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Characterization of the innate immune response in a novel
murine model mimicking bronchopulmonary dysplasia
Chanèle Cyr-Depauw1,2, Maria Hurskainen1,2, Arul Vadivel1,2, Ivana Mižíková1,2, Flore Lesage1,2 and Bernard Thébaud1,2,3

BACKGROUND: Bronchopulmonary dysplasia (BPD), the most common complication of prematurity, arises from various factors that
compromise lung development, including oxygen and inflammation. Hyperoxia has been used to mimic the disease in newborn
rodents. The use of a second hit to induce systemic inflammation has been suggested as an added strategy to better mimic the
inflammatory aspect of BPD. Here we report a novel 2 hit (2HIT) BPD model with in-depth characterization of the innate immune
response, enabling mechanistic studies of therapies with an immunomodulatory component.
METHODS: C57BL/6N mice were exposed to 85% O2 from postnatal day (P)1 to P7, and received postnatally (P3) Escherichia coli
LPS. At various timepoints, immune activation in the lung and at the systemic level was analyzed by fluorescence-activated cell
sorting (FACS), and gene and protein expressions.
RESULTS: 2HIT mice showed fewer alveoli, increased lung compliance, and right ventricular hypertrophy. A transient
proinflammatory cytokine response was observed locally and systemically. Type 2 anti-inflammatory cytokine expression was
decreased in the lung together with the number of mature alveolar macrophages. Simultaneously, a Siglec-F intermediate
macrophage population emerged.
CONCLUSION: This study provides long-term analysis of the 2HIT model, suggesting impairment of type 2 cytokine environment
and altered alveolar macrophage profile in the lung.

Pediatric Research (2021) 89:803–813; https://doi.org/10.1038/s41390-020-0967-6

IMPACT:

● We have developed a novel 2HIT mouse BPD model with postnatal LPS and hyperoxia exposure, which enables mechanistic
studies of potential therapeutic strategies with an immunomodulatory component.

● This is the first report of in-depth characterization of the lung injury and recovery describing the evolution of the innate
immune response in a standardized mouse model for experimental BPD with postnatal LPS and hyperoxia exposure.

● The 2HIT model has the potential to help understand the link between inflammation and impaired lung development, and will
enable testing of new therapies in a short and more robust manner.

INTRODUCTION
Bronchopulmonary dysplasia (BPD) is the most common chronic
lung disorder of infancy. Among neonatal morbidities, BPD has the
highest cost in initial neonatal intensive care unit stay.1 BPD was
first described nearly 50 years ago by Northway et al.2 as a chronic
respiratory disease that developed in preterm newborns exposed
to mechanical ventilation and oxygen supplementation. With
improved survival, infants at risk of developing BPD are now born
at earlier gestational ages (23–26 weeks). The hallmarks of the
lung pathology are being described as arrested lung develop-
ment, including fewer and larger alveoli with less septation,
thickening of alveolar septa, and impaired development of
capillary network.3 These changes may lead to life-long respiratory
morbidity, including asthma, reduced exercise capacity, early-
onset emphysema, and pulmonary hypertension (PH).4

Studies of disease mechanism in BPD have been restricted to
animal models, due to limited access to patient lung samples. The
most common models include the exposure of term rodents to
hyperoxia of varying concentration (40–100%) and length
(3 days–4 weeks).5,6 Bonikos et al.7 were the first to report that
exposure of mice to hyperoxia results in chronic lung injury
characterized by alveolar simplification reminiscent of BPD.
Subsequently, many groups have studied in more detail the
physiological and molecular effects of hyperoxia on newborn
rodent lungs. Hyperoxia induces innate immune response by
stimulating the secretion of several cytokines and chemokines, and
subsequent recruitment of neutrophils, monocytes, and macro-
phages to the lungs.8 Recent evidence suggest that during normal
mouse lung development, the first breath induces differentiation
of alveolar macrophages into mature M2 (anti-inflammatory)
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macrophages.9,10 Conversely, neonatal hyperoxic exposure induces
a proinflammatory M1 phenotype in the alveolar
macrophages.11,12 However, the inflammatory injury in rodent
hyperoxia models is only moderate.13 Considering that perinatal
inflammation and episodes of sepsis,14 as well as pneumonia,15 are
important risk factors for the development of BPD, the use of a
second hit to induce systemic inflammation has been suggested
and described as an improved strategy to mimic the pathogenesis
of clinical BPD.16–18

Translation of potentially life-saving therapies into the clinic is
unacceptably slow. It has been argued that one of the underlying
reasons is the lack of methodological rigor in the development of
preclinical animal models.19 Here, we present the 2HIT model,
where the mice receive two independent hits, including 85%
hyperoxia from P1 to P7 and low-dose systemic Escherichia coli
LPS at P3 to mimic perinatal inflammation in premature newborn
infants at risk of developing BPD. We hypothesized that the 2HIT
model would provide a short, robust, and standardized mouse
model for experimental BPD with impaired innate immunity,
which would allow both understanding disease pathogenesis,
with a focus on inflammation and testing of new therapies, and
establishing mode of action. We demonstrate the evolution of the
inflammatory response over the course of both the injury and
repair phases during the first month of life. Furthermore, we show
that the number of anti-inflammatory homeostatic alveolar
macrophages decreases significantly after injury, accompanied
by a simultaneous increase in a Siglec-F intermediate population
of lung macrophages. Our findings suggest that the 2HIT model
causes both local and systemic type 1 cytokine responses, and,
importantly, disturbs the homeostatic type 2 cytokine environ-
ment of the lung during the crucial stages of lung development,
which may in turn contribute to the altered lung architecture. To
our knowledge, this is the first report of in-depth characterization
of the lung injury and recovery describing the evolution of the
innate immune response in a 2HIT mouse model with postnatal
LPS and hyperoxia exposure.

MATERIALS AND METHODS
Animals
All procedures were approved by the Animal Care Committee of
the University of Ottawa and animal care was performed in
accordance with institutional guidelines. Pregnant C57BL/6N mice
were delivered on embryonic days (E)15–E17 from Charles Rivers,
Saint Constant, QC, Canada. Pups from all litters were randomized
at P1 (P0 is the day of birth) and allocated to one dam to obtain a
litter size of six to seven pups per dam. The number of pups in
each litter was maintained to an equal number (±1) by
euthanizing control pups when deceased pups were found in
2HIT litters. Two experimental hits were used in this study:
hyperoxia (85% O2) from P1 until P7 (sealed plexiglass chambers
with continuous oxygen monitoring [BioSpherix, Redfield, NY])
and intraperitoneal (i.p.) injection of 1 mg/kg LPS (E. coli O55:B5,
Sigma-Aldrich L2880, St. Louis, MO) at P3 (Fig. 1a). Hyperoxic dams
were exchanged with normoxic dams every 48 h to avoid oxygen
toxicity. The experimental groups were as follows: (1) hyperoxia
and LPS (2HIT), (2) room air (RA) control, (3) RA and LPS (RA+ LPS),
and (4) hyperoxia (O2). Animals were sacrificed by i.p. injection of
pentobarbital sodium (Euthanyl, 0.2 mL, 65 mg/mL).

Histology
Lungs were harvested for histology as described earlier at P8, P15,
4 weeks, and 3 months.20 Spleen, liver, and kidney samples (P15,
4 weeks, and 3 months) were collected from both RA and 2HIT
animals and fixed for 48 h in 10% formalin at room temperature
(RT). After fixation, all organs were embedded in paraffin,
sectioned at 4 μm, and stained with hematoxylin and eosin
(H&E) by the University of Ottawa, Louise Pelletier Histology Core

Facility. Alveolar size was quantified by a motorized microscope
stage, using the mean linear intercept (MLI) estimation.21

Lung function testing
At 4 weeks and 3 months timepoints, a tracheostomy was
performed and lung function (pressure volume [PV] loop) was
assessed using flexiVent (SCIREQ, Montreal, QC, Canada) as
described earlier.20 Average of three measurements per mouse
was used.

Flow cytometry
Lung or spleen cells were stained with lung immune cell or with
spleen macrophage antibodies, respectively (Supplemental
Table S1a [online]). In addition, P2–P5 lungs were stained with
lung macrophage M1/M2 panel and P8–4 week lungs with the
lung immune cell panel with M1/M2 markers. After staining,
samples were fixed with 4% paraformaldehyde (PFA). Fluores-
cence minus one (FMO), single, and no stain controls were used as
necessary. Flow cytometry was performed by Ottawa Hospital
Research Institute core facility using BD LSRFortessa (Beckton
Dickinson Biosciences, Franklin Lakes, NJ). Sample compensation
was performed with BD FACSDIVA software and data were
analyzed using FlowJo v10 (FlowJo LLC, Ashland, OR).

Quantitative RT-PCR
Complementary DNA (cDNA) was reverse transcribed from 1 μg of
total RNA using iScriptTM Reverse Transcription Supermix (Bio-Rad
cat#1708841). Quantitative RT-PCR (qRT-PCR) analysis was per-
formed using CFX96 or CFX384 Touch Real-Time PCR (Bio-Rad).
Reactions were performed in 20 μL volume using 1.2 nM primer
concentration, 10 μL iQTM SYBR Green Supermix (Bio-Rad,
cat#1708882) and 5 μL of diluted cDNA (1:5 in ddH2O). Primer
sequences are described in Supplementary Table S1b (online). The
qRT-PCR program consisted of 95 °C for 3min, followed by 40 cycles
of denaturation at 95 °C (15 s), annealing at 57 °C (for 30 s), and
extension at 72 °C (30 s). Melting curves were obtained by increasing
temperature by 0.5 °C every 5 s from 65 °C to 95 °C after the last
extension phase to validate primer specificity. Optimal annealing
temperature was determined by testing a range of eight different
temperatures between 54 °C and 66 °C. Efficiency was calculated
using the formula 10(−1/slope of standardization)− 1. The normalized
expression level of the target genes for each condition was
calculated using the average threshold cycle (Ct) value from
triplicate measurements by the Pfaffl method.22 Hprt was identified
as a stable housekeeping gene using geNorm and BestKeeper.

Multiplex assay
Lung tissue homogenates were diluted to equal amount of
protein (8690 μg/mL) and serum was collected from whole blood
samples (cardiac puncture), and then diluted 1:2 with phosphate-
buffered saline. Cytokines/chemokines were quantified simulta-
neously by Eve Technologies Corp., Calgary, AB, Canada using a
Discovery Assay (Mouse Cytokine Array/Chemokine Array 31-Plex
[Lung P3, P8, and P15 and Serum P2, P3, P5, and P8] or Mouse
High Sensitivity T Cell Discovery Array 18-plex [Lung P29])
(Supplementary Table S2 [online]). The minimum detectable
concentration starts at 0.3 pg/mL.

Statistics
Statistical analyses were performed using GraphPad Prism version
7.0c (GraphPad Software, Inc., La Jolla, CA). Outliers were identified
using Grubbs’ test and normal distribution using Shapiro–Wilk
normality test. P values (P < 0.05 was considered significant) were
obtained with t test (unpaired, two-tailed) or log-rank
(Mantel–Cox) test for Kaplan–Meier curves or one-way ANOVA
with Tukey’s multiple comparison post hoc testing to compare
results between four groups. Data are represented as the mean
with standard deviation (SD).
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RESULTS
2HIT model causes increase in mortality and decrease in body
weight of experimental animals
Exposure of mouse pups to hyperoxia and LPS (2HIT) induced a
significant increase in mortality compared to pups kept in normoxia
(RA) (Fig. 1b). In addition, 2HIT animals had a significantly lower
body weight from P4 until 4 weeks of age as compared to RA
animals (Fig. 1c). No significant body weight differences were
observed at 3 months. To compare the extent of mortality and
reduction in body weight in the 2HIT model with single hits (O2, 85%
or LPS), the survival and body weight were assessed at P15 and
3 months. Survival of 2HIT animals was decreased compared to
RA+ LPS and O2 animals, but this was not significant (Supplemen-
tary Fig. S1a [online]). At P15, RA+ LPS, O2, and 2HIT animals had a
significantly lower body weight compared to RA animals, but no
significant difference between all injury groups was observed
(Supplementary Fig. S1b [online]). However, t test analysis did show
significant decreased in body weight of 2HIT animals compared to
RA+ LPS animals. No significant difference in body weight was
observed between all groups at 3 months of age.

2HIT animals show altered lung structure and function, as well as
right ventricular hypertrophy
Lungs of 2HIT animals had larger and fewer alveoli at P8, P15,
4 weeks, and 3 months (Fig. 1d). Moreover, lungs of 2HIT animals
had a significantly higher MLI compared to the lungs of RA
animals at all timepoints, indicating that the alveoli were larger in
size (Fig. 1e). The number of secondary septa in the 2HIT group
was significantly decreased compared to the RA group at P15
(Fig. 1f). To compare the extent of lung injury in the 2HIT model
with single hits (O2, 85% or LPS), the MLI was studied at P15, and
3 months. No significant difference in MLI was observed in the
2HIT group compared to the O2 group. MLI of the O2 group was
significantly increased compared to the RA group. No significant
increase in MLI was observed in the RA+ LPS group compared to
the RA group. However, MLI of O2 and 2HIT groups were
significantly higher compared to the RA+ LPS group at 3 months,
but not at P15. (Fig. 1g).
Lung function showed that the 2HIT model induced an upward

shift of the PV loop and a significant increase in volume at 30
cmH2O compared to the RA group at 4 weeks and 3 months
suggesting increased lung compliance (Fig. 2a, b).
Salazar–Knowles equation parameters were extracted from the
PV loop. Static compliance (Cst) was significantly increased in the
2HIT group at 4 weeks and 3 months compared to the RA group,
as well as inspiratory capacity (A) (Fig. 2c, d). Hysteresis (area under
the PV loop) in the 2HIT group, representative of the work of
breathing, was also significantly increased compared to the RA
group at 4 weeks and 3 months (Fig. 2e).
To compare 2HIT long-term lung function with single hits (O2,

85% or LPS), the PV loop was studied at 3 months. The PV loop of
O2 and 2HIT animals was shifted upwards. Significant increase in
volume at 30 cmH2O was observed in O2 animals when compared
to RA, RA+ LPS, and 2HIT animals, and in 2HIT animals when
compared to RA animals (Fig. 2f, g).
Finally, we observed right ventricular hypertrophy (RVH) in 2HIT

animals, but not in single hit animals, compared to RA animals at
3 months of age, as measured by the Fulton’s index (Fig. 2h).

2HIT model does not induce long-term pulmonary fibrotic
changes
Lung fibrosis was assessed by quantifying hydroxyproline content
by colorimetry and by collagen staining using the Masson’s
trichrome in 3-month-old animals. No difference in hydroxyproline
content was observed between RA and 2HIT animals (Supple-
mentary Fig. S1c [online]). Moreover, no visible increase in the
amount of parenchymal collagen was observed in 2HIT animals
(Supplementary Fig. S1d [online]).

2HIT model activates a local pulmonary and systemic type 1
cytokine response
At the messenger RNA (mRNA) level, gene expression levels of Il1b
and Tnfa were significantly increased 3 h after LPS injection at P3
(Fig. 3a, b). While Il1b was found to be one of the earliest
proinflammatory markers during the injury phase (increased by
P3), its expression in 2HIT animals had rapidly decreased in the
recovery phase at P8 and P14, when it was even lower than in
lungs of RA animals. The expression levels of Il6, Tgfb1, and Tnfa
showed a second peak in the 2HIT group at the beginning of the
recovery phase at P8, and dropped to comparable levels as in the
RA group by P14.
At the protein level, we observed a significant increase of

several proinflammatory cytokines and chemokines in lung tissue
consistent with the gene expression levels. The cytokines
interleukin-17 (IL-17), IL-1α, IL-1β, IL-3, tumor necrosis factor-α
(TNFα), and IL-6 were highly upregulated in 2HIT animals during
the early injury phase at P3 3 h after LPS injection. However, at the
beginning of the recovery phase by P8, these cytokine levels had
significantly dropped, with only IL-17 and IL-6, together with IL-2,
IL-7, interferon-γ (IFNγ), and IL-1α remaining higher than control
levels. All chemokines included in the panel were highly
upregulated in the injury phase at P3, but not any longer in the
beginning of the repair phase at P8, except for macrophage
colony-stimulating factor (M-CSF) and granulocyte CSF (G-CSF)
(Fig. 4a). Increase in lung chemokine expression was accompanied
by recruitment of innate immune cells (macrophages, neutrophils,
and monocytes) to the site of inflammation, the lung (Fig. 4b). By
the age of 4 weeks, no difference in the level of expression was
found between the 2HIT and the RA group for any studied
cytokines, chemokines, or immune cells.
In addition to the local pulmonary immune response, we

observed a fast transient systemic proinflammatory response.
Already early during the injury phase at P2, a significant increase
in eotaxin could be detected in the serum of 2HIT when compared
to RA animals (Fig. 4c). At P3, only 3 h after the administration of
LPS, a peak in proinflammatory cytokine/chemokine expression
was observed. The most highly expressed cytokines in the serum
were IL-6 and TNFα, followed by the chemokines monocyte
chemoattractant protein-1 (MCP-1), macrophage-inflammatory
protein 2 (MIP-2), MIP-1α, G-CSF, and MIP-1β. At P5, the
cytokine/chemokine levels dropped significantly as compared to
P2, with only MCP-1, G-CSF, and MIP-1β remaining higher than the
control. In the beginning of the repair phase at P8, we observed
no significant differences between cytokine or chemokine levels
between the RA and the 2HIT groups, except for a minor increase
in MIG (monokine induced by IFN-γ) and IP-10 (IFN-γ-inducible
protein-10), and a decrease in keratinocyte-derived chemokine
(KC) and interferon-γ (IFNγ).
Overall, we show that the 2HIT model exhibits a fast pulmonary

and systemic proinflammatory response, without signs of chronic
inflammation.

2HIT model shows decreased pulmonary type 2 cytokine
expression
In the lungs of 2HIT animals, we observed a transient decrease in
the mRNA expression levels of type 2 cytokine genes Il4, Il10, and
Il13 both during the injury and beginning of the recovery phases
at P3 and P8 (Fig. 5a, b). Also, the expression of M2 macrophage
marker Arg1 was transiently decreased in the beginning of the
recovery phase at P8. At the protein level, we observed slightly
increased protein levels of IL-4, and IL-5 at P3 and IL-10 and
leukemia inhibitory factor (LIF) at both P3 and P8 (Fig. 5c).
In addition, we observed an early transient systemic anti-

inflammatory cytokine response in the serum with a peak just
after injection with LPS, with increased levels of IL-5, LIF, IL-13, IL-
15, and IL-10 and the growth factor VEGF (vascular endothelial
growth factor) for a short period of time at P3 (Fig. 5d). The
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systemic type 2 cytokine response was no longer detected at P5
(Fig. 5d). Interestingly, the gene expression levels of Il4 and Il10 in
the lung tissue were simultaneously downregulated, indicating
that detected proteins were derived from the circulation and not

from the lung resident or recruited cells (Fig. 5b). In conclusion,
the results indicate that lung resident and recruited cells do not
produce increased quantities of type 2 cytokines after injury in the
2HIT model.
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The number of mature anti-inflammatory lung resident alveolar
macrophages decreases in response to the 2HIT injuries
A FACS gating strategy modified from Misharin et al.23 was used to
distinguish between the alveolar (Siglec-Fhigh) and interstitial
macrophages (Siglec-F−) as a time course between P8 and
4 weeks timepoints (Supplementary Fig. S2a [online]). We noticed
a dramatic reduction in the number of alveolar macrophages in
2HIT animals from P8 onwards (Fig. 6a). This was accompanied by
the rise of a Siglec-Flow macrophage population (Supplementary
Fig. S2b [online]). In contrast, the only significant change—an

increase—in the number of interstitial macrophages was observed
at P14 (Fig. 6a).
In concordance with the presence of type 1 cytokines such as

IFNγ, we observed macrophage polarization towards proinflam-
matory M1 phenotype in 2HIT animals early during the injury
phase. Alveolar macrophages were analyzed using gating
strategies described in Supplementary Fig. S2a, c (online), and
were found to upregulate the expression of CD86, a commonly
used M1 marker, between P3 and P8 (Supplementary Fig. S3a
[online] and Fig. 6a). At P8 (beginning of the recovery phase), we
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observed upregulation of the anti-inflammatory M2 marker CD206
in the alveolar macrophages. Interestingly, the Siglec-F inter-
mediate macrophage population was not expressing either CD86
or CD206 at P8, but by P15 the upregulation of both receptors was
observed (Fig. 6a and Supplementary Fig. S4a, b [online]). On the
other hand, in the interstitial macrophage population, we were
not able to detect either CD86 or CD206 upregulation after injury
at any timepoints (Fig. 6a).
In summary, we detected a decrease in the anti-inflammatory

homeostatic macrophages and an increase in a Siglec-F inter-
mediate population of macrophages in lungs of developing 2HIT
mice. However, by the age of 4 weeks, macrophage populations
were similar in lungs of both RA and 2HIT animals.

Extrapulmonary manifestations in the 2HIT model
2HIT animals appeared to have transient atrophy in the spleen;
mild to moderate atrophy, as well as the general structure
disorganization, was observed at P14, but this was normalized by
3 months of age (data not shown). In the spleen, resident red pulp
macrophages were analyzed using FACS gating strategy as
described in Supplementary Fig. S2d (online) and were found to
upregulate the expression of CD86 and MHCII, typical markers for
M1 macrophage phenotype between P4 and P14 (Supplementary
Fig. S3b [online] and Fig. 6b). Additionally, at P4–P8 we observed
downregulation of CD206, indicating decrease in M2 macrophage
phenotype in the spleen (Supplementary Fig. S3b [online] and
Fig. 6b). However, by the age of 4 weeks the changes in spleen
macrophages were reverted. No significant toxicities to the liver or
the kidney were observed. In conclusion, the immune response in
the 2HIT model of BPD is not limited to the lung, but involves also
the spleen. No significant extrapulmonary long-term changes
were observed.

DISCUSSION
The 2HIT model represents a novel platform for studying BPD
pathogenesis and testing potential novel anti-inflammatory
therapies. In addition, we demonstrate for the first time the
innate immune response evolution in this model as a function of
age, characterized by a distinct cytokine pattern and macrophage
phenotype after injury.
2HIT animals showed simplified alveolar architecture and

enhanced lung compliance, consistent with previous reports in
murine models of BPD, as well as findings in BPD patients.4,24 The
reduced gas exchange surface area was caused by altered alveolar
development characterized by decrease in secondary septation.
2HIT animals showed emphysematous functional changes, includ-
ing increased compliance and an upward shift in the PV loop,
reflecting decreased elastic recoil. We found no signs of long-term
lung fibrosis. This to our knowledge is consistent with the current
literature, as long-term fibrosis has not been reported in C57Bl/6
mouse strain after 6 days of exposure to hyperoxia.25

BPD patients are at higher risk of developing PH, which
contributes to significant morbidity and early mortality. It has
been reported that 25–35% of infants with moderate-to-severe
BPD will develop PH and RVH.26 Similarly, 2HIT mice displayed RVH
at 3 months of age as measured by Fulton’s index, which is most
likely secondary due to PH,27 and therefore enabling studies into
PH mechanism and novel experimental therapies.
Inflammation is known to be an important risk factor for the

development of BPD.28 Epidemiological data on the role of
chorioamnionitis as a risk factor for BPD are inconsistent,29,30 but
perinatal inflammation and episodes of sepsis,14 as well as
pneumonia15 seem to be among risk factors for BPD. While other
two hit models of BPD using antenatal LPS exist,17,31,32 the current
2HIT model is novel and unique, as it combines exposure to high
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level of oxygen and to postnatal inflammation. 2HIT animals
demonstrated a robust inflammatory response, which in the lung
is typically a cascade of events starting with activation of the
coagulation and complement systems and stimulation of resident
cells to promote recruitment and activation of other immune
cells.33 The hyperoxic tissue damage causes the release of
intracellular proteins acting as damage associated molecular
patterns. Additionally, LPS acts as a pathogen-associated mole-
cular pattern. Both these molecular patterns are ligands to pattern
recognition receptors (PRRs), such as Toll-like receptors (TLRs) on
alveolar macrophages and epithelial type 2 cells, as well as on the
circulating immune cells. The PRRs activated by hyperoxic injury
have not been described in detail, but LPS is known to activate
TLR4 through nuclear factor-κB signal transduction.34 In our
model, we show a robust initiation of inflammatory response by
production of chemokines G-CSF, GM-CSF, M-CSF, KC, LIX (C-X-C
motif chemokine ligand 5 [CXCL5]), MCP-1 (C-C motif chemokine
ligand 2 [CCL2]), MIP-1α (CCL3), MIP-2 (CXCL2), as well as high
expression of cytokines IL-1α and IL-1β, which are typically found
in the initial phase of the inflammatory cascade. In the 2HIT
model, the expression of IL-1β peaked in the lung at P3, indicating
an early proinflammatory immune response with high levels of
cytokine and chemokine expression. Interestingly, recent studies
in transgenic mice have shown that early postnatal IL-1β
overexpression leads to chronic lung injury similar to that seen

in the hyperoxia model. This points to the important role of this
cytokine in the pathogenesis of BPD.35

Along the increased chemokine levels, we observed recruitment
of phagocytes, such as neutrophils, macrophages, and monocytes
to the lungs. This correlated with a significant increase in the
secretion of type 1 proinflammatory cytokines, such as IL-2, IL-6,
IL-7, IL-12, IL-17, LIF, TNFα, and IFNγ. Interestingly, the gene
expression levels of type 1 cytokines Il6, Tnfa, and Tgfb1 reached a
second peak in the beginning of the recovery phase one day after
the pups returned to normoxia at P8. The reason for this is not yet
apparent, but may indicate that the change in oxygen concentra-
tion initiates a second inflammatory response in the lungs. In
addition, expression of chemokines required for the recruitment of
cells of the adaptive immune system to the site of inflammation,
such as RANTES (regulated upon activation, normal T cell
expressed and presumably secreted) (CCL5) and MIG (CXCL9)
was also upregulated.
Perturbations observed in 2HIT animals were associated with a

robust change in pulmonary macrophage phenotype. We
observed a decrease in alveolar macrophages and a simultaneous
increase in a population of Siglec-Flow macrophages. The Siglec-
Flow macrophages have previously been reported to be recruited
to the lungs in an experimental fibrosis model, and lineage tracing
linked the origin of these macrophages to circulating mono-
cytes.23 In addition to the changes in the number of macrophages,
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we observed a shift from homeostatic M2 phenotype to more
proinflammatory M1 phenotype in the early phases of the disease,
whereas this was no longer the case at 1 month of age. This may
be due to the maturation of a Siglec-F intermediate emerging
macrophage population to the homeostatic phenotype. The shift
in macrophage phenotype was observed in both the lung and
spleen, emphasizing the fact that there is systemic involvement of
the immune system in our 2HIT model. Macrophage in vivo
phenotype is known to represent a spectrum of functional
phenotypes rather than a simplified division to M1 and M2
categories,36 but on the other hand, the simplified view can
provide a more practical approach in terms of studying
mechanism of action of novel therapies.12

In contrast to the increase in type 1 cytokines, we observed a
significant decrease in expression of type 2 cytokines in the lungs
of 2HIT animals. Type 2 cytokines are critical for resolution of
inflammation and promotion of new tissue growth eventually
leading to healing.37 Transgenic mouse models have not been
studied to explore the effect of type 2 cytokines in the hyperoxic
lung injury of the newborn, except for IL-13, which did not protect
newborn mice from hyperoxia-induced lung damage.38 It is
important to note that the type 2 response needs to be carefully
balanced, as it can cause type 2 inflammation, which causes
extensive pulmonary scarring and fibrosis, as well as asthma. In
fact, Cheon et al.39 reported increased expression of the type 2
cytokine genes IL-13 and IL-5 in the lungs of hyperoxia-exposed
mice at 4 weeks of age, suggesting that hyperoxic injury results in
late type 2 inflammation, which can explain the observed airway
hyperreactivity. However, in our model no significant increase in
type 2 cytokines was detected at 1 month of age, although we
observed a trend towards increase in both the gene expression
and protein levels of IL-4, IL-10, and IL-13 at this time in 2HIT
animals. In fact, we detected only very early systemic type 2
cytokine production. One of the crucial functions of type 2
cytokines is to activate the adaptive immune system. The low
expression level of type 2 cytokines may therefore indicate an
insufficient adaptive immune response in response to the injury in
the 2HIT model. However, putative changes in the adaptive
immune response were beyond the scope of our study.
Our research has certain limitations. Ideally, single hit groups,

RA+ LPS and O2, would be studied for all endpoints. However,
neonatal LPS model has recently been characterized, and single
dose of LPS was not found to cause permanent lung damage.40

Furthermore, the neonatal hyperoxia model has been described
over 30 years ago, and since then, the cytokine and immune cell
changes have been characterized carefully.7,8,11–13 Also, recently,
cell atlas of single-cell transcriptome of hyperoxic neonatal lung
was characterized describing the sequential (P3–P7–P14) immune
cell changes in hyperoxic conditions.41

Our study provides the basis for unraveling the complexity of
the inflammatory response in experimental BPD, which is the first
and critical step in investigating the link between inflammation
and impaired lung development. Future steps in this direction
involve the quickly evolving field of single-cell analysis, which will
represent a next level in our understanding of the molecular
pathogenesis of complex diseases such as BPD on a tissue
level.10,41,42 Understanding the disease mechanism in cellular and
molecular level will be essential in the clinical translation of novel
therapies for BPD.
In this study, we have developed and characterized a novel 2HIT

BPD model using a combination of short hyperoxia exposure
(6 days) and postnatal LPS administration at P3, which more
closely mimics the clinical conditions of BPD. The 2HIT model
showed transient inflammation and dysplastic alveolarization with
altered lung function. This model is robust and short, therefore
allowing efficient preclinical testing for therapeutic interventions
and exploring the disease pathogenesis, as well as mechanism of
action of novel therapies.
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