex-matched CX3CR172® mice were used for
azoxymethane/dextran sodium sulfate model of colitis-associated cancer.
Briefly, mice were weighted and given a single i.p. injection of azoxy-
methane (10 mg/kg). Seven days later, animals received 3% dextran sulfate
sodium in drinking water. Colon cancer was induced after three cycles of
dextran sulfate sodium treatment, which consisted of 6 d of 3% dextran
sulfate sodium, followed by 2 wk of normal drinking water. After 70 d,
mice were sacrificed, and colon was collected, fixed in 4% paraformal-
dehyde (PFA), and embedded within OCT.

Immunofluorescence

Cell lines were cultured on glass slides coated with poly-L-lysine, washed in
PBS, and fixed in 4% PFA for 15 min at RT. DAPI (Invitrogen, Molecular
Probes) was used to stain nuclei. Slides were mounted with Fluor Preserve
Reagent (Calbiochem) and analyzed with confocal microscope. Frozen
sections were fixed in 4% PFA for 15 min at RT. After two washes in 2%
bovine albumin serum (BSA) in PBS, tissues were incubated with the
specific primary Ab and diluted in 2% BSA, 0.1% Triton X-100, 0.1%
glycine, 5% normal donkey, or goat serum in PBS. After three washes in
washing buffer (0.2% BSA, 0.05% Tween 20 in PBS), tissues were incu-
bated with specific secondary Ab for 1 h at RT. After four washes in washing
buffer, DAPI was used to stain nuclei. Tissues were mounted with Fluor
Preserve Reagent (Calbiochem) and analyzed with confocal microscope.
All the images were acquired with a laser-scanning confocal microscope
(FluoView FV1000; Olympus). For image analysis, Imaris X64 7.0.2
Software (Bitplane, AG) was used.

Cell culture

Cells were cultured in RPMI 1640 medium supplemented with 10% FCS
(Lonza, BioWhittaker) and 2 mM Ultraglutaminel (Lonza, BioWhittaker)
and routinely tested for mycoplasma contamination.

Lentiviral infection

The lentiviral vector pRRL.sinPPT.CMV.CX;CR1-enhanced GFP (EGFP)
containing CX3CR1-EGFP chimera under the promoter of CMV was a gift
from M.L. Malosio, Institute of Neuroscience, Consiglio Nazionale delle
Ricerche, Milan, Italy, and Humanitas Clinical and Research Center.
This vector was used to substitute the EGFP with ¢cDNA encoding
mCherry and the CX;CLI-mCherry chimera. Briefly, CX3CL1 and
CX3CR1 were cloned by RT-PCR amplification of cDNA isolated
from DLD-1 cells and human monocytes, respectively. The full-length
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cDNAs of CX;CL1 and CX3CR1 were cloned into pmCherry-N1 and
pEGFP-N1 (Clontech), respectively. CX3;CL1 and CX3CR1 TGA stop
codon were deleted to generate Cherry- or GFP-fusion proteins. For
CX;CL1, Xhol and BamHI restriction enzymes were used. For CX;3CRI1,
HindIII and BamHI restriction enzymes were used. For CX3CL1 cloning,
the following primers were used: 5'- CCGCTCGAACCATGGCTCCGA-
TATC-3" and 5'-CGGGATCCCGCACGGGCACCAGGAC-3'. For CX;CRI,
the following primers were used: 5'- CCCAAGCTTGGGATGGATCAG-
TTCCCTGAATC-3" and 5’- CGGGATCCCGGAGAAGGAGCAATGC-
ATCTC-3'. To generate lentiviral vector, EGFP, CX3CR1-GFP, CX;CLI1-
cherry, and pmCherry inserts were cut from pEGFP-N1 or pmCherry-N1,
respectively, and cloned into the lentiviral vector.

Lentiviruses were produced by transfecting the 293T cell line (plated at
a density of 750,000 cells per 10-cm—diameter dish 3 d before) with the
packaging plasmid (pCMV-AR8.74), the envelope plasmid (containing
VSV-G gene), and 10 wg DNA of interest. Supernatants were collected 48 h
after transfection, filtered (0.45 wm), and used to infect cells. After the
addition of 5 wl polybrene, 5 ml of each supernatant was added to cells,
plates were centrifuged for 1 h at 900 rpm (acceleration 3, breaking 0), and
then incubated in a humified atmosphere of 5% CO, and 95% air at 37°C.
Supernatants were removed after 24 h, and a second cycle of infection was
repeated. After 48 h, cells were cultured in RPMI 1640 medium supple-
mented with 10% FBS (Lonza, BioWhittaker) and 2 mM Ultraglutaminel
(Lonza, BioWhittaker). Infected cells were selected based on GFP or
Cherry fluorescence.

Intracellular calcium® influx

Intracellular calcium?* influx was measured with Fura-2. Briefly, cells
were plated on glass-bottom culture dishes (MatTek). After 24 h, cells
were treated with 0.1 uM Fura-2 (Invitrogen) diluted in DMSO for 30 min.
Subsequently, cells were incubated in a humidified atmosphere of 5% CO,
and 95% air at 37°C and monitored with a Cell-R IX81 microscopy
(Olympus). At the indicated time point, 100 ng/ml rhCX;CL1 was added,
and the variation in Fura-2 emission at 340 and 380 nm was analyzed in a
time-lapse experiment (one image every 3 s) for the indicated time. Cal-
cium?* influx was measured as ratio between Fura-2 emission at 340 and
380 nm (340/380 ratio).

Migration assay

Migration assay was performed in 24-well Transwell plates (Corning), with
inserts of 8.0-wm pore size. Infected cells were mixed at a 1:1 ratio, to
generate axis-positive (CXzCLI"™-CX;CR18™) or axis-negative tumors
(mock™™™-mock&P). Cells were resuspended in RPMI 1640 medium with
1% FCS at 10° cells/ml; 200 wl cell suspension was loaded in the upper
chamber of the Transwell, and 600 pl medium was loaded in the lower
chamber: where indicated, 10% FCS or different concentrations of
rhCX;CL1 were added. After 16 h, migrating cells were counted, analyzing
20-30 fields per filter. Results express migrated cells/field. Alternatively, cells
were stained with Crystal Violet. Subsequently, crystals were disrupted with
10% acetic acid, and the absorbance of this solution was read at 595 nm.

Adhesion assay

Adhesion assay to extracellular matrix (ECM) was performed using ECM
Cell Adhesion Array Kit, colorimetric from Millipore. Briefly, RKO-
or NCI-H630-infected cells were cocultured to generate axis-positive
(CX3CL1™™-CX4CR18P) or axis-negative (mock™™™-mock&) tumors:
cells were let to adhere for 30 min, and, subsequently, assay was performed
as manufacturer’s instructions.

For adhesion assay on cell monolayers, CX3CL1"™ or Mock™™ cells
were plated on glass slides coated with poly-L-lysine in 24-well plates
(Costar) and cultured to confluence. CX;CR12™ or Mock&™® cells were
resuspended at the concentration of 4 X 10° cells/ml in adhesion medium
(RPMI 1640, 1% FCS, 2 mM Ultraglutamminel, 0.5% BSA), and 500 ul
was plated in each well and incubated for 20 min in a humidified atmo-
sphere of 5% CO, and 95% air at 37°C, with gentle shaking. After two
washes with PBS to remove nonadherent cells, slides were fixed with 4%
PFA, mounted with Fluor Preserve Reagent (Calbiochem), and analyzed
with confocal microscope. For each sample, different fields were analyzed,
and GFP* cells were counted. Alternatively, GFP* cells were counted by
flow cytometry. Where indicated, cells were pretreated (overnight) with
pertussis toxin, Bordetella pertussis (Calbiochem), or corresponding Ab to
block integrin activity (1 h).

RT-PCR and quantitative real-time PCR

Total RNA was isolated using TRI reagent (Ambion) and quantified by
Nanodrop. DNase treatment (Turbo DNA-free kit; Ambion) was performed

FRACTALKINE-RECEPTOR AXIS IN HUMAN CRC

to avoid genomic DNA contamination. A quantity amounting to 1 g total
RNA was reverse transcribed using the High-Capacity cDNA Archive kit
(Applied Biosystems), according to the manufacturer’s instructions. cDNA
was analyzed by SYBR Green—based quantitative real-time PCR on ABI
Prism 7900HT Fast Real Time PCR System (Applied Biosystem). The 18S
was used as internal control to normalize. All gene-specific primers were
designed in-house. The sequences of primers are as follows: CX;CL1
forward, 5'-TCTGCCATCTGACTGTCCTG-3' and reverse, 5'-TGATG-
TTGCATTTCGTCACA-3'; CX;CRI1 forward, 5'-GGGACTGTGTTCC-
TGTCCAT-3" and reverse, 5'-GACACTCTTGGGCTTCTTGC-3"; ITGB1
forward, 5'-GTGGAGGAAATGGTGTTTGC-3’ and reverse, 5'-CGTTGC-
TGGCTTCACAAGTA-3"; ITGB4 forward, 5'-ATCCCCATCTTTGCTGT-
CAC-3' and reverse, 5'-ATGTTGGACGAGTCCTCCTG-3"; ITGBS
forward, 5'-GGTTGGGATTTGGGTCTTTT-3’ and reverse, 5'-GGACG-
CAATTTGGAAACAAC-3'; 18S forward, 5'-CGCCGCTAGAGGTGAA-
ATTC-3' and reverse, 5'-CTTTCGCTCTGGTCCGTCTT-3'.

In vitro proliferation assay

Cells were counted and resuspended at a concentration of 10° cells/ml.
A total of 100 pl cell suspension was plated into 96-well plates. Cell
proliferation has been measured after 4 h to set the starting conditions, then
after 1, 3, 5, and 7 d. A total of 20 wl MTT (5 mg/ml in 1X PBS) was
added to each well (200 wl medium) and left at 37°C for 2—4 h, in the dark.
After aspiration of the medium, 100 wl DMSO was added to each well and
crystals were dissolved by pipetting. The absorbance of this solution was
measured at 570 nm.

Fluorescence resonance energy transfer

Fluorescence resonance energy transfer (FRET) analysis was performed
by fluorescence lifetime imaging microscopy (FLIM), using the Trim-
scope II two-photon microscope (LaVision Biotec, Bielefeld, Germany).
FLIM measurements were obtained illuminating the sample with a
Chameleon Ultra II laser (Coherent, CA) with 80 MHz repetition rate
tuned at 830 nm for two-photon excitation. Fluorescence emission was
detected with FLIM X 16-78 Mhz TCSCP Detector (LaVision BioTec).
Measurements were performed on the confocal system previously de-
scribed with a 20X water immersion objective (XLUMPIlanFLn, nu-
merical aperture 1.0; Olympus). FRET efficiency (E) was obtained by
calculating the different lifetime distributions in the phasor plots and
then using the formula E = 1 — tpa/Tp, Where Tpa is the donor fluo-
rescence lifetime in presence of the acceptor and Tp is the donor fluo-
rescence lifetime alone. The distance between the two molecules was
calculated as Ry (1/E — 1)'®, where R, is the Foster radius (5.1 nm)
relative to GFP-cherry couple. Acquisition and instrument control was
performed using Imspector Pro software (LaVision, BioTec), whereas
data analysis was performed with Prism (GraphPad).

Statistical analysis

Student’s ¢ test, nonparametric Mann—Whitney U test, parametric one-way
or two-way ANOVA (with Tukey’s or Sidak’s posttest, respectively),
nonparametric Kruskal-Wallis (with Dunn’s posttest), linear and logistic
regression analysis, and Cox proportional hazard model (univariate and
multivariate analysis) were used as indicated. Survival rates were esti-
mated by the Kaplan—-Meier method and compared with the log-rank test.
Analyses were done using Epi Info version 3.4.3 and GraphPad Prism6.

Results
Expression of CX3CLI in human CRCs and lack of correlation
with leukocyte infiltration

Results from a transcriptional profiling of surgically resected hu-
man CRC samples, performed with an Inflammation Array (Ap-
plied Biosystems), indicated that the chemokine ligand CX;CL1
was overexpressed in tumors, compared with the normal adjacent
colonic mucosa. Validation experiments demonstrating upregu-
lated CX3CL1 in a series of 27 CRC specimens are shown in
Supplemental Fig. 1A. Protein expression was further investigated
by immunohistochemistry in 18 normal colonic tissues, 18 ade-
nomas, and 100 colorectal cancer tissues (stages I-III). All car-
cinoma samples were genotyped as microsatellite stable. Immu-
noreactivity was scored considering staining intensity and the
percentage of positive tumor cells (as detailed in Materials and
Methods). CX3CL1 was expressed by healthy colonic epithelial
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cells, and its expression was progressively increased in precan-
cerous lesions and early stage tumors (Fig. 1). Notably, CX3;CL1
expression was highly heterogeneous and in stage III tumors it
significantly decreased compared with stage I (Fig. 1B).

Given the established role of CX3CL1 in recruiting immune
cells at inflamed sites, we investigated whether tumor expression
of CX3CL1 was responsible for immune cell infiltration, which
importantly impacts on disease outcome (28, 29). In the same case
list of tumor samples, the density of CD3* lymphocytes and
CD68" macrophages was scored at the tumor invasive margin
(Fig. 2A). Based on the median values of the immune reactive
area, CRC samples were divided as high or low infiltrated. Sur-
prisingly, linear regression analysis showed no association be-
tween CX3CL1 immunoscore and CD3* or CD68" cell density
(CD3: +* = 0.003, p = 0.61; CD68: +* = 0.003 p = 0.56; Fig. 2B,
2C), even after tumor stratification by stage (Supplemental Fig.
1B-D), indicating that CX3CL1 expressed by tumor cells is not
directly responsible for leukocyte recruitment in colorectal tu-
mors. In line with this finding, although in healthy colonic mucosa
the majority of immune cells was CX3CR1 positive, in tumor
tissues only a limited number of infiltrating cells recruited at the
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FIGURE 1. Immunohistochemical analysis of CX3CL1 expression in
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but decreases in stage III tumors. Red bars indicate median value. Kruskal—
Wallis and Dunn’s posttest, *p < 0.05.
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FIGURE 2. CX;CLI1 expression by tumor cells does not correlate with
CD3* or CD68" infiltrating cells at the tumor invasive front. (A) Immu-
nohistochemical analysis of CD3" or CD68" cells in CRC samples (n =
100), at the tumor-invasive margin. (B and C) Linear regression analysis.
Correlation between CX5CL1 expression and the percentage of CD3" (B)
or CD68" (C) cells. CX3CL1 expression does not correlate with lympho-
cyte or macrophage infiltration. (D) Immunohistochemistry of CX;CR1
showing that in tumor tissue only few immune-infiltrating cells express
CX;CR1, whereas in healthy mucosa the majority of immune cells are
CX;CR1 positive. (E) Immunofluorescence of CX3CR1 and CD3 or CD68
in human tumor tissues; arrows mark the few double-positive cells. (F)
Mouse model of colitis-associated cancer in CX;CR1&8™&P and CX,CR1*/&P
mice. Immunofluorescence of CD3* and F4/80" cells; arrows mark the few
double-positive cells. White dotted lines indicate the margin of the tumor.
Original magnification X20. (G) Quantification of F4/80* and CD3" cell
infiltration in tumor tissue. Student 7 test, **p < 0.01.

tumor front expressed the receptor (Fig. 2D). Using immuno-
fluorescence, we also observed that only very few CD3* or CD68"
tumor-infiltrating cells were CX3CR1 positive (Fig. 2E).

This finding was confirmed in a mouse model of colon car-
cinogenesis, using CX;CR17#® and CX;CR18™2 mjce, which
feature a disruption of the CX;CRI exon 2 by EGFP insertion in
one or both alleles, respectively. As the CX3CR1 receptor is
predominantly expressed by monocytes and gut-resident mac-
rophages, this model was specifically used to track the recruit-
ment of myeloid cells expressing or not CX3CR1 in tumor
tissues. In CX;CR1%™2"P mice lacking the receptor, F4/80%
macrophages and CD3" lymphocytes abundantly infiltrated
the tumor and their density was even significantly increased
in comparison with receptor-competent mice (CX;CR1"&'P)
(Fig. 2F, 2G). In these mice, leukocytes recruited at the tumor
front did not express CX3CRI1, and the very few spots of
colocalization are shown in Fig. 2F. Overall, these data strongly
support the conclusion that the CX3CL1-CX3CR1 axis is not
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involved in the recruitment of lymphocytes and macrophages in
colon cancer tissues.

Coexpression of CX;CLI and CX3CRI by tumor cells and
relevance to patients’ clinical outcome

Immunohistochemistry for CX3CR1 revealed that also tumor cells
stained positive for the receptor. Therefore, all 100 CRC samples
were scored for CX;CR1 immunostaining: whereas the receptor
staining was faint in healthy colon and in precancerous lesions, in
most carcinoma samples it was strongly expressed (Fig. 3A, 3B).
Based on the median values of the immune reactive area for
CX;CL1 or CX;3CR1 expression, CRC samples were divided as
high- or low-expressing tumors, and their phenotype was corre-
lated with demographic and tumor pathological features (Supplemental
Table 1). Interestingly, CX3CL1 expression was inversely corre-
lated with the occurrence of lymph node metastasis, both in uni-
variate and multivariate analysis (odds ratio [OR] 0.29, p = 0.003,
OR 0.23, p = 0.002, respectively). In addition, low expression of
CX3CL1 correlated with a significantly increased disease recur-
rence (indicated as disease-free survival [DFS], p = 0.03) and
reduced patients’ survival (indicated as disease-specific survival
[DSS], p = 0.04) (Supplemental Fig. 1E, 1F). Similar results were
found for CX3CR1, even if the statistical analysis demonstrated
significance only for DSS (DFS, p = 0.08; DSS, p = 0.01)
(Supplemental Fig. 1G, 1H).

Next, we observed that one third of CRC samples (31.7%)
coexpressed high levels of both CX;CL1 and CX;CR1, as shown
in the example in Fig. 3C, which depicts several spots of coloc-
alization in immunofluorescence. Based on median values, CRC

FRACTALKINE-RECEPTOR AXIS IN HUMAN CRC

specimens were classified as tumors with high coexpression of
CX5CL1 and CX;CRI (Lig"&"-Rect®", or axis-positive tu-
mors), and tumors with low coexpression (LigLOW—RecLOW, or
axis-negative tumors), and tumors with single positivity
(Lig "-Recieh LigHigh-Rec™*"). Kaplan—Meier curves
showed that patients with Lig““-Rec™™™ tumors (axis-nega-
tive tumors) had significantly worse DFS and DSS, compared
with positive Lig"e"-Rec™&" tumors or with single-positive
tumors (log rank, p = 0.01 and p = 0.001, respectively, Fig. 3D,
3E). Results of the Cox Proportional Hazard model also showed
that patients with axis-negative tumors had significantly higher
risk of relapse (hazard ratio [HR] 2.59, p = 0.02), as well as of
specific death (HR 5.95, p = 0.006). Adjusting the model for tu-
mor stage, patients with axis-negative tumors had a close to sig-
nificant risk of disease progression (DFS, HR 2.2, p = 0.07) and a
significant risk of tumor-related death (DSS, HR 3.7, p = 0.04)
(Table I). In addition, axis-negative tumors were associated with a
significantly increased occurrence of lymph node metastasis (lo-
gistic regression: univariate, OR 1.58, p = 0.02; multivariate,
OR 5.01, p = 0.01) (Table II) and increased likelihood of devel-
oping metachronous metastasis (logistic regression, OR 10.5,
p = 0.001), even after stage adjustment (logistic regression, OR
8.03, p = 0.006) (Fig. 4A) (Table III). Overall, the results indi-
cated that CRC tumors nonexpressing the ligand-receptor axis had
significantly higher frequency of disease recurrence and metastasis.

We next investigated ligand—receptor expression by tumor cells
at metastatic sites. Among the 46 stage III patients in our case list,
we analyzed all available corresponding lymph node metastatic
samples (36 patients). We compared, within the same patients,

FIGURE 3. Immunohistochemical analysis of

CX3CRI expression in human CRC and correla-
tion of the CX3CLI-CX5CR1 axis with clinical
outcome. (A) Representative immunoreactivity of
CX;CR1 in normal colonic mucosa, precancerous
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magnification X20. (B) Expression scores of
CX3CRI1 in all tested samples (normal colonic
mucosa, n = 18; adenoma, n = 18; colorectal can-
cer, n = 100). CX3CR1 is low in normal tissues and
precancerous lesions, and strongly increases in tu-
mors. Kruskal-Wallis and Dunn’s posttest, **#*p <
0.001. (€) Immunofluorescence analysis showing
the coexpression of CX3CLI (red) and CX3CRI1
(green) on tumor cells. The presence of several spots
of colocalization is shown in the merge panel and
close-up. Original magnification X20. (D and E)
Kaplan—Meier curves showing disease-free (D) and
disease-specific (E) survival, in stage I-III patients D
according to CX3CL1-CX;CR1 axis expression.
Patients with axis-negative tumors (Lig“*"-Rec™*",
black line) have significantly shorter DFS and DSS
(p = 0.01 and p = 0.001, respectively), compared
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FRACTALKINE-RECEPTOR AXIS IN HUMAN CRC

Table II.  Correlation between CX3CL1-CX;CR1 axis and demographic and tumor pathological features

CX;CL1-CX;3CR1 Expression

Univariate Analysis Multivariate Analysis

High (32) Low (25) OR (95% CI) P OR (95% CI) p
Age Years, mean = SD 66.5 = 11.5 614 * 13.2 0.97 (0.93-1.01)
Sex Male 16 20 1.0 1.0
Female 16 5 0.63 (0.42-0.94) 0.02 0.19 (0.05-0.72) 0.01
Tumor site Distal 10 8 1.0
Proximal 11 11 1.25 (0.36-4.36) 0.73
Rectum 11 6 0.68 (0.17-2.66) 0.58
Tumor site T1 3 1 1.0
T2 9 3 1 (0.07-13.6) 1.0
T3 19 19 3(0.29-31.4) 0.36
T4 1 2 6 (0.2-162.4) 0.29
Lymph node metastasis No 22 9 1.0 1.0
Yes 10 16 1.58 (1.1-2.28) 0.02 5.01 (1.47-17.2) 0.01
Tumor cell type ADC 31 24 1.0
Variant 1 1 1.09 (0.43-2.79) 0.86
Vascular invasion No 25 18 1.0
Yes 7 7 1.12 (0.75-1.67) 0.59
Grading G1-G2 31 21 1.0
G3 1 4 1.81 (0.85-3.84) 0.12

Logistic regression analysis. Positive-axis tumors and negative-axis tumors were correlated with patients’ clinical and pathological features. OR <1.0 represents a decreased
relationship between CX;CL1-CX3CRI1 axis and the considered variables, whereas OR >1.0 (a reference point) represents an increased relationship.

CI, confidence interval.

expression in primary tumors and in metastatic lymph nodes; in
metastatic tumor cells, both CX3CL1 and CX3CR1 expression was
significantly reduced (Fig. 4B-D). The finding that tumor cells at
metastatic sites have lower expression of the ligand—receptor axis
suggests that negative cells may be more prone to disseminate,
possibly because the missing membrane-bound CX;CL1 or its
cognate receptor cannot engage anymore in an adhesion loop.

The CX;CLI-CX;CRI1 axis mediates increased homotypic cell
adhesion

To gain insights into the adhesive mechanism of this chemokine
axis and its potential in counteracting cell mobility, we generated
CX3CL1- or CX;3CR1-transduced human cells. From eight CRC
cell lines screened, we selected the RKO cell line (negative for
both ligand/receptor) and the NCI-H630 cell line (receptor-negative
but expressing low levels of membrane-bound CX;CLI;
Supplemental Fig. 2A). Cells were separately infected with
CX5CL1™™ or with CX;CRI1&™ fusion genes, or with corre-
sponding empty vectors (mock®™™ and mock®®) (Supplemental
Fig. 2B). Receptor-expressing cells showed rapid calcium flux
(Supplemental Fig. 2C) and enhanced migration in response to
rhCX;CL1 (Supplemental Fig. 2D), confirming proper functionality.

In adhesion assays, CX3CR1 cells indeed had increased ad-
herence to monolayers of ligand-expressing cells (Fig. 5A,
Supplemental Fig. 2E). Furthermore, when receptor/ligand-
transduced cells were cocultured at 1:1 ratio (to mimic axis-
positive tumors), chemotaxis in response to thCX;CL1 or FBS
gradients was abrogated, as cells formed large aggregates that
prevented migration through filter pores (Fig. SB-D, Supplemental
Fig. 2F). Thus, receptor-ligand interaction among neoplastic cells
effectively results in a sufficiently strong adhesive engagement
that prevents tumor cell migration in response to an otherwise
strong chemoattractant stimulus.

In different contexts (e.g., leukocytes and endothelial or neuron
cells), CX;5CL1-mediated recruitment of CX5;CR1* cells can be
either integrin dependent or not (30, 31). We therefore investi-
gated integrin involvement in the CX;CL1-CX3CR1-mediated
adhesion among tumor cells. Both RKO and NCI-H630 cells are
positive for B; and (s integrins and negative for B3 and g
integrins, whereas 34 is strongly expressed only in NCI-H630

cells (Supplemental Fig. 3A). When cells were cocultured to
mimic axis-positive or -negative tumors, integrin expression was
not modulated at the mRNA (Supplemental Fig. 3B) or protein
level (Supplemental Fig. 3C). Adhesion of CX;CRI1&™ cells on
monolayers of CX3CL1"™ cells was not affected in the presence
of blocking anti-B1 and anti-B5 mAbs (Fig. SE). Similarly, ad-
hesion to ECM-coated plates was identical in axis-positive or
-negative cocultured cells, and anti-B1 mAb equally reduced ad-
hesion on collagen-coated plates (data not shown). Furthermore,
when CX3;CR1-expressing cells were pretreated with pertussis
toxin, to block G protein signaling, the increased adhesion to
CX3CL1 cell monolayer was not significantly reduced (Fig. S5F).
Overall, we conclude that the homotypic adhesion between
receptor/ligand-expressing cells is both integrin and G protein
signaling independent.

As chemokines may affect tumor cell growth and CX;CL1 has
been implicated in sustaining cell proliferation via activation of
the epidermal growth factor pathway (32), we next investigated
whether transduced cells had different proliferative patterns
in vitro and in vivo. Neither the ligand nor the receptor did affect
the in vitro growth of RKO and NCI-H630 cells, even when
receptor/ligand-positive cells were cocultured (i.e., CX3CL1M*™
+ CX;CR18™) (Supplemental Fig. 3D). When injected s.c. in vivo
in immune-deficient mice, all cell combinations formed stably
growing tumors, which, however, did not differ in size among the
groups (Supplemental Fig. 3E). Thus, the presence of a functional
CX3CL1-CX;3CR1 chemokine axis had no impact on tumor cell
proliferation in vitro and in vivo.

CX;3CLI-CX;3CRI1-mediated homotypic cell adhesion reduces
tumor cell metastatic potential in vivo

Based on the evidence in CRC patients that low or absent ex-
pression of this chemokine axis was associated with higher risk
of developing metastases, we next investigated the metastatic
potential of our transduced cells. These tumor cell lines do
not spontaneously metastasize when grown in vivo; therefore, a
spleen-liver model of metastasis was set up. Combinations of
positive-axis (CX3CL1°"™ 4+ CX;CRI18™) or negative-axis
(mock™™™ + mock®®) RKO tumor cells were injected in the
spleen of NSG mice. After 18 d, the overall survival of mice was
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FIGURE 4. CX;CL1 and CX;5CR1 expression is B

reduced in lymph node metastasis. (A) Percentage
of patients with lymph node metastasis at diagnosis
and with metachronous metastasis (during follow-
up), according to the expression of the chemokine
axis by tumor cells. Patients with axis-negative
tumors (Lig"*"-Rec™*") have higher frequency of
metastases compared with axis-positive tumors
(LigHe-Rece) . (B) Immunoreactivity of CX;CL1
and CX3CR1 in lymph node metastases and cor-
responding primary tumors. Original magnification
X20. (C and D) Expression scores of CX;CL1 (C)
and CX3CRI1 (D) in lymph node metastases (n =
36) and primary tumors (n = 36). Red bars indicate
median value. Expression of both CX;CL1 and
CX;CR1 in metastatic cells is significantly re-
duced. Mann—Whitney, *p < 0.05, ***p < 0.001.
LN, lymph node; MT, metastatic tumor; PT,
primary tumors.
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dramatically different in the two groups, with only 2 of 10 mice
bearing negative tumors alive, compared with 8 of 10 mice with
positive-axis tumors (Fig. 6A). In a shorter experiment (12 d),
negative-axis tumors developed many more metastases (area
22.57%) compared with positive tumors (area 5.08%; p < 0.001)
(Fig. 6B, 6C). Single-positive tumors were also tested: whereas
mock™™_-CX;CR18P-RKO cells generated several metastases,
cells expressing only the ligand (i.e., CX3CL1"*™-Mock&™) had
less metastases, yet more than positive-axis tumors (p < 0.01)
(Fig. 6B, 6C), most likely because of the “sticky” nature of the
chemokine ligand. Comparable results were obtained with NCI-
H630 cells, which have an epithelial phenotype and when spleen
injected developed liver metastasis only after 40 d: axis-negative
tumors again showed a dramatic increase in the metastatic area
(8.5%) compared with axis-positive tumors (0.19%) (p < 0.01)
(Fig. 6B, 6D). Of note, the combination of CX3;CR12"-Mock"*"™
cells also produced less metastases (p << 0.05). This finding is
consistent with the endogenous expression of CX3CL1 in this cell
line, sufficient to establish a functional CX;3CLI-CX5CR1 loop
(Fig. 6B, 6D). Overall, these results demonstrate that ligand—receptor

interaction among tumor cells leads to strong homotypic adhesion
that results in reduced tumor cell metastatic potential in vivo.

FRET analysis of the CX3CLI-CX3CRI interaction in vivo

To confirm a direct interaction between CX5CL1 and CX3CR1
in vivo, we performed FLIM/FRET analysis. Sections were ob-
tained from axis-positive or -negative tumors grown in mouse
spleens (both RKO and NCI-H630 cells), and 5-10 different re-
gions of GFP and Cherry coexpression were selected (Fig. 7A).
FLIM images in the phasor plot representation (33) (Fig. 7B, 7C)
showed a shift-down in GFP fluorescence lifetime only in axis-
positive tumors (Fig. 7B, 7C, red square), indicating a quenching
and thus the presence of FRET events. By comparing the corre-
sponding different GFP fluorescence lifetime (green square versus
red square) in axis-positive tumor phasor plots, we found a sig-
nificant reduction in GFP mean lifetime (p < 0.001) (Fig. 7D, 7E);
from these data, we calculated the efficiency of FRET (E) and the
mean distance R between GFP and Cherry proteins (that corre-
sponds to the distance between CX5CL1 and CX5CR1). Of note,
comparable values of E and R were obtained in both RKO and
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Table III.

FRACTALKINE-RECEPTOR AXIS IN HUMAN CRC

Likelihood of metachronous metastasis according to CX3CL1-CX3CR1 axis status

Metachronous Metastasis Univariate Stage-Adjusted
CX3CL1-CX3CR1 Axis Status No (75) Yes (25) OR (95% CI) p OR (95% CI) p
Positive-axis tumors 29 3 1.0 1.0
High CX;3CR1-Low CX;CL1 16 4 242 (0.48-12.2) 0.28 1.75 (0. 3-9.36) 0.5
High CX;CL1-Low CX3;CR1 18 6 3.2 (0.7-14.5) 0.13 3.7 (0.7-18.1) 0.1
Negative-axis tumors 12 13 10.5 (2.5-43.5) 0.001 8.03 (1.8-35.3) 0.006

Logistic regression: an OR >1.0 (a reference point) represents an increased likelihood of developing metachronous metastasis.

CI, confidence interval.

NCI-H630 axis-positive tumors. These results confirmed that a
molecular interaction between CX3CL1 and CX5CR1 indeed oc-
curs in vivo.

Discussion

In this study, we have shown that CRC patients whose tumor cells
coexpress the chemokine CX3CL1 and its receptor CX3CR1 have a
more favorable prognosis, and, conversely, low expression of both
molecules significantly associates with an increased risk of disease
progression. In particular, the CX;3CL1-CX;CR1 axis seems to
play an important role in preventing the metastatic process, be-
cause patients having axis-negative tumors showed a dramatic
increased risk of developing metachronous metastases. Our
experimental results in vitro and in vivo with ligand/receptor-
transduced CRC cell lines provide evidence that CX3;CLI1-
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CX;3CRI interaction increases adhesiveness among tumor cells
and limits their motility and dissemination. This interpretation is
supported by the following findings: 1) CX3;CR1" cells have
enhanced adherence on cell monolayers expressing the ligand; 2)
cells coexpressing both CX3;CR1 and CX3CL1 form aggregates
and fail to migrate in vitro; 3) in a mouse model in vivo,
CX3CL1"-CX3CR1* tumors have lower metastatic potential; 4)
FRET/FLIM analysis demonstrated direct ligand-receptor in-
teraction in tumors growing in vivo. Therefore, both patients’
and experimental findings indicate that, if neoplastic cells within
the primary mass lose this chemokine axis, they are less engaged
and free to spread and give metastasis. Of note, a clear-cut sta-
tistical significance was found only when considering tumors
double negative for ligand and receptor, versus double-positive
tumors. Tumors with single positivity, only expressing either the

. B

Mockesherry
Mocks®

CX,CL1chery
CX,CR1gfe

*
o

N

FIGURE 5. Expression of the chemokine axis CX3CL1-

-

CX;CR1 increases homotypic cell-cell adhesion and in-

Mocke CX,CR19® Mock®™ CX,CR19

hibits tumor cell migration in vitro. (A) Adhesion assay on
monolayers of RKO CX;CLI1™™ or Mock™™™ cells.
RKO cells expressing CX;CR18™ show significantly in-
creased adhesion on CX3CL1 monolayers compared with C
Mock®™ cells. (B) Enhanced aggregation of RKO cells

when cocultured to mimic axis-positive (CX3CL1°"™-
CX;CR18"™) compared with axis-negative (Mock™®™- 80
Mock®P) tumors. (C and D) Chemotaxis assay of cocul-
tured RKO cells. Migration is inhibited in cocultures of
axis-positive cells (red bars) in response to thCX;CL1 (C)
or 10% FCS (D) due to large cell aggregates. (E) Role of

Cells/field

40 ’—‘
integrins in the enhanced adhesion of RKO CX;CR1&? 20

cells on monolayer of RKO CX3CLI™™ cells. Anti-B,
and anti-Bs integrin-blocking Abs do not affect adhesion of o
CX;CR1 cells on CX3CL1 monolayers. (F) Cell pretreat-
ment with pertussis toxin (PTX) did not alter the increased
adhesion of CX3;CR18™ cells to CX;CL1-expressing cell
monolayers. Shown are representative experiments (3—4
replicates each), of at least three experiments, with similar
results. One-way ANOVA with Tukey’s posttest (A, C, D,
and E) and two-way ANOVA with Sidak’s posttest (E),
*p < 0.05, *#p < 0.01, ***p < 0.001.

Adherent cells
% of GFP" Events)
o aN
D - o

(

Mockeherry

B Mocke™-Mockeherry
[ ex,cr19®-Mockehery

[l cx;cLchem.cx,cr19f

NT

[ Mocke™

il

o ’l‘
12;

CX,CL1chery

D B Mockere™Y Mockd™
Bl CX,CL1°""™ MockdfP
1 Mock®h"™-CX,CR19P
Bl CX,CL1°"™ CX,CR19"™ .

* kkk 150

T1F

* sk

-
(=3
=3

Cells/field

a
o

ok
+ - o+ - o+
10% FCS

30 100
rhCX;CL1 [ng/ml]

I cx,crig [1 Mocks®

ok

 cx,CR19%

N

[
*
¥
3

=

(% of GFP* Events)
S

Adherent cells

ol L [MEN | WM | WM | N 0
Bl-integrin + - + NT PTX
B5-integrin + +

Monolayer of CX,CL1¢hery
CX,CL1Chemy

20z I4dy 6 U0 3senb Aq Jpd-GEE L 0GL/E90S L1 1/206/2/96 | /4Pd-djo1e/jounwwif/Bio1ee"s|eulnol//:dpy wouy pepeojumoq



The Journal of Immunology

RKO
A < Mock"™.Mock9'®
100 o/ & CX,CL1eh.CX,CR10P
n=8/10
= 80
2
% 60
£ w0 :
&
n=2/10
= 20
—_
5 10 16 18 20
Days
Mockshery Mockeherry CX,CL1chery  CX,CL1cherry
Mocks'e CX,CR1¢* Mocks'® CX,CR19gfe
T o S B e e [ - I =
o L P 4 2
§ i i S
®oh DL
o
™
©
=
-—
Q
-4
C RKO D NCI-H630
o L
g : 14
L] £ 12
o 20 o
2 . 210
g 15 Zs
i : f
E & [
T & E 4
E e
Y 2 2
o ‘.d av Q@ L, Q Q@
& g o
LA F &5
& & &F . *n & & <
o o & o & +5 o 45
8 § & & o AC & e
T LA A S
¥ oa L & F A

FIGURE 6. Expression of the chemokine axis CX;CL1-CX;CRI re-
duces metastatic cell dissemination in vivo. In vivo spleen—liver mouse
model of metastasis. NSG mice were spleen injected with 1:1 mixture of
tumor cells expressing CX3CL1 or CX3CR1 or Mock cells (n = 10 mice
each group). (A) Mice with axis-negative tumors (Mock*™-Mock&™,
black line), had higher mortality rate compared with axis-positive tumors
(CX3CL1M™_CX;CR18™, red line). Log rank, *p < 0.05. (B) Represen-
tative histological pictures of liver metastasis from mice receiving different
combinations of CX3CL1™™- or CX;CR1&P-expressing tumor cells
(upper panels, RKO cells; lower panels, NCI-H630). Original magnifica-
tion X10. (C and D) Analysis of the liver metastatic area (mean * SE of
three experiments with RKO, one with NCI-H630). Mice with axis-nega-
tive tumors (black bars) had higher number of metastasis compared with
axis-positive tumors (red bars). In (D), NCI-H630 cells constitutively
produce low levels of CX3CL1, and exogenous expression of CX;CRI
reconstituted the chemokine axis, resulting in fewer metastases (green bar).
One-way ANOVA with Tukey’s posttest, *p < 0.05, **p < 0.01, **¥p <
0.001.

receptor (or the ligand), have a slightly increased risk of recur-
rence, but not statistically significant; this observation suggests
that a low expression of ligand or receptor (below the median
value) may, at least in some cases, be sufficient to engage the
adhesive loop.

In homeostatic conditions, the chemokine CX5CL1 is expressed
at low levels in the gut and regulates the physiological recruitment
of leukocytes (34); accordingly, a consistent proportion of resident
intestinal intraepithelial and lamina propria leukocytes is CX5CR1
positive (18, 35, 36). In neoplastic conditions, CX3CL1 was up-
regulated in early stage CRC tumors, and already in preneoplastic
lesions, but its expression decreased in advanced metastatic tu-
mors. It is known that CX5CL1 is induced by inflammatory cy-
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tokines such as TNF, IL-1, and IFN-y (18, 35); its cellular
localization is regulated by TNF, which activates specific prote-
ases that cleave CX3CL1 from the plasma membrane (37); in
addition, TGF-3, whose expression correlates with CRC pro-
gression (38), suppresses its production (27). These observations
suggest that the up- and downregulation of CX3CL1 along CRC
progression may be initially mediated by the presence of inflam-
matory cytokines and, at later stages, by increased protease and
TGF-B activity. In addition, CX5CL1 cleavage from the cell
membrane can be modulated by androgens (20, 39); in our case
list of patients, we found that loss of ligand, and therefore low
expression of the CX;CL1-CX;CR1 axis, was more frequent in
males than females, suggesting a possible role of sex hormones in
reducing the membrane expression of CX;3CLI1.

Whether the transmembrane and soluble forms of the chemokine
have different roles is an open issue. In murine models, the soluble
form was more important for the recruitment of immune cells (40).
In our study, we did not test CX3;CL1 constructs exclusively
generating the soluble chemokine, but the Mock-transfected NCI-
H630 cells, which express the membrane-bound chemokine
without secreting the soluble form, were informative in the in vivo
metastasis assay: the results showed that cells expressing the
membrane form only had similar adhesive efficiency compared
with the CX3CL1-transduced counterpart, which also produces
large amounts of the soluble ligand.

In line with this finding, a recent paper demonstrated that the
membrane-bound chemokine establishes stronger adhesion with
the receptor, compared with the soluble chemokine. By protruding
out of the membrane and the glycocalix, the mucin stalk facilitates
the availability and presentation of CX3CL1 to the receptor; fur-
thermore, the transmembrane domain generates a permanent ag-
gregation of chemokine monomers, and the cytosolic domain
ensures adhesive robustness by interacting with the cytoskeleton
(41).

Previous studies focused on the role of CX;CL1 expressed
by the tumor in recruiting a variety of immune cells such as
lymphocytes, macrophages, and NK cells, at neoplastic sites,
and boosting of antitumor immune responses (25, 40, 42, 43),
including CRC (26, 44). Although NK cell infiltration is very
scarce in CRC (45), macrophages and lymphocytes are largely
present: in particular, it is well established that CD3" T cell in-
filtration at the tumor-invasive margin has a protective role (12,
28). In our study, we found no correlation between CX;CL1 ex-
pression by tumor cells and the density of CD3* or CD68" cells;
accordingly, very few tumor-infiltrating leukocytes at the invasive
margin expressed the receptor. Supporting the observation made in
human samples, in the mouse model of colitis-associated cancer, a
limited number of infiltrating leukocytes expressed CX;5CR1, es-
pecially in the peritumoral areas. Of note, a recent paper described
that CD68" macrophages infiltrating human CRC expressed
CX;CRI1, which was markedly increased in advanced patients
(46). This discrepancy could be explained by the use of different
anti-CX;3CR1 reagents and the fact that our case list of samples
mostly comprised early stage tumors.

As far as the receptor expressed by tumor cells, its presence has
not been previously described in CRC. The mechanism responsible
for receptor upregulation in tumors is unclear. CX3CR1 is not
modulated in vitro by several cytokines (21), but recent studies
suggested a role for hypoxia and NF-«kB in receptor regulation in
pancreatic cancer (47, 48), a finding that we did not confirm (21)
(and data not shown).

We and others have reported on CX;CR1 expression in different
neoplasias, such as prostate, breast, and pancreatic cancer; hepa-
tocellular carcinomas; and glioblastomas (20-23, 49, 50).
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FIGURE 7. FRET analysis of CX3CL1-CX;CR1
interaction in vivo. (A) Immunofluorescence analysis
of RKO (left panel) and NCI-H630 (right panel) tu-
mors injected in mouse spleens. CX;CLI-CX3CR1
positive-axis tumors show several spots of colocaliza-
tion (inset, white asterisk) that are absent in axis-neg-
ative tumors. Original magnification X20. (B and C)
Phasor plots were used to calculate GFP fluorescence
lifetime variation in axis-positive or -negative tumors
generated with RKO (B) or NCI-H630 (C) cells: a re-
duction in GFP fluorescence lifetime is present only in B
axis-positive tumors. Green boxes indicate normal GFP
lifetime; red boxes indicate the reduced GFP lifetime.
(D and E) FRET analysis of CX;CLI1-CX3CRI inter-
action. Comparison between mean lifetime of
“interacting” versus “noninteracting GFP” in RKO
(D) and NCI-H630 cells (E): starting from CX5CL1°M™-
CX3CR1&P—derived phasor plot, the mean lifetime of
GFP, in the presence or absence of Cherry (interacting
or noninteracting GFP, respectively), was compared.
Interacting GFP shows a significantly lower fluo-
rescence lifetime in comparison with noninteracting
GFP, indicating the presence of FRET events and
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There are contrasting results in the literature on the role of
CX;CRI in the metastatic ability of tumor cells. In this manu-
script, we have shown that CX3;CR1* tumor cells are retained
within the primary tumor by homologous cells producing the li-
gand, and patients whose tumors coexpress both ligand and re-
ceptor have longer survival and lower risk of metastases. These
results are in line with our previous observation in human pan-
creatic ductal adenocarcinoma, where we described that CX3CR1*
tumor cells adhere to nearby infiltrating neural cells and ganglia
expressing CX3;CL1, and are preferentially associated to local,
rather than distant, tumor recurrence (21). More recently, and in an
independent cohort of patients, we reported that CX;CR1 ex-
pression in pancreatic ductal adenocarcinoma is a feature of more
differentiated (G1-G2) tumor cells, and is associated with better
overall survival, in radically resected patients (23). In contrast,
other studies reported that CX3CR1" tumor cells, already circu-
lating in the blood, are attracted at distant sites by other ligand-
expressing cells. This is the case of prostate and breast cancer,
where the ligand is produced by endothelial or stromal cells of the
bone marrow, thus facilitating bone tropism and metastases (20,
50). The underlying mechanism is always the attraction of
receptor-positive tumor cells by the chemokine, but the outcome
can be dramatically different. In evaluating the role of CX;3CR1 in
metastases, of major importance is to know whether the ligand is
expressed within the primary tumor. If this is the case, then
CX3CR17 cells refrain from disseminating; if the ligand is absent,

Mean lifetime (ns) Mean lifetime (ns)

tumor cells can spread out of the primary tumors and enter the
circulation. These circulating CX3CR1* tumor cells are then
easily attracted by any cellular source producing the ligand
(endothelial/stromal cells of the bone marrow, brain) (51, 52).

In contrast, expression of the ligand has usually been associated
with improved patient survival (26, 44, 53, 54). The antitumor
effects of CX3CL1 are mostly related to attraction of cytotoxic
CD8 T lymphocytes and NK cells (40, 42, 43). However, CX;CL1
may also stimulate tumor survival and proliferation, and in breast
cancer it promotes tumor progression via trans-activation of the
epidermal growth factor pathway (32, 52). The dual nature of the
CX3CRI1-CX;3CL1 axis is an example of the complex interplay
between neoplastic cells, the tumor stroma, and infiltrating
leukocytes.

Historically, chemokines are viewed as mobilizing factors reg-
ulating cell trafficking in health and disease, and chemokine re-
ceptor expression by cancer cells was associated with tumor
spreading (7, 55-57). It was therefore of interest, and indeed a
novel finding in CRC, that the membrane-anchored ligand and the
receptor are involved in tumor cell adhesion, acting as retention
factors and preventing metastatic spread. Other examples of
chemokines acting as retention factors are known. Most notable is
the case of CXCR4 in hematopoietic stem cells, which are kept
within the bone marrow niche by the ligand CXCL12; a similar
situation occurs in immature thymocytes retained in the thymic
cortex by the CXCR4-CXCL12 axis (58). Another chemokine—
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receptor pair (CCL25-CCR9) was demonstrated to modulate colon
cancer invasion and metastasis (59). CCL25 is expressed in the
gastrointestinal microenvironment; when CCR9" human CRC
cells were systemically injected in the blood of immune-deficient
mice, they formed orthotopic tumors, whereas CCR9 ™~ cells formed
only extraintestinal tumors, suggesting that CCL25 retained CCR9"
neoplastic cells at primary tumor sites (59).

In conclusion, we have shown correlative clinical evidence that
low or absent expression of the chemokine axis CX3CL1-CX5CRI1
in human CRC identifies patients with higher risk of disease re-
currence and formation of metachronous metastases. Our pre-
clinical data are consistent with the view that the trans-membrane
chemokine CX;3CL1 engages with its specific receptor in a strong
adhesion loop that prevents tumor cell dissemination by holding
locally CX3CR1-positive cells.
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