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Perinatal bronchopulmonary dysplasia (BPD) is defined as lung injury in preterm infants caused by various
factors, resulting in serious respiratory dysfunction and high mortality. The administration of mesenchymal
stem/stromal cells (MSCs) to treat/prevent BPD has proven to have certain therapeutic effects. However,
MSCs can only weakly regulate macrophage function, which is strongly involved in the development of BPD.
7ND-MSCs are MSCs transfected with 7ND, a truncated version of CC chemokine ligand 2 (CCL2) that pro-
motes macrophage activation, using a lentiviral vector. In the present study, we show in a BPD rat model
that 7ND-MSC administration, but not MSCs alone, ameliorated the impaired alveolarization evaluated by
volume density and surface area in the lung tissue, as well as pulmonary artery remodeling and pulmonary
hypertension induced by BPD. In addition, 7ND-MSCs, but not MSCs alone, reduced M1 macrophages and the
messenger RNA expressions of interleukin-6 and CCL2 in the lung tissue. Thus, the present study showed the
treatment effect of 7ND-MSCs in a BPD rat model, which was more effective than that of MSCs alone.

© 2020 International Society for Cell and Gene Therapy. Published by Elsevier Inc. All rights reserved.
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Introduction

Neonatal bronchopulmonary dysplasia (BPD) is a lung injury
caused by various factors, such as intrauterine inflammation, surfac-
tant deficiency, mechanical trauma and oxygen toxicity [1]. Although
perinatal/neonatal medicine has been developing recently, BPD is still
one of the major causes of mortality in preterm infants [2,3]. In addi-
tion, BPD causes pulmonary hypertension (PH) and long-term respi-
ratory and/or neurodevelopmental complications. Current advanced
respiratory management and drug treatment are somewhat effective
for BPD [4,5], but not enough [6]. Therefore, the development of a
novel treatment for BPD is an urgent task in neonatal medical care.

Mesenchymal stem/stromal cells (MSCs) are widely used as stem
cell sources to develop a novel stem cell therapy for various diseases
[7�10]. As for BPD, some animal studies using MSCs have shown the
treatment effect of MSC administration to some degree [11�15]. How-
ever, an important pathogenic factor in BPD is lung tissue disorder due
to macrophages [16]. MSCs can modulate T-cell, B-cell, natural killer
cell and dendritic cell functions, but not specifically macrophage func-
tion [17�20]. Therefore, a higher therapeutic effect on lung disorder
can be possibly obtained when using MSCs with enhanced capability
to suppress the activation/recruitment of macrophages.

One possible strategy to control macrophages is by using “7ND”
[21,22]. The 7ND recombinant protein is a mutant of human CC che-
mokine ligand 2 (CCL2) protein lacking 2 to 8 N-terminal amino acids
that functions as a potent antagonist of CC chemokine receptor type
2 (CCR2) [23]. CCL2 is a chemotactic factor for monocytes and also
plays a role as a monocyte-activating factor, such as enhanced release
of active oxygen and lysosomal enzyme and interleukin (IL)-6 pro-
duction. Therefore, inhibiting CCL2 using 7ND can lead to the sup-
pression of activation/recruitment of macrophages and then the
improvement of lung tissue disorder. Furthermore, PH, an important
complication of BPD, is caused by pulmonary angiogenesis and
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remodeling, which is promoted by inflammatory cells and cytokines
[24�26]. The suppression of macrophages and inflammatory cyto-
kines by 7ND can also be expected for the amelioration of the PH
development.

In the present study, we hypothesized that 7ND-MSCs not only
have a treatment effect by MSCs, but also weaken the negative effect
of macrophages in BPD, showing superiority relative to MSCs. To con-
firm this hypothesis, we evaluated the therapeutic effects after intra-
venous administration of 7ND-MSCs in hyperoxia-induced BPD
model rats.

Methods

Cell preparation of 7ND-MSCs

Rat MSCs were obtained from Wistar/ST rats as described else-
where [27]. Gene transduction of a deletion mutant of human CCL2
(7ND) into MSCs was performed by using a lentiviral vector [28].
Briefly, 7ND was recloned from the 7ND pCDNA3 expression vector
[22] into a lentiviral vector (pBGJR-EGFP; a gift from Dr. Stefano Riv-
ella, Cornell University, New York, NY, USA) by using unique NheI
Figure 1. Experimental design and characterization of 7ND-MSCs. (A) Cell preparation of
(7ND) into MSCs was performed by using a lentiviral vector (pBGJR-EGFP). An empty pBGJR
tion of 293T. MSCs were incubated with vector stocks in the presence of polybrene. Black
respectively. EF1, elongation factor-1 promoter; LTR, long terminal repeat; PGK, phosphogly
tory element. (B) Schematic outline of the experimental protocol. Rat pups were exposed to r
(acetic acid Ringer's solution) was administered intravenously. P, postnatal day. (C) Quantifi
culture supernatants of 7ND-MSCs (closed circle) and control MSCs (opened circle) collected
nosorbent assay. Data represent the mean § SEM of five replicates. **P < 0.01.
and XbaI sites. An empty pBGJR-EGFP vector was used as a control.
We produced vector stocks by transient transfection of 293T cells.
The envelope-encoding plasmid pLP/VSVG, the packaging plasmid
pCMV-dR8.91 and pBGJR-EGFP-7ND or empty pBGJR-EGFP were
transfected into 293T cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). After 48 h, culture supernatant was collected and
filtered through a 45-mm membrane filter. Rat MSCs were plated in
Opti-MEM medium (GIBCO-BRL/Invitrogen, Carlsbad, CA, USA) onto
6-well plates at 1.0£ 105 cells per well and then incubated with vec-
tor stocks in the presence of Polybrene at 4mg/mL (Sigma-Aldrich, St.
Louis, MO, USA). After 8-h incubation, the medium was replaced with
minimal essential medium (MEM) alpha (Invitrogen) containing 10%
fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) and
used after passage 5 to 15 (Figure 1A). The transduction efficiency
was evaluated by counting green fluorescent protein (GFP)�positive
cells with fluorescence-activated cell sorting.

Quantification of secreted 7ND

7ND-MSCs or control MSCs were seeded at a density of 2£ 102

cells per well in a 96-well plate. Culture supernatants were collected
7ND-MSCs and control MSCs. Gene transduction of a deletion mutant of human CCL2
-EGFP vector was used as a control. Vector stocks were produced by transient transfec-
and gray arrows indicate the flow of cell preparation of 7ND-MSCs and control MSCs,
cerate kinase promoter; WPRE, woodchuck hepatitis virus post-transcriptional regula-
oom air (21% O2) or 80% O2 from birth to P15. At P5, 7ND-MSCs, control MSCs or vehicle
cation of human 7ND secreted from 7ND-MSCs and control MSCs. The 7ND content in
for 4 days every 24 h was measured using a specific human CCL2 enzyme-linked immu-
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for 4 days every 24 h. Because 7ND was a deletion mutant of human
CCL2, the 7ND content was measured using a specific human CCL2
enzyme-linked immunosorbent assay (ELISA) kit (Human CCL2
[MCP-1] ELISA Ready-SET-Go!, catalog number 88-7399, eBioscience
Inc., San Diego, CA, USA), which recognizes human CCL2 but not rat
CCL2. 7ND purified from the culture supernatants possesses inhibi-
tory effects on macrophage migration induced by CCL2 [28].

Animal models and experimental protocol

All animal experimental protocols used in the present study were
approved by the Institutional Review Board of Animal Experimenta-
tion of the Nagoya University School of Medicine (Nagoya, Japan; Pro-
tocol Numbers 27190 and 28215). Wistar/ST rat pups were exposed
to normoxia (21% oxygen) or hyperoxia (80% O2) from birth to post-
natal day 15 (P15). At P5, 7ND-MSCs (1£ 105 cells), control MSCs
(1£ 105 cells) in 0.1 mL acetic acid Ringer's solution or vehicle (only
0.1 mL acetic acid Ringer's solution) were administered via the right
external jugular vein. The newborn rat pups were divided into the
following four groups: sham group, room air + vehicle; vehicle group,
hyperoxia + vehicle; MSC group, hyperoxia + control MSCs; and 7ND
group, hyperoxia + 7ND-MSCs.

All rats were maintained under a 12-h light/dark cycle. To prevent
oxygen toxicity, the nursing mother rats were rotated once every
2 days between the litters in the normoxia and hyperoxia groups.
The survival rate and body weight of the pups of each group were
evaluated once every 2 days throughout the experiments. All rats
were humanely killed at P15 to evaluate the treatment effect
(Figure 1B).

Tissue preparation

The rats were humanely killed after transcardiac perfusion with
saline at P15 under deep anesthesia with pentobarbital intraperito-
neal injection, and the lungs were inflated with 4% paraformaldehyde
via a tracheal catheter at 20-cmH2O pressure for 20 min, followed by
immersion�fixation in 4% paraformaldehyde overnight at 4°C. Subse-
quently, the right lower lungs were immersed in a sucrose solution
for at least 2 days and embedded in Tissue-Tek O.C.T. Compound
(Sakura Finetek, Tokyo, Japan) for subsequent preparation of 10-mm
frozen sections. The left lungs, after immersion�fixation in 4% para-
formaldehyde, were dehydrated with a graded series of ethanol and
xylene, embedded in paraffin and cut into 5-mm axial sections.

Tissue morphometry

Paraffin sections were deparaffinized and stained with hema-
toxylin and eosin (H-E) for histology and morphometry. The extent
of the alveolar maldevelopment was determined using tissue vol-
ume density(VDT), mean linear intercept (Lm) and alveolar surface
area (SA) in the left lungs. The VDT was expressed as the proportion
of lung tissue (alveolar ducts and sacs) in the lungs as previously
described [29]. The VDT was counted using a 10£ 10 grid with 100
evenly spaced points, 25 mm apart, in each of three random fields
of six sections (50 mm apart; total of 18 fields). The Lm was pro-
vided as previously described with minor modifications [30]. Ran-
dom images were obtained with 40£ fields and viewed equally at
ten-spaced horizontal lines, 25-mm long. Subsequently, the dis-
tance from the first airspace wall intersecting each horizontal line
to an adjacent airspace wall was measured. The image was
obtained in each of five random fields of six sections. The SA was
calculated based on the following formula: SA = 4£VDT £ lung vol-
ume/Lm [31]. Volumetric assessment using the left lung was per-
formed to assess lung volume. At P14, chest computed
tomography (CT) scan was performed using an in vivo micro-CT
scanner (Skyscan 1176; Bruker, Kontich, Belgium) with a 12.85-
mm voxel size and the following conditions: 45 kVp, 556 uA, 43-
ms exposure, rotation step 0.700°, frame averaging 2, with a 180°
angular range. For in vivo lung micro-CT scan acquisition, pups
were anesthetized with 1.5�2.5% isoflurane. Datasets were recon-
structed using a software program (NRecon; Bruker). Volumetric
analysis of CT images was performed using the SkyScan CT-analyzer
program (CTAn, ver.1.13; Bruker). Briefly, the boundary of each left
lung on CT was identified and outlined manually, excluding the
heart, the central airways and the major blood vessels. Subse-
quently, a three-dimensional image was reconstructed, and the lung
volume was automatically calculated.
Differential cell counts of blood and bronchoalveolar lavage fluid

Blood and bronchoalveolar lavage fluid (BALF) were collected at
P15. After collecting blood, differential cell counts of the blood were
performed using the fully automated differential hematology ana-
lyzer (VetScan HM5; Abaxis, Union City, CA, USA). Bronchoalveolar
lavage was performed by instilling 0.6 mL (0.3mL £ 2) saline. BALF
was stained with T€urk solution, and the total cell number was
counted using Burker chambers. Subsequently, a 100-mL aliquot was
centrifuged and plated onto glass slides. Differential cell counts were
made from centrifuged preparations stained with May-Giemsa stain-
ing, and at least 200 cells were counted in each animal [32,33].
Immunofluorescence staining

The following primary antibodies were used in immunofluores-
cence staining: rabbit anti-Ki67 (Abcam, Cambridge, United King-
dom; diluted to 1:100), rabbit anti-inducible nitric oxide synthase
(iNOS; Abcam; diluted to 1:40), rabbit anti-CD206 (Abcam; diluted
to 1:100), goat anti-ionized calcium binding adapter molecule-1
(Iba-1; Abcam; diluted to 1:1000) and mouse anti-a-smooth mus-
cle actin (a-SMA; Sigma-Aldrich; diluted to 1:2000). The lung sec-
tions were immunostained as previously described [10] with
minor modifications. Briefly, paraffin-embedded lung sections
were deparaffinized in xylene and rehydrated through graded eth-
anol into phosphate-buffered saline (PBS). Antigen was retrieved
by heating the sections for 10 min in 10-mmol/L citrate buffer (pH
6.0). The sections were blocked in PBS containing 0.1% Triton and
4% donkey serum and incubated overnight at 4°C with the respec-
tive primary antibodies. Subsequently, the lung sections were
incubated with Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor
555 and/or Alexa Fluor 647�labeled secondary antibodies (Invitro-
gen; diluted to 1:500) for 1 h at room temperature and mounted
with ProLong Gold Antifade reagent containing 40,6-diamidino-2-
phenylindole (DAPI; Thermo Fisher Scientific).
Assessment of 7ND-MSC engraftment

To assess the engraftment of 7ND-MSCs and control MSCs, immu-
nofluorescence staining for rabbit anti-GFP (Abcam; diluted to
1:1000) and DAPI nuclear staining were performed with 10-mm fro-
zen sections in the same way as that described above for paraffin sec-
tions.
Assessment of lung inflammation

The polarity discrimination of macrophages in the lungs was per-
formed with immunofluorescence staining for Iba-1, iNOS and
CD206. Three random fields of 352£ 264mm under 200£magnifica-
tion in two sections each were examined to count both Iba-1� and
iNOS-positive cells as M1 macrophages, and Iba-1/CD206 double-
positive cells as M2 macrophages.
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Assessment of pulmonary artery remodeling

The degree of medial wall thickness (MWT) of the peripheral pul-
monary vessels (<50 mm in diameter) was determined using lung
tissue sections stained for a-SMA. MWT was measured by using the
following formula: 2 MT /ED£ 100, where MT is the distance
between internal and external elastic laminae, and ED is the external
diameter. For MWT assessment, random images containing 10 ves-
sels were used on each of the two slides [34,35]. Sections stained for
a-SMA and Ki-67, a nuclear proliferating marker, were used to assess
vascular smooth muscle cell proliferation. The percentage of vessels
with at least one Ki67-positive nucleus in the smooth muscle cells
was determined in 10 vessels (<50 mm in diameter) on each of the
two slides [36,37].

Assessment of PH

Dry weight ratio of the right ventricle (RV) to the left ventricle
(LV) plus septum (S) (RV/LV+S) and right ventricular systolic pressure
(RVSP) were measured at P15 to assess PH. The hearts were dissected
to separate the RV from the LV+S. The dry weight was measured after
placing in a drying oven at 60°C for 48 h, and the RV/LV+S ratio was
calculated [38]. RVSP was measured percutaneously by inserting a
23-gage needle attached to a pressure transducer and an amplifier
system (LEG-1000; Nihon Kohden Co, Tokyo, Japan) [39,40].

Real-time polymerase chain reaction of the lung tissue

RNA was extracted after homogenization of snap-frozen lungs of
P15 rats using TriZol reagent (Life Technologies, Carlsbad, CA, USA)
and quantified using Nanodrop spectroscopy (Thermo Fisher Scien-
tific). Complementary DNA (cDNA) was synthesized using Super-
Script VILO cDNA Synthesis Kit (Invitrogen). Quantitative real-time
polymerase chain reaction (RT-PCR) was performed using Brilliant III
Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies, Santa
Clara, CA, USA) on a Mx3005P RT QPCR System (Agilent Technologies)
as follows: 3 min at 95°C and then 40 cycles of 10 s at 95°C and 22 s at
60°C. The primer sequences were as follows: IL-6 sense, CCACTTCA-
CAAGTCGGAGGCTTA; antisense, GTGCATCATCGCTGTTCATACAATC;
CCL2 sense, CTATGCAGGTCTCTGTCACGCTTC; antisense, CAGCCGACT-
CATTGGGATCA; Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) sense, GGCACAGTCAAGGCTGAGAATG; and antisense,
ATGGTGGTGAAGACGCCAGTA [39].
Figure 2. Survival rate and body weight gain. (A) Survival time course of each group from P
oxia (vehicle, MSC and 7ND). (B) Postnatal change in body weight of pups from P0 to P15. Th
cle- and control MSC-treated groups. n = 64 for sham, 44 for vehicle, 44 for MSC and 40 for 7
sham vs. MSC; xxP < 0.01, sham vs. 7ND.
Statistical analyses

Statistical analyzes were performed using JMP13.0 software (SAS
Institute, Cary, NC, USA). Two-group analyses of quantification of
human 7ND were compared using Student’s t-test. The survival rate,
determined using the Kaplan�Meier method, was calculated on day
15. Statistical comparisons among the four groups were performed
using one-way analysis of variance, followed by post-hoc multiple
comparisons using the Tukey method. All values were presented as
the mean with standard error. Statistical significance was defined as
P < 0.05.
Results

Quantification of human 7ND secreted from 7ND-MSCs

To confirm 7ND secretion, we cultured 7ND-MSCs or control MSCs
and measured the 7ND content in the respective supernatant with a
specific human CCL2 ELISA. 7ND-MSCs secreted a large amount of
7ND, whereas control MSCs did not (Figure 1C).
Survival rate and body weight gain

The survival rate after 15 days of hyperoxia exposure was 60.0%,
50.0% and 47.7% in the 7ND-MSC-treated (7ND), control MSC-treated
(MSC) and vehicle-treated groups, respectively. No statistically signif-
icant difference was found among the three groups exposed to
hyperoxia (Figure 2A). No significant difference was found in the
body weight at P1 after birth and P5 with intravenous injection
among the three groups exposed to hyperoxia. However, at P15, the
body weight in the vehicle group was lower than that in the sham
group (normoxia group), but it was higher in the 7ND group com-
pared with the vehicle (P < 0.01) and control MSC groups
(P = 0.0567) (n = 64 for sham, 44 for vehicle, 44 for MSC and 40 for
7ND; Figure 2B).
Impact of 7ND-MSCs on lung tissue

Immunofluorescence staining for GFP and DAPI nuclear staining of
lung frozen sections was performed to detect 7ND-MSCs and control
MSCs in lung tissue. Several GFP-positive cells were detected in the
lung tissue (Figure 3A).
0 to P15. The survival rate was not different among the three groups exposed to hyper-
e body weight at P15 in the 7ND-MSC�treated group was higher than that in the vehi-
ND. **P < 0.01, 7ND vs. vehicle; yyP < 0.01, sham vs. vehicle; zP < 0.05 and zzP < 0.01,



Figure 3. Impact of 7ND-MSCs on lung tissue. (A) Representative pictures of immunofluorescence staining for GFP and DAPI nuclear staining. Scale bars indicate 10 mm. (B) Repre-
sentative lung tissue of each group with H-E staining. Scale bars indicate 100 mm. (C and D) VDT and SA at P15. VDT and SA of the 7ND-MSC�treated group were significantly lower
than those of the vehicle-treated group, whereas the VDT and SA were not statistically different between the vehicle- and control MSC-treated groups. n = 13 for sham, 14 for vehicle,
9 for MSC and 12 for 7ND. **P < 0.01.
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Lung paraffin sections were stained with H-E to evaluate lung his-
tology and morphometry. The lungs in the sham group showed nor-
mal alveolarization, whereas lungs exposed to 80% O2 had alveolar
size heterogeneity. Among the hyperoxia groups, only the lungs in
the 7ND-MSC�treated group were significantly morphologically
ameliorated compared with those of the vehicle and control MSC
groups (Figure 3B). In the morphometric analyses, VDT, Lm and SA
were measured, and the lung volume was assessed with chest CT
(n = 13 for sham, 14 for vehicle, 9 for MSC and 12 for 7ND). The VDT,
which reflects the percentage of lung tissue in the lungs, in the vehi-
cle group was significantly lower than that in the sham group,
whereas the VDT in the 7ND-MSC�treated group was significantly
higher than that in the vehicle-treated group (P < 0.01; Figure 3C).
No statistical difference was found in the Lm and lung volume among



Figure 4. Impact of 7ND-MSCs on differential cell counts of blood and BALF. (A) Differential cell counts of blood at P15. The total cell and lymphocyte counts in the 7ND-treated
groups were decreased compared with those in the vehicle- and control MSC-treated groups. The monocyte and neutrophil counts were not statistically different among the three
groups exposed to hyperoxia. n = 29 for sham, 21 for vehicle, 20 for MSC and 22 for 7ND. *P < 0.05 and **P< 0.01. (B) Representative image of BALF cells with May�Giemsa staining.
Black, white and gray arrows indicate macrophages, neutrophils and lymphocytes, respectively. Scale bars indicate 50 mm. (C) Differential cell counts of BALF at P15. The total cell
and macrophage counts were significantly decreased in the 7ND-MSC�treated group compared with those in the vehicle- and control MSC-treated groups. The neutrophil and lym-
phocyte counts were not statistically different among the three groups exposed to hyperoxia. n = 17 for sham, 12 for vehicle, 9 for MSC and 13 for 7ND. *P < 0.05 and **P < 0.01.
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the three groups exposed to hyperoxia (Supplementary Figure 1).
Concerning SA, hyperoxia in the vehicle, control MSC-treated and
7ND-MSC�treated groups induced a significantly lower SA. However,
the SA in the 7ND-MSC�treated group was significantly improved
compared with that in the vehicle group (P < 0.01). In contrast, no
significant difference was found between the vehicle- and control
MSC-treated groups (Figure 3D)

Impact of 7ND-MSCs on differential cell counts of blood and BALF

Accumulation of inflammatory cells in the blood and BALF was
examined to evaluate systemic and airway inflammation. The total
white blood cell and differential cell counts were measured using a
fully automated differential hematology analyzer. Hyperoxia (vehicle
group) increased the number of inflammatory cells, and 7ND treat-
ment, but not MSC treatment, decreased/suppressed the accumula-
tion of the inflammatory cells, particularly lymphocytes, compared
with those in the vehicle group (P < 0.01, 7ND vs. vehicle; P = 0.0886,
7ND vs. MSC; n = 29 for sham, 21 for vehicle, 20 for MSC and 22 for
7ND; Figure 4A). No statistical difference was found in the number of
monocytes and neutrophils among the three treatment groups.

The total cell number in BALF was counted using Burker cham-
bers, and differential cell counts were evaluated using centrifuged
preparations stained with May-Giemsa staining (Figure 4B). The
numbers of total cells and macrophages in BALF were significantly
increased in the vehicle group, and those in the 7ND-MSC�treated



Figure 5. Macrophage polarization after 7ND-MSC and control MSC administration. (A) Representative pictures of Iba-1/iNOS (left) or CD206 (right) double-positive cells. Z-stacks
were created to verify that they were truly double-positive. Scale bars indicate 10 mm. (B, C) Representative pictures of immunofluorescence staining for Iba-1 (red), iNOS (green)
and DAPI (blue) (B) and Iba-1 (red), CD206 (light blue) and DAPI (blue) (C). Iba-1/iNOS or CD206 double-positive cells are indicated by white arrows. Scale bars indicate 50 mm. (D)
Number of Iba-1�positive cells, Iba-1/iNOS double-positive cells and Iba-1/CD206 double-positive cells. The number of Iba-1/iNOS double-positive cells was significantly lower and
that of Iba-1/CD206 double-positive cells was significantly higher in the 7ND-MSC�treated group compared with the vehicle- and control MSC-treated groups. n = 18 for sham, 8
for vehicle, 11 for MSC and 12 for 7ND. *P < 0.05 and **P< 0.01.
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group were lower than those in the vehicle- and control MSC-treated
groups (P < 0.01, n = 17 for sham, 12 for vehicle, 9 for MSC and 13 for
7ND; Figure 4C). No statistical difference was found in the numbers
of neutrophils and lymphocytes among the three treatment groups
(Figure 4C).
M1/M2 polarization of macrophages after administration of 7ND-MSCs
and control MSCs

To discriminate the macrophage polarity in the lungs, we per-
formed immunofluorescence staining with lung tissue sections for
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Iba-1 (pan-macrophage marker), iNOS (M1 macrophage marker) and
CD206 (M2 macrophage marker). We counted Iba-1/iNOS double-
positive cells as M1 macrophages and Iba-1/CD206 double-positive
cells as M2 macrophages. Representative photomicrographs are
shown in Figure 5A, 5B and 5C. The total numbers of Iba-1�positive
cells and Iba-1/iNOS double-positive cells were increased in the vehi-
cle group but significantly decreased in the 7ND-MSC�treated group
compared with the vehicle- and MSC-treated groups (P < 0.01;
Figure 5D). In contrast, the number of Iba-1/CD206 double-positive
cells was significantly increased in the 7ND-MSC�treated group com-
pared with the vehicle- and MSC-treated groups (P < 0.01, 7ND vs.
vehicle; P < 0.05, 7ND vs. MSC; n = 18 for sham, 8 for vehicle, 11 for
MSC and 12 for 7ND; Figure 5D), indicating that intravenous injection
of 7ND-MSCs, but not MSCs, decreased and/or suppressed the
increased number of macrophages in the lung and changed the polar-
ity of M1 macrophages into M2 macrophages.

Impact of 7ND-MSCs on pulmonary artery remodeling

To determine the effects of 7ND-MSC on pulmonary vascular
remodeling, immunofluorescence staining for a-SMA was performed
with lung paraffin sections, and MWTwas assessed. In the BPD model
(vehicle group), the peripheral pulmonary arteries showed increased
a-SMA expression, and the MWT was significantly higher compared
with the sham rats. However, 7ND-MSC treatment decreased a-SMA
expression, and MWT was significantly lower compared with the
vehicle- and MSC-treated groups (P < 0.01, 7ND vs. vehicle; P < 0.05,
7ND vs. MSC; n = 3 for sham, 3 for vehicle, 5 for MSC and 4 for 7ND;
Figure 6A and 6B). Furthermore, to evaluate vascular smooth cell pro-
liferation by pulmonary vascular remodeling, double immunofluores-
cence staining for a-SMA and Ki-67 was performed, and the
percentage of vessels stained positively for Ki-67 was assessed. A rep-
resentative photomicrograph of a Ki-67/a-SMA double-positive cell
is shown in Figure 6C. The percentage of Ki-67�positive vessels was
significantly increased in the vehicle group compared with that in
the sham group, and lower in the 7ND-MSC�treated group (P <

0.01), but not in the MSC group (n = 18 for sham, 8 for vehicle, 11 for
MSC and 12 for 7ND; Figure 6D). These results suggested that 7ND-
MSCs, but not MSCs, ameliorated the pulmonary arteriolar musculari-
zation and smooth muscle cell proliferation by vascular remodeling.

Impact of 7ND-MSCs on PH

RV/LV+S and RVSP were assessed to evaluate the effects of 7ND-
MSCs on PH. BPD induced PH, which was significantly indicated by
both RV/LV+S and RVSP. Compared with the vehicle- and MSC-
treated groups, the 7ND-MSC�treated group had a significant
decrease in RV/LV+S (P < 0.01; n = 24 for sham, 12 for vehicle, 17 for
MSC and 17 for 7ND; Figure 7A), suggesting improvement of right
ventricular hypertrophy. Moreover, the RVSP of the 7ND-
MSC�treated group was significantly reduced compared with the
vehicle- and MSC-treated groups (P < 0.01, 7ND vs. vehicle; P < 0.05,
7ND vs. MSC; n = 5 for sham, 6 for vehicle, 6 for MSC and 6 for 7ND;
Figure 7B).

Impact of 7ND-MSCs on messenger RNA expressions in the lung tissue

The messenger RNA (mRNA) expression of IL-6 and CCL2 was ana-
lyzed using quantitative RT-PCR to evaluate the molecular biological
effect of 7ND-MSCs in the lung tissue. Quantitative RT-PCR showed
that BPD (hyperoxia; vehicle group) increased IL-6 and CCL2 expres-
sions in the lungs, whereas 7ND-MSCs decreased their mRNA expres-
sions. MSCs tended to decrease their expression, but not significantly
(n = 19 for sham, 10 for vehicle, 15 for MSC and 15 for 7ND; Figure 8).
7ND-MSCs had a significantly higher ability to decrease CCL2 produc-
tion than MSCs.
Discussion

In the present study, we demonstrated that intravenous adminis-
tration of 7ND-MSCs had a therapeutic effect on hyperoxia-induced
inhibition of alveolarization in rats by decreasing/suppressing inflam-
mation. In addition, BPD-associated PH was also ameliorated by 7ND-
MSCs.

The pathology of BPD is a lung injury pattern characterized by
impaired alveolarization, including inflammation, bronchial smooth
muscle thickening and interstitial edema [41,42]. The hyperoxia-
induced lung injury in neonatal rats is similar to this pattern, result-
ing in fewer and larger alveoli and thickened alveolar septa in the
lung [31,43]. In the present study, expansion of the alveolar space
was observed in the BPD model rats (vehicle-treated group), and
their VDT and SA were decreased.

The most important finding of our present study is the significant
improvement of VDT and SA after 7ND-MSC administration compared
with the vehicle, but almost no improvement was found with control
MSCs, indicating that 7ND-MSCs ameliorated impaired alveolariza-
tion more than the control MSCs. The therapeutic effect of 7ND-MSCs
is further enhanced by the effect of 7ND compared with MSCs alone.
One of the possible mechanisms underlying this positive effect was
the reduction/suppression of alveolar inflammation by 7ND-MSC
administration. 7ND-MSCs secrete 7ND, a deletion mutant of human
CCL2, which inhibits CCL2 that regulate migration and infiltration of
monocytes/macrophages [23]. Therefore, we expected that 7ND-
MSCs have a particularly powerful effect of suppressing macrophages
compared with MSCs. In the present study, 7ND-MSC administration
at P5 significantly decreased the accumulation of inflammatory cells,
particularly macrophages, in BALF. Moreover, M1 macrophages were
mainly reduced and M2 macrophages were increased in the 7ND-
MSC�treated group compared with the treatment of MSCs alone.
Macrophages are divided into two types as follows: the pro-
inflammatory (M1) and anti-inflammatory (M2) types. M1 macro-
phages play a critical role in the initiation of acute lung injury
[44,45]. This result suggested that the inflammatory reaction by alve-
olar macrophages (M1) in the lung tissue may be suppressed by
7ND-MSC administration and 7ND-MSCs may promote the change of
macrophage polarization fromM1 to M2.

Recently, there are a growing number of reports that highlight the
complexity of lung myeloid compartments, including alveolar macro-
phages as well as various subsets of non-alveolar macrophages, such
as dendritic cells, tissue monocytes and interstitial macrophages [46].
In the present study, we did not evaluate in detail, but we performed
immunostaining of Iba-1, CD11b and c-mer proto-oncogene tyrosine
kinase (MerTK) as a preliminary experiment. The staining seemed
that the hyperoxia exposure (vehicle group) increased the number of
Iba-1�positive/CD11b and MerTK-negative cells and Iba-1/CD11b
double-positive/MerTK-negative cells compared with the sham
group, and 7ND-MSC treatment suppressed the elevations. In con-
trast, Iba-1/CD11b/MerTK triple-positive cells seemed to be almost
unchanged (Supplementary Figure 2). According to previous reports
[46], these Iba-1�positive cells may contain some interstitial macro-
phages as Iba-1/CD11b/MerTK triple-positive cells and/or some clas-
sical dendritic cells as Iba-1�positive/CD11b and MerTK-negative
cells or Iba-I/CD11b double-positive/MerTK-negative cells. Because it
is controversial whether or not Iba-1�positive cells contain alveolar
macrophages [47�49], it was difficult to show what kinds of cells
constitute the Iba-1�positive cells in the present study. We will eval-
uate this in detail in the subsequent studies.

In addition, 7ND-MSCs may also have some effect on immune
cells other than macrophages. In our experiment, the number of total
inflammatory cells in the blood, particularly lymphocytes, in the
7ND-MSC�treated group was lower than that in the vehicle- and
control MSC-treated groups, showing that 7ND-MSC administration
improved nonspecific inflammation systemically as well as in the



Figure 6. Impact of 7ND-MSCs on pulmonary artery remodeling. (A) Immunofluorescence staining for a-SMA. Scale bars indicate 10 mm. (B) MWT at P15. The MWT in the 7ND-
MSC�treated group was significantly lower than that in the vehicle- and control MSC-treated groups. n = 3 for sham, 3 for vehicle, 5 for MSC and 4 for 7ND. *P < 0.05 and **P <

0.01. (C) Representative pictures of immunofluorescence staining for a-SMA (red), Ki-67 (green) and DAPI (blue). White arrows indicate Ki-67�positive cells. Scale bars indicate 20
mm. (D) Percentage of Ki-67�positive vessels at P15 in each experimental group. The percentage of Ki-67�positive vessels in the 7ND-MSC�treated group was significantly lower
than that in the vehicle-treated group. The percentage of Ki-67�positive cells tended to decrease in the 7ND-MSC�treated group compared with that in the control MSC-treated
group, but was not statistically significant. n = 18 for sham, 8 for vehicle, 11 for MSC and 12 for 7ND. *P < 0.05 and **P < 0.01.
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lung. In ex vivo imaging, both 7ND-MSC and control MSC were dis-
tributed mainly in the lungs and liver within 3 h and then remained
until 7 days after injection. Even in the spleen and kidney, to a small
extent, both cells were distributed up to 7 days after the injection
(Supplementary Figure 3). These results reinforce the possibility that
7ND-MSC has systemic anti-inflammatory effects through distribu-
tion to various organs after intravenous injection.
In the present study, the therapeutic effect of 7ND-MSC in PH was
also demonstrated compared with control MSC. PH in BPD signifi-
cantly impacts the morbidity and mortality in neonates [50,51]. The
pathobiology of PH in BPD is characterized by inflammation and dys-
morphic angiogenesis, resulting in fewer (small) pulmonary arteries
and frequently in pulmonary hypertensive vascular disease [52�54].
Pulmonary hypertensive vascular disease in hyperoxia-induced BPD



Figure 7. Impact of 7ND-MSCs on pulmonary hypertension. (A) RV/LV+S at P15. RV/LV+S, as an indicator of right ventricular hypertrophy, in the 7ND-MSC�treated group was sig-
nificantly lower than that in the vehicle- and control MSC-treated groups. n = 24 for sham, 12 for vehicle, 17 for MSC and 17 for 7ND. *P < 0.05 and **P < 0.01. (B) RVSP at P15. The
RVSP in the 7ND-MSC�treated group was significantly decreased compared with that in the vehicle- and control MSC-treated groups. n = 5 for sham, 6 for vehicle, 6 for MSC and 6
for 7ND. *P < 0.05 and **P < 0.01.
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causes pulmonary arteriolar muscularization, profound remodeling
of peripheral pulmonary vessels and right ventricular hypertrophy
[55�57]. Because smooth muscle cell proliferation and vascular
remodeling increase pulmonary arterial resistance and elevate right
Figure 8. Impact of 7ND-MSCs on mRNA expressions in lung tissue. The mRNA expressions o
with the vehicle-treated group. Compared with the control MSC-treated group, the 7ND-MS
statistically significant. n = 19 for sham, 10 for vehicle, 15 for MSC and 15 for 7ND. yP = 0.0841
ventricular systolic blood pressure, improving these conditions is
important in the development and progression of PH [42,53,58,59].

In the present study, 7ND-MSCs ameliorated right ventricular
hypertrophy, which was shown by the improved dry weight ratio
f IL-6 and CCL2 were significantly decreased in the 7ND-MSC�treated group compared
C�treated group tended to have lower mRNA expressions of IL-6 and CCL2, but was not
and **P< 0.01.
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(RV/LV+S), and reduced percentage of muscularized pulmonary arter-
ies. In addition, our results also showed that 7ND-MSCs suppressed
smooth muscle cell proliferation and vascular remodeling. Thus, the
right ventricular systolic blood pressure in the 7ND-MSC�treated
group was significantly decreased, indicating that 7ND-MSCs have a
therapeutic effect on PH in hyperoxia-induced BPD.

Aslam et al. showed that MSCs reduced lung vascular injury and
prevented PH in a BPD model [60]. Interestingly, in the present study,
the therapeutic effect of 7ND-MSCs on PH, which combined the effect
of 7ND and MSCs, was even higher than that of MSCs alone. Several
studies showed that 7ND is effective for PH [61,62]. Ikeda et al.
showed that intramuscular gene transfer of 7ND monocyte chemoat-
tractant protein-1 (MCP-1) cDNA suppressed disease progression of
monocrotaline-induced PH by suppressing monocyte/macrophage
recruitment and the systemic MCP-1 signaling pathway. It is
unknown whether the prominent therapeutic effect of 7ND-MSCs on
PH is a macrophage inhibitory effect by 7ND or a cell therapy effect
by MSC. Whatever is the prominent factor for the treatment, the
present study, indicating that 7ND-MSCs improved PH more effec-
tively than MSCs alone, showed that using 7ND-MSCs is significant
for PH treatment.

The impact of 7ND-MSC administration on the mRNA expression
of inflammatory cytokines/chemokines in the lung tissue was evalu-
ated to further elucidate the mechanisms of 7ND-MSC therapy and
support the finding of reduced inflammation. Thompson and Bhan-
dari have found higher levels of proinflammatory cytokines (IL-1b,
IL-6 and IL-16) and lower levels of anti-inflammatory cytokines (IL-
10 and IL-13) in premature infants with BPD [63]. In some studies,
these elevations were improved even by MSC administration alone
[36,64]. Interestingly, we showed that the mRNA expressions of IL-6
and CCL2 in the lung in the 7ND-MSC�treated group were further
suppressed compared with treatment MSC alone. Because 7ND has a
suppressive effect on CCL2, which activates alveolar macrophage-
induced lung injury [65], CCL2 suppression by 7ND-MSCs may reduce
inflammatory cytokines such as IL-6. This result complements that
the effect of 7ND-MSC to reduce inflammation is further enhanced by
the effect of 7ND suppressing CCL2 compared with MSC alone.

The present study has several limitations. First, although 7ND-
MSCs have shown therapeutic effects of improving lung tissue injury
and PH, the survival rate was not significantly different. However,
7ND-MSCs also showed a significant increase in body weight com-
pared with vehicle on P15. Sutsko et al. reported that MSC adminis-
tration provided long-term repair of the neonatal hyperoxia-injured
lung [66]. 7ND-MSCs are also expected to have a long-term therapeu-
tic effect. Lung tissue injury and PH induced by BPD last for a long
period after hyperoxia [50]. Thus, performing longer-term assess-
ment to confirm survival rate might be better. Moreover, there are
various cell doses in studies using MSCs for BPD [15,60,67,68]. We
intravenously administered MSCs and 7ND-MSCs at 1£ 105 cells/
pup, considering the body weight of neonatal rats. The treatment
effect of the stem cells was known to be dose-dependent [69]. By
contrast, a large amount of MSCs has been shown to cause side
effects, such as pulmonary embolism [70]. Considering the clinical
application, the higher the number of cells we could administer, the
higher the risk and cost the patient could have. In addition, to per-
form safe and certain intravenous injection to small pups, we decided
to set the timing of cells administered to P5 based on the results in
previous reports [15]. There is a report that early cell administration
is more effective for BPD [71]. Thus, our 7ND-MSC dose might not be
appropriate. Further analysis is required to investigate the appropri-
ate dose and timing of 7ND-MSC administration.

Second, we compared the therapeutic effect only between MSCs
and 7ND-MSCs, but not 7ND alone. When 7ND is administrated sys-
temically (intravenously), accumulation of 7ND is expected to be lit-
tle. By contrast, intratracheal administration of 7ND may be more
effective in the lung, but it may lead to a weakened effect of
suppressing systemic inflammation. MSCs are expected to be used
not only as stem cells but also as vehicles for gene expression because
MSCs accumulate at the site of lung injury [72]. Therefore, it is con-
ceivable that 7ND-MSCs accumulate in the lung more efficiently and
suppress systemic inflammation more effectively compared with
7ND alone. Moreover, 7ND-MSCs can also exert trophic effects, such
as anti-inflammatory, tissue protective and immunosuppressive
effects, similar to MSCs. It is unknown whether MSCs alone or 7ND
alone is more effective for BPD. However, for these reasons, 7ND-
MSCs should be more effective than 7ND alone.

Finally, the safety of 7ND-MSCs has not been confirmed. Because
7ND-MSCs use lentiviral introduction, it is undeniable that some side
effects might possibly develop. However, in the present study, 7ND-
MSC administration did not decrease the survival rate or show
tumorigenesis in each organ, although long-term evaluation was not
performed. Moreover, no clinical trial used 7ND-MSCs, but clinical
trials that used MSCs alone for BPD have been ongoing [73,74]. Sev-
eral basic studies and clinical trials on various diseases have been
conducted for 7ND [75�77]. Because the safety of both 7ND and
MSCs has been confirmed independently, adverse events are less
likely to occur even if 7ND and MSCs are combined. Taken together,
considering clinical application, intravenous administration of 7ND-
MSC is a viable treatment.

In conclusion, we have demonstrated that intravenous adminis-
tration of 7ND-MSCs improved hyperoxia-induced lung pathology
and PH in neonatal rats compared with MSCs. Improvements in alve-
olar maldevelopment and vasculature remodeling are shown to be
associated with downregulation of 7ND targets, including CCL2 and
IL-6, regulating inflammation and suppression of alveolar macro-
phages, particularly M1 macrophages. Thus, the effects of 7ND-MSCs
in neonatal BPD lungs are likely mediated by paracrine mechanisms
of both MSCs and 7ND. Therefore, intravenous administration of
7ND-MSCs may be a novel strategy in the treatment of BPD.
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