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Abstract

Purpose We aimed to evaluate the effect of human mesenchymal stem cells (hMSCs) on congenital diaphragmatic hernia
(CDH) by intra-amniotic injection in a rat CDH model.

Methods Nitrofen (100 mg) was administered to pregnant rats at E9.5. hMSCs (1.0x 10°) or PBS was injected into each
amniotic cavity at E18, and fetuses were harvested at E21. The fetal lungs were classified into normal, CDH, and CDH-
hMSC:s groups. To determine the lung maturity, we assessed the alveolar histological structure by H&E and Weigert staining
and the alveolar arteries by Elastica Van Gieson (EVG) staining. TTF-1, a marker of type II alveolar epithelial cells, was also
evaluated by immunohistochemical staining and real-time reverse transcription polymerase chain reaction.

Results The survival rate after intra-amniotic injection was 72.1%. The CDH-hMSCs group had significantly more alveoli
and secondary septa than the CDH group (p <0.05). The CDH-hMSCs group had larger air spaces and thinner alveolar walls
than the CDH group (p <0.05). The medial and adventitial thickness of the pulmonary artery in the CDH-hMSCs group were
significantly better (p <0.001), and there were significantly fewer TTF-1-positive cells than in the CDH group (p <0.001).

Conclusion These results suggest that intra-amniotic injection of hMSCs has therapeutic potential for CDH.

Keywords Congenital diaphragmatic hernia - Mesenchymal stem cell - Intra-amniotic injection - Fetal therapy - Lung

hypoplasia - Nitrofen

Introduction

Congenital diaphragmatic hernia (CDH) is a disease char-
acterized by a diaphragmatic defect and protrusion of
abdominal content into the thoracic cavity, leading to lung
hypoplasia and immaturity [1]. Although the treatment of
patients with CDH has been improving with the introduc-
tion of the current therapeutic approaches, including fetal
tracheal occlusion, gentle ventilation strategy, and extracor-
poreal membrane oxygenation, the mortality rate remains
high in infants with severe CDH [1-3]. Therefore, it is desir-
able to combine novel therapies targeting the facilitation of
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fetal and postnatal lung growth, including new drugs, along
with regenerative medicine, cellular therapy, and other
modalities.

Mesenchymal stem cells (MSCs) are widely used in
experimental research for cell-based therapy. MSCs can be
isolated from mesenchymal tissue, including bone marrow,
muscle, adipose tissue, and lungs, and have the ability to
differentiate to multiple lineages [4]. MSCs have also a low
antigen-presenting capacity due to their low expression of
MHC class II cell surface markers and are considered to
have a low immune response [5]. Several studies have dem-
onstrated the efficacy of MSCs transplantation in treating
models of lung injury, such as lung fibrosis, emphysema,
and hyperoxic lung injury [6-8].

Intravascular injection is often selected for fetal therapy
using MSCs, although it can cause complications such as
immunodeficiency, inflammation, and microvascular embo-
lism [5, 9]. Furthermore, the maternal blood is separated
from the fetus blood by the blood—placental barrier, so the
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potential for migration of MSCs delivered via intravascular
administration is unclear.

During the gestation period, the fetus takes in amniotic
fluid to the pulmonary alveoli by fetal breathing movement
(FBM) to encourage lung maturity [10]. In this study, we
focused on the intrauterine amniotic fluid and hypothesized
that the intra-amniotic injection of MSCs might allow MSCs
to migrate to the pulmonary alveoli through FBM. The pre-
sent study therefore aimed to evaluate the therapeutic effect
of human MSCs (hMSCs) on CDH via their intra-amniotic
injection in a rat CDH model.

Materials and methods

hMSCs

MSCs derived from the adipose tissue of a Caucasian female
(KURABO, Japan) were cultured using a Stem Life™ MSC
Comp Kit (KURABO) with 1% (v/v) penicillin and strepto-
mycin (Nacalai Tesque, Japan) in 5% CO,/95% humidified
air at 37 °C. The cells were trypsinized and harvested at
about 70-80% confluency to receive the intra-amniotic injec-
tion. All experiments used low-passage hMSCs for in vivo
studies (passages 6-8).

Nitrofen-induced CDH rat model

All experimental procedures and protocols for the animals
conformed to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by
the Committee for Animal Research of Kyoto Prefectural
University of Medicine (Code No. M28-529).

Timed-pregnancy Sprague—Dawley (SD) rats (Shimizu
Laboratory, Japan) were housed in separate cages under
normal room temperature and light conditions with free
access to food and water. Pregnant rats were anesthetized
with isoflurane (Pfizer, Japan) and administered 100 mg of
herbicide nitrofen (2,4-dichorophenyl-p-nitrophenyl ether;
WAKO Chemical, Japan) dissolved in 1 ml of olive oil via
an orogastric tube at E9.5, whereas control rats received the
same dose of olive oil without nitrofen. Even with nitrofen,
not all fetuses developed CDH, so those without CDH were
excluded from the analysis.

The intra-amniotic injection was performed at E18.
Pregnant rats were anesthetized with isoflurane and main-
tained with pentobarbital (Kyoritsu Seiyaku, Japan). After
midline laparotomy, the uterine horn was exteriorized, and
the number of fetuses was counted. A 30-G needle with a
300 pL syringe (Becton-Dickinson and Company, Japan)
was inserted into each amniotic fluid cavity, and hMSCs
were injected near the fetus mouth, carefully avoiding the
placenta, umbilical cord, and fetus itself (Fig. 1a, b). In
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addition, insertion near the innermost fetuses was avoided
in order to prevent premature birth. As a sham treatment, the
pregnant rats that received solvent at E9.5 were also injected
with PBS.

The fetuses were harvested by Caesarean section and
weighed at E21. After counting the number of surviving
fetuses, the peritoneal cavities of each fetus were opened,
and diaphragmatic defects were confirmed by a visual
inspection. Only the fetuses with left diaphragmatic defects
were used for the analysis. The fetuses were classified into
the following three groups based on their findings: (1) the
Normal group, including rats treated with PBS instead of
hMSC:s after olive oil exposure; (2) the CDH group, includ-
ing rats treated with PBS instead of hMSCs after nitrofen
exposure; and (3) the CDH-hMSCs group, including rats
treated with hMSCs after nitrofen exposure. The fetal lungs
were harvested, and a section of the left lungs was immersed
in paraformaldehyde (PFA) solution. The rest of the left
lungs was also weighed, and the lung-to body weight ratio
(LBWR; calculated as the weight of the bilateral lungs [mg]/
body weight [g]) was measured. The lungs were then fro-
zen in liquid nitrogen. In order to detect hMSCs migration
into the pulmonary alveoli, we also harvested the fetus from
another pregnant rat at E19 and performed immunohisto-
chemical staining (IHC) via the procedure described below.

Lung morphometry

After tracheal injection of 4% PFA under the constant
pressure of 20 cm H,O, the fetal trachea was ligated. The
expanded lungs were immersed in 4% PFA for 24 h and then
embedded in paraffin. Each sample was cut into 4-pm-thick
sections and deparaffinized for further morphometric and
immunohistochemical analyses. Fetal lungs without suffi-
cient expansion were excluded from the analysis.

Tissue sections stained with H&E were used for pul-
monary alveoli assessment, which included radial alveolar
count (RAC), pulmonary alveolar wall thickness (AWT),
and mean linear intercept (Lm). For the RAC assessment, a
perpendicular line was drawn from the junction of the ter-
minal bronchioles and respiratory epithelia to the nearest
visceral pleura, and all airspaces on the line were counted
in 10 sections per fetus [11]. The AWT was measured using
lines drawn at 90° angles across the narrowest 20 sections
per field (10 fields per fetus). The Lm was measured as the
average distance between the alveolar walls in five sections
per field (5 fields per fetus) [12]. Tissue samples stained
with Weigert’s were used for a secondary septa assessment
for the elastin deposition. Five fields were measured, and
their values were averaged in each group. Tissue samples
stained with Elastica van Gieson (EVG) were used for
the pulmonary artery (PA) assessment based on the pro-
portionate medial thickness (%MT) and the proportionate
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Fig. 1 Intra-amniotic injection of hMSCs. a, b hMSCs were carefully
injected into the intra-amniotic cavity with a 30-G needle at E18. ¢, d
Representative micrograph of CD90 immunohistochemically stained

adventitia thickness (%AT) according to the following for-
mulae: %MT =2 x medial wall thickness/external diameter;
%AT = adventitial wall thickness/external diameter [13]. In
each sample, only small PAs (external diameter: 30-100 pm)
were measured in an approximately circular shape (mini-
mum diameter/maximum diameter X 100> 50%). These
analyses were performed blindly with a pathologist.

Immunohistochemical staining

To detect the migration of hMSCs into the pulmonary
alveoli histologically, we performed IHC staining with
antibodies to CD90/Thy1 (1:200, ab133350; Abcam, UK).
The slides were incubated with the appropriate secondary
antibody followed by DAB Chromogen reagent (DAKO,
USA) and counterstained with hematoxylin. IHC staining
using an antibody against thyroid transcription factor-1
(TTF-1) (1:200, mouse, ab212886; Abcam) for the type II
alveolar epithelial cell (AEC-II) assessment. Images were

lung section. (¢ X200 original magnification, d x400). hMSCs were
taken into the pulmonary alveoli at E18

obtained with a microscope BZ-X700 (Keyence, Japan),
and the number of TTF-1-positive cells was counted and
their values averaged in each group.

Real-time reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted from each lung (n = 8) using
RNeasy Mini kit (Qiagen, Germany) and reversed tran-
scribed using ReverTra Ace® qPCR RT Master Mix
(Toyobo, Japan) according to the manufacturer’s instruc-
tions. Real time RT-PCR of TTF-1 was performed using
an SYBR green qPCR assay (Takara, Japan) according to
the recommended protocol. The expression of f-actin was
used as an endogenous control. The primers were used
as follows: Forward, AAATTTGGGGGTCTTTCTGG,
Reverse, AGAGTGCATCCACAGGGAAG.
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Statistical analyses

Data were expressed as mean + standard error of the mean.
All data were analyzed statistically using Student’s ¢ test
with the StatMate V software program (ATMS, Japan). Sta-
tistical significance was defined as a p value of less than
0.05.

Results
Intra-amniotic cavity injection of hMSCs

The overall survival rate of the intra-amniotic injection of
hMSCs (n=117) or PBS (n=132) in a rat nitrofen injected
model was 72.1%, and there was no significant difference
in the survival between the hMSCs injection group and the
PBS injection group (68.66% +8.29% vs. 75.63% +7.89%,
respectively, p=0.55). hMSCs immunohistochemically
stained with CD90 were confirmed in the pulmonary alveoli
at E19 (Fig. 1c, d). hMSCs were observed in the junction of
the terminal bronchioles and respiratory epithelia diffusely.

Incidence of CDH and lung body weight ratio

The incidence of CDH in this study was 36.4% (n=48/132)
in the CDH group and 46.2% (n=54/117) in the CDH-
hMSCs group. There was no significant difference in the
lung body weight ratio between the CDH group and the
CDH-hMSCs group (13.97 +£0.50 vs. 14.00+0.55, respec-
tively, p=0.94).

The morphological assessment of the pulmonary
alveoli

For the alveolar assessment, the RAC, AWT, Lm, and elastin
deposition were measured (Figs. 2, 3). The RAC was sig-
nificantly lower in the CDH group than in the normal group
(2.43+0.14 vs. 5.55+0.21, p<0.001) and significantly
higher in the CDH-hMSCs group than in the CDH group
(2.93+0.10 vs. 2.43+0.14, p<0.05) (Fig. 2d).

The CDH group was characterized by interstitial thicken-
ing due to immature lung development, resulting in a thicker
AWT and a narrower Lm than in the normal group (AWT:
23.23+1.03 vs.9.04+0.35, p<0.001; Lm: 23.83 +1.31 vs.
47.62+1.57, p<0.001). In contrast, in the CDH-hMSCs
group, the abnormal interstitial thickness was improved, and
the AWT was thinner and the Lm wider than in the CDH
group (AWT: 19.37+1.16 vs. 23.23 +1.03, p<0.05; Lm:
32.19+2.03 vs. 23.83 +1.31, p<0.01) (Fig. 2e, f). Elastin
deposition was noted on the tips of the secondary septa. This
deposition in the CDH group was significantly less than in
the normal group (4.86+0.62 vs. 11.52+1.16, p<0.001).
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The elastin deposition in the CDH-hMSCs group was sig-
nificantly greater than in the CDH group (7.26 +0.86 vs.
4.86 +0.62, p <0.05) (Fig. 3d).

The morphological assessment of the PAs

For the assessment of the PAs, we measured the thickness
of the tunica media and tunica adventitia (Fig. 4a—c). The
tunica media and tunica adventitia in the CDH group were
significantly thicker than in the normal group (tunica media:
29.25+1.01 vs. 16.50+1.93, p <0.001; tunica adventitia:
39.04 +£2.67 vs. 22.25+2.72, p<0.001). In contrast, both
tunicae in the CDH group became thinner with hMSCs treat-
ment (tunica media: 29.25+1.01 vs. 20.50+1.77, p<0.001;
tunica adventitia: 39.04 +2.67 vs. 24.85+1.40, p<0.001)
(Fig. 4d, e).

The assessment of AECs-II

The number of TTF-1-positive cells on IHC in the CDH
group was significantly greater than in the normal group
(614.86 +19.27 vs. 433.75+7.06, p<0.001) (Fig. 5a—d).
Conversely, the number of TTF-1-positive cells in the CDH-
hMSCs group (n=10) was less than that observed in the
CDH group (451.12+78.43 vs. 614.86+19.27, p <0.001).
On real-time RT-PCR, the expression of TTF-1 (TTF-1/p-
actin) in the CDH group was greater than in the normal
group (1.49+0.12 vs. 1.00+0.05, p<0.001). There were no
significant differences between the CDH-hMSCs and CDH
groups (1.25+0.05 vs. 1.49+0.12, p=0.08), but the gene
expression in the CDH-hMSCs group tended to be lower
than that in the CDH group, similar to the protein levels of
TTF-1 (Fig. Se).

Discussion

The present study demonstrated that the intra-amniotic injec-
tion of hMSCs promoted lung growth and maturity in a rat
CDH model. The therapeutic effect of MSCs on CDH has
been previously reported. Yuniartha et al. mentioned that
MSCs derived from fetal lung parenchyma promoted lung
maturity by transplantation via the uterus vein [14]. Ped-
eriva et al. reported that amniotic fluid stem cells rescued
nitrofen-induced hypoplastic lungs in coculture [15]. The
intravascular injection route is often selected for fetal ther-
apy using MSCs, but this approach has the potential to cause
complications, such as immunodeficiency, inflammation,
and microvascular embolism [5, 9]. Therefore, we selected
the intra-amniotic injection route in order to reduce the side
effects potentially caused by the intravascular injection of
MSC:s in this study. It has been also previously reported that
the intra-amniotic injection at E13 has a therapeutic effect in
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Fig.2 The morphological assessment of the pulmonary alveoli by
H&E staining. a—¢ Micrographs show representative images of the
H&E-stained lung sections from the normal group (a), CDH group
(b), and CDH-hMSCs group (c¢) at x100 original magnification.
d The radial alveolar count (RAC) in the CDH group was signifi-
cantly lower than in the normal group (p<0.001). The RAC in the
CDH-hMSCs group was significantly greater than in the CDH group

an explant in vivo CDH model, but to our knowledge, there
have been no previous reports describing the therapeutic
effect in an in vivo study [16].

In this study, we confirmed that fetal rats could take in
hMSCs with amniotic fluid at E18. Rat FBM reportedly
starts from E16 and becomes active from E18 [10]. There-
fore, E18 was presumed to be the best timing for the intra-
amniotic injection. In addition, amniocentesis is a common
procedure as a prenatal diagnostic test in clinical practice,
being typically performed at 16-18 weeks when the fetal
lung is developing in humans, which corresponds to E18 in
a rat model.

Our previous study showed that prenatal treatment with
administration of bombesin increases the LBWR [17]. How-
ever, the present study found no significant difference in
the LBWR between the CDH and CDH-hMSCs groups. We
assumed that this result was due to the surgical invasion

(»p=0.009). e The alveolar wall thickness (AWT) in the CDH group
was significantly greater than in the normal group (»<0.001). The
AWT in the CDH-hMSCs group was significantly lower than in the
CDH group (p=0.023). f The mean linear intercept (Lm) in the CDH
group was significantly smaller than in the normal group (p <0.001).
The Lm in the CDH-hMSCs group was significantly larger than in the
CDH group (p=0.003). *p <0.05, **p <0.01, ***p <0.001

related to the intra-amniotic injection. In a previous study,
a midline laparotomy was made, and an osmotic pump
containing bombesin was implanted in a pregnant rat. Con-
versely, the present surgical procedure was complicated and
more invasive, involving midline laparotomy, exteriorization
of the uterine horn, and intra-amniotic injection in both the
CDH and CDH-hMSCs groups.

Pathologic abnormalities of CDH are characterized by
decreased alveolar branching, mesenchymal thickening, and
defective secondary septation. Similar changes are seen in
the nitrofen-introduced CDH model, but the mechanism
underlying these pathological changes is poorly understood.
It is hypothesized that nitrofen inhibits retinal aldehyde
dehydrogenase 2 (RALDH-2), resulting in the suppression
of retinoic acid (RA) production [15]. The suppression of the
RA production also downregulates several growth factors,
such as bone morphogenetic proteins (BMP), Shh proteins,
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Fig.3 The morphological assessment of the pulmonary alveoli by
Weigert’s elastin-staining. a—¢ The representative micrograph images
of the Weigert’s elastin-stained lung sections from the normal group
(a), CDH group (b), and CDH-hMSCs group (c) at X400 original
magnification. White arrows indicate elastin deposition. d The elastin

and fibroblast growth factor (FGF). As BMP plays a critical
role in airway branching morphogenesis, the downregulated
BMP results in a decreased number of alveoli. It has been
hypothesized that mesenchymal thickening is caused by the
diminished apoptosis of fibroblasts and the suppression of
fibroblast proliferation via Shh signaling, such as the acti-
vation of kinesin family-7 and Forkhead box-1 [18, 19]. In
addition, impaired Shh signaling inhibits the migration of
alveolar myofibroblasts, which is essential for secondary
septation, resulting in defective secondary septation [18].
In the present study, we observed a significant increase in
the RAC, AWT thinning, Lm expansion and greater elastin
deposition by the intra-amniotic injection of hMSCs than in
the CDH group. The RAC, AWT/Lm, and elastin deposition
have been used as indicators of lung maturity, mesenchymal
thickening, and secondary septal formation, respectively [11,
12, 20, 21]. Our results showed that the intra-amniotic injec-
tion of hMSCs improved fetal pulmonary morphological
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deposition in the CDH group was significantly less than in the nor-
mal group (p<0.001). The elastin deposition in the CDH-hMSCs
group was significantly greater than in the CDH group (p=0.036).
*p<0.05, *#p <0.01, ***p <0.001

abnormalities. Furthermore, our results showed that the PA
wall became thinner following the intra-amniotic injection
of hMSCs than in the CDH group. Mesenchymal thicken-
ing has been shown to lead to developmental abnormalities
in pulmonary blood vessels [18]. Adventitial thickening of
the PA may increase the vascular bed volume and inhibit
vasodilation in CDH. Furthermore, medial thickening of the
PA may increase the smooth muscle layer and pulmonary
vascular resistance. Therefore, tunica media and adventitia
thinning is assumed to help reduce pulmonary persistent
hypertension in neonates [22]. Given these previous find-
ings, the intra-amniotic injection of hMSCs is suggested to
potentially prevent postnatal pulmonary persistent hyperten-
sion in neonates.

TTF-1 is a marker of AECs-II, which have been consid-
ered a progenitor of type 1 alveolar epithelial cells (AECs-I)
[23]. The AEC-II numbers are increased while the AEC-I
numbers are decreased in hypoplastic lungs [18, 24]. Our
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Fig.4 The morphological assessment of the pulmonary arteries by
Elastica Van Gieson staining. a—¢ The representative micrograph
images of the Elastica Van Gieson-stained lung sections from the nor-
mal group (a), CDH group (b), and CDH-hMSCs group (c) at X400
original magnification. d The proportionate medial thickness (%MT)
in the CDH group was significantly higher than in the normal group

previous studies have shown that TTF-1 levels decreased
with lung maturation and confirmed that TTF-1 can be used
as an indicator of lung maturation [17]. Our present study
also confirmed that the AEC-II count was increased in CDH
and decreased by the intra-amniotic injection of hMSCs (for
both protein and gene expression). This result showed that
the intra-amniotic injection of hMSCs also promoted the
maturation of alveolar epithelial cells.

In our experiment, a detailed molecular biological analy-
sis of the effects of MSCs was not performed. MSCs have
been shown to secrete several growth factors, including
tumor growth factor-p (TGF-p), hepatocyte growth factor
(HGF), and FGF, in an experimental CDH rat model [25].
Ahn et al. also reported that the therapeutic effect of MSCs

CDH-hMSCs
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(p<0.001). The %MT in the CDH-hMSCs group was significantly
lower than in the CDH group (p <0.001). e The proportionate adven-
titial thickness (%AT) in the CDH group was significantly higher than
in the normal group (p <0.001). The %AT in the CDH-hMSCs group
was significantly lower than in the CDH group (p <0.001). *p <0.05,
*#p <0.01, ***p <0.001

was mediated by paracrine mechanisms in a rat experimental
model using MSC-derived exosomes [8]. The intra-amniotic
injection of hMSCs is thus assumed to be affected the lung
development through a similar paracrine mechanism.

In conclusion, the intra-amniotic injection of hMSCs
improved the morphological abnormalities and pro-
moted fetal lung maturity in a rat nitrofen-induced CDH
model. The intra-amniotic injection of hMSCs may be a
therapeutic approach for improving lung hypoplasia in
patients with fetal CDH. In the future, it will be necessary
to investigate the paracrine effect mediated by growth
factors, such as FGF, HGF, and VEGF, in order to clarify
the therapeutic mechanism underlying the intra-amniotic
fluid injection.
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Fig.5 The assessment of the TTF-1 expression in alveolar epithelial
cells type II. a—c The representative micrograph images of TTF-1
IHC-stained lung sections from the normal group (a), CDH group
(b), and CDH-hMSCs group (c) at X200 original magnification. d
The number of TTF-1-positive cells in the CDH group was signifi-
cantly greater than in the normal group (p<0.001). The number of
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