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ABSTRACT: The premetastatic niche in distant organs prior to metastatic cell arrival emerged as an important step in the metastatic cascade.
However, molecular mechanisms underlying this process are still poorly understood. In particular, whether neutrophil recruitment at a
premetastatic stage promotes or inhibits metastatic cell seeding has to be clarified. We aimed at unraveling how neutrophil infiltration in lung
parenchyma induced by the distant primary tumor influences the establishment of lung metastasis. Elevated neutrophil counts and IL-16 levels
were found in premetastatic lungs in a syngenic mouse model using 4T1 tumor cells. 4T1 cell-derived soluble factors stimulated IL-16 secretion
by neutrophils. The functional contribution of IL-16 is supported by metastasis burden reduction in lungs observed on instillation of an IL-16
neutralizing antibody. Moreover, IL-16 promotes in vitro 4T1 cell adhesiveness, invasiveness, and migration. In conclusion, at a premetastatic
stage, neutrophil-derived IL-16 favors tumor cell engraftment in lung parenchyma.
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Introduction

Although cancer therapies are improving the past decades, 90% of
patient mortality is the consequence of metastatic dissemination of
the primary tumor.! In 2016, breast cancer was the most frequent
malignant disease in women.? Although patients with breast can-
cer displaying metastasis at diagnosis displayed a poor survival rate
of only 10% in the Syears following the diagnosis in the 1970s,
their survival rose to just over 40% in the 2000s.> A recent survey
identified metastasis from breast cancer as a current challenge in
patients with a median survival of 29.4 months when considering
women with a metastatic disease at the time of diagnosis.*

It is now very well accepted that metastatic foci develop in
specific secondary sites according to the primary tumor type. In
1889, Stephen Paget already reported the “seed and soil theory”
suggesting that metastatic tumor cells will preferably dissemi-
nate in a specific target organ.” Lungs are a common site for
the metastatic spread of breast cancer.® However, mechanisms
supporting this observation need to be clarified but should aim
attention at specific modifications of the microenvironment in
the target organ. In the past decade, the development of a
premetastatic niche in distant organs prior to metastatic cell
arrival has been reported and cells and molecules contributing
to the setup of this niche have been extensively character-
ized.”? Myeloid progenitors were shown to be recruited in the
target organ before ingression of metastatic tumor cells,%!
and growing number of studies support the key contribution of

myeloid cells in the establishment of the premetastatic niche,
which influences tumor cell engraftment.’>18 Although neu-
trophil contribution to breast cancer metastases and premeta-
static niche has been reported, their role is to date controversial,
and the mechanisms involved remain poorly understood.?>-1
Interleukine 16 (IL-16) was primarily identified as a key
factor for lymphocyte recruitment and activation.!” IL-16
precursor is intracellularly activated by a proteolytic cleavage
before being secreted and is produced by a large variety of
cells including T lymphocytes, mast cells, macrophages,
eosinophils, dendritic cells, monocytes, fibroblasts, and bron-
chial epithelium.?® Interestingly, neutrophils are also able to
produce IL-16.2! Interleukin 16 displays chemotactic prop-
erties by interacting with CD4 expressed by lymphocytes??
and CD9 expressed by mast cells?® and has been associated
with different inflammatory diseases such as asthma, polyar-
thritis, lung emphysema, and Crohn disease.?*3% Moreover,
accumulating evidence suggests a key role for IL-16 in sev-
eral primary cancers including multiple myeloma,?*3! gastro-
intestinal, 3233 ovarian,3* prostate,33¢ and breast cancers.’?
Elevated IL-16 levels were reported in serum samples of
patients with breast cancer as compared with healthy sub-
jects32. A proposed mechanism for its implication in tumori-
genesis relates to its capacity to recruit macrophages to the
primary tumor through its interaction with CD4.3” However,
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the potential role of IL-16 in the establishment of metastasis
in distant organs is still unknown.

In this study, we aimed at investigating the mechanisms
underlying the elaboration of a premetastatic niche in lungs
prior to the arrival and engraftment of metastatic tumor
cells. For this, we used a syngenic mouse model in which 4T1
mammary tumor cells were subcutaneously injected. 4T1
cells were chosen in this study because they metastasize to
lungs and they induce a strong granulocytosis in the organs
of immunocompetent mice, which are targets for metastatic
seeding.’® Based on our data, we could assign a novel func-
tion to IL-16 in the neutrophil-driven lung remodeling that
contributes to metastatic cell colonization.

Materials and Methods
Cell cultures

Murine 4T1 mammary tumor cells expressing luciferase (clone
1A1; Xenogen Corporation, Almeda, CA, USA) and murine
endothelial SVEC4.10 cells (ATCC, USA) were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and
1% L-glutamine.

Animals and experimental tumor xenograft model

The experimental protocol for animal studies was approved by
the Ethical Committee of the University of Liege. Male 6- to
8-week-old Balb/c mice (Janvier Labs, Le Genest-Saint-Isle,
France) were subcutaneously injected in each flank with 2 x 10°
4T1 cells. Mice were killed 3,7, 9, 14, and 21 days after tumor
cell injection. After killing, the presence of 4T1 cells in lungs
was monitored using Xenogen IVIS 200 (Perkin Elmer,
Waltham, MA, USA). Analysis and quantification of lucif-
erase activity (counts) were performed with the Life Image 4.4
software (Perkin Elmer).

BAL, lung tissue sampling, and protein extraction

After killing, a cannula was inserted in the trachea and a BAL was
manually performed by injecting 4x1mL of phosphate-buffered
saline (PBS)-EDTA 0.05mM (Calbiochem, Schwalbach,
Germany) in lungs. Recovered BAL was centrifuged (282¢ for
10 minutes, at 4°C) and supernatants (bronchoalveolar fluids or
BALF) were frozen at -80°C for future analyses, whereas cell pel-
lets were cytocentrifuged and stained with Diff-Quik (Dade,
Brussels, Belgium). Differential cell counts were achieved based
on morphological criteria.

After BAL collection, the right lung was clamped, har-
vested, and snap-frozen in liquid nitrogen. The left lung was
insuftlated with 4% paraformaldehyde and embedded in paraf-
fin for histologic analysis.

For total protein extraction, lung tissues were homogenized
using aMikro-Dismembrator device (Braun Biotech International,

Melsungen, Germany). Crushed lungs were incubated overnight
at 4°C in a solution containing 2M urea, 1M NaCl, and 50mM
Tris (pH 7.5). Samples were then centrifuged for 15 minutes at
13000g, and supernatants were collected for protein assessments.

Lung primary cultures

After killing, lungs were collected, manually chopped, and
digested for 1hour at 37°C in DMEM medium containing
1-mg/mL  collagenase clostridium histolyticum (Sigma,
Steinheim, Germany), Hanks buffer salt solution (Sigma), and
1% MEM Amino Acids (PromoCell, Heidelberg, Germany).
Samples were centrifuged at 282¢ for 10 minutes at 4°C, and
pellets were cultured in DMEM supplemented with 10% FBS,
1% amino acids, 5 pg/mL amphotericin B (Sigma), 0.5% gen-
tamycin (Sigma), and 1% vr-glutamine. Tumor cell colonies

were visualized with Xenogen IVIS 200 after 4 to 6 days.

Premetastatic niche characteristic analysis

Collagen cross-linking was studied with a picro-red sirius
staining. For this, slides were rehydrated and stained for 1 hour
with a saturated aqueous solution of picric acid containing
10% Red 80 (Sigma). Slides were washed twice with a 0.5%
acetic acid solution and dehydrated in 100% ethanol. Then,
after a bath of xylene, slides were mounted. Cross-linked col-
lagen fibers were visualized under a polarized light in optical
microscopy. Quantification was performed using Image] soft-
ware (5 blood vessels/slide, 5 sections/mouse). Results were
expressed as the ratio between cross-linked collagen area and
the perimeter of the corresponding blood vessel.

Expression of lysyl oxidase was analyzed by reverse transcrip-
tion-polymerase chain reaction using GeneAmp Thermostable
rTth Reverse Transcriptase RNA PCR kit (Perkin Elmer).
Oligonucleotides were obtained from Eurogentec (Seraing,
Belgium) and were designed according to the sequence available in
the GenBank: 5-TCCTCCAGACAGAAGCTTGCTT-3’
(antisense) and 5'-TGCCTGGCCAGTTCAGCATATA-3'
(sense). The sequence specificity was verified using NCBI BLASTN
program  (http://www.ncbi.nlm.nih.gov/BLAST/).  Retro-
transcription was performed on 4-ng total RNA samples at 70°C
for 15 minutes. Polymerase chain reaction steps consisted of 94°C
for 15seconds, 60° for 20seconds, and 72°C for 10seconds during
38 cycles followed by 2minutes at 72°C. Samples were migrated on
a polyacrylamide gel and stained with GelStar (Biowhittaker,
Indianapolis, IN, USA). Intensity of bands was quantified using
Quantity One software (Bio-Rad, Hercules, CA, USA).

Analysis of gelatinase production and activity in the lungs
was achieved by zymography as previously described.

Chemokine array and ELISA
Chemokine array (R&D Systems, Wiesbaden, Germany) was

performed according to the supplier’s protocol. Membranes
were first incubated with samples (pooled lung protein extracts,
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n=5) followed by a cocktail of biotin-labeled antibodies.
Membranes were then incubated with streptavidin conjugated
to horseradish peroxidase (HRP), and spots were detected with
an ECL detection kit (Perkin Elmer).

IL-16 detection in lungs, serum samples, and BALF and
detection of s100A8, KC, and GM-CSF in 4T1-conditioned
medium were performed with respective Mouse DuoSet ELISA
kits (R&D Systems) according to the manufacturer’s protocol.

Western blotting

Pooled protein extracts (n=10) were separated using a 16% poly-
acrylamide gel and transferred on a polyvinylidene fluoride mem-
brane (Perkin Elmer), which was then blocked with a solution of
PBS containing 10% dry milk and 0.1% Tween 20. A rabbit poly-
clonal anti-IL-16 (Santa Cruz, Santa Cruz, CA, USA) was applied
on membranes overnight at 4°C. Membranes were washed and
incubated with a swine anti-rabbit antibody conjugated to HRP
(Dako, Glostrup, Denmark) for 1hour at room temperature. ECL
detection kit and LAS 4000 (Fuji Photo Film Co., Tokyo, Japan)
allowed the detection of interest bands. Blots were reprobed with a
rabbit anti-B-actin antibody (Sigma) as a loading control.

Immunological analysis

For IL-16 detection by immunohistochemistry, sections were
rehydrated and heated in target retrieval buffer (Dako).
Sections were rehydrated and heated in target retrieval buffer
(Dako). Slides were then pretreated with 3% H,0O,, blocked
with 10% bovine serum albumin (BSA) and incubated with a
rabbit polyclonal antibody targeted against mouse IL-16
(Santa Cruz) for lhour at room temperature. Slides were
washed with 1% BSA. Sections were washed and incubated
with an Envision goat anti-rabbit antibody (Dako). After final
rinsing, 3,3'-diaminobenzidine (Dako) was added. Slides were
washed, dried, and mounted.

For the co-detection of neutrophils and IL-16, immunofluo-
rescence experiments were performed. Briefly, sections were rehy-
drated and heated in target retrieval buffer (Dako). After a bath
overnight at 4°C in water, slides were blocked with 10% BSA and
incubated 1hour with a rabbit anti-mouse IL.-16 (Santa Cruz) at
room temperature. Then, slides were treated with a biotinylated
polyclonal goat anti-rabbit (Dako) before a treatment with
streptavidin conjugated to Alexa Fluor 555 (Invitrogen, Waltham,
MA, USA). To detect neutrophils, slides were treated with rat
anti-mouse neutrophils (NIMP-R14; Thermo Fisher Scientific)
and then a goat anti-rat conjugated to Alexa Fluor 488 (Invitrogen).
For nucleus detection, slides were mounted using DAPI
Fluoromount-G (SouthernBiotech, Birmingham, AL, USA).

Conditioned medium administration and
intravenous injection of 411 cells

Mice received a daily intratracheal instillation of conditioned

medium during 7days before being killed. Conditioned

medium was obtained from 4T1 cell cultures incubated for
48hours in serum-free and phenol-free DMEM. Cell viability
after incubation was evaluated with trypan blue staining
method. For experimental metastasis model, mice were injected
with 10° tumor cells in the tail vein on day 3 after starting con-
ditioned medium treatment.

Neutrophil isolation and depletion

To isolate neutrophils from lungs of tumor-bearing mice, lungs
were collected after killing, manually chopped, and then
digested with collagenase type IV (Life Technologies,
Camarillo, CA, USA). Granulocytes were isolated using histo-
paque (Sigma) according to the supplier’s protocol. Neutrophils
were isolated from recovered cells using a MACS neutrophil
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol. Purity of cell isola-
tion was verified by cytocentrifugation and cytometry analysis
using a V450-conjugated anti-mouse CD45 (BD Biosciences,
San Jose, CA, USA), a PerCp Cy5.5-conjugated anti-mouse
Grl (BD Biosciences), and a PE-conjugated anti-mouse
CD11b (BD Biosciences).

The effect of a neutrophil depletion was analyzed using a
blocking antibody. Tumor-bearing mice were intraperitoneally
injected twice a week with either 100 pg antibody targeting
Ly6G (clone 1A8) or rat IgG2a « (BioLegend, San Diego, CA,
USA) and were killed on day 7.

1L-16 neutralization by antibody treatment

At days 7, 11, 15, and 19 after tumor cell injection, tumor-
bearing mice were intratracheally instilled with 50-pg/mL
IL-16 blocking antibody. As mouse 1L-16 shows more than
80% homology with the human form and consistent with
previous reports,***2 we used a mouse-neutralizing anti-
human IL-16 antibody (14.1) (BD Biosciences) to inhibit
IL-16 in our experimental mouse model. Control mice were
injected with corresponding concentrations of an IgG2A «
control isotype antibody (BD Biosciences). Mice were killed
48 hours after the last instillation.

Computerized quantification of lung tumor area

Slides stained with hematoxylin-eosin were scanned using the
NanoZoomer 2.0-HT system (Hamamatsu, Corbais, Belgium).
Images were registered in a Red Green Blue (RGB) format.
Tumors and tissue were visualized as dark and light purple,
respectively. Image analysis algorithm was implemented to
automatically perform image processing and measurements
using the image analysis toolbox of MATLAB 8.3 (R2014a)
software (IMathWorks Inc., Natick, MA, USA). To increase the
contrast between stained regions and the surrounding tissue, the
color excess transformation for the 3 RGB bands (ie, 2 times
each band minus the 2 other bands) was applied to raw images.
Tumors appear contrasted in blue component images. Binary
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images of tumors were determined using a fixed threshold. To
obtain the binary image of the tissue, the blue component was
smoothed using a low-pass filter and then the resulting image
binarized automatically. Binary images were finally used to
determine the tumor density, defined as the number of pixels
belonging from the tumor (tumor area) divided by the number
of pixels belonging from the whole tissue (tissue area).

Proliferation assay

Proliferation in the presence of increasing concentration of a
recombinant mouse IL-16 (Cell Guidance Systems Ltd,
Babraham, Cambridge, UK) was evaluated using cell prolifera-
tion ELISA BrdU colorimetric kit (Roche, Mannheim,
Germany) according to the supplier’s protocol.

Boyden and invasion assays

IL-16 capacity to induce tumor cell attraction was studied using
Boyden chamber’s assay. Briefly, a cell suspension in serum-free
medium is deposited in the upper compartment of inserts with
a pore sire of 8um (Costar Corning, NY, USA). Serum-free
medium containing increasing mouse recombinant IL-16 con-
centrations were added in the lower compartment. After 8 hours
of cell migration, inserts were washed, fixed with methanol at
-20°C during 30 minutes, dried, and stained with 4% Giemsa.
Cells remaining in the upper compartment were eliminated
with a cotton swab and membranes were mounted on a slide.

To analyze 4T1 cell invasion, a modified Boyden chamber’s
assay was achieved. Briefly, inserts were coated with Matrigel
prepared previously as described before® and 4T1 cells were
added in the upper insert compartment with several concentra-
tions of IL-16, whereas the lower compartment was filled with
standard complemented medium supplemented with 10%
FBS. Cells were allowed to migration for 24 hours, the assay
was finished following the protocol of a classical Boyden cham-
ber’s assay as described before.

Adhesion assay
4T1 cells were stained with a CellTracker Green CMFDA

(Invitrogen) and 5 x 10* tumor cells were added on a confluent
SVEC4.10 endothelial cell monolayer cultivated on a cover
blade. After 45 minutes incubation in the presence of increased
concentrations of recombinant I1L.-16, nonadherent 4T1 cells
were eliminated and cover blades were mounted with DAPI
Fluoromount-G (SouthernBiotech). Adherent green 411 cells
were counted in 10 to 15 fields (20x magnification).

Scratch assay

4T1 cells were cultured to 100% confluence, then a wound was
performed with the tip of a tip, and the plate was washed with
PBS. Serum-free medium was added containing or not

increasing concentrations of mouse recombinant IL-16.
Proliferation of cells was inhibited by addition of cytosine 3-D-
arabinofuranoside hydrochloride (Sigma). The percentage of
wound closure was calculated after 6 and 24hours using the
NIS-Elements Advanced Research software (Nikon
Instruments Europe B.V., Amsterdam, Netherlands).

Flux cytometry

4T1 cell suspensions were incubated with a monoclonal rat
anti-mouse CD9 conjugated to APC or a rat anti IgG,, con-
trol isotype (R&D Systems). Analysis of CD9 cell surface pro-
duction was performed using FACS Canto II and FACS Diva
software (BD Biosciences).

Statistics

Results were presented as mean+SEM. Statistical analyses
were performed with GraphPad Prism version 5. Gaussian dis-
tribution was tested with Kolmogorov-Smirnov test, and a
Student 7 test, an 1-way analysis of variance, a Mann-Whitney
test, or a Kruskal-Wallis test was applied according to the sam-
ple distribution. Differences were considered as significant
with P value less than .05.

Results

Neutrophil accumulation in premetastatic lung

To determine the precise timing of tumor cell dissemination to
lungs in our experimental settings, tumor-bearing mice were
killed at different time points (days 3,7, 9, 14, and 21) after the
subcutaneous injection of luciferase-expressing 4T1 cells
(Figure 1A). Metastasis occurrence in lung tissues was revealed
through bioluminescence imaging and histologic analyses.
These later showed a positive bioluminescent signal and the
presence of tumor islets on lung tissues sections only in lungs
of mice 21 days after tumor cell injection (Figure 1B). To verify
the sensitivity and specificity of our observations, the presence
of tumor cells at early stages that could not be detected by bio-
luminescence or histologic studies was sought by performing
primary cultures of cells issued from homogenized lung tissue.
These cultures revealed the presence of tumor cells in lungs of
mice bearing tumors in flanks, as early as 9 days after tumor cell
implantation (Figure 1C). No tumor cell was, however, detected
in primary cell cultures of lungs harvested 7 days after tumor
cell inoculation in the subcutaneous tissues. These results
prompted us to focus our subsequent analyses at this time point
(day 7), which we considered as being a premetastatic stage.
Consistent with the literature,'®# lungs of mice sacrificed at
day 7 after subcutaneous tumor cell injection displayed several
features of premetastatic niche including increased collagen
cross-linking, LOX messenger RNA expression as well as
enhanced MMP-2 and MMP-9 expression (Figures 1D to F).

Furthermore, at day 7, neutrophil counts in bronchoalveolar
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Figure 1. Neutrophils are recruited in premetastatic lungs corresponding to day 7 after the subcutaneous injection of 4T1 cells. (A) Schematic
representation of the xenograft model protocol. Balb/C mice were subcutaneously injected with 4T1 cells (tumor-bearing) or medium alone (Ctrl). (B)
Representative Xenogen IVIS and histologic analyses of lungs of mice sacrificed at days 3, 7, 9, 14, and 21 after subcutaneous injections of 4T1 tumor
cells. Scale bar represents 2,5mm. (C) Representative Xenogen IVIS analysis of lung primary cultures obtained from tumor-bearing mice sacrificed on
days 7 and 9 following the primary tumor implantation. (D) Analysis of cross-linked collagen stained with picro-red staining in tumor-bearing and
corresponding control lungs. Results are expressed in mean+SEM, *P<.05, Student t test (n=5). (E) LOX messenger RNA expression in tumor-bearing
(n=5) and control lungs evaluated by reverse transcription-polymerase chain reaction. Results are expressed in mean+SEM, *P<.05; Student t test
(n=5). (F) Analysis of gelatinase production by zymography. Results are expressed as mean+SEM, *P<.05, **P<.01, ***P<.001; Student t test. (G)
Neutrophil counts in bronchoalveolar lavage (BAL) presented as the percentage within 300 cells in BAL of mice. Results are expressed as mean+SEM.
*P<.05, **P<.01, ***P<.001; Student ¢ test (n=5).
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lavage (BAL) were increased in tumor-bearing mice as com-
pared with control mice. The neutrophilic inflammation pro-

gressively increased from day 7 to day 21 (Figure 1G).

Increase in IL-16 expression in lungs displaying a

premetastatic stage

A chemokine array performed on homogenized lung tissues
showed increased levels of IL-16 in premetastatic lungs com-
pared with control lungs (Figure 2A). Enzyme-linked immu-
nosorbent assay and Western blot analyses confirmed increased
levels in the premetastatic lung homogenates (Figures 2B to
C), whereas 1L.-16 levels were similar in serum samples and
BAL fluids (BALF) (Figures 2D to E). An immunohisto-
chemistry targeting IL.-16 revealed that cells producing I1L-16
present in the premetastatic lungs and those cells are clearly are
present in the lung parenchyma later during metastasis devel-
opment (Figure 2F). Interestingly, 4T1 cells do not produce
IL-16 as proven by IL-16 measurement in medium condi-
tioned by 4T1 cells (data not shown). These data therefore
demonstrate that, in our experimental settings, IL-16 is not
released by tumor cells but rather by cells derived from the
premetastatic lung microenvironment.

Neutrophils recruited in the premetastatic lungs
produce IL-16

To evaluate whether neutrophils could be a source of IL-16 in
the pulmonary parenchyma at a premetastatic stage, immuno-
fluorescence studies were performed and revealed a colocaliza-
tion between neutrophils and IL-16 in premetastatic lung
tissues (Figure 3A). Lung neutrophils were next isolated by
magnetic-activated cell sorting (IMACS) and studied in vitro
(Figures 3B to C). Unstimulated neutrophils sorted from lungs
of mice bearing 4T1 primary tumors secreted detectable
amounts of IL-16 in culture supernatant (Figure 3D).
Interestingly, in vitro treatment of those cultured neutrophils
with medium conditioned by 4T1 cells stimulated a IL-16
release by neutrophils (Figure 3D). Moreover, neutrophil
depletion in lungs at a premetastatic stage using a blocking
anti-Ly6G antibody resulted in a significant decrease in IL-16
lung levels (Figures 3E to F). These data suggest that 4T1 cell-
derived soluble factors induce the secretion of IL-16 by
neutrophils.

Microenvironment of premetastatic lungs displays
increased expression of IL-16 in response to 4T1-
derived signals

To determine the mechanisms involved in 4T1 cell metastasis
development in lungs, naive mice were instilled with
4T1-conditioned medium or control medium. Protein extracts
from lungs of mice treated with 4T1-conditioned medium dis-
played increased levels of IL.-16 as compared with control mice

(Figure 4A). In parallel, BAL differential cell counts showed
that mice treated with 4T1-conditioned medium display
higher neutrophil counts (Figure 4B). Enzyme-linked immu-
nosorbent assay experiments performed on 4T1-conditioned
medium revealed that tumor cells are able to produce several
factors acting on neutrophil behavior such as KC
(3979+74.33 pg/mL), s100A8 (234.5+89.46pg/mL), and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(77.07 £1.77 pg/mL). Finally, instillations of 4T'1-conditioned
medium increased the ingression of metastatic cells into lung
parenchyma after an intravenous injection of 4T1 cells (Figures

4C to D).

1L.-16 contributes to the establishment of lung
metastasis

To evaluate IL-16 implication in the metastatic process, an
anti-IL-16 blocking antibody was instilled in mice bearing
subcutaneous tumors in their flanks on days 7, 11, 15, and 19
following the tumor cell injection (Figure 5A). This treatment
did not affect the primary tumor development because similar
tumor volumes and weights were measured in control isotype-
treated and antibody-treated mice (Figure 5B). In sharp con-
trast, the extent of metastatic dissemination in lung parenchyma
was reduced in mice treated with anti-IL.-16 antibody as shown
by biophotonic imaging (IVIS) and histologic quantification
(Figures 5C to D).

1L.-16 influences tumor cell behavior in vitro

To assess whether IL.-16 influences tumor cell behavior iz
vitro,an adhesion assay was first performed, in which 4T1 cells
pretreated with a CellTracker Green were cultured with
increase concentrations of a recombinant IL.-16 on a murine
endothelial SVEC 4.10 cell monolayer. Cell adhesiveness was
measured after 45 minutes and showed that 4T1 cells displayed
an increased adhesiveness to the murine endothelial SVEC
4.10 cell monolayer in a dose-dependent manner (1-20ng/mL)
(Figures 6A to C). In a scratch assay and an invasion assay
using Matrigel-coated Boyden chambers, IL-16—stimulated
4T1 cell migration (Figures 6D to E), and invasion (Figures 6F
to G), respectively. Recombinant IL-16 was not able to attract
4T1 cells in a Boyden chamber assay and did not modify tumor
cell proliferation in a BrdU assay (data not shown).

CD9 has been reported as a cell surface receptor for IL-16.23
Interestingly, CD9 was found to be expressed at 411 cell sur-
face (Figure 6H) suggesting that IL.-16—induced modulations
might be induced by an interaction with CD9 at the surface of
4T1 cells.

Discussion

In this study, we assign a novel function to neutrophil-derived
IL-16 during the elaboration of a premetastatic niche in lung
parenchyma. This is supported by (1) the increased IL-16
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Figure 2. IL-16 level is increased in lungs at a premetastatic stage. (A) Chemokine array performed on pooled total protein extracts obtained from
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immunohistochemistry against IL-16 performed on lung sections obtained from tumor-bearing and control mice sacrificed at days 7 and 21 following the
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treated with a Ly6G blocking antibody or a control isotype. Results are expressed as mean+SEM. **P <.01, Mann-Whitney test (n=6). (F) IL-16 dosage in
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Figure 4. Soluble factors derived from 4T1 cells induced IL-16 production in the pulmonary microenvironment. (A) ELISA against IL-16 on whole lung
protein homogenates obtained from mice intratracheally instilled with control medium or 4T1-conditioned medium. Results are expressed as mean+SEM.
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t test (n=6). (C) Representative Xenogen IVIS analysis and bioluminescence quantification of lungs obtained from mice treated with control medium or
4T1-conditioned medium and receiving an intravenous injection of 4T1 cell. Results are expressed as mean+SEM. *P<.05, Student t test (n=6). IL-16

indicates interleukin 16.

levels (more than 4 times vs controls) in lung parenchyma at
a premetastatic stage, (2) the decrease in lung metastasis when
IL-16 is blocked, and (3) the ability of IL-16 to significantly
modify 4T1 cell adhesion, migration, and invasiveness. These
findings strongly advocate for a key role of IL-16 that is also
supported by preclinical and clinical observations. Indeed,
IL-16 is associated with primary tumor progression of breast
cancer in preclinical models.3” In humans, high IL-16 serum
levels have been correlated with a poorer prognosis in meta-
static cancers (eg, breast, myeloma, gastrointestinal, ovarian,
and renal cancers),’? and IL-16 gene polymorphisms are
associated with the susceptibility to develop primary cancers
(eg, colorectal, gastric, and renal cancers).33:3%4:40 To date, a
relationship between IL-16 and metastases has not been
reported. To unveil the mechanisms linking IL-16 upregula-
tion and cancer progression, we explored the potential role
of IL-16 in the premetastatic niche. The originality of this
work is to demonstrate that this cytokine plays a role in early
steps of the lung metastasis process.

We chose to use an experimental 4T1 tumor xenograft
model to study modulations occurring in the microenviron-
ment before the arrival of metastatic cells (premetastatic niche)
because those cells have a high metastatic potential*’ and are
considered to mimic some aspects of breast cancer dissemina-
tion.384748 One of the main challenges in studying premeta-
static niches is to determine the timing of organ colonization
by tumor cells. As other authors showed that 4T1 tumor
already metastasizes to lungs and liver from day 8 posttrans-
plantation,” we performed clonogenic metastasis assays on
digested lungs after several durations of primary tumor implan-
tation as described by DuPré et al,3 and we concomitantly
analyzed premetastatic niche characteristics as described by
Erler et al.’® This protocol allowed us to confirm that day 7
following 4T1 cell transplantation corresponds to a premeta-
static stage and this is in accordance with previous reports.'®

There is strong evidence that immune/inflammatory cells
recruited in the target organ prior to tumor cell arrival play a
key role in the metastasis process.’%!® As an intact immune
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Figure 5. Impact of the IL-16 depletion on the pulmonary metastasis occurrence. (A) Schematic representation of the protocol for the IL-16 blocking
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indicates interleukin 16.
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system is mandatory to study the interactions between tumor
cells, organs, and immune cells, we chose to use the 411 mam-
mary cancer model. Indeed, 4T1 cells derive from a spontane-
ously arising mammary tumor in BALB/cfC3H mice®® and the
transplantation of 4T1 cells in syngenic mice allowed us to
investigate the contribution of an intact immune system to the
pulmonary premetastatic niche. Studying the role of neutro-
phils in premetastatic niches is of highest interest because (1)
neutrophils are recruited in premetastatic lungs in breast cancer
in in vivo models as shown in our study and previously reported
by others'>17 and (2) an accumulation of neutrophils has been
reported in patients having breast cancer.’”? Nevertheless,
there are controversies about the exact role of neutrophils in the
metastatic process with authors reporting prometastatic
roles,>> whereas others report antimetastatic functions.>®
Similarly, the contribution of neutrophils to the premetastatic
pulmonary niche is still controversial and mechanisms are still
to be unveiled.’17 Granot et al.’® showed that CCL2-
entrained neutrophils inhibit lung metastasis by H,O, produc-
tion. However, Wculek et al.'® more recently reported a
prometastatic role of neutrophils through leukotriene produc-
tion allowing a metastasis promotion by selectively expanding
a subpool of cancer cells with high tumorigenic potential. Our
results clearly indicate that neutrophils recruited to premeta-
static lungs contribute to the development of lung metastasis
by IL-16 production, suggesting a new mechanism of metasta-
sis promotion. Subtle differences in experimental procedures
might account for the differences between our results and those
reported by Granot et al.'”® Indeed, the timing of neutrophil
inhibition is different among studies. Here, we focused on the
short term because our study was focused on the early steps of
lung colonization. A recent study reported that neutrophil
depletion at several phases of metastatic cascade in a breast
cancer model decreases metastasis in the early phase but not
the late phase.”” Moreover, the anti-Ly6G antibody depleted
all neutrophils including also those present in the primary
tumor, implying that primary tumor profile could be altered.
Indeed, neutrophils have been reported as participating to pri-
mary tumor progression and angiogenesis through the produc-
tion of several factors (eg, MMP-9, oncostatin M, elastase,
CXCL1, CXCL2, and 1L6).5862 Thus, results of a long-term
neutrophil depletion, such as described by Granot et al.,’®
regarding the metastasis development could be an indirect
indicator of a primary tumor profile modulation. Another
remarkable difference between our study and the results
reported by Granot et al.® is that they performed in wvitro
assays using neutrophils isolated from blood circulation,
whereas we focused our study on neutrophils purified from
premetastatic lung parenchyma. This might account for most
differences because subpopulations of neutrophils are likely to
display very different characteristics that affect their activity
against tumor cells. Indeed, neutrophil subtype appears to be
microenvironment dependent® and circulating neutrophils are

not embedded in the complex modified microenvironment of
premetastatic lungs. Moreover, recent study described that cir-
culating neutrophils with a high cytotoxic activity predominate
in early steps of tumor development resulting in a global anti-
tumor effect, whereas these cells display tumor-supporting
capacities once tumor progresses.®* Finally, immune cells that
interfere with cancer progression are part of a complex network
that is still not fully understood, and subtle experimental details
might greatly affect the prometastatic or antimetastatic role of
neutrophils. Nevertheless, these considerations do not modify
our main conclusion that IL-16 plays a key role in the prem-
etastatic niche. Interleukin 16 has already been reported as pro-
duced by neutrophils.?! In this study, we clearly identified
neutrophils as a main contributor of the IL-16 increase in the
premetastatic lungs. This is supported by (1) immunofluores-
cence experiments showing a colocalization between neutro-
phils and IL-16 in the premetastatic lung parenchyma and (2)
a significant IL-16 decrease in premetastatic lungs when neu-
trophils were depleted in tumor-bearing mice. However, IL-16
has been reported to be also produced by other cell type such as
pulmonary epithelial cells,*>% eosinophils,®” macrophages,® or
mast cells.®” Our experimental settings cannot rule out a poten-
tial partial contribution of these cell types to the IL-16 increase
observed in the pulmonary parenchyma during the metastasis
establishment time course. The exact molecular mechanisms
underlying the IL-16—driven increased lung metastasis remains
to be determined. Our in vifro data demonstrate that 1L.-16
contributes to an increased adhesiveness, migration, and inva-
siveness of 4T1 cells. In our experimental setting, CD9 was
expressed by 4T1 tumor cells and might take part to a pathway
including IL-16 and contribute to cancer dissemination.
Indeed, CD9 is a receptor for IL-16, and CD9 overexpres-
sion by MCF7 breast cancer cells promotes metastasis in
experimental models.”” Moreover, CD9 inhibition or knock-
down was reported to suppress the metastatic capacity of dif-
ferent breast cancer cell lines through a decrease in invasiveness
and migration of tumor cells.”?

The mechanism of IL-16 induction by breast cancer cells in
neutrophils is still to be determined. Nevertheless, we showed
that 4T1 cells are able to produce s100A8, KC, and GM-CSF
that were shown as be able to modulate neutrophil behavior
(chemoattraction, survival, functional activation, etc).”274
S100A8 is particularly interesting because this molecule is
overexpressed in the premetastatic niche”” where it is produced
by myeloid cells and pulmonary epithelium. Then, s100A8 and
GM-CSF appeared to be able to stimulate neutrophils to pro-
duce IL-16 and could represent a link between 4T1 and neu-
trophil-derived IL-16 overexpression.?! Further studies are
needed to identify clearly the 4T1 cell-derived cytokine poten-
tiating the IL-16 release from neutrophils.

Our study was focused on the effects of IL-16 on metastatic
dissemination and our hypothesis is that IL-16 display a direct
effect on tumor cells. However, we cannot rule out a potential
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additional indirect effect of IL-16 on metastasis development
by acting on the pulmonary microenvironment. Indeed, as the
main function described for IL-16 is lymphocyte activation
and recruitment,'®20 IL.-16 could recruit and influence the
development of regulator T cells in the premetastatic stage as
already described in asthma pathology.”® Indeed, this cell type
generally is considered to be a significant contributor to tumor
escape from the host immune system and could improve the
metastasis development in lungs.

In conclusion, this study demonstrates that IL-16 is a key
mediator in premetastatic niches that drives the establishment
of lung metastasis and might represent a suitable therapeutic
target.
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