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Pulmonary immune cell transcriptome changes in double-hit
model of BPD induced by chorioamnionitis and postnatal
hyperoxia
Diksha Shrestha1,2,3, George Xiangyun Ye2,3, Deborah Stabley2, Suhita Gayen nee’ Betal2,3, Yan Zhu2, Lisa Glazewski2,
Jennifer Holbrook2, Meharpreet Sethi2, Anne Hesek2, Thomas H. Shaffer2,3,4, Zubair H. Aghai2,3, Sankar Addya5 and
Deepthi Alapati 1,2,3

BACKGROUND: Preterm infants with bronchopulmonary dysplasia (BPD) have lifelong increased risk of respiratory morbidities
associated with environmental pathogen exposure and underlying mechanisms are poorly understood. The resident immune cells
of the lung play vital roles in host defense. However, the effect of perinatal events associated with BPD on pulmonary-specific
immune cells is not well understood.
METHODS: We used a double-hit model of BPD induced by prenatal chorioamnionitis followed by postnatal hyperoxia, and
performed a global transcriptome analysis of all resident pulmonary immune cells.
RESULTS:We show significant up-regulation of genes involved in chemokine-mediated signaling and immune cell chemotaxis, and
down-regulation of genes involved in multiple T lymphocyte functions. Multiple genes involved in T cell receptor signaling are
downregulated and Cd8a gene expression remains downregulated at 2 months of age in spite of recovery in normoxia for 6 weeks.
Furthermore, the proportion of CD8a+CD3+ pulmonary immune cells is decreased.
CONCLUSIONS: Our study has highlighted that perinatal lung inflammation in a double-hit model of BPD results in short- and long-
term dysregulation of genes associated with the pulmonary T cell receptor signaling pathway, which may contribute to increased
environmental pathogen-associated respiratory morbidities seen in children and adults with BPD.

Pediatric Research (2021) 90:565–575; https://doi.org/10.1038/s41390-020-01319-z

IMPACT:

● In a translationally relevant double-hit model of BPD induced by chorioamnionitis and postnatal hyperoxia, we identified
pulmonary immune cell-specific transcriptomic changes and showed that T cell receptor signaling genes are downregulated in
short term and long term.

● This is the first comprehensive report delineating transcriptomic changes in resident immune cells of the lung in a
translationally relevant double-hit model of BPD.

● Our study identifies novel resident pulmonary immune cell-specific targets for potential therapeutic modulation to improve
short- and long-term respiratory health of preterm infants with BPD.

INTRODUCTION
Bronchopulmonary dysplasia (BPD) is a serious complication of
preterm birth characterized by arrest of alveolar development.1

Clinical BPD results from a combination of prenatal and postnatal
environmental insults, with prenatal insults likely priming the
developing lung to postnatal insults.2,3 Chorioamnionitis, an
inflammatory disorder of the chorioamniotic membranes, is the
most common identifiable cause of preterm birth, and is closely
linked to the pathogenesis of BPD.4,5 Epidemiological data
indicate increased risk of respiratory infections and worsened
outcomes following respiratory infections in preterm infants with
BPD and confirmed histological chorioamnionitis.6,7 Furthermore,

preterm infants with BPD and chorioamnionitis have higher
incidence and severity of respiratory morbidities such as asthma
and chronic obstructive pulmonary disease (COPD) as adults.8,9

The lungs are a major portal of entry for pathogens and
environmental toxins, and a major site of immune regulation.
Therefore, a key determinant of disease susceptibility and severity
of respiratory infections, asthma, and COPD is the host pulmonary
immune system.10 However, mechanisms governing the altered
pulmonary immune function in preterm infants with BPD remain
elusive.
The lung is a complex system consisting of many different cell

types with distinct function. The immune cells constitute nearly a
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third of all pulmonary cells. A growing body of literature
implicates that inflammatory environmental exposures during
pregnancy and early postnatal period result in lifelong alteration
in immune cell health.11 Since many critical steps involved in the
formation of immune cell lineages occur during pregnancy and
early postnatal period, inflammatory insults during this critical
developmental window are thought to induce immune program-
ming and result in immune dysfunction.12 Importantly, long-
itudinal studies of peripheral blood immune cells demonstrate
dissimilar immune profiles between term-corrected preterm
infants and term infants at birth.12,13 These data suggest an
important role for perinatal conditions surrounding preterm birth
in programming the immune cells.
Many studies have demonstrated that tissue-specific immune

cells differ from circulating immune cells.14–16 Respiratory viruses,
especially influenza A and coronaviruses such as SARS-CoV,
represent continuing global threats to human health with higher
mortality and morbidities in those with pre-existing pulmonary
diseases.17 Pulmonary-specific immune cells play crucial roles in
clearance of such viruses during acute respiratory infections.18–20

Although a significant body of literature has demonstrated
abnormal inflammatory processes in the developing lung due to
perinatal exposure to environmental toxins, the potential short-
and long-term consequences on developing pulmonary immune
cells are not well understood. Importantly, the combined effects of
prenatal inflammation induced by chorioamnionitis, which is the
most common antecedent of preterm birth, and postnatal
inflammation induced by hyperoxia, which is the most common
therapy given to preterm infants, on pulmonary immune cells
have not been previously examined.
Therefore, to address the knowledge gaps in understanding

the effect of consecutive exposure to prenatal chorioamnionitis
followed by postnatal hyperoxia on pulmonary immune cells,
our objective was to examine global transcriptomic changes of
all resident pulmonary immune cells in a clinically relevant
double-hit animal model of BPD induced by prenatal chorioam-
nionitis and postnatal hyperoxia. We hypothesized that a double-
hit injury to the developing lung induced by prenatal chorioam-
nionitis and postnatal hyperoxia will result in short- and long-term
dysregulation of resident pulmonary immune cell-specific gene
expression.

METHODS
Animal model
Timed-pregnant Sprague Dawley rats were purchased from
Charles River laboratories and were injected via an intra-
amniotic approach at embryonic day 20 with 1 µg of lipopoly-
saccharide (LPS) (Sigma-Aldrich; O111:B4) or normal saline
(NS) after a laparotomy under general anesthesia with
isoflurane. Following natural delivery, pups were placed in
normoxia (RA) or in a hyperoxia chamber with 85% oxygen (O2).
Continuous hyperoxia was maintained for 2 weeks during
which time the dams were rotated every 24–48 h. Pups were
then euthanized at 2 weeks of age for 2-week analyses or
allowed to grow in room air for 6 weeks for 2-month analyses. All
animals used in the study and experimental protocols were
approved by the Nemours Institutional Animal Care and Use
Committee and followed guideline set forth in the National
Institutes of Health’s Guide for the Care and Use of Laboratory
Animals.

Lung histology and morphometry
For quantification of alveolarization, lungs were infused with 2%
paraformaldehyde via a tracheal catheter at a uniform pressure of
25 cm H2O for 3 min using a 25G or 21G catheter for 2-week old
and 2-month old rats respectively. Hematoxylin and eosin-stained
tissue sections were used to obtain 10 random pictures of each

lung at ×20 magnification. The images were viewed under a
field of equally spaced horizontal lines using ImageJ and
mean linear intercept (MLI) was calculated as the average of
total length of lines divided by the total intercepts of alveolar
septa from each lung. Image analysis was performed by a
blinded observer.

Lung single-cell preparation and isolation of immune cells
Animals were euthanized by CO2 inhalation followed by exsanguina-
tion. Lungs were perfused with phosphate-buffered saline (PBS)
through the right ventricle to flush out all blood from the lungs.
Lungs were dissected and minced into small pieces with a razor
blade. The minced lung was suspended in a prewarmed digestive
solution containing dispase (50 U/ml; Collaborative Biosciences),
collagenase (480 U/ml; Life Technologies), and DNase (0.33 U/ml;
Promega).21 The suspension was incubated at 37 °C for 30min for 2-
week-old lungs, and 60min for 2-month-old lungs. Digestion was
stopped by adding 1ml of fetal bovine serum (FBS) at the end of
incubation period and cells were then filtered through a 100 µm cell
strainer. Red blood cells were lysed by suspending the filtered cells in
1ml of ACK lysis buffer for 5min and washed with PBS containing 1%
FBS and 1mM EDTA. Cells were stained with DAPI, anti-rat CD45-FITC
(ebiosciences), anti-rat CD326-APC (RayBiotech), and anti-rat CD31-
PECy7 (ebiosciences) fluorochrome-conjugated antibodies. Cells were
negatively gated for DAPI to exclude dead cells. CD45+ immune cells,
CD45−CD31−CD326+ epithelial cells, CD45−CD326−CD31+
endothelial cells, and CD45−CD31−CD326−mesenchymal cells were
identified and sorted using a FACSAriaIII cell sorter. To confirm the
purity and viability of the sorted populations, an aliquot of the sorted
cells was run through the cell sorter a second time, and cells were
found to be greater than 95% viable (DAPI−) and pure according to
the cell-surface markers described above. Cells were directly sorted
into aliquots of 500 μl of RLT lysis buffer (QIAgen), homogenized in a
QIA-shredder (QIAgen), and stored in −80 °C.

Flow cytometry
To compare the frequency of pulmonary immune cell types,
aliquots of lung single-cell suspensions were stained for DAPI, anti-
rat CD45-FITC (ebiosciences), and the following fluorochrome-
labeled antibodies to known rat-specific immune cell-surface
markers: anti-rat CD3-APC (Biolegend), anti-rat CD8a-PECy7
(Thermo Fisher), anti-rat CD4-PECy7 (Biolegend), anti-rat CD45R
(B220)-PECy7 (Thermo Fisher), and anti-rat CD43-PerCpCy5.5
(Biolegend).22 Flow cytometric compensation was performed
using fluorescent compensation beads (UltraComp eBeadsTM

Compensation beads, Thermo Fisher). Positive and negative
populations within the DAPI-negative CD45-positive immune cells
were defined using unstained and fluorescence minus one
controls. A minimum of 10,000 events per sample was acquired
using FACSAriaIII cell sorter and analyzed (BD FACS Diva software
version 8.0.1).

RNA isolation and quantitative real-time qPCR
RNA was extracted using Qiagen All prep kit or RNeasy mini kit.
Reverse transcription was performed using SuperScriptTM IV First-
Strand Synthesis System (Invitrogen). Reverse transcribed cDNA,
TaqMan Gene Expression Assay (Supplementary Table 1) and
TaqMan Fast Advanced Master Mix were combined and quanti-
tative PCR was performed on a Quantstudio 12K Flex Real-Time
PCR system (Thermo Fisher Scientific) using a 384-well plate. Beta-
actin was used as the housekeeping gene. Data analysis was
performed with the comparative Ct (ddCt) method using Thermo
Fisher Expression Suite Software v1.1.

Microarray
Fragmented biotin-labeled cDNA (from 50 ng of RNA) was
synthesized using the GeneChip WT Plus kit. Affymetrix gene
chips (rat Clariom S) were hybridized with 2.5 μg fragmented and
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biotin-labeled cDNA in 100 μl of hybridization cocktail. The rat
Affymetrix Clariom S gene chips were used for microarray, which
provides a coverage of >22,900 annotated genes. Target
denaturation was performed at 99 °C for 5 min and then 45 °C
for 5 min, followed by hybridization with rotation 60 r.p.m. for
16–18 h at 45 °C. Arrays were then washed and stained with Gene
chip Fluidic Station 450, using Affymetrix GeneChip hybridization
wash & stain kit. Chips were scanned on an Affymetrix Gene Chip
Scanner 3000 7G, using Command Console Software. Quality
Control of the experiment was performed by TAC 4.0 software. sst-
RMA normalization was performed from Affymetrix CEL files by
using TAC 4.0 Software. Experimental group (LPS+O2) were
compared to control group (NS+ RA) by using Transcriptome
array console software 4.0. Twofold differentially expressed genes
with statistically significant p values <0.05 were used for further
analysis. Gene expression data are deposited in NCBI’s Gene
Expression Omnibus and are accessible through GEO Series
accession number GSE161836.

Gene enrichment analysis
The data obtained from the TAC were utilized to generate gene
lists of upregulated and downregulated genes. Biological pro-
cesses and gene ontology (GO) terms that were enriched among
upregulated and downregulated genes with false discovery rate
(FDR) p value < 0.01 were determined using the DAVID
v6.8 software (The Database for Annotation, Visualization and
Integrated Discovery).23,24

Statistical analysis
A minimum of five biological replicates per experimental group
were used for histological, flow cytometric, and real-time qPCR
analyses. Three biological replicates per experimental group were
used for microarray analysis. For biological validation of microarray
results, experiments were repeated and real-time qPCR assays
were performed using immune cells isolated from the second
cohort of rat pups. Both males and females were included and sex
was determined by ano-genital exam. Sex-specific differences

were assessed for a minimum of two biological replicates per
experimental group. Statistical analysis was performed using Prism
software version 8 (GraphPad Software, San Diego, CA). All data
are represented as mean and standard deviation. Statistical
significance was set at a p value <0.05 and calculated using
Mann–Whitney non-parametric t-test for comparison of two
groups, and two-way ANOVA followed by Holm–Sidak’s multiple
comparisons test for assessment of sex-specific differences.

RESULTS
Combined prenatal exposure to LPS and postnatal hyperoxia
impairs alveolarization
First, we assessed the effect of combined prenatal LPS and
postnatal hyperoxia exposure by analyzing the lung morphology.
Lungs of rat pups harvested at 2 weeks of age following exposure
to prenatal LPS and postnatal hyperoxia exhibited significant
arrest of alveolarization as measured by MLI, compared to the
prenatal NS and postnatal RA group (32 ± 2.3 vs. 25 ± 0.8; LPS+O2

vs. NS+ RA, p= 0.0079, n= 5 per group) (Fig. 1a–c). There were
no sex-specific differences (Fig S1A). Following recovery in
normoxia for 6 weeks, the MLI of lungs from pups exposed to
prenatal LPS and postnatal hyperoxia remained significantly
higher than those exposed to prenatal NS and postnatal RA
(37 ± 8.1 vs. 27 ± 2.6; LPS+O2 vs. NS+ RA, p= 0.002, n= 6 per
group) (Fig. 1d–f). Thus, prenatal exposure to LPS and postnatal
exposure to hyperoxia results in significant arrest of alveolarization
that persists into adulthood in spite of long-term recovery in
room air.

Isolation and characterization of resident pulmonary immune cells
Non-recirculating resident pulmonary immune cells play a vital
role in maintaining the delicate balance between immunity and
tolerance.25 Therefore, in this study we evaluated the effect of
combined prenatal LPS and postnatal hyperoxia exposure on the
resident pulmonary immune cells. We excluded the circulating
immune cells by perfusing the lungs with PBS and identified the
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Fig. 1 Short- and long-term effects of combined prenatal exposure to LPS and postnatal hyperoxia exposure on alveolarization.
a, b Hematoxylin and eosin (H and E)-stained lung tissue section from 2-week-old rat pups exposed to prenatal normal saline and postnatal
normoxia (NS+ RA) and prenatal LPS and postnatal hyperoxia (LPS+O2). c Mean linear intercept (MLI) to assess alveolarization is significantly
increased in the LPS+O2 group compared to the NS+ RA group, N= 5 per group. Scale bar= 200 μm. d, e H and E-stained lung tissue section
from 2-month-old rat pups exposed to NS+ RA and LPS+O2. f MLI is significantly increased in the LPS+O2 group compared to the NS+ RA
group in spite of recovery in room air for 6 weeks. N= 6 per group. Scale bar= 200 μm.

Pulmonary immune cell transcriptome changes in double-hit model of BPD. . .
D Shrestha et al.

567

Pediatric Research (2021) 90:565 – 575



resident pulmonary cells by positive selection for CD45, a pan-
immune cell-surface marker (Fig. 2a). As expected, the CD45+
sorted pulmonary immune cells had high Ptprc gene expression
compared to the non-immune pulmonary cells (Fig. 2b). We
further confirmed the purity of sorted pulmonary immune cells by
performing real-time qPCR for epithelial, endothelial, and
mesenchymal cell-specific marker genes. The CD45+ pulmonary
immune cells had significantly low expression of Nkx2-1, Pecam-1,
and Acta2 compared to the epithelial (CD45−CD326+), endothe-
lial (CD45−CD31+), and mesenchymal (CD45−CD326−CD31−)
cells, respectively, that were also isolated from the same lungs
(Fig. 2c–e). Thus, we confirmed that isolated pulmonary immune
cells were devoid of contamination with non-immune pulmonary
cells.
To determine whether combined prenatal LPS and postnatal

hyperoxia exposure resulted in a change in the number of
resident pulmonary immune cells, we quantified the percentage
of resident pulmonary immune cells as a fraction of all viable
pulmonary cells. The percentage of CD45+ pulmonary immune
cells were similar between the NS+ RA and LPS+O2 groups at
both 2 weeks (23 ± 5.1% vs. 27.5 ± 12.2%; NS+ RA vs. LPS+O2,
p= 0.6, n= 11–12 per group) (Fig. 2f) and 2 months of age (37 ±
11% vs. 50.6 ± 12.8%; NS+ RA vs. LPS+O2, p= 0.2, n= 6–7 per
group) (Fig. 2g).

Consecutive exposure to prenatal chorioamnionitis and postnatal
hyperoxia induces differential gene expression in resident
pulmonary immune cells
Microarray was performed on RNA extracted from pulmonary
immune cells isolated from 2-week-old rat pups exposed to
prenatal LPS and postnatal hyperoxia. Rat pups injected with
intrauterine NS and postnatally exposed to normoxia were used as
controls. Principal component analysis performed to analyze the
correlation between data from different samples demonstrated
good separation between the NS+ RA and LPS+O2 groups
(Fig. 3a). Differentially expressed genes with a p value <0.05 and
fold change ≥2 were used for further analysis. In total, 648 genes
were upregulated and 665 genes were downregulated (Fig. 3b
and Tables 1 and 2). We next analyzed GO terms of most
significantly represented biological processes associated with top
differentially up- or downregulated genes with a FDR p value
<0.01. GO enrichment analysis of upregulated genes revealed
significant enrichment of biological processes involved in the
chemokine-mediated signaling pathway, lymphocyte chemotaxis,
neutrophil chemotaxis, monocyte chemotaxis, inflammatory
responses, cellular response to interferon-gamma, and cellular
responses to tumor necrosis factor (Fig. 3c and Table 3). Among
the downregulated genes, the most significantly overrepresented
ones were related to several key T cell-related biological processes
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such as T cell co-stimulation, positive regulation of T cell
proliferation, T cell activation, negative thymic T cell selection,
and T cell receptor V(D)J recombination (Fig. 3d and Table 4). In
summary, the GO analyses for both up- and downregulated genes
indicated multiple important transcriptomic differences in the
resident pulmonary immune cells induced by consecutive
exposure to prenatal chorioamnionitis and postnatal hyperoxia.

Combined prenatal chorioamnionitis and postnatal hyperoxia
downregulates key genes involved in T cell receptor signaling
Given that five out of seven overrepresented biological processes
of top differentially downregulated genes were related to T cell
function, we next focused on the differences in genes involved in

T cell receptor signaling. As shown in Fig. 4a, many genes
identified to be differentially expressed in the microarray analysis
and known to be important in T cell receptor signaling were
significantly downregulated in the LPS+O2 group, compared to
the NS+ RA group. We next confirmed and validated these results
by repeating the experiments in a separate cohort of animals and
performing real-time qPCR analysis of select genes in pulmonary
immune cells of this second cohort of pups. qPCR assay confirmed
down-regulation of five key T cell receptor signaling genes,
namely Cd8a, Cd3d, Cd3e, Cd5, and Trat1, in the LPS+O2 group
compared to the NS+ RA group (Fig. 4b–f). There were no
significant sex-specific differences in expression of Cd8a, Cd3d,
Cd3e, Cd5, and Trat1 genes (Fig S1B–F).
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Down-regulation of Cd8a gene expression persists into adulthood
in spite of recovery in normoxia
Since pulmonary T cell function is critical in maintaining balance
between host immune defense and tolerance, we examined
whether combined prenatal chorioamnionitis and postnatal
hyperoxia-induced down-regulation of pulmonary T cell receptor
signaling genes persists into adulthood. In spite of recovery in

normoxia for 6 weeks, pulmonary immune cell Cd8a gene
expression remained significantly lower in the LPS+O2 group
compared to the NS+ RA group (log2 fold change: −0.49 ± 0.3 vs.
0 ± 0.3; LPS+O2 vs. NS+ RA, p= 0.017, n= 5–7 per group)
(Fig. 5a). In contrast, gene expression of other perinatally
downregulated T cell receptor signaling genes recovered to near
normal levels. There was no significant difference in gene

Table 1. Top 20 differentially expressed genes upregulated in the LPS+O2 group.

Gene symbol Description Fold change FDR p value

Spp1 Secreted phosphoprotein 1 259.09 0.0003

Emp1 Epithelial membrane protein 1 40.13 0.0007

Ccl7 Chemokine (C–C motif ) ligand 7 26.54 0.0076

Ccl17 Chemokine (C–C motif ) ligand 17 25.9 0.0026

Ccl22 Chemokine (C–C motif ) ligand 22 23.92 0.0052

Fabp5 Fatty acid binding protein 5, epidermal 20.61 0.0003

Timp1 TIMP metallopeptidase inhibitor 1 18.9 0.0027

Csf1 Colony-stimulating factor 1 (macrophage) 18.52 0.0083

Nrp2 Neuropilin 2 14.62 0.0005

Fcgr2b Fc fragment of IgG, low affinity IIb, receptor 14.56 0.0053

Dcstamp Dendrocyte expressed seven transmembrane protein 13.34 0.0023

Cma1 Chymase 1, mast cell 12.98 0.0014

Mmp12 Matrix metallopeptidase 12 11.86 0.0027

Enpp3 Ectonucleotide pyrophosphatase/phosphodiesterase 3 11.55 0.01

A3galt2 Alpha 1,3-galactosyltransferase 2 9.87 0.0031

Dcstamp Dentrocyte expressed seven transmembrane protein (Dcstamp), transcript variant 9.84 0.0027

Tmem37 Transmembrane protein 37 9.81 0.0023

Clec10a C-type lectin domain family 10, member A 9.45 0.0003

Ccl12 Chemokine (C–C motif ) ligand 12 8.79 0.0098

Mmp14 Matrix metallopeptidase 14 (membrane-inserted) 8.15 0.0067

Table 2. Top 20 differentially expressed genes downregulated in the LPS+O2 group.

Gene symbol Description Fold change FDR p value

Serpinb10 Serpin peptidase inhibitor, clade B (ovalbumin), member 10 −29.51 0.002

Gjb2 Gap junction protein, beta 2 −14.7 0.0002

Qrfpr Pyroglutamylated RFamide peptide receptor −13.66 0.0016

S1pr5 Sphingosine-1-phosphate receptor 5 −13.51 0.0004

Treml4 Triggering receptor expressed on myeloid cells-like 4 [Source:RGD Symbol;Acc:1587021]; INTERACTS WITH
benzo[a]pyrene (ortholog) AND chloroprene (ortholog) AND choline (ortholog)

−11.44 0.0003

Alox15 Arachidonate 15-lipoxygenase −11.42 0.0031

Mal mal, T cell differentiation protein −11.11 0.0017

Lef1 Lymphoid enhancer binding factor 1 −10.94 0.0015

Cd3e CD3 molecule, epsilon −9.96 0.0005

Gimap9 GTPase, IMAP family member 9 −9.49 0.0017

Satb1 SATB homeobox 1 −9.45 0.0017

Ebf1 Early B-cell factor 1 −9.3 0.0027

Eno3 Enolase 3, beta, muscle −8.88 0.002

Klf2 Kruppel-like factor 2 −8.7 0.0014

RGD1565252 Protein RGD1565252 −8.67 0.0017

Tcrb T cell receptor beta chain −8.22 0.0011

Gimap4 GTPase, IMAP family member 4 −8.14 0.0015

Dgka Diacylglycerol kinase, alpha −8.1 0.0017

Cd27 CD27 molecule −8.02 0.001

Cd8a CD8a molecule −7.94 0.0016
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expression of Cd3d, Cd3e, Cd5, and Trat1 between the LPS+O2

and NS+ RA groups (Fig. 5b–e).

Composition of pulmonary immune cell types is modified by
combined prenatal chorioamnionitis and postnatal hyperoxia
exposure
We next investigated if dysregulated expression of genes involved
in T cell receptor signaling induced by combined prenatal
chorioamnionitis and postnatal hyperoxia was associated with
altered pulmonary T lymphocyte frequency at 2 weeks of age by
flow cytometric analyses of lung single-cell suspensions
stained with DAPI, CD45-FITC, CD3-APC, and either CD4-PECy7
or CD8 PECy7. The frequency of total pulmonary T lymphocytes
(DAPI−CD45+CD3+ cells) was similar between the NS+RA and
LPS+O2 groups (17.1 ± 2.3% vs. 18.3 ± 3.8%; NS+ RA vs. LPS+O2,
p= 0.69, n= 5 per group). In contrast, the proportion of CD8
T cells (DAPI−CD45+CD3+CD8a+ cells) was significantly lower in
the LPS+O2 group compared to the NS+ RA group (9 ± 1.1% vs.
6.8 ± 1.3%; NS+ RA vs. LPS+O2, p= 0.0476, n= 5 per group).
There was no difference in the frequency of CD4 T cells
(DAPI−CD45+CD3+CD4+ cells) (12 ± 1.9% vs. 10.9 ± 3.4%;
NS+RA vs. LPS+O2, p= 0.42, n= 5 per group) (Fig. 6b). We
further investigated whether combined prenatal chorioamnionitis
and postnatal hyperoxia modified frequencies of other pulmonary
immune cell subpopulations, namely B cells and monocytes. There
was no significant difference in the proportion of CD45R+B
cells (DAPI−CD45+CD45R+ cells) (56.7 ± 8.7% vs. 52.5 ± 6.8%;

NS+ RA vs. LPS+O2, p= 0.59, n= 5 per group) (Fig. 6c), and
CD43+ monocytes (DAPI−CD45+CD43+ cells) (48.5 ± 1.4% vs.
54.7 ± 6.5%; NS+ RA vs. LPS+O2, p= 0.15, n= 5 per group)
(Fig. 6d). There were no significant sex-specific differences in the
proportions of immune cell types (Fig S2A–E).

DISCUSSION
In this study, we used a clinically relevant double-hit model of BPD
induced by prenatal chorioamnionitis and postnatal hyperoxia to
examine global transcriptomic changes in resident pulmonary
immune cells. Our study highlights significant up-regulation of
genes involved in chemokine-mediated signaling and immune cell
chemotaxis and down-regulation of genes involved in various T
lymphocyte functions. Specifically, genes related to T cell receptor
signaling are downregulated, including long-term suppression of
CD8a gene expression into adulthood in spite of recovery in room
air for 6 weeks. Furthermore, these transcriptome changes were
associated with a decrease in pulmonary CD8+ T lymphocyte
frequencies at 2 weeks of age.
BPD is associated with high mortality and morbidity. Impor-

tantly, infants with BPD are at risk for adverse respiratory
morbidities throughout the lifetime, such as increased risk of
infections, asthma, susceptibility to smoking, and COPD.6–9

Pathogenic mechanisms that lead to BPD and its long-term
complications have origins prior to birth and are related to adverse
antenatal factors such as chorioamnionitis, pre-eclampsia, and
gestational diabetes.3 Prenatal inflammation caused by chorioam-
nionitis is one of the most frequent identifiable causes of preterm
births and clinical investigations demonstrate strong association
between chorioamnionitis and BPD.4,5 Therefore, a rat model
consisting of prenatal intra-amniotic LPS injection and postnatal
hyperoxia exposure is a clinically relevant animal model of human
infants who are prematurely born due to chorioamnionitis and
require postnatal oxygen therapy due to lung immaturity.
Prenatal insults can alter hematopoiesis, induce epigenetic

programming, alter immune cell fate commitment, or cause direct
insults on differentiated immune cell types resulting in
immunomodulation.11,12 Immunomodulation can skew the balance
toward immunosuppression and subsequently enhance suscept-
ibility to infections or chronic lung disease. Alternatively, the
balance may be skewed toward immunoenhancement, subse-
quently leading to hypersensitivity diseases such as asthma or
allergy. Majority of mechanistic information in the field of
chorioamnionitis or BPD comes from immune cells isolated from
peripheral blood or cord blood from human tissue, or from immune
cell phenotyping from lung tissue of animals exposed to either
prenatal chorioamnionitis or postnatal hyperoxia.15,26,27 However,
mechanisms involved in the resident pulmonary immune cells as a

Table 3. Upregulated genes involved in most significantly represented gene ontology terms for biological processes.

Gene ontology term Genes

Chemokine-mediated signaling pathway Ccl12, Ccl22, Ccr5, Xcl1, Xcr1, Ccl7, Ccl17

Lymphocyte chemotaxis Ccl12, Ccl22, Xcl1, Ccl7, Ccl17

Neutrophil chemotaxis Ccl12, Ccl22, Xcl1, Ccl7, Spp1, Ccl17

Monocyte chemotaxis Ccl12, Ccl22, Xcl1, Ccl7, Ccl17

Inflammatory response Ccl12, Ccl22, Ccr5, Pdpn, Csf1, Xcl1, Ccl7, Spp1, Ccl17

Cellular response to interferon-gamma Ccl12, Ccl22, Xcl1, Ccl7, Ccl17

Cellular response to tumor necrosis factor Ccl12, Ccl22, Xcl1, Dcstamp, Ccl7, Ccl17

Cellular response to interleukin-1 Ccl12, Ccl22, Xcl1, Ccl7, Ccl17

Immune response Ccl22, Ccr5, Fcgr2b, Cma1, Mcpt2, Xcl1, Ccl17

Angiogenesis Nrp2, Ccl12, Rbpj, Mmp14, Eng, Adam15

Table 4. Downregulated genes involved in most significantly
represented gene ontology terms for biological processes.

Gene ontology term Genes

T cell co-stimulation Cd3e, Efnb2, Tnfrsf13c, Cd5, Spn,
Cd28

Positive regulation of T cell
proliferation

Hes1, Itgal, Cd3e, Tnfrsf13c,
Ceacam1, Spn, Cd28

T cell activation Satb1, Cd8a, Cd2, Treml2, Cd28

Negative thymic T cell selection Ccr7, Cd3e, Spn, Cd28

Apoptotic signaling pathway Cd3e, Tnfrsf14, cd5, Spn, Cd28

Positive regulation of calcium-
mediated signaling

Itgal, Cd8a, Cd3e, Trat1

T cell receptor V(D)J recombination Tcf7, Bcl11b, Lef1

T cell differentiation Gimap5, Cd3d, Ikzf1, Gimap1

Alpha-beta T cell differentiation Tcf7, Bcl11b, Lef1

Negative regulation of vascular
permeability

Adora2a, Angpt1, Ceacam1
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result of combined prenatal LPS and postnatal hyperoxia-induced
lung injury is not well understood. Furthermore, recent studies
have shown that cord blood measurements are poor predictors of
postnatal immune system states, due to inherent tissue differ-
ences.12 Lung tissue-resident memory CD4 T cells compartmenta-
lized in the lung tissue and did not circulate or migrate from the
lung.28 Lung infection with influenza induced lung-resident
memory B cells that did not migrate or recirculate and were
distinct from lymphoid cells.29 Ex vivo studies have shown
suppressed transcriptional responses to Staph epidermidis in
monocytes derived from preterm neonates with chorioamnioni-
tis.30 Similarly, ex vivo analyses of fetal and neonatal monocytes
derived from intrauterine LPS exposed sheep exhibited immune
paralysis following stimulation with LPS or other Toll-like receptor
ligands.31 However, the effect of consecutive injuries in pulmonary
immune cells in vivo is not known. Contemporary perspectives
have also highlighted the pressing need to evaluate pulmonary

cell-specific molecular mechanisms of BPD using translationally
relevant animal models which combine a background of prenatal
insults and postnatal injuries.32 The lung is a unique organ that
must constantly protect against inhaled pathogens and innocuous
particles, without mounting a destructive response. Recent studies
have shown that non-recirculating resident pulmonary immune
cells play a vital role in maintaining the delicate balance between
immunity and tolerance.25 Therefore, in this study we aimed to
evaluate the transcriptome changes of resident pulmonary immune
cells in vivo following a double-hit injury relevant to clinical BPD.
Our study highlights significant down-regulation of genes

involved in multiple T lymphocytic biologic processes as a result
of combined prenatal LPS and postnatal hyperoxia exposure. Since
the lung is directly exposed to the external environment, the
immune system of the lungs plays a critical role in host defense
against pathogenic organisms. T lymphocytes play critical roles in
host defense against pathogens that escape the innate defenses.

Fig. 4 Differential gene expression of the T cell receptor signaling pathway. a Heat map showing the changes of gene expression
associated with the T cell receptor signaling pathway between NS+ RA and LPS+O2 groups. b–e Real-time PCR validation of the genes
associated with down-regulation of T cell receptor signaling identified by microarray analysis at 2 weeks of age. N= 5 per group. Data are
presented as mean ± standard deviation of log2 fold change of the genes in the LPS+O2 group compared to the NS+ RA group.

Fig. 5 Long-term differential expression of genes associated with the T cell receptor signaling pathway. a–e Real-time PCR validation of
the genes associated with down-regulation of T cell receptor signaling at 2 months of age following recovery in room air for 6 weeks. N= 5–7
per group. Data are presented as mean ± standard deviation of log2 fold change of the genes in the LPS+O2 group compared to the NS+
RA group.
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Longitudinal phenotyping of peripheral blood T lymphocytes in
preterm infants has shown that those with fewer CD31+IL8+CD4+
T cells at term-corrected gestational age compared to term infants
have a 3.5-fold increased risk for respiratory morbidities in their
first year after NICU discharge.13 It is well established that lung-
resident T cells play important roles in pathogen detection and
barrier tissue protection by acting as first-line defense to eliminate
infected cells.33,34 T lymphocytes express T cell receptors (TCR) that
recognize antigens from different pathogens and subsequently
differentiate into different subsets that function uniquely to
eliminate the pathogen. Th1 and CD8+ T cells provide host
defense against viral pathogens such as influenza and respiratory
syncytial virus (RSV), whereas Th2 and Th17 responses contribute
to exacerbate diseases in influenza and RSV.35 Dysregulated T cell
immune responses result in delayed clearance of pathogen and
increased pathogen dissemination in the lung. Importantly,
emerging data from single-cell RNA-sequencing from bronchoal-
veolar lavage fluid (BALF) from patients with COVID-19 suggest an
important role for pulmonary CD8 T cell responses.19 Lower CD8
T cells were observed in BALF of patients with severe infection
compared to patients with moderate infection.19 Whether the
prolonged suppression of Cd8a gene expression induced by
perinatal lung injury seen in our model contributes to increased
infection severity in adulthood remains to be examined.
Animal and human studies have shown that the presence of IAV-

specific CD4+ and CD8+ memory T cells correlated with better

protection from subsequent infection. Importantly these studies
demonstrated that memory T cells that remain resident in the lung
provided the most potent protection against a second hetero-
logous IAV infections, and not all subsets of memory T cells are
equally protective.36,37 On the basis of this data, new vaccine
protocols are being developed to specifically evoke memory T cells
in the lung. Furthermore, worse outcome in response to viral
respiratory infections and limited or delayed response to vaccines
seen in infants compared to adults is attributed to impaired
establishment of lung-resident memory T cells following infections
in neonatal mice compared to adult mice.38 For these reasons, it is
important to specifically understand changes in lung specific T cells
induced by perinatal events in order to develop appropriate
pulmonary T cell directed therapies to protect such infants from
secondary viral infections. Furthermore, a recent study demon-
strated that perinatal glucocorticoid exposure resulted in long-term
diminished CD8 T cell response in adulthood to tumor growth and
bacterial infection through a persistent alteration of the
hypothalamic–pituitary–adrenal (HPA) axis. These effects were
largely mediated by T cell intrinsic glucocorticoid receptor signaling
and long-term epigenetic reprogramming of naïve CD8 T cells.39

Whether a persistent alteration in the HPA axis is induced in our
double-hit model of BPD remains to be examined.
There are a few limitations to our study. First, we used a single

injection of intra-amniotic LPS to induce chorioamnionitis. In
addition to LPS-induced chorioamnionitis, preterm infants are
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often exposed to intrauterine infection due to urea plasma and
mycoplasma which are known to modulate LPS-induced chor-
ioamnionitis.40 Whether immune cell responses to postnatal
hyperoxia will differ with respect to the organism causing
chorioamnionitis remains to be examined. Furthermore, the
animals in our study were not delivered preterm and our
experimental design did not allow parsing the immune dysregula-
tion due to prenatal LPS exposure vs. postnatal hyperoxia
exposure, or the effect of other postnatal factors such as
mechanical ventilation and sepsis on pulmonary immune cells.
Finally, the consequences of transcriptome changes on the
functional readouts of immune function were not measured.

CONCLUSION
In summary, our study is the first to specifically examine
pulmonary-specific immune cell transcriptomics in a clinically
relevant animal model of BPD induced by prenatal chorioamnio-
nitis and postnatal hyperoxia. Our novel findings highlight the
short- and long-term impacts of perinatal events on resident
pulmonary immune cells that may predispose infants and adults
with BPD at higher risk for respiratory morbidities.
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