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Abstract

The cardiovascular system is one of the most complex and important systems of the body
composed of heart, blood and blood vessels. The inner layer of blood vessels consists of
endothelial cells (ECs) which are constantly exposed to shear stress created by the blood
flow. Cardiovascular diseases (CVD) are a group of disorders affecting the vascular system
and causing 30% of all deaths worldwide. Human disease models enable the understanding
of cellular and molecular mechanisms of diseases to develop more efficient treatments. The
use of human pluripotent stem cells (hPSCs) to model human disorders have been
enhanced with the emergence of two recent techniques: pluripotent stem cell differentiation
and genome engineering. In order to better understand the mechanisms underlying CVD, in
this study CRISPR/Cas9 knockouts for CCL7 were designed, a novel differentiation
technique was employed as well as a microfluidic system was constructed to investigate the
role of shear stress in pro-inflammatory protein production, the expression of endothelial
adhesion molecules, and vascular constrictor factors related to coagulation-fibrinolysis. CCL7
gene knockout was generated but experiments failed during expansion. Immunofluorescence
for PECAM-1, VE-Cadherin and VWF and angiogenesis assay performed in differentiated
iPSCs confirmed that these cells behave similarly to primary ECs. Finally, human coronary
artery endothelial cells (HCAECs) were cultured under different shear stress intensities (0.06
Pa, 0.3 Pa, 0.6 Pa and 1.2 Pa) and tested for gene expression. Given that the pro-
inflammatory mRNA expression levels in primary ECs were upregulated in 0.6 Pa condition.
We could hypothesize that 0.6 Pa is the key stress hydrodynamic flow in ECs. In conclusion,
the designed microfluidic chamber system using 0.6 Pa offers a new tool for CVD modeling.
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1 Introduction

The cardiovascular system is one of the most complex and important systems of the body.
It is composed of the heart and blood vessels, which are joined to form a closed circuit
through which blood flows (WHO, 2016).

The heart is a muscular structure with four cavities therein, two upper known as atria and
two lower called ventricles, connected by a valve system and a pump that acts as a
pacemaker capable of generating electrical activity which results in contraction rhythm (the
systole (contraction) and diastole (relaxation) movements) of the atria and the ventricles to
pump blood through the system (Silverthorn, 2007). The blood leaves the heart through the
arteries. The largest artery, the aorta, carries blood to most of the body, while the
pulmonary artery leads to the lungs for oxygenation. The blood returns to the heart through
the vena cava and pulmonary veins (Silverthorn, 2007).

With each beat, the heart pushes a volume of blood into the aorta, this large blood vessel
divides into a number of branches directed to every organ. As the vessels divide, these
have a decreased diameter. The smallest vessels are the capillaries which are
microscopic. These vessels begin to increase their diameter becoming veins that are
gathering to form the caval vein leading to the heart (Silverthorn, 2007).

The main function of the cardiovascular system is the transport of blood within the body to
every cell in every tissue. The blood transports oxygen from the lungs to the tissues and
collects the respiratory waste product carbon dioxide, which is filtered through the kidney
and returns to the lungs. Moreover, it transports white blood cells, hormones and all kinds
of nutrients to allow a proper function of the body (Silverthorn, 2007).

1.1 Cardiovascular physiology

The circulatory system is divided into systemic, pulmonary and coronary circulation:

¢ in the systemic circulation blood is pumped from the left ventricle through the aorta,
and reaches the capillaries through the arteries and arterioles to return to the right
atrium through the veins.

¢ in the pulmonary circulation blood from the right ventricle, and after gas exchange
in the lungs ends in the left atrium.

¢ the coronary circulation starts from the aorta and deals with the blood flow in heart
tissue.



The circulation of the blood is achieved through blood vessels, which vary in diameter and
thickness depending on the demands of the vascular tree (Figure 1). In general, the
diameter of the arteries and the thickness gradually decreases with increasing distance to
the heart. In addition, wall properties depend on the position, the stiffness and absorption,
which increases proportionally with the distance from the heart in order to maintain an
approximately constant blood flow (Silverthorn, 2007).

1.2 Endothelial cell physiology

The lining of every blood vessel is composed of a monolayer of specialized cells called
Endothelial Cells (ECs), directly involved in the transport and exchange of molecules and
hormones (Bouis et al, 2001). This monolayer termed endothelium is surrounded by a
layer of smooth muscle cells and pericytes (Figure 1). ECs have multiple functions:
exchange, metabolic, hemostatic and vascular tone regulation ought to be highlighted.

Endothelium functions as a permeable selective barrier allowing transcellular passage of
water, respiratory gases, small molecules and even certain macromolecules; and para-
cellular transmigration of leukocytes (Renkin and Curry, 1982). Tight and adhering
junctions compose the intercellular connection system, which have a strong anchor to the
cytoskeleton. VE-cadherin is the most relevant adhering junction, whose phosphorylation
directly influences vascular permeability, angiogenesis and leukocyte transmigration (Chiu
et al., 2004).

ECs synthesize and release vasodilators: nitric oxide (NO), prostacyclin and adenosine,
which are counteracted in a constant balance with other vasoconstrictor such as
endothelin-1, angiotensin 2 and thromboxane A2. NO is derived from L-arginine by the
action of nitric oxide synthase (NOS), which can have multiple isoforms. Endothelial NOS
(eNOS) is calcium-calmodulin-dependent and has a constitutive expression. It generates
small amounts of NO for short periods and its activity is regulated by vasoactive agents
such as acetylcholine and bradykinin (Nathan and Xie, 1994).

NO has also other vital biological functions such as non-adherent platelet effect, inhibits
adhesion of leukocytes to the vascular wall, reduces the proliferation and migration of
smooth muscle cells and inhibits apoptosis in ECs by inhibiting the activation of the
caspase 3 (Dimmeler et al., 1999).
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Figure 1 Wall composition of forming vessels. (a) A forming vessel consists of an EC tube. (b)
Capillaries are composed of EC tube surrounded by pericytes embedded in the EC basement
membrane. (c) Arterioles and venules are surronded by a layer of smooth muscle cells forming an
internal elastic lamina. (d) Larger vessels have a thicker wall composed of three layers: Intima
composed of ECs, Media composed of smooth muscle cells and matrix and elastic laminae; and
Adventitial layer which has its own blood supply. (e) Lymphatic vessels, which collect excess fluid,
lack a layer of pericytes. They are composed of valves that pump the flow in one direction. The
anchoring filaments allow the vessel to connect to the extracellular matrix. (Jain, 2003).

1.2.1 Shear stress

All blood vessels are endowed bodies of a single layer of ECs and play a key role in the
detection of chemical and mechanical environment of the vessels. This mechanical
stimulus acting on ECs is called shear stress, for which ECs have shear sensors. The inner
layer of blood vessels is constantly exposed to shear stress created by the blood flow. It is
defined as the drag force per unit area acting on ECs caused by the local velocity gradient.
It is calculated as the product of shear rate and viscosity. Changes in shear stress are
translated by the endothelium through a complex signaling network which includes the first
ion channels and cellular glycocalyx point. Subsequently, it can modify gene expression in
these ECs. There is a relationship between the detection of shear stress, production of free



radicals and the functional and structural adaptation of the blood vessels. Laurindo et al.
(1994) demonstrated free radical formation after changes in flow both in vitro and in vivo,
since then, it has been established that shear stress causes not only the generation of NO
but also free radicals in ECs and in other tissues.

The average physiological shear stress values are between 0.1 and 0.6 Pa in the veins
and between 1 to 1.5 Pa in the arteries (Mongrain and Rodés-Cabau, 2006). It is estimated
from the ratio of Poiseuille and it is useful for understanding vascular adaptation, if shear
stress increases proportionally to the flow. Detection and signaling of these changes
induce an increase in the radius of the vessel by expansion and remodeling, restoring the
shear stress to its original level. Therefore, shear stress is fundamental to regulate vessel
size and blood flow. Impaired blood flow in large vessels lead to pathological vascular
remodeling, such as the formation of aneurysms and atherosclerosis, through the
involvement of reactive oxygen species and inflammation (Matlung et al., 2009).

The effects of flow disturbance on atherogenesis are generally studied using primary ECs.
Although these studies of isolated cells have provided much information about shear stress
induced by reactive oxygen species signaling, there are other factors that influence
responses in the extracellular matrix. A reason for the different cellular responses to a
constant or oscillating linear flow could be the association with specific sensors of effort for
each of the flow patterns. There are several arguments that support them. The first one are
the potassium channels of the ECs which translate a different signal in regard of the type of
flow. Changes in membrane potential produce changes in intracellular calcium levels and
activation or inhibition of different enzymes such as eNOS or NADPH oxidase. Other flow
sensors are the cytoskeleton, the glycocalyx and cilia. In response to the laminar flow, cells
are capable of elongate in the direction of flow, whereas if the flow is oscillatory, cells
remain polygonal and static in cell cultures, thus varying their cytoskeletal rearrangements.
The glycocalyx is at the luminal side of ECs and acts as a mechano-receptor in such a way
that the depletion of glycoproteins can block production of NO. Moreover, some
components thereof react with reactive oxygen species and alter its composition (Pahakis
et al. 2007).

The current study focuses on the effect of shear stress on gene expression and uses a
similar study published by Uzarski et al. (2013) as a reference. The aim of that study was
to prove that temporal changes in shear stress patterns would influence the EC
expression. They focused on the up and downregulation of gene transcription under a
variable range of physiological shear stress conditions, determined by measuring the shear
stress in humans in vivo. The pulse rate of a healthy male subject was recorded for 12
hours and the data was used to calculate the shear stress magnitude. Based on that data,
they designed an in vitro model of physiological flow that would stimulate HUVECs in a
variable range of shear stress. Cells were seeded on a glass cover slip and affixed to a
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parallel plate flow chamber. Gene expression of genes related to inflammation,
coagulation, fibrinolysis and eNOS were measured by gPCR. In addition, they measured
the amount of nitrate released into the medium. Data shown in Figure 2 will be used to
validate the system used in the current project.
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Figure 2 Gene expression measurements under shear stress. Shown is the fold mRNA
expression of genes related to (a) homeostasis, (b) adhesion molecules, (c) fibrinolysis and (d)
recruitment of inflammatory cells. Modified from Uzarski et al. (2013).

1.3 Inflammatory response in the vessels

Another major role of ECs is modulating the immune system through inflammatory
responses of neutrophils, leukocytes, lymphocytes and monocyte mobilization to tissue
(Sumpio et al, 2002). For instance, activated lymphocytes expressing integrins like
Leukocyte Function-associated Antigen-1 (LFA-1) or Very Late Antigen-4 (VLA-4) interact
with ECs through L-selectin receptor, intermolecular cell adhesion molecules 1 or 2 (ICAM-
1.2), and vascular cell adhesion molecule (VCAM) (Figure 3) (Huo et al., 2000).
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Figure 3 T cell migration across the endothelial barrier. (I) Recognition of antigen on
macrophages by T cells triggers inflammatory events leading to the upregulation of adhesion
molecules on endothelial cells. P-selectin is then transported to the membrane to attract T cells. (11)
Unknown chemokines activate G-protein-dependent integrins. (lll) Adhesion molecules such as
LFA-1, ICAM-1 and VCAM-1 connect the immune cell to the ECs. (IV) T cell crawls in random
directions on the surface of Ecs. (V) The T cell then breaks the endothelial barrier and crosses to
the site of infection (Engelhardt and Ransohoff, 2012).

LFA-1 and macrophage 1 antigen (Mac 1) on traversing leukocytes transiently adhere to
activated ECs. Moreover, ECs secrete platelet activating factor (PAF), expressing P-
selectin and E-selectin while response to cytokine and lipopolysaccharide (LPS)
(Luscinskas, 1994). These activated ECs, synthesize interleukin 8 (IL-8) which
subsequently stimulates neutrophil chemotaxis and promotes extravasation (to cross the
EC barrier from the blood into the tissue).

Another important chemokine is monocyte chemotactic protein 3, coded by the gene
CCL7, which is a substrate of matrix metalloproteinase 2, an enzyme which degrades
components of the extracellular matrix. The main function of this chemokine is to attract
macrophages, monocytes and eosinophils during inflammation and metastasis. Mutations
in the CCL7 gene result in a condition known as acute contagious conjunctivitis (Dahinden,
1994), which is the inflammation of the lining of the eyelid and eyeball (The American
Heritage medical dictionary, 2007).

An increasing literature suggests that pro-inflammatory microenvironment is closely
involved in the development of many chronic diseases such as cancer, diabetes and
cardiovascular diseases (CVD) (Tousoulis. D, 2005). Thus, the discordant stimulations of
ECs can be hallmark of pathologic states (Shashkin et al, 2005).
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1.4 Diseases of the vascular system

CVD are a group of disorders affecting the heart and vascular system, including
aneurysms, atherosclerosis, stroke and myocardial infarction among others (WHO, 2016).
There are several risk factors that predispose to the development of these conditions. Such
factors include: age, gender, hypertension, hyperlipidemia, diabetes, smoking, obesity,
sedentary lifestyle, high fat diet, socioeconomic and psychosocial stress and family history
of premature CVD (Allender et al. 2008). CVD also include bleeding disorders such as
hemophilia, Marfan Syndrome and Hereditary Hemorrhagic Telangiectasia (HHT), which
are of genetic origin.

Worldwide, 17.5 million annual deaths are attributed to CVDs, representing 30% of all
deaths in the world, 7.3 million of these deaths were due to coronary cardiopathies and 6.2
million to strokes. More specifically, in high-income countries, heart disease and stroke are
the first and second leading cause of death (WHO, 2016). In Europe alone, in 2008, CVDs
were attributed more than 4.3 million deaths, representing 48% of total recorded deaths on
the continent (Allender et al. 2008).

1.4.1 Atherosclerosis and plaque formation

Atherosclerosis is a disease of the intimal layer of the arteries characterized by the
proliferation of smooth muscle cells and deposition of lipid, lowering the vascular lumen
and forming a plaque (Stary et al., 1994).

Plague formation has five distinct phases represented in Figure 4 (Fuster et al., 1998):

1. High LDL levels produce an accumulation of LDL in the arterial intima due to an
acceleration of plasma exchange. This blood layer will be more prone to oxidation by the
presence of free radicals and by the absence of plasma soluble antioxidants (Fuster et al.,

1998).

2. LDLs produce polyunsaturated fatty acids and lipoproteins react with lysines and
apoprotein B100 oxysterols, which are toxic for ECs (Berliner and Heinecke, 1996).

3. The vascular endothelium and cells exceed their cholesterol storage capacity, leading to
the release of pro-atherogenic factors (Sata and Walsh, 1998).
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4. The inflammation due to oxidation of LDL is an important factor in the formation of
atherosclerotic plaque factor. This oxidative process is based on:

- Inflammatory reaction mediated by T lymphocytes which recognized as foreign to
LDL due to the formation of new epitopes.

- Involved in monocyte differentiation to macrophage (Rajavashisth et al., 1998).

- The production of cytokines and glycoproteins cell surface endothelium increases
(Khan et al., 1995), making the LDL highly oxidized and making it susceptible to bind to
unregulated cellular receptors saturating cholesterol in cells. This process will lead to the
formation of foam cells.

5. The formation of potentially atherogenic foam cells is the result of an autoimmune
response triggered by these lipoproteins modified by oxidative process. Cells that rapidly
become foam cells are macrophages because they recognize oxidized LDL more easily
than the rest (Lopes-Virella and Virella, 1996).

"normal" histology

Initial lesion some foam cells

intracellular lipid

Fatty streak ;
accumulation

extracellular

Intermediate lesion . )
lipid accumulation

Atheroma lipid core development
| Fibroatheroma fibrotic/calcific layers

Complicated lesion surface defect
3 thrombosis

Figure 4 Plaque formation in atherosclerosis (Ucd.ie, 2016).

In 2007, three independent genome-wide association studies (GWASS) reported a locus on
chromosome 9p21.3 to be associated with coronary artery diseases (McPherson et al.,
2007) (Helgadottir et al., 2007) (Samani et al., 2007). Subsequent studies revealed that the
9p21.3 locus is also linked with abdominal and intracranial aneurysms (Helgadottir et al.,
2008) (McPherson, 2010), which are vascular degenerative changes; although the first can
occur in association with atherosclerotic plaques, the second is not associated with
atherosclerosis. The 59 chromosome 9p21.3 CAD-associated single nucleotide
polymorphisms (SNPs) are located in a 58kb linkage disequilibrium block that does not
contain any known protein coding genes (Visel et al., 2010) and are 100kb distant from a
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cluster of cell-cycle regulating genes (CDKN2A and CDKN2B) encoding the two cyclin-
dependent kinase inhibitors p16 and pl5. A study focusing on melanoma neural tumor
described a new long non-coding RNA (IncRNA) in the 9p21.3 locus, named ANRIL for
“antisense noncoding RNA in the Ink4 locus” (Pasmant et al., 2007). Interestingly all CAD-
associated genomic variants reported so far are located within ANRIL sequence. IncRNAs
differ from protein-coding mRNAs in that they generally reside exclusively in the nucleus
and have complex secondary structures, making them difficult to target by conventional
RNA interference. In addition and because they have no open reading frames or predicted
functionally important domains and are often transcribed from multiple promoters, they are
generally hard to target by conventional knockout techniques. In 2011, Gutschner and
colleagues reported the efficient silencing of the IncRNA MALAT1 using zinc finger
nucleases (ZNF)-mediated genome editing and RNA destabilizing elements. The Cowan
lab successfully created CRISPR/Cas9 knock out mutants for ANRIL by inserting a polyA
sequence at the end of exon 1 by homologous recombination based on this paper.

1.4.2 Insulin resistance and Diabetes

To understand what Diabetes is, we have to first take a look at the human major source of
energy: Glucose. Cells uptake glucose upon binding of insulin by specific receptors (Chang
et al.,, 2004). After a meal (high glucose concentration in blood), insulin is secreted to
induce glucose uptake in target tissues, so that the sugar is removed from circulation and
converted into storage products such as glycogen. On the other hand, in fasting conditions,
glucagon is secreted to trigger glycogen lysis and glucose release (Chang et al., 2004).

Problems arise when the body is unable to produce or detect insulin for the cells to
consume glucose, a condition known as diabetes. There are two different types of
diabetes, depending on what process related to insulin is impaired. Type 1 Diabetes
Mellitus (T1DM) is an autoimmune disease in which the cells that produce insulin in the
pancreas (B-cells) are destroyed by the immune system of the patient, which requires daily
injections of insulin after every meal. On the other hand, Type 2 Diabetes Mellitus (T2DM)
is due to a loss of sensitivity from the cells towards insulin (Alberti and Zimmet, 1998).

The two types of diabetes mellitus known are risk factors for developing ischemic
cardiopathies. CVD is two to five times more frequent and has a worse prognosis in
patients with diabetes than without it (Melidonis et al., 1999). The risk of myocardial
infarction for patients with type Il diabetes is as high as coronary patients with myocardial
infarction (Haffner et al., 1998). Diabetes mellitus is preceded by a long asymptomatic
hyperglycemia. In individuals with impaired glucose tolerance it has also shown an
increased risk to develop macrovascular disease (Melidonis et al., 1999).
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Diabetes is a concerning problem in the 21% century due to the increased number of
people suffering of this disease which is one of the leading causes of death in USA and
worldwide (WHO, 2016). The number of people diagnosed with diabetes has risen from
108 million to 422 million in the last 24 years due to the increase in obesity in the world’s
population (Kahn et al., 2014).

Insulin Resistance and Endothelial Cells

Due to the importance of ECs in insulin transport, EC dysfunctions are closely related to
high concentrations of insulin in the blood leading to hyperinsulinemia. Insulin resistance is
a condition in which the insulin-induced transport of glucose is decreased in metabolic
organs such as adipocytes and skeletal muscle, leading to an increase in hepatic glucose
production and impaired lipid metabolism in adipose tissue and liver (Sesti, 2006;
Bhattacharya, Dey and Roy, 2007). Patients with insulin resistance are predisposed to
developing T2DM. (LeRoith et al. 2003).

A way to model hyperinsulinemia in ECs is the constitutive expression of AKT2. A
missense mutation pGlul7Lys (E17K) in the AKT2 gene was found in three patients
suffering from hypoglycemia, hypoinsulinimia and uneven increased body fat (Hussain et
al., 2011). This mutation was found to constitutively activate the insulin pathway (Figure 5)
(Ding et al. 2013; Hussain et al., 2011). To study the functions of the constitutively active
Akt2, our laboratory designed hPSCs clones carrying AKT2 E17K mutation (Ding et al.
2013). When cells are differentiated into adipocytes, they show higher IL-8 (an
inflammatory adipokine) expression, and an increased glucose uptake and triglyceride
count (Ding et al. 2013). The Cowan lab successfully created knock out mutants for AKT2.
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Figure 5 Canonical insulin signaling pathway. (Tocris Bioscience, 2016)

1.4.3 Marfan Syndrome

Marfan syndrome, one of the most common of the so-called "rare diseases", is a genetic
disorder of the connective tissue with pleiotropic manifestations involving the heart, blood
vessels, lungs, eyes, bones, ligaments, skin and the dura mater covering the Central
Nervous System (Pyeritz, 2000). It can be inherited as an autosomal dominant trait and its
incidence is one per 5,000-10,000 people. It affects all ethnic groups and genders equally.
However, 15 to 30% of cases have no family history and are called "sporadic”, meaning
that they are caused by a de novo mutation (Robinson et al., 2002).

This disease causes skeletal defects that are generally recognized due to the patient’s long
limbs, spider fingers, thoracic malformations, column curvature and a particular set of facial
features including malocclusion teeth and a curved palate. Survival is mainly determined
by the severity of cardiovascular malformations, with aortic pathology (rupture or aortic
dissection) and heart failure caused by mitral or aortic regurgitation, the most frequent
causes of death. About 90% of patients with Marfan syndrome will have a cardiovascular
complication during their lifetime, including surgery of the aortic root, aortic dissection or
mitral valve surgery (Robinson, 2000).
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The connective tissue function is to support and assist in the growth of cells that constitute
the body. The complication in Marfan’s syndrome type | lies mainly in fibrillin, an essential
elastin protein that forms elastic fibers of connective tissue, giving strength and malleability
to the tissue (Robinson, 2000). A mutation in the transforming growth factor  receptor type
Il (TGFBRII) causes Marfan syndrome type IlI, which is associated with Loeys-Dietz
aneurysm syndrome. TGFBRII is a transmembrane protein with cysteine-rich extracellular
region and an intracellular region containing a serine/threonine binding domain (Figure 6)
(Singh et al., 2006). The Cowan lab successfully created knock out mutants for Marfan
syndrome type Il by removing exon 1 using CRISPR/Cas9 technology.

1.4.4 Hereditary Hemorrhagic Telangiectasia

Hereditary Hemorrhagic Telangiectasia (HHT), also known as Rendu-Osler-Weber
syndrome, is also one of the most common of the so-called "rare diseases", characterized
by the presence of weak vessel walls leading to the appearance of arteriovenous
malformations (Braverman, Keh and Jacobson, 1990). Such malformations can occur in
skin and mucosa resulting in the appearance of telangiectasia, and those present in the
nasal mucosa lead to epistaxis (recurrent nosebleeds) (Berg, 2003). Larger arteriovenous
malformations can occur in internal organs such as lung, liver and brain and its evolution
can trigger internal bleeding that could have fatal consequences for the patient if not
treated early.

There are 5 types of HHT based on the gene or locus affected. In over 90% of cases the
mutations are located in ENG (Endoglin gene) or ACVRL1 (ALK-1 gene), leading to HHT1
and HHT2 respectively. In 10% of the remaining cases the mutation can be located on a
locus of chromosome 5 (unidentified gene), a locus on chromosome 7 (unidentified gene)
or in GDF2 (BMP9 gene). Finally, it has been identified a syndrome known as Juvenial
polyposis associated with HHT caused by mutations in MADH4 (Smad4 gene). All
identified genes encode proteins implicated in the TGF- pathway (Whitehead, Smith and
Li, 2012). The Cowan lab successfully created knock out mutants for HHT by removing
exon 1 using CRISPR/Cas9 technology.
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1.5 Genome Engineering techniques

Genome editing is an extremely powerful tool to introduce, modify or delete genes.
Nucleases are one of the tools generated to solve the problem of random gene insertion
and allow specific modification of the genome. They were designed to introduce specific
forms a double-strand break (DSB) at a particular DNA site, that after being repaired by
homologous recombination (HR) or non-homologous end joining (NHEJ), allows targeted
modifications in the genome (Jensen et al., 2011). Depending on the mechanism used for
the repair of DSBs, different genetic modifications are obtained. Thus, by the NHEJ
mechanism, chromosomal fragments may be deleted sometimes resulting in the disruption
of expression of a gene (knock-out). On the other hand, the HR mechanism allows for a
gene insertion into a homologous (knock-in) or heterologous (gene addition) region.
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Figure 7 Schematic representation of the three common engineering tools. (a) ZFNs:
composed of DNA recognition domains and Fokl nuclease catalytic domain fusion. (b) TALENS:
composed of TALE central DNA binding domain and Fokl catalytic domain fusions. (c)
CRISPR/Cas9: composed of Cas9 protein which includes guide RNA (gRNA) that recognizes a
specific Protospacer Associated Motif (PAM) sequence.

The three major techniques of genome editing will briefly be described here in
chronological order they were developed: Zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs) and clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR associated protein 9 (Cas9) (Figure 7). All
three exploit properties to repair DNA once a DSB is induced (Gaj et al. 2013).

1.5.1 ZNFs

ZNFs are artificial DNA nucleases that are constructed by merging several ZF domains
with the nuclease domain of restriction enzyme Fokl type 1IS (Chandrasegaran and Smith,
1999). Such domains are composed of a set of three to five ZF Cys2His2, have the
function of DNA-specific binding and direct ZFN to its target DNA, while the endonuclease
domain has a DNA cutting enzymatic activity.
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The ZF Cys2-His2 domain is the DNA most common binding motif in the human proteome
and consists of 30 amino acids in Ba configuration, where the a helix joins the DNA major
groove and recognizes three to four bases adjacent nucleotides (Pabo, et al., 2001). The
modular structure of the ZF motif allows the development of several series of domains,
enabling the recognition of almost any target in the genome of any species.

It is known that the domain Fokl (from prokaryotic Flavobacterium okeanokoites) cuts DNA
nonspecifically as a dimer and that this cut occurs more efficiently when the dimer is in
reverse orientation (Smith, 2000). The optimum configuration for ZFN design is as
heterodimers that recognize a DNA sequence of 18-24 bp with space of 4-6 bp between
binding sites (Bibikova et al., 2001). Each monomer ZFN comprises three or four ZF
domains that recognize a target DNA sequence of 9 to 12 bp, and, in turn, each typical
domain ZF contains an a-helix that specifically recognizes a triplet of DNA. Once the DSB
has been generated by ZFNs, the cell may primarily activate two different mechanisms to
repair the damage, HR, which is the preferred route when high amounts of donor DNA are
available, and on the other path NHEJ (Cathomen and Keith Joung, 2008).

1.5.2 TALENSs

The TALE proteins were identified in a gram-negative y-proteobacteria from the genus
Xanthomonas. Bacteria belonging to this genus are pathogens of plants and secrete a
mixture of effector proteins that they introduce into host cells; these proteins function as
transcription factors in eukaryotes. Among the set of secreted proteins are those of the
TALE family. TALEs are introduced directly such in the cell cytoplasm and transported to
the nucleus. By recognizing specific promoters and interacting with the basal transcription
machinery, transcription of specific genes of the host plant is induced (Jankele and
Svoboda, 2014).

TALESs recognize the DNA sequences of the host cells through the tandem repeats of the
central domain, which consist of 1.5-33.5 repeated sequences. Each of these repeats
comprises between 33 and 35 highly conserved amino acids, except those located in
positions 12 and 13. Repeat variable di-residues (RVDs) are found in these positions,
which confer specificity for the corresponding nucleotide of the target sequence (Deng et
al., 2012).

Due to the properties of these effectors, TALE nucleases (TALENSs) have been developed
from them, a useful tool in the field of genetic engineering. The construction of the TALEN
is based on the association of DNA specific binding domain of TALE to the catalytic
domain of the Fokl endonuclease. As the catalytic domain functions as a dimer, it is
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necessary to generate two structures with a specific binding domain to nucleotide
sequences of each of the DNA strands, positioned in opposite orientation (Deng et al.,
2012).

The construction of the TALEN is based on sequential ligation of several fragments
(between 15 and 18 generally). Said fragments present a particular orientation that is given
by a specific sequence, allowing ligation of the fragments in an oriented manner. A plasmid
(called backbone) is used to construct it, which has a resistance gene to an antibiotic
(kanamycin or ampicillin). Once the complete sequence is acquired, the construction of the
nuclease ends with a fusion within a single plasmid of the coding sequence for the Fokl
nuclease (Deng et al., 2012).

1.5.3 CRISPR/Cas9

CRISPR/Cas9 was initially described as a mechanism of the adaptive immune system that
prokaryotes used to prevent viral infections (Bhaya, Davison and Barrangou, 2011). A few
years later, this mechanism was used to develop the most efficient genome engineering
technique so far. CRISPR genome editing techniques are used in several organisms,
including humans (Selle and Barrangou, 2015). The first time the CRISPR/Cas9
technology was successfully used in eukaryotic cells was described by Cong et al. in 2013.
They engineered two Cas9 orthologues from S. thermophilus and S. pyogenes and used
them to cleave human and mouse cells. Moreover, they proved that the system could be
programmed to target multiple genomic loci and that it could drive a homology-directed
repair (Cong et al. 2013).

This system consists of a protein multi-domain Cas9 having two domains nuclease activity
(Makarova et al., 2006). This protein forms a ternary complex with two molecules of RNA:
with crRNA (CRISPR RNA) and the tracrRNA (trans-activating RNA CRISPR) that partially
complements the crRNA (Deltcheva et al., 2011). The crRNA has 42 nt, of which 22 nt are
a repeated sequence and 20 nt form the spacer sequence, which is responsible for guiding
the Cas9 protein to the target DNA, while the tracrRNA is necessary for the maturation of
crRNA and guiding Cas9 to the cutting position (Karvelis et al., 2013).

The CRISPR/Cas9 consist of a set of several conserved short repeats separated by a
unique spacer DNA sequence which originates from a phage or a plasmid DNA. The
spacer sequence is then used as a template to generate small RNA molecules which, in
combination with Cas proteins, lead to a effector complex that silences foreign nucleic
acids. This is because the Cas9 site mediates a DSB cut in the target DNA after joining this
sequence. This site, called protospacer, comprises a nucleotide that binds crRNA and a
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short nucleotide sequence referred to as Protospacer adjacent motif (PAM). It is necessary
that both sequences are present for Cas9 to join the target sequence and generate the link
between DNA and crRNA (Jinek et al., 2012).

CRISPR/Cas9 system can be redesigned easily by the modification of crRNA. Therefore,
CRISPR/Cas9 has been used as a new tool for genetic editing since it is relatively easy to
generate specific DNA sequences encoded by crRNA (Barrangou, 2012).

Some of the advantages of this new technology compared with ZFNs and TALEN are:

- The design of these proteins is achieved by building RNAs, which makes it faster
and cheaper compared to the design of other nucleases as ZFN or TALEN (Wang
et al., 2013).

- Secondly, there are Cas9 mutants that can introduce cuts in the target, both in the
top and bottom chain which opens up new possibilities in DNA repair by HR (Cong
et al., 2013).

- Lastly, several mutations can be introduced simultaneously by introducing various
RNAs targeting separate genes (Wang et al., 2013).

This system is constantly evolving with new ways to use it, and improvements being
published every week. Moreover, enzymes having similar properties as Cas9 are studied
as alternatives. For instance, Zetsche et al. (2015) discovered the cpfl enzyme which only
needs one RNA molecule and creates sticky ends when cutting DNA.
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1.6 Aim

Human disease modeling enables the understanding of cellular and molecular mechanism
of disease to develop more efficient treatments (Avior, Sagi and Benvenisty, 2016). A
disease model is a representation of the abnormal animal or human biology that occurs in
a particular disease. The model must reproduce aspects of a disease, or even the
complete pathology of the disease outside the human body (Pandey and Nichols, 2011).

The use of hPSCs to model human disorders have been enhanced with the emergence of
two recent techniques: pluripotent stem cell differentiation and genome engineering. These
techniques open the road to new ways of modeling human disorders, especially for
syndromes that are not easily reproduced in animal models. For instance, mice do not
develop CVD in the wild. Current murine models of CVD require mutations in key
regulators of their lipoprotein metabolism and need specific diets (Zaragoza et al., 2011).

Generating mutant hPSCs clones and differentiating them into a cell type of interest has
recently become faster and easier. The current challenge is now to design experimental
conditions that mimic both wild type and pathogenic state of a given human disorder. For
instance hPSCs-derived cells do not always recapitulate the gene expression patterns
observed in primary cells or in vivo. This could in part be explained by the fact that cells in
a body are part of a system in which they adhere on a complex extracellular matrix and
constantly receive information (signals transported by the blood, mechanotransduction,
interactions with neighboring cells) whereas differentiated cells lie alone on plastic or a
very simple extracellular matrix (often fibronectin or collagen).

The current study focuses on vascular disorders and the use of mechanical stimulus to
improve gene expression in cell based models. More precisely, the aim of this project is to
investigate the gene expression of hPSC-ECs with various knockouts related to the
vascular system, in a microfluidic chamber to mimic blood flow to create a more accurate
disease model. Understanding the molecular mechanisms involved in the actions of TGF-B
bleeding disorders is important for developing new therapeutic tools in the treatment of
these diseases. This project can be further divided in three main objectives.

This project objectives are: 1) To design a tool to apply shear stress on ECs, 2) To test and
compare gene expression of primary cells, hPSC-ECs and knockout hPSC-ECs in static
and physiological conditions, 3) To characterize and validate the functionalities of hPSC-
ECs, 4) To successfully knock out CCL7 gene in hPSCs.

By investigating the role of the TGF- pathway in human ECs using hPSC-ECs, | hope to
gain further insight into the complications of diabetes and CVDs.
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2 Materials and Methods

2.1 Cell lines

The iPSC line Sev-A 1016 used in this study was a kind donation from the Melton
laboratory (HSCRB) (Chetty et al. 2013).

HCAECs and HUVECs were purchased from Lonza and cultured in EMG-2 MV (Lonza).

Human Embryonic Kidney cells (HEK 293T) were purchased from ACCT and cultured in
DMEM, supplemented with 10% of heat inactivated FBS (Life Technologies).

2.2 Maintenance of hPSCs

The Sev-A 1016 were cultured on geltrex (Life Technologies) matrix pre-coated dishes
(1:30 in DMEM (VWR) for one hour (Schinzel et al., 2011)). The media used for all hPSCs
was mTeSR1 (STEMCELL Technologies) supplemented with penicillin/streptomycin
(10.000 I.U. Penicillin, 10.000 pg/ml Streptomycin) (corning cellgro) and plasmocin
(Invivogen). Media was replaced every 24 hours (15-20 ml). Cells were kept at 37°C and
5% CO, and routinely passaged when they were 85-95% confluent with accutase
(STEMCELL Technologies) diluted in a 1:5 ratio in PBS. For each passage, Sev-A 1016
were treated with 10 uM of Rock inhibitor (Y-27632, Santa Cruz Biotechnologies, sc-
281642A) to enhance attachment.

2.3 Endothelial cell differentiation from hPSCs

Cells were seeded at a density of 37.000 hPSCs per cm?, in a T175 flask with a vent cap
(Corning). After 24 h, the media was replaced by N2B27 (composed of 1:1 Neurobasal
medium (Life technologies) and DMEM/F12 medium (Life technologies) supplemented with
Glutamax (Life technologies), B27 (Life technologies), N2 (Life technologies) and B-
Mercaptoethanol (Life technologies)), supplemented with 8 pM CHIR-99021 (Cayman
Chemical) and 25 ng/ml BMP4 (R&D Systems). Cells were incubated for 4 days with no
media change.

On day 4, media was replaced by StemPro-34 SFM (Life Technologies) supplemented with
200 ng/ml VEGF (Peportech) and 2 uM foskolin (Abcam). Media was changed on day 5
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and 6. On day 6, CD144 positive ECs were sorted by Magnetic-activated cell sorting
(MACS) (Miltenyi Biotec) using magnetic CD144 (VE-Cadherin) microbeads (Miltenyi
Biotec). Cells were resuspended in 80 pl of buffer and 20 ul of CD144 MicroBeads per 10’
cells and incubated for 20-30 minutes at 4°C. Cells were then dissociated and filtered
through a 30 pum nylon mesh to remove clumps. They were washed with buffer and
centrifuged at 1000 rpm for 5 minutes. Before proceeding to the magnetic separation,
approximately 10° cells were resuspended in 500 pl of buffer.

The 1016 Sev-A ECs were cultured on human fibronectin pre-coated plates (2.5 pg/ml) of
human fibronectin (VWR) in DPBS (Corning) for 2 hours and kept in Stempro medium
supplemented with 50 ng/ml. When confluent, 1016 Sev-A-ECs were dissociated by using
1:10 accutase.

2.4 RNA extraction, Rt PCR and qPCR

RNA extractions were performed using the RNeasy Mini Kit from Qiagen following the
manufacturers manual.

The samples were subjected to reverse transcriptase (RT) reaction to synthesize cDNA.
cDNA was amplified by gScript™ cDNA synthesis kit (Quanta Bio) in a 20 pl reaction
mixture containing 4 pl of SuperMix 5X and 2 pg of template RNA. Rt-PCR profile
consisted of 5 min at 94°C, followed by 30 min at 42°C and 5 minutes at 85°C. The
samples were stored at 4°C before further analysis by qPCR.

The gPCR reaction preparation was performed according to the Tagman protocol. The final
reaction volume of 10 pl contained 5 pl of Tagman probe (Applied Biosystems), 0.5 pl of
probe and 4.5 pl of cDNA template. Thermocycling was performed in a ViiA™ 7 Real-time
PCR system (ThermoFisher). gPCR profile consisted of initial denaturation at 95°C,
followed by 40 cycles of a denaturation step of 15 s of at 95°C and a step of 1 min at 60°C.
The reaction finished by the built in melt curve.

Table 1 gPCR probes

Probe Gene Species Vendor Catalog Number
Homo sapiens ribosomal
protein lateral stalk subunit

PO RPLPO Human | Thermofisher 4310879E
nitric oxide synthase 3 eNOS Human | Thermofisher | Hs01574659 m1l
vascular endothelial growth
factor A VEGF Human | Thermofisher | Hs00900055 m1l
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Endothelin-1 EDN-1 Human | Thermofisher | Hs00174961 ml
superoxide dismutase-1 SOD-1 Human | Thermofisher | Hs00533490 m1l
platelet/endothelial cell

adhesion molecule 1 PECAML1 | Human | Thermofisher | Hs00169777 ml
intercellular adhesion
molecule 1 ICAM1 Human | Thermofisher | Hs00164932 m1l
vascular cell adhesion
molecule 1 VCAML1 | Human | Thermofisher | Hs01003372_m1l
selectin E SELE Human | Thermofisher | Hs00950401 m1l
Kruppel-like factor 2 KLF2 Human | Thermofisher | Hs00360439 g1
Annexin 5 ANXA5 | Human | Thermofisher | Hs00996187 ml
Urokinase plasminogen
activator PLAU Human | Thermofisher | Hs01547054 m1l
Fractalkine CX3CL1 | Human | Thermofisher | Hs00171086 ml
ADAM metallopeptidase
domain 17 ADAM17 | Human | Thermofisher | Hs01041915 ml
cytosolic phospholipase A2
gamma PLA2G4C | Human | Thermofisher | Hs01003743 ml
activin A receptor type IlI-
like 1 ACVRL1 | Human | Thermofisher | Hs00953798 m1l
Endoglin ENG Human | Thermofisher | Hs00923996 m1l
V-Akt Murine Thymoma
Viral Oncogene Homolog 2 AKT2 Human | Thermofisher | Hs01086102_m1
Cyclin-Dependent Kinase
Inhibitor 2A CDKN2A | Human | Thermofisher | Hs00923894 ml
Cyclin-Dependent Kinase
Inhibitor 2B CDKN2B | Human | Thermofisher | Hs04259476 m1l
Krev interaction trapped-1 KRIT1 Human | Thermofisher | Hs01090981 m1l

2.5 Immunofluorescence staining

Cells were fixed with 4% PFA (paraformaldehyde) (Sigma-Aldrich) and incubated at room
temperature for 15 mins. The wells were rinsed three times with PBST (PBS + 0.1% Triton
X). Kept in blocking buffer composed of PBST+BSA 5% for one hour on an agitating plate.
Primary antibody (concentration shown in table 1) mixed with blocking buffer was added
and incubated at 4°C overnight. The next day, cells were washed three times with PBST
for 10 minutes on an agitating plate. Secondary antibody was added (concentration shown
in table 2) and incubated for one hour avoiding light. Finally, the plate was washed 3 times
before application of DAPI. Images were acquired using an inverted microscope (Axiovert
200).
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Table 2 Primary Antibodies

Antigen Host Dilution Vendor Catalog Number
VE-Cadherin Goat 1/100 R&D Systems AF938
vVWF Rabbit 1/400 Dako A0082
PECAM1 Sheep 1/100 R&D Systems AF806

Table 3. Secondary Antibodies

Antigen Host Dilution Vendor Catalog Number
anti-sheep 1gG Alexa
Fluor 569 Donkey 1/1000 Invitrogen A21099
anti-goat 1gG Alexa
Fluor 546 Donkey 1/1000 | Lifetechnologies A11056
anti-mouse 1gG Alexa
Fluor 555 Donkey 1/1000 | Lifetechnologies A31570

2.6 Angiogenesis assay

400 pL of cold Geltrex Matrix (Life Technologies) was carefully added to each well of a 24
well plate. The plate was incubated for 30 minutes at 37°C to solidify the matrix. ECs were
resuspended in Medium 200 (Invitrogen) with LSGS (Invitrogen) at a cell density of 1x10°
cells/ml. 300-500 uL of cell suspension was added to each well. The plate was incubated
at 37°C overnight. The next day, images were acquired using an inverted microscope
(Axiovert 200).

2.7 CRISPR/Cas9

The current protocol was set up in the Cowan laboratory. A detailed version written by Dr.
Peters et al. (2013) can be found at stembook.org.

2.7.1 CRISPR and primer design

The human genomic sequence of the target exon was identified through NCBI database
and the 20-mer single guide RNA (sgRNA) and 3-mer sequence of Protospacer Adjacent
Motif (PAM) at recognition site were designed using MIT CRISPR design tool
(crispr.mit.edu). The off target score was estimated through the same tool. In order to
construct plasmid containing markers for selection, “CACC” before the 20-mer guide
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sequence (5-CACCG-19) and “AAAC” before the guide’s reverse complement (C-19-
CAAA-5) were added. APE software was used to edit and visualize CRIPSR and primers.
Primers were designed in NCBI primer blast to target exon 2 and exon 3.

Table 4 CRISPR and primer sequences

Forward Primers CTGAGACCAAACCAGAAACCTC

CTCCTTCTCCTTGAAGCACATT

AGAAAAAGGATAAGGGGTGAGC

Reverse primers TGGGCAGGGAATAGGACTAGTA
TGAACTGAAAACAAGCCATGAC
CRIPSRs CACCCTCCAACATGAAAGCCTCT

5’-CACCGACCCTCCAACATGAAAGCC-3’
5’AAACGGCTTTCATGTTGGAGGGTC-3’

GGGGCTTGCTCAGCCAGGTAAGG
5’-CACCGGGGCTTGCTCAGCCAGGTA-3
5’AAACTACCTGGCTGAGCAAGCCCC-3’

GCAGCTGCTTTCAGCCCCCAGGG
5’-CACCGCAGCTGCTTTCAGCCCCCA-3
5’AAACTGGGGGCTGAAAGCAGCTGC-3°

GAAAATCCCTAAGCAGAGGCTGG
5’-CACCGAAAATCCCTAAGCAGAGGC-3’
5’AAACGCCTCTGCTTAGGGATTTTC-3”

CACAGAAGTGGGTCCAGGACTTT
5’-CACCGACAGAAGTGGGTCCAGGAC-3’
5S’AAACGTCCTGGACCCACTTCTGTC-3’

2.7.2 Primer validation

Primers were validated by running a PCR with genomic DNA of hPSCs. The components
of the PCR included 4 pl of 5X Phusion HF buffer, 1.6 pl of dNTPs, 0.1 pl of forward and
reverse primers, 0.1 yl Phusion DNA polymerase, 1 pul DNA and water added up to a total
volume of 20 pl. PCR profile started by 5 min at 94°C, followed by 34 cycles of 30 seconds
at 94°C, 30 seconds in a gradient of 50-70°C and 1 minute at 72°C. The last step consisted
of 10 minutes at 72 °C. The samples were then analyzed in a 1.5% agarose gel.
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2.7.3 Annealing, phosphorylation, ligation and transformation

Oligos were annealed by making a mixture of 2 pl of sense, 2 pl of antisense, 20 pl of 10x
Annealing Buffer and 176 pl of water. The mixture was heated at 95°C for 2 minutes in a
PCR machine and allowed to cool down at room temperature.

To proceed with the phosphorylation, 4.8 pl were taken from the mixture above and mixed
with 0.6 pl enzyme T4 PNK and 0.6 pl buffer T4 PNK. This time, the mixture was kept at
37°C for 30 minutes and at 50 °C for 20 minutes.

As the last step, ligation, 6 pl of the phosphorylated oligo was taken and mixed with 1 pl of
vector pCGT, 1 pl of 10 ligase buffer, 1 ul of T4 ligase and 1 pl of distilled water. The
mixture was incubated at room temperature for one hour.

For transformation, the ligated oligos were added to 50 pl of E. coli and they were exposed
to heat shock treatment. This treatment consisted of keeping the mix in ice for 5 minutes,
placing it in a water bath at 42°C for a minute and a half and placing it back in ice for 2
minutes. Then, the transformed bacteria were plated in a plate containing ampicillin.

2.7.4 Miniprep

The next day, colonies were picked and placed in a tube containing LB broth, in which they
were grown overnight at 37°C in a shaker at 220 rpm and the next day, bacteria were
spinned down at 4000 rpm for 10 minutes. The supernatant was discarded and the cells
were resuspended in 300 pl of PBS. 50 pl of 7x lysis buffer (containing 5% SDS (12.5ml
20%), 0.8N NaOH (4ml 10N), 5mM EDTA (0.5ml 0.5M), 7% Isopropyl Alcohol (3.5ml) and
pinch of bromothymol blue) was added and mixed until the solution turned transparent and
viscous. Then, 200 ul of neutralizing buffer (containing 0.6M KOAc (5.8g), 0.3M Malic Acid
(49), 2.5M GuHCI (23.8g) and a pinch of phenol red) was added and mixed. Tubes were
centrifuged at high speed for 5 minutes and transferred into a spin minicolumn (Epoch Life
Science). Tubes were centrifuged at 14000 rpm for 30 seconds. 200 pl of endo wash
(containing 5M GuHCI (47.6g) and 30% Isopropyl Alcohol (30ml)) was added and
centrifuged for 30 seconds. The supernatant was discarded and 700 pl of wash buffer
(containing 10mM Tris pH 7 (1ml of 1M stock) and 80% EtOH (80ml of 95%)) was added.
Tubes were centrifuged for an additional minute. The column was placed in a new tube
and DNA was eluted with 50 pl of elution buffer (containing 10mM Tris pH 8.0 (0.5ml of 1M
stock)) and centrifuged for a minute. Samples were sent to genewiz for sequencing.
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2.7.5 Transfection into 293T cells

HEK 293T cells were transfected by using FUGENE® HD Transfection Reagent. The
protocol provided was followed and is briefly described below. Cells were plated in a 6-well
plate at a density of 80%. The next day, a mixture of 3102 pl of media containing 66 pg of
DNA and 198 pl of FUGENE® HD reagent was prepared and vortexed briefly. 150 pl was
added to each well. gDNA was then extracted using DNeasy® Blood and tissue kit
(Qiagen). The manufacturers protocol was followed. DNA was amplified by PCR and an
electrophoretic gel was run.

2.7.6 hPSC Electroporation

1.5 x 10° Sev-A 1016 cells were resuspended in 800 pl of ice cold PBS containing 25 pg of
pCas9 GFP plasmid and 25 pg of gRNA expression plasmid and transferred to a 0.4 cm
electroporation cuvette (BioRad) and incubated for 5 minutes on ice. Electroporation was
performed with Gene Pulser XCell™ (BioRad), with 250 V and 500 pF as parameters.
Cells were quickly transferred into fresh media, centrifuged at 1000 rpm for 5 minutes and
plated on a pre-coated plate.

2.7.7 FACS

After 48 hours following electroporation, efficiency was assessed by GFP visualization
under microscope (Axiovert 200). Cells were detached with accutase to ensure single cell
dissociation. The cells were resuspended in 500 ul of PBS with 10 uM Rock inhibitor and
passed through a 35 um cell strainer into a FACS tube (VWR). Cells were then sorted by
BD FACSAria™ |l flow cytometer and the GFP positive cells were collected into an
Eppendorf tube containing 700 pl media with 10 uM Rock inhibitor. Cells were then seeded
in condition media into a Geltrex 10 cm coated dish at a density of 15,000 cells per 10 cm
dish. The media used is conditioned which means that it contains half recycled mTeSR1
and half fresh mTeSR1.

2.7.8 Picking colonies

Colonies were closely monitored and picked when they were about the size of a nickel
(usually 10-12 cm). The media was replaced by PBS. The colonies were picked with a
pipette and placed in individual wells in a 96-well plate. Media was changed every 24 h
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until cells reached a confluency of 80%. Cells were split into three 96-well plates of which,
one was used for gDNA extraction.

2.7.9 Screening

gDNA was isolated by using PREPGEM (Zygem 95044-034). The amount added was 1 pl
of 10X GOLD buffer, 0.1 yl of PREPGEM and 8.9 pl of each well. The plate was placed in
the thermocycler for a cycle consisting of 15 minutes at 75°C and 5 minutes at 95°C.
Then, the gDNA was amplified by PCR. The reagents used were 12.5 pl of 5X Phusion HF
Buffer, 2.5 ul of DNA from PREPGEM, 6.5 ul of water and 0.5 of forward and reverse
primers, adding to a total volume of 22.5 pl. The PCR cycle used was the same as the one
used in 2.6.2 Primer validation, with an annealing temperature of 61.8°C.

2.8 Microfluidics System

2.8.1 Devices

The microfluidic devices and the pump (Reglo ICC, ISMATEC, Germany) used for this
experiment were kindly designed and provided by Luke MacQueen, member of the Kit
Parker lab of Bioengineering at the Wyss Institute. Luke designed two types of devices, the
first one was a single-channeled microchip and the second microfluidic device consisted of
six identical parallel microchannels. Both channel designs comprised of 5 mm width and
0.2 mm depth, made of polycarbonate and glass.

2.8.2 Cell labeling

Cells used for this experiment were HCAECs and 1016 iPSC-ECs. One hour prior to
experimentation, cells were labeled with CellTracker™ Green CMFDA (C7025, life
technologies). The CellTracker™ Green dye was dissolved in DMSO to a final
concentration of 10 mM. The dye was then diluted in pre-warmed Serum Free Media to a
final concentration of 20 uM and supplemented to the cells. Cells were incubated for 45
minutes prior to seeding in the microfluidic system.
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2.8.3 Cell seeding on a microfluidic device

Microchannels were sterilized either by autoclaving or by using 70% ethanol. The day of
the experiment, channels were coated with fibronectin for 2 hours at room temperature.
Cells were dissociated with 0.05% trypsin (VWR) and seeded at a concentration of 1x10’
cells/ml. The cells were injected into the pre-coated microchannels and dispersed
uniformly. The device was incubated for 4 hours at 37°C with 5% CO, to allow cells to
attach.

2.8.4 Shear stress

Cells were subjected to different levels of flow-induced shear stress to study gene
expression. Culture medium was circulated using a peristaltic pump at 0.1 ml/min for the
first 24 h for every channel. For the next 48 h, speed in every channel was increased to 0.5
ml/min, 1 ml/min and 2 ml/min. Pictures were taken every 24 h to test the viability. Shear
stress was calculated by using the Purday approximation (Young, Wheeler and Simmons,
2007),

2pQ
Tw =07 €Y)

7, IS the wall shear stress, Q is the volumetric flow rate, width w = 5 mm, height h = 0.2
mm, and viscosity of the culture medium at 37°C is p = 0.001 Pa s.

Fluorescent images were taken 4 hours after seeding, 24 hours after exposure at 0.06 Pa,
and 24 h and 48 h after exposure at 0.3 Pa, 0.6 Pa and 1.2 Pa.

2.9 Nitrate/Nitrite Fluorometric Assay

After every shear stress run, 1 ml of media was collected from every condition and the
Nitrate/Nitrite content was measured by using a fluorometric Assay (780051, Cayman
Chemical, USA). The assay consists of fluorometric measurement of the samples and
comparison to standard values by a standard curve.
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2.10 Statistical analysis

P-values below 0.05 were considered statistically significant. Statistical analyses were
performed in GraphPad Prism (GraphPad Software, La Jolla, CA). All graphs in this study
are shown as mean + standard deviation (SD).
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3 Results

3.1 Characterization of hPSC-ECs

The Cowan laboratory developed in collaboration with Hoffmann-La Roche, Switzerland, a
rapid and efficient protocol for vascular cell differentiation. This protocol allows
differentiation of hPSCs into ECs in only 6 days. This method differentiates cells in two
steps, which mimics the same developmental processes occurring during embryogenesis,
in which the Wnt pathway plays a critical role in mesoderm formation. When Wnt binds to
its receptor Frizzled, dishevelled phosphorylates GSK3f causing B-catenin levels rise in
the cytoplasm which then translocates to the nucleus allowing gene transcription. This
causes an accumulation of B-catenin in the nucleus, which activates the Lef/Tcf family of
DNA-binding proteins to form transcriptional complexes (Figure 8) (Sumi et al., 2008).
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Figure 8 Wnt pathway. (a) Wnt pathway in its inactive form. Dishevelled protein is inactive which
causes GSK3 complex to disrupt $-catenin. (b) Wnt pathway in its active form. Wnt binds to frizzled
which causes dishevelled to inhibit the GSK3 complex allowing B-catenin translocation into the
nucleus for further gene transcription (Staal and Clevers, 2005).
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In the first step, CHIR-99021 (which will be referred to as CHIR for the rest of this study)
and BMP4 are used to produce a mesodermal state in 4 days. CHIR is a GSK3p inhibitor
leading to the constitutive activation of the Wnt pathway. On day 4, medium is changed
and VEGF (a growth factor that induces angiogenesis) along with forskolin (an
angiogenesis regulator) is added for 2 days. On day 6, VE-Cadherin (CD144) positive
hPSC-ECs are enriched using CD144 specific magnetic beads and Magnetic Activated
Cell Sorting (MACS). A schematic representation of the differentiation protocol is shown in
Figure 9 (Patsch et al., 2015).

The resulting hPSC-ECs identity was confirmed by immunostaining, microarrays, and
metabolic profiling. Their function was assessed by barrier function and immuno-related
assays. Finally, hPSC-ECs were able to form functional blood vessels when grafted in
mice (Patsch et al., 2015). In the present study, induced pluripotent cell (iPSC) line Sev-A
1016 ECs were used and Human Coronary Artery ECs (HCAECS) were used as a positive
control.
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Figure 9 Flow chart of EC differentiation from hPSCs. (a) Schematic representation of the
differentiation protocol with a list of the specific genes to the three major steps. (b) Timeline of
critical steps of the protocol with the media and compounds used. Pictures show cell morphologies
for those key steps (Challet Meylan et al., 2015).
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3.1.1 Immunofluorescence Assay

The quality of the 1016 hPSC-ECs used for shear stress experiments was assessed by
staining with EC specific markers. Two adhesion molecules found specifically on the
membrane of ECs, VE-Cadherin (CD144), the major EC adhesion molecule which
maintains vascular integrity and Platelet Endothelial Cell Adhesion Molecule (PECAM-1,
CD31), a protein involved in leukocyte transmigration, were expressed on the extracellular
membrane. Moreover, a glycoprotein produced by ECs von Willebrand Factor (VWF)
involved in platelet adhesion for plague formation, was located in the cytoplasm (Figure
10). DAPI staining was used to mark nuclei blue, for easier cell identification. The two
adhesion molecules were expressed by a majority of the cells whereas VWF expression
varied greatly from one cell to another. This heterogeneous expression was expected
based on other reports and stainings on primary ECs (data not shown). In summary,
immunofluorescence staining demonstrated that 1016 iPSC-ECs exhibit EC specific
markers.

PECAM-1 nuclei VE-Cadherin nuclei VWEF nuclei

Figure 10 Immunostaining of EC specific markers on hPSC-ECs. Cells expressed PECAM-1
and VE-Cadherin, localized on the extracellular membrane, and VWF in the cytoplasm. A
representative image is shown. Magnification: 20x. 1 experiment N=2 wells

35



3.1.2 Angiogenesis assay

ECs have the ability to form a spider web-like structure when seeded on Geltrex, a soft
substrate. 1016 iPSC-ECs (passage 5) were tested for this angiogenic property using
HUVECs (passage 6) as a positive control (Figure 11). Both HUVECs and 1016 iPSC-ECs
formed spider web-like networks, after an overnight incubation in a thick layer of geltrex
matrix.

HUVECS 1016 iPSC-ECs

Figure 11 Angiogenesis assay on HUVECs and 1016 iPSC-ECS. Spider web-like structures were
formed by ECs when seeded on a soft substrate. 1 experiment N=2 wells.

3.2 Microfluidic system set up

The microfluidic device and pump used for this experiment were kindly designed and
provided by Luke MacQueen, member of the Kit Parker lab of Bioengineering at the Wyss
Institute. The expertise of this lab is on cardiac cell biology and creating organs on a chip.
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Figure 12 Microfluidic system set up. (a) Simple microfluidic channel microchip. (b) Parallel
patterned microfluidic shear device, consisting of six microchannels of 5 mm width. (c-d) Example of
the pump system set up inside the incubator.

Figure 12 shows an example of the two types of chips used for current (a) and future (b)
experiments. Cells were injected through the nozzles inside a hood, under sterile
conditions. The tubes that connected the microchip with the media supply were then
joined. The falcon tube was filled with 30 ml of EGM-MV media (Figure 12(d)) and the cap
was not completely closed to allow gas exchange. The tubes were then connected to the
pump, which had three valves to set three different shear stress intensities simultaneously
(Figure 12(c)).

3.3 Cell viability under shear stress

Preliminary experiments were designed to find the best seeding density. For better
visualization under a fluorescent microscope, HCAECs were stained with CellTracker™
Green. The aim assessed if ECs could detach under the highest physiological shear stress
conditions. A schematic representation of the protocol followed is shown in Figure 13.
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The first set of experiments was conducted at a seeding density of 5x10° cells/ml (250,000
cells/chamber). After 24 h under low shear stress (0.06 Pa), ho monolayer was formed
(Figure 14 (a)) and most of the cells detached after an additional 48 h under high shear
stress (1.2 Pa) (Figure 14 (b)). Seeding density was therefore increased to 10’cells/ml
(500,000 cells/chamber) and different physiological shear stress conditions were tested
based on previous reports (0.06 Pa, 0.3 Pa, 0.6 Pa and 1.2 Pa) (Khan and Sefton, 2010).
At the new density, cells formed a monolayer and were still attached after 72 hours. Two
different controls were used. The first control was kept at a static condition for
approximately four hours. The second control was kept for 72 hours at low shear stress
(0.06 Pa). Pictures were taken after 24 h and 48 h at different magnifications (4x and 10x)
(Figure 15). At 0.6 Pa, cells started to align to the flow (arrow in Figure 15).

e Coat 50 pg/ml fibronectin for 2 hours

e Inject cells (10 milion cells/ml) = 500.000 cells in 50 pl

e Incubate for 4 hours at 372C (control 1)

e Start pump system at a slow rate (0.06 Pa) for 24 h

e Increase shear stress to 0.06 (control 2), 0.3, 0.6 and 1.2 Pafor 48 h
e Extract RNA

* gPCR gene expression analysis

Figure 13 Schematic representation of the protocol followed to test gene expression in the
microfluidic system.
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Figure 14 First experiment with HCAECs in the microfluidic system. (a) Picture taken after 24 h
under low shear stress (0.06 Pa), seeding density of 5x10° cells/ml. (b) Picture taken after 48 h
under high shear stress (1.2 Pa), seeding density of 5x10° cells/ml.

0,6 Pa 0,3 Pa 0,06 Pa
(0,5 ml/min) (0,1 ml/min)

{1 ml/min)

1,2 Pa
{2 ml/min)

Figure 15 Second experiment with HCAECs in the microfluidic system. Seeded at a 10’
density. Pictures taken after 24 h and 48 h at 4x and 10x. Cells were tested in four different forces
(0.06, 0.3, 0.6 and 1.2 Pa). Arrow: alignment to the flow.
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3.4 Gene expression under shear stress

After 48 h of cell culture under different shear stress intensities (0.06 Pa, 0.3 Pa, 0.6 Pa
and 1.2 Pa), mRNA was extracted, reverse-transcribed to cDNA and tested for gene
expression by gPCR. Several genes were assessed, based on the literature (Uzarski et al.,
2013; Khan and Sefton, 2010). These genes are relevant for EC vascular physiology,
fibrinolysis, inflammation and genes involved in the TGF-B pathway related to bleeding
disorders such as Marfan syndrome and HHT. Every condition was normalized to the static
and graphs were generated with the software GraphPad Prism 6. The gene expression
was tested in both HCAECs and 1016 iPSC-ECs. Due to the low amount of DNA in every
sample, some of the samples of the same condition were pulled together to increase the
concentration. Even so, levels of the gene expression of some samples were too low to be
detected by gPCR. 1016 iPSC-ECs had undetermined values for most of the CT values.
Gene expression for HCAECs will be discussed first.

3.4.1 Validating the system

EC specific markers

Gene expression for EC specific factors that are constitutively expressed were tested in
HCAECs (passage 5-7). PECAM-1(CD31), a protein involved in leukocyte transmigration,
was expressed on the extracellular membrane (Lovelace et al., 2013). VEGFA is a growth
factor active in angiogenesis, vasculogenesis and ECI growth. This growth factor induces
EC proliferation, promotes cell migration, inhibits apoptosis and induces permeabilization
of blood vessels (Ucuzian et al., 2010). KLF2 is a transcriptional regulator
of endothelial involved in FoxO signaling pathway and embryonic differentiation pathways
(De Val and Black, 2009). PECAM1 and KLF2 are higher expressed under shear stress,
compared to static conditions. VEGFA levels stay rather constant under different shear
stress condition compared to static condition, except at 0.3 Pa, where the expression is
drastically lowered (Figure 16).
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Figure 16 Gene expression of EC specific factors. Static n=1, 0.06 Pa n=5, 0.3 Pa n=4, 0.6 Pa
n=4, 1.2 Pa n=4.

Adhesion molecules

ICAM-1, VCAM-1 and E-selectin (SELE) are immune system related adhesion molecules
found on the surface of ECs. ICAM-1 is a surface glycoprotein that serves as a ligand for
leukocyte adhesion protein LFA-1 (Ochs, Smith and Puck, 2007). VCAM-1 is a surface
sialoglycoprotein expressed in ECs when they are cytokine activated. It mediates leukocyte
EC adhesion and may play a role in atherosclerosis (Gawaz, 2005). E-selectin is also
expressed in ECs when they are cytokine activated. It is responsible for the accumulation
of leukocytes at the site of inflammation by promoting adhesion to the endothelium
(Granger and Senchenkova, 2010). VCAM and SELE are in general higher expressed
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under shear stress, compared to static conditions, whereas ICAM is down regulated when
exposed to shears stress, with a down regulation maximum at 0,03 Pa (Figure 17).
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Figure 17 Gene expression of EC associated adhesion molecules and factors. Static n=1, 0.06
Pa n=5, 0.3 Pa n=4, 0.6 Pa n=4, 1.2 Pa n=4.

Inflammation associated gene expression

ECs create a barrier which is of great importance during extravasation of immune cells.
Expression for inflammation associated genes (PLA2G4C, ADAM17 and CX3CL1) was
measured. PLA2G4C is a member of phospholipase A2 enzyme family, involved in the
process of producing free fatty acids and lysophospholipids that serve as precursors in the
production of signaling molecules (Ncbi.nim.nih.gov, 2016). ADAM17 is an enzyme that
mediates TNF-a shedding from the cell membrane (Tsou, 2001). CX3CL1 is a fractalkine
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which has a role in chemotaxis, adhesion of leukocytes and supports the survival of
multiple cell types during homeostasis and inflammation (White and Greaves, 2012). All
three inflammation associated genes show downregulation at 0.06 Pa, but suffered a
drastic upregulation under higher levels of shear stress (Figure 18).

ADAM17 CX3CL1
5+ 6
44
) S a4
c 34 { =
[} ©
L o =
o o
k) 2+ ke}
2 B
14
0- 0-
o > > > 2> & 2> > 2> >
X A4 Q S Q N~ Q A4 R4 N4
<@ © &) 9V X © &) v
9 Q“Q N} \}) L (=) Q? QY \}) NY
Shear stress Shear stress
PLA2G4C
34
& 2
c
©
=
(8]
k)
£ ™
0-
<O > > > >
X Q Q RS Q
N © &) © v
) Q? QY Q N

Shear stress

Figure 18 Inflammation related gene expression. Static n=1, 0.06 Pa n=5, 0.3 Pa n=4, 0.6 Pa
n=4, 1.2 Pa n=4.

Cardio-protective gene expression

Genes relevant in vascular physiology which are standard clinical diagnostic markers of
CVD were assessed next. Endothelin-1 (EDN1) is a vasopressive gene which causes
smooth muscle cell contraction. It is also involved in atherosclerosis (Ncbi.nim.nih.gov,
2016). Superoxide dismutase-1 (SOD-1) is an enzyme protective against oxidative stress
(Figure 19) (MatEs, Pérez-Gémez and De Castro, 1999). EDN1 shows highest expression
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at 0.6, intermediate expression at 0.3 and 1.2 Pa, and an expression minimum at 0.06 Pa.
Compared to that, SOD1 expression is the highest at 0.3 Pa. Intermediate expression of
SOD1 occurs at 0.6 and 1.2 Pa, and as in EDN1 the expression minimum is at 0.06 Pa.
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Figure 19 cardio-protective gene expression. Static n=1, 0.06 Pa n=5, 0.3 Pa n=4, 0.6 Pa n=4,
1.2 Pan=4.

Coagulation and fibrinolysis associated genes

Furthermore, coagulation (formation of a clot when a blood vessel is disrupted) and
fibrinolysis (disintegration of clots in blood vessel) associated gene expression was
studied. ANXAS is a plasma protein with anticoagulant properties (Rand et al., 2009).
PLAU is a plasminogen activator (Ncbi.nlm.nih.gov, 2016). ANXA5 shows little down
regulation at 0.3 and 0.6 Pa, and was drastically down regulated at 1.2 and 0.06 Pa. On
the other hand, PLAU is downregulated under all different shear stress conditions (Figure

20).
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Figure 20 Coagulation and fibrinolysis associated gene expression in HCAECs. Static n=1,
0.06 Pa n=5, 0.3 Pa n=4, 0.6 Pa n=4, 1.2 Pa n=4.

3.4.2 Disease related gene expression

Marfan syndrome and HHT

Once the system was validated, gene expression of the disease related genes was tested.
Figure 21 shows the gene expression of KRIT1 and ENG in HCAEC, genes involved in
HHT which cause malformations in the brain blood vessels (Whitehead, Smith and Li,
2012). Both KRIT 1 and ENG expression increases with increasing shear stress, and show

a big drop in expression at 1.2 Pa.
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Figure 21 HHT and Marfan syndrome related gene expression. Static n=1, 0.06 Pa n=5, 0.3 Pa

n=4, 0.6 Pan=4, 1.2 Pa n=4.

CvD

Figure 22 shows genes implicated in CVD at the 9p21.3 locus. CDKN2A and CDKN2B are
two cell cycle regulating genes reported to be regulated by ANRIL (Pasmant et al., 2007).
CDKNZ2B gets increasingly upregulated at 0.06 and 0.3 Pa, and shows almost no change
in expression at 0.6 and 1.2 Pa, compared to static conditions, whereas CDKN2A shows
an expression maximum at 0.06 Pa, an expression minimum at 0.3 Pa, and almost no

change in expression at shear stress of 0.6 Pa or higher.
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Figure 22 Gene expression of genes related to ANRIL in HCAECs. Static n=1, 0.06 Pa n=5, 0.3

Pa n=4, 0.6 Pa n=4, 1.2 Pa n=4.
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3.4.3 Gene expression in iPSC-ECs

The same gene expression test was performed with iIPSC-ECs. Very few genes were
expressed enough to be detected. Figure 23 shows the gene expression of the expressed
genes, which were the adhesion molecules PECAM and ICAM, the protective gene against
oxidative stress SOD-1, vasopressive gene which causes smooth muscle cell contraction
EDN1, HHT related ENG and AKT2. PECAM and SOD-1 are hardly expressed, whereas
AKT2 and ICAM are highly expressed compared to static. EDN1 is downregulated at
physiological levels. ENG is upregulated at low shear stress levels and drastically

downregulated at higher ones.
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Figure 23 Gene expression in 1016 iPSC-ECs. Static n=1, 0.06 Pa n=2, 0.3 Pa n=3, 0.6 Pa n=3,

1.2 Pa n=2.

3.5 eNOS function

Endothelial nitric oxide synthase (eNOS) is an enzyme involved in the production of nitric
oxide. This enzyme is constitutively expressed and is highly regulated in ECs. Nitric oxide
has an important function in the inhibition of leukocyte adhesion, platelet aggregation and
smooth muscle cell proliferation. The function of nitric oxide is of great importance because
it allows an uninterrupted flow of blood through the vessels (Pahakis et al. 2007). gPCR
results show that eNOS was highly expressed at low shear stress (0.3 Pa) and
downregulated at higher shear stress levels (Fig 24(a)). The Nitrate/Nitrite concentration in
the media was quantified by a fluorometric assay (Fig 24(b)). The graph shows a dramatic
increase in Nitrate/Nitrite production at high shear stress levels for both HCAECs and 1016
iPSC-ECs. The lowest concentration found in HCAEC is at 0.3 Pa, whereas for 1016 iPSC-

ECs is at 0.6 Pa.
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Figure 24 eNOS function. (a) eNOS gene expression in HCAEC. Static n=1, 0.06 Pa n=5, 0.3 Pa
n=4, 0.6 Pa n=4, 1.2 Pa n=4. (b) Nitrate/Nitrite (pmoles) concentration in media. Represented are
both HCAECs (Static n=1, 0.06 Pa n=1, 0.3 Pa n=1, 0.6 Pa n=4, 1.2 Pa n=1) and 1016 iPSC-Ecs
(Static n=1, 0.06 Pa n=1, 0.3 Pa n=2, 0.6 Pa n=2, 1.2 Pa n=2). N=3 wells per concentration.

3.6 CCL7 targeting using CRISPR/Cas9 system

The CRISPR/Cas9 technique was used to knock out CCL7, in order to use the cells in the
shear stress system. The main function of CCL7 chemokine is to attract macrophages,
monocytes and eosinophils during inflammation and metastasis (described in section 1.3).
Based on what is known about inflammation related genes and shear stress, it would be
interesting to study gene expression of CCL7 in these conditions.
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3.6.

1 CRISPR and primer design

In the CRISPR technology, a dual guide strategy was implemented. This involves
designing two CRISPR guides which create a deletion in the DNA of interest. The NCBI
database was used to retrieve the human genomic sequence of CCL7 and five sgRNA

sequ
flank
table
highl

5%'

ences were designed by using MIT CRISPR design tool. Four screening primers
ing the excision region were designed in NCBI primer blast (Sequences are shown in
4 in section 2.5.1). Figure 25 shows a screen capture of the APE software with
ighted sequences for sgRNAs and primers.
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Figure 25 APE software screen capture containing CCL7 genomic sequence. Yellow: Exons;

Red:

3.6.

Prim

start codon; Blue: sgRNA sequence; Purple: screening primer.

2 Primer validation

ers for clone screening were validated by performing a gradient PCR with extracted

gDNA from Sev-A 1016 IPSCs. The PCR annealing step was set to vary from 50°C to
70°C. Based on the results, temperatures from 55.5°C to 68.4°C were appropriate. A
temperature of 61.8°C was chosen because it is the annealing midpoint (Figure 26).
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Figure 26 Gradient PCR of the primers. Temperature selected was 61.8 °C.

3.6.3 CRISPR testing in 293T cells

CRISPR oligos were annealed, phosphorylated and ligated. After sgRNA was transformed
into E. coli, the plasmid was extracted and transfected into 293T cells to test which
combination of CRIPSR result in a deletion and what pair is the most efficient. Figure 27
shows a schematic representation of the position of the CRISPRs. Figure 28 is a picture of
a gel were the band sizes of different combinations are shown.

~{ Exon1 J=—{ exon2 —{ Exon3 }—{ Exon4 |—{ Exon5 —{ Exon6 |-

Figure 27 Schematic representation of CCL7 gene and the position of the designed CRIPSRs.
CRISPRs are represented as a yellow vertical line.

Table 5 Expected band sizes

CRISPR pair Band size (bp) CRISPR pair Band size (bp)
1/4 892 1/5 1438
2/4 842 2/5 1388
3/4 822 3/5 1368
4/5 526
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Figure 28 Isolated clones from 293T cells. First set of bands: combination of CRISPRs 1, 2 and 3
combined with 4. Second set of bands: CRISPRs 1, 2 and 3 combined with 5. First row: negative
control performed with Sev-A 1016. Last row: negative control performed with untransfected 293T
cells.

3.6.4 Electroporation and cell sorting

Once the best CRISPR combinations were determined, they were electroporated into 293
T Cells using transfection reagent PEI. Approximately, 10° cells were sorted by FACS after
48 h. Fluorescence pictures were taken 48 hours after electroporation (Figure 29). Figure
30 shows graphs taken during cell sorting. The gate shows the GFP expressing cells in
blue, the gating was very restrained because highly expressed GFP cells were selected
(1.2%). Graph A shows forward scatter against side scatter to measure size and
granularity respectively. Graph B shows fluorescence analysis analyzed by Phycoerythrin
(PE) against GFP fluorophores. Cells were re-plated in a 10 cm? plate in condition media,
which contains 50:50 ratio of new and recycled media.
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Figure 29 Electroporated cells. Fluorescent pictures were taken 48 hours after electroporation. (a)
Bright field (b) FITC (c) merged (magnification 4X).

Tube: CCIT

Population #Events %Parent %Total
M &1 Events 100000 #1000

mr 66,297 663 663
| 1,159 17 12

Specimen_001-CCI 7

Figure 30 Fluorescence-activated cell sorting on electroporated cells. Electroporated cells

shown in blue. (A) shows forward scatter vs. side scatter measuring size and granularity. (B) shows
Phycoerythrin (PE) vs. GFP.
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3.6.5 Clone screening

Colonies were monitored closely. When they reached the size of approximately a dime,
they were picked and plated in a 96-well plate. An example of an adequate colony and a
deficient colony is shown in Figure 31(a). After 3-5 days, the cells were split into three
plates, one as a backup, the second one was used for gDNA extraction. The third one was
frozen and kept as stock. Each well was screened to test which clones were a complete
knock out, which were heterozygous, and which were wild type. In Figure 31(b), three
lanes are marked which contain a homozygous, wild type and heterozygous respectively.

Figure 31 Clone screening. (a) Colonies of electroporated and sorted cells. Blue circle shows an
adequate colony. Orange circle shows a deficient colony. (b) Clone screening. The first marked lane
contains a homozygous clone, the second marked lane contains a wild type clone and the third
marked lane contains a heterozygous clone.
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4 Discussion

Cardiovascular disorders are a group of disorders affecting the heart and vascular system.
They are a significant global burden currently causing 17.5 million annual deaths,
representing 30% of all deaths in the world (WHO, 2016). There have been extensive
studies on CVD but still remain significant gaps in knowledge surrounding normal signaling
processes and abnormal development results remain.

A way to study this processes is to create disease models. Mice are a common accessory
to model diseases. However, CVDs are not able to be reproduced in mice due to the
genetic differences (Zaragoza et al., 2011). A better approach is to model diseases in cells
in vitro. Generating mutant clones and differentiating them has become a simple and
reproducible task. CRISPR/Cas9 is a novel technique that is already causing a
breakthrough in research for disease modeling due to its simplicity and great advantages in
genome engineering (Barrangou, 2012).

Several reports and personal observations in the Cowan lab suggest that hPSCs-derived
cells do not always recapitulate the gene expression patterns observed in vivo. This could
in part be explained by the fact that differentiated cells do not receive signals from proteins
transported by the blood, mechanotransduction or interactions with neighboring cells. This
is the main issue for disease modeling, where genes are not expressed in a simple culture
dish. Shear stress application was chosen for this study as a better way to model disease.

In this project, a tool was implemented to apply shear stress on ECs with the purpose of
creating a more accurate disease model. The differences in gene expression at different
shear stress rates were investigated in the hope of better understanding the causes and
mechanisms of CVD complications in the vascular system.

Functional tests (Figure 9-10) showed that hPSC-ECs behave similarly to primary ECs, as
described by Patsch et al (2015). Immunofluorescence performed on 1016 iPSC-ECs
stained for EC specific markers, namely, VE-Cadherin (CD144) and Platelet Endothelial
Cell Adhesion Molecule (PECAM-1, CD31) found on the extracellular membrane, and von
Willebrand Factor (VWF), located in the cytoplasm. Moreover, the 1016 iPSC-ECs
successfully formed spider web-like structure, confirming their angiogenic potential (Figure
10). Therefore, it can be concluded that 1016 iIPSC-ECs behave as ECs and are
competent to be used for shear stress experiments.

Shear stress is the key to the regulation of vascular structure. Signhaling pathways include
nitrogen oxide and radicals derived from oxygen as well as other signs of mediation. The
role of radicals derived from oxygen becomes dominant in cases in which the shear stress
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changes rapidly or has a pulsatile component. This is due to activation of different shear
stress sensors depending on the type of flow and activation of various routes of reactive
oxygen species (Pahakis et al. 2007).

There were two controls used for the microfluidic system experiment. The first control
consisted of static cells that were incubated for four hours in the chamber. The second
control was kept for 72 hours under low shear stress. The chamber has a capacity of 50 pl
of medium which is not enough for the viability of the cells at static conditions. Therefore, a
low shear stress level (0.06 Pa) was used.

In response to the laminar flow, cells are capable of elongating in the direction of flow
(Pahakis et al. 2007). In Figure 15, cells show an alignment to laminar flow at 0.6 Pa
indicating that 0.6 Pa is the reliable intensity of this microfluidic system. Figure 21 shows a
maximum expression at 0.6 Pa of genes related to Marfan syndrome and HHT, which
suggest that this one is the ideal condition for disease modeling.

A particular point of interest our data emphasizes, is the effect of hypertension in
development of CVD. Given that the pro-inflammatory mRNA expression levels in primary
ECs which were upregulated in 0.6 pascal conditions, we could hypothesize the 0.6 pascal
is the key stress hydrodynamic flow in ECs. In addition, the presence of inflammation
stimulates ECs to exhibit elevated levels of endothelial adhesion molecules such as
VCAM1 and E-selectin. This increases the responsiveness of ECs to inflammation
demonstrated by the upregulation of inflammation-related genes ADAmM17, CX3CL1 and
PLA2GA4C (Figure 18). This leads to a vicious cycle of chronic inflammation of the vascular
system, which contributes to permanent endothelial dysfunction, and eventually leads to
cardiovascular pathogenesis and associated co-morbidities. PECAM1 which is
constitutively expressed in ECs with a similar level is also known to play a critical role in
the regulation of inflammatory response. However, recent studies discovered that PECAM1
serves various pro-inflammatory as well as anti-inflammatory functions (Privratsky et al.,
2011). Moreover, it could be shown that it is involved in leukocyte trans-endothelial
migration, but contrastingly also is able to induce leukocyte activation and can suppress
pro-inflammatory cytokine production.

When all the data of HCAEC expression is examined, cellular processes can be seen. For
instance, there is evidence that KLF2 plays a key role in generating atheroprotective
effects by inducing eNOS expression and inhibiting expression of E-selectin and VCAM-1
(SenBanerjee et al., 2004). Figure 16 shows an upregulation of KLF2 at 0.06 Pa which
induced the downregulation of VCAM-1 and E-selectin (Figure 17) at 0.06 Pa. Moreover,
eNOS was upregulated at the same condition (Figure 24). This facts correlate with the
theory explained above.
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When comparing this study with Uzarski et al. (2013), there seem to be some differences
in expression that could be due to cell type used. HCAECs isolated from arteries were
used for this study, whereas HUVECs were used for Uzarski et al. (2013). VCAM-1 and E-
selectin were downregulated under physiological flow in HUVECSs, while in HCAECs they
were upregulated (Figure 17). ICAM was upregulated in HUVECs and downregulated in
HCAECs. In the case of inflammatory associated genes PLA2G4C, ADAM17 and CX3CL1,
they were upregulated in both cell types under shear stress (Figure 18). They also showed
similarities in the cardio-protective genes SOD-1, which was down regulated, and EDN-1,
which was upregulated (Figure 19). The coagulation and fibrinolysis genes were both down
regulated for HCAECs and upregulated in HUVECs (Figure 20).

In addition to gene expression, levels of nitrates in the media were measured. ECs
synthesize and release vasodilators: nitric oxide (NO), prostacyclin and adenosine, which
are counteracted in a constant balance with other vasoconstrictor such as endothelin-1.
NO is derived from L-arginine by the action of nitric oxide synthase (NOS). Endothelial
NOS (eNOS) has a constitutive expression and it generates small amounts of NO for short
periods (Nathan and Xie, 1994). In the model of the current study, there is an inversely
proportional trend in eNOS production and Nitrate/Nitrite released to the media (Figure 24).
When eNOS reaches its peak at 0.3 Pa, the lowest value of Nitrates/Nitrites is present in
the media for HCAECs. Similarly, when eNOS reaches the lowest expression at 1.2 Pa,
more Nitrates/Nitrites are released into the medium. The downregulation of eNOS at 1.2
Pa suggests that eNOS is not constitutively expressed at this intensity. Moreover, NO
should be in balance with EDN-1, however, Figure 19 shows that EDN-1 was down
regulated in every condition.

Inhibition of CCL7 would simultaneously lead to lower chronic inflammation, as well as
protect the ECs from the environmental metabolic stress (Dahinden, 1994). Over time, this
will improve vascular health protecting T2DM patients from arterial complications. One
ambitious goal was to design CRISPRs and target 1016 iPSCs-ECs, which would be
further differentiated into ECs. Both the genome editing as well as the differentiation
techniques have been established over previous years as powerful systems amenable to
disease modeling using iPS in vitro. Despite the advantages of these technologies and the
progress made here, our allotted time was not sufficient to conclude this part of the project.
Even though we could generate a knock out for CCL7, there was not enough time to
successfully create knock out mutants. Unfortunately, cells died during the expansion step
and it was decided to stop the experiment at this point.

My system set up (Figure 11) had a few limitations. First of all, the pump consisted of three
valves and only three different shear stress intensities were able to run simultaneously.
The second problem that | encountered was that the six channel chip that was designed for
me, was designed in a manner that the nozzles would not be stable. This caused the
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system to leak and impaired the use of this chip. The last limitation was that the 1016
iPSC-ECs were more delicate and susceptible than the HCAECs and their viability in the
camber was low. qPCR results show that expression was very low for most of the tested
genes, probably due to the low DNA concentration (Figure 23). Gene expression in 1016
IPSC-ECs appears to be inconsistent in comparison with HCAECs. This could be due to
the low viability of the 1016 iPSC-ECs inside the chamber and their susceptibility to media
change. They also appear to be sensitive to confluency, causing apoptosis. This should be
taken in account when repeating the shear stress experiment with 1016 iPSC-ECs. The
new experiment should be conducted for only 24 hours instead of 48 hours and the
seeding density should be between the two that were tested (5x10° — 1x107).

A novel method to improve disease modeling would be to combine shear stress with co-
culture. Recent studies are even performed with the two parameters. Yeh et al. (2011)
successfully developed a system were they co-cultured ECs and VSMCs and studied their
migration under shear stress. They found that shear stress have a great influence on cell
migration.
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5 Conclusion

My thesis examined the effects of shear stress on ECs and its potential relation with CVD.
In order to better understand the mechanism CVD, a better system to represent vascular
system in human body was investigated and additionally, the role of shear stress in pro-
inflammatory protein production, endothelial adhesion molecules expression and vascular
constrictor factors related to coagulation-fibrinolysis.

The main finding of this study is that mMRNA expressions in ECs including KRIT-1 and ENG
showed completely different expression levels depending on the shear pressure compared
to static flow. This demonstrated that the disease model using ECs in petri-dish can be
limited to study disease models.

The advantages of using hiPSC-dECs are their applicability to novel cell therapy. Our
research sought to suggest a novel avenue for prevention of shear stress related vascular
pathology. Although the expression levels of genes in hiPSC-dECs were different from
primary ECs, it still remains as good strategy for novel therapy.
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