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Patterns of receptors for chemotactic factors regulate the
homing of leukocytes to tissues. Here we report that the
CCRL2/chemerin/CMKLRI axis represents a selective pathway
for the homing of natural killer (NK) cells to the lung. C-C motif
chemokine receptor-like 2 (CCRL2) is a nonsignaling seven-
transmembrane domain receptor able to control lung tumor
growth. CCRL2 constitutive or conditional endothelial cell
targeted ablation, or deletion of its ligand chemerin, were found
to promote tumor progression in a Kras/p53"°* lung cancer cell
model. This phenotype was dependent on the reduced recruit-
ment of CD27~ CD11b" mature NK cells. Other chemotactic
receptors identified in lung-infiltrating NK cells by single-cell

Introduction

Leukocyte recruitment across specialized vascular endothelium is a
process that characterizes both physiologic and pathologic condi-
tions (1, 2). Chemotactic receptors and adhesion molecules are the
two major classes of molecules responsible for the selective, organ-
specific homing of leukocytes (3). In the presence of circulatory flow,
glycosaminoglycans present on the luminal side of vascular endothelial
cells are also required to retain chemokines locally and facilitate their
interaction with circulating cells (4).

Chemotactic receptors are seven-transmembrane domain receptors
that activate a complex G protein-dependent signaling cascade leading
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RNA sequencing (scRNA-seq), such as Cxcr3, Cx3crl, and
Slpr5, were found to be dispensable in the regulation of NK-
cell infiltration of the lung and lung tumor growth. scRNA-seq
identified CCRL2 as the hallmark of general alveolar lung
capillary endothelial cells. CCRL2 expression was epigenetically
regulated in lung endothelium and it was upregulated by the
demethylating agent 5-aza-2'-deoxycytidine (5-Aza). In vivo
administration of low doses of 5-Aza induced CCRL2 upregula-
tion, increased recruitment of NK cells, and reduced lung tumor
growth. These results identify CCRL2 as an NK-cell lung homing
molecule that has the potential to be exploited to promote NK
cell-mediated lung immune surveillance.

to cell migration and activation (5). In addition to “classical” chemo-
tactic receptors, chemotactic factors also bind to atypical chemokine
receptors (ACKR), a subset of receptors unable to activate G proteins
or to induce chemotaxis. This class of receptors can regulate local
inflammation and immune response through chemokine scavenging,
chemokine transcytosis, and by shaping the chemotactic gradient (5).

C-C motif chemokine receptor-like 2 (CCRL2) is a molecule closely
related to CC chemokine receptors that, similarly to ACKRs, lacks the
ability to signal through G proteins. However, differently from ACKRs,
CCRL2 binds a nonchemokine chemotactic protein, chemerin, and
does not activate B-arrestin-dependent signaling (6-8). Consequently,
CCRL2 does not undergo high-rate internalization or promote ligand
scavenging from extracellular fluids (6, 9), rather it functions as a
molecule that immobilizes and possibly concentrates the ligand on the
surface of CCRL2-expressing cells, such as endothelial cells (10, 11).
This process is functional to promote B1-integrin-dependent arrest
and adhesion (11) of circulating leukocytes expressing CMKLR1
(recently renamed chemerin;; ref. 12), the signaling chemerin recep-
tor, such as in the case of monocytes, dendritic cells (DC), and natural
killer (NK) cells (13, 14).

Lung endothelial cells constitute a thin barrier with specialized
functions in the exchange of gas between air and blood and are located
at the site of leukocyte extravasation. The heterogeneity of mouse and
lung endothelial cells was recently unraveled by single-cell transcrip-
tome analysis (15, 16).

We have previously reported that the expression of CCRL2 protects
mice in both genetic and chemically induced experimental models of
lung tumors. This action was based on the nonredundant role of
CCRL2 in the recruitment of NK cells to the lung and in the
orchestration of antitumor immune surveillance (17). Here, we report
that the role of CCRL2 in NK-cell orchestration of antitumor response
is a peculiar trait of the lung. By combining genetic and transcriptional
approaches and integrative single-cell RNA sequencing (scRNA-seq)
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analysis, we report that the confined expression of CCRL2 to a subset of
specialized lung microvascular capillary endothelial cells selectively
regulates NK-cell migration to the lung. Therefore, the CCRL2/
chemerin/CMKLR1 axis represents a previously underappreciated
pathway for the homing of NK cells to this organ.

Materials and Methods

Animals

Procedures involving animal handling and care were conducted
according 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 laws and policies (EEC Council Directive 2010/63/
EU, OJ L 276/33, 22-09-2010; NIH 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, 2017 and number 165/2017-PR,
issued on February 20, 2017). All efforts were made to minimize the
number of animals used and their suffering. All female and male mice
used are listed as follows: wild-type (WT), Ccrl2 knockout (KO; ref. 18),
TK Cerl2 WT, TK Ccri2 KO (17), Cxcr3 KO (G. Bernardini, Sapienza
University, Rome, Italy), Cx3crl KO (C. Limatola, Sapienza Uni-
versity, Rome, Italy), Chemerin KO (M. Parmentier, ULB Medical
School, Brussels, Belgium), Cdh5™ER12,Cer2, Cdhs5<re/ER12, A ckr 2™,
obtained by crossing Cdh5“/**"? mice (kindly provided by Prof.
Condorelli, Humanitas University, Milan, Ttaly) with Ccrl2”/ (recently
obtained by S. Sozzani) and Ackr2”f (Prof. Bonecchi Humanitas
University, Milan, Italy), and Cmklrl KO (11)]. All mice were on a
C57BL/6] genetic background and were 8 to 12 weeks old, unless
otherwise specified. All colonies were housed and bred in the
Humanitas IRCCS SPF animal facility in individually ventilated
cages, with the exception of Cxcr3 KO and Cx3crl KO mice, which
were housed in the Sapienza University animal facility, and Chemerin
KO mice, housed in the ULB Medical School Animal Facility, Bruxelles
Belgium. To conditionally delete Ccrl2 from vascular endothelium,
Cdh5"ER2,Cerl2" mice were fed for 2 weeks with tamoxifen diet
TAM400/CreER (TD.55125.1, Envigo) followed by one wash-out
week before inoculation of tumor cell lines. Cdh5¢™" ERTZ;Acerf/f "mice
received tamoxifen diet to delete Ackr2 from vascular endothelium.
Genotyping of mice was performed by PCR.

Cell lines

The LUAD cell line KP10.21 was derived in our laboratory
(January 2021) from primary lung tumors of C57BL/6] TK mice
(KrasSt2P/ +;p53L°XP mice) 10 weeks after intranasal administration
of Ad5-CMV-Cre (AdenoCre ref. 17). The cell line was maintained
in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS
and gentamicin (50 mg/mL; catalog no. G1397, Merck) and rou-
tinely tested for Mycoplasma contamination. KP10.21 cells were
expanded to passage 3 and stored in aliquots in liquid nitrogen; to
induce tumors, cells were cultured less than five passages before
being inoculated into mice. The KP10.21 cell line was authenticated
for the presence of the KrasS'?"-mutated allele and p53 gene
deletion by PCR (Kras®'?" primers: common reverse 5'-ctgcatag-
tacgctataccctgt-3'; wt forward 5'-tgtctttccccageacagt-3'; mut forward
5'-gcaggtcgagggacctaata-3'; p53 primers: forward 5'-ggttaaacccagctt-
gacca-3'; reverse 5'-ggaggcagagacagttggag-3'; Supplementary Fig. S1).
The Lewis Lung carcinoma (LLC) cell line was maintained in DMEM
supplemented with 10% FBS and routinely tested for Mycoplasma
contamination.
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The mouse lung capillary endothelial cell line (1G11) was grown in
complete medium [DMEM, 20% FBS, 1% nonessential amino acids
(catalog no. M7145, Merck), 1 mmol/L sodium pyruvate (catalog
no. S8636, Merck), 100 U/mL penicillin and streptomycin, freshly
added heparin (catalog no. H3149), and endothelial cell growth
supplement at final concentration of 100 pg/mL (catalog no. E2759,
Merck)], as previously described (11). 1GI11 cells were grown to
confluence on 0.1% gelatin-coated 6-well plates and stimulated for
4 hours with the combination of mouse IFNy (50 ng/mL, catalog no.
315-05, PeproTech), mouse TNFo (20 ng/mL. catalog no. 315-01A,
PeproTech), and LPS (100 ng/mL, catalog no. L4005, Merck), or the
combination of IFNy and LPS in DMEM after 48-hour treatment
with or without 5-aza-2’-deoxycytidine (5-Aza, 1 pmol/L, catalog no.
A3656, Merck).

Tumor models and in vivo treatments

To establish lung orthotopic tumors, 1 x 10° KP10.21 cells in
100 UL PBS were injected intravenously in different mouse strains.
For LLC cells, 5 x 10° cells in 100 UL PBS were injected intrave-
nously in WT and Ccrl2 KO mice. Lungs were collected 15 days after
engraftment to perform histology and flow cytometric analysis. For
the subcutaneous model, 5 x 10° KP10.21 cells in 100 uL PBS were
injected in the right flank. Tumor growth was measured with a
digital caliper [V = Y, (length x width?)] from day 7 postinjection
until day 15 when mice were sacrificed, and tumors harvested and
processed for flow cytometric analysis.

For FTY720 treatment, mice were intraperitoneally injected with
1 mg/kg FTY720 (catalog no. SML0700, Merck) daily from day 0 to day
9. On day 15 postinjection, mice were sacrificed and lungs were
collected for histology and flow cytometric analysis. For 5-Aza treat-
ment, mice were intraperitoneally injected with 0.5 mg/kg 5-Aza every
other day from day 0 to day 15 postinjection. On day 15, mice were
sacrificed and lungs were collected for histology and flow cytometric
analysis. For adoptive transfer experiments, NK cells were purified
from the spleen of WT or CmkIrl KO mice by using an NK Negative
Isolation Kit (catalog no. 130-115-818, Miltenyi Biotec) according to
the manufacturer’s instructions. A total of 1 x 10° NK cells were
fluorescently labeled with 1 pmol/L of carboxyfluorescein succinimi-
dyl ester (CFSE) and intravenously injected in WT and Ccrl2 KO mice
at day +14 after the injection of KP10.21 cells. After 24 hours, mice
were sacrificed, and tumors harvested and processed for flow cyto-
metric analysis.

Sample processing for flow cytometric analysis and histology

Mice were sacrificed and lungs and tumors harvested. Briefly,
lungs were collected following intracardiac perfusion with cold
PBS. Right lung lobes were mechanically cut into small pieces and
then enzymatically treated with collagenase D (IV type, Clostridium
histolyticum, catalog no. C5138, Merck) at 0.1 mg/mL and DNase I
(from bovine pancreas grade 2, catalog no. 10104159001, Roche) at
0.02 mg/mL at 37°C for 30 minutes. The enzymatic reactions were
stopped by EDTA (Sigma), and a single-cell suspension was obtained
by filtering through a 70-um cell strainer before staining for cyto-
fluorimetric analysis. Left lung lobes were formalin fixed for 24 hours,
dehydrated, and paraffin embedded for histologic analysis. Subcuta-
neous injected tumors were collected, weighed, and mechanically cut
into small pieces before enzymatic digestion with collagenase D at
1 mg/mL and DNase at 0.02 mg/mL at 37°C for 30 minutes. The
enzymatic reactions were stopped by EDTA (Sigma), and a single-cell
suspension was obtained by filtering through a 70-pum cell strainer
before staining for cytofluorimetric analysis.
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Flow cytometry and FACS

Single-cell suspensions from lung and subcutaneous tumors were
stained with the following antibodies: CD45-BV605 (clone: 30-F11,
BD Biosciences) or —VioGreen (clone: REA737), NK1.1-PECF594
or -APC (clone: PK136, BD Biosciences), CCRL2-PE (clone
BZ2E3, BD Biosciences), CD11b-FITC or PE-Vio770 (clone:
REA592), CD27-PEVio615 (clone: REA499), CD4-Viobright615
or —-PE-Vio770 or -ViobrightR720 (clone REA604), CD8-BV570
(clone 53-6.7, BioLegend) or -VioBlue or -PerCP or FITC
(cloneREA601). CD49b-APC (clone REA541), CD49a-PE (clone:
REA493), TCRB-PerCPVio770 (clone: REA318), TCRYS -VioBlue
or -APCVio770 (clone: REA633), Ly6G-FITC (clone REA526),
Ly6C-PE (clone 1G7.G10), CD19-VioBlue or-APCVio770 or
-FITC (clone REA749), F4/80-PerCPVio770 OR -FITC (clone
REA126), CD45RA-APC-Vio770 or PE-Vio770 (clone RA3-6B2),
MHCII-FITC or —VioBlue (clone M5/114.15.2), SiglecH-PE or -FITC
(clone REA819), CD11c-PerCPVio770 (clone: REA 754), CD3-PE or
-APCVio770 or -PEVio770 (clone REA641), SiglecF-FITC (clone:
REA798), CD31-APC (clone REA784), EpCam-VioBlue (clone
REA977), CD127-PE (clone REA680), TCRB FITC or PerCPVio770
(clone RA318), TCRY3-APCVio770 or -VioBlue (clone REA633),
NKp46-APC (clone REA815). Unless otherwise specified, the anti-
bodies were from Miltenyi Biotec. Subsequently, cell viability was deter-
mined 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 (all Invitrogen). Sorting was performed
using a FACSAria II (BD Biosciences) and flow cytometry was
performed using a MACSQuant Analyzer 16 (Miltenyi Biotec).
Data were analyzed with FlowJo software (Treestar). The authors
adhered to the guidelines for the use of flow cytometry and cell
sorting in immunologic studies (19).

Lung histology

Histology was performed on three formalin-fixed, paraffin-
embedded (FFPE) longitudinal serial sections (150 pum apart,
4 um in thickness) from each left lung, stained with hematoxylin
and eosin (H&E, Merck), and scanned by VS120 Dot-Slide BX61
virtual slide microscope (Olympus Optical). The total area of
lung lesions was obtained by manually tracing the perimeter
of lesions using the Image Pro-Premiere 9.1.4 software (Media
Cybernetics).

Lung immunofluorescence

Immunofluorescence (IF) staining for NKp46 and CD31 was
performed on 4-um FFPE lung sections (1 section/lung) rehydrated
in alcohol (100%, 90%, 70%, and 50%; 1 minute each step) and
placed in citrate buffer 1 mol/L (for 15 minutes in a Whirlpool
microwave) for antigen retrieval. Unspecific binding sites were
blocked for 30 minutes with Background sniper (catalog no. BS966,
Biocare Medical). Samples were then incubated with primary
antibodies goat anti-mouse NKp46 (catalog no. AF2225, R&D
Systems) and Rat monoclonal anti-mouse CD31 (clone SZ31,
DIA-310, DIANOVA) followed by donkey anti-goat 488 (catalog
no. A-11055, Thermo Fisher Scientific) and donkey anti-rat 594
(catalog no. A-11007, Thermo Fisher Scientific) secondary anti-
bodies. Matched IgG was used as a negative control (for NKp46,
polyclonal goat IgG, catalog no. LS-C149359, LSBio; for CD31, Rat
IgG2a, catalog no. 54447, Novus Biologicals). The total number of
NK cells adhering to the vascular endothelium was evaluated on
the entire sections under fluorescence microscope BX61 (Olympus
Optical) using Image Pro-Premiere 9.1.4 software.
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Gene expression analysis by qPCR

Lung and tumor tissue from WT and Ccrl2 KO mice were analyzed
for mRNA expression of the indicated genes by qPCR. RNA was
extracted with Qiazol (catalog no. 79306, Qiagen) according to the
manufacturer’s instructions and quantified by NanoDrop (Thermo
Fisher Scientific). After RNA purification, reverse transcription was
performed using 0.5 pug RNA, random hexamers and MMLV RT
(catalog no. 28025013, Thermo Fisher Scientific). Gene-specific
mouse primers used: Cxcl10 (forward: 5'-cgtcattttctgectcatectg-3',
reverse: 5'-ccgtcatcgatatggatgcagt-3'), Cx3cll (forward: 5'-catccgctat-
cagctaaacca-3', reverse: 5'-cagaagcgtctgtgctgtgt-3'), Cel5 (forward: 5'-
atacgcttcectgtcateget-3/, reverse: 5'-ggagatgecgattttccca-3), Rarres2
(chemerin) (forward: 5'-ggagtgcacaatcaaaccaa-3/, reverse: 5'-ttttacc-
cttggggtecatt-3'), Cxcl12 (forward: 5-ctgtgcecttcagattgttg-3', reverse:
5'-taatttcgggtcaatgcaca-3'), Ccl2 (forward: 5'-agcatccacgtgttggctcage-
3, reverse: 5'-cctctetcttgagettggtgac-3'), Cxcl9 (forward: 5'-tctcgg-
acttcactccaacaca-3’, reverse: 5'-actccacactgctccaggaaga-3'), Cxclll
(forward: 5'-gaacaggaaggtcacagccatage-3/, reverse: 5'-tcaactttgtcg-
cagccgttactc-3'), Rpl32 (forward: 5'-gctgecatctgttttacgg-3/, reverse:
5'-tgactggtgcctgatgaact-3').

The SsoAdvanced Universal SYBR Green Supermix (catalog no.
1725274, Bio-Rad Laboratories) for qPCR 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). Gene expression was determined as relative
expression to the housekeeping gene Rpl32 (274).

Generation of scRNA-seq libraries

Live Lin"CD45"NKp46 " CD127" innate lymphoid cells (ILC) were
sorted from lung suspensions derived from KrasS'?>'*;p53->F WT
and Ccri2-deficient tumor-bearing mice (n = 5/group). A FACSAria I
was used for cell sorting of indicated cell populations into PBS with
2 mmol/L. EDTA and 1% FBS. Single-cell sequencing libraries
were generated using BD Rhapsody Single-Cell Analysis system (BD
Biosciences) according to the manufacture’s protocol [BD Rhapsody
Whole Transcriptome Analysis (WTA) catalogno. 665915 and 633801].
Two separate BD Rhapsody Cartridges (catalog no. 633733 and 633731,
BD Biosciences) were used for the pooled WT and Ccrl2 KO samples.
No custom indexes were used, and the resulting indexed libraries
were pooled and paired-end sequencing was performed on an Illumina
NextSeq 500, with a read length of 76-bp paired-end reads and a
sequencing depth over 100° reads for samples. Sequence reads
were aligned to the mouse reference genome\(GRCm38-PhiX-
gencodevM19), following generation of barcode-gene matrices via
the standard BD WTA Rhapsody analysis pipeline version 1.8 (BD
Biosciences) on Seven Bridges (https://www.sevenbridges.com),
following the manufacturer’s recommendations. Data from ambient
RNA was trimmed on the basis of nUMI number of unique molec-
ular identifiers (nUMI)-barcode saturation curve.

scRNA cell clustering and differentially expressed gene profile
of NK and ILC cells extracted from mice lung tumors

The R package Seurat v4.05 was used under RStudio v4.1.5 for data
trimming, unsupervised clustering, and visualization according to the
authors’ guidelines (20).

In detail, to remove poor quality cells, doublets and stressed cells,
we removed cells with a gene number less than 200, or higher than the
93th quantile. Mitochondrial gene ratio was calculated to filter out
low-quality cells (mitochondrial ratio = 10%). Because WT and Ccrl2
KO cells were processed in two different cartridges, we merged their
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dataset with the Seurat “integration” function (21) and the resulting
dataset was further processed with “SCTransform” for normalization
and data scaling (22). Highly variable genes (HVG, n = 3,000) were
also identified with the “SCTransform” function. The HVGs were used
as input for principal component analysis (PCA). The first 30 PCAs
were utilized in the subsequent analysis with a resolution of 0.25.
With them, cells were then embedded by Uniform Manifold Approx-
imation and Projection for Dimension Reduction (UMAP) plot.
To assign cell identities, we applied the “FindAllMarkers” to identi-
fy differentially expressed genes (DEG) among all genes by using
Wilcoxon rank sum test. We selected only genes that showed (i) a
minimal expression (minimum pct =20%) in at least one cluster; (ii) an
adjusted P < 0.05; (iii) an average log2-fold change (logFC) > 0.2.

We identified cell contaminants (about 2% of the total cell number)
that possessed markers typical of macrophages, B cells, and invariant
NK T (iNKT) cells. In addition, one cluster of NK cells showed a strong
enrichment of ribosomal and mitochondrial genes, suggesting that
these were stressed cells. Therefore, these cells were removed from the
analysis. Accordingly, we removed from the raw data of the contam-
inant cells and repeated the Seurat protocol.

For the definition of ILCs differentiation, dedicated immune signa-
ture module scores were added to each cell by the “AddModuleScore”
function according to specific lists of known cell type markers derived
from Robinette and colleagues (23).

scRNA cell clustering and DEG profile of lung mouse endothelial
cells

Raw counts of mouse lung endothelial cells were downloaded from
GSE (GSE160876, GSE165063, E-MTAB-7458). Data for mouse
endothelial cells were obtained from the Droplet dataset of the “Tabula
Muris Project” (24) and data for human endothelial cells were obtained
from the “Tabula Sapiens Data Portal” (https://tabula-sapiens-portal.
ds.czbiohub.org). Only the donors TSP1 and TSP2 were analyzed due
to the very low number of lung endothelial cells present in the other
donors.

All the datasets were processed with Seurat v4.05 as described above.
We selected 3,000 HVGs, and the first 30 PCAs were utilized in the
dimensional reduction, with a resolution of 0.3 for the mouse and 0.5
for the human datasets. To assign cell identities, we applied the
“FindAllMarkers” as above, in addition to a dedicated lung endothelial
cell gene signature derived from Gilich and colleagues (15).

Pseudotime analysis with Monocle3

Trajectory analysis of either our in-house ILC scRNA dataset or the
built murine lung atlas, was performed using Monocle3 according to
the authors’ guidelines (25).

Gene ontology enrichment analysis

Gene Ontology (GO) analyses were performed using the “g:Profiler”
web source (26) on the murine lung scRNA dataset. The dedicated
marker genes per cluster or the DEGs were subjected to a functional
enrichment analysis. The resulting P values were adjusted for multiple
testing using Bonferroni, and the ones that exceeded the 0.05 P value
threshold were listed in Supplementary Table S1. The data source
queried were KEGG (https://www.genome.jp/kegg/), Reactome
(https://reactome.org/), WikiPathways (https://www.wikipathways.
org/index.php/WikiPathways), and CORUM (http://mips.helm
holtz-muenchen.de/corum/).

Spatial transcriptomic analysis of human lung alveoli
Raw data of a Visium Spatial Gene Expression assay (10x Genomics)
on human lungs (GSE178360, https://doi.org/10.1038/s41586-022—
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04541-3) were analyzed using the Seurat standard pipeline. Briefly,
the data were normalized using the function “SCTransform”. Dimen-
sional reduction was performed using the commands “RunPCA” and
“RunUMAP” and the resulting gene markers per cluster were obtained
with the function “FindAllMarkers”, using as threshold: (i) a minimal
expression (minimum pct > 20%); (ii) an adjusted P < 0.05; (iii) an
average log, fold change (logFC) > 0.2.

Analysis of the non-small cell lung cancer dataset from The
Cancer Genome Atlas

Lung adenocarcinoma (LUAD) RNA-seq (as FPKM, fragments
per kilobase of exon per million mapped fragments) and DNA
Methylation Array data (as beta values) were downloaded from
the The Cancer Genome Atlas/Genomic Data Commons (TCGA/
GDC; DbGaP Study Accession: phs000178) with the R package
“TCGAbiolinks“ (v2.28.3). Only samples with both CCRL2 expres-
sion and methylation data were kept (total of 473, 21 Normal Tissue
and 452 Primary Tumor). The data were than processed in R
according to the TCGA guidelines. Briefly, for the RNA-seq data
the obtained FPKM were normalized with the R package “edgeR”
(v3.42.4) and “limma” (v3.56.2). In parallel, the methylation data
were processed with the R package “edgeR”, “limma”, “DMRcate”
(v2.14.0), “minfi” (v1.46.0) and “missMethyl” (v1.34.0). For visu-
alization, the R packages “ggplot2” (v3.4.2), “corrplot” (v0.92) and
“ReolorBrewer” (v1.1-3) were utilized.

Statistical analysis

Statistical analyses were performed by Student ¢ test, Wilcoxon rank
sum test, Mann-Whitney test, one-way and two-way ANOVA with
Bonferroni correction as appropriate. Results were analyzed by using
GraphPad Prism (v7.04) and R (v4.2.1) software and expressed as
mean + SEM (%, P < 0.05; **, P < 0.01; ***, P < 0.001).

Data and software availability

The novel scRNA-seq dataset originated with this paper is accessible
in the Gene Expression Omnibus (GEO) database under the accession
number GSE212088. All other data generated in this study are available
within the article and its Supplementary Data files or from the
corresponding authors upon reasonable request.

Results

CCRL2 plays a nonredundant role in NK-cell trafficking to the
lung

In a previous study, CCRL2 was shown to control lung tumor
growth in Kras®'2”*;p53"*F mice (17). To further define the role of
CCRL2 in tumor progression, a cell line (KP10.21) was generated from
primary tumors that developed in Kras®'*™¥;p53"** mice (17, 27).
This cell line carries the parental Kras“**® mutation and p53 deletion
(Supplementary Fig. S1A) and when inoculated intravenously it
recapitulated the phenotype observed in Kras®'*®*;p53"F parental
mice (17), with histologic analysis revealing a significant increase in the
number of tumor lesions in lungs of Ccri2-deficient mice compared
with WT animals (Fig. 1A). Because this type of tumor is under the
control of NK cells (17), lung NK-cell infiltration (evaluated as
CD3"NK1.1" among live CD45" cells, see Supplementary Fig. S1B
for gating strategy) was investigated in KP10.21 injected mice. As in the
prior study (17), the exacerbated tumor phenotype observed in Ccri2-
deficient mice was associated with a reduction of lung-infiltrating NK
cells, evaluated both as percentage and total number of cells (Fig. 1B).
Results also show that NK-cell infiltration closely paralleled tumor
growth with a slight effect at day 4-7 (low tumor growth with negligible
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Figure 1.

Ccrl2 deficiency increases orthotopic (intravenous), but not heterotopic (subcutaneous), growth of lung tumor cell lines. A, Top, percentage of
area occupied by tumor lesions on total lung sections of WT and Ccri2-deficient (KO) mice intravenously injected with 1 x 10° KP10.21 cells and
sacrificed 15 days later. *, P < 0.05, WT (n = 5) versus Ccrl2 KO mice (n = 4) by Student ¢ test. Bottom, representative images of H&E staining of WT and
Ccrl2 KO lungs; magnification, 10x. B, Top, flow cytometric analysis of NK cells, expressed as percentage and absolute number, in the CD45"
population from mechanically and enzymatically treated WT and Ccr/2 KO lungs. **, P < 0.01; *, P < 0.05, WT (n = 5) versus. Ccrl2 KO mice (n = 4)
by Student t test.  (Continued on the following page.)
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reduction of NK cells) and significant reduction of NK cells at day +14
(Fig. 1B). As previously observed in KrasS'?™'*;p53"*F mice (17), the
decrease of NK cells was mostly related to the altered relative distri-
bution of NK-cell subsets, with the most marked reduction in the more
mature CD27 CD11b" NK-cell subset (Fig. 1B). Independently of
their relative frequency, NK cells showed similar distribution in WT
and Ccri2-deficient mice (17). A similar phenotype was observed in
mice injected intravenously with LLC cells. As depicted in Fig. 1C,
following LLC intravenous inoculation, an increased number of tumor
foci and reduced infiltration of NK cells were detected in the lung of
Ccrl2-deficient mice. In contrast, when KP10.21 cells were engrafted
subcutaneously, Ccri2-deficient mice were protected from tumor
growth. This condition was associated with increased NK cell infil-
tration (Fig. 1D). We previously reported that Ccrl2-deficient mice
were protected from tumor growth also when LLC cells were engrafted
subcutaneously (28). qPCR analysis did not reveal any major differ-
ences in the expression of NK-cell chemotactic proteins (e.g., Cxcl9,
Cxcl10, Cxcll1, Cx3cll, Ccl2, and Ccl5) among the two genotypes and
the different route of cancer cell inoculation. The only exception being
chemerin, which showed a trend toward reduction in the lung of Ccri2-
deficient mice (Supplementary Fig. S1C). Collectively these results
demonstrated that CCRL2 exerts different roles in controlling the
expansion of tumor cells in relation to the site of tumor growth (i.e.,
lung vs. subcutaneous).

The possible role of chemotactic receptors known to be involved in
NK-cell recruitment (i.e., CXCR3, CX3CRI1, and S1PR5; refs. 29, 30)
was investigated in vivo. Figures 2A-C show that among the three
chemotactic receptors investigated only Cxcr3 deficiency was associ-
ated with a partial reduction of total lung NK-cell recruitment; no
effects were, otherwise, observed in Cx3crI-deficient mice and in mice
treated with the S1PR5 inhibitor FTY720. The individual block of each
of the three receptors did not affect tumor growth or the relative
distribution of lung NK-cell subsets (Fig. 2A-C).

Finally, the role of chemerin was investigated using chemerin-
deficient mice. Figure 2D shows that in chemerin-deficient mice
injected i.v. with KP10.21 cells, increased tumor growth was associated
with reduced recruitment of NK cells, fully recapitulating the pheno-
type observed in Ccrl2-deficient mice. Similarly, NK-cell subset dis-
tribution revealed a decreased frequency of CD27 " CD11b" and an
increase of the CD27"CD11b~ NK-cell subsets. Although multiple
chemotactic factors are produced in the lung and several chemotactic
receptors are potentially expressed by NK cells (31), collectively these
results highlight the nonredundant role of CCRL2 for the in vivo
trafficking of NK cells in response to lung cancer growth.

CCRL2 marks specialized lung endothelial cell subsets

Lung alveolar capillary endothelium represents the primary site of
blood leukocyte trafficking to the lung (32) and CCRL2 is known to be
expressed by endothelial cells (9, 10). To probe the distribution of
CCRL2 among lung endothelial cell subsets, an atlas of mouse lung

CCRL2 Controls Lung NK-cell Homing

endothelium was assembled by integrating publicly available scRNA-
seq datasets (33-35). Sixteen clusters were identified based on their
enrichment with pulmonary endothelial gene signatures derived from
Gillich and colleagues (15) (Fig. 3A and B; Supplementary Table S1).
These included lymphatic, artery, vein, and alveolar capillary cells.
Alveolar capillary endothelial cells can be divided into two molecularly
defined subsets, aerocytes (aCaps), specialized in gas exchange, and
general capillary cells (gCaps), involved in the regulation of vasomotor
tone. Because of their location at the interface of blood with the
external environment, lung endothelial cells are exposed to multiple
challenges. Therefore, multiple clusters of gCaps and aCaps were
resolved on the basis of their resting or activated (defined either as
inflammatory or IFN-associated) gene profiles. In addition, clusters
that were not positive for the considered gene signatures were collec-
tively labelled as endothelial cells (Fig. 3A and B).

This analysis revealed that Ccrl2 was a unique marker for the
clusters gCap2 and inflammatory gCap, a subset of gCaps char-
acterized by an NF-xB signature (Fig. 3C; Supplementary Fig. S2A;
Supplementary Table S1). Consistent with the ability of IFNs to
upregulate CCRL2 in endothelial cells (9-11), Ccrl2 expression was
also associated with clusters of both gCaps and aCaps carrying an
IFN-signature (Fig. 3C; Supplementary Fig. S2A and Supplementary
Table S1). Since gCaps can differentiate into aCaps (15), it could
be possible that CCRL2" aCaps carrying an IFN-signature might
originate from activated gCaps. However, pseudotemporal analysis
did not support this hypothesis (Supplementary Fig. S2B). Ccrl2" gCap
clusters coexpressed MHC class II molecules, a marker of gCaps
(Supplementary Fig. S2A; Supplementary Table S1; ref. 15). This
observation was confirmed at the protein level in our experimental
conditions, using CD31*CCRL2" cells purified from the lung of Ccrl2
WT mice carrying the Kras®'?”*;p53"F mutation. Under basal
conditions, MHC class II molecules were coexpressed with CCRL2
by a small subset of lung endothelial cells with the number of double
positive cells strongly increasing during tumor growth (Supplemen-
tary Fig. S2C). The analysis of endothelial cells from the 12 organs
deposited in the Tabula Muris project (24) confirmed that, among the
different organs investigated, under homeostatic conditions, Ccrl2 is
selectively expressed by lung gCaps, with the only exception of kidney
endothelial cells (Supplementary Fig. S2D). Collectively, these findings
identify CCRL2 as a marker of specialized lung capillary endothelial
cell subsets. The selective expression of CCRL2 by lung alveolar
capillary cells may explain why NK-cell migration into subcutaneous
tumors was not regulated in Ccrl2-deficient mice (Fig. 1D). Indeed,
differently from lung CD31" endothelial cells (Fig. 3C; Supplementary
Fig. S2C), CD31" cells from subcutaneous tumors did not express
CCRL2 by flow cytometric analysis (Supplementary Fig. S2E). The
selective expression of CCRL2 by lung gCaps was also investigated
in humans. CD317 cells were collected from the Tabula Sapiens
atlas (36), which hosts scRNA-seq datasets from 24 organs, including
the lung (Supplementary Fig. S3A). aCap and gCaps were identified

(Continued.) Flow cytometric analysis of NK-cell subsets, CD27"CD11b~, CD27"CD11b™, CD27°CD1b™ evaluated in CD3"NK1.1" gated cells from WT and
Ccrl2 KO lungs. *, P< 0.05, WT (n = 5) versus. Ccri2 KO (n = 4) by Student t test. Bottom, number of tumor lesions (left) and percentage of NK cells (right)
at day+7 and day-+14 postinjection of KP10.21 cells. NT, no tumor (control mice). C, Top, percentage of the area occupied by tumor lesions on total
lung area of WT and Ccr/2 KO mice intravenously (i.v.) injected with 5 x 10° LLC cells and sacrificed 15 days later. *, P < 0.05, WT (n = 4) versus Ccr/2
KO mice (n = 4) by Student t test. Flow cytometric analysis of NK cells in the CD45" population from mechanically and enzymatically treated WT and
Ccrl2 KO lungs. *, P < 0.05, WT (n = 4) versus Ccr/l2 KO mice (n = 4) by Student ¢ test. Bottom, representative images of H&E staining of WT and Ccr/2
KO lungs; magnification, 10x. D, Top, tumor growth of WT and Ccr/2 KO mice subcutaneously (s.c.) injected in the right flank with 5 x 0° KP10.21 cells.
**#x P < 0.0001, WT (n =10) versus Ccri2 KO mice (n =10) by two-way ANOVA. Bottom, tumor weight (g) of WT and Ccr/2 KO subcutaneously injected
tumors sacrificed 15 days later; *, P < 0.05 WT (n = 5) versus Ccr/2 KO mice (n = 5) by Student ¢ test. Percentage of NK cells in the CD45" population of
subcutaneously injected tumors. *, P < 0.05, WT (n = 5) versus Ccr/2 KO mice (n = 5) by Student ¢ test.
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by their unique gene signatures (15) and specific enrichment in the
lung (Supplementary Fig. S3B-S3C). Also in this dataset, CCRL2 was
selectively expressed by the gCap clusters (Supplementary Fig. S3D).
This result was also confirmed in a lung spatial transcriptomic dataset
(Supplementary Fig. S4; ref. 37). Together, these findings suggest that
the selective expression of CCRL2 by lung alveolar endothelial cells is
conserved in humans.

Immunohistologic analysis revealed that in Ccri2-deficient mice
fewer NK cells interact with CD317" lung endothelial cells compared to
WT animals, supporting a role for CCRL2 in NK-cell recruitment
(Fig. 3D). To further investigate the functional relevance of CCRL2
expression by endothelial cells, Ccrl2 flox/flox (Cerl2™) mice were
crossed with Cdh5“*R"? mice, which express the Cre recombinase
under the control of a Cdh5 promoter, to conditionally delete Ccrl2 in
vascular endothelium. Under these experimental conditions, the
growth of KP10.21 lung tumor cells injected intravenously in
Cdh5° ERTZ;CcrIZf/f mice was increased with respect to control mice
(Fig. 3E). In parallel, flow cytometric analysis showed a decreased
frequency of lung-infiltrating NK cells. These results recapitulated the
phenotype observed in constitutive Ccrl2 deficient animals.

Finally, analysis of scRNA-seq datasets highlighted the expres-
sion of Ackr2 by both aCap and gCap clusters expressing an IFN
signature (Fig. 3F; Supplementary Table S1). ACKR2 is an atypical
chemokine receptor previously reported to be involved in the
regulation of leukocyte recruitment, including NK cells (38, 39).
To evaluate the possible relevance of ACKR2 in lung NK-cell
homing in our experimental conditions, KP10.21 tumor cells were
injected iv. in Cdh5“**"%Ackr2”/ mice. Figure 3G shows that
targeted deletion of ACKR2 in endothelial cells did not cause any
alteration in either tumor growth or frequency of lung infiltrating
NK cells. Therefore, these results do not support a role for ACKR2
expression by aCap and gCap in NK-cell homing to the lung.

scRNA analysis of NK cells and ILCs from lung tumors from WT
and Ccrl2-deficient mice

In order to investigate whether lung NK cells express the biologically
active chemotactic receptor for chemerin (CMKLR1), we profiled
chemotactic receptors expressed by lung NK cells by scRNA-seq of
total innate lymphocytes (Fig. 4A) purified from Kras®'*>/*;p53to”
(TK) WT and Ccrl2-deficient mice. A total of 12,980 cells were
cataloged into eight distinct clusters (Fig. 4B). The distribution in

CCRL2 Controls Lung NK-cell Homing

each cluster of the two genotypes was comparable (Fig. 4C; Supple-
mentary Table S2). Clusters were identified as NK cells, ILC1, and ILC2
on the basis of their respective gene signatures (Supplementary
Fig. S5A; Supplementary Table S2; ref. 23). The most abundant
population was represented by NK cells distributed in six different
clusters, with an overall distribution of 6,682 and 5,891 cells from WT
and Ccrl2-deficient mice, respectively (Supplementary Table S2).

On the basis of their dedicated signatures, NK-cell clusters could be
divided into two major populations. Five clusters were identified as
mature NK cells (mNK1-5) based on expression of canonical markers,
such as Ly6¢c2, Malatl, Gzma, Irf8, Prfl, and Itgam (CD11b; Fig. 4D;
Supplementary Fig. S5B and Supplementary Table S2). Each of the
mNK clusters was further distinguished on the basis of the unique
expression of specific genes, such as SIpr5 and Klra8 (mNK1), Ccl4
(mNK2), Klral (mNK3), Serpin9b (mNK4), and Hesl (mNKS5;
Fig. 4D; Supplementary Fig. S5B and S5C and Supplementary
Table S2). One single cluster showed the expression of marker genes
associated with an early stage of NK-cell differentiation, such as Ccr2,
Tcf7, Emb, and Thyl, and accordingly it was defined as immature NK
cells (iNK; Fig. 4D; Supplementary Table S2). Although Cd27 tran-
script was not captured by our scRNA-seq, other markers associated
with an immature NK-cell phenotype (40), including Nfkbia, Nr4al,
and Ccl4, were highly expressed by the cells here defined as iNK cells.
Thus, mature and immature clusters defined by scRNA-seq corre-
spond to the NK-cell subsets identified by flow cytometric analysis
in Fig. 1B.

On the basis of their unique molecular signatures, ILC1 and ILC2
cells were assigned to two dedicated clusters (Fig. 4B and C; Supple-
mentary Fig. S5A). ILC2 were enriched in Gata3, Ilirll, and II7r
(Fig. 4D; Supplementary Table S2) and represented a minute popu-
lation, in agreement with their reported limited infiltration of the
lung (41). In contrast, ILC1 were positive for canonical ILC genes, such
as Thyl, Rora, Cxcr6, and Tnfsf10 (Fig. 4D; Supplementary Table S2;
ref. 42). These cells showed a noncytotoxic phenotype, being devoid of
transcripts for granzymes (Supplementary Fig. S5B and S5D). The
close proximity of the ILC1 and NK-cell clusters in the UMAP
(Fig. 4B) supports the similarity of ILC1 and iNK clusters as further
confirmed by pseudotemporal proximity analysis (ref. 43; Supplemen-
tary Fig. S6).

Analysis of molecules involved in NK-cell recruitment revealed the
preferential expression of SIpr5, Cx3crl, and Cmklrl in mNK cell

Figure 2.

CXCR3, CX3CR1, and S1PR5 are dispensable in orthotopic growth of KP10.21cell line, while the CCRL2/chemerin/CMKLR1 axis is necessary. A, Left, percentage of area
occupied by tumor lesions on total lung area of WT versus Cxcr3 KO mice intravenously (i.v.) injected with 10° KP10.21 cells and sacrificed 15 days later. WT (n = 6)
versus Cxcr3 KO mice (n = 6) by Student ¢ test. Representative images of H&E staining of WT and Cxcr3 KO lungs. Magnification, 10 x. Center, flow cytometric analysis
of NK cells in the CD45" population from mechanically and enzymatically treated WT and Cxcr3 KO lungs. *, P < 0.05, WT (n = 6) versus Cxcr3 KO mice (n = 6) by
Student ¢ test. Right, flow cytometric analysis of the main NK-cell subsets, CD27"CD1lb~, CD27"CD11b ™, CD27 CD1lb* evaluated in CD3"NK1.1" gated cells from WT
and Cxcr3 KO lungs. B, Left, percentage of tumor lesions on total lung area of WT versus Cx3cr7 KO mice intravenously injected with 10° KP10.21 cells and sacrificed
15 days later. WT (n = 5) versus Cx3crl KO mice (n = 5). Representative images of H&E staining of WT versus Cx3cr7 KO lungs. Magnification, 10x. Center, flow
cytometric analysis of NK cells in the CD45™ population from mechanically and enzymatically WT versus Cx3cr7 KO lungs. Right, FACS analysis of the main NK-cell
subsets, CD27*CD11b~, CD27"CD1lb™, CD27 CD1b™* evaluated CD3"NK1.1" gated cells from WT versus Cx3cr7 KO lungs. C, Left, percentage of tumor lesions on total
lung area of FTY720- vs. PBS-treated (CTR) mice intravenously injected with 10° KP10.21 cells and sacrificed 15 days later. CTR (n = 5) versus FTY720-treated mice
(n = 6). Representative images of H&E staining of CTR versus FTY720-treated lungs. Magnification, 10 x. Center, FACS analysis of NK cells in the CD45" population
from mechanically and enzymatically treated CTR and FTY720-treated lungs. Right, flow cytometric analysis of the main NK-cell subsets, CD27"CDI1b",
CD27"CD1b™, CD27°CD1b* evaluated CD3"NK1.1" gated cells from CTR and FTY720-treated lungs. D, Left, percentage of area occupied by tumor lesions on
total lung area of WT and Chemerin KO mice intravenously injected with 10° KP10.21 cells and sacrificed 15 days later. *, P < 0.05, WT (n = 5) versus Chemerin KO
mice (n =5) by Student ¢ test. Representative images of H&E staining of WT and Chemerin KO lungs. Magnification, 10 x. Center, flow cytometric analysis of NK cells
in the CD45™" population from mechanically and enzymatically treated WT and Chemerin KO lungs. *, P < 0.05, WT (n = 5) versus Chemerin KO mice (n = 5) by
Student ¢ test. Right, flow cytometric analysis of the main NK-cell subsets, CD27+CD11b~, CD27"CD11b™, CD27 CD1lb™ evaluated in CD3"NK1.1" gated cells from
WT and Chemerin KO lungs. *, P < 0.05; **, P < 0.01, WT (n = 5) versus Chemerin KO (n = 5) by Student ¢ test.
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clusters (mNK1-5), while Ccr2 and Ccr5 were predominantly associ-
ated with iNK cells (Fig. 4E; Supplementary Table S2). These results
are consistent with previously published reports (29). Among mNK
cell clusters, CmkIrl was mostly expressed in cluster mNK4 together
with several integrin o chains (Itgal, Itga2, Itgam, and Itga4) as well as
integrin [ chains (Itgb1, Itgb2, and Itgb7). Even though our scRNA-seq
dataset was characterized by a generalized low capture of chemotactic
receptor genes, Cmklrl and Cx3crl appeared to colocalize in most of
the mNK cell clusters. The pool of ILCs purified from Ccrl2-deficient
mice contained fewer Cmklrl™ NK cells compared to WT mice, which
is consistent with defective recruitment of Cmklrl* NK cells in the
absence of Ccrl2 (Fig. 4F). The role of CMKLR1 in NK-cell migration
to the lung was further demonstrated by adoptive transfer experi-
ments. NK cells purified from WT and Cmklrl-deficient mice were
injected intravenously in WT and Ccri2-deficient mice at day 414 after
the injection of KP10.21 cells. Results, shown in Fig. 4G, depict a defect
in the migration of CmklIrI-deficient cells to the lung. The magnitude
of reduction observed was comparable with that observed in condi-
tional endothelial cell targeted Ccrl2-deficient mice (Fig. 3E). The
injection of NK cells into Ccri2-deficient mice was strongly reduced
independently of the genotype. This result suggests a cooperative role
of CCRL2 with other chemotactic receptors in the homing to the lung.

CCRL2 expression is epigenetically regulated

We previously reported that in primary human lung adenocarci-
noma (TCGA-LUAD), CCRL2 gene expression positively correlated
with clinical outcome (17). Because aberrant DNA methylation tends
to accumulate during cancer progression, included LUAD (44), the
same TCGA dataset was interrogated to investigate CCRL2 methyl-
ation profile. Figure 5A shows that in primary tumor samples, CCRL2
is hypermethylated and that the reduced expression of CCRL2 in
cancer tissue correlated with the increased methylation status of
specific CCRL2 genomic regions (Fig. 5B).

5-Aza is a demethylating drug approved for clinical use for the
treatment of different cancers, including myelodysplastic syndrome,
acute myeloid leukemia (AML), and lung cancer (45, 46). In vitro and
in vivo administration of 5-Aza has been shown to promote leukocyte
recruitment, including NK cells (47), through the regulation of various
genes involved in cell migration, including proteases, chemokines, and
chemokine receptors (48, 49). On the basis of these observations, the
effect of 5-Aza on Ccrl2 expression was evaluated using 1G11 cells, a
mouse lung capillary endothelial cell line (9, 11), in vitro. Figure 5C
shows that Ccrl2 mRNA levels were increased when 1G11 cells were
stimulated with proinflammatory signals. The effect of proinflamma-
tory agonists was further increased in the presence of 5-Aza, suggesting

CCRL2 Controls Lung NK-cell Homing

that CCRL2 expression is regulated by gene methylation. The possible
therapeutic role of 5-Aza was tested in mice intravenously injected
with KP10.21 lung tumor cells. Low doses of 5-Aza (0.5 mg/kg) were
administered intraperitoneally every other day. Figure 5D shows that
in vivo treatment with 5- Aza caused the upregulation of CCRL2 in lung
endothelial cells both as percentage and MFI of positive cells. 5-Aza
administration increase intratumoral infiltration with CD3" cells,
while other cell populations, such as CD8 " T cells and CD11b "Ly6G*
cells were not significantly affected by the treatment (Supplementary
Fig. §7). The frequency of lung-infiltrating NK cells was also increased
(Fig. 5E). The treatment with 5-Aza also caused a significant decrease
in the number of tumor lesions as the possible result of combined
effector mechanisms activated by the drug, including the increased
recruitment of NK cells (Fig. 5F).

Discussion

Chemokines and other chemotactic factors control the migratory
patterns of leukocytes in both physiologic and pathologic condi-
tions (1). Here, using a Kras/p53"°* mutated lung cancer model, we
report that the CCRL2/chemerin/CMKLRI axis represents a selective
pathway for the recruitment of antitumor effector NK cells to the
lung. Other chemotactic receptors, such as CXCR3, CX3CR1, and
S1PR5, expressed by NK cells could potentially contribute to the
recruitment of NK cells to the lung (29, 30). However, using comple-
mentary genetic models we demonstrated that NK-cell recruitment
and lung tumor growth were impaired only when the expression
of Ccrl2 or its ligand chemerin were prevented, as observed in
Cerl2-deficient mice, Cdh5°/ERT2.Ccrl2™f mice, and chemerin defi-
cient mice. Genetic deletion of Cxcr3 or Cx3crl and inactivation of
S1PR5 by FTY720 administration, were not effective in controlling
lung NK-cell recruitment and lung tumor growth. These results
demonstrate a role for CCRL2 at the blood-endothelial cell interface
in the recruitment of circulating CMKLR1" NK cells to the lung.

Lung infiltration by mature NK cells was strictly dependent on
CCRL2 expression, being reduced in all the experimental conditions in
which CCRL2 expression and/or function were impaired, but not in
Cxcr3- and Cx3crl-deficient mice or following FTY720 administra-
tion. These results suggest a role for this NK-cell subset in the control of
tumor growth and are consistent with previous reports in which, using
a transplantable model of LLC and a Kras-driven lung cancer model,
CD27°CD11b" mature NK cells were identified as the main NK-cell
subset involved in lung tumor immune surveillance (50, 51). Of note,
also in these experimental conditions, CXCR3 was found dispensable
for the control of tumor growth (51).

Figure 3.

CCRL2 marks specialized gCap lung endothelial cells as revealed by scRNA-seq analysis. A, UMAP of 47,491 lung Pecam] (CD31) positive cells from two published
scRNA-seq datasets. Each different color in the graph highlights a specific cluster. B, Violin plots represented the distribution of lung endothelial gene expression
programs defined in Gillich and colleagues (15), grouped by clusters. C, Violin plot represented the distribution of Ccr/2 gene expression. Wilcoxon rank sum test and
Bonferroni correction. ****, P,y < 0.0001. D, Representative images of IF analysis of NKp46™" NK cells interacting with CD31" lung endothelial cells in KrasGWZD”;
p53-P TK WT and Cerl2-deficient mice. Magnification, 40 x. Right, quantification of the number of NK cells interacting with CD31* lung endothelial cells evaluated on
the entire sections evaluated. *, P< 0.05 TK WT tumors versus TK CCRL2 KO tumors by Student ¢ test. E, Left, percentage of area occupied by tumor lesions on total
lung area of Cdh5"ER2:ccri2” versus Cerl2”* control mice intravenously injected with 10° KP10.21 cells and sacrificed 15 days later. **, P< 0.01, Cdh5/ERT2Ccri2”*
(n = 6) versus Ccrl2” mice (n = 6) by Student ¢ test. Representative images of H&E staining of Cah5%ER™2:Ccri2”", and Cerl2”f control lungs. Magnification, 10x.
Right, flow cytometric analysis of NK cells in the CD45™ population from mechanically and enzymatically treated Cdh5°FR2 cerl2”f and CcrIZ’/qungs. *, P<0.05;
Cah5C/ERT2: Cer/2”f (n = 6) versus Cerl2” mice (n = 6) by Student ttest. F, Violin plot represented the distribution of Ackr2 expression in our murine lung scRNA-seq
dataset. Wilcoxon rank sum test and Bonferroni correction. ****, P,q < 0.0001. G, Percentage of area occupied by tumor lesions on total lung area of Cdh5"</ER72;
Ackr2 " versus Ackr2 7 control mice intravenously injected with 10° KP10.21 cells and sacrificed 15 days later. Cdh5<5R2:Ackr2”" (n = 5) versus Ackr2”" (n = 4).
Representative images of H&E staining of Cah59ER™2: Ackr2”" and Ackr2”" control lungs. Magnification, 10 x. Right, flow cytometric analysis of NK cells in the CD45*
population from mechanically and enzymatically treated Cdh5<5R™ Ackr2 7", and Ackr2 7" lungs.
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(Continued.) E, Dot-plot visualization of selected chemokine receptor and integrin genes. The size of dots represents the relative gene expression in percent for each
cluster, while the blue color intensity indicates the average expression level for the indicated gene per cluster. F, Feature plots, for each genotype, showing single and
double positive cells for CmkirTand Cx3cri genes in our NK scRNA-seq dataset. The expression of each gene was highlighted with a different color; cluster borders are
shown with lines. G, Adoptive transfer of fluorescent labeled NK cells, purified from spleen of WT and Cmkiri-deficient mice, intravenously injected in tumor-bearing
WT (n=4) and Ccrl2 deficient mice (n = 4) at day +14 after the injection of KP10.21 cells. After 24 hours, mice were sacrificed, and tumors harvested and processed for

flow cytometric analysis. **, P < 0.01; ***, P < 0.001 by Student ¢t test.

NK-cell maturation is characterized by the acquisition of different
patterns of expression of chemotactic receptors. Mature NK cells
mostly express CX3CR1, CMKLRI, and SIPR5 (13, 29, 52). This
expression profile was confirmed by scRNA-seq of lung infiltrating NK
cells (clusters mNK1-5) in our Krus(;IZD/+;p53L"XP tumor model. The
same cell clusters were also characterized by the expression of integrin
o chains (Itgal, Itga2, Itgam, and Itga4) and B chains (Itgb1, Itgb2,and
Itgb7), which are required for migration into tissues. Despite the
expression of multiple chemotactic receptors, our results support the
distinctive requirement for CCRL2 in NK-cell migration to the lung for
the control of tumor growth. This finding suggests a possible dual role
for the CCRL2/chemerin/CMKLRI1 axis in antitumor lung immune
surveillance. A direct role in the recruitment of CMKLR1" NK cells
and an accessory role in the proper localization of NK cells recruited by
the action of different chemotactic factors. This model is supported by
the evidence that a reduced frequency of Crmklr1™ NK cells was found
in the lung of Ccrl2-deficient mice and by the fact that most of the lung
mature NK cells were found to coexpress Cmkirl and Cx3crl. The
possible existence of a cooperative role for CCRL2 with other che-
motactic receptors is further suggested by the reduced migration to the

AACRJournals.org

lung observed for both WT and Cmkliri-deficient NK cells when
adoptively transferred into Ccrl2-deficient mice. It is also possible
that the unique function of CCRL2 in lung immune surveillance may
depend on the kinetics of action of different chemotactic factors, with
the CCRL2/chemerin/CMKLR1 axis representing a ready-to-use che-
motactic pathway and other chemotactic receptors being involved at
later phases of tumor progression. It is worth noting that under
physiologic conditions, chemerin is present in plasma at nanomolar
concentrations as an immature inactive precursor that can be rapidly
processed to the active form by the action of inflammation related
proteases (7). In a Kras-driven lung cancer model, NK cells were shown
to have an antitumor role in the early phases of tumor initiation but
were dispensable at later stages of tumor promotion and progression.
These results suggest CCRL2 as the predominant NK-cell chemotactic
factor in the early phases of tumor immune surveillance preceding the
action of other chemokines (50).

Lung alveolar capillary endothelial cells play a central role in the
exchange of oxygen and carbon dioxide between air and blood (53) and
represent the primary site of leukocyte trafficking to the lung (32). The
mosaic organization of alveolar capillaries was recently elucidated at
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the single-cell level, showing that, similarly to the lung epithelial cell
compartment, two major types of alveolar capillary endothelial cells
exist, namely aerocytes (or aCaps), specialized in gas exchange, and
general capillary cells (gCaps), specialized in the regulation of vaso-
motor tone and endowed with functions of bipotent progenitor
cells (15). Based on the transcriptional signature that includes adhe-
sion molecules and chemokines, aCaps were proposed to represent the
specialized site of leukocyte trafficking, whereas gCaps, expressing
MHC class II components, were proposed to have a role in antigen
presentation (15). However, genes encoding proteins involved in
leukocyte recruitment, such as chemokines (e.g., CXCL12) and adhe-
sion molecules (e.g., ICAM-1) are expressed also by gCaps. In addition,
we show that both resting and activated gCaps express Ccrl2, which
may promote in a chemerin-dependent manner the recruitment of
cells expressing CMKLRI. Thus, our results suggest gCaps as an
additional privileged site for leukocyte recruitment to the lung. aCaps
express Ctsl1, alysosomal cysteine protease that may participate in the
cleavage of plasma prochemerin (54), fueling the CCRL2/chemerin/
CMKLR1 chemotactic axis under both homeostatic and reactive
conditions. Once activated, also aCaps may express Ccrl2, as observed
in aCap clusters bearing the type I IFN gene signature. This suggests
that under reactive conditions, aCaps may sustain a chemerin-
dependent pathway for the recruitment of NK cells to the lung. Because
gCaps can act as progenitor cells and differentiate into aCaps (15), it
could be possible that CCRL2" aCaps carrying an IFN signature may
originate from activated gCaps. However, pseudotemporal analysis did
not support this hypothesis, suggesting the acquisition of a stable
phenotype by these clusters. Activated aCaps and gCaps also express
Ackr2. Similarly to CCRL2, ACKR2 does not activate G protein—
dependent signaling or chemotaxis, but it possesses constitutive and
ligand-stimulated scavenging activity, a process that contributes to
control of the composition of the local proinflammatory microenvi-
ronment (55, 56). Although it was recently proposed that ACKR2 may
regulate the migration of NK cells to the lung (39), using mice carrying
the selective deletion of Ackr2 in the endothelial cell compartment
(CAR5C/ERT2, A cky 2"/ mice) we did not detect any alteration in NK-cell
recruitment or lung tumor growth. Thus, this result excludes a direct
role of ACKR2 expression by alveolar capillary endothelial cells in lung
NK-cell immune surveillance.

CCRL2 is a nonsignaling seven transmembrane domain protein that
binds the nonchemokine chemotactic factor chemerin (6, 7). We and
others have previously reported that CCRL2 regulates in vivo multiple
inflammatory pathologies, including hypersensitivity, arthritis, and
sterile lung inflammation (10, 11, 17, 18, 57, 58). One of the proposed
mechanisms of action of this molecule is based on the expression of
CCRL2 by endothelial cells, where it acts as a presenting molecule. By
binding chemerin, CCRL2 can form a membrane gradient active in the
recruitment of circulating cells that express CMKLRI1, the functional
chemerin receptor. We have previously reported that CMKLRI is
expressed by different leukocyte subsets, including antigen-presenting
cells (APC; ref. 14) and NK cells (13). Here we provide genetic evidence

CCRL2 Controls Lung NK-cell Homing

that demonstrates the relevance of this mechanism for the recruitment
of NK cells in vivo. In addition, we show that in vivo, CCRL2 is
selectively expressed by lung alveolar capillary endothelial cells.
Because plasma prochemerin can be processed by proteases expressed
by endothelial cells, including aCaps, to generate the active form, we
propose that the CCRL2/chemerin/CMKLRI axis may represent a
selective pathway for the recruitment of NK cells to the lung. The
selective expression of CCRL2 by alveolar capillary endothelial cells
here reported in the mouse is apparently conserved also in humans,
making this finding of potential clinical relevance. The unique expres-
sion of CCRL2 by lung endothelium also explains why CCRL2 plays a
protective role in lung tumors, but it does not protect from tumors
growing in different tissues, such as subcutaneous tumors.

This study also shows that CCRL2 is epigenetically regulated in
endothelial cells in vitro and in vivo and that the administration of
hypomethylating agents may promote the localization of effector
immune cells to the lung. This aspect is worth of further investigation
in the context of combined anticancer therapies to increase targeting of
NK cells or chimeric antigen receptor NK (CAR-NK) cells to the
lung (59).

The discovery and characterization of members of the chemo-
kine family has provided understanding of the mechanisms govern-
ing the selective homing of leukocyte subsets to specific organs
(1, 60, 61). In the past few years, this concept has begun to be
exploited for adaptive immune cells, such as T and B cells, with
more limited effort in the definition of homing signals for innate
cells. On the basis of the results here presented, we propose the
CCRL2/chemerin/CMKLR1 axis as a new pathway for the homing
of NK cells to the lung.

Authors’ Disclosures

A. Mantovani reports personal fees from Ventana, Pierre Fabre, Verily, AbbVie,
Astra Zeneca, Verseau Therapeutics, Myeloid Therapeutics, Third Rock Venture,
Imcheck Therapeutics, Ellipses, Novartis, Roche, Macrophage Pharma, Bioveloclta,
Merck, Principia, Biolegend, Olatec Therapeutics, Moderna, and Henlius outside the
submitted work; grants from Novartis; other support from Cedarlane Laboratories
Ltd, HyCult Biotechnology, eBioscience, BioLegend, ABCAM Plc, Novus Biologicals,
Enzo Life (ex Alexis Corp.), Affymetrix; in addition, A. Mantovani has a patent for
W02019057780 “Anti-human migration stimulating factor (MSF) and uses thereof”
pending and issued, a patent for WO2019081591 “NK or T cells and uses thereof”
pending and issued, a patent for W0O2020127471 “Use of SAP for the treatment of
Euromycetes fungi infections” pending and issued, and a patent for EP20182181.6
“PTX3 as prognostic marker in Covid-19” pending and licensed to Diasorin.
S. Sozzani reports grants from Associazione Italiana per la Ricerca sul Cancro
(AIRC) and grants from Ministero dell’Istruzione, dell’Universita e della Ricerca
(MUR-PRIN) during the conduct of the study. No disclosures were reported by the
other authors.

Authors’ Contributions

F. Sozio: Investigation and methodology. T. Schioppa: Investigation and
methodology. M. Laffranchi: Formal analysis and validation. V. Salvi: Investiga-
tion and methodology. N. Tamassia: Formal analysis. F.M. Bianchetto-Aguilera:
Formal analysis. L. Tiberio: Investigation and methodology. R. Bonecchi: Formal

Figure 5.

CCRL2 expression is epigenetically regulated on lung endothelial cells. A, Distribution of CCRL2 expression values (top) reported as FPKM, both for tumor and normal
tissues. CCRL2 methylation values (bottom) were presented as Bvalues, both for tumor and normal tissues. Data were derived from the TCGA LUAD dataset. Student ¢
test (****, P<0.0001). B, Correlation plot in the tumoral sample showed in A, between CCRL2 expression and its methylation state assessed by the indicated probes.
In blue are shown positive correlations, vice versa in red are labeled the negative correlations. C, Ccrl2 expression on 5-Aza-treated or untreated mouse lung capillary
endothelial cell line 1G11 unstimulated or stimulated with proinflammatory stimuli (IFNvy, LPS, TNF). FC is indicated. *, P < 0.05; ****, P < 0.0001 5-Aza-treated
versus untreated 1G11 cells by one-way ANOVA and Bonferroni correction. D, Flow cytometric analysis (% of positive cells and MFI) of CCRL2TCD31" cells in lungs of
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