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Abstract

CCRL2 is a nonsignaling seven-transmembrane domain
receptor. CCRL2 binds chemerin, a protein that promotes
chemotaxis of leukocytes, including macrophages and natural
killer (NK) cells. In addition, CCRL2 controls the inflamma-
tory response in different pathologic settings, such as hyper-
sensitivity, inflammatory arthritis, and experimental autoim-
mune encephalitis. Here, we investigated the role of CCRL2 in
the regulation of lung cancer–related inflammation. The
genetic deletion of Ccrl2 promoted tumor progression in
urethane-induced and in KrasG12D/þ/p53LoxP lung tumor
mousemodels. Similarly, aKras-mutant lung tumor displayed
enhanced growth in Ccrl2-deficient mice. This phenotype was

associated with a reduced inflammatory infiltrate character-
ized by the impaired recruitment of several leukocyte popula-
tions including NK cells. Bone marrow chimeras showed that
CCRL2 expressionby the nonhematopoietic cell compartment
was responsible for the increased tumor formationobserved in
Kras-mutant Ccrl2-deficient mice. In human andmouse lungs,
CCRL2was expressed by a fraction of CD31þ endothelial cells,
where it could control NK infiltration. Elevated CCRL2 expres-
sion in biopsies from human lung adenocarcinoma positively
correlated with clinical outcome. These results provide evi-
dence for a crucial role of CCRL2 in shaping an anti–lung
tumor immune response.

Introduction
Lung cancer is the leading cause of cancer-related deaths

worldwide, with non–small cell lung carcinoma (NSCLC) being
approximately 85% of all lung cancers (1, 2). Lung adenocarci-
noma (LUAD) and squamous cell carcinoma (LUSC) are themost
common NSCLC histologic subsets (3). NSCLC subtypes are
associated with several genetic alterations, such as activating
mutations of EGFR or KRAS and loss-of-function mutations, like
TP53 (4).Growing evidence shows that in addition to the intrinsic
properties of cancer cells, the tumor microenvironment (TME)
plays a relevant role in the definition of tumor phenotype (5).
Indeed, cancer-related inflammation is considered a key aspect of
tumor growth and dissemination (6). Chemokines and related

chemotactic factors are responsible for leukocyte tumor infiltra-
tion and control several aspects of tumor biology, including
angiogenesis, cancer cell proliferation, and migration (7, 8). In
tumors, chemokine expression is often dysregulated by cancer-
associated genetic alterations (6).

Chemotactic factors bind seven-transmembrane G protein–
coupled receptors and promote directional cell migration
through the induction of a cascade of intracellular signaling
events, such as activation of phospholypase C, calcium fluxes,
and PI3Kg . Chemotactic proteins also bind a subset of receptors
referred to as atypical chemokine receptors (ACKR), which lack
chemotactic activity and are believed to control inflammation
through their ligand scavenging functions (9, 10). ACKRs play a
role in inflammation and tumor biology, with the ability to either
promote or limit tumor growth and dissemination (10, 11).

CCRL2 is a 7-transmembrane protein, closely related to the
chemokine receptors (e.g., CCR1, CCR2, CCR3, and CCR5) that
shares many characteristics with ACKRs, including the lack of
certain consensus sequences and the inability to induce functio-
nal responses (9, 12). CCRL2 is expressed by a large variety of
leukocyte subsets and barrier cells, including activatedmonocyte/
macrophages, neutrophils, dendritic cells (DC), lymphocytes,
mast cells, CD34þ precursor cells, vascular and lymphatic endo-
thelium, and some epithelial cells (13–19). CCRL2 binds che-
merin, a nonchemokine chemotactic protein (16), and unlike
other ACKRs, it does not bind chemokines and is devoid of ligand
scavenging functions (20, 21). Rather, CCRL2 functions as a
chemerin-presenting molecule on the surface of endothelial
cells (14, 15) and in leukocytes, it can regulate the function
of chemokine receptors, such as CXCR2 (18). Through these
functions, CCRL2 was shown to tune the inflammatory res-
ponse in different pathologic settings, such as hypersensitivity,
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inflammatory arthritis, and experimental autoimmune
encephalitis (16–19).

The current studywas performed to investigate thepossible role
of CCRL2 in the regulation of host defence in the TME. To test this
hypothesis, we used models of lung cancer with molecular and
histopathologic similarities with human Kras-driven lung carci-
nomas, such as LUAD; specifically, we used the genetic mouse
KrasG12D/þ; p53LoxP (TK) lung tumor model, the urethane chem-
ically induced mouse lung tumor model, and the transplantable
lung tumor LG1233 cell lines implanted into C57BL/6J mice. The
results here reported a crucial role of CCRL2 in the orchestration
of immune responses in the control of lung tumor development
and progression.

Materials and Methods
Animals

Procedures involving animal handling and care conformed
to protocols approved by the Humanitas Clinical and Research
Center (Rozzano, Milan, Italy) in compliance with national
(D.L. N.116, G.U., suppl. 40, 18-2-1992 and N. 26, G.U. March
4, 2014) and international law and policies (EEC 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). The study
was approved by the Italian Ministry of Health (approval
number 35/2013-B, issued on February 7, 2013, and number
165/2017-PR, issued on February 20, 2017). All efforts were
made to minimize the number of animals used and their
suffering.

B6.129P2-Trp53tm1Brn/J (p53LoxP) and Krastm4Tyj/J (KrasLSL-G12D)
were obtained from The Jackson Laboratory (cod 008462 and
008179, respectively) and initially crossed to obtain p53LoxP/
KrasG12D/þ. p53LoxP/KrasG12D/þ mice were then crossed with Ccrl2
knockout (KO) to obtain the two lines p53LoxP/KrasG12D/þ/Ccrl2þ/þ

[TK-Ccrl2 wild type (WT)] and p53LoxP//KrasG12D/þ/Ccrl2�/� (TK-
Ccrl2 KO). Mice genotyping was performed by PCR.

All mice used [WT and Ccrl2 KO, (19); TK-Ccrl2 WT and TK-
Ccrl2 KO] were on C57BL/6J genetic background (over 10 gener-
ation backcrossed); all colonies were bred in Charles River
Laboratories and housed in the specific pathogen–free animal
facility of Humanitas Clinical and Research Center.

Urethane-induced lung carcinogenesis model
Six- to 7-week-old WT and Ccrl2 KO male mice were intraper-

itoneally injected with urethane (1 mg per g body weight in
200 mL; Sigma) dissolved in saline weekly for 10 weeks as
described previously (22) and fed with antioxidant free labora-
tory diet chow (TekladGlobal 19%Protein Extruded RodentDiet,
ENVIGO). Mice were sacrificed 30 weeks after the first urethane
injection and lungs, spleen, blood, and bone marrow were
harvested. Briefly, lungs were collected upon intracardiac perfu-
sion with cold PBS. Right lung lobes were mechanically cut into
small pieces and then enzymatically treated with collagenase D
(IV type, Clostridium histolyticum, Sigma) 1 mg/mL and DNase I
(frombovine pancreas grade 2, Roche) 0.02mg/mL at 37�C for 30
minutes. Enzymatic reaction was stopped by EDTA (Sigma), and
single-cell suspension was filtered through a 70-mm cell strainer
and stained for cytofluorimetric analysis. Left lung lobes were
formalin fixed for 24 hours, dehydrated, and paraffin embedded
for histologic analysis. Spleens were smashed using the plunger of

a syringe through 70-mm cell strainer to obtain a single-cell
suspension; bone marrow cells were obtained by flushing with
cold PBS of the cavity of freshly dissected femurs filtered through
70-mm cell strainer and blood was collected from retro orbital
sinus. All single-cell suspensions were then stained for cytofluori-
metric analysis after red blood cell lysis with ice-cold ACK Lysing
Buffer for 5 minutes (Lonza).

Kras/p53-driven lung cancer model
TK-Ccrl2 WT and TK-Ccrl2 KO, at 8 weeks of age, were intra-

nasally inoculated with 2.5 � 107 infectious particles of replica-
tion-deficient adenoviral vector (in 50mLDMEMwith 10mmol/L
CaCl2) with cytomegalovirus promoter driving the expression of
the Cre recombinase protein (Ad5CMVCre) to induce sporadic
mutations and lung tumor development as described previous-
ly (23). Mice were sacrificed 10 weeks after the adenovirus
inoculation and lungs, spleen, and bone marrow were collected
and treated as described for urethane model. Furthermore, the
accessory lung lobe was immediately frozen at �80�C and used
for real-time PCR.

Flow cytometry/intracellular staining
Single-cell suspensions from bone marrow, blood, spleen, and

lung were stained with the following antibodies: CD45-BV605
(clone: 30-F11) or –VioGreen (clone: REA737); NK1.1-PECF594
or -APC (clone: PK136); CD11b-APCCy7 or PE-Vio770 (clone:
M1/70); CD27-PECy7 (clone: LG.7F9); CD4-FITC or –PE-Vio770
or -AF700 (clone RM 4-5); CD8-BV570 or -VioBlue (clone
53-6.7);GranzymeB-PEeF610 (clone:NGZB); Perforin-PE (clone:
eBioOMAK-D); IFNg-Alexa700 (clone: XMG1.2); CD107a-BV786
(clone: H4A3); Eomes AF488 (clone:Dan 11 mag); CD49b-APC
(clone: DX5); CD49a-BV711 (clone: Ha31/8); TCRb-PerCp (clone:
H57-597); TCRgd-BV421 (clone: GL3); Ly6G-FITC (clone1A8);
Ly6C-PE (clone REA796); CD19-VioBlue (clone REA749); F4/80-
PercP-Vio770 (cloneREA126); CD45RA-APC-Vio770or PE-Vio770
(clone T6D11); MHCII-FITC or –VioBlue (clone REA564); CCRL2-
PE (clone BZ2E3); SiglecH-APC (clone 551.3D3); CD11c-PercP-
Cy5.5 (clone: REA 754); CD3-PE (clone 145-2C11) or PercP-Cy5.5
(clone17A2); SiglecF-FITC (clone: REA 798); CD31-APC (clone:
MEC 13.3); EpCam-VioBlue (clone REA977); CD127-BV786
(clone: 5B/199) from BD Biosciences, eBioscience, BioLegend,
Miltenyi Biotec, and Invitrogen. Subsequently, cell viability
was determined by Aqua LIVE/Dead-405 nm (L34965) or
LIVE/Dead-633 nm (L10120) or LIVE/Dead-488 nm (L34969)
staining according to the manufacturer's instructions (Invitro-
gen); negative cellswere considered viable. A Foxp3/Transcription
Factor Staining Buffer Set (eBioscience) was used for intracellular
staining of granzyme B, perforin, IFNg , and CD107a according
to the manufacturer's instructions. Cells were analyzed on an
LSR Fortessa (BD Biosciences) or MACSQuant (Miltenyi) and
analyzed with FlowJo software (Treestar).

Lung histology and IHC
Histology was performed on five (urethane-inducedmodel) or

seven (Kras/p53-driven model) longitudinal serial sections
(150 mm apart, 4 mm in thickness) from each left lung, stained
with hematoxylin and eosin (H&E), and scanned by VS120 Dot-
Slide BX61 virtual slide microscope (Olympus Optical). The total
number and area of lung lesions were obtained by manually
tracing the perimeter of lesions using the Image Pro-Premiere
software (Media Cybernetics).

Del Prete et al.

Cancer Immunol Res; 7(11) November 2019 Cancer Immunology Research1776

on April 16, 2020. © 2019 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst September 4, 2019; DOI: 10.1158/2326-6066.CIR-19-0168 

http://cancerimmunolres.aacrjournals.org/


IHC
NKp46 IHC staining was performed on tissue slides (4 mm in

thickness) thatwere rehydrated in alcohol (100%, 90%, 70%, and
50%; 1minute each step) and placed in citrate buffer 1mol/L (for
15 minutes in a Whirlpool microwave) for antigen retrieval.
Endogenous peroxidase activity was quenched with 3% H2O2

for 20 minutes and unspecific binding sites were blocked for 30
minutes with Rodent Block M (Biocare Medical). Samples were
then incubated 1 hour with Goat Anti-Mouse NKp46 (AF2225
R&D Systems) and detected by Goat on Rodent Polymer Kit
(Biocare), followed by DAB Chromogen Kit (Biocare). Matched
IgGwas used as a negative control. For Ly6G immunostaining, Rat
Anti-Mouse Ly6G (BD Biosciences) was used. To localize CCRL2-
positive cells in the lungs, tissues were analyzed with RNAscope
assay (AdvancedCellDiagnostics) using RNAscope 2.5HDAssay-
RED Kit and Mm-Ccrl2-No-Xhs probes. Sections from fixed
mouse tissue blocks were treated following the manufacturer's
instructions. Briefly, freshly cut 3-mmsectionswere deparaffinized
in xylene and treated with the peroxidase block solution for
10minutes at room temperature followed by the retrieval solu-
tion for 15 minutes at 98�C and by protease plus at 40�C for 30
minutes. Control probes included positive control Mm-Polr2a
and negative control dapB. The hybridization was performed for
2 hours at 40�C. The signal was revealed using RNAscope 2.5 HD
Detection Reagent and FAST RED.

LG1233 cells
The LUAD cell line LG1233 was derived from lung tumors of

C57BL/6 KP mice (K-rasLSL-G12D/þ;p53fl/fl mice) and was
kindly provided by Dr. Tyler Jacks (Massachusetts Institute of
Technology, Cambridge, MA) in July 2015. LG1233 was not
authenticated. The cell line was maintained in DMEM supple-
mented with 10% FBS and gentamicin (50 mg/mL) and routinely
tested forMycoplasma contamination. LG1233 cells were expand-
ed to passage 3 and stored in aliquots in liquid nitrogen; to induce
tumors, cells were cultured less than five passages (24, 25). Cells
were harvested and wash three times with PBS and then 1 � 105

cells in 100 mL of PBS were injected intravenously in the caudal
vein. Lungs were collected 13 days after engraftment and used for
histology and FACS analysis.

Specific depletion or blocking experiments
The anti-NK1.1 depletion experiment was performed in Kras/

p53–driven lung cancer model, while the CCRL2 blocking in the
LG1233 cell line lung metastasis model. Mice were treated at day
�1 intraperitoneally with 100 mg of anti-NK1.1 (clone PK136) or
isotype control (clone C1.18.4) and anti-CCRL2, generated in the
laboratory (19), or isotype control (cloneMPC-11; all from Bio X
Cell). Mice were then treated with 100 mg/100 mL PBS once (anti-
NK1.1) or three times (anti-CCRL2) aweek for the entire duration
of the experiment.

Bone marrow transplantation
TK-Ccrl2 WT and KO mice were lethally irradiated with

a total dose of 9 Gy using a RADGIL 2, X-ray irradiator
(Gilardoni). Then, 2 hours later, mice were injected in the
retro-orbital plexus with 5 � 106 nucleated bone marrow cells
obtained by flushing of the cavity of freshly dissected femurs
from TK-Ccrl2 WT or KO mice. Eight weeks after bone marrow
transplantation, mice were intranasally inoculated with
2.5 � 107 infectious particles of Ad5CMVCre. After 10 weeks,

mice were sacrificed then lungs were perfused, collected, and
processed as described previously.

Transmigration assay
Vascular endothelial 1G11 cells were grown to confluence on

0.1% gelatin-coated transwell inserts in 24-well costar chambers
(5 mm pore size; Corning). The endothelial cells were stimulated
with IFNg (50ng/mL), TNFa (20ng/mL), andLPS (100ng/mL) in
DMEM medium containing 0.2% BSA (migration medium) for
18 hours. For the transmigration assay, splenic natural killer (NK)
cells purified by using NK Negative Isolation Kit according to the
manufacturer's instructions (cat. no. 130-115-818, Miltenyi
Biotec), according to themanufacturer's instructions. Purified NK
cells (3 � 105 in 100 mL migration medium) were placed in the
upper chamber and 600 mL of chemerin (200 nmol/L) or
control medium was added to the lower chamber. NK cells
were allowed to migrate at 37�C in a 5% CO2 atmosphere for
4 hours. NK-cell migration was evaluated as the percentage of
CD3�NK1.1þ recovered in the lower compartment relative to
input by flow cytometry. When indicated, 1G11 vascular endo-
thelial cells were pretreated (1 hour at 37�C) with anti-CCRL2
mAb (10 mg/mL) or isotype control mAb, and washed before
NK transmigration.

Migration assay
Chemotaxis assays in response to CXCL12, CXCL10, CCL5,

CX3CL1 (200 ng/mL, Peprotech), and chemerin (100 nmol/L,
R&D Systems) were performed in 5-mm pore Transwell insert.
Spleen cells (5� 105) from individual animals were loaded in the
upperwell. After 90minutes, the contents of the lower chemotaxis
well, following Transwell insert removal, were centrifuged at
300� g for 10minutes. After Fc blocking with CD16/32 antibody
(clone 2.4G2), the cells were incubated with an antibody mixture
appropriate to evaluate NK-cell subsets. Cell migration was
assessed by FACS and calculated as percentage of input cells for
each NK subset.

Cytotoxicity assay
Splenic NK-cell cytotoxicity was determined after 24 hours

of incubation in the presence of IL12 (50 ng/mL) and IL15
(50 ng/mL), against the YAC-1 target cells labeled with
1 mmol/L of CFSE. Effector cells (E) were mixed with 50,000
target cells (T) at E/T ratios ranging from1/1 to 50/1. After 4 hours
of incubation at 37�C in 96-well plate, the percentage of killed
target cells was evaluated by FACS as CFSE-positive cells from the
Live DEAD-405 nm positive cells.

Gene expression (qPCR)
FACS-sorted lung and splenic NK cells from TK-Ccrl2 WT and

KO mice were analyzed for mRNA expression of the indicated
genes by qPCR. RNA was extracted with the RNeasy Kit (Qiagen)
according to the manufacturer's instructions and quantified by
NanoDrop (Thermo Fisher Scientific). After RNA purification,
reverse transcription was performed using random hexamers and
MMLV RT (Thermo Fisher Scientific). Gene-specific primers used
were as follows: Cxcl10 (forward: 50-cgtcattttctgcctcatcctg-30,
reverse: 50-ccgtcatcgatatggatgcagt-30), Cx3cl1 (forward: 50-catccgc-
tatcagctaaacca-30, reverse: 50-cagaagcgtctgtgctgtgt-30), Ccl5 (for-
ward: 50-ctcaccatcatcctcactgcag-30, reverse: 50-gagaggtaggcaaagcag-
cag-30), Rarres 2 (forward: 50-ggagtgcacaatcaaaccaa-30, reverse: 50-
ttttacccttggggtccatt-30), Cmklr1 (forward: 50-ccatgtgcaagatcagcaac-30,
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reverse: 50-gcaggaagacgctggtgta-30), Ccr5 (forward: 50-gagcgtgac-
tgatatctacctg-30, reverse: 50-cactcatttgcagcatagtgagc-30), Cxcr3 (for-
ward: 50-gctgctgtgctactgagtcagc-30, reverse: 50-actggacagcagcatc-
cactgc-30), Cx3cr1 (forward: 50-cttcatcaccgtcatcagcatc-30, reverse:
50-gactaatggtgacaccgtgctg-30), Ifng (forward: 50-atctggaggaactgg-
caaaa-30, reverse: 50-ttcaagacttcaaagagtctgaggta-30), Gzme (for-
ward: 50-cccaaagaccaaacgtgcttcc-30, reverse: 50-aagcacgtcgaggtgaac-
catc-30), Prf1 (forward: 50-cgacacagtagagtgtcgcatg-30, reverse: 50-
cctgtggtaagcatgctctgtg-30), Pdcd1 (forward: 50-tgcagttgagctggcaat-
30, reverse: 50-ggctgggtagaaggtgagg-30), Cd274 (forward: 50-
aaatcgtggtccccaagc-30, reverse: 50-aatatcctcatgttttgggaactatc-30),
Pdcd1lg2 (forward: 50-gcatgttctggaatgctcac-30, reverse: 50-
ctttgggttccatccgact-30), Lag3 (forward: 50-cacctgtagcatccatctgc-30,
reverse: 50-ccaggtaacccgaaggattt-30), Ikzf3 (forward: 50-ccagccaat-
gaagacgaag-30, reverse: 50-ccggcttcataatgttctcat-30),Nfil3 (forward:
50-ctttcttttccccctcacg-30, reverse: 50-caggagcctttcatgggtta-30), Eomes
(forward: 50-ggcctaccaaaacacggata-30, reverse: 50-gacctccaggga-
caatctga-30), Tbx21 (forward: 50-tcaaccagcaccagacagag-30, reverse:
50-atcctgtaatggcttgtggg-30), Id2 (forward: 50-gacagaaccaggcgtcca-
30, reverse: 50-agctcagaagggaattcagatg-30), Il2 (forward: 50-
gctgttgatggacctacagga-30, reverse: 50-ttcaattctgtggcctgctt-30), Il15
(forward: 50-agcactgcctcttcatggtc-30, reverse: 50-ctgccatccatcca-
gaactc-30), Il15ra (forward: 50-ggagtccaggccattcct-30, reverse: 50-
cagcatgctcaatagatacgg-30), Il18 (forward: 50-caaaccttccaaatcact-
tcct-30, reverse: 50-tccttgaagttgacgcaaga-30) and Rpl32 (forward:
50-gctgccatctgttttacgg-30, reverse: 50-tgactggtgcctgatgaact-30) used
for normalization. The SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad Laboratories) for quantitative real-time
PCR was used according to the manufacturer's instructions.
Reactions were run in triplicates on a StepOne Plus Real-Time
PCR System (Applied Biosystems) and the generated products
analyzed by the StepOne Plus Software (Version 2.3, Applied
Biosystems).

The Cancer Genome Atlas datasets
LUAD RNA-Seq data (recorded as gene-level counts) were

downloaded from The Cancer Genome Atlas/Genomic Data
Commons (TCGA/GDC; DbGaP Study Accession: phs 000178)
using the "harmonized" set as count data using R/Bioconductor
package-TCGAbiolinks (version 2.8.4). Paired data (Solid
Tumor and Solid Normal) were modeled using weighted linear
models accounting for variance-mean relationship after TMM
normalization. In total, we considered 57 LUAD samples with
matched Solid Normal Tissue and Solid Tumor Tissue. When
considering only tumors, we analyzed a total of 513 LUAD
samples. When used as a biomarker, CCRL2 expression was
computed as log2 counts per million. Data were analyzed with
R (version 3.51) and Bioconductor software.

Statistical analysis
Statistical analyses were performed by Student t test, Mann–

Whitney test, as appropriate. Count data (number of lesions)were
modeled using Poisson regressions. Counts were derived from
multiple lung slices from the samemouse, anddataweremodeled
using generalized linear mixed models to account for within
sample correlation. Poisson regression might poorly fit data with
a great number of zero counts (no lesions). To account for this,
zero-inflated Poisson regression models were considered. Results
were analyzed by usingGraphPad PRISM5.0 andR (version 3.51)
software and expressed as mean � SEM (�, P < 0.05; ��, P < 0.01;
���, P < 0.001).

Results
Ccrl2 deficiency increased tumor burden in urethane-induced
carcinogenesis

Urethane-induced tumors are known to recapitulate many
aspects of human lung cancer including some gene mutations
and histologic features (22). Ccrl2 WT and Ccrl2-deficient
mice were weekly administered intraperitoneally with urethane
(1 mg/g) for a total of 10 doses, and sacrificed 30 weeks after the
first injection, as described previously (22). This time point was
selected on the basis of tumor incidence (around 90%) and
number of lesions (22). Lung histologic analysis showed a sig-
nificant increase of tumor multiplicity in Ccrl2-deficient mice
compared with control animals (6.4 � 0.5 vs. 4.8 � 0.5; P ¼
0.03; Fig. 1A). The increased tumor burden was associated with
the reduction of total inflammatory infiltrate, including intersti-
tial perivascular and peribronchiolar lymphoid infiltrates and
aggregates, as evaluated by the inflammatory score in histologic
analysis (Fig. 1A). Characterization of the lung tumor microen-
vironment, performed by FACS analysis, revealed that Ccrl2
deficiency was associated with a reduced frequency of some
myeloid cell subsets (i.e., monocytes andmacrophages), whereas
the distribution of DCs and T and B lymphocytes was not affected
(Fig. 1B). Also, neutrophils (polymorphonuclear, PMN), a leu-
kocyte subset known to be associated with lung tumor
growth (26) and to be regulated by CCRL2 (18), trended toward
reduction in Ccrl2-deficient mice (Fig. 1B). The leukocyte subset
that was most consistently reduced in the lungs of Ccrl2-deficient
mice was NK cells. This reduction was documented both by FACS
analysis (Fig. 1C; P < 0.0001) and by IHC in histologic sections
using an anti-NKp46 antibody (Fig. 1D; P < 0.05). NK-cell
frequency was impaired not only in the lung, but also in the
spleen and in the blood compartments of tumor-bearing Ccrl2-
deficient mice (Fig. 1C). Conversely, no difference was found in
the number ofNK cells in the bonemarrowofCcrl2-deficientmice
(Fig. 1C). Of note, no difference in NK-cell distribution was
observed between healthy WT and Ccrl2-deficient mice. Taken
together, our results supported a protective role of CCRL2 in
urethane-induced lung carcinogenesis through its ability to reg-
ulate the inflammatory tumor microenvironment.

Ccrl2 deficiency promoted tumor progression in a genetic
model of Kras-mutated lung tumor

Because urethane-induced lung carcinogenesis is associated
with Kras mutations (22), the role of CCRL2 in Kras mutation–
dependent lung cancer was further investigated crossing
KrasG12D/þ; p53LoxP (TK)withCcrl2-deficientmice; carcinogenesis
was induced by intranasal delivery of replication-deficient ade-
noviral vector with cytomegalovirus promoter driving the expres-
sion of the Cre recombinase protein (Ad5CMVCre), as described
previously (23). The survival of TK-Ccrl2–deficient mice was
dramatically reduced compared with TK-Ccrl2WT mice (median
survival, 173.0 days vs. 137.5 days, respectively; P < 0.0001) with
the lungs of TK-Ccrl2–deficient mice showing an increased num-
ber and larger size of tumor lesions compared with TK-Ccrl2-WT
animals (Fig. 2A). Multiparametric flow cytometry of tumor
microenvironment confirmed NK cells as the main cell popula-
tion affected byCcrl2deficiency, with Ly6Gþneutrophils trending
toward reduction both in the intratumoral and extratumoral areas
(Supplementary Fig. S1A and S1B). A significant reduction of
CD3�NK1.1þ cells was detected in the lung and in the spleen of
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Figure 1.

Ccrl2 deficiency increased tumor burden in urethane-induced carcinogenesis. A, Number of neoplastic lesions and inflammatory score at the time of sacrifice
(30 weeks after the first urethane injection) in the lungs of Ccrl2WT and Ccrl2-deficient (KO) mice. Evaluation was performedmicroscopically on histologic
preparations of the lungs. Grading of inflammatory infiltrate: 0¼ absence of lymphoid infiltrates/aggregates; 1¼ 1–2 foci of interstitial perivascular/
peribronchiolar lymphoid infiltrates/aggregates; 2¼ 3–5 foci, 3� 5 foci. � , P < 0.05, Ccrl2WT (n¼ 19) versus Ccrl2 KO (n¼ 19) by Mann–Whitney test. Data from
one representative out of two independent experiments are shown and expressed as mean� SEM. Representative H&E images of Ccrl2WT and CCRL Ccrl2 KO
lung sections showed the presence of neoplastic lesions (indicated with arrowheads). Objective magnification,�12.5. B, Analysis of the inflammatory infiltrate by
FACS. Single-cell suspensions were obtained bymechanical and enzymatic treatment of lungs, and the percentage of each leukocyte subpopulation was
evaluated within the CD45þ positive population. � , P < 0.05, Ccrl2WT (n¼ 19) versus Ccrl2 KO (n¼ 19) by Student t test. Data from one representative out of two
independent experiments are shown and expressed as mean� SEM. B ly, B lymphocyte; Mo, monocyte; PMN, polymorphonuclear granulocyte; T ly,
T lymphocyte. C, The percentage of CD3�NK1.1þ cells in the CD45þ population was evaluated in lung, spleen, blood, and bone marrow of Ccrl2WT and Ccrl2 KO
tumor-bearing mice by FACS analysis. ��� , P < 0.001, Ccrl2WT (n¼ 19) versus Ccrl2 KO (n¼ 19) by Student t test. Data from one representative out of two
independent experiments are shown and expressed as mean� SEM. D, Histologic evaluation of NKp46þNK cells, quantified as the number of NKp46-positive
cells (left) evaluated in four random�10 microscopic fields selected throughout the lung parenchyma; right, representative sections. � , P < 0.05, Ccrl2WT (n¼ 7)
versus Ccrl2 KO (n¼ 9) by Mann–Whitney test. Data from one representative out of two independent experiments are shown and expressed as mean� SEM.
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TK-Ccrl2–deficient mice, whereas no difference was observed in
the bonemarrow (Fig. 2B). IHC performed on TK-Ccrl2–deficient
mice confirmed the reduction of lung NK cells evaluated as
NKp46þ cells (Supplementary Fig. S2). Independently of their
relative frequency, the distribution of NK cells was similar in
TK-Ccrl2 WT and KO mice, being mostly confined to the peritu-
moral areas (invasive margins), with very few NKp46þ cells
present within the tumor lesions (Supplementary Fig. S2).

NK-cell subsets were evaluated by the reciprocal expression of
surface markers CD27 and CD11b, with CD27þCD11b� cells
being the most immature subset, double positive cells
(CD27þCD11bþ) at an intermediate stage of maturation, and
CD27�CD11bþ cells the most mature subset (27). TK-Ccrl2–
deficient mice had an altered distribution of NK-cell subsets both
in the lung and spleen with a decreased frequency of the most
mature CD27�CD11bþ population and increased frequency of

CD27þCD11b�NK cells (Fig. 3A). On the contrary, no difference
was observed in NK-cell subset distribution in the bone marrow
(Fig. 3A). To get more insights in the mechanisms responsible for
the altered presence of NK cells in tissues, different strategies were
pursued. First, the chemotactic ability of NK cells from TK-Ccrl2–
deficient mice was evaluated in response to agonists of chemo-
tactic receptors known to be preferentially expressed byNK cells at
different maturation stages, namely CXCR4, CCR5, and CXCR3
for the most immature NK-cell subset (CD27þCD11b�) and
CX3CR1 and CMKLR1 for the most mature NK-cell subset
(CD27�CD11bþ; ref. 28). NK-cell subsets purified from Ccrl2-
deficient and WT mice revealed the expected migration profile
that characterizes the cellmaturation stage (Fig. 3B).However, the
migration of Ccrl2-deficient mice-derived CD27�CD11bþ cells
was reduced compared with their WT counterparts (Fig. 3B).
Second, the expression of NK-cell chemotactic factors was

Figure 2.

Ccrl2 deficiency promoted tumor
progression in KrasG12D/þ; p53LoxP

(TK) mice.A, Top left, percentage
of survival (median survival, TK-
Ccrl2WT 173.0 days vs. TK-Ccrl2 KO
137.5 days, respectively; P < 0.0001)
after intranasal inoculation of
2.5� 107 infectious particles of
Ad5CMVCre recombinase. Top right
and bottom left, the number
(bottom left) and dimension (top
right) of lesions 10 weeks after
Ad5CMVCre infection. � , P < 0.05;
�� , P < 0.01, TK-Ccrl2WT (n¼ 11)
versus TK-Ccrl2 KO (n¼ 14) by
Mann–Whitney test. Data from one
representative out of four
independent experiments are
shown and expressed as mean�
SEM. Bottom right, representative
histologic sections from TK-Ccrl2
WT and TK-Ccrl2 KOmice.
Objective magnification�10. B, The
percentage of CD3�NK1.1þ cells in
the CD45þ cells evaluated in the
lungs, spleens, and bone marrow,
10 weeks after Ad5CMVCre
recombinase infection. �, P < 0.05,
TK-Ccrl2WT (n¼ 14 lung and
spleen, n¼ 13 bone marrow) versus
TK-Ccrl2 KO (n¼ 12 lung and
spleen, n¼ 11 bone marrow) by
Student t test. Data from one
representative out of four
independent experiments are
shown and expressed as mean�
SEM.
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evaluated in lung of TK-Ccrl2–deficient and WT mice. TK-Ccrl2–
deficientmicehad amarked reductionofCxcl10, Cx3cl1, Ccl5, and
Rarres2 (chemerin)mRNA expression comparedwithWT animals
(Fig. 3C). Of note, these chemotactic factors were expressed in a
similar manner in the lung of na€�ve TK-Ccrl2–deficient and
TK-Ccrl2 WT mice. Tumor growth caused a significant reduction
of Ccl5, Cx3cl1, and Rarres2 mRNA expression in both mouse
strains; however, the reduction was more marked in TK-Ccrl2–

deficient compared with WT mice (Fig. 3C). Third, the lung
expression of three cytokines known to have a crucial role in
NK-cell differentiation, activation, survival, and in maintaining
peripheral cell homeostasis, namely IL2, IL15, and IL18 (29)
was evaluated. qPCR performed with lung extracts of TK-Ccrl2–
deficient mice revealed reduced levels for both IL2 and IL15
transcripts, whereas IL15Ra chain and IL18 expression did
not differ between the two mouse strains (Fig. 4A). Fourth, the

Figure 3.

Ccrl2 deficiency altered NK-cell subsets distribution and affected NK-cell tumor infiltration in tumor-bearing KrasG12D/þ;p53LoxP (TK) mice.A, FACS analysis of
the main NK subsets, CD27þCD11b�, CD27þCD11bþ, and CD27�CD11bþ, evaluated on CD3�NK1.1þ gated cells from lung, spleen, and bone marrow. � , P < 0.05;
��� , P < 0.001, TK-Ccrl2WT (n¼ 14 lung and spleen, n¼ 7 bone marrow) versus TK-Ccrl2 KO (n¼ 12 lung and spleen, n¼ 7 bone marrow) by Student t test. Data
from two (lung and spleen) and one (bone marrow) independent experiments are shown and expressed as mean� SEM. B, The chemotactic responses of splenic
NK subsets CD27þCD11b�, CD27þCD11bþ, and CD27�CD11bþ to CXCL12 (200 ng/mL), CXCL10 (200 ng/mL), CCL5 (200 ng/mL), CX3CL1 (200 ng/mL), and
chemerin (100 nmol/L) after 90 minutes of migration was evaluated by FACS analysis on CD3�NK1.1þ gated cells from Ccrl2WT and KO spleen. TK-Ccrl2WT
(n¼ 5) versus TK-Ccrl2 KO (n¼ 5) by Student t test. Data from one representative out of two independent experiments are shown and expressed as mean�
SEM. C, Evaluation of the NK chemotactic factors CXCL10, CX3CL1, CCL5, and chemerin mRNA levels by qPCR from lung tissue. � , P < 0.05, TK-Ccrl2WT (n¼ 6)
versus TK-Ccrl2 KO (n¼ 6) by Student t test. Data from one representative out of two independent experiments are shown and expressed as mean� SEM.
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Figure 4.

Functional analysis of NK cells from TK-Ccrl2WT and TK-Ccrl2 KOmice 10 weeks after Ad5CMVCre infection. A, qPCR for IL2, IL15, and IL18 from lung extracts
(TK-Ccrl2WT n¼ 6, TK-Ccrl2 KO n¼ 6) and for IL15Ra chain from sorted lung NK cells (TK-Ccrl2WT n¼ 8, TK-Ccrl2 KO n¼ 7). Significance was determined by a
Student t test, � , P < 0.05. Data from one representative out of two independent experiments are shown and expressed as mean� SEM. B, qPCR for chemokine
and chemokine receptors, effector proteins, and immune checkpoint molecules in lung and splenic sorted NK cells. TK-Ccrl2WT n¼ 8, TK-Ccrl2 KO n¼ 7, by
Student t test. Data from one representative out of two independent experiments are shown and expressed as mean� SEM. GzmB, Granzyme B. C, Percentage
of IFNgþ, Granzyme Bþ, and Perforinþ in CD3�NK1.1þ splenocytes after overnight culture with medium (Ctr) or with IL12 and IL15 by FACS analysis (left), TK-Ccrl2
WT n¼ 3, TK-Ccrl2 KO n¼ 3, by Student t test. GzmB, Granzyme B. Cytotoxic activity of unstimulated (Ctr) or IL12/15-stimulated splenocytes (E) against YAC-1
target cells (T) at E/T ratios ranging from 1/1 to 50/1 by FACS analysis (right). TK-Ccrl2WT Ctr and TK-Ccrl2 KO Ctr n¼ 5, TK-Ccrl2WT IL12/IL15 and TK-Ccrl2 KO
IL12/IL15 n¼ 7, by Student t test. Data from one representative out of two independent experiments are shown and expressed as mean� SEM.
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expression of some of the key transcription factors involved in
NK-cell maturation and mobilization from bone marrow (e.g.,
AIOLOS, E4BP4, EOMES and Tbet; ref. 30) or in IL15 respon-
siveness (i.e., ID2; ref. 31)was investigated.NK cells purified from
lung and spleen of tumor-bearing mice displayed no gross differ-
ences in the expression of the aforementioned transcription
factors between the two mouse strains (Supplementary
Fig. S3). Taken together, these results providedmolecular evidence
for the altered distribution of NK-cell subsets in Ccrl2-deficient
mice and suggested that CCRL2 is involved in NK-cell tissue
distribution rather than the regulation of NK-cell maturation.

To investigate the role of NK cells in Kras/Tp53–induced lung
cancer, NK cells were depleted in TK-Ccrl2 WT mice. The admin-
istration of an anti-NK1.1 mAb during tumor progression signif-
icantly increased the number of tumor lesions, recapitulating the
phenotype of TK-Ccrl2–deficient mice (Supplementary Fig. S4A;
P < 0.01). As expected, anti-NK1.1 treatment efficiently depleted
NK cells in the lung, spleen, and blood compartments (Supple-
mentary Fig. S4B). Taken together, these results demonstrate that
CCRL2 controls the recruitment of NK cells and the growth of
Kras/Tp53–driven lung tumors in a CCRL2-mediated manner.

Of note, NK cells from TK-Ccrl2 WT na€�ve or tumor-bearing
mice did not expressmembrane CCRL2 at the time of purification
or after overnight stimulation with the activating cytokines IL12
and IL15 (Supplementary Fig. S4C). In addition, Ccrl2 deficiency
did not affect NK-cellmembrane phenotype and function, such as
the expression of chemotactic receptors (e.g., CMKLR1, CXCR3,
CX3CR1, and CCR5), effector proteins (i.e., IFNg , Granzyme B
and Perforin), immune checkpoint molecules (i.e., PD-1, PDL-1,
PDL-2, and LAG3), nor cytotoxic activity, as evaluated in sorted
NK cells from lung and spleen (Fig. 4B and C).

Ccrl2 deficiency promoted the orthotopic growth of LG1233
cells

The role of CCRL2 in tumor progression was further investi-
gated by the intravenous administration of LG1233 cells, a cell
line derived from TK mice (24, 25), into Ccrl2-deficient or
WT mice. Ccrl2-deficient mice showed significant reduction of
mice survival, compared with Ccrl2 WT animals. This effect
was associated with increased tumor burden, as evaluated by
histologic analysis of lung sections at 13 days postinoculum
(Fig. 5A and B). Also in this experimental model, Ccrl2-deficient
mice showed a reduced frequency of lung CD3�NK1.1þ NK
cells, further supporting a role for CCRL2 in NK cell–dependent
immunosurveillance in lung tumor growth (Fig. 5C). Finally,
the increase in tumor burden observed following in vivo
administration of an anti-CCRL2, known to recapitulate
Ccrl2-deficient phenotype (18), further supports the role of
CCRL2 in promoting lung tumor growth in this experimental
system (Fig. 5D).

The role of CCRL2-expressing nonhematopoietic cells in lung
tumor growth in TK mice

Because CCRL2 is expressed both by hematopoietic and non-
hematopoietic cells (12), bone marrow chimaeras were used to
evaluate the possible contribution of CCRL2 expression by endo-
thelial/epithelial cells in lung tumor growth. Injection of bone
marrow obtained from TK-Ccrl2WT animals to lethally irradiated
TK-Ccrl2–deficient mice did not change the number of lesions.
This result suggested that CCRL2 expression by the nonhemato-
poietic cell compartment contributed to the increased tumor

formation observed in TK-Ccrl2–deficient mice (Fig. 6A). Within
the CD45� cell compartment, a fraction of CD31þ cells (11.2 þ
1.7%; n ¼ 5) expressed CCRL2, whereas only a negligible per-
centage of Epcamþ/CCRL2þ cells were detectable (Fig. 6B).
CCRL2 expression by endothelial cells can support endothelial
transmigration of CMKLR1 positive leukocytes to inflammatory
sites, with CCRL2 acting as amolecule that binds chemerin on the
cell membrane making it available to CMKLR1-expressing
cells (14, 15). Splenic purified NK cells migrated in response to
chemerin (as determined by a transmigration assay; ref. 15), an
effect blocked by the pretreatment of endothelial cells with an
anti-CCRL2 (Fig. 6C). These data suggest that CCRL2 plays a
crucial role in the ability of NK cells to transmigrate across
endothelial monolayers. In a model of ovalbumin-induced air-
way inflammation, Ccrl2 was expressed by mouse bronchial
epithelium (12). Because both lung endothelial and epithelial
cells can express CD31þ in mice (32), the identity of Ccrl2-
expressing cells was further investigated by RNAscope. The spec-
ificity of theCcrl2mRNA probe was first confirmed using sections
of formalin-fixed cell blocks obtained fromCcrl2-transfected L1.2
cells as a positive control (Supplementary Fig. S5A). Conversely,
no Ccrl2 mRNA signal could be detected in sections of formalin-
fixed cell blocks prepared with L1.2 mock cells (Supplementary
Fig. S5B). A completely negative signal was also obtained using
lung sections fromCcrl2-deficientmice (Supplementary Fig. S5C).
In the lung sections of WT mice, Ccrl2 mRNA was detected as a
diffuse signal in the alveolar wall and in endothelial cells of large
vessels (Fig.6D,parts i and ii).The larger fractionof alveolar cellswas
composed of CD31þ endothelial cells and by a minor fraction by
cytokeratinþ pneumocytes (Fig. 6D, parts iii and iv). The combina-
tion of distribution, morphology, and the lack of costaining of
RNAscope slideswithananti-cytokeratin (Fig. 6D,part v) allowedus
to identify Ccrl2-expressing cells as endothelial cells. Interestingly,
CCRL2 expression by peritumoral endothelial cells was also
observed by IHC in human LUAD biopsies (Fig. 6D, part vi).

CCRL2 expression in primary human LUAD correlated with
improved survival

To gain insights into the clinical significance of our observa-
tions, CCRL2 gene expression was assessed in primary human
LUAD TGCA/GDC datasets. CCRL2 expression was significantly
decreased in LUAD tumors compared with paired-normal sam-
ples (n ¼ 57; fold change normal vs. tumor 3.22, P <
0.001; Fig. 7A). However, no statistically relevant difference in
CCRL2 expression could be associated to tumor clinical stages
(Fig. 7B). CCRL2 expression was then evaluated as a possible
prognostic biomarker. High and low CCRL2–expressing groups
were defined using the optimal threshold separating CCRL2
expression between normal versus tumor samples, with high
CCRL2–expressing tumor samples corresponding to the expres-
sion levels present in normal tissues. Within a cohort of LUAD
patients, a higher CCRL2 expression correlated with a better
clinical outcome, especially at early observational times
(Fig. 7C). Taken together, these results suggested a role for
CCRL2 in tuning immunosurveillance during the early phase
of tumor development.

Discussion
This study reported that CCRL2 plays a nonredundant role in

immunosurveillance, with a protective role in lung carcinogenesis.
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This conclusion was based on the use of multiple experimental
approaches, including chemically induced carcinogenesis, gene-
tic, and transplantable models of lung cancer. The role of CCRL2
was investigated using a genetic model and a blocking anti-
CCRL2. Finally, the initial analysis of TGCA/GDCdatasets includ-
ing 600 patients suggests a correlation between Ccrl2 expression
and LUAD patient survival.

Here, we reported a role for CCRL2 in the recruitment of innate
immune cells to lung tumors. This effect includedbothphagocytic
cells, such as monocytes, macrophages and neutrophils, and NK
cells. NK cells are part of the complex network of the innate
lymphoid cells and are the only known components of this family
endowed with cytotoxic activity and known to express CMKLR1,
the functional chemerin receptor (33, 34). A defect of cytotoxic
activity of human circulating NK is correlated with increased
cancer risk (33, 35–37) and growing evidence proposes a role
for NK cells in the control of hematologic malignancies (38).
Conversely, the ability of NK cells to control solid tumor pro-

gression has only recently becoming recognized (39–41). The
current work provided evidence for the role of CCRL2 in the
regulation of NK-cell distribution in lung cancer.

CCRL2 is a nonsignaling receptor for chemerin, the ligand of
the chemotactic receptor CMKLR1 (16, 42). CMKLR1 is expressed
by several leukocyte subsets, including NK cells (43, 44). GPR1, a
third chemerin receptor is reported to be expressed in the central
nervous system, skin, and adipose tissue, but the exact biological
role of this receptor is still unclear (43). Although CCRL2 was not
expressed by mouse NK cells, the results here presented highlight
the importance of CCRL2 for the localization of NK cells to the
lung. Indeed, a reduced infiltration of NK cells was observed in
mice genetically deficient for CCRL2 or following the in vivo
administration of a blocking anti-CCRL2. Of note, in both these
experimental conditions and in mice administrated with an anti-
NK1.1, the reduction of NK cells always correlated with increased
growth of lung tumors. In vitro, chemerin promoted CMKLR1þ

NK-cell migration across a CCRL2-expressing mouse endothelial

Figure 5.

Ccrl2 deficiency enhanced orthotopic growth of Kras-mutant LG1233 cell line. A, The percentage survival of Ccrl2WT and Ccrl2 KOmice injected intravenously
with 105 LG1233 cells. P¼ 0.0152, Ccrl2WT versus Ccrl2 KO. B, Left, percentage of area occupied by tumor lesions on total lung area of Ccrl2WT versus Ccrl2 KO
mice sacrificed 13 days after tumor injection. � , P < 0.05, Ccrl2WT (n¼ 5) versus Ccrl2 KO (n¼ 5) by Student t test. Data from one representative out of three
independent experiments are shown and expressed as mean� SEM. Right, representative images of H&E staining of Ccrl2WT and Ccrl2 KO lungs. Objective
magnification,�10. C, FACS analysis of CD3�NK1.1þ in the CD45þ population frommechanically and enzymatically treated Ccrl2WT and Ccrl2 KO lungs.
�� , P < 0.01, Ccrl2WT (n¼ 5) versus Ccrl2 KO (n¼ 5) by Student t test. Data from one representative out of three independent experiments are shown and
expressed as mean� SEM. D, The effect of anti-Ccrl2 or isotype control mAb on Ccrl2WTmice. Appropriate antibody (100 mg/mL) was given intraperitoneally
1 day before LG1233 injection and then three times a week for the entire experiment. Left, percentage of area occupied by tumor lesions on total lung area 13 days
after tumor injection; right, representative H&E images. Objective magnification,�10. � , P < 0.05, anti-CCRL2 mAb (n¼ 5) versus isotype control
mAb (n¼ 5) by Student t test. Data from one representative out of two independent experiments are shown and expressed as mean� SEM.
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Figure 6.

CCRL2 expressed by nonhematopoietic cells played a role in the control of tumor growth. A, TK-Ccrl2WT and TK-Ccrl2 KOmice were lethally irradiated, and then
reconstituted with total bone marrow cells from TK-Ccrl2WT and TK-Ccrl2 KO donor mice. Eight weeks after reconstitution, tumor development was induced by
intranasal inoculation with 2.5� 107 infectious particles of Ad5CMVCre recombinase, and then mice were sacrificed after 10 weeks. The number of lesions is
indicated. � , P < 0.05, by generalized linear mixedmodel in family Poisson (TK-Ccrl2WT recipients of TK-Ccrl2WT donors, n¼ 5; TK-Ccrl2 KO recipients of
TK-Ccrl2 KO donors, n¼ 6; TK-Ccrl2WT recipients of TK-Ccrl2 KO, n¼ 7; TK-Ccrl2 KO recipients of TK-Ccrl2WT donors, n¼ 7). Data from one representative out
of two independent experiments are shown and expressed as mean� SEM. B, CCRL2 expression on CD31þ in CD45� gated cells of lungs from tumor-bearing
mice and representative histograms. ��� , P < 0.001, TK-Ccrl2WT (n¼ 5) versus TK-Ccrl2 KO (n¼ 4) by Student t test. Data from one representative out of three
independent experiments are shown and expressed as mean� SEM. C, Purified splenic NK cells from Ccrl2WTmice were pretreated or not with anti-CCRL2 or
an isotype control mAb, and their capacity to cross overnight-stimulated 1G11 vascular endothelial cells in response to chemerin (200 nmol/L) was evaluated in
transmigration assay (4-hour incubation). � , P < 0.05, medium versus chemerin, anti-CCRL2mAb (n¼ 3) versus chemerin, chemerin versus isotype control mAb
(n¼ 3) by Student t test. Data from one representative out of two independent experiments are shown and expressed as mean� SEM. D, Ccrl2mRNA
expression was investigated in mouse lung by RNAscope. Ccrl2mRNA in alveolar wall (i), endothelial cells of a large vessel (ii), and IHC for CD31 (iii) and
cytokeratin (iv) staining of Ccrl2WT lung. Ccrl2mRNA costained with anti-cytokeratin antibody (v) and double IHC of human LUAD biopsy with anti-CCRL2 and
anti-ERG in the peritumoral area (vi).
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cell monolayer and this effect was CCRL2-dependent. This latter
result extends previous observations obtained by our group and
others in different experimental settings (14, 15).Ccrl2 expression
was detected in mouse lung microendothelial cells by RNAscope
and by IHC in human samples of LUAD. Taking together, these
results strongly suggest that CCRL2 represents an important
mechanism for the recruitment of NK cells into tissue, acting as
a chemerin presenting molecule at the level of endothelial cell
lining microvessels. This finding is consistent with a previously
proposed function of chemerin in the recruitment of NK cells in a
model of artificial tumor metastasis (45) and with evidence
supporting the role for endothelial cells in lung cancer (46).

The defect of NK-cell recruitment was not limited to the lung
but could be detected in spleen and blood. Conversely, no change
in the total number of bone marrow NK cells was observed. This
result may have been the consequence of two different mechan-
isms. First, in TK-Ccrl2–deficient mice, tissue-infiltrating NK cells
had altered expansion/survival properties. In this context, the
expression of IL2 and IL15 was reduced in the lung of TK-Ccrl2–
deficient mice. Both cytokines are known for their effect in
peripheral NK-cell homeostasis (29). On the other hand, the
expression of IL18, a cytokine involved in NK-cell activation, was
unchanged. Lungmacrophages andneutrophils are reported to be
the responsible for IL15 production (47) as well as many proin-
flammatory mediators, including chemokines (48). In this study,
we showed that both cell populations were reduced in lung
TK-Ccrl2–deficient mice. Therefore, it was likely that the defect

in tissue-infiltrating myeloid cells contributed to the reduced
levels of tissue-infiltrating NK cells. Although this study puts the
emphasis on the role of NK cells, the contribution of other cell
types, such as myeloid cells, in the exacerbated tumor phenotype
observed in Ccrl2-deficient mice, deserves further investigation.

Maturation ofNK cells occurs in four different stages, according
to the membrane expression of CD27 and CD11b (27). NK cell
subsets express different repertoires of chemotactic receptors that
regulate their chemotactic response, with the most immature
subset (CD27þCD11b�) expressing CXCR4, CCR5, and CXCR3,
and the most mature one (CD27�CD11bþ) expressing mainly
CX3CR1, CMKLR1, and S1P5 (28). In this study, we reported that
CD27�CD11bþ NK cells had a reduced ability to migrate to
CX3CL1 and chemerin, in vitro. We have previously reported that
CCRL2 expression regulates the function of other chemokine
receptors (i.e., CXCR2) in neutrophils, through the formation of
heterodimers (18). At the moment, the ability of CCRL2 to form
heterodimers with other chemotactic receptors, such as CX3CR1
or S1P5, is unknown; this might represent an additional mech-
anism forCCRL2 to regulate themigrationofmatureNK cells. The
fact that some chemotactic factors relevant for NK-cell migration,
such as CXCL10, CX3CL1, CCL5, and chemerin, were expressed at
reduced levels in lung of TK-Ccrl2–deficient mice may represent a
further mechanism involved in the defective recruitment of NK
cells.

The finding that bone marrow was the only cell compartment
investigated with a normal population of NK cells opens up the

Figure 7.

CCRL2 expression in primary human
LUAD correlated with improved
patient survival. A, Boxplot showing
the distribution of CCRL2 expression
values, reported as counts per million
on log2 scale, both for tumor and
matched normal tissues (P < 0.001,
n¼ 57). B, Boxplot showing CCRL2
expression values for tumor samples
grouped by tumor stage (n¼ 395
stage I/II vs. n¼ 110 stage III/IV).
C, Kaplan–Meier curves for overall
survival for high and low CCRL2
expression. The high-expression
group was defined as those samples
with CCRL2 expression exceeding the
optimal threshold separating normal
from tumor samples. High expression
can be considered as having a normal-
like expression level (log-rank test,
P¼ 0.04, n¼ 424 high vs. n¼ 76
low). Statistical significance was
determined using the Mann–Whitney
test. CPM, counts per million.
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possibility that CCRL2might have a role in NK-cell bonemarrow
retention. Bone marrow medullary arteries express CCRL2 (49).
Althoughwehavenot directly investigated this aspect, the fact that
we did not observe changes in any other bone marrow leukocyte
subset investigated argues against this possibility. Further studies
are required to properly address this issue.

In our experimental conditions, CCRL2 was not expressed by
lung tumor cells; however, other studies have reported CCRL2
expression by cancer cells, such as in multiple myeloma, prostate
and breast carcinomas, liver metastasis, glioblastoma, and sali-
vary adenoid cystic carcinoma (50–53). In these tumors, CCRL2 is
either a tumor suppressor, such as inbreast cancer (53), or a tumor
promoter, such as in glioblastoma (52), suggesting that CCRL2
might have different roles in different cellular contexts. The exact
function of CCRL2 expression in these tumors still needs to be
elucidated.

TGCA/GDC data expression analysis in human primary LUAD
showed correlation of CCRL2 expression with clinical outcome,
with higher expression levels having a protective role. In light of
this result, it is tempting to speculate that CCRL2-dependent
recruitment of NK cells might have a role in limiting tumor
growth also in human lung cancer. A protective role of NK cells
was previously described in colorectal, gastric, renal, prostate, and
hepatic human tumors (39, 40, 54) and NK cells are emerging as
important targets in checkpoint blockade therapies (41, 55).
Therefore, our results suggest that CCRL2 expression might rep-
resent a potential prognostic marker in patients with LUAD and a
key molecule for directing NK-cell localization to the tumor site
also in humans.Whether this crucial role of CCRL2 is restricted to
the lung compartment or represents a general function also
present in other tissues requires further investigation.
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