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Abstract
Background Successful recovery from acute lung injury requires inhibition of neutrophil influx and
clearance of apoptotic neutrophils. However, the mechanisms underlying recovery remain unclear. We
investigated the ameliorative effects of vascular endothelial growth factor (VEGF)-C/VEGF receptor 3
(VEGFR-3) signalling in macrophages in lipopolysaccharide (LPS)-induced lung injury.
Methods LPS was intranasally injected into wild-type and transgenic mice. Gain and loss of VEGF-C/
VEGFR-3 signalling function experiments employed adenovirus-mediated intranasal delivery of VEGF-C
(Ad-VEGF-C vector) and soluble VEGFR-3 (sVEGFR-3) or anti-VEGFR-3 blocking antibodies and mice
with a deletion of VEGFR-3 in myeloid cells.
Results The early phase of lung injury was significantly alleviated by the overexpression of VEGF-C with
increased levels of bronchoalveolar lavage (BAL) fluid interleukin-10 (IL-10), but worsened in the later
phase by VEGFR-3 inhibition upon administration of Ad-sVEGFR-3 vector. Injection of anti-VEGFR-3
antibodies to mice in the resolution phase inhibited recovery from lung injury. The VEGFR-3-deleted mice
had a shorter survival time than littermates and more severe lung injury in the resolution phase. Alveolar
macrophages in the resolution phase digested most of the extrinsic apoptotic neutrophils and VEGF-C/
VEGFR-3 signalling increased efferocytosis via upregulation of integrin αv in the macrophages. We also
found that incubation with BAL fluid from acute respiratory distress syndrome (ARDS) patients, but not
from controls, decreased VEGFR-3 expression and the efficiency of IL-10 expression and efferocytosis in
human monocyte-derived macrophages.
Conclusions VEGF-C/VEGFR-3 signalling in macrophages ameliorates experimental lung injury. This
mechanism may also provide an explanation for ARDS resolution.

Introduction
Pro-inflammatory stimuli cause rapid accumulation of neutrophils and macrophages in the lungs during the
early stage of acute lung injury, to eliminate causal stimuli or organisms [1, 2]. During later phases,
neutrophil influx is inhibited by anti-inflammatory cytokines, such as interleukin-10 (IL-10) [3, 4], and the
subsequent elimination of apoptotic neutrophils from inflammatory lesions by a process known as
efferocytosis, which is essential for successful resolution of inflammation [5–7]. Dysfunction of these
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sequential processes causes irreversible lung tissue damage, as observed in severe types of acute
respiratory distress syndrome (ARDS) [8]. ARDS is characterised by diffuse alveolar damage, a
pathological lung injury pattern and increased neutrophils in bronchoalveolar lavage (BAL) fluid [9]. In the
clinical setting, even if patients survive respiratory failure in the acute phase, prolonged mechanical
ventilation may be required in severe ARDS, which is associated with high mortality [10–12]. Currently,
there are very limited therapeutic strategies for such refractory conditions.

Macrophages are sources of various cytokines and are key cells in the elimination of apoptotic neutrophils
[13–16]. Several molecules have been shown to participate in phagocytosis by macrophages [17–23]. In
particular, an increasing body of evidence implicates the expression of integrin αv (CD51) on phagocytes
in efferocytosis via heterodimerisation with β3 (CD51/CD61) or β5 [21–23].

Macrophages also produce vascular endothelial growth factor (VEGF)-C, and VEGF-C/VEGF receptor 2
(VEGFR-3) signalling regulates lymphangiogenesis [24–28]. Interestingly, previous studies have also
reported VEGFR-3 expression in macrophages, but its functions in pathological conditions are poorly
known [29–32]. ZHANG et al. [31] reported that VEGFR-3 signalling in macrophages contributes to
prolonged survival in a sepsis model induced by intraperitoneal injection of lipopolysaccharide (LPS),
limiting inflammation in the acute phase of sepsis.

Here, we elucidated the restorative effects of VEGFR-3+ macrophages in LPS-induced lung injury and
investigated the pathogenic relevance in human ARDS in order to provide a better mechanistic
understanding of the resolution of lung injury.

Materials and methods
For full details, see the supplementary material.

Animal models
LPS was delivered intranasally to wild-type C57BL/6J, C57BL/6J-Tg(Csf1r-EGFP-NGFR/FKBP1A/
TNFRSF6)2Bck/J [33] and LysM-specific VEGFR-3 knockout mice, which were produced by crossing
LysM-Cre and VEGFR-3-floxed mice. To study the effect of gain and loss of VEGF-C/VEGFR-3
signalling, mice with myeloid cell-specific VEGFR-3 deletion were intranasally administered VEGF-C
(Ad-VEGF-C vector) and soluble VEGFR-3 (sVEGFR-3) using an adenovirus vector [34, 35] or
anti-VEGFR-3 blocking antibody. All animal experiments were approved by the Committee for Animal
Experiments of Iwate Medical University (Morioka, Japan).

Experiments using human samples
The in vitro experiments evaluating the expression and function of VEGFR-3 in human macrophages
employed BAL samples from healthy volunteers and patients with ARDS and cryptogenic organising
pneumonia (COP) (patient characteristics are shown in supplementary table S1). Organising pneumonia is
another pathological type of lung injury with enhanced BAL lymphocyte rates and excellent prognosis [9, 36].
The use of human samples was approved by the Ethics Committee of Iwate Medical University (H29-18).
Informed consent was obtained from volunteers, patients or their families.

Results
LPS-induced lung injury model and lymphatic vessel perimeter
We administered LPS at 1.9 mg·kg−1 body weight intranasally to C57BL/6J mice, and then harvested BAL
fluid and lung tissue samples on days 1, 2, 3, 4, 5 and 7. We observed increased BAL neutrophil counts
on day 2 or 3, followed by a rapid reduction after day 4. In contrast, BAL macrophage counts increased on
day 4, when neutrophil and macrophage counts were nearly equal (figure 1a–d). An increase in
lymphocyte counts in BAL fluid was observed on day 7 post-LPS induction. The rates of macrophage and
neutrophil counts relative to total blood cells showed no statistical differences between BAL fluid and
tissue samples (supplementary figure S1a and b); in all experiments, hereafter, it was validated that no
differences were found in blood cell count fractions between BAL fluid and tissue samples, except for
neutrophil fractions between BAL fluid and tissue samples on day 1 in mice receiving Ad-VEGF-C vector
(supplementary figure S1c–g). We estimated the injury score of tissue samples and BAL protein
concentration. Their peaks were observed on day 3 (figure 1e and f).

We estimated the mRNA levels of VEGF-C and VEGF-D by quantitative real-time reverse transcription
PCR (qRT-PCR) of cell pellets obtained from BAL by centrifugation. Increased Vegfc mRNA was
observed in BAL mononuclear cells on day 4 after LPS injection, whereas no Vegfd mRNA was detected
(figure 1g).
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Effects of VEGF-C and sVEGFR-3-Ig during LPS-induced lung injury
Intranasal administration of Ad-LacZ, Ad-VEGF-C and Ad-sVEGFR-3-Ig vectors did not dramatically
affect BAL cell counts (supplementary figure S2a). The levels of human VEGF-C, estimated via ELISA,
were elevated between days 3 and 7 (supplementary figure S2b). Relative intensities of sVEGFR-3-Ig in
BAL fluid estimated by immunoblotting were also higher between days 3 and 7 than at earlier and later
time-points (supplementary figure S2c and d).

In the lung injury model using LPS, BAL total cell and neutrophil counts were decreased more
significantly in mice that received Ad-VEGF-C vector than in mice that received Ad-LacZ vector on day 1
(figure 2a–c and supplementary figure S1c). In addition, injury scores and BAL protein concentration were
significantly decreased in mice that received Ad-VEGF-C vector on days 1 and 4, respectively (figure 2d
and e). In addition, BAL monocyte chemotactic protein-1 (MCP-1) and IL-10 protein levels were higher in
mice that received Ad-VEGF-C vector than in those that received Ad-LacZ vector (figure 2f–g). BAL
C-X-C motif chemokine ligand 1 (CXCL1), CXCL2, IL-1β, tumour necrosis factor-α (TNF-α), IL-6 and
IL-17A protein did not differ between these two groups on day 1 and/or day 4 (supplementary figure S2f–k).
These results indicate that VEGF-C/VEGFR-3 signals play an anti-inflammatory role, as indicated by the
increased expression of IL-10.

In contrast, BAL neutrophil counts, injury score and protein concentrations on day 4 were higher in mice
that received the Ad-sVEGFR-3-Ig vector than in mice with the Ad-LacZ vector, but no differences were
observed on day 1 (figure 2h–n, and supplementary figures S1d–e and S2l–q). BAL MCP-1 levels
decreased significantly on day 1 in mice that received Ad-sVEGFR-3-Ig vector compared with mice that
received Ad-LacZ vector, although the concentrations of BAL IL-10, CXCL1, CXCL2, IL-1β, TNF-α and
IL-6 proteins were not altered (figure 2n and o, and supplementary figure S2l–o).

To determine whether VEGF-C/VEGFR-3 signals are uniquely involved in the recovery phase of the lung
injury model other than anti-inflammatory effects in the early phase, anti-VEGFR-3 blocking antibodies
were administered starting on day 3, when lung injury had fully developed, and then harvested on day
5. Neutrophil counts and injury scores were increased more significantly in mice treated with
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FIGURE 1 Kinetics of lipopolysaccharide (LPS)-induced lung injury. Mice (n=3 mice per treatment group) were intranasally injected with 1.9 mg·kg−1

body weight of LPS, and their bronchoalveolar lavage (BAL) fluid and lung tissue samples were harvested after 1, 2, 3, 4, 5 and 7 days. a–d) BAL
total cell, macrophage, neutrophil and lymphocyte counts. e) Injury score. f ) BAL protein concentration. g, h) Relative expression levels of g) Vegfc
and g) Vegfd mRNA using Gapdh mRNA levels for normalisation in mononuclear and polynuclear cell pellets obtained from BAL were determined
by real-time reverse transcription PCR. Data are presented as mean±SEM.
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FIGURE 2 Effects of vascular endothelial growth factor (VEGF)-C and soluble VEGF receptor 3 (sVEGFR-3)-Ig in lipopolysaccharide (LPS)-induced
lung inflammation/injury models. a–h) Saline as a negative control (n=5 mice per group) or 1.9 mg·kg−1 body weight of LPS (n=8 mice per group)
was intranasally injected into mice (C57BL/6J) on day 3 after intranasal injection of Ad-VEGF-C (VEGF-C) or Ad-LacZ (Lac) vectors (1.0×109 PFU per
mouse) and the mice were euthanised the next day or 4 days later. a–c) BAL total cell, macrophage and neutrophil counts. d) Injury score. e) BAL
protein concentration. f, g) Concentrations of BAL f ) monocyte chemoattractant protein-1 (MCP-1) and g) interleukin-10 (IL-10) determined via
ELISA. h–n) Saline as a negative control (n=5 mice per group) or 1.9 mg·kg−1 body weight of LPS (n=10 mice per group) was intranasally injected
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anti-VEGFR-3 antibodies than in mice that received isotype control antibodies (figure 2o–r and
supplementary figure S1e–f ). Hence, we focused on VEGFR-3 expression in macrophages during
LPS-induced lung injury.

VEGFR-3+ monocyte lineage cells are involved in recovery from LPS-induced lung injury
We used macrophage Fas-induced apoptosis (Mafia) transgenic mice as a reporter system because in these
mice, Green Fluorescent Protein (GFP) is expressed in monocyte colony-stimulating factor (M-CSF)
receptor (M-CSFR)-positive cells (supplementary figure S3a) [35]. In fluorescence-activated cell sorting
(FACS) analysis, VEGFR-3+M-CSFR+ cells were detected on day 4 in the LPS model (supplementary
figure S3b). We sorted two types of M-CSFR+ cells (VEGFR-3+ and VEGFR-3−), in addition to
GFP−Ly6G+ neutrophils (supplementary figure S3c). We found that Flt4 (the VEGFR-3 gene) mRNA
levels were significantly higher in VEGFR-3+ cells, thereby validating the results of FACS analyses using
anti-VEGFR-3 antibodies (figures S3c–d).

Furthermore, we assessed the kinetics of BAL VEGFR-3+M-CSFR+ cell counts during lung injury using
LPS. The number of VEGFR-3+M-CSFR+ cells was considerably increased on days 4 and 5 (figure 3a).
We then evaluated mice with a LysM-specific deletion of VEGFR-3 (knockout (KO)), wherein Flt4 was
selectively deleted in myeloid cells, and analysed them in LPS-induced lung injury (supplementary figure
S3e). In Kaplan–Meier survival analysis, gene-deleted mice had a shorter survival than control littermates
after injection of LPS at 3.8 mg·kg−1 body weight (figure 3b). The decline in body weight showed a
significant difference between the two groups on days 5 and 6 (figure 3c). In the kinetics of BAL cell
counts after LPS injection, neutrophil counts were significantly increased in KO mice on day 5 (figure 3d–
f ). The injury score and BAL protein concentrations were significantly increased in gene-deleted mice on
day 5 (figure 3g–i), although the concentrations of the mediators, including CXCL1, CXCL2, MCP-1,
TNF-α, IL-1β, IL-6, IL-17A and IL-10, did not show significant differences throughout the course of the
experiments (supplementary figure S4a–h). These results indicated that VEGFR-3+ monocyte lineage cells
contributed to the alleviation of LPS-induced lung injury.

VEGF-C/VEGFR-3 signalling facilitates efferocytosis of apoptotic neutrophils via alveolar macrophages
To examine whether VEGF-C/VEGFR-3 signalling was involved in phagocytosis in apoptotic neutrophils,
we first identified which subsets of monocyte lineage cells were involved in efferocytosis in a mouse
model using intranasal injection of extrinsic UV-irradiated PKH26-labelled apoptotic neutrophils during
the recovery phase of LPS-induced lung injury. Over 90% of the apoptotic neutrophils were digested by
CD11c+CD11b−F4/80+I-A− alveolar macrophages (figure 4a and supplementary figure S5a). Cytochalasin
D, an actin polymerisation inhibitor, markedly decreased the percentage of PKH26+ cells in
M-CSFR+CD11c+CD11b−F4/80+I-A− alveolar macrophages (supplementary figure S5c). These results
indicate that PKH26+ alveolar macrophages represent the digestion of neutrophils by macrophages and not
their doublets. We then explored the kinetics of VEGFR-3+ alveolar macrophage counts during
LPS-induced lung injury. Because they were consistently increased on day 5 after LPS injection (figure 4b
and supplementary figure S5b), we examined the role of VEGF-C/VEGFR-3 signalling in alveolar
macrophages. The proportion of alveolar macrophages that phagocytosed extrinsic neutrophils was
significantly lower in mice with a LysM-specific VEGFR-3 deletion than in their littermates on day 5
(figure 4c). The results indicated that VEGF-C/VEGFR-3 signalling was at least partially involved in the
efferocytosis of apoptotic neutrophils by alveolar macrophages.

Furthermore, we demonstrated that expression of VEGFR-3 in alveolar macrophages of mice that received
Ad-VEGF-C vector on day 1 after LPS injection was significantly higher than in mice that received
Ad-LacZ vector (figure 4d). On the other hand, Vegfc gene expression in BAL cell pellets was
significantly less on day 4 after LPS injection in mice that received Ad-sVEGFR-3 vector than in mice that
received Ad-LacZ vector, indicating that VEGF-C/VEGFR-3 signalling could function as a positive
feedback loop (figure 4e).

into mice (C57BL/6J) on day 3 after intranasal injection of Ad-sVEGFR-3-Ig (R3) or Ad-LacZ (Lac) vectors (1.0×109 PFU per mouse) and the mice
were euthanised the next day or 4 days later. h–j) BAL total cell, macrophage and neutrophil counts. k) Injury score. l) BAL protein concentration.
m, n) Concentration of BAL m) MCP-1 and n) IL-10 determined via ELISA. o–r) Anti-VEGFR-3 blocking antibody (R3 Ab) or isotype control (n=8 mice
per group) was intranasally injected into mice (C57BL/6J) on day 3 after intranasal injection of 1.9 mg·kg−1 body weight of LPS and the mice were
euthanised 2 days later. o–q) BAL total cell, macrophage and neutrophil counts. r) Injury score. Data are presented as mean±SEM. Differences
between multiple groups were assessed via one-way ANOVA and individual comparisons were analysed using Tukey’s test. Differences between two
groups were analysed using the t-test. *: p<0.05; **: p<0.01; ***: p<0.001.
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FIGURE 3 Role of vascular endothelial growth factor (VEGF) receptor 3 (VEGFR-3)-positive lineage cells in lipopolysaccharide (LPS)-induced lung
injury. a) Cell count kinetics of VEGFR-3+ monocyte lineage cells. Mafia mice (n=5 mice per treatment group) were intranasally injected with
1.9 mg·kg−1 body weight of LPS, and bronchoalveolar lavage (BAL) VEGFR-3+ monocyte lineage cell counts were determined after 1, 2, 3, 4, 5 and
7 days upon cell counting, cell differentiation with May–Giemsa staining and flow cytometry. b) Kaplan–Meier analysis estimates for survival
between VEGFR-3flox/flox;LysM-Cre mice (knockout (KO)) and VEGFR-3flox/flox mice as control (littermates) after intranasal injection of 3.8 mg·kg−1

body weight of LPS (n=11 mice per group). c) Comparison of decline in rates of body weight (BW) from baseline between KO and littermates.
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VEGF-C/VEGFR-3 signalling facilitates efferocytosis via increased CD51 expression
We performed an in vitro phagocytosis chamber slide assay using all the cells from BAL fluid collected
from Mafia mice at day 4 post-LPS administration. The proportion of M-CSFR+ monocyte lineage cells
exhibiting digestion of pHrodo-labelled neutrophils decreased significantly upon treatment with
anti-VEGFR-3 antibodies (figure 5a and b). Conversely, we explored whether VEGF-C could enhance
efferocytosis in a phagocytic chamber slide assay using alveolar cells obtained by BAL from Mafia mice
on day 0. Phagocytosis of neutrophils increased significantly after treatment with recombinant VEGF-C
(rVEGF-C), but not after treatment with rVEGF-D or with rVEGF-C combined with anti-VEGFR-3
antibodies (figure 5c). Furthermore, we investigated the molecular mechanisms of efferocytosis stimulation
by VEGFR-3 signalling. In the assay involving alveolar macrophages from Mafia mice incubated with
rVEGF-C with/without anti-VEGFR-3 blocking antibody, among the phagocytosis-related genes analysed,
rVEGF-C treatment caused a significant increase in expression of integrin αv (Itgav) mRNA. Furthermore,

d–f ) Kinetics of BAL total cell, macrophage and neutrophil counts. KO and littermates were injected with 3.8 mg·kg−1 body weight of LPS and
euthanised 1, 3 and 5 days later and before LPS injection on day 0 (n=5 mice in KO and littermates on day 0, n=10 mice in KO and in littermates on
days 1, 3 and 5). g) Representative haematoxylin/eosin staining of lung tissue in VEGFR-3flox/flox;LysM-Cre mice (KO) and VEGFR-3flox/flox mice as
control (littermates) on days 3 and 5 after intranasal injection of 3.8 mg·kg−1 body weight of LPS. On day 5, the exudation of alveolar space is
remarkably resolved in the littermates, but still remains in an extensive area in KO mice. h, i) During the course of LPS-induced lung injury,
h) injury score (on days 3 and 5) and i) BAL protein concentration (on days 0, 1, 3 and 5) were compared between the two groups. Data are
presented as mean±SEM. *: p<0.05; **: p<0.01 by log-rank test or t-test.
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FIGURE 4 Accelerated effects of vascular endothelial growth factor (VEGF)-C/VEGF receptor 3 (VEGFR-3) signalling on efferocytosis of apoptotic
neutrophils in alveolar macrophages (AMs). a) Cells obtained from bronchoalveolar lavage (BAL) were used for analyses, and doublets and debris
were excluded. Representative plots illustrating the gating strategy to identify the major cells that uptake PKH26-labelled extrinsic apoptotic
neutrophils (Mafia mice, n=3). The image represents CD11c+CD11b−∼moderateF4/80+I-A− cells that are confirmed to be alveolar macrophages.
b) Kinetics of VEGFR-3+ alveolar macrophage counts in BAL fluid during the course of lung injury induced by 1.9 mg·kg−1 body weight of
lipopolysaccharide (LPS) (n=5 per group). c) Phagocytosis rates of alveolar macrophages against 3.0×106 apoptotic neutrophils in VEGFR-3flox/flox;
LysM-Cre (knockout (KO)) mice and littermates on day 5 after 1.9 mg·kg−1 body weight of LPS injection (n=5 mice per group). d) Positive rates and
change in mean fluorescence intensity (ΔMFI) of VEGFR-3 expression on alveolar macrophages in mice between Ad-VEGF-C (VEGF-C) and Ad-LacZ
(Lac) vector on day 1 after intranasal injection of 1.9 mg·kg−1 body weight of LPS (n=5 mice per group). e) Vegfc mRNA expression was measured in
BAL total cell pellets collected on day 1 after LPS injection in mice between Ad-sVEGFR-3-Ig (R3) and Ad-LacZ (Lac) vector. Data are presented as
mean±SEM. *: p<0.05 by t-test. M-CSFR: monocyte colony-stimulating factor receptor.
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the anti-VEGFR-3 antibodies inhibited Itgav expression (figure 5d and supplementary figure S5b-g).
Subsequently, we found that CD51 expression in alveolar macrophages was significantly increased on day
1 in mice that received rVEGF-C (figure 5e and f). In the chamber slide assay, the alveolar macrophage
phagocytic index was significantly decreased relative to control after treatment with anti-CD51/CD61

50

40

30

20

10

0

P
h

a
g

o
cy

ti
c 

ce
ll

s

in
 A

M
s 

cu
lt

u
re

d
 (

%
)

P
h

a
g

o
cy

ti
c 

ce
ll

s

in
 A

M
s 

cu
lt

u
re

d
 (

%
)

Isotype Anti-R3 Ab

70

35

0
 VEGF-C

+

anti-R3 Ab

Vehicle  VEGF-C  VEGF-D

2.0

1.5

1.0

0.5

0.0
Vehicle VEGF-C CD51

Itg
av

/G
ap
dh

VEGF-C

Vehicle

Vehicle
VEGF-C

VEGF-C

+

anti-R3 Ab

AMs on day 1

0 5

CD51+ AMs (%) ΔMFI

10 15 0 200 400 600

40
35
30
25

20
15
10

5

0

C
o

u
n

t

P
h

a
g

o
cy

ti
c 

ce
ll

s

in
 A

M
s 

cu
lt

u
re

d
 (

%
)

40

30

20

10

0
Isotype CD51/61

Ab

CD51/61

Ab +

VEGF-C

**

**
***

*
*

* *

***

**

Isotype

a)

d)

g)

e) f)

b) c)

FIGURE 5 Involvement of CD51 on efferocytosis via vascular endothelial growth factor (VEGF)-C/VEGF receptor 3 (VEGFR-3) signalling.
a) Representative immunofluorescence images of enhanced Green Fluorescence Protein-positive macrophages obtained from bronchoalveolar lavage
(BAL) on day 4 (green) after intranasal injection of lipopolysaccharide (LPS) at 0.38 mg·kg−1 body weight and pHrodo-labelled digestion of neutrophils
(red) in phagocytosis chamber slide assays. Nuclei were labelled with 4′,6-diamidino-2-phenylindole (blue). Scale bar: 10 µm. b) Phagocytosis index of
alveolar macrophages (AMs) with anti-VEGFR-3 antibody (anti-R3 Ab) and isotype control treatment (n=5 mice per group). c) The effects of
recombinant VEGF-C, VEGF-D and anti-VEGFR-3 blocking antibodies (anti-R3 Ab) were estimated in phagocytosis chamber slide assays using
macrophages obtained from BAL on day 0 (n=6 samples per group). d) Gene expression of Itgav on alveolar macrophages and their effect on VEGF-C/
VEGFR-3 signalling. Alveolar macrophages were harvested by BAL on day 0. After incubation in 12-well plates for 2 h, alveolar macrophages were
treated with VEGF-C recombinant protein with/without VEGFR-3 blocking antibody (anti-R3 Ab). After 1 h of incubation, macrophages were harvested.
Relative mRNA levels of Itgav in the three groups were determined via quantitative real-time reverse transcription PCR. e) Fluorescence-activated cell
sorting histogram displaying comparable expression of CD51 on alveolar macrophages in mice between recombinant VEGF-C and vehicle control on
day 1 after intranasal injection of 0.38 mg·kg−1 body weight of LPS. f ) Positive rates and change in mean fluorescence intensity (ΔMFI) of CD51
expression (n=5 mice per group). g) Effects of anti-CD51/CD61 blocking antibody (CD51/61 Ab) with/without recombinant VEGF-C were estimated in
phagocytosis chamber slide assays using macrophages obtained from BAL on day 0 (n=6 samples per group). Data are presented as mean±SEM.
*: p<0.05; **: p<0.01; ***: p<0.001 by t-test or Tukey’s post hoc test when one-way ANOVA tests were p<0.05.

https://doi.org/10.1183/13993003.00880-2021 8

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | M. YAMASHITA ET AL.

http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00880-2021.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00880-2021.figures-only#fig-data-supplementary-materials


blocking antibody. Furthermore, addition of rVEGF-C did not improve the decline of phagocytic indices
after treatment with anti-CD51/CD61 antibody (figure 5g). These results indicate that CD51 signals are
involved in the promotion of efferocytosis via VEGF-C/VEGFR-3 signalling.

VEGFR-3 expression and its effects of human monocyte-derived macrophages incubated with ARDS
BAL fluid
VEGFR-3 was expressed in ∼30% of M-CSF-stimulated human monocyte-derived macrophages (hMDMs)
(supplementary figure S6a and b). We incubated the hMDMs with BAL fluid obtained from healthy
volunteers and from patients with ARDS and COP for 2 h, and then estimated VEGFR-3 expression in the
macrophages. VEGFR-3 expression was significantly decreased in hMDMs incubated in BAL fluid of
ARDS patients compared with BAL fluid from the other groups (figure 6a and b). Since the incubation
period was short, we presumed that post-translational modification of VEGFR-3 is involved in hMDMs.
We found that sVEGFR-3 levels in ARDS BAL fluid increased significantly after incubation with hMDMs
compared with that without hMDMs (figure 6c). Irrespective of the presence or absence of hMDMs, no
difference in sVEGFR-3 was observed between BAL fluid from COP patients and volunteers.

Finally, we determined IL-10 expression after excess rVEGF-C treatment and monitored efferocytosis
capacity in hMDMs incubated with BAL fluid from ARDS and COP patients. IL-10 levels were
significantly higher in COP BAL fluid co-incubated with hMDMs than in ARDS BAL fluid, although
there was no difference in VEGF-C and IL-10 levels in BAL fluid from ARDS and COP patients (figure
6d and supplementary figure S6d and e). Moreover, IL-10 levels in BAL fluid from COP patients were
significantly lower after incubation with hMDMs and anti-VEGFR-3 antibody than that after incubation
with hMDM and isotype control antibodies. Conversely, there was no significant difference in IL-10 levels
after co-incubating BAL fluid from ARDS patients with hMDMs and anti-VEGFR-3 antibodies or control
antibodies (figure 6d). In a phagocytosis chamber slide assay, the proportion of hMDMs exhibiting
intracellular pHrodo-labelled murine neutrophils decreased significantly after incubation with BAL fluid
from ARDS patients compared with after incubation with BAL fluid from COP patients or healthy
volunteers (figure 6e). The phagocytic ratio of hMDMs that were co-incubated with COP BAL fluid and
anti-VEGFR-3 antibody was significantly lower than that of hMDMs co-incubated with COP BAL fluid
and isotype control. However, the phagocytic ratio of hMDMs did not change significantly after
co-incubation with ARDS BAL fluid and anti-VEGFR-3 antibody or isotype control (figure 6f). The in
vitro experiments in alveolar macrophages from VEGFR-3flox/flox;LysM-Cre mice and littermates
(supplementary figure S6f) showed that the relationship between VEGFR-3 signalling in macrophages and
COP and ARDS BAL fluid was the same as that observed for hMDMs. Moreover, the phagocytic ratio in
hMDMs increased significantly after rVEGF-C treatment and decreased after treatment with VEGFR-3
and/or CD51/CD61 blocking antibodies (figure 6g and h). These results suggest that the decline in IL-10
expression and efferocytosis in hMDMs co-incubated with ARDS BAL fluid was, at least partially, due to
an interference in VEGFR-3 signalling.

Discussion
Only a few studies have reported the role of VEGFR-3+ macrophages in lung injury. ZHANG et al. [31]
reported that VEGFR-3 signalling in macrophages contributes to prolonged survival and decreased degree
of lung injury in a sepsis model induced by a super-high dose of LPS via suppression of Toll-like receptor
4/NF-κB signalling and pro-inflammatory cytokines. In the present study, the overexpression of VEGF-C
using Ad-VEGF-C vector alleviated lung injury with increased levels of BAL IL-10 in the early phase.
Conversely, inhibition of VEGF-C/VEGFR-3 signalling using Ad-sVEGFR-3-Ig or using mice with a
LysM-driven Vegfr3 gene deletion worsened lung injury only during the later phase. In addition, inhibition
of VEGFR-3 signalling via anti-VEGFR-3 antibodies after the creation of clinically relevant lung injury
delayed the resolution of lung injury. Our results suggest that VEGF-C/VEGFR-3 signalling in
macrophages may play multiple roles in the amelioration of acute lung injury, including anti-inflammatory
functions in the early phase and restorative functions that are unique to the later phase.

We demonstrated that alveolar macrophages are potential phagocytes of apoptotic neutrophils and that
inhibition of VEGF-C/VEGFR-3 signalling decreased alveolar macrophage phagocytic activity towards
neutrophil efferocytosis, in both in vivo and ex vivo experiments. These findings suggest that efferocytosis
by alveolar macrophages via VEGF-C/VEGFR-3 signalling may indispensably participate in the resolution
in the later phase of acute lung injury. Furthermore, both in murine and human studies, we found that
CD51 signalling in macrophages is at least partially involved in efferocytosis via VEGF-C/VEGFR-3
signalling. CD51 is part of the most important receptor that mediates phagocytosis of apoptotic cells via
heterodimerisation with β3 (CD51/CD61) [21–23]. Further investigations should determine the detailed
mechanisms by which CD51 signalling is involved in efferocytosis, including cell binding and engulfment [37].
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In hMDMs, we observed a decrease in VEGFR-3 and IL-10 expression and efferocytosis capacity when
hMDMs were co-incubated with BAL fluid from ARDS patients. Consistently, recent papers reported
impaired efferocytosis in MDMs and alveolar macrophages from ARDS patients [38, 39]. However, we
could not compare the functional differences in VEGFR-3 signalling on macrophages between ARDS
patients and patients with neutrophilic lung inflammation without ARDS. In addition, it should be noted
that MISHARIN et al. [40] reported that tissue-resident alveolar macrophages exhibit different characteristics
from monocyte-derived alveolar macrophages [40]. In our study, we could not determine the effect of
VEGFR-3 signalling in alveolar macrophages from COP and ARDS patients. Consequently, we could not
conclude if our findings on the role of VEGFR-3 signalling in hMDMs are also relevant to alveolar
macrophages from COP and ARDS patients. On the other hand, we observed a marked increase in
sVEGFR-3 levels in ARDS BAL fluid incubated with hMDMs. This suggests that the initial decrease in
VEGFR-3 levels observed after co-incubating hMDMs with ARDS BAL fluid was due to the cleavage of
its extracellular domain. Thus, we hypothesised that cleavage of VEGFR-3 in macrophages located in the
alveolar space impairs resolution in ARDS by decreasing IL-10 expression and efferocytosis capacity.

In conclusion, our study indicates that VEGF-C/VEGFR-3 signalling in macrophages ameliorates acute
lung injury via multiple mechanisms, such as limiting inflammation in the acute phase and efferocytosis in
the later phase. Furthermore, we suggest that this protective function of macrophages is potentially
impaired in humans during ARDS due to the decreased expression of VEGFR-3 on macrophages.
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