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Abstract

Sepsis and sepsis-associated lung inflammation significantly contribute to the
morbidity and mortality of critical illness. Here, we examined the hypothesis that
neuronal guidance proteins could orchestrate inflammatory events during endotoxin-
induced lung injury. Through a targeted array, we identified netrin-1 as the top up-
regulated neuronal guidance protein in macrophages treated with lipopolysaccharide
(LPS). Furthermore, we found that netrin-1 is highly enriched in infiltrating myeloid
cells, particularly in macrophages during LPS-induced lung injury. Transcriptional
studies implicate hypoxia-inducible factor HIF-1a in the transcriptional induction of
netrin-1 during LPS treatment. Subsequently, the deletion of netrin-1 in the myeloid
compartment (NmI'”?"*? LysM Cre) resulted in exaggerated mortality and lung
inflammation. Surprisingly, further studies revealed enhanced natural killer cells
(NK cells) infiltration in Nm1"**"*” LysM Cre mice, and neutralization of NK cell
chemoattractant chemokine (C-C motif) ligand 2 (CCL2) reversed the exaggerated
lung inflammation. Together, these studies provide functional insight into myeloid

Abbreviations: A2BAR, adenosine 2B receptor; BAL, bronchoalveolar lavage; BALF, bronchoalveolar lavage fluid; M®, macrophage; NGP, neuronal

guidance protein; PMN, polymorphonuclear cells.
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1 | INTRODUCTION
Persistent and uncontrolled inflammation is the hallmark
of sepsis, and sepsis-associated lung inflammation, which
significantly contributes to morbidity and mortality of crit-
ical illness."* Inflammation by itself is an essential adaptive
response to noxious stimuli such as infection and tissue in-
jury.3'7 However, in situations where an infectious burden is
excessive or inflammation becomes dysregulated (ie, fails to
terminate or resolve), inflammation can result in profound col-
lateral tissue damage and systemic impact.g'15 Indeed, endog-
enous mechanisms and immune-modulators are programed
to limit inflammation and restore tissue homeostasis. ¢
Such mechanisms include negative feedback pathways that
serve to dampen inflammation and active stimulation by
pro-resolution mediators that coordinate the termination of
inflammation,?!*+3° Myeloid cells, such as macrophages and
neutrophils, are a crucial part of innate immunity and key
drivers of the initiation and resolution of inflammation. For
example, during lung inflammation, monocytes are recruited
to the inflamed air space to differentiate into macrophages
secreting cytokines that act locally to stimulate chemotaxis
and activate neutrophils.?' Therefore, understanding how my-
eloid cells contribute to the proper inflammatory responses
are areas of intense inv<3stig21ti0n.32'38

Neuronal guidance proteins (NGPs) were first character-
ized for their role in neurogenesis through their ability to act
as chemoattractant and chemorepellent cues to guide axons to
their target synapses.”** However, increasing evidence has
recognized NGPs as a class of immune-modulators*? , which
can regulate inflammatory processes by limiting or promoting
the migration of leukocytes during acute and chronic inflam-
matory conditions.**>* For example, netrin-1, as one of the
most investigated NGPs in immune modulation, is expressed
by endothelial cells and plays a crucial role in inhibiting the
migration of neutrophils to different chemoattractants.” In
addition, several lines of evidence from mice with partial
deletion of netrin-1 (NmI*") indicated that netrin-1 plays
an important role in limiting the transmigration of leuko-
cytes during models of acute lung injury, peritonitis, and
colitis, 40474936 Additionally, exposure of hypoxia results in
netrin-1 induction in mucosal epithelial cells in a hypoxia-in-
ducible factor HIF-1a-dependent manner, and Ntnl *~ mice
exhibit increased myeloperoxidase activity in the colon tissue
upon hypoxia exposure.47 Furthermore, recombinant netrin-1

cell-derived netrin-1 in controlling lung inflammation through the modulation of
CCL2-dependent infiltration of NK cells.

lung inflammation, netrin-1, natural killer cells

treatment inhibits chemokine (C-C motif) ligand 2 (CCL2)
and chemokine (C-C motif) ligand 19-driven macrophage
migration in vitro.”” Besides its role in leukocyte migration,
netrin-1 was shown to suppress inflammatory macrophage
functions*®> and to promote resolution of inflammation by
stimulating the production of specialized pro-resolving me-
diators and tissue regeneration.ﬁo’61 Howeyver, the functional
role of myeloid cells-derived netrin-1 during lung inflamma-
tion has not been elucidated. Our studies demonstrated that,
for the first time, myeloid cell-specific expression of netrin-1
confers lung protection through the modulation of CCL2-
dependent natural killer (NK) cell migration.

2 | MATERIALS AND METHODS

2.1 | Mice

Wild-type (C57BL/6]), NmI'@P'ow 52 pHifjglowlow 63 anq
LysM Cre® mice were purchased from Jackson Laboratory.
Detailed information on the mice strains is listed in
Supplementary Table 1. Mice were housed and bred in
a pathogen-free suite at the Center for Laboratory Animal
Medicine and Care at the University of Texas Health Science
Center at Houston (UTHealth). All experimental animal pro-
tocols were approved by the UTHealth Institutional Animal
Care and Use Committee. Accounting for sex as a variable,
for experiments using C57BL/6] or NmlI'”""" LysM Cre
mice, experiments were performed with age- and weight-
matched equal numbers of male and female mice throughout
all groups. In our experiments using Hifla'**"*? LysM Cre
mice, sex-dependent differences in mice were not observed
and we used age- and weight-matched mice (Supplementary
Figure 1).

2.2 | Generation of Ntn1"P"? LysM
Cre+ and Hifla'”?"*? LysM Cre+ mice

To conditionally achieve myeloid cell-specific deletion,
Ninl"P"% and Hif1a'”""** mice were crossbred with LysM
Cre+ to generate Ninl'™”"*? LysM Cre and Hifla'®""*"
LysM Cre mice, respectively. Knockout in Nm 1" LysM
Cre mice was confirmed by performing RT-qPCR measur-
ing knockout efficiency of the Ntnl mRNA transcript levels
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in bone marrow and in bronchoalveolar lavage (BAL) cells
of intratracheal LPS-treated mice (Supplementary Figure
2A,B). Hifla'”""* LysM Cre mice have been previously
genotyped and characterized.®’

2.3 | Isolation of human polymorphonuclear
cells (PMNs) and monocyte-derived
macrophages (hMDMs)

The protocol for the collection of human blood from healthy
donors was approved by the Institutional Review Board at
UTHealth and participant consent was obtained prior to the
collection. Detailed information on the reagents is listed in the
Supplementary Table 2. All centrifuge steps were performed at
4°C. In a 60 mL of syringe prefilled with 10 mL of citrate-dex-
trose buffer (Sigma-Aldrich), 50 mL of blood was obtained by
venipuncture. Blood was then centrifuged at 400 xg for 10 min-
utes. Plasma was transferred into two clean tubes and centri-
fuged again at 400 Xg for 10 minutes. The resulting cell pellets
were added back to remaining blood and 20 mL of 3% dex-
tran in normal saline was added to promote the sedimentation
for 40 minutes. Supernatant was then transferred to new tubes
and topped with HBSS (Thermo Fisher, Waltham, MA) and
then, centrifuged at 400 xg for 10 minutes. Samples were then
treated with Red Blood Cell Lysis Solution (Miltenyi Biotec,
US) and then, centrifuged at 400 xg for 10 minutes. The result-
ing cell pellet was re-suspended in 2.5 mL of gradient buffer
(HBSS(") +25 mM HEPES + 1 mM EDTA) and carefully lay-
ered on top of 10 mL of Ficoll-Paque PLUS (GE Healthcare,
Sweden) and then, centrifuged at 700 Xg for 30 minutes with no
break. Interphase peripheral blood mononuclear cells (PBMCs)
were carefully pipetted into two tubes and washed twice with
cold HBSS (7)+25 mM HEPES+10% FCS. The remaining cell
pellet, which consists of PMNs were also washed twice with
cold HBSS+25 mM HEPES+10% FCS. PMNs were then cul-
tured for experiments in DMEM+25 mM HEPES+20% FCS,
2 mM Gln, 1% of Antibiotic/Antimycotic solution. To obtain
hMDMs, PBMCs were cultured for 7 days in macrophage dif-
ferentiation media: RPMI 1640 (supplemented with 10% of
heat inactivated fetal bovine serum and 10 ng/mL of recombi-
nant human M-CSF). Treatment with lipopolysaccharide (LPS,
Sigma-Aldrich) was performed using a concentration of 1 pg/
mL.

2.4 | RNA isolation and mRNA
quantification by RT-qPCR

Total RNA isolation was performed using a TRIzol Reagent
extraction protocol according to the product manual
(QIAzol Lysis Reagent, Qiagen). RNA concentration was
measured using BioTek Cytation 5 with the Take3 plate
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(Winooski, VT, USA). Reverse transcription was performed
with Thermo Fisher Applied Biosystems High Capacity
Reverse Transcription Kit on a Bio-Rad T100 thermal cy-
cler (Hercules, CA, USA). Quantitative PCR was performed
using TagMan probes targeting netrin-1 (Thermo Fisher,
Human: Cat# 4331182 and Mouse: Cat# 4331182) and 18S
for control (Thermo Fisher, cat# 4331182). PCR reactions
were performed with TagMan Universal PCR Master Mix
(Thermo Fisher) on a Bio-Rad real-time PCR system.

2.5 | Neuronal guidance peptide
mRNA array

hMDMs were stimulated with LPS for 8 hours and then, col-
lected for RNA isolation. Screening for Neuronal Guidance
Peptide mRNA expression was performed using the Axon
Guidance PrimerArray (cat.# PHO06) and TB Green Premix
Ex Taq II from Takara Bio Inc. (Shiga, Japan) according to
the manufacture’s protocols.

2.6 | Western blotting

Detailed information on the antibodies is listed in Supplementary
Table 1. Protein was extracted using RIPA Buffer (Thermo
Fisher, cat# 89900) with protease and phosphatase inhibitor
cocktails (New England Biolabs). Protein was quantified using
BCA assay. After electrophoreses, membranes were blocked
for 1 hour at room temperature in skim milk. Membranes were
incubated in primary antibodies at 4°C overnight. Horseradish
peroxidase-conjugated secondary antibodies were used at
1:5000 dilution. Membranes were imaged on a Bio-Rad
ChemiDoc Touch Imaging System. ImagelJ software (National
Institutes of Health) was used for protein quantification.

2.7 | Murine model of endotoxin-induced
lung injury

Lung injury was performed in mice aged 8-10 weeks old.
Anesthesia was achieved using intraperitoneal injection of
70 mg/kg of pentobarbital. Direct intratracheal intubation
was achieved using the BioLite Intubation System (Braintree
Scientific, Inc., Braintree, MA). After intubation, LPS (2
mg/mL of stock solution in phosphate-buffered saline) was
instilled into the lungs at a dose of 3.75 pg/g. Equivalent
weight-dosed volumes of phosphate-buffered saline were
used for vehicle controls. Mice were then monitored until
the effects of anesthesia were no longer observed. Weights
were measured daily and mice were euthanized when they
experienced two consecutive days of 25% weight loss, were
unable to eat or drink, or appeared grossly moribund. Mice
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were euthanized with a pentobarbital overdose (250 mg/kg)
(Socumb, animal NDC Code: 11695-4836-5, Henry Schein
Animal Health, Melville, NY) and subsequently exsangui-
nated by laceration of the inferior vena cava. Bronchoalveolar
lavage (BAL) was collected with three 500 uL ice-cold PBS
washes and cells were counted using a hemocytometer.
A 50 pL aliquot of BAL containing cells were centrifuged
onto glass slides using a Rotofix 32A centrifuge (Hettich,
Tuttlingen, Germany). Slides were stained with Hema3 Stat
Pack (Fisher Scientific, Waltham MA) and counted for neu-
trophil percentage using light microscopy. The remaining
BAL was spun at 300 Xg for 5 minutes and the supernatant
(BAL Fluid) and cell pellets were flash-frozen in liquid nitro-
gen, separately. Mouse lungs were perfused with pre-chilled
PBS via the right ventricle. Then, lungs were excised and
snap-frozen or inflated with 20 cm H,O hydrostatic pressure
of 10% formalin (neutral buffered) through the tracheal can-
nula and then, submerged into the formalin.

2.8 | Lung histology and lung injury scoring
Lungs were fixed for 24-48 hours in formalin and processed
using a Leica TP1020 Semi-enclosed Benchtop Tissue
Processor (Leica Camera, Wetzlar, Germany). Lung sec-
tions (5 micrometer thickness) were stained with hematoxy-
lin & eosin and scored for levels of acute lung injury by a
pathologist (blinded to the experimental information). Lungs
were scored based on a previously described method with
slight modification (no injury = 0; injury to 25% = 1; injury
to 50% = 2; injury to 75% = 3; and diffused injury = 4).%°
Four injury categories were graded separately on each slide:
(1) Atelectasis; (2) Cellularity; (3) alveolar wall thickening;
(4) and perivascular edema. A total score was determined by
adding up the individual scores.

2.9 | Quantification of BAL fluid albumin,
cytokine, and chemokine levels

Mouse BAL fluid albumin levels were measured to infer
the levels of pulmonary edema using enzyme-linked im-
munosorbent assays (ELISA) (Bethyl Laboratories). BAL
fluid IL-6, IL-1p, and CCL2 levels were measured using
ELISA. Detail information about the ELISA kits is included
in Supplementary Table 2.

2.10 | Immunohistochemistry

The lung slices were cut in 5 um in thickness and mounted
on glass slides. Antigen retrieval was performed with the cit-
ric acid-based solution (Vector Laboratories) using a pressure

cooker following deparaffinization and rehydration. The BAL
cell slides were prepared with cytospin (Hettich ROTOFIX
32A centrifuge, Germany) and cells were fixed with freshly
made 4% Paraformaldehyde (PFA) for 20 minutes (room tem-
perature) followed by permeabilization (0.3% Triton X-100, 20
minutes). Endogenous peroxidase activity was quenched (3%
hydrogen peroxide solution, 5 minutes). After blocking with
2.5% normal goat serum, slices were incubated with primary
antibodies (4°C, overnight). The following steps were per-
formed with ABC-HRP Kit (Vector Laboratories) and DAB
(3,3’-diaminobenzidine) according to the manual instruction
followed by hematoxylin counterstaining. Negative control
slides were incubated with the recombinant rabbit IgG (Abcam,
Cat#ab172730) instead of primary antibody at the same concen-
tration. A Leica DM2500 light microscope was used to evaluate
the staining and pictures were taken with a Leica DMC5400
digital camera. Detailed information on the antibodies is listed
in Supplementary Table 3.

2.11 | Flow cytometry of BAL cells

After collection and red blood cell lysis, BAL cells were
blocked with anti-mouse CD16/32 Antibody (Clone 93,
BioLegend) for 10 minutes on ice and then, stained with
FITC-anti-NK1.1 (Clone PL136, Thermo Fisher) and
APC-anti-CD3 (Clone 17A2, Thermo Fisher) for 30 min-
utes on ice. After two washes with flow cytometry buffer,
cells were analyzed on a CytoFLEX LX (Beckman Coulter,
Indianapolis IN). Detailed information on the antibodies is
listed in Supplementary Table 3.

2.12 | Immunofluorescence

The BAL cell slides were prepared with cytospin (Hettich
ROTOFIX 32A centrifuge, Germany) and cells were fixed
with freshly made 4% PFA solution for 20 minutes at room
temperature. Following blocking with 2.5% normal goat
serum at room temperature for 1 hour, the slides were in-
cubated with primary antibody at 4°C overnight. Negative
control slides were incubated with the recombinant rabbit
IgG. Conjugated secondary antibodies were used to apply the
fluorescence dye. Slides were mounted after counterstaining
with DAPI. A confocal microscope (Leica, Germany) was
used to observe and document the staining. Detailed infor-
mation on the antibodies is listed in Supplementary Table 3.

2.13 | mRNA-sequencing of BAL cells

After BAL cell collection and red blood cell lysis, magnetic
antibody-mediated positive selection was then performed to
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deplete the samples for neutrophils using the MojoSort Mouse
Ly-6g Selection Kit (BioLegend) and RNA was isolated
(RNeasy Mini Kit, Qiagen). The RNA-seq was performed at
the UTHealth CPRIT Cancer Genomics Core. The libraries
were prepared with KAPA mRNA Hyper Prep Kit (KK8581,
Roche Holding AG, Switzerland). The pooled libraries went
for the paired-end 75-cycle sequencing on an Illumina NextSeq
550 System (Illumina, Inc., USA) using High Output Kit v2.5
(#20024907, Nllumina, Inc., USA). Bases with quality scores
< 20 and adapter sequences were removed from raw data with
Cutadapt (v1.15)," followed by alignment of clean RNA-seq
reads to GRCm38 with STAR (v2.5.3a).68 Gene abundance was
counted by HTseq-count uniquely mapped reads number with
default parameter using GencodeM15. Genes with > 5 reads
in at least one sample were included for differential expression
analysis by DESeq2 software.”” The P-values were adjusted
with Benjamini and Hochberg’s approach’” to control for false
discovery rate (FDR). Only the genes with fold change > 2 and
FDR < 0.05 were considered as differentially expressed genes.
Standard Gene Ontology (GO) and KEGG pathway enrichment
analyses were performed using the online tool WebGestalt
(v0.4.3)."" Upregulated differentially expressed genes were
matched to cell-type ontology using the CellKb database (v2.0)
software. The sequencing data is available in the NCBI's Gene
Expression Omnibus (GEO) repository (GSE167333).

2.14 | Antibody-mediated
neutralization of CCL2

For CCL2 neutralization, mice were treated with intraperi-
toneal injections of 10 pg/g of body weight of anti-mouse
CCL2 (clone 2HS5, Cat# BEO185) or control IgG (Cat#
BE0091). Both antibodies were purchased from BioXCell
(Lebanon, NH).

2.15 | Profiling for cytokine and chemokine
expression in mouse BAL fluid

To screen for expression of cytokine and chemokines in
the BAL fluid of mice, we performed the Proteome Profiler
Mouse Cytokine Panel A (R&D Systems, Minneapolis, MN)
using 100 pL of mouse BAL fluid. Dot blot membranes were
imaged and densitometry was performed using ImageJ soft-
ware (National Institutes of Health).

2.16 | Chromatin immunoprecipitation-
quantitative PCR

After treatment of 1 mg/ml LPS to hMDMs for 8§ hours, cells
were cross-linked by 1% methanol-free formaldehyde solution
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(Thermo Fisher Scientific) for 8 minutes (room tempera-
ture). Formaldehyde was then quenched by 140 mM glycine.
Nuclei were isolated with lysis buffer I (50 mM HEPES-
KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol,
0.5% NP-40, 0.25% Triton X-100, 1 mM PMSF, 1 pg/mL le-
upeptin, and 1X PIC) by incubating for 10 minutes with rota-
tion (4°C). The isolated nuclei were washed with lysis buffer
I (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 1 mM PMSF, and 1X PIC) by incubating for
10 minutes with rotation (4°C). The nuclei were then sheared
in lysis buffer III (10 mM Tris-HCI pH 8.0, 100 mM NaCl,
1 mM EDTA, 0.5 mM EGTA, 0.5% sarkosyl, | mM PMSF,
and 1X PIC) by 30 sec-on/off cycles for 8 min with the S220
focused-ultrasonicator (Covaris, Woburn, MA). Samples
were precleared with protein A/G UltraLink Resin (Thermo
Scientific) at 4°C with rotation for 1 hour. After preclearing,
10% of lysate was saved as an input sample, and antibodies,
including isotype control IgG (Abcam) and HIF1A (Novus),)
were added to each 45% of lysate. After incubation with rota-
tion at 4°C overnight, A/G UltraLink resin was added to the
lysate for conjugation with antibody and beads. The samples
were allowed to rotate at 4°C for 4 hours. The beads conju-
gated with antibody were washed twice with high salt buffer
(20 mM Tris-HCI pH 7.5, 500 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 1 mM PMSF, and 1X PIC) and twice with LiCl
buffer (20 mM Tris-HCI pH 7.5, 250 mM LiCl, 2 mM EDTA,
0.5% NP-40, 1 mM PMSF, and 1X PIC). The beads-antibody
conjugates were washed once with TE buffer (10 mM Tris-
HCI1 pH 7.5, 1 mM EDTA, and 1X PIC). After removal of
washing buffer, the conjugates were re-suspended in 100 pL
of elution buffer (10 mM Tris-HCI pH 7.5, 5 mM EDTA,
and 0.5% sodium dodecyl sulfate), and incubated at 65°C for
15 hours for reverse cross-linking. The enriched chromatin
and 10% input were purified using Qiagen PCR purification
kit (Qiagen). The efficiency of ChIP was verified by qPCR.
Primers flanking the hypoxia response element —303 bp up-
stream of the NTN] transcriptional start site were used for
qPCR (Forward: TCCTCCTCCTCTTCCTCACG, Reverse:
CTCTAACCCAGCCTGATGGC). ChIP-gPCR was per-
formed using SYBR green supermix (Qiagen). ChIP fold-
enrichment was calculated by the ratio of HIF1A-enriched
signals normalized to input and isotype control IgG-enriched
signal normalized to input. The PCR cycling conditions were
as follows: 95°C for 15 minutes and 35 cycles of 94°C for 15
seconds, 60°C for 30 seconds, and 72°C for 30 seconds.

2.17 | Statistical analysis

Data analysis was performed using GraphPad Prism (version 7,
San Diego, CA). Data were summarized as mean and standard
deviation (SD). We performed Grubb’s test to check for outli-
ers. No outlier was detected. Normality of data was evaluated
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using Shapiro-Wilk test. F' test and Brown-Forsythe test were
conducted to evaluate equal variances. For normally distributed
data, we used the unpaired ¢ test to compare means when equal-
variance assumption held and Welch'’s ¢ test when variances were
significantly different. Mann-Whitney test was used to compare
medians when data of two groups had very different locations
and dispersions. One-way ANOVA was performed for K-sample
setting and two-way ANOVA was performed for experimental
data of two factors. P-values for multiple comparisons were cor-
rected using the Dunnett’s method when comparing to a control
group, the Bonferroni method in analysis of other experimental
data and the Benjamini-Hochberg FDR method for gene screen-
ing. For time-to-mortality data, Kaplan-Meier method was used
to estimate survival probabilities and the log-rank test was used
to compare survival outcomes of two samples. We reported two-
sided P-values and P-values less than .05 were considered as
statistically significant. Data are reported as mean + standard de-
viation. All statistical analyses were reviewed by a faculty-level
biostatistician prior to the submission of the manuscript.

3 | RESULTS
3.1 | Netrin-1 is upregulated in endotoxin
stimulated myeloid cells

Previous studies have demonstrated that NGPs play signifi-
cant roles in regulating the inflammatory processes of mac-
rophages.” 357273 Along these lines of evidence, we
hypothesized that NGPs may be upregulated by macrophages
in response to inflammatory stimuli as a potential endogenous
anti-inflammatory mechanism. To investigate the induction
of NGP expression in macrophages, we treated human mono-
cyte-derived macrophages (M®s) with LPS for 8 hours and
then, performed an RT-qPCR array for NGP gene expression
(Figure 1A). NTNI (the gene encoding for netrin-1) was the
highest expressed NGP in the array reaching statistical signifi-
cance, and the result was further confirmed using an alternate
TagMan-based qPCR assay (Figures 1B,C). Besides the up-
regulation of NTNI, cell lysates also demonstrated increased
levels of netrin-1 protein following LPS exposure (Figures
1D,E). In addition, we investigated the expression of netrin-1
in LPS-treated human PMNs and found increased levels of
netrin-1 transcript and protein levels (Figure 1F-I). Together
these results demonstrate that netrin-1 expression is signifi-
cantly induced in myeloid cells during treatment with LPS.

3.2 | Myeloid cells express high levels of
netrin-1 during LPS-induced lung injury

Inorder toinvestigate whether netrin- 1 is expressed in myeloid
cells during sepsis-associated lung inflammation, we utilized

a murine model of LPS-induced lung injury, which results
in significant recruitment and activation of leul<ocytes.74'78
After intratracheal (i.t.) instillation of a weight-based dose of
LPS (Figure 2A), mice had the highest measured peak weight
loss and BAL cell counts 3 days after LPS challenge (Figure
2B,C). Because peak leukocyte infiltration was observed 3
days post LPS instillation, we performed western blot analy-
sis for netrin-1 protein expression in lung tissue lysates col-
lected at this time point. Netrin-1 protein was significantly
upregulated in lung tissue lysates (Figure 2D,E). Next, we
further characterized the localization of netrin-1 in the lungs
of mice with LPS-induced lung injury by immunohistochem-
istry staining for netrin-1. Netrin-1 staining was observed
primarily in alveolar airspace infiltrating leukocytes (Figure
2F). Furthermore, we quantified the netrin-1 expression on
the surface of naive alveolar macrophages (Ly6G™ F4/807,
collected from i.t. PBS-treated controls), BAL macrophages
(Ly6G~ F4/80™), and PMNs (Ly6G* F4/807) isolated from
mice 3 days after i.t. instillation of LPS by flow cytometry.
Netrin-1 levels were significantly elevated in BAL mac-
rophages after i.t. LPS instillation when compared to naive
alveolar macrophages (Figure 2G,H). Interestingly, netrin-1
expression was significantly reduced in infiltrating PMNs
when compared with both naive alveolar macrophages and
macrophages collected from i.t. LPS-treated mice (Figure
2G,H). Finally, immunofluorescence staining of BAL cells
demonstrated macrophage dominant netrin-1 expression
3 days after i.t. LPS treatment (Figure 2I). Taken together,
these data indicate that netrin-1 is highly expressed in BAL
macrophages during i.t. LPS-induced lung injury.

3.3 | Netrin-1 expression in myeloid cells is
dependent on HIF-1a

Previous work has demonstrated that HIF-1a directly tar-
gets the promoter of the netrin-1 to induce its transcription.47
Consistently, we identified an essential DNA-binding ele-
ment for HIF-1a, named hypoxia response element (HRE;
5-GCGTG-3"),” located 303 nucleotide base pairs upstream
from the transcriptional start site of netrin-1 (Figure 3A). To
investigate the role of HIF-1a in the expression of netrin-1
in LPS-stimulated human monocyte-derived M®s, we per-
formed chromatin immunoprecipitation (ChIP) quantitative
PCR to assess HIF-la binding to the HRE located in the
netrin-1 promoter. After stimulation with LPS for 8 hours,
we observed a significant increase in HIF-1a association to
the netrin-1 promoter compared with PBS-treated controls
(Figure 3B). Next, we sought to determine if the expression
of netrin-1 in BAL leukocytes is dependent on HIF-1a during
LPS-induced lung injury in vivo. To address this question,
we utilized Hifla'*""** LysM Cre mice that contain a con-
ditional deletion for Hifla in myeloid cells.*® On day 3 after
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LPS instillation, BAL leukocytes isolated from Hifla'*"
lo ,ysM Cre mice had a significant reduction in netrin-1
transcript levels when compared to LysM Cre control mice

(Figure 3C). Similarly, immunohistochemistry staining re-
vealed abrogated netrin-1 protein in BAL cells collected from
Hif1a""*""°* LysM Cre mice on day 3 after LPS-induced lung

(A)
Draw
| . | Blood 1. Differentiate intoM® 15 15 20 25 2
p Blood 5 Treat+/- LPS (8 h) Neuron
Monocytes Guidance-Specific
M® qPCR array
B) . Ea— (©) MO
NFATC2 x
NTNA I < ——
ABLIM1 Z
E *
NTN4 <
NFAT5 S 507
NCK2 1 LPS ks
NTNG1 Em PBS o 0
SEMA4D 0 4 8 24
: T T T : 10 1 ug/mL LPS (h)
Fold Change in Transcript
9 P MO
) (E) 8- R
MO® Z
1 ug/ml T 64
LPS(h): 0 4 8 24 2
- = £
NTN1 Caed £24
o
B-ACTIN| "= . S ‘l £S 21
&
0-
- 0 4 8 24
1 ug/mL LPS (h)
glrav\(lj Netrin-1 RT-qPCR
| | oo Treat with and
Isolate LPS or PBS
PMNs or > Western Blot
(6 h)
PMN PMN I PMN
@ (H) - v > 3
< . E *
Z 7- PBS LPS 5~
Z, &
< s NTN1[ & - S g7
N Zo
= %
o 3 S 14
g -ACTIN S
z 2] AT - i:
o 14 ©
[ 0. & 0-
oS Lps PBS LPS



BERG ET AL.

M?ASE‘BJOURNAL

FIGURE 1

Netrin-1 is significantly upregulated in endotoxin-treated myeloid cells. A, Monocytes were isolated from blood of healthy donors

and differentiated into macrophages (M®s) then treated with LPS (1 ug/mL for 8 hours). RNA was isolated and used to perform a neuron guidance-

specific RT-qPCR array. B, The top upregulated genes from the array demonstrated the netrin-1 gene (NTN/) as the top-statistically significant

induced gene (n = 4, Bonferroni adjusted unpaired or Welch’s ¢ test). C, PCR confirmation of NTN/ upregulation in LPS stimulated human

blood-derived M®s (n = 3 per group, one-way ANOVA with Dunnett’s post hoc tests). D and E, Representative image and quantification for

Western blot for netrin-1 protein expression in LPS-treated M®s (n = 3 per group, one-way ANOVA with Dunnett’s post hoc tests). F, Peripheral

polymorphonuclear neutrophils (PMNs) were isolated from healthy donors and treated with 1 pg/mL of LPS for 8 hours. G, NTN/ RT-qPCR using

RNA isolation from LPS-treated PMNs (n = 3 per group, unpaired 7 test). H and I, Representative image and quantification for Western blot for

netrin-1 protein expression in LPS-treated PMNs (n = 3, unpaired ¢ test). All data are represented as mean + SD; *P-value < .05

injury (Figure 3D). In order to assess for potential nonmy-
eloid contributions of netrin-1 during lung inflammation, we
measured the protein level of netrin-1 in total lung tissue of
Hif1a"”""** LysM Cre mice 3 days after LPS instillation. As
we previously observed in C57BL/6 mice, netrin-1 expres-
sion is increased in lung tissue of LysM Cre control mice 3
days after LPS instillation, which was completely abolished
in Hif1a"""""* LysM Cre mice (Figure 3E, F). These results
indicate that netrin-1 expression in infiltrating myeloid cells
during LPS-induced lung injury is dependent on HIF-1a and
support the importance of myeloid cells in netrin-1 induction
during lung inflammation.

3.4 | Netrin-1 deletion in myeloid cells
results in exacerbated LPS-induced lung injury

In order to investigate the functional role for myeloid
cell-derived netrin-1 during LPS-induced lung injury, we
crossbred Nl mice with LysM Cre mice to gen-
erate offspring that are deficient for netrin-1 in myeloid
cells (NI LysM Cre). We confirmed the knockout
efficiency of Nm 1" LysM Cre mice by measuring sig-
nificantly reduced transcript levels of Nl in bone mar-
row cells and in infiltrating BAL cells 3 days after LPS
instillation when compared with LysM Cre control mice
(Supplementary Figure 2A, B). Following LPS instillation,
Nin "7 [ ysM Cre mice had statistically increased mor-
tality and delayed recovery of weight loss in surviving mice
compared to LysM Cre mice (Figure 4A, B). Increased al-
bumin concentration was observed in bronchoalveolar lav-
age fluid (BALF) from Ntnl'®?"*? LysM Cre mice at 3
days post LPS instillation, suggesting elevated pulmonary
edema (Figure 4C). Additionally, we observed elevated
BAL neutrophil counts and BALF IL-1p and IL-6 protein
levels in Nm1'”?"°*? LysM Cre mice 3 days after LPS in-
stillation compared with LysM Cre controls, suggesting
increased levels of pulmonary inflammation in these ani-
mals (Figure 4D-F). Finally, blinded pathological scoring
of lung tissue harvested from mice 3 days after LPS in-
stillation suggested increased lung pathology in Nl
lo» ysM Cre mice (Figure 4G, H). Altogether, netrin-1
deletion in myeloid cells results in a worsened outcome,

increased inflammatory markers and lung pathology during
LPS-induced lung injury.

3.5 | Increased NK cell infiltration in
Ntn1"°P | ysM Cre mice during LPS-
induced lung injury

Based on the profound increase in lung inflammation in
Nin1"*?"% 1ysM Cre mice following i.t. LPS instillation,
we next set out to gain mechanistic insight on the regulatory
role of myeloid-derived netrin-1 by transcriptomic approach.
Because we initially demonstrated an insignificant contribution
of neutrophils in netrin-1 expression, we performed mRNA se-
quencing using RNA isolated from BAL cells collected on day
3 after LPS instillation that was depleted of neutrophils (Figure
5A). Differential gene regulation analysis revealed 105 down-
regulated (fold change < 0.5) and 145 upregulated (fold change
>2) statistically significant (False Discovery Rate < 0.05)
genes (Figure 5B). Gene Ontology and KEGG pathway enrich-
ment analysis of downregulated genes did not identify any en-
riched pathways, but upregulated genes revealed an increase in
multiple pathways, with the highest enrichment being in NK
cell-mediated cytotoxicity (Figure 5C). To determine if the en-
richment in the NK cell-mediated cytotoxicity KEGG pathway
was attributed to an increased number of NK cells in the total
BAL cells, we first analyze the upregulated genes using CellKb,
which uses a rank-biased overlap method to match the upregu-
lated genes to cell-type marker sets that are published in the
literature (CellKb, https://cellkb.combinatics.com/). We found
that 87 of the 145 upregulated genes were matched to NK cell
gene sets, with an expression-weighted match score of 66.31,
both of which were the strongest signals among other cell types
that were matched (Figure 5D). Interestingly, the macrophage
cell type represented the weakest match result from the CellKb
algorithm (Figure 5D), suggesting differential gene regulation
was not a result of transcriptomic changes between N 1'*7%
LysM Cre and LysM Cre control macrophages. In order to in-
vestigate whether there is an increase in NK cell numbers in the
alveolar airspace during LPS-induced lung injury in Nin 1'%
LysM Cre mice, we performed flow cytometry using BAL cells
collected 3 days after LPS instillation and gated for NK cells
(CD3™ NK1.1%). Consistent with our transcriptomic results, we
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observed an increased percentage and the total number of NK results demonstrate that myeloid cell-derived netrin-1 plays a
cells in the BAL of NmI"”"* LysM Cre mice when com- critical role in NK cell recruitment during LPS-induced lung
pared with LysM Cre controls (Figure 5E-G). Altogether, these injury.
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FIGURE 2 Mpyeloid cells recruited during endotoxin-induced lung injury have high levels of netrin-1. A, Schematic for LPS-induced lung

injury in mice. Mice were administered intratracheal instillation of LPS (3.75 pg/g of body weight) or PBS for control and then, monitored for

weight loss or collected 1, 3, 5, or 7 days later for quantification of BAL leukocytes. B, Fractional weight loss measured in mice during LPS-

induced lung injury (n = 10 in the PBS group, n = 29 in the LPS group). C, BAL leukocytes counts in mice collected 1, 3, 5, or 7 days after

LPS-induced lung injury (n = 4-9 per group, one-way ANOVA with Bonferroni post hoc tests). D and E, Image and densitometry quantification for

Western blot for netrin-1 protein expression in lung tissue isolated from mice 3 days after LPS or PBS instillation (n = 4 mice per group, Mann-

Whitney test). F, Representative immunohistochemistry staining for netrin-1 in formalin-fixed paraffin-embedded lung from mice 3 days after LPS

or PBS instillation (n = 3 replicates per group, images are magnified 40x with 120X inserts). G, Representative flow cytometry histogram counts
for netrin-1 expression in PBS control BAL alveolar macrophages (Naive AlvM®, Ly6G™ F4/80™) or in BAL macrophages (M®, Ly6G™ F4/80™)
and neutrophils (PMN, Ly6G* F4/80") from mice 3 days after LPS instillation (n = 3-4 mice per group, counts relative to mode). H, Netrin-1

flow cytometry mean fluorescent intensity quantification (n = 3-4 per group, one-way ANOVA with Bonferroni post hoc tests). I, Representative

immunofluorescence staining of BAL leukocytes isolated 3 days after LPS or PBS instillation demonstrating co-staining for F4/80 with netrin-1

(n = 3 mice per group). All data are represented as mean + SD; *P-value < .05

3.6 | CCL2 elevation in NtnI"?"*? L ysM
Cre mice is associated with increased NK cell
levels and inflammation

After having shown an increased NK cell infiltration in
Ninl"?"% 1 ,ysM Cre mice during LPS-induced inflamma-
tion, we subsequently pursued studies to address a potential
mechanistic cause. Previous studies of lung inflammation
have demonstrated a role for chemokine-mediated recruit-
ment of NK cells ' We, therefore, hypothesized that
chemoattractant signal is responsible for the increased accu-
mulation of NK cells in NimI'”?"*? LysM Cre mice during
LPS-induced lung injury. To identify potential chemokine
or cytokine mediators, we performed a membrane-based
antibody array to measure relative levels of cytokines and
chemokines in the BALF of NmlI'”"" LysM Cre mice
and LysM Cre mice 3 days after intratracheal LPS instilla-
tion. We found protein expression of CCL2, a chemoattract-
ant for NK (:63115,81’84’85 to be the most elevated cytokine or
chemokine in BALF of N1 LysM Cre mice (Figure
6A, B). Using ELISA, we confirmed the elevation of CCL2
in the BALF of NI LysM Cre mice compared with
LysM Cre mice 3 days after intratracheal LPS instillation
(Figure 6C). Consequently, we pursued the notion that CCL2
inhibition might reverse the elevated NK cell recruitment
and lung inflammation in Nin'®?"*? LysM Cre mice. Thus,
we treated NmI'”?"*? LysM Cre mice with intraperitoneal
neutralizing antibodies against CCL2 on days 1 and 2 after
intratracheal instillation of LPS, and then, assessed NK cell
recruitment and lung inflammation on day 3 (Figure 6D).
Compared with IgG-treated controls, Ninl'”""* LysM Cre
mice treated with CCL2 neutralizing antibodies had a statis-
tically significant reduction in total BAL NK cells via flow
cytometry (Figure 6E). N7 LysM Cre mice treated
with CCL2 neutralizing antibodies also had a significant re-
duction in infiltrating BAL neutrophils and in alveolar bar-
rier permeability, as indicated by reduced BALF albumin
concentration (Figure 6F, G). Upon histological evaluation
of hematoxylin and eosin-stained lung tissue, there was a

statistically significant reduction in lung pathology as deter-
mined by blinded pathological scoring (Figure 6H, I). Taken
together, these studies support the role of myeloid-derived
netrin-1 in limiting CCL2-mediated NK cell recruitment dur-
ing lung inflammation.

4 | DISCUSSION
An increasingly recognized class of immune-modulators is
the NGPs.** The present studies aim at investigating the role
of myeloid cell-derived NGPs during sepsis-associated lung
inflammation. Through a qPCR-based screen, we identified
netrin-1 to be highly upregulated in LPS stimulated hMDMs,
as well as in peripheral circulating neutrophils. During LPS-
induced lung injury in mice, pulmonary netrin-1 was signifi-
cantly elevated 3 days after the onset of inflammation, which
coincided with the peak infiltration of immune cells into the
alveolar airspace. Using immunohistochemistry and flow
cytometry, we localized netrin-1 expression to infiltrating
immune cells, particularly in macrophages. Subsequent tran-
scriptional studies identified HIF-1a as a key transcriptional
factor for netrin-1 regulation, and transgenic mice lacking
HIF-1a in the myeloid compartment failed to induce netrin-1
during LPS-induced lung injury. Furthermore, the dele-
tion of netrin-1 in the myeloid cell compartment (Ninl'*"
loxp LysM Cre) resulted in worsened outcomes during LPS-
induced lung injury in mice, indicating a protective role for
myeloid cell-derived netrin-1. Surprisingly, increased NK
cell and CCL2 accumulation are observed in Ninl'®?"*P
LysM Cre mice. Lastly, when NmI'”""" LysM Cre mice
were treated with CCL2 neutralizing antibodies, we observed
a reduction in NK cell recruitment and improvement in lung
inflammation. Together, these data reveal myeloid-derived
netrin-1 as a critical negative feedback mechanism during
lung inflammation.

Our findings that myeloid-derived netrin-1 protects mice
against lung inflammation are in alignment with other stud-
ies. Netrin-1 has been reported to dampen inflammation
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with LPS (1 pg/mL) for 8 hours and then, fixed to induce DNA-protein cross-linking. Chromatin Immunoprecipitation (ChIP)-PCR targeting

a sequence proximal to the HRE was performed to demonstrate fold enrichment for HIF-1« association with the promoter of NTN/ compared

with IgG isotype control. Data are normalized relative to PBS-treated M®s (n = 3, unpaired ¢ test). C, Relative expression of N/ in BAL cells
collected from mice with conditional genetic deletion of Hifla in myeloid cells (Hifla """ LysM Cre) 3 days after onset of LPS-induced lung
injury compared with LysM Cre mice for control (n = 4-6 mice per group, Mann-Whitney test). D, Representative immunohistochemistry staining
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All data are represented as mean + SD; *P-value < .05

in several models of inflammatory conditions including
peritonitis,56 acute lung injury46’86 kidney ischemia-reper-
fusion injury,j&87 arthritis,88 Mechanistically,
netrin-1 serves to limit inflammation by regulation of leuko-
cyte migration and accumulation®®**®? and is also shown to
facilitate the active resolution of inflammation by promot-
ing pro-resolving mediator expression during peritonitis®’
and liver ischemia-reperfusion injury.93
treatment of macrophages and endogenous overexpression

and colitis.®

Ex vivo netrin-1

of netrin-1 in vivo was found to promote the transition to
an anti-inflammatory M?2-like phenotype macrophage,

(n = 3 mice per group, two-way ANOVA with Bonferroni post hoc tests).

which acts to limit inflammation and encourage wound
healing.5 88792 previous studies have also demonstrated that
netrin-1 is expressed by myeloid cells and plays a functional
role in disease conditions. For example, macrophage-de-
rived netrin-1 has been shown to promote retention of ad-
ipose tissue macrophages leading to insulin resistance,”*
promote the development of atherosclerosis,*® and to sup-
port the progression of aortic aneurysrns.95 Thus, myeloid
cell-derived netrin-1 plays diverse regulatory roles under
different inflammatory conditions, such as in the case of ad-
enosine signaling.*?®
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Several previous studies have demonstrated hypoxia and
HIF-1a-dependent expression of netrin-1 during inflamma-
tory conditions. HIF-la-dependence netrin-1 induction in

BERG ET AL.

®LysM Cre ONtn1'oxp/loxp | ysM Cre

(A)
100
2
S |
2 !
0 -q
E ™ '
()]
o |
3 =0.0015
o et | ysM Cre Mgyl
Y Rt Netrin'°*P°*P[ ysM Cre
0 2 4 6
Days Post LPS
(D)

BAL Neutrophils
(10 cells/mL)

1000
(o]
800+ *
0
[ ]
600- P Q
O O
)
(]
400- ®
o
O
2004 (3
O

0 1 2 3

(B)
n 0_0 ..................................................
(2]
o
-
=
o 0.1
© 7
= ,
© /
£ 0.2 ‘
i)
5 y
8 e--§
el ¥ —
8 0 1 2 3 4 5 6 7
Days Post LPS
(E) (F)
800- o
E 600- €
2 >
£ &
& 400- ©
1 —
= L
0 3
T 200- -
)
0-

mucosal epithelial cells has been illustrated in models of
hypoxia-induced mucosal inflammation.*” In addition, mac-
rophages found in hypoxic regions of atherosclerotic show

2000+

| *

1500

1000+ o

500

BALF Albumin (ug/ml) ©

o
1

0 1 2 3
Days Post LPS

25000
20000+ o
15000
100004

5000

0 1 2 3
Days Post LPS

(H)

LysM Cre

/o
i

Ntn1loxp/loxp | ysM Cre

el TEN

¥

ALl Scoring

3d
Post-LPS

PBS




BERG ET AL.

= 13 of 20
FASE‘BJOURNALJ—O

FIGURE 4 Netrin-1 deletion in myeloid cells exacerbates LPS-induced lung injury. A, Mortality of mice with conditional deletion of N/ in

myeloid cells (NI LysM Cre) compared with LysM Cre control mice in LPS-induced lung injury (n = 10 mice in LysM Cre group, n = 12

mice in Nin'oPo

LysM Cre group, Kaplan-Meier curves, log-rank test). B) Fractional weight loss in NmI'*#"® LysM Cre mice compared with

LysM Cre controls (n = 10-12 mice per group, Bonferroni-adjusted Welch’s or unpaired 7 test). C, Pulmonary edema was assessed by enzyme-
linked immunosorbent assay (ELISA) quantification of bronchoalveolar lavage fluid (BALF) albumin in NmI'*#"* LysM Cre and LysM Cre
mice with LPS-induced lung injury at indicated time points (n = 5-7 mice per group, Bonferroni-adjusted unpaired ¢ test). D, Quantification of

BAL neutrophils in Nm1'®?"*? LysM Cre and LysM Cre mice with LPS-induced lung injury at indicated time points (n = 5-7 mice per group,

Bonferroni-adjusted unpaired ¢ tests). E, F, ELISA quantification of inflammatory cytokines, IL-1f and IL-6, in BALF collected from Ntn

bl loxp/loxp

LysM Cre and LysM Cre mice with LPS-induced lung injury at indicated time points (n = 5-7 mice per group, Bonferroni-adjusted unpaired ¢ test).

G and H, Representative sections and lung injury scoring of hematoxylin and eosin stained lung tissue collected from Ninl'?"*? LysM Cre and

LysM Cre mice 3 days after onset of LPS-induced lung injury (4X magnification, n = 5-13 mice per group, unpaired 7 test). All data are represented

as mean + SD. *P-value < .05

increased netrin-1 level in both human and mouse studies,
and HIF activation induces netrin-1 expression in macro-
phages in a HIF-la-dependent manner.”’ Besides HIF-1a-
dependent induction, netrin-1 expression is also controlled
by NF-«B, and NF- «B can act as both a transcriptional acti-
vator’® and repressor.*® Furthermore, vagal nerve innervation
has also been shown to regulate pulmonary expression of ne-
trin-1 as unilateral vagotomy decreases netrin-1 expression
in the lung.61 Howeyver, the neuronal stimulation of netrin-1
expression in myeloid cells is unknown.

Netrin-1 imparts cellular functions through interacting
with its receptors. The best described netrin-1 receptors
during inflammatory regulation are uncoordinated receptor
5 (UNC5b), the neogenin receptor, and the adenosine 2B
(A2B) receptor.%"w"w’56 Netrin-1 interacting with UNCS5b
on leukocytes has been implicated in regulating migratory
functions as well as dampening inflammatory cytokine ex-
pression.*®**%%’ The A2B receptor is involved in regulating
inflammation in response to elevated extracellular adenos-
ine levels that are commonly present during settings of tis-
sue injury and has also been demonstrated to be a critical
mediator for netrin-1 regulation of inflammation.””1100-102
Previous studies have shown that the A2B receptor mediates
netrin-1-induced expression of resolution mediators to pro-
mote regeneration during liver inflammation,” dampening
of inflammation during peritonitis,56 attenuate experimental
colitis,¥ and limit pulmonary inflammation.*® In contrast
with UNC5b and the A2B receptor, the netrin-1 receptor,
neogenin, has been shown to promote acute inflammation
and inhibit monocyte polarization toward anti-inflammatory
and pro-resolution phenotypes.m’104

The present studies have established an exciting new link
between myeloid-derived netrin-1 and NK cell migration
during endotoxin-induced lung injury. Indeed, others have
reported NK cells as drivers of immune-pathology in several
models of organ injuries.'”'® For example, tissue-resident
NK cells promote ischemic kidney injury by mediating local
responses.106 During LPS-induced lung injury, it was shown
that NK cell depletion in mice resulted in reduced chemo-
kine-mediated neutrophil recruitment and improved out-
comes.'”” Additionally, NK cells were reported to be primary

drivers of immune-pathology during a model of interstitial
pneumonia.108 In models of viral infection, NK cells were
implicated as the critical players in causing excessive inflam-
mation leading to bystander lung tissue injury which was re-
versed by antibody-mediated depletion.log’110 Interestingly,
pre-infecting mice with Klebsiella pneumoniae provided
protection in subsequent lethal challenges of influenza virus,
which was attributed to K. pneumoniae-conditioned reduc-
tion of NK cell recruitment and inflammation.''" Consistent
with our findings of CCL2-driven NK cell accumulation in
NinI"""% [ ysM Cre mice, previous work has implicated
CCL2 in the recruitment of NK cells during a model of inva-
sive pulmonary aspergillosis infection.®!

Our studies have several limitations. NmI'®""*? LysM
Cre mice have a deletion of netrin-1 in macrophage and neu-
trophil populations, as well as in other granulocytes.”z’113
Thus, the profound phenotype in these mice could be medi-
ated by several cell types together. To further dissect the spe-
cific role of netrin-1 in macrophages and neutrophils during
endotoxin-induced lung injury, Neml“”"** mice could be
crossbred with hCD68-1rtTA/ Teto-Cre mice, and MRP8-Cre
mice, respectively. Furthermore, the contribution of my-
eloid netrin-1 in NK cell recruitment was only indicated in
in vivo studies. Further in vitro experiments will facilitate
the determination of direct or indirection interaction between
these two cell populations. Finally, although we have identi-
fied the upregulation of netrin-1 in human neutrophils and
macrophages during inflammatory stimulation, the func-
tional role of netrin-1 in NK cell recruitment during human
endotoxin-induced lung injury was not explored in our study.
Additional studies employing lung tissues and cells isolated
from respiratory washout from patients suffering from lung
gram-negative bacteria infection or sepsis would be crucial
to illustrate this particular interaction.

Altogether, these findings highlight a novel role of my-
eloid cell-derived netrin-1 during pulmonary inflammation
in limiting excessive inflammation (Figure 7). The impact of
myeloid-derived netrin-1 is achieved by orchestrating CCL2-
mediated NK cell infiltration during lung inflammation. Our
studies indicate a novel mechanism for the immune-modu-
latory effect of netrin-1 in myeloid cells, particularly during



149 | EASEB oune

BERG ET AL.

(A) Lps BAL | Antibod i
! 3 y depletion
J!% -0 E wli of neutrophils
1IN ‘
‘ \ ‘ \ mRNA-seq

LysM Cre
Ntn1'oxp/loxpLysM Cre

©  Enrichment (Ntn1'oxP/loxP | ysM Cre vs. LysM Cre)
NK cell mediated cytotoxicity
Graft-versus-host disease
External side of plasma membrane
Carbohydrate binding
Negative regulation of hydrolases
Peptidase regulation
Enzyme inhibition

(B) § s " - Cell killing
: : Negative regulation of proteolysis
Q1 | | Leukocyte mediated immunity
= 1 | T T T T 1
° 105 ! ! 145 0 2 4 6 8
2 | Down-Regulated | | Up-Regulated -log4o(FDR)
Genes (<0.5 fold) | 1 Genes (>2 fold) (D)
-3 ! ' NK cell )
a *® I i ce ()
18
~ ! ! Dendritic cell O
m*' o | . | |
e 1 1 T cell- O
: I 1
3] . : : Beelly o # of Up-Regulated Genes
3 kel I Endothelial cell4—o- (Ntn1'ox/loxp | ysM Cre
Q| Z . i 23 Oligodendrocyte vs- LysM c:;"g -
e # ““' Granulocyte 2 5 Q 8
o Macrophage K¢} é -
4 2 0 2 4 0 20 40 60 80
log, (Fold Change o
Ntn1loxp/loxgz|_(ysM Cre vss_’ L)ysM Cre Cell Type Prediction Match Score
(F) @) ~
—~ 47 25- —_
(E) LysM Cre Ntn1loxp/ioxp LysM Cre =
1 : , ' X ;) _g Z _ 207 6|;
z .
o a E
2 -J,- 9 5 151 _l_
O 24 ~ =
* : 2 T o 101
) o
a 45% 2.92% 3 i g =
(&) § = 54
Igé-l - Ié_l
I L . 5 ol 1% .
3-Days Post LPS 3-Days Post LPS

NK1.1

» |. LysM Cre O Ntn1loxp/loxe | ysM Cre

FIGURE 5 Nl LysM Cre mice display increased natural killer (NK) cell infiltration in the airway during LPS-induced lung injury. A,

Experimental scheme: bronchia alveolar lavage (BAL) cells were collected from LysM Cre and Ntn

/00 [ ysM Cre mice 3 days after onset of

LPS-induced lung injury and then, depleted for neutrophils before RNA isolation. RNA was then submitted for analysis via mRNA-seq. B, Volcano

plot of upregulated and downregulated genes in BAL cells collected from NinI"** LysM Cre mice when compared with LysM Cre controls
(n = 3 mice the NI LysM Cre group, n = 4 in LysM Cre group, the threshold for FDR was < 0.05, thresholds for fold change were < 0.5
or > 2). C, Pathway enrichment analysis for upregulated genes in BAL cells collected from NimI"?*? LysM Cre mice when compared with LysM

Cre controls. D, CellKb analysis was used to match upregulated genes with cell-type marker sets that are published in the literature. Diameters of

circles indicate the number of genes matching to each cell-type marker set and the prediction match score is weighted by the fold enrichment of

the corresponding matching genes. E, F, and G, Representative gating and quantification (percentage and total) for NK cells (CD3” NK1.1%) in the

BAL of LysM Cre and NinI'*”**? LysM Cre mice 3 days after onset of LPS-induced lung injury (n = 3 mice per group, unpaired ¢ test). All data
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lung injury. Our studies have also implied a functional role
of myeloid-derived netrin-1 in NK cell recruitment, which
contributes to the complexity of netrin-1 biology for the
field. Moreover, our studies suggest that myeloid-derived

netrin-1 might play an important role in other diseases where

NK cells play major functional roles, for example, cancer,'*

115

. . S .1 .
autoimmune diseases, - and viral infection. 6 Thus, inves-

tigating how myeloid-derived netrin-1 contributes to the
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FIGURE 6 C-C motif chemokine ligand 2 (CCL2) neutralization in NinI'®?"*** LysM Cre mice reduces natural killer (NK) cell infiltration
in the airway and improves LPS-induced lung injury. Using Bronchoalveolar lavage fluid (BALF) collected from LysM Cre and Nen '
LysM Cre mice 3 days after onset of LPS-induced lung injury, we performed a membrane-based sandwich immunoassay to profile for changes in
inflammatory cytokines and chemokines. A, Representative dot-blot of the membrane-based immunoassay. B, Quantified pixel density of the top
10 upregulated cytokines/chemokines in Ninl'®?"*** LysM Cre mice relative to LysM Cre controls (n = 2 per group). C, CCL2 upregulation was
confirmed in BALF of Ninl'®?"** LysM Cre mice relative to LysM Cre mice 3 days after onset of LPS-induced lung injury using enzyme-linked
immunosorbent assay (ELISA) (n = 4-7 mice per group, Bonferroni-adjusted unpaired 7 test). D, Experimental scheme: Nenl'*"* LysM Cre
were given LPS-induced lung injury and then, subsequently given intraperitoneal (i.p.) injections of neutralizing CCL2 antibodies (dCCL2) or IgG
isotype control (10 pg/g of body weight) on days 1 and 2 after the onset of lung inflammation. Mice were subsequently euthanized for analysis on
day 3 after the onset of lung inflammation. E, Quantification of total NK cells (CD3  NK1.17) in the BAL collected from «CCL2-treated Nen 1"
lox? 1 ysM Cre mice 3 days after onset of LPS-induced inflammation was measured by flow cytometry (n = 4-6 mice per group, unpaired 7 test). F,
Quantification of total polymorphonuclear neutrophils (PMNs) in the BAL collected from aCCL2-treated Ninl*"** LysM Cre mice 3 days after
onset of LPS-induced lung injury (n = 4-6 mice per group, unpaired ¢ test). G, Pulmonary edema was assessed by enzyme-linked immunosorbent
assay (ELISA) quantification of bronchoalveolar lavage fluid (BALF) albumin in «CCL2-treated Ninl'®?"* LysM Cre mice (n = 4-6 mice per
group, Mann-Whitney test). H and I, Representative hematoxylin and eosin staining and lung pathology scoring of lung sections from «CCL2-
treated Ninl*"* LysM Cre mice (n = 4-6 mice per group, unpaired 7 test). All data are represented as mean + SD; *P-value < .05
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FIGURE 7 Proposed mechanism for myeloid cell-derived Netrin-1 during LPS-induced acute lung injury. During acute lung injury initiated

by intratracheal injection of LPS, macrophages are activated through toll-like receptor 4. Netrin-1 is expressed by activated macrophages via

stabilization of the transcription factor, hypoxia inducible factor-1 alpha (HIF-1a), which binds to and activates the promoter of Netrin-1.

Myeloid-derived Netrin-1 plays a critical role in regulating chemokine (C-C motif) ligand 2 (CCL2) and subsequently limits the recruitment of

pro-inflammatory natural killer (NK) cells. The ultimate effect of regulating NK cell accumulation by myeloid-derived Netrin-1 is to dampen

inflammation, polymorphonuclear neutrophil (PMN) accumulation, and lung injury. Created with BioRender.com

pathophysiology of these conditions could be of great interest
to the field. Finally, future work should focus on dissecting
the target cells of myeloid-derived netrin-1 as the sources of
CCL2, as well as the receptor that mediates its immune-mod-
ulatory effects.
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