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ABSTRACT

Cultures of peripheral blood mononuclear celldNCs) give rise to at least two different variants of endothelial
progenitor cells (EPCs), early and late outgrowth EP@& investigatedvhether microRNAs in early and late
EPCs could serve amarkersof internal processes thaanbe exploited tadistinguishcell identity andfunctional
capacity.We hypothesized that as MNCs give rise to early and late EPCs, there is a gradual change in total
microRNA profile, reflecting a total change in processasiwithe predominant cell populatiodsinga candidate
microRNA array early and late EPCshowed vastly different microRNA expression profilésiR-146a expression
increasedorogressivelyas early EPCs emergedound5-7 days(p<0.05) Through targetingflRAF6 and IRAK1,
miR-146a conferredhflammatory tolerance in early EPQ#kely contributingto their purported ability to suppress
inflammation.MiR-146a knock dowifKD) in endotoxinstimulated early EPCs reduced anflammatory cytokine
IL-1RA (p<0.®1), and increased expression of -prilammatory cytokines Itlb (p<0.001) and IE8 (p<0.01).
Interestingly, themicroRNA expression profile of late EPCs was highly congrtenmature endothelial cells, with
100-fold greater miRL26 expression thamonocytes and early EPQ3<0.01). MiR-126KD in lateEPCs abolishe
matrigetnetwork formation (p<0.05); while overexpression(OE) in early EPCaugmented network formation
(p<0.05)and chemotactic migration (p<0.00¥e also found thahe melanoma ceddhesion moleculer MCAM
(CD149 identified late EPC precursar©nly MCAM *MNCs from adult blood (<5% of total MNCs) yiedd late
EPClike colonies Robust miR126 expression in these cepisedicted the generation of late EPQwerall, our
results suggest that miRi6ain early EPCslikely contributes torepair by suppressingnflammation during
cardiovascular injury; while in late EPCs, miR6 directly promotes angiogenesasd vascular repairFinally, we
highlight a uniquemethod for the efficient generation of late ER§ysusing MCAM selection and screening for

miR-126.
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11

The Endothelium

The arterial wall is layerethto three sectionsthe tunica intima, tunica media and the tunica adventitia.
These layers refer to the innermost layehiCh isexposed to circulation), the middle and the outermost layers,
respectively. The tunica intima consists of the endothelium and the internal klastia. The internal elastic
lamina plays a major role in determining vessel elastickgr instance, irconditions such as atherosclerosis,
calcification of the internal elastic lamina contributes to the hardening of the aitBriéche tunica media
consistsof a smooth muscle layer which functions to moderate arterial tone. Relaxation andctionstrfi the
smooth muscle layer is influenced by crosstalk between the endothelial layer and local factors. Adjacent to the
smooth muscle layahere is an external layering of elastic lamina (the external elastic lamina). Similar to the
internal elasti lamina, the external elastic lamina also contributes to the elastic properties of the artery. Finally,
the tunic adventitia consists primarily of the connective tissues (including collagen, fibronectiellaniike

fibroblasts, for examp)ewhich areinvolvedin vessel insulation, tissue repair and physical support.

The endothelium is a monolayer of endothetialls, whichline the innermost layer of blood vesseisthe
circulatory system and the lymphatic system. As such, the endothelium directly imgtaditood and lymph,
as well as thesells, whichcirculate within these systems. The endothelium serves a key role in vascular tone,
blood fluidity and platelebggregation(2). Additionally, the endothHaim is a major actor in the regulation of
immunology, angiogenesis, and inflammation. The endothelial cells which constitute the endothelium control
blood flow by regulating vascular tone through the synthesis and release of both rélasiodilating)and

contracting(vasoconstrictingjactors such as nitric oxide, lipoxygenases, endothelin, adenosine, puringj. etc



Of these factors, nitric oxid@NO), which is produced nitric oxide synthase (NOS) enzymesyery well-known
chemical compoundhat serves many important biological funcgofrom maintaining vascular integrity by
inhibiting platelet aggregatior{2-4) to leukocyteendotheliumadhesionand vascular smooth muscle cell
proliferation(5-7). Dysfunctionof the endothelium thatan disturlthe releas€or absorptiohof suchvasoactive
componentould result in cardiovascular pathology or the perpetuation of cardiovascular diSHas@peutic
approaches to remedy endothelial dysfunction at this level include applications of cell therapy, which can
facilitates vasodilation while supressing inflammation (in cases of cardiovascular injury, for instartds).in

turn, promotes cindation (and distribution of reparative factors) into sites of injury or ischemia, thereby

improving recovery and health.

1.2  Angiogenesis

Angiogenesis is thaighly regulated process of thermation of microvascular networks from pegisting
vessels.Both blood and lymphatic vessels undergo angiogenesis to form exteretwerks, whichare essential
to normal physiological processes involving the transport of cells, gases, fluids, micro and macromolecules. As
such, angiogenesis plays a pivotal role in cardiovascular recovery or tissue repair following injury or chronic
illness.Induces of angiogenesis include angiopoietins, stromataelived factor 1, tumor necrosis factdpha,
interleukins, and members of the vascular endothelial growth f@¢t6GF) family. As such, angiogenesis
continues to be an important putative target tferapy(8). As a highly regulated process, angiogenesis is
typically under a tight balance of prand antiangiogenic agents; usudliyned on onlyfor brief periods and then

completely inhibited?9).



Endothelial cell migration isssential to angiogenesis. The maotility of endothelial cetjsires the activation
of numerous signalling pathway®sulting from chemotais (cell migration toward a gradient of soluble
chemoattractantsjinechanoteis (directional migration generated mechanical forcespr hepatotas (migration
towards a gradient of immobilized ligandsyentually affecting cytoskeletal remodelli(i). The end result is
endothelial cell motilitythatis achieved through cell extension ammhtraction(which resemblea cell pushing its
rear towards the front and progressing forwar@ihis process is essential in the formation of new blood vessels
during vascularizatiorand the extension of existing vessels during angiogenescguseduring this process
endothelialcells must migrate (under the influence of VEGF) onto a matrix of collagen and hyaluronan to fuse
with angioblasts in the formation of blood islands which later remodel into tubular structures, vascular plexus and
ultimately new blood vesseldl). However, in addition to migratiorendothelial cellproliferation isalso a
critical feature during these processés a vessel grows, the emerging endothelial cells begin to proliferate into
emerging tubulesbut this process is dependent on their agimeonto the existing scaffolding matrikhas been
demonstrated that proliferation can becomrdinately affected by both growth factor and integrin signalling
pathways During vessel growththe release ofactorslike VEGF has been shown esmhanceproliferation and
the expression of several integrins that are involveagiogenesis includingybs, avbs, andasb; integrirs (11-
13). The asb: integin is essential in endothelial cell anchorageto fibronectin; as noted in sectionl.],
fibronectin isone of the chief scaffolding glycoprate in blood vessal Conversely in the absence of VEGF

endothelial cells have been shown to undergo apoptosis, resulting in theicegoélood vesseld 4).

1.3  Endothelial progenitor cells

Repair of damaged endothelium was previously thought to occur mainly through local mitosis of



hedthy neighboring endothelial cell§15). However, this view hasincebeenchanged to include the repair of
endothelium by circulating endothelial progenitor cells (EPCs) in addition to local endothelialléells).
Sincetheir discovery in 1997 by Asaharaet®PCs have emerged as a fihot topicbo
researchers because of their therapeutic poteiiify EPCs have beeshownto be effedive in facilitating
neoangiogenesis and vascular repair in numestudies on cardiovascular injury, includiatherosclerosis,
post-myocardial infarction and even re-endothelialization of vascular graft§18-23). It has been showthat in

vivo, these circulating progenitor cdls originate in the bone marrow and are mobilized in response to
cadiovascular injury, growth fadors or in response to stimuli such as ceramidbephosphate and NADPH
oxidase Nox2(24, 25). EPCs circulate within the mononuclear cell (MNC) fractainperipheral bloodand

home to injuredsiteswhere some cells are incorporatatb new blood vessels in situ and therebyfadlitate the
formation of new blood vesselsr they facilitate theextension of existing vessgkigurel), forming structural
components of growing vasculatui2e, 27). Circulating EPCs have been defined by surface markers, such as
CD34, CD133 and KDR17, 18); however as yetthere isno consensus corerning what markers define a

Ssubset of Atrueo endothel i al cel | precursors

In vitro, EPCs are generated from mononuclear cells and exist in two distinct varieties. For the first type,
unseleded peripheral blood mononuclea cells (PBMCs or MNCg are cultured for 5-7 days on an
appropriate matrix (i.e. fibronedin) in the presence of endothelial growth factors (i.e. VEGF, IGF, EGF, etc.),
resulting in a population ofhighly angiogenic cdls exhibiting classicd fealy EPCO rod-like morphology, and
these are termed ealy outgrowth EPCs or circulating angiogenic cdls (CACs). These early EPCs still express
monocyte markers, such &D14 and CD45, but also show some endothelial characteristicexpyessing

CD31, lectin bindig and uptake of acetylatddw density lipoprotein (DL) (28). Early EPCsare non-



proliferating and fade gradually during prolonged culture. However, after 2 weeks of mononuclear cell
culture clusters of highly proliferative cells appea with cobble-stone morphology and these cells are termed
late-outgrowth EPCs, endothelial colony forming cells (ECFCs) oodbbutgrowth endothelial cells. These
cellsrapidly overgrow cultur@and replace early EP@ser time(29). Late EPCgshort for late outgrowth EPGCs)

in addition to having robust endothelial morphologgyve high expression @ndothelial markers CD31, VE
cadherinand KDR. These two types of culture-derived AfEPCs0 contribute to vascular repair and regeneration in

vitro and in vivo, but appea to do so by very different mechanism$30). Early EPCs act mainly through
paracrine mechanismsuch as releasingf pro-angiogenicacytokines;whereas late outgrowth EPCs are believed

to promote repair of the endothelium through direct integration into damaged vasc{ii8t®®@. To datejt is

widely accepted that both cell populations arise from the MNC fraction of peripheral adult blodtie but
relationship between these two types of EPCs is very unclear. Specifically, it is not known whether late
outgrowth EPCs arise from mononuclear cell cultures by an infrequent transdifferentiation event or from a very
rare subset of distinct endothelial precurselis that exists within the general mononuclear (early EPC) cell
populationthat are i p-pregrammed t o gi ve —rise to endothelial cell s.
comparing the profiles of a major new class of epigemetalators of gene expressiaramely micr&NAs) in
mononuclear cell populations at diféert stages of EPC specificatitm gan new insights into the mechanisms

underlying the activityand functiorof early EPCsandlate outgrowth EPCs.

1.4 EPCs in cardiovascular injury and repair

In vivo studieswhich have focusedn the use of EPC®r treatment of ischemic injurgin small animalg

have provided considerable evidence of their therapeutic potential. In a rodent model of hind limb ischemia,



human circulating EPCbBave beenshown toimprove perfusion andheovascularizatiori.e. formation of new
blood vesselsvhere previously one existed (31). Numerous models amhyocardial ischemia in animals have
shown that angiogenesad arteriogenesidhe increaseof existing vessel diameteraje significantly improved
following the mobilzation of EPCs from the bone marropromoting the recovergf both left ventricular
ejection fraction ananyocardial perfusior(20, 32-35). These effects have also begmownthrough the direct
administration of bone marrederived MNCs. In the ischemic limb model, intramuscular injection of MNCs
derived from bone marrow increased exercise tolerance, limb flowtrentbtal increase in the number of
capillaries as well as augmentation of both small and large vessel formatioding enhancement of collateral
developmen(36-38). It is likely that MNCs are particularlgesponsive to ischemis it has been demonstrated
that even the hypoxic culture of MNCs significantly improves the effectlbdelivery to the ischemic lim{86).

In both rat and pig models of myocardial ischemia, implantaifothese cells has also been shown to improve
myocardial angiogenesis and subsequently, perfU8®42). Combined, these findgs have formed part of the

premise for numerous clinicaials for myocardial infarction and ischemia.

1.5 Clinical relevance of EPCs for therapy

Today, there is a large body of preclinical evidesapporting the therapeutic potental bone marrow
derived cellsn stimulatingneovascularizatio43). It has been shown that tissue ischemia releases chemokines
(such asvascular endothelial groWtfactorand stromatcell derived factor }I which correlatewith increased
mobilization of circuating EPCs from the bone marr@nd theirengraftmentnto ischemic tissue where they are

believed to participate in neovascularizat{@f, 32, 44-51). Additionally, EPCs also secresé&romaicell derived



factor 1 SDF1), a factor involved in recruiting CXCR4 positive stem and progenitor cells to injured #&ue
52).

Though the preclinical evidence pointing to theovascularation ability of EPCs is robust, the
interpretation of all the relevant studies on the effects of these cells is complicatedusg tbivarious cell
types, doses and disease mod8B 46, 51, 53). Nonetheless, bothulturederivedearly and late EPCs have
shown considerable ability to promote neovascularizati@h 46, 54). Crucially, a number of studies have
confirmed that fully differentiated mature endothelial cells, thopignotypically similar tdate EPCs, lack the
ability to indu@ neovascularizationo the same therapeutic effeg@2, 46, 55). These findings suggeshat
although late EPCs strongly resemble mature endothelial cells, they mustrgitzahprogenitor cell properties
that are essential for their regenerative activities. However, their relationship to the mdikewaely EPCs is
unclear, and at present there is no consensus on markers that can be used for the selectiorcoMIHEExa

which are destined to become therapeutic early or late Eir&s theinitial population of circulating MNQs

The homingof EPCs to the sites of ischemic injury has been largely attributed to thd/€XER4 agonist
receptorsystem, whichis intimately involved in governing theafficking of circulating EPCs from the bone
marrow toischemic tissug50, 56, 57). In vitro andin vivo studies have shown that SBAFa factor released
during ischemic injury) stimulates EPC chemotgi8 59) through the activation of the CXCR4 retap(60).
Proteaseactivated receptet (PAR-1) agonsts have been shown to increase thegiogenic capabilities of EPCs
by upregulating SDA and CXCR4(52); and converselyimpairment of CXCRd4signalling with neutralizing
antibodies agast CXCR4 in healthy human EPCs ameterozygous knockoumice has negated this effe(dl).
NO and caveolin havalsobeen shown to regulate CXCR&kpression and activityBoth arealsoinvolved in

angiogenesighroughthe enzymeendothelial nitric oxide synthase, eNOS (62, 63). ENOS is produced by



vascular endothelial celland is critical in regulating vascular tqrend in cardiovascular repaisy promoting
leukocyte adhesion and endothelial cell prolifera(ie4). GiventhateNOS plays a pivotal role in angiogenesis
and endothelial healthhis system idikely involvedin the reparativeactivity of EPCs. At least one study has
shown that treatments du as Wortmannin, which target inhibitors of the VEBBK/Akt-eNOS pathway,
promote EP@nediated recovery following coronary artery ligation in m{é&). Other naturally occurring
biological factors have also been identified, such as microRNAs, which magrgmnpiomote the VEGF/eNOS

pathway by also targeting pathway inhibitors like P(8K).

1.6 Indirect mechanism of action of EPCs

The proangiogenic activityof EPCs is achieved, in part, throughracrine mechanisms that involve the
secretion of growth factors suchiasulin-like growth factorl (IGF1), hepatocyte growth factor (HGF), VEGF,
NO and SDFL (49, 67). It is likely that these factors facilitate repair of damaged tissue by stimulzdijagent
cells, but these alonare unlikely to explain all the regenerative actions BCE. It is alsgossible that other
mechanisms such as eafiment and differentiation in new endothelial cells or immune modulatory interactions
with inflammatory cells play amportant role as well67-69). At the very least, our lab has demonstrated tifeat
mechanism of actioof ealy EPCs in preventing the establishment of pulmonary arterial hypertension in a rat
model was in part mediated through an immuegulatory mechanisrgv0). It is also possible thaither factors
arereleased by EPCsuch as microRNAsyhich areresponsible for whaguidesgenerates late EPCsm (vitro)
from an unknowrandrarecirculatingcell and this could play a role in their ability to stimulate neovascularization

and endothelial repain vivo. In recent yearshoth microparticlesand the much smaller exosomiesve been



implicated in mediating theiological transfer of deexcretions(71). Where exosome are known primarily for
transport of smaller components like microRNAs¢roparticlesharbor a broaer spectrum of potentially useful
bioactive substances including cytokines, signaling proteins, mRNAs and impgortaidtgRNAS (71, 72). A

key difference in the transfer of nnaRNAs in exosomes versus microparticles is that within microparticles,
microRNAs are encased and protected within the RiNficed silencing complex (RISC); whereas in the latter,

they are not(71).
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Figure 1. Mechanism theory of EPC facilitated repair and regeneration

Repair of cardiovascular injury using EPCs is believed to occur through three chief mechanisms: Immune
modulation, facilitation of tissue regeneration and neovascularization. After homing to sites of injury, early
EPCs stimulate neovascularization through paracrine stimulation or incorporation into neovessels. Scarring
from injury could be reduced by the ability of EPCs to modulate immune response to injury. Obtained with

permission from Ward et al. (2007).
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1.7

MicroRNAs

MicroRNAs (miRNAs or miRs) are short 20-24 nucleotide long ribonucleic adds (RNA) that are
typicaly found in eukaryotic cdls which post-transcriptionally regulate the expression of a target gene
MicroRNAs were first discovered in Caenorhabdiis elegansin 1993 as single-stranded regulators of mRNA,
and ae now identified as important controllers of angiogenesi§73-76). As with proteircoding genes, type Il
RNA polymerase generally transcribes microRNAs, subjecting them to both positive and negative regulation at
the transcriptional leve[77). In general microRNAS are transcribed as separate non-coding units, though
many consist of polycistronic clusters which contain multiple microRNA transcripts that initially emerge as
primary microRNAs. Endoribonucleases Droshad DGCR8 processesthese primary microRNA transcripts in the
nucleus prior to export (via exportin-5) to the cytoplasm as a pre-microRNAs. A secondendoribonuclease
Dicer then processes the precroRNAs, cleaving the looped end, producing mature single stranded
microRNAs (77). Some microRNAs are coded in introns and arise from the processing of excised introns of
proteincoding geneg78). Typically microRNAs emerge as two strands, a guide and a passenger strand.
MicroRNA passenger strandarelabekedwith a star (*) indicating the ésspredominant microRNA strandbut
if the abundance of both strandsuscertain, each microRNA strand jigst denoted with a5p or-3p as
specifically indicating the &or 3 éarm of the surviving microRNA duplex79). The guide strand of
microRNAs confemmost of the regulatory functions and are protected in an-RiMAced silencing complex,
while the passengers are not, and are usually degraded quickly, serving minimal regulatory f{#8;@@hsin
plants, microRNAs possess perfect complementarity through classical Yrisknbase pairing with the
target MRNA 8UTR region, resulting in mRNA cleavage and destruct{8f, 82). In animals however,

microRNAs have imperfed complementarity with target mRNA 38JTR, causing mRNA blockade and

12



subsequent inhibition of translation(83). This imperfectcomplementarity allows a single microRNA to have
multiple targets, increasing potentialpathway interactiomandtheir complexity for study.As such, microRNAs
are assigned Apredictedod targets based on computationa
biochemistry techniques for validation suahreporter assays$n generalthe probabilityof a microRNAtarget
interaction is greatest whethe complementarity igvolutionary conserve@ineaning there is consistency in
complementarity across several specieajld when the sequence length of the microRNA/mMRNA
complementarity is longeas designated by a #mer number (8 being highéstjlitionally, mcroRNAs can be
exported out of the cell to affed neighboring cells oother cdls through circulation (74). As such, they can
be found both in the interstitium and plas(i@8). It has been estimated that there are greater3@ddifferent
humanmicroRNAs whichregulate the expression 660% of all proteing84), therebygoverninga wide variety

of cell processes including growth, survival, differentiation asghescencg85). In endothelial cells
microRNAs play an important role in ratating genes involved in angiogenesi8 goodexample ismiR-126,
which promotes angiogenesis by regulating downstre@diators ofVEGF signalling while other miroRNAs
(i.,e. miR 221/222) have shown inhibitory effeat® angiogenesi§s6, 86). As such, these molecules are of

gred interest for future therapeutics and for understanding gene expression isomatic andtem cells.

1.8  MicroRNAs and immune regulation

Myeloid-derived cell populations such as monocytes, granulocytes, dendritic cells and macrophages
recognize unique signaling molecules associated with pathogens and released by damaged/activa{8@-tissues

90). Thesesignaling moleaules are recognized byurface or intracellular receptors of immune cellssuch as

13



Nod-like or Toll-like receptors (TLR). Once bound, theinitiate a cascade of intracellular events leading to the

production and release of proinflammatory cytokines,

readive oxygen/ nitrogen species, chemokines,

MicroRNA Targets Effects

miR-9 NFkB1 Negative regulator of TLR4 signaling

miR-19 TLR2 DecreasesTLR2-mediated inflammation

miR-21 PDCD4, IE12 p35 Negative regulator of TLR4 signaling

miR-27b PPARg Enhances response to LPS

miR105 TLR2 Decreases TLR2Znediated inflammation

miR-106a IL-10 Decreases IL10

miR125b TNFa; IRF4 Diminishesinflammation; enhances macrophage activation

miR-145 TIRP Inhibits TLR signaling

miR-146a TRAF6, IRAK1, IRAK2 Negative regulator of TLR signaling

miR-155 AID; MyD88; TABZ2; Enhances inflammation; negative feedbackegulation
Pellino-1; IKKe; SHIR1,;
SOCS1; C/EBB

miR-223 IKKa; Pknox1 Proinflammatory activation of macrophages

Let-7i, let-7e TLR4 Downregulate inflammatory signaling

Table 1: MicroRNAs in innate immunity.

Select list of microRNAs with immune -mediating targets and noted effects. Adapted from Liu et al. (2013).

antimicrobial peptides and promote enhanced phagocytic ad®8t90). Stimulation of these pattern recognition

receptors is required for efficient activation of T lymphocytes and development of specialized adaptive immunity
for clearance of infectioand cell debri¢91). Inappropriate inflammatory activation or chronic activation can lead

to host tissue damage and pathol@g). Maintenance of homeostasis of the immune system, with an appropriate

balance ofresponse and resolution of inflammation is therefore essential fohbakh and survival. As such,
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inflammaory pathways are subjected to both positive and negative regulatory dbrirbhe-tunes an optimal

immune respons@0, 89, 93).

One important pathway, which we focused on in thisis,was thecanonicalTLR4/NFKB signalling
pathway. The TLR4 receptor has a variety of known ligands including polysaccharidespnatains, and heat
shock poteins. However, the most wéthown TLR4 ligand isndotoxin ofipopolysaccharide (LPSYhe TLR4
receptor is responsible for activating the innate immune system through two pathways: the MyD88 (myeloid
differentiation primaryresponse protein 8&)ependent and MyD8®idependent pathways. Botf theseTLR
signalling pathways culminate in activation the nuclear facappaB (NFKB) transcriptiofactor, whichcontrols
the gene expression of numerous inflammatory cytokingsn TLR activation, MyD88 interacts with the death
domains of members of the-IL receptofassociated kinase (IRAK) family, causing phosphorylation of IRAK4
and IRAK1, which dissociate from MD88, interacting with TRAF6 (&3 ubiquitin ligasg and causingyk63
linked polyubiquitation of TRAFG6 itself and NEM@®4, 95). The ubiquitinated NEM and TRAF6 ecruit a
protein complex that activates two distinct pathways involving the IKK complex and the mé#ogested
protein kinase (MAPK/ERK/INK, p38) pathwa06). Activation of the IKK complex results in the
phosphorylation of the IKB and its ubiquitination and proteasmal degradation, freeing NFKB/Rel complexes
Posttranslational modifications such as phosphorylation, acetylation and glycosylation further activate the
NFKB/Rel complaes, causing translocation to the raud wherghey induce target gene expressfeither alone
or in concert with other transcription factd@s)). The presence of NFKBp50/NFKBp65 within the nucleus
thereby indicates the activation of the TLR4/NFKB inflammatory pathwalernatively, in the noncanonical
NFKB pathway, there are inactive NFKB/Rel complexes in the cell aggopland signalling through other
receptors like CD40 and BRB-cell activating factor 3activate the kinase NIKNFKB-inducing kinase)which

then activates the IKK complexes that phosphorylateer@inal residues in NFKBp100 which leads to its
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ubiquitaton and ultimately proteasomal processing to NFKB2/§92). This creates the transcriptionally

competent NFKBp52/RelBomplexes, whiclthen translocate into the nucleus to induce target gene expression.

There is growingevidenceto suggest that microRNAs act as important regulators of immune
development and respon@®, 99-103). Several studiesuggesthat microRNAs may benportantbiomarkers of
uncontrolled inflammation aneklatedpathology(99-102). To this e&d, a growing list is emergingf microRNAs
that act asmportant regulators of immune response and adaptive immunity, including maaophage polarization
with implicaionson wound repair and tumor progression; asummaryof microRNAs involved in innate and adaptive

immunity are providedn Tablel andTable2 (104).

Numerous microRNAs have been implicated in activated immune cells. For instance miR-146a has been
implicated in inflammatory response to both baderial and viral infections (105 106). Lipopolysaccharide

stimulated human monocytes rapidly upregulate 4idBa via TLR4 receptor signalingyhich acts as in a

MicroRNA Targets Effects [increase/decrease]

miR-10 Ncor2; Bcl6 Treg [increase]

miR-17-92 Bim; PTEN CD4 Fecell proliferation [increase]

miR-29b T-bet; IFN-g Thl [decrease]

miR-146a IRAK1; TRAF6; Statl TCR signaling [decrease]; Treg [increase]

miR-155 c-Maf Thl [increase]; Thl7 [increase]; Treg survival [increase]; Th2 [decrease]
miR-181a SHP1, 2; DUSP5, 6 TCR Signaling [increase]

miR-182 Foxol CD4 TFcell expansion[increase]

miR-301a PIAS3 Th17 [increase]

miR-326 Ets Th17 [increase]

miR-150 c-Myb B1 cell expansion [decrease]

miR-155 PU.1; SHIPL; AID Antibody secretion [increase]; classswitch recombination [increase]
miR-181 B-cell expansion [increase] 16

Table 2: MicroRNAs in adaptive immunity.

Select list of microRNAs with immune -mediating targets, and noted effects. Adapted from Liu et al. (2013).



negative feedback loop to depressTLR signaling by targeting tumor neaosis fador receptor-associated factor 6

(TRAF6) and interleukin receptor-asociated kinase (IRAK1)(107, 108. As such, miRl46a upregulation is
suspected as an essential component of endotoxin tolerance in innate immune response, while decreased induction
may be associated Wi prolonged inflammatiof109). In macrophages, mi46a acts as a negative regulator of
vascular stomatitis virusduced type 1 interferon respon&®6). Mice with miR-146a deficiency in their T

regulatory (Treg) cdls, as well as miR-146a knockouts, develop hypersensitivemacrophageesponse to LRS
stimulation and life-long autoimmune disorderd.10, 111). Treg cells with deficiencies in miR-146a undergo

brekdown of immunologic tolerance as manifested by lethal |FN-gamma-dependent immune-mediated lesions

(110). It has been speaulated that this is the result of augmented adivation and expression of signal transducer and

activator oftranscription 1 (Statl) a purportedtarget of miR-146a(80, 110).

1.9 MicroRNAs in cardiovascular health, repair and endothelial progenitor cell function

Sincetheir discovery, ntroRNAs have been studied closely over the past decadexjpboratory research
into their physiological roles. To date, numerous microRNAs have been implicatetes) whichgreatly impact

cardiovascular pathology and hold potenfitelendotheliabrogenitor cells in repair.

There is a growing body of evidence implicating RERL and miR222 in coronary artery disease (CAD).
Zhang et al. observed reduced expression of-B#R222 in patients with CAho weretreated with the lipie
lowering drug, atrvastatin(112). Atorvastatin was also reported to markedly insesthe numbers of circulating
early EPC in patients while lowering mi21/222(113). This correlaed observation was later confirmed by a

separate group as it was shown RZRL significantly reduces proliferatiaf bone marrowderived EPCg114).
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Using computational target predictiooftsvare, it was identified that miR21 directly targets PAK& regulator
of cell motility and proliferationn EPCs under hypoxic conditions, further linking r2R1 to suppression of
early EPC proliferatiorf114). In contrast,a study comparingpealthy and diabetic patients found thaR-130a
expression directly correlateo EPC proliferation(115). Meng et al. reported th#te expression dRuntRelated
Transcription Factor RUNX3 (an important regulator of transcriptiois)under repressive control by miE0a.
This group showedhat suppression ahiR-130a in EPCs resulted in increasedNX3 mRNA and protein
expression in treated cells, reducing the formation of colonies signifiqdd®y. AnotherdocumenteanicroRNA
implicated in EPC proliferatiois miR-126. In zebrdish, Fish et al. first identified miR26 asan activatoiof the
vascular endothelial growth factor (VEGF)/eN®ig§nallingby direct targetingf PIK3R2 and SPRER, both of
which serve as repressors of this critical angiogenic patl{@&y The roleof miR-126 in EPC function is still
poorly understoodhowevernumerougeports have suggestad importantole in the regwtion of proliferation.
Key findings in studies on mi&26 in human EPCs hayeimarily focused on diabetes and preeclampsia. Meng
at al. identified thain diabetic patients with comparatively dysfunctional late ER@srexpression of mi226
(targeting SPRED1) resulted in improved colony formationin addition to augmentingproliferation and
migration while decreasing apoptogis16). Similarly, in preeclampsjdate EPC number and function tigpically
diminished compared to healthy contr@47). Yan et alreportedsignificantly lower miR126 in lateEPCs from
preeclampsia pants and thatin these cells,overexpression of miRL26 (targeting PIK3R2 increased

proliferation, differentiation, migration and colony formationrbgulatingPI3K-AKT signalling(117).

The 38JUTR region of SDF-1 mRNA containsa predicted microRNA response element (MRE) for m#s
(118. Under healthyn vivoconditions, endothelial cells express robust +hi® comparedo other
microRNAS, but this robust expression is diminished umslgremic conditions or injurfl19). In vitro

suppression of miRR26 has a reciprocal effect on the expressionfametionof SDF1 in endothelial cells,
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which is a factor that is actively secreted by injured endothelial &eportedly, mcreased SD# in injured
endothelial cell€ausesncreaseanobilization of progenitor cells weardsthe nonlineage andgtem cell
progenitor stateScal+/Lin-), facilitatingtherepairof damaged cardiovascular tisgd49. The homing of
EPCs towards sites of injury is also thought to be mediated by changes i &gugssionwhich is a
pleiotropic regulator of cell cycle, differentiation, motility, ce#lll adhesion atypically utilizedduring nomal
endothelial repaif120). Shen et al. demonstrated that the expression of Rexcditctly affected bysDF1a
through an unknown mechanismhich may indicate another important link between EPCs and1SDF
cardiovacularrepair(120). In the spleen, it has been reported that the recruitment of EPCs is achieved through
the SDF1/ CXC chemokine receptor LKCR4) axis(121). Thisaxis is implicated in VEGHnediated
mobilization of bone marrowderived cells during repaffi22). Rolland Turner et al. demonstrated tf@XCR4
expressiomegatively correlates with miR50 expressiom early EPCsgausing a reduction ireparative
potential(123). However this group found thateatment witmucleosideadenosine reduced RH150
expression, thus augmenting CXCR4 and enhancing early EPC migé2®BnSimilarly, ischemia reduces
miR-150 expression in early EPGkereby increasin@XCR4 andcell homingto ischemic site§l24).
Predictive computational analysis from numerous ditabases including targetscan.org, and miRbase.org identify
CXCR4 as a dired target of miR-150, and thus supports these findi(a5). Collectively, hesestudies
suggesthat under healthynormal physiologicd conditions, matureendothelial cells have robust expresson of
miR-126 whichunder normal conditions silences SIDRndenhances angiogenesis through the VEGF/eNOS
pathway(by targeting?IK3R2 and SPRER); while ealy EPCs have higher expression ofiR-150which
targetsand suppress€3XCR4. However the expression of these microRNAs changes upon ikjpon
cadiovascular injury or ischemia, miR-126 and miR-150expression isreduced in endathelial cels and ealy

EPCs (respedively). This effect increases SDF-1 in injured endathelial cells and CXCR4 in ealy EPCs,
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promotingmobilization and reauitment of ealy EPCs to the site of cardiovascular injury, promoing repair(123
125).

The role of ncroRNA in theinteradion of injured endothelium with circulating EPCs is believed to be
mediated, in part, by microparticles. Deregibus et al. have recently reported that microvesicles released by
EPCs are indeed internalized by injured endothelial cells, and this in turn acounts for the horizontal transfer
of various RNAs, promoting angiogenesi§l26). Microparticles released by EPCs have been shown to improve
angiogenesis iresident renal cell§l26). Activation of angiogenesis in human pancredic islet endothelium
has been reported using mcroparticles containing proangiogenic miR-126(127). It has been suggested that
direct targeting of SPRED-1 by miR-126in late EPCsaffectsRAS/ERK signaling andin turn, affects late
EPC proliferation. As such, EPC function may alsobe regulated through Ras’ERK signaling under the control

of miR-126(128 129).

1.10 Overview ofthesis

Despite a growing body of evidence supportingdfieacy ofearly and late EPCs promotingangiogenesis
and vascular repair, there no consensus concerning whether early EPCs and late outgrowth EHQdaate
related cell types, and if so, in what way. For example, do late outgrowth cells arise from early EPCs by a rare
differentiation event, or are late EPCs derived from a caremitted precursor cell type that exists within the
initial mononuclear cell pool? The elucidation sfich questions will allow for better ways to harness the
therapeutic potential of these cells alldw for the development of more efficient approacfeesthe generation

of otherwise cumbersome adulte outgrowth EPCs for therapeutic applicatiqasd allowing for more
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mechanistic studiesn the role of these cells promotingangiogenesjs Since microRNAs are now established

as having profound ragein controlling numerous processes related to cell function, we sought to investigate the
functionalroles of microRNAs in early and late EPC outgrowgarticularly onhow microRNAs influence early

and late EPQlevelopment anéunction. We postulated thamicroRNAs could provideraluableinsight into the
relationship betweenarly and late EPCand the processes occurring within these typkes, whichreflects their

therapeutic nature

Chapter3 Overview

Rationale

This chapter isdivided into twoparts. h part onewe measurd changein microRNA expression
profiles usinga candidate microRNA arrayf thirteen relevant microRNAs agculatingMNCs gradually
gave rise to early and late EPQdeasuringnicroRNA profiles at multipléime points allowed us to
correlatethe graduathangem profile during differentiation ofarly and late EPCIn part twg we
performedan unbiased global gene and microRNA array between ERBGsand late EPCgprovidinga
greatemreadth oinsight into absolute differencégtweernthese cell types
Part 1 hypothesis:

As MNCs give rise toaly and late EPCshere is a gradual change in total microRNA expression
profile which reflects a total shift in predominant cell population and the processes occurring within the
remaining cell types.

Part 2 hypothesis:
Early and late EPCs will express distinct microRBMpression profiles that reflect differences in

biological activity and may provide new insights into the relationships between these esdirigighe
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mechanisms underlying the origins of late EPCs from MNCs and early EPCs.

Chapter4 Overview
Rationale:

Our results fromhe expression profiling studyncovered amumber of key findingsFirstly, in
early EPCghe predominantnicroRNA speciesxpressed was miR-146a, a regulator of intracellular
inflammatory response. Since it is believed thaealy EPCs have an indirect therapeutic mode of
adion partially mediatedhroughimmune modulatorymedanisms (70, 130, we postulated miR-146ais
involved in theantiinflammatorytherapeuticatureof early EPCsOur rationale considered the evidence
that miR146a regulate¥LR4 signaling response in numerous myelditferentiated cells like
macrophages and dendritic cells. As such, we queried whethei#@&®finctioned in a similar
manner in early EPCs.

Hypothesis:

MiR-146a represents a key regulator of the immune modulatory activity of early EPCs by

terminating the pranflammatory response to sustained cytokine stimulation and reducing NFKB

activation.

Chapter5 Overview
Rationale:

A second finding from the expression profiling studgs that late EPCs express a unique

microRNA expression profileompared to MNCs and early EP@4ich strongly resembles that of
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mature endothelial cell®avingvery highexpression of miRL26). As noted earlier, miR 26 has been
shown in numerous studies to confer-prigiogenicactivity. Snce late EPCs are thought to mediate
vascular epair through directintegration into theendothelium and engraftment, we postulated that miR-

126 plays a key role the specification odnendothelial phenotype.

Hypothesis:

The hgh expression levels of miR26 in late EPCs is indicative of endothelial differentiation
and confers direct angiogenic activity. Moreover, to the extentléhatBPCs may arise from early
EPCs, overexpression of miRL26 in early EPCs will promote endothelial differentiation and

angiogenic potential.
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CHAPTER II: MATERIAL AND METHODS
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a) Tissleprocessing, ealy and late EPCculture

Leaukapheresis (the product of isolated blood leukocytes using apheresis) is rich in white blood cells
which contain monocytes, and these are what are believed to become EPCs. In all experiments, early and late
EPCs were generated from human adult leukiagsine thatvas caductedusing a Cobe Spectra (Gambro BCT,
Denver CQ, whichwas takerfrom the adult peripheral blood of healthy participaatsl prepared as described
(131). Up to 312 billion leukocytes enrleed with monocytes (:25% tota) were generated using this process.

For culture, leukapheresis product waashed and dilutedour fold in PBSand ficoll density gradient
centrifugation was used to consolidate a moneewytgched buffy coat laydiFicoll Histopaque 1077, Sigma)
which was isolated and used for cell culture purpdsasour candidatearray, processed MNCs were plated at a
density of0.5x1Cf cellscm?® at 1, 3, 5, 7, and 9 days for early EPCshumanfibronectin (Roche Applied
Science, Indianapolis, INJoatedflasks (Figure 2). For later experiments, only day 5 early EPCs were used.
Cell culture medium consisted of endothkkell basal medium supplementadth 20% human serum and
endothelium growth factonsith antibiotics(EGM2-MV, Cambrex, cat. No. C32027i instead of FBS from the
kit, we used human serum frodisent Cat. No. 02210). After three days, neadherent cell were removed
with old media and fresh culture medium was supplied. Change of medium occurred every other day.
Morphology was assessed daily using phase light microscbate EPCs are cultured fe21 days (on non
fibronectincoated flasks). An exhative list of materials can be found time supplemental chapteA time-

lapsed video showing the generation of EPCs can be fioutigé following links:https://goo.gl/kRZbaMand

https://qgoo.qgl/ilpS4f

b) Early and late EPCcharaderization using immunofluorescence

25


https://goo.gl/kRZbaM
https://goo.gl/ilpS4f

For characterizing EPCshe generated early and late EP@ere characterizedo confirm uptake of
fluoresceinlabeled Ulex europaeu@JEA-1) lectinrb i ndi ng (Vector, F Lkdioctade®yl ) as we
3, 3 ,-tBtiamedhyl indocarbocyanine perchlortdbeled acefated low density lipoprotein (AcLDL, Life
Technologies £3484) uptakes described (114). Briefly, cellswere grown on 2 chamber coverslips (Nunc-ab
Tek 1l slides, 154526) that were pteated with fibronectin For permeabilization and intracellular imagirnglls
were permeabilizedusing 0.1% TritorX100, and thenfixed using fresh 2% paaformaldehyde (PFA).

Afterwards, the slides wemmount ed f ol l owi ng manuf ac t-dap enediagVegor ot oc o |
labs H1200). This mounting media contain@API (4',6-diamidinc2-phenylindole) Dried, mounted slides were

thenimaged usindluorescence microscopy (Nikon C1, Champiguy-Marne, France).

c) Charaderization of ealy and late EPC markers using flow cytometry

In addition to immunofluorescencdor characterizationwe performed flow cytometric analysising an
Attune acoustic focusing cytometer (Applied Biosystems)early and late EPC#nalysis was done using
Flowjo Single Cell analysis software (version 10or every 1.5x19cells, the following amount ofréibodies
were used for study: b@ monocytic marker CD14 (cat. 555398 panleukocyte receptor CD45 (cat.
555483),10m melanoma cell adhesion marker CD146 (cat. 562113%), mature endothelial marker CD31 (cat.
555482),15m vascular endothelial growth factor receptor, CD309/VRGFcat. 560494)pnd10m of appropriate
isotype controldo establish gating parameters. Isotype controls were atioRfgated (BD Pharmigen) and
selected to reflect the candidate IgG subcldssr early EPCs, weonfirmedCD14', CD45, CD31" as well as
lectin binding and AcLDL uptake; and for laPCs,CD14, CD45, CD31I, CD146, lectin binding and AcLDL

uptake as wellAll antibodies usedvere monoclonal, PEonjugatedand purchased from BD Pharmigen. We
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followed methodologiesas described (115. Briefly, prepared cellsharvested using TrypLE (Invitrogen,
Burlington, ON) andvashedand placed into flow cytometry test tubes (BD Pharmigen, WG27) at a denstty of 1
5x1C cells per assay tube containing 1@0flow buffer (PBS with 5% FBS) If were to be used within 2 days,
theywere fixed using a 4% formaldehyde solution for 10 minutes %.3The primary antibodies were applied
and incubated foll owi ng ma batidneaells were ewndd sagaincansiftgedacdt i o n s .
re-suspended in-3 mL flow buffer. After incubation, cells were washed again anduspended in 3 mL flow

buffer prior to analysis on flow cytometer.

d)  Tota RNA extradion

To extract our RNA for study,rppared cellsverequantified and separate@.$ million) for total RNA
extractonusi ng manuf act urmaVadasiRNA isotatoie sydtem f(Aonbiont Amstin, TX, USA)
as describe132). Briefly, 2-5x10° early or late EPCs were detached frimacell culture flask using 6061
denaturing lysis buffer (cell scraper used to scrafferemainingcells). Cell lysates were then xed with
mMiRNA homogenate additive, followed by an apidenol chloroform extraction. Following 10,0009
centrifugation at #C, the aqueous phase was transferred into a new tube and mixed with one third the volume
of 100% pure ethanol, and then passeduitinoan RNA purification column. The resultant suspension was then
washed 3 times with wash buffer, and the total RNA was eluted intail06f preheated (95C) elution

solution. Extracted RNA was then frozen in elution solutiol@fC until study.
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Figure 2: Cell culture timeline for each participant sample in the microRNA candidate array
Several flasks of cells were grown concurrently and lysed successively using the timeline shown. At each time point, RNA we

extracted and analyzed for 13 candidate microRNAs. Time required for generation of late EPCs varied per participant but remained

within 14-21 days in culture.
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e) Reverse Transcription

For performing qRTIPCR, he TagMan microRNA reverse Transcription Kit (Applied 8istems Inc.)

wasused ol | owi ng ma n u foareversertranscaptio(RYY. &aclo peaction contained15ni
miRBase 1D Primer ID Species Seguence
hsamiR-34a5p 00045 Human/Mouse/Rat/ UGGCAGUGUCUUAGCUGGUUGU
hsamiR-92a3p 000431 Human/various UAUUGCACUUGUCCCGGCCUGU
hsamiR-126-3p 002228 Human/Mouse/Rat UCGUACCGUGAGUAAUAAUGCG
hsamir -130a3p 000454 Human/Mouse/Rat CAGUGCAAUGUUAAAAGGGCAU
hsamiR-132-3p 000457 Human/Mouse/Rat UAACAGUCUACAGCCAUGGUCG
hsamir-146a5p 000468 Human/Mouse/Rat UGAGAACUGAAUUCCAUGGGUU
hsamiR-1555p 002623 Human/various UUAAUGCUAAUCGUGAUAGGGGU
hsamiR-424-5p 000604 Human/various CAGCAGCAAUUCAUGUUUUGAA
hsamiR-221-3p 000524 Human/Mouse/Rat AGCUACAUUGUCUGCUGGGUUUC
hsamiR-217-5p 002337 Human/various UACUGCAUCAGGAACUGAUUGGA
hsamiR-222-3p 002276 Human/Mouse/Rat AGCUACAUCUGGCUACUGGGU
hsamiR-503-5p 001048 Human/various UAGCAGCGGGAACAGUUCUGCAG
hsamiR-210-3p 000512 Human/Mouse/Rat/ CUGUGCGUGUGACAGCGGCUGA

Table 3: Primer IDs and sequences

MicroRNA sequences verified using miRBase.org database release 182 1 . Mi cr oRNAs species |

primer sequences applicable to a wider species range.
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of 100 mM dNTP, 1.%L of 10x RT buffer,3 in of selected microRNA primeTable 3), 1nL of
Multiscribe™ reverse transcriptase, 8@ of total RNA and nucleadeee HO (to adjust each reaction volume

to 151.). The RTcycle steps wer#6 °C for 30minutes, 42C for 30minutes, 8%C for 5 minutes.

f) RealTime PCR

Real time PCR assays components were purchased from Applied Biosystems Inc. and were performed
according to manuf act ur was &pisted to ®tal valumeé of 201 €antaining:2d.h r eact i
of reverse transcription product d of 2x TagMan universal PCR mastermixpil of 20x TagMan microRNA
assay primer and ddB to adjust volume. Real time PCR was performed on aR@i CFX96" Real Time
PCR Detection Systemmsingthe following stages: stade 95°C for 10 minutes, stage 2, 96 for 15 seconds and
60 °C for 1 minute (repeated stage 2 for 40 cycles). The obtained Ct values were analyzed using the Livak ddCt
or X ®®Ghethod to obtain the relative expressionelsvof each microRNA133. Expression values were
normalized to the mean of the endogenous references RNU6B (U6) and RNU48 I{d#8ulid be noted that we
tested three small nucleolar microRNAs for normalization, whicbluded RNUA44 (Appendix J), but

subsequently removed RNU#&#&m all analysislue to its highe€q.

g) Assessment of RA purity and integrityfor comprehensive globakrays

In addition to our candidate microRNA arraye conducted globajene andmicroRNA arraysusing the
Affymetrix GeneChip® Human Gene 2.0 Sihd Affymetrix GeneChip® miRNA 3.0 arraydpllowing the

manuf act ur eras slescribedl34y Badyt andolates EPCs were grown using the same process and
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procedures as described. Total RNA was collected from early EPCs on days 1, 3, 5, 7, and 9 and (g&r EPCs
healthy partigpan)). Following extraction, RNA purity was assessed using a nanbtismectrophotometdwith

a minimum cutoff of 22.15 for 260/28Q) Total RNA was extracted from early and late ERC#iree males and
three femalesKigure 3) using thepreviously described proceduie measured RNA integrity using an Agilent
2100 Bioanalyzer (Agilent Technologies) as descrid&b and using a minimum RIN (RNA integrity number)

of 7.0. After RNA quality and integrity was confirmed, thangples were prepared for arrayr the global
arrays, we only compared day 5 EPCs and late EPCs (as our resultsufrcandidate arraghowed that day 5
was the optimal time point for early EPC predominanc&he RNA for the unused days was stored for later

experiments.
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Prepared RNA Samples

Sample Number

260/280| 260/230
Rimn

Participant

.sgn 7 30 790
Patient ID Affymetrix ID Sex Age Date
EMAL24 5756 Male a7 05-May-12
EMNAL2S 5757 Female 241 06-Jun-12
EMALZE 5758 Male a4 12-Jun-12
EMAL3Z 5759 Female 53 09-Apr-12
EMAL3E 5760 Female 58 20-Apr-12
EMALZS 5761 Male 61 June & 2012
Day 5 Cells correspond to "early EPCs"”
Late - Correspond to "late EPCS”

Figure 3: Tabulation of RNA and participant information for microarray

(A) RNA integrity and 260/280 values for RNA used in microarray. (B) Participant information for samples used in

arrays.



h) Flashtag™ Biotin microRNA labeling

To prepare RNA samples for arragtdl RNA samples were labeled usieggents supplied in thfymetrix
Flashtag™ Biotin labeling kit (Affymetrix 901910f ol | owi ng ma n u hsadescribethgAuéretalpr ot oc o |
(136). Samples where adjusted for volume consistgi8oy.) prior tothe addition of spikein controls at a ratio of
4:1. Manufacturer supplied ATP mix was diluted in 1mM Tris at a dilution factor of 1:500 for total FA-A -
tail master nx was addedt a ratio of 1.50f 10X Reaction Buffer and 25mM Mnglto 1 (Diluted ATP Mix and
PAP Enzyme).5 mL of the prepared pol-tail master mix was added to 1 RNA/Spikeins, totalling a
volume of 15ni. Afterwardsthe samples were heated 3@ °C for 15 minutes and theplacedon ice for 5
minutes. % Flashtadg™ biotin ligation mix wasthen added in addition to T4 DNA ligase. Samples were
incubated at RT for 20 minutes priorttee addition of stop solutiofassupplied in the kit) The prepared samples

were then run on th&ffymetrix GeneChip®using theHuman Gene 2.0 Sdrray platform

1) TLR stimulation of ealy EPCs

For TLR4 stimulation of early EPCsarty EPCs were grown to day 5 (dscussedn our array studies)
and treated with Escherichia cépjopolysaccharides or LPS (Sigma, L65PMIG) at a concentration of 100
ng/mL, 20ng/mL of IL-4 (Peprotech, 2004), or media as control for 24 hours as descr{@éj Noticeable
changes in morphology (specifically,loss of elongated shape and s@ejurred within 24 hours. Following 24
hours media was changed and cells were imaged using a staongaght microscope (Nikon C1,
ChampignysurMarne, France). Protein and/or RNA extraction was then performed using the methods

described.

33



j)  Protein extradion and Western blotting

Protein extraction and Western blotting was performed as previously described (13 1). Briefly, treaed
early EPCs were lifted from flask using TrypLE express (Life Technologies, 12605036)and spun at 300 g for 7
minutes. Cell pellet was lysed using Ripa buffer (Millipore, 20-188) suppdemented with cOmplete protease
inhibitors cocktaill Table (Roche, 0469311600Las r ecommended i n m&esultahtaetlt ur er 60s
suspension was sonicaed for 15 seconds then centrifuged at 4 °C degrees at 10,0009 for 15 minutes. The
supernatant was colleded for wesern blotting. NUPAGE 4-12% bistris ¢ggl using MOPS buffer (Life
Technologies, NP0321H2) was used for electrophoresis, then transferred to PVDF membrane and probed with
the specifiedantibodies Antibodies against NFKB p105/p5it 1:1000-3000 (Rb mAbCell Signaling, 3035S)
eNOSIlIl at 1:100(Rb pAb, Millipore,07-520), TRAF6 at 1:5000(Rb mAb Abcam, AB33915), IRAK1:2000
(Rb mAD, Cell Signalling, 4359s) and Erk1d21:5000(Rb mAb, Cell Signalling 9102Sand b-adin antibody at
1:10000(Ms mAb Sigma-Aldrich, A2228-200UL) were wised IRDye infrared secondary antibodies were used for
detection of the above targets {LOR Odessy Infrared Imaging System;Qor BiosciencesGuelph ON).
Unless otherwise stated, 2@ of whole cell lysate was used per bl®Representativ®Vestern blots for loading

control andcomparisons of basal expresseareincluded inAppendix K.

k) ELISA: Bromodeoxyuridine (BrdU) detection for proliferation

BrdU detection was performed using the CHEMICON BrdU detection kit (Millipore 2750) following the
manufadurer® protocol as described (137). In brief, cells plated on a 96 well plate were seeded at

0.5x10° cells’em? until day 5 for ealy EPCs. Cells were then tregted with microRNA mimic for over
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expression (OE), scramblemiR or microRNA inhibitor for knockdown (KD). Following treament, cdls were
treated with 1X BrdU for 24 hours. Afterwards, cells were washed three tingsmeabilized, then fixed for 30
minutes at room temperature RT). Subsequently, cells werewashed three more times. MU detedion
antibody was added for 1 hour a RT, washed, and thenperoxidase conjugate was added (as direaed) for 30
minutesat RT, followed by another set of washes. TMB peroxidase substrate was added before BrdU was
deteded using PolarStar Omega optical density plate readerto measure absorbanee 450/550nm(BMG

labtedh, Germany). The detected Brdwas thencompared to the scramble-miR transfededgroup

l) ELISA: Cleaved caspase 3 measure for apoptosis

Cleaved caspase 3 activity assay was performed using human cleaved caspase-3 (Asp175) fluorescence
basedimmunoassy (R&D Systems KCB835) for apoptosis using manufadureré protocol as described (138).
In brief, cells were grown on a 96 well plate, seeded at 0.5x10° cells’'cm? until day 5 for ealy EPCs. Cells
were then treated with microRNA mimic (OE) or microRNA inhibitor (KD). For trestment, the 96 well plate
was centrifuged at 300 g at 4 degrees for 3 minutes. Cells were fixed with 4% PFA at RT for 20 minutes.
Resultant cells were washed, quenched using supplied quenching buffeand washed again using 1X wash
buffer and 1X quenching buffer prior to 1 hour of blocking as per manufacturer protocol. Celisoubaed
overnight withcleavedcaspase 3 antibody. The following day, cells were washed, and secondary antibody was
applied for 2 hours at R'For cantrol, GAPDH was useds supplied in the kiCells were washed a final time
before addition of fluorescence substratesThe esultant plate was read usiagPolarStar Omega multi-mode
plate readeBMG labtech, Germany); cleaved caspase 3 was recrded at 600nm (excitation at 540 nmgand
GAPDH was remrded at 450 nm (excitation at 360 nm) Resultant CCASP3 realings were normalized to

GAPDH, and for analysis results were then normalized to scramble-miR transfected cdls. Late EPCs were done
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in a similarmanner but grown to P3 (passage).

m) Quantitative analysis of cell adhesion using captured images

Following typical acquisition of cell images using standard microscopy, cells were enumerated using Image J
software. Captured fields were randomly chosengpeup and were counted in a blinded manrsngivarious

parameters: cell length, cell shape and symneasrgiscussed in assessments of morpholegstion ).

n) Detection of nuclea NFKBp65adivation by immunofluorescence

Early EPCs were grown to d&yin 2 chamber coverslipdignc Lab Tek Il slides, 154526). On day 5, early
EPCs were treated with miR46a inhibitor or scrambimiR using the same methogseviously mentioned.
One extra slide of early EPCs was treated with LPS alone {@@0L, overnidpt) for control. The next day,
media was changed and the nriiR6a inhibitortreated cells were treated with LPS (1@§'mL, overnighj.
Following treatment, cells were fixed using 4% PFA for 15 minutes at RT. Slides were blocked in 1X PBS/5%
normal serum/@% TritonE X-100 for 1 hour at RT followed by PBS washes. Primary antibody NFKBp65
(cell signalling8242S) was used at 1:1000 overnight. The next day, slides were washed three times in PBS, and
incubated in Alexa Fluor 488onjugated secondary antibodyifd technologies, 1024116) for 1 hoat RT
prior to washing and mounting. Images were captured usumgefscence microscgNikon C1, Champigny

surMarne, France).
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0) Assessing transfection ofmicroRNA inhibitor using immunofluorescence and flow
cytometry

To confirmtotal percentiptake and transfection efficiencygry EPCs were grown to day 5 in @6¥ flasks
and on 2 chamber coverslips (Nunc L3k Il slides, 154526). Brieflyon day 5, early EPCs were transfected
wi t hFABldabeled miR146a5p inhibitor (at 5pmol/1.75cn? oligonucleotide) per 14nL of total volume
using Lipofectamine 2000 (Life Technologies, 11668023)igonucleotide details are provided Tiable4. The
next day, media was replaced with fresh EGMV media. Cells grown in flasks were used for flow cytometry.
To visualize distributionand uptakeof fluorescerdabelled oligonucleotidesusing immunofluorescence, cells
were grown on 2 chamber coverslips as described earietls were permeabilized (if needed) using 0.1%
Triton-X100, fixed using fresh 2% paraformaldehyde (PFA), and mouihtedl | owi ng manuf actur er ¢
using Vectaslhild-dapi media (Vector labs -#200). Dried, mounted slides were imaged usingréscence

microscopy (Nikon C1, Champigmgur-Marne, France).

MaturemiR ID Stem-loop accesson Mature . i
Mimic/Inhibitor #/Supplier miRNA 1D eI e U
e MR- 14625 MI10000449K ife

o Technologies MC10722 M10000477CGAUGUGUAUCCUCAG
mimic (cat.4464066) CUUUGAGAACUGAAUUCCAUGGG
hsa-miR-14635p MIM ATO000449L ife UGAGAACU | UUGUGUCAGUGUCAGACCUCUGA
i Hibitor Tednologies MH10722 GAAUUCCA | AAUUCAGUUCUUCAGCUGGGAUA

(cat. 4464084) UGGGUU UCUCUGUCAUCGU
. MIMATO0000449Exiqon /566-

ESM'hS&m'R'“G& (500150) FAM/ACCCATGGAATTCAGTTCTC

Table 4: Oligonucleotide and stem-accession detailsfor miR-146a
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p) MRE sequence confirmation using luciferase-reporter construct

We useduciferasereporter assato confirm that our microRNA oligonucleotidascurately comgment
t he 3 olU duR computationallypredicted mRNA targets, thereby confirming our proposed pathway
interactions. Usi ng the manufact ur er bightSwiteh S THRmmasnttefad TRAF6ot oc o |
(Switchgear genomics, S813016)was co-transfeded in HEK293T cell line with miR-146a mimic, scramble, or
media using DharmaFECT DUO (Cedarlane, T-201002). Further information on TRAF6 reference genome
used for sequence design can be found in Appendix C. Briefly, HEK293T cells were grown to 80%
confluency using DMEM media (10%FBS)n white 96 well TC plates (the black 96 well plates can cause
inaccurate luminometer measurensgnt Each transfectedell-contained3.3ni (30 ng/nlL) of suppliedGoClone
reporter,and 50 nM microRNA mimic andwastransfectecbvernight. The next day, cells were treated wiité
suppliedLightswitch Assay reagent (SwitchGear genomics, LS010) and read for 2 seconds using a PolarStar
Omega luminometer (BMG labtech, Germarnifiis was performed to further confiratigonucleotide sequence

complementarityafterhaving confirmed uptake amytoplasmic distribution

g) Bio-Plex Pro Human Cytokine Array

To assess the effect of miRlI6a manipulation on cytokine production in early EPCs, we uselithglex
Pro Human Cytokine 2plex systenwhichis based on fluorescently dyed magnetic microspheres (besidg)
XMAP multiplex technology(Bio-Rad, M500KCAFQY) following thema nuf act ur €189 sThepr ot oc ol
following detection targets where usdd-1beta, Il-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12

(p70), IL-13, IL-15, IL-17, Basic FGF, Eotaxin,-GSF, GMCSF, IFNgamma, P10, MCR1 (MCAF), MIP-
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lalpha, MIR1beta, PDGHBB, RANTES, TNFalpha and VEGF.Manufacturer supplied standards (using 1:4
dilution) and controls were usefcquisition and analysis was performed on a-Biad Bieplex 200 Luminex
machine using the BiePlex manager software version 6.1 which contained the appropriate acquisition

modalities(Bio-Rad laboratories, CA).

r ValidatingMRE sequence witmiR-126 knockdown using reporteassay

As describedor MRE sequence confirmationin (L i ght Swi t ch 306 UTR1 (pWitehgeani d f or S
genomics, S811430) was-tansfected in HEK293T cellsith miR-126 inhibitor, scrambleniR, or media using
DharmaFECT DUO (Cedanhe, F201002) followingthema nu f act ur €400 Burtherdetatlsonche |
SPREDL1 reference genomee used for vector design can be foundAppendixC. Briefly, HEK293T cells were
grown to ~80% confluency in white 96 well TC plate. Each transfestdtdcontained3.3 nL of (30 ng/i)
GoClone reporter, 10060 M mi cr oRNA i nhi bitor f ol | wastranstpctechavernighta ct ur er 0
The next day, cells were treated with Lightswitch Assay reagent (Switclyg@eamics, LS010) and read for 2
seconds using adRrStar Omega luminometer (BMG labtech, German$gquences for m#226 mimics and

inhibitors are provided ifableb.
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'V'?‘“%re m'.R. 12 miRBase accession #/Supplier Mature miRNA ID Sl :
Mimic/Inhibitor accession/sequence
hsamiR-126-3p MIMAT0000445/Life Technologieg MI0000471/CGCUGGC
mimic MC12841 (cat.4464066) GACGGGACAUUAUU
' ACUUUUGGUACGCG
CUGUGACACUUCAA
HasmiR-1263p | MIMAT0000445/Life Technologies UCGUACCGUGAGU | £z ot >r ACESUCAT
inhibitor MH12841 (cat. 4464084) AAUAAUGCG CCACGGCA
FAM-hsamiR-126- . / 5-0 6
30 Inhibitor MIMAT0000445/Exiqon(500150) EAM/CATTATTACTC
P ACGGTACG

Table 5: Oligonucleotide and sterraccession details for miRL26

s) Transfection an@®etection of intracellular microRNA mimics by immunadkescence

Early EPCs were grown to day 5 in @B¥ flasks and on 2 chamber coverslipunc Lab Tek Il slides,
154526) On day 5, earlyEPCs were transfectedsing 5 6FAM-labeled microRNA 12@p inhibitor (5
pmol/1.75cn? oligo) per 1.4 of final total volumeand Lipofectamine2000 (Life Technologies, 11668027).
The next day, media was replaced with fresh EENW media. Cells weresubsequentlyixed usingfresh 2%
paraformaldehyde (PFANnd mounted using Vectashieddpi media (Vector labs-#200). Dried, mounted slides

were maged using florescence microscog¥eiss LSM 510 META/AxioVert200).
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t) Assessmentof earlyEPCmorphologyfollowing over expression of mi#226

Following transfection of early EPCs with miR6 mimic, we assessed change in morphology usstgndard
upright microscope (Nikon C1, Champigsyr-Marne, France) imaged over 6 hour intervals. Subsequently,
images were analysed for change in shamee and numbein silico (ImageJ). This computationalanalysis
considered @mpositionof cell dimensions withiespect to the aspect ratio of cell longitudinal: transverse axis as
well as the circularity (f=gA/P?) and elongatioiff=i»/i1)°> shape factorsCells, which were at least twice as long

as they were wide in dimension,e r € d e esmteap €id @.d

u) Matrigetbasedube formation assay

Early EPCsgrown today 5 or late EPCs were given microRNA treatment overnight and plated on BD
BioCoat Matrigel Basement Membrane coatedel plates (BD BioSciences) at 75,000 cells per wsihg
manuf act ur €141p sUnlike late EPCs) healthy early EPCs do not form matrigel networks when
cultured alone on matrigel, therefore these cells are normallguloared with HUVECs for this assay.
HUVECs where grown to ~80% confluence on T75 corning flasks using only-E@Mdia supplemented
with 20% human serum (Lonza, c&C-2517 andWisent Cat. No. 02210). Early EPCs were coultured
with HUVECs at 1:1; while late EPCs were cultured alamreafl matrigelassays. Cells were suspended in 2
mL medium supplemented with 10@y/mL recombinant VEGF (R&D Systems) and grown for 24 hours.
Images were taken at 1.5, 5, 12, 4Bd 24 hoursand after analysis it was deemed that 12 hours provided the

clearest distinction between treatment group®llowing data acquisition, analgswas done at the 12 hour
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mark using Angiogenesis Analyzer for Imageghttp://imagebio.methods.free.fr/Imaged/?Angiogenesis

Analyzerfor-Imaged) Since theras normaluncontrollable variabilityfor eachexperimental run duéo cell
distribution andaypical experimental error, ImageJ software settings were set basi@ @ontrol group per
each experimental runiflo minimize extraneous variability for comparisons, experiments with early wB@s
normalized to untreated early EPCsadtured with HUVECS; while for late EPCs, results were normalized to

untreated late EPCs grown oratrigel alone.

v) Boyden chamber migration assay

Chemotactic migratiortapacity of early EPCs was assessed using a modified Boyden chiithee 4)
migration assay previously described by Kuliszewski etvaith modification(141). Early EPCs were starved of
serum for 1 hour and suspended ifEBM-2 + 0.5% BSA at 5xI0cells/mL. 500ni of this prepared cell
sugension, containing 2.5x1@ells was placed within cell culture inserts (Becton Dickinsomm8pores), then
placed within companion plates containing 580 EBM-2 + 0.5% BSA containing VEGF and SEIF(100
ng/mL, of both). Selection of &m pore sizes made active chemoattraction assessable as early EPCs were
measured at 230 nm in diameter, requiring active migration through smaller poAdger 2 hours of migration at
37 °C, inserts were removedhe underside membrane was fixed and retdi for DAPIfor nuclear staining
Migrated cells were aunted by DAPI staining using a florescanverted light microscope (Nikon Eclipse
TS100). Four mandom fields were captured per higbwer field (HPF) and counted blindly 100x magnification

(i.e.: cells were counted without operator knowledge of the treatmentgroup
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Upper Compartment

Insert
Figure 4: Simplified cell migration chamber

FPorous Membrane

Obtained with permission from Keenan et
Lower Compartment o (2008).

w) Research ethics and statistical analysis

The Ottawa Hearnstitute Research Ethics Committee approved all protocols performed on human tissue
from donors with the participants providing written informed consent. The studies presented are in conformity
with the Declaration of Helsinki for use of human tissue and adhere to the National Council on Ethics in Human

Research guidelines.

Unless otherwise inditad, meant SEM values are reported in the graphs throughout this thesis
(presumed normal distributipnA scramblemiR was used to compare nepecific transfection effects while
untreated control groups were used to compare treatmentandsbpaired o mp ar i sons, a student 0:¢
performed (paired, when appropriate); otherwissnaway ANOVAwasusedu si ng either a Dunnett't
T u k e y éhec tgsassdicatedin the figure captions Statistical software employed for analysis was Graghp
Prism version 6.0Array analysis was performed using a Pearson correlation witlpa@metric significance of
analysis of microarrays (SAM) technique viapBckage (Stanford University).Statistical significance was

considered as p<0.05.
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CHAPTER lll 7 EXPRESSION PROFILING PART 1: Candidate MicroRNA Array

During EPC Outgrowth
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3.2.1 Introduction

Over the past decadeyere has been a growing amount of experimental evidence in support of the
efficacy of EPCs in cardiovascular thergfiy2 143). In the majority of cases, therapeutic applications of EPCs
have focusedprimarily on early EPCs, which are thought ittduce revascularizatioprimarily through
paracrine mechanissi{49, 55, 144-146). In contrast, late outgrowth EPCs appear to act largebnigyaftment
and transdifferentiatioi147). However, compared to early EPCs, late ER@genot been tested in clinical
trials and lesss known about their therapeutic natutdoreover, the challenges associated with the generation
of late outgrowth EPCs in addition to a continued lack of consensus regardieg existenceof possible

precursor cells that give rise to |&Cs;have proven tobe major limitationgo their study

In vivo, drculating EPCs are believed to originate fréime bone marrow, mobilizing in response to an
injury to facilitate vascular repair and angiogeng4di48150). In vitro, early EPCs are generated fraaault
peripheral blooetlerived monocytes during sheterm (35 days) culture iran endothelial growth medium.
These cellgetain monocyte markers (@B and CD45)yariably express some endelial markers (i.e. KDR
and Tie2), canbind lectn and take upAcLDL (28). By contrast, lateEPCs possesgreaterendotheliallike
morphology butlack classical monocytic characters sashCD14and can also bind lectin and uptake AcLDL
(146). However, itis not known whether late EPCs represent a unique cell lingaagkestined to become
endotheliallike cellsandaredistinct from early EPCs oif they arisesecondarily from early outgrowth celhy
a differentiation processBut what is certain is that early EP@ee clearly culture modified mononuclear cells,
and may share sonsgmilaritieswith othermonocytederivedcells, such as macrophages or dendritic ¢&8Ifs

151).
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As post-transcriptional regulators of gene expression, microRNAs likely play an important role in
regulating gene expression and driving phenotypic changes in 8allse microRNAgegulatethe expression of
large numbers of related genes, we sought to define the profilesc@RNIA expression within early and late
outgrowth EPCs to establish the extent to which these were shared and how thesecpeofdesluring the
processes lealing to the outgrowth of ealy and late EPCs. This work will form a basis for the rest thfe thesis by
defining the unique mroRNA signatures for the two EPC subtypes and providing insights into the potential

mechanisms that goveboth their derivation anfdinction.

3.1.2 Hypothesis andAim

Hypothesis:As MNCs give rise to early and laEePCs; there is a gradual changeaatal microRNA exprasion
profile, whichreflects ashift in the predominant cell populatioand the processes occurring within the remaining

cell types.

Aim: To compare differences and similaritiesin microRNA expression profiles betweenmononuclear cellaly

andlate EPCs during outgrowth

3.1.3 Resaults

a) Generating and characterizindNCs, ealy and late EPCs
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A key requirement for thigitial study was the identification of an optimahe window for establishing an
early EPC phenotype during mononuclear cell culture. The time required for generating early EPCs from human
circulating mononuclear cell cultwsearies in different repastfrom 3 to 10 days. However, we identified that
within the first three days in culture, the majority of cells have akrt on the classical early ERP@}shaped
morphology. By day 5 in culture, nearly 80% of studied cells, across all participantgtezkhypical early EPC
morphology Figure5). This observation became further confirmed when we noted that the establishment of

rod-shapedmorphology in ealy EPCs refleded the appearance of other EPC characterissasoted below.

b) Classicd ealy and late EPCcharaderizaion

A typical (or classical) feature of early and late EPCs is Kutiding ability. Both ealy and late EPCs bound
Ulex lectin (an endothelial selective lectiim) abundance. Additionally, Dil-labelledAcLDL uptake was similar
in both cell types (Figure 6). It should be noted that due to ladk of proliferation in early EPCs, rendered
images appea less confluent than late EPCs. For clarity, low power and high power magnification is provided in

Figure6 to show total fluorescence and cell distribution.
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Figure 5: Morphology of leukapheresisderived PBMCs during early and late EPCgeneration

(Top) (A) Mononuclear cells freshly isolated from leukapheresis possess rounded morphology for 24 hours. (B) By day 3
the emergence of non-proliferating rod -shaped cells begins and these cells continue to elongate while rounded cells fail t
adhere and diminish. Throughout days 5 (C), 7 (D), and 9 (E), non-proliferating early EPCs persist with classic rod-
morphology. By week 2 and 3endothelial -like, colony forming late EPCs (F) emerge and gradually push off early EPC:
from flask until conflue nce. Image produced using light microscopy (20X objective). (Bottom) Percentages of rod-shaped

cells (based on asymmetry and >12 micrors in size) during 9 days of MNC and early EPC culture. Data presented a
mean = SEM, n=3.***p<0.001

48



Early EPCs

% 100 - S0prm
B=
580
]
]
£ 60-

MERGED il
S 40
]
<
£
E
- 0-
Late EPCs
= 100-
e
5 g, ==
T
x]

MERGED i 60 4
=
- 401
]
=
+ 204
.E
= 0- '
§ 3
u"""ﬁ "?‘r"

Figure 6: Immunofluorescencei Classical EPC Characterization

Representative images of EPC characterization performed on early (top) and late (bottom) EPCs. All cells were identified
by staining with 4§ 6-diamidino-2-phenylindole (DAPI) nuclear stain, FITC-conjugated Ulex europaeus lectin 1
(Lectin), 1, 1&dioctadecyl-3, 3 , 3-betreBnéthyl indocarbocyanine perchlorate-labeled acetylated low-density lipoprotein

(AcLDL). Cells imaged at 100x magnification. Data represent mean + SEM.



c) Assssment of ealy and late EPC markers using flow cytometry

To assess whether early and late EPCs expressed typical early and late EPC markers, flow cytometry was

used. Flow cytometric analysis showed high expression of endathelial marker CD31 in ealy and late EPCs, as
well as leukocyte marker CD45 in early EPCs (Figure 7). VEGFR2 expresson was variablein early EPC
samples as has previously been observed in our Id illustrate this further, four more representative flow
cytometric histogram plots are included(AppendixA). We also noted low expression of VEGFR2 in HUVECs

using the same techniq@&ppendixB).

d) Candidate microRNAarray

In our candidate microRNA array, we asses@expression of 13 biologically relevant microRNAs to
early and late EPCsCandidate microRNA profiling revealed aonsistent pattern of microRNA expression
across the 8 participants during culture of MNCs to derive early and late outgrowth EPCs. There was little
change in maroRNA levels duing the first 3 days of culturélowever, byday 5 there was aoticeable inaase
in miR-34a, -132 and-146g with a decrease in mi32a,-126 and 130aHKigure 8). Thesechanges in
microRNA expressiorcorrespondeavith the emegence ofearly EPG based on morphology and overagll
markersasdescribed aboveélhe apparent change in morphology (includingemergence of redhaped cells
among rounded cells$ indicative ofmotility in early EPCs which is mostly absent before daipéy 5 was
consistently the earliest time point where early EPCs were the predominant cell population for each participant;
and whatappears to be laeterogeneougopulationat day 5is in fact, he emergence of earPCsdisplaying

both motile and sedle propertiesFor lateranalyses wgroupedcells from days 13 as MNCsandfrom days 5
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9 as early EPCsWith the emergete of late outgrowth EPCs after 2 weeks of culture there was the appearance
of another distinctmicroRNA profile, with a notablemarked increase imiR-126 and -130a. Additional
microRNAs that wereselectivelyincreased in late outgrowth EPCs are showrkigure 9. Moreover, the
microRNA expression profile of late EPC was nearly identical to that of mature endothelialHté\l&ECs

(Figurel0).
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Figure 7: Characterization of early and late EPCs by flow cytometry

Representative histograms of early (top) and late EPC(bottom) characterization. Early EPCs where characterized on day 5 of culture and late
EPCs where characterized at passage 3. We examined cells for CD14 and CD45 (which are classically expressed in early EPCs) in addition
to VEGFR2 and CD31 (which are strong markers for endothelial cells). Low expression of VEGFR?2 is seen with in vitro cultivation of EPCs. Data

represent mean + SEM, n=3.
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Figure 8: Candidate microRNA array panel 1

The selected microRNAs were chosen based on published literature (Table 1). During normal generation of early EPCs, cells were
probed for microRNA expression of 13 candidate microRNAson day 1, 3, 5, 7 and 9; and after generation of confluent late EPCs. At
each time point, cells were lysed and RNA was extracted to monitor for changes in microRNA expression profiles as early EPCs
emerged. Separate flasks were cultured to allow cell lyses every 48 hours. Unlysed flasks were maintained in culture for over
two weeks until confluent late EPCs were generated. Late EPCs were cultured until passage 3. Progressive changes in microRNA

expression profiles were compared between participants for congruence. Statistical comparisons were made to day 1 (ANOVA
followed by Dunnetts test). Datarepresent mean = SEM; n = 5-8.*p<0.05, **p<0.01, Ap<0.0001.
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Figure 9: Candidate microRNA array panel 2
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Panel 2 is a continuation of candidate microRNA array results. As previously noted, selected microRNAs were chosen based o

published literature, then continually assessed during early EPC generation for 9 days. Late EPCs were lysed for RNA extractio
at passage 3. Statistical comparisons were made to day 1 (ANOVA, followed by Dunnetts test) Data represent mean + SEM; n =

5-8. *p<0.05, **p<0.01, Ap<0.0001.
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Figure 10: Late EPC vs HUVEC microRNA profiles

Seven of the highest expressed microRNAs from the candidate microRNA array were compared between late EPCs (s
and HUVECSs (B) to assess congruence. MicroRNA expression was normalized to RNU48 and RNU6. Expression we
calculated using the Livak ddCt method. Data represent mean + SEM; n =3-5. For comparison, representative images
of late EPCs (C) and HUVECSs are provided at 100x magnification (D).
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3.1.4 Discussion

During the generation of early EPCs from MNCs, the olagsi o n g a tlieedl mo ophol ogy of
EPCs first emerged after day 3infvitro cultivation Figure5). The typical morpology of early EPCs was most
prevalent between days t6 9. During this period, ealy EPCs do not proliferateand beyond 9 daysthey
graduallydeclinein numberdue toapoptosis (152). We noted that throughout days 5to 9 (inclusive), there is a
distinct pattern of miRNA expressiotiat is characteristicof ealy EPCs. Indeed, ealy EPCs are typically
utilized in therapeutic application for their purported reparative potehwraig this period in culture (153). For
statistical analysis, we grouped MNCs as cells cultured throughout days 1 to 3, ealy EPCs as days 5to 9,

and late EPCs at passage 3.

Our results indicateda consistent microRNA expression profile during the emergence okaly and late
EPCs. Additionally, late EPCs expressed a unique microRNA expression profile compared to MNCs and early
EPCs. This suggests thateither these cellsepresent an entirely different cell type or that theyarisefrom ealy
EPCsby a transdifferentiation process that involves a marked switch in itteRNA expression profile. As
well, we compared the expresson of seven of the thirteen highest expressed microRNAs in late EPCs with
human umbilical vein endothelial cels (HUVECs). Our results showed that late EPCs possess a similar
microRNA expresson profile to HUVECs. With this finding, we postulated that microRNA expression profiles
correlate with underlying physiological roles of their respedive cells and therefore represent critical processes

aff ecting phenotype.

One can only speculate about the mechanisms that underlie these shifts in miqoodtid& during

progressive culture of MNCs. However, it is known that the emergence of early EPCs under these culture
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conditions occurs by a process of attrition, since thore abundant cell types in the initial culture, i.e.
lymphocytes, are progressively lost, resulting in an enrichment in the monocyte pop{@@}ioMoreover, the
phenotype of tese monocytes is altered by culture conditions, with the adoption of a modest endothelial
phenotype, which likely is associated with some changes in microRNA expression. However, the dramatic shift in
microRNA profile associated with the appearance té lautgrowth EPCs likely represents either the further
differentiation of early EPCs, or the amplification of a very rare population of endothelial progenitor cells that
were present in very low numbers in the original MNC samplethis point we could at distinguish between

these possibilities, bubur later findings as presentedih the Appended Chapter appear sopport the latter

hypothesis.

During the 5 td9-day period of culture, &ly EPCs expressed the highest levels of miR-146a and miR-
132 compared to MNCs and late EPCs. Interestingly, both microRNAS have been implicated in immunogenic
responses in human monocytes and dendritic cells (DC) (154). Our lab previously showed that ealy EPCs
share some featurasith mononuclea cell-derived DCs (70), and exhibit a profound antflammatory response
when stinulated with cytokinege.g. release of high levels of L0). In a study focusing on human pathogenic
response to Aspergillus fumigates, a mtidt triggerssevere inflammatory response in huma@spta et al.
showed that miRL32 significantly modulated TR inflammatory responsgl54). Similarly, miR-146a has been
shown in numerous studies ¢ontrol immuneresponse to various TLR4 ligands, including the endotoxin, LPS
(105 155. As such, we speculated that microRNAs could play an important role irrethdation of

immunoregulatoryroperties okaly EPCs, and the role of the top candidateghsas miR146a, will be studied

The similarity in microRNA expression profiles of HUVECs with late EPCs, together with their nelgr

identical morphology(Figure 10), suggests that late EPCs represent a highly differentiated endothelial cell
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type, that ftill possesseshigh proliferationpotentillc onsi st ent with a true Oprogenitc

may have important therapeutic uses as well as providing a convenient source for cells bleastasally and
efficiently reprogrammedl56). Interestingly late EPCdhad very high expression of theghly pro-angiogenic
microRNA miR-126, which hasbeen previously implicatedch the regulation of angiogenic signaling and
shown in numerous studies as being crucial for-patlvascularizatior{66, 157, 158).

In contrast to theabovementionedmicroRNAs, the levels of mi®2a gradually declined during the culture
of early EPCs whereas its expresdievel recovered with the appearanafdate outgrowth EPCs. MiR2a has
been shown to regulatiie expression ointegrin subunita5 by a postiranscriptional mechanism. This
integrinis known to influence the survival of cells on fibronectin and the upregulation & Bgpression, and

thus its expression may be importanassessingiability of EPCs during the culture peri¢@l59, 160).

3.1.5 Chapter 3 Part 1 Summary

During theoutgrowth of early and late EPCs, tharasa consistent shifh microRNA expression profite
as cells differentiatin cultureand thiswasconsistently seem multiple participantsThis consistencyn shift of
microRNA expression profileacross all participantikely reflects recurringprocesses, whicimclude (but is not
limited to) enrichment of monocyteand their characteristic microRNA profilesand the differentiation of
surviving cell types (and with ifflierentiation, transcription, fundamentally resulting the productionof
microRNAsthrough excisiop As a result, thesprocesses likelyed to early EPCs expressing higher riifba
compared to MNCs and late EPCs. Interestingly, late EPCs exprassech different microRNA expression
profile whencompared to early EPCs and MN@se thatwas highly congruent to HUVECs. Since early EPCs

repair primarily through indirect mechanisms and late EPCs repair through direct mecheseigustulatd that
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miR-146alikely contributesto theindirect reparativeaction of early EPCoy suppressing inflammatioturing

injury; while miR-126 may function through a modé@ect mechanisrn late EPCs
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CHAPTER Il 7 EXPRESSION PROFILING PART 2: Early vs Late EPCs Global Arrays
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3.2.1 Introduction

In the preceding sectigrwe investigated onlthirteen candidatenicroRNAs during theselectionof early
and lateoutgrowthEPCs since performing annbiased array at each time point would not have been feasible
Our approachallowed us to identify trends in microRNA expression profiles as early EPCs enfiengefMINCs
Through this process, we identified day 5 as dp&mal time pointto perform ourunbiasedglobal gene and
microRNA array since by this time potnall participants consistently had established cultures early EPCs with
consistent miRNA profiles These arrays provided gsnfirmation of our candidate microRNA findings aasido
novel insight into variations in gene expression across both cell typleich would then help in uncovering

relevantmechanistic roles)To this end, we used six participant samplesotmparesarly and late EPCs.

3.2.2 Hypothesis andAim

Hypothesis:Early and late EPCs will express distinct microRNA expression profiles thattefifferences in
biological activity and may provide new insights into the relationships between these cell types and the

mechanisms underlying the origins of late EPCs from MNCs and early EPCs.

Aim: Directly compare global gene and microRNA expressitwben early and late EPCs.
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3.2.3 Results

a) Analysis of collected RNAs prior to arrays

In order to confirmguality andconsistency in RNA extraction technique, we measured purity and integrity in
all of the collected samples (including those unused in the aFray}.out ofthirty-six samples had RIN values
<7, indicating low integrity(despiteachievinghigh purity acoss all samples). However, the samples that did
not meet the integrity criteria fdhe arrays were not in the day 5 early EPC sample groups and thus were not
required or usetbr array(only samples highlighted in yellow figure3A were used in the arrays)n addition,

we ensured an equal number of male and female participant samples to be used for thigjare®pBJ.

b) MicroRNA array confirms candidate array findings

Our microRNA array revealed that early EPCs had high expressibatiofmiR146b5p and miR146b-3p
(guide and passengsirands). In part one, we identified mi6a as the highest expressed candidateolRNA
in early EPCs. Using computational target predic{ibargetScan)we found that bth strands of miR46b and
the parent strand of miR46ashare the sameanscriptional control over gene targets, specifically, TRAF6 and
IRAK1 (Figure11). When we compared all the highest expressed microRNAsrms offold differencein
expression irearly and late EPClsom our global array, we noted that both guide padsenger strands of miR
146b were within the top 25 expressed microRNAs in early EP@Gdle 6). It should be noted that for our
heatmap irFigure13, we onlypresentedhe top 25 microRNAs in early EPCs based on absolute expression (not

fold differencewhencompared to late EPGs3s such miRL46a/bis absent.The top of the heatmap contains the
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cluster dendogram, which shows the degree of dissimilarity between participant sam@as through
separation. In this heatmap, red (versus green) corresponds to high expression of the microRNA in question; and
late EPCs are listed on the right side of the map. ndted that late EPCs exhibited a uniquely different list of
robustly expressed microRNAcompared to early EPCs. In our candidate microRNA array, we notedf that

thirteen candidate microRNAR)IR-126 expression wake highest in late EPCs. In our global microRNA array,
mMiR-126 was the sixth highest expressed microRNA in late EPQslby€able 6); andin our volcano plot of
microRNAs miR126 appeared in the top right quadraimdicating highest expression in late EPCs as well as
highest signifiance Figure12). For Table6, we plotted the {walues of the microRNAs in #ir respective cell

types anchoted thamiR-126 had a much loweryalue in late EPCs compared to fi#6a/b in early EPC$or

our heatmapih Figure 13) we included only th5 microRNAs with the lowest-palues(probability-values)in

early and late EPCs.
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TargetScanHuman

Prediction of microRNA targets Release 6.2: June 2012

Human | miR-146ac/146b-5p

224 transcripts with conserved sites, with a total of 233 conserved sites and 88 poorly conserved sites.
Table sorted by total context score [Sort table by aggregate Pl

Genes with only poorly conserved sites are not shown [View top predicted targets, irrespective of site conservation]
The table shows at most one transcript per gene, selected for having the highest aggregate P (or the one with the Iongest 3'UTR, in case of a tie).

Poorly conserved sites
Target |Representative Ge
gene transcript ne name —— Tmer- mer- Tmer-|Tmer-
ma mé | 1A
TRAFG NM_004620 TNF receptor-associated factor 6

IRAK1 MM _001025242 interleukin-1 receptor-associated kinase 1 2

Figure 11: MicroRNA 146a computational target prediction algorithm

Target prediction algorithms used in TargetScan identified TRAF6 and IRAK1 as possessing highly conserved target

complementarity with miR- 146a Numerous studies have confirmed that miR-146a modulates the TLR4 inflammatory
signaling pathway mediated by TRAF6 and IRAK1. Image credit Targetscan.org
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Figure 12: Volcano plot of top 50 microRNAs in early and late EPCs.

Global microRNA expression plot of early (left) and late (right) EPCs. Plot represents probability (y -axis) versus difference
of group means or magnitude of the difference in expression (x-axis). The larger the difference of expression, the further on
the x-axis the microRNA is plotted. Plots closer to the center are lessdifferentially expressed between early and late EPC

while the top 50 microRNAs in early and late EPCs are highlighted in red.
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Figure 13: Heatmap and hierarchical cluster dendrogram of top 50 microRNAs in early vs late EPCs

Top expressed microRNAsbetween early and late EPCs at day 5 (left) and late EPCs (right) are presented. Colors refle 66
value of detection; green represents low expression, red represents high expression. Dendrogram separation represent
degree of dissimilarity.



He. MicraRMA Identity Fold Increase in Pl Ne. MicraRMa Identity Fold Increase in F
Early EPCs Late EPCa
1 hsa-miR-150 649.99 4.79E-05 ] 1 hsa-miR-127-3p 547.33 1.42E-05
2 hsa-miR-223 196.25 1.77E-06 ) 2 hsa-miR-100 302.39 0.38E-0%
3 hsa-miR-30e 54.87 2. 13E-05] 3 hsa-miRk-409-3p 276.44 1.60E-05
4 hsa-miR-342-5p 49.42 E69E-05] 4 hsa-miR-432 220.14 3.37E-05
] hsa-miR-200c 4256 BBYE06] 5 hsa-miR-487b 211.72 4.43E-05
G hsa-miR-148a 40,97  1L24E-05] & hsa-miR-126 165.87 7.09E-06
’ hsa-miR-486-5p 33.62 0Q0O0252) 7 hsa-miR-214 120.54 0.000312
& hsa-miR-378* 3182 0.000232] % hsa-miR-125b 113.82 8.33€e-05
9 hsa-miR-140-5p 30.70 0.000113 ] 9 hsa-miR-382 118.61 6.03E-05
10 hsa-miR-4417 27.13  0.000291 | 10 hsa-mik-134 101.56 T.27E-05
11 hsa-miR-146b-5p 26.00 0.001745] 11 hsa-miR-379 99,10 0.000101
1z hsa-miR-363 23.35 532806 | 12 hsa-miR-10b 938.66 1.95E-05
13 hsa-miR-378e 22,65 0.000105 | 13 hsa-miR-217 83.66 5.32E-05
14 hsa-miR-26b 20,20  1.06E-05] 14 hsa-miR-99a g81.19 0.000255
15 hsa-miR-378g 19.80 0.00028 | 15 hsa-miR-193b 74.53 3.01E-05
16 hsa-miR-185" 19.36  2.31E-05] 16 hsa-mik-195 71.51 1.77E-05
17 hsa-miR-338-5p 18.78 0.000158 | 17 hsa-mik-431 61.79 0.000149
18 hsa-miR-378i 18.34 0.000708 | 18 hsa-miR-139-5p 51.23 0.000231
19 hsa-miR-1303 16.27  0.000128 | 19 hsa-miR-935 41.48 4.97E-05
0 hsa-miR-378d 14.95 0.000259 ] 20 hsa-miR-216a 37.96 0.000452
1 hsa-miR-146b-3p 14.53 0.000284 ] 21 hsa-mik-584 312.86 0.000163
2k hsa-miR-378f 13.68 0.0005 | 22 hsa-miR-370 32.69 0.000142
23 hsa-miR-30e" 12.13  6.74E-05 ] 23 hsa-miR-376c 32.68 0.000266
4 hsa-miR-212 11.72 0.005966 | 24 hsa-miR-409-5p 31.22 0.000121
25 hsa-miR-30b* 11.50 0.000137 ] 25 hza.miR-487a 26.94 0.000525

Table 6: Top 25 expressed microRNAs in early and late EPCs

Result of top 25 microRNAs measured in global microRNA array between early (left) and late (right) EPCs. Table

ranking is based on the comparative magnitudes of expression with highest fold increase ranked highest. The

col umns | aepresknt datisiicBl gprobability of significance.
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3.24 Discussion

We sought to confirm our limited candidat@croRNA array results with our global microRNA and
microarrays in ordeto find differencesin relevant signalling pathwayand gain insight into mechanisms for
follow up studiesThis allowed us tadentify trends in changing microRNA expression prdfiles early EPCs
differentiate and to compare absolute differences in expres3iba.high expression of iR-150 in early EPCs
agreed with existing literature (asentionedin the introductory chaptgr Early EPCsnormally possess high
expression of miRL50 (123). Upon injury, miR-150 expression ipurportedlyreduced in early EPGshile the
expression of CXCR4 is increased, promoting recruitmenheosite ofinjury througha process mediated by
adenosing123). Through luciferase reporter assaigllandTurner et al.verified that miR150 binds to the

B30UTR region of CXCR4.

In addition to miR150, we also noted that the presence of both the guide and passenger strands of miR
146b were highly expressed in early EP@s. mentionedearlier, miR-146b is within the same microRNA family
as miR146a,thusboth miR146a and miRL46b represent sequences that have evolved from a common ancestor.
As such, both miRl46a and miRL46b have many of the same target sequenthe.reason why both guide and
passenger strands of miIR6b were detectad our globalarray(instead ofonly miR-1469 may reflecttechnical
limitations in a chipbased arrayersus qRTPCR (which was used in the candidate array). Nonetheless, both
miR-146a and miRL46b have nearly identical target3he most prominent targets wef®AF6 and IRAKL.
Park et al. identified that both miRi6a and miRL46b play a crucial role in human dendritic cell apoptosis and

cytokine production via TRAF6/IRAK1/NFKB pathway regulati¢t6l). Since both dendritic cells and early
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EPCs arise from a common monocytic cell populations, this finding suggasienportant immuneegulating

role for miR146 in early EPCs which has not yeebé&ully explored.

In late EPCs, the high expression of riiR6 (ranked as sixth highest expressed microRdbKRfirmed
our earlierfindings, whichhad used a candidate microRNA artraly our previous candidate array, we selected
miR-126 due tat being implicatedn regulating the expression of proteins thretdulate endothelial cell response
to stimulation of the principle VEGF receptor, VEGF@@3 noted in the introductionSince late EPCexhibited
a strong mature endotheligite geneexpression profile, weuspected that mi226 might be (at least partially)
responsible focontrolling the endotheliallike phenotypeof late EPCs. This is supported by existing literature
from numerous gngps which have shown thdtdre aresevere defects in endothelial cedfsmice with targeted
deletion of miR126, including diminishedignallingby angiogenic growth factothat includeVEGF and FGF
(162); and thatVEGF signalling is significantly augmented during aortic development operexpession of
miR-126, thereby facilitating angiogenic sproutid$3. As such, we postulated that knockdown or manipulation
of this microRNA in late EPCs could moduléatee endotheliallike functionsof late EPCs(therebyaffecting
angiogenesis) And theseouldthenalsobestudied inearly EPCs with over expressiohmiR-126.

Since MCAM is a strongmarker for endothelial cells an@ potentialcandidatemarker for late EPC
precursors in cord blood as mentioned, it represented a gene of high interestihe gseventh highest expressed
microRNA in late EPCs miR-214, has been shown to promodCAM expressionthrough suppression of
TFAP2C (164). Pena et al. have shown thaiR-214 through targeting TFAP2C and ITGA3, paresses
inhibitory regulation of melanoma tumour cells, thereby promadtiregexpression of a number of cell adhesion
molecules, which includgeMCAM. Additionally, this group found that the manipulation of R4 resulted in
modulation of metastatic potentigll64). Given our previous experiences on MCAM as a candidate marker for

late EPCswe postulated thdhis cell adhesion molecule likegerves a importantrole in late EPCs, whickcould
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possibly be exploited tancover some of the previously unknown features of late ER@schose not to pursue
investigatingmiR-214 or other MCAM associated microRNAs so as to not deviate from our original hypotheses

on miR-146a and miRL26.

In the end, our analysief the global gene and microRNA arragenfirmed our initialobservations
regardinghigh expression ofmiR-146db and miR126 in early and late EPCgespectively)and provided new
perspective®n theprocesses regulatdry these microRNAgFigure14). Combined, these findings encouraged
us toexplore the role of miR46a inearly EPCsand also the role of miR126 in enhancing the angiogenic

potential of late EPCs

3.25 Chapter 3 Part 2 Summary

Using a global microRNA array and microarray, we confirmed that thel#@a family was prominent in
early EPCs (by the presence of both guide and passenger strands-dfi6h)Rand thadifferences in the
expression of the downstream genes affeciedhtiR-146ashould befurther studied Since mR-146b is within
the same microRNA family as miR- 146a and that theéop two predicted targets of miR-146aand miR-146b-5p
are identical, we speculated an important role foRAF6 and IRAK1 (especiallyconsideringa total of 3 and
2 evolutionary conserved 8mer sites as predicted by Targetscan). Since TRAF6 and IRAK1 are important in
TLR4 signalling we speculat¢hatthe immunemodulatory effects of miR46a may contribute to the beneficial
effects ofearly EPC3sn modelsof vascular injury and ischemfar instance, by reducing expression oftasgets
IRAK1 and TRAF6. In late EPCs, we foutitht miR-126 wasoneof the most abundant microRNAsd thisis

consistent withan importantrole in promotig a preangiogenic phenotypm late EPCgas seen typically in
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mature endothelial cells Finally, in the list of the top 25 microRNAs in late EPCs one microRNA {#¥)) was
purportedly showrto upregulate expression ®MCAM. In the following chaptersve begin to explore the

biological relevance of these findinga cell functionandfinally, on derivation oflate EPCs.
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Legend Part 1 — Candidate

— Promotes In early EPCs...
—— Inhibits
miR-146a
’
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miR-146a/b family

Inflammation /

Figure 14: Schematic summary of Chapter 3 findings

In part 1, we used a candidate microRNA array to identify changes in microRNAs as a predominantly MNC population gradually
gave rise to early EPCs and noted that miR146a increased significantly as early EPCs became the predominant cell population
After the emergence of late EPCs, we noted a substantial and ignificant increase in miR -126. In part 2, our global microRNA
and gene arrays corroborated with existing literature supporting MCAM as a gene of interest in late EPCs. Our combined array
findings suggested that microRNAs mediate part of anti-inflammator y properties noted in early EPCs and the pro-angiogenic
properties reported in late EPCs (via miR-146a and miR-126 respectively). Additionally, these findings also highlight an
unknown feature in late EPCs through microRNA regulation of MCAM.
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CHAPTER 1V: MicroRNA 146a Modulates Immune Phenotype oEarly EPCs
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4.1 Introduction

In the preceding chapter we have shothat early EPCs possessed an entimistinct microRNA
expression profile compared to that of late outgrowth EPCs and mature endothelial cells like HUVECSs.
Specifically, we noted that as MNCs adopted an early EPC phenotype, 1488 expression progressively
increasedwhile miR-146aexpression was swantially reducedh the late outgrowth EPCs emerging from these
same culturesKigure 8). This is illustratedin Figure 15, which presents expression of miR6a relative to
Ahousekeepingo microRNAs in MNCs, early EPCs and | at e
in miR-146a and miRL32 in early and late EPCs relative to MNCs (panelH®)wever,compared to miRL32,
miR-146a hadsubstantiallygreaterbasalexpressionin MNCs (Figure 8), suggestinga more meaningfufold

increase in expressidgfor example, 0.004 to 0.016 versig to 13.6 are both four fold increases)

Our lab has previously shown that the mechanism of actionof ealy EPCs in preventing the
establishment of pulmonary arterial hypertension in a rat model was at least in part mediated through an immune
regulatory mechanisr{v0). This finding prompted us tiake a greater interest in tmemunomodulatorability of
these cells. Moreovethere isgrowing evidence that miRl46a may play a key role in promoting an anti
inflammatory phenotype in monocytes and macrophages, whither encouraged us texploreits role in
promoting an immunomodulatory phenotype that may be relevant for the therapeuticafenly EPCH105
109, 111). Computatioml microRNA target prediction revealed thlRAK1/TRAF6 are highly conserved targets
for miR-146a and pay a crucial role in the regulation of TLR4/TRAF6/NFKB signalifggre11). The results

of our candidate and unbiased miRNA expression aisaty®wed that miR46a/b family members were highly
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enriched in early EPCsMoreover, as shown ifigure 11 of the previous chapter, both family members share
highly conserved sequences predi ct,gehestthat ate anowneedbet he 306 L
important in the regulation of the response of MNCs to inflammatory stimuli. These findings shgyesiR

146a/b family may play an important role in regulating the immune modulatory activity of early EPCs. As shown
in Figurel6, both TRAF6 and IRAK1 arevolved in mediating thd LR4-stimulated inflammatory responteat

result iInNFKB activation Thus, since both targets of miR6a/b are involved in the classic TLR4 inflammatory
response pathway, we speculated that-adBawould confersome inflammatory tokance in early EPCby
silencing the expression of key intracellular components of this pathimalged,t has previously been reported

that in addition to activation of NFKB, TLR stimulation by cytokines can result in upregulation e1#@& and

the slencing of TRAF6/IRAKL (Figure 17). Nahid et al. reported that TLRtimulated THPL monocytes
exhibited higher expression of mi®46a, which resultedih an overall reduced inflammatory response (86).
Therefore, nMR-146a can mediate through a negative feedback mechanism that termihateglammatory

response, reducing the NFKB activity and potential harmful effects of chfaRstimulation(165).
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Figure 15: Expression of miR-146a in early EPCs

fIMNCO represents a grouped population of cells cultured from days 1-3. fiEarly EPCso0 represents grouped population of cells
from days 5-9. Late EPCpopulations were grouped in fiLate EPCs0. (A) Early EPCshad significantly higher expression of miR-
146a compared to MNCs. When compared to late EPCs, early EPCs haglet even greater expression. (B) To assess fol
differences in expression, the expression values were averaged for the two highest expressed microRNAs in early EPCs (mif
146a and miR-132). Data represent mean £ SEM; n = 5-8. *p<0.05, ** p<0.01.
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Figure 16: TLR4/TRAF6/NFKB pathway during inflammation

Classical stimulation of TLR4 receptors by inflammatory ligands results in the downstream activation of NFKB,

causing an overall increased cytosolic p50 and ultimately, translocation of the p65 unit into the cell nucleus.
Interaction of TRAF6 and IRAK1 with the TLR4 receptor complex is essential for the activation of PI3K and
subsequently NFKB, a central regulator in inflammatory cell activation. Thus, the predicted effect of miR -146a would
be to silence the expression of these two componentf the TLR4 signaling cascade, likely blunting the inflammatory
response of the cell to TLR4 ligands such as LPS. This, coupled with our previous finding that miR-146a is expressei
very highly in early EPCs, would suggest that these cells are already primé to exhibit a blunted immune response to

this stimulu s. Image isopen access
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Figure 17: Negative feedback loop omiR-146a on TLR4/TRAF6/NFKB signaling

Inflammatory cytokines stimulate TLR4 receptor, initiating an inflammatory response via MyD88/I RAK1/TRAF6 and
downstream cytosolic signaling resulting in the translocation of NFKB. This process starts a negative feed back causing

miR-146a inhibition of the inflammatory cascade through sequestering of IRAK1/TRAF6. Obtained with permission
from O6Connell et al (2011) .
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4.2 Hypothesis andAims

HypothesisMiR-146a represents a key regulator of the immune modulatdiyity of early EPCs by terminating

the preinflammatory response to sustained cytokine stimulation and reducing NFKB activation.

Aim 1: To evaluate the effect ofmiR-146ain modulatingearly EPCresponse to R4 stimulation.

Aim 2: To determine the effeds of miR-146a manipulationon pro/anti-inflammatory cytokine release by ealy

EPCs.

4.3 Results

a) Expression of miRL46a increases during early EPC outgrowth

We first assessed whether mononuclear cells grown heterogeneously gave rise to early EPCs with different
miR-146a expression compared to early EPCs grown from a homogeneous CD14shtegdspopulationAt the
first day of plating, the CDI4norrmonocyte)populationhad significantly higher expression of miR6a
compared to the CDI4monocytes), p<0.01F{gure 18). 9 days ofin vitro cultivation of mononuclear cells
resulted in marked enrichmeot the CD14" monocytes with an increase in miR6a especially after 5 days in
culture. This finding is consistent with a marked increase in Aii6a in culture modified, as opposed to

circulating, monocytes.
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b) Treatmenbf early EPCs with LPS augmemtsR-146a expression

Early EPCs treated witthe TLR ligand LPS exhibitedarapid change in phenotydter 24 hours(Figure
20A). With LPS treatment, early EPCs lost their-sbthped morphology and regressed towards a rounded cell
type Figure 20A). Using gRFPCR we detected that LRE&ated earlyEPCsexhibited significantly higher
expression of miRL46a (p<0.000Rcompared tdhe untreatedgroup (Figure 19). As control, we treated early
EPCs with 1l-:4, a noRTLR4 ligandthat induces M2macrophagehenotype by bindinghe IL4 receptor and
signals in a manner distinct from TLR4L-4 treatedearly EPCs exhibited less pronounced change in phenotype
and no change in miR46a expressiorThis finding confirms that as in monocytes, miRl6a is increased in
response to TLR stimulation in early EPCs, and #tmdd potentiallymediate a negative feedback mechanism
modulating the longesponseof these cells to prmflammatory cytokines. Therefore, we nextught to

manipulate miRL46a levels in order to confirm its role in immune regulation of early EPCs.

Figure 18 Progressive increase in miRL46¢

occurs with maturity of early EPCs

Day 5 (CD14) monocyte-derived EPCs expressedhigher
miR-146a than day 1 (CD14) monocytes. Day
leukocytes depleted of CD14 cells expressed higher miR

Relative Expression

l146a than day 1 monocytes.
from heterogeneous MNC population as usual. Data
represent mean + SEM; n = 3-7. *p<0.05, ** p<0.0 1.
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100 = Figure 20: Endotoxin-induced loss of rod morphology within 24 hours

Upon treatment with LPS, early EPCs underwent rapid loss of classica
morphology. (A) From left to right, normal, LPS -, IL4-stimulated early EPCs at
300x magnification . (B) Significant loss of rod morphology in early EPCs treated
with LPS. Data represent mean + SEM; n = 3. *p<0.05 **p<0.01 .
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Figure 19: Stimulation of early EPCs with LPS
induces increased miR146a
Early EPCs grown under normal conditions were

stimulated with LPS or IL4 (at day 5) for 24 hours. Data
represent mean pNNO®EM,; n = 3
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c) Assessing distribution artdansfection efficacy using FAN&belled oligonucleotides

In order to further exploreow manipulation of miRl46aaffectsearly EPCs, we first confirmed distribution
and uptake of microRNAnhibitors using immunofliorescence and flow cytometry, respectivelay 5 early
EPCs transfected witthuorescentlylabeledmiR-146a inhibitors were visualized usingidtescence microscopy.

Fluorescenceimaging confirmed presenceof labeled oligonucleotides withinthe cytoplasm. Following
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Figure 21: Detection of FAM-labelled microRNA inhibitors in early EPCs

(A) Early EPCs were transfect with fluorescently-tagged (FAM-labelled) miR-146a inhibitors using Lipofectamine 2000 ™
on day 5 of culture. Cells were fixed and imagedfor fluorescence to detect distribution. FAM -labelled uptake was alsc

measured using flow cytometry (B). Representative images at 100x magnification were produced 24hours post
transfection. Scale bar represents 40mm.
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transfection, flow cytometric analysis showttit at leasthalf of the cellshad uptaken microRNA inhibitors

(Figure21B).

d) Sequence confirmation of miR46a andargetMRE using luciferase reporter construct

To confirm that our microRNA mimic sequenceforniRrd 6 a appr opri ately targets the
thus has validity) we performed a luciferase reporter asdaging thealgorithmpredictedTargetScarsequence
alignments irFigure22 (andthe complete human gene sequenaeTAF6 foundin AppendixC) we desiged a
TRAF6 luciferase construatith Li ght Swi tch 30UTRU&SDECDhondI seBOUIT&Rr s.eport
successful miRNA targetinghould resulin reduced luciferase signal detectionCo-transfection of miRL46a
mimic with TRAF6 reporter constricresulted m greater than 52% reduction laciferase signal compared

scramblemiR control p<0.01Kigure22B), thus confirming that TRAF6 is a tardet miR-146a

e) Knockdown of miR146a in early EPCs increased NFKBp50 expression

To assesthe impat of manipulation of miRL46a on the immune activation stafeearly EPCs, we measured
NFKBp50 expression. Basal expression of NFKBp50 was minimal in E&Gs under usual culture conditions
(Figure 23A). Transfection of early EPCs with scramioiéR resulted in no change in NFKBp50. With LPS
treatment, a noticeabledrease in NFKBp50 expression was deteckegure23A). Knockdown of miR146a in
early EPCsusing microRNAinhibitors induced a significant increase in NFKBp50 exsien compared to
scramblemiR control, whichwas comparableo LPS. QuantitativdRT-PCR indicated that knockdown in concert

with LPS induced even greater increase in NFKBpBINA (Figure23B).
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Figure 22: TRAF6 luciferase reporter silenced via miR146a mimic

(A) The putative 306 A146& wereanitiglly predicted fby TrargeRScan algorithm. (B) In HEK293T
cells, cotransfection of miR-146a and TRAF6 reporter construct resulted in reduced luciferase detection (non-
targeting miRNA was used for control). Data relative to TRAF6 construct alone; and represent mean + SEM; n =
6-7. **p<0.0 1.
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Figure 23: Knockdown of miR-146a induces increased p50 in early EPCs

(A) Representative Western blot and quantification by densitometry show significantly increased expression of NFKBp50 in
early EPCs with miR-146a knockdown (using beta actin as control). (B) Fold differences in NFKBp50 expression in early EPCs
(upon LPS treatment and miR-146a manipulation) by qRT-PCR. The values shown above the bars in (B) represents fol
differences when the data in each group is averaged and compared to untreated early EPCdData represent mean + SEM; n =
3.* p<0.01.
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f) Knockdown of miR146a in early EPCs increases BrdU, but not total early EPC count

To assess wheth@hanges in miRLl46a levels alteEPC proliferation we conducted a BrdU assagrdU
measures the presence of cells undergoing DNA synthesis. This was measured to assess whether EPCs where
undergoing proliferation when NFKB expression had incredsady EPCswere grown to day 5, transfectedth
miR-146ainhibitors and then assayedr BrdU after 24 hours The cells that hableen transfected with miR
146aKD (which had increased NFKBllso showed increase&rdU using ELISA Figure 24). Despitethis
evidence of increased proliferatiomo noticeable change in cell number was detected using hemocytometric cell
counting (data not shown) We speculated that increase in measured BrdU reflestadcrease in $hase

activity of early EPCs.

g) MiR-146a manipulation causes no change in cell adhesion or apoptosis

Cell adhesion to fibronectiwas measuredn captured imagessing ImageJ Usingthe technique outlined in
section (m) of the material and methods chapter sought to measure changes in the number of adherent cells.
Early EPCs were grown to day 5, transfected overnight as previously described and imaged to assess cell adhesion
prior to ELISA. No significantchanges with treatments were detectéith miR-146a knockdowrf{Figure 25A).
We also looked at apoptosis because both-idiBa and miRL26 (which was focused on in the next chapter) are
known to affect apoptosiand CCASP3 is one method to assess apopfbsisneasure changes in apoptosis,

ELISA was performed for cleaved caspase3 activitkewise, no significant differences weredetected in
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apoptosis between miR46aknockdownor over expressiomompared tacontol (Figure 25B). These findings

were consistent in showing no increases in cell number despite increphadesactivity.
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Figure 24: Knockdown of miR-146a augments detected BrdU in early EPCs

Early EPCstreated with microRNA mimic (OE) or inhibitor (KD) or scramble -miR was assessed for proliferation. Data represen
median * interquartile range ; n = 3-4. ** p<0.01.
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Figure 25: Manipulation of miR -146a in early EPCs does not affect adhesion or cell death

(A) Over expression and knockdown of miR-146a had no significant effect on EPC adhesion to fibronectin. (B) Cleaved caspas
3 activity assay was conducted forearly EPCsand miR-146amanipulated early EPCs. HPF refers to high-powered field. Normal
refers to early EPCs grown per normal protocol. EPC refers to typicd or normally cultured early EPCs. CCASP3 data wa
normalized to GAPDH for each respective group. Fibronectin adhesion data (top) represents median and CCASP3 ismean +
SEM, n=3.
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B 55 Meraed C

Figure 26: Knockdown of miR-146a induces translocation of p65 to early EPC nucleus

Representative immunofluorescent images showing increased p65 expression within the nucleus of early EPCs witt

mir -146a knockdown (A) and LPS treatment (B). Scramble treatment (C) showed no nuclear p65 expression, with

comparatively less cytoplasmic presence. N=3, scale bar represents 50nm.
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h) Knockdown of miR146a in early EPCs induces nuclear translocation of NFKBp65

To confirm canonical NFKB activation, we tested whether nuclear translocation of NFKBp65 occurred.
Using immunoflorescence weonfirmed that knockdown of miRL46a in day 5 early EPCs resulted in
noticeable translocation of NFKBp65 intioe cell nucleus(Figure26A). Since LPS #Hects the entire TLR4
inflammatory pathway, we expected higher fluorescence in B; whereas in A we only partially targeted the
pathway, and henagbserved reduced fluorescernies expected)Comparatively we noted the same response
in early EPCs treatesvith TLR4 ligand, LPS(Figure 26B). No change was noted with scrambieR

transfection of early EPC§&igure26C).

1) MiR-146a promotes antnflammatory cytokine response in early EPCs

A major mode of repair by early EPCs in injury is via cytokine release, so we astessiect of miR-
146a manipulation on cytokine expression in early EPE&swe had expected, LPS treatment of early EPCs
increased both inflammatory cytokines1land 1-8. Additionally, we noted an increase in anflammatory
cytokine 1l-1 receptor antagonigtL-1RA), which likely participates in bluntinthe inflammatory response.
Knockdown of miR-146a had no effect on the release of thelRA (Figure 27) under basal conditions;
however after preinflammatory stimulation with LPS, knockdowsf miR-146a significantly reduced the
release of this antnflammatory cytokine In contrast, miRL46a knockdowrpotentiated the release of the
pro-inflammatory cytokines, Itlb and IL-8, after LPS treatment. These results are consistentiRHL46a
modulating the response of early EPCs to LPS stimulation by shifting the release profile from gorid-

inflammatory cytokines.
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Thus far compared with LPS treatment alone, knockdown of +h8a in concert with LPS treatment
reduced IL1RA and augmented Hlb and IL-8 significantly (p<0.01, 0.001 and 0.01, respectively). No
changes were detected wgtramblemiR treatmentNo significant changes were detected in the remaining 24

human cytokines assayed.
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Figure 27: Knockdown of miR-146a exacerbates inflammatory cytokines in endotoxistimulated early

EPCs

Early human EPCs weregrown to day 5 and treated with LPS following knockdown of miR -146a. Anti-inflammatory (IL -
1ra) and pro-inflammatory (IL -1b and IL-8) cytokines were quantified using ELISA. Data represent mean + SEM; n=3. *** 93
p<0.001, ** p<0.01 .



4.4 Discussion

The high spedficity of miR-146a for TRAF6 and IRAKlas shown inFigure 11, representing 3 and 2
congrved 8mer sites (respectivelsipnifies conservedargetbranch length;he higher the #mgcorresponding
to the number in complementarity seed sequencethe stronger the regulation by the microRNA in question,
with 8 being the highest (and raresfdditionally, the top targets are ranked based on exiditexgture, which
corroborates the predicted complementarithis clearlysuggested a role for mil46a in the modulation of the
TRAF6/IRAK-dependent activation of early EPCs in respdns€LR stimulation by LPSFigure16). Sincethe
same microRNAargets two interacting proteins in the same pathwayayfurther enhance its inhibitory effects.
In this case, miRL46alikely plays animportant role inmodulatinginflammatoryNFKB signalling withn early
EPCs To this end, our resulsupport the notin that increased miR46a mediatesegative feedbackegulation
of NFKB expressionin early EPCsafter TLR4 stimulation The higherlevel of miR146a in early EPCs is
consistent with numerous repottgat support an immune modulatory role &arly EPG (70, 166, 167). To
confirm that miR146a modulated the response of early EPCs tanfi@mmatory stimuli we comparedniR-
146a expressiom early EPCs treated with TLR4 ligandPS, andto cells treated with L4, whichcss through a
separate receptor asynallingpathway.Stimulation of early EPCs with LPS resulted in robust increase in miR
146a expression compared to untreated early EPCs (p<0.Bi2Q2e 19B). However IL4 had no significant
effect on miR146a. This inmunemodulatingfeature of miR-146athat bluntsinflammatory stimulation was
previouslyreported by Nahid et a{105). We postulated that the progressive increase in1dga in early EPCs
acts as a negative feedback brake on inflammatioaarly EPCs, thereltgrminating their activation in response
to sustained exposure to grdlammatory cytokines such as LPS, amdtoring the balance of prand anti

inflammatory responses
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Since NFKB is a downstream mediator of LPS response, we compared its expressimreatecearly EPCs,
early EPCswith LPS treatment anoh early EPCswith miR-146aKD. We speculated that adckdown of miR
146a in early EPCs woulg@moveaninhibitory brakeonthe TLR4/TRAF6/NFKB pathway and therefore increase
NFKB expression/activation in response to TLR stimulatioieed, miR-146aKD resulted in a more robust
increase in NFKB expressiothan that of LPSalone (Figure23B; p<0.001). As well, knockdown of miRL46a
resulted in amuch greaer increase in NFKBp50 (Figure23B). These findings suggest that miR6a plays a key
role infine-tuningthe response of early EPCs to fmlammatory stimuli by providing a mechanism to terminate
sustained activation vidé¢ TLR pathway, thus promoting a more anfiammatory phenotypdt is possible that
the marked increase miR-146a in early EPCsccurs in response to celll interactions between monocytes and
other lymphocytes during the initial period of cell cuét Eigsti et al. recently reported that-calture of
monocytes with nomonocytes during the generation of macrophages resulted in a progressive increase in miR
146a(168). This could be mediated by thmelease of inflammatory factors by raronocytes and stimulation of
the TLR4 pathwayand this has been speculated by otk®83). Indeed,supplementaéxperiments showed that
treating late EPCwith conditioned media taken from early EPCs resuited greater than fourfold increase in
NFKB (Appendix ), supporting the evidence théite presence of nemonocytes contributes to the release of

components withitthe media which contribute to stimulating the TLR4 inflammatory pathway

Since NFKB activatioms associated with increasgdlammatory activityand cell proliferation, we sought to
investigate the impact of miR46aKD on early EPC proliferation using BrdU proliferation assay.
Knockdown of miR146a in early\EPCs resulted in a significant increaseBrdU incorporation(p<0.001), but
this finding was not corroborated with increased cell counts as measured by hemocyté&igater2d).
Additionally, no changes were detected in apoptosis as measured by cleaved caspase 3 attatyesrin

cell adhesionKigure25). Therefore, we speculate the response measured by BrdU is indicative offaPare
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stalledin S-phaseg(butthis needs to be experimentally validatethe significance of this is ofold, firstly it is
known that cells in $hase become hypersensitive to external chaimgesder to maintain genomic stability
and minimize replication stre¢$69), as such miRLl46a may serveo protectearly EPG from constant TLR4
stimulationandi hy per s e ns i t-phade stagoation s elasayrinked with oncogenesis and thus miR
146acould be produce@s a gatekeeperam erroneousDNA synthesis withinforming early EPCsdue to
differentiation and not from external stimulatigd70). As early EPCs are normally neproliferative, it is

likely that despite increased NFKB activity they are unable to enter cell cycle.

Translocation of NFKB to the nucleus is necessary for its subsequent transcriptional regulation of target
genes. Therefore, weerformed NFKBp65 immunaidbrescence staining to confirm nuclgmesence of NFKB in
response to LPS and miRl6a KD. For invesigating NFKB adivation, we performed an immunofluorescence
assay for NFKBp65 since the p65 subunit gets translocated across the nucleus upon actfizagione 26).
Knockdown of miR146a in early EPCs resulted @nnoticeabé increasein NFKBp65 in the nucleus okarly
EPGs (Figure 26). Since LPS stimulation results in a robust-prilammatory responsivolving both NFKBp50
and NFKBp65, we expected to detect much greater immunofluorescence when compared to-juUEKDIR
Comparatively, miRL46aKD resulted in lessnmunofluorescence, which sxpected because this knockdown
would only shut off the bas inflammatory production of miR46a, whereas LPS stimulation directly stimulates

this process.

So farwe showed that TLR stimulation of early EPCs with LPS exacerbated NFKB expression. Knockdown
of miR-146a alone produced even greater expression ofB\&Kdetected by Western bl&ince it is known that
via TLR stimulation NFKB activation causes increased cytosolic levels of maturel#@in myeloid cells(92),

our findings which showed amcrease itmiR-146a in early EPCéwith LPS stimulatiol, conforms with this
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consensus. Indeeduclear presercof NFKBp65in LPStreated early EPCs confirmed canonical TLR4/NFKB
activation. As such, ar results so fahave shownthat increased miR46a in early EPCss likely mediated

throughNFKB activation, possibly throughLR4 activation.

Recently there has been considerable interestaliarnative activation states ahonocytederived
macrophages. Graff et al. published a listaifustly expressed microRNAs atl macrophage polarizaticstates
specifically the M1 and M2 stat€$55). Interestingly, this group reported mostly passesgiand microRNAs as
highly regulated in the polarizestacrophage cell types. As dissed above, early EPCs are in fact a form of
culturemodified mononuclear celland thus it is not surprising that they would share some similarities with
macrophages. Indeed, @mmparison between early EPCs and macrophagesals a clear overlap of o
expressed microRNA§L55), in particular miR146aas shown inFigure 8. Furthermore, Graff et al. showed
enrichment of miRL46a upon differentiation of monocytes towards a macrophage lif@a8e This raises the
guestion abouvhetherearly EPCs may share important similarities with M2 macrophages, which are well known

to exert antinflammatoryandpro-angiogenic effects.

Finally, to further asseghe immune modulatory nature of early EPCs, we assessed piofamimatory
cytokines in early EPCs in response to TLR4 stimulationFigure 27, we conducted a human inflammatory
cytokine arrayto 27 human pro/antnflammatory cytokinesin early EPCs with miRl46aKD, LPS and
LPS+miR146aKD (with significance notedh only 3 of the cytokines which are shown Wefound that miR
146a reduced thexpressionof pro-inflammatory cytokines after LPS treatment, while increasing the release of
the antiinflammatory cytokine, IL1 receptor antagonist (or 4LRA). No other significant differences were
measuredn the remaining 24 cytokinesMoreover, miR146aKD shifted this balance now favouring the release

of proinflammatory cytokines Itlb and IL-8 in response to LPS treatment (p<0.01). Thus,-t#iBalikely
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represerd an importantmechanism that modulates the response of early EPCs {mflaramatory stimuli,

promoting an immune modulatory and anflammatory phenotype that may becomponent atheir therapeutic

acton.

4.5 Chapter Summary

Collectively, our results show mi46a acts as a brake on of TLR4 inflammatory cascade in early EPCs.
We speculate that a progressive gmse in the expression of miR6a expression durinig vitro derivation and
cultivation of early EPCs primes early EPCs fminflammatoryresponse to TLR4 activation. Inhibition of miR
146a in early EPCs was linked witicreased NFKB leveldespiteno measurable increaseproliferation. In he
presence of mi46a, LPS ttmulation of early EPCs favourdte expressiorof antrinflammatory cytokines, such
as IL-1RA, over the typical prinflammatory cytokines, suchs IL-1b and Il-:8. These findingssupport our
postulatethat miR-146amay be partially responsible for the noted immune modulating therapeutic effects of early

EPCs and confirm our hypothesis that miR6a reduced primflammatory responseof early EPCsd TLR4

stimulation
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CHAPTER V: MicroRNA 126 PromotesAngiogenesis inEarly and Late EPCs
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5.1 Introduction

The difference in microRNA expression profiles between early and late E&giest vastly different
pathways anctorresponding roles playdaly microRNAs in these cell types. Thendothelialike microRNA
expression profile of late EPGspportghe possibility that late EPCs arise from a precursor cellryge similar
to endothelial cells thaearly EPG. Earlier,we showed that late EP®@sd substantially higher expression of
miR-126 than early EPCs, by greater than 100 féldiyre 8 and Figure 28). However, the endothelidike
microRNA expression profile of late EPCs does not help distinguish between the two possible origins of these
cells, i.e.whether &te EPCs arise by differentiation of the early EPCs atmore mature endothelial cell
phenotype, or from a precursor cell type that is predestined to give rise to highly endbkieelée outgrowth
EPCs. Nonetheless, the switch to high levels of-a#2R expression in cell transitioning to late outgro®&®#Cs
suggests ways in which these two possible mechanisms for the origin of these cells could bd hestechiR
126 stood out as a potential microRNA marker for the late outgrowth EPC pherfedypmxample, it is possible
that miR126 could drive th@doption of a highly endothelial phenotype and facilitate the differentiation of early
EPCs into late EPCsAlternatively, miR126 could be expressed by a subset of early EPCs, or ecatatirg
MNCs that are HfApr ogr amme dthccelts.oThagpreseat chraptes will facus ort theeolelofa t e

miR-126 in promoting an endothelibke phenotype as well as pemgiogenic properties of late EPCs.
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Figure 28: Late EPCs express higher miR
126 than early EPCs ad MNCs by several

orders of magnitude

During the derivation of early EPCs, the
predominant existing cell populations within 1 -3
days were MNCs; while early EPCs emerged duriny
days 59. Once late EPCs emerged, they were grow
to passage 3 at ~80% confluence. (A) The relativi
expression of miR-126 in MNCs and early EPCs wa
significantly lower than late EPCs as measured by
gRT-PCR. (B) When compared to other microRNAs
in the candidate array, miR-126 was the only
microRNA with an increased expression in late
EPCs by over 100 fold. Data represent mean %
SEM; n=5-8. ** p<0.01.
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Several reporthave shown that mi226 confersmprovedendottelial properties in numerous vivo models
(66, 162. MicroRNA-126 controls angiogenicsignalling and vascular integrity by targeting PIK3R2Ah&%5a
(phosphinolsitol3 kinase regulatory subunit 2) and the sprouty regulated protein SBREBure 29) (66, 162,
171). Sincelate EPCsare thought toromote vascular repair by integrating into the endothelial layer of thetunic
intima (28, 30), it is possible that thiangiogenic property of late EP@srelated totheir highly endotheliakell
like phenotype and to the high levelsf expression of miR26. To date, several studies have linked miF6
with regulatingtypical endothelialcell processesaffecting proliferation (172, migration (66, 173 and even
apoptosis(174). However, to date, it remains unclear whether over expression ofl@8Rould augment the

endothelial phenotype of early EPCs and whether this microRNA is essential for late EPC function and phenotype.

Melanoma cell adhesiomolecule MCAM) has long been investigated as a stem cell potency mankier
thus has been ofterest to our studiesDuring our global gene and microRNA array, we noted that the three
highest expressed microRNAs in late EPCs h#¥b, miR370 and miR127) all had algorithmically predicted
seed sequences corresponding to MREs within the mRNA of the melanoma cell adhesion molecule, MCAM.
Additionally, one of the highest expressed microRNAs, 4#21R had been reported to increase MMCAxpression
via suppression of TFAP2C, a homologue of melanoma tumour supp(ésghr These findings peaked our
interestin MCAM as a late EPC marker, sincénéid been a candidate for as an endothelial cell marker, as well
as being a marker famesenchymal stromal celd75177). Several groups have rextly published that the
presence of MCAMin combination with the presence or absence of other determ{d&@®sl79), can identify a
subpopulation of mononucleaelts thatrepresentrue late EPC precursors (i.e. page-EPCs) from cord blood.
MCAM has not been explored in adult progenitor callsa marker for late EPCs precursors. Bday, there is
consensus that MCAM is aarker for late EPCé€ased on studieom cord blood thoughit has yet to be

established how this marker could be exploited to study the origin of adult late EPCs or identify adult late EPC
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precursorg180). In theprotocol that is includkin the appendixwe present a methodology that we have devised
to isolate late EPCs from MCAMMNCSs from adult peripheral blood. At the end of this chapter, we present our

findings with MCAM" MNCs and the significance of milR26 on the fate of late EPCs
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Mechanical stimulus of luminal blood flow leads to upregulation of Klf2, which causes increased miR -126. VEGF
induced angiogenesis pathway is promoted by expression of miR126 through post-transcriptional repression of
VEGF/AKT/ERK signaling inhibitors Pl K3R2 and SPRED1. MiR-132 also promotes angiogenesis by targetin
p120RASGAP, an inhibitor of RAF1/RAS angiogenic pathway. Image obtained with permission from Herbert et al.
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5.2 Hypothesis andAim

Hypothesis:The high expression levels of miR6 in late EPCs is indicative of endothelial differentiation and
confers direct angiogenic activity. Moreover, to the extent that late EPCs may arise from early EPCs, over

expression of miRL26 in early EPCs will promote endothelial differentiation amgi@gyenic potential.

Aim: To evaluatesffects of miR126 manipulation on the angiogenic phenotype of early and late EPCs.

5.3 Results

a) MicroRNA delivery, uptake and MRE complementation

To confirm complementarity of th@redicted3 6 U MREs with our mimics and inhibitors, we conducted a
reporter assay. Using the 5831 seedequence of our target geBERED1 (Figure30), wedesignedh SPRED
1 luciferase reportagonstructu s i ng Li ght Swi t ¢ h 3 OW ffaRsfeGion@Gppmack resulegio r t e r
a geater than 33%ncreasan luciferase with a knockalvn of miR-126 in HEK293T cell compared to scramble
miR controk p<0.01 Figure30).

To visualizedistribution anduptake of miR126 mimics into our early EPCs, wesiigned custom FAM
labelledmiR-126 oligonucleotide mimics (Exiqon). Using immunoitescence, we detected >50%oflescence
in miR-transfected early EPCEBifure31A).

Additionally, we confirmedincreasedmiR-126 in early EPCs using qRACR §igure 31B). Our results
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indicated gpronouncedncrease omiR-126 in early EPCafter transfectionvith miR-126 mimics.

b) Transfection of miRL26 mimic into early EPCs causes lossaaf morphology

In all of our conducted experiments involving transfection of early EPCs withl26Rwe noted dramatic
changes in early EPC morphology, despite minimal chaimgesll viability. Usingthe techniques discussed in
the material and methods section fftypan blue vital staining and hemocytometric cell counffigure32B), we
confirmedthat early EPCs progressively loskeir elongatedrod- shapedmorphology followng treatment but

maintain viability. Loss ofod morphology occurred withithefirst three days after transfection.
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Position 525-531 of SPRED1 3' UTR b . . . UCCUUGGAAAACUUAAGUUCUCA. . .

bkl LD L
hsa-mik-126 3 UCGGAUACCUUAAG---UCAAGAGU

ivi

Rel. Luciferase Act

Figure 30: Knockdown of miR-126 increases SPRELL luciferase reporter signal detection

(A)mR-126 alignment with MRE on t he -B @UHER293Tfcellpwete adtrangfected vath FPRED-1
reporter construct and miR -126 inhibitor at 24 hours post-seeding. 12 hours posttransfection cell plates were read using plate
luminometer. The observed effect of miR-126KD in HEK293T cells is attributed to targeting of basal miR -126. Data represent mean =
SEM; n=7-10. ** p<0. 01.
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Figure 31: Confirmation of miR-126 mimic uptake

using immunofluorescence and gRFPCR

(A) An image of early EPCs at 100x magnification, transfectec
with FAM -labeled miR-126 mimic and corresponding
histogram of quantified FAM -fluorescent cells. Data
represent mean + SEM. (B) Relative expressionof miR-126 in
miR-126 mimic, scramble and untransfected early EPCs b
gRT-PCR (normalized to U6 and U48). Data represent mean
+SEM; n=3-9. A p < 0 . Scéledbar represents 56m.
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Figure 32 MicroRNA transfection of early EPCs with miR-126 resultsin loss of rod morphology

(A) Representative image of miR-126 over expression in early EPCs inducing loss of rod morphology (under 20x objective)
(B) Graphical representation of change in cell viability with miR -126 transfection and loss of rod-morphology in early
EPCs.Data represent mean + SEM; n=3-9. A p < 0 , *(p€0M4.
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c) MicroRNA-126 improves matrigatetwork tube formation in early and late EPCs

Prior to conducting théndirect angiogenesiassay, early EPCs were transfected with +h#& mimic or
scramble contralisingthe previouslydescribedransfection approadefer to methods sectiorand then treated
cells were cecultured at 1:1 with HUVECs prior to plating on matrig€igure 33). We compared miR26
treatment with untreated early EPCs, scrarmbil@ as negative control and HUVECSs as positive controls. Due to
the transient naterof in vitro angiogenesiswe analyzed network formation at 1.5 hours, 5 hours, 12 hours, 15
hours, and 24 hours and determined optimal assay time to be 12 hours as the differences between the groups were
most apparent at this time point. We notethodst butsignificant improvement in matrigel tube formation in
co-cultured early EPCs treated with miR6 mimic compared to scrambiaiR control p<0.05 Kigure 33).
Without HUVEC caeculture, no differences were detected with A6 treatment alone in early EPC network
formation (data not shown)Since early EPCs function primarily through paracrine effects,-eultore with a
mature endothelial cell pe like HUVECs was more appropriatét the 12-hour mark, we noted a monmefined
network formation in caultured early EPCs treated with miR6 compared witmontransfected early EPCs
grown with HUVECSs alone (Figure 33). Upon analysis, we noted pronounced tube branch length and total
number of branches in Mik26 mimic treated early EPCs compared to scramiiie treated early EPCs (p<0.05,
for both). Despite amcreased trend towards greater number of nodes withIid@Rtreatment, no statistical
significance was detected.

In contrastto early EPCslate EPCs were grown on matrigel withoutadture with HUVECs. Our results
clearly showed that knockdown of miR26 in late EPCs significantly diminished the number of nodes, feanc
and the branch lengths of the networks that formed on matrigel. These results suggested that the discrepancy in

mMiR-126 expression across early and late EPCs likely contributes tdifteeences in therapeutic roles (in
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promoting angiogenesis) between these two cell types. Inddeth comparing number of nodes, branches and
branch lengththe effect of miR126 knockdown in late EPCs (which normally have high +h#8 expression)
was greater than the forced over expression of 448 in early EPCs (which normally have low riR6

expression); and this suggestsiggerrole for this microRNA in late EPGbkan early EPCs
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Figure 33: MicroRNA -126 augmats network formation in early and late EPCs

(Top) Early EPCs treated with miR-126 mimic for 24 hours possessed augmented cecultured matrigel network formation as

measured by tube branch length and total number of branches as compared to scramblemiR tran sfected early EPCs. Dashe
red line represents the normalizing control group of untreated EPCs co-cultured with HUVECs. (Middle) Late EPCs treated
with miR -126KD displayed diminished branch lengths, number of branches and nodes as compared to scramblemiR
transfected late EPCs. Dashed red line represents normalizing group of untreated late EPCs. (Bottom) Representative matrige

images at 12 hours. Scale bar is 100m. Data represent mean + SEM; n=3-9. * p<0.05.
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d) Overexpressiorof microRNA-126 in early EEs inproves chemotactic migration capacity

Since we were able to detect an improvement in matrigel network formation with over expressionl@6miR
in early EPCs, we sought to measure whetlsargua modified Boyden chamber migration assaycwdd also
detect an improvement shemotactic migramn in early EPCs Such an assay would be less effective on alyigh
proliferative cell type likdate EPCs since proliferationond cause a confounding effect whesunting migrated
cells, so this experiment focusedly on early EPCs.Compared to scrambliaiR treated early EPCs, early EPCs
treated with miRL26 mimic exhibited extensive improvement in chemotactic migration towards VEGF and SDF
1, p<0.001 Figure34). Transfection of early EPCs with scrambieR resulted ira small decrease migration
capacity, but not significantly. This assay confirmed, in part, our @istuhat miR1L26 bestowsimproved

chemotactic migration in early EPCs

e) Manipulation of miR126 in early and late EPCs does not affect apoptosis or proliferation

Using the same ELISA techniques for BrdU and CCASP3 as for ourldBR studies, we noted no
significant changes in proliferation or apoptosis with fESOE in early EPCsF{gure 35). Much like our
findings with early EPCs, using our BrdU and CCASP3 assagsyere also not able to detect any significant
changes with miRL26 knockdown on apoptosis or proliferation of late EPCs when compared to senaiRble

control Figure36).

f) Over expression of mH226 does noaffecteNOS

As discussed in the introductory chaptile SDF1/CXCR4 antagonisteceptor system is implicated in the
homing of EPCs to injured sites and contributeangiogenesis througeNOS(119). Since we noted improved
angiogenesis and chemotactic migratiorearly EPCswvith miR-1260E, we soughb measure angownstream

augmentation in eNOS expression in early EPCs usiagtern blot aalysis. However, @spite improved
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chemotais and matrigetube formationno significant change in eNOS expression with 8 over expression

was detectedFigure37).

g) High expression of miKL26 in MNCs is predictive of late EPC formation

Discussed in the appended chaptkring our experimentations in optimizing the yield of late EPCs from
human adult peripheral blood MNCs, we discovered ifilate EPCs coloms emerged, theynly emerged from
the MCAM" MNC population Figure38A). The MCAM" fraction of MNCs consistently made up only3% of
the total MNC cell populatioand t hi s appeared to be i nd®dGegéeisdaetnft of t he
the project focusedn cell isolation using MCAM and not the effects of microRNAs, it is more suitably discussed
in the appendicesiowever, we noted thalICAM positive crculating monocytes from healthy donors expressed
high levels of miR126. Interestingly, monocytes from older patients with cardiac disease exhibited very low
levels of miR126, despite the fact that MCAM expression (as determyesklective sorting) wanot different
compared to healthy monocytes. These novel findings sufygetste first time that miRL26 is expressed in a
distinct population of monocytes that are predetermined to give rise to highly enddikeliate EPCsand
yielded late EPCwith higherproliferation and survived more cell passadgeégyre38B). Unfortunately, there is
no robust method for isolating cell populations using microRNAs witihging the cell populations. In our
experiments, we lysed a portion of the starting MCANNC population to assess miRR26 expression and then

waited for the remaining cells to form late EPC colonies.
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Figure 34: Chemotactic migration of early EPCs is increased following miRL26 delivery

Early EPCs transfected with miR-126 were tested for chemotactic migration capacity towards VEGF and SDF1using a modified
Boyden chamber migration assay. Following experimentation, cells were DAPI stained and quantification was performed on
migrated cells under chamber using light microscopy (20X objective). The number of migrated cells were compared to normal
EPCs. Data represent mean £ SEM; n=5-7. *** p<0.001.
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Figure 35: Modulation of miR-126 in early EPCs does not change proliferation or apoptosis

ELISA detection of CCASP3 (A) and BrdU (B) indicated no changes with manipulation of miR126 in early EPCs. CCASI

data was normalized to GAPDH per group. *p<0.05. Data represents mean+ SEM; n=3-7.
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Figure 36. Knockdown of miR-126 in late EPCs does not affect apoptosis or proliferation

MiR -126 was knocked down in late EPCs and we measured CCASP3 and BrdU using ELISA. Apoptosis (
and proliferation (B) was assessed 24 hours later. No significant changes were detected compared t

scramble-miR transfection. Data represents mean + SEM; n=3. 117
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Figure 37: Over expression of miR126 does not affect downstream eNOS in early EPCs

(A) Representative Western blot for eNOS expression in early EPCs with miR126 over expression. (B
Densitometry. Over expression of miR-126 would promote the SDF1/CXCR4 and VEGF/eNOS angiogenic

pathways, and thus potentially promote vasodilation via eNOS. However, despite improved angiogenesis in early

EPCs with miR-126 over expression, no significant change in eNOS was detected in early EPCs. Data represer

mean = SEM; n=4. ** p<0.01.
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Figure 38 High expression of miR126 in MNCs indicates yield of proliferating late EPCs colonies

Using the protocol we developed and appendedto the appendices, we found a consistent method for generating late EPCs using only MCAM
MNCs. Despite having a similar 1-5% total number of starting MCAM + MNCs on day 0, compared to healthy controls cells from cardiac patients
consistently yielded fewer overall late EPCs (with reduced proliferative capacity). MiR-126 expression correlated closely with proliferation and
late EPC longevity. Each bar represents a single participant/patient repeated n=3 times. Groups analyzed using one way ANOVAfollowed by
T u k e y 6-Boc gnalysis. Data represent mean + SEM, A  p < 0 , *&*@<10.001.
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5.4 Discussion

We useda luciferasereporter assay to confirmur miR-126 oligonucleotideeomplementarity with predicted
MREs We nextusedFAM-labellingto detectdistribution anduptakefollowing transfectiorto ensure nuiroRNA
mimics were notegraded anavere localized within cytoplasm of transfected cegliSgure 31A). Using qRT-
PCR, we showed greater than100 fold increase in mi226 in early EPCs following trafectionwith miR-
mimic (Figure31B). Upon transfection of early EPCs with miIR6, we notedignificantlyimproved chemotactic
migrationto VEGF and SDF1 using modfied Boyden chamber assd#lyigure 34). Transfection okarly EPCs
using miR126 mimicconsistently reduced reshapedmnorphology.Despitethese changegarly EPCs remained
between 185 micronsin size The noted change in gy EPC morphologyafter transfectionvith miR-126 was
not associated with anyielence of loss of viabilityFigure32B). This change in morpholodikely correspond
with adaptation in cytosketal features, whichwas previously noted bFish et al. who reportedhat miR126
presencencreass large actin filaments withithe HUVEC cytoskeletor(66). However,we did notexplorethe
effectson cytoskeletoin late EPCs with knockdown of miR26.

Early and late EPCs express strikingly different levels of-@#2R so it is logical to associatagh levels of
mMiR-126 in late EPCas contribung to thestrong endothelial and angiogenic phenotgpéate EPCsSo to test
this, we performedwo complementary experimentst the first,we forced over expression of miR6in early
EPCs to determine wheth@ver expression aloneas sufficient toinduce endothelial differentiatiofi.e.:
emergence of late EPCsAlthough there was sme change in morphologgnd improvement inchemotactic
migratory activity, there was no obviousansdiferentiation of early EPCs into endotheliak cells.

Additionally, forced over expression of mi26 did notincreaseeNOS, which is an important hallmark of
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endothelial cell{Figure37). As well,during optimizationof the matrigel assay, we noted tleaen after miR

126 transfection, early EPCs were not able to form leapilike networksdirectly andin contrast to late EPCs,
were only able to contribute to angiogenesis indirectly by enhancing the ability of H&JWHEGrm networks on
Matrigel (Figure 33A). In endothelial cells, miR26 has been shown to increase-@ngiogenic signalling
mediated via VEGFR2 lation (66). It is possible VEGFR2 signalling is also important for the paracrine
angiogenic activity of early EPCs, or perhaps S can regulate other pathygathat are involved in thelease

of angiogenic signals from these cells. Nonetheless, it is clear from these experiments that transfectid26f miR
into early EPCs alone may not be enough to fully commit early EPCs into late EPCs or a similar iahdethel
type. In the second experiment we tested whetherlkigis of miR126 wasnecessary foangiogenesis ifate
EPCs, bymiR-126KD (Figure 33B). As expead, inhibition of miR126 had arimpact on the ability of late
EPCs to forntapillary-like networkson Matrigel, whichis consistent with itsvell-establishedole in modulating
VEGF signalling However, manipulation of mi#226 had no major eftt on the overall endothelial phéyoe, or

on viability and proliferation Figure36). These findings suggest that while this microRNA may play a key role in
angiogenic signallingbut by itself it does notspecify endothelial phenotype ilate EPCs. However, it is
important to recognize that there are some important limitations in our studies. It is likely that we achieved only
incomplete inhibition of miRL26. Moreover, we only performed experiments within 24 hours after manipulating
the levels of this microRNA. It is quite possible that longer periods of@iRRinhibition would be required to

fully unmask its role in specifying the strong endothelial phgrexy late EPCs.

While experimenting with growing late EPCs from leukapheresis that was generated from adult peripheral
blood, we continually investigated more efficient ways to grow late EPCs. We eventually optimized a more
efficient protocol for generatg late EPCs by sorting for MCAM(CD146) MNCs, as we found that only this

population, which consistently remained withifb% of the total MNC population (regardles$ cardiovascular
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health yielded late EPCd~gure38). This protocol can be fourappended in the appendic®ghen we analyzed
miR-126 expression in MCAMMNCs before the emergence of late EPCs, we consistently noted that less
proliferative colonies merged when these starting cell populations had significantly lower expression-aRiR
(Figure 38). Additionally, our findings showed that the celbpulations,which had reduced initial mH226
expression and limited proliferative potentiedme from patients with cardiovascular pathology. This finding is
consistent with our earlieresults, whichshowed that miRL26 is an important feature in promoting a-pro
angiogenic phenotypelt is likely that under normal conditions, circulating peripheral blood MNCs which have
higher expression of miH®26 are the true precursors since MCAM selection alone only sel&éts df these

adult peripheral blood MNCs and these mbt always yield highly proliferative late EPCs, but those with high
miR-126 do. In future experiments, it would be desirable to devise a method to over expre$2@niRMCAM*

MNCs from cardiac patients to asse$fectson subsguent late EPC colonfprmation However, since MCAM

MNCs from adult peripheral blood are extremely few in number, this presents a technical limitation. Such an
experiment would require a substantial amount of leukapheresis in order to isolate sufficient" N4

which woul survive transfection with miR26.

5.5 Chapter Summary

Our findings showethatmiR-126 s an important enablef angiogenesis in both early and late EPCs. In
early EPCsmiR-126 over expressioaugmentedhemotaxisn a modified Boyden chamber migratiaasayWe
alsonotedanincreased number of branchiagd branch length iaur matrigel network assayhenmiR-126 was

overexpressed irarly EPCs.However, aknockdown of miR126 in late EPCs resulted aamorerobust effect
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on angiogenesis as we noted a losbramching, branch length and total number of nodess likely that these
findings reflectamore critical role for miR126 in late EPCs than early ERCHowever more research is needed
in eliciting the precise impact of mi®26 on theVEGFR2/akt/eNOSangiogenesipathway Finally, using a
protocol that our lab established, we discovered that MCAMNCs that were isolated from human adult
peripheral blood consistently yield highly proliferative late@ only when they express a high relative
expression of miRL26. This finding was consistent with our rilR6 manipulation studies which showed that

mMiR-126 promotes a prangiogenic phenotype in late EPCs.
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CHAPTER VI: PERSPECTIVE

124



Cardiovascular dizease

Tissue Bepgeneration

+miR- o® ® & ®
1463+LPS=""IL- ® o080
1RA; .| IL-1b,IL-8 — i e T =0 ® /
L
~
K_\'T SECR - ’VO
.HO SECRETIONS o
0 ®-_ . -; .
?
r —— o®
@? —  EarlyEPCCM = e LATE EPCS
o THFKBES0 {late EPCY *miR profile = endothelial cell
——— *>miR-126 early EPC
EARLY EPCS ¥

*miR-126KD= . angiogenesis
*LPS response="TmiR-146a
*miR-1463KD= TNFKBp50
*=M2 markers late EPC, esp.
miR-146akD

*PTmiR-126= ‘Pangiogenesis;
‘M chemotactic migration

* miR-146a in |
monocytes and
CD14- MNCs

='eezi:'g-i ate
EPC formation « MCAM+ (7 days)
T miR-126 = higher

proliferation; .J.senescence

g- a ‘
sy MONONUCLEAR CEILS F e

shaped early " shaped early
EPCs *MCAM+ = 1-5% of MMCs EPCs

*1% = MCAM+,CD45-

« . MCAM over time
*Ficall.l, MCAM+ selection =& MCAM+ =
higher density than MMNCs?

IN VITRO
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Migration towards cardiovascular insult
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As early EPCs emerge from MNCs, miR6a expression increases and this confers added tolerance to negating NFKB response

stimulation inearly EPCs. Conditioned miea (CM) from early EPCs increased NFKB in late EPCs (unknown mechanism). Conversely, le

only emerge from the MCAWMIcell fraction of MNCs; and do not emerge from frozen tissue. Once late EPCs emerged, they had highly

microRNA expressiomrofile to mature endothelial cells, including robust expression of 18R (unlike early EPCs). Within early EPCs, i

1260E conferred a change in morphology, improved matrigel network formation ability and improved chemotactic migratidmolb@tfielct late

EPC formation. M2 refers to M2 macrophages. In late EPCs;128KD diminished matrigel network formation. When freshly isolated MNC

prepared for plating, the total MCAMell populationin this cell fraction consists of-3% regardless ohmte s ubj ect 6s

car

Compared to healthy participants, patients with cardiovascular conditions consistently had significantly lov86 rek¥pression in their fresl

isolated MCAM MNC population, which then resulted in the yield del&PCs with reduced proliferation and longevity.
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6.1 Overall Discussion

The results from the candidate microRNA array and the global arrays truly convinced us that early EPCs
and late EPCs represent entirely different cell types, increasing owgsinteto looking into how different the
roles of microRNAs are within these tweell types. Though it had been reportedt amodeof repair by early
EPCs involvessuppression of inflammation, our results further supported this through a novel mechanism
mediated by miRl46a. We also noted thatheé sequential increase in mid6a in early EPCsdoe close
resemblance to a similar process during macrophage differentidiershowed that the presence of rii&b6a in
early EPCs confers an immupemeds t at e t hat all ows a O0shut of fd of
pathway. This was a phenomenon recently reported by Eigsti et al. in monocytes during mimro@adephage
differentiation(168). Since both macrophgas and early EPCs share a common myeloid origin to monocytes, this
finding was very telling. Closer examination showed that early EPCs possessed features akin to-M2 (non
inflammatory) macrophagesihe increased presence of miR6a in early EPCis our studywas associated with
an immunerelated response. Eigsti et al. identified that the presence efapacytes in caulture during
culture of monocytes triggers TLR4 activation causing1i¥8a to increase. We confirmed that the presence of
nornrmoncaytes certainly caused an increase in th#®a, but a general increase in rii®6a appears to occur
even in a monocytenriched population. The presence of M#ba itself appears to suppariearly BPC anti
inflammatory phenotype through increasedrinflammatory cytokine IE1RA, and decreasegro-inflammatory
cytokines IL-1b and IL-8 (underLPS-inducedinflammatory conditions In all, these findings support the miR

146a immune mediating benefits on early EPCs.
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In contrast to early EPCs, the clagmilarity in microRNA expression profile in late EPCs with mature
endothelial cells increases the suspicion of whether late EPCs could arise from a cell typ® @odethelial
cells than MNCs or early EPQGs, at the very lest, that microRNAs indeelave vastlydifferent roles in early
versudlate EPCs Since increased expression of RIiR6 alone was enough to make early EPCs more angiogenic
and its knockdown in late EPGsaused thento lose their angiogenic potential, it is possible that under
patlological conditions loss of miR126 alone could indicate or cause future cardiovascular complications.
Indeed theradoes exisliterature to support this postulaés some studies have shown a link between1ai®R
dysregulation and pathologfl12 117). Since it has already been established that under cardiovascular
pathology, endothelial cells have reduced i, it is possible thai vivolate EPC precursors, prelate EPCs
or circulating late EPCs have reduced A6 and therefore redad angiogenic capacitipespite our presented
findings with miR126, we found thamiR-126 manipulation alone was not enough to change proliferation in
either early or late EPCsuggesting that mi® 2 6effecton angiogenesis in late EPCs was likely asgociated
with proliferation. Nonetheless sinceiR-126 is a known pr@angiogenic microRNAits abundance in late EPCs
(and conversely lack of expression in early ERPE®s suggeshat this microRNA could be attributed to some of
the angiogenic propges seen in late EPCs, which may be lacking in early EBCpossibly, through another
mechanism which promotes pamgiogenic paracrine release (possibly explaining our observed effects with
matrigel coeculture) Indeed,ooking at prelate EPCs usiny)lCAM™ MNCs between cardiac patients and healthy

patients appeato support thisgigure38).

The significance of MCAM on late EPCs presented us with another impdaitaor relating to the origin
of late EPCs.Based on our resear€Which is presented in the appended chaptes)are the first to establish that
in adult leulocytes only MCAM* MNCs (which represented only326 of cells in human adult leukapheresis)

give rise to colony formingells thatincluded late EPCsOur results showed that MCAM positive cells in adult
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blood represent a heterogeneous peflulation, whichncluded preCFU Hill cells and prdate EPCqAppendix
O andAppendixS). The true significance of this is still under investigation butreaults suggeghatit is the
MCAM™ MNCs with high expression of miR26 that yield late EPCswhich havehigher prolifeation and
longevity, and thissuggests that either true gege EPCs arthe MCAM ™ MNCs with robust miRL26 expression
and that miR126 expression decreases with cardiovascular pathology (imp&a#ngPCs reparative capacity).
Alternatively, it may bepossible thabnesubset of MCAM MNCs which are not late EPCg.e.: cells of groups
A, H or | in Appendix S), has robust expression of miR6 which thendecreases with cardiovascuiajury.
Future experiments could assess whetbered overexpression omiR-126 could push leukapheresierived

MCAM* MNCs towards late EPCs.

6.2 Overall Conclusion

In conclusion, this thesis presents a new perspectiveicnoRNASs in human adult progenitor cells. Though
microRNAs are still a relatively new molecular phenomenon being studieexpioratory research and
therapeutics, increasing evidence is mounting to suggest that thessuleslrepresent importabiomarlers of
physiological status and coutdpresent crucial prognostic indicatorhe overall objective of this thesis was to
investigate the role of microRNAs in the outgrowth and function of early and late ERCpurduit of this
objective, our studieshed light on the influence of microRNAs in the function of early and late E&tkalso
uncoveed a novel and improved mode of generating late EPCs using a classical endothelial markey that
regulated by microRNAs in late EPCAn increased undewmtding of microRNAs could further help researchers
uncover the exact processes and mechanisms relating to EPCs in cardiovasculanchkjoliirg the numerous

roles played by the immune systamthis procesghereby improvingexisting therapies and trteaents.
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6.3 Clinical Perspective

The data presented in this thesis provide mesight into existing roles of microRNAs in immune and
cardiovascular functions. Our presented findings may provide new approachgsrdgreanming early EPCs
with microRNAs to create more therapeutic applicatidimsected toward cardiovascular regeneratidypically,
early EPCs have been studied more exhaustively than late EPCs since they are easier to generate and require less
time to grow. Our findings with miR46a could provide insight into culture conditichat could promote the
productionéxpression ofmportant microRNAsuch as miRL46a, whichconfer therapeutiproperties As well,
early EPCs could also be treated with riiB6 enhancements to promote angiogenic roles. Both of these ideas
could be studiedo provide new directions in future cell trapnt studies. Finally, with new insight into
identifying prelate EPCsnew avenue®pento researchers studying the uses and benefits of late EPCs for
therapeutic applications. Our new protocol for the generation of late @ is appended to thend of this
thesis)will undoubtedly provide new opportunities for researchers to bring late EPCs into clinical studies both in
the form of cell transplants and potentially for regenerative mediartbe formof iPS-generatedissue for

example

6.4 Future Directions

Our results highlight an important feature about microRNAs which helps in distinguishing not only how

early and late EPCs may confer their therapeutic value, but also how truly different these seemingly similar cell
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types are. Our candittamicroRNA array study also helped in pinpointing specific changes in microRNA
expressiorprofiles, whichreflect turnover of predominanetlls while growing early EPCGand how similar this

process iso that of macrophages.

Though there is general agreement over the influence ofld#a in modulatinghe inflammatory
response, there is still much work needed in exploring export ofl#@a from the cell. Future studigisould
further explore the potentialole of miR-146ain extracellular vesicles, and its potential impact in cell
transplantation. Additionally, the role of nomonocytes in stimulating TLR signalling and its potential

implications on other pathways needs to be explored.

Our studies also highlighted the import role of miR126 in conferring pra@angiogenic properties on
EPCs. Though many studies have already highlighted the poteahgimgenic nature of mi26, our study
is the first to truly distinguish this microRNA as a vastly distinct characteristat@EPCs, unique from early
EPCs despite coming from the same donor and plated cell populdtiowever, the full potential of this
microRNA in promoting cell therapy is only just starting to be explored. Our study was the first to show that
late EPCemerge from a MCAMMNC cell fractionof adult peripheral blood and that from those cells, only
the ones with robust expression of FiR6 have longevity.Presently, there are controversies over 1h¥®
and its implications in cancét81, 182), primarily asa promoter oblood vessel growth anahgiogenesiin
developing tissu¢183). Given our findings that circulating MCAMMNCSs which ceexpress high levels of
miR-126 are likely the true precursors of late EPCs, future experirsleotsd also explore these cells in tumor
progression (considering MCAM is a known marker for melanoma cells). Nonetheless, it is interesting to se

this connection-nesrnsdi bdr il md et tEPCsstaenmd t he stem cell
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Finally, the mainfocus inthis thesis have been microRNAs. Given our findings and their implications,
future studies coul@xplore the potential of isolating or characterising cells based on microRNA expression
levels. Given the potential implications that are beginning to be unraveled by these previously-bebeved
Ajunko nucleic acids, g r dransforrgativee rolesdptayed &y nocroRNAhie | mp o r
beginning to suggest that these small molecules may setw@nlyas important prognostic indicatdosit also
as features to differentiate different cell types. As technology starts to catch up with sciesiceylexpect

to see more equipment geared towards measuring and tracking microRNAs in the near future.
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CHAPTER VII: APPENDICES
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Run#4

Appendix A: Characterization of early EPCs by flow cytometry
However, as mentioned previously, the expression of VEGFR

CD14, CD45 and CD31 in lrly EPCs grown for 5 days.
remains an inconsistent marker for early EPCs.
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Appendix B: Characterization of HUVECs by flow cytometry

HUVECSs characterized for CD3L expression and VEGFR2 prior to microRNA expression profiling for the candidate array revealed 6.35-6.96%
VEGFR2 expression.
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AppendixC: 3 6UTR vector

gene sequences for luciferase assays

For microRNA mimic/inhibitor co -transfection
with reporter construct, Dharmafect DUO was
used. For single oligonucleotide transfections,
Lipofectamine 2000 was used.

SPRED-1

(S811430)

Human genome sequence used

TTTTCAGCCACGAAGTACTGATGCAGGGGTATAGCTTGCCCTCACTTGCTCAAAAACAAC
TACCTGGAGAAAACAGTGCCTTTCCTTGCCCTGTTCTCAATAACATGCAAACAAACAAGC
CACGGGAAATATGTAATATCTACTAGTGAGTGTTGTTAGAGAGGTCACTTACTATTTCTT
CCTGTTACAAATGATCTGAGGCAGTTTTTTCCTGGGAATCCACACGTTCCATGCTTTTTC
AGAAATGTTAGGCCTGAAGTGCCTGTGGCATGTTGCAGCAGCTATTTTGCCAGTTAGTAT
ACCTCTTTGTTGTACTTTCTTGGGCTTTTGCTCTGGTGTATTTTATTGTCAGAAAGTCCA
GACTCAAGAGTACTAAACTTTTAATAATAATGGATTTTCCTTAAAACTTCAGTCTTTTTG
TAGTATTATATGTAATATATTAAAAGTGAAAATCACTACCGCCTTGTGCTAGTGCCCTCG
AGAAGAGTTATTGCTCTAGAAAGTTGAGTTCTCATTTTTTTAACCTGTTATAGATTTCAG
AGGATTTGAACCATAATCCTTGGAAAACTTAAGTTCTCATTCACCCCAGTTTTTCCTCCA
GGTTGTTACTAAGGATATTCAGGGATGAGTTTAAACCCTAAATATAACCTTAATTATTTA
GTGTAAACATGTCTGTTGAATAATACTTGTTTAAGTGTTCCTTCTGCCTTGCTTACTTAT
TTCCTTGAGGTTACGAAGTAGCATCTTCCCCAGAGTTTATAATGCTGAGAACCACGTGGAT

TATGTGCTGCTACGTCCCTTTGAGAATGTGCCATCGCTGTGGTGAGGCATGTGGTTGCTG
TGGTGGGAAACATAAAGCTGCTGGATGAAATGGTCCAGTGCCAAAATGAGCTTAAAATCT
TTGTTTCCAGGAATTAGCTAACTTGGATTTGTGGAAGCTTTTGGCAAGCAATATGGAATC
TTGCCTGGTATCATTGAGCCCACACATGGAGGAAGCAGAACTCATCAGTTCTTGGCGTTT
CACGCCATGCCTAACTTTTCCCTTGAGTGCATGGCATGTTTTGTTACAGGTTGTAGAGTA
TTTGCAGAAGGAAACCATTTCTGGTTATTTGGCTATAAAAAGTCAGCATAAAATATGATC
CAACTAAAAGGGATTAATTTTGGCATTTTTGTATATTTATGCATTAGGTGATGGGACTT
TTAAAGGTTTGAATTTATTAGGACACGAACTAAAAATAAAAGTGCACTAGGGGACAGTTG
ATTTCAATCTAAGAAAAGTTAACACTTGGGAATTACAAGAAGTAAAACAAGTGCAACTAA
ATCATTTATTAGTTGTTTTTTGAAAGCAGTTTTATGTATAAATAACAAATGTTTATATTT
AACTAAATGTAAGGTACGAATTATTACATATTAAACTTTTCTTCCCCTTCCTAGTTCTGA
AGTAGATATATATATATATATATCT ACTGTCACATTCCATATATTTTGAATATTTAACTC
ATCTAGTTAATAATGTTTTTATTCCATGCGAATGATTTGATATTTTCATCCTTATTTCTC
TTTGGCTACAATTTATATTGAGTTATATCTGTACATTCTGGTAATCTAAAATCCTTAAAA
ATACTCTAATAGCCTTGAGTGACCAACTTTTTTTTTAAAGCACAGATGTAATTGTCTAAT
GTTCTGATGGGAACGTAACACTTATTTTTATATAAAA AGAGACTGAGTAAACAAACATTA
TAGAAAAAAAGTGAAGTTTTTTAGTTGTTTTTTGTGGTATTCAACCAGCAAGTTGTTTTC
TTTCAGAGTTTCCTCCTTCAAAAAGTTATATTGCATTTACAAATGTTTTACAAGGCAGAA
AGTTTGACTGGATAGTTAGTGTAAAAGCTTCATGTTGAGATCTTCACGTATCATTCTGCT
AAACCAGAATATGTTCAGCTGTGTTACTAATTTTTCAGCTTAATCCTCAGTGCTTATTAT
TTACATAACAATAACTTTTTATCAGTTACATTTTATTTTTATTTAAACTGGCCAAAAGCA
AAATTATTTTATGTTAAAATGTGTGCTAAACTATCCCAGGAAAGTATTTAATCCAACATT
GTAAATGAAGTATCTTGTACATATAAATTTATTTCTTTTGCAGAGCATTATATTACTGGA
TGTTTAATTTACAAAATAGTTGGGTAAATGTTCCAACAAACTTTAAAGTACCTTGAAGTC
AAATTGTCTGTTTTTGTTTTGTTGTTGTTGTTGTTGTTTTCTTAAGTGTTACATTAAAAC
TCTAACCAAGGAAAGGGTTCTTTAAGAACATTCCCTTAGAGGGATAAAGTTGAGAAGTGT
GCCTTTTTTTTAATGGCTTGAAGTTTCAGAGGTGATAAAAATTAAAATCACACTACTATT
TGAAGCTCATTTTCTATGCAGGTTTTTAAACGTCATTTATGTATCATTCTTTTTATATAT
CACACTTAAGCTTGTGTTAGCTTTTTTCTTTTGCCCCAGATCAAACTGAACAATGTATAT
AACACTATCTGTCTGTAAAATACTTTTTTTAAGAAAGCATTTATATTTATATGACAGCTT
GAACTGACAACATTGTGTATATAGATCATCTTGAAGTATTATTTCACATTGAAAAGAAGA
AAATATATTGATAACTATAGATGTTATGAAGAAGAGGGTATTTCTAGTTTTGTACTAAAA
ATCAATTGGATGAACTAAATCCAAAACATGACACTGTAGGCAGCAGTTTTAAGTCTTATT
TTTACTGTTTATATATTTGAATGCTGCTACAACAGATGATCTTCATCCCTGAAGTTTTCA
GCTAAACTTGGTTTCCTAGAATAGACTGTTAACTTTCAAAATTTTTATTGGTGAAATGGA
AATACTGTTTTTCCTTGTGAATGAATTTTCATATTTGTAAGTGCTAAGTTTATAATTCAG
GTTTGATCAAGGTGTGAATAACTGAAGAAAATAACTTGCTGGCTATATAGGAAAATGCTG
TGGAAATGAACTGTGTATATACTTCTGGGAGGAACAAATTTAATCATTTCTTCTGTTAAG
CACTAATCAGTATAGTGCAACTCCTGGTTCTGTACTGTATTTTATATGCAACATATATGC
TTTAATATTTTAATGTTTGTGCATTAATATTTTCAATTTGTTTAACCACTTTGCTGCTAA
GATTTTGCCGTCCCATTCCCATTTTTCCTTTACAATTTTAAACAAGTTTCTTCATTAAA
AACTATGGTGATGAAATGGTTTTTATTTTACCTTGGATCTTTATAGTTAACATACCCAGT
TTCTTAATCAGTCTACAAGACTAACTGATGATATAATGTTCTCTGAATCCCTATATGGAA
ATTTTCTTTTGAGTAAATGAGAATTCCTTTGTGAAAGCAAATGGGTAGTTTAAATCACTG
ATTCTTAAACATGTGTATAGGCACCTTCAGGAACATTTTCTCATTCTCTGTACAGATTCG
GCACTGCCAATTGGCTTTTCCTCTAAAACTTTTCTTTGTTTTTATCTGATATAAGCAGAT
GGCTCAAGACAACTGC
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Appendix D: Early EPCs express higheranti-

inflammatory markers than late EPCs

The expression of 5 classic nonrinflammatory (M2
macrophage) markers was compared between early
and late EPCs.Early EPCs were studied at day 5, an
late EPCs were studied at passage 3Data represent
mean + SEM; n=4-6. Ap<0.0001, ***p<0.001, **
represents p<0.01, * p<0.05.
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Appendix E: Expression of four classical inflammatory markers in early and late EPCs

Early EPCs were studied at day 5 and late EPCs were studied at passage Bata represent mean £ SEM, n=4-6.
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Appendix F: Modulating miR -146a confers changes in antigepresenting markers in early EPCs

Using qRT-pCR, we compared changes in antigenpresenting cell markers with manipulation of miR -146a alone
and in concert with LPS treatment. We noted a decreased trend in CD86 expression with LPS treatment alone
However, this trend was not significant. We also noted a non-significant trend towards decreased CD86 expressior
with miR -146aKD in conjunction with LPS treatment. However, a significant increase in CD86 expression with
miR-146aKD alone was measured Comparatively, changes in CD11c were not assessed due to Higvariability
detected with scramble-miR transfection alone. Detection of CD1la was minimal in comparison to other markers
assessed, with no changes between treatment groups. The presence of miR146a results in diminished CD86

expression with LPS as measued by qRT-PCR; no changes detected in CD11c or CDla expressioBata represent
mean+SEM;n=3. A p<0.0001, * p<0.05.
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Appendix G: Expression of select markers in MCAMgenerated ECFCs (1of 2)

Representative histograms from flow cytometric analysis on ECFCs generated from MCAM* precursor cell

population.
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Appendix H: Expression of select markers in MCAMgenerated ECFCs (2 of 2)

Continuation of histograms from flow cytometric analysis of MCAM-generated ECFCs. Note: Groups E, F, !

were only used for quality control and subsequently omitted for analysis. Statistics for the ELCC group markers
is presented in Appendix R.
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Appendix |: Conditioned media from early EPCs exacerbates NFKB50 in late EPCs

Media from normally cultured early EPCs was used on late EPCs in a 50% conditioned media (C.M.) pe
media change. Late EPCs grown for 3 days with early EPC media exhibited greater than 5 fold incrase
NFKB-p50. SEM, n=3
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Appendix J: Stability of small-nucleolar microRNAs used for normalization

A plot of RNU6 (U6), RNU48 (U48) and RNU44 (U44) gRT-PCR Cq values during 10 day culture of early EPCs. The mee
of RNU6 and RNU48 snRNAs were used for analysis.
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Appendix K: A Comparison of morphology between M2 polarized macrophages arehrly EPCs

Rod-shaped morphology of early EPCs (right column) bears siriilaracter to M2 macrophages (left). Early E
shown under Hoffman modulation contrast (tgght) and phase contrast (botteight) to show granularity. Ima

adapted with permission from R&jraud et al. (2012)
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Appendix L: Basal ERK1/2, TRAF6 and IRAKL1 in early and late EPCs

(Top) Knockdown of miR-146a in early EPCs does not affect phosphorylated ERK1/2. (Bottom 144
Representative blot of TRAF6 and IRAK1 protein expression in early and late EPC for comparison in

expression.
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Appendix M: High abundance of miR146a, miR132* and miR-155*

Monocyte-derived macrophages (MDM) express progressively increased levels of miR146a during transdifferentiation.
Passengerstrands miR-132* and miR-155* are highly expressed in antiinflammatory M2b macrophages. Image modified from
Graff et al. (2012)
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Appendix N: Appended Chapter- A robust protocol for efficiently generating late EPCs

using MCAM * MNCs
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Preamble

Since this chapter covers an area which is outside of the central focus of this thdsis iyeportant
relevance to the findings presented within this theseshave placed within the appendices.Over the course of
this project, we have compiled experimental evidence to uncover the originating fraction of cells from adult
peripherablood, whichyield endothelialike colony forming cells (ELCCs) and late EPQ3f key importance to
this chapter is that late EPCs are typic@tpwn from cord bloodsince their generation from adult peripheral
blood is often challenging andhefficient, mostly due to the fact that the origin of late ER@¢hin the
mononuclear cell fractiors entirely unknown Though far less efficient thagenerating late EPCs frowword
blood, late EPCs can be generated either femultwhole blood or from leukapheresis. However, the generation
of late EPCs fronadultwhole blood is often inconsistent and prone to contamination due to low enrichment of the
starting cell populationand therefore leukapheresis is often uskdparallel to our experiments covered in this
thesis we devised a reliable protocol to efficiently generate late EPCs using only a fraction of the original
pr ot oc o lléukocytedelbpopulationg This chapter willescribenhow to isolate the starting fraction of cells
from adult peripherablood, which ultimately yield late EPCandhow to grow the resultant cell population
orderto minimize contamination of nelate EPCELCCs. For this chapter, the term MCAM is often used instead

of CD146 to minimize confusion with miR46a from previous chapters.
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Introduction

a) Identifying the origin of late EPCs

In the past few decades, many studies have been conducted to investigate the origin of human adult late EPCs.
It has been suggested that late ERGse from very rare precursor cells which likely decrease in abundance with
age and canorbidities(184). This highly proliferative cell population has been demonstrated to have potential
therapeutic applications in cell therapy, tissue engineering, as well as being particularly amenable for induction to
a pluripotent state (iPS cell§156, 185. The generation of ta EPCs from adult bloot enhancedhrough
leukapheresis since thpmocess eliminates much of the debris and-specific cell populations from peripheral
blood, while providinga large numberof mononuclear cells that can be cultured under typicaditons for the
derivation of early EPCs, while reducing the risk of circulating endothelial cell (CEC) contamination. However,
leukapheresis requires hours of collection causing discomfort for volunteers, and the uncertain origin of the
precise cell fraevbn from the collected blood needed for late EPCs generation makes it often cumbersome and
poses additional costs. Therefore, the ability to identify the precise fraction of the mononuclear cell population
that gives rise to late EPCs would allow for irased efficiency for sample collection, isolation, and may enhance

their potential use for therapeutic applications.

b) MCAM and Circulating Endothelial Cells

MCAM (aka MCAM MUC18, P1H12, ndo 1 or CD146) is an endothelial markeund on late EPCs and is
commonly used for identifying CE(Q486). It is a constitutively expressed, tram@mbrane glyaprotein found in

endothelial cells as well as pericytes, activated T lymphocytes, trophoblasts and malignant melanoma tumours
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(187,188. MCAM is also expressed on another known late HRE€cell population called colony forming unit

hill (or CFU-HIill) cells. CFU-Hill cells are colonyforming cells that emerge within a week of culture, expressing

the endothelial cell marker CD31, in addition to the monocyte marker CD14 and panleukocyte marker CD45. As
such, it is common for researchers to test for CD14 and CD45 in conjunction with &i03CD146 when
classifying late EPCLECs are typically isolated from adult whole blood using antibodies to the CD146 antigen
conjugated to paramagnetic bed#ig6). Unlike late EPCs, CECs emerge within days of plaéind have limited
proliferation Magnetic selection of CD146ells has also been®hin to be effective for isolation of cord blood
derived MNCs destined to become late EPCs. Delorme et al. showed that elimination of CECs, followed by
selection for CD146MNCs from cord blood yielded late EPCs which lacked the leukocyte marker (1295

To date no study has implicated microRNAs in the regulation of MCAM expression in the derivadautddte

EPCs.

c)  Selecting a more reliable method for generating adul8B@€s using MCAM selection

As noted earlier, the classical protocol for the generation of late EPCs from leukapheresis is based on a
protocol optimized for the generation of early EPCs.c&iih unknown whether late EPCs are transdifferentiated
early EPCs owhetherthese r i gi nat e from another-lmare ERPICOM colmbi preec
existing consensus that generation of late EPCs from adult leukapheresis is laf§elgrinand cumbersome,
we pondered whether a more efficient protocol could be achieved for this isolation process ugresenir

understanding

In optimizing and refininga consistent protocol for the generation of late ER@stested five diffeant

approaches twarying MCAM selectionbased on time of selectioand cell enrichment using FicelPaque

149



(AppendixR). In AppendixR, we presena table comparing generation of ELCCs based on MCAM sorting on
day 1 (in green) versus day 7 (in purpded ouroriginal protocol (pink) Our results revealed that the time of
MCAM selection (post plating) and the use of Fia®htrifugation greatly impacted the yieldBECCs and true
late EPCs.However, thoughMCAM+ MNCs consistently generateolonies which includdate EPCs, cell

numbe, longevity and robustness of endothelial phenotype dapending on donor, and culture conditfons

Hypothesis and Aim

HypothesisA rare population of angiogenic endothelial progenitor cell precursor cells (i-¢ater&PCs)
can be identified and itated from circulating leukocytes or early outgrowth EPCs through MCAM

expression; and possibly, the presence ofgmgiogenic miRL26.

Aim: Compare late EPC generation from adult leukocytes using varied approaches for MCAM selection.

Generating Late ERCs using MCAM*™ MNCs

! Variations based on donor are attributed to health and physiological state, which we identifieetisdréfl miR126 expression (i.e.:
donors with cardiovascular complications have MCMMNCs with reduced miR26; which later become late EPCs with reduced

longevity). Refer to chapter V.
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NOTE: It is crucial to reiterate that ideal culture conditions are essential for generatiare tite EPCs.

Otherwise fipre-late EPC® grown under varying conditions yield endothelike colony forming cells thado not

expresdate EPCanarkersdespite having similar morphologpgpendixP). For this reason, we have used the

term fAedddkteheloilaolny cel | s0 @srfortRelpiOl bélaws Foethigdpurpote, lateat e E P
EPCs represent endothelldde cells cultured normally, possessing classical late EPCs features (i.e.." CD31

CD14 and CD45); while the term ELCCs is less specific, referring to all endothigkalcolony forming cells

including those lacking classical late EPCs featergsCFUHIill cells.

Reagents and solutions

MACs Buffer (PBS + 5% BSA)

CD146 MACs beads

MACs separation column

EBM-2 media (Lonza Cat. No. GB156)

EGM-2mv bullet kit SingleQuots (Lonzaat. No. CC4147)
-Consists of hEGF, Hydrocortisone, G800 (Gentamicin AmphotericiB), FBS (2mL not used),
VEGF, hFGFB, R3, IGF1 and Ascorbic Acid

Human Serum (Wisent Cat. No. 6220)

Human Fibronectin (Roche Cat. No. 11080938001)

Corning 75crm(T75) Flask

3% Acetic Acid with Methylene blue (for initial cell counting Stem Cell Technologies Cat. No. 07060)
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LAL reagent water

PBS (C&" and Md" free)

TrypLE

Ficoll Paque PLUS (GE 1744002)

Human leukapheresis sample

Collected on a Optima using monocwgigichment protocol

2 total blood volumes cycled, resulting in 3300 mL collected apheresis

60-80 x1C leukocytes/mL

10-25 % monocytes

. Prior to the start of the experiment, begin by removing 100 mL from the 500 mL-ZEB¥Mdia, and
replace by adding 10L of human serum to obtain EB® consisting of 20% human serum. To this
media, add the entire contents of the of the EPNWW bullet kits (omitting the addition of fetal bovine

serum).

. To the 5 mg of human fibronectin, add 5 mL of LAL reagent water. Timg/ilnL concentrated solution is
allowed to incubate for 30 minutes tolhour for complete reconstitution’@t\8ith occasional swirling.

Add 100ni of the fibronectin solution into 100 mL of PBS to produce arynL working fibronectin
solution. Coat edcT75 flask with 12 mL of diluted fibronectin (4 mL per T25, 12 mL per T75, 28 mL per
T175). Incubate fibronectin coating for 45 minutes, then replace with PBS to prevent drying of substrate

while experiment commences.
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Processing and enriching leukaptsesgoroduct

For this stage, it is essential that the following steps are completed as quickly as possible and that the

media used at each step is-prarmed to 37C to achieve the best results.

1. Dilution: Upon reception, the collected leukapheresdiliged four fold in XDPBS.

2. Preplate counting: Aliquot a small portion of the apheresis into prepared media, adjust the initial diluted
product concentration based on the initial cell density obtained from aphere&ig@ 2ellymL making
note of he total volume for later calculations. From this aliquot, create a 1:1 dilution with methylene blue

and perform a cell count.

3. Sorting: Once cell numbers are confirmed, CD1délls are sorted using the Mylteni MACs separation
system following manufacture6 s pr ot ocol . F o | 1celviraction is coarlted agaim r t i ng,
prior to plating; ensure minimal time between cell sorting and plating. Note: A greater total number of
CD31" ELCCs can be achieved by plating Aarolled leukapheresis on daydhd sorting for CD146

cells on day 7 (refer to step C4).

4. Plating: For adequate EPC outgrowth, plate the cells at a density-0f53B¥ cells/cnf. This seeding
density accounts for total CD146ell population to be counted on day 7 while minimizimgnpeting
proliferative cell populations which may have been accidentally plated that could eliminate or reduce

ELCC generation.
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5. Volume adjustment: Calculate the volume of leukapheresis required to achieve the desired cell number for

selected flasks. Remewesired volume from the leukapheresis product with an additional 25% adjusted

volume to account for cell loss during washes.

Wash: Split the sample volume into 50 mL conical tubes containing 25 mL DPBS per conical tube for

washes. Spin cells for 7 nutes at 350 g.

. Following the wash, remove the supernatant without disturbing the pellet. Resuspend the pellet into the

appropriate prealculated volume of prerarmed EGM2MV media while gently dissolving the pellet.
Note: the volume of media used pask depends on the experimentgnerally,15 mL is used per T75

(5 mL for T25, and 30 mL for T175).

Early endothelial progenitor cell outgrowth

1.

2.

After initial plating and incubation, cells should be left undisturbed for a minimum of 36 hours for full
adchesionto fibronectin substrate Until emergence of colony forming cells, it is critical to minimize

disturbance of plated cells as CD14&ve low adherence to fibronectin until colony formation.

The first media change should occur after 48 hours optaihg. Itis acceptabléo observe a lot of cell
debris in the first week of plating. For the generationld€€, it is imperative that the media changes are

completed with minimal agitation of the flask; using -prarmed EGM2MV media. No washes are
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necessary. Partial media changes are appropriate but should be adjusted for occurrence to account for

freshness.

. Typicalrod-shaped EPCs wikmerge in the ne&D146 sorted cellsafter the first media change and will
continue to emerge 482 hours posplating. For the first week, a reduction of 94% cell leukocyte cell

density is expected. This will be accommodated on day 7.

. Consolidation (NOTE: CD146cells sorted on day O should not be consolidated on day 7): On day 7,
begin by precoating half of the total number of plated flasks from day 1, following the same procedures as
day 1. Gently mmove media from flasks. Apply psgarmed TrypLE dissociation enzymatic solution to

the flasks containing adherent cells and place into the incubator for 10 minutes (use the same volumes used
for fibronectin coating). Agitate the flasks every 2 minutesanguincubation. Remove TrypLE cell
suspensions and place into 50mL conical tubes. Scrape the emptied flasks and rinse with PBS to detach

any remaining cells. Add this to the existing cell suspension. Add 20 mL-B@¥media to neutralize

Appendix O: Variations in ELCC morphologyf r om one part iteelilspani
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Representative images of cultured colony forming cells. Cells in groups H and | formed elongated ECFG

like cells which lacked endothelial marker, CD31. A difference in morphology can be noted between cell:
of group B and D, which differ only in non -ficolled and pre-ficolled conditions, respectively.



TryPLE. Cetrifuge cell suspensions at 350 g for 7 minutes. Gently remove the supernatant and
resuspend the cell pellets into 5mL E&MWV. At this point, each conical tube contains one flask worth

of plated cells. Combine every two flasks into one conical tubersolidate the cell suspension two fold.
Replate each cell suspension onto a fibronectinqoed flask. Place flasks immediately into the cell

incubator. Cells should be undisturbed for2&hours.

. Plating cells for the generation of ELCOSncecells are detached from their respective flasks in step 4
above, count cells, spin cells at 300 g for 10 minutes and resuspend cellsLimBRACs buffer per 10

cells.

. From step 5, add 20L of CD146 MACs microbeads and 2@ of FCR human blocking reagt. Store

cells in a 4 degree fridge for 15 minutes.

. After 15 minutes, an addition 1 mL MACs buffer is added pércéls, and cells are centrifuged at 300 g
for 10 minutes. The pellet is resuspended inm0®uffer per 10 cells and this cells suspsion is MACs

sorted.

. Separatehe CD146cell fraction(these cells can be-pated on fibronectin to form EPCs after 24 hours)

Spin down the CD14%6cells at 300 g for 10 minutes. Resuspend the CDtdl fraction in appropriate
EGM-2MV media, and cout cells. Plate the CD14&ell fraction at 7500 cells per émon fibronectin

coated flasks. Place flasks immediately into the incubator. Cells should be undisturbed for a minimum of
36 hours with gentle media changes until ELCCs emerge. As ELCCsenfleeding cell debris will

subside.
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9. IMPORTANT NOTE: The CD146 population represents3% of the total EPC cell population after 7

days in culture.

Endothelial colony forming cell outgrowth

1. As early as day 9, ELCCs colonies will begin to emerge witierEPCs.

2. Starting from day 8, begin to scan each flask of plated cells systematically starting from one edge of the

flask and working across each high powered field.

3. Once a colony of ELCCs is identified, mark the top of the flask to indicate theolocdtELCCs colony

for later inspection.

4. Colonies of ELCCs will emerge as small clusters and will proliferate rapidly (the doubling time of ELCCs
will vary from donor to donor). Once colonies emerge, ELCCs will expand detaching neighbouring EPCs.
Cell debris will emerge above the flask until the heterogeneous EPC/ELCC population becomes a

homogeneous ELCC population (after expansion).

IMPORTANT NOTE: During the isolation of CD14@ells (on day 1 or day 7), a small fraction of CD14élls
can by lysed for RNA extraction. Compared to typical early EPCs, a highlB6Rexpressing MCARNcell

population will yield more proliferative ELCCs with late EPC characteristics (i.e.: G314, CDA45).
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5. At this time it is essential that a cplate media change is performed every 48 hours until expansion is

performed.

6. Continue to monitoELCC growth until multiple ~640nn? sized colonies emerge.

7. Monitor the rate of ELCC proliferation as it will vary from participant to participant. Thisnrdgon will

be valuable during expansion.

Appendix P: MNCs, EPCs and ELCGCs showing typical cell morphology

Mononuclear Cells (left), EPCs at day 5 (middle) and ELCCs (right) are represented. Images taken at 100x magnification.
Scale bar = 100mm. Purified MCAM expressing cells typically do not undergo differentiation into rod morphology; instead

progress directly into colony forming cells.

158



Endothelial colony forming cell expansion and harvest

1. Typical ELCC proliferatio doubling time is 3t days. Media changes should be performed every other

day.

2. Once multiple ELCC colonies emerge, gently remove media from each flask. Apply TrypLE in the same
volume and manner as step 4 of C. Incubate for 5 minutes. The shorteukdtion time reflects the
adhesion of ELCCs compared to EPCs. ELCCs lift readily with TrypLE compared to EPCs. As such, a
shortened incubation time allows for selectivity of ELCCs for expansion. Agitate the flasks every minute

during incubation.

3. Carefully remove the TrypLE suspension, and place into a 50 mL conical tube. Add 20 mREGrb
neutralize TrypLE. Spin cell suspension at 400 g for 7 minutes. Discard adherent EPC from leftover

flasks.

4. After spinning, gently remove and discard thpesmatant. To the pellet, add 30 mL qwarmed media
while gently disrupting the pellet. At this point, each conical tube represents 1 flask of cells. Split the total
volume of cell media suspension into two flasks to expand the distribution of EL@&sltlv Plate non

coated corning flasks with this cell suspension. ELCCs do not require fibronectin coating.

5. ELCC doubling times will decrease with subsequent expansion and passages.
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Freezing and thawing endothelial colony forming cells for study

I.  Upon reception of leukapheresis, unused portions of leukapheresis product must be frozen unmanipulated
in 10% DMSO, undiluted. Upon thawing, leukapheresis product must be warmed for 3 minuté€in 37
water bath and added directly to a 50 mL conical wdrgaining 20 mL prevarmed EGM2MV media.

This cell suspension can then be centrifuged at 350 g for 7 minutes and replaced with fre@MEGM

media to remove DMSO. The same procedures as b) can be followed for the remaining procedure.

il ELCCs must be framn at 1x16cells/mL in 80% EGM2MV, 10% human serum and 10% DMSO.

Generation of only early EPCs occurs normally from frozen leukapheresis. But ELCCs generated from
frozen leukapheresis are extremely rare, emerging after approximately 17 days andsduvimetexpansion.

Generation of early EPCs from frozen leukapheresis is unaffected by freeze/thaw.

From the above protocol, the following parameters were systematically tested to assess effects on the

phenotype of the predominant resultant ELCCs:

- Ficolled versus noficolled cell preparation on day 1.

- Day of cell sorting (i.e.: MACs sorting for MCAMtells on day 1 versus day 7).
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We expected that variations in these parameters would provide insight into variability in: ELCC markers (i.e. late

EPC vs CFULHill), longevity and total cell yield (on the final day of culture, day 28).

Results

Evidence of late EPC precursor cells

In

our studies investigating the generation of late EPCs from human adult leukapheresis, we have made

several key observations whighovide insight into the origin of late EPCs as well as culture conditions that

optimize late EPC outgrowth:

Late EPCs are only generated from freshult leukapheresis. Once frozen, adult leukapheresis can
only generate early EPCs. This finding suggests that early EPCs do not transdifferentiate into late
EPCs; instead a possibly sensitive late EPCs precursor cell type with impaired freeze/thahiligapt

may exist within the mononuclear cell fractioAs well, late EPCs can be generated directly from
MNCs using MCAM selection and proper culture conditions and that these cells become late EPCs

withoutfirst becoming early EPCs. This also sugg#sts early EPCs are not precursors to late EPCs.

Using Ficoll Paque for enrichment of isolated mononuclear cell buffy coat substamédiiges
MCAM™ selection while removal of CECsising an adhesion step did not reduce the generation of late
EPCs Typically, Hcoll improves early EPC generation by increasing the total mononuclear cell

fraction and thereby the monocyte population for generation of early EPCs. However, our finding
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suggests that a rare precursor cell population which yield late EPCsfiglywoepresented in the same

cell density as mononuclear cells. MCAlgrecursor late EPCs are possibly lost in the ficoll pellet.

ELCCs (including late EPCs) emergaly within the MCAM'" cell fraction of human adult
leukapheresis. In all conducted exments involving separation of MCAMcells, MCAM cell
population never yielded colony forming cells (group |Appendix R was the rare exception).
However, only a small fraction of MCAMcells yield colony forming cells, not the entire MCAM
fraction. These rare colony forming cells exist as rounded celtidanitid 7 days in culture and can

grow into various cell types when grown under different culture conditions. As such, MEGAKI

must be cultured under proper conditions to yield late EPCs possessing appropriate characterization.
Additionally, late EPCs generated from MCAMmononuclear cells from day 1 dwt take on rod

shaped morphology prior to emerging as colony forming cells. We have not investigated these findings

from human adult whole blood and have not reproduced these results withamd bl

MCAM™ cells isolated from human adukukapheresisare >90% CD45on day 1. This number
reflects only hemocytometric counts followingagnetic activated celMACs) soring. Due to low cell
numbers in isolating MCAMcells on day 1, flow cytometrianalysis was done on day 28 (after the

cells had expanded). During passages, cultures were split into triplicates prior to flow cytometry.

MCAM™ mononuclear cells represent5% of total human adult leukocytes (measured on day 1 in
leukapheresis). Howeweas mononuclear cells are grown under EPC conditions, total number of
MCAM™ cells increase within the first week in culture especiallganficolled leukapheresis product

(AppendixQ). This finding suggestthhat MCAM expression is not static and can be modified under
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appropriate culture conditions. Likewise, MCAM expression is lost gradually with prolonged culture.

== Non-Ficolled
- Ficolled

Non-Ficolled,
—— CD146- Day1,
CD146+ Day 7

%MCAM Cells

0!..\ ] ] ] ] I I |

0 1 2 3 4 5 6 7
Days Cultured

Appendix Q: MCAM expression increases under endotheligbromoting culture conditions

Total percentage of MCAM expressing cells plotted from day of seeding to day 7. All cells were from th
same participant sample. The population initially depleted of MCAM cells (whit e triangle) had the largest
increase in MCAM* cells in 7 days, but overall yielded smallest number of total colony forming cells likely

due to early senescence.
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Appendix R: MCAM * sorting techniques for generating ELCCs

To narrow down the precise fraction of cells which yield late EPCs after MCAM selection, we varied Ficollation
and the day of MCAM selection and recorded how many passages the resultant cells underwent in 28 days as we
as the number of remaining cells on day 28. Group C cells were grown using our classic protocol (which wa
optimized for early EPCs), this was the only group that was not MCAM sorted. Therefore, to show difference in
yield, group C was used as the comparison group for statistical analysis Consolidation refers to re-seeding cells
on day 7 based on cell count to maintain consistent cell density (accounting for loss of cell density over time). In
all groups, MCAM expression increased under endothelial promoting culture conditions within the first seven
days. All cell characterization was performed on day 28; P1 passagesvere done on day 14;+ indicates that cells
survived several pasages after data collection. *Group | cells were negaively sorted for MCAM on day 1 but had
2% increase in MCAM* cells by 7; following MCAM+* sort on day 7, colonies emerged. The results seen with group
| was unique and unrepeatable. Not shown in the results presented in abovetable, non-Ficolled and day 7 sorted
cells (protocol B) yield highest total ELCCson average, based orrepeated observations.
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Appendix S: Characterization of ELCCs on day 28

Cell characterization of ELCCs wasperformed on day 28. Groups B and D expressed highest levels of CD31, bugroup D
expressedless CD146 comparatively. Data represents mean + SEM; n=3. Ap <0.0001, *** p <0.001, **p<0.01, *p<0.05; all

groups compared to group C.
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Discussion

The expression ai5b1l integrin on monocytes allows for adhesion to fibronectin, which can be exploit
in cell culture for their enrichment using a fibronectin substrasesuch,culture of both early and late EPCs on
fibronectin is advantageous as it allows for the quick removal of loosely bound ELCCs with a gentle dissociation
enzyme like TrypLE withat disturbing strongly adherent early EPCs. Consolidation on day 7 allows for

exclusion of tightly bound early EPCs, while selecting for loosely bound ELCCs (and late EPCs).

The reemergence of CD146ells after being removed on day O (group |) suppexisting evidence of
endothelial reprogramming of CD14&ells, due in part, to the presence of endothgliamoting growth factors
such as hFGF, VEGF and IgFwhich are supplemented with the cell me@8), for a complete list refer to the
protocol in themethods section There is a possibility that MCAM expressing cells may have been missed in the
first sorting, which could explain the increased MCAM positive cells after 7 days of culture. However, the overall
increased number of MCAM expressing cells whemesbon day 7, was a consistent and reoccurring observation.
It should be noted that the week delay before the outgrowth of colonies, combined with a lack of colony forming
cells emerging from frozen leukapheresis, strongly supports the theory thatcibeseare not sloughed
endothelialcells or CECs. If CECs were indeed present during isolation, leukapheresis processing would greatly
eliminate CEC presencand the resultant CECs would have limited proliferatiohs well groups sorted for
MCAM on dayl, like group A cells (which were selected for MCAM immediately before initial seeding) would
most likely be most vulnerable to CEC contamination. Group H would also be prone to CEC contamination for the
very same reason. Another explanation for incred€AM expression could b#éhata preexisting population

of At r upelaleERGscircu(ating within peripheral bloothat mayinitially lack CD146 and are later
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pushed towards an endothelial phenotype following two weeks in culture. Our seggktstt hat a fAtr ue
population, which idikely reprogrammable, exists within the leukocyte fraction and enrichment~ediation

reduces the number of such cells and therefore the final ELCC vyield. This would explain the reduced yield with
Ficoll is used It is not clearhow muchthe initial CD146 fraction of prelate EPCs later express CD146 and

subsequently become high proliferating true late EPCs (or what these cells may be).

The day of MCAM selection appears to m@stcritical based on ourirfdings. Our data also shows that
cells selected for CD14@®n day 7 as opposed to day 1 (protocah B\ppendixS) produce a larger population of
cells expresag the endothelial cell marke2D31 while ceexpressing CD146 (and maintaining leukocyte marker
CD45 and the monocyte plasticity marker CD14). The presence of CD14 and CD45 in cells from group A is a
hallmark feature of CFHill cells (28). Though CFUHIll cells have been shown to be involved in stimulation
and regulation of angiogenegkb, 189), this cell population is accepted to be of hematopoietic origin and likely
never become long term intimal endothelial céB88, 190. Nonetheless, we were pleased to have ifietta
new method for the generation of CHUll cells. Cell groups B and D differed only in tl&coll density
centrifugation. This step could account for the decreased CD146 expression in addition to CD14 and CD45 on

day 28 (though this difference was marginal).

We observed that the total MCAMVINCSs from cardiac patients was in the sarr&/d rangeof total
MNCs that we identified in healthy participants. Howe¥érolled CD146 MNCs from cardiac patients (which
contain the ELCCthatinclude the late EPC population) consistently yielded cofonying cells with reduced
longevity,which senese by passage @igure38). Using gRTPCR, we noted that cardiac patients had
significantly reduce@xpression of miRL26 in their kcolled CD146 MNCs when measuresh day 1 prior to

seeding (p<0.00Figure38). This finding suggests that CDI4@&mains a good predictive marker for colony
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forming cell populations, but a high exggsion of miR126 is indicative of cardiovascular health and colony
forming cell longevity. The explanation for this is found in earlier studies, which indicated that under
cardiovascular injury or chronic pathology, decreased-hd&in endothelial ct (causing increased SHE

which promotes healing by recruitment of early EPCs, as noted earlier). Therefore, late EPCs (or similar cells
arising from the CD146MNC cell fraction) could be undergoing the same or similar process, which causes
reductionin miR-126 under cardiovascular injury or chronic pathology. Future experiments could pursue the

implications of this.

Since umbilical cord blood typically possesses a richer source of colony forming cells, we postulate a
higher fraction of MCAM expressg precursor cells in this sample population. Additionally, cord btwyd/ed
colony forming cells survive higher passaging than adult generated cells, and thus possess greater longevity. To
this end, we also postulate that cells from cord blood, wiécome coloriforming cells likely, possess higher
miR-126. It has previously been reported that preeclantesiaed late EPCs typically express lower rii6

than their healthy counterpart cg[l€91). As such, oufindings mirror this in adugenerated cells.

Chapter Summary

In summary, our findings from the candidate and global arrays shed light on a number of differences
between early and late EPCs, which gave insight into the roles that microRNAs play irethigges. Our
global arrayinspired us to pursue MCAM while investigatilage EPCs. When we pursued the relevance of
MCAM in late EPCsandidentified that only CD146MNCs gave rise to ELCCs and late EPQT#is further

inspired to devise protocol fa increasing the efficiency of late EPC generation.
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Our findings are the first to identify CD146/MCAM apedictivemarker for ELCCs (and late EPCs)
from adult leukapheresis. A major difference from our protocol and prefiralisgs is the eliminationf Ficoll-
Paque for higher generation of colony forming cells (and late EPCs). Cord-déoived colony forming cells are
typically derived followingFicoll density centrifugatioifand our findings showed thaicbllation of adult
leukapheresis reducedté EPC yield), so it is possible that in human adults MCAM positive precursors are
matured and thus possess different density which causes these cells to be |lastulthenkapheresis product is
Ficolled.

Using the described protocol, generationaté EPCs can be achieved using less starting material, resulting in
an overall greater yield of late EPCs. Identification of kegpressing miRL26 MCAM?" cell population is
currently limited by technology, but our protocol allows a unique method for identifying the fraction of
mononuclear cells which consistently yield coldoyming cells and late EPCs. It is possible that screening for
miR-126 expressio using techniques such as gRTR in MCAM" MNCs on day 1 could further improve our

current described protocol.
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