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Abstract

Pulmonary vascular disease (PVD) and lung hypoplasia (LH) are the two main causes
of mortality and morbidity in patients with congenital diaphragmatic hernia (CDH). Previous
studies have shown that remodeling of the extracellular matrix (ECM) by elastase and matrix
metalloproteinase (MMP) enzymes, concomitant with smooth muscle cell (SMC)
proliferation and deposition of ECM proteins and growth factors, leads to primary pulmonary
hypertension (PH) and that blockade of this pathway results in disease reversal. The aim of
our study is to determine whether a similar pathway is induced in the PVD associated with
CDH and to verify whether its inhibition will lead to reversal of PVD. Firstly, we confirmed
various aspects of PVD in the nitrofen induced CDH rat model. These included: left lung
hypoplasia, right ventricular hypertrophy, and increased arterial smooth muscle wall
thickness alongside decreases in arterial lumen area and total number of distal pulmonary
vessels. We also showed increases in elastase and matrix metalloproteinase (MMP) enzyme
activities within distal pulmonary arteries (PAs), which, we were able to inhibit using serine
elastase (sivelestat, elafin, and serpinal) and MMP (GM6001) inhibitors. Furthermore, we
confirmed increased SMC proliferation and deposition of osteopontin (OPN) and epidermal
growth factor (EGF) within the diseased vasculatures. We are now working on using
sivelestat and GM6001 pharmaceuticals as well as endothelial progenitor cells (EPCs) and
mesenchymal stem cells (MSCs) modified to express elafin and serpinal to determine their
abilities to reverse the PVD associated with CDH. This project is part of our translational
research program with the ultimate goal of developing a novel strategy of targeting PVD in

infants with CDH to improve patient survival and long-term outcome.
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Introduction

1.1  Clinical data and significance of congenital diaphragmatic hernia

Congenital diaphragmatic hernia (CDH) is a condition whereby a developmental
defect in the diaphragm allows for the invasion of abdominal viscerae into the thoracic cavity
— a condition that causes detrimental effects to lung development. Interestingly, CDH is not
well known outside the realm of neonatology even though it has a similar incidence as cystic
fibrosis (Greer, Babiuk, and Thebaud 2003) at 1 in every 2500 births (Langham et al. 1996).
CDH is associated with high mortality rates and morbidity and signifies the most life
threatening condition causing respiratory failure in children due to the resulting lung
hypoplasia (LH) and pulmonary hypertension (PH) (Thébaud, Mercier, and Dinh-Xuan
1998). Promising data suggests that mortality rates in highly equipped neonatal care centers,
within the last decade, have dropped considerably from 50% to 20%, however, this increase
in survival is met with an increase in treatment-related morbidity (Chiu et al. 2006; Downard
et al. 2003). Altogether, the survival rates of CDH have reached 68%, although, this number
is much lower when still births, therapeutic abortions and spontaneous abortions are included
(Brownlee et al. 2009). Therefore, the need for a successful treatment strategy against the
pathological vascular remodeling, defined hereafter as pulmonary vascular disease (PVD),
associated with CDH is imperative to the survival and future well being of afflicted patients.

CDH can be broken down using a subclassification system based on hernia location
and size. The Bochdalek hernia, as first characterized by Bochdalek in 1848, occurs most
commonly in infants, represents 80% of all CDH cases, and is currently characterized as a
posterolateral diaphragmatic defect whereby 85% are left-sided, 13% right-sided and 2%

bilateral (Torfs et al. 1992). The Morgagni-type hernia, located anteriorly, tends to be much



smaller and has an occurrence of 17%. Finally, the transversum-type hernia is a centrally
located hernia and occurs in 3% of all cases (Kays 2006; Rottier and Tibboel 2005). The
cause of hernia laterality is still poorly understood.

The inherent morbidity associated with CDH is dependent upon CDH type.
Altogether, morbidity can include gastrointestinal reflux, bronchopulmonary dysplasia,
restrictive and obstructive lung disease, scoliosis, neurodevelopmental defects,
neurosensorial deafness, and many more (Kotecha et al. 2012). Many of these secondary
conditions are actually caused by the extreme treatment regiments required to treat patients
with CDH, such as, chronic oxygen dependence, high frequency oscillatory ventilation,
exogenous surfactant and nitric oxide (NO) administration, fetal tracheal occlusion, and
extra-corporeal membrane oxygenation (ECMO) (Logan et al. 2007; The Neonatal Inhaled
Nitric Oxide Study Group (NINOS) 1997). Unfortunately, unlike with many other conditions
causing respiratory distress, many of these treatments have shown only limited success
against CDH based mortality, with the exception of the highly invasive and still controversial
ECMO technique. ECMO involves temporarily bypassing the lungs for a few days after birth
to lower the blood pressure in the pulmonary circulatory system thereby relieving the
vasculature from shear stress forces. This technique, however, is unable to reverse lung
hypoplasia and imparts a heightened degree of morbidity in CDH patients (Bohn 2002).

Even though prenatal diagnosis has been possible for many years, CDH being easily
observable by routine ultrasound around the 18-20 week mark of pregnancy, prenatal
diagnosis and prognosis still cannot accurately depict the severity or survivability of the
condition. This makes end of life decisions for parents difficult (Sokol et al. 2002). This
difficulty is consistent with the fact that 50% of all CDH cases are only associated with LH

and PH and the other 50% show additional abnormalities in the kidneys, heart, skeleton and



to neurogenesis (Costlow and Manson 1981; Greer, Babiuk, and Thebaud 2003). The causes
of CDH, and the associated LH and PH conditions, remain unknown as only 5-10% of CDH
cases are known to originate from chromosomal defects such as Denys-Drash Syndrome and
trisomy 18 (Pober 2008). The ultimate goal in CDH research would be to elucidate a
diaphragmatic defect causing mechanism followed by a treatment strategy targeting this
mechanism in order to prevent the development of CDH entirely, or, to promote lung growth
and inhibit the initiation or progression of PH in utero to increase patient survivability,
decrease morbidity, and decrease the need for other invasive treatment methodologies.

1.2 Developmental physiology of the diaphragm, lung, and lung vasculature

To understand the diaphragmatic defect one must recognize the events of
physiological diaphragm development. Unfortunately, the widely known series of events in
the development of the diaphragm stems from a single publication (Wells 1954) dating back
to 1954 when new age techniques such as transgenic animals and labeling techniques were
unavailable. Even a recently published article (Keijzer 2010) details the finding from the
1954 paper and states that the musculature of the diaphragm originates from multiple
sources, such as the septum transversum, esophageal mesentery, and the musculature of the
posterolateral sides of the thoracic body wall (Keijzer 2010; Wells 1954). It has now been
established, using a transgenic rat model, that the musculature of the diaphragm arises from
cervical somites, whereby muscle precursors, alongside phrenic axons, migrate towards a
primordial diaphragm designated as the pleuroperitoneal fold (PPF), expand, and
differentiate. This event occurs around the 3-5 week mark of gestation in humans or
embryonal day 12 (E12) to E13 in rats. By the 10" week of pregnancy in humans, or E17 in

rats, when fetal breathing movements begin, muscle precursors are found positioned along



the underlying connective tissue and extend to the sternal, costal, and crural regions of the
diaphragm surrounding the central tendon (Greer, Babiuk, and Thebaud 2003).

Since defects in pulmonary development are associated with CDH it is also important
to know the developmental stages of the lung and lung vasculature. Lung development starts
after cardiac morphogenesis has begun via cellular signaling between cardiac mesoderm and
the endoderm of the foregut (Vincent and Buckingham 2010). Morphologically, the lungs
begin as an outpouch of the ventral body wall of the posterior end of the laryngotracheal tube
that then divides into 2 bronchial buds at the 3-4 week mark of pregnancy, or E10-11 in rats
(Hopper and Hart 1985). The origins of the pulmonary vasculature are still unknown,
however, it is believed to develop through both vasculogenesis and angiogenesis stimulated
by uncharacterized pulmonary vascular precursors (Peng and Morrisey 2013). There are 4
distinct stages of lung development following the initialization stage. Undifferentiated
primordial lungs and bronchial tree development are characteristics of the pseudoglandular
stage whereas the initiation of terminal sac formation alongside vascularization occurs during
the canalicular stage. The saccular stage is defined by large increases in terminal sac
formation, vascularization, and differentiation of type I and II alveolar cells. The final stage,
the alveolar stage, is characterized by a large expansion of alveoli and begins in utero in

humans, postnatally in rats, and extends 7 years in humans, or 5 weeks in rats (Keijzer 2010).
1.3  Etiology of CDH

Due to the skewed view concerning the development of the diaphragm it was
previously thought that CDH was caused by abnormal neuronal innervation, myotube
expansion and differentiation, or fusion of the diaphragm with the lateral body wall, all

hypotheses which remain unfounded. Instead it has been shown, again using rat models



causing CDH, that the pathogenesis of CDH can be traced back to the development of the
PPF primordial diaphragm (Greer et al. 2005; Kluth et al. 1993) as defects in the PPF were
shown prior to muscularization. This was again confirmed when tracking of muscle
precursors to the PPF, as well as myotube expansion and differentiation, did not reveal any
striking abnormalities even though a defective PPF was observable (Babiuk et al. 2002). The
current hypothesis put forth to explain the etiology of CDH states that the amuscular
substructure of the diaphragm, originating as the PPF, is defective and therefore cannot
accommodate full diaphragmatic muscularization. Evidence that supports this hypothesis
exists in the C-met null transgenic mouse model, whereby muscle precursors fail to migrate
to form peripheral muscle. C-met is a tyrosine kinase receptor on muscle precursors that
binds to hepatocyte growth factor and scatter factor to control migration (Bladt et al. 1995).
The diaphragms of C-met null mice are therefore amuscular, however, the substratum
originating as the PPF remains intact. Introducing various CDH causing teratogens into this
transgenic model create defective PPFs and led to diaphragmatic hernias. Although this
defect is associated with high mortality it may not be the main cause of CDH related
mortality.

The two main causes of mortality in patients with CDH stem from LH and PH
(Luong et al. 2011). Currently there are two main hypotheses linking the diaphragmatic
hernia to PVD. Classically, it was thought that hypoplastic lungs were the result of lack of
available thoracic volume, caused by invading abdominal viscera, and a reduction of
mechanical strain, needed for proper lung development, caused by abnormal breathing
motions (Cohen and Larson 2008; Wang et al. 2013). The more accepted viewpoint is coined
the “two hit hypothesis”, whereby pulmonary development is disrupted due to both physical

and developmental interferences. This is supported by data revealing defects to the retinoic



acid pathway, essential for organogenesis of many organs including the diaphragm and the
lungs, in patients and animals with CDH (Malpel, Mendelsohn, and Cardoso 2000; Puri and
Nakazawa 2009). Decreases in retinol levels have been observed during the period of
diaphragm development in rats due to a transient increase in retinol utilization (Takahashi,
Smith, and Goodman 1977). Notably, this time stage (E8-E12) corresponds to the
pseudoglandular stage of development of the lungs (Hopper and Hart 1985), the
developmental step known to be most affected by CDH (Cohen and Larson 2008). The lungs
depend heavily on the retinoic acid pathway (Malpel, Mendelsohn, and Cardoso 2000) and
defects in this pathway cause reduced airway branching, surfactant deficiencies, and
vascularization deficiencies with extensive vascular muscularization. It is therefore thought
that respiratory stress caused by CDH is due to both the physical impedance and

developmental defects affecting the pulmonary system.
1.4  Teratogenic, genetic and surgical animal models for study of CDH

Animal models have played essential roles in determining the root cause of
diaphragmatic defects alongside the effects of CDH on pulmonary development. They are
also heavily relied upon for the development of novel surgical and therapeutic strategies
against CDH as well as LH and PH caused by CDH. Fortunately, there are many animal
models that can effectively create a CDH condition in fetuses. Animal models range from
teratogenic in nature to genetic and even surgical. Surgical models have been employed in
fetal lambs and involve implanting inflatable devices into the diaphragm to create a CDH-
like defect (Aubry et al. 2013). This model was essential for the discovery of the tracheal

occlusion and surfactant administration treatments found to be partially successful in



lowering CDH related mortality, however, could not correctly mimic the “two-hit
hypothesis” most accepted by the CDH community (Dekoninck et al. 2011).

Genetic animal models come from transgenic mouse models for various gene
knockouts. The first genetic CDH model was founded when a slit3 knockout (SLIT3"") was
established (W. Yuan et al. 2003). Slit proteins are required for axonal guidance, extension,
and growth, and therefore improper axonal innervation of the diaphragm, due to slit
knockout, is the expected mode of action in creating the rare centrally located transversum-
type hernia. Other models include Wilm’s Tumour 1 (WT17") and chicken ovalbumin
upstream promoter transcription factor II (COUP-TFII™") knockouts, both of which
effectively create the more common left sided Bochdalek hernia (Moore et al. 1998, 1999).

Teratogenic animal models of CDH are by far the most common models used to
study diaphragmatic defects and respiratory disease also present in infants with CDH. 4-
biphenyl carboxylic acid (BPCA), a thromboxane-A, receptor agonist, bisdiamine, a
spermatogenesis inhibitor, SB-210661, a benzofuranyl urea derivative that inhibits S-
lipoxygenase, and nitrofen, a now banned herbicide are all teratogens that cause CDH with
similar secondary characteristics to the human condition when given between E9-E11 in
mice and rats. The nitrofen induced CDH rat model is the most used model in the CDH
community (Greer 2013). Nitrofen (2,4-dichloro-1-(4-nitrophenoxy) benzene) is a protox
inhibiting herbicide of the biphenyl ether class. Nitrofen is currently banned in developed
nations for carcinogenic effects on rodents and is classified as a group 2B carcinogen (Lunn
2011). Toxicology reports found that rat pups exposed to nitrofen in utero appeared cyanotic,
showed signs of respiratory distress, presented with CDH, and died shortly after birth
(Manson 1986). Feeding pregnant rats orally with 100mg of nitrofen between E8 and E12 (4-

6 weeks in humans) produced hypoplastic lungs and CDH in 50% of pups (Stone and



Manson 1981). The nitrofen exposed pups not exhibiting CDH, however, did show kidney,
heart, and skeletal defects (Costlow and Manson 1981; Greer, Babiuk, and Thebaud 2003).
Historically, it was thought that nitrofen acted as a thyromimetic, due to its structural
similarity to thyroid hormone, to disrupt the maternal-fetal thyroid hormone pathway by
suppressing maternal thyroid stimulating hormone (TSH) levels (Manson 1986). Conversely,
nitrofen has been shown to be delivered directly to pups rather than exerting its effects via
maternally produced active metabolites (Brown and Manson 1988). Therefore, an alternative
mechanism may likely be a root cause of the diaphragmatic defects. Whatever the
mechanism of action, nitrofen has been shown to produce many structural abnormalities seen
in the human CDH condition, such as, relative diaphragmatic defect size and location, LH,
pulmonary artery medial wall thickening and right ventricular hypertrophy (Clugston et al.

2006).

1.5 Developmental dependence of the diaphragm and lung on the retinoic

acid pathway

One hypothesis put forth to explain the effect of these animal models on diaphragm
organogenesis is an altered retinoic acid pathway. This hypothesis was formulated when
studies determining the effect of vitamin A deficiencies were conducted on rodents. These
studies found that 25-40% of offspring presented with CDH with the majority of cases being
right sided defects (Anderson 1941, 1949). CDH occurrence was then notably diminished
when vitamin A was introduced during mid gestation (Wilson, Roth, and Warkany 1953).

Since vitamin A was shown to be crucial for the organogenesis of the diaphragm, it
was theorized that all CDH causing teratogens were creating similar phenotypes by

inhibiting the retinoic acid pathway, in particular, by inhibiting retinal dehydrogenase 2



(RALDH-2). To test this, an immortalized oligodendrocyte cell line (OLN93) was used as a
source of dehydrogenase. These cells were cultured with each of the teratogens capable of
inducing CDH and tested for their ability to synthesize retinoic acid from all trans retinal
(Mey et al. 2003). All teratogens effectively inhibited RALDH-2 with bisdiamine being the
most potent inhibitor — also known to cause CDH with the highest prevalence of any
teratogenic CDH animal model. Interestingly, co-administration of vitamin A with these
teratogens in vivo decreased CDH prevalence by 15-30% and attenuated LH (Thébaud et al.
2001; Thébaud et al. 1999).

This pathway, although not yet confirmed to be a factor in the human CDH condition,
is supported by findings showing that in 50% of newborns with CDH present with retinol
and retinol binding protein plasma level deficiencies (Major et al. 1998). One limitation of
this study, however, was the small sample size. A larger study is thus needed to confirm
these results. Chromosomal defects in areas known to encode proteins essential to the
retinoic acid pathway have also been shown to be present in 10% of human CDH cases
(Enns et al. 1998). Due to the large percentage of CDH cases where retinol levels are not
shown to be significantly altered compared to normal levels, the etiology of CDH remains
unconfirmed. New data, however, using the nitrofen CDH rat model suggests that another
cause for decreased retinol levels during fetal development is decreased levels of retinol
binding protein expression within the placenta (Kutasy et al. 2014). This leads to defects in
the transport of retinol from the placenta to the fetus, an accumulation of retinyl-ester in the
placenta and lower than normal levels of retinol in the fetus. Studies on retinol or retinol
binding protein levels have only been performed on newborn blood samples and not on
placental or fetal specimens. Performing these tests on fetal blood may provide evidence that

defective retinoic acid signaling is indeed the major cause of CDH in humans.



1.6  Pulmonary hypertension

As previously mentioned, the major causes of mortality in patients with CDH are LH
and PH (Luong et al. 2011). It is still unknown whether PH forms due to LH or vice versa,
however, it has been shown that successfully treating one will produce beneficial effects on
the other (Luong et al. 2011). Because PH has been studied extensively, mostly in non-CDH
environments, with promising results and because treatments against LH have been relatively
unsuccessful, treating PH in patients with CDH may be a more realistic approach to
increasing the overall survival of patients with CDH.

PH can be classified into 5 somewhat distinct categories according to diagnosis
(Simonneau et al. 2004), however, is simply defined as pulmonary arterial (PA) pressure
above 25mmHg at rest or 30mmHg. Category 1 encompasses pulmonary arterial
hypertension (PAH) and includes idiopathic, familial, and acquired PAH. Acquired PAH is
associated with collagen vascular disease, portal hypertension, various drugs, HIV, and
various other conditions. PH in newborns has also been classified under category 1.
Categories 2-5 include PH caused by left sided heart disease/myocardial dysfunction, lung
disease/hypoxemia, chronic thrombotic/embolic disease, and miscellaneous disorders
respectively.

In newborns with CDH or other conditions that cause PVD, PH develops from the
inability of the pulmonary vasculature to compensate for the increased ventricular output
once the ductus arteriosus and foramen ovale close at birth (Rudolph 1970). Under
physiological conditions, the vasculature dilates and undergoes remodeling resulting in the
apoptosis of pulmonary arterial smooth muscle cells (PASMCs) to allow for proper gas

exchange during respiration (Rabinovitch 2008). Under pathological conditions such as PH,
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the vasculature is unable to dilate thereby promoting inflammatory responses, abnormal
muscularization of distal PAs and an overall decrease in the number of distal vessels.
Muscularization of distal vessels is mainly due to the differentiation of pericytes to PASMCs
that then proliferate (Meyrick and Reid 1980). It has also been shown that PASMC:s in distal
vessels can even originate as endothelial progenitor cells (EPCs). Many current treatment
strategies have been focused around reducing abnormal vascular remodeling induced by PH
by stimulating apoptosis in abnormal PASMCs and promoting regeneration of lost distal
vasculature (Rabinovitch 2008).

1.7  Vascular remodeling

Evidence supporting vascular remodeling in humans was discovered when post
mortem analysis of children living in high altitude environments found muscularized distal
arterioles. Also, adults from these same regions were diagnosed with increased pulmonary
vascular resistance and right ventricular hypertrophy (Penaloza et al. 1964; Rotta et al.
1956). This led to the discovery of the chronic hypoxia model for PH. Rats living in hypoxic
conditions have been found to show right ventricular hypertrophy, increases in arterial
smooth muscle wall thicknesses, distal vessel muscularization, outward growth of PASMCs
and incomplete vasodilation (Berg 2007; Stenmark et al. 2009), however, do not present with
any loss of distal vasculature as shown in PAH. One dose of SU5416, a vascular endothelial
growth factor (VEGF) inhibitor followed by hypoxia did however cause endothelial cell
(EC) apoptosis followed by a resurgence of apoptosis-resistant ECs and led to vascular
occlusion and loss of distal vessels (Taraseviciene-Stewart et al. 2001). Other animal models

of primary PH include monocrotaline administration causing inflammation and EC injury,

11



serotonin administration, bone morphogenic protein receptor 2 knockouts, and all models
causing CDH.

It is now widely accepted that defects within the vasculature contribute to all forms of
PH. These defects include but are not limited to; stiffening of the proximal arteries,
thickening of the intimal and medial layers of arteries and arterioles (Tuder 2009), vaso-
occlusive lesions caused by either PASMC or EC proliferation and migration, and the
appearance of cells expressing SMC markers in normally non-muscular vessels (Voelkel and
Tuder 2000). The hallmarks of all forms of PH include vasoconstriction/incomplete
dilatation and vascular remodeling. More recently it has been shown that endothelial-
mesenchymal transdifferentiation of ECs may also play an important role in the development
of PH (Stenmark et al. 2009). The main effector of the changes in vascular resistance with all
forms of PH stems from pathogenic remodeling of small distal arterioles whereas decreased
compliance of large proximal arteries, although the main driving force behind development
of right ventricular hypertrophy, only contributes a small portion to increases in vascular
resistance (Gan et al. 2007; Mahapatra et al. 2006). Historically, vascular remodeling was
thought to occur via the inward movement of cells causing vascular occlusion leading to
increased vascular resistance, heart defects, and eventual death as seen in PAH. Now it is
thought that the outward growth of cells combined with decreased luminal areas, due to
incomplete vasodilation, are features that cover a broader scope of vascular remodeling and
are consistent features in multiple forms of PH (Stenmark and McMurtry 2005) and not just

PAH.

1.8  Elastase and MMP enzymes
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The extra cellular matrix (ECM) is a dynamic, constantly changing system that
creates highly specialized cellular environments that affect cell development, differentiation,
morphogenesis, adhesion and many more cellular properties (Visse and Nagase 2003). It has
been previously shown that vascular remodeling is caused by changes in the composition of
the ECM (Cowan et al. 2000). Proteases are enzymes that perform proteolysis. Proteolysis
represents a catabolic reaction for protein degradation resulting from hydrolysis of peptide
bonds that form a protein and has been found to be the main driving force behind changes to
ECM composition and therefore, cellular environments (Woessner 2004). Proteases can be
classified based on both target proteins and by method of proteolysis. Serine proteases utilize
a serine amino acid residue in their catalytic site to perform hydrolysis whereas cysteine,
aspartate and metalloproteases use cysteine thiol residues, carboxylic acid residues, or a
metal ion, most commonly zinc, respectively (Woessner 2004). Of particular interest to
pulmonary vascular remodeling are elastase and matrix metalloproteinase (MMP) enzymes.

Elastase enzymes are specific proteases essential for the break down of elastin, an
essential building block of connective tissue and a key structure within the pulmonary
vascular system. Elastase enzymes also have the immunological role of breaking down
proteins on the outer membrane of Gram negative bacteria (Horwitz et al. 1999). Like most
proteases, elastase enzymes can be distinguished based on their method of elastin
degradation; as serine elastase, cysteine elastase and metalloelastase. It has been established
that rampant elastase activity due to the loss of serpinal, a serine protease inhibitor
expression, results in pulmonary emphysema (Horwitz et al. 1999). As previously
mentioned, serine elastase inhibition led to the complete regression of monocrotaline induced

primary PH by reversing the effects of vascular remodeling (Cowan et al. 2000).

13



MMPs are proteases responsible for degrading various ECM components via a zinc
binding domain (Nagase and Woessner 1999). Loss of control of MMP activity through
elevated protein expression, elevated activation, or loss of tissue inhibitors of MMPs
(TIMPs), is associated with cancer, atherosclerosis, ulcers and other severe conditions
(Woessner 1998). MMPs have been classified into 6 groups based on their substrates.
Collagenases, such as MMP1, 8, 13, and 18 cleave collagens I, II, III and other ECM
molecules (Visse and Nagase 2003), gelatinases, such as MMP2 and 9 digest denatured
collagen, laminin and gelatins (Allan et al. 1995), stroelysis, matrilysins, membrane-type
MMPs, and others, process cell surface molecules, digest ECM components and are essential
for macrophage migration (Ohuchi et al. 1997; Shipley et al. 1996). MMP2 and 9 in
particular, representing the gelatinase class of MMPs, have both been shown to play crucial

roles in the development and maintenance of PH (Cowan, Jones, and Rabinovitch 1999).

1.9  Induced matrix enzyme activity and proteolytic degradation of ECM

proteins causes vascular remodeling

Recently, it has been discovered that vascular remodeling due to induced proteolytic
activity and degradation of ECM proteins surrounding PASMC:s is seen in most conditions
involving PH (Cowan et al. 2000). As previously mentioned, the hallmarks of progressive
PH are increased cell proliferation and migration from the medial to the neointimal layers of
PAs. It has been shown that growth factor dependent proliferation and migration depend on
ECM proteins tenascin-C (TNC) and fibronectin (FN) respectively as exogenously added
TNC to cultured rat PASMCs on collagen-type 1 increased the mitogenic effects of fibroblast
growth factor 2 (FGF-2) and was a prerequisite for epidermal growth factor (EGF) dependent

proliferation (Jones and Rabinovitch 1997). TNC is an ECM a3 integrin binding protein
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expressed during tissue restructuring in a variety of tissues such as the brain and lungs and
mediates cell proliferation and expression of genes in a tissue specific manner (Bartsch et al.
1992; Jones et al. 1995; Whitby and Ferguson 1991). FN is also an ECM glycoprotein
expressed during embryonic development and wound healing and is known to play roles in
cell adhesion, growth, migration and differentiation (Pankov and Yamada 2002).

In advancing forms of PH and other PVDs, TNC expression is highly upregulated in
the neointimal layers of PAs and co-localizes with EGF whereas FN accumulates in the
periendothelium (Botney et al. 1992). Interestingly, MMP enzymes, responsible for
proteolytic cleavage of TNC and FN, have also been shown to stimulate the secretion of
TNC and FN (Todorovich-Hunter et al. 1988). It was found, using experimental models
involving rats and calves, that increased ECM deposition of FN, TNC, thrombospondin,
type-1 collagen, elastin, as well as an induction of ECM degrading enzymes, such as MMPs
and elastases, was responsible for the production and release of a variety of PASMC bound
mitogens, such as the previously mentioned FGF-2, which all stimulated vascular remodeling
(Botney et al. 1992).

Cultured PAs from rats treated with monocrotaline to induce primary PH were found
to overexpress TNC and FN when compared to controls (Jones, Crack, and Rabinovitch
1997). Treating these PAs with antisense TNC RNA, to eliminate TNC translation,
successfully inhibited TNC dependent proliferation however only stopped the progression
and did not reverse the existing hypertrophy (Cowan, Jones, and Rabinovitch 2000).
Osteopontin (OPN), a similar a,f3; integrin binding ECM protein to TNC, usually expressed
during bone remodeling and immune responses, was found to compensate for the lack of
TNC and was able to maintain hypertrophy (Cowan, Jones, and Rabinovitch 2000). Again

using organ cultures of PAs, this time comparing cultured porcine PAs in attached versus
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floating collagen gels, it was found that PAs in attached gels had elevated levels of MMP
activity, which led to an upregulation of TNC, and therefore increased PASMC proliferation
whereas the opposite was found on floating gels (Cowan, Jones, and Rabinovitch 1999). This
culture system was used to determine the effects of cell shape and integrin binding on
progression of hypertrophy. Repeating this experiment using rat PAs provided an amplified
response where MMP2, MMP9, elastase, as well as elastin deposition was also associated
with medial wall thickening of PAs attached to collagen gels (Cowan, Jones, and
Rabinovitch 1999).

The medial wall thickening observed in PAs cultured on attached gels was
successfully inhibited using GM6001, a potent MMP inhibitor (S. Merklinger et al. 2005).
GM6001 was also able to reverse the hypertrophy seen in explant PAs from rats treated with
monocrotaline. Exogenous addition of TNC to GM6001 treated PAs then recreated the
hypertrophied phenotype. ZD0892, a serine elastase inhibitor, was also able to regress the
hypertrophy seen in cultured PAs to an even higher degree than GM6001 (Cowan, Jones, and
Rabinovitch 2000). It was then hypothesized that elastase and GM6001 inhibitors could
reduce the effects of PH in vivo. Twenty one days after a monocrotaline injection, when
experimental primary PH had fully developed in adult rats, rats were treated with either
7ZD0892 or M249314, both serine elastase inhibitors (Cowan et al. 2000). After 1 week, 92%
of monocrotaline-injected rats treated with a serine elastase inhibitor survived compared to
the 39% of vehicle treated controls. After 2 weeks, 86% of treated rats survived whereas 0%
of vehicle treated rats remained. These survival values alongside measured decreases in right
ventricular hypertrophy, mean pulmonary arterial pressure, medial wall thicknesses, TNC

accumulation, ECM deposition (such as elastin), and cell proliferation alongside increases in
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PASMC apoptosis confirmed a complete reversal of monocrotaline induced primary PH

(Cowan et al. 2000).

1.10 Alterations in ROCK, BMPR2, endothelin-1 and HIF signaling also

causes vascular remodeling

In addition to proteolytic degradation, Rho kinase and the ROCK pathway have
recently been shown to be affected in many cases of PH. ROCK signaling plays a key role in
vasoconstriction as seen in all types of PH (Oka et al. 2007). RhoA and RhoB, upstream
activators of ROCK, upon activation, led to cytoskeletal rearrangements in PASMCs and
ECs with RhoB also positively affecting migration and proliferation under hypoxic
conditions (Martin et al. 2012; Oka et al. 2007). ROCK inhibitors have successfully been
shown to decrease pulmonary vascular resistance and PA pressure, however, also caused
systemic hypotension when given via intraperitoneal (IP) injection. Inhaled ROCK
inhibitors, on the other hand, localized to the lungs and did not cause systemic hypotension
in rats (Nagaoka et al. 2005). Of note, sildenafil and statins have been found to inhibit ROCK
signaling however the extent of which is unknown (Guilluy et al. 2005).

Bone morphogenic protein (BMP) signaling defects have also been shown to be
critical for many types of PAH. BMPs bind to type I or Il BMP receptors resulting in SMAD
dependent and independent signaling pathways which culminate in the nuclear translocation
of various transcription factors (Lowery and de Caestecker 2010). BMP signaling also affects
MAP kinase, phospholinositol 3-kinase/AKT, and protein kinase C pathways (X. Yang et al.
2007) in up to 50-60% of all human CDH cases (Gosemann et al. 2013). Interestingly, BMPs
have differential effects on PASMCs depending on location within the pulmonary

vasculature. BMP2+4 are antiproliferative in proximal PASMCs but increase proliferation in
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distal PASMCs (X. Yang et al. 2005). BMPR2 mutations have been well characterized in
PAH and hypoxic animal models and have been shown to lead to the loss of the
antiproliferative effect of BMP2 (Davies and Morrell 2008). In ECs, loss of BMPR2 leads to
apoptosis whereas activation by BMP2+4 leads to production of NO (Gangopahyay et al.
2011). Sildenafil has been used to restore BMP signaling in PASMCs associated with PH (J.
Yang et al. 2013) although has not shown sufficiently beneficial effects to be used globally
in humans (Luong et al. 2011).

As previously mentioned, incomplete vasodilation is seen in all forms of PH. One
reason is due to higher than normal levels of endothelin, a potent secretory vasoconstrictor
peptide (Yanagisawa et al. 1988). There are 3 forms of endothelin with endothelin-1 (ET-1)
having the highest endogenous expression levels. ET-1 has been shown to cause
vasoconstriction alongside increases in migration and proliferation of vascular cells (Shao,
Park, and Wort 2011). ET-1 binds to ET4 and ETg membrane receptors and results in
inhibition of K" channels, increased cellular calcium concentrations ([Ca'];), and activation
of ROCK signaling (Shimoda et al. 2002; Undem et al. 2012; Whitman et al. 2008). ETa,
found in PASMC:s, activation specifically results in contraction, proliferation and migration
whereas ETg, absent in PASMCs but present in ECs, acts like an ET-1 sink. Interestingly,
circulating ET-1 levels are elevated in all animal models and human forms of PH (Shimoda
et al. 2002). ET receptor inhibitors have been tested and were successfully able to improve
exercise capacity and survival through an unknown mode of action (Davie et al. 2009).

Another vascular remodeling agent, termed hypoxia-inducible factor (HIF), is also
known to promote the development of PH. HIF-1 is an oxygen sensitive transcription factor
and exists in two forms: a, only expressed under hypoxic conditions and 3 which is

constitutively expressed. HIF-1a degradation is mediated by hydroxylation from 2 proline
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residues using molecular oxygen as a substrate followed by binding of von Hippel-Lindau
protein, ubiquitination and proteasomal degradation (Semenza 2005). Decreased molecular
oxygen limits HIF-1a hydroxylation and therefore degradation and allows HIF-1a to activate
various transcription factors leading to cell proliferation. The mechanism is still under

+2]1

investigation however speculation links HIF-1a to [Ca “]; and pH homeostasis (Shimoda

2010).

1.11 Capability of EPCs and MSCs to home to hypoxic sites and induce

cellular repair

Current treatments for CDH in humans involve post-natal administration of
therapeutics such as NO, sildenafil, O,, and others (Kinsella, Ivy, and Abman 2005),
however, there is an ever-increasing bank of evidence showing the efficacy of using stem
cells to promote organ repair (Bussolati 2011). Currently, the cells most frequently used to
promote lung regeneration and vascular repair are endothelial progenitor cells (EPCs) and
mesenchymal stromal cells (MSCs). These cells are found in abundance in the umbilical cord
and cord blood and can easily be expanded and enhanced ex vivo before being re-
administered to the patient (Fung and Thébaud 2014). In utero stem cell treatment is also
possible as potent stem cells may be extracted from placental fluid, although this treatment
would be inherently more risky.

EPCs can differentiate from bone marrow or umbilical cord hematopoietic cells and
can circulate throughout the circulatory system (Shi et al. 1998). They have been shown to
promote angiogenesis and home to hypoxic tissue to promote vascular repair and have even
been shown to transform into mesenchymal cells through the well-characterized endothelial-

mesenchymal transition (EMT) (Lamouille, Xu, and Derynck 2014). There are 3 stages
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during EPC homing to sites in need of repair: 1) adhesion to ECs, 2) incorporation into
capillaries, and 3) transendothelial migration to extravascular spaces (Hur et al. 2007).
Mouse hind limb ischemia models have shown that transplanted EPCs migrate preferentially
to the hypoxic ischemic hind limb and effectively stimulate angiogenesis (Hur et al. 2007;
Yamahara et al. 2008; Yan et al. 2009), both representing desirable effects for a treatment
against PH. The number of native EPCs in target organs may be a limiting factor in the
therapeutic effect of angiogenesis stimulating therapies, therefore, administering ex-vivo
expanded cells may increase homing and vascular formation in hypoxic tissue (Rafii and
Lyden 2003). The mechanism for EPC trafficking is still under investigation however it is
known that tissue expressing elevated amounts of VEGF and stromal-derived factor 1 (SDF-
1) are target sites for EPC trafficking (Kawamoto et al. 2004; Yamaguchi et al. 2003).

EPCs have already been used as vesicles to deliver an endothelial nitric oxide
synthase enzyme (eNOS) in a primary PH model (Zhao et al. 2005). Although EPC
engraftment was not noticeable, around 5% in the lungs, a complete reversal of PH was
attained. Transplanted EPCs without the eNOS gene were also shown to stop the progression
of PH however could not reverse the existing hypertrophy (Zhao et al. 2005). It may
therefore be possible that EPCs modified to express elafin or serpinal, serine elastase and
serine protease inhibitors respectively, will home to sites of injury within the pulmonary
vasculature, reverse the effects of PH secondary to CDH, and initiate angiogenesis to regrow
vessels lost due to the progression of PH.

MSC:s, also derived from bone marrow and umbilical cord tissue, have been used to
promote organogenesis, tissue regeneration, maintenance, and repair in a variety of settings
such as in cardiovascular and neurodegenerative disorders (Weiss et al. 2011). MSCs

represent a viable source of stem cells due to their ease of isolation, characterization,
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multipotency, and pleiotropic effects. It has also been shown that MSCs can home to injured
lungs, differentiate into alveolar epithelia, promote lung repair, and prevented lung injury
(Griffiths, Bonnet, and Janes 2005; Weiss et al. 2011). Umbilical cord derived MSCs have
been used in a hyperoxia animal model, which induced lung injury and inflammatory
responses, and were able to improve alveolar growth in a dose dependent manner whereby a
dose of 5x10° cells via IP or intratracheal (IT) injection attenuated lung injury (Chang et al.
2009). The mechanisms for MSC homing and repair are only now being explored however to
date it is known that MSCs induce cellular repair via paracrine signaling by membrane
vesicles, exosomes and nanopackages with bioactive molecules, and microRNAs (Chaput
and Théry 2011). This was verified when MSC conditioned media, administered
intraventricularly (IV), normalized lung function, reversed alveolar injury, and attenuated PH
in a hyperoxia animal model (Hansmann et al. 2012). The therapeutic effects from MSC
conditioned media were then enhanced when MSCs were primed under hyperoxic conditions
(Waszak et al. 2012). The MSC paracrine effect has been shown to have the ability to
modulate the function of inflammatory cells, increase the number of bronchoalveolar stem
cells, and direct macrophages from the proinflammatory M1 phase to a healer M2 phase in a
variety of disease conditions (Ionescu et al. 2012; Kim et al. 2005; Tropea et al. 2012). MSC
derived exosomes have also been shown to prevent vascular remodeling (Lee et al. 2012).
Clinical trials, currently underway to determine the safety of MSC transplantation in an
obstructive pulmonary disease setting, have shown promising safety results, however, in this
study, efficacy was not recorded (Weiss et al. 2013). For all of theses reasons it is apparent
that enhanced MSCs have the potential to both reverse the effects of PH and stimulate lung
growth and repair in hypoplastic lungs and therefore, could be a prime candidates for use as a

treatment in patients with CDH.
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1.12 Hypothesis and objectives

Due to the convincing data showing complete regression of primary PH in the
monocrotaline model and knowing one of the main causes of mortality in infants with CDH
is the associated PH, we hypothesize that an elevation in matrix enzyme activity is associated
with the progression of PVD associated with nitrofen-induced CDH in fetal rats. Inhibition
of this activity may mediate disease reversal, improve survivability, and decrease morbidity
in patients with CDH. To test this hypothesis we determined whether the upregulation of
matrix enzyme activity and downstream molecular pathway previously identified in the
progression of primary PH is consistent with the progression of PH secondary to CDH,
characterized the matrix enzyme activity for future inhibitor treatments, and will be assessing
whether inhibition of the CDH-induced matrix enzyme activity in vivo, with sivelestat,
GM6001, and EPCS/MSCs expressing elafin or serpinal, will led to disease reversal and

increase survival.
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Materials and Methods

2.1  Nitrofen induced congenital diaphragmatic hernia rat model

All procedures and protocols (protocol numbers: CHEO-105 and CHEO-106) were
submitted and approved by the Animal Care Committee at the University of Ottawa, Ottawa,
Ontario, Canada.

To produce a left-sided CDH, timed-pregnant Sprague-Dawley rats were gavage fed
with 100 mg of nitrofen (Sigma, 33374) dissolved in ImL of olive oil on E9, as previously
described (Noble et al. 2007). Control animals received 1mL of olive oil only. The pups were
harvested at term (E21) via caesarean section after the mothers were euthanized with an
intraperitoneal (IP) injection of a lethal dose of Euthanyl Forte (provided by the Animal Care
Committee at the University of Ottawa). Fetuses were weighed and decapitated for
evaluation of the presence of CDH. Lungs and hearts were harvested and the left lungs
weighed independently. Left lungs were analyzed because the nitrofen CDH rat model
produces left sided diaphragmatic defects thereby affecting left lung development to the
greatest degree. Since not all fetuses exposed to nitrofen presented with CDH, fetal rats were
divided into three groups: fetuses exposed to olive oil (Ctl), fetuses exposed to nitrofen but
did not develop CDH (CDH-), and fetuses that were exposed to nitrofen and developed CDH
(CDHH).

2.2 Right ventricular hypertrophy

Once the hearts were dissected from the fetal rats the atrial chambers were removed
and the right ventricle (RV) was dissected from the left ventricle plus the septum (LV+S),
and weighed separately. As an index of right ventricular hypertrophy, the weight ratio

(RV/LV+S) was then calculated (Cowan et al. 2000).
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2.3 Lung to body weight ratio

Left lungs were used to establish the lung to body weight ratio, an indicator of LH

(Luong et al. 2011).
2.4 Preparing whole lung lysates

Four CDH+, CDH- and control fetal rat lungs previously flash frozen in liquid
nitrogen and stored at -80°C were placed in 1ml of lysis buffer containing 1% Triton X-100,
150mM NaCl, 10mM Tris, ImM EDTA, ImM EGTA, 0.5% NP-40 and 0.05% PhosStop
(Roche, 4906845001) and homogenized using a polytron homogenizer (Brinkmann, PT10-
35). The resulting mixture was kept on ice, vortexed every 5 minutes for 30 minutes and
centrifuged at 12,000rpm at 4°C for 10 minutes to remove cellular debris. Lysates were then

assessed via western blotting.
2.5 Western blotting

Cells to be analyzed were lysed using the aforementioned lysis buffer, washed with
PBS, and centrifuged at 12,000rpm for 10 minutes. The supernatant was then collected and
stored at -80°C. Gels were cast and protein was transferred onto PVDF membranes (Bio-Rad,
170-4157) using the Transblot Turbo transfer system (Bio-Rad, Berkeley, California). PVDF
membranes were stained with antibodies for PCNA (1:1000, Abcam, 2428), active caspase-3
(1:500, Abcam, 13847), EGF (1:500, Novus Biologicals, NBP1-19806), OPN (1:1000,
Abcam, 8448), TNC (1:1000, Abcam, 108930), a. smooth muscle actin (SMA) (1:200,
Abcam, 134813), MMP2 (1:200, Novus Biologicals, NB200-193), elafin (1:200, Santa Cruz,
sc-20637), serpinal (1:500, Origene, TA500371), PECAM-1 (1:200, Santa Cruz, sc-28188),
MUCI (1:200, Abcam, ab45167), tubulin (1:1000, Santa Cruz, sc-8035) or myc (1:1000,

Millipore, 05-724) and proteins were detected using either a goat anti-rabbit Alexa Fluor 680
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(Invitrogen, 1027681) or an anti-mouse IRDye800 (Li-Cor, IRDye800CW) secondary. The
PVDF membranes were then scanned on an Odyssey CLx western blot scanner (Li-Cor,
9140-01).

2.6 Immunohistochemistry

Left lungs from control, CDH-, and CDH+ fetal rats were fixed in 4%
paraformaldehyde for 48 hours and processed for histology. Left lungs were embedded in a
21-tissue microarray (7 left lungs from each treatment group) with the hilum in the
sectioning plane, and sectioned to a 4pum thickness. The use of tissue microarrays allowed for
all samples to be processed on one slide, which allowed for direct comparison of
immunohistochemical staining between tissue samples. The microarrays were stained with
mouse antibodies against PCNA (1:1000), active caspase-3 (1:100), and anti-a smooth
muscle actin (SMA) (1:400) alongside a goat anti-mouse polymer horseradish peroxidase
(HRP) antibody followed by DAB detection (Envision+, Dako, K4007). Microarrays were
also stained with rabbit antibodies against TNC (1:200), OPN (1:1000), EGF (1:500) and
MMP-2 (1pg/ml) alongside goat anti-rabbit polymer alkaline phosphatase (AP) (1:500,
Sigma, A3687) followed by Vulcan Fast Red detection (Cedarlane, FR805H). Microarrays
were scanned using the Zeiss Mirax Midi slide scanner (Zeiss, Gottingen, Germany) and
arteries were detected based on location, morphology and expression of SMA.

PAs were distinguished from pulmonary veins based on their location, structure, and
expression profile of SMA (Zhao et al. 2005). PCNA and caspase-3 immunolabelings were
quantified through positive cell counts from 10 arteries measuring under 45um in external
diameter per lung with 7 lungs per group. These results were expressed as a percentage of

positive cells compared to the total cell number. As for TNC, OPN, and EGF
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immunolabelings, arteries were located using the bright field scans of each microarray and
PAs were then isolated and cropped in the corresponding fluorescent image. Fluorescence
intensity in the cropped images was computed using Zen software (Carl Zeiss Microscopy
GmbH, Deutschland) and fitted into mean pixel intensity multiplied by pixel area divided by
area of arterial wall. Ten arteries per lung sample, using 7 lung samples per group, were
quantified. The average size of the PAs, for each immunolabeling quantified, was ensured to
be not significantly different between the three groups (Ctl, CDH-, and CDH+).
2.7  Morphometric assessments

Morphometric assessments were performed using Mirax Viewer (Zeiss, Gottingen,
Germany) on a tissue microarray labeled for SMA. Medial wall thickness, lumen area, vessel
density, and vessel muscularization were quantified as outlined below.
2.8 Medial wall thickness quantification

PVD is associated with increased medial wall thickness of distal PAs — a structural
characteristic that was calculated by averaging 5 measurements between the inner elastic
lamina and outer boundary of the smooth muscle layer. Medial wall thickness measurements
were done on PAs of 10-25 pm and 25-35 um in external diameter and involved 10 and 15
arteries per lung respectively with 7 lungs per group.
2.9 Lumen area quantification

Lumen area was defined as the area within the internal elastic lamina and was
expressed as a percentage of the total external area (Farkas et al. 2014). Ten PAs from 7
lungs per dose group with an external diameter of 10-35 um were analyzed.

2.10 Vessel density quantification
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The number of vessels was quantified in 45 high power fields (40X magnification)
per left lung, in 7 animals per group. Only PAs with an external diameter of less than 35 pm

were counted.
2.11 Vessel muscularization quantification

PAs under 35 pm in external diameter from the left lungs of each fetal rat, 7 per
group, were measured and categorized as either muscularized (with a complete medial coat
of muscle), partially muscularized (with only a crescent of muscle), or non muscularized (no
visible muscle) (Luong et al. 2011).

2.12 In situ zymography

Fetal rat left lungs were flash frozen in liquid nitrogen, embedded in Shandon
Cryomatrix (Thermo Scientific, 6769006), sectioned to an 8um thickness and stored on glass
slides at -80°C. The sections were first incubated with fluorometric enzyme substrates
specific for elastases (Invitrogen, E12056) or MMPs (AnaSpec, 71155) for 1 and 1.5 hours
respectively at 37°C, with or without inhibitors; sivelestat (selective neutrophil elastase
inhibitor; 0.5 mM, Sigma, S7198), serpinal (serine protease inhibitor; 1 mg/ml, Sigma,
A6150), elafin (a serine elastase inhibitor; 1 mg/ml Sigma, E7280) and GM6001 (broad
spectrum MMP inhibitor; 0.5 mg/ml, Millipore, CC1100). The sections were then labeled
with a Cy3-conjugated anti-o. smooth muscle actin antibody (1:500, Sigma, C6198) for 1
hour at 37°C and counterstained with DAPI (SouthernBiotech, 0100-20). Enzyme activity,
green fluorescence, was quantified using cropped images of 10 arteries per lung and 6 lungs
per group from scanned slides and the aforementioned Zen software to measure fluorescence
intensity. Negative controls were done with the previously stated protocol substituting the

substrate with the provided reaction buffer.
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2.13 Bacterial transformation, DNA isolation, and subloning of myc-DDK

tagged elafin and serpinal Proteins

Elafin (Origene, RC203136) and serpinal (Origene, RC202082) cDNA plasmids as
well as lentiviral plasmids (Origene, PS100070) were incubated separately with DH5a
Escherichia Coli (Life Technologies, 18265-017) for 30 minutes on ice, heat shocked at 42°C
for 45 seconds, and returned to ice for 2 minutes for bacterial transformation. The bacteria
were then mixed with LB broth and incubated for 45 minutes at 37 °C followed by plating on
agar with antibiotic resistance; 50 ng/ml kanamycin (Life Technologies, 11815-024) for
elafin and serpinal plasmids, 34 pg/ml chloramphenicol (Sigma-Aldrich, C0378) for the
empty lentiviral plasmid, and 17 pg/ml chloramphenicol for elafin or serpinal modified
lentiviral plasmids). Bacterial colonies containing the appropriate plasmids were then
amplified and plasmid DNA was extracted using a Plasmid Midi Kit (QIAGEN, 12143).

In order to create stable protein expression in a variety of cell lines, elafin and
serpinal genes were subcloned into a lentiviral plasmid constitutively expressing GFP. All
plasmids contained EcoRI and Xhol restriction sites flanking the gene of interest or multiple
cloning site. Briefly, elafin and serpinal amplicons were created using colony polymerase
chain reaction (PCR) whereby plasmid DNA from 1 pl of transformed bacterial culture in
LB broth (Fischer Scientific, BP1426-2) was denatured at 94°C, annealed at 50°C, and
extended at 68°C for 45 cycles with sequencing primers and a PCR master mix (Promega,
m7502) followed by PCR purification using the PCR purification kit (QIAGEN, 28104).
Amplicons were then digested using high fidelity restriction enzymes EcoRI (New England
Biolabs, R3101) and Xhol (New England Biolabs, R0O146S) along with the lentiviral

plasmid. Plasmids and PCR products were purified separately. Digested lentiviral plasmids
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were incubated with either elafin or serpinal digested amplicons and T4 ligase (New
England Biolabs, M0202S) at 16°C for 2 hours. The resulting ligation mixture was used to
transform bacteria as previously described.

To isolate bacterial colonies transformed with the ligation mixture containing the
appropriate elafin or serpinal subcloned lentiviral plasmid, 5 colonies per gene were grown
individually in LB broth containing 34 pg/ml chloramphenicol overnight. From this culture,
1 ul was used for colony PCR with the provided sequencing primers as previously
mentioned. The resulting PCR mix was then purified and run on a 1% agarose gel (Bio-Rad,
161-3100) with 0.1 pl/ml of Gel Red (VWR, 89139-138). DNA bands were visualized under
ultra-violet light and the appropriate colonies were then chosen based on the presence and
mass of the elafin and serpinal DNA amplicons and further expanded for plasmid DNA

isolation as previously outlined.
2.14 Lentivirus particle production, isolation, and transduction

After DNA isolation of elafin and serpinal lentiviral plasmids, human embryonic
kidney (HEK) 293T cells were transfected using a lenti-viral packaging kit (Origene,
TR30022), which included MegaTran, modified lentiviral plasmid, and packaging plasmids
as per manufacturers instructions. Twelve hours post-transfection, the media was changed to
high-glucose DMEM (Fisher, SH3002201) with 10% fetal calf serum (Life Technologies,
12483-020) and 100 U/mL penicillin and 100 pg/mL streptomycin (P/S) antibiotic. After 72
hours the media was harvested and centrifuged at 3000rpm for 5 minutes to remove cellular
debris and filtered through a 0.45 pm filter. One volume of a polyethylene glycol solution
(PEG-It) (System Biosciences, LV810A-1) was added to 4 volumes of lentiviral media and

incubated at 4°C for 24 hours. The resulting mixture was then centrifuged at 1500G for 30
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minutes to pellet the viral particles, which were then resuspended in PBS with 25mM
HEPES buffer and stored at -80°C.

For transduction, MSCs (Life Technologies, S1601-100) and fibroblasts (ATCC,
CCL-192) were plated in either alpha-MEM (Life Technologies, 32571-036) with 10% MSC
qualified FCS (Life Technologies, 12662-011) and P/S antibiotics or F12 (ATCC, 30-2004)
with 20% FCS with P/S antibiotics respectively. Both conditions were supplemented with 10
pg/ml of polybrene (Millipore, TR-1003-G) and appropriate viral particles for 24 hours twice
in a 6 well plate.

2.15 Magnetic activated cell sorting

One technique, that could be utilized to further confirm any results obtained by
immunohistochemical staining of fetal rat lungs, is magnetic activated cell sorting of whole
lung homogenates. Instead of doing Western blots of whole lung lysates, magnetic activated
cell sorting (MACS) would allow extraction of SMCs for a more accurate representation of
the pulmonary vasculature. Briefly, flash frozen lungs from CDH+, CDH- and control rat
pups were minced and digested in a PUCK solution (8 g/L NaCl, 0.4 g/L KCI, 0.012 g/L
CaCly, 0.154 g/L MgS04-7H,0, 0.155 g/L Na,HPO,, 0.15 g/L. KH,POy4, and 1.1 g/L glucose
in distilled water) containing 1 mg/ml collagenase A for 30 minutes at 37°C. The resulting
cell suspension was filtered through a 70 pm filter (Fisher, 08-771-2), washed with PBS and
incubated with PECAM-1 (1:200) and Mucl (1:200, Abcam, ab45167) antibodies
conjugated to a secondary antibody linked to magnetic beads (New England Bioloabs,
S14318) for 30 minutes at 4°C. A magnet was then used to pull all positive cells to the side
of the reaction tube while the negative fraction containing SMCs was removed. All fractions

were then lysed and analyzed via western blotting as previously described.
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2.16 Assessing elastolytic activity

One volume of elastolytic reaction buffer (5x) was mixed with 1 volume of protein
extract from cell lysates or conditioned media (2 pg/ul), 1 volume of elastin fluorometric
substrate (100ug/ml) and 2 volumes of pancreatic elastase (0.1 U/ml) all provided in the
elastase diagnostic kit (Invitrogen, E12056) in a 96 well cell culture plate. Fluorescence was
assessed every 15 minutes using a luminescence microplate reader (BioTek, Synergy 2SL).

2.17 APGAR scoring

To develop a humane endpoint for future inhibitor trials using the nitrofen-induced
CDH rat model, since death as an endpoint was deemed inhumane, an APGAR score was
created. Pups were naturally birthed, were tagged, and their health was monitored. Skin
colour, breathing, spontaneous motor activity, and reactivity to stimulus were all scored from
0 to 2 where 2 represented a healthy status (Nogueira-Silva et al. 2012).

2.18 Statistical analysis

All data collection was performed in a blinded fashion. Data from multiple
experiments are expressed as mean + standard error, and statistical significance was

determined using one-way ANOVA followed by Tukey post-hoc analysis.
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Results

3.1  Fetal rats with nitrofen-induced CDH present with low body weights and
LH

Using the same nitrofen-induced CDH rat model as previously outlined in this report,
many groups choose to report only the effects seen in the left lung of rats exposed to nitrofen
that developed CDH and the olive oil control group. However, about 40-50% of the fetal rats
exposed to nitrofen are born without CDH. In this report, data from the CDH+ and CDH-
fetal rats was gathered so that we could better understand the effects that are due to nitrofen
alone and compare them to those linked to the diaphragmatic defect. As shown in Figure 1A,
nitrofen-exposed fetal rats had reduced body weights compared to controls. Body weights
were even lower in the CDH+ animals. As LH is a hallmark of CDH, the left lung weight to
body weight ratio was measured. The left lung to body weight ratio was diminished in pups
from nitrofen-treated dams by a factor of 1.2X (Fig. 1B), which may reflect nitrofen’s
general inhibitory effect on cell proliferation (Tong et al. 2007). However, the left lung to
body weight ratio was found to be 1.5X lower in the CDH+ group (Fig. 1B) suggesting the

diaphragmatic defect had an additive effect.
3.2 Fetal rats with CDH present with features of PVD

Since the aim of this study is to determine whether the proteolytic-dependent
progression of PVD, that was identified as being pivotal in the regulation of primary PH
(Cowan et al. 2000), is also activated in PVD secondary to CDH, we first wanted to confirm
that fetal rats who develop CDH after exposure to nitrofen showed features of PVD. Features
of PVD include muscularization of peripheral arteries, medial wall hypertrophy of muscular

arterioles, loss of small precapillary arteries, and neointima formation contributing to the
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lumen obstruction (Rabinovitch 2008). First, muscular wall thickness (MWT), as defined as
the distance between the EC layer and the arterial adventitial layer where cells stained
positively for SMA, of PAs ranging from 10-25 um (Fig. 2A) and 25-35 um (Fig. 2B) were
measured. These measurements showed a significant increase in MWT in rats with CDH
when compared to both controls. The lumen area normalized to total arterial area was also
quantified and was reduced in animals with CDH (Fig. 2C) suggesting possible
vasoconstriction or PASMC encroachment into the lumen. The degree of muscularization of
PAs was then assessed and, as shown in Fig. 2D, most PAs 10-35 pm in diameter from
control and CDH- rats were non-muscular with only a small percentage (~12-14%) being
fully muscularized. This portion however was significantly increased (~20%) in fetal rats
with CDH. As an additional vascular abnormality associated with PVD, we also measured
the number of PAs under 35 pm in diameter in the left lungs of the three animal groups. As
shown in Figure 2E, the vessel density was significantly reduced in fetal rats with CDH
when compared to controls. Since PVD can lead to right ventricular hypertrophy, we also
measured the RV/LV+S ratio. Interestingly, this ratio was augmented in pups from dams
treated with nitrofen when compared to controls (Fig. 2F), which may reflect cardiac
malformations due to nitrofen (Losty et al. 1999). However, the increase was even more
dramatic in fetal rats with CDH (Fig. 2F). Altogether, these data sets indicate that fetal rats
with CDH present with many features of PVD similar to the human condition (O’Toole et al.
1996) and that this model is thus relevant to study mechanisms involved in PVD using the

nitrofen-induced model of CDH.

3.3 Equivalent PCNA, caspase-3, EGF, OPN, TNC, SMA, and MMP?2 levels

from whole left lung lysates between all treatment groups
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Because we were able to confirm various structural features of PVD in the nitrofen
treated pups with CDH we wanted to determine whether the pathogenesis of PVD was
consistent with the mechanism previously described in the progression of primary PH.
Whole left lungs, the lungs most affected by the diaphragmatic defect, from rats exposed to
nitrofen with and without CDH, along with the olive oil controls, were homogenized in lysis
buffer and run on a Western blot. All proteins were normalized to tubulin, which was used as
a loading control. SMA (Fig. 3A) and inactive caspase-3 levels (Fig. 3B) were equivalent
amongst all 3 treatment groups. Interestingly, active-caspase-3 levels (Fig. 3C) were
significantly different between CDH+ and nitrofen treated non-CDH groups. OPN (Fig. 3E)
and TNC (Fig. 3F), found to be upregulated due to increased MMP2 activity in primary PH
(Cowan, Jones, and Rabinovitch 1999), were not found to be affected in left lung lysates by
nitrofen or CDH when compared to controls. It was hypothesized that, since MMP?2 levels
and activities in PAs from a primary PH model were found to be induced and led to
increased PASMC proliferation when compared to non-hypertensive controls, lysates from
CDH+ lungs would contain increased active MMP2 (66kDa) and PCNA and decreased pro-
MMP2 (72kDa) levels compared to controls. When normalized to tubulin active-MMP2 (Fig.
3H), pro-MMP2 (Fig. 3I) and PCNA (Fig. 3J) remained unchanged with the exposure to
nitrofen and induction of a CDH defect. Finally, growth factor levels, as determined by EGF
quantification, although elevated in the CDH+ group were not significantly altered by the

CDH defect or nitrofen (Fig. 3L).

3.4 Increased proliferation and decreased apoptosis of vascular cells was

seen in PAs of fetal rats with CDH
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Since we were able to show that the smooth muscle wall thickness of distal PAs is
increased in rats with CDH, we wanted to determine whether increased MWT was due to
deregulation of SMC proliferation and/or apoptosis specifically within the pulmonary
vasculature. To verify this hypothesis, left lung tissue arrays were immunolabeled with
PCNA and caspase-3, and the percentage of positive vascular cells were quantified. As
shown in Fig. 4A, there was slight, but significant, increase in PCNA-positive cells in PAs of
fetal rats with CDH (~50%) when compared to control animals (~42%). On the other end, a
significant decrease of apoptotic cells was seen in the PAs of rats with CDH (Fig. 4B, ~2.7%
vs ~6.6%). These results suggest that, in fetal rats with CDH, the increase in proliferation
and decrease in apoptosis of vascular cells contribute to the wall thickening of PAs

associated with PVD.

3.5 Elevated elastolytic and MMP activities in PAs of fetal rats with CDH

Cowan et al. (Cowan, Jones, and Rabinovitch 2000) have previously shown that
increased elastase, MMP, ECM protein deposition, and SMC proliferation have been
correlated with progressive medial wall thickening in primary PH. In order to assess whether
a similar pathway also occurs in PVD associated with CDH, we started by measuring MMP
activity using in situ zymography, as it allowed specific assessment of enzyme activity
within PAs. In addition to MMP-9, the fluorescent substrate used in this assay could also be
cleaved by MMP-1, 2, 3,7, 8, 12, 13 and 14 thus allowed the measurement of a broad
spectrum of MMP activities. In situ zymography revealed that MMP activity in PAs of fetal
rats with CDH was significantly increased, ~67% (Fig. 5SA), and was inhibited by the broad
spectrum MMP inhibitor, GM6001 (Cowan, Jones, and Rabinovitch 2000) (Fig. 5B). The

resulting fluorescence was deemed highly specific to MMP activity, as the fluorescent signal
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was non-existent in the absence of the fluorometric substrate. Using a fluorometric substrate
for elastase, we found that elastolytic activity was also induced by up to 50% in PAs from
the CDH+ group when compared to control animals (Fig. 5C). This activity was inhibited by
the serine elastase inhibitor sivelestat (Aikawa et al. 2011), the serine protease inhibitor
serpinal (Gao and Ray 2010), and another serine elastase inhibitor, elafin (Fig. 5D). Again,
the fluorescent signal was undetectable in the absence of substrate. Altogether, these results

indicate that serine elastase and MMP activity are elevated in PAs of fetal rats with CDH.
3.6 EGF and OPN levels are elevated in PAs of fetal rats with CDH

Since it has been reported that increased expression of TNC, EGF and PCNA
accompanied the development and progression of PVD in rats (Jones, Cowan, and
Rabinovitch 1997) and that antisense TNC prevented the progression of vascular disease
(Cowan, Jones, and Rabinovitch 2000), we set out to determine whether EGF and TNC
levels were elevated in PAs of fetal rats with CDH. We found that EGF levels were increased
by ~2 fold in rats with CDH compared to the control group (Fig. 6A).

TNC expression has been reported in the pulmonary vasculature of adult rodents
however has also been found to be notably absent in fetal and infant rats (Jones and
Rabinovitch 1997). To confirm this finding, left lung tissue arrays were labeled for TNC in
order to determine whether it is induced in PASMCs of animals with CDH. TNC could not
be detected in PAs of neither controls nor CDH+ fetal rats however it was abundant amongst
alveolar cells (data not shown). Reduction of TNC expression using antisense TNC RNA
was reported to cause a concomitant increase in OPN levels in PAs (Cowan, Jones, and
Rabinovitch 2000). This effect was selective because other ECM proteins, such as

fibronectin, collagen, and elastin were not upregulated (Cowan, Jones, and Rabinovitch

36



2000). OPN levels were thus quantified in the lung tissue arrays and were found to be
significantly higher in PAs of lungs from rats with CDH when compared to controls (Fig.
6B).

3.7 MACS sorting can be used to enrich SMCs from lung tissue

Using immunohistochemistry and in situ zymography, we were able to show that
elevated PCNA, EGF and OPN levels, along with decreased caspase-3 levels, were
associated with an induction in both elastase and MMP activities within the PAs of fetal rats
with CDH. To further confirm these findings a MACS approach could be utilized to enable
the enrichment of SMCs from lung homogenates of experimental animals that could to be
later used for Western blot analysis. Unfortunately, SMCs do not exhibit any unique cell
surface antigens necessary for cell sorting techniques (Weber et al. 2011). Removing the
other cells composing the lung parenchyma, leaving an enriched SMC population, may
however be possible. Using PECAM-1 and MUCI antibodies conjugated to magnetic beads
in order to remove ECs, epithelial cells, pneumocytes, and alveolar cells led to a 2 fold
increase in SMA expression when comparing the negative cell fraction to a whole lung
fraction (Fig. 7). Therefore, performing Western blot analysis, following MACS, to probe for
PCNA, caspase-3, EGF and OPN levels followed by gel zymography to assess elastolytic

and MMP activities may confirm our results obtained by immunohistochemistry.

3.8  Cell lysates and conditioned media from Myc-Tagged elafin and serpinal
transfected and lentiviral infected HEK293T cells inhibit elastolytic
activity
Since we were able to show increased elastase and MMP enzyme activities within

PAs of fetal rats with CDH, we wanted to pursue targeting these enzymes in order to reverse
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PVD secondary to CDH. We thus devised an approach whereby we will administer,
systemically, elastase and MMP inhibitors sivelestat and GM6001. Another approach that we
will be exploring involves the use of stem cells, in particular EPCs or MSCs, modified to
expressed serine elastase inhibitor elafin or serine protease inhibitor serpinal. An animal
protocol has already been established for future sivelestat and GM6001 therapies however
preliminary work needed to be done in order to continue with the stem cell approach.

In order to move to animal trials using expressible inhibitors, elafin and serpinal, in
stem cells, elafin and serpinal needed to be tested and their genes stably inserted into the
genomes of EPCs and MSCs. To begin, we decided to use myc-DDK tagged versions of
elafin and serpinal in order to be able to distinguish these proteins from their endogenous
counterparts. We thus needed to confirm proper activity and secretion of the tagged proteins.
To verify the activity and secretory properties of myc-DDK tagged elafin and serpinal,
HEK293T cells were transiently transfected with cDNA plasmids containing the myc-DDK
tagged elafin and serpinal genes. Expression of elafin and serpinal, along with their myc-
DDK tags, was verified using Western blot. It became apparent that tagged active elafin,
although apparent in cell lysates, is heavily secreted into the media in both its inactive larger
pre-elafin (trappin-2) and smaller active forms whereas tagged serpinal, although present in
the media is more abundant in cell lysates and can be visualized as a doublet representing its
phosphorylated and unphosphorylated states (Fig. 8A). Further characterization of the tagged
elafin and serpinal proteins showed that both transfected HEK293T lysates (Fig. 8B) and
conditioned media (Fig. 8C) inhibited pancreatic elastase activity when compared to
HEK293T lysates and media transfected with an empty GFP plasmid.

Tagged elafin and serpinal genes within the cDNA plasmids were then subcloned

into a lentiviral plasmid constitutively expressing GFP in order to create stable EPC and
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MSC lines expressing the two inhibitors. Elafin and serpinal secretion was once again
confirmed in HEK293T cells transduced with lentiviral particles containing the lentiviral
plasmids with the elafin and serpinal genes (Fig. 9A). Elastase inhibition was again assessed
against pancreatic elastase where cell lysates (Fig. 9B) and conditioned media, (Fig. 9C)
from HEK293T cells transduced with elafin and serpinal, were found to be able to inhibit
elastase activity compared to an empty plasmid control. Inhibition of pancreatic elastase by
cell lysates and media from cells infected with elafin and serpinal was significant yet low.
Although it is not expected that HEK293T cells express serine protease inhibitors it is known
that they express two serine proteases OMI (GenBank: AF184911.1) and PRSS25
(GenBank: AF141305.1). Using an elafin and serpinal infected cell line that is known not to
express serine proteases, such as baby hamster kidney (BHK) (Kratje, Lind, and Wagner
1994) may show greater pancreatic elastase inhibition. Also, culturing cells in serum free
media would negate serum mediated elastase inhibition since serum is known to contain

trace amounts of serpinal (Shapiro, Pott, and Ralston 2001).

3.9 An APGAR score of 1 can predict imminent death in rat pups within 10-
20 minutes

As previously mentioned, one approach to inhibiting the induced matrix enzyme
activity in PAs of fetal rats with CDH and to reverse PVD was with the use of sivelestat and
GMo6001. One of the ways we planned to assess the effectiveness of this treatment was by
survival times. After submitting an animal protocol for testing the use of sivelestat and
GM6001 with our nitrofen induced CDH rat model the Animal Care Committee at the
University of Ottawa suggested that using death as an endpoint is unethical and therefore

unacceptable. We therefore suggested using an APGAR score that could consistently predict
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imminent death in rat pups as a more ethical approach. It was found that an APGAR score of
1 could be accurately measured and was able to predict imminent death within 10-20 minutes
(Fig. 10). Interestingly, it was also found that pups exposed to nitrofen with CDH died within

1 hour after birth and pups exposed to nitrofen that did not exhibit a diaphragmatic defect all

died within 15 hours after birth (Fig. 10).
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Discussion

4.1 A need for a treatment targeting PVD associated with CDH

To date, treatments for PH secondary to CDH have shown limited success and CDH
continues to be one of the greatest difficulties for perinatal medicine (Gerben, Alan, and
Bruce 2003). Currently, the standard practice in many children’s hospitals involves
stabilization of infants immediately upon birth with ventilators infused with nitric oxide
(NO) to stimulate vasodilation and reduce blood pressure followed by diaphragmatic patch
surgery (Bagolan et al. 2004). Unfortunately, the high mortality and morbidity rates
associated with CDH remain (Group 1997). It is hypothesized that treating the PH secondary
to CDH is necessary for the improved stabilization of infants with CDH and may lead to
increases in the number of patients who survive until surgery and lower the morbidity
associated with the condition. Interestingly, serine elastase inhibition has been shown to
induce complete reversal of fatal primary PH in rats, increase survival through arrest of TNC
accumulation and proliferation, and induce apoptosis and resorption of the abundant ECM
(Cowan et al. 2000). The rationale came from the demonstration that increased elastase and
MMP activity and deposition of TNC, codistributing with proliferating SMCs, are features of
PH (Thida-stansbury et al. 2006; Jones, Cowan, and Rabinovitch 1997) and that regression of
hypertrophied rat PAs in organ culture is associated with suppression of proteolytic activity,
inhibition of TNC, and SMC apoptosis (Cowan, Jones, and Rabinovitch 2000). Therefore,
treating patients with serine elastase and MMP inhibitors may also lead to disease reversal,

decreased time to full stabilization, and increased survival.

4.2  Confirming induced matrix enzyme activity and downstream molecular

pathway in the nitrofen induced CDH rat model
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One of the aims of this study was to verify whether the progression of PVD
associated with CDH shares a similar pathogenesis as primary PH as detailed by Cowan et
al, 2000. First, we started with the nitrofen induced CDH rat model because it is a well
established experimental model that mimics the major abnormalities and pathology described
in the human CDH condition (Luong et al. 2011; Susan et al. 1983). Using whole left lung
lysates of nitrofen fed CDH and non-CDH pups along with olive oil fed controls we probed
for PCNA, caspase-3, EGF, OPN, TNC, MMP2, and SMA. We expected increased PCNA,
EGF, TNC and MMP2 levels in lysates from CDH affected pups. Unfortunately there were
no observable changes in any protein or growth factor levels between the 3 groups. It was
then thought that the total protein and growth factor levels within the entire lung parenchyma
might mask any changes specific to the pulmonary vasculature. To address this issue we
embedded 21 left lungs, 7 per treatment group, in a tissue microarray and utilized
immunohistochemistry to identify all of the aforementioned proteins and EGF. Using a tissue
microarray, all lung sections were on one slide and therefore treated equivalently allowing
direct comparison between CDH+, CDH- and control lungs. We found that increased PCNA
and decreased caspase-3 concomitant with increased EGF and OPN was observable
specifically within the pulmonary vascular system. Further analysis using in situ zymography
found that elastase and MMP activity was also induced in PAs of rats with CDH.

To provide further evidence supporting our immunohistochemistry and in situ
zymography results a multitude of methods could be used, all of which present with unique
challenges. Using MACS to isolate and enrich a lung fraction for SMCs would enable us to
potentially unmask the changes in protein and growth factor levels, seen in the pulmonary
vasculature using immunohistochemistry, by removing unwanted cell types from lung

lysates. Gel zymography could then also be used to assess elastase and MMP activity. The

42



challenge with this approach is SMCs do not present a unique cell surface antigen as needed
for cell separation. Removing most other cell types would be possible however obtaining a
pure source of SMCs from lung tissue is currently not feasible (Weber et al. 2011). Also,
isolation of PASMCs from SMCs lining the respiratory tract would not be possible. Another
conceivable approach would be using laser microdissection to isolate PAs followed by
quantitative PCR analysis for PCNA, caspase-3, EGF, OPN, TNC, and MMP2. Limitations
to this technique include the inability to quantify protein levels or assess enzyme activity.
Correlation between RNA transcript levels and protein expression and activity can be as low
as 40% depending on the research model and protein of interest (Vogel and Marcotte 2012)
and therefore may not provide reliable data to confirm our immunohistochemical results.
Although immunohistochemistry has provided us with concrete evidence to support our
hypothesis recapitulating our results is necessary. Doing so with the use of PA organ
explants or MACS to enrich SMCs within the lung seem to be the best two options available

at this point in time.

4.3  Assessing effects and mechanism of serine elastase inhibition may lead

to a greater understanding of PH pathogenesis

The study of PASMCs associated with PVD has been undertaken by many groups
worldwide and has yielded a plethora of mechanisms and potential therapeutic approaches all
with varying degrees of success. To date little has been done to link pathogenesis models of
PH together although it is expected that many are in fact interconnected as many phenotypes
consistent among all PH models have been observed. It has been identified that PASMCs
grown under hypoxic conditions exhibit a depolarized phenotype compared to cells grown

under normoxic conditions (Shimoda and Polak 2011; J. Yuan et al. 1998). One reason for
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persistent partial depolarization stems from decreased K channel expression and activity. It
was found that dehydroepiandrosterone, a steroid hormone known to open K channels,
successfully reduced the amount of vascular remodeling in rats living under hypoxic
conditions or treated with monocrotaline (Bonnet et al. 2003; McMurtry et al. 2004).

Other phenotypes observed in PH-associated PASMCs include a faulty sodium-
hydrogen antiporter (NHE), specifically NHE1, and increased internal calcium ion
concentrations ([Ca™];). NHE1 is a membrane transport protein involved in pH homeostasis
and cell volume regulation in vertebrate cells. Unfortunately NHE1 inhibitors show major
side effects including cerebrovascular events as NHE] is expressed in all cell types (Mentzer
et al. 2008). Since pH (NHE1 activity) and degree of cell polarization (K" channel activity)
are known to affect [Ca*?];, and due to the dependence of PASMCs on Ca'? signaling to
initiate proliferation and migration, [Ca"™]; was assessed and confirmed to be elevated in
PASMC:s affected by hypoxic conditions (Leggett et al. 2012). Sildenafil successfully
reduced [Ca*?];, led to attenuation of hypoxia induced PASMC proliferation, and prevented
remodeling in the monocrotaline animal model (Wharton et al. 2005; J. Yang et al. 2013).

Interestingly, activation of RhoA+B, essential to the ROCK pathway, has been shown
to increase NHE1 and open [Ca"]; channels thereby supporting the premise that pH
homeostasis and [Ca™]; play a substantial role in the progression of PH (Luke et al. 2012).
Also, BMP2+4 are antiproliferative in proximal PASMCs but increase [Ca™]; and
proliferation in distal PASMCs (X. Yang et al. 2005). Finally, a vasoconstrictor, ET-1, binds
to ET and ET membrane receptors and results in inhibition of K channels, increased
[Ca™];, and activation of NHE1 (Shimoda et al. 2002; Undem et al. 2012; Whitman et al.
2008). Inhibition of K™ channels, increased [Ca™];, and activation of NHE] thus seem to be

effects of a multitude of PH causing mechanisms. It could therefore be hypothesized that
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inhibition of serine elastase activity, as we have shown to be induced in the pulmonary
vasculatures of fetal rats with CDH, may cause increases in K channel activity, decreases in
[Ca™];, and deactivation of NHE1. This may aid in determining the pathogenesis of PVD.

It is likely that many of the aforementioned mechanisms responsible for the
progression of PH function coherently or even synergistically with each other. For example it
is known that ET-1, a potent vasoconstrictor, also is able to activate ROCK signaling
(Whitman et al. 2008). Another phenotype associated with PH is decreased NO, a
vasodilator, caused by decreases in eNOS activity in ECs (Zhao et al. 2005). Increasing NO
levels within the pulmonary vasculature by administering EPCs expressing eNOS lead to a
complete reversal of monocrotaline induced PH in rats (Zhao et al. 2005). Interestingly, it
has been shown that increases in NO levels reduces PASMC elastase activity (Mitani et al.
2000). Therefore, exploring the effects of serine elastase inhibition on induced elastase
activity seen in PAs of fetal rats with CDH alongside the effects on the pathways previously
identified to be associated with PH may provide greater understanding of the

interconnectivity and overall mechanism associated with the pathogenesis of PH.
4.4  Treating PVD with sivelestat and GM6001

Our study has found that increased vascular cell proliferation and decreased apoptosis
concomitant with increased EGF and OPN levels and increased serine elastase and MMP
activity was associated with the PVD triggered by CDH. One of the aims of this study was to
assess whether inhibition of the induced matrix enzyme pathway would result in reversal of
PVD and increased survival in CDH affected patients. One of the approaches this lab will be
studying in the future is the use of sivelestat, a serine elastase inhibitor and GM6001, an

MMP inhibitor, on PVD associated with CDH. When determining an appropriate APGAR
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score for an ethical end point in the sivelestat GM6001 study it was found that all CDH+
pups died within an hour after birth and all CDH- pups died within 15 hours after birth. Since
the onset of action of small molecules usually ranges between 20 and 60 minutes and since it
takes much longer to produce an observable phenotypic effect it became apparent that pups
with CDH will have to be treated both pre and postnatally (Pang 2003). Maternal rats will
have to be exposed to sivelestat and GM6001 followed by the pups once born.
Unfortunately, it is unknown whether sivelestat and GM6001 are capable of crossing the
placenta. Performing whole lung elastase inhibitory assays, first on treated and untreated
mother rat lungs to establish a positive control and then on the treated and untreated pups
will allow proper determination of whether sivelestat and GM6001 cross the placenta and
affect lung elastase levels. An ELISA detecting fetal blood serine elastase inhibition could
also be performed to assess whether the two small molecules can cross the placenta. Once
confirmed animal trials may begin.

If proven successful it would not be the first time these compounds were used in a
human setting. Trials for the use of sivelestat and GM6001 against systemic inflammatory
response syndrome due to acute lung injury and corneal ulcerations respectively in humans
have been previously undertaken with sivelestat being approved for public consumption and
GM6001 in phase II clinical trials (Galardy et al. 1994; Iwata et al. 2010). Research is
currently being done on the long-term side effects of sivelestat however current trials on
have not found significant difficulties in patients treated with these drugs (Aikawa et al.
2011). GM6001, on the other hand, may exhibit detrimental long-term side effects as is the
case with other MMP inhibitors, which have been tested rigorously as anti-cancer
therapeutics (Coussens, Fingleton, and Matrisian 2002). Therefore, the use of sivelestat and

GM6001 in human patients with CDH may be a possibility in the future.
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4.5 Using MSCs and EPCs expressing elafin and serpinal to target and

reverse PVD

Unfortunately, the side effects of systemically administering sivelestat and GM6001
to infants have not yet been elucidated and it currently remains unknown whether the two
drugs can cross the placenta, a necessity for prenatal drug administration for our nitrofen-
induced CDH rat model. We therefore began exploring a more targeted approach for the
delivery of protease inhibitors through the use of stem cells, in particular EPCs and MSCs,
genetically enhanced to produce elafin and serpinal. A study using EPCs modified to
express eNOS has already shown a complete reversal of monocrotaline induced primary PH
(Zhao et al. 2005) and therefore provides, along with the results obtained in this study, the
proof of principle for our approach towards treating PVD associated with CDH.

Elafin and serpinal, also known as a-1 antitrypsin, are naturally secreted serine
elastase and serine protease inhibitors respectively (Shaw and Wiedow 2011; Wewers and
Crystal 2013). Elafin and serpinal augmentation therapies, currently in phase II and I1I
clinical trials have been well tolerated with little to no signs of significant side effects (Shaw
and Wiedow 2011; Wewers and Crystal 2013). Since these two inhibitors are naturally
secreted we needed a way to distinguish natural from artificially added elafin and serpinal to
assess treatment efficacy. We therefore set out to create elafin and serpinal proteins
conjugated to a myc-DDK tag. Although untagged elafin and serpinal proteins have already
been confirmed to inhibit the induced elastolytic activity seen in PAs of fetal rats with CDH
we needed and were able to confirm that elafin and serpinal conjugated to a myc-DDK tag
maintained their secretory properties and inhibitory activities. Lentiviral particles containing

tagged elafin and serpinal plasmid DNA which also expressesd GFP were created and could
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be used to infect EPCs and/or MSCs to create stable cell lines for future ultrasound guided
intrautero intracardiac, intrauterine, or intraperitoneal injection into fetal rats with nitrofen
induced CDH. Although rat derived MSCs are notoriously difficult to transduce, human
MSCs are much more receptive to lentiviral plasmid DNA incorporation (Lin et al. 2012;
Ricks et al. 2008). Therefore FACS targeting GFP expressing cells could be used to isolate
pure rat stem cell colonies expressing elafin or serpinal.

To ensure proper homing of EPCs and MSCs to the lungs of fetal rats with CDH we
will be utilizing EPCs and MSCs modified with lentiviral plasmids that constitutively
express GFP. Once cells are injected into the fetal rats it may be possible to locate their GFP
signals using IVIS200 imaging. We could also sacrifice pups at different time stages, collect
and section their organs, and perform immunohistochemistry using an anti-GFP antibody to
confirm therapeutic stem cell presence. These methods will also be able to help us compare

and optimize the stem cell injection method best suited for a treatment for PVD.
4.6  Concluding remarks

Collectively, the results from this study suggest that the progression of PVD
associated with CDH involves an increase in proliferation and a decrease in apoptosis in PAs
of fetal rats with CDH that is accompanied by an induction of elastase and MMP activity and
OPN levels, in an EGF-rich environment. As inhibition of elastase and MMP activity
(Cowan et al. 2000), as well as EGF receptor blockade (S. L. Merklinger et al. 2005), have
been shown to improve survival in rats with primary PH, the molecular players identified
here may thus represent potential new therapeutic targets for the treatment of PVD associated

with CDH. This ongoing project is part of our translational research program with the
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ultimate goal of developing a novel strategy of targeting PH in infants with CDH to improve

survival and long-term outcome.
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Appendix
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Figure 1. Effect of nitrofen and CDH on body weight and lung hypoplasia. Nitrofen
significantly decreased fetal body weight (g) (A) and lung weight to body weight ratio (B),
which were even lower in animals with CDH. (** P <0.01 and *** P <0.001 compared to
Ctl; # P <0.05 and ### P < 0.001 compared to CDH-)
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Figure 2. Fetal rats with CDH show features of pulmonary vascular disease. Media wall
thickness was increased in PAs of rats with CDH, as shown for PAs of 10-25 um (A) and 25-
35 um (B), while the lumen area was decreased (PAs with external diameter of 10-35 um
were measured) (C). The percentage of fully muscularized vessels was significantly elevated
in fetal rats with CDH (PAs with external diameter of 10-45 pum were measured) (D), while
the number of vessels was decreased (PAs with external diameter of 10-45 um were
measured) (E). The right ventricle (RV) to left ventricle + septum (LV + S) ratio was slightly
augmented by exposure of fetal rats to nitrofen, but was further increased in rats with CDH
(F). Values are shown as means + SE with N=7 lungs per group (A-E), 10 arteries per lung
(A), 15 arteries per lung (B), and 10 hearts per group (F). (* P <0.05, ** P <0.01, and *** P
<0.001 compared to Ctl; # P < 0.05 and ## P < 0.01 compared to CDH-). Black bar in
photomicrographs represents 10um.
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Figure 3. No change in proliferation, apoptosis, smooth muscle actin, MMP2,
osteopontin, tenascin-c or EGF levels from whole lung lysates in fetal rats with CDH
when compared to controls. (A-C) are graphical representations of (D) whereby smooth
muscle actin and both (*) inactive and (**) active caspase-3 levels in whole left lung lysates
remain unchanged due to the CDH defect. Interestingly active-caspase3 is significantly
decreased between CDH- and CDH+ groups. Osteopontin and tenascin-C (E-F) levels also
are unaffected by CDH. Active MMP2 (##), pro-MMP2 (#), and PCNA (H-J) maintain
equivalent expression levels independently of CDH defect. EGF (L) although slightly
elevated in CDH+ lung lysates is not significantly different than either controls or CDH-
groups. For all figures n=4 per treatment group as shown. (# P < 0.05 compared to CDH-).

65



— 55.00

&

% zd ———

(@]

[}

-_E 27.50 o

‘@

g
g < 13754
2
s) =z
= O
pz4 o

0.00 v
Control CDH- CDH+
Nitrofen

Nirofen

Caspase-3 Positive Cells (%)

Control CDH- CDH+
Nitrofen

CDH+

,.
\’.’t

Figure 4. Increased cell proliferation and decreased apoptosis in PAs of fetal rats with
CDH. Cell proliferation was assessed by PCNA staining (A) and quantified as percentage of
PCNA-positive cells in PAs (B). Cells were labelled with anti-caspase-3, a marker of
apoptosis, (C) and the percentage of caspase-3-positive cells in PAs have been determined
(D). The limits of each PA, as determined by SMA positive staining, are delineated in black
in the photomicrographs. Values are shown as means = SE with N=7 lungs per dose group
and 10 arteries per lung. (** P <0.01 and *** P <0.001 compared to Ctl; # P < 0.05 and ###
P <0.001 compared to CDH-). Black bar in photomicrographs represents 10um.
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Figure 5. Elastolytic and MMP activities are induced in PAs of fetal rats with CDH.
Enzyme activity has been assessed by in situ zymography using a fluorescent substrate in
PAs, identified by positive SMA labeling, and quantified as ' Pixels Intensity per pm”'. The
PAs are encircled with a white line. The MMP activity was significantly increased in PAs of
rats with CDH (A). Very low fluorescent signal was detected in the absence of substrate and
the CDH-induced MMP activity was significantly reduced by the broad spectrum MMP
inhibitor GM6001 (B). The elastolytic activity was also significantly induced in PAs of rats
with CDH (C). Very low fluorescent signal was detected in the absence of substrate and the
CDH-induced elastolytic activity was significantly reduced with both a general, serpinal,
and selective, sivelestat, serine elastase inhibitor (D). Values are shown as means + SE with
N=7 lungs per dose group and 10 arteries per lung. (* P <0.05, ** P <0.01, and *** P <
0.001 compared to Ctl; # P < 0.05 and ## P < 0.01 compared to CDH-). White bar in
photomicrographs = 20 um.

67



Hematoxylin

Control
g
¥

-

e
=
=
‘n
c
_f.]_.) 3000 o
1.c
1
T » 2
[|) Q 2000 o
_lo =3 o
Q n
g “© 1000 4
Z >
:T: -
[m)] 6 ) v
o m Control CDH- CDH+
Nitrofen
Osteopontin
s E
= | =
g 2
(_) 8 3500 «
2
. £
') 2625 —'—
. ©
T X
a &
c O Q 1750 4
[0 o
Q
o 3
2 -] 8754
+ £
I h—
a 5
(@) a o v
8 Control CDH- CDH+
%) Nitrofen
(@]

Figure 6. EGF and osteopontin levels are augmented in PAs of fetal rats with CDH.
Quantification of EGF (A) and osteopontin (B) levels in PAs are presented as ' Pixels
Intensity per um®'. The limits of each PA, as determined by SMA positive staining, are
delineated in black in the photomicrographs. Values are shown as means + SE with N=7
lungs per dose groups and 10 arteries per lung. (* P <0.05 and ** P <0.01 compared to Ctl;
# P <0.05 and ## P < 0.01 compared to CDH-). Bar = 20 um.
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Figure 7. SMC enrichment via magnetic cell sorting was accomplished by removing
endothelial cells, epithelial cells, alveolar cells, and pneumocytes using PECAM-1 and
MUCT antibodies. SMA levels were quantified via Western blotting and normalized to
tubulin. SMA was absent in PECAM-1 and MUCI positive cell fractions and was doubled in
the negative fraction when compared to whole lung lysates indicating an enrichment of
SMCs.
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Figure 8. Myc-DDK tagged elafin and serpinal protein serine elastase inhibitors are
secreted from transfected HEK293T cells and inhibit elastase activity. Western blots
showing elafin and serpinal transfected HEK293T lysates and conditioned media compared
to HEK293T cells transfected with an empty GFP expressing plasmid done in triplicate (A).
Lysates (B) and media (C) from elafin and serpinal transfected cells inhibit porcine
pancreatic elastase activity as compared to cells transfected with an empty GFP plasmid. The
elastase assays were performed with an n=3. (* P <0.05)
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Figure 9. Lentiviral particles containing elafin and serpinal genes are able to create
stable HEK293T cells expressing elafin and serpinal elastase inhibitors. A western blot
showing elafin and serpinal infected HEK293T lysates and conditioned media compared to
HEK293T cells infected with an empty GFP expressing lentiviral plasmid done in triplicate
(A). Lysates (B) and media (C) from elafin and serpinal infected cells inhibit elastase
activity as compared to cells transfected with an empty GFP plasmid. The elastase assays
were performed with an n=3. (* P <0.05)
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Figure 10. Nitrofen dosed rat pups with or without CDH all die within 1 or 15 hours
respectively. Maternal rats were gavage fed 100mg of nitrofen in olive oil (CDH+ and
CDH-) or olive oil (Control). Pups were monitored immediately after birth and scored every
5 minutes for the first hour and ever hour for the proceeding 23 hours. APGAR scores were
calculated by assigning 2, 1, or 0 to spontaneous motor movement, degree of cyanosis,
breathing, and responsive motor movement where 2 is normal and 0 is poor. Data represents
n=16 for controls, n=8 for CDH+ and n=7 for CDH-.
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