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Background: Recent studies identified a great diversity of cell types in precise number
and position to create the architectural features of the lung that ventilation and respiration
at birth depend on. With damaged respiratory function at birth, congenital diaphragmatic
hernia (CDH) is one of the more severe causes of fetal lung hypoplasia with unspecified
cellular dynamics.

Objectives: To characterize the epithelial cell tissue in hypoplastic lungs, a
careful analysis regarding pulmonary morphology and epithelial cell profile was
conducted from pseudoglandular-to-saccular phases in normal versus nitrofen-
induced CDH rat lungs.

Design: Our analysis comprises three experimental groups, control, nitrofen (NF) and
CDH, in which the relative expression levels (western blot) by group and developmental
stage were analyzed in whole lung. Spatiotemporal distribution (immunohistochemistry)
was revealed by pulmonary structure during normal and hypoplastic fetal lung
development. Surfactant protein-C (SP-C), calcitonin gene-related peptide (CGRP),
clara cell secretory protein (CCSP), and forkhead box J1 (FOXJ1) were the used
molecular markers for alveolar epithelial cell type 2 (AEC2), pulmonary neuroendocrine,
clara, and ciliated cell profiles, respectively.

Results: Generally, we identified an aberrant expression of SP-C, CGRP, CCSP, and
FOXJ1 in nitrofen-exposed lungs. For instance, the overexpression of FOXJ1 and CGRP
in primordia of bronchiole defined the pseudoglandular stage in CDH lungs, whereas
the increased expression of CGRP in bronchi; FOXJ1 and CGRP in terminal bronchiole;
and SP-C in BADJ classified the canalicular and saccular stages in hypoplastic lungs.
We also described higher expression levels in NF than CDH or control groups for
both FOXJ1 in bronchi, terminal bronchiole and BADJ at canalicular stage, and SP-
C in bronchi and terminal bronchiole at canalicular and saccular stages. Finally, we
report an unexpected expression of FOXJ1 in BADJ at canalicular and saccular stages,
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whereas the multi cilia observed in bronchi were notably absent at embryonic day 21.5

in induced-CDH lungs.

Conclusion: The recognized alterations in the epithelial cell profile contribute to a better
understanding of neonatal respiratory insufficiency in induced-CDH lungs and indicate a
problem in the epithelial cell differentiation in hypoplastic lungs.

Keywords: alveolar type 2 cell (AEC2), CDH, ciliated cell, clara cell, PNECs

INTRODUCTION

Respiratory function is dependent on lung architecture, created
and maintained by interactions of myriad cells during gestational
life. Importantly, the traditional view of fetal lung development
subdivides the lung morphogenesis into five distinct periods
based on structure: embryonic, pseudoglandular, canalicular,
saccular, and alveolar periods, which are shared among
mammalian species [reviewed in Refs. (1, 2)]. At the molecular
level, it is the expression of Nkx2-1 in the endoderm of
the ventral wall of the anterior foregut that first identified
the lung at the embryonic stage (3). Afterward, mesodermal-
endodermal interactions support branching morphogenesis and
the specification of multipotent progenitor cells into proximal
(SOX2) versus distal (SOX9) profiles (4-11), reviewed in Ref.
(12). Interestingly, the differentiation of proximodistal patterning
at the time of conducting and respiratory airways formation
contribute for normal respiratory function at birth. More
relevant, the current knowledge of epithelial cell differentiation
admits distinct models for bronchiolar (SOX21) versus alveolar
(SOX9™) lineages, in which the bronchiolar differentiation gives
rise to goblet, clara, ciliated, and neuroendocrine cells under
mechanisms dependent on Notch signaling (13-18), whereas
SOX9 or a region just proximal to SOX9T cells at early or a
bipotent progenitor at later developmental stage form alveolar
epithelial cell type 1 and 2 (AEC1 and AEC2) [Frank et al. (19),
Desai et al. (20), and Treutlein et al. (21)]. AEC1 cells constitute
about 95% of the surface area and are located immediately
adjacent to the capillaries, which allows efficient O, and CO;
diffusion, while AEC2 cells secrete surfactants to prevent alveolar
collapse (20, 22).

Reaching its severity in the congenital
diaphragmatic hernia (CDH), fetal lung hypoplasia remains
as one of the most common causes of morbidity and mortality
for neonates. CDH is defined as a diaphragmatic defect that
allows the herniation of abdominal organs into the thorax and
impairs the normal fetal lung development (23, 24). Hypoplastic
lungs have reduced surface area for gas exchange, with a decrease
in distal branching and alveoli. The alveoli that do exist have
thicker walls, impairing the close association of the airspaces
to the capillaries (25-27). A recent publication has shown the
proximodistal patterning impaired in induced-CDH lungs
from pseudoglandular-to-saccular stages (28), whereas the
epithelial cell dynamics, resulting from those differentiation
continues uncertain. In this context, taking advantage of the
nitrofen-induced CDH rat model that mimics the in vivo human
CDH in terms of the disrupted signal pathways in branching

maximum

morphogenesis and alveolar differentiation (29), we performed
a careful analysis regarding the pulmonary morphology and
the epithelial cell profiles during normal versus hypoplastic
pulmonary development.

MATERIALS AND METHODS

This study was carried out in strict accordance with FELASA
guidelines (30) and European regulations (European Union
Directive 86/609/EEC). All animal experiments were approved
by the Life and Health Sciences Research Institute (ICVS),
University of Minho, and by the Dire¢do Geral de Alimentacdo
e Veterinaria (approval No. DGAV 021328).

Animal Model and Experimental Design
Sprague-Dawley female rats (225 g; Charles-River, Spain) were
maintained in appropriate cages under temperature-controlled
room (22-23°C) on 12 h light: 12 h dark cycle, with commercial
solid food and water ad libitum. The rats were mated and
checked daily for vaginal plug. The day of plugging was
defined as embryonic day (E) 0.5 for time dating purposes.
According to the nitrofen-induced CDH rat model (31, 32), at
E9.5, randomly selected pregnant rats were exposed to 100 mg
nitrofen (2,4-dichlorophenyl-p-nitrophenylether). At different
time points (E17.5, E19.5, and E21.5), fetuses were harvested by
cesarean section. After fetal decapitation, a thoracic laparotomy
was performed under a binocular surgical microscope (Leica
Biosystems, Wild M651.MSD, Washington, United States) to
inspect the diaphragm and harvest the organs. Fetuses were
divided into three groups, namely the control (Ctrl), fetuses
exposed to olive oil alone; nitrofen (NF), fetuses exposed to
nitrofen without diaphragmatic defect; and CDH group, fetuses
exposed to nitrofen with diaphragmatic defect. Lungs were either
fixed in 4% paraformaldehyde for immunohistochemistry or
snap-frozen in liquid nitrogen for protein extraction. GPower
3.1.9.4 (Franz Faul, Universitat Kiel, Germany) was used for
sample size calculation. In total, 18 dams and 124 embryonic rats
were used in this study.

Immunohistochemistry

As previously described (33), immunostaining was performed
in formalin-fixed and paraffin-embedded sections at different
gestational ages (E17.5-E21.5) for the three groups, control,
NE and CDH. Primary antibodies for alveolar epithelial cell
type 2 (AEC2, Anti-Prosurfactant Protein C, SP-C, 1:1,000,
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Cat No. AB3786, Merck Millipore, Germany); Clara (Anti-
Clara Cell Secretory Protein, CCSP, 1:1,000, Cat No. 07-623,
Merck Millipore, Germany); ciliated (FOXJ1, 1:200, Cat
No. PA5-36210, ThermoFisher Scientific, Massachusetts,
United States); pulmonary neuroendocrine cells/neuroepithelial
bodies (PNECs/NEBs; 1:100, CGRP, Cat No. ab91007, Abcam,
Cambridge, United Kingdom) were used. Negative control
reactions included omission of primary antibody, in which
immunoreactivity was not observed. Tissue sections were
incubated with a streptavidin-biotin immunoenzymatic antigen
detection system (Cat No. TL-125-QHD, Thermo Scientific,
Massachusetts, United States) according to the manufacturer’s
instructions and visualized with a diaminobenzidine
tetrahydrochloride solution (DAB, Cat No. TA-125-QHDX,
Thermo Scientific, Massachusetts, United States) (33). The time
expended in DAB solution was dependent on the developmental
stage, but equally between normal, NF and CDH slides,
allowing the quantification of immunohistochemical signals.
The percentage of stained cells per microscopic field was
scored as follows: 0, 0-1% cells/pulmonary structure; 1, 1-
25% cells/pulmonary structure; 2, 25-50% cells/pulmonary
structure; 3, 50-75% cells/pulmonary structure; 4, 75-100%
cells/pulmonary structure in accordance with (28). At least three
independent experiments were performed for each antibody
tested, comprising different and unrepeated animal samples by
group (gestational age). Six different animals were examined for
each group per studied antibody. All sections were scanned with
Olympus BX61 Upright Microscope (Olympus Corporation,
Tokyo, Japan) and independently evaluated by two investigators.

Western Blot Analysis

Normal and nitrofen-exposed lungs from different gestational
ages (E17.5-E21.5) were processed for western blot analysis.
Proteins were obtained according to Ref. (34), and the protocol
performed as previously described (28). Blots were blocked
in 5% bovine serum albumin and probed with primary
antibodies for AEC2 (Anti-Prosurfactant protein-C, SP-C, 1:500,
Cat No. AB3786); clara (clara cell secretory protein, CCSP,
1:500, Cat No. 07-623); ciliated (FOXJ1, 1: 100, Cat No.
PA5-36210); PNECs/NEBs (CGRP, 1:250, Cat No. ab91007)
according to the manufacturer’s instructions. For loading control,
blots were probed with B-tubulin (1:200,000, Cat No. ab6046
Abcam, Cambridge, United Kingdom). Membranes were then
incubated with anti-rabbit secondary horseradish peroxidase-
conjugate (1:5,000, Cat No. 7074, Cell Signaling, Technology,
Massachusetts, United States), developed with Clarity West ECL
subtract, and the chemiluminescent signal was captured using the
Chemidoc XRS. The quantitative analysis was performed with
Quantity One 4.6.5 1-D Analysis Software. Three independent
experiments were performed (n = 3). In total, nine animals were
used in each group (gestational age/condition) per antibody.

Statistical Analysis

All quantitative data are presented as the mean =+ standard
deviation (SD). The statistical analysis was performed by two-
way ANOVA for lung condition (normal, NF and CDH) and
embryonic day (E17.5, E19.5, and E21.5) in protein expression

level. The parametric test assumptions were previously verified,
and an additional Fisher’s Least Significant Difference (LSD)
test was used for post-test analysis. T-test for independent
samples was performed to compare the molecular spatiotemporal
distribution by pulmonary structure and developmental stage.
Statistical analysis was performed using the statistical software
IBM SPSS Statistics 24.0. Statistical significance was set at
%p < 0.05.

RESULTS

To reveal the epithelial cell profile in hypoplastic lungs, we
selected the teratogenic model to induce fetal lung hypoplasia.
Nitrofen-induced CDH rat model cause lung hypoplasia with
and without CDH; though its severity was greater in those
with CDH. As such, a careful analysis regarding the distinct
epithelial cells in terms of relative expression levels (Figures 1A-
E) and spatiotemporal distribution was performed from E17.5
to E21.5, in which CCSP, FOXJ1, CGRP, and SP-C were used
to distinguish Clara, Ciliated, PNECs/NEBs, and AEC2 cellular
profiles, respectively.

Experimental-Congenital Diaphragmatic
Hernia Change the Relative Expression
Levels of Bronchiolar and Alveolar

Markers

In the normal whole lung, quantification of the relative
expression levels reveals a consistent increase in CCSP, FOX]J1,
and SP-C expression as fetal lung development progresses
(Figures 1A-E). Comparing with normal lungs, nitrofen-exposed
lungs were characterized by the overexpression of FOX]J1
(Figure 1C) and CGRP (Figure 1D) from pseudoglandular-
to-saccular stages. Unchanged expression levels for CCSP
(Figure 1B) and SP-C (Figure 1E) were visualized at E17.5,
whereas at canalicular stage we identified an increased expression
of CCSP and SP-C in hypoplastic (NF and CDH) versus
normal lungs. At E21.5, CCSP remains overexpressed, while a
slight depletion on SP-C was observed in induced-CDH lungs
(Figures 1B,E).

These molecular changes were further explored in terms of
spatiotemporal distribution in NF and CDH versus normal lungs.
Concomitant with the developmental stage, this analysis also
reveals the expression profile by pulmonary structure.

Similar Spatiotemporal Distribution for
Clara Cell Secretory Protein in Nitrofen
and Congenital Diaphragmatic Hernia
Lungs at E21.5

Clara cell secretory protein (CCSP) was expressed in all
pulmonary structures from pseudoglandular-to-saccular stages
in normal and hypoplastic fetal lungs (Figures 2AA-Fa-I).
Specifically, CCSP was observed in bronchi and primordia of
bronchiole at E17.5 (Figures 2AA,B,a,b,g,h); and in bronchi,
terminal bronchiole, and bronchioalveolar duct junction (BADJ)
at canalicular (Figures 2AC,D,c,d,i,j) and saccular stages
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FIGURE 1 | Altered relative expression levels for clara cell secretory protein (CCSP), forkhead box J1 (FOXJ1), calcitonin gene-related peptide (CGRP), and
surfactant protein-C (SP-C) in hypoplastic rat lungs. Western blot analysis for CCSP, FOXJ1, CGRP, and SP-C protein levels in normal (ctrl) and CDH lungs at
embryonic day (E)17.5-to-E21.5. (A) Representative immunoblots are shown. Each lane represents a pooled tissue sample, and relative expression was determined
against B-tubulin. Semi-quantitative analysis of three independent experiments is plotted (n = 9 per timepoint and experimental groups, respectively). Protein
expression levels of (B) CCSP, (C) FOXJ1, (D) CGRP, and (E) SP-C are shown at the distinct developmental stages of normal, nitrofen (NF), and congenital
diaphragmatic hernia (CDH) fetal lungs. Results are presented as mean + SD. Symbols indicate the main effects and non-redundant interactions of the two-way
ANOVA. p < 0.05: %vs ctrl; ¥vs E17.5-ctrl; &vs E17.5-CDH and E19.5-CDH.

(Figures 2AE,Fefk,]). CCSP + cells were also detected
in alveolar duct at E21.5 in normal (Figures 2AE,F), NF
(Figures 2Ae,f) and CDH lungs (Figures 2AKk,]).

Quantification of THC signals by pulmonary structure and
developmental stage demonstrated CCSP to be downregulated in
bronchi at E17.5 and terminal bronchiole at E19.5 in NF versus
control group. In contrast, CCSP was decreased in bronchi and
overexpressed in BADJ at E19.5 in CDH versus normal lungs
(Figure 2B). A similar expression profile for NF and CDH versus
control lungs was observed at E21.5 with the overexpression of
CCSP in bronchi, terminal bronchiole, and BAD] (Figure 2B).

Forkhead Box J1 Expressed in
Bronchioalveolar Duct Junction at
Canalicular and Saccular Stages After
Congenital Diaphragmatic Hernia

Induction

Forkhead box J1 (FOXJ1) was used to distinguish the ciliated
profile in normal and hypoplastic fetal lungs. FOXJ1 was
expressed in bronchi (Figures 3AA-F) at all gestational ages; in
primordia of bronchiole at E17.5 (Figures 3AA,B); and terminal
bronchiole at E19.5 (Figures 3AC,D) and E21.5 (Figures 3AE,F).
In hypoplastic (NF and CDH) lungs, FOX]J1 was observed in
BAD] at E19.5 (Figures 3Ac,d,i,j) and E21.5 (Figures 3Ae,f,k,1)

that contrast with their absence in normal lungs (Figures 3AC-
F). In addition, the multi cilia cells observed in bronchi at E21.5
in healthy lungs was demonstrated to be (near) absence in CDH
lungs (Figures 3CA,a).

Quantification of IHC signals established FOXJI
overexpressed in primordia of bronchiole at E17.5 in CDH
and bronchi at E19.5 in NF versus normal lungs. Both NF
and CDH lungs had increased FOX]J1 expression in terminal
bronchiole at E19.5 and E21.5, when compared with normal
lungs (Figure 3B). At E19.5, the molecular levels of FOXJ1 in
bronchi, terminal bronchiole, and BADJ were higher in NF than
CDH or control groups (Figure 3B).

The Size of Neuroepithelial Bodies
Increased in Induced-Congenital
Diaphragmatic Hernia Lungs at
Canalicular and Saccular Stages

Punctual (PNECs) or aggregated (NEBs) expression of CGRP
characterize the neuroendocrine profile in the developing lung.
Immunohistochemistry analysis showed CGRP expressed in
bronchi at E17.5-E21.5; primordia of bronchiole at E17.5
(Figures 4AA,B,a,b,g,h); and terminal bronchiole at E19.5
(Figures 4AC,D,c,d,i,j) and E21.5 (Figures 4AE,Ee,fk,]) in
normal and hypoplastic fetal lungs.
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as mean £ SD. Symbols indicate the main effects and non-redundant interactions of T-test for independent samples. “p < 0.05.

E21.5

Comparing NF and CDH with normal lungs, CGRP was
overexpressed in bronchi and terminal bronchiole at E19.5
and E21.5 in hypoplastic lungs, whereas the significative
overexpression in bronchi and primordia of bronchiole at
E17.5 was only observed in CDH lungs (Figure 4B). CGRP
overexpressed at E19.5 and E21.5 was evidenced by larger NEBs
(Figures 4AC-Fc-f,i-1).

Experimental Congenital Diaphragmatic
Hernia Induce the Expression of
Surfactant Protein-C in Bronchi and

Bronchioalveolar Duct Junction

The spatiotemporal profile of AEC2 cells was detected by SP-
C. In normal and hypoplastic lungs, SP-C was expressed in
bronchi at E17.5-E21.5 (Figures 5AA-Fa-f,g-1); in primordia
of bronchiole at E17.5 (Figures 5AA,B,a,b,g,h); in terminal
bronchiole and BAD] at E19.5 (Figures 5AC,D,c,d,i,j) and
E21.5 (Figures 5AE,Ee,fk]); and in alveolar duct at E21.5
(Figures 5AE,Fe,f,k,l).

Semi-quantitative analysis of SP-C expression in nitrofen-
exposed versus normal lungs showed SP-C overexpressed in
BADJ at E19.5 and E21.5, and in terminal bronchiole at E21.5.
In induced-CDH lungs, SP-C was also overexpressed in alveolar
duct at E21.5 (Figure 5B). By group, the expression of SP-C was
increased in bronchi at E19.5 and E21.5 in NF versus normal
lungs. Finally, significant differences in bronchi and terminal

bronchiole were visualized at E19.5 and E21.5 with SP-C more
expressed in NF than CDH or normal lungs (Figure 5B).

DISCUSSION

Single-cell transcriptomic and tracing-lineage studies allowed
the observation of precise number and position of distinct
pulmonary cell types, their lineages, and differentiation (35-38).
CDH fetuses with decreased distal branching and alveoli manifest
reduced respiratory function at birth (39, 40). Recently, the
proximodistal patterning was described as impaired in nitrofen-
induced CDH lungs from pseudoglandular-to-saccular stages
(28). As such, we intend to go further and determine the
relative expression levels and the temporospatial distribution
for CCSP, CGRP, FOXJ1, and SP-C proteins in hypoplastic (NF
and CDH) versus normal fetal lungs from pseudoglandular-
to-saccular stages. The selected molecular markers: CCSP,
CGRP, FOX]J1, and SP-C identified clara, PNECs/NEBs, ciliated
and AEC2 cells, respectively, when expressed in differentiated
epithelial tissues. Conversely, when detected in undifferentiated
epithelial tissues, they distinguish the cellular capacity to
give rise to the above-mentioned epithelial cell types. At the
pseudoglandular stage, our findings demonstrated FOXJ1 and
CGRP overexpressed in primordia of bronchiole after CDH-
induction. As the epithelial cell differentiation goes through,
we identified a general overexpression of CGRP in bronchi;
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SD. Symbols indicate the main effects and non-redundant interactions of T-test for independent samples. *p < 0.05.

d 1]

W ctrl
B NF
[ CDH

I

BADJ

BADJ alveolar

duct

terminal
bronchiole

bronchi

E21.5

FOXJ1, and CGRP in terminal bronchiole; and CCSP and SP-C
in BADJ at both canalicular and saccular stages in induced CDH-
lungs. Interestingly, in bronchi and terminal bronchiole, CCSP is
decreased at canalicular and overexpressed at saccular stages.
Discussing these results, it must be knowledge the distinct
contribution of the epithelial progenitors and specialized
epithelial cells that populate conducting and respiratory airways.
In fact, several studies tried to describe the function of
the distinct epithelial cell types during the development of
the lung and at birth, when baby takes the first breath.
PNECs/NEBs are described as airway sensors required for
appropriate innate immune inflammatory response and fetal lung
growth. Subsequently, we and others demonstrate PNECs/NEBs
overexpressed in in vivo nitrofen-exposed lungs, whereas the
exogenous administration of neuroendocrine products, like
bombesin or ghrelin, stimulate fetal lung growth (38, 41-46).
Clara is a secretory cell essential for airway epithelium reparation
(47, 48), that it is now described with distinct profiles in NF
and CDH lungs. For instance, compared with normal lungs,
the expression of CCSP is decreased in bronchi at E19.5, and
increased in bronchi and terminal bronchiole at E21.5 and in
BAD]J at canalicular and saccular stages in CDH. Concerning the
NF group, CCSP was decreased in bronchi at E17.5 and terminal
bronchiole at E19.5, when compared with control. Ciliated cells
are reported as terminally differentiated epithelial cells (49)
working in mucociliary clearance at birth and thereafter (50).
Now, in hypoplastic lungs (NF and CDH groups), we detected
FOX]J1 expressed in BAD] at E19.5 and E21.5 in opposition to

the observed in normal lungs. Interestingly, BADJ is formed
and easily detected at canalicular stage (51, 52) that demarcates
airway-fated epithelial cells from alveolar-fated epithelial cells
and works as stem cell niche in adult lung regeneration (53, 54).
Indeed, BAD]J represents the entrance of the small gas exchanging
airways, with critical roles in the formation of both conducting
and respiratory airways after injury (53, 54). Our investigation
also described FOXJ1 in bronchi, terminal bronchiole, and
BADJ as higher in NF than CDH or normal lungs at E19.5.
More relevant, we demonstrated the multi cilia on the plasma
membrane that characterize a normal bronchus at E21.5 as
decrease in induced-CDH lungs. FOXJ1 is a master regulator
of basal body docking, cilia formation, and motility (55, 56),
whereas the multi cilia on the plasma membrane unequivocally
identified their differentiated profile. Together, our observations
describe a diffuse transition from conducting to respiratory
airways in induced-CDH lungs and suggest an undifferentiated
epithelium in hypoplastic lungs.

Epithelial cell type 2 (AEC2) cells produce pulmonary
surfactant proteins that reduce the alveolar surfactant tension and
facilitate the first breath at birth. In nitrofen-exposed lungs, the
impairment on surfactant production and secretion is evidenced
by the low levels of phosphatidylcholine, the lipid component of
surfactant, and the factors involved in stimulating the maturation
of surfactant lipids, such as PTHrP, adipose differentiation-
related protein (ADRP), Thyl and RA, whereas the inhibitor of
surfactant phospholipid synthesis, TNFa, is overexpressed (57-
63). Our analysis regarding the two hypoplastic groups created
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through nitrofen-exposed CDH rat model, demonstrated SP-
C overexpressed in bronchi at E19.5 and E21.5 in NF versus
normal lungs, whereas unchanged levels are observed after CDH-
induction. In addition, SP-C is higher expressed in bronchi and
terminal bronchiole at E19.5 and E21.5 in NF than CDH or
control groups. Comparing with healthy lungs, CDH and NF
lungs exhibit a general upregulation of SP-C expression in BAD]
at canalicular and saccular stage; and in terminal bronchiole
and alveolar duct at E21.5. Previous publications demonstrated
an altered ratio of alveolar epithelial cells in CDH-associated
lung hypoplasia, which was related to the dedifferentiation of
AEC2 into AECI cell (64, 65), whereas Nguyen et al. report a
decrease in the number of AEC1 in CDH lungs with unchanged
AEC2 population in mice at E17.5. These findings are probably
due to the impossibility to distinguish the differentiated versus
undifferentiated AEC2 cell profile in these models.

Collectively, we describe different epithelial cell profiles in
normal, NF and CDH lungs related to distinct morphological and
functional features. As such, the described cellular alterations by
gestational age certainly contribute to a better understanding of
the epithelial profile in CDH fetuses and suggest a more careful
analysis regarding the differentiated versus undifferentiated
epithelial cell profiles in hypoplasia.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Dire¢do Geral
de Alimentagdo e Veterindria (approval no. DGAV 021328).

REFERENCES

1. Schittny JC. Development of the lung. Cell Tissue Res. (2017) 367:427-44.
doi: 10.1007/s00441-016-2545-0

2. Warburton D, El-Hashash A, Carraro G, Tiozzo C, Sala F, Rogers O, et al.
Lung organogenesis. Curr Top Dev Biol. (2010) 90:73-158. doi: 10.1016/s0070-
2153(10)90003-3

3. Minoo P, Su G, Drum H, Bringas P, Kimura S. Defects in tracheoesophageal
and lung morphogenesis in Nkx2.1(-/-) mouse embryos. Dev Biol. (1999)
209:60-71. doi: 10.1006/dbio.1999.9234

4. Rockich BE, Hrycaj SM, Shih HP, Nagy MS, Ferguson MA, Kopp JL, et al. Sox9
plays multiple roles in the lung epithelium during branching morphogenesis.
Proc Natl Acad Sci USA. (2013) 110:E4456-64. doi: 10.1073/pnas.1311847110

5. Gontan C, de Munck A, Vermeij M, Grosveld F, Tibboel D, Rottier R.
Sox2 is important for two crucial processes in lung development: branching
morphogenesis and epithelial cell differentiation. Dev Biol. (2008) 317:296—
309. doi: 10.1016/j.ydbio.2008.02.035

6. Hashimoto S, Chen H, Que J, Brockway BL, Drake JA, Snyder JC, et al. B-
Catenin-SOX2 signaling regulates the fate of developing airway epithelium. J
Cell Sci. (2012) 125:932-42. doi: 10.1242/jcs.092734

7. Park WY, Miranda B, Lebeche D, Hashimoto G, Cardoso WV. FGF-10 is a
chemotactic factor for distal epithelial buds during lung development. Dev
Biol. (1998) 201:125-34. doi: 10.1006/dbio.1998.8994

8. El Agha E, Herold S, Al Alam D, Quantius J, MacKenzie B, Carraro G,
et al. Fgfl10-positive cells represent a progenitor cell population during lung

AUTHOR CONTRIBUTIONS

AG and CN-S designed and conducted the research studies. AG
wrote the manuscript, which was reviewed by all authors. AG,
JC-P, and CN-S analyzed the data, contributed to the article, and
approved the submitted version.

FUNDING

This article has been developed under the scope of the
projects NORTE-01-0145-FEDER-000013 and NORTE-01-
0246-FEDER-000012, supported by the Northern Portugal
Regional Operational Programme (NORTE 2020), under the
Portugal 2020 Partnership Agreement, through the European
Regional Development Fund (FEDER); and by ICVS Scientific
Microscopy Platform, member of the national infrastructure
PPBI - Portuguese Platform of Bioimaging (PPBI-POCI-
01-0145-FEDER-022122; by National funds, through the
Foundation for Science and Technology, I.P. (FCT) - project
UIDB/50026/2020 and UIDP/50026/2020. This work was also
funded by PTDC/EMD-EMD/30881/2017 (POCI-01-0145-
FEDER-030881), financed by Fundos Europeus Estruturais e
de Investimento (FEEI) and FCT. AG was supported by FCT
(reference PD/BDE/127829/2016). The funders had no role in
study design, data collection, and analysis, decision to publish, or
preparation of the manuscript.

ACKNOWLEDGMENTS

We are indebted to Goreti Pinto, Magda Carlos, and Alice
Miranda for expert technical assistance.

development and postnatally. Development. (2014) 141:296-306. doi: 10.1242/
dev.099747
9. Weaver M, Dunn NR, Hogan BL. Bmp4 and Fgf10 play opposing roles during

lung bud morphogenesis. Development. (2000) 127:2695-704. doi: 10.1242/
dev.127.12.2695

10. Weaver M, Yingling JM, Dunn NR, Bellusci S, Hogan BL. Bmp signaling
regulates proximal-distal differentiation of endoderm in mouse lung
development. Development. (1999) 126:4005-15. doi: 10.1242/dev.126.18.
4005

11. Eblaghie MC, Reedy M, Oliver T, Mishina Y, Hogan BL. Evidence that
autocrine signaling through Bmprla regulates the proliferation, survival and
morphogenetic behavior of distal lung epithelial cells. Dev Biol. (2006) 291:67—
82. doi: 10.1016/j.ydbio.2005.12.006

12. Volckaert T, De Langhe SP. Wnt and FGF mediated epithelial-mesenchymal
crosstalk during lung development. Dev Dyn. (2015) 244:342-66. doi: 10.1002/
dvdy.24234

13. Rawlins EL, Clark CP, Xue Y, Hogan BL. The Id2+ distal tip lung epithelium
contains individual multipotent embryonic progenitor cells. Development.
(2009) 136:3741-5. doi: 10.1242/dev.037317

14. Post LC, Ternet M, Hogan BL. Notch/Delta expression in the developing
mouse lung. Mech Dev. (2000) 98:95-8. doi: 10.1016/s0925-4773(00)
00432-9

15. Liu Y, Hogan BL. Differential gene expression in the distal tip endoderm of
the embryonic mouse lung. Gene Expr Patterns. (2002) 2:229-33. doi: 10.1016/
$1567-133x(02)00057-1

Frontiers in Pediatrics | www.frontiersin.org

May 2022 | Volume 10 | Article 836591


https://doi.org/10.1007/s00441-016-2545-0
https://doi.org/10.1016/s0070-2153(10)90003-3
https://doi.org/10.1016/s0070-2153(10)90003-3
https://doi.org/10.1006/dbio.1999.9234
https://doi.org/10.1073/pnas.1311847110
https://doi.org/10.1016/j.ydbio.2008.02.035
https://doi.org/10.1242/jcs.092734
https://doi.org/10.1006/dbio.1998.8994
https://doi.org/10.1242/dev.099747
https://doi.org/10.1242/dev.099747
https://doi.org/10.1242/dev.127.12.2695
https://doi.org/10.1242/dev.127.12.2695
https://doi.org/10.1242/dev.126.18.4005
https://doi.org/10.1242/dev.126.18.4005
https://doi.org/10.1016/j.ydbio.2005.12.006
https://doi.org/10.1002/dvdy.24234
https://doi.org/10.1002/dvdy.24234
https://doi.org/10.1242/dev.037317
https://doi.org/10.1016/s0925-4773(00)00432-9
https://doi.org/10.1016/s0925-4773(00)00432-9
https://doi.org/10.1016/s1567-133x(02)00057-1
https://doi.org/10.1016/s1567-133x(02)00057-1
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles

Gongalves et al.

Epithelial Signatures in CDH

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Perl AK, Kist R, Shan Z, Scherer G, Whitsett JA. Normal lung development and
function after Sox9 inactivation in the respiratory epithelium. Genesis. (2005)
41:23-32. doi: 10.1002/gene.20093

Tsao PN, Chen F, Izvolsky KI, Walker J, Kukuruzinska MA, Lu ], et al. Gamma-
secretase activation of notch signaling regulates the balance of proximal and
distal fates in progenitor cells of the developing lung. J Biol Chem. (2008)
283:29532-44. doi: 10.1074/jbc.M801565200

Wuenschell CW, Sunday ME, Singh G, Minoo P, Slavkin HC, Warburton
D. Embryonic mouse lung epithelial progenitor cells
immunohistochemical markers of diverse mature cell lineages. ] Histochem
Cytochem. (1996) 44:113-23. doi: 10.1177/44.2.8609367

Frank DB, Penkala IJ, Zepp JA, Sivakumar A, Linares-Saldana R, Zacharias
WJ, et al. Early lineage specification defines alveolar epithelial ontogeny in the
murine lung. Proc Natl Acad Sci USA. (2019) 116:4362-71. doi: 10.1073/pnas.
1813952116

Desai TJ, Brownfield DG, Krasnow MA. Alveolar progenitor and stem cells
in lung development, renewal and cancer. Nature. (2014) 507:190-4. doi:
10.1038/nature12930

Treutlein B, Brownfield DG, Wu AR, Neff NE Mantalas GL, Espinoza FH,
et al. Reconstructing lineage hierarchies of the distal lung epithelium using
single-cell RNA-seq. Nature. (2014) 509:371-5. doi: 10.1038/nature13173
Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR,
et al. Type 2 alveolar cells are stem cells in adult lung. J Clin Invest. (2013)
123:3025-36. doi: 10.1172/jci68782

Cotten CM. Pulmonary hypoplasia. Semin Fetal Neonatal Med. (2017) 22:250—
5. doi: 10.1016/j.siny.2017.06.004

Gongalves AN, Correia-Pinto J, Nogueira-Silva C. Imagiological methods for
prediction of fetal pulmonary hypoplasia: a systematic review. ] Matern Fetal
Neonatal Med. (2021) 34:1459-68. doi: 10.1080/14767058.2019.1636029
Coughlin MA, Werner NL, Gajarski R, Gadepalli S, Hirschl R, Barks
J, et al. Prenatally diagnosed severe CDH: mortality and morbidity
remain high. J Pediatr Surg. (2016) 51:1091-5. doi: 10.1016/j.jpedsurg.2015.
10.082

Kluth D, Tenbrinck R, von Ekesparre M, Kangah R, Reich P, Brandsma A,
et al. The natural history of congenital diaphragmatic hernia and pulmonary
hypoplasia in the embryo. ] Pediatr Surg. (1993) 28:456-62. doi: 10.1016/0022-
3468(93)90248-j

Nogueira-Silva C, Carvalho-Dias E, Piairo P, Nunes S, Baptista MJ, Moura RS,
et al. Local fetal lung renin-angiotensin system as a target to treat congenital
diaphragmatic hernia. Mol Med. (2012) 18:231-43. doi: 10.2119/molmed.2011.
00210

Gongalves AN, Correia-Pinto J, Nogueira-Silva C. ROBO2 signaling in lung
development regulates SOX2/SOX9 balance, branching morphogenesis and is
dysregulated in nitrofen-induced congenital diaphragmatic hernia. Respir Res.
(2020) 21:302. doi: 10.1186/s12931-020-01568-w

Montalva L, Zani A. Assessment of the nitrofen model of congenital
diaphragmatic hernia and of the dysregulated factors involved in pulmonary
hypoplasia. Pediatr Surg Int. (2019) 35:41-61. doi: 10.1007/s00383-018-4375-5
Benavides F, Rulicke T, Prins JB, Bussell ], Scavizzi F Cinelli P, et al.
Genetic quality assurance and genetic monitoring of laboratory mice and rats:
FELASA Working Group Report. Lab Anim. (2019) 54:135-48. doi: 10.1177/
0023677219867719

Tenbrinck R, Tibboel D, Gaillard JL, Kluth D, Bos AP, Lachmann B, et al.
Experimentally induced congenital diaphragmatic hernia in rats. J Pediatr
Surg. (1990) 25:426-9. doi: 10.1016/0022-3468(90)90386-n

Nogueira-Silva C, Piairo P, Carvalho-Dias E, Veiga C, Moura RS, Correia-
Pinto J. The role of glycoprotein 130 family of cytokines in fetal rat
lung development. PLoS One. (2013) 8:¢67607. doi: 10.1371/journal.pone.006
7607

Peixoto FO, Pereira-Terra P, Moura RS, Carvalho-Dias E, Correia-Pinto J,
Nogueira-Silva C. The role of ephrins-Bl and -B2 during fetal rat lung
development. Cell Physiol Biochem. (2015) 35:104-15. doi: 10.1159/000369679
Guo M, Du 'Y, Gokey JJ, Ray S, Bell SM, Adam M, et al. Single cell RNA analysis
identifies cellular heterogeneity and adaptive responses of the lung at birth. Nat
Commun. (2019) 10:37. doi: 10.1038/s41467-018-07770- 1

Guo M, Bao EL, Wagner M, Whitsett JA, Xu Y. SLICE: determining cell
differentiation and lineage based on single cell entropy. Nucleic Acids Res.
(2017) 45:e54. doi: 10.1093/nar/gkw1278

CO-express

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Guo M, Wang H, Potter SS, Whitsett JA, Xu Y. SINCERA: a pipeline for
single-cell RNA-seq profiling analysis. PLoS Comput Biol. (2015) 11:¢1004575.
doi: 10.1371/journal.pcbi. 1004575

IJsselstijn H, Hung N, de Jongste JC, Tibboel D, Cutz E. Calcitonin gene-
related peptide expression is altered in pulmonary neuroendocrine cells in
developing lungs of rats with congenital diaphragmatic hernia. Am J Respir
Cell Mol Biol. (1998) 19:278-85. doi: 10.1165/ajrcmb.19.2.2853

Donahoe PK, Longoni M, High FA. Polygenic causes of congenital
diaphragmatic hernia produce common lung pathologies. Am ] Pathol. (2016)
186:2532-43. doi: 10.1016/j.ajpath.2016.07.006

Ameis D, Khoshgoo N, Keijzer R. Abnormal lung development in congenital
diaphragmatic hernia. Semin Pediatr Surg. (2017) 26:123-8. doi: 10.1053/j.
sempedsurg.2017.04.011
Pereira-Terra P, Moura
Neuroendocrine factors

RS,
regulate
and hypoplastic lung development. ] Physiol.
doi: 10.1113/jp270477
Nunes S, Nogueira-Silva C, Dias E, Moura RS, Correia-Pinto J. Ghrelin and
obestatin: different role in fetal lung development?. Peptides. (2008) 29:2150-8.
doi: 10.1016/j.peptides.2008.08.012
Santos M, Bastos P, Gonzaga S, Roriz JM, Baptista MJ, Nogueira-Silva C, et al.
Ghrelin expression in human and rat fetal lungs and the effect of ghrelin
administration in nitrofen-induced congenital diaphragmatic hernia. Pediatr
Res. (2006) 59:531-7. doi: 10.1203/01.pdr.0000202748.66359.a9
Sakai K, Kimura O, Furukawa T, Fumino S, Higuchi K, Wakao J, et al. Prenatal
administration of neuropeptide bombesin promotes lung development in a rat
model of nitrofen-induced congenital diaphragmatic hernia. J Pediatr Surg.
(2014) 49:1749-52. doi: 10.1016/j.jpedsurg.2014.09.015
Sunday ME, Hua ], Dai HB, Nusrat A, Torday JS. Bombesin increases fetal
lung growth and maturation in utero and in organ culture. Am J Respir Cell
Mol Biol. (1990) 3:199-205. doi: 10.1165/ajrcmb/3.3.199
Asabe K, Tsuji K, Handa N, Kajiwara M, Suita S. Immunohistochemical
distribution of bombesin-positive pulmonary neuroendocrine cells in a
congenital diaphragmatic hernia. Surg Today. (1999) 29:407-12. doi: 10.1007/
bf02483031
Reynolds SD, Malkinson AM. Clara cell: progenitor for the bronchiolar
epithelium. Int ] Biochem Cell Biol. (2010) 42:1-4. doi: 10.1016/j.biocel.2009.
09.002
Pan H, Deutsch GH, Wert SE. Comprehensive anatomic ontologies for lung
development: a comparison of alveolar formation and maturation within
mouse and human lung. J Biomed Semantics. (2019) 10:18. doi: 10.1186/
s13326-019-0209-1
Rawlins EL, Hogan BL. Ciliated epithelial cell lifespan in the mouse trachea
and lung. Am ] Physiol Lung Cell Mol Physiol. (2008) 295:L231-4. doi: 10.1152/
ajplung.90209.2008
Bustamante-Marin XM, Ostrowski LE. Cilia and mucociliary clearance. Cold
Spring Harb Perspect Biol. (2017) 9:a028241. doi: 10.1101/cshperspect.a028241
Barre SE, Haberthur D, Cremona TP, Stampanoni M, Schittny JC. The total
number of acini remains constant throughout postnatal rat lung development.
Am ] Physiol Lung Cell Mol Physiol. (2016) 311:11082-9. doi: 10.1152/ajplung.
00325.2016
Barre SE, Haberthur D, Stampanoni M, Schittny JC. Efficient estimation of
the total number of acini in adult rat lung. Physiol Rep. (2014) 2:e12063.
doi: 10.14814/phy2.12063
Kuo CS, Krasnow MA. Formation of a neurosensory organ by epithelial cell
slithering. Cell. (2015) 163:394-405. doi: 10.1016/j.cell.2015.09.021
Liu Q, Liu K, Cui G, Huang X, Yao S, Guo W, et al. Lung regeneration by
multipotent stem cells residing at the bronchioalveolar-duct junction. Nat
Genet. (2019) 51:728-38. doi: 10.1038/s41588-019-0346-6
Vladar EK, Mitchell BJ. It's a family act: the geminin triplets take center stage
in motile ciliogenesis. EMBO J. (2016) 35:904-6. doi: 10.15252/embj.20169
4206
You Y, Huang T, Richer EJ, Schmidt JE, Zabner J, Borok Z, et al. Role of f-box
factor foxjl in differentiation of ciliated airway epithelial cells. Am ] Physiol
Lung Cell Mol Physiol. (2004) 286:L650-7. doi: 10.1152/ajplung.00170.2003
Nakazawa N, Montedonico S, Takayasu H, Paradisi E, Puri P. Disturbance
of retinol transportation causes nitrofen-induced hypoplastic lung. J Pediatr
Surg. (2007) 42:345-9. doi: 10.1016/j.jpedsurg.2006.10.028

Nogueira-Silva C, Correia-Pinto J.
retinoic acid receptors in normal
(2015) 593:3301-11.

Frontiers in Pediatrics | www.frontiersin.org

May 2022 | Volume 10 | Article 836591


https://doi.org/10.1002/gene.20093
https://doi.org/10.1074/jbc.M801565200
https://doi.org/10.1177/44.2.8609367
https://doi.org/10.1073/pnas.1813952116
https://doi.org/10.1073/pnas.1813952116
https://doi.org/10.1038/nature12930
https://doi.org/10.1038/nature12930
https://doi.org/10.1038/nature13173
https://doi.org/10.1172/jci68782
https://doi.org/10.1016/j.siny.2017.06.004
https://doi.org/10.1080/14767058.2019.1636029
https://doi.org/10.1016/j.jpedsurg.2015.10.082
https://doi.org/10.1016/j.jpedsurg.2015.10.082
https://doi.org/10.1016/0022-3468(93)90248-j
https://doi.org/10.1016/0022-3468(93)90248-j
https://doi.org/10.2119/molmed.2011.00210
https://doi.org/10.2119/molmed.2011.00210
https://doi.org/10.1186/s12931-020-01568-w
https://doi.org/10.1007/s00383-018-4375-5
https://doi.org/10.1177/0023677219867719
https://doi.org/10.1177/0023677219867719
https://doi.org/10.1016/0022-3468(90)90386-n
https://doi.org/10.1371/journal.pone.0067607
https://doi.org/10.1371/journal.pone.0067607
https://doi.org/10.1159/000369679
https://doi.org/10.1038/s41467-018-07770-1
https://doi.org/10.1093/nar/gkw1278
https://doi.org/10.1371/journal.pcbi.1004575
https://doi.org/10.1165/ajrcmb.19.2.2853
https://doi.org/10.1016/j.ajpath.2016.07.006
https://doi.org/10.1053/j.sempedsurg.2017.04.011
https://doi.org/10.1053/j.sempedsurg.2017.04.011
https://doi.org/10.1113/jp270477
https://doi.org/10.1016/j.peptides.2008.08.012
https://doi.org/10.1203/01.pdr.0000202748.66359.a9
https://doi.org/10.1016/j.jpedsurg.2014.09.015
https://doi.org/10.1165/ajrcmb/3.3.199
https://doi.org/10.1007/bf02483031
https://doi.org/10.1007/bf02483031
https://doi.org/10.1016/j.biocel.2009.09.002
https://doi.org/10.1016/j.biocel.2009.09.002
https://doi.org/10.1186/s13326-019-0209-1
https://doi.org/10.1186/s13326-019-0209-1
https://doi.org/10.1152/ajplung.90209.2008
https://doi.org/10.1152/ajplung.90209.2008
https://doi.org/10.1101/cshperspect.a028241
https://doi.org/10.1152/ajplung.00325.2016
https://doi.org/10.1152/ajplung.00325.2016
https://doi.org/10.14814/phy2.12063
https://doi.org/10.1016/j.cell.2015.09.021
https://doi.org/10.1038/s41588-019-0346-6
https://doi.org/10.15252/embj.201694206
https://doi.org/10.15252/embj.201694206
https://doi.org/10.1152/ajplung.00170.2003
https://doi.org/10.1016/j.jpedsurg.2006.10.028
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles

Gongalves et al.

Epithelial Signatures in CDH

57.

58.

59.

60.

61.

62.

63.

Shima H, Ohshiro K, Taira Y, Miyazaki E, Oue T, Puri P. Antenatal
dexamethasone suppresses tumor necrosis factor-alpha expression in
hypoplastic lung in nitrofen-induced diaphragmatic hernia in rats. Pediatr Res.
(1999) 46:633-7. doi: 10.1203/00006450-199911000-00023

Friedmacher F, Fujiwara N, Hofmann AD, Takahashi H, Alvarez LA,
Gosemann JH, et al. Prenatal retinoic acid increases lipofibroblast expression
in hypoplastic rat lungs with experimental congenital diaphragmatic hernia. J
Pediatr Surg. (2014) 49:876-81. doi: 10.1016/j.jpedsurg.2014.01.017
Friedmacher F, Hofmann AD, Takahashi H, Takahashi T, Gosemann JH, Puri
P. Disruption of THY-1 signaling in alveolar lipofibroblasts in experimentally
induced congenital diaphragmatic hernia. Pediatr Surg Int. (2014) 30:129-35.
doi: 10.1007/500383-013-3444-2

Gosemann JH, Doi T, Kutasy B, Friedmacher F, Dingemann J, Puri P.
Alterations of peroxisome proliferator-activated receptor y and monocyte
chemoattractant protein 1 gene expression in the nitrofen-induced hypoplastic
lung. J Pediatr Surg. (2012) 47:847-51. doi: 10.1016/j.jpedsurg.2012.01.038
Doi T, Lukosiiute A, Ruttenstock E, Dingemann ], Puri P. Disturbance
of parathyroid hormone-related protein signaling in the nitrofen-induced
hypoplastic lung. Pediatr Surg Int. (2010) 26:45-50.

Carroll JL Jr., McCoy DM, McGowan SE, Salome RG, Ryan AJ, Mallampalli
RK. Pulmonary-specific expression of tumor necrosis factor-alpha alters
surfactant lipid metabolism. Am ] Physiol Lung Cell Mol Physiol. (2002)
282:1735-42. doi: 10.1152/ajplung.00120.2001

Chapin C]J, Ertsey R, Yoshizawa J, Hara A, Sbragia L, Greer JJ, et al. Congenital
diaphragmatic hernia, tracheal occlusion, thyroid transcription factor-1, and
fetal pulmonary epithelial maturation. Am J Physiol Lung Cell Mol Physiol.
(2005) 289:1L44-52. doi: 10.1152/ajplung.00342.2004

64. Takayasu H, Nakazawa N, Montedonico S, Sugimoto K, Sato H, Puri P.
Impaired alveolar epithelial cell differentiation in the hypoplastic lung in
nitrofen-induced congenital diaphragmatic hernia. Pediatr Surg Int. (2007)
23:405-10. doi: 10.1007/s00383-006- 1853-y

Nguyen TM, Jimenez ], Rendin LE, Miller C, Westergren-Thorsson
G, Deprest J, al. The proportion of alveolar type 1 cells
decreases in murine hypoplastic congenital diaphragmatic hernia
lungs. PLoS One. (2019) 14:e0214793. doi: 10.1371/journal.pone.021
4793

65.
et

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gongalves, Correia-Pinto and Nogueira-Silva. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pediatrics | www.frontiersin.org

10

May 2022 | Volume 10 | Article 836591


https://doi.org/10.1203/00006450-199911000-00023
https://doi.org/10.1016/j.jpedsurg.2014.01.017
https://doi.org/10.1007/s00383-013-3444-z
https://doi.org/10.1016/j.jpedsurg.2012.01.038
https://doi.org/10.1152/ajplung.00120.2001
https://doi.org/10.1152/ajplung.00342.2004
https://doi.org/10.1007/s00383-006-1853-y
https://doi.org/10.1371/journal.pone.0214793
https://doi.org/10.1371/journal.pone.0214793
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles

	Distinct Epithelial Cell Profiles in Normal Versus Induced-Congenital Diaphragmatic Hernia Fetal Lungs
	Introduction
	Materials and Methods
	Animal Model and Experimental Design
	Immunohistochemistry
	Western Blot Analysis
	Statistical Analysis

	Results
	Experimental-Congenital Diaphragmatic Hernia Change the Relative Expression Levels of Bronchiolar and Alveolar Markers
	Similar Spatiotemporal Distribution for Clara Cell Secretory Protein in Nitrofen and Congenital Diaphragmatic Hernia Lungs at E21.5
	Forkhead Box J1 Expressed in Bronchioalveolar Duct Junction at Canalicular and Saccular Stages After Congenital Diaphragmatic Hernia Induction
	The Size of Neuroepithelial Bodies Increased in Induced-Congenital Diaphragmatic Hernia Lungs at Canalicular and Saccular Stages
	Experimental Congenital Diaphragmatic Hernia Induce the Expression of Surfactant Protein-C in Bronchi and Bronchioalveolar Duct Junction

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


