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Abstract  

 
Ischaemic heart disease (IHD) is the leading cause of death worldwide. Currently, even 

optimal medical therapies do not attenuate deterioration of the left ventricular (LV) function 

completely. Stem cell therapies, and recently cardiac stem cell therapies, have emerged as 

potential novel treatments for IHD. However, clinical evidence from randomised controlled 

studies has shown mixed results. Thus understanding what patient-related factors may affect 

the therapeutic performance of the cells may help improving treatment outcomes. The studies 

described in this thesis aim to understand how cardiac progenitor cells (CPCs) can re-

vascularise ischaemic myocardium and promote functional repair of the heart. Resident CPCs 

were isolated and expanded from the right atrial appendage of 68 patients following the 

‘cardiosphere’ method (cardiosphere-derived cells or CDCs). They resemble mesenchymal 

progenitors as they lack the expression of endothelial and haematopoietic cell surface 

markers but express mesenchymal progenitor cell markers (e.g. CD105, CD90). Cell function 

was evaluated by support of angiogenesis, mesenchymal lineage differentiation potential in 

vitro, and improvement in heart function in vivo. Notably in vitro, CDC from different 

patients differed in their angiogenic supportive and differentiation potentials. In a rodent 

model of myocardial infarction (MI), transplantation of CDC reduced infarct size 

significantly (p<0.05). However, only those CDCs with a robust pro-angiogenic ability in 

vitro improved vessel density and heart systolic function (p<0.05) in vivo. A multiple 

regression model, which accounted for 51% of the variability observed, identified New York 

Heart Association (NYHA) class, smoking, hypertension, type of ischaemic disease and 

diseased vessel as independent predictors of angiogenesis. In addition, gene expression 

analyses revealed that differential gene expression of several extracellular matrix components 

(e.g. CUX1, COL1A2, BMP1 genes and microRNA-29b) could explain the differences 
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observed in CDC’s vascular supportive function. In summary, this is the first description of 

variability in the pro-angiogenic and differentiation potential of CDCs and its correlation with 

their therapeutic potential. This study indicates that patient stratification may need to be 

included in the design of future trials to improve the efficacy of cell-based therapies.  
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MFI     median fluorescence intensity 

MHC myosin heavy chain 

MI     myocardial infarction 

minithx mini-invasive thoracotomy 

miR microRNA 

MMP matrix metalloproteinase 

MNC mononuclear cell 

MOI     multiplicity of infection 

MRI magnetic resonance imaging 

MSC  mesenchymal stem cell  

MSCM     mesenchymal stem cell medium 

mTLD mammalian tolloid 

N equivalence per litre (Eq/L) 

NO nitric oxide 
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NOC4L nucleolar complex associated 4 homolog 

NRE negative regulatory element 

NTC non-targeting control mimic 

NYHA     New York Heart Association 

OC outgrowth cell 

OD optical density 

OFT outflow tract 

P(1) passage (1) 

p(hVEGF) plasmid expressing gene of (human VEGF) 

PBS phosphate buffered saline 

PC percutaneous 

PCA principal component analysis 

PCI percutaneous intervention 

PCP procollagen C endo-peptidase 

PDL poly-D-lysine 

PE     phycoerythrin 

PerCP     peridinin chlorophyll protein 

PlGF placenta derived growth factor 

QoF quality of life 

qRT-PCR quantitative real-time polymerase chain reactions 

r(hVEGF) recombinant (human vascular endothelial growth factor) 

RA right atrium 

RCA     right coronary artery 

RCT randomised controlled trial 
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RR response ratio 

RRR relative responsive ratio 

RT  reverse transcription 

RTL     relative tubule length 

SD     standard deviation 

SE standard error  

sFFv spleen focus-forming virus  

SM  skeletal muscle/myoblast 

STAT1 signal transducer and activator of transcription 1 

T150 150cm²cell culture flask 

TGF-β transforming growth factor beta 

TLR toll-like receptor  

TNF-α tumour necrosis factor alpha 

TnI troponin I 

TTE transthoracic echocardiography 

TTL    total tubule length 

UNG uracil N-glycosylase 

UTP uridine triphosphate 

V  ventricular (septum); volume 

VEGF vascular endothelial growth factor 

VEGFR vascular endothelial growth factor receptor 

Vs. versus 
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Chapter 1    Introduction 
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1.1   Ischaemic heart disease 
 

Ischaemic heart disease (IHD) is characterised by an inadequate supply of blood to the 

myocardium resulting in an imbalance between myocardial oxygen supply and demand. This 

causes clinical manifestations such as sudden death, myocardial infarction, angina, heart 

failure, arrhythmia or asymptomatic survival. The major cause of IHD is atherosclerosis, 

leading to low perfusion of the region of the myocardium supplied by the culprit artery [1]. 

 

Coronary artery disease (CAD) remains the top ‘medical’ killer in the world. In the United 

Kingdom alone, a total of around 80,000 deaths were caused by CAD in 2010, with newly 

diagnosed cases of myocardial infarction (MI) and angina being estimated to be over 123,000 

cases annually. The total prevalence of CAD in the UK was estimated at nearly 3.5 million by 

2010. [2], [3] In addition to CAD, pathologies such as aortic stenosis and hypertrophic 

cardiomyopathy can also result in ischaemic damage to the myocardium in due course [4–8]. 

 

During the past decade, treatment for IHD has generated improved regimes of medical 

therapy, which combines anti-platelets agents, β-blockers, statins, ACE-inhibitors etc., 

offering the optimal prevention of coronary artery disease and anti-remodelling effects. In 

addition, percutaneous coronary intervention (PCI) and highly advanced surgical technology 

provide substantial gains for patients surviving ischaemic episodes by focusing on 

revascularising the ischaemic territory, whilst decreasing the subsequent effect of both acute 

haemodynamic instability and chronic unfavourable LV re-modelling [9–12]. However, 

even treatments meeting today’s highest standard of medical care are unable to halt the 

progression of IHD in many patients to chronic heart failure [13].  
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1.2   Stem cell therapy: mechanisms, cell types and limitations 
 

Stem cell therapy may give an opportunity to improve revascularization, to restore impaired 

left ventricular (LV) function and delay the progression of disease [14]. The mechanism of 

how stem cells work is not fully understood and various theories have been proposed. Stem 

cells transplanted into the heart may proliferate and engraft into the damaged myocardium. 

The engrafted cells may fuse with local cardiomyocytes or enhance their survival, release 

paracrine factors which recruit resident cardiac stem cells to differentiate into new 

vasculature and cardiomyocytes or may modify the extracellular matrix and reduce 

proliferation of the granulation tissue [15–23].  Therefore, stem cell therapy aims to attenuate 

or reverse adverse LV remodelling following MI and to improve LV function (Figure1.1).  

 

In rodents, stem cells can induce blood vessel formation through secretion of pro-angiogenic 

factors, such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), 

interleukins and metalloproteinases [24], resulting in an increased capillary density in the 

infarct border zone [25]. Such a pro-angiogenic effect has also been confirmed in large 

animal models of MI [16]. Although in the last decade a plethora of studies has been reported 

in this field, only stem cell types tested in clinical trials for IHD are reviewed in this Thesis. 

These stem cells derived from specific tissue sources include skeletal myoblasts, bone 

marrow (BM)- and blood-derived stem cells, and resident cardiac stem cells.  



 

 

 

 
 
 
 
 Figuree 1.1 Goals and mechannisms of ste
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1.2.1 Skeletal myoblasts (SM) 

 
Early preclinical evidence showed that SM could repair the damage myocardium [26], but 

their clinical efficacy is debatable [27]. Initially, several non-randomised controlled safety 

studies generated promising results when SM were administered in combination with 

coronary artery bypass grafting (CABG) in patients suffering from congestive heart failure 

(CHF).  The results showed an improved global and regional contractility and/or myocardial 

viability in the infarct zone. Long-term follow-up (up to 4 years) also showed improvement 

in left ventricular ejection fraction (LVEF) associated with an improvement in myocardial 

viability, and no adverse effects of the treatment [28]. The only safety concern has been an 

increased risk of arrhythmias as some of the trials reported episodes of sustained ventricular 

tachycardia following cell transplantation [29], [30].  However,  the multicentre, randomised-

controlled, double-blind Phase II MAGIC (Myoblasts Autologous Grafting Ischaemic 

Cardiomyopathy) trial (Table 1.1), using two doses of autologous ex vivo expanded SM, 

found that global and regional LV functions were not significantly changed after 6 months 

and significant reduction in LV volumes were only observed in the high-dose treated group 

[31].  Although no significant increase in arrhythmic events was reported in the MAGIC trial, 

arrhythmias seemed to be clustered in the early post-operative period in the SM-treated 

groups [31]. Recently, another Phase II trial, the SEISMIC trial (Table 1), reported that 

injection of SM in patients with CHF is safe but no significant improvement in exercise 

tolerance or LVEF was observed in the SM-treated group compared with the control group 

[32]. There was no evidence for SM-induced sudden death in the above mentioned 

randomised controlled trials (RCTs), however SM are still considered pro-arrythmogenic and 

thus the development of SM-based cell therapy for heart disease has been halted.  
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Table 1.1 Major completed RCTs of the cell therapies 
 

Origin Cell type Trial Phase Administration Patient cohort 
Patient 

numbers 
Main effect 

SM myoblast MAGIC [31] 2 Imc  ICM for CABG 97 significant reduction in LV volumes in  800M cell group but 
prone to arrhythmia 

SEISMIC [32] 2 Imc  ICM no option 40 Safe.  No significant improvement in exercise tolerance or LVEF 
BM MNC Repair-AMI [33], [34] 2 IC AMI 204 improved LVEF, decreased mortality 

ASTAMI [35] 2 IC AMI 97 negative 
Janssens et al. [36] 2 IC AMI 67 reduced scar size 
BOOST [37–39] 2 IC AMI 60 improved EF in short term with a single dose 
TIME/Late TIME [40], [41] 2 IC AMI 120 negative 
Cao et al. [42] 1/2 IC AMI 86 safe, improved EF 
FINCELL [43] 1/2 IC AMI 80 safe, improved EF 
HEBE [44] 2 IC AMI 200 negative 
BONAMI [45] 2 IC AMI 101 improved LV viability 
Hu et al. [46] 2 Imc ICM CABG 60 improved LV function and exercise tolerance 
Perin et al. [47] 2 Imc pc ICM no option 92 negative 
Pokushalov et al. [48] 2 Imc pc ICM no option 109 improved mortality, LV function, HF symptoms at 12-month,  

CD34+ Patel et al. [49] 1/2 Imc ICM CABG 20 further improved LV function 
Regent [50] 2 IC AMI 200 negative 
Losordo et al.[51] 2 Imc pc angina 167 improved exercise time, reduced frequency of chest pain 

ALDH+ Perin et al. [52] 1/2 Imc pc ICM no option 20 improved LVESV, potentially improved perfusion and oxygen 
consumption 

MSC Chen et al., 2004 [53] 1/2 IC AMI 69 improved LV function 
Chen et al., 2006 [54] 1/2 IC ICM for PCI 45 improved LV function, exercise time, sympotoms and myocardial 

perfusion 
Prochymal allogeneic [55] 1/2 IV AMI 53 improved EF 
POSEIDON [56] 1/2 Imc pc ICM no option 30 autologous cells improved exercise time, allogeneic cells reduced 

LVESV 
Fat MSC APOLLO [57] 1 IC AMI 13 improved perfusion and reduced scar size 

PRECISE [58] 1 IC ICM no option 27 Safe. Improved oxygen consumption and reduced scar size. 
Heart CDC CADUSEUS [59] 1 IC Recent MI 25 reduced scar size 

C-kit+ SCIPIO [60] 1 IC ICM no option 16 improved LV function and reduced scar size 
SM= skeletal muscle, BM= bone marrow, MNC= mononuclear cells, ALDH=alcohol dehydrogenase, MSC= mesenchymal stem cells, Imc= 
intramyocardial, pc= percutaneous, IC=intracoronary, IV= intravenous.
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1.2.2 Bone marrow mononuclear cells (BMNC) 

 
Unselected BMNC are clearly the most investigated cell-based therapy for heart disease in 

clinical studies, with the longest follow-up lasting up to 5 years [61–65]. As an attractive 

novel treatment for acute and chronic MI, BMNC are relatively easy to harvest, easy to 

process in a short timeframe from whole bone marrow aspirates using standardised 

techniques (e.g. density gradient centrifugation and cell sorting) and usually yield large 

quantities of cells. This makes them extremely amenable to treat acute MI patients.  

 

In this patient cohort, BMNC have a beneficial but moderate effect on heart function, 

measured by LVEF [61–65]. Not surprisingly, following the expectations raised by the early-

phase clinical studies, several RCTs have generated mixed result (Table 1.1).  The largest 

trial, the REPAIR-AMI trial, showed an improvement of global LVEF in the treatment group 

without significant changes of left ventricular (LV) end-diastolic volumes 4 to 6 months 

following cell transplantation [33]. In addition, decreased mortality was observed in the 

treatment group compared with the control group at 2 years follow-up [34]. In contrast, in 

other landmark studies, BMNC have not shown the same beneficial effect in this patient 

cohort. Negative to mixed to transient effects are seen in the ASTAMI [35], the Belgium [36] 

and the BOOST trials [37], [38] respectively. 

 

Although the definite reasons for these mixed results remain elusive, differences in cell- and 

patient-related factors are most likely to be the cause. Differences in study protocol and 

design, including time from reperfusion to cell injection, route of delivery, cell type, cell dose, 

and cell isolation techniques are all factors that could influence treatment outcome [66]. 

Importantly, cell function is known to be affected by cardiovascular risk factors [67]. In 

addition, the methods used for assessing outcomes (e.g. echocardiography, magnetic 



- 15 - 
 

resonance imaging (MRI), radionuclide ventriculography, etc.) and the relevant primary 

outcomes should be carefully selected as each of them have their own limitations [68]. 

Whereas BMNCs were infused within the first 7 days post-MI in most trials, in the Belgium 

trial, cells were injected within 24h of MI [36].  In the ASTAMI trial, MRI was not 

performed until 2-3 weeks after cell transfer, whereas echocardiographic imaging was 

performed at baseline. Further, cells were prepared differently from the REPAIR-AMI trial 

[35]. Subsequently follow-up data of the REPAIR-AMI and BOOST trials have become 

available. In the REPAIR-AMI, the improvement of LV function was sustained after 12 

months and was associated with a significant reduction in major adverse cardiovascular 

events post-AMI in 2 years follow-up [34]. However, in the BOOST trial, the initial 

difference in LVEF between trial arms was no longer significant after 18 months [38]. 

Recently, 5-year follow-up data from the BOOST trial did not show a sustained benefit on 

systolic and diastolic LV function after a single BMNC infusion [39]. Interestingly, subgroup 

analyses suggested that patients with a more severely impaired LV function may have a 

benefit from BMNC administration, whereas patients with preserved LV function post-MI 

may not [39].  

 

During the course of this thesis more clinical data have become available. RCTs such as the 

HEBE [69], BONAMI  [45],  FINCELL [43], and TIME [40], [41] studies (Table 1.1) show 

no significant effect on heart function or contractility between treated and non-treated 

patients. Recent systematic reviews and meta-analyses, which also included smaller trials, 

have suggested that BMNC improves LVEF by 3-5% [61], [63], [70], [71]; however, there is 

no significant reduction on the risk of mortality in AMI patients treated with BMNC 

compared with control. 

 



- 16 - 
 

Fewer data from RCTs are available in patients with chronic MI and heart failure (Table 1). 

Intracoronary delivery of BMNC during CABG in patients with chronic MI and HF resulted 

in significant changes in LVEF and exercise tolerance in favour of the treatment [46]. HF 

patients, receiving optimal medical treatment and with no option of revascularization have 

been treated in two other trials.  Following the promising results of the Phase I trial, Perin et 

al., designed a Phase II trial. Surprisingly, no significant improvement in LVESV or maximal 

oxygen consumption was observed in treated patients compared to controls [47], [48]. In 

another trial, intramyocardial delivery of BMNC to patients with ischaemic HF improved HF 

symptoms, and LV function and even improved survival of these patients significantly [47], 

[48]. In Pokushalov’s study, patients suffered from a more severe stage of ischaemic heart 

failure (NYHA class III-IV) with lower rates of survival compared with those in Perin’s study 

(NYHA class II-IV), and this may be a determinant of the decreased mortality observed in 

this patient cohort.  

 

Notably, BMNC are a heterogeneous cell population that contains haematopoietic stem and 

progenitor cells (HSC/HPC) and endothelial progenitor cells (around 2-4%), mesenchymal 

progenitor cells (MSC) (0.001 to 0.01% of the nucleated cells) and committed progenitor 

cells and their differentiated progeny [72]. As a consequence, it is difficult to ascertain which 

cell types in the whole population are more potent or responsible for the therapeutic effect.  

This has led to the development of clinical trials which use selected cell populations such as 

HSC or MSC as treatment for IHD.  

 

1.2.3 Haematopoietic stem cells (HSC) 

 
Orlic et al. showed that Lin-/c-kit+ HSC mobilised from the bone marrow and injected into 

infarcted myocardium were able to improve heart function in mice and generate new 
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cardiomyocytes [18]. Human HSC, identified by CD133, CD34 or aldehyde dehydrogenase 

(ALDH) markers have been tested in clinical trial of IHD. CD133+ or CD34+ HSC can be 

enriched from mononuclear cells, either from the bone marrow or mobilised peripheral blood, 

or by immunomagnetic cell separation procedures [49], [73]. ALDH+ cells are isolated from 

the bone marrow by cell sorting [52]. 

 

The first clinical trial with HSC injected CD133+ cells into the infarct border zone of patients 

undergoing CABG [74].  Promising results from this trial, with no adverse events and 

improved LV function led to the development of larger RCTs (Table 1.1). More recently, the 

REGENT trial compared CD34+ CXCR4+ HSC cells to unfractionated BMNC or control in 

patients who suffered from acute MI and received PCI as a primary intervention (Table 1). 

However, no significant improvement in LVEF was observed between trial arms [50]. 

 

Patients undergoing off-pump CABG with LV dysfunction (LVEF <35%) were treated with 

bone marrow CD34+ HSC in a small RCT and showed a significant improvement in LVEF 

compared with control patients [49], [73](Table 1.1). Recently, a newly identified HSC 

population expressing the alcohol dehydrogenase (ALDH) enzyme has been tested in patients 

with chronic ischaemia and unsuitable for conventional revascularisation. Perin et al. 

provided preliminary evidence that treatment with ALDH+ cells is safe and may improve 

perfusion and offer functional benefits to those patients [52]. 

 

CD34+ HSC have been tested in a Phase I trial in patient with refractory angina and no 

option of revascularisation. In this study, patients received G-CSF to mobilise bone marrow 

cells into the circulation and CD34+ cells were enriched from peripheral blood mononuclear 

cells prior to injecting then into the myocardium using electromechanical mapping (Table 
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1.1). Unlike in AMI trials, the primary outcome measured by this trial was a change in angina 

frequency [51]. Administration of CD34+ cells resulted in a significant reduction of angina 

frequency (number of angina episodes per week). The results were confirmed in a dose 

escalation Phase II trial [51]. The first Phase III clinical trial with CD34+ cells as treatment 

for patients with refractory angina is currently on-going [75]. 

 

1.2.4 Mesenchymal stem/stromal cells (MSC) 

 
MSC constitute another potential option for stem/progenitor cell-based therapy. MSC, 

identified by the surface marker expression of CD90, CD105, CD44 and CD73 and the lack 

of haematopoietic markers such as CD45, CD34, CD14, CD19, and HLA-DR, are rare in the 

bone marrow (0.002% to 0.02% of the BMNC [76]), but due to their immunomodulatory 

properties [77], they have attracted the pharmaceutical industry as they can be generated as 

an ‘off-the-shelf’ product for allogeneic cell transplantation.  They have also been identified 

in other tissues such as adipose tissue. 

 

 Autologous and allogeneic MSC transplantation is currently under investigation for IHD 

among other conditions; however, clinical data are scarce.  The first RCT using autologous 

BM-derived MSC treated patients who had suffered AMI and underwent PCI.  The MSC 

treatment proved to be safe and significantly improved LV function [53]. Autologous BM 

MSC also improved exercise tolerance, NYHA class and LVEF significantly in patients with 

severe ischaemic cardiomyopathy [54]. A safety double blinded Phase I trial with intravenous 

administration of allogeneic BM MSC to treat patients with acute MI showed a significant 

improvement in LVEF compared with controls [55]. Following this the authors compared 

autologous and allogeneic MSC, but no placebo, in patients with ischaemic cardiomyopathy 

[56]. In the Phase I/II POSEIDON trial, three doses of MSC were injected into patients. 
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Autologous, but not allogeneic MSC, improved exercise capacity and quality of life (QoL) 

significantly. None of the injected cells improved maximal oxygen consumption or LVEF. In 

contrast, allogeneic MSC significantly reduced LV end systolic volume (ESV). In this early 

study, no immunological reaction to MSC therapy was observed. [56] 

 

In addition, the APOLLO and PRECISE trials showed that freshly isolated adipose tissue-

derived MSCs is a safe treatment in patients suffering from AMI and chronic MI. MSC 

infusion resulted in a significant improvement of the perfusion defect and a 50% reduction of 

myocardial scar formation in AMI patients but there was no improvement in LV function 

after 6 months [57]. Similarly in patients with no option of revascularization cell 

transplantation showed a moderate decreased in scar size at 6-month and a significant 

increase in peak oxygen consumption at 18-months, but no improvement of LV function was 

reported [58]. 

 

1.2.5 Cardiac stem/progenitor cells (CSC) 

 
Until recently, the heart has been considered a terminally differentiated organ with no 

capability for self-repair. However, an elegant study by Bergmann et al. showed the first 

evidence of human cardiomyocyte renewal over an adult life time. According to this study, 

the rate of cardiomyocyte turn-over was estimated between 1% per year in young adults to 

0.5% in the elderly [78]. More recently, evidence showed that experimental injury could 

stimulate cardiomyogenesis in mice [79], [80]. Additionally, the human heart has a 

cardiomyocayte renewal rate of approximately 2% in 20 year-old individuals and this 

declines with age to 0.04% in the elderly [79]. These data suggest that the heart contains a 

population of stem/progenitor cells which may be involved in steady-state tissue repair and 

regeneration that occurs under normal and pathological conditions. 
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In post-natal hearts, tissue-resident cardiac stem and progenitor cells (CSC) were first found 

in mice [81–83]. Endogenous cardiac progenitor cells have also been identified in humans 

and seem to be activated in patients with ischaemic cardiomyopathy [84]. These tissue-

specific progenitors are characterised by the expression of c-kit+ [85], Sca-1+ [86] or Islet-1+ 

[87] cell surface markers, the cardiac side population (SP) cells [81] or the formation of 

clusters called ‘cardiospheres’ [88–90]. Cardiosphere-derived cells (CDCs) have been 

isolated from human tissue biopsies independently of biopsy location [91], age [92], sex, type 

and duration of the disease [93].  In animal models, they have been reported to engraft in the 

ischaemic heart and improve left ventricular function [89], [94]. Although early studies 

emphasised the cardiogenic potential of CDCs and the presence of c-kit+ cells in the mixed 

population [95], during the course of this thesis a recent study has shown that cardiac-derived 

progenitors also have a paracrine/autocrine effect on cardiac function by increasing re-

vascularisation [96].   

 

The first clinical trials using CSC as treatment for MI, the CADUCEUS and SCIPIO trials, 

have now been completed and have demonstrated that autologous transplantation of CSC is 

safe [59], [60]. In the CADUCEUS trial, patients who had suffered from a recent MI received 

CDCs or placebo. The results showed a significant improvement in myocardial viability and 

reduced scar size 4-6 months following cell transplantation. Interestingly, the reduction in 

infarct size was not accompanied by an improvement in heart function [59], [60]. However, 

the reduction in infarct size correlated with an increase in viable myocardium in the peri-

infarct areas. No cardiomyocyte hypertrophy was observed in treated patients in the infarct 

border zone, suggesting that the myocardium had been replaced in this area by new 

cardiomyocytes. In animal models of MI, CDC transplantation increases the number and 

decreases the size of cardiomyocytes in the infarct border zone, demonstrating evidence for 
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myocardial regeneration [60], [97]. In the SCIPIO trial, end-stage HF patients with LVEF < 

40% who did not respond to bypass surgery received c-kit+ CSCs. The results confirmed a 

significant reduction in infarct size in the treated group compared to the control group. In 

addition, there was a significant increase in LVEF [60]. Although not evident from the first 

clinical trial, preclinical data obtained with c-kit+ CSCs demonstrate functional cardiac 

regeneration and repair following c-kit+ CSCs transplantation [80]. 

 

1.2.6 Limitations of cell therapies 

The divergent results of these trials are not surprising, as evidenced by their clinical 

heterogeneity: different cohort of patients, cell type, cell dose, method of sampling and 

administration. Experimentally, in a head to head comparison with the c-kit+ cell fraction 

from CDC, bone marrow mesenchymal/stromal cells (BMSC), adipose tissue MSC and 

BMMNC, unsorted CDC have shown a greater therapeutic ability in a rodent model of MI, 

where it was reported that CDC improved cardiac function, possessing greater myogenic and 

angiogenic differentiation potentials than other progenitor cells [98]. Their mode of action 

has been attributed to paracrine mechanisms. Whilst promising, current cell therapies are 

facing challenges such as understanding the clinical conditions, the function of the relevant 

cell type(s) in health and disease, and what influences their therapeutic performance. Risk 

factors associated with ischaemic heart disease are known to affect not only the numbers, but 

the mobilisation, homing and engraftment of cells, both resident in the bone marrow and 

mobilised into the peripheral circulation [67], [99].  

1.3   The role of revascularisation and angiogenesis in heart repair 
 

Advanced revascularization technologies such as CABG and PCI have contributed to a 

remarkable decrease in mortality in IHD. Following primary revascularisation, up to 90% of 
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patients suffering from an occluded coronary artery will achieve almost immediate patency. 

Hence, the five-year cardiac event-free survival expectancy of CAD patients receiving 

primary revascularisation has increased considerably from ~30% to >85% [2].  

 

However, it is estimated that a quarter to a third of patients with CAD undergoing primary 

revascularisation would experience inadequate or slow myocardial reperfusion even after 

treatment.  This phenomenon which was first studied in a canine model of ischemia-

reperfusion injury by Kloner et al. in 1974, was named the ‘no-reflow’ phenomenon, and is 

caused by dysfunction of the microcirculation in the myocardium. Patients with no-reflow are 

compromised, even with the optimal effect of the primary revascularisation, and face higher 

risks of developing ventricular remodelling and early death [100]. Currently, no alternative or 

superior treatment option is available for this patient cohort.  The reasons why these patients 

fail to meet a satisfactory outcome from revascularisation include (i) the diffuse nature of 

multiple diseased coronary arteries which are ungraftable and (ii) the difficulty in 

determining the latent culprit lesions to bypass [101–105]. 

 

In addition, even in patients who successfully undergo primary standard CABG, re-stenosis 

of the vein grafts is commonly seen after several years, followed by a recurrence of 

symptoms and decreased survival. They generally require repeated revascularisation, 

regardless of the normal patency of the grafted conduit [106], [107]. Therefore, these patients 

continue to experience residual myocardial ischemia despite optimal therapy. As it is 

important to achieve appropriate myocardial collateral blood flow and perfusion of the 

myocardium, therapeutic angiogenesis, aiming at restoring the microcirculation in the 

ischaemic myocardium has emerged as a therapeutic approach for ischaemic heart disease.   
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Blood vessel formation is induced by ischaemia and is characterised by (i) the sprouting of 

new blood vessels from existing ones (angiogenesis), (ii) the migration, differentiation and 

incorporation of endothelial progenitors into the damaged vessels (vasculogenesis) or (iii) the 

increase in the size of the lumen of pre-existing arterioles by remodelling and growth 

(arteriogenesis) [108]. The concept of therapeutic angiogenesis was coined over fifteen years 

ago with the aim of enhancing blood vessel formation by using pro-angiogenic factors. The 

first promising results of therapeutic angiogenesis in humans were reported in severely 

symptomatic patients with critical limb ischemia where VEGF was administered directly into 

the skeletal muscle and expressed constitutively [109]. This followed experimental proof of 

concept in rabbits with induced unilateral limb ischaemia which received intra-arterial 

infusion of an acidic FGF encoding vector [110]. Soon after, clinical trials were also extended 

to patients with advanced symptomatic CAD not amenable to standard revascularization 

strategies who received either basic FGF during CABG [111] or a VEGF-expressing plasmid 

via a mini left anterior thoracotomy [112].  

 

By contrast, anti-angiogenic cancer therapies have resulted in cardiac toxicity. Anti-

angiogenic drugs such as bevacizumab (a specific VEGF blocking antibody), sorafenib and 

sunitinib (both tyrosine kinase inhibitors) have been used against tumour angiogenesis 

[113–115]. Although with different specificity and molecular targets, all the above approved 

drugs have been reported to be associated with cardiovascular side effects such as LVEF 

reduction, increased incidence of heart failure, hypertension and myocardial ischaemia [116].  

1.4   Angiogenic growth factors  
 

Numerous growth factors with the potential to promote angiogenesis (e.g. hepatocyte growth 

factor (HGF) [117], or insulin-like growth factor (IGF) [118] ) are expressed in the ischemic 
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myocardium. However, the VEGF and FGF families are the best studied growth factors in 

angiogenesis following MI.  

 

1.4.1 VEGF family  

 
VEGF family members include 5 variants of VEGF-A, VEGF-B, VEGF-C, VEGF-D and 

PlGF in human. They have high affinity with their receptors, VEGFR1 and VEGFR2, present 

on endothelial cells upon stimulation of angiogenesis. Receptor-ligand interactions mediate 

the production of nitric oxide (NO), which is tightly regulated through signalling cascades in 

the endothelial cells [119], [120]. The role of VEGF-B and PlGF in angiogenesis remains 

controversial and their therapeutic potential has not been assessed in clinical trials [121]. 

Therefore, the following discussion is focused on VEGF-A, the member of the family that 

has been investigated in large clinical trials. VEGF-A gene expression is induced by hypoxia 

[122]. In vivo, VEGF-A production is significantly up-regulated by ischemia in pigs and rats 

[123], [124], suggesting that VEGF-A is a likely mediator in the natural process of ischaemia-

induced myocardial neo-vascularisation. Animal experiments showed that VEGF treatment 

was effective in treating acute and chronic MI. The administration of adenoviral vectors 

(Ad)–encoded VEGF gene (AdVEGF) could improve capillary density and LV function, 

while reducing collagen deposition in AMI rat model [125]. Pig models of chronic IHD 

showed that the injection of an adenovirus coded with the VEGF121 gene into stunned 

myocardium increased collateral vessel flow and improved cardiac function [126]. Two 

different isoforms of VEGF-A have been tested in clinical trials VEGF-A165 (containing 165 

amino acids) and VEGF-A121 (a shorter form of VEGF-A consisting of 121 amino acids). 

Early trials and promising results led to the development of RCTs (Table 1.2) where 

recombinant protein, plasmid DNA or adenoviral vectors expressing the angiogenic factors 

were used as treatment.  
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In the VIVA trial, patients with stable IHD were randomised to receive placebo or 

recombinant human VEGF (rhVEGF-A165) protein followed by an intravenous infusion 

[127]. There were no significant differences in exercise tolerance, QoL and myocardial 

perfusion at 60 days between the treated and placebo groups. At 120 days, high dose of 

rhVEGF-A165 improved angina class only and, hence, the trial was terminated prematurely.  

No other large trial with recombinant protein has been performed. In the EUROINJECT-

ONE [128] and NORTHERN [129] RCTs, patients with severe stable IHD and no other 

treatment option received plasmid DNA expressing VEGF165 (phVEGF-A165). None of the 

trials found significant improvement in myocardial perfusion in the treated groups compared 

with the placebo groups despite some improvement in wall motion and LV function in the 

EUROINJECT-ONE trial [128]. 

 

The REVASC study enrolled patients with intractable angina and no option of 

revascularization to receive VEGF-A121 expressed in an adenoviral vector (AdVEGF-A121). 

The treatment was delivered by direct intramyocardial injections via a minithoracotomy and 

the control group received maximal medical therapy and no placebo. There were significant 

improvements in exercise tolerance and QoL in the AdVEGF-A121 treated patients compared 

to the controls [130].   

 

The NOVA trial was a double-blinded, placebo-controlled, multicentre study investigating the 

safety and efficacy of BIOBYPASS (AdGVVEGF121.10NH) gene therapy in patients with 

refractory advanced CAD. An injection of AdGVVEGF121 did not improve exercise capacity 

or myocardial perfusion in a 52-week follow-up and the study was terminated prematurely 

[131]. 
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Table 1.2 RCTs of the therapies with pro-angiogenic factors 
 
Family Factor Trial Phase Administration ICM Patient cohort Patient numbers Main effect 

VEGF 
  
  
  
  
  

VEGF-A165 VIVA [127] 2 IC and IV  CCS II–III   178 Safe. High-dose improved CCS and 
trend in exercise time and angina 
frequency. 

AdVEGF165 or 
plasmid/liposome 
VEGF165 

KAT [132] 2 IC  CCS II–III for PCI 103 Safe. Improved myocardial perfusion 
at 6 months. 

AdVEGF121 REVASC [130] 2 Imc minithx CCS II–IV   67 improved time to 1 mm ST-segment 
depression on ECG at 26 weeks  

AdVEGF121 NOVA [131] 1/2 Imc pc CCS II–IV   17/129(premature 
termination) 

Safe. Negative effect. 

VEGF165 plasmid  EUROINJECT-
ONE [128] 

2/3 Imc pc CCS III–IV 74 negative 

VEGF165 plasmid  NORTHERN[129] 2/3 Imc pc CCS III–IV 120 negative 

FGF 
  
  
  
  
  

rFGF-2 Laham et al. [133] 1/2 Epicardial 
implantation in 
ungraftable area 

CCS III–IV for 
CABG 

24 Safe. Beneficial for angina symptoms 
and improved myocardial perfusion at 
3 years with a high dose.  

rFGF-2 FIRST [134] 2 IC CCS III–IV 337 Safe. Trend towards 3-month 
improvement in angina. No effect on 
exercise time or myocardial perfusion. 

Ad5-FGF4 AGENT [135] 1/2 IC CCS II–III  79 Safe. Improved exercise time. 

Ad5-FGF4 AGENT-2 [136] 2 IC CCS II–IV 52 improved myocardial perfusion. 

Ad5-FGF4 AGENT-3 [137] 3 IC CCS II–IV 416 negative with a low dose 

Ad5-FGF4 AGENT-4 [137] 3 IC CCS II–IV 116 improved exercise tolerance and time 
in female with a high dose 

VEGF+ 
FGF 

Naked VEGF 
A165/ FGF-2 
plasmid 

VIF-CAD [138] 2 Imc percutaneous CCS III–IV 52 negative 

 

R= recombinant, Ad(5)= adenovirus (type 5), IC= intracoronary, IV= intravenous, Imc= intramyocardial, minithx= mini-invasive thoracotomy, 
CCS= Canadian Cardiovascular Society angina score. 
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Finally, the 8-year follow up of the Kuopio angiogenesis trial (KAT) showed that 

VEGF-A165 expressed transiently in either an adenoviral vector or a plasmid was safe, 

did not increase the risk of mortality and it was well tolerated.[132], [139] However, 

no significant improvements were observed compared to controls. In the AdVEGF-

A165 group, myocardial perfusion was improved compared to the plasmid VEGF-A165 

group at six months [124]. 

 

1.4.2 FGF family 

 
The FGF family comprises several members with known ability to promote 

angiogenesis in pre-clinical studies [119]. The existence of 22 ligands and 4 receptors 

make this system highly complex. The best studied members of the family are FGF-1 

and FGF-2 and together with them, FGF-4 has been tested in clinical trials to improve 

angiogenesis post-MI. 

 

The safety and feasibility of recombinant FGF for therapeutic angiogenesis has been 

evaluated in patients with chronic myocardial ischemia during CABG [133] and in 

subjects with stable angina pectoris secondary to CAD [134]. Whilst the Phase I trial 

[133] delivering a single injection of rhFGF-2 showed signs of therapeutic efficacy, 

the larger Phase II trial [134] did not revealed any significant improvement in exercise 

tolerance or ischaemic areas in the treated patients. A significant improvement in 

angina class and angina frequency was only observed in the sicker patients [134].   

 

Like VEGF, FGF gene transfer was based on adenoviral vectors. In the Angiogenic 

GENe Therapy (AGENT) double-blind RCT, the administration of 5 increasing doses 

of Ad5-FGF4 in patients with stable angina pectoris showed a trend towards clinical 
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improvement in exercise tolerance. Administration of Ad5-FGF4 was safe and well 

tolerated with no immediate adverse events [135].  The efficacy of Ad5-FGF4 therapy 

was further examined in the AGENT-2, AGENT-3 and AGENT-4 studies. The 

AGENT 2 study showed an encouraging trend for improved myocardial perfusion in 

patients treated with Ad5FGF-4 compared to the placebo group [136], whereas the 

results of the AGENT-3 and AGENT-4 trials showed no significant differences 

between treatment and placebo in angina symptoms, angina class or exercise tolerance. 

However, when stratified by gender, the data indicated that in women the placebo 

effect was small and the treatment had a significant effect [137]. 

 

1.4.3 Limitations of angiogenic therapies 

 
The results of these trials seem disappointing and fail to fulfil the early promise of 

therapeutic angiogenesis shown in preclinical studies. However, the lack of treatment 

effect might be due to inadequacies in the current approaches. For instance, the half-

life of recombinant proteins delivered to the heart might be short and a major 

limitation of the present gene transfer approach is the transient expression of the 

desired gene and the low transduction efficiency of the target tissues. Future clinical 

trials may have to take into consideration that monotherapies do not seem to work and 

hence stimulating collateral arteriogenesis and vessel maturation as opposed to 

capillary formation only, might be more suitable.  

1.5   Aims of this thesis 
 

At the outset of this study, mixed results from experimental and clinical studies using 

either angiogenic factors or bone marrow- and blood-derived stem cells were 
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available and cardiac progenitor cells seemed promising alternative cell therapies. The 

cardiogenic potential of human CDCs isolated from transplanted hearts had been well 

established and their therapeutic ability tested in preclinical animal models of MI. 

However, their vascular supportive function had not been fully explored and nothing 

was known about their variability in supporting vessel formation and maturation or 

how this was affected by disease state or cardiovascular risk factors.  

 

Based on the preclinical data obtained from animal models and from the first studies 

with human CDCs obtained from transplanted hearts, we hypothesised that the heart 

of IHD patients also contained resident cardiac progenitor cells which could 

potentially be isolated from cardiac atrial biopsy and developed for clinical use. Like 

BMSC, the autologous cardiac progenitor cells would potentially improve heart 

function, mainly through a paracrine fashion to enhance local revascularisation 

around the ischaemic area. We also hypothesised that the therapeutic potency of the 

cardiac progenitor cells from different individuals might vary due to the diverse 

disease status and/or cardiovascular risk factors. In order to prove our hypotheses, the 

aim of this thesis was to isolate and characterise CDCs from patients suffering from 

IHD for their potential use in cell therapy applications, with focus on promoting 

revascularisation and functional heart tissue repair. Firstly, the phenotype and 

differentiation potential of CDC isolated from patients undergoing cardiac surgery 

were determined and found to resemble mesenchymal progenitors (Chapter 3). 

Secondly, a robust in vitro angiogenesis assay was established to assess their vascular 

supportive function. Variability in their pro-angiogenic phenotype was confirmed in a 

rodent model of MI and could be predicted by some cardiovascular risk factors 

(Chapter 4). Finally, in an attempt to gain a greater understanding of how their 
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vascular supportive function is regulated, transcriptional and post-transcriptional 

analysis of gene expression assessed the differences in pro-angiogenic phenotype 

observed (Chapter 5). The novel findings of this thesis are summarised and discussed 

in Chapter 6. Nevertheless, although quite interesting and of paramount clinical 

significance, the head-to-head comparison of autologous BMSC and resident cardiac 

progenitors was  not the main objective of this thesis.  
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Chapter 2    Materials and methods 

  



- 32 - 
 

2.1   Ethics, patient selection and consent 
 

Ethical approval (Ref 07/H0607/95) was obtained from the Mid/South Bucks 

Research Ethics Committee. Adult patients undergoing cardiac surgery conducted by 

Professor David P. Taggart were eligible to participate in this project, regardless of 

age, gender, heart function and operation type. Written consent (detailed in Appendix 

4) was obtained on the day before surgery. Samples were anonymised for the duration 

of the research project. The risk factors of coronary artery disease including co-

morbidities (diabetes mellitus, hypertension and hypercholestrerolaemia), history of 

cigarette smoking and family history of cardiovascular disease were recorded by Prof 

Taggart’s clinical team and retrieved from the patients’ medical notes to conduct 

further statistical analyses.  Ethical approval for the animal experiments was obtained 

accordingly from the Hospital La Fe, University of Valencia, Spain by Dr Sepulveda.  

2.2   Cells, cell culture and plasmids 
 

2.2.1 Human umbilical vein endothelial cells (HUVECs)  

 
HUVECs were kindly provided by Emma Pepperell, Stem Cell Research Laboratory, 

Oxford. Approximately 1×106 cryopreserved HUVECs were cultured in 25mL of 

complete Endothelial Growth Medium-2 (EGM-2) containing 2% (v/v) Foetal Calf 

Serum (FCS) and 1% (v/v) Penicillin/Streptomycin (all from Lonza Biologics) and 

plated in a 75cm² cell culture flask with vent cap (Corning) (T75). Cells were 

maintained in a Nuaire DH autoflow incubator at 37°C with 21% O2 and 5% CO2. 

Fresh medium was replaced twice a week until the cells reached approximately 90% 

confluency.  
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2.2.2 Human bone marrow mesenchymal stem cells (BMSCs) 

 
BMSCs were purchased from Lonza Biologics and cultured in 25mL of complete 

Mesenchymal Stem Cell Medium (MSCM, Lonza Biologics) in a 150cm² cell culture 

flask with vent cap (Corning) (T150). Cells were maintained in culture at 37°C with 

21% O2 and 5% CO2. Fresh media was replaced twice a week until the cells reached 

approximately >90% confluency.  

 

2.2.3 Human embryonic kidney 293 cells for transfection (HEK293FTs) 

 

HEK293FTs were obtained from Invitrogen (Invitrogen Life Technologies) and 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (PAA 

Laboratories GmbH) containing 10% (v/v) FCS, 6mM glutamine (PAA Laboratories 

GmbH), 0.1mM MEM non-essential amino acids (Life Technologies), and 500g/mL 

Geneticin (Gibco) in a T150 flask. Cells were maintained in a Nuaire DH autoflow 

incubator at 37°C with 21% O2 and 5% CO2.  Fresh media was replaced every two 

days until the cells reached approximately 80% confluency. 

 

2.2.4 Passaging, maintenance and storage 

 
Cells were kept in the incubator with fresh media replaced regularly and cell 

morphology checked under microscope. Removed from the incubator, the cell 

culturing medium was decanted out of the flask, which was followed by rinsing three 

times with the same volume of 1× phosphate buffered saline (PBS, Sigma-Aldrich). 

Then, cells were incubated at 37°C for 5 min in 0.05% Trypsin-EDTA (PAA 

laboratories GmbH) to enable adherent cells to detach (10ml Trypsin-EDTA for T150 

flasks or 5ml for T75 flasks). Trypsin activity was neutralised by adding to the flasks 
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Cells were diluted to the desired density and plated into tissue culture flasks 

accordingly. For routine culture, cells were maintained in their own culturing media in 

a Nuaire DH autoflow incubator at 37°C with 21% O2 and 5% CO2, unless otherwise 

mentioned.  

 

For long-term storage, cells were harvested by centrifugation again at 180G, room 

temperature for 5 min. The supernatant was removed completely and the cell pellet re-

suspended in freezing mix (90% (v/v) Foetal Bovine Serum (FBS, PAA Laboratories 

GmbH), 10% dimethlysulphoxide (DMSO) (Sigma-Aldrich Ltd.) at a concentration of 

1×106/mL. Aliquots containing 1mL of cell suspension per cryovial were frozen 

gradually to -80°C for 24 hours before transferring then to liquid nitrogen (-186°C). 

 

2.2.5 Plasmids 

 

Plasmid DNA including pLV-GFP (lentiviral vector genome), p8.91 (lentiviral 

packaging vector) and pVSV-G (lentiviral envelope vector) for genetic tracking of 

HUVECs, pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega) 

and pmirGLO containing the 3’-untranslated region (3’-UTR) of genes such as 

COL1A2, BMP1, mTLD, and CHRD were kindly provided by Dr Enca Martin-

Rendon, Stem Cell Research Laboratory, Oxford. Schematic maps of these plasmids 

are provided in Appendix 1.  
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2.3   Isolation and expansion of cardiac progenitors from heart 
biopsies 

 
2.3.1 Biopsy collection, handling and process 

 
Cardiac-derived cells were isolated and expanded in culture as previously described 

[90] with minor modifications.  

 

A 6-well plate was coated by human fibronectin at 0.8µg/cm2 surface area. 

Approximately 50L of 0.1% fibronectin from human plasma (Sigma-Aldrich Ltd.) 

was diluted in 12mL of 1× PBS at a working concentration of 4µg/mL. Then 2mL of 

the working solution was added to each well of the 6×well plate and the plate 

incubated at 37°C, 21% O2, 5% CO2 for 30 min. Before seeding the explants, the wells 

were thoroughly washed with 1× PBS three times to remove unbound fibronectin.  

 

Full-thickness biopsies were taken from the right atrial appendage of patients 

undergoing surgery. Following sternotomy, a purse string was placed in the right 

atrial appendage and the whole layer of myocardium in the middle of the purse string 

was removed with or without clamping with Duval forceps.  

 

The biopsy was immediately transferred to a sterile 50ml test tube with 10mL of cold 

Complete Explant Medium (CEM) (See Appendix 2), delivered in an icebox and 

processed within two hours. Blood and connective tissue were removed by two rinses 

with 2mL of 1× PBS in two separate wells of a new 6-well plate and cut into small 

slices in 2mL of 1× PBS in a third well to enable deep wash and facilitate 

trypsinisation. Then, the biopsy slices were transferred to 2 mL 0.05% trypsin-EDTA 
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in a fourth well and incubated at 37°C for 5min. Neutralised with 2mL of CEM, the 

biopsy slices were minced into ~1 mm3 explants and maintained in the medium for 

seeding.  

 

After removing the free fibronectin from the wells by PBS wash as described above, 

9-13 explants were placed onto the fibronectin-coated 6-well plates.  Then, 1mL of 

CEM was slowly added into a well in order to keep the explants attached. Explants 

were maintained in a Nuaire DH autoflow incubator, at 37°C, 21% O2, 5% CO2, with 

1mL fresh CEM per well changed every 3 to 4 days until outgrowth cells in most 

wells reached  >90% confluency.   

 

2.3.2 Harvest of outgrowth cells for cardiosphere formation 

 
After 1-2 weeks in culture, explants were surrounded by stromal-like cells that serve 

as supportive monolayer for small, round, phase-bright cells to migrate over. These 

cells were called outgrowth cells (OCs).  

 

A Costar® 24-well flat bottom cell culture plate (Corning Life Sciences) was coated 

with Poly-D-Lysine (PDL) (Sigma-Aldrich Ltd.) at 4µg/cm2 surface area. In practice, 

5mg of lyophilised PDL was re-suspended in 2.5mL 1× PBS to make up the working 

stock at the concentration of 2mg/mL. Approximately 0.1mL of PDL working stock 

was further diluted into 12mL of 1× PBS. Then, 0.5mL of the diluted PDL was added 

to each well of the 24-well plate and the plate was incubated at 37°C, 21% O2, 5% 

CO2 for 30-60 min. The wells were rinsed with 1mL of 1× PBS to remove the free 

PDL before seeding the OCs. 
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Wells containing OCs were rinsed three times with 1mL of 1× PBS prior to detaching 

the OCs with 1mL of 0.05% trypsin-EDTA at 37°C for 5 min. After neutralisation 

with an equal volume of CEM containing 10% (v/v) FBS, the cell suspension was 

harvested by centrifugation at 150G, room temperature for 8 min and the cells were 

re-suspended in 1mL Cardiosphere Growth Medium (CGM) (See Appendix 2) for 

quantification according to the method described in section 2.2.4.  

 

After count, the cell density was adjusted to 1×105 cells /mL of CGM for seeding. 

300µL of cell suspension (approximately 30,000 cells) was placed onto each well of 

the PDL coated 24-well plate. The OCs cells were incubated at 37 ºC, 21% O2, 5% 

CO2 and OCs began to aggregate and form floating or semi-floating multicellular 

clusters, called ‘cardiospheres’, after 1-2 weeks in culture. Every 3 to 4 days, the 

culturing medium was removed gently by fine aspiration, leaving cardiospheres intact, 

and replaced by 300µL of fresh CGM per well. 

 

2.3.3 Harvest of cardiospheres for expansion of cardiosphere-derived cells (CDCs) 

 

Cardiospheres were harvested two weeks later and transferred to a fibronectin-coated 

T150 culture flask for expansion of CDCs.  

 

On the previous day, a T150 flask was coated with human fibronectin at 0.33µg/cm2 

surface area and incubated at 37°C, 21% O2, 5% CO2 for 30- 60 min. Free fibronectin 

was removed by washing the wells with 15mL of 1× PBS three times.   

 

Cardiospheres were detached using a 1mL pipette and gently aspirating the medium 

up and down several times. The cardiosphere suspension was then harvested by 



- 39 - 
 

centrifugation at 100G, room temperature for 10min and re-suspended in 15mL CEM. 

Cardiospheres were seeded into the fibronectin-coated T150 flasks and incubated at 

37°C, 21% O2, 5% CO2 with 25mL of fresh medium replaced twice a week to enable 

optimal cell growth. CDCs grew as a monolayer on fibronectin-coated flasks.  

 

CDCs were passaged as the cells reached >90% confluency. Cells were harvested, 

counted and seeded into new fibronectin-coated T150 flasks at a cell density of 

approximately 1×106 cells/T150 flask in 15mL of CEM. CDCs were maintained at 

37 °C, 21% O2, 5% CO2 with 25mL of fresh medium replaced twice a week. 

 

Long-term storage of CDCs was achieved by placing 1×106 cells per mL of freezing 

mix according to the procedures described in Section 2.4.   

 

For treatment with TGF-β1, cells were maintained as above in T75 flasks. The 

original culturing media was replaced by 8mL of fresh EGM-2 (0ng/mL TGF-β1), 

containing 5ng/mL or 10ng/mL TGF-β1 (R&D Systems).  Cells were incubated at 

37°C, 21% O2, 5% CO2 for 48h before total RNA was isolated from the cells. 

2.4   Flow cytometric analysis 
 

Flow cytometric analysis was used in this study to quantitate the expression of cell 

surface markers. A general protocol is detailed below. Test and isotope control 

antibodies, along with relevant information about fluoro-chromes, suppliers and 

dilution factors are summarised in Table 2.1.The principle of flow cytometric analysis 

is shown in Figure 2.2. 
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Table 2.1 Antibodies used for flow cytometric analysis. 

Antibody Isotype Chanel Company 

Stock 
concentration 

(μg/μL) 

Final antibody 
concentration 
(µg/µL) 

Isotype mIgG1 PE BD Biosciences 0.05000 0.005 

CD31 mIgG1 PE BD Biosciences 0.00625 0.005 

Isotype mIgG1 FITC BD Biosciences 0.05000 0.020 

CD90 mIgG1 FITC BD Biosciences 0.50000 0.020 

Isotype mIgG1 PE R&D System 0.02500 0.005 

CD105 mIgG1 PE R&D System 0.02500 0.005 

Isotype mIgG1 PerCP BD Biosciences 0.20000 0.005 

CD45 mIgG1 PerCP BD Biosciences 0.02500 0.005 

Isotype mIgG1 APC BD Biosciences 0.00625 0.005 

CD117 mIgG1 APC BD Biosciences 0.20000 0.005 

Isotype mIgG1 FITC DAKO - - 

CD146 mIgG1 FITC Millipore(Chemicon) 1.00000 0.005 

   
 
2.4.1 Cell preparation 

 

Cells were harvested as described in section 2 and counted in 1mL of MACS buffer 

(2mM EDTA and 0.5% BSA (bovine serum albumin) in 1× PBS) (all from Sigma-

Aldrich Ltd.).  After counting, the cells were collected by centrifugation at 180G, 

room temperature for 5min.  

 

Cell pellets were re-suspended in 10% human FcR block in MACS buffer (Miltenyi 

Biotech) at a cell density of 1×106 cells/mL. The cell suspension was placed on ice for 

30 min and the cells harvested by centrifugation as above.  
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2.4.2 Antibody incubation 

 
Test and isotype control antibodies (see Table 2.1) were titrated with MACS buffer 

into wells of a Costar® V-shaped-bottom 96-well plate (Corning Life Sciences) to 

obtain a final volume of 50µL and placed at 4°C protected from light.  

 

Cell pellets were washed with the same volume of ice-cold MACS buffer and re-

suspended in MACS buffer at a final cell suspension of 2×106cells/mL. 50µL of the 

cell suspension, containing 1×105 cells, was added into each well of the 96-well plate 

and incubated in the presence of specific antibodies or their isotype controls at 4°C, 

protected from light, for 30 min. Then the cell-antibody mix was centrifuged at 210G, 

4°C for 5 min and the supernatant removed. Cells were subsequently washed in 

200µL 1× PBS to give lower background, re-suspended in 250µL 1× PBS and 

transferred to a FACS tube (BD Biosciences) for flow cytometric analysis.  

 

2.4.3 Data acquisition and data analysis 

 

The viability of the cells was assessed by adding 2.5 L of 1mM To-Pro®-3 Iodide 

stain (Life Sciences) into each FACS tube to label the dead cells so that the viable 

cells could be distinguished for accurate analysis. Cells incubated with isotype-

matched control antibodies were used to set up negative thresholds in the analysis.  

 

The expression of cell surface antigens was analysed in a minimum of 100,000 events 

using a BD LSRII flow cytometer (BD Biosciences) with 670/14 filter and parameters 

listed in Table 2.2. The threshold of positive population was set above the 99th 
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percentile of a negative control cell population. The data were analysed using BD 

FACS Diva 6 software (BD Biosciences).  

 

Table 2.2  Typical human CDC flow cytometric parameters 
 

Detector Voltage  
FSC 280 
SSC 255 
FITC 270 
PE 250 
PerCP 400 
APC 400 

2.5   Mesenchymal lineage differentiation assays  
 

2.5.1 Adipogenic assay 

 
2.5.1.1 Adipogenic stimulation 

Cells that were maintained in their respective media were harvested and counted 

according to section 2.4. The cell suspension was adjusted to 1×105 per mL by adding 

its routine culturing medium and seeded in a 6-well plate at 2×105 cells in 2 ml of 

medium per well (in triplicates). The cells were then maintained at 37°C, 21% O2, 5% 

CO2 with 2mL of the fresh media changed three times a week until the cultures 

reached 100% confluency before induction of adipogenic differentiation. 

 

A total of three cycles of induction/maintenance were required to achieve optimal 

stimulation of adipogenic differentiation. In brief, the media was completely removed 

from the confluent cultures. Cells were then rinsed twice with 2mL of 1× PBS 

followed by the addition of 2mL of freshly supplemented Adipogenesis Induction 

Medium (Lonza Biologics) per well. For each sample, cells in the other three wells in 

the same 6-well plates were used as controls and incubated under non-inducing 
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conditions in their standard respective media. The cells were maintained under 

inducing conditions at 37°C, 21% O2, 5% CO2 for three days.  

 

Thereafter, the induction medium in each well was carefully replaced by equal 

volume of supplemented Adipogenic Maintenance Medium (Lonza Biologics), 

without disruptions to the potential lipid vacuole formation within the cells. Fresh 

media was also changed in the non-induced controls for maintenance. Cells were kept 

at 37°C, 21% O2, 5% CO2 for 3 days to complete the first cycle of adipogenic 

stimulation. This first cycle was followed by the next two induction/maintenance 

cycles. 

 

2.5.1.2 Lipid staining 

The successful differentiation into adipocytes could be assessed by observing, under 

bright field of a Nikon Eclipse TS100 light microscope (Nikon UK Ltd.), numerous 

lipid vacuoles within the cells whilst no such change was observed in the non-induced 

controls.  

 

Lipid anabolism was confirmed by staining cells with Oil Red O after fixation with 

100% methanol. Briefly, the culture media was removed and cells were rinsed three 

times with 2mL of 1× PBS before adding 1mL of ice cold 100% methanol per well 

(Sigma Aldrich Ltd.) and maintaining the cells at -20°C for 5 min. Then the methanol 

was removed from the wells followed by two washes with 1mL of distilled water per 

well.   
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A 0.3% (w/v) oil red O isopropanol (both from Sigma-Aldrich Ltd.) stock solution 

was diluted in water at a ratio of 3:2 and filtered using a 0.2µm filter, to make up the 

working solution. Approximately 0.5mL of the freshly made oil Red O working 

solution was added into each well of 6-well plates and incubated at room temperature 

on a shaking platform for 20 min. The staining solution was then removed and the 

cells were gently washed with 0.5mL of distilled water per well. Finally, 0.2mL of 

water was added into each well to keep the wells from drying. Images of the cultures 

were taken under bright field of a Nikon Eclipse TS100 light microscope. Hamamatsu 

ORCA-ER camera controlled by SimplePCI automated image capture camera device 

software (Hamamatsu Photonics UK Ltd.) was used to record the images from all 

wells.    

 

2.5.2 Osteogenic assay 

 
2.5.2.1 Osteogenic stimulation 

As above (section 5.1 Adipogenic assay), approximately 3×104 cells in 2 ml of 

medium were seeded in each well of a 6-well plate and maintained at 37°C, 21% O2, 5% 

CO2 for 24 to 48 hours to enable cell adhesion before the induction of osteogenesis. 

Following adhesion, cells were rinsed twice with 2mL of 1× PBS and 2mL of freshly 

supplemented Osteogenic Induction Medium (Lonza Biologics) was added to each 

well whilst standard culture medium was added to the non-inducing controls. The 

cells were incubated at 37°C, 21% O2, 5% CO2 with fresh osteogenic induction or 

their respective culture media replaced twice a week. The culture was monitored for 

osteogenic differentiation under the light microscope every time before media 

changes.  

 



- 46 - 
 

Usually, gaps forms within the monolayer of cells and cells delaminate as the 

morphology starts to change from spindle shaped to cuboidal shaped during the period 

of osteogenesis and mineralization between 2 to 3 weeks from the start of the 

induction. As soon as morphological changes were observed, and prior to 

delamination occurring, cells were stained for alkaline phosphatase expression.  

 

2.5.2.2 Staining for alkaline phosphatase  

Naphthol AS-MX is a substrate of alkaline phosphatase (ALP) and the coupled diazo 

product can be stained pink by fast red TR salt. ALP expression is detected by 

staining with fast red/ naphtol AS-MX in alkaline staining solution.  

 

Every 20mL of osteogenic staining solution was made up of 19mL of 0.1M Tris-HCl 

pH=9.2, 1mL dimethyformamide (DMF), 4mg naphthol AS-MX, and 20mg fast red 

(all from Sigma-Aldrich Ltd.). After the media was removed from the cultures and 

gently washed with 2mL of 1× PBS, 1mL of osteogenic staining solution was added 

into each well of the 6-well-plates and the plates were incubated at room temperature 

for 30 min. Then, the staining solution was removed, and the wells were washed with 

1mL of 1× PBS per well. Cells were fixed with 1mL of 4% paraformaldehyde 

(Sigma-Aldrich Ltd.) per well at room temperature for 10min. Images were taken 

under the light microscope thereafter as described in section 2.5.1.2. 

 
2.5.3 Chondrogenic assay 

 
2.5.3.1 Reagent preparation 

Preparation of 20µg/mL TGF-β3 working stock was made no longer than 6 months 

prior to assay. Approximately 2µg of lyophilised TGF-β3 (Lonza) was re-suspended 
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in 100µL of 4mM HCl (Sigma-Aldrich Ltd.) supplemented with 1 mg/mL BSA. TGF-

β3 solutions were kept in -80°C for future use.  

 

2.5.3.2 Chondrogenic stimulation 

As above (section 2.5.1 Adipogenic assay), cells were maintained in their culture 

media until they reached confluency. Cells were then harvested, counted and re-

suspended in supplemented Incomplete Chondrogenic Induction Medium (Lonza 

Biologics) at a density of 7.5×105 cells/mL. Approximately 1mL of the cell 

suspension was transferred to two 15ml conical tubes separately, one for 

chondrogenic stimulation and the other as control. A cell pellet was formed in each 

tube by centrifugation at 150G, room temperature for 5min.  

 

One pellet was re-suspended in 1.5mL of Complete Chondrogenic Induction Medium 

(Lonza Biologics) to achieve a density of approximately 5×105 cells/mL and equally 

split into three 15mL conical tubes with 2.5×105 cells in each tube. Cell pellets were 

formed as described above. Another 0.5mL of Complete Chondrogenic Induction 

Medium was gently added to each tube to make the total volume of 1mL per tube.   

 

The other pellet was re-suspended in 3mL of its culturing medium and split into three 

15mL conical tubes with 1mL in each containing 2.5×105 cells and spun down at 

150G, room temperature for 5min. 

 

Cell pellets were incubated at 37°C, 21% O2, 5% CO2 without disturbance for 48h. 

Media changes were performed three times per week for the following 4 weeks. 
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2.5.3.3 Immunohistochemical staining for type 2 collagen 

The pellets were processed for immunohistochemistry staining to detect type II 

collagen synthesis 28 days after induction of chondrogenesis.  

 

Briefly, pellets were harvested from the culturing tubes into small aluminium foil 

cups, fixed and embedded with Raymond A Lamb Waxes and Embedding Media 

OCT (Thermo Scientific) and snap frozen at approximately -150°C in liquid nitrogen. 

Sections of 10µm thickness were taken from each tissue block using a Leica CM3050 

S cryostat (Leica Biosystems) and mounted onto Superfrost Plus microscope slides 

(Thermo Scientific Gerhard Menzel).  

 

Approximately 1mL of permeabilisation buffer (1× PBS containing 2% BSA and 0.2% 

Triton ×100 (Sigma-Aldrich Ltd.)) was applied onto the tissue sections surrounded by 

a water-repellent barrier made with an ImmEdge™  Hydrophobic Barrier Pen (Vector 

Laboratories) and incubated at room temperature for 1 hour.  

 

After the permeabilisation buffer was removed, 100µL of the test antibody (goat anti-

collagen II IgG, from Abcam) or the isotype control (goat IgG isotype control, from 

R&D systems) was applied onto the tissue sections and incubated at room temperature 

for 1h. Sections were then washed three times with 100µL of 1× PBS.  

 

Immediately after, 100µL of rabbit anti-goat AlexaFluor® 488-conjugated antibody 

(Molecular Probes) , diluted 1:100 (v/v) in permeabilisation buffer, was added to the 

sections and these were incubated at room temperature for 30 min.  Three washes 

with 100µL of 1× PBS were required to remove the excess of secondary antibody. A 
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drop of Vectashield mounting medium containing 4',6-diamidino-2-phenylindole 

(DAPI) (Vector Laboratories) was added onto each section to stain the nuclei before 

covering it with a glass slip and sealing it. 

 

Fluorescence from immunohistochemistry was detected under UV light using a Nikon 

Eclipse TS100 light microscope (Nikon UK Ltd.). A Hamamatsu ORCA-ER camera 

controlled by SimplePCI automated image capture camera device software 

(Hamamatsu Photonics UK Ltd.) was used to record the images from all sections. 

2.6   Clonogenic assay  
 
In order to assess the clonogenicity of CDCs, four Corning® Costar® 96-well plates 

were coated with human fibronectin at 0.33µg/cm2 surface area as previously 

described (section 2.3.3). Plates were then incubated at 37°C, 21% O2, 5% CO2 for 

30- 60 min.  

 

CDCs were harvested and counted as described in section 2.3.3 and a cell suspension 

of 10cells/mL was prepared. After the wells were washed to remove the free 

fibronectin, 0.1mL of the cell suspension was placed in each well of the four 96-well 

plates to achieve seeding only one cell per well. The plates were maintained at 37°C, 

21% O2, 5% CO2, with full media changes every 3 days, for a minimum of 4 weeks or 

until any cell proliferation was observed under the light microscope. The total number 

of wells that had cell division or formed a colony was counted. The clonogenic 

potential was calculated by the formula below. 

ݕݐ݅ܿ݁݊݁݃݋݊݋݈ܥ ≈ 400݀݁݉ݎ݋݂	ݏ݁݅݊݋݈݋ܿ	ℎݐ݅ݓ	ݏ݈݈݁ݓ	݂݋	ݎܾ݁݉ݑ݊	 	× 100% 
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2.7   Vector particle production and titration 
 

The self-inactivating lentiviral viral vector system used in this study is based on the 

human immunodeficiency virus-1 (HIV-1) and was kindly provided by Professor 

Adrian Thrasher, Institute of Child Health, London (Appendix 1). The lentiviral 

vector genome expresses green fluorescent protein (GFP) under the control of the 

spleen focus-forming virus (sFFv) promoter. Lentiviral vector particles for gene 

transfer and labelling of cells were produced as previously described [140]. 

 

Briefly, plasmid DNA was obtained using a PureLinkR HiPure Plasmid Maxiprep kit 

(Life Technologies) following the manufacturer’s instructions. For transfection, 1 × 

107 low passage (P2-P5) HEK293FT cells were seeded into a T150 flask in 30mL of 

the standard culturing medium and incubated at 37°C, 21% O2, 5% CO2 overnight.   

 

As illustrated in Figure 2.3, cells that reached 90% confluency were transfected with 

50g of lentiviral vector genome (LV-GFP; A), 32.5g of lentiviral packaging vector 

(p8.91; B) and 17.5g of lentiviral envelope construct (pVSV-G; C) using 200µL of 

Lipofectamine® 2000 reagent (Invitrogen, Life technologies) in 30mL of Gibco® 

Opti-MEM® Medium (Life Technologies). Cells were returned to the incubator and 

were cultured at 37°C, 21% O2, 5% CO2 to produce lentiviral vector particles. 

Approximately 48h post-transfection, the supernatant of the transfected cells was 

cleared of cellular debris by centrifugation at 500G, room temperature for 5 min and 

stored in 1mL aliquots at -80°C for future use (D). 
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Lentiviral vector stocks were titrated by transducing target cells. Briefly, HEK293FT 

cells were seeded in 12-well plates at 5×104 cells/well the day before. Lentiviral 

vector stocks were thawed at 37°C and diluted in the standard culturing medium as 

illustrated below (Figure 2.4). Serial dilutions at 1:1000, 1:10000, 1:100000 and 

1:100000 of the lentiviral vector stocks were added to the cells in 1mL medium per 

well in triplicates. Cells were incubated at 37°C, 21%O2, 5% CO2 for 48-72 hours. 

The number of GFP-expressing cells or colonies (green) was counted under UV 

fluorescence using a Nikon Eclipse TS100 light microscope. The viral titre was 

estimated as transducing units (TU) per mL of lentiviral particle stock by the formula 

below. 

 

(ܮ݉/ܷܶ)	݁ݎݐ݅ݐ	݈݁ܿ݅ݐݎܽ݌	݈ܽݎܸ݅ = ݎ݋ݐ݂ܿܽ	݊݋݅ݐݑ݈݅݀ݏ݁݅݊݋݈݋ܿ	ݎ݋	ݏ݈݈݁ܿ	݀݁ݐ݂ܿ݁ݏ݊ܽݎݐ	݂݋	ݎܾ݁݉ݑ݊	  

 

For angiogenesis assays, HUVECs were transduced with LV-GFP vector stocks at a 

multiplicity of infection (MOI) of 3.  
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Figure 2.4 Titration of lentiviral vector particles on target cells using serial dilutions.  
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2.8   Angiogenesis assay 
 

In this study angiogenesis has been assessed using an in vitro assay consisting of a co-

culture of GFP-labelled HUVECs and stromal supportive cells such as CDCs or 

BMSCs. The expression of GFP allows the monitoring of the live cultures over time.  

 

2.8.1 Transduction of HUVECs 

 
Approximately 1×106 HUVECs were seeded in a T150 flask and maintained at 37°C 

with 21% O2 and 5% CO2 for 24h. LV-GFP stocks with an average titre of 3 ×106 

TU/mL were thawed at 37°C in water bath and diluted in 25mL of EGM-2 to achieve 

an MOI of 3. The transduced cells were incubated at 37°C with 21% O2 and 5% CO2 

until they reached 90% confluency. The cells were then harvested, counted, stored in 

liquid nitrogen and passaged as described in Section 2.2.4. 

 

2.8.2 Co-culture of HUVECs and stromal cells 

 
Cells were cultured as described in section 2.2 and 2.3. Passage 1-2 (P1-P2) CDCs or 

P4-P5 BMSCs and P1-P2 GFP-labelled HUVECs were maintained at 37°C 5% CO2 in 

their respective culture media replaced every three to four days until the cells 

reached  >90 % confluency.  

 

On the day before setting up the co-culture, a 48-well plate was coated with human 

fibronectin at 0.8µg/cm2 surface area for 30-60 min. Before seeding the cells, the 

wells were washed three times with 0.5mL per well 1× PBS to remove the free 
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fibronectin. Cells were harvested and cell numbers were adjusted to 1×105 CDCs, 

1×105 BMSCs and 1.5×104 HUVECs/mL respectively in complete EGM-2.  

 

Approximately 0.1, 0.2 or 0.3 mL of cell suspension containing 1, 2 or 3×104 of 

CDCs or BMSCs were seeded onto fibronectin-coated 48-well plates in triplicates as 

illustrated in Figure 2.5. Subsequently, 0.1mL of GFP-HUVEC cell suspension, 

containing approximately 1.5×103 cells were added to each well.  EGM-2 medium 

was added to the wells to make a final volume of 500µL/well. The co-cultures were 

incubated at 37°C, 5% CO2, for 14 days with medium changed 3 times a week. 

Cytokines were supplemented at certain concentrations with the fresh medium as 

required in the relevant experiments as listed in Appendix 3.  

 

Tubule formation was monitored using a Nikon Eclipse TE2000U fluorescence 

microscope (Nikon) and Hamamatsu ORCA-ER camera controlled by SimplePCI 

software was used to take 4 images from each well (12 images in total). All images 

were saved in TIFF format for processing.  
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2.8.3 Image processing and data analysis 

 
Images were processed with Photoshop® CS6 software package (Adobe). The 

angiogenesis images were transformed into greyscale mode with signal/background 

colour converted, so that the tubules signal became black whilst the background was 

shown in white. The levels of the images were adjusted manually to facilitate 

recognition by the angiogenesis analytical software.  

 

The number of tubules, number of junctions, mean tubule length, and total tubule 

length in each image were automatically quantitated using the AngioSys software 

package (TCS Biologicals). The data was collected and saved as MS Excel 2007 

documents for statistical analysis.  

2.9   Human CDC transplantation into the immunocompromised 
nude rat model of ischaemic heart disease 
 

A myocardial ischaemia (MI) rat model was established in collaboration with Dr Pilar 

Sepulveda, University of Valencia, Spain to investigate the therapeutic potential of 

transplanted CDCs from IHD patients. A diagram summarising the experimental 

design is shown in Figure 2.6. Human CDCs were isolated, passaged and in vitro 

assayed by myself in the Oxford laboratory before being sent to Dr P. Sepulveda’s 

laboratory in Spain for transplantation. Ethical approval to conduct the animal 

experiments was obtained accordingly from the relevant committee at Hospital La Fe, 

University of Valencia, Spain. All animal handling, surgery, husbandry, euthanasia 

and parameter measurements were performed by Dr Sepulveda’s group  according to 

regulations for animal experimentation in Spain upon the provision of the human 
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CDC samples in a blind manner. Raw measurement data were returned to Oxford for 

statistical analysis and interpretation.     

 

2.9.1 Rat myocardial ischaemia (MI) model 

 
The model was established as previously described [141], [142]. In brief, six to eight 

week old adult athymic nude rats (HIH-Foxn1rnu) were purchased from Charles 

River Laboratories, Inc., (Wilmington, Massachusetts). Systolic and diastolic 

parameters of LV chamber and anterior wall were measured by transthoracic 

echocardiography before surgery. The rats were then anaesthetised with sevoflurane 

inhalation (2.5% v/v) followed by an intraperitoneal injection of fentanyl (0.05 

mg/kg). The midline sternotomy was performed with aseptic techniques and MI was 

induced by LAD- artery ligation [143]. Animals with fractional shortening (FS) above 

35% following MI were excluded from the study.  

 

2.9.2 CDC transplantation  

 
Seven days following LAD- artery ligation, animals were divided into three groups; 

two groups were treated with 1×106 cells in 5µL 1× PBS, namely CDC good and 

CDC poor, the third group was injected with saline (PBS) and used as control. Cells 

and saline were injected directly into the myocardium with a Hamilton syringe at five 

locations around the infarct border zone. The rats were monitored for up to 4 weeks. 

Transthoracic echocardiography (TTE) was performed at baseline, on Day15 and 

Day30 (final) post-transplantation to assess the changes in cardiac function. Animals 

were sacrificed with an overdose of ketamine (125mg/kg), valium (10mg/kg), and 

atropine (50 mg/kg), and hearts removed for immunohistological examination.  
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2.9.3 Transthoracic echocardiography (TTE) measurements and evaluations of LV 
function  

 
LV end-systolic and end-diastolic parameters including diameters, areas, anterior wall 

and septum thickness were measured by TTE and used to derive the values for 

percentage of LV Fractional Area Change (FAC%), Fractional Shortening (FS%), 

Anterior Wall Thickening (AWT%)  and Ejection Fraction (EF%) according to the 

formulas below. 

 

	%ܥܣܨ = ݀	ܽ݁ݎܣܸܮ	 − ݀	ܽ݁ݎܣܸܮݏ	ܽ݁ݎܣܸܮ 	× 100%	 
%ܵܨ ܸ݀ܮ	= − 	ܸ݀ܮݏܸܮ 	× 100% 

%ܹܶܣ = ݏܹܣܸܮ − ܹ݀ܣܸܮܹ݀ܣܸܮ 	× 100% 

ܸܦܧܸܮ = 	 7.0(2.4 + (ܸ݀ܮ 	×  ଷܸ݀ܮ

ܸܵܧܸܮ = 	 7.0(2.4 + (ݏܸܮ 	×  ଷݏܸܮ

%ܨܧ ܸܦܧܸܮ	= − ܸܦܧܸܮܸܵܧܸܮ 	× 100% 

 
 
FAC% = left ventricle per cent fractional area change, LVArea d = left ventricle end-
diastolic area, LVArea s = left ventricle end-systolic area, FS% = left ventricle per 
cent fractional shortening, LVd = left ventricle end-diastolic diameter, LVs = left 
ventricle end-systolic diameter, AWT% = left ventricle anterior wall per cent 
thickening, LVAWs = left ventricle anterior wall end-systolic thickness, LVAWd = left 
ventricle anterior wall end-diastolic thickness, EF% = left ventricle per cent ejection 
fraction, LVESV = left ventricle end-systolic volume, LVEDV = left ventricle end-
diastolic volume. 
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2.9.4 Immunohistochemistry 

 
Rat hearts were excised from the animals for immunohistochemical examinations in 

order to assess the effect of CDC transplantation on neovascularisation in vivo and the 

therapeutic potential to reduce the infarct size on Day30 and processed following the 

methods described elsewhere [141], [143].  In brief, hearts were washed with 1× PBS 

and fixed in 2% paraformaldehyde. Then the hearts were perfused with 20% sucrose 

and embedded in Tissue-Tek OCT Compound (Sakura Finetek) prior to being 

cryopreserved. Transverse sections of 14μm thickness (1 slice each 200μm of tissue) 

were obtained from apex to base. 

 

Capillaries were stained with anti-rat CD31 antibody (Chemicon International) and an 

Alexa 488 conjugated secondary antibody.  Images of 10 fields of approximately 0.15 

mm2 in the infarct border zone of each animal heart were taken at 200× magnification 

using a fluorescence microscope.  The number of capillaries was counted with the 

Image Pro-Plus 5.1 software (Media Cybernetics, Inc.) and the capillary density was 

referred as the number of capillaries per mm2. 

 

The LV infarct size was measured in 8 to 12 transverse sections of 14μm thickness 

slices stained with Masson’s trichrome stain.  The fibrotic area and the total LV cross 

section area were determined using Image Pro-Plus 5.1 software (Media Cybernetics, 

Inc.). The infarct size of a heart was calculated as the mean of the percentages of the 

fibrotic area against the total LV cross section area in all the slices from this heart.  
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2.10   Total RNA isolation  
 
Total RNA, including mRNA and microRNA was isolated from human cells using 

miRNeasy Mini Kit (QIAGEN Ltd.) (see Figure 2.7).  Briefly, cells were cultured, 

and harvested as described in section 2.2 and 2.3. Approximately 700μL of QIAzol 

Lysis Reagent (QIAGEN Ltd.) was added to the cell pellet after the supernatant was 

completely removed and the lysate was mixed by pipetting several times and 

vortexing the microtube vigorously for 1 min to enable optimal homogenisation.  The 

homogenate was transferred to a 1.5mL tube and placed on the bench for 5 minutes to 

promote dissociation of nucleoprotein complexes before continuing with the isolation 

of RNA or the storage at -80°C for later use. 

 

Approximately 140μL of chloroform (Sigma-Aldrich Ltd) was added to the 

homogenate and thoroughly mixed by vigorous shakes for 15 seconds. The mixed 

emulsion was separated into phases by centrifugation at 12,000 G, 4°C for 15 min.  

The sample then separated into 3 phases: an upper, colourless, aqueous phase, a white 

interphase, and a lower, pink, organic phase.  

 

The upper aqueous phase (approximately 350μL), which contains RNA, was carefully 

removed and transferred to a 1.5mL collection tube without contamination of the 

white interphase. Approximately 1.5 times of the aqueous phase volume (usually 

525μL) of 100% ethanol (Sigma-Aldrich Ltd.) was added to the collection tube mixed 

thoroughly by pipetting.  
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Approximately 700µL of the sample, including any precipitate formed was transferred 

into a RNeasy Mini spin column in a 2 mL collection tube and spun down at >8000 G 

for 15 seconds at room temperature to enable RNA to bind to the column membrane. 

The procedure was repeated until all the suspension has been used and the flow-

through discarded. The column was washed with 700μL RWT buffer, followed by 

two washes with 500μL RPE buffer following the manufacturer’s instructions. 

 

The RNeasy Mini spin column with RNA bound to it was carefully removed from the 

collection tube so that the column did not contact the flow-through to avoid carryover 

of ethanol and placed into a new 1.5mL collection tube. Approximately 30μL RNase-

free water was added directly onto the column for RNA elution. The eluted RNA 

solution was placed on ice before quantification.  

 

To assess the RNA yield, 2μL of RNA sample was placed into the reading platform of 

a NanoDrop® Spectrophotometer (Thermo Fisher Scientific) calibrated by applying 

2μL of  Ambion® Nuclease-free Water (not DEPC-treated) (Life technologies) before 

measurement. The RNA quality was determined by the ratio of absorbance at 260nm 

to 280nm.  

2.11   Enzyme-linked immunoabsorbent assay (ELISA) of cell culture 
supernatant 
 

2.11.1 Cell culture and conditioned media preparation 

 
Approximately 5×105 cells were cultured in 8mL of standard culturing media in a T75 

flask (coated with fibronectin for CDC) until they adhered to the flask bottom. 
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Standard culturing medium was then replaced with 8mL of freshly made EGM-2 and 

cells incubated at 37°C, 21% O2, 5% CO2 for 48-72 hours. Conditioned media (cell 

culture supernatant) was collected and cell debris removed by centrifugation at 150G, 

room temperature, for 5 min. Aliquots of the conditioned media were stored at -80°C 

for future experiments. 

 

2.11.2 Human TGF-β1 and TGF-β2 ELISA 

 

Human TGF-1 and TGF-2 levels in conditioned media were quantitated by ELISA 

using the Human TGF-β1 or TGF-2 Quantikine ELISA kits (R&D Systems) 

according to the manufacturer’s instructions. 

  

2.11.2.1  Activation of TGF-1 and TGF-2 

The latent forms of TGF-1 and TGF-2 in the conditioned media were activated by 

treating 500µL culture supernatant with 100µL of 1M HCl and incubating them at 

room temperature for 10 min. The acid was neutralised with 100µL 1.2M NaOH/ 

0.5M HEPES. Therefore, the sample concentration had been diluted to 1: 1.4, with 

dilution factor 1.4.  

 

2.11.2.2  Preparation of the protein standards 

Recombinant human TGF-1 and TGF-2 standards were reconstituted with of 2mL 

of 1× Calibrator Diluent RD5-53 included in the ELISA kit, to obtain protein working 

solutions at a concentration of 2000pg/mL.  
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times with 400L per well of 1× wash buffer (containing surfactant). The excess of 

liquid was removed by blotting on tissue paper.   

 

Approximately 100L of TGF-1 or 200L of TGF-2 Conjugate, supplied in the 

kit, were added to each well. The plate was then covered with adhesive strips and 

incubated at room temperature for 2 hours. The unbound antibodies were removed 

from the wells by washing three times with 400L of 1× wash buffer. 

 

In order to detect the HRP-conjugated antibody bound to complexes of TGF-1 or 

TGF-2 and their capture antibodies, 100L or 200L of Substrate Solution 

containing 1:1 mixture of H2O2 and tetramethylbenzidine was added to each well and 

the plate was incubated at room temperature for 30 min protected from the light. The 

reactions to generate luminal fluorescence from TGF-1 or TGF-2 were completed 

by adding 100L stop solution (1N HCl) or 50L of (2N H2SO4) to each well and 

mixing thoroughly by tapping the plate.  

 

2.11.2.4  Quantitation of TGF-1 and TGF-2  

The optical density (OD) of each well was determined within 30min of the end of the 

reactions by measuring the luminal absorbance using a Bio-Rad Microreader Model 

680 (Bio-Rad Laboratories) set at 450nm, and corrected by readings at 570nm to 

correct for optical imperfections in the plate.  

 

The duplicate readings for standards, blank controls and samples were averaged with 

MS Excel 2007 software package. Following this, a regression equation with its 
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standard curve was generated and the protein concentration estimated using the 

methods described below. 

 

Means of optical densities (OD) of the standards on the Y-axis were plotted against 

their corresponding concentrations on the X-axis. The best fit line was drawn through 

the points of the graph by linear regression analysis performed by the software. The 

linear equation with its coefficient of determination (R-square) was in the format 

shown below: ݕ = ݔ݇ + ݕ)	 		ܾ − ,݁ݑ݈ܽݒ	ܦܱ ݔ − ,݊݋݅ݐܽݎݐ݊݁ܿ݊݋ܿ	݊݅݁ݐ݋ݎ݌ ܾ − ,	ݐ݌݁ܿݎ݁ݐ݊݅ ݇−  (ݐ݂݂݊݁݅ܿ݁݅݁݋ܿ	݊݋݅ݏݏ݁ݎ݃݁ݎ
 

Given the OD value of the protein samples, their concentration was determined by the 

inverse function of the regression equation above, expressed as below: 

ݕ = ݔ)		1݇ − ܾ)	 
ݕ) − ,݊݋݅ݐܽݎݐ݊݁ܿ݊݋ܿ	݊݅݁ݐ݋ݎ݌ ݔ − ,݁ݑ݈ܽݒ	ܦܱ ܾ − ,	ݐ݌݁ܿݎ݁ݐ݊݅ ݇−  (ݐ݂݂݊݁݅ܿ݁݅݁݋ܿ	݊݋݅ݏݏ݁ݎ݃݁ݎ

 
As the sample was diluted during the activation stage, the actual concentration from 

each sample was determined by multiplying the estimated protein concentration in the 

assay by the final dilution factor used to prepare the samples.  
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Figure 2.9 An example of standard curve for TGF-β ELISA. The Y axis represents 
the optical density or absorbance obtained for each sample (OD 470nm corrected at 
570nm) whilst the X axis represents the protein concentration in ng/mL. Here, the 
linear regression equation is y= 0.001229x + 0.1380, R2=0.9890.  

2.12   Human whole genome expression and gene ontology analysis   
  

Biotin-labelled total complementary RNA (cRNA) was hybridised to human whole 

genome Illumina beadchips to quantitate differences in gene expression profiles of 

CDC samples with different pro-angiogenic ability. Total RNA from CDC samples 

tested in the in vitro angiogenesis assay and categorised as ‘good supporter’(n=6) and 

‘poor supporter’(n=6) were isolated and stored in -80°C according to the method 

described in section 2.9. Human whole genome expression service, including the 

biotin labelling of cRNA, beadchip hybridisation and data acquisition was performed 

in the University of Oxford, Genomic Service at the Department of Cardiovascular 

Medicine. The data were analysed by me on advice from Dr Theodosios Kyriakou, 

Department of Cardiovascular Medicine, University of Oxford. 5µg of total RNA 

from each selected CDC sample was provided by, and the generated cDNA array data 

analysis was performed  by the thesis writer (see Figure 2. 10).  
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2.12.1 cRNA amplification, labelling and hybridisation  
 
Biotin-labelled cRNA was generated from high-quality total RNA with the Ambion® 

Illumina® TotalPrep RNA amplification kit (Life Technologies Ltd.) according to the 

manufacturer’s instructions. In brief, 50ng of total RNA was reverse transcribed with 

an oligo(dT) primer bearing a T7 promoter. The first-strand complementary DNA 

(cDNA) was used to produce the second strand. The double stranded cDNA was 

purified and, along with biotin-labelled UTPs, was then used as template to generate 

biotinylated, antisense complementary RNA (cRNA) from each mRNA sample in an 

in vitro transcription reaction with the T7 RNA Polymerase (see Figure 2.11). The 

size distribution profile and quantitation of the biotin-labelled cRNA samples were 

determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). 

 

After cRNA labelling, 1.5μg of purified, labelled cRNA from each sample was 

hybridised at 55°C overnight with a Sentrix Human-6 v3 expression Illumina 

Beadchip (Illumina, Inc.) containing 48,804 probe sets. The beadchip was washed the 

following day and probed with Streptavidin-Cy3. The fluorescent emission by Cy3 

from each chip was quantitated by scanning the chips using an Illumina BeadArray 

Reader (Illumina, Inc.).  

 
2.12.2 Data collection and processing 

 
Expression profiling was performed using Illumina Human WG6 version 3 beadchips 

(Illumina Inc.) using 48,804 probes as described above. Raw fluorescence intensity 

values from the scanned chips were generated using the Illumina Inc. Beadstudio  
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software package (Illumina Inc.). Custom script written in R (v2.14.1) using the open 

source vsn Bioconductor package (Bioconductor.org) was used to normalise the 

fluorescent signal intensities according to the beadchip batch, subtract the background 

and also to remove any probes which had a detection score of less than 95% in any of 

the samples. 

 

2.12.3 Data analysis  

 
Data analysis was performed using the commercial statistical package Partek R 

Genomics SuiteT v6.11.0701 (Partek Incorporated) and the open source software 

MeV v4.8.1. Multiple descriptive approaches, including boxplots of detection count 

and overall signal density distribution curves, were used to detect any outliers 

amongst the samples tested.  Probe profile data was normalised according to log2 

transformation and equality of fluorescence intensity was diagnosed by boxplots of 

logarithmic average signal intensities. Principal component analysis (PCA) and 

hierarchical clustering (HCL) analysis were used to perform unbiased analysis of the 

raw data, with 2D and 3D mapping plots and dendrograms generated using the Partek 

R Genomics SuiteT v6.11.0701 software.  

 

Differentially expressed (DE) genes were determined using two-independent-sample 

t-test in MeV v4.8.1 and one-way ANOVA in Partek R Genomics SuiteT v6. P values 

lower than 0.05 were considered significant. Additional conditions such as fold 

change, Bonferroni’s correction or/and false discovery rate (FDR) were applied where 

appropriate.  
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treated) into a 0.2mL thin-wall PCR tube (Thermo Fisher Scientific). The mix was 

heated at 65ºC for 5 min to denature any secondary structures in the RNA and then 

placed on ice for another 5 min.  

 

RT master mix was prepared on ice. Briefly for each RT reaction, 8µL of the RT 

master mix comprising of 4µL of 5× cDNA Synthesis Buffer (250mM Tris acetate 

(pH=8.4), 375mM potassium acetate, 40mM magnesium acetate, stabiliser), 1µL of 

0.1M DL-Dithiothreitol (DTT), 1µL of DEPC-treated water, 1µL of RNase Out™, 

and 1µL of ThermoScript™ Reverse Transcriptase (all from Life Technologies) was 

required. 

 

The RT reaction was performed in a Biometra T3000 Thermocycler System 

(Biometra GmbH)  with the operating programme of incubation at 25ºC for 10 

minutes, 55ºC for 50 minutes, and then 85ºC for 5 minutes to terminate the RT 

reaction before cooling down to 4°C.  

 

Following RT, the remaining RNA template in the reaction was removed by treating 

the samples with E. coli RNase H and incubating them at 37ºC for 20 min. There was 

no accurate way to determine the concentration of the cDNA, therefore it was 

estimated on assumption that the reverse transcription reaction was 100% efficient. 

This being the case, the maximal concentration of cDNA was estimated to be 

238.1ng/L following the equation below 

 

	ݔܽ݉	ܣܰܦܿ[ܿ]  = 	 ݔܽ݉	ܣܴܰ	[ܿ] = 	ܮߤ	21/	5000݊݃	 =  		ܮߤ/238.1݊݃
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method, 20µL final volume, with the FAM™ reporter dye and the standard thermal 

cycling parameters listed below.  

 

Table 2.3 Thermal cycling parameters for TaqMan® q-RT PCR 

Step 

AmpliTaq Gold® 
Enzyme Activation 

PCR 

Hold 
Cycle (40 cycles) 

Denature Anneal/Extend 

Time 10 min 15 sec 60 sec 

Temperature (°C) 95 95 60 

  

2.13.3 Data analysis of qRT-PCR 

 
The amount of PCR product was measured after each cycle and reported in 

fluorescence levels generated after probe-specific amplification. The threshold cycle 

(Ct) value denoted the number of PCR cycles required for the fluorescence to reach 

the threshold level. Thus, the more target cDNA present in a sample, the lower the Ct 

value was, as the threshold was reached sooner.  

 

Ct values of the reactions were saved to a MS Excel document and comparative Ct 

methods including ∆Ct, relative level against endogenous controls (% of control) 

and/or ∆∆Ct, fold change were calculated for data analysis according to the following 

formulas.  

 

ݐܥ∆   = ௧௘௦௧ݐܥ ௖௢௡௧௥௢௟	௟௢௔ௗ௜௡௚ݐܥ	−                                                                                                   (1) 
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	݈݁ݒ݈݁	݁ݒ݅ݐ݈ܽ݁ݎ = 	 ௖௢௡௧௥௢௟	௟௢௔ௗ௜௡௚݈݁ݒ݈݁	ܣܴܰ		௧௘௦௧݈݁ݒ݈݁	ܣܴܰ = 2ି஼௧೟೐ೞ೟2ି஼௧೗೚ೌ೏೔೙೒	೎೚೙೟ೝ೚೗ = 2ି∆஼௧ × 100%							(2)	 
  ݐܥ∆∆ = ௧௥௘௔௧௠௘௡௧ݐܥ∆	 −  (3)																																																																																											௣௟௔௖௘௕௢ݐܥ∆
 

ℎܽ݊݃݁ܿ	݈݀݋݂ = ௣௟௔௖௘௕௢݈݁ݒ݈݁	݁ݒ݅ݐ݈ܽ݁ݎ		௧௥௘௔௧௠௘௡௧݈݁ݒ݈݁	݁ݒ݅ݐ݈ܽ݁ݎ 	= 2ି∆஼௧೟ೝ೐ೌ೟೘೐೙೟2ି∆஼௧೛೗ೌ೎೐್೚ = 2ି∆∆஼௧																																(4) 
 

2.13.4 qRT-PCR for microRNA 

 
Total RNA isolated as described in section 2.10 also contained microRNAs (miRNAs) 

from the cells, thus it was appropriate to use it as template for RT. However, unlike 

mRNA, each miRNA required an individual RT with a specific primer. Therefore, the 

cDNA product was only useful for quantification of a specific miRNA. TaqMan®
 

MicroRNA Reverse Transcription Kit and TaqMan® MicroRNA Assays (both by 

Applied Biosystems) were used for RT of miRNA and qRT-PCR, which followed 

similar principles and steps as of mRNA. 

 

2.13.4.1 Reverse transcription 

Total RNA template for RT was diluted in Ambion® Nuclease-free Water (not DEPC-

treated) (Life technologies) at 4˚C. Each qRT-PCR reaction required 0.9ng of cDNA 

and every 15μL RT reaction allowed a maximum of 5μL RNA containing up to 10ng 

total RNA. Therefore, 5μL of 2ng/μL total RNA would provide abundant RNA 

template for tests of a specific miRNA in triplicates in 96-well plate. 

 

The RT Master Mix was made up according to the total number of RT reactions. Each 

15μL reaction contained the components listed in Table 2.4. 7μL of the master mix, 
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5μL of total RNA and 3μL of RT primer were mixed into a 0.2mL thin-wall PCR tube 

on ice and mixed by centrifugation at 150G, room temperature for 1min. 

 

Table 2.4 Components of a 15μL reverse transcription reaction 

Component 
(all from Life Technologies) 

Amount (µL) 
for 5µL RNA 

100mM dNTPs (with dTTP) 0.15 
MultiScribe™ Reverse Transcriptase (50 U/μL) 1.00 
10✕ Reverse Transcription Buffer 1.50 
RNase Inhibitor,  20U/μL 0.19 
Nuclease-free water 4.16 
Total 7.00 
 

The RT was performed in a Biometra T3000 Thermocycler System (Biometra GmbH) 

with the operating programme activating enzyme at 15ºC for 30 minutes, followed by 

incubation at 42ºC for 30 minutes and then termination of the reactions at 85ºC for 5 

minutes. There was no accurate way to determine the concentration of the cDNA but 

it was estimated on assumption that the reverse transcription reaction was 100% 

efficient. Hence, the maximal concentration for cDNA was 0.67ng/L base on the 

formula below. [ܿ]ܿܣܰܦ	 = 	 	ܣܴܰ	[ܿ] = 	ܮݑ	10݊݃/15	 =  		.ܮݑ/0.67݊݃
 

2.13.4.2 Quantitative Real-Time PCR (qRT-PCR)  

qRT-PCR was performed in a MicroAmp® optical 96-well reaction plate using the 

ViiA7.. Each miRNA of interest was tested in triplicate by adding 1.33uL 

containing 0.9ng cDNA, mixed with 10.00uL of TaqMan™ 2× Universal PCR Master 

Mix and 1.00uL of TaqMan® Gene Expression Assay (18μM, 20× primers and probe 

mix) in a single reaction, which was adjusted to a final volume of 20μL by adding 

7.67µL of Ambion® Nuclease-free Water (not DEPC-treated). miR-16 was used as 



- 80 - 
 

endogenous control. Data acquisition and analysis was carried out as described in 

section 2.13.3.  

2.14   Luciferase assays 
 

2.14.1 Overview 

 
The luciferase assay used in this study is an in vitro assay designed to investigate the 

antagonising effect of miRNA on the genes of interest (see Figure 17.1). By coupling 

the transcriptional regulation to the expression of the reporter luciferase gene, the 

physical responses to the miRNA binding can be analysed through quantification of 

the luciferase activity from the reporter which reflects its expression level.  A second 

reporter gene whose expression level will not be affected by miRNA binding is used 

as endogenous control in order to normalise the expression of the experimental 

reporter gene.  

 

2.14.2 miRNA target expression vectors 

 
The 3’-UTR regions of the human COL1A2, BMP1/mTLD, and CHRD genes were 

cloned downstream the firefly luciferase gene in the pmiRGLO Dual-Luciferase 

miRNA Target Expression Vector (Promega Ltd.). In brief, the 3’-UTR regions of the 

above genes were amplified by PCR using human genomic DNA from BMSC as 

template. The PCR fragments containing the restriction sites for SacI and XhoI 

endonucleases were cloned into the pmiRGLO expression vector using the same sites 

which are present in the multiple cloning site (MCS) (see Appendix1). The 

recombinant plasmids were verified by DNA sequencing and were kindly supplied by 
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2.14.3 Transient transfection of HEK293FT cells with plasmid DNA 

 

HEK293FT cells were cultured, harvested and counted as described before (section 

2.3).  Cells were seeded in triplicate at 1×104 cells per well (0.1mL) in a Corning 

Costar clear flat-bottom 96-well plate (Corning Life Sciences) and incubated at 37°C, 

21% O2, 5% CO2 overnight (approximately 16-20h) in a Nuaire DH autoflow 

incubator before transfection took place. 

 

On the following day, the medium was removed from the wells by gentle suction and 

replaced by 100µL of DMEM serum free transfection mix in each well. The 

transfection mix was made up of two key components, namely a specific plasmid and 

DharmaFECT® DUO transfection reagent (Thermo Scientific Dharmacon®), diluted 

in serum free DMEM medium (See Appendix2). DharmaFECT® DUO transfection 

reagent, supplied as a 50× concentrated solution was diluted with serum free DMEM 

to obtain a 1× working solution. Each transfection mix contained the following: 

17.5L plasmid DNA (20ng/L), 35L of 1× DharmaFECT® DUO transfection 

reagent and DMEM serum free medium up to 350L.  Transfection with the reagents 

alone was used as mock control (see Figure 2.15). Transfected cells were incubated at 

37°C, 5% CO2 for 48 hours before measuring luciferase activity.   

 

2.14.4 Co-transfection of plasmid vector and miRNA  

 
HEK293FT were prepared as described above (section 2.2.3) the day before. On the 

day of the transfection, the media was removed by gentle suction and replaced by 

100µL of DMEM serum free media. miRNA mimics and non-targeting control (NTC) 

miRNA mimics (5nmol) were reconstitute in 250L nuclease-free water to a stock 
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2.14.5 Luciferase assay  

 

In this study, the Dual-Luciferase® Reporter Assay and Dual-Glo® Luciferase Assay 

Systems (both from Promega) were used.  Both systems measure the expression of 

two independent luciferase genes from two distinct species – the firefly luciferase as 

experimental reporter gene and the Renilla luciferase as control reporter. The Dual-

Luciferase® Reporter Assay was used to determine luciferase activity following the 

cloning of 3’-UTRs downstream the firefly luciferase gene. The Dual-Glo® Luciferase 

Assay was used to assess the effect of miRNA species on the expression of firefly 

luciferase containing different 3’-UTRs. The latter system is more appropriate for 

multiple assays due to its stabilised and prolonged luminescence when compared with 

the Dual-Luciferase® Reporter assay system. The stabilised luminescence allows 

measuring of luciferase activity between 10-30 min after the reagents are added to the 

cells with no reduction of luciferase activity.   

 

2.14.6 Dual Luciferase Reporter assay  

 

The Dual Luciferase Reporter (DLR) assay was performed according to the 

manufacturer’s protocols 48h after transfection. The plasmids used in this study are 

detailed in Appendix 1.  

 

2.14.6.1  Preparation of cell lysates 

This procedure allows the passive lysis of cells in multiwell plates. In order to make 

up 1× Passive Lysis Buffer, 1 volume of 5× Passive Lysis Buffer was added to 4× 

volumes of distilled water. Transfected HEK293FT cells were washed with 100L of 

1× PBS and 20L of 1× Passive Lysis Buffer was added to each well of the 96-well 
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plates. The plates were incubated at room temperature on a gently shaking platform, 

for 15 min.   

 

2.14.6.2  Preparation of reagents 

Luciferase Assay Reagent II was prepared by mixing the Luciferase Assay Substrate 

provided with 10mL of Luciferase Assay Buffer II.  Stop & Glo® Reagent was 

prepared by diluting 200L of 50× Stop & Glo®
 Substrate into 10ml of Stop & Glo®

 

Buffer.  

 

2.14.6.3  Luciferase assay procedure 

The assays for firefly and Renilla luciferase activities are performed sequentially in a 

single well of a 96-well plate. Approximately 100L of Luciferase Assay Reagent II 

were added to 20L cell lysate and mixed by pipetting 2 or 3 times. The luminescent 

signal of the firefly luciferase was measured immediately using a Victor X5 

Multilabel Plate Reader (Perkin Elmer). The reading lasted for 10 seconds without 

repetition and the result was recorded before continuing with the measurement of the 

Renilla luciferase activity in the same sample. The luminescence signal of Renilla 

luciferase was measured by adding 100L of Stop & Glo® Reagent into the same well 

and reading it immediately. The procedure was repeated for all the samples and 

samples were prepared at least in triplicate.  

 

2.14.7 Dual-Glo® luciferase assay 

 
 The Dual-Glo® Luciferase assay was performed 48h after co-transfection of plasmid 

DNA and miRNA into the HEK293FT cells in 96-well plates.  
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2.17.7.1 Preparation of reagents 

Assay reagents supplied with the kit were prepared following the manufacturer’s 

instructions. In brief, the lyophilised Dual-Glo® Luciferase Substrate was re-

suspended in 10mL of Dual-Glo® Luciferase Assay Buffer II (Promega) to make up 

the Dual-Glo® Luciferase Reagent and 100L of Dual-Glo® Stop & Glo®
 Substrate 

was added to 10ml of Dual-Glo® Stop & Glo®
 Buffer to make up the Dual-Glo® Stop 

& Glo®
 Reagent at room temperature. 

 

2.17.7.2 Luciferase assay procedure 

To achieve maximum reproducibility, transfected HEK293FT cells were equilibrated 

in media at room temperature by adding 75L of media to each well of the 96-well 

plate. Following equilibration, 75L of the Dual-Glo® Luciferase Reagent were added 

to each well. The plates were incubated at room temperature for 10 min prior to 

measuring the firefly luciferase activity using a Victor X5 Multilabel Plate Reader.  

 

Light was measured in each well for 0.5 second and the whole plate was read three 

times. Acquired readings were recorded and saved as a MS Excel document. To 

measure the Renilla luciferase activity, 75L of Dual-Glo® Stop & Glo® Reagent was 

added to each well and the plates were incubated at room temperature for another 10 

min to achieve complete quenching effect.  The plate was read in the same order as 

above for three times. The acquired data was also saved as a second MS Excel 

document. 
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2.14.8 Data analysis 

 

Typical datasets included readings for firefly (reporter) and Renilla (control) 

luciferase activities. The ratio of luminescence from the reporter to luminescence 

from the control luciferase was calculated for each well. This is the Response Ratio 

(RR), and was calculated as follows. 

ܴܴ =  ݕݐ݅ݏ݊݁ݐ݊݅	݁ܿ݊݁ܿݏ݁݊݅݉ݑ݈	݈݈ܴܽ݅݊݁ݕݐ݅ݏ݊݁ݐ݊݅	݁ܿ݊݁ܿݏ݁݊݅݉ݑ݈	ݕ݈݂݁ݎ݅ܨ

 

Then the RRs of each experimental sample were standardised to the ratio of control as 

Relative Response Ration (RRR) using the formula below. 

ܴܴܴ = 	 ܴܴ௧௘௦௧ − ܴܴ௖௢௡௧௥௢௟ܴܴ௣௢௦௜௧௜௩௘	௖௢௡௧௥௢௟ 	− ܴܴ௠௢௖௞	௖௢௡௧௥௢௟	 
 

The impact of an inhibitor or miRNA on the putative target sequence downstream the 

firefly luciferase gene was estimated by RRR. 

2.15   Statistical analysis and multiple regression model 
 

The continuous data were described in the fashion of mean±standard deviation (SD) 

while the categorical data were expressed in the format of pencentage.  

 

For normally distributed data sets with equality of variance, the significance of the 

difference between two groups was tested against a t-distribution, and the difference 

among multiple groups was tested using one-way analysis of variance (ANOVA), 

whilst non-parametric tests, including Mann-Witney test and Kruskal-Wallis test, 

were used for data sets that did not display normal distributions as per data settings. P 
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value < 0.05 was considered statistically significant, and p value less than 0.01 was 

considered highly significant. Bonferroni’s correction for multiple testing was 

performed when appropriate. 

 

A multiple regression model was developed to test whether any clinical parameter 

may be an independent predictor of angiogenesis in a blinded manner. Total tubule 

length (TTL) obtained in the angiogenesis assay was used as a quantitative dependent 

variable. However, TTL did not display a normal distribution. In order to satisfy the 

requirement of approximate normality for fitting a linear model, a Box-Cox 

transformation of the TTL variable was identified from the profile likelihood of the 

Box-Cox  parameter. A multiple regression model was then fitted using the open 

source programme R 2.12.2 software package with response variable, 



 1


TTL
y  

after calculation by MASS package  with TTL against age, sex, NYHA Class, type of 

disease (including number of diseased coronary arteries), co-morbidity of 

hypertension, diabetes, and hypercholesterolaemia as independent variables.  

 

The significance of these explanatory variables was tested against a t-distribution 

(Student’s t-test). The primary selection of significant model candidates was based on 

the Akaike information criterion (AIC). The adjusted coefficient of determination (R-

squared) provided a measure of the variability accounted for by the model, and the 

analysis was validated by carrying out the usual diagnostics for confirming normality, 

stability of variance and outlier detection on the model residuals.   
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Chapter 3    The isolation and expansion ex vivo of 
human cardiosphere-derived cells from patients with 
chronic ischaemic heart disease 
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3.1   Background 
 

In 2004, the isolation of human cardiac progenitor cells using the ‘cardiosphere’ 

method was first described by Messina et al. [88]. They reported that, using this 

method, cardiac progenitors could be isolated from the atrium or the ventricular 

myocardium of patients aged 1-month to 80- years. These cardiac progenitors were 

expanded in vitro, and were able to form 3D cellular aggregates called ‘cardiospheres’ 

that resemble heart tissue. In 2007, Smith RR et al. were able to expand cardiac 

progenitors even further by culturing cardiosphere-derived cells (CDCs) as 

monolayers. This added step in the protocol permits the expansion of CDCs from 

small biopsies to large enough number of cells that can be used for clinical 

applications.  Smith RR et al. isolated and expanded CDCs from the endocardium of 

patients who had a heart transplant. CDCs were described as a mixed population of 

multi-lineage precursors that expressed the haematopoietic stem cell marker c-kit 

(CD117), mesenchymal markers such as CD90 and CD105 and cardiomyocyte-

specific markers such as TnI, MHC, ANP and Nkx2.5. In addition, CDCs were 

negative, for CD34, CD45 and Lin. Differentiation of human CDCs into 

cardiomyocytes that beat spontaneously was achieved by co-culturing them with 

neonatal rat cardiomyocytes in vitro, and their beneficial effect on heart function 

demonstrated in vivo in a rodent model of MI. Nonetheless, the differentiation 

potential of CDCs for endothelial and smooth muscle cells was also demonstrated in 

vivo [89].   

 

Between 2008 and 2009, two studies reported results that contradicted the previous 

findings. In the first study, mice explant migrating cells, which would equate to 

outgrowth cells in the ‘cardiosphere’ method, were found to lack cardiogenic potential 
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[145]. The second study described that murine CDCs did not contain stem cells with 

cardiogenic potential [146]. 

 

Following the publication of Smith RR et al. [89], our laboratory set out to establish 

the culturing of human CDCs from patients with chronic IHD for clinical applications. 

Preliminary results obtained by Thomas GN (2009) demonstrated that: (i) CDCs from 

this patient cohort did not express high levels of c-kit as previously described, (ii) 

cardiospheres were not ‘clonogenic’, as they were not able to be generated from 

single cells, and (iii) specific markers of endothelial and cardiac cells, with the 

exception of GATA-4, were not expressed in human CDCs or OCs [147]. These 

strongly contradictive findings raised questions about the origin, phenotype, 

differentiation and therapeutic potential of human CDCs from patients with IHD.  

3.2   Aims and objectives 
 

In order to confirm our primary hypothesis that resident cardiac progenitor cells could 

be successfully isolated from every IHD patient by the ‘cardiosphere’ method and 

they were principally the mesenchymal cells from myocardium that resembled BMSC, 

the aims of this chapter were to isolate and expand ex vivo endogenous cardiac 

progenitor cells from a population of patients with IHD that could be used in clinical 

applications. The specific objectives were as follows: 

 

1) To recruit a typical cohort of patients to be a sample of the patient 

population with IHD in the UK and Europe, 

2) To establish and optimise a reliable method to isolate and culture 

cardiac progenitors from patients with IHD, 
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3) To identify the cell surface markers of human cardiac progenitors by 

using flow cytometry,  

4) To characterise their differentiation potential by using in vitro 

differentiation assays. 

3.3   Results 
 

3.3.1 Patients demographic characteristics  

 
Participants recruited to this study were adult patients with IHD who were scheduled 

to undergo cardiac surgery at the John Radcliffe Hospital, Oxford, UK, with Professor 

David P. Taggart. We continuously approached and recruited appropriate patients on 

a weekly basis during the course of this study without restrictions. This recruiting 

method enabled us to 1) include a cohort of patients that was representative of the 

entire population of severe cardiovascular disease in the UK; 2) minimise the errors in 

the following analysis caused by the selection bias during recruitment; and 3) 

compare the biological behaviours of cardiac progenitor cells from IHD patients with 

that from other non-IHD. Written informed consent was obtained from each patient 

with ethical approval granted by the Mid/South Bucks Research Ethics Committee 

(REC number 07/H0607/95) (see Appendix 4). In order to blind the study, each 

patient sample was anonymised and assigned a study ID number with the matching 

clinical data being archived to enable the generation of unbiased data in the following 

stages of the study. 

 

At the time of writing up this chapter, a total number of 68 IHD patients were 

included and their clinical conditions are detailed in Table 3.1 and summarised in 



- 93 - 
 

Table 3.2. Patients participating in this study were between 40 and 84 (68±10) years 

of age, with an approximate male to female ratio of 4:1.  Among all recruited patients, 

50 had coronary artery disease (73.5%) and received simple or combined CABG 

surgery, 21 had aortic valve stenosis (30.9%) and had valve replacement and 3 had 

other types of disease (4.4%) causing or resulting from myocardial ischaemia in need 

of open-heart surgery (aortic root aneurysm repair, left ventricle aneurysm repair and 

hypertrophic cardiomyopthy septum myomectomy, respectively). All patients shared 

similar features of pathological condition in terms of chronic ischaemia of the 

myocardium on the basis of either occlusion of the coronary arteries, due to 

arterosclerosis, or disease of the left ventricle outflow tract at the aortic root, valve 

and ventricular septum. The extent of heart failure varied on symptoms of dyspnoea 

with restriction of physical activity. The patients’ heart function was classified 

according to the NYHA Classification: 13 patients (19.1%) were assorted under Class 

I, 28 (41.2%) under Class II, 25 (36.8%) under Class III and the remaining 2 patients 

(2.9%) under Class IV. As for co-morbidities, 47 patients also had hypertension 

(69.1%), 21 combined with type 2 diabetes mellitus (30.9%) and 54 with 

hypercholesterolaemia (79.4%). Patients were treated with standard medication such 

as diuretics, β-blockers, ACE-inhibitors/ARB, oral hypoglycaemic agents, and statins. 

No long-term steroids user was recruited to this study. History of cigarette smoking 

was observed in 72.0% of the patients, of whom 81.6% were ex-smokers, abandoning 

the habit before or after the diagnosis of cardiovascular disease. Family history of 

cardiovascular disease existed in 52.9% of the cases in this study, a majority of which 

was described as heart attack, except for one case of heart rhythm problem. 
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Table 3.1 Demographic characteristics of each patient whose pro-angiogenic potential was tested in this study  
 

ID Age Sex Procedure NYHA AS CAD Nº Diseased Vessels LAD LCX RCA DM HBP HBChol Smoker FHx 

Pt08 46 F CABG I N Y 3 Y Y Y Y N N current Y 

Pt10 67 M CABG III N Y 3 Y Y Y N N Y ex Y 

Pt13 56 M AVR III Y N 0 N N N N Y Y unknown Y 

Pt14 57 F CABG I N Y 1 Y N N N Y Y ex Y 

Pt23 77 M CABG IV N Y 1 N N Y Y Y Y ex U 

Pt25 72 M CABG II N Y 3 Y Y Y Y Y Y non U 

Pt26 70 F AVR III Y N 0 N N N N N N ex N 

Pt27 52 M CABG II N Y 3 Y Y Y N Y Y non N 

Pt28 76 M CABG I N Y 2 Y Y N N N Y ex Y 

Pt29 74 M AVR II Y N 0 N N N N Y Y ex Y 

Pt30 69 M AVR I Y N 0 N N N N Y Y ex Y 

Pt32 68 M CABG II N Y 3 Y Y Y N Y Y ex N 

Pt33 63 M CABG II N Y 3 Y Y Y Y Y Y non Y 

Pt34 68 M CABG II N Y 3 Y Y Y N Y Y non N 

Pt35 58 M CABG II N Y 3 Y Y Y N Y Y ex Y 

Pt37 84 M AVR III Y N 0 N N N Y Y Y ex N 

Pt39 45 M CABG III N Y 1 Y N N N N Y current N 

Pt40 73 F AVR III Y N 0 N N N Y N Y non Y 

Pt41 68 M AVR I Y N 0 N N N N N Y ex Y 

Pt42 80 F Other I N N 0 N N N N N N non N 

Pt43 65 M CABG III N Y 1 N N Y N Y Y ex N 

Pt44 69 M Other II N N 0 N N N N N Y ex Y 

Pt45 84 F CABG II N Y 2 Y N Y N Y Y non Y 

Pt46 48 M CABG IV N Y 3 Y Y Y Y Y Y ex N 

Pt47 76 M CABG II N Y 2 Y N Y Y Y Y current Y 

Pt48 65 M CABG II N Y 2 Y Y N N N Y non N 

Pt49 72 M CABG III N Y 3 Y Y Y N Y Y ex N 

Pt50 40 M Other III N N 0 N N N N N N current Y 

Pt51 72 F CABG III N Y 2 Y Y N Y Y Y non Y 

Pt52 82 F AVR II Y N 0 N N N N Y Y non Y 

Pt54 68 M CABG II N Y 3 Y Y Y N Y Y ex N 

Pt55 81 M AVR II Y N 0 N N N N Y N non Y 



- 95 - 
 

(Continued)                

ID Age Sex Procedure NYHA AS CAD Nº Diseased Vessels LAD LCX RCA DM HBP HBChol Smoker FHx 

Pt56 77 M CABG III N Y 3 Y Y Y N Y Y ex N 

Pt57 70 F AVR III Y N 0 N N N N Y N ex Y 

Pt58 71 M CABG II N Y 1 Y N N N Y Y ex N 

Pt60 61 M AVR II Y N 0 N N N N Y Y ex Y 

Pt62 60 M CABG II N Y 3 Y Y Y Y Y Y ex N 

Pt63 57 M CABG III N Y 3 Y Y Y N N N ex N 

Pt64 76 F AVR III Y N 0 N N N N Y Y non N 

Pt66 54 M CABG III N Y 3 Y Y Y Y Y Y current Y 

Pt67 76 M AVR+CABG II Y Y 1 Y N N N N Y non N 

Pt68 68 M CABG II N Y 2 Y Y N N Y Y ex Y 

Pt69 71 M CABG+Af  II N Y 3 Y Y Y Y Y Y ex Y 

Pt70 69 M CABG I N Y 2 Y Y N N N Y ex Y 

Pt71 70 M CABG II N Y 3 Y Y Y N Y Y ex N 

Pt72 64 M CABG II N Y 3 Y Y Y Y Y N non Y 

Pt73 77 M CABG III N Y 3 Y Y Y Y Y Y ex Y 

Pt74 74 M AVR I Y N 0 N N N N Y Y ex Y 

                

ID-  identification, Pt- patient followed by identification number, AS- aortic stenosis, AVR- aortic valve replacement, CABG- coronary artery bypass graft, CAD- 
coronary artery disease, F- female, LAD- left coronary artery anterior descending branch, LCX- left coronary artery circumflex branch, M- male, NYHA- New York 
Heart Association, RCA- right coronary artery, DM- diabetes mellitus,  HBP- hypertension, HBChol- hypercholesterolaemia, FHx- family history, TTL- total tubule 
length, Y- yes, N- no, U- unknown. 
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Table 3.2 Summary of the demographic characteristics (n=68). 
 

 
Factor 

 
Subgroup 

 
Mean ±SD 

Age at surgery (yrs) 
 

 68 ± 10 (68) 

Gender Male  
Female  
 

79.4% (54) 
20.6% (14) 

NYHA classification Class I  
Class II 
Class III 
Class IV 
 

19.1% (13) 
41.2% (28) 
36.8% (25) 
2.9% (2) 

Procedure CABG 
AVR 
CABG + AVR 
Other 
 

64.7% (44) 
22.1% (15) 
8.8% (6) 
4.4% (3) 

Number of diseased vessels 0 
1 
2 
3 
 

26.5% (18) 
14.7% (10) 
17.6% (12) 
41.2% (28) 

Coronary Artery Disease Total ischaemia 
Ischaemic RCA 
Ischaemic LAD 
Ischaemic LCX 
 

73.5% (50) 
52.9% (36) 
69.1% (47) 
51.5% (35) 

Aortic Stenosis 
 

 30.9% (21) 

Family History Yes 
No 
Unknown 
 

52.9% (36) 
41.2% (28) 
5.9% (4) 

Diabetes mellitus 
 

 30.9% (21) 

Hypertension 
 

 69.1% (47) 

Hypercholesterolaemia 
 

 79.4% (54) 

Smoker No 
Yes 
Ex-smoker 
Unknown 

26.5% (18) 
13.2 % (9) 
58.8% (40) 
1.5% (1) 

 
AVR, aortic valve replacement; CABG, coronary artery bypass graft; LAD, left anterior descending artery; 
LCX, left circumflex artery; NYHA, New York Heart Association, Class I= asymptomatic, Class II= mild 
limitation, Class III= moderate limitation, Class IV= severe limitation; RCA, right coronary artery.  
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3.3.2 Generation of human CDCs 

 
Following the methods described in chapter 2 (section 2.3.1), heart biopsies were collected 

from the right atrial appendage during cardiac surgery and processed within 2 hours (Figure 

3.1). The standard protocol established previously by us was followed [90] and CDCs were 

cultured and expanded in vitro from all 68 biopsies within 4-6 weeks (Figure 3.1).  

 

Explants up to 1mm3 of size were seeded onto fibronectin-coated wells (Figure 3.2A). 

Typically, slim and paving-stone like OCs began to appear from the edge of the explants 

from Day 6 to 7 after seeding. The OCs proliferated and migrated until the cell monolayer 

covered the whole surface of the well (Figure 3.2B). The OCs were harvested and the cell 

suspension was seeded onto poly-D-lysine coated wells in which cells aggregated to form 

3D spheres, called ‘cardiospheres’ (Figure 3.2C). Although the seeding density of OCs onto 

the poly-D-lysine wells was the same for all samples, the starting time of multicellular 

clustering ranged between 24h and 1 week. By the end of the second week from seeding 

OCs, a majority of cardiospheres became semi-detached in the culture medium. No 

synchronised spontaneous contraction of cardiospheres was observed. The loosely attached 

cardiospheres were harvested and CDCs (Figure 3.2D) were expanded for two passages 

prior to further characterisation.  
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3.3.3 Phenotypic characterisation of CDCs  

 
Flow cytometric analysis was used to determine the expression of cell surface markers in 

CDC samples in comparison with BMSC. The CDC population was a highly heterogeneous 

group of cells, which could hardly be defined by the forward- and side-scattering of light 

alone (Figure 3.3A). The viable cell population of interest was gated according to the 

forward-scatter versus the side-scatter dot-plots excluding the non-viable cells and debris as 

shown in figure 3.3A. Non-viable cells stained by To-pro3 had high fluorescence intensity 

in the APC channel whilst debris had a low forward scatter (see Figure 3.3). The non-viable 

cells represented typically less than 10% of the total cell population (see Figure 3.3B). 

Similar gating strategy was used for BMSC.  

 

CDCs expressed high levels of mesenchymal cell surface markers including CD90 (43% 

with Median Fluorescence Intensity (MFI) of 1431) and CD105 (88%; MFI= 2036) as the 

BMSC control cells do, although the MFI of CD90 and CD105 was significantly lower in 

CDCs than in BMSC (see Table 4.3).   In contrast, the expression of the stem cell marker 

CD117/c-kit appeared to be very low (only present in 1% of the CDC population). 

Similarly, the endothelial markers CD31 and CD146 and the haematopoietic marker CD45 

were detected in only 0.9%, 1.4% and 1.0% of CDCs with MFI of 766, 506 and 754, 

respectively. Thus, the expression of cell surface markers confirmed the mesenchymal 

origin of CDCs. 
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The comparison between test antibodies and their corresponding isotype controls on the 

gated live cells were performed for each fluoro-chrome and each sample. Representative 

histograms are shown in Figure 3.4 and a summary of all the data is detailed in Table 3.3.  

 
 

Table 3.3 Summary of cell surface marker expression on CDCs analysed by flow 
cytometry. 
 

Surface 
Marker Definition 

CDC (n=4) BMSC (n=3) 
MFI % MFI % 

CD31 endothelial  798±136 0.9±0.4 727±57 1.5±0.5 

CD45 haematopoietic 754±503 1.0±0.3 665±194 1.2±0.3 

CD90 mesenchymal 1431±367 42.8±18.0 10018±2571 92.8±7.2 

CD105 mesenchymal 2036±442 87.8±9.2 8228±4928 93.8±4.6 

CD117 haematopoietic 702±286 0.9±0.3 564±150 0.8±0.8 

CD146 endothelial  506±47.4 1.4±0.0 1006 ±352 28.3±27.6

 
 

3.3.4 In vitro differentiation assays 

 
BMSC can differentiate into the three mesenchymal cell lineages in vitro, and this is one of 

the criteria used to define mesenchymal stem/progenitor cells [148]. Therefore, 

differentiation of CDCs into the chondrogenic, adipogenic and osteogenic lineages was 

performed and compared to that of BMSC. 

 

For chondrogenic differentiation, cell pellets (n=8) were incubated in vitro with complete 

chondrogenic medium supplemented with TGF-3 following the methods described in 

chapter 2 (section 2.5.3), with BMSC as positive control. Following differentiation, the 

snap-frozen cell pellets were sectioned and stained for Type II Collagen, as a marker of 

chondrogenesis. Like BMSC, all CDC samples consistently showed positive 
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The osteogenic differentiation potential of CDCs (n=10), with BMSC (n=3) as control, was 

also tested as described in chapter 2 (section 2.5.2).  BMSC adhered easily and proliferated 

well in the induction media. Cells started to change morphology from spindle-shape to 

cubical-shape when they became confluent, usually happening at the beginning of the 

second week of induction, and cell delamination occurred as they became over confluent. 

The staining for alkaline phosphatase showed extensive pink dye under the light 

microscope, suggesting that a majority of BMSC differentiated into osteoblasts in vitro 

under the conditions tested (Figure 3.7).  

 

Interestingly, CDCs demonstrated a varied potential of osteogenic differentiation. Several 

of the CDCs showed similar pattern to BMSC, adhering, growing and differentiating into 

the shape of osteoblasts and were positive for alkaline phosphatase staining. Whereas other 

samples showed poor adhesion and growth leading to premature delamination and little 

evidence of osteogenic differentiation (negative for alkaline phosphatase staining) on the 

few cells that remain in the dish (Figure 3.7). 

 

As the osteogenic differentiation conditions may be too harsh for CDCs, modifications to 

the original protocol were made to improve the osteogenic differentiation of the latter group 

of CDCs. First, cells were seeded on fibronectin-coated dishes to resemble the standard 

culture conditions of CDCs, and second, the CDCs seeding density was doubled in the 

osteogenic assay.  Unfortunately, none of these modifications tested on their own or 

combined, resulted in a better osteogenic differentiation of CDCs (See Figure3.8). Thus, a 

conclusion can be drawn that a proportion of CDC samples have lost their osteogenic 

differentiation potential.   
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3.3.5 Clonogenic capacity 

 
CDCs were seeded as described in Chapter 2 (section 2.6). All CDCs tested (n=6) had a 

low clonogenic capacity, with less than 1% of the cell population being able to grow into 

small colonies. The expression of Ki67, a mitotic marker, was also below 1% in P2 CDCs 

(data not shown). 

3.4   Discussion 
 

This chapter demonstrated that CDCs isolated from IHD patients resemble BMSC. 

However, the adipogenic differentiation of these cells was not proven, and some of CDCs 

seem to have also lost their ability to differentiate into osteoblasts in vitro from our 

preliminary results.  

 

3.4.1 Isolation and expansion of CDCs from patients with IHD 

 
The cohort of patients recruited to this study was highly representative of the current 

population suffering from severe IHD in the UK and Europe. Therapies that involve 

manipulating resident cardiac stem cells would further boost the benefits of 

revascularisation on cardiac viability, both anatomically and functionally [149]. 

 

This study confirms that cardiospheres and CDCs can be efficiently and consistently 

generated from human myocardial biopsies in vitro according to previous protocols [88–90]. 

CDCs were successfully isolated from 68 patients suffering from IHD undergoing cardiac 

surgery. CDCs have now been isolated and expanded from the endocardium, as well as the 

epicardium, and from the atrium, from patients with transplanted hearts, chronic IHD or 
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congenital heart disease (Table 6.1) regardless of age, gender, severity of disease, co-

morbidities and the presence of cardiovascular risk factors.  

 

Our previous study showed that CDCs can be routinely expanded from full thickness atrial 

biopsies from this cohort of patients, whilst only 36% of the left ventricular epicardial 

biopsies yielded CDCs [90]. A similar observation has been reported by Smith RR et al.  

[89]. Taking this into consideration, all 68 biopsies in the present study were taken from the 

right atrial appendage. Firstly, right atrial (RA) biopsies were technically easy to obtain by 

a specialist cardiac surgeon from every single patient with relatively low rate of 

complications or minor ethical concerns, regardless of the cardiac procedure performed (e.g. 

aortic valve replacement or CABG). Secondly, the quality of the myocardial sample was 

consistent compared to the ventricular biopsies as the human ventricular wall is 

considerably thicker than the atrial wall to be able to sample precisely.  Gross connective 

and adipose tissue underneath the epicardium was removed, leaving mainly myocardial 

tissue. Finally, all RA biopsies yielded OCs, cardiospheres and CDCs.  

 

In conclusion, the RA appendage seems to be a reservoir of CDCs that could be routinely 

isolated and expanded for future clinical applications.   

 

3.4.2 Cell surface marker expression and differentiation potential of CDC from IHD 
patients 

 
The phenotype of CDCs isolated from the RA appendage of patients with IHD is consistent 

with a heterogeneous population of mesenchymal progenitors of cardiac origin. CDCs are 

positive for CD90 and CD105 and negative for endothelial and haematopoietic markers. 
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This is in agreement with previous data obtained by us and others [90], [92], [150]. These 

cells also express the cardiac transcription factor GATA-4 and low levels of MEF2C, [147]. 

 

Whereas the high proportion of CD105+ cells in the CDC population is not disputed, the 

CD90+ and CD117/c-kit+ fractions varied significantly between studies (Table 6.1). The 

expression of CD90 in CDC seems to be dependent on cardiovascular risk factors such as 

diabetes [90]. Here we also show that there are fewer CD117/c-kit+ cells (0.9±0.3%) than 

previously described (10%-30%), [89], [93]. CD117/c-kit expression in rat OCs has been 

shown to vary during culture, with a peak of expression around 21 days following plating 

[95]. We observed a decrease in the number of CD117/c-kit+ cells between the OCs and 

CDCs [90] which is consistent with the CD117/c-kit marker being lost during the 

expansion of CDCs as shown previously [91].  In addition, Mishra et al. described the 

decrease of CD117/c-kit+ CDC generated from RA with age among young patients 

suffering from congenital heart disease [92].  In contrast, Itzhaki-Alfia et al. showed a 

particularly high level of CD117/c-kit+ CDCs (31±4%) originated from LV biopsies from a 

mixed group of adult patients undergoing cardiac surgery in Israel. These patients were 

suffering from end-stage heart failure and had severely compromised LVEF (< 15%) [93].  

In conclusion, CD117/c-kit expression seems to be reduced in culture and with age and is 

increased in the presence of heart failure symptoms. 

 

The mesenchymal nature of the CDC population isolated in this study encouraged 

assessment of their differentiation potential. CDCs were induced to differentiate into the 

three mesenchymal cell lineages in vitro and were compared to BMSC. Clearly, CDCs have 

lost the potential to give rise to adipocytes. This is in agreement with a previous study by R. 

Koninckx et al. who described that CDCs were able form chondrocytes in vitro, but not 
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adipocytes or osteocytes [91].  Although present in almost 90% of CDCs, CD105 

fluorescence intensity was lower in CDCs than in BMSC, suggesting a lower expression of 

the receptor on the cell surface. CD105 expression level has been reported to be an 

indicator of adipogenic ability [151], so the findings in the current study are consistent with 

CDCs losing their adipogenic differentiation potential. In the present study, all CDC 

samples could give rise to chondrocytes in vitro, but some of them were not capable of 

forming osteoblasts.  

 

BMSC from young healthy donors represent a heterogeneous population containing 

stem/progenitor cells with trilineage differentiation potential: A, adipocytic; O, osteoblastic 

and C, chondrocytic differentiation potential (see Figure 3.9). We hypothesised that the 

CDC population may lose their adipogenic and osteogenic differentiation potential 

gradually and become bipotent and subsequently unipotent progenitors and that this process 

may be influenced by age and/or disease. In the present study, CDCs from patients with 

IHD may represent these bipotent (OC) and unipotent (C) cell sub-populations in the 

proposed hierarchy of mesenchymal stem/progenitor cells, suggesting that they have a 

more limited differentiation potential. It remains to be demonstrated whether this limited 

differentiation potential in vitro may affect their therapeutic potential in vivo if used as 

treatment for IHD. Meanwhile, it is still worth comparing the limited ability of CDC 

differentiation between individuals, and also between the CDC and BMSC from the same 

patient by using quantitative methods, such as qPCR, to confirm these preliminary findings 

and ascertain that the differentiation potential would be associated with difference in cell 

origins more than individuals. 
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Chapter 4    Pro-angiogenic and therapeutic potential of 
cardiosphere-derived cells from patients with chronic 
ischaemic heart disease 
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4.1   Background 
 

CDCs are a novel type of resident cardiac derived stem/progenitor cells that have recently 

emerged as a cell-based therapy to treat MI [59]. They are thought to exert their 

regenerative function in the ischaemic heart tissue through at least four possible 

mechanisms including: 1) a paracrine effect to preserve cell viability and prevent apoptosis,  

2) a pro-angiogenic mechanism to achieve revascularisation and optimal reperfusion  of the 

ischaemic myocardium, 3) a beneficial impact on remodelling the extracellular matrix 

decreasing scarring and providing a favourable regenerative environment,  and 4) a 

cardiomyogenic mechanism to generate contractile cardiomyocytes to compensate for 

ischaemic injury.  

 

At the start of this study, the cardiogenic potential of CDCs was considered to be their main 

mode of action, and the one responsible for the improvement in cardiac function in a rodent 

model of heart disease [89].  During the course of this thesis, evidence has become 

available to suggest that CDCs exert their function via an indirect paracrine fashion. In 

mice, transplanted CDCs have been shown to release factors that mediate protection against 

the death of cardiomyocytes, the promotion of cardiomyocyte proliferation and contractility 

and the regeneration of new blood vessels [21], [152–156].  Li et al. recently reported that 

CDCs may have a greater therapeutic potential than other stem/progenitor cell populations, 

including BMSC, adipose tissue MSC (AMSC), bone marrow mononuclear cells (BM-

MNC) and a purified CD117/c-kit+ subpopulation of CDCs [98]. 

 

Chapter 3 of this Thesis showed that CDCs from patients with IHD expressed 

mesenchymal cell surface markers similar to BMSC and had bipotent or unipotent 
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mesenchymal lineage differentiation ability. In vitro, BMSC have been shown to support a 

robust network of blood vessels by endothelial cells [157], [158], raising the possibility that 

CDCs might also foster angiogenesis to the same extent as BMSC. In animal models of 

acute and chronic MI, an increased capillary density following BMSC transplantation has 

been associated with improvement in heart function [17], [23], [159], [160]. In addition, 

Yoon et al. demonstrated very elegantly in mice that the depletion of perivascular 

supportive cells, but not the endothelial cell lineage, negatively affected the regenerative 

potential of bone marrow stem cell populations and the reversal of LV dysfunction [161].  

 

There is growing evidence that stromal supportive cells play an essential role in the 

generation of new blood vessels. Currently, a wide range of in vitro and in vivo models are 

available to assess angiogenesis. The most commonly used methods include the tubule-

forming assay using MatrigelTM, the rat aortic ring and co-cultures of endothelial and 

stromal cells in vitro, the chick chorioallantoic membrane, the rabbit cornea model, the 

zebrafish or the skin fold chamber in vivo (For review, see [162]).   CDCs do not express 

endothelial markers, and unlike HUVEC, are not able to form tubular structures when 

supported by BMSC [147]. However, similar to BMSCs, CDCs can support blood vessel 

formation as shown previously by others in this laboratory (Figure 4.1).  

 

Although reliable and quick, the classical MatrigelTM assay mainly designed to assess the 

endothelial cell performance in angiogenesis was not entirely suitable for this study; hence 

we developed a more relevant assay based on the co-culture of endothelial cells and CDCs 

modifying previous protocols [163]. In vitro assays are relative easy to conduct and 

quantification of vessel network is straightforward. However, caution has to be taken to 

select the appropriate assays and to interpret the results as to whether they would reflect the 
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coronary revascularisation was performed in the MI rats. Seven days post-MI, cells were 

transplanted in the peri-infarct region at several sites. Increase in vessel density and 

improvement in heart function were the primary outcomes measured in the transplanted 

animals.   

4.2   Aims and objectives 
 
The last chapter suggested that CDC resembled BMSC in phenotype, and were likely to be 

cardiac MSC; however, CDC samples from different individual patients might have 

different differentiation potential into the mesenchymal lineages. We hypothesised that 

CDCs from IHD patients could support neovascularisation but variation among the patient 

population would probably exist, which might be predicted by individual patient’s clinical 

background and disease status, and more importantly, be associated with the therapeutic 

outcome. Therefore, the aims of this chapter were to determine the pro-angiogenic and 

therapeutic potential of CDCs from patients with IHD isolated and expanded as described 

in chapter 3 and to compare it with BMSC. The specific objectives are as follows: 

  

1) To design and establish a simple, but efficient, in vitro angiogenesis model 

that would allow medium-to-high throughput testing of the pro-angiogenic ability of 

CDCs, 

2) To establish the best parameters to quantitate angiogenesis in the above 

established model, 

3) To characterise the therapeutic potential of CDCs from IHD patients in an 

experimental model of MI, 

4) To design a statistical model to identify independent clinical predictors of 

angiogenesis supported by CDCs.  
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4.3   Results 
 

4.3.1 Establishment of the in vitro model of angiogenesis  

 
Detailed characterisation of human CDCs in Chapter 3 of this thesis have demonstrated that 

these cells do not express markers of endothelial cells. Additionally, and consistent with the 

results presented in chapter 3, preliminary experiments by George Thomas et al. from this 

laboratory [147] have shown that human CDCs are not able to form tubular structures in an 

in vitro model of angiogenesis (Figure 4.1). Because of the similarities with BMSC, we 

hypothesised at the beginning of this study that CDCs would be able to support the 

formation of tubular structures by endothelial cells such as HUVEC.  

 

A relevant angiogenesis assay was established in this study to assess the pro-angiogenic 

potential of human CDCs (as described in section 2.8 of Materials and methods). The assay 

was based on previously described protocols [163] but in this study modifications had to be 

made in order to optimise the culturing conditions for the tubular growth supported by 

CDCs. First, the co-cultures were seeded on fibronectin-coated plates in order to maintain 

them for 14 days. Coating the plates with other extracellular matrix component, such as 

collagen I, did not produce optimal vessel network formation and the cultures were not 

stable after 7-10 days, as the monolayer of cells would ‘peel off’, making it impossible to 

monitor tubule formation beyond that time. Second, seeding densities and cell ratios had to 

be optimised for BMSC and CDCs, as the previously described model used human dermal 

fibroblasts [163]. Third, HUVEC were genetically marked to express GFP to allow the 

monitoring of tubule formation over time with live cells.  
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For this purpose a bank of GFP-labelled HUVEC was established by transducing three 

batches of P2 HUVEC from single donors with lentiviral vector particles expressing GFP 

(LV-GFP) at an MOI of 3. Typical titers of the LV-GFP stocks were in the range of 6×106 

to 2×107 transducing units per mL. At the MOI used, over 98% of HUVEC were 

transduced with no detriment to cell viability or proliferation.  Additionally, four batches of 

P4 BMSC were used to test the ability of the GFP-labelled HUVEC to form tubule 

networks and to use as controls. In all subsequent experiments with CDCs, the co-culture of 

GFP-HUVEC and BMSC was used as an internal positive control in the experiment. The 

assay was optimised to seed 1×104, 2×104 or 3×104 stromal cells (BMSC or CDC) and 

1.5×103 GFP-HUVEC and three wells were seeded for each cell density (see Figure 4.2).   

 

Monitoring of the co-cultures under the fluorescent microscope was originally carried out 

at day 4, 7, 10 and 14. A total of 12 images (4× images/well) were recorded for each 

condition.  Adobe Photoshop CS package was used to process the images according to 

section 2.8.3 before the processed images were finally analysed by the Angiosys v1.0 

software [167]. Quantitation of parameters such as number of junctions, number of tubules 

and total tubule length (TTL) were performed from each set of 12 images. Generally these 

parameters were proportional to each other and the decision was made to take TTL as the 

best parameter to reflect overall angiogenesis as it measures all tubules formed as part of 

the network. The TTL relative to the control co-cultures of GFP-HUVEC and BMSC 

(represented as 100%) was also determined and defined as relative tubule length or RTL.  

 

The majority of CDC samples tested were unable to support tubule formation at a seeding 

density of 1×104 CDC/well. GFP-HUVECs grew randomly in large clusters. In contrast, 
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BMSCs could support the formation of some tubular structures at this seeding density, but 

not always a well-defined tubule network, as HUVEC clusters could also be seen (see 

Figure 4.3A). As the seeding density doubled to 2×104 CDCs, some CDC samples were 

able to support GFP-HUVECs vessel network. The same trend was observed with the 

control BMSC, where the total tubule length (TTL) formed by GFP-HUVEC increased at 

this seeding density (see Figure 4.3B). At 3×104 of either CDCs or BMSCs, clusters of 

GFP-HUVECs were not observed. Instead, a network of tubular structures was formed with 

both CDCs and control BMSC (Figure 4.3C and Figure 4.4). Therefore it was selected as 

the best stromal cell density to co-culture with 1.5×103 HUVEC to obtain optimal vessel 

network in the established angiogenesis assay. Interestingly, CDCs’ pro-angiogenic 

potential varied and this was evident even from the first 5 CDCs samples tested in the 

angiogenesis assay (Figure 4.4).   

 

4.3.2 Pro-angiogenic ability of CDCs from patients with IHD.  

 
Once the angiogenesis assay was optimised, the ability of CDCs isolated from 43 patients 

to support the formation of tubular structures reminiscent of blood vessels was assessed. 

For each patient sample, TTL and RTL were recorded as a mean value (see Table 4.1). In 

brief, these results indicate that different patient samples support angiogenesis to a different 

degree (Figure 4.4). CDCs were grouped in tertiles according to their ability to support 

GFP-HUVEC tubule formation in vitro. Those categories were based on TTL and RTL: 

Good supporters of angiogenesis (1st tertile), Moderate supporters (2nd tertile) and Poor 

supporters (3rd tertile) (Table 4.1). CDCs from 14 patients could support angiogenesis with 

RTL over 60%, whilst 14 could support a moderate network of tubular structures and 15 

CDC samples showed poor support of angiogenesis in vitro with RTL less than 11% (see 

Table 4.2, Figure 4.5A).  
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Table 4.1 Total and relative tubule length estimated for all CDCs samples included in 
this study. 

Cell Type ID TTL RTL Group 

BMSC 
8F3543 
23/11/2010 

6894	 1.00	 control 

CDC Pt49 8701	 1.62	

1st tertile 
(good supporter) 

CDC Pt46 6906	 1.28	
CDC Pt23 6420	 1.14	
CDC Pt08 13500	 1.00	
CDC Pt10 14000	 0.98	
CDC Pt43 9873	 0.95	
CDC Pt48 5072	 0.94	
CDC Pt56 8559	 0.88	
CDC Pt13 5500	 0.80	
CDC Pt64 6475	 0.98	
CDC Pt68 6401	 0.97	
CDC Pt57 7554	 0.78	
CDC Pt41 4561	 0.66	
CDC Pt39 4180	 0.61	
CDC Pt26 3118	 0.56	

2nd tertile 
(moderate supporter) 

CDC Pt25 2039	 0.36	
CDC Pt47 1600	 0.30	
CDC Pt33 1160	 0.28	
CDC Pt50 1567	 0.24	
CDC Pt60 2052	 0.23	
CDC Pt54 2093	 0.22	
CDC Pt72 1405	 0.21	
CDC Pt58 1285	 0.18	
CDC Pt71 1077	 0.17	
CDC Pt32 689	 0.17	
CDC Pt30 652	 0.16	
CDC Pt44 1584	 0.14	
CDC Pt59 727	 0.11	
CDC Pt28 621	 0.11	

3rd tertile 
(poor supporter) 

CDC Pt45 1192	 0.11	
CDC Pt63 704	 0.11	
CDC Pt61 654	 0.10	
CDC Pt14 600	 0.10	
CDC Pt35 880	 0.09	
CDC Pt40 855	 0.08	
CDC Pt27 396	 0.07	
CDC Pt34 69	 0.02	
CDC Pt29 57	 0.01	
CDC Pt55 121	 0.01	
CDC Pt37 62	 0.01	
CDC Pt42 34	 0.00	
CDC Pt51 15	 0.00	
CDC Pt52 116	 0.02	ID,	identification;	Pt,	patient	identification	followed	by	number;	CDC,	cardiosphere-derived	cells;	BMSC,	bone	marrow-derived	stem	cells;	TTL,	total	tubule	length;	RTL,	relative	tubule	length	according	to	the	control	in	each	batch.	
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Table 4.2 shows that CDCs samples in the 1st tertile (good supporters) displayed a mean 

TTL of 7693 ± 3029m ranging from 4180 to 14000m, which is very similar to that of 

BMSC (mean TTL 7568 ± 3300m and range  4168-10967m). The mean TTL for CDC 

samples grouped in the 2nd tertile  (moderate supporters) was 1429 ± 668m ranging from 

621 to 3118m, whilst the 3rd tertile of CDCs samples presented a mean TTL of 321 ± 

337m and a range of 15 to 880m (poor supporters). Figure 4.5.B shows that the three 

groups (1st, 2nd and 3rd tertile, respectively) are significantly different when TTLs were 

compared by using the Kruskal–Wallis one-way ANOVA. The same results were obtained 

when comparing RTLs of each group (Figure 4.5C). In addition, the mean TTL of good 

supporters is not significantly different from that of BMSC (Figure 4.5B), thus indicating 

that CDCs grouped in the 1st tertile are as good as BMSC in supporting vessel network 

formation in vitro. 	
 

Table 4.2 Descriptive statistics of the CDC classes: good, moderate and poor 
supporters of angiogenesis. 
 
 

Tertile Number Group 
TTL RTL 

 mean SD range range 
BMSC n/a 4 control 7568 3300 4168-10967 1 
CDCs 1st 14 good 7693 3029 4180-14000 0.61-1.62 
CDCs 2nd 14 moderate 1429 668 621-3118 0.11-0.56 
CDCs 3rd 15 poor 321 337 15-880 0.00-0.11 

 
BMSC, bone marrow mesenchymal/stromal cells; CDCs, cardiosphere-derived cells; n/a, 
not applicable; RTL, relative tubule length; SD, standard deviation; TTL, total tubule 
length.  
 

In conclusion, CDCs from IHD patients had a varied pro-angiogenic potential. 

Approximately 1/3 of the samples tested supported approximately 10% of the TTL that 

BMSC from the healthy donors could support.  
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4.3.3 Therapeutic potential of CDCs from IHD patients 

 
In order to confirm the results obtained in vitro and to assess the therapeutic potential of 

CDCs from good and poor supporters of angiogenesis, an experimental model of MI was 

established with the help of Dr P. Sepulveda’s group  (University of Valencia, Spain) as 

described elsewhere [141], [142]. Similar to human BMSC, the injection of human CDCs 

required the use of immune-compromised rats (HIH-Foxn1rnu) that were purchased from 

Charles River Laboratories (as described in section 2.8). The weight and baseline heart 

function parameters of the animals used in this study are presented in Table 4.3. Animals 

with fractional shortening (FS) above 35% following ligation were excluded from the study. 

 

A total of 25 adult athymic rats were included. Baseline LV chamber parameters at systolic 

and diastolic phases were measured by echocardiography and functional values, such as 

fractional area change (FAC), fractional shortening (FS) and anterior wall thickness (AWT), 

were derived accordingly before surgery. The baseline values were similar for all animals 

included in the study (p>0.05). Animals were then divided in three treatment groups: (i) 

CDCs from good supporters, (ii) CDCs from poor supporters and (iii) saline (control). One 

week post-LAD artery ligation, the chest of the animals was re-opened and a total of 1×106 

cells/ animal in 5L PBS, or saline only, were transplanted into five sites of the infarct 

border zone. Animals were monitored for one month after cell transplantation. On day 15 

and day 30 post-transplant, echocardiography was performed to monitor changes in heart 

function and heart anatomy.  Table 4.4 shows the results of the in vivo experiments. 

 



- 129 - 
 

 

Table  4.3 Summary of heart anatomical measurements and functional parameters in rats transplanted with either CDCs or saline.  

 

 Good supporters (n=8) Poor supporters (n=9) PBS control (n=8) 

 Baseline DAY15 DAY30 Baseline DAY15 DAY30 Baseline DAY15 DAY30 

 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
LVAWd 1.44 0.05 1.17 0.09 1.12 0.12 1.45 0.03 1.11 0.06 1.05 0.06 1.56 0.06 1.09 0.11 1.04 0.09 
LVd 5.43 0.24 6.85 0.80 7.33 0.75 5.35 0.44 6.92 0.78 7.19 0.78 5.90 0.08 7.47 0.56 7.64 0.76 
IVSd 1.20 0.16 1.37 0.23 1.34 0.09 1.29 0.15 1.25 0.18 1.33 0.17 1.44 0.14 1.56 0.24 1.54 0.24 
LVAWs 2.23 0.15 1.66 0.11 1.50 0.21 2.31 0.09 1.45 0.14 1.36 0.15 2.37 0.12 1.50 0.20 1.36 0.14 
LVs 3.14 0.23 4.57 0.77 5.28 0.62 3.09 0.28 5.10 0.77 5.37 0.61 3.38 0.11 5.43 0.48 5.83 0.77 
IVSs 2.03 0.23 2.06 0.20 1.94 0.20 1.86 0.29 1.82 0.28 1.99 0.44 2.21 0.28 2.31 0.23 2.08 0.46 
LV Area d 28.31 2.72 36.26 5.65 39.76 5.55 27.67 3.16 38.55 5.63 41.08 5.71 31.45 2.53 40.32 4.72 45.05 4.12 
LV Area s 7.15 1.09 18.50 4.77 22.28 4.74 6.82 0.98 22.84 3.82 25.59 4.75 8.24 1.68 24.16 2.48 28.96 4.47 
FAC(%) 74.78 2.43 49.29 9.76 44.30 5.52 75.30 2.83 40.63 5.33 37.88 5.42 73.83 4.54 39.91 3.55 35.97 4.03 
FS (%) 41.73 3.36 33.45 5.35 27.93 4.32 42.33 1.56 26.60 3.83 25.25 3.43 42.71 1.38 27.24 3.35 23.86 3.95 
AWT(%) 35.26 2.96 29.24 3.58 25.05 6.74 37.08 2.38 23.26 4.98 22.22 5.14 34.12 3.89 26.71 5.47 23.37 2.28 
EF(%) 72.53 4.03 60.53 7.15 52.41 6.24 72.83 1.98 50.59 6.25 48.36 5.43 72.98 1.59 51.37 5.26 45.92 6.49 LVAWd	=	left	ventricle	anterior	wall	end-diastolic	thickness,	LVd	=	left	ventricle	end-diastolic	diameter,	IVSd=interventricular	septum	diastolic	 thickness,	 LVAWs	 =	 left	 ventricle	 anterior	 wall	 end-systolic	 thickness,	 LVs	 =	 left	 ventricle	 end-systolic	 diameter,	IVSs=interventricular	septum	systolic	thickness,	LVArea	d	=	left	ventricle	end-diastolic	area,		LVArea	s	=	left	ventricle	end-systolic	area,	FAC%	=	left	ventricle	per	cent	fractional	area	change,	FS%	=	left	ventricle	per	cent	fractional	shortening,	AWT%	=	left	ventricle	anterior	wall	per	cent	thickening,	EF%	=	left	ventricle	per	cent	ejection	fraction.	
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On Day 15, the percentage of FAC (Figure 4.6A) was significantly higher in animals 

injected with good supporters than with CDC from poor supporters (49% vs. 41%, p<0.05) 

or in saline injected animals (49% vs. 40%, p< 0.05), whilst there was no significant 

difference between animals injected with either CDC from poor supporters or saline. On 

Day 30 similar results were observed between good and poor supporters (44% vs. 38%; 

p<0.05), good supporters and control (44% vs. 36%, p<0.01) and poor supporters and 

control (38% vs. 36%, p>0.05).  

 

Fractional shortening (FS%) was significantly better in animals injected with CDCs from 

good supporters than poor supporters (34% vs. 27%, p<0.05) or saline (34% vs. 27%, 

p<0.05) on Day 15 (Figure 4.6B). There was no differences between animals injected with 

poor supporters or saline (27% vs. 27%, p>0.05). Although there was a trend that 

advantage was still observed in FS% on Day 30 between animals injected with good 

supporters and saline (28% vs. 24%, p=0.09), there were no significant differences between 

the good and poor supporter groups (28% vs. 25%, p=0.19).  

 

Changes in the anterior wall of the left ventricle, measured as percentage of AWT, were 

also seen on Day 15 (Figure 4.6C). There was a significant difference between animals 

injected with CDCs from good or poor supporters (29% vs. 23%, p<0.05), but the 

differences between the good supporters and saline treatment groups (29% vs. 27%, p>0.05) 

were not significant. Although the difference was not significant, regional wall motion in 

the rats treated with CDCs from the poor supporters seemed to perform worse than the 

saline (control) groups (23% vs. 27%, p>0.05). On Day 30 differences between groups had 

disappeared (Figure 4.6C).   

 



 

Figu
Fox
into
supp
for 
wee
frac
(D) 
used
resp
supp
goo
supp
sign
Day
tran
Day
sugg
CDC

ure 4.6 E
xn1rnu) rats
o three group
porters (n=9
30 days. E

ek intervals
ctional short

Change in 
d. P value
pectively. N
porters and

od supporte
porters and
nificant imp
y15 and D
nsplanted w
y 30 this tre
gesting that
Cs from goo

ffect of C
s had the le
ps which re
9) or saline

Echocardiog
s. (A) Perc
tening (FS%
 left ventric

es <0.05 a
NS= not sig
d poor suppo
rs and sali

d saline gro
provement 

Day30. Sim
with good su

end persiste
t CDC from
od supporte

CDC transp
eft anterior 
eceived eith
 (n=8) 7 da

graphy was 
centage of 
%) change. 
cular ejectio
nd <0.01 

gnificant. *=
orters, §= s
ine injected
oups. Anima
in FAC% 

milarly FS%
upporters ov
ed but did 

m poor suppo
ers.  

- 131 

plantation 
descending

her CDCs fr
ays post-LA

used to m
fractional 
(C) Percen

on fraction 
were cons

= significan
significant o
d animals, 
als treated 
over the p

% and LV
ver poor su
not reach s
orters had a

- 

on LV fu
g (LAD) art
rom good su

AD artery lig
measure hear

area chang
ntage of ant

(EF%). AN
idered sign

nt between 
or trend to 
§§= highly
with CDCs
oor suppor

VEF% impr
upporters or
statistical si
a detrimenta

unction. A
tery ligated
upporters (n
gation. Anim
rt function 

ge (FAC%)
terior wall t
NOVA and 
nificant and
animals tra
become sig

y significan
s from good
ters and th
roved signi
r control an
ignificance.
al effect on 

Adult athym
d. Animals w
n=8), CDC 
mals were m
at baseline

). (B) Perc
thickening 

d post-hoc t
d highly s

ansplanted w
gnificant be
nt between 
d supporter

he placebo 
ificantly in
nimals at D
.  There wa
AWT% com

mic (HIH-
were split 
from poor 
monitored 
e and two 
entage of 
(AWT%). 
-test were 
significant 
with good 

etween the 
the good 

rs showed 
groups at 

n animals 
Day 15. At 

as a trend 
mpared to 

 



- 132 - 
 

Similarly, changes in ejection fraction (EF%) were deemed to be significantly different 

between animals injected with CDCs from good than poor supporters (61% vs. 52%, 

p<0.05) and good supporters than saline (61% vs. 51%, p<0.05) on Day 15 (Figure 4.6D), 

which confirmed the relevance of the parameters above in assessing heart function while 

validated the previous findings. No significant differences were observed between poor 

supporters and saline injected animals (52% vs. 51%, p>0.05). On Day 30, as in FS, 

changes in EF only had a trend to become significant when comparing animals injected 

with good supporters and saline (53% vs 46%, p=0.08), but not when comparing good and 

poor supporters (52% vs. 48%; p=0.19) or poor supporters and saline injected animals (48% 

vs. 46%; p>0.05).  

 

In summary, heart function does not deteriorate as much when CDCs from good supporters 

of angiogenesis were injected into the peri-infarct area of animals with permanent LAD 

artery ligation, whereas CDCs from poor supporters do not have a beneficial effect on heart 

function compared to control. However, this difference between the good and poor 

supporters diminished at Day 30, suggesting an early paracrine effect was helpful in 

preventing the progressive deterioration of heart function.  

 

Immunohistological examinations of the rat hearts showed that blood vessel density was 

significantly different between the three groups of animals (p=0.01) (Figure 4.6A).  The 

group of rats transplanted with CDC from good supporters had increased vessel density in 

the infarct border zone (1135 ± 117 capillaries/mm2) compared to animals injected with 

CDC from the poor supporters (848 ± 94 capillaries/mm2, p=0.02) or simply saline (824± 

111 capillaries/mm2, p=0.01). No significant differences were observed between poor 

supporters or saline injected animals (p= 0.82). (Figure 4.7B) 
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after 4 weeks (p<0.05). The non-viable scar tissue only comprised 23% of the left 

ventricular wall which was 11% smaller in size than that of the saline treated group (Figure 

4.8B). Interesting, no significant difference in scar size was observed between the good and 

poor supporters injected animal (Figure 4.8C). 

 

To conclude, these results confirmed our hypothesis that CDCs with varied functional 

capacities observed in vitro possessed different therapeutic effect in an in vivo model of MI, 

which is directly attributed to in vivo blood vessel density. Therefore, our in vitro 

angiogenesis assay could be developed as a potency assay to determine CDC’s therapeutic 

potential. 

 

4.3.4 Cardiovascular risk factors as predictors of CDC’s pro-angiogenic potential  

 
In this study, data including the total tubule length (TTL) supported by 3×104 CDCs was 

used to assess whether there was any independent variable among the correspondent 

cardiovascular risk factors to predict their pro-angiogenic ability in a multiple linear 

regression model. TTL was used as the dependent variable in the model, whereas variables 

such as age, sex, type of disease, NYHA class, co-morbidity of type 2 diabetes mellitus, 

hypertension and hypercholesterolaemia, cigarette smoking and family history were 

included as independent variables.   

 

First, the TTL variable was clearly non-normal and displayed a considerable left-hand 

‘skewness’ on the histogram (Figure 4.9A). The dependent variable was then transformed 

using a Box-Cox transformation with parameter λ=1/5 (95% confidence interval 0.04 to 

0.4), (see Figure 4.9B) identified by fitting the profile likelihood function and this provided 

an acceptable normal distribution of the dataset (Figure 4.9C). 
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Finally, following the step-wise method described in Table 4.4 a final model was 

established which included age, NYHA class, history of smoking, type of disease, diseased 

right coronary artery, family history of heart disease, diabetes mellitus and hypertension. 

This model identified several factors, such as history of cigarette smoking, NYHA class, 

aortic stenosis and diseased right coronary artery, as significant independent positive 

predictors of angiogenesis. By contrast, hypertension seems to be a significant independent 

negative predictor of angiogenesis (see Table 4.5). Interestingly, factors such as age, family 

history of heart disease or co-morbidity of hypercholesterolaemia or type 2 diabetes 

mellitus, and number of diseased coronary arteries in patients with CAD did not manifest 

significant effects on total tubule length (Table 4.5).  

 

Table 4.5   The predictors of the pro-angiogenic potential of CDCs  

Coefficients Estimate Std. Error t value p-value 
(Intercept) 9.2 6.8 1.4 0.19 
Age -0.1 0.1 -1.2 0.23 
NYHA class 2.6 1.1 2.4 0.03 * 
Smoking history 5.3 2.0 2.7 0.01 * 

Type of disease 

Aortic stenosis 7.5 3.6 2.1 0.05 * 

CAD 6.7 3.6 1.8 0.08. 

Others as control    
Right coronary artery 6.6 2.5 2.6 0.01 * 
Family history 1.9 1.2 1.5 0.15 
Diabetes mellitus -3.4 2.3 -1.5 0.16 
Hypertension -7.3 2.2 -3.4 <0.01 ** 

 
(*) p < 0.05; (**) p < 0.01 . 
 
Residuals: 
    Min      1Q        Median      3Q      Max  
    -8.2      -3.3         0.3           2.7       7.9 
 
Residual standard error: 4.8 on 25 degrees of freedom 
Multiple R2: 0.64,     Adjusted R2: 0.51  
F-statistic: 5.0 on 9 and 25 DF, p-value: <0.001 
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The validation of the final best fitted model was carried out by performing the standard 

diagnostics on the residuals of the regression model. A normal Q-Q plot of residuals and a 

plot of residuals against fitted values are presented in Figures 4.10 A and B, respectively. 

The plots show excellent normality and stability of variance and no outliers were detected. 

The final model accounted for over 51% of the variability in the data (R2 = 0.51), which is 

considered high for data of this kind. 
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4.4   Discussion 
 

This chapter demonstrated that CDCs from patients with IHD, (i) can support angiogenesis 

to a varying degree in vitro and in vivo, (ii) have beneficial effects on cardiac function 

when transplanted in a rodent model of MI, providing the patient samples are stratified 

according to their pro-angiogenic potential, and (iii) their pro-angiogenic potential can be 

predicted by cardiovascular risk factors such as hypertension and history of smoking, as 

well as NYHA class and type of disease.  

 

4.4.1 Establishing a model of in vitro angiogenesis 

 
In vitro, blood vessel formation can be modelled using a variety of assays including the rat 

aortic ring angiogenesis assay and the short-term culture of endothelial cells in MatrigelTM. 

Whereas the former is used mainly to test pro- and anti-angiogenic drugs that affect the 

sprouting and growth of endothelial cells from the rat aorta in vitro, the latter allows the 

modelling of endothelial cell behaviour and the steps leading to capillary formation and 

growth. MatrigelTM, the gelatinous protein mixture obtained from the extracellular matrix 

of mouse sarcoma cells [168], represents a quick and easy method to test endothelial cells 

from different sources and to investigate the effect of different compounds on cell survival, 

proliferation, tubule formation and expansion. But both of these methods are limited to the 

study of endothelial cells. They are not appropriate to assess the function of 

mural/supportive cells or the interactions between supportive and endothelial cells. Co-

culture of GFP-labelled HUVECs with stromal cells, like CDCs, allows assessment of the 

influence of stromal cells on the behaviour of endothelial cells, and it resembles better the 

in vivo situation where endothelial cells form neovasculature with the support of 

neighbouring stromal cells.   
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Mural/supportive cells, such as mesenchymal stromal cells, are essential in the recruitment 

of endothelial cells to form blood vessels and the maintenance of vascular stability once 

formed in vivo. It has been shown previously that blood vessel networks are formed more 

robustly when stromal cells are present in the cultures [169].	
 

Therefore, in order to assess the angiogenic potential of CDCs, a suitable in vitro 

angiogenesis assay was required in the present study. The assay consists of a 2D co-culture 

of endothelial and stromal supportive cells (CDCs) and has the added advantage of 

quantitating blood vessel network formation.  

 

4.4.2 Angiogenesis in vitro as a potency test for CDCs’ function 

 
The original hypothesis was that CDCs could be developed as a cell therapy to enhance 

therapeutic angiogenesis in the ischaemic heart. In this chapter, it is confirmed that CDCs’ 

function resembles that of mesenchymal/stromal cells in supporting blood vessel formation. 

Optimal revascularisation takes place in the presence of endothelial and stromal cells [169], 

such as vascular smooth muscle cells or pericytes. BMSC, and in this instance CDCs, are 

able to perform this function as they are mesenchymal progenitors. Notably, CDCs can 

promote vessel network formation to a varying degree (see Figure 4.3), with some very 

striking differences (e.g. comparison between good and poor supporter groups). Thus, the 

in vitro angiogenesis model established in this chapter could be used as a potency test for 

CDCs, and in the future for microvascular endothelial cells from a variety of patients. To 

our knowledge, this is the first time that the pro-angiogenic function of CDCs obtained 

from patients with IHD is systematically assessed. Approximately 1/3 of the CDCs samples 

tested in this study showed poor angiogenic support, representing <10% of the TTL of 

BMSC, whilst 1/3 showed good support of angiogenesis (>70% TTL compared with 
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BMSC).  Nonetheless, the data reflecting the pro-angiogenic potential of CDCs from IHD 

patients was severely left-skewed, suggesting that the difference between moderate 

supporters and poor supporters were smaller than that between moderate supporters and 

good supporters. In other words, nearly half of the CDC samples tended to foster relatively 

small number of tubules (<20% RTL) whilst only a quarter of the patient samples could 

support as good length of capillaries as BMSC (>80% RTL). 

 

4.4.3 In vivo angiogenesis and therapeutic potential of CDCs 

 
Although generally correlated, care must be taken to interpret results obtained in vitro 

before achieving proof-of-principle in a relevant in vivo model.  

 

In this study, we have successfully transplanted in rats CDCs from two clearly distinct 

groups of patients that have very different phenotype in vitro: good and poor supporters of 

angiogenesis. Results from these in vivo experiments confirmed the results obtained in vitro. 

In addition, CDCs from good supporters provided significant protection against the decline 

of LV function by attenuating the deterioration of FAC (FAC% = 41% in PBS treated 

animals vs. 26% in CDC good supporter-treated animals from baseline), FS (16% in PBS-

treated vs. 9% in CDC good supporter-treated animals), AWT (9% vs. 6% in PBS and CDC 

good supporter-treated animals, respectively) and EF (22% in PBS-treated vs. 12% in CDC 

good supporter-treated animals) compared to control. Interestingly, CDCs from poor 

supporters did not attenuate LV remodelling compared to control. The beneficial effect of 

CDCs from good supporters seems to diminish after 4 weeks following cell transplantation 

and after two weeks for FS and AWT. This has been observed before by our collaborators 

when transplanting human BMSC in the same animal model (Dr P. Sepulveda, personal 

communication). The presence of cells injected in the heart has been shown to decline over 
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time even in syngeneic animals [170]. However, it is not surprising that human cells may 

be lost perhaps quicker during the sub-acute phase of MI, as the nude rats used in this study 

have T-cells depleted from the thymus, but they still possess NK cells and B-cells in their 

bone marrow. Therefore, it is plausible that engraftment and survival of human cells in the 

transplanted animals may be only temporary due to cell clearance by the remaining immune 

system in the recipient animals. Another explanation is that, given that the good supporters 

can revascularise the ischaemic myocardium by the end of the first month, evident 

functional restoration of the ischaemic heart would take much longer period of time to 

appear. It might be too early to observe such effect by the end of the first month in this 

study. These are some of the limitations of the in vivo model used in this study. The 

efficacy of CDCs from different patients with chronic IHD may still have to be tested in 

larger animal species, and perhaps with more relevant animal models. For those patients 

with poor support of angiogenesis, it may be necessary to combine CDCs and BMSC to 

enhance the improvement of cardiac function, as previously suggested with cardiac c-kit 

positive cells and BMSC [171]. 

 

Human CDCs isolated from transplanted (healthy) hearts have been shown to have a 

therapeutic effect on heart function and contractility in a mouse model of MI [89], [98], 

[152]. However, to my knowledge this is the first time that the therapeutic potential of 

CDCs isolated from patients with chronic ischaemia and undergoing heart surgery has been 

demonstrated in an experimental model of MI. It is also the first time that variation in their 

ability to support neovascularisation in vivo and attenuate LV adverse remodelling 

following myocardial infarction is described.   
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Li et al. [98] compared human CDC with mesenchymal progenitors derived from bone 

marrow and fat and concluded that CDC had a superior reparative ability than bone marrow 

and fat MSC. The preclinical development of CDCs as therapy for heart disease has led to 

the development of the first Phase I clinical trial using these cells as treatment in an 

autologous transplantation setting [59], [60].  The results of the trial are promising, but the 

limitation is that there are only a handful of patients treated and that the treatment is given 

to those with recent MI. CDCs did not improve left ventricular EF over control in this trial, 

but the treatment reduced scar size significantly [59]. The results of this trial will need to be 

confirmed in a larger trial. Stem cell therapy still might be a potential new treatment for 

patients suffering from IHD, but the pool of patients is still very heterogeneous and patient 

stratification may need to be incorporated in the design of new clinical trials with either 

CDC or BMSC.  

 

4.4.4 Clinical predictors of angiogenesis 

 
In order to understand the differences observed between patients and to determine whether 

there are any clinical parameters that may predict the angiogenic potential of CDCs, a 

regression model that included multiple variables was developed.  Total tubule length (TTL) 

was used as a quantitative measure of angiogenesis and the model was fitted using the 

demographic characteristics of the patient cohort (see Table 3.1). On building up the multi-

linear regression model, a Box-Cox transformation of the original TTL dataset was applied 

(λ=0.2) to achieve a normal distribution. The primary model suggested that not all 

demographic factors played a role in predicting the pro-angiogenic ability of CDCs. 

Therefore, factors such as sex and hypercholesterolaemia were excluded from the model 

through a step-wise approach.  A multi-linear regression model, with statistical significance, 

was finally established with the first 35 patients (adjusted R2=0.51, p<0.001) using blinded 
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methods. In this model, parameters such as NYHA Class (p=0.03), type of disease (p=0.05), 

including the culprit coronary artery, i.e. right coronary artery in our study (p=0.02) and 

history of cigarette smoking (p=0.01) are positive independent predictors of the pro-

angiogenic potential of CDCs. In contrast, hypertension (p=0.002) is a negative predictor of 

CDCs’ ability to foster angiogenesis.  

 

This is the first time that heart function was noted to considerably affect the pro-angiogenic 

potential of CDCs. NYHA class reflects the scale of mismatch between alveolar ventilation 

and perfusion, suggesting an impairment of cardiac output. The regression model suggested 

that CDCs from patients with NYHA class III and IV tended to have better pro-angiogenic 

ability than those patients with less severe symptoms.  

 

It is obvious from this study that not all patients will be (i) able to support new blood vessel 

formation in the damaged heart tissue and (ii) suitable candidates for autologous CDCs 

transplantation if these cells were to be used in the clinic. Nearly half of the patients’ 

samples from this cohort have impaired vascular supportive function, suggesting that these 

are the patients who would benefit from either allogeneic cell therapy or would require the 

function of their CDCs to be restored (see Figure 4.11).  

 

In order to understand how the function of some of these cells may be restored, we need to 

first understand what the differences are between them. For this purpose, the classification 

of CDCs into different groups (good, moderate and poor) according to their pro-angiogenic 

ability will help dissect the molecular mechanisms involved in these processes. Further 

characterization of these phenotypically and functionally different groups is performed in 

the following chapters of this study.  
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Chapter 5    Transcriptional and post-transcriptional        
regulation of human cardiosphere-derived cell 
function 
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5.1   Background 
  

The recent clinical trial where autologous CDCs were administered to patients who 

suffered from a recent MI, the CADUCEUS trial, showed that the treatment is safe 

and that CDC transplantation could reduce scar size and improve myocardial viability 

[59]. Despite these encouraging results, the reduction of infarct size was not 

accompanied by an improvement in heart function. In the previous chapters of this 

thesis, I demonstrated that CDCs isolated from approximately 2/3 of IHD patients are 

functionally less competent than BMSC and the remaining CDCs. Their mesenchymal 

differentiation and pro-angiogenic potential in vitro are indicative of their therapeutic 

potential in vivo and only CDCs that possess a pro-angiogenic phenotype, where 

endothelial cells could be supported to form robust vascular network in vitro and in 

vivo, are capable of improving systolic heart function (chapter 4 of this thesis). 

Therefore, it is crucial that the differences between CDCs samples are understood in 

order to (i) identify biomarkers that correlate with cell function, and (ii) stratify 

patients prior to treatment with the view of improving efficacy in future clinical trials.   

 

Neovascularisation would enhance heart tissue viability through anti-apoptosis, 

proliferation, endogenous progenitor mobilisation, and attenuation of the metabolic 

disorder caused by oxidative stress following ischaemic injury [119], [172–176]. A 

large number of molecules, including inflammatory cytokines, growth factors and 

receptors and signalling pathway elements have been identified to be involved in 

angiogenesis following ischemic insult to myocardium [120].  

 

As this is the first time that differences in the pro-angiogenic and therapeutic potential 

of CDCs are described, there are no previous studies defining molecular differences 
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between such cells. There are, however, numerous studies in which the genetic 

profiles of mesenchymal stromal cells (MSC) from tissues such as bone marrow, fat 

and umbilical cord blood are analysed [177–179] compared the genomic profiles of 

bone marrow-, adipose tissue- and umbilical cord blood-derived MSC to non 

multipotent fibroblasts. The study identified 16 genes highly up-regulated and 30 

genes significantly down-regulated in MSC compared with fibroblasts. They 

concluded that a panel of markers, rather than a single one, is essential in the 

identification of multipotent MSC.  

 

Although in heart disease a great deal of attention has focused on the role of 

cardiomyocytes in cardiac dysfunction, there is growing evidence that stromal cells 

play a major role in supporting both endothelial cells and cardiomyocytes. 

Mesenchymal/stromal cells are responsible for the synthesis and deposition of ECM 

components during homeostasis and in disease [180], [181]. The expression of ECM 

components and their modulators seem to be altered in pathological or stress 

conditions and during cardiac remodelling and fibrosis [182], [183]. In our laboratory, 

we have observed that CDCs with good pro-angiogenic potential have a reduced level 

of Type I collagen compared with CDCs with poor angiogenic potential (Sweeney D 

et al., unpublished results).  

 

Type I Collagen, a major component of the ECM, is regulated by a number of factors 

through transforming growth factor-beta (TGF-), interleukin-1 (IL-1), interferon-

gamma (IFN-) and tumour necrosis factor-alpha (TNF-) signalling pathways. The 

TGF- superfamily, which includes TGF-, bone morphogenetic proteins (BMPs) 

and activins, induces the expression of ECM proteins such as fibronectin, laminin, 
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tenascin, besides collagen and inhibits ECM degradation. In contrast, IFN- and TNF-

 signalling inhibit collagen synthesis [184].  However, a dual role of TGF- has also 

been reported [185–188]. A recent study by Fragiadaki M et al [189] described how a 

high dose of TGF- (10ng/mL) could inhibit collagen expression through the 

induction of the transcription factor Cut-like Homeobox 1, CUX-1, in renal mesangial 

cells.   

 

Another important group of ECM proteins are matrix metalloproteinases (MMPs) 

which contribute more to angiogenesis than simply degrading ECM components. 

MMPs enhance angiogenesis by cleaving endothelial cell-cell adhesion molecules to 

release ECM-bound angiogenic growth factors, exposing cryptic pro-angiogenic 

integrin binding sites, and generating ECM component fragments to enable cell 

migration [190].  BMP-1/mTLD, or procollagen C endo-peptidase (PCP), is one of 

the MMPs which cleaves pro-collagen I, II and III, and plays a critical role in bone 

formation and possibly in angiogenesis [191–194].  Previous results showed that 

CDCs were good supporters of angiogenesis and had osteogenic differentiation 

capacity had a higher expression level of BMP-1 (Sweeney D et al., unpublished 

results). 

 

During the course of this study, data have become available which suggest that both 

angiogenesis and fibrosis are extensively regulated at a post-transcriptional level and 

miRNAs have been identified that protect against ischaemic injury and heart failure. 

Recent studies have demonstrated that the expression of ECM components such as 

collagens and their regulators (e.g. miRNAs) is altered during chronic oxidative stress 

[195] and cardiac remodelling [196].  One example of this is the miR-29b family 
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which controls collagen and collagen metabolic enzyme gene expression in trabecular 

meshwork cells [195], [197] and is associated with cardiac fibrosis [196]. The 

expression of miR-29b is significantly reduced in diseased compared to normal 

human heart tissue [196], [198]. 

5.2   Aims and objectives 
 

We hypothesised that the cardiosphere method was an effective way to isolate and 

derive the cardiac MSC population from autologous biopsy, and the variation of the 

pro-angiogenic ability of CDCs from IHD patients was regulated by certain genes or 

microRNAs at transcriptional or post-transcriptional level, or even both, to influence 

multiple processes and signalling pathways involved in angiogenesis and fibrosis. 

Besides, as we had been having particular interests in the BMP-1/COL1A2 pathway 

in angiogenesis, we also hypothesised that it might be one of the main targets for the 

molecular regulation. The aim of this chapter was to identify the molecular 

mechanisms that play critical roles in modulating the pro-angiogenic function of CDC 

from IHD patients. The specific objectives are as follows: 

 

1) To obtain and compare gene expression profiles of CDCs from 

functionally different groups (e.g. good and poor supporters of angiogenesis) 

and identify genes that are differentially expressed in those groups. 

2) To confirm and validate the differential expression of candidate genes 

in CDC from different functional groups.  

3) To select a list of miRNAs from the current databases that may 

regulate certain extracellular matrix components and to confirm the inhibitory 

potency of the selected miRNAs in vitro. 
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4)  To determine the endogenous levels of the specific miRNAs in CDCs 

from different groups of CDCs. 

5.3   Results 
 

In chapter 4 of this thesis differences in the pro-angiogenic and therapeutic potential 

of CDCs were observed. In order to understand the molecular mechanisms underlying 

those phenotypic and therapeutic differences a global gene expression analysis was 

conducted using cDNA array technology. The experimental design is detailed in 

Figure 5.1.  

 

5.3.1 Summary of the selected patient CDC samples and RNA quality 

 
CDCs were cultured as described in Materials and Methods (section 2.3.4).  High 

quality total RNA was successfully isolated from 12 CDC samples, 6 samples from 

good supporters of angiogenesis and 6 samples from poor supporters (see Table 5.1). 

The RNA samples were sent to the gene profiling service at the Department of 

Cardiovascular Medicine, University of Oxford (see flow chart in Figure 5.1). The 

total RNA was diluted to a concentration of 1g/ L and a final amount of 50ng was 

taken for amplification and labelling of cRNA as described in section 2.9. Labelled 

cRNA from each sample was hybridised to a Sentrix Human-6 v3 expression Illumina 

Beadchip containing 48,804 probe sets and developed using Streptavidin-Cy3 as 

described in section 2.13. Data was collected and analysed to yield the transcript 

abundance of each gene present in the array. 
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Table 5.1 Clinical characteristics of the CDC samples selected for gene expression profiling. 

Subgroup Pt ID Sex Procedure NYHA AS CAD 
No. diseased 
vessels 

LAD LCX RCA DM HBP HBChol Smoker FHx TTL(μm) 

Good GT05 F CABG I N Y 3 Y Y Y Y N N current Y 13500 
Good GT07 M CABG III N Y 3 Y Y Y N N Y Ex Y 14000 
Good HZ43 M CABG III N Y 1 N N Y N Y Y Ex N 9873 
Good HZ46 M CABG IV N Y 3 Y Y Y Y Y Y Ex N 6906 
Good HZ48 M CABG II N Y 2 Y Y N N N Y Non N 5072 
Good HZ49 M CABG III N Y 3 Y Y Y N Y Y Ex N 8701 
Poor HZ32 M CABG II N Y 3 Y Y Y N Y Y Ex N 689 
Poor HZ35 M CABG II N Y 3 Y Y Y N Y Y Ex Y 880 
Poor HZ37 M AVR III Y N 0 N N N Y Y Y Ex N 62 
Poor HZ44 M Others II N N 0 N N N N N Y Ex Y 1584 
Poor HZ45 F CABG II N Y 2 Y N Y N Y Y Non Y 1192 

Poor HZ51 F CABG III N Y 2 Y Y N Y Y Y Non Y 15 

AS, aortic stenosis; CABG, coronary artery bypass graft; CAD, coronary artery disease; DM, diabetes mellitus; F, female; FHx, family history of 
CAD; HBChol; high blood cholesterol; HBP, hypertension; LAD, left anterior descending artery; LCX, left circumflex artery; M, male; NYHA, 
New York Heart Association; Pt ID, patient identification; RCA, right coronary artery; TTL, total tubule length. 
 



- 156 - 
 

5.3.2 Quality control of gene expression  

 
Quality control of microarray data is essential to minimise systematic errors and disqualify 

outliers in the data set prior to performing any comparisons. Batch differences in the beadchip, 

background fluorescence and imbalanced levels of hybridisation are the most common 

systematic errors. Since all samples in this study were hybridised on the same batch of 

beadchip (Batch number 5957979009), normalisation for batch difference was not required. 

Background fluorescence errors and random variation during signal detection were eliminated 

by normalisation of the raw data with a custom script written in R v2.14.1 using the vsn 

Bioconductor software package (as described in section 2.13). Following normalisation, a total 

of 47,230 hybridised probes showed significant fluorescent signal on the Illumina beadchip 

for data analysis. Imbalances in the level of hybridisation were also tested. Figure 5.2 shows 

the Boxplots of the raw data set, after log2 transformation, where range, upper, median and 

lower quartile of the fluorescence intensity for each sample are summarised. The data 

demonstrate similar fluorescence intensity amongst all samples tested and hence no 

imbalanced hybridisation to the beadchip.  

 

Besides the above systematic errors, variation caused by measurement error was minimised by 

analysing the probability density curve of gene expression generated using the Partek R 

Genomics SuiteT v6.11.0701 software. The density curves depicted the overall signal 

distribution of all probes for each RNA sample.  Figure 5.3 shows the presence of an outlier 

amongst the samples. The probability distribution of the transformed fluorescence intensity for 

one sample (Pt49) did not conform to the distribution of the remaining samples. It reflected 

the occurrence of measurement error for this specific sample; hence CDC sample Pt49 was 

removed from the analysis. A total of 11 samples were qualified for direct comparison of gene 
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5.3.3 Principal component analysis (PCA) and hierarchical clustering (HCL)  

 
PCA and HCL to detect the differentially expressed (DE) genes between the two groups were 

performed. This allowed the data to be categorised according to the similarities of gene 

expression over 47,000 gene probes and to cluster them.  First, PCA was conducted. Through 

complex mathematical processing, PCA provided a projection of complex data sets onto a 

reduced dimensional space by mapping the experimental samples to facilitate visualisation. 

Two- (2D) and three-dimensional (3D) maps are shown in Figure 5.4 A and B respectively. 

The 2D mapping of PCA (Figure 5.4A) did not show evident clustering of the samples, whilst 

on the 3D mapping, good (in red) and poor (in blue) supporters of angiogenesis were grouped 

in two clearly distinct clusters (with the exception of one sample), as shown in Figure 5.4B.  

 

Second, a HCL algorithm was also used to group the experimental samples according to their 

similarities in gene expression. HCL produced a tree-like dendrogram with clear group 

differences between good and poor supporters (Figure 5.5A). The poor supporters group 

assembled on the left-hand side of the dendrogram, whereas the good supporters did on the 

right.  

 

Taken together, the results from the PCA and HCL analyses confirmed the functional 

grouping strategy for CDC samples into good and poor supporters of angiogenesis that has 

been described in chapter 4 of this thesis, with the exception of one sample. 
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The HCL result was reviewed by matching the clinical parameters of the samples tested 

including, age, sex, procedures (whether CABG or others), NYHA class, aortic stenosis, 

coronary artery disease, number of diseased vessels, LAD, LCX, RCA diseased vessel, 

diabetes mellitus, hypertension, high cholesterol, smoking history and family history. Figure 

5.5B shows that support of angiogenesis remains as the best grouping strategy. Interestingly, 

the number of diseased vessels (whether none, 1, 2 or 3 coronary disease vessels) seems to 

correlate with the clustering observed as a result of HCL analysis. 

 

5.3.4 Differentially expressed genes in good vs. poor supporters of angiogenesis 

Although good and poor supporters clustered together using PCA and HCL analyses, the heat 

map of gene expression profiles did not reveal dramatic differences between the two groups 

(see Figure 5.6). 

 

To identify genes with altered gene expression between good and poor supporters, a one-way 

ANOVA was performed, which revealed >2,000 genes with significantly differential 

expression values between the two groups. Applying a false discovery rate (FDR) lower than 

0.05 and accounting for multiple testing using the standard Bonferroni’s correction, only one 

gene, nucleolar complex associated 4 homolog (NOC4L), showed significant differential 

expression between the two groups (p=8.73×10-7). The analysis was repeated grouping the 

samples of hypertensive vs. non-hypertensive patients, as hypertension was found to be a 

significant negative predictor of angiogenesis (chapter 4 of this thesis). Lowering the FDR to 

0.20 and accounting for multiple testing, only one gene, CUX1, was found to be differentially 

expressed between these two groups. Table 5.2 shows the fold-change, adjusted p values and 

FDR for NOC4L and CUX1 genes. 
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Table 5.2 List of differentially expressed genes according to the primary data 
analysis criteria. 

FDR, false discovery rate; HBP, hypertensive. 

 

Taken together the data suggest that although good and poor supporters cluster in two 

distinct groups according to differences in gene expression, those differences are 

relatively small to detect significant changes. This may be an indication that although 

the vascular supportive function of CDCs might be regulated at the transcriptional 

level, other post-transcriptional regulatory mechanisms of gene expression may also 

be involved. 

 

In a secondary analysis, Student’s t-test was used and the differentially expressed (DE) 

genes (p<0.01) were selected with a cut-off of 2-fold change in gene expression 

between the good and the poor supporter groups. A total of 44 genes were included in 

this category (see Table 5.3), among which, 19 genes were up-regulated in the good 

supporters whilst 25 genes were up-regulated in poor supporters. 

 

Table 5.3 List of differentially expressed genes according to the secondary data 
analysis criteria. 

Symbol 
Probe 
ID 

Good Poor  
p-value FDR 

Fold 
change mean SD mean SD 

(A) upregulated in CDC poor supporters 

HAPLN1 2060202 7 1.88 10.06 0.92 0.0064 0.72 8.36 

HAPLN1 1850397 6.84 1.23 9.15 0.72 0.0036 0.71 4.97 

Primary selection Symbol Adj. p-value Fold Change FDR 

Good vs. Poor NOC4L 8.73×10-7 1.56 0.04 

non-HBP vs. HBP CUX1 1.99×10-6
 1.36 0.20 



- 165 - 
 

PALMD 4290494 6.04 0.75 8.2 1 0.0033 0.74 4.45 

ZNF365 4180301 6.25 0.62 8.22 0.44 0.0002 0.62 3.92 

HECW2 6290475 7.11 0.93 8.84 0.55 0.004 0.73 3.31 

GPC4 6330270 6.34 0.63 8.06 0.73 0.0025 0.69 3.3 

ARSB 270215 8.18 0.55 9.8 0.84 0.0051 0.72 3.07 

SFTA1P 6400717 6.97 0.84 8.52 0.7 0.0084 0.73 2.93 

CENTA1 830735 9.65 0.71 11.1 0.37 0.0019 0.74 2.72 

GALNT5 4010138 6.83 0.29 8.27 0.9 0.0077 0.72 2.71 

DOK1 2030204 4.19 0.96 5.58 0.35 0.0088 0.71 2.62 

SC5DL 6220397 8.4 0.35 9.78 0.8 0.0058 0.71 2.62 

KATNAL2 3060482 3.15 0.3 4.5 0.37 0.0001 0.6 2.54 

TLR4 1500180 6.77 0.39 7.99 0.51 0.0018 0.78 2.32 

BPGM 3060682 7.26 0.36 8.46 0.6 0.0036 0.71 2.3 

NOV 4290037 5.58 0.4 6.78 0.58 0.0036 0.72 2.3 

FAM13B 3520324 7.26 0.36 8.44 0.48 0.0015 0.75 2.26 

CKB 4150066 5.87 0.4 7 0.65 0.0085 0.72 2.18 

MGC16291 4180669 3.91 0.33 5.01 0.57 0.0042 0.71 2.16 

SGK3 6510500 4.34 0.37 5.44 0.43 0.0015 0.77 2.15 

STAT1 4810187 10.91 0.49 11.99 0.31 0.0016 0.72 2.11 

TMEM140 4670414 6.01 0.58 7.07 0.37 0.005 0.71 2.08 

N4BP2L2 7200097 5.84 0.42 6.86 0.5 0.0053 0.73 2.04 

RNU1F1 5670753 6.19 0.33 7.2 0.54 0.0054 0.72 2.01 

HSF2BP 7610079 6.07 0.42 7.08 0.49 0.0056 0.7 2.01 

(B) upregulated in CDC good supporters

SNORA79 1090196 7.56 0.49 6.09 0.74 0.0042 0.72 2.78 

LOC91461 4590561 7.7 0.66 6.39 0.54 0.0056 0.7 2.48 

CDC20 1500010 11.06 0.56 9.75 0.67 0.0073 0.72 2.47 

SNCAIP 1660019 7.03 0.7 5.72 0.35 0.0031 0.74 2.47 

KIFC1 7330674 7.02 0.4 5.79 0.24 0.0001 0.61 2.36 

TK1 4730196 9.42 0.27 8.2 0.72 0.0064 0.71 2.32 
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SPC24 5910349 8.89 0.26 7.68 0.57 0.0019 0.75 2.31 

DHDH 6770630 5.28 0.54 4.1 0.35 0.0018 0.76 2.26 

PKDCC 3990494 8.2 0.67 7.04 0.5 0.0093 0.71 2.24 

PTTG1 10414 10.42 0.44 9.27 0.53 0.0037 0.72 2.22 

LOC653820 3840358 9.47 0.25 8.32 0.62 0.004 0.73 2.22 

LOC100130009 2060750 7.04 0.35 5.9 0.49 0.0019 0.74 2.2 

PTTG3P 5960224 10.85 0.52 9.74 0.59 0.0095 0.7 2.16 

FSD1 1510176 5.46 0.38 4.37 0.35 0.0008 0.77 2.13 

PTTG1 1510291 11.44 0.46 10.35 0.54 0.0063 0.71 2.12 

FAM64A 5870193 7.96 0.39 6.9 0.63 0.0099 0.71 2.09 

APOBEC3B 3170068 5.99 0.45 4.93 0.58 0.0089 0.71 2.08 

IER5L 2710142 8.83 0.29 7.78 0.55 0.0043 0.71 2.07 

HMGA1 7400286 12.15 0.22 11.11 0.35 0.0003 0.72 2.06 

FDR, false discovery rate; ID, identification; SD, standard deviation. 

 

5.3.5 Gene annotation analysis  

 
Although it is tempting to place emphasis on individual genes, the list of those DE 

following the primary analysis was, in this case, reduced to two genes. In addition, it 

is also informative to use a statistical approach to identify biological processes or 

pathways which might be enriched in good vs. poor supporters. For this purpose, the 

online DAVID v6.7 tool was used [144], [199]. Since the number of DE genes was 

small using the very stringent selection (FDR<0.05 and corrected p<10-6), enrichment 

analysis in DAVID was conducted using the uncorrected p values (p<0.05) as the 

only inclusion criteria. Two lists, containing 1,674 up-regulated and 1,682 down-

regulated genes in good versus supporters respectively, were separately uploaded onto 

DAVID to assess the biological pathways with the highest enrichment score (ES). The 

top three annotation clusters for the list of up-regulated genes were (1) alternative 
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splicing (ES=4.02), (2) Cell cycle: mitotic and G1 phase (ES=2.15) and (3) Cell cycle: 

M phase (ES=2.13) (Table 5.4). For the list of down-regulated genes, the top three 

clusters were (1) alternative splicing (ES=1.49), (2) lysosome and vacuolar 

organisation (ES=1.1) and (3) ubiquitin interacting motif (ES=1.03) (Table 5.5).   

 

5.3.6 Confirmation of differences in gene expression 

 
In order to confirm the above results, the two individual genes obtained in the primary 

analysis, were selected for further gene expression analysis. NOC4L is the human 

homologue of Sacharomyces cerevisiae NOC4, a nucleolar associated factor that has 

been involved in ribosomal RNA processing [200–202].  The CUX1gene encodes for  

a member of the homeodomain family of DNA binding factors which regulate gene 

expression, morphogenesis, differentiation and cell cycle progression [203–207]. 

CUX1 has recently been reported to control the transcription of the type I collagen 

gene COL1A2 [189]. In addition to those two genes, four genes from the secondary 

analysis were also selected. Signal transducer and activator of transcription 1 (STAT1) 

is an important gene for cell viability and apoptosis [208–210]. Glypican 4 (GPC4) 

codes for a protein which is a heparan sulfate proteoglycan (HSPG) and acts as co-

receptor for growth factor to influence cells proliferation.  Toll-like receptor 4 (TLR-4) 

is involved in pathogen recognition and activation of the innate immune system [211], 

[212] and hyaluronan and proteoglycan link protein 1 (HAPLN-1) is involved in 

stabilising aggregates of proteoglycan monomers with hyaluronic acid in the 

extracellular matrix [213]. These genes were selected on the basis of their association 

with ECM remodelling, cell proliferation and cell division, cell survival, cell 

migration and oxidative stress. Significant differential gene expression between
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good and poor supporters of angiogenesis could only be confirmed by qRT-PCR for 

CUX1 (p=0.03) (Figure 5.7A) although the differential expression was not significant 

between the hypertensive and non-hypertensive subgroups (p=0.36, data not shown). 

The expression of NOC4L (p=0.42), STAT1 (p=0.16), GPC4 (p=0.35) was not 

significantly different between good and poor supporters of angiogenesis (Figure 

5.7B-D) whilst there was a trend for TLR4 and HAPLN1 genes to be differentially 

expressed (p=0.08) (Figure 5.7E and F). 

In conclusion, the difference in gene expression between good and poor supporters of 

angiogenesis could only be confirmed in one (CUX1) out of six of the selected genes 

(Figure 5.7). The results of the qRT-PCR analysis validated the preliminary cDNA 

array result by applying the highly stringent rule with the outcome that no drastic 

changes in gene transcription could be observed between the two functionally distinct 

groups of CDCs. Although the differences in gene expression for individual genes 

(HAPLN-1, NOC4L and TRL4) were not significant according to q-PCR results, it might be 

due to a small number of samples being analysed in this instance. However, these results also 

indicate that support of angiogenesis by CDCs is a complex process with a polygenic trait, 

and regulation of angiogenesis may also take place both at transcriptional and post-

transcriptional level.  
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In the renal system, CUX1 gene expression is induced with low (5ng/mL) and high 

(10ng/mL) doses of TGF-β.[189].  However, at low dose, CUX-1 increases the 

expression of COL1A2, whilst at high dose, CUX-1 functions as a repressor of gene 

transcription, reducing the expression of the type I collagen gene [189].  CDCs from 

poor supporters expressed significantly higher level of Type I collagen protein than 

good supporters (Sweeney et al., unpublished results). Therefore, the hypothesis was 

that in poor supporters of angiogenesis, the expression of CUX1 could be enhanced by 

treating the cells with TGF-β1 and hence the transcription of COL1A2 would be 

inhibited. In brief, five CDCs samples from poor supporters were treated with low and 

high doses of TGF-β1 and the levels of CUX1 and COL1A2 mRNA was determined 

by qRT-PCR. Interestingly, neither 5ng/mL nor of 10ng/mL of TGF-β1 changed 

CUX1 mRNA levels significantly (Figure 5.9B). However, the COL1A2 gene 

expression was significantly increased by 45% when cells were treated with the high 

dose of TGF-β1 (Figure 5.9B), but not significantly affected by the low dose. In 

conclusion, treatment with a high dose of TGF-β1 had the opposite effect than 

expected according to the original hypothesis. Therefore, the role of CUX-1 and its 

interaction with TGF-β and Type I collagen would require further assessment in these 

cells.  

 

In summary, COL1A2 increased expression following TGF- treatment does not 

seem to be CUX-1-dependent in CDCs. However, the reduced expression of type I 

collagen in good supporters compared to poor supporters might be modulated post-

transcriptionally (e.g., by miRNAs). 
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5.3.8 The role of miRNAs on the post-transcriptional regulation of type I collagen  

 
During the course of this study, it has been reported that regulation of collagen 

expression can be modulated by miRNAs such as the miR-29 family of miRNAs in 

trabecular meshwork cells, which plays critical role in the aqueous humour circulation 

and the dysfunction of trabecular meshwork cells is believed to cause ECM deposition 

and is directly associated with primary open-angle glaucoma [195]. In order to 

investigate whether miRNAs had a significant role in the differences in gene 

expression observed between good and poor supporters, we interrogated the literature 

and the current databases for the following target genes: COL1A2, bone 

morphogenetic protein 1 (BMP1)/mammalian tolloid (mTLD) and chordin (CHRD).  

BMP1/mTLD encodes for a metalloproteinase, also called procollagen C endo-

peptidase, which cleaves collagen. BMP1 and mTLD represent two transcripts (variant 

1 and variant 3, respectively) of the same genetic locus. CHRD encodes for chordin, 

an antagonist of BMP signalling, which was used as control as chordin, like Type I 

collagen, is another substrate of BMP-1.  PicTar and TargetScan databases were 

interrogated in June 2012 and together with reports found in the literature, we selected 

five miRNAs to test our hypothesis: hsa-miR-15a, hsa-miR-29a and b, hsa-miR-105 

and hsa-miR-195 miRNAs.  The miR-15a family, and in particular miR-195, is 

involved in cell cycle progression and apoptosis [214]. The miR-29 family of 

miRNAs targets over sixteen ECM-related genes [215]. miR-29b has been reported 

before to target COL1A2 and BMP1 in trabecular meshwork cells [195] and to be 

down-regulated in the heart following MI in mice [196].  miR-105 has been 

implicated in the regulation of Toll-like Receptor 2 and 4, TLR2 and TLR4 genes, and 

suggested to have a role in inflammation [216].  However, to our knowledge and with 
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the exception of miR-29b, none of these genes have been shown to be targets for hsa-

miR-15a, hsa-miR-105 or hsa-miR-195 (Table 5.6). 

 

Table 5.6 MicroRNAs selected by searching Pictar and TargetScan databases 
and PubMed 

MicroRNA 

Targets 

Report in literature 

(PubMed) 

Interrogation of Databases  

(June 2012) 

miR-15a unknown CHRD (Top score) 

miR-29b BMP1, COL1A2 BMP1 

miR-105 unknown BMP1(Top score) 

miR-195 COL1A2* CHRD 

(*)  from a prediction, not confirmed by experimental data [217]. 

 

 

5.3.9 The inhibitory effect of miRNAs on the targeted 3’-UTRs 

 
The 3’UTR regions of the human COL1A2, BMP1, mTLD and CHRD mRNA 

transcripts were cloned into the pmiRGLO plasmid as described in section 2.7 to 

generate the relevant constructs (Figure 5.10A). In order to confirm the expression of 

firefly luciferase from the recombinant plasmids, a heterologous system was used. 

HEK293T cells were transiently transfected with the luciferase expressing constructs 

and the relative ratio of firefly/Renilla luciferase activity measured in the cell extracts 

as described in section 2.14. The constructs containing the 3’-UTR of COL1A2, 

mTLD and CHRD displayed relative levels of firefly/Renilla luciferase activities 

similar to that of the parental control plasmid (pmiRGLO plasmid, Figure 5.10B). 

Interestingly, a significant increased relative level in firefly luciferase/Renilla activity 
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The inhibitory effect of the selected miRNAs on firefly luciferase containing the 

different 3’UTRs was assessed by co-transfecting HEK293T cells with the plasmids 

(Figure 5.10A) and the miRNA mimics and comparing those to a non-targeting 

control (NTC) mimic transfected with has-miR-29a.  Relative firefly luciferase 

activity from the construct containing the human COL1A2 3’-UTR was significantly 

reduced in the presence of hsa-miR-29b (to 38%), hsa-miR-15a (to 60%) and hsa-

miR-195 (to 18%) mimics, whilst hsa-miR-105 mimic did not have a significant 

effect on the reporter gene expression (Figure 5.12A). Firefly luciferase expression 

was significantly reduced by hsa-miR-29b (to 42%), hsa-miR-15a (to 67%) and hsa-

miR-105 (to 56%) mimics from the construct containing the 3’-UTR of the BMP1 

transcript (Figure 5.12B). In contrast, only hsa-miR-15a mimic had an inhibitory 

effect on luciferase activity from the constructs containing the 3’-UTR of mTLD and 

CHRD transcripts, reducing the relative expression of firefly luciferase to around 40% 

(Figure 5.12C and D, respectively).  

 

Taken together these results suggested that the human COL1A2 3’-UTR possessed 

binding sites for miR-29b, miR-15a and miR-195, whereas BMP1 3’-UTR contains 

binding sites for miR-29b, miR-105 and miR-15a. The binding site for miR-15a is 

also shared by the 3’-UTRs of the human mTLD and CHRD genes. To our knowledge, 

this is the first time that COL1A2, BMP1, mTLD and CHRD are described as potential 

target genes for miR-195, miR-105 and miR-15a, respectively (Figure 5.13) and these 

genes may be co-regulated by multiple miRNAs, such as miR-29b, miR-15a, miR-105 

and miR-195.  
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Figure 5.12 Effect of selected miRNAs on the expression of COL1A2, BMP1, 
mTLD and CHRD genes. Cells were transiently co-transfected with 1.2nM of the 
respective miRNAs (miR) mimics or no targeting control mimic (miR-29a) and the 
relevant luciferase plasmids using DharmaFECT® DUO transfection reagent. 
Approximately 48h post-transfection the cells were lysed and the luciferase activity in 
the cell lysates measured as a ratio of firefly luciferase (reporter gene) versus Renilla 
luciferase (internal control gene). Relative luciferase activity (RRR) measured in cells 
transfected with miR-29a (control), miR-29b, miR-15a, miR-105 or miR-195 and 
pmiRGLO-3’UTR COL1A2 (A), pmiRGLO-3’UTR BMP1 (B), pmiRGLO-3’UTR 
mTLD (C) or pmiRGLO-3’UTR CHRD (D). The data represent means and the 
standard errors (SE) of five experiments. Statistical analysis using student’s t-test with 
p<0.05 (*) and p<0.01 (**) was considered statistically significant. 
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5.3.10 The levels of selected miRNAs in CDCs 

 
In order to understand the relevance of miRNA expression in CDCs and their role in 

modulating gene expression, the endogenous levels of  miR-29a (NTC), miR-15a, 

miR-29b, miR-105 and miR-195 were determined in CDCs from good and poor 

supporters of angiogenesis by qRT-PCR (Figure 5.14). The level of miR-105 was 

undetectable in the samples included in this study (Ct values >= 40, data not shown).  

The expression of miR-29a (Figure 5.14A), miR-15a (Figure 5.14C) and miR-195 

(Figure 5.14D) was relatively low and not significantly different between good and 

poor supporters. Interestingly, a significant differential expression of miR-29b 

(P=0.04) was observed between CDCs samples (Figure 5.14B). In brief, CDCs from 

good supporters of angiogenesis had significantly higher levels of endogenous miR-

29b than CDCs from poor supporters (approximately 8.5-fold difference). In addition, 

the expression of miR-29b (101~102 percent of endogenous control miR-16) was 

observed to be higher than miR-15a (10-1 percent of endogenous control miR-16), 

miR-105 (undetected) or miR-195 (10-1~10-2 percent of endogenous control miR-16) 

in CDCs.  

 

The level of COL1A2 and BMP1 mRNA in good (n=6) vs. poor (n=9) supporters was 

also determined (Figure 5.15). As predicted, a negative correlation between miR-29b 

and COL1A2 and BMP1 mRNA was observed, confirming that miR-29b might be 

modulating the expression of type I collagen and BMP-1 in these cells.  
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5.4   Discussion 
 

This chapter describes the global gene expression profiles of CDCs from patients with 

IHD and compared gene changes between good and poor supporters of angiogenesis 

at the transcriptional and post-transcriptional levels. 

 

5.4.1 Differentially expressed genes in good vs. poor supporters of angiogenesis 

 
By using cDNA array technology, which is a robust and reliable method, I was able to 

compare the global gene expression profile of multiple CDC samples in parallel. 

Principal component analysis (PCA) and hierarchical clustering (HCL) convincingly 

showed that the gene expression profiles of good and poor supporters clustered in two 

distinct groups. However, there were no major significant differences between the two 

clusters.  As a result, only one gene, NOC4L, was differentially expressed between the 

two groups of CDCs at a false discovery rate (FDR) of 0.05 and p values corrected for 

multiple testing (Table 5.1). Similarly, raising the FDR to 0.20 and grouping the 

samples according to their pro-angiogenic support and the co-morbidity of 

hypertension, only one gene, CUX1, was differentially expressed (Table 5.1). These 

results show that although functionally distinguishable, CDC samples from good and 

poor supporters of angiogenesis have a high degree of similarity in global gene 

expression.  These results represent evidence that CDCs from good and poor 

supporters are the same type of cells despite their different pro-angiogenic potential 

and their ability to differentiate into mesenchymal cell lineages (section 4.3 Figure 4.4; 

section 3.3 Figure 3.7). However, the cDNA array data confirmed our previous results 

obtained by phenotypic analysis of these cells using flow cytometry.   
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A secondary analysis was carried out to select differentially expressed (DE) genes 

with a p <0.01 and more than 2-fold change in gene expression. This analysis yielded 

a list of 44 DE genes in good supporters compared to poor supporters.  

 

Currently, there is no ‘gold standard’ to quantitate gene expression; therefore, it is 

important to consider the reliability of the array results by validating a selection of the 

identified genes experimentally [218], [219]. This study used qRT-PCR to validate 

the gene expression data from the cDNA array. qRT-PCR was chosen as the 

validation method due to its high degree of target specificity and its ability to detect 

small differences in fold change.  Six genes were selected from the primary and 

secondary analyses: NOC4L, CUX1, STAT1, GPC4, TLR4 and HAPLN1. The 

difference in gene expression between good and poor supporters of angiogenesis 

could only be confirmed for CUX1.  The results of the qRT-PCR analysis confirmed 

the cDNA array results in that no drastic changes in gene transcription could be 

observed between the two functional groups of CDCs. These results may be due to the 

small number of samples being analysed in this study (good supporters n=6 and poor 

supporters n=6). However, they may also indicate that support of angiogenesis by 

CDCs is a complex process with a polygenic trait or that regulation of angiogenesis 

may take place both at transcriptional and post-transcriptional levels.  

 

5.4.2 Genes and pathways enriched in good and poor supporters of angiogenesis 

 
As the list of DE genes was extremely short using the stringent selection of the 

primary analysis, gene enrichment analysis using DAVID was conducted using 

uncorrected p values as a single criterion.  Interestingly, these genes were moderately 

enriched for genes involved in alternative splicing and cell cycle/cell division in the 
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good supporters (Table 5.2), and alternative splicing, lysosome and vacuolar 

organisation and ubiquitin interacting motif in the poor supporters (Tables 5.3). The 

enrichment analysis supported the results obtained from the cDNA array in that 

differences in gene expression between good and poor supporters of angiogenesis 

may be modulated by alternative splicing or post-transcriptional mechanisms. 

Alternative splicing is a mechanism by which a single gene codes for multiple 

mRNAs and hence multiple proteins. In a gene expression profiling experiment, the 

abundance of different mRNA isoforms from a gene may vary but its total gene 

expression may remain unchanged. In order to determine whether alternative splicing 

is the underlying mechanism behind the differences between good and poor 

supporters of angiogenesis, exon arrays or RNA sequencing should be conducted, and 

this may warrant further research. In an exon array, the probes are specifically 

designed around expected or potential splice sites of predicted exons on a gene. RNA 

sequencing or ‘next generation sequencing’ can provide information on differential 

gene expression including alternative spliced variants, non-coding RNAs, gene alleles 

and even gene fusion. 

 

5.4.3 Transcriptional regulation of type I collagen by TGF-β 

 

In this chapter I have presented evidence that CUX1 is the only DE gene between 

good and poor supporters of angiogenesis. I have also presented evidence that TGF-β 

is produced at significantly higher levels in good supporters than in poor supporters. 

Modulation of COL1A2 expression at the transcriptional level is regulated by TGF-β 

via mechanisms that involve both the canonical and non-canonical signalling 

pathways [220], [221]. The promoter of COL1A2 contains sequences that promote the 
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positive regulation of transcription, but at the same time possesses regions that have 

been implicated in negative transcriptional regulation. These negative regulatory 

elements (NREs) include a methylation-responsive CpG island which is recognised by 

Regulatory Factor X protein [222], a TCC-rich box which has been associated with 

Fli1 protein binding [223], [224] and a CCAAT region where CUX-1 competes for 

binding with CBF and exert its repressor activity [189]. Additionally, CUX-1 has 

been reported to carry CCAAT displacement in the human thymidine kinase [225] 

and sperm H2B gene transcription [226]. Fragiadaki et al. suggested that CUX-1 acts 

as a repressor of type I collagen transcription in response to high doses of TGF-β1 

[189]. Their findings suggest that there is a TGF-β1 negative feedback loop that 

modulates the production of fibrosis-related genes. I hypothesised that treating CDC 

from poor supporters with TGF-β, the transcription of the CUX1 gene would be 

enhanced whilst COL1A2 gene transcription would be inhibited. However, in this 

Chapter I present evidence that in CDCs from poor supporters TGF-β1 does not 

enhance the transcription of CUX1 but increases the levels of COL1A2 mRNA.  

Overall, these data suggest that the TGF-β negative feedback loop proposed by 

Fragiadaki et al. [189]may not be functional in CDCs from poor supporters, or that 

this loop might be activated at even higher doses of TGF-β.  

 

5.4.4 Post-transcriptional regulation of type I collagen by miR-29b 

 

The data presented in this thesis suggest that post-transcriptional regulation of gene 

expression may be another mechanism which controls CDCs’ function.  
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MiRNAs, or small non-coding RNAs, are molecules that function via base-pairing 

with complementary sequences within mRNAs and are involved in post-

transcriptional regulation of gene expression [227]. Binding of the miRNA to specific 

core sequences in the 3’UTR of the target genes results in gene silencing by mRNA 

degradation or translational repression [228], [229]. 

 

COL1A2 has been reported to be a target for the miR-29 family of miRNAs in 

trabecular meshwork cells [195].  miR-29a, -b, and -c expressions were also regulated 

by TGF-βs. [197]  In addition, Ott CE et al., have predicted that COL1A2 may be a 

target of miR-195 [217].  However, to my knowledge, this prediction has not yet been 

confirmed experimentally. Following interrogation of PicTar and TargetScan 

databases, miR-15a, miR-29a and b, miR-105 and miR-195 were selected on the basis 

of the prediction that they would target COL1A2, BMP1/mTLD or CHRD mRNAs. 

Using a luciferase reporter gene assay, I have confirmed that miR-15a binds to the 

3’UTR of COL1A2, BMP1, mTLD and CHRD, whilst miR-29b binds to COL1A2 and 

BMP1 3’UTRs only. I have also shown that BMP1 and COL1A2 3’UTRs are targets 

for miR-105 and miR-195 respectively.  To my knowledge and with the exception of 

miR-29b, this is the first time that COL1A2, BMP1, mTLD and CHRD are shown to 

be targets of miR-15a, miR-105 and miR-195. 

 

 The use of a heterologous system such as HEK293T is very valuable in that the 

inhibitory effect of a particular miRNA on a predicted target can be quantitatively 

determined using a reporter gene assay. However, it is important to measure the 

endogenous (or physiological) levels of such miRNAs in the cells of interest. 

Interestingly, the levels of miR-15a, miR-29a, miR-105 and miR-195 were low or 
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undetectable (e.g. miR-105) in CDCs and no significant differences were observed 

between good and poor supporters. In contrast, miR-29b levels were significantly 

higher in good than in poor supporters of angiogenesis and this correlated with a 

lower expression of COL1A2 in good supporters compared to poor supporters. These 

results are in agreement with preliminary results obtained in our laboratory which 

indicated that good supporters expressed significantly lower levels of Type I collagen 

compared with poor supporters. Our data suggest that in these cells, miR-29b, but no 

other of the miRNAs tested, seem to be a master regulator of Type I collagen 

expression and its mechanism of action might be both inhibition of translation and 

RNA degradation.   
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Chapter 6    General discussion 
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6.1   Review of this thesis 
 

This thesis was designed to characterise CDCs from patients with chronic IHD 

undergoing cardiac surgery and their function in order to improve autologous cell-

based therapies for heart disease. In summary this thesis aimed at (1) isolating and 

expanding cells from this patient cohort, (2) establishing a quantitative and robust 

assay to assess their vascular supportive function, (3) testing their therapeutic 

potential in a rodent model of MI, (4) determining whether disease and/or 

cardiovascular risk factors affect cell function and (5) identifying molecular 

mechanisms that control cell function.   

 

Human CDCs had been obtained originally from ventricular endocardial biopsies 

from transplanted hearts [88], [89]. In this study, CDCs were successfully isolated and 

expanded using the ‘cardiosphere’ method from a cohort of patients (n=68) 

representative of the current trend in adult cardiovascular surgery [230], [231]. As 

reported by us and others, CDCs can be routinely cultured from atrial biopsies from 

this patient cohort [90] and from neonatal and young patients with congenital heart 

defects [92]. There are currently fourteen studies that have characterised the cell 

surface markers expression of human cardiospheres (CS) and CDCs (see Table 6.1).  

Whilst they all report consistently high expression of CD105 (80-100%) and 

negligible expression of CD31 and CD34 markers, the expression of CD117/c-kit and 

CD90 varies considerably. Previous studies isolated the cells from transplanted hearts 

[88], [89], [95], [98], [232] and found higher proportions of CD117/c-kit+ cells 

(ranging from 5-17%). By contrast, CDCs obtained from this patient cohort seem to 

have a negligible number of c-kit+ cells amongst them [90], [91]. 
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Table 6.1 Summary of major studies including the characterisation of cardiac progenitors following the ‘cardiosphere’ method 
 

First Author Year Cell type Patient cohort Age Sample size Biopsy site Ckit CD90 CD105 CD31 CD34 

Messina [88] 2004 CS Heart  surgery 1m – 80 yrs N/A A/V +  N/A  N/A + + 

Smith [89] 2007 CDC 
Transplantation 31 ± 2 yrs, 59 

V ~15% ~40% ~95% ~4% ~10% 
 Nontransplant 47 ± 4 yrs 11 

Tateishi [233] 2007 CS   Heart surgery 9d -77 yrs 18 RA/OFT, LV 0.80% 68% 99% 0.40% 0.50% 

Barth [234] 2008 CDC  N/A  N/A 12 V 13% 34% 99% 9% 7% 

Davis[95] 2009 
OC 

 Transplantation 32 ± 12 yrs,  59 

V  
~12% ~32% N/A  ~5% ~5%  Unexplained 

cardiomyopathy 
49 ± 15 yrs 12 

CS As above + + + + - 

Li [232] 2010 
CS 

Transplantation  N/A 11 V 
16.90%  N/A  +  N/A  N/A 

CDC 5.20% 18% 100%  N/A  N/A 

Maxeiner [235] 2010 OC/CDC Heart surgery 
4m – 9 yrs 6 

N/A 
mRNA + 

 N/A  N/A  N/A  N/A 
24 - 81 yrs 4 Protein - 

Zakharova [236] 2010 OC  Chronic IHD 53 - 73 yrs 10 A ~30% N/A N/A N/A N/A 

Konincx  [91] 2010 CDC Chronic IHD 68 ± 7 yrs 12 RA - + N/A  N/A  - 

Mishra [92] 2011 CDC CHD 

<1m 27 

RA 

9% 55% 85%  N/A  N/A 

1m – 2yrs 47 7% 70% 80%  N/A  N/A 

2 - 13 yrs 29 3% 65% 80%  N/A  N/A 

Li [98] 2012 CDC Transplantation    N/A  N/A V 7% 18% 100% 0.6% 1% 

Makkar [59] 2012 CDC  MI after PCI 54 ± 3 yrs 17 V  N/A  N/A >98%  N/A  N/A 

Chan [90] 2012 CDC Chronic IHD 67± 2 yrs 22 RA 0.2 % 55% 80% 2.10% 1% 

This study 2013 CDC Chronic IHD 68± 10 yrs 69 RA 1.5 % 50.7% 89.6% 5.2% 0.7% 

A= atrium, CHD= congenital heart disease, CS= cardiospheres, IHD= ischaemic heart disease, LV= left ventricle, MI= myocardial infarction, N/A= not applicable, OC= outgrowth cells, OFT= 
outflow tract, PCI= percutaneous coronary intervention, RA= right atrium, V= ventricular septum. 
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Zakharova et al. described approximately 30% of CD117/c-kit+ in OCs in a patient 

cohort similar to the one included in this thesis [236].  Interestingly, the proportion of 

CD117/c-kit+ cells amongst CDCs declined with age [92] and most probably during 

culture and expansion in vitro [90], [95] and the variation in CD90 expression has 

been associated with co-morbidities such as diabetes [90]. 

 

The cell population isolated and expanded in this study resembles a cardiac progenitor 

cell population of mesenchymal origin. Mesenchymal progenitors from bone marrow 

are able to differentiate into chondrocytes, adipocytes and osteoblasts in vitro under 

the appropriate inducing conditions. Consistent with previous reports [91], all CDC 

samples tested here differentiated into the chondrocytic lineage and lack the ability to 

give rise to the adipocytic lineage.  Interestingly, differences were found during 

differentiation to osteoblasts in vitro and this is the first time that this phenomenon is 

described, suggesting that CDCs from patients with IHD are bipotent or unipotent 

progenitors. It is therefore plausible that mesenchymal progenitor cells lose their 

differentiation potential or that this potential is affected by age or disease.  

 

In chapter 4, an in vitro co-culture assay was established to test the ability of CDCs to 

support vascular network formation. Consistent with their mesenchymal phenotype, 

CDCs cannot form tubule structures in the co-culture assay, but their function is 

defined by their vascular support. CDC samples were grouped into three tertiles 

according to their ability to support HUVEC tubule formation and termed ‘good’, 

‘moderate’ and ‘poor’ supporters of angiogenesis. Although robust, in vitro assay 

results are not always confirmed in vivo. Remarkably, their support of angiogenesis in 

vitro correlated with their therapeutic potential in a rodent model of MI. As proof of 
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principle, CDCs were transplanted into the heart of rats that had the LAD artery 

permanently ligated. In this experimental model, transplantation of CDCs from good 

supporters of angiogenesis prevents ventricular remodelling and significantly 

improves systolic function compared to CDCs from poor supporters. Interestingly, 

animals transplanted with CDCs, whether from good or poor supporters of 

angiogenesis, showed a significant reduction of infarct size and scar tissue compared 

with control animals. The significant reduction of infarct size is in agreement with the 

results obtained in the CADUCEUS trial [59]. In this thesis, transplantation of CDCs 

from good supporters of angiogenesis significantly enhances blood vessels formation 

in the rodent heart and improves heart function. Taken together these results suggest 

that although all CDC may have an anti-fibrotic effect and may reduce infarct size, it 

is only a fraction of those CDC with pro-angiogenic ability that may ameliorate LV 

remodelling and improve systolic function. These results might be conceptually very 

important as they provide evidence that (i) there may be a correlation between blood 

vessel formation and LV function, (ii) the reduction of fibrotic tissue and the 

regeneration of blood vessels, might be exerted by different mechanisms, and (iii) 

patient stratification in future clinical trials might be necessary to improve autologous 

cell-based therapies for heart disease. 

 

Risk factors associated with IHD are known to affect not only the numbers, but the 

mobilisation, homing and engraftment of cells, both resident in the bone marrow and 

mobilised into the peripheral circulation [67], [99]. The therapeutic potential of CDCs 

as supporters of new blood vessel formation in the heart is most likely affected by 

disease and/or cardiovascular risk factors. In a multiple regression model that can 

explain over 51% of the variation observed, factors such as history of cigarette 
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smoking, severe heart dysfunction measured by NYHA classification, global 

ischaemia caused by aortic stenosis, ischaemia due to coronary artery disease, 

particularly diseased RCA as the culprit vessel, were deemed to be significant 

independent positive predictors of angiogenic support, whilst hypertension appeared 

to be the only significant negative predictor. The former are all indicative of damage 

and hence these results suggest that increased angiogenesis may correlate with 

increased damage and/or increased repair of the heart tissue. In contrast, typical 

cardiovascular risk factors such as age and diabetes mellitus, which were also 

included in this model, did not become significant predictors of angiogenesis. One 

possible explanation is that factors such as diabetes affect specifically endothelial, but 

not mesenchymal/stromal cell function [237].  

 

In order to understand the differences in the vascular supportive function of CDCs 

further molecular characterisation was performed comparing CDCs from good and 

poor supporters of angiogenesis. Often, a global gene expression analysis is 

conducted using cDNA array technology in the first instance.  Chapter 5 aimed at 

identifying molecular markers that could correlate with cell function.  Results 

obtained from the cDNA array showed that, although clustering was clearly observed 

between good and poor supporters following PCA, there was significant differential 

expression of only one gene.  Further annotation analysis indicated that the two cell 

subgroups had expression enrichment of genes that function in alternative splicing 

hence the pro-angiogenic function of CDC might be also regulated post-

transcriptionally. In parallel to carrying out the cDNA arrays, preliminary data from 

our laboratory showed a correlation between support of angiogenesis and expression 

of ECM components such as pro-collagen I and the metalloproteinase BMP-1. Based 
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on these results, it was hypothesised that post-transcriptional regulation of ECM 

components may correlate with angiogenesis support. In Chapter 5, the preliminary 

experiments with miRNAs that are potentially targeting ECM components 

demonstrated that functionally related genes are co-regulated by the same miRNAs 

and confirmed the hypothesis that CDC’s vascular supportive function may be 

regulated post-transcriptionally by miRNAs such as miR-29b. 

6.2   Limitations 
 

Due to time and technical restrictions, our study into the characterisation of 

cardiosphere derived cells from patients with ischaemic heart disease is still in its 

preliminary form and requires further refining and more evidence to support the 

results. This thesis has several main limitations. Firstly, and taking into consideration 

the variability in the population and the complexity of a common disease such as IHD, 

the study would benefit from a larger sample size. Data from a larger study will have 

more statistical power. The multiple regression model established to identify 

predictors of the cells’ pro-angiogenic function is statistically significant with a 

relatively good fit, but a larger sample size may be required to refine the model and to 

ensure a more accurate prediction of the prognosis of cell transplantation. 

 

Secondly, the rodent model used in this thesis to test the therapeutic potential of 

subgroups of CDCs is a model of MI without reperfusion and mimics post-infarct 

ischaemic cardiomyopathy in patients with no option for revascularisation. Although 

CDC transplantation showed therapeutic effect in this setting, it is not a one-suits-all 

model. Currently, most IHD patients benefit from coronary revascularisation 

regardless of previous MI. Therefore, the therapeutic effect observed in this study has 
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yet to be confirmed in a more relevant and sophisticated model of combined cell 

transplantation and coronary reperfusion, possibly in a large animal (e.g. pig) and in a 

phase I/II clinical trial.     

 

Thirdly, although it is a consensus that collagen I deposition and fibrosis is closely 

related to heart remodelling and dysfunction [141], there is no clear evidence in this 

thesis that CDCs from good supporters of angiogenesis have superior ability to reduce 

collagen I deposition or fibrosis in vivo compared to CDCs from poor supporters.  

 

Finally, the molecular characterisation of CDCs with different supporting ability 

concluded that the functional variation was mainly a result of post-transcriptional 

regulation. As above, the study could benefit from larger sample size and from more 

in-depth analyses using technologies such as exon arrays, miRNA arrays or next 

generation sequencing (RNA sequencing) and global DNA methylation status to 

better understand the molecular mechanisms governing CDCs’ vascular supportive 

function.   

6.3   Future directions 
 

Since CDCs from only 1/3 of the patient population would foster robust 

revascularisation and achieve favourable functional recovery in the ischaemic rat 

heart, further work would be required to enhance the potency of the CDCs from 

moderate and poor supporter groups. It is becoming more evident that autologous cell 

therapies for heart disease may have to preselect or stratify patients and/or would have 

to be supplemented with either other cells or biologics to enhance cell function.  
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It may be worthwhile to invest more time and efforts in identifying potential targets 

that correlate with cell function. Through this thesis and further work conducted in the 

laboratory, COL1A2, BMP1, CUX1, TGF- and miR-29b have been found to be 

differentially expressed in good and poor supporters of angiogenesis, emerging as 

potential biomarkers that correlate with CDC’s function. miR-29b has been involved 

in cardiac fibrosis [196]. However, to my knowledge, the pro-angiogenic role of miR-

29b has never been proven before. The demonstration that miR-29b may have a pro-

angiogenic effect by reducing ECM components will highlight a single molecular 

pathway that could control fibrosis and angiogenesis, like the two sides of a coin. 

Reduction of fibrosis could be achieved by increasing the expression of a 

transcriptional repressor such as CUX1 resulting in the reduction of collagen 

deposition in the ECM. Although this has been recently described in the renal system 

[189] results obtained in this thesis do not support this strategy in the cardiac cells. 

However, these experiments are preliminary and conducted only in poor supporters of 

angiogenesis. It is plausible that CDCs from poor supporters have become non-

responsive to the TGF- induction of CUX1 observed in renal cells.  It would be 

important to ascertain whether this is a control mechanism unique to the renal system 

or whether in CDCs there is a difference in TGF- signalling between good and poor 

supporters of angiogenesis. 

 

Although promising, the results of this thesis will need to be confirmed in a large 

animal model of MI. Based on this study and the results from the CADUCEUS trial, 

CDCs therapy seems to be an effective anti-remodelling treatment. However, more 

evidence is required to confirm CDC’s potency in preserving heart function and long 

term benefits. Therefore, an MI model with coronary revascularisation would be 
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valuable to confirm the superiority of CDC good supporters as treatment post-MI in 

vivo.  

 

Additionally, it would be important to compare the pro-angiogenic function and 

therapeutic potential of CDCs and BMSC, CDC and explant outgrowth cells from the 

same patients. Notably, the numbers and function of bone marrow derived cells is 

affected by age and cardiovascular risk factors [67], [238]. As CDC’s support of 

angiogenesis seems to be affected by heart failure (NYHA functional class) and 

ischaemia, amongst other factors, it is important to determine whether mesenchymal 

progenitors from different tissues (e.g. bone marrow and heart) could be affected 

differently by disease state and/or co-morbidities. Recently, a great deal of 

heterogeneity between endothelial cells from different sources has been revealed 

[239] and this may be the case for mesenchymal progenitors too. To this end, the in 

vitro angiogenesis assay used in this thesis to diagnose or predict the angiogenic 

potential of CDCs could be modified to use autologous tissue specific endothelial 

cells in order to mimic more closely the cardiac vascular niche in the ischaemic heart.   

6.4   Conclusion 
 

Human CDCs are a pool of heterogeneous resident mesenchymal cells of cardiac 

origin which resemble BMSC in their cell surface phenotype and vascular supportive 

function. The right atrial appendage is a rich source of CDCs in chronic IHD patients. 

Compared with BMSC from the healthy donors, CDCs from different patients support 

angiogenesis to a dramatically varying degree and have different ability to give rise to 

mesenchymal cell lineages. In addition, angiogenic support in vitro correlates with 

therapeutic potential in vivo. Those CDCs with well-preserved differentiation and pro-
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angiogenic functions are likely to have dual reparative effects in the infarct heart by 

reducing scar size and improving heart function, which may be more efficient than 

autologous BMSC. The CDCs with impaired function are less effective in attenuating 

the functional deterioration after heart ischaemic injury. Functional divergence 

amongst human CDCs is most likely regulated at the transcriptional and post-

transcriptional levels.   

 

CDCs’ function might be impaired partially due to the deposition of type I collagen as 

a pro-fibrotic factor. Type I collagen is expressed at lower level in CDCs from good 

supporters, which might probably be a result of the following mechanisms: (i) an 

autocrine mechanism by which a higher level of bio-available TGF-β is produced by 

good supporters of angiogenesis resulting in an increase of CUX1 transcription, 

activation of the negative regulatory elements in the COL1A2 promoter, and 

subsequent reduction of COL1A2 transcription; (ii) a higher level of miR-29b which 

targets and binds to the 3’-UTR of COL1A2 mRNA inhibiting the translation of 

COL1A2 and (iii) a higher level of BMP-1 which processes Type I collagen and 

reduces its synthesis. Clearly, these mechanisms might not be all active in CDCs from 

poor supporters of angiogenesis, thus better understanding of these molecular 

pathways in CDCs is required to restore their vascular supportive function.  
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Appendix 2   Reagent make-ups 

CEM 
component  Volume(mL) 

IMDM   400 

Heat-inactivated defined FCS (100mL) 20% 100 

100 U/mL penicillin and 100µg/mL streptomycin  5 

2mM L-glutamine  5 

0.1mM 2-mercaptoethanol 0.5 

Medium supplement  
component  Volume(mL) 

DMEM/F-12  490 

100 U/mL penicillin and 100µg/mL streptomycin  5 

2mM L-glutamine  5 

0.1mM 2-mercaptoethanol  0.5 

CGM 
component  Volume(mL)  [C] (v/v) 

CEM 7 

Medium supplement 13 

B27  0.4    2% 

Cardiotrophin  0.005  25ng/mL 

FGF  0.004  20ng/mL 

EGF  0.02  10ng/mL 

Thrombin   0.05  25µg/mL 

HEK293FT complete culturing medium 

component  Volume(mL)  [C] (v/v) 

DMEM/F12  440  88% 

FBS  50  10% 

L‐glutamine  5  1% 

NEAA  5  1% 

HEK293FT serum free medium 

component  Volume(mL)  [C] (v/v) 

DMEM high glucose  490  98% 

L‐glutamine  5  1% 

NEAA  5  1% 
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Appendix 3   Cytokine concentrations for conditioned 
angiogenesis assays 

 

cytokine  concentration 

FGF4  10ng/mL 

FGF7 
5ng/mL 

10ng/mL 

TGFb1  10ng/mL 
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Appendix 4   Patient consent form  
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UNIVE R SITY OF OXFORD 

NUFFIELD DEPARTMENT OF SURGERY 
JOHN RADCLIFFE HOSPITAL, OXFORD, OX3 9DU · 

 

CONSENT FORM 
Culture and Characterisation of Human Cardiac Stem Cells 

 
NRES Ref: 07/H0607/95, version 5, February 2012 

 
I Investigators: Professor DP Taggart   Please initial box  

  
I confirm that I have read and understand the information sheet (December 2011, 
version 4) for the above study and have had the opportunity to ask questions.  
     
I understand that my participation is voluntary and that I am free to withdraw at any 
time, without giving any reason, without my medical care or legal rights being 
affected. 
 
I understand that sections of any of my medical notes may be looked at by research 
staff and regulatory authorities where it is relevant to my taking part in research.  I 
give my permission for these individuals to have access to my records.   
 
I understand that heart samples will be obtained during the procedure involved in this 
study.  I give permission for this.  I understand no original tissue will be stored but 
stem cells obtained from them may be stored till the end of the study. RNA or DNA 
may be taken from the cells. Cells may be transplanted into animal models of heart 
disease. 

 
I understand that my details and data will be stored for up to five years but will not be 
used for other purposes. 
 
 
I agree to take part in the above study.       
  

 
Name of Patient Date Signature 
 
 
   
Name of Person taking consent Date Signature 
(if different from investigator) 
 
 
Investigator Date Signature 



 

C
 

 

 
 
 
Yo
dec
bei
foll
wis
 P

y
 P

t
Ask
info
par
 
Pa
1. 
 
Yo
sur
 
2. 
 

Culture a

 
u are bei
cide it is 
ing done 
lowing inf
sh.  
Part 1 tell
you if you
Part 2 giv
the study
k us if the
ormation.
rt. 

rt 1 
Why h

u have 
rgery.    

What 

Many tre
involves 
regenera
damaged
contains 
potential

P
and Char

NUFF

V

ing invite
importan
and wha

formation

ls you the
u take par
ves you m

y.  
ere is any
.  Take ti

have I be

been ch

is the pu

eatments
the use 

ate and h
d heart m

a smal
ly be us

Patient In
racterisat

UNIVER

FIELD DEP

NRES
Version 5

ed to take
nt for yo
at it will i
n carefully

e purpose
rt.   
more deta

ything tha
ime to de

een chos

osen be

urpose o

s are bei
of stem c

heal man
muscle. W
l numbe

sed to re

- 230 - 

nformati
tion of H

 
RSITY OF O
PARTMEN

S: 07/H06
5, Febru

e part in a
ou to und
involve.  
y. Talk to

e of this s

ailed info

at is not c
ecide wh

sen? 

cause yo

of the stu

ing deve
cells (SC
ny types 
We now 

er of hea
egenerate

  
on Shee

Human C

OXFORD

NT OF SUR

607/95 
ary 2011

a researc
derstand 
Please t

o others a

study and

ormation 

clear or if
ether or 

ou are a

udy? 

eloped ac
).  They 
of damag
know th

art stem
e human

et 
ardiac S

RGERY 

. 

ch study. 
why the 

take time
about the 

d what wi

about the

f you wou
not you w

about to 

cross the
have the
ged tissu
hat the h
 cells, w

n heart t

Stem Cell

 Before y
research

e to read 
 study if y

will happen

e conduc

uld like m
wish to ta

have he

e world t
e potentia
ue, includ
human he
which co
tissue.  

ls 

you 
h is 
the 
you 

n to 

ct of 

more 
ake 

eart 

that 
al to 
ding 
eart 
ould 
We 



- 231 - 
 

would like to improve the techniques for growing human adult 
heart stem cells, maybe for eventual use in patients with heart 
damage. 

 
3. What does the study involve? 
 
During your operation we want to take two tiny pieces of heart 
muscle (each about the size of two grains of rice) from the two 
chambers of the heart. From these tissue ‘biopsies’ we will isolate 
cardiac stem cells.  
 
4. Do I have to take part? 
 
No.  It is up to you to decide whether or not to take part.  If you do, 
you will be given this information sheet to keep and be asked to 
sign a consent form. You are still free to withdraw at any time and 
without giving a reason.  A decision to withdraw at any time, or a 
decision not to take part, will not affect the standard of care you 
receive.  
 
5. How do I say yes? 
 
If you decide to take part in the study, on the day you come into 
hospital, you will be approached by a member of the team to ask if 
you would participate in the study.  Here you will be given the 
opportunity to ask questions.  After this you will be asked to sign a 
consent form to be included in the study.    
 
If you have questions before your admission, write them 
down and bring them with you to hospital, we can answer any 
questions when you come in.  You don’t need to do anything 
before your admission. 
 
6. What will happen to me? 
 
After signing the consent form, you will have surgery as planned.  
The cardiac biopsies are taken during your operation whilst you 
are asleep.  Otherwise the surgery is exactly the same as normal 
and we do not give you any other medicines or treatments. After 
you wake up there is nothing left to do and you will have finished 
the study.  You will not need to be followed up or visit us again 
outside of what would normally happen after an operation.  
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7.      What are the possible disadvantages and risks of taking 
part? 

 
Taking very small tissue samples from the heart will add a few 
minutes to the operation and could theoretically cause some 
additional bleeding. However the risk of this is very low when done 
by an experienced surgeon.   
 
8.      What are the possible benefits of taking part? 
 
The study is not beneficial to you, but the information we get might 
help improve the treatment of people with heart failure.   
 
9.      What if there is a problem? 
 
If a problem arises during your hospital stay, then a member of the 
nursing staff, or the patient advice and liaison service (PALS) may 
be able to deal with your enquiry.  In the unlikely event of a 
complaint arising after the study, you should contact Professor 
Taggart’s Team, either in writing addressing the letter to Professor 
David Taggart, Department of Cardiothoracic Surgery, Level 1, 
John Radcliffe Hospital, Headley Way, Oxford, OX3 9DU or via his 
secretary on 01865 221111.   
 
10.     Will my taking part in the study be kept confidential?  
 
Yes.  All the information about your participation in this study will 
be kept confidential, see Part 2 for more details. 
 
 
 
This completes Part 1 of the Information Sheet. 
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secretary.  If you remain unhappy and wish to complain formally, 
you can do this through the NHS Complaints Procedure.  Details 
can be obtained from the hospital. 

 
13. Harm:   
 
In the event that something does go wrong and you are harmed 
during the research study there are no special compensation 
arrangements.  If you are harmed and this is due to someone’s 
negligence then you may have grounds for a legal action for 
compensation against the University of Oxford, but you may have 
to pay your legal costs.  The normal National Health Service 
complaints mechanisms will still be available to you. 
 
14. Will my taking part in this study be kept confidential? 
 
If you join the study, some parts of your medical records and the 
data collected for the study will be looked at by authorised persons 
from Oxford University and NHS Blood and Transplant.  As soon 
as you are included into the trial, you will be assigned a specific 
code, which is how Oxford University and NHS Blood and 
Transplant will identify you, access and store the information we 
obtain.  This means you will be anonymised almost immediately.  
Samples and information about you (anonymised) will be passed 
to Oxford University and NHS Blood and Transplant to perform the 
research needed to develop any new technique. Details about you 
may also be looked at by authorised people from (the Trust or 
other NHS bodies) to check that the study is being (or has been) 
carried out correctly. All will have a duty of confidentiality to you as 
a research participant and nothing that could reveal your identity 
will be disclosed outside the research site.  
 
 
In summary 
 
All information which is collected about you during the course of 
the research will be kept strictly confidential.  Any information 
about you which leaves the hospital/surgery will have your name 
and address removed so that you cannot be recognised from it.  
All of our procedures for handling, processing, storage and 
destruction of their data are compliant with the Data Protection Act 
1998. 
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15.   What will happen to any samples I give? 
 
All samples will be labelled with a unique identifier, but your name 
and address will be removed.  The samples will not be used for 
any other purpose, except those outlined in this information sheet.  
All samples will be processed to obtain heart stem cells and then 
the original tissue will be destroyed.  We may take pieces of genes 
or genetic material, known as DNA and RNA, from these cells to 
make sure that they that they have not changed. Heart stem cells 
may be stored at NHS Blood and Transplant research labs during 
the course of the study and destroyed at the end of it. Heart stem 
cells may eventually be used to treat patients with heart problems. 
But before they can be used in patients, we’d need to test their 
ability to replace or heal damaged heart muscle. To do that, we’d 
transplant them into small animals such as laboratory rats or mice 
that also have heart damage.  If the cells work in these animals, 
they may also be beneficial to humans. All information will be 
anonymised and stored in locked cabinets within locked offices.  
All electronic data will be held on secure databases, accessed only 
by authorised personnel who require passwords in order to gain 
access.  The ownership of samples is held by Oxford University 
and NHS Blood and Transplant; the samples are gifted by yourself 
to Oxford University and NHS Blood and Transplant, and you have 
no legally binding rights to the samples or any subsequent 
commercial significance arising from the research. 
 
16.  What will happen to the results of the research study? 

 
The research may be published in scientific journals, presented at 
scientific meetings and may result in the development of a new 
technique for treating heart failure. 
 
17. Who is organising and funding the research?   
 
The research is organised by University of Oxford and NHS Blood 
and Transplant. At present there is no specific funding for this 
project which will be done under other existing projects.   
 
18. Who has reviewed the study?  
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This study was given a favourable ethical opinion for conduct in 
the NHS by the Mid and South Buckinghamshire REC.  NRES: 
07/Q0607/95 
. 
This completes Part 2.  Thank you for considering taking part 
or taking time to read this sheet, someone will return to see if 
you wish to take part in the study and answer any questions 
you may have regarding the research. 
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Appendix 5   R scripts for the establishment of linear 
regression model to predict the relationships between 
the pro-angiogenic potential of CDC from IHD 
patients and the clinical variables  

 

 hj <‐ read.csv("C:/Documents and Settings/Administrator /2011 data analysis files/hj‐HZ 

most updated.csv", header = T) 

> attach(hj) 

> local({pkg <‐ select.list(sort(.packages(all.available = TRUE)),graphics=TRUE) 

+ if(nchar(pkg)) library(pkg, character.only=TRUE)}) 

> local({pkg <‐ select.list(sort(.packages(all.available = TRUE)),graphics=TRUE) 

+ if(nchar(pkg)) library(pkg, character.only=TRUE)}) 

> boxcox(Tubule ~ Age + Sex + NYHA + Smoker + Procedure + Scale + FHx + DM + HBP + 

HBChol) 

> boxcox(Tubule ~ Age + Sex + NYHA + Smoker + Scale + FHx + DM + HBP + HBChol) 

> bcTubule <‐ (Tubule^(1/5) ‐ 1)/(1/5) 

> sm <‐ class.ind(Smoker) 

> summary(lm(bcTubule ~ Age + Sex + NYHA + Smoker + Procedure + Scale + FHx + DM + 

HBP + HBChol)) 

 

Call: 

lm(formula = bcTubule ~ Age + Sex + NYHA + Smoker + Procedure +  

    Scale + FHx + DM + HBP + HBChol) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐10.741  ‐2.834  ‐1.169   4.144   9.497  
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Coefficients: 

            Estimate Std. Error t value Pr(>|t|)   

(Intercept)  17.8415    10.7957   1.653   0.1114   

Age          ‐0.1697     0.1060  ‐1.601   0.1224   

Sex           0.1872     3.1212   0.060   0.9527   

NYHA          2.6686     1.4694   1.816   0.0819 . 

Smoker        2.6157     1.3732   1.905   0.0689 . 

Procedure     0.3219     2.6679   0.121   0.9050   

Scale         0.8002     1.5672   0.511   0.6143   

FHx           1.3993     1.6242   0.862   0.3975   

DM           ‐0.4377     3.1327  ‐0.140   0.8901   

HBP          ‐4.1485     2.6661  ‐1.556   0.1328   

HBChol        0.4571     3.5095   0.130   0.8974   

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 6.338 on 24 degrees of freedom 

Multiple R‐squared: 0.4113,     Adjusted R‐squared: 0.166  

F‐statistic: 1.677 on 10 and 24 DF,  p‐value: 0.1447  

 

> summary(lm(bcTubule ~ Age + Sex + NYHA + factor(Smoker) + Procedure + Scale + FHx + 

DM + HBP + HBChol)) 

 

Call: 

lm(formula = bcTubule ~ Age + Sex + NYHA + factor(Smoker) + Procedure + Scale + FHx + DM 

+ HBP + HBChol) 

 

Residuals: 
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    Min      1Q  Median      3Q     Max  

‐11.384  ‐2.806  ‐1.469   3.948   9.072  

 

Coefficients: 

                Estimate Std. Error t value Pr(>|t|)   

(Intercept)      13.5721    13.1644   1.031   0.3138   

Age              ‐0.1434     0.1264  ‐1.134   0.2689   

Sex              ‐0.3253     3.3033  ‐0.098   0.9225   

NYHA              2.8867     1.5456   1.868   0.0752 . 

factor(Smoker)1   5.7931     5.1318   1.129   0.2711   

factor(Smoker)2   5.5462     2.8950   1.916   0.0685 . 

factor(Smoker)3   5.4825     7.7871   0.704   0.4888   

Procedure         0.5323     2.7708   0.192   0.8494   

Scale             1.1094     1.6707   0.664   0.5136   

FHx               1.5742     1.7012   0.925   0.3648   

DM               ‐1.3696     3.4810  ‐0.393   0.6978   

HBP              ‐3.7777     2.8000  ‐1.349   0.1910   

HBChol            1.3978     3.8797   0.360   0.7221   

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 6.54 on 22 degrees of freedom 

Multiple R‐squared: 0.4255,     Adjusted R‐squared: 0.1122  

F‐statistic: 1.358 on 12 and 22 DF,  p‐value: 0.2573  

 

> summary(lm(bcTubule ~ Age  + NYHA + factor(Smoker) +  Scale + FHx  + HBP )) 
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Call: 

lm(formula = bcTubule ~ Age + NYHA + factor(Smoker) + Scale + FHx + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐11.001  ‐2.758  ‐1.171   3.794   8.832  

 

Coefficients: 

                Estimate Std. Error t value Pr(>|t|)   

(Intercept)      16.8164     8.9623   1.876   0.0719 . 

Age              ‐0.1514     0.1158  ‐1.308   0.2024   

NYHA              2.6164     1.3027   2.008   0.0551 . 

factor(Smoker)1   4.8836     4.3584   1.121   0.2727   

factor(Smoker)2   5.7970     2.3896   2.426   0.0225 * 

factor(Smoker)3   6.2416     6.8069   0.917   0.3676   

Scale             0.7585     0.8756   0.866   0.3943   

FHx               1.2747     1.4145   0.901   0.3758   

HBP              ‐3.7454     2.4461  ‐1.531   0.1378   

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 6.052 on 26 degrees of freedom 

Multiple R‐squared: 0.4186,     Adjusted R‐squared: 0.2398  

F‐statistic:  2.34 on 8 and 26 DF,  p‐value: 0.04833  

 

> hj <‐ read.csv("C:/Documents and Settings/Administrator /2011 data analysis files/hj‐HZ 

most updated.csv", header = T) 

> attach(hj) 
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The following object(s) are masked from 'hj (position 5)': 

 

    Age, CAD, DM, FHx, HBChol, HBP, ID, LAD, LCX, NYHA, Procedure, 

    RCA, Sex, Smoker, Tubule, valve, Vessles 

> boxcox(Tubule ~ Age + CAD + RCA+ valve+ NYHA + Smoker + Procedure + Scale + FHx + DM 

+ HBP ) 

> summary(lm(bcTubule ~ Age + CAD + RCA+ valve+ NYHA + Smoker + Procedure + Scale + 

FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoker + Procedure + Scale + 

FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.5074 ‐2.8074  0.3849  2.6513  8.3491  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 12.37649    6.62096   1.869  0.07383 .  

Age         ‐0.12226    0.08126  ‐1.505  0.14550    

CAD          8.05499    4.53964   1.774  0.08869 .  

RCA          8.13413    3.49071   2.330  0.02853 *  

valve       11.20309    8.14627   1.375  0.18176    

NYHA         2.27611    1.14662   1.985  0.05868 .  

Smoker       2.60261    1.07263   2.426  0.02313 *  

Procedure         NA         NA      NA       NA    

Scale       ‐1.02833    1.69146  ‐0.608  0.54893    

FHx          1.61256    1.26758   1.272  0.21551    
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DM          ‐2.65940    2.40220  ‐1.107  0.27924    

HBP         ‐8.07648    2.17278  ‐3.717  0.00107 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.852 on 24 degrees of freedom 

Multiple R‐squared: 0.655,      Adjusted R‐squared: 0.5112  

F‐statistic: 4.556 on 10 and 24 DF,  p‐value: 0.001126  

 

> summary(lm(bcTubule ~ Age + CAD + RCA+ valve+ NYHA + Smoker + Procedure + Vessles + 

FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoker + Procedure + Vessles + 

FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.3755 ‐3.0921  0.7108  2.3456  8.5739  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)     

(Intercept) 13.58316    6.70273   2.027 0.053963 .   

Age         ‐0.13543    0.08116  ‐1.669 0.108151     

CAD          9.12462    4.49318   2.031 0.053498 .   

RCA          8.93381    3.35061   2.666 0.013508 *   

valve        7.23546    3.61590   2.001 0.056824 .   

NYHA         2.13055    1.14435   1.862 0.074921 .   
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Smoker       2.65346    1.01547   2.613 0.015248 *   

Procedure         NA         NA      NA       NA     

Vessles     ‐1.75883    1.74387  ‐1.009 0.323237     

FHx          1.40803    1.27699   1.103 0.281129     

DM          ‐2.30651    2.36580  ‐0.975 0.339315     

HBP         ‐8.19186    2.14800  ‐3.814 0.000843 *** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.789 on 24 degrees of freedom 

Multiple R‐squared: 0.6639,     Adjusted R‐squared: 0.5239  

F‐statistic: 4.741 on 10 and 24 DF,  p‐value: 0.000862  

 

> summary(lm(bcTubule ~ Age + CAD + RCA+ NYHA + factor(Smoker) + factor(Procedure) + 

Vessles + FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + NYHA + factor(Smoker) + factor(Procedure) + 

Vessles + FHx + DM + HBP) 

 

Residuals: 

   Min     1Q Median     3Q    Max  

‐7.129 ‐2.831  0.000  2.365  8.944  

 

Coefficients: (1 not defined because of singularities) 

                   Estimate Std. Error t value Pr(>|t|)    

(Intercept)         19.2634     8.8084   2.187  0.03967 *  

Age                 ‐0.1132     0.1017  ‐1.114  0.27747    
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CAD                  2.0115     3.7738   0.533  0.59937    

RCA                  8.9227     3.6155   2.468  0.02184 *  

NYHA                 2.0953     1.2183   1.720  0.09950 .  

factor(Smoker)1      3.3924     3.8659   0.878  0.38969    

factor(Smoker)2      5.1557     2.1474   2.401  0.02525 *  

factor(Smoker)3     10.6804     6.0697   1.760  0.09237 .  

factor(Procedure)1       NA         NA      NA       NA    

factor(Procedure)3  ‐7.1633     3.7789  ‐1.896  0.07122 .  

Vessles             ‐1.6962     1.9359  ‐0.876  0.39042    

FHx                  1.3459     1.3471   0.999  0.32864    

DM                  ‐2.3695     2.5923  ‐0.914  0.37058    

HBP                 ‐8.2425     2.3484  ‐3.510  0.00198 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.967 on 22 degrees of freedom 

Multiple R‐squared: 0.6686,     Adjusted R‐squared: 0.4878  

F‐statistic: 3.698 on 12 and 22 DF,  p‐value: 0.003839  

 

> summary(lm(bcTubule ~ Age + NYHA + factor(Smoker) + factor(Procedure) + Vessles + FHx  

+ HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + NYHA + factor(Smoker) + factor(Procedure) + Vessles + FHx + 

HBP) 

 

Residuals: 

     Min       1Q   Median       3Q      Max  
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‐10.2033  ‐2.2522   0.2385   2.7285   8.3612  

 

Coefficients: 

                   Estimate Std. Error t value Pr(>|t|)    

(Intercept)        12.80107    8.87236   1.443  0.16200    

Age                ‐0.07824    0.10892  ‐0.718  0.47952    

NYHA                2.48060    1.18388   2.095  0.04687 *  

factor(Smoker)1     5.25379    4.01124   1.310  0.20267    

factor(Smoker)2     6.63865    2.24452   2.958  0.00686 ** 

factor(Smoker)3    11.95513    6.53750   1.829  0.07990 .  

factor(Procedure)1  1.27842    4.08488   0.313  0.75701    

factor(Procedure)3 ‐4.89662    4.04219  ‐1.211  0.23754    

Vessles             1.36080    1.49457   0.911  0.37161    

FHx                 1.50492    1.29029   1.166  0.25494    

HBP                ‐6.32912    2.42609  ‐2.609  0.01540 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.486 on 24 degrees of freedom 

Multiple R‐squared: 0.5589,     Adjusted R‐squared: 0.3751  

F‐statistic: 3.041 on 10 and 24 DF,  p‐value: 0.01241  

 

> boxcox(Tubule ~ Age + CAD + RCA+ valve+ NYHA + Smoker + Procedure + Scale + FHx + DM 

+ HBP )  

> summary(lm(bcTubule ~ Age + CAD + RCA+ valve+ NYHA + Smoker  + Vessles + FHx + DM + 

HBP )) 

 

Call: 
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lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoker + Vessles + FHx + DM + 

HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.3755 ‐3.0921  0.7108  2.3456  8.5739  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)     

(Intercept) 13.58316    6.70273   2.027 0.053963 .   

Age         ‐0.13543    0.08116  ‐1.669 0.108151     

CAD          9.12462    4.49318   2.031 0.053498 .   

RCA          8.93381    3.35061   2.666 0.013508 *   

valve        7.23546    3.61590   2.001 0.056824 .   

NYHA         2.13055    1.14435   1.862 0.074921 .   

Smoker       2.65346    1.01547   2.613 0.015248 *   

Vessles     ‐1.75883    1.74387  ‐1.009 0.323237     

FHx          1.40803    1.27699   1.103 0.281129     

DM          ‐2.30651    2.36580  ‐0.975 0.339315     

HBP         ‐8.19186    2.14800  ‐3.814 0.000843 *** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.789 on 24 degrees of freedom 

Multiple R‐squared: 0.6639,     Adjusted R‐squared: 0.5239  

F‐statistic: 4.741 on 10 and 24 DF,  p‐value: 0.000862  

 

> summary(lm(bcTubule ~ Age + CAD + RCA+ valve+ NYHA + Smoker  + FHx + DM + HBP )) 
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Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoker +  

    FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.6281 ‐2.7171  0.6845  2.3824  8.1569  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 11.84703    6.48016   1.828  0.07948 .  

Age         ‐0.12288    0.08022  ‐1.532  0.13815    

CAD          6.41037    3.59933   1.781  0.08707 .  

RCA          6.66047    2.47998   2.686  0.01267 *  

valve        6.77055    3.58764   1.887  0.07080 .  

NYHA         2.41423    1.10963   2.176  0.03924 *  

Smoker       2.81040    1.00382   2.800  0.00972 ** 

FHx          1.73956    1.23439   1.409  0.17108    

DM          ‐2.50493    2.35842  ‐1.062  0.29833    

HBP         ‐7.94897    2.13519  ‐3.723  0.00101 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.791 on 25 degrees of freedom 

Multiple R‐squared: 0.6497,     Adjusted R‐squared: 0.5236  

F‐statistic: 5.151 on 9 and 25 DF,  p‐value: 0.0005422  
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> summary(lm(bcTubule ~ Age + RCA+ valve+ NYHA + Smoker  + FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + RCA + valve + NYHA + Smoker + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.7766 ‐3.1247  0.7983  2.5406 10.0145  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 16.20313    6.24645   2.594  0.01538 *  

Age         ‐0.12590    0.08349  ‐1.508  0.14362    

RCA          8.12710    2.43501   3.338  0.00256 ** 

valve        2.09137    2.54303   0.822  0.41833    

NYHA         2.25420    1.15125   1.958  0.06104 .  

Smoker       2.93113    1.04252   2.812  0.00925 ** 

FHx          1.46752    1.27503   1.151  0.26022    

DM          ‐1.82329    2.42241  ‐0.753  0.45840    

HBP         ‐6.83438    2.12498  ‐3.216  0.00346 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.987 on 26 degrees of freedom 

Multiple R‐squared: 0.6052,     Adjusted R‐squared: 0.4838  

F‐statistic: 4.983 on 8 and 26 DF,  p‐value: 0.0008093  
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> summary(lm(bcTubule ~ Age + Vessles + valve+ NYHA + Smoker  + FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + Vessles + valve + NYHA + Smoker + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.0863 ‐2.3118 ‐0.0568  3.3835  9.5735  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 11.64970    7.28454   1.599  0.12185    

Age         ‐0.10496    0.09129  ‐1.150  0.26069    

Vessles      2.61058    1.12891   2.312  0.02893 *  

valve        1.86389    3.07457   0.606  0.54962    

NYHA         2.94885    1.25539   2.349  0.02670 *  

Smoker       3.17076    1.13366   2.797  0.00958 ** 

FHx          2.14559    1.41565   1.516  0.14168    

DM          ‐1.90527    2.67288  ‐0.713  0.48231    

HBP         ‐5.73183    2.25177  ‐2.545  0.01719 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.428 on 26 degrees of freedom 

Multiple R‐squared: 0.5323,     Adjusted R‐squared: 0.3884  

F‐statistic: 3.699 on 8 and 26 DF,  p‐value: 0.005245  
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> summary(lm(bcTubule ~ Age + Vessles + NYHA + Smoker  + FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + Vessles + NYHA + Smoker + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.4388 ‐2.6673 ‐0.1258  3.3152  8.7098  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 12.26702    7.12803   1.721  0.09670 .  

Age         ‐0.09914    0.08971  ‐1.105  0.27885    

Vessles      2.12646    0.78853   2.697  0.01191 *  

NYHA         2.89267    1.23722   2.338  0.02704 *  

Smoker       3.27927    1.10625   2.964  0.00627 ** 

FHx          2.07413    1.39411   1.488  0.14840    

DM          ‐1.68451    2.61676  ‐0.644  0.52518    

HBP         ‐5.42802    2.16943  ‐2.502  0.01871 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.364 on 27 degrees of freedom 

Multiple R‐squared: 0.5257,     Adjusted R‐squared: 0.4027  

F‐statistic: 4.275 on 7 and 27 DF,  p‐value: 0.002707  
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> summary(lm(bcTubule ~ Age + RCA+ valve+ NYHA + Smoker  + FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + RCA + valve + NYHA + Smoker + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.7766 ‐3.1247  0.7983  2.5406 10.0145  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 16.20313    6.24645   2.594  0.01538 *  

Age         ‐0.12590    0.08349  ‐1.508  0.14362    

RCA          8.12710    2.43501   3.338  0.00256 ** 

valve        2.09137    2.54303   0.822  0.41833    

NYHA         2.25420    1.15125   1.958  0.06104 .  

Smoker       2.93113    1.04252   2.812  0.00925 ** 

FHx          1.46752    1.27503   1.151  0.26022    

DM          ‐1.82329    2.42241  ‐0.753  0.45840    

HBP         ‐6.83438    2.12498  ‐3.216  0.00346 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.987 on 26 degrees of freedom 

Multiple R‐squared: 0.6052,     Adjusted R‐squared: 0.4838  

F‐statistic: 4.983 on 8 and 26 DF,  p‐value: 0.0008093  
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> summary(lm(bcTubule ~ Age + CAD+ RCA+ valve+ NYHA + Smoker  + FHx + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoker + FHx + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.2101 ‐2.6683  0.2781  2.6091  8.9134  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 12.63182    6.45373   1.957  0.06113 .  

Age         ‐0.12253    0.08042  ‐1.524  0.13967    

CAD          5.78997    3.56036   1.626  0.11596    

RCA          6.39013    2.47295   2.584  0.01574 *  

valve        6.13389    3.54591   1.730  0.09551 .  

NYHA         2.00799    1.04419   1.923  0.06550 .  

Smoker       3.19031    0.94024   3.393  0.00222 ** 

FHx          1.17825    1.11828   1.054  0.30175    

HBP         ‐7.85783    2.13872  ‐3.674  0.00109 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.802 on 26 degrees of freedom 

Multiple R‐squared: 0.6339,     Adjusted R‐squared: 0.5212  

F‐statistic: 5.627 on 8 and 26 DF,  p‐value: 0.0003435  
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> summary(lm(bcTubule ~ Age + CAD+ RCA+ valve+ NYHA + factor(Smoker)  + FHx + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + factor(Smoker) + FHx + HBP) 

 

Residuals: 

   Min     1Q Median     3Q    Max  

‐6.957 ‐2.459  0.000  2.429  9.314  

 

Coefficients: 

                Estimate Std. Error t value Pr(>|t|)    

(Intercept)     11.10231    7.79808   1.424  0.16740    

Age             ‐0.09930    0.09695  ‐1.024  0.31592    

CAD              5.92947    3.68968   1.607  0.12112    

RCA              6.45068    2.56546   2.514  0.01903 *  

valve            6.07308    3.68884   1.646  0.11273    

NYHA             1.95301    1.08442   1.801  0.08429 .  

factor(Smoker)1  4.03901    3.53650   1.142  0.26468    

factor(Smoker)2  6.24191    1.99951   3.122  0.00464 ** 

factor(Smoker)3 12.33146    5.90258   2.089  0.04747 *  

FHx              1.08756    1.16819   0.931  0.36113    

HBP             ‐7.89985    2.29483  ‐3.442  0.00212 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.965 on 24 degrees of freedom 

Multiple R‐squared: 0.6388,     Adjusted R‐squared: 0.4883  
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F‐statistic: 4.245 on 10 and 24 DF,  p‐value: 0.001787  

 

> summary(lm(bcTubule ~ Age + CAD+ RCA+ valve+ NYHA + factor(Smoker)  + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + factor(Smoker) + HBP) 

 

Residuals: 

   Min     1Q Median     3Q    Max  

‐7.578 ‐2.721  0.000  2.956  9.607  

 

Coefficients: 

                Estimate Std. Error t value Pr(>|t|)    

(Intercept)     11.05243    7.77708   1.421  0.16763    

Age             ‐0.08685    0.09577  ‐0.907  0.37312    

CAD              5.75782    3.67524   1.567  0.12977    

RCA              6.69657    2.54502   2.631  0.01436 *  

valve            6.18105    3.67718   1.681  0.10523    

NYHA             1.93062    1.08126   1.786  0.08631 .  

factor(Smoker)1  4.29542    3.51635   1.222  0.23327    

factor(Smoker)2  6.09089    1.98760   3.064  0.00517 ** 

factor(Smoker)3 12.64733    5.87709   2.152  0.04125 *  

HBP             ‐7.81647    2.28696  ‐3.418  0.00217 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.951 on 25 degrees of freedom 
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Multiple R‐squared: 0.6258,     Adjusted R‐squared: 0.4911  

F‐statistic: 4.645 on 9 and 25 DF,  p‐value: 0.001102  

 

> sm <‐ class.ind(Smoker) 

> summary(lm(bcTubule ~ Age + CAD+ RCA+ valve+ NYHA + sm  + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + sm + HBP) 

 

Residuals: 

   Min     1Q Median     3Q    Max  

‐7.578 ‐2.721  0.000  2.956  9.607  

 

Coefficients: (1 not defined because of singularities) 

             Estimate Std. Error t value Pr(>|t|)    

(Intercept)  23.69976    8.44660   2.806  0.00958 ** 

Age          ‐0.08685    0.09577  ‐0.907  0.37312    

CAD           5.75782    3.67524   1.567  0.12977    

RCA           6.69657    2.54502   2.631  0.01436 *  

valve         6.18105    3.67718   1.681  0.10523    

NYHA          1.93062    1.08126   1.786  0.08631 .  

sm0         ‐12.64733    5.87709  ‐2.152  0.04125 *  

sm1          ‐8.35191    6.18059  ‐1.351  0.18870    

sm2          ‐6.55644    5.55370  ‐1.181  0.24889    

sm3                NA         NA      NA       NA    

HBP          ‐7.81647    2.28696  ‐3.418  0.00217 ** 

‐‐‐ 
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Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.951 on 25 degrees of freedom 

Multiple R‐squared: 0.6258,     Adjusted R‐squared: 0.4911  

F‐statistic: 4.645 on 9 and 25 DF,  p‐value: 0.001102  

 

>  

> Smoke <‐ sm[,2] + sm[,3] + sm[,4] 

> summary(lm(bcTubule ~ Age + CAD+ RCA+ valve+ NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.4629 ‐3.0362  0.8594  3.1103  8.6279  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.66031    6.88429   1.548  0.13315    

Age         ‐0.09358    0.08418  ‐1.112  0.27606    

CAD          5.67243    3.65203   1.553  0.13201    

RCA          6.41606    2.52780   2.538  0.01722 *  

valve        6.90953    3.61937   1.909  0.06694 .  

NYHA         2.10832    1.06957   1.971  0.05903 .  

Smoke        5.88414    1.94953   3.018  0.00549 ** 

HBP         ‐7.02926    2.18323  ‐3.220  0.00333 ** 
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‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.936 on 27 degrees of freedom 

Multiple R‐squared: 0.5984,     Adjusted R‐squared: 0.4943  

F‐statistic: 5.747 on 7 and 27 DF,  p‐value: 0.0003802  

 

> hf <‐ class.ind(NYHA) 

> summary(lm(bcTubule ~ Age + CAD+ RCA+ valve+ hf + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + hf + Smoke +  

    HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.7398 ‐2.9964  0.3604  3.6562  8.8204  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)   

(Intercept) 18.89252    7.67199   2.463   0.0210 * 

Age         ‐0.09425    0.08709  ‐1.082   0.2895   

CAD          5.44962    3.80428   1.432   0.1644   

RCA          6.63592    2.66053   2.494   0.0196 * 

valve        6.65432    3.78808   1.757   0.0912 . 

hf1         ‐5.35528    4.61826  ‐1.160   0.2572   

hf2         ‐4.49327    4.04128  ‐1.112   0.2768   
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hf3         ‐1.46109    4.18110  ‐0.349   0.7297   

hf4               NA         NA      NA       NA   

Smoke        5.57924    2.12802   2.622   0.0147 * 

HBP         ‐6.58186    2.43545  ‐2.703   0.0122 * 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.105 on 25 degrees of freedom 

Multiple R‐squared: 0.6022,     Adjusted R‐squared: 0.459  

F‐statistic: 4.206 on 9 and 25 DF,  p‐value: 0.002102  

 

> summary(lm(bcTubule ~  CAD+ RCA+ valve+ NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ CAD + RCA + valve + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.7603 ‐2.8837  0.1875  3.1108  8.6407  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    4.184      3.683   1.136  0.26566    

CAD            5.783      3.666   1.577  0.12592    

RCA            6.351      2.538   2.503  0.01844 *  

valve          6.422      3.608   1.780  0.08593 .  

NYHA           2.211      1.070   2.066  0.04821 *  
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Smoke          6.449      1.890   3.412  0.00198 ** 

HBP           ‐7.500      2.151  ‐3.487  0.00163 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.956 on 28 degrees of freedom 

Multiple R‐squared:  0.58,      Adjusted R‐squared:  0.49  

F‐statistic: 6.445 on 6 and 28 DF,  p‐value: 0.0002362  

 

> summary(lm(bcTubule ~  CAD+ RCA+ valve+ NYHA + Smoke + HBP + FHx)) 

 

Call: 

lm(formula = bcTubule ~ CAD + RCA + valve + NYHA + Smoke + HBP + FHx) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.9890 ‐3.0437  0.4445  2.8392  8.7004  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)   3.3954     3.8138   0.890  0.38117    

CAD           5.9835     3.6911   1.621  0.11663    

RCA           6.1186     2.5644   2.386  0.02431 *  

valve         6.3164     3.6273   1.741  0.09300 .  

NYHA          2.2317     1.0755   2.075  0.04764 *  

Smoke         6.5795     1.9053   3.453  0.00184 ** 

HBP          ‐7.5715     2.1627  ‐3.501  0.00163 ** 
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FHx           0.9884     1.1550   0.856  0.39964    

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.98 on 27 degrees of freedom 

Multiple R‐squared: 0.5911,     Adjusted R‐squared: 0.4851  

F‐statistic: 5.576 on 7 and 27 DF,  p‐value: 0.0004717  

 

> summary(lm(bcTubule ~  RCA+ valve+ NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ RCA + valve + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐10.040  ‐3.151   0.225   3.618  10.442  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    7.756      2.978   2.604  0.01437 *  

RCA            7.755      2.437   3.183  0.00347 ** 

valve          2.208      2.486   0.888  0.38187    

NYHA           2.172      1.097   1.980  0.05722 .  

Smoke          6.491      1.938   3.350  0.00226 ** 

HBP           ‐6.505      2.108  ‐3.085  0.00444 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  
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Residual standard error: 5.082 on 29 degrees of freedom 

Multiple R‐squared: 0.5427,     Adjusted R‐squared: 0.4638  

F‐statistic: 6.883 on 5 and 29 DF,  p‐value: 0.000241  

 

> op <‐ class.ind(Procedure) 

> summary(lm(bcTubule ~  RCA+ op + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ RCA + op + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.7603 ‐2.8837  0.1875  3.1108  8.6407  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    4.184      3.683   1.136  0.26566    

RCA            6.351      2.538   2.503  0.01844 *  

op0            6.422      3.608   1.780  0.08593 .  

op1            5.783      3.666   1.577  0.12592    

op3               NA         NA      NA       NA    

NYHA           2.211      1.070   2.066  0.04821 *  

Smoke          6.449      1.890   3.412  0.00198 ** 

HBP           ‐7.500      2.151  ‐3.487  0.00163 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  
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Residual standard error: 4.956 on 28 degrees of freedom 

Multiple R‐squared:  0.58,      Adjusted R‐squared:  0.49  

F‐statistic: 6.445 on 6 and 28 DF,  p‐value: 0.0002362  

 

> summary(lm(bcTubule ~  LAD+ op + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ LAD + op + NYHA + Smoke + HBP) 

 

Residuals: 

     Min       1Q   Median       3Q      Max  

‐10.3014  ‐2.6396  ‐0.0891   3.8435   8.2305  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    4.253      4.127   1.031  0.31159    

LAD           ‐3.958      4.373  ‐0.905  0.37319    

op0            5.446      3.908   1.393  0.17446    

op1           12.890      5.698   2.262  0.03164 *  

op3               NA         NA      NA       NA    

NYHA           2.259      1.224   1.846  0.07552 .  

Smoke          6.199      2.082   2.978  0.00593 ** 

HBP           ‐6.079      2.247  ‐2.706  0.01147 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  
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Residual standard error: 5.404 on 28 degrees of freedom 

Multiple R‐squared: 0.5007,     Adjusted R‐squared: 0.3937  

F‐statistic: 4.679 on 6 and 28 DF,  p‐value: 0.002056  

 

> summary(lm(bcTubule ~  Vessles + op + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Vessles + op + NYHA + Smoke + HBP) 

 

Residuals: 

     Min       1Q   Median       3Q      Max  

‐10.6138  ‐2.5054  ‐0.2768   3.7481   7.7871  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    2.995      4.006   0.748  0.46086    

Vessles        1.380      1.429   0.965  0.34271    

op0            5.184      3.887   1.334  0.19306    

op1            5.889      4.935   1.193  0.24280    

op3               NA         NA      NA       NA    

NYHA           2.690      1.151   2.336  0.02690 *  

Smoke          6.795      2.085   3.259  0.00293 ** 

HBP           ‐6.003      2.234  ‐2.687  0.01200 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.394 on 28 degrees of freedom 
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Multiple R‐squared: 0.5026,     Adjusted R‐squared: 0.396  

F‐statistic: 4.716 on 6 and 28 DF,  p‐value: 0.001960  

 

> summary(lm(bcTubule ~  Age + op + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + op + NYHA + Smoke + HBP) 

 

Residuals: 

     Min       1Q   Median       3Q      Max  

‐10.6377  ‐3.0566   0.2117   4.6128   7.8308  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)  9.45366    7.50570   1.260  0.21824    

Age         ‐0.08862    0.09197  ‐0.964  0.34348    

op0          5.59609    3.91488   1.429  0.16394    

op1          8.92840    3.73689   2.389  0.02386 *  

op3               NA         NA      NA       NA    

NYHA         2.53982    1.15405   2.201  0.03616 *  

Smoke        5.93112    2.13050   2.784  0.00952 ** 

HBP         ‐5.40062    2.28062  ‐2.368  0.02502 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.394 on 28 degrees of freedom 

Multiple R‐squared: 0.5026,     Adjusted R‐squared: 0.396  
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F‐statistic: 4.715 on 6 and 28 DF,  p‐value: 0.001963  

 

> summary(lm(bcTubule ~  Age + op + RCA + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + op + RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.4629 ‐3.0362  0.8594  3.1103  8.6279  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.66031    6.88429   1.548  0.13315    

Age         ‐0.09358    0.08418  ‐1.112  0.27606    

op0          6.90953    3.61937   1.909  0.06694 .  

op1          5.67243    3.65203   1.553  0.13201    

op3               NA         NA      NA       NA    

RCA          6.41606    2.52780   2.538  0.01722 *  

NYHA         2.10832    1.06957   1.971  0.05903 .  

Smoke        5.88414    1.94953   3.018  0.00549 ** 

HBP         ‐7.02926    2.18323  ‐3.220  0.00333 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.936 on 27 degrees of freedom 

Multiple R‐squared: 0.5984,     Adjusted R‐squared: 0.4943  
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F‐statistic: 5.747 on 7 and 27 DF,  p‐value: 0.0003802  

 

> summary(lm(bcTubule ~  Age + RCA + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.1714 ‐3.1907  0.4193  3.8069  9.4663  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 13.70823    6.60295   2.076  0.04686 *  

Age         ‐0.07739    0.08470  ‐0.914  0.36836    

RCA          6.11477    1.89813   3.221  0.00314 ** 

NYHA         2.19944    1.09348   2.011  0.05366 .  

Smoke        6.22871    1.98388   3.140  0.00387 ** 

HBP         ‐5.43671    2.07768  ‐2.617  0.01395 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.078 on 29 degrees of freedom 

Multiple R‐squared: 0.5434,     Adjusted R‐squared: 0.4647  

F‐statistic: 6.902 on 5 and 29 DF,  p‐value: 0.0002360  

 

> summary(lm(bcTubule ~  RCA + NYHA + Smoke + HBP )) 
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Call: 

lm(formula = bcTubule ~ RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.3877 ‐3.5895 ‐0.1578  3.4415  9.7211  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    8.294      2.906   2.854  0.00775 ** 

RCA            6.377      1.871   3.408  0.00188 ** 

NYHA           2.264      1.088   2.080  0.04612 *  

Smoke          6.660      1.921   3.466  0.00161 ** 

HBP           ‐5.932      2.000  ‐2.966  0.00587 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.064 on 30 degrees of freedom 

Multiple R‐squared: 0.5302,     Adjusted R‐squared: 0.4676  

F‐statistic: 8.466 on 4 and 30 DF,  p‐value: 0.0001072  

 

> summary(lm(bcTubule ~  RCA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ RCA + Smoke + HBP) 
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Residuals: 

   Min     1Q Median     3Q    Max  

‐8.081 ‐3.256  1.624  2.915 10.540  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)     

(Intercept)   12.479      2.207   5.655 3.28e‐06 *** 

RCA            6.883      1.952   3.526 0.001338 **  

Smoke          7.288      1.997   3.650 0.000956 *** 

HBP           ‐5.481      2.092  ‐2.619 0.013515 *   

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.329 on 31 degrees of freedom 

Multiple R‐squared: 0.4625,     Adjusted R‐squared: 0.4104  

F‐statistic:  8.89 on 3 and 31 DF,  p‐value: 0.0002120  

 

> summary(lm(bcTubule ~  LAD+ LCX+ RCA + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ LAD + LCX + RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.2817 ‐3.7579  0.0229  3.6472  9.9771  

 

Coefficients: 
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            Estimate Std. Error t value Pr(>|t|)    

(Intercept)   8.3582     3.3913   2.465  0.02012 *  

LAD           0.5954     2.8487   0.209  0.83595    

LCX          ‐0.9659     2.9463  ‐0.328  0.74547    

RCA           6.6474     2.5230   2.635  0.01357 *  

NYHA          2.2890     1.1610   1.972  0.05861 .  

Smoke         6.5430     2.0349   3.215  0.00328 ** 

HBP          ‐6.0603     2.1054  ‐2.879  0.00757 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.232 on 28 degrees of freedom 

Multiple R‐squared: 0.532,      Adjusted R‐squared: 0.4318  

F‐statistic: 5.306 on 6 and 28 DF,  p‐value: 0.0009218  

 

> summary(lm(bcTubule ~  valve+ LAD+ LCX+ RCA + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ valve + LAD + LCX + RCA + NYHA + Smoke + HBP) 

 

Residuals: 

     Min       1Q   Median       3Q      Max  

‐10.0110  ‐3.2650  ‐0.1134   3.4148  10.2713  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    6.079      3.880   1.567  0.12883    
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valve          3.834      3.243   1.182  0.24735    

LAD            3.033      3.500   0.866  0.39386    

LCX           ‐1.639      2.980  ‐0.550  0.58687    

RCA            8.014      2.759   2.905  0.00725 ** 

NYHA           2.399      1.157   2.075  0.04769 *  

Smoke          6.393      2.025   3.158  0.00389 ** 

HBP           ‐7.068      2.257  ‐3.131  0.00416 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.195 on 27 degrees of freedom 

Multiple R‐squared: 0.5551,     Adjusted R‐squared: 0.4397  

F‐statistic: 4.812 on 7 and 27 DF,  p‐value: 0.001284  

 

> summary(lm(bcTubule ~  valve+ CAD + RCA + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ valve + CAD + RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.7603 ‐2.8837  0.1875  3.1108  8.6407  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    4.184      3.683   1.136  0.26566    

valve          6.422      3.608   1.780  0.08593 .  
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CAD            5.783      3.666   1.577  0.12592    

RCA            6.351      2.538   2.503  0.01844 *  

NYHA           2.211      1.070   2.066  0.04821 *  

Smoke          6.449      1.890   3.412  0.00198 ** 

HBP           ‐7.500      2.151  ‐3.487  0.00163 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.956 on 28 degrees of freedom 

Multiple R‐squared:  0.58,      Adjusted R‐squared:  0.49  

F‐statistic: 6.445 on 6 and 28 DF,  p‐value: 0.0002362  

 

> summary(lm(bcTubule ~  valve + RCA + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ valve + RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐10.040  ‐3.151   0.225   3.618  10.442  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    7.756      2.978   2.604  0.01437 *  

valve          2.208      2.486   0.888  0.38187    

RCA            7.755      2.437   3.183  0.00347 ** 

NYHA           2.172      1.097   1.980  0.05722 .  
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Smoke          6.491      1.938   3.350  0.00226 ** 

HBP           ‐6.505      2.108  ‐3.085  0.00444 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.082 on 29 degrees of freedom 

Multiple R‐squared: 0.5427,     Adjusted R‐squared: 0.4638  

F‐statistic: 6.883 on 5 and 29 DF,  p‐value: 0.000241  

 

> summary(lm(bcTubule ~  Age+ RCA + NYHA + Smoke + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.1714 ‐3.1907  0.4193  3.8069  9.4663  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 13.70823    6.60295   2.076  0.04686 *  

Age         ‐0.07739    0.08470  ‐0.914  0.36836    

RCA          6.11477    1.89813   3.221  0.00314 ** 

NYHA         2.19944    1.09348   2.011  0.05366 .  

Smoke        6.22871    1.98388   3.140  0.00387 ** 

HBP         ‐5.43671    2.07768  ‐2.617  0.01395 *  

‐‐‐ 
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Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.078 on 29 degrees of freedom 

Multiple R‐squared: 0.5434,     Adjusted R‐squared: 0.4647  

F‐statistic: 6.902 on 5 and 29 DF,  p‐value: 0.0002360  

 

> summary(lm(bcTubule ~ Age + CAD + RCA+ valve+ NYHA + Smoke + Procedure + Vessles + 

FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoke + Procedure + Vessles + 

FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.9666 ‐3.3369 ‐0.2339  2.8365  8.1075  

 

Coefficients: (1 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.82288    7.21198   1.501  0.14648    

Age         ‐0.11303    0.08522  ‐1.326  0.19723    

CAD          8.74516    4.61988   1.893  0.07049 .  

RCA          8.28196    3.46929   2.387  0.02520 *  

valve        7.87877    3.64948   2.159  0.04108 *  

NYHA         2.43046    1.15087   2.112  0.04530 *  

Smoke        4.89528    2.06523   2.370  0.02615 *  

Procedure         NA         NA      NA       NA    

Vessles     ‐1.32331    1.82201  ‐0.726  0.47469    
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FHx          1.61675    1.30183   1.242  0.22627    

DM          ‐3.22704    2.32444  ‐1.388  0.17780    

HBP         ‐7.53834    2.18796  ‐3.445  0.00211 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.886 on 24 degrees of freedom 

Multiple R‐squared: 0.6502,     Adjusted R‐squared: 0.5044  

F‐statistic: 4.461 on 10 and 24 DF,  p‐value: 0.001295  

 

> summary(lm(bcTubule ~ Age + CAD + RCA+ valve+ NYHA + Smoke + op+ Vessles + FHx + 

DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoke +op + Vessles + FHx + DM 

+ HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.9666 ‐3.3369 ‐0.2339  2.8365  8.1075  

 

Coefficients: (3 not defined because of singularities) 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.82288    7.21198   1.501  0.14648    

Age         ‐0.11303    0.08522  ‐1.326  0.19723    

CAD          8.74516    4.61988   1.893  0.07049 .  

RCA          8.28196    3.46929   2.387  0.02520 *  

valve        7.87877    3.64948   2.159  0.04108 *  
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NYHA         2.43046    1.15087   2.112  0.04530 *  

Smoke        4.89528    2.06523   2.370  0.02615 *  

op0               NA         NA      NA       NA    

op1               NA         NA      NA       NA    

op3               NA         NA      NA       NA    

Vessles     ‐1.32331    1.82201  ‐0.726  0.47469    

FHx          1.61675    1.30183   1.242  0.22627    

DM          ‐3.22704    2.32444  ‐1.388  0.17780    

HBP         ‐7.53834    2.18796  ‐3.445  0.00211 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.886 on 24 degrees of freedom 

Multiple R‐squared: 0.6502,     Adjusted R‐squared: 0.5044  

F‐statistic: 4.461 on 10 and 24 DF,  p‐value: 0.001295  

 

> summary(lm(bcTubule ~ Age + CAD +LAD+ LCX+ RCA+ valve+ NYHA + Smoke + Vessles + 

FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + LAD + LCX + RCA + valve + NYHA + Smoke + Vessles + 

FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.9662 ‐3.3359 ‐0.2364  2.8410  8.1110  

 

Coefficients: (1 not defined because of singularities) 
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            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.81887    7.45305   1.452  0.16012    

Age         ‐0.11302    0.08717  ‐1.297  0.20765    

CAD          8.73358    5.73176   1.524  0.14121    

LAD         ‐1.30699    4.94555  ‐0.264  0.79392    

LCX         ‐1.33124    2.90278  ‐0.459  0.65082    

RCA          6.96240    2.84734   2.445  0.02255 *  

valve        7.87906    3.72885   2.113  0.04566 *  

NYHA         2.43176    1.23155   1.975  0.06044 .  

Smoke        4.89505    2.11063   2.319  0.02962 *  

Vessles           NA         NA      NA       NA    

FHx          1.61760    1.35113   1.197  0.24342    

DM          ‐3.22767    2.38101  ‐1.356  0.18839    

HBP         ‐7.53942    2.25555  ‐3.343  0.00282 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.991 on 23 degrees of freedom 

Multiple R‐squared: 0.6502,     Adjusted R‐squared: 0.4829  

F‐statistic: 3.886 on 11 and 23 DF,  p‐value: 0.002923  

 

> summary(lm(bcTubule ~ Age + CAD +LAD+ LCX+ RCA+ valve+ NYHA + Smoke  + FHx + DM + 

HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + CAD + LAD + LCX + RCA + valve + NYHA + Smoke + FHx + DM + 

HBP) 

 



- 277 - 
 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.9662 ‐3.3359 ‐0.2364  2.8410  8.1110  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.81887    7.45305   1.452  0.16012    

Age         ‐0.11302    0.08717  ‐1.297  0.20765    

CAD          8.73358    5.73176   1.524  0.14121    

LAD         ‐1.30699    4.94555  ‐0.264  0.79392    

LCX         ‐1.33124    2.90278  ‐0.459  0.65082    

RCA          6.96240    2.84734   2.445  0.02255 *  

valve        7.87906    3.72885   2.113  0.04566 *  

NYHA         2.43176    1.23155   1.975  0.06044 .  

Smoke        4.89505    2.11063   2.319  0.02962 *  

FHx          1.61760    1.35113   1.197  0.24342    

DM          ‐3.22767    2.38101  ‐1.356  0.18839    

HBP         ‐7.53942    2.25555  ‐3.343  0.00282 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.991 on 23 degrees of freedom 

Multiple R‐squared: 0.6502,     Adjusted R‐squared: 0.4829  

F‐statistic: 3.886 on 11 and 23 DF,  p‐value: 0.002923  

 

> summary(lm(bcTubule ~ Age + CAD +RCA+ valve+ NYHA + Smoke  + FHx + DM + HBP )) 
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Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoke + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.1658 ‐3.2745  0.3377  2.7472  7.9075  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)  9.21768    6.79979   1.356  0.18735    

Age         ‐0.10086    0.08277  ‐1.219  0.23436    

CAD          6.70271    3.63056   1.846  0.07674 .  

RCA          6.55833    2.50655   2.616  0.01486 *  

valve        7.51861    3.58130   2.099  0.04604 *  

NYHA         2.63545    1.10513   2.385  0.02499 *  

Smoke        5.28905    1.97387   2.680  0.01285 *  

FHx          1.86582    1.24392   1.500  0.14615    

DM          ‐3.36396    2.29479  ‐1.466  0.15514    

HBP         ‐7.32713    2.14796  ‐3.411  0.00220 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.839 on 25 degrees of freedom 

Multiple R‐squared: 0.6425,     Adjusted R‐squared: 0.5138  

F‐statistic: 4.992 on 9 and 25 DF,  p‐value: 0.000675  

 

> summary(lm(bcTubule ~ Age + RCA+ NYHA + Smoke  + FHx + DM + HBP )) 
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Call: 

lm(formula = bcTubule ~ Age + RCA + NYHA + Smoke + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.1420 ‐3.3520  0.2898  3.2950  9.8473  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 13.08257    6.60376   1.981  0.05785 .  

Age         ‐0.08605    0.08494  ‐1.013  0.32003    

RCA          6.47623    1.93202   3.352  0.00238 ** 

NYHA         2.60306    1.14894   2.266  0.03171 *  

Smoke        5.76892    2.04057   2.827  0.00874 ** 

FHx          1.69815    1.28899   1.317  0.19877    

DM          ‐2.64111    2.37369  ‐1.113  0.27566    

HBP         ‐5.56554    2.07545  ‐2.682  0.01234 *  

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.068 on 27 degrees of freedom 

Multiple R‐squared: 0.5766,     Adjusted R‐squared: 0.4668  

F‐statistic: 5.252 on 7 and 27 DF,  p‐value: 0.0007152  

 

> summary(lm(bcTubule ~ Age + CAD +RCA+ valve+ NYHA + Smoke  + DM + HBP )) 
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Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoke +  DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐7.7913 ‐3.5619  0.2315  2.9726  8.1768  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.28760    6.92290   1.486  0.14930    

Age         ‐0.09194    0.08451  ‐1.088  0.28665    

CAD          6.04694    3.68975   1.639  0.11329    

RCA          6.73961    2.56310   2.629  0.01417 *  

valve        7.33546    3.66424   2.002  0.05583 .  

NYHA         2.38951    1.11886   2.136  0.04229 *  

Smoke        5.44424    2.01797   2.698  0.01209 *  

DM          ‐1.89762    2.12546  ‐0.893  0.38015    

HBP         ‐7.15013    2.19566  ‐3.256  0.00313 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.954 on 26 degrees of freedom 

Multiple R‐squared: 0.6103,     Adjusted R‐squared: 0.4904  

F‐statistic:  5.09 on 8 and 26 DF,  p‐value: 0.0006985  

 

> summary(lm(bcTubule ~ Age + CAD +RCA+ valve+ NYHA + Smoke  + HBP )) 
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Call: 

lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoke +   HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.4629 ‐3.0362  0.8594  3.1103  8.6279  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 10.66031    6.88429   1.548  0.13315    

Age         ‐0.09358    0.08418  ‐1.112  0.27606    

CAD          5.67243    3.65203   1.553  0.13201    

RCA          6.41606    2.52780   2.538  0.01722 *  

valve        6.90953    3.61937   1.909  0.06694 .  

NYHA         2.10832    1.06957   1.971  0.05903 .  

Smoke        5.88414    1.94953   3.018  0.00549 ** 

HBP         ‐7.02926    2.18323  ‐3.220  0.00333 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.936 on 27 degrees of freedom 

Multiple R‐squared: 0.5984,     Adjusted R‐squared: 0.4943  

F‐statistic: 5.747 on 7 and 27 DF,  p‐value: 0.0003802  

 

> summary(lm(bcTubule ~ Age + CAD +RCA+ valve + Smoke  + FHx + DM + HBP )) 

 

Call: 
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lm(formula = bcTubule ~ Age + CAD + RCA + valve + Smoke + FHx + DM + HBP) 

 

Residuals: 

   Min     1Q Median     3Q    Max  

‐8.819 ‐2.330 ‐0.506  2.235  9.338  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 15.15763    6.87384   2.205   0.0365 *  

Age         ‐0.11602    0.08965  ‐1.294   0.2070    

CAD          6.07356    3.93382   1.544   0.1347    

RCA          7.25758    2.70442   2.684   0.0125 *  

valve        7.61833    3.89046   1.958   0.0610 .  

Smoke        6.15820    2.10754   2.922   0.0071 ** 

FHx          1.42571    1.33644   1.067   0.2959    

DM          ‐1.63979    2.36609  ‐0.693   0.4944    

HBP         ‐6.74985    2.31868  ‐2.911   0.0073 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.258 on 26 degrees of freedom 

Multiple R‐squared: 0.5612,     Adjusted R‐squared: 0.4262  

F‐statistic: 4.156 on 8 and 26 DF,  p‐value: 0.002626  

 

> summary(lm(bcTubule ~ Age + CAD +RCA+ valve+ NYHA + Smoke  + FHx + DM + HBP )) 

 

Call: 
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lm(formula = bcTubule ~ Age + CAD + RCA + valve + NYHA + Smoke + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.1658 ‐3.2745  0.3377  2.7472  7.9075  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)  9.21768    6.79979   1.356  0.18735    

Age         ‐0.10086    0.08277  ‐1.219  0.23436    

CAD          6.70271    3.63056   1.846  0.07674 .  

RCA          6.55833    2.50655   2.616  0.01486 *  

valve        7.51861    3.58130   2.099  0.04604 *  

NYHA         2.63545    1.10513   2.385  0.02499 *  

Smoke        5.28905    1.97387   2.680  0.01285 *  

FHx          1.86582    1.24392   1.500  0.14615    

DM          ‐3.36396    2.29479  ‐1.466  0.15514    

HBP         ‐7.32713    2.14796  ‐3.411  0.00220 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 4.839 on 25 degrees of freedom 

Multiple R‐squared: 0.6425,     Adjusted R‐squared: 0.5138  

F‐statistic: 4.992 on 9 and 25 DF,  p‐value: 0.000675  

 

> cor(cbind(valve,CAD,RCA)) 

           valve        CAD        RCA 
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valve  1.0000000 ‐0.8227534 ‐0.5803810 

CAD   ‐0.8227534  1.0000000  0.7054131 

RCA   ‐0.5803810  0.7054131  1.0000000 

> summary(lm(bcTubule ~ Age + RCA+ valve+ NYHA + Smoke  + FHx + DM + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + RCA + valve + NYHA + Smoke + FHx + DM + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.4020 ‐2.5492 ‐0.4082  2.8838 10.5593  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)  13.7696     6.6240   2.079  0.04765 *  

Age          ‐0.1040     0.0865  ‐1.202  0.24002    

RCA           8.0967     2.4711   3.277  0.00298 ** 

valve         2.6678     2.5437   1.049  0.30394    

NYHA          2.4872     1.1521   2.159  0.04028 *  

Smoke         5.4345     2.0616   2.636  0.01396 *  

FHx           1.5893     1.2908   1.231  0.22926    

DM           ‐2.7140     2.3703  ‐1.145  0.26264    

HBP          ‐6.1315     2.1408  ‐2.864  0.00816 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.059 on 26 degrees of freedom 
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Multiple R‐squared: 0.5938,     Adjusted R‐squared: 0.4688  

F‐statistic:  4.75 on 8 and 26 DF,  p‐value: 0.001116  

 

> cor(cbind( Age, CAD ,RCA, valve, NYHA , Smoke, FHx , DM , HBP )) 

              Age         CAD         RCA       valve         NYHA 

Age    1.00000000 ‐0.13699542 ‐0.05094403  0.21504032 ‐0.078255415 

CAD   ‐0.13699542  1.00000000  0.70541311 ‐0.82275335  0.051941499 

RCA   ‐0.05094403  0.70541311  1.00000000 ‐0.58038100  0.171293003 

valve  0.21504032 ‐0.82275335 ‐0.58038100  1.00000000  0.011111111 

NYHA  ‐0.07825542  0.05194150  0.17129300  0.01111111  1.000000000 

Smoke ‐0.23837803 ‐0.09349470 ‐0.05441072  0.12000000  0.144444444 

FHx    0.12168322 ‐0.05711098  0.04431552  0.07330167 ‐0.006787191 

DM     0.05289695  0.18167991  0.24745670 ‐0.08268982  0.275632744 

HBP    0.21039636  0.24383151  0.37416840  0.01946247  0.162187280 

            Smoke          FHx          DM         HBP 

Age   ‐0.23837803  0.121683223  0.05289695  0.21039636 

CAD   ‐0.09349470 ‐0.057110977  0.18167991  0.24383151 

RCA   ‐0.05441072  0.044315515  0.24745670  0.37416840 

valve  0.12000000  0.073301667 ‐0.08268982  0.01946247 

NYHA   0.14444444 ‐0.006787191  0.27563274  0.16218728 

Smoke  1.00000000 ‐0.073301667 ‐0.20672456 ‐0.01946247 

FHx   ‐0.07330167  1.000000000  0.40408679  0.07133159 

DM    ‐0.20672456  0.404086789  1.00000000  0.11667777 

HBP   ‐0.01946247  0.071331588  0.11667777  1.00000000 

> out <‐lm(bcTubule ~ Age + CAD +RCA+ valve+ NYHA + Smoke  + FHx + DM + HBP ) 

> res <‐ studres(out) 

> qqnorm(res) 
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> fit <‐ fitted(out) 

> plot(fit,res) 

> ypred <‐ (fit/5 + 1)^5 

> plot(ypred,Tubule,ylim = c(0,14000),xlim = c(0,14000),main = "Plot of tubule length against 

model values", ylab = "Tubule length", xlab = "Fitted values") 

> plot(fit,bcTubule,ylim = c(0,30),xlim = c(0,30),main = "Plot of Box‐Cox transformed tubule 

length against fitted model values") 

> summary(lm(bcTubule ~ Age + RCA+ valve+ NYHA + Smoke  + FHx  + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + RCA + valve + NYHA + Smoke + FHx +  HBP) 

 

Residuals: 

   Min     1Q Median     3Q    Max  

‐8.002 ‐2.586 ‐0.254  2.866 10.924  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 14.12638    6.65472   2.123  0.04309 *  

Age         ‐0.10259    0.08698  ‐1.179  0.24852    

RCA          7.61629    2.44918   3.110  0.00438 ** 

valve        2.58233    2.55724   1.010  0.32155    

NYHA         2.08039    1.10228   1.887  0.06991 .  

Smoke        6.00058    2.01295   2.981  0.00602 ** 

FHx          0.97527    1.18088   0.826  0.41611    

HBP         ‐6.04603    2.15174  ‐2.810  0.00911 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  
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Residual standard error: 5.088 on 27 degrees of freedom 

Multiple R‐squared: 0.5733,     Adjusted R‐squared: 0.4627  

F‐statistic: 5.182 on 7 and 27 DF,  p‐value: 0.0007843  

 

> summary(lm(bcTubule ~ Age + RCA+ valve+ NYHA + Smoke  + HBP )) 

 

Call: 

lm(formula = bcTubule ~ Age + RCA + valve + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐8.6880 ‐3.0546  0.6014  3.4341 10.3148  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept) 14.40855    6.60810   2.180  0.03779 *  

Age         ‐0.09714    0.08624  ‐1.126  0.26955    

RCA          7.79517    2.42569   3.214  0.00329 ** 

valve        2.79746    2.52946   1.106  0.27816    

NYHA         2.06681    1.09588   1.886  0.06971 .  

Smoke        5.90338    1.99806   2.955  0.00628 ** 

HBP         ‐6.03586    2.13946  ‐2.821  0.00870 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.059 on 28 degrees of freedom 
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Multiple R‐squared: 0.5625,     Adjusted R‐squared: 0.4688  

F‐statistic:     6 on 6 and 28 DF,  p‐value: 0.0003962  

 

> summary(lm(bcTubule ~ + RCA+ valve+ NYHA + Smoke  + HBP )) 

 

Call: 

lm(formula = bcTubule ~ +RCA + valve + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐10.040  ‐3.151   0.225   3.618  10.442  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    7.756      2.978   2.604  0.01437 *  

RCA            7.755      2.437   3.183  0.00347 ** 

valve          2.208      2.486   0.888  0.38187    

NYHA           2.172      1.097   1.980  0.05722 .  

Smoke          6.491      1.938   3.350  0.00226 ** 

HBP           ‐6.505      2.108  ‐3.085  0.00444 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.082 on 29 degrees of freedom 

Multiple R‐squared: 0.5427,     Adjusted R‐squared: 0.4638  

F‐statistic: 6.883 on 5 and 29 DF,  p‐value: 0.000241  
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> summary(lm(bcTubule ~ + RCA + NYHA + Smoke  + HBP )) 

 

Call: 

lm(formula = bcTubule ~ +RCA + NYHA + Smoke + HBP) 

 

Residuals: 

    Min      1Q  Median      3Q     Max  

‐9.3877 ‐3.5895 ‐0.1578  3.4415  9.7211  

 

Coefficients: 

            Estimate Std. Error t value Pr(>|t|)    

(Intercept)    8.294      2.906   2.854  0.00775 ** 

RCA            6.377      1.871   3.408  0.00188 ** 

NYHA           2.264      1.088   2.080  0.04612 *  

Smoke          6.660      1.921   3.466  0.00161 ** 

HBP           ‐5.932      2.000  ‐2.966  0.00587 ** 

‐‐‐ 

Signif. codes:  0 ¡®***¡ˉ 0.001 ¡®**¡ˉ 0.01 ¡®*¡ˉ 0.05 ¡®.¡ˉ 0.1 ¡® ¡ˉ 1  

 

Residual standard error: 5.064 on 30 degrees of freedom 

Multiple R‐squared: 0.5302,     Adjusted R‐squared: 0.4676  

F‐statistic: 8.466 on 4 and 30 DF,  p‐value: 0.0001072  
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ABSTRACT
The term ‘therapeutic angiogenesis’ originated almost
two decades ago, following evidence that factors that
promote blood vessel formation could be delivered to
ischaemic tissues and restore blood flow. Following
this proof-of-principle, safety and efficacy of the best-
studied angiogenic factors (eg, vascular endothelial
growth factor) were demonstrated in early clinical
studies. Promising results led to the development of
larger controlled trials that, unfortunately, have failed to
satisfy the initial expectations of therapeutic
angiogenesis for ischaemic heart disease. As the quest
to delay the progression to heart failure secondary to
ischaemic heart disease continues, alternative therapies
have emerged as potential novel treatments to improve
myocardial reperfusion and long-term heart function.
The disappointing results of the clinical studies using
angiogenic factors were followed by mixed results from
the cell therapy trials. This review reflects the current
angiogenic strategies for the ischaemic heart, their
limitations and discusses future perspectives in the
light of recent scientific and clinical evidence. It is
proposed that combination therapies may be a new
direction to advance therapeutic repair and
regeneration of blood vessels in the ischaemic heart.

INTRODUCTION
An inadequate supply of blood to the myo-
cardium characterises ischaemic heart
disease (IHD), resulting in an imbalance
between myocardial oxygen supply and
demand. The major causes of IHD are ath-
erosclerosis, thrombosis or embolus in the
coronary arteries that lead to low perfusion
in the region supplied by the culprit vessel.
Coronary artery disease (CAD) remains the
primary cause of mortality worldwide.1 In
addition to CAD, pathologies such as aortic
stenosis and hypertrophic cardiomyopathy
can also result in ischaemic damage to the
myocardium.2 3 During the past decade,
treatment for IHD has advanced into an
inspiring new era. Improved regimes of
medical therapy, which combine statins, anti-
platelets agents, ACE inhibitors, β-blockers,
and so on, offer the optimal treatment and

prevention for CAD. Furthermore, percutan-
eous coronary intervention (PCI) and coron-
ary artery bypass grafting (CABG) restore
blood flow in the ischaemic territory and
provide substantial gains for patients surviv-
ing ischaemic episodes. Revascularisation
decreases the subsequent effect of acute
haemodynamic instability and chronic
unfavourable left ventricular (LV) remodel-
ling, and it has contributed to a remarkable
decrease in mortality.1 4–6 However, even
treatments meeting today’s highest standard
of medical care are unable to halt the pro-
gression of IHD to chronic heart failure
(HF), adding to its rising incidence.7

Therapeutic angiogenesis to promote myo-
cardial perfusion and improve LV function
has been the focus of extensive preclinical
and clinical studies. Here, we review the
main trials aimed at targeting blood vessel
repair and regeneration in the ischaemic
heart, and discuss the limitations of the
current therapies.

REVASCULARISATION IN HEART REPAIR
Following revascularisation (eg, PCI or
CABG), up to 90% of the patients suffering
from occluded coronary artery would achieve
almost immediate patency. Hence, the 5-year
cardiac event-free survival expectancy of
patients with CAD receiving primary revascu-
larisation has increased considerably from
∼30% to >85%.8 However, it is estimated that
a quarter to one-third of the patients would
experience inadequate myocardial reperfu-
sion and would face higher risks of develop-
ing ventricular remodelling and early death.8

In the last decade, no better treatment
option has become available for the patients
who are either not suitable for revascularisa-
tion or have not achieved a complete revas-
cularisation. Importantly, even in patients
who successfully undergo primary standard
CABG, restenosis of the vein grafts is com-
monly seen after several years, followed by a
decreased survival and recurrence of
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symptoms. They generally require secondary revasculari-
sation, regardless of the normal patency of the grafted
conduit. These patients, therefore, continue to experi-
ence residual myocardial ischaemia (MI) despite
optimal therapy, and are in need of an alternative or
supplementary revascularisation strategy to bring further
attenuation or halt the advance of myocardial
damage.9 10 As it is important to achieve appropriate
myocardial collateral blood flow and microvascular per-
fusion, repair and/or regeneration of blood vessels has
emerged as a therapeutic approach for IHD.
Blood vessel formation is characterised by (1) the

sprouting of new blood vessels from the existing ones
(angiogenesis) and endothelial cells are responsible for
the capillary growth, migration and organisation of the
vessel lumen, (2) the increase in the size of the lumen of
pre-existing arterioles by remodelling and growth (arter-
iogenesis), a proccess that is controlled by perivascular
mural cells or (3) de novo vessel formation involving the
migration, differentiation and incorporation of endothe-
lial progenitors, normally from the bone marrow, into the
damaged vessels (vasculogenesis;11 figure 1). During
adulthood, the quiescent vasculature is maintained in a
paracrine fashion by angiopoietin-1 (Ang1) expressed by
stromal and perivascular cells. Ang1 binds to its receptor
Tie2 on the endothelial cells where angiopoietin 2
(Ang2) is stored (figure 1A). Neovascularisation is
induced by ischaemia, cytokines and shear stress of blood
flow, which causes the autocirne release of Ang2 compet-
ing with Ang1 to bind its receptor (Tie2). Such activation
enables the endothelial cells to respond to exogenous
growth factors (figure 1B). During angiogenesis, cytokine
receptors on the surface of endothelial cells are activated
by exogenous vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), insulin growth factor
(IGF) and transforming growth factor (TGF), inducing
signalling pathways that modulate cell survival, prolifer-
ation and migration as well as vascular permeability.
Activated endothelial cells produce platelet-derived
growth factor (PDGF), which induces proliferation of the
stromal cells via the Erk1/2 signalling pathway and
further release of angiogenic factors (figure 1C). In add-
ition to producing angiogenic growth factors, perivascu-
lar stromal cells are responsible for the extracellular
matrix (ECM) remodelling. These cells produce metallo-
porteinases (MMPs), plasminogen activator (PA) and col-
lagenases to cleave ECM components and to facilitate the
migration of endothelial cells. This process is balanced by
the secretion of protease inhibitors such as tissue inhibi-
tor of metalloproteinases (TIMP) and PA inhibitor by
stromal cells. Vessel maturation is controlled by the peri-
vascular stromal cells (figure 1C), allowing the enlarge-
ment of vessel lumen. The increment in blood flow
restores the paracrine effect of Ang1-Tie2 signalling fol-
lowed by the maintenance of vascular quiescence (figure
1D). Recruitment of bone marrow progenitor cells to the
ischaemic tissue, or vasculogenesis, is also observed, and
it is another mechanism of neovascularisation in

response to ischaemia (figure 1E). Therapeutic angio-
genesis aims at restoring the microcirculation in the
ischaemic myocardium by delivering proangiogenic
factors. The first promising results in humans were
reported in severely symptomatic patients with critical
limb ischaemia where VEGF was administered directly
into the skeletal muscle, increasing the formation of col-
lateral vessels.12 This followed experimental proof of the
concept in rabbits with induced unilateral limb ischaemia
which received intra-arterial infusion of an acidic fibro-
blastic growth factor (aFGF or FGF1) encoding vector.13

Soon after, clinical trials were also extended to patients
with advanced symptomatic CAD14 and those not eligible
for standard revascularisation strategies.15 In the first
instance, patients with three vessel disease received
human recombinant FGF1 (hrFGF1). Formation of capil-
laries could be observed in all patients around the site of
injection.14 In the second trial, plasmid DNA expressing
VEGF165 directly injected into the myocardium was
demonstrated to be safe and led to reduced symptoms
and improved myocardial perfusion in some patients.15

By contrast, antiangiogenic cancer therapies have
resulted in cardiac toxicity. Drugs such as bevacizumab
(a specific VEGF-blocking antibody), sorafenib and suni-
tinib (both tyrosine kinase inhibitors) have been used
against tumour angiogenesis.16 Although with different
molecular targets and different specificity, the use of
these approved drugs has been associated with cardiovas-
cular side effects such as decrease in left ventricular ejec-
tion fraction (LVEF), increased incidence of HF,
hypertension and MI.17 18

ANGIOGENIC FACTORS FOR IHD
A number of proangiogenic factors are expressed in the
ischaemic myocardium.19 20 However, the VEGF and
FGF families are the best-studied growth factors in angio-
genesis following MI and the only ones that have been
tested in the clinical setting (see table 1).

The VEGF family
The VEGF family of angiogenic cytokines includes
VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental
growth factor (PlGF) in humans. They have high affinity
for their receptors, namely VEGFR1 and VEGFR2, on
endothelial cells which results in the activation of signal-
ling cascades and the production of nitric oxide (NO)
by these cells.21 22 Two different isoforms of VEGF-A
have been tested in clinical trials of VEGF-A165 (contain-
ing 165 amino acids) and VEGF-A121 (a shorter form of
VEGF-A consisting of 121 amino acids). The role of
VEGF-B and PlGF in angiogenesis still remains contro-
versial and their clinical efficacy has not been assessed
yet.23 VEGF-A production is significantly upregulated by
ischaemia in pigs and rats,24 25 suggesting that VEGF-A
is a likely mediator of ischaemia-induced myocardial
neovascularisation. Preclinical studies showed that
administration of an adenoviral vector expressing VEGF
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(AdVEGF) improved capillary density and LV function
in a rodent model of acute MI (AMI).26 In a large
animal model of chronic MI, the injection of
AdVEGF121 into segments of stunned myocardium
increased collateral vessel flow and improved cardiac
function.27 In addition to these experimental studies,
early clinical trials with promising results led to the
development of randomised controlled trials (RCTs)
where recombinant protein and plasmid DNA or

adenoviral vectors expressing the angiogenic factors
were used for treatment (table 1).
In the phase II VIVA trial, patients with stable CAD

and no revascularisation option received an intracoron-
ary infusion followed by intravenous injection of placebo
or two different doses of recombinant human VEGF
(rhVEGF-A165) protein.28 There were no significant dif-
ferences in exercise tolerance, quality of life (QoL) or
myocardial perfusion at 60 days between the treated and

Figure 1 Process and mechanisms of blood vessel formation. (A) Vascular quiescence is maintained by the Ang1-Tie2

signalling pathway. Ang1 is expressed in perivascular SC and binds to the Tie2 receptor on EC in a paracrine fashion to stabilise

the vasculature. EC in turn store Ang2. (B) Vascular activation is induced by multiple factors, such as hypoxia, VEGF and shear

stress of blood flow on the vascular wall, and Ang2 is released from EC and competes with Ang1 to bind the Tie2 receptor. The

autocrine antagonising effect of Ang2 on Ang1-Tie2 signalling activates the ECs by enabling them to react to growth factors,

such as VEGF and FGF. EC that lack Ang2 production are likely to fail to respond to exogenous growth factors. (C) Angiogenesis

is a crucial mechanism and process for neovascularisation where vascular sprouting and elongation take place. The

angiogenesis process relies on the EC-SC interaction and it is fine-tuned through growth factor signalling pathways and

remodelling of the ECM. Activated EC express cytokine receptors which respond to exogenous VEGF, FGF, IGF and TGF-α
signalling to promote cell survival, cell migration, cell proliferation and vascular permeability. Simultaneously, activated EC

produce PDGF which binds to PDGFR-β on SC to promote their proliferation via the Erk1/2 signalling pathway. SC play a critical

role in ECM remodelling during angiogenesis besides the secretion of angiogenic growth factors. Proteinases such as MMP, PA

and collagenase are released from the SC to cleave ECM proteins to facilitate cell migration and vascular elongation. The

process can be interrupted by TIMPs and PAIs, which target and antagonise MMP and PA. (D) Vascular maturation is seen as

the neovasculature start sustaining a regular blood flow. The tissue reperfusion enables the overexpression of Ang1, and the

restored Ang1-Tie2 signalling in turn suppresses Ang2 production and encourages Ang2 storage, stabilising the vascular cells

while increasing the vascular diameter. (E) Vasculogenesis is another mechanism of neovascularisation. The mobilised

progenitor cells from bone marrow penetrate the ischaemic tissue and incorporate with the newly formed local vascular network.

Ang1, angiopoietin1; Ang2, angiopoietin 2; EC, endothelial cells; ECM, extracellular matrix; FGF, fibroblast growth factor;

IGF, insulin growth factor; MMP, metalloproteinase; PA, plasminogen activator; PAI, plasminogen activator inhibitor;

PDGF, platelet-derived growth factor; PDGFR-β, platelet-derived growth factor receptor β;SC, stromal cells; TGF-α, transforming

growth factor-α TIMP, tissue inhibitor of metalloproteinase; VEGF, vascular endothelial growth factor.
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Table 1 Randomised controlled trials with proangiogenic factors

Family Therapeutic factor Trial name Phase Administration

Patients with

ICM cohort

Number of

participants Main effect

VEGF VEGF-A165 VIVA28 II IC and intravenous CCS II–III 178 High-dose improved CCS class. Trend in

exercise time and angina frequency but

not myocardial perfusion

AdVEGF165 or

plasmid/liposome

VEGF165

KAT33 34 II IC CCS II–III for

PCI

103 Improved myocardial perfusion at

6 months

AdVEGF121 REVASC31 II IM minithx CCS II–IV 67 Improved time to 1 mm ST-segment

depression on ECG at 26 weeks but not

myocardial perfusion

AdVEGF121 NOVA32 I/II IM PC CCS II–IV 17/129(premature

termination)

Negative effect. Premature termination

VEGF165 plasmid EUROINJECT-ONE29 II/III IM PC CCS III–IV 74 Negative. No difference in myocardial

perfusion

VEGF165 plasmid NORTHERN30 II/III IM PC CCS III–IV 120 Negative. No difference in myocardial

perfusion

FGF rFGF-2 Laham et al36 I/II Epicardial implantation

in ungraftable area

CCS III–IV for

CABG

24 Improvement in angina symptoms and

myocardial perfusion at 3 years with high

dose

rFGF-2 FIRST37 II IC CCS III–IV 337 Trend towards 3 month improvement in

angina. No effect on exercise time or

myocardial perfusion

Ad5-FGF4 AGENT38 I/II IC CCS II–III 79 Improved exercise time

Ad5-FGF4 AGENT-239 II IC CCS II–IV 52 Improved myocardial perfusion

Ad5-FGF4 AGENT-340 III IC CCS II–IV 416 Negative with a low dose

Ad5-FGF4 AGENT-440 III IC CCS II–IV 116 Improved exercise time and tolerance

with high dose, only in women

CABG, coronary artery bypass grafting; CCS, Canadian Cardiovascular Society angina class (I–IV); IC, intracoronary; ICM, ischaemic cardiomyopathy; IM, intramyocardial; minithx, mini-invasive
thoracotomy; PC, percutaneous; PCI, percutaneous coronary intervention.
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placebo groups. At 120 days, a high dose of rhVEGF-A165

improved the angina class only and, hence, the trial was
terminated prematurely. In the EUROINJECT-ONE29

and NORTHERN30 trials, patients with severe stable
IHD and no other treatment option received a percutan-
eous intramyocardial injection of plasmid DNA expres-
sing VEGF165 (phVEGF-A165). Neither of these trials
found significant improvement in myocardial perfusion
in the treated groups compared with the placebo groups
despite some improvement in wall motion and LV func-
tion in the EUROINJECT-ONE trial.29 30 Moreover, the
REVASC study enrolled patients with intractable angina
and no option of revascularisation to receive either
AdVEGF-A121 or maximal medical therapy. Interestingly,
there were significant improvements in exercise toler-
ance and QoL in the AdVEGF-A121-treated patients com-
pared with controls.31 However, the placebo effect
cannot be ruled out in this trial as patients in the
control arm did not have a thoracotomy or receive
placebo. The NOVA double-blinded, placebo-controlled,
multicentre study investigated the safety of intramyocar-
dial injection and the efficacy of BIOBYPASS
(AdGVVEGF121.10NH) gene therapy in patients with
refractory advanced CAD.32 Injection of AdGVVEGF121
did not improve exercise capacity or myocardial perfu-
sion in a 52-week follow-up, and this study was also ter-
minated prematurely. Finally, the 8-year follow-up of the
Kuopio angiogenesis trial (KAT) showed that VEGF-A165

expressed transiently in either an adenoviral vector or a
plasmid was safe, did not increase the risk of mortality
and it was well tolerated.33 34 Nonetheless, no significant
improvements were observed in the treated patients
compared with the control patients. In the AdVEGF-A165

group, myocardial perfusion improved compared with
the plasmid VEGF-A165 group at 6 months.34

The FGF family
The FGF family comprises up to 22 ligands and four tyro-
sine kinase receptors, adding to the complexity of this
system. Several of its members have been reported to
promote angiogenesis in preclinical studies (for review,
please see35). The best studied members of the family are
FGF-1 and FGF-2, and together with them, FGF-4 has been
tested in clinical trials to improve angiogenesis post-MI.
The safety and feasibility of recombinant FGF-2 (rhFGF-2)
in therapeutic angiogenesis have been evaluated in
patients with chronic MI during CABG36 and in the FIRST
trial in participants with stable angina pectoris secondary
to CAD.37 While the phase I trial by Laham et al36 deliv-
ered a single intracoronary injection of rhFGF-2 and
showed signs of therapeutic efficacy, the larger phase II
FIRST trial37 that recruited 337 patients did not reveal any
significant improvement in exercise tolerance or ischae-
mic areas in treated patients. Only a significant improve-
ment in angina class and angina frequency was observed
in the more affected patients.37 The phase I KAT301 study
is an ongoing trial designed to evaluate the safety and effi-
cacy of intramyocardial injection of AdVEGF-D in patients

with chronic ischaemia and no option of revasvularisation
(http://clinicaltrials.gov/show/NCT01002430).
Like VEGF, FGF gene transfer was based on the use of

adenoviral vectors as gene transfer vehicle. In the
Angiogenic GENe Therapy (AGENT) double-blind RCT,
the administration of five increasing doses of Ad5-FGF4
in patients with stable angina pectoris showed a trend
towards clinical improvement in exercise tolerance.
A single intracoronary administration of Ad5-FGF4 was
safe and well tolerated with no immediate adverse
events.38 The efficacy of Ad5-FGF4 therapy was further
examined in the AGENT 2, AGENT 3 and AGENT 4
studies. The AGENT 2 study showed an encouraging
trend for improved myocardial perfusion in treated
patients compared with the placebo group,39 whereas
the results of the AGENT 3 and AGENT 4 trials showed
no significant differences between treatment and
placebo in angina symptoms, angina class or exercise tol-
erance. However, when stratified by gender, the data
indicated that in women, the placebo effect was small
and the treatment had a significant effect.40

THE REPARATIVE AND REGENERATIVE FUNCTION OF
STEM CELL THERAPIES
Stem cell therapies have not been purely directed at
stimulating blood vessel growth in the ischaemic heart
but rather to repair and regenerate all cardiac tissues in
their capacity of multipotent cells. The first evidence
that stem/progenitor cells have the potential to be used
as treatment for IHD was reported by Orlic et al in 2001.
In this study, haematopoietic stem cells (HSC) mobilised
into circulation and injected into infarcted myocardium
of mice were able to improve heart function and regen-
erate heart tissue.41 Since then a number of cell therap-
ies have been tested in clinical trials. Here, we review
trials that have administered cell therapies with the aim
to improve a long-term heart function and myocardial
perfusion.

Bone marrow mononuclear cells
Unselected bone marrow mononuclear cells (BMNC)
are clearly the most investigated cell-based therapy for
IHD in clinical studies, with the longest follow-up lasting
up to 5 years.42 43 An attractive novel treatment for acute
and chronic MI, BMNC are relatively easy to harvest,
easy to process in a short time-frame using standardised
techniques (eg, density gradient centrifugation and cell
sorting) that usually yield large quantities of cells, ready
to be administered to the patients in a matter of hours if
required. This makes them extremely amenable to treat
patients with AMI. In this patient cohort, BMNC have a
beneficial but moderate effect on heart function.42 43

Not surprisingly, following the expectations raised by the
early-phase small clinical studies, several RCTs have gen-
erated mixed results (table 2).
The largest trial, the REPAIR-AMI, recruited patients

post-AMI and showed an improvement of global LVEF in

Zhang H, van Olden C, Sweeney D, et al. Open Heart 2014;1:e000016. doi:10.1136/openhrt-2013-000016 5

Review

 group.bmj.com on February 10, 2014 - Published by openheart.bmj.comDownloaded from 

http://clinicaltrials.gov/show/NCT01002430
http://openheart.bmj.com/
http://openheart.bmj.com/
http://group.bmj.com/
http://group.bmj.com/


t-
Table 2 Major cell-based therapy randomised controlled trials

Origin

Cell

type Trial name Phase Administration

Patient

cohort

Number of

participants Main effect

BM MNC REPAIR-AMI44 II IC AMI + PCI 204 Improved LVEF, decreased mortality

ASTAMI46 II IC AMI + PCI 97 Negative

BELGIUM47 II IC AMI + PCI 67 Reduced scar size but no difference in myocardial perfusion

BOOST48 II IC AMI + PCI 60 Improved EF in short term with a single dose

TIME/Late TIME53 54 II IC AMI + PCI 120 Negative for LV function and infarct size

Cao et al105 I/II IC AMI + PCI 86 Safe, improved EF but similar myocardial perfusion to

placebo

FINCELL52 I/II IC AMI + PCI 80 Safe, improved EF

HEBE50 II IC AMI + PCI 200 Negative

BONAMI51 II IC AMI + PCI 101 Improved LV viability on SPECT imaging

Hu et al56 II IM ICM + CABG 60 Improved LV function and exercise tolerance

FOCUS-CCTRN57 II IM PC ICM no

option

92 Negative

Pokushalov et al58 II IM PC ICM no

option

109 Improved mortality, LV function, HF symptoms at 12-month

CELLWAVE59 I/II IC ICM no

option

103 Improved LVEF and contractility, delivery of cells following

shockwave

CD34+ Patel et al64 I/II IM ICM +CABG 20 Improved LV function

REGENT62 II IC AMI + PCI 200 Negative

Losordo et al66 II IM PC Angina no

option

167 Improved exercise time, reduced CP frequency

ALDH+ Perin et al63 I/II IM PC ICM no

option

20 Improved LVESV, potentially improved myocardial perfusion

and oxygen consumption

MSC Chen et al69 I/II IC AMI + PCI 69 Improved LV function and myocardial perfusion

Chen et al70 I/II IC ICM + PCI 45 Improved LV function, exercise time, symptoms and

myocardial perfusion

Prochymal

allogeneic71
I/II Intravenous AMI + PCI 53 Improved EF

POSEIDON72 I/II IM PC ICM no

option

30 Autologous cells improved exercise time, allogeneic cells

reduced LVESV

C-CURE I/II IM PC ICM no

option

47 Safe, improved LVEF, exercise tolerance, and performance

Fat MSC APOLLO75 I IC AMI + PCI 13 Improved perfusion and reduced scar size

PRECISE76 I IC ICM no

option

27 Safe. Improved oxygen consumption and reduced scar size.

Heart CDC CADUCEUS85 I IC Recent MI 25 Reduced scar size

c-kit SCIPIO84 I IC ICM no

option

16 Improved LV function and reduced scar size

ALDH, alcohol dehydrogenase; AMI, acute myocardial ischaemia; BM, bone marrow; CABG, coronary artery bypass graft; CDC, cardiosphere-derived cells; EF, ejection fraction; HF, heart
failure; IC,intracoronary; ICM, ischaemic cardiomyopathy; IM, intramyocardial; LV, left ventricular; LVESV, left ventricular end-systolic volume; MNC, mononuclear cells; MSC, mesenchymal stem
cells; PC, percutaneous; PCI, percutaneous coronary intervention.
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he treatment group compared with the control group
(ΔLVEF=2.9%), without significant changes of LV end-
diastolic volumes 4 months following cell transplantation.44

In addition, decreased mortality was observed in the treat-
ment group compared with the control group at 2 years of
follow-up.45 In contrast, in other landmark studies, BMNC
have not shown the alleged beneficial effect in the same
patient cohort. The ASTAMI trial did not show a significant
improvement in LV function or dimensions at 4–6 months
of follow-up,46 while the Belgium trial reported mixed
results where there was no improvement on LVEF despite
the significant reduction in infarct size,47 and the BOOST
trial showed a transient effect of BMNC on LVEF.48 49

Moreover, RCTs such as the HEBE,50 BONAMI,51

FINCELL52 and TIME53 54 show no significant effect on
heart function or contractility between treated and non-
treated patients (table 2). Recent systematic reviews and
meta-analysis, which also included smaller trials, have sug-
gested that BMNC improve LVEF by 3–5%.42 43 55 However,
there is no significant reduction on the risk of mortality in
patients treated with BMNC compared with controls.42 43

The BAMI trial is so far the largest ongoing international
multicentre RCT. It is designed to recruit 3000 patients to
define the effect of single dose of intracoronary administra-
tion of BMNC on patients with AMI after successful primary
revascularisation. The primary outcomes to be measured
are long-term all-cause mortality, cardiac death, major asso-
ciated cardiac events (MACE) and rehospitalisation
between the cell therapy group and the placebo group
(http://clinicaltrials.gov/show/NCT01569178).
Fewer data from RCTs are available in patients with

chronic MI and HF (table 2). Intracoronary delivery of
BMNC during CABG resulted in significant changes in
LVEF and exercise tolerance in favour of the treat-
ment.56 Patients with HF, receiving optimal medical
treatment and with no option of revascularisation, have
been treated in two other trials. Following the promising
results of the phase I trial, Perin et al treated patients
with HF with BMNC in a phase II trial. Surprisingly, no
significant improvement in left ventricular end-systolic
volume or maximal oxygen consumption was observed
in treated patients compared with controls.57 The phase
II FOCUS-CCTRN delivered BMNC by a percutaneous
intramyocardial injection in patients with congestive HF
with no option of revascularisation.57 At 6 months of
follow-up, no difference in LV systolic function, myocar-
dial perfusion or myocardial viability was observed
between treated and control patients. However, a modest
improvement in LVEF was apparent in patients aged
<62 years, although not in the treated group in its total-
ity. In another trial, intramyocardial delivery of BMNC
to patients with ischaemic HF improved HF symptoms,
and LV function and even improved survival of these
patients significantly.58 In Pokushalov’s study, patients
suffer from a more severe stage of ischaemic HF (NYHA
class III–IV) with lower rates of survival compared with
Perin’s study (NYHA class II–IV), which may be a

determinant of the decreased mortality observed in this
patient cohort.
Recently, results from the CELLWAVE trial have been

reported.59 The phase I/II trial evaluated the effect of
intracoronary infusion of BMNC in combination with
extracorporeal shock wave in patients with HF due to
ischaemic cardiomyopathy. The administration of BMNC
aided by shock wave showed a modest but significant
improvement in LVEF and regional wall thickening
4 months following treatment. In addition, the combin-
ation treatment seems to protect against major adverse
cardiac events (MACE).59

Notably, BMNC are a heterogeneous cell population
that contains haematopoietic stem and progenitor cells
(HSC/HPC) and endothelial progenitor cells (EPC;
around 2–4%), mesenchymal progenitor cells (MSC;
0.001–0.01% of the nucleated cells), committed progeni-
tor cells and their differentiated progeny.60 As a conse-
quence, it is difficult to ascertain which cell types in the
whole population are more potent or responsible for
the therapeutic effect. This has led to the development
of clinical trials which use selected cell populations such
as HSC or MSC as treatment for IHD.

Haematopoietic stem cells
Human HSC, identified by CD133, CD34 or aldehyde
dehydrogenase (ALDH) markers, have been tested in
clinical trials as treatment for IHD. CD133+ or CD34+
HSC can be enriched from mononuclear cells, either
from the bone marrow or mobilised peripheral blood,
by immunomagnetic cell separation procedures.61 62

ALDH is a cytosolic enzyme used to identify stem cell
populations. High ALDH activity has been found in the
CD34+ lineage- (Lin-) HSC compartment and identifies
primitive HSC. ALDH+ cells are isolated from the bone
marrow by cell sorting.63 Enriched CD133+ HSC were
first injected into the infarct border zone of patients
undergoing CABG.61 Promising results from this small
trial, with no adverse events and improved LV function
and myocardial perfusion, led to the development of
larger RCTs (table 2). Recently, the REGENT trial com-
pared CD34+ CXCR4+ HSC with unfractionated BMNC
or control in patients who suffered from AMI and
received PCI as primary intervention. However, no sig-
nificant improvement in LV function was observed
between trial arms.62 Patients undergoing off-pump
CABG and presenting LV dysfunction (LVEF <35%)
were treated with bone marrow CD34+ HSC in a small
RCT.64 The study showed a significant improvement in
LVEF in treated patients compared with controls. In add-
ition, CD34+ HSC have been tested in a phase I trial in
patient with refractory angina and no option of revascu-
larisation. In this study, the patients received GCS-F to
mobilise bone marrow cells into circulation and CD34+
cells were enriched from peripheral blood mononuclear
cells prior to injecting them into the myocardium using
electromechanical mapping. Unlike in AMI trials, the
primary outcome measured by this trial was change in
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angina frequency.65 Administration of CD34+ cells
resulted in a significant reduction of angina frequency
(the number of angina episodes per week). The results
were confirmed in a dose escalation phase II trial66 and
this has been followed by the first phase III clinical trial
with CD34+ cells as treatment for patients with refractory
angina which is currently ongoing.67 Recently, a newly
identified HSC population expressing the ALDH
enzyme has been tested in patients with chronic ischae-
mia and no option of revascularisation. Perin et al63 pro-
vided preliminary evidence that treatment with ALDH+
cells is safe and may improve perfusion in those patients.

Mesenchymal stem/stromal cells
MSC constitute another potential option for stem/pro-
genitor cell-based therapy. MSC express cell surface
markers such as CD90, CD105, CD44 and CD73, but not
the haematopoietic markers CD45, CD34, CD14, CD19
and HLA-DR, and due to their immunomodulatory
properties68 they have attracted much commercial inter-
est as they can be generated as an ‘off-the-shelf’ product
for allogeneic cell transplantation. They have been iden-
tified in tissues such as bone marrow and adipose tissue.
Autologous and allogeneic MSC transplantation is cur-
rently under investigation for IHD among other condi-
tions; however, clinical data are scarce (table 2).
The first RCT using autologous BM-derived MSC

treated patients who had suffered AMI and underwent
PCI. The MSC treatment proved to be safe and signifi-
cantly improved LV function.69 Autologous BM MSC
also improved exercise tolerance, NYHA class and LVEF
significantly in patients with severe ischaemic cardiomy-
opathy.70 A safety double-blinded phase I trial with intra-
venous administration of allogeneic BM MSC to treat
patients with AMI showed a significant improvement in
LVEF compared with controls.71 Following this the
authors compared autologous and allogeneic MSC in
patients with ischaemic cardiomyopathy.72 In the phase
I/II POSEIDON trial, three doses of MSC were injected
into patients. However, no control group was included in
this trial. Autologous, but not allogeneic MSC, improved
exercise capacity and QoL significantly. None of the
injected cells improved maximal oxygen consumption or
LVEF. In contrast, allogeneic MSC significantly reduced
LV end-systolic volume. In this early study, no immuno-
logical reaction to MSC therapy was observed.72 It would
be interesting to see the results of the ongoing MSC-HF
trial, a double blind, placebo-controlled trial administer-
ing BMSC to patients with chronic ischaemic HF.73

Recently, BMSC preconditioned by exposure to a cardio-
genic cocktail have been delivered by percutaneous
intramyocardial injection to patients with HF and no
option of revascularisation in the C-CURE phase I/II
trial.74 Compared with control patients, treated patients
showed a significant improvement in LV systolic function
and symptom relief, as well as a reduction in the rate of
rehospitalisation and event-free survival.

Recently, adipose tissue MSC have been tested in the
clinic in patients with IHD. The APOLLO and PRECISE
trials showed that freshly isolated adipose tissue-derived
MSC is a safe treatment in patients suffering from AMI
and chronic MI (table 2). MSC infusion resulted in a sig-
nificant improvement of perfusion defect and a 50%
reduction of scar size in patients with AMI but there was
no improvement in LV function after 6 months.75

Similarly, in patients with no option of revascularisation,
cell transplantation showed a moderate decreased in
scar size at 6 months and a significant increase of peak
oxygen consumption at 18 months, but no improvement
of LV function was reported.76

Cardiac stem/progenitor cells
The human heart has been considered a terminally differ-
entiated organ until recently, with no capability for self-
repair. However, an elegant study by Bergmann et al77

showed the first evidence of human cardiomyocyte
renewal during adult life time, suggesting that the heart
contains a population of stem/progenitor cells which may
be involved in the steady-state tissue repair that occurs
under normal and pathological conditions. These cardiac
stem/progenitor cells (CSC) are characterised by the
expression of c-kit,78 Sca-179 or Islet-180 cell surface
markers, the cardiac side population cells81 or the forma-
tion of clusters called ‘cardiospheres’.82 83

The first clinical trials using CSC as treatment for MI,
the CADUCEUS and SCIPIO trials, have now been com-
pleted and have demonstrated that autologous trans-
plantation of CSCs is safe.84 85 In the CADUCEUS trial,
patients who have suffered from a recent MI received an
intracoronary injection of cardiosphere-derived cells or
placebo. The results showed a significant improvement
in myocardial viability and a reduced scar size 4–
6 months following cell transplantation. Interestingly,
the reduction in infarct size was not accompanied by an
improvement in heart function and contractility.85 In
the SCIPIO trial, end-stage HF patients with LVEF <40%
who did not respond to bypass surgery received an intra-
coronary infusion of c-kit+ CSC. The results confirmed a
significant reduction in infarct size and increase in LVEF
in the treated group compared with the control group.85

LIMITATIONS OF THE CURRENT THERAPIES AND FUTURE
PERSPECTIVES
The promising results obtained in preclinical models
have not been replicated successfully in the clinic. The
angiogenic response to ischaemia might be impaired in
patients at multiple levels and influenced by a combin-
ation of cardiovascular risk factors and the hostile micro-
environment in the heart, which are absent in the
experimental models. In the ischaemic human heart,
there might be a decreased production of factors that
would be able to promote vessel sprouting and vessel
maturation. There might also be a decreased number of
cells with pro-angiogenic properties expressing receptors
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for those factors. Additionally, cells may have an
impaired ability to home to ischaemic tissues and
engraft, to promote vascular repair. Finally, if we believe
that inflammation is, to some extent, beneficial for
tissue repair and blood vessel formation, the current
medical therapies, which include anti-inflammatory
drugs, may have a detrimental effect on the process of
angiogenesis and collateral vessel growth.

Angiogenic therapies
The disappointing results of the pro-angiogenic factor
trials might be explained by inadequacies in the current
approaches as the main obstacle remains; an inability to
deliver an effective angiogenic stimulus to the ischaemic
human heart. Either recombinant protein with a relative
short half-life or a transient expression in a plasmid or a
viral vector that does not integrate into the host cell
genomes and exert low transfection and transduction
efficiencies in the target tissue and proangiogenic factor
monotherapies have all failed to fulfil the early promises
of therapeutic angiogenesis. Furthermore, an inad-
equate route of delivery and suboptimal doses may have
diminished the efficacy of the treatment.
Mechanistically, VEGF and FGF might not be the ideal
therapeutic candidates to be used, or at least not on
their own but in combination with arteriogenic factors.
In addition to its pro-angiogenic action, VEGF has a
major role in the maintenance of vascular integrity via
an endothelial-specific autocrine mechanism that pro-
motes cell survival86 (figure 2). In mice, endothelial-
specific deletion of VEGF results in vascular

degeneration that cannot be rescued by exogenous
VEGF.86 This may have major implications for patients
with CAD and specially those suffering from diabetes, as
it is a common cardiovascular risk factor characterised
by endothelial cell dysfunction.87 Angiogenic factor
monotherapies might not be able to salvage the ‘degen-
erating’ endothelium in patients with CAD. Moreover,
VEGF can also be artherogenic and hence detrimental
as increased microvessel density in the arterosclerotic
plaque is associated with disease progression.88 89

Recently, a great deal of heterogeneity between endothe-
lial cells from different sources has been revealed90 and
this may have to be taken into consideration when
designing future trials targeting angiogenesis in IHD. It
is also plaussible that the effect of exogenous VEGF on
its receptors is inhibited by endogenous antagonists
released from the ECM by MMPs (figure 3). One of
these antagonists is endorepellin, the C-terminal or
V domain of perlecan, released by Cathepsin-L
(figure 3A), which has an inhibitory effect on VEGF sig-
nalling.91 Endorepellin contains three laminin G
domains, named LG1, LG2 and LG3 (figure 3B). It is
known that the metalloproteinase bone morphogenetic
protein-1 cleaves the LG3 fragment of endorepellin92

causing an increased activity of the molecule by making
the two proteolytic products (LG1-LG2 and LG3) avail-
able to act separately. LG1-LG2 binds VEGF-R2 directly
competing with VEGF for its receptor, while LG3 binds
to α2β1 integrin, which also inhibits the VEGF-mediated
activation of VEGF-R293 94 (figure 3C). Indirectly, high
levels of these proteinases could have an antiangiogenic
effect.

Arteriogenic therapies
As arteriogenesis is also required to maintain functional
collateral growth, mural cells such as vascular smooth
muscle cells and pericytes may need to be targetted to
promote vessel maturation and stabilise collateral net-
works. Angiogenic cytokines are not the only factors pro-
duced during ischaemic episodes. Following MI, there is
an increase in the release of MMPs produced by neutro-
phil infiltration in the ischaemic heart. These MMPs
play a major role in the tissue remodelling that takes
place post-MI as they cleave components of the ECM
(figure 1). The degradation of the ECM is followed by
the deposition of a new basement membrane by the
mural cells. During this shift, MMP inhibitors, such as
TIMPs, compensate the action of MMPs by causing the
deposition of de novo-synthesised ECM components,
and the junctions between the endothelial cells are then
re-established. We hypothesise that an imbalance in
MMP and/or TIMP production may disrupt the process
of angiogenesis in the ischaemic heart. It has been
reported previously that plasma levels of MMP-9 correl-
ate with LV dysfunction following MI, while MMP-2
levels are inversely correlated to LV volumes.95

Additionally, the active form of MMP-9 and the MMP-9/

Figure 2 The role of vascular endothelial growth factor in

vascular homoeostasis. In the adult vasculature, VEGF

produced by endothelial cells acts by an autocrine/intracrine

mechanism (1) activating its receptor, VEGF-R2 and

activating signalling pathways involved in endothelial cell

survival (2). Moreover, VEGF produced by mural cells in the

perivascular niche or circulating in blood vessels have a

paracrine action (3) inducing the production of nitric oxide and

causing vasodilation and inhibition of proliferation of vascular

smooth muscle cells (4). BM, basal membrane; BV, blood

vessel; EC, endothelial cells; NO, nitric oxide; VEGF, vascular

endothelial growth factor; VEGF-R2, vascular endothelial

growth factor receptor 2.
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TIMP ratio is significantly higher in patients with stable
CAD than in healthy control individuals.96

Recently, mobilising agents such as granulocyte-
marcropahge colony stimulating factor and granulocyte
colony stimulating factor (G-CSF) have been used in three
controlled trials to promote arteriogenesis in patients with
CAD.97–99 It is proposed that G-CSF stimulate arteriogen-
esis by the release of monocytes and EPC.100 These prom-
ising results may have a great impact in the design of
future trials using combination therapies. G-CSF has been
administered previously together with cell therapies in
patients with refractory angina and no other treatment
option.65 66 However, in that setting, it is difficult to distin-
guish the effect of the cytokine from the effect of the cell

treatment, and the trials were not designed exclusively to
improve blood vessel formation.

Cell therapies
The divergent results of the cell-based therapy trials are
not surprising either. Although the definite reasons for
these mixed results remain largely elusive, differences in
cell-related and patient-related factors are most likely to
be the cause. Differences in study protocol and design,
including time from reperfusion to cell injection, route
of delivery, cell type, cell dose and cell isolation techni-
ques are all factors that could influence the treatment
outcome. In addition, the methods used for assessing out-
comes (eg, echocardiography, MRI, LV angiography, etc)

Figure 3 Inhibition of VEGF-R2-mediated signalling cascade by endogenous antagonists. (A) Perlecan, an extracellular matrix

component, is composed of several functional domains. The C-terminal domain, also named V domain or endorepellin, is

released from the full length protein by proteolytic processing by cathepsin-L. (B) Endorepellin contains three laminin G domains

(LG1, LG2 and LG3) separated by EGF domains. Metalloproteinases such as BMP-1 cleave endorepellin to release the LG3

domain from the LG1-LG2 fragment. (C) The LG1-LG2 fragment of endorepellin binds to VEGF-R2 inhibiting its downstream

phosphorylation. LG3 binds to the α2 domain of the α2β1 integrin which can also inhibit VEGF-R2 activation through SHP-1.

Inhibition of VEGF-R2 signalling enables PDGF-Rβ-mediated signalling. BMP-1, bone morphogenetic protein-1; EGF, endothelial

growth factor; PDGF-BB, platelet derived growth factor b; PDGF-Rβ, platelet-derived growth factor receptor β; SHIP-1, SH2
domain-containing inositol-5’-phosphatase 1; VEGF-A, vascular endothelial growth factor a; VEGF-R2, vascular endothelial

growth factor receptor 2. Adapted from Zoeller et al.94
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and the relevant primary outcomes should be carefully
selected as each of them have their own limitations.
Indeed, the majority of the trials measured LVEF as a
gold standard surrogate outcome for heart function.
However, a closer correlate for collateral growth would be
myocardial perfusion. Ten cell therapy trials measured
myocardial perfusion, but only five of them reported a
significant improvement,63 69 70 75 76 and surprisingly
four of these trials delivered MSC. Therefore, it is tempt-
ing to suggest that MSC might be potentially more proan-
giogenic and proarteriogenic than BMNC or
CD34-enriched and CD133-enriched HSC. The mechan-
ism of how cell therapies work is still not fully understood
but it is suggested to be paracrine, and therefore support-
ive. MSC produce key factors such as Ang2, HGF, IGF-1,
bFGF, SDF-1 and VEGF involved in both angiogenesis
and arteriogenesis. The secretion of Ang2 by MSC and
the binding to its receptor Tie2 on the EC would activate
a number of receptors on the EC surface ready to
respond to other angiogenic cytokines produced by MSC,
thus promoting neovascularisation (figure 1). In add-
ition, trials using cardiac progenitor cells have reported a
large treatment effect on scar size,84 an outcome that has
not been widely used as a surrogate of heart function or
blood vessel formation. In a head-to-head comparison
with bone marrow mesenchymal/stromal cells (BMSC),
adipose tissue MSC and BMNC, cardiac progenitors have
shown a greater therapeutic ability in a rodent model of
MI, as they produce large amounts of angiogenic cyto-
kines and possess greater myogenic and angiogenic dif-
ferentiation potentials.101 Compared with the angiogenic
monotherapies, cell therapies may be a more effective
treatment for IHD because they provide a ‘cocktail’ of
cytokines that would complement those endogenously
produced to promote blood vessel formation and matur-
ation, cell survival and/or activation of endogenous
tissue repair and regeneration. However, the current cell
therapies will still be facing the same challenges as angio-
genic monotherapies if (1) the number of cells and cell
function are affected by disease and cardiovascular risk
factors leading to reduced homing capacity, (2) exogen-
ous cytokines produced by the transplanted cells cannot
rescue endothelial dysfunction (see figure 2) or (3)
endogenous antagonists of angiogenic signalling path-
ways (figure 3) are still produced and not dampened
down by cell transplantation.
Are we closer to achieving efficacy of therapeutic

blood vessel regeneration and repair in IHD? Trials with
angiogenic monotherapies have largely shown no effect,
whereas arteriogenic factors have shown promising early
results and cell therapies have shown a moderate effect
on LVEF and scar size, myocardial viability and perfu-
sion in acute and patients with chronic MI.42 43 102

Furthermore, in patients receiving maximal medical
care who were not eligible for revascularisation, cell ther-
apies significantly reduce the risk of mortality.102 Some
trial results suggested that patients with a more severely
impaired LV function may have a benefit from cell

transplantation, whereas patients with a rather preserved
LV function post-MI may not.44 Importantly, cell func-
tion is known to be affected by cardiovascular risk
factors.103 104

Taken together, the current clinical evidence suggest
that cell therapies may be a more effective treatment for
IHD as they already provide a combination of cytokines
that would promote blood vessel formation and matur-
ation (angiogenesis and arteriogenesis), cell survival
and/or activation of endogenous tissue repair and
regeneration. However, in cases where cell function is
impaired, a combination therapy (eg, cells and biologi-
cals) that could promote arteriogenesis and/or vessel
maturation rather than capillary formation only may be
more suitable. Finally, patient stratification may be a pre-
requisite for successful therapeutic angiogenesis.
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