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Immormino RM, Lauzier DC, Nakano H, Hernandez ML,
Alexis NE, Ghio AJ, Tilley SL, Doerschuk CM, Peden DB, Cook
DN, Moran TP. Neuropilin-2 regulates airway inflammatory re-
sponses to inhaled lipopolysaccharide. Am J Physiol Lung Cell Mol
Physiol 315: L202–L211, 2018. First published April 19, 2018;
doi:10.1152/ajplung.00067.2018.—Neuropilins are multifunctional
receptors that play important roles in immune regulation. Neuropilin-2
(NRP2) is expressed in the lungs, but whether it regulates airway
immune responses is unknown. Here, we report that Nrp2 is weakly
expressed by alveolar macrophages (AMs) in the steady state but is
dramatically upregulated following in vivo lipopolysaccharide (LPS)
inhalation. Ex vivo treatment of human AMs with LPS also increased
NRP2 mRNA expression and cell-surface display of NRP2 protein.
LPS-induced Nrp2 expression in AMs was dependent upon the
myeloid differentiation primary response 88 signaling pathway and
the transcription factor NF-�B. In addition to upregulating display of
NRP2 on the cell membrane, inhaled LPS also triggered AMs to
release soluble NRP2 into the airways. Finally, myeloid-specific
ablation of NRP2 resulted in increased expression of the chemokine
(C-C motif) ligand 2 (Ccl2) in the lungs and prolonged leukocyte
infiltration in the airways following LPS inhalation. These findings
suggest that NRP2 expression by AMs regulates LPS-induced inflam-
matory cell recruitment to the airways and reveal a novel role for
NRP2 during innate immune responses in the lungs.

airway inflammation; alveolar macrophage; innate immunity; lipo-
polysaccharide; neuropilin-2

INTRODUCTION

The respiratory tract is constantly exposed to airborne mi-
crobes and their products. Recognition of pathogen-associated
molecular patterns (PAMPs) by innate immune receptors, such
as toll-like receptors (TLRs), is critical for the rapid identifi-
cation and clearance of inhaled pathogens (22). However,
excessive or inappropriate activation of innate immune cells by
PAMPs can result in tissue damage and lung injury (27).

Therefore, innate immune responses must be tightly regulated
to maintain lung homeostasis. Indeed, defects in innate im-
mune regulation are thought to contribute to the development
of inflammatory lung diseases, including acute respiratory
distress syndrome (19), asthma (20), and chronic obstructive
pulmonary disease (4). Identifying the key cellular and molec-
ular mechanisms that regulate innate immune responses in the
lungs may lead to new therapies for immune-mediated lung
diseases.

Neuropilins are a family of pleiotropic receptors that have
important functional roles in the cardiovascular, nervous, and
immune systems (18). The two family members, neuropilin-1
(NRP1) and neuropilin-2 (NRP2), are type I transmembrane
proteins that share 44% sequence homology (6). Neuropilins
also have soluble forms created by alternative splicing (40) or
by ectodomain shedding of the transmembrane proteins (45,
47). As coreceptors for secreted class III semaphorins and
vascular endothelial growth factor (VEGF) family members,
neuropilins are involved with a variety of physiological pro-
cesses, including neuronal migration, angiogenesis, and cell
growth (18). Neuropilins also have essential roles in regulating
adaptive and innate immune responses (39). Although the
importance of NRP1 in immunity has been well described (25),
much less is known about the immunological function of
NRP2. NRP2 is expressed by several different immune cells,
including thymocytes (31), macrophages (23), and dendritic
cells (DCs) (8), and may be involved in directing migration of
these cell types (9, 31). NRP2 is also one of only a few proteins
that undergo polysialylation in mammals, which can impact
immune cell signaling and migration (35). NRP2 was recently
reported to be expressed by human lung macrophages (2), but
its role in airway immune responses is unknown. Here, we
report that Nrp2 expression in murine alveolar macrophages
(AMs) is low under steady-state conditions but is dramatically
increased following LPS inhalation through a myeloid differ-
entiation primary response 88 (MyD88)- and NF-�B-depen-
dent mechanism. Ex vivo stimulation of human AMs with LPS
also significantly upregulated NRP2 expression. In addition to
increasing cell surface display of NRP2, inhaled LPS also
triggered AMs to release soluble NRP2 (sNRP2) into the
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airways. Finally, we found that myeloid-specific ablation of
NRP2 results in prolonged accumulation of airway monocytes/
macrophages and neutrophils following LPS inhalation, which
was associated with increased chemokine (C-C motif) ligand 2
(Ccl2) expression in the lungs. Taken together, these findings
suggest that NRP2 expression by AMs is necessary for sup-
pressing inflammatory responses to inhaled LPS.

MATERIALS AND METHODS

Mice. C57BL/6J, Nrp2gfp (Nrp2tm1.2Mom/MomJ), and LysMcre
(B6.129P2-Lyz2tm1(cre)Ifo/J) mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME). Nrp2fl/fl (Nrp2tm1.1Mom/MomJ) mice were
kindly provided by Tracy Tran (Rutgers University). Myd88�/� and
Trif�/� mice were provided by Claire Doerschuk. Female and male
mice were housed in specific pathogen-free conditions and used
between 6 and 12 wk of age at a weight of 20–25 g. All animal
experiments were approved by the Institutional Animal Care and Use
Committee at the University of North Carolina at Chapel Hill.

Flow cytometric analysis of murine lung leukocyte populations.
Murine lung leukocytes were isolated and analyzed by flow cytometry
as previously described (33, 36). Briefly, lungs were harvested from
untreated mice or at 16 h after airway instillation of 100 ng lipopoly-
saccharide (LPS) from Escherichia coli O111:B4 (Sigma, St. Louis,
MO) or phosphate-buffered saline (PBS). Harvested lungs were
minced and digested with Liberase TM (100 �g/ml; Roche, Indianap-
olis, IN), collagenase XI (250 �g/ml), hyaluronidase 1a (1 mg/ml),
and DNase I (200 �g/ml; Sigma) for 1 h at 37°C. The digested tissue
was passed through a 70-�m nylon strainer to obtain a single cell
suspension. Red blood cells were lysed with 0.15 M ammonium
chloride and 1 mM potassium bicarbonate. In some experiments, lung
macrophages and DCs were enriched by discontinuous phase-density
centrifugation with 16% Nycodenz (Accurate Chemical & Scientific,
Westbury, NY) before antibody staining. For antibody staining of
surface antigens, cells were incubated with antimouse CD16/CD32
(2.4G2) for 5 min to block Fc receptors, followed by incubation with
fluorochrome- or biotin-conjugated antibodies against murine CD3ε
(145-2C11), CD11b (M1/70), CD11c (N418), CD19 (6D5), CD88
(20/70), CD103 (M290), Ly-6C (AL-21), Ly-6G (1A8), I-A/E (M5/
114.15.2; BioLegend, San Diego, CA); or Siglec-F (E50-2440; BD
Biosciences, San Jose, CA) for 30 min on ice. Staining with biotin-
ylated antibodies was followed by incubation with fluorochrome-
conjugated streptavidin for 20 min on ice. Cells were also concur-
rently stained with Zombie Aqua (BioLegend) for live cell/dead cell
discrimination. Flow cytometry data were acquired with a four-laser
LSRII (BD Biosciences) and analyzed using FlowJo (Treestar, Ashland,
OR) software. Only single cells were analyzed. Lung macrophage and
DC subpopulations were identified as follows: AMs (CD45�

CD11chiSiglec-Fhi), interstitial macrophages (IMs; CD45�CD88hi

CD11bhiI-A/EhiLy-6Clo), CD11b� conventional DCs (CD45�Siglec-
FloCD11chiI-A/EhiLy-6CloCD11bhiCD103lo), and CD103� conventional
DCs (CD45�Siglec-FloCD11chiI-A/EhiLy-6CloCD11bloCD103hi).

For analysis of surface NRP2 expression, murine AMs were iso-
lated by bronchoalveolar lavage (BAL) as previously described (51).
AMs were incubated with anti-mouse CD16/CD32 to block Fc recep-
tors and then incubated with anti-NRP2 polyclonal goat IgG (AF-567;
R&D Systems, Minneapolis, MN) or control goat IgG for 30 min.
AMs were secondarily stained with Alexa Fluor 647-conjugated
anti-goat antigen-binding fragment (Jackson ImmunoResearch, West
Grove, PA) for 20 min before flow cytometry analysis.

Isolation and ex vivo treatment of murine AMs. Murine AMs were
isolated by BAL as previously described (51) and resuspended in
complete RPMI-10 medium [RPMI-1640, 10% fetal bovine serum
(Gemini, West Sacramento, CA), penicillin-streptomycin, and 50
ng/ml �-mercaptoethanol]. AMs were seeded into 96-well plates at
105 cells/well and treated with LPS (100 ng/ml) or PBS diluent. In

some experiments, AMs were pretreated with 10 �g/ml ammonium
pyrrolidinedithiocarbamate (PDTC; Sigma), 1 �g/ml BMS-345541
(Sigma), or dimethyl sulfoxide (DMSO) for 1 h before stimulation
with LPS.

Isolation and ex vivo treatment of human AMs. Human AMs were
recovered from BAL fluid samples obtained from healthy, nonsmok-
ing volunteers, age 18 to 40 yr, under an approved protocol at the
University of North Carolina at Chapel Hill. BAL samples contained
�90% macrophages as determined by Quick-Diff staining. BAL cells
were cultured in 24-well plates for 1–2 h at 37°C to allow adherence
of macrophages. After removal of nonadherent cells, adherent mac-
rophages were treated with either 100 ng/ml LPS (Sigma) or PBS
diluent and cultured in complete RPMI-10 medium. Cells were
harvested at 6 h for RNA isolation or at 24 h for confocal microscopy
and flow cytometry analysis. For flow cytometric studies, PBS- or
LPS-treated macrophages were first incubated with mouse IgG to
block Fc receptors and then stained with fluorescent-conjugated anti-
bodies to CD11c (Bu15), HLA-DR (L243), CD14 (HDC14), and
CD45 (HI30; BioLegend). Discrimination of live/dead cells was
accomplished by Zombie Aqua (BioLegend) staining. AMs were
identified as CD45�CD14hiHLA-DRhi cells. For detection of cell
surface NRP2 on human AMs, cells were incubated with goat anti-
human NRP2 polyclonal goat IgG (AF-2215; R&D) or control goat
IgG antibodies and then secondarily stained with Alexa Fluor 647-
conjugated anti-goat Fab fragment (Jackson Immuno Research). For
immunofluorescent antibody staining, BAL cells were cultured on
poly-L-lysine-coated glass coverslips. After 24 h, the cells were
washed with PBS, fixed in 4% paraformaldehyde for 10 min at room
temperature, and then permeabilized with PBS containing 0.1% Triton
X-100 for 10 min at room temperature. The cells were next blocked
in PBS � 0.05% Tween-20 � 1% BSA for 1 h, followed by
incubation with primary antibodies overnight at 4°C. After being
washed, the cells were incubated with fluorochrome-conjugated sec-
ondary antibodies for 1 h at room temperature and counterstained with
DRAQ5 (BioLegend). The coverslips were mounted on microscope
slides and examined using a Leica SP5 confocal microscope.

Immunoblot analysis. Murine AMs were lysed in radioimmunopre-
cipitation assay buffer supplemented with a protease inhibitor cocktail
(Roche). Total cell lysates, murine BAL fluid, or cell culture super-
natants were mixed with Laemmli sample buffer, heated at 98°C for
10 min, separated by sodium dodecyl sulfate (SDS)-polyacrylamide
electrophoresis under reducing conditions, and transferred to a PVDF
membrane. After being blocked with 5% milk in Tris-buffered saline-
Tween 20 buffer, membranes were incubated with anti-mouse/rat
NRP2 monoclonal rabbit IgG D-39-A-5 (Cell Signaling Technology,
Danvers, MA) at 1:1,000 dilution, followed by incubation with per-
oxidase-conjugated secondary antibodies. Immunoblots were ana-
lyzed on a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA).

LPS-induced airway inflammation model. Mice were anesthetized
by isofluorane inhalation and given 10 �g of LPS in a total volume of
50 �l by oropharyngeal aspiration. At the indicated time points, whole
lung lavage was performed, and cell differentials were determined as
previously described (48). Levels of total protein in BAL fluid were
determined by bicinchoninic acid analysis. For RNA analysis, lungs
were perfused with PBS and flash frozen in liquid nitrogen and stored
at �80°C until RNA isolation was performed. For histological stud-
ies, lungs were fixed in 10% buffered formalin, sectioned and stained
with hematoxylin and eosin, and analyzed by microscopy.

cDNA amplification and analysis. Total RNA was isolated from
cells or lung tissue using TRIzol reagent (Life Technologies, Grand
Island, NY) and converted to cDNA with oligo deoxythymine and
random hexamer primers using murine leukemia virus reverse tran-
scriptase (Life Technologies). Quantitative PCR was performed using
PerfeCTa SYBR Green PCR Mastermix (Quantabio, Beverly, MA)
and a 7300 Real-Time PCR System (Applied Biosystems, Waltham,
MA). KiCqStart SYBR Green Primers (Sigma) specific for murine
Nrp2, Il6, Ppih, Cxcl1, Cxcl2, Cxcl5, Ccl2, Actb, and Gapdh, or



human NRP2 and ACTB genes were used for PCR amplification. The
efficiency-corrected change in threshold cycle for each gene was
determined and normalized to Gapdh or Actb.

Statistical analysis. Data are expressed as means � SE. Statistical
differences between groups were calculated using a two-tailed Stu-
dent’s t-test or Mann-Whitney U-test. P 	 0.05 was considered
significant.

RESULTS

LPS inhalation induces Nrp2 expression by murine AMs in
vivo. To determine if the Nrp2 gene is expressed in murine
lung macrophages and how it is regulated in these cells, we
used heterozygous Nrpgfp/� mice in which green fluorescent
protein fluorescence reflects Nrp2 expression. Using multicolor
flow cytometry, we analyzed Nrp2gfp expression by lung mac-
rophages and other leukocyte populations (Fig. 1A). Under
steady-state conditions, Nrp2gfp was expressed in only 1% of
AMs and in 5% of IMs (Fig. 1B). Nrp2gfp was also expressed
in a small percentage of CD11b� conventional DCs (cDCs),
but not in lung CD103� cDCs, CD3� T cells, CD19� B cells,
Ly-6C� monocytes, Ly-6G� neutrophils, or Siglec-FhiCD11clo

eosinophils (Fig. 1B). Nrp2gfp expression was detected in a
small percentage of CD45� cells, which likely represent bron-
chial epithelial cells (26) or lymphatic endothelial cells (49).

Despite their low level of Nrp2gfp expression at steady state,
AMs dramatically increased their expression of Nrp2gfp fol-
lowing LPS inhalation, with 60% of AMs acquiring Nrp2gfp

expression by 16-h post-LPS treatment (Fig. 1, C and D). By
contrast, this treatment did not significantly increase Nrp2gfp

expression in IMs, CD11b� DCs, or CD103� cDCs (Fig. 1C).
Inhaled LPS also failed to induce Nrp2gfp expression in lung
granulocytes, lymphocytes or CD45� cells (data not shown).
To confirm our finding with Nrp2gfp/� mice at the protein level,
we used flow cytometry to analyze cell surface display of
NRP2 protein on AMs from C57BL/6 mice. Consistent with
our Nrp2gfp expression studies, cell surface NRP2 display was
low on AMs from PBS-treated C57BL/6 mice but significantly
increased on AMs from LPS-treated mice (Fig. 1, E and F).
Thus, inhalational exposure to LPS induces Nrp2 mRNA
expression and cell surface display of NRP2 protein by AMs in
vivo.

Ex vivo stimulation of human AM with LPS induces NRP2
expression. Given our findings with murine AMs, we next
investigated whether LPS similarly induces NRP2 expression
by human AMs. Human AMs from normal individuals were
obtained by BAL and treated ex vivo with LPS or PBS diluent.
Confocal microscopy revealed that NRP2 was readily detect-
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Fig. 1. Inhaled LPS induces Nrp2 expression in murine AMs in vivo. A: gating strategy for multicolor flow cytometric analysis of lung leukocyte populations. 
B: quantitation of Nrp2gfp expression by lung cells from untreated Nrp2gfp/� reporter mice. Bars represent means� SE (n� 6 mice/group). C and D: flow 
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or PBS. Bars represent means� SE (n� 5–6 mice/group). E and F: low cytometric analysis of NRP2 surface protein expression by AMs from C57BL/6 mice 
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or PBS (dashed line). Cells stained with goat IgG served as the isotype control (gray histogram). F: median fluorescent intensity (MFI) of NRP2 staining of AMs 
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able in the cytoplasm and plasma membrane of AMs at 24-h
post-LPS treatment (Fig. 2A). To quantify NRP2 protein ex-
pression by human AMs more accurately, we analyzed NRP2
cell surface display by flow cytometry. The mean fluorescence
intensity for NRP2 antibody staining was significantly in-
creased in LPS-treated human AMs compared with untreated
cells, indicating increased amounts of cell surface protein (Fig.
2, B and C). Finally, we analyzed NRP2 mRNA expression in
LPS-treated human AMs by quantitative PCR analysis at 6-h
post-LPS treatment. NRP2 mRNA expression was ~1.5-fold
higher in LPS-treated AMs than in PBS-treated AM (Fig. 2D).
Thus, ex vivo stimulation of human AMs with LPS induces
NRP2 protein and mRNA expression.

Nrp2 induction by LPS is dependent on MyD88 and NF-�B
signaling pathways. Activation of TLR4 by LPS initiates
signaling pathways downstream of either MyD88 or TIR-
domain-containing adapter-inducing interferon-� adapter pro-
teins, resulting in nuclear translocation of transcription factors
and gene transcription (1). We therefore investigated whether
Nrp2 gene expression by LPS-stimulated AMs was dependent
on MyD88 and/or TIR-domain-containing adapter-inducing
interferon-� signaling pathways. AMs were harvested from
wild-type (C57BL/6), Myd88�/�, or Trif�/� mice and stimu-
lated with LPS. LPS-induced Nrp2 expression was completely
abrogated in Myd88�/� AMs (Fig. 3A), indicating that
MyD88-dependent signaling is essential for Nrp2 gene tran-
scription following TLR4 activation. By contrast, AMs from
Trif�/� mice upregulated Nrp2 following LPS stimulation,
albeit at a reduced level compared with wild-type AMs (Fig.
3A). Therefore, Nrp2 gene expression following LPS stimula-
tion is primarily mediated by the MyD88-dependent signaling
pathway.

Recruitment of MyD88 to the TLR complex initiates down-
stream signaling pathways that results in activation of tran-
scription factors including NF-�B (1). Nuclear translocation of
NF-�B leads to transcription of several genes involved with
immune regulation, but whether Nrp2 expression is NF-�B-

dependent is unknown. To address this, we evaluated Nrp2
mRNA in AMs stimulated with LPS in the presence of the
selective NF-�B inhibitor, PDTC. PDTC treatment of AMs
completely abolished LPS-induced Nrp2 expression (Fig. 3B).
As expected, PDTC treatment also prevented induction of the
NF-�B-dependent gene Il6 (Fig. 3B). However, PDTC treat-
ment did not affect expression of the constitutively expressed
gene Ppih (Fig. 3B), indicating that PDTC did not globally
inhibit gene transcription in AMs. To verify that LPS-induced
Nrp2 expression was dependent on NF-kB, we also analyzed
Nrp2 gene expression in AMs treated with the IKK inhibitor
BMS-345541. Consistent with our findings in PDTC-treated
AMs, treatment of AMs with BMS-345541 also suppressed
Nrp2 gene expression following LPS stimulation (Fig. 3C).
Taken together, these data show that LPS-induced Nrp2 ex-
pression in AMs is dependent on MyD88 and NF-�B signaling
pathways.

LPS inhalation triggers release of sNRP2 into the airways.
NRP2 exists in both transmembrane and soluble forms (40).
sNRP2 can be produced either by alternative mRNA splicing
or by ectodomain shedding of the transmembrane protein (40,
47). sNRP2 has been detected in serum (14) and synovial fluid
(13), but whether it is also present in the respiratory tract
is unknown. Using immunoblot analysis, we investigated
whether sNRP2 was present in murine BAL fluid following
airway instillation of PBS or LPS. Immunoblot analysis for
NRP2 in BAL fluid from PBS- and LPS-treated mice revealed
a soluble isoform of ~110 kDa. sNRP2 was barely detectable in
BAL fluid from PBS-treated mice (Fig. 4A), indicating that
sNRP2 was present at low levels in murine airways under
steady-state conditions. By contrast, sNRP2 was readily de-
tected in BAL fluid from LPS-treated mice (Fig. 4A). Quanti-
fication of sNRP2 protein by densitometry showed that sNRP2
levels in BAL fluid were significantly increased following LPS
inhalation (Fig. 4B). Thus, LPS inhalation induces expression
of both transmembrane and soluble forms of NRP2 in the
airways.
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AMs are the primary source of sNRP2 in the airways. LPS
has been reported to trigger shedding of sNRP2 by murine
microglia (47), but whether AMs also release sNRP2 is un-
known. To investigate this, we first analyzed supernatants from
ex vivo cultured murine AMs for the presence of sNRP2.
Similar to BAL fluid, culture supernatants from LPS-treated
AMs contained a ~110-kDa soluble isoform of NRP2 (Fig.
5A). A weaker band was also present in PBS-treated AMs,
which was likely due to spontaneous activation of AMs during
ex vivo culture. In comparison, cell lysates from PBS- or
LPS-treated AMs contained the full-length ~140-kDa isoform
of murine NRP2 (Fig. 5A). Thus, AMs are capable of produc-
ing sNRP2 after ex vivo stimulation.

We next investigated whether AMs are the source of sNRP2
in the respiratory tract in vivo. For this, we crossed condition-
ally mutant Nrp2-floxed (Nrp2fl/fl) mice with transgenic mice
expressing Cre recombinase under control of the Lyz2 gene
promoter (LysMcre) to generate myeloid-specific Nrp2 knock-
out mice (LysMcre/Nrp2fl/fl). As expected, Nrp2 mRNA and
protein expression were absent in AMs from LysMcre/Nrp2fl/fl

(Fig. 5B), confirming efficient Cre-mediated recombination at

the Nrp2 locus in AMs. We then challenged LysMcre/Nrp2fl/fl

and control Nrp2fl/fl mice with inhaled LPS and analyzed BAL
fluid for sNRP2 by immunoblot. As expected, inhaled LPS
resulted in increased sNRP2 protein levels in BAL fluid from
Nrp2fl/fl mice (Fig. 5C). By contrast, sNRP2 was not detected in
BAL fluid from either PBS- or LPS-treated LysMcre/Nrp2fl/fl

mice (Fig. 5C). Because Nrp2 is not significantly expressed by
other myeloid cells in the lungs (Fig. 1, B and C), our findings
suggest that AMs are primarily responsible for the production
of sNRP2 in the respiratory tract.

Myeloid-specific ablation of NRP2 results in prolonged
LPS-induced airway inflammation. The observed induction of
transmembrane and soluble NRP2 expression by AMs follow-
ing LPS treatment suggested that NRP2 may be important in
regulating airway inflammatory responses. To investigate this
possibility, we compared LPS-induced airway inflammation in
Nrp2fl/fl and LysMcre/Nrp2fl/fl mice. At day 1 post-LPS treat-
ment, BAL leukocytes were similarly increased in both Nrp2fl/fl

and LysMcre/Nrp2fl/fl mice compared with PBS-treated mice
(Fig. 6, A and C). However, LysMcre/Nrp2fl/fl mice demon-
strated a persistent increase in total BAL leukocytes when
compared with Nrp2fl/fl mice at day 4 post-LPS treatment (Fig.
6A). Histological analysis of lungs at day 4 post-LPS treatment
also demonstrated persistent leukocyte infiltrates in LysMcre/
Nrp2fl/fl mice (Fig. 6B). The increase in total airway leukocytes
at day 4 post-LPS was due to elevated numbers of monocyte/
macrophages and neutrophils in the BAL (Fig. 6C). Total BAL
protein levels also remained elevated in LysMcre/Nrp2fl/fl mice
on day 4 post-LPS (Fig. 6D), suggesting increased vascular
permeability following LPS exposure. Both Nrp2fl/fl and
LysMcre/Nrp2fl/fl mice had similar numbers of BAL cells by 7
days post-LPS treatment (Fig. 6, A and C), suggesting that the
regulatory activity of NRP2 was most important during the
early stages of the airway inflammatory response. To investi-
gate the mechanism responsible for the increased number of
airway inflammatory cells in LysMcre/Nrp2fl/fl mice following
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LPS treatment, we analyzed inflammatory chemokine expres-
sion in the lungs at days 1 and 4 post-LPS treatment (Fig. 6E).
On days 1 and 4 post-LPS treatment, the neutrophil chemo-
kines Cxcl1 and Cxcl2 were expressed at similar levels,
whereas there was a trend toward increased Cxcl5 expression
in the lungs of LysMcre/Nrp2fl/fl mice on day 4 post-LPS
treatment (Fig. 6E). By contrast, LysMcre/Nrp2fl/fl mice had
significantly higher lung Ccl2 expression compared with
Nrp2fl/fl mice on day 4 post-LPS treatment (Fig. 6E), which
coincided with increased numbers of BAL leukocytes (Fig. 6,
A and C). Nrp2fl/fl and LysMcre/Nrp2fl/fl mice had similar lung
Ccl2 expression on day 1 post-LPS treatment, indicating that
NRP2 did not regulate early induction of Ccl2 by LPS but may
be involved with downregulation of Ccl2 expression during
resolution of lung inflammation. In summary, conditional ab-
lation of NRP2 in myeloid cells results in prolonged leukocyte
accumulation in the lungs following LPS inhalation, which was
associated with increased Ccl2 mRNA expression in lung
tissue.

DISCUSSION

Recognition of PAMPs by the innate immune system is
essential for the rapid identification and elimination of inhaled
pathogens (50). However, innate immune responses to inhaled
PAMPs can also lead to immune-mediated lung injury and
impairment (24). Moreover, activation of TLR by inhaled

PAMPs can exacerbate underlying inflammatory lung diseases
such as asthma and chronic obstructive pulmonary disease (11,
52). Therefore, innate immune responses in the airways must
be tightly regulated to prevent deleterious inflammation. Here,
we provide evidence that NRP2 expression by AMs is impor-
tant for regulating inflammatory responses to inhaled LPS at
levels similar to what might be encountered in high-endotoxin
work environments (12). We found that LPS induces NRP2
expression in murine and human AMs, and that this induction
is dependent upon the MyD88-NF-�B signaling pathway. We
also discovered that LPS inhalation triggers AMs to release a
soluble form of NRP2 into the airways. Finally, we found that
myeloid-specific ablation of NRP2 results in prolonged LPS-
induced airway inflammation. Overall, these findings support
an inhibitory role for NRP2 in LPS-induced airway inflamma-
tion.

Although originally described for its role in axonal guid-
ance, there is growing evidence that NRP2 may be important in
regulating innate immune responses (41, 42). For example,
NRP2 deficiency results in exaggerated cutaneous inflamma-
tion in a delayed-type hypersensitivity mouse model (34).
Furthermore, NRP2-deficient mice have enhanced LPS-in-
duced inflammation of the cornea (46). Recently, immunohis-
tochemistry analysis of human lung tissue revealed NRP2
expression in AMs and bronchial macrophages (2), suggesting
that NRP2 may play a role in lung innate immunity. Using
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freshly isolated BAL cells from normal donors, we confirmed
NRP2 expression in human AMs at both the protein and
transcriptional levels. Similarly, we observed detectable but
low-level expression of Nrp2 in murine AMs under steady-
state conditions. By contrast, LPS-mediated activation of both
human and murine AMs significantly upregulated NRP2
mRNA and cell-surface protein expression. In addition, LPS
triggered the release of soluble NRP2 by murine AMs both ex
vivo and in vivo. Given the importance of AMs in maintaining
immune homeostasis (21), it is possible that induction of NRP2
expression by LPS may serve as a negative regulator of airway
inflammation. Consistent with this notion, myeloid-specific
ablation of NRP2 resulted in prolonged accumulation of airway
leukocytes following acute LPS exposure. The accumulation of
airway leukocytes was associated with significantly increased
Ccl2 mRNA expression in the lungs of LysMcre/Nrp2fl/fl mice
at day 4 post-LPS treatment. Although we did not detect
increased CCL2 protein in BAL fluid from LysMcre/Nrp2fl/fl

mice (data not shown), it is likely that increased Ccl2 mRNA
expression leads to elevated levels of CCL2 in the lung
interstitium, thereby contributing to recruitment of CCR2�

monocytes and macrophages to the airways during inflamma-

tion (28). Furthermore, CCL2-mediated monocyte accumula-
tion has been reported to promote neutrophil migration to the
alveolar space (28, 29), which may explain the persistence of
neutrophils in the airways of LysMcre/Nrp2fl/fl mice at day 4
post-LPS treatment. It is possible that NRP2 may directly
regulate LPS-induced Ccl2 expression by lung macrophages.
In support of this, the related molecule NRP1 has been shown
to inhibit TLR signaling in macrophages (10) and DCs (37).
However, we did not observe increased Ccl2 expression in
NRP2-deficient AMs stimulated ex vivo with LPS (data not
shown), suggesting that unlike NRP1, NRP2 does not regulate
TLR signaling in myeloid cells. Alternatively, sNRP2 pro-
duced by AMs may inhibit Ccl2 expression by other cell types,
such as airway epithelial cells (3). Further studies are needed to
determine how CCL2 contributes to the prolonged airway
inflammatory response observed in LysMcre/Nrp2fl/fl mice.

In addition to enhanced leukocyte accumulation in the air-
ways, myeloid-specific ablation of NRP2 also resulted in a
persistent increase in total protein levels in BAL fluid follow-
ing LPS inhalation, suggesting that NRP2 may regulate pul-
monary vascular permeability. NRP2-deficient mice have pre-
viously been reported to have increased vascular permeability
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during inflammation (34), but how myeloid-specific production
of NRP2 regulates vascular integrity is unclear. As has been
described for soluble NRP1 (15), it is possible that release of
sNRP2 by AMs may bind to and inhibit VEGF-A, which is an
important mediator of vascular permeability in the lung (30).
Alternatively, loss of NRP2 signaling in AMs may disrupt
AM-epithelial cell interactions, which is critical for regulating
inflammatory responses to inhaled microbial products (5).
Indeed, NRP2 has been reported to interact with integrins and
facilitate formation of focal cell adhesions (17). Moreover,
NRP2 signaling regulates F-actin reorganization in immune
cells (9), which could also impact cell adhesion. Further studies
are needed to delineate the role of myeloid-derived NRP2 in
regulating vascular permeability in the lungs.

The transcriptional regulation of Nrp2 in macrophages has
not been previously characterized. Our observation that TLR
activation induced Nrp2 expression in AMs suggested a po-
tential role of NF-�B in positively regulating Nrp2 transcrip-
tion. Indeed, we found that inhibition of NF-�B completely
abolished LPS-induced Nrp2 expression in murine AMs. In-
terestingly, NF-�B has been shown to repress expression of
Nrp1 in macrophages (10), indicating that neuropilin family
members are differentially regulated by NF-�B. The biological
significance of this is unclear but suggests that NRP1 and
NRP2 have distinct roles in regulating macrophage function.
Although LPS-induced Nrp2 expression is dependent on NF-
�B, it is likely that other transcription factors are involved with
regulating baseline expression of Nrp2 in AMs. Possible can-
didates include GATA-binding protein 2 and LIM domain only
2, which have been reported to regulate NRP2 expression in
endothelial cells (7). Whether these transcription factors also
regulate NRP2 expression in macrophages requires additional
study.

NRP1 and NRP2 are reported to have both transmembrane
and soluble forms (40). A soluble isoform of sNRP2 can be
generated by ectodomain shedding of transmembrane NRP2 on
human and mouse myeloid cells (47). Additionally, a soluble
splice form of human NRP2 has been identified at the transcript
level in humans (40) but not in mice. sNRP2 has been detected
in synovial fluid and serum (13, 14), but whether it is expressed
in the respiratory tract has not been previously addressed. Here,
we report for the first time that sNRP2 is present in the murine
airway. Airway levels of sNRP2 were low under steady-state
conditions but significantly increased after LPS inhalation.
Using conditional knockout mice and ex vivo AM cultures, we
provide strong evidence that AMs are the primary source of
sNRP2 in the respiratory tract. The molecular mass of sNRP2
in BAL fluid and AM cell culture supernatants was ~110 kDa,
suggesting that it was the product of ectodomain shedding. It
was recently reported that shedding of sNRP2 from microglia
was dependent upon LPS-induced metalloproteinase activity
(47). Because LPS inhalation can increase metalloproteinases
in BAL fluid (16), it is possible that release of sNRP2 into the
airways following LPS challenge is also metalloproteinase-
dependent. Alternatively, murine AMs could produce a novel
soluble NRP2 isoform by alternative splicing of the Nrp2 gene.
The mechanism by which murine AMs produce sNRP2 re-
quires further study.

The functional importance of sNRP2 is in the airway is
unknown. As mentioned previously, soluble NRP1 is an en-
dogenous inhibitor of VEGF-A (15), suggesting that sNRP2

may also antagonize VEGF signaling. Indeed, a recombinant
sNRP2 construct (containing only the ligand-binding coagula-
tion factor domains) was recently shown to be a potent inhib-
itor of VEGF-C in vitro (38), but whether naturally occurring
sNRP2 inhibits VEGF signaling in vivo is unknown. Given the
role of VEGF in airway inflammation and remodeling (32), it
is conceivable that sNRP2 is an important regulator of VEGF
activity in the lungs. Alternatively, polysialylated sNRP2 may
act as an anti-inflammatory mediator in the airways. By bind-
ing to sialic acid-binding immunoglobulin-like lectin 11 recep-
tor on human myeloid cells, polysialic acid can inhibit LPS-
induced inflammatory responses (43). Furthermore, nanopar-
ticles coated with polysialic acid residues were shown to
attenuate pulmonary inflammation in an LPS-mediated lung
injury model (44). Thus, it will be important to determine if
sNRP2 in the airways is polysialylated and if this posttransla-
tional modification is necessary for the immunomodulatory
properties of NRP2.

In summary, we have shown that LPS induces NRP2 ex-
pression in both human and murine AMs. NRP2 induction is
dependent upon the MyD88-NF-�B signaling pathway. In
addition, we have described for the first time the presence of
sNRP2 in the respiratory tract, and that AMs are the primary
source for sNRP2 in the airways. Importantly, myeloid-specific
ablation of NRP2 results in prolonged LPS-induced airway
inflammation. Overall, our findings indicate that NRP2 is an
important regulator of immune responses to inhaled microbial
products and provide the rationale for future studies investi-
gating the role of NRP2 in inflammatory lung diseases.
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