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ABSTRACT

Increased angiogenesis is an important characteristic of remodeling in asthmatic airways
which stems from the imbalance between pro-angiogenic and anti-angiogenic factors.
Surprisingly, the factors regulating this process in allergic asthma are poorly defined. The
focus of this thesis is to investigate the effect of Semaphorin 3E (Sema3E) on

angiogenesis events within the airways of murine model of allergic asthma.

The role of Sema3E in asthma angiogenesis was tested in wild type and Sema3e™ mice
exposed to House Dust Mite (HDM) and monitored for changes in blood vessels number
in the lungs. In addition, the potential of Sema3E, in reversing features of allergen
inflammation, was tested in mouse model. In both cases immunohistochemistry and
immunofluorescence staining of lung tissues used to assess the changes in the level of
angiogenesis. Moreover, the expression of pro- and anti-angiogenic factors in total lung

homogenate was assessed by ELISA and Real-Time PCR.

The results showed that WT and Sema3e” mice both developed the HDM induced
allergic asthma phenotype, but, the lung sections of HDM exposed Sema3e” mice had
enhanced number of blood vessels compared to WT mice. The enhanced angiogenesis in
Sema3”" mice was coupled with increased level of angiogenesis driving factors VEGF
and it receptor VEGFR-2. However, in WT mice the level of soluble VEGFR-1 secretion

increased significantly which inhibited VEGF / VEGFR-2 binding.



Besides, Sema3E treatment reduced the level of angiogenesis and inhibited HDM-
induced secretion of VEGF and the expression of its receptor VEGFR-2 while increased
the level of soluble VEGFR-1. Analyzing the ratio of VEGF / soluble VEGFR-1 revealed
that in the presence of Sema3E in both models, soluble VEGFR-1 is the dominant factor

which has an inhibitory role on angiogenic effect of VEGF.

Taken together, this study provided the first evidence that Sema3E can modulate

angiogenesis in allergic asthmatic airways.
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1. INTRODUCTION

1.1 Chapter 1: Asthma

Asthma is one of the most common chronic diseases affecting 300 million people of
all ages with 250,000 annual deaths [1]. Several epidemiological studies have shown
that the prevalence of asthma is higher in high income countries in comparison to low
and middle income countries. It has been suggested that this increase is related to

many factors including the hygiene hypothesis paradigm [2, 3].

The clinical symptoms of asthma are repeated episodes of wheezing, shortness of
breath, chest tightness, and nighttime or early morning coughing [4, 5]. From the
pathological point of view, asthma is defined as a chronic inflammatory disease of the
airways which is characterized by airflow obstruction, airway inflammation, airway

hyperresponsiveness and tissue remodeling [6-9].

1.1.1 Pathogenesis of asthma

The key pathophysiological changes in asthma include airway inflammation, airway
remodeling and airway hyperresponsiveness. Inflammatory as well as structural cells

play a concerted role in these events.



Airway inflammation

Many inflammatory cells infiltrate the asthmatic airways, particularly eosinophils,
neutrophils, basophils, macrophages, mast cells, T lymphocytes and dendritic cells
[10]. The role of these cells in the progression of inflammation in asthma is explained

further:

T cells: It has been indicated that T cells, particularly T helper type 2 (Th2) cells have
a major role in allergic asthma by producing high levels of Th2 cytokines including
IL-4, IL-5, IL-13 [11]. In addition, overexpression of GATAS3, a key transcription
factor of Th2, in asthmatic airways is another evidence which shows that Th2 cells
play a significant role in asthma pathogenesis [12]. The increased level of Th2
cytokines in the asthmatic patient’s lung leads to elevated levels of airway
inflammation by affecting IgE overproduction (by IL-4), recruiting eosinophils (by

IL-5 and IL-13) and mast cells to the site of inflammation.

Eosinophils: Eosinophils are the major inflammatory cells which contribute to the
exacerbation of inflammation and tissue damage in asthmatic airways [13, 14]. The
maturation, activation, survival and recruitment of these cells in the airway wall have
been recognized as the crucial pathological event that develops asthma phenotype. In
this condition they are able to produce leukotrienes, inflammatory enzymes and
cytokines including eosinophil cationic protein (ECP), eosinophil peroxidase, major
basic protein (MBP) and eosinophil-derived neurotoxin which enhance airway

inflammation [15-17].



Eosinophilic asthma mainly arises from Th2 lymphocytes and its cytokines including
IL-5, IL-4, and IL-13. In addition, innate immune responses including activation of
dendritic cells, bronchial epithelial cells and innate lymphoid cells play a crucial role

in inducing eosinophilic asthma [18, 19].

Eosinophil infiltration into the airways leads to mild and moderate asthma. However,

severe disease is the result of eosinophils and neutrophils activation.

Neutrophils: According to previous studies, neutrophil recruitment and activation in
the airways has a crucial role in asthma inflammation [20-22]. In fact, the first
leucocytes that enter to the site of inflammation are neutrophils. They act as a
destructive element by releasing proteases and inflammatory mediators including
MMP-9, neutrophil elastase, myeloperoxidase and reactive oxygen species which
ultimately cause injury to the surrounding tissue [23]. Neutrophils recruit to the
inflammatory zone as a result of IL-17 production from activated Th17 cells [24]. In
addition, IL-8 serves as a most potent neutrophil chemoattractant and has a
significant role in recruitment of these cells. Pro-inflammatory cytokines and tumour
necrosis factor-alpha (TNF-a) intensify IL-8 production and subsequently neutrophil
recruitment to the inflammatory site. IL-8 also can be produced by neutrophils in
response to inflammatory mediators which in turn recruit more neutrophils to the site
of inflammation. The ultimate result of all these phenomena is enhancement of

inflammation level in the asthmatic airways [23, 25].



Mast cells: Mast cells have a pivotal importance in inflammatory processes of
allergic asthma. Following activation of mast cells by IgE receptor cross linking, they
produce several cytokines, chemokines and growth factors including TNF-a, IL-4,
and IL-13, histamine, tryptase and chymase, which results in inflammatory responses.
Among them, TNF-a is recognized as the most important cytokine which causes
inflammation in asthmatic airways by the activation of adhesion molecules on
endothelial cells and the subsequent transmigration of inflammatory leucocytes. In
addition to cytokine production, they have a significant role in activating
lymphocytes, eosinophils, neutrophils and monocytes/macrophages. Through this

way, mast cells contribute to airway inflammation and remodeling [21, 26].

Natural killer (NK) cells: NK cells are another effector inflammatory cell in the lung
of asthmatic patients. In the asthmatic condition, the number and activation level of
NK cells increase dramatically which leads to production of large amounts of Thl
(IFNy) and Th2 cytokines [27]. It results in increased levels of inflammation by
recruitment of dendritic cells, T cells and eosinophils which ultimately develops and

maintains allergic airway disease [27-29].

Macrophages and dendritic cells: Dendritic cells act as key antigen-presenting cells to
stimulate Th2 cell production. Moreover, macrophages which are recognized as the
most frequent cells in the airways, release inflammatory mediators and cytokines
after getting activated in the presence of allergens through low-affinity IgE receptors

[21].



With reference to the above mentioned subject, it can be concluded that the airway
inflammation play a dominant role in the pathophysiology of asthma. In fact, airway
inflammation is an important element that can trigger and enhance the other
pathological aspects of allergic asthma including airway remodeling and airway

hyperresponsiveness.
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Figure 1.1. Pathobiology of airway inflammation in asthma. Asthma originates
from complex interactions between genetic factors and environmental agents such as
aeroallergens and respiratory viruses. In particular, within the airway lumen allergens
can be captured by dendritic cells, which process antigenic molecules and present

them to naive (ThO) T helper cells. The consequent activation of allergen-specific



Th2 cells is responsible for the production of IL-4 and IL-13 that promote B-cell
operated synthesis of IgE antibodies; moreover, Th2 cells also release IL-5, which
induces eosinophil maturation and survival. These events are noticeably favoured by
a functional defect of IL-10/TGF-f producing T regulatory (Treg) cells that normally
exert an immunosuppressive action on Th2 cell-mediated responses. In addition to
Th2 cells, IL-9 releasing Th9 cells can also undergo activation, thus leading to the
growth and recruitment of mast cells, which upon IgE-dependent degranulation
release both preformed and newly synthesized mediators. Other important T
lymphocytes contributing to asthma pathobiology are Th17 cells, producing IL17A
and IL-17F which cause neutrophil recruitment and expansion. Furthermore, IL-12-
dependent and IFN-y releasing Thl cells can be activated, especially as a result of
airway infections sustained by respiratory viruses. Finally, many mediators,
cytokines, and growth factors produced by several different cells involved in chronic
asthmatic inflammation may also affect the functions and proliferation rates of
airway structural cellular elements including epithelial cells, fibroblasts, smooth

muscle cells, and endothelial vascular cells.



Airway remodeling: Airway remodeling is defined as the structural changes of the
airway wall which affect the composition and organization of cellular and molecular
components of the airway [30, 31]. These changes are a consequence of repeated
injury and repair processes in response to inflammation and persistent airflow
limitation [30, 32]. Airway structural changes include thickness of the airway wall
which is a result of epithelial changes, subepithelial fibrosis, smooth muscle
hypertrophy and hyperplasia, increased fibroblast and myofibroblast, mucus
metaplasia or overproduction of mucus by goblet cells, collagen deposition in
basement membrane zone and neovascularization [33, 34]. These changes lead to
airway hyperractivity (AHR) and cause the loss of lung function over time [32, 35].
In addition, chemokines (e.g. CCL3, CCL11, MMP9), cytokines (e.g. IL-1, IL-4, IL-
5, IL-9, IL-13, IL-17, IL-25) and growth factors (e.g. TGFB1, EGF, FGF, VEGF), are
released by structural and inflammatory cells, which strengthen these structural

changes [32, 36].

Airway hyperresponssiveness (AHR): One of the fundamental features of asthma is
Airway hyperresponsiveness, which is defined as an increased sensitivity of the
airways to different stimulants. AHR is mostly related to abnormalities of airway
smooth muscles (ASM), airway inflammation and airway remodeling, and it can lead
to bronchoconstriction [37, 38]. In fact, in asthmatic conditions, smooth muscles
which surround the airways become sensitive to stimuli, and as a result smooth

muscle contraction will occur after exposure to stimuli including allergens or


http://europepmc.org/abstract/med/16088629/?whatizit_url_go_term=http://www.ebi.ac.uk/ego/GTerm?id=GO:0005604

irritants. In this condition, because of narrowing the airways, the air flow is blocked

and results in bronchoconstriction and AHR [10, 39].

1.1.2 Pathological aspects of airway remodeling

1.1.2.1 Epithelial changes

Superficial airway epithelium acts as a defensive barrier and protects the body
against environmental stress. Airway epithelial damage and dysregulated repair
processes (epithelial cell proliferation and cell death at a higher rate) play a
significant role in various respiratory diseases, including asthma. In fact,
dysregulated epithelium, which is in a key position to coordinate responses, delivers
the signals that affect the underlying mesenchyme and result in epithelial-immune
cell interaction. This process intensifies the inflammatory and remodeling responses
by production and secretion of various cytokines and growth factors, including
PGE2, IL-8, MCP-1, RANTES, eotaxin, TNF-a, IL-1pB, IL-6, oncostatin-M, 1L-11,
IL- 10, IL-16, IL-18, GM-CSF, b-FGF, TGF-B1 and TGF-B2, IGF-1, PDGF, and IL-5
and IL-13 as Th2 cytokines [40]. The connection between the epithelium and its
underlying mesenchyme causes remodeling responses and is defined as subepithelial
fibrosis. It has a significant role in airway wall thickening and subsequently chronic
airflow obstruction and airway hyperresponsiveness. This pathology can be

considered as one of the leading causes of asthma [37, 41, 42].



1.1.2.2 Increased myofibroblast, fibroblast and collagen deposition in

subepithelial zone

Another aspect of remodeling in asthmatic airways is the increased number of
myofibroblasts under the bronchial epithelial basement membrane [43]. In fact, in
asthmatic  condition increased myofibroblasts and fibroblasts produce
immunomodulatory cytokines and chemokines in addition to cell surface receptors
expression. These elements play a vital role in several processes including cell
adhesion, leukocyte activation and subsequently development of airway
inflammation [44]. In addition, the increased level of myofibroblasts deposits the
high level of collagens I, 11l and V, fibronectin and tenascin in the subepithelial zone,
the juxtaposition of the smooth muscle layer and the lamina reticularis [45]. This
pathological alteration is another important cause of increasing the density and

thickening of basement membrane which leads to airways narrowing [46, 47].

1.1.2.3 Airway smooth muscle cell (ASM) hypertrophy and hyperplasia:

One of the most prominent alterations of airway remodeling in allergic asthma is
increasing the thickness of the airway smooth muscle (ASM) layer. This event occurs
as a consequence of airway smooth muscle cells hyperplasia (increase in ASM cell
number) and hypertrophy (increase in ASM cell size) and differentiation or

migration of mesenchymal cells to ASM bundles [48, 49].



ASM hyperplasia occurs as a result of increased rates of division or decreased rates
of apoptosis [50]. It has been reported that the proliferative rate of ASM cells is under
the influence of several factors and mediators including cytokines, the components of
extracellular matrix (ECM), matrix metalloproteinase-2 (MMP-2), mechanical stress
and reactive oxygen species. The elevated level of ASM cells proliferation leads to
airway wall thickening, chronic obstruction, and bronchial hyperresponsiveness [34].
In addition, according to previous studies, it has been identified that the increased
level of stretch, presence of TGF-B and IL-1 have potential hypertrophic effect on
ASM cells [50]. Furthermore, it has been shown in in vivo studies that the intrinsic
abnormalities of smooth muscle contractility, which leads to hypercontractile
phenotype, have a considerable influence on smooth muscle cell hypertrophy,

bronchial hyperresponsiveness and airflow limitation [51].

Moreover, airway smooth muscle cells hyperplasia occurs in response to chemical
compounds that stimulate cell division and trigger mitosis. These compounds are

named mitogens and categorized in 3 main groups [36, 50]:

1. Growth factors including PDGF, EGF, FGF-2 and insulin-like growth factor that
activate receptor tyrosine kinase (RTK) activity [50, 52, 53].

2. Contractile agonists including a-thrombin, serotonin, thromboxanes, endothelin-
1, leukotriene-D4 that signal through G-protein-coupled receptors (GPCR) [54].

3. Pro-inflammatory cytokines (IL-1p, TNF-a, IL-6), which signal through cytokine
receptors [54]. These receptors are non-RTKs such as Src family members,

10



mitogen-activated protein kinase (MAPK) and Janus kinase (JAK)/signal

transducer and activator of transcription (STAT) signaling systems [36, 50].

Also, phosphoinositide 3-kinase (PI3K) and extracellular signal-regulated kinase
(ERK) signaling pathways are significantly involved in ASM cells proliferation. In
fact, activation of PI3K and ERK pathways results in activation of transcription
factors which phosphorylate D-type cyclins and facilitate cell cycle progression [55-
58]. The above mentioned events lead to ASM cells hypertrophy and hyperplasia and
exacerbation of airway structural changes which results in persistent airway
inflammation, bronchial hyperresponsiveness and airflow limitation in allergic

asthma.

1.1.2.4 Goblet cell hyperplasia and mucus overproduction

Goblet cells are located in the epithelium of respiratory tract and act toward host
defense. They are known as an important source of mucin glycoproteins secretion in
the respiratory system. In the asthmatic condition, the number of goblet cells
increases significantly due to elevated level of goblet cell hyperplasia or metaplasia
which refers to conversion of non-granulated secretory cells to goblet cells. In this
condition, mucus overproduction will be initiated due to accumulation of high

amount of mucus results in airway obstruction [34, 59]. This aspect of pathology was
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also confirmed by observing the increased level of MUC5AC gene expression in

asthmatic subjects compared to healthy individuals [59].

The mechanism of goblet cell hyperplasia is not completely understood, however it
has been shown that T helper 2 (Th2) cytokines including IL-4 and IL-13 play a key
role in induction of goblet cell hyperplasia, mucin gene upregulation and mucus
overproduction [60, 61]. In addition, Epidermal growth factor receptors (EGFR)
signaling has a significant role in goblet cell metaplasia [62]. It has been indicated
that in the presence of proinflammatory cytokine including TNF-a, the level of EGFR
expression will be up-regulated in the epithelium. The stimulation of EGFR by EGF
or oxidative stress results in mucus overproduction. Oxidative stress applies its effect
via activating p44/42mapk pathway [62-64]. Moreover, activated neutrophils which
are recruited by IL-13 to the airways release oxygen-free radicals which cause mucus
synthesis via EGFR activation [61, 65]. Therefore, this aspect of airway remodeling

also leads to exacerbation of asthma.

1.1.2.5 Vascular remodeling and pathological angiogenesis

Vascular remodeling or angiogenesis is a significant characteristic of allergic
asthmatic airways and plays an important role in asthma pathogenesis as one of the

major aspect of structural airway wall alteration [30, 66].

12



Angiogenesis is defined as a multiple complex process in which new vessels form
from pre-existing ones [48-50]. This is a vital process in homeostatic condition to
provide the oxygen and nutrients; however, increased angiogenesis, which is a
consequence of imbalance between pro-angiogenic and anti-angiogenic molecules,
occurs in many chronic inflammatory diseases including asthma [51]. Therefore, this

phenomenon deserves a full consideration from every conceivable angle.
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Figure 1.2. Airway pathology in asthma. Airway structures in medium-sized
healthy airways (part a; a schematic representation is depicted in part ¢) and in a
patient with asthma (part b; a schematic representation is depicted in partd). The
airways in asthma show considerable structural remodeling, including goblet cell
hyperplasia, subepithelial fibrosis, increases in smooth muscle volume and blood

vessels.
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1.2 Chapter 2: Angiogenesis in Asthma

For the first time in 1960, Dunnill and colleague showed that the abnormalities and
changes in vascular network happens in the airways of asthmatic patients [67]. Also,
Leonardo da Vinci was the first to report the pathological angiogenesis in the lung
[68]. According to current studies in both conditions, ex vivo and in vivo, it is proved
that the level of formation of new blood vessels increases significantly in the sub-
epithelial zone particularly in the mucosa of the lung of asthmatic patients. [69-71].
Moreover, it has been reported that the elevated level of blood flow and vascular
permeability in the lung is a consequence of abnormal bronchial vascular alteration in
the asthmatic airways which results in airway inflammation, airflow limitation,
bronchial hyperresponsiveness and ASMCs remodeling [72-74]. These pathological
events which are known as vascular remodeling will be persistent in asthmatic
airways, by altering airway’s components and intensifying the asthma pathogenesis

[75].

1.2.1 Steps of angiogenesis in asthma

As mentioned earlier, angiogenesis is a complicated multistep process which is
preceded by involvement of several factors [66]. Blood vessels are forming by
closely assembled endothelial cells (ECs) in the inner lining of vessels and their role

is providing oxygen and nutrients for organs [76]. In healthy condition, there is a

16



balance between signaling of proangiogenic and angiostatic growth factors which
leads to maintenance of ECs in a quiescent phase [77, 78]. Moreover, in this
condition, blood vessels adjust the blood flow and provide the tissue with adequate
amounts of oxygen using oxygen and hypoxia-induced receptors or sensors [79].
However, in hypoxic or inflammatory condition, the level of pro-angiogenic growth
factors and cytokines production will be up-regulated which promotes the growth of
new blood vessels from pre-existing ones.

Angiogenesis process is divided into two phases: 1) activation (sprouting) phase and
I1) resolution phase.

Activation phase has several steps including vessel wall’s endothelial cells
disassembly and ECs activation, degradation of basement membrane as a result of
matrix metalloproteinase (ECM) activity, ECs migration and ECM invasion, ECs
proliferation and ultimately formation of vessel’s lumen.

Resolution phase is in the opposite way of activation phase and encompasses the
following steps: Maturation of complexes at the junction between endothelial cells,
re-formation of basement membrane and ECM, inhibition of ECs proliferation and
migration, differentiation and recruitment of vessel’s smooth muscle cells and
pericytes to make the mature blood vessels lumen. Ultimately, angiogenesis process
will be completed by establishment of blood flow in the newly formed blood vessels

[80, 81].
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The initial step of angiogenesis process in pathological condition is activation of

endothelial cells which occurs according to the following description:

Vessel-destabilizing molecule, angiopoietin-2 (ANG-2), detaches the pericytes from
endothelial cells and simplifies the activities of other pro-angiogenic cytokines [82-
87]. Afterwards, under the effect of various pro-angiogenic factors, including
Vascular Endothelial Growth Factor (VEGF), basic Fibroblast Growth Factor (b-
FGF), IL-8 and activation of hypoxia-inducible factors in response to low level of
oxygen, endothelial cells will be activated [79, 83, 88]. Activated endothelial cells
then detach from each other by losing integrin and adhesion molecules particularly
Vascular Endothelial cadherin (VE-cadherin) [89]. VE-cadherin is the most important
and crucial molecule at the junctions between ECs which keeps endothelial cells
connected to each other [90]. This molecule specifically expresses on ECs and
contributes in transducing the signals from extra cellular matrix (ECM) to the cells by
recruiting molecular complexes of cytoskeleton and signaling molecules at focal
adhesion sites. However, the function of this molecule is impaired in activated ECs

[91].

The second step of sprouting angiogenesis as an invasive process is production of
matrix metalloproteinases (MMPs) by activated ECs [83]. In fact, the filopodia of
endothelial tip cells express some receptors which can sense the gradient of guidance

cues in the environment. As a result of activation of Neuropilin-1, VEGF-R2, Jagged-
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1 and Notch-1 signaling on ECs tip cells by attractant cues, they initiate releasing the

MMPs [91].

Matrix metalloproteinases (MMPs) are a family of proteases including collagens,
laminins and elastin that can cleave peptide bonds between the proteins of ECM and
eventually degrade the endothelial basement membrane [92]. It is an essential step in
elimination of barrier proteins and generation space in ECM for activated endothelial
cells to migrate [92-94]. The most important MMPs produced by activated ECs are
MMP-1 (interstitial collagenase), MMP-2 (gelatinase A/type IV collagenase), MMP-
9 (gelatinase B/type IV collagenase), and MT-1-MMP which can promote the process
of angiogenesis [95, 96]. Subsequently, selected and activated tip cells will be
polarized which leads to extension of several filopodia to the ECM. These extended
filopodia are mostly involved in migratory activities [83]. Following tip cells
migration and filopodia extension into the ECM, the proliferation of stalk cells will

be initiated which results in vessel tube formation.

Stalk cells are recognized as the following part of ECs tip cells with fewer
capabilities in filopodia production and migratory activities compared to tip cells;
however, they are more proliferative after stimulation with pro-angiogenic factors.

[97-99].

Following completion of activation phase of angiogenesis process, resolution phase

will be started.
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Resolution phase is a transition stage in which actively growing vasculature turn to a

quiescent and completely formed functional blood vessels network [100].

At the first step of this phase, proliferating stalk cells reform the adherent complexes
between endothelial cells to establish the junction and preserve their integrity.
Consequently, newly formed sprouts join the adjacent sprouts to form a continuous
lumen [97, 101]. EGFL7 plays a significant role in this step. This molecule is a
secreted angiogenic factor which particularly expresses by proliferating ECs and
applies its effect on the same cells. It acts as chemoattractant for endothelial cells
and interacts with the ECM’s components. The function of this molecule is important
in formation of vascular lumens and maintaining the integrity of basement membrane
[102]. Following lumen formation, the fusion will occur between adjacent branches
after two endothelial tip cells encounter each other. These connections will be
established by contribution of VE-cadherin and Angiopoietin-1 (Ang-1) to make

continues lumen.

Ang-1 plays a vital role in maintaining the vascular integrity and ECs survival by
signaling through Tie-2 receptor. The activation of this signaling pathway results in
phosphorylation of phosphatidylinositol 3-kinase and subsequently activation of AKT
pathway which leads to ECs survival. The consequence of all these changes is
inhibition of vascular leakage, vascular inflammation and ultimately vascular damage
[103]. In addition, Ang-1 is significantly involved in strengthening the ECs

connection by regulating and localizing the PECAM-1 and VE-cadherin at the
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junction between ECs [104] which leads to a reduction in vascular endothelial cell

permeability [105, 106].

Beside Ang-1, VE-cadherin has been recognized as a specific and crucial adhesion
molecule at the junction between ECs. This molecule has a pivotal role in
maintaining ECs contact and vascular integrity as well as other cellular processes
including cell proliferation and apoptosis. It is also involved in controlling the

functions of vascular endothelial growth factor receptors (VEGFRS) [89].

In addition, in sprout formation and tube stabilization, integrin-ECM interactions play
a crucial role [107]. For instance, contribution of B1 integrins, av integrins, avp3 and
V5, is appreciated in this process which leads to activation of Src, FAK kinases
and Rho GTPases (Cdc42 and Racl) as downstream signaling pathways of integrin
[101, 108, 109]. Moreover, integrins and other adhesion receptors including PECAM-
1, E-selection, and VE-cadherin have the ability of making the connection between
internal cytoskeleton of cells and ECM in order to transduce the signals between
them. Integrins are involved in these processes by engaging the signaling molecules
and cytoskeletal molecules at focal adhesion sites. Focal adhesion kinase (FAK) is a
Non-receptor tyrosine kinase and plays a considerable role in cell migration and
proliferation in angiogenesis. The activation of FAK is mostly dependent on integrin
clustering at focal adhesion sites and results in cell migration, proliferation and other
crucial processes in angiogenesis [91, 110]. Consequently, all these processes lead to

vascular lumen formation and maintenance of their integrity.
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Immediately after completion the lumen formation process, ECM starts to form to
generate a new basement membrane. Tissue inhibitor of metalloproteinases (TIMP)
family plays the main role in re-formation of ECM. They apply their effect by
generating the MMPs inhibitory complexes. This family consists of 4 different
subgroups including TIMP1, TIMP2, TIMP3, TIMP4 and each of them has a unique
way to inhibit angiogenesis and re-establish the ECM. For instance, TIMP-1 blocks
the ECs migration toward pro-angiogenic factors; however, TIMP-2 acts through
inhibition of the MMP function and also reduction in endothelial tube formation level
on the ECM [96]. In addition, TIMP-3, an ECM-bound molecule, blocks vascular
endothelial cells chemotaxis toward VEGF and bFGF. Based on these functions, they

re-establish the new membrane for newly formed blood vessels.

Furthermore, another prominent feature of resolution phase and blood vessels
maturation step is differentiation and recruitment of mural cells including vascular
smooth muscle cells (vSMCs) and pericytes to make the mature blood vessels lumen.
Pericytes are mostly localized on ECs, capillaries and immature blood vessels,
however, vSMCs act on mature and larger vessels. In addition, mural cells are
involved in maintaining the vascular integrity by generating Ang-1 which acts as an
endothelial-mural cell adhesion molecule to support blood vessels [111, 112].
Moreover, PDGF-B/PDGFRp interactions play a significant role in pericytes

proliferation, migration and localization to the vascular wall [100, 113, 114].
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Blood flow establishment is the final step of angiogenesis process. In this condition,
the presence of oxygen and nutrients leads to reduction in pro-angiogenic factors.
Therefore, endothelial cell oxygen sensors will be inactivated, ECs proliferation and
migration will be inhibited by contribution of angiostatin and endostatin [115-117]
and ultimately these cells will return to the quiescent state [118-120]. Consequently,
all above mentioned complicated processes lead to formation of mature blood vessels

network.
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Multiple targets in angiogenesis
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Figure 1.3. The process of angiogenesis. Blood vessels are comprised of endothelial
cells ensheathed by pericytes, embedded in the stromal compartment. Hypoxia or other
endogenous signals activate ECs and induce the release signaling factors (such as
VEGF, Ang-2, FGF and chemokines) to promote the growth of new blood capillaries
from pre-existing vessels. Pericytes detach from the vessel (Ang-2 signaling), and
endothelial cells are activated and lose their close contact as the vessel dilates (VE-
cadherin signaling). In sprout formation, a tip cell is selected (selection influenced by
Neuropilin, VEGF/VEGFR and NOTCH / DLL4 and JAGGED1 signaling) which
releases matrix metalloproteases (MT1-MMP) to degrade the basement membrane and
remodel the extracellular matrix. Tip cells are polarized and extend numerous filopodia
to guide sprout migration (via semaphorins, ephrins, and integrins guidance signals)

toward angiogenic stimuli (VEGF gradient). Tip cells are primarily migratory and do
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not proliferate. Stalk cells follow the tip cell and proliferate, extending the sprout.
Proliferating stalk cells establish junctions with neighboring endothelial cells and
release molecules such as EGFL7 that bind to extracellular membrane components and
regulate vascular lumen formation. Fusion of neighboring branches occurs when 2 tip
cells encounter each other, establish EC-EC junctions (VE-cadherin, Ang-1) and form a
continuous lumen. Extracellular matrix is deposited to establish a new basement
membrane (TIMPs), endothelial cell proliferation ceases, and pericytes are recruited to
stabilize the new vessel (PDGFR/PDGF-B, Ang-1). Once blood flow is established, the
perfusion of oxygen and nutrient reduces angiogenic stimuli (VEGF expression) and
inactivates endothelial cell oxygen sensors, re-establishing the quiescent state of the

blood vessel.
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1.2.2 Pro-angiogenic factors and molecules in asthma

1.2.2.1 The role of hypoxia in angiogenesis in asthma

Numerous pro-angiogenic factors are involved in progression of pathological
angiogenesis in allergic asthma [66]. The most important initiator of vascular
formation in asthmatic airways is unavailability of sufficient oxygen as a result of
airflow limitation, airway inflammation, airway wall thickening due to increase in
ASM cell mass and sub-mucosa fibrosis [121, 122]. In fact these structural and
cellular alterations in the lung lead to severe hypoxia because the increased
components of airway wall require more oxygen; however, the oxygen supplier
system is not enough to provide the sufficient amount of nutrients and oxygen.
Therefore, as a result of regulatory responses, more number of blood vessels will be

generated to compensate the shortage of oxygen and nutrient in the lung [123].

Activation of hypoxia inducible factor (HIF) plays a key role in hypoxic condition.
HIF is a transcription factor which is consists of 2 subunits: HIF1-o and HIF1-B. In
normoxia (normal oxygen condition) HIF1-a is hydroxylated and subsequently
degraded in proteasome. However, in hypoxic condition, hydroxylation of HIF1-a is
impaired which leads to elevation of HIF1-a level. It results in translocation of HIF1-
a to the nucleus, dimerization with HIF1-p and binding to hypoxia response element

in the promoter of target genes. The consequence of these processes is activation of
genes involved in hypoxia.
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Hypoxia has a significant role in exacerbation of asthma pathogenesis as well as
angiogenesis through several ways. For instance, it has been shown that HIF
transcription factors function is associated with airway inflammation [124].
Moreover, they play a significant role in every step of angiogenesis process by
contributing in ECM degradation (by upregulation of MMP-2 expression), formation
of vascular tubes, generation of basement membrane and vessels maturation (by
participating in formation of ECM, including fibronectin). Additionally, HIF
transcription factors are clearly involved in genes expression of pro-angiogenic
growth factors, cytokines and chemokines including VEGF, Angiopoietin-1/2, FGF,
TGF-B, IGF, MMPs, IL-1, IL-6, IL-8, CXCL3 and CXCR?2 in the airways [79, 125,

126].

1.2.2.2 Vascular Endothelial Growth Factor (VEGF) and its receptors

Hypoxia has a considerable effect on regulating Vascular Endothelial Growth Factor
(VEGF) expression, as it is a transcriptional target of HIF1-a [79]. VEGF, which is a
highly specific angiogenic factor is recognized as a master regulator of blood vessels
growth in asthmatic airways [127]. This growth factor acts as a specific mitogen for
endothelial cells and causes detachment of endothelial cells from mother vessels and

migration to the adjacent stroma to generate the new branches [128].
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VEGF family consists of 7 different members, including VEGF-A, VEGF-B, VEGF-
C, VEGF-D, VEGF-E, VEGF-F and PIGF. Among them, VEGF-A which denotes as
VEGEF, is recognized as the most potent angiogenic factor [129-131]. Alternative
splicing of VEGF gene results in production of 5 molecular variant such as VEGF-
A1, VEGF-Ay;5, VEGF-Ass, VEGF-Ajs9 and VEGF-A,s and between them,

VEGF-A g5 is considered as the most dominant isoform [130].

VEGF family applies its effect via signaling through related high affinity tyrosine
kinase receptors. There are 3 groups of VEGF receptors including VEGFR-1 (FLT-
1), VEGFR-2 (KDR / FLK-1), and VEGFR-3 (FLT-4). In addition to these main
receptors, VEGFs can also interact with Neuropilin-1 and Neuropilin-2 as their co-
receptors [118, 132, 133]. VEGFR-1 and VEGFR-2 are mostly expressed on
endothelial cells, epithelial cells, ASMCs, and some inflammatory cells including
macrophages and T cells. However, VEGFR-3 is dominantly found on lymphatic
epithelium [134]. Similar to VEGF, the expression of VEGFR-1 and VEGFR-2 are

upregulated in the hypoxic condition [135, 136].
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Figure 1.4. Interactions of VEGF family members with their receptor tyrosine

kinases. VEGF tyrosine kinase receptors are related to the platelet-derived growth

factor (PDGF) subfamily of receptor protein tyrosine kinases. VEGF shows high
affinity binding to both VEGFR-2 and VEGFR-1 receptors. Placenta growth factor
(PIGF) and VEGF-B bind with high-affinity binding to VEGFR-1 only. VEGF-C and
-D are VEGF-related factors that bind to a related receptor VEGFR-2 and VEGFR-3.

Neuropilin-1 and Neuropilin-2 are also novel non-RTK receptors and in some cases

they perform as a coreceptor for VEGF family members.
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As mentioned earlier, VEGF (VEGF-A) is a potent multifunctional growth factor
with several angiogenic properties [137]. It applies its angiogenic effect by signaling
through VEGFR-2. In fact VEGFR-2 is the most important mediator of angiogenic
and mitogenic effect of VEGF [130, 133]. Binding of VEGF to VEGFR-2 on ECs
activates several signaling pathways including Akt, FAK, p38MAPK, eNOS, Src and
PI3K. Each of these pathways in turn, plays a significant role in ECs proliferation,
migration and differentiation [129]. VEGF enhances angiogenesis by being involved
in every step of this process. For instance, this growth factor can degrade ECM and
basement membrane of the vessels by stimulating ECs toward MMP and other
proteases production. This process facilitates ECs migration through surrounding
tissue [129]. It also acts as a survival factor for ECs via preventing apoptosis through
activating PI3-kinase / AKT pathway and expressing Bcl-2 protein in endothelial
cells [138]. Moreover, VEGF / VEGFR-2 signaling has a significant role in filopodia
formation and extension by activating Cdc42 on EC tip cells which results in vessels
enlargement and branching [139-141]. From the above mentioned mechanisms, it can
be concluded that VEGF and VEGFR-2 activation and function is the most important

factor in angiogenesis process.

VEGEF also affect angiogenesis indirectly by changing the environmental condition.
To explain more, we can point to its ability in recruiting inflammatory cells including
eosinophils, mast cells, macrophages, T cells and B cells and also promoting

monocyte chemotaxis [142-145]. These cells produce pro-inflammatory cytokines
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which in turn, can generate a pro-angiogenic condition by inducing VEGF, VEGFR-2
and other pro-angiogenic factors expression. In addition, VEGF can induce vascular
hyperpermeability which results in extravasation of plasma proteins and
inflammatory cells to extravascular area and ultimately elevation of inflammation
level [146]. Endothelial cell-derived nitric oxide is another effect of VEGF on ECs

which leads to vasodilatation [130].

In addition to VEGFR-2, there are other receptors and co-receptors for VEGF, all of

which yield different result than VEGFR-2 when activated. For instance:

Neuropilins (NRP-1 and NRP-2) which are a receptor for collapsing-sema protein
family act as a co-receptor for VEGFR-2, but they can also signal independently.
When NRPs co-express with VEGFR-2, they elevate the activity of VEGFR-2 by
enhancing the binding of VEGF g5 to this receptor. In fact they present VEGF 45 to
VEGFR-2 in a manner that increases the effectiveness of VEGFR-2 signaling [129,

130, 147].

VEGFR-1 is also another receptor for VEGF which has different function than
VEGFR-2. It mostly expresses on stalk cells as a result of notch signaling and
reduces VEGF availability and prevents tip cells formation and migration [148, 149].
As a result of alternative splicing on the VEGFR-1 gene, another form of receptor is
produced, which is called soluble VEGFR-1 (soluble FLT-1). It acts as a decoy
receptor for VEGF and inhibits the activity and signaling of VEGF through VEGFR-

2. It has been shown that VEGFR-1 has less tyrosine kinase activity due to weak
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tyrosine phosphorylation and its activation negatively regulates VEGFR-2 functions
such as ECs proliferation and migration [150]. Therefore, it can be concluded that
VEGFR-1 inhibits sprouting and branching and through this way regulates

angiogenesis negatively [130].

1.2.2.3 The sources of VEGF in asthmatic airways

There are numerous sources in asthmatic airways with the ability of generating
angiogenic condition. Structural cells including ASMCs, epithelial cells, endothelial
cells and inflammatory cells such as mast cells, eosinophils, basophils, neutrophils
and macrophages are counted as the most important sources of pro-angiogenic factors
in asthmatic condition that can elevate angiogenesis through direct or indirect way
[131]. For instance activated macrophages increase angiogenesis by production of
pro-angiogenic cytokines [151, 152]. Beside them, eosinophils also contribute in
enhancement of angiogenesis in asthma by synthesizing and releasing several pro-
angiogenic mediators such as VEGF, FGF-2, TGF-B, TNF-o and IL-8 and promoting
ECs proliferation [153]. Basophil and mast cells are also considered as one of the
potent sources of VEGF in asthmatic airways [154, 155]. In addition to VEGF, mast
cells produces FGF-2, IL-8, TNF-a. and TGF-p which have a direct effect on
enhancing angiogenesis. Moreover, pro-inflammatory cytokines including TNF-

a, IL-6 and IL-1p play a significant role in this process by inducing VEGF and
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VEGFR-2 expression [156, 157]. In addition, IL-5 acts as the most important survival

factor for eosinophils, therefore, enhances angiogenesis indirectly [158].

In addition to above mentioned sources of pro-angiogenic factors, airway smooth
muscle cells are recognized as another potent source of VEGF in asthmatic airways.
Initially, airway smooth muscle cells were merely considered as structural cells in the
airways. However, it is now known that in addition to this characteristic, they have
several significant roles in inducing airway inflammation, airway remodeling and
angiogenesis [159]. They are involved in angiogenesis process as one of the main
sources of VEGF in asthmatic condition. In fact, they interact with ECs and secrete
VEGF, FGF, PDGF, IL-6, IL-8 and so many other pro-angiogenic factors which lead

to angiogenic responses [160-162].

Moreover, Th2 cells play a considerable role in producing pro-angiogenic mediator in
airway inflammation. They regulate production and release of VEGF by generating
pro-inflammatory and Th2 cytokines. In fact, they produce IL-4, IL-5, and IL-13 in

the allergic asthmatics condition which in turn, enhances VEGF production [78].

Therefore, it can be concluded that inflammatory condition and different steps of

remodeling process have a considerable effect on induction of angiogenesis.
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1.2.2.4 Other pro-angiogenic growth factors and cytokines

There are several angiogenic factors in addition to master regulator of blood vessels
growth, VEGF that play an important role in induction of angiogenesis in asthmatics

airway.

Basic Fibroblast growth factor (bFGF / FGF-2): It is known as the first identified pro-
angiogenic factor [163]. FGF consist of 23 members and they signal trough different
receptors including FGFR1 to FGFR5 [164, 165]. In fact, this mitogenic and
angiogenic mediator directly enhances the level of angiogenesis by activating FGF
tyrosine kinase receptors on the surface of ECs. For instance, FGF-2 / FGFR
interaction on ECs leads to ECs proliferation and migration [166]. Furthermore, this
interaction causes enlargement of vessels in response to increased blood flow [167].
In addition, FGFs can increase the formation of new blood vessels indirectly by

inducing other cell types to produce angiogenic factors [129, 168].

Angiopoietin: Blood vessels are equipped with angiopoietin system which is a crucial
binary system in keeping the balance between the quiescent and active state of blood
vessels. This family consists of 3 ligands including ANG-1, ANG-2, ANG-3 and 2
receptors, TIE-1 and TIE-2. Among them, ANG-2 has a mitogenic and pro-
angiogenic properties and releases from endothelial tip cells in the presence of
angiogenic stimulant. It applies its effect by signaling trough TIE-2 receptors. ANG-2
/ TIE-2 interaction results in enhancement of angiogenesis by affecting mural cell

detachment, increasing vascular permeability and vascular branching. However,

34



ANG-1 maintains ECs in the quiescent state [86, 169]. In the asthmatic airways,
macrophages, ECs, and lymphocytes, are known as the main source of ANG-2

production [170, 171].

Pro-angiogenic cytokines: In addition to all pro-angiogenic growth factors, there are
several cytokines and chemokines that contribute in angiogenesis process. IL-8 is one
of the most important pro-angiogenic cytokines produced by monocytes,
macrophages and mast cells. It increases angiogenesis via stimulating ECs
proliferation and subsequently protease production, inducing ECs chemotaxis and
survival and preventing ECs apoptosis [172]. Moreover, IL-17, the main cytokine of
TH17 cells, has a significant effect on angiogenesis in allergic asthmatic airway.
IL-17 mediates angiogenesis by stimulating ECs migration, blood vessels lumen
formation and regulating pro-angiogenic factors production including VEGF and

FGF-2 [173-175].

The activation and function of all these pro-angiogenic mediators increase the level
of blood vessels formation as one of the most important features of airway
remodeling in the asthmatic patients. Ultimately, this process leads to asthma

exacerbation.
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1.3 Chapter 3: Semaphorin

1.3.1 Semaphorin molecules

Guidance cues have repulsive or attractive effect on growth cones and determine their
direction toward or away from a specific region. Some of these cues apply their effect
in diffusible form; however, the other groups are membrane bound. One of the
important guidance cues is semaphorin glycoprotein family which was initially referred
to as the collapsin family. They act as inhibitory or permissive guidance molecules in
different systems [176]. Initially, they were recognized as axon guidance molecules,
due to their importance in development of the nervous system and axonal guidance
[177, 178]. However, recently they have received an immense attention due to their
importance in other systems including, respiratory, cardiovascular and immune systems
and as well as various processes such as angiogenesis, embryogenesis, tumor formation

and progression [178, 179].

Semaphorins are classified into eight main classes, 1-7 and V. Classes 1 and 2 are found
in invertebrate, while classes 3-7 exist in vertebrate and class V found only in viruses
[179]. The differences between these classes are related to their sequence and structure.
However, all members are considerably conserved in their extracellular domain, which
consist of 500 amino acids and called semaphorin (sema) domain. This portion of

semaphorin molecules is characterized as a cysteine-rich semaphorin protein domain by
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which semaphorins mediate their effect. This domain is also a crucial component for

determining the receptor binding specificity [178].

There is another system for classifying semaphorin molecules which is based on the
form of their localization. According to this system, Classes 1, 4, 5, and 6 are known as
membrane-bound proteins, whereas classes 2 and 3 are characterized as secreted
proteins, and class 7 is identified as glycosyl-phosphatidyl-inositol (GPI)-linked

proteins [180].
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Figure 1.5. Semaphorins. There are eight classes of semaphorins. Classes | and Il
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semaphorins are encoded by viruses. All semaphorins are characterized by sema
domains which are followed by plexin semaphorin integrin (PSI), thrombospondin,

and Ig-like domains. They can be either secreted or membrane-bound.
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Mechanisms of semaphorin molecules:

The mechanism of semaphorin molecules is based on changing the cytoskeleton and
organization of actin filaments and microtubule networks [181]. They make these
alterations by F-actin polymerization and depolymerization, F-actin translocation and
microtubule dynamic. They also play a significant role in directing the tissue
morphogenesis by regulating cell migration, proliferation, adhesion and cytoskeletal

organization [178].

Several post-translational modifications including  proteolytic  processing,
oligomerization and so many others affect the function of transmembrane and
secreted semaphorins. These alterations lead to semaphorin- mediated repulsive axon

guidance, cell migration, invasive growth and growth cone collapse [182, 183].

The alteration of semaphorin’s function in each organ leads to several abnormalities.
For instance, if semaphorins alter in nervous system, it leads to some problems such

as epilepsy, alzheimer, parkinson and schizophrenia [184, 185].

In addition, semaphorins play a considerable role in immune system by contributing
in various phases of immune response. In fact, their alteration changes the proper

functioning of the immune system [186].

Also, semaphorins contribute to cancer progression or suppression by affecting

angiogenesis, metastasis, chemotaxis and tumorogenesis [187, 188].

39



Therefore, it can be concluded that semaphorins play a crucial roles in maintaining

physiological homeostasis in many organs.

1.3.3 Semaphorin receptors and signaling

Semaphorins signal through two main classes of receptors including plexins and
neuropilins [189, 190]. The majority of semaphorin molecules mediate their effect by
signaling through plexins alone. But, class Il semaphorins, except Sema3E, require
neuropilin co-receptors for functioning and signaling properly [191, 192]. Beside
these receptors, semaphorins can transmit their signals through other receptors
including CD72 and T-cell immunoglobulin and mucin domain-containing protein 2
(TIM-2) [179]. In their signaling process, several proteins including G proteins,

kinases, and regulators of the actin cytoskeleton are involved [178].

Plexins: These are conserved family of large proteins which act as single pass
transmembrane receptors [193]. Plexins have 4 sub classes including A, B, C and D.
In invertebrates, plexin-A and plexin-B play a vital role while in vertebrates all the
four classes of plexins including class A (Plexin-Al, A2, A3, A4), class B (Plexin-B1,
B2, B3), class C (C1), and class D (D1) contribute in transmitting the signals [194].
The extracellular part of plexins contains a sema domain which is an important
portion for binding to semaphorins [195, 196]. Sema domin is also an autoinhibitory

element which limits the activation of plexin molecules [197]. Following sema
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domain, three PSI domains (plexin-semaphorin-integrin) and three IPT domains
(immunoglobulin, plexin and transcription factors) are located. PSI domain is a small
cystine-rich domain (CDR) which is crucial for protein-protein interactions [198].
Also, IPT domains are required for proper ligand binding to plexins [199]. The
intracellular domain or cytoplasmic tail of plexin molecules, is highly conserved and
plays a crucial role in transmitting the signals following ligand binding [200]. It
contains a putative tyrosine phosphorylation sites, but doesn’t show any kinase
activity [201]. GTPase-binding domain and a segmented GTPase-activating protein
(GAP) domain are known as the most important characteristics of intracellular
domain of plexin which regulates many responses following plexin activation [194].
Plexins activation and signaling has a crucial role in cell movement, cytoskeleton
rearrangement and synapse formation [202] by controlling R-Ras and RhoA activity

[203].

Neuropilin: As mentioned earlier, most of the semaphorins signal through plexins.
However, class 3 semaphorins, except Sema3E, bind to neuropilin receptors [191,
192]. These groups of receptors are transmembrane proteins (~900 a.a.) with a short
cytoplasmic tail. Due to this characteristic, they lack intrinsic signaling capabilities
[204]. Two members of this family of receptors are recognized, including NRP-1 and
NRP-2 which form co-receptor complexes with other cell surface molecules to
mediate signal transduction [194]. For instance, VEGF uses NRP-1 as a co-receptor of

VEGFR-2 on the surface of ECs.

41



CD72: CD72 receptor is a member of C type lectin family and mostly expressed on

lymphoid tissues and serves as a receptor for ssma4D molecules [178].

Tim-2: T cell immunoglobulin and mucin (Tim) domain protein family is expressed

on activated T cells and is considered as a receptor for Sema4A ligands [178].
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Figure 1.6. The interaction of semaphorins with various types of semaphorin
receptors. a) The specific interactions between individual semaphorins and either single
plexins (PLEX) or specific neuropilins (NRP) are shown. In the case of the neuropilins,
the plexins that have been found to form complexes with these neuropilins and to serve as
the signal-transducing elements in such complexes in response to the binding of the
shown semaphorins are also indicated. b) The interactions of specific semaphorins with
additional receptors such as the T-cell receptor TIM2, the lymphocyte receptor CD72 and
proteoglycans. c) Interactions of neuropilins with ligands that do not belong to the
semaphorin family, such as the members of the vascular endothelial growth factor
(VEGF) gene family as well as hepatocyte growth factor (HGF) and platelet-derived
growth factor B homodimer (PDGFBB), are shown.
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1.3.5 Semaphorin 3E and its receptor

As mentioned earlier, there are 8 main classes of semaphorins [205]. Among them
Class 3 semaphorins, which are secreted proteins, play a significant role in various
processes including axon guidance, angiogenesis, tumor growth and metastasis [206].

They consist of 7 different subgroups (sema3A to sema3G) [178].

This group of semaphorins mainly signals through neuropilin receptors. However, the
interaction between neuropilins and plexins is crucial for class 3 semaphorin
signaling [206]. Among 7 different subclasses of semaphorin 3 family, Sema3E has
been recognized as a unique one, due to its ability to signal trough plexinD1
independently of neuropilin receptors. In fact, the high affinity binding of Sema3E to
plexinD1 on endothelial tip cells results in controlling of ECs positioning and

patterning for forming vasculatures [192, 207].

Sema3E is an 85 — 90 kDa protein which is synthesized as a full-length precursor
molecule. The furin-sensitive site of the precursor is subject to proteolytic maturation
to produce p61 fragment, which is known as the main species of endogenous
Sema3E. Furine proprotein-convertases is responsible for proteolytic maturation of

full-length Sema3E [208].

As mentioned previously, Sema3E signals specifically through plexinD1 and in this
condition it acts as a repellant molecule. However, the coexpression of neuropilin

with plexinD1 changes the function of Sema3E and turns it into an attractant
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molecule [191]. This shows that Sema3E can mediate different functions based on
the receptors arrangement [191]. Collectively, the existing evidence suggests that
Sema3E / plexinD1 signaling can affect several biological systems via the application

of their regulatory role.
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1.4 Chapter 4: Semaphorin3E and angiogenesis

It is clearly known that Sema3E / plexinsD1 interaction has a crucial role in many
biological systems including vascular development [209]. In addition, according to
previous studies, Sema3E / plexinD1 signaling has an inhibitory influence on cell
migration and proliferation [210, 211]. The most important inhibitory effect of
Sema3E / plexinD1, is on endothelial cells which leads to inhibition of vessel growth

and branching through several processes, including:

A) Suppression of Delta-like 4 Notch signaling: As mentioned previously, VEGF,
which is the master regulator of blood vessels formation, transforms endothelial
cells to tip cells. Following tip cells formation, the expression of Delta-like 4
(DI14) is initiated on their cell membrane. Delta-like 4 (DII4) is a transmembrane
ligand for notch receptors. These receptors are expressed on sprouting ECs and
their function is critical for negatively regulating endothelial tip cells. The
signaling pathway of DII4 / notch, is known as one part of VEGF downstream
signaling pathways and plays a significant role in determining the cell fate
between stalks and tip cells [212, 213]. In fact, DII4 activates Notch-1 receptors,
which are expressed on the adjacent stalk cells [214]. This phenomena leads to
suppression of tip cells differentiation into stalk cells. Consequently, the cells that
initially were differentiated into a tip cells will stay tip cells; however, the adjacent

endothelial cells remain undifferentiated or stalk cells [91]. The implication of
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these sophisticated molecular pathways on endothelial cells is enhancing the
efficiency of sprouting angiogenesis.

However, Sema3E / plexinD1 signaling changes this pattern. In fact, VEGF
induces the expression of plexinD1 at the front of actively sprouting endothelial
tip cells [215]. Sema3E then binds to plexinD1 which leads to suppression of Dll4
/ Notch signaling pathway [212]. In fact, the negative feedback mechanism of
Sema3E / plexinD1 on ECs, results in disruption of vascular network due to

suppression of VEGF and DII4 - Notch signaling pathway [212].

B) Soluble VEGFR-1 (sFlt-1) production: Another mechanism of decreasing the level
of angiogenesis is reduction in the amount or the effect of pro-angiogenic factors
on endothelial cells. Sema3E which is known as a repulsive cue, have the ability to
reduce the effect of VEGF on ECs by signaling through plexinD1.

In some developmental studies in zebrafish, it has been shown that the loss of
Plexin-D1 induces sprouting of new blood vessels; however, activation of Sema3E
/ plexin-D1 signaling suppresses VEGF-induced angiogenesis. In fact, Sema3E /
plexin-D1 acts as an antagonist of VEGF signaling by elevating the level of
soluble Flt-1 (sFlt-1) expression. sFlt-1 is VEGFR2 decoy receptor in endothelial
cells and inhibits the signaling of VEGF. This phenomenon leads to negative

regulation of ECs proliferation and migration [202, 216-218].
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C) Actin filaments and microtubules network alteration: Cell migration is one of the
most important steps of angiogenesis and is dependent on actin cytoskeleton
alterations. Actin is one of the most abundant proteins in cells and contributes to
several cellular processes, including cell matility, cell attachment, cell signaling
and so many others [215, 219].

In the presence of Sema3E, the regular function and organization of actin
filaments will be affected which has a direct influence on ECs migration and
subsequently angiogenesis. In fact, Sema3E influences actin cytoskeletons and
focal adhesions (FA), which are known as the main target of Sema3E on ECs. FA
is an adhesive structure between cell and ECM which is formed upon integrin
engagement. Sema3E / plexinD1 signaling has a significant influence on focal
adhesion assembly / disassembly. In fact, this signaling pathway induces
cytoskeletal remodeling, and as a result changes cell type, cell mobility, cell

migration and cell attachment to ECM [220].

D) Endothelial cell signaling alterations: Another effect of Sema3E on angiogenesis
process is changing the ECs cell signaling. As mentioned earlier, in angiogenic
condition, VEGF induces filopodia extension by activating Cdc42, a member of
Rho GTPases. GTPases are small and monomeric hydrolase enzymes that are
involved in controlling various cellular processes [221]. They can bind to GTP and
switches the active form of GTP to inactive form of GDP which leads to a variety

of cellular signaling events. These small GTPases, are categorized into five main
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groups including Ras, Rho, Rab, Arf and Ran and among them, Rho family is

further divided into RhoA, Racl and Cdc42 [222].

Following Sema3E / plexinD1 interaction, anti-angiogenic signaling pathway will be
initiated by activation of RhoJ signaling pathway. This phenomenon leads to
retraction of filopodia in endothelial tip cells and suppression of vascular formation.
Additionally, Sema3E / plexinD1 interaction inhibits Akt and ERK signaling

pathway that results in inhibition of ECs proliferation and migration [209, 223].

Moreover, the intracellular domain of plexinD1 contains GTPase activating domain
(GAP) which shows activity toward R-Ras. Activation of R-Ras promotes cell
adhesion processes by activating the integrins [220, 224, 225]. However, Sema3E /
plexin-D1 activation induces the association of GAP domain of plexinD1 with R-Ras,
which leads to inactivation of R-Ras and alteration of cellECM adhesion features.
Subsequently, R-Ras inactivation results in Arf-6 activation following several
phenomena. Initially, phosphatidylinositol-4-phosphate-5-kinase become activated,
which generates PI1(4,5)P, locally. P1(4,5)P, then binds to the Arf6 GEF (guanine
nucleotide exchange protein 100) PH domain which results in Arf6 activation [226].
The ultimate consequence of all these phenomena is inactivation of p1 integrin and
disruption of adhesive structures, which inhibits ECs adhesion to the ECM, and leads
to filopodia retraction in endothelial tip cells. In addition, Arf6 activation induces

rapid focal adhesion (FA) disassembly, integrin internalization, and Ecs collapse,
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which inhibits angiogenesis. Additionally, these processes provide a repulsive cue for

ECs which inhibit growth and sprouting of new blood vessels [227].

By gathering these findings, it can be concluded that Sema3E molecules act as an
effective chemorepellent for ECs by applying their effect through Plexin-D1 which

ultimately result in angiogenesis inhibition.
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Figure 1.7. Anti-angiogenic signaling by Sema3E / plexinD1 in endothelial cells.
The activation of plexinD1 by Sema3E induces the association of the Ras GAP
domain of plexinD1 with R-Ras. This inactivates integrins and enables their
subsequent internalization by the plexinD1-mediated activation of Arf6, thus
inhibiting endothelial cell adhesion to the extracellular matrix (ECM) by disrupting
integrin-mediated adhesive structures, and causing filopodial retraction in endothelial
tip cells. The pathway by which Sema3E stimulation of plexinD1 leads to Arf6
activation involves phosphatidylinositol-4-phosphate-5-kinase [ activation, which
generates PI1(4,5)P, locally. P1(4,5)P, then binds to the PH domain of an Arf6é GEF,
guanine nucleotide exchange protein 100, resulting in Arf6 activation. Sema3E-
induced Arf6 activation induces rapid focal adhesion (FA) disassembly, integrin

internalization, and endothelial cell collapse, thereby inhibiting angiogenesis.
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2. RATIONALE, HYPOTHESIS AND AIMS

2.1 Rationale

Asthma is a chronic inflammatory disease of the airways which is associated with
airway hyperresponsiveness and airway remodeling. Increased angiogenesis is
recognized as one of the prominent features of airway remodeling. However, the
factors regulating this process in allergic asthma are poorly defined. Semaphorin 3E
(Sema3E) is an axon-guidance secreted protein in neuronal system that has emerged
as an essential mediator involved in cell migration and proliferation which are known
to play a key role in angiogenesis. Moreover, our previous study revealed that
Sema3E acts as a chemorepellent for human airway smooth muscle cells and inhibits
the proliferation and migration of these cells in asthmatic condition suggesting an
important role of this molecule in airway remodeling. However, no study has
investigated the role of Sema3E in angiogenesis in allergic asthma. Therefore, we aim
to investigate the effect of Sema3E treatment and deletion on angiogenesis events

within the airways of murine model of allergic asthma.

2.2 Hypothesis

Semaphorin 3E inhibits house dust mite induced angiogenesis in mouse model of

allergic asthma.

52



2.3 Aims

2.3.1 To investigate the effect of Sema3E treatment and deletion on angiogenesis in
murine model of allergic asthma.

2.3.1.1 Study the effect of Sema3E on airway mechanics and inflammation.

2.3.1.2 Assess the effect of Sema3E on the level of angiogenesis in lung.

2.3.1.3 Determine the effect of Sema3E on pro-angiogenic factors in allergic
asthmatic condition.

2.3.2 To study the mechanisms by which Sema3E-Plexin D1 affects pathological
angiogenesis

2.3.2.1 Investigate the role of Sema3E on the level of soluble VEGFR1 (s-flt1)
production as a modulating decoy of VEGF.

2.3.2.2 Study the effect of Sema3E on VEGFR2 expression as the most important

mediator of angiogenic effect of VEGF.

53



3. MATHERIAL AND METHODS

3.1 Animal model

To generate Sema3E treated vs. Sema3E non-treated mouse model,
immunocompetent female BALB/c mice (6-8 wk old) were used for House Dust Mite
(HDM) or Saline challenge and Sema3E treatment. In addition, to investigate the role
of Sema3E on angiogenesis in allergic asthma, Age-matched (6-8 wk old) Sema3E
Knock out (Sema3e™) and wild type (WT) littermate was generated using female
129p2 mice. All animal procedures were approved by the Centre of Animal Care

Services (CACS) of University of Manitoba.

3.2 HDM sensitization and Sema3E treatment

Induction of allergic asthma was performed as described below. For this purpose,
female BALB/c Mice were challenged intranasally with HDM-Fc Ig (25 ng)
(D.PTERONY SSINUS, item#: XPB70D3A2.5, Greer, NC, USA) for 5 consecutive
days for 2 weeks. In Sema3E treatment model, Sema3E-Fc (10 ug/kg per mouse) was
administered intranasally 1h before each HDM challenge (25 ug) (Fig 3.1 A) (Mouse
recombinant Sema3E-Fc protein was gifted from Dr. Jonathan Duke-Cohan, Dana

Farber Cancer Institute, Harvard Medical School.)
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Also, Sema3e™ and WT mice, were subjected to HDM challenged intranasally (25
ug) for 5 consecutive days for 2 weeks as described in Fig 3.1 B. Saline treated mice

were used as the control group. Each group contained four mice.

A
Challenge off Challenge off Sacrifice
Sensitization & Treatment (Intranasal) ; R \ 2R/ \F $ $ ¢ ;l! ﬂ T
Group | : Saline-Fclg | B I S B S S e
Group |l : HDM -Fc Ig I
Grouplll: Sema3E - Fc Ig & HDM Days 0 1 2 3 4 5 6 7 8 9 1011 12 13 1415
B Challenge off Ch ifi
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Group | (Wild type): Saline
HDM |IIIIIIIIIIIIII|
Group Il (Sema3e”): Saline Days 0 1 2 3 4 5 6 7 8 9 1011 12 13 1415
HDM

Figure 3.1. Mouse model system for investigating the effects of Sema3E on

angiogenesis in allergic asthma.
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After 2 weeks mice were anesthetized by i.p injection of pentobarbital (90 mg/kg ip
injection) to measure the lung mechanics. They tracheotomized with a 20-gauge
catheter which was connected to a FlexiVent small animal ventilator (Scireq
Montreal, PQ, Canada). Mice were then ventilated with a tidal volume of 10 ml/kg
body wt, 150 times/min and lung mechanics was measured after exposing mice to 50
mg/ml nebulized methacholine (MCh) using flexiVent ventilator [228]. To investigate
the effects of MCh challenge on respiratory mechanics, low-frequency forced-
oscillation technique was used. In this experiment, the mechanical ventilation was
interrupted during low-frequency forced oscillation and then a volume perturbation
signal was applied. Following these processes, flexiVent software calculated
Newtonian resistance (Rn), peripheral tissue damping (G), and tissue elastance (H)

and ultimately all mentioned parameters normalized to animal’s body weight [228].

Afterwards, following the washing of airways with sterile saline, bronchoalveolar
lavage fluid (BALF) was collected, mice were sacrificed and lung specimens were

collected for further investigation.

3.3 Bronchoalveolar lavage fluid collection and characterization

Following the lung mechanics measurement, BALF was collected after washing
airways lumina with 2 x 1 ml sterile saline. Typical 1000 - 1500 ul BALF was

collected per mouse. The number of leukocytes was determined using
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hemocytometer, by performing cytologic examination on cytospin preparations
(Thermo Shandon CytoSpin 3 Cytocentrifuge, UK) by Diff Quick staining using
modified Wright-Giemsa stain (HEMA 3 STAT PACK) (Fisher Scientific,
Kalamazoo, Ml, Cat #: 123-869). Differential cell counts were performed by counting
at least 200 cells (eosinophils, lymphocytes, macrophages, and neutrophils) using a
light microscope (Primo Star Digital Microscope and INFINITY camera by using
infinity capture software) at x400 magnification in blind manner by three individuals

and by considering standard morphologic criteria [229].

3.4 Histologic examination

Formalin-fixed tissues were paraffin embedded, and 5-um-thick sections were cut,
mounted on slides and stained with hematoxylin and eosin staining (H&E) for
evaluating the level of cell infiltration and the level of inflammation and structural
changes [230]. Images were taken at x200 under a digital Zeiss Axioskop 2 mot plus
microscope using a Carl Zeiss AxioCam MRc 5 camera and AxioVision Rel 4.8

software.

3.5 Immunohistochemistry

Formalin-fixed tissues were paraffin embedded, and 5-pum-thick sections were

prepared, deparaffinized in xylene for 2 X 5 min, and rehydrated through graded
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concentrations of alcohol to water (2 x 100% ethanol, 95% ethanol, 70% ethanol and
ddH,0). Then tissues were boiled with microwave for 10 min in sodium citrate buffer
(pH 6.0). Sections were washed 3 x 5 min with TRIS-buffered saline [TBS 1x] and
then incubated with blocking solution (1% BSA and 5% second animal serum in
TBS) for 45 min at room temperature. Rabbit anti-mouse CD31 poly clonal antibody
(1:50) (Abcam, Cambridge, UK, Cat #: ab28364) as primary antibody or control
rabbit 1gG as a negative control and Rabbit anti human vWF (Von Willebrand factor)
poly clonal antibody (1:400) (Dako, Santa Barbara, Calif, Cat #: A 0082) as primary
antibody or rabbit IgG as an isotype control were added, and sections were incubated
overnight at 4°C. Slides were then washed 3 x 5 min with TBS, followed by
incubation for 2 h at room temperature with biotin-conjugated goat anti-rabbit IgG as
secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, Cat #:
111-065-003). Slides were then washed 3 x 5 min with TBS and incubated with
streptavidin-alkaline phosphatase (Jackson ImmunoResearch Laboratories, West
Grove, PA, Cat #: 016-050-084) for 30 min at room temperature. Afterwards, slides
were washed 3 x 5 min with TBS and developed by using Fast Red TR/Napthol AS-
MX Alkaline Phosphatase Substrate Tablets Set (Sigma-Aldrich Missouri, USA, Cat
#. F4648) and counterstained with Harris Modified Hematoxylin (Fisher Scientific,
Fair Lawn, NJ, USA Cat #: SH26-500D). Positive cells were stained red after
development with Fast Red. Isotype-matched control mAb was used for negative
control. Images were taken at x100 using a digital Zeiss Axioskop 2 mot plus

microscope and Carl Zeiss AxioCam MRc 5 camera by using AxioVision Rel 4.8
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software. The result of staining was quantitatively analyzed by counting the number
of red blood vessels (any cluster of endothelial cells that was clearly stained in red
color) which were positive for CD31 or VWF. In fact, 4 tissues from each group (n=4)
were stained and the number of blood vessels in each tissue were counted in five
randomly chosen high power field and the result was reported as an average of the
number of red blood vessels in each group [231, 232]. The analysis was performed
according to the above-mentioned manner to investigate and compare the level of

blood vessels formation in each bronchial section.

3.6 Immunofluorescence

Formalin-fixed paraffin embedded sections were prepared for Immunofluorescence
staining as described previously in Immunohistochemistry section. Briefly, Formalin-
fixed paraffin embedded tissues, were cut in 5-um-thick sections and deparaffinized
in xylene and rehydrated through graded concentrations of alcohol to water. Then,
tissues were boiled with microwave for 10 min in sodium citrate buffer (pH 6.0).
Sections were washed with TBS and then incubated with blocking solution (1% BSA
and 5% second animal serum in TBS) for 45 min at room temperature. Sections were
stained for Von Willebrand factor (vWF), vascular endothelial growth factor (VEGF),
vascular endothelial growth factor receptor 1 (VEGFR-1), vascular endothelial

growth factor receptor 2 (VEGFR-2), neutrophil elastase and eosinophil major basic
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protein (MBP). The antibodies and isotype control antibodies that were used for the

above-mentioned staining’s, were according to table 3.1 description:

Table 3.1. Immunofluorescence staining antibodies

Antibody Dilution | Isotype Control | Company and Cat #

Rabbit anti human vWF | 1:400 Rabbit 1gG Dako, Santa Barbara, Calif.
(Von Willebrand factor) Cat #: A 0082

poly clonal antibody

Goat anti mouse VEGF | 1:20 gout IgG R & D Systems, MN, USA,
polyclonal antibody Cat #: DY493

Goat anti mouse | 1:20 gout IgG R & D Systems, MN, USA,
VEGFR-1 polyclonal Cat#: DY471

antibody

Rabbit  anti mouse | 1:200 Rabbit 1gG Biorbyt, SF, USA,
VEGFR-2 polyclonal Cat #: orb11557

antibody

Mouse anti  human | 1:20 mouse IgG Dako, Denmark,

neutrophil elastase Cat #: M075201-2
monoclonal antibody

Rabbit anti mouse major | 1:40 rabbit 19G Cloud-Clone Crop, TX,
basic protein (MBP) USA, Cat #: PAB650Mu02
polyclonal antibody
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After adding primary antibodies, sections were incubated at room temperature for 2
hours. Then, slides were washed with 3 X 5 min with TBS, followed by incubation
for 1 h at room temperature with secondary antibody according to the following

description:

The secondary antibody that was used in VWF, VEGFR-2 and MBP staining was
Alexa Flour 568 goat anti rabbit 1gG (H+L) (Life technologies, OR, USA, Cat #: A-
11011) and in VEGF and VEGFR-1 staining the secondary antibody was Alexa Flour
488 chicken anti goat 1gG (H+L) (Life technologies, OR, USA, Cat #: A-21467). In
addition, Alexa Flour 488 goat anti mouse 1gG (H+L) (Life technologies, OR, USA,
Cat #: A-11001) were used for neutrophil elastase staining. Slides were then washed
extensively 3 X 5 min with TBS and counterstained with prolong gold anti-fade
mountant with DAPI (Molecular Probes, Life technologies, USA Cat #: P36935).
Images were taken at x100, x200, and x400 magnifications using a digital Zeiss
Axioskop 2 mot plus microscope and Carl Zeiss AxioCam MRc 5 camera by using

AxioVision Rel 4.8 software.

Image analysis: The result of VWF staining was quantitatively analyzed by counting
the number of blood vessels which were positively stained for vVWF. The number of
blood vessels in five randomly chosen high power field of 4 tissues from each group
(n=4) were counted and the result was reported as an average of the number of red
blood vessels in each group [231]. The result of VEGF, VEGFR-1 and VEGFR-2

staining was quantitatively analyzed by calculating the mean intensity of 20 pictures
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from each group using Image J 1.48v software downloaded from the NIH website

(http://rsb.info.nih.gov/ij). To do the analysis, after opening the TIFF file of the
picture in the Image J 1.48v, set measurement was chosen under analyze section and
the threshold was adjusted to highlight the area of interest in the red color.
Afterwards, under analyze section, measure was selected which allowed us to
calculated the intensity measurements in the thresholded area of interest. The result

was reported as mean intensity for each group [233].

3.7 Lung homogenate preparation for ELISA and BCA protein assay

Lung samples were homogenized in ice cold homogenization buffer containing RPMI
(Gibco, Life technologies, ON, Canada, Cat #: 11875-093), Protease Inhibitor
Cocktail (Sigam-Aldrich, Life science, St. Louis, MO, USA, Cat #: P2714-1BTL) and
PMSF (Sigam-Aldrich, Life science, St. Louis, MO, USA, Cat #: P 7626). Following
centrifugation of the homogenates at 10,000 g for 15 min, supernatants were
collected. The protein concentration of each sample was determined using the BCA
protein assay kit standardized to BSA, according to manufacturer's instruction (San

Diego, CA, USA, Cat #: 71285-3).
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3.8 Enzyme Linked Immunosorbent Assay (ELISA)

The concentration of VEGF-A and soluble VEGFR-1 / Flt-1 were quantitated using
commercially available mouse VEGF DuoSet ELISA kit (R & D Systems, MN, USA,
Cat #: DY 493) and Mouse SVEGFR-1 / Flt-1 DuoSet ELISA kit (R & D Systems,
MN, USA, Cat #: DY 471) according to manufacturer’s instruction, respectively. The
sensitivity limit of VEGF and soluble VEGF R1 assay is 15.60 pg/ml and 150 pg/ml
respectively as mentioned by the manufacturer’s instruction. The experiment was

performed in duplicate condition.

96 well plates were coated by 100 ul of Mouse VEGF or sVEGFR-1 capture antibody
and for maximum sensitivity incubated over night at 4°C. Plates were tightly wrapped
and kept in a humidified chamber to reduce the level of evaporation and variability in
wells. At the second day, plates were washed four times manually with washing
buffer (0.05% Tween 20 in PBS, pH 7.2-7.4) and plates were dried by hitting them
three times on paper towels. 200 ul blocking solution (1% BSA in PBS, pH 7.2-7.4)
was added to each well and plates were incubated at room temperature for 2 hours.
Following washing plates, 50 ul of each sample (lung homogenate) and standard were
added to the wells and plates were incubated over night at 4°C for maximal
sensitivity. The standard curve was generated using recombinant mouse VEGF or
SVEGFR-1 standard in dilution buffer. The titration curves ran from 10000 to 78

pg/mL for testing VEGF and sVEGFR-1 levels in experimental samples and each
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sample was titrated in dilution buffer from 1:2 to 1:4 and from 1:10 to 1:20

respectively.

At the third day, after washing and drying the plates according to above mentioned
manner, 100 ul of biotinylated gout anti mouse VEGF or biotinylated gout anti mouse
soluble VEGFR-1 detection antibody was added and plates were incubated at room
temperature for 2 hours. Following washing and drying plates, they were incubated
30 to 45 minutes with 50 ul streptavidin- horseradish-peroxidase (HRP) (1:1000
dilution) at room temperature and developed with 50 pl substrate solution (1:1
mixture of Color Reagent A (H202) and Color Reagent B (Tetramethylbenzidine),
R&D Systems, Cat #: DY999). Progress of assay was observed visually until the blue
color appeared. Immediately, the reactions were stopped following adding 100 pul stop
solution (2N H2S04) to each well. OD was measured at 450nm with Spectra Max
190 ELISA reader (Molecular Devices, CA, USA). A standard curve was generated
using the data achieved by serial dilution of the standard, and the concentration of
VEGF and sVEGFR-1 in samples were calculated on the x axis and the OD on the y

axis to generate a four parameter curve using SoftMax Pro 5.4.1 software [234].

3.9 Quantitative Real-Time PCR analysis

Total RNA was extracted from whole lung by using TRIzol (Invitrogen, Life
Technologies, Cat #: 15596026, CA, USA) according to manufacturer’s protocol and
RNA concentration was measured using BioPhotometer (Eppendorf AG, Hamburg,
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Germany). To synthesize cDNA, reverse transcription was perfumed with 2 ng of
total RNA using a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA, Cat #: 4368814) in a total volume of 20 uL according to the
manufacturer’s protocol. CDNA of each sample and sequence specific VEGFR1 and
GAPDH primers (10 uM) were added to SYBR Select Master Mix (Applied
Biosystems, USA, Cat #: 4472908). Real-Time PCR was performed in 96-well
optical plate with an initial 1 cycle denaturation step for 10 min at 95°C, 40 cycles of
PCR (95°C for 15 s, 60 °C for 35 s and 72°C for 35 s), 1 cycle of melting and 1
cooling cycle (Applied Biosystems 7500 Real-Time PCR system). Average data
collection and detection of fluorescent product was performed at the end of the 72°C
extension period. Products specificity was assessed by performing melting curve
analysis and examining the quality of amplification curves. The amplification of
target genes was calculated by normalizing to the amplification of GAPDH and then
normalizing to control groups. Then the normalized values were expressed as fold
increase / decrease of relative quantitative (RQ) over the values calculated with other

groups.
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Table 2.2. Real-Time PCR primers (forward and reverse) and amplicon size used in

analysis of gene expression assay

Gene Forward (5'- 3") Reverse (5'- 3" Size (bp)
VEGFR-1 | 5-TCACAGATGTGCCGAATG-3' 5-CGTAGCAGAATCCAGGTAATG-3' | 124
GAPDH 5-AACTTTGGCATTGTGGAAGG-3' | 5-ACACATTGGGGGTAGGAACA-3 217

3.10 Statistics

Results are expressed as the mean = SEM. Differences between the groups was analyzed

by one-way ANOVA first to determine if any significant differences may generally exist

among various experimental groups then Bonferroni post tests were performed to detect

statistically significant differences in each pair of experimental groups by GrapPad Prism

5.04. P values <0.05 was considered statistically significant.
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4 RESULTS

4.1 Sema3E-Fc treatment decreases airway hyperresponsiveness in HDM-induced

allergic inflammation.

To assess the effect of the Sema3E molecule on HDM-induced airway
hyperresponsiveness, BALB/c mice were pre-treated with Sema3E-Fc (10ug/kg) or Fc
fragment Ig control one hour prior to intranasal administration of HDM as described in

figure 4.1A.

Our data revealed that in response to MCh the level of airway resistance, tissue resistance
and tissue elastance were increased in HDM challenged Fc pretreated mice. However, in
Sema3E pretreated group all these features were significantly reduced (**** P < 0.0001,
*** P < 0.001) (Fig 4.1B). Together, these data revealed that Sema3E prevents the

development of airway hyperresponsiveness in HDM-challenged mice.
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Figure 4.1. Sema3E-Fc treatment reduced the level of airway hyperresponsiveness
in acute mouse model of HDM-induced allergic inflammation. (A) Acute mouse
model of Sema3E treated vs. non-treated designed for investigating the effects of
Sema3E on angiogenesis in allergic asthma. Female BALB/c mice (6-8 wk old) were
challenged intranasally with House Dust Mite (HDM - Fc Ig 2.5mg/ml) or vehicle and
Sema3E-Fc Ig (10 pg/kg per mouse) 1h before each HDM challenge. Each group
contained four mice. (B) Sema3E treated mice shows attenuated level of airway
hyperresponsiveness (Airway resistance [Rn], tissue elastance [H] and tissue resistance
[G]) in response to methacholine (MCh) compared to HDM challenged mice. Statistical
analyses was performed by one-way ANOVA, *** P < 0.001 and **** P < 0.0001. Error

bars represent Mean = SEM.
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4.2 Sema3E-Fc treatment attenuates airway inflammation in HDM-challenged mice.

The level of inflammation in BALF and lung tissues was examined by performing
cytologic examination on cytospin preparations by differential quik staining and H&E
staining, respectively. Photomicrographs of stained sections showed increased level of
peri-bronchial inflammation in HDM-challenged mice. However, the infiltration of
inflammatory cells was significantly reduced in Sema3E treated group (Fig 4.2A).
Concomitantly, total BALF cell count was significantly reduced in Sema3E-Fc treated
mice compared to HDM-challenged and Fc treated control. In particular, Sema3E
treatment reduced the level of granulocytes mainly eosinophils and neutrophils and re-
establish to certain extend the level of macrophages mononuclear cells as well as B and T
lymphocytes (Figure 4.2B). All together, these data reveal that Sema3E reduces the levels
of HDM-induced airway inflammation particularly granulocytes and lymphocytes which

are considered as one of the main sources of pro-angiogenic factors.

Saline-Fc _ Sema3E-Fc + HDM ,

-,
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Sema3E-Fc + HDM Control

Neutrophil Elastase = DAPI
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Figure 4.2. Sema3E decreases the level of inflammation in the airway of HDM-
challenged mice. (A) Hematoxylin and eosin (H&E) staining of peri-bronchial sections
shows reduced level of inflammation in Sema3E-Fc compared to HDM exposed animals.
All Images were taken at x200. Scale Bar: 50 um. (B) Lung sections were stained for
neutrophil elastase and eosinophil major basic protein (MBP) to stain neutrophil and

eosinophils for assessing the level of inflammation per lung tissue area. Scale bar, 50 um.
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4.3 Sema3E reduces angiogenesis in HDM challenged mice.

According to what have been shown in previous studies, the number of blood vessels
significantly increases in the airways of asthmatic patients in compare to healthy controls
[128, 235, 236]. In fact, angiogenesis, which is define as a process of formation of new
blood vessels from pre-existing ones, is an important pathophysiological phenomena in
airway remodeling in allergic asthma [66, 76, 128, 129, 237]. Several endothelial cell
markers are used to characterize blood vessels. Among them, von Willebrand Factor
(VWEF), which is expressed specifically on ECs, is considered as the most specific marker
for endothelial cells [238]. Also, CD31 is another important marker for characterizing
ECs [239]. To examine the effect of Sema3E on pathological angiogenesis in asthma,
immunohistochemistry and immunofluorescence staining, were performed using anti-
VWEF and anti-CD31 antibody on bronchial sections of HDM challenged Sema3E-Fc or
Fc-1g control pre-treated mice. According to figure 4.3 A-C the number of newly formed
blood vessels was significantly reduced in Sema3E-Fc treatment group compared to
HDM challenged mice (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).
These data suggest that Sema3E reduces lung blood vessels formation in mouse model of

HDM induced airway allergic inflammation.
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Figure 4.3: Sema3E-Fc treatment reduces angiogenesis in HDM induced allergic
asthmatic mice. (A, C) Lung sections were stained by immunohistochemistry for Von
Willebrand factor (VWF) and CD31 to assess the number of blood vessels per lung tissue
area (B, D). Bronchial sections stained for von Willebrand factor and CD31 by
Immunofluorescence staining to further confirm immunohistochemical staining. The
experiment performed to visualize blood vessels and quantify the number of vessels per
lung tissue area. All Images were taken at x100 magnification. Scale Bar: 50 um. (*P <
0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001). Statistical analyses was performed
by one-way ANOVA, Error bars represent Mean + SEM.
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4.4 Sema3E decreases angiogenesis via reducing VEGF production and VEGFR-2

expression in the lung of HDM exposed mice.

Previous studies have obviously indicated a mitogenic role of VEGF for endothelial cells.
This growth factor has a key role in increasing the proliferation and differentiation of
endothelial cells via high affinity tyrosine kinase receptor, VEGFR-2, which culminates

increased level of angiogenesis [130, 211, 240-242].

To investigate the role of Sema3E on VEGF production in asthmatic condition, ELISA
and immunofluorescence staining was performed using lung homogenate and lung
sections, respectively. According to our result (Fig 4.4 A), the level of VEGF production
was significantly reduced in lung homogenate of HDM-challenged and Sema3E treated

mice compared to HDM challenged alone (*** P < 0.001).

Furthermore, immunofluorescence staining showed reduced level of VEGF in lung
sections of HDM-challenged and Sema3E treated mice in compare to HDM challenged
alone. VEGF staining was predominantly positive in epithelial cell layers, airway smooth
muscle cells and inflammatory cells (Fig 4.4B). These cells have been previously
recognized as the main source of VEGF production in the airways [236, 243]. Taken
together, our data suggest that Sema3E can decrease the level of angiogenesis in allergic
asthmatic airways by reducing the level of VEGF expression in the airways. The
angiogenic effect of VEGF is mediated through binding to high affinity tyrosine kinase
receptor VEGFR-2. In fact, VEGFR-2 has been recognized as a major mediator of

angiogenic and mitogenic effect of VEGF [130, 244]. VEGFR-2 immunofluorescence
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staining was performed on lung sections to study the effect of Sema3E on expression of
VEGFR-2 on blood vessels. According to our result, the level of VEGFR-2 staining was
decreased in lung vessels of HDM-challenged and Sema3E treated mice in compare to
HDM challenged alone (** P < 0.0025) (Fig 4.4 C). Overall, these data suggest that
Sema3E plays an important role in reducing the level of angiogenesis in allergic
asthmatic airways by decreasing the level of VEGFR-2 expression on vessels in addition

to reducing the level of VEGF production as the most important pro-angiogenic factor.

76



>

500+

400

300+

200+

100+

VEGF (pgfmg protein)

Saline-Fc

Saline - Fc

Control

HDM-Fc Sema3E-Fc+HDM

HDM-Fc

Mean Intensity of VEGF

500004

40000+

30000+

200004

10000

KRKK

*hAK

Saline-Fc

HDM-Fc Sema3E-Fc+HDM

77

Sema3E -Fc + HDM

VEGF
DAPI



C

Saline - Fc HDM-Fc Sema3E-Fc + HDM

Control

VEGFR2
DAPI

*x
150004 L
12500
10000+
7500
5000

2500+

Mean Intensity of VEGFR2

Saline-Fc HDM-Fc Sema3E-Fc+HDM

Figure 4.4: Sema3E-Fc treatment reduces the level of VEGF and VEGFR-2
expression in the airways of HDM exposed mice (A) The level of VEGF was measured
in lung homogenate by performing ELISA and normalized to total protein. (B)
Immunofluorescence staining was performed on lung sections using anti VEGF antibody
to compare the level of VEGF production in the airway of Sema3E treated and HDM
exposed mice. Low and high magnification (x200 and x400) pictures of Lung tissues
were taken and mean intensity was measured per lung tissue area (***P < 0.001 and
****pP < 0.0001). (C) Lung sections were stained for VEGFR-2 to assess the level of
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VEGFR-2 expression on the endothelial cell of vessels in the airway of mice. Low and
high magnification (x400 and x1000) pictures of lung tissue were taken and mean
intensity was measured per lung tissue area (**P < 0.0025). Statistical analyses was
performed by one-way ANOVA, Error bars represent Mean £ SEM.
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4.5 Anti-angiogenic role of Sema3E is mediated via increasing the level of soluble

VEGFR-1

VEGFR-1 is another receptor for VEGF which has different function than VEGFR-2.
Soluble VEGFR-1 (soluble Flt-1) is produced as a result of alternative splicing of the
VEGFR-1 gene and act as a decoy receptor. It inhibits the binding of VEGF to VEGFR-2
and negatively regulates the activity of VEGF on the vascular endothelium [76, 130, 245-
247]. In developmental study in zebra fish, it is shown that activation of PlexinD1
signaling on endothelial cells, after binding to Sema3E, induces soluble Flt-1 production

which negatively controls VEGF signaling [209].

To investigate the effect of Sema3E on soluble Flt-1 production in mouse model of HDM
induced allergic asthma ELISA was performed. According to our result, in the HDM-
challenged and Sema3E treated mice the level of soluble Flt-1 was increased in compare
to HDM challenged alone (*** P < 0.001) (Fig 4.5 A). In addition, gene expression study
and immunofluorescence staining confirmed our results about the effective role of
Sema3E in inducing soluble FIt-1 production. In fact, according to these data, the level of
soluble Flt-1 increased in HDM-challenged and Sema3E treated mice compared to HDM
alone challenged group (* P < 0.05, Fig 4.5 B and *** P < 0.001, Fig 4.5 C). Altogether,
our data suggest that Sema3E reduces angiogenesis via enhancing soluble Flt-1 decoy
receptor expression in Sema3E treated HDM induced allergic asthma. It conveys this
message that as a result of binding of Sema3E to its receptor PlexinD1lon endothelial tip

cells, soluble Flt-1 will be produced and binds to VEGF. As a consequence, the amount
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of VEGF that can bind to VEGFR2 on endothelial tip cells decreases which leads to

inhibition of angiogenesis [209].
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Figure 4.5: Sema3E acts as an anti-angiogenic molecule by stimulating the
production of soluble VEGFR-1, the decoy receptor of VEGF (A) ELISA was
performed to measure the level of Soluble VEGFR-1 in lung homogenate (*** P <
0.001). (B) Real-Time PCR was done to study the level of soluble VEGFR-1 gene
expression (* P < 0.05). (C) Lung sections were stained by anti-Soluble VEGFR-1
antibody to study the level of Soluble VEGFR-1 production in the airway of mice. Low
and high magnification (x200 and x400) pictures of lung tissues were taken and mean
intensity was calculated per lung tissue area (***P < 0.001). Statistical analyses was

performed by one-way ANOVA, Error bars represent Mean £ SEM.
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4.6 Sema3E reduces angiogenesis by changing the ratio of VEGF to soluble

VEGFR-1

The ratio of VEGF / soluble VEGFR-1 was measured after performing ELISA to
recognize the dominant element before and after Sema3E treatment. Based on statistical
analysis, the ratio of VEGF / soluble Flt-1 decreased significantly in HDM-challenged
and Sema3E treated mice in compare to HDM challenged alone (** P < 0.0045 and * P <
0.05) (Fig 4.6). It shows that VEGF is the dominant factor in HDM challenged mice.
However in HDM-challenged and Sema3E treated mice soluble Flt-1 acts as a dominant
factor and reduces the level of angiogenesis by preventing the binding of VEGF to

VEGFR-2.
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Figure 4.6: Sema3E-Fc treatment increased the level of soluble VEGFR-1
production. After determining the level of VEGF and Soluble VEGFR1 by ELISA using
lung homogenate, the ratio of VEGF / Soluble VEGFR1 was calculated (** P < 0.0045
and * P < 0.05). Statistical analyses was performed by one-way ANOVA, Error bars

represent Mean = SEM.

83



4.7 Airway hyperresponsiveness increases significantly in Sema3e™animals.

To further confirm our result regarding the effective role of Sema3E on inhibiting the
angiogenesis in HDM induced allergic asthma, we aimed to investigate the importance of
Sema3e gene on angiogenesis in allergic asthmatic mouse model. To conduct our
research, age-matched (6-8 wk old) Sema3e Knock out (Sema3e™) and wild type (WT)
littermate was generated using female 129p2 mice. 2 groups were designed in this model
as depicted in Fig 4.7 A including acute model of WT and Sema3e” HDM challenged

mice (HDM 2.5 mg/ml), WT and Sema3e™ saline control group.

According to our result, the level of airway resistance, tissue resistance and tissue
elastance were elevated dramatically in Sema3e” HDM challenged mice in response to
MCh compared to WT littermates (* P < 0.05 and **** P < 0.0001) (Fig 4.7B).
Together, these data showed that the presence of Sema3e gene plays a key role in
preventing the development of airway hyperresponsiveness in WT animals compared to

Sema3e™.
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Figure 4.7: Acute mouse model of Sema3e” indicates increased level of airway
hyperresponsiveness. (A) Acute mouse model of wild type (WT) vs. Sema3e Knock out
(Sema3e™) were designed to investigate the importance of Sema3e gene on angiogenesis
in allergic asthma. Female 129P2 mice (6-8 wk old) were challenged intranasally with
HDM (2.5 mg/ml) or vehicle. Each group contained four mice. (B) Sema3e™ mice
indicated the higher level of airway hyperresponsiveness in response to methacholine
(MCh). Airway resistance (Rn), tissue elastance (H) and tissue resistance (G) of Sema3e™
mice were elevated in compare to WT animals (* P < 0.05 and **** P < 0.0001).
Statistical analyses was performed by one-way ANOVA, Error bars represent Mean *
SEM.
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4.8 The level of airway inflammation is significantly higher in the absence of Sema3e

gene (Sema3e™)

Cytologic examination by differential quik staining on BALF cytospin preparations and
H&E staining revealed the higher level of peri-bronchial inflammation in Sema3e™ mice
compared to WT littermates (Fig 4.8 A). Alongside, total BAL cell count was
significantly increased in the absence of Sema3e gene. According to staining, the level of
granulocytes, including eosinophils and neutrophils increased significantly in Sema3e™
animals in both saline and HDM challenged mice in compare to WT littermates (Fig 4.8
B). Taken together, our results suggest that presence of Sem3e gene is pivotal in

attenuating the levels of airway inflammation.

Saline
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Figure 4.8. Sema3e™ mice reveal higher level of airway inflammation compared to WT
littermates (A) Hematoxylin and eosin (H&E) staining of peri-bronchial sections
illustrates increased level of inflammation in HDM challenged and saline treated Sema3e”
mice compared to WT animals. All Images were taken at x200. Scale Bar: 50 um. (B)
Bronchial sections were stained for neutrophil and eosinophil by targeting neutrophil

elastase and major basic protein (MBP) to assess the level of inflammation per lung tissue

area. Scale bar, 50 pm.
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4.9 The level of angiogenesis increased significantly in the airways of Sema3e” mice.

As mentioned earlier, the number of newly formed blood vessels increases in the airways
of asthmatic patients as an important pathophysiological feature of airway remodeling
[66, 76, 128, 129, 237]. To investigate the differences between the level of angiogenesis
in the presence and absence of Sema3e gene, Immunohistochemistry and
Immunofluorescence staining was performed on bronchial sections. Anti-vWF antibody
was used for targeting VWF as a most important marker for characterizing endothelial
cells [238, 239]. According to figure 4.9 the number of newly formed blood vessels was
significantly increased in the absence of Sema3e gene (** P < 0.01 and **** P < 0.0001).
These data suggest that Sema3e gene has a regulatory role on formation of new blood

vessels in both HDM exposed animals and control groups.
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Figure 4.9: Sema3e” mice shows significantly more number of newly formed blood
vessels in the airways compared to WT littermates. (A) Immunohistochemistry was
performed on lung sections using VWF antibody to visualize and quantify the number of
blood vessels per lung tissue area. (B) In another part of experiment, lung tissue sections
were used for immunofluorescence staining for vVWF to quantify and compare the level of
angiogenesis in the absence and presence of Sema3e gene. Scale bar, 50 um. Pictures
were taken with x100 magnification. Statistical analyses was performed by one-way
ANOVA (** P <0.01 and **** P < 0.0001). Error bars represent Mean + SEM.
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4.10 Elevated level of VEGF and VEGFR-2 in Sema3e” mice can increase the level

of angiogenesis.

As mentioned previously, VEGF has been recognized as a most important pro-angiogenic
factor in the asthmatic airways. It acts as a mitogen for endothelial cells and induces
endothelial cells proliferation and differentiation via high affinity tyrosine Kkinase

receptor, VEGFR-2 [130, 211, 240-242].

To investigate the role of Sema3e gene on regulating VEGF production in asthmatic
condition, ELISA and immunofluorescence staining were performed on Sema3e™ and
WT lung homogenate and lung sections, respectively. According to Fig 4.10 A, Sema3e™
animals show higher level of VEGF production compared to WT littermates (*** P <

0.001).

In addition, the increased level of VEGF was observed on lung sections of Sema3e™
animals by performing immunofluorescence staining. As shown in Fig 4.10 B, Epithelial
cell layers, airway smooth muscle cells and inflammatory cells, which are the main
source of VEGF in asthmatic airways [236, 243], were mainly positive for VEGF
staining in Sema3e” mice. These data were a further confirmation of the possible
regulatory role of Sema3e on production of pro-angiogenic factor, VEGF, in allergic

asthmatic airways.

In the next part of our study we focused on VEGFR-2 which has been recognized as the

main mediator of angiogenic effect of VEGF [130, 244]. Immunofluorescence staining
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was performed to assess VEGFR-2 expression on pre-bronchial sections of Sema3e” and
WT littermates to study the level of VEGFR-2 expression on endothelial cells. This
experiment revealed the increased level of VEGFR-2 expression in Sema3e™ compared
to WT animals (**P < 0.01) (Fig 4.10 C). Altogether, our data suggest that Sema3e may
play a crucial role in inhibiting increased angiogenesis in allergic asthmatic airways by
regulating the level of VEGF and VEGFR-2 as the two most important elements in

promoting the angiogenesis process.
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Figure 4.10: Sema3e™ mice shows higher level of VEGF production and VEGFR-2
expression compared to WT animals. (A) ELISA was performed to measure the level
of VEGF in lung homogenate of Sema3e™ and WT littermates (*P < 0.05). (B)
Immunofluorescence staining was done on lung sections to compare the level of VEGF
production in the presence and absence of Sema3e in the airways of mice. Low and high
magnification (x200 and x400) pictures of lung tissue were taken and mean intensity was
measured per lung tissue area (***P < 0.001). (C) VEGFR-2 immunofluorescence
staining was performed on pre-bronchial sections to study the level of VEGFR-2
expression on endothelial cells of the airway of mice in Sema3e” and WT littermates.
Low and high magnification (x400 and x1000) images of lung sections were taken and
mean intensity was measured per lung tissue area (**P < 0.01). Statistical analyses was

performed by one-way ANOVA, Error bars represent Mean =+ SEM.



4.11 Presence of Sema3e gene has a key role in inducing soluble VEGFR-1, a decoy

receptor of VEGF.

According to previous studies, soluble VEGFR-1 (soluble Flt-1) has an inhibitory role on
angiogenesis by preventing the binding of VEGF to VEGFR-2 [130]. It has been shown
in developmental study in zebrafish that after binding of Sema3E to Plexin-D1 on
endothelial tip cells, soluble Flt-1 will be produced and acts as a modulating decoy of

VEGF [209].

To study the importance of Sema3e on soluble Flt-1 production in the mouse model of
allergic asthma, the level of soluble Flt-1 was measured by ELISA using lung
homogenate of Sema3e” and WT animals. Based on our data, the level of soluble flt-1
was significantly higher in WT animals compared to Sema3e™ (* P < 0.05) (Fig 4.11 A).
In addition, for further confirmation, gene expression study and immunofluorescence
staining were performed and elevated level of soluble Flt-1 expression was observed in
the presence of Sema3e in WT animals compared to Sema3e™ . (* P < 0.05, Fig 4.11B

and **** P < 00001, Fig 4.11C).

Altogether, our data suggest that the presence of Sema3e and its signaling trough
PlexinD1 on endothelial tip cells could be the reason of soluble Flt-1 production and
according to previous studies [209] in this situation Flt-1 can regulate angiogenesis by

preventing VEGF and VEGFR-2 binding.
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Figure 4.11: VEGFR-1 is produced in the presence of Sema3e gene. (A) ELISA was
performed to measure the level of Soluble VEGFR-1 using lung homogenate of WT and
Sema3e” animals (* P < 0.05). (B) The expression level of soluble VEGFR-1 gene was
studied by real-time PCR (* P < 0.05). (C) Soluble VEGFR-1 immunofluorescence
staining was performed on the bronchial sections to investigate the differences between
the level of Soluble VEGFR-1 production in the airway of Sema3e™ and WT animals.
Images were taken at x200 and x400 magnification and mean intensity was measured per
lung tissue area (***P < 0.001 and ****P < 0.0001). Statistical analyses was performed

by one-way ANOVA, Error bars represent Mean + SEM.
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4.12 The ratio of VEGF to soluble VEGFR-1 changed significantly after knocking

out Sema3e gene.

Following measurement of the level of VEGF and soluble Flt-1 by ELISA in lung
homogenate of Sema3e” and WT animals, the ratio of VEGF / soluble Flt-1 was
calculated. According to the result, this ratio was significantly higher in Sema3e™ mice
which show that VEGF is the dominant factor in this condition. However, in WT
animals, the ratio was lower which indicates that the level of soluble Flt-1 is higher in
these mice (* P < 0.05) (Fig 4.12). This statistical analysis suggests that in the absence of
Sema3e, VEGF can play the main role and increase the level of angiogenesis. However,
in the presence of Sema3e, the decreased level of formation of new blood vessels maybe

related to production of soluble Flt-1 as a modulating decoy of VEGF.
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Figure 4.12: VEGF is the dominant factor in Sema3e” mice compared to soluble Flt-
1. After determining the level VEGF and VEGFR-1 in lung homogenate by ELISA, the
ratio of VEGF / Soluble VEGFR-1 was calculated (* P < 0.05). Statistical analyses was
performed by one-way ANOVA, Error bars represent Mean + SEM.



5. DISCUSSION

More than fifty years ago, Dunnill and colleagues reported that the density of blood
vessels increases significantly in the airways of asthmatic patients leading to asthma
exacerbation by intensifying airway inflammation and remodeling [67]. Therefore,
finding a strategy to overcome this pathological aspect of asthma deserves a full
consideration from every conceivable angle. This study is the first description of the
inhibitory role of neuronal chemorepellant semaphorin 3E molecule on pathological
angiogenesis in allergic asthma. The inhibitory effect of Sema3E molecule is mostly
associated with the reduction of inflammation and pro-angiogenic factors in asthmatic

airways which may provide a new strategy for treating and attenuating airway diseases.

Semaphorin  molecules are known as multifunctional proteins involved in the
pathogenesis of several diseases including autoimmune diseases, various cancers,
neurological disorders, and so on.[205, 248-250]. However, their function in allergic

asthmatic conditions remains unclear.

As mentioned previously, class 3 semaphorins bind to neuropilin receptors; but, among
them, Sema3E molecules transduce their signals by a direct interaction with plexinD1.
This characteristic, turn them into repulsive cues; however, the interaction of Sema3E /
plexinD1 by neuropilin 1 or VEGFR-2 changes the function of Sema3E from repulsion to

attraction [191, 251].
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Previously we published that Sema3E inhibits human airway smooth muscle cells
migration and proliferation in asthmatic condition, by inducing actin depolymerization
and suppressing Racl GTPase activity and phosphorylation of PI3K/Akt and
MAPK/ERK1/2 in human airway smooth muscle cells [210]. In addition, it has been
shown that Sema3E has a regulatory role on angiogenesis in cancerous condition by
blocking VEGFR-2 activation and its downstream signaling pathways [205, 211, 220].
However, the effect of Sema3E on angiogenesis in allergic asthma had not been

previously described.

We hypothesized that, due to the repulsive feature of Sema3E and its inhibitory effect on
ASMCs and ECs proliferation and migration, this molecule can be effective at reducing
the level of blood vessels formation in asthmatic airways. In this study, we found that
Sema3E can reduce asthma symptoms including airway hyperresponsiveness,
inflammation and remodeling. Consistent with our hypothesis, analyzing the level of
angiogenesis as an important feature of airway remodeling revealed that formation of
blood vessels is limited in the airways of allergic asthmatic animals which were treated
with Sema3E in compare to the groups which were just exposed to allergen (HDM).
Moreover, in the absence of Sema3e gene in Sema3e” mice, the level of angiogenesis
was significantly higher suggesting the pivotal role of Sema3e in inhibition of

angiogenesis.
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To a certain extent, this effect of Sema3E was associated with the reduction of
inflammation and different aspects of airway remodeling which directly influences

airway angiogenesis.

In fact, one of the prominent features of airway remodeling is a significant increase in
ASMCs mass and number as a result of ASMCs hypertrophy and hyperplasia [252]. In
addition, epithelial cells undergo changes in airway remodeling [42, 60]. In this
condition, they produce a large amount of pro-inflammatory and pro-angiogenic growth
factors and cytokines which elevates the level of formation of new blood vessels [161].
VEGEF is the dominant pro-angiogenic factor that is produced by ASMCs and epithelial
cells in asthmatic airway and acts as a strong mitogen for ECs and promotes angiogenesis
process [99, 161]. However, according to our previous study Sema3E inhibits the
proliferation of ASMCs [210]. Due to reduction in the number of ASMCs, we speculated
that one of the main sources of pro-angiogenic factors including VEGF is blocked. Our
studies have confirmed this speculation and suggested that Sema3E is able to reduce the
level of VEGF in the lung of allergic asthmatic animals. According to previous studies,
this condition ultimately can lead to disruption of blood vessels network due to
suppression of DII4 / Notch signaling pathway and losing the control of cell fate decision

between tip and stalk cells [209, 212].

In addition, we found that the level of VEGFR-2 expression on endothelial cells

decreases significantly in the presence of Sema3E.
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Thus, these findings suggest that Sema3E may play a dual role in inhibition of
pathological angiogenesis in allergic asthma. In fact, besides reducing the level of VEGF,
they may decrease the expression VEGFR-2, which is known as the most important
mediator of angiogenic effect of VEGF [253]. Therefore, as a result of decreased surface
expression of VEGFR-2 on endothelial cells and its ligand, VEGF, the activation of

angiogenic signaling pathways might be limited which reduces blood vessels formation.

In an effort to figure out the mechanism of action of Sema3E on endothelial cells, we
investigated the role of soluble VEGFR-1 in Sema3E-mediated blood vessels disruption.
Soluble VEGFR-1 which is a specific variant of VEGFR-1 receptor has an inhibitory role
on angiogenesis by acting as VEGF decoy receptor [216]. It has been shown in
developmental studies in zebrafish, that Sema3E has the ability to produce sVEGFR-1
following binding to plexinD1 [209]. As a novel finding in asthma field, we indicated
that Sema3E is able to stimulate the production of sSVEGFR-1 in asthmatic airways.
Following this phenomena, the produced sVEGFR-1 inhibits VEGF/ VEGFR-2 signaling
pathway by binding to VEGF which may results in blocking the main angiogenic
pathway and disruption of blood vessels network.

Moreover, analyzing the ratio of VEGF to sSVEGFR-1 in the airways of different groups
of animals confirmed that, Sema3E has a significant role in producing sSVEGFR-1.
According to our findings, in the presence of Sema3E, sSVEGFR-1 plays the dominant

role in the airways and inhibits VEGF / VEGFR-2 interaction. However, in the absence
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of Sema3E, this phenomenon is abrogated and VEGF overcomes sVEGFR-1 which leads
to activation of VEGF/ VEGFR-2 signaling and formation of more blood vessels.

To recapitulate, our research provided the first evidence regarding the role of semaphorin
molecules in asthma pathology by influencing angiogenesis as an important feature of
airway remodeling. As a novel finding, our results indicated that Sema3E molecules have
the ability to inhibit new blood vessels formation in the allergic asthmatic airways by
their repulsive activity which can be considered as novel way to overcome airway
remodeling in allergic asthma. In fact, reduced level of angiogenesis in allergic asthmatic
airways plays a significant role in controlling different aspect of asthma pathogenesis
including airway inflammation, remodeling and ultimately airway hyperresponsiveness.
Although this research has reached its aims, there were few limitations which restricted
us to assess the effect of Sema3E on ECs migration and proliferation as important
phenomena in angiogenesis progression in allergic asthmatic airways. To achieve this
aim, investigating the effect of Sema3E on VEGFR-2 downstream signaling pathways on
ECs was crucial which was possible by isolating the primary endothelial cells from the
lung of mice. However, in this study, primary endothelial cells isolation from the lung of
mice and passaging them was a challenge which didn’t allow us to study the effect of
Sema3E on ERK, AKt, p38MAPK pathways and also the activity of small GTPases as
VEGFR-2 downstream signaling pathways. In addition, due to time limitation this
research was conducted only on acute mouse models. However, studying the effect of
Sema3E on angiogenesis in chronic mouse models of allergic asthma could be added to

this project to study the exact time of angiogenesis inhibition by sema3E.
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6. Future Direction

1) Studying the effect of Sema3E on endothelial cells migration. As mentioned
previously, Cell migration is one of the important steps of angiogenesis which is
dependent on actin cytoskeleton alterations [215, 219]. It has been shown that
semaphorin 3E molecule is able to affect microtubule networks and the organization of
actin filaments by contributing in F-actin polymerization and depolymerization and
through this way it can change the migratory activity of cells [178, 181]. Therefore to
investigate the role of Sema3E on endothelial cells migration in allergic asthmatic
airways, primary endothelial cells should be isolated from the lung of different groups of
mice. It allows us to study the effect of Sema3E on F-actin alteration and ultimately ECs

migration as an important step in blood vessels formation in allergic asthmatic condition.

2) Investigating the effect of Sema3E on 1 integrin and focal adhesions (FA). According
to previous studies, Sma3E influences B1 integrin and focal adhesions (FA) on ECs
which are known as the most important adhesive structure between endothelial cell and
ECM. In fact, Sema3E / plexinD1 signaling has a significant influence on focal adhesion
assembly / disassembly and in this way they change the normal function of adhesive
structures which leads to detachment of ECs from each other and from ECM. In addition
Sema3E / plexinD1 signaling changes the normal signal transduction from ECM to ECs
by affecting focal adhesions and B1 integrin internalization which eventually results in

blood vessels disruption [220]. However, still there is no clear study regarding the effect
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of Sema3E on the B1 integrin and focal adhesions position in allergic asthmatic airways.
Isolating primary endothelial cells form the lung of different groups of mice allows us to
assess the effect of Sema3E on blood vessels integrity and signaling machinery of

endothelial cells in angiogenesis process in our model.

3) Performing kinetic study at day 5, 10 and 14 to figure out the exact time point of
starting angiogenesis and effective role of Sema3E on this process in acute mouse model

of allergic asthma.

4) Real time monitoring of new airway vessel formation in the HDM challenged mice or
HDM + Sema3E treated mice by direct in vivo angiogenesis assay (DIVAA) or
fluorescence labeling in mouse model. This technique allows quantifying the angiogenic
responses in vivo and in this condition we will be able to quantify the level of
angiogenesis in vivo in the presence and absence of Sema3E.

5) Studying angiogenesis in allergic asthmatic Plexin D1 knockout mice to confirm the
importance of Sema3E / Plexin D1 interaction in controlling pathological angiogenesis in
allergic asthma. In fact, by knocking out the gene of PIxndlwe will be able to investigate
and confirm the pivotal role of sema3E signal transduction on angiogenesis allergic

asthmatic airways.
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