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ABSTRACT

Acute Lung Injury/Acute Respiratory Distress Syndrome (ALI/ARDS)
remain a major health issue because of a high mortality and morbidity rate.
Despite progress in understanding the pathogenesis of ALI, there is currently no
drug-based therapy promoting lung repair. A predominant pathological finding in
ALl is diffuse alveolar epithelial damage. Rapid recovery of the alveolar
epithelium is crucial for lung repair and prevention of the development of lung
fibrosis post-ALI/ARDS. In order to identify new therapeutic strategies aimed at
improving epithelial function to accelerate repair and decrease the
mortality/morbidity of patients with ARDS, we investigated two innovative
concepts: (1) the lung healing capacity of the MRL (Murphy-Roth Large) mouse
strain know for its unique capacity for both accelerated and regenerative wound
healing, and (2) stem cell-based treatments. We used two well-established
ALI/ARDS models: lipopolysaccharide, LPS-induced ALI/ARDS and bleomycin,
BLM-induced ALI/ARDS complicated by fibrosis.

We found that MRL/MPJ mice have attenuated lung inflammation and
injury in the LPS-induced model of ARDS compared to C57BL/6 control mice.
The healing potential of MRL/MPJ mice is in part attributable to alveolar
epithelial type 2 cells (AT2, putative distal lung progenitor cells) since they
displayed an accelerated wound closure in vitro and their conditioned media
attenuated LPS-induced ALI/ARDS in C57BL/6 mice. Conversely, in BLM-

induced lung injury, MRL/MPJ healer mice showed no differences in their repair



capacity compared to C57BL6 controls. This could be attributable to the marked
toxicity of BLM on AT2 cells.

We also tested the therapeutic potential of human umbilical cord blood
cells (HUCBC) in BLM-induced lung injury. HUCB decreased collagen
deposition, as well as improved lung function and exercise capacity. Moreover,
HUCBC secreted relaxin and angiotensin converting enzyme 2 (ACE2), 2
molecules known for their antifibrotic effects. We further explored the antifibrotic
effects of ACE2 by showing worsened lung fibrosis in ACE2 knock out, whereas
exogenous administration of human recombinant ACE2 significantly attenuated
fibrosis and improved lung function in BLM induced lung injury.

In summary, our studies provide new therapeutic options for lung repair

after injury.
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1. Introduction

1.1 Lung diseases: a major health care problem

Respiratory diseases impose a significant economic impact on the
Canadian health care system. Almost 6.5% of total health care costs are related to
respiratory diseases’. Acute and chronic lung diseases such as Acute Lung Injury
(ALI) and its more severe form, Acute Respiratory Distress Syndrome (ARDS),
can lead to chronic pulmonary fibrosis (PF), and represent a major health care
challenge because of lack of efficient therapies. A common denominator of
these diseases is the absence of effective injury resolution leading to
delayed/distorted tissue repair. Despite improvements in supportive treatment —
mainly mechanical ventilation and ultimately lung transplant for PF— no specific
treatments exist for these diseases® % ®. Therapies specifically targeting enhanced
wound healing, inflammation resolution and scarless repair may lead to improved
survival and decreased morbidity. Understanding/promoting efficient lung repair

remains a sensible strategy for treating these lung diseases.

1.2 Lung injury and resolution in ALI and PF

The most distal portion of the lung, the alveoli, is composed of two distinct
types of alveolar epithelial cells (AT): cuboidal AT2, responsible for surfactant
production and presumed distal lung progenitor cells and flat AT1 cells, incapable
of differentiating, but important for gas exchange in the alveolar-capillary

membrane .

1.2.1 Normal Lung repair after acute Injury

After injury to the alveolar-capillary membrane, hemorrhage and

5

activation of the coagulation pathway occurs °. These mediators activate

inflammatory cells, endothelial cells, fibroblast/myofibroblast and epithelial cells.

! http://www.phac-aspc.gc.ca/publicat/2007/Ibrdc vsmrc/pdf/PHAC-Respiratory-
WEB-eng.pdf
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Minutes following the injury, neutrophils migrate to the area, producing reactive
oxygen species. A second cellular influx of mononuclear leukocytes releases
cytokines and vasoactive mediators. Then, a matrix consisting of a mixture of
connective tissue, leukocytes, myofibroblast and endothelial cells stimulate
angiogenesis forming the base for re-epithelization/endothelization. The normal
repair process is complete when the alveolar-capillary membrane has established
its usual parenchymal cell distribution (i.e., alveolar epithelial cells). When the
injury is acute and the stimulus is removed rapidly, the alveolar-capillary
membrane will return to normal integrity . In ALI/ARDS and PF, there is an
absence of effective injury resolution leading to abnormal repair ’. Characteristics
similar to those seen in lungs of patients with ARDS have been modeled in mice
exposed to bleomycin (BLM) induced lung injury complicated by fibrosis ®.

1.2.2 Injury resolution ALI/ARDS and PF

The pathologic features of ALI are edema, inflammation and damage of to
the alveolar epithelium ”. The process is characterized by distinct phases that can
be divided in to the following: an acute exudative phase, characterized by
endothelial/epithelial injury leading to alveolar edema and an extended
inflammatory and oxidative response. A proliferative phase, with gradual
development of intra-alveolar and interstitial fibrosis, which leads to a chronic
fibrotic phase with collagen deposition (scarring). The structure and function of
the alveolar epithelium are important determinants of lung injury. ARDS
survivors often exhibit decreased pulmonary function, impaired health-related
quality of life and PF ***,

In PF, sub epithelial fibrotic foci are the characteristic feature, believed to
result form recurrent inflammatory insults and abnormal parenchymal- epithelial
cell injury and fibroblast proliferation ** *3, There is an uncontrolled connective
tissue remodeling characterized by accumulation of extracellular matrix with the
consequent formation of a scar and destruction of organ architecture. In PF,

aberrant alveolar epithelial cells synthesize factors that sustain the fibrotic



reaction by an inadequate “cross-talk” between parenchymal (epithelial) and
mesenchymal (extracellular matrix, fibroblast) cells *°.

Structural analysis from lung tissue of PF patients has uncovered AT1
destruction along with endothelial cell loss and disruption of the basement
membrane ® ', The process is accompanied by intra-alveolar proliferation and
migration of fibroblast and further differentiation into myofibroblasts.

Alveolar epithelial cell injury induces the proliferation of fibroblasts and
their differentiation into myofibroblasts.

Myofibroblasts are, for the most part, considered to be responsible for the
collagen production occurring in PF %, Moreover, myofibroblasts secrete a
variety of cytokines, including the profibrotic transforming growth factor-p
(TGF- ) . In addition, these cells may induce alveolar epithelial cell death,
perpetuating the damage of the alveolar epithelium and inhibiting appropriate and

efficient re-epithelialization *°.

1.3 Importance of Alveolar epithelial cells in lung repair

The critical importance of alveolar epithelial injury in the development of
ALI/PF is now well established and it is clear that alveolar regeneration is crucial
for injury resolution %°. One of the hallmarks of ALI/ARDS is diffuse alveolar
damage, with occupation of the alveolar spaces with a proteinaceous liquid,
inflammatory cells, fibrin and epithelial cell damage. These features are
recapitulated in lipopolysaccharide (LPS, an endotoxin from Gram -negative
bacteria)-induced ALI/ARDS in mice. As part of the repair process, AT2
proliferate and provide a provisional new epithelial barrier after the injury. The
provision of a new epithelium is associated with a gradual regression of intra-
alveolar granulation tissue 2.

The importance of epithelial cell injury, apoptosis and failed epithelial
reconstitution is also important in the pathogenesis of PF. Epithelial cells in PF
secrete different molecules such as growth factors and surfactant proteins that
regulate the inflammatory and fibrotic response within the lung. AT2 cells are

reparative and proliferate fast following injury 2.



In fibrotic foci - the proposed areas of active scarring - prominent defects
in the alveolar epithelium including hyperplasia and membrane denudation are
evident in PF patients % and rodents exposed to BLM #%°. BLM, a glycopeptide
antibiotic produced by the bacterium Streptomyces verticillus, produces extensive
damage to AT2 ?. In fibrosis, AT2 fail to repair the damaged epithelium as a
result of ineffective proliferation/differentiation leading to interstitial scarring *°.
The poor reconstitution of the epithelium is believed to drive fibrosis by inducing
the proliferation of fibroblasts and the deposition of collagen. Studies on the re-
population of denuded tracheal explants show that these are rapidly repopulated
by fibroblasts if insufficient epithelial cells are introduced to the lumen to control
fibroblast proliferation 2. In vitro there is evidence to demonstrate that fibroblast
differentiation and collagen production is enhanced in epithelial cell/fibroblast co-
cultures by injury to the epithelial cell component °.

The importance of the alveolar epithelium in the pathogenesis of PF and
ARDS is further implied by the observation that epithelial cell growth factors -
including keratinocyte growth factor (KGF) and hepatocyte growth factor (HGF) -
enhance AT2 cell proliferation, migration and protect against scarring in various
animal models (reviewed in *°). On the contrary, TGF-B a powerful profibrotic
cytokine is an important regulator in pulmonary fibrosis that can induce apoptosis
directly in various cell types ®%. Different animal models over expressing TGF-B
showed extensive progressive fibrosis but limited inflammation, indicating that
TGF-B may play a predominant role in the progression of pulmonary fibrosis .
Inhibition of TGF- R activity by anti-TGF-R antibodies, or modulators of TGF-3
such as pirfenidone which slows down the progression of PF %,

In summary, AT2 are an important site of initial injury ** as well as a
major determinant of repair *. Harnessing the healing power of AT2 may lead to
the identification of new treatment strategies specifically targeting lung injury
prevention and/or repair.

Current management of lung diseases characterized by alveolar damage lacks
drugs specifically targeting lung repair. In this thesis, we take advantage of 2

recent developments to discover new therapeutic options for lung diseases: 1) The
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discovery of MRL mice (Murphy-Roth-Large), a particular strain of mice with
enhanced tissue healing capacity and 2) novel insight into stem cell biology, as
there is increasing evidence that stem cell-based strategies hold promise for the

prevention of lung injury.

1.4 A mammal model of scarless healing and its importance in lung repair

1.4.1 Tissue regeneration in MRL mice

MRL mice possess an increased wound healing capacity. This
characteristic is ideal for exploring new lung repair mechanisms in order to
identify new therapeutic targets to prevent lung injury and/or to promote
“scarless” lung repair. The MRL/MPJ (for Murphy, Roths and Large) mice was
generated from a series of crosses of strains C57BL/6J (0.3%), C3H/HeDi
(12.1%), AKR/J (12.6%) and LG/J (75%) and then followed by inbreeding 3*. The
MRL/MPJ mouse was developed for its large size as a control strain for the MRL
Ipr/lpr, which has been found to display a major defect in immune regulation
leading to a generalized autoimmune arthritis like syndrome **. On the contrary,
MRL/MPJ mice do not develop autoimmune features until much later in life
(around 6 months of age) *°.

Damaged tissues in these animals are quickly replaced with normal tissue
architecture that retains its full functionality. This repair process is reminiscent of
fetal healing *" and amphibian regeneration, involving the absence of scarring and
complete replacement of damaged organs ** *. In contrast, most other strains of
mice demonstrate none or limited tissue regeneration and undergo extensive
fibrosis that leads to scar formation .

Mice of the MRL/MPJ strain have a unique capacity for both accelerated
and regenerative wound healing, as shown by the complete closure of ear hole
punches, scarless heart regeneration following cryoinjury and complete healing of
alkali burned corneas “°**. Currently, the mechanisms of tissue regeneration in the
MRL/MPJ remain unclear. Their regenerative capacity in the lung had never been

explored.



1.4.2 Increased healing in the MRL mice, an incidental finding

While ear notching for identification of mice, Dr. Heber-Katz’s group
noticed that MRL/MPJ ear holes often closed completely in a short period of
time*2. They found that this recurrent event was actually a model of regeneration
in mammals “°. The healing seen in these MRL/MPJ mice displays a normal
macro and micro anatomic tissue architecture ** %

The holes made to MRL/MPJ mice ears were found to close and disappear
after 30 days compared to the “non-healer” C57/BL6 mice *®. During these 30
days, at different time points, structural analyses, gene mapping and protein
expression profiles were performed in attempt to understand the mechanisms

behind the enhanced healing *° .

1.4.3 Early re-epithelization

During classical healing which involves scar formation, re-epithelization
does not occur before 3-8 days after injury *. As early as day 2 after the ear hole
was inflicted, complete re-epithelization was observed in MRL/MPJ mice
compared to C57/BL6 mice *. In MRL/MPJ mice, non-injured epithelial cells
appear to be in a “vigilant state,” ready to migrate and proliferate when an injury
occurs. This is supported by the fact that MRL/MPJ early ear-notched biopsies
display almost intact epithelium in histological sections and messenger
ribonucleic acid (MRNA) up regulation of keratins (necessary for epithelial
growth) ** . As well, there appears to be an increased BrdU incorporation in
MRL/MPJ epithelial cells observed during week 1 and 2 after the ear hole punch
® suggesting more a “active” epithelium compared to non-healing C57/BL6

mice.

1.4.4 Changes in the Extracellular Membrane

Besides the epithelial changes, the extracellular membrane exhibits
different characteristics between healer (MRL/MPJ) and non-healer mice
(C57/BL6). MRL/MPJ mice display a higher proliferation rate, increased
angiogenic sprout and a thin extracellular membrane. Comparably, amphibians do



not, or posses a very thin extracellular membrane, so epithelial to mesenchymal
transitions are more likely to occur *" *®. As the extracellular membrane is
responsible for initiating the changes required for repair and organization
(collagen deposition, extracellular matrix growth, angiogenesis), the above
mentioned structural changes suggest that the extracellular membrane
composition may differ (functionally and chemically) between both strains of
mice “%. In fact, microarray analysis has shown that procollagen type | and 11l
(increased in repair leading to scar formation) exhibit a 2.4 fold down regulation
in MRL/MPJ mice when compared to C57/BL6 mice *.

In the ear hole closure model, MRL/MPJ mice showed higher matrix
metalloproteinases (MMP) 9 and 2 activity compared to C57/BL6. This traduces
in an accelerated breakdown of the extracellular matrix- basement membrane, the
hallmark of regeneration®®. To further confirm the role of MMPs in the healing
process, a non-specific inhibitor, minocycline, administered to the animals
blocked the ear hole closure in these mice *® *. Taken together, these data suggest
that inflammation and MMPs facilitate the regenerative process.

1.4.5 Gene mapping in the regenerating ear

Because healer (MRL/MPJ) and non-healer (C57/BL6) mice are inbreed
strains, quantitative gene mapping techniques (mapping of genes to specific
locations on chromosomes) can be used to identify and trace genetic loci
associated with regeneration ** **%°. Using microsatellite mapping techniques,
McBrearty et al *° found five significant quantitative trait loci (QTL) on four
different chromosomes: 7, 8, 12, 13 and 15 ***°. Interestingly , chromosome 15
encodes for a variety of genes involved in limb regeneration, including members
of the hedgehog family of signaling molecules, and genes of the Hoxc complex.>*
2 In studying ear-hole closure, Blankenhorn et al *!, found that in both the
MRL/MPJ and C57/BL6 strains, male and female mice healed ear holes
differently, showing was sexually dimorphic healing response. In conclusion, the
healer mouse offers some interesting insights into the mechanisms of regeneration

and the lack of it in higher vertebrates.



1.4.6 Proteome of the regenerating wounds in MRL/MPJ

The existence of an ear model that shows remarkable regenerative
properties provides an opportunity to characterize proteins that promote
regeneration and restoration of tissue architecture. Using tissue profiling MALDI
MS - a technique that permits the measurement of protein expression patterns
from a variety of biological sources, including tissue sections - Caldwell et al®®
examined the wound healing phenomenon to detect candidate proteins that may
promote tissue regeneration over fibrosis and scarring in the MRL/MPJ mouse.
Protein expression at the sites of wound repair was profiled at 4 and 7 days post
injury. The analysis revealed distinct differences in the magnitude, temporal
sequence and composition of protein expression patterns between the regenerative
(MRL/MPJ) and non-regenerative (C57/BL6) strains. Several dozen proteins were
expressed differently between the two mouse strains. Some of the proteins that
exhibited differences among strains: the calcium-binding proteins, calcyclin
(S100A6), calgranulin A (S100A8/MRP8), calgranulin B (S100A9/MRP14),
calgizzarin (S100A11), calvasculin (S100A4), and calmodulin. These molecules
regulate a variety of cell functions, including chemotaxis, signal transduction,

inflammation and cellular stress *°.

1.4.7 The scarless heart in MRL/MPJ mice

Besides cartilage regeneration, other organs have been explored in the
MRL/MPJ mice. The heart is an organ considered not to regenerate in mammals.
Heber-Katz et al >* assessed the capability of MRL/MPJ mice to heal after a trans-
diaphragmatic cryoinjury (inflicted with liquid nitrogen) to the right ventricle,
compared to the non-healer C57/BL6. Their endpoints included tissue architecture
assessed through trichrome Masson’s staining (to visualize collagen), histological
sections and echocardiography, among others. By day 5 in both strains of mice,
the cryo-injured area was full of fibrotic cells, which had replaced the
cardiomyocytes. By day 60, the MRL/MPJ mice showed normal myocardium and

little or no scarring whereas the C57/BL6 mouse showed a non-cellular scar that



replaced the myocardium. Echocardiography was assessed several days after
injury and then monthly. MRL/MPJ mice showed an enlarged right ventricle that
returned to its normal size over a period of three months. Histological
examination of the hearts after 1 year showed a normal MRL/MPJ heart compared
with a non-healed and scarred C57/BL6 heart **. It is important to note that the
echocardiographic data is only presented for the MRL/MPJ mice and there is no
mention to the control non-healer C57/BL6,

To further explore which type of cell was responsible for the enhanced
healing two possibilities were considered: the differentiated cardiomyocytes
entered into the cell cycle and gave rise to new cells or stem cells were
responsible for such replacement. To begin addressing the above issues, the
authors examined a cell-cycle-associated molecule Ki-67. They found that early in
the injury response, specifically between days 7 and 15 after injury,
cardiomyocytes in the MRL/MPJ expressed Ki-67 *. To determine the total
number of cells that were dividing over the 60-day period, BrdU (a nucleic acid
analogue) incorporation was determined.

At 60 days, the authors found that large numbers of cardiomyocytes were
BrdU positive in MRL/MPJ compared to C57/BL6, suggesting myocardial
regeneration in the adult heart. This is remarkable, taking into account that the
adult heart is capable of limited regeneration. To address if the bone marrow was
contributing with circulating stem cells to the enhanced healing, syngeneic
chimeras were created by injecting male bone marrow cells from healer
MRL/MPJ mice into lethally X-irradiated healer MRL/MPJ female mice and by
injecting non-healer C57/BL6 male bone marrow into lethally X-irradiated non
healer C57/BL6 female mice. At the same time, BrdU was administered to the
animals. Chimerism was shown to be positive in both the gut and spleen in these
mice. The authors found that the number of BrdU-positive cardiomyocytes was
far greater than chromosomeY-positive cardiomyocytes in all of the groups * *!,
This indicates that the regenerating cells were mostly resident cardiac cells. These
results are very interesting and reveal a mechanism of regeneration in a known

non-regenerative organ such as the heart.
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However, the literature on heart regeneration in MRL mice is not

unanimous. Oh et al >°

tested the healing capacity in MRL/MPJ mice using a
model of myocardial infarction caused by coronary ligation. The presence of
myocardial infarction was examined in vivo by repeated magnetic resonance
imaging, which allows for serial imaging of the myocardial structure and function.
The major finding of this study is that MRL/MPJ mice do not recover from
ischemic myocardial infarction with scarless recovery. Rather, large myocardial
scars persisted for at least 2 months following the creation of infarction in the
majority of mice studied. These results could be explained by the different injury
models, which could suggest that the enhanced healing in the MRL/MPJ mice is

dependant on the type of injury inflicted.

1.4.8 Different organs in the MRL/MPJ mice
Other organs that have been investigated in MRL/MPJ mice are corneas

and cortical stab wound in the brain. Ueno et al °°

, investigated the healing of
alkali-burned corneas in MRL/MPJ mice, which showed accelerated corneal
wound healing compared with C57/BL6 control animals. The rapid corneal wound
healing in MRL/MPJ mice was accompanied by lowered inflammatory responses
and highly activated re-epithelialization. MRL/MPJ mice showed accelerated rates
of re-epithelialization, which were evident on days 3 through 7. There was
massive infiltration of inflammatory cells in the corneal stroma and anterior
chamber in C57/BL6 mice beginning on day 1. Inflammation was most severe on
day 2 for the cornea and day 4 for the anterior chamber. In contrast to C57/BL6
mice, MRL/MPJ mice had minimal inflammation throughout the observation
period (30 days). The neutrophil is the predominant cell type in the acute phase of
inflammation followed by a wave of monocyte infiltration. One finding the
authors report is the decreased neutrophil infiltration in MRL/MPJ mice and the
improved healing in C57/BL6 mice when neutrophil depleted. However, the
healing was still delayed compared to MRL/MPJ mice. These suggest that other
mechanisms besides inflammation aid in the enhanced healing. As well,

experiments performed using bone marrow chimeras show that rather than
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hematopoietic cells being responsible for the enhanced healing, the local
microenvironment (corneas) possess the factors necessary for wound healing *®.

Besides ear, heart and cornea, experiments employing a cortical stab
wound showed some similarities in MRL/MPJ healing in the brain. It was found
that MRL/MPJ mice suffered a more severe injury response than the control mice
with more cell death but also with more BrdU-positive cells. There was also an
enhanced inflammatory response and more widespread blood—brain-barrier
leakage. By day 14, however, both the healer and the non-healer mice injuries
looked the same *’. This suggests that the healing potential of the MRL/MPJ mice
depends to a great extent in the tissue specific microenvironment.

A second major development in our understanding of how the body heals
itself has come from new insights into stem cell biology. Stem cell based
therapies hold promise for organ repair. Over the past ten years, evidence has
accumulated suggesting that stem cells may be beneficial in the prevention of a

variety of lung diseases **%.

1.5 Potential of Cell Therapy to Prevent/Repair the Damaged Lung

Tissue resident cells are often incapable of self-renewal and regeneration
in diseases such as ARDS and PF. However, exogenous administration of various
reparative cells has been described in the literature.

1.5.1. Stem cells with reparative potential

Mesenchymal Stem Cells

Mesenchymal Stem Cells (MSCs) are multipotent cells that can
differentiate into a variety of cell types, including: osteoblasts, chondrocytes and
adipocytes. In terms of surface antigens, MSCs do not express CD34, CD45,
CD117 (cKit), HLA class I, and HLA-DR antigens, whereas they are positive for
CD13, CD29, CD44, CD73, CD90, CD105, and CD166 ®. These cells can be
obtained from bone marrow or from other sources such as umbilical cord blood .
In rodent models of LPS induced ARDS and BLM induced PF, MSCs
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administration improved survival and lung inflammation ®*%*,

Decreasing/modulating inflammation seems to be one of the mechanisms
by which MSCs exert their beneficial effect. These include suppression of T cell
and B cell proliferation, modulation of natural killers and monocytes®®"*.

MSCs inhibit the division of stimulated T cells by preventing their entry
into the S phase of the cell cycle™. In vitro, they inhibit interferon-y and tumor
necrosis factor-a. and increase IL-10, impeding T- cell expansion” . In addition,
MSCs inhibit T cell activation through increased nitric oxide production™.T cell
inhibition does not appear to be antigen specific, working across human leukocyte
antigen "®. Similar to T cell changes, MSCs inhibit B cell proliferation. They also
reduce the expression of chemokine receptors and immunoglobulin production by
stimulated B cells .

MSCs act upon specific cell types such as natural cell killers and
monocytes inhibiting proliferation and cytotoxicity. They appear to affect the
differentiation/blocking the cell cycle at the GO phase and prevent the
differentiation into dendritic cells "®. One of the mechanisms implicated is

increased prostaglandin E2 and IL-10 production ®°.

Embryonic stem cells

Embryonic Stem Cells (ESC,) are pluripotent stem cells derived from the
early blastocyst and capable of self-renewal. There is one study demonstrating
attenuated fibrosis, improved lung function and survival following administration
of ESC-derived AT2, in a model of bleomycin-induced acute lung injury.
Targeted differentiation of ESC into alveolar epithelial cells, constitutes an
exciting approach in cell therapy. However, ethical controversy, concerns
regarding teratoma formation and immunoincompatibility hinder its clinical

application ° %,

Induced pluripotent stem cells
Another potential approach in cell therapy is to administer functionally
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mature cells generated by differentiation of ESCs. Recent engineering of somatic
cells by expression of transcription factors linked to pluripotency, gave rise to
induced pluripotent stem cells (iPSCs), which are functional equivalents of ESCs.
It would be interesting to know how effective can they be in treating lung and

other illness &.

Endothelial progenitor cells

Endothelial Progenitor Cells (EPCs) are a population of circulating and
resident vascular precursor cells®®. There is clinical evidence of reduced
circulating EPCs in patients with obstructive/restrictive lung diseases .
Moreover, increased circulating EPCs correlate with improved outcomes in lung
injury ® %, Depletion of these cells may be involved in altered endothelial
homeostasis of pulmonary circulation. Experimental lung vascular diseases such
as monocrotaline induced pulmonary hypertension have shown structural and

functional improvement with EPC administration 2°

, the mechanisms in these
studies include e-NOS and VEGF induced vasodilatation.  Together, these

suggest that EPC supplementation may be a valid strategy to treat lung diseases *®
85

1.5.2 The paracrine effect of Stem cells.

Most of the beneficial effects seen with MSCs administration are believed
to be due to a paracrine effect more than engraftment (not more than 5% in the
majority of the studies) >* 8" 8. MSCs dampen inflammation by secreting anti-
inflammatory cytokines such as IL-10, KGF, TNFan and more recently
angiotensin converting enzyme 2 (ACEZ2, in human umbilical cord mesenchymal
stem cells, unpublished data). Identification of paracrine factors may yield new
efficacious molecules to promote lung repair.

Interestingly, ACE2 has recently been shown to play a role in he
pathogenesis of ARDS and PF. The renin angiotensin system (RAS) is partially
responsible for maintaining blood pressure homeostasis, salt and fluid balance.

Angiotensin 1l (ANGII) causes vasoconstriction and cell proliferation which can
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ultimately lead to pulmonary fibrosis and pulmonary hypertension 2. Angiotensin
converting enzyme (ACE) generates ANGII from angiotensin I, being the
capillary vessels in the lungs one of the major sites of ACE and ANG Il
production in the body. It has been elucidated that RAS is also critical in
ALI/ARDS. ACE2 - a homologue of ACE - acts as a negative regulator of the
RAS system, and there is evidence that supports its protective role in animal
models of ARDS *. ACE2 knockout mice display features seen in ARDS
(increased vascular permeability) and worsened lung function ®*.

ACE levels in serum, bronchoalveolar lavage and lungs in PF are
increased. Angiotensin and Angiotensinogen induce apoptosis of alveolar
epithelial cells in vitro %. In an animal model of radiation-induced pulmonary
fibrosis, concentrations of ACE and ANGII were increased in lung tissue
homogenates and suggested that the process of pulmonary fibrosis was promoted
by a local RAS in the lung ®3. Moreover, ACE2 has been shown to be protective
and down regulated in human and rodent models of PF . There is increasing
evidence that ACE2 plays an important role in diverse lung pathologies and

constitutes thoughtful approach for the treatment of progressive lung diseases®" %

94-101

1.6 Overall hypothesis and objectives

The main objective of this thesis is to explore new lung repair mechanisms
as means to identify innovative therapeutic targets to prevent/repair lung injury.
In chapters 2 and 3, we investigated the lung healing potential of MRL/MPJ mice
using an acute and chronic rodent model of lung injury (LPS induced ALI and

BLM induced fibrosis, respectively). For chapter 4 we tested the therapeutic
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potential of human umbilical cord blood cells in a BLM model of post ALI-PF
and identified some of the paracrine factors. In chapter 5 we assessed the

protective role of ACE2 in a rodent model of PF following ALI.

My overall hypothesis is that novel healing molecules derived from a
mammal model of regeneration and from stem cells, cell can be used to treat ALI

and to prevent the resulting lung fibrosis.



16

1.7 References

1.

10.

Chavasse R. The american thoracic society, toronto, may 2000. Paediatr
Respir Rev. 2000;1:301-302

Wiedemann HP, Wheeler AP, Bernard GR, Thompson BT, Hayden D,
deBoisblanc B, Connors AF, Jr., Hite RD, Harabin AL. Comparison of
two fluid-management strategies in acute lung injury. N Engl J Med.
2006;354:2564-2575

Copland 1B, Martinez F, Kavanagh BP, Engelberts D, McKerlie C, Belik
J, Post M. High tidal volume ventilation causes different inflammatory
responses in newborn versus adult lung. Am J Respir Crit Care Med.
2004;169:739-748

Thebaud B. Update in pediatric lung disease 2010. Am J Respir Crit Care
Med. 2011;183:1477-1481

Clark RA. Basics of cutaneous wound repair. J Dermatol Surg Oncol.
1993;19:693-706

Wallace WA, Fitch PM, Simpson AJ, Howie SE. Inflammation-associated
remodelling and fibrosis in the lung - a process and an end point. Int J Exp
Pathol. 2007;88:103-110

Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl J
Med. 2000;342:1334-1349

Wang D, Morales JE, Calame DG, Alcorn JL, Wetsel RA. Transplantation
of human embryonic stem cell-derived alveolar epithelial type ii cells
abrogates acute lung injury in mice. Mol Ther. 2010;18:625-634

Orme J, Jr., Romney JS, Hopkins RO, Pope D, Chan KJ, Thomsen G,
Crapo RO, Weaver LK. Pulmonary function and health-related quality of
life in survivors of acute respiratory distress syndrome. Am J Respir Crit
Care Med. 2003;167:690-694

Miwa C, Koyama S, Watanabe Y, Tsubochi H, Endo S, Nokubi M,
Kawabata Y. Pathological findings and pulmonary dysfunction after acute

respiratory distress syndrome for 5 years. Intern Med. 2010;49:1599-1604



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

17

Davidson TA, Caldwell ES, Curtis JR, Hudson LD, Steinberg KP.
Reduced quality of life in survivors of acute respiratory distress syndrome
compared with critically ill control patients. JAMA. 1999;281:354-360
Snyder LS, Hertz MI, Peterson MS, Harmon KR, Marinelli WA, Henke
CA, Greenheck JR, Chen B, Bitterman PB. Acute lung injury.
Pathogenesis of intraalveolar fibrosis. J Clin Invest. 1991;88:663-673
Harty M, Neff AW, King MW, Mescher AL. Regeneration or scarring: An
immunologic perspective. Dev Dyn. 2003;226:268-279

Ramos C, Montano M, Garcia-Alvarez J, Ruiz V, Uhal BD, Selman M,
Pardo A. Fibroblasts from idiopathic pulmonary fibrosis and normal lungs
differ in growth rate, apoptosis, and tissue inhibitor of metalloproteinases
expression. Am J Respir Cell Mol Biol. 2001;24:591-598

Selman M, King TE, Pardo A. Idiopathic pulmonary fibrosis: Prevailing
and evolving hypotheses about its pathogenesis and implications for
therapy. Ann Intern Med. 2001;134:136-151

Selman M, Pardo A. Idiopathic pulmonary fibrosis: An
epithelial/fibroblastic cross-talk disorder. Respir Res. 2002;3:3

Strieter RM, Gomperts BN, Keane MP. The role of cxc chemokines in
pulmonary fibrosis. J Clin Invest. 2007;117:549-556

Gauldie J. Pro: Inflammatory mechanisms are a minor component of the
pathogenesis of idiopathic pulmonary fibrosis. Am J Respir Crit Care
Med. 2002;165:1205-1206

Wallach-Dayan SB, Golan-Gerstl R, Breuer R. Evasion of myofibroblasts
from immune surveillance: A mechanism for tissue fibrosis. Proc Natl
Acad Sci U S A. 2007;104:20460-20465

Crosby LM, Waters CM. Epithelial repair mechanisms in the lung. Am J
Physiol Lung Cell Mol Physiol. 2010;298:L715-731

Coalson JJ. The ultrastructure of human fibrosing alveolitis. Virchows
Arch A Pathol Anat Histol. 1982;395:181-199

Kasper M, Haroske G. Alterations in the alveolar epithelium after injury
leading to pulmonary fibrosis. Histol Histopathol. 1996;11:463-483



23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

18

Hagimoto N, Kuwano K, Inoshima I, Yoshimi M, Nakamura N, Fujita M,
Maeyama T, Hara N. Tgf-beta 1 as an enhancer of fas-mediated apoptosis
of lung epithelial cells. J Immunol. 2002;168:6470-6478

Vincent R, Bjarnason SG, Adamson 1Y, Hedgecock C, Kumarathasan P,
Guenette J, Potvin M, Goegan P, Bouthillier L. Acute pulmonary toxicity
of urban particulate matter and ozone. Am J Pathol. 1997;151:1563-1570
Ekimoto H, Takahashi K, Matsuda A, Umezawa H. [experimentally
induced bleomycin pulmonary toxicity--comparison of the systemic
(intraperitoneal) and local (intratracheal) administration]. Gan To Kagaku
Ryoho. 1983;10:2550-2557

Pozzi E, Zanon P. On the pathogenesis of bleomycin lung toxicity. Int J
Clin Pharmacol Biopharm. 1978;16:575-578

Harrison JH, Jr., Hoyt DG, Lazo JS. Acute pulmonary toxicity of
bleomycin: DNA scission and matrix protein mrna levels in bleomycin-
sensitive and -resistant strains of mice. Mol Pharmacol. 1989;36:231-238
Terzaghi M, Nettesheim P, Williams ML. Repopulation of denuded
tracheal grafts with normal, preneoplastic, and neoplastic epithelial cell
populations. Cancer Res. 1978;38:4546-4553

Morishima Y, Nomura A, Uchida Y, Noguchi Y, Sakamoto T, Ishii Y,
Goto Y, Masuyama K, Zhang MJ, Hirano K, Mochizuki M, Ohtsuka M,
Sekizawa K. Triggering the induction of myofibroblast and fibrogenesis
by airway epithelial shedding. Am J Respir Cell Mol Biol. 2001;24:1-11
Berthiaume Y, Lesur O, Dagenais A. Treatment of adult respiratory
distress syndrome: Plea for rescue therapy of the alveolar epithelium.
Thorax. 1999;54:150-160

Sime PJ, Xing Z, Graham FL, Csaky KG, Gauldie J. Adenovector-
mediated gene transfer of active transforming growth factor-betal induces
prolonged severe fibrosis in rat lung. J Clin Invest. 1997;100:768-776
Raghu G, Johnson WC, Lockhart D, Mageto Y. Treatment of idiopathic

pulmonary fibrosis with a new antifibrotic agent, pirfenidone: Results of a



33.

34.

35.

36.

37.

38.

39.

40.

41.

19

prospective, open-label phase ii study. Am J Respir Crit Care Med.
1999;159:1061-1069

dos Santos CC, Han B, Andrade CF, Bai X, Uhlig S, Hubmayr R, Tsang
M, Lodyga M, Keshavjee S, Slutsky AS, Liu M. DNA microarray analysis
of gene expression in alveolar epithelial cells in response to tnfalpha, Ips,
and cyclic stretch. Physiol Genomics. 2004;19:331-342

Murphy ED, Roths JB. A y chromosome associated factor in strain bxsb
producing accelerated autoimmunity and lymphoproliferation. Arthritis
Rheum. 1979;22:1188-1194

Watanabe-Fukunaga R, Brannan Cl, Copeland NG, Jenkins NA, Nagata S.
Lymphoproliferation disorder in mice explained by defects in fas antigen
that mediates apoptosis. Nature. 1992;356:314-317

Adachi M, Watanabe-Fukunaga R, Nagata S. Aberrant transcription
caused by the insertion of an early transposable element in an intron of the
fas antigen gene of Ipr mice. Proc Natl Acad Sci U S A. 1993;90:1756-
1760

Dang C, Ting K, Soo C, Longaker MT, Lorenz HP. Fetal wound healing
current perspectives. Clin Plast Surg. 2003;30:13-23

Bedelbaeva K, Gourevitch D, Clark L, Chen P, Leferovich JM, Heber-
Katz E. The mrl mouse heart healing response shows donor dominance in
allogeneic fetal liver chimeric mice. Cloning Stem Cells. 2004;6:352-363
Clark LD, Clark RK, Heber-Katz E. A new murine model for mammalian
wound repair and regeneration. Clin Immunol Immunopathol. 1998;88:35-
45

Clark L, Otvos L, Jr., Stein PL, Zhang XM, Skorupa AF, Lesh GE,
McMorris FA, Heber-Katz E. Golli-induced paralysis: A study in anergy
and disease. J Immunol. 1999;162:4300-4310

Leferovich JM, Bedelbaeva K, Samulewicz S, Zhang XM, Zwas D,
Lankford EB, Heber-Katz E. Heart regeneration in adult mrl mice. Proc
Natl Acad Sci U S A. 2001;98:9830-9835



42.

43.

44,

45,

46.

47.

48.

49,

50.

20

Heber-Katz E. The regenerating mouse ear. Semin Cell Dev Biol.
1999;10:415-419

Clark RA, Tonnesen MG, Gailit J, Cheresh DA. Transient functional
expression of alphavbeta 3 on vascular cells during wound repair. Am J
Pathol. 1996;148:1407-1421

Beare AH, Metcalfe AD, Ferguson MW. Location of injury influences the
mechanisms of both regeneration and repair within the mrl/mpj mouse. J
Anat. 2006;209:547-559

American thoracic society/european respiratory society international
multidisciplinary consensus classification of the idiopathic interstitial
pneumonias. This joint statement of the american thoracic society (ats),
and the european respiratory society (ers) was adopted by the ats board of
directors, june 2001 and by the ers executive committee, june 2001. Am J
Respir Crit Care Med. 2002;165:277-304

Gourevitch DL, Clark L, Bedelbaeva K, Leferovich J, Heber-Katz E.
Dynamic changes after murine digit amputation: The mrl mouse digit
shows waves of tissue remodeling, growth, and apoptosis. Wound Repair
Regen. 2009;17:447-455

Stocum DL, Thoms SD. Retinoic-acid-induced pattern completion in
regenerating double anterior limbs of urodeles. J Exp Zool. 1984;232:207-
215

Stocum DL. The urodele limb regeneration blastema: A self-organizing
system. I. Differentiation in vitro. Dev Biol. 1968;18:441-456

Kench JA, Russell DM, Fadok VA, Young SK, Worthen GS, Jones-
Carson J, Henson JE, Henson PM, Nemazee D. Aberrant wound healing
and tgf-beta production in the autoimmune-prone mrl/+ mouse. Clin
Immunol. 1999;92:300-310

McBrearty BA, Clark LD, Zhang XM, Blankenhorn EP, Heber-Katz E.
Genetic analysis of a mammalian wound-healing trait. Proc Natl Acad Sci
U S A. 1998;95:11792-11797



51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

21

Blankenhorn EP, Troutman S, Clark LD, Zhang XM, Chen P, Heber-Katz
E. Sexually dimorphic genes regulate healing and regeneration in mrl
mice. Mamm Genome. 2003;14:250-260

Masinde GL, Li X, Gu W, Davidson H, Mohan S, Baylink DJ.
Identification of wound healing/regeneration quantitative trait loci (qgtl) at
multiple time points that explain seventy percent of variance in (mrl/mpj
and sjl/j) mice f2 population. Genome Res. 2001;11:2027-2033

Caldwell RL, Opalenik SR, Davidson JM, Caprioli RM, Nanney LB.
Tissue profiling maldi mass spectrometry reveals prominent calcium-
binding proteins in the proteome of regenerative mrl mouse wounds.
Wound Repair Regen. 2008;16:442-449

Heber-Katz E, Leferovich J, Bedelbaeva K, Gourevitch D, Clark L. The
scarless heart and the mrl mouse. Philos Trans R Soc Lond B Biol Sci.
2004;359:785-793

Oh YS, Thomson LE, Fishbein MC, Berman DS, Sharifi B, Chen PS. Scar
formation after ischemic myocardial injury in mrl mice. Cardiovasc
Pathol. 2004;13:203-206

Ueno M, Lyons BL, Burzenski LM, Gott B, Shaffer DJ, Roopenian DC,
Shultz LD. Accelerated wound healing of alkali-burned corneas in mrl
mice is associated with a reduced inflammatory signature. Invest
Ophthalmol Vis Sci. 2005;46:4097-4106

Hampton DW, Seitz A, Chen P, Heber-Katz E, Fawcett JW. Altered cns
response to injury in the mrl/mpj mouse. Neuroscience. 2004;127:821-832
Alphonse RS, Thebaud B. Growth factors, stem cells and
bronchopulmonary dysplasia. Neonatology. 2011;99:326-337

Matthay MA, Thompson BT, Read EJ, McKenna DH, Jr., Liu KD, Calfee
CS, Lee JW. Therapeutic potential of mesenchymal stem cells for severe
acute lung injury. Chest. 2010;138:965-972

Lee JW, Gupta N, Serikov V, Matthay MA. Potential application of
mesenchymal stem cells in acute lung injury. Expert Opin Biol Ther.
2009;9:1259-1270



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

22

Gupta N, Su X, Popov B, Lee JW, Serikov V, Matthay MA.
Intrapulmonary delivery of bone marrow-derived mesenchymal stem cells
improves survival and attenuates endotoxin-induced acute lung injury in
mice. J Immunol. 2007;179:1855-1863

Mei SH, McCarter SD, Deng Y, Parker CH, Liles WC, Stewart DJ.
Prevention of Ips-induced acute lung injury in mice by mesenchymal stem
cells overexpressing angiopoietin 1. PLoS Med. 2007;4:e269

Ortiz LA, Dutreil M, Fattman C, Pandey AC, Torres G, Go K, Phinney
DG. Interleukin 1 receptor antagonist mediates the antiinflammatory and
antifibrotic effect of mesenchymal stem cells during lung injury. Proc Natl
Acad Sci U S A. 2007;104:11002-11007

Xu J, Woods CR, Mora AL, Joodi R, Brigham KL, lyer S, Rojas M.
Prevention of endotoxin-induced systemic response by bone marrow-
derived mesenchymal stem cells in mice. Am J Physiol Lung Cell Mol
Physiol. 2007;293:1L.131-141

Park HW, Shin JS, Kim CW. Proteome of mesenchymal stem cells.
Proteomics. 2007;7:2881-2894

Yamada A, Hatano K, Koyama T, Matsuoka K, Esumi Y, Terunuma D.
Syntheses of a series of lacto-n-neotetraose clusters using a carbosilane
dendrimer scaffold. Carbohydr Res. 2006;341:467-473

Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and
disease. Nat Rev Immunol. 2008;8:726-736

Tolar J, Le Blanc K, Keating A, Blazar BR. Concise review: Hitting the
right spot with mesenchymal stromal cells. Stem Cells. 2010;28:1446-
1455

Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F,
Risso M, Gualandi F, Mancardi GL, Pistoia V, Uccelli A. Human
mesenchymal stem cells modulate b-cell functions. Blood. 2006;107:367-
372

Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts Al, Zhao RC, Shi Y.

Mesenchymal stem cell-mediated immunosuppression occurs via



71.

72.

73.

74.

75.

76.

77.

23

concerted action of chemokines and nitric oxide. Cell Stem Cell.
2008;2:141-150

English K, French A, Wood KJ. Mesenchymal stromal cells: Facilitators
of successful transplantation? Cell Stem Cell. 2010;7:431-442

Glennie S, Soeiro I, Dyson PJ, Lam EW, Dazzi F. Bone marrow
mesenchymal stem cells induce division arrest anergy of activated t cells.
Blood. 2005;105:2821-2827

Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, Mclintosh K, Patil S,
Hardy W, Devine S, Ucker D, Deans R, Moseley A, Hoffman R.
Mesenchymal stem cells suppress lymphocyte proliferation in vitro and
prolong skin graft survival in vivo. Exp Hematol. 2002;30:42-48

Maitra B, Szekely E, Gjini K, Laughlin MJ, Dennis J, Haynesworth SE,
Koc ON. Human mesenchymal stem cells support unrelated donor
hematopoietic stem cells and suppress t-cell activation. Bone Marrow
Transplant. 2004;33:597-604

Maccario R, Podesta M, Moretta A, Cometa A, Comoli P, Montagna D,
Daudt L, Ibatici A, Piaggio G, Pozzi S, Frassoni F, Locatelli F. Interaction
of human mesenchymal stem cells with cells involved in alloantigen-
specific immune response favors the differentiation of cd4+ t-cell subsets
expressing a regulatory/suppressive  phenotype. Haematologica.
2005;90:516-525

Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, Andreini A,
Santarlasci V, Mazzinghi B, Pizzolo G, Vinante F, Romagnani P, Maggi
E, Romagnani S, Annunziato F. Role for interferon-gamma in the
immunomodulatory activity of human bone marrow mesenchymal stem
cells. Stem Cells. 2006;24:386-398

Nauta AJ, Kruisselbrink AB, Lurvink E, Willemze R, Fibbe WE.
Mesenchymal stem cells inhibit generation and function of both cd34+-
derived and monocyte-derived dendritic cells. J Immunol. 2006;177:2080-
2087



78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

24

Ramasamy R, Lam EW, Soeiro I, Tisato V, Bonnet D, Dazzi F.
Mesenchymal stem cells inhibit proliferation and apoptosis of tumor cells:
Impact on in vivo tumor growth. Leukemia. 2007;21:304-310

Agostini C. Stem cell therapy for chronic lung diseases: Hope and reality.
Respir Med. 2010;104 Suppl 1:586-91

Daley GQ. Stem cells: Roadmap to the clinic. J Clin Invest. 2010;120:8-10
Li M, Chen M, Han W, Fu X. How far are induced pluripotent stem cells
from the clinic? Ageing Res Rev. 2010;9:257-264

Borghesi A, Garofoli F, Cabano R, Tzialla C, Bollani L, Stronati M.
Circulating endothelial progenitor cells and diseases of the preterm infant.
Minerva Pediatr. 2010;62:21-23

Fadini GP, Schiavon M, Cantini M, Baesso |, Facco M, Miorin M,
Tassinato M, de Kreutzenberg SV, Avogaro A, Agostini C. Circulating
progenitor cells are reduced in patients with severe lung disease. Stem
Cells. 2006;24:1806-1813

Burnham EL, Taylor WR, Quyyumi AA, Rojas M, Brigham KL, Moss M.
Increased circulating endothelial progenitor cells are associated with
survival in acute lung injury. Am J Respir Crit Care Med. 2005;172:854-
860

Yamada M, Kubo H, Ishizawa K, Kobayashi S, Shinkawa M, Sasaki H.
Increased circulating endothelial progenitor cells in patients with bacterial
pneumonia: Evidence that bone marrow derived cells contribute to lung
repair. Thorax. 2005;60:410-413

Zhao YD, Courtman DW, Deng Y, Kugathasan L, Zhang Q, Stewart DJ.
Rescue of monocrotaline-induced pulmonary arterial hypertension using
bone marrow-derived endothelial-like progenitor cells: Efficacy of
combined cell and enos gene therapy in established disease. Circ Res.
2005;96:442-450

lonescu LI, Alphonse RS, Arizmendi N, Morgan B, Abel M, Eaton F,
Duszyk M, Vliagoftis H, Aprahamian TR, Walsh K, Thebaud B. Airway



88.

89.

90.

91.

92.

93.

94.

25

delivery of soluble factors from plastic-adherent bone marrow cells
prevents murine asthma. Am J Respir Cell Mol Biol. 2011

Danchuk S, Ylostalo JH, Hossain F, Sorge R, Ramsey A, Bonvillain RW,
Lasky JA, Bunnell BA, Welsh DA, Prockop DJ, Sullivan DE. Human
multipotent stromal cells attenuate lipopolysaccharide-induced acute lung
injury in mice via secretion of tumor necrosis factor-alpha-induced protein
6. Stem Cell Res Ther. 2011;2:27

Li X, Molina-Molina M, Abdul-Hafez A, Uhal V, Xaubet A, Uhal BD.
Angiotensin converting enzyme-2 is protective but downregulated in
human and experimental lung fibrosis. Am J Physiol Lung Cell Mol
Physiol. 2008;295:1.178-185

Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, Huan Y, Yang P, Zhang
Y, Deng W, Bao L, Zhang B, Liu G, Wang Z, Chappell M, Liu Y, Zheng
D, Leibbrandt A, Wada T, Slutsky AS, Liu D, Qin C, Jiang C, Penninger
JM. A crucial role of angiotensin converting enzyme 2 (ace2) in sars
coronavirus-induced lung injury. Nat Med. 2005;11:875-879

Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B, Yang P, Sarao R, Wada
T, Leong-Poi H, Crackower MA, Fukamizu A, Hui CC, Hein L, Uhlig S,
Slutsky AS, Jiang C, Penninger JM. Angiotensin-converting enzyme 2
protects from severe acute lung failure. Nature. 2005;436:112-116

Wang R, Zagariya A, lbarra-Sunga O, Gidea C, Ang E, Deshmukh S,
Chaudhary G, Baraboutis J, Filippatos G, Uhal BD. Angiotensin ii induces
apoptosis in human and rat alveolar epithelial cells. Am J Physiol.
1999;276:L.885-889

Song L, Wang D, Cui X, Shi Z, Yang H. Kinetic alterations of
angiotensin-ii and nitric oxide in radiation pulmonary fibrosis. J Environ
Pathol Toxicol Oncol. 1998;17:141-150

Marshall RP, Gohlke P, Chambers RC, Howell DC, Bottoms SE, Unger T,
McAnulty RJ, Laurent GJ. Angiotensin ii and the fibroproliferative
response to acute lung injury. Am J Physiol Lung Cell Mol Physiol.
2004;286:L156-164



95.

96.

97.

98.

99.

100.

101.

26

Marshall RP, McAnulty RJ, Laurent GJ. Angiotensin ii is mitogenic for
human lung fibroblasts via activation of the type 1 receptor. Am J Respir
Crit Care Med. 2000;161:1999-2004

Reis FM, Bouissou DR, Pereira VM, Camargos AF, dos Reis AM, Santos
RA. Angiotensin-(1-7), its receptor mas, and the angiotensin-converting
enzyme type 2 are expressed in the human ovary. Fertil Steril.
2011;95:176-181

Ferreira AJ, Shenoy V, Qi Y, Fraga-Silva RA, Santos RA, Katovich MJ,
Raizada MK. Angiotensin-converting enzyme 2 activation protects against
hypertension-induced cardiac fibrosis involving extracellular signal-
regulated kinases. Exp Physiol. 2010

Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA,
Somasundaran M, Sullivan JL, Luzuriaga K, Greenough TC, Choe H,
Farzan M. Angiotensin-converting enzyme 2 is a functional receptor for
the sars coronavirus. Nature. 2003;426:450-454

Zhong J, Basu R, Guo D, Chow FL, Byrns S, Schuster M, Loibner H,
Wang XH, Penninger JM, Kassiri Z, Oudit GY. Angiotensin-converting
enzyme 2 suppresses pathological hypertrophy, myocardial fibrosis, and
cardiac dysfunction. Circulation. 2010;122:717-728, 718 p following 728
Shenoy V, Ferreira AJ, Qi Y, Fraga-Silva RA, Diez-Freire C, Dooies A,
Jun JY, Sriramula S, Mariappan N, Pourang D, Venugopal CS, Francis J,
Reudelhuber T, Santos RA, Patel JM, Raizada MK, Katovich MJ. The
angiotensin-converting enzyme 2/angiogenesis-(1-7)/mas axis confers
cardiopulmonary protection against lung fibrosis and pulmonary
hypertension. Am J Respir Crit Care Med. 2010;182:1065-1072

Wysocki J, Ye M, Rodriguez E, Gonzalez-Pacheco FR, Barrios C, Evora
K, Schuster M, Loibner H, Brosnihan KB, Ferrario CM, Penninger JM,
Batlle D. Targeting the degradation of angiotensin ii with recombinant
angiotensin-converting enzyme 2: Prevention of angiotensin ii-dependent

hypertension. Hypertension. 2010;55:90-98



CHAPTER 2

MRL/MPJ MICE ARE PROTECTED
AGAINST LPS-INDUCED ACUTE
RESPIRATORY DISTRESS

Rey-Parra GJ, Anthuvan R, Luong C, Eaton F, Vadivel A, Thébaud B.

27



28

2.1 Introduction

Acute Respiratory Distress Syndrome (ARDS) is a severe subtype of
Acute Lung Injury (ALI), characterized by hypoxemia, acute inflammatory
response and neutrophilic alveolitis, with an annual mortality rate of 30 to 50% 2.
Sepsis and pneumonia are leading causes of ARDS *. The lung epithelium plays a
central role in the pathogenesis and resolution of ARDS regulating fluid balance
at the air-liquid interface and constituting a line of defense against infection °.
Exposed to the external environment, it is a target for injury and infection. In
mice, intratracheal lipopolysaccharide (LPS) instillation activates alveolar
macrophages and neutrophils, causing diffuse alveolar damage that resembles
ARDS in humans *°. Despite advances in patient care ARDS remains an
important contributor to prolonged mechanical ventilation in intensive care units
1.

Mice of the MRL/MPJ strain have a unique capacity for both accelerated
and regenerative wound healing, as suggested by the complete closure of ear hole
punches, scarless heart regeneration following cryoinjury and complete healing of
alkali burned corneas ®®. Damaged tissues in these animals are quickly replaced
with normal tissue architecture that retains its full functionality. This repair

process is reminiscent of fetal healing % *°

and amphibian regeneration involving
the formation of scarless healing and complete replacement of damaged organs as
opposed to scarring *** ***°In contrast, most other strains of mice demonstrate
none or limited tissue regeneration *’. The healing potential in the lung of the
strain of MRL/MPJ mice remains unknown. This led us to hypothesize that

MRL/MPJ mice are protected against LPS-induced ALI.

2.2 Materials and Methods
2.2.1 Animals

All procedures involving animals were approved by the Animal Welfare
Committee of the University of Alberta. Eight to 12 week old MRL/MPJ and
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C57/BL6 mice were obtained from Jackson (Bar Harbor, ME) and used in all the

experiments described ahead.

2.2.2 Alveolar epithelial type 2 cells (AT2) Isolation and Primary Cell
Culture

Primary AT2 cells were prepared using a modified protocol from a
previously published method *®. MRL/MPJ and C57BL6 mice were euthanized
with an overdose of Sodium Pentobarbital (65mg/kg). The trachea was exposed
and cannulated and lungs were perfused with 10 ml of heparinized sterile
Phosphate Buffered Saline (PBS) through the pulmonary artery. 2 ml dispase (BD
Biosciences, USA) was instilled into the lungs, followed by instillation of 500 pl
1% low-melt agarose. Instilled lungs were immediately covered with ice and
incubated for 2 min to gel the agarose. Lungs were removed, placed in a culture
vessel containing an additional 1 ml of dispase and incubated for 45 min at room
temperature. The lungs were then transferred to a culture dish and 7 ml serum free
DMEM + 25 mM HEPES (GIBCO, USA) containing 100U/ml DNase | (Sigma
Aldrich, St Louis, MO, USA) was added. The tissue was separated from the
airways and lungs carefully dissociated. Cell suspensions were sequentially
filtered through nylon gauze (100 um, 45 um, 30 um) followed by centrifugation
(12 min, 130 x g) to pellet the cells. To further purify AT2 cells, the cells were
incubated with biotinylated anti-CD-32 (0.65 ug/million cells) and biotinylated
anti-CD-45 (1.5 pg/million cells) for 30 min at 37°C (Pharmigen, San Diego, CA,
USA). Meanwhile, streptavidin—coated magnetic particles were washed in PBS
(Sigma-Aldrich, St. Louis, MO, USA). After incubation, the cells were
centrifuged (130xg for 8 min at 4°C), resuspended in 7 ml DMEM, added to the
magnetic particles and incubated with gentle rocking for 30 min at room
temperature. At the end of the incubation, the tube was attached to the magnetic
tube separator. The cells suspension was centrifuged and resuspended in culture
media . Isolated cells were plated at a known density and cultured for 48 h in 12
well culture plates until confluence was reached. AT2 cells were then used for in

vitro scratch assays to assess wound healing potential or to collect serum free
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conditioned media. Cells were cultured in Dulbecco modified Eagle medium
(DMEM, Sigma-Aldrich, St. Louis, MO, USA) with 4.5 g/L glucose, with 10%
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100 U/ml penicillin,
100 pg/ml streptomycin, and 250 ng/ml amphotericin B (antibiotic antimycotic
solution, Sigma-Aldrich, St. Louis, MO, USA), at 37°C, 95% humidity and 5%
CO..

2.2.3 In vitro Scratch Assays

Scratch assays to assess wound closure were performed as previously
described *?°. AT2 cells from both strains of mice were grown in 12-well plates
until confluence, and serum deprived for 24 h in DMEM. In each well, a scratch
was made using a sterile tip, and cellular debris was removed by washing with
DMEM. The width of the scratch was determined microscopically immediately
after creation and 2, 6, 12 and 24 h later. In the first set of experiments, serum
starved AT2 cells from MRL/MPJ and C57/BL6 were compared. In the second set
of experiments, the effects of the following conditions on wound closure were
analyzed: MRL/MPJ AT2 cells/ MRL/MPJ Conditioned Media (Cdm); MRL/MPJ
AT2 cells/ C57/BL6 Cdm; C57/BL6 AT2 cells/ C57/BL6 Cdm. All the
comparisons were performed at 2, 6, 12 and 24 h. All images were acquired using
an inverted light microscope (Leica Mycrosystems, Canada). Relative closure was
calculated as (Xo—Xyn), Where Xo = width of the scratch at time 0, Xy = width of
the scratch after 2, 6, and 12 h at baseline or after exposure to Cdm. Percentage

closure was calculated as follows: [(Xo—Xyn)/ Xo] 100.

2.2.4 Analysis of AT2 cells secretome (Cdm) and Cytokine arrays

We analyzed Cdm from both: MRL/MPJ AT2 cells and C57/BL6 using The
RayBio® Mouse Cytokine Antibody Array G series 1000 (protein array system),
which detects 96 mouse cytokines using microspheres labeled with

fluorophoresin.
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Lungs were minced, and lysed with RIPA buffer (1x PBS, 1% Nonidet P-40,
0.5% sodium deoxylate, 0.1% SDS, and protease inhibitor) for cell and tissue
lysis, and protein was quantified by Bradford method. The cytokine arrays were
performed by Ray Biotech according to their protocols for the RayBio Quantibody
Mouse Inflammation Array 1 (RayBiotech, Norcross, GA). Relative intensities of
obtained spots were measured by densitometry and corrected by background

subtraction. Results of duplicate readings were averaged.

2.2.5 LPS Model

Eight to 12 week old MRL/MPJ and C57/BL6 mice were obtained from
Jackson (Bar Harbor, ME) and randomized into 4 groups: (1) C57BL6 control
group (saline), (2) MRL/MPJ control group (saline), (3) C57/BL6 LPS, (4)
MRL/MPJ LPS, the animals were anesthetized using a mixture of oxygen and
Isofluorane® 2.5%. Then, mice were weighted and LPS (Sigma Aldrich, St.
Louis, MO) administered intratracheally at a dose of 4 mg/Kg in 50 pl **. Control
animals were injected intratracheally with 50 pl of sterile saline 0.9%. Mice were
monitored every day and harvested after 72 h. The lungs were either inflated and
fixed in 10% Formaldehyde, snap frozen in liquid nitrogen (cytokine

measurements) or used for BAL.

2.2.6 Histology and Lung Injury Score

Lungs were inflation fixed, embedded in paraffin, sectioned and stained with
hematoxilin & eosin as described . For histological evaluation of the lungs, 4
midlung sections per lung were examined, using a lung injury score, previously
described 2. Each slide was evaluated by two separate investigators (GJRP and
CL; GJRP and AV) in a blinded manner. A total of 10 sections/ lung counted on
each slide at 400x magnification. Within each field, points were assigned
according to predetermined criteria. All of the points for each category were added
and weighted according to their relative importance. The injury score was
calculated according to the following formula: injury score = [(alveolar

hemorrhage points/no. of fields) + 2 x (alveolar infiltrate points/no. of fields) + 3 x
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(fibrin points/no. of fields) + (alveolar septal congestion/no. of fields)]/total

number of alveoli counted .
2.2.7 Bronchoalveolar lavage (BAL) Protocol

BAL was performed by instilling intratracheally 0.9% NaCl (1 ml). The
fluid was recovered by gentle suction and placed on ice for immediate processing.
An aliquot of the BAL fluid was processed immediately for cytokine
quantification, total and differential cell counts. Total cell counts were performed
with a hemocytometer, whereas differential cell counts were performed on
cytospin preparations stained with modified Wright-Giemsa stain (Diff-Quik;
American Scientific Products, McGaw Park, IL) %,

2.2.8 Cytokine Quantification for BAL

Cytokine concentrations in BAL from LPS challenged C57/BL6 + CdM and LPS
C57/BL6 +DMEM were determined using commercially available ELISA kits for
detection of IL13, KC and RANTES (eBioscience, San Diego, CA) and APN
(Millipore).

2.2.9 Statistical Analysis

Data are expressed as means + Standard Error Mean (SEM). Statistical analysis
was performed using ANOVA and post hoc tests (Least Significant Difference),
as appropriate. Values were considered significant with P< 0.05.

2.3 Results

2.3.1 MRL/MPJ LPS Challenged Mice Exhibit Improved Lung Architecture
and decreased neutrophil cell count in BAL

To further asses the healing capacity and immunomodulatory activity in
MRL/MPJ mice lungs, we administered LPS or saline intratracheally to adult

MRL/MPJ and C57/BL6 mice and compared their lung architecture using a
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quantitative lung injury score (assessed by two independent observers) on
hematoxylin & eosin stained lung sections . MRL/MPJ LPS challenged lungs
show decreased severity of lung injury compared to C57/BL6 mice (1.788%0.206
vs. 2.642+0.107, p<0.05). Figure 2.1 A-B.

LPS administration significantly increased total and neutrophil cell count
assessed through BAL (Figure 2.2 A-B). However, MRL/MPJ LPS challenged
lungs exhibit significantly decreased total  (3.3x10°+1.38x10° vs.
47.7x10°+23.0x10° cells, p<0.05) neutrophil cell count in BAL compared to
C57/BL6 lungs (36.9x10°+16.8x10° vs. 1.3x10°+0.89x10° cells, p<0.05).

2.3.2 Decreased Proinflammatory Cytokines in MRL/MPJ LPS Challenged
Mice

To further evaluate the inflammatory response in MRL/MPJ LPS
challenged mice, levels of proinflammatory cytokines and chemokines were
measured in lung homogenates from control and LPS challenged lungs in both
strains of mice. Proinflammatory cytokines (KC, RANTES, Fas-L and IL1j3) were
significantly increased in C57/BL6 LPS challenged lungs as compared to
C57/BL6 controls and MRL/MPJ controls. Conversely, the pro-inflammatory
cytokine levels were decreased in MRL/MPJ LPS lungs compared to C57/BL6
LPS mice (Figure 2.3).

2.3.3 MRL/MPJ Alveolar Type 2 (AT2) Cells Exhibit Accelerated Wound
Healing Rate Compared to C57/BL6

AT2 cells were isolated from both MRL/MPJ and C57/BL6 mice (n=3
animals, respectively). AT2 cells (n=5 wells) were grown for 48 h until confluent
and the rate of wound closure, at different time points (2, 6, and 12 h), measured
after a scratch was made. MRL/MPJ AT2 cells healed significantly faster at 6 h
(62.5£7.9 vs. 31.0+3.7 percentage closure, p<0.05) 12 h (92.5£2.0 vs. 65.0+1.7
percentage closure, p<0.05) compared to C57/BL6 (Figure 2.4 A-B).
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2.3.4 MRL/MPJ AT2 Cdm Contains Soluble Factors That Accelerate Wound
Healing Rate In C57/BL6 AT2 Cells

To address if MRL/MPJ AT2 cells secreted soluble factors that
contributed to their enhanced healing ability, Cdm was obtained from both
MRL/MPJ and C57/BL6 AT2 cells and the wound closure rate after a scratch
compared as follows (Figure 2.5): MRL/MPJ AT2 cellss/ MRL/MPJ Cdm;
MRL/MPJ AT2 cells/ C57/BL6 Cdm; C57/BL6 AT2 cells/ C57/BL6 Cdm. All the
comparisons were performed at 12h. MRL/MPJ AT?2 cells retained their increased
healing ability regardless of the Cdm used (Figure 2.5). MRL/MPJ Cdm
accelerated the healing potential of C57/BL6 AT2 cells compared to C57/BL6
Cdm (86.6£7.3 vs. 43.8+8.5, p<0.05).

2.3.5 MRL/MPJ Cdm is Composed of Chemokines that Modulate Increased
Wound Healing Rate

To understand the molecular mediators of the observed effects of
MRL/MPJ Cdm, we examined Cdm from both MRL/MPJ and C57/BL6 AT2
cells using a Multiplex antibody array (Figure 2.6 A), which included a broad
spectrum of molecules analyzed (Figure 2.6B). Cluster analysis revealed Cdm
composition, 31% chemokines, 27% binding proteins, 21% cytokines, 14%
growth factors, 4% cytokine antagonists, 3% extracelular matrix proteins. Among
all the factors analyzed in AT2 Cdm, MRL/MPJ exhibit decreased levels of
proinflammatory cytokines (Fas-L, IL-1p, M-CSF, MCP-5, RANTES, TNFa,
INF-gamma, GM-CSF and G-CSF).

2.3.6 MRL/MPJ AT2 Cdm Attenuates Inflammation in C57/BL6 LPS
Challenged Lungs in vivo

MRL/MPJ AT2 Cdm was administered daily, intranasally to LPS
challenged C57/BL6 mice in order to assess the in vivo anti-inflammatory effect
of MRL/MPJ AT2 Cdm. H&E lung sections exhibit decreased cellularity in
MRL/MPJ AT2 Cdm treated mice compared to DMEM treated mice and
improved lung injury score (1.965+0.509 vs. 2.84+0.685, p<0.05, Figure 2.7A-B).
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BAL cytokine quantification revealed significantly decreased pro-inflammatory
IL1B and KC levels in MRL/MPJ AT2 Cdm treated mice compared to DMEM
treated mice, RANTES levels exhibited no differences between groups (Figure
2.7 C).

2.4. Discussion

The MRL/MPJ mice constitute a very interesting inbred strain that
possesses enhanced healing properties, reminiscent of fetal healing and amphibian
regeneration °® **®_ \We used the well-characterized model of LPS-induced ALI
to evaluate the lung healing capacity in MRL/MPJ compared to C57/BL6 mice .
In vivo, MRL/MPJ LPS challenged mice exhibit attenuated lung injury with
decreased BAL inflammatory influx and pro-inflammatory cytokines as compared
to C57/BL6 LPS mice. This enhanced healing capacity is due, at least in part, to
an accelerated wound healing rate in AT2 cells MRL/MPJ mice. Moreover,
MRL/MPJ AT2 cells secrete soluble factors that enhance wound closure in
C57/BL6 AT2 Cells.

To the best of our knowledge, this is the first time that MRL/MPJ mice
enhanced healing capacity in an acute model of lung injury is assessed from a
lung perspective in the AT2 cells. During the early phase of ARDS, the lung is the
site of an intense inflammatory process with sequential activation of cytokines,
chemokines, and secretion of proteases 2*. The inflammation is mostly limited to
the lung, with low levels of inflammatory mediators in the systemic circulation *
2% LPS induced ALI alters AT2 surfactant secretion and stimulates inflammatory
cells (i.e alveolar macrophages and neutrophils) which as well suppress surfactant

by AT2 cells®.

The neutrophil is the predominant cell type in the acute phase of
inflammation (including LPS induced ALI) followed by a wave of monocyte
infiltration. One interesting finding by Ueno et al %', is decreased neutrophil
infiltration in MRL/MPJ mice and improved healing in C57/BL6 mice when

neutrophil depleted. This is consistent with our in vivo results, where decreased
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lung cellularity and pro-inflammatory cytokines are evident in wild type LPS
challenged mice treated with MRL/MPJ AT2 Cdm (Figure 2.7). However, despite

the neutrophil depletion in C57/BL6 mice *

, the healing was still delayed
compared to MRL/MPJ mice. These suggest that other mechanisms besides
inflammation contribute to enhanced healing. Recently, mesenchymal stem cells
isolated from MRL/MPJ mice demonstrated enhanced regenerative capacity
compared to those from C57/BL6 mice, through a Wnt modulator sFRP2 pathway
28 More interestingly, experiments performed using bone marrow chimeras show
that rather than hematopoietic cells being responsible for the enhanced healing,
MRL/MPJ mice have accelerated corneal wound healing compared with C57/BL6
control animals 2’ and the local microenvironment (corneas) possess the factors
necessary for wound healing. The rapid corneal wound healing in MRL mice was
accompanied by lowered inflammatory responses and highly activated
reepithelialization. MRL/MPJ mice showed accelerated rates of reepithelialization
had minimal inflammation throughout the observation period (30 days). This is
consistent with our findings in the lung suggesting that a highly specialized lung
cell, AT2, possess an increased wound healing rate in MRL/MPJ compared to non
healer mice AT2 cells. Moreover, administration of AT2 Cdm from MRL mice

was able to attenuate lung inflammation in LPS-induced ALI in C57/BL6 mice.

Among all the factors analyzed in AT2 Cdm, MRL/MPJ exhibit decreased
levels of proinflammatory cytokines (Fas-L, IL-13, M-CSF, MCP-5, RANTES,
TNFa, INF-gamma, GM-CSF and G-CSF), which have been found to be
increased in murine models of LPS—induced ALI °. Further identification of AT2
Cdm may yield new therapeutic targets for ALI/ARDS.

In conclusion, the MRL/MPJ mice constitute an interesting inbred strain
that possesses enhanced healing properties, reminiscent of fetal healing and
amphibian regeneration. Understanding the mechanisms by which MRL/MPJ
mice exert improved healing, may lead to the identification of new therapeutic

targets promoting scarless healing.
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Figure 2.1. Histological evaluation in LPS induced ALI. A. Representative
H&E stained lung sections from 4 experimental groups B. Lung Injury Score,
mean data £ SEM, (n=5/group, *p<0.05).
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CHAPTER 3

MRL/MPJ MICE ARE NOT PROTECTED
AGAINST BLEOMYCIN-INDUCED
PULMONARY FIBROSIS

Rey-Parra GJ, Vadivel A, Archer SL, Eaton F, Korbutt G, Thebaud B.
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3.1 Introduction

Pulmonary fibrosis (PF) is a disease characterized by progressive
dyspnea and pulmonary function abnormalities (i.e. reduced lung volumes,
impaired gas exchange). Once diagnosed, it confers a poor prognosis. From the
time of initial clinical evaluation, the disease follows an inexorable course that
evolves to hypoxic respiratory failure, with a median survival of 2-3 years *. Sub
epithelial fibroblast foci are the characteristic feature of PF, believed to result
form recurrent inflammatory insults and abnormal parenchymal repair. Acute lung
injury (ALI) and acute respiratory distress syndrome (ARDS) are known severe
inflammatory lung diseases, often complicated by the development of PF. ARDS
patients often experience changes in pulmonary function, compatible with PF #
% Similar features to those seen in PF in humans have been demonstrated in mice
exposed to bleomycin (BLM) > ©.

Wound healing is an essential process in the maintenance of body
integrity. The wound repair response initiates complex processes with the purpose
of restoring architecture and function of the tissue " 8. In adult mammals, the
mechanism of healing is repair which results in a scar formation. In contrast,
scarless regeneration is seen in more primitive vertebrates and fetal wounds * *°.
The inhibition of certain pro-inflammatory cytokines (TGF-B) and the
activation/response of certain inflammatory cells (i.e fibroblast) may play a role in
determining the nature of tissue repair ** *2. TGF-R1 and TGF-R2, are profibrotic
growth factors which induce myofibroblast differentiation, increasing collagen
synthesis and reducing collagenases activity **. Other isoform of TGF-R, TGF-R3
exhibits a protective effect in scarring. **

Mice of the MRL/MPJ strain have a unique capacity for both accelerated
and regenerative wound healing, as shown by the complete closure of earhole

punches with rapid peripheral nerve re-growth *

7

, scarless heart regeneration

8 and

following cryoinjury 7, accelerated healing in alkali burn corneas
decreased uterine scaring after cesarean section '° .Damaged tissues in these
animals are quickly replaced with normal tissue architecture that retains its full

functionality. This repair process is reminiscent of fetal healing 2° and amphibian
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regeneration involving the formation of scarless healing and complete
replacement of damaged organs as opposed to scarring 2 ?2. In contrast, most
other strains of mice demonstrate no or limited tissue regeneration and undergo
extensive fibrosis that leads to scar formation * 8 2 1% 192324 " cyrrently, the
mechanism of tissue regeneration in the MRL/MPJ is unclear. We have
previously shown that MRL mice have attenuated inflammatory lung injury in a
model of LPS-induced ARDS. Consequently, we hypothesized that MRL/MPJ
mice will exhibit increased repair/healing capacity after BLM-induced lung

fibrosis.

3.2 Materials and Methods
3.2.1 BLM Model

All procedures involving animals were approved by the Animal Welfare
Committee of the University of Alberta. Eight-week old MRL/MPJ/MPJ and
C57/BL6 mice were obtained from Jackson (Bar Harbor, ME) and randomized
into 4 groups: (1) C57/BL6 control group (saline), (2) MRL/MPJ control group
(saline), (3) C57/BL6 BLM (BLM-fibrosis model), (4) MRL/MPJ BLM. Before
intratracheal administration of BLM or saline, all MRL/MPJ and C57/BL6 mice
underwent an exercise test capacity. After, the animals were anesthetized using a
mixture of oxygen and Isofluorane® 2.5%. Then, mice were weighted and BLM
(Sigma Aldrich, St. Louis, MO) administered intratracheally at a dose of 1.5 U/Kg
in 50 pl (~0.04 U/mice) %. Control animals were injected intratracheally with 50
pl of sterile saline 0.9%. Buprenorphine was administered subcutaneously for
pain relief (0.05-0.1 mg/kg) after the procedure and repeated every 12 hours for
the first 48 hours. Mice were monitored every day. A new exercise test was
performed 14 and 21 days after BLM or saline injection. Twenty-one days after
intratracheal injection lungs were harvested for hydroxyproline and collagen
assays and histology, after assessing lung mechanics with Flexivent (Scireq,

Montreal).
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3.2.2 Hydroxyproline Assay

Lungs from MRL/MPJ and C57/BL6 mice were harvested 21 days
after BLM/saline administration and perfused with heparinized saline, to remove
blood. The right bronchus was ligated and the left lung inflated with
formaldehyde 10% at a pressure of 20 cm H,0O, for histology. Each of the right
lung lobes were weighted, snap frozen in liquid nitrogen and stored at —80 °C for
Hydroxyproline and total collagen content assays. Briefly, lungs were
homogenized, incubated in 50% trichloroacetic acid (Sigma Aldrich, St Louis,
MO) and hydrolyzed with 12N HCL. Samples were then baked at 110°C for 12
hours. Hydroxyproline is oxidized using chloramine T (Sigma Aldrich, St Louis,
MO) and pink colored with Ehrlich’s solution (Sigma, St Louis, MO). The
concentration of hydroxyproline is calculated against a hydroxyproline standard
curve and the values of the samples are normalized to dry tissue weight, expressed

as pg/mg. 227,

3.2.3 Measurement of Collagen Content in the Lung

Collagen content of the lung was determined by assaying soluble collagen
using the Sircol Collagen Assay kit, a modification of the sirius red method
(Biocolor, Belfast, Northern Ireland), according to the manufacturer's instructions.
Briefly, frozen samples were thawed incubated at 4°C overnight in lysis buffer
according to tissue weight (0.5 M acetic acid and protein inhibitor cocktail, Sigma
Aldrich, St Louis MO). Supernatants (50 ul) were added to 1 mL of Sircol Dye
Reagent and then mixed for 30 minutes at room temperature in a mechanical
shaker. The collagen-dye complex was precipitated by centrifugation at 10000 x g
for 10 min. The unbound dye solution was carefully removed. The precipitated
complex was resuspended in 1 mL of alkali reagent. The obtained solution was
placed in a 96 wells plate and evaluated in a plate reader (absorbance = 540 nm).
Obtained values were then compared to the standard curve as recommended to
obtain absolute collagen content. Shown data represent the mean collagen content,

expressed as pg/mg of right lobes.
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3.2.4 Histology

Lungs were inflation fixed, embedded in paraffin, sectioned and stained
with Masson's trichrome; muscles and cells are stained red, nuclei black and
collagen blue. For histologic evaluation of the lungs, four mid-lung random

sections per lung were examined.

3.2.5 Lung Function Testing

Mice were anesthetized 21 days after bleomycin administration with 70—
90 mg/kg pentobarbital sodium, tracheotomized, and mechanically ventilated at a
rate of 350 breaths/min, tidal volume of 6 ml/kg, and positive end-expiratory
pressure of 3-4 cmH,O with a computer-controlled small-animal ventilator
(Scireq, Montreal, QC, Canada). Once ventilated, mice were paralyzed with 1
mg/kg pancuronium bromide i.p (Sigma Aldrich, St Louis, MO). Airway pressure,
volume, and airflow were recorded using a controlled piston to evaluate lung

mechanics.

Pressure-volume curves were generated by a sequential and increasing
delivery of air into the lungs from resting pressure (zero volume) to total lung
capacity followed by sequential expiratory steps during which air was
incrementally released. The plateau pressure was recorded when airflow returned
to zero at each step. To determine static compliance (Cy) of the lung, the Salazar-
Knowles equation was applied to the pressure measurements obtained between
total lung capacity (TLC) and functional residual capacity (FRC) during the
expiratory phase of the pressure-volume loop 2%, Cy was determined form the

analysis of pressure-volume curves.

Forced oscillation technique measures the impedance (alveolar pressure
to central airflow ratios) of the lung to an oscillatory flow wave controlled by the
computer piston. These impedance values are applied to a mathematical model of

the lung, the constant phase model %.
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The computer-controlled piston applies a 1.25 to 8-s perturbation to the
lungs consisting priming frequencies from 1 to 20.5 Hz. Multiple linear regression
is used to fit impedance spectra derived from measured pressure and volume

changes to the constant phase model of the lung.

To ensure proper recruitment of all alveolar spaces, three pressure-volume
curves were generated for each animal. After this maneuver, a 3-s prime wave was
performed followed by a second pressure-volume curve to obtain reported values.
Each perturbation was followed by 10 s of ventilation before the next

measurement was taken 2% 2°,

3.2.6 Exercise capacity

C57/BL6 and MRL/MPJ mice were run on a treadmill with an inclination of 5°
at different speeds/time as follows: 1 min at 3m/min, 4m/min, 5m/min
respectively and 3 min at 6 m/min, as a warm up. This followed by 24 min at
8m/min, 7 min at 10 m/min and 8 min at 12m/min. Mice were run until they could

not maintain sufficient speed to remain off the shock grid.

3.2.7 Western Blot

Right lungs were flash-frozen in liquid nitrogen and homogenized in buffer
containing an antiprotease cocktail before electrophoresis on 7.5% or 10% SDS-
PAGE gels using Bradforfd method. Lung expression of TGF-B1, TGF-f2, TGF-
B3 isoforms were quantified by densitometry, relative to a reporter (actin, 43
KDa). TGF-B1, TGF-B2 primary antibodies were purchased from Santa Cruz
(location), TGF-3 from Abcam, (location).

3.2.8 Statistical Analysis

Data are expressed as means + Standard Error. Statistical analysis was
performed using ANOVA and post hoc tests (Least Significant Difference), as
appropriate. Values were considered significant with P< 0.05.
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3.3 Results

3.3.1 Collagen Deposition in BLM induced Injury in MRL/MPJ and
C57/BL6 mice

We used the well characterized model of BLM pulmonary fibrosis to
evaluate the healing process between “healer” (MRL/MPJ) and “non-healer” mice
(C57/BL6). The degree of fibrosis between both strains of mice was compared in
lung sections stained with trichrome masson’s and quantitatively by
hydroxyproline and total collagen content (Figure 3.1 A-C respectively).
Representative H&E stained lung sections of BLM exposed animals show marked
fibrosis with complete loss of lung architecture and increased collagen deposition
in the parenchyma (blue) in both mice strains (Figure 3.1A).

The hydroxyproline and total collagen concentration was significantly
increased in both BLM-treated groups compared to controls (Figure 3.1 B-C). No
statistically significant differences were observed between BLM-exposed
C57/BL6 and MRL/MPJ mice. Among controls the collagen deposition was

comparable between strains.

3.3.2 Lung Mechanics in BLM- induced pulmonary fibrosis in MRL/MPJ
and C57/BL6 mice

In addition to using traditional methods such as histology and biochemical
assays to assess the disease progression in the BLM challenged mice compared to
controls, we evaluated changes in lung mechanics at 21 days. Interstitial lung
fibrosis was associated with decreased compliance and increased elastance in both
BLM treated groups as compared to controls (Figure 3.2 A-B respectively). No
differences between MRL/MPJ and C57/BL6 were observed.

3.3.3 BLM-Induced Pulmonary Fibrosis Decreases Exercise Capacity
Mice underwent 3 exercise tests before, 14 and 21 days after BLM or saline
administration (Figure 3.3 A-B). At 14 and 21 days after BLM administration,
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exercise capacity was markedly decreased in both BLM groups compared to
controls. There were no differences between C57/BL6 and MRL/MPJ mice.

3.3.4 Differences in TGF-B isoforms expression between BLM-exposed and
saline-treated mice

TGF-R isoforms protein expression was assessed in lungs from both
MRL/MPJ and C57/BL6 mice, 21 days after BLM or saline administration
(Figure 3.4). TGF-R1 expression was significantly increased in BLM-exposed
lungs compared to controls (Figure 3.4 A). No significant differences were
observed in TGF-R2 expression among groups, (Figure 3.4 B). Finally, TGF-R3
was increased in BLM exposed mice compared to saline control groups and no
differences between mice strains were observed (Figure 3.4 C).

3.4 Discussion

MRL/MPJ ability to heal without a scar has been previously shown in
cartilage, heart (following cryoinjury), alkali-burned corneas and decreased
uterine scaring after cesarean section ** & 18 |n contrast, MRL/MPJ mice have
shown to repair tissue leading to scar formation after myocardial ischemic injury
and dorsal skin wounds **®!. In this study we assessed the potential of MRL/MPJ
mice to repair/heal after BLM-induced pulmonary fibrosis. We show that
MRL/MPJ mice develop a similar degree of pulmonary fibrosis, both structurally
and functionally, as wild type mice when exposed to BLM. This suggests that the
mechanisms governing wound healing in these mice are dependent of the
anatomical site of injury, type/severity, and possibly, activity of pro-inflammatory
and pro-fibrotic cytokines. The lung’s end respiratory unit, the alveoli (composed
of AT2, alveolar type 2 cells-AT1, alveolar type 1 cells and endothelial cells)
possess a delicate balance both structurally and functionally that allows for
appropriate gas exchange. In PF recreated by BLM administration, alveolar cells,

particularly AT2 undergo severe damage 3*.
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In PF, AT2 are believed to fail to repair the damaged epithelium as a result
of ineffective proliferation/differentiation leading to interstitial scarring .
Persistent denudation of the epithelium in fibrotic lesions suggests that the
remaining cells are unsuccessful/overwhelmed in their reparative efforts, allowing
for abnormal collagen deposition *’. Although many studies have suggested a link

3235 there is

between an injury to AT2 and the development of pulmonary fibrosis
no data that had directly tested whether they are mechanistically related.
MRL/MPJ mice may have enhanced lung healing capacities as suggested by our
previous findings in the acute LPS-induced lung injury model. MRL AT2 seem to
promote the repair capabilities in the injured MRL lung. However, in BLM
induced PF the lung repairing mechanisms, specifically AT2 cells may be
overwhelmed failing to repair effectively. In pulmonary fibrosis, the healing
potential of the lungs in MRL/MPJ mice has never been examined. Other studies,
where different lung fibrosis models are used (i.e TGF-1, radiation induced PF
%841y where alveolar cell injury is not as prominent, may hold the key to
decreased fibrosis.

BLM induced PF is characterized by a bi-phasic response. The initial
phase is characterized by an inflammatory response followed by a fibrotic phase:
dividing the BLM model into two phases, allows to discriminate between an
inflammatory and fibrotic process *2. In the present study, we were interested in
the fibrotic phase and the ability of the MRL/MPJ to overcome this injury. This
resembles more closely the clinical setting where patients with PF often seek
medical attention in the fibrotic phase when the symptoms appear, presumably
after the inflammatory phase. We did not study the inflammatory phase of the
model, where differences between MRL/MPJ and non-healer mice may have
emerged. It is known that minimal inflammation is associated with regenerative
capacity as shown in amphibians and fetal wounds '* *®. Microarray analysis in
MRL/MPJ mice ears have shown that the majority of genes differentially
upregulated in MRL/MPJ tissue are involved in tissue repair, while those

upregulated in C57/BL6 involve inflammation *. This suggest that there must be
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other mechanisms involved that lead to the fibrotic phase seen in BLM induced
injury besides the inflammatory response.

Different cytokines have been involved in the pathogenesis of lung fibrosis
3 TGF-R1 is a profibrotic cytokine that induces differentiation of fibroblast into
myofibroblast, increases collagen synthesis and reduces collagenases activity .
Other isoforms of TGF-B, TGF-32 and 33 have been implicated in scarring. Most
studies performed in skin, show a similar pro-fibrotic effect of TGF-R2 but a
protective effect of TGF- 83 *. We had hypothesized that TGF-R3 (protective)
was increased, while TGF-31 and TGF-R32 decreased in BLM exposed MRL/MPJ
compared to BLM non-healer mice. Although it has been reported that MRL/MPJ
mice display increased production of this cytokine, here, TGF-R1 protein
expression did not differ between mice strains but was increased in BLM treated

mice

. We did not find differences in TGF-R2 expression among groups or
strains. However, TGF-R3 appeared significantly increased in BLM treated mice
as compared to controls. TGF-B3 as a protective mechanism could be
overwhelmed by the injury and incapable of protecting the already challenged
lung.

The discovery of the MRL/MPJ increased wound healing has motivated
further studies to characterize this process ®. In this study, using a model of
pulmonary fibrosis we show using histological, biochemical and lung mechanics
examination, that MRL/MPJ mice do not regenerate or show decreased
pulmonary fibrosis. We conclude that the mechanisms involved in wound healing
in MRL/MPJ depend on the organ and severity of the injury. It remains important
to test the regenerative potential of MRL/MPJ in other lung injury models and in
other organs in order to gain new insight into successful, scarless healing and

identification new therapeutic targets.
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Figure 3.1. Collagen deposition in MRL/MPJ and C57/BL6 mice. A.
Representative lung sections stained with Masson’s tricrome, from BLM treated
animals and saline controls (21 days after BLM or saline administration). Total
collagen B. and hydroxyproline C. content in lungs from all experimental groups,
significantly increased in BLM exposed animals compared to controls; no
differences between strains were detected. *P<0.05 mean data expressed as +
SEM.
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Figure 3.2. Altered lung mechanics 21 days after BLM exposure. Lung
mechanics were measured in anesthetized, paralyzed and mechanically
ventilated mice after BLM or saline instillation. A. Lung compliance is
significantly decreased in both strains of mice after BLM exposure. B.
Tissue elastance (rigidity) is significantly increased in MRL/MPJ and
C57/BL6 after BLM administration. *P<0.05 mean data expressed as +
SEM.
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Figure 3.3 MRL/MPJ and C57/BL6 mice exhibit decreased exercise
capacity during the fibrotic phase of BLM exposure. A. and B. exercise
capacity is significantly decreased 14 and 21 days after BLM in both
MRL/MPJ and C57/BL6 mice. *P<0.05 mean data expressed as + SEM.
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Figure 3.4. TGF-3 isoform protein expression in MRL/MPJ and
C57/BL6 after BLM or saline administration. A. TGF-81 and TGF-R3
C. are significantly increased in BLM exposed mice compared to saline
controls. B. No difference in TGF-R2 protein expression is seen among

groups. N=3/group. P<0.05 mean data expressed as = SEM.
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CHAPTER 4

THERAPEUTIC POTENTIAL OF HUMAN
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CELLS IN FIBROTIC LUNG INJURY

Rey-Parra GJ, Vadivel A, Byrne R, Akabutu J, Bouchentouf M, Galipeau J,
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4.1 Introduction

Acute lung injury (ALI) and its more severe form acute respiratory distress
syndrome (ARDS), are characterized by diffuse lung damage, pulmonary edema’
and can be complicated by pulmonary fibrosis (PF) #*. Currently, there is no
effective pharmacological therapy to attenuate ALI/ARDS and prevent
subsequent PF °. At present, treatment for ALI/ARDS includes prolonged
mechanical ventilation which can contribute to ARDS related PF °. Once PF is
diagnosed, it confers a poor prognosis, leading to impaired pulmonary function
and decreased health-related quality of life > * ”. Similar features to those seen in
ARDS with fibrotic lung injury are recapitulated in mice exposed to bleomycin
(BLM) &°,

Cell-based strategies hold tremendous promise for preventing organ injury in
general and lung damage in particular . The therapeutic potential of bone
marrow-derived cells has been demonstrated in numerous animal models of lung

7 including BLM-induced pulmonary fibrosis ®*°. Besides the bone

diseases
marrow, human umbilical cord blood (HUCB) represents a rich source of
stem/progenitor cells ' 2. HUCB remains in the cord and placenta following
birth and is routinely discarded. As a potential source of therapeutic cells,
HUCBC offer few ethical concerns and are easy to obtain without jeopardizing
the newborn or mother’s health. HUCBC injected into experimental models of
spinal cord injury or ischemic brain injury have shown migration, repair or
alleviation of motor behavior deficits in the central nervous system suggesting a
potential for HUCBC to prevent organ damage **. The therapeutic potential of
HUCBC for the prevention of fibrosis post ALI/ARDS is not well explored. We
hypothesized that HUCBC would preserve lung structure and function in BLM

induced lung injury in mice.

4.2 Materials and Methods
4.2.1 Characterization of human HUCBC.
HUCBC were extracted from frozen cord blood collected from healthy term

deliveries at the University of Alberta Cord Blood Bank.
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Cell preparation: Frozen UCB units were thawed at 37°C and HUCBC were
transferred to 50 ml tubes and washed 5 to 6 times with HBSS. Tubes were then
centrifuged at 1200 RPM for 20 min at 4°C. CB cells were cultured in DMEM-
HG (10% FBS) and incubated in humidified atmosphere at 37°C and 5% CO2.
Medium was changed twice a week and adherent cells were harvested for

characterization after one week of culture.

Cell labeling for FACS analysis: Cells were resuspended in PBS containing
1% FBS buffer and incubated with either a unique antibody conjugated to APC
(CD14, CD31, VEGFR1, VEGFR2, CD44 and CD45) or a PE conjugated
antibody (CD34, CD90, CD105 and CD73) for 2 hours at 4°C. Direct fluorescent
staining was used to detect dual binding of FITC-labeled Ulex europeus
agglutinin (UEA)-1 (Sigma, Deisenhofen, Germany) and 1,1-dioctadecyl-3,3,3,3-
tetramethyllindocardocyanine (Dil)-labeled acetylated low density lipoproteins
(acLDL, Cedarlane, MA, USA). AcLDL staining was performed by incubating
some adherent CB cells with 10 pg/ml DilAcLDL in complete growth medium for
4 hours at 37°C. Lectin labeling was induced by incubating cells with 10 pg/ml of
(UEA)-1 for 2 hours at room temperature. FACS was performed using a

FACScalibur analyzer (BDbioscience).

Evaluation of HUCBC proliferation: Cells were seeded in 6 well plates in
complete culture medium composed of EBM-2 supplemented with 1% FBS, 1%
Pen/Strep, IGF-1, EGF, FGF, VEGF, ascorbic acid. Cells were harvested at the
beginning of the experiments (TO) and 2 and 5 days later. 100 pul of cell
suspension was diluted in 10 ml of shed fluid and counted using Z2 Beckman
Coulter particle counter and size analyzer (Miami, Florida, USA) at the indicated
time points.

Angiogenesis assay: This test was performed in order to evaluate the ability of
HUCBC to form vessel in vitro when cultured on wells coated with a matrix made
of laminin, collagen type 1V, heparin sulfate proteoglycans, entactin and nidogen

(Chemicon, Montreal, Canada). 96 well plates were first coated at 37°C for 2
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hours with the matrix and 1x10* cells were seeded then in each well onto the
surface of the polymerized matrix. Cells were incubated in complete medium at
37°C for 16 hours in a tissue culture incubator (37°C, 5% CO,). Visual patterns
were defined on photos of five random view-fields per well and a semi-
quantitative analysis was performed for each condition according to the degree of
angiogenesis progression as previously described **. The pattern association
criterion was defined by the number and size of polygons formed, capillary
thickness, and cell alignment and fusion. Monocytes were used as negative
control for the test. Monocytes were cultured in RPMI-based medium
supplemented with 10% FBS, 1% HEPES, 1% sodium pyruvate, and 1%
Pen/Strep.

Mesenchymal Stem Cell (MSC) differentiation assay: Osteogenic and
adipogenic induction was performed on HUCBC population as previously

described .

4.2.2 Experimental Design

Ten to 12 week old male C57BL6 were allocated to the following groups: (1)
control group (saline), (2) BLM + DMEM, (3) BLM + HUCBC. The mice were
anesthetized using a mixture of oxygen and Isofluorane® 2.5%, weighted and
BLM (Sigma Aldrich, St. Louis, MO) administered intratracheally (i.t) at a dose
of 1.5 U/Kg in 50 pl (~0.04 U/mice) *°. Control animals were injected i.t with 50
pl of sterile saline 0.9%, HUCBC cells 500.000 cells/animal, or DMEM. Mice
were monitored every day. An exercise test was performed before, 7, 14 and 21
days after BLM, BLM-+cells and saline injection. Twenty-one days after i.t
injection lungs were harvested for hydroxyproline and collagen assays and

histology, after assessing lung mechanics.

4.2.3 Exercise capacity
The animals run on a treadmill with an inclination of 5° at different

speeds/time as follows: 1 min at 3m/min, 4m/min, 5m/min respectively and 3 min
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at 6 m/min, as a warm up. This followed by 24 min at 8m/min, 7 min at 10 m/min
and 8 min at 12m/min. Mice were run until they could not maintain sufficient

speed to remain off the shock grid.

4.2.4 Lung Function Testing

Mice were anesthetized 21 days after BLM administration with 70-90 mg/kg
pentobarbital sodium, tracheotomized, and mechanically ventilated at a rate of 350
breaths/min, tidal volume of 6 ml/kg, and positive end-expiratory pressure of 3-4
cmH,O with a computer-controlled small-animal ventilator (Scireq, Montreal,
Canada). Once ventilated, mice were paralyzed with 1 mg/kg pancuronium
bromide given intraperitoneally (Sigma Aldrich, St Louis, MO). Flexivent,
Scireq, we recorded airway pressure, volume, and airflow using a controlled

piston to evaluate lung mechanics.

Pressure-volume curves were generated by a sequential and increasing
delivery of air into the lungs from resting pressure (zero volume) to total lung
capacity followed by sequential expiratory steps during which air was
incrementally released. The plateau pressure was recorded when airflow returned
to zero at each step. To determine compliance of the lung, the Salazar-Knowles
equation was applied to the pressure measurements obtained between total lung
capacity (TLC) and functional residual capacity (FRC) during the expiratory
phase of the pressure-volume loop . Compliance was determined form the

analysis of pressure-volume curves.

Forced oscillation technique measures the impedance (alveolar pressure to
central airflow ratios) of the lung to an oscillatory flow wave controlled by the
computer piston. These impedance values are applied to a mathematical model of
the lung, the constant phase model *®. This model provides a clear distinction

between central and peripheral airways and lung parenchyma.

The computer-controlled piston applies a 1.25 to 8-s perturbation to the lungs

consisting priming frequencies from 1 to 20.5 Hz. Multiple linear regression is
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used to fit impedance spectra derived from measured pressure and volume

changes to the constant phase model of the lung.

To ensure proper recruitment of all alveolar spaces, three pressure-volume
curves were generated for each animal. After this maneuver, a 3-s prime wave was
performed followed by a second pressure-volume curve to obtain reported values.
Each perturbation was followed by 10 s of ventilation before the next

measurement was taken 8,

4.2.5 Lung Histology

The right bronchus was ligated and the left lung inflated with formaldehyde
10% at a pressure of 20 cm H,O, for histology Lungs were inflation fixed,
embedded in paraffin, sectioned as described and stained with Masson's
trichrome; muscles and cells are stained red, nuclei black and collagen blue. For

histologic evaluation of the lungs, four midlung sections per lung were examined.

4.2.6 Hydroxyproline Assay

Mice lungs were harvested 21 days after BLM/saline administration and
perfused with heparinized saline, to remove blood. The right bronchi was ligated
and the left lung inflated with formaldehyde 10% at a pressure of 20 cm H,0, for
histology. Each right lobe (4 total) was weighted, snap frozen in liquid nitrogen
and stored at —80 °C, for Hydroxyproline and total collagen content assays.
Briefly, lungs were homogenized, incubated in 50% trichloroacetic acid (Sigma
Aldrich, St Louis, MO) and hydrolyzed with 12N HCL. Samples were then baked
at 110°C for 12 hours. Hydroxyproline is oxidized using chloramine T (Fluka) and
pink colored with Ehrlich’s solution (Sigma, St Louis, MO). The concentration of
hydroxyproline is calculated against a hydroxyproline standard curve and the

values of the samples are normalized to dry tissue weight, expressed as pg/mg. **
20
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4.2.7 Lung Collagen Content

Collagen content of the lung was determined by assaying soluble collagen
using the Sircol Collagen Assay kit, a modification of the sirius red method
(Biocolor, Belfast, Northern Ireland), according to the manufacturer's instructions.
Briefly, frozen samples were thawed incubated at 4°C overnight in lysis buffer
according to tissue weight (0.5 M acetic acid and protein inhibitor cocktail, Sigma
Aldrich, St Louis MO). Supernatants (50 pl) were added to 1 mL of Sircol Dye
Reagent and then mixed for 30 minutes at room temperature in a mechanical
shaker. The collagen-dye complex was precipitated by centrifugation at 10000 x g
for 10 min. The unbound dye solution was carefully removed. The precipitated
complex was resuspended in 1 mL of alkali reagent. The obtained solution was
placed in a 96 wells plate and evaluated in a plate reader (absorbance = 540 nm).
Obtained values were then compared to the standard curve as recommended to
obtain absolute collagen content. Shown data represent the mean collagen content,

expressed as pg/ug of right lobes.

4.2 .8 Isolation and characterization of HUCBC

Cell preparation: Frozen HUCBC units were thawed at 37°C and HUCBC
cells were transferred to 50 ml tubes and washed 5 to 6 times with HBSS. Tubes
were then centrifuged at 1200 RPM for 20 min at 4°C. HUCBC were cultured in
DMEM-HG (10% FBS) and incubated in humidified atmosphere at 37°C and 5%
CO,. Medium was changed twice a week and adherent cells were harvested for

characterization after one week of culture.

Evaluation of HUCBC proliferation: Cells were seeded in 6 well plates in
complete culture medium. Cells were harvested at the beginning of the
experiments (TO) and 2 and 5 days later. 100 ul of cell suspension was diluted in
10 ml of shed fluid and counted using Z2 Beckman Coulter particle counter and

size analyzer (Miami, Florida, USA) at the indicated time points.
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Angiogenesis assay: This test was performed in order to evaluate the ability of
HUCBC to form vessel in vitro when cultured on wells coated with a matrix made
of laminin, collagen type IV, heparin sulfate proteoglycans, entactin and nidogen
(Chemicon, Montreal, Canada). 96 well plates were first coated at 37°C for 2
hours with the matrix and 1x10* cells were seeded then in each well onto the
surface of the polymerized matrix. Cells were incubated in complete medium at
37°C for 16 hours in a tissue culture incubator (37°C, 5% CO5,).

MSC differentiation assay: Osteogenic and adipogenic induction was
performed on HUCBC population as previously described?.

HUCBC were extracted from frozen cord blood collected from healthy term
deliveries, kindly provided by Dr. Akabutu, University of Alberta. Plastic
adherent-mononuclear cells were cultured (DMEM-10%FBS-1%PSF) for two

weeks and characterized using FACS analysis.

4.2.9 Fluorescence-activated Cell Sorting of Cell Surface

Cell labeling for FACS analysis: Cells were resuspended in PBS containing
1% FBS buffer and incubated with either a unique antibody conjugated to APC
(CD14, CD31, VEGFR1, VEGFR2, CD44 and CD45) or a conjugated antibody
(CD34, CD90, CD105 and CD73) for 2 hours at 4°C. Direct fluorescent staining
was used to detect dual binding of FITC-labeled Ulex europeus agglutinin (UEA)-
1 (Sigma, Deisenhofen, Germany) and 1,1-dioctadecyl-3,3,3,3-
tetramethyllindocardocyanine (Dil)-labeled acetylated low density lipoproteins
(acLDL, Cedarlane, MA, USA). AcLDL staining was performed by incubating
some adherent CB cells with 10 pg/ml DilAcLDL in complete growth medium for
4 hours at 37°C. Lectin labeling was induced by incubating cells with 10 pg/ml of
(UEA)-1 for 2 hours at room temperature. FACS was performed using a

FACScalibur analyzer (BDbioscience).

4.2.10 Fibroblast isolation

Mouse lungs were dissected and rinsed in sterile PBS following removal
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of tracheas and extrapulmonary airways and were finely minced with sterile
scissors and incubated in 1 mg/mL Collagenase Type | (Sigma Adrich, St Louis,
Missouri) in PBS in a volume of 2 mL per lung for 60 min at 37°C in a shaking
incubator. The resulting cell suspension was further disaggregated by trituration
through an 18- gauge needle, diluted in PBS, filtered through a 40-um nylon cell
strainer (Falcon; Becton Dickinson) and washed twice in PBS. After
centrifugation of 1500 rpm for 5 min, 3 times, the resulting cells were plated in
DMEM 10% FBS 1% PSF #. Fibroblast were isolated from saline control animals

and BLM exposed mice 7 days following intratracheal injection.

4.2.11 Cell engraftment

Mouse lungs (n=3 per/group) were inflated with Tissue-Tek optimal
cutting temperature (O.C.T.) medium (Ted Pella, Inc., Redding, CA) and
subsequently frozen in a block of O.C.T. medium. Lungs were stained for the type
2 alveolar epithelial cell (AT2)-specific marker SP-C, pro-SP-C, and cellular
nuclei (4',6-diamidino-2-phenylindole, DAPI) and imaged with a confocal
microscope. HUCBC labeled with the Human Nuclear Antigen (HNA, chemicon)
22 were manually counted in 25 random fields throughout the lung for a total cell

count of 8,224 cells day 4 post-injury.
4.2.12 Generation of HUCBC Conditioned Medium

Passage 2 HUCBC were grown to about 80% confluency. Medium was
aspirated and cells were rinsed three times with phosphate-buffered saline. Cells
were cultured in serum-free medium for 12 hours. Conditioned medium (Cdm)
was removed and filtered through a 50-pum mesh to remove cellular debris, as

previously described **.

4.2.13 ELISA to assess antifibrotic mediators in HUCBC CdM
Cdm and fibroblast supernatant were snap frozen in liquid nitrogen and

stored at -80°C. Transforming growth factor B1, (TGFB1), human Relaxin and
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human Angiotensin converting enzyme 2 (ACE2) were measured using ELISA

kits (R&D Systems and Enzo life Sciences).

4.2.14 Statistical Analysis
Data are expressed as mean + SE, except where stated otherwise.
Statistical analysis was performed using ANOVA, post hoc test (least significant

difference). Values were considered significant with P < 0.05.

4.3 Results
4.3.1 Characterization of HUCBC

HUCBC from healthy term newborns formed a heterogeneous cell
population (Figure 4.1 A). Accordingly, FACS analysis revealed that HUCBC
expressed cell surface markers (Figure 4.1B-C) compatible with monocytes, and
proliferating, putative endothelial progenitor cells (EPCs) and MSCs (Figure
4.1D). MSC differentiation assays showed few proliferating cell clusters but no
adipocyte or osteocyte positive staining (not shown). In an in vitro angiogenic
assay, HUCBC formed some vascular networks with a low cell density while
other HUCBCs (putative monocytes) were unable to form vascular networks
(Figure 4.1E) as compared to HUVEC (Figure 4.1F). Monocytes used as negative
controls, were unable to form vascular networks (Figure 4.1G).

4.3.2 HUCBC improve exercise capacity in BLM PF

Exercise capacity was significantly decreased in BLM challenged mice
compared to controls and BLM+HUCBC treated animals, at 7, 14 and 21 days.
BLM+HUCBC treated animals, at 14 and 21 days had significantly improved

exercise capacity as compared to BLM group (Figure 4.2).

4.3.3 HUCBC improve lung function in BLM PF
BLM significantly decreased lung compliance by 32%(Figure 4.3 A) and
increased lung elastance by 37%(Figure 4.3 B) 21 days after BLM injury
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compared to controls. HUCBC administration significantly improved compliance

(Figure 4.3 A) and elastance (Figure 4.3 B) compared to BLM treated group.

4.3.4 HUCBC ameliorate BLM PF

BLM induced marked fibrosis and distorted lung architecture compared to
controls as shown on lung sections stained with Trichrome Masson’s (Figure
4.4A). HUCBC significantly attenuated BLM-induce fibrosis (Figure 4.4B-C).
Hydroxyproline (Figure 4.4B) and sircoll collagen (Figure 4.4 C) assays
confirmed quantitatively the decrease in lung collagen content with HUCB

treatment.

4.3.5 HUCBC engraftment
HNA labeled cells accounted for 0.2% of cells counted in UCBC treated

animals (Figure 4.5A).

4.3.6 In vitro antifibrotic effects of HUCBC Cdm

In vitro, exposure of lung fibroblasts to BLM significantly increased the
levels of the potent pro-fibrotic molecule TGFB1 (Figure 4.6A). Cell free Cdm
derived from HUCBC significantly decreased TGFPB1 levels in BLM treated
fibroblast. Conversely, Cdm derived from Human Dermal Fibroblast (HDF) had
no effect (Figure 4.6 A). The antifibrotic mediators, Human relaxin and ACE2,
were detected exclusively in HUCBC Cdm samples but not in HDF Cdm (Figure
4.6 B-C respectively).

4.4 Discussion

In this study we provide proof of principle that HUCBC exert a therapeutic
benefit even after 10 years of cryopreservation. In vivo HUCBC administered
concomitantly with BLM improved exercise capacity, lung compliance, and
attenuated lung fibrosis. The therapeutic benefit is likely mediated via a paracrine

mechanism because lung engraftment was low and in vitro findings revealed
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decreased BLM-induced production of TGF-B1 by fibroblasts with cell free
HUCBC-derived CdM, which contained ACE2 and relaxin, known antifibrotic
compounds.

Numerous studies have demonstrated the therapeutic potential of bone
marrow-derived cells to prevent lung damage in various experimental models of
lung disease ’. Ortiz and Rojas et al showed that myelosupression increased the
susceptibility to BLM-induced lung injury and that bone marrow-derived MSCs
were protective against lung fibrosis in this model ®*°. Increasingly, UCB is being
recognized as a valuable source of stem cells for regenerative purposes. The
annual global 100 million human birth rate places UCB as the largest untouched
stem cell source, with advantages of naive immune status **'*2. UCB is a currently
discarded, yet easily accessible, ethically appropriate, clinically relevant source of
potent stem cells. Studies suggest that UCB yields higher numbers of stem and
progenitor cells with a higher proliferation rate and expansion potential than those
of adult BM . Recent findings suggest an age-related decline in progenitor cells
and a higher regenerative potential of “young” vs. “old” stem cells *®. Finally,
UCB transplantation is already successfully used clinically for a variety of
nonmalignant and malignant hematopoietic as well as metabolic diseases in
children and adults *° and is feasible despite HLA incompatibility of 1-3 antigens,

thus offering new possibilities in allogenic regenerative medicine.

There is only one study exploring the role of cord blood-derived cells in lung
fibrosis. Moodley showed that systemically administered human Wharton Jelly-
derived MSCs reduced inflammation, TGF-B1 expression and lung collagen
concentration in BLM-induced lung injury ?°. In our study, we administered
intratracheally human UCB-derived cells that were stored for over ten years.
HUCBC consisted of a heterogeneous cell population as assessed by
morphological and immunological analyses. Differentiation and angiogenesis
assays suggest that at the time of injection (1 week culture), the HUCBC
population was composed mainly of monocytes and EPCs while no MSC
subpopulation could be detected. It is well established that UCB MSCs take a



80

long time (30 to 60 days) to start proliferating in vitro, suggesting that during the
time lapse of cell preparation and injection, these cells were still very rare and
may not account for the beneficial effect of HUCBC. More recently, it has been
shown that HUCBC from term newborn yield predominantly endothelial colony
forming cells, while UCB from preterm babies yielded predominantly MSC
colonies #. All together, this suggests that the beneficial effect may be explained
by the presence of UCB-derived EPCs and monocytes.

EPCs serve as reparative cells and promote vessel formation ?%. Recent
evidence suggest a role for EPCs in lung repair 2. Specifically, circulating EPCs
are decreased in patients with pulmonary fibrosis complicated by pulmonary
arterial hypertension 2%, Little is known about the role of angiogenesis in the
occurrence of pulmonary fibrosis. In BLM-induced lung injury, the normal lung
architecture is replaced by a mix of collagen and myofibroblasts with few blood
vessels. Angiogenic factors such as vascular endothelial growth factor (VEGF),
may aid in allowing adequate blood supply to the fibrotic area thereby decreasing
the extent of fibrotic damage. This is supported by the fact that loss of myeloid
cell-derived VEGF worsens lung fibrosis and significantly reduces the formation
of blood vessels . This suggests that the process of angiogenesis, driven by
myeloid cell-derived VEGF, is essential for the prevention of fibrosis. Indeed,
EPCs participate in tissue regeneration by promoting endothelial cell proliferation
via paracrine secretion of angiogenic factors 2. This is consistent with the role of
angiogenesis in promoting alveolar development and the protective effect of
angiogenic growth factors in a model of O,-induced arrested alveolar growth 2’.
Monocytes, the other cell type present in our heterogeneous HUCBC, may also be
beneficial for angiogenesis via MCP-1 that promotes endothelial progenitor cell
proliferation and migration %. Cell-to-cell interaction between monocytes and
vascular smooth muscle cells induce VEGF synthesis in both types of cell and IL-
6 is partially involved in VEGF production .

However, the benefit of pro-angiogenic therapies in preventing pulmonary
fibrosis is controversial. Farkas et al found that VEGF worsened lung fibrosis in a

rat model of idiopathic pulmonary fibrosis induced by adenoviral delivery of
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TGF-B1 *°. These data showed that experimental pulmonary fibrosis lead to loss
of the microvasculature through increased endothelial apoptosis and to
remodeling of the pulmonary arteries, resulting in pulmonary hypertension. While
adenoviral mediated overexpression of VEGF resulted in reduced endothelial
apoptosis, increased vascularization, and attenuated pulmonary hypertension,
pulmonary fibrosis worsened. The reason for the apparent discrepancy between
studies is unclear.

Consistent with various cell therapy studies in various models of lung injury ,
we found low engraftment of cells in our treated group. These findings suggest
that beyond cell replacement, cells may be releasing factors in situ responsible for
the beneficial effects observed. Increasing evidence suggest that the therapeutic
benefit of stem cells is mediated via a paracrine effect, opening new avenues for
the use of cell-based approaches to treating lung injury **. Accordingly, we found
that cell free Cdm derived from HUCBC, but not from HDF, attenuated the
release of the pro-fibrotic molecule TGF-p1 from BLM-stimulated lung
fibroblasts. HUCBC-derived Cdm, but not HDF Cdm, contained molecules that
exert anti-fibrotic effects including relaxin and ACE2.

Relaxin is a hormone released primarily during pregnancy by the teca cells .
Its main role is extracellular matrix remodeling to facilitate the ligament laxity
needed during pregnancy and delivery. More recently, relaxin was shown to exert
antifibrotic and anti-inflammatory properties **. Relaxin acts at multiple levels to
inhibit fibrogenesis, including attenuating TGF-p1-induced differentiation/growth

of myofibroblasts and collagen deposition *

. Relaxin also acts directly on
profibrotic factors, primarily TGF-B1 to inhibit their ability to accelerate
myofibroblast accumulation and collagen production, the net effect being a
relaxin-induced reduction of fibrosis. The effects of long-term relaxin deficiency
on ageing RIn1”" mice have demonstrated an age related progression of interstitial
fibrosis various organs including the lung * leading to organ damage and
dysfunction. Likewise, mice deficient in the relaxin family peptides receptor 1
(Rxfpl) also experience lung fibrosis *2. Conversely, treatment of male RIn1™”

mice with exogenous human relaxin consistently led to the reversal of collagen
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accumulation (fibrosis) in the various organs studied *. In BLM-induced
pulmonary fibrosis in mice, the administration of recombinant human relaxin over
a 2-week treatment period prevented collagen accumulation and restored lung
function *. More recently, a novel peptide that targets the relaxin Rxfp1/LGR7
receptor was found to inhibit TGF-B1-induced collagen deposition in human
dermal fibroblasts and to attenuate BLM-induced pulmonary fibrosis in mice .

ACE2, a homologue to Angiotensin Converting Enzyme (ACE), exhibits
cardiopulmonary antifibrotic effects and is primarily found in endothelial cells *".
In various ALI/ARDS models, ACE2 deletion worsened lung injury promoting
enhanced vascular permeability/edema, inflammation and worsened lung function
%8 Importantly, in BLM-induced lung injury, ACE2 appears to prevent alveolar
epithelial cell apoptosis balancing ANGII (proapoptotic) and its antiapoptotic
degradation product ANG1-7 *°.

Overall, our study provides proof concept that HUCBC is an ethically
acceptable source of cell-based therapy for ALI/ARDS with anti-fibrotic
properties. In addition, our data suggest that similar to MSC and vascular
progenitor cells, HUCBC exert their effects via a paracrine activity, opening novel

avenues for identifying pharmacological therapies for lung repair.
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Figure 4.1. Characterization of HUCBC. A. Graphical representation of the percentage
of UCBC showing various morphologies after 1 day of culture and 1, 4 and 6 weeks later.
B, C. HUCBC molecular phenotype was performed after 1 week of culture in complete
culture medium. UCBC were composed of various cells expressing cell surface markers
compatible with monocytes (CD14+, VEGFR2+, VEGFR1+, CD31+, DilAcLDL+,
Lectin +, CD105 and CD45+), EPCs (CD34+, VEGFR2+, DilAcLDL+, Lectin +) and
MSCs (CD90+, CD44+). D. The proliferation assay showed that there were some cells
with proliferative capacities. Since monocytes do not proliferate, this result confirms the
presence of a subpopulation of proliferating cells (EPCs or MSCs). E. UCBC cultured on
matrix coated flasks were able to form some networks still very sparse and with a low cell
density. Arrows indicate cells aligning and fusing to form vascular structures. Some cells
were unable to form vascular network and they were presumably monocytes. F. Human
monocytes, used as negative control, formed no vascular networks. G. Conversely,
HUVEC cells were used as positive control for the assay. All HUVEC fused to form

vascular network.
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Figure 4.2. HUCBC improve exercise capacity in BLM challenged animals.
C57BL/6 mice were run on a predetermined protocol on an animal treadmill to
assess exercise capacity. Bleo-exposed mice had significant worsening of their
exercise capacity over time. UCBC treatment attenuated the decline in exercise

capacity (n= 6-7 mice/group, *P<0.05, mean data expressed as + SEM).
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Figure 4.3 HUCBC treated animals exhibit improved lung mechanics 21 days
after BLM exposure. A. Lung compliance was significantly decreased in BLM-
induced lung injury. HUCBC treatment improved lung compliance in BLM-
exposed mice. B. Tissue elastance (rigidity) was significantly increased in BLM-
induced lung injury. UCBC treatment improved lung resistance in BLM-exposed

mice (n=6-7 mice/group, *P<0.05, mean data expressed as + SEM).
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Figure 4.4. Collagen deposition is decreased in HUCBC treated animals. A.
Representative lung sections stained with Masson’s trichrome from control (saline treated
mice), BLM and BLM+HUCBC treated mice at 21 days of the experimental protocol
showing altered lung architecture and massive lung fibrosis in BLM treated mice.
HUCBC treated mice show less distorded lung architecture and less lung fibrosis. B. C.
Total collagen and Hydroxyproline content in lungs from all experimental groups provide
quantitative assessment for excess collagen deposition in BLM-induced lung injury at 21
days. HUCBC treatment significantly attenuated lung collagen deposition in BLM
exposed mice (n=6-7/group, *P<0.05, mean data expressed as = SEM).
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Figure 4.5. Intratracheal injection of HUCBC results in low lung
engraftment. A. Immunofluorescence on frozen lung sections of HUCBC treated
BLM-exposed mice examined under confocal microscopy reveals Human
Nuclear Antigen (HNA) stain to detect HUCBC and DAPI staining to mark cell
nuclei. HNA staining, after manually counting 25 random fields throughout the

lung for a total cell count of 8,224 cells, revealed 0.2% cell engrafment.
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Figure 4.6. Antifibrotic effects of HUCBC Cdm. A. TGF-B1 release from
BLM-exposed lung fibroblasts treated with UCBC Cdm or Human Dermal
Fibroblast (HDF) Cdm. B. C. Human relaxin and ACE2 were present in HUCBC
Cdm, but undetectable in HDF Cdm (n=6/group, *P<0.05).



94



95

CHAPTER 5

ANGIOTENSIN CONVERTING ENZYME 2
ABROGATES
BLEOMYCIN-INDUCED LUNG INJURY::
EFFECTS OF GENDER

Rey-Parra GJ, Vadivel A, Coltan L, Hall A, Eaton F, Schuster M, Loibner
H,Penninger JM, Kassiri Z, Oudit GY, Thébaud B. Angiotensin converting
enzyme 2abrogates bleomycin-induced lung injury. J Mol Med (Berl). 2012 Jan
14. [Epubahead of print] PubMed PMID: 22246130.
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5.1 Introduction

Acute respiratory distress syndrome (ARDS), a severe form of acute lung injury
(ALI), is characterized by diffuse lung damage, arterial hypoxaemia and decreased
compliance *. Despite advances in patient care, ALI/ARDS remains an important cause
of death and morbidity in intensive care units 2. ARDS survivors often have impaired
pulmonary function, decreased health-related quality of life and chronic pulmonary
fibrosis *°. At present, treatment is supportive and includes prolonged mechanical
ventilation, which can further contribute to ARDS-related morbidity . Currently, there
is no effective pharmacological therapy to attenuate lung injury and promote lung repair
in ALI/ARDS %,

Experimental and clinical evidence indicate that the renin angiotensin system
(RAS) contributes to lung injury . ACE cleaves angiotensin (ANG) | to generate
ANGII. Proliferative and fibrotic properties have been attributed to the ACE-ANGII-
AT1 receptor axis *> '*. ACE2, a homologue to ACE, degrades ANGII to ANG 1-7
peptides, limiting ANGII accumulation ** . Thus, ACE2 counterbalances the
deleterious effects of ACE and prevents lung injury. Angiotensin converting enzyme-2
(ACE2) knockout mice have enhanced vascular permeability, increased lung edema,
neutrophil accumulation, and worsened lung function *’. Characteristics similar to those
seen in lungs of patients with ARDS have been modeled in mice exposed to bleomycin
(BLM) induced lung injury complicated by fibrosis ‘. We hypothesized that ACE2
gene deletion would worsen BLM-induced lung injury and its resultant fibrosis;
conversely, recombinant human (rh) ACE2 would attenuate BLM-induced lung injury.
Furthermore, since lungs of female rats exhibit higher lung expression of ACE2 than
male rats'®, we assessed gender differences in ACE2 knockout mice in BLM-induced

lung injury.

5.2 Materials and Methods
5.2.1 Experimental design

All procedures involving animals were approved by the Animal Welfare
Committee of the University of Alberta. Fourteen to 16 week old male C57BL6 (wild
type, WT, controls) mice and ACE2 knockouts - males (ACE2™) and females (ACE2")
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- were allocated to the following groups: (1) WT control group (saline), (2) ACE2”
control group (saline), (3) WT BLM (ALI/ARDS model), and (4) ACE2™” BLM. The
mice were anesthetized using a mixture of oxygen and Isofluorane® 2.5%, weighted
and BLM (Sigma Aldrich, St. Louis, MO) administered intratracheally at a dose of 1.5
U/Kg in 50 pl (~0.04 U/mice) %°. Control animals were injected intratracheally with 50
ul of sterile saline 0.9%.

In a separate set of experiments, we compared gender differences in the following
groups: (1) ACE2™ controls (saline), (2) ACE2" controls, (3) ACE2” BLM, and (4)
ACE2" BLM.

Finally, to explore the therapeutic potential of rhACE2, we performed a third set
of experiments including (1) WT control group (saline), (2) WT BLM (ALI/ARDS
model), and (3) WT BLM+rhACE2. rhACE2 was given intraperitoneally for 21 days at
a dose of 2mg/kg.

Mice were monitored every day. An exercise test was performed 21 days after
BLM or saline injection. Three weeks after BLM, lungs were harvested for
hydroxyproline and collagen assays, profibrotic gene expression and histology, after

assessing lung mechanics.

5.2.2 Recombinant human ACE2

The extracellular domain of rhACE2 (amino acid residues 1-740,
MW =101 kDa) was expressed recombinantly in Chinese hamster ovary cells under
serum free conditions in a chemically defined medium as previously described **°. The
enzymatic turnover of rhACE2 with Ang Il substrate was 5.2+0.1 umol.mg™’.min™ and
the elimination half-life of rhACE2 was 10.4 hrs in Rhesus monkeys. The purity of the
expression product was 99.99% as measured by HPLC "8,

5.2.3 TagMan Real-Time Polymerase Chain Reaction

MRNA expression levels of smooth muscle actin and transforming growth factor-
B were determined by TagMan (Applied Systems Inc, Streetsville, Ontario, Canada)
real-time polymerase chain reaction as described previously % ?>%’. Expression analysis

of the reported genes was performed by TagMan reverse-transcription polymerase chain
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reaction using ABI 7900 sequence detection system; 18S rRNA was used as an
endogenous control. The primer/probe for MRNA expression analysis by Tagman real-
time polymerase chain reaction were purchased from Applied Biosystems for a-smooth
muscle actin (a-SMA) (product # Mm00725412_S1) and as follows for (Transforming
Growth Factor 31) TGFR1 Forward Primer 5-CCTGCAAGACCATCGACATG-3;
Reverse Primer 5'-ACAGGATCTGGCCACGGAT-3' and Probe 5’-
FAMCTGGTGAAACGGAAGCGCATCGAA-TAMRA -3°. Results are presented as
relative expression (R.E) to 18S.

5.2.4 Exercise capacity

The animals run on a treadmill with an inclination of 5° at different speeds/time as
follows: 1 min at 3m/min, 4m/min, 5Sm/min respectively and 3 min at 6 m/min, as a
warm up. This followed by 24 min at 8m/min, 7 min at 10 m/min and 8 min at
12m/min. Mice were run until they could not maintain sufficient speed to remain off the
shock grid %,

5.2.5 Lung Function Testing

Mice were anesthetized 21 days after BLM administration with 70-90 mg/kg
pentobarbital sodium, tracheotomized, and mechanically ventilated at a rate of 350
breaths/min, tidal volume of 6 ml/kg, and positive end-expiratory pressure of 3-4
cmH,0 with a computer-controlled small-animal ventilator (Scireq, Montreal, Canada).
Once ventilated, mice were paralyzed with 1 mg/kg pancuronium bromide i.p (Sigma
Aldrich, St Louis, MO) to evaluate lung mechanics and record airway pressure, volume,

and airflow using a controlled piston.

Pressure-volume curves were generated by a sequential and increasing delivery of
air into the lungs from resting pressure (zero volume) to total lung capacity followed by
sequential expiratory steps during which air was incrementally released. The plateau
pressure was recorded when airflow returned to zero at each step. To determine
compliance of the lung, the Salazar-Knowles equation was applied to the pressure

measurements obtained between total lung capacity (TLC) and functional residual
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capacity (FRC) during the expiratory phase of the pressure-volume loop . Compliance

was determined form the analysis of pressure-volume curves.

Forced oscillation technique measures the impedance (alveolar pressure to central
airflow ratios) of the lung to an oscillatory flow wave controlled by the computer
piston. These impedance values are applied to a mathematical model of the lung, the
constant phase model *°. This model provides a clear distinction between central and

peripheral airways and lung parenchyma. The equation of the constant phase model is

Z(f): Raw+ i27[f|aw+ Gti - th|

( 2nf)"

where R, = a measure of central airways resistance, l,, = inertance of the gas in the
airways, Gy =tissue resistance, Hy; = tissue elasticity and i= V-1. The computer-
controlled piston applies a 1.25 to 8-s perturbation to the lungs consisting of priming
frequencies from 1 to 20.5 Hz. Multiple linear regression is used to fit impedance
spectra derived from measured pressure and volume changes to the constant phase

model of the lung.

To ensure proper recruitment of all alveolar spaces, three pressure-volume curves
were generated for each animal. After this maneuver, a 3-s prime wave was performed
followed by a second pressure-volume curve to obtain reported values. Each

perturbation was followed by 10s of ventilation before the next measurement was taken
29, 30

5.2.6 Lung Histology

The right bronchus was ligated and the left lung inflated with 10% formaldehyde at
a pressure of 20 cm H,0 for histology. Inflation fixed lungs were then embedded in
paraffin, sectioned as described ?® and stained with trichrome Masson’s; muscles and
cells are stained red, nuclei black and collagen blue. For histologic evaluation of the

lungs, four midlung sections per lung were examined.
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5.2.7 Hydroxyproline Assay

Mice lungs were harvested 21 days after BLM/saline administration and perfused
with heparinized saline to remove blood. The right bronchus was ligated and each of the
4 right lobes was weighted, snap frozen in liquid nitrogen and stored at —80 °C, for
hydroxyproline and total collagen content assays. Briefly, lungs were homogenized,
incubated in 50% trichloroacetic acid (Sigma Aldrich, St Louis, MO) and hydrolyzed
with 12N HCI. Samples were then baked at 110°C for 12 hours. Hydroxyproline is
oxidized using chloramine T (Fluka,) and pink colored with Ehrlich’s solution (Sigma,
St Louis, MO). The concentration of hydroxyproline is calculated against a
hydroxyproline standard curve and the values of the samples are normalized to dry

tissue weight, expressed as pg/mg "%,

5.2.8 Lung Collagen Content

Collagen content of the lung was determined by assaying soluble collagen using the
Sircol Collagen Assay kit, a modification of the sirius red method (Biocolor, Belfast,
Northern Ireland), according to the manufacturer's instructions. Briefly, frozen samples
were thawed, incubated at 4°C overnight in lysis buffer according to tissue weight (0.5
M acetic acid and protein inhibitor cocktail, Sigma Aldrich, St Louis MO).
Supernatants (50 ul) were added to 1 mL of Sircol Dye Reagent and then mixed for 30
minutes at room temperature in a mechanical shaker. The collagen-dye complex was
precipitated by centrifugation at 10000 x g for 10 min. The unbound dye solution was
carefully removed. The precipitated complex was resuspended in 1 mL of alkali
reagent. The obtained solution was placed in a 96 wells plate and evaluated in a plate
reader (absorbance =540 nm). Obtained values were then compared to the standard
curve as recommended to obtain absolute collagen content. Shown data represent the

mean collagen content expressed as pg/mg.

5.2.9 Statistical Analysis
Data are expressed as mean + SE, except where stated otherwise. Statistical analysis

was performed using unpaired Student's t test or ANOVA, post hoc test (least significant
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difference) and Mann-Whitney as appropriate. Values were considered significant with p <
0.05.

5.2.10. Western Blot

Right lungs were flash-frozen in liquid nitrogen and homogenized in buffer
containing an antiprotease cocktail before electrophoresis on 7.5% or 10% SDS-PAGE
gels. Protein was quantified using the Bradford method. Lung expression of AT1 and
AT2 receptors were quantified by densitometry, relative to a reporter (actin, 43 KDa).
AT1 and AT2 primary antibodies were purchased from Santa Cruz.

5.2.11. ELISA

Right lungs were flash-frozen in liquid nitrogen and homogenized in buffer
containing an antiprotease cocktail before quantitative assessment of proinflamatory
cytokines keratinocyte chemoattractant (KC), tumor necrosis factor alpha (TNFa),
interleukin 13 (IL1B), TGFp were performed using ELISA kits (R&D Systems).

5.3 Results
5.3.1 Loss of ACE2 worsens lung fibrosis in BLM-induced lung injury

The severity of lung fibrosis between groups was assessed qualitatively on
trichrome Masson’s stained lung sections (Figure 1A) and quantitatively by measuring
MRNA levels of profibrotic genes a-SMA (Figure 1B) and TGFB1 (Figure 1C) as well
as total lung collagen/hydroxyproline content (Fig. 1 D-E). As expected, no histological
changes were observed in the lungs from saline (controls) treated WT and ACE2™
animals (Figure 1A). BLM-induced loss of lung architecture and fibrosis in the
parenchyma (Figure 1A) were more evident in ACE2™-BLM compared to controls and
BLM-WT mice. These changes were associated with increased expression of the
fibrosis-associated genes o-SMA and TGFB1 (Figure 1B-C) in both BLM treated
groups. Collagen and hydroxyproline levels were significantly higher in ACE2” BLM
compared to controls and BLM-WT (Figure 1D, E).
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5.3.2 Loss of ACE 2 worsens exercise capacity and lung function in BLM-

induced lung injury

After 21 days of BLM injection, all BLM exposed animals (ACE2” and WT)
exhibited a significant decrease in exercise capacity compared with saline treated
control mice (Figure 2). Exercise capacity was significantly worse in BLM-ACE2"
compared to BLM-WT. Likewise, BLM-ACE2™ mice exhibited decreased dynamic
lung compliance (Figure 3A) and increased lung elastance (Figure 3B) compared to
BLM-WT.

5.3.3 Male ACE2™ display worse lung fibrosis than female ACE2™ in BLM-induced

lung injury

Trichrome Masson’s stained lung sections showed loss of lung architecture and
increased fibrosis in BLM-ACE2" as compared to saline controls and BLM-ACE2™"
(Figure 4A). Lung fibrosis appeared significantly milder in BLM-ACE2” females.
BLM-ACE2™" had significantly higher levels of a-SMA (Figure 4B) and TGFp1
(Figure 4C) mRNA and collagen deposition compared to ACE2” BLM (Figure 4D-E).
Likewise, these results were associated with decreased compliance and increased
elastance in BLM-ACE2" compared to female BLM-ACE2" mice (Figure 5A-B).

5.3.4 Treatment with rhACE2 improves lung architecture and function and

attenuates lung collagen deposition in BLM-induced lung injury in WT mice

We examined the protective effect of rhACE2 to prevent fibrosis in BLM-induced
lung injury. Treatment with rhACE2 improved survival (Figure 6A), exercise capacity
(Figure 6B) and lung function (dynamic compliance and elastance, Figure 6C-D) as
compared to untreated BLM-WT mice. Treatment with rhACE2 also improved lung
architecture in Trichrome Masson’s stained lung sections (Figure 7A). rhACE2
significantly decreased lung collagen deposition in BLM-WT+rhACE2 compared to
BLM-WT (Figure 7B), as well as levels of a-SMA (Figure 7C) and TGF1 mRNA
(Figure 7D) and protein (Figure 7E) and lung TNFa protein expression (Figure 7F) as
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compared to untreated BLM-WT mice.

5.3.5 Effects of rhACE2 in male and female BLM-WT mice on lung

architecture, function and lung collagen deposition WT treated mice

Finally, we examined the protective effect of rhACE2 to prevent fibrosis in female
BLM-induced lung injury (Figure 8). Surprisingly, BLM challenged WT females did
not exhibit fibrotic changes. Trichrome Masson’s stained lung sections revealed mild
lung architecture distorsion in BLM WT females compared to males (Figure 8A). WT
females exposed to BLM had only mild increase in lung collagen (Figure 8B) and lung
hydroxyproline (Figure 8C) compared to males. Likewise, WT females had unchanged
lung function (Figure 8D-E) and exercise capacity (Figure 8F) compared to BLM WT
males. rhACE2 significantly attenuated lung fibrosis (Figure 8A-C) and improved lung
function (Figure 8D-E) and exercise capacity (Figure 8F) in BLM WT males.

5.3.6 Angiotensin receptors in BLM induced Lung injury

In order to explain the apparent protection of female WT mice from fibrosis, we
explored other component of the RAS. Lung AT1R expression was unchanged between
Control and BLM exposed WT female and WT male (Figure 9A). Conversely, lung
AT2R expression was significantly increased in BLM female WT as compared with
control female WT and BLM male WT (Figure 9B). The AT2/AT1 receptor ratio was
significantly increased in BLM WT female (Figure 9C) compared to all other groups.

5.4 Discussion

We observed that ACE2 gene deletion aggravates BLM-induced lung injury.
Conversely, rhACE2 treatment improves lung function and exercise capacity and
attenuates lung fibrosis in BLM-induced lung injury. In addition, we found that BLM-
induced lung injury was worse in ACE2 deficient male than female mice. Overall, our

data suggest a protective role for rhACE2 in experimental ALI/ARDS.
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5.4.1 ACE2 in lung injury and repair

Recent evidence suggests that the RAS has important functions outside the cardio-
vascular system. Latest since ACE2 was identified as a key receptor for coronavirus
infections responsible for the severe acute respiratory syndrome (SARS)™ major
attention has been drawn to the potential protective role of ACE2 in lung diseases. In
three different ALI/ARDS models (acid-aspiration-induced ARDS, endotoxin-induced
ARDS, and peritoneal sepsis-induced), ACE2 knockout mice exhibit exacerbated lung
injury compared with WT mice % loss of ACE2 caused enhanced vascular
permeability, increased lung edema, neutrophil accumulation, and worsened lung
function. Importantly, treatment with catalytically active recombinant ACE2 protein
improved the symptoms of ALl in WT mice, as well as in ACE2 knockout mice *2.
Furthermore, lung injury in experimental ARDS in mice can be attenuated by blocking
the RAS 2. One complication of ARDS is lung fibrosis. Li et al ** have demonstrated
that ACE2 mRNA and activity are downregulated in human and experimental lung
fibrosis and suggest that ACE2 limits the local accumulation of ANG II. Previous
studies have not assessed the effect of ACE2 deletion on long-term complications of
ALI/ARDS such as lung fibrosis. Our data demonstrates that loss of ACE2 aggravates
exercise capacity, lung function and worsens subsequent lung fibrosis in BLM-induced
experimental lung injury.

Currently, there is no efficacious pharmacological therapy to prevent the onset of
pulmonary fibrosis post ALI/ARDS . Consequently, we explored the therapeutic
potential of rhACE2 to attenuate BLM-induced lung injury. rhACE2 improved survival,
exercise capacity and lung function and abrogated lung fibrosis in this model. Our data
are in accordance with recent findings showing that lentiviral packaged ANG-(1-7)
fusion gene or ACE2 cDNA prevents BLM-induced lung fibrosis in male Sprague
Dawley rats 3. This is also consistent with recent reports showing a protective effect of
ACE2 in preventing fibrosis in other organs such as ANGII-induced cardiac
hypertrophy and in diabetic nephropathy * *. Our data provide additional proof of
principle for the therapeutic benefit of ACE2 in improving lung function and structure
post-ALI/ARDS. The therapeutic implications of these findings could potentially

translate into decreased morbidity and mortality in ALI/ARDS patients.
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6.2 Gender differences in the susceptibility of ACE2 knockout mice to BLM induced
lung injury

In this study, we found gender differences in ACE2" mice in BLM-induced lung
injury. Men with idiopathic pulmonary fibrosis have decreased quality of life compared
to women *. In rodents, castrated male mice exhibited a female-like response to BLM
while female mice given exogenous androgen exhibited a male-like response,
suggesting a detrimental role of androgens in pulmonary function in fibrosis .
Interestingly, in BLM-induced fibrosis in rats, female hormones appeared to have a
detrimental role in BLM-exposed female compared to males *". In our study, the effects
of BLM in female ACE2” mice were not only milder compared to male knock-out
mice, but also milder compared to male Wt mice.These contradictory results, could
potentially be explained by differences in species * and BLM doses. In our study, we
selected a low to middle BLM dose in which a balance between survival and fibrotic
reponse (functional and histological) was achieved. It is recognized that lung function
correlates more directly with poor prognosis than fibrotic end-points *°. In our study,
male mice exhibited a significant decline in compliance compared to females. Our data
shows significantly worse lung function and higher lung collagen deposition in male
ACE2 knockouts compared to females. This gender-based difference could suggest a
hormonal involvement in the pathophysiology of BLM-induced lung injury. Indeed,
17pB-estradiol-mediated upregulation of ACE2 protects the kidney from the progression
of hypertensive renal disease and female ACE2 knockout mice showed minimal age-
related renal injury *>**. Likewise, other anti-fibrotic agents (i.e relaxin, an insulin-like
hormone secreted during pregnancy with a demonstrated antifibrotic effect in
experimentally induced pulmonary fibrosis) may play a role in the decreased collagen
deposition seen in females *2. Recently, Reis et al. reported that ANG-(1-7), its receptor
Mas, and ACE2 are expressed in the human ovary “**. This could imply a constant
endogenous source of ACE2 that would confer further cardiovascular protection.
Besides estrogens, this could provide another explanation for cardiopulmonary

protection in females.
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Under no disease process, there is evidence that 17p-estradiol exerts differential
regulation on components of the RAS, modifying both mostly AT1 receptor genes. In
the lung 17B-estradiol administration downregulated AT1 receptor expression.
However, no significant interaction in the regulation of AT2 receptor mRNA was
evident *. Waseda et al *° demonstrated that both AT1 and AT2 aid in the pro-fibrotic
effect of BLM in the lungs. In our study, lung AT1R expression was unchanged
between control and BLM exposed WT female and WT male (Figure 9A).
Conversely, lung AT2R expression was significantly increased in BLM female WT as
compared with control female WT and BLM male WT (Figure 9B). The AT2/AT1
receptor ratio was significantly increased in BLM WT female (Figure 9C) compared
to all other groups. This suggests that a compensatory increase in AT2 could be in part
responsible for the decreased fibrosis seen in BLM WT females.

In conclusion, ACE2 exerts a protective effect in BLM-induced lung injury. Human
recombinant ACE2 may have therapeutic potential to prevent lung fibrosis after
ALI/ARDS. Attenuated fibrosis in BLM exposed ACE2™ mice compared with ACE2”

suggest a hormonal involvement in lung fibrosis post ALI/ARDS.
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Figure 5.1. ACE2 deletion worsens lung fibrosis in BLM-induced lung injury. A)
Representative Trichrome Masson’s histological sections. BLM-induced lung injury,
evidenced by loss of lung architecture and collagen deposition (blue), is more evident in
BLM-ACE2" compared to BLM-WT mice. B, C) Lung oo SMA and TGFB1 mRNA are
significantly increased in BLM ACE2” and WT BLM compared to WT and ACE2-/y
controls. R.E (relative exposure to 18S). D, E) Lung collagen and hydroxyproline content
were significantly increased in BLM ACE2" compared to WT and controls. Mean data +

SEM. N=4-7/group , p<0.05.
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Figure 5.2. Exercise capacity in BLM induced lung injury in WT and ACE2”Y. ACE2
deletion worsens exercise capacity 21 days after BLM exposure. Percentage change
respective to controls (male WT and ACE2” unexposed to BLM) + SEM. N=5-7/group
,*p<0.05.



0.00 7

-10.07

Percent Change

-40.0 -

-50.0.

Figure 5.3. Changes in lung mechanics at 21 days in BLM induced fibrosis in WT and
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Figure 5.4. Gender differences in response to BLM-induced lung injury. A)
Representative Trichrome Masson’s histological sections. BLM ACE2"" shows milder
disruption of lung architecture as compared to BLM ACE2™ group. B, C) Lung a. SMA
and TGFB1 mRNA are significantly decreased in BLM ACE2" compared to BLM ACE2
¥ Mean data + SEM. R.E (relative exposure to 18S). D, E) Lung total collagen and
hydroxyproline content are increased in BLM ACE2 ™ compared to BLM ACE2"". Mean
data + SEM. N=4-7/group , p<0.05.
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Figure 5.5. Lung function in ACE2 knockout mice. A) Dynamic Compliance is
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Figure 6
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Figure 5.6. Survival, lung function and exercise capacity in BLM-WT mice and BLM
WT+rhACE2 treated mice. A) Cumulative survival of BLM-WT mice and BLM
WT+rhACE?2 treated mice. rhACE2 treatment significantly improved survival compared to
untreated BLM-WT mice. N=12-15/group, p<0.05. B) rhACE2 treatment improves
exercise capacity compared to untreated WT BLM mice. C-D) rhACE2 treatment improves
lung function: dynamic compliance is significantly increased in BLM-WT+rhACE2
compared to BLM-WT; Dynamic Elastance is significantly decreased in BLM-
WT+rhACE2. Data expressed as percentage change respective to controls (male WT
unexposed to BLM) + SEM. N=4-7/group , p<0.05.
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Figure 5.7. Histology and collagen deposition in BLM-WT mice and BLM
WT+rhACE?2 treated mice. A) Representative Trichrome Masson’s histological sections.
BLM-WT+rhACE2 showed improved lung architecture as compared to BLM-WT mice. B)
Lung total collagen content and hydroxyproline are decreased in BLM-WT+rhACE2
compared to untreated BLM-WT mice. Mean data £+ SEM. C-F) Lung oo SMA and TGFj1
mRNA and protein as well as TNFa are significantly decreased in BLM-WT+rhACE2
compared to WT BLM mice. Mean data £ SEM. R.E (relative exposure to 18S).
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Figure 5.8. Histology, collagen deposition, exercise capacity and lung function testing in BLM-
WT female mice and BLM-female WT+rhACE2 treated mice. A) Representative Trichrome
Masson’s histological sections. BLM-female WT showed decreased lung architecture distortion as
compared to BLM-male WT mice. Moreover, rhACE2 further improved lung architecture in BLM-
female WT. B-C) Lung total collagen content and hydroxyproline are decreased in BLM-female
WT, BLM-female WT+rhACE2 and BLM-male WT+rhACE2, compared to untreated BLM-male
WT mice. Mean data + SEM. D-E) BLM-female WT exhibit similar lung function to untreated
controls and BLM-male WT+rhACE2: dynamic compliance is significantly increased in BLM-
female WT and BLM-female WT+rhACE2 compared to BLM-male WT; Dynamic Elastance is
significantly decreased in BLM-female WT and BLM-female WT+rhACE2 compared to BLM-
male WT. F) Exercise capacity was unchanged in female treated and untreated groups compared to
BLM-male WT. Data expressed as percentage change respective to controls (male and female WT
unexposed to BLM) + SEM. N=4-7/group, "p<0.05.
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Figure 5.9. Representative immunoblots for lung AT1R and Actin expression in WT
mice. A. Representative immunoblots for lung AT1R and Actin (control) expression in
lung homogenates from WT control males/females and BLM WT challenged male and
female mice and mean densitometry for lung AT1R expression. B. Representative
immunoblots for lung AT2R and Actin (control) expression in lung homogenates from WT
control males/females and BLM WT challenged male and female mice and mean
densitometry for lung AT2R expression. C. AT2/AT1 receptor ratio is significantly
increased in WT BLM challenged females. + SEM. N=3group, "p<0.05.
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CHAPTER 6

CONCLUSIONS, LIMITATIONS AND
FUTURE DIRECTIONS
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6.1 Conclusions

In our quest to discover new treatment options for incurable lung diseases,
we explored the healing capacity after acute and chronic lung injury in a mammal
model of regeneration. In addition, we tested the therapeutic potential of HUCBC
and a putative lung protective factor derived from HUCB (ACE2) in a rodent
model of ARDS complicated by lung fibrosis.

In Chapter 2, we reported the novel observation that the healer strain of
MRL/MPJ mice are protected against LPS-induced ALI/ARDS, partially through
an attenuated inflammatory response. We also identified an accelerated healing
potential of their AT2 cells. In chapter 3, we showed in another model of lung
injury - BLM induced fibrosis no differences between the non-healer control mice
and MRL/MPJ.

In chapter 4, we provided proof of concept that HUCBC (after 10 years of
cryopreservation) decreased collagen deposition and improved functional
parameters in BLM induced fibrosis. We also found that HUBC had a low

engrafment rate, in concordance with findings by other authors *2 3

, suggesting
that other mechanisms may account for the therapeutic benefit of cell therapy.
Thus we found that (a) in vitro, BLM exposed fibroblast treated with HUCBC
Cdm exhibit decreased levels of the profibrotic growth factor TGF-B1 and that (b)
HUCBC secrete known antifibrotic mediators such as relaxin and ACE2 **.
These may be responsible for the beneficial paracrine effects seen with HUCBC
administration.

In Chapter 5, we used ACE2 knockout mice to further explore the role of
ACE2 in BLM induced lung injury. We observed that ACE2 gene deletion
aggravates BLM-induced lung injury while conversely rhACE2 treatment
improves lung function and structure in BLM challenged wild type mice.
Interestingly, we found that BLM-induced lung injury was accentuated in ACE2
deficient male compared to female mice.

Overall, our studies provide new evidence regarding the healing properties of

MRL mice in the so far unexplored lung and offer new therapeutic options for
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cord blood derived cell therapies to prevent pulmonary fibrosis.

6.2 Limitations

There are several limitations that should be acknowledged and considered
for future studies in this important area of lung research.

In chapter 2, we observed increased healing in an LPS induced ARDS
model in MRL/MPJ. However, we did not explore the anti-inflammatory response
in these mice. Instead, we tested the in vivo anti -inflammatory effects of AT2
secretome. No experiments to show attenuated inflammation by AT2 cells in
vitro.

We used the scratch assay technique to test our hypothesis that AT2 cells in
MRL mice had higher healing capacity. It is not per se a model of inflammation
as LPS induced ARDS is. However, due to the sensitivity and rapid differentiation
of AT2 in vitro, we chose this model of healing to initially assess the main
differences between healer and non-healer mice.

One of the main animal models used in the process of generating this thesis,
was BLM induced fibrosis for studies 3, 4 and 5. Although it is a well accepted
and widely used model that mimics the heterogeneous distribution of fibrosis,
there are certain disadvantages to its use. There is a wide range of doses reported
as well as several routes for administration **%. The BLM dose used in our study
(previously reported by others) constitutes an intermediate dose that leads to
increased collagen deposition and impaired lung function * ***°. The intratracheal
route was selected because of the isolated damage to the organ of interest and
consistency in lesions observed, when compared to other routes (intravenously,
intraperitoneal). In our pilot studies, using higher doses of BLM hindered survival
in our animals and lower doses did not produce a strong fibrotic response to be
detected by our biochemical assays.

In chapter 3 we did not observe differences in response to BLM injury in
MRL/MPJ mice compared to non-healer mice. One explanation may rely on the
toxic nature of BLM: this substance induces a particular destruction of AT2.

These cells may hold the key for adequate balance in injury/repair. Interestingly,
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MRL/MPJ mice appear to be protected in a model of TGFB1 induced lung fibrosis
(very preliminary data from our lab). This model is known to cause decreased
injury to AT2 cells 1*°,

In chapter 4, we found that HUCBC constituted a mixture of cells (MSCs,
EPCs, other mononuclear cells). Even though, we find a therapeutic effect in
BLM induced IPF, we are unable to determine which type of cells is exerting the
beneficial effect. We think that the effect is given by the mixture of cells and its
paracrine effect, rather than their engraftment.

In chapters 4 and 5 where therapeutic options for pulmonary fibrosis we
explored, we found protective effects when therapies were administered
immediately after the injury. This suggests prevention rather than
regeneration/adequate repair after the injury was established. The prophylactic
approach is clinically relevant to attenuated the complications post ALI/ARDS.
However, the BLM model is also used to mimic IPF. IPF patients present after
symptoms have started, usually in more advanced stages of the fibrotic process %
21 We were not able to demonstrate so far reversal of established lung fibrosis.
Therefore, additional therapies that can overcome the fibrotic process need to be

developed for these patients.

6.3 Future directions

This thesis presents exciting results that open an avenue for future studies
regarding new therapeutic options for lung repair after injury. The finding that
MRL/MPJ mice are protected against ALl model and their AT2 cells possess
enhanced healing abilities, lead us to consider future studies to harness the
mechanism behind the regenerative mechanism and identify putative healing
factors that can be used clinically.

In BLM challenged MRL/MPJ lungs we could not find differences
compared to wild type mice. Future studies using other models of lung fibrosis,
where the damage to AT2 cells is less prominent may elicit different results. For
instance, TGFB-1 induced lung fibrosis has been described to induce less toxicity

to AT2 cells compared to BLM?. If AT2 cells are indeed responsible for
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repairing the alveoli, 1 would expect less damage/improved healing to the lung
architecture compared to BLM induced fibrosis. In MRL/MPJ mice different
types of injury, even in the same organ, seem to elicit various responses (i.e the
heart, where ischemic and cryoinjury exhibit almost an opposite effect on
healing). This is the case of both of our models, LPS induced ALI/ARDS and
BLM induced fibrosis. Both toxins act differently; BLM produces free radicals
that can cleave DNA while LPS induces cytokine production from both local
inflammatory cells and AT2 cells. The later, does not have a direct toxicity for
alveolar epithelial cells?®. In vitro comparison of AT2 cells reaction to both toxins
between wild type and MRL/MPJ may help determine how resistant MRL/MPJ
AT2 cells are in different challenging environments.

In this thesis we describe for the first time gender differences in BLM IPF
challenged ACE2 knockout mice. Further studies are needed to assess the
mechanisms governing lung fibrosis as well as to explore the interactions of sex
hormones and other molecular markers in the development of lung disease.

Finally, the results of this thesis could be applied in different areas including
the design and application of current novel experimental approaches such as
metabolomics. The development of this area can lead to have more reliable and
simpler ways to analyze full spectrum of the metabolome in health and disease as
well as in the application of this approach in clinical studies. Moreover, the
results of this thesis could be the platform for designing clinical studies that may
use recombinant therapies such as rh-ACE2 or other molecules to treat lung
disease.

Likewise, current studies in our lab are aimed at the identification of other
compounds responsible for the therapeutic effect seen with HUCBC. This
research will enhance our knowledge on the therapeutic potential of HUCBC to
prevent/treat debilitating and life-threatening lung injury and could improve the
outcome of patients affected with these diseases.
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LUNG DISEASE
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vasoconstriction in experimental neonatal chronic lung disease.
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7.1 Introduction

Premature infants account for more than 12% of all US births (National
Institute of Medicine report, July 13, 2006,
http://www.iom.edu/CMS/3740/25471/35813.aspx).  Recent  advances in
obstetrical management and neonatal intensive care have increased survival of
extremely premature infants (<1000g). These infants are prone to respiratory
failure, for which they receive mechanical ventilation (MV) with O,-rich gas.
Prolonged exposure to cyclic stretch and high concentrations of inspired O, often
leads to a chronic form of lung disease (CLD) that remains the leading cause of
long-term hospitalization and recurrent respiratory illness in infants born at <28

weeks of gestation .

Prominent histological features of CLD include arrested alveolar growth and
decreased capillary density *. Extremely premature infants with CLD frequently
experience severe episodes of hypoxemia. The mechanism accounting for these
hypoxemic events in neonates is poorly understood, but more likely related to

either acute changes in airway resistance > °

or increased pulmonary
vasoconstriction. It is unknown whether impaired ventilation in CLD may lead to
mismatching of ventilation and perfusion, which could contribute to episodic

hypoxemia and cyanosis.

Hypoxic pulmonary vasoconstriction (HPV) is a unique and important
physiological response that facilitates matching of ventilation and perfusion in the
lung. In segmental hypoxia, as occurs in CLD, constriction of distal pulmonary
arteries (PAs), which regulate vascular resistance, diverts blood from poorly
ventilated areas to well ventilated areas of the lung, thereby optimizing
oxygenation, usually without increasing pulmonary vascular resistance (PVR) ’.

Although the mechanisms that control HPV have not been completely
elucidated ®°, it appears that hypoxia initiates HPV through a redox mechanism
1112 that inhibits K* channels in pulmonary artery smooth muscle cells (PASMC)

13 0,-sensitive voltage gated K* channels (Kv) play an important role in
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regulating HPV through modulation of cell membrane potential (Ey) **. During
HPV, hypoxia closes Kv channels. This leads to membrane depolarization,
opening of voltage-gated L-type calcium (Ca™™) channels, and increased influx of
extracellular Ca™, thereby causing pulmonary vasoconstriction. Inhibition of O,-
sensitive Kv channels Kv1.5 and Kv2.1 contribute to initiation of HPV ** %,

Thus, we hypothesize that HPV is impaired in neonatal CLD and that the basis
for impaired HPV is reduced expression and function of O,-sensitive Kv
channels.

Some of the results of these studies have been previously reported in the form of

an abstract'’.

7.2 Materials and Methods

Detailed Methods are provided in the online supplement

All procedures were approved by the Institutional Animal Care and Use
Committee at the University of Utah in Salt Lake City (preterm lambs) and the
University of Alberta (newborn rats).

7.2.1 Chronic lung injury (CLI) in preterm lambs

Preterm lambs were mechanically ventilated for 3 weeks and chronically
catheterized as previously described **#'. PVR was measured during a 2-h steady-
state baseline period, followed by a 2-h steady-state period of hypoxemia, induced

by lowering the FiO, so that PaO, decreased to <40 mmHg.

7.2.2 CLI in newborn rats

Sprague-Dawley rat pups were exposed to normoxia (21% O, control group)
or hyperoxia (95% O, O,-CLI group) from birth to P14 in sealed Plexiglas
chambers with continuous O, monitoring %*?. After P14, pups were euthanized
and lungs processed for various analyses.

Exposure of newborn rats to hyperoxia from birth to P14 during the critical

period of alveolar development impairs alveolar growth (larger but fewer alveoli)
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and is associated with right ventricular hypertrophy, an indirect marker of

pulmonary hypertension. These results have been previously reported 2°.

7.2.3 Echo-Doppler in newborn rats

PA acceleration time (PAAT) (Vevo 770B Visual Sonics, Inc. ON, Canada)
was measured from the onset of the pulmonary flow to its peak as previously
described %. For the HPV challenge, animals were briefly (~30 sec) exposed to
hypoxia (2.5% O,) until a saturation of ~60% (Mouse Ox, Starr Life Sciences

Corp) was obtained.

7.2.4 Organ bath studies of newborn rat PAs

Third generation pulmonary arteries (diameter <100um, length = 2 mm, here
referred to as dPAs) were mounted in a wire myograph (Myodag; Danish Myo
Technology) and bathed in Krebs-Henseleit buffer bubbled with 21% 0O,-5%
COgy-balance N, (normoxia, pO, ~120 mmHg) or 5% 0,-5% CO,-balance N,
(hypoxia, pO, ~50 mmHg) maintained at 37°C, pH 7.35-7.45 2" %%, |sometric
changes in response to phenylephrine (10 mol/L), HPV, the non-specific Kv
channel inhibitor 4-aminopyridine (10 mM), a specific Kv 1.x channel inhibitor
Correolide (100uM, gift from John Obenchain, Merck & Co, Inc, Rahway, NJ),
the calcium-sensitive K channel (BKc,) inhibitor Iberitoxin (10”7 M), and the
ATP-dependent K channel (Karp) inhibitor Glyburide (5 x 10° M) and to 80
mmol/L KCI were compared between control and Oz-induced CLI PAs.

7.2.5 Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (QRT-PCR) was performed
on isolated dPAs from newborn rats as previously described 2* * using purchased
primers for human Kv 1.5, rat Kv 1.5 and Kv 2.1, BKc, (Applied biosystems).
Levels of mMRNA were normalized to a stable control gene (R2MG, 2

Microglobulin) and expressed as 2AACt (cycle time) 2.
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7.2.6 Immunofluorescence
Immunofluorescence for anti-Kv1.5 antibody (Sigma-Aldrich P9357) was

performed on whole rat lung tissue as described % *°.

7.2.7 Adenovirus-mediated gene transfer

A 2.1-kb cDNA fragment of Kv1.5 was obtained by reverse transcription of
mRNA derived from the proximal PA of a cardiac transplant donor #. The virus
was given intratracheally to CLI rats at P10 (26).

7.2.8 Electrophysiology

PASMC were freshly isolated from dPAs of control, O,-induced CLI, Ad5-
Kv1.5 treated and Ad5-GFP treated rats. Their response to hypoxia was studied
using a whole cell patch clamping technique. PASMCs were voltage-clamped at -
70 mV, and currents were evoked from -70 to +50 mV by steps of 200ms, as

previously described .

7.2.9 Statistical Analysis

Data are expressed as mean + standard error (SE), except where stated
otherwise. Statistical analysis was performed using unpaired Student’s t-test or
ANOVA, post hoc test (least significant difference) and Mann-Whitney as

appropriate. Values were considered significant with P<0.05.
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7.3 Results

7.3.1 HPV is blunted in chronically ventilated newborn lambs

Chronically mechanically ventilated preterm lambs had persistent baseline
elevation of PVR for the entire 3 weeks. PVR increased significantly during
hypoxia at the end of week 1, but HPV was blunted during weeks 2 and 3 (Figure
1).

7.3.2 HPV is blunted in newborn rats with O,-induced CLI in vivo and ex
Vivo

In vivo echo-Doppler studies showed that PAAT was significantly decreased
in newborn rats with O,-induced CLI as compared with normoxic controls (Figure
2A). During the hypoxic challenge, PAAT decreased in control pups, but not in
pups with O,-induced CLI (Figure 2A).

In vitro, dPAs constricted in response to hypoxia while dPAs from newborn

rats with O,-induced CL failed to constrict in response to hypoxia (Figure 2B).

7.3.3 Vascular tone in rat distal PAs

The contractile response to the a-agonist Phenylephrine (10 mmol/L) was
decreased significantly in O,-induced CLI as compared to controls (Figure 3A).
KCI constriction (Figure 3B) and the response to the BKc, and Karp channel
blockers Iberiotoxin and Glyburide were similar between groups (Figure 3C).
There was no difference in constriction in response to the Kv channel inhibitor 4-
AP (10 mmol/L) (Figure 3D). In contrast, the vascular reactivity in O,-induced
CLI arteries to the specific Kv 1.x inhibitor correolide was significantly decreased

as compared to normoxic control arteries (figure 3E).

7.3.4 Kv mRNA expression is decreased in dPAs from newborn rats with
CLI

Blunted HPV in newborn rats exposed to O, was associated with a decrease in
MRNA expression of Kv1.5 and Kv2.1 in dPAs as compared with controls
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(Figure 4A). There was no difference in BKc, mMRNA expression between groups
(Figure 4B).

7.3.5 Intratracheal adenovirus-mediated Kv 1.5 gene transfer restores
HPV in O,-induced CLI in newborn rats

In vivo, echo-doppler showed that PAAT was significantly decreased in
newborn rats with O,-induced CLI, Adv-Kv O,-induced CLI and Adv-GFP O,-
induced CLI as compared with normoxic controls (Figure 5). During the hypoxic
challenge, PAAT decreased only in Adv-Kv O,-induced CLI and control pups,
but not in pups with O,-induced CLI or Adv-GFP O,-induced CLI (Figure 5).

Intratracheal administration of Ad5-Kv1.5 increased Kv1.5 expression in PAs
of O,-induced CLI as shown by immunofluorescence imaging (Figure 6 A) and
gRT-PCR. gRT-PCR analysis using species-specific Kv primer revealed that
human Kv1.5 was only expressed in Ad5-Kv1.5 transfected PAs (Figure 6 B). In
dPAs rings, Ad5-Kv1.5 gene transfer restored HPV as compared to Ad5-GFP
dPAs and non-transfected O,-induced CLI dPAs (Figure 6 C).

7.3.6 I is restored by Kv1.5 gene transfer

Consistent with our in vivo and in vitro studies, Ik was significantly decreased
in PASMCs from experimental O,-induced CLI compared to controls (Figure 7A
and B). There was a loss of the outward rectifying portion of the whole cell K+
current (evident in a comparison of panels A vs D as less total current and less
upward deflection from the linear, ohmic current between voltage steps +10-
+70mV). In control PASMCs, Ik was inhibited by hypoxia (Figure 7A), whereas
Ik in Oz-induced CLI remained unaffected (Figure 7B). CLI Kv1.5 gene therapy
restored not only the net current, but specifically the outward rectifying portion of
the current, so that panels A and C look similar. This (together with the qRT data
in Figure 4) indicates the loss of K+ current with CLI is largely due to loss of Kv
current. Conversely, Ik was low in PASMCs from Ad5-GFP transfected animals
(Figure 7D).



138

7.4 Discussion
Many studies of CLI have focused on changes in lung mechanics and airway

function 3%°

to explain hypoxic episodes in premature infants. However, little
attention has been paid to the possible mismatch of ventilation and perfusion that
may develop in CLD. In this study, we show for the first time in vivo and in vitro
evidence that HPV is impaired in two experimental models, created in different
species and by different approaches, that mimic human CLD. In addition,
impaired HPV in newborn rats was associated with decreased expression of the
O,-sensitive Kv1.5 channel. And finally, HPV was restored after adenovirus-
associated gene transfer of Kv1.5. These findings support the notion that blunted
HPV may contribute to the impaired gas exchange seen in CLD, and that
therapeutic targeting of O,-sensitive Kv channels in the pulmonary circulation
might restore HPV and thereby improve arterial oxygenation in lung vascular
diseases associated with impaired O, responsiveness.

HPV is a unique and important physiological response that facilitates
matching of ventilation and perfusion in the lung. In segmental hypoxia the blood
is diverted from poorly ventilated areas to well ventilated segments of the lung,

optimizing PO, without increasing systemic vascular resistance *

. Hypoxia
depolarizes the PASMC membrane and causes an increase in intracellular Ca++.
This is related to inhibition of O,-sensitive Kv channels, particularly Kv1.5 *>*°.
Decreased HPV in chronic hypoxia results from loss of Kv1.5 and 2.1 2* 3¢, and
enhanced expression of Kv1.5 by adenovirus-mediated gene transfer restores
HPV %, Patients with pulmonary hypertension have decreased mRNA levels of
the O, sensitive Kv 1.5 channel * suggesting an etiological role for O, sensitive
Kv channels in the development of this disease.

During development, maturational changes in K+ channel expression account
for differences in O, constriction. In the fetus, the resting membrane potential in
PASMC is controlled by large-conductance Ca++-sensitive K channels (BKc,),
the predominant O, sensitive channel *. After birth, there is a shift to O, sensitive
Kv channels presumably enhancing the capacity for HPV, without increasing

pulmonary vascular resistance . Whether there is a delay in the maturational
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shift from BKc, to O, sensitive Kv channels in experimentally induced BPD is
unknown. O, toxicity and/or chronic ventilation, the two main causes contributing
to lung injury in premature infants, may impede Kv channel expression/function
in the pulmonary vasculature. More recently, the deleterious effect of even brief
(30 min) hyperoxia (decreased vasodilation to nitric oxide and acetylcholine) on
the pulmonary circulation was reported 3> “°. Interestingly, the authors also show
that lambs previously exposed for a brief period (30 min) to 100% O did not have
enhanced pulmonary vasoconstriction in response to subsequent hypoxic
ventilation. Likewise, pulmonary vascular dysfunction, including pulmonary
hypertension and altered response to inhaled nitric oxide in CLD, has been
reported previously in preterm lambs %% %, Conversely, there is no information
about the effects of hyperoxia on the regulation of Kv channels.

It is interesting that the PA and the ductus arteriosus (DA), although adjacent,
behave in such opposite ways in response to O, and yet share a common pathway
for O, sensing '°. dPAs exhibit HPV for optimizing gas exchange in the lung. In
contrast, the DA is largely open in the hypoxic environment in utero and
constricts when O, levels rise at birth, allowing the lung to take over its postnatal
role of gas-exchange. A patent DA is a common complication in premature
infants. Decreased O,-induced constriction in the preterm rabbit DA is associated
with decreased O,-sensitive Ix and O,-sensitive Kv1.5 expression and
overexpression of Kv1.5 in preterm rabbit DA restores O,-induced constriction .
In this study we show similar results in dPAs, suggesting the importance for Kv
channels in O, sensing.

Besides maturational changes in Kv channels, other factors may contribute to
the altered response to hypoxia in experimental BPD. The mechanism by which
hypoxia is sensed remains unknown. It has been proposed that HPV results from a
redox sensor system present in dPAs, but also found in other O,-sensing organs *°.
A sensor, the proximal portion of the mitochondria transport chain, produces a
mediator (reactive oxygen species). This mediator would alter the effector (K+
channels) though a process of reduction/oxidation. When the mitochondria detects

a hypoxic environment, reactive oxygen species decrease thereby inhibiting
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redox-sensitive K+ channels. Inhibitors of complex | and Il of the electron
transport chain in the mitochondria inhibit the formation of reactive oxygen
species and mimic HPV in the isolated perfused lung ** *?. In experimental BPD,
a loss of O, sensing ability caused by chronic exposure to hyperoxia could alter
mitochondrial function-reactive oxygen species production, making the
pulmonary circulation unable to detect hypoxia and thus failing to constrict.

Abnormal vascular reactivity in older children with a history of severe BPD
and pulmonary hypertension has been reported **. Cardiac catheterization of these
patients showed that the pulmonary vasculature remained responsive to O,, but
PVR was enhanced in response to hypoxia, suggesting increased HPV in this
subpopulation of patients. The discrepancy with our data could be explained by
differences in species, but is most likely due to a different timing in the
assessment. HPV was assessed at a median of 5 years of age in the clinical study.
Our study assessed animals during the neonatal period. As an adaptative and
maturational response, the pulmonary vasculature with an initial blunted HPV
could become hyperreactive to hypoxia later in life. Indications for such long-
term consequences of injury during the perinatal period have been reported in the
Fawn-Hooded rat ** and more recently in rats exposed during fetal life to hypoxia
showing that perinatal hypoxia alters the maturational shift in K+ channels and
influences pulmonary vascular tone in adulthood *°. Remarkably, even ambient air
may represent relative hyperoxia for infants born too early and impair lung
development and function “.

In conclusion, HPV is blunted in experimental CLD due, at least in part, to
downregulation of Oj-sensitive Kv channels. Hypoxic episodes in premature
infants with CLD may result from impaired HPV. We speculate that restoration of
O,-sensitive Kv channels in the pulmonary circulation may decrease episodes of
hypoxemia, facilitate management and ultimately improve outcome of premature
infants with CLD.
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Figure 1

Pulmonary Vascular Resistance in chronically ventilated sheep
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Figure 7.1. Pulmonary vascular response to hypoxia

Pulmonary vascular response to hypoxia induced by a reduction in Fig, sufficient
to lower Pap, to less than 40 mm Hg at the end of Weeks 1, 2, and 3 of
mechanical ventilation in preterm lambs. Pulmonary vascular resistance increased
significantly during steady-state hypoxia at the end of Week 1, but this response
was lost at the end of Weeks 2 and 3. Values are mean and SD. *Significant

difference compared with baseline, P < 0.05.



142

Figure 2
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Figure 7. 2. Hypoxic Pulmonary Vasoconstriction

(A) Echo-Doppler showing that the pulmonary arterial acceleration time (PAAT) is
significantly decreased in O,-induced chronic lung injury (CLI) rats as compared with
controls. During brief hypoxic exposure, PAAT decreased in controls but not in O,-
induced CLI. (B) Representative trace and mean data showing that distal pulmonary
arteries of O,-induced CLI do not constrict in response to hypoxia as compared with

distal pulmonary arteries of room air-housed control rats.
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Figure 3
Phenylephrine KCl - Iberiotoxin  Glyburide
P 094 _ 164 Eois 025
‘w B - g o
@ i
S E ] W {__ v _
E %.045_ /\/" é 5 08— /_/' : ; 01 015
T - -2 I ‘ £ 0 0
H 0 i ~ N=8PAs
: . 0 ! from § rats/group
Z *P<0.05 N=65 PAs : . %
: 09 ::(,5:;‘,\5 16 _ from 33 rats/group Q2 A2
i —— from 33 rats/group 02
£ 07 g.12 4 = | B
. &
(B 05 _’:_ ;.E 08 _| {2 01 Ao
<« 01
03 Q04 | <
0 003-
: Control O,-induced Control Q,-induced -l
H - = ontro: -induce Control O, -induces
Al CLI ~ B. CLI C. “ L "oy '(r-',_l,' 5
4-AP Correolide
N=18 PAs *P<0.05
from 9 rats/group 0.16 N=3-4 PAs
3 10 ’ from 3 rats/group
s o .08
.z : ]
8 2 5 .06
- =
sz15 < 04 *
E 02 -
0 0 !
Control O,-induced Control O,-induced
D. CLl  E. CLI

Figure 7.3. Contractile responses from distal pulmonary arteries (dPAs) of newborn
rats. Representative trace and mean data = SEM in response to (A) phenylephrine, (B)
KCI, (C) the calcium-sensitive K* channel inhibitor iberiotoxin and the ATP-sensitive K"
channel (KATP) inhibitor glyburide, (D) 4-AP, and (E) to the specific K,1.x inhibitor
correolide. (A) Phenylephrine-induced constriction is significantly decreased in dPAs

from O,-induced chronic lung injury (CLI) rats as compared with with dPAs of

room air—housed control rats. (E) The contractile response of O,-induced CLI

arteries to correolide is significantly decreased as compared with normoxic

control arteries.
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Figure 7.4. Voltage gated K channels mRNA expression in pulmonary

arteries of newborn rats. (A) K,1.5 and K,2.1 mRNA is decreased in O,-induced

chronic lung injury (CLI) distal pulmonary arteries compared with controls. (B)

calcium-sensitive K* channel (BKc,) mMRNA expression in O-induced CLI distal

pulmonary arteries compared with controls. Mean £+ SEM of K,1.5, 2.1, and

calcium-sensitive K* channel (BKc,) mMRNA measured using quantitative real-

time polymerase chain reaction.
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Figure 5

In vivo Echo-Doppler
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Figure 7. 5. In vivo Echo-Doppler. (A) Echo-Doppler shows that the pulmonary
arterial acceleration time (PAAT) is significantly decreased in O-induced chonic
lung injury (CLI) rats, Ad5-K, O,-induced CLI, and Ad5-green fluorescent
protein (GFP) O-induced CLI as compared with controls. During brief hypoxic
exposure, PAAT is significantly decreased in controls and Ad5-K, O,-induced
CLI but not in Oz-induced CLI and Ad5-GFP O,-induced CLI groups.

Representative trace and mean data + SEM.
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Figure 7.6. Effective K,1.5 gene transfer in distal pulmonary arteries. (A)

Confocal microscopy shows green autofluorescence of the elastic lamina in dPAs

and red fluorescence for K,1.5 protein; (B) quantitative real-time polymerase

chain reaction (qQRT-PCR) shows selective expression of Ad5-K,1.5 mRNA for

human K,1.5 in infected arteries; (C) hypoxic pulmonary vasoconstriction (HPV)

is restored in O-induced chronic lung injury (CLI) dPAs after intratracheal

adenovirus-mediated K,1.5 gene transfer. Representative trace and mean data +

SEM shows hypoxic-induced constriction in dPAs of Ad5-K,1.5 infected rats.
Ad5-green fluorescent protein (GFP) and O,-induced CLI dPAs failed to

constrict.
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Figure 7
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Figure 7.7 Representative patch-clamp recording and mean current density—
voltage plots. This figure show hypoxic induced inhibition of whole-cell K*

current (lx) in control pulmonary artery smooth muscle cells (A) but not in O,-

induced chronic |

ung injury (CLI) PASMC (B). Conversely, Ik is restored in

PASMC isolated from rats that had received intratracheal Ad5-K,1.5 gene therapy
(C), but not PASMC of Ad5-green fluorescent protein (GFP) infected rats (D).



148

7.5 ONLINE DATA SUPPLEMENT
Blunted Hypoxic Pulmonary Vasoconstriction in Experimental Neonatal

Chronic Lung Disease

Materials and Methods

Induction of chronic lung injury (CLI) in preterm lambs

Preterm lambs (average gestation 124+1 day, weight 2.28+0.16 Kg) were
delivered through midline hysterotomy, mechanically ventilated for 3 weeks at a
respiratory rate of 20/min yielding a tidal volume of 15+5 ml/Kg, as previously
described '®!. Peak inspiratory pressure was adjusted to maintain the partial
pressure of carbon dioxide in arterial blood (PaCO,) at ~35-45 mmHg; FiO, was
adjusted to keep PaO; at ~50-90 mmHg; and end-expiratory pressure was kept
constant at 5-6 cmH,O. The lambs received intravenous nutrition and enteral
feeding of ewe’s milk as tolerated. In the first 3 days after birth, each lamb
underwent a left thoracotomy while under general anesthesia with iv fentanyl for
surgical ligation of the ductus arteriosus and placement of catheters in the
pulmonary artery and left atrium and a thermistor wire in the pulmonary artery to
measure cardiac output by thermodilution. This allowed for weekly measurements
of mean pulmonary arterial (Ppa) and left atrial pressures (Pla) and pulmonary
blood flow (Qbl), from which PVR was determined as (Ppa-Pla)/Qbl. PVR was
measured during a 2-h steady-state baseline period, followed by a 2-h steady-state
period of hypoxemia, induced by lowering the FiO; so that PaO, decreased to <40
mmHg. Studies were done at the end of weeks 1, 2 and 3 of MV. At the end of
each 3-week study, the lambs received iv pentobarbital, 50 mg/kg, followed by a
midline sternotomy to open the chest and resect the lungs for subsequent
histology and quantitative analysis of alveolar size and number, arterial smooth

muscle thickness, and capillary surface density, as previously described 82,

Induction of CLI in newborn rats

Litter size (n=12) was adjusted to provide equal nutrition and growth; dams

were switched between normoxic and hyperoxic chambers every 48h to prevent



149

0, toxicity *2. After 14d, the pups were euthanized with an intraperitoneal dose of

pentobarbital (65mg/kg) for lung resection.

Echo-Doppler in newborn rats

Rats were anesthetized with ketamine (60mg/Kg) and xylazine (7 mg/Kg) IP.
Each animal was positioned supine on a mouse imaging stage that was warmed to
37°C. Ultrasound gel used as a coupling fluid between the RMV probe and the
skin. Using B-Mode imaging on a Vevo 770B echocardiographic device (Visual
Sonics, Inc. ON, Canada), the probe was positioned to obtain a parasternal long
axis view of the heart. Doppler imaging was used to measure the pulmonary
artery acceleration time (PAAT) %, from the onset of the pulmonary flow to its
peak. Control, O,-CLI, Adv-GFP and Kv 1.5 transfected animals were kept in
room air (O, saturation 90-95%, Mouse Ox, Starr Life Sciences Corp) and then
briefly (~30 sec) exposed to hypoxia (2.5% O,) until a saturation of ~60% was

obtained. PAAT was recorded during baseline (normoxia) and hypoxic challenge.

Organ bath studies in newborn rats

Acrterial rings were bathed in Krebs-Henseleit buffer (119 mM NacCl, 3.52 mM
KCl, 1.17 mM MgSO,, 1.18 mM KH,PO,4 3.2 mM CaClH,0, 22.6 mM
NaHCOj3, 50 mM Sucrose, 5.5 mM Glucose) bubbled with 21% 0O,-5% CO,-
balance N, (normoxia, pO, ~120 mmHg) or 5% O,-5% CO,-balance N, (hypoxia,

pO, ~50 mmHg), and were maintained at 37°C, pH 7.35-7.45. Optimal transmural
pressure was determined by stimulation with 80 mM KCI. Subsequent
measurements were obtained at the experimentally determined transmural
pressure of 17.5 mmHg for control arteries and 24.4 mmHg for O,-induced CLI
arteries. Meclofenamate (10 mol/L) and N®-nitro-L-arginine methyl ester (10
mol/L) were added to the bath to inhibit synthesis of prostaglandins and nitric

oxide, respectively.
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Quantitative real -time polymerase chain reaction

Isolated dPAs from newborn rats were analyzed by quantitive real-time

polymerase chain reaction (qRT-PCR) as previously described %

using
purchased primers for human Kv 1.5, rat Kv 1.5, Kv 2.1 and BKc, (Applied
biosystems). Total RNA was extracted using an RNEasy Mini Kit (Qiagen). The
TagMan One-Step RT-PCR Master Mix reagent kit (Applied Biosystems) was
used to quantify the copy number of cDNA targets. Levels of mRNA were
normalized to a stable control gene (RB2MG, R2 Microglobulin) and expressed as

2AACt (cycle time) 2%,

Immunofluorescent imaging of lungs from newborn rats

Immunofluorescence was performed on whole lung tissue embedded in
optimum cutting temperature compound (OCT) using a Zeiss LSM 510 confocal
microscope. 10pum frozen sections were cut, incubated 1h at 37'C with Anti-
Kv1.5 antibody that was produced in rabbit (Sigma-Aldrich P9357). Slides were
exposed to the secondary antibody (tetramethylrhodamine, goat-anti rabbit,
Molecular Probes), and nuclear staining was performed using 4’,6-diamidino-2-
phenyllindole, dihydrochloride (Prolong® Gold, anti-fade reagent with DAPI,
Molecular Probes). Slides were imaged at excitation/emission green: 488nm/505
to 530 nm, red: 543 nm/565 to 615 nm, and blue 740 nm/390 to 465 nm). Imaging

conditions were kept constant and appropriate controls were applied 2° .

Adenovirus-mediated gene transfer

A recombinant replication deficient serotype 5 adenovirus vector, carrying
genes encoded with green fluorescent protein (GFP) or human Kv1.5 plus GFP,
was isolated, precipitated, and concentrated to a final viral titer of 1.5x10° pfu/mL,
as previously described 2 . The virus was given intratracheally to CLI rats at
P10.
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Electrophysiology

Pulmonary artery smooth muscle cells (PASMC) were freshly isolated from
dPAs, and their response to hypoxia was studied using a whole cell patch
clamping technique. dPAs were dissected and placed in cold enzyme buffer (NaCl
140 nM, KCI 4.2 nM, KH2PO4 1.2 nM, MgCI2.6H20 1.5 nM, HEPES 10 nM).
The buffer was then replaced with a solution containing enzyme buffer DTT, BSA
and papain (sigma P4762, St. Louis, MO), and the arteries were immersed for
10min at 4'C. The tissue was then incubated for 10min at 37°C in an enzymatic
solution containing Ca**-free solution and collagenase (sigma C9891, St. Louis,
MO). Cells were dispersed by gentle trituration using a Pasteur pipette (room
temperature). The cell suspension was centrifuged at 1000 rpm for 5min and the
pellet was resuspended in DMEM + PSF 1%. Cells were stored at 4°C, and patch-
clamp studies were done the same day. PASMCs were voltage-clamped at -70
mV, and currents were evoked from -70 to +50 mV by steps of 200ms, as
previously described #. Current density was calculated by dividing average
plateau phase K" current (Iy) by the manually measured capacitance (Pa/Pg). To

record Ep, cells were held at their resting Ey in current clamp mode.

Reagents and solutions

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), unless

otherwise specified.
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CHAPTER 8
APPENDIX 2

ANTENATAL SILDENAFIL TREATMENT
ATTENUATES PULMONARY
HYPERTENSION IN EXPERIMENTAL
CONGENITAL DIAPHRAGMATIC
HERNIA
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KG, Gressens P, Kassiri Z, Nadeem K, Vadivel A, Morgan B, Eaton F, Dyck JR,
Archer SL, Thébaud B. Antenatal sildenafil treatment attenuates pulmonary
hypertension in experimental congenital diaphragmatic hernia. Circulation. 2011
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8.1 Introduction

Congenital diaphragmatic hernia (CDH) remains the most life threatening
cause of respiratory failure in newborns'. CDH is a defect of the diaphragm
allowing the abdominal content to ascend into the thorax, thereby compromising
lung growth in utero. CDH occurs in 1/2000 live births®>. For many years, this
malformation was thought to be solely related to a diaphragmatic defect and
potentially curable by surgical closure of this defect after birth®. It is now clear
that the degree of lung hypoplasia and severity of the pulmonary vascular
abnormalities leading to persistent pulmonary hypertension of the newborn
(PPHN) are the two main factors limiting outcome in CDH* °. Evidence suggests
that the malformation includes failure of both alveolar and pulmonary vascular
development®®.

10, 11 and

Despite improvements in perinatal care, the mortality (~50%)
morbidity™® rate in CDH remains high. Unlike other causes of neonatal respiratory
failure, infants with CDH strikingly often present with refractory PPHN resistant
to the pulmonary vasodilator, inhaled nitric oxide (NO)** *. Even amongst
survivors the prognosis is guarded and chronic pulmonary hypertension beyond
the neonatal period is increasingly recognized in this patient population™ °,
Consequently, the ultimate therapeutic goal in order to improve survival of infants
affected with this devastating malformation, is to promote lung growth before
birth and to develop more efficient strategies to treat PPHN"’.

The mechanisms underlying refractory PPHN in CDH remain unknown, but
may relate to some combination of (i) altered vasoreactivity (lack of
vasodilatation/increased vasoconstriction), (ii) vascular remodeling (smooth
muscle cell (SMC) proliferation) and (iii) a hypoplastic pulmonary vascular bed.

Though there are 11 cGMP specific PDE gene families expressed in
mammalian SMCs, PDES5 is the most active cGMP-hydrolyzing PDE active under
basal, low calcium conditions®®. PDES5 inhibition is used therapeutically in erectile
dysfunction and although it is expressed in all visceral and vascular SMCs, it has

only a modest effect on systemic blood pressure. In addition, the PDES5 inhibitor
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sildenafil dilates the pulmonary vasculature and has antiproliferative effects on
human PASMC™. These properties have been harnessed for the treatment of
pulmonary hypertension in adult patients®® ?*. Consequently, we hypothesized that
antenatal PDES inhibition with sildenafil would attenuate pulmonary vascular

abnormalities in experimental CDH.

8.2 Materials and Methods
All procedures and protocols were approved by the Animal Care and Use

Committee at the University of Alberta.

8.2.1 Animal model

Pregnant Sprague—Dawley rats were gavage fed 100 mg of the herbicide
nitrofen dissolved in 1 ml olive oil vehicle at embryonic day (E) 9.5 as previously
described®?. Control animals received olive oil only. Nitrofen is not toxic to adult
rodents but induces CDH and lung hypoplasia in the offspring; the incidence of
CDH varies depending on the timing of nitrofen administration?’. Pregnant
Sprague-Dawley rats were randomized to 4 groups: control, nitrofen treatment,
nitrofen+sildenafil treatment, and sildenafil treatment alone (sildenafil control).
Sildenafil (100 mg/kg/d) was administered from E11.5 to E20.5 by subcutaneous
injection. At term (E21.5) fetuses were harvested by cesarean section and assessed
for various parameters, outlined below, according to our experimental design.
Since not all fetuses develop CDH only those that developed CDH in the nitrofen
and nitrofen+sildenafil litters were analyzed. A total of 408 fetal rats were used

for analysis.

8.2.2 Plasma sildenafil concentration

Maternal and fetal (E21.5) blood samples were collected at 1h, 2h, 6h, 12h,
and 24h post injection. Plasma was isolated from these samples by centrifugation
at 10,000 RPM for 10 minutes. Fetal plasma samples were pooled (at 1hr n=10,

2hr n=12, 6hr n=3, 12hr n=5, 24hr n=10) and sildenafil concentrations were
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determined by high performance liquid chromatography (HPLC) with mass
spectrometric (MS) detection.

Plasma samples were analyzed for sildenafil and its N-desmethyl metabolite
by a modification of previously described methodology?*. Briefly, plasma samples
(50 pl) were mixed with internal standard (structurally related analogue of
sildenafil) and extracted by solid phase extraction. Extracts were separated by
HPLC using a 5 um C18 column (50 x 4.6 mm, Hypersil-100, Thermo-Hypersil,
Runcorn, UK) and quantified using triple quadropole mass spectrometric
detection in positive ion MRM mode (API 4000, MDS, Sciex, Concord, Ontario,
Canada). The quantitation range was 2 to 1000 ng/ml for both analytes.

8.2.3 Lung cGMP levels

Lungs (E21.5) from 5 control, 5 nitrofen-CDH, and 4 nitrofen-
CDH¢+sildenafil rats were harvested and shap frozen in liquid nitrogen. cGMP
concentrations were measured with a Cyclic GMP EIA kit (Biomedical
Technologies, Inc.) according to the manufacturer’s protocol and as previously

described?.

8.2.4 Lung morphology

Fetal rat lungs (E21.5) from control, nitrofen-CDH, nitrofen-CDH+sildenafil,
and sildenafil control groups were fixed for histology by tracheal instillation of
10% buffered formalin under 20 cm H,O constant pressure. After ligation of the
trachea, the lungs were immersed in fixative overnight. Lungs were processed
and embedded in paraffin. Serial sections were taken throughout the medial right
lung lobe and stained with Hematoxylin and Eosin (H&E). The stained sections
were analyzed with OpenLab Imaging System (Quorum Technologies Inc.,
Guelph, ON, Canada). Alveolar structure was quantified by the mean linear
intercept (Lm) as previously described?®”.
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8.2.5 Western blot analysis

Snap frozen lungs were homogenized on ice in homogenization buffer (50
mM Tris HCI, 150 mM NaCl,) containing protease inhibitor cocktail 1 and Il
(Sigma). Samples were sonicated and centrifuged at 10,000 g for 20 min at 4—C.
Protein content in the supernatant was determined by the Bradford method using
BSA as the standard. Thirty micrograms of protein sample per lane were
subjected to SDS-PAGE, and proteins from the gel were transferred to
nitrocellulose membranes by electroblotting. Immunodetection was performed
with a mouse anti-eNOS polyclonal antibody (610296, BD Sciences, Mississauga,
ON, Canada) diluted 1:1,000, a rabbit polyclonal to VEGF antibody (ab46154;
Abcam, Cambridge, MA) diluted 1:1000, cGMP-dependent phosphodiesterases
Type 5A- antibody (PD5A-112AP, FabGennix Inc., Frisco, TX) diluted 1:500 and
a Phospho-specific PDE5A-antibody (PPD5-140AP, FabGennix Inc., Frisco, TX)
diluted 1:500 overnight at 4—C. After the blots were washed to remove unbound
antibody, secondary antibodies, anti-mouse horseradish peroxidase antibody
(1:1,000, Santa Cruz Biotechnology) for eNOS detection, and anti-rabbit
horseradish peroxidase (1:3,000, Santa Cruz Biotechnology) for VEGF, PDE5SA
and Phospho-specific PDE5SA detection were applied for 2 h at room temperature.
After being washed, bands were visualized by enhanced chemiluminescence using
ECL Plus detection (Amersham, Baie d’Urfe, QC, Canada). In addition, each gel
was stripped and reprobed with actin as a housekeeping protein to normalize for

protein loading.

8.2.6 Barium-gelatin arteriograms and arterial density counts

The main PA of E21.5 rats was canulated and injected with warmed barium
gelatin. The lungs were then fixed by tracheal instillation of formalin at a constant
pressure of 20cm H,0O, removed from the body cavity and submerged in formalin
for at least 2 days. To assess gross vascular morphology, fixed lungs were imaged
using a computed tomography (CT) imaging system (Gamma Medica). For
guantitative assessment, lungs were paraffin embedded, sectioned and H&E

stained. The number of barium filled vessels was counted in 30 high power fields
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(400X) per lung, in 5 animals per group®™. Fields containing large airways or

major PAs were avoided to maintain consistency of counts between sections.

8.2.7 Medial wall thickness

To assess pulmonary artery remodeling, the percent Medial wall thickness
(MWT), a surrogate marker of pulmonary hypertension, was calculated as (2 x
wall thickness/external diameter) x 100%?°. MWT measurements were
performed on small PAs (30-100um) on H&E stained lung sections using
OpenLab.

8.2.8 Right ventricular hypertrophy

The right ventricle and left ventricle plus septum were weighed separately to
determine the ratio (RV/LV+S) as an index of Right ventricular hypertrophy
RVH?,

8.2.9 Organ bath studies of newborn rat PAs

Intrapulmonary arteries (diameter <100um, length = 2 mm) were mounted in a
wire myograph (Myodag; Danish Myo Technology, Denmark) and bathed in a
Krebs-Henseleit buffer bubbled with 21% 0,-5% CO,-balance N,*’. PAs were
preconstricted with the thromboxane A2 analogue U-46619 (10”'M) and isometric
changes in response to NO donor 2-(N,N-diethylamino)-diazenolate-2-oxide
(DEANO) (107-10°M) were compared between PAs from the 4, age-matched
groups. PA relaxation was assessed as a percent of maximal constriction from U-
46619. All drugs were purchased from Sigma-Aldrich (Saint Louis, Missouri,
USA).

8.2.10 Retina studies

The functional integrity of the retina was assessed using a standard clinical
test, the electroretinogram (ERG), which is a non-invasive measure of the
electrical changes of the retina in response to light flashes. The ERG was recorded

from both eyes of 30 days old rats that had either received antenatal sildenafil
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(n=6 rats) or saline injections (n=4 rats). At this age the retina’s functional
maturity is reached®®. In brief, ERG responses (to increasing flash intensities)
were recorded in Xxylazine-ketamine anesthetized rats, firstly, under dark-
adaptation (scotopic ERG). Two ERG waves were quantified, the a-wave
(reflecting photoreceptor activity) and the b-wave (reflecting activation of the
retina circuit downstream to photoreceptors). ERG recordings were then repeated
under light adaptation (photopic ERG, under 30 cd/m2 luminance background).
Finally, photopic ERG responses to flickering flashes (1.37 log cds/m2
luminance), presented at increasing frequencies, were recorded. Criterion
amplitudes were set at 20 pV for a- and b-waves and at 5 puV for flicker
amplitudes.

The anatomical integrity of the retina was assessed using Nissl staining on
retinal cross sections (to examine the retina’s laminar organization; n=4 control
and n=4 sildenafil control) as well as with fluorescein angiography on retinal
flatmounts (to examine the inner retinal vasculature; n=4 control and n=4
sildenafil). For Nissl staining, retina cryosections were stained in 0.1% cresyl
violet solution, dehydrated, cleared in xylene and mounted on glass slides. For
fluorescein angiography, rats were transcardiacally perfused with Fluorescein
Isothiocyanate Dextran 500,000-conjugate (Sigma). The eyes were removed,
post-fixed and then retina flat mounts dissected to be post-fixed. Tissues were
mounted on slides and visualized with a Zeiss LSM 510 confocal microscope, and
processed with Photoshop 6.0 software (Adobe, San Jose, CA) to adjust contrast
levels if required. Two variables were assessed using ImagelJ (NIH;
http://rsbweb.nih.gov/ij/index.html): 1- branching points; 2- density of labeled
blood vessels. Four windows were analyzed for the right eye of each animal; these
corresponded to the mid-periphery of the retina in the 4 respective quadrants

(nasal, temporal, dorsal, ventral).

8.2.11 Brain studies
Brains collected at E21.5 were fixed in formalin and paraffin embedded.

Antibodies used for immunostaining were directed against calbindin protein
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(CaBP, a marker of a subpopulation of GABAergic interneurons) (1/2000, rabbit
polyclonal; SWant, Bellinzona, Switzerland), calretinin (a marker of a
subpopulation of GABAergic interneurons) (1/2000, rabbit polyclonal; SWant),
glial fibrillary acidic protein (GFAP, a marker of astrocytes) (1/500, rabbit
polyclonal; Dako, Glostrup, Denmark), and tomatolectin (a marker of microglia-
macrophages) (1/500, biotinylated lectin; Vector, Burlingame, CA). These
antibodies were detected using an avidin-biotin-horseradish peroxidase Kit
(Vector), as instructed by the manufacturer. Diaminobenzidine was used as a
chromogen. Immunolabeled cells were quantified at the level of the parietal
cortex. Two fields were analyzed in each experimental group for each animal
(5/group) and for each marker.

In a separate series of animals (n=4-6) fresh flash-frozen brains from P30.5
rats were mounted in freezing medium and the brains sectioned from the anterior
pole to 5 mm posterior to bregma. Adjacent sections 20 pm thick were slide
mounted and used to assess cytoarchitecture, cytogenesis and dying cells.
Antibodies recognizing the neuronal cell marker NeuN (1/1000, mouse
monoclonal), the astrocyte marker GFAP (1/700, mouse monoclonal) and 5-
bromo-2-deoxyuridine a marker of replicating/dividing cells (BrdU, 1/600, mouse
monoclonal) were immunoreacted with the sections after which they were
incubated with the species relevant secondary 1gG antibody, amplified with
avidin-biotin complex and visualized with DAB. Semi-quantitative field count
score was used to count BrdU positive cells. To identify the presence of
degenerating cells, the sections were incubated with Fluorojade-B according to
standard protocols. Scores from abutting fields (3-6 fields depending on the size
of the brain region) were obtained from the hippocampus, cortex, subventricular

zone, basal ganglia (data not shown) and thalamus (data not shown).

8.2.12 Statistical analysis
Statistical analysis was performed using software (SPSS for Windows, version
13; SPSS, Chicago, Ill). Values were expressed as the mean=SEM. Comparisons

of parameters between 2 groups were made by unpaired Student’s t-test. One-way
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ANOVA determined significance of litter and rat where relevant. If litter was not
significant then comparisons of parameters were made by one-way ANOVA and
post-hoc analysis with Student-Newman-Keuls (SNK) test. If a litter effect was
significant then statistical analysis was completed with a linear mixed-effects
model to account for within litter correlations. Repeated measures ANOVA was
used to assess differences in PA relaxation studies. Statistical significance was
defined as P<0.05.

8.3 Results

8.3.1 Maternal administered sildenafil crosses the placenta and inhibits
PDES activity in fetal rat lungs

Maternal and fetal plasma concentrations of sildenafil were measured by
HPLC from samples obtained at 1, 2, 6, 12, and 24 hours post injection (Figure
1A). Maternal and fetal plasma concentration profiles followed a similar trend,
peaking at about 6h post-maternal administration, indicating that sildenafil
effectively crossed the placenta and entered the fetal circulation.

Biological activity of sildenafil in fetal lung was confirmed by measuring
cGMP concentrations (Figure 1B), as well as PDESA expression (Figure 1C) in
fetal rat lungs. Nitrofen exposure at E9.5 was associated with a significant
decrease in lung cGMP concentration and increased activated PDE5SA expression.
Sildenafil treatment from E11.5 to E20.5 produced a marked increase in lung
cGMP in nitrofen-CDH fetuses and in controls, and a significant attenuation in
active PDESA expression, indicating that sildenafil was biologically active in the
fetal lung.

8.3.2 Effects of antenatal sildenafil on body weight, incidence of CDH,
and lung hypoplasia

Rats with nitrofen-induced CDH had significantly reduced body weights at
E21.5 (Figure 2A). Antenatal sildenafil had no effect in pups with nitrofen-
induced CDH.
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Sildenafil had no effect on the incidence of CDH (Figure 2B).

The lung weight to body weight ratio (LW/BW), a crude indicator of lung
hypoplasia was lower in nitrofen-CDH fetuses as compared to controls (Figure
2C). Antenatal sildenafil decreased LW/BW in normal fetuses. Sildenafil had no
effect on LW/BW in the nitrofen-CDH-+sildenafil rats.

8.3.3 Antenatal sildenafil improves lung architecture in CDH rats

The Lm was significantly higher in animals with nitrofen-induced CDH as
compared with controls (Figure 3A-B). Fetal rats in the nitrofen-CDH-+sildenafil
group had Lm values that were similar to those of controls (Figure 3B). Sildenafil

had no effect on lung architecture in control pups.

8.3.4 Antenatal sildenafil increases pulmonary vessel density in CDH

Nitrofen-CDH animals had significantly fewer pulmonary vessels as
compared with controls (Figure 4A-B). Sildenafil significantly increased
pulmonary vessel count in nitrofen-CDH animals but decreased pulmonary vessel
density in control animals. This was associated with increased lung eNOS and

VEGF protein expression (Figure 4C).

8.3.5 Antenatal sildenafil attenuates features of pulmonary hypertension
in CDH

Albeit MWT was increased in rats with nitrofen-induced CDH as compared
with controls and antenatal sildenafil decreased MWT in animals with nitrofen-
induced CDH (Figure 5A), using the appropriate linear mixed model taking both
litter and rat effect into account these differences were not statistically significant.

RVH was significantly greater in nitrofen-CDH animals as compared with
control (Figure 5B). Antenatal sildenafil treatment attenuated RVH in animals
with nitrofen-induced CDH. Sildenafil had no effect on RVH in control rats. RV
weight was significantly reduced in control-sildenafil treated animals. LV weight
was significantly reduced in both nitrofen CDH and nitrofen-CDH+Sildenafil

treated animals.
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8.3.6 Antenatal sildenafil enhances PA responsiveness to the NO donor,
DEANO

The contractile response of PAs in response to U46619 was similar between
groups (Figure 5C). PAs from fetal rats with nitrofen-induced CDH relaxed less to
DEANO as compared with controls, paralleling the attenuated response to inhaled
NO seen in infants with CDH (Figure 5D). In contrast, PAs from nitrofen-induced
CDH animals treated with sildenafil showed an enhanced response to the
DEANO. Relaxation of these vessels at the highest DEANO concentration

approached preconstriction levels.

8.3.7 Retina studies

Antenatal sildenafil had no side effects on retinal function (as assessed by
ERG, Figure 6A) or anatomy (Nissl staining, Figure 6B and fluorescein
angiography, Figure 6C). All ERG components, including a- and b-waves as well
oscillatory potentials (not illustrated) had similar amplitudes and implicit times
(not illustrated) between the two groups studied (control versus sildenafil, Figure
6A). Nissl staining shows that all layers were identical between both groups
(Figure 6B). Likewise, retinas from both control and sildenafil-exposed rats had
similar blood vessel patterns as observed on flatmounts (Figure 6C). There were
no difference between control and treated groups in arterial density (0.17+0.02.
vs. 0.17+0.03, P=0.42) or number of branching points (122+8 vs 100+21,
P=0.07).

8.3.8 Sildenafil does not affect brain maturation

Parietal neocortexes of E21.5 pups were collected. Antenatal sildenafil had no
detectable effect on the density of GFAP-positive astrocytes, tomatolectin-
positive  microglia-macrophages, calretinin-positive and  CaBP-positive
interneurons (data not shown). Likewise, at P30 no difference were found in brain
GFAP (Figure 7A), NeuN (Figure 7B) and BrDU (Figure 7C) immunoreactivity
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between groups. Fluorojade staining for dying/degenerating cells was negative in

both groups (Figure 7D).

8.4 Discussion

We show that maternal sildenafil treatment enhances pulmonary vessel
density, reverses RVH and improves the pulmonary vasodilatory response to NO
in the nitrofen-induced CDH rat model. This is achieved without significant effect
on retinal structure and function (P30), and brain development assessed by
histology (E21.5 and P30). Our data suggest the opportunity of further exploring
the therapeutic potential of sildenafil as a prenatal medical therapy for CDH.

CDH remains one of the greatest challenges in perinatal medicine?®. Many

13, 14
o

infants with CDH respond poorly to inhaled N . Survivors with severe

PPHN and hypoplastic lungs, suffer significant morbidity, and show a new

emerging pattern of severe late and chronic pulmonary hypertension®® . |

n
humans, CDH can be accurately diagnosed at about 22 weeks gestation during
routine ultrasound exam and is thus amenable to antenatal therapies. Over the past
decades a number of surgical strategies have attempted to improve lung growth
before birth™ *°. The idea of the herein proposed antenatal use of sildenafil for
regression of PPHN parallels the use of antenatal glucocorticoid treatment for
women with threatened preterm labor to mature the fetal lung and prevent
postnatal complications in premature infants®. By analogy, we reasoned that
antenatal sildenafil, an approved and safe medication in adults, could have similar
beneficial effects on lung vascular development in CDH.

Experimental nitrofen-induced CDH in rats is a well-established and reliable model
that recapitulates the pulmonary abnormalities described in human CDH including lung
hypoplasia and pulmonary vascular remodeling®. While the mechanism by which
nitrofen induces the diaphragmatic defect and lung hypoplasia are not fully understood"”
% the herbicide also affects overall fetal growth suggesting potential systemic effects™.
Studies of nitrofen metabolism in pregnant rats suggest that its teratogenicity is
not mediated via generation of mutagenic intermediates through nitro-reduction of

the parent compound. Rather, the embryo is exposed to the parent compound
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alone and appears to be a deep compartment for accumulation of nitrofen®. This
is further corroborated by lung explant studies that show that removing the lung

leads to spontaneous recovery unless repeatedly treated with nitrofen®.

Recent evidence suggest that interactions between airways and blood vessels
are critical for normal lung development®. In 1959, Liebow observed that the
alveolar septa in centrilobular emphysema were remarkably thin and almost
avascular®®, He postulated that a reduction in the blood supply of the small
precapillary blood vessels might induce the disappearance of alveolar septa.
Pharmacological Vascular Endothelial Growth Factor (VEGF)-inhibition in

2539 and loss of

neonatal and adult rats leads to arrested alveolar development
alveoli*?, respectively. These data suggest that inhibition of vascular growth itself
may directly impair postnatal lung development. We and others showed that
VEGF-driven angiogenesis reverses postnatal hyperoxia-induced alveolar
hypoplasia® *!. Consequently, enhancing vascular growth before birth may be a
therapeutic strategy to promote lung growth in CDH. We previously showed that
sildenafil promotes lung angiogenesis in vitro and in the developing lung

postnatally*.

There have been several studies from various laboratories using the nitrofen-
induced CDH model, including several that have shown decreased lung eNOS and
VEGF expression in CDH vs control lungs*®*°. More interestingly, NO and

36, 46, 47 and |n

VEGF promotes airway branching in normal and CDH lung explants
vivo, inhaled NO prolongs survival in CDH rat pups and this effect could be
enhanced with prenatal glucorticoids*® *°. Here we investigated if administration
of antenatal sildenafil could have a beneficial effect on the hypoplastic nitrofen
lung in vivo. Consistent with previous studies in this model, we show that
antenatal sildenafil from E11.5-20.5 improved lung maturation and increased
vessel density in rats with nitrofen-induced CDH. Accordingly, decreased lung
eNOS and VEGF protein expression in nitrofen-induced CDH was restored by
antenatal sildenafil. Hara et al had previously shown that antenatal tracheal
occlusion (another therapeutic strategy to promote lung growth in CDHY)

increases VEGF-A protein expression and suggested that VEGF-A mediates
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previously described changes in lung vascular and parenchymal development
caused by tracheal occlusion®. Similar data were reported by Cloutier et al in
mice®. The mechanism by which sildenafil increases lung eNOS and VEGF
expression remains speculative. It is suggested that sildenafil activates Katp
channels and induces nitrate-like effects, which induces the production of
interstitial adenosine. Adenosine is thought to increase VEGF protein and mRNA
expression by adenosine receptors®’. Sildenafil also activates phosphorylation and
activation of eNOS expression and this might contribute to the up-regulation of
VEGF expression®. Finally, Sildenafil may increase VEGF expression through
induction of thioredoxin-1 and hemeoxygenase-1>* both known to upregulate
VEGF expression.

Intriguingly, normal rats that received antenatal sildenafil had decreased lung
vessel density at term as compared with controls. The mechanisms underlying this
finding are unclear and require further investigation. The few teratogenicity
studies have suggested sildenafil to be safe during pregnancy in a variety of
species® >,

In addition to lung hypoplasia, PH is a limiting factor of survival in CDH. PH
in CDH is characterized by PA remodeling with excessive muscularization of
preacinar arteries, reduced external diameter of pre- and intra-alveolar arteries and
increased medial wall thickness™ and poor response to inhaled NO*. In addition
to acting as a vasodilator, sildenafil also functions as a potent inhibitor of adult
human PASMC proliferation as well as an inducer of apoptosis™. While antenatal
sildenafil attenuated pulmonary smooth media remodeling as assessed by the
MWT, the difference was not statistically different in the nitrofen model.

Another interesting finding was that the sildenafil-induced reduction in the
RV/LV+S ratio was mostly due to a combined improvement in RV and LV+S.
Indeed, nitrofen-induced CDH rats had significant LV hypoplasia, similar to what
has been described in the sheep model and in humans with CDH>® *".

Another important finding of our study was the enhanced pulmonary
vasorelaxation in response to DEANO, suggesting that priming of the pulmonary

vasculature before birth may enhance the response to postnatal therapies. Given
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that sildenafil was administered less than 24 hours prior to delivery, a certain
degree of PDES5 inhibition may still be present in the pulmonary vascular tissue so
that enhanced vasorelaxation can probably not solely be attributed to attenuation
of PA remodeling. This is further supported by the observation that sildenafil
significantly reduces pulmonary vascular resistance in normal and ductus
arteriosus ligated fetal sheep in response to birth-related stimuli such as oxygen
and shear stress®® *°,

The sildenafil dose chosen for the pregnant rats was 100mg/kg/day based on
previous studies that examined the pharmacokinetics of sildenafil in rodents®. In
chronic in vivo studies in rats this dose yielded mean free plasma concentrations
comparable to levels obtained in humans at doses of 1 mg/kg/d. This reflects the
near 100-fold higher rate of metabolism of sildenafil in rats. At this dose, there
were no adverse visual and neurological effects seen in the offspring. We did not
investigate changes that may have occurred in pregnant dams that were treated
with sildenafil. This is important to note as there have been a small number of
cases that have suggested a possible relationship between central serous
chorioretinopathy and optic neuropathy with sildenafil use in humans®.
Furthermore, although there is no proven association between Sildenafil use and
central serous chorioretinopathy or optic neuropathy it is prudent to consider
cessation of sildenafil therapy in a patient that experiences sudden loss of vision®.
Further clinical challenges include the choice of the timing (e.g. introducing
maternal sildenafil treatment early enough during gestation to positively impact
outcome), dosing and length of treatment. Other limitations of this study include
the lack of survival data and, inherent to the small animal model, the lack of
physiologic data. Experiments in the fetal sheep model are underway to answer
these questions. Finally, in this study, data from littermates were treated as
independent observations. This is a common assumption in studies using the
nitrofen model, as nitrofen does not affect all the offspring in a comparable
manner with regards to presence and severity of the diaphragmatic defect, degree

of lung hypoplasia, or growth restriction, even within the same litter.
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In conclusion, antenatal treatment with sildenafil improves lung structure,
increases vessel density, decreases RVH, and enhances dilatation to NO in
experimental, nitrofen-induced CDH in rats. We speculate that the sildenafil-
induced pulmonary arterial tissue PDES5 inhibition resulted in enhanced DEANO-
dependent relaxation in the fetuses. Antenatal strategies may improve
responsiveness to postnatal pulmonary vasodilator therapies and ultimately the
outcome of infants with CDH. The relative pulmonary vascular specificity of
sildenafil, its low cost, and its post-marketing safety makes it an attractive

therapeutic option for infants with CDH.
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Figure 1
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Figure 8.1. Sildenafil crosses the placenta and increases fetal lung cGMP and alters

protein expression in fetal rat lungs. A. Plasma Sildenafil levels in single maternal rat

and pooled fetal rat samples at 1, 2, 6, 12, and 24 hours post administration. B. Fetal lung

concentrations of cGMP is significantly decreased in nitrofen-CDH as compared to

control. cGMP concentration is restored in CDH animals treated with antenatal
Sildenafil. (ANOVA P<0.02; P-value: *Control
CDH+Sildenafil 0.15, *Control vs Sildenafil Control 0.046, **CDH vs CDH+Sildenafil
0.0002, 'TCDH vs Sildenafil Control 0.0001, CDH+Sildenafil vs Sildenafil Control 0.24).
C. Western blot assessing E21.5 lung expression of PDESA and active phosphorylated

vs CDH 0.045, Control vs

PDES5A demonstrate an increase in phosphorylated PDE5SA as compared with all other
groups. (PDE5A ANOVA P=0.29; Phosphorylated PDE5A, ANOVA P<0.0001; SNK P-
values: *Control vs CDH <0.05, Control vs CDH+Sildenafil >0.05, Control vs Sildenafil
Control >0.05, *CDH vs CDH+Sildenafil <0.05, *CDH vs Sildenafil Control <0.05,

CDH+Sildenafil vs Sildenafil Control >0.05)
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Figure 2
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Figure 8.2. Effect of antenatal sildenafil on body weight (BW), incidence of
CDH, and LW/BW ratio. A. Nitrofen significantly decreased fetal BW and this
was not improved by antenatal treatment with sildenafil. (Linear mixed model
ANOVA P<0.0001; P-values: *Control vs CDH 0.005, **Control vs
CDH+Sildenafil 0.002, Control vs Sildenafil Control 1.0, CDH vs
CDH+Sildenafil 1.00, CDH vs Sildenafil Control 0.11, CDH+Sildenafil vs
Sildenafil Control 0.04). B. The incidence of CDH in the offspring of nitrofen-fed
dams was 0.596+0.052%. Sildenafil had no effect on the incidence of CDH
(0.589+0.061%, P=0.91). C. LW/BW ratio was significantly decreased in the
nitrofen-CDH group. Sildenafil had no effect on LW/BW ratio in nitrofen-CDH.
(Linear mixed model ANOVA P<0.0001; P-values: *Control vs CDH 0.002,
**Control vs CDH+Sildenafil 0.001, Control vs Sildenafil Control 0.748, CDH vs
CDH+Sildenafil 0.90, CDH vs Sildenafil Control 1.0, CDH+Sildenafil vs
Sildenafil Control 0.40).
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ure 3A

Figure 8.3. Effect of antenatal sildenafil on lung morphometry.
A. Representative H&E stained sections of the treatment groups showing

thickened mesenchyme in nitrofen-induced CDH.
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Figure 3B
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Figure 8.3. Effect of antenatal sildenafil on lung morphometry.

B. Nitrofen-induced CDH lungs had increased mean linear intercept as compared
to controls. Sildenafil decreased the mean linear intercept in CDH animals and
had no effect in control animals. (Linear mixed model ANOVA P=0.001; P-
values: *Control vs CDH 0.002, Control vs CDH+Sildenafil 1.00, Control vs
Sildenafil Control 0.07, **CDH vs CDH+Sildenafil 0.005, CDH vs Sildenafil
Control 0.38, CDH+Sildenafil vs Sildenafil Control 0.14)



Figure 4
- Wil
Vessels per 30 HPF (10-30pm)
70
80 n=10-16/group
50 T
40 Oconau
30 *, Wk W3 O rarcten.cos
0 @ ratrcten.COM+Shcenan
10 | | B Sistensfl Comvol
A Nitrofen-CDH+Sildenafil Sildenafil Control B 0
O coomra
O ntroten-coM
@ ratrolen-CoM+Siidenan
Control  Ctri+Siidenafil CDH CDH+Slidenafil @ SikionsR Control
' - - | _ eNOS VEGF
e e :
- - - : - a - 14
' - i
i * E 8 .
a H 1
g &
.
[]

Figure 8.4. Antenatal sildenafil improves lung capillary density and lung expression
of eNOS and VEGF. A. Representative CT-scan of barium injected pulmonary vessels.
B. Representative H&E stained sections of barium-injected pulmonary vessels.
Quantification demonstrates decreased density of pulmonary vessels in nitrofen-CDH
rats. Antenatal sildenafil restores vessel density (Linear mixed model ANOVA P<0.0001;
P-value: *Control vs CDH 0.004, Control vs CDH+Sildenafil 1.0, TControl vs Sildenafil
Control 0.02, **CDH vs CDH+Sildenafil 0.002, CDH vs Sildenafil Control 1.0,
*CDH+Sildenafil vs Sildenafil Control 0.007). C. Western blots for eNOS and VEGF
expression in E21.5 fetal rat lungs. eNOS and VEGF expression is decreased in nitrofen-
CDH animals and is increased with antenatal sildenafil treatment. (eNOS ANOVA
P=0.019; SNK P-values: *Control vs CDH <0.05, Control vs CDH+Sildenafil >0.05,
Control vs Sildenafil Control >0.05, *CDH vs CDH+Sildenafil <0.05, *CDH vs
Sildenafil Control <0.05, CDH+Sildenafil vs Sildenafil Control >0.05; VEGF ANOVA
P<0.0001; SNK P-values: *Control vs CDH <0.05, "Control vs CDH+Sildenafil <0.05,
Control vs Sildenafil Control >0.05, *CDH vs CDH+Sildenafil <0.05, *CDH vs
Sildenafil Control <0.05, CDH+Sildenafil vs Sildenafil Control >0.05).
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Figure 5
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Figure 5. Antenatal sildenafil treatment attenuates features of pulmonary hypertension in
the nitrofen-induced rat model of CDH. A. Medial wall thickness ratio. Using the appropriate
linear mixed model taking both litter and rat effect into account there were no significant
differences between CDH vs CDH+Sildenafil treated rats. B. Right ventricular hypertrophy in
nitrofen-CDH rats was significantly reduced by sildenafil. (RV/LV+S Linear mixed model
ANOVA P=0.005; P-values: *Control vs CDH 0.006, Control vs CDH+Sildenafil 1.0, Control vs
Sildenafil Control 1.0, **CDH vs CDH+Sildenafil 0.03, CDH vs Sildenafil Control 0.055,
CDH+Sildenafil vs Sildenafil Control 1.0; RV weights ANOVA P<0.02; P-values: Control vs
CDH 0.30, *Control vs CDH+Sildenafil 0.04, Control vs Sildenafil Control 0.27, CDH vs
CDH+Sildenafil 0.35, *CDH vs Sildenafil Control 0.04, **CDH+Sildenafil vs Sildenafil Control
0.003; LV+S weights ANOVA P<0.0001; P-values: *Control vs CDH <0.0001, *Control vs
CDH+Sildenafil <0.0001, Control vs Sildenafil Control 0.40, CDH vs CDH+Sildenafil 0.23,
*CDH vs Sildenafil Control <0.0001, *CDH+Sildenafil vs Sildenafil Control <0.0001). C. The
contractile response of PAs to U46619 was similar between groups (P-values: Control vs CDH
0.27, Control vs CDH+Sildenafil 0.39, Control vs Sildenafil Control 0.67, CDH vs
CDH+Sildenafil 0.97, CDH vs Sildenafil Control 0.59, CDH+Sildenafil vs Sildenafil Control
0.67). D. PAs of nitrofen-CDH rats relaxed significantly less than controls in response to the NO
donor DEANO. Antenatal treatment with sildenafil significantly enhanced relaxation of Nitrofen-
CDH PAs. P-values *Control vs CDH <0.05, ** CDH+Sildenafil vs CDH <0.0
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Figure 6
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Figure 8.6. Sildenafil has no adverse effects on the Retina. A. ERG recordings
showed no differences in retinal function between untreated controls (circle) and
treated sildenafil (square) groups. Average ERG traces (x SEM) from control and
treated groups are respectively displayed on the left and right columns of insets
shown in the scotopic (a-wave graph) and photopic intensity response series. ERG
recordings were done at age P30 bilaterally from 6 rats per group (n=12 eyes total
per group); one eye per animal was used: the eye yielding the highest mixed
scotopic a-wave amplitude was selected for each animal. Scale bar: vertical = 200
MV, horizontal: 50 msec. B. Anatomical analysis with Nissl staining (two panels
on the left) and C. Fluorescein angiography (two panels on the right) showed no
differences between the retinas of control and sildenafil groups. Scale bar = 50

pm in all panels.
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Figure 7 NeuN
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Figure 8.7. Sildenafil has no adverse effects on the neonatal brain at
postnatal day 30. Immunoreactivity for GFAP (glial activation) in the
Hippocampus (A), NeuN (neuronal cell-specfic marker) in the cortex (left) and
hippocampus (right) (B) and BrDU in the subventricular zone (SVZ) (C) of
control and antenatally exposed sildenafil rats. No differences were noted between
groups. D. Fluorojade staining of the hippocampus for dying/degenerating cells.
No positive staining was observed in either control or sildenafil-treated rats.

Insert: HI-positive control.
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