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Abstract

Pulmonary arterial hypertension (PAH) is a rare and fatal disease caused by excessive
remodelling of small pulmonary arterioles. Heterozygous loss-of-function mutations in the
bone morphogenetic protein receptor 2 (BMPR2) have recently been identified in a large
portion of patients with familial and idiopathic PAH. However, how mutations in this
ubiquitously expressed receptor result in such a specific abnormality of the lung
microcirculation is unknown. We hypothesized that loss-of-function mutations in BMPR2
lead to PAH by increasing the susceptibility of ECs to apoptosis, particularly within fragile
pulmonary arterioles. To examine the consequences of BMPR2 mutations on the
development of PAH, we generated mice that ubiquitously over-express an arginine to stop

R2R899%) - Characterization of these mice

mutation in the receptor’s C-terminal domain (BMP
revealed a significant increase in right ventricular systolic pressure, an indicator of
pulmonary pressure, which was associated with muscularization of small pulmonary
arterioles, alveolar septal thickening and pulmonary macrophage infiltration. In addition, a
modest increase in apoptosis was detected in these mice. These data suggest that BMPR2
loss-of-function mutations increase the susceptibility of ECs to apoptosis and set the stage
for excessive inflammation, possibly leading to spontaneous PAH. This new model will help

elucidate the pathophysiological events leading to the development of PAH and provide a

unique tool to evaluate novel potential treatments for this disease.
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1. Introduction
1.1. Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is an often fatal disease caused by functional
or structural abnormalities involving the precapillary pulmonary arteriolar bed that result in
progressive increases in pulmonary vascular resistance (PVR) [1]. Recent revision of the
clinical classification of pulmonary hypertensive diseases has led to the identification of
PAH as the first of five distinct groups of pulmonary hypertension (Figure 1). According to
this new classification, PAH can be subclassified in three main groups: 1) idiopathic (IPAH,
previously known as primary pulmonary hypertension), which occurs in the absence of any
known contributing disorders; 2) heritable or familial PAH (FPAH); and 3) associated PAH
(APAH, previously termed secondary PAH), which is associated with other diseases such as
collagen vascular diseases (i.e. scleroderma), HIV, and systemic to pulmonary shunt (i.e.
congenital heart disease) [2].

The estimated incidence of IPAH cases is 2 to 3 per million per year, with a median
survival from diagnosis of only 2.8 years before the advent of modern therapies [1, 3]. The
disease typically affects young women (2,3 female:1 male) with a median age at diagnosis of
36 years, although the disease can occur at any age [4].

Clinically, the pathological features of advanced PAH are characterized by medial
hypertrophy, adventitial thickening, intimal fibrosis and obliteration of small pulmonary
arterioles, and often include the presence of plexiform lesions, which are thought to result
from dysregulated vascular cell proliferation [1, 5, 6]. Other characteristic pathological
findings include in situ thrombosis and varying degrees of inflammation [1, 6]. The
narrowing of the lumen diameter and functional pruning of pulmonary arterioles result in

increased PVR and pulmonary arterial pressure, leading to right ventricular hypertrophy and



Table 3. Revised Clinical Classification of Pulmonary
Hypertension (Venice 2003)

1. Pulmonary arterial hypertension (PAH)
1.1. Idiopathic IPAH)
1.2. Familial (FPAH)
1.3. Associated with (APAH):
1.3.1. Collagen vascular disease
1.3.2. Congenital systemic-to-pulmonary shunts**
1.3.3. Portal hypertension
1.3.4. HIV infection
1.3.5. Drugs and toxins
1.3.6. Other (thyroid disorders, glycogen storage disease, Gaucher
disease, hereditary hemorrhagic telangiectasia,
hemoglobinopathies, myeloproliferative disorders, splenectomy)
1.4. Associated with significant venous or capillary involvement
1.4.1. Pulmonary veno-occlusive disease (PVOD)
1.4.2. Pulmonary capillary hemangiomatosis (PCH)
1.5. Persistent pulmonary hypertension of the newborn
2. Pulmonary hypertension with left heart disease
2.1. Left-sided atrial or ventricular heart disease
2.2, Left-sided valvular heart disease
3. Pulmonary hypertension associated with lung diseases and/or hypoxemia
3.1. Chronic obstructive pulmonary disease
3.2. Interstitial lung disease
3.3, Sleep-disordered breathing
3.4. Alveolar hypoventilation disorders
3.5. Chronic exposure to high altitude
3.6. Developmental abnormalities
4. Pulmonary hypertension due te chronic thrombotic and/or embolic
disease
4.1. Thromboembolic obstruction of proximal pulmonary arteries
4.2. Thromboembolic obstruction of distal pulmonary arteries
4,3. Non-thrombotic pulmonary embolism (tumor, parasites, foreign
material)
5. Miscellaneous
Sarcoidosis, histiocytosis X, lvmphangiomatesis, compression of
pulmonasy vessels (adenopathy, tumor, fibrosing mediastinitis)

Figure 1. Revised clinical classification of pulmonary hypertension according to the 2003
Third World Symposium on Pulmonary Arterial Hypertension held in Venice, Italy. Taken
from Simonneau G et al., Journal of the American College of Cardiology, 2004.



ultimately to right heart failure [7-10]. Unfortunately, despite recent advances in therapeutic
approaches which help prolong survival and improve quality of life, the prognosis for
patients with PAH remains poor as many succumb to the disease within 3 to 5 years of

diagnosis [11].

1.2. Endothelial dysfunction and PAH
1.2.1. The pulmonary vascular endothelium and endothelial dysfunction

The mechanisms involved in the pathogenesis of PAH remain a matter of intense
debate and speculation, even today. Over the years, a substantial number of molecules have
been implicated as putative candidates. However, most modern therapies were developed
based on our understanding of the integral role of endothelial dysfunction in the development
of this disease. Originally, endothelial dysfunction was defined as a shift in the balance of
production of endothelial vasoactive factors away from vasodilator and antiproliferative
agents, in favor of the release of vasoconstrictor and proliferative factors [12]. Under
physiological conditions, the pulmonary vascular endothelium not only acts as a structural
barrier to the passage of fluids and proteins into the interstitium, but also actively regulates
the tone, growth, differentiation and migration of vascular smooth muscle cells (SMCs), in
_ addition to exerting potent antithrombotic .and anti-inﬂammatory influences [12]. Thgse
effects are mediated ‘largely through the release of vasodilator substances such as the
endothelium-derived relaxing factors nitric oxide (NO) and prostacyclin, as well as
constricting factors, including endothelin-1 (ET-1) and thromboxane A; [12-15]. Consistent
with endothelial dysfunction, PAH patients demonstrate an increase in ET-1 [16] and
thromboxane A; [17] production across the pulmonary bed, as well as reduced prostacyclin

and NO bioactivity [18, 19]. The initiating mechanism leading to endothelial dysfunction in



this disease is unknown, but may include hypoxia, shear stress, inflammation or response to
drugs or toxins on a background of genetic susceptibility [6, 20]. Current evidence strongly
suggests that endothelial dysfunction plays an integral role in mediating the pulmonary

arterial structural changes observed in PAH

1.2.2. Evidence for endothelial dysfunction in PAH
1.2.2.1. Decreased NO production in PAH

NO plays an important role in modulating pulmonary vascular tone. It is a potent
endogenous endothelium-derived vasodilator that directly relaxes vascular smooth muscle
cells [12, 21]. In addition to its vasorelaxation effect, NO also exerts potent antiplatelet,
antithrombotic and antimitogenic properties thereby preventing platelet aggregation, cell
adhesion and smooth muscle cell proliferation [5, 12]. NO signals through its cytoplasmic
receptor, the soluble guanylyl cyclase, which results in the generation of the second
messenger cGMP that mediates most of the physiological effects of NO [22]. NO production
is catalyzed by endothelial nitric oxide synthase (eNOS) [23]. Lungs from PAH patients
have been reported to demonstrate reduced eNOS expression [18], although this has not been
confirmed by other groups [24]. A contributory role for deficient NO production in the
pathogenesis of PAH is further supported by transgenic ‘animal models, in which over-
expression of eNOS prevented hypoxia-induced PAH [25], while exposure to mild‘hypoxia
resulted in more severe PAH in eNOS-deficient mice [26]. However, again there are
conflicting findings and some groups have reported that eNOS knockout mice do not exhibit
any increase in hypoxia-induced PAH, and may even show less arterial remodelling in

response to chronic hypoxia than wild type mice [27].



1.2.2.2. Decreased prostacyclin levels in PAH

Prostacyclin is another important endothelium-derived vasodilator factor and has also
been strongly implicated in pulmonary vascular homeostasis. In addition to promoting
vasodilation in the pulmonary circulation, like NO, it is a potent endogenous inhibitor of
platelet aggregation [6, 12]. The effects of NO and prostacyclin in the pulmonary
vasculature are thus highly complementary. Prostacyclin also protects against pulmonary
remodelling by inhibiting the growth of SMCs [21, 28]. The production of prostacyclin from
prostaglandin H2 is catalyzed by prostacyclin synthase [29]. Deficiency in prostacyclin
production has been strongly implicated in PAH. Prostacyclin synthase expression is
decreased in lungs from patients with severe PAH [19] and prostacyclin receptor-deficient
mice develop severe PAH in response to chronic hypoxia [30]. In addition, over-expression
of prostacyclin synthase protects mice from chronic hypoxia-induced PAH [31]. Therefore, it
is widely accepted that decreased prostacyclin levels in PAH may account for pulmonary

vasoconstriction, SMC proliferation, and the pro-thrombotic state observed in this disease.

1.2.2.3. Increased ET-1 levels in PAH

ET-1 is secreted by the endothelium and is one of the most potent endogenous
vasoconstrictor peptides known [5, 12]. In addition to its vasoactive properties, it also has
blatelet-éggregating properties as well as a grthh profnoting effects on SMCs and other cell
types [12, 28]. The effects of ET-1 are mediated through the ETA and ETp receptors [21].
Activation of ET, receptors, located mainly on vascular SMCs, causes sustained
vasoconstriction and proliferation of vascular SMCs [13, 21]. In contrast, ETg receptors
which are found mainly on endothelial cells (ECs) mediate pulmonary endothelin clearance

and induce the production of NO and prostacyclin by ECs [13, 21]. There is strong evidence



that ET-1 is a major player inducing vasoconstriction and remodelling in PAH. Our group
was the first to demonstrate that levels of circulating ET-1 are increased in patients with
PAH [16, 32], and that this was associated with massive upregulation of endothelial ET-1
expression within the pulmonary vasculature of patients with either IPAH or APAH [32].
Furthermore, in a number of experimental models, PAH is associated with selective
increases in ET-1 and ET4 receptor expression in the pulmonary vasculature [33]. It has
been suggested that a selective increase in the synthesis and release of ET-1 from pulmonary
ECs, accompanied by a paracrine effect mediated by ET 4 receptors on underlying pulmonary
SMCs could contribute to both the vasoconstriction and vascular remodelling seen in PAH

[12].

1.2.2.4. Increased thromboxane A, production in PAH

Thromboxane A, is another potent vasoconstrictor, as well as a smooth muscle
mitogen and platelet agonist [17, 28], in many ways counteracting the effects of prostacyclin.
Indeed, in endothelial dysfunction, the balance of vasodilator and vasoconstrictor
prostaglandin production is shifted, and an increase in the production of thromboxane A,
together with a decrease in prostacyclin have been reported in patients with PAH [17, 28].
The resulting imbalance between thromboxane A; and prostacyclin may thus contribute to
the platelet activation and abnormal response of the pulmonary vascular endothelium in this
disease. Whether the imbalance in the release of these mediators is a cause or a result of

PAH is unknown, but it likely plays an important role in the progression of the disease.



1.2.3. Current PAH therapies stemming from endothelial dysfunction

Over the last two decades, the development of new therapies for PAH has focused on
restoring the balance between vasoconstrictor and vasodilator pathways, which represent
logical pharmacological targets [34].

The first such therapy to be introduced in the “modern era” of PAH management was
systemic prostanoid infusion. The administration of prostacyclin by continuous intravenous
infusion was pioneered by Higenbottam and his group at Papworth Hospital in the early
1980s [35], and later developed as the gold standard for treatment of severe PAH. Parenteral
delivery of Flolan® via an indwelling central catheter has been shown to improve function,
hemodynamics and survival in WHO class III or IV patients [36, 37]. However, this is a
cumbersome and expensive treatment that is increasingly being reserved for the most
difficult patients to manage, in favor of more convenient prostagladin delivery systems
including subcutaneous (treprostinil) or inhaled (iloprost) prostanoids [15, 21], although
these are supported by less definitive evidence of efficacy.

The next major advance came from the introduction of endothelin receptor
antagonists (ERAs) which provided the first effective oral agents for patients with PAH.
Bosentan is a dual (ET4 and ETg) ERA and was the first shown to be effective in large scale
clinical trials [38], and is now widely used as a first line treatment for PAH [21, 28].» More
recently, a number of other ERAs have been introduced and there is an ongoing debate as to
the benefits of dual versus ETa-selective ERAs for this disease. ETx-selective receptor
blockers have the theoretical advantage of sparing the endothelial ETg receptors, which
mediate ET-1 clearance and endothelium-dependent vasodilation [21]; sitaxsentan and

ambrisentan are two such ETa-selective receptor antagonists that have been approved in



many jurisdictions for the treatment of PAH. However, to date, there is no clear evidence
from clinical studies to establish the superiority of an ET4 selective strategy.

The understanding of the importance of the NO pathway has also led to the
development of inhaled NO as a therapeutic strategy [39], and although useful for the acute
management of PAH in a critical care setting, such as in the neonatal treatment of persistent
pulmonary hypertension of the newborn, it has proven to be difficult to deliver over the long-
term for the treatment of ambulatory patients. Oral phosphodiesterase type V inhibitors such
as sildenafil (better known as Viagra), which increase the levels of the second messenger
cGMP, have been shown to induce acute pulmonary vasodilation during short-term
administration and improve exercise capacity and pulmonary hemodynamics in patients with
PAH during long-term oral therapy [21, 40]. Sildenafil is now widely used in the treatment
of this disease and other agents, such as tadalafil which has a longer half-life, are being
introduced [41].

However, despite the proliferation of new drug therapies, nearly all patients will
progress and ultimately fail medical management. For this reason, the use of combination
therapy with agents acting via different mechanisms is becoming increasingly prevalent in
order to maximize the clinical benefit [21]. Nonetheless, the impact of medical management
on the overall prognosis of PAH has been limited; a recent systematic review of modern
PAH therapies did not support any meaningful benefit on survival in these patients [42],
highlighting the need for more effective treatment strategies.

Furthermore, current PAH therapies are largely addressing abnormalities in
vasodilation, and do not seem to be able to modify the remodelling events that are
increasingly believed to be the pathological basis of “irreversible” PAH. Indeed, only a

small minority of IPAH patients (<13%) show evidence of an acute vasodilator response at



their initial hemodynamic assessments [43], again consistent with the notion that arteriolar

remodelling is a dominant mechanism in the pathogenesis of PAH.

1.3. Angioproliferative lesions and the PAH “cancer paradigm”

Further support for the prevalence of remodelling mechanisms in PAH came from the
recognition of the angioproliferative, cancer-like properties of vascular cells in PAH.
Indeed, it was shown in vitro that after initial apoptosis of ECs induced by vascular
endothelial growth factor receptor (VEGFR) blockade, there is increased proliferation of
apoptosis resistant ECs [44]. Moreover, ECs cultured from the pulmonary arteries of PAH
patients show evidence of increased proliferation and decreased apoptosis compared to those
isolated from controls [45]. Lung biopsies from patients with irreversible PAH also recently
revealed the presence of the anti-apoptotic protein Bcel-2, which is absent from patients with
reversible PAH [45]. In parallel, experimental evidence came for the emergence of
apoptosis-resistant, hyperproliferative SMCs in PAH. Pulmonary artery SMCs from PAH
patients were demonstrated to be hyperproliferative and resistant to apoptosis, and these
patients express the anti-apoptotic protein survivin in their pulmonary arteries [46].
Therefore, the “cancer paradigm” of PAH arose leading some to consider the presence of
abnormal, hyperproliferative cells as the central fgature of the disease by contributing to the

formation of the characteristic plexiform lesions.

1.4. Inflammation and PAH
Inflammatory processes are also increasingly being recognized as major pathogenic
components of pulmonary vascular remodelling, as they are prominent in various types of

human PAH and experimental models. However, their contribution to the pathogenesis of



PAH remains poorly understood. Fortunately, substantial advances in the field are
progressively illuminating the role of inflammation and the underlying cellular and
molecular mechanisms that contribute to PAH.

Endothelial dysfunction in PAH can predispose to vascular inflammation by resulting
in the upregulation of surface adhesion molecules involved in the trafficking of leukocytes as
well as the release of cytokines and chemokines that recruit circulating inflammatory cells
[47]. Indeed, several immunological disturbances have been reported in patient and
experimental models with PAH. Lung sections from patients with IPAH often show
extensive inflammatory infiltrates [48, 49], and the most common causes of APAH are
autoimmune disorders such as scleroderma and systemic lupus erythematosus [50]. In
addition, increased circulating levels of the pro-inflammatory cytokines interleukin (IL)-1,
IL-6 and tumor necrosis factor (TNF)-a have been reported in patients with IPAH [6, 13].
Interestingly, IL-1 has been shown to stimulate ET-1 production and may act as a link
between endothelial dysfunction and inflammation [13]. Similarly, IL-1 and IL-6 promote
thrombosis and are potent SMC mitogens [14]. ET-1 itself can act as a cytokine by priming
neutrophils, activating mast cells and stimulating monocytes to produce a variety of
cytokines such as IL-1, IL-6, IL-8, TNF-a and transforming growth factor (TGF)-f [51].
Furthermore, macrophages and T lymphocytes are found in plexiform lesions and small
arterioles in severe PAH [6]. Resident macrophages lining the alveolar walls are an
important component of lung innate immunity, where they act as a clearance mechanism by
mediating phagocytosis of debris and pathogens entering the lungs, but macrophages can
also be recruited to the lungs by different inflammatory mediators. In support of this, a study

has shown that PAH is associated with the upregulation of CX3CR1, part of a pathway
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responsible for the recruitment of macrophages to the vessel wall, implying that active
recruitment of macrophages plays a causal role in the development of idiopathic PAH [48].

A contributory role for IL-6 in the pathogenesis of PAH has also been demonstrated
experimentally. Delivery of recombinant IL-6 protein in rats resulted in PAH associated
with luminal occlusion of the small pulmonary arteries, formation of microvascular thrombi
and localized hemorrhage [52]. In another study, mice treated with recombinant IL-6
demonstrated increased right ventricular systolic pressure (RVSP) and right ventricular
hypertrophy, which was further augmented upon hypoxic exposure [53]. Moreover, IL-6
knockout mice demonstrated decreased hypoxia-induced PAH which was associated with
attenuated macrophage recruitment within the lungs [54], whereas IL-6 over-expressing mice
developed spontaneous PAH associated with the formation of neointimal occlusive lesions
and inflammatory cell infiltration within the peri-arteriolar vasculature [55]. It is also of
interest to note that this genetic model represents the only model that recapitulated the
pathophysiological changes observed in IPAH patients in the absence of an exogenous
trigger. This model may be particularly useful in further elucidating the role of chronic
inflammation in PAH progression.

With the advent of these findings, it has become clear that inflammatory processes
involving chemokines and cytokines play a significant role in the vascular remodelling
characteristic of PAH. Nevertheless, knowledge of the exact role of inflammation in the

pathogehesis of PAH remains elusive and requires further investigation.
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1.5. The bone morphogenetic protein receptor 2 and PAH
1.5.1. BMPR2 mutations and the genetic basis of PAH

Arguably, the most significant advance in understanding the molecular basis of PAH
has been the recent identification of the ‘PAH gene’. Two independent groups have
identified heterozygous mutations in the bone morphogenetic protein receptor 2 (BMPR2), a
ubiquitously expressed member of the TGF-p superfamily of receptors [56, 57]. These
mutations are found in up to 70% of patients with FPAH and up to 40% of patients with
IPAH [7]. However, the penetrance of the PAH phenotype is variable; the likelihood that
carriers of BMPR2 mutations develop clinical PAH is less than 20% [14]. Thus, it has been
suggested that “multiple-hits” are required for the development of overt PAH, whereby a
susceptible person with genetic predisposition may need to be exposed to additional
environmental triggers before the disease is manifested [5, 34]. Over 160 different mutations
have been reported involving many different regions of the BMPR2 gene, but all of the
mutations identified to date are likely to produce loss of function of the BMPR2 receptor
[58]. However, how haploinsufficiency in this ubiquitously expressed receptor leads to the

very unique functional and morphological abnormalities in PAH is unknown.

1.5.2. BMPR?2 signalling

BMPR? is a ubiquitously expressed member of the TGF-P superfamily of receptors
[59]. In addition to BMPR2, four other type II and seven type I receptors have been
identified in mammals [60]. TGF-f type II receptor is the specific receptor for TGF-f3 {60].
Conversely, BMPR2 specifically binds to bone morphogenetic proteins (BMPs), while

activin type II and type IIB receptors can also serve as type Il receptors for BMPs but are

12



shared with other members of the family, namely activins [60]. Type I receptors are
comprised of activin receptor-like kinases (ALK) [60]. Of interest, ALK-2, ALK-3
(BMPR1A) and ALK-6 (BMPRI1B) function as BMP type I receptors, while ALK-1 and
ALK-5 serve as type I receptors for TGF- [60].

Members of the TGF-p superfamily share common mechanisms of signal
transduction. They bind to two different type II and type I serine/threonine kinase receptors,
both of which are required for signal transduction, and modulate their signals through Smad-
dependent and Smad-independent pathways [59]. In the absence of ligand, both types of
receptors are homomeric and found in the surface membrane of cells [10]. Ligand binding
induces formation of a hetero-tetramer complex constituted of two type I and two type II
receptors [60]. Subsequently, constitutively active type II receptors phosphorylate and
thereby activate type I receptor kinases [59]. Therefore, the specificity of intracellular
signals is mainly determined by type I receptors. Smads are the major signal transducers for
the serine/threonine kinase receptors [59]. Upon ligand stimulation and activation by type II
receptors, type I receptors phosphorylate receptor-regulated Smads (R-Smads), which in turn
form a complex with common-partner Smads (Co-Smads) [59]. This complex then
translocates to the nucleus to regulate transcription of target genes in a tissue- and cell-
specific manner, by interacting with various transcription factors and transcriptional co-
aétivators or co-repressérs [59].

Despite sharing common signalling mechanisms, BMPs and TGF-p/activins typically
signal via distinct pathways. Of the different R-Smads identified, Smadl, Smad5 and Smad8
are activated by BMP type I receptors, whereas Smad2 and Smad3 are activated by activin

and TGF-B type I receptors [59]. However, Smad4 is the only Smad that is shared by both
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BMP and TGF-p/activin signalling pathways, and can therefore mediate cross-talk between
these two pathways [59].

Regulation of BMP signalling occurs at many levels. Firstly, the activity of BMPs
can be regulated extracellularly by BMP-binding proteins, Noggin and Chordin [61]. These
proteins can antagonize the action of BMPs by forming inactive complexes before binding of
BMPs to their receptors [61]. In addition, a third class of Smads, inhibitory Smads (I-
Smads) can negatively regulate signalling by interfering with R-Smads and Co-Smads [59].
Smad6 and Smad7 function as such I-Smads [59]. These can regulate cellular responses
through multiple mechanisms, namely by physically interacting with type I receptors and
competing with R-Smads for activation, or by interacting with activated R-Smads and
preventing their complex formation with Co-Smads [59]. Expression of I-Smads is regulated
by various stimuli, including TGF-B, BMP, interferon-y, NF-kB signalling and shear stress
[59].

Non-Smad pathways may also be important in understanding the diversity of signals
generated by BMPR2. Of note, p38 and p44/42 mitogen-activated protein kinase (MAPK)
pathways are known to be activated by BMPs in various cells [62]. The long C-terminal tail
that distinguishes BMPR2 from other type II receptors has poorly understood functions,
including the regulation of these pathways [63].

Signalling7 through BMPR?2 is fhus very complex and results in pleiotropic'effects
depending on the cell type, the specific ligand, and the environmental context [58]. This
receptor has been shown to have control over a wide variety of developmental processes
such as embryogenesis, bone and cartilage morphogenesis, vasculogenesis, angiogenesis, and

haematopoiesis in addition to regulating cell proliferation and apoptosis [9, 10].
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1.5.3. Assessment of PAH in BMPR2 deficient mouse models

Several attempts have been made to investigate the impact of BMPR?2 deficiency on
the development of PAH in mice. Most of these studies focused on mice heterozygous for a
BMPR2 null allele (BMPR2""), since the homozygous state is embryonic lethal and the
BMPR2 genetic evidence indicates that haploinsufficiency is the molecular basis of the
disease in humans [64]. However, in unstressed conditions BMPR2"" mice fail to develop
overt PAH [65]. In general, these mice exhibit moderate elevations in right ventricular
systolic pressure and some level of muscularization of small arteries, but for unknown
reasons they do not fully recapitulate the pathological features of frank PAH patients such as
occlusion of arteries or formation of plexiform lesions [7]. Similarly, transgenic mice
expressing only 5-10% of BMPR2 compared to wild-type (WT) mice did not spontaneously
develop PAH [66]. These data indicate that reduced BMPR2 gene dosage alone is
insufficient to cause PAH in mouse models. In contrast, transgenic mice over-expressing a
“dominant negative” mutant BMPR2 gene targeted to SMCs exhibited significant elevation
in RVSP compared to WT controls under basal conditions, but this occurred in the absence
of significant arterial medial remodelling of the pulmonary microvasculature [67]. A more
recent study from the same group has demonstrated the presence of obliterative luminal
lesions in a small proportion of mice over-expressing the BMPR2*¥%% deletional mutation in
SMCs [63]. To explain the increased penetrance of the phenotype in these mice, the authors
have suggested that loss of the BMPR2 C-terminal cytoplasmic tail results in a stronger
phenotype when the more proximal kinase domain function is preserved. Furthermore,
consistent with the “multiple-hit” hypothesis, serotonin exposure alone and together with
hypoxic exposure has been reported to result in exaggerated PAH and arterial remodelling in

BMPR2"" mice, which otherwise have a phenotype similar to their WT littermate controls
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[65]. Adenoviral over-expression of S-lipoxygenase, a pro-inflammatory gene, alone [68]
and in combination with monocrotaline [69] also resulted in more severe PAH in BMPR2-
deficient compared to WT littermate mice. Therefore, a reduction in BMPR2 activity
appears to increase the susceptibility of mice to PAH, but by itself does not produce overt

PAH.

1.5.4. Relevance of BMPR?2 signalling for vascular cells

Based on recent loss- and gain-of-function studies in vascular cells in vitro, opposing
roles for BMPR2 and its ligands, the BMPs, in vascular homeostasis have been reported.
BMPs were shown to have an antiproliferative effect on pulmonary arterial smooth muscle
cells, which was partly mediated through induction of apoptosis [10]. In contrast, BMPR2
signalling promotes pulmonary arterial endothelial cell survival [58]. Loss-of-function
mutations in BMPR2 are thus thought to enhance pulmonary remodelling and play a
significant role in the early endothelial dysfunction in patients with PAH (Figure 2).
Consequently, this paradigm in BMPR2 function suggests that the BMPR2 pathway may
play a critical role in preventing EC apoptosis and maintaining the integrity of the lung

microvasculature.

1.6. Apoptosis and PAH
1.6.1. Evidence in support of a central role for apoptosis in PAH

Consistent with the important role of the BMPR2 pathway with respect to vascular
homeostasis and EC survival, several studies have emerged that support a central role for

apoptosis in the pathogenesis of PAH.
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1.6.1.1. MCT causes PAH by direct injury and apoptosis of the lung endothelium

It has been recognized for many years that injury to the endothelium is likely a critical initial
step in the pathogenesis of PAH. In the rat monocrotaline (MCT) model, which is one of the
most widely used experimental models of this disease, PAH is thought be caused by direct
injury to the lung endothelium, leading to apoptosis. Experimental models have shown that
the administration of MCT induces increased vasoconstrictor responsiveness in the lungs of
rats, increased vascular permeability, inflammation and endothelial cell injury [70]. Earlier
reports have shown that administration of an active MCT metabolite causes EC apoptosis in
cultured cells [71], and that EC apoptosis is present in larger elastic pulmonary arteries in
MCT-treated rats [72]. Recently, another study showed a progressive temporal increase in
apoptosis in the small pulmonary arterioles of rats post MCT treatment, which was
attenuated by the use of a pan-caspase inhibitor, corresponding with a significant reduction
in RVSP [70]. Together, these studies suggest that not only endothelial injury but also

endothelial apoptosis may be a triggering event in PAH.

1.6.1.2. VEGF survival signalling acts as a protective mechanism in PAH

A central role for EC apoptosis was further supported in the seminal study of
Taraseviciene-Stewart et al, in which hypoxic rats treated with a VEGFR2 receptor
antagonist demonstrated worsening of hypoxia-induced PAH associated with marked
potentiation of arterial remodelling [73]. In particular, the authors described an early increase
in EC apoptosis followed by the appearance of proliferative intimal lesions, which in some
cases obliterated small pulmonary arterioles [73]. Moreover, treatment with a pan-caspase
inhibitor prevented the development of severe PAH as well as the remodelling changes

induced by vascular endothelial growth factor (VEGF) blockade in the chronic hypoxia
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Figure 2. Consequence of BMPR2 loss-of-function mutations on vascular homeostasis and
the pathogenesis of PAH. Taken from Teichert-Kuliszewska K et al., Circulation Research,
2000.
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model [73]. The authors suggested that widespread EC apoptosis triggered by withdrawal of
VEGF survival signalling together with chronic hypoxia led to the emergence of abnormal
apoptosis-resistant and hyperproliferative ECs, and the development of the characteristic
intimal lesions [73]. A protective role for VEGF was further supported by gene transfer
experiments in both the chronic hypoxia and MCT-induced models of PAH [74, 75]. These
findings suggest that VEGF survival signalling acts as a protective mechanism in PAH and

support a significant role for EC apoptosis in the pathogenesis of this disease.

1.6.1.3. The Angl-Tie2 EC survival pathway acts as a protective mechanism in PAH
Additional support for the role of endothelial cell apoptosis in the pathogenesis of
PAH comes from the protective role of the Angl-Tie2 pathway in this disease. Angl acts as
an angiogenic and endothelial cell survival factor by activating the endothelial selective Tie2
receptor, and is thought to promote postnatal vascular homeostasis by protecting against EC
apoptosis and inflammation [76, 77]. Thus, it is logical to expect that the Angl/Tie2 axis
would protect against pulmonary vascular disease. However, the role this pathway plays in
PAH has been controversial, largely due to a series of studies from a group implicating Angl
in the pathogenesis of PAH [78-81]. Thistlethwaite et al. suggested that Angl played a
causal role in the development of PAH based on their initial observations that Angl
expression in the lung was negligible in healthy individuals, but significantly upregulated in
PAH patients [78, 79]. Expression levels of Angl protein and Tie2 activity were also found
to strongly correlate with increased pulmonary vascular resistance. However, some of this
work has since been refuted, and there is now emerging consensus in the field that Angl is
highly expressed in the normal human lung and its expression is not changed in the lungs of

PAH patients [82, 83]. Recently, Tie2 deficient mice were observed to develop significant
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elevation in RVSP following exposure to the relevant triggers of PAH, serotonin or IL-6, and
exhibit significantly higher rates of apoptosis in the periphery of the lung compared to wild-
type mice [84]. Since Tie2 is known to play an important role in EC survival signalling, this
is consistent with the concept that predisposition to endothelial apoptosis is paramount in the
pathogenesis of this disease. Moreover, inhibition of apoptosis using Z-VAD, a pan-caspase
inhibitor, rescued the PAH phenotype in Tie2-deficient mice. Lung Tie2 expression and
activation are also significantly downregulated in pulmonary hypertensive rats after exposure
to MCT or hypoxia [83, 85-87]. In addition, it was demonstrated that enhanced Angl
expression through cell-based gene transfer can protect against the development of MCT- or
hypoxia-induced PAH, potentially through the prevention of early EC death [83, 85]. Thus,
these findings highlight the role of endothelial cell survival-signalling via the Angl-Tie2
pathway as a protective mechanism in PAH and further emphasize the importance of

endothelial cell apoptosis in the onset of this disease.

1.6.2. The mechanistic link between EC apoptosis and PAH

As discussed above, several lines of evidence point to endothelial damage and
apoptosis as a central trigger for the development of PAH. However, the mechanisms by
which EC apoptosis can lead to a full PAH phenotype, including the typical pathological
vascular lesions characterized by abnormal EC proliferation, remain unclear. The following
model could be proposed to bring together many of the seemingly divergent ideas
surrounding the role of EC apoptosis in PAH. Firstly, this paradigm suggests that EC
apoptosis could contribute directly to classical endothelial dysfunction, since it has been
previously demonstrated that regenerated endothelium following denudation-induced injury

exhibits reduced vasodilator function, with the attendant consequences of vasoconstriction
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and arterial remodelling [88]. In addition, these changes could potentiate the loss of vascular
SMC growth inhibition that may arise as a consequence of mutations in the TGF- receptor
superfamily of genes. Secondly, loss of endothelial cells, particularly at the level of the
fragile precapillary arteriole, could lead directly to the degeneration of these fragile EC
structures which normally have little or no mural supporting cells. A progressive loss of
functional continuity at the precapillary arteriolar level would result in loss of efficient
perfusion of the distal lung microvasculature, and thus reduced effective cross sectional
vascular area. In turn, this would compromise the ability of the pulmonary bed to
accommodate the cardiac output, particularly during exercise, and result in elevated
pulmonary vascular resistance. Finally, widespread and recurrent pulmonary vascular EC
apoptosis could also set up the conditions that favor the selection of apoptosis resistant and
hyperproliferative ECs, which could contribute to the intimal and plexiform lesions found in
many PAH patients. At present, it is not clear which of these potential consequences of EC
apoptosis may be most important in the pathogenesis of PAH. However, the evidence
supporting a central role for EC apoptosis is becoming increasingly compelling and this may

suggest novel strategies to detect, prevent, and treat PAH.

1.7. BMPR2"*X deletional mutant mouse model

Desﬁite these advances inlour knowledge, the brecise molecular mechanisms by
which reduced BMPR?2 signalling, endothelial apoptosis and inflammation are linked to the
functional and morphological abnormalities of PAH are uncertain, and in vivo models have
yet to provide a clear mechanistic explanation. To gain insight into these mechanisms, we

have generated mice that over-express a BMPR2*°% transgene, in which an arginine to stop
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mutation is inserted at amino acid 899 (R899X) in the receptor’s C-terminal domain. This
model will help us determine the effect of conditional over-expression of a BMPR2 mutation
on EC survival and microvascular loss in relation to the development of PAH in vivo, and

hopefully elucidate some of the outstanding questions in the field.

1.8. Hypothesis
Over-expression of BMPR2 loss-of-function mutations will lead to PAH by increasing the

susceptibility of ECs to apoptosis, particularly at the level of fragile pulmonary arterioles.

1.9. Objectives
1.9.1. Confirm the expression of the BMPR28*¥*X transgene.

1.9.2. Determine the impact of over-expression of the BMPR2R¥°X

transgene on normal
BMPR2 signalling

1.9.3. Determine the effect of abnormal BMPR?2 signalling on the structural and functional
integrity of the pulmonary microcirculation.

1.9.4. Examine the temporal and spatial patterns of EC apoptosis and proliferation in the lung
during the progression of PAH and verify whether they are consistent with a causal role in
the disease.

1.9.5. Examine the effect of an additional environmental stressor (ie. IL-6) on the severity of

the PAH phenotype
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2. Materials and Methods
Unless stated otherwise, all procedures were performed by Dominique Yelle.
2.1. Mouse husbandry

All experiments were approved by the University of Ottawa's Animal Care ethics
committee and adhere to the Guidelines of the Canadian Council on Animal Care. TetO;-
BMPR2%* mice, which express murine BMPR2 with an arginine to stop mutation at
amino acid 899 (BMPR2R899X) labeled with a C-terminal FLAG tag, were generously
provided by Dr. James West at Vanderbilt University and bred in-house at the University of
Ottawa. B6.Cg-Gt(ROSA)*55 ™! M4 MY Jae/] mice (referred to herein as ROSA-rtTA mice)
were purchased from Jackson Laboratories (stock 006965). Heterozygotes in TetO7-
BMPR2®¥° were crossed to homozygotes in ROSA-rtTA with ubiquitous expression of the
reverse tetracycline transactivator (rtTA). This resulted in mice that were universally
heterozygous for ROSA-rtTA, and approximately half of which were heterozygous for
TetO;-BMPR2R¥°% In this system, the BMPR2 transgene should only be expressed by
binary transgenic (BT) animals containing both rtTA and BMPR2M%X " Those containing
only rtTA (NBT-ROSA) or BMPR2®¥°* (NBT-BMPR2) were considered non-binary
transgenic and used as littermate controls. Mice were fed doxycycline (Dox) in the chow
(400 mg/kg, Teklad diet 06264, Harlan Laboratories) starting at 5 weeks of age until

R899X .
R2 over-expression.

sacrifice to induce BMP
2.2. Genotyping

Tail clippings were collected from each mouse at weaning for genotyping. DNA was
isolated and amplified by polymerase chain reaction (PCR) using the REDextract-N-Amp™

Tissue PCR kit (Sigma, XNATR). ROSA primer sequences were used as recommended by
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Jackson Laboratories. BMPR2®%* primers were designed against a region specific to the
transgenic construct using the NCBI primer-BLAST tool. Genotyping primer sequences are

illustrated in Table 1.

Table 1. Genotyping primer sequences

Sequence
Primers Forward Reverse Product
ROSA wt AAAGTCGCTCTGAGTTGTTAT | GGAGCGGGAGAAATGGATATG | 500 bp
ROSA mut AAAGTCGCTCTGAGTTGTTAT | GCGAAGAGTTTGTCCTCAACC 300 bp
R899X ACCGGGACCGATCCAGCCTC | CAGCCAGGGCACCCGAAAGG 334 bp

2.3. Hemodynamic analyses

Following the endpoints of doxycycline administration, mice were anaesthetized
using a mixture of ketamine (100 mg/kg, Ketalean, DIN 00612316) and xylazine (10 mg/kg,
Rompun, DIN 02169592) and shaved to expose the surgical area. An incision was made
extending from the animal’s chin down to the right armpit and the jugular vein was exposed
and freed from adherent tissues. The cranial end of the jugular was tied off completely, and
a loose tie was made at the caudal end of the exposed jugular. A small incision was then
made in the medial aspect of the vein. A Scisense 1.2 French pressure microtip catheter
transducer (111B-B072, Scisense, London, ON) was then inserted through the incision and
gently threaded down into the right ventricle. Proper placement of the catheter within the
ventricle was determined through observation of the pressure loop obtained from the
catheter. The loose caudal suture was then tightened to secure the catheter in place, and data
was collected using LabScribe2 software (Scisense). RVSP was calculated by averaging the
amplitude of three pressure loops. Mice were then culled by dissecting the abdominal aorta.

Subsequently, the right ventricle (RV) was dissected from the left ventricle and septum
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(LV+S) and both were individually weighed to calculate the RV/LV+S ratio as an indicator
of RV hypertrophy. Importantly, all measurements described herein were performed in a
blinded fashion. Furthermore, lung tissue was harvested from every mouse. Right lung
tissue was harvested for protein or mRNA extraction, placed into cryogenic vials (Corning,
430488), flash frozen in liquid nitrogen and stored at -80°C. The remaining left lung was
perfused with a 1:1 PBS:OCT solution via the trachea. Half of the left lung was processed
for histological analyses and the remainder embedded in OCT medium (TissueTek 4583) for
frozen sections. All hemodynamic analyses and tissue harvesting were graciously performed

by Yupu Deng.

2.4. Tissue processing

Lung tissues harvested for histological analysis were fixed in 4% paraformaldehyde
(PFA, Appendix 3) at 4°C overnight. The next day, tissues were washed and soaked in
phosphate buffered saline (PBS, Appendix 3) all day, then transferred into 70% ethanol
overnight. Tissues were then transferred into cassettes (Fisher, 15182702D) and sequentially
passaged through 80% ethanol (1 x 30 min), 90% ethanol (2 x 30 min), 95% ethanol (2 x 30
min and 1 x 1h), 100% ethanol (1 x 30 min and 2 x 1h), xylene:100% ethanol 1:1 (1 x 30
min), xylene (1 x 30 min and 2 x 1h), and finally placed in paraffin (TissuePrep, Fisher,
T565) overnight at 65°C. Samples were then embedded into paraffin blocks, solidified and
cut into Sum sections collected onto Superfrost® Excell microscope slides (Fisher, 22-034-
985) using a microtome (Microm, HM 330). Tissue processing was graciously performed by

Anli Yang.
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2.5. Histology

For all histological analyses, samples were initially deparaffinized and rehydrated by
sequential dips in xylene (3 x 5 min), 100% ethanol (2 x 2 min), 90% ethanol (1 x 1 min),
70% ethanol (1 x 1 min), dH,O (1 x 5 min) and PBS (1 x 5 min). When antigen retrieval was
required, slides were soaked in citrate buffer (Antigen unmasking solution, 1:100, Vector, H-
3300) and microwaved 15 min, then cooled to room temperature for 30 min and washed 2 x
5 min in PBS and 1 x 5 min in dH,O. Permeabilization was done by incubating the sections

with 0.25% Trition X-100 (Fisher, BP151-100) in PBS for 15 min at room temperature.

2.5.1. Immunofluorescence

Following deparaffinization, antigen retrieval and permeabilization, sections were
blocked by incubating with 5% normal goat serum (Sigma, G9023) and 3% BSA (Cell
Signaling Technologies, 9998) in PBS for 1h at room temperature in preparation for
immunofluorescence (IF) staining. Primary antibodies were diluted in blocking buffer and
incubated in a humid chamber for 1h at room temperature (anti-DDK mouse monoclonal,
OriGene, TAS50011, 1:200; anti-a-SMA mouse monoclonal Cy3 conjugate, Sigma, C6198,
1:400). Slides were then washed 3 x 5 min in PBS, and incubated with the appropriate
secondary antibodies when necessary (goat anti-mouse Alexa 488, Invitrogen, A-11001,
' 1:500) diluted in PBS for 1h at room temperature in the dark. ‘Afterwards, slides were
washed again in PBS 3 x 5 min, counterstained with DAPI diluted in PBS (Molecular
Probes, D21490, 1:4000) for 15 min at room temperature, then washed in PBS 3 x 5 min and
1 x 5 min in dH;0. Finally, slides were coverslipped with Mowiol mounting medium

(Appendix 3) and stored in the dark at 4°C.
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2.5.2. Immunohistochemistry

Slides were initially deparaffinized and rehydrated followed by antigen retrieval as
described above, and subjected to a 3% hydrogen peroxide (Sigma 216763) treatment for 10
min at room temperature. After being washed 3 x 5 min in PBS, slides were blocked at room
temperature for 10 min (Protein Block Serum-Free Ready-to-use, Dako, X0909). Slides
were then incubated overnight at room temperature in primary antibody (mouse anti-human
Ki67, BD Biosciences, 550609, 1:5; anti-CD68 rat monoclonal, AbD Serotec, MCA1957T,
1:100) diluted in antibody diluent (Dako, S3022). The next day, slides were washed 3 x 5
min in PBS then subjected to immunohistochemistry (IHC). The following IHC reactions
were performed at room temperature using the labelled streptavidin biotin (LSAB) method
(LSAB + System-HRP, K0679, Dako). Slides were incubated in biotinylated link 20 min,
washed 3 x 5 min in PBS, then incubated with streptavidin-horseradish peroxidase (HRP) 20
min, washed again 3 x 5 min in PBS and finally incubated with DAB (1 drop DAB
chromogen + 1000 pL. DAB substrate buffer) for 5 min and placed in water to stop the
reaction. Slides were dehydrated by rapid sequential dips in 70% ethanol, 90% ethanol and
100% ethanol, followed by two 5 min dips in xylene. Slides were coverslipped with Mowiol

mounting medium and stored at room temperature.

2.5.3. Hematoxylin and Eosin (H&E) staining

Following deparaffinization and rehydration, slides were stained with concentrated
hematoxylin (Vector, H-3404) for 5 min, rinsed under flowing tap water for 10 min, quickly
dipped in acid alcohol (Appendix 3), transferred back to tap water for 5 min, dipped in
Scott’s solution (Appendix 3) for 2 min, rinsed under flowing tap water for 5 min, stained in

eosin (Fisher, E-511) for 4 min and finally rinsed under flowing tap water for 7 min. Once
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desired staining was achieved, slides were dehydrated by rapid sequential dips in 70%
ethanol, 90% ethanol and 100% ethanol, followed by two 5 min dips in xylene. Slides were

coverslipped with Permount (Fisher, SP15-100) and stored at room temperature.

2.5.4. Terminal deoxynucleotidyl transferase-mediated dUTP Nick-End-Labelling
(TUNEL) staining

Following deparaffinization and rehydration, slides were permeabilized with a 20
ng/uL. proteinase K solution (Sigma, P8044) for 10 min at room temperature then subjected
to DNA fragmentation analysis to identify cells undergoing apoptosis using a TUNEL assay
kit (Dead End™ Fluorometric TUNEL System, Promega, G3250). Positive controls were
first incubated with DNase I (Ambion, AM1906) at 10 units/mL in DNase I buffer for 10
min at room temperature, while negative controls were incubated without rTdT enzyme. The
tailing reaction took place for 1h at 37°C. Nuclear counterstaining was performed for 15 min
at room temperature using DAPI (Molecular Probes, D21490, 1:4000). Slides were

coverslipped with Mowiol mounting medium and stored at 4°C.

2.5.5. Microscopy

For ITHC and H&E staining, whole sections were scanned to create digital images
using the Aperio ScanScope CS. For a-SMA and TUNEL staining; picture's were acquired
by confocal microscopy using the Fluoview FV1000 (Olympus, model BX61WI). Pictures
of DDK IF staining were acquired with an Axio Observer.Z1 inverted microscope (Zeiss).
Figures were compiled using Adobe Photoshop CS3. Manipulations of brightness and

intensity were made equally to all treatment groups.
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2.5.6. Quantification

For a-smooth muscle actin (a-SMA) IF, pictures of small vessels (~40 um diameter)
were taken at 20X magnification with 4X zoom. o-SMA staining was quantified by
measuring the smooth muscle thickness at four diametrically opposite points around each
vessel, then averaging these values for individual animals and genotype groups. For
quantification of IHC slides, snapshots from fields of interest were taken from the digital
images. For Ki67, a 10x magnification field with an even distribution of cells was selected
on every lung lobe (4/slide), preferably towards the centre of the lobe and avoiding large
gaps such as airways or vessels, and the number of Ki67-positive cells was counted. Cells
were considered Ki67-positive if there was strong brown staining. Similarly, a 20X
magnification field was selected for CD68 slides (4/slide) and positively stained brown cells
were counted. H&E images were quantified by taking snapshots at 40X magnification, and
measuring average alveolar septal thickness along a hairline drawn vertically across the
centre of the field. TUNEL images were captured at 20X magnification with 2X zoom and
the number of positive cells per high power field (HPF) was quantified. Only cells with
colocalization of staining with DAPI were counted as positive. All quantification was

performed in a blinded fashion.

2.6. Western immunoblotting
2.6.1. Protein extraction

For protein extraction, lung tissues were ground into a fine powder in liquid nitrogen
using a pestle and mortar. Approximately 50 mg of tissue was used for total protein extracts.
Once homogenized, tissues were immediately resuspended in cold RIPA lysis buffer

(Appendix 3) supplemented with protease inhibitor cocktail (Sigma, P8340) and incubated
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on ice for 20 min. Samples were then centrifuged at 4°C for 20 min at 12 000 rpm, after
which the supernatants were collected. Subcellular proteins were extracted using the
ProteoExtract® Subcellular Proteome Extraction Kit (Calbiochem, 539790). Extracts were
collected from 50 mg of flash-frozen fragmented tissue prepared as described above, then
processed according to the procedures detailed in section 8.3 of User Protocol 539791.

Cytosolic, membrane, nuclear and cytoskeleton fractions were collected.

2.6.2. Protein quantification

Protein extracts were quantified using a bicinchoninic acid (BCA) assay. For each
sample, 100 uL BCA reagent mix (Appendix 3) prepared immediately before use was
combined to 4 pL of protein extract. Duplicates of each sample as well as a bovine serum
albumin (BSA) standard were loaded onto a 96-well plate (Corning, 3598) and incubated for
30 min at 37°C. Absorbance was read at 562 nm using a POLARstar Omega microplate

reader (BMG Labtech).

2.6.3. Gel electrophoresis

Protein samples were prepared in Laemmli buffer (Appendix 3) and boiled for 10 min
at 95°C beforelbeing loaded on 10% Tris-SDS polyacrylamide gels (Appendix 3)'. Unless
specified otherWise, 80 pg of total protéin and 50 pg of subcellular membrane proteihs were
used for respective blots. Gels were initially run at 90V for 20 min or until samples migrated
from the stacking gel into the separating gel, then at 160V for 90 min or until the 42 kDa
ladder marker (Spectra multicolor broad range protein ladder, Fermentas, SM1841) reached
the bottom of the gel. All gels were migrated in Mini-PROTEAN® Tetra Cell chambers

(BioRad, 165-8004) with running buffer (Appendix 3).
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2.6.4. Wet transfer

Gels were initially equilibrated in transfer buffer (Appendix 3) for 15 min at room
temperature, and then transferred onto Hybond-C Extra nitrocellulose membranes (GE
Healthcare, RPN303E) in a Mini Trans-Blot® cell (BioRad, 170-3930) at 80V for 2 hours.
Once the transfer was complete, membranes were stained with Ponceau-S red (Sigma,

P7170) for 1 min to visualize the proteins and assess the quality of the transfer.

2.6.5. Antibody detection

For transgene expression studies, membranes were blocked in 5% nonfat dry milk in
0.1% TBS-T (Appendix 3) for 1h at room temperature. Primary antibodies were incubated
overnight at 4°C in 5% nonfat milk in 0.1% TBS-T (anti-DDK mouse monoclonal, OriGene,
TA50011, 1:1000; anti-BMPR2 mouse monoclonal, BD Biosciences, 612292, 1:500).
Membranes were then washed in 0.1% TBS-T (3 x 5 min) and incubated with the appropriate
HRP-conjugated secondary antibody in 5% nonfat milk in 0.1% TBS-T for 1h at room
temperature (anti-mouse HRP conjugate, Promega, W4021, 1:2500). Where applicable,
membranes were stripped with Re-blot Plus mild buffer (Millipore, 60513) for 15 min at
room temperature then re-probed with B-actin (Sigma, A5441, 1:10000) to confirm equal
protein loading.

For BMRP2 signalling studies, membranes were blocked in 5% BSA in 0.1% TBS-T
for 1h at room temperature. Primary antibodies were incubated overnight at 4°C in 5% BSA
in 0.1% TBS-T (anti-Smad| rabbit polyclonal, Cell Signalling, 9743, 1:1000; anti-phospho-
Smad1/5/8 rabbit polyclonal, Cell Signalling, 9511, 1:1000; anti-p38 MAPK rabbit
polyclonal, Cell Signalling, 9212, 1:1000; anti-phospho-p38 MAPK rabbit polyclonal, Cell

Signalling, 9211, 1:1000; anti-p44/42 MAPK mouse monoclonal, Cell Signalling, 9107,
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1:2000; anti-phospho-p44/42 MAPK rabbit polyclonal, Cell Signalling, 9101, 1:1000).
Membranes were then washed in 0.1% TBS-T (3 x 5 min) and incubated with the appropriate
HRP-conjugated secondary antibody in 5% BSA in 0.1% TBS-T for 1h at room temperature
(anti-rabbit HRP conjugate, Promega, W4011, 1:5000; anti-mouse HRP conjugate, Promega,
W4021, 1:5000). Following detection of total antibodies, membranes were stripped and re-
probed with phospho-antibodies. For all blots, detection was performed using Amersham
ECL Plus (GE Healthcare, RPN2132). Images were captured with the FluorChem HD2

imaging system (Alpha Innotech).

2.6.6. Quantification

Western blots were quantified by spot densitometry using the AlphaEaseFC software.
The pixel intensity value (termed integrated density value) for each band was measured on
non-saturated blots. The values for phospho-proteins were normalized to those of total
protein for each sample, and averaged within each group. Fold change was calculated by

normalizing BT to NBT values.

2.7. RT-PCR

RNA was isolated using the RNeasy® Plus Mini Kit (Quiagen, 74134). Lung tissue
was homogenized in RLT Plus buffer suppleménted with 10pL B-meréaptoethanol/mL using
a Sonic Dismembrator (Fisher, model 500, 15-338-550) at an amplitude of 30% for 2 x 45
sec. Samples were spun through the gDNA eliminator spin column provided in the kit to
eliminate genomic DNA contamination. RNA quantification was done using the NanoDrop
2000 spectrophotometer (Thermo Scientific, ND2000). Reverse transcriptase (RT)-PCR was

performed with the SuperScript® One-Step RT-PCR kit (Invitrogen, 10928-034). Total
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RNA (1 pg) was used in each reaction. ¢cDNA synthesis was performed at 50°C for 30 min
followed by a2 min initial denaturation step at 94°C. This was followed by 40 cycles at 94°C
for 15 s, 50°C for 30 s, and 72°C for 20 s, with a final extension step at 72°C for 5 min. Gel

images were captured using the Alpha Imager imaging system (Alpha Innotech).

2.8. IL-6 administration

A small selected cohort of BT mice and NBT controls received daily subcutaneous
injections of recombinant murine IL-6 (200 ng/kg, Sigma-Aldrich, 19646) over a 2 week
period starting 6 weeks after the administration of doxycycline, i.e. 2 weeks before sacrifice.
The IL-6 solution for injection was prepared by resuspending the stock into 10 mL of 0.9%
saline for injection USP (Baxter, JB1301) and making 200 pL aliquots which were brought

to 1.5 mL with saline on the day of use.

2.9. Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Statistical
analyses were performed using GraphPad Prism software version 5.0. Differences amongst
multiple means were determined by analysis of variance (ANOVA), and when overall
differences were detected, the Bonferroni post-hoc analysis was used to determine the
difference between individual means. For IL-6 treatments, means of the two groups were
compared using an unpaired t-test with Welch’s correction for unequal variances when

appropriate.
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3. Results

3.1. The BMPR2R*”X transgene is expressed in BT mice

3.1.1. RT-PCR revealed BMPR2R*X transgene expression in BT mice

To examine whether BMPR2R#%%

transgene expression was detectable at the mRNA
level, an RT-PCR using primers directed against a region specific to the BMPR2R##X
construct was performed (Figure 3B, n=3). BMPR2R#X expression was detected in BT
mice, albeit at variable levels, at both 1 week and 8 weeks of transgene induction. Lower
expression levels were also detected in some NBT-BMPR2 mice, consistent with a degree of
‘leakiness’ of the responder transgenic mice. However, as expected, there was a complete

absence of transgene expression in NBT-ROSA controls. Primers against ribosomal subunit

18S were used as a loading control.

3.1.2. BMPR2R**X transgene expression in BT mice could not be confirmed by Western
blots with DDK and BMPR2 antibodies

In an initial attempt to confirm whether the BMPR2R#°%

transgene was expressed at
the protein level in BT mice, Wgstem blots using an antibody against the C-teminal flag tag
(DDK) were performed on total 1ung protein extracts. These blots did not reveal any band
specific to BT mice (Appendix 2, figure S2.1, n=2). In an effort to enrich the extracts for the
BMPR2R¥X transgene, subcellular membrane fractions were isolated from mice following 1

week and 8 weeks of transgene induction. However, Western blots with the DDK antibody

still did not reveal any specific bands in BT mice in membrane extracts (Figure 3A and
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Figure 3. Expression of the BMPR2®**** transgene. (A) Western blot with an anti-DDK (Flag)
antibody on subcellular membrane extracts from the lungs of NBT-ROSA (n=2), NBT-BMPR2 (n=2)
and BT (n=4) mice following 1 and 8 weeks of transgene induction. The same membrane was
stripped and re-probed with an anti-BMPR2 antibody. B-actin was used as a loading control. These
experiments were performed in triplicate. (B) RT-PCR on RNA from lung samples of NBT-ROSA
(n=2), NBT-BMPR2 (n=2) and BT (n=4) mice following 1 and 8 weeks of transgene induction using
primers specific for the BMPR2*°* construct. 18S was used as a loading control. These experiments
were performed in triplicate. (C) Immunofluorescence using an anti-DDK (Flag) antibody with
DAPI nuclear counterstaining on paraffin lung sections from NBT-ROSA (n=2), NBT-BMPR2 (n=2)
and BT (n=4) mice following 1 and 8 weeks of transgene induction. Bar = 120 um.
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appendix 2, figure S2.2, n=3). In parallel, Western blots were performed with an antibody
against BMPR2 to try to distinguish the native receptor from the truncated transgene. The
native receptor was successfully detected, but no band corresponding to the transgene was
detected in BT mice in total extracts (Appendix 2, figure S2.3, n=4) or membrane fractions
(Figure 3A, n=3). B-actin was used as a loading control in all the aforementioned blots.
3.1.3. Immunofluorescence staining with a DDK antibody suggests BMPR2R®?X
transgene expression in BT mice

In another attempt to confirm whether the BMPR2®*** transgene was expressed at
the protein level, immunofluorescence using the same DDK antibody as above was
performed on lung sections. Staining was detected in BT mice (n=4) after 1 week and 8
weeks of transgene induction, with lower levels or absent staining in NBT-BMPR2 mice

(n=2) and NBT-ROSA controls (n=2) (Figure 3C).

3.2. Preliminary examination of BMPR2 signalling did not reveal changes in major
downstream pathways

ROREX transgene on normal

To examine the impact of over-expressing the BMP
BMPR?2 signalling, Western blots with antibodies for major downstream signalling targets
were performed. When the fold change éf phospho protein noﬁnalized to total proteiﬁ was
calculated for each blot, no difference (fold change greater than 1.2 or lesser than 0.8) was
observed in Smad 1/5/8 (0.92 fold change, n=1), p38 MAPK (0.99 fold change, n=1) or
p44/42 MAPK activity (0.92 fold change, n=1) in BT mice compared to NBT-ROSA

controls (Figure 4).
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Figure 4. Activity of the major downstream effectors in BMPR2 signalling, (A) Western
blots using anti-phospho-Smad1/5/8, anti-phospho-p38 MAPK and anti-phospho-p44/42 MAPK
antibodies on total lung protein extracts from NBT-ROSA (n=2) and BT (n=2) mice following 1
week of transgene induction. Membranes were stripped and re-probed with corresponding total
antibodies. These experiments were only performed once. (B) Quantification of the relative fold
change in protein expression in BT compared to NBT-ROSA mice by spot densitometry.
Phospho-proteins were normalized to total proteins in individual samples.
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3.3. BT mice develop PAH with arteriolar remodelling and inflammatory infiltrates

3.3.1. RVSP is increased in BT mice after 1,2 and 8 weeks of transgene induction

R2F9X transgene developed

To determine whether mice over-expressing the BMP
PAH, right ventricular systolic pressure (RVSP) was measured by right ventricle
catheterization as an indicator of pulmonary pressure. RVSP values are summarized in
scatter (Figure 5A) and box plots (Figure 5B) following 1, 2, 4 and 8 weeks of transgene
induction. RVSP was significantly increased in BT mice compared to NBT-ROSA controls
after 1 week of transgene induction (25 + 0.4 mmHg, n= 9, 21 = 0.9 mmHg, n= 4,
respectively, p<0.01), while NBT-BMPR2 mice had an intermediate value (23 + 0.6 mmHg,
n=4). After two weeks of transgene induction, RVSP was again significantly increased in
BT mice compared to NBT-ROSA controls (24 £ 0.5 mmHg, n=10, 20 + 0.6 mmHg, n=3,
respectively, p<0.01) with NBT-BMPR2 mice at an intermediate value (21 + 1.3 mmHg,
n=3). However, no significant increase in RVSP values was detected after 4 weeks of
transgene induction in BT mice compared to NBT-BMRR2 or NBT-ROSA controls (25 +
1.2 mmHg, n=9, 25 + 1.7 mmHg, n=4, 23 + 0.3 mmHg, n=3, respectively). By 8 weeks of
transgene induction, RVSP returned to being significantly increased in BT mice compared to
both NBT-BMPR2 mice and NBT-ROSA controls (25 + 0.5 mmHg, n=14, 24 + 0.5 mmHg,
n=1 i, 23 + 0.3 mmHg, n=4, respectively, p<0.05).' When all timepoints were pooled, RVSP
was again significantly increased in BT mice compared to both NBT-BMPR2 and NBT
controls (25 + 0.3 mmHg, n=42, 23 + 0.4 mmHg, n=22, 22 + 0.5 mmHg, n=14, respectively,
p<0.01, Figure 6A). Of note, the baseline RVSP of mice treated with doxycycline was

comparable to that of WT mice not receiving the treatment (not shown).
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Figure 5. Progression of RVSP and RV hypertrophy over the timecourse of BMP
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transgene induction. (A) Scatter plot showing the distribution of RVSP values after different
periods of transgene induction. (B) Box plots summarizing RVSP values of each group.
Whiskers represent sample minimum and maximum, line at sample median. ** = p<0.01 by
ANOVA with Bonferroni post-hoc analysis. (C) Scatter plot showing the distribution of
RV/LV+S values after different periods of transgene induction. (D) Box plots summarizing
RV/LV+S values of each group. Whiskers represent sample minimum and maximum, line at

sample median.
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Figure 6. Combined RVSP and RV/LV+S values from individual BMPR2®*’X induction
timepoints. (A) Box plots showing RVSP distribution in pooled NBT-ROSA (n=14), NBT-
BMPR2 (n=22) and BT (n=42) mice. Whiskers represent sample minimum and maximum, line at
sample median. ** = p<0.01 and *** = p<0.001 by ANOVA with Bonferroni post-hoc analysis.
(B) Box plots showing RV/LV+S distribution in pooled NBT-ROSA (n=14), NBT-BMPR2
(n=17) and BT (n=37) mice. Whiskers represent sample minimum and maximum, line at sample
median.

40



3.3.2. RV hypertrophy is not increased in BT mice

The weight ratio of the right ventricle to left ventricle plus septum (RV/LV+S) was
calculated as an indicator of RV hypertrophy. Again, summary data is depicted in scatter
(Figure 5C) and box plots (Figure 5D) following 1, 2, 4 and 8 weeks of transgene induction.
No significant increase in RV hypertrophy was detected in BT mice compared to NBT-
BMPR2 mice or NBT-ROSA controls after 1 week (0.24 = 0.011, n=9, 0.22 + 0.0058, n=4,
0.25 £+ 0.011, n=4, respectively), 2 weeks (0.25 £ 0.0080, n=9, 0.25 £+ 0.015, n=3, 0.25 +
0.015, n=3, respectively), 4 weeks (0.24 + 0.011, n=9, 0.23 £+ 0.010, n=4, 0.26 + 0.013, n=3,
respectively) or 8 weeks of transgene induction (0.24 + 0.0049, n=10, 0.23 + 0.0060, n=6,
0.25 £ 0.013, n=4, respectively). Similarly, no significant increase in RV hypertrophy was
detected in BT mice compared to NBT-BMPR2 mice or NBT-ROSA controls when all
timepoints were pooled (0.25 = 0.0042, n=37, 0.23 + 0.0047, n=17, 0.25 £+ 0.0057, n=14,

respectively, Figure 6B).

3.3.3. Muscularization is increased in the small pulmonary arterioles of BT mice
As muscularization of small pre-capillary arterioles is a key feature in several models
of PAH as well as human disease, it was of interest to see whether this feature would be

R2RX transgene. Muscularization was

reproduced in mice over-expressing the BMP
assessed by immunofluorescence for a-smooth muscle actin on lung sections from mice
following 8 weeks of transgene induction. Quantification of small vessels (~40pum diameter)
revealed that muscularization was significantly increased in BT mice compared to NBT-

BMPR2 mice and NBT-ROSA controls (4.7 + 0.38 um, n= 10, 1.9 £ 0.11 pm, n=6, 1.7 £

0.16 pm, n=4, respectively, p<0.0001, Figure 7).
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Figure 7. Arteriolar smooth muscle hypertrophy in BT mice following 8 weeks of transgene
induction. (A) Immunofluorescence using an antibody against a-smooth muscle actin (a-SMA,
red) combined with DAPI counterstaining (blue) on paraffin lung sections after 8 weeks of
transgene induction. Bar = 30um (B) Quantification of arteriolar smooth muscle thickness in
NBT-ROSA (n=4), NBT-BMPR2 (n=6) and BT (n=10) mice. Bar = mean + SEM. *** =
p<0.001 by ANOVA with Bonferroni post-hoc analysis.
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3.3.4. Morphological abnormalities including alveolar septal thickening are detected in
the lungs of BT mice

Plexiform lesions are another interesting feature of PAH that are found on rarer
occasions, and we sought to examine whether these were present in mice over-expressing the
BMPR2®**X transgene. To examine gross lung morphology, H&E staining was performed
on lung sections from mice 8 weeks post-transgene induction. No plexiform-like lesions
were detected, but other marked morphological abnormalities were observed, notably
alveolar septal thickening and cellular infiltration in several BT mice (Figure 8A). Although
the severity of this phenotype was variable amongst the different animals, quantification of
average alveolar septal thickness revealed a significant increase in BT mice compared to
NBT-BMPR2 mice and NBT-ROSA controls (3.4 + 0.17 um, n=10, 2.2 + 0.13 pm, n=5, 2.1

+ 0.12 um, n=4, respectively, p<0.0001, Figure 8B).

3.3.5. The number of macrophages is increased in the lungs of BT mice

To determine whether inflammatory cells such as macrophages could be responsible
for the alveolar septal thickening and cellular infiltrates detected by H&E staining,
immunohistochemistry for CD68, a macrophage marker, was performed on lung sections of
mice 8 weeks post transgene induction. The number of macrophages was significantly
increased in BT mice compared to both NBT-BMPR2 mice and NBT-ROSA controls (101 +
6 cells/field, n=10, 63 = 5 cells/field, n=6, 38 + 1 cells/field, n=4, respectively, p<0.0001,

Figure 9).
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Figure 8. Abnermal lung morphology in BT mice following 8 weeks of transgene induction.
(A) Hematoxyiin and eosin (H&E) staining on paraffin lung sections after 8 weeks of transgene
induction. Bar = 30um (B) Quantification of alveolar septal thickness in NBT-ROSA (n=4),
NBT-BMPR2 (n=5) and BT (n=10) mice. Bar = mean £ SEM. *** = p<0.001 by ANOVA with
Bonferroni post-hoc analysis.
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Figure 9. Macrophage infiltration in the lungs of BT mice following 8 weeks of transgene
induction. (A) Immunohistochemistry with an antibody against CD68 on paraffin lung sections
after 8 weeks of transgene induction. Bar = 60um (B) Quantification of the number of CD68-
positive cells in NBT-ROSA (n=4), NBT-BMPR2 (n=6) and BT (n=10) mice. Bar = mean +
SEM. *** = p<0.001 by ANOVA with Bonferroni post-hoc analysis.
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3.4. Temporal patterns of proliferation and apoptosis

3.4.1. Apoptosis is increased in the lungs of BT mice after 2 weeks and 4 weeks of
transgene induction

As there is accumulating evidence to suggest that apoptosis plays a major role in the
pathogenesis of PAH and we believe that it may be central to disease progression in this
model, we sought to evaluate the levels of apoptosis at various timepoints following
transgene induction. To examine the temporal patterns of apoptosis, Terminal
deoxynucleotidyl transferase-mediated dUTP Nick-End-Labeling (TUNEL) staining was
performed on lung sections at 1, 2, 4 and 8 weeks following transgene induction.
Representative staining is shown at early and late timepoints, as well as quantification for all
timepoints (Figure 10). When comparing levels of apoptosis in BT mice to those in NBT-
BMPR2 mice or NBT-ROSA controls, no significant increase was detected after 1 week (2 +
1 cells/HPF, n=9, 4 + 1 cells/HPF, n=4, 1 £ 0 cells/HPF, n=4, respectively) or 8 weeks of
transgene induction (3 + 1 cells/HPF, n=10, 3 = 0 cells/HPF, n=6, 3 + 1 cells/HPF, n=4,
respectively). However, the number of apoptotic cells was significantly increased in BT
mice compared to NBT-ROSA controls after 2 weeks of transgene induction (4 + 0
cells/HPF, n=9, 1 + 0 cells/HPF, Vn=3, respectively, p<0.05) as well as in NBT-BMPR2 mice
compared to NBT-ROSA controls‘ (4 £ 1 cells/HPF, n=3,' 1 £+ O cells/HPF, n=3, fespectively,
p<0.05). Similarly, apoptosis was significantly increased in BT mice compared to NBT-
ROSA controls after 4 weeks of transgene induction (5 + 1 cells/HPF, n=9, 0 + 0 cells/HPF,
n=3, respectively, p<0.05), this time with NBT-BMPR2 mice having an intermediate value
(2 £ 0 cells/HPF, n=4). When all timepoints were pooled, an overall increase in the number

of apoptotic cells was detected in BT mice compared to NBT-ROSA controls (4 £ 0
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Figure 10. Temporal patterns of apoptosis over the timecourse of BMP induction.
(A) TUNEL staining combined with DAPI nuclear counterstaining on paraffin lung sections of
NBT-ROSA, NBT-BMPR2 and BT mice after 1 week (n=4, n=4 and n=9, respectively) and 8
weeks (n=4, n=6 and n=10, respectively) of transgene induction. Bar = 30pum. (B) Quantification
of TUNEL-positive cells. Bar = mean + SEM. * = p<0.05 by ANOVA with Bonferroni post-hoc
analysis.
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cells/HPF, n=37, 2 + 0 cells/HPF, n=13, respectively, p<0.01, Figure 12A) again with NBT-

BMPR2 mice at an intermediate value (3 + 0 cells/HPF, n=16).

3.4.2. Proliferation is increased in the lungs of BT mice after 8 weeks of transgene
induction

Having recognized that apoptosis was deregulated in mice over-expressing the
BMPR2™ transgene, it was of interest to see whether this was also the case for
proliferation. To examine the temporal patterns of proliferation, Ki67 staining was
performed on lung sections at 1, 2, 4 and 8 weeks following transgene induction.
Representative staining is shown at early and late timepoints, as well as quantification for all
timepoints (Figure 11). When comparing levels of proliferation in BT mice to NBT-ROSA
controls, a significant increase is only observed following 8 weeks of transgene induction
(114 + 20 cells/field, n=10, 22 + 14 cells/field, n=4, respectively, p<0.05). There was no
significant increase in proliferation in BT mice compared to NBT-BMPR2 mice and NBT-
ROSA controls after 1 week (89 £ 24 cells/field, n=9, 111 + 2 cells/field, n=4, 35 £ 11
cells/field, n=4, respectively), 2 weeks (82 + 25 cells/field, n=10, 153 + 78 cells/field, n=3,
42 + 23 cells/field, n=3, respectively) or 4 weeks of transgene induction (64 + 16 cells/field,
n=9, 14 = 3 cells/field, n=4, 24 + 13 cells/field, n=3, respectively). Nevertheless, when a]l
timepoints were pooled; there was a signiﬁcaﬁt increase in the number of proliferative cells
in BT mice compared to NBT-ROSA controls (88 + 11 cells/field, n=38, 30 + 7 cells/field,

n=14, respectively, p< 0.05, Figure 12B).
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Figure 11. Temporal patterns of proliferation over the timecourse of BMPR2R8?X
induction. (A) Immunohistochemistry with an antibody against Ki67 on paraffin lung sections of
NBT-ROSA, NBT-BMPR2 and BT mice after 1 week (n=4, n=4 and n=9, respectively) and 8
weeks (n=4, n=6 and n=10, respectively) of transgene induction. Bar = 120um (B) Quantification
of Ki67-positive cells. Bar = mean + SEM. * = p<0.05 by ANOVA with Bonferroni post-hoc
analysis.
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Figure 12. Apoptosis and proliferation from combined timepoints of transgene induction.
(A) Average number of TUNEL-positive cells in NBT-ROSA (n=13), NBT-BMPR2 (n=16) and
BT (n=37) mice from pooled timepoints. (B) Average number of Ki67-positive cells in NBT-
ROSA (n=14), NBT-BMPR2 (n=17) and BT (n=38) mice from pooled timepoints. Bar = mean +
SEM. * = p<0.05 by ANOVA with Bonferroni post-hoc analysis.
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3.5. IL-6 does not appear to be an efficient environmental stressor in a small cohort of

BMPR2®*X nmice

3.5.1. RVSP is not increased in BT mice having received IL-6
Because IL-6 has been involved as a relevant environmental stressor or “second hit”
in PAH, we sought to determine whether it would produce a more severe phenotype in mice

R2R¥X transgene. Mice receiving IL-6 were characterized

over-expressing the BMP
similarly to mice without treatment. RVSP was again measured as an indicator of pulmonary
pressures after 2 weeks of IL-6 administration and a total of 8 weeks of transgene induction,
and values are summarized in scatter (Figure 13A) and box plots (Figure 13B). Surprisingly,
IL-6 only markedly increased RVSP in 1 of 8 BT mice, and average RVSP was not
significantly increased in BT mice compared to NBT-ROSA controls (25 £ 1.6 mmHg, n= §,

21 + 1.9 mmHg, n=4, respectively). Furthermore, IL-6 appears to have induced spontaneous

PAH in 1 of the 4 NBT-ROSA controls.

3.5.2. RV hypertrophy is not increased in BT mice having received IL-6

RV hypertrophy was assessed by measuring RV/LV+S ratios in mice having received
IL-6. Summary data is depicted in scatter (Figure 13C) and box plots (Figure 13D). Similar
to RVSP‘data, the ratios were highly variable within each group, and no signiﬁcant increase
was detected in BT mice compared to NBT-ROSA controls (0.25 + 0.010, n=8, 0.23 + 0.022,

n=4, respectively).
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Figure 13. Distribution of RVSP and RV/LV+S values in mice with IL-6 treatment.
(A) Scatter plot showing the distribution of RVSP values in BT mice (n=8) compared to NBT-
ROSA controls (n=4). Line shows the mean of each group. (B) Box plots summarizing RVSP
values of each group. Whiskers represent sample minimum and maximum, line at sample
median. (C) Scatter plot showing the distribution of RV/LV+S values in BT mice (n=8)
compared to NBT-ROSA controls (n=4). Line shows the mean of each group. (D) Box plots
summarizing RV/LV+S values of each group. Whiskers represent sample minimum and
maximum, line at sample median.
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3.5.3. Muscularization is increased in the small pulmonary arterioles of BT mice having
received IL-6

Once again muscularization of small pre-capillary arterioles in mice having received
IL-6 was assessed by immunofluorescence for a-smooth muscle actin on lung sections.
Quantification of small vessels (~40um diameter) revealed that muscularization was
significantly increased in BT mice compared to NBT-ROSA controls (4.3 £ 0.47 um, n=8§,

1.8 + 0.12 um, n=4, respectively, p=0.001, Figure 14A, D and G).

3.5.4. Morphological abnormalities including alveolar septal thickening are detected in
the lungs of BT mice having received IL-6

Lung morphology was also examined in these mice by H&E staining. Similar to
mice without IL-6 treatments, no plexiform-like lesions were detected, but there was notable
alveolar septal thickening and cellular infiltration (Figure 14B and E). Quantification of
average septal thickness revealed a significant increase in BT mice compared to NBT-ROSA

controls (2.9 + 0.18 um, n=8, 1.2 = 0.095 pm, n=4, respectively, p<0.0001, Figure 14H).

3.5.5. The number of macrophages is not increased in the lungs of BT mice having
received IL-6

The preserice of inflammatory infiltrates in mice havihg received IL-6 was again
detected by immunohistochemistry for CD68. Interestingly, the number of macrophages was
not significantly increased in BT mice compare to NBT-ROSA controls (59 £ 5 cells/field,

n=8, 46 + 7 cells/field, n=4, Figure 14C, F and I).
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Figure 14. Characterization of arteriolar muscularization, pulmonary alveolar remodelling
and macrophage infiltration in mice with IL-6 treatment. (A and D) Immunofluorescence
using an antibody against a-smooth muscle actin (a-SMA, red) combined with DAPI
counterstaining (blue) on paraffin lung. Bar = 30um (B and E) Hematoxylin and eosin (H&E)
staining on paraffin lung sections. Bar = 30um (C and F) Immunohistochemistry with an
antibody against CD68 on paraffin lung sections. Bar = 60um (G) Quantification of arteriolar
smooth muscle thickness in BT mice (n=8) compared to NBT-ROSA controls (n=4). Bar = mean
+ SEM. ** = p<0.01 by t-test with Welch’s correction. (H) Quantification of alveolar septal
thickness in BT mice (n=8) compared to NBT-ROSA controls (n=4). Bar = mean + SEM. *** =
p<0.001 by t-test with Welch’s correction. (I) Quantification of the number of CD68-positive
cells in BT mice (n=8) compared to NBT-ROSA controls (n=4). Bar = mean + SEM.
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4. Discussion

PAH is a rare disease with a very complex and multifactorial pathogenesis that
remains largely undefined. Current PAH therapies have been developed based on advances
in our understanding of the concepts behind PAH pathogenesis. Earlier beliefs that PAH was
largely a disease of excessive pulmonary vasoconstriction led to the introduction of calcium
channel blockers as a treatment option [89]. Subsequently, the discovery of the importance
of endothelial dysfunction in PAH then led to the introduction of therapies to restore the
balance between vasoconstrictor and vasodilator factors, including the administration of
prostaglandins, endothelin receptor antagonists and phosphodiesterase inhibitors [89]. More
recent ideas about the development of this disease are mainly focused on the role of
pulmonary arteriolar remodelling and abnormal cell growth and survival; this has led to the
testing of novel agents that have been developed for cancer therapies, including Gleevec and
Sorafenib [89].

However, despite all these advances, we are far from having a truly effective
treatment for this progressive and usually lethal disease, and there is still no consensus about
the mechanisms underlying its pathogenesis. Arguably, the most significant insight should
have come from the recent discovery of mutations in the BMPR2 receptor associated with
both familial and sporadic cases, which were found in up to half of all patients (~80% of
FPAH and almost 40% of IPAH). Nevertheless, even a decade after this seminal discbvery,

we are still not much closer to understanding how these mutations may cause this disease.

4.1. Lessons from BMPR?2 transgenic mice
Several studies have examined the role of BMPR2 signalling in the context of

pulmonary vascular cells and PAH. Mice heterozygous for a BMPR2 null allele (BMPR2*")
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or those expressing only 5-10% of BMPR2 compared to WT mice exhibited modest
elevations in RVSP and some level of arteriolar muscularization, but showed no evidence of
arteriolar occlusion or plexiform lesions under unstressed conditions [7, 66]. However, the
presence of obliterative luminal lesions was demonstrated in mice over-expressing the
BMPR2™¥X deletional mutation in SMCs, which also had significantly increased RVSP and
arteriolar muscularization [63]. Exaggerated PAH and arterial remodelling was also reported
in BMPR2™" mice exposed to serotonin or hypoxic conditions [65]. These studies suggest
that a reduction in BMPR2 activity increases the susceptibility of mice to PAH and give
support to the notion that remodelling mechanisms play a role in the pathogenesis of this
disease. Further support for the prevalence of remodelling mechanisms in PAH came from
the identification of hyperproliferative and apoptosis-resistant vascular cells in patients with
the disease [45, 46]. Moreover, consistent with the important role of the BMPR2 pathway
with respect to vascular homeostasis and EC survival, several studies have emerged that
support a central role for apoptosis in the pathogenesis of PAH. In the rat MCT model of
PAH, a progressive temporal increase in apoptosis in the small pulmonary arterioles was
observed, which was attenuated by the use of a pan-caspase inhibitor, corresponding with a
significant reduction in RVSP [70]. Furthermore, treatment of hypoxic rats with a VEGFR2
antagonist resulted in worsening of hypoxia-induced PAH associated with an early increase
in EC apbptosis, marked poteﬁtiation of arterial reinodelling and the appearance of
proliferative lesions [73]. Treatment of these rats with a pan-caspase inhibitor prevented the
development of severe PAH and the remodelling changes induced by VEGFR2 blockade
[73]. The Angl-Tie2 EC survival pathway was also shown to act as a protective mechanism
in PAH, where Tie2 deficient mice developed PAH associated with increased apoptosis

when exposed to serotonin or IL-6, and the phenotype was rescued by the use of apoptosis
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inhibitors [84]. Together, these studies have shown the critical role of the BMPR2 pathway
in maintaining vascular homeostasis, and have implicated BMPR2 mutations and abnormal
cell growth and survival as key factors in the pathogenesis of PAH. Yet, to date, the precise
mechanisms leading to the onset and progression of PAH remain unknown.

R2R8#X transgene as a new model of PAH

4.2. Ubiquitous over-expression of the BMP

In an attempt to examine the impact of BMPR2 loss-of-function mutations on
vascular remodelling and the development of PAH, we generated mice over-expressing the
BMPR2R¥%X transgene. Previous work by West et al. examined the effect of SMC-specific

R2R8PX transgene, which was shown to result in the

over-expression of the BMP
development of PAH associated with vascular remodelling [63]. Since there is considerable
evidence to suggest that ECs are central in disease pathogenesis, studies were initiated in

R2R¥X transgene specifically in ECs to see whether we could

mice over-expressing the BMP
reproduce the PAH phenotype (Appendix 1). Using this new model, the unique focus of our
study was to address the role of apoptosis in the pathogenesis of the disease, which was not
examined by West et al. Although this model did produce PAH associated with increased
peripheral cell apoptosis, the phenotype was modest and there were difficulties in confirming
transgene protein expression. This led us to use a ubiquitous promoter to drive expression of
the BMPR2RX transgené, in hopes of achieving more robust transgene‘ expression and thus
a stronger PAH phenotype. We therefore pursued characterization of mice over-expressing
the BMPR2R¥ transgene under the ROSA promoter. This model also better mimics the

clinically relevant scenario in which BMPR2 mutations are expressed ubiquitously in cells

throughout the body, and yet pathology is seen only in the lung vasculature.
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4.2.1. BMPR2®*X mice develop typical features of PAH associated with inflammation

R899X .
R2R¥X mice

One of the main objectives of this study was to determine whether BMP
developed PAH. Therefore, hemodynamic parameters were measured and lungs were
characterized to see whether these mice reproduced typical features of PAH. First, RVSP
was measured by right ventricle catheterization as a surrogate measure of pulmonary
pressures. As early as 1 week of transgene expression, BT mice were already showing
increased RVSP compared to NBT-ROSA controls. This was also the case after 2 weeks and
up to 8 weeks of transgene induction. NBT-BMPR2 mice generally had intermediate values,
consistent with a phenotype resulting from transgene leakiness. Although RVSP was not
significantly increased after 4 weeks of transgene induction, the pattern of RVSP distribution
between each group was comparable to that of other time points. The lack of significant
increase could be accounted for by the variability of RVSP values in BT mice, which was
larger than at other time points, as well as the small sample size of NBT controls which on
average had higher RVSPs than in other time points. In other words, statistical significance
might be reached if sample size was increased. Indeed, when all time points were pooled,
BT mice had significantly higher RVSPs than NBT-ROSA controls. Of note,

Variability in the degree of elevation of RVSP within BT mice could be due to either
differences in transgene expression in individual mice, or to variability in disease penetrance,
which is a typical feature in FPAH. As mentioned previously, less than 20% of BMPR2
mutation carriers develop PAH, and mice would presumably have a similar incomplete
penetrance. In future experiments it would be interesting to carefully quantify transgene

expression in individual mice and correlate it with the severity of the disease. A close

correlation would be consistent with this being a dominant mechanism, whereas as lack of
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correlation would suggest that other mechanisms account for the incomplete penetrance in
our mouse model.

The next parameter characterized was RV remodelling. Surprisingly, despite the
significant increase in pulmonary pressures, BT mice did not show any significant RV
hypertrophy as indicated by the RV/LV+S ratio at any specific timepoint or when all time
points were pooled. From previous studies, ratios from 0.3 up to 0.45 are typically indicative
of substantial RV hypertrophy associated with severe PAH [67, 83]. Here, average ratios in
BT mice were no higher than 0.25. RV remodelling occurs over time, as pulmonary vascular
resistance increases and pressure climbs. In this model, it is possible that the degree of
increase in RVSP was not severe enough to induce substantial RV hypertrophy, or that
remodelling would manifest itself later in the disease progression and was not yet detectable
after 8 weeks of transgene induction.

Another key feature of PAH that was reproduced in BMPR2®°* mice is
muscularization of small pulmonary pre-capillary arterioles as determined by smooth muscle
actin staining. BT mice showed significantly increased arteriolar smooth muscle thickness
when compared to NBT-BMPR2 mice and NBT-controls. It is debatable whether this
phenotype is attributable to increased pulmonary vascular resistance or to disrupted BMPR2
signalling. Here, the lack of RV remodelling despite increased RVSP suggests that
muscularization is more likely a result of abnormal SMC proliferation rather than a direct
consequence of increased pulmonary pressures. Incidentally, Hansmann et al. recently
demonstrated for the first time that the anti-proliferative effects of BMPR2 signalling in
pulmonary arteriolar SMCs can be attributed to activation of PPARy [90]. Their study

suggests that BMPR2 signalling prevents PDGF-BB-induced proliferation of pulmonary

arteriolar SMCs by decreasing nuclear phospho-ERK and inducing DNA binding of PPARYy
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that is independent of Smadl/5/8 phosphorylation [90]. They also show that mice with
deletion of PPARY in SMCs spontaneously develop PAH, and that endogenous expression of
PPARy in SMCs can protect against this [90]. These findings are consistent with the
muscularization observed in mice over-expressing the BMPR2%%* transgene, and bring
support to the concept that signalling mediated by the C-terminal portion of BMPR2 is
perturbed in this model. As PPARy-mediated events protect against PAH, PPARYy agonists
could offer a new treatment possibility for patients with the disease. Indeed, rosiglitazone, a
PPARYy agonist, was shown to attenuate hypoxia-induced pulmonary arterial remodelling and
hypertension in mice [91].

Other than arterial remodelling, the most typical morphological abnormality observed
in patients with PAH are the plexiform lesions, albeit these can occur much less consistently.
These consist of lesions with multiple irregular vascular lumens composed largely of
abnormally proliferating endothelial and smooth muscle-like cells. Upon careful inspection
of lung morphology in BT-BMPR2 mice using H&E staining, no plexiform-like lesions or
obliterated vessels were observed. This was not unexpected in view of the rather modest
degree of elevation of RVSP and the fact that these lesions are not always seen clinically,
even in severe end-stage disease. However, marked cellular infiltration and alveolar septal
thickening was noted in several BT mice, pointing towards local infiltration of inflammatory
cells. To confirm the nature of these cellular infiltrates, staining for CD68, a macrophage
marker, was performed on lung sections. The significant increase in the number of
macrophages in BT mice compared to controls brings further support to previous studies
implicating macrophages as key players in the pathogenesis of PAH. Over-expression of the
BMPR2MX transgene could contribute to inflammatory cell infiltration by exerting direct

effects on macrophages, or alternatively by promoting the recruitment of macrophages to the
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site of injury in response to local increases in apoptosis. However, the exact mechanism of
macrophage infiltration and its role are still unknown and will make the object of further
studies.

In summary, BMPR2*°% mice have increased RVSP and muscularization of small
pre-capillary arterioles, despite a lack of obvious RV hypertrophy, with alveolar septal
thickening and extensive pulmonary inflammatory infiltrates by macrophages. Together,
these data suggest that over-expression of the BMPR2®% transgene is sufficient to induce
PAH and that inflammation likely has an important contributory role in the pathogenesis of
this disease. Importantly, this is the first demonstration that ubiquitous over-expression of a
truncated BMPR2 receptor results in PAH with significant elevations in RVSP, extensive
muscularization of small arteries and inflammation. This is in contrast to heterozygous
BMPR2 knockout mice or mice expressing only 5-10% BMPR2, which do not
spontaneously develop PAH, and supports previous work from West et al. with SMC-
specific transgene over-expression [63].

R2R899X

4.2.2. The transgene is expressed in BMP mice

Another main objective of this study was to confirm expression of the BMPR2R®%
transgene. The initial strategy employed‘ was to perform Western blots using an antibody
against the C-terminal flag tag on total profein extracts from lungé. The expected molecular
weight for the native BMPR2 receptor, which has a length of 1038 amino acids, is around
130 kDa [63]. The expected size of the transgene truncated at 899 amino acids and with
addition of the 8 amino acid flag tag was thus calculated to be approximately 95 kDa.

Therefore, it was expected that a band of this size should be detected in BT mice expressing

the BMPR2R°X transgene, that would be absent in NBT controls which would only express
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the native, full-length receptor. Originally, a Flag antibody from Sigma was used which
yielded poor quality blots with very high background and many unspecific bands, making it
difficult to distinguish the band of interest. In hopes of resolving this issue, a new antibody
was purchased from OriGene, termed DDK, generated against the same epitope. This
antibody was claimed to be more specific and have less background staining than other Flag
antibodies. Unfortunately, DDK blots on total protein extracts still revealed no specific band
in BT mice. Because BMPR2 is not a very high abundance protein, subcellular protein
fractions were collected rather than total extracts in an effort to enrich the transgene in the

R2RE#X transgene could not be detected by DDK

membrane fraction. Once again, the BMP
blots on membrane fractions. A major drawback of the flag and DDK antibodies is that they
were raised in mice, which is also the nature of the protein extracts used for blotting. This
consequently resulted in increased background signals that could potentially have been
masking the band of interest, especially since the flag tag is such a small epitope. To
circumvent this problem, another approach that could be tried in the future is to
immunoprecipitate the transgene using a flag or DDK antibody, then blot the isolated
fraction using the same antibody. In theory, only proteins with a strong affinity for the
antibody, ie the flag-tagged transgene, should remain in the isolated fraction, thereby making
the blot much cleaner.

In parallel with the flag and DDK trials, membranes were probed with an antibody
against BMPR2 to distinguish between the native receptor and the truncated transgene,
which should run at different molecular weights as described above. As expected, the native

BMPR2 receptor was detected in all samples, but no specific band corresponding to the

BMPR2™%% transgene product was seen in BT samples. Taken together, these results
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suggest that the levels of BMP expression were likely too low to be detected using a

Western blot approach, which although very specific lacks high sensitivity.

Therefore, a more sensitive approach was used to detect the BMPR2R#%X

transgene,
i.e. RT-PCR. Primers were directed against a region specific to the transgene, and these
amplified a specific band that was expressed in all Dox-stimulated BT mice. However, these
experiments also suggested some degree of leakiness, since a band could also be detected in
the NBT-BMPR2 mice, but at somewhat lower levels than in their BT littermates.
Importantly, no specific bands for the BMPR2®**** transgene were seen in the NBT-ROSA
mice, which do not harbour the mutant receptor transgene. However, the overall level of
expression was quite low in BT mice and not substantially greater than that seen in the V-
Cad model described in Appendix 1. In this regard, we were unsuccessful in establishing a
more robust expressing model that is needed to fully explore the phenotype induced by the
mutation. Unfortunately, we are also limited in the number of commercially available mouse
strains with promoters driving ubiquitous expression of the tetracycline transactivator, and
the ROSA strain that was selected has been shown to exhibit lower levels of expression in
the lungs than other organs [92]. Nevertheless, our experiments did confirm that the
transgene was being expressed in BT mice in a specific manner.

Knowing that the transgene was present, at least at the mRNA level, we wanted to
confirm that it was also beiﬁg translated into proteins. Immunostaining is a highly sensitive
technique that also provides information about spatial localization. Therefore, an
immunofluorescence staining using the DDK antibody was performed on a small number of
samples, which revealed staining in BT mice, with much lower staining in NBT-BMPR2

mice and NBT-ROSA controls. Admittedly, unspecific background staining must be kept in

mind because the antibody used was raised in mice, but levels of staining consistently
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appeared higher in BT mice. In future experiments, an isotype control for the DDK antibody
should be used to control for unspecific staining. Together with the RT-PCR findings, these

R2R899X

results provide two lines of evidence that the BMP transgene is being expressed, both

at the mRNA and protein level.

4.3. Mechanism by which BMPR2®*’* gver-expression may alter BMPR2 signalling
and induce PAH

As described previously, the kinase domain of the BMPR2 receptor signals mainly
through Smad1/5/8 while the C-terminal portion of the receptor signals primarily through
p38 and p44/42 MAPK pathways. Analysis of these targets by Western blots did not reveal
any obvious changes in their activity in BT mice compared to NBT-ROSA controls.
Because the R899X deletion is in the C-terminal portion of the receptor and the kinase
domain is preserved, it was anticipated that Smad signalling would remain unchanged. On
the other hand, a plethora of signalling pathways, including many of the major growth
factors, converge on p38 and p44/42 MAPK, and this background stimulation might mask
any alteration in signalling attributable to this mutation. Since our interest is mainly focused
on vascular cell signalling, in future studies it would be possible to determine whether an
imbalance in the sigpalling pathways could be demonstrated in pulmonary vascular cells by
| isolating ECs and SMCs from the lungs of BMPR2%*X mice using digestion and cell sortihg
strategies [93]. Alternatively, cultured cells could be transfected with the BMPR2R8#X
transgene, and the activity of these signalling pathways could be assessed in vitro in the
presence and absence of BMP ligands.

The presence of a phenotype in mice over-expressing the BMPR2®¥X transgene is

suggestive of a “dominant negative” interaction of the transgene with the native receptor.
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Indeed, West et al. refer to over-expression of the BMPR2R*¥°% transgene specifically in
SMCs as a dominantly acting mutant [63]. However, to our knowledge this group has not
reported any evidence that clarifies the exact mechanism by which this deletion can result in
a dominant negative effect on the remaining wild type receptors. For instance, it could be
speculated that the mutant transgene interferes with normal BMPR?2 signalling by integrating
into the hetero-tetramer complex required for signal transduction thus preventing the
efficient activation of downstream mediators, possibly by reducing oligomerization or
binding of necessary factors. Alternatively, it may act by another mechanism altogether. For
example, by causing an imbalance in downstream signalling pathways, it may alter the
normal consequences of BMPR2 activation such that the cellular effects are reversed. In
SMCs, this may result in proliferation rather than growth inhibition, whereas in ECs it may
induce rather than protect against apoptosis. Indeed, the effects of TGF-p family ligands are
exquisitely sensitive to this balance in signalling pathways, and the relative activation of
Smads 2/3 versus 1/5/8 appears to play a key role in development of vascular malformations
in hereditary hemorrhagic telangectasia (HHT), a disease which is also associated with
mutations in TGF-B family receptors [94, 95]. However, in HHT this involves TGF- ligand
receptors including endoglin and ALK-1, although interestingly it has recently been reported
that families harbouring ALK-1 mutations also can exhibit PAH identical to that found in
families With’the classical BMPRZI mutations [94]. Both ALK-1 and endoglin favour
signalling by the Smad 1/5/8 pathway, which is the typical BMP pathway, and thus loss of
function mutations in these receptors will shift the balance towards Smads 2/3 [95]. This
mechanism may also contribute to PAH associated with many BMPR2 mutations, but as

mentioned above, would be unlikely in the case of the BMPR2R¥°* mutation, unless the
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deleted region of the C-terminus was involved in modulating Smad activation. Which of
these possibilities may be relevant for this model is still unclear, and more detailed signalling
studies will be required to elucidate this.

If the BMPR2®*X transgene does indeed interact in a dominant negative fashion
with the native receptor, this might explain why over-expression of the transgene results in a
stronger phenotype than BMPR2 haploinsufficiency. While BMPR2"" mice exhibit modest
elevations in RVSP and some arteriolar muscularization, but no arteriolar occlusion or

R2®%X show significant

plexiform lesions, our mice ubiquitously over-expressing BMP
increases in RVSP, extensive arteriolar muscularization, alveolar remodelling and
inflammatory cell infiltration under unstressed conditions. This is consistent with the
findings of West et al. where over-expression of BMPR2RX¥X specifically in SMCs resulted
in significantly increased RVSP, arteriolar muscularization and the presence of obliterative
luminal lesions. Although our mice do not fully recapitulate the features described in SMC-
BMPR2R¥*X mice, such as arteriolar occlusion, they also develop more severe PAH in
comparison to BMPR2"" mice. Therefore, potential dominant negative interactions with the

native BMPR2 receptor may have a more profound impact on PAH pathogenesis than simply

a reduction in normal BMPR?2 signalling.

4.4. Evblving paradigms of PAH pathogenesis

4.4.1. Cell growth and apoptosis
Despite the recent evidence pointing to apoptosis as an important initiating factor in
PAH, it is still unclear how it is involved in the early pathogenesis. Mechanisms by which

apoptosis can lead to PAH were described in detail in section 1.6.2. Briefly, it has been
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proposed that apoptosis can lead to PAH by contributing directly to endothelial dysfunction,
in which damage to the endothelium results in reduced vasodilator function and arterial
remodelling. In addition, apoptosis could lead directly to the degeneration of fragile pre-
capillary arterioles, ultimately resulting in elevated pulmonary vascular resistance. Finally,
widespread and recurrent EC apoptosis could result in the selection of apoptosis resistant and
hyperproliferative ECs, contributing to the formation of vascular lesions.

We studied apoptosis over an 8 week time course of transgene expression to see
whether an early increase in apoptosis could be demonstrated, in association with disease
progression in this model. Intriguingly, an increase that was detected in BT mice, in
particular after 2 and 4 weeks of transgene induction, which although significant, was
modest. However, apoptosis is a transient event and the rapid clearance of apoptotic cells by
a mechanism called efferocytosis [96] can further contribute to a reduction in steady-state
levels, thus leading to an underestimation the actual rates of apoptosis. In an acute injury
model such as monocrotaline, a large proportion of cells undergo apoptosis. Presumably,
efferocytosis mechanisms are overwhelmed and clearance becomes inefficient in such
circumstances. On the other hand, when levels of apoptosis are subtly increased, cells would
be cleared rapidly enough that increased levels of apoptosis would barely be detectable. This
' is seemingly the case in this model of PAH as only a small number of apoptotic cells were
detected. However, the failure of efferocﬁosis, which appears to be a key regulatofy
checkpoint for the immune system and cell proliferation, may contribute to disease
pathogenesis by impeding both the resolution of inflammation and the maintenance of
alveolar integrity [96]. The marked infiltration of macrophages together with alveolar septal
thickening in this model might in fact indicate that efferocytosis mechanisms are indeed

active in mice over-expressing the BMPR2®%X transgene. An obvious shortcoming of this

67



experiment is the lack of double-labelling, as combining TUNEL with staining for different
cell type markers would have enabled us to conclude on the nature of the cell type
undergoing apoptosis. Nonetheless, we believe that apoptosis is mainly associated with ECs
in this model, since similar patterns were observed in our V-Cad model where over-
expression of the BMPR2R#X transgene is restricted to ECs (Appendix 1, Figure S1.4).

In other animal models of PAH, proliferation is typically associated with disease
pathogenesis via smooth muscle cell hypertrophy and vascular remodelling, and in rare cases
with occlusive vascular lesions resulting from abnormal proliferation of endothelial cells.
The temporal patterns of proliferation in mice over-expressing the BMPR2* transgene
were therefore characterized to see whether they were also consistent with a causal role in
disease progression. Although trends pointed towards a consistent increase in proliferation
in BT mice at early time points, proliferation was only significantly increased after 8 weeks
of transgene induction. Many factors could be accounting for this marked increase in
proliferation. The significant arteriolar muscularization in this model suggests that a portion
of the proliferating cells are smooth muscle cells. However, the large number of
proliferating cells and their disperse localization in BT mice suggests that other cell types
must be involved. Another possibility is the reactive proliferation of endothelial cells as a
consequence of apoptosis. If proliferation occurred as a reactive response of endothelial
cells to apopto’sis, an initial wave in apoptosis at earlier time points would be expected,
followed by a wave of proliferation at later time points. Interestingly, this is indeed the
pattern that was observed, where apoptosis was significantly increased after 2 and 4 weeks of
transgene induction, while proliferation peaked after 8 weeks. Alternatively, macrophages or
other inflammatory cells could be proliferating in response to an increase in local

inflammatory stimuli. The fairly large number of cells undergoing proliferation makes the
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last possibility more likely. However, it could very well be a combination of all processes.
Again, double-labelling the proliferating cells with different cell type markers would have
been useful in identifying which cells are proliferating. Overall, despite the exact cause
remaining unknown, the excessive proliferation could contribute to vascular occlusion, a
phenomenon that might be detected later on during the course of the disease in this model.
To the best of our knowledge, this is the first study examining the early patterns of
apoptosis and proliferation in a genetic model of PAH. Although the mechanisms remain
unclear, preliminary data suggests that the patterns of apoptosis and proliferation are both
consistent with a role in disease pathogenesis in this model. These results emphasize the
importance of abnormalities in vascular cell growth and apoptosis, in accordance with
recently emerged studies in the field, and further studies using this model will likely divulge

valuable insight into the early mechanisms of PAH pathogenesis.

4.4.2. Inflammation

Over the years, there has been increasing evidence to suggest a role for inflammation
in PAH, and several pro-inflammatory cytokines, amongst them IL-6, were implicated in
disease pathogenesis. A correlation between regulation of the BMP pathway and regulation
of inflammation in the context of PAH was recently shown, where heterozygous BMPR2
knockout mice had increased susceptibility to PAH caused by stimulation with 5-
lipoxygenase [68]. This finding suggests that dysregulation in BMPR2 signalling
conceivably causes vulnerability to an inflammatory second hit. In support of this, Hagen et
al. have recently demonstrated the presence of a negative feedback loop between IL-6 and
BMPR?2 signalling, in which increased IL-6 induces BMP pathway activity, while increased

BMP activity suppresses IL-6 [97]. The BMP pathway must therefore normally prevent
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positive feedback loops in inflammatory cytokines, and in the absence of functional BMPR2
signalling, these pathways might become uncontrolled and lead to disease.

In light of this evidence, a small cohort of BMPR2R®X

mice were subjected to
treatment with IL-6 to see whether the addition of an inflammatory stimulus would enhance
the PAH phenotype in this model. The surprising lack of overall increase in RVSP in BT
mice probably owes to the high variability within each group, which might be reduced if the
size of the cohort had been larger. Part of this variability is also due to the spontaneous PAH
that appears to have been induced by IL-6 in a control mouse. This is not necessarily
unexpected, as IL-6 has previously been shown to induce spontaneous PAH in rats [52]. The
lack of increase in RV hypertrophy is not surprising either in the absence of a significant
increase in RVSP. Overall, IL-6 mice had a phenotype very similar to that of mice without
treatment, in terms of small pre-capillary arteriolar muscularization and alveolar septal
thickening. Interestingly, they did not show a significant increase in the number of
pulmonary macrophages. It could be speculated that the pro-inflammatory nature of IL-6
caused macrophage infiltration in NBT-ROSA mice in addition to BT mice, as both groups
were receiving the treatment. Based on the results from previous studies, a repeat of this
experiment using IL-6 at a higher dose, with larger cohorts of mice and including saline
control groups would expectantly result in the potentiation of PAH, and be very useful in
ihvestigating precisely how inflammation is linked to disease pathogeﬁesis.

The detection of an increased number of macrophages in mice over-expressing the
BMPR2®¥ transgene also further underlines the role of inflammation in the pathogenesis
of PAH. Although the molecular mechanism of macrophage infiltration and its role remain

elusive, macrophage accumulation and activation may promote the release of a variety of

proinflammatory cytokines such as monocyte chemotactic protein (MCP)-1, which was
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shown to be elevated in PAH, and is capable of causing vasoconstriction, increasing vascular
permeability and inducing proliferation [98]. This candidate offers a possible link between
inflammation and the pathogenesis of PAH. Importantly, the recognition of complex
inflammatory disturbances in the vascular remodelling process opens up several avenues for
future work in characterizing the role of different inflammatory mediators in PAH

pathogenesis, in addition to offering potential new targets for therapy.

4.4.3. Unifying model of disease pathogenesis in mice over-expressing the BMPR2"*%
transgene

Based on the results of this study and previous findings gathered from the literature, we
propose the following model for disease pathogenesis (Figure 15). An initial insult either by
hypoxia, shear stress, inflammation, viral infection or other unidentified environmental
triggers in genetically predisposed individuals (i.e. those with BMPR2 mutations) leads to
excessive EC injury and apoptosis, which cascades into a complex series of interactions
resulting in PAH. EC apoptosis is central to disease pathogenesis in this model by
contributing directly to endothelial dysfunction and microvascular dropout, and indirectly to
the formation of plexiform lesions. The ensuing disruption of fragile pre-capillary arterioles
results in altered release of several cytokines, chemokines and growth factors, leading to
SMC hyperplasia and the onset of inflammation. Increased pfoduction of these endothelial
mediators also directly contributes to further vascular remodelling and recruitment of
inflammatory cells. Concomitantly, BMPR2 mutations directly contribute to SMC
hyperplasia and promote inflammation by disrupting the protective feedback loop between
BMPR2 and IL-6. Eventually, excessive local inflammation together with vascular

remodelling and microvascular dropout by apoptosis could conceivably result in increased
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Figure 15. Proposed model for the pathogenesis of PAH in mice over-expressing the
BMPR2R*°X transgene. BMPR2, bone morphogenetic protein receptor 2. EC, endothelial
cell. PAH, pulmonary arterial hypertension. SMC, smooth muscle cell.
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pulmonary vascular resistance and ultimately lead to PAH.

4.5. Therapeutic implications

To the extent that apoptosis represents the initiating mechanism underlying the
pathogenesis of PAH, strategies designed to enhance vascular repair may represent an
attractive therapeutic approach. Indeed, alternative approaches to pharmacological treatment
of PAH are currently being explored, including cell therapy using endothelial progenitor
cells (EPCs). Given the accumulating evidence supporting a role for circulating EPCs in
repairing and regenerating damaged blood vessels throughout the body, exploiting the
potential of these progenitor cells alone or in combination with genetic engineering
represents a prospective future in PAH therapy. A number of clinical trials using progenitor
cell therapy for PAH have been registered in clinicaltrials.gov, including the PHACeT trial
(NCT00469027), which is currently enrolling patients. A recent pilot randomized trial has
been reported showing that transplantation of autologous EPCs into patients with IPAH is
safe, and the authors noted that the patients receiving EPC therapy had significant
improvements in both primary and secondary endpoints of 6 minute walk test and mean
pulmonary arterial pressure [99]. Therefore, EPC therapy may be a promising avenue for the

treatment of PAH.

4.6. Limitations

In addition to some of the limitations discussed above, a major shortcoming of this
study is the lack of strong transgene expression in BMPR2®*** mice. This could very well
be a limiting factor to the severity of the phenotype that was observed in these mice.

However, the presence of a phenotype despite low levels of transgene expression
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demonstrates the importance of abnormal BMPR?2 signaling in the development of a disease
state. In terms of the impact of IL-6 administration of the development of PAH,
interpretation of the results was difficult due to the small size of the groups, which increased
variability, and the lack of saline controls, which would have been essential to help discern
the effect of IL-6 from that of the transgene alone. The absence of a markedly more severe
phenotype in response to IL-6 also made the effectiveness of the treatments questionable, as
a larger proportion of BT mice were expected to develop overt PAH. Admittedly, the IL-6
delivery might not always have been efficient as it was administered at very low
concentrations and in small volumes. These issues were not overlooked in previous data

interpretations and will be addressed in future studies.

4.7. Future directions

This study opens up avenues for several lines of future work. First, this model could
be used to pursue more detailed signalling studies to examine whether the transgene has a
dominant negative interaction with the native BMPR2 receptor, or acts by a different
mechanism altogether. Signalling studies could be refined by isolating vascular cells from
the lungs of BMPR2R** mice, or alternatively by transfecting cultured cells with the
BMPR2®X transgene, then examining the activity of the signalling pathways in vitro in the
presence and absence of BMP ligands to determine whether perturbations could be

R2R¥9% over-expression on downstream effectors

demonstrated. The consequence of BMP
could also be assessed by examining Id-1 expression, a common Smad target gene [59]. In
addition, further characterization of the inflammatory processes taking place in this model

should be pursued. For example, a cytokine array could be performed to identify which

inflammatory mediators are involved as candidates in the mechanism of macrophage
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infiltration. Similarly, the impact of IL-6 on disease manifestation should be further
investigated by repeating IL-6 treatments with larger cohorts including saline controls. Of
note, this model could be used to confirm a causal role for apoptosis in the pathogenesis of
the PAH. One way to address this question would be to administer a pan-caspase inhibitor,

ROREPX transgene to determine whether

such as Z-Vad, to mice over-expressing the BMP
preventing apoptosis would delay, inhibit or even reverse the progression of PAH, thereby
pinpointing a key role for apoptosis in the pathogenesis of this disease. Along the same
lines, this model could be used to validate the potential of EPC therapy as a regenerative
treatment option. Eventually, this model could also be redeveloped using more potent
ubiquitous promoters or more potent EC-specific promoters when these become available.
One such promoter, Superscript Tie2, is currently being developed by our group. Together,

these further studies would help unveil the intricacies of complex mechanisms and bring

much needed understanding to the exact pathogenesis of PAH.

4.8. Conclusion

R2RX transgene was shown to result in

Altogether, over-expression of the BMP
increased RVSP, pre-capillary arteriolar muscularization, alveolar septal thickening and
infiltration of macrophages in lung tissue, therefore putting forth a new genetic murine
model of PAH. Not only do BMPR2 mutations seem to predispose endothelial cells to
apoptosis in this model, but they also appear to set the stage for excessive inflammation.
This new model should be extremely useful in elucidating the early events leading to the
initiation of PAH, notably by clarifying the yet undefined links between apoptosis,

inflammation and disease pathogenesis, and serve as a platform to validate potential new

treatments for this devastating disease.
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Appendix 1 — Endothelial cell-specific over-expression of the BMPR2"™X transgene in
mice using the V-Cad promoter

Background

Over the years, ECs were increasingly suspected as being the cellular origin of PAH
pathogenesis. It was shown that BMPR2 expression is prominent on the lung vascular
endothelium with minimal expression in arterial smooth muscle [8]. Moreover, lung
vascular endothelium has recently been reported to exhibit high levels of activation of
downstream signaling molecules, such as Smads [58]. Mutations in the BMPR1, Alk-1, an
endothelial restricted gene, have also been identified in patients with PAH [94].
Furthermore, a recent study has shown that the genetic ablation of BMPR2 in pulmonary
endothelial cells is sufficient to predispose to PAH in mice [7]. Together, these data support
a critical role for the endothelium in the pathogenesis of PAH. Therefore, we originally
sought to determine the effect of targeted over-expression of BMPR2 mutations on EC
survival in relation to the development of PAH. Our initial hypothesis was that EC-targeted
loss-of-function mutations in BMPR2 would lead to PAH by increasing the susceptibility of

ECs to apoptosis, particularly at the level of fragile pulmonary arterioles.

~ Methods

All experiments were performed as previously described, with the following
exceptions. TetO;-BMPR2R¥°% mice were bred to driver mice harbouring the tetracycline
transactivator (tTA) under the control of an endothelial selective promoter (V-Cad). This
model uses a Dox-off transgene expression system; therefore, mice were put on doxycycline

during gestation until 5 weeks of age to prevent embryonic lethality. Data points were
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collected 8 weeks following the removal of doxycycline. Yupu Deng was responsible for
performing a-SMA staining and imaging on these samples, in addition to gathering

hemodynamic measurements. No quantification of muscularization was performed.

Results

To confirm the expression of the BMPR2®*** transgene in V-Cad mice, Western
blots using a Flag antibody were performed. After a high exposure, bands were detected in
BT mice, with some leakiness detected in NBT-BMPR2®** mice, and an absence of
expression in the CD1 control (Figure S1). P-actin was used as a loading control. However,
this was a single finding amongst several attempts. In other blots, very little or no expression
was detected specifically in BT mice. RVSP was measured after 8 weeks of transgene
induction as an indicator of pulmonary artery pressure. RVSP was only elevated in 1 out of
12 BT mice, and the average RVSP was not significantly increased in BT mice compared to
NBT-BMPR2M** mice (26 + 1.0 mmHg, n=12, 25 + 0.61 mmHg, n=12, respectively,
Figure S2A and S2B). Right ventricular hypertrophy was also assessed by calculating the
RV/LV+S ratio, which was significantly increased in BT mice compared to NBT-
BMPR2®X mice (0.28 + 0.01, n=5, 0.25 + 0.006, n=7, respectively, p<0.05, Figure S2C
and S2D). Staining for a-SMA also revealed qualitative thickening of the smooth muscle
layer sunounding the small Vpulmonéry arterioles of BT rﬂice (Figure S3). The 'degree of
muscularization was relatively consistent within the 4 mice in each group. Lastly, TUNEL
staining was performed to detect apoptotic cells. The number of TUNEL-positive cells per
high power field was significantly increased in BT mice compared to NBT-BMPR2R#X

mice (6 = 1 cells/HPF, n= 6, 1 + 1 cells/HPF, n= 4, respectively, p<0.05, Figure S4).
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Conclusion

Overall, the PAH phenotype observed in V-Cad BT mice was not as severe as
originally anticipated. Indeed, only a portion of the BT mice displayed the characteristic
features of PAH. That was not necessarily surprising since incomplete penetrance is a
universal feature of BMPR2 mutations in humans. However, in this model, that could also
be due to low levels of transgene expression. We therefore decided to pursue further
experiments using the ROSA model, which ubiquitously expresses the transgene, in hopes of
getting a more robust, consistent expression of the transgene as well as a more severe PAH

phenotype.

CD1 NBT-BMPR2™M BT-BMPR2*****

FLAG o - 4 ook 3 W | 120 kDa

B-actin | eEsese———sras—] 42 kDa

Figure S1.1. Expression of the BMPR2®** transgene in V-Cad mice. Western blot with an
anti-Flag antibody on total protein extracts from the lungs of CD1 (n=1), NBT-BMPR2R¥X
(n=4) and BT (n=6) mice following 8 weeks of transgene induction. f-actin was used as a
loading control.
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Figure S1.2. Distribution of RVSP and RV/LV+S values in V-Cad mice. (A) Scatter plot
showing the distribution of RVSP values in BT mice (n=12) compared to NBT-BMPR2®*°X mice
(n=12). Mean + SEM. (B) Box plots summarizing RVSP values of each group. Whiskers
represent sample minimum and maximum, line at sample median. (C) Scatter ]?lot showing the
distribution of RV/LV+S values in BT mice (n=5) compared to NBT-BMPR2"***** mice (n=7).
Mean + SEM. (D) Box plots summarizing RV/LV+S values of each group. Whiskers represent
sample minimum and maximum, line at median. * = p<0.05 by t-test with Welch’s correction.
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NBT-BMPR2R##X  BT-BMPR2R&%X

Topro-3 u-SMA

Figure S1.3. Arteriolar smooth muscle hypertrophy in V-Cad BT mice after 8 weeks of
transgene induction. Immunofluorescence using an antibody against a-smooth muscle actin (o-
SMA, red) combined with Topro-3 nuclear counterstaining (blue) on paraffin lung sections after 8
weeks of transgene induction. Bar = 20um.
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Figure S1.4. Apoptosis is increased in V-Cad BT mice after 8 weeks of transgene induction.
(A) TUNEL staining combined with DAPI nuclear counterstaining on paraffin lung sections after
8 weeks of transgene induction. Bar = 50um (B) Quantification of TUNEL-positive cells. Bar =
mean + SEM. ** = p<0.01 by t-test with Welch’s correction.
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Appendix 2 — Supplemental Western blot figures

CD1 NBT-B BT CD1 NBT-B BT

Figure S2.1. Expression of the BMPR2®*’* transgene in total protein extracts from
ROSA mice. Western blot with an anti-DDK antibody on total protein extracts from the lungs
of CD1, NBT-BMPR2*** and BT mice (n=2 replicates) following 8 weeks of transgene

induction.
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NBT-R NBT-8 BT

Figure S2.2. Expression of the BMPR2®*°* transgene in the membrane fraction of
subcellular extracts from ROSA mice. Western blot with an anti-DDK antibody on the
membrane fraction of subcellular protein extracts from the lungs of NBT-ROSA, NBT-
BMPR2M** and BT mice (n=3) following 8 weeks of transgene induction.
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cD1 NBT-B BT

Figure S2.3. BMPR2 expression in total protein extracts from ROSA mice. Western blot
with an anti-BMPR2 antibody on total protein extracts from the lungs of CD1, NBT-
BMPR2%¥% and BT mice (n=4) following 8 weeks of transgene induction.
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Appendix 3 — Solutions and Reagents

Histology

10X PBS

2.013 gKCl

81.816 g NaCl

21.714 g Na,HPO,*7H,0
2.024 g KH,PO4

Fill to 1 L with dH,O
Store at room temperature

4% PFA

40g Paraformaldehyde
1L 1X PBS

Heat slightly to dissolve
Adjust pH to 7.4

Mowiol mounting medium

2.4 g Mowiol (Calbiochem, 475904)
6 g Glycerol

12 mL H,O

12 mL 0.2M Tris pH 8.5

2.5 % DABCO (Sigma, D2522)

Acid alcohol
2.5 mL 12N HCI
500 mL 70% EtOH

Scott’s solution

6 g MgSOq4

1.05 g NaHCO3

Fill to 300 mL with dH,O

Western Immunoblotting

RIPA lysis buffer

25 mL 1M Tris-HCI pH 7.4

5 mL NP-40

15 mL 5M NaCl

1 mL 0.5M EDTA

449 mL dH,0O

5 mL glycerol

Add the following to 0.9 mL stock
50 puL 5% sodium deoxycholate
50 pLL 1M NaF

92



10 pL 0.2M Na3VOq4
10 pL protease inhibitor cocktail

BCA Reagent Mix
1 mL BCA

1 mL deO

40 uL 4% CuSO4

Laemmli buffer

781 pL 2M Tris-HCL pH6.5

0.5 g 10% SDS

0.0125 g 0.25% Bromophenol Blue
1.25 mL B-mercaptoethanol

2.5 mL Glycerol

5% Stacking Gel

1.8 mL 30% Acrylamide

2.5 mL 4X Stacking Buffer

5.7 mL dH,0

75 uL 10% Ammonium Persulfate
10 uL TEMED

10% Separating Gel

5 mL 30% Acrylamide

3.75 mL 4X Separating Buffer
6.25 mL dH,O

75 pL 10% Ammonium Persulfate
15 uL TEMED

4X Stacking Buffer — 500 mL
30 g Tris base

2 g SDS

Add to 300 mL dH,O

Adjust pH to 6.8

Fill to 500 mL with dH,O
Store at 4 °C

4X Separating Buffer — 500 mL
90 g Tris base

2 g SDS

Add to 300 mL dH,O

Adjust pH to 8.8

Fill to 500 mL with dH,O

Store at 4 °C
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5X Running Buffer — 1 L
15 g Tris base

72 g Glycine

5 gSDS

Add to 700 mL dH,0O

Fill to 1L with dH,O
Store at 4 °C

Dilute to 1X before use

Transfer Buffer — 800 mL
5.82 g Tris base

2.93 g Glycine

3.75 mL 10% SDS

Add to 250 mL dH,O

Fill to 800 mL

Store at room temperature
Add 20% methanol before use

0.1% TBS-T-1L

10 mL 1M Tris-HCI pH 8.0
30 mL 5M NaCl

1 mL Tween-20

Fill to 1 L with dH,O

SM NaCl - 500 mL

146.1 g NaCl

Add to 450 mL dH,O
Heat slightly to dissolve
Fill to 500 mL with dH,O
Store at room temperature

1M Tris-HCI - 500 mL
60.55 g Tris base

Add to 300 mL dH,0
Adjust pH to 8.0

Fill to 500 mL with dH,O
Store at room temperature
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