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Abstract

In autologous stem cell therapy, cell charactesstietermine the potency of stem cells for
regeneration. Aging and ischemia are two factoas &lne often neglected in pre-clinical tests for
stem cell therapy. Here, we characterized cardiptaat-derived cells (EDCs) with a focus on
distinguishing the effect of age and ischemia &ed tve looked for the effects of the combination
of the two factors. We observed that ischemia wwgdbe age effect on EDCs. EDCs that were
derived from aged mice with a history of myocardrdarction showed the highest number of
senescent cells with dysregulation of the DNA repgstem resulting in activation of cell cycle
checkpoints. We over-expressed the anti-senesddygb&? transcription factor in EDCs from
ischemic aged mice. The senescent state, pargmafiee and superoxide dismutase antioxidant
enzyme activity improved in these cellsvivo, we observed a boost in the potency of the Mybl2-
modified EDCs, with an increase in short-term efigrant leading to improved heart function in

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

1.1.1 Aging

Aging is the process of becoming older. The sympgtofmaging are evident in the physiological
function of organism, organs and their comprisilegrents, the cells and the cell molecules (Khan
et al., 2017). Chronological age is a risk factymhany diseases including cardiovascular disease,
hypertension, hearing loss, visual acuity and deiaébong et al., 2016). Although it inevitably
occurs with time, biological aging is modulated dmwnetic factors (responsible for 20-30% of
variability in life span (Kenyon et al., 2010)),igenetic factors and environmental divergence.
The process of aging in human involves deterionatio capacity for regeneration and repair
causing a decline in the function of many orgatuiiing lung, kidney, immune and hematologic
system, nervous system and musculoskeletal (Khah,&017). The aged show an imbalance in
hemostasis as newly formed cells cannot compeifigatbe number of cells with accumulated
damage. These damaged cells undergo irreversitnetlyiarrest termed senescence under normal
physiological condition. Indeed, accumulation aiescent cells in an organ underlies age-related
physiological deconditioning (Sousounis et al.,20The gradual accumulation of senescent cells
is due to accelerated generation of these cellfoamtpaired removal of the cells by immune
system (Rodier F and Campisi J, 2011). Lopez-Ctial.eproposed nine hallmarks of aging as
follows. Cells in the aged have accumulated dantageto 1) genomic instability 2) telomere
shortening 3) epigenetic alterations and 4) logsrofeostasis (protein homeostasis). In response

to damage they show 5) deregulated nutrient ser@ingllular senescence and 7) mitochondrial



dysfunction, which cause 8) stem cell exhaustiod @) altered intercellular communication

(Figure 1.1; Lépez-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. Senescencedssequence of mechanisms that accumulate
damage in cells and the response mechanism(s)es®e tlamages. Senescence alters homeostasis by

exhausting stem cells and changing cell-cell conication.

The hallmarks of aging with senescence triggeralg are explained below in more detalils.

1.1.1.1 Genomic instability and telomere shortening

Telomeres are repetitive sequences at the endsa@inosomes, which are capped and protected
by telomere binding proteins (de Lange, 2006). & attrition occurs due to loss of part of
telomere repeats after each chromosome replicai@consequence of incomplete lagging strand

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



truncated (Shay and Wright, 2007). Telomere erosraimcapping induce replicative senescence
while genomic damage at non-telomeric sites resualtsingle or double strand breakage and
induces premature senescence (Figure 1.2). DNA gatoans on intrinsic DNA damage response
(DDR) that induces senescence through activatiahep53 pathway (Hayflick and Moorhead,
1961; Shiloh, 2003; Herbig et al., 2004). p53 hadtirdirectional roles and its activation results
in dose-dependent promotion of repair, cell-cyctest or if persisted senescence, or, eventual
apoptosis (Vousden and Lane, 2007). When DNA damagers (as a result of oxidative stress,
ionizing radiation or DNA replication errors (Duntoet al., 2000; Herskind and Rodemann,
2000)), repair proteins including ATR (Ataxia Tejpectasia and Rad3-Related Protein) and ATM
(Ataxia Telangiectasia Mutated) come to the sitdashage and phosphorylate H2A histone which
facilitates recruitment and assembly of other DNgpair factors and checkpoint proteins to correct
DNA damage whilst the cell cycle is halted. Re@diCheckpoint kinases become phosphorylated
by ATR and ATM, and sequentially activate cell @alrest proteins p53, p21 and Retinoblastoma
(RB) while inhibiting cell cycle promoting protefdyclin-dependent kinase 2 (CDK2) (Passos et

al., 2007).



DNA
damage/telomere
erosion

DDR
J’ Oxidative stress . .
Mitogen signal
ATR/ATM
x I /
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p53 \ l
l plé
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CDK2 CDK4.6
V
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Senescence

Figure 1.2. Senescence effector pathways. Senescence triggierse permanent growth arrest through
different pathways. CHK: checkpoint kinase; CDK:clay-dependent kinase; BRAF: B-Raf Proto-

Oncogene

In some cell types, oxidative stress also reduetmmierase activity speeding up replicative
senescence, thus, telomere shortening is stressdiapt (Haendeler et al., 2004; Matthews et al.,
2006). In support of this notion, Bernandes eshbwed that Telomerase Reverse Transcriptase
(TERT) gene transfer to (1 and 2 years old) miday#®l aging and increased longevity. These
mice showed improvement in symptoms of aging sscimsulin resistance, osteoporosis and age
biomarkers (Bernardes et al., 2012). Also, humatisexceptional longevity were carrying longer
telomeres and hTERT gene mutations that improvadterance of telomere. These individuals
with longer telomeres experienced healthier agiitty wormal lipid profiles, less diabetes, less

hypertension and less cognitive dysfunction (Atznebral., 2010). Smoking, obesity and life



stressors also influence telomere length by maaipg the generation of oxidative stress with
obesity reducing telomeres by 240 bp, on averagg, ttme, and smoking reducing telomeres by

5 bp per pack year (Valdes et al., 2005; Epel.e28D4).

1.1.1.20ncogenic stress and oxidative stress

While replicative senescence may be the case liigyative cells, post-mitotic cells have different
triggers responsible for senescence. Strong miteggmals (such as oncogenic compounds or
oxidative stress) trigger senescence by activghib@/pl9 or p53/p21 pathways that promote
growth arrest (Lujambio, 2016; Zhu, J et al., 1998 shown in Figure 1.2, the mediators of this
effect are instigator dependent with oncogenicsstiaducing BRAF which activates pl16 and
suppresses CDK4,6 while oxidative stress leadstteadion of p38 (MAPK) which activates both
the p16 and p53 pathways (Lujambio, 2016). Mitoch@ dysfunction is the main culprit for
production of excess reactive oxygen species (RO&Ills. ROS as an active compound reacts
with lipids and proteins to generate dysfunctiaioaic oxidized products within cells. ROS also
reacts with both mitochondrial and genomic DNA dlwcreasing genetic mutations resulting in
further functional abnormalities (Passos et alQ7J0Chronic oxidative stress increases rates of
single strand breakage, hence, controlling ROSI Ibyeincreasing nicotinamides which are
reducing agents within cells improves mitochondualction and results in longevity (Kang et al.,
2006; Gomes et al., 2013). ROS also activates Ip5&sponse to moderate ROS elevation, p53
induces expression of antioxidants genes and groteSablina et al., 2005). However, excessive
ROS result in mitochondrial dysfunction and profduDNA damage that leads to p53 mediated
induction of apoptosis or senescence (Vousden ame,[2007). Thus, while low levels of p53
and ROS promote repair and are beneficial for céligh levels are malignant and trigger

senescence.



1.1.1.3 Nutrient sensing

Cell metabolism is another important determinantaging. It has been shown that caloric
restriction increases longevity while activation arfabolic pathways is associated with aging
(Colman et al., 2014; Lopez-Otin et al 2013). Fwtance, 20 years of caloric restriction in
monkeys reduces mortality by 30% with less cangeidence, cardiovascular disease and brain
atrophy as compared to those on a regular dietn{@olet al., 2009). Among the metabolic
pathways involved in aging, insulin and phosphditgitide 3-kinase (PI3K) signaling pathways
are well-known for their pro-aging effects throudgwnregulation of Forkhead box O (FoxO) and
activation of mamnalian Target of Rapamycin (mT@Rnyon 2010; Barzilai et al., 2012). The
much publicised sirtuins (sirts) are also mediatifrthe beneficial effects of caloric restriction.
These established longevity factors are often edtevith age, but their activity is necessary to
combat the effects of aging by stabilizing the geso Sirtuins convey their effect through
modulation of p53, Protein kinase B (Akt), hypoxaucible factor 1-alpha (HIF1} and Nuclear

Factor Kappa light chain enhancer of activated IB ¢BlF- B) (Cencioni et al., 2015).

1.1.1.4 Loss of protein homeostasis (proteostasis)

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

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



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

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

1.1.1.5 Epigenetic alterations

Within the epigenome, senescence is controlledistpie deacetylases (Histone deacetylase 1
and Sirtl) or by their inhibitors. Histone deacasd inhibitors relax chromatin which alters DNA

structure resulting in signals similar to DDR toduce senescence (Ogryzko et al.,1996).
Pluripotency factors like SOX2 and Nanog also deseewith age which lessens their influence

on the epigenetic state towards a youthful phereo{gousounis et al., 2014).

1.1.1.6 Cellular senescence

Regardless of senescence initiators, growth amaesbciated with biological aging involves
persistent phosphorylated retinoblastoma protdRB(p p16 or p53 activation. Both p16 and p53
induce cell cycle arrest via activation of RB pmte&Senescent cells display a distinct phenotype
(Figure 1.3) including prominent cell cycle arrdstrger size (sometimes more than twice the
original size), flat morphology, higher autofluoteace, expression of Senescence associated
galactosidase (SA-gal; reflecting increased lysosomal content andsy{&urz et al., 2000), up-
regulation of tumor suppressor genes (pl6 and pti¥yplaying senescence-associated
heterochromatin foci (due to silencing of pro-pierative genes by p16/pRB), displaying DNA
segments with chromatin alterations reinforcingeseence (in cells with persistent DDR signal)
and displaying the senescence associated secnghernotype (SASP; excessive secretion of
inflammatory cytokines, immune modulators, chemekin growth factors and matrix
metalloproteinases) with autocrine and paracrinigigcto communicate with other cells (Dimri

et al., 1995; Lee et al., 2006; Narita et al., 20R&dier et al., 2011).
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Figure 1.3. Senescent cell phenotype relative to young cethptype. Senescent cells secrete SASP to
their microenvironment or the circulation whichlirdnces neighboring and distant cells. Excess RQ8 f

senescent cells also enter neighboring cells thrgag junctions.
This secretory phenotype occurs due to activatfawFe B mainly by interleukin 1 alpha (IL-)
pathway stimulation soon after cell-cycle arresi& et al., 2009)DDR and mTOR activate NF-
B by translation of IL-1 and MAPK-Activated Protein Kinase 2 (Laberge et @015).
Coinciding with this, p38 in the senescence sigmplathway orchestrates SASP by directly
activating NF-B (Lujambio, 2016). NF-B downstream molecules (IL-1n particular) generate
a low-level chronic inflammation which has systemiifects (Kuilman et al., 2010). While NB
and IL-1 have a positive feedback loop, NB-increases expression of miR-146 a/b which

transcriptionally downregulates NFB expression (negative feedback mechanism) (Bhawtik



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

extremely high expression of SASP factors.

Aside from stimulating the expression of surfacarmbmolecules that flag senescent cells, SASP
factors send signals to stimulate immune cell nement (macrophages, neutrophils and natural
killer cells) that clear senescent cells (Sagiv Erndhanovsky, 2013). Senescent cell clearance is
important for the beneficial outcomes of this padlgvand prevention of disease. For example,
functional macrophages and natural killer cellspsaps liver tumor formation and fibrosis via
senescent cell resolution (Sagiv et al., 2013). &lew, SASP is a double-edged sword that helps
tissue repair and removes senescent cells buiradsces chronic inflammation which damages
surrounding cells via oxidants produced by inflartona cells and disturbs tissue function to
eventually promote most of age associated dis€&esg et al., 2009). In addition, SASP factors
alter the tissue microenvironment by looseninghegial cell adhesion to basement membrane
(Matrix metalloproteinase (MMP)-2 and -3, IL-8) amdomoting endothelial cell migration
(vascular endothelial growth factor (VEGF) secmet@md chemokine gradients); hence changing
cells toward a malignant metastatic phenotype (idpet al., 2001; Coppé et al., 2010). SASP
factors such as IL-6 or tissue inhibitor of metptlateinase-1 (TIMP-1) counteract senescent cell
removal by shielding tumor cells from being targeter removal (Gilbert and Hemann, 2010).
Therefore, senescence has polytrophic effects ysung individuals it plays a tumor suppressor
role to improve tissue regeneration and repair, ihublder individuals cellular senescence

contributes to aging and tumor progression (Camp@05; Campisi, 2013).

By affecting on neighboring cells or even distagits; SASP propagate senescence phenotype in
those cells. Nelson and colleagues showed that &® to neighboring cells via gap junctions,

which induce senescence in bystander cells (Fiu:eNelson, 2012). Senescent cells can affect



physiology of other cells or organs distant fronmeszent tissue by producing and secreting
different cytokines or miRNA into blood that caavel far from the tissue (Grillari and Grillari-
Voglauer, 2010). Heterochronic parabiosis studieshich the circulation system of animals with
different age are surgically connected confirmasl diistant effect of senescent cells as aged mice
in these studies showed phenotype of mice with geushronological age due to the change in
levels of factors in circulation system like Groviifferentiating Factor 11 (GDF-11) and C-C
motif chemokine 11. In this model, the aged miceenshowing enhanced regenerative potency

for satellite cells and hepatocytes (Conboy e805; Laviano, 2014).

1.1.2 Cardiac aging

Most morphometric and functional changes in agedthegesult from changes in aorta and large
vessels compliance, as progressive calcium/colldgensition and loss of elastic fibers, increase
the systolic blood pressure and decrease diadbitdod pressure (Vaitkevicius et al., 1993).
Subsequently, left ventricular afterload and whitkness (due to cardiomyocyte hypertrophy)
increase influencing the shape of left ventricl&kim@ it more spherical shape, while cavity size
remains unchanged (Hees et al., 2002). While 25% gbung adult heart is composed of
cardiomyocytes, some of these cells are lost wgen @nd given that cardiomyocyte renewal is
very low instead of replacement with new cardiomyes older cells hypertrophy in
compensation. Apoptosis increases with age andougly, is greater in males; suggesting a
responsiveness to hormones and environmental chgd@iiwetti et al., 1995). Mechanistically,
murine heterochronic parabiosis studies have shbatthese effects may be partially explained
by loss of circulating GDF-11 as GDF-11 within ygunice circulation leads to regression of age-

related cardiomyocyte hypertrophy (Loffredo et a013). Increased age is also associated with
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remodeling of the extra-cellular matrix as depositiof collagen, fibronectin and amyloid

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

In addition to cardiomyocytes, macrophages reptemsother significant population within heart
as these cells are resident and maintained in #weet lissue since the embryonic state.
Macrophages are spindle shaped cells and are fourdbse proximity to cardiomyocytes,
endothelial cells and fibroblasts. Resident macagels play important roles in clearing senescent
cells, defending against infection, acceleratingbayye repolarization and facilitating electrical
conduction from atrioventricular node via gap juoictto cardiomyocytes (Ma et al., 2018;
Hulsmans et al.,, 2017). The phenotype and markérthese cells resemble classic anti-
inflammatory “M2 macrophages” (Pinto et al., 2018Jith age, the number of cardiac resident
macrophages decreases and instead more monoayteshe circulation infiltrate into cardiac
tissue (Molawi et al., 2014). Influenced by thereased production of SASP factors during cardiac
aging, these monocytes differentiate into macrophdlat are polarized toward an inflammatory
“M1 phenotype”; thus, shifting the phenotypic makgewithin the heart (Chiao, 2011; Ma et al.,
2015). As aging progresses, macrophages show dingdiresponse to activating signals and

impaired ability in phagocytosis of senescent o@img et al., 1994).

Finally, fibroblasts compose almost 70% of thescellthin the heart and actively participate in
adaptations to advancing age. Given that fibroblastticipate in the ongoing turn over of the
cardiac extracellular matrix (deposition of collagand secretion of MMPs which degrade
extracellular matrix), this response increases agth in steady state heart (Meschiari et al., 2017)
After cardiac injury (such as a myocardial infawali, aged senescent fibroblasts with increased
p53 expression accumulate in the heart. These a@lsnable to produce critical collagen which

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

2012; Zhu et al., 2013).

1.1.3 Cardiomyocyte aging

The cardiac aging phenotype in the heart arise ftelis losing functionality due to senescence.
Senescent cells show disturbed expression of celegules that has role in cardiomyocyte
contractile dysfunction and myocyte death (Boomlet2013). Cardiomyocytes lose contractile
function through altered expression of contragbifeteins, disorganized sarcomere arrays and
malignant calcium handling (Lakatta, 1990). Cardaedls are highly metabolic; therefore,
susceptibility to senesce is linked with mitochoaldiunction. During oxidative phosphorylation,
ROS forms as a by-product of the mitochondrial tebectransport chain. Increased exposure to
relatively high ROS levels in cardiac cells harmtadihondrial and genomic DNA initiating
senescence (Dai and Rabinovitch, 2009; Balabarl.,eR@05). For example, the number of
cardiomyocytes with defective mitochondrial cytamie C subunits accelerate with age resulting
in defective electron transport chain reaction tkhgs about formation of further abnormal
proteins (Muller-Hocker, 1989). Reducing ROS strédsough catalase over-expression or
modulation of p66shc which are critical for ROS tilamg, decrease age-related effects on heart
function and improve longevity (Zhang et al., 20@&rtz and Steegborn, 2010). Nutrition sensing
pathways are also critical in cardiac aging. Maniametiarget of rapamycin complex 1 (mTORC1),
which acts as a sensor for nutrients, stress aldlazegrowth, responds to several growth
hormones such as angiotensin IlI, insulin growthidiat (IGF-1) or catecholamines. Over-
stimulation of this molecule results in cardiacessence. mMTORC pathologies usually coincide
with increased stress-induced protein synthesisraddced protein degradation by autophagy

(Domenighetti et al., 2005). mTOR suppression usihgitors (rapamycin in appropriate doses)
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or caloric restriction (through upregulation of @pitagy and downregulation of ROS by sirtuins)
improve cardiac inflammation, fibrosis and hypeptrg and prevent myocyte senescence or death
(Siddigi and Sussman, 2013; Alcendor et al., 2@hdaresan et al., 2009; Vakhrusheva et al.,

2008).

1.2.1 Myocardial infarction

Myocardial ischemia occurs when the metabolic axggen demand of the heart is greater than
the supply. When this condition is prolonged beyarelw minutes, it causes myocardial infarction
whereby cells undergo necrosis and apoptosis. Ist wases, ischemia is the consequence of a
blockage in the coronary blood vessels that nouttihmyocardium. Usually the rupture of
atherosclerotic plaques and release of thrombodgrits activate platelets causing thrombosis
and obstruction of blood flow that leads to ischeemitherosclerotic plaques narrow blood vessels
and only very rarely result in downstream supplyrdad imbalances causing ischemia at rest
(Falk, 1982). However, when a fixed supply is ngua to demand, flow limiting lesions (i.e.,
greater or equal to 70% stenosis) may result ineista proportional to demand (ischemia with
effort). Other conditions like embolism, coronaryeay dissection, anemia and hypotension by
decreasing the oxygen supply or exercise, cocaseeand thyrotoxicosis by increasing oxygen
demand can also cause ischemia or even infardilyocardial infarction damages the heart

muscles and decreases cardiac function (Frangagie2oi5).

1.2.2 Myocardial infarction risk factors

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

categorized as non-modifiable and modifiable rig&tdrs. The recognized non-modifiable risk
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factors are age, gender and genetic disorders.iftiie modifiable risk factors, some of which
are also controlled by genetic factors too, suchsipidemia, hypertension, diabetes and obesity
(Ounpuu et al., 2001). The comprehensive studyNafHR-HEART identified 9 potentially
modifiable risk factors among people of differenhracity in 52 countries worldwide that
significantly increase the incidence of myocardidarction. These risk factors are cigarette
smoking, raised ApoB/ApoAl ratio, hypertension, @dhal obesity, diabetes, diet (vegetable
and fruit consumption), physical activity, alcohmle, and psychological factors. Together these
factors are responsible for a 94% of the populaéitinbutable risk in women and 90% in men
which can be avoided to prevent myocardial infarct{Yusuf et al., 2004). In other studies, a
relationship between the incidence of myocarditdriction (MI) and air pollution was identified

(Colombo et al., 2014).

1.2.3 Myocardial infarction consequences

Thanks to the advancement of pharmaceutical thesapnd development of cardiovascular
intensive care units and reperfusion strategiestatity after Ml has dropped considerably during
the last few decades (Levy et al., 2002). For exemgnticoagulation and antiplatelet drugs
decrease the prevalence of another thrombosis. YHaowthese advances cannot repair damaged
or lost myocardium. Depending on the severity ahdge, survivors may develop heart failure as
the infarcted area heals and heart remodel to cosape for lost myocardium. In cardiac
remodelling, myocardium within the infarcted arsaréplaced by fibrotic tissue as a means of
reducing wall tension and the prospect for cardigature, fibroblast cells stretch, the ventricle
dilates, and the heart gets a spherical shapecadpbx (Pfeffer and Braunwald, 1990). During
systole, this non-contractile area bulges and enadyt assumes an aneurysmal shape. To

compensate for the lost tissue, the healthy nosratéd myocardium becomes thicker as
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individual cardiomyocytes hypertrophy. This remotgocardium area also shows inflammation

and fibrosis (Lee et al., 2012). The cardiomyocyesrangement in the border zone combines
with extracellular matrix turn over to dilate thentricular chamber and expand the infarct region
(i.e., the scar) (Mukherjee et al., 2003). Becanfgbese changes, systolic dysfunction develops,
and the altered electrical coupling increases liamce for malignant cardiac arrhythmias (St John
Sutton et al., 2003). In heart failure, the hearirot pump blood efficiently to itself worsening

the infarct (further necrosis and infarct extenyemd to other vital organs such as kidneys causing

their ischemic dysfunction (Cleland et al., 200%5it¢hins et al., 1978).

1.2.4 Cellular changes during ischemia

Lack of cardiac perfusion for short time perioddkerable for cardiomyocytes. If anoxia persists,
the contractile function and energy expenditurecafdiomyocytes is reduced to prolong cell
survival by reducing dependence upon high energgpihate storage. Mitochondrial oxidative
phosphorylation stops and instead the glycosylapiathway becomes the dominant source of
energy. As glycosylation is relatively inefficier@nergy production reduces and lactate content
(by-product of glycosylation pathway) increases alihiesults in acidosis (Elliott et al., 1992;
Kubler et al.,1970). Accumulation of lactate thrbughemical equilibrium prevents further
glycosylation, but increased acidosis leads tocimennel inhibition which electrophysiologically
manifests in prolongation of the cardiac actioneptill duration (Coraboeuf et al., 1980).
Maintaining the ion gradient is an energy-dependpricess, so ischemia disturbs the
electrophysiologic balance resulting in cardiomytecinexcitability and blockage of electrical
conduction (Carmeliet, 1999). As an adoptive respoactivation of autophagy pathways during
ischemia provides cells with energy and may sav@i@ayocytes from death (Matsui et al., 2007;

Kanamori et al., 2011). Intriguingly, the key autagy regulator, Sirtl, decreases with age and
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may increase the risk of heart failure developm@tdiarretta et al. 2011; Lee et al.,2008).
Cessation of blood flow longer than 5-10 minutess cause irreversible loss of cardiomyocytes
with the extent of damage proportional to the @&gaosed to anoxia. Disturbed mitochondria and
sarcolemma ultrastructures are early signs ofdamage. Cardiomyocyte necrosis is evident few
hours after ischemia (Jennings and Reimer, 1981jsdhemia, the main pathways leading to
cardiomyocyte death are necrosis and, to a lesdente apoptosis (Gottlieb, 2011). In both
pathways, mitochondrial dysfunction plays a mapme r(Ong et al., 2012). Ischemia activates
apoptosis through increased permeability of themniitochondrial membrane by altering Bcl-2
family interactions. This leads to release of ciitoene C from the mitochondria into cytoplasm
which activates the effectors of cell death, caspadlecrosis is triggered when permeability
transition pores in the inner mitochondrial memlerapen and water influx into the mitochondrial
matrix results in swelling and loss of electromsport chain integrity. While necrosis is the main
death mechanism in cardiomyocytes after infarctagmptotic cell death occurs more frequently
after re-perfusion (Gottlieb et al., 1994; Gottlig®11) through the generation of oxygen free

radicals, microvasculature injury and alteratiomahciumhandling (Verma et al., 2002).

1.2.5 Myocardial healing after infarction

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

fibroblast cells proliferate in the damaged ared differentiate into myofibroblast that secrete
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matrix proteins to remodel the lost extracellulatrx. The maturation phase then ensues whereby
myofibroblasts undergo apoptosis or become quiescemd matrix cross-links to increase
mechanical stability. Also, new blood vessels f¢gnao-angiogenesis) which feed fibroblasts and

pro-healing macrophages within the infarct regieraggogiannis, 2006; Frangogiannis, 2014).
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Figure 1.4. Phases of myocardial healing after infarction. €uents are categorized in three phases: 1)
Inflammatory phase in which cardiomyocytes die whimmune cells infiltrate to clear dead
cardiomyocytes and secrete MMPs which degrade xniatriihe damaged area. 2) Proliferative phase in
which anti-inflammatory mechanisms are activated ffsroblast cells proliferate within the damagedaa

to differentiate into myofibroblast that secretevmaatrix proteins. Cytokines secreted from différesils
promote endothelial cell differentiation and capiyl formation. 3) Maturation phase characterized by
apoptosis or quiescence of myofibroblasts and matdss-linkage.
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The inflammatory phase starts with the death odflicanyocytes. Necrotic cells in the damaged
area of the heart release some factors called edartm signal fibroblast cells, endothelial cells,
leukocytes and even surviving cardiomyocytes inctf and border zone. High mobility group
box 1 is the best known alarmin in myocardial iofeom but other alarmins also participate in
signaling (such as DNA fragments, heat shock pmetéL-1 and matrix protein fragments). After
receiving the signal of necrotic cells through appiate receptors, in most cases Toll-Like
Receptors or Receptors for Advanced Glycation Emdhpcts, activation of the NFB pathway

in target cells results in secretion of inflammgtonediators. These chemoattractants recruit
leukocytes to the site of injury to digest and @hate dead cells and damaged molecules (Ghigo
et al., 2014. Arslan et al., 2011). ROS stressautiyation of complement system after Ml also
generate a chemoattracting signal for leucocytengkey et al., 2000; Hill et al., 1971). Matrix
degradation is another consequence of MI, happezany in the inflammatory phase. Soon after
MI, both collagenase and MMPs activate to degradgirinto fragments (Cannon ROIIl., 1983;
Etoh et al., 2001). This matrix replaces with aysimnal matrix of fibrin base. Platelet aggregates
contribute to formation of this provisional matrtkat accommodates leukocytes and later
fibroblasts and vascular cells (Dobaczewski, 20@&telet aggregation at the site of injury also
promotes migration of reparative mesenchymal cehs infiltration of mononuclear cells

(Frangogiannis, 2015).

During prolonged ischemic insults, resident macem@s also die. Circulating monocytes infiltrate
into infarct very early after Ml and differentiat&o macrophages replacing lost resident cardiac
macrophages (Heidt, 2014). These macrophages pytagecboth dead cardiomyocytes and
apoptotic neutrophils. They also secrete a divarsay of cytokines, chemokines and MMPs

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

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

Clearance of the wound from dead cells is essdiotiactivation of anti-inflammatory pathways.
IL-1 has an inhibitory effect on the transition fronflammatory to the proliferative phase and
continued expression of IL-1ensues until all cell and matrix debris are rendo{&hinde and
Frangogiannis, 2014). At this point, most macro@ssgdopt an M2 anti-inflammatory phenotype
secreting pro-angiogenic and pro-reparative facfmsHorst et al., 2015). Resident fibroblast
cells become proliferative and transdifferentiate imyofibroblasts which express smooth muscle
actin. Non-resident fibroblast cells also migrat®ithe infarct area. These cells may be blood-
derived fibroblasts or may have endothelial orighdergoing mesenchymal transition (Zeisberg
et al., 2007). These cells produce matricellulatgins which incorporate into matrix and regulate
signaling in fibroblasts, macrophages, and vascuo#is (Frangogiannis, 2012; Shinde and
Frangogiannis, 2014). One such matricellular prowith regulatory role is Thrombospondin-1
that conducts its reparative effect through aciwatof TGF- and inhibition of MMPs
(Frangogiannis et al., 2005). Pre-mature new vesi&®in to feed the myofibroblasts and
macrophages. In the last phase of healing aftetidke vessels develop a pericyte coating (Ren
et al., 2002). In the maturation phase, collagefrimm@roteins cross-link to maintain cardiac
structure and reinforce the infarct region. Maliidar protein production decreases and

myofibroblasts undergo apoptosis or become dorrfMatsui et al., 2010; Frangogiannis, 2015).

1.2.6 Effects of age on endogenous responses toargial infarction

Age not only increases the risk of myocardial iof@an, but it also fundamentally influences the

outcome of myocardial infarction. Mice with advadcage develop greater infarct sizes and
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ventricular chamber dimensions with reduced sysfolnction as compared to young individuals
after MI (Bujak et al., 2008). Infiltration of leokytes is greater in young rats rather than okl rat
after ischemia reperfusion injury. Aging also irases the number of cardiomyocytes with
apoptotic factors (Liu et al., 2002). These findirage generalizable between different species and
models as left coronary artery (LCA) ligation inedgmice results in greater activation of the
caspase pathway and cardiomyocyte apoptosis asatethfo younger mice (Boyle et al., 2013).
Aging also alters the fibrotic response after mydied infarction. Although aged hearts show
excess deposition of extracellular matrix after Miged fibroblasts fail to form a mature scar
increasing the risk of heart failure due to infaggpansion and maladaptive cardiac remodeling
(Shih et al., 2010). The quantity and timing ofakyhe release is also reduced and delayed,
respectively, which alter the kinetics of scar fation in aged individuals. The delay in leukocytes
infiltration to remove dead cells increases inflaation 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 fisk Bawwn that adult fish can fully regenerate their
hearts after major cardiac damage through diretiferation of cardiomyocytes (Poss et al., 2002;
Jopling et al., 2010). Mammals also possess tlpaaty as neonatal mice can fully regenerate
their injured hearts through cardiomyocyte divisao (possible) direct differentiation of resident
stem cells (Jesty et al., 2012; Porrello et all,l2®orrello et al., 2013). However, this regeneeat
potential is lost soon after birth, which showstttiee repair process is an age specific process
rather than species-specific. For humans, it wakeaturn of the century that some outstanding
studies changed the dogma that human heart istarptmdic organ. Instead, the heart undergoes

life-long repair throughde novodifferentiation of stem cells and by proliferatioh existing
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cardiomyocytes (Uygur and Lee, 2016; Kajstura gt18198; Beltrami et al., 2001; Bergmann et
al., 2009). In normal myocardial homeostasis, namdiomyocytes mainly form through division

of pre-existing cardiomyocytes (Hsieh et al. 208&nyo et al. 2013). Whereas following cardiac
injury, cardiomyocytes division increases and thaagation of cardiomyocytes from other cells
(possible pre-existing stem cells) becomes a dmuttsr. However, this renewal rate is obviously
insufficient for complete cardiac repair (Hsiehadt 2007). Although the innate regeneration
potential of the heart is inadequate to fully restthe lost tissue after injury and the identity of
resident cardiac stem cells is controversial, #wgnition that cardiac stem cells exist, opened
the possibility of delivering exogenous cells aagsed speculation that if cells are used with
intrinsic capacity to differentiate into cardiandages 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 replacentyecardium of the damaged heart was skeletal
myoblast (SKM). These cells are abundant withinetkemuscle tissue and respond to injury by
migrating to the site of injury and forming new kg skeletal tissue. Early studies on skeletal
myoblast transplant confirmed enhanced cardiactimmdy differentiation of myoblasts into

working skeletal myocytes (Marelli et al., 1992, Muet al., 1996). The promising results

encouraged a rapid translation into clinical stadiglenasche et al., 2001) where they showed
long-term engraftment of SkMs with persistent fumal benefits (Hagege et al., 2003; Siminiak
et al., 2004). However, the absence of gap jundtidBkMs resulted in improper coupling with

adjacent cardiomyocytes thus electronically isofatihese cells and increasing chance of life-
threatening arrhythmia (Fernandes et al. 2006)sé& liedings raised caution toward clinical use

of SKM cells. Ultimately, a pivotal doubled-blindndomized trial data put a halt to further
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investigations due to prevalence of ventriculahy@ardia and strong signal indicating failure to

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

The widespread use of bone marrow cells for herogicdl bone marrow replacement therapy
propelled studies investigating the capacity of éomarrow cells to differentiate into
cardiomyocyte and promote cardiac repair (Eisenle¢rgl., 2003). Early studies revealed that
bone marrow mononuclear cells were incapable ofstdifferentiation into cardiomyocytes,
although they improved myocardial function aftemgplantation (Murry et al2004; Balsam et
al., 2004). This realization led to the understagdhat improvements in heart function occurred
largely via indirect paracrine mechanisms thatltedun recruitment of endogenous cardiac stem
cells, stimulation of angiogenesis and the prewendf cardiomyocyte apoptosis and fibrosis
(Kocher et al., 2001; Fazel et al., 2006). Prongigireclinical reports are driven by more than 50
clinical trials on bone marrow mononuclear ceksatment. While the outcome from these clinical
trials are contradictory, a recent comprehensiwtesyic review showed no beneficial effect for
bone marrow mononuclear cells treated patients idmte after acute ST elevation myocardial
infarctions (Jeyaraman et al., 2017). Growing ihsimto the fundamental biology underlying
hematological cells led to culture guided techngjoe antigenic selection markers to derive
several different types of cell products from hatuoayical source (Davis and Stewart, 2014).
These refined stem cell products were generateshpoove paracrine signatures but were still
incapable of true cardiomyocyte differentiatiore@inical studies reported that intramyocardially
injected mesenchymal stem cells differentiated @moapsulated structures with calcifications and
ossifications (Yoon et al., 2004) and even formeddrs in some cases (Wolf et al., 2009; Jeong
et al., 2011), raising caution upon using thesks ckle to ectopic differentiation into cell line of

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

injection of cells into large animal models (Chog2§14).

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

motivate the search for better alternatives.

1.3.3 Cardiac stem cells

Current research suggests a non-cardiomyocyte eovithin the heart tissue that plays a role in
post infarct repair. Akin to myoblast properties&életal muscle tissue, a side population of cells
was identified in digested heart tissue that caiftlix Hoechst dye via Multi-Drug Resistant-1
pumps that were also negative for markers of cardiantity and were able to adopt cardic
lineagesn vitro (Hierlihy et al., 2002). These cells were alsonfduo express abcg-2 marker on
their surface and were partly positive for othenstell markers including c-Kit and Sca-1 (Martin
et al., 2004). However, the physiological rolefadge cells has not been determined in any clinical

trials (Hao et al., 2017).

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

stem cell identity within the heart. Concurrenttwthe identification of side population cells,
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another research group detected c-Kit+/Lin caksa cluster of cells residing within myocardium.
These cells were shown to be self-renewing, cloniogend cardiomyogenic (Quaini et al., 2002;
Beltrami et al., 2003). c-Kit cells were found te bomprised of two subpopulations that were
proposed to be largely vasculogenic (KDR+) or aardiogenic (KDR-). However, lineage
tracing methods suggested that adult c-Kit+ celithiw the heart were only capable of
differentiating into endothelial cells and their ntgbution towards the formation of new
cardiomyocytes was negligible (Jesty et al., 2042y Berlo et al., 2014; Sultana et al., 2015).
Although formation of mature cardiomyocytes capableelectrical coupling has never been
examined, antigenically selected agxvivoexpanded c-Kit+ cells entered phase | clinicalltri
(Bolli et al., 2011). The SCIPIO open-labelled ltcanfirmed the safety and efficacy of c-Kit+
cells and noted a 13.7% improvement in ejectioctiva 1-year after intra-coronary injection
(Chugh et al., 2012). However, the result from SOIRial was viewed with skepticism after
journal editors raised significant concern regagdintegrity of the data (The Lancet Editors,
2014), and by early 2019 more than 10 papers flmrdiscoverer of c-Kit cells were retracted

from various journals.

There are further suggested cardiac stem cell maikeluding SSEA-1 and Isl-1 that are co-
expressed with other proposed stem cells markeagi¢[& Stewart, 2011) but to date, there is no
consensus on any marker to detect authentic capdersor cells. It is important to note that
antigenic selection and further expansion of delichieve therapeutically relevant doses requires
prolonged culture time (D’Amario et al., 2011), —dowith increasing cost and risk of phenotypic
drift. Therefore, instead of using a single markerwhich there is no consensus, other groups
focused on obtaining heterogeneous populationltsf ftem cardiac tissue. In this method, cardiac

outgrowth or explant derived cells (EDCs) spontaisgoemigrate from plated heart tissue to form
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a monolayer of cells on the cultureware surroundigplated tissue. Interestingly, the origin of
these cells is not cardiomyocytes (Davis et all,02) but has yet to be fully defined. EDCs are
competent to fully differentiate into functionaketrically coupled cardiomyocytes (Messina et
al., 2004; Smith et al., 2007). Akin to the neuluse technology, plating EDCs on poly-D-lysine
coated plates was developed as a means of enrittiengxpression of stem cell markers. While
loosely adherent cells aggregate together and &pheres, fibroblast-like cells adhere to plate
surface. Within cardiospheres, cells expressinggmior cell markers proliferate to form the body
of the sphere (Messina et al., 2004). These callsess stem, endothelial, mesenchymal and
cardiomyocyte differentiation markers (Davis et 2009) thamay enhance the cardioprotective
effect of monolayer EDCs (Li et al., 2010a). Agagtbronary administration of these cell balls
theoretically confers a high probability of micmafarction due to their size (70-108),
administration is limited to intramyocardial injemt (Latham and Davis, 2014). To accommodate
intracoronary injection of cells, cell monolayetsrined cardiosphere derived stem cells; CDCSs)
were generated by transferring cardiospheres tabeoriectin coated plate fom vitro
disaggregation and expansion. The phenotype asadyStDCs demonstrated a combination of
cells with endothelial and mesenchymal origin samib cardiospheres. Both porcine and human
CDCs form mature cardiomyocytes expressing conngxwieins that are able to couple
electrically with surrounding cells to conduct sfmreous calcium transients and generate
spontaneous action potential (Smith et al., 20@T¢-clinical studies in large animal models
assured the non-arrhythmogenesis property of CDGlsngton et al., 2009; Lee et al., 2011). A
head to head comparison of CDCs to non-cardia¢cnatigd cells or antigenically selected c-Kit+
cells of cardiac origin, revealed greater paracseeretory properties for CDCs and superior

functional benefit after injection into infarcteedrt (Li et al., 2012). This promising pre-clinical
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data prompted the phase | CADUCEUS trial that reggbimprovement in viable tissue and
decrease in scar size of ischemic heart with noceased incident of arrhythmia (Makkar et al.,
2012; Malliaras et al., 2014b). Davis and colleaguefined the CDC culture protocol by
shortening the culture time. They showed that thediosphere step in CDC generation is
unnecessary as the EDCs have equal capacity tamwapnyocardial function as CDCs, with
greater potential for cardiomyogenic differentiatiorhis technique improved the cell yield

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

Cardiac explant derived cells are primary produtiSDC generation process. Like CDCs, these
cells are CD105+/CD45- cells of intrinsic cardiaggm that expand through entry into an
endothelial to mesenchymal transition (Zakharovaalet 2012). EDCs express markers of
mesenchymal (CD90), endothelial (CD31 and CD34) @ardiac (abcg2, SSEA-1) progenitors
while they are negative for hematopoietic linea@&345) (Davis et al., 2009). EDCs can also be
cultured from cryopreserved tissue with no changéheir characteristic which facilitates the
transportation and processing of tissue biopsiskébn et al., 2017). Unpublished data from our
lab confirmed GMP compatibility of this method whishowed no evidence for teratogenicity.
EDCs are capable of genuinely differentiating iotrdiac lineages (Davis et al., 2010a) and
improving post ischemic heart function (Latham let2013; Molgat et al., 2014). Akin to their
progeny CDCs, EDCs are capable of electrically Gogpwith surrounding cardiomyocytes as

they are expressing connexin 43 (Davis et al., ap10

Although promising, not all patients are capableachieving maximal benefit from stem cell
therapy. Several factors are involved in definimg ability of EDCs to impart therapeutic benefits;
factors including age, gender, diabetes and cotejdr@art failure are elements that influence the

regenerative capacity of EDCs (Mayfield et al., @02All these factors combined, were reported
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as long-term stratification score (LTS). The higties score is, the more susceptible patients are
for repeat myocardial events. When the regenergistency of EDCs derived from human
patients were correlated with their LTS score, N&gfet al showed that the EDCs sourced from
patients with higher LTS score had a reduced ghtititinduce angiogenesis and cell migration.
The secretion profile of these patient also charsteaving fewer exosomes, reduced stromal cell-

derived factor 1 alpha (SDF-Lproduction and greater IL-6 production (Mayfieildal., 2016).

1.3.4 Stem cell aging

As outlined above, the manifestations of aging Ibeesn partially attributed to stem cell aging.
Healthy stem cells renew themselves through symndtvision that gives rise to identical
daughter cells or asymmetric division which givéserto an identical daughter cell and a
differentiated cell (Sharpless and DePinho, 208ged stem cells lose their capacity for self-
renewal or differentiation; thus, fail to repla@mescent cells within organs. Reduced proliferation
capacity of stem cells has been related to a dedflirthe number of newly generated neurons
(Kuhn et al.,1996), or endothelial progenitor c¢E$Cs) (Jie, 2009). Even if aged stem cells do
not decrease in number, they may display compraifisection, reduced ability to differentiate
into descendant cell or impaired responsivenesstinouli. For example, the EPCs response to
migratory stimuli reduces with age (Heiss et @0%2), as does the c-Kit cells’ ability to transltea
within the heart. Also, increased age correspondsidreased mortality in bone marrow cells

transplanted from aged donors (Kollman et al. 2001)

Aging of stem cells shares similar initiators asfedentiated cells which involves tumour
suppressor pathways. In stem cells, high duplinatiamber shortens telomeres and induces

senescence (Sharpless and DePinho, 2007). Thetiwfgaenour suppressor pathways is marked
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as p21 knockout prevents senescence in transgsarodre dysfunctional mice which improves
stem cell function in various organs and incredmegevity (Choudhury et al., 2007). Within the
heart, increased age leads to shorter telomer¢hleimgreased senescent marker expression and
reduced differentiation capacity within c-Kit+ cel{Anversa et al., 2006). Moreover, with age
unrepaired DNA damage accumulates and inducescadiple senescence. Oxidative and
oncogenic stress are involved in stem cell senesceas well. Under physiologic conditions,
resident stem cells are kept in dormant state esided within hypoxic stem cell niches (Cheung
and Rando, 2013; Sanada et al., 2014). This dorstatd is accompanied by slower metabolism
rate and low ROS production but exposure to DNA @gimg factors may increase ROS stress
leading to irreversible growth arrest (Rossi et2005). As a proof of concept, activation of PI3K,
the negative regulator of FoxO induces ROS formmasio depletes stem cells (Paik et al., 2009;
Tothova and Gilliland, 2007). Likewise, mTOR patlyactivation in hematopoietic stem cells
leads to increased ROS to impair stem cell moliibraand function (Gan et al., 2008).
Mitochondrial function also plays an important rale stem cell senescence as mice with
dysfunctional mitochondrial DNA polymerase haveimereased burden of mitochondrial DNA
mutations leading to compromised hematopoietic stedh (Chen et al., 2009). Stem cells
communicate with their surroundings, thus, envirental stress factors and negative signaling
from niche deteriorate stem cell function. Foramste, any change that results in increased oxygen
level within stem cell hypoxic niches leads to steall activation and possible exhaustion.
Similarly, SASP factors secreted by senescent beigig cells into microenvironment may

promote stem cell apoptosis or senescence (SiddajiSussman, 2013).

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

characteristics of authentic cardiac stem cellgliss have been conducted on various cells with
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different markers. Advanced donor age increasedesspn of p53 and p21 in CDCs while no
significant effect was detected on expression tbldpes, senescence markers, proliferation rate
and DNA damage markers (Nakamura et al., 2016).¢¥ew CDCs derived from congenital heart
failure patients in adulthood or at neonatal staljewed a reduced capacity to adopt marker
indicative of a cardiac lineage with advanced adestira et al., 2011). These neonatal cells also
had higher expression of FLK-1 and a broader cyikirofile. After injection into a rat infarct
model, neonatal derived CDCs provided superior fiteineterms of heart function, scar size and
new vessel formation (Simpson et al., 2012). Amtigally selected c-Kit+ cells from healthy
donor hearts for transplantation and unhealthyaxphearts demonstrated a change in all age-
related factors including p53, p21 and p16 levelsmere length, telomerase activity and telomere
induced foci. Relating chronological age with eage-related factor showed that p16 level and
telomere induced foci change by age but chronotbdgage does not significantly change the
telomere length, telomerase activity and p21 le(@ésselli et al., 2011). In a mouse model, aging
reduced CDC yield (Hsiao, 2014) and lessened thigyadf antigenically selected Sca-1+ CD31

cells for proliferation and differentiation (Wu, 2D).

1.3.5 Stem cell and myocardial infarction

As outlined, cardiac stem cells are not sufficterfully restore myocardial function after a damage
like ischemia, which causes the loss of a tremesdomber of myocytes. Angiogenesis decreases
after Ml because aged hearts possess less progamggocytokines, such as Platelet Derived
Growth Factor impairing stem cell response (Edgledral., 2002). The data from c-Kit+ cells
(which contribute largely to formation of endotlalcells) has shown that myocardial infarction
promotes recruitment and proliferation of thesemsteells within both injured and viable

myocardium. While cardiac lineage commitment antbsis increase, many c-Kit+ cells also
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express greater amounts of p16 or p53 markersmagared to cells isolated from the non-infarcted
heart (Urbanek et al., 2009n vitro, healthy donor heart c-Kit+ cells were noted tonhbere
clonogenic, more proliferative and less prone tonesee. Unsurprisingly, senescence related
factors (such as p21, p16, telomere length attritteduced telomerase activity and p53) were
lower in healthy c-Kit+ cells as compared to c-Kiills cultured from explant hearts at end stage
heart failure (Cesselli et al., 2011). In contrasstudy using CDCs derived from end stage heart
failure patients showed that a history of chrorear failure increased the regeneration potential
of these cells- presumably related to increasedymtion of SDF-1. In their study, they also
showed that CDCs from patients with acute MI hadilar regenerative potency relative to CDCs

from healthy donor hearts and they were secretjjugleamount of SDF-1(Cheng et al., 2014).

1.4 Refining cardiac stem cells

There are two principle mechanisms proposed touatcor the benefit conferred by stem cell
therapy. Specific to CDCs, direct differentiatiomsvconsidered as an important mechanism of
action. Transplanted human CDCs engraft and diftexte into cardiac lineages (Smith et al.,
2007) to contribute into working myocardium (Daws al., 2010b). Quantification of newly
formed cardiomyocytes and endothelial cells combingh human specific antigen staining,
however, revealed that a large number of newly &mfroells originate from the host rather than
cell donor thus indicating that the mechanism afdfi is not limited to direct differentiation
alone. Paracrine mechanism was proposed as aed¢hdiechanism for formation or preservation
of host originated cells (Chimenti et al., 2010rd&rine stimulation conveys its effect through
many different pathways including: activation oftima cardiac stem cells to migrate and
differentiate at the site of injury (Segers et aD07) into working myocytes (Malliaras et al.,

2014a) or to promote endogenous vasculogenesiaragidgenesis to improve blood flow at the
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ischemic site (Chimenti et al., 2010; Latham et2013), promoting cardiomyocyte cell cycle re-
entry to increase viable tissue (Malliaras et2013), reducing inflammation and death signaling
resultant of ischemia, reducing fibrosis and imjpmgwemodeling via TGF-inhibition (Tseliou

et al., 2014), and modulating the immune respolyseobtrolling macrophage polarization to a
distinct cardioprotective subtype (not the cladsMa/M2) (de Couto et al., 2015). CDCs also
secrete extracellular vesicles that are carryimgsurvival molecules (such as miRNA-146-a) to
reduce ROS and preserve cardiomyocytes by atterguedirdiomyocyte apoptosis (Barile et al.,
2014; lbrahim et al., 2014). In addition to proteetmiRNAs, CDCs secrete extracellular vesicles
containing distinct non-coding Y RNA fragments sashYF-1 which induces IL-10 secretion to
protect cardiomyocytes toward oxidative stress (Riamet al., 2017). Recognizing these

mechanisms highlights opportunities to boost ttetaey effects of cell transplantation.

It goes without saying that following ischemia, tinned anoxia and nutrition deficiency, and lack
of an efficient repair system make a desert-likeirenment in the site of injury (Matsui et al.,
2010). Thus, any mechanism that helps with theigairof transplanted stem cells in ischemic
heart microenvironment, would augment the therapeeffect of stem cells. Moreover, the
properties of cardiac stem cells for autologousapy influence by patients’ characteristics such
as age, diabetes, obesity, ischemia and other alecliemorbidities (Mayfield et al., 2016).
Strategies that would assist the stem cells tdradugher potency for therapy should be applied
to meet stem cell need based on their charactsridtience, next generation stem cells require

specific modulation designed for each patient ciorali
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1.4.1 Genetic modification

One strategy to boost the stem cell effects isufinanodulation of signaling pathways by over-
expressing (a) key salutary gene(s) to the celthofigh the cytokine profile of EDCs is important
for their reparative effects, not all beneficiatakines are robustly secreted by primary cultured
cells. Given the importance of SDF-ih the heart healing after infarction, this regrgs a logical
candidate to focus attention. SDF-@onveys its effects by chemoattracting bone marreils
and circulating angiogenic cells. Targeted overregpion of SDF-1 within EDCs increased the
ability of cells to adopt a cardiac phenotype amavithstand apoptosis which conferred greater
functional improvement after myocardial infarctiwhile reducing fibrosis (Tilokee et al., 2016).
In another strategy, EDCs armed with the pro-saiviwiolecule, IGF-1, enhanced survival and
consequently engraftment of transplanted cellsrobept cardiac tissue from further damage by
reducing apoptosis (Jackson et al., 2015). Naftdkts are conditional upon modifying solely the
paracrine profile of transplanted cells as showrntdrgeted overexpression of the pro-survival
transcript Pim-1 in slow growth senescent cardig€ite cells to improve telomere length,
mitochondrial function and proliferation. When icjed into mice after myocardial infarction,
these enhanced cells show better cell retentionnayacardial function (Mohsin et al., 2012;
Mohsin et al., 2013). Nucleostemin over-expressionfers similar anti-aging effect on c-Kit+

cells (Hariharan et al. 2015).

Genetic modification has been used to combat tleetedf disease modifiers on function as well.
Of the different conditions that influence regeniggpotency is diabetes which reduces the ability
of EDCs to enhance heart function after myocarutifarction. This functional deterioration is
associated with the accumulation of methylglyoxahf high glycolytic reaction rate and results

in excessive oxidative stress (Rabbani et al., POB8mination of methylglyoxal by over-
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expressing the key de-toxification enzyme glyoxalasn the diabetic EDCs successfully restores
the salutary effects of EDC transplant after mydizdiinfarction and represents the prototypical

example of designed therapy based on patient gonditolgat et al. 2014).

1.4.2 Biomaterials

Akin to all cell types (Miller-Ehmsen et al., 200&ss than 5% of cardiac-derived cells engraft
in the heart 3 weeks after injection (Terrovitisabt 2009). Successful long-term engraftment is
influenced by route of administration with highestention seen after direct intramyocardial
injection and lowest retention seen after intrawsniojection. Clinically, the intracoronary route
is the most practical means of delivery with readde retention after delivery by a procedure
similar to balloon angioplasty (Bonios et al., 28L1Cell retention is strongly influenced by cell
death or complete wash out after injection. Minimizcell death can be limited by addressing
several steps used during stem cell mobilizationtfansplant including reducing detachment-
induced cell death (anoikis) (Karoubi et al., 20@9%0, immediately after injection, cells confront
hypoxia, nutrition deprivation and inflammatory atance (Kanda and Davis, 2017). Besides
genetic enhancements that improve survival, bion@secan improve engraftment. Cocooning
cells within protective capsules enriched with @ttaent proteins prevents anoikis and reduces
wash out of these cells. Therefore, these cellsbéximproved secretion phenotype and

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

1.4.3 Other enhancement strategies

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

their ability to migrate while reduces cellular esoence (Li et al., 2011). Glucose free media
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stimulate survival pathways in bone marrow mesemaiystem cells by activating Sirtl
expression (Choudhery et al., 2012), and everghtdliecrease in the pH of media can stimulate
bone marrow c-Kit+ cells to increase expressiolsbF-1 and its receptor CXCR4 (possibly
enhancing the ability of cells to function withischemic environments) (Cencioni et al., 2013).
Targeted small molecules pre-conditioning is anotpion; however, pre-conditioning effects
are usually transient. Statin, through modulatibpro-survival genes, has anti-senescent effects
and improves vasculogenesis after transplantafibn ét al., 2004a; Assmus et al., 2003; Walter
et al.,, 2002). Finally, providing complimentary gerine stimulation by combining different
supporting cells or stem cell sources representdghan means of enhancing the functional
properties of cell administration. Many studiesénatiown that combination of heart derived cells
with other cell sources synergistically boosts @ardunction greater than monotherapy alone

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

1.5 Mybl2 (Myb-Like Protein 2)

As will be shown, molecular phenotyping of EDCsnfrischemic old and young mice revealed
differential expression of Mybl2 (Myb-Like Proteiy B-MYB). Mybl2 is a potent transcription
factor (TF) which regulates cell cycle, differetittm and epigenetic changes (Zhan et al., 2012).
In human, MYBL2 gene is located on chromosome 2(gdBd encodes a 700 amino acid protein
(http://www.genecards.org/cgi-bin/carddisp.pl?geM&BL2) which shares homology with
retroviral v-Myb oncogene (Musa et al., 2017). TMgb family of TFs are present in all
vertebrates (Oh and Reddy,1999) and consists afif@bars (Mybll, Mybl2 and Mybl3). Unlike
the other members of Myb family that are expressespecific tissues or developmental stages,
Mybl2 is expressed in all proliferating cells anthys a vital role in cell cycle progression

(Martinez and DiMaio, 2011), which explains the eyumic lethality of Mybl2 double knockout
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mice due to abortive formation of the blastocysteincell mass (Tanaka et al., 1999). Mybl2 is
highly expressed in embryonic and pluripotent stefts sharing similar target genes with the key
somatic reprogramming transcripts SOX, NANOG andl@CThese target genes consequently
regulate several of the epigenetic modificationedee for differentiation of stem cells and
embryonic development (Zhan et al., 2012). In codifiwn with MuvB (multi-vulval class B) and
FoxM1 (Forkhead box protein M1) and E2F transooiptiactors, Mybl2 regulates the cell cycle
transition through the G1/S and G2/M phases (Sedasand DeCaprio, 2013; Musa et al., 2017;
Mowla et al., 2014). In this regard, a strong fielahip has been detected between Mybl2 and the
expression of 23 other genes implicated in DNA iogpilon and cell cycle checkpoint control
(Clarke et al., 2013). Although upregulation of NB/bas been observed in several cancers (Musa
et al., 2017), Mybl2 has tumor suppressor propettieough regulation of DNA replication and
checkpoint control pathways genes, regulation dbtiai spindle function and maintenance of
genome stability (Garcia and Frampton, 2006; Ldeeel2010; Yamauchi, 2008; Fung et al.,
2002). Interestingly, Mybl2 expression below 20%nofmal results in growth arrest but sub-
haploinsufficiency dose-dependently induces myetoalignancy. Greater than 60% of patients
with myelodysplastic syndromes show Mybl2 levelssléghan half of normal cell expression
(Heinrichs et al., 2013). One possible mechanisndi@ expression of Mybl2 is increased mir-
29a expression that reduces Mybl2 level by degadiRNA leading to acute myeloid leukemia
in mice (Han et al., 2010). Mybl2 haploinsufficign@ene knock out) in mice leads to a variety
of myeloid disorders upon aging. Tellingly, traresgl of Mybl2+/- bone marrow cells increases
the generation of haematopoietic neoplasia whercétie go through the proliferative stress of
transplantation, confirming the key role for Myli2maintenance of genomic stability (Clarke et

al., 2013). Mybl2’s role in maintaining genometsliy originates from its function in progression
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of S and G2/M phases of cell cycle. Loss of MyMi@reases double-strand breakage, replication
fork defects, centrosome defects, unequal chromesmgregation and aneu/polyploidy (Tarasov
et al., 2008; Lorvellec et al., 2010). Loss of Mytdlso makes DNA more vulnerable to UV
radiation effects on chromosomal fragmentation,-tenrend fusion and chromatid loss (Ahlbory
et al., 2005; Garcia and Frampton, 2006). In agiditMybl2 forms a complex with clathrin and
filamin and carries them to mitotic spindles. Byeg to properly localize these filaments, Mybl2
stabilizes kinetochore fibres during mitosis andntans genome integrity (Yamauchi et al.,

2008).

1.5.1 The role of Mybl2 in regulation of the cejicte

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

at the S and G2/M phases of cell cycle (Baker.e2all 4).

When cells are at&tage in the cell cycle, a group of proteins ceogether to form the DREAM
complex (Figure 1.5 A). Immunoprecipitation revehtbat this complex is composed of MuvB
core, retinoblastoma-like proteins (p130 and plfEfressor E2Fs (E2F4 and E2F5) transcription
factors and Dimerization partners (DP1, -2, -3jdl.chick et al., 2007). This complex binds to its
binding site in the promoter of several cell cymdeentry genes and inhibits their expression to
maintain cells in a quiescent state. One of theseg is Mybl2 whose transcription is repressed

in Go (Sadasivam and DeCaprio, 2013). Mybl2 promoter ddmsnding site for MuvB named
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Downstream Repression Site which is similar tovied-conserved cell Cycle genes Homology
Region element on promoter of DREAM targets whogaession maximize at early (G1/S) or

late (G2/M) phases (Figure 1.5 B; Catchpole e28l02; Muller and Engeland, 2010).

A

P130/P107

DRS

Downstream
repression
site (in Mybl2)

FBS CHR MBS Cell cycle gene
FoxM1 Cell cycle Mybi2
binding gene binding
site homology site
region

Figure 1.5. (A) Mybl2 promoter in G The DREAM complex attaches to the Mybl2 promoted aahibits
its transcription. (B) Cell cycle gene’'s promot&he promoter of cell cycle genes has binding site f
DREAM complex, FoxM1 and Mybl2.

To exit quiescence or senescence states, MuvBplsodehorylated at Serine 28 of the LIN52
subunit and its binding affinity to RB-like protsinveakens (Table 1; Litovchick et al., 2011).
p130 or p107 dissociate from MuvB and repressoisE&6the DREAM complex disengages from
cell cycle re-entry promoters. Meanwhile, activai@F1, E2F2 or E2F3 are recruited to trans-
activate expression of genes important in DNA sgsitiand the G1/S transition (Sadasivam and
DeCaprio, 2013). Mybl2 transcription increases va#dak expression at the S phase (Litovchick
et al., 2007). Consequently, Mybl2 and MuvB incee&snding to their binding sites on the

promoter of G2/M effector genes such@glin BandCdc2(Zhu et al., 2004b). Table 1.1 shows

37



the chorological order of Mybl2 and related traigaon factor activation in the cell cycle. During
the S phase of cell cycle, Mybl2 expression in@sasnd Mybl2 becomes activated through
phosphorylation by Cyclin A-Cdk2, often in combiiaait with acetylation by p300 co-activator
(Lane et al., 1997; Sala et al., 1997; Schubeat.eP004). This sequential activation results in a
burst in expression of FoxM1 and other G2/M- spe@gne transcripts. Despite being required
for activation, phosphorylation of Mybl2 eventuafiyomotes its ubiquitination and proteasome-
mediated degradation (Charrasse et al., 2000) ot {o degradation, Mybl2 recruits FoxM1
(Down et al., 2012). FoxM1 become phosphorylatediastivated by PIk1 at G2 phase (Fu et al.,
2008) which together with MuvB express the latd cgtle genes (such as Cyclin B, surviving
and Aurora B). Akin to the effects of phosphoryation Mybl2, FoxM1 phosphorylation makes
it more susceptible for ubiquitination and degramtatwhich occur at the end of mitosis
(Sadasivam and DeCaprio, 2013; Musa et al., 2@y6lin D-Cdk4/6 also phosphorylates FoxM1
which activates and stabilizes this TF to promdte expression of genes important in
detoxification of ROS and DNA repair thereby redhgcisenescence (Anders et al., 2011,
Khongkow et al., 2013). Finally, when cells enteroa6G1, nuclear receptor co-repressors interact

with non-phosphorylated Mybl2 keeping Mybl2 inaeti{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 BK1CCyclin A2)

- Recruitment of FoxM1

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

M phase FoxM1 degradation

Table 1.1.MybI2 and cell cycle: What happens upon entry oeb cycle?

1.5.2 MybI2 role in senescence

Stressors induce senescence by consistent actvaftiomor suppressor genes (p53 and pRB) to
inhibit cyclin dependant kinases and repress théSQfansition (Lowe and Sherr, 2003).

Interestingly, all these molecules are linked tolli2yand the concentration of Mybl2 determines
if a cell should stay in quiescent state, enteictikbcycle or become senescent. The role of Mybl2
in controlling senescence first became clear wheras observed that Mybl2 was reduced in p53
conditional expression cell lines. But, constitatiMybl2 expression in these cells overrode

senescence and bypassed GO/G1 cell cycle arrastefLal., 1994). Mybl2 overexpression in
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primary fibroblasts stimulates proliferation in Igrowth factor media (Sala and Calabretta, 1992)
to forestall senescence (Huang et al., 2011) vdoifderring resistance to RAS induced premature
senescence (Masselink et al., 2001). ConverselyBMYdownregulation induces senescence in

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

Mybl2 is regulated at the transcriptional, postseiptional and post-translational levels
(Martinez and DiMaio, 2011). Among tumor suppressd®B is one of the most important
regulators of Mybl2 at pre-transcriptional and pwanhslational levels. RB is active during both
replicative and induced senescence. Within DREAKkhgiex, RB like proteins (p130 and p107)
either directly inhibit Mybl2 mRNA transcription biinding to the Mybl2 promoter or by
competing with Mybl2 protein to bind to MuvB thussulting in the detachment of Mybl2 from
MuvB and a shift from the Mybl2-MuvB complex towalatrmation of DREAM complex which
induces quiescence or senescence (Wells et alQ; ZD0aas et al., 2012). RB also indirectly
regulates Mybl2 post-transcriptionally by contnogi miRNA-29 and miRNA-30 levels that are
known to bind to 3’ untranslated region (UTR) of bl RNA to promote degradation (Martinez
et al., 2011). Interestingly, the transition facteMyc is responsible for binding to miR-29 and
miR-30 promoters to repress them. However, as &nt&@et gene, c-Myc itself is repressed by
RB during senescence (Chang et al., 2008; DeFdippial., 2003). In a positive feedback loop,
miR-29 represses Cdc42 and stabilizes p53 whichbowmto promote apoptosis (Park et al.,
2009). Other Mybl2 regulators (direct or indireci¢lude Cyclin D-Cdk 4/6, p16ink4a, p53/p21,
Cyclin A,-E Cdk2 (Rufini et al., 2013; Quaas et aD12; Mannefeld et al., 2009). As mentioned
before, besides regulation at transcriptional kevelybl2 is regulated at post-translational levels

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

2.1 Rationale

The prevalence of Ml is greatest in elderly peapid the literature shows that age is a predictor
of stem cell weakened potency (Mayfield et al.,@0Following the discovery of resident cardiac
stem cells, a great number of studies have beeafucted to characterize the behavior and function
of these cells, however, most studies have larfgtysed on stem cells cultured from young
animal models (Fransioli et al., 2008an der Bogt et al., 2008; Oh et al., 2003). Tedatre
have been no studies characterizing the effectgef @and/or ischemia on the regenerative
performance of heart-derived cells. There are stuthat have characterized the effect of age on
patients suffering from congenital heart failurehwpossible other co-morbidities (Mishra et al.,
2011; Simpson et al., 2012). Work by Cesselli eCaleng et al. had similar issues as they studied
the effect of ischemia in end stage heart fail@agnts with variable risk factors including age or
disease etiology (Cesselli et al., 2011; Chengd €2@14). Therefore, a need for differentiating th
effect of aging and ischemia alone without the clexipy of other co-morbidities is obvious.
Knowing the underling mechanism behind the charigeaged cardiac stem cells and their
response toward ischemia helps us with designieig stells with restored function. Hence, we
characterized stem cells from healthy aged headsaged hearts after ischemic injury (Figure
2.1). Although primarily focusing on the impact aging, this is the first study to separate the
effect of aging and ischemia on heart-derived stehlis. To this end, we selected a mouse model
aged to an extent reminiscent to patients that reqyire cell therapy in the future (Figure 2.1).
EDCs from old mice (12+1 months old) wene vivoproliferated and compared with EDCs from
traditional young mice (2 months old). The intei@ctbetween age and ischemia was probed by

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

clinical realities and enhance direct translatmthie patient setting.

2 months 12 months
(voung donors)  (old donots)
I I I I | 1 I
£ N 1 6 12 18 24 30 36
Mouse age (months)
I I I | 1 | I
3 12.5 30 42.5 56 69 81 94
Human age equivalents (years)
NoLCA
ligation
Excising
Normal Mouse Model N
heart

bbb

ligation Ll
+1week +2week +3week +4week

Ischemic Mouse Model
with Chronic Heart Failure

LCA

+1 week +3 week +4 week
l Echocardiography

l, EDC Harvest

Figure 2.1.Mouse model. In this project (A) EDCs were derifiemn hearts of young and old mice. (B)
Some of these mice were randomized to receive ligadibn 4 weeks prior to tissue collection. Theissd

hearts were processed, and the EDCs were harasiatly.

After profiling the effects of age and ischemia BDC function, this project then focused on

measures to rejuvenate aged EDCs by targetingotwfie molecular pathways that underlie age-
related senescence. As outlined below, we perforomdagiased microarray analysis on our

experimental cohorts which revealed age and ischeffiects on pathways related to cell cycle
control, checkpoints and DNA repair system. Amdmg genes that were expressed significantly
less was Mybl2 which we chose to target basedrole in maintaining genome integrity and
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resisting senescence (Mowla et al., 2014; Heinrgtled., 2013). EDCs derived from old ischemic
mice were genetically modified to over-express kapscription factor, Mybl2, to demonstrate if
modulation of this TF will provide downstream bdtefin cardiac repair. The results were

compared to both backbone-transduced and non-waedcontrols.

2.2 Research Aims

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

injury.

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

repair after ischemic injury.

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

function after ischemic injury.

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

myocardial function after ischemic injury.

2.3 Hypotheses

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

EDCs as transplanted cell will be more resistamstpoptosis and less senescent.

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

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

myocardial function after ischemic myocardial iryjjur

Hypothesis 4: Mybl2 overexpression will reduce selhescence and will provide better cardiac

function after transplant into a model of ischewaediac injury.
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3. METHODS

3.1 Experimental animals.

Menopausal old (54 weeks) and young (8 weeks) fer@&7BL/6mice (Charles River) were
handled in accordance with the Canadian CouncAiimal Care Guide to the Care and Use of
Experimental Animals under a protocol approvedHhsy Wniversity of Ottawa Animal Care and
Use Committee. Mice used to culture EDCs for expentation were randomized to receive no
intervention (n=94) or surgical ligation of the LGA=86) prior to eventual sacrifice and EDC cell

culture.

3.1.1 Generation of chronic ischemic model.

Animals were injected with sustained-release bupm@mnne (0.05 mg/kg; subcutaneous) and
meloxicam (0.2 mg/kg) 1 hour prior to surgery. Metam was then administered twice daily
thereafter for 3 days. During surgery, mice weresémetized with isoflurane (maintained at 2-
3%), intubated and maintained under physiologicperature control (37 C). After opening the
chest, the left coronary artery was visualized bgated ~2 mm below the tip of the left atrial
appendage (inducing ~40-50% ischemia of the leftrigd®) with a 7-0 silk suture. Occlusion
was confirmed by the anterior wall of the LV becampale and then the chest cavity was closed.
Immediately after surgery, animals were placed30 & incubator with supplemental oxygen and
moistened food to recover. Once animals recoveredriormal state, they were returned to their
holding room. All animals were housed in Techniplantilated cages with at least bi-weekly
cage changes and were given food and water adirhbiThe food was supplied by Envigo
(irradiated #2019 extruded chow) and the wateravtsclaved and prepared on site. The overhead

lighting in the holding room was alternated eve@/ Hours between light and dark cycles. A
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University of Ottawa Animal Care Technician mon@dranimals at least twice daily for 3 days

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

3.1.2 Evaluation of cardiac function using echotaychphy

Mice underwent echocardiographic imaging 7, 21 28dlays after LCA ligation. Transthoracic
echocardiography was performed using a Vevo 77@esygVisualSonics Inc.). During the
procedure, mice were anesthetized with 1-2 % isafle. The chest was prepped using a calcium
and Sodium hydroxide solution to minimize ultraspusttenuation. After applying warmed
Aquasonic 100 gel (Parker Laboratories), parastdong-axis images were acquired. Chamber
dimensions were quantified from the images at gistbse and end diastole while left ventricular
ejection fraction (LVEF) was calculated using feliag formula by Vevo software (EF (%)=100

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

3.2 Explant-derived cardiac stem cell culture

Four weeks after randomization, animals were daedf and hearts were collected for EDC
culture. Myocardial biopsies were minced to 1 hmieces, washed three times with cold Hank's
Balanced Salt Solution (HBSS) containing 2% fetalibe serum (FBS), 100 U/ml penicillin G,
100 pg/ml streptomycin and 2 mmol/l L-glutaminegprio enzymatic digestion (Collagenase 1V;
1mg/mL) for 30 min at 3T (all from Life Technologies). After digestion ethissue fragments
were washed three times with complete explant rmediGEM; Iscove’s Modified Dulbeccos
Medium (IMDM), 20% FBS, 100 U/ml penicillin G, 10@g/ml streptomycin, 2 mmol/l L-
glutamine and 0.1 mmol/L 2-Mercaptoethanol (alhfrbvitrogen) prior to plating on fibronectin
(BD Biosciences) coated dishes at 37°C in 5% (@avis et al. 2009; Davis et al. 2010a). EDCs

that spontaneously emigrated from plated tissuee veetlected at 7-day intervals using mild
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enzymatic digestion for direct experimentation.g-harvests from plated tissue were collected
prior to discarding the used plates. To harvelé$,adey were first washed with HBSS followed
by incubation with TrypLE Select (Life Technologiger 3 min at 37C. Suspended/detached
tissue was removed using a 100um cell straineh@FiScientific). For cryopreservation, EDCs
were stored at -140°C in freezing-medium (70% IMDRO%FBS, 10% dimethylsulfoxide

(DMSO, Sigma)).

3.3 EDC cell count

The total number of harvested cells was counteld aviNeubauer hemocytometer by averaging 4
squares. The collective number of cells from aliveats was totalled and normalized to heart

weight measured right after excision.

3.4 Quantification of EDC proliferation

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

al., 2004).

3.5 Flow cytometry

EDC surface markers were profiled using flow cyttenéGuava easyCyte, Millipore) for c-Kit
(Primary antibody: sc-168, Santa Cruz; Secondarybadly: A-11034, Invitrogen), CD34
(119309, Biolegend) and CD90 (A14726, Invitroger)l content. Briefly, 100,000 cells were
fixed with 4% paraformaldehyde (Electron Microscdpgiences). After washing with phosphate
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buffered saline (PBS), the cells were labeled Mlitbrophore conjugated primary antibody or
unconjugated primary antibody and secondary anyitbod30min at 4°C. Non-stained EDCs and
single stained EDCs were used as controls for gafinminimum of 10,000 single cells events
were collected. The percentage of positive cells @adculated by proprietary software (GuavaSoft
Software, Millipore).

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

and late apoptotic EDCs.

3.6 Cardiogeniculture conditions

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

for 1 week.
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3.6.1 Quantitative polymerase chain reaction (qP€R)uation of cardiac transcripts

After 7 days of culture in cardiogenic media, mRWAs extracted (RNeasy Micro Kit, Qiagen).
Predesigned gPCR primers with FAM-labelled probesewsed to quantify expression eésMA,
cTnT and VWF with loading evaluated using GAPDH tdggrated DNA Technologies).
Quantitative PCR was performed using LightCycler®8 4RNA Master Hydrolysis Probes
(Roche). Samples were amplified for 35 cycles byht€Cycler 48011 (Roche). Cp values were

used to determine the mMRNA levels in relation toFEA.

3.6.2 Flow cytometry evaluation of cardiac markers

After 7 days of culture in cardiogenic media, c&lisre permeabilized with 0.2% Triton X-100
(Bio-Rad) and then blocked for 15min in 3% alburfiiigma) and 3M Glycine (Bio-Rad). Once
permeabilized, cells were stained for cardiomyogeti-Cardiac Troponin T-FITC, 130-106-

687, Miltenyi Biotech), endothelial cell (anti vdillebrand Factor, ab9378, Abcam) or smooth
muscle cell (anti alpha-smooth muscle actin, ab8618bcam) markers. The number of

differentiated cells were quantified by flow cytoimye

3.7 Generation of conditioned media for angiogenenigration and paracrine profiling

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

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

Commercial enzyme-linked immunosorbent assays (EB&)3vere used to measure the abundance
of cytokines known to be produced by EDCs: angiogefMBS160147, MyBiosource),
angiopoietin-1 (MBS163055, MyBiosource), hepatocgewth factor (HGF, MHGO00,RD
systems), interleukin-6 (IL-6, M6000B, RD systerasjl VEGF (MMVO0O, RD systems) (Latham
et al., 2013). Unbiased proteomic screening wasd tsevaluate the pro-angiogenic cytokines
within EDC conditioned media using the Proteomdi@radViouse Angiogenesis Array according
to the manufacturer's instructions (ARY015, R&D teyss). We profiled the secretion of 53
angiogenic related cytokines. Conditioned medianfroouse C57BL/6 primary dermal fibroblast
(DF; cell biologicsc57-6067) cells was used as negative control. Dansitry of dots was
determined by ImageJ software (Protein Array Anatyglugin, NIH) corrected to number of
seeded cells. A second proteomic array of 111 maytokines (Proteome Profiler Mouse XL
Cytokine Array (ARY028, R&D Systems)) was used V@laate the effect of Mybl2 lentiviral
overexpression or transduction (backbone) on cgwkiecretion within conditioned media. The
signal intensity of dots was quantified using Imag@erotein Array Analyzer plugin, NIH) after

normalization to the internal controls and the nemdf plated cells.

3.7.2 Angiogenesis assay

Thein vitro potential of EDC conditioned media to induce aggitesis was evaluated through
tubule formation assay by exposing Human Umbiliain Endothelial Cells (HUVECS) plated
within a cytokine-depleted matrigel (ECM625, Millie) to conditioned media. HUVECs were
purchased from Lonza and cultured on fibronectiated dish in Endothelial Cell Growth

Medium-2 with growth supplements (Catalog #: CC-316onza). Angiogenesis was performed
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by seeding 10,000 HUVECs per well in triplicate j@fSlide Angiogenesis (ibidi) filled with

ECMatrix. Sixteen hours after incubating HUVECshitEDC conditioned media, the picture of
whole well was taken using AxioVision microscopeflZeiss Microscopy). Tubule length was
measured in each well using ImageJ (NeuronJ pldgid). To evaluate the influence of proliferin

on angiogenesis, tubule formation assay was coadudter depleting proliferin by incubating
conditioned media with goat anti-mouse prolifenmilaody (sc-47347; Santa Cruz Biotechnology)
or goat IgG isotype control (ab-37373, Abcam) &C4or 2 h prior to magnetic separation using
protein A/G magnetic beads (88802, Life Technolsgier 3 h at 4 °C (Yang X et al. 2012).

Tubule length was calculated in each well usinggeda(Neurond plugin, NIH).

3.7.3 Migration assay

The ability of EDCs to recruit circulating stem lselvas evaluated by exposing bone marrow-
derived cells (BMDCs) to a gradient of EDC conditd media using a transwell plate (24 wells,
3.0 m pores; Corning). BMDCs were isolated from C57Blg@wurs and tibias prior to 7 days of
culture (EGM-2 media, CC-2935; Lonza). Specificallyx 1¢ BMDCs in 100 pl of serum-free
IMDM were seeded in the upper well of the transwdlile 600 pl of EDC-conditioned media
was placed in the bottom well. Cells that succelysfmigrated through the polycarbonate
membrane over 18 h of incubation were then fixedlimparaformaldehyde and stained with 4',6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Tevaluate the effect of IL-6 on migration,
conditioned media was incubated with rat anti-mdiliseé antibody (16-70611-85; eBioscience)
or rat IgG1 isotype control (400402, Biolegendf&C for 2 h and then incubated with 300of
anti-rat Dynabeads (11035, Life Technologies) fdr 8t 4 °C. Migration assay was performed
using IL-6 depleted conditioned media followed anqtification of the total number of cells in

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

Extra-cellular vesicles were collected from EDCHEured in hypoxic (1% oxygen) and low serum
(1% exosome depleted serum; System Bioscienc)days. Conditioned media was centrifuged
at 2000 x g for 10 minutes to remove cellular delpriior to centrifugation at 8000 rpm for 30

minutes to remove the large particles/vesicles {084, Beckman). The supernatant was then
centrifuged at 28000 rpm for 3 hours to pellet &dellular vesicles (L8-70M, Beckman). The
total vesicles pelleted from 6 ml of EDC conditidnmedia were resuspended in PBS for
guantification and evaluation of the particles sifistribution by NanoSight (LM10; Malvern

Instruments).

3.9 Cellular senescence

—galactosidase staining was used to evaluate samascBriefly, EDCs at 80-90% confluence
were fixed and incubated overnight at 37°C with S@al Detection Solution (KAA002,
Millipore). After washing, blue stained cells war@unted in 6 random fields of view under phase
contrast microscope (Moticam Camera). The percentdgsenescent cells was calculated by

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

3.10 Evaluation of telomere length and telomergseem

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

supernatant.
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Genomic DNA was extracted (DNeasy kit, QiagenglBCR. To perform quantitative PCR, 16ng
of total DNA was added to each reaction well wigullof master mix (LightCycle 480 SYBR
Green | Master, Roche) and the primers of inteflest sets of forward and reverse primers were
used, one to detect telomere repeats (telg,
ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT and telEGTTAGGTATCC
CTATCCCTATCCCTATCCCTATCCCTAACA) and another set detect a single copy gene
(albumin) (albu:
CGGCGGCGGGCGGCGCGGGCTGGGCGGAAATGCTGCACAGAATCCTTG danalbd:
GCCCGGCCCGCCGLCGLCCLCGTCCCGCCGGAAAAGCATGGTCGCCTGTT. gnai
acquisition was read at 74°C to provide thev&lues for the amplification of the telomere teatel
and at 88°C to provide ther@alues for the amplification of the single copyngetemplate
(LightCycler 480Il; Roche) using 40 cycles. A refiece DNA extracted from cardiac tissue with
different concentrations was used to generate atdnzlirves for telomere repeats and Albumin.
The level of telomere length and single copy gextieufmin) was calculated in each sample using
the standard curves. The telomere and single cepg galbumin) (T/S) ratio was calculated to
estimate relative telomere length such that gréld&ratio indicates longer telomeres while lower
T/S ratio infers shorter telomeres (Cawthon, 2009).

Telomerase activity was quantified using gPCR di&tecof TTAGGG telomeric repeats
according to the manufacturer’s directions (MT30Alied Biotech Inc).

In brief, cells were lysed and, centrifuged at DP@ for 30 minutes prior to incubation with
proprietary solutions that permit telomerase additf telomeric repeats (TTAGGG) onto the 3'
end of the substrate oligonucleotide for gPCR (dfieation (45 cycles, LightCycler 480ll;

Roche).
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3.11 Reactive Oxygen species content

Cell ROS content was quantified using fluoromettétection according to the manufacturer’s
directions (ab113851, Abcam). The ROS level wagdetl by formation of oxidized form of
2', 7'—dichlorofluorescein (DCF) from 2’,7’—dichlofloorescin diacetate (DCFDA). The final
product is highly fluorescent and is detectableanrgteen fluorescent channel settings. In brief,
2',7-dichlorofluorescein diacetate (25mM) was adtte&8DC cell cultures and incubated for 45
minutes followed by direct quantification of fluseent emission (529nm) in response to
excitation at 495nm using plate reader (PowerWaveMkcroplate Spectrophotometer, BioTek
Instruments). The assay was performed with 2 teahmepeats. EDC treatment with Tert-Butyl

Hydrogen Peroxide (5M) for 1 hour was used as positive control.

3.12 Antioxidant reserves evaluation

The activity of Super Oxide Dismutase (SOD) andt&hione Peroxidase (GPx) that catalyze
dismutation of superoxide free radicals to molecob@ygen and reduction of hydroperoxides,
respectively, was evaluated. GPx activity within@Dwas measured using a colorimetric assay
according to the manufacturer’s directions (703X0&yman Chemical). Briefly, 200,000 EDCs
were collected and sonicated. The supernatant whkected and centrifuged (10,0009 for 15
minutes) before addition of the co-substrate mitihe assay was performed with 2 technical
repeats and the reaction was initiates by addidb&umene hydroperoxide. Change in light
absorption at 340nm per minute corresponds to tigidaf NADH+H" was used to quantify GPx
activity (PowerWave HT Microplate SpectrophotomgBioTek Instruments).

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

(706002, Cayman Chemical). Briefly, the supernafaotn sonicated EDCs was centrifuged
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(21,5009 for 5 minutes) prior to addition of radicktector. The assay was performed with 2
technical repeats and the reaction was starteddipg Xanthine oxidase. Colorimetric absorption
of formazan dye at 440 nm was used to quantifytthi@ amount of superoxide produced by
Xanthine oxidase. SOD dismutates the superoxidkeduces the generation of superoxide and

consequently the sample absorption at 440nm.

3.13 Microarray

Total RNA was extracted from EDCs according to mienufacturer's directions (RNeasy Mini
Kit, Qiagen) prior to quantity/quality evaluatiodgnoDrop 2000, Thermo Fisher Scientific; 2100-
Bioanalyzer system, Agilent Technologies). The s&h& samples were used for subsequent
gPCR validation. RNA was submitted to the StemCarieroarray facility (OHRI) for
hybridization to Affymetrix based GeneChip Mousen&@.0 ST arrays (902119, Thermo Fisher
Scientific). Signal intensities were normalized dpplying robust multi-array averaging (RMA;
Expression console software by Affymerix, ThermaHher Scientific) to use as an input for
different analyzing software programs. Of the 45, pfobe sets screened, 26,788 probe sets were
determined to be present. Expression data was zethlysing statistical analysis of microarray
software (Array Star v12, DNASTAR), with a calc@dtmedian false discovery rate of =5%.
Genes with 1.5-fold different expression rate wesed for hierarchical clustering (Array Star v12,
DNASTAR). Among these genes, those that were mldte the senescence pathway or
mitochondrial function were distinguished. Ingeguitathway Analysis, was used for pathway
analysis (QIAGEN Bioinformatics). Some differentyaéxpressed genes according to microarray
data with O to 8-fold expression change betweenpgdppplrl6b, Tnf, Cxcr4 and Rgsl) were
arbitrarily chosen for subsequent microarray vdiata 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, RespRase Element (RRE) and
VSV-G plasmid (addgene),"® generation packaging plasmids (LV003, abmgoodgemyr

fluorescent protein (GFP) expression vector (1248dgene) and Mybl2 lentiviral vector (pLenti-
GIII-CMV-GFP-2A-Puro; LV437429, ABM Inc.) were purased. Also, custom made firefly
luciferase reporter plasmid (pCDH-EF1-FLuc-IRES@ubr. Duncan Stewart lab gift) and

custom-made Backbone control vector were usedsrsthdy.

3.14.2 Transformation

Mybl2 plasmid was received in the form of DNA. Th&asmid was transformed into E-coli
bacteria DH5- strain (Life technologies) by heat shock methatkfB/, 1ul of plasmid was added

to 50 ul of bacteria and the mixture was kept forn3inutes on ice, 20 seconds at 42°C and 2
minutes on ice. The transformed bacteria were griowtB media for one hour at 37°C followed
by culture on LB agar gel containing Kanamycin (0gdml) to select for transformed bacterial
colonies. Few colonies were picked, and their plddDNA was extracted by miniprep (QlAprep
Spin Miniprep Kit). The DNA was digested by EcoR&étriction enzyme (NEB) for 1h at 37 °C
before loading on 1% agarose gel, to assure treepece of Mybl2 plasmid in bacterial colonies.

The Mybl2 insert was detected at around 2k barttiefadder.

3.14.3 Viral packaging

To amplify plasmids, the transformed bacteria wggmvn in LB media overnight. The DNA was
extracted from bacteria using maxiprep (PM025, @&leLentivirus was produced using HEK
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293T cells in about 70% confluence after transtectvith transfection reagent (Lipofectamine
2000, Thermo Fisher Scientific) packaging plasnaidd plasmid containing gene of interest, with
harvest 48 and 72 hours later followed by concéntra(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 gegene (IDT primer). Briefly, the HEK 293
cells (Clontech) were treated with 0.8 pg/ml pogyie (Sigma) for 10min prior to transduction by
desired Lentivirus. Seventy-two hours after tramsidn, the HEK DNA was extracted (DNeasy
kit, Qiagen) and the stably integrated lenti geas guantified using a standard curve for plasmids
containing the LV gene (Sastry et al., 2002). Bosduce EDCs, cells were treated with 0.8 pg/ml
polybrene for 10min before transduction with deasitentivirus. EDCs were then allowed to

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

3.15.1 Mybl2 plasmid validation and Backbone plakgeneration

pLenti-GlII-CMV-GFP-2A-Puro (Figure 3.1A) was trdosmed into E-coli DH5 strain and
cultured on LB agar. Successful transformation e@sirmed by the presence 02200 Mybl2
DNA fragment after plasmid DNA digestion by EcoRavid running it on agarose gel (Figure
3.1B). The HEK cells were then transfected by Mypl2smid. The expression of GFP in HEK
cells showed that the plasmid is functional (Fig8uEC). Also, the gPCR for Mybl2 RNA in HEK
cells showed increased Mybl2 transcript expressgidransfected cells relative to non-transduced
HEK cells (Data not shown). Mybl2 virus was prodiiesing 29 generation packaging plasmids.
We used non-transduced EDCs sourced from old damibinsa history of ischemia and EDCs

transduced with Backbone lentivirus as controls g&oerate a viral control for our experiment,
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Mybl2 plasmid construct was digested by EcoRV retshn enzyme overnight. The product was
loaded on agarose electrophoresis gel and theedeskction (around 6Kbp, Figure 3.1B)
containing the plasmid backbone without Mybl2 geras cut using UV light and a scalpel. The
agarose was melted, and the plasmid DNA was erttaatcording to manufacturer’s protocol
(DF100, Geneaid). Backbone plasmid was reconstiuayeligation of the two ends of plasmid
DNA using T4 DNA ligase (NEB; 16 °C overnight) afexcision of Mybl2 gene. The backbone
plasmid was then transformed into DH5E-coli strain for further amplification and virus

generation.
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pLenti-GllII-CMV-GFP-2A-Puro
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Excludes Insert

Figure 3.1.Mybl2 plasmid (A) Plasmid map reproduced with permission from dbm (B) Agarose gel
showing successful transformation. The E-coli ogltse transformed with Mybl2 plasmid. The DNA from
different colonies were extracted and digested &itbRV. The green box shows the backbone DNA which
was later extracted from the gel and ligated tonfdrackbone plasmid. Negative control is undigested

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

Mybl2 and its target genes expression was confiratd®NA level. Mybl2, Cyclin B, FoxM1 and
CDK1 mRNA was quantified 48 hours after lentivitehnsduction using gPCR detection of
MRNA (PrimeTime Predesigned qPCR probes, Integratdd Technologies). At protein level
Mybl2 was evaluated 48 hours after transductiomgusLytoGlow B-Myb Cell-Based ELISA
detection Kit (CB5077, Assay Biotech). Moreoveg #ffect of Mybl2 over-expression on EDC

function was evaluated 72 hours after EDC transduatsing appropriate techniques.

3.16 Rapamycin and bromoindirubin-3-oxime (BIO) tedatment

EDCs were treated with ®1 of glycogen synthase kinase-3 beta (GSK-#hibitor, 6-
bromoindirubin-3-oxime (BIO, 361556, CALBIOCHEM), ® of the inactivated methylated
control (meBIO, 361550, CALBIOCHEM) and high (1) and low (50 nM) doses of mTOR

inhibitor, Rapamycin (R0395, Sigma).

3.17In vivotesting

For this cohort study, groups of 8-week old andveek old C57BL/6 recipient mice underwent
LCA ligation under a protocol approved by the Umsiy of Ottawa Animal Care Committee.
Seven days after LCA ligation, mice were randomiiedeceive 100,000 EDCs derived from
young normal donors, young ischemic donors, oldnabidonors or old ischemic donors. Also, a
separate subset of 8-week old mice, were randontizesteive 100,000 EDCs from old ischemic
donors which were non-transduced or were transdwadbdMybl2 or Backbone virus. EDCs were
split into 2 doses delivered at the cardiac apeklateral border zone using echocardiographic

guidance (VisualSonics V1.3.8, VisualSonics). Aliogvfor an alpha error of 5%, the sample size
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for each experimental group was calculated with 8¥fidence based on the mean of compared

groups and their standard deviation.

3.17.1 Functional evaluation

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

hearts were collected once the animals were artesti€2% isoflurane anesthesia).

3.17.2 Histology

A subset of hearts was excised and perfused wilthesprior to fixation for 72 hours in 4%
Paraformaldehyde (PFA; Alfa Aesar) and stored ifio7/Bthanol until paraffin embedding and
sectioning. The hearts were sectioned intmmSslices from the base of the heart starting from
suture to the apex (Histology lab, RGN). Four sexdiper heart from four different levels of infarct
area with 20 slice intervals (sections 1, 20, 40 @@) were stained for Masson'’s trichrome. The
scar size was evaluated (ImageJ, NIH) by calcuddtire percentage of fibrotic tissue within the
left ventricle. A second four sections per hears waparaffinized in gradients of Xylene (Fisher
Scientific) and ethanol prior to antigen retriepalformed by boiling slides in Tris-EDTA-Tween
buffer for 1 hour. The sections were blocked iuseiPBST (37.5 ml PBS, 12.5ml FBS and 125ul
triton -X) for 1 hour and stained for Isolectin B&pression (B-1205, Vector Laboratories) for 30
minutes at room temperature. After DAPI (Sigma)teu-staining, the number of vessels per
field of view within the infarct and border zone svassessed by fluorescent microscope (Carl
Zeiss). For CD68 staining, following deparaffinioat and antigen retrieval, tissue sections were

blocked in serum-PBS and stained for CD68 (ab12pa%8rnight at 4°C. The tissue was then
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incubated with DyLight 594 goat anti-rabbit IgG @&897, Abcam), and DAPI was used to
identify cell nuclei. The number of CD68 cells fietd of view was quantified within the infarct

and border zones of each section assessed byckmtamicroscope (Carl Zeiss).

3.17.3 Retention

3.17.3.1 Measurement of long-term EDC retentioGiByr-labeling

To measure retention of transplanted EDCs withst hoyocardial tissue, EDCs were transduced
with GFP lentivirus 72 hours prior to injection. &IGFP lentivirus was generated usirfg 3
generation packaging system as described in se@tibh. Whole heart genomic DNA was
extracted (DNeasy kit, Qiagen) and quantitative P@&s performed to detect GFP gene
(PrimeTime Predesigned gPCR probes, Integrated DEéhnologies). Using the whole heart
weight and the GFP standard curve prepared byl sdihidion of DNA extracted from GFP

transduced EDC into non- transduced EDC, the numibengrafted cells was calculated.

3.17.3.2 Measurement of short-term retention byifevase

EDCs were transduced with the gene of interest (RIy®ackbone) or not transduced followed by
double transduction with the Luciferase reportaregeSeven days after LCA ligation, mice were
randomized to receive 100,000 EDCs split into 2edadelivered at the cardiac apex and lateral
border zone using echocardiographic guidance. Lesc@nce by retained cells was evaluated
after subcutaneous injection of 150 mg/kg of D-feren (LUCNA, Gold Biotechnology) using
serial whole-body imaging (IVIS spectrumvivo imaging system, PerkinElmer) for 1 hour after

injection to identify peak luminescence 1, 3, 5 d@ndiays after cell injection. To account for net
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injection variability, and luciferase expressiomi&hility in different groups (single transduced vs

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

3.18 Statistical analyses

All data are expressed as mean £ SEM. All analysis performed using GraphPad Prism 6
software. Normalcy was verified prior to statistiealysis. In experiments with comparison
between different groups, one-way ANOVA multiplengmarison with Sidak’s correction was
used while Dunnett's corrected t-test was applre@xperiments in which different groups are
compared to single control group. To measure $talssignificance for correlation (R-squarp),
value was calculated using t-distribution functionMicrosoft Excel softwarep 0.05 was

considered statistically significant.
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4. RESULTS

4.1 Validation of ischemic model- Donor age did atier cardiac function after experimental

myocardial infarction

After LCA ligation, cardiac contractility was trae#t using serial echocardiographic measurements
of LVEF. Although old mice demonstrated a tendenoyards earlier reduction in cardiac
function, similar degrees of cardiac remodellinguteed as both old mice and young mice reached
an equivalent final LVEF 28 days after LCA ligati¢p7.6+1.0 vs. 29.3x1.1 %, respectively;
p=0.4; Figure 4.1, Table 4.1). Thus, post infafdtds were sourced from young and old mice with

comparable degrees of cardiac remodeling after argaal infarction.

Bl Young donor
B Old donor

day 7 day21 day?28

Figure 4.1.Cardiac remodeling after experimental myocardifdriction. Old and young mice underwent
LCA ligation and had serial echocardiograms pertmi, 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 () | 55.9+4 85.4+4.7** 63.1+4 85+6.6* 68.3+4.1 91+42*

End systolic volume () | 38.3+3.6 60.8+3.9*** 44.1+3.9 63+5.6* 49.1+4 66.7+£3.F*

Stroke volume (1) 17.6£0.9 24.5£1.3*** 19+0.9 22+1.5 19.2+0.8 24.3x18
LVEF (%) 33.1+1.9 29.3t14 31.4+2 26.9+1.6 29.7+1.7 27+1.4
FAC (%) 20.3t1.1 17.4+1 185+1.4 15.2+1.1 183+1.2 16.2+1

Table 4.1.Cardiac remodeling after experimental myocardifdnction. 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 cultizldy

To evaluate the effects of age and ischemia on EBI@, the number of cells collected from each
harvest was manually counted by hemocytometer amlative yield was compared. We noted
that advanced donor age reduces the overall nuofdeDCs collected from plated myocardial

biopsies (37+8% fewer cells were collected comp#&rgaung group, p<0.05; Figure 4.2 A). The
number of collected young EDCs from ischemic graas similar to EDCs collected from young

normal hearts. In old mice, ischemia restored EEyback to levels comparable to its young
counterpart group (10.4£0.8 vs. 9.1+0.9 millionsalespectively p=0.28). This observation was

followed by measuring the proliferative capacityg®dCs. The population doubling time of EDCs
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sourced from old and young donors with and witheahemic injury was measured in standard
culture conditions (21% oxygen + 20% FBS). EDCgsed from all donor groups demonstrated
equivalent proliferative capacity (p=ns, Figure 82 The population doubling time was also
measured in hypoxic culture conditions designethimic ischemic myocardium (1% oxygen +
1% FBS), to evaluate the effect of metabolic stmssEDC proliferation. In ischemic culture
conditions, proliferation was halved in all groqmenpared to normoxic culture condition (p05,
Figure 4.2 B). However, similar to normoxic culturendition, donor age had no effect on

proliferation (p=ns).
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Figure 4.2. EDC culture yield measured by manual cell cognt{@) The total number of cells collected
from one gram of cultured heart tissue (n=15 peupgy. Culture of old mice tissue provided less EDCs
(B) The doubling time measured following 48h of E@cubation in standard (21% oxygen, 20% serum)
and ischemic (1% oxygen, 1% serum) culture comnustin=6 per group). EDC proliferation was not
affected by age or ischemia. Values are mean = SgM.05; **p 0.001 between study groups. £05;
##p 0.01 between same study groups in different cultorelition.
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4.2.2 Advanced donor age does not influence thegpsphilations found within EDCs

The EDC sub-population phenotype was analyzed uBow cytometry. We observed that
advanced donor age did not alter the content ¢ egpressing markers indicative of cardiac (c-
Kit+), mesenchymal (CD90+) or endothelial (CD34+pgenitors (Figure 4.3). Interestingly, a
history of ischemia had a minor effect on the ehdll progenitor (CD34+) content within EDCs
sourced from both old (7.5£1.2 to 3.7£0.6%; p<0.&&) young (6.8+0.9 to 3.91£0.9%, p<0.05)
donors. While, it had no influence upon the contémardiac (c-Kit+) and mesenchymal (CD90+)

progenitors. Within ischemic groups, age had neatfbn the phenotypic make-up of EDCs.

Bl Young Donor
B Old Donor

NRM  ICM NRM  ICM NRM  ICM
c-Kit CD90 CD34

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

normal; ICM, ischemic. Values are mean + SEMO®5.
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4.2.3 Advanced donor age and a history of ischdraie minor effects on EDC differentiation

The effect of aging and ischemia upon the intrinsipacity of EDCs to differentiate into
myocardial lineages was investigated by exposin@&Min vitro conditions known to favour
cardiac identity (Figure 4.4). We first measureel éixpression of transcripts indicative of cardiac,
endothelial and smooth muscle lineages using timeeps designed to target cardiac troponin T
(cTnT), von Willebrand factor (vWF) andsmooth muscle actin {SMA) mRNAs, respectively.
As shown in Figure 4.4 A, EDCs cultured from oleshds expressed cTnT at lower levels (p=0.05)
when compared to EDCs culture from young mice, sWF and -SMA mRNA expression was

not significantly different (p=ns).

EDCs cultured from old mice with a history of isofie injury expressed more VWF aneSMA
MRNA following culture in cardiogenic media whemugoared to EDCs from normal old mice. In
comparison, EDCs culture from young mice afterésalt injury had a reduced ability to express
cTnT mRNA (p<0.05) when compared to EDCs cultureainf young normal mice. Within
ischemic groups, EDCs cultured from old mice haugher -SMA mRNA level (p<0.05 vs.
ischemic young mice sourced EDCs), but VWF and c@xgression did not significantly change
(p=ns, Figure 4.4 A). These transcriptional changere not reflected by protein expression as
flow cytometry suggested that donor age and atyistbischemic injury had negligible effects on
the capacity of EDCs to differentiate into cardi@uoytes or smooth muscle cells (Figure 4.4B).
Interestingly, EDCs cultured from ischemic old midisplayed an increased ability to adopt

endothelial lineage (p<0.05).
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Figure 4.4.EDC ability to differentiate towards cardiac ligea. The ability of EDCs to differentiate into
a cardiomyocyte, endothelial cell and smooth muselewas quantified using (A) gPCR for cTnT, VWF
and -SMA after 7 days of culture within conditions knowo favor cardiac differentiation. The cycle
thresholds (ct values) were normalized to data froonmal dermal fibroblasts cultured in identical
conditions (n=3 per group). (B) Flow cytometry ddEs for cTnT, vVWF and-SMA markers after 7 days
of culture in cardiogenic media. Age enhanced thibtya of EDCs to differentiate into endothelial llse
only when they have a history of ischemia (n=4greup). Values are mean + SEM 05; **p 0.01.
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4.2.4 Advanced donor age and ischemia combinededse apoptosis resistance

The capacity of EDCs to withstand the harsh ischeguost-infarct environment was evaluated by
exposing cells to hypoxic (1% oxygen) low serum (E®S) condition. After 48h, cells were
stained for Annexin V and 7-AAD followed by flow tgmetry quantification for positive cells.
The number of double positive EDCs at late apoptatiase was negligible and unaffected by age
or history of ischemia. The number of cells thatevpositive for Annexin V was considered as
early apoptotic cell (Figure 4.5). EDCs sourcedrirold and young donors demonstrated no
significant difference in the number of apoptoeti€ (5.2+ 0.5 vs. 6.1+ 1%, respectively; p=0.43).
While a history of ischemia did not change the namiif apoptotic cells in EDCs from young
donors (4.8+£0.4%, p=0.23 vs. no ischemic histd&)Cs sourced from old donors with a history
of ischemia showed a strong trend to reduce resisti apoptotic stimuli (7.1+0.7%; p=0.06 vs.
old non-ischemic donors). When considering usirtglagous cells (i.e., chronic ischemic old vs.
young donors), advanced donor age was found toedserthe ability of cells to withstand
apoptosis by 1.5+0.1 fold (p<0.05 vs. EDCs fromnguwonors with a history of myocardial
infarction). Taken together, this data demonstraéites advanced donor age and a history of

ischemia combine to decrease the ability of EDGsl&rate ischemic stress environment.
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Figure 4.5. EDC resistance to apoptosis. The ability of EDCsvithistand the ischemic condition (1%
oxygen, 1% serum vitro was evaluated by flow cytometry after staining tieés with Annexin V and
7-AAD (n=7 per group). (A) Representative imagdlofv cytometry plot. (B) The percentage of the sell
that were positive for Annexin V was measured ugBugpva easyCyte software which showed the
vulnerability of EDCs sourced from old donors wigbhemic injury to ischemic condition. Values arean

+ SEM *p 0.05

4.2.5 Advanced donor age and chronic ischemia @asersenescence

The portion of senescent EDCs cultured from mydehtuiopsies was evaluated after culture
within normoxic condition prior to fixation with 4%araformaldehyde and staining x-gal (the
substrate for -galactosidase).-galactosidase is a high precision marker of callgsenescence
(Lawless et al., 2010). As predicted, EDCs soufoaah old mice exhibited a greater number of
senescent cells as compared to EDCs cultured froomg/ mice (14.8+2.3 vs. 3.2+0.7 %,
respectively; p<0.01; Figure 4.6). A history oftismia increased the number of senescent cells in
EDCs from old and young donors (23.8+3% senesdeftscultured from old donors and 8.9+1.9
% senescent EDCs cultured from young donorg€).p5 vs. EDCs culture from similar age donors

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

ischemia is an important parameter that inducessssamce in addition to advanced donor age.
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Figure 4.6. EDC senescence. Senescent cell quantification messence-associatedgalactosidase
staining, followed by DAPI staining to count theéalonumber of seeded cells. The number of cellewer
counted in 6 random fields of view and is reporasdpercentage of senescent cells. (A) Representativ
images of senescence-associataghlactosidase staining in EDCs sourced from oldl ywung donors.
Blue stains show the cells that have undergonesseneé (B) Quantification of senescent cells (ne8 p

group). Random field analysis demonstrated thagseent cells are more abundant in aged EDCs. Values
are mean + SEM *[0.05; **p 0.01

4.2.6. Antioxidant enzymes activity increases aftéarction in young EDCs

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

content within EDCs cultured from young donors (#80vs. young donors without a history of
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myocardial ischemia) in contrast to EDCs cultuneah old donors in which the ROS production
remained unchanged. Within ischemic groups, EDGsced from old donors showed greater
ROS burden relative to young donors (28.6+£2.8 8641 a.u, respectively, p<0.05). Given that
ROS content reflects the activity of antioxidantynes, we probed the activity of SOD and GPXx.
It was interesting to see that the activity of S@&s strongly correlated to ROS level$£R.87,
p=0.03 Figure 4.7 C). SOD activity remained unchargeaging (1.24+0.07 in EDCs from young
donors vs. 1.40+0.15 a.u in EDCs from old donor§,.42) but was markedly increased in EDCs
cultured from young donors with a history of ischerfl.91+0.11 a.u, .01 vs. young donors
without a history of myocardial ischemia). Contidrily, a tendency for reduced SOD activity
was seen in EDCs cultured from old donors withsaany of ischemia (1.01+0.07 a.u, p=0.08).
When we measured GPx activity, we observed thaliffexrence in GPx activity of EDCs sourced
from old and young donors was not significant (81952 vs. 0.21+£0.05 a.u, respectively).
Nevertheless, because a history of ischemia tetalaatrease GPx in EDCs from young donors
(0.25+0.01 a.u) and tended to decrease GPx activigDCs from old donors (0.11+0.02 a.u),
EDCs sourced from young donors with a history ofiesmia had significantly greater GPx activity
compared to their old counterpart (p<0.01; Figure @). This data indicates that cellular ROS
production remains unaltered in EDCs, however attterity of antioxidants markedly enhances
in EDCs from young donors with ischemic injury. Téiere, enhanced clearance of toxins likely

accounts for the reduced ROS content observedmiitieise EDCs.
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Figure 4.7.ROS formation and handling in EDCs. (A) The ROStenhwithin EDCs was measured after
incubating the cells with DCFDA for one hour folled by fluorescent reading emission at 535nm (n=5
per group). (B) Super oxide dismutase activity (peb group) (C) Correlation of ROS with SOD acivit
(D) Glutathione peroxidase activity (n=5 per growas measured in the supernatant of lysed EDCsagy ou
ischemic EDCs have increased antioxidant enzymeke valged ischemic EDCs reduced the activity of

antioxidant enzymes considerably. Values are me8EM *p 0.05; **p 0.01

4.2.7 Ischemia shortens telomere length in c-Kélksdut not in c-Kit- cells

Short telomere is a potent inducer of senescenoeenGprevious work demonstrating the
myogenic and angiogenic properties of c-Kit+ cellslomere length was quantified in
magnetically sorted c-Kit+ and c-Kit- cells (Jestyal., 2012; Cesselli et al., 2011). As shown in
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Figure 4.8A, cell type influenced telomere lengshcaKit+ cells generally had longer telomeres
than c-Kit- cells (p0.05) excepting c-Kitcells cultured from ischemic old donors whererretoe
length was reduced to lengths comparable with e-¢&lls. Telomere length in c-Kit- cells from
all cohorts were equivalent. Also, advanced dowgerfzad negligible effect on telomere length in
c-Kit+ cells, while a history of ischemia reducetbimere length by 22+1.7 and 31+£2.2% in young

and old donor sourced EDCs, respectivelyO(p5 vs. no ischemic history).

To account for these observed differences, thevipcf the enzyme responsible for telomere
lengthening (telomerase) was evaluated (Figure 4 8Bmparing between the two population of
cells within a group, the telomerase activity dfit+ cells from normal young donors was greater
than in c-Kit- cells (5E-04 = 5E-05 vs. 3E-04+ 1-6%, p<0.5). Akin to the telomere length results,
c-Kit- cells from all cohorts showed similar telorase activity (p=ns). Also, telomerase activity
was markedly reduced in c-Kit+ cells cultured fraid donors with a history of myocardial

infarction (p<0.05 vs. non-ischemic old donor) sesjgng that infarction is more apt to reduce
telomerase activity in old donors. Overall, th@teére 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 lengthtelomerase enzyme activity were
assessed by gPCR after c-kit+ cell separation usiagnetic sorting. (A) Telomere and reference gene
levels were first calculated using standard curf@seach of the genes. Telomere length was then
normalized to the single copy reference gene (Albyirim c-kit+ and c-kit- cell populations (n=6 per
group). (B) Telomerase concentration in c-kit+ ardt- cell populations of EDCs measured by gPCR of
telomerase substrate (n=5 per group). Values asgmm&SEM. *p 0.05 between EDC cohorts; #p05 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 ED@gipction of cytokines

Given mounting evidence that a significant portioh cardiac repair conferred by EDC
transplantation is mediated by indirect paracritidation of endogenous repair, the paracrine
signature of EDCs from old and young donors wastiied. Conditioned media was generated
by exposing EDCs to stress conditions designedntalate the ischemic border zone (i.e., 1%
oxygen + 1% serum). The profiled cytokines of iaggwere selected from the work of Latham et
al. (Latham et al., 2013As shown in Figure 4.9, aging did not alter theteahof angiogenin,
angiopoetin-1, hepatocyte growth factor or VEGFowsdver, EDCs cultured from old donors
secreted greater amounts of IL-6 (2481+£820 vs. 826 ng/ml, respectively; p=0.05 vs. young
donors). EDCs sourced from old donors with a hystir myocardial infarction demonstrated
reduced secretion of the pro-angiogenic cytokiaagjogenin, angiopoietin-1 and VEGF (p<0.05
vs. young donors). Apart from a notable increask.i6 (1.7+0.24 fold greater vs. no history of
myocardial infarction, p<0.05), ischemia had neeffon the cytokines produced by EDCs from
young donors. This data demonstrates that EDCg&asddrom older individuals with a history of
myocardial infarction are less able maintain pangcproduction hinting that the main mechanism

of benefit seen after transplantation may be ingohir
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Figure 4.9.EDC secretion paracrine profile of angiogenin, apgietin-1, HGF, VEGF and IL-6. These
cytokines are known to play a critical role in aggnesis and cardiogenesis. The secretion levéhesé
cytokines within media conditioned by EDCs wereedsined by ELISA. Values were compared after
correction for dilution factor and normalizationtivtotal protein (n=4 per group). Values are me&EM.

*p 0.05

4.3.2 Ischemia increases the pro-angiogenic capatitEDCs through proliferin angiogenic

cytokine

Forming new vessels is essential for myocardigledusion. We modelled vessel formation
vitro by analyzing HUVEC tubule formation on cytokineptited Matrigel while the cells were
exposed to EDC conditioned media (CM). As showRigure 4.10A and B advanced donor age
alone had little effect on tubule length (11.2+8r 12.2+0.3 mm in EDCs from young and old
donors, respectively; p=0.9). Surprisingly, unlike marked reduction in pro-angiogenic cytokine
production observed in EDCs cultured from old denaith a history of myocardial infarction,
EDCs cultured from donors after myocardial infamtidemonstrated longer tubule length

(16.4+£0.5mm; p<0.01 in young and 14.3£0.4mm; p=n0&ld donors vs. no infarction history)
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with the greatest increase observed in young dositinsa history of myocardial infarction (p<0.04

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

Misalignment between HUVEC tubule formation resaltsl candidate pro-angiogenic cytokines’
ELISA data rationalized unbiased follow-up expemtse profiling the secretory angiogenic
proteome profile of EDCs. Secretion of 53 differegtokines within conditioned media was
assessed using an angiogenesis proteome profiggr @3 cytokines; Figure 4.10E and F). As a
negative cellular control, DF conditioned mediahamtinimal potency to form tubules (Latham et
al., 2013) was used. Among cytokines whose secréicel was significantly different compared
to DF cells, proliferin secretion was increased-byold in media conditioned by EDCs from both
old and young donors with a history of myocarddrction (p 0.01 vs. no infarct donors, Figure
4.10C). These differences in cytokine productiomesponded to significant increase in the EDC
ability to stimulate angiogenesis (1.47+0.04 arith20.03 fold more tubules in young and old
donors with a history of infarction vs. no infaartj respectively; p0.05). Proliferin depletion
confirmed the suspicion that proliferin was respholesfor increased tubule formation of ischemic
mice sourced EDCs as in the absence of prolifabnle formation was reduced by 27+7 and 386
% in young and aged ischemic EDCs, respectively.@b vs. non proliferin depleted; Figure
4.10B and D). Successful depletion of proliferinsw@nfirmed using an IgG isotype control.
Proliferin elimination resulted in reduction of HE tubule formation on matrigel compared to

IgG isotype control as shown in Figure 4.10G.
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Tubule length (mm)

Ischemic 1gG PLF dep
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Figure 4.10. Angiogenesis capacity and profiling of secretedi@g®nic cytokines. The ability of
conditioned medidrom EDCs to induce tubule formation was asseséwt aeeding HUVECs on
Matrigel followed by incubation with CM(A) Representative images of tubule formation as¢By
Quantification of tubule length using NeuronJ piugi ImageJ software. Tubule length for each sample
was averaged from 3 well replicates (n=4 per gro@p) Proliferin secretion level within EDC CM,
measured by angiogenesis proteome profiler array per group). (D) Quantification of tubule lengtiter
proliferin depletion. Depletion ofroliferin from conditioned mediavas performed by addition of
proliferin antibody to CM, followed by protein A/G magneticads elimination (n=4 per group). (E)
Quantification of secreted cytokines. Loadrsxhditioned mediavas normalized to protein content of the
cells. Following the experiment, the expressiorelewvere normalized to reference controls on the
membrane. # shows significant secretion level irE&8IC groups comparing to DF cells (05). (F)
Representative images of EDC secretion of 53 aegiegis-related proteins. Data shown from 5-minute
exposure(G) Angiogenesis assay in the presence of isotgpea. The specificity oproliferin antibody
was confirmed using IgG isotype control antibodyg3mper group). Values are mean + SEM. 6[05;

**p 0.01

4.3.3 Advanced donor age increases bone-marrowetkcells recruitment by EDCs

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

we evaluated the effects of advanced donor agasahémia on the ability of EDC conditioned

83



media to recruit bone marrow derived cells throagtandard transwell assay (Molgat et al. 2014).
This assay revealed that advanced donor age mgrkeneases the ability of EDC conditioned
media to recruit BMDCs (50£6 vs. 23+4, p<0.05 wstnmal young donors and 54+8 vs. 2815,
p<0.05 vs. young donors with a history of ischerrigure 4.11A, B). Interestingly, a history of
ischemia had a negligible effect on the abilitycohditioned media to recruit BMDCs. Consistent
with previous reports, (Mayfield et al., 2016; Miajd et al., 2017) transwell migration strongly
correlated with IL-6 content within conditioned needR?=0.95; p=0.02). Hence, we tested the
hypothesis that IL-6 is involved in increased migna of BMDCs when exposed to media
conditioned by EDCs from old donors. When we penied the migration assay after IL-6
depletion, recruitment was decreased in all col{prt8.05; Figure 4.11B and C) with a prominent
~75% reduction effect noted in aged EDC conditiomedlia. Thus, confirming the notion that IL-

6 accounts for increased BMDCs recruitment seenddia conditioned by old donors.

The specificity of the IL-6 neutralizing antibodyaw confirmed by running the migration
experiment in the presence of the IgG isotype obrfigure 4.11D shows a significant reduction
in the migration of BMDCs through a Boyden chamdskéer depletion of IL-6 by its neutralizing

antibody compared to the IgG isotype contpsi(.05).
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Figure 4.11.Cell migration inducing capacitfhe ability of EDCconditioned medi#o induce migration

of bone marrow derived cells was evaluated by segitiese cells on transwell inserts and calculatieg
number of migrated cells to the bottom compartnmritanswell plate. These cells were then fixed and
stained with DAPI. (A) Representative images of nafipn assay. (B) Quantification of migrated cells
using ImageJ software. The cells were counted iraridom fields of view (n=5 per group). (C)
Quantification of migrated cells after IL-6 dept®ti using neutralizing IL-6 antibody. The cells were

counted in 6 random fields of view (n=4 per group)6 in conditioned mediaromoted cell migration.
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(D) Migration assay in the presence of isotype @nf he specificity of IL-6 antibody was confirmed
using IgG isotype control antibody (n=3 per groifglues are mean + SEM. *0.05

4.3.4 Donor age and myocardial ischemia do not BIBC extracellular vesicle production

To probe the contribution of the age and myocandi@iry on extracellular vesicle production,
EDCs were cultured for 48 hours in exosome -freeFB% media under hypoxic (1%)Crulture
condition. Microparticle quantification (NanoSiglsf)owed that advanced donor age or a history

of myocardial infarction had no effect on size andhber of secreted extracellular vesiclesns;

Figure 4.12).
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Figure 4.12. Extracellular vesicle secretion. Particle movememse captured during 60 second videos
from 3 different random fields of view (n=4 per gp). (A) Representative image of NanoSight re¢Bix.
Total vesicle number collected within 48 hours tipexiod concentrated in 1 ml of saline. (C) Average
vesicle size. EDCs from all cohorts were secre@ggal number of vesicles and their mean peak size

remained unchanged. Values are mean + SEM

4.4 Effects of advanced donor age and ischemia®neigenerative potency of ED{@svivo

4.4.1 Advanced donor and recipient age reduceifumadtimprovements after EDC transplantation

To evaluate the capacity of EDCs from different arbd to improve the heart function after
myocardial infarction, 100,000 EDCs were injectei ithe infarct border zone 7 days after LCA
ligation using echocardiographic guidance (Latham.e2013; Molgat et al. 2014; Jackson et al.,
2015). Heart function was evaluated using echoogrdphy at the time of injection and 3 weeks
after injection (Figure 4.13 and Table 4.2). ED@mf all four cohorts were injected into young
(2-month old) or old (12-month old) recipients. P®8s used as a negative control and resulted
in progressive adverse cardiac remodeling oveBtiveeks after injection (-3.7+1 vs. -2.8+0.8 %
EF in young and old recipients, respectivady; 0.51 for effect of recipient age; Figure 4.13).
EDCs from all cohorts significantly improved cardi@nction in both young and old recipients
compared to PBS injection (p.01). As shown in Figure 4.13, advanced recipagg markedly
attenuated the salutary benefits conferred by BRB@splantation as aged matched EDCs cultured
from normal or ischemic mice provided greater iny@rments in cardiac contractility when
injected into young recipients relative to old pents; suggesting that old heart milieu is less
responsive to regenerative (paracrine) stimuli. @oage also had a marked effect on the
regenerative performance of EDC transplant as dedlsm normal young donors consistently
outperformed those from normal old donors (7.8%3.65.3+1% change in LVEF from baseline,

p=0.05) in young or (51 vs. 1.8+0.6% change in LMiEdm baselinep<0.01) old recipients.
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Comparing the effect of age within ischemic grospswed a similar trend as observed in normal
groups. EDCs from young donors with a history ofhmmia tended to provide greater
improvement compared to those from old donors @#&. 4+1.2% change in LVEF from
baselinep=0.06) in young or (3.4+0.6 vs. 1.1+0.9% changkeVikF from baselinep<0.05) old
recipients. When we evaluated the effect of isclasmniEDCs, ANOVA showed that the factor of
ischemia significantly reduced gains in myocardiaiction, however, the multiple comparison
did not show any significant difference betweenatsrwith or without ischemic injury. Further
details of echocardiographic measurement are dlailia Table 4.2. As shown in this table,
cardiac dimensions indicate progressive remodétiradl groups. However, young hearts injected
with young EDCs are showing greater improvemerdairdiac 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 echocardiograglardiac function XEF %) was
assessed following injection of 100,000 cells iato LCA ligated mouse heart. The chart shows the
difference in LVEF 3-weeks after EDC injection camgd to baseline (n=12 per group). EDCs from young
donors were more potent to ameliorate the heactiimmin both young and old recipients. Valuesragan
+ SEM. *p 0.05 between different donor in same-age recipi#pt;0.05; ##p 0.01 between same donors

in different-age recipients; ++p.01; +++p 0.001 between PBS group and all other donors ireszge
recipients.

YOUNG RECIPIENT

Donor: PBS Young mouse OIld mouse Young mouse Old mouse
contro no ischemi noischemi:  with ischemii with ischemi
DAYS POST MI 7 28 7 28 7 28 7 28 7 28
EDV 64+1 76+x4# 5714 T2+4# 60+x4 69+2 65+3 T76+3# 68+4 7948
ESV 44+2 55+4# 4144 4613 42+3 4542 48+3 51+3 48+45+75
SV 20x1 21+2 1641 25x1#* 18+1 24+1# 17+1 26x1#* 19+1 24+1#
LVEF (%) 32+2 28+3 28+2 36x2#*30+1 35x1#* 27+2 34+2# 2812 33+2
FAC (%) 19+1 1742 16+1 23+1#* 1741 22+1#* 16x1 21+2# 16+1 1912

OLD RECIPIENT

Donor: PBS Young mouse Old mouse Young mouse Old mouse
contro no ischemi: noischemii  with ischemii  with ischemi:
DAYS POSTMI 7 28 7 28 7 28 7 28 7 28
EDV 113+11 103+9 93+5 9344 94+6 88+4 108+9+ 107+5 86+3 87+4
ESV 799 7418 6414 69t4 70t5 66x4 7918+ 81lt4 60+31t46
SV 35+3 29+2 30x2 2412+ 24+1 22+1 2912 2612 272 26%1
LVEF (%) 31+2  29+2 3212 26£2#+27+1 252 281 24+2 30+2 29+1
FAC (%) 18+2 18+1 19+2 16+1 161 14+1 161 14+£1 18+x1 171

Table 4.2.Echocardiographic parameters after EDC theraphaat7 post infarction when the EDCs were
injected and 28 days after infarction (21 day aBIC therapy).Values are mean £ SEM. 605 vs.
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PBS group; # p0.05 day 7 vs. day 28; +p.05 young vs. old; EDV: End diastolic volume; E®nd
systolic volume; SV: Stroke volume; LVEF: Left vanotlar ejection fraction; FAC: Fractional area

shortening.

4.4.2 Advanced donor age and ischemia combinaltecesthe antifibrotic effect of EDC transplant

Myocardial scar size in the left ventricle was exadéd using Masson’s Trichrome staining 28 days
after LCA ligation (4 sections per mouse, 100 separation). In contrast to the adverse effect of
recipient age on EDC improvement in cardiac functamvanced recipient age did not consistently
reduce the salutary effects of EDC transplant oncagdial scar burdem£ns; Figure 4.14). As
shown in Figure 4.14, intramyocardial injectiorEdCs from mice with advanced donor age was
consistently associated with larger scar sizes emetpto young donors (29+1.4 vs 24.6+£1.2%,
respectively in non-ischemic and 33.7+1.3 vs. 28.8% in ischemic donorg 0.05) although
this effect attained significance only in sectidrem young recipients. Injection of cells from
donors with a history of myocardial infarction walso associated with larger scar sizes with
significant effects noted only within young recipie injected with EDCs from old donors.
Overall, these results suggest that advanced dagerand a history of myocardial infarction
combine to reduce the anti-fibrotic effects of ED@nsplantation, but this effect was only
observed in young mice underscoring the importaocehe recipient heart to pro-healing

stimulation.
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504

Scar size (%)

Normal Ischemic Normal Ischemic

Young recipient Old recipient

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

(n=6 per group). Values are mean + SEM.G®5

4.4.3 Advanced donor age and ischemia do not thiéepro-angiogenic effect of EDC transplant

Isolectin B4 staining was performed to identify s&ds within the infarct border zone of EDC-
treated mice 28 days after LCA ligation. As showfigure 4.15A and B, EDC source had limited
effects on vascularization. EDC recipient had aanticipated effect on vessel density as old
recipients treated with EDCs from young non-infadctdonors demonstrated 1.4+1 fold more
vessels within the peri-infarct (4.6+0.4 #s3.3 /FOV in all other treated groups;J05). Thus,

in contrast tan vitro data showing ischemia increases the pro-angiogertential of EDCs, this
capacity is not realizeid vivo as injection of young EDCs within an aged host thasonly group

that experienced a marked increase in peri-infastularization.
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4.4.4 Age and ischemia have negligible effectshenléng-term retention of transplanted EDCs

It is intuitive that increased long-term retentmfitransplanted cells may influence the functional
benefits of cell therapy. To investigate this pb#ity, a separate series of mice were injectedhwit
lentiviral-labelled EDCs prior to gPCR detection ®FP transcripts within the left ventricular
lysate. Although retention of transplanted EDQaosrf young donors was slightly greater (Figure
15C), these modest changes were not significantadoigh variability and limited number of cells
retained 21 days after cell injection. The sex naiin method (injection of male donor cells to
female recipients) to measure engraftment by detpc$RY or RBMY sequences was not
successful, as well. This high variation might e tb modest reproducibility and low sensitivity
of the technique to detect the few engrafted calisthe copy number of GFP, SRY and RBMY
are much lower than ALU sequences (which has saefidgs used for human cell retention

measurements) and falls below the PCR detectiaai thveshold.
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Figure 4.15. EDC mechanism of benefit. The hearts were isol@&deeks after EDC injection. (A)
Representative images of isolectin B4 staining. Bl vessels in the infarct border zone was ¢ated
after isolectin B4 staining. The number of vesseals quantified per field of view in the whole bardene
area (n=6 per group). (C) Quantification of GFP+(EERtention in the heart tissue by gPCR (n=3 per
group). The number of cells were quantified usirggaadard curve made by serial dilution of GFP EDCs

Values are mean + SEM. *p.05;# p 0.05 between same donors in different-age recipient
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4.5 Microarray transcriptome profiling

4.5.1 Microarray data

Microarray analysis was used to explore the funaddadlechanges underpinning the observed
differences in EDC characteristics and function.tiis end, the global gene-expression profiles
of EDCs from ischemic old, normal old, ischemic gguand normal young mice were directly
compared. While hierarchical clustering of genéb @& greater than 2-fold change in expression
showed substantial alterations in gene expressitan schemia (Figure 4.16A), microarray
profiling revealed that aging alone prompted thiéedential expression of 245 gene@{fold
change; FDRO0.05) that resulted in up-regulation of pro-inflaatory pathways including
TREM1, NFAB, Toll-like receptor and Death Receptor signalipgmodulating the upstream
regulators, TGF1l and IL-6. Figure 4.16B shows the 5 most significdifferentially regulated
pathways. A history of ischemia resulted in thdedéntial expression of 924 and 773 genes in
EDCs from old and young donors, respective@-fold change; FDRO0.05). Although
inflammatory pathways were activated in EDCs frasthtold and young donors with a history of
myocardial ischemia (i.e., IL-6, N&RB, TNFR2, TGF1 and TNF), ischemia resulted in EDCs
sourced from young donors up-regulating NRF2-mediaixidative stress response and PI3K
signalling pathways (compared to normal young dshdn contrast, a history of ischemia in old
donors increased the expression of P38 MAPK patlamdyinflammation/oxidative stress in these
EDCs. Within EDCs cultured from ischemic groupsjatted donor age promoted the differential
expression of 145 geneg®(fold change; FDR0.05) which modify many of the pathways
responsible for effective cell cycle regulation redyrcell cycle control of chromosomal replication

(p<7.5E-06), DNA damage induced 14-B-Signaling (p<5.2E-03), Mitotic Roles of Polo-Like
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Kinase (p<1.3E-2) and Cell Cycle: G2/M DNA Damagke€kpoint Regulation (p< 1.7E-2)

(Figure 4.16B).
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expression (FDR0.05) using arraystar software. (B) Top canoniedhways determined based on genes
whose expression was significantly different betwgeoups (p0.01), analyzed by Ingenuity software.
altered gene to the total genes within a pathwagxi¥ shows significance of the changes in a pathwa

Figure 4.16.Microarray analysis(A) Hierarchical clustering of genes with more tHafold differential
Orange bar: predicted to be activated; Gray bamaativity pattern available; Orange square: thio raft

Above the threshold line is significant (n



4.5.2 gqPCR validated the microarray data

A series of differential expressed genes wereomtyl selected for microarray validation using
gPCR, which were Ppplrl6b, Tnf, Cxcr4 and Rgsl wleogpressions varied from 1- to 8- fold
between the experimental groups. The expressiasrat these genes between different cohorts
were calculated again by gPCR data. The resultweth@trong correlation between gPCR and

microarray data with & 0.97 0=0.001; Figure 4.17).
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Figure 4.17.Microarray data validation. Five genes were setbébe gPCR. Then the expression ratios
between the experimental groups was calculatedoddin gPCR data and microarray data. The ratio

correlation validated the accuracy of microarratada=3 per group).

4.5.3 Mybl2 is an attractive candidate to rejuversged EDCs

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

progression/checkpoint control, interphase/G1/Q'smst DNA damage/breakage, replication/
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recombination, oxidative stress, p53 signaling @aakth receptor signaling. Based on the program
pathway analysis algorithm and the changes in g&peession, the software predicted activation
or inhibition of several upstream regulators inahgdTBX2, E2F1, E2F4, FoxM1, EP400, RB1,
HDACL1 and Let-7. When analyzed for any gene witbla in cell cycle control/senescence with
more than 1.5 fold differential expression, we ftifeed several molecules including Shcbpl,
Mirl45, Mirl86, Mirlet7c-2, Mird94, Mir323, Sorl1Mir380, Dlgap5, Fbxo5, Mybl2, Ccnb2,
Ska3, COX1, Ngol and Chaflb for further scrutingirlg the Genome-scale Integrated Analysis
of gene Networks in Tissues (GIANT) database tcemeine the networking of each of the
mentioned molecules, we identified Mybl2 as a poérandidate to rejuvenate aged ischemic
EDCs as it has a strong association with geneginglédo DNA replication and cell cycle
checkpoint regulation including some regulatorg thgenuity analysis predicted to have altered
activity (such as E2Fs and FoxM1) (Figure 4.18A¢aBsuringly, confirmatory gPCR analysis
demonstrated a 2.5 fold expression reduction il égghemic EDCs compared to young ischemic

EDCs 0=0.001; Figure 4.18B).

4= kg

Ischemic Young Ischemic Aged
EDCs EDCs

Figure 4.18.Mybl2. (A) Relationship of Mybl2 and 20 genes witlyh confidence relationship score as
determined by GIANT database (B) Mybl2 expressi@asured by gPCR was normalized to GAPDH and
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is shown relative to EDCs from mice with a histofyschemia (n=3 per groupyalues are mean + SEM.
*** p=0.001

4.6 Genetic enhancement with Mybl2 rejuvenates &d2ds

4.6.1 Mybl2 over-expression increases Mybl2 pro&id transcription of target genes

Following Mybl2 transduction, we assessed if Myld2erexpression was successful. We
measured the amount of Mybl2 mRNA by qPCR in EDf@snfold donors with a history of
myocardial infarction after transduction with Myl2 backbone. Figure 4.19A shows that RNA
expression of Mybl2 was substantially increaseBCs after Mybl2 transduction (p<0.001 vs.
backbone and non-transduced aged ischemic EDCis)inidnease in Mybl2 transcript resulted in
1.5£0.04 fold increase in Mybl2 protein (p<0.05 backbone and non-transduced EDCs; Figure
4.19B). Backbone transduced, and non-transducedsEh&ved equivalent Mybl2 transcriptome
expression and protein levels. As shown in Figud®a@, the expression of the Mybl2 target
transcripts CDK1, Cyclin B and FoxM1 was increa$sd1.6+0.1, 1.2+0.1 and 1.2+0.1 fold
relative to backbone transduced EDCs and by 1.44015+0.03 and 1.3+0.1 fold relative to non-

transduced EDCs, respectively (p05).
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Figure 4.19.Expression of Mybl2 and its target gené8h after EDC transduction the expression of (A)
Mybl2 mRNA relative to GAPDH by gPCR (n=4 per grpB) Mybl2 protein by ELISA (n=4 per group)
and (C) Mybl2 target gene mRNA by gPCR (n=4 pemg)ovas 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 walsiated by comparing the percentage-of

galactosidase positive cells in Mybl2 transducedCEBrom old ischemic donors. As shown in
Figure 4.20, somatic gene transfer of Mybl2 to agethemic EDCs reduced the number of
senescent EDCs by 61.4+6.4 % (p<0.001) and 63.8¢%p&0.001) compared to backbone or
non-transduced EDCs, respectively. There was nonimgil difference in EDC senescence

detected between the backbone and non-transducé€d.ED

A B

El Mybl2 transduced
Backbone transduced

Bl Non-transduced
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transduced transduced

Figure 4.20.Senescence after Mybl2 over-expression. (A) Rentasive images of senescence-associated
-galactosidase staining (B) The senescent cell euetnt reported as percentage of senescentirels

per group). There was a decrease in senescemuebler for Mybl2 overexpressing EDCs compared to
the two control groups. Values are mean + SEM *31®01
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4.6.3 Increased Mybl2 expression and reduced senesell number after treatment with senolytic

compounds

To explore the hypothesis that Mybl2 is involved amti-senescence effect of senolytic
compounds, we treated EDCs from old ischemic dowdlts small molecules known to reverse
senescencand evaluated effects on Mybl2 expression. As showFigure 4.21, treatment of

cells with BIO or rapamycin decreased EDC senescdryc63+3 or 53£14% as compared to
meBIO treated control EDCs (p<0.05). Consistenthwat role in EDC senescence, Mybl2
transcripts were increased by 58+1 or 33+2% wiBilDd 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) Senesceiit queantification by Senescence-
associated -galactosidase staining, followed by DAPI stainifige total number of senescent cells were
counted after treatment with Rapamycin 50nM, BlQvizand MeBIO 2 M. The number of cells was
counted in 6 random fields of view and is repodsd ratio to negative control, MeBIO (n=4 per gou
(B) Mybl2 mRNA levels after treatment with Rapamy&0nM, BIO 2 M and MeBIO 2 M normalized

by GAPDH gene. Values are mean + SEM@®5 ***p 0.001
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4.6.4 Mybl2 overexpression reduces reactive oxyggaEties stress within EDCs

As shown in Figure 4.22A, lentiviral transductidorge significantly increased ROS generation
(27098+719 a.u in backbone transduced EDCs vs.QtIZB3 units in non-transduced EDCs;
p<0.05). However, lentiviral-mediated overexpressdiMybl2 reduced ROS content to baseline
(21041+798 a.up=ns compared to non-transduced EDCs). Given tRx Bontent reflects the

activity of antioxidant enzymes, SOD activity wagkiated in Mybl2 transduced EDCs. As
shown in Figure 4.22B, the SOD antioxidant becareenactive after Mybl2 over-expression in

aged ischemic EDCs as compared to non-transdudisq®4+1 a.u. vs. 15.31£0.6 a.p=0.05).
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transduced transduced transduced transduced

Figure 4.22.ROS formation and handling after Mybl2 over-expi@ss(A) ROS content within EDCs
(n=3 per group). Mybl2 scavenges ROS content of &€D€nerated due to transduction, possibly by
increasing the SOD activity. (B) SOD activity wasasured in the supernatant from sonicated EDCs (n=4

per group). Values are mean = SEM &05; **p 0.01
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4.6.5 Mybl2 overexpression improves the expressfanflammatory and angiogenic cytokines

Given that somatic gene transfer may disrupt thekiye profile of heart-derived cells (Bonios et
al., 2011b), the effect of Mybl2 over-expressionttoa paracrine signature of EDCs was evaluated
using unbiased proteomic profiling of media cormtigd by cells under ischemic (1% oxygen)
low serum (1% serum) culture condition. As showirigure 4.23, lentiviral transduction altered
the cytokine secretion of EDCs (Chi square valud %, p=0.02 vs. backbone or non-transduced
EDC conditioned media). Interestingly, secretion tbE angiogenesis-inhibitory cytokine,
endostatin, was halved in Mybl2 overexpressing EQIC8.05 vs. backbone or non-transduced
EDC conditioned media) while amphiregulin, a memitfezndothelial growth factor family, was
increasedf{ 0.01 backbone or non-transduced EDC conditionedape@ther cytokines reduced
after Mybl2 overexpression of EDCs comprised tHammatory cytokines IL-1, IL-4 and IL-
17a p 0.01 vs. backbone or non-transduced EDC conditionedia). Amongst the cytokines
found to account for ischemia or age related dffiees in EDC-stimulated angiogeneiss
(proliferin, section 4.3.2) or cell migration (IL-8ection 4.3.3), Mybl2 overexpression had no

consistent detectable effects on cytokine contéitinvconditioned media.
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Figure 4.23.Profiling of mouse secreted cytokines after Mybi2mexpression. Afteconditioned media
collection, the amount of 111 cytokines was quéadif (A) Amongst all cytokines, five cytokines were
expressed differently (n=3 per group). (B) Represere images of EDC expression of 111 cytokinesaD
shown from 5-minute exposur&) Quantification of secreted cytokines (n=3 pexup). The data for the
two control groups are combined for this picturbeiie was no difference between backbone transduced
and non-transduced. Values are mean + SEMYApb; **p 0.01 Mybl2 over-expressing compared to

backbone transduced or non-transduced control group

4.7. Mybl2 over-expression enhances therapeutienoytof transplanted aged ischemic EDCs

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

over-expressing EDCs

The effect of Mybl2 overexpression within EDC onrdiac function after ischemic injury was
evaluated in young mice randomized 1 week after LiG&tion to echocardiographic guided intra-

myocardial injection of Mybl2, backbone or non-sdnced EDCs. Three weeks after EDC
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injection, transplant of Mybl2 overexpressing ED@svided a 6.3£0.8% absolute increase in
LVEF from baseline while transplant of backbonenon-transduced EDCs increased ejection
fraction by 3.7+£0.8 or 2.7+0.6% from baseline, ezgpely @ 0.05; Figure 4.24A). This capacity

to enhance cardiac function after ischemic injuaswomparable to the effects observed following
injection of EDCs from normal young donors (7.820.&bsolute increase in LVEF from baseline;
p=0.11; Figure 4.13). Backbone-transduced cells idea equal benefit compared to non-
transduced EDCs. After myocardial infarction remnitig occurred within the hearts regardless
of the transplanted cell type. At day 28 post isaiae the hearts from all experimental groups
showed similar end diastole volumes, however, tative change from baseline was less in

Mybl2 treated group (Table 4.3).

Four weeks after LCA ligation, similar degrees ofamardial scarring were observed after
injection of backbone or non-transduced EDCs (32.2%. 35.9+2.5 %, respectivelp=0.63;
Figure 4.24 B and C). Consistent with the myocartiaction effects, transplant of Mybl2
transduced EDCs reduced infarct size comparednenansduced EDC$€0.05) and showed a
promising trend compared to backbone transducetiaidp=0.06). Mybl2 overexpressing EDCs
provided scar reductions similar to the ones olekfellowing injection of EDCs from normal
young donors (27.61£2.2 vs. 25.6+1.1 %, respectiyel(.44; Figure 4.14). Taken together, these
results indicate an improvement in the capacityld€Cs from old ischemic donors when enhanced

by somatic gene transfer of Mybl2.
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Figure 4.24. Functional evaluation and scar size calculationofahg Mybl2 over-expressing EDC
transplantation. (A)mprovement in heart function was assessed follgvmjection of 100,000 cells into
LCA ligated mouse heart by measuring the differenegection fraction at baseline and after 3 week®

per group). Mybl2 over-expressing cells providedager benefit compared to the control groups. (B)
Masson'’s trichrome staining was used to calculatetic tissue and reported as scar size (n=5 prr.

(C) Representative pictures of Masson’s Trichrotaesig. Values are mean + SEM. 1@p05; **p 0.01
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Donor: Mybl2 transduced Backbone transduced Non transduced

Days post Ml 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£2.5 60.5£2.7#
ESV 33.7+1.9 36.8+1.7 33.2+2.8 40.2+3  32.2+2.2 38.6+2.8
sV 16.9+1 23.9+1.1# 15.4+0.7 22.3+0.9# 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 36.7t1.8#
FAC (%) 20.3x1 25.3+x1.2# 18.6+1.1 22.5+0.9# 20.6+1.1 21.8+1.3#

Table 4.3.Echocardiographic parameters after transgenic BCtion at day 7 post infarction when the
EDCs were injected and 28 days after infarctiond@j after EDC therapy). Values are mean + SEM.; #
p 0.05 day 7 vs day 28; EDV: End diastolic volume)VEEnd systolic volume; SV: Stroke volume;

LVEF: Left ventricular ejection fraction; FAC: Frianal area shortening.

4.7.2 Mybl2 over-expression increases vascularitfens

Following the observation that endostatin secretias reduced by Mybl2 over-expression, we
measuredn vivo vessel formation using isolectin B4 staining oramesections collected and
prepared 3 weeks after EDC injection. The numbereskels were counted in the infarct/border
zone area. As shown in Figure 4.25, viral tranddadilone had no effect on vessel density while
transplant of EDCs that overexpressed Mybl2 in@dathe vessel density (4.4+0.2/FOV)
compared to mice injected with non-transduced EQZ3+0.4/FOV,p<0.01) and showed a
tendency to increase the vessel density compamit®injected with backbone transduced EDCs
(2.7£0.6/FOV, p=0.06). Interestingly, transplant of aged ischenit®Cs after Mybl2
overexpression increased peri-infarct vessel dehsia greater extent than seen after transplant

of EDCs cultured from normal young donors (3.346CGY, p<0.05; Figure 4.15).
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Figure 4.25.Isolectin B4 staining for assessment of vasculasig in the border zone/ infarct area after
Mybl2 over-expressing EDC injection. (A) Represémta images of isolectin B4 staining. (B)
Quantification of vessel number. The data are tleeaaye of 6 random fields (n=5 per group). We olesebr
that Mybl2 over-expressing EDCs were more capabieducing vessel formation. Values are mean +
SEM. **p 0.01

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

Proteomic-profiling suggested that Mybl2 overexpres alters the production of inflammatory
cytokines. Therefore, the number of CD68 macroptagas quantified 3 weeks after EDC
injection. As shown in Figure 4.26, there was nprapiable difference in CD68+ cell density
between the experimental cohorts within the presittfzone. This finding may be attributed to the
modest production of IL-1, IL-4 and IL-17 as seen in the non-transduced ED@litioned media

or the observation that the inflammatory phase pdatct healing (and macrophage recruitment)

had essentially resolved by the time of heart ctiba.
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Figure 4.26.CD68 staining. Three weeks after EDC injection, liearts were collected and sectioned.
After CD68 staining, the total number of CD68+ nugatrages per field of view was counted in the border
zone/ infarct area. (A) Representative images of6&D staining. (B) Quantification of CD68+

macrophages. The data is the average of 6 ranadats {in=5 per group). We did not observe any change

in the number of CD68+ cells. Values are mean + SEmM 0.01

4.7.4 Mybl2 overexpression enhances EDC retention

The effect ofMybl2 over-expression on retention was evaluatea iseparate cohort of mice
injected using EDCs from old ischemic donors dout@lesduced with luciferase using lentivirus.
As shown in Figure 4.27, bioluminescent imaging vpasformed 1, 3, 5 and 7 days after
intramyocardial injection of EDCs and robust biologscent signals detected in all 3 groups 1
day after cell injection. These signals diminisheder time with Mybl2 treated EDCs
demonstrating an appreciable difference 5 daysr affection (70.8£13.7 % of the peak
bioluminescent signal detected 1 day after cedldtipn relative to 31.6+8.5 in backbone or 18.5+4

in non-transduced EDC treated miceP5; Figure 4.27B). By 7 days after cell injentithere
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was no detectable bioluminescent signal in anyheftteated animals. This data hints that the
benefits observed after injection of EDCs gendijcahgineered to overexpress Mybl2 may be

partially attributable to increased (albeit transjgersistence of transplanted cells.
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Figure 4.27.Effect ofMybl2 on EDC retentiorBioluminescence signal wavaluated 1, 3, 5 and 7
days after EDC injection using IVIS imagisgstem (n=6 per group). (A) Representative imagdes o
IVIS imaging. (B) Quantification of retention. Theercentage of retained cells was determined by
calculating the signal ratio to day 1. Evaluatiéthe luminescence signal by live imaging softwsttewed

a profound increase in retention after Mybl2-overession. Values are mean = SEM. &85 relative to

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

A sophisticated carbon-dating method revealed ttatannual myocyte turn-over in humans is
around 1% per year at a young age (Bergmann 0419). Although this data suggests that innate
cardiac regeneration is very limited, it brings édpat regeneration of the heart is possible. One
way to take advantage of this regeneration mechaisishrouglex vivoexpansion of cardiac stem
cells and their reintroduction to the heart to lh@slogenous salvage of damaged tissue. During
the last fifteen years, several studies on animatlets have shown significant functional
improvements after cardiac stem cell transplamatiowever, these results were not consistently
reproducible in clinical trials (Makkar et al., Z)MMalliaras et al., 2014b). This likely arisesrfro
the common pre-clinical testing practice of usirglthy young donors for stem cell preparation
followed by transplantation into young recipier®ven the 1% myocyte turnover decreases to
0.1 % in people over the age of 65, it is probabét aged recipient patients do not benefit from
stem cell therapy as much as young recipients (Bang et al., 2009). In this project, we answered
some of the limitations regarding models used ndiea stem cell therapy research. We explored
the effect of age and ischemia to help in desigtiegnext generation stem cell therapy products
specific for different complication contexts. Weosled aging deteriorates stem cell function
mainly throughactivation of senescent pathways which is in tuegatively synergized by
ischemia. Cell cycle dysregulation was corrected Nbybl2 over-expression as it reduced
senescence to restore lost potency and improvetifheation 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 thaicroenvironment. Within the culture dish, cells
respond to oxygen, pH levels and molecules thasacested from surrounding cells but at same
time they contribute to their microenvironment legieting messenger molecules themselves. We
observed that the population of senescent cellshigiger in EDCs sourced from old mice. In
addition to the typical characteristic of senescefit (i.e., growth arrest), these live dynamiechg
cells undergo changes in cell pathways and dewseksxrretory phenotype which is specific to the
cell type (Coppé et al., 2010). Amongst the cytekithat characterize the SASP of EDCs, we
noted greater secretion of the pleiotropic cytolin®. Our lab previously has shown that IL-6
provides benefits in EDC transplantation therapysing hairpin RNA technology, we
demonstrated that IL-6 induces migration of cirtinlaangiogenic cellg vitro and reduces the
apoptosis of cardiac celis vivo (Mayfield et al.,2017). In this project, we obssuvgreater
migration of BMDCs through transwell pores. When weasured population doubling time, we
did not observe any changes in the proliferatide cd different groups despite the existence of a
population of senescent cells in aged EDCs thahat@ble to divide. This observation may be
partially explained by the ability of IL-6 to enh@ncell proliferation (Kuhn et al., 2014, Ishikawa
et al., 2003); suggesting that steadiness in theatiproliferation rate in our different EDC coksr

is possibly a resultant of SASP pro-proliferatidfeet on dividing cells in the presence of non-

dividing cells.

5.2 Notch signaling and EDC emigration from theuss explant

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

among all our experimental groups whereas a higibrgchemic injury improved the total EDC
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yield from aged cardiac tissues. Although, thedranthe EDC yields matched the population
doubling times, the change in EDC yields was sigaift but the change in the population doubling
times was modest. We assume that this large diféeren EDC vyields is not attributable to
different proliferation rates over time, but ratitas attributable to the generation and/or miigrat

of EDCs out of the tissue; particularly, as we obsd fewer EDCs coming out of the non-infarcted
aged tissues after a significant delay. The omgithe EDCs is not known, although we know that
the majority of these cells (98%) do not originfi@m cardiomyocytes (Davis et al., 2010a).
Previous work has shown that EDC formation and ¢nowepends on the epithelial to
mesenchymal transition (EMT) within cardiac biogsi8imilarly, the EMT mechanism has been
proposed to be involved in formation of progenitefls from epicardiumn vivo (Smits et al.,
2018). This EMT transition involves Notch signalifigakharova et al., 2012). During aging,
Notch signaling is deactivated in satellite ceflading to a decline in their regenerative function
(Conboy and Rando, 2005). Our microarray data sboateration in some of the molecules
involving in Notch signalling within EDCs sourcetbin non-infarcted old hearts. Among the
Notch-related molecules, we observed a reductiddoieh ligand, Jagged1, with further reduction
in some of the downstream targets of Notch recemdarely, Hes1, Hes7 and Numbl. Ischemia,
however, activated this pathway which also has eported by other investigators (Li et al.,

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

5.3 Aged stem cells derived from ischemic miceraoee angiogenic

The main cause for ischemic cardiomyopathy incideatngiopathy. With age, endothelial cells
show dysfunction and vessel formation decreaseie vamgiogenesis is required for oxygenation
of cardiac tissue and switching the stem cell nicbe the hypoxic state that favors quiescence

to the normoxic state that favors proliferation aiifferentiation. In addition, angiogenesis is
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important for reperfusion of ischemic tissue (Raad Edelberg, 2004; Cheung and Rando, 2013;
Sanada et al., 2014). Although, ischemia pre-c@amditg promotes angiogenesis, it is not clear if
chronic heart failure would affect angiogenesiscafdiac stem cells (Maulik and Das, 2002;
Fukuda et al.,2004). In this report, we evaluateth lbhe intrinsic ability of EDCs to differentiate
into endothelial cells and their ability to induaagiogenesis in progenitor cells via paracrine
stimulation. As shown by flow cytometry, EDCs sadcfrom ischemic old mice are more
angiogenic. We achieved more endothelial cells/itro after EDC differentiation while the
percentage of the CD34+ cells is decreasing afielhemia. This may be explained by my
colleague’s work showing that other fractions of &Dalso differentiate into endothelial cells
(unpublished data-Davis lab). Furthermore, differeell populations within EDCs have been
characterized before and other type of cells witthoghelial progenitor properties were detected
such as CD31+ cells (Davis et al., 2010a). Thuesjribrease in percentage of differentiated cells
to endothelial lineage can be because of alterati@ther endothelial progenitor populations of
EDCs. Alike EDCs from old ischemic donors, it i©pable that the innate cardiac stem cells
residing within the cardiac tissue of old infarctetipients be more prone to differentiate into
endothelial cells and form new vessels in respdosparacrine signaling. Nevertheless, the
increased angiogenic potency within EDCs has littenifestationin vivo as very few cells are
retained in the heart 3 weeks after transplantg&ddo of the initial injectate) (Terrovitis et al.,
2009). Thus, most of then vivo angiogenesis seen after cell transplantation aviged by
paracrine secretion. Others estimate that 80% wferaothelial cells originate from host tissue
(Chimenti et al., 2010). The effectiveness of pan&c stimulation to injured myocardium is
influenced by several factors including the nunddeangrafted cells, secreted cytokine abundance

and the spectrum of factors released by individtl2Cs and the responsiveness of host cells.
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Therefore, young non-infarcted EDCs with greateergon and a broader array of cytokines
produced would likely increase stimulation of enelogus angiogenic cells to form vesskiszivo
experiments confirmed this notion as old heartsesty generated more vessels than young hearts
when provided with equivalent cells of equivalentgncy and this increase was more profound
in the old hearts which received young normal EDQsr work agrees with research reports
showing that angiogenesis impairment is due tomished paracrine signaling within the aged
individuals and presentation of exogeneous angiogsfiokines restores vessel formation whinin

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

Within the cytokine signature of EDCs, prolifericsetion increased tremendously after ischemia
while other angiogenic cytokines declined. Follogvithepletion of proliferin, we saw decreased
tubule formation in ischemic groupsvitro. While we anticipated to see more vessels afte€ ED
therapy, we did not observe this expected ben@fiten that proliferin is typically released by
placenta in large quantities and HUVECSs are deriv@a umbilical cord, it follows that HUVECs
may be a more responsive target for proliferin tbardiac progenitors. The minimal effect seen
in vivo could also be due to the low frequency of proiifeeceptor on cardiac progenitor cells.
Proliferin conducts its effects through the mann@gdosphate receptor (Volpert et al., 1996) but
the prevalence of proliferin receptor in the mobsart endothelial cells has not been reported.
The only report on proliferin effect in cardiacstiee suggests a hypertrophic role for this factor
(Dang et al., 2015). It is worth mentioning thablgerin (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 agel ischemia

Autologous stem cell therapy is a more desirabt@aghin cell therapy rather than allogenic stem
cell therapy as it does pose a risk of immune tgje@nd provides the opportunity for engrafted
cells to differentiate into working heart tissuait@logous stem cell therapy is safer and more cost
effective rather than iPS cells (Khatiwala and Q&i16), but as shown it is influenced by the
patient’s age and co-morbidities. There have baghies seeking to identify the effect of cardiac
risk factors on stem cells. Our lab has previogslgwn that accumulating medical comorbidities
determine the potency of EDCs for cardiac regermréMayfield et al., 2016). The effect of aging
has been evaluated in several different stem gpl#s The results are not always consistent
between the different types of stem cells and #mym to be affected by stem cell character.
Within the Scal+CD31- cells, the cells derived frolsh mice demonstrated reduced proliferation
and differentiation capacity to all cardiac linesgand their microarray data showed an
impairment in vitamin B6 metabolism (Qiong et &017). In the cardiac literature, c-Kit+ cells
from old mice have reduced potency for inducingutabformation and impaired response to
dexamethasone treatment (Castaldi et al., 201 ®sd hesults were not identical with the data
obtained from aged EDCs in our study; however glvegre some similarities such as an increase
in the number of senescent cells. CDCs sourced framan non-ischemic patients of different
age with NYHA class | or Il heart failure have bemraluated for markers of senescence. While
they showed aged CDCs from patients over 65 ydaagi® have increased p53 and markers of
DNA damage, our EDC microarray showed equal p53esgion but a significant change in p16
and RB mRNA. Given that CDCs originate from ED@sreases in p53 level in CDCs may have
resulted from long culture time in these cellsha greater disparity in donor age (i.e., 65 yeaars i

a human 22 months in a mouse). In contrast to our EDGs]Itk6 secretion level was remained
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unchanged in CDCs from non-ischemic aged patiddékgdmura et al., 2016) which may be
attributable to their disease condition. Althougk tardiac progenitor cells collected by diverse
methods are all heart derived, it is not surprigimgee dissimilar SASP cytokines as SASP is

different between various cell types (Coppé et2411,0).

The effect of ischemia has been evaluated in sks&na cell types; however, these studies model
patients with many different medical backgroundsn®&marrow cells from patients with ischemic
heart failure had lower capacity for colony forneatimigration an¢h vivorevascularization when
injected into ischemic hindlimb model (Heescheralet2004). In terms of cardiac-derived cells,
c-Kit+ cells from healthy donor hearts were morencigenic with less expression of markers of
senescence than c-Kit+ cells from explant heares$€lli et al., 2011). Also, measurement of
cytokines secreted from explant heart derived e-Kells showed high secretion of IL-&nd
equal secretion of IL-6 compared to the ones fronmg donor hearts (Avolio et al., 2014) unlike
our EDCs from old donors after myocardial infarntiwhich showed low IL-1 secretion and
elevated IL-6. Unfortunately, straightforward extodation of these effects is not possible as the
incorporation of risk factors that resulted in estdge heart failure is not well described in these
studies. Our study is the first to discriminate dfiect of aging and ischemia separately on stem
cells. As mentioned above, the impact of other wedcomorbidities may confound the
straightforward interpretation of our results. Esample, one study examined the effect of age on
soluble molecules secreted by CDCs sourced frord age young patients. They observed an
increase in secreted Frizzled Related Proteinstem cells from aged patients and demonstrated
a correlation between this factor and senescenakaiNura et al., 2017). In our microarray data,
secreted Frizzled Related Protein 1 increases @fthemia in both aged and young EDCs and

may help explain the increase in senescent EDQwfathin cells from ischemic mice in both
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age groups but it is not responsible for the highanber of senescent cell in EDCs derived from
old mice relative to young mice as secreted FrizRelated Protein 1 expression was identical in
the two age groups in non-ischemic and ischemtmgst This finding suggests that the study by
Nakamura and colleagues is misleading as their hodppropriately used young patients that
are usually hospitalized due to reasons other ig@demic heart disease while the probability of
heart failure due to ischemia rises in aged indiald (not explicitly stated in the manuscript).

Hence, they observed a correlation of secretedzledzRelated Protein 1 with age instead of
ischemia (as they erroneously concluded). Morealissecting the influence of age from ischemia
on stem cell phenotype may help with the desigogilylar therapeutic for other cardiomyopathy

complications that carry the risk factor of age bot ischemia ( i.e. Heart failure with preserved
ejection fraction (HFpEF) or Duchenne muscular iysty). For example, collecting a sufficient

number of EDCs from aged patient who suffer froohé&nic cardiomyopathy would not be an

issue because ischemia promotes EDC emigration é&xprant tissue, however, to apply EDC

therapy for aged patients with HFpEF, collectinguagh cells for therapy may be challenging as
aged tissue produce fewer EDCs. Similarly, reseaschave found that CDC yield decrease with
age, but Duchenne muscular dystrophy does not makeadditional changes on the effects of
aging (Hsiao et al., 2014). Consequently, collectid EDCs for these patients would also be

challenging.

5.5 Ischemia amplifies the consequences of aging

Increased SOD activity was detected in young iscb&DCs and resulted in reduced ROS within
these cells compared to old ischemic mice souré®d<=This result hints that unlike young EDCs
the antioxidant defences of aged EDCs may be intigreestricted; however, the generated ROS

level in aged ischemic EDCs was comparable to tbdyzed ROS in the non-ischemic EDCs.
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Given that stressed mitochondria generate more fEd8assa et al., 2014), a consistent ROS
level shows negligible alteration in mitochondmahction and cell metabolism after ischemia in
old mice sourced EDCs. Other than mitochondriatiattve phosphorylation, various other free
radical producing mechanisms has been discoveréibhody such as peroxisome, phagocytosis
and inflammation and ischemia (Lobo et al., 20B§)generating free radicals, ischemia increases
the formation of lipid peroxides that consequemnidynages cell membrane leading to apoptosis
(Meerson et al., 1982). Antioxidants can improwengpair process of cardiac tissue after ischemia
by preventing further damages and apoptosis ofimangbcyte in the border zone. GPx activity
was lower in old mice sourced EDCs that was mondonis in aged EDCs with a history of
ischemia. Our microarray data also showed decreas®NA expression of NAD(P)H
dehydrogenase (NQO1), another important enzymeeptig formation of radical species. These
radical scavenger molecules detoxify oxidised ratmeo keep lipids, proteins and cellular
molecules safe. Therefore, they may partially beoantable for higher senescent cells, p16
MRNA levels and apoptotic cells in EDCs from oldnds with a history of ischemia.

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

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

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

telomere is not a senescence trigger in these edéther.

5.6 Increased senescence after ischemia directdeelfirtuin 1

The ability of EDCs from young mice to handle fregicals after ischemia contrasts with their
increased senescence cell number. Further micsodata analysis demonstrated downregulation
of the Sirtl pathway by ischemia. We noticed th&®NA expression of Sirtl and Sirt2 was
reduced in EDCs sourced from both old and youngerafter ischemia. Similarly, inactivation of
Sirl has been reported in cardiac tissue afterersci'reperfusion (Tong et al., 2013). Sirtl
epigenetically controls senescence (Ogryzko e1886) by localising on Frizzled-Related Protein
1 promotor - a Wnt antagonist - decreasing FrizRethted Protein 1 expression to promote Wnt
signaling (Pruitt et al., 2006). High secreted Hed-Related Protein 1 expression correlates with
senescence cell occurrence (Nakamura et al., 201@ur study, Frizzled-Related Protein 1 was
elevated after ischemia in both aged and young EBGggesting that Sirtl inhibition with
subsequent downregulation of Wnt signaling resuhli@tie higher number of senescent cells after

ischemia.

5.7 The impact of age of the recipients

The marked reductions noted in cardiac functiongdrovement suggest that recipient age is a
large obstacle in conveying the benefits of EDCGapg. A recent study showed that injection of
young CDCs into old rats reduces the expressi&®Réil and Rbll (two Mybl2-related cell cycle
genes) within treated hearts, therefore, they sstgdehat the young EDCs are able to rejuvenate
aged host tissue. Mechanistically this was atteétuo reduced secretion of IL-Jand direct

salutary remodeling of cardiac structure by exosor{érigorian-Shamagian et al., 2017).
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Although young stem cells are providing superionddiés, our data from comparison of the
transplantation of young EDCs into young or agesthisuggests this rejuvenation is not sufficient

to make the aged hearts as responsive as the yaants.

Although both systemic and cardiac tissue miliee imfluenced by age, changes in diet and
nutrient sensing pathways can reverse the effeaj@f{Murphy and Thuret, 2015). Modified cells
secrete autocrine or paracrine stimulating molegulecally or systemically. Heterochronic
parabiosis studies (two mice share a common blosast with a young mouse surgically joined
to an old partner) indicate that among the pletludrdifferent growth factors, systemic GDF-11
brings youthful phenotype for aged hearts as ieress cardiomyocyte hypertrophy (Loffredo et
al., 2013). Exosomes also contain proteins and mRkMNith rejuvenating effects (Pusic and
Kraig, 2014; Munk and Panda, 2017). Some drugsak® linked to rejuvenation (i.e., statins)
which have been shown to rejuvenate endotheligjeior cells by decreasing ROS production,
improving telomere/ telomerase activity and incinegsthe cardio-protection by decreasing
inflammation and oxidative stress (Olivieri et aD12; Barlaka et al., 2016). Rapamycin is another
compound known for its anti-senescence effects. iAtnation of Rapamycin at late-life stages
in mice improved overall health and cardiac functioy changing cardiac metabolism and
inflammation (James et al., 2013). Overall, injectdf these youthful factors prior to EDC therapy
may favorably pre-condition the cardiac environmfentcell transplantation and may accelerate
the improvement of EDC therapy in infarcted heaftaged patients but this remains to be further

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

There are some compounds that accepted to hawbilitg to reverse senescence. Rapamycin in
high doses inhibits the AKT pathway through inhdot of mMTORC2 (mammalian target of
rapamycin complex 2) that is linked to cell surViead proliferation, thus, it has been using
clinically for cancer treatment. Interestingly, aapycin in low doses inhibits mMTORC1 which
sequentially activates AKT and ERK pathways. Medstasally, this is attributable to the
inhibitory feedback within the mTORCL1 target - S66h PI3K/AKT. When mTORCL1 is inhibited
by rapamycin, the amount of phosphorylated S6K els®s and through the negative feed back
loop, increases the AKT pathway (Figure 5.1). Aation of the AKT pathway consequently
inhibits the GSK- (Chen et al., 2010; Ballou and Lin, 2008). In Impamycin doses, mTORC2

is still active which can directly phosphorylatedaactivate AKT (Memmott and Dennis, 2009).
Inhibition of GSK-3 upregulates Cyclin D1 through translocation edatenin to the nucleus
(Diehl et al., 1998; Shtutman et al., 1999). Cydinnegatively regulates the activation of
retinoblastoma and phosphorylated retinoblastomapgdr expression of Mybl2 (Rufini et
al.,2013). Consitent with this, loss of GSK-§ene bypasses senescence (Liu et al., 2008).
Researchers have shown that the inhibition of GSKafugh lithium treatment can recover some

of the lost regenerative potencies of aged mesenahstem cells (Brunt et al., 2012).
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Figure 5.1. Schema of senolytic compounds link with MybRutophagy is not involved in EDC
rejuvenation because in contrast to Rapamycin, &ltivates mTOR pathway and blocks autophagy, yet
reduces senescence. The mutual change in both galisvthe inhibition of GSK-3and this inhibition is

linked to increased Mybl2 expression which is kndamits anti-senescence effects.

The anti-senescence effect of rapamycin has béebudéd to autophagy. Several pathways are
recognized to be involved in autophagy. One is mT@Bway whose inhibition is required for
autophagy induction (Pyo et al., 2012), and rapamiargets this pathway. Avolio et al. have
shown that the reduced effect of c-Kit+ cells iseault of IL-1 SASP while rapamycin and
Resveratrol treatments enhance the SASP of c-keits.cThey proposed that the therapeutic effect
ensues by activation of autophagy and AKT pathwsplio et al., 2014). In the field of cardiac
research, some other compounds were also usedpi@vm cardiac dysfunction by targeting
autophagy (Riquelme et al., 2016); however, theseimistered compounds were not specific for
autophagy making it difficult to exclude off targdtects. Therefore, it is difficult to concludeath

anti-senescence effect of rapamycin or other comg®are mediated by activation of autophagy.
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Furthermore, there are contradictory opinions anrtile of autophagy in senescence with some
studies suggesting that autophagy is anti-senesaehite others propose a pro-senescence effect
for autophagy (Kwon et al., 2017). Here, we testedeffect of BIO and rapamycin on EDCs from
old mice and found an antisenescence effect (Figiz&). The small molecule BIO activates
MTOR to inhibit autophagy while while low dose Rapain through mTOR inhibition stimulates
autophagy. In other words, both these factors rediemescence, despite the fact that one is
activating autophagy and the other one is inhigiintophagy. Interestingly, both molecules have
cross-talk on GSK-3 suggesting the observed effects on senescendi&elyenot mediated by
autophagy but rather GSK-3nhibition and induction of Mybl2. High dose rapgem did not
change the Mybl2 expression within EDCs whereasdoge rapamycin increased Mybl2 mRNA
expression and reduced senescence; confirmingyffahesis that senescence reversal following
treatment with senolytic compounds may be attribletéo Mybl2 over-expression. This data also
indicates that, unlike plants in which GSK-t&e protein phosphorylates and activates Mybl2 (Y
et al., 2012), in animals GSK-3nhibition increases Mybl2. However, further intigation is

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

5.9 Rejuvenation of EDCs by Mybl2 over-expression

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

growth factor-7 partially rejuvenates thymocytegenitor cells (Berent-Maoz et al., 2012), while
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Pim-1 kinase over-expression in cardiac c-Kit+<atproves cell senescence by down stream
targeting of Nucleostemin to activatdomerase enzyme and downregulate p16 (Mohsih,et a
2013; Cottage et al., 2012; Khatiwala et al., 2008)e group had even applied gene therapy for
the heart using GDF-11 over-expression to redueentrkers of aging in cardiac tissue and

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

MyblI2 has been suggested as a determiner of ¢ell d&&ad this factor has been shown to bypass
senescence better than some of the cell cycleatgulgenes such as FoxM1 and retinoblastoma
(Mowla et al., 2014). Mybl2 also has anti-neoplasiaperties making it a suitable factor for
rejuvenation (Heinrichs et al., 2013; Clarke et &013). Examination of embryonic and
pluripotent stem cells showed that Mybl2 is impléezhin the expression of several important
pluripotency transcription factors, namely NANOGW®SF1 and SOX. In hematopoietic stem
cells, Mybl2 inactivation depleted myeloid progenst and in intestinal epithelial cells Mybl2
promoted commitment of these cells by generatidgfarentiation signals (Boheler 2009; Baker
et al., 2014pPapetti and Augenlicht, 2011). To date, there istualy looking for the effect of
Mybl2 in stem cell senescence and rejuvenatioruinstudy, Mybl2 over-expression in EDCs
from old ischemic donors provided functional andigtiural improvements to a degree that was
comparable to young EDCs. These benefits wereypactiieved thorough increased activity of
antioxidant enzymes and greater retention of My@r-expressing EDCs as increased cell dose
improves the effects of cell therapy (Shen et @L2). Additionally, the cytokine profile of the
ischemic aged EDCs was altered following rejuvematiThese cells were secreting greater
amounts of Amphiregulin growth factor and lessanfimatory + anti-angiogenesis cytokines (i.e.,
Endostatin). The latter correlated with @uwvivo results as we observed increased angiogenesis

within Mybl2 over-expressing EDC treated heartse Teduction of inflammatory cytokines,
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however, did not alter macrophages infiltration. kédieve that the observation of equal numbers
of macrophages vivo may be due to the resolution of inflammation ia treart at the time of
heart collection (4 weeks after Ml). So, it is pbtesthat the macrophage number has been reduced
to steady state phase at this point; or is dubdatiginal low secretion of inflammatory factors

in non-transduced EDC from old ischemic donors.

4.10 Future directions

Extracellular vesicles carry a cargo of severdedént small RNAs (i.e. miRNA and Y RNA) that

represent the major bioactive constituent of tvesgcles. With the recent explosion of knowledge
highlighting the importance of extracellular vesittansfer in autocrine and paracrine signalling,
it seems inevitable that a portion of the benefisferred by heart-derived cells are mediated
through extracellular vesicles (Barile et al., 20T4eliou et al., 2015; Gallet et al., 2017). Our
results showed all study cohorts are secretingchessivith equal number and size; however, the
content composition may be variable in different@DIn CDCs, miRNA-146-a and YF-1 are

active components that are secreted through exasam&NA-146-a prevents cardiomyocyte

apoptosis in the ischemic heart (lbrahim et all140and YF-1 induces IL-10 secretion and
protects cardiomyocytes from oxidative stress (Gandt al., 2017). Several miRNAs have roles
in senescence such as mMiRNA-29 and miRNA-30 (Meztat al., 2011). Therefore, measurement
of these small RNAs within extracellular vesiclésough RNA sequencing is of interest and

would guide us in exploring SASP in terms of RNAs.

Cardiac tissue is constantly communicating withéboararrow cells as well as immune cells and
resident macrophages. The response of thesea@slisr cell paracrine secreted factors is another

determinant of regeneration which could be hampbyeabe. Furthermore, in this study we found
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that aged recipient hearts are having impaired orespeness toward stem cell therapy. A
possibility is that stem cells residing in ageddéae tissue may not respond to the regenerative
stimuli. The recipient age is important becausedtwor stem cells and cardiac tissue mutually
interact with each other. Although the young/engrmed donor stem cells are having rejuvenating
effect on their surrounding recipient heart celt& aged milieu with SASP cytokines, miRNAs
and exosome content negatively affect transplaBi2@s. An extensive examination of the aged
cardiac milieu and cardiac cells would help us é&ttdr understand the declined regenerative
response. Albeit, regardless of the underlying rapim, the combinatory administration of
systemic rejuvenating cytokines or small molecutesore and during the time of stem cell
transplantation may augment the regenerative patefthis interesting topic warrants future

investigation.

Genetic modification of EDCs using lentivirus i€ampanied by risk of cancer because of random
integration into the genome (Montini et al., 20083king other methods of gene delivery with
lower risk (such as minicircles) an option to colesi The risk of Mybl2 in oncogenicity remains
to be investigated but several studies have showlean genome integrity for Mybl2 (Yamauchi
et al., 2008; Tarasov et al., 2008; Lorvellec et2010), while no studies have shown that Mybl2
over-expression induces neoplasia. Given that expression of Mybl2 was more efficient than
small molecules BIO or Rapamycin at reducing sesm&sg, this approach has merit. Knowing the
Mybl2 activation mechanism and cellular pathwaysnacting with Mybl2 will help guide us to
design a customized senolytic compound for cellwepation in cardiac therapy and other age-

related disease.
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6. CONCLUSION

Aging reduced the EDC yield from explant tissue.eAgEDCs exhibited great quantities of
senescent cells with a characteristic SASP sigeaiilrese changes reduced the ability of EDCs
to improve cardiac function and structure after L{ifation. Ischemia increased the number of
senescent cells in both young and old mice souit2@s through down regulation of Sirtl and
alteration of the downstream molecule Frizzled RelaProtein 1. In old mice sourced EDCs,
ischemia increased the susceptibility of cells tawlergo apoptosis via reduced endogenous
antioxidant system activity. Ischemia increased Efp€ld from old mice but reduced the
regenerative performance of transplanted stem eitroarray data revealed alterations in cell
cycle regulation and DNA damage and repair pathwaysged EDCs sourced from ischemic
hearts. Mybl2 transcription factor over-expresgiejvenated aged EDCs by reducing senescent
cell number and improving the paracrine profil&e®fCs. This translated into greater retention of
transplanted EDCs and better myocardial functionattevel comparable with young EDC
treatment. Overall, some of the limitations regagdihe models used in cardiac stem cell therapy
research were answered in this project which pesvia better insight for improvement of next
generation stem cell products for clinical therapynongst possible enhancement procedures,

stem cell rejuvenation by Mybl2 seems promising.
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