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Pulmonary hypertension secondary to bronchopulmonary dysplasia (BPD-PH)
represents a major complication of BPD in extremely preterm infants for which
there are currently no safe and effective interventions. The abundance of interleukin-1
(IL-1) is strongly correlated with the severity and long-term outcome of BPD infants and
we have previously shown that IL-1 receptor antagonist (IL-1Ra) protects against murine
BPD; therefore, we hypothesized that IL-1Ra may also be effective against BPD-PH.
We employed daily injections of IL-1Ra in a murine model in which BPD/BPD-PH was
induced by antenatal LPS and postnatal hyperoxia of 65% O». Pups reared in hyperoxia
for 28 days exhibited a BPD-PH-like disease accompanied by significant changes in
pulmonary vascular morphology: micro-CT revealed an 84% reduction in small vessels
(4-5pum diameter) compared to room air controls; this change was prevented by
IL-1Ra. Pulmonary vascular resistance, assessed at day 28 of life by echocardiography
using the inversely-related surrogate marker time-to-peak-velocity/right ventricular
gjection time (TPV/RVET), increased in hyperoxic mice (0.27 compared to 0.32 in air
controls), and fell significantly with daily IL-1Ra treatment (0.31). Importantly, in vivo
cine-angiography revealed that this protection afforded by IL-1Ra treatment for 28
days is maintained at day 60 of life. Despite an increased abundance of mediators
of pulmonary angiogenesis in day 5 lung lysates, namely vascular endothelial growth
factor (VEGF) and endothelin-1 (ET-1), no difference was detected in ex vivo pulmonary
vascular reactivity between air and hyperoxia mice as measured in precision cut
lung slices, or by immunohistochemistry in alpha-smooth muscle actin (a-SMA) and
endothelin receptor type-A (ETa) at day 28. Further, on day 28 of life we observed
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cardiac fibrosis by Sirius Red staining, which was accompanied by an increase in mRNA
expression of galectin-3 and CCL2 (chemokine (C-C motif) ligand 2) in whole hearts
of hyperoxic pups, which improved with IL-1Ra. In summary, our findings suggest that
daily administration of the anti-inflammatory IL-1Ra prevents the increase in pulmonary
vascular resistance and the pulmonary dysangiogenesis of murine BPD-PH, thus
pointing to IL-1Ra as a promising candidate for the treatment of both BPD and BPD-PH.

Keywords: pulmonary hypertension, bronchopulmonary dysplasia, interleukin-1 receptor antagonist, pulmonary
vascular resistance, neonatal immunity, anti-inflammatory therapy, interventional immunology, preterm infants

INTRODUCTION

Improved survival of preterm infants with gestational ages
as low as 23 weeks exposes ever more preterm infants
to bronchopulmonary dysplasia (BPD). BPD is a severe
inflammatory lung disease that affects up to 15,000 preterm
infants each year in the USA (1, 2), with the highest incidence
of 35-68% in the 0.5-1kg birth weight group (3, 4). The
diminished lung function of the preterm infant calls for intensive
care with mechanical ventilation and oxygen supplementation,
which each contribute to the development of the multifactorial
pathophysiology of BPD (5) and to health complications that
persist into adulthood (6, 7).

Pulmonary hypertension secondary to BPD (BPD-PH) can be
considered the gravest complication of BPD as it substantially
worsens the prognosis of afflicted infants. BPD-PH can
eventually over-tax the right ventricle and limit cardiac output.
Occurring in 15-30% of BPD patients (8), the deleterious
consequences of BPD-PH are far worse than those of systemic
hypertension, with a survival of just 50% 2 years after diagnosis
in the severe cases (9).

The risk factors for PH, which overlap with those for
BPD, include low gestational age, fetal growth restriction,
oligohydramnios, prolonged mechanical ventilation, and oxygen
dependency (9, 10). In normal lung development, alveolarization,
and vascularization of the distal lung saccules run in parallel (11).
BPD disrupts development by reducing the number of alveoli,
and therefore the overall volume of lung tissue. In addition, it
also causes a significant dysangiogenesis that markedly reduces
the cross-sectional area of the pulmonary vascular bed and
thereby increases pulmonary arterial blood pressure (9, 12, 13).
The ongoing afterload of the pulmonary circulation eventually
causes hypertrophy and remodeling of the right ventricle as
well as of the walls of the pulmonary vessels, and subsequently
a narrowing of the vascular lumen that further limits blood
flow (14-16).

Strong evidence implicates inflammation as a key player
in BPD and BPD-PH (17-19). Mediators such as VEGF and
endothelin-1 are increased and lead to the development of
immature and leaky capillaries (20, 21). Recognizing that
BPD and BPD-PH are inflammatory diseases, in 2006 the
American Academy of Pediatrics issued an urgent call for
new anti-inflammatory BPD therapies (22), but with no safe
and effective therapy forthcoming, in 2014 the call was
renewed (23).

Our research has focused on inhibition of IL-1 as a
potential therapy. We previously showed that the endogenous
inhibitor of IL-1, interleukin-1 receptor antagonist (IL-1Ra) (24),
ameliorates murine BPD induced by perinatal inflammation and
hyperoxia (19, 25, 26). To advance the prospects for an anti-
inflammatory treatment for pulmonary injury and cardiovascular
complications, we extended our earlier study by examining
whether the benefit IL-1Ra provides against BPD extends to the
pulmonary vasculature and thereby also improves pulmonary
vascular resistance, cardiac inflammation and fibrosis. In this
study, we confirm that IL-1Ra not only improves alveolar
structure (19) but also lung vascularization, thus ameliorating
BPD-PH. Hence, IL-1 is a promising target for therapeutic
intervention in inflammatory neonatal diseases such as BPD
and BPD-PH.

MATERIALS AND METHODS
Murine Model of BPD-PH

We used a previously published two-hit model to induce
BPD/BPD-PH in mice pups (19, 26). Briefly, on day 14
of gestation (embryonic day 14; E14) pregnant C57BL/6]
mice were given an intra-peritoneal (i.p.) injection of 150
ng/kg of lipopolysaccharide (LPS) to mimic maternal systemic
inflammation (e.g., chorioamnionitis). Pups delivered naturally
atterm (G19-21) when their lungs are at the saccular stage of lung
development (27), which is at an equivalent stage to the lungs of
extremely preterm human infants (23-29 weeks’ gestational age)
who are at most risk of developing BPD (28). Our intention was
to study the impact of BPD-PH during the alveolar stage of lung
development, which spans postnatal day 5 to day 28 (d5-d28) in
the mouse, similar to 32 weeks’ gestation to 2-3 years of age in the
human. Thus, we chose day 28 as the first time-point to assess the
pulmonary vasculature and PH in our mice. To assess long-term
outcomes, we chose a second time-point of day 60 in mice, which
represents ~20 years in human age (29).

Within 24 h after birth, pups and dams were randomized into
treatment groups of daily subcutaneous (s.c.) injections for 28
days of 10 mg/kg IL-1Ra or s.c. injections with an equal volume
of saline (vehicle) and then exposed to either gas with a FiO,
of 0.21 (room air) or 0.65 (hyperoxia) for 28 d, for a total of
four experimental groups: air saline, air IL-1Ra, hyperoxia saline,
and hyperoxia IL-1Ra. Dams had unlimited access to food and
water and were rotated between room air and hyperoxia groups
in a 3 day cycle, to reduce effects from exposure to hyperoxia. In
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the long-term study group, daily treatment with IL-1Ra ceased
at day 28 and animals of all groups were left in room air from
day 28 until day 60 of life. Experiments for all timepoints were
performed at a temperature of 22°C and humidity of 50-60% and
light was cycled in a 12 h day/night rhythm. At day 5 pups were
humanely euthanized by decapitation and at day 28 or day 60 by
cervical dislocation.

Murine Echocardiography

At 28 d, mice were anesthetized with isoflurane (3% isoflurane
mixed with 0.5 L/min 100% O, to induce anesthesia and then
1-1.5% isoflurane mixed with 0.5 L/min 100% O, to maintain
anesthesia). All echocardiography evaluations were performed
by a single operator using the Vivid 7 advantage cardiovascular
ultrasound system (GE Medical Systems, Milwaukee, WI, USA).
2-D guide M-mode echocardiographic examination of the left
ventricle was performed using a 13-MHz linear transducer (i13L
probe; General Electric Co) at a sweep speed of 100 mm/s.
The mouse was placed on a heated pad and time of anesthesia
was <10 min for all animals (30). Time-to-peak-velocity (TPV)
expressed relative to right ventricular ejection time (RVET)
(TPV/RVET) was calculated as an index of right ventricular (RV)
function and pulmonary artery pressure, to which it is inversely
correlated. Left ventricular (LV) function was determined by
measuring internal diameters at end-diastole and systole (LVIDd,
LVIDs) and fractional shortening.

X-Ray Micro-Computed Tomography,
Image Acquisition, and Analysis
After cervical dislocation, 28 day lungs were intubated via the
trachea and the lungs were fixed with 4% PFA (pH 7.4, instilled at
a pressure of 20 cmH,0). The lung was then removed from the
thorax, kept in 4% PFA for a minimum of 24 h, and then stored
in 70% ethanol. For ex vivo X-ray micro computed tomography
(thereafter referred to as CT) the right superior lobe was stained
in Lugol’s iodine solution (31, 32) for a minimum of 24 h and then
washed in 70% ethanol and embedded in agarose for imaging.
CT scans were conducted with the X-ray photon energy
tuned to 35 keV using the “Ruby” detector in the 3B
enclosure of the Imaging and Medical beamline (IMBL) at the
Australian Synchrotron, which was designed and fabricated by
the Laboratory for Dynamic Imaging, Division of Biological
Engineering, Monash University. During the experiment, the
system was tuned to produce 2,560 x 2,160 pixel images giving
a field of view of 15 x 12mm with 6.0 um pixel size with the
measured resolution of 20.1 pm. CT data acquisition for the
samples consisted of 1,800 projections over a 180° axis. The
scans included 40 images of each background (no sample in
the beam) and dark-field (beam is off) contrasts both before
and after the sample acquisition. The exposures were 180 ms
per projection, and accumulated time taken to scan a single
sample was ~6 min. Each image projection was then processed
by subtracting electronic noise and background (sample—dark
field/background—dark field) using the median of all 40 frames
of the background and dark-field images.

Reconstruction of a vertical series of CT cross-section slices
of the samples was then performed utilizing a Filtered Back-
Projection algorithm on the processed images with phase
retrieval and ring artifact suppression filter as necessary.
Processing was performed on the MASSIVE high performance
cluster (33) using XLI software (34). Reconstructed slices were
stored as 32-bit float-point TIFF images and further converted
into 8-bit integer volumes for 3D rendering and analysis. Images
were rendered using Drishti (35). The software tools used in the
pipeline include several open-source projects: ImageMagick (36)
for noise removal, cropping and image format conversion, and
CTas (37) for the background and dark-field removal.

Image stacks were saved as 8-bit 3D.tif image stacks and
displayed as 3D volumes in Imaris (Bitplane AG) for data quality
checks. The image stacks then underwent several pre-processing
steps prior to the final branching analysis. Pre-processing of the
images was necessary to fill the larger diameter blood vessels so
that the Imaris Filament Tracer can detect the vessel inside rather
than the vessel membranes. Edge detection of large vessels was
performed in Fiji (38) by running two subsequent difference-
of-Gaussian (DoG) algorithms with increasing diameter (r; = 2,
r, = 5), followed by thresholding, binarizing, and despeckling on
each plane of the image stack. Subsequently, Matlab (MathWorks
Inc.) was used to fill large vessels by further despeckling,
skeletonizing, removing skeleton fragments, then detecting the
tips of the skeleton, and closing with nearest neighbor algorithm
and filling all fully-enclosed areas. The original and the filled
image stacks was then loaded in Imaris as two channels, a
smoothed surface was created around the filled data set and
used to remove potential artifacts of the filling algorithm in the
red channel. In a final step, Imaris Filament Tracer was used to
detect large vessels (“dendrites”) in the filled channel, followed
by the detection of small vessels (“spines”) in the original image
stack (green channel). Overlaying the original volume with the
analyzed filament network provided a visual quality check of the
branching analysis.

For statistical visualization and analysis of the obtained
filament data, multiple data processing steps were performed
to ensure comparability of individual lung data sets as well as
comparability between different treatment groups. Firstly, for
each lung, all detected vessels were grouped into defined ranges
of vessel diameters. Detected vessels with <4 um diameter were
discarded from subsequent analysis due to resolution limitations
of the applied imaging technique. Absolute number of vessels
were binned by diameter size and expressed as percentage of
the total number of vessels per lung lobe. To take into account
differences between the treatments on vessel number, each group
was then normalized to the mean of the total vessel count of the
air vehicle group.

Precision Cut Lung Slices (PCLS)

PCLS were prepared from 28 day old mice as previously
described, with minor modifications (39). Immediately after
euthanasia, mice were dissected to expose the heart and trachea.
The right ventricle of the heart was injected with warmed gelatin
(~1ml, 8% in 1X HBSS/HEPES). The trachea was cannulated
with a catheter containing two ports (24G Intima; Becton
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Dickinson, North Ryde, NSW, Australia). The lungs were then
inflated with warmed agarose (~1.2 ml, 2% in 1X HBSS/HEPES),
followed by a bolus of air (~0.4ml). The agarose was solidified
in 1X HBSS/HEPES at 4°C for 15 min, and the left lobe isolated
and mounted on a vibratome (Compresstome; Precisionary
Instruments, Greenville, NC). PCLS (150 wm thickness) were cut
and maintained overnight in DMEM containing 1% penicillin-
streptomycin solution (37°C, 5% CO,). PCLS were transferred
to 1X HBSS/HEPES and mounted in customized chambers
(~100 pl) where an artery was selected (~120 um diameter).
Using a gravity-fed system, PCLS were perfused with U46619
(3-1000nM) or ET-1 (1-100nM). Arteries were visualized
under phase-contrast microscopy (Nikon Eclipse Ti-U [Nikon
Instruments Inc., Melville, NY]; Pulnix CCD camera model
TM-62EX [Jai, Miyazaki, Japan]). Changes in artery lumen area
were captured in the form of digital images (744 x 572 pixels)
recorded in time lapse (0.5Hz) using image acquisition and
analysis software (Video Savant; IO Industries, Inc., London, ON,
Canada). Images were converted to TIFF files and analyzed in
Image] using a grayscale threshold to distinguish between the
artery lumen and surrounding tissue, with lumen area in each
image calculated by pixel summation.

Lung and Heart Preparation, Histology, and

Immunohistochemistry (IHC)

After cervical dislocation, 28 day old mice were intubated
via the trachea and the lung was inflated and fixed with 4%
paraformaldehyde (PFA; pH 7.4, instilled at 20 cmH, O pressure).
Thereafter both the lung and heart were removed, further fixed in
4% PFA for >2h, and processed for paraffin embedding.

Paraffin embedded lungs were cut into 4um sections for
immunohistochemistry (IHC). Expression of the contractile
marker a-smooth muscle actin (a-SMA) or ET, (endothelin
receptor) were detected after antibody incubations by
biotinylation with peroxidase. THC sections were scanned
on an Aperio Scanscope (ePathology Solutions) and analyzed
by Aperio positive pixel count algorithm as intensity of strong
positive staining divided by area (nm?) (25).

4% PFA-fixed hearts were cut in the mid-coronal plane
before paraffin embedding. Heart paraffin blocks were then
sectioned at 4pum thickness. Sirius Red staining for tissue collagen
was performed as previously described (40). Briefly sections
were incubated in 0.1% Sirius Red in saturated picric acid
(Sigma-Aldrich) for 15 min, dehydrated and mounted in Depex
and subjected to systematic digital analysis of entire sections
using Image] software. Cardiac interstitial collagen content was
quantified as a percentage of total myocardial area, excluding
blood vessels. Quantitation was performed by an investigator
blinded as to the identity of the samples using particle counting
in Image].

Murine Protein Analysis

At day 5, lungs were harvested, washed in ice-cold PBS, snap
frozen in liquid nitrogen and stored at —80°C. For analysis, the
lungs were homogenized in lysis buffer (41) using an Ultra Turrax
homogenizer. The homogenate was centrifuged for 10 min at
14,000 x gand the supernatants were assayed for protein. ELISAs

for VEGF-A and endothelin-1 (R&D Systems) were performed
according to the manufacturer’s instructions. All results were
normalized to total protein concentration by using the Pierce
BCA Protein Assay (Thermo Fisher Scientific).

Quantitative RT-PCR

At day 28, hearts were removed and washed in PBS and
snap frozen in liquid nitrogen and stored at —80°C. Total
RNA was isolated from hearts using TriReagent (Sigma-
Aldrich Co. MO) and Ambion DNA-free DNA treatment used
to remove contaminating DNA following the manufacturer’s
instructions. RNA was isolated using the RNA Mini Kit (Bioline),
quantified with a NanoDrop (ND-100) spectrophotometer
(Thermo Fisher Scientific), and assessed to have a 260:280
ratio of ~2.0. First strand cDNA synthesis was performed
using the Life Technologies SuperScriptIII First-Strand Synthesis
Kit (Invitrogen, MA). Heart RNA was analyzed by BioMark
HD digital PCR (Fluidigm) using TaqMan primer probes
listed in Supplementary Table 1. Gene expression values were
normalized to the most stably expressed housekeeping gene,
actin beta (Actb), across our samples. Relative expression was
quantified using the AACt method (42).

In vivo Cine-Angiography and

Surgical Preparation

At day 60 of age, mice were imaged via synchrotron
radiation. For surgical preparation general anesthesia was
induced with pentobarbital (1:10 diluted solution, 60 mg/kg).
Subsequently, mice were intubated for artificial ventilation
(6 nl/g tidal volume and ~170-190 breaths/min; AccuVent200
Small Animal Ventilator, Notting Hill Devices, Melbourne,
Australia) and the right jugular vein was cannulated with
24-gauge Angiocath (Becton Dickinson, NJ, USA) following
modification as previously described by Sonobe et al. (43), so
that the tip of the catheter was placed in the right atrium
or right ventricle. The right carotid artery was cannulated

with a polyurethane catheter (Instech Solomon FunnelCath
PUFC-C30-10) for arterial blood pressure and heart rate
monitoring throughout experiments. Body temperature was
maintained at 38°C with a thermostatically controlled heating
pad. Anesthesia was maintained via additional intraperitoneal
boluses of pentobarbital (20 mg/kg/h). Blood pressure was
recorded via a disposable pressure transducer (MLR0699, AD
Instruments, NSW, Australia) from the carotid arterial line.
The signal was digitized at 1,000 Hz and recorded with CHART
software (version 6.0, AD Instruments, NSW, Australia) to
obtain mean arterial pressure (MAP) and heart rate (HR). The
mouse was taped securely on a thin acrylic board in a supine
position during surgery. Following surgical preparation, the
board was then set in a vertical position in front of the Ruby
X-ray detector.

X-rays at 34 keV (energy bandwidth 25-120eV) and a
flux of 6 x 10'' photons/mm?/s passed through the mouse
chest and were recorded on X-ray detector (Imaging and
Medical Beamline, Australian Synchrotron, Melbourne, Victoria,
Australia) with a resolution of 16-bit at 30 ms intervals. High-
resolution images were stored in a digital frame memory system
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with 1,024 x 1,024 pixel format with a 9.9um pixel size.
Between recordings the X-ray beam was blocked with filters. The
pulmonary angiograms were acquired with the long axis of the
lung aligned vertically within the X-ray beam with an imaging
field of ~10 x 10mm. After verification of the placement,
contrast agent was remotely injected through the jugular vein
catheter as a bolus (90-120 pl over 2s; Iomeron 350; Bracco-
Eisai) using a syringe pump (PHD-2000, Harvard Apparatus,
Holliston, MA, USA). Image acquisition was initiated right
before iodine contrast injection and ~100 frames were recorded

for each scan whilst ventilation was briefly interrupted at end
inspiration to eliminate movement artifacts. After completion
of the imaging protocol, animals were terminally anesthetized
(pentobarbital, 100 mg/kg i.v).

Image analysis was performed with the use of Image] software
(44). To eliminate background structure and enhance vessel
visibility the frame obtained just before iodine injection was
subtracted from frames acquired after injection. Subsequently
angiograms were median filtered (2-pixel radius) for clarity. Each
vessel was manually marked with a color-coded dot (green-1st

A Vehicle

Hyperoxia

Number of vessels
(normalized percent per bin)

Vessel diameter (um)

hyperoxia IL-1Ra.

FIGURE 1 | Puimonary vascular injury caused by perinatal inflammation and postnatal hyperoxia is rescued by IL-1Ra. Pregnant C57BL6/J dams were injected i.p.
with LPS at day 14 of gestation. Within 24 h after birth, pups were randomized to either 65% Oo (hyperoxia) or 21% O (room air). Pups also received daily s.c.
injections of IL-1Ra or vehicle. At day 28, lungs were fixed and stained, and micro-CT imaging was performed. (A) One representative image of each group is shown;
inset shows reconstructed lung volumes and larger image shows the filament filling color-coded for diameter size. Quantification of the number of vessels in the lung
grouped by vessel diameter: (B) small vessels, 4-7 wm and (C) medium vessels, 7-30 um. Vessel number was normalized to percent of total vessels per bin. Data are
shown as mean + SEM. n = 3-10 per group. *P < 0.05, **P < 0.01, and ***P < 0.001 for air vehicle vs. hyperoxia vehicle; ###pP < 0.001 for hyperoxia vehicle vs.

IL-1Ra

C
124
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10 it .
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generation, yellow-2nd, and orange-3rd) and all dots were
counted automatically by Image].

Statistical Analysis

Data sets (raw data) were first tested for normality and equal
variance (P-value to reject = 0.05), then analyzed by GraphPad
Prism 7 (GraphPad Software) with one-way analysis of variance
(ANOVA) and Tukey’s multiple comparisons test. In vivo
synchrotron angiography and TPV/RVET were analyzed by
Student’s t-test. Expression of a-SMA and ET, were measured
as strongly positive pixel count/area. For concentration-response
curves, contraction was calculated as % reduction in initial
artery area, and pECsp and maxima obtained from non-linear
regression curve fit using Prism. For all measures, data was
expressed as mean =+ standard error of the mean (SEM) and
considered significantly different when P < 0.05.

RESULTS

IL-1Ra Restores the Pulmonary Vascular
Structure Impaired by Antenatal LPS and

65% 0»
Our clinically relevant double-hit BPD/BPD-PH model combines
perinatal inflammation and 28 days of postnatal hyperoxia which

0.34+

0.324

0.30-

TPV/RVET ratio

0.284

0.26-

FIGURE 2 | Mice treated with IL-1Ra are protected from the
BPD-PH-associated increase in pulmonary vascular resistance.
Echocardiography was performed on each of the experimental groups on day
28 of life in the same animals shown in Figure 1. TPV/RVET ratio, an index of
RV function, was measured; n = 12-20 per group. Data are shown as mean +
SEM; **P < 0.01 for air vehicle vs. hyperoxia vehicle; #p < 0.05 for hyperoxia
vehicle vs. hyperoxia IL-1Ra.

leads to a severe BPD-like lung disease with a pronounced change
in lung morphology as seen in BPD infants. Having shown in our
model that IL-1Ra prevents the loss of alveoli that is characteristic
of BPD (19, 26), the aim of the current study was to determine
if blocking inflammation with IL-1Ra for 28 days ameliorates
rarefaction of the pulmonary vascular bed in mice with BPD
and thereby also reduces pulmonary hypertension. By using high
resolution ex vivo X-ray micro CT scanning at the Australian
Synchrotron, we quantified the number of pulmonary vessels in
the right superior pulmonary lobe of day 28 mice (Figure 1A). To
illustrate the distribution of blood vessel numbers by diameter as
well as the relative abundance of vessels, the vessel numbers were
converted into percentages binned by diameter, then normalized
to the air vehicle group (Figures 1B,C). Our results revealed a
marked reduction in the number of microvessels in the lung from
pups reared in hyperoxia compared to pups housed in room air
for 28 days (e.g., —84% for capillaries sized 4-5 um in diameter,
—83% for 5-6 um, —76% for 6-7 pm; Figure 1B). Treatment
with IL-1Ra conferred significant protection from BPD-PH-
associated loss in the small and medium vessels (Figures 1A-C).
In summary, our findings suggest that if commenced early
in life, daily treatment with IL-1Ra protects the pulmonary
vascular bed from the injury induced by perinatal LPS and
postnatal hyperoxia.

IL-1Ra Improves Pulmonary Vascular
Resistance: Physiological Function and

Molecular Aspects

The changes we observed in the number of vessels in
the pulmonary vascular bed at 28 days of life in BPD
mice begged the question whether this tissue injury had
functional consequences. Accordingly, we subjected the same
mice that subsequently underwent synchrotron analysis to
non-invasive echocardiography, the diagnostic tool of choice
in preterm infants for diagnosing pulmonary hypertension
(45). Specifically, we assessed pulmonary vascular resistance in
28 days-old mice using the surrogate parameter time-to-peak-
velocity/right ventricular ejection time (TPV/RVET) ratio, where
the TPV/RVET ratio is inversely related to pulmonary vascular
resistance. We found a significant reduction in TPV/RVET from
0.32 in pups housed in room air to 0.27 in the hyperoxia
control group (Figure 2). The reduction in TPV/RVET caused by
hyperoxia was completely prevented in hyperoxic pups receiving
daily treatment with IL-1Ra, which had a TPV/RVET ratio of
0.31, similar to the room air control pups (Figure 2).

We then assessed whether additional mechanisms beyond
vascular rarefaction could be contributing to this hyperoxia-
induced increase in pulmonary vascular resistance we observed
in vivo. To determine if pulmonary artery reactivity to
vasoconstrictors was increased by hyperoxia, we Iinitially
performed ex vivo experiments using precision-cut lung slices
(PCLS) from either 28 days-old room air or hyperoxia-
housed pups, without IL-1Ra treatment. We visualized
intrapulmonary artery responses to endothelin-1 (ET-1),
a key contractile mediator often elevated in pulmonary
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FIGURE 3 | Pulmonary artery contraction in response to ET-1 and U46619 is not altered by hyperoxia in PCLS. Pulmonary artery reactivity was assessed in PCLS
prepared from 28 days-old mice after exposure to antenatal LPS and postnatal hyperoxia. (A) One representative image per group is depicted, showing an artery
during perfusion with HBSS (i.e., vehicle) or ET-1. Concentration-response curves for ET-1 (B) and U46619 (C) are expressed as percent initial artery area; scale bars
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arterial hypertension, and to the thromboxane mimetic
U46619 (Figure 3).

Representative images show that a maximally effective
concentration of ET-1 (1077 M) reduces luminal area by ~40%
in arteries from both air and hyperoxia groups (Figure 3A).
Averaged data show reductions in artery area during perfusion
with increasing ET-1 or U46619 concentrations at 10min
intervals (Figures 3B,C). A representative video of PCLS
prepared from a hyperoxic mouse, showing intrapulmonary
artery constriction to ET-1 (1-100nM), with increasing
concentrations added at 10 min intervals, where 1s corresponds
to 2min in real time has been provided in the supplementary
material (Supplementary Video 1; the airway is shown on
the left, the artery on the right). In PCLS from air control

mice, ET-1 was ~10-fold more potent than U46619, but both
agonists caused a similar maximum % reduction in artery
luminal area (ET-1 43 & 6%, n = 8; U46619 38 £ 8%, n = 8).
Interestingly, neither the potency of either agonist, nor its
maximum response, was significantly altered by hyperoxia
(Figures 3B,C), suggesting that hyperoxia does not alter
vascular reactivity.

In addition, we assessed whether hyperoxia altered the
abundance of vascular smooth muscle (determined by measuring
a-SMA), since an increase in smooth muscle has the potential
to augment vasoconstriction and thus pulmonary artery
resistance in vivo. Given that we observed increases in
a-SMA staining in the adjacent airways of pups exposed
to hyperoxia (25), we were somewhat surprised to find no
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difference in a-SMA staining by immunohistochemistry in
the pulmonary arteries between air and hyperoxia groups
(Figures 4A,B). IL-1Ra treatment also did not alter a-SMA
abundance in the pulmonary arteries in both air and hyperoxia,
when compared to air vehicle mice. We also investigated
the receptor ETa, which mediates contraction in response to
ET-1. No alterations in ET, abundance on vascular smooth
muscle could be observed in the hyperoxia vehicle, and
IL-1Ra-treated air and hyperoxia groups, when compared to air
vehicle (Figures 4C,D).

Perinatal inflammation and postnatal exposure to 65%
O, resulted in a significant increase in pulmonary vascular
resistance in vivo, but we found neither an increase in
vascular smooth muscle abundance, nor a change in the
constrictive response of pulmonary arteries ex vivo, nor
altered abundance of ET, in the pulmonary arteries. This
being the case, the effects of IL-1Ra treatment on these
parameters were not explored further. Instead, we focused on

the earlier timepoint of day 5, at which molecular changes
occur that affect the development of the pulmonary vascular
bed (11).

Murine lungs on experimental day 5 were assessed for protein
abundance of vascular endothelial growth factor (VEGF) and
ET-1, mediators known to affect pulmonary angiogenesis. We
found that exposure to 65% O, moderately, but significantly,
increased VEGF-A (1.4-fold, Figure5A), the member of the
VEGF family with the greatest impact on physiological and
pathophysiological functions in the lung (21). Moreover,
ET-1 increased 1.4-fold (Figure 5B) in hyperoxia vehicle pups
compared to room air vehicle pups. Blockade of inflammation
by daily injections of IL-1Ra over 5 days prevented the increase
in VEGF-A and ET-1 (Figures 5A,B).

In summary, daily treatment of BPD mice with IL-Ra
improves vascular resistance at day 28 of life, exerts a beneficial
effect on early life vascular markers and restores subsequent
vascular development.
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FIGURE 5 | IL-1Ra prevents increases in VEGF and ET-1 on day 5 of BPD-PH. The abundance of VEGF-A (A) and ET-1 (B) was determined by ELISA in d5 lungs
exposed to prenatal LPS and postnatal hyperoxia or room air. Data shown as means normalized to total protein (t.p.) &+ SEM. n = 9-13 per group; *P < 0.05 and
**P < 0.005 for room air vehicle vs. hyperoxia vehicle; #P < 0.05 and ##P < 0.005 for hyperoxia vehicle vs. hyperoxia IL-1Ra.

IL-1Ra Protects From

Cardiac Inflammation

To evaluate the impact of perinatal LPS and hyperoxia on
myocardial remodeling and function, we next assessed left
ventricular (LV) function by echocardiography and a set of
established markers for cardiac inflammation and fibrosis at
28 days. The left ventricle diameter at the end of diastole (LVIDd)
and systole (LVIDs) showed no change in the presence of
hyperoxia or IL-1Ra (Supplementary Figures 1A,B). Fractional
shortening was calculated as a measure of LV function and
similarly did not show regulation by either hyperoxia or
IL-1Ra (Supplementary Figure 1C). Given that inflammation
is associated with structural remodeling in many tissues,
including the heart, we also investigated cardiac fibrosis, as
measured by Sirius Red-stained collagen in whole hearts (46,
47). Fibrosis was significantly, 2.2-fold increased in mice
exposed to hyperoxia in comparison with their counterparts
reared in room air (Figures 6A,B). Daily treatment with
IL-1Ra reduced collagen abundance in the hyperoxia group,
although this difference failed to reach significance (P =
0.054). In addition, we assessed changes in the expression of
markers of cardiac inflammation and fibrotic remodeling by
RT-PCR. Lgals3, which encodes the protein Mac-2/galectin-
3, is predominantly expressed by activated macrophages
and known to regulate inflammatory and fibrotic responses
in the heart (48), was markedly increased (2.9-fold) by
exposure to hyperoxia when compared to air vehicle. This

increase was reduced by 50% in daily IL-1Ra-treated hyperoxic
mice (Figure 6C).

Consistent with the data for Lgals3 expression, the
macrophage recruitment chemokine (C-C motif) ligand 2
(CCL2, also called MCP-1) was also, albeit non-significantly,
increased 1.8-fold by hyperoxia, and Ccl2 expression was
significantly lower (-59%) in hearts continuously exposed
to hyperoxia but treated with IL-1Ra (Figure 6D). B-type
natriuretic peptide (BNP; gene name Nppb) is released by
cardiomyocytes in response to stretch caused by increased
ventricular blood volume. Although hyperoxia did not increase
Nppb expression compared to hearts from air-breathing
controls, treatment with IL-1Ra reduced Nppb expression in
both air and hyperoxia (39% decrease compared to hyperoxia
vehicle, Figure 6E).

Taken together, these data suggest that prenatal inflammation
accompanied by postnatal hyperoxia do not modify LV
function at day 28 but have a detrimental effect on
the myocardium.

Early Life IL-1Ra Treatment Confers
Long-Term Benefits on the

Pulmonary Vasculature

Next, we investigated whether the beneficial effects of IL-1Ra
on the pulmonary vascular bed lasted beyond day 28. A 60
day experimental endpoint was selected, representing early
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FIGURE 6 | Effects of IL-1Ra on the heart in murine BPD-PH. At day 28 of the BPD-PH model, hearts were stained with Sirius Red and whole heart slices were
analyzed. (A) One representative image per group is depicted. Scale bars, 100 um; n = 7-10 per group. (B) Quantification of Sirius Red staining in n = 7-10 pups per
group. Data shown as mean + SEM. (C-E) Real-time PCR was performed on whole heart homogenates for (C) Lgals3, (D) Ccl2 and (E) Nppb. Results were
normalized to Actb and depicted as fold-change relative to the lowest expressed gene + SEM. **P < 0.01 and ***P < 0.001 for air vehicle vs. hyperoxia vehicle;
#pP < 0.05 and ##P < 0.005 for hyperoxia vehicle vs. hyperoxia IL-1Ra.

adulthood, i.e, ~20 years of age, in the human (49). We
ceased IL-1Ra treatment on day 28, housed pups of the
four experimental groups in normal husbandry conditions
until day 60, then performed in vivo cine-angiography at
day 60. We observed that the vascular development was
substantially compromised in hyperoxia vehicle adult mice
when compared to air vehicle mice (Figure7A). A video
of the live in vivo cine-angiography for a representative
hyperoxia vehicle mouse at day 60 is provided as supplementary
material (Supplementary Video 2; the video first shows the cine-
angiography in real time, then replayed at one third of the speed).
Early life treatment with IL-1Ra ameliorated this vascular growth
arrest: the green square in Figure 7A highlights a well-developed
distal vascular region of a 60 days-old mouse treated daily with
IL-1Ra for 28 days, which compares favorably to the red square,
indicating a region with poor perfusion of distal blood vessels
in a representative hyperoxia vehicle pup. Quantification of the

overall visible vessel number (Supplementary Figure 2) revealed
that in each branching generation vessel numbers were markedly
reduced in the hyperoxia vehicle group (—18% in generation 2 to
—21% in generation 3, Figure 7B). IL-1Ra rescued the number
of pulmonary blood vessels when compared to vehicle-treated
hyperoxia pups (Figure 7B) in generations 2 and 3 (30 and 48%).

Thus, the pulmonary vascular injury induced by perinatal
inflammation and 28 days of hyperoxia in our murine BPD model
persists into early adulthood. Importantly, early life treatment
with IL-1Ra confers lasting protection after treatment has ceased.

DISCUSSION

Previous work by us (19, 26) and others (50), showed the
protective properties of IL-1Ra on alveologenesis in a murine
model of BPD. In addition, we also observed that overall number
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of CD45" immune cells was up to three times lower in the
hyperoxia group when compared to air controls and there was
increased activation of macrophages and DCs (CD11b™ and
GRI™ cells); IL-1Ra treatment partially restored these values back
to normal. Here, we set out to investigate the effects of perinatal
LPS and postnatal hyperoxia on the pulmonary vasculature and
the heart of the neonatal mouse, as well as potential beneficial
actions of IL-1Ra in preventing the development of BPD-PH
(51). The major findings in our preclinical model of BPD-PH are
that prophylaxis with IL-1Ra prevents the increase in pulmonary
vascular resistance in vivo and limits the loss of pulmonary
vascular density at both day 28 and 60 of life. Additionally, we
revealed that IL-1Ra reduces VEGF and ET-1 at day 5 in the lung.
Moreover, we demonstrated that treatment with IL-1Ra reduces
the fibrotic effect observed in the heart in BPD-PH.

To the best of our knowledge, our study is the first to
demonstrate a beneficial effect of IL-1Ra on vascular resistance
in vivo in the setting of experimental BPD-PH, as exemplified by
echocardiography improving the TPV/RVET ratio. In contrast
to the marked changes in RV function that reflect pulmonary
vascular dysfunction, LV function (fractional shortening) was not
changed at 28 days, highlighting the selective impact of BPD on
the RV at this stage of the disease. These data add substantially
to the evidence implicating IL-1 in the pathogenesis of PH in
animals and humans (52-56). Moreover, studies investigating
IL-1Ra as a treatment option for PH are sparse. In an adult rat
inflammatory PH model, daily IL-1Ra treatment brings about

a significant reduction of PH (57), and neonatal piglets have
been shown to be protected from neonatal PH when treated with
IL-1Ra (58). A recent single-arm, open label study has reported
IL-1Ra successfully treats human adult PH (59).

Exposure to high oxygen concentrations and to mechanical
ventilation leads to an early rise in VEGE, followed by a decline
in both animals and humans developing BPD (60-64). Prenatal
chronic conditional overexpression of VEGF-A in the murine
lung increases early life mortality, causes alveolar remodeling,
and increases inflammation (65). Based on these studies, we
focused our investigation on VEGF-A and found it to be
increased on day 5 in murine BPD lungs when compared to
air lungs. In IL-1Ra-treated hyperoxic pups, VEGF-A abundance
was similar to that in control air pups. Hence, elevated VEGF-A
may contribute to the disruption of early life pulmonary vascular
development, and IL-1Ra reverses this effect. Our findings of
early elevated VEGF moreover resemble neonatal hyperoxia
studies in rodents as well as data in human infants, showing that
regulation of VEGF isoforms and its receptors in hyperoxia is
dependent on timing and oxygen concentrations (60-63).

It is well-known that pro-inflammatory cytokines including
IL-1f increase VEGF abundance in a variety of cell types,
including lung cells (66-69). Furthermore, several lines of
evidence implicate IL-1 in BPD. A study in 1,062 preterm
infants (70), as well as smaller studies (71-73), report an
association between BPD or death and increased abundance
of IL-1f. Additionally, IL-1Ra modulates endothelial cell
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(EC) proliferation (74) and thereby might contribute to
EC protection, re-growth and vessel healing after vascular
injury. In more general terms, increased abundance of
IL-1 in early lung development induces pulmonary VEGF
production and secretion, thereby promoting dysangiogenesis.
Our findings suggest that vascular remodeling can be
prevented by immediate IL-1Ra treatment after birth,
just as we reported previously for alveolar changes in
BPD (26).

ET-1 plays an important role in maintaining normal
pulmonary circulation in early life and is known to be
elevated by inflammation and hyperoxia in lung and plasma
(75, 76) in rodent models of disease. ET-1 also increases
microvascular permeability ex vivo in rat lungs (77). Abnormally
elevated ET-1 has been studied in plasma and tracheobronchial
aspirates of infants suffering from BPD-PH for more than
two decades (20, 78, 79). These findings are consistent with
our data showing increased ET-1 protein in day 5 lungs
exposed to antenatal inflammation and postnatal hyperoxia.
Here, we show that IL-1Ra treatment restored ET-1 in lung
lysates back to air control levels. Since ET-1 is known to be
increased directly and indirectly via IL-1 (80), we infer that
one of the mechanisms of IL-1Ra function is to block the
induction of ET-1 by IL-1. Considering the data available,
we conclude that IL-1Ra protects newborn mice from the
dysangiogenesis promoted by ET-1 and VEGF-A immediately
after birth.

We assessed the involvement of increased vascular reactivity
in BPD-PH by measuring the reactivity of intrapulmonary
arteries ex vivo using PCLS from pups on day 28 of life. We
have previously used this approach to establish that airway
contraction in response to methacholine ex vivo is increased
in PCLS from the same model (25). However, although in the
current study vascular density and pulmonary vascular resistance
were altered by hyperoxia in vivo, there was no difference in
ex vivo vasoconstriction to ET-1 or U46619. Consistent with
these findings, the abundance of ET receptors that mediate the
effects of ET-1 on vascular tone was not altered, and a-SMA,
a marker of remodeling of the pulmonary arteries associated
with increased constriction, was not elevated. Other studies
have shown that isolated pulmonary arteries from BPD rats
exhibit increased vasoreactivity to U46619 (81) and in a 14
day BPD rat model increased vasoconstriction was associated
with PH (82). It is possible that the absence of an increase in
arterial a-SMA in hyperoxic pulmonary arteries in our mouse
model could explain these discrepancies. However, increased
a-SMA associated with vascular smooth muscle thickening in
pulmonary arteries of hyperoxic mice was also reported in
a study which had applied 85% O, (83). We have shown
that 85% O, represents a more severe model of BPD (19)
when compared to the 65% O, we applied here; thus, a
lower O, level could account for the absence of ex vivo
vascular reactivity and markers of vascular remodeling in
our study.

The molecular mechanisms associated with right ventricular
dysfunction and failure in BPD-PH are poorly understood, and
therapeutic options are limited. Hence, we also investigated

effects of our BPD model on tissue remodeling processes in
the heart. Despite no change in LV function or dimensions
being detected, our data show that exposure to LPS and
hyperoxia induces tissue fibrosis and that IL-1Ra reversed
these changes, indicating an important contribution by IL-1
to the fibrotic process (84). Lgals3 and Ccl2 have both been
implicated in a variety of processes associated with heart failure,
including myofibroblast proliferation, fibrogenesis, tissue repair,
inflammation, and ventricular remodeling (85, 86), and both
were therefore investigated in our model. Our mechanistic
studies indicate that Lgals3 and Ccl2 were both induced by
hyperoxia and significantly reduced by daily treatment with
IL-1Ra, pointing to an IL-1-dependent mechanism. These data
support the concept that neonatal hearts share some common
inflammatory pathways with adult hearts to promote cardiac
tissue remodeling (87).

Our data showed that cardiac Nppb expression was not
increased by hyperoxia, but IL-1Ra was able to reduce mRNA
expression in both air and hyperoxia. Given that there were no
changes in cardiac dimensions in any group, as we measured
by echocardiography, our data suggest that IL-1Ra treatment
might only reverse LPS-induced expression of Nppb in the 28 day
heart as all groups were exposed to antenatal inflammation at
El4. It is important to note that whole hearts were used for
analysis and therefore potential differences between the left and
right ventricle could not be detected. However, inflammatory
mediators can induce BNP mRNA expression (Nppb). Binding
of LPS to its receptor and stimulation of downstream pathways,
including p38MAPK activation and induction of RACI and
GATA elements, results in transactivation of the BNP promoter
(88). Other studies report that TNF and IL-1p can selectively
stimulate BNP at the transcriptional and translational levels in
cardiomyocytes (89). Therefore, we can conclude that IL-1Ra
treatment improves antenatal LPS induced long term Nppb
expression and potential hemodynamic changes in the 28 day
old heart.

In summary, previous studies and our own results point
to the conclusion that decreases in vascular density and
therefore an increase in vascular resistance, rather than
changes in vascular reactivity, could be the cause of BPD-PH.
This finding could explain why treatment of BPD-PH with
vasodilators has shown limited efficacy in preventing BPD
and/or BPD-PH in human infants (90), and therapeutic
efforts to restore the vascular density of the lung should also
be considered. IL-1Ra exerts beneficial effects by blocking
IL-1 and indirectly by inhibiting VEGF and ET-1, thereby
improving pulmonary vascular density and pulmonary vascular
resistance. Although further research is needed to prove these
hypotheses, we suggest that IL-1Ra could represent a supportive
therapeutic to restore pulmonary homeostasis in neonatal
cardiopulmonary disease.
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