
Crucial role of Plexin C1 for pulmonary
inflammation and survival during lung injury
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Acute pulmonary inflammation during lung injury is initiated by themigration of neutrophils into the alveolar space. The

severity of these inflammatory changeswithin the pulmonary tissue determines the severity of lung injury and ultimately

patient outcome. Recentwork has demonstrated that the guidanceprotein Semaphorin 7Apropagates the infiltration of

neutrophils into an hypoxic tissue site, yet the role of its target receptor Plexin C1 (PLXNC1) during lung injury is to date

unknown. We demonstrate here that PLXNC1þ neutrophils are present within the alveolar space and that PLXNC1 is

induced in vitro and in vivo during lung injury. In a model of high-pressure ventilation PLXNC1� /� animals show

decreased signs of alveolar inflammation and improved survival compared with wild-type controls. Studies employing

chimeric animals identified the hematopoietic expression of PLXNC1 to be of crucial importance for the observed

results. Functional inhibition of PLXNC1 resulted in improved survival and ameliorated the signs of inflammation within

the lung. Furthermore, the injection of a peptide binding to PLXNC1 resulted in improved survival and attenuated

pulmonary inflammation. As suchwe demonstrate here, that previously unknownPLXNC1 holds significant importance

for degree of pulmonary inflammation and determines outcome during experimental lung injury.

INTRODUCTION

Acute lung injury (ALI) develops in response to pneumonia,
major surgery, or prolonged mechanical ventilation and is to
date still associated with a highmortality.1 A critical step during
the early stage of lung injury is the migration of neutrophils
from the vascular compartment into the alveolar space. As a
result of this, a self-propagating inflammation develops within
the alveolar space that ultimately determines the extent of
clinical symptoms and is of key importance for the outcome of
the affected patients.2,3

The infiltration of neutrophils and the development of
inflammation within the alveolar space are by classical para-
digm controlled through the chemokine system.3,4 Recent work
has, however, also implicated a significant role for neuronal
guidance protein signaling for the control of neutrophil migra-
tion and the orchestration of acute inflammation.5–7 We have
demonstrated recently that amember of the semaphorin family
of guidance proteins, Semaphorin 7A (SEMA7A), induces the

migration of neutrophils into hypoxic tissue sites.8 A target
receptor for SEMA7A is Plexin C1 (PLXNC1). PLXNC1 was
first described in the optic tectum where it is involved into
neuronal cell adhesion.9,10 First evidence that PLXNC1 might
be involved into an immunological response comes from a
study by Comeau et al.,11–13 who described PLXNC1 as
receptor for the poxvirus-encoded Semaphorin A39R. In this
study, the authors showed that A39R induces the expression of
intercellular adhesion molecule-1 on human monocytes
in vitro. Subsequent work has then shown that PLXNC1 is
expressed by T-cells, B-cells, dendritic cells, neutrophils,
platelets, and solid organs that hold critical immune regulatory
function.11,14–16 Experiments byWalzer et al.15,17 revealed that
PLXNC1 is involved into the process of adhesion, migration,
and phagocytosis of dendritic cells in vitro. However, in vivo
evidence about the role of PLXNC1 during the early stages of an
acute inflammatory response and its functional implications for
the development of ALI to date is lacking.
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Given the unknown role of PLXNC1 for the extent of intra-
alveolar inflammation, we aimed to characterize its role. We
report here that PLXNC1 induces pulmonary inflammation

and determines overall outcome during lung injury. Further-
more, we report that the functional inhibition of PLXNC1holds
significant therapeutic potential to ameliorate the detrimental

Figure 1 PLXNC1 is induced during lung injury and expressed on the surface of CD45þ cells harvested in bronchoalveolar lavage (BAL). Lungs
and BAL from wild-type (WT) animals were harvested after ventilation for 3 h with 15 or 45mbar. (a) Fluorescence-activated cell sorting (FACS)
discrimination of PLXNC1 on CD45þ cells collected on the lung BAL and isotype controls. (b) Relative mRNA of PLXNC1 in ventilated lung
tissue determined by quantitative PCR (qPCR) (all data are mean±s.e.m., *Po0.05). (c) Western blot analysis of PLXNC1 in lung tissue of ventilated
WT mice. (d) Immunofluorescence analysis of PLXNC1 distribution in the lung following ventilation, discriminated by PLXNC1 in green, epithelial
cells in red (cytokeratin) and nuclear counterstaining in blue (4’,6-diamidino-2-phenylindole, DAPI). Co-localization is presented in merged images
as yellow. (e) Immunofluorescence distribution of PLXNC1 in pulmonary polymorphonuclear neutrophil (PMN) during lung injury, discriminated
by PMN surface marker in red (Ly6G), PLXNC1 in green and nuclear counterstaining in blue (DAPI). Co-localization is presented in merged images
as yellow. One represented picture from six different lung sections; magnification � 630.

ARTICLES

880 VOLUME 7 NUMBER 4 | JULY 2014 |www.nature.com/mi

http://www.nature.com/mi


effects of pulmonary inflammation and to improve overall
outcome during experimental lung injury.

RESULTS

PLXNC1 is expressed on neutrophils within the alveolar
space and induced during ALI and acute inflammation
in vitro

The migration of neutrophils into the alveolar space is the
hallmark during the early phase of lung injury. To evaluate
whether PLXNC1 holds a possible role for the development of
lung injury we analyzed bronchoalveolar content following
mechanical ventilation after ensuring equal basic levels of
circulating leukocytes in the peripheral blood of wild-type
(WT) and PLXNC1� /� mice (see Supplementary Figures
1A–D online). As described previously,6 the number of
polymorphonuclear neutrophil (PMN) within the alveolar
space significantly increased following ventilationwith 45mbar
(see Supplementary Figure 1) and PLXNC1 expression on
CD45þ cells in the bronchoalveolar lavage (BAL) increased
about 20-fold (15mbar¼ 2%, 45mbar¼ 41%, Figure 1a),
indicating a possible role for PLXNC1 for the migration of cells
into the alveolar space. To further pursue a possible role of
PLXNC1 during pulmonary inflammation, we assessed
PLXNC1 on a transcriptional and translational level
following ventilation of WT animals with 15 and 45mbar.
Ventilation with 45mbar resulted in a significant induction of
PLXNC1 in the lung tissue (Figure 1b and c). This was also
present when evaluating the expression of PLXNC1 through
immunofluorescence staining (Figure 1d and Supplementary
Figure 2). To evaluate PLXNC1 expression on PMN within
the lung tissue of ventilated WT animals further immuno-
fluorescence staining was performed. This staining shows
robust induction of Plexin C1 on Ly6G-positive PMN following
3 h ventilation with 45mbar (Figure 1e and Supplementary
Figure 2 for negative controls).

To gain insight into this phenomenon, we stimulated
epithelial A549 cells with tumor necrosis factor alpha (TNF-a)
and again found an induction of PLXNC1 in vitro, confirming
the previously obtained results (Figure 2a). We then turned
our attention to the 50 upstream site of the PLXNC1 gene
(GeneBank NM_005761) and identified several potential
binding sites for the transcription factor nuclear factor
kappaB (NF-kB) (Figure 2b). Following insertion of this
sequence into a luciferase-containing pGL4 vector, we observed
significant induction of the PLXNC1 luciferase activity
(Figure 2c).

PLXNC1 is a pro-inflammatory receptor that determines
survival during lung injury

To identify the functional importance of PLXNC1 during lung
injury, we exposed deeply anesthetized animals to pressure-
controlled ventilation and assessed survival time, defined as the
time from the onset of the experimental procedure until the
occurrence of a flat line in the surface electrocardiogram.
Consistent with the hypothesis that PLXNC1 repression could
potentially reduce pulmonary impairment, we observed that

mice deficient of PLXNC1 experienced significantly longer
survival times in this model (Figure 3a). To understand the
basis of the observed survival differences, we examined inflam-
matory changes within the pulmonary tissue following
ventilation with 15 or 45mbar. Ventilation with 45mbar
resulted in an increased total cell number within the harvested
BAL of WT mice compared with PLXNC1� /� animals
(Figure 3b). This result was corroborated in the measured
myeloperoxidase (MPO) (Figure 3c) and the total protein
concentration (Figure 3d). In histological sections, PLXNC1� /�

mice ventilated with 45mbar showed a decreased cell invasion
reduced tissue destruction, and preserved alveolar structure
with reduced inflammatory changes compared with WT
animals (Figure 3e). Additionally, we assessed caspase 3
activation to gain insight ventilator-induced lung injury-
associated induction of apoptosis. In immunofluorescence
staining of histological lung sections, PLXNC1� /� mice venti-
lated with 45mbar showed reduced caspase 3 activation as
compared withWT animals (Supplementary Figures 3 and 4).

Figure 2 PLXNC1 is induced during acute inflammation in vitro.
(a) Relative PLXNC1 mRNA expression quantified in human alveolar
epithelial cells (A549) stimulated for 4, 8, and 24 h with tumor necrosis
factor alpha (TNF-a) (100 ng/ml). (b) Schematic representation of
NF-kB promoter binding location on PLXNC1 promoter region.
(c) PLXNC1 regulation on A549 cells transfected with a shuttle empty
vector pCMV-AN-GFP as control or encoding full-length PLXNC1 or
pNF-kB as positive following stimulation with TNF-a (100 ng/ml)
(all data are mean±s.e.m., *Po0.05; ***Po0.001 as indicated, n¼6
independent experiments).
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PLXNC1 induces cytokine release during lung injury

During an inflammatory process cytokines act as chemotactic
factors and determine the overall inflammatory changes within
the affected organ tissue. To determine whether PLXNC1
influences systemic and local pulmonary cytokine expression,
we evaluated the levels of pro-inflammatory cytokines in the
BAL and within the pulmonary tissue. Within the collected
BAL, we found that PLXNC1� /� animals presented with
significantly reduced levels of TNF-a, interleukin (IL)-1b,
IL-6, and keratinocyte-derived protein chemokine (KC)
compared with WT controls (Figure 4a–d). When
determining tissue expression of these cytokines through
quantitative PCR, we found that again PLXNC1� /� animals
showed significantly reduced mRNA levels of TNF-a, IL-1b,
IL-6 and KC compared with WT controls within the
pulmonary tissue (Figure 4e–h).

Hematopoietic PLXNC1 expression is pro-inflammatory

Driven by the results above, we aimed to further identify
whether hematopoietic or non-hematopoietic PLXNC1 would
be responsible for the observed results. For this, we generated
chimeric animals transferring bone marrow (BM) fromWT to
PLXNC1� /� mice (WT-PLXNC1� /� ) and vice versa. As
control groups to detect non-specific effects caused by
irradiation, we also transplanted the BM from WT-WT
and PLXNC1� /�-PLXNC1� /� (Supplementary Figure 5).
Following identical experimental procedure, control groups
yielded similar results as the WT and PLXNC1� /� mice
previously did (Supplementary Figure 6). Following exposure
to ventilation with 45mbar, PLXNC1� /�-WT animals
demonstrated a significantly lower cell number in the BAL
compared with WT-PLXNC1� /� mice (Figure 5a). This
observation was confirmed on the MPO activity in the BAL

Figure 3 PLXNC1� /� mice show improved survival and decreased pulmonary inflammation during lung injury. Wild-type (WT) and PLXNC1� /�

animals were ventilated with 15 or 45mbar pressure. (a) Percentage of survival over time of WT and PLXNC1� /� mice. (b) Cell counts in
bronchoalveolar lavage (BAL), (c) myeloperoxidase (MPO) activity (d), and total protein concentration of WT and PLXNC1� /� mice. (e) Histological
evaluation of BAL and pulmonary tissue of WT and PLXNC1� /� mice following ventilation with 15 or 45mbar (all data are mean±s.e.m.,
*Po0.05; **Po0.01; ***Po0.001 as indicated, n¼6/group; magnification x400).
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(Figure 5b) and on the total protein concentration (Figure 5c).
In addition, pulmonary tissue was harvested to visualize
possible histological changes. Chimeric control groups (WT-
WT and PLXNC1� /�-PLXNC1� /� ) exhibit lung damage
observed previously in the WT and PLXNC1� /� mice
(Supplementary Figure 6). Lungs from chimeric mice
ventilated with 45mbar demonstrated reduced histological

changes in the PLXNC1� /�-WTanimals compared with the
WT- PLXNC1� /� mice (Figure 5d).

Hematopoietic PLXNC1 expression induces cytokine
release during lung injury

As our results indicate that PLXNC1 expressed on hemato-
poietic cells is responsible for the migration of leukocytes into

Figure 4 PLXNC1 receptor induces cytokine production during lung injury. Cytokine concentration wasmeasured in the bronchoalveolar lavage (BAL)
and pulmonary tissue of wild-type (WT) and PLXNC1� /� animals following ventilation with 15 or 45mbar. (a–d) Pro-inflammatory tumor necrosis
factor alpha (TNF-a), interleukin (IL)-1b, IL-6, and keratinocyte-derived protein chemokine (KC) concentration (pg/ml) measured in the BAL and (e–h)
their relativemRNA expression determined by quantitative PCR (qPCR) in the lung tissue ofWT andPLXNC1� /� mice ventilated with 15 or 45mbar (all
data are mean±s.e.m., **Po0.01; ***Po0.001 as indicated, n¼6/group).
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the alveolar space, we next evaluated whether the associated
cytokine release is also controlled as such. When determining
cytokines within the BAL and pulmonary tissue, we found that
the control groups (WT-WTandPLXNC1� /�-PLXNC1� /� )
again showed similar results as previously observed
(Supplementary Figure 7). When measuring the levels of
pro-inflammatory cytokines in the BAL of PLXNC1� /�-
WT, we found a significantly reduced level of TNF-a, IL-1b,
IL-6 and KC compared with WT-PLXNC1� /� animals
(Figure 6a–d). The evaluation of cytokine mRNA expression
within pulmonary tissue revealed that WT-PLXNC1� /� and
PLXNC1� /�-WT animals reflected the previously described
results from the BAL (Figure 6e–h).

Functional inhibition of PLXNC1 reduces neutrophil
migration in vitro and improves survival in vivo

In the search for a possible therapeutic intervention to reduce
the pro-inflammatory capacity of PLXNC1, we aimed to induce
functional inhibition of neutrophil migration using an anti-
PLXNC1 antibody in vitro. This intervention resulted in a
significant reduction of chemotactic transmigration of neu-
trophils (Figure 7a).

After identifying the possibility to interfere with neutrophil
migration using an anti-PLXNC1 antibody, we next moved on
to test whether this treatment would improve lung injury and
potentially improve survival of the animals treated in vivo.

Therefore, WT animals were injected intravenously with an
anti-PLXNC1 antibody or with an appropriate immunoglo-
bulin G isotype control. Following this, we found a significant
improvement in survival in the anti-PLXNC1-treated animals
(Figure 7b). The total cell number on the harvested BAL of
the anti-PLXNC1-treated animals was significantly reduced
(Figure 7c). This result was corroborated when determin-
ingMPO and the total protein concentration (Figure 7d and e).
In addition, we performed histological assessment of the BAL
and the pulmonary tissue and found that anti-PLXNC1
injection resulted in decreased histological changes within
the lung (Figure 7f).

Functional inhibition of PLXNC1 reduces cytokine
response in vivo

With the capacity of PLXNC1 to influence cellular infiltration
and tissue dysfunction during inflammation, we next pro-
ceeded to identify whether this inhibition of PLXNC1 would be
reflected in the expression of BAL and pulmonary cytokine
levels. The measured levels of pro-inflammatory cytokines in
the BAL demonstrated that anti-PLXNC1-treated animals
presented with significantly reduced levels of pro-inflamma-
tory cytokines within the BAL (Figure 8a–d). This finding was
reflected when evaluating pulmonary tissue for cytokine
mRNA expression (Figure 8e–h).

Figure 5 Hematopoietic PLXNC1 expression induces pulmonary inflammation during lung injury. Chimeric animals were ventilated with 15 or 45mbar.
(a) Total cell count in bronchoalveolar lavage (BAL) measured of wild-type (WT)-PLXNC1� /� and PLXNC1� /�-WT mice, (b) myeloperoxidase
(MPO) activity, and (c) total protein concentration in BAL of WT-PLXNC1� /� and PLXNC1� /�-WT mice. (d) Histological evaluation of
BAL and pulmonary tissue of WT-PLXNC1� /� and PLXNC1� /�-WT following ventilation with 15 or 45mbar. For WT-WT and PLXNC1� /�-
PLXNC1� /� control mice see Supplementary Figure 5 (all data are mean±s.e.m., **Po0.01; ***Po0.001 as indicated, n¼ 6/group, magnification
x400).
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Semaphorin 7A loop 4c-4d dampens inflammation

The SEMA7A loop 4c-4d (SL4cd) sequence (Figure 9a)
was reported to be the conserved semaphorin moiety
to lock to PLXNC.13 To test whether this peptide sequence
would be able to influence the extent of lung injury, we
used this synthetic peptide during in vitro studies and found
that the chemotactic migration of neutrophils is signi-
ficantly attenuated following exposure to SL4cd in vitro
(Figure 9b).

Following these in vitro results demonstrating that SL4cd
might reduce chemotactic migration of neutrophils, we

pursued the possibility to evaluate the effect of SL4cd
in vivo. Thus, SL4cd or non targeting peptide (nt.Pep.) was
injected intravenously in WT animals. Following this, mice
were ventilated with 15 or 45mbar and survival determined.
Mice pretreated with SL4cd demonstrated significantly
improved survival compared with animals treated with nt.
Pep. (Figure 9c). When assessing the total cell number on the
collected BAL animals treated with SL4cd had significantly
reduced cell numberwithin the BAL comparedwith the nt. Pep.
group (Figure 9d). This result was supported by the measured
MPO and total protein concentration (Figure 9e and f).

Figure 6 Hematopoietic PLXNC1 expression induces cytokine production during lung injury. Cytokine concentration was measured in the
bronchoalveolar lavage (BAL) and pulmonary tissue of chimeric animals. (a–d) Concentration of tumor necrosis factor alpha (TNF-a), interleukin (IL)-1b,
IL-6, and keratinocyte-derived protein chemokine (KC) (pg/ml) measured in the BAL and (e–h) their relative mRNA expression analyzed by quantitative
PCR (qPCR) in the lung tissue ofWT-PLXNC1� /� andPLXNC1� /�-WTmice following ventilationwith 15 or 45mbar. ForWT-WTandPLXNC1� /�

- PLXNC1� /� mice see Supplementary Figure 6 (all data are mean±s.e.m., *Po0.05; **Po0.01; ***Po0.001 as indicated, n¼ 6/group).
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Histological assessment of lungs harvested after SL4cd
treatment was marked by reduced tissue destruction and
intact alveolar honeycomb structure of the lung with reduced
inflammatory changes (Figure 9g).

Semaphorin 7A loop 4c-4d reduces cytokine response
during lung injury

After observing the capacity of SL4cd to promote survival and
protect the alveolar space from cellular infiltration, we next
assessed in a final step whether SL4cd holds the capacity to

dampen cytokine release in vivo. We found that the levels of
pro-inflammatory cytokines in the BAL of ventilated WT
animals treated with SL4cd were significantly reduced when
compared with controls (Figure 10a–d). Pulmonary tissue
analyzed by quantitative PCR reflected these results
(Figure 10e–h).

DISCUSSION

To date, lung injury is associated with a high mortality
and significantly contributes to in-hospital mortality.1

Figure 7 Anti-PLXNC1 antibody reduces neutrophil migration in vitro and dampens lung injury in vivo. (a) Isolated polymorphonuclear neutrophils
(PMNs) were incubated with an anti-PLXNC1 antibody or immunoglobulin G (IgG) control before chemotactic transmigration induced by N-formyl-
methionyl-leucyl-phenylalanine (fMLP) .(b) Wild-type (WT) mice were injected with anti-PLXNC1 antibody or with an IgG control antibody
before ventilation with 15 or 45mbar and percentage of survival over time determined. (c) Total cell count in bronchoalveolar lavage (BAL),(d)
myeloperoxidase (MPO) activity, and (e) total protein concentration of WT mice treated with anti-PLXNC1 antibody or an IgG control. (f) Histological
evaluation of BAL and pulmonary tissue of WT mice treated with anti-PLXNC1 antibody or an IgG control following ventilation with 15 or 45mbar
(All data are mean±s.e.m., *Po0.05; **Po0.01; ***Po0.001 as indicated, n¼ 6/group, magnification x400).
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A crucial component of lung injury is the extravasation of
neutrophils from the vascular space and the trafficking of these
into the alveolar space.2 On the basis of previous studies
demonstrating that the ligand of PLXNC1, SEMA7A holds
the capacity to increase the migration of neutrophils into
hypoxic tissue sites,8 we pursued the role of PLXNC1
during an acute lung injury. We report here that PLXNC1
increases the migration of neutrophils into the alveolar
compartment, influences the severity of the subsequent
inflammatory process, and as such determines the severity

of lung injury. In addition, we found that the inhibition of
PLXNC1 resulted in reduced signs of inflammation during
lung injury (Figure 11). In addition, PLXNC1 demonstrated to
be of key importance for survival during experimental lung
injury.

In the central nervous system, PLXNC1 signaling is crucial
for themigration and targeting of neuronal progenitor cells, the
control of pathfinding of axons, and is involved into the
formation of networks between neuronal structures.18 Previous
studies also implicate that PLXNC1 influences the migration of

Figure 8 Anti-PLXNC1 antibody dampens cytokine production during lung injury. Cytokine concentration was measured in the bronchoalveolar
lavage (BAL) and pulmonary tissue of wild-type (WT) mice treated with anti-PLXNC1 or an immunoglobulin G (IgG) control before ventilation with 15 or
45mbar. (a–d) Tumor necrosis factor alpha (TNF-a), interleukin (IL)-1b, IL-6 and keratinocyte-derived protein chemokine (KC) concentration (pg/ml)
measured in the BAL and (e–h) relative mRNA expression in the lung tissue (All data are mean±s.e.m., ***Po0.001 as indicated, n¼ 6/group).
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immune competent cells.11,17,19 Walzer et al.17 described that
the deficiency of PLXNC1 is associated with altered dendritic
cell function and decreased migration capacity of these cells.
Further in vitro and in vivo experiments of the same group
found that binding of the virus-encoded semaphorin A39R
inhibited phagocytosis in WT but not in PLXNC1� /�mice.20

In models of dinitrofluorobenzene and ovalbumin-induced
hypersensitivity PLXNC1� /�mice showed decreased ear

swelling and T-cell response.17 During a long-term model
of dextran sodium sulfate-induced colitis PLXNC1� /�animals
were found with decreased symptoms of colitis as measured by
decreased loss of body weight and reduced colonic short-
ening.21 Yet, none of these previous studies has identified the
endogenous role of PLXNC1 during the early phase of an acute
inflammatory response and identified PLXNC1 as a possible
intervention target during an acute inflammatory response.We

Figure9 Semaphorin 7A loop4c-4d reducespulmonary inflammation and improves survival during lung injury.Wild-type (WT)micewere injectedwith a
synthetic oligo-peptidemimicking semaphorin domainSEMA7A loop 4c-4d (SL4cd) or a non targeting peptide (nt. Pep.) before being ventilatedwith 15 or
45mbar. (a) Amino-acid sequence and schematic representation of loop 4c-4d of SEMA7A. (b) Isolated polymorphonuclear neutrophils
(PMNs) (1.06 cell/ml) were incubated with SL4cd before chemotactic transmigration induced by N-formyl-methionyl-leucyl-phenylalanine (fMLP).
(c) Percentage of survival over time ofWTmice treated with SL4cd or nt. Pep. (d) Total cell count in bronchoalveolar lavage (BAL), (e) myeloperoxidase
(MPO) activity, and (f) total protein concentration of WT mice treated with SL4cd or nt. Pep. (g) Histological evaluation of BAL and pulmonary
tissue of WTmice treated with SL4cd or nt. Pep. after 3 h ventilation with 15 or 45mbar (All data are mean±s.e.m., *Po0.05; ***Po0.001 as indicated,
n¼6/group, magnification x400).
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now report here that PLXNC1� /� mice display reduced cell
count, protein-, MPO-, and cytokine levels within the alveolar
space during lung injury. Furthermore, we report that
PLXNC1� /�mice demonstrate improved survival compared
with WT controls. These findings are in accordance with the
results obtained in models of chronic inflammation. Specifying
the role of PLXNC1 through the generation of chimeric
animals, we were able to demonstrate that the hematopoietic
deficiency of PLXNC1 is of key importance for these
inflammatory changes. As previous reports have implicated
that the inhibition of PLXNC1 via antibody injection was able
to prevent sCD100-induced inhibition of monocyte migration,
we moved on to also test an anti-PLXNC1 antibody in vivo.8,19

Indeed mice pretreated with anti-PLXNC1 antibody demon-
strated reduced pulmonary inflammation during lung injury.

On the basis of these previous studies and the fact that
neutrophils have a key role during conditions of acute
inflammation, we propose here that PLXNC1 holds significant
importance for the development of lung injury and the
functional impairment associated with it.22

Interaction of PLXNC1 with SEMA7A is of importance
during several conditions not related to lung injury. The loss of
SEMA7A-PLXNC1 binding affects primary melanoma cells,
which consequently develop into to a metastatic form.23 Work
of Liu et al.13 performing structure binding analysis of PLXNC1
with SEMA7A through the interaction of A39R gained more
detailed insight in PLXNC1-semaphorin binding. The
SEMA7A loop 4c-d was detected to be the central structure
that interacts with the PLXNC1grove formed by loop 3b-3c and
the bulged strand 3d of PLXNC1. Additionally, in this study the
RGD (Arg267-Gly268-Asp269) motif of SEMA7A was found
to be buried and therefore unlikely to be recognized by
integrins. These results are in contrast to previous studies of
Pasterkamp et al.24 and Suzuki et al.25 demonstrating that
SEMA7A only acts via a1b1-integrin. In previous work on the
role of SEMA7A on hypoxic inflammation, we found that
PLXNC1 might potentially be involved into the increased
neutrophil migration observed during conditions of tissue
hypoxia.8 Although stabilization of hypoxia-inducible factor-1a
was reported to be protective during lung injury the upregulation
of SEMA7A during hypoxic tissue inflammation could then
aggravate lung injury through PLXNC1.26,27 Thus, we decided to
test whether the use of a SL4cd peptide in vitro and in vivo and
could be beneficial and evaluated its functional role in WT mice.
SL4cdwas able to reducePMNtransmigration in vitrowhenPMN
were preincubated with this oligo-peptide. In vivo, mice injected
with SL4cd peptide demonstrate significantly reduced inflamma-
tion during lung injury compared with a control peptide. This
intervention also resulted in improved survival of animals and as
such could be pursued as a therapeutic option for the treatment of
lung injury. We suspect therefore that the SL4cd peptide blocks
PLXNC1 by fitting in the grove formed by loop 3b-3c and the
bulged strand 3d of PLXNC1. Further work will be needed to
fully clarify the action of the complete SEMA7A sequence on
a1b1-integrin and on PLXNC1, but we can report here that
SL4cd holds significant anti-inflammatory properties.

In conclusion, our results highlight the importance of
PLXNC1 for the control of an acute inflammatory response and
for the treatment of acute lung injury. Furthermore, PLXNC1 is
of great importance for overall outcome during experimental
lung injury, and the inhibition of PLXNC1 holds the capacity to
improve the detrimental effects of lung injury. The interference
with PLXNC1 may offer new therapeutic approaches in the
treatment of acute inflammatory conditions in the future.

METHODS

Tissueculture. Human alveolar epithelial cells (lineA549) and human
dermal micro-vascular endothelial cells (line HMEC-1) were cultured
as described previously.6

Animal experiments. All animal protocols were performed in
accordance with the German guidelines for use of living animals and

Figure 10 Semaphorin 7A loop 4c-4d dampens cytokine release during
lung injury. Cytokine concentration was measured in the bronchoalveolar
lavage (BAL) and pulmonary tissue of wild-type (WT) mice treated with
SL4cd or nt. Pep. before ventilation with 15 or 45mbar. (a–d) Tumor
necrosis factor alpha (TNF-a), interleukin (IL)-1b, IL-6 and keratinocyte-
derived protein chemokine (KC) concentration (pg/ml) measured in the
BAL and (e–h) their relative mRNA expression in the lung tissue of WT
mice treated with SL4cd or nt. Pep. and ventilated with 15 or 45mbar (All
data are mean±s.e.m., *Po0.05; **Po0.01 as indicated, n¼ 6/group).
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were approved by the Institutional Animal Care and Use Committee
of the Tübingen University Hospital and the Regierungspräsidium
Tübingen. PLXNC1� /� mice were generated by gene-trapping
mutagenesis on a C57BL/6 background and provided by Amgen
(Munich, Germany).24

Murine ventilator-induced lung injury model. To induce ALI, we
used a previously described model of ventilator-induced lung injury.6

Animals were littermatematched according to sex, age, andweight and
previously anesthetized with pentobarbital sodium (80mg/kg,
intraperitoneally, for induction; 20mg/kg/h for maintenance). BAL
was performed using cold saline as described previously.6

Generation of BM-transplanted chimeric animals. BM of recipient
mice (8–10 weeks of age, 20–25 g, WT and PLXNC1� /� both with
C57BL/6 background) was ablated with a radiation dose of 12Gy
from a 137Cs source. WT and PLXNC1� /� BM was harvested and
transplanted as described previously.8 Animals were housed in
microisolators for 8 weeks before experiments. Success of BM
transplantation was determined through real-time PCR (quantitative
PCR) and western blotting.

Treatment with antibody and peptide. Before ventilation animals
were injected intravenously with 1mg of anti-PLXNC1 antibody (R&D
no. AF5375, Wiesbaden, Germany) or with an isotype immuno-
globulin G control antibody (R&D no. 5-001-A). In a subset of
experiments, WT mice were injected intravenously with 1.5mg of an
oligo-peptide resembling the SEMA7A loop 4c-4d (SL4cd) with the
amino-acid sequence CRGDQGGESSLSVSKWNTF chemically syn-
thesized by Invitrogen (Darmstadt,Germany) or a control non targeting
peptide (nt. Pep.) with the amino-acid sequence KLGFTYVTIRV-
TYQIRVAG. The dosage of peptide used was based on previous in vitro
studies of Suzuki et al.25 who found recombinant Semaphorin 7a to be
effective in doses between 25 and 100nM. Considering the molecular
weight of Semaphorin 7a and the peptide a dose of 1ug/mouse was
chosen for the performance of the described experiments.

Flowcytometry. BALwas collected and PLXNC1 expression evaluated
using phycoerythrin-conjugated anti-PLXNC1 antibody (R&D no.
FAB5375P) and CD45 PerCp (Biolegend no. 5572, London, UK) or

CD11b PerCp-C5.5 (Pharmingen no. 550993, Heidelberg, Germany).
Gating strategy included the identification of cells based on side- and
forward scatter. Flow cytometry was performed using BD FACSCanto
II employing BD FACS Diva Software (BD Biosciences, Heidelberg,
Germany; and FlowJo 10.0).

BAL cell count. The total cell number was assessed by the trypan blue
exclusion assay. Cytospin smears were also stained according to Diff-
Quick manufacture protocol (Polysciences Inc., Darmstadt, Germany).

Histology and immunofluorescence. After being harvested, murine
lungs were immediately fixed for histopathological evaluation by
hematoxylin-eosin of 5 mm slices by a standard protocol previously
described.7 For further details see Supplementary Material online.

Proteinmeasurement. Protein concentration in the BAL was assayed
by a BCA protein assay kit (Thermo Scientific—Pierce no. 23225,
Schwerte, Germany) according to the manufacturer’s instructions.

Protein analysis by western blotting. Tissues were homogenized and
loaded in a 10% SDS-polyacrylamide gel electrophoresis. Antibodies
used were murine polyclonal anti-PLXNC1 (R&D no. AF5375) and
b-actin (Cell Signaling no. 4970, Frankfurt amMain,Germany). Species-
matched peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology, Heidelberg, Germany) was used and Kodak imaging
station 4000 (Carestream, Stuttgart, Germany) for visualization.

Transcriptional analysis. Murine mRNA transcriptional analysis was
performed using quantitative PCR as described previously.5 For
further details see Supplementary Material.

MPOassay. Cells collected from the BALwere acidified by dilution 1:1
in phosphate-buffered saline/Citrate buffer to a final concentration
of 100mM. Incubating the azurophilic neutrophil granule protein
MPO 1:1 with 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(Sigma no. A3219, Munich, Germany) in presence of hydrogen
peroxide and the developed color was measured at 405 nm.

Measurement of BAL cytokines. From the collected BAL poly-
morphonuclear cells were discarded and the supernatants used for
enzyme-linked immunosorbent assay measurement. Murine TNF-a

Figure 11 Role of PLXNC1 during lung injury. (a) PLXNC1 is expressed on several types of leukocytes and induced during lung injury. Expression
of hematopoietic Plexin C1 augments adhesion, transmigration, and activation of neutrophils during acute lung injury. This results in increased
intra-alveolar inflammation and cytokine production. Subsequently hematopoietic PLXNC1 contributes to pulmonary inflammation and increases
pulmonary damage. (b) Injection of the Semaphorin 7A-derived peptide SL4cd results in inhibition of PLXNC1-dependent recruitment of
leukoctyes into sites of acute inflammation and as such dampens the extent of lung injury.
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and IL, IL-1b, IL-6, and KCwere assayed following themanufacturer’s
protocol (R&D Systems).

Luciferasereporterassay. A549 cells were cultured synchronized and
transfected under lipofectamine (Invitrogen no. 16608-019) with a
shuttle vector pCMV-AN-GFP (Origene no. PS100019, Frankfurt am
Main, Germany) encoding full-length PLXNC1 or pNF-kB (pNRE;
Clontech, Breda, The Netherlands) as positive control. After trans-
fection, cells were stimulated with TNF-a (100 ng/ml) over night and
protein regulation accessed as described previously.8

Human polymorphonuclear neutrophil isolation and transmigra-

tion. For transendothelial migration experiments, A549 cells cultured
on the basal side of 3 mm pore transwell plates until confluence.
Migrating PMNs were harvested from the peripheral blood with
a percoll gradient centrifugation, washed, and counted. Isolated
PMNs were added to the transwell inserts and chemotaxis induced
1 mM N-formyl-methionyl-leucyl-phenylalanine (fMLP) added to the
transwell lower chamber. Migrating PMNs were measured by the total
MPO in solution and inferred by linear regression analysis.

Statisticalanalysis. All data are presented asmean±s.e.m. from six to
nine animals per experimental condition. We performed statistical
analysis using one-way analysis of variance to determine group
differences employing post test of Newman–Keuls followed by
unpaired Student t-test. Kaplan–Meier curves were analyzed using
the Mantel-Haenszel log-rank test. A given value of *Po0.05 was
considered statistically significant. All statistical analysis was done
with Prism 5 from GraphPad statistical Software.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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