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Abstract

Enhanced Angiogenesis and
Reendothelialization by Mesenchymal
Stem Cells Secreting Growth Factors

Produced by Genome Editing

Hyun—Kyung Chang

Department of Veterinary Medicine
Graduate School of

Seoul National University

Vessel is an important network in body, and it has various types
ranging from the aorta and the capillary. Diseases in these vessels
are critical and difficult to cure fundamentally. To overcome this
huddle, the fundamental way to treat these diseases has been
established by regenerating blood vessels with the combination of
stem cell therapy and gene therapy. Mesenchymal stem cells
enhance the regeneration of blood vessels, but their survival rate
and cytokine secretion in an injected site are limited. Therefore,
another approaches to solve these problems are required. To
address this, hepatocyte growth factor (HGF) gene that facilitates
vascular regeneration was integrated into the safe—harbor site in
the chromosome of mesenchymal stem cells (MSCs) using the
TALEN system. The Tet—on system was also used to control the
expression of HGF. The expression regulated by Doxycyclin was

.
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successfully validated at protein level after the integration into the
host chromosome. Inducible HGF expressing MSCs promoted
migration in the short term, while prevented cell death and
promoted angiogenesis in the long term. They were then
encapsulated in RGD—alginate microgel, which includes a
phenotype of a peripheral vascular disease, and applied to the limb
ischemia model to actually evaluate the vessel regeneration ability
of functional MSCs. As a result, the regeneration of blood vessels
was improved by the injection of HGF secreting MSCs. It proved
that the inducible HGF secreting MSCs are a valuable therapeutic
tool for the treatment of vascular diseases that critically require
angiogenesis.

Based on these therapeutic effects, it was also applied to the
large animal model with aortic disease. Atherosclerosis is a fatal
disease and is very difficult to treat. Although stents are used to
treat these problems, there are still limitations such as restenosis
and stent thrombosis. In order to solve the existing problems, the
rapid reendothelialization should be induced after the stent
transplantation. Thus, to induce reendothelialization, the stent was
combined with stem cells that secrete HGF and vascular
endothelial growth factor (VEGF), known as a strong vessel
induction factor, in an inducible manner.

Angiogenic growth factor secreting MSCs were adhered to a

stent coated with polydopamin, fibronectin and extracellular matrix.

The expression of HGF and VEGF on the stent was confirmed.
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Furthermore, the growth of cells on stent was confirmed while
maintaining their original characteristics. When transplanted into
pigs, VEGF reduced restenosis in the short term, but excessive
restenosis was observed after 2 weeks—time point. In the case of
HGF, the restenosis tended to decrease even after 2 weeks, and
the micro CT showed a flattened endothelial layer. The mixed
condition of HGF and VEGF expressing MSCs at the ratio of 5:1
highly reduced the restenosis after 4 weeks of transplantation.
Reendothelialization was accelerated in the HGF and VEGF 5: 1
groups, confirmed by immunohistochemistry. We also found the
human cells that were injected with the stent populated around a
porcine cardiac vein. These results suggest that stem cells
expressing HGF and VEGF in the stent  promote
reendothelialization and reduce restenosis in swine models. In
conclusion, it is possible to promote vascular regeneration and
highlighted the possibility of treatment using the stem cells with

the regulated expression of angiogenic growth factors.

Keywords: Vessel regeneration, Reendothelialization, MSC,
Angiogenic growth factor (HGF&VEGF), TALEN, Cell therapy
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General Introduction

1. The vascular disease
1.1  Vascular system and constituent
The vascular system is one of the most important network that
delivers oxygen, nutrients and hormones by circulating our body. It
includes the coronary artery from the heart and the peripheral
artery leading to the distal end. Arteries, arterioles, capillaries,
venules, and veins compose vascular system. Arteries and veins
consist of tunica intima, tunica media, and tunica adventitia. Tunica
intima, the innermost layer of an artery or vein, is composed of
endothelium, subendothelial layer and elastic or fenestrated layer.
Tunica media consists of smooth muscle cells and elastic tissue that
lies between tunica intima and tunica adventitia. Tunica adventitia
(or extern) is the outermost layer of vein that is mainly composed

of collagen (Sternberg 1992).

1.2 The homeostasis function of endothelium
Endothelium exists as a semipermeable barrier between blood and
the smooth muscle layer which is the main composition of tunica
media. Endothelium makes direct contact with blood. In the past,
endothelium was recognized only as a simple mechanical barrier,
but it is a very active metabolic and endocrine organ. The

endothelial cells are important to maintain homeostasis. The normal
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endothelium inhibits the thrombus activation process as well as
synthesizes and secretes substances that prevent platelet
aggregation, including thrombomodulin, protein C and heparin
sulfate proteoglycan (HSPG) Munoz et al. 2004). In addition,
fibrinolysis is regulated to maintain blood flow in the blood vessel
by tissue plasminogen activator (tPA) and von Willebrand factor
(vWF) (van Hinsbergh 2012). It also maintains the tension of the
vessel by nitric oxide and endothelin (Deanfield et al. 2007).
Endothelium secretes Toll-like receptors (TLRs) that monitor
pathogen and external substances in the blood. Furthermore,
endothelium restores damaged blood vessels from pulsatile
pressure like sheer stress, cyclic strain and pulsatile pressure that
stimulates the expression of nitric oxide synthase (eNOS) (Califano

et al. 2010).

1.3 The mechanism of atherosclerosis
Arteries can become narrow and hard, reducing the overall blood
flow of the body which is called atherosclerosis. The principal cause
of atherosclerosis i1s due to the plaque that is made up of
cholesterol and other substances in the blood. The plaque can clog
vessels and block the blood flow to the heart or other organs.
Consequently, the weakened blood vessels can rupture and cause
internal bleeding (Ross 1993). Atherosclerosis is initiated by a
decline of endothelial cells. The most principal mechanism that

reduces endothelial cell function is the increase of oxidative stress.

3 y 17
2 -':lw-.“ 'kl-.' 1_.“ L



In detail, oxidative radical is increased by active NADPH oxidase or
uncoupling NOS. The increased oxidative radical stimulates ion
channels, NF—kB, AP—1, tyrosine kinase and MMP, which leads to
dysfunction of endothelial cells. Then, cholesterol, monocytes and
macrophages infiltrate the blood vessel wall giving rise to foam
cells and migrating smooth muscle cells. This results in the
formation of a fibrous cap by synthesizing extracellular matrix
proteins. A chronic inflammatory state persists to promote

atherosclerosis (Fig. 1.).
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Figure I. The progression of atherosclerosis.

Therefore, the normal function of endothelium is significantly
important to cure the atherosclerosis. I focused on 2 common
atheroscleroses that are peripheral artery disease (PAD) and

coronary artery disease (CAD).
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1.4 Peripheral artery disease and coronary artery disease
PAD generally describes the damage of blood flow to the
extremities as a result of atherosclerotic occlusive disease. It is a
common artery disease hallmarked with narrowed arteries involving
the aorta, iliac, and lower—extremity vessels such as limbs. It
causes leg pain and limb amputation in severe case (Fowkes et al.
2013, Patel et al. 2015, Olin et al. 2016). CAD is another group of
disease in atherosclerosis that includes angina, myocardial
infarction and sudden cardiac death (Wong 2014). The main cause
of these diseases is also due to the blocked blood flow by plague

accumulation in coronary artery.

2. Stem cell therapy for the vascular disease

2.1  Endothelial progenitor cells (EPCs)
EPCs were founded in 1997 by Asahara team in circulating blood
cells that can be differentiated into the mature blood vessel
endothelial cells. It was the first case of EPC and adult
neoangiogenesis. EPCs express the surface marker CD34 and
kinase insert domain receptor (KDR) and promote vascular repair
and the restoration of blood flow in animals with hindlimb ischemia
(Asahara et al. 1997). EPCs observed the neoangiogenesis by
replacing to the site of ischemia and differentiating into EC. In
numerous trials, EPCs exhibited the effect for blood vessel repair
and regeneration in a pre—clinical animal model (Critser et al. 2010,

Tongers et al. 2010). The most of the trials were related to

3 y 1 |
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myocardial diseases, ischemic cardiomyopathy and peripheral
arterial disease (Devanesan et al. 2009).

2.1.1 Clinical trial
In clinical trial, 115 patients, 74 limbs PAD and 41 limbs
thromboangiitis obliterans, were randomly injected with autologous

bone marrow—mononuclear cells (BMNC) or placebo peripheral

blood—mononucler cells into the gastrocnemius of the ischemic limb.

At 4 weeks, the legs with BMNC had alleviated the symptoms of
disease and improvements sustained even at 24 weeks (Masaki et
al. 2002).

The measure of symptoms, including leg pain scale, ulcer size, pain
free walking distance, were all improved significantly, but ankle—
brachial pressure index and The leg pain scale, ulcer size and pain
free walking distance were improved significantly, but ankle—
brachial pressure index and transcutaneous oxygen pressure value
did not change during the 2—year (Matoba et al. 2008). The
circulating CD34+/KDR+ EPCs also improved cardiac vascular
disease. Patients with arterial hypertension showed systolic blood
pressure. This highlighted the negatively correlated with the
number of circulating CD133+ and CD34+/KDR+ EPC. Impaired
EPC activity in hypertensive patients incurred the acceleration of
EPC senescence via angiotensin II (Touyz 2004).

2.1.2 Limitation
The limitation of EPC is to control characterization and

quantification for clinical application. Even though EPCs present few

3 y 1 |
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markers like CD34 and KDR, the unique marker for EPCs has not
been reported for a human subject. This left the method to isolate
the cells from blood difficult (Hirschi et al. 2008, Asahara et al.
2011). The source of an EPC also influences verifying markers.
The number of markers are shared but few other markers are
different depending on sources, such as cardiac muscle, adipose
tissue, liver and intestinal tissues (Devanesan et al. 2009). A
sufficient amount of cells is required to show the effect, but there is
still a limitation for EPC to grow in in vitro system. Even the EPC
with stemness, it still has limited proliferation and the
differentiation evidence of progenitor cell lineage during culture is

lacking. The fine control of cell quality is necessary.

2.2 Mesenchymal stem cells (MSCs)
Later in the 1970s, heterogeneous populations of undifferentiated,
adherent cells from bone marrow was found to have an ability to
differentiate into a various cell like osteoblasts, chondrocytes,
myocytes and adipocytes [7, 8]. This is the discovery of

mesenchymal stem cells (MSCs) that can be derived from bone—

marrow, peripheral blood, adipose, umbilical cord blood and placenta.

MSCs are multipotent cells and are determined by surface markers
of CD73, CD105, CD39, CD44, CD90 and CD106 (Lv et al. 2014).
MSCs also have a differentiation ability into endothelial and smooth
muscle cells that were crucial for angiogenesis and neo—

vasculogenesis(Lin et al. 2010, Ransohoff et al. 2012). Numerous

b o 1 1
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studies have demonstrated that MSCs can regenerate the vascular
system of PAD and CAD (Caplan 2007, Wu et al. 2007, Garikipati et
al. 2014, Gu et al. 2017). The therapeutic effect of MSCs was its
ability to directly differentiate into injured cells and its paracrine
ability from protein that secreted from cells (Tao et al. 2016).
Additionally, MSCs avoid allogeneic rejection by lacking the
expression of MHC—II and costimulatory molecule expression. It
also prevents T cell responses through the modification of dendritic
cells and NK cell. These properties make MSCs a new frontier
medicine for angiogenesis therapy.

2.2.1 Clinical trials
The use of MSCs in clinical trials of CVDs treatment was
performed. The most of clinical trial used autologous BM—MSC. In
phase I to III, autologous BM—-MSC was used for myocardial
infarction and heart dysfuncl11111tion. MSCs repair and restore
heart function by reducing fibrosis, neoangiogenesis and
neomyogenensis. The damaged myocardium was repaired via
paracrine signaling (Trachtenberg et al. 2011, Hare et al. 2012,
Heldman et al. 2014, Lee et al. 2014). With the allogeneic BM—
MSCs, the safety in patients and transdifferentiation of MSCs into
cardiomyocytes was proved in phase I and II clinical trial (Hare et
al. 2009, Chullikana et al. 2015). A number of trials have confirmed
that MSCs injection is safe and has the capability to improve cardiac
function.

2.2.2 Limitation



The growth factors secreted by MSCs are important because of
their therapeutic efficacy (Tang et al. 2005, Gnecchi et al. 2008).
However, the amount of growth factors from MSCs are lacking for a
therapeutic treatment, and their expression is difficult to control.
The secretion of growth factor was different base on the cell state
and passage number (Raff 2003, Smith et al. 2007). Therefore,
therapeutic doses and control of the cells are still left as
challengeable part. These challenges could be overcome by gene

editing system and controlled release system.

3. Protein and gene therapy application

3.1  Protein/gene therapy for PAD and CAD
Risk factors for both coronary and peripheral artery diseases are
age, diabetes, hyperlipidemia that are associated with the deficiency
or reduction of angiogenic growth factors. From the early 1990s,
conceptual proof for the therapeutic angiogenesis were provided
and supported in preclinical studies with vascular endothelial growth
factor (VEGF) and fibroblast growth factor (FGF).
Vascular endothelial growth factor (VEGF) is one of the most
effective proteins to enhance vascular regeneration (Ferrara et al.
2003, Hoeben et al. 2004, Murray et al. 2017). VEGF—A has been
particularly studied in most in preclinical and clinical trials for
therapeutic angiogenesis. VEGF—A has 4 isoforms that have been
identified with 121, 165, 189 and 206 amino acids. VEGF 121 has

no capacity to bind with heparin but VEGF 165 and VEGF 189 has
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(Shibuya 2011). The heparin binding capacity provides close
attachment to other cells and extracellular matrix. The receptor for
VEGF—A is KDR or VEGF receptor—2 that transduce angiogenic
signals (Enomoto et al. 2003).

Fibroblast growth factor (FGF) is also one of the most widely
studied factor for therapeutic angiogenesis. Basic FGF (FGF2) and
acidic FGF (FGF1) are endothelial cell mitogens that stimulate
endothelial cell synthesis. FGF is essential for myocardial
development and activate Hedgehog signaling to induce VEGF
expression and form the coronary vasculature. FGF also control the
other growth factors and chemokines such as PDGF, HGF and
MCP—1 to mature vessels and arteries (Murakami et al. 2008).
Hepatocyte growth factor (HGF) is a pleiotropic factor that
induces motogenesis, mitogenesis, survival and, in some cell types,
morphogenesis (Nakamura et al. 1996). HGF is known to stimulate
endothelial—cell specific growth via binding to the c—Met receptor
on endothelial cells. Although it does not induce vascular smooth
muscle—cell proliferation, it accelerates the process of

reendothelialization (Nakamura et al. 1996, Hayashi et al. 2000).

3.2 Clinical trial of protein and gene therapy
More than 1000 patient studies published with the different
isoforms of VEGF, FGF or HGF proteins or genes. However, the
therapeutic effect was not significant. 337 patients participated in

FGF initiating RevaScularization Trial (FIRST) and exhibited the
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mean change in angina frequency at 90 days but not in 180 days.
The exercise tolerances test time also did not change (Simons et al.
2002). In Angiogenic gene therapy trial (AGENT), results also did
not exhibit significant improvement for test groups compared with
the placebo (Grines et al. 2002). In case of VEGF, the VEGF in
Ischemia for Vascular Angiogenesis (VIVA) trial showed no
significant improvements at 60 days or 1 year (Henry et al. 2003).
No adverse responses were reported in The Kuopio Angiogenesis
Trial (KAT) trial of intracoronary infusion of VEGF165 ¢cDNA with
109 patients (Hedman et al. 2003). The concept of therapeutic
angiogenesis utilizing protein and gene unfortunately failed in
clinical trials. The possible reason of these failures was the problem
of target tissue with exogenous growth factors and cardiac muscle

that provided pro—angiogenic factors (Masaki et al. 2002).

3.3  Limitation
Angiogenic growth factors have high potential to be a therapeutic
reagent with their strong angiogenic effect. However, protein
injection and transient expression of plasmid has limitation in
sustaining the therapeutic effect. Both protein and gene are easily
degraded, and their effects are not stable (Weatherall 1995,
Kaufmann et al. 2013). Some proteins have a very transient half—
life. In the case of HGF, the level of HGF is very low in normal
condition, and restricted to cells of mesenchymal origin (Bottaro et

al. 1991). It also has a very short half-life of <3~5 min in vivo
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(Kawaida et al. 1994). As HGF and VEGF promote cell proliferation,
the uncontrolled long—term expression can cause cancer. Therefore,
a system that can strictly control the expression and persistent

their effect for a long—term is required.

4. Stent application for CAD

4.1 Stent development
To restore blood flow, stents are widely used to maintain the
arteries open in the clogged artery for CAD (Faxon et al. 2004, Aziz
et al. 2005, Disease et al. 2016). In 1977 the first percutaneous
coronary intervention (PCI) in a conscious human was performed
by Andreas Gruntzig, using a rudimentary balloon angioplasty
catheter. He treated a 38—year—old man who had a high—grade
stenosis in the left anterior descending artery (Griintzig 1978,
Meier 2001). However, the balloon angioplasty resulted in the early
abrupt vessel closure and resulted in increased rate of restenosis
on the treated site. To overcome these limitations, a modified
method using metallic stent was invented. In 1986, first human
coronary stent implantation was performed. This resulted in a less
acute thrombosis and decreased rate of restenosis (Sigwart et al.
1987). Even with the improvements of metallic stent, two
significant limitations were recognized. There were late stent
failure due to in—stent restenosis (ISR) and stent thrombosis still
existed after the stent transplantation (Serruys et al. 1991, Kastrati

et al. 1993). Due to the late neointimal hyperplasia, the
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development of drug—eluting stent (DES) was promoted. DES
decreased stent failure and expanded the opportunity of PCI, even
to high—risk patients (Stefanini et al. 2014, Wiebe et al. 2014).
However, even the DES was not able to overcome the limitation of
late restenosis due to the incomplete endothelialization, along with
immune response triggered by the metal (Figure 1). Therefore,
variety of stents including the thinner stent and biocompatible

polymer stent was developed.

Balloon(1980s) Stent(1990s) Drug-eluting stent
= Restenosis 31~40% = Restenosis 20~30 = Late Restenosis

= Trombosis = Trombosis = Drug resistance/ Side

= Artery damage effect of anti platelet
drugs

Figure II. The development and limitation of therapy for CAD.

4.2  Reendothelialization for CAD
Even DES stent has limitations including late restenosis and stent
thrombosis after stent transplantation. To overcome these problems,
rapid or complete endothelial regeneration is necessary. The
endothelialization of coronary stents decreased the in—stent
restenosis (Padfield et al. 2010, Reejhsinghani et al. 2015). The
endothelialization after stent insertion was considered an important
factor for preventing thrombosis, and for reducing the proliferation

and migration of vascular smooth muscle cells (VSMCs) (Versari et
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al. 2007, Tan et al. 2012, Bedair et al. 2017). Therefore, the
capability of rapid surface endothelialization may have the potential

to be used as the next—therapeutic reagent.

Response of Stent
transplantation
Denuded surface VAV ay
EC/EPC mobilization :"", A.A
Angiogenic cytokine secretion
Innflamation

Figure III. The importance of rapid reendothelialization in

Percutaneous Coronary Intervention. (Padfield et al. 2010)

5. New strategies and tools for vascular regeneration
To treat vessel disease(s), clinical researchers utilized a method
using angiogenic factors or stem cells (Huang et al. 2008, Gu et al.
2017) to encourage collateral blood vessel development in both
clinical trials and animal models. However, it was insufficient to
examine the increased therapeutic efficacy. The effective strategies
to the induce vascular structure that results in significant increase
in capillary number and blood flow to ischemic site, are still

required. To enhance the therapeutic effects for the application of
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clinical trial, combination strategy is necessary. Here, the new tools

for vascular regeneration are introduced and elaborated.

5.1 Gene editing tool
The new, stable and controllable, expression system is needed for
the proper control of therapeutic genes in vascular regeneration. To
resolve the problem of gene expression, genome editing technique
was implemented. Genome editing was discovered by targeting DNA
double strand breaks (DSBs). DSBs in the DNA are repaired
through homology directed repair (HDR) or nonhomologous end
joining (NHEJ) (Takata et al. 1998). A homologous sequence
substitutes into the broken end site by HDR and subsequently the
repair of the break occurs in a template—dependent manner. NHEJ
functions repair DSBs without a template through direct re—ligation
of the cleaved ends (Lieber et al. 2003). There are 3 major
platforms for inducing site—specific DSBs; zinc finger nucleases

(ZFNs), transcription activator—like effector nucleases (TALENSs),

and discovered most recently the CRISPR/Cas system (Maeder et al.

2016).

The zinc finger nuclease (ZFN) technology combined the DNA—
binding domain and the cleavage domain of the Fokl restriction
endonuclease (Li et al. 1992). The Fokl DNA-binding domain can
be modulated to generate chimeric nucleases with novel binding
specificities (Bibikova et al. 2001). ZFN induces DSBs and

modifies the genome through either NHEJ or HDR (Smith et al.

b u 17
14 -":lx_i 'kl-' | Il L



2000, Bibikova et al. 2001, Porteus et al. 2003). This first
generation of engineering technology has successfully modified
genes in human somatic and pluripotent stem cells (Urnov et al.
2005, Hockemeyer et al. 2009, Zou et al. 2009, Sebastiano et al.
2011).

For the next generation of gene editing tool, TALEN was

discovered from a simple one—to—one code dictating the DNA-—

binding specificity of TALE proteins (Boch et al. 2009, Moscou et al.

2009). Unlike the 30 amino acid zinc finger that binds to three
bases of DNA, TALENSs require 34 amino acids to specify a single
base pair. TALEN 1is an attractive platform with its unlimited
targeting range and the ease of engineering new proteins. The
limitation of TALEN 1is delivery of protein in vivo because of its
large size and repetitive nature of TALE arrays (Zou et al. 2009).

Next, the most recent tool in gene editing part is the utilization of
CRISPR—Cas, of which RNA-—guided nucleases derived from
bacteria’s immune system against the malicious invading viruses
and plasmids. They consist of CRISPR RNAs (crRNAs), trans—

activating crRNAs (tracrRNAs), and CRISPR—associated (Cas)

proteins that produce the specificity of DNA cleavage (Horvath et al.

2010, Fineran et al. 2012, Hsu et al. 2014). A protospacer—
adjacent motif (PAM), located immediately 3’ to the target site, is
specific to the species of Cas9 (Kleinstiver et al. 2015).
CRISPR/Cas nucleases do not need to engineer novel proteins for

each DNA target site. This makes CRISPR/Cas system a highly
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attractive tool to introduce a site—specific DSBs. This system can
induce DSBs at several loci with multiple gRNAs due to un—direct
coupling of Cas9 and gRNA. Therefore, multiple new CRISPR-—
based gene—editing technologies emerged, including RNA—guided

endonuclease Cpf (Zetsche et al. 2015).

5.1 Safe harbor site
The majority of gene therapy applications are based on the
addition of gene. To efficiently insert and express transgene can be
performed using the viral vectors (Cartier et al. 2009, Papapetrou
et al. 2016). However, there are possibility of external genes
inserting into a random genomic positions and thus interacting with
the host genome. Unexpected interaction of transgene and
reciprocal gene may lead to attenuation or complete silencing.
Genomic safe harbor sites have been used to minimize the risk of
unpredicted interaction with the host genome (Papapetrou et al.
2011). There are 3 sites that have been mostly targeted for the
purpose of transgene addition into human genome. (a) The adeno—
associated virus site 1 (AAVS1) is a naturally occurring integration
site of AAV virus on chromosomel9. (b) The chemokine (C-C
motif) receptor 5 (CCR5) gene is a HIV—1 co—receptor. (c) The
human ortholog of the mouse Rosa 26 locus that is an extensively
validated locus in the murine setting for the insertion of ubiquitously
expressed transgenes (Kotin et al. 1992, Liu et al. 1996, Irion et al.

2007, Papapetrou et al. 2016). AAVS1 is the most popular site
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because of the commercial availability and ability to express in
multiple cell type (Emery 2011). These AAVS1, CCR5, and other
intragenic regions possess a high possibility for research
applications of gene therapy. The ability to manipulate any genomic
sequence into safe harbor site has opened diverse opportunities in

treating different diseases and disorders.

5.2  The Control System
The ability to control the transgene expression 1s critically
important for the safety of gene therapy. This has resulted in
development of several regulatory mechanisms, to ensure
quantitative and temporal control of gene expression. We focused
on the Tet—On and Tet—Off system that allowed the regulation of
an interesting gene by administration or withdrawal of tetracyclines
in eukaryotic cells (Baron et al. 2000, Fussenegger 2001). The
prototype tetracycline (Tc) and its derivatives such as doxycycline
(dox) have been used widely in humans as antibiotic. Tet—on/off
system consists of Tet repressor protein (tTA or rtTA) domain,
secreted proteins that bind to operator with Tc, and tet operator
(tetO) domain that controls the transcription of interest gene. The
Tet—0On system activates the gene expression by the administration
of Tc or Dox, but the Tet—Off system silences the gene expression
by Tc or dox (Das et al. 2016). These Escherichia coli derived
systems have been significantly improved and applied in multiple

animal and human trials. It gives a good tool for controllable
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angiogenesis in biological research and gene therapy applications.

5.3  Materials

Various biomaterials emerged to support vascular engineering and
increase long—term patency of vascular function. Both the cell
seeding scaffolds and bioactive polymers for vessel regeneration
yielded promising results. An ECM is a biocompatible and cell—
supporting substance that provides cells with mechanical and
physiological support, increasing cell survival, adhesion,
proliferation, and differentiation (Wozniak et al. 2004, Trappmann et
al. 2012). It also traps and sustains growth factors and soluble
molecules through proteoglycans, thus are major components of the
ECM (Kim et al. 2011).

The synthetic bio—materials, poly (lactide—co—glycolide) (PLGA)
and polyethylene glycol (PEG), offer high controllability, specificity
to cell—adhesion and incorporation of angiogenic factor that is
optimized for angiogenesis (Hern et al. 1998, Turturro et al. 2013).
As similar to all materials, safe use of synthetic materials in clinical
application still attracts controversy, but synthetic materials allow
strict consistency between batches and has low immunogenicity.

These tools are now being utilized in various fields. Many of the
methods that showed efficacy at preclinical stage, however showed
limited therapeutic efficacy at the clinical stage. Therefore, through
the collaboration of new methods, we can overcome the therapeutic

hurdle. For example, using a control system and gene editing
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methods, we made stable and controllable system that bypassed the
limitation of gene / protein therapy. The combined tool can be used
to maximize the therapeutic effect. A practical example of this new
strategy for angiogenesis and reendothelialization will be explained

in the future chapter.

My studies focused on investigating the therapeutic effects of
MSCs secreting angiogenic growth factors in a controllable manner.
This was achieved by inserting the genes in to a safe harbor site
through genome—editing on endothelialization and angiogenesis.
The objectives of these studies are to determine (a) the settlement
of HGF secreting MSCs via TALEN and its effect of vessel
regeneration and (b) the effect of reendothelialization with the HGF

and VEGF combined MSCs on coronary stent in swine model.
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Chapter I

Inducible HGF —secreting Human
Umbilical Cord Blood—Derived MSCs

Produced via TALEN—mediated Genome

Editing Promoted Angiogenesis
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Abstract

MSCs promote therapeutic angiogenesis to cure serious vascular
disorders. However, their survival period and cytokine—secretory
capacity are limited. Although, Hepatocyte Growth Factor (HGF)
can accelerate the rate of angiogenesis, recombinant HGF is limited
because of its very short half—life (< 3~5 min). Thus, continuous
treatment with HGF is required to obtain an effective therapeutic
response. To overcome these limitations, we produced genome—
edited MSCs that secreted HGF upon drug—specific induction. The
inducible HGF expression cassette was integrated into a safe harbor
site in an MSC chromosome using the TALEN system, resulting in
the production of TetOn—HGF/hUCB—MSCs. Functional assessment
of the TetOn—HGF/hUCB—MSCs showed that they had enhanced
mobility upon the induction of HGF expression. Moreover, long—
term exposure by Dox treated TetOn—HGF/hUCB—MSCs enhanced
the antiapoptotic responses of genome—edited MSCs subjected to
oxidative stress and improved the tube formation ability.
Furthermore, TetOn—HGEF/hUCB—MSCs encapsulated by RGD-—
alginate microgel induced to express HGF improved in vivo
angiogenesis in a mouse hindlimb ischemia model. This study
showed that the inducible HGF expressing hUCB—MSCs are
competent to continuously express and secrete HGF in a controlled
manner. Thus, the MSCs that express HGF in an inducible manner
are a useful therapeutic modality for the treatment of vascular

diseases requiring angiogenesis.
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1.1. Introduction

Human umbilical cord blood—derived mesenchymal stem cells
(hUCB—MSCs) can regenerate organs(Caplan 2007) and enhance
angiogenesis (Wu et al. 2007). These cells can differentiate into
endothelial and smooth muscle cells that participate in angiogenesis
and neovasculogenesis(Lin et al. 2010). Additionally, these cells

exhibit a low level of immunogenicity upon allogenic transplantation.

These properties make hUCB—MSCs ideal for angiogenesis therapy.

Generally, the therapeutic efficacy of these MSCs is due to the
paracrine effects of the growth factors and cytokines that they
secrete (Tang et al. 2005, Gnecchi et al. 2008). Therefore, growth
factor secretion by MSCs is therapeutically important. However, the
amounts of growth factors that these cells secrete are often
insufficient for a therapeutic effect, and it is difficult to control their
levels of expression/secretion to achieve physiologically adequate
concentrations. The level of growth factor secretion varies
depending on the state of the cells and their passage number (Raff
2003, Smith et al. 2007). Furthermore, the in vitro methodologies
used to harvest, cultivate, and maintain MSCs so that therapeutic
doses of the cells are obtained are challenges that require solution
before these cells can be applied in the clinic. These challenges
must be overcome and a better approach to stem cell therapies
must be developed.

To control the amount of a secreted growth factor in a system,

recombinant protein is widely applied. Depending on the specific
¥
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concentration of a recombinant growth factor, it has an effect
similar to that produced by MSC treatment (Ferrara 2004).
However, some growth factors have a short half—life and a very
low level of therapeutic efficacy. Hepatocyte growth factor (HGF),
which is also known as scatter factor (SF) and has been identified
as a superb factor for therapeutic angiogenesis, has a very short
half—life of only <3~5 min (Kawaida et al. 1994). Although
recombinant HGF showed promise in in vitro assays, its In VvIivo
utility is negligible due to its short half—life.

HGF, a growth factor that is secreted by MSCs, binds to the c—Met
receptor on endothelial cells. HGF not only stimulates endothelial
cell growth without inducing vascular smooth muscle cell
proliferation but also accelerates reendothelialization while causing
a low level of intimal hyperplasia (Nakamura et al. 1996, Hayashi et
al. 2000). HGF also prevents the death of endothelial cells through
its anti—apoptotic activities (Ponzetto et al. 1994, Morishita et al.
1997, Nakagami et al. 2001). Moreover, HGF is one of the major
determinants of whether the epithelium remains in a quiescent state
or switches to a proliferative state during development and tissue
repair (Kopp 1998). However, the level of HGF in normal liver,
kidney and spleen cells is very low, and HGF expression is
restricted to cells of mesenchymal origin (Bottaro et al. 1991).
Although the endogenous HGF level increases after injury, the level
reached is not sufficient for repair due to a very short half —life of

<3~5 min in vivo (Kawaida et al. 1994). Thus, more new stable and
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controllable expression system 1s required for the improved
angiogenic therapy. One of many strategies to resolve HGF problem
in clinical field is genome editing technique capable of expressing
therapeutic gene into the PPP1R12C site on human chromosome 19
(called the safe harbor site).

With respect to these, we integrated a doxycycline inducible HGF
expression system into the safe harbor site of hUCB—MSCs via
Transcription activator like effector nucleases (TALEN) —mediated
genome editing to allow long term and controllable HGF secretion.
Herein, we report that the HGF secreted by these hUCB—MSCs had
long term and controllable therapeutic effects on endothelialization
and angiogenesis. We also showed that treatment with the genome
edited stem cells had an improved therapeutic effect on the mouse

hindlimb ischemia model.

1.2. Materials and Methods

Cell cultures

Human umbilical cord blood—mesenchymal stem cells (hUCB-
MSCs) isolated from human umbilical cord blood were collected as
previously described (Kang et al. 2014). The human UCB—-MSC
isolation procedure was approved by the Borame Institutional
Review Board and Seoul National University (IRB N. 0603/001—
002-07C1). The hUCB—MSCs were maintained in Keratinocyte

SFM supplemented with human recombinant EGF and bovine
b
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pituitary extract (Gibco, Life Technologies, Grand Island, NY) at
37 °C in 5% CO,. Adipose—derived stem cells (ADSCs) isolated
from human adipose tissue were kindly provided by EHL Bio and
were maintained in MesenPro medium containing the supplement kit
reagents (Gibco, L.T.) under the same conditions. HEK293T cells, a
human embryonic kidney cell line, were purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
HEKZ293T cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM) (HyClone, GE, South Logan, Utah) supplemented
with 10% fetal bovine serum (FBS) (HyClone, GE) and

penicillin/streptomycin (Gibco, L.T.).

Preparation of a plasmid containing human HGF cDNA and the Tet—
On system

To clone the human HGF c¢DNA into a specific homologous
recombination vector for inducible expression, primers that
overlapped the end of each DNA fragment were designed, and PCR
was performed. We first separately cloned TetOn/CMVmin
promoter, HGF—pA and hEFla—-rtTA—pA constructs into a pGEM
vector. Then, these 3 DNA fragments were PCR—amplified and
were ligated into the basic plasmid pGEM using an In—fusion kit
(Clontech Lab Inc., Central America, USA) (Fig 1.1. A). Then, the
human HGF (hHGF) c¢DNA and Tet—On construct were transferred
into the pUC19—AAVS1 vector, which contains two homologous

recombination sites (HA—-L and HA—-R) for targeting AAVS1 on

+ 7
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human chromosome 19. In this plasmid, the expression of hrHGF
cDNA is regulated by the Tet—on/minimal promoter, which is
activated by the tetracycline—rtTA protein that is expressed via the
EFla promoter (Fig 1.1. A). Correct ligation into the vector was
confirmed using restriction mapping (using Notl and Agel) and
colony PCR (Fig 1.2. A). The final plasmid was also evaluated by
DNA sequencing and was found to be correct (Fig 1.2. B). The
purified pUC19—TetOn—HGF plasmid was transfected into HEK
293T cells using Lipofectamine. The expression of HGF was
confirmed by Western blotting using an antiHGF antibody (ab83760,
Abcam, Cambridge, UK) after TCA based precipitation of the

proteins in the medium conditioned by the transfected cells.

Western blotting and ELISA

After the HGF expression plasmid was transfected into cells using
a Neon electroporation device (Invitrogen, Carlsbad CA, USA),
2x10° transfected cells/well were seeded in a 6 well culture dish
(Thermo—Nunc, Jiangsu, China). The cells were treated with
doxycycline (at 5 pg/ml) for 2 days at 37 C. Then, the cells in each
well were washed with PBS and were lysed using 100 pl of lysis
buffer (RIPA buffer, Thermo Fisher) containing a protease inhibitor
cocktail (PIC, Roche). The cells were collected using a scraper, and
the cell lysates were incubated on ice for 20 min. The cell extracts
were centrifuged for 10 min at 13,000 rpm to remove debris. The

supernatants were collected, and the protein concentrations were
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determined using a Bradford assay kit (Bio—Rad). To produce
conditioned media, the cells were incubated in serum free media for
48 hrs under different conditions. Then, the proteins in the
conditioned media were precipitated using TCA, as previously
described. Western blotting assays were performed as previously
described (Ahn et al. 2014). Briefly, 20 ug of each protein sample
were separated in a 10% gel by SDS—PAGE. After blocking the blot
for 1 hr using 5% skim milk, the blot was incubated with an anti—
human HGF antibody for 16 hrs at 4 C and then was incubated with
an anti—rabbit secondary antibody for 1 hr at RT. Then, the labeled
bands were detected using ECL+ reagents (Thermo Fisher). For
the ELISA assay, the media were filtered using a 30 K cut—off filter
(Millipore, MA, USA) and the proteins were assayed using an anti—
human HGF ELISA kit (ab100534, Abcam), as previously described

(Nishida et al. 2013).

Junction PCR

To confirm that the hHGF expression cassette was integrated into
the AAVS1 on chromosome 19, a forward primer (5°—
ACTAAGTAAGGATCCA GACATGATAAGA-3’) was designed to
detect the hHGF portion of the cassette and a reverse primer (5°—
CCCACCCCAATGCTCCAGGC—3’) was designed to detect part of
the PPPR12C genomic locus. PCR was performed using LA taq
polymerase (TaKaRa) according to the following protocol: one

cycle of 92 T for 3 min, then 35 cycles of 92 C for 1 min 30 s,
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60.7 C for 3 min, and 72 C for 2 min, and a final cycle of 72 T for
3 min. The PCR product was evaluated using a 1% agarose gel. The

PCR product was also sequenced using the primers described above.

Cell migration assay

For the wound healing/cell migration assay, TetOn—HGF/hUCB-—
MSCs (5 x 10* cells) were seeded in 24—well plates. The cells
were cultured until reaching confluence and then were starved for
24 hrss. A linear wound was created in each monolayer using a
pipette tip. Cell motility in terms of wound closure was evaluated by
photographing three random fields 24 hrs after wounding the
monolayer. For the trans—well migration assay, the bottom of the
upper chamber of the trans—well was coated with 0.2% gelatin
(#8422—8 m, Corning). Each group of cells were starved for 16hrs,
then same number of the cells (2.5x10%) were resuspended in each
conditioned medium, and then were seeded in the upper chamber.
The plate was then incubated in 5% CO, at 37 C for 24 hrs. Then,
the cells on the membrane were stained with 0.1% crystal violet.
The migration rate was determined by counting the number of

migrated cells in three random fields under a light microscope.

Cell viability assay
TetOn—HGEF/hUCB—-MSC cells were seeded in 48 well plates at
1x10* cells/well. The MTT assay (Sigma) was used to determine

the relative rate of cell growth at 1, 3, 5 and 7 days of cultivation.
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MTT reagent (100 pl of a 0.2 mg/ml solution) was added to the
media and the plates were incubated for 5 hrs at 37 C. After
removing the culture media, the crystals remaining were dissolved

in 500 pl of DMSO and the absorbance at 470 nm was measured.

Antiapoptosis and antioxidative stress assay

After TetOn—HGF/hUCB—MSC cells (5x10°) had been grown
under each condition (with Dox or without Dox), they were seeded
in 60 ¢ culture plates (Thermo Fisher) and were treated with STC
(30 nM) for 24 hrs or with H202 (150 mM) for 3 hrs. Then, the
cell morphology was observed under a light microscope (Juli,
NanoEndTech, Seoul, Korea) and the cell viability rate was

measured using the MTT assay.

Tube formation

Human umbilical vein endothelial cells (HUVECs, 5x10* cells per
well) were seeded on a layer of BD Matrigel (BD Biosciences, San
Jose, CA) in 24 well plates. The cells were then exposed to VEGF
at 50 ng/ml (R&D) and conditioned media that had been collected
from hUCB—MSCs, TetOn—HGF/hUCB—MSCs that were grown with
Dox and without Dox (2x10° cells per 100 ¢ dish) in high—glucose
DMEM (Thermo Fisher) containing 5% FBS (Thermo) and
antibiotics/antimycotics (Gibco) for 48 hrs. DMEM media containing
5% FBS was used as a control. The protein concentrations in the

conditioned media were enriched 10—fold using a 30 K cut—off
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filter, and the filtrates were added to HUVECSs, after which the cells
were Incubated for 12 hrs to allow them to form tube-—like
structures. Tube formation was analyzed by counting the number of

branches per high power field.

Cell microgel transplantation in the hindlimb Ischemia Model
RGD—alginate/cell microgels were prepared as described in our
previous publication(Kim et al. 2014). To assess the level of HGF
secretion by the cells in the microgels, media conditioned by
different cells were collected after 48 hrs of incubation in high
glucose DMEM containing 10% FBS. Then, the HGF levels in the
conditioned media were determined using a Western blotting assay
and an ELISA. The shapes of the cells in the microgels were
examined using a JuLI microscope (NanoEnTek).

The hindlimb ischemia model was generated as described in our
previous publication(Kim et al. 2014). One week after surgery, the
mice were injected with either PBS, hUCB—MSCs only, human
recombinant HGF (2 pg), a microgel containing hUCB—MSCs (2x107
cells in 1 mL of RGD—alginate per mouse), a microgel containing
TetOn—HGF/hUCB—MSCs or a microgel containing TetOn-—
HGF/hUCB—MSCs treated with Dox. Mircogels containing cells
were injected into three or four gracilis muscles at the medial thigh
in the ischemic limbs. About 0.5 ml of mixture were injected into
the gracilis muscles using insulin syringes. The blood perfusion of

the hindlimb before occlusion and the complete lack of blood
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perfusion immediately after occlusion were evaluated using a
Laser—Doppler Flowmeter (Moor LDI, Moor Instruments Ltd.,
Devon, UK); the perfusion of both hindlimbs was then evaluated
weekly for 4 weeks. The data were analyzed using Moor LDI™ PC
software. All of the animal studies were performed according to the
Seoul National University Animal Care Committee guidelines after

acquiring permission from the committee (Protocol #SNU—1).

Immunohistochemistry

Tissues were harvested, fixed in 4% paraformaldehyde (Wako),
embedded in paraffin, and cut into 5 pm sections (Leica, Buffalo
Grove, IL). IHC was performed using an anti—vonWillebrand factor
(vWF) antibody at a dilution of 1:100 (Merck Millipore, Billerica,
MA) and the appropriate secondary antibody. Sections were also
stained with hematoxylin and eosin (H&E). The number of blood
vessels were counted as previously described(Ahn et al. 2014,
Kang et al. 2014). The data presented are the mean values + s.e. of

three hindlimbs per group.

Statistical analysis

The data were expressed as the mean values + standard error. The
data were analyzed using one—way ANOVA and t—test (Prismb, CA,
USA) to compare the data pertaining to the different experimental

groups. Statistical significance is indicated in the figure legends.
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1.3. Results

Generation of the inducible TetOn—HGF—expression construct and
induction of HGF expression in hUCB—MSCs

For consistent delivery of HGF in vivo, we designed a human HGF
cDNA construct for integration into human stem cells. However,
because consistent HGF—Met signaling is known to trigger tumor
growth (Gao et al. 2005), the level of HGF expression must be
controlled. Thus, we created a construct in which HGF expression
was under the control of a Tet—On inducible system. In this system,
tetracycline/doxycycline (Dox) treatment activated the expression
of the target HGF cDNA. After cloning the HGF cDNA, we tested
whether HGF expression was controlled by Dox.

We first cloned the inducible HGF—expression construct into the
interim pGEM vector, resulting in the production of pGEM-—
TetOn/CMVm—HGF—-EFla-rtTA, as explained in the Materials and
Methods section (Fig 1.1. A). This plasmid was transiently
transfected into 293T cells, and their expression of HGF via this
vector was evaluated by Western blotting (Fig 1.1. B). HGF
expression was strongly induced by Dox treatment. The expression
level was similar to that of a positive control in which HGF
expression was under the control of the CMV promoter in the
pcDNAS3.1 vector. The level of HGF expression was dependent on
the Dox concentration at lower concentrations below 5 pg/ml (Fig
1.1. C). The level of expression was decreased when the Dox

dosage was greater than 10 pg/ml (Fig 1.5. C), most likely due to

p
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cellular damage caused by the toxic effect of Dox because we
observed cell death above that concentration. Indeed, it has been
reported that 10 pg/ml of Dox suppresses cell proliferation (Fife et
al. 1997). Based on our results and the cited report, we decided
that ideal Dox dose would be 5 ug/ml to maximize HGF expression
and minimize the side effects of Dox treatment.

To safely integrate the inducible TetOn—HGF—expression
construct into human stem cells, we then cloned this construct into
a pUC19 vector that has two homologous recombination arms (HA—
L & HA-R) for targeting the safe harbor PPPR12C site on
chromosome 19. (Fig 1.1. D). The pTetOn—HGF plasmid was
evaluated by restriction mapping, colony PCR and DNA sequencing
(Fig 1.2. A & B). The induction of HGF expression via the pUC—
TetOn—HGF vector and the secretion of HGF were confirmed by
WB analysis of adipose—derived stem cells (ADSCs) and the
medium conditioned by these ADSCs, respectively (Fig 1.1. E), and
of transfected human umbilical cord blood—MSCs (hUCB—MSCs)
(Fig 1.1. F) treated with Dox. Transfected hUCB—MSCs secreted
more HGF than transfected ADSCs. When we tested the
transfection efficiency of these two cell types using a GFP-—
expression plasmid, hUCB—MSCs were found to be transfected at
greater than 50% efficiency, whereas ADSCs were transfected at
approximately 10% efficiency (Fig 1.3. A & B). The high
transfection efficiency of hUCB—MSCs will be beneficial for later

genome editing. It is also known that hCB—MSCs have a low level of
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immunogenicity. For these reasons, we mainly used hUCB—MSCs
for the subsequent studies that we performed. Taken together, the
results obtained at this stage showed that HGF expression and
secretion could be controlled by Dox via the pUC19 Tet—0On system

in which rtTA expression was driven by the EF1 ¢ promoter.

A. - & 47.'..’ *-
TetOlp,CMV > HGF [oa]  nEFta >1 tTA | pA
(Fragment 1) (I-=ragment 2) (I-=ragment 3)
pGEM-TetO/CMVm-HGF-pA-EF 1a-rtTA-pA (pGEM-TetOn-HGF) (7.8Kb)
pGEM- f R "
B. plasmid - PCHGF Teton-HGF C. Piasmid ROEM TeonhoF
Dox - - - + Dox 0 0.5 1 3 5 7

(Fragment 1) (Fragment 2) (Fragment 3)
pUC19-TetO/CMVm-HGF-pA-EF 1a-rtTA-pA (pTetOn-HGF) (8.8kb)

HGF [ pa | neFta r>| ttA | ea | HA-R )]

E. Plasmid - pcHGF pTetOn-HGF - pcHGF pTetOn-HGF F. plasmid - PpTetOn-HGF pcHGF
- Dox

Dox - - - + - - -1 5 (ug/ml)

- - + -

hADSC: Cell lysates Media hUCB-MSC: Media

Figure 1.1. Transient expression of HGF was controlled by the Dox
concentration. (A) Diagram of the inducible HGF—expression
system. The In—fusion system was used to combine the Tet—On
and HGF systems in the vector. (B) WB analysis of HGF expression
by 293T cells at 48 hrs post—Dox treatment. (C) The level of HGF
expression by 2937 cells was dependent on the Dox concentration.
(D) Diagram of the vector constructed for integration into the
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PPPR12C site of chromosome 19 using the In—fusion system. (E)
WB analysis of HGF expression via the integration vector in ADSCs
cultured for 48 hrs and the level of HGF in the medium that they

conditioned as well as that (F) in the hUCB—MSC conditioned

medium.
A- Restriction enzyme HGF detection by PCR
M empty pTetOn pTetOn M pcHGF  pTetOn
-HGF  -HGF _HGF
<€ HGF: 226
EcoRV cut Nhel cut
(8.8 Kbp =5.5+3.3) (8.8 kbp = 4.8+4.0)
B.
- Fragment1:Tet-On(445bp) - Fragment2: HGF

ment3: hEF1a-rtTA

Figure 1.2. HGF vector construction. (A) The production of the
final vector was confirmed by restriction mapping using EcoRV and
Nhel. Colony PCR was also performed using HGF primers, and the
size of the product was 2.2 kb. (B) The results of sequencing the

final vector.
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Figure 1.3. Comparison of the transfection efficiency of ADSCs and

hUCB—MSCs. (A) Images of hUCB—MSCs and ADSCs at 2 days

after transfection with a GFP—expression vector. (B) Transfection

efficiencies (#* P <0.01).
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TALEN—mediated generation of hUCB—MSC MSCs with a safe—
harbored inducible HGF expression system

For the consistent and safe expression of HGF, the inducible
pUC19—TetOn—HGF expression cassette was integrated into the
safe—harbor PPPR12C site on chromosome 19 via TALEN-
mediated genome editing (Fig 1.4. A). The pUC19 vector has two
arms that are coordinated with the TALEN-L/R sequences for
homologous recombination. The original TALEN-L/R sequences
and the commercially available HA—L/R sequences did not result in
efficient gene integration. Thus, we designed several different
TALEN-L/R and HA-L/R sequences and selected very effective
(greater than 10 fold increase in efficiency compared with those of
the original L/R sequences) sequences that had 50 bp spacers
between the HA—L/R sequences of each TALEN-L/R sequences
(Cho et al, manuscript submitted). With the newly designed TALEN
system and new HA-L/R sequences in the pUC19 vector, we
produced potent HGF —secreting hUCB—MSCs. Ten days after co—
transfecting hUCB—MSCs with the TALEN and TetOn—HGF
systems, they were treated with Dox for two days. Integration of
the pTetOn—HGF—expression cassette into the safe harbor site
was confirmed using a junction—PCR assay (Fig 1.4. B) and by
sequencing the PCR product. The results showed the expression
cassette and the rtTA construct had been integrated correctly into
the PPP1R12C site (Fig 1.5.). HGF secretion was also

demonstrated 12 days after co—transfection when the transiently
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present genes had disappeared (Fig 1.4. C). ELISA analysis showed
the concentration of secreted HGF was approximately 15 times
higher in medium conditioned by Dox—treated HGF/hUCB—-MSC
cells than in that conditioned by non—Dox—treated controls (Fig 1.4
D). After generation of TetOn—HGF/hUCB—-MSC, MSC was
characterized with stem cell markers, to test it still has stemness
property with or without dox (Fig 1.6.). Integration of the
expression system in human ADSCs was also observed 12 days
after their transfection (Fig 1.5. B). The level of HGF secretion by
hADSCs was also optimal when they were treated with 5—7 pg/ml
of Dox (Fig 1.5. C). The results showed that using the newly
designed TALEN system and new HA—L/R sequences in the pUC19

vector, we produced potent HGF —secreting hUCB—MSCs.
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Figure 1.4. Integration of the inducible HGF—expression cassette
into the safe harbor site of an MSC chromosome via a TALEN
system. (A) Schematic representation of integration into the
PPP1R12C site of chromosome 19 via the junction PCR primers. (B)
Schematic showing junction—PCR sample preparation and the
results obtained by PCR of hUCB—MSCs. M: marker, N: negative
control, hUCB—MSC only genomic DNA, —: GFP—gene transfected
hUCB—MSCs, (+): pTetOn—HGF vector—transfected hUCB—MSCs.
(C) WB analysis of HGF expression at 12 days post—transfection of
cells grown with and without Dox at 5 pg/ml. (D) Results of the

ELISA—based analysis (**P <0.01).
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Figure 1.5. The integration of the HGF—expression system was
confirmed by sequencing junction—PCR fragments and WB analysis
of the expression and secretion of HGF by ADSCs. (A) Sequences of
the junction—PCR fragments of the beginning and end of the
integrated system. (B) Schematic showing junction—PCR sample
preparation and the results obtained by PCR of ADSCs. M: marker,
—: GFP vector—transfected ADSCs, (+): pTetOn—HGF vector—
transfected ADSCs treated with 5 pg/ml of Dox, (++): pTetOn—
HGF vector—transfected ADSCs treated with 10 pg/ml of Dox. The
sizes of the PCR products were 2 kb and 1.5 kb. (C) WB analysis of

the HGF level 10 days after transfection.
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Figure 1.6. The expression of hUCB—MSC makers after transfection
and doxycycline treatment. (A) Conventional RT—PCRs were done
for the MSC positive markers, CD166, CD44, CD90 and CD105, and
MSC negative marker CD45 on the RNAs from hUCB—MSC,
pTetOn—HGF/hUCB—MSC and pTetOn—HGF/hUCB—-MSC with Dox
5 pg/ml. (B) Quantitative real—time RT—PCR was done also for the
MSC positive markers for the same samples. There were no
significant differences among three cell groups, suggesting that
genome —edited TetOn—HGF/hUCB—MSC maintained the stemness

property after the transfection and doxycycline treatment.
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HGF secreted by HGF/hUCB—MSCs promoted cell migration

The HGF/Met pathway plays an important role in vascular

remodeling after tissue damage (Gallo et al. 2014, Gallo et al. 2015).

We evaluated the migration—enhancing effect of HGF on
HGF/hUCB—MSCs, which is one of its most noted effects (Naldini
et al. 1991). Stem—cell migration is crucial for tissue regeneration
(Nagai et al. 2005, Matsumoto et al. 2014). In the wound—healing
assay, hUCB—MSCs induced to express HGF by Dox treatment
migrated at a significantly higher rate than did untreated controls,
as did hUCB—MSCs treated with recombinant human HGF (at 50
ng/ml) (Fig 1.7. A). The results of the trans—well cell-migration
assay also showed that hUCB—MSCs induced to express HGF by
Dox treatment migrated at a significantly higher rate than did their
untreated counterparts (Fig 1.7. B). These results were expected
because HGF, which is also known as scatter factor, causes cells to
migrate. When we counted the cells one and two day after seeding,
the cell number in TetOn—HGF/hUCB—MSCs (Dox+) group was not
significantly different from the TetOn—HGEF/hUCB—-MSCs (Dox—)
and hUCB—MSCs control groups (data not shown), suggesting that
the cell migration was not due to cell proliferation in short—term
culture. Thus, our results showed that HGF secreting hUCB—MSCs

had an increased migration (scattering effect).
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Figure 1.7. Functional effects of conditionally expressed HGF. (A)
Wound healing at 24 hrs after scratching monolayers of hUCB—
MSCs, pTetOn—HGF —transfected hUCB—MSCs grown with and
without Dox or treated with human recombinant HGF at 50 ng/ml.
The graph shows the number of cells within the area between the
lines (*P < 0.05, *xP < 0.01). (B) Trans—well migration analysis at
24 hrs after treatment with Dox or hrHGF. The graph shows the

relative number of stained cells per field (*P < 0.05, **P < 0.01).
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Long—term biological effects of HGF secreted by HGF/hUCB—MSCs
Although TetOn—HGF/hUCB—MSCs (Dox+) did not show changes
in their short—term proliferation rate, long—term cultures of these
cells showed a high rate of cell viability even at late passages (Fig
1.8. A & B). The viability rate of TetOn—HGF/hUCB—MSCs (Dox+)
group was slightly higher than that of the hrHGF —treated group.
Previous studies showed that HGF has anti—apoptotic and anti—
oxidative activities(Gallo et al. 2014). To test whether TetOn—
HGF/hUCB—MSCs (Dox+) were more resistant to apoptosis under
pro—apoptotic conditions, TetOn—HGF/hUCB—MSCs were treated
with staurosporine (STS), a pro—apoptosis reagent, or with HyOs,
an oxidative reagent, at two—day intervals for 10 days. TetOn—
HGF/hUCB—MSCs (Dox+) treated with STS had a better viability
rate than that of STS—treated control cells (Fig 1.8. C & D),
suggesting that HGF secreted by the former cells protected them
against apoptosis. A similar protective effect was also observed in
TetOn—HGF/hUCB—MSCs (Dox+) treated with 150 uM H:O, (Fig
1.8. E & F), indicating that long—term HGF treatment had an anti—
oxidative effect. This cell—protective effect was not affected by

Dox itself because the morphology and viability rate of hUCB-—

MSCs treated or not treated with Dox did not differ (Fig 1.9. A & B).

These data showed that the long—term secretion of HGF by
TetOn—HGF/hUCB—MSCs (Dox+) enhanced their survival of pro—

apoptotic and oxidative —stress conditions.
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Figure 1.8. Biological effects of the long—term secretion of HGF by
engineered MSCs. (A) Images demonstrating the long—term natural
anti—senescence effect of the HGF secreted by passage—12 cells
that were not exposed to Dox or were exposed to Dox at 5 pg/ml
for approximately 10 days. (B) Viability analysis of the passage—12
cells. (C) Images of cells treated with STS at 30 nM for 24 hrs. (D)
MT-based viability analysis of STS—treated cells. (E) Images of
cells treated with HyO at 150 pM for lhr 30min. (F) MT-based

viability analysis of the H,Oy,—treated cells (* P < 0.05, #*P < 0.01).
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Figure 1.9. Doxycycline treatment did not affect cell proliferation.
(A) Images of cells treated with Dox at 5 pg/ml for 48 hrs and then
treated with HyO5 or STS. (B) MTT—based viability analysis of the

STS treated cells.
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Angiogenesis is enhanced by medium conditioned by TetOn—
HGF/hUCB—MSCs (Dox+)

HGF is an essential factor for reendothelialization without vascular
smooth—muscle cell hyperplasia(Hayashi et al. 2000). To evaluate
the pro—angiogenesis effect of medium conditioned by TetOn—
HGF/hUCB—MSCs (Dox—), a tube formation assay was performed.
Media conditioned by cells grown under different conditions were
collected and were used for a tube formation assay of HUVECs
grown with a minimal concentration of VEGF in medium.
Conditioned by hUCB—MSCs or by TetOn—HGF/hUCB—MSCs
(Dox—) demonstrated a weak tube—formation capacity.

However, their tube formation was dramatically enhanced by
medium conditioned by HGF—secreting TetOn—HGF/hUCB—-MSCs
(Dox+) and medium to which hrHGF was added (Fig 1.10. A & B).
The effect of the former medium was comparable with that of

medium containing 50 ng/ml of human recombinant HGF.
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Figure 1.10. Secreted HGF enhanced angiogenesis. (A) Images of
HUVECs subjected to the matrigel assay. HUVECs were seeded at
5x10* cells per well and 200 ul of matrigel was used per well. After
48 h of cultivation in DMEM containing 50 ng/ml of VEGF and 5%
FBS, the conditioned media were collected. The media were
conditioned by only MSCs, by HGF—transfected MSCs or by 1x10°
HGF —transfected MSCs treated with Dox at 5 pg/ml. After the CMs
were filtered using a 30 K filter, HUVEC were incubated in each CM
for 12 hrs. (B) Analysis of endothelial tube formation according to

the numbers of tubes and branches present (*xP < 0.01).
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TetOn—HGF/hUCB—MSCs (Dox+) enhanced blood flow in the
mouse hindlimb ischemia model

HGF secreted by TetOn—HGF/hUCB—MSCs (Dox+) enhanced
angiogenesis in vitro. To test the effect of TetOn—HGF/hUCB—
MSCs (Dox+) in vivo, we used the mouse hindlimb ischemia model.
One of the hurdles that must be overcome when applying stem cell
treatments to in vivo animal models is the loss of the injected cells.
Before modified stem cells can have an effect, they can be lost due
to an immune response or a biological activity. For this reason, we
encapsulated the engineered cells in a bio—degradable RGD-—
alginate material. In a previous study, encapsulating cells in RGD—
alginate microgels not only decreased the rate of cell loss but also
increased the survival rate of the cells and the period over which
the growth factor was secreted into the tissues surrounding the
injection site (Kim et al. 2014). Before and after microgel formation,
the level of HGF secretion by TetOn—HGF/hUCB—MSCs (Dox+)
was determined using a Western blotting assay and an ELISA (Fig
1.11. A, C & D). The concentration of HGF secreted by TetOn—
HGF/hUCB—MSCs (Dox+) was slightly but not significantly
changed after bead formation.

The blood flow in both hindlimbs of the model mice was measured
before and after inducing ischemia in one hindlimb. One week after
inducing hindlimb ischemia, the mice were treated with PBS, hUCB—
MSC, hrHGF, an RGD—alginate microgel containing hUCB—MSCs, an

RGD—alginate microgel containing TetOn—HGF/hUCB—-MSCs
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(Dox—) or an RGD-—alginate microgel containing TetOn—
HGF/hUCB—MSCs (Dox+). The blood perfusion rates were
measured using a Doppler flowmeter weekly for 4 weeks. As shown
in Fig 1.12. A, the blood flow to the affected hindlimb was greatly
decreased after surgery had been performed. At the early post—
surgery point, the non—microgel—treated groups (treated with
MSCs or hrHGF) showed increased blood flow that gradually
decreased by the later weeks post—surgery. In contrast, the
microgel bead—treated groups showed a consistently increased
level of blood flow in the ischemic limb. The TetOn—HGF/hUCB—
MSCs (Dox+)—treated group showed a high level of continuous
improvement in blood flow during the entire experimental period
(Figs 1.12. A & B). As expected, despite treatment with a high
concentration of hrHGF (2 pg), the blood flow in the ischemic limb
was not restored in the hrHGF group and this limb was lost within
one week post—surgery (Fig 1.12. A & B). The greatly improved
effect of TetOn—HGF/hUCB—MSCs (Dox+) could be attributed not
only to the proangiogenic paracrine effect of MSCs but also to their
constant secretion of HGF.

Enhanced angiogenesis was also observed under the skin of the
hindlimb ischemic models treated with TetOn—HGF/hUCB—MSCs
(Dox+) encapsulated in microgels (Data not shown). Using H&E
staining and IHC analysis of vWF expression, we demonstrated an
increase in the number of capillaries and microvessels in the group

treated with microgel—encapsulated TetOn—HGF/hUCB—-MSCs
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(Dox+) but not in the groups treated with non—encapsulated cells
(Fig 1.12. C). The thickness of the endothelial cells in the former
group was also increased. These data showed that TetOn-—
HGF/hUCB—MSCs (Dox+) encapsulated in an RGD-—alginate
microgel significantly improved the level of in vivo angiogenesis
through the combined effects of the hUCB—MSCs and the HGF

secreted by these cells.
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Figure 1.11. HGF expression by engineered hUCB—MSCs
encapsulated in a microgel. (A) Before bead formation, an ELISA
was performed to determine the level of HGF in media conditioned
by engineered hUCB—MSCs treated or not treated with Dox. The
concentrations of the conditioned media were enriched by
approximately 10—fold. (B) Image of beads containing engineered
hUCB—MSCs. (C) HGF levels in medium conditioned by the beads,

as determined by WB analysis and (D) an ELISA (x*P < 0.0l).ﬂ _
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Figure 1.12. HGF enhanced angiogenesis in the mouse hindlimb
ischemia model. A 1 week of induced hindlimb ischemia, mice were
treated with PBS, hUCB—MSCs only, hrHGF only, an RGD —alginate
microgel containing hUCB—MSCs, an RGD—alginate microgel
containing HGF integrated hUCB—MSC, an RGD—alginate microgel
containing HGF —secreting hUCB—MSCs treated with Dox. After
treatment, the levels of blood perfusion of the hindlimbs were
measured using a laser—Doppler flowmeter weekly for 4 weeks.
(A) Images showing the blood flow in mice given each treatment.
The ischemic limbs are on the left and the normal limbs are on the
right. (B) Ratio of the blood flow perfusion rate of the ischemic
limbs versus those of the normal limbs. (C) Image of H&E stained

sections and of sections stained with an anti—vWF antibody (IHC).
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1.4. Discussion

It is no doubt that stem cells are strong regenerative material and
potent therapeutic source. The paracrine effects of cytokines or
proteins secreted by MSCs greatly facilitate regeneration and
therapeutic outcomes (Tang et al. 2005, Gnecchi et al. 2008).
However, the therapeutic effects of cytokines secreted by MSCs
are inadequate due to their short half—life and the rapid degradation
of various types of MSCs. Therefore, new strategy to improve the
therapeutic efficacy and paracrine effect of stem cell is required.
For this, we developed the improved functional MSCs that secrete a
growth factor using Transcription activator—like effector nucleases
(TALEN) —mediated genomic editing. Genetically modified—MSCs
are able to controllably express and induce HGF under special
condition using a drug—responsive promoter cassette. TALENSs are
promising tools for editing genomes. A TALEN is an artificial
restriction enzyme that is generated by fusing a TAL effector
DNA-binding domain to a DNA—cleavage domain. TALENs exhibit
strong and specific protein—to—nucleotide recognition (Bedell et al.
2012).

Although TALENs can target any site, few sites are safe for
exogenous—gene integration and are in an open chromosomal state.
The adeno—associated virus integration site 1 (AAVS1), which is in
the PPP1R12C gene on human chromosome 19, is one of the safe
harbor sites. When a gene 1is inserted into the AAVS1 on

chromosome 19, it is efficiently expressed (Luo et al. 2014). The
¥
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engineered MSCs produced using our safe—harbor site system
secreted HGF protein continuously in an inducible manner that could
be controlled by Doxycycline. Thus, the TALEN—mediated
integration of the HGF—expression system into a chromosome of
the stem cells not only provided stem cells for therapy but also
solved the problem of the short half—life of a therapeutic protein.
An HGF ELISA showed that the concentration of HGF secreted by
the TetOn—HGF/hUCB—MSCs reached 0.5~0.8 ng/ml (Fig 1.4. D
and Fig 1.11. A, D). Although this concentration is approximately
1% that of the human recombinant HGF used as a positive control,
the effects of the HGF-secreting TetOn—HGF/hUCB—MSCs in
most of the in vitro experiments were similar to those of the control
(Figs 1.7., 1.8., 1.10.). These comparable effects might be due to
the consistent release of HGF by the TetOn—HGF/hUCB—MSCs
with Dox. We postulated that due to the short half—life of HGF
(approximately 5 min), spike treatment of a high concentration of
human recombinant HGF was not sufficient and only temporarily
effective. Then, continuous exposure of HGEF at physiological
concentration produced by the engineered cells had effects
comparable with those of a high concentration of hrHGF. Thus, our
results showed the importance of the continuous secretion of a
short half—life cytokine such as HGF.

One of major hurdle of stem cell—based cell therapy for clinical
application is cell survival under harsh condition at treated site.

Stem cells of superior ability are difficult to survive in the presence
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of oxidative environment condition. However, HGF has the function
to overcome anti—apoptotic and anti—oxidative stress mediated
cellular damage. For that reason, the maintenance of proper and
constant concentration of HGF is particularly important in vivo. The
long—term therapeutic effect of a low concentration of HGF
secreted by the engineered stem cells was proven in the in vitro
cell—viability assay, which showed that even the viability rate of
these cells was higher than that of the positive control group
treated with a high dose of HGF (50 ng/ml) (Fig 1.8.). To evaluate
whether the long—term secreted HGF from genetically engineered
stem cells has more significant effect in vivo, immune competent
mice were induced hindlimb ischemia. To improve the therapeutic
efficacy and overcome low cell survival, engineered stem cells were
encapsulated in injectable RGD—alginate microgel by
electrospinning. In Fig 6, the hrHGF—treated group showed the
least improvement in the ischemic hind—limb among all of the
treated groups. The mice in the hrHGF —treated group lost their
injured hindlimb within the first week following femoral—artery
ligation and hrHGF treatment. The degree of limb deterioration was
similar to that of the negative control group treated with PBS. On
the other hand, HGF secreting MSCs in microgel significantly
improved therapeutic effects among all groups. These results
strongly indicate that the persistent secretion of HGF greatly
enhanced angiogenesis.

Notably, we did not administer an immune suppressor to the mice
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even though human stem cells were implanted in them. Reportedly,
immune modulation can be accomplished not only by protecting
stem cells by encapsulating them in a microgel but also through the
effects of the MSCs and HGF. We speculated that due to the
combined effect of RGF—alginate microgel—encapsulated hUCB—
MSCs and the HGF that these cells secreted, our therapeutic
system provided even better immune modulation so that treatment
with an immune—system suppressor was not required for the
therapeutic efficacy of this system(Okunishi et al. 2005, Abdi et al.
2008, Hoogduijn et al. 2010).

Although doxycycline—treated TetOn—HGF/hUCB—MSCs greatly
enhanced the rates of tube formation and in vivo angiogenesis,
further improvement is required before they can be used as
therapeutic agents. Because the hUCB—MSCs are primary cells,
their transfection efficiency rate and the rate of integration of the
TetOn—HGF transgene differs depending on their status. Different
rates of gene integration via TALEN may result in different
concentrations of the secreted protein. Late passages of MSCs are
an important concern. By the time that the expression system has
become integrated into the hUCB—MSCs, they begin to reach
senescence. Therefore, it is difficult to produce sufficient numbers
of TetOn—HGF/hUCB—MSCs for use as therapeutic agents. Further
studies are needed to standardize the procedure we utilized and to
overcome the problem of senescence.

Safety is always an important issue for stem—cell therapy. A major
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problem for stem cell-mediated gene therapy is controlling the
level of gene expression. However, our system provided an
example of how to control the side effects of stem—cell and gene
therapies. Regarding the side effects of gene therapy, HGF
transgene expression by our system can be controlled by a drug,
doxycycline (tetracycline) because it is under the control of a
tetracycline—on system, which was also integrated into the safe—
harbor site using TALEN-—mediated gene delivery. Regarding the
side effects of cell therapy, hUCB—MSCs are tolerated by the
immune system, and these cells are further protected from
immune—system attack by being encapsulated in RGD-—alginate.
Taken all together, our inducible HGF secreting MSCs are an
effective tool as a stem cell—based therapeutic agent.

In conclusion, HGF is a pleiotropic cytokine that has long been
known to be involved in cell and tissue regeneration. However, the
available tools that can produce its therapeutic effects are clinically
insufficient. In this study, we generated inducible TetOn—
HGF/hUCB—MSCs via TALEN-based genome editing. Notably,
these cells in RGD—alginate microgel secreted HGF and enhanced
cell mobility, protected cells against apoptosis, and improved the
level of angiogenesis in a mouse hindlimb ischemia model. Our
study clearly demonstrated that gene editing allowed HGF secretion
by hUCB—MSCs and overcame the limitations of other HGF—based

pro—angiogenesis therapies for vascular diseases such as ischemia.
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Chapter II

Coronary Stents with Inducible
VEGF/HGF —secreting hUCB—MSCs
Reduced Restenosis and Increased

Reendothelialization in Swine Model
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Abstract

Atherosclerotic plaques within the vasculature can eventually lead
to heart failure. Currently, cardiac stenting is the most effective and
least invasive approach to treating the disease. However, in—stent
restenosis 1s a complex chronic side—effect of the stenting
treatment. In this study, to reduce stent restenosis and induce
reendothelialization within the artery, we applied coronary stents
coated with stem cells secreting angiogenic growth factors via an
inducible genome—editing system. After confirming the
characteristics of the cells and their adhesion properties on the
stents, we transplanted the stents into a swine model to evaluate
the restenosis and potential therapeutic use of the stents with stem
cells. Restenosis was evaluated via optical coherence tomography,
micro—computed tomography and angiography, and reendotheliali
zation by immunostaining after cardiac stent treatment. Compared
to a bare metal stent or a parental umbilical cord blood—derived
mesenchymal stem cells (hUCB—MSCs) —coated stent, the stents
that had stem cells capable of the controlled release of hepatocyte
growth factor (HGF) and vascular endothelial growth factor (VEGF)
successfully reduced restenosis within the stent and induced natural
reendothelialization. Furthermore, hUCB—MSCs exhibited the ability
to differentiate into endothelial cells in Matrigel, and HGF and VEGF
improved the differentiation. Our study indicates that the stents
coated with hUCB—MSCs secreting VEGF/HGF reduced the

restenosis side effects of cardiac stenting with improved
¥
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reendothelialization.

2.1. Introduction

Coronary artery disease 1s an angiocardiopathy that severely
impairs health, and it is still the principal cause of mortality in the
world. The goal of treatment is to restore the blood flow in the
clogged artery to a near—normal rate (Faxon et al. 2004, Aziz et al.
2005, Mortality et al. 2015). Coronary stents are a widely used
treatment strategy to keep the arteries open. However, the success
of stent treatment has been limited by restenosis and stent
thrombosis. Delayed or incomplete endothelial regeneration is
believed to be a key factor responsible for these events.

In—stent restenosis was found to be decreased by the
endothelialization of coronary stents (Padfield et al. 2010,
Reejhsinghani et al. 2015). This was considered an important factor
for preventing thrombosis and for reducing the proliferation and
migration of vascular smooth muscle cells (VSMCs). Therefore, a
coronary stent capable of rapid surface endothelialization has the
potential to become the next—generation stent (Versari et al. 2007,
Tan et al. 2012, Bedair et al. 2017). To improve reendothelialization,
we used a very effective combination strategy combining gene
therapy and cell therapy, in which genome edited stem cells release
proangiogenic growth factors.

Vascular endothelial growth factor (VEGF) is one of the most
effective signaling proteins that stimulates vasculogenesis (Hoeben

et al. 2004). Hepatocyte growth factor (HGF) is a pleiotrophic

p
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factor that induces motogenesis, mitogenesis, survival and, in some
cell types, morphogenesis (Ellison et al. 2011, Chang et al. 2016).
Thus, the integration of these genes into the genome of human
umbilical cord blood—derived mesenchymal stem cells (hUCB-
MSCs) enhanced their ability to stimulate angiogenesis. To
integrate these genes into stem cells, we used the TALEN genome
editing system to introduce targeted DSBs into the chromosome 19
safe—harbor site. Using the Tet—on system, we controlled the gene
expression with doxycycline. Our previous studies showed that the
VEGF and HGF-secreting hUCB—MSC (VEGF/hUCB—-MSC and
HGF/hUCB—MSC) showed enhanced angiogenesis in both a rat
myocardial infarction model and a mouse hind limb ischemia model
(Chang et al. 2016, Cho et al. 2017). VEGF/hUCB—MSC and
HGF/hUCB—MSC were proven to be a very effective and powerful
cell therapy system to restore the blood vessels and blood flow.

The stents coated with polydopamine (pDA), fibronectin (FN) and
extracellular matrix (ECM) have been used to enhance adhesion of
stem cells including MSCs to the metallic stents (Park 2016). An
ECM is a biocompatible and cell—supporting substance and provide
the cells with mechanical and physiological support resulting in the
increase of cell survival, adhesion, proliferation, and differentiation
(Wozniak et al. 2004, Trappmann et al. 2012). It also traps and
keeps some growth factors and soluble molecules through
proteoglycans which are major components of the ECM (Kim et al.

2011). However, ECM still needs strong connector to be attached
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on the metal surface. Therefore, pDA and FN are used as chemical
connectors. FN can recognize and bind to ECM molecules by
integrin. Its carboxyl termini covalently bind to the pDA. Thus, the
FN—pDA layers serve as linkers to immobilize ECM molecules such
as fibrin, collagen, heparin, and fibronectin on the surface (Prewitz
et al. 2013). Dopamine is a strong adhesive molecule derived from
the mussel (Waite 2008). It binds firmly to both of organic and
inorganic surfaces by a catechol, which consists of a benzene ring
with two hydroxyl groups. pDA also provides a functional group of
amine for immobilizing the molecules on the surface. After coating
with those 3 components on the stent, stem cells can be efficiently
seeded on stents.

The aim of this study was to investigate the potential of the stents
with angiogenic growth factor—secreting MSCs to enhance
reendothelialization and the reduction of restenosis by rapid
reendothelialization. We loaded the coronary stent with functional
stem cells VEGF/hUCB—MSC and HGF/hUCB—MSC and assessed
both the efficacy of in—stent stenosis reduction and coronary artery

reendothelialization in a swine model.
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2.2. Materials and methods

Cell culture and cell preparation

MSCs isolated from human umbilical cord blood (hUCB) were
kindly provided by Kang’s lab in Seoul National University. The
cells were isolated from hUCB as previously described (Seo et al.
2011). The hUCB—MSC isolation procedure was approved by the
Borame Institutional Review Board and Seoul National University
(IRB  No. 0603/001-002—-07C1). The hUCB—-MSCs were
maintained in mesenchymal stem cell medium (KSB—3, Kangstem
Biothech, South Korea) supplemented with KSB—3 supplements and
10% fetal bovine serum (Rocky Mountain Biologicals Inc., MT,
USA) at 37 °C in 5% CO,. After cell culture, cells were transfected
by NEON with the TALEN system and HGF or VEGF secreting
plasmids as previously described (Chang et al. 2016, Cho et al.

2017).

Viability assay

The live cells were taken by fluorescence microscopy after
labeling with green fluorescent dye (PKH67, Sigma, USA) on pre—
coated stent material. The metal materials were coated with
polydopamin, fibronectin and ECM. Cell viability was testing via the
crystal violet assay and cell counting. Cells (5 x 10) were seeded
on stent material coated with fibronectin and an extracellular matrix
layer, and then incubated for 7 days. After adding 50 ul of 0.5%

crystal violet solution, an image of the stained cells was captured.
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After taking the image, 200 pl of methanol was added to each well
for 20 min at RT. Cell density was detected at 570 nm by a
spectrophotometer (Epoch, BloTek, VT, USA). Cells were also
counted by a hemocytometer after trypan blue (Gibco, NY, USA)

staining.

Western blot (WB)

To confirm growth factor expression, WB was performed as
previously described (Chang et al. 2016, Cho et al. 2017).
Transfected cells (5 x 10°) were seeded on stent material. After 24
hrs, the cells were treated with Dox (at 5 pg/ml) for 2 days. Then,
the conditioned medium was collected and precipitated by
trichloroacetic acid (TCA, Sigma, USA). The pellet was dissolved in
200 pl of RIPA buffer (Thermo, IL, USA). SDS-PAGE was
performed with a 1% acryl amide gel. The HGF (R&D Systems, MN,
USA) and VEGF (Cell Signaling, MA, USA) antibodies were used at

a dilution of 1:1,000.

Conventional PCR and real—time quantitative PCR

To assess MSC markers, conventional PCR and real—time PCR
were performed 7 days after the cells were seeded on stent
material. The sequences of primers for CD166, CD105, CD90, CD45,
CD14, and GAPDH are listed in supplemental dataTable 1. PCR was
performed using Go taq polymerase (Promega, MN, USA) according

to the following protocol: one cycle of 95 °C for 5 min, 35 cycles of
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95 °C for 30 sec, 60.1 °C for 30 sec, 72 °C for 30 sec, and a final
cycle of 72 °C for 3 min. The PCR product was evaluated using a
1.5% agarose gel. Real—time PCR was performed with the same

PCR conditions using a SYBR Green—based method.

Tube formation

Cells (5 x 10* cells/well) were seeded on a layer of BD Matrigel
(BD Biosciences, CA, USA) in 24—well plates. The cells were then
exposed to high—glucose DMEM (HyClone) containing 2% FBS for
48 hrs. MSC cells alone were used as a control. The cells were
incubated for 12 hrs to allow them to form tube—like structures.
Tube formation was analyzed by counting the number of branches

per high—power field.

Preparation of stent and confirmation of cell adhesion

The stents were coated with fibronectin and extracellular matrix
as previously described (Bedair et al. 2017). Cells (2.4 x 10°) were
seeded on stents and incubated for 12 hrs in a CO, incubator. Then,
the cells on the stent were detected by fluorescence microscopy
(July, Nanoentec, South Korea). To observe the cells remaining on
the stent after transplantation, scanning electron microscopy (SEM)

analysis was performed. The samples were rinsed in 2.5%

glutaraldehyde in a—MEM without serum and fixed for 30 min at RT.

The samples were then fixed in 2.5% glutaraldehyde in 0.1 M Na—

cacodylate pH 7.2 with 0.1 M sucrose for an additional 30 min at RT.
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The samples were treated with 1% osmium tetroxide in distilled
water for 1 hr, followed by dehydration through a graded series of
ethanol solutions from 70, 80, 95 to 100 %. A freeze—dryer was
used to dry samples. The samples were mounted on aluminum
holders and coated with a 10—nm conducting layer of gold platinum.
The samples were examined in the SEM (Jeol JSM7400F, Tokyo,

Japan) using a voltage of 10 kV.

Transplantation into swine model

This animal study was approved by the Ethics Committee of
Chonnam National University Medical School and Chonnam National
University Hospital (CNU IACUC—-H-2013-12), and conformed to
the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85—23,
revised 1996). Yorkshire x Landrace F1 crossbred castrated male
pigs (20—25 kg) were observed in the laboratory animal center of
Chonnam National University Medical Institute for 5—10 days
before the experiment.

On the day of the procedure, the pigs were anesthetized with
zolazepam and tiletamine (2.5 mg/kg, Zoletil50®, Virvac, Caros,
France), xylazine (3 mg/kg, Rompun®, Bayer AG, Leverkusen,
Germany), and azaperone (6 mg/kg, Stresnil®, Janssen—Cilag,
Neuss, Germany). An intravenous (IV) catheter was placed in the
marginal ear vein for the administration of fluid and emergency

drugs such as epinephrine and anti—arrhythmic agents (amiodarone
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hydrochloride). IV fluid administration with 0.9% saline was
continued throughout the experiment. After intubation, anesthesia
was maintained with inhalation anesthetic consisting of sevoflurane
(1%) in oxygen (100%). Pigs were mechanically ventilated.
Tramadol HCl (5 mg/kg, Trodon®, Aju pharm, Korea) was
administered IV pre— and post—operatively to reduce pain. The
stent was then inserted into the coronary artery of an 8 —week—old
pig, and its placement was confirmed by angiography. We used LAD
(Left anterior descending) and LCX (Left circumflex artery). Pigs
were premedicated with 100 mg aspirin and 75 mg clopidogrel per
day for 5 days before the procedure. We also treated cyclosporine
(CIPOL.N, Chong Kun Dang, South Korea), immunosuppressant, for
3 days after stent transplantation. The pigs were also treated with
immunosuppressant Cyclosporine (CIPOL.N, Chong Kun Dang,

South Korea) for 3 days after stent transplantation.

Stenosis imaging: Angiography, OCT, and mCT

Imaging analysis for stenosis evaluation was performed as
previously described (Lim et al. 2016). Briefly, a follow—up
coronary angiogram was performed 4 weeks post—stent
transplantation. At the end of the experiment, pigs were
anesthetized and then sacrificed with an overdose of potassium
chloride. The hearts were rapidly removed, extracted and grossly
sectioned at 1 cm intervals. The myocardial sections were stained

with 2,3,5—triphenyl tetrazolium chloride (TTC) solution (1% in
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phosphate—buffered saline) for 30 min at 37 °C. After TTC staining,
sectioned heart tissues were fixed in 10% neutral buffered formalin
overnight and embedded in paraffin for histological analysis.

Angiography: A 7F coronary artery guiding catheter was placed
within the opening of the coronary artery, and a baseline coronary
angiogram was obtained wusing the nonionic contrast agent
Omnihexol (Omnihexol 300, Korea United Pharm Co., Seoul, Korea)
under fluoroscopic guidance with a mobile fluoroscopy system (BV
Pulsera, Philips Medical Systems, Andover, MA, USA). Angiography
was performed to confirm the obstruction of the mid—LAD. Finally,
the guide wire, balloon catheter, and guiding catheter were removed
and the left carotid artery was ligated.

Optical coherence tomography (OCT): After the carotid artery
was excised, the neointima of pig blood vessels was measured using
OCT (Model C7Xr OCT imaging system). A guidewire was
connected to a water box dedicated for in vitro experiments, and
the coronary artery was fixed to the guide wire. An imaging
catheter (C7 Dragonfly) was inserted through the guide wire into
the coronary artery. OCT images were obtained by connecting the

imaging catheter and the Dragonfly Duo, and the neointimal vessels

were measured using LightLab imaging (offline review workstation).

Micro—computed tomography (mCT): Tomograms of each
sample were acquired using a micro—computed tomography scanner
(SkyScan 1172, Bruker). The harvested coronary artery tissues

were stored in 10% formalin solution and transferred to de—ionized
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water prior to u—CT analysis. The tissue was fixed vertically in a
cylindrical plastic container and mounted on a specimen stub using
soft clay. The plastic container was sealed with paraffin film to
prevent drying of the sample. The scanning was operated at 10 W
(100 kV/ 100 pA) X-ray generation power with an aluminum-—
copper filter. Images were recorded at 0.4° rotation for one step.
The acquired images were reconstructed and visualized using the
software (NRecon/CTan, Bruker). The in—stent restenosis area
(ISR area) was calculated by subtracting the area of the lumen from

the area within the stent strut.

Immunohistochemical (IHC) staining

Tissues were harvested, fixed in 4% paraformaldehyde (Wako),
embedded in paraffin, and cut into 5 pm sections (Leica, Buffalo
Grove, IL). Immunohistochemistry was performed using an anti—
von Willebrand factor (vWF) (Abcam, USA, anti—Fibrin (Abcam,
USA), and anti—Lamin A+C (Abcam, USA) antibodies at a 1:100
dilution and followed by the appropriate secondary antibodies. The
tissue samples were also stained with hematoxylin and eosin (H&E)
and Masson’s trichrome. TTC, H&E, and Masson’s trichrome stains
were performed to evaluate the infarcted area of the ventricle.
Histological evaluation of the infarcted myocardium was performed

by an experienced cardiac pathologist.

Tumor formation
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BALB/C Nude mice (Orientbio, South Korea) were used for tumor
formation in vivo. hUCB—MSCs and HGF— or VEGF—secreting
hUCB—-MSCs (5x10°) were injected with 50 pl of serum—free
DMEM and 50 pl of Matrigel (Corning, USA). MDA—-MB—231 breast
cancer cells were used as a positive control. Mice were observed
for 4 weeks, and the tumor volume was measured every week.
After 4 weeks, mice were sacrificed with COg, and tumor formation

and tumor weights were analyzed.

Statistical analysis

The data were expressed as the mean values + standard error.
The data were analyzed using Prismb5 (GraphPad, CA, USA), and a
t—test or ANOVA was used to compare the data pertaining to the
different experimental groups. Statistical significance is indicated in

the figure legends.

7 . a
71 M =T



2.3. Results

Characterization of HGF/hUCB—MSCs and VEGF/hUCB—MSCs on
stent material

The full experiment proceeded as describe in the schematic image
(Fig 2.1. A). We first tested whether the engineered cells are
successfully implanted on the stent. We confirmed that the stent
material does not affect cell growth and the expression of hUCB—
MSC markers. The characteristics of VEGF/hUCB—MSC and
HGF/hUCB—MSC were evaluated after long—term interactions with
the stent material. After seeding the cells on materials for more
than 7 days, the proliferation of HGF— and VEGF —secreting hUCB—
MSCs was increased by Doxycycline (Dox) (Fig 2.1. B~D). The
secretion of HGF and VEGF by the Tet—On system was confirmed
with immunoblot analysis (Fig 2.1. E). The MSC markers, positive
markers of CD116, CD105, and CD90 and negative markers of
CD45 and CD14-— exhibited no change after HGF and VEGF
secretion (Fig 2.1. F & Fig 2.2. A). Every time that cells were
established on a stent, we confirmed the secretion of HGF and
VEGF and the integration into the genome (Fig 2.1. B). There was a
concern related to the effect of Dox on cell proliferation, but in this
test, Dox did not affect MSC proliferation or morphology (Fig 2.3. A
& B). We confirmed that the hUCB—MSCs maintained their
properties and growth on the stent, and we showed that the
secretion of HGF and VEGF from the engineered stem cells

promoted cell proliferation.
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Fig. 2.1. The properties of HGF/hUCB—MSCs and VEGF/hUCB-
MSCs are maintained on stent material. (A) Schematic illustration of
the experiment using the stent with HGF/hUCB—-MSCs and
VEGF/hUCB—MSCs secreting the angiogenic factors in an inducible
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manner. The stents were coated with polydopamine, fibronectin,
and extracellular matrix (ECM), followed by in vitro and in vivo
swine experiments. (B) The human UCB—MSCs secreting HGF and
VEGF were seeded onto the pre—coated material sheets to confirm
cell viability on the stent material. The cells stained with green
fluorescent dye were detected by fluorescence microscopy. U—M:
human UCB—MSCs, Ctl: control (n=3). (C) The cells were counted
7 days postseeding after detaching the cells from the stent material
and staining the dying cells with trypan blue (¢* denotes a p <0.01).
(D) Cell viability was analyzed by a crystal violet assay on the stent
7 days postseeding (+* denotes a p <0.01). (D) (E) HGF and VEGF
secretion were detected in conditioned media by Western blotting.
HGF/hUCB—MSCs and VEGF/hUCB—MSCs were treated with 5 pg
of doxycycline for two days in a 6—well plate. (F) MSC markers
showed no change on the stent material even in the HGF— and
VEGF —secreting cells. Lane 1: hUCB—MSCs, 2: hUCB—MSCs+Dox,
3: hUCB—MSCs+Dox on material, 4: HGF/hUCB—MSCs +Dox on
material, 5: HGF+VEGF/hUCB—MSCs +Dox on material (n=3

experiments per group).
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Cells on the stents after coronary stent transplantation

Since cell adhesion to the bare stent material is limited, we
designed stents with biocompatible matrices. The poly—dopamine
and fibronectin were sequentially conjugated onto the Co—Cr stent.
Then, fibroblasts were seeded on the stent surfaces, which were
then decellularized to provide extracellular matrices secreted by the
fibroblasts (Fig 2.1. A). Then, the hUCB—MSCs with eGFP genes
integrated to the Chr 19 safe harbor site by TALEN were attached
on the stent surfaces with the extracellular matrix. After attaching
the cells to the stent, the cell adhesion was confirmed by
fluorescence microscopy (Fig 2.4. A). Due to a concern about the
presence of the adhered cells on the stents after coronary artery
transplantation, scanning electron microscopy (SEM) was
performed to identify whether the cells remained after mimicking
stent implantation in the swine model. Surgical procedures led to
the detachment of some cells because of the strong physical friction
caused by balloon dilatation. However, the cells still remained on
the lateral side of stent after transplantation (Fig 2.4. B). These
results implied that the stem cells implanted on the stent remained

after surgery.
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Fig. 2.4. The cells remained on the stent after transplantation. (A)

Fluorescence images showing adhesion of the GFP—expressing

hUCB—MSCs on the stents. (B) Fluorescence images before the

operation and stent seeding in the swine model were captured by a

microscope, and the SEM images after the end of the experiment

were captured by scanning electron microscopy (n=3).
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The effect of each HGF and VEGF application period on coronary
restenosis

To evaluate the effects of HGF/hUCB—MSC and VEGF/hUCB-—
MSC seeded stents on the coronary artery, stents were applied to a
swine model and observed for 2 weeks after stent implantation.
Among the bare metal stent, stents with hUCB—MSCs, HGF/hUCB—
MSCs and VEGF/hUCB—MSCs, the HGF/hUCB—MSCs group
showed the lowest level of neointima formation (Fig 2.5. HGF
group). OCT and mCT analysis displayed that the HGF/hUCB-
MSCs group had not only the least stenosis formation but also a
uniform pattern in the stenosis area (Fig 2.5. C). An even inner
surface is known to be a crucial/essential criterion for stent
reendothelialization. In contrast, excessive neointima formation was
observed in the VEGF/hUCB—-MSC group after 2 weeks (Fig 2.5.
VEGF group). In a 3—day trial, the VEGF group exhibited the
lowest level of neointima formation, but this was not observed at 2
weeks. The excessive amount of VEGF secreted from
VEGF/hUCB—MSCs might stimulate vascular smooth muscles
during longer term exposure to the cells. Other studies have shown
that patients with an increase in VEGF after implantation had a
restenosis rate of 26.2% compared to 2.4% in patients with basal
levels of VEGF (Katsaros et al. 2014, Yang et al. 2014).
Furthermore, restenosis was reduced in the HGF/hUCB—MSCs
group, but the effect was not significant over the longer term.

Therefore, it was necessary to optimize the application of the cell
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population and the periodic conditioning of HGF/hUCB—MSCs and
VEGF/hUCB—MSCs to promote reendothelialization and minimize

the neointima side effect.
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material stent, U—M: human UCB—MSC coated stent, HGF/U—M:
stent coated with HGF/hUCB—MSCs, VEGF/U—M: stent coated with
VEGF/hUCB—MSCs. (B) OCT analysis showing the neointimal areas
in mm2 and in % units. (C) The microCT results were analyzed at a
50 kV/200 pA spatial resolution with 17—um units to show the

surface smoothness and neointima areas (n=3).
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Optimization of HGF and VEGF secreting stem cell and the enhanced
tube formation with HGF/hUCB—MSCs and VEGF/hUCB—MSCs

The stents with VEGF —secreting stem cells for longer implants
(2—week) caused even more severe restenosis (Fig 2.5.). This
might be because VEGF is one of the strongest factors stimulating
the fibrosis and proliferation of all cells in the vascular area (Yang
et al. 2014, Park et al. 2015). However, cells secreting only HGF or
VEGF were not able to efficiently reduce restenosis (Fig 2.5.).
Furthermore, under angiogenic conditions, combining VEGF—A with
HGF can promote neovascularization, especially reendothelialization,
by enhancing intracellular signaling and allowing more finely
regulated control of the signaling molecules involved in the
regulation of the cytoskeleton and cellular migration and
morphogenesis (Eric Sulplce 2009). Thus, the combined condition is
necessary and the dose of HGF and VEGF secreting cells is also
needed to optimize. From our previous studies, the amount of HGF
and VEGF secreted from this system was analyzed. Fifty ng VEGF
and 2.2 ng HGF were secreted from 2x10° cells per a day (Chang et
al. 2016, Cho et al. 2017). Based on these results, we maximized
the HGF and minimized the VEGF because HGF is known to
promote endothelial cells (EC) more specifically, whereas VEGF
increases overall vascular cell activity (Hayashi et al. 2000). When
the 5:1 ratio of HGF to VEGF —secreting cells was tested in vitro,
the cell proliferation was similar to the control single condition (Fig

2.1, HGF VEGF/U—-M group). This condition included a range
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known to be suitable in vivo (Deindl et al. 2007).

A source of endothelial cells is needed to facilitate coronary in—
stent reendothelization. Endothelial progenitor cells (EPCs),
embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs) have been used as endothelial cell sources in vitro. More
importantly, MSCs differentiate into endothelial cells (Oswald et al.
2004, Janeczek Portalska et al. 2012). We assumed that our
functional HGF VEGF/hUCB—MSC might have the potential to
differentiate into ECs. On Matrigel, the formation of tubes with
HGF+VEGF/hUCB—MSC was observed, even in the -culture
condition excluding endothelial differentiation medium and bFGF,
whereas hUCB—MSCs (U—-M) themselves did not form the tube
properly in the absence of Matrigel (Fig 2.6.). HGF+VEGF
secretion from the cells in response to doxycycline induction
(HGF+VEGF/U-M+Dox) enhanced the tube number and branch
numbers (Fig 2.6. B & C). Furthermore, the tubes persisted longer
in the HGF+VEGF/U-M+Dox group (Fig 2.6. A). Additionally, at
early times (3—9 hrs), the 5:1 combination of HGF:VEGF/hUCB-
MSC in response to Dox stimulation resulted in better tube
formation and branch numbers (Fig 2.6. B & C). Based on these
results, we concluded that HGF+VEGF secreting stem cells at a 5:1

ratio is an optimal condition for vascular reendothelialization.

3 o _17
83 M Z-THT



HGF VEGF/U-M HGF VEGF/U-M+Dox

3h

9h

18h

Tube formation- w 2%FBS DMEM

B. C.
au-m *% au-M
100 . . 250
@HGF VEGF/U-M % P @HGF VEGF/U-M
kel — 2 —_—
£ 80 @HGF VEGF/U-M+Dox 5 200 @HGF VEGF/U-M+Dox
o} a
o @HGF VEGF(5:1)/U- 5 @HGF VEGF(5:1)/U-
§ 60 M+Dox §150 % M+Dox
bet *% g
2 40 — g 100 **
5 £
é =]
20 Z 50
0

Fig. 2.6. HGF+VEGF/hUCB—MSCs enhanced tube formation upon
HGF+VEGTF induction. (A) Images of tube formation were acquired
for the hUCB—MSCs, HGF+VEGF/hUCB—MSCs (1:1 ratio) without
Doxycycline (Dox) and with Dox, and HGF+VEGF (5:1
ratio) /hUCB—MSCs with Dox. (B—C) Tube formation was analyzed
based on the number of tubes (B) and the number of tube branches

(C©) (n=3).
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Restenosis reduction in the presence of HGF and VEGF (5:1)

The HGF+VEGF/hUCB—MSC combination stent was transplanted
in the swine model to test the efficacy of the stents coated with
combination of HGF+VEGF (5:1) secreting stem cells. The swine
coronary arteries were observed 4 weeks after transplantation.
Compared to the BMS and hUCB—MSC groups, the HGF/hUCB—-
MSC+VEGF/hUCB—MSC (+Dox) group exhibited the lowest
restenosis (Fig 2.7.). The HGF/hUCB—MSC+VEGF/hUCB—-MSC
group showed the lowest neointimal area by OCT analysis (Fig 2.7.
A & B) and mCT analysis (Fig 2.7. C). Fibrin staining also displayed
the lowest fibrosis in the HGF/hUCB—MSC+VEGF/hUCB—MSC
(+Dox) group (Fig 2.7 D & E). Live angiography analysis also
demonstrated normal blood flow in the HGF/hUCB—
MSC+VEGF/hUCB-MSC (+Dox) group (Fig 2.7. F). Taken
together, these results indicated that the swine coronary stents
with HGF/hUCB—MSC+VEGF/hUCB—MSC in a 5:1 combination
significantly decreased the neointima and restenosis and thus

provided the best blood flow.
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Fig. 2.7. Stents coated with HGF+VEGF/hUCB—MSCs reduced the
neointimal area 4 weeks after transplantation. (A) OCT results
showing the neointima degree in the lumens of the coronary
arteries 4 weeks after transplantation. (B) The neointima degree
was analyzed in mm2 and the % of the neointima area (* p of 0.019
and 0.040, #* p of 0.018 and 0.017). (C) Representative microCT
images of the stents 4 weeks after transplantation. (D) Image of
fibrin staining showing the fibrotic area with a cross—section of the
transplanted stents. (E) The stenosis degrees were assessed by
the % of fibrin staining (** p of 0.01). (F) Angiography showing the
blood flow in the coronary artery with the transplanted stent (BMS:;

n=6, U-M; n=6, HV/U-M; n=5).
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Enhanced reendothelialization in the stent with HGF/hUCB-
MSC+VEGF/hUCB—-MSC

To visualize the reendothelialization after stent transplantation, we
stained the stent area of the coronary artery. Immunostaining for
the endothelial cell marker vWF showed EC layers in the
HGF/hUCB—MSC and VEGEF/hUCB—MSC groups 2 weeks after
transplantation (Fig 2.8. A). Four weeks after transplantation, the
HGF/hUCB—MSC+VEGF/hUCB-MSC (5:1) group showed vWF
staining, indicating reendothelialization, but vWF staining was not
observed in the MSC only or BMS groups (Fig 2.8. C). Transplanted
human MSCs were observed in the HGF/hUCB—MSC and
VEGF/hUCB—-MSC groups by genomic PCR with human—specific
Alu (Fig 2.8. B). The human-—specific Alu was detected in the
HGF/hUCB—MSC and VEGF/hUCB—-MSC stent groups but not in the
BMS group. These results suggested that human cells coated the
endothelium  after HGF/hUCB—MSC or VEGF/hUCB—MSC

transplantation in the stent.
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Fig. 2.8. Reendothelialization was observed in coronary arteries with
transplanted stents coated with HGF+VEGF/hUCB—MSCs and human
MSCs in the swine model. (A) The coronary arteries transplanted
with the stem cell-loaded stent were sectioned and stained with
anti—vWF (1:200) and anti—Lamin A+C (1:200) antibodies. The
samples were harvested 2 weeks after transplantation. (B) Human—
specific Alu was detected by RT—PCR in the coronary arteries 2
weeks after transplantation. (C) Anti—vWF immunostaining showing
the reendothelialized portion of the coronary arteries 4 weeks after
transplantation for the stents coated with the HGF+VEGF/hUCB—
MSCs. (D) Anti—-CD31 (1:50) immunostaining showing the

reendothelialized region of the coronary arteries (n=3).
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No tumor formation by HGF/hUCB—MSCs + VEGF/hUCB—MSCs

To confirm the safety of the functional stem cells, we performed
the tumor formation assay in vivo. Since the UCB stem cells that we
used secrete VEGF and HGF growth factors, these cells are
speculated to have the potential to generate cancer cells. It is also
known that MSCs have a dual potential, either pro— or anti—
tumorigenic (Bergfeld et al. 2010). When the HGF/hUCB—
MSC+VEGF/hUCB—MSC cells and hUCB—MSC cells were
transplanted into nude mice, no tumors were formed in any mouse
until 30 days, although the breast cancer cell line MDA—MB—-231
formed a tumor mass (Fig 2.9. A & C)). The size of the mixture of
HGF/hUCB—MSC+VEGF/hUCB—MSC and Matrigel decreased

drastically and disappeared between 1 and 2 weeks (Fig 2.9. B).
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Fig. 2.9. No tumors were formed in nude mice transplanted with the
HGF+VEGF/hUCB—MSCs. (A) Tumor formation was observed 4
weeks after cell transplantation in BALB/c nude mice. MDA—MB—
231 cells were used as a positive control. Tumors were not formed
in the hUCB—MSC and HGF+VEGF/hUCB—MSC groups. (B) The
tumor volume was measured every week. (C) The mice were

sacrificed and dissected 4 weeks after transplantation, and tumor

formation was analyzed (n=4).
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2.4. Discussion

Growth factor secreting stem cells play a pivotal role in stimulating
reendothelialization. The cells serve as carriers of growth factors
and sources of endothelial cells. As carriers, these cells naturally
convey HGF and VEGF to other cells, such as endothelial cells.
Furthermore, these cells could release HGF and VEGF in response
to Doxycycline in a controlled manner. This inducible system can
reduce the side effect of growth factor overproduction and help find
an optimal condition in stent—mediated reendothelialization.

In this study, the HGF/hUCB—MSCs and VEGF/hUCB—MSCs on
the coronary stents were used to prevent restenosis and for
therapeutic purposes. We also used these HGF or VEGF releasing
functional stem cells as a source of endothelial cells on the stent for
reendothelialization. MSCs are known to have a high potential to
become endothelial cells (Oswald et al. 2004, Janeczek Portalska et
al. 2012). In this experiment, we have shown that HGF or VEGF
releasing MSCs can differentiate to endothelial cells to induce tube
formation without additional growth factors (Fig 2.6. A). Although
angiogenesis and reendothelialization are distinct processes, these
phenomena share the same regulatory molecular mechanism (2000,
Bergfeld et al. 2010). By improving tube formation, we confirmed
the reendothelialization of MSCs in vitro. We also showed that the
cells transdifferentiated into an endothelial cell layer or at least
provided a suitable micro—environment to form endothelial cells in

the swine model (Fig 2.8.).
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However, there are still some hurdles to overcome for these cell—
based stent systems. Cell attachment to the stent needs to be
improved. In this experiment, a significant number of cells were
detached from the stent because of the physical force exerted on
the inner and outer surfaces of the stent during transplantation.
Cells remained on the Ilateral side of the stent, but only
approximately one—third of the cells remained (Fig 2.4. B). More
cells could enable greater restenosis reduction and
reendothelialization. In future studies, better cell attachment
technology will be applied because studies to improve cell
attachment on stents are still ongoing (Zhou et al. 2009, Raina et al.
2014).

In this study, we found the optimal combination of HGF and VEGF
secreting MSCs for the coronary stent to accomplish optimal
restenosis reduction and endothelialization. We tried several
different combinations of these two functional MSCs to find the best
combination of HGF and VEGF releasing cells at a ratio of 5:1.
VEGF showed a significant effect on neointima reduction in short—
term trials (3 days) but not over 2—week or longer periods (Fig
2.5.). VEGF can promote fibrosis in endothelial cells (Yang et al.
2014, Park et al. 2015, Cho et al. 2017). Thus, longer exposure to a
higher amount of VEGF might stimulate fibrosis instead of
endothelialization. On the other hand, HGF led to a decrease in
restenosis in 2 week trials, but this decrease was not enough

compared to BMS group. Furthermore, seeding HGF secreting
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MSCs alone on the stent could not reduce restenosis 4 weeks after
implantation. Several reports indicated that HGF exclusively
stimulates endothelial cell growth and reduces fibrosis without the
replication of vascular smooth muscle cells (Xia , Van Belle et al.
1998, Hayashi et al. 2000, Ellison et al. 2011, Perin et al. 2011).
However, the HGF/hUCB—MSCs could not survive more than 2
weeks 1n vivo. Therefore, a subsidiary support was necessary. To
solve this problem, we combined HGF secreting cells with VEGF
secreting cells. The cross—talk between HGF and VEGF improves
stem cell survival and angio—architecture and increases cell
proliferation and migration (Eric Sulplce 2009). Thus, in this study,

we found the optimal combination of HGF and VEGF secreting cells

to promote reendothelialization and minimize restenosis side effects.

Drug—eluting stents can result in a dramatic reduction in stenosis,
and several commercial drug—eluting stents are currently in use
(Htay et al. 2005, Taniwaki et al. 2014). However, these stents
exhibit the fatal problem of arterial restenosis at later stages. This
1s in part due to the inability to form a barrier to protect the artery.
Thus, reendothelialization i1s important to protect the coronary
artery from forming restenosis (Douglas et al. 2013). Another
drawback of drug—eluting stents is that the drug itself is anti—
proliferative, with non—specific effects on surrounding cells. Thus,
the drug prevents the regeneration of both VSMCs and ECs. There
1s currently no other way to promote EC regeneration with drug

eluting stents without affecting VSMCs. To overcome this, the
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functional HGF/VEGF secreting stem cells seeded on the stent can
enhance EC regeneration and prevent VSMC growth.

In summary, coating stents with HGF— and VEGF —secreting
mesenchymal stem cells reduced the side effects of coronary stents
by promoting reendothelialization. HGF  promoted natural
endothelialization and led to an even lumen side of the vessel wall.
VEGF, although it promoted fibrosis, activated cell survival through
the controlled release of the appropriate dosage at the appropriate

time, thus promoting angiogenesis. Our strategy of growth factor

secreting MSCs has significant implications for clinical stent therapy.
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General conclusion

In this study, we generated inducible TetOn—HGF/hUCB—-MSCs
via TALEN—-based genome editing. Notably, these cells in RGD—
alginate or ECM materials secreted angiogenic growth factors and
enhanced therapeutic effect.

In part I, the easily degradable HGF is made persistent by TetOn—
HGF/hUCB—MSCs. The cells can be inducible and regulated by
simple antibiotics dox. The modified MSCs enhanced cell mobility,
protected cells against apoptosis, and improved the level of
angiogenesis in a mouse hind—limb ischemia model. By using this
system, one of the major problem of gene therapy, controlling the
gene expression, was resolved. This system also suggested
effective method combine gene therapy and cell therapy.

In part II, we generated the coated stents with HGF— and VEGF—
secreting mesenchymal stem cells. The angiogenic growth factors
secreting MSCs reduced the restenosis, a side effect of coronary
stents, by promoting reendothelialization. Individual HGF or VEGF
was not enough to promote reendothelialization but combination of
HGF and VEGF highlighted a synergy effect and thus, decreased
restenosis. HGF promoted natural endothelialization and led an even
vessel wall at the lumen side. VEGF, although known to promote

fibrosis, activated cell survival through the controlled release of the
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appropriate dosage at the appropriate time, thus promoting
angiogenesis.

Our study clearly demonstrated that gene editing allowed hUCB—
MSCs to secrete angiogenic growth factor and overcame the
limitations of protein based pro—angiogenesis therapies for vascular
diseases such as ischemia and stent restenosis. Our strategy of
growth factor secreting MSCs has significant implications for

clinical therapy.
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