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caspase activation recruitment domain)
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3 INTRODUCTION

3.1 General introduction: bronchopulmonary dysplasia (BPD)

Bronchopulmonary dysplasia (BPD) was first described in 1967 by Northway et al.
after histological evaluation of premature babies who were dying from a characteristic
and severe respiratory failure (1). The pathology of this nowadays so called ‘old BPD’
described severe alveolar emphysema and atelectasis, inflammation and fibrosis
associated with prominent airway disruption as a consequence of mechanical
ventilation (1).

Due to advances in neonatal critical care including prevention options and new
ventilation strategies (2) the pathophysiology and the definition has changed. The
‘new BPD’ predominantly shows disrupted lung development with less cystic and
fibrotic lung changes (3, 4) and mostly involves extremely premature infants (3, 5, 6).
Pathology is characterized by enlarged and simplified terminal respiratory units with
less alveolization and a variable degree of inflammation and fibrosis (7). Impaired
alveolar development and angiogenesis are closely linked, which explains vascular
rarefication in experimental BPD resulting in a reduced cross-sectional vascular
density (7, 8). The ‘new BPD’ has a multi-factorial pathogenesis, including a
‘combination of prenatal and postnatal risk factors’ (9), and involving a complex

interaction between altered alveolar and vascular development (5-7, 10-12).

BPD incidence correlates with immaturity explaining the fact that the most common
form of BPD nowadays is ‘characterized by chronic respiratory insufficiency in
extremely preterm infants’ (13) (5, 7, 10, 11). Northway originally described a severe
lung injury in relatively mature preterm infants (1). Successful approaches to prevent
or treat RDS such as antenatal steroid therapy, exogenous surfactant application,
less invasive mechanical ventilation couldn’t reduce the incidence of BPD, as a result
of improved survival of extremely premature infants (14, 15). Besides asthma and
cystic fibrosis bronchopulmonary dysplasia associated with preterm birth remains
one of the most common chronic lung diseases in pediatric care.

The most commonly used diagnostic criteria assess infants at 36 weeks of
postmenstrual age (16, 17) and has many shortcomings, such as the unability to
classify infants dying from respiratory failure prior to this time point, and has a limited



value for an early description of severity and prediction of long-term respiratory
outcomes (13, 18), and is inappropriate for on time treatment. Current potential
therapies, such as postnatal corticosteroids, fluid management, improved nutrition,
diuretics, patent ductus arteriosus (PDA) treatment have often only short-term
physiological effects and are often unsatisfying (19-21) and correlated with side
effects (4, 22). BPD leads to prolonged hospitalization, is associated with a higher
risk of comorbidities like retinopathy of prematurity (23, 24) and impaired neurological
development (7, 25) and is associated with increased respiratory and cardiovascular
risk in adolescence and adulthood (26). Hence, ‘novel therapeutic strategies to
prevent and treat preterm infants with BPD are urgently needed’ (27).

The ongoing challenges include but are not limited to defining accurate diagnostic
criteria for BPD useful for daily practice, finding reliable predictors for early
identification and long-term outcome, as well as developing successful treatment
strategies. Research and clinical trials evaluating innovative target options are in
progress — and curing preterm infants of bronchopulmonary dysplasia will be an
ongoing challenge in the future, as long as we are not able to eliminate prematurity.

Understanding the multifactorial pathogenesis and complex definition research is
focusing on prevention strategies and management of BPD at different stages of the
disease progress (5, 28, 29). Although the detailed pathogenesis of BPD is still not
completely understood, postnatal oxygen supplementation and infections are blamed
to contribute to the development of this disease (3, 4).

Small animal models exposed to the known risk factors play an important role in
translational research. ‘The hyperoxia-induced neonatal lung injury model is widely
used as an experimental model’ (27) because chronic exposure of neonatal rats to
high concentrations of oxygen induces the pathological hallmarks of BPD (30, 31).
Considering that oxygen levels and duration of exposure influences the histological
results, limitations of this animal model needs to be memorized (29, 32, 33).

The aim of this thesis was to investigate the effects of different mediators involved in

inflammasome activation on a hyperoxia - induced lung injury model in neonatal rats.



3.2 Inhibition of Rac1 signaling downregulates inflammasome
activation and attenuates lung injury in neonatal rats exposed to
hyperoxia

As a member of the Rho family of small GTPases Rac1 mediates inflammasome
activation (34, 35) and regulates migration of inflammatory cells into lung tissue (36,
37). Treatment with NSC23766, a specific Rac1 inhibitor showed decreased
infiltration of leukocytes and lung injury in animal models (38, 39).

This study tested the hypothesis, that inhibition of Rac1 signaling prevents lung injury
in an animal model of BPD. Newborn rat pubs were randomized into groups exposed
either to room air or hyperoxia (85% oxygen) and received daily intraperitoneal
injections of placebo (normal saline) or NSC23766 for ten days. Hyperoxia exposure
upregulated Rac1, that was accompanied by increased expression of inflammasome
proteins. The treatment with NSC23766 showed significant enhancement in inhibition
of inflammasome activation when compared with placebo treated rats. In hyperoxia
exposed and NSC23766 treated rats we demonstrated decreased macrophage
infiltration, improved alveolar and vascular development and reduced pulmonary
vascular remodeling. We concluded that Rac1 regulates inflammasome expression
and plays a pivotal role in the pathogenesis of hyperoxia-induced neonatal lung
injury. We speculate that Rac1 inhibition might be an efficient new therapeutic
strategy. However the validity of Rac1 signaling as a potential target against BPD
has to be evaluated in further studies.

3.3 Recombinant CCN1 prevents hyperoxia-induced lung injury in
neonatal rats

The CCN family of proteins consists of six members and despite equal structures
they have various functions (40-43). Cystein-rich protein 61 (Cyr61) also called
CCNT1 has an important role in tissue development and remodeling (44). Connective
tissue growth factor (CTGF/ CCN2) is structurally related to CCN1 but functionally
distinct and is expressed in many organs only during specific developmental or
pathological events (44) Earlier studies have shown that CTGF disrupts postnatal
pulmonary development (45, 46), is upregulated in lung fibrosis (47-49), and by



CTGF- inhibition, hyperoxia-induced lung injury in neonatal rats is attenuated (50,
51). ‘However, the role of CCN1 in the pathogenesis of bronchopulmonary dysplasia
is not defined. We hypothesized that CCN1 has a protective role in BPD
development and progression’ (52). In experiment 1 we randomly exposed rats to
room air or hyperoxia (85% oxygen) and assessed the expression of CCN1. In
experiment 2 we evaluated the therapeutic potential of recombinant CCN1 protein in
prevention of hyperoxia-induced lung injury in neonatal rats. Our results demonstrate
that hyperoxia downregulated the expression levels of CCN1 in neonatal rat lungs.
Treatment with CCN1 protein suppressed the activation of inflammasome, which was
associated with attenuated inflammation, improved alveolar and vascular
development and decreased vascular remodeling and pulmonary hypertension (PH)
in neonatal rats.

Our data thus not only provides new insights into the pathogenesis of
bronchopulmonary dysplasia, but also depicted feasible perspectives for further
research studies to understand the role of CCN1 and develop future treatment

options.

3.4 Contribution to completion of publications

As a medical student | had the opportunity and great pleasure to work with the
research team in New Born Neonatal Developmental Biology Laboratory at the
Batchelor Children’s Research Institute at University of Miami School of Medicine,
Miami, Florida. My mentor Shu Wu, M.D. supervised me during my nine-month stay
to gain insight into basic science research techniques and to conduct my own project.
First, | undertook a required course in laboratory animal welfare. The modules taught
me basic care of rats in research, including but not limited to physical examination of
the animals’ clinical condition, administering parenteral drugs via injections, how
supportive care is provided and how these animals are monitored for their wellbeing
and the variables of interest. | obtained specific skills about measuring specific
endpoints, doing procedures, as well as euthanasia and small animal surgery to
collect samples.

During my research activities | took an active role in designing and executing my own
project. | worked on my independent project to investigate the role of Rac 1 in the

pathogenesis of hyperoxia-induced neonatal lung injury, a widely used experimental
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model of BPD. We randomized newborn rats into four groups and exposed them
either to room air or hyperoxia (85% FiO2) and we applied daily intraperitoneal
injections of placebo or a specific inhibitor for ten days. Sacrificing of animals had to
be coordinated, because several team members were necessary to collect data and
samples simultaneously. | was responsible for preparation, counting and labeling of
samples, as well as for all important documentation during procedures. During animal
surgery | provided sedation to rat pups by intraperitoneal injection and measured
heart weight ratio after thoracotomy and heart dissection.

For histologic examination, | analyzed lung tissue sections under a field of equally
spaced horizontal lines to count mean linear intercept (MLI) on random picked
images. | learned research skills such as pulmonary vascular morphometry as well
as immunostaining.

To accomplish accurate results, | had to pay special attention to many details and
ensure all the necessary documentation. | always conferred with my teammates and
especially Shu Wu to discuss interim reports. Finally, | analyzed the data to obtain
descriptive and statistical results and wrote the manuscript for publication. Under
supervision of Dr. Shu Wu | submitted successfully my first own manuscript and
therefore | am first author of this peer-reviewed publication.

During Pediatric Academic Societies (PAS) 2015 Annual Meeting in San Diego,
California | presented my project and received one of the Medical Student Research
Awards for this work.

Participants of neonatal perinatal fellowship at Jackson Health System in affiliation
with the University of Miami Jackson Memorial Medical Center are next to patient
care trained to set up a research project. Each fellow conducts her/his own clinical or
translational experiment, learns how to analyze and interpret the data and possibly
presents and publishes the results.

Usually fellows start while another one almost finishes the project to learn skills and
understand basic procedures. As a medical student from Germany | started the same
way and was then assigned to my own project while being full-time engaged in the
laboratory. So | was able to help with other neonatology fellows’ projects, while those
were on clinical duty. For the second publication | supported Ruben Vaidya in his
own project, showed him skills | had learned earlier und helped him with animal care.
After euthanasia of the animals | collected data, for example by assessment of

11



alveolar morphometry while being blinded of group assignment. Moreover, | was
involved in research of related literature and correction of his final manuscript. This
explains my position as a co-author in the second publication.
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4 SUMMARY OF PUBLICATIONS

4.1 Zusammenfassung

Die Bronchopulmale Dysplasie (BPD) gehért weiterhin zu den haufigsten
chronischen Lungenerkrankungen des Friihgeborenen (16, 29, 53, 54). Derzeitige
Behandlungsmadglichkeiten sind aufgrund der begrenzten Effektivitat nicht
zufriedenstellend (9, 29).

Das Ziel dieser Doktorarbeit war es, verschiedene neue Therapieansatze in der
Unterdrickung der Entziindungskaskade im Tiermodell zu untersuchen.
Neugeborene Ratten zeigen nach Exposition von hohen Sauerstoffkonzentrationen
erhebliche Lungenschaden, die vergleichbar mit den pathogenetischen Prozessen
bei BPD und deshalb fir wissenschaftliche Untersuchungen geeignet sind.

Durch das ,targeting’ verschiedener Signalwege, konnten wir neue Einblicke in die
entzindlichen Prozesse der Pathogenese der BPD erzielen. Die Studien
untersuchten verschiedene therapeutische Ansatzpunkte in der
EntzGndungskaskade und konnten eine signifikant reduzierte Lungenschadigung
darstellen.

In histologisch untersuchten Lungenschnitten konnten wir eine reduzierte Zahl von
Entziindungszellen, eine verbesserte Alveolarisierung und GefaBentwicklung, sowie
einen reduzierten GefaBumbau mit verringerter Rechtsherzhypertrophie nachweisen.
Die zielgerichtete Inhibition des Rac1 Entziindungsweges, sowie der Einsatz von
rekombinantem CCN1 kénnten neue Therapieansatze in der Pravention und
Therapie der bronchopulmonalen Dysplasie beim Frihgeborenen darstellen. Weitere
experimentelle und klinische Studien zur Uberpriifung der méglichen
Therapieansétze in der BPD sind dafir aber notwendig.

Diese kumulative Dissertation basiert auf den folgenden beiden
Originalverdffentlichungen.

4.2 Abstract

Bronchopulmonary dysplasia (BPD) remains one of the most common pulmonary
long-term complications of premature infants (16, 29, 53, 54). Current therapeutic
strategies are unsatisfying, due to their limited efficacy (9, 29).
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The aim of this doctoral thesis was to evaluate novel signaling pathways by ‘inhibiting
inflammasome activation in a newborn rat model of BPD induced by hyperoxia’ (27).
By targeting different signaling pathways, we obtained novel insights into the
inflammation cascade leading to the pathological hallmarks of bronchopulmonary
dysplasia. The studies tested various pathways of downregulation of inflammasome
activation, resulting in decreased lung inflammation displaying less accumulation of
inflammatory cells, improved alveolar and vascular development and reduced
vascular remodeling and right ventricular hypertrophy (RVH) in hyperoxic animals.
Therefore, targeting Rac 1 signaling as well as treatment with recombinant CNN1
may provide novel strategies to prevent and reduce hyperoxic injury in preterm
infants. Further additional experimental and clinical studies are necessary to
demonstrate the beneficial effects on the pathogenesis of BPD.

This cumulative doctoral thesis is based on the following two original publications.
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Abstract

Badaround: Inflanmatory injury, particularly the produc-
tion of active intefleukin (IL}-18 plays a mgor role in the
pathogenesis of bronchopulmonary dysplasia (BD) in pre-
term infants. The release of active IL-1B iscontrolled by post-
transcriptional modifications of its proform (pro-HL-1B)
through the inflamnmasome. Rac1 is a member of the Fho
family of GIPases that regulate the inflanmatory process.
Objective:Thisstudytested the hypothesisthat Rac1signdl-
ing increases inflanmasome activation that results in dam-
aging inflammation, and that theinhibition of Rac1 signdling
preventslung injury, by inhibiting inflanmasome activation
in anewbom rat modd of BPD induced by hyperoxia. Meth-
ods: Newbom rat pups were exposed to room air or hyper-
oxia (85%0,) and received dailyintraperitoned injectionsof
placebo (normal sdline) or NSC23766, a specific Rac1 inhibi-
tor, for 10 days The effects on lung inflammation, aveolar-
ization, vascular development, vascular remodeling, right

ventricular systolic pressure, and right ventricular hypertro-
phy (RVH) were then assessed. Resulfs Hyperoxia exposure
upregulated Rac1 and increased the production of active IL-
1B, which was accompanied by increasing expresson ofthe
inflamnmasome. In addition, hyperoxia induced the patho-
logica hdlmarksof BPD. However, treatment with NSC23766
significantly decreased inflammasome activation and mac-
rophage infiltration, improved alveolar and vascular devel-
opment, and reduced pulmonary vascular remodeling and
RVH. Condusion: These results indicate that Rac1 signaling
regulates the expression of the inflammasome and playsa
pivota role in the pathogenesis of hyperoxiainduced neo-
natd lung injury. Therefore, targeting Rac1 signdling may
provide anovel strategy toprevent and treat BPDin preterm
infants ©2016 S Kager AG, Basel

Introduction

Bronchopulmonary dysplasa (BPD) remansthemos
common pulmonay complicaion of premaure infants
[1]- Inlanmatory injury triggered by antenaa infection,

©2016S Kaga AG, Basd
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mechanica ventilation, or oxygen toxicity is recognized
as central to the pathogenesis of BPD [2—4], and thereis
increasing recognition that interleukin (IL)-1B plays a
rolehere[5-7]. The cleavage of pro-IL-1B into active IL-
1B iscontrolled by amultiprotein complex caled thein-
flammasomethat iscomprised of theinflammasome pro-
teins, NOD-like receptor (NLRP), the adaptor protein
apoptosis-associated speck-like protein containing acas-
paseactivation recruitment domain (ASC), and caspase-1
[8]. Active caspase-1 cleaves pro-1L-1[ into active IL-1(.
A recent study has demonstrated that the NLRP3-IL-13
axisiscritically involved in the development of BPD [9].

Rac1isamember of the Rho family of small GTPases
and actsasamolecular switch to mediatemultiplecellular
mechanisms including inflammasome activation [10,
11]. Rac1 acts as a centra regulator of cell migration
through cytoskeletal arrangements that mediate inflam-
matory cell recruitment into lung tissue during the in-
flammatory process [ 12, 13]. Recent studies showed that
Rac1 controls the NLRP3 inflammasome-mediated pro-
cessing of pro-IL-1B in Chlamydophila pneumoniae-in-
fected mononuclear cells [11]. In fact, treatment with
NSC23766, a specific Rac1 inhibitor, decreases leukocyte
infiltration and lung injury in anima models [14, 15].
Rac1 aso regulates the expression of connective tissue
growth factor (CTGF), which isakey factor in the patho-
genesis of pulmonary vascular remodeling and fibrosis
[16].

The hyperoxia-induced neonatal lunginjury mode is
widely used as an experimental model for BPD [17].
Chronic exposure of neonatal rodentsto high concentra-
tionsof oxygen induceslunginflammation and resultsin
lung injury with the pathological halmarks of BPD, in-
cluding disrupted alveolar and vascular development,
and increased vascular remodeling and pulmonary hy-
pertension (PH). Thus, in this study we investigated
whether the lung inflammation and subsequent lungin-
jury associated with hyperoxia-exposed neonatd rats
could be diminished by treatment with the Rac1 inhibi-
tor, NSC23766, as has previously been reported for bac-
terialy induced inflammation. Our dataindicate that ad-
ministration of NSC23766 did indeed decrease lung in-
flammeation in hyperoxia-exposed neonata rats with the
resultant improved alveolarization and angiogenesis, and
attenuated right ventricular hypertrophy (RVH). More-
over, NSC23766 actions appear to beinflammasome-me-
diated, aswe also observed decreased inflammasome ac-
tivation and decreased |L- 1 processing. Thus, Rac1 may
play a critical role in hyperoxia-induced inflammation
and subsequent BPD-like pathology via inflammasome

Rac1 and the Inflammasomein
Hyperoxia-Induced Neonata Lung Injury

activation, suggesting that targeting Rac1 signaling may
provide a novel strategy to prevent BPD in preterm in-
fants.

Materialsand Methods

Detailed descriptions of the materials and methods used are
provided in the online supplement (for al online suppl. material,
see www.karger.com/doi/10.1159/000450918).

Animal Mode and Experimental Protocol

The study protocol was approved by the University of Miami
Ingtitutional Animal Careand Use Committee. Newborn Sprague-
Dawley ratswererandomized on postnatal day 2 (P2) into 4 groups
(n = 10/group): the room air (21% O,) + placebo (normal saine)
group; theroom air + Rac1 inhibitor NSC23766 (5 mg/kg) group;
and thehyperoxia (85% O) + placebo and hyperoxia + NSC23766
group. NSC23766 (5 mg/kg) or placebo (equa volume) were ad-
ministered by daily intraperitoned injection for 10 days during
continuous exposure to room air or hyperoxia. Exposure to 85%
oxygen was used to produce severe lunginjury and BPD. On P12,
the animals were sacrificed.

Measurement of the Expresson of Inflammasome Proteins the

Production of AdtivelL-1p3, and Macrophage Infiltration

Expresson of inflammasome proteins and the production of
active |L-1B were determined by Western blot anaysis. Macro-
phageinfiltration was assessed by immunostaining for the macro-
phage marker Mac3; the numbers of Mac3-positive cdls in the
alveolar airspaceswerethen counted on 10random imageson each
lung section to quantitate macrophage infiltration [17]. Immuno-
staining, double immunofluorescence staining, and Western blot
were performed as previously described [17].

Lung Histology and Morphometry

Hematoxylin-and-eosin-stained tissue sections were used to
measuremean linear intercept (MLI), aspreviously described [17].
Briefly, 10 random images were taken at x20 magnification on
each tissue section. Theimages were viewed under afield of equal-
ly spaced horizontal lines, and MLI was assessed as the average of
total length of lines divided by the tota intercepts of the alveolar
septafrom each lung.

Asessnent of Pulmonary Vascular Morphometry

To determine vascular density, immunofluorescence staining
for von Willebrand factor (VWWF), an endothelial marker, was per-
formed. Ten random images were taken at x20 magnification on
each lung section, and the average number of VWF-stained vessels
(<50 pm in diameter) was calculated [17].

Asessnent of Pulmonary Vascular Remodeling

Lungtissue sections were doubleimmunofluorescence-stained
for a-smooth muscle actin (a-SVIA) and VWF, to assess the extent
of muscularization. The percentage of periphera vessds (<50 um
in diameter) that were positive for VWF and stained with a-SMIA
for >50% of their circumference was determined from 10 random
x20 magnification images of each lung section [17].

Neonatology 2017;111:280-288 281
DOI: 10.1159/000450918

Downloaded by: H. Hummler - 360501
78.43.88.117 - 12/28/2017 1:29:58 PM

16



8
o a z éé
+ + + +
g S g S 064 [JRA [EHO, 16+ [JRA @HO,
T _r % .
N —————— . 12 :
25 044 2L
L @©
ASC e e o a0 05 e - 05 wn o ga gi 08 4
RS- 1 e 6g
Caspase-1 & 202+ 92
= z < 04 -
Active IL-1B8 | o
0+ 04
B-Actin eesesesereres s> enercman b Placebo NSC23766 c Placebo NSC23766
a
16 5 % [JRA @O, 104 [CJRA [EEO,
IS ] * %k
2212 # - 08
] 2€
ga % 06 #
=08 S
- 5
o8 85204
§ 178 <=
3 S 04 2 0
0 04
d Placebo NSC23766 e Placebo NSC23766

Fig. 1. Treatment with NSC23766 downregulates inflanmasome
protein expression and production of active IL-1p. a Representa-
tive photographic images of Western blotsfor inflammasome pro-
teins. RA, room air; PL, placebo; O, hyperoxia; NSC, NSC23766.
The relative expression levels of NLRP1 (b), ASC (c), active cas-
pase-1(d), and activelL-1B (e), analyzed by densitometry and nor-

Assessnent of PH and RVH

Right ventricular systolic pressure (RVSP) and theweight ratio,
RV/I&ft ventricde plus septum (RV:LV + S), were determined as
indices for PH [17]. For RVSP measurement, a 25-gauge needle
fitted to apressure transducer wasinserted after thoracotomy into
theRV. Pressurelevelswere quantified and continuously recorded
on aGould polygraph (model TA-400; Gould Instruments, Cleve-
land, OH, USA). Thereafter, theheartsweredissected for measure-
ment of theweight ratio, RV:LV + S [17].

Data Management and Satigical Analyss

Data were expressed as means (+ D), and comparisons were
performed by ANOVA followed by the Sudent-Newman Keuls
test. p < 0.05 was considered significant.

39 Neonatology 2017;111:280-288
DOI: 10.1159/000450918

malized to B-actin, were increased by hyperoxia in the placebo
group, and they weredownregulated by trestment with NSC23766.
n = 5/group. * p < 0.05 and ** p < 0.01 compared to room air +
placebo; # p < 0.05 and *# p < 0.001 compared to hyperoxia + pla-
cebo.

Results

Adminigration of NSC23766 Quppresesthe

Expresson of Inflammasome Proteinsand the

Production of AdtivelL-13

Asdemonstrated in Figure 1, hyperoxia increased the
expression of al 3inflammasome proteinsin the placebo-
treated animals, but thiswassignificantly decreased in the
NSC23766-treated rats(Fig. 1a—d). Importantly, theinhi-
bition of Rac1 drastically decreased the production of ac-
tivelL-1B (Fig. 1a, e). Thesedatahighlight thecritical role
of Rac1 signalingin mediating the hyperoxia-induced in-
flammasome protein expression and production of IL-13
in neonatal lungs.

Hummler et a.

Downloaded by: H. Hummler - 360501
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Fig. 2. Inhibition of Rac1 aleviateslungin-
flammation. a Immunostaining for Mac3 |2
was performed. The average numbers of
macrophages (brown) in the aveolar air- 8-
spaces were counted from 10 random im- *
ages on each lung section. x20. b Hyper-
oxia exposure in the presence of the place-
bo significantly increased the number of
macrophages compared with the room
ar group. However, administration of
NSC23766 significantly decreased macro-
phage infiltration during hyperoxia. n =
5/group. * p<0.001 compared to room air;
# p < 0.001 compared to hyperoxia + pla- 0+
cebo. HPV, high power view; RA, room air;
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RacT Inhibition Decreases Macrophage Infiltration

The macrophage counts ware sgnificantly inaresssd
in the hyperoxia + placgbo-tregted group compared to
the room ar + placsbo goup (Ag 23 b). Howeve,
theadminigtration of NSC237656 s gnificantly dearessd
the maaophage count during hyperaxia exposure
(Fg 23 b).

Ract Inhibition Improves Alveolar Development

Upon histological examination, thelungsfrom thehy-
peroxia-exposed and the placebo-treated rats displayed
larger and simplified alveoli (Fig. 3a). Treatment with
NSC23766 modestly improved the alveolar structure in

Rac1 and the Inflammasomein
Hyperoxia-Induced Neonata Lung Injury

the hyperoxia-exposed animals. Morphometric anaysis
showed an increase in MLI in the lungs of the hyper-
oxia + placebo group compared to those of the room air
+ placebo group (Fig. 3b). Conversdly, treastment with
NSC23766 during hyperoxia exposure reduced MLI
compared to the hyperoxia + placebo group (Fig. 3b).
Thus, einhibition of Rac1 signaling attenuates hyperox-
ia-induced impairment of alveolar structure.

Rac1 Inhibition Improves Vascular Development

Thehyperoxia+ placebo group showed a50%decrease
in vascular density compared to the room air + placebo
group (Fig. 4a, b). However, treatment with NSC23766
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Fig. 3. Inhibition of Rac1 improves alveo-
larization. a Histologica examination of
thelung sections displayed larger and sim-
plified aveoli in hyperoxia + placebo lungs,
compared with hyperoxia + NSC23766
lungs which showed more and smaller a-
veoli. b Hyperoxia exposure significantly
increased mean linear intercept (MLI) in
placebo-treated rats; however, administra-
tion of NSC23766 significantly decreased
MLI. n=5/group. * p< 0.001 compared to 0
room air; ¥ p < 0.05 compared to hyperoxia b

+ placebo. RA, room air; O, hyperoxia.
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significantly increased the vascular density during hyper-
oxia compared to in the hyperoxia + placebo group
(Fig. 4a, b). These results indicate that the inhibition of
Rac1 signaing improves angiogenesis during hyperoxia
exposure.

Inhibition of Rac1 Decreases Pulmonary Vascular

Muscularization

The vessels with >50% muscularization were signifi-
cantly increased in the hyperoxia + placebo lungs, and
this was significantly decreased by treatment with
NSC23766 (Fig. 5a, b). Correlating with decreased mus-
cularization, the expression of CTGF, a critical factor

284 Neonatology 2017;111:280-288
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causing vascular remodeling, was significantly reduced
by the administration of NSC23766 (Fig. 5¢, d). Thus, the
inhibition of Rac1 signaling decreases hyperoxia-induced
pulmonary vascular remodeling.

Rac1 Inhibition Decreases Hyperoxia-Induced RVH

PH with RVH isasign of severe BPD. We evaduated
theeffects of Rac1 inhibition on PH and RVH by measur-
ingtheRVSP and RV:LV + Sweight ratios. Accordingly,
there was a trend of dightly increased RV SP but signifi-
cantly increased RVH in the hyperoxia + placebo group
(Fig. 6a, b). The administration of NSC23766 during hy-
peroxia significantly reduced RVH (Fig. 6b). These data
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Fig. 4. Inhibition of Rac1 improves vascu-
lar development. a Immunofluorescence
staining for VWF (green). Scalebar, 50 um. |a
b Vascular density was determined by
counting VWF-positive vessds (<50 um) 16 9
on 10 random images from each lung sec-
tion. Hyperoxiaexposurein thepresence of
placebo significantly decreased vascular
density compared with room air exposure,
but the administration of NSC23766 sig-
nificantly increased vascular density dur-
ing hyperoxia. n = 5/group. * p < 0.001
compared to normoxic lungs, # p < 0.001
compared to hyperoxia + placebo lungs. 04
HPV, high power view; RA, room air; O,
hyperoxia.

Vascular density/ HPV
©
L

o
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85% O, + placebo
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indicate that the inhibition of Rac1 signaing protects
against hyperoxia-induced RVH.

Discussion

This study demonstrates that hyperoxia activated the
inflammasome-IL-1f3 axis and induced the pathological
halmarks of BPD in neonata rats. Importantly, we
showed that treatment with NSC23766, a specific phar-
macological inhibitor of Rac1, downregulated the in-
flammasome-IL-1f axis, attenuated lung inflammation,
improved alveolarization and pulmonary vascular devel-
opment, and decreased pulmonary vascular remodeling.
The inhibition of Rac1 signaling also decreased RVH.

Rac1 and the Inflammasomein
Hyperoxia-Induced Neonata Lung Injury

These data illustrate the critical role of anovel signaling
pathway, the Racl-inflammasome-IL-13 axis, in the
pathogenesis of BPD.

Cur reaultsdamondratetha hyperoxia in addition to
indudng the pathdogcd hdlmerks of BFD, upregulates
the eqresson of the inflanmasomerdaed protens
NLRP1, ASC, and deaved (adtive) cagpase-1in thelungs
Moreover, theinduosd inflammasome protens gopear to
beativated, aswedso found therewasinareassd expres-
son of adive IL-13. Our study ds0 suggeststhat adivar
tion of the inflanmesome-IL-13 axisis & leadt in part,
contralled by Rac1 Sgndingin hyperoxia-inducsd neona
td lung injury, because we found that trestment with
NSC23765, a spedific Rac inhibitor, sgnificantly down-
regulated the expression of the inflammesome proteins
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Fig. 5. Administration of NSC23766 decreases vascular remodel-
ing. a Doubleimmunofluorescence staining. VWF (green). a-SMA
(red). DAPI nudear stain (blue). Scale bar, 50 ym. b The percent-
age of muscularized periphera vessels (<50 pm) wasincreased in
hyperoxia + placebo lungs, and this was decreased by NSC23766.
n = 5/group. * p < 0.001 compared to room air; # p < 0.001 com-
pared to hyperoxia + placebo. ¢ Representative Western blot im-

and the adivetion of IL-1B3 in hyperoxia-exposad lungs
Previousstudiesus ngother modd sof inflanmetory lung
injury gopear to support our findings, as Rac1 inhibition
with NSC23766 has been reported to dexrease themaaro-
phage/ neutrophil infiltration and lunginjury induced by
lipopalysaocharide, sreptocoacd M1 protein, or sspss
and dso theexpresson of NLRP3 and adtive IL-13in C
pneumonia-infedted humen mononudear odls [11, 14,
15]. Thus, our study has reveded anovd mechanism by
which Rec1 sgnding regulaesthehyperoxia-inducad in-
flanmetory responsein theneonad lung.

286 Neonatology 2017;111:280-288
DOI: 10.1159/000450918

ages for CTGF and B-actin. RA, room air; PL, placebo; O,, hyper-
oxia; NSC, NSC23766. d Relative CTGF expression level analyzed
by densitometry and normalized to B-actin was increased by hy-
peroxia with placebo, and this was downregulated by treatment
with NSC23766. n = 5/group. * p < 0.001 compared to room air;
# p < 0.001 compared to hyperoxia + placebo. RA, room air; Oy,
hyperoxia.

CQinicd and animd sudies have demondrated thet
there are inaeesad neutrophils and maorophagesin tra
ched appirdesin BPD [2, 17, 18]. Weshowed herethat the
inhibiton of Rec1 s gndingdeareassd maarophegeinfiltra-
tionintothedvedar argpaoesin hyperoxia-eqposad lungs
It isknown thet Rec1 can ad asaaantrd regulaor of adl
migaion through oftoskded arangaments which me-
diates neutrophil rearuitment into lung tissuesduringthe
inflanmatory process[ 12, 13]. Therefore, our resultssup-
port thefindingsthat Rec1 sgndingaontrasleukocytein-
filtration in hyperoxia-inducsd neonad lunginjury.
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Fig. 6. Rac1 inhibition decreased right ven-
tricular hypertrophy (RVH). a RVSP was o
dightly but not significantly increased in T
thehyperoxia + placebo group. b RVH, de- E
termined by the weight ratio RV:.LV + S % 10 4
was increased in the hyperoxia + placebo &
group. Treatment with NSC23766 de- 5
creased RVH during hyperoxia exposure.
n=5/group. * p < 0.01 compared to nor- 0
moxiclungs; * p < 0.01 compared to hyper- a
oxia+ placebo lungs. RA, room air; Oy, hy-
peroxia.
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Impaired alveolarization and disrupted angiogenesis
are the main pathological characteristics of BPD [1, 19].
In this study, treatment with NSC23766 was not only ef-
fective in preventing hyperoxia-induced lung inflamma-
tion, it was also beneficid in preventing hyperoxia-in-
duced alveolar structural damage. Theinhibition of Rac1
signaing improved alveolarization during hyperoxia ex-
posure. Alveolar development and angiogenesis in the
lung go hand in hand, and impairment of aveolarization
hasanegative effect on angiogenesis, and viceversa[1,4].
Here, we detected improved vascular density along with
aveolarization in the NSC23766-treated hyperoxic rats.
We hypothesize that the protective effects of NSC23766
in aveolar and vascular development are secondary toits
anti-inflammatory properties. Our previous studies have
shown that treatment with leukoadherin-1, a novel ago-
nist of leukocyte surfaceintegrins, decreased lunginflam-
mation and increased aveolar and vascular development
in hyperoxia-exposed neonata rats [20]. Nold et a. [7]
have recently shown that an IL-1 receptor antagonist in-
creased aveolar numbers, decreased alveolar size, and in-
creased thealveolar surface-area-to-volumeratio in peri-
nata inflammation and in postnata hyperoxia-induced
murine BPD. Their findings, along with our novel find-
ingson Rac1 inhibition, support thenotion that targeting
the inflammatory response is key in preserving aveolar
and vascular development in theimmature lung.

Severe BPD isoften complicated by PH, which signif-
icantly increases morbidity and mortality [4]. The devel-
opment of PH in theimmature lungishallmarked by in-
complete vascularization, impaired gas exchange, abnor-
mal vasoreactivity, and vascular remodeling [4]. In this
study, the inhibition of Rac1 signaling decreased pulmo-
nary vascular remodelingand RVH in hyperoxicanimals.

Rac1 and the Inflammasomein
Hyperoxia-Induced Neonata Lung Injury

Wefurther demonstrated that trestment with NSC23766
drastically suppresses the hyperoxia-induced expression
of CTGF. CTGF is a matricdlular protein that plays an
important role in tissue remodeling [21, 22]. It hasin-
creasingly been recognized as playing an important role
in thepathogenesis of BPD and PH. Thelungsof preterm
infants who succumb to BPD have increased expression
of CTGF [21]. Transgenic overexpression of CTGF in a-
veolar type Il epithelia cells results in the pathologica
hallmarks of severe BPD with PH [22]. Furthermore, hy-
peroxiaupregulates CTGF expression in thelungsof neo-
natal rats, and the inhibition of CTGF activity with a
CTGF antibody attenuates BPD-like pathology and PH in
theseanimals[21].

It is known that Rac1 signaing regulates CTGF ex-
pression [16, 23]. Lin et a. [16] showed that CXCL-12
activates Rac1 signaling which induces the expression of
CTGF in human lung fibroblasts. CTGF is the down-
stream mediator of TGFB-induced adventitia remode-
ingin carotid angioplasty [24]. Furthermore, CTGF stim-
ulates vascular smooth muscle cell proliferation, migra-
tion, and the production of extracellular matrix in tissue
culture [25]. We speculate that the downregulation of
CTGF expression by NSC23766 is, at least in part, respon-
sible for the decreased pulmonary vascular remodeling
and RVH seen in this study. We also observed an deva-
tion of RVSP in the hyperoxia-exposed rats that did not
reach statistical significance, possibly because of theshort
length of oxygen exposure (10 days), as our previous
study using 14 days of hyperoxiaresulted in asignificant
elevation of RVSP [17, 21]. Nevertheless, the decreased
pulmonary vascular remodeling and RVH highlight the
importance of Rac-1-CTGF signaling in the development
of experimental BPD with PH.

Neonatology 2017;111:280-288 287
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In conclusion, thisstudy demonstrates that Rac1 inhi-
bition has multiple beneficia effects against hyperoxia-
induced neonata rat lung injury, including decreasing
theinflammasome activation/IL-1[3 processing, and lung

dation.

inflammation, improving the aveolar and vascular
growth, and reducing pulmonary vascular remodeling

and RVH. Furthermore, we did not observe any negative
effects of Rac1 inhibition on normal neonatal lung devel-
opment. These observations suggest that additional ex-
perimenta and dlinical studies targeting Rac1 signaling

could yield novel therapeutic approaches to the preven-

tion and treatment of BPD in neonates.
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Recombinant CCN1 prevents hyperoxia-induced lung injury in

neonatal rats

Ruben Vaidya', Ronald Zambrano', Julia K. Hummler', Shihua Luo', Matthew R. Duncan', Karen Young', Lester F. Lau® and

Shu Wu'

BACKGROUND: Cystein-rich protein 61 (Cyr61/CCN1) is a
member of the CCN family of matricellular proteins that has
an important role in tissue development and remodeling.
However, the role of CCNT in the pathogenesis of bronch-
opulmonary dysplasia (BPD) is unknown. Accordingly, we
have investigated the effects of CCN1 on a hyperoxia-induced
lung injury model in neonatal rats.

METHODS: In experiment 1, newborn rats were randomized
to room air (RA) or 85% oxygen (O,) for 7 or 14 days, and we
assessed the expression of CCN1. In experiment 2, rat pups
were exposed to RA or O, and received placebo or
recombinant CCN1 by daily intraperitoneal injection for
10 days. The effects of CCN1 on hyperoxia-induced lung
inflammation, alveolar and vascular development, vascular
remodeling, and right ventricular hypertrophy (RVH) were
observed.

RESULTS: In experiment 1, hyperoxia downregulated CCN1
expression. In experiment 2, treatment with recombinant
CCNT1 significantly decreased macrophage and neutrophil
infiltration, reduced inflammasome activation, increased
alveolar and vascular development, and reduced vascular
remodeling and RVH in the hyperoxic animals.
CONCLUSION: These results demonstrate that hyperoxia-
induced lung injury is associated with downregulated basal
CCNT expression, and treatment with CCNT can largely
reverse hyperoxic injury.

Bronchopulmonary dysplasia (BPD) continues to be one
of the most common long-term pulmonary complication
associated with preterm birth (1,2). Lung injury from
antenatal/postnatal infection, oxygen toxicity, and mechanical
ventilation leads to lung inflammation. The role of inflam-
mation in the pathogenesis of BPD has been firmly
established (3). Inflammation results in accumulation of
inflammatory cells, activation of inflammasomes, increase in
pro-inflammatory cytokines, and production of reactive
oxygen species, which likely result in the pathological changes
seen in BPD, characterized by alveolar simplification, reduced
vascular growth, and variable interstitial fibrosis (4,5). Severe

BPD is often complicated by pulmonary hypertension (PH)
that significantly increases mortality.

The CCN (cyr6l, ctgf, and nov) proteins belong to an
important family of matricellular regulatory factors involved
in internal and external cell signaling and have a crucial role
in regulation of tissue regeneration and inflammation (6). The
CCN family of proteins consists of six members and, despite
similar structures, CCN proteins have a diverse variety of
biological functions, which are highly dependent on the
cellular context (6). For example, CCN1 (Cyr61) and CCN2,
also known as connective tissue growth factor (CTGF), are
structurally related but functionally distinct and are expressed
in many organs and tissues only during specific develop-
mental or pathological events (7).

CCN2 has pro-inflammatory, pro-fibrotic, and anti-
angiogenic activities, and its crucial role as an inducer of
the pathogenesis of various forms of adult pulmonary fibrosis
and vascular diseases is firmly established (8,9). Recent studies
on the role of CCN2 in BPD showed that mechanical
ventilation and exposure to hyperoxia induced CCN2 over-
expression in lungs of neonatal rat (10,11), and conditional
overexpression of CCN2 in airway and alveolar type II
epithelial cells severely disrupted alveolarization and vascular
development (12,13). Furthermore, CCN2 overexpression has
been demonstrated in the postmortem lungs of preterm BPD
infants as well as in the lungs of hyperoxia-exposed neonatal
rats (14). Moreover, treatment with FG-3149, a monoclonal
neutralizing CCN2 antibody, prevented hyperoxia-induced
alveolar damage in neonatal rats (14).

On the other hand, most studies show that CCN1 has anti-
inflammatory, antifibrotic, and pro-angiogenic activities
during tissue development and injury repair (15-18),
although some studies conversely suggest a pro-inflamma-
tory/pro-fibrotic activity for CCN1 (19,20). CCN1 largely
exerts its antifibrotic effect by promoting cellular senescence
and apoptosis and by attenuating TGF-f signaling (15,17,21).
In addition, it has been recently demonstrated that CCN1 has
an important downregulatory role in the early inflammatory
phase of wound-healing by stimulating the clearance of
neutrophils via the process of efferocytosis (16). In addition,
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CCNI1 promotes angiogenesis by increasing vascular endothe-
lial growth factor (VEGF) receptor 2 (VEGFR2) expression
and by enhancing endothelial cell adhesion, migration,
and survival (18,22). However, the role of CCN1 in BPD
pathogenesis is unknown.

We hypothesized that CCN1 should have a protective role
in BPD development and progression by attenuating inflam-
mation, promoting alveolarization and angiogenesis, and
decreasing PH. We thus evaluated the therapeutic potential
of recombinant CCN1 protein in the prevention of hyperoxia-
induced lung injury in neonatal rats—an experimental model
of BPD. Given the increasingly recognized importance of the
inflammasome in innate immune responses, organ injury, and
BPD pathogenesis (23,24), we also evaluated the effects of
CCNI1 therapy on inflammasome expression and activation.
Nucleotide-binding oligomerization domain-like receptor
containing pyrin domain 3 (NLRP3), NLRPI, apoptosis-
associated speck-like protein containing a caspase recruitment
domain (ASC), active caspase-1 and active interleukin (IL)-1p
are key components of the inflammasome cascade. Our
results demonstrate that hyperoxia downregulated CCNI
expression in neonatal rat lungs and treatment with
recombinant CCN1 protein suppressed hyperoxia-induced
activation of inflammasome, attenuated inflammation,
improved alveolar and vascular development, and decreased
vascular remodeling and PH in neonatal rats. These findings
provide new insights into understanding the role of CCN1 in
the pathogenesis of BPD, and additionally suggest that CCN1
protein may have therapeutic potential in BPD prevention or
treatment in neonates.

METHODS

Animal Model and Experimental Protocol

The study protocol was approved by the University of Miami
Institutional Animal Care and Use Committee. Experiment 1: to
evaluate the temporal and spatial effects of hyperoxia on CCN1
expression, newborn Sprague-Dawley rats were randomized on
postnatal day 1 to receive room air (RA) or 85% O, for 7 or 14 days,
and animals were killed after 7 or 14 days of hyperoxia. Experiment
2: to study the efficacy of recombinant CCN1 in the prevention of
hyperoxia-induced lung injury, newborn Sprague-Dawley rats were
randomized on postnatal day 1 into three groups: RA+placebo (PL,
normal saline), O,+PL, RA+CCNI1, and O,+CCN1. Recombinant
CCN1 (1mg/kg) or PL (equal volume) was administered by
intraperitoneal injection on days 1, 4, 7, and 9 during continuous
RA or exposure to hyperoxia. Murine recombinant CCN1 was
produced using a baculovirus expression system and chromatogra-
phically purified (16), and the dose was used as referenced previously
(17). Animals were killed on day 11.

Assessments of CCN1 Protein Expression
Expression of CCN1 protein was assessed by western blot analysis as
previously described (13,14).

Assessments of Lung Inflammation

Immunostaining with Mac3, a macrophage marker, was performed,
and the numbers of Mac3-positive cells in the alveolar airspaces were
counted in 10 random images on each lung section for determining
macrophage infiltration. To assess neutrophil infiltration, immunos-
taining with an anti-neutrophil elastase antibody was performed.
Infiltrated neutrophils were counted from 10 random images on each
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lung section. Expression of inflammasome component proteins,
NLRP-1, ASC, active caspase-1, and active IL-1p was determined by
western blot analysis.

Lung Histology and Morphometry

Lungs were infused with 4% paraformaldehyde via a tracheal catheter
at 20 cm H,O pressure for 5min, fixed overnight, and paraffin-
embedded. Hematoxylin and eosin-stained tissue sections were used
to measure radial alveolar count (RAC) as previously described
(13,14).

Pulmonary Vascular Morphometry

Lung tissue sections were stained for von Willebrand factor (vWEF),
an endothelial marker to assess vascular density. The average number
of vWF-stained vessels (<50 pm in diameter) was counted from five
random images on each lung section (13,14).

Assessment of Pulmonary Vascular Remodeling

Lung tissue sections were double immunofluorescence-stained for
a-smooth muscle actin and vWF to assess the extent of musculari-
zation. The percentage of peripheral vessels (<50 pm in diameter)
that were stained with a-smooth muscle actin (>50% circumfer-
ence) was determined from 10 random images on each lung section
(13,14). To assess vascular smooth muscle cell proliferation, double
immunofluorescence with an anti-Ki67 antibody (nuclear proli-
ferating antigen) and an a-smooth muscle actin antibody was
performed. The percentage of vessels with at least one positive Ki67
nuclei was determined.

Assessment of Right Ventricular Hypertrophy

Right ventricular hypertrophy (RVH, Fulton’s index) was utilized as
an index for PH. Hearts were dissected and the weight ratio of RV to
left ventricle plus septum (13,14) was determined.

Data Management and Statistical Analysis

Data were expressed as means+SD, and comparisons were
performed by two-way ANOVA followed by post hoc analysis
(Student-Newman Keuls). A P value of less than 0.05 was considered
statistically significant.

Detailed descriptions of the Materials and methods are provided in
Supplementary methods online.

RESULTS

Hyperoxia Downregulates CCN1 Expression in Neonatal Lungs
We evaluated the expression of CCN1 in lungs using western
blot analysis on days 7 and 14 after continuous exposure to
hyperoxia. As demonstrated in Figure 1, quantitative densito-
metry analysis demonstrated that hyperoxia exposure resulted
in significant suppression of CCN1 expression on both day 7
(1.734+0.33 vs. 0.4 +0.45, P<0.001, RA vs. O;) and day 14
(2.2540.64 vs. 0.79 +0.28, P<0.01, RA vs. Oy; Figure 1a,b).
These data suggest that CCN1 may have a role in hyperoxia-
induced neonatal lung injury.

CCN1 Therapy Suppresses Hyperoxia-Induced Lung
Inflammation and Inflammasome Activation

We assessed the effects of CCN1 therapy on lung inflamma-
tion by quantifying macrophage and neutrophil infiltration.
The macrophage counts were significantly elevated in the O,
+PL group in comparison with the RA+PL group (8.0 +4.63
vs. 1.6+0.47, P<0.001, O,+PL vs. RA+PL; Figure 2a,b).
Similarly, neutrophil counts were also significantly elevated
with hyperoxia exposure compared with RA exposure
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Figure 1. Hyperoxia downregulates CCN1 expression. Newborn rats were exposed to room air (RA, open bar) or to hyperoxia (85% O, solid bar)
for 7 (a) or 14 (b), days and CCN1 expression in lung extracts was quantitated by western blot densitometry analysis after normalization to
housekeeping gene f-actin. Representative western blot photo images are shown. (c) Hyperoxia exposure downregulated CCN1 expression at
both 7 days (*P<0.001) and 14 days (**P<0.01) as compared with RA. Open bar: RA. Solid bar: hyperoxia.

(74+4.11 vs. 1.0+0.35, P<0.001, Oy+PL vs. RA+PL;
Figure 2¢,d). However, administration of CCN1 resulted in
significant decreases in both the macrophage and neutrophil
counts induced by hyperoxia exposure (macrophage: 3.1+
0.64 vs. 8.0 +4.63, P<0.01, O,+CCNI1 vs. O,+PL; Figure 2a,
b; neutrophil: 2.6 +1.33 vs. 7.4 +4.11, P<0.001, O,+CCN1
vs. O,+PL; Figure 2¢,d).

We further evaluated the effects of recombinant CCN1 on
lung inflammation by measuring expression of inflammasome
component proteins and active IL-1§ production. The lungs
of the animals belonging to the hyperoxia+PL group had
significantly increased expression of NLRPI1, ASC, and
active caspase-1 compared with those belonging to the
RA group (Figure 2e-i). Hyperoxia-induced inflammasome
protein expression appeared to be accompanied by inflam-
masome activation as we observed a significant elevation
of active IL-1B in hyperoxia-exposed lungs compared with
lungs belonging to animals in the RA group (1.27 +0.37 vs.
0.46 +0.21, RA+PL vs. O,+PL, P<0.001, Figure 2e,i). Treat-
ment with recombinant CCN1 resulted in significant reduc-
tions in all three elevated inflammasome proteins during
hyperoxia (Figure 2e-h). In addition, similarly CCN1
treatment resulted in a significant decrease in active IL-1p
expression in hyperoxia-exposed lungs (0.52+0.11 vs. 1.27 +
0.37, P<0.001, O,+CCNI1 vs. O,+PL, Figure 2e,i). These
results suggest a crucial role of CCN1 in protecting neonatal
lungs against the hyperoxia-induced inflammatory response
by downregulation of the inflammasome-IL-1f cascade.

Treatment with CCN1 Improves Hyperoxia-Suppressed Alveolar
Development

We next evaluated the effects of CCN1 on alveolar develop-
ment by measuring RAC. Compared with RA-exposed rats,
the lungs from hyperoxia and PL-exposed rats had signifi-
cantly reduced RAC, suggesting poor alveolar development
(6.06+0.4 vs. 893+1.03, P<0.001, Oy+PL vs. RA+PL,
Figure 3a,b). Treatment with CCNI1 resulted in attenuation
of the alveolar injury induced by hyperoxia as demonstrated

Copyright © 2017 Intemational Pediatric Research Foundation, Inc.

by increased RAC (6.06 0.4 vs. 7.97 +2.11; P<0.01, O,+PL
vs. O,+CCN1, Figure 3a,b). Thus, CCN1 improves alveolari-
zation during hyperoxia.

Treatment with CCN1 Improves Hyperoxia-Suppressed Vascular
Development

Pulmonary vascularization was assessed by measuring the
vascular density of vWE-positive vessels (<50pum in
diameter) in lung tissue sections. As seen in Figure 4,
hyperoxia exposure resulted in a significant reduction in
vascular density compared with RA (5.30 +£1.03 vs. 11.10 +
2.87, P<0.001, O,+PL vs. RA+PL, Figure 4a,b). In contrast,
treatment with CCN1 significantly increased hypoxia-reduced
vascular density (7.88+0.57 vs. 530+1.03, P<0.05, O,
+CCN1 vs. O,+PL, Figure 4a,b). These results suggest that
CCNI improves vascular development in hyperoxia-exposed
neonatal rat lungs.

Administration of CCN1 Reduces Hyperoxia-Induced Pulmonary
Vascular Muscularization

To assess whether CCN1 affects pulmonary vascular remo-
deling during hyperoxia, we measured the extent of
muscularization of peripheral pulmonary vessels that are less
than 50 pm in diameter and with more than 50% musculari-
zation using double immunofluorescent vVWF and a-smooth
muscle actin staining of lung sections. The percentage of
muscularized vessels was significantly increased in the
hyperoxia group compared with that in the RA group (56%
vs. 18%, P<0.001, O,+PL vs. RA+PL, Figure 5a,b). More-
over, the percentage of muscularized vessel was significantly
decreased by treatment with CCN1 during hyperoxia (56% vs.
33%, P<0.01, O,+PL vs. O,+CCN1, Figure 5a,b). Thus,
CCN1 treatment decreases hyperoxia-induced pulmonary
vascular remodeling.

We also assessed the effects of CCN1 on vascular smooth
muscle cell proliferation. With exposure to hyperoxia, there
was a significant increase in peripheral vessels with prolifera-
ting smooth muscle cells (55% vs. 19%, P<0.001, O,+PL vs.

Volume 82 | Number 5 | November 2017 Pediatric RESEARCH 865

26



ArtiCIes | Vaidya et al.

RA+PL, Figures 5¢ and 6d). However, treatment with CCN1
protein resulted in a significant decrease in the percentage
of proliferating peripheral vessels induced by hyperoxia
exposure (55% vs. 36%, P<0.001, O,+PL vs. O,+CCNI,
Figure 5¢,d).

Treatment with CCN1 Decreases Hyperoxia-Induced RVH

To evaluate the degree of PH, we measured RVH (Fulton
index). Hyperoxia exposure resulted in a significant increase
in RVH compared with RA exposure (0.41+0.04 vs.
0.31+0.02, P<0.001, O,+PL vs. RA+PL, Figure 6) and
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treatment with CCN1 resulted in a significant reduction in the
elevated Fulton index induced by hyperoxia (0.31+0.04 vs.
0.41 +0.04, P<0.001, O,+CCN1 vs. O,+PL, Figure 6). These
results suggest that CCN1 can prevent hyperoxia-induced
RVH in neonatal rats.

DISCUSSION

In this study, we report that hyperoxia downregulates CCN1
in newborn rat lungs. Moreover, we found evidence for a
protective role of CCN1 in hyperoxia-induced neonatal lung
injury by demonstrating that treatment with recombinant
CCN1 decreases lung inflammation, improves alveolarization
and vascular development, and decreases pulmonary vascular
remodeling and RVH, all of which are key components of
BPD pathology. These findings provide new insights into
understanding the role of CCNI in the pathogenesis of BPD,
and, if future studies show that CCN1 is also downregulated
in BPD patients, then CCN1 has the potential to be a novel
agent for the prevention or treatment of BPD in preterm
infants.
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Although there are many studies examining the expression
pattern of CCNI, no previous studies have focused on the
neonatal lung. We showed that high levels of CCN1 are
expressed during normal neonatal rat lung development and
that hyperoxia downregulates CCN1 expression in the
neonatal rat lungs. This expression pattern is in a sharp
contrast to CCN2 expression, which is low during normal
lung development and is upregulated by hyperoxia (14).
These results suggest that CCN1 and CCN2 may have
different and/or opposing roles in lung development and
injury repair in neonates.

Likewise, prior studies employing hyperoxia models in adult
rodents support our finding that enhancing CCN1 levels has
an anti-inflammatory protective effect against hyperoxia-
induced lung injury. For example, Moon et al. (25) have
reported that endogenous lung-epithelial cell-produced CCN1
exerted anti-inflammatory activity by promoting IL-10
production and by inhibiting multiple pro-inflammatory
cytokines and neutrophil infiltration into the lung. Further,
Jin et al. (26) demonstrated that suppressing CCN1 expres-
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Figure 3. Treatment with CCN1 improves hyperoxia-suppressed alveolarization. (a) Histological examination of O,+PL lung sections revealed larger
and simplified alveoli in comparison with RA+PL lungs, which showed more numerous and smaller alveoli. CCN1 treatment reversed the effects of
hypoxia as O,+CNN1 lungs showed more alveolarization. Bar =50 pm. (b) Morphometric analysis demonstrated that exposure to hyperoxia decreased
radial alveolar count (RAC) in PL-treated rats, which was significantly reversed by administration of CCN1 (*P<0.001: RA+PL vs. O+PL; tP<0.01: 0,
+PL vs. 0,+CCN1). n=6/group. Open bar, room air; solid bar, hyperoxia. PL, placebo; RA, room air.
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Figure 2. Treatment with CCN1 decreases hyperoxia-induced inflammation and inflammasome activation. Immunostaining for Mac3 was performed
on lung tissue sections (a) and the average numbers of macrophages in alveolar airspaces were counted from 10 random images, taken under the
HPV (x200) on each lung section (b). The O,+PL lungs showed increased macrophage counts compared with RA+PL lungs, which were decreased by
administration of CCN1 (*P<0.001: RA+PL vs. O+PL; tP<0.01: O,+PL vs. 0,+CCN1). n=6/group. Bar =100 pm. Immunostaining with an anti-
neutrophil elastase antibody was performed on lung tissue sections (c) and the average numbers of neutrophils in alveolar airspaces were counted
from 10 random images, taken under the HPV on each lung section (d). Exposure to hyperoxia in the presence of the PL increased neutrophil
infiltration into the alveolar airspaces, whereas treatment with CCN1 significantly decreased neutrophil infiltration during hyperoxia (*P<0.001: RA+PL
vs. O+PL; TP<0.001: O,+PL vs. 0,+CCN1; **P<0.05: RA+CCN1 vs. O,+CCN1). n=6/group. Bar=100 pm. (e) Representative western blot images for
NLRP1, ASC, active caspase-1 (aCasp-1), active IL-18 (alL-1B), and B-actin. The relative expression levels of NLRP1 (f), ASC (g), active caspase 1 (h), and
active IL-1B (i) were analyzed using densitometry and were normalized to B-actin. All three inflammasome proteins and active IL-1B were increased
by hyperoxia in the PL group as compared with the RA group (*P<0.001 (NLRP-1); *P<0.001 (ASC); *P<0.001 (Caspase-1); *P<0.001 (IL-1B)).
However, treatment with CCN1 during hyperoxia decreased the expression of all three inflammasome proteins and active IL-1p as compared with the
hyperoxia plus PL group (fP<0.001 (NLRP-1); TP<0.001 (ASC); TP<0.001 (Caspase-1); TP<0.001 (IL-B)). **P<0.05: O,+CCN1 vs. RA+CCN1. n=6/group.
Open bar, RA; solid bar, hyperoxia. HPV, high-power view; IL, interleukin; PL, placebo; RA, room air.
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Figure 4. CCN1 administration improves hyperoxia-suppressed vascular development. (a) Immunofluorescence staining with an anti-vWF antibody
(green signal) and 4',6-diamidino-2-phenylindole (DAPI) nuclear staining (blue signal) were performed on lung tissue sections. Bar=50 pm. (b)
Vascular density was determined by counting vVWF-positive vessels (<50 pm) on five random images from each lung section. The vascular density
was significantly decreased in O,+PL lungs compared with normoxic lungs (*P<0.001: RA+PL vs. O,+PL). Treatment with CCN1 significantly increased
vascular density in hyperoxia-exposed animals (1P <0.05: O,+PL vs. 0,+CCN1). **P<0.05: RA+CCN1 vs. O,+CCN1. n=6/group. Open bar, RA; solid bar,

hyperoxia. PL, placebo; RA, room air; vWF, von Willebrand factor.

sion by small interfering RNA-accelerated lung-epithelial cell
death after hyperoxia, and conversely that overexpressing
CCNI, conferred increased resistance to hyperoxia-induced
cell death. Although these reports are in agreement with our
findings here that CCNI1 treatment had an anti-inflammatory
and protective effect on hyperoxia-induced lung inflamma-
tion and damage in neonatal rats, the work of Perkowski et al.
(27) conflicts with our finding that hyperoxia decreases lung
CCNI1 expression as they report hyperoxia-increased lung
CCN1 mRNA and protein expression. However, it is of note
that the models used were significantly different from our
model. They used adult mice and exposed them to >95% O,
for short period of time (24-48 h) to induce acute lung injury.
On the contrary, we used a neonatal rat model, using 85% O,
hyperoxia exposure for a longer period of 7-14 days to
simulate chronic lung disease. Similarly, other studies
suggesting that CCN1 is pro-inflammatory/fibrotic in mouse
bleomycin models of lung fibrosis were performed using 8-
week- or 6-month-old mice (19). Our differing results would
seem to support the hypothesis that the differential physio-
logical function of CCN1 in cell survival/death are dependent
on cell and organ types, types of cellular stimuli, and the
duration of inflammation.

Our results indicate that CCNI therapy significantly
reduced the neutrophil and macrophage counts in
hyperoxia-exposed rats’ lungs. Moreover, this may be partially
related to the ability of CCN1 to increase efferocytosis of
neutrophils, as has been described for wound tissue (16).
However, to further investigate CCN’s anti-inflammatory
activity we also examined lung levels of inflammasome-
related proteins. Studies have shown that cyclic stretch
activates NLRP3 inflammasomes and induces the release of
active IL-1p in mouse alveolar macrophages (23). Studies by
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Liao et al. have shown that the NLRP3 inflammasome is
associated with the development of BPD and that lungs of
hyperoxia-exposed neonatal mouse have increased caspase-1
and IL-1p activation (24). Our recent studies have demon-
strated that hyperoxia activates NLRP1 inflammasome and
inhibition of Racl signaling downregulates NLRP1 inflamma-
some and decreases lung injury (28). In this study, we did not
find significant changes in NLRP3 expression; however, we
did find that hyperoxia upregulated expression of NLRPI,
ASC, and active caspase-1, and production of active IL-1f,
and that recombinant CCNI1 treatment resulted in a
significant downregulation of all four hyperoxia-elevated
proteins, suggesting that CCN1’s anti-inflammatory activity
may be mediated via attenuated inflammasome expression.
Whether this attenuated inflammasome expression is due to
decreased protein synthesis in lung resident macrophages and
neutrophils or the result of CCN1 decreasing infiltrating
neutrophil and macrophages counts, awaits further investiga-
tion. These results suggest a crucial role for inflammasomes in
hyperoxia-induced neonatal lung injury and possibly also in
BPD pathogenesis.

This study also demonstrated that CCN1 markedly
improved alveolarization in hyperoxia-exposed neonatal
lungs. This could be secondary to the decreased inflammation
induced by CCN1 treatment. Previous in vitro studies have
shown that CCN1 prevents hyperoxia-induced lung-epithelial
cell death by activating cytoprotective signaling pathways
(26,29,30). Thus, additional future studies are needed to
investigate the potential mechanisms that are responsible for
CCNI1 protection of alveolar structure. Angiogenesis has a
crucial role in the pathogenesis of BPD, and it has been
hypothesized that disruption of angiogenesis during critical
periods of lung growth can impair alveolarization and

Copyright © 2017 International Pediatric Research Foundation, Inc
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Figure 5. Treatment with CCN1 decreases hyperoxia-induced pulmonary vascular remodeling. (a) Double-immunofluorescence staining for vWF
(green signal) and a-SMA (red signal) and DAPI nuclear staining (blue signal). Bar=50 pm. (b) The percentage of < 50-um-diameter muscularized
peripheral pulmonary vessels (250% of circumference a-SMA-positive) was significantly increased in lungs from the O,+PL group. Administration of
CCN1 significantly decreased vascular muscularization in hyperoxia-exposed animals (*P<0.001: RA+PL vs. O,+PL; **P<0.01: RA+CCN1 vs. O,+CCN1;
TP<0.01: O,+PL vs. 0,+CCN1). n=6/group. (c) Double immunofluorescence staining with Ki67 (red signal) and a-SMA (green signal) and DAPI
nuclear staining (blue signal) were performed to assess vascular smooth muscle cell proliferation. Pink signals indicate Ki67-positive nuclei.

Bar=50 pum. (d) The percentage of vessels (<50 um in diameter) with at least one Ki67-positive nuclei on each vessel was determined. O,+PL lungs
had increased proliferating vessels compared with RA lungs. Treatment with CCN1 decreased vascular proliferation (*P<0.001: RA+PL vs. O,+PL;
#P <0.001: RA+CCNT vs. 0,+CCN1; TP<0.001: O,+PL vs. 02+CCN1). n=6/group. Open bar, RA; solid bar, hyperoxia. a-SMA, a-smooth muscle actin;

PL, placebo; RA, room air; VWF, von Willebrand factor.

contribute to lung hypoplasia in BPD (31). Previous studies
have demonstrated that treatment with recombinant VEGF,
an important angiogenic factor, promotes angiogenesis and
alveolarization in hyperoxia-exposed neonatal rats (32).
CCNT1 has been shown to have a role in inducing angiogenesis
and CCN1 knockout mice display severe defects in angiogen-
esis during embryo development and commonly die from
placental vascular inefficiency due to compromised blood
vessels (18,33-35). In agreement with these prior studies, we
have demonstrated here that hyperoxia resulted in poor
vascular development, which was associated with low CCN1
expression, and that treatment of hyperoxic animals with
CCNI1 resulted in improved vascular density. These results
suggest that CCN1 might also have a critical role in vascular
development in hyperoxia-induced neonatal lung injury.

We have shown that CCN1 therapy was associated with a
reduction of pulmonary vascular remodeling induced by

Copyright © 2017 International Pediatric Research Foundation, Inc.

hyperoxia exposure, characterized by a decreased percentage
of peripheral muscularized and proliferating vessels in the
CCNIl-treated hyperoxia group compared with the group
exposed to hyperoxia+PL. Although the cellular mechanisms
responsible for our observed reduction in pulmonary vascular
remodeling by CCN1 treatment were not examined, previous
studies on the role of CCNI1 in cutaneous wound healing
suggest that CCN1 dampens and resolves fibrosis during
wound-healing by inducing myofibroblast senescence and
upregulates the expression of antifibrotic genes to restrict
fibrosis during tissue repair (36). Such mechanisms might
explain the decrease in vascular remodeling we observed with
CCNI treatment. We also demonstrated that CCN1 therapy
resulted in decreased RVH in hyperoxia-exposed rat pups,
which likely is a direct reflection of improved vascular
development and reduced pulmonary vascular remodeling.
Lee et al. have shown that CCN1 suppresses hypoxia-induced
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Figure 6. Effects of CCN1 on hyperoxia-induced RVH. Exposure to
hyperoxia in the presence of the PL resulted in an increase in Fulton
index (RV/LV+S), indicating RVH and PH. Administration of CCN1
significantly decreased RVH during hyperoxia (*P<0.001: RA+PL vs.
0,+PL; TP<0.001: 0,+PL vs. 0,+CCN1). n=6/group. Open bar,

RA; solid bar, hyperoxia. LV, left ventricle; PH, pulmonary hypertension;
PL, placebo; RA, room air; RHV, right ventricular hypertrophy; S, septum.

pulmonary vascular smooth muscle contraction in vitro and it
also decreases right ventricular pressure in hypoxia- as well as
monocrotaline-induced PH in mice (37). These results
highlight an important role of CCN1 in regulating vascular
remodeling and PH.

There are potential limitations of this study. BPD is a
multifactorial disease with risk factors including lung
immaturity, prenatal/postnatal infection, traumatic ventila-
tion, and oxygen toxicity. Although the current study focuses
on oxygen-induced lung injury, which has phenotypic
features similar to BPD, future studies are needed to
investigate the role of CCN1 in the pathogenesis of BPD
induced by other risk factors. In addition, more advanced
stereological and three-dimensional approaches to assess lung
alveolar structure have been recently reported (38), and these
techniques will provide new insights into architectural
changes in experimental models of BPD.

In conclusion, this study demonstrates the beneficial effects
of CCN1 therapy on preventing lung inflammation and
inflammasome activation, improving alveolarization and
vascularization, and reducing pulmonary vascular remodeling
and RVH, all of which are key components of BPD pathology.
These findings provide new insights into understanding the
role of CCNI1 in the pathogenesis of BPD and additionally
identify CCNI1 as a potential novel therapeutic target for this
disease.
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