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The role of vascular endothelial growth factor receptor-1
signaling in compensatory contralateral lung growth
following unilateral pneumonectomy

Yoshio Matsui', Hideki Amano', Yoshiya Ito®, Koji Eshima®, Hideaki Tamaki®, Fumihiro Ogawa', Akira lyoda®,
Masafumi Shibuya’, Yuji Kumagai®, Yukitoshi Satoh® and Masataka Majima'

Compensatory lung growth models have been widely used to investigate alveolization because the remaining

lung can be kept intact and volume loss can be controlled. Vascular endothelial growth factor (VEGF) plays an
important role in blood formation during lung growth and repair, but the precise mechanisms involved are

poorly understood; therefore, the aim of this study was to investigate the role of VEGF signaling in compensatory lung
growth. After left pneumonectomy, the right lung weight was higher in VEGF transgenic mice than wild-type (WT)
mice. Compensatory lung growth was suppressed significantly in mice injected with a VEGF neutralizing antibody and
in VEGF receptor-1 tyrosine kinase-deficient mice (TK~/~ mice). The mobilization of progenitor cells expressing
VEGFR1 ™" cells from bone marrow and the recruitment of these cells to lung tissue were also suppressed in the

TK =/~ mice. WT mice transplanted with bone marrow from TK =/~ transgenic GFP " mice had significantly lower
numbers of GFP " /aquaporin 5, GFP " /surfactant protein A", and GFP " /VEGFR1 " cells than WT mice transplanted
with bone marrow from WTGFP* mice. The GFP " /VEGFR1 " cells also co-stained for aquaporin 5 and surfactant
protein A. Overall, these results suggest that VEGF signaling contributes to compensatory lung growth by mobilizing

VEGFR1 " cells.
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In adult (2 to 3 months old) mice, regeneration of lung tissue
after pneumonectomy (PNX) occurs via growth of new and
existing alveoli in the remaining lung lobes, leading to re-
storation of volume, surface area,! alveolar number, and DNA
and protein content within 14 days.> This phenomenon is
termed compensatory lung growth, and PNX models have
been used to evaluate postnatal lung growth because the re-
maining lung can be kept intact and volume loss can be
controlled.? It has recently been reported that bone marrow
(BM)-derived cells play a crucial role in compensatory lung
growth,* and accumulating data suggest that these cells can
serve as precursors for differentiated cells of multiple organs.>®

Vascular endothelial growth factor (VEGF) is an en-
dogenous proangiogenic factor that is important for the
normal vascular development of numerous organ systems.”

The biological activity of VEGF is dependent on its
interaction with specific receptors. Three VEGF tyrosine
kinase (TK) receptors (VEGFRs) have been identified to
date: VEGFR1, VEGFR2, and VEGFR3. VEGFR1 (FLT1) and
VEGFR2 (FLK1) are expressed on endothelial cells and are
linked to endothelial differentiation and vascular organi-
zation.® During lung development, the vascular plexus
sprouts in parallel with alveolar budding. In the pulmonary
system, angiogenesis is of particular importance because
the blood—air interface is the sole source of oxygen delivery to
the body. VEGF is deposited in the subepithelial matrix at
the leading edges of branching airways, where it stimulates
angiogenesis.’

In the lung, alveolar type II cells (ATIIs) are the major
source of VEGF;110-12 these epithelial cells secrete surfactant
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and maintain alveolar epithelial renewal.!The production
of VEGF by ATIIs is upregulated by hypoxia.!* ATIIs express
both VEGFR1 and VEGFR2; VEGFRI is expressed in the
endothelium during vascular development at similar levels in
embryos and adult mice.!> ATIIs are converted to alveolar
type I cells (ATIs) during lung injury repair and fetal lung
development;!® therefore, epithelial progenitors responsible
for the repair and regeneration of damaged alveoli should
be present within the same compartment as the ATIs.!”
Transplantation of ATIIs derived from embryonic stem cells
recently showed promise as an effective treatment for acute
lung injury in adult mice.'®

It has previously been reported that PNX stimulates pul-
monary capillary endothelial cells to produce angiocrine
factors that induce the proliferation of endothelial progenitor
cells supporting alveologenesis; this process is mediated via a
VEGFR2 and fibroblast growth factor receptor-1signaling-
dependent mechanism. Sinusoidal endothelial cells are an
interconnected network of vessels encompassing the major
BM vascular compartment that arise from cortical capillaries
and interact with hematopoietic cells.'”” A recent study in
mice showed that VEGFR1 expression is elevated by day 3
after PNX,2° and additional studies showed that admini-
stration of soluble VEGFR1 prevents the binding of VEGF to
its cognate cell surface receptors and suppresses compensa-
tory lung growth and lung repair.”>> These observations led
to the hypothesis that VEGFR1 has a novel function beyond
the role of lung alveolarization after PNX. Here, we examined
the involvement of VEGFR1 TK signaling in compensatory
lung growth using TK ~/~ mice and wild-type (WT) mice.

MATERIALS AND METHODS

Animals and Experimental Model

Male C57BL/6 WT mice (7 to 8 weeks old) weighing 20-25¢
were obtained from CLEA Japan (Tokyo, Japan). Male
VEGFR1TK-knockout (TK /7)) mice (7 to 8 weeks old)
weighing 20-25 g were generated as described previously.'
VEGF transgenic mice were established using a keratin 14
promoter expression cassette to target murine VEGF164
expression to basal epidermal keratinocytes and outer root
sheath keratinocytes of hair follicles. The establishment and
the phenotypic characterization of VEGF transgenic mice has
been reported previously.'>?3 All animals were maintained at
constant humidity (60 + 5%) and temperature (20 £ 1 °C) on
a 12h light/dark cycle with food and water ad libitum. All
animal experiments were approved by the Kitasato University
School of Medicine (Kanagawa, Japan) and were performed
in accordance with the Guidelines of Kitasato University
School of Medicine for Animal and Recombinant DNA
experiments.

Mice were anesthetized by intraperitoneal injection of
ketamine (5mg/kg body weight) and xylazine (100 mg/kg
body weight). The trachea was cannulated with a 23-gauge
atraumatic angiocatheter (BD Biosciences, Franklin Lakes,
NJ, USA), and mechanical ventilation was achieved using a
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small animal ventilator.>'# Left thoracotomy was performed
at the fourth or fifth intercostal space through an anterior
midaxillary incision. The hilum of the left lung was then
ligated with 4-0-sized silk sutures and the lung was removed.
The chest and skin were closed and mechanical ventilation
was discontinued as spontaneous respiration was observed.
The animals were then extubated. A group of mice of similar
age and weight served as naive mice. The sham-operated
mice underwent a simple left thoracotomy, but the left lung
was neither ligated nor removed. The VEGF neutralizing
antibody (0.5mg/kg body weight) was injected intra-
peritoneally on a daily basis.”* The CXCR4 neutralizing
antibody (10 ug per mouse, clone 2B11; BD Biosciences)
was also injected intraperitoneally on a daily basis. ZD6474
(50 mg/kg; AstraZeneca, Cheshire, UK), a potent inhibitor of
VEGFR2 TK activity, was administered orally as a suspension
(0.1 ml per 1.25 mg of body mass) by oral gavage.?

Lung Weight Measurement

At the indicated time points after surgery, mice were weighed
and anesthetized via intraperitoneal injection of pento-
barbital sodium (50 mg/kg). Blood was drawn from a heart
puncture and the mice were then exsanguinated. Subse-
quently, the remaining lungs were harvested and weighed,
and the lung weights were divided by the body weight.

Lung Volume Measurement
After the right lung was excised, the lung was inflated with
phosphate-buffered saline (PBS) at a pressure of 12 cm H;O.
After 10 min, the lung was tied off, and the fixed left lung
volume was measured by the water displacement technique
and divided to body weight.?

Counting the Number of Alveoli

The right lung was inflated with buffered zinc formalin at a
pressure of 12 cm H,O. The tissue was fixed in a fresh fixative
at 4°C overnight and then imbedded in paraffin. The
sections were cut and stained with hematoxylin and eosin.
Digital images were captured using Olympus DP20
U-TV0.5XC-3 and DP2-BSW imaging software (Tokyo,
Japan). The number of alveoli was counted by using image
processing software (Image], Wayne Rasband (NTH)).?’

Measurement of the Alveolar Area

The lung was inflated by intratracheal instillation of 10%
formalin with a constant hydrostatic pressure of 30 cm H,O.
The trachea was then ligated and the lung was excised. The
tissue was fixed in fresh fixative at 4 °C overnight and then
imbedded in paraffin. The sections were cut and stained with
hematoxylin and eosin. Digital images were captured using
Olympus DP20 U-TV0.5XC-3 and DP2-BSW imaging
software (Olympus, Tokyo, Japan). Image] processing soft-
ware was used to calculate the alveolar area for each sample
based on three random fields observed at a magnification of
x 400. Analysis of each section was carried out in a blinded
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manner. The total number of areas encountered in each field
was counted and the mean value was calculated.

Measurements of Plasma Levels of VEGF-A, SDF-1,
proMMP-9, and SCF

Plasma levels of VEGF-A, stromal-cell-derived-factor-1
(SDF-1), and stem cell factor (SCF), and BM levels of pro-
matrix metalloproteinase-9 (pro-MMP-9) were assessed
using specific ELISA kits (R&D Systems, Minneapolis, MN,
USA). These experiments were performed in duplicate.

Measurement of Protein Level of VEGF in the Lung

To assess VEGF levels, the lungs of n=5-10 mice were re-
moved 0, 7, 14, 21, and 28 days following after PNX and
homogenized in 1 ml PBS, and murine VEGF was measured
by ELISA and normalized to total protein levels.?®

Bone Marrow Chimeric Model of Green Fluorescent
Protein

BM transplantation was performed as described previously.>
Briefly, BM cells were obtained by flushing the cavities of
freshly dissected femurs and tibias of donor male WT or
TK ~/ ~/green fluorescent protein (GFP) transgenic mice (a
gift from Dr M Okabe, Genome Information Research
Center, Osaka University, Osaka, Japan) with PBS. The
flushed BM cells were dispersed and then resuspended in
PBS at a density of 1 x 107 cells/ml. WT mice were lethally
irradiated with 10 Gy using an MBR-1505 R X-ray irradiator
(Hitachi Medico, Tokyo, Japan) with a filter (copper,
0.5mm; aluminum, 2mm) and monitoring of the
cumulative radiation dose. The BM mononuclear cells of
GFP mice (2 x 10° cells in 200 ul of PBS) were transplanted
into irradiated WT mice via the tail vein. After 8 weeks,
peripheral blood was collected and analyzed by fluorescence-
activated cell sorting. Mice in which >90% of the peripheral
leukocytes were GFP positive were used in the PNX
experiment.

Analysis of Recruitment of GFP-Positive Cells to
Compensatory Lung Growth

PNX was performed on WT mice transplanted with BM cells
from WT transgenic GFP " mice and on TK ~/~ transgenic
GFP " mice (BM chimera). At the indicated time points after
PNX, the GFP-BM transplantation chimeric mice were killed
with an overdose of pentobarbital sodium and the lung tis-
sues were carefully resected.> The number of GFP- and 4',6-
diamidino-2-phenylindole, dihydrochloride (DAPI)-positive
cells was counted for each sample based on seven random
fields observed at a magnification of x 400. The percentage
of GFP* cells was calculated by dividing the number of
GFP™ and DAPI™ cells by the number of GFP " cells.

Immunofluorescence Analysis

Lung tissues were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) at 4°C for 4h. After sequential
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cryoprotection in 0.1M phosphate buffers (pH 7.2)
containing 7.5, 15, and then 30% sucrose for 4h, cryostat
sections of ~8 um thickness were cut. The cryostat sections
were blocked with 1% bovine serum albumin in PBS at
room temperature for 1h and then incubated at 4°C
overnight with anti-goat VEGFRI1 antibody (1:200;
Santa Cruz Biotechnology, Dallas, TX, USA), anti-rabbit
aquaporin 5 (AQP) antibody (1:400; Abcam, Cambridge,
UK), and anti-rabbit surfactant protein A (SPA) antibody
(1:100; Santa Cruz Biotechnology). After three washes in
PBS, the sections were incubated with a mixture of secondary
antibodies for 1h at room temperature. The secondary
antibodies used were AlexaFluor 488-, 568-, or 647-
conjugated donkey anti-rabbit, anti-rat, or anti-goat IgGs
(Molecular Probes, Eugene, OR, USA). Images were captured
using a confocal scanning laser microscope (LSM710; Carl
Zeiss, Jena, Germany).

Flow Cytometric Analysis

Blood was drawn via the tail vein on day 14 after surgery. The
white blood cell fraction, including platelets, was obtained by
Ficoll separation, and flow cytometric analysis was performed
as described previously.’! The cells were labeled with FITC-
labeled anti-VEGFRI in the presence of the anti-FcR mono-
clonal antibody 2.4G2 (BD Biosciences). After washing, the
cells were analyzed with a FACSCalibur flow cytometer (BD
Biosciences) and small cells (with low forward scatter) were
gated for peripheral blood analysis. The white blood cell
number was determined by counting the number of nuc-
leated cells using a Celltac o hematology analyzer (MEK-
6450; Nihon Kohden, Tokyo, Japan). The percentage of
VEGFR1 " cells was calculated based on the flow cytometry
results. The number of VEGFR1 ™" cells was estimated by
multiplying the flow cytometry results by the number of
white blood cells.

Determination of Expression Levels of the mRNAs
Encoding VEGFR1-3 in Lung Tissue Following PNX
Transcripts encoding VEGFR1-3 and GAPDH (as a control)
were quantified by real-time RT-PCR analyses. The lungs
were collected and homogenized with TRIzol reagent (Gibco-
BRL; Life Technologies, Rockville, MD, USA). The real-time
PCR primers were designed using Primer 3 software (http://
primer3.sourceforge.net/) using the gene sequences deposited
in GenBank. The following primers were used: 5'-GTCTC
CATCAGTGGCTCTACG-3' (sense) and 5-CCCGGTTCTT
GTTGTATTTTG-3' (antisense) for VEGFR1; 5'-CTGCCTA
CCTCACCTGTTTCC-3" (sense) and 5-CGGCTCTTTCGC
TTACTGTTC-3' (antisense) for VEGFR2; 5-CAGCATCTA
CTCGCGTCACAG-3’ (sense) and 5'-AGACTACGCTGGGC
AAACATC-3' (antisense) for VEGFR3; and 5-CCCTTC
ATTGACCTCAACTACAATGGT-3 (sense) and 5'-AAGGTG
GAAGAGTGGGAGTTG-3’ (antisense) for GAPDH (Sigma-
Aldrich, Tokyo, Japan).
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Statistical Analysis

Data are expressed as the mean £ s.d. Comparisons between
two groups were performed using the Mann—Whitney U-test.
Comparisons between the time points were analyzed using
generalized estimating equations. P<0.05 was considered
statistically significant.

RESULTS

VEGF Promotes Compensatory Lung Growth

After PNX of the left lung of male C57BL/6 WT mice, dra-
matic regeneration occurred in the remaining right lung
(Figure 1a). At days 1-28 after surgery, the right lung to
body weight ratio was significantly higher in the PNX
group than in the sham-operated group (Figure 1b); at day
14, the mean ratio in the PNX group was 5.99 £ 0.17 mg/g
and the mean ratio in the sham-operated group was
3.99 £ 0.05mg/g (P<0.05). Furthermore, the lung volume to
body weight was also significantly higher in the PNX group
than in the sham-operated group (PNX, 0.051 £0.007 ml/g;
sham operation; 0.026 £ 0.0046 ml/g; *P<0.05; Figure 1lc)
and the dry lung weight (Supplementary Figure S1).
However, there were no significant differences in the alveoli
areas (P=0.67; Figure 1d) and the number of alveoli
(P=0.12; Figure le).

VEGF is an important factor for blood formation during
lung growth and repair.®® To determine whether VEGF
signaling is involved in compensatory lung growth following
PNX, the plasma level of VEGF was examined in sham-
operated mice and mice undergoing PNX. The level of VEGF
in the plasma was significantly higher in the PNX group than
the sham-operated group (PNX, 114.8 £ 21.46 ng/ml; sham,
63.1 £ 18.94ng/ml; P<0.05; Figure 1f). Moreover, the pro-
tein level of VEGF in the lung was significantly increased
compared with sham-operated mice on day 7 (PNX,
23.4+3.99 pg/mg protein; Sham, 13.3 + 3.17 pg/mg protein;
*P<0.05; Figure le).

Next, the right lung weights after left PNX were examined
in WT mice and transgenic mice overexpressing VEGF-A.
There was no difference in lung weight between VEGF
transgenic mice and Balb/c mice (Balb/c: 4.13 £0.09 mg/g,
VEGF transgenic mice: 4.29 + 0.4 mg/g; P =0.412). However,
the right wet lung weight (ATG, 6.10 £ 0.23 mg/g; Balb/c,
5.85+0.16 mg/g; *P<0.05; Figure 2a) and dry lung weight
(Supplementary Figure S2A) were significantly increased
compared with that in the Balb/c mice on day 14 following
PNX. To confirm that VEGF plays a role in lung growth, mice
were treated with a neutralizing antibody against VEGE.
Compared with IgG-injected control mice, compensatory
lung growth after PNX was suppressed significantly by in-
jecting the mice with a VEGF neutralizing antibody (VEGF
neutralizing antibody, 5.06 £ 0.38 mg/g; 1gG, 6.09 £+ 0.64 mg/
g P<0.05; Figure 2b). As shown in Supplementary Figure
S2B, the dry wet right lung weight in mice treated with VEGF
neutralized antibody was reduced at days 7 and 14.

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 95 May 2015

VEGFR1 in lung growth following pneumonectomy
Y Matsui et al

VGFR1 Is Involved in Contralateral Compensatory Lung
Growth

VEGF interacts with VEGFR1, VEGFR2, and VEGEFR3,
all of which are located on the plasma membrane. VEGFR1
and VEGFR2 are involved in the enhancement of angio-
genesis.” To determine which of the three VEGFR subtypes
contribute to compensatory lung growth, the expression
levels of the mRNAs encoding them were measured in the
right lung using real-time RT-PCR. Expression of the mRNA
encoding VEGFR1 was enhanced significantly after PNX
(Figure 2c), but the expression levels of the mRNAs
encoding VEGFR2 and VEGFR3 were not affected by the
surgery (Figure 2d and e). Furthermore, treatment
of mice with ZD6474, a VEGFR2 TK inhibitor, had no
effect on the right lung to body weight ratio in mice un-
dergoing left PNX (vehicle, 5.9210.62mg/g; ZD6474,
5.95+0.63mg/g; P=0.954; Figure 2f and Supplementary
Figure S2C). In contrast, the wet right lung weight (TK ',
5.55+0.34mg/g; WT, 6.05%0.12mg/g; P<0.05; Figure 2g).
We also determined dry lung weight of the lung. The result
indicated that dry weight of the residual right lung following
left PNX was significantly reduced in TK '~ mice
(Supplementary Figure S2D) but not in ZD6474-treated mice
(Supplementary Figure S2C) when compared with respective
control.

To further elucidate the role of VEGFR1 signaling in com-
pensatory lung growth following after PNX, we determined
the lung volume and the number of alveoli in TK '~ mice.
As shown in Figure 3a, there was no significant difference in
the remaining right lung volumes following PNX of the left
lung (TK™ =, 0.047 £0.004 ml/g; 'WT0.046 + 0.003 ml/g;
*P=0.54) between TK /~ mice and WT. However, the
number of alveoli in TK '~ mice were smaller than those
in WT mice (day 7, TK /7, 8.75+0.12/10* um?* WT,
12.2 +1.1/10* um?; day 14, TK =/, 9.35 + 1.04/10* um?; WT,
11.6 + 1.12/10* ,umz; *P<0.05; Figure 3b). We also measured
the protein levels of VEGF in the lung, which is ligand of
VEGEFRI1. As demonstrated in Figure 3¢, pulmonary levels of
VEGF in TK /= mice with PNX were significantly sup-
pressed as compared with WT mice at days 7 and 14 (7 days,
TK /7, 5554034 x 10 > g/g; WT, 6.05+0.12x 10 > g/g
14 days, TK /=, 555+034x10 >g/gg WT, 6.05%
0.12 x 10~ > g/g; *P<0.05; Figure 3c).

Hematopoietic Cytokine Levels Are Reduced Following
Knockout of VEGFR1

VEGF-A and SDF-1, the other hematopoietic growth factors
(including SCF through MMP-9), are responsible for mobi-
lization of BM-derived VEGFR1 " cells relevant to angio-
genesis®> As the level of VEGF in the plasma was higher
in the PNX group than the sham-operated group, the level of
VEGF in the plasma was also determined in the VEGFRI
TK '~ and WT mice. At day 7 after PNX, the plasma
levels of VEGF-A were comparable in WT and TK '/~
mice (WT, 82.9410.89 ng/ml; TK ', 86.7 + 13.24 ng/ml;
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Figure 1 VEGF induces compensatory lung growth following PNX. (a) Right lungs from representative animals in the PNX and sham-operated groups.
(b, ¢, d, ) The right lung to body weight ratios (b), lung volume (c), alveolar areas (d), and number of alveoli (e) in the PNX and sham-operated
groups at the indicated time points after surgery. Data are represented as the mean + s.d. of n=6-10 mice. ¥*P<0.05 versus sham operated by
Student’s t-tests. (f) The plasma VEGF level in the PNX and sham-operated groups at day 7after surgery. Data are represented as the mean + s.d. of
n=6 mice. ¥*P<0.05 by Student’s t-test. (g)The protein level of VEGF in the lung was increased following PNX. The PNX group, pneumonectomy; the
sham group, sham operation. Data are means + s.d. for the number of mice (n=6-8). *P<0.05 versus sham operated by Student’s t-tests.

P>0.54; Figure 4a). Conversely, the plasma level of SDF-1,a  lower in TK ™ '~ mice than WT mice (WT, 16.4 + 5.35 ng/ml;
chemokine in BM that mediates its effects by binding to C-X-  TK /™, 6.06 + 2.56 ng/ml; P<0.05; Figure 4b). The levels of
C chemokine receptor type 4 (CXCR4), was significantly  the hematopoietic cytokines pro-MMP-9 and SCF were also
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Figure 2 VEGFR1 TK signaling is involved in compensatory lung growth following PNX. (a)The wet right lung to body weight ratios at the indicated
time points after PNX in WT (Balb/c) and VEGF-A transgenic mice. Data are represented as the mean * s.d. of n=6 mice. *P<0.05 versus WT mice by
Student'’s t-tests. (b) The effect of injection of mice with a VEGF neutralizing antibody or IgG (control) on the wet right lung to body weight ratios on
days 7 and 14 after PNX. Data are represented as the mean * s.d. of n=6 mice. *P<0.05 by Student’s t-test. (c—e) Real time RT-PCR analyses of the
expression levels of the mRNAs encoding VEGFR1, VEGFR2, and VEGFR3 in the lung following PNX. Expression levels were normalized to those of the
mMRNA encoding GAPDH. Data are represented as the mean + s.d. of n=6 mice. NS, not significant (by Student’s t-test). (f) The wet right lung to body
weight ratios at the indicated time points after left PNX in mice injected with the VEGFR2 inhibitor ZD6274 or IgG as a control. Data are represented as
the mean ts.d. of n=6 mice. NS, not significant. (g) The wet right lung to body weight ratios at the indicated time points after left PNX in WT and
VEGFR1 TK~/~ mice. Data are represented as the mean + s.d. of n=5 mice. *P<0.05 by Student's t-tests.

measured. At day 7 after PNX, the BM levels of pro-MMP9
and plasma levels of SCF in TK '~ mice (2042 + 134.6 ng/ml
and 74.1+£21.3pg/ml, respectively) were significantly lower
than those in WT mice (9315 £ 680 ng/ml and 152.3 £ 29.7 pg/
ml, respectively; P<0.05; Figure 4c and d).
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Mobilization of VEGFR1 " Hematopoietic Cells to the
Remaining Lung Is Impaired in VEGFR1 TK /'~ Mice
An increase in hematopoietic cytokine levels mobilizes he-
matopoietic progenitor cells to promote tumor growth, and
VEGFR1 " hematopoietic progenitors are required for the
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Figure 3 The effect of VEGFR1 TK signaling on lung volume and VEGF
concentration in the lung following PNX. (a) There is no difference in the
lung volume between TK~/~ mice following PNX. Data are means + s.d.
for the number of mice (n=6). NS, not significant by Student’s t-tests.
(b) The number of alveoli was diminished PNX. Data are means * s.d. for
the number of mice (n=6-10). *P<0.05 by Student’s t-tests. (c) The
protein level of VEGF in the lung was suppressed in TK~/~ mice
following PNX. TK =/, tyrosine kinase knockout. Data are means + s.d.
for the number of mice (n=6). *P<0.05 by Student’s t-tests.

regulation of tumor metastasis.>> We reported previously
that mobilization of VEGFR1 " /CXCR4 " hemangiocytes to
ischemic limbs is important for recovery from ischemia and
metastasis formation.3®3* Therefore, WT and VEGFRI1
TK ~/~ mice were used to determine whether the mobili-
zation and recruitment of VEGFR1 " /CXCR4 ™ cells to the
right lung after left PNX is dependent on VEGFR1 TK
signaling. Compensatory lung growth was suppressed by
injection of the mice with a VEGF neutralizing antibody, and
then VEGFR1 " and CXCR4™" cells were quantified using
flow cytometry. At days 7 and 14 after surgery, the total
number and percentage of VEGFR1 ™ cells in peripheral
blood were significantly lower in TK ~/~ mice than WT mice
(Figure 4e and Supplementary Figure S3A). On day 14, the
percentages of VEGFR1 " cells in the WT and TK ~/~ mice
were 1.69+£0.88 and 0.92 +0.34%, respectively (P<0.05;
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Figure 4e), and the total numbers of VEGFR1 " cells in these
groups were 136.5+36.67 and 75.1+13.83, respectively
(P<0.05). However, there were no significant differences
between the total numbers of CXCR4" or VEGFRI "/
CXCR4 " cells in the peripheral blood of WT and TK ~/~
mice (Supplementary Figure S3B and C).

If SDF-1 is essential for compensatory lung growth, the
weight of the remaining right lung after left PNX should be
suppressed by treatment with a CXCR4 neutralizing anti-
body. However, there were no significant differences between
the mean right lung to body weight ratios in CXCR4
antibody-treated and IgG-treated mice at days 7 and 14
after PNX (Supplementary Figure S4A and B). These results
suggest that compensatory lung growth in mice is not de-
pendent on SDF-1/CXCR4 signaling. The accumulation of
VEGFR1 ™" cells in lung tissues was then determined by im-
munostaining on day 14 after PNX (Figure 4f). VEGFR1 "
cells were located in the alveolar wall spaces in the WT mice
but were rarely detected in the TK ™ '~ mice. However, there
was no difference in the expression of VEGFR2 in the lung
between WT and TK ~/~ mice (Supplementary Figure S5).

Transplantation of BM Cells from VEGFR1TK '~ Mice
into WT Mice Attenuates Compensatory Lung Growth
Lung stem cells are capable of creating bronchioles, alveoli,
and pulmonary vessels.>>*¢ To determine whether BM stem
cells contribute to compensatory lung growth, BM cells
from WT or VEGFRITK /™ transgenic GFP* mice were
transplanted into WT mice 60 days before PNX. At days 7
and 14 after PNX, the percentage of GFP* cells in the lung
was significantly lower in mice that were transplanted with
the TK /= GFP' BM than those that were transplanted
with the WT GFP" BM (day 14: TK '~ GFP' BM,
21.80 + 6.34%; WTGFP™ BM, 37.95+7.82%; P<0.05;
Figure 5a and b). The alveolar areas in these two groups
were comparable (Figure 5c), but the relative weight of the
right lung at day 14 after PNX was significantly lower in the
TK /= GFP" BM-transplanted mice than the WT GFP*
BM-transplanted mice (WT GFP" BM, 5.43+0.25mg/g;
TK '/~ GFP' BM, 4.69+0.14mg/g; P<0.05; Figure 5d).
Furthermore, there were no differences between the lung
vascular densities in the two groups (Figure 5e).

Recruitment of BM Cells Expressing VEGFR1 Contributes
to Compensatory Lung Growth by Increasing the
Numbers of ATlls

Respiratory gas exchange is mediated by the alveolar epi-
thelium, mainly via the action of ATIs and ATIIs. Within the
alveolus, ATIIs act as facultative progenitor cells and are
capable of replacing themselves as well as differentiating into
ATIs after injury.?® Human recombinant VEGF induces ATII
proliferation and stimulates the expression of surfactant
protein;’” therefore, the effects of PNX and knockout of
VEGFR1 on the numbers of ATTs and ATIIs were examined in
mice. In WT mice, the pneumocyte-like cells, especially ATIIs,
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Figure 4 Hematopoietic cytokine levels and the mobilization of VEGFR1 " cells to the lung after PNX are reduced following knockout of VEGFR1.

(a, b) Plasma levels of VEGF-A (a) and SDF-1 (b) on day 7 after PNX in WT and VEGFR1 TK =/~ mice. Data are represented as the meants.d. of n=6
mice. ¥*P<0.05 by Student’s t-test. NS, not significant by Student’s t-test. (¢, d) BM levels of pro-MMP-9 (c) and plasma levels of SCF (d) on day 7 after
PNX in WT and VEGFR1 TK =/~ mice. Data are represented as the mean = s.d. of n=8 mice. *P<0.05 by Student’s t-tests. (e) The percentages of
VEGFR1 " cells in peripheral blood on days 0, 7, and 14 after PNX in WT and VEGFR1 TK '~ mice. Data are represented as the mean *s.d. of =10
mice. *P<0.05 by Student’s t-tests. (f) Immunostaining of VEGFR1 " cells in the lungs of WT and VEGFR1 TK ~/~ mice at day 14 after PNX. The arrows

indicate VEGFR1 ™ cells. Scale bar =50 um.

migrated into the alveolar septum on day 7 after PNX;
however, this migration did not occur in TK =/~ mice
(Supplementary Figure S6). To determine whether BM-de-
rived cells from WT or VEGFR1 TK ~/~ transgenic GFP "
mice are capable of migrating into the lung, we performed
immunofluorescent analyses of AQP and SPA in WT BM-
transplanted mice, as markers for ATIs and ATIIs, respec-
tively. Co-staining of lung sections with antibodies for SPA
and GFP or AQP and GFP revealed that, at 14 days after PNX,
the TK /= GFP' BM-transplanted mice had markedly
lower levels of VEGFR1"/GFP ™, SPA™/GFP ", and AQA™/
GFP " cells in the lung than the WT GFP * BM-transplanted
mice (Figure 6a). Furthermore, immunohistochemical stai-
ning of lung sections revealed that, at days 7 and 14 after
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PNX, the numbers of SPA+/VEGFR1 " /GFP " and AQP "/
VEGFR1 "/GFP ' cells in TK '~ GFP" BM-transplanted
mice were lower than those in WT GFP* BM-transplanted
mice (Figure 6b—d).

DISCUSSION

The objective of this study was to investigate the role of
VEGFR1 TK signaling in compensatory lung growth. The
results indicate that endogenous VEGFR1 TK signaling
promotes compensatory lung growth by remobilizing
VEGFR1 " BM-derived proangiogenic cells in the lung. The
BM-derived VEGFR1 " cells examined also expressed SPA
and AQP, markers for ATIIs and ATTs, respectively.
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Figure 5 BM VEGFR1 TK signaling contributes to compensatory lung growth. (a) The typical appearance of GFP" BM cells at days 0 and 14 after PNX in
lungs from WT mice transplanted with BM cells from WT or VEGFR1 TK ~/~ transgenic GFP " mice. The arrows indicate GFP " DAPI™ double-positive cells.
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Student's t-tests. () Immunofluorescent analysis of CD31 expression at day 14 after PNX in lungs from BM transplanted mice. Scale bar=50 um.

The experimental PNX model is a robust model for
characterizing the mechanisms involved in and the limits of
adaptation to the loss of lung units.!®* The degree of com-
pensatory lung growth differs among species and varies with
age. Small animals such as rodents have a better capacity for
compensatory lung growth than large animals.’® Increased
lung mass following PNX is due to induction of cell proli-
feration in the residual lung tissue rather than hypertrophy of
the remaining cell populations. Here, compensatory lung
growth occurred at days 7 and 14 after PNX.

In young adult (7-8 weeks of age) mice, regeneration after
PNX occurs through growth of existing alveoli in the re-
maining lung lobes. It may be plausible that lungs from
young-aged mice have a better capacity for acceleration of
lung growth than lungs from old-aged mice, and the
regenerative capacity of the murine lung is progressively lost
with age. Therefore, in the present experimental conditions,
PNX in young adult mice induces accelerated growth of
remaining existing lungs, indicating compensatory lung
growth, but not de novo lung regeneration.

Maturational lung growth is controlled by a variety of
growth factors.*’ VEGF is an important factor in the normal
vascular development of numerous organ systems.*! VEGF is
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expressed at high levels in the airway and alveolar septum,
placing it in a position to mediate airway—vascular interac-
tions.>” Heterozygous VEGF /'~ mice die at the embryonic
stage! and postnatal inactivation of VEGF increases
mortality.*> VEGF is induced by hypoxia and stretch, and
its expression is also modulated by a number of other
growth factors.”® The major isoforms of VEGF (VEGF-120,
VEGF-164, and VEGF-188) act through two TK receptors
that are localized mainly to endothelial cells. VEGFR1 is
primarily responsible for endothelial cell maintenance and
vascular  organization,> whereas VEGFR2 regulates
endothelial cell differentiation and migration, vascular
permeability,** and lung maturation.*> VEGF is also an
important factor for the growth of neovascular alveolar
cells.!®46  Airway epithelial cells express VEGF and its
receptors,’® and VEGF stimulates alveolar epithelial cell
proliferation as well as surfactant production in vitro.*’ In
adult rats, chronic VEGFR blockade results in not only
pulmonary arterial pruning, but also apoptosis of alveolar
septal cells, resulting in an emphysema-like morphology.*®
Here, VEGF transgenic mice displayed a significantly
higher degree of compensatory lung growth than control
mice, and this lung development was suppressed by injecting
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Figure 6 BM-derived VEGFR1 " cells induce compensatory lung growth after PNX by increasing the number of ATlls. (a) Immunofluorescence staining
of VEGFR1, SPA, AQP, and GFP at day 14 after PNX in right lungs from WT mice transplanted with BM cells from WT or VEGFR1 TK~/~ transgenic
GFP* mice. The arrows indicate VEGFR1 */GFP ™, SPA*/GFP ", or AQP " /GFP ™" cells. Scale bar =20 um. (b) Immunohistological detection of SPA™"/
VEGFR1 " /GFP " cells (indicated by arrows) at days 0, 7, and 14 after PNX in right lungs from WT mice transplanted with BM cells from WT or VEGFR1
TK ™/~ transgenic GFP " mice. Scale bar =50 um. (c) Higher magnification of the SPA™/VEGFR1 " /GFP " cells at day 7 after PNX. Scale bar =10 um.
(d) Immunohistological detection of AQP " /VEGFR1 " /GFP " cells (indicated by arrows) at days 0 and 14 after PNX in right lungs from WT mice
transplanted with BM cells from WT or VEGFR1 TK =/~ transgenic GFP " mice. Scale bar =50 um.

the mice with a VEGF neutralizing antibody. These results
indicated that overexpression of VEGF is important for
compensatory lung growth following after PNX.* PNX
causes the remaining lung expansion, and the mechanical
strain to the lung leads to activate hypoxia-inducible factor-
lo. (HIF-12),° one of the hypoxia-inducible transcriptional
factor of VEGE. Further studies are necessary to determine
the involvement of VEGF expression induced by mechanical
stretch in lung growth following PNX.

Furthermore, expression of the mRNA encoding VEGFR1
was increased significantly after PNX, whereas the mRNAs
encoding VEGFR2 and VEGFR3 were not. These findings
were supported by additional experiments in which the re-
maining right lung weight to body weight ratio after PNX
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was not affected by inhibition of VEGFR2, but was reduced
significantly by knockout of VEGFRI TK, indicating that
VEGF signaling mediated via VEGFR1 TK plays an im-
portant role in compensatory lung growth following PNX.
Lung volume is used as an indicator of lung regeneration
following PNX. We expected that lung volume as well as
remaining lung weight in TK /= mice with PNX were
smaller than those in WT mice with PNX. Although the
results of this study showed that the lung volume in
PNX-treated mice at days 7 and 14 was increased as com-
pared with sham-operated mice (Figure 1c), there was no
significant difference in lung volume after PNX between WT
mice and TK /= mice (Figure 3a). The reasons why
VEGFRI signaling was not involved in the lung volume fol-
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lowing PNX are not clear; however, the compliance of the
lung would affect the lung volume in our employed assess-
ment. In fact, the lung volume is increased not only in
compensatory lung growth but also lung emphysema.! Of
interest, the VEGF receptor inhibitor, SU5416, induces
pulmonary emphysema.*® This study also showed that the
number of alveoli, which is a popular parameter for
pulmonary emphysema,® in TK /~ mice with PNX was
lower than that in WT mice with PNX (Figure 3b). These
findings suggest that right remaining lung tissues from TK ~/
~ mice following left PNX would be emphysematous.

In other words, the lack of VEGFRI signaling resulted in
fragility of alveolar structure and function. Therefore, the
lung volume from TK ~/~ mice following PNX appears to be
comparable to that from WT mice following PNX; however,
further studies are needed to solve this question.

VEGF induces remobilization of progenitor cells from the
BM.”? Stem or progenitor cells are required for alveolar
regeneration and repair, and lung growth. Endogenous
progenitor cells are also essential to the organization of
alveologenesis. VEGFRI expression has been detected in
ATIIs from adult rats, as well as the human fetus.>»>* The
compensatory lung growth model is a pure model of
postnatal lung growth that involves the proliferation of
multiple mature endogenous differentiated cell types; how-
ever, the roles of stem or progenitor cells in this model have
not yet been defined in detail. In early developing primary
tumors, the recruitment and incorporation of BM-derived
VEGFR2 " endothelial progenitor cells into vessels supported
by perivascular VEGFR1 * hematopoietic progenitor cells is
required for neovascularization.”® Furthermore, VEGFRI-
expressing cells are essential for extravasation and
neovascularization, and alveolar macrophages induce the
expression of VEGFR1 between days 3 and 14 after
PNX.?The release of hematopoietic SCF through MMP-9
activation is also a critical step in the mobilization of
VEGFR1 " cells from the BM.>? Here, plasma levels of MMP-
9 and SCF were significantly lower in the VEGFR1 TK '~
mice than the WT mice on day 7 after PNX.

We reported previously that BM-derived CXCR4 ™/
VEGFR1 " cells induce blood recovery from ischemic con-
ditions;>> however, here, the numbers of CXCR4™"/
VEGFR1 " cells after PNX were comparable in WT and
VEGFR1 TK /= mice. Furthermore, a previous study
demonstrated that SDF-1/CXCR4 signaling contributes to
compensatory lung growth,* but compensatory lung growth
was not suppressed by injection of mice with a CXCR4 anti-
body here. In contrast, the numbers of VEGFR1 T cells were
significantly lower in the TK ~/~ mice than in the WT mice,
suggesting that compensatory lung growth is dependent on
VEGFR1 TK signaling but not SDF-1/CXCR4 signaling.
Moreover, homing of VEGFR1 ™ cells to the lung tissue was
diminished after knockout of VEGFR1 TK, indicating that
VEGFR1 signaling plays a role in the recruitment of
VEGFR1 + cells into the lung tissue.
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Because pulmonary levels of VEGF, a ligand for VEGFR1,
are reduced in TK ~/~ mice with PNX, PNX-induced VEGF
in the lung parenchyma appears to promote the recruitment
of VEGFR1 ™" cells into the lung tissues, consistent with the
finding that VEGF induces remobilization of the progenitor
cells from BM.>!

In addition, the findings that the number of GFP " BMs in
the lung tissue and the weight of the lung were lower in mice
that were transplanted with TK /= GFP ™ BM than those
that were transplanted with WT GFP" BM, and that the
alveolar sizes did not change significantly during compen-
satory lung growth, suggest that VEGFR1 TK signaling in-
duces remobilization of VEGFR1™ cells from BM and
supports compensatory lung growth.

These findings support the possibility that BM-derived
VEGFR1 ™" cells are capable of differentiating into alveolar
endothelial cells.

Alveolar epithelial cells comprise ATIs and ATIIs that
occupy ~96% and 4% of the 70m’ gas exchange area,
respectively. The functions of ATIs include water and ion
transport, host defense, and tumor suppression. ATIIs are
thought to carry out metabolic and other functions necessary
to maintain the airspace. Autoradiography after administra-
tion of tritiated thymidine suggested that injected ATIs are
derived from ATIIs after various types of lung injury and in
the developing lung.”® Other thymidine labeling studies have
also provided some evidence to support the requirement for
cell division during the change from the ATII to the ATI
phenotype after hyperoxic injury.!”>” If ATIIs are damaged,
circulating BM-derived cells and endogenous lung cells are
candidate sources of newly differentiating cells that can
undertake the repair process; however, the precise relation-
ship between these two types of cells is still unclear. To gain
insight into this relationship, we performed immunofluo-
rescent analyses of VEGFR1 and SPA. The number of
SPA™/VEGFR1*/GFP* cells was lower in TK '~ GFP™*
BM-transplanted mice than in WT GFP " BM-transplanted
mice. Similar results were also obtained for AQP T/
VEGFR1 " /GFP" cells. Although the results of these
experiments suggest that VEGFR1 TK signaling induces
compensatory lung growth by mobilization of VEGFR1 ™
cells, which increases the number of ATIs and ATIIs, further
studies are warranted to clarify the exact mechanism of the
increasing accumulation of ATIs and ATIIs after PNX.

Development of therapeutic strategies to repair respiratory
capacity in patients with pulmonary function disorders is
confounded by unknown mechanisms of lung regeneration.
The results presented here show that VEGFR1 TK signaling
facilitates compensatory lung growth by recruiting
VEGFR1™ cells from BM. Injecting VEGFR1 ™ cells that
mediate VEGFR1 TK signaling may be a good approach to
enhance lung growth following PNX.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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