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Background: Intra-amniotic inflammation (IAI) is associated with increased risk of
preterm birth and bronchopulmonary dysplasia (BPD), but the mechanisms by
which IAI leads to preterm birth and BPD are poorly understood, and there are no
effective therapies for preterm birth and BPD. The transcription factor c-Myc
regulates various biological processes like cell growth, apoptosis, and
inflammation. We hypothesized that c-Myc modulates inflammation at the
maternal-fetal interface, and neonatal lung remodeling. The objectives of our
study were 1) to determine the kinetics of c-Myc in the placenta, fetal membranes
and neonatal lungs exposed to IAI, and 2) to determine the role of c-Myc in
modulating inflammation at the maternal-fetal interface, and neonatal lung
remodeling induced by IAI.

Methods: Pregnant Sprague-Dawley rats were randomized into three groups: 1)
Intra-amniotic saline injections only (control), 2) Intra-amniotic
lipopolysaccharide (LPS) injections only, and 3) Intra-amniotic LPS injections
with c-Myc inhibitor 10058-F4. c-Myc expression, markers of inflammation,
angiogenesis, immunohistochemistry, and transcriptomic analyses were
performed on placenta and fetal membranes, and neonatal lungs to determine
kinetics of c-Myc expression in response to IAI, and effects of prenatal systemic
c-Myc inhibition on lung remodeling at postnatal day 14.

Results: c-Myc was upregulated in the placenta, fetal membranes, and neonatal
lungs exposed to IAI. IAI caused neutrophil infiltration and neutrophil extracellular
trap (NET) formation in the placenta and fetal membranes, and neonatal lung
remodeling with pulmonary hypertension consistent with a BPD phenotype.
Prenatal inhibition of c-Myc with 10058-F4 in IAI decreased neutrophil
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infiltration and NET formation, and improved neonatal lung remodeling induced by
LPS, with improved alveolarization, increased angiogenesis, and decreased
pulmonary vascular remodeling.

Discussion: In a rat model of IAI, c-Myc regulates neutrophil recruitment and NET
formation in the placenta and fetal membranes. c-Myc also participates in neonatal
lung remodeling induced by IAI. Further studies are needed to investigate c-Myc as
a potential therapeutic target for IAI and IAI-associated BPD.

KEYWORDS

intra-amniotic inflammation, preterm birth, bronchopulmonary dysplasia, pulmonary
hypertension, placental inflammation, fetal inflammation

1 Introduction

Approximately 15 million infants are born preterm annually
worldwide, and preterm birth is the leading cause of death in
children under the age of 5 years (Blencowe et al., 2012; Liu et al.,
2016). Survivors of preterm birth suffer a lifetime of disability and
continue to require complex multidisciplinary medical care beyond
the neonatal period and childhood years. Adult survivors of preterm
birth are at increased risks for mortality, chronic multi-organ diseases,
psychiatric disorders, and decreased quality of life (Crump et al., 2019;
Markopoulou et al., 2019; Crump, 2020; Petrou et al., 2020). Intra-
amniotic inflammation (IAI) is present in 70%–85% of preterm births
that occur before 30weeks of gestation and is the cause of up to 40% of
preterm births (Romero et al., 1998; Romero et al., 2014). Current
clinical strategies to manage IAI include the use of antibiotics and
expectant management of labor, but IAI is most often sterile, and the
poor clinical outcomes of preterm birth and neonatal morbidities are
associated with the presence of inflammation itself, regardless of
bacterial infection (Combs et al., 2014).

The presence of IAI is also associated with increased risk for
bronchopulmonary dysplasia (BPD) in preterm infants,
compounding the severe chronic morbidities that survivors of
preterm birth already face (Villamor-Martinez et al., 2019).
Moreover, the risk of BPD is inversely proportional to gestational
age. With advances in neonatology over the past decade, more
extremely low gestational age and extremely low birth weight infants
are surviving, but the prevalence and burden of long-term
impairment from prematurity and BPD have also increased.
There is a lack of effective therapies for BPD, and BPD continues
to be themost common long-termmorbidity among preterm infants
leading to lifelong respiratory impairment (Stoll et al., 2015).
Survivors of preterm birth with BPD experience more childhood
wheezing and respiratory illnesses and have more special care needs
(Stoll et al., 2015; DeMauro, 2018). Adult survivors of BPD have
altered lung structure, impaired lung function and exercise capacity,
and decreased quality of life (Caskey et al., 2016). Preterm birth and
BPD aremajor public health issues, hence there is a pressing need for
effective targeted therapies to prevent preterm birth and BPD.

The pathogenesis of BPD is multifactorial and involves multiple
pathways, posing a challenge to the development of new therapies
(Mathew, 2020). c-Myc is an oncogene and key transcription factor
that regulates multiple cellular functions including proliferation,
differentiation, cell metabolism and apoptosis. c-Myc is
downstream of multiple pathways that have been implicated in the
pathophysiology of both preterm birth and BPD such as tumor

necrosis factor-α (TNFα), Notch signaling, Wingless/Int-1 (Wnt)
signaling, and Janus Kinase/Signal transducers and activators of
transcription (JAK/STAT) signaling (Green and Arck, 2020;
Mathew, 2020). c-Myc has a basic-helix-loop-helix-leucine zipper
structure and heterodimerizes with a ubiquitous protein called
Max to become transcriptionally active (Chen et al., 2018). In
tracheal aspirates of preterm infants, the MYC/MAX complex was
overrepresented in lung macrophages of infants prone to BPD (Sahoo
et al., 2020). We hypothesize that c-Myc has a role in modulating
inflammation of the placenta and fetal membranes in IAI, leading to
fetal lung inflammation and neonatal lung remodeling. To test our
hypothesis, our first objective was to determine the kinetics of c-Myc
in the placenta, fetal membranes and lungs exposed to IAI in a
pregnant rat model of IAI using ultrasound-guided intra-amniotic
lipopolysaccharide (IA LPS) injections. We then prenatally treated
pregnant rats with IAI induced by IA LPS with a small molecule
c-Myc inhibitor 10058-F4 (Huang et al., 2006). We show that c-Myc
inhibition in a rat model of IAI decreased inflammation in the
placenta and fetal membranes, and attenuated lung parenchymal
and vascular remodeling induced by IAI, demonstrating a potential
role of c-Myc in modulating inflammation at the maternal-fetal
interface, and neonatal lung remodeling induced by IAI.

2 Materials and methods

2.1 Animal model of IAI

To determine the kinetics of c-Myc in normal lung development
and in IAI-exposed animals, time-mated Pregnant Sprague-Dawley rats
received ultrasound-guided (Vevo 3100, VisualSonics) intra-amniotic
injections of 10 μg lipopolysaccharide (E. coli O55:B5, cat. #L4525-
5MG, Sigma-Aldrich, St Louis, MO) (IA LPS) or sterile phosphate
buffered saline (PBS) at embryonic day 18 (Figure 1). A group of
animals were delivered by cesarean sections 3 h after IA LPS injections
for in vivo imaging of LPS distribution using a Cy5.5-tagged LPS (cat #
LPS-S55-1, Nanocs, Boston, MA) and imaged on IVIS Spectrum In
Vivo Imaging System (PerkinElmer Inc., Waltham, MA). For
assessment of IAI, a group of animals were delivered by cesarean
section at 24 h post-IA LPS for placenta and fetal membrane sampling.
Another group of animals were allowed to deliver naturally around
embryonic day (E) 21 and rat pup lungs were sampled at postnatal day
14. For assessment of c-Myc lung expression in postnatal development,
a subgroup of animals was sacrificed at four timepoints: day of delivery
(P0), and postnatal days (P) 3, 7 and 14.
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2.2 Treatment groups

For c-Myc inhibition experiments, time-mated pregnant
Sprague-Dawley rats were randomized into three groups: IA
saline injections (control); IA LPS injections only, or IA LPS
injections with c-Myc inhibitor (IA LPS+10058-F4) (Figure 1).

10058-F4 (MedChemExpress, NJ, United States) was diluted per
manufacturer’s instructions in 10% dimethyl sulfoxide (DMSO) and
90% sesame oil to 10 mM. One group of pregnant dams received
intraperitoneal injections of 20 mg/kg of 10058-F4 on E17. Placenta
and fetal membranes were sampled and analyzed at 24 h post-IALPS
injections after 1 dose of 10058-F4. The remaining group of

FIGURE 1
Experimental design. Pregnant time-mated Sprague-Dawley rats were randomized into 3 groups: 1) IA saline, 2) IALPS, or 3) IALPS +10058-F4. Intra-
amniotic injections were performed on E18 under ultrasound guidance. Intraperitoneal c-Myc inhibitor injections were administered on E17 only for
pregnant rats who underwent C-section for placenta and fetal membrane sampling on E19, and both E17 and E19 for pregnant rats undergoing natural
delivery of pups for neonatal lung sampling.✥subgroup of rat pups euthanized at P0, P3 and P7 for assessment of c-Myc expression over postnatal
lung development. IALPS = Intra-amniotic lipopolysaccharide, E = Embryonic day. *10058-F4 = c-Myc inhibitor.

Frontiers in Cell and Developmental Biology frontiersin.org03

Tan et al. 10.3389/fcell.2023.1245747

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1245747


pregnant rats received a second dose of 10058-F4 on E19 and were
allowed to naturally deliver. Rat pups were euthanized and neonatal
lungs analyzed on P14.

2.3 Histological assessment

Whole placentas with fetal membranes and whole fetuses were
fixed with 4% paraformaldehyde overnight. Following fixation,
samples were embedded in paraffin and sectioned. Hematoxylin/
eosin (H&E) staining was performed to assess for neutrophil
infiltration in whole sections of placenta and fetal membranes.
TUNEL assay was used to assess apoptosis in placenta and fetal
membranes using a commercial kit (Click-iT Plus TUNELAssay, cat
#10617, ThermoFisher, Waltham, MA) according to the
manufacturer’s instructions. To assess differences in cell
proliferation, placenta sections were stained with Ki67 antibody
and total number of cells and number of Ki67-stained cells per high
power field (hpf) were quantified using Zeiss Axio Observer
Microscopy image processing software. Six distinct regions of two
placenta sections per sample was analyzed. Analysis was performed
by calculating ratio of cells stained with Ki67 to total number of cells
per hpf.

Neonatal lungs were inflation-fixed with 4%
paraformaldehyde at 30 cm H2O via a tracheal cannula for
5 min and then fixed overnight. Following fixation, samples
were embedded in paraffin and sectioned. To assess lung
alveolarization in the peripheral parenchymal regions of lungs,
lung sections were stained with H&E, and mean linear intercept
(MLI) was performed on six distinct regions of one lung section
per animal, avoiding large vessels and airways, and was calculated
as previously described (Knudsen et al., 2010). Radial alveolar
counts were performed on ten regions of one lung section per
animal and calculated as previously described (Cooney and
Thurlbeck, 1982). Pulmonary vascular muscularization was
assessed by calculating ratio of small pulmonary vessels
identified by endothelial cells staining with vWF that
simultaneously stained positive for smooth muscle actin (SMA)
antibody, as previously described (Ciuclan et al., 2011). Peripheral
parenchymal regions of lungs were analyzed to avoid large vessels
and airways. 4–5 animals were assessed per group. We performed
immunohistochemistry on paraffin-embedded tissue sections
with heat-assisted antigen retrieval with citrate buffer (pH 6.0).
Primary antibodies (Supplementary Table S1A) were incubated
overnight at 4°C followed by incubation with respective secondary
antibodies for 1 h at room temperature. Stained sections were
imaged on Zeiss AxioObserver microscope.

2.4 Cytokine/chemokine assay

Rat cytokine/chemokine concentrations in whole lung protein
extract from 5 animals per group was determined by rat cytokine
array/chemokines array-27 (Eve Technologies, Calgary, Canada).
Flash frozen whole lung tissues were homogenized in RIPA buffer
(Santa Cruz Biotechnology, catalog # sc-24948) and centrifuged at
12,000 rpm for 20 min at 4°C. The supernatant was transferred to a
new tube and protein concentration was measured by BCA protein

assay (Thermo Scientific, catalog # 23228 and 1859078). Samples
were then diluted for a target protein concentration of 3–4 mg/mL.
Values for samples with signal outside the curve were calculated
when feasible by the model.

2.5 Western blot analyses

Whole placentas with fetal membranes were sectioned into equal
quarters and homogenized in RIPA lysis buffer. Homogenates were
centrifuged at 18,000 × g for 5 min at 4°C and the supernatant
collected for protein analysis. An aliquot of each sample was used for
protein quantification by the Bradford method, using a commercial
kit (Bio-Rad Protein Assay Dye Reagent, Bio-Rad Laboratories Inc.,
United States). ForWestern blot analysis, 40 μg of total protein from
each sample were fractionated by SDS-PAGE on precast 4%–15%
Tris-glycine gradient gels, and then transferred to a 0.45 μm
nitrocellulose membrane (Bio-Rad Laboratories, Inc.,
United States). Total protein was stained using the Revert
700 Total Protein stain kit (LI-COR Biosciences, United States)
followed by imaging. Subsequently, the membrane was blocked
overnight at 4°C under gentle agitation in Phosphate Buffered
Saline pH 7.4 with 0.1% Tween-20 (PBS-T) supplemented with
5% nonfat dry milk (Bio-Rad Laboratories Inc., United States). After
blocking, the membrane was washed in PBS-T and incubated for 1 h
with mouse monoclonal anti-c-Myc antibody (clone 9E10, Santa
Cruz Biotechnology, Inc. United States) diluted 1:500 at room
temperature under gentle agitation. The membrane was then
washed and incubated with IRDye® 800CW Goat anti-Mouse IgG
Secondary Antibody (LI-COR Biosciences, United States). All
images were collected using the Odyssey® Infrared Imaging
System (LI-COR Biosciences, United States). Protein expression
was estimated relative to total protein using Empiria Studio
2.3 software (LI-COR Biosciences, United States). Lung lysates
were processed and analyzed in the same manner, with the
exception that secondary antibody conjugated to horseradish
peroxidase was used and proteins detected by chemiluminescence
(Amersham, Piscataway, NJ, United States). Protein expression was
estimated by densitometry analysis relative to actin expression using
Quantity One software (Bio-Rad Laboratories Inc., United States).
We analyzed 6–8 animals per group for placenta and fetal
membrane analysis, and 4–7 rat pups per group for lung analysis.

2.6 RNA isolation and real-time qPCR

Total RNA was extracted from frozen placenta and lung
tissues using the RNeasy universal Mini Kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Two µg of total
RNA from 4 to 7 animals per group was reverse-transcribed in a
20 µL reaction by using High-Capacity RNA-to-cDNA™ Kit
according to supplier’s protocol (Applied Biosystems, cat #43-
874-06, Foster City, CA) The real-time q-PCR was performed on
an ABI Fast 7500 System (Applied Biosystems, Foster City, CA).
Each reaction included diluted first-strand cDNA, target gene
primers, or 18S rRNA gene primers and master mix containing
TaqMan probes according to the supplier’s instruction
(Supplementary Table S1B) (Applied Biosystems, Waltham,
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MA). The expression levels of target genes were normalized to
18S rRNA.

2.7 RNA sequencing

RNA quality and integrity were verified using the Agilent
2,100 Bioanalyzer (Agilent Technologies). All samples had RNA
integrity number >8. RNA-Seq was performed by BGI genomics
with a read depth of 30 million reads per sample for 150 bp paired-
end reads. The raw sequence reads in FASTQ format were aligned to
the Rattus norvegicus genome build rno6.0 using kallisto (Bray et al.,
2016) followed by gene summarization with tximport (Soneson
et al., 2015). After checking data quality, differential expression
analyses comparing treatment groups with control and between
each other were performed using DESeq2 with false discovery
adjustment (Love et al., 2014). Genes were considered
differentially expressed based on their fold change relative to
control (≥1.5), p-value (<0.05), and q value (<0.1). PCA analysis
was performed with PCAtools (Blighe and Lun, 2023). Volcano plots
were generated using the EnhancedVolcano package (Blighe et al.,
2018) Heatmaps were generated with pheatmap (Kolde, 2019).

2.8 Functional enrichment and pathway
analysis

Lists of differentially expressed genes were used for functional
enrichment analysis of Gene Ontology (GO) and KEGG pathway
terms using the ToppCluster web server (Kaimal et al., 2010). Only
unique terms associated with either induced or suppressed genes
and at least 2 genes are reported. Negative log p values represent
terms associated with suppressed genes, and positive log p values are
associated with induced genes.

3 Results

3.1 US-guided IA LPS injections accurately
target the amniotic cavity

To verify localization of LPS after US-guided IA injections we
performed cesarean sections 3 h post-injection of Cy5.5-tagged LPS.
In vivo and ex vivo imaging showed that LPS localized to the uterus
without signal from the maternal abdominal cavity or circulation
(Figure 2). After dissection, LPS was noted to be present on the fetal

FIGURE 2
Intra-amniotic LPS localization and c-Myc expression in placenta. Distribution of LPS after intra-amniotic injections visualized by in vivo fluorescent
imaging. Ultrasound-guided injections of LPS localized to amniotic cavity, fetal lungs and gastrointestinal tract.
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FIGURE 3
Intra-amniotic LPS changes the placental transcriptome. RNA-sequencing performed on placenta and fetal membranes sampled 24 h after LPS-
exposure compared with controls showing: (A) Principal component analysis plot showing clear differentiation of gene expression between controls
(pink) vs. LPS-exposed group (blue). (B) Heatmap of differentially expressed genes and (C) Volcano plot showing differential gene expression with genes
of interest highlighted. Red–FDR<0.1 and fold change>1.5 (D) Dotplot showing related functions of genes that were differentially expressed
between groups. LPS exposure induced genes associated with inflammation and leukocyte activation (left), and suppressed genes associated with cell
proliferation (right). (E) Network plot of genes that were differentially induced (left) and suppressed (right) in LPS-exposed group compared to controls.
N = 3 per group.
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membranes and placenta as well as fetal lungs, heart, and
gastrointestinal tract (Figure 2). These findings confirm the
accuracy of US-guided injection in delivering LPS to the intra-
amniotic cavity, simulating IAI.

3.2 IA LPS exposure modulates the
transcriptome of placenta and fetal
membranes

Bulk RNA-sequencing was performed on placenta and fetal
membranes sampled 24 h post-LPS exposure and compared with
controls of the same timepoint. We used PCA to identify global
differences among samples on RNA-sequencing. PCA is a
dimensionality reduction technique that allows quicker
interpretation of the results while maintaining the maximum
amount of information on each sample. There were large
transcriptomic changes between groups with clear separation of
LPS and control samples on PCA (Figure 3A). Differential
expression analysis (Figures 3B, C, Supplementary Table S2)
showed that IA LPS induced 271 and suppressed 165 genes
relative to control. Overrepresentation analysis graphs show the
p-value represented by the circle color, the number of differentially

expressed genes belonging to each term represented by circle size,
and the x-axis represents the gene ratio. Genes that were
differentially expressed in LPS-exposed placenta and fetal
membranes were associated with inflammation (S100a8, S100a9,
IL1b, Mmp8), leukocyte activation (Ccl2, Ccl3), and decreased
proliferation (Map9, Tpx2) (Figures 3C, D). Other differentially
expressed genes were associated with regulation of angiogenesis,
extracellular matrix organization and muscle contractility
(Figure 3D). These findings confirm the induction of
inflammation at the placenta in our model and suggest altered
placental growth and development induced by IA LPS.

3.3 Prenatal c-Myc inhibition in IAI leads to
increased c-Myc protein in the placenta and
fetal membranes that are not neutrophil-
driven

To assess c-Myc expression in our model of IAI, we
performed RT-PCR, Western blot, and immunostaining for
c-Myc in the placenta and fetal membranes. There were no
significant changes in mRNA expression of c-Myc in the
placenta and fetal membranes sampled at 24 h post-LPS

FIGURE 4
Prenatal c-Myc inhibition in IAI leads to increased c-Myc protein in the placenta and fetal membranes that are not neutrophil-driven. (A) RT-PCR
performed on placenta and fetal membranes sampled at 24 h post-LPS exposure showed no significant changes. N = 4–8 per group. (B) Representative
Western blot of placenta and fetal membrane lysates showing increased protein expression of c-Myc in LPS-exposed placenta and fetal membranes.With
prenatal 10058-F4 c-Myc inhibitor treatment, c-Myc protein expression was further increased compared to both control and LPS groups. N =
6–8 per group *p < 0.05, ***p < 0.001, t-test, normalized to total protein. (C) Immunostaining of placenta sections with c-Myc antibody showing c-Myc
expression (brown staining) in neutrophils (cropped and magnified, bottom left picture in each group, marked by black arrows) in LPS-exposed placenta.
Prenatal c-Myc inhibition with 10058-F4 decreased neutrophil infiltration in LPS-exposed placenta and c-Myc was not expressed in neutrophils, but is
expressed in cytoplasm of maternal decidual cells (cropped and magnified, bottom right picture in each group, marked by red asterisks).
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exposure in both IA LPS and IA LPS+10058-F4 treatment groups
compared to controls (Figure 4A). The placenta and fetal
membranes of IA LPS-exposed rats had increased c-Myc

expression compared to controls by Western blot.
Interestingly, prenatal c-Myc inhibitor treatment in IA LPS-
exposed placenta and fetal membranes further induced c-Myc

FIGURE 5
c-Myc inhibition decreases neutrophil infiltration, NET formation and modulates inflammation in placenta and fetal membranes. (A) Hematoxylin
and eosin (H&E) staining of placenta sections showing increased neutrophil infiltration in placenta with LPS exposure when compared to controls, which
was ameliorated with c-Myc inhibitor treatment. (B) Immunofluorescent staining of placenta sections with anti-myeloperoxidase (MPO) antibody (green)
and anti-citrullinated histone (H3) antibody (red) showing increased NET formation in placenta with LPS exposure when compared to controls,
which was ameliorated with c-Myc inhibitor treatment. (C) RT-PCR performed on placenta and fetal membranes sampled at 24 h post-LPS exposure.N=
5–8 per group. LPS exposure was not associated with significant changes in IL1β, TNFα, CXCL1 and CXCL2. Prenatal c-Myc inhibition in LPS-exposed
pregnant rats induced IL1β and CXCL1 when compared to controls, and increased CXCL2 when compared to both control and LPS-exposed groups. *p <
0.05, **p < 0.01, Kruskal–Wallis test.
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protein expression compared to both controls and IALPS groups
(Figure 4B). On immunostaining, c-Myc was intranuclear and
localized to neutrophils present at the maternal-fetal interface in
the IA LPS-exposed group. In the LPS+10058F4 treatment group,
c-Myc was not expressed in scant neutrophils that were present in
the placenta and fetal membranes, but was expressed in the
cytoplasm of placental decidual cells (Figure 4C). These
findings show that c-Myc expression is induced by LPS and is
expressed in the neutrophils in IAI. However, prenatal systemic
10058-F4 inhibitor treatment did not suppress c-Myc mRNA
expression in the placenta and fetal membranes, but led to an
increase in c-Myc protein expression in the placenta and fetal
membranes which were not neutrophil-driven.

3.4 Prenatal systemic 10058-F4 treatment
ameliorates inflammation and NET
formation in placenta and fetal membranes
induced by IA LPS

IA LPS induced neutrophil infiltration of the placenta and fetal
membranes, confirming presence of histologic IAI (Figure 5A). IA
LPS also induced NET formation assessed by immunofluorescence
staining with colocalization of myeloperoxidase (MPO) and
citrullinated histone-3 (citH3) (Figure 5B). Furthermore, LPS-
exposed pregnant rats prenatally treated with 10058-F4 had
decreased neutrophil infiltration and NET formation compared
to pregnant rats exposed to IA LPS only (Figures 5A, B). Real-time
PCR performed on placenta and fetal membranes sampled at 24 h
after IA LPS injection showed no significant changes in mRNA
expression of pro-inflammatory mediators IL1β, TNFα,
CXCL1 and CXCL2 (Figure 5C). Prenatal c-Myc inhibitor
treatment in the LPS-exposed group induced increases in
mRNA expression of IL1β and CXCL1 compared to controls,
and a very variable but overall significant increase in
CXCL2 compared to both controls and the LPS-exposed group
(Figure 5C). These findings show that c-Myc modulates
inflammation of the placenta and fetal membranes.

3.5 Prenatal systemic 10058-F4 treatment
decreases apoptosis and attenuates arrest of
proliferation in the placenta induced by
IA LPS

IA LPS induced apoptosis in the placenta, assessed by TUNEL
assay performed on placental sections (Figure 6A). When pregnant
rats exposed to IA LPS were treated with c-Myc inhibitor 10058-
F4, apoptosis was decreased compared to IA LPS only groups,
similar to controls. Ki67 staining of placenta sections were used to
assess cell proliferation, which were expressed in the villous
cytotrophoblasts and most abundant in the control group
(Figure 6B). Compared to controls, Ki67 staining was
significantly decreased in placenta of pregnant rats that were
exposed to IA LPS. However, when IA LPS-exposed pregnant
rats were treated with 10058-F4, there was significantly increased
number of Ki67+ cells per hpf compared to the IA LPS only group,
and similar to controls.

3.6 IA LPS exposure modulates
inflammation, collagen synthesis and
extracellular matrix remodeling in the fetal
lungs

Bulk RNA-sequencing was performed on lung tissue obtained at
24 h. after IA LPS to characterize transcriptional changes induced by
IAI on lung inflammation and remodeling. IA LPS induced large
transcriptional changes to the lung with clear separation of groups by
PCA (Figure 7A). There were significant differences in gene
expression between controls and LPS-exposed groups with
379 genes induced and 209 genes suppressed by IA LPS
(Figure 7B, Supplementary Table S3). We used data from single-
cell RNA-seq of fetal lungs from LungMAP (Du et al., 2015; Ardini-
Poleske et al., 2017) to determine cell-type specific signature genes.
Differentially expressed genes in IA LPS exposed lungs were mapped
to the signature gene list for the different cell populations identified by
single-cell RNA-seq. IA LPS exposure induced signature genes for
airway and distal epithelium cells, proliferative mesenchymal
progenitors, and matrix fibroblasts, and suppressed signature genes
for myofibroblasts, suggesting maturation of alveolar epithelial cells
and suppression of myofibroblasts, which play a role in alveolar
septation (Figure 7C). Gene set enrichment analysis of
differentially expressed genes showed that genes suppressed by IA
LPS were associated with collagen synthesis (Col9a2, Col9a1, Col11a2,
Col11a1) and extracellular matrix organization (Cxcl1). On the other
hand, genes induced by IA LPS were associated with chemokines that
drive leukocytemigration to the fetal lung (Cxcl3, Ccl12, Cxcl1, Cxcl13,
Itgam, Lyz2, Mr1, Lgals3, Tap2, Trem1), cell killing (Cxcl3, Trem1),
and surfactant homeostasis (Sftpa1, Sftpb). Other notable genes that
were differentially expressed were related to cell proliferation (Cebpa),
angiogenesis (Bmp6) and inflammation (Apln, Pparg) (Figures 7D–F).

3.7 c-Myc is expressed in lung macrophages
and is upregulated in normal postnatal lung
development. IAI further increases c-Myc
expression in postnatal lung development

Lung sections at P14 stained with c-Myc antibody showed
c-Myc expression in lung macrophages of pups exposed to IA
LPS (Figure 8A). c-Myc was upregulated in normal postnatal
lung development, and LPS exposure further increased c-Myc
expression in postnatal lung development. Western blot analysis
of c-Myc expression in lungs of controls at various neonatal
timepoints showed upregulation of c-Myc expression over time
in the neonatal period, suggesting a role of c-Myc in postnatal
lung development. IA LPS exposure exacerbated the normal
upregulation in c-Myc expression compared to controls,
suggesting that IA LPS modulates neonatal lung c-Myc
expression (Figure 8B).

3.8 Fetal lung inflammation induced by IA
LPS is transient and is modulated by c-Myc

To determine the effect of prenatal c-Myc inhibition on fetal
lung inflammation, we performed RT-PCR and cytokine
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multiplex assay. mRNA changes in IL1β, TNFα, CXCL1 and
CXCL2 were not present at 24 h post-LPS exposure. Prenatal
c-Myc inhibition in LPS-exposed fetal lungs suppressed IL1β
and CXCL1 when compared to the LPS-exposed group, and
suppressed TNFα when compared to both LPS and
LPS+10058F4 treated groups. Similar to our findings in the
placenta and fetal membranes, there was wide variability in
mRNA expression of CXCL2 in response to
LPS+10058F54 treatment, but these changes were not
statistically significant when compared to control and LPS
groups (Figure 9). On cytokine multiplex assay on lung
lysates, LPS induced increased IL1β and CXCL10 at P0 only,
and there were no significant changes in other pro-inflammatory
mediators TNFꭤ, IL6, IL10, CXCL1, CXCL2, CX3CL1 or
CXCL5 on P0 or P3 (Figure 10). There were no significant
changes in angiogenic factor VEGF induced by LPS. These
findings demonstrate that fetal lung inflammation induced by
IA LPS is transient and resolves before postnatal day 3.

3.9 Prenatal c-Myc inhibition improves LPS-
induced changes associated with BPD

To assess alveolarization, lung sections obtained at P14 were
stained with H&E and analyzed for the mean linear intercept (MLI)
and radial alveolar count (RAC), which are measures of alveolar
septation and quantification of lung airspaces. MLI was increased in
LPS-exposed neonatal rats at P14, demonstrating alveolar
simplification relative to controls. RAC was significantly
decreased in LPS-exposed neonatal rats (Figure 11). To assess
pulmonary vascular muscularization, lung sections were double-
stained with von Willebrand factor (vWF) and smooth muscle actin
(SMA) (Figure 12A), and the ratio of number of vessels stained with
SMA-vWF to the number of vessels stained with vWFwas calculated
(Figures 12B, C). In IA LPS-exposed lungs at P14, there was an
increased ratio of SMA/vWF-stained vessels, indicating increased
pulmonary vascular remodeling, which occurs in pulmonary
hypertension. Compared to pregnant rats exposed to LPS only,

FIGURE 6
Prenatal systemic c-Myc inhibition decreases apoptosis and improves arrest of proliferation induced by LPS. (A) TUNEL assay performed on placenta
sections showing increased apoptosis induced by LPS exposure when compared to controls, which was ameliorated with c-Myc inhibitor treatment. (B)
Ki67 staining of representative placenta sections from each group showing decreased number of villous cytotrophoblasts positively stained with Ki67
(black stain) compared to controls, which improved with prenatal c-Myc inhibitor treatment. *p < 0.05, **p < 0.01, One-way Anova test. N = 4 per
group.
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prenatal treatment of LPS-exposed pregnant rats with c-Myc
inhibitor 10058-F4 led to improved alveolarization, increased
angiogenesis and decreased pulmonary vascular muscularization

induced by LPS (Figures 11, 12). These findings suggest that
c-Myc has a role in modulating impaired lung development
induced by IAI.

FIGURE 7
Intra-amniotic LPS induces fetal lung inflammation. Bulk RNA-sequencing of lungs at 24 h post-LPS exposure showing: (A) Principal component
analysis showing clear differentiation of gene expression between groups. (B)Heatmap showing distinct differences in genes that were upregulated (red)
and downregulated (blue) between control and LPS-exposed group. (C) Volcano plot showing differential gene expression with genes of interest
highlighted. Red–significant. (D) Differential expression of genes by association with cell type. Red–induced. Blue–suppressed. Air Epi–airway
epithelium, Dist Epi–distal airway epithelium, PMP–proliferative mesenchymal progenitors, MatrixF–Matrix fibroflasts, VascEndo–Vascular endothelial.
(E)Chart showing related gene functions of genes that were differentially expressed between groups. Blue–Controls, orange–LPS-exposed. (F)Network
plot of genes that were differentially induced (left) and suppressed (right) in LPS-exposed group compared to controls. N = 3 per group.
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4 Discussion

To understand the role of c-Myc on placental inflammation and
BPD induced by IAI we used ultrasound-guided IA LPS injections
and allowed natural delivery, eliminating confounding effects of
stress and inflammation induced by maternal laparotomy. This
rodent model of IAI has been validated to cause a subclinical
syndrome of IAI, which is most clinically relevant, compared to
intra-uterine or intraperitoneal injections (Gomez-Lopez et al.,
2018). We further validated this model with demonstrated uptake
of tagged LPS in the amnion, fetal lungs, and gut, confirming
exposure of the fetus to intraamniotic inflammation through the
fetal membranes, lungs, and gastrointestinal tract. These findings are
consistent with large animal models of IAI using IA LPS (Kramer

et al., 2010). Overall, our results suggest that c-Myc drives neutrophil
infiltration in IAI, and that c-Myc has a role in modulating neonatal
lung alveolar development and pulmonary vascular remodeling.

Bulk RNA-sequencing of placenta and fetal membranes showed
transcriptional changes in genes associated with inflammation
(S100a8, S100a9, Alox15, Il1b, Mmp8), leukocyte activation (Ccl2,
Ccl3), and decreased proliferation (Map9, Tpx2) in response to LPS
exposure. S100a8, S100a9, Il1b, and Mmp8 have been strongly
associated with fetal inflammatory response syndrome (FIRS),
preterm labor, and chorioamnionitis in preterm infants (Kallapur
et al., 2013; Holmstrom et al., 2019; Golubinskaya et al., 2020),
further supporting our rat model using IA LPS injections to simulate
IAI and a FIRS-like response. Alox15 encodes for arachidonic acid
through the lipoxygenase 15 (ALOX15) pathway, which participates

FIGURE 8
c-Myc is expressed in neonatal lung macrophages and is developmentally regulated. (A) Representative lung sections of rat pups at postnatal day
14 stained with c-Myc antibody showing localization of c-Myc expression to lung macrophages (brown-stained cells in magnified image on right). (B)
Representative Western blot of lung tissue lysates showing expression of c-Myc over time (N = 4–7 per group). c-Myc was significantly upregulated
during normal postnatal development, and this effect was more pronounced with exposure to LPS. *p < 0.02, **p < 0.002, ***p < 0.0002, ****p <
0.00002, ##p < 0.002.
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in glucocorticoid receptor response and modulates parturition
through prostaglandin E2 synthesis pathway, suggesting a
potential role in inflammation induced preterm labor (Zhang
et al., 2023). Ccl2 and Ccl3 code for known inflammatory
chemokines that are elevated in chorioamnionitis-exposed
preterm infants (Stepanovich et al., 2023). LPS exposure
suppressed Map9 (Microtubule-Associated Protein 9) and Tpx2
(Targeting protein Xklp2), which are protein-coding genes that
are involved in cell growth and division. Tpx2 abnormalities
result in abnormal spindles and meiosis, and chromosome
segregation errors in animal studies, which may be associated
with birth defects and pregnancy loss (He et al., 2022; Zhang
et al., 2022). These transcriptomic changes suggest a negative
impact of placental growth and development induced by IA LPS.

LPS induces inflammation in the placenta and fetal membranes
within 24 h of exposure, demonstrated by increased neutrophil
infiltration and NET formation. Neutrophil infiltration is a

hallmark of IAI, and neutrophil recruitment with NET formation
are immune defense mechanisms against infections or danger
signals (Gomez-Lopez et al., 2017). However, excessive neutrophil
infiltration and NET formation in pathologic conditions may
exacerbate tissue injury (Sorensen and Borregaard, 2016). In LPS-
exposed placenta and fetal membranes, c-Myc is expressed in the
nuclei of neutrophils. Prenatal systemic c-Myc inhibition with
10058F4 decreased LPS-induced neutrophil infiltration and NET
formation in the placenta and fetal membranes, suggesting that
c-Myc regulates inflammation in the placenta and fetal membranes
in our rat model of IAI, and that c-Mycmodulates NET formation in
the placenta. Interestingly, c-Myc was not expressed in the
neutrophils in LPS-exposed placenta treated with 10058F4 but is
expressed in the cytoplasm of maternal decidual cells. The presence
of c-Myc in the placenta has only been described in limited studies,
in human choriocarcinoma and hydatidiform moles (Diebold et al.,
1991; Cheung et al., 1993; Fulop et al., 1998). There is limited data on

FIGURE 9
Fetal lung inflammation induced by IA LPS is transient and is modulated by c-Myc. RT-PCR of fetal lungs sampled at 24 h post-LPS exposure (N =
4–7 per group). There were no significant differences inmRNA expression of IL1β, TNFα., CXCL1 or CXCL2 with LPS exposure. Prenatal c-Myc inhibition in
LPS-exposed fetal lungs suppressed IL1β and CXCL1 when compared to the LPS-exposed group and suppressed TNFαwhen compared to both LPS and
LPS+10058F4 treated groups. There were no statistically significant changes in mRNA expression of CXCL2 with either LPS exposure alone or
LPS+10058F54 treatment. *p < 0.05 Kruskal–Wallis test.
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the role of c-Myc in the placenta in normal pregnancies and in IAI.
On the other hand, the differences between intranuclear expression
of c-Myc versus cytoplasmic c-Myc expression have been described,
and the biological functions of c-Myc differ when expressed in nuclei
or cytoplasm (Conacci-Sorrell et al., 2010). The expression of c-Myc
in nuclei or cytoplasm has been used to risk stratify and
prognosticate cancers (Geisler et al., 2004; Conacci-Sorrell et al.,
2010; Gong et al., 2017).

We administered the c-Myc inhibitor 10058-F4 systemically, but
it is not known whether 10058-F4 crosses the placenta. Since we
performed ultrasound-guided intra-amniotic LPS injections to
minimize systemic effects and to mimic subclinical
chorioamnionitis, inflammation is localized to the amniotic sacs,
placenta, and fetus. LPS is a toll-like receptor 4 (TLR4) agonist, and
has been shown to prevent degradation of c-Myc via activation of the
TLR/MyD88 pathway, but the exact mechanism by which LPS
induces neutrophil-targeted c-Myc in the placenta are unknown
(Wang et al., 2014). Our findings suggest that prenatal systemic
10058F4 treatment leads to inhibition of c-Myc in the maternal
circulation, attenuating recruitment of neutrophils to the placenta
and fetal membranes in IAI. However, prenatal 10058F4 did not

inhibit c-Myc expression in the maternal decidual cells, which is
likely constitutional in the placenta and fetal membranes and likely
related to other functions regulated by c-Myc, such as cellular
proliferation. The overall increase in c-Myc expression in the
placenta and fetal membranes treated with 10058-F4 is not
neutrophil-driven and may be a compensatory mechanism to
overcome prenatal c-Myc suppression in cell types other than
neutrophils, and possibly to protect the pregnancy and fetus. The
role of c-Myc in placental and fetal development, and in IAI needs to
be further explored.

We did not observe statistically significant changes in mRNA
expression of specific inflammatory cytokines and chemokines (IL1β,
TNF-α, CXCL1 and CXCL2) induced by LPS in the placenta and fetal
membranes. This is likely due to lack of statistical power as there was
an uptrend in IL1β and TNFα which corroborates with RNA-
sequencing data. However, prenatal c-Myc inhibition in the LPS-
exposed group significantly induced IL1β, CXCL1 and CXCL2 when
compared to controls. CXCL1 and CXCL2 are members of the CXC
chemokine subfamily that participate in wound healing,
immunoregulation and neutrophil recruitment through activation
of a CXCR2 receptor (Sawant et al., 2021). CXCR2 antagonism

FIGURE 10
IA LPS induces fetal lung inflammation that resolves before postnatal day 3. Cytokine multiplex assay performed on neonatal lungs sampled on
postnatal days (P) 0 and 3. In neonatal lungs at P0, LPS significantly induced IL1β and CXCL10. There were no statistically significant changes in TNFα, IL6,
IL10, CXCL1, CXCL2, CX3CL1, CXCL5 and VEGF. N = 5 per group. *p < 0.05, **p < 0.02 Two-way Anova.
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has been shown to decrease c-Myc expression in bone marrow of
patients with chronic myeloid leukemia, through a CXCR2-mTOR-
c-Myc cascade (Kim et al., 2021). c-Myc also regulates programmed
cell death-ligand 1 (PD-L1), and c-Myc inhibition with 10058F4 in
esophageal cancer cells downregulated PD-L1 (Liang et al., 2020). PD-
L1 deficiency in neutrophils has been shown to lead to impaired
secretion of CXCL1 and CXCL2 (Yu et al., 2022). In pregnancy,
CXCL1 is produced in the placenta and participates in implantation,
placentation and decidual angiogenesis (Korbecki et al., 2022). The
dynamics between CXCL1, CXCL2 and CXCR2 receptor activation
have been shown to be complex, and together, are vital in achieving
homeostasis of inflammation and tissue healing (Sawant et al., 2021).
CXCL1 andCXCL2 elevation in pregnantmice have been shown to be
associated with massive decidual neutrophil infiltration and fetal loss
(Mizugishi et al., 2015). The mechanisms by which c-Myc directly
modulates CXCL1 and CXCL2, and their roles in IAI are unknown
and need to be further explored. In our experiments, we observed that
LPS exposure with prenatal c-Myc inhibition in a pregnant model
induces an imbalance in CXCL1 and CXCL2 expression in the
placenta and fetal membranes. Regardless, we observed reduction
of neutrophil infiltration and NET formation with prenatal c-Myc
inhibition, associated with improved neonatal lung remodeling. More
studies are required to investigate the relationship between c-Myc,
chemokine balance in pregnancy and effects on fetal development.

In fetal lungs, bulk RNA-sequencing showed that LPS exposure
induced genes associated with chemokines that drive leukocyte
migration to the fetal lung (Cx3cr1, Cxcl3, Ccl12, Cxcl1, Cxcl13,
Itgam, Lyz2, Mr1, Lgals3, Tap2, Trem1), inflammation (Angptl4,
Chi3l1), and surfactant homeostasis (Sftpa1, Sftpb, Ctsh). Cx3cr1
encodes for the receptor of fractalkine/CX3CL1, which is a
chemokine involved in adhesion and migration of leukocytes.
CX3CL1-CX3CR1 axis is strongly associated with inflammatory lung
diseases (Zhang and Patel, 2010). CX3CR1 is also a major receptor for
respiratory syncytial virus infections and has been found to modulate
airway inflammation andmucus production (Das et al., 2017), as well as
LPS-induced lung injury through NFκB activation (Ding et al., 2016).
Cxcl1, Cxcl3, Cxcl13, Itgam, Lyz2, Lgals3 encode for cytokines that are
known to be dysregulated in animal models of hyperoxia-induced BPD
(Deng et al., 2000; Rudloff et al., 2017; Hurskainen et al., 2021; Dong
et al., 2022), and Trem1 is a protein-coding gene encoding for
Triggering Receptor Expressed on Myeloid Cells 1 (TREM1) which
is upregulated in preterm infants who developed BPD (Ambalavanan
et al., 2009). Angptl4 has been shown to be dysregulated in
inflammation and may have protective anti-inflammatory and anti-
angiogenic effects throughmodulation of NF-kBp65 and IL6 expression
(Wang et al., 2013). Angptl4 gene knockout in mice models of LPS-
induced lung injury decreased inflammation and tissue damage, and
improved recovery and mortality, suggesting a significant role of

FIGURE 11
c-Myc inhibition improves alveolarization and pulmonary hypoplasia induced by IAI. Representative lung sections of rat pups at postnatal day 14 (n =
5 per group) stained with H&E to assess alveolarization. Mean linear intercept was significantly increased and radial alveolar counts were significantly
decreased in IALPS-exposed lungs compared to controls at postnatal day 14, suggesting alveolar simplification and pulmonary hypoplasia. These effects
were significantly decreased with c-Myc inhibitor treatment. *p < 0.05, **p < 0.005, ****p < 0.0001.
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Angptl4 in the mechanisms of inflammation-induced lung injury (Guo
et al., 2015; Li et al., 2015). Chi3l1 has been implicated in pulmonary
fibrosis and is expressed in lung alveolar macrophages and regulates
inflammation, cell proliferation and apoptosis in connective tissue cells
including fibroblasts (Recklies et al., 2002). Ctsh is involved in
pulmonary surfactant protein B production and plays a vital role in
lung development (Lu et al., 2007; Buhling et al., 2011). Similar to our
findings in the placenta, RT-PCR of IL1β, TNF-α, CXCL1 and
CXCL2 in the fetal lungs did not show statistically significant
differences induced by LPS. However, in fetal lungs exposed to
LPS+10058F4, we observed suppression in IL1β and
CXCL1 compared to LPS-exposed group, and suppression in TNF-α
compared to both controls and LPS-exposed group. IL1β, TNF-α and
CXCL1 dysregulation are well-associated with IAI and BPD
(Ambalavanan et al., 2009; Cappelletti et al., 2020; Heydarian et al.,
2022).

Cytokine multiplex of neonatal lungs showed that IA LPS
significantly induced IL1β and CXCL10 at P0. There were no
statistically significant changes in TNFα, IL6, IL10, CXCL1,
CXCL2, CX3CL1, CXCL5 and VEGF. IL1β is a well-known major
modulator in IAI and bronchopulmonary dysplasia (Bry et al., 2007;
Cappelletti et al., 2020). CXCL10 participates in inflammation,
specifically macrophage infiltration, and modulates migration of
vascular smooth muscular cells and endothelial cell permeability
(Li et al., 2021). It is upregulated in tracheal aspirates of preterm

infants with BPD and is strongly associated with idiopathic
pulmonary arterial hypertension in adults (Aghai et al., 2013; Li
et al., 2021; Cunningham et al., 2022). Inhibition of CXCL10 in animal
models have been shown to improve pulmonary hypertension and
LPS-induced lung injury (Lang et al., 2017; Cunningham et al., 2022).
Collectively, our RNA-sequencing data showed that IA LPS induced
inflammatory transcriptional changes in the fetal lungs which
persisted through postnatal day 0, but these inflammatory changes
appeared to be transient and resolved before postnatal day 3.
However, prenatal systemic c-Myc inhibition suppressed mRNA
expression of inflammatory cytokines in the fetal lungs.

At P14, rat pups exposed to LPS had alveolar simplification and
pulmonary hypoplasia, decreased angiogenesis, and increased
pulmonary vascular muscularization, consistent with a BPD-
phenotype. Extracellular matrix (ECM) remodeling is another
important component in the pathophysiology of BPD, and RNA
sequencing of fetal lungs at 24 h after LPS exposure showed
significant modulation of genes related to ECM remodeling (Cxcl1)
and organization, collagen synthesis (Col9a2, Col9a1, Col11a2,
Col11a1), proliferative mesenchymal progenitors and matrix
fibroblasts. These results are consistent with previously reported data
where extracellular matrix development and collagen protein synthesis
was disrupted in lungs of preterm rhesus macaques exposed to IALPS
(Schmidt et al., 2020). Targeted inhibition of extracellular matrix
proteins provides partial protection from lung injury induced by

FIGURE 12
c-Myc inhibition increases angiogenesis and decreases pulmonary vascular remodeling in IAI at P14. (A) Immunostaining of lung sections sampled at
postnatal day 14 with von Willebrand factor (vWF–green) and smooth muscle actin (SMA–red) (n = 4-8 per group) (B)Quantitative analysis of pulmonary
vascular muscularization by calculating ratio of vessels stained with both SMA and vWF (demonstrated by white arrows and magnified images of vessels
on far left), to number of vessels stained with vWF only (SMA/vWF ratio), and (C) quantitative analysis of angiogenesis using number of vessels stained
with vWF per hpf. LPS exposure decreased angiogenesis and increased pulmonary vascular muscularization. Prenatal c-Myc inhibition with 10058-F4
treatment improved angiogenesis and decreased pulmonary vascular muscularization induced by LPS.
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hyperoxia and anti-inflammatory treatment in animal models
improved changes related to BPD through modulation of collagen
and extracellular matrix protein expression and TGF-β1/Smads
pathway, suggesting potential for targeted therapy in modifying
abnormal extracellular matrix remodeling in IAI-induced BPD
(Mizikova et al., 2018; Chen et al., 2020).

c-Myc expression in rat fetal lungs have been shown to be elevated
during a period of growth, then decrease over increasing gestational age,
coinciding with the time of cell differentiation and beginning of
surfactant production (Kellogg et al., 1992). Interestingly, protein
expression of c-Myc increases postnatally in neonatal lungs of
control pups, demonstrating a role of c-Myc in normal postnatal
lung development. c-Myc is an important regulator of cell
proliferation, differentiation, and growth. When exposed to LPS,
c-Myc is overexpressed during neonatal lung development, which is
also associated with large transcriptomic differences in cell
differentiation and proliferation, airway and alveolar epithelial cell
differentiation, collagen and extracellular matrix organization, and
surfactant proteins, predicting abnormal lung development, which is
consistent with the lung parenchymal and vascular changes observed in
our 14-day old pups. In LPS-exposed rat pups, prenatal c-Myc
inhibition improved alveolarization, increased angiogenesis and
decreased pulmonary vascular muscularization, demonstrating a role
of c-Myc in IAI-associated BPD. The exact mechanisms by which
c-Myc induces neonatal lung remodeling need to be further explored.

BPD with pulmonary hypertension is highly clinically relevant. A
subset of preterm infants with moderate to severe BPD develop
pulmonary hypertension (BPD-PH), which is associated with
significantly increased morbidity and mortality (Hansmann et al.,
2021). Compared to infants without pulmonary hypertension, infants
with BPD-PH have higher rates of tracheostomy, need for tube feeds,
poorer growth and neurodevelopmental outcomes, and hospital
readmissions (Nakanishi et al., 2016; Al-Ghanem et al., 2017;
Lagatta et al., 2018). Pulmonary hypertension is independently
associated with exposure to IAI (Woldesenbet and Perlman, 2005;
Yum et al., 2018). In cord blood of newborns exposed to IAI, there is
an imbalance of angiogenic factors such as sFlt-1, VEGF, and
endothelial progenitor cells. In preterm rhesus macaque fetuses,
exposure to intra-amniotic LPS results in large transcriptional
changes of genes regulating vascular development (Schmidt et al.,
2020). In preterm lamb models, IA LPS exposure causes decreased
pulmonary blood flow and increased pulmonary arterial pressures,
suggesting a direct link between IAI and pulmonary hypertension
(Polglase et al., 2010). The mechanisms by which pulmonary
hypertension is associated with BPD and IAI are not completely
understood, and given the significant burden of BPD-PH, there is a
pressing need to investigate the mechanistic pathways and potential
interventions to improve neonatal outcomes. Our results suggest that
c-Myc regulate neonatal lung vascular remodeling in response to IAI.

We recognize limitations in our study. There is variance in RNA
sequencing data within the control animals, which may be attributed to
the fact that sterile PBS was injected in controls as a placebo under clean,
but not sterile, conditions. Thus, the procedure by itself may induce an
intra-uterine inflammatory response which may account for the data
variance. Also, we do not have RNA-sequencing available for the LPS-
exposed group treated with c-Myc inhibitor 10058-F4. Given the various
perinatal interventions and treatment, there was rejection and death of
pups in LPS-exposed and treated groups which could influence the

results. Further animals treated with 10058-F4 were done in different
days from control and IALPS only animals, which could have introduced
batch effect in our analysis. All animals were purchased from the same
vendor and the same lot of LPS was used in all experiments.

Despite these limitations, we can conclude that the transcription
factor c-Myc is dysregulated in the placenta, fetal membranes, and
neonatal lungs in intra-amniotic inflammation and modulates
inflammation of the placenta and fetal membranes in the rat model
of IAI induced by IA LPS and modulates IAI-induced neonatal lung
remodeling. Further studies are needed to explore the mechanisms by
which c-Myc modulates NET formation, and to investigate c-Myc as a
potential therapeutic target in IAI, and IAI-induced BPD. However,
c-Myc has been challenging to target therapeutically due to its
intranuclear nature and its highly disordered structure (Llombart and
Mansour, 2022). Moreover, it is a ubiquitous transcription factor that is
involved in multiple cell processes vital to physiologic functions. The
ideal c-Myc inhibitor needs to be highly selective to diseased conditions
and normalize c-Myc levels, rather than fully inhibiting all c-Myc-
associated functions. Novel c-Myc inhibitors with such properties have
since become available and should be the focus of future studies to
investigate translational therapeutic potential of c-Myc inhibition to
improve adverse neonatal outcomes induced by antenatal inflammation.

Data availability statement

The gene expression data have been deposited in NCBI’s Gene
Expression Omnibus (GEO: https://ncbi.nlm.gov/geo/) and are
accessible through GEO Series accession numbers GSE237595
and GSE239349.

Ethics statement

The animal study was approved by University of Miami
Institutional Animal Care and Use Committee. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

AT, KY, and AuS conceived and designed the study. AT, XT,
SA-C, SK, PC, VN, RI, JD-B, MB, and SW performed the
experiments or significantly contributed to the acquisition of
data. AlS and AM prepared samples and perform analyses by
Western blot. AT, KY, CR, and AuS analyzed the data, AT wrote
the first draft of the manuscript. AuS critically reviewed and edited
the manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was funded by grants from NICHD 5K08HD102718
(AuS), Micah Batchelor Fellow Award (AuS), Micah Batchelor
Scholar Award (AT), and Micah Batchelor Award for Excellence
in Children’s Health (KY).

Frontiers in Cell and Developmental Biology frontiersin.org17

Tan et al. 10.3389/fcell.2023.1245747

https://ncbi.nlm.gov/geo/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1245747


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.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1245747/
full#supplementary-material

References

Aghai, Z. H., Saslow, J. G., Mody, K., Eydelman, R., Bhat, V., Stahl, G., et al. (2013).
IFN-gamma and IP-10 in tracheal aspirates from premature infants: relationship with
bronchopulmonary dysplasia. Pediatr. Pulmonol. 48, 8–13. doi:10.1002/ppul.22540

Al-Ghanem, G., Shah, P., Thomas, S., Banfield, L., El Helou, S., Fusch, C., et al. (2017).
Bronchopulmonary dysplasia and pulmonary hypertension: a meta-analysis.
J. Perinatol. 37, 414–419. doi:10.1038/jp.2016.250

Ambalavanan, N., Carlo, W. A., D’Angio, C. T., Mcdonald, S. A., Das, A., Schendel,
D., et al. (2009). Cytokines associated with bronchopulmonary dysplasia or death in
extremely low birth weight infants. Pediatrics 123, 1132–1141. doi:10.1542/peds.2008-
0526

Ardini-Poleske, M. E., Clark, R. F., Ansong, C., Carson, J. P., Corley, R. A., Deutsch, G.
H., et al. (2017). LungMAP: the molecular atlas of lung development program. Am.
J. Physiol. Lung Cell Mol. Physiol. 313, L733–L740. doi:10.1152/ajplung.00139.2017

Blencowe, H., Cousens, S., Oestergaard, M. Z., Chou, D., Moller, A. B., Narwal, R.,
et al. (2012). National, regional, and worldwide estimates of preterm birth rates in the
year 2010 with time trends since 1990 for selected countries: a systematic analysis and
implications. Lancet 379, 2162–2172. doi:10.1016/S0140-6736(12)60820-4

Blighe, K., and Lun, A. (2023). PCAtools: everything principal component analysis. R
package version 2.12 [Online]. Available at: https://github.com/kevinblighe/PCAtools
[Accessed].

Blighe, K., Rana, S., and Lewis, M. (2018). EnhancedVolcano: publication-ready
volcano plots with enhanced colouring and labeling. [Online]. Available: R package
version 1.18.0. Available at: https://github.com/kevinblighe/EnhancedVolcano.
[Accessed].

Bray, N. L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal
probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 525–527. doi:10.1038/nbt.
3519

Bry, K., Whitsett, J. A., and Lappalainen, U. (2007). IL-1beta disrupts postnatal lung
morphogenesis in the mouse. Am. J. Respir. Cell Mol. Biol. 36, 32–42. doi:10.1165/rcmb.
2006-0116OC

Buhling, F., Kouadio, M., Chwieralski, C. E., Kern, U., Hohlfeld, J. M., Klemm, N.,
et al. (2011). Gene targeting of the cysteine peptidase cathepsin H impairs lung
surfactant in mice. PLoS One 6, e26247. doi:10.1371/journal.pone.0026247

Cappelletti, M., Presicce, P., and Kallapur, S. G. (2020). Immunobiology of acute
chorioamnionitis. Front. Immunol. 11, 649. doi:10.3389/fimmu.2020.00649

Caskey, S., Gough, A., Rowan, S., Gillespie, S., Clarke, J., Riley, M., et al. (2016).
Structural and functional lung impairment in adult survivors of bronchopulmonary
dysplasia. Ann. Am. Thorac. Soc. 13, 1262–1270. doi:10.1513/AnnalsATS.201509-
578OC

Chen, H., Liu, H., and Qing, G. (2018). Targeting oncogenic Myc as a strategy for
cancer treatment. Signal Transduct. Target Ther. 3, 5. doi:10.1038/s41392-018-0008-7

Chen, X., Peng, W., Zhou, R., Zhang, Z., and Xu, J. (2020). Montelukast improves
bronchopulmonary dysplasia by inhibiting epithelial‑mesenchymal transition via
inactivating the TGF‑β1/Smads signaling pathway. Mol. Med. Rep. 22, 2564–2572.
doi:10.3892/mmr.2020.11306

Cheung, A. N., Srivastava, G., Pittaluga, S., Man, T. K., Ngan, H., and Collins, R. J.
(1993). Expression of c-myc and c-fms oncogenes in trophoblastic cells in
hydatidiform mole and normal human placenta. J. Clin. Pathol. 46, 204–207.
doi:10.1136/jcp.46.3.204

Ciuclan, L., Bonneau, O., Hussey, M., Duggan, N., Holmes, A. M., Good, R., et al.
(2011). A novel murine model of severe pulmonary arterial hypertension. Am. J. Respir.
Crit. Care Med. 184, 1171–1182. doi:10.1164/rccm.201103-0412OC

Combs, C. A., Gravett, M., Garite, T. J., Hickok, D. E., Lapidus, J., Porreco, R., et al.
(2014). Amniotic fluid infection, inflammation, and colonization in preterm labor with
intact membranes. Am. J. Obstet. Gynecol. 210, 125 e1–e125125.e15. doi:10.1016/j.ajog.
2013.11.032

Conacci-Sorrell, M., Ngouenet, C., and Eisenman, R. N. (2010). Myc-nick: a
cytoplasmic cleavage product of Myc that promotes alpha-tubulin acetylation and
cell differentiation. Cell 142, 480–493. doi:10.1016/j.cell.2010.06.037

Cooney, T. P., and Thurlbeck, W. M. (1982). The radial alveolar count method of
Emery and Mithal: a reappraisal 2--intrauterine and early postnatal lung growth.
Thorax 37, 580–583. doi:10.1136/thx.37.8.580

Crump, C. (2020). An overview of adult health outcomes after preterm birth. Early
Hum. Dev. 150, 105187. doi:10.1016/j.earlhumdev.2020.105187

Crump, C., Sundquist, J., Winkleby, M. A., and Sundquist, K. (2019). Preterm birth
and risk of chronic kidney disease from childhood into mid-adulthood: national cohort
study. Bmj 365, l1346. doi:10.1136/bmj.l1346

Cunningham, C. M., Li, M., Ruffenach, G., Doshi, M., Aryan, L., Hong, J., et al. (2022).
Y-chromosome gene, uty, protects against pulmonary hypertension by reducing
proinflammatory chemokines. Am. J. Respir. Crit. Care Med. 206, 186–196. doi:10.
1164/rccm.202110-2309OC

Das, S., Raundhal,M., Chen, J., Oriss, T. B., Huff, R.,Williams, J. V., et al. (2017). Respiratory
syncytial virus infection of newborn CX3CR1-deficient mice induces a pathogenic pulmonary
innate immune response. JCI Insight 2, e94605. doi:10.1172/jci.insight.94605

Demauro, S. B. (2018). The impact of bronchopulmonary dysplasia on childhood
outcomes. Clin. Perinatol. 45, 439–452. doi:10.1016/j.clp.2018.05.006

Deng, H., Mason, S. N., and Auten, R. L. (2000). Lung inflammation in hyperoxia can
be prevented by antichemokine treatment in newborn rats. Am. J. Respir. Crit. Care
Med. 162, 2316–2323. doi:10.1164/ajrccm.162.6.9911020

Diebold, J., Arnholdt, H., Lai, M. D., and Lohrs, U. (1991). C-myc expression in early
human placenta--a critical evaluation of its localization. Virchows Arch. B Cell Pathol.
Incl. Mol. Pathol. 61, 65–73. doi:10.1007/BF02890406

Ding, X. M., Pan, L., Wang, Y., and Xu, Q. Z. (2016). Baicalin exerts protective effects
against lipopolysaccharide-induced acute lung injury by regulating the crosstalk
between the CX3CL1-CX3CR1 axis and NF-κB pathway in CX3CL1-knockout mice.
Int. J. Mol. Med. 37, 703–715. doi:10.3892/ijmm.2016.2456

Dong, N., Zhou, P. P., Li, D., Zhu, H. S., Liu, L. H., Ma, H. X., et al. (2022).
Intratracheal administration of umbilical cord-derived mesenchymal stem cells
attenuates hyperoxia-induced multi-organ injury via heme oxygenase-1 and JAK/
STAT pathways. World J. Stem Cells 14, 556–576. doi:10.4252/wjsc.v14.i7.556

Du, Y., Guo, M., Whitsett, J. A., and Xu, Y. (2015). ’LungGENS’: a web-based tool for
mapping single-cell gene expression in the developing lung. Thorax 70, 1092–1094.
doi:10.1136/thoraxjnl-2015-207035

Fulop, V., Mok, S. C., Genest, D. R., Szigetvari, I., Cseh, I., and Berkowitz, R. S. (1998).
c-myc, c-erbB-2, c-fms and bcl-2 oncoproteins. Expression in normal placenta, partial
and complete mole, and choriocarcinoma. J. Reprod. Med. 43, 101–110.

Geisler, J. P., Geisler, H. E., Manahan, K. J., Miller, G. A., Wiemann, M. C., Zhou, Z.,
et al. (2004). Nuclear and cytoplasmic c-myc staining in endometrial carcinoma and
their relationship to survival. Int. J. Gynecol. Cancer 14, 133–137. doi:10.1111/j.1048-
891x.2004.14027.x

Golubinskaya, V., Puttonen, H., Fyhr, I. M., Rydbeck, H., Hellstrom, A., Jacobsson, B.,
et al. (2020). Expression of S100A alarmins in cord bloodmonocytes is highly associated
with chorioamnionitis and fetal inflammation in preterm infants. Front. Immunol. 11,
1194. doi:10.3389/fimmu.2020.01194

Gomez-Lopez, N., Romero, R., Arenas-Hernandez, M., Panaitescu, B., Garcia-Flores,
V., Mial, T. N., et al. (2018). Intra-amniotic administration of lipopolysaccharide
induces spontaneous preterm labor and birth in the absence of a body temperature
change. J. Matern. Fetal Neonatal Med. 31, 439–446. doi:10.1080/14767058.2017.
1287894

Gomez-Lopez, N., Romero, R., Leng, Y., Garcia-Flores, V., Xu, Y., Miller, D., et al.
(2017). Neutrophil extracellular traps in acute chorioamnionitis: a mechanism of host
defense. Am. J. Reprod. Immunol. 77, e12617. doi:10.1111/aji.12617

Frontiers in Cell and Developmental Biology frontiersin.org18

Tan et al. 10.3389/fcell.2023.1245747

https://www.frontiersin.org/articles/10.3389/fcell.2023.1245747/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1245747/full#supplementary-material
https://doi.org/10.1002/ppul.22540
https://doi.org/10.1038/jp.2016.250
https://doi.org/10.1542/peds.2008-0526
https://doi.org/10.1542/peds.2008-0526
https://doi.org/10.1152/ajplung.00139.2017
https://doi.org/10.1016/S0140-6736(12)60820-4
https://github.com/kevinblighe/PCAtools
https://github.com/kevinblighe/EnhancedVolcano
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1165/rcmb.2006-0116OC
https://doi.org/10.1165/rcmb.2006-0116OC
https://doi.org/10.1371/journal.pone.0026247
https://doi.org/10.3389/fimmu.2020.00649
https://doi.org/10.1513/AnnalsATS.201509-578OC
https://doi.org/10.1513/AnnalsATS.201509-578OC
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.3892/mmr.2020.11306
https://doi.org/10.1136/jcp.46.3.204
https://doi.org/10.1164/rccm.201103-0412OC
https://doi.org/10.1016/j.ajog.2013.11.032
https://doi.org/10.1016/j.ajog.2013.11.032
https://doi.org/10.1016/j.cell.2010.06.037
https://doi.org/10.1136/thx.37.8.580
https://doi.org/10.1016/j.earlhumdev.2020.105187
https://doi.org/10.1136/bmj.l1346
https://doi.org/10.1164/rccm.202110-2309OC
https://doi.org/10.1164/rccm.202110-2309OC
https://doi.org/10.1172/jci.insight.94605
https://doi.org/10.1016/j.clp.2018.05.006
https://doi.org/10.1164/ajrccm.162.6.9911020
https://doi.org/10.1007/BF02890406
https://doi.org/10.3892/ijmm.2016.2456
https://doi.org/10.4252/wjsc.v14.i7.556
https://doi.org/10.1136/thoraxjnl-2015-207035
https://doi.org/10.1111/j.1048-891x.2004.14027.x
https://doi.org/10.1111/j.1048-891x.2004.14027.x
https://doi.org/10.3389/fimmu.2020.01194
https://doi.org/10.1080/14767058.2017.1287894
https://doi.org/10.1080/14767058.2017.1287894
https://doi.org/10.1111/aji.12617
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1245747


Gong, Y., Zhang, X., Chen, R., Wei, Y., Zou, Z., and Chen, X. (2017). Cytoplasmic
expression of C-MYC protein is associated with risk stratification of mantle cell
lymphoma. PeerJ 5, e3457. doi:10.7717/peerj.3457

Green, E. S., and Arck, P. C. (2020). Pathogenesis of preterm birth: bidirectional
inflammation in mother and fetus. Semin. Immunopathol. 42, 413–429. doi:10.1007/
s00281-020-00807-y

Guo, L., Li, S., Zhao, Y., Qian, P., Ji, F., Qian, L., et al. (2015). Silencing angiopoietin-like
protein 4 (ANGPTL4) protects against lipopolysaccharide-induced acute lung injury via
regulating SIRT1/NF-kB pathway. J. Cell Physiol. 230, 2390–2402. doi:10.1002/jcp.24969

Hansmann, G., Sallmon, H., Roehr, C. C., Kourembanas, S., Austin, E. D.,
Koestenberger, M., et al. (2021). Pulmonary hypertension in bronchopulmonary
dysplasia. Pediatr. Res. 89, 446–455. doi:10.1038/s41390-020-0993-4

He, Y., Peng, L., Li, J., Li, Q., Chu, Y., Lin, Q., et al. (2022). TPX2 deficiency leads to
spindle abnormity and meiotic impairment in porcine oocytes. Theriogenology 187,
164–172. doi:10.1016/j.theriogenology.2022.04.031

Heydarian, M., Schulz, C., Stoeger, T., and Hilgendorff, A. (2022). Association of
immune cell recruitment and BPD development. Mol. Cell Pediatr. 9, 16. doi:10.1186/
s40348-022-00148-w

Holmstrom, E., Myntti, T., Sorsa, T., Kruit, H., Juhila, J., Paavonen, J., et al. (2019).
Cervical and amniotic fluid matrix metalloproteinase-8 and interleukin-6
concentrations in preterm pregnancies with or without preterm premature rupture
of membranes. Fetal Diagn Ther. 46, 103–110. doi:10.1159/000493207

Huang, M. J., Cheng, Y. C., Liu, C. R., Lin, S., and Liu, H. E. (2006). A small-molecule
c-Myc inhibitor, 10058-F4, induces cell-cycle arrest, apoptosis, and myeloid
differentiation of human acute myeloid leukemia. Exp. Hematol. 34, 1480–1489.
doi:10.1016/j.exphem.2006.06.019

Hurskainen, M., Mizikova, I., Cook, D. P., Andersson, N., Cyr-Depauw, C., Lesage, F.,
et al. (2021). Single cell transcriptomic analysis of murine lung development on
hyperoxia-induced damage. Nat. Commun. 12, 1565. doi:10.1038/s41467-021-21865-2

Kaimal, V., Bardes, E. E., Tabar, S. C., Jegga, A. G., andAronow, B. J. (2010). ToppCluster: a
multiple gene list feature analyzer for comparative enrichment clustering and network-based
dissection of biological systems. Nucleic Acids Res. 38, W96–W102. doi:10.1093/nar/gkq418

Kallapur, S. G., Presicce, P., Senthamaraikannan, P., Alvarez, M., Tarantal, A. F.,
Miller, L. M., et al. (2013). Intra-amniotic IL-1β induces fetal inflammation in rhesus
monkeys and alters the regulatory T cell/IL-17 balance. J. Immunol. 191, 1102–1109.
doi:10.4049/jimmunol.1300270

Kellogg, C. K., Cochran, B. H., and Nielsen, H. C. (1992). FETAL LUNG C-MYC
EXPRESSION SUGGESTS A POSITIVE REGULATORY ROLE IN LUNG GROWTH.
Pediatr. Res. 32, 636. doi:10.1203/00006450-199211000-00187

Kim, J. H., Lee, S. J., Kang, K. W., Lee, B. H., Park, Y., and Kim, B. S. (2021). CXCR2, a
novel target to overcome tyrosine kinase inhibitor resistance in chronic myelogenous
leukemia cells. Biochem. Pharmacol. 190, 114658. doi:10.1016/j.bcp.2021.114658

Knudsen, L., Weibel, E. R., Gundersen, H. J., Weinstein, F. V., and Ochs, M. (2010).
Assessment of air space size characteristics by intercept (chord) measurement: an
accurate and efficient stereological approach. J. Appl. Physiol. 108, 412–421. doi:10.
1152/japplphysiol.01100.2009

Kolde, R. (2019). Pheatmap: pretty Heatmaps. [online]. Available: R package version
1.0.12. Available at: https://github.com/raivokolde/pheatmap [Accessed].

Korbecki, J., Maruszewska, A., Bosiacki, M., Chlubek, D., and Baranowska-Bosiacka,
I. (2022). The potential importance of CXCL1 in the physiological state and in
noncancer diseases of the cardiovascular System, respiratory System and skin. Int.
J. Mol. Sci. 24, 205. doi:10.3390/ijms24010205

Kramer, B. W., Kallapur, S. G., Moss, T. J., Nitsos, I., Polglase, G. P., Newnham, J. P.,
et al. (2010). Modulation of fetal inflammatory response on exposure to
lipopolysaccharide by chorioamnion, lung, or gut in sheep. Am. J. Obstet. Gynecol.
202, 77 e1–e9. doi:10.1016/j.ajog.2009.07.058

Lagatta, J. M., Hysinger, E. B., Zaniletti, I., Wymore, E. M., Vyas-Read, S.,
Yallapragada, S., et al. (2018). The impact of pulmonary hypertension in preterm
infants with severe bronchopulmonary dysplasia through 1 year. J. Pediatr. 203,
218–224 e3. doi:10.1016/j.jpeds.2018.07.035

Lang, S., Li, L., Wang, X., Sun, J., Xue, X., Xiao, Y., et al. (2017). CXCL10/IP-
10 neutralization can ameliorate lipopolysaccharide-induced acute respiratory distress
syndrome in rats. PLoS One 12, e0169100. doi:10.1371/journal.pone.0169100

Liang, M. Q., Yu, F. Q., and Chen, C. (2020). C-Myc regulates PD-L1 expression in
esophageal squamous cell carcinoma. Am. J. Transl. Res. 12, 379–388.

Li, L., Chong, H. C., Ng, S. Y., Kwok, K. W., Teo, Z., Tan, E. H. P., et al. (2015).
Angiopoietin-like 4 increases pulmonary tissue leakiness and damage during influenza
pneumonia. Cell Rep. 10, 654–663. doi:10.1016/j.celrep.2015.01.011

Liu, L., Oza, S., Hogan, D., Chu, Y., Perin, J., Zhu, J., et al. (2016). Global, regional, and
national causes of under-5 mortality in 2000-15: an updated systematic analysis with
implications for the Sustainable Development Goals. Lancet 388, 3027–3035. doi:10.
1016/S0140-6736(16)31593-8

Li, Z., Jiang, J., and Gao, S. (2021). Potential of C-X-C motif chemokine ligand 1/8/10/
12 as diagnostic and prognostic biomarkers in idiopathic pulmonary arterial
hypertension. Clin. Respir. J. 15, 1302–1309. doi:10.1111/crj.13421

Llombart, V., and Mansour, M. R. (2022). Therapeutic targeting of "undruggable"
MYC. EBioMedicine 75, 103756. doi:10.1016/j.ebiom.2021.103756

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi:10.1186/
s13059-014-0550-8

Lu, J., Qian, J., Keppler, D., and Cardoso, W. V. (2007). Cathespin H is an Fgf10 target
involved in Bmp4 degradation during lung branching morphogenesis. J. Biol. Chem.
282, 22176–22184. doi:10.1074/jbc.M700063200

Markopoulou, P., Papanikolaou, E., Analytis, A., Zoumakis, E., and Siahanidou, T.
(2019). Preterm birth as a risk factor for metabolic syndrome and cardiovascular disease
in adult life: a systematic review and meta-analysis. J. Pediatr. 210, 69–80. doi:10.1016/j.
jpeds.2019.02.041

Mathew, R. (2020). Signaling pathways involved in the development of
bronchopulmonary dysplasia and pulmonary hypertension. Child. (Basel) 7, 100.
doi:10.3390/children7080100

Mizikova, I., Pfeffer, T., Nardiello, C., Surate Solaligue, D. E., Steenbock, H.,
Tatsukawa, H., et al. (2018). Targeting transglutaminase 2 partially restores
extracellular matrix structure but not alveolar architecture in experimental
bronchopulmonary dysplasia. FEBS J. 285, 3056–3076. doi:10.1111/febs.14596

Mizugishi, K., Inoue, T., Hatayama, H., Bielawski, J., Pierce, J. S., Sato, Y., et al.
(2015). Sphingolipid pathway regulates innate immune responses at the fetomaternal
interface during pregnancy. J. Biol. Chem. 290, 2053–2068. doi:10.1074/jbc.M114.
628867

Nakanishi, H., Uchiyama, A., and Kusuda, S. (2016). Impact of pulmonary hypertension
on neurodevelopmental outcome in preterm infants with bronchopulmonary dysplasia: a
cohort study. J. Perinatol. 36, 890–896. doi:10.1038/jp.2016.108

Petrou, S., Krabuanrat, N., and Khan, K. (2020). Preference-based health-
related quality of life outcomes associated with preterm birth: a systematic
review and meta-analysis. Pharmacoeconomics 38, 357–373. doi:10.1007/
s40273-019-00865-7

Polglase, G. R., Hooper, S. B., Gill, A. W., Allison, B. J., Crossley, K. J., Moss, T. J., et al.
(2010). Intrauterine inflammation causes pulmonary hypertension and cardiovascular
sequelae in preterm lambs. J. Appl. Physiol. 108, 1757–1765. doi:10.1152/japplphysiol.
01336.2009

Recklies, A. D., White, C., and Ling, H. (2002). The chitinase 3-like protein human
cartilage glycoprotein 39 (HC-gp39) stimulates proliferation of human connective-
tissue cells and activates both extracellular signal-regulated kinase- and protein
kinase B-mediated signalling pathways. Biochem. J. 365, 119–126. doi:10.1042/
BJ20020075

Romero, R., Gomez, R., Ghezzi, F., Yoon, B. H., Mazor, M., Edwin, S. S., et al.
(1998). A fetal systemic inflammatory response is followed by the spontaneous onset
of preterm parturition. Am. J. Obstet. Gynecol. 179, 186–193. doi:10.1016/s0002-
9378(98)70271-6

Romero, R., Miranda, J., Chaiworapongsa, T., Korzeniewski, S. J., Chaemsaithong, P.,
Gotsch, F., et al. (2014). Prevalence and clinical significance of sterile intra-amniotic
inflammation in patients with preterm labor and intact membranes. Am. J. Reprod.
Immunol. 72, 458–474. doi:10.1111/aji.12296

Rudloff, I., Cho, S. X., Bui, C. B., Mclean, C., Veldman, A., Berger, P. J., et al. (2017).
Refining anti-inflammatory therapy strategies for bronchopulmonary dysplasia. J. Cell
Mol. Med. 21, 1128–1138. doi:10.1111/jcmm.13044

Sahoo, D., Zaramela, L. S., Hernandez, G. E., Mai, U., Taheri, S., Dang, D., et al. (2020).
Transcriptional profiling of lungmacrophages identifies a predictive signature for inflammatory
lung disease in preterm infants. Commun. Biol. 3, 259. doi:10.1038/s42003-020-0985-2

Sawant, K. V., Sepuru, K. M., Lowry, E., Penaranda, B., Frevert, C. W., Garofalo, R. P.,
et al. (2021). Neutrophil recruitment by chemokines Cxcl1/KC and Cxcl2/MIP2: role of
Cxcr2 activation and glycosaminoglycan interactions. J. Leukoc. Biol. 109, 777–791.
doi:10.1002/JLB.3A0820-207R

Schmidt, A. F., Kannan, P. S., Bridges, J., Presicce, P., Jackson, C. M., Miller, L. A., et al.
(2020). Prenatal inflammation enhances antenatal corticosteroid-induced fetal lung
maturation. JCI Insight 5, e139452. doi:10.1172/jci.insight.139452

Soneson, C., Love, M. I., and Robinson, M. D. (2015). Differential analyses for RNA-
seq: transcript-level estimates improve gene-level inferences. F1000Res 4, 1521. doi:10.
12688/f1000research.7563.2

Sorensen, O. E., and Borregaard, N. (2016). Neutrophil extracellular traps - the dark
side of neutrophils. J. Clin. Invest. 126, 1612–1620. doi:10.1172/JCI84538

Stepanovich, G. E., Chapman, C. A., Meserve, K. L., Sturza, J. M., Ellsworth, L. A.,
Bailey, R. C., et al. (2023). Chorioamnionitis-exposure alters serum cytokine trends in
premature neonates. J. Perinatol. 43, 758–765. doi:10.1038/s41372-022-01584-2

Stoll, B. J., Hansen, N. I., Bell, E. F., Walsh, M. C., Carlo, W. A., Shankaran, S., et al.
(2015). Trends in care practices, morbidity, and mortality of extremely preterm
neonates, 1993-2012. JAMA 314, 1039–1051. doi:10.1001/jama.2015.10244

Villamor-Martinez, E., Alvarez-Fuente, M., Ghazi, A. M. T., Degraeuwe, P.,
Zimmermann, L. J. I., Kramer, B. W., et al. (2019). Association of chorioamnionitis
with bronchopulmonary dysplasia among preterm infants: a systematic review, meta-
analysis, and metaregression. JAMA Netw. Open 2, e1914611. doi:10.1001/
jamanetworkopen.2019.14611

Frontiers in Cell and Developmental Biology frontiersin.org19

Tan et al. 10.3389/fcell.2023.1245747

https://doi.org/10.7717/peerj.3457
https://doi.org/10.1007/s00281-020-00807-y
https://doi.org/10.1007/s00281-020-00807-y
https://doi.org/10.1002/jcp.24969
https://doi.org/10.1038/s41390-020-0993-4
https://doi.org/10.1016/j.theriogenology.2022.04.031
https://doi.org/10.1186/s40348-022-00148-w
https://doi.org/10.1186/s40348-022-00148-w
https://doi.org/10.1159/000493207
https://doi.org/10.1016/j.exphem.2006.06.019
https://doi.org/10.1038/s41467-021-21865-2
https://doi.org/10.1093/nar/gkq418
https://doi.org/10.4049/jimmunol.1300270
https://doi.org/10.1203/00006450-199211000-00187
https://doi.org/10.1016/j.bcp.2021.114658
https://doi.org/10.1152/japplphysiol.01100.2009
https://doi.org/10.1152/japplphysiol.01100.2009
https://github.com/raivokolde/pheatmap
https://doi.org/10.3390/ijms24010205
https://doi.org/10.1016/j.ajog.2009.07.058
https://doi.org/10.1016/j.jpeds.2018.07.035
https://doi.org/10.1371/journal.pone.0169100
https://doi.org/10.1016/j.celrep.2015.01.011
https://doi.org/10.1016/S0140-6736(16)31593-8
https://doi.org/10.1016/S0140-6736(16)31593-8
https://doi.org/10.1111/crj.13421
https://doi.org/10.1016/j.ebiom.2021.103756
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1074/jbc.M700063200
https://doi.org/10.1016/j.jpeds.2019.02.041
https://doi.org/10.1016/j.jpeds.2019.02.041
https://doi.org/10.3390/children7080100
https://doi.org/10.1111/febs.14596
https://doi.org/10.1074/jbc.M114.628867
https://doi.org/10.1074/jbc.M114.628867
https://doi.org/10.1038/jp.2016.108
https://doi.org/10.1007/s40273-019-00865-7
https://doi.org/10.1007/s40273-019-00865-7
https://doi.org/10.1152/japplphysiol.01336.2009
https://doi.org/10.1152/japplphysiol.01336.2009
https://doi.org/10.1042/BJ20020075
https://doi.org/10.1042/BJ20020075
https://doi.org/10.1016/s0002-9378(98)70271-6
https://doi.org/10.1016/s0002-9378(98)70271-6
https://doi.org/10.1111/aji.12296
https://doi.org/10.1111/jcmm.13044
https://doi.org/10.1038/s42003-020-0985-2
https://doi.org/10.1002/JLB.3A0820-207R
https://doi.org/10.1172/jci.insight.139452
https://doi.org/10.12688/f1000research.7563.2
https://doi.org/10.12688/f1000research.7563.2
https://doi.org/10.1172/JCI84538
https://doi.org/10.1038/s41372-022-01584-2
https://doi.org/10.1001/jama.2015.10244
https://doi.org/10.1001/jamanetworkopen.2019.14611
https://doi.org/10.1001/jamanetworkopen.2019.14611
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1245747


Wang, J. Q., Jeelall, Y. S., Ferguson, L. L., and Horikawa, K. (2014). Toll-like receptors
and cancer: MYD88 mutation and inflammation. Front. Immunol. 5, 367. doi:10.3389/
fimmu.2014.00367

Wang, Y., Chen, H., Li, H., Zhang, J., and Gao, Y. (2013). Effect of angiopoietin-like
protein 4 on rat pulmonary microvascular endothelial cells exposed to LPS. Int. J. Mol.
Med. 32, 568–576. doi:10.3892/ijmm.2013.1420

Woldesenbet, M., and Perlman, J. M. (2005). Histologic chorioamnionitis: an occult
marker of severe pulmonary hypertension in the term newborn. J. Perinatol. 25,
189–192. doi:10.1038/sj.jp.7211240

Yum, S. K., Kim, M. S., Kwun, Y., Moon, C. J., Youn, Y. A., and Sung, I. K. (2018).
Impact of histologic chorioamnionitis on pulmonary hypertension and respiratory
outcomes in preterm infants. Pulm. Circ. 8, 2045894018760166. doi:10.1177/
2045894018760166

Yu, Y., Wang, R. R., Miao, N. J., Tang, J. J., Zhang, Y.W., Lu, X. R., et al. (2022). PD-L1
negatively regulates antifungal immunity by inhibiting neutrophil release from bone
marrow. Nat. Commun. 13, 6857. doi:10.1038/s41467-022-34722-7

Zhang, F., Lu, J. W., Lei, W. J., Li, M. D., Pan, F., Lin, Y. K., et al. (2023). Paradoxical
induction of ALOX15/15B by cortisol in human amnion fibroblasts: implications for
inflammatory responses of the fetal membranes at parturition. Int. J. Mol. Sci. 24, 10881.
doi:10.3390/ijms241310881

Zhang, J., and Patel, J. M. (2010). Role of the CX3CL1-CX3CR1 axis in chronic
inflammatory lung diseases. Int. J. Clin. Exp. Med. 3, 233–244.

Zhang, Y., Fan, B., Li, X., Tang, Y., Shao, J., Liu, L., et al. (2022). Phosphorylation of
adducin-1 by TPX2 promotes interpolar microtubule homeostasis and precise
chromosome segregation in mouse oocytes. Cell Biosci. 12, 205. doi:10.1186/s13578-
022-00943-y

Frontiers in Cell and Developmental Biology frontiersin.org20

Tan et al. 10.3389/fcell.2023.1245747

https://doi.org/10.3389/fimmu.2014.00367
https://doi.org/10.3389/fimmu.2014.00367
https://doi.org/10.3892/ijmm.2013.1420
https://doi.org/10.1038/sj.jp.7211240
https://doi.org/10.1177/2045894018760166
https://doi.org/10.1177/2045894018760166
https://doi.org/10.1038/s41467-022-34722-7
https://doi.org/10.3390/ijms241310881
https://doi.org/10.1186/s13578-022-00943-y
https://doi.org/10.1186/s13578-022-00943-y
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1245747

	c-Myc Drives inflammation of the maternal-fetal interface, and neonatal lung remodeling induced by intra-amniotic inflammation
	1 Introduction
	2 Materials and methods
	2.1 Animal model of IAI
	2.2 Treatment groups
	2.3 Histological assessment
	2.4 Cytokine/chemokine assay
	2.5 Western blot analyses
	2.6 RNA isolation and real-time qPCR
	2.7 RNA sequencing
	2.8 Functional enrichment and pathway analysis

	3 Results
	3.1 US-guided IA LPS injections accurately target the amniotic cavity
	3.2 IA LPS exposure modulates the transcriptome of placenta and fetal membranes
	3.3 Prenatal c-Myc inhibition in IAI leads to increased c-Myc protein in the placenta and fetal membranes that are not neut ...
	3.4 Prenatal systemic 10058-F4 treatment ameliorates inflammation and NET formation in placenta and fetal membranes induced ...
	3.5 Prenatal systemic 10058-F4 treatment decreases apoptosis and attenuates arrest of proliferation in the placenta induced ...
	3.6 IA LPS exposure modulates inflammation, collagen synthesis and extracellular matrix remodeling in the fetal lungs
	3.7 c-Myc is expressed in lung macrophages and is upregulated in normal postnatal lung development. IAI further increases c ...
	3.8 Fetal lung inflammation induced by IA LPS is transient and is modulated by c-Myc
	3.9 Prenatal c-Myc inhibition improves LPS-induced changes associated with BPD

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


