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Abstract

In autologous stem cell therapy, cell characteristics determine the potency of stem cells for
regeneration. Aging and ischemia are two factors that are often neglected in pre-clinical tests for
stem cell therapy. Here, we characterized cardiac explant-derived cells (EDCs) with a focus on
distinguishing the effect of age and ischemia and then we looked for the effects of the combination
of the two factors. We observed that ischemia worsens the age effect on EDCs. EDCs that were
derived from aged mice with a history of myocardial infarction showed the highest number of
senescent cells with dysregulation of the DNA repair system resulting in activation of cell cycle
checkpoints. We over-expressed the anti-senescence Mybl2 transcription factor in EDCs from
ischemic aged mice. The senescent state, paracrine profile and superoxide dismutase antioxidant
enzyme activity improved in these cells. In vivo, we observed a boost in the potency of the Mybl2-
modified EDCs, with an increase in short-term engraftment leading to improved heart function in

infarcted mice. In general, Mybl2 over-expression rejuvenates senescent EDCs.
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1. INTRODUCTION

1.1.1 Aging

Aging is the process of becoming older. The symptoms of aging are evident in the physiological
function of organism, organs and their comprising elements, the cells and the cell molecules (Khan
etal., 2017). Chronological age is a risk factor for many diseases including cardiovascular disease,
hypertension, hearing loss, visual acuity and dementia (Dong et al., 2016). Although it inevitably
occurs with time, biological aging is modulated by genetic factors (responsible for 20-30% of
variability in life span (Kenyon et al., 2010)), epigenetic factors and environmental divergence.
The process of aging in human involves deterioration in capacity for regeneration and repair
causing a decline in the function of many organs including lung, kidney, immune and hematologic
system, nervous system and musculoskeletal (Khan et al., 2017). The aged show an imbalance in
hemostasis as newly formed cells cannot compensate for the number of cells with accumulated
damage. These damaged cells undergo irreversible growth arrest termed senescence under normal
physiological condition. Indeed, accumulation of senescent cells in an organ underlies age-related
physiological deconditioning (Sousounis et al., 2014). The gradual accumulation of senescent cells
is due to accelerated generation of these cells and/or impaired removal of the cells by immune
system (Rodier F and Campisi J, 2011). Lépez-Otin et al. proposed nine hallmarks of aging as
follows. Cells in the aged have accumulated damage due to 1) genomic instability 2) telomere
shortening 3) epigenetic alterations and 4) loss of proteostasis (protein homeostasis). In response

to damage they show 5) deregulated nutrient sensing 6) cellular senescence and 7) mitochondrial



dysfunction, which cause 8) stem cell exhaustion and 9) altered intercellular communication

(Figure 1.1; Lopez-Otin et al., 2013).

Accumulating Damage

Deregulated
Nutrient
Sensing

Loss Of Mitochondrial
Proteostasis Dysfunction

Epigenetic
Alterations

Telomere
Shortening

Genomic
Instability

A Response to Damage

Cellular
Senescence

Altered
Intercellular
Communication

Stem Cell
Exhaustion

Figure 1.1. Hallmarks of cellular senescence. Senescence is a consequence of mechanisms that accumulate
damage in cells and the response mechanism(s) to these damages. Senescence alters homeostasis by

exhausting stem cells and changing cell-cell communication.

The hallmarks of aging with senescence triggering role are explained below in more details.

1.1.1.1 Genomic instability and telomere shortening

Telomeres are repetitive sequences at the ends of chromosomes, which are capped and protected
by telomere binding proteins (de Lange, 2006). Telomere attrition occurs due to loss of part of
telomere repeats after each chromosome replication as a consequence of incomplete lagging strand

(5°-> 3’ strand) synthesis. This leaves the new 5’ end replicated from parental lagging strand



truncated (Shay and Wright, 2007). Telomere erosion or uncapping induce replicative senescence
while genomic damage at non-telomeric sites results in single or double strand breakage and
induces premature senescence (Figure 1.2). DNA damage turns on intrinsic DNA damage response
(DDR) that induces senescence through activation of the p53 pathway (Hayflick and Moorhead,
1961; Shiloh, 2003; Herbig et al., 2004). p53 has multi-directional roles and its activation results
in dose-dependent promotion of repair, cell-cycle arrest or if persisted senescence, or, eventual
apoptosis (Vousden and Lane, 2007). When DNA damage occurs (as a result of oxidative stress,
ionizing radiation or DNA replication errors (Dumont et al., 2000; Herskind and Rodemann,
2000)), repair proteins including ATR (Ataxia Telangiectasia and Rad3-Related Protein) and ATM
(Ataxia Telangiectasia Mutated) come to the site of damage and phosphorylate H2A histone which
facilitates recruitment and assembly of other DNA repair factors and checkpoint proteins to correct
DNA damage whilst the cell cycle is halted. Recruited Checkpoint kinases become phosphorylated
by ATR and ATM, and sequentially activate cell cycle arrest proteins p53, p21 and Retinoblastoma
(RB) while inhibiting cell cycle promoting protein Cyclin-dependent kinase 2 (CDK2) (Passos et

al., 2007).
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Figure 1.2. Senescence effector pathways. Senescence triggers induce permanent growth arrest through
different pathways. CHK: checkpoint kinase; CDK: cyclin-dependent kinase; BRAF: B-Raf Proto-

Oncogene

In some cell types, oxidative stress also reduces telomerase activity speeding up replicative
senescence, thus, telomere shortening is stress dependant (Haendeler et al., 2004; Matthews et al.,
2006). In support of this notion, Bernandes et al. showed that Telomerase Reverse Transcriptase
(TERT) gene transfer to (1 and 2 years old) mice delayed aging and increased longevity. These
mice showed improvement in symptoms of aging such as insulin resistance, osteoporosis and age
biomarkers (Bernardes et al., 2012). Also, humans with exceptional longevity were carrying longer
telomeres and hTERT gene mutations that improved maintenance of telomere. These individuals
with longer telomeres experienced healthier aging with normal lipid profiles, less diabetes, less

hypertension and less cognitive dysfunction (Atzmon et al., 2010). Smoking, obesity and life



stressors also influence telomere length by manipulating the generation of oxidative stress with
obesity reducing telomeres by 240 bp, on average, over time, and smoking reducing telomeres by

5 bp per pack year (Valdes et al., 2005; Epel et al., 2004).

1.1.1.2 Oncogenic stress and oxidative stress

While replicative senescence may be the case in proliferative cells, post-mitotic cells have different
triggers responsible for senescence. Strong mitogen signals (such as oncogenic compounds or
oxidative stress) trigger senescence by activating pl6/p19 or p53/p21 pathways that promote
growth arrest (Lujambio, 2016; Zhu, J et al., 1998). As shown in Figure 1.2, the mediators of this
effect are instigator dependent with oncogenic stress inducing BRAF which activates pl16 and
suppresses CDK4,6 while oxidative stress leads to activation of p38 (MAPK) which activates both
the p16 and p53 pathways (Lujambio, 2016). Mitochondrial dysfunction is the main culprit for
production of excess reactive oxygen species (ROS) in cells. ROS as an active compound reacts
with lipids and proteins to generate dysfunctional/toxic oxidized products within cells. ROS also
reacts with both mitochondrial and genomic DNA, thus increasing genetic mutations resulting in
further functional abnormalities (Passos et al., 2007). Chronic oxidative stress increases rates of
single strand breakage, hence, controlling ROS level by increasing nicotinamides which are
reducing agents within cells improves mitochondrial function and results in longevity (Kang et al.,
2006; Gomes et al., 2013). ROS also activates p53. In response to moderate ROS elevation, p53
induces expression of antioxidants genes and protection (Sablina et al., 2005). However, excessive
ROS result in mitochondrial dysfunction and profound DNA damage that leads to p53 mediated
induction of apoptosis or senescence (Vousden and Lane, 2007). Thus, while low levels of p53
and ROS promote repair and are beneficial for cells, high levels are malignant and trigger

senescence.



1.1.1.3 Nutrient sensing

Cell metabolism is another important determinant of aging. It has been shown that caloric
restriction increases longevity while activation of anabolic pathways is associated with aging
(Colman et al., 2014; Lopez-Otin et al 2013). For instance, 20 years of caloric restriction in
monkeys reduces mortality by 30% with less cancer incidence, cardiovascular disease and brain
atrophy as compared to those on a regular diet (Colman et al., 2009). Among the metabolic
pathways involved in aging, insulin and phosphatidylinositide 3-kinase (PI3K) signaling pathways
are well-known for their pro-aging effects through downregulation of Forkhead box O (FoxO) and
activation of mamnalian Target of Rapamycin (mTOR) (Kenyon 2010; Barzilai et al., 2012). The
much publicised sirtuins (sirts) are also mediators of the beneficial effects of caloric restriction.
These established longevity factors are often altered with age, but their activity is necessary to
combat the effects of aging by stabilizing the genome. Sirtuins convey their effect through
modulation of p53, Protein kinase B (Akt), hypoxia-inducible factor 1-alpha (HIF1-a) and Nuclear

Factor Kappa light chain enhancer of activated B cells (NF-kB) (Cencioni et al., 2015).

1.1.1.4 Loss of protein homeostasis (proteostasis)

Cells have two distinct mechanisms for elimination of damaged organelles and materials, the
autophagy and ubiquitin systems (collectively termed the proteolytic system). While enhanced
proteostasis is important for maintaining youthful phenotype of cells, this process is slowed down
in senescent cells (Tomaru et al., 2012). Aged cells exhibit a greater amount of oxidized or
misfolded proteins due to protein oxidation and impaired proteolytic system clearance. In support

of this principle, Min et al. showed that mice with carboxy terminus of Hsp70-interacting protein



(CHIP; a chaperone/ubiquitin ligase that involves in damaged protein elimination process)

deficiency accelerated aging and accumulation of senescent cells (Min et al., 2008).

1.1.1.5 Epigenetic alterations

Within the epigenome, senescence is controlled by histone deacetylases (Histone deacetylase 1
and Sirtl) or by their inhibitors. Histone deacetylase inhibitors relax chromatin which alters DNA
structure resulting in signals similar to DDR to induce senescence (Ogryzko et al.,1996).
Pluripotency factors like SOX2 and Nanog also decrease with age which lessens their influence

on the epigenetic state towards a youthful phenotype (Sousounis et al., 2014).

1.1.1.6 Cellular senescence

Regardless of senescence initiators, growth arrest associated with biological aging involves
persistent phosphorylated retinoblastoma protein (pRB), p16 or p53 activation. Both p16 and p53
induce cell cycle arrest via activation of RB protein. Senescent cells display a distinct phenotype
(Figure 1.3) including prominent cell cycle arrest, larger size (sometimes more than twice the
original size), flat morphology, higher autofluorescence, expression of Senescence associated [3-
galactosidase (SA-B-gal; reflecting increased lysosomal content and mass (Kurz et al., 2000), up-
regulation of tumor suppressor genes (pl6 and pl9), displaying senescence-associated
heterochromatin foci (due to silencing of pro-proliferative genes by pl16/pRB), displaying DNA
segments with chromatin alterations reinforcing senescence (in cells with persistent DDR signal)
and displaying the senescence associated secretory phenotype (SASP; excessive secretion of
inflammatory cytokines, immune modulators, chemokines, growth factors and matrix
metalloproteinases) with autocrine and paracrine activity to communicate with other cells (Dimri

et al., 1995; Lee et al., 2006; Narita et al., 2003; Rodier et al., 2011).
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Figure 1.3. Senescent cell phenotype relative to young cell phenotype. Senescent cells secrete SASP to
their microenvironment or the circulation which influences neighboring and distant cells. Excess ROS from

senescent cells also enter neighboring cells through gap junctions.

This secretory phenotype occurs due to activation of NF-kB mainly by interleukin 1 alpha (IL-1a)
pathway stimulation soon after cell-cycle arrest (Orjalo et al., 2009). DDR and mTOR activate NF-
kB by translation of IL-loo and MAPK-Activated Protein Kinase 2 (Laberge et al., 2015).
Coinciding with this, p38 in the senescence signaling pathway orchestrates SASP by directly
activating NF-xB (Lujambio, 2016). NF-kB downstream molecules (IL-1a in particular) generate
a low-level chronic inflammation which has systemic effects (Kuilman et al., 2010). While NF-xB
and IL-1a have a positive feedback loop, NF-kB increases expression of miR-146 a/b which

transcriptionally downregulates NF-kB expression (negative feedback mechanism) (Bhaumik et



al., 2009). Senescent cells are thought to use these miRNAs as a control mechanism to prevent

extremely high expression of SASP factors.

Aside from stimulating the expression of surface bound molecules that flag senescent cells, SASP
factors send signals to stimulate immune cell recruitment (macrophages, neutrophils and natural
killer cells) that clear senescent cells (Sagiv and Krizhanovsky, 2013). Senescent cell clearance is
important for the beneficial outcomes of this pathway and prevention of disease. For example,
functional macrophages and natural killer cells suppress liver tumor formation and fibrosis via
senescent cell resolution (Sagiv et al., 2013). However, SASP is a double-edged sword that helps
tissue repair and removes senescent cells but also induces chronic inflammation which damages
surrounding cells via oxidants produced by inflammatory cells and disturbs tissue function to
eventually promote most of age associated diseases (Chung et al., 2009). In addition, SASP factors
alter the tissue microenvironment by loosening epithelial cell adhesion to basement membrane
(Matrix metalloproteinase (MMP)-2 and -3, IL-8) and promoting endothelial cell migration
(vascular endothelial growth factor (VEGF) secretion and chemokine gradients); hence changing
cells toward a malignant metastatic phenotype (Krtolica, et al., 2001; Coppé et al., 2010). SASP
factors such as IL-6 or tissue inhibitor of metalloproteinase-1 (TIMP-1) counteract senescent cell
removal by shielding tumor cells from being targeted for removal (Gilbert and Hemann, 2010).
Therefore, senescence has polytrophic effects as in young individuals it plays a tumor suppressor
role to improve tissue regeneration and repair, but in older individuals cellular senescence

contributes to aging and tumor progression (Campisi, 2005; Campisi, 2013).

By affecting on neighboring cells or even distant cells, SASP propagate senescence phenotype in
those cells. Nelson and colleagues showed that ROS enter to neighboring cells via gap junctions,

which induce senescence in bystander cells (Figure 1.3; Nelson, 2012). Senescent cells can affect



physiology of other cells or organs distant from senescent tissue by producing and secreting
different cytokines or miRNA into blood that can travel far from the tissue (Grillari and Grillari-
Voglauer, 2010). Heterochronic parabiosis studies in which the circulation system of animals with
different age are surgically connected confirmed this distant effect of senescent cells as aged mice
in these studies showed phenotype of mice with younger chronological age due to the change in
levels of factors in circulation system like Growth Differentiating Factor 11 (GDF-11) and C-C
motif chemokine 11. In this model, the aged mice were showing enhanced regenerative potency

for satellite cells and hepatocytes (Conboy et al., 2005; Laviano, 2014).

1.1.2 Cardiac aging

Most morphometric and functional changes in aged hearts result from changes in aorta and large
vessels compliance, as progressive calcium/collagen deposition and loss of elastic fibers, increase
the systolic blood pressure and decrease diastolic blood pressure (Vaitkevicius et al., 1993).
Subsequently, left ventricular afterload and wall thickness (due to cardiomyocyte hypertrophy)
increase influencing the shape of left ventricle making it more spherical shape, while cavity size
remains unchanged (Hees et al., 2002). While 25% of a young adult heart is composed of
cardiomyocytes, some of these cells are lost with age and given that cardiomyocyte renewal is
very low instead of replacement with new cardiomyocytes older cells hypertrophy in
compensation. Apoptosis increases with age and, curiously, is greater in males; suggesting a
responsiveness to hormones and environmental changes (Olivetti et al., 1995). Mechanistically,
murine heterochronic parabiosis studies have shown that these effects may be partially explained
by loss of circulating GDF-11 as GDF-11 within young mice circulation leads to regression of age-

related cardiomyocyte hypertrophy (Loffredo et al., 2013). Increased age is also associated with
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remodeling of the extra-cellular matrix as deposition of collagen, fibronectin and amyloid

increases. As such, aged hearts become more fibrotic and less compliant (Burgess et al., 2001).

In addition to cardiomyocytes, macrophages represent another significant population within heart
as these cells are resident and maintained in the heart tissue since the embryonic state.
Macrophages are spindle shaped cells and are found in close proximity to cardiomyocytes,
endothelial cells and fibroblasts. Resident macrophages play important roles in clearing senescent
cells, defending against infection, accelerating myocyte repolarization and facilitating electrical
conduction from atrioventricular node via gap junction to cardiomyocytes (Ma et al., 2018;
Hulsmans et al., 2017). The phenotype and markers of these cells resemble classic anti-
inflammatory “M2 macrophages” (Pinto et al., 2012). With age, the number of cardiac resident
macrophages decreases and instead more monocytes from the circulation infiltrate into cardiac
tissue (Molawi et al., 2014). Influenced by the increased production of SASP factors during cardiac
aging, these monocytes differentiate into macrophages that are polarized toward an inflammatory
“MI1 phenotype”; thus, shifting the phenotypic make-up within the heart (Chiao, 2011; Ma et al.,
2015). As aging progresses, macrophages show diminished response to activating signals and

impaired ability in phagocytosis of senescent cells (Ding et al., 1994).

Finally, fibroblasts compose almost 70% of the cells within the heart and actively participate in
adaptations to advancing age. Given that fibroblasts participate in the ongoing turn over of the
cardiac extracellular matrix (deposition of collagen and secretion of MMPs which degrade
extracellular matrix), this response increases with age in steady state heart (Meschiari et al., 2017).
After cardiac injury (such as a myocardial infarction), aged senescent fibroblasts with increased
pS3 expression accumulate in the heart. These cells are unable to produce critical collagen which

is urgently needed to maintain cardiac function after injury and, in part, accounts for the increase
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in early myocardial rupture seen in elderly patients after large myocardial infarctions (Horn et al.,

2012; Zhu et al., 2013).

1.1.3 Cardiomyocyte aging

The cardiac aging phenotype in the heart arise from cells losing functionality due to senescence.
Senescent cells show disturbed expression of cell molecules that has role in cardiomyocyte
contractile dysfunction and myocyte death (Boon et al., 2013). Cardiomyocytes lose contractile
function through altered expression of contractile proteins, disorganized sarcomere arrays and
malignant calcium handling (Lakatta, 1990). Cardiac cells are highly metabolic; therefore,
susceptibility to senesce is linked with mitochondrial function. During oxidative phosphorylation,
ROS forms as a by-product of the mitochondrial electron transport chain. Increased exposure to
relatively high ROS levels in cardiac cells harm mitochondrial and genomic DNA initiating
senescence (Dai and Rabinovitch, 2009; Balaban et al., 2005). For example, the number of
cardiomyocytes with defective mitochondrial cytochrome C subunits accelerate with age resulting
in defective electron transport chain reaction that brings about formation of further abnormal
proteins (Muller-Hocker, 1989). Reducing ROS stress through catalase over-expression or
modulation of p66shc which are critical for ROS handling, decrease age-related effects on heart
function and improve longevity (Zhang et al., 2003; Gertz and Steegborn, 2010). Nutrition sensing
pathways are also critical in cardiac aging. Mammalian target of rapamycin complex 1 (mTORC1),
which acts as a sensor for nutrients, stress and cellular growth, responds to several growth
hormones such as angiotensin II, insulin growth factor-1 (IGF-1) or catecholamines. Over-
stimulation of this molecule results in cardiac senescence. mMTORC pathologies usually coincide
with increased stress-induced protein synthesis and reduced protein degradation by autophagy

(Domenighetti et al., 2005). mTOR suppression using inhibitors (rapamycin in appropriate doses)
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or caloric restriction (through upregulation of autophagy and downregulation of ROS by sirtuins)
improve cardiac inflammation, fibrosis and hypertrophy and prevent myocyte senescence or death
(Siddiqi and Sussman, 2013; Alcendor et al., 2007; Sundaresan et al., 2009; Vakhrusheva et al.,

2008).

1.2.1 Myocardial infarction

Myocardial ischemia occurs when the metabolic and oxygen demand of the heart is greater than
the supply. When this condition is prolonged beyond a few minutes, it causes myocardial infarction
whereby cells undergo necrosis and apoptosis. In most cases, ischemia is the consequence of a
blockage in the coronary blood vessels that nourish the myocardium. Usually the rupture of
atherosclerotic plaques and release of thrombogenic lipids activate platelets causing thrombosis
and obstruction of blood flow that leads to ischemia. Atherosclerotic plaques narrow blood vessels
and only very rarely result in downstream supply-demand imbalances causing ischemia at rest
(Falk, 1982). However, when a fixed supply is not equal to demand, flow limiting lesions (i.e.,
greater or equal to 70% stenosis) may result in ischemia proportional to demand (ischemia with
effort). Other conditions like embolism, coronary artery dissection, anemia and hypotension by
decreasing the oxygen supply or exercise, cocaine use and thyrotoxicosis by increasing oxygen
demand can also cause ischemia or even infarction. Myocardial infarction damages the heart

muscles and decreases cardiac function (Frangogiannis, 2015).

1.2.2  Myocardial infarction risk factors

With medical advances, more people are living to an older age. Thus, more people also suffer from
age-associated disease such as myocardial infarction. Myocardial infarction risk factors can be

categorized as non-modifiable and modifiable risk factors. The recognized non-modifiable risk
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factors are age, gender and genetic disorders. Within the modifiable risk factors, some of which
are also controlled by genetic factors too, such as: dyslipidemia, hypertension, diabetes and obesity
(Ounpuu et al., 2001). The comprehensive study of INTER-HEART identified 9 potentially
modifiable risk factors among people of different ethnicity in 52 countries worldwide that
significantly increase the incidence of myocardial infarction. These risk factors are cigarette
smoking, raised ApoB/ApoAl ratio, hypertension, abdominal obesity, diabetes, diet (vegetable
and fruit consumption), physical activity, alcohol use, and psychological factors. Together these
factors are responsible for a 94% of the population attributable risk in women and 90% in men
which can be avoided to prevent myocardial infarction (Yusuf et al., 2004). In other studies, a
relationship between the incidence of myocardial infarction (MI) and air pollution was identified

(Colombo et al., 2014).

1.2.3 Myocardial infarction consequences

Thanks to the advancement of pharmaceutical therapies and development of cardiovascular
intensive care units and reperfusion strategies, mortality after MI has dropped considerably during
the last few decades (Levy et al., 2002). For example, anticoagulation and antiplatelet drugs
decrease the prevalence of another thrombosis. However, these advances cannot repair damaged
or lost myocardium. Depending on the severity of damage, survivors may develop heart failure as
the infarcted area heals and heart remodel to compensate for lost myocardium. In cardiac
remodelling, myocardium within the infarcted area is replaced by fibrotic tissue as a means of
reducing wall tension and the prospect for cardiac rupture, fibroblast cells stretch, the ventricle
dilates, and the heart gets a spherical shape at the apex (Pfeffer and Braunwald, 1990). During
systole, this non-contractile area bulges and eventually assumes an aneurysmal shape. To

compensate for the lost tissue, the healthy non-infarcted myocardium becomes thicker as
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individual cardiomyocytes hypertrophy. This remote myocardium area also shows inflammation
and fibrosis (Lee et al., 2012). The cardiomyocytes rearrangement in the border zone combines
with extracellular matrix turn over to dilate the ventricular chamber and expand the infarct region
(i.e., the scar) (Mukherjee et al., 2003). Because of these changes, systolic dysfunction develops,
and the altered electrical coupling increases the chance for malignant cardiac arrhythmias (St John
Sutton et al., 2003). In heart failure, the heart cannot pump blood efficiently to itself worsening
the infarct (further necrosis and infarct extension) and to other vital organs such as kidneys causing

their ischemic dysfunction (Cleland et al., 2005; Hutchins et al., 1978).

1.2.4 Cellular changes during ischemia

Lack of cardiac perfusion for short time period is tolerable for cardiomyocytes. If anoxia persists,
the contractile function and energy expenditure of cardiomyocytes is reduced to prolong cell
survival by reducing dependence upon high energy phosphate storage. Mitochondrial oxidative
phosphorylation stops and instead the glycosylation pathway becomes the dominant source of
energy. As glycosylation is relatively inefficient, energy production reduces and lactate content
(by-product of glycosylation pathway) increases which results in acidosis (Elliott et al., 1992;
Kubler et al.,1970). Accumulation of lactate through chemical equilibrium prevents further
glycosylation, but increased acidosis leads to ion channel inhibition which electrophysiologically
manifests in prolongation of the cardiac action potential duration (Coraboeuf et al., 1980).
Maintaining the ion gradient is an energy-dependant process, so ischemia disturbs the
electrophysiologic balance resulting in cardiomyocyte inexcitability and blockage of electrical
conduction (Carmeliet, 1999). As an adoptive response, activation of autophagy pathways during
ischemia provides cells with energy and may save cardiomyocytes from death (Matsui et al., 2007;

Kanamori et al., 2011). Intriguingly, the key autophagy regulator, Sirtl, decreases with age and
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may increase the risk of heart failure development (Sciarretta et al. 2011; Lee et al.,2008).
Cessation of blood flow longer than 5-10 minutes can cause irreversible loss of cardiomyocytes
with the extent of damage proportional to the area exposed to anoxia. Disturbed mitochondria and
sarcolemma ultrastructures are early signs of this damage. Cardiomyocyte necrosis is evident few
hours after ischemia (Jennings and Reimer, 1981). In ischemia, the main pathways leading to
cardiomyocyte death are necrosis and, to a lesser extent, apoptosis (Gottlieb, 2011). In both
pathways, mitochondrial dysfunction plays a major role (Ong et al., 2012). Ischemia activates
apoptosis through increased permeability of the outer mitochondrial membrane by altering Bcl-2
family interactions. This leads to release of cytochrome C from the mitochondria into cytoplasm
which activates the effectors of cell death, caspases. Necrosis is triggered when permeability
transition pores in the inner mitochondrial membrane open and water influx into the mitochondrial
matrix results in swelling and loss of electron transport chain integrity. While necrosis is the main
death mechanism in cardiomyocytes after infarction, apoptotic cell death occurs more frequently
after re-perfusion (Gottlieb et al., 1994; Gottlieb, 2011) through the generation of oxygen free

radicals, microvasculature injury and alteration in calcium handling (Verma et al., 2002).

1.2.5 Myocardial healing after infarction

Myocardial infarction starts a cascade of events leading to replacement of millions of
cardiomyocytes with a collagen-based scar that maintains structural integrity of the heart but fails
to contract and maintain cardiac output. These events are categorized in three phases (Figure 1.4).
The very first phase is inflammatory phase associated with infiltration of immune cells and
clearance of dead cardiomyocytes. Simultaneously, MMPs degrade matrix within the damaged
area. The proliferative phase soon follows in which anti-inflammatory mechanisms are activated,

fibroblast cells proliferate in the damaged area and differentiate into myofibroblast that secrete
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matrix proteins to remodel the lost extracellular matrix. The maturation phase then ensues whereby
myofibroblasts undergo apoptosis or become quiescence and matrix cross-links to increase
mechanical stability. Also, new blood vessels form (neo-angiogenesis) which feed fibroblasts and

pro-healing macrophages within the infarct region (Frangogiannis, 2006; Frangogiannis, 2014).
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Figure 1.4. Phases of myocardial healing after infarction. The events are categorized in three phases: 1)
Inflammatory phase in which cardiomyocytes die while immune cells infiltrate to clear dead
cardiomyocytes and secrete MMPs which degrade matrix in the damaged area. 2) Proliferative phase in
which anti-inflammatory mechanisms are activated and fibroblast cells proliferate within the damaged area
to differentiate into myofibroblast that secrete new matrix proteins. Cytokines secreted from different cells
promote endothelial cell differentiation and capillary formation. 3) Maturation phase characterized by

apoptosis or quiescence of myofibroblasts and matrix cross-linkage.
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The inflammatory phase starts with the death of cardiomyocytes. Necrotic cells in the damaged
area of the heart release some factors called alarmins to signal fibroblast cells, endothelial cells,
leukocytes and even surviving cardiomyocytes in infarct and border zone. High mobility group
box 1 is the best known alarmin in myocardial infarction but other alarmins also participate in
signaling (such as DNA fragments, heat shock proteins, IL-1a and matrix protein fragments). After
receiving the signal of necrotic cells through appropriate receptors, in most cases Toll-Like
Receptors or Receptors for Advanced Glycation End-products, activation of the NF-kB pathway
in target cells results in secretion of inflammatory mediators. These chemoattractants recruit
leukocytes to the site of injury to digest and eliminate dead cells and damaged molecules (Ghigo
et al., 2014. Arslan et al., 2011). ROS stress and activation of complement system after MI also
generate a chemoattracting signal for leucocytes (Hensley et al., 2000; Hill et al., 1971). Matrix
degradation is another consequence of MI, happening early in the inflammatory phase. Soon after
ML, both collagenase and MMPs activate to degrade matrix into fragments (Cannon ROIIIL., 1983;
Etoh et al., 2001). This matrix replaces with a provisional matrix of fibrin base. Platelet aggregates
contribute to formation of this provisional matrix that accommodates leukocytes and later
fibroblasts and vascular cells (Dobaczewski, 2006). Platelet aggregation at the site of injury also
promotes migration of reparative mesenchymal cells and infiltration of mononuclear cells

(Frangogiannis, 2015).

During prolonged ischemic insults, resident macrophages also die. Circulating monocytes infiltrate
into infarct very early after MI and differentiate into macrophages replacing lost resident cardiac
macrophages (Heidt, 2014). These macrophages phagocytose both dead cardiomyocytes and
apoptotic neutrophils. They also secrete a diverse array of cytokines, chemokines and MMPs

associated with matrix degradation. As immune-modulators, they change the infarct environment
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toward an anti-inflammatory or pro-healing setting by promoting fibroblast activation and growth,

matrix remodeling and new vessel formation (Ben-Mordechai, 2015).

Clearance of the wound from dead cells is essential for activation of anti-inflammatory pathways.
IL-1a has an inhibitory effect on the transition from inflammatory to the proliferative phase and
continued expression of IL-1a ensues until all cell and matrix debris are removed (Shinde and
Frangogiannis, 2014). At this point, most macrophages adopt an M2 anti-inflammatory phenotype
secreting pro-angiogenic and pro-reparative factors (ter Horst et al., 2015). Resident fibroblast
cells become proliferative and transdifferentiate into myofibroblasts which express smooth muscle
actin. Non-resident fibroblast cells also migrate into the infarct area. These cells may be blood-
derived fibroblasts or may have endothelial origin undergoing mesenchymal transition (Zeisberg
et al., 2007). These cells produce matricellular proteins which incorporate into matrix and regulate
signaling in fibroblasts, macrophages, and vascular cells (Frangogiannis, 2012; Shinde and
Frangogiannis, 2014). One such matricellular protein with regulatory role is Thrombospondin-1
that conducts its reparative effect through activation of TGF-B and inhibition of MMPs
(Frangogiannis et al., 2005). Pre-mature new vessels form to feed the myofibroblasts and
macrophages. In the last phase of healing after M1, these vessels develop a pericyte coating (Ren
et al., 2002). In the maturation phase, collagen matrix proteins cross-link to maintain cardiac
structure and reinforce the infarct region. Matricellular protein production decreases and

myofibroblasts undergo apoptosis or become dormant (Matsui et al., 2010; Frangogiannis, 2015).

1.2.6 Effects of age on endogenous responses to myocardial infarction

Age not only increases the risk of myocardial infarction, but it also fundamentally influences the

outcome of myocardial infarction. Mice with advanced age develop greater infarct sizes and
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ventricular chamber dimensions with reduced systolic function as compared to young individuals
after MI (Bujak et al., 2008). Infiltration of leukocytes is greater in young rats rather than old rats
after ischemia reperfusion injury. Aging also increases the number of cardiomyocytes with
apoptotic factors (Liu et al., 2002). These findings are generalizable between different species and
models as left coronary artery (LCA) ligation in aged mice results in greater activation of the
caspase pathway and cardiomyocyte apoptosis as compared to younger mice (Boyle et al., 2013).
Aging also alters the fibrotic response after myocardial infarction. Although aged hearts show
excess deposition of extracellular matrix after MI, aged fibroblasts fail to form a mature scar
increasing the risk of heart failure due to infarct expansion and maladaptive cardiac remodeling
(Shih et al., 2010). The quantity and timing of cytokine release is also reduced and delayed,
respectively, which alter the kinetics of scar formation in aged individuals. The delay in leukocytes
infiltration to remove dead cells increases inflammation and damages surviving bystander

myocytes in the area at risk (Bujak et al., 2008).

1.3.1 Cardiac regeneration

Studies on primitive species such as zebra fish have shown that adult fish can fully regenerate their
hearts after major cardiac damage through direct proliferation of cardiomyocytes (Poss et al., 2002;
Jopling et al., 2010). Mammals also possess this capacity as neonatal mice can fully regenerate
their injured hearts through cardiomyocyte division and (possible) direct differentiation of resident
stem cells (Jesty et al., 2012; Porrello et al., 2011; Porrello et al., 2013). However, this regenerative
potential is lost soon after birth, which shows that the repair process is an age specific process
rather than species-specific. For humans, it was at the turn of the century that some outstanding
studies changed the dogma that human heart is a post-mitotic organ. Instead, the heart undergoes

life-long repair through de novo differentiation of stem cells and by proliferation of existing
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cardiomyocytes (Uygur and Lee, 2016; Kajstura et al., 1998; Beltrami et al., 2001; Bergmann et
al., 2009). In normal myocardial homeostasis, new cardiomyocytes mainly form through division
of pre-existing cardiomyocytes (Hsieh et al. 2007; Senyo et al. 2013). Whereas following cardiac
injury, cardiomyocytes division increases and the generation of cardiomyocytes from other cells
(possible pre-existing stem cells) becomes a contributor. However, this renewal rate is obviously
insufficient for complete cardiac repair (Hsieh et al. 2007). Although the innate regeneration
potential of the heart is inadequate to fully restore the lost tissue after injury and the identity of
resident cardiac stem cells is controversial, the recognition that cardiac stem cells exist, opened
the possibility of delivering exogenous cells and raised speculation that if cells are used with
intrinsic capacity to differentiate into cardiac lineages these cells may be more effective than stem

cells of non-cardiac origin.

1.3.2 Stem cells for cardiac dysfunction

The first type of stem cell proposed to replace the myocardium of the damaged heart was skeletal
myoblast (SkM). These cells are abundant within skeletal muscle tissue and respond to injury by
migrating to the site of injury and forming new working skeletal tissue. Early studies on skeletal
myoblast transplant confirmed enhanced cardiac function by differentiation of myoblasts into
working skeletal myocytes (Marelli et al., 1992, Murry et al., 1996). The promising results
encouraged a rapid translation into clinical studies (Menasche et al., 2001) where they showed
long-term engraftment of SkMs with persistent functional benefits (Hagege et al., 2003; Siminiak
et al., 2004). However, the absence of gap junction in SkMs resulted in improper coupling with
adjacent cardiomyocytes thus electronically isolating these cells and increasing chance of life-
threatening arrhythmia (Fernandes et al. 2006). These findings raised caution toward clinical use

of SkM cells. Ultimately, a pivotal doubled-blind randomized trial data put a halt to further
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investigations due to prevalence of ventricular tachycardia and strong signal indicating failure to

improve cardiac function (Menasche et al., 2008; Povsic et al., 2011)

The widespread use of bone marrow cells for hematological bone marrow replacement therapy
propelled studies investigating the capacity of bone marrow cells to differentiate into
cardiomyocyte and promote cardiac repair (Eisenberg et al., 2003). Early studies revealed that
bone marrow mononuclear cells were incapable of trans-differentiation into cardiomyocytes,
although they improved myocardial function after transplantation (Murry et al., 2004; Balsam et
al., 2004). This realization led to the understanding that improvements in heart function occurred
largely via indirect paracrine mechanisms that resulted in recruitment of endogenous cardiac stem
cells, stimulation of angiogenesis and the prevention of cardiomyocyte apoptosis and fibrosis
(Kocher et al., 2001; Fazel et al., 2006). Promising preclinical reports are driven by more than 50
clinical trials on bone marrow mononuclear cells treatment. While the outcome from these clinical
trials are contradictory, a recent comprehensive systemic review showed no beneficial effect for
bone marrow mononuclear cells treated patients immediate after acute ST elevation myocardial
infarctions (Jeyaraman et al., 2017). Growing insight into the fundamental biology underlying
hematological cells led to culture guided techniques or antigenic selection markers to derive
several different types of cell products from haematological source (Davis and Stewart, 2014).
These refined stem cell products were generated to improve paracrine signatures but were still
incapable of true cardiomyocyte differentiation. Preclinical studies reported that intramyocardially
injected mesenchymal stem cells differentiated into encapsulated structures with calcifications and
ossifications (Yoon et al., 2004) and even formed tumors in some cases (Wolf et al., 2009; Jeong
et al., 2011), raising caution upon using these cells due to ectopic differentiation into cell line of

non-cardiac tissue or forming malignancy.
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Embryonic and engineered induced pluripotent stem cells (iPS) are able to transdifferentiate to all
different cell types in the body including cardiac lineages (He et al., 2003; Zhang et al., 2009).
Autologous iPS are more advantageous compared to embryonic stem cells as they do not activate
immune system with raising minimum ethical concerns. iPS cells have shown to have similar
transdifferentiation capacity and regenerative potency as embryonic stem cells (Singla, 2011).
However, both cell types are showing electrophysiological heterogeneity and premature
ventricular depolarizations after injection into infarct heart particularly become noticeable after

injection of cells into large animal models (Chong, 2014).

Overall, arrhythmogenicity or lack of ability to fully differentiate into cardiomyocyte may suggest
that non-cardiac stem cells would not be the first choice to repair damaged heart tissue, and

motivate the search for better alternatives.

1.3.3 Cardiac stem cells

Current research suggests a non-cardiomyocyte source within the heart tissue that plays a role in
post infarct repair. Akin to myoblast properties of skeletal muscle tissue, a side population of cells
was identified in digested heart tissue that could efflux Hoechst dye via Multi-Drug Resistant-1
pumps that were also negative for markers of cardiac identity and were able to adopt cardic
lineages in vitro (Hierlihy et al., 2002). These cells were also found to express abcg-2 marker on
their surface and were partly positive for other stem cell markers including c-Kit and Sca-1 (Martin
et al., 2004). However, the physiological role of these cells has not been determined in any clinical

trials (Hao et al., 2017).

Akin to hematopoietic stem phenotype, the c-Kit marker was actively investigated as a clue to

stem cell identity within the heart. Concurrent with the identification of side population cells,
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another research group detected c-Kit+/Lin— cells as a cluster of cells residing within myocardium.
These cells were shown to be self-renewing, clonogenic and cardiomyogenic (Quaini et al., 2002;
Beltrami et al., 2003). c-Kit cells were found to be comprised of two subpopulations that were
proposed to be largely vasculogenic (KDR+) or cardiomyogenic (KDR-). However, lineage
tracing methods suggested that adult c-Kit+ cells within the heart were only capable of
differentiating into endothelial cells and their contribution towards the formation of new
cardiomyocytes was negligible (Jesty et al., 2012; van Berlo et al., 2014; Sultana et al., 2015).
Although formation of mature cardiomyocytes capable of electrical coupling has never been
examined, antigenically selected and ex vivo expanded c-Kit+ cells entered phase I clinical trial
(Bolli et al., 2011). The SCIPIO open-labelled trial confirmed the safety and efficacy of c-Kit+
cells and noted a 13.7% improvement in ejection fraction 1-year after intra-coronary injection
(Chugh et al., 2012). However, the result from SCIPIO trial was viewed with skepticism after
journal editors raised significant concern regarding integrity of the data (The Lancet Editors,
2014), and by early 2019 more than 10 papers from the discoverer of c-Kit cells were retracted

from various journals.

There are further suggested cardiac stem cell markers including SSEA-1 and Isl-1 that are co-
expressed with other proposed stem cells markers (Davis & Stewart, 2011) but to date, there is no
consensus on any marker to detect authentic cardiac precursor cells. It is important to note that
antigenic selection and further expansion of cells to achieve therapeutically relevant doses requires
prolonged culture time (D’ Amario et al., 2011), along with increasing cost and risk of phenotypic
drift. Therefore, instead of using a single marker for which there is no consensus, other groups
focused on obtaining heterogeneous population of cells from cardiac tissue. In this method, cardiac

outgrowth or explant derived cells (EDCs) spontaneously emigrate from plated heart tissue to form
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a monolayer of cells on the cultureware surrounding the plated tissue. Interestingly, the origin of
these cells is not cardiomyocytes (Davis et al., 2010a) but has yet to be fully defined. EDCs are
competent to fully differentiate into functional electrically coupled cardiomyocytes (Messina et
al., 2004; Smith et al., 2007). Akin to the neurosphere technology, plating EDCs on poly-D-lysine
coated plates was developed as a means of enriching the expression of stem cell markers. While
loosely adherent cells aggregate together and form spheres, fibroblast-like cells adhere to plate
surface. Within cardiospheres, cells expressing progenitor cell markers proliferate to form the body
of the sphere (Messina et al., 2004). These cells express stem, endothelial, mesenchymal and
cardiomyocyte differentiation markers (Davis et al., 2009) that may enhance the cardioprotective
effect of monolayer EDCs (Li et al., 2010a). As intracoronary administration of these cell balls
theoretically confers a high probability of micro-infarction due to their size (70-100um),
administration is limited to intramyocardial injection (Latham and Davis, 2014). To accommodate
intracoronary injection of cells, cell monolayers (termed cardiosphere derived stem cells; CDCs)
were generated by transferring cardiospheres to a fibronectin coated plate for in vitro
disaggregation and expansion. The phenotype analysis of CDCs demonstrated a combination of
cells with endothelial and mesenchymal origin similar to cardiospheres. Both porcine and human
CDCs form mature cardiomyocytes expressing connexin proteins that are able to couple
electrically with surrounding cells to conduct spontaneous calcium transients and generate
spontaneous action potential (Smith et al., 2007). Pre-clinical studies in large animal models
assured the non-arrhythmogenesis property of CDCs (Johnston et al., 2009; Lee et al., 2011). A
head to head comparison of CDCs to non-cardiac originated cells or antigenically selected c-Kit+
cells of cardiac origin, revealed greater paracrine secretory properties for CDCs and superior

functional benefit after injection into infarcted heart (Li et al., 2012). This promising pre-clinical
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data prompted the phase I CADUCEUS trial that reported improvement in viable tissue and
decrease in scar size of ischemic heart with no increased incident of arrhythmia (Makkar et al.,
2012; Malliaras et al., 2014b). Davis and colleagues refined the CDC culture protocol by
shortening the culture time. They showed that the cardiosphere step in CDC generation is
unnecessary as the EDCs have equal capacity to improve myocardial function as CDCs, with
greater potential for cardiomyogenic differentiation. This technique improved the cell yield

collected in shorter period of time that is important for clinical application (Davis et al., 2010a).

Cardiac explant derived cells are primary products in CDC generation process. Like CDCs, these
cells are CD105+/CD45- cells of intrinsic cardiac origin that expand through entry into an
endothelial to mesenchymal transition (Zakharova et al., 2012). EDCs express markers of
mesenchymal (CD90), endothelial (CD31 and CD34) and cardiac (abcg2, SSEA-1) progenitors
while they are negative for hematopoietic lineages (CD45) (Davis et al., 2009). EDCs can also be
cultured from cryopreserved tissue with no change in their characteristic which facilitates the
transportation and processing of tissue biopsies (Jackson et al., 2017). Unpublished data from our
lab confirmed GMP compatibility of this method while showed no evidence for teratogenicity.
EDCs are capable of genuinely differentiating into cardiac lineages (Davis et al., 2010a) and
improving post ischemic heart function (Latham et al., 2013; Molgat et al., 2014). Akin to their
progeny CDCs, EDCs are capable of electrically coupling with surrounding cardiomyocytes as

they are expressing connexin 43 (Davis et al., 2010a).

Although promising, not all patients are capable of achieving maximal benefit from stem cell
therapy. Several factors are involved in defining the ability of EDCs to impart therapeutic benefits;
factors including age, gender, diabetes and congenital heart failure are elements that influence the

regenerative capacity of EDCs (Mayfield et al., 2016). All these factors combined, were reported
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as long-term stratification score (LTS). The higher this score is, the more susceptible patients are
for repeat myocardial events. When the regenerative potency of EDCs derived from human
patients were correlated with their LTS score, Mayfield et al showed that the EDCs sourced from
patients with higher LTS score had a reduced ability to induce angiogenesis and cell migration.
The secretion profile of these patient also changed showing fewer exosomes, reduced stromal cell-

derived factor 1 alpha (SDF-1a) production and greater IL-6 production (Mayfield et al., 2016).

1.3.4 Stem cell aging

As outlined above, the manifestations of aging has been partially attributed to stem cell aging.
Healthy stem cells renew themselves through symmetric division that gives rise to identical
daughter cells or asymmetric division which gives rise to an identical daughter cell and a
differentiated cell (Sharpless and DePinho, 2007). Aged stem cells lose their capacity for self-
renewal or differentiation; thus, fail to replace senescent cells within organs. Reduced proliferation
capacity of stem cells has been related to a decline in the number of newly generated neurons
(Kuhn et al.,1996), or endothelial progenitor cells (EPCs) (Jie, 2009). Even if aged stem cells do
not decrease in number, they may display compromised function, reduced ability to differentiate
into descendant cell or impaired responsiveness to stimuli. For example, the EPCs response to
migratory stimuli reduces with age (Heiss et al., 2005), as does the c-Kit cells’ ability to translocate
within the heart. Also, increased age corresponds to increased mortality in bone marrow cells

transplanted from aged donors (Kollman et al. 2001).

Aging of stem cells shares similar initiators as differentiated cells which involves tumour
suppressor pathways. In stem cells, high duplication number shortens telomeres and induces

senescence (Sharpless and DePinho, 2007). The impact of tumour suppressor pathways is marked
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as p21 knockout prevents senescence in transgenic telomere dysfunctional mice which improves
stem cell function in various organs and increases longevity (Choudhury et al., 2007). Within the
heart, increased age leads to shorter telomere length, increased senescent marker expression and
reduced differentiation capacity within c-Kit+ cells (Anversa et al., 2006). Moreover, with age
unrepaired DNA damage accumulates and induces replicative senescence. Oxidative and
oncogenic stress are involved in stem cell senescence, as well. Under physiologic conditions,
resident stem cells are kept in dormant state and resided within hypoxic stem cell niches (Cheung
and Rando, 2013; Sanada et al., 2014). This dormant state is accompanied by slower metabolism
rate and low ROS production but exposure to DNA damaging factors may increase ROS stress
leading to irreversible growth arrest (Rossi et al., 2005). As a proof of concept, activation of PI3K,
the negative regulator of FoxO induces ROS formation so depletes stem cells (Paik et al., 2009;
Tothova and Gilliland, 2007). Likewise, mTOR pathway activation in hematopoietic stem cells
leads to increased ROS to impair stem cell mobilization and function (Gan et al., 2008).
Mitochondrial function also plays an important role in stem cell senescence as mice with
dysfunctional mitochondrial DNA polymerase have an increased burden of mitochondrial DNA
mutations leading to compromised hematopoietic stem cell (Chen et al., 2009). Stem cells
communicate with their surroundings, thus, environmental stress factors and negative signaling
from niche deteriorate stem cell function. For instance, any change that results in increased oxygen
level within stem cell hypoxic niches leads to stem cell activation and possible exhaustion.
Similarly, SASP factors secreted by senescent neighboring cells into microenvironment may

promote stem cell apoptosis or senescence (Siddiqi and Sussman, 2013).

The effects of aging have been evaluated in cardiac stem cells. As there is no consensus on

characteristics of authentic cardiac stem cells, studies have been conducted on various cells with
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different markers. Advanced donor age increased expression of p5S3 and p21 in CDCs while no
significant effect was detected on expression of cytokines, senescence markers, proliferation rate
and DNA damage markers (Nakamura et al., 2016). However, CDCs derived from congenital heart
failure patients in adulthood or at neonatal stage showed a reduced capacity to adopt marker
indicative of a cardiac lineage with advanced age (Mishra et al., 2011). These neonatal cells also
had higher expression of FLK-1 and a broader cytokine profile. After injection into a rat infarct
model, neonatal derived CDCs provided superior benefit in terms of heart function, scar size and
new vessel formation (Simpson et al., 2012). Antigenically selected c-Kit+ cells from healthy
donor hearts for transplantation and unhealthy explant hearts demonstrated a change in all age-
related factors including p53, p21 and p16 levels, telomere length, telomerase activity and telomere
induced foci. Relating chronological age with each age-related factor showed that p16 level and
telomere induced foci change by age but chronological age does not significantly change the
telomere length, telomerase activity and p21 levels (Cesselli et al., 2011). In a mouse model, aging
reduced CDC yield (Hsiao, 2014) and lessened the ability of antigenically selected Sca-1+ CD31—

cells for proliferation and differentiation (Wu, 2017).

1.3.5 Stem cell and myocardial infarction

As outlined, cardiac stem cells are not sufficient to fully restore myocardial function after a damage
like ischemia, which causes the loss of a tremendous number of myocytes. Angiogenesis decreases
after MI because aged hearts possess less pro-angiogenic cytokines, such as Platelet Derived
Growth Factor impairing stem cell response (Edelberg et al., 2002). The data from c-Kit+ cells
(which contribute largely to formation of endothelial cells) has shown that myocardial infarction
promotes recruitment and proliferation of these stem cells within both injured and viable

myocardium. While cardiac lineage commitment and mitosis increase, many c-Kit+ cells also
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express greater amounts of p16 or p5S3 markers as compared to cells isolated from the non-infarcted
heart (Urbanek et al., 2005). In vitro, healthy donor heart c-Kit+ cells were noted to be more
clonogenic, more proliferative and less prone to senesce. Unsurprisingly, senescence related
factors (such as p21, pl6, telomere length attrition, reduced telomerase activity and p53) were
lower in healthy c-Kit+ cells as compared to c-Kit+ cells cultured from explant hearts at end stage
heart failure (Cesselli et al., 2011). In contrast, a study using CDCs derived from end stage heart
failure patients showed that a history of chronic heart failure increased the regeneration potential
of these cells- presumably related to increased production of SDF-1a. In their study, they also
showed that CDCs from patients with acute MI had similar regenerative potency relative to CDCs

from healthy donor hearts and they were secreting equal amount of SDF-1a (Cheng et al., 2014).

1.4 Refining cardiac stem cells

There are two principle mechanisms proposed to account for the benefit conferred by stem cell
therapy. Specific to CDCs, direct differentiation was considered as an important mechanism of
action. Transplanted human CDCs engraft and differentiate into cardiac lineages (Smith et al.,
2007) to contribute into working myocardium (Davis et al., 2010b). Quantification of newly
formed cardiomyocytes and endothelial cells combined with human specific antigen staining,
however, revealed that a large number of newly formed cells originate from the host rather than
cell donor thus indicating that the mechanism of benefit is not limited to direct differentiation
alone. Paracrine mechanism was proposed as an indirect mechanism for formation or preservation
of host originated cells (Chimenti et al., 2010). Paracrine stimulation conveys its effect through
many different pathways including: activation of native cardiac stem cells to migrate and
differentiate at the site of injury (Segers et al., 2007) into working myocytes (Malliaras et al.,

2014a) or to promote endogenous vasculogenesis and angiogenesis to improve blood flow at the
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ischemic site (Chimenti et al., 2010; Latham et al., 2013), promoting cardiomyocyte cell cycle re-
entry to increase viable tissue (Malliaras et al., 2013), reducing inflammation and death signaling
resultant of ischemia, reducing fibrosis and improving remodeling via TGF-f inhibition (Tseliou
et al., 2014), and modulating the immune response by controlling macrophage polarization to a
distinct cardioprotective subtype (not the classical M1/M2) (de Couto et al., 2015). CDCs also
secrete extracellular vesicles that are carrying pro-survival molecules (such as miRNA-146-a) to
reduce ROS and preserve cardiomyocytes by attenuating cardiomyocyte apoptosis (Barile et al.,
2014; Ibrahim et al., 2014). In addition to protective miRNAs, CDCs secrete extracellular vesicles
containing distinct non-coding Y RNA fragments such as YF-1 which induces IL-10 secretion to
protect cardiomyocytes toward oxidative stress (Cambier et al., 2017). Recognizing these

mechanisms highlights opportunities to boost the salutary effects of cell transplantation.

It goes without saying that following ischemia, continued anoxia and nutrition deficiency, and lack
of an efficient repair system make a desert-like environment in the site of injury (Matsui et al.,
2010). Thus, any mechanism that helps with the survival of transplanted stem cells in ischemic
heart microenvironment, would augment the therapeutic effect of stem cells. Moreover, the
properties of cardiac stem cells for autologous therapy influence by patients’ characteristics such
as age, diabetes, obesity, ischemia and other medical co-morbidities (Mayfield et al., 2016).
Strategies that would assist the stem cells to reach a higher potency for therapy should be applied
to meet stem cell need based on their characteristics. Hence, next generation stem cells require

specific modulation designed for each patient condition.
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1.4.1 Genetic modification

One strategy to boost the stem cell effects is through modulation of signaling pathways by over-
expressing (a) key salutary gene(s) to the cells. Although the cytokine profile of EDCs is important
for their reparative effects, not all beneficial cytokines are robustly secreted by primary cultured
cells. Given the importance of SDF-1a in the heart healing after infarction, this represents a logical
candidate to focus attention. SDF-1a conveys its effects by chemoattracting bone marrow cells
and circulating angiogenic cells. Targeted over-expression of SDF-1a within EDCs increased the
ability of cells to adopt a cardiac phenotype and to withstand apoptosis which conferred greater
functional improvement after myocardial infarction while reducing fibrosis (Tilokee et al., 2016).
In another strategy, EDCs armed with the pro-survival molecule, IGF-1, enhanced survival and
consequently engraftment of transplanted cells to protect cardiac tissue from further damage by
reducing apoptosis (Jackson et al., 2015). Not all effects are conditional upon modifying solely the
paracrine profile of transplanted cells as shown by targeted overexpression of the pro-survival
transcript Pim-1 in slow growth senescent cardiac c-Kit+ cells to improve telomere length,
mitochondrial function and proliferation. When injected into mice after myocardial infarction,
these enhanced cells show better cell retention and myocardial function (Mohsin et al., 2012;
Mohsin et al., 2013). Nucleostemin over-expression confers similar anti-aging effect on c-Kit+

cells (Hariharan et al. 2015).

Genetic modification has been used to combat the effect of disease modifiers on function as well.
Of the different conditions that influence regenerative potency is diabetes which reduces the ability
of EDCs to enhance heart function after myocardial infarction. This functional deterioration is
associated with the accumulation of methylglyoxal from high glycolytic reaction rate and results

in excessive oxidative stress (Rabbani et al., 2008). Elimination of methylglyoxal by over-
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expressing the key de-toxification enzyme glyoxalase 1 in the diabetic EDCs successfully restores
the salutary effects of EDC transplant after myocardial infarction and represents the prototypical

example of designed therapy based on patient condition (Molgat et al. 2014).

1.4.2 Biomaterials

Akin to all cell types (Miiller-Ehmsen et al., 2006), less than 5% of cardiac-derived cells engraft
in the heart 3 weeks after injection (Terrovitis et al., 2009). Successful long-term engraftment is
influenced by route of administration with highest retention seen after direct intramyocardial
injection and lowest retention seen after intravenous injection. Clinically, the intracoronary route
is the most practical means of delivery with reasonable retention after delivery by a procedure
similar to balloon angioplasty (Bonios et al., 2011a). Cell retention is strongly influenced by cell
death or complete wash out after injection. Minimizing cell death can be limited by addressing
several steps used during stem cell mobilization for transplant including reducing detachment-
induced cell death (anoikis) (Karoubi et al., 2009). Also, immediately after injection, cells confront
hypoxia, nutrition deprivation and inflammatory clearance (Kanda and Davis, 2017). Besides
genetic enhancements that improve survival, biomaterials can improve engraftment. Cocooning
cells within protective capsules enriched with attachment proteins prevents anoikis and reduces
wash out of these cells. Therefore, these cells exhibit improved secretion phenotype and

persistence in the heart compared to non-encapsulated cells (Mayfield et al., 2014).

1.4.3 Other enhancement strategies

Simple changes in culture conditions have a marked impact on stem cells. Changing the oxygen
level within cell culture incubators from 20% to a more physiologic 5% increases EDC yield and

their ability to migrate while reduces cellular senescence (Li et al., 2011). Glucose free media
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stimulate survival pathways in bone marrow mesenchymal stem cells by activating Sirtl
expression (Choudhery et al., 2012), and even a slight decrease in the pH of media can stimulate
bone marrow c-Kit+ cells to increase expression of SDF-1a and its receptor CXCR4 (possibly
enhancing the ability of cells to function within ischemic environments) (Cencioni et al., 2013).
Targeted small molecules pre-conditioning is another option; however, pre-conditioning effects
are usually transient. Statin, through modulation of pro-survival genes, has anti-senescent effects
and improves vasculogenesis after transplantation (Zhu et al., 2004a; Assmus et al., 2003; Walter
et al., 2002). Finally, providing complimentary paracrine stimulation by combining different
supporting cells or stem cell sources represents another means of enhancing the functional
properties of cell administration. Many studies have shown that combination of heart derived cells
with other cell sources synergistically boosts cardiac function greater than monotherapy alone

(Latham et al., 2013; Williams et al., 2013; Nguyen and Sussman, 2015).

1.5 Mybl2 (Myb-Like Protein 2)

As will be shown, molecular phenotyping of EDCs from ischemic old and young mice revealed
differential expression of Mybl2 (Myb-Like Protein 2; B-MYB). Mybl2 is a potent transcription
factor (TF) which regulates cell cycle, differentiation and epigenetic changes (Zhan et al., 2012).
In human, MYBL2 gene is located on chromosome 20q13.1 and encodes a 700 amino acid protein
(http://www.genecards.org/cgi-bin/carddisp.pl?gene=MYBL2) which shares homology with
retroviral v-Myb oncogene (Musa et al., 2017). The Myb family of TFs are present in all
vertebrates (Oh and Reddy,1999) and consists of 3 members (Mybll, Mybl2 and Mybl3). Unlike
the other members of Myb family that are expressed in specific tissues or developmental stages,
Mybl2 is expressed in all proliferating cells and plays a vital role in cell cycle progression

(Martinez and DiMaio, 2011), which explains the embryonic lethality of Mybl2 double knockout
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mice due to abortive formation of the blastocyst inner cell mass (Tanaka et al., 1999). Mybl?2 is
highly expressed in embryonic and pluripotent stem cells sharing similar target genes with the key
somatic reprogramming transcripts SOX, NANOG and OCT4. These target genes consequently
regulate several of the epigenetic modifications needed for differentiation of stem cells and
embryonic development (Zhan et al., 2012). In conjunction with MuvB (multi-vulval class B) and
FoxM1 (Forkhead box protein M1) and E2F transcription factors, Mybl2 regulates the cell cycle
transition through the G1/S and G2/M phases (Sadasivam and DeCaprio, 2013; Musa et al., 2017;
Mowla et al., 2014). In this regard, a strong relationship has been detected between Mybl2 and the
expression of 23 other genes implicated in DNA replication and cell cycle checkpoint control
(Clarke et al., 2013). Although upregulation of Mybl2 has been observed in several cancers (Musa
et al., 2017), Mybl2 has tumor suppressor properties through regulation of DNA replication and
checkpoint control pathways genes, regulation of mitotic spindle function and maintenance of
genome stability (Garcia and Frampton, 2006; Lorvellec, 2010; Yamauchi, 2008; Fung et al.,
2002). Interestingly, Mybl2 expression below 20% of normal results in growth arrest but sub-
haploinsufficiency dose-dependently induces myeloid malignancy. Greater than 60% of patients
with myelodysplastic syndromes show Mybl2 levels less than half of normal cell expression
(Heinrichs et al., 2013). One possible mechanism for low expression of Mybl2 is increased mir-
29a expression that reduces Mybl2 level by degrading mRNA leading to acute myeloid leukemia
in mice (Han et al., 2010). Mybl2 haploinsufficiency (gene knock out) in mice leads to a variety
of myeloid disorders upon aging. Tellingly, transplant of Mybl2+/- bone marrow cells increases
the generation of haematopoietic neoplasia when the cells go through the proliferative stress of
transplantation, confirming the key role for Mybl2 in maintenance of genomic stability (Clarke et

al.,2013). Mybl2’s role in maintaining genome stability originates from its function in progression
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of S and G2/M phases of cell cycle. Loss of Mybl2 increases double-strand breakage, replication
fork defects, centrosome defects, unequal chromosome segregation and aneu/polyploidy (Tarasov
et al., 2008; Lorvellec et al., 2010). Loss of Mybl2 also makes DNA more vulnerable to UV
radiation effects on chromosomal fragmentation, end-to-end fusion and chromatid loss (Ahlbory
et al., 2005; Garcia and Frampton, 2006). In addition, Mybl2 forms a complex with clathrin and
filamin and carries them to mitotic spindles. By helping to properly localize these filaments, Mybl2
stabilizes kinetochore fibres during mitosis and maintains genome integrity (Yamauchi et al.,

2008).

1.5.1 The role of Mybl2 in regulation of the cell cycle

Mybl2 is known to have a major role regulating cell cycle progression while simultaneously being
regulated by the cell cycle. Mybl2 is expressed at late G1/S phases and subsequently transcribes
many of the genes that are required for G2/M phases (Joaquin and Watson, 2003). Hence, low
levels of Mybl2 correspond with reduced expression of cell cycle and mitotic genes (Sadasivam et
al., 2012; Zhan et al., 2012) and conditional Mybl2 inactivation leads to accumulation of stem cells

at the S and G2/M phases of cell cycle (Baker et al., 2014).

When cells are at Go stage in the cell cycle, a group of proteins come together to form the DREAM
complex (Figure 1.5 A). Immunoprecipitation revealed that this complex is composed of MuvB
core, retinoblastoma-like proteins (p130 and p107), repressor E2Fs (E2F4 and E2F5) transcription
factors and Dimerization partners (DP1, -2, -3) (Litovchick et al., 2007). This complex binds to its
binding site in the promoter of several cell cycle re-entry genes and inhibits their expression to
maintain cells in a quiescent state. One of these genes is Mybl2 whose transcription is repressed

in Go (Sadasivam and DeCaprio, 2013). Mybl2 promoter has a binding site for MuvB named
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Downstream Repression Site which is similar to the well-conserved cell Cycle genes Homology
Region element on promoter of DREAM targets whose expression maximize at early (G1/S) or

late (G2/M) phases (Figure 1.5 B; Catchpole et al., 2002; Muller and Engeland, 2010).

A
£
DP || E2F4/5 || MuvE
DRS
Downstream
repression
site (in Mybl2)
B
FBS CHR MBS Cell cycle gene
FoxM1 Cell cycle Mybi2
binding gene binding
site homology site
region

Figure 1.5. (A) Mybl2 promoter in Go. The DREAM complex attaches to the Mybl2 promoter and inhibits
its transcription. (B) Cell cycle gene’s promoter. The promoter of cell cycle genes has binding site for
DREAM complex, FoxM1 and Mybl2.

To exit quiescence or senescence states, MuvB is dephosphorylated at Serine 28 of the LIN52
subunit and its binding affinity to RB-like proteins weakens (Table 1; Litovchick et al., 2011).
p130 or p107 dissociate from MuvB and repressor E2Fs, so the DREAM complex disengages from
cell cycle re-entry promoters. Meanwhile, activator E2F1, E2F2 or E2F3 are recruited to trans-
activate expression of genes important in DNA synthesis and the G1/S transition (Sadasivam and
DeCaprio, 2013). Mybl2 transcription increases with peak expression at the S phase (Litovchick
et al., 2007). Consequently, Mybl2 and MuvB increase binding to their binding sites on the

promoter of G2/M effector genes such as Cyclin B and Cdc2 (Zhu et al., 2004b). Table 1.1 shows
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the chorological order of Mybl2 and related transcription factor activation in the cell cycle. During
the S phase of cell cycle, Mybl2 expression increases and Mybl2 becomes activated through
phosphorylation by Cyclin A-Cdk2, often in combination with acetylation by p300 co-activator
(Lane et al., 1997, Sala et al., 1997; Schubert et al., 2004). This sequential activation results in a
burst in expression of FoxM1 and other G2/M- specific gene transcripts. Despite being required
for activation, phosphorylation of Mybl2 eventually promotes its ubiquitination and proteasome-
mediated degradation (Charrasse et al., 2000) but prior to degradation, Mybl2 recruits FoxM1
(Down et al., 2012). FoxM1 become phosphorylated and activated by Plk1 at G2 phase (Fu et al.,
2008) which together with MuvB express the late cell cycle genes (such as Cyclin B, surviving
and Aurora B). Akin to the effects of phosphorylation on Mybl2, FoxM1 phosphorylation makes
it more susceptible for ubiquitination and degradation which occur at the end of mitosis
(Sadasivam and DeCaprio, 2013; Musa et al., 2017). Cyclin D-Cdk4/6 also phosphorylates FoxM 1
which activates and stabilizes this TF to promote the expression of genes important in
detoxification of ROS and DNA repair thereby reducing senescence (Anders et al., 2011;
Khongkow et al., 2013). Finally, when cells enter Go or G1, nuclear receptor co-repressors interact

with non-phosphorylated Mybl2 keeping Mybl2 inactive (Li and McDonnell, 2002).
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- Loss of MuvB phosphorylation due to reduced DYRK1A-dependent phosphorylation
- Dissociation of Retinoblastoma like proteins from MuvB and E2Fs
Late G1 phase - Replacement of repressor E2Fs with activator E2Fs
-Transcription of Mybl2
- MuvB binding to Mybl2

- Phosphorylation of Mybl2 by Cyclin A/E-CDK2; Acetylation by p300
S phase - Activation of ubiquitin mediated proteolysis
- Expression of genes having role in G2/M phase of cell cycle (Cyclin B1, CDK1, Cyclin A2)

- Recruitment of FoxM 1

Late S/G2 Phase - Degradation of Mybl2
- Phosphorylation and activation of FoxM1

M phase FoxM1 degradation

Table 1.1. Mybl2 and cell cycle: What happens upon entry into cell cycle?

1.5.2 Mybl?2 role in senescence

Stressors induce senescence by consistent activation of tumor suppressor genes (p53 and pRB) to
inhibit cyclin dependant kinases and repress the G1/S transition (Lowe and Sherr, 2003).
Interestingly, all these molecules are linked to Mybl2 and the concentration of Mybl2 determines
if a cell should stay in quiescent state, enter the cell cycle or become senescent. The role of Mybl2
in controlling senescence first became clear when it was observed that Mybl2 was reduced in p53
conditional expression cell lines. But, constitutive Mybl2 expression in these cells overrode

senescence and bypassed GO/G1 cell cycle arrest (Lin et al., 1994). Mybl2 overexpression in
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primary fibroblasts stimulates proliferation in low growth factor media (Sala and Calabretta, 1992)
to forestall senescence (Huang et al., 2011) while conferring resistance to RAS induced premature
senescence (Masselink et al., 2001). Conversely, MYBL2 downregulation induces senescence in

both primary fibroblast cells and Hela cells (Johung et al.,2007).

Mybl2 is regulated at the transcriptional, post-transcriptional and post-translational levels
(Martinez and DiMaio, 2011). Among tumor suppressors, RB is one of the most important
regulators of Mybl2 at pre-transcriptional and post-translational levels. RB is active during both
replicative and induced senescence. Within DREAM complex, RB like proteins (p130 and p107)
either directly inhibit Mybl2 mRNA transcription by binding to the Mybl2 promoter or by
competing with Mybl2 protein to bind to MuvB thus resulting in the detachment of Mybl2 from
MuvB and a shift from the Mybl2-MuvB complex toward formation of DREAM complex which
induces quiescence or senescence (Wells et al., 2000; Quaas et al., 2012). RB also indirectly
regulates Mybl2 post-transcriptionally by controlling miRNA-29 and miRNA-30 levels that are
known to bind to 3’ untranslated region (UTR) of Mybl2 RNA to promote degradation (Martinez
et al., 2011). Interestingly, the transition factor c-Myc is responsible for binding to miR-29 and
miR-30 promoters to repress them. However, as an E2F target gene, c-Myc itself is repressed by
RB during senescence (Chang et al., 2008; DeFilippis et al., 2003). In a positive feedback loop,
miR-29 represses Cdc42 and stabilizes p53 which combine to promote apoptosis (Park et al.,
2009). Other Mybl?2 regulators (direct or indirect) include Cyclin D-Cdk 4/6, pl16Ink4a, p53/p21,
Cyclin A,-E Cdk2 (Rufini et al., 2013; Quaas et al., 2012; Mannefeld et al., 2009). As mentioned
before, besides regulation at transcriptional levels, Mybl2 is regulated at post-translational levels

by Cyclin A/Cdk2 phosphorylation, p300 acetylation and phosphorylation induced ubiquitination.
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2. STUDY RATIONALE, AIMS & HYPOTHESES

2.1 Rationale

The prevalence of MI is greatest in elderly people and the literature shows that age is a predictor
of stem cell weakened potency (Mayfield et al., 2016). Following the discovery of resident cardiac
stem cells, a great number of studies have been conducted to characterize the behavior and function
of these cells, however, most studies have largely focused on stem cells cultured from young
animal models (Fransioli et al., 2008; Van der Bogt et al., 2008; Oh et al., 2003). To date there
have been no studies characterizing the effect of age and/or ischemia on the regenerative
performance of heart-derived cells. There are studies that have characterized the effect of age on
patients suffering from congenital heart failure with possible other co-morbidities (Mishra et al.,
2011; Simpson et al., 2012). Work by Cesselli et al. Cheng et al. had similar issues as they studied
the effect of ischemia in end stage heart failure patients with variable risk factors including age or
disease etiology (Cesselli et al., 2011; Cheng et al., 2014). Therefore, a need for differentiating the
effect of aging and ischemia alone without the complexity of other co-morbidities is obvious.
Knowing the underling mechanism behind the changes in aged cardiac stem cells and their
response toward ischemia helps us with designing stem cells with restored function. Hence, we
characterized stem cells from healthy aged hearts and aged hearts after ischemic injury (Figure
2.1). Although primarily focusing on the impact of aging, this is the first study to separate the
effect of aging and ischemia on heart-derived stem cells. To this end, we selected a mouse model
aged to an extent reminiscent to patients that may require cell therapy in the future (Figure 2.1).
EDCs from old mice (12+1 months old) were ex vivo proliferated and compared with EDCs from
traditional young mice (2 months old). The interaction between age and ischemia was probed by

comparing cells from old mice 4 weeks after LCA ligation with cells cultured from aged matched
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non-infarcted mice. The 4-week timeframe allows the heart to develop a mature scar to reflect

clinical realities and enhance direct translation to the patient setting.

2 months 12 months
(voung donors)  (old donots)

[ I 1 I I | 1 I
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Figure 2.1. Mouse model. In this project (A) EDCs were derived from hearts of young and old mice. (B)
Some of these mice were randomized to receive LCA ligation 4 weeks prior to tissue collection. The excised

hearts were processed, and the EDCs were harvested serially.

After profiling the effects of age and ischemia on EDC function, this project then focused on
measures to rejuvenate aged EDCs by targeting the specific molecular pathways that underlie age-
related senescence. As outlined below, we performed unbiased microarray analysis on our
experimental cohorts which revealed age and ischemia effects on pathways related to cell cycle
control, checkpoints and DNA repair system. Among the genes that were expressed significantly

less was Mybl2 which we chose to target based on its role in maintaining genome integrity and
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resisting senescence (Mowla et al., 2014; Heinrichs et al., 2013). EDCs derived from old ischemic
mice were genetically modified to over-express key transcription factor, Mybl2, to demonstrate if
modulation of this TF will provide downstream benefits in cardiac repair. The results were

compared to both backbone-transduced and non-transduced controls.

2.2 Research Aims

Aim 1: To determine the effect of age on EDC phenotype and cell-mediated repair after ischemic

injury.

Aim 2: To determine the effect of remote ischemic injury on EDC phenotype and cell-mediated

repair after ischemic injury.

Aim 3: To determine the effect of recipient age on the ability of EDCs to improve myocardial

function after ischemic injury.

Aim 4: To evaluate the effect of Mybl2 overexpression on the ability of EDCs to improve

myocardial function after ischemic injury.

2.3 Hypotheses

Hypothesis 1: Post-infarct functional improvements will be greater in mice treated with young

EDC:s as transplanted cell will be more resistant to apoptosis and less senescent.

Hypothesis 2: Post-infarct functional improvements will be greater after intra-myocardial injection
of EDCs cultured from mice without a history of myocardial infarction as transplanted cells will

be less senescent.
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Hypothesis 3: Increased recipient age will decrease the salutary effects of cell transplantation on

myocardial function after ischemic myocardial injury.

Hypothesis 4: Mybl2 overexpression will reduce cell senescence and will provide better cardiac

function after transplant into a model of ischemic cardiac injury.
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3. METHODS

3.1 Experimental animals.

Menopausal old (54 weeks) and young (8 weeks) female C57BL/6mice (Charles River) were
handled in accordance with the Canadian Council on Animal Care Guide to the Care and Use of
Experimental Animals under a protocol approved by the University of Ottawa Animal Care and
Use Committee. Mice used to culture EDCs for experimentation were randomized to receive no
intervention (n=94) or surgical ligation of the LCA (n=86) prior to eventual sacrifice and EDC cell

culture.

3.1.1 Generation of chronic ischemic model.

Animals were injected with sustained-release buprenorphine (0.05 mg/kg; subcutaneous) and
meloxicam (0.2 mg/kg) 1 hour prior to surgery. Meloxicam was then administered twice daily
thereafter for 3 days. During surgery, mice were anesthetized with isoflurane (maintained at 2-
3%), intubated and maintained under physiologic temperature control (37°C). After opening the
chest, the left coronary artery was visualized and ligated ~2 mm below the tip of the left atrial
appendage (inducing ~40-50% ischemia of the left ventricle) with a 7-0 silk suture. Occlusion
was confirmed by the anterior wall of the LV becoming pale and then the chest cavity was closed.
Immediately after surgery, animals were placed in a 30°C incubator with supplemental oxygen and
moistened food to recover. Once animals recovered to a normal state, they were returned to their
holding room. All animals were housed in Techniplast ventilated cages with at least bi-weekly
cage changes and were given food and water ad libitum. The food was supplied by Envigo
(irradiated #2019 extruded chow) and the water was autoclaved and prepared on site. The overhead

lighting in the holding room was alternated every 12 hours between light and dark cycles. A

45



University of Ottawa Animal Care Technician monitored animals at least twice daily for 3 days

post surgery and then at least once per day until the end of the study.

3.1.2 Evaluation of cardiac function using echocardiography

Mice underwent echocardiographic imaging 7, 21 and 28 days after LCA ligation. Transthoracic
echocardiography was performed using a Vevo 770 system (VisualSonics Inc.). During the
procedure, mice were anesthetized with 1-2 % isoflurane. The chest was prepped using a calcium
and Sodium hydroxide solution to minimize ultrasound attenuation. After applying warmed
Aquasonic 100 gel (Parker Laboratories), parasternal long-axis images were acquired. Chamber
dimensions were quantified from the images at end systole and end diastole while left ventricular
ejection fraction (LVEF) was calculated using following formula by Vevo software (EF (%)=100

x (end-diastolic volume- end-systolic volume)/end-diastolic volume; v3.0.0, VisualSonics Inc.).

3.2 Explant-derived cardiac stem cell culture

Four weeks after randomization, animals were sacrificed, and hearts were collected for EDC
culture. Myocardial biopsies were minced to 1 mm? pieces, washed three times with cold Hank's
Balanced Salt Solution (HBSS) containing 2% fetal bovine serum (FBS), 100 U/ml penicillin G,
100 pg/ml streptomycin and 2 mmol/l L-glutamine prior to enzymatic digestion (Collagenase 1V;
Img/mL) for 30 min at 37°C (all from Life Technologies). After digestion, the tissue fragments
were washed three times with complete explant medium (CEM; Iscove’s Modified Dulbeccos
Medium (IMDM), 20% FBS, 100 U/ml penicillin G, 100 pg/ml streptomycin, 2 mmol/l L-
glutamine and 0.1 mmol/L 2-Mercaptoethanol (all from Invitrogen) prior to plating on fibronectin
(BD Biosciences) coated dishes at 37°C in 5% CO» (Davis et al. 2009; Davis et al. 2010a). EDCs

that spontaneously emigrated from plated tissue were collected at 7-day intervals using mild
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enzymatic digestion for direct experimentation. Five harvests from plated tissue were collected
prior to discarding the used plates. To harvest cells, they were first washed with HBSS followed
by incubation with TrypLE Select (Life Technologies) for 3 min at 37°C. Suspended/detached
tissue was removed using a 100um cell strainer (Fisher Scientific). For cryopreservation, EDCs
were stored at -140°C in freezing-medium (70% IMDM, 20%FBS, 10% dimethylsulfoxide

(DMSO, Sigma)).

3.3 EDC cell count

The total number of harvested cells was counted with a Neubauer hemocytometer by averaging 4
squares. The collective number of cells from all harvests was totalled and normalized to heart

weight measured right after excision.

3.4 Quantification of EDC proliferation

Cellular proliferation was examined by counting the number of cells at baseline (100,000 cells)
and after 48h of culture in ambient (20% O2) or hypoxic (1% O>) conditions. Population doubling
time was calculated as the difference between the time(t) and cell counts(N) of the starting
population(1) and the final population (2) [Doubling time = (t2-t1)log2/(logN2-logN1)] (Sun et

al., 2004).

3.5 Flow cytometry

EDC surface markers were profiled using flow cytometer (Guava easyCyte, Millipore) for c-Kit
(Primary antibody: sc-168, Santa Cruz; Secondary antibody: A-11034, Invitrogen), CD34
(119309, Biolegend) and CD90 (A14726, Invitrogen) cell content. Briefly, 100,000 cells were
fixed with 4% paraformaldehyde (Electron Microscopy Sciences). After washing with phosphate
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buffered saline (PBS), the cells were labeled with fluorophore conjugated primary antibody or
unconjugated primary antibody and secondary antibody for 30min at 4°C. Non-stained EDCs and
single stained EDCs were used as controls for gating. A minimum of 10,000 single cells events
were collected. The percentage of positive cells was calculated by proprietary software (GuavaSoft
Software, Millipore).

The capacity of EDCs to withstand programmed cell death was assessed after 48 hours exposure
to hypoxic (1% oxygen) and low serum (1% serum) condition. Apoptosis was assessed by staining
the cells with 7-Amino-Actinomycin D (7-AAD) and Annexin V-PE (559763, BD Biosciences)
for 15 minutes at room temperature. Flow cytometry was used to quantify the percentage of early

and late apoptotic EDCs.

3.6 Cardiogenic culture conditions

Two hundred thousand EDCs were seeded in 6-well plates and cultured for 24 hours in CEM
media. The media was then replaced with cardiogenic media (60% DMEM (Dulbecco's Modified
Eagle's Medium; Invitrogen), 40% MCDB-201 (Cellular, and Developmental Biology media;
Sigma), 0.75% DMSO, 0.1% 10 mmol/l L-ascorbic acid (Sigma), 0.01% ITS liquid media
supplement (Insulin-Transferrin-Selenium; Sigma), 0.01% linoleic acid-albumin (Sigma), 1%
anti-anti (Gibco), 0.0002% 0.25 mmol/l dexamethasone (Sigma), 0.001% 2-mercaptoethanol
(Gibco), 10 ng/ml recombinant mouse fibroblast growth factor 8b, 100 ng/ml fibroblast growth
factor 4, 10 ng/ml recombinant human Dickkopf-related protein 1 and 10 ng/ml recombinant
human bone morphogenetic protein 2 (all from PeproTech)). Media was changed every other day

for 1 week.
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3.6.1 Quantitative polymerase chain reaction (qPCR) evaluation of cardiac transcripts

After 7 days of culture in cardiogenic media, mRNA was extracted (RNeasy Micro Kit, Qiagen).
Predesigned qPCR primers with FAM-labelled probes were used to quantify expression of a-SMA,
¢TnT and VWF with loading evaluated using GAPDH (Integrated DNA Technologies).
Quantitative PCR was performed using LightCycler® 480 RNA Master Hydrolysis Probes
(Roche). Samples were amplified for 35 cycles by LightCycler 48011 (Roche). Cp values were

used to determine the mRNA levels in relation to GAPDH.

3.6.2 Flow cytometry evaluation of cardiac markers

After 7 days of culture in cardiogenic media, cells were permeabilized with 0.2% Triton X-100
(Bio-Rad) and then blocked for 15min in 3% albumin (Sigma) and 3M Glycine (Bio-Rad). Once
permeabilized, cells were stained for cardiomyocyte (Anti-Cardiac Troponin T-FITC, 130-106-
687, Miltenyi Biotech), endothelial cell (anti von Willebrand Factor, ab9378, Abcam) or smooth
muscle cell (anti alpha-smooth muscle actin, ab66133, Abcam) markers. The number of

differentiated cells were quantified by flow cytometry.

3.7 Generation of conditioned media for angiogenesis, migration and paracrine profiling

Conditioned media was generated by culturing EDCs in hypoxia (1% 0O2) and low serum (1%
serum) media (IMDM, 100 U/ml penicillin G, 100 ug/ml streptomycin, 2 mmol/l L-glutamine and

0.1 mmol/l 2-mercaptoethanol) for 48 hours to simulate the ischemic transplant environment.
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3.7.1 Paracrine profiling of EDC conditioned media

Commercial enzyme-linked immunosorbent assays (ELISAs) were used to measure the abundance
of cytokines known to be produced by EDCs: angiogenin (MBS160147, MyBiosource),
angiopoietin-1 (MBS163055, MyBiosource), hepatocyte growth factor (HGF, MHGOO,RD
systems), interleukin-6 (IL-6, M6000B, RD systems) and VEGF (MMV00, RD systems) (Latham
et al., 2013). Unbiased proteomic screening was used to evaluate the pro-angiogenic cytokines
within EDC conditioned media using the Proteome Profiler Mouse Angiogenesis Array according
to the manufacturer's instructions (ARYO015, R&D Systems). We profiled the secretion of 53
angiogenic related cytokines. Conditioned media from mouse C57BL/6 primary dermal fibroblast
(DF; cell biologics ¢57-6067) cells was used as negative control. Densitometry of dots was
determined by Imagel software (Protein Array Analyzer plugin, NIH) corrected to number of
seeded cells. A second proteomic array of 111 mouse cytokines (Proteome Profiler Mouse XL
Cytokine Array (ARY028, R&D Systems)) was used to evaluate the effect of Mybl2 lentiviral
overexpression or transduction (backbone) on cytokine secretion within conditioned media. The
signal intensity of dots was quantified using ImageJ (Protein Array Analyzer plugin, NIH) after

normalization to the internal controls and the number of plated cells.

3.7.2 Angiogenesis assay

The in vitro potential of EDC conditioned media to induce angiogenesis was evaluated through
tubule formation assay by exposing Human Umbilical Vein Endothelial Cells (HUVECs) plated
within a cytokine-depleted matrigel (ECM625, Millipore) to conditioned media. HUVECs were
purchased from Lonza and cultured on fibronectin coated dish in Endothelial Cell Growth

Medium-2 with growth supplements (Catalog #: CC-3162; Lonza). Angiogenesis was performed
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by seeding 10,000 HUVECs per well in triplicate on u-Slide Angiogenesis (ibidi) filled with
ECMatrix. Sixteen hours after incubating HUVECs within EDC conditioned media, the picture of
whole well was taken using AxioVision microscope (Carl Zeiss Microscopy). Tubule length was
measured in each well using ImageJ (NeuronJ plugin, NIH). To evaluate the influence of proliferin
on angiogenesis, tubule formation assay was conducted after depleting proliferin by incubating
conditioned media with goat anti-mouse proliferin antibody (sc-47347; Santa Cruz Biotechnology)
or goat IgG isotype control (ab-37373, Abcam) at 4 °C for 2 h prior to magnetic separation using
protein A/G magnetic beads (88802, Life Technologies) for 3 h at 4 °C (Yang X et al. 2012).

Tubule length was calculated in each well using ImageJ (NeuronlJ plugin, NIH).

3.7.3 Migration assay

The ability of EDCs to recruit circulating stem cells was evaluated by exposing bone marrow-
derived cells (BMDCs) to a gradient of EDC conditioned media using a transwell plate (24 wells,
3.0 um pores; Corning). BMDCs were isolated from C57BL/6 femurs and tibias prior to 7 days of
culture (EGM-2 media, CC-2935; Lonza). Specifically, 1 x 10° BMDCs in 100 ul of serum-free
IMDM were seeded in the upper well of the transwell while 600 ul of EDC-conditioned media
was placed in the bottom well. Cells that successfully migrated through the polycarbonate
membrane over 18 h of incubation were then fixed in 4% paraformaldehyde and stained with 4',6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich). To evaluate the effect of IL-6 on migration,
conditioned media was incubated with rat anti-mouse IL-6 antibody (16-70611-85; eBioscience)
or rat IgG1 isotype control (400402, Biolegend) at 4 °C for 2 h and then incubated with 300 pl of
anti-rat Dynabeads (11035, Life Technologies) for 3 h at 4 °C. Migration assay was performed
using IL-6 depleted conditioned media followed by quantification of the total number of cells in

six random fields of view.
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3.8 Characterization of extra-cellular vesicles secreted by EDCs

Extra-cellular vesicles were collected from EDCs cultured in hypoxic (1% oxygen) and low serum
(1% exosome depleted serum; System Bioscience) for 2 days. Conditioned media was centrifuged
at 2000 x g for 10 minutes to remove cellular debris prior to centrifugation at 8000 rpm for 30
minutes to remove the large particles/vesicles (LL8-70M, Beckman). The supernatant was then
centrifuged at 28000 rpm for 3 hours to pellet extra-cellular vesicles (L8-70M, Beckman). The
total vesicles pelleted from 6 ml of EDC conditioned media were resuspended in PBS for
quantification and evaluation of the particles size distribution by NanoSight (LM10; Malvern

Instruments).

3.9 Cellular senescence

B—galactosidase staining was used to evaluate senescence. Briefly, EDCs at 80-90% confluence
were fixed and incubated overnight at 37°C with SA-B-gal Detection Solution (KAA002,
Millipore). After washing, blue stained cells were counted in 6 random fields of view under phase
contrast microscope (Moticam Camera). The percentage of senescent cells was calculated by

dividing the number of B —gal+ cells to the total number of cells.

3.10 Evaluation of telomere length and telomerase system

Telomere length and telomerase activity was evaluated in the c-Kit+ and c-Kit- sub-populations
within EDCs after antigenic sorting (c-Kit, Sc-168, Santa Cruz; anti-rabbit IgG Dynabeads,
11203D, Life Technologies). Following magnetic separation, the c-Kit+ cells were retained on the
tube wall by magnetic attraction (DynaMag-2, Invitrogen), while the c-kit- cells remained in the

supernatant.

52



Genomic DNA was extracted (DNeasy kit, Qiagen) for gPCR. To perform quantitative PCR, 16ng
of total DNA was added to each reaction well with 12ul of master mix (LightCycle 480 SYBR
Green I Master, Roche) and the primers of interest. Two sets of forward and reverse primers were
used, one to detect telomere repeats (telg,
ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT and telc, TGTTAGGTATCC
CTATCCCTATCCCTATCCCTATCCCTAACA) and another set to detect a single copy gene
(albumin) (albu:
CGGCGGCGGGCGGCGCGGGCTGGGCGGAAATGCTGCACAGAATCCTTG  and  albd:
GCCCGGCCCGCCGCGCCCGTCCCGCCGGAAAAGCATGGTCGCCTGTT. Signal
acquisition was read at 74°C to provide the Ct values for the amplification of the telomere template
and at 88°C to provide the Cr values for the amplification of the single copy gene template
(LightCycler 4801I; Roche) using 40 cycles. A reference DNA extracted from cardiac tissue with
different concentrations was used to generate standard curves for telomere repeats and Albumin.
The level of telomere length and single copy gene (albumin) was calculated in each sample using
the standard curves. The telomere and single copy gene (albumin) (T/S) ratio was calculated to
estimate relative telomere length such that greater T/S ratio indicates longer telomeres while lower
T/S ratio infers shorter telomeres (Cawthon, 2009).

Telomerase activity was quantified using qPCR detection of TTAGGG telomeric repeats
according to the manufacturer’s directions (MT3011, Allied Biotech Inc).

In brief, cells were lysed and, centrifuged at 12,000g for 30 minutes prior to incubation with
proprietary solutions that permit telomerase addition of telomeric repeats (TTAGGG) onto the 3'
end of the substrate oligonucleotide for qPCR quantification (45 cycles, LightCycler 480II,

Roche).
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3.11 Reactive Oxygen species content

Cell ROS content was quantified using fluorometric detection according to the manufacturer’s
directions (ab113851, Abcam). The ROS level was detected by formation of oxidized form of
2’,7’—dichlorofluorescein (DCF) from 2’,7’—dichlorofluorescin diacetate (DCFDA). The final
product is highly fluorescent and is detectable under green fluorescent channel settings. In brief,
2',7-dichlorofluorescein diacetate (25mM) was added to EDC cell cultures and incubated for 45
minutes followed by direct quantification of fluorescent emission (529nm) in response to
excitation at 495nm using plate reader (PowerWave HT Microplate Spectrophotometer, BioTek
Instruments). The assay was performed with 2 technical repeats. EDC treatment with Tert-Butyl

Hydrogen Peroxide (50uM) for 1 hour was used as positive control.

3.12 Antioxidant reserves evaluation

The activity of Super Oxide Dismutase (SOD) and Glutathione Peroxidase (GPx) that catalyze
dismutation of superoxide free radicals to molecular oxygen and reduction of hydroperoxides,
respectively, was evaluated. GPx activity within EDCs was measured using a colorimetric assay
according to the manufacturer’s directions (703102, Cayman Chemical). Briefly, 200,000 EDCs
were collected and sonicated. The supernatant was collected and centrifuged (10,000g for 15
minutes) before addition of the co-substrate mixture. The assay was performed with 2 technical
repeats and the reaction was initiates by addition of Cumene hydroperoxide. Change in light
absorption at 340nm per minute corresponds to oxidation of NADH+H" was used to quantify GPx
activity (PowerWave HT Microplate Spectrophotometer, BioTek Instruments).

SOD activity was measured using a colorimetric assay according to the manufacturer’s directions

(706002, Cayman Chemical). Briefly, the supernatant from sonicated EDCs was centrifuged
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(1,500g for 5 minutes) prior to addition of radical detector. The assay was performed with 2
technical repeats and the reaction was started by adding Xanthine oxidase. Colorimetric absorption
of formazan dye at 440 nm was used to quantify the total amount of superoxide produced by
Xanthine oxidase. SOD dismutates the superoxide, and reduces the generation of superoxide and

consequently the sample absorption at 440nm.

3.13 Microarray

Total RNA was extracted from EDCs according to the manufacturer's directions (RNeasy Mini
Kit, Qiagen) prior to quantity/quality evaluation (NanoDrop 2000, Thermo Fisher Scientific; 2100-
Bioanalyzer system, Agilent Technologies). The same RNA samples were used for subsequent
gPCR validation. RNA was submitted to the StemCore microarray facility (OHRI) for
hybridization to Affymetrix based GeneChip Mouse Gene 2.0 ST arrays (902119, Thermo Fisher
Scientific). Signal intensities were normalized by applying robust multi-array averaging (RMA;
Expression console software by Affymerix, Thermo Fisher Scientific) to use as an input for
different analyzing software programs. Of the 45,101 probe sets screened, 26,788 probe sets were
determined to be present. Expression data was analyzed using statistical analysis of microarray
software (Array Star v12, DNASTAR), with a calculated median false discovery rate of =5%.
Genes with 1.5-fold different expression rate were used for hierarchical clustering (Array Star v12,
DNASTAR). Among these genes, those that were related to the senescence pathway or
mitochondrial function were distinguished. Ingenuity Pathway Analysis, was used for pathway
analysis (QIAGEN Bioinformatics). Some differentially expressed genes according to microarray
data with O to 8-fold expression change between groups (ppplrl6b, Tnf, Cxcr4 and Rgsl) were
arbitrarily chosen for subsequent microarray validation using qPCR (PrimeTime Predesigned

gPCR probes, Integrated DNA Technologies).
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3.14 Lentiviral vector production and transduction

3.14.1 Plasmid constructs

Commercial 3™ generation packaging plasmids i.e. RSV-REV, Rev Response Element (RRE) and
VSV-G plasmid (addgene), 2" generation packaging plasmids (LV003, abmgood), green
fluorescent protein (GFP) expression vector (12154, addgene) and Mybl?2 lentiviral vector (pLenti-
GIII-CMV-GFP-2A-Puro; LV437429, ABM Inc.) were purchased. Also, custom made firefly
luciferase reporter plasmid (pCDH-EF1-FLuc-IRES-Puro, Dr. Duncan Stewart lab gift) and

custom-made Backbone control vector were used in this study.

3.14.2 Transformation

Mybl2 plasmid was received in the form of DNA. The plasmid was transformed into E-coli
bacteria DH5-a strain (Life technologies) by heat shock method. Briefly, 1ul of plasmid was added
to 50 pl of bacteria and the mixture was kept for 30 minutes on ice, 20 seconds at 42°C and 2
minutes on ice. The transformed bacteria were grown in LB media for one hour at 37°C followed
by culture on LB agar gel containing Kanamycin (0.5mg/ml) to select for transformed bacterial
colonies. Few colonies were picked, and their plasmid DNA was extracted by miniprep (QIAprep
Spin Miniprep Kit). The DNA was digested by EcoRV restriction enzyme (NEB) for 1h at 37 °C
before loading on 1% agarose gel, to assure the presence of Mybl2 plasmid in bacterial colonies.

The Mybl2 insert was detected at around 2k band of the ladder.

3.14.3 Viral packaging

To amplify plasmids, the transformed bacteria were grown in LB media overnight. The DNA was
extracted from bacteria using maxiprep (PM025, Geneaid). Lentivirus was produced using HEK
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293T cells in about 70% confluence after transfection with transfection reagent (Lipofectamine
2000, Thermo Fisher Scientific) packaging plasmids and plasmid containing gene of interest, with
harvest 48 and 72 hours later followed by concentration (Lenti-X concentrator; Clontech)

according to the manufacturer’s instruction.

3.14.4 Virus titration and transduction

The virus titration was measured by gPCR of LV vector gene (IDT primer). Briefly, the HEK 293
cells (Clontech) were treated with 0.8 pg/ml polybrene (Sigma) for 10min prior to transduction by
desired Lentivirus. Seventy-two hours after transduction, the HEK DNA was extracted (DNeasy
kit, Qiagen) and the stably integrated lenti gene was quantified using a standard curve for plasmids
containing the LV gene (Sastry et al., 2002). To transduce EDCs, cells were treated with 0.8 pg/ml
polybrene for 10min before transduction with desired lentivirus. EDCs were then allowed to

recover for at least 48 hours before further experimentation on them.

3.15.1 Mybl2 plasmid validation and Backbone plasmid generation

pLenti-GIII-CMV-GFP-2A-Puro (Figure 3.1A) was transformed into E-coli DHS strain and
cultured on LB agar. Successful transformation was confirmed by the presence of <2200 Mybl2
DNA fragment after plasmid DNA digestion by EcoR V and running it on agarose gel (Figure
3.1B). The HEK cells were then transfected by Mybl2 plasmid. The expression of GFP in HEK
cells showed that the plasmid is functional (Figure 3.1C). Also, the qPCR for Mybl2 RNA in HEK
cells showed increased Mybl2 transcript expression in transfected cells relative to non-transduced
HEK cells (Data not shown). Mybl2 virus was produced using 2" generation packaging plasmids.
We used non-transduced EDCs sourced from old donors with a history of ischemia and EDCs

transduced with Backbone lentivirus as controls. To generate a viral control for our experiment,
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Mybl2 plasmid construct was digested by EcoRV restriction enzyme overnight. The product was
loaded on agarose electrophoresis gel and the desired section (around 6Kbp, Figure 3.1B)
containing the plasmid backbone without Mybl2 gene was cut using UV light and a scalpel. The
agarose was melted, and the plasmid DNA was extracted according to manufacturer’s protocol
(DF100, Geneaid). Backbone plasmid was reconstructed by ligation of the two ends of plasmid
DNA using T4 DNA ligase (NEB; 16 °C overnight) after excision of Mybl2 gene. The backbone
plasmid was then transformed into DHS5-a E-coli strain for further amplification and virus

generation.
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Figure 3.1. Mybl2 plasmid. (A) Plasmid map reproduced with permission from abm Inc. (B) Agarose gel
showing successful transformation. The E-coli cells were transformed with Mybl2 plasmid. The DNA from
different colonies were extracted and digested with EcoRV. The green box shows the backbone DNA which
was later extracted from the gel and ligated to form backbone plasmid. Negative control is undigested

plasmid (C) Transfection of HEK cells by Mybl2 plasmid.
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3.15.2 Mybl2 over-expression

Mybl2 and its target genes expression was confirmed at RNA level. Mybl2, Cyclin B, FoxM1 and
CDKI1 mRNA was quantified 48 hours after lentiviral transduction using qPCR detection of
mRNA (PrimeTime Predesigned qPCR probes, Integrated DNA Technologies). At protein level
Mybl2 was evaluated 48 hours after transduction using CytoGlow B-Myb Cell-Based ELISA
detection Kit (CB5077, Assay Biotech). Moreover, the effect of Mybl2 over-expression on EDC

function was evaluated 72 hours after EDC transduction using appropriate techniques.

3.16 Rapamycin and bromoindirubin-3-oxime (BIO) cell treatment

EDCs were treated with 2uM of glycogen synthase kinase-3 beta (GSK-3fB) inhibitor, 6-
bromoindirubin-3-oxime (BIO, 361556, CALBIOCHEM), 2uM of the inactivated methylated
control (meBIO, 361550, CALBIOCHEM) and high (10 uM) and low (50 nM) doses of mTOR

inhibitor, Rapamycin (R0395, Sigma).

3.17 In vivo testing

For this cohort study, groups of 8-week old and 54-week old C57BL/6 recipient mice underwent
LCA ligation under a protocol approved by the University of Ottawa Animal Care Committee.
Seven days after LCA ligation, mice were randomized to receive 100,000 EDCs derived from
young normal donors, young ischemic donors, old normal donors or old ischemic donors. Also, a
separate subset of 8-week old mice, were randomized to receive 100,000 EDCs from old ischemic
donors which were non-transduced or were transduced with Mybl2 or Backbone virus. EDCs were
split into 2 doses delivered at the cardiac apex and lateral border zone using echocardiographic

guidance (VisualSonics V1.3.8, VisualSonics). Allowing for an alpha error of 5%, the sample size
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for each experimental group was calculated with 80% confidence based on the mean of compared

groups and their standard deviation.

3.17.1 Functional evaluation

Fourteen and 21 days after EDC injection, the effect of cell therapy was evaluated by
echocardiogram tracing of endocardium at end systole and end diastole in a blinded fashion as
described in section 3.1.2. After the final echocardiogram, the mice were sacrificed, and their

hearts were collected once the animals were anesthetized (2% isoflurane anesthesia).

3.17.2 Histology

A subset of hearts was excised and perfused with saline prior to fixation for 72 hours in 4%
Paraformaldehyde (PFA; Alfa Aesar) and stored in 70% Ethanol until paraffin embedding and
sectioning. The hearts were sectioned into Spum slices from the base of the heart starting from
suture to the apex (Histology lab, RGN). Four sections per heart from four different levels of infarct
area with 20 slice intervals (sections 1, 20, 40 and 60) were stained for Masson’s trichrome. The
scar size was evaluated (ImageJ, NIH) by calculating the percentage of fibrotic tissue within the
left ventricle. A second four sections per heart was deparaffinized in gradients of Xylene (Fisher
Scientific) and ethanol prior to antigen retrieval performed by boiling slides in Tris-EDTA-Tween
buffer for 1 hour. The sections were blocked in serum-PBST (37.5 ml PBS, 12.5ml FBS and 125ul
triton -X) for 1 hour and stained for Isolectin B4 expression (B-1205, Vector Laboratories) for 30
minutes at room temperature. After DAPI (Sigma) counter-staining, the number of vessels per
field of view within the infarct and border zone was assessed by fluorescent microscope (Carl
Zeiss). For CD68 staining, following deparaffinization and antigen retrieval, tissue sections were

blocked in serum-PBS and stained for CD68 (ab125212) overnight at 4°C. The tissue was then
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incubated with DyLight 594 goat anti-rabbit IgG (ab96897, Abcam), and DAPI was used to
identify cell nuclei. The number of CD68 cells per field of view was quantified within the infarct

and border zones of each section assessed by florescent microscope (Carl Zeiss).

3.17.3 Retention

3.17.3.1 Measurement of long-term EDC retention by GFP-labeling

To measure retention of transplanted EDCs within host myocardial tissue, EDCs were transduced
with GFP lentivirus 72 hours prior to injection. The GFP lentivirus was generated using 3™
generation packaging system as described in section 3.14. Whole heart genomic DNA was
extracted (DNeasy kit, Qiagen) and quantitative PCR was performed to detect GFP gene
(PrimeTime Predesigned qPCR probes, Integrated DNA Technologies). Using the whole heart
weight and the GFP standard curve prepared by serial dilution of DNA extracted from GFP

transduced EDC into non- transduced EDC, the number of engrafted cells was calculated.

3.17.3.2 Measurement of short-term retention by Luciferase

EDCs were transduced with the gene of interest (Mybl2/ Backbone) or not transduced followed by
double transduction with the Luciferase reporter gene. Seven days after LCA ligation, mice were
randomized to receive 100,000 EDCs split into 2 doses delivered at the cardiac apex and lateral
border zone using echocardiographic guidance. Luminescence by retained cells was evaluated
after subcutaneous injection of 150 mg/kg of D-Luciferin (LUCNA, Gold Biotechnology) using
serial whole-body imaging (IVIS spectrum in vivo imaging system, PerkinElmer) for 1 hour after

injection to identify peak luminescence 1, 3, 5 and 7 days after cell injection. To account for net
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injection variability, and luciferase expression variability in different groups (single transduced vs.

double transduced), the percentage of retained cells was calculated as the signal ratio to day 1.

3.18 Statistical analyses

All data are expressed as mean + SEM. All analysis was performed using GraphPad Prism 6
software. Normalcy was verified prior to statistical analysis. In experiments with comparison
between different groups, one-way ANOVA multiple comparison with Sidak’s correction was
used while Dunnett’s corrected t-test was applied in experiments in which different groups are
compared to single control group. To measure statistical significance for correlation (R-square), p
value was calculated using t-distribution function in Microsoft Excel software. p < 0.05 was

considered statistically significant.
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4. RESULTS

4.1 Validation of ischemic model- Donor age did not alter cardiac function after experimental

myocardial infarction

After LCA ligation, cardiac contractility was tracked using serial echocardiographic measurements
of LVEF. Although old mice demonstrated a tendency towards earlier reduction in cardiac
function, similar degrees of cardiac remodelling resulted as both old mice and young mice reached
an equivalent final LVEF 28 days after LCA ligation (27.6+1.0 vs. 29.3+1.1 %, respectively;
p=0.4; Figure 4.1, Table 4.1). Thus, post infarct EDCs were sourced from young and old mice with

comparable degrees of cardiac remodeling after myocardial infarction.

Bl Young donor
B Old donor

day 7 day21 day?28

Figure 4.1. Cardiac remodeling after experimental myocardial infarction. Old and young mice underwent
LCA ligation and had serial echocardiograms performed 7, 21 and 28 days later (n=17 per group). Values

are mean + SEM.
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7 DAY 21 DAY 28 DAY

Young Old Young Old Young Old
End diastolic volume (ul) | 55.9+4 85.4£4.7%%*  63.1+4 85+6.6%*  68.3x4.1 914 2%
End systolic volume (ul) | 38.3£3.6  60.8+£3.9%** 44.1+39  63£5.6** 49.1+4 66.7+3.7%*
Stroke volume (ul) 17.6£0.9  24.5+1.3*%** 19+0.9 22+1.5 19.240.8  24.3+].3%x*
LVEF (%) 33.1x1.9 293+14 31.4+2 26.9+1.6  29.7x1.7 27+1.4
FAC (%) 20.3+1.1  17.4+1 18.5£1.4  15.2+1.1  18.3%£1.2 16.2+1

Table 4.1. Cardiac remodeling after experimental myocardial infarction. Values are mean £ SEM.

*#p<0.01 ***p<0.001 between the two age groups.

4.2. Cellular characteristics of EDCs

4.2.1 Advanced donor age reduces EDC cell culture yields

To evaluate the effects of age and ischemia on EDC yield, the number of cells collected from each

harvest was manually counted by hemocytometer and cumulative yield was compared. We noted

that advanced donor age reduces the overall number of EDCs collected from plated myocardial

biopsies (37+8% fewer cells were collected compared to young group, p<0.05; Figure 4.2 A). The

number of collected young EDCs from ischemic group was similar to EDCs collected from young

normal hearts. In old mice, ischemia restored EDC yield back to levels comparable to its young

counterpart group (10.4£0.8 vs. 9.1+0.9 million cells, respectively p=0.28). This observation was

followed by measuring the proliferative capacity of EDCs. The population doubling time of EDCs
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sourced from old and young donors with and without ischemic injury was measured in standard
culture conditions (21% oxygen + 20% FBS). EDCs sourced from all donor groups demonstrated
equivalent proliferative capacity (p=ns, Figure 4.2 B). The population doubling time was also
measured in hypoxic culture conditions designed to mimic ischemic myocardium (1% oxygen +
1% FBS), to evaluate the effect of metabolic stress on EDC proliferation. In ischemic culture
conditions, proliferation was halved in all groups compared to normoxic culture condition (p<0.05,

Figure 4.2 B). However, similar to normoxic culture condition, donor age had no effect on

proliferation (p=ns).

A B

B Young donor
Bl Old donor

1.5x1071 L

1.0x1074

Population doubling time (hour)

5.0x10°4

Number of EDCs/ g of tissue

Normal Ischemic Normal Ischemic

Normal Ischemic

Normoxic culture condition Hypoxic culture condition

Figure 4.2. EDC culture yield measured by manual cell counting. (A) The total number of cells collected
from one gram of cultured heart tissue (n=15 per group). Culture of old mice tissue provided less EDCs.
(B) The doubling time measured following 48h of EDCs incubation in standard (21% oxygen, 20% serum)
and ischemic (1% oxygen, 1% serum) culture conditions (n=6 per group). EDC proliferation was not
affected by age or ischemia. Values are mean + SEM. *p<0.05; ***p<0.001 between study groups. #p=<0.05;

##p<0.01 between same study groups in different culture condition.
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4.2.2 Advanced donor age does not influence the sub-populations found within EDCs

The EDC sub-population phenotype was analyzed using flow cytometry. We observed that
advanced donor age did not alter the content of cells expressing markers indicative of cardiac (c-
Kit+), mesenchymal (CD90+) or endothelial (CD34+) progenitors (Figure 4.3). Interestingly, a
history of ischemia had a minor effect on the endothelial progenitor (CD34+) content within EDCs
sourced from both old (7.5+1.2 to 3.7+0.6%; p<0.05) and young (6.8+0.9 to 3.9+0.9%, p<0.05)
donors. While, it had no influence upon the content of cardiac (c-Kit+) and mesenchymal (CD90+)

progenitors. Within ischemic groups, age had no effect on the phenotypic make-up of EDCs.

Bl Young Donor
B Old Donor

% Cells

NRM  ICM NRM  ICM NRM  ICM
c-Kit CD90 CD34

Figure 4.3. EDC phenotype. The percentage of cells positive for markers of c-Kit, CD90 and CD34 was
measured by flow cytometry (n=8 per group). Age or ischemia did not influence the CD90+ and c-Kit+
portions of EDC sub-populations but ischemia background reduced the CD34+ portion of EDCs. NRM,

normal; ICM, ischemic. Values are mean + SEM *p<0.05.
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4.2.3 Advanced donor age and a history of ischemia have minor effects on EDC differentiation

The effect of aging and ischemia upon the intrinsic capacity of EDCs to differentiate into
myocardial lineages was investigated by exposing EDCs to in vitro conditions known to favour
cardiac identity (Figure 4.4). We first measured the expression of transcripts indicative of cardiac,
endothelial and smooth muscle lineages using the primers designed to target cardiac troponin T
(cTnT), von Willebrand factor (vWF) and a-smooth muscle actin (a-SMA) mRNAs, respectively.
As shown in Figure 4.4 A, EDCs cultured from old donors expressed cTnT at lower levels (p=0.05)
when compared to EDCs culture from young mice, while vVWF and a-SMA mRNA expression was

not significantly different (p=ns).

EDC:s cultured from old mice with a history of ischemic injury expressed more vVWF and a-SMA
mRNA following culture in cardiogenic media when compared to EDCs from normal old mice. In
comparison, EDCs culture from young mice after ischemic injury had a reduced ability to express
cTnT mRNA (p<0.05) when compared to EDCs cultured from young normal mice. Within
ischemic groups, EDCs cultured from old mice had a higher a-SMA mRNA level (p<0.05 vs.
ischemic young mice sourced EDCs), but vWF and cTnT expression did not significantly change
(p=ns, Figure 4.4 A). These transcriptional changes were not reflected by protein expression as
flow cytometry suggested that donor age and a history of ischemic injury had negligible effects on
the capacity of EDCs to differentiate into cardiomyocytes or smooth muscle cells (Figure 4.4B).
Interestingly, EDCs cultured from ischemic old mice displayed an increased ability to adopt

endothelial lineage (p<0.05).
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Figure 4.4. EDC ability to differentiate towards cardiac lineages. The ability of EDCs to differentiate into
a cardiomyocyte, endothelial cell and smooth muscle cell was quantified using (A) gPCR for ¢TnT, vWF
and a-SMA after 7 days of culture within conditions known to favor cardiac differentiation. The cycle
thresholds (ct values) were normalized to data from normal dermal fibroblasts cultured in identical
conditions (n=3 per group). (B) Flow cytometry of EDCs for cTnT, vWF and a-SMA markers after 7 days
of culture in cardiogenic media. Age enhanced the ability of EDCs to differentiate into endothelial cells

only when they have a history of ischemia (n=4 per group). Values are mean + SEM *p<0.05; **p<0.01.
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4.2.4 Advanced donor age and ischemia combine to decrease apoptosis resistance

The capacity of EDCs to withstand the harsh ischemic post-infarct environment was evaluated by
exposing cells to hypoxic (1% oxygen) low serum (1% FBS) condition. After 48h, cells were
stained for Annexin V and 7-AAD followed by flow cytometry quantification for positive cells.
The number of double positive EDCs at late apoptotic phase was negligible and unaffected by age
or history of ischemia. The number of cells that were positive for Annexin V was considered as
early apoptotic cell (Figure 4.5). EDCs sourced from old and young donors demonstrated no
significant difference in the number of apoptotic cells (5.2+ 0.5 vs. 6.1+ 1%, respectively; p=0.43).
While a history of ischemia did not change the number of apoptotic cells in EDCs from young
donors (4.8+0.4%, p=0.23 vs. no ischemic history), EDCs sourced from old donors with a history
of ischemia showed a strong trend to reduce resistance to apoptotic stimuli (7.1+0.7%; p=0.06 vs.
old non-ischemic donors). When considering using autologous cells (i.e., chronic ischemic old vs.
young donors), advanced donor age was found to decrease the ability of cells to withstand
apoptosis by 1.5+0.1 fold (p<0.05 vs. EDCs from young donors with a history of myocardial
infarction). Taken together, this data demonstrates that advanced donor age and a history of

ischemia combine to decrease the ability of EDCs to tolerate ischemic stress environment.
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Figure 4.5. EDC resistance to apoptosis. The ability of EDCs to withstand the ischemic condition (1%
oxygen, 1% serum) in vitro was evaluated by flow cytometry after staining the cells with Annexin V and
7-AAD (n=7 per group). (A) Representative image of flow cytometry plot. (B) The percentage of the cells
that were positive for Annexin V was measured using Guava easyCyte software which showed the
vulnerability of EDCs sourced from old donors with ischemic injury to ischemic condition. Values are mean

+ SEM *p<0.05

4.2.5 Advanced donor age and chronic ischemia increase senescence

The portion of senescent EDCs cultured from myocardial biopsies was evaluated after culture
within normoxic condition prior to fixation with 4% paraformaldehyde and staining x-gal (the
substrate for B-galactosidase). f-galactosidase is a high precision marker of cellular senescence
(Lawless et al., 2010). As predicted, EDCs sourced from old mice exhibited a greater number of
senescent cells as compared to EDCs cultured from young mice (14.8+2.3 vs. 3.2+0.7 %,
respectively; p<0.01; Figure 4.6). A history of ischemia increased the number of senescent cells in
EDCs from old and young donors (23.8+3% senescent EDCs cultured from old donors and 8.9+1.9
% senescent EDCs cultured from young donors, p< 0.05 vs. EDCs culture from similar age donors

without a history of myocardial infarction). In old mice, a history of ischemia had a marked effect
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on the number of senescent EDCs as old individual exhibited 2.7+0.3-fold more senescent cells
when compared to young donors with a history of myocardial injury (p<0.01). This data hints that

ischemia is an important parameter that induces senescence in addition to advanced donor age.
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Figure 4.6. EDC senescence. Senescent cell quantification by Senescence-associated B-galactosidase
staining, followed by DAPI staining to count the total number of seeded cells. The number of cells were
counted in 6 random fields of view and is reported as percentage of senescent cells. (A) Representative
images of senescence-associated B-galactosidase staining in EDCs sourced from old and young donors.
Blue stains show the cells that have undergone senescent. (B) Quantification of senescent cells (n=8 per

group). Random field analysis demonstrated that senescent cells are more abundant in aged EDCs. Values

are mean + SEM *p<0.05; **p<0.01

4.2.6. Antioxidant enzymes activity increases after infarction in young EDCs

The ability of cells to reduce toxic ROS generated during metabolism can greatly impact on
senescence. As shown in Figure 4.7A, EDCs cultured from old donors produced equivalent
amounts of ROS as compared to EDCs cultured from young donors (26.8+3.3 vs. 24.3+3.6 a.u,
respectively; p=0.59). Interestingly, a history of myocardial infarction markedly reduced the ROS

content within EDCs cultured from young donors (p<0.05 vs. young donors without a history of
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myocardial ischemia) in contrast to EDCs cultured from old donors in which the ROS production
remained unchanged. Within ischemic groups, EDCs sourced from old donors showed greater
ROS burden relative to young donors (28.6£2.8 vs. 13.5+1 a.u, respectively, p<0.05). Given that
ROS content reflects the activity of antioxidant enzymes, we probed the activity of SOD and GPx.
It was interesting to see that the activity of SOD was strongly correlated to ROS levels (R?>=0.87,
p=0.03 Figure 4.7 C). SOD activity remained unchanged by aging (1.24+0.07 in EDCs from young
donors vs. 1.40+0.15 a.u in EDCs from old donors, p=0.42) but was markedly increased in EDCs
cultured from young donors with a history of ischemia (1.91+0.11 a.u, p<0.01 vs. young donors
without a history of myocardial ischemia). Contradictorily, a tendency for reduced SOD activity
was seen in EDCs cultured from old donors with a history of ischemia (1.01£0.07 a.u, p=0.08).
When we measured GPx activity, we observed that the difference in GPx activity of EDCs sourced
from old and young donors was not significant (0.15£0.02 vs. 0.21+£0.05 a.u, respectively).
Nevertheless, because a history of ischemia tended to increase GPx in EDCs from young donors
(0.25£0.01 a.u) and tended to decrease GPx activity in EDCs from old donors (0.11£0.02 a.u),
EDCs sourced from young donors with a history of ischemia had significantly greater GPx activity
compared to their old counterpart (p<0.01; Figure 4.7 D). This data indicates that cellular ROS
production remains unaltered in EDCs, however, the activity of antioxidants markedly enhances
in EDCs from young donors with ischemic injury. Therefore, enhanced clearance of toxins likely

accounts for the reduced ROS content observed within these EDCs.
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Figure 4.7. ROS formation and handling in EDCs. (A) The ROS content within EDCs was measured after
incubating the cells with DCFDA for one hour followed by fluorescent reading emission at 535nm (n=5
per group). (B) Super oxide dismutase activity (n=5 per group) (C) Correlation of ROS with SOD activity
(D) Glutathione peroxidase activity (n=5 per group) was measured in the supernatant of lysed EDCs. Young
ischemic EDCs have increased antioxidant enzymes while aged ischemic EDCs reduced the activity of

antioxidant enzymes considerably. Values are mean + SEM *p<0.05; **p<0.01

4.2.7 Ischemia shortens telomere length in c-Kit+ cells but not in c-Kit- cells

Short telomere is a potent inducer of senescence. Given previous work demonstrating the
myogenic and angiogenic properties of c-Kit+ cells, telomere length was quantified in
magnetically sorted c-Kit+ and c-Kit- cells (Jesty et al., 2012; Cesselli et al., 2011). As shown in
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Figure 4.8A, cell type influenced telomere length as c-Kit+ cells generally had longer telomeres
than c-Kit- cells (p<0.05) excepting c-Kit" cells cultured from ischemic old donors where telomere
length was reduced to lengths comparable with c-Kit- cells. Telomere length in c-Kit- cells from
all cohorts were equivalent. Also, advanced donor age had negligible effect on telomere length in
c-Kit+ cells, while a history of ischemia reduced telomere length by 22+1.7 and 31+2.2% in young

and old donor sourced EDCs, respectively (p<0.05 vs. no ischemic history).

To account for these observed differences, the activity of the enzyme responsible for telomere
lengthening (telomerase) was evaluated (Figure 4.8B). Comparing between the two population of
cells within a group, the telomerase activity of c-Kit+ cells from normal young donors was greater
than in c-Kit- cells (SE-04 £ SE-05 vs. 3E-04+ 1.5E-05, p<0.5). Akin to the telomere length results,
c-Kit- cells from all cohorts showed similar telomerase activity (p=ns). Also, telomerase activity
was markedly reduced in c-Kit+ cells cultured from old donors with a history of myocardial
infarction (p<0.05 vs. non-ischemic old donor) suggesting that infarction is more apt to reduce
telomerase activity in old donors. Overall, the telomere system is more vulnerable in c-Kit+ cells

derived from old mice with a history of ischemia.
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Figure 4.8. Telomere/ Telomerase system. Both telomere length and telomerase enzyme activity were
assessed by qPCR after c-kit+ cell separation using magnetic sorting. (A) Telomere and reference gene
levels were first calculated using standard curves for each of the genes. Telomere length was then
normalized to the single copy reference gene (Albumin) in c-kit+ and c-kit- cell populations (n=6 per
group). (B) Telomerase concentration in c-kit+ and c-kit- cell populations of EDCs measured by qPCR of
telomerase substrate (n=5 per group). Values are mean = SEM. *p<0.05 between EDC cohorts; #p<0.05 in

c-kit+ vs c-kit-
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4.3 Paracrine profile and potency of EDCs

4.3.1 Advanced donor age and infarction alter EDC production of cytokines

Given mounting evidence that a significant portion of cardiac repair conferred by EDC
transplantation is mediated by indirect paracrine stimulation of endogenous repair, the paracrine
signature of EDCs from old and young donors was quantified. Conditioned media was generated
by exposing EDCs to stress conditions designed to simulate the ischemic border zone (i.e., 1%
oxygen + 1% serum). The profiled cytokines of interest were selected from the work of Latham et
al. (Latham et al., 2013). As shown in Figure 4.9, aging did not alter the content of angiogenin,
angiopoetin-1, hepatocyte growth factor or VEGF. However, EDCs cultured from old donors
secreted greater amounts of IL-6 (2481820 vs. 1516£220 ng/ml, respectively; p=0.05 vs. young
donors). EDCs sourced from old donors with a history of myocardial infarction demonstrated
reduced secretion of the pro-angiogenic cytokines, angiogenin, angiopoietin-1 and VEGF (p<0.05
vs. young donors). Apart from a notable increase in IL-6 (1.7+0.24 fold greater vs. no history of
myocardial infarction, p<0.05), ischemia had no effect on the cytokines produced by EDCs from
young donors. This data demonstrates that EDCs sourced from older individuals with a history of
myocardial infarction are less able maintain paracrine production hinting that the main mechanism

of benefit seen after transplantation may be impaired.
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Figure 4.9. EDC secretion paracrine profile of angiogenin, angiopoietin-1, HGF, VEGF and IL-6. These
cytokines are known to play a critical role in angiogenesis and cardiogenesis. The secretion levels of these
cytokines within media conditioned by EDCs were determined by ELISA. Values were compared after
correction for dilution factor and normalization with total protein (n=4 per group). Values are mean + SEM.
*p<0.05

4.3.2 Ischemia increases the pro-angiogenic capacity of EDCs through proliferin angiogenic

cytokine

Forming new vessels is essential for myocardial re-perfusion. We modelled vessel formation in
vitro by analyzing HUVEC tubule formation on cytokine-depleted Matrigel while the cells were
exposed to EDC conditioned media (CM). As shown in Figure 4.10A and B advanced donor age
alone had little effect on tubule length (11.2+0.6 and 12.2+0.3 mm in EDCs from young and old
donors, respectively; p=0.9). Surprisingly, unlike the marked reduction in pro-angiogenic cytokine
production observed in EDCs cultured from old donors with a history of myocardial infarction,
EDCs cultured from donors after myocardial infarction demonstrated longer tubule length

(16.4+£0.5mm; p<0.01 in young and 14.3+0.4mm; p=0.05 in old donors vs. no infarction history)
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with the greatest increase observed in young donors with a history of myocardial infarction (p<0.04

vs. old donors with a history of myocardial infarction).

Misalignment between HUVEC tubule formation results and candidate pro-angiogenic cytokines’
ELISA data rationalized unbiased follow-up experiments profiling the secretory angiogenic
proteome profile of EDCs. Secretion of 53 different cytokines within conditioned media was
assessed using an angiogenesis proteome profiler array (53 cytokines; Figure 4.10E and F). As a
negative cellular control, DF conditioned media with minimal potency to form tubules (Latham et
al., 2013) was used. Among cytokines whose secretion level was significantly different compared
to DF cells, proliferin secretion was increased by ~5 fold in media conditioned by EDCs from both
old and young donors with a history of myocardial infarction (p<0.01 vs. no infarct donors, Figure
4.10C). These differences in cytokine production corresponded to significant increase in the EDC
ability to stimulate angiogenesis (1.47+0.04 and 1.15+0.03 fold more tubules in young and old
donors with a history of infarction vs. no infarction, respectively; p<0.05). Proliferin depletion
confirmed the suspicion that proliferin was responsible for increased tubule formation of ischemic
mice sourced EDCs as in the absence of proliferin tubule formation was reduced by 27+7 and 38+6
% in young and aged ischemic EDCs, respectively (p<0.05 vs. non proliferin depleted; Figure
4.10B and D). Successful depletion of proliferin was confirmed using an IgG isotype control.
Proliferin elimination resulted in reduction of HUVEC tubule formation on matrigel compared to

IgG isotype control as shown in Figure 4.10G.
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Figure 4.10. Angiogenesis capacity and profiling of secreted angiogenic cytokines. The ability of
conditioned media from EDCs to induce tubule formation was assessed after seeding HUVECs on
Matrigel followed by incubation with CM. (A) Representative images of tubule formation assay. (B)
Quantification of tubule length using NeuronJ plugin of ImageJ software. Tubule length for each sample
was averaged from 3 well replicates (n=4 per group). (C) Proliferin secretion level within EDC CM,
measured by angiogenesis proteome profiler array (n=3 per group). (D) Quantification of tubule length after
proliferin depletion. Depletion of proliferin from conditioned media was performed by addition of
proliferin antibody to CM, followed by protein A/G magnetic beads elimination (n=4 per group). (E)
Quantification of secreted cytokines. Loaded conditioned media was normalized to protein content of the
cells. Following the experiment, the expression levels were normalized to reference controls on the
membrane. # shows significant secretion level in all EDC groups comparing to DF cells (p<0.05). (F)
Representative images of EDC secretion of 53 angiogenesis-related proteins. Data shown from 5-minute
exposure. (G) Angiogenesis assay in the presence of isotype control. The specificity of proliferin antibody
was confirmed using IgG isotype control antibody (n=3 per group). Values are mean + SEM. *p<0.05;

4p<0.01

4.3.3 Advanced donor age increases bone-marrow derived cells recruitment by EDCs

A portion of the indirect cardiac repair seen after EDC transplantation is mediated through
recruitment of circulating stem cells and/or inflammatory cells (Tilokee et al., 2016). Therefore,

we evaluated the effects of advanced donor age and ischemia on the ability of EDC conditioned
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media to recruit bone marrow derived cells through a standard transwell assay (Molgat et al. 2014).
This assay revealed that advanced donor age markedly increases the ability of EDC conditioned
media to recruit BMDCs (506 vs. 2344, p<0.05 vs. normal young donors and 54+8 vs. 285,
p<0.05 vs. young donors with a history of ischemia; Figure 4.11A, B). Interestingly, a history of
ischemia had a negligible effect on the ability of conditioned media to recruit BMDCs. Consistent
with previous reports, (Mayfield et al., 2016; Mayfield et al., 2017) transwell migration strongly
correlated with IL-6 content within conditioned media (R?=0.95; p=0.02). Hence, we tested the
hypothesis that IL-6 is involved in increased migration of BMDCs when exposed to media
conditioned by EDCs from old donors. When we performed the migration assay after IL-6
depletion, recruitment was decreased in all cohorts (p<0.05; Figure 4.11B and C) with a prominent
~75% reduction effect noted in aged EDC conditioned media. Thus, confirming the notion that IL-

6 accounts for increased BMDCs recruitment seen in media conditioned by old donors.

The specificity of the IL-6 neutralizing antibody was confirmed by running the migration
experiment in the presence of the IgG isotype control. Figure 4.11D shows a significant reduction
in the migration of BMDCs through a Boyden chamber after depletion of IL-6 by its neutralizing

antibody compared to the IgG isotype control (p=0.05).
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Figure 4.11. Cell migration inducing capacity. The ability of EDC conditioned media to induce migration
of bone marrow derived cells was evaluated by seeding these cells on transwell inserts and calculating the
number of migrated cells to the bottom compartment of transwell plate. These cells were then fixed and
stained with DAPL (A) Representative images of migration assay. (B) Quantification of migrated cells
using ImageJ software. The cells were counted in 6 random fields of view (n=5 per group). (C)
Quantification of migrated cells after IL-6 depletion using neutralizing IL-6 antibody. The cells were

counted in 6 random fields of view (n=4 per group). IL-6 in conditioned media promoted cell migration.
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(D) Migration assay in the presence of isotype control. The specificity of 1L.-6 antibody was confirmed

using IgG isotype control antibody (n=3 per group). Values are mean + SEM. *p<0.05

4.3.4 Donor age and myocardial ischemia do not alter EDC extracellular vesicle production

To probe the contribution of the age and myocardial injury on extracellular vesicle production,
EDCs were cultured for 48 hours in exosome -free 1% FBS media under hypoxic (1% O) culture
condition. Microparticle quantification (NanoSight) showed that advanced donor age or a history
of myocardial infarction had no effect on size and number of secreted extracellular vesicles (p=ns;

Figure 4.12).
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Figure 4.12. Extracellular vesicle secretion. Particle movements were captured during 60 second videos
from 3 different random fields of view (n=4 per group). (A) Representative image of NanoSight result. (B)
Total vesicle number collected within 48 hours time period concentrated in 1 ml of saline. (C) Average
vesicle size. EDCs from all cohorts were secreting equal number of vesicles and their mean peak size

remained unchanged. Values are mean + SEM

4.4 Effects of advanced donor age and ischemia on the regenerative potency of EDCs in vivo

4.4.1 Advanced donor and recipient age reduce functional improvements after EDC transplantation

To evaluate the capacity of EDCs from different cohorts to improve the heart function after
myocardial infarction, 100,000 EDCs were injected into the infarct border zone 7 days after LCA
ligation using echocardiographic guidance (Latham et al. 2013; Molgat et al. 2014; Jackson et al.,
2015). Heart function was evaluated using echocardiography at the time of injection and 3 weeks
after injection (Figure 4.13 and Table 4.2). EDCs from all four cohorts were injected into young
(2-month old) or old (12-month old) recipients. PBS was used as a negative control and resulted
in progressive adverse cardiac remodeling over the 3 weeks after injection (-3.7+£1 vs. -2.8+0.8 %
EF in young and old recipients, respectively; p= 0.51 for effect of recipient age; Figure 4.13).
EDCs from all cohorts significantly improved cardiac function in both young and old recipients
compared to PBS injection (p<0.01). As shown in Figure 4.13, advanced recipient age markedly
attenuated the salutary benefits conferred by EDC transplantation as aged matched EDCs cultured
from normal or ischemic mice provided greater improvements in cardiac contractility when
injected into young recipients relative to old recipients; suggesting that old heart milieu is less
responsive to regenerative (paracrine) stimuli. Donor age also had a marked effect on the
regenerative performance of EDC transplant as cells from normal young donors consistently
outperformed those from normal old donors (7.8+0.6 vs. 5.3+1% change in LVEF from baseline,

p=0.05) in young or (51 vs. 1.8£0.6% change in LVEF from baseline, p<0.01) old recipients.
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Comparing the effect of age within ischemic groups showed a similar trend as observed in normal
groups. EDCs from young donors with a history of ischemia tended to provide greater
improvement compared to those from old donors (7+0.9 vs. 4+1.2% change in LVEF from
baseline, p=0.06) in young or (3.4+0.6 vs. 1.1£0.9% change in LVEF from baseline, p<0.05) old
recipients. When we evaluated the effect of ischemia on EDCs, ANOVA showed that the factor of
ischemia significantly reduced gains in myocardial function, however, the multiple comparison
did not show any significant difference between donors with or without ischemic injury. Further
details of echocardiographic measurement are available in Table 4.2. As shown in this table,
cardiac dimensions indicate progressive remodeling in all groups. However, young hearts injected
with young EDCs are showing greater improvement in cardiac function compared to PBS group

(p<0.05).

B Young donor
mm Old donor
PBS

A EF %

Normal Ischemic Normal Ischemic

Young recipient Old recipient
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Figure 4.13. Functional evaluation measured by echocardiography. Cardiac function (AEF %) was

assessed following injection of 100,000 cells into an LCA ligated mouse heart. The chart shows the

difference in LVEF 3-weeks after EDC injection compared to baseline (n=12 per group). EDCs from young

donors were more potent to ameliorate the heart function in both young and old recipients. Values are mean

+ SEM. *p<0.05 between different donor in same-age recipient; # p<0.05; ##p<0.01 between same donors

in different-age recipients; ++p=<0.01; +++p=<0.001 between PBS group and all other donors in same-age

recipients.
YOUNG RECIPIENT
Donor: PBS Young mouse  Old mouse  Young mouse  Old mouse
control no ischemia no ischemia  with ischemia with ischemia
DAYS POST MI 7 28 7 28 7 28 7 28 7 28
EDV 64+1 T6x4# S5T+4  T2+4# 60+4  69+2 653 T6+3# 68+4 7948
ESV 44+2  55+4# 4144 4643 4243 4542 48+3 5143 4844 5547
SV 20£1 2142 16x1 25x1#* 1811 24+1# 1741 26x1#* 1941 24+1#
LVEF (%) 3242 2843 2842 362#* 3041 35+1#*  27+2  34+2#  28+2 3342
FAC (%) 19+1 17£2 1621 23£1#* 17+£]1 22+1#% 161 21£2# 161 19+£2
OLD RECIPIENT
Donor: PBS Young mouse Old mouse Young mouse Old mouse
control no ischemia no ischemia  with ischemia  with ischemia
DAYS POST MI 7 28 7 28 7 28 7 28 7 28
EDV 11311 103+£9 93+5 93+4 9446  88+4 1089+ 1075 8643 8714
ESV 7949  T448 6414 6944 705 66+4 7948+ 814  60+3 6144
SV 3543 29+2 3042 2442+  24+1 2241 2942 2642 2742 261
LVEF (%) 3182 2942 3242 262#+ 27+1 2542 281 2442 30+2  29+1
FAC (%) 18+2 18+1 19+£2 16+1 16+1 14+1 16+1 14+1 18+1 17+£1

Table 4.2. Echocardiographic parameters after EDC therapy at day 7 post infarction when the EDCs were

injected and 28 days after infarction (21 day after EDC therapy).Values are mean + SEM. *p<0.05 vs.
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PBS group; # p<0.05 day 7 vs. day 28; +p<0.05 young vs. old; EDV: End diastolic volume; ESV: End
systolic volume; SV: Stroke volume; LVEF: Left ventricular ejection fraction; FAC: Fractional area

shortening.

4.4.2 Advanced donor age and ischemia combine to reduce the antifibrotic effect of EDC transplant

Myocardial scar size in the left ventricle was evaluated using Masson’s Trichrome staining 28 days
after LCA ligation (4 sections per mouse, 100 um separation). In contrast to the adverse effect of
recipient age on EDC improvement in cardiac function, advanced recipient age did not consistently
reduce the salutary effects of EDC transplant on myocardial scar burden (p=ns; Figure 4.14). As
shown in Figure 4.14, intramyocardial injection of EDCs from mice with advanced donor age was
consistently associated with larger scar sizes compared to young donors (29+1.4 vs 24.6£1.2%,
respectively in non-ischemic and 33.7+1.3 vs. 28.6£1.7% in ischemic donors; p<0.05) although
this effect attained significance only in sections from young recipients. Injection of cells from
donors with a history of myocardial infarction was also associated with larger scar sizes with
significant effects noted only within young recipients injected with EDCs from old donors.
Overall, these results suggest that advanced donor age and a history of myocardial infarction
combine to reduce the anti-fibrotic effects of EDC transplantation, but this effect was only
observed in young mice underscoring the importance of the recipient heart to pro-healing

stimulation.
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Figure 4.14. Scar size determined by Masson’s trichrome staining performed on heart sections at 3 weeks
post-treatment. (A) Representative images of Masson’s trichrome staining. (B) Calculation of scar size by
measuring color threshold of fibrotic tissue relative to the whole ventricular area using image J program.

(n=6 per group). Values are mean = SEM. *p<0.05

4.4.3 Advanced donor age and ischemia do not alter the pro-angiogenic effect of EDC transplant

Isolectin B4 staining was performed to identify vessels within the infarct border zone of EDC-
treated mice 28 days after LCA ligation. As shown in Figure 4.15A and B, EDC source had limited
effects on vascularization. EDC recipient had an unanticipated effect on vessel density as old
recipients treated with EDCs from young non-infarcted donors demonstrated 1.4+1 fold more
vessels within the peri-infarct (4.6+0.4 vs. ~ 3.3 /FOV in all other treated groups; p<0.05). Thus,
in contrast to in vitro data showing ischemia increases the pro-angiogenic potential of EDCs, this
capacity is not realized in vivo as injection of young EDCs within an aged host was the only group

that experienced a marked increase in peri-infarct vascularization.
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4.4.4 Age and ischemia have negligible effects on the long-term retention of transplanted EDCs

It is intuitive that increased long-term retention of transplanted cells may influence the functional
benefits of cell therapy. To investigate this possibility, a separate series of mice were injected with
lentiviral-labelled EDCs prior to qPCR detection of GFP transcripts within the left ventricular
lysate. Although retention of transplanted EDC s from young donors was slightly greater (Figure
15C), these modest changes were not significant due to high variability and limited number of cells
retained 21 days after cell injection. The sex mismatch method (injection of male donor cells to
female recipients) to measure engraftment by detecting SRY or RBMY sequences was not
successful, as well. This high variation might be due to modest reproducibility and low sensitivity
of the technique to detect the few engrafted cells, as the copy number of GFP, SRY and RBMY
are much lower than ALU sequences (which has successfully used for human cell retention

measurements) and falls below the PCR detection level threshold.
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Figure 4.15. EDC mechanism of benefit. The hearts were isolated 3-weeks after EDC injection. (A)
Representative images of isolectin B4 staining. (B) Total vessels in the infarct border zone was calculated
after isolectin B4 staining. The number of vessels was quantified per field of view in the whole border zone
area (n=6 per group). (C) Quantification of GFP+ EDC retention in the heart tissue by gPCR (n=3 per
group). The number of cells were quantified using a standard curve made by serial dilution of GFP EDCs.

Values are mean + SEM. *p<0.05; # p<0.05 between same donors in different-age recipients
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4.5 Microarray transcriptome profiling

4.5.1 Microarray data

Microarray analysis was used to explore the fundamental changes underpinning the observed
differences in EDC characteristics and function. To this end, the global gene-expression profiles
of EDCs from ischemic old, normal old, ischemic young and normal young mice were directly
compared. While hierarchical clustering of genes with a greater than 2-fold change in expression
showed substantial alterations in gene expression after ischemia (Figure 4.16A), microarray
profiling revealed that aging alone prompted the differential expression of 245 genes (=2-fold
change; FDR<0.05) that resulted in up-regulation of pro-inflammatory pathways including
TREMI1, NF-KB, Toll-like receptor and Death Receptor signaling by modulating the upstream
regulators, TGFB1 and IL-6. Figure 4.16B shows the 5 most significant differentially regulated
pathways. A history of ischemia resulted in the differential expression of 924 and 773 genes in
EDCs from old and young donors, respectively (>2-fold change; FDR<0.05). Although
inflammatory pathways were activated in EDCs from both old and young donors with a history of
myocardial ischemia (i.e., IL-6, NF-KB, TNFR2, TGFB1 and TNF), ischemia resulted in EDCs
sourced from young donors up-regulating NRF2-mediated oxidative stress response and PI3K
signalling pathways (compared to normal young donors). In contrast, a history of ischemia in old
donors increased the expression of P38 MAPK pathway and inflammation/oxidative stress in these
EDCs. Within EDCs cultured from ischemic groups, advanced donor age promoted the differential
expression of 145 genes (>2-fold change; FDR<0.05) which modify many of the pathways
responsible for effective cell cycle regulation namely cell cycle control of chromosomal replication

(p<7.5E-06), DNA damage induced 14-3-3c Signaling (p<5.2E-03), Mitotic Roles of Polo-Like

94



Kinase (p<1.3E-2) and Cell Cycle: G2/M DNA Damage Checkpoint Regulation (p< 1.7E-2)

(Figure 4.16B).
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Figure 4.16. Microarray analysis. (A) Hierarchical clustering of genes with more than 2-fold differential

expression (FDR<0.05) using arraystar software. (B) Top canonical pathways determined based on genes

whose expression was significantly different between groups (p<0.01), analyzed by Ingenuity software.

Orange bar: predicted to be activated; Gray bar: no activity pattern available; Orange square: the ratio of

altered gene to the total genes within a pathway; Y axis shows significance of the changes in a pathway.

3 per group).

Above the threshold line is significant (n
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4.5.2 qPCR validated the microarray data

A series of differential expressed genes were randomly selected for microarray validation using
gPCR, which were Ppplr16b, Tnf, Cxcr4 and Rgsl whose expressions varied from 1- to 8- fold
between the experimental groups. The expression ratios of these genes between different cohorts
were calculated again by qPCR data. The results showed strong correlation between qPCR and

microarray data with R?= 0.97 (p=0.001; Figure 4.17).

8 R?=0.9707 %
6 ¢
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%! =
|
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Figure 4.17. Microarray data validation. Five genes were selected for qPCR. Then the expression ratios
between the experimental groups was calculated for both qPCR data and microarray data. The ratio

correlation validated the accuracy of microarray data (n=3 per group).

4.5.3 Mybl2 is an attractive candidate to rejuvenate aged EDCs

To identify a potential target to rejuvenate aged EDCs prior to autologous therapy, differences
between the transcriptome of EDCs from old and young donors with a history of ischemia was
explored in depth. The Ingenuity analysis program specifically showed deregulation in cell cycle

progression/checkpoint control, interphase/G1/S/mitosis, DNA damage/breakage, replication/
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recombination, oxidative stress, p53 signaling and death receptor signaling. Based on the program
pathway analysis algorithm and the changes in gene expression, the software predicted activation
or inhibition of several upstream regulators including TBX2, E2F1, E2F4, FoxM1, EP400, RB1,
HDACI and Let-7. When analyzed for any gene with a role in cell cycle control/senescence with
more than 1.5 fold differential expression, we identified several molecules including Shcbpl,
Mirl145, Mirl186, Mirlet7c-2, Mird94, Mir323, Sorll, Mir380, Dlgap5, Fbxo5, Mybl2, Ccnb2,
Ska3, COX1, Ngol and Chafl1b for further scrutiny. Using the Genome-scale Integrated Analysis
of gene Networks in Tissues (GIANT) database to determine the networking of each of the
mentioned molecules, we identified Mybl2 as a potential candidate to rejuvenate aged ischemic
EDCs as it has a strong association with genes relating to DNA replication and cell cycle
checkpoint regulation including some regulators that Ingenuity analysis predicted to have altered
activity (such as E2Fs and FoxM1) (Figure 4.18A). Reassuringly, confirmatory qPCR analysis
demonstrated a 2.5 fold expression reduction in aged ischemic EDCs compared to young ischemic

EDCs (p=0.001; Figure 4.18B).

kg

Ischemic Young Ischemic Aged
EDCs EDCs

Figure 4.18. Mybl2. (A) Relationship of Mybl2 and 20 genes with high confidence relationship score as
determined by GIANT database (B) Mybl2 expression measured by qPCR was normalized to GAPDH and
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is shown relative to EDCs from mice with a history of ischemia (n=3 per group). Values are mean + SEM.

#4%=(0.001

4.6 Genetic enhancement with Mybl2 rejuvenates aged EDCs

4.6.1 Mybl2 over-expression increases Mybl2 protein and transcription of target genes

Following Mybl2 transduction, we assessed if Mybl2 overexpression was successful. We
measured the amount of Mybl2 mRNA by qPCR in EDCs from old donors with a history of
myocardial infarction after transduction with Mybl2 or backbone. Figure 4.19A shows that RNA
expression of Mybl2 was substantially increased in EDCs after Mybl2 transduction (p<0.001 vs.
backbone and non-transduced aged ischemic EDCs). This increase in Mybl2 transcript resulted in
1.5+0.04 fold increase in Mybl2 protein (p<0.05 vs. backbone and non-transduced EDCs; Figure
4.19B). Backbone transduced, and non-transduced EDCs showed equivalent Mybl2 transcriptome
expression and protein levels. As shown in Figure 4.19C, the expression of the Mybl2 target
transcripts CDK1, Cyclin B and FoxM1 was increased by 1.6+0.1, 1.2+0.1 and 1.2+0.1 fold
relative to backbone transduced EDCs and by 1.4+0.1, 1.1540.03 and 1.3+0.1 fold relative to non-

transduced EDCs, respectively (p<0.05).
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Figure 4.19. Expression of Mybl2 and its target genes. 48h after EDC transduction the expression of (A)
Mybl2 mRNA relative to GAPDH by qPCR (n=4 per group) (B) Mybl2 protein by ELISA (n=4 per group)
and (C) Mybl2 target gene mRNA by qPCR (n=4 per group) was measured. Values are mean + SEM.
*p<0.05; **p<0.01; ***p<0.001
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4.6.2 Mybl2 over-expression reduces EDC senescence

The capacity of Mybl2 to overcome senescence was evaluated by comparing the percentage of —
galactosidase positive cells in Mybl2 transduced EDCs from old ischemic donors. As shown in
Figure 4.20, somatic gene transfer of Mybl2 to aged ischemic EDCs reduced the number of
senescent EDCs by 61.4+6.4 % (p<0.001) and 63.8+5.7% (p<0.001) compared to backbone or
non-transduced EDCs, respectively. There was no meaningful difference in EDC senescence

detected between the backbone and non-transduced EDCs.
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Figure 4.20. Senescence after Mybl2 over-expression. (A) Representative images of senescence-associated
[-galactosidase staining (B) The senescent cell number count reported as percentage of senescent cells (n=9

per group). There was a decrease in senescent cell number for Mybl2 overexpressing EDCs compared to

the two control groups. Values are mean £ SEM ***p<0.001
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4.6.3 Increased Mybl2 expression and reduced senescent cell number after treatment with senolytic

compounds

To explore the hypothesis that Mybl2 is involved in anti-senescence effect of senolytic
compounds, we treated EDCs from old ischemic donors with small molecules known to reverse
senescence and evaluated effects on Mybl2 expression. As shown in Figure 4.21, treatment of
cells with BIO or rapamycin decreased EDC senescence by 63+3 or 53+14% as compared to
meBIO treated control EDCs (p<0.05). Consistent with a role in EDC senescence, Mybl2
transcripts were increased by 58+1 or 33+2% within BIO or Rapamycin treated EDCs (p<0.05 vs.

meBIO-treated EDCs).
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Figure 4.21. BIO and Rapamycin effect on EDCs. (A) Senescent cell quantification by Senescence-
associated (-galactosidase staining, followed by DAPI staining. The total number of senescent cells were
counted after treatment with Rapamycin 50nM, BIO 2uM and MeBIO 2uM. The number of cells was
counted in 6 random fields of view and is reported as a ratio to negative control, MeBIO (n=4 per group).
(B) Mybl2 mRNA levels after treatment with Rapamycin 50nM, BIO 2uM and MeBIO 2uM normalized
by GAPDH gene. Values are mean + SEM *p<0.05 ***p<0.001
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4.6.4 Mybl2 overexpression reduces reactive oxygen species stress within EDCs

As shown in Figure 4.22A, lentiviral transduction alone significantly increased ROS generation
(27098+719 a.u in backbone transduced EDCs vs. 19230+1283 units in non-transduced EDCs;
p<0.05). However, lentiviral-mediated overexpression of Mybl2 reduced ROS content to baseline
(21041+798 a.u., p=ns compared to non-transduced EDCs). Given that ROS content reflects the
activity of antioxidant enzymes, SOD activity was evaluated in Mybl2 transduced EDCs. As
shown in Figure 4.22B, the SOD antioxidant became more active after Mybl2 over-expression in

aged ischemic EDCs as compared to non-transduced cells (18.4+1 a.u. vs. 15.3+£0.6 a.u., p=0.05).
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Figure 4.22. ROS formation and handling after Mybl2 over-expression. (A) ROS content within EDCs
(n=3 per group). Mybl2 scavenges ROS content of EDCs generated due to transduction, possibly by
increasing the SOD activity. (B) SOD activity was measured in the supernatant from sonicated EDCs (n=4

per group). Values are mean = SEM *p<0.05; **p<0.01
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4.6.5 Mybl2 overexpression improves the expression of inflammatory and angiogenic cytokines

Given that somatic gene transfer may disrupt the cytokine profile of heart-derived cells (Bonios et
al., 2011b), the effect of Mybl2 over-expression on the paracrine signature of EDCs was evaluated
using unbiased proteomic profiling of media conditioned by cells under ischemic (1% oxygen)
low serum (1% serum) culture condition. As shown in Figure 4.23, lentiviral transduction altered
the cytokine secretion of EDCs (Chi square value 5.115, p=0.02 vs. backbone or non-transduced
EDC conditioned media). Interestingly, secretion of the angiogenesis-inhibitory cytokine,
endostatin, was halved in Mybl2 overexpressing EDCs (p<0.05 vs. backbone or non-transduced
EDC conditioned media) while amphiregulin, a member of endothelial growth factor family, was
increased (p<0.01 backbone or non-transduced EDC conditioned media). Other cytokines reduced
after Mybl2 overexpression of EDCs comprised the inflammatory cytokines IL-1f, IL-4 and IL-
17a (p<0.01 vs. backbone or non-transduced EDC conditioned media). Amongst the cytokines
found to account for ischemia or age related differences in EDC-stimulated angiogeneiss
(proliferin, section 4.3.2) or cell migration (IL-6, section 4.3.3), Mybl2 overexpression had no

consistent detectable effects on cytokine content within conditioned media.
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Figure 4.23. Profiling of mouse secreted cytokines after Mybl2 over-expression. After conditioned media
collection, the amount of 111 cytokines was quantified. (A) Amongst all cytokines, five cytokines were
expressed differently (n=3 per group). (B) Representative images of EDC expression of 111 cytokines. Data
shown from 5-minute exposure. (C) Quantification of secreted cytokines (n=3 per group). The data for the
two control groups are combined for this picture. There was no difference between backbone transduced
and non-transduced. Values are mean + SEM *p<0.05; **p<0.01 Mybl2 over-expressing compared to

backbone transduced or non-transduced control groups

4.7. Mybl2 over-expression enhances therapeutic potency of transplanted aged ischemic EDCs

4.7.1 Greater functional improvement with reduced scar size was achieved after injection of Mybl2

over-expressing EDCs

The effect of Mybl2 overexpression within EDC on cardiac function after ischemic injury was
evaluated in young mice randomized 1 week after LCA ligation to echocardiographic guided intra-

myocardial injection of Mybl2, backbone or non-transduced EDCs. Three weeks after EDC
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injection, transplant of Mybl2 overexpressing EDCs provided a 6.3+0.8% absolute increase in
LVEF from baseline while transplant of backbone or non-transduced EDCs increased ejection
fraction by 3.7+0.8 or 2.7£0.6% from baseline, respectively (p<0.05; Figure 4.24A). This capacity
to enhance cardiac function after ischemic injury was comparable to the effects observed following
injection of EDCs from normal young donors (7.8+0.7% absolute increase in LVEF from baseline;
p=0.11; Figure 4.13). Backbone-transduced cells provided equal benefit compared to non-
transduced EDCs. After myocardial infarction remodelling occurred within the hearts regardless
of the transplanted cell type. At day 28 post ischemia, the hearts from all experimental groups
showed similar end diastole volumes, however, the relative change from baseline was less in

Mybl2 treated group (Table 4.3).

Four weeks after LCA ligation, similar degrees of myocardial scarring were observed after
injection of backbone or non-transduced EDCs (34.2+2 vs. 35.9+2.5 %, respectively; p=0.63;
Figure 4.24 B and C). Consistent with the myocardial function effects, transplant of Mybl2
transduced EDCs reduced infarct size compared to non-transduced EDCs (p<0.05) and showed a
promising trend compared to backbone transduced control (p=0.06). Mybl2 overexpressing EDCs
provided scar reductions similar to the ones observed following injection of EDCs from normal
young donors (27.6+2.2 vs. 25.6x1.1 %, respectively; p=0.44; Figure 4.14). Taken together, these
results indicate an improvement in the capacity of EDCs from old ischemic donors when enhanced

by somatic gene transfer of Mybl2.
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Figure 4.24. Functional evaluation and scar size calculation following Mybl2 over-expressing EDC
transplantation. (A) Improvement in heart function was assessed following injection of 100,000 cells into
LCA ligated mouse heart by measuring the difference in ejection fraction at baseline and after 3 weeks (n=9
per group). Mybl2 over-expressing cells provided greater benefit compared to the control groups. (B)
Masson’s trichrome staining was used to calculate fibrotic tissue and reported as scar size (n=5 per group).

(C) Representative pictures of Masson’s Trichrome staining. Values are mean + SEM. *p<0.05; **p<0.01
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Donor: Mybl2 transduced Backbone transduced Non transduced

Days post MI 7 28 7 28 7 28

EDV 50.6£2.4  60.7+1.8#  48.6£3.2  62.4+3.6#  48.5+£25  60.5£2.7#
ESV 33.7+1.9 36.8+1.7 33.2+2.8 40.2+3 322422 38.6+2.8
SV 16.9+1 23.9+1.1#  15.4+0.7 223+09# 16.3+0.8  21.9+0.7#
LVEF (%) 33.5+1.4  39.5+1.7# 32.5£1.6 36.2+1.4 33.9+1.7  36.7+£1.8#
FAC (%) 20.3x1 25.3+1.2#  18.6x£1.1  22.5£09#  20.6£1.1  21.8+1.3#

Table 4.3. Echocardiographic parameters after transgenic EDC injection at day 7 post infarction when the
EDCs were injected and 28 days after infarction (21 day after EDC therapy). Values are mean + SEM.; #
p=<0.05 day 7 vs day 28; EDV: End diastolic volume; ESV: End systolic volume; SV: Stroke volume;

LVEEF: Left ventricular ejection fraction; FAC: Fractional area shortening.

4.7.2 Mybl2 over-expression increases vascular density

Following the observation that endostatin secretion was reduced by Mybl2 over-expression, we
measured in vivo vessel formation using isolectin B4 staining on heart sections collected and
prepared 3 weeks after EDC injection. The number of vessels were counted in the infarct/border
zone area. As shown in Figure 4.25, viral transduction alone had no effect on vessel density while
transplant of EDCs that overexpressed Mybl2 increased the vessel density (4.4+0.2/FOV)
compared to mice injected with non-transduced EDCs (2.3+0.4/FOV, p<0.01) and showed a
tendency to increase the vessel density compared to mice injected with backbone transduced EDCs
(2.7£0.6/FOV, p=0.06). Interestingly, transplant of aged ischemic EDCs after Mybl2
overexpression increased peri-infarct vessel density to a greater extent than seen after transplant

of EDCs cultured from normal young donors (3.3+0.3/FOV, p<0.05; Figure 4.15).
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Figure 4.25. Isolectin B4 staining for assessment of vascular density in the border zone/ infarct area after
Mybl2 over-expressing EDC injection. (A) Representative images of isolectin B4 staining. (B)
Quantification of vessel number. The data are the average of 6 random fields (n=5 per group). We observed
that Mybl2 over-expressing EDCs were more capable of inducing vessel formation. Values are mean +

SEM. *#p<0.01

4.7.3 Similar infiltration rate was observed 4 weeks after Mybl2+/- EDC injection

Proteomic-profiling suggested that Mybl2 overexpression alters the production of inflammatory
cytokines. Therefore, the number of CD68 macrophages was quantified 3 weeks after EDC
injection. As shown in Figure 4.26, there was no appreciable difference in CD68+ cell density
between the experimental cohorts within the pre-infarct zone. This finding may be attributed to the
modest production of IL-1p, IL-4 and IL-17 as seen in the non-transduced EDC conditioned media
or the observation that the inflammatory phase post infarct healing (and macrophage recruitment)

had essentially resolved by the time of heart collection.
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Figure 4.26. CD68 staining. Three weeks after EDC injection, the hearts were collected and sectioned.
After CD68 staining, the total number of CD68+ macrophages per field of view was counted in the border
zone/ infarct area. (A) Representative images of CD68+ staining. (B) Quantification of CD68+
macrophages. The data is the average of 6 random fields (n=5 per group). We did not observe any changes

in the number of CD68+ cells. Values are mean + SEM. **p<0.01

4.7.4 Mybl2 overexpression enhances EDC retention

The effect of Mybl2 over-expression on retention was evaluated in a separate cohort of mice
injected using EDCs from old ischemic donors double transduced with luciferase using lentivirus.
As shown in Figure 4.27, bioluminescent imaging was performed 1, 3, 5 and 7 days after
intramyocardial injection of EDCs and robust bioluminescent signals detected in all 3 groups 1
day after cell injection. These signals diminished over time with Mybl2 treated EDCs
demonstrating an appreciable difference 5 days after injection (70.8£13.7 % of the peak
bioluminescent signal detected 1 day after cell injection relative to 31.6£8.5 in backbone or 18.5+4

in non-transduced EDC treated mice; p<0.05; Figure 4.27B). By 7 days after cell injection, there
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was no detectable bioluminescent signal in any of the treated animals. This data hints that the
benefits observed after injection of EDCs genetically engineered to overexpress Mybl2 may be

partially attributable to increased (albeit transient) persistence of transplanted cells.

113



Lumninescence
10

ng

0

0.4

0z

Mybl2 transduced
9ay1 IDEVA

Radiance
(p/sec/cm?st)

Color Scale
‘ Min = 1.00e4
| Max = 1.00e5

-

114



150+
<
NS
~ =0= Mybl2 transduced
& 1004 #
a s Backbone transduced
Sa =#= Non-transduced
o]
o
£ 504
8
O
(a7

0 L L L L
Day 1 Day 3 Day 5 Day 7

Figure 4.27. Effect of Mybl2 on EDC retention. Bioluminescence signal was evaluated 1, 3, 5 and 7
days after EDC injection using IVIS imaging system (n=6 per group). (A) Representative images of
IVIS imaging. (B) Quantification of retention. The percentage of retained cells was determined by
calculating the signal ratio to day 1. Evaluation of the luminescence signal by live imaging software showed
a profound increase in retention after Mybl2-overexpression. Values are mean + SEM. #p<0.05 relative to

Backbone transduced; **p=<0.01 relative to non-transduced.
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5. DISCUSSION

A sophisticated carbon-dating method revealed that the annual myocyte turn-over in humans is
around 1% per year at a young age (Bergmann et al., 2009). Although this data suggests that innate
cardiac regeneration is very limited, it brings hope that regeneration of the heart is possible. One
way to take advantage of this regeneration mechanism is through ex vivo expansion of cardiac stem
cells and their reintroduction to the heart to boost endogenous salvage of damaged tissue. During
the last fifteen years, several studies on animal models have shown significant functional
improvements after cardiac stem cell transplantation; however, these results were not consistently
reproducible in clinical trials (Makkar et al., 2012; Malliaras et al., 2014b). This likely arises from
the common pre-clinical testing practice of using healthy young donors for stem cell preparation
followed by transplantation into young recipients. Given the 1% myocyte turnover decreases to
0.1 % in people over the age of 65, it is probable that aged recipient patients do not benefit from
stem cell therapy as much as young recipients (Bergmann et al., 2009). In this project, we answered
some of the limitations regarding models used in cardiac stem cell therapy research. We explored
the effect of age and ischemia to help in designing the next generation stem cell therapy products
specific for different complication contexts. We showed aging deteriorates stem cell function
mainly through activation of senescent pathways which is in turn negatively synergized by
ischemia. Cell cycle dysregulation was corrected by Mybl2 over-expression as it reduced
senescence to restore lost potency and improved heart function after transplant into a mouse model

of myocardial ischemia.
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5.1 Senescence- associated secretory phenotype

All cells are in constant communication with their microenvironment. Within the culture dish, cells
respond to oxygen, pH levels and molecules that are secreted from surrounding cells but at same
time they contribute to their microenvironment by secreting messenger molecules themselves. We
observed that the population of senescent cells was higher in EDCs sourced from old mice. In
addition to the typical characteristic of senescent cells (i.e., growth arrest), these live dynamic aged
cells undergo changes in cell pathways and develop a secretory phenotype which is specific to the
cell type (Coppé et al., 2010). Amongst the cytokines that characterize the SASP of EDCs, we
noted greater secretion of the pleiotropic cytokine IL-6. Our lab previously has shown that IL-6
provides benefits in EDC transplantation therapy. Using hairpin RNA technology, we
demonstrated that IL-6 induces migration of circulating angiogenic cells in vitro and reduces the
apoptosis of cardiac cells in vivo (Mayfield et al.,2017). In this project, we observed greater
migration of BMDCs through transwell pores. When we measured population doubling time, we
did not observe any changes in the proliferation rate of different groups despite the existence of a
population of senescent cells in aged EDCs that are not able to divide. This observation may be
partially explained by the ability of IL-6 to enhance cell proliferation (Kuhn et al., 2014; Ishikawa
etal., 2003); suggesting that steadiness in the overall proliferation rate in our different EDC cohorts
is possibly a resultant of SASP pro-proliferation effect on dividing cells in the presence of non-

dividing cells.

5.2 Notch signaling and EDC emigration from the tissue explant

The total number of EDCs collected from non-ischemic old donor tissue explants was the least

among all our experimental groups whereas a history of ischemic injury improved the total EDC

117



yield from aged cardiac tissues. Although, the trend in the EDC yields matched the population
doubling times, the change in EDC yields was significant but the change in the population doubling
times was modest. We assume that this large difference in EDC yields is not attributable to
different proliferation rates over time, but rather it is attributable to the generation and/or migration
of EDCs out of the tissue; particularly, as we observed fewer EDCs coming out of the non-infarcted
aged tissues after a significant delay. The origin of the EDCs is not known, although we know that
the majority of these cells (98%) do not originate from cardiomyocytes (Davis et al., 2010a).
Previous work has shown that EDC formation and growth depends on the epithelial to
mesenchymal transition (EMT) within cardiac biopsies. Similarly, the EMT mechanism has been
proposed to be involved in formation of progenitor cells from epicardium in vivo (Smits et al.,
2018). This EMT transition involves Notch signaling (Zakharova et al., 2012). During aging,
Notch signaling is deactivated in satellite cells leading to a decline in their regenerative function
(Conboy and Rando, 2005). Our microarray data showed alteration in some of the molecules
involving in Notch signalling within EDCs sourced from non-infarcted old hearts. Among the
Notch-related molecules, we observed a reduction in Notch ligand, Jagged1, with further reduction
in some of the downstream targets of Notch receptor namely, Hes1, Hes7 and Numbl. Ischemia,
however, activated this pathway which also has been reported by other investigators (Li et al.,

2010b). Hence, variations in EDC yield likely result from our observed changes in Notch signaling.

5.3 Aged stem cells derived from ischemic mice are more angiogenic

The main cause for ischemic cardiomyopathy incident is angiopathy. With age, endothelial cells
show dysfunction and vessel formation decreases, while, angiogenesis is required for oxygenation
of cardiac tissue and switching the stem cell niche from the hypoxic state that favors quiescence

to the normoxic state that favors proliferation and differentiation. In addition, angiogenesis is
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important for reperfusion of ischemic tissue (Reed and Edelberg, 2004; Cheung and Rando, 2013;
Sanada et al., 2014). Although, ischemia pre-conditioning promotes angiogenesis, it is not clear if
chronic heart failure would affect angiogenesis of cardiac stem cells (Maulik and Das, 2002;
Fukuda et al.,2004). In this report, we evaluated both the intrinsic ability of EDCs to differentiate
into endothelial cells and their ability to induce angiogenesis in progenitor cells via paracrine
stimulation. As shown by flow cytometry, EDCs sourced from ischemic old mice are more
angiogenic. We achieved more endothelial cells in vitro after EDC differentiation while the
percentage of the CD34+ cells is decreasing after ischemia. This may be explained by my
colleague’s work showing that other fractions of EDCs also differentiate into endothelial cells
(unpublished data-Davis lab). Furthermore, different cell populations within EDCs have been
characterized before and other type of cells with endothelial progenitor properties were detected
such as CD31+ cells (Davis et al., 2010a). Thus, the increase in percentage of differentiated cells
to endothelial lineage can be because of alteration in other endothelial progenitor populations of
EDCs. Alike EDCs from old ischemic donors, it is probable that the innate cardiac stem cells
residing within the cardiac tissue of old infarcted recipients be more prone to differentiate into
endothelial cells and form new vessels in response to paracrine signaling. Nevertheless, the
increased angiogenic potency within EDCs has little manifestation in vivo as very few cells are
retained in the heart 3 weeks after transplantation (<1% of the initial injectate) (Terrovitis et al.,
2009). Thus, most of the in vivo angiogenesis seen after cell transplantation is provided by
paracrine secretion. Others estimate that 80% of new endothelial cells originate from host tissue
(Chimenti et al., 2010). The effectiveness of paracrine stimulation to injured myocardium is
influenced by several factors including the number of engrafted cells, secreted cytokine abundance

and the spectrum of factors released by individual EDCs and the responsiveness of host cells.
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Therefore, young non-infarcted EDCs with greater retention and a broader array of cytokines
produced would likely increase stimulation of endogenous angiogenic cells to form vessels. In vivo
experiments confirmed this notion as old hearts modestly generated more vessels than young hearts
when provided with equivalent cells of equivalent potency and this increase was more profound
in the old hearts which received young normal EDCs. Our work agrees with research reports
showing that angiogenesis impairment is due to diminished paracrine signaling within the aged
individuals and presentation of exogeneous angiogenic cytokines restores vessel formation whinin

ischemic hindlimb (Rivard et al., 1999) and infarcted myocardium (Edelberg et al., 2002).

Within the cytokine signature of EDCs, proliferin secretion increased tremendously after ischemia
while other angiogenic cytokines declined. Following depletion of proliferin, we saw decreased
tubule formation in ischemic groups in vitro. While we anticipated to see more vessels after EDC
therapy, we did not observe this expected benefit. Given that proliferin is typically released by
placenta in large quantities and HUVECsS are derived from umbilical cord, it follows that HUVECs
may be a more responsive target for proliferin than cardiac progenitors. The minimal effect seen
in vivo could also be due to the low frequency of proliferin receptor on cardiac progenitor cells.
Proliferin conducts its effects through the mannose 6-phosphate receptor (Volpert et al., 1996) but
the prevalence of proliferin receptor in the mouse heart endothelial cells has not been reported.
The only report on proliferin effect in cardiac tissue suggests a hypertrophic role for this factor
(Dang et al., 2015). It is worth mentioning that proliferin (Prl2c2) is mouse specific and extension

to human cells is uncertain (Jackson et al., 1994)
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5.4 The importance of distinguishing effect of age and ischemia

Autologous stem cell therapy is a more desirable choice in cell therapy rather than allogenic stem
cell therapy as it does pose a risk of immune rejection and provides the opportunity for engrafted
cells to differentiate into working heart tissue. Autologous stem cell therapy is safer and more cost
effective rather than iPS cells (Khatiwala and Cai, 2016), but as shown it is influenced by the
patient’s age and co-morbidities. There have been studies seeking to identify the effect of cardiac
risk factors on stem cells. Our lab has previously shown that accumulating medical comorbidities
determine the potency of EDCs for cardiac regeneration (Mayfield et al., 2016). The effect of aging
has been evaluated in several different stem cell types. The results are not always consistent
between the different types of stem cells and they seem to be affected by stem cell character.
Within the Scal+CD?31- cells, the cells derived from old mice demonstrated reduced proliferation
and differentiation capacity to all cardiac lineages, and their microarray data showed an
impairment in vitamin B6 metabolism (Qiong et al., 2017). In the cardiac literature, c-Kit+ cells
from old mice have reduced potency for inducing tubule formation and impaired response to
dexamethasone treatment (Castaldi et al., 2017). These results were not identical with the data
obtained from aged EDCs in our study; however, there were some similarities such as an increase
in the number of senescent cells. CDCs sourced from human non-ischemic patients of different
age with NYHA class I or II heart failure have been evaluated for markers of senescence. While
they showed aged CDCs from patients over 65 years of age have increased p53 and markers of
DNA damage, our EDC microarray showed equal pS3 expression but a significant change in p16
and RB mRNA. Given that CDCs originate from EDCs, increases in p53 level in CDCs may have
resulted from long culture time in these cells or the greater disparity in donor age (i.e., 65 years in

a human =~ 22 months in a mouse). In contrast to our EDCs, the IL-6 secretion level was remained
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unchanged in CDCs from non-ischemic aged patients (Nakamura et al., 2016) which may be
attributable to their disease condition. Although the cardiac progenitor cells collected by diverse
methods are all heart derived, it is not surprising to see dissimilar SASP cytokines as SASP is

different between various cell types (Coppé et al., 2010).

The effect of ischemia has been evaluated in several stem cell types; however, these studies model
patients with many different medical backgrounds. Bone marrow cells from patients with ischemic
heart failure had lower capacity for colony formation, migration and in vivo revascularization when
injected into ischemic hindlimb model (Heeschen et al., 2004). In terms of cardiac-derived cells,
c-Kit+ cells from healthy donor hearts were more clonogenic with less expression of markers of
senescence than c-Kit+ cells from explant hearts (Cesselli et al., 2011). Also, measurement of
cytokines secreted from explant heart derived c-Kit+ cells showed high secretion of IL-1p and
equal secretion of IL-6 compared to the ones from young donor hearts (Avolio et al., 2014) unlike
our EDCs from old donors after myocardial infarction which showed low IL-1p secretion and
elevated IL-6. Unfortunately, straightforward extrapolation of these effects is not possible as the
incorporation of risk factors that resulted in end stage heart failure is not well described in these
studies. Our study is the first to discriminate the effect of aging and ischemia separately on stem
cells. As mentioned above, the impact of other medical comorbidities may confound the
straightforward interpretation of our results. For example, one study examined the effect of age on
soluble molecules secreted by CDCs sourced from aged and young patients. They observed an
increase in secreted Frizzled Related Protein 1 in stem cells from aged patients and demonstrated
a correlation between this factor and senescence (Nakamura et al., 2017). In our microarray data,
secreted Frizzled Related Protein 1 increases after ischemia in both aged and young EDCs and

may help explain the increase in senescent EDCs found within cells from ischemic mice in both
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age groups but it is not responsible for the higher number of senescent cell in EDCs derived from
old mice relative to young mice as secreted Frizzled Related Protein 1 expression was identical in
the two age groups in non-ischemic and ischemic settings. This finding suggests that the study by
Nakamura and colleagues is misleading as their model inappropriately used young patients that
are usually hospitalized due to reasons other than ischemic heart disease while the probability of
heart failure due to ischemia rises in aged individuals (not explicitly stated in the manuscript).
Hence, they observed a correlation of secreted Frizzled Related Protein 1 with age instead of
ischemia (as they erroneously concluded). Moreover, dissecting the influence of age from ischemia
on stem cell phenotype may help with the designing cellular therapeutic for other cardiomyopathy
complications that carry the risk factor of age but not ischemia ( i.e. Heart failure with preserved
ejection fraction (HFpEF) or Duchenne muscular dystrophy). For example, collecting a sufficient
number of EDCs from aged patient who suffer from ischemic cardiomyopathy would not be an
issue because ischemia promotes EDC emigration from explant tissue, however, to apply EDC
therapy for aged patients with HFpEF, collecting enough cells for therapy may be challenging as
aged tissue produce fewer EDCs. Similarly, researchers have found that CDC yield decrease with
age, but Duchenne muscular dystrophy does not make any additional changes on the effects of
aging (Hsiao et al., 2014). Consequently, collection of EDCs for these patients would also be

challenging.

5.5 Ischemia amplifies the consequences of aging

Increased SOD activity was detected in young ischemic EDCs and resulted in reduced ROS within
these cells compared to old ischemic mice sourced EDCs. This result hints that unlike young EDCs
the antioxidant defences of aged EDCs may be inherently restricted; however, the generated ROS

level in aged ischemic EDCs was comparable to the produced ROS in the non-ischemic EDCs.
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Given that stressed mitochondria generate more ROS (Cortassa et al., 2014), a consistent ROS
level shows negligible alteration in mitochondrial function and cell metabolism after ischemia in
old mice sourced EDCs. Other than mitochondrial oxidative phosphorylation, various other free
radical producing mechanisms has been discovered in the body such as peroxisome, phagocytosis
and inflammation and ischemia (Lobo et al., 2010). By generating free radicals, ischemia increases
the formation of lipid peroxides that consequently damages cell membrane leading to apoptosis
(Meerson et al., 1982). Antioxidants can improve the repair process of cardiac tissue after ischemia
by preventing further damages and apoptosis of cardiomyocyte in the border zone. GPx activity
was lower in old mice sourced EDCs that was more obvious in aged EDCs with a history of
ischemia. Our microarray data also showed decreased mRNA expression of NAD(P)H
dehydrogenase (NQO1), another important enzyme preventing formation of radical species. These
radical scavenger molecules detoxify oxidised reagents to keep lipids, proteins and cellular
molecules safe. Therefore, they may partially be accountable for higher senescent cells, p16
mRNA levels and apoptotic cells in EDCs from old donors with a history of ischemia.

Consequently, EDC therapy using young cells would provide more anti-apoptotic effects.

Telomere length strongly influences cell senescence. However, the prevalence of senescence in
aged EDCs seems to have other triggers as the telomere length was equivalent in c-Kit- cells from
all cohorts despite variable senescent cell rates. EDCs from young mice demonstrated the lowest
senescent rate permitting the conclusion that telomere length in EDCs is long enough not to trigger
senescence, and senescence results from triggers other than DNA damage of telomeres. Within c-
Kit+ cells, cells from young donors had longer telomere with a strong correlation to greater

telomerase activity in these cells. Telomerase enzyme was active in c-Kit+ cells but ischemia
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reduced its activity. The shortest telomere in c-Kit cells was equal to c-Kit- cells; therefore, short

telomere is not a senescence trigger in these cells, either.

5.6 Increased senescence after ischemia directed by the Sirtuin 1

The ability of EDCs from young mice to handle free radicals after ischemia contrasts with their
increased senescence cell number. Further microarray data analysis demonstrated downregulation
of the Sirtl pathway by ischemia. We noticed that mRNA expression of Sirtl and Sirt2 was
reduced in EDCs sourced from both old and young mice after ischemia. Similarly, inactivation of
Sirl has been reported in cardiac tissue after ischemia/reperfusion (Tong et al., 2013). Sirtl
epigenetically controls senescence (Ogryzko et al., 1996) by localising on Frizzled-Related Protein
1 promotor - a Wnt antagonist - decreasing Frizzled-Related Protein 1 expression to promote Wnt
signaling (Pruitt et al., 2006). High secreted Frizzled-Related Protein 1 expression correlates with
senescence cell occurrence (Nakamura et al., 2017). In our study, Frizzled-Related Protein 1 was
elevated after ischemia in both aged and young EDCs, suggesting that Sirtl inhibition with
subsequent downregulation of Wnt signaling resulted in the higher number of senescent cells after

ischemia.

5.7 The impact of age of the recipients

The marked reductions noted in cardiac functional improvement suggest that recipient age is a
large obstacle in conveying the benefits of EDC therapy. A recent study showed that injection of
young CDC:s into old rats reduces the expression of E2F1 and Rbl1 (two Mybl2-related cell cycle
genes) within treated hearts, therefore, they suggested that the young EDCs are able to rejuvenate
aged host tissue. Mechanistically this was attributed to reduced secretion of IL-1p and direct

salutary remodeling of cardiac structure by exosomes (Grigorian-Shamagian et al., 2017).
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Although young stem cells are providing superior benefits, our data from comparison of the
transplantation of young EDCs into young or aged hosts suggests this rejuvenation is not sufficient

to make the aged hearts as responsive as the young hearts.

Although both systemic and cardiac tissue milieu are influenced by age, changes in diet and
nutrient sensing pathways can reverse the effect of age (Murphy and Thuret, 2015). Modified cells
secrete autocrine or paracrine stimulating molecules, locally or systemically. Heterochronic
parabiosis studies (two mice share a common bloodstream with a young mouse surgically joined
to an old partner) indicate that among the plethora of different growth factors, systemic GDF-11
brings youthful phenotype for aged hearts as it reverses cardiomyocyte hypertrophy (Loffredo et
al., 2013). Exosomes also contain proteins and miRNAs with rejuvenating effects (Pusic and
Kraig, 2014; Munk and Panda, 2017). Some drugs are also linked to rejuvenation (i.e., statins)
which have been shown to rejuvenate endothelial progenitor cells by decreasing ROS production,
improving telomere/ telomerase activity and increasing the cardio-protection by decreasing
inflammation and oxidative stress (Olivieri et al., 2012; Barlaka et al., 2016). Rapamycin is another
compound known for its anti-senescence effects. Administration of Rapamycin at late-life stages
in mice improved overall health and cardiac function by changing cardiac metabolism and
inflammation (James et al., 2013). Overall, injection of these youthful factors prior to EDC therapy
may favorably pre-condition the cardiac environment for cell transplantation and may accelerate
the improvement of EDC therapy in infarcted hearts of aged patients but this remains to be further

investigated.
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5.8 Mybl2: The missing link between senolytic compounds and senescence?

There are some compounds that accepted to have the ability to reverse senescence. Rapamycin in
high doses inhibits the AKT pathway through inhibition of mTORC2 (mammalian target of
rapamycin complex 2) that is linked to cell survival and proliferation, thus, it has been using
clinically for cancer treatment. Interestingly, rapamycin in low doses inhibits mTORC1 which
sequentially activates AKT and ERK pathways. Mechanistically, this is attributable to the
inhibitory feedback within the mTORCI1 target - S6K - on PI3K/AKT. When mTORCT is inhibited
by rapamycin, the amount of phosphorylated S6K decreases and through the negative feed back
loop, increases the AKT pathway (Figure 5.1). Activation of the AKT pathway consequently
inhibits the GSK-B (Chen et al., 2010; Ballou and Lin, 2008). In low rapamycin doses, mMTORC2
is still active which can directly phosphorylate and activate AKT (Memmott and Dennis, 2009).
Inhibition of GSK-3f upregulates Cyclin D1 through translocation of B-catenin to the nucleus
(Diehl et al., 1998; Shtutman et al., 1999). Cyclin D negatively regulates the activation of
retinoblastoma and phosphorylated retinoblastoma propel expression of Mybl2 (Rufini et
al.,2013). Consitent with this, loss of GSK-38 gene bypasses senescence (Liu et al., 2008).
Researchers have shown that the inhibition of GSK-3f through lithium treatment can recover some

of the lost regenerative potencies of aged mesenchymal stem cells (Brunt et al., 2012).
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Figure 5.1. Schema of senolytic compounds link with Mybl2. Autophagy is not involved in EDC
rejuvenation because in contrast to Rapamycin, BIO activates mTOR pathway and blocks autophagy, yet
reduces senescence. The mutual change in both pathways is the inhibition of GSK-3f and this inhibition is

linked to increased Mybl2 expression which is known for its anti-senescence effects.

The anti-senescence effect of rapamycin has been attributed to autophagy. Several pathways are
recognized to be involved in autophagy. One is mTOR pathway whose inhibition is required for
autophagy induction (Pyo et al., 2012), and rapamycin targets this pathway. Avolio et al. have
shown that the reduced effect of c-Kit+ cells is a result of IL-13 SASP while rapamycin and
Resveratrol treatments enhance the SASP of c-Kit+ cells. They proposed that the therapeutic effect
ensues by activation of autophagy and AKT pathway (Avolio et al., 2014). In the field of cardiac
research, some other compounds were also used to improve cardiac dysfunction by targeting
autophagy (Riquelme et al., 2016); however, these administered compounds were not specific for
autophagy making it difficult to exclude off target effects. Therefore, it is difficult to conclude that

anti-senescence effect of rapamycin or other compounds are mediated by activation of autophagy.
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Furthermore, there are contradictory opinions on the role of autophagy in senescence with some
studies suggesting that autophagy is anti-senescence while others propose a pro-senescence effect
for autophagy (Kwon et al., 2017). Here, we tested the effect of BIO and rapamycin on EDCs from
old mice and found an antisenescence effect (Figure 4.21). The small molecule BIO activates
mTOR to inhibit autophagy while while low dose Rapamycin through mTOR inhibition stimulates
autophagy. In other words, both these factors reduce senescence, despite the fact that one is
activating autophagy and the other one is inhibiting autophagy. Interestingly, both molecules have
cross-talk on GSK-3p suggesting the observed effects on senescence are likely not mediated by
autophagy but rather GSK-3f inhibition and induction of Mybl2. High dose rapamycin did not
change the Mybl2 expression within EDCs whereas low dose rapamycin increased Mybl2 mRNA
expression and reduced senescence; confirming the hypothesis that senescence reversal following
treatment with senolytic compounds may be attributable to Mybl2 over-expression. This data also
indicates that, unlike plants in which GSK-3 like protein phosphorylates and activates Mybl2 (Ye
et al., 2012), in animals GSK-3f inhibition increases Mybl2. However, further investigation is

essential to confirm any direct targeting of Mybl2 by GSK-3.

5.9 Rejuvenation of EDCs by Mybl2 over-expression

Rejuvenation is the reversal of senescence to achieve youthful properties. Rejuvenation of stem
cells has been shown to be possible through different strategies. Preconditioning of cells with small
molecules, cytokines or hypoxia is one method of senescence reversal; however, the effects are
typically transient (Haider and Ashraf, 2008; Khatiwala and Cai, 2016). Somatic gene transfer
provides a more durable effect to evaluate proof of concept. Several studies have shown that gene
therapy in cells or targeting the whole organ can restore a youthful phenotype. Of these, fibroblast

growth factor-7 partially rejuvenates thymocyte progenitor cells (Berent-Maoz et al., 2012), while
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Pim-1 kinase over-expression in cardiac c-Kit+ cells improves cell senescence by down stream
targeting of Nucleostemin to activate telomerase enzyme and downregulate p16 (Mohsin et al.,
2013; Cottage et al., 2012; Khatiwala et al., 2018). One group had even applied gene therapy for
the heart using GDF-11 over-expression to reduce the markers of aging in cardiac tissue and

protect the heart from ischemic injury (Du et al., 2017).

Mybl2 has been suggested as a determiner of cell fate, and this factor has been shown to bypass
senescence better than some of the cell cycle regulatory genes such as FoxM1 and retinoblastoma
(Mowla et al., 2014). Mybl2 also has anti-neoplasia properties making it a suitable factor for
rejuvenation (Heinrichs et al., 2013; Clarke et al., 2013). Examination of embryonic and
pluripotent stem cells showed that Mybl2 is implicated in the expression of several important
pluripotency transcription factors, namely NANOG, POUSF1 and SOX. In hematopoietic stem
cells, Mybl2 inactivation depleted myeloid progenitors and in intestinal epithelial cells Mybl2
promoted commitment of these cells by generating a differentiation signals (Boheler 2009; Baker
et al., 2014; Papetti and Augenlicht, 2011). To date, there is no study looking for the effect of
Mybl2 in stem cell senescence and rejuvenation. In our study, Mybl2 over-expression in EDCs
from old ischemic donors provided functional and structural improvements to a degree that was
comparable to young EDCs. These benefits were partly achieved thorough increased activity of
antioxidant enzymes and greater retention of Mybl2 over-expressing EDCs as increased cell dose
improves the effects of cell therapy (Shen et al.,2012). Additionally, the cytokine profile of the
ischemic aged EDCs was altered following rejuvenation. These cells were secreting greater
amounts of Amphiregulin growth factor and less inflammatory + anti-angiogenesis cytokines (i.e.,
Endostatin). The latter correlated with our in vivo results as we observed increased angiogenesis

within Mybl2 over-expressing EDC treated hearts. The reduction of inflammatory cytokines,
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however, did not alter macrophages infiltration. We believe that the observation of equal numbers
of macrophages in vivo may be due to the resolution of inflammation in the heart at the time of
heart collection (4 weeks after MI). So, it is possible that the macrophage number has been reduced
to steady state phase at this point; or is due to the original low secretion of inflammatory factors

in non-transduced EDC from old ischemic donors.

4.10 Future directions

Extracellular vesicles carry a cargo of several different small RNAs (i.e. miRNA and Y RNA) that
represent the major bioactive constituent of these vesicles. With the recent explosion of knowledge
highlighting the importance of extracellular vesicle transfer in autocrine and paracrine signalling,
it seems inevitable that a portion of the benefits conferred by heart-derived cells are mediated
through extracellular vesicles (Barile et al., 2014; Tseliou et al., 2015; Gallet et al., 2017). Our
results showed all study cohorts are secreting vesicles with equal number and size; however, the
content composition may be variable in different EDCs. In CDCs, miRNA-146-a and YF-1 are
active components that are secreted through exosomes. miRNA-146-a prevents cardiomyocyte
apoptosis in the ischemic heart (Ibrahim et al., 2014) and YF-1 induces IL-10 secretion and
protects cardiomyocytes from oxidative stress (Cambier et al., 2017). Several miRNAs have roles
in senescence such as miRNA-29 and miRNA-30 (Martinez et al., 2011). Therefore, measurement
of these small RNAs within extracellular vesicles through RNA sequencing is of interest and

would guide us in exploring SASP in terms of RNAs.

Cardiac tissue is constantly communicating with bone marrow cells as well as immune cells and
resident macrophages. The response of these cells to stem cell paracrine secreted factors is another

determinant of regeneration which could be hampered by age. Furthermore, in this study we found
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that aged recipient hearts are having impaired responsiveness toward stem cell therapy. A
possibility is that stem cells residing in aged cardiac tissue may not respond to the regenerative
stimuli. The recipient age is important because the donor stem cells and cardiac tissue mutually
interact with each other. Although the young/engineered donor stem cells are having rejuvenating
effect on their surrounding recipient heart cells, the aged milieu with SASP cytokines, miRNAs
and exosome content negatively affect transplanted EDCs. An extensive examination of the aged
cardiac milieu and cardiac cells would help us to better understand the declined regenerative
response. Albeit, regardless of the underlying mechanism, the combinatory administration of
systemic rejuvenating cytokines or small molecules before and during the time of stem cell
transplantation may augment the regenerative potential. This interesting topic warrants future

investigation.

Genetic modification of EDCs using lentivirus is accompanied by risk of cancer because of random
integration into the genome (Montini et al., 2009) making other methods of gene delivery with
lower risk (such as minicircles) an option to consider. The risk of Mybl2 in oncogenicity remains
to be investigated but several studies have shown a role in genome integrity for Mybl2 (Yamauchi
et al., 2008; Tarasov et al., 2008; Lorvellec et al., 2010), while no studies have shown that Mybl2
over-expression induces neoplasia. Given that over-expression of Mybl2 was more efficient than
small molecules BIO or Rapamycin at reducing senescence, this approach has merit. Knowing the
Mybl2 activation mechanism and cellular pathways interacting with Mybl2 will help guide us to
design a customized senolytic compound for cell rejuvenation in cardiac therapy and other age-

related disease.
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6. CONCLUSION

Aging reduced the EDC yield from explant tissue. Aged EDCs exhibited great quantities of
senescent cells with a characteristic SASP signature. These changes reduced the ability of EDCs
to improve cardiac function and structure after LCA ligation. Ischemia increased the number of
senescent cells in both young and old mice sourced EDCs through down regulation of Sirtl and
alteration of the downstream molecule Frizzled Related Protein 1. In old mice sourced EDCs,
ischemia increased the susceptibility of cells to undergo apoptosis via reduced endogenous
antioxidant system activity. Ischemia increased EDC yield from old mice but reduced the
regenerative performance of transplanted stem cell. Microarray data revealed alterations in cell
cycle regulation and DNA damage and repair pathways in aged EDCs sourced from ischemic
hearts. Mybl2 transcription factor over-expression rejuvenated aged EDCs by reducing senescent
cell number and improving the paracrine profile of EDCs. This translated into greater retention of
transplanted EDCs and better myocardial function to a level comparable with young EDC
treatment. Overall, some of the limitations regarding the models used in cardiac stem cell therapy
research were answered in this project which provides a better insight for improvement of next
generation stem cell products for clinical therapy. Amongst possible enhancement procedures,

stem cell rejuvenation by Mybl2 seems promising.
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