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Cellular therapy for chronic heart failure: a key role for epicardial 

fibronectin by Lay Ping Ong  

Abstract 

Myocardial infarction (MI) results in permanent cardiomyocyte loss, frequently leading 

to heart failure, with a 50% 5-year mortality. At subacute time points following MI, animal 

studies have shown ‘remuscularization’ of the damaged heart with human embryonic stem cell 

(hESC)-derived cardiomyocytes. Recently, outcomes were improved by co-delivering hESC-

derived epicardium. Clinically, the main challenge remains chronic heart failure. However, 

hESC-cardiomyocytes alone, in the chronically infarcted heart, have shown no benefit.  

Here, we show that both species-matched cellular therapy and combination therapy 

with hESC-epicardium could attenuate cardiac dysfunction in the chronically failing heart, 

underpinned by sizeable cardiac grafts, cardiomyocyte proliferation and maturation, together 

with a host-derived vascular supply. Notably, hESC-epicardium’s augmentation of 

cardiomyocyte maturation within 3D-engineered heart tissues in vitro appeared to be 

underpinned by epicardial-secreted fibronectin. Thus, hESC-combination cell therapy holds 

clinical promise for ‘remuscularising’ chronically infarcted hearts.  
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Abstract 

Myocardial infarction (MI) results in permanent cardiomyocyte loss, frequently leading 

to heart failure, with a 50% 5-year mortality. At subacute time points following MI, animal 

studies have shown ‘remuscularization’ of the damaged heart with human embryonic stem cell 

(hESC)-derived cardiomyocytes. Recently, outcomes were improved by co-delivering hESC-

derived epicardium. Clinically, the main challenge remains chronic heart failure. However, 

hESC-cardiomyocytes alone, in the chronically infarcted heart, have shown no benefit.  

Here, we show that both species-matched cellular therapy and combination therapy 

with hESC-epicardium could attenuate cardiac dysfunction in the chronically failing heart, 

underpinned by sizeable cardiac grafts, cardiomyocyte proliferation and maturation, together 

with a host-derived vascular supply. Notably, hESC-epicardium’s augmentation of 

cardiomyocyte maturation within 3D-engineered heart tissues in vitro appeared to be 

underpinned by epicardial-secreted fibronectin. Thus, hESC-combination cell therapy holds 

clinical promise for ‘remuscularising’ chronically infarcted hearts.  
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1.INTRODUCTION 

1:1 Scale of Clinical Need  

A diagnosis of heart failure carries a 50% 5-year survival (McMurray et al. 2012; 

Jessup and Brozena 2003; Bui et al. 2012; Jones et al. 2019). This bleak 5-year 

survival rate is lower than most neoplasms, apart from a lung cancer diagnosis. 

(Jessup and Brozena 2003; Askoxylakis et al. 2010). Despite recent medical 

advances, cardiovascular deaths had increased by 19% over the last 10 years, 

globally (Naghavi et al. 2017). Thus, heart failure carries a significant mortality risk for 

the individual patient.  

Heart failure affects 64.3 million worldwide, with an estimated 6.2 million Americans 

and 1 million U.K. citizens affected (Savarese and Lund 2017; James et al. 2018; 

Conrad et al. 2018; Virani et al. 2020). With an ageing population and concomitantly 

rising number of chronic heart failure patients, up to 200,000 British patients and 

915,000 American patients are diagnosed with heart failure per year in the U.K. and 

U.S.A., respectively (Savarese and Lund 2017; Conrad et al. 2018; Groenewegen et 

al. 2020; Roth et al. 2015) The rising incidence and prevalence of heart failure pose a 

significant economic burden on the individual and society (Yancy et al. 2017; Benjamin 

et al. 2019). Thus, there is a dire need for new therapies to prevent or reverse heart 

failure.  

Ischaemic heart disease is the most significant risk factor for heart failure (Jessup and 

Brozena 2003; Bui et al. 2012; McMurray et al. 2012; Frangogiannis and Kovacic 

2020). Acute disruption of coronary blood flow due to coronary plaque rupture or 
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thrombosis, leads to myocardial infarction (MI) (Thygesen et al. 2007; Laflamme and 

Murry 2011). Up to 1 billion cardiomyocytes (CMs) die in a major infarct (Thygesen et 

al 2007; Jessup and Brozena 2003; Laflamme and Murry 2011). Unfortunately, this 

loss of CMs is irreversible. With the attendant loss of myocardium and progressive 

ventricular dilatation (Pfeffer et al. 1991; Jessup and Brozena 2003; Bui et al. 2012; 

McMurray et al. 2012), chronic heart failure ensues. 

Chronic heart failure is defined as pump failure leading to end-organ congestion 

(Pfeffer et al. 1991; Jessup and Brozena 2003; Yancy et al. 2017; McMurray et al. 

2012). This debilitating condition is often accompanied by recurrent episodes of 

pulmonary oedema, life-threatening arrhythmias, ischaemic mitral regurgitation, and 

cardio-renal syndrome, Figure 1. All these clinical events herald a rapidly worsening 

quality of life, characterized by multiple rehospitalizations. After a heart failure 

diagnosis, up to 25% of patients will have a hospital readmission within 30 days of 

discharge, 50% by a year and ~80% will readmitted within 5 years (Groenewegen et 

al. 2020). Apart from significant mortality risks, heart failure also poses grave morbidity 

on the patients. 

Given the rising prevalence and severity of this clinical condition, a definitive treatment 

for heart failure is urgently needed. The ideal heart failure therapy would replace the 

loss of CMs, be easily accessible and sustainable in the long-term. Unfortunately, the 

current treatments for heart failure do not fulfil these requirements. In the upcoming 

sections, I will discuss current heart failure treatments, together with their benefits and 

limitations. Then, I will propose how cardiac regenerative therapies carry a huge 

translational potential as a definitive and accessible cure for heart failure.  
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Figure 1: Myocardial infarction leading to ischaemic heart failure 

A Heart schematic of atherosclerotic blockage in a coronary blood vessel, leading to 

myocardial infarction and subsequent tissue death (dark). Tissue death leads to dysfunctional 

heart contractility. B Heart failure is a sequela of myocardial infarction, and manifest like a 

constellation of signs and symptoms. (Adapted from Mayo Foundation for Medical Education 

and Research)  

1.2 Current Clinical Treatments for Heart Failure 

In the clinical setting, chronic heart failure is categorized as HFpEF (Heart 

Failure with preserved ejection fraction, EF%) or HFrEF (Heart Failure with reduced 

ejection fraction, EF%). Both categories have vastly different underlying pathologies, 

patient demographics and treatment strategies (McMurray et al. 2012; Yancy et al. 

2017; Groenewegen et al. 2020). For the purposes of this doctoral work, I focused 

upon ischaemia-related chronic heart failure, therefore within the realms of HFrEF.  
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Drawing upon various American and European guidelines on heart failure 

management (McMurray et al. 2012; Yancy et al. 2017), treatment strategies for 

HFrEF are focused on i) optimization of remaining cardiac function and ii) prevention 

of further CMs death i.e. CM stress in the remodelled heart, MIs and iii) replace loss 

of cardiac contractile function with mechanical devices or heart transplantation. 

Broadly, heart failure treatment approaches are categorised as medical treatments, 

invasive cardiac interventions, and surgical treatments. Apart from a heart transplant, 

none of the treatment approaches could replace the loss of myocardium and restore 

contractile function to normal. However, heart transplant as a treatment strategy 

suffers from inaccessibility. I will elaborate on the different treatments below and detail 

why a more definitive cure for heart failure is required.  

1:2:1 Medical Treatment  

After an MI, the heart undergoes a series of pathophysiological events that involve 

scarring, chamber dilatation, activation of deleterious neurohormonal activation and 

adverse cardiac remodelling (Pfeffer et al. 1991; Jessup and Brozena 2003; 

Frangogiannis and Kovacic 2020). These events worsen the declining contractile 

function with fluid overload and pulmonary congestion. In recognition of the 

devastating sequelae after MI, various pharmacological treatments were discovered 

within the last ~50 years. These medications aimed to reduce adverse remodelling 

and ameliorate the symptoms of heart failure (Shah and Mann 2011; Hartupee and 

Mann 2016).  

To minimize adverse remodelling post-MI and ameliorate heart failure symptoms, 

patients were prescribed medications that target deleterious neurohormonal 

activation, such as ACE-inhibitors (Pfeffer et al. 1991; Flather et al. 2000), angiotensin 



29 
 

II receptor blockers (ARB), angiotensin receptor-neprilysin inhibitors (ARNI) and beta-

blockers (McMurray et al. 2012; Yancy et al. 2017). Most recently, sodium-glucose co-

transporter 2 (SGLT2) inhibition was also shown to be effective in reducing heart 

failure-related hospitalisations and cardiovascular deaths in multi-centre trials such as 

DAPA-HF and EMPEROR-Reduced (Zannad et al. 2020). To further ameliorate the 

symptoms of heart failure, patients are also treated with diuretics, to reduce fluid 

overload and the cardiac workload (McMurray et al. 2012; Yancy et al. 2017). In 

combination, these strategies optimized the patient’s declining cardiac function, with 

concomitant symptomatic relief. 

As part of the strategy to prevent further infarcts, heart attack survivors are also 

prescribed anticoagulation (aspirin/clopidogrel) and cholesterol-lowering agents 

(statins, ezetimibe). These medications were designed to reduce further coronary 

thromboses and MI. Therefore, this approach is termed secondary prevention.  

Combining these medications with healthy lifestyle changes significantly reduced 

heart failure-related hospitalizations, and improved patients’ quality of life (McMurray 

et al. 2012; Yancy et al. 2017). However, these medications only offer symptomatic 

relief. They do not replace the loss of contractile function. Thus, the current medical 

treatments could only slow down the progression of heart failure, but neither halt nor 

reverse it.  

1:2:2 Invasive Cardiac Interventions 

Identical to medical treatment, invasive cardiac interventions are centred around 

optimizing the remaining cardiac function. The main invasive cardiac interventions for 

heart failure management are cardiac resynchronisation therapy (CRT) and 



30 
 

implantable cardiac defibrillators (ICD). After MI, a combination of adverse 

remodelling, chamber dilatation and infarct-related loss of conduction tissue may lead 

to disrupted normal conduction pathways and subsequent cardiac dyssynchrony 

(Brignole et al. 2013).  Cardiac dyssynchrony compromises the remaining cardiac 

function and exacerbates the failing heart (Brignole et al. 2013). Both CRT and ICD 

were designed to improve overall cardiac contractility and hence, ameliorate the 

symptoms of heart failure. CARE-HF, a multi-centre trial, showed that CRT and 

pharmacological treatment resulted in modest reduction in cardiovascular-related 

mortality (Cleland et al. 2012). Nonetheless, both CRT and ICD merely slow the 

declining cardiac function in heart failure patients.  

Coronary revascularization is usually offered as a secondary prevention to prevent 

further MIs and CMs death. However, heart failure is not recognised as a primary 

indication for coronary revascularization (Yancy et al. 2017). In the subset of patients 

who fit the criteria for coronary revascularization, the alleviation of coronary blockages 

may salvage underlying hibernating myocardium and reduce hypoxic regions within 

myocardium secondary to coronary obstructions. Overall, this may lead to modest 

improvements in cardiac function. Coronary revascularizations could be conducted as 

percutaneous coronary interventions or coronary artery bypass surgery (CABG), 

based on the patients’ indication, cardiac and non-cardiac risk factors, and latest 

American/European guidelines (McMurray et al. 2012; Yancy et al. 2017) . Although 

coronary revascularizations are widely recognised to improve cardiac function and 

long-term survival, this approach still fails to replace the lost myocardium.  

Despite the optimization of cardiac function by invasive cardiac interventions, the post-

infarct heart still pumps with fewer CMs. Therefore, cardiac function will continue to 
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decline over time, with worsening heart failure symptoms. This approach is not a 

definitive cure for heart failure.  

1:2:3 Heart Transplant 

Despite all the innovative medical and invasive cardiac interventions over the last 50 

years, there was an increasing recognition that a definitive ‘cure’ for heart failure is 

needed. Ideally, a definitive cure for heart failure needs to completely return the 

cardiac function to its pre-injury state. This ‘cure’ came in the form of human-human 

heart transplantation, first performed successfully by Christian Barnard in 1967 at 

Groote Schuur Hospital in Cape Town, South Africa (Lund et al. 2016; Stehlik et al. 

2018; K. S. Shah, Kittleson, and Kobashigawa 2019). This procedure is lifesaving and 

dramatically improves the quality and length of the recipient’s life. Heart 

transplantation is heralded as one of the greatest innovations in the 20th century. 

However, it remains challenged by its relative inaccessibility and long-term 

complications.  

Heart transplantation is limited by the availability of organ donors. Intrinsically, heart 

transplantation is reliant on the generosity of donors and a national health system 

(NHS) that efficiently coordinates the recipients and donor organ donation. From the 

NHSBT’s Annual Report Cardiothoracic Organ Transplantation (2019/2020), the UK 

only performed between 131 to 198 adult heart transplants per year, for the past 

decade. However, the number of heart failure patients on the transplant waiting list 

has almost tripled over the last decade. Several key donor heart optimisation 

strategies such as utilisation of hearts from donor cardiac death (DCD) (Messer et al. 

2020) and early donor management by Scouts (Barbero et al. 2019) are being 

developed. In May 2020, the UK changed the donor organ regulations from ‘opt-in’ to 
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‘opt-out’. These strategies may translate into more donor hearts for heart failure 

patients. Given the rapidly rising incidence of heart failure with up to 200,000 UK 

patients per year, we will still fall quite short.  

A heart transplant is not without significant risks, both in the short-term and long-term. 

The median post-transplant survival is ~12 years (Stehlik et al. 2018; Bhagra et al. 

2019) . For the individual patient, the risks encompassed acute or long-term graft 

failure/rejection, complications secondary to long-term immunosuppression (infection, 

hypertension, diabetes mellitus, renal dysfunction, malignancy), and cardiac allograft 

vasculopathy (Lund et al. 2016; Stehlik et al. 2018). To monitor these potential risks, 

the individual patient is committed to life-long graft surveillance, with downstream 

effects on the patient’s quality of life and psychological health. From some patients’ 

viewpoints, they have exchanged one severe disease for another.  

At present, heart transplantation is the only definitive treatment for advanced heart 

failure but remained challenged by limited healthy, donor hearts, chronic rejection 

states and complications associated with long-term immunosuppression (Mehra et al. 

2016). Thus, heart transplantation is still far from an ideal heart failure ‘cure’. 

1:2:4 LVAD (Left ventricular assist device) 

Cognizant of the patients’ continuous deterioration whilst waiting for a heart transplant, 

mechanical circulatory support (MCS) devices were developed to bridge patients to 

successful heart transplants (Krishnamani, Denofrio, and Konstam 2010; Stehlik et al. 

2018). The MCS devices comprised of the support for the right ventricle (RVAD), left 

ventricle (LVAD) or both ventricles (BIVAD). More specifically, LVAD (left ventricular 

assist device) is a mechanical heart pump implanted within the apex of the left ventricle 
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and connected to an external battery pack, carried by the patient. The LVAD pump 

utilises centrifugal force to reroute oxygenated blood from the left ventricle into the 

ascending aorta, and into the systemic circulation. Although quite successful in 

replacing the pump function of the heart, LVADs could only be used as a short-term 

therapy due to their severe complications. 

As a heart failure treatment, LVADs served 2 main purposes as ‘bridge to 

transplantation’ for heart transplant candidates, or ‘destination therapy’ for patients 

who were refractory to maximal medical support and turned down for heart 

transplantation. As ‘bridge to transplantation’ therapy, LVADs was successful in 

reducing pretransplant mortality by 55% and significantly increased post-transplant 1-

year survival (Frazier et al. 1995). In the USA, patients received LVADs as ‘destination 

therapy’. MOMENTUM 3, HeartMate II and REMATCH trials showed that ‘destination 

therapy’ LVADs significantly increased survival up to 2-years, together with functional 

improvement and reduced hospitalizations, compared to maximum medical therapy 

(Rose et al. 2001; Slaughter 2018; Mehra et al. 2019). In the UK, LVADs are only used 

for heart transplant candidates (Parameshwar et al. 2019), thereby, obviating a large 

chunk of heart failure patients. In both clinical indications, LVADs improve the forward 

flow of the heart, leading to improved end-organ perfusion with dramatic symptomatic 

relief.  

Unfortunately, the usage lifespan of LVADs remains short, up to ~5 years maximum. 

LVADS are associated with serious, life-threatening complications such as strokes, 

recurrent bleeding, pump thrombosis, recurrent pump or tunnel line infections, and 

battery pack failures (Mehra et al. 2016). We do acknowledge that LVAD technology 

is still at its infancy, with potential for further improvements.  
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Without a shadow of doubt, heart failure treatments have advanced tremendously over 

the 50 years. These medical treatments have been quite successful in ameliorating 

the symptoms of heart failure. However, they did not address the underlying pathology 

leading to heart failure- the irreversible loss of CMs leading to decreased cardiac pump 

function. Only heart transplantation and LVADs clearly recover cardiac pump function. 

However, only a small subset of patients are able to benefit from them. Furthermore, 

heart transplantation and LVADs are not without significant short-term and long-term 

complications. With an ageing population and the rising prevalence of heart failure 

patients, a definitive, accessible, and long-term therapy to prevent or reverse heart 

failure is crucial. Ideally, any new heart failure therapy needs to definitively address 

the irreversible loss of CMs.  

1:3 Cardiac Regeneration as Heart Failure Treatment 

Out of all the available treatments for heart failure, the LVADs came closest to the 

ideal heart failure therapy. LVADs could reverse the failing heart by increasing the 

cardiac pump function. LVADs are accessible as an off-the-shelf therapy and long-

term immunosuppression is not required. Cardiac regenerative therapies could 

potentially offer similar functional gains and practical considerations as the LVAD, to 

treat the failing heart. One postulates that cardiac regenerative therapies could 

simulate a ‘biological’ LVAD, avoid the mechanical complications associated with 

LVADs and therefore, last longer.  

Why do I propose that cardiac regenerative therapies would represent the alternative, 

ideal heart failure treatment? Cardiac regeneration after ventricular injury has been 

observed in non-mammalian species such as newts (Oberpriller et al. 1974; Bader et 

al. 1978; Laube et al. 2006), axolotls (Flink et al. 2002), zebrafish (Poss, Wilson, and 
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Keating 2002; González-Rosa, Burns, and Burns 2017) and neonatal mice (Porrello 

et al. 2011). However, cardiac regeneration in the face of ventricular injury seems a 

tall order. For complete functional heart regeneration, a series of critical processes 

need to occur i) clearance of dead tissue, ii) restoration of lost cardiac muscle, iii) 

revascularisation, iv) electrical coupling of new CMs, v) resolution of inflammation and 

collagen/fibrin (Poss, Wilson, and Keating 2002; Kikuchi et al. 2010; González-Rosa, 

Peralta, and Mercader 2012; Lai et al. 2017). The insights gained from Mother Nature’s 

examples of cardiac regeneration, may inform us on the feasibility of cardiac 

regeneration therapy as a clinical therapy. Thus, I will start by examining cardiac 

regeneration in the adult zebrafish and the neonatal mouse.  

1:3:1 Regeneration in adult zebrafish heart 

A zebrafish retains the ability to regenerate its heart throughout adulthood; with 

complete regeneration of ~20% ventricular resection within 60 days, with no fibrotic 

scarring (Poss, Wilson, and Keating 2002; González-Rosa et al. 2017), Figure 2. 

Robust cardiac regeneration across different injuries was observed, such as apical 

resection, cryoinjury and chemical ablation (Poss, Wilson, and Keating 2002; Kikuchi 

et al. 2010; Wang et al. 2011; González-Rosa, Peralta, and Mercader 2012; González-

Rosa, Burns, and Burns 2017; Lai et al. 2017). Even with ~60% ventricular loss and 

heart failure, the zebrafish could completely regenerate its heart within a week, with 

reversal of heart failure and minimal scarring (Wang et al. 2011). When the FGF-

dependent cardiac regeneration was withheld for 60 days after cardiac injury, the 

zebrafish could still regenerate its heart over a chronic scar when FGF was 

reintroduced - simulating cardiac regeneration in chronic heart failure  (Kikuchi et al. 
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2010). Harnessing the cardiac regenerative strategies harboured by zebrafish to aid 

the failing, human heart, seems pertinent.  

 

Figure 2: Schematic overview of zebrafish’s cardiac regenerative response 

A The adult zebrafish, neonatal and adult mice portrayed different cardiac regenerative 

abilities based on species and age in mammals. B A stepwise model outlining the cardiac 

regenerative response when the LV apex is amputated in the adult zebrafish. (Adapted from 

Cao and Poss 2018) 

Production of new CMs is the lynchpin of this entire, complex process of cardiac 

regeneration. ‘Is the zebrafish’s cardiac regeneration due to dedifferentiation of pre-

existing CMs with subsequent proliferation or a stem cell niche giving rise to new 

CMs?’ Kikuchi et al. demonstrated via genetic-lineage tracing studies in zebrafish that 

de novo CMs arise from proliferating, pre-existing adult CMs post-injury; governed by 

Gata4 expression (Kikuchi et al. 2010; 2011; Jopling et al. 2010). Notably, zebrafish 

CMs remain mononucleated and diploid thorough their lifespan (Kikuchi et al. 2010), 

hinting at regular cell cycle re-entry and a continual growth model (Kishi et al. 2003). 
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Recent zebrafish studies illustrated the attenuation of injury-induced heart 

regeneration with increased myocardial polyploidisation (González-Rosa et al. 2018; 

Patterson et al. 2017); hinting that the adult mammalian heart’s inability to regenerate 

may be largely due to the polypoidal adult CMs which cannot generate new CMs. For 

the zebrafish, its cardiac regeneration is enabled by its innate ability to generate new 

CMs after cardiac injury.  

Non-cardiac stromal cells e.g. epicardium, endocardium and immune cells, are 

instrumental in promoting CM proliferation and regeneration after ventricular injury in 

the zebrafish (Poss, Wilson, and Keating 2002; Lepilina et al. 2006; González-Rosa, 

Peralta, and Mercader 2012; Jopling et al. 2010; Kikuchi et al. 2010; 2011; J. Kim et 

al. 2010; J. Wang et al. 2011; Choi et al. 2013). As alluded above in Section 1:3, 

successful cardiac regeneration required more than just new CMs. The epicardium 

emerged as the key stromal cell in orchestrating de novo cardiac proliferation and 

migration, alongside vascularization of the new cardiac tissues (Lepilina et al. 2006; 

Kikuchi et al. 2011; González-Rosa, Peralta, and Mercader 2012; Wang et al. 2013; 

Cao et al. 2017). The indispensable role of epicardium in cardiac regeneration will be 

further elaborated in Section 1:6:1. 

Studying the cardiac regeneration in the zebrafish gave us two key insights, central to 

our cardiac regenerative efforts for heart failure patients. Firstly, new CMs are required 

to replace the irreversible loss of CM during injury. Secondly, non-cardiac stromal cells 

are instrumental in directing the new CMs towards successful cardiac regeneration. 

For translation to the clinical setting, we hypothesised that we could regenerate the 

failing human heart with new CMs and a key stromal cell.  
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1:3:2 Regeneration in the neonatal mammalian heart 

Apart from the adult zebrafish, the neonatal mouse at P1 (day 1 post-partum) can also 

completely regenerate its heart, with up to 15% ventricular apical resection or left 

anterior descending artery (LAD) ligation (Porrello et al. 2011; 2013; Bernhard 

Johannes Haubner et al. 2012). Similar cardiac regeneration ability was observed in 

neonatal rats (Zogbi et al. 2014). Interestingly, there were anecdotal, clinical 

observations of complete myocardial recovery after significant MI in human neonates 

(Farooqi et al. 2012; Haubner et al. 2016; Ling et al. 2016). However, myocardial 

recovery in human neonate could be due to reversal of myocardial 

stunning/hibernation and further evidence would be warranted. As might be expected, 

the evidence is sparse due to clinical and ethical reasons. Nonetheless, the cardiac 

regenerative abilities observed in neonatal rodents strongly suggest that the 

mammalian heart has potential for cardiac regeneration.  

For both neonatal mouse and the adult zebrafish, generation of new CMs and direction 

by non-cardiac stromal cells are instrumental in cardiac regeneration. Like the 

zebrafish, the proliferation of pre-existing CMs drives neonatal mice/rats’ innate 

cardiac regeneration, rather than extracardiac or resident cardiac stem or progenitor 

cells (Porrello et al. 2011; Lam and Sadek 2018). Similar key transcriptional growth 

regulators and developmental pathways, such as Gata4, Meis1, Hippo/YAP pathway 

and neuregulin/ErbB pathway, had been implicated in directing CMs proliferation in 

the neonatal mouse (Lam and Sadek 2018; Vagnozzi, Molkentin, and Houser 2018). 

Furthermore, non-cardiac stromal cells, e.g. immune cells, vascular cells, and 

epicardium, together with ECM, play crucial roles in cardiac regeneration in neonatal 

mice. The epicardium’s role in neonatal mice cardiac regeneration will be expanded in 



39 
 

Section 1:6:2. Thus, both neonatal mice and adult zebrafish share certain cardiac 

regenerative principles.  

In contrast to the zebrafish, the regenerative ability of neonatal mice is transient, 

limited by the extent and type of injury (Darehzereshki et al. 2015) , Figure 3. Firstly, 

the regenerative ability in rodents is only retained until P7 (day seven post-partum) 

(Porrello et al. 2011). Thus, P1-7 is termed the ‘regenerative window’. Secondly, a 

cryoinjury-mediated transmural injury within the ‘regenerative window’ will lead to a 

non-regenerative fibrotic response, identical to a ventricular injury at P8 

(Darehzereshki et al. 2015; Bryant et al. 2015, Lam and Sadek 2018). These 

differences provoked two crucial questions; i) ‘Are the extensive cardiac injuries 

leading to incomplete cardiac regeneration before the end of P1-7 ‘regenerative 

window’?’ or ii) ‘Is the degree of myocardial regeneration inherently limited in 

mammals?’ (Lam and Sadek 2018). Understanding the principles governing the 

different cardiac regenerative abilities portrayed by the neonatal mouse and the adult 

zebrafish, will aid our cardiac regenerative efforts towards the heart failure patients.  
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Figure 3: The cardiac regenerative response is modulated by nature and extent of 
injury in the neonatal mice.  

The neonatal mouse’s cardiac regeneration is limited by extent and type of cardiac injury. With 

apical resection, there are 3 possible outcomes, which are complete cardiac regeneration, 

regeneration with collagen deposition and non-regenerative if apical resection is >15% of LV. 

As for left anterior descending artery (LAD) ligation to simulate MI, the neonatal mouse would 

display complete cardiac regeneration. With the cryoinjury model, the neonatal mouse can 

only regenerate its heart if the injury is not transmural. (Adapted from Sadek 2015) 

The transient nature of the neonatal mouse’s cardiac regeneration requires further 

probing. Of note, most murine CMs are diploid at birth but rapidly become polyploid; 

conceivably linked to a postnatal burst of CM growth and uncoupling of karyokinesis 

from cytokinesis (Soonpaa et al. 1996; Hirai, Chen, and Evans 2016). There are further 

disparities between the adult zebrafish and neonatal mammal’s CM proliferation, such 

as low pressured 2-chamber vs 4-chamber system, adult vs neonatal CM proliferation 
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and amount of polyploidy at the point of regeneration (Karra and Poss 2017). All 

factors which may govern their different cardiac proliferative abilities; based upon the 

plasticity of the genetic, cellular and tissue environment to enable cell cycle re-entry 

(Karra and Poss 2017; J. Cao and Poss 2018). Thus, ongoing complete, endogenous 

cardiac regeneration after injury appear to exhibit species variation. 

With the goal of clinical translation, a measure of caution is recommended. Applying 

biological insights across huge evolutionary distances (e.g. zebrafish and/or mice to 

human) could prove challenging. Despite differences in injury responses and the 

window of cardiac regeneration, the underlying principles, such as generation of new 

CMs and the instructive role of non-cardiac stromal cells remain evolutionarily 

conserved across the adult zebrafish and neonatal mouse. Thus, these key cardiac 

regeneration principles will inform the development of cardiac regenerative therapies 

for human heart failure patients.  

1:4 Insights from Cardiac Embryogenesis to guide 

Cardiac Regenerative therapies  

Insights from cardiac embryogenesis will greatly assist in our efforts to regenerate the 

failing human heart. Unlike injury-induced cardiac regeneration, all species undergo 

cardiac embryogenesis. Broadly, cardiac embryogenesis is divided into cell 

specification, cardiac morphogenesis, and CM maturation (Guo and Pu 2020). 

Identical to injury-induced cardiac regeneration, cardiac embryogenesis requires the 

generation of new CMs, together with an orchestrated crosstalk with non-cardiac 

stromal cells to build a functional heart. Next, I will describe cardiac embryogenesis 
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and highlight the key principles relevant to the development of our cardiac 

regenerative therapies.  

1:4:1 From epiblast to cardiomyogenic commitment  

Cardiac embryogenesis starts with mesodermal commitment from the epiblast. At 

embryonic day 5 (E5) in the mouse, the cylindrical shaped embryo undergoes 

patterning with separation into embryonic and extra-embryonic layers.  Combinatorial 

signalling gradients of Nodal, FGF, BMP4, WNT3, across both anterior-posterior and 

proximal-distal axes further patterns and induces the primitive streak (PS); marked by 

pan-mesoderm marker, Brachyury (Conlon et al. 1994; P. Liu et al. 1999; Ciruna and 

Rossant 2001; Brennan et al. 2001; Rivera-Pérez and Magnuson 2005). PS is present 

by embryonic day E6.0 in mouse, corresponding to Carnegie Stage 6 in humans (2nd 

week of gestation). As a PS, the Nodal signalling gradient along the anterior-posterior 

axis patterns the epiblast into three embryonic germ layers (Arnold and Robertson 

2009; Robertson 2014).  

The three germ layers during gastrulation are termed as endoderm, mesoderm, and 

ectoderm (Xin, Olson, and Bassel-Duby 2013). High Nodal levels specify endoderm 

at anterior PS whilst low Nodal levels, together with BMP and Wnt3 (Winnier et al. 

1995; P. Liu et al. 1999) specify mesodermal precursors in intermediate and posterior 

PS (Arnold and Robertson 2009; Robertson 2014), ultimately leading to cardiac 

mesoderm precursors arising anterior and lateral to PS (Brennan et al. 2001), Figure 

4A. Thus, the heart is derived from the mesoderm layer. 
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Figure 4: Overview of key cardiac developmental events 

A Key combinatorial signalling events leading to the specification of mesoderm precursors 

over E5-7.5. B Schematic of formation of the cardiac crescent (FHF) with second heart field 

(SHF) leading to linear heart tube formation by E8 C Subsequently, heart tube undergoes 

looping to form specific chambers and outflow tracts. At E9.5, proepicardium (PE) migrates 

from the sinus venosus onto the left ventricle with the formation of epicardial lining over the 

heart on E10-11. (Adapted from Xin et al 2013, Galdos et al, 2017) 

A 

B 

C 
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Next, the mesodermal precursors are specified into cardiac lineages. Activation of 

MESP1, a key transcriptional regulator of cardiovascular progenitor specification, 

specifies a subpopulation of mesoderm into cardiac lineages (Bondue et al. 2008; 

Lescroart et al. 2014). MESP1+ cells migrate anteriorly and laterally away from 

mesoderm, to form the anterior lateral plate mesoderm. At E7.5 in the mouse, 

MESP1+ cells form the first heart field (FHF) and second heart field (SHF) (Vincent 

and Buckingham 2010; Galdos et al. 2017). FHF constitutes the cardiac crescent with 

SHF lying medial and dorsal to it (Srivastava and Olson 2000; Galdos et al. 2017). 

Due to their position, FHF and SHF receive different combinatorial and temporally 

distinct signals during embryogenesis, leading to differential proliferation, migration, 

and terminal differentiation. The FHF receives non-canonical signalling such as Wnts, 

Bmp2, Bmp4, Fgf8, whilst the SHF is subjected to canonical signalling such as Wnts/β-

catenin, Shh and Fgfs (Vincent and Buckingham 2010; Srivastava and Olson 2000; 

Galdos et al. 2017) Figure 4B. Cell fate specification into either FHF or SHF will 

determine the cells’ role in subsequent morphogenesis, and cardiac function.  

At embryonic day E8.0, FHF progenitors differentiate to form the mammalian linear 

heart tube (Abu-Issa and Kirby 2007). This corresponds to Carnegie Stage 9-10 in 

humans (3rd week of gestation). SHF progenitors remain undifferentiated, migrate to 

elongate the beating heart tube; eventually forming the arterial and venous poles of 

the heart, (Galdos et al. 2017), Figure 4B. At E9.0, the mammalian heart tube 

undergoes looping, as directed by Lefty and Nodal, with subsequent proepicardium 

contribution at E9.5 (Galdos et al. 2017; Abu-Issa and Kirby 2007). To achieve the 

final cardiac morphology, several key events subsequently ensue; looped tube 

rotation, the formation of inflow/outflow tracts, atrioventricular valves, cardiac 
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chambers specification and expansion (Xin, Olson, and Bassel-Duby 2013; Galdos et 

al. 2017), Figure 4C.  

FHF and SHF progenitors are distinct. FHF progenitors first express Nkx2.5, which 

interacts with Gata4 and Tbx5 to activate cardiac muscle development and formation 

of the left ventricle. Due to the transient nature of the FHF, only HCN4 has been 

reliably touted as a FHF marker with eventual confinement of HCN4+ cells to the 

cardiac conduction system (Liang et al. 2013; Später et al. 2013). SHF is classically 

defined by sustained expression of Isl1, which interacts with Gata4 to sequentially 

activate Mef2c and Hand2 (Galdos et al. 2017). After the formation of the heart tube, 

the SHF remains and eventually contributes towards right ventricle, inflow/outflow 

tract, a portion of septum and atria (Galdos et al. 2017). Although overly simplistic, 

FHF and SHF progenitors ‘build’ the entire heart, in a well-orchestrated manner.  

Insights into early cardiac lineage commitment inform us that the CM’s form and 

function are lineage specific and dependent on well-orchestrated instructions from its 

environment. Thus, one postulates that generation of new CMs as part of cardiac 

regenerative therapies, ideally needs to be lineage specific. Apart from generation of 

new CMs, successful cardiac embryogenesis also relies upon well-orchestrated 

instructions and cellular contributions by non-cardiac stromal cells.  

1:4:2 The epicardium in cardiac development  

After cardiac cell fate specification and morphogenesis, the CMs undergo a burst of 

proliferation and maturation to form a functional heart. These events are coordinated 

by key non-cardiac stromal cell population found within the epicardium (Carmona et 
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al. 2010; Chen et al. 2002; Sucov et al. 2009; Cao and Cao, 2018; Lupu, Redpath, 

and Smart 2020). Furthermore, the epicardium directs the vascularization of cardiac 

tissues (Mikawa and Gourdie 1996; Christoffels et al. 2009; Wu et al. 2013, Jing et al. 

2016). Undeniably, the epicardium has an instrumental role in cardiac embryogenesis.  

The epicardium is a thin layer of epithelial cells with ‘cobblestone-like’ morphology, 

lining the heart by E10-11, Figure 4C. Epicardium was initially described in 1907 

(Kurkiewicz 1909), followed by a hiatus of ~60 years before its eventual rediscovery 

with the advent of electron microscopy (Manasek 1969, 1968). Upon that rediscovery, 

a stream of studies involving avian, zebrafish and quail-chick chimaera models, 

together with exhaustive lineage-tracing studies followed rapidly; these have widely 

agreed on cell markers defining the epicardium, Wt1, Tbx18 and Tcf21 (Cao and Cao, 

2018), with some overlap with proepicardium as recently shown (Lupu, Redpath, and 

Smart 2020). Identification of these cellular markers enabled robust characterization 

of the epicardium’s dynamic role in cardiac development.  

I shall start by discussing embryonic epicardium, epicardium’s epithelial-

mesenchymal-transition, its cellular contributions and signalling pathways 

underpinning epicardial-myocardial crosstalk in cardiac development. Then, I will 

further expand on why the epicardium represents the key stromal cell for cardiac 

embryogenesis and by extension, cardiac regeneration. 

1:4:2:1 Developmental origins of epicardium- proepicardium 

The embryonic epicardium originates from the proepicardium, a primarily extracardiac 

primordium (Zhou et al. 2012; Liu and Stainier 2010; Smits, Dronkers, and Goumans 

2018; Nesbitt et al. 2006) . At E9.5, the proepicardium consists of a transient cluster 
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of cells at the sinus venosus (between liver and heart), which migrate towards the 

ventricle, proliferate, and expand to encapsulate the heart, thereby forming the 

epicardium by E10-11 (Liu and Stainier 2010; Smits et al. 2018). Until this stage, the 

heart tube only consisted of 2 layers, endocardium and myocardium. The 

proepicardium’s migration to the heart tube is deemed evolutionarily conserved (Cao 

and Poss 2018), based upon studies across various species such as 

zebrafish, Xenopus, axolotl, mouse, rat and human ( Komiyama et al. 1987; Fransen 

and Lemanski 1990; Jahr et al. 2008; Nesbitt et al. 2006; Risebro et al. 2015; Serluca 

2008). The proepicardium is the pivotal signalling node that directs epicardium and 

cardiac development. Disruption of the proepicardium in avian models led to failure in 

establishing epicardium, accompanied by lack of coronary vasculature and thin, 

ballooning ventricles (Gittenberger-De Groot et al. 2000); thus highlighting the 

importance of epicardium in orchestrating cardiac development (Carmona et al. 2010; 

Smits et al 2018).    

1:4:2:2 Epicardium undergoes epithelial-mesenchymal-transition 

During cardiac development, a subset of epicardial cells delaminates, undergoes 

epithelial-mesenchymal transition (EMT) at E12.5 and migrates into the subepicardial 

space to give rise to a variety of cells, termed epicardium-derived cells (EPDCs) 

(Dettman et al. 1998; Gittenberger-de Groot et al. 1998; Lie-Venema et al. 2007; Von 

Gise and Pu 2012; Pérez-Pomares et al. 1998), Figure 5. EMT is an active process, 

requiring the epicardial cells to reverse polarity and reorganise their actin cytoskeleton 

to achieve a migratory and invasive phenotype with corresponding changes in 

morphology, cellular markers and cell fate. (Lie-Venema et al. 2007; Wu et al. 2010; 

Lamouille, Xu, and Derynck 2014; Cao and Cao, 2018). EMT is triggered by reciprocal 
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signalling from the myocardium, broadly termed epicardial-myocardial crosstalk (Lie-

Venema et al. 2007; Smart and Riley 2012; Von Gise and Pu 2012). The dynamic 

epicardial-myocardial crosstalk is instrumental to cardiac development. 

Paracrine signalling underpins this dynamic epicardial-myocardial crosstalk, 

subsequently leading to cardiomyocyte survival, proliferation, and maturation during 

development (Sucov et al. 2009; Masters and Riley 2014; Cao and Poss 2018). The 

key paracrine signals, together with their effector pathways are listed in Table 1. 

Untangling the key mediators of the epicardial-myocardial crosstalk may prove helpful 

towards the development of cardiac regenerative therapies.  

 

Figure 5: Illustration of Epithelial-Mesenchymal Transition by Epicardium 

A The heart wall is formed of three layers, endocardium, myocardium, and epicardium. B 
During development, the epicardium undergoes epithelial-mesenchymal transition at E12.5. 

Then, the epicardium invades the myocardium and differentiates into epicardial derived cells 

(EPDCs) such as cardiac fibroblasts (yellow) or smooth muscle cells (blue). A similar process 

occurs when adult epicardium is reactivated during cardiac injuries, such as myocardial 

infarction. (Adapted from Cao et al., 2018)  
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1:4:2:3 Epicardial cellular contributions to the developing heart  

The epicardium is a potent multicellular source during cardiac development. 

Collectively, studies in quail-chick chimaeras, transgenic mice (labelled with Tbx18) 

and transgenic zebrafish (labelled with a Tcf21 reporter) concurred that the epicardium 

differentiates into EPDCs, which primarily comprise coSMCs (coronary smooth 

muscle cells), cardiac fibroblasts (Acharya et al. 2012; Christoffels et al. 2009; Katz et 

al. 2012; Grieskamp et al. 2011; Ali et al. 2014; Volz et al. 2015; Kikuchi et al. 2011; 

Dettman et al. 1998; Gittenberger-de Groot et al. 1998; Jing et al. 2016) and, 

controversially, some CMs and endothelial cells (Cai et al. 2008; Zhou et al. 2008; 

Perez-Pomares et al. 2002). 

Classical studies characterizing epicardium and its progeny utilised quail-chick 

chimaeras with dye-labelling and retroviral approaches (Dettman et al. 1998; Mikawa 

and Fischman 1992; Mikawa and Gourdie 1996). More refined, modern studies used 

recombinase-based, genetic fate-mapping systems with regulatory sequences 

corresponding to Wt1, Tbx18 and Tcf21 (Cao and Poss 2018; Cao and Cao, 2018). 

However, these studies were flawed as the Wt1, Tbx18 and Tcf21 regulatory 

sequences also marked other non-epicardial populations, including the aberrant 

labelling of CMs themselves (Cai et al. 2008; Christoffels et al. 2009; Rudat and Kispert 

2012). Similar aberrations were observed with epicardial differentiation to endothelial 

cells (Perez-Pomares et al. 2002; Carmona et al. 2020). Due to the technical limitation 

of fate-mapping studies specific to epicardium, various works reporting epicardial 

differentiation to CMs and endothelial cells were re-examined (Christoffels et al. 2009; 

Carmona et al. 2020; Cao and Poss 2018),  with the updated conclusion that the 
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epicardium is unlikely to differentiate into de novo CMs or endothelial cells (Cao and 

Poss 2018).  

Nonetheless, the epicardium has demonstrable cellular plasticity and plays a pro-

mitogenic role in CM proliferation during cardiac development. As such, it is possible 

that combining epicardium, as the key stromal cells, with newly generated CMs, could 

successfully regenerate the failing heart. It would be important to ascertain whether 

the beneficial role of epicardium is diminished by cardiac injury as a precursor to 

testing such a hypothesis. 

1:5 Epicardium Reactivates in Response to Cardiac 

Injury  

After development, the adult epicardium is quiescent; described as early as P4 in 

mouse, with reciprocal myocardial quiescence (Chen et al. 2002).  In the adult 

mammalian heart, the epicardium is reactivated organ-wide in response to myocardial 

injury (Smart et al. 2007; van Wijk et al. 2012; Zhou et al. 2011; Huang et al. 2012). 

As during development, the reactivated epicardium rapidly undergoes EMT, invades 

the subepicardial space and differentiates into cardiac fibroblasts (van Wijk et al. 2012; 

Zhou et al. 2011; Huang et al. 2012). However, this process led to scarring, 

dysfunctional contractility, and heart failure (Zhou et al. 2011; Cao and Poss 2018). 

This process is in stark contrast to the epicardium’s role during development, hinting 

at key differences between foetal vs adult epicardium (Moerkamp et al. 2016; Wang 

et al. 2020). Chen and colleagues compared human foetal and adult EPDCs and found 

that foetal EPDCs more readily undergo EMT, suggesting a ‘primed’ state (Chen et al. 
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2002). As our hESC-derived epicardium is foetal-like (Iyer et al. 2015), this critical 

observation implies a more developmental-like response to hESC-derived CMs.  

The reactivation of epicardium in response to cardiac injury favourably resulted in 

cardiac regeneration in the adult zebrafish and neonatal mice (Lepilina et al. 2006; 

Kikuchi et al. 2011; Wang et al. 2011; 2013; González-Rosa et al. 2012; Cao and Poss 

2018); both of which are relatively rudimentary and immature cardiac models 

compared to the adult mammalian heart. Teasing apart the fundamental differences 

between foetal and adult epicardium could greatly aid our cardiac regenerative efforts. 

Next, I shall discuss the observations in different model systems and signalling 

pathways underpinning epicardial-myocardial crosstalk.  

1:5:1 The epicardium in zebrafish cardiac regeneration 

Adult epicardium plays a crucial role in zebrafish cardiac regeneration.  Upon cardiac 

injury, the epicardium reactivates organ-wide with re-expression of its embryonic 

genes, undergoes EMT, proliferates and differentiates to EPDCs at the site of injury 

(Lepilina et al. 2006; Kikuchi et al. 2011; Wang et al. 2011; 2013; González-Rosa et 

al. 2012; Cao and Poss 2018). Genetic fate-mapping of tcf21+ cells in both larval and 

adult zebrafish revealed restriction of EPDCs to non-myocardial fate - EPDCs 

differentiated to cardiac fibroblasts and vascular cells (Kikuchi et al. 2011). This is 

conserved throughout development and cardiac regeneration (Kikuchi et al. 2011). A 

cytotoxic ablation of tcf21+ epicardial cells in adult zebrafish led to 45% epicardial loss, 

which rapidly repopulated within a few days (Kikuchi et al. 2011). During this transient 

epicardial loss, the tcf21-ablated zebrafish demonstrated poor cardiac regeneration 
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and vascularization after apical resection, which rapidly reversed upon epicardial 

repopulation (Kikuchi et al. 2011).  

Intriguingly, the reactivated epicardium regularly migrates from ventricular base to 

apex (Cao et al. 2017). Cao et al. showed elegantly that a ‘leader wave’ of EPDCs 

marches forward by mechano-sensing the tension edge, thereby guiding the 

proliferating CMs to the site of injury (Cao et al. 2017). The epicardium’s role in 

orchestrating the zebrafish’s cardiac regeneration is not only critical but also displays 

spatiotemporal specificity (Mercer et al. 2013). 

The reactivated epicardium is a potent mitogen for robust cardiomyocyte proliferation 

and cardiac regeneration. This process is underpinned by active epicardial-myocardial 

crosstalk which encompasses a wide range of signalling pathways: FGF signalling, 

retinoic acid signalling, TGF-β signalling, Notch signalling, NF-κB, PDGFs, Wnt/β-

catenin, Hedgehog, BMP, Hippo/Yap, insulin-like growth factor, chemokines and 

Neuregulin1. Given the multimodal cellular functions of the epicardium, this broad 

range of signalling effectors is hardly surprising. An exhaustive summary of the 

effector pathways implicated in epicardial-myocardial crosstalk are listed in Table 1. 

Several effector pathways are conserved across different species such as zebrafish, 

neonatal mouse, and neonatal rat. Collectively, these pathways reaffirmed that the 

reactivated epicardium plays a wide-ranging role in orchestrating different cell types in 

enabling robust cardiac regeneration.  

 



53 
 

Signaling Models Gene induction 
domains upon 
cardiac injury 
and epicardial 
reactivation 

Cell Type with 
Genetic 

Induction 

Associated 
Functional Gains  

References 

Fibroblast 
Growth 
Factors 
(FGFs) 

Zebrafish  fgf17b 
 

CMs 
 

Cardiac regeneration Lepilina, 2006 

fgfr2 and fgfr4 
 

epicardial-
derived cells  
 

Rat FGF1 
 

inflammatory 
cells, fibroblast-
like cells 
 

 Zhao et al. 
2011   
 
 

FGF2 
 

endothelial cells, 
CMs  
 

FGFR 
 

CMs 
 

Retinoic Acid 
(RA) 

Zebrafish 
raldh2 epicardium, 

endocardium  

CM proliferation and 
regeneration 

Kikuchi et al., 
2011; Lepilina 
et al., 2006 

Mouse 

Raldh2/RXRα epicardium 

 van Wijk et al. 
2012; Merki 
et al. 2005  
 

Transforming 
Growth 
Factor- beta 
(TGFβ) 

Zebrafish tgfb1, 2, and 3 epicardial cells, 
fibroblasts, CMs 

ECM deposition, CM 
proliferation, and heart 
regeneration 

Choi et al. 
2013; 
Chablais and 
Jaźwińska 
2012; Cao et 
al. 2016 
 

Alk5b CMs, fibrotic cells 
pSmad3 CMs, non-CMs at 

infarct area 

Notch Zebrafish notch1a, 
notch1b, and 

notch2 

Endocardium  Reduced scar 
formation, CM 
proliferation and heart 
regeneration 

 
Zhao et al. 
2014; Münch 
et al. 2017 
 
 
 

notch1a and 
notch2 

epicardium 

notch1b, notch2, 
notch3, and Dll4 

endocardium 

Mouse Notch activity 
reporter 

CMs, epicardial 
cells/EPDCs 

CM proliferation Kratsios et al. 
2010; Russell 
et al. 2011 
 

NICD1 CMs 

Platelet-
Derived 
Growth 
Factors 
(PDGFs) 

Zebrafish pdgfrβ 
 

Epicardium, fibrin 
clots 

epicardial cell 
proliferation and 
coronary blood vessel 
formation 

Kim et al. 
2010 
 
 

pdgfb Thrombocytes at 
the wound site 

Mouse PDGFB, 
PDGFRα, 
PDGFRβ 

Infarct zone Collagen deposition, 
vascularization 
maturation within 
infarct zone 

Zymek et al. 
2006 
 
 
 
 

phosphorylated 
PDGFRβ 

Perivascular cells 
in the infarct 
zone 

Wnt Mouse Wnt1 Epicardium, 
cardiac 
fibroblasts 

Epicardial EMT Duan et al. 
2012 
 

Wnt10b CMs in the peri-
infarct area  

Neovascularization, 
fibrosis 

Paik et al. 
2015 
 

BMP Zebrafish bmp2b, bmp7 
 

Epicardium, 
endocardium 

CM proliferation, scar 
attenuation 

Wu et al. 
2016 
 
 
 
 

bmpr1aa Wound border 
zone 

id2b endocardium 
pSmad1/5/8 CMs  
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Mouse Bmp4 Whole heart Reduced infarct size, 
increased CM survival 

Pachori et al. 
2010 
 

Hippo/Yap Mouse Yap, Taz, 
Tead1–3, Lats1 

and Lats2 

epicardium  Epicardial EMT, 
immunomodulation 

Lin and Pu 
2014; Ramjee 
et al. 2017; 
Xiao et al. 
2018 
 

Table 1: Signalling effector pathways utilised during epicardial-myocardial crosstalk.  

These studies covered the epicardial signalling during cardiac injury across different animal 

models. (Adapted from Cao et al. 2018) 

Apart from signalling factors, zebrafish cardiac regeneration involves several 

epicardial-derived ECM proteins such as fibronectin (FN), collagen, and hyaluronic 

acid (HA) (Mercer et al. 2013). ECM provides signalling and mechanical cues for 

accurate cardiac regeneration (Mercer et al. 2013; Garcia-Puig et al. 2019). Strikingly, 

zebrafish heart regenerates completely without scarring, hinting at a more dynamic 

ECM turnover. In the zebrafish, epicardially-secreted FN (induced by fn1 expression) 

upregulated integrin-β3 in CMs to enable cardiac regeneration (Trinh and Stainier 

2004; Wang et al. 2013). With fn1 disruption, cardiac regeneration is also disrupted 

with resultant scarring (Wang et al. 2013; Cao and Poss 2018). Thus, epicardially-

secreted FN (epicardial-FN) may underpin both CM proliferation and migration in 

zebrafish’s cardiac regeneration. The potential of FN and integrin signalling in 

modulating cardiac regeneration, in the context of epicardial-myocardial crosstalk, is 

expanded upon in Section 1:10:1.  

1:5:2 The epicardium in neonatal mouse cardiac regeneration 

The epicardium also plays a role in the neonatal mouse’s cardiac regeneration, albeit 

understudied compared to the zebrafish. Similar to the zebrafish, the neonatal mouse 

can regenerate its heart within the P1-7 ‘regenerative window’, as discussed in 
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Section1:3:2. Rui et al. showed that regular injections of Thymosin β4 prolonged the 

regenerative window in neonatal mice and that this process was underpinned by Wt1+ 

epicardial-derived cells and islet1 cells (Rui et al. 2014). Thymosin β4 was also a 

potent inducer of adult EPDC migration and neovascularization of the infarcted mouse 

heart (Smart et al. 2007). Meanwhile, agrin, an extracellular matrix protein isolated 

from the P1 neonatal mouse heart, evoked cardiomyocyte proliferation via Yap-

mediated and Erk-mediated pathways to regenerate the heart and improve cardiac 

function post-MI in both mouse and pig MI models (Bassat et al. 2017; Baehr et al. 

2020). Recently, a preprint pinpointed agrin’s role in regulating epicardial epithelial-

mesenchymal transition (EMT) (Sun et al. 2020). The importance of epicardium in 

cardiac regeneration appears to be conserved across zebrafish and neonatal 

mammals.  

Perhaps unsurprisingly, the key events and pathways implicated in cardiac 

development, together with cardiac regeneration in ‘lower’ vertebrates, 

mechanistically converge. A key overlapping process appeared to be epicardial-

myocardial crosstalk invoked during cardiac development and injury. Thus, epicardial-

myocardial crosstalk may underlie the functional benefits delivered by cardiac 

regenerative cellular therapies. 

1:6 Endogenous Cardiac Regeneration  

Based on the insights from cardiac regeneration in ‘lower’ vertebrates and cardiac 

development across all species, developing cardiac regeneration as a therapy for 

heart failure patients appears feasible- challenging but possible. Two key principles 
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stood out: i) generation of new CMs and ii) non-cardiac stromal cells required to 

instruct the new CMs to form functional cardiac tissue. So, how could cardiac 

regeneration be invoked? Broadly, either the heart could be triggered to generate new 

CMs (endogenous cardiac regeneration) or new exogenously derived cells could be 

delivered into the heart (exogenous cardiac regeneration). Both approaches still 

require key stromal cells. Firstly, I will discuss the feasibility of endogenous cardiac 

regeneration as heart failure therapy.  

1:6:1 Cardiomyocyte formation in the adult human heart  

In the adult mammalian heart, new CMs are generated from the replication of pre-

existing CMs as part of normal, cellular homeostasis and, controversially, possibly 

after myocardial injury (Senyo et al. 2013). In the absence of injury, the generation of 

new CMs occurs at a low rate of ~1% per year at age 20, as confirmed by carbon-

dating studies (Bergmann et al. 2009). Drawing upon our understanding of mammalian 

cardiac embryogenesis and neonatal cardiac regeneration, the key difference with 

adult CM proliferation appears to be the rate, and a preference for a hypertrophic 

response rather than hyperplasia (Vagnozzi, Molkentin, and Houser 2018). Mimicking 

the endogenous cardiac regeneration demonstrated by adult zebrafish and neonatal 

mice as a clinically relevant strategy will require altering this preference to increase 

the proliferation rate of pre-existing CMs. 
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1:6:2 Gene therapy – proliferation by pre-existing 

cardiomyocytes 

Several genetic modifiers have enabled us to coax pre-existing CMs into proliferation, 

in response to myocardial injury. A cocktail of pre-selected microRNAs (miRNAs), 

delivered exogenously in neonatal and infarcted adult mice, promoted the proliferation 

of pre-existing CMs with cardiac functional recovery (Eulalio et al. 2012). The 

microRNAs were pre-selected from P1 neonatal rats, within the ‘regenerative window’, 

thus hinting at specific genetic modifiers downregulated with age (Eulalio et al. 2012). 

The delivery of a similar cocktail of miRNAs into an infarcted pig model showed cardiac 

functional recovery (Gabisonia et al. 2019). Unfortunately, the pigs’ cardiac recovery 

was complicated by life-threatening tachyarrhythmias, potentially triggered by the 

immature, proliferating CMs (Gabisonia et al. 2019). Another group independently 

demonstrated that reactivation of Myc in adult CMs triggered a robust proliferative 

response (Bywater et al. 2020). Despite these breakthrough studies, the life-

threatening tachyarrhythmias and the oncogenic potential of Myc re-expression 

remain significant roadblocks to safe clinical translation.  

1:6:3 Gene therapy - direct reprogramming of cardiac 

fibroblasts into cardiomyocytes 

Another approach involves reprogramming cardiac fibroblasts into CMs. Srivastava 

and colleagues elegantly showed that adult cardiac fibroblasts could be 

reprogrammed into CMs via three developmental transcription factors 
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(Gata4/Mef2c/Tbx5) (Ieda et al. 2010; Qian et al. 2012) Concomitantly, myocardial 

fibrosis was reduced (Muraoka and Ieda 2014). Although demonstrable in different 

animal models, from subacute to chronic injury models, there appears to be partial 

reprogramming with a low reprogramming rate (~20%) (Chen et al. 2012). Despite 

attempts at improving the reprogramming factors with HAND2 and suppression of pro-

fibrotic signalling, there were insufficient reprogrammed CMs to recover cardiac pump 

function (Song et al. 2012; Zhao et al. 2015). With this direct CM reprogramming 

approach, the insufficient scalability and associated risks of long-term transgenic 

insertion of reprogramming factors are major drawbacks for clinical translation.  

A summary of the current key strategies to invoke adult cardiomyocyte proliferation 

and regeneration is shown below, Figure 6. All these strategies are based on the 

latest, applied understanding of endogenous regeneration in adult zebrafish and 

neonatal mice, together with exogenous cardiac regeneration strategies such as 

human embryonic-derived stem cells (hESC cells) and induced pluripotent stem cell 

(IPSC) therapy. hESC/IPSC-derived CM-based cellular therapy is emerging as a 

prominent player in translational strategies for cardiac regeneration and will be 

discussed next.  
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Figure 6: Cardiac regenerative strategies: Their advantages and limitations  

All these strategies aim to directly replace the CMs lost after myocardial infarction. Ultimately, 

‘primary remuscularization’ would improve cardiac contractile function, thereby preventing 

and/or attenuating heart failure. These approaches range from genetic inducers, 

pharmacological agents, and exogenous cellular therapy, all underpinned by our mechanistic 

understanding of cardiac development to date. CM indicates cardiomyocyte; ES, embryonic 

stem; and iPS, induced pluripotent stem. (Adapted from Vagnozzi et al., 2018) 

1:7 Exogenous Cardiac Regeneration  

Exogenously delivered cellular therapy is an attractive alternative, given the significant 

roadblocks faced by endogenous cardiac regeneration. This is broadly termed 

‘exogenous cardiac regeneration’. Like endogenous cardiac regeneration, the purpose 

is to generate new CMs exogenously to replenish the loss of CMs after MI, thus leading 
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to improved cardiac pump function. Rather than relying on pre-existing CMs to 

proliferate, cellular therapy could be delivered as an ‘off-the-shelf’ clinical therapy 

(Fernández-Avilés et al. 2017). Thus, cellular therapy represents a safer, scalable, 

more convenient, and clinically relevant way to regenerate the heart (Vagnozzi, 

Molkentin, and Houser 2018; Bertero and Murry 2018; Murry and MacLellan 2020). 

With major advances over the last two decades, the full potential of exogenous cardiac 

regeneration is nearly realised. I will first describe the ground-breaking advances in 

this field, the challenges overcome and discuss how my doctoral work aims to address 

the next pivotal step towards clinical translation. 

Initially, exogenous cardiac regeneration stemmed from the hypothesis that 

non-cardiac progenitors can transdifferentiate into CMs if placed within the right niche, 

i.e., the heart (Ptaszek et al. 2012). Based on this transdifferentiation concept and 

ease of access, the earliest non-cardiac progenitors trialled were skeletal myoblasts, 

bone-marrow derived stem cells and c-Kit+ cardiac progenitor cells. An overview of 

cellular therapies trialled to date are shown in Figure 7. 
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Figure 7: Overview of all cellular therapies currently in human trials  

A Bone marrow-derived stem cells represent the first cells used with pleiotropic effects. B The 

field then shifted to a contractile cell type, skeletal myoblast. C Due to arrhythmias, the field 

shifted back into MSCs, a non-contractile cell type. BMMNCs, MSCs and skeletal myoblasts 

represent first-generation cellular therapy. D ‘Discovery’ of c-KIT+ cardiac stem cells proved 

controversial E Advances of hESC/IPSC technologies led to ESC/IPSC-derived CMs, a highly 

efficient, scalable, and lab-grown contractile cell type with clear translational potential. 

Second-generation cell therapy comprises other cardiac progenitor cells (CPCs), hESC-

derived and IPSC-derived CMs or cardiac progenitor cells. (Adapted from Ptaszek et al, 2012) 

1:7:1 Skeletal myoblasts  

As skeletal myoblasts are immature ‘satellite cells’ and can regenerate new skeletal 

muscle, the initial hypothesis was that these cells could transdifferentiate into CMs 

within the heart. In 1998, Taylor and colleagues first showed that engrafted skeletal 
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myoblasts improved cardiac function in rabbits after MI (Taylor et al. 1998) - an 

outcome which was reproducible in other pre-clinical studies (Ptaszek et al. 2012). 

Three years later, Menasche and colleagues performed the world’s first cellular 

therapy in a patient by injecting skeletal myoblasts into the patient’s heart during 

cardiac surgery (Menasché et al. 2001).  

Despite surfacing doubts about the ability of skeletal myoblasts to transdifferentiate 

into CMs (Reinecke et al. 2002), a multicentre, randomised myoblast autologous 

grafting in ischaemic cardiomyopathy (MAGIC) trial was conducted with over 120 

patients (Menasché et al. 2008). Although a ground-breaking trial, the MAGIC trial 

reinforced the findings that skeletal myoblasts did not transdifferentiate into CMs when 

injected into the heart (Menasché et al. 2008; Ptaszek et al. 2012). These cells became 

skeletal myocytes instead. Skeletal myocytes’ inherent lack of connexin-43 gap 

junctions made electrical integration with CMs difficult, thus triggering life-threatening 

ventricular arrhythmias (Roell et al. 2007; Menasché et al. 2008). Failure of skeletal 

myoblasts to transdifferentiate into CMs carried significant clinical risks and was 

abandoned as a potential cellular therapy.  

1:7:2 Adult stem cells - bone marrow mononuclear cells  

In the 1990s, scientists were quite enthusiastic about the potential of adult stem cells 

to regenerate the infarcted heart (Tompkins et al. 2018). Then, the scientific studies 

focused upon the use of adult stem cells derived from the bone marrow, which were 

termed as bone marrow mononuclear cells (BMMNCs) (Banerjee et al. 2018; 

Tompkins et al. 2018). Initially, there was wide-spread belief that adult stem cells were 

highly plastic and could ‘transdifferentiate’ into any cell type, if placed within the right 
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organ (Krause et al. 2001; Priller et al. 2001; Corbel et al. 2003). Furthermore, gender 

chimerism in transplanted hearts was observed (Quaini et al. 2001). Thus, the theory 

of ‘transdifferentiation’ took a stronghold in this field; circulating adult stem cells would 

home into the heart and ‘transdifferentiate’ into CMs (Orlic et al. 2001). A flurry of pre-

clinical studies utilising adult stem cells to salvage the failing heart ensued rapidly. 

However, the results remained vague (Nowbar et al. 2014; Fisher et al. 2016). 

In 2001, Orlic et al. claimed to show that injected BMMNCs ‘transdifferentiated’ into 

CMs in the heart (Orlic et al. 2001). Strikingly, the BMMNCs successfully made new 

myocardium, which occupied up to 68% of the infarcted heart (Orlic et al. 2001). Within 

a year, this study was translated into human clinical trials, (Strauer et al. 2001). The 

usage of BMMNCs to regenerate the infarcted heart escalated rapidly (Strauer et al. 

2002; Wollert 2004; Assmus et al 2006). However, we would do well to remember that 

BMMNCs have a haematopoetic origin (Wagers et al. 2002; Chien et al. 2019). 

Several lineage-tracing studies showed that BMMNCs do not transdifferentiate into 

CMs, but rather into adult haematopoietic cells in the heart (Murry et al. 2004; Nygren 

et al. 2004; Balsam et al. 2004). By now, the ‘transdifferentiation’ theory as proposed 

by Orlic et al. had been mostly refuted (Murry et al. 2004; Nygren et al. 2004; Balsam 

et al. 2004). However, a more malignant idea has taken hold e.g. c-Kit+ cells 

(discussed in Section 1:7:3).  

Due to the lack of BMMNCs’ ability to ‘transdifferentiate’, it is now widely believed that 

BMMNCs exerted benefits via paracrine signalling (Gnecchi et al. 2008). BMMNCs 

were postulated to have pleiotropic effects, which encompassed wide 

immunosuppressive activity, ECM-modulatory, antiapoptotic and pro-angiogenic 

effects to promote cardiac repair (Sanganalmath et al. 2013). Pre-clinical studies and 

Phase II & III clinical trials with BMMNCs showed modest improvements in cardiac 



64 
 

function (Chen et al. 2004; Lalu et al. 2018; Tompkins et al. 2018). However, 

exhaustive meta-analysis (Damascene Study) (Nowbar et al. 2014) and a Cochrane 

review (Fisher et al. 2016) showed that the BMMNC-mediated cardiac repairs were 

not statistically significant. The efficacy of paracrine-mediated cardiac recovery by 

BMMNCs remains under intense scrutiny.  

BMNNCs induced the influx of macrophages to the infarcted heart which likely led to 

modest cardiac recovery. 20 years after the first BMMNC pre-clinical study, Vagnozzi 

and colleagues showed that the functional benefits of adult stem cell therapy were due 

to acute inflammatory responses, secondary to the accumulation of CCR2+ and 

CX3CR1+ macrophages which were invoked by the adult stem cells themselves 

(Vagnozzi et al. 2020). Similar cardiac functional gains were observed upon the 

delivery of zymogen, a sterile inducer of the innate immune response, within infarcted 

mouse hearts (Vagnozzi et al. 2020). Thus, utilising macrophages to evoke cardiac 

repair appears promising.  

Drawing upon all the studies thus far, adult stem cell therapy is demonstrably unable 

to generate new CMs to repair the infarcted heart. Nonetheless, the BMNNCs’ 

paracrine effects on the infarcted hearts warrants further study.  

1:7:3 Cardiac Stem Cells - c-Kit+ cells 

Stemming from the work by Orlic et al. on the ability of BMMNCs to ‘transdifferentiate’ 

to CMs, Piero Anversa’s group proposed that the heart has a multi-potent cardiac stem 

cell population (Beltrami et al. 2003; Dawn et al. 2005; Linke et al. 2005). These 

cardiac stem cells carried the same c-Kit+ marker as bone marrow cells and were 
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presented as a self-renewing source of CMs in the heart (Beltrami et al. 2003; Dawn 

et al. 2005). As discussed in Section 1:6:1, the heart can self-renew via the 

proliferation of pre-existing CMs, albeit at a low rate ~1% per year (Bergmann et al. 

2009). Pre-clinical studies reported that the transplantation of isolated human c-Kit+ 

CMs overwhelmingly regenerated the infarcted heart, with up to 70% recovery 

(Beltrami et al. 2003; Dawn et al. 2005; Bearzi et al. 2007). A phase I clinical trial 

(SCIPIO) rapidly followed (Bolli et al. 2011) with reports of similar cardiac gains. 

Notably, the mechanisms underlying the reported benefits of c-Kit+ cardiac stem cells 

were not elucidated prior to the clinical trials.  

Meanwhile, other laboratories started demonstrating that c-Kit+ cells did not 

differentiate into CMs after transplantation (Pouly et al. 2008; Zaruba et al. 2010). Two 

independently published studies, with five novel c-Kit+ lineage-tracing mouse models 

(Sultana et al. 2015) and two c-Kit+ lineage-tracing mouse models (Van Berlo et al. 

2014) respectively, showed exhaustively that c-Kit+ cells maintain endothelial identity 

post-infarct and contribute minimally towards de novo cardiomyocyte formation during 

development and ageing (Van Berlo et al. 2014). Instead, c-Kit+ cells contribute 

primarily to the generation of cardiac endothelial cells (Li et al. 2018), and previous 

reports of c-Kit+ CMs may have arisen from artefactually labelled leucocyte fusion with 

CMs (Maliken et al. 2018). The robust c-Kit+ lineage-tracing studies, coupled with the 

lack of reproducibility by other laboratories, unequivocally proved that c-Kit+ cells are 

not cardiac stem cells and cannot regenerate the heart (Van Berlo et al. 2014; Sultana 

et al. 2015; Maliken et al. 2018; Li et al. 2018).  

Although scientific progress benefits from hindsight and many truths were later 

uncovered with better technology, many of Piero Anversa’s scientific works were 
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deemed fraudulent by a 5-year investigation carried out by Brigham and Women’s 

Hospital and Harvard University - up to 31 scientific papers were retracted (Chien et 

al. 2019). This rebuke remains as a cautionary tale to the cardiac regenerative 

scientific community; any participant of the global race to regenerate the heart needs 

to demonstrate scientific rigour, robustness, and reproducibility.  

The interwoven lessons from BMMNCs and c-Kit+ cells were that our mechanistic 

understanding of exogenously delivered cellular therapy needs to parallel the 

observed cardiac functional gains. The ‘transdifferentiation’ theory was laid to rest. So 

far, the beneficial paracrine effects conferred by adult stem cells therapy remain under 

interrogation. However, generation of new CMs is still central to exogenous cardiac 

regeneration and could be fulfilled by another approach.  

1:7:4 hESC/IPSC – derived cardiomyocytes 

The next approach is simple - deliver new contractile CMs to replenish the irreversible 

loss of CMs after MI. This approach is termed as ‘primary remuscularization’. Proof-

of-concept studies successfully utilised foetal/neonatal rat CMs (NRVMs) via cellular 

injections (Etzion et al. 2001) or patches (Zimmermann et al. 2002) to evoke cardiac 

recovery in the acute/subacute MI setting. Obviously, we cannot translate the use of 

human-derived foetal/neonatal CMs into clinics. With advances in human embryonic 

stem cell (hESC)-derived cells (Kehat et al. 2001) and IPSC-derived cellular 

technologies (Takahashi and Yamanaka 2006; Yoshida and Yamanaka 2017), 

laboratories could generate hESC/IPSCs-derived CMs. hESC/IPSC-derived CMs are 

foetal-like, display classical cardiac transcription factors, e.g., Nkx2.5, Gata4, and 



67 
 

Mef2c, and have contractile function (Vagnozzi et al. 2018). Thus, ‘primary 

remuscularization’ with hESC/IPSC-derived CMs holds great translational potential for 

regenerating the infarcted heart (Leor et al. 2007; Linda W. van Laake et al. 2007). 

Over the last decade, huge strides have been made by using hESC/IPSC-derived CMs 

in cardiac regeneration. Early studies recorded transient cardiac functional gains 

(Linda W. van Laake et al. 2007). With the hESC/IPSC technology then at its infancy, 

CMs were cultured as embryoid bodies with contamination by other stromal cells. 

hESC-derived CMs barely survived in vivo (Kehat et al. 2001). Presently, hESC/IPSC-

derived CMs are regularly cultured as a monolayer. This culture method increased the 

efficiency of large-scale CM generation with ~90% cells displaying the cardiac troponin 

T protein (cTNT) (Burridge et al. 2012; Yoshida and Yamanaka 2017). Thus, 

hESC/IPSC-derived CMs are increasingly viewed as an accessible and highly scalable 

source of new CMs.  

Multiple groups independently showed that injected hESC/IPSC-derived CMs 

survived, formed new cardiac grafts to ‘remuscularize’ the infarcted heart, and were 

accompanied by cardiac functional recovery (Laflamme et al. 2007; Shiba et al. 2013; 

Gerbin et al. 2015; Shiba et al. 2016; Kawamura et al. 2016; Liu et al. 2018). 

Specifically, hESC/IPSC-derived CMs delivered at subacute time points after MI, 

attenuated cardiac dysfunction post-MI (Laflamme et al. 2007; Shiba et al. 2013; 

Gerbin et al. 2015; Shiba et al. 2016; Kawamura et al. 2016; Liu et al. 2018). The 

observations of cardiac repair were reproduced by different groups in various animal 

models, ranging from mice, rats, guinea pigs to non-human primates (Chong et al. 

2014; Shiba et al. 2013; 2016; Liu et al. 2018). The highest LVEF% improvement post-

MI was ~12.4% in non-human primates (Liu et al. 2018), comparable to the LVADs 
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discussed in Section 1:2:4. Simply put, the exogenously delivered CMs contributed 

towards the contractile function of the infarcted heart, in the subacute MI setting.  

Cellular therapy with hESC/IPSC-derived CMs resulted in sustained and reproducible 

cardiac recovery MI (Laflamme et al. 2007; Shiba et al. 2013; Gerbin et al. 2015; Shiba 

et al. 2016; Kawamura et al. 2016; Liu et al. 2018). However, several key challenges 

remained, Section 1:8:2. Strategies to overcome these challenges such as 

combinatorial cellular therapy and tissue-engineering adjuncts would be discussed in 

Section 1:10. Nonetheless, the avalanche of reproducible results over the last 20 

years, had propelled hESC/IPSC-derived CMs forward as the major cell type to invoke 

exogenous cardiac regeneration (Eschenhagen et al. 2017; Bertero and Murry 2018). 

First-in-man trials are now imminent in various countries (Murry and MacLellan 2020). 

1:8 Cardiomyocyte-based Cellular Therapy for Chronic 

Heart Failure 

Exogenous delivery of hESC/IPSC-derived CMs to ‘remuscularize’ the infarcted 

heart, holds great promise as the ideal heart failure treatment. Cellular therapy with 

hESC/IPSC-derived CMs, would replace the loss of CMs, be universally accessible 

and sustainable in the long-term. Unfortunately, the cardiac regenerative community 

has not directly addressed chronic heart failure. In cardiac regeneration, successes 

with hESC/IPSC-CMs were only demonstrated at subacute time points after MI, 

coinciding with the healing phase post-MI (Laflamme et al. 2007; Shiba et al. 2013; 

Gerbin et al. 2015; Shiba et al. 2016; Kawamura et al. 2016; Liu et al. 2018). However, 

reversing heart failure secondary to chronic MI, represents an urgent clinical 



69 
 

challenge. Chronic heart failure carries a 50% 5-year mortality (Jones et al. 2019) and 

affects 64.3 million people, globally (James et al. 2018). 

It is widely acknowledged that a chronically infarcted heart is harder to salvage than 

subacute infarcts in the middle of a healing phase (Jessup and Brozena 2003). The 

challenges are due to large areas of scarring, poor vascularisation, adverse 

remodelling, and the establishment of maladaptive neurohormonal activation(Pfeffer 

et al. 1991; Jessup and Brozena 2003; Hartupee and Mann 2016; Frangogiannis and 

Kovacic 2020), Figure 8. However, the adult zebrafish showed that they could form 

new cardiac muscle over a chronic, 60-day-old scar with 90% of injury sites showing 

histological evidence of remuscularization (Kikuchi et al. 2010). This observation 

hinted that cardiac regeneration within the chronic infarct environment is possible, 

albeit an illustration of endogenous cardiac regeneration (Kikuchi et al. 2010). Next, I 

will discuss the results from hESC/IPSC-derived CMs monotherapy in the chronic MI 

setting, together with inherent hESC/IPSC challenges that led to the negative results. 

Then, I would discuss how I planned to test the feasibility of cellular therapy in 

regenerating the chronically infarcted myocardium.  
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Figure 8: Sequences of events at the cellular, ECM and tissue level after MI 

After MI, acute inflammation sets in over 0-3 days, followed by rapid ECM breakdown with 

collagen and fibrosis deposition with changes in wall stress. Ongoing CMs death led to further 

mitochondrial dysfunction with oxidative stress and impaired Ca2+ handling. At the organ level, 

the left ventricle (LV) extensively remodels with wall thinning, eccentric hypertrophy, and 

ventricular dilatation; eventually leading to end-stage dilated cardiomyopathy (chronic heart 

failure). (Adapted from Frangogiannis et al, 2020) 

1:8:1 Cellular therapy with hESC/IPSC-derived 

cardiomyocytes alone  

hESC/IPSCs-derived CMs successfully engrafted within the chronically infarcted 

myocardium but without a corresponding cardiac recovery in both rat (Fernandes et 

al. 2010) and guinea pig chronic MI models  (Shiba et al. 2014). These studies used 

physiologically relevant cellular doses, cellular preconditioning with the pro-survival 

cocktail and measured cardiac function with MRI (Fernandes et al. 2010; Shiba et al. 

2014). With direct intramyocardial injections in the chronic MI rat model, the graft sizes 

at 1-month post-cellular injection were reported at 0.83±0.22% of the left ventricle 
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(Fernandes et al. 2010), compared to 1.1 ± 0.5% of the left ventricle in the subacute 

MI rat model (Gerbin et al. 2015). As for the guinea pig, Shiba et al. showed that hESC-

CM grafts at 1-month post-injection constituted 3.3±0.7% of the scar area in chronic 

MI (Shiba et al. 2014) vs 8.4 ± 1.5% of the scar area in subacute MI (Shiba et al. 2013). 

Notably, all studies using primary or hESC/IPSC-derived CMs monotherapy showed 

minimal graft sizes in the chronic MI setting (Li et al. 1996; Sakakibara et al. 2002; 

Huwer et al. 2003; Fernandes et al. 2010; Shiba et al. 2014).  

Compared to the subacute MI setting, is the lack of improvement cardiac function in 

the chronic MI setting solely due to smaller cardiac grafts? Studies reported a linear 

correlation between graft sizes and degree of cardiac repair in the subacute MI setting 

(Liu et al. 2018; Bargehr et al. 2019). Given that a chronically infarcted heart is far 

sicker, one reasoned that larger cardiac grafts would be required to improve cardiac 

function in this setting. Apart from size, the cardiac grafts also need to be mature 

(Karbassi et al. 2020) and electrically couple with the host tissue (Shiba et al. 2014). 

Thus, I hypothesized that the augmentation of these key graft-specific factors (i.e., 

size, maturation, electrical connectivity) would contribute a greater contractile function; 

capable of reversing chronic heart failure.  

Regardless of subacute or chronic MI setting, achieving sizeable, mature and 

electrically coupled cardiac grafts are inherent challenges with using hESC/IPSC-

derived CMs alone to regenerate the infarcted heart (Bertero and Murry 2018). Given 

the increased hostility of the chronically infarcted environment, these challenges are 

amplified. Next, I will discuss the specific challenges and how I aim to tackle them. 
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1:8:2 Challenges with hESC/IPSC-derived cardiomyocytes 
alone 

With hESC/IPSC-derived CMs monotherapy, there are specific challenges in obtaining 

sizeable, mature and electrically coupled cardiac grafts. The challenges comprised of 

significant cell death ~80% within 24hrs of delivery (Zhang et al. 2001; Müller-Ehmsen 

et al. 2002; Laflamme et al. 2007), CM maturation (Kadota et al. 2017; Karbassi et al. 

2020), inconsistent electrical integration with the host tissue with arrythmias (Shiba et 

al. 2013; Liu et al. 2018), lack of vascularization (Bertero and Murry 2018) and 

immunogenicity concerns (Kawamura et al. 2016; Shiba et al. 2016). All these 

challenges resulted in variable cardiac graft sizes in the subacute MI setting 

(Laflamme et al. 2007; Shiba et al. 2013; Gerbin et al. 2015; Shiba et al. 2016; 

Kawamura et al. 2016; Liu et al. 2018). I will discuss the advances made to overcome 

these challenges and address how the challenges specific to chronic MI could be 

tackled.  

1:8:2:1 Cardiomyocyte survival  

In earlier proof-of-concept cellular therapy studies, very few hESC/IPSC-derived CMs 

survived or engrafted after intramyocardial injections into infarcted rats (Etzion et al. 

2001; Linda W. van Laake et al. 2007; Leor et al. 2007). To enhance hESC-derived 

CMs’ survival, LaFlamme and colleagues developed the pro-survival cocktail (PSC) to 

ameliorate the effects of anoikis and various apoptotic pathways that lead to hESC-

CM’s death upon injection in the post-infarct setting (Laflamme et al. 2007). PSC 

included Matrigel to prevent anoikis (Zvibel, Smets, and Soriano 2002), a cell-

permeant peptide from Bcl-XL to block mitochondrial death pathways (Cao et al. 
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2002), cyclosporine A to attenuate cyclophilin D–dependent mitochondrial pathways 

(Baines et al. 2004; Nakagawa et al. 2005), a compound that opens ATP dependent 

K+ channels (pinacidil) to mimic ischemic preconditioning (Ardehali et al. 2005), IGF-

1 to activate Akt pathways (Davis et al. 2006) and the caspase inhibitor ZVAD-fmk 

(Montolio et al. 2005). Delivery of hESC/IPSC-derived CMs in this PSC, led to greater 

CM survival, engraftment and cardiac recovery (Shiba et al. 2013; 2016; Gerbin et al. 

2015; Bargehr et al. 2019).  

Furthermore, LaFlamme and colleagues also identified that cellular delivery at four 

days after MI, greatly improved cell survival (Laflamme et al. 2007; Robey et al. 2009). 

Four days after MI constitutes the subacute MI setting, which is well-described as a 

pro-angiogenic, healing phase after MI (Laflamme et al. 2007; Robey et al 2009). The 

hESC/IPSC-derived CMs were delivered into a favourable tissue environment, thereby 

improving cellular survival and cardiac engraftment (Laflamme et al. 2007). To 

extrapolate to the hostile chronic MI setting, PSC would be required in addition to 

further pro-survival adjuncts. This will be discussed in Section 1:9 and 1:10. 

1:8:2:2 Cardiomyocyte proliferation  

Once engrafted, the hESC/IPSC-derived CMs could proliferate within the infarcted 

myocardium. Several subacute MI rodent studies confirmed that hESC/IPSC-derived 

CMs proliferated in vivo, with BrdU (5-bromo-2’-deoxyuridine) labelling of proliferating 

CMs (Laflamme et al. 2005, 2007; Gerbin et al. 2015; Fernandes et al. 2015). 

hESC/ISPC-derived CMs proliferated in the chronic MI setting, although the reported 

proliferation was unfortunately not quantified (Fernandes et al. 2010). In the subacute 

MI setting, the reported proliferative rates ranged widely from 9-15% in rodent and 
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non-human primate models (LaFlamme et al.2005, 2007; Liu et al. 2018; Bargehr et 

al. 2019), hinting that this biological process could be enhanced.  

Both CM survival and proliferation are required to form large cardiac grafts in vivo. 

Despite the ~ 80% cellular death within 24hrs of intramyocardial injections (Zhang et 

al. 2001; Müller-Ehmsen et al. 2002; Laflamme et al. 2007), there were sufficient CM 

proliferation in vivo to form cardiac grafts capable of invoking cardiac repair, in the 

subacute MI setting (Gerbin et al. 2015; Liu et al. 2018; Bargher et al. 2019). The 

proliferative ability of the hESC/IPSC-derived CMs reflected their foetal-like stage 

(Vagnozzi et al. 2018; Guo and Pu 2020). This is a unique advantage of using 

hESC/IPSC-derived CMs to regenerate the infarcted heart. In the context of the hostile 

chronic MI environment, whereby large cardiac grafts are required, further 

augmentation of CM proliferation is desirable.  

The next challenges remain fine-tuning the hESC/IPSC-derived CM’s proliferation rate 

and timing. Ideally, we require CM proliferation to form sizeable cardiac grafts, 

followed by exiting of the cell cycle to mature into efficient, contractile cardiac grafts. 

1:8:2:3 Cardiomyocyte maturation 

Mature, engrafted hESC/IPSC-derived CMs are needed to contract efficiently in the 

adult host’s heart. However, the maturation of hESC/IPSC-derived CMs grown as a 

monolayer, is limited to a foetal-like stage (Yang et al. 2014). At the point of cellular 

injection, the immature ESC/IPSC-derived CMs have an inefficient excitation-

contraction coupling apparatus with disorganised sarcomeres and t-tubules, and 
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loosely packed calcium channels on the sarcoplasmic reticulum (SR) (Karbassi et al. 

2020). The CM’s maturity level directly affects the efficiency of excitation-contraction 

coupling and, therefore, its active force generation (Bers 2002; Kane et al. 2015). 

Thus, more mature CMs are required to contribute a greater contractile force with a 

greater cardiac functional recovery.  

However, immature CMs were shown to integrate better with host tissue (Reinecke et 

al. 1999; Kadota et al. 2017). Reinecke et al. showed that foetal and NRVMs integrated 

better than adult rat CMs in infarcted rat hearts, which led to better survival and cardiac 

engraftment in vivo (Reinecke et al. 1999). The efficiency of hESC/IPSC-derived CMs’ 

integration with host myocardium also carry implications for graft: host electrical 

connectivity, Section 1:8:2:4. As the maturity of exogenously delivered CMs affects 

their ability to integrate with the host myocardium, the optimal balance between the 

CMs’ ability to integrate with host myocardium and CMs’ maturity must be sought 

(Yang et al. 2014; Karbassi et al. 2020). 

Despite the recently infarcted myocardium, hESC/IPSC-derived CMs were able to 

mature in vivo (Gerbin et al. 2015; Kadota et al. 2017; Liu et al. 2018; Bargehr et al. 

2019). There were histological evidence of immature ssTNI switch to the mature cTNI 

isoform, together with increased sarcomeric and cellular parameters over time (Gerbin 

et al. 2015; Kadota et al. 2017; Liu et al. 2018; Bargehr et al. 2019). Table 2 lists the 

major differences between immature and mature CMs. 
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Parameters Immature CMs Adult CMs  
Morphology Cell shape Circular Rod Shaped  

Membrane 
capacitance 

17.5±7.6 pF ≈150 pF 

Myofibril Sarcomere Structure Disorganized Highly aligned 
Sarcomere Length  ≈1.6 μm ≈2.2 μm 
T-tubules No Yes 

Isoform Titin N2BA N2B 
Troponin I ssTnI cTnI 
MHC β > α β >> α 

Electrophysiology 
and Ca2+-Handling 

Upstroke velocity of 
Calcium Transients 

≈50 V/s ≈250 V/s 

Resting membrane 
potential 

≈−60 mV ≈−90 mV 

Excitation-
contraction coupling 

Partially developed  Mature 

Contractile force ≈nN range/cell ≈µN range/cell 
Gap junction 
distribution 

Circumferential Polarized to 
intercalated disks 

Conduction velocity ≈0.1 m/s13 0.3–1.0 m/s 
Metabolism Mitochondria Irregularly distributed, 

occupies a small 
fraction of cell volume 

Regularly distributed, 
occupies ≈20% to 
40% of cell volume 

Metabolic substrate Glucose Fatty Acids 
Other  Multinucleation Mononucleated ≈25% multinucleated 

Responses to β-
adrenergic 
stimulation 

Chronotropic 
response 

Chronotropic 
response 

 
Lack of inotropic 
reaction 

Inotropic reaction 

Table 2 List of major differences between immature and mature CMs  

(Adapted from Yang et al 2014, Guo and Pu 2020)  

Numerous key factors were shown to augment the maturation of foetal-like 

hESC/IPSC-derived CMs in vivo, such as biophysical cues (geometric constraints, 

ECM viscoelasticity, electrical stimulation, mechanical strain), biochemical cues 

(thyroid hormone T3 i.e., triiodothyronine, glucocorticoids, insulin-like growth factor, 

circulating fatty acids and oxygen tension) and non-CMs stromal cells (Guo and Pu 

2020). Thus, the cell type, combination cellular adjuncts and in vivo environment are 

instrumental to the maturation of the foetal-like hESC/IPSC-derived CMs (Guo and Pu 

2020). As a substantial degree of CM maturation occurs in vivo, the relative immaturity 
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of hESC/IPSC-derived CMs does not hinder efforts in translating hESC/IPSC-derived 

CMs-based therapy into the chronic MI setting.  

CM maturation is fundamental to the cardiac regenerative efforts, being intrinsically 

linked to both CM proliferation and electrical integration with the host myocardium.  

1:8:2:4 Cardiomyocyte’s electrical integration with the host 
myocardium 

Large, mature cardiac grafts composed of hESC/IPSC-derived CMs, need to 

electrically integrate with the adult host heart. In pre-clinical studies of hESC/IPSC-

derived CMs alone, electrical integration with the host tissue was demonstrated by 

histological evidence of connexin-43 gap junctions between neighbouring engrafted 

CMs and host CMs (Laflamme et al. 2007). In the subacute MI setting, ex vivo calcium-

mapping studies showed efficient, 1:1 graft: host electrical coupling in both rat and 

guinea pig model (Shiba et al. 2013; Gerbin et al. 2015). Efficient host-graft electrical 

integration would contribute towards a greater cardiac contractile function and whilst 

poor integration would predispose towards arrhythmias.   

The close relationship between host-graft electrical integration and CM maturation was 

recently illustrated by observations of self-terminating arrhythmic events in non-human 

primate subacute MI studies (Chong et al. 2014; Liu et al. 2018; Romagnuolo et al. 

2019). Electrophysiology studies showed that these arrhythmic events were due to the 

immaturity of the engrafted CMs (Liu et al. 2018). As the cardiac grafts mature in vivo, 

the arrhythmic events resolved over time (Liu et al. 2018). These arrhythmic events 

represent a sizeable hurdle to clinical translation. Thus, characterization of the optimal 
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maturity of pre-injected hESC/IPSC-derived CMs and acceleration of CM maturation 

in vivo, warrant further work.  

The chronic MI setting poses a greater challenge to hESC/IPSC-derived CMs 

monotherapy. Using ex vivo calcium-mapping studies, hESC/IPSC-derived CMs 

monotherapy demonstrated inefficient graft: host electrical coupling with no 

observable cardiac functional recovery in the chronic MI setting (Shiba et al. 2014). 

Given the increased hostility of the chronic MI environment, other adjuncts for 

hESC/IPSC-CMs such as the co-delivery with a key non-cardiac stromal cell, or even 

a different cell type, may be required, Section 1:9 and 1:10. 

1:8:2:5 Cardiomyocyte-associated Immunogenicity 
  

Exogenously delivered hESC/IPSC-derived CMs are immunogenic - a major 

contributing factor influencing cell survival in vivo. Allogeneic donor CMs can activate 

the host immune system via three pathways: Directly via intact allogeneic MHC 

molecules, indirectly via peptides derived from polymorphic sequences of allogeneic 

MHC molecules, or in a semi-direct pathway in which recipient dendritic cells acquire 

intact MHC molecules from donor cells (Zheng, Wang, and Xu 2016). Thus, the attacks 

on hESC/IPSC-derived CMs are predominantly driven by the adaptive immune 

system.  

This immunogenicity of hESC/IPSC-derived CMs poses a significant challenge to 

clinical translation. In larger animal models, such as non-human primates, a triple 

immunosuppression regimen (methylprednisolone, cyclosporine and abatacept), 

administered throughout the animals’ lifespan has been required (Chong et al. 2014; 
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Liu et al. 2018). Only with this substantial immunosuppression regimen have 

allogeneic hESC-derived cardiac grafts been reported to survive. To counteract 

opportunistic infections, hefty doses of antibiotics (Ceftazidime, cefazolin, 

vancomycin, gentamycin, fluconazole, and acyclovir) were then required (Chong et al. 

2014; Liu et al. 2018).  

Non-cardiac stromal cells are highly involved in modulating the immune response after 

cardiac injury (Forte et al. 2018). In the zebrafish, the cardiac regenerative response 

involves an influx of immune cells to clear the initial fibrin for subsequent 

cardiomyocyte proliferation (Cao and Poss 2018). In the murine, the epicardium was 

shown to modulate the adaptive immune response of T-regulatory cells (Tregs), a 

subset of CD4+ T cells via the Yap/Taz pathway (Ramjee et al. 2017). Modulating the 

immune response with a key non-cardiac stromal cell e.g. epicardium, may preclude 

immunosuppression with CM-based cellular therapy. In the context of chronic MI, 

whereby sizeable cardiac grafts are required, maximising cell survival is a priority. To 

achieve this, modulating the host’s immune response by using adjunctive 

pharmacological or cellular therapy and/or using immune ‘naïve’ or species-matched 

cell type may be required.  

1:8:2:6 Cardiac graft vascularization  

Engrafted hESC/IPSC-derived CMs require an adequate and mature vascularization 

to ensure cell survival, CM maturation and efficient contractile function. A mature 

vascular supply is necessary to bring oxygenated blood and metabolites to the highly 

active, contractile cardiac grafts (Bertero and Murry 2018). This vascular supply needs 

to connect effectively with the host’s vascular network. However, delivering 

hESC/IPSC-derived CMs alone clearly lacks vascular cells. Nonetheless, histological 
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evidence of neovascularization within hESC/IPSC-derived cardiac grafts was 

observed across a range of pre-clinical studies (Chong et al. 2014; Gerbin et al. 2015; 

Liu et al. 2018). The neovascularization appeared to be host-derived and its function 

remains unquantified (Chong et al. 2014; Gerbin et al. 2015; Liu et al. 2018). Thus, 

the extent and efficacy of the observed graft neovascularization warrants further 

interrogation.  

Lack of vascularization was postulated as a key factor, for the failure of hESC/IPSC-

derived CMs alone, in regenerating chronically infarcted hearts (Fernandes et al. 

2010). In contrast to the subacute MI setting, the chronic MI environment is scarred, 

with depleted vascularization (Jessup and Brozena 2003). To rescue the chronically 

failing heart, pro-angiogenic adjuncts to hESC/IPSC-derived CMs monotherapy might 

be required, as a mature, interconnected graft-host vascular supply is a prerequisite 

for successful cardiac regeneration. 

Pre-clinical studies with hESC/IPSC-derived CMs alone demonstrated significant 

promise for clinical translation. However, certain hurdles remain. These hurdles are 

particularly magnified in the context of chronic heart failure. Two cellular therapeutic 

strategies that may surmount such hurdles are effective species-matching of 

exogenous cells and the use of combinations of cell types, such as epicardial cells 

alongside CMs. 
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1:9 Species-matched Cellular Therapy for Chronic 

Heart Failure (foetal/neonatal rat cardiomyocytes and a 

rat model) 

Species-matching of cellular graft: host has proved to be a pertinent factor for 

successful cardiac regeneration. A closer evolutionary distance between the species 

of graft cells and host (i.e., human cells in non-human primate) tremendously improved 

functional benefits in the subacute MI setting (Chong et al. 2014; Liu et al. 2018). When 

using NRVMs in a rat model, matching the heartbeat, signalling pathways for cellular 

maturation, proliferation and integration with the host would be considerably 

enhanced. Within the subacute MI setting, using species-matched cellular therapy i.e. 

NRVM, resulted in superior cardiac recovery in infarcted rat hearts (Etzion et al. 2001; 

Zimmermann et al. 2006; Kadota et al. 2017; Maass et al. 2017). Furthermore, 

species-matched cellular therapy would reduce immunogenicity concerns. All these 

factors contribute towards the augmentation of CM survival and maturation in vivo, 

thereby leading to large and mature cardiac grafts. Given the increased hostility of the 

chronic MI environment, the augmented cardiac grafts secondary to species-matched 

therapy, could potentially optimize cardiac repair and reverse heart failure. 

Noting the challenges involved in salvaging the chronically infarcted heart with 

hESC/IPSC-derived CMs alone, the feasibility of exogenously delivered, CM-based 

therapy for chronic heart failure using NRVM was considered. NRVM represented the 

optimal CM for proof-of-concept studies of cardiac regeneration in rats; due to its 

species-compatibility, accessibility, cellular plasticity, and resilience in the infarcted rat 
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myocardium (Reinecke et al. 1999; Etzion et al. 2001; Zimmermann et al. 2006; 

Kadota et al. 2017). NRVMs represent the optimal cell type for testing the efficacy of 

cellular therapy in repairing chronically infarcted rat hearts. 

However, early studies utilizing foetal rat CMs or NRVMs via intramyocardial cellular 

injections in chronic MI rat models showed inconsistent results (Li et al. 1996; 

Sakakibara et al. 2002; Huwer et al. 2003). Li et al. showed long-term cardiac 

engraftment with improvement in cardiac function, whilst Huwer et al. showed no 

cardiac improvement- both studies utilised cryoinjury and measured cardiac function 

via ex vivo Langendorff preparations (Li et al. 1996; Huwer et al. 2003). A key 

difference was that Li et al. utilised cryoinjury on the left ventricular free wall, whilst 

Huwer et al.’s cryoinjury site was at the obtuse marginal, resulting in different extents 

of myocardial injury (Li et al. 1996; Huwer et al. 2003). Meanwhile, Sakakibara et al. 

used a permanent LAD ligation rat MI model and echocardiography to measure 

cardiac function, which was reported as no cardiac recovery (Sakakibara et al. 2002). 

Notably, a P1 neonatal mouse could regenerate its heart after non-transmural 

cryoinjury, but not with transmural cryoinjury (Darehzereshki et al. 2015). The extent 

and nature of the cardiac injury likely affect the potential for cardiac recovery in 

mammals (Darehzereshki et al. 2015; Lam and Sadek 2018). Drawing upon the 

observations in endogenous cardiac regeneration, the variable results reported by the 

earlier chronic MI rat studies were likely underpinned by inconsistencies in the mode 

of cardiac injury (Li et al. 1996; Sakakibara et al. 2002; Huwer et al. 2003). 

Minimal cellular engraftment was also noted throughout the early chronic MI rat studies 

(Li et al. 1996; Sakakibara et al. 2002; Huwer et al. 2003). These chronic MI rat studies 

delivered NRVM without PSC, a recent advancement that has been pivotal to cell 
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survival (Laflamme et al. 2007). The dose of transplanted cells delivered into the 

chronically infarcted rat heart was ~2-fold less (Li et al. 1996; Sakakibara et al. 2002; 

Huwer et al. 2003) than was reported to be therapeutically efficient in the subacute 

setting (Laflamme et al. 2005, 2007; Gerbin et al. 2015; Bargehr et al. 2019). Several 

subacute MI studies demonstrated that cardiac graft sizes were directly correlated to 

the degree of cardiac repair (Maass et al. 2017; Liu et al. 2018; Bargehr et al. 2019). 

Cellular adjuncts to improve NRVM’s survival and engraftment in the chronically 

infarcted myocardium may increase the potential of cardiac recovery.  

Thus far, the inconsistent cardiac repair with NRVM as reported by earlier chronic MI 

rat studies were likely due to key variations in the study design. The critical variables 

consisted of the type and extent of cardiac injury (Darehzereshki et al. 2015), the 

cellular dosages (Laflamme et al. 2005; Maass et al. 2017), the lack of cellular pre-

conditioning (Laflamme et al. 2007) and different modes to measure and evaluate 

cardiac function; all factors shown to be pivotal for the success of endogenous and 

exogenous cardiac regeneration in the subacute MI setting. Despite the earlier chronic 

MI rat studies, the question of whether species-matched cellular therapy could rescue 

the chronically infarcted heart remains unanswered.  

Given the benefits associated with species-matched cellular therapy in the subacute 

MI setting and the inconsistent results from earlier chronic MI rat studies, NRVM still 

represented the optimal cell type to test the potential of species-matched cellular 

therapy in salvaging chronically infarcted rat hearts. However, the chronic MI rat study 

design needs to be optimised. Thus, the first aim of my doctoral work is to optimize 

the chronic MI rat studies and examine whether species-matched cellular therapy 
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(NRVM) could regenerate chronically infarcted rat hearts. This experiment will offer 

fresh insights and represents a crucial step towards translating exogenously delivered, 

CMs-based cellular therapy into clinics.  

1:10 Combination Cellular Therapy  

Combination cellular therapy represents the next approach to salvage the chronically 

infarcted heart. Cardiac embryogenesis requires well-orchestrated signalling cues 

from various cell types during CM specification, development, and maturation (Galdos 

et al. 2017). Furthermore, non-cardiac stromal cells are integral to cardiac 

regeneration in adult zebrafish (Kikuchi et al. 2011; Cao et al. 2017) and neonatal mice 

(Wang et al. 2020a). Considering all the challenges involved (Section 1:8:2), the 

delivery of hESC/IPSC-derived CMs alone appears insufficient in overcoming the 

hostility of the chronic MI environment. Combining hESC/IPSC-derived CMs with a 

key non-cardiac stromal cell that augments CM survival, proliferation, maturation, 

electrical integration, and vascularization in vivo, is a highly feasible approach to 

improve cellular treatment of chronic heart failure. Testing this hypothesis forms the 

second aim of my doctoral work.  

1:10:1 hESC-epicardium as an adjunct for hESC/IPSC-

cardiomyocytes-based cellular therapy 

The epicardium is an attractive source of non-cardiac stromal cells for combination 

cell therapy. The synergistic relationship between epicardium and myocardium is 

integral to mammalian cardiac embryogenesis (Lie-Venema et al. 2007; Carmona et 
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al. 2010; Smits et al. 2018), endogenous cardiac regeneration in adult zebrafish 

(Lepilina et al. 2006; Kikuchi et al. 2011; Wang et al. 2011) and neonatal mice (Rui et 

al. 2014;  Wang et al. 2020) - as the epicardium instructs the newly generated CMs 

and also acts as a multicellular source of cardiac fibroblasts (CFs) and smooth muscle 

cells (SMCs) to build and vascularize the heart (Masters and Riley 2014; Cao and 

Poss 2018). Thus, co-delivering epicardial cells with hESC/IPSC-derived CMs could 

augment CM survival, proliferation, maturation, and vascularization in vivo.  

Winter et al. showed that transplantation of human-derived epicardium-derived cells 

(EPDCs) preserved ventricular function and attenuated adverse remodelling post-

infarction in NODScid Gamma mice, despite minimal cell survival in vivo (Winter et al. 

2007; 2009). Human foetal-derived EPDCs also promoted CM proliferation and 

maturation in vitro (Weeke-Klimp et al. 2010). FSTL1, a protein isolated from epicardial 

secretome, was reported to promote the proliferation of pre-existing CM, which lead 

to the regeneration of the injured mammalian heart (Wei et al. 2015). However, human 

foetal-derived EPDCs are notoriously difficult to harvest and maintain in culture; they 

undergo EMT rapidly (Winter et al. 2007; 2009). Nonetheless, exogenously delivered 

human-derived epicardium showed tremendous potential in regeneration of the 

infarcted heart (Winter et al 2009).  

Recent advances demonstrated that hESC-derived epicardium represented the key 

stromal cell for combination cell therapy with hESC/IPSC-derived CMs. In 2015, the 

Sinha lab developed a robust, chemically defined protocol for deriving hESC-

epicardium (Iyer et al. 2015). This protocol enabled a stable, scalable, off-the-shelf 

source of foetal-like hESC-epicardium (Iyer et al. 2015). Next, we showed that co-

injection of hESC-epicardium and hESC-CMs resulted in larger cardiac grafts 
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(3.9±1.6% vs 1.5±0.9%), a greater proliferative index of β-MHC positive CMs 

(8%±1.4% vs 4±0.9%), improved cardiac function and vascularization compared to 

hESC-CMs only, in the subacute MI setting (Bargehr et al. 2019). hESC-epicardium 

also augmented hESC-CM maturation and cell-cell electrical connectivity in 3D-

engineered heart tissues (EHTs), compared to other stromal cells e.g., primary MSCs 

and hESC-MSCs (Bargehr et al. 2019). Overall, hESC-epicardium emerged as the key 

‘partner’ stromal cell for hESC-CMs to achieve cardiac regeneration.  

Thus, I postulated that the benefits conferred by the co-delivery of hESC-epicardium 

with hESC-CMs in a subacute MI setting could be extended to the chronic MI setting. 

The epicardial-augmentation of hESC-CMs’ form and function in vivo, may be a crucial 

factor to overcome the amplified challenges within the hostile, chronically infarcted 

myocardium.  

1:10:2 Tissue-engineering adjuncts to hESC/IPSC-

cardiomyocytes-based cellular therapy 

Apart from combination cell therapy, tissue-engineering based methods of cellular 

delivery could enhance hESC/IPSC-CM survival, proliferation, maturation, and 

vascularization in vivo. Tissue engineering approaches reported include using patches 

(scaffold vs non-scaffold) and biomaterials (gelatin, hydrogels, matrigel, collagen) to 

deliver hESC-CMs (Tompkins et al. 2018; Zhang et al. 2018). Engineered patches 

have been described as offering 3D-structural support, various CM-binding peptides, 

an anisotropy-enabled microenvironment, pre-vascularised networks, and pro-survival 

factors such as IGF-1 (Ye et al. 2014), exosomes (Khan et al. 2015), microRNAs and 
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pro-angiogenic factors (Madden et al. 2010; Redd et al. 2019; Zhang et al. 2016). 

These tissue-engineering based adjuncts aimed to enhance the survival and function 

of ES/IPSC-derived CMs in vivo.  

3D-EHTs led to a 10-fold increase in cell engraftment compared to intramyocardial cell 

delivery (Riegler et al. 2015). Initially, Zimmerman and colleagues showed that large 

NRVM enriched-patches (thickness=1-4mm, diameter=15 mm) recovered cardiac 

function when implanted 2-weeks after MI in a rat model (Zimmermann et al. 2006). 

Implantation of 3D-EHTs promoted long-term engraftment of hESC/IPSCs-CMs and 

CM maturation in rodent MI models (Tulloch et al. 2011; Riegler et al. 2015). Newer 

CM patches with pre-vascularised networks to promote CM survival and angiogenesis 

in vivo have been described (Redd et al. 2019; Zhang et al. 2016). Tissue-engineering 

approaches in cardiac regeneration have advanced greatly over the last decade, 

Figure 9. 

 
 

A 
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Figure 9: Overview of tissue-engineering approaches, in parallel with the evolution of 
stem cells and cellular injection models  

A Parallel viewpoint of the advances made in intramyocardial cellular injections and tissue 

engineering approaches as an adjunct to cell therapy B Detailed timeline of key events and 

innovations in the tissue engineering field, eventually leading to ‘cardiac patch’ therapy for the 

heart.  

Recent studies with hESC/IPSC-CM patches have shown mixed results. Epicardial-

placed hESC/IPSC-CM patches were reported to form a scar border with the host 

tissue with subsequent impairment of electrical integration with host tissue (Gerbin et 

al. 2015; Fernández-Avilés et al. 2017). Meanwhile, endocardial placement of 

hESC/IPSC-CM patches may invoke cardiac thrombosis and embolization (Zhang et 

al. 2018). Cognizant of the limitations of hESC/IPSC-CM patches, other studies 

utilised cardiac progenitor cell patches (Menasché et al. 2015), clinical implantation of 

which resulted in minimal arrhythmic events (Menasché et al. 2018). Other non-

cardiomyocyte cellular patches had also shown improved cardiac function post-

infarction (Xiong et al. 2011; Zhu et al. 2018). Thus, these cardiac patches likely 

exerted benefits via paracrine effects and potentially ‘primary remuscularization’ – both 

B 
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areas of intense scrutiny (Gerbin et al. 2015; Fernández-Avilés et al. 2017; Menasché 

et al. 2018). 

As my doctoral work aimed to investigate whether cellular therapy could salvage the 

chronically infarcted rat heart, I chose to deliver my cells via intramyocardial injections 

instead of tissue-engineered patches. The main reason is to assess whether CM-

based cellular therapy could lead to ‘primary remuscularization’ of the chronically 

infarcted heart and reverse heart failure. Using tissue-engineered patches at this stage 

would affect the clarity of my experimental results. Thus, I moved forward with using 

intramyocardial injections of species-matched cellular therapy and combination 

therapy with hESC-epicardium, in chronically infarcted rat hearts.  

1:11 Mechanisms underlying Cellular Therapy: 

Contractile, Paracrine or Both? 

Given recent advances in cardiac regeneration, the fundamental mechanistic question 

remains unanswered. ‘Is cardiac recovery due to paracrine signalling, cardiac 

remuscularization-mediated contractility, or both?’  

Riegler et al. showed that 3D-EHTs enriched with hESC-CMs failed to recover cardiac 

function in chronically infarcted rats, despite a 5-fold increase in cell engraftment and 

retention up to 220 days post-implantation (Riegler et al. 2015). As alluded to above, 

cardiac patches might only generate benefits via paracrine signalling. In a comparative 

study of hESC-CMs vs. other non-contractile cell types (cardiac progenitor cells, bone 
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marrow mononuclear cells), intramyocardial injections of hESC-CMs achieved greater 

cardiac recovery due to ‘primary remuscularization’ (Fernandes et al. 2015). Although 

using a subacute MI setting, this study illustrated the importance of primary 

‘remuscularization’ compared to paracrine signalling alone. In the chronic MI setting 

with extensive scarring, a cellular approach capable of invoking both i) primary 

‘remuscularization’ with ample cardiac engraftment and ii) paracrine signalling, would 

be necessary for maximum clinical therapeutic impact.  

As a step forward, I hypothesized that chronic MI rodent studies with streamlined 

cellular injections and mode of MI injury, utilising optimal primary cell type or novel 

combination cell therapy with a key supportive, stromal cell type (hESC-epicardium), 

would offer new therapeutic insights. Could exogenously delivered, hESC/IPSC-

derived CMs and epicardial-based cellular therapy represent the ideal heart failure 

treatment? 

1:12 Mechanisms underpinning Epicardial-myocardial 

Crosstalk 

Our mechanistic understanding of our ‘chosen’ cell therapy should parallel our 

successes in establishing functional gains. Without such mechanistic insights, we may 

be pursuing an ineffective treatment. Although the benefits of hESC-epicardium upon 

cardiomyocyte function were demonstrated in 3D-EHTs and subacute MI rat models 

(Bargehr et al. 2019), the underlying mechanism has not been clearly elucidated.  
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However, we could certainly draw some insights based upon the role of epicardium 

during cardiac embryogenesis and cardiac regeneration in ‘lower’ vertebrate species 

(Section 1.5 and Section 1.6). One such key insight is the need for highly active and 

extensive epicardial-myocardial crosstalk. A pictorial summary of the signalling 

pathways underpinning extensive epicardial-myocardial crosstalk is shown in Figure 

10. 

It is possible that the mechanism underlying the benefit of hESC-epicardium was 

stimulated by paracrine signals underpinning epicardial-myocardial crosstalk. Initially, 

we postulated that hESC-epicardium might be a potent cardiovascular cell progenitor 

source for CM vascularization and stromal support, within the combination cell therapy 

setting. However, our injected hESC-epicardium adopted a cardiac fibroblast-like state 

in vivo and, furthermore, the graft vascularization was derived from the host (Bargehr 

et al. 2019). All the evidence suggested that our hESC-epicardium delivered beneficial 

paracrine signals to augment hESC-CM’s survival, proliferation, engraftment and 

maturation in vivo.  
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Figure 10: Epicardial EMT into associated EPDCs underpinned by epicardial-
myocardial crosstalk 

A A schematic representation of epicardium’s hallmark process of epithelial-mesenchymal 

transition (EMT), which subsequently leads to the production of different cell types (EPDCs). 

However, the derivation of CMs and endothelial cells (EC) from the epicardium is still under 

debate. B An overview of the extensive epicardial-myocardial crosstalk that underpins EMT. 

The key pathways in this crosstalk share some similarities across different species such as 

zebrafish and mammals. (Adapted from Cao and Cao 2018) 

A 

B 
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1:12:1 Epicardially-secreted fibronectin (epicardial-FN) as a 

putative key mediator of epicardial-myocardial crosstalk  

Epicardial-myocardial crosstalk is underpinned by active paracrine-mediated 

signalling via soluble factors, exosomes, cell-cell contact and extracellular matrix 

(ECM) (Masters and Riley 2014; Cao and Poss 2018). Paracrine signalling is an 

‘umbrella’ term, thus raising the question, ‘which paracrine signal(s) is foremost and 

central to hESC-epicardium’s function?’  

The zebrafish generates an ECM-rich zone near the injury site but completely 

regenerates without scarring, hinting at a unique and dynamic ECM turnover (Mercer 

et al. 2013, Garcia-Puig et al 2019). Similar dynamic ECM turnover were recorded in 

the neonatal mouse, albeit guided by the extent of cardiac injury (Lam and Sadek 

2018). ECM upregulation and ECM-modifying proteases in the injured adult zebrafish 

heart are distinctly different to the adult mammalian heart, notably with respect to 

spatiotemporal changes in tenascin-C, hyaluronic acid, and fibronectin (Mercer et al. 

2013; Garcia-Puig et al. 2019). Furthermore, decellularized zebrafish ECM from both 

injury and normal hearts could induce mammalian heart regeneration (Chen et al. 

2016). These observations warranted a closer interrogation of the zebrafish ECM. 

Epicardial-FN is crucial for the zebrafish’s cardiac regeneration (Wang et al. 2013). 

The injured zebrafish hearts upregulated epicardial-FN with two paralogues, fn1 and 

fn1b, which signalled via integrinβ3 receptors to guide the CMs towards the injury site, 

thereby resulting in successful cardiac regeneration (Wang et al. 2013). fn1 loss-of-

function mutations led to incomplete zebrafish heart regeneration (Wang et al. 2013). 
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Thus, epicardial-FN is integral to the epicardial-myocardial crosstalk which leads to 

cardiac regeneration in the zebrafish.  

As for hESC/IPSC-CMs, FN was reported to be vital for several key cellular processes 

e.g. CM migration and proliferation (Ieda et al. 2009; Noseda et al. 2009; Moyes et al. 

2013). hESC/IPSC-CM migrated along an increasing FN gradient in vitro (Moyes et al. 

2013). Meanwhile, embryonic cardiac fibroblasts promoted CM proliferation via FN 

and integrin-β1 signalling (Ieda et al. 2009). As our hESC-epicardium is foetal-like (Iyer 

et al. 2015), it is likely to recapitulate signalling behaviours during embryogenesis and 

cardiac regeneration in adult zebrafish and neonatal mouse.  

Thus, could epicardial-FN underpin the epicardial-myocardial crosstalk that enables 

superior hESC/IPSC-derived cardiomyocyte survival and maturation? In our bulk-RNA 

sequencing data, FN1 was upregulated in hESC-epicardium compared hESC-neural 

crest cells (Bargehr et al. 2019). Moreover, increased FN deposition in 3D-EHTs and 

in subacute MI rat hearts were only observed in the combined presence of hESC-

epicardium and hESC-CMs (Bargehr et al. 2019). The role of hESC-epicardium-

secreted FN warrants further elucidation. This question forms the third aim of my 

doctoral work. 
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1:12:2 FN form and function 

FN was first isolated from blood, as plasma FN, in 1978 (Edsall 1978). Subsequently, 

extracellular FN was discovered and usually secreted as a large dimeric glycoprotein 

with subunits ranging from 230-270kDa, created by alternatively spliced forms 

(Mosher 1989, Hynes 1990, Schwarzbauer and DeSimone 2011). Structurally, FN is 

composed of 3 modules: I, II and III repeats with different conformational changes and 

three alternative splicing sites (Pankov and Yamada 2002; Schwarzbauer and 

DeSimone 2011), Figure 11. FN displays a broad diversity in binding domains, 

enabling FN binding to various cell surface receptors e.g. integrins, syndecans 

(Pierschbacher and Ruoslahti 1984; Hynes 2002; Woods and Couchman 1998), FN-

FN self-association, e.g. fibrillogenesis (McDonald et al. 1987; Mosher 1989; 

Schwarzbauer 1991; Singh et al. 2010) and binding to other ECM components e.g. 

collagens, proteoglycan, thrombospondin, tenascin-c (Hynes 1990; Ingham et al 1988, 

2004) and to extra-cellular enzymes (Fogelgren et al. 2005; Hynes 2009). 

Sequestration or exposure of FN binding sites within the ECM further broadens its 

binding range (Schwarzbauer and DeSimone 2011). Furthermore, the FN1 gene can 

be alternatively spliced with up to 20 isoforms in humans (Pankov and Yamada 2002). 

The FN protein is bestowed with multi-tasking abilities with varied roles in cell-matrix, 

matrix-matrix regulation, and signalling.  
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Figure 11: Fibronectin (FN) domain organization and alternative isoforms.  

Each FN monomer has a modular structure consisting of 12 type I repeats (cylinders), two 

types II repeats (diamonds), and 15 constitutive types III repeats (hexagons). A Two additional 

type III repeats (EIIIA and EIIIB, green) are included or omitted by alternative splicing. The 

third region of alternative splicing, the V region (green box), is included (V120), excluded (V0), 

or partially included (V95, V64, V89). B Domains required for fibrillogenesis (matrix assembly) 

are in red: the assembly domain (repeats I1-5) binds FN. III9-10 contains the  tripeptide Arg-

Gly-Asp  (RGD) and synergy sequences for integrin binding, and the carboxy-terminal 

cysteines form the disulfide-bonded FN dimer (k). The III1-2 domain (light red) has two FN 

binding sites that are important for fibrillogenesis. (Adapted from Schwarzbauer and 

DeSimone 2011) 

 

 

 

 

 

 

A 

B 

https://en.wikipedia.org/wiki/Tripeptide
https://en.wikipedia.org/wiki/Arginylglycylaspartic_acid
https://en.wikipedia.org/wiki/Arginylglycylaspartic_acid
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1:12:3 FN-integrin signalling  

Soluble FN primarily binds to integrin-α5β1, a cell membrane receptor, to initiate FN 

matrix assembly, i.e., fibrillogenesis (Hynes 2002; Huveneers et al. 2008). FN and 

integrin-α5β1 binding occurs via the RGD and synergy sites in the III9-10 modules 

(Pierschbacher and Ruoslahti 1984), inducing integrin-α5β1 clustering to bring FN 

dimers together, thus forming compact FN fibrils (Schwarzbauer and DeSimone 2011). 

Interestingly, syndecan can use glycosamino-glycan (GAG) chains to interact with FN 

and act as a coreceptor with integrin binding, further strengthening matrix assembly 

(Woods and Couchman 1998; Morgan, Humphries, and Bass 2007). Over time, FN 

matrix conformation and solubility can change, with some irreversible dissolved 

organic carbon (DOC) insolubility as a precursor to certain diseases (Schwarzbauer 

and DeSimone 2011). 

FN can transduce environmental cues intracellularly through integrin-α5β1 binding. 

The messages are subsequently relayed via the actin cytoskeleton and activation of 

the Focal Adhesion Kinase (FAK) pathway to influence cellular functions - ‘outside-in 

signalling’ (Schlaepfer and Hunter 1998; Hynes 2002; Wickström et al. 2011). 

Correspondingly, cells could undergo actin cytoskeleton reorganisation to alter 

membrane tension and integrin clustering, thereby altering the FN matrix to sequester 

or reveal different binding sites to affect the 3D environment - ‘inside-out signalling’ 

(Wickström et al. 2011). Dzamba et al. demonstrated that this could be modulated by 

non-canonical Wnt/PCP (planar cell polarity) signalling (Dzamba et al. 2009). Apart 

from integrin-α5β1, FN can interact with other integrins, e.g. α4β1, αvβ1, αvβ3, and 

αIIbβ3 to influence downstream cellular functions (Sechler et al. 2000; Schwarzbauer 
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and DeSimone 2011). Propagation of FN-mediated signalling affects many cellular 

functions such as cell survival, proliferation, adhesion, migration, and angiogenesis 

(Ieda et al. 2009; Itou et al. 2012; Astrof and Hynes, 2009; Schwarzbauer and 

DeSimone 2011). Collectively, FN-cell, FN-FN and FN-matrix interactions contribute 

to optimal cellular, organ and systemic functions. 

1:12:4 Role of FN in development 

Global FN null mouse embryos die during development, between E9-10.5, with a 

broad range of genetic defects, implying FN’s pivotal role in development (George et 

al. 1993; Magnusson and Mosher 1998; Pulina et al. 2011; Astrof et al. 2007). Early 

studies showed that FN expression affects propulsion and convergence events in 

embryogenesis (Schwarzbauer and DeSimone 2011). However, a host of subsequent 

studies demonstrated that FN’s was not required during certain key embryogenic 

events, such as i) germ layer specification, e.g. ectoderm, mesoderm and endoderm, 

during gastrulation (Davidson et al. 2002; Trinh and Stainier 2004), ii) cell fate 

specification into axial, paraxial and lateral mesoderm, iii) differentiation of 

mesodermal precursors into somitic or cardiac lineages (George et al. 1997; Georges-

Labouesse et al. 1996; Trinh and Stainier 2004), and iv) migration of cardiac neural 

crest cells (Mittal et al. 2010). Despite this, some specific FN developmental roles have 

started to emerge. 

FN has a necessary but subtle role in embryonic development. Namely, FN is integral 

to left-right embryonic specification, via modulation of Lefty and Smads at the floor 

plate (Pulina et al. 2011), alongside mediation of meso-endodermal cell fate decisions 
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(Cheng et al. 2013), survival and proliferation of cardiac neural crest (Mittal et al. 2010) 

and formation of cardiac outflow tract (Mittal et al. 2013). A study of 42 human foetal 

hearts from 8-26 weeks gestation, revealed that FN was constitutively expressed at 

endocardium, epicardium, and blood vessels until 24 weeks gestation, beyond which 

FN expression is confined to blood vessels (Kim et al. 1999). Collectively, FN displays 

a wide-ranging role in embryonic development. In particular, the role of FN in cardiac 

embryogenesis warrants further work.   

1:12:5 Role of FN in cardiac disease 

Within the cardiac injury setting, FN deposition in adult mammals has been associated 

with detrimental effects (Van Dijk et al. 2008; Valiente-Alandi et al. 2018). FN was 

implicated in fibrotic heart failure models (Dobaczewski et al. 2006; Heling et al. 2000; 

Konstandin et al. 2013). Valiente-Alandi et al. showed that inhibition of extracellular 

FN polymerization attenuated cardiac dysfunction and cardiac fibrosis in a mouse 

acute MI model (Valiente-Alandi et al. 2018). Loss of alternatively spliced fibronectin 

ED-A (EIIIA; EDA) similarly attenuated cardiac dysfunction in a mice MI model (Arslan 

et al. 2011). Fibronectin ED-A was reported to interact with TGF-β signalling for 

myofibroblast induction (Serini et al. 1998; Klingberg et al. 2018), together with 

proinflammatory effects in vitro and in vivo (Gondokaryono et al. 2007). However, the 

ECM environment in heart disease is more extensive than FN alone, including fibrillar 

collagens, elastin, basement membrane proteins, hyaluronan, and newly secreted 

matricellular macromolecules (Frangogiannis and Kovacic 2020). Teasing out the 

exact role of epicardial-FN in injured adult mammal hearts would be highly desired but 
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outside the scope of this thesis. Based upon FN’s opposing effects in cardiac 

development and disease, FN appear to possess a Janus-like duality. 

In the context of epicardial-myocardial crosstalk, FN-integrin signalling shows potential 

in modulating cardiac regeneration. The promiscuity of FN-integrin binding, together 

with reports of embryonic lethality require the design of multimodal loss-of-function FN 

studies in vitro. This approach offers a novel characterization of epicardial-FN’s role in 

human cells, whilst conferring insights on epicardial-myocardial crosstalk to fine-tune 

cellular therapy and contribute towards successful cardiac regeneration.  
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1:13 Project Rationale 

Heart failure carries a 50% mortality over 5 years without any sustainable therapies 

currently. Cellular therapy carries great potential as an ideal heart failure treatment 

due to its accessible and scalable generation of new CMs. ‘Primary remuscularization’ 

with hESC-CMs alone showed cardiac recovery in the subacute MI setting. Co-

delivery of hESC-epicardium doubled the cardiac graft sizes with greater cardiac 

functional recovery at subacute timepoints post-MI. However, hESC-CMs alone 

resulted in small grafts without cardiac recovery in the chronic MI setting. Thus, I 

hypothesized that an optimal cell type, singularly or in combination, could form 

sufficiently sizable and mature grafts in the hostile chronic MI environment and 

reverse heart failure. To examine whether cellular therapy could salvage the 

chronically failing heart, I proposed two cellular strategies: i) species-matched, 

contractile cell therapy and ii) combination therapy of hESC-CMs with hESC-

epicardium. 

Epicardial-myocardial crosstalk underpins our combination cellular therapy which 

augmented hESC-CM’s survival, maturation, and proliferation in vivo.  Epicardial-FN 

was pivotal for the zebrafish’s cardiac regeneration. Co-delivery of hESC-epicardium 

promoted both cardiac recovery and FN deposition in infarcted rat hearts. 

Furthermore, our hESC-epicardium displayed upregulated FN1 expression in our bulk 

RNA-sequencing dataset. Based on this collective evidence, I hypothesized 

whether epicardial-FN is a key mediator of the epicardial-myocardial crosstalk. 

Thus, the loss-of-function (FN) studies will offer mechanistic insights to refine cellular 

therapy for clinical translation. 
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1:14 PhD Aims   

1. To determine whether species-matched cellular therapy could salvage the 

chronically infarcted heart. 

 

2. To investigate whether combination cellular therapy could rescue the 

chronically infarcted heart. 

 

3. To interrogate whether fibronectin is a key mediator for epicardial-myocardial 

crosstalk. 
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2. METHODS 

2:1 Cell Differentiations and Preparations 

2:1:1 hESC-derived epicardium  

Epicardial cells were differentiated from GFP-transgenic hESCs (H9, WiCell, Madison) 

as previously described (Iyer et al. 2015). hESCs were maintained in a chemically 

defined medium containing bovine serum albumin fraction A (CDM-BSA), 

supplemented with Activin-A (10 ng/mL, R&D Systems) and FGF2 (12 ng/ml, R&D 

Systems) on gelatin-coated plates with colony passaging when~70% confluent. The 

chemically defined medium consisted of IMDM (250 ml, Life Technologies), Ham’s 

F12 (250 ml, Life Technologies), penicillin-streptomycin (Sigma, added to a final 

volume of 1%), Insulin (7 μg/ml, Roche), transferrin (15 μg/ml, Roche), chemically 

defined lipid concentrate (Life Technologies) and monothioglycerol (450 μM, Sigma). 

Differentiation to lateral mesoderm was performed in CDM-PVA, containing polyvinyl 

alcohol (PVA, 1 mg/ml, Sigma) instead of BSA (Cheung et al. 2012). Early mesoderm 

differentiation was started with a combination of CDM-PVA, FGF2 (20 ng/ml), 

LY294002 (10 μM, Sigma) and BMP4 (10 ng/ml, R&D) for 1.5 days. Then, lateral 

mesoderm differentiation was initiated in CDM-PVA, FGF2 (20 ng/ml) and BMP4 (50 

ng/ml) for 3.5 days. To direct differentiate into epicardium, cells were resuspended as 

single cells in CDM-PVA, WNT3A (25 ng/ml, R&D), BMP4 (50 ng/ml) and RA (4 μM, 

Sigma) at a seeding density of 2.5 x 104 cells/cm2 and replated for exactly ten days 

with a full medium change every five days. Media components are as listed below.  
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MEF-Medium 500ml Company information 
FBS 50ml Life Technologies, Catalogue 

number 10500064 
Advanced DMEM-F12 450ml Life Technologies, Catalogue 

number 12634028 
Glutamine 5ml Life Technologies, Catalogue 

number 25030024 
β-Mercaptoethanol 3.5μl Sigma, Catalogue number M6250-100ML 
Pen/Strep 5ml Life Technologies, Catalogue 

number 15140122 
Table 3: Components of MEF Medium 

 

CDM-BSA 500ml Company information 
BSA 2.5g CCK 
IMDM 250ml Life Technologies, Catalogue number 

21980065 
Ham’s F12 250ml Life Technologies, Catalogue 

number 31765068 
Pen/Strep 5ml Life Technologies, Catalogue number 

15140122 
Insulin 0.35ml Roche, Catalogue number 11376497001 
Transferrin 0.25ml Roche, Catalogue number 10652202001 
Lipids 5ml Life Technologies, Catalogue 

number11905031 
Monothioglycerol 20ul Sigma, Catalogue number M6145-100ML 

Table 4: Components of CDM-BSA, culture media for H9 ES cell line 

 

CDM-PVA 500ml Company information 
PVA 0.5g Sigma 
IMDM 250ml Life Technologies, Catalogue number 

21980065 
Ham’s F12 250ml Life Technologies, Catalogue 

number 31765068 
Pen/Strep 5ml Life Technologies, Catalogue number 

15140122 
Insulin 0.35ml Roche, Catalogue number 11376497001 
Transferrin 0.25ml Roche, Catalogue number 10652202001 
Lipids 5ml Life Technologies, Catalogue 

number11905031 
Monothioglycerol 20ul Sigma, Catalogue number M6145-100ML 

Table 5: Components of CDM-PVA, basal media for all directed differentiations 
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2:1:2 RUES2-derived epicardium  

For the derivation of epicardial cells from a different cell line (RUES2, female line, 

Rockefeller University, NIH registry number 0013), a few modifications to the step 

above was undertaken. The RUES2 cell line was maintained in feeder-free, irradiated 

mouse embryonic fibroblast (MEF)-conditioned medium containing bFGF (4 ng/ml, 

Peprotech) with single-cell passaging when ~70% confluent. Lateral mesoderm 

differentiation was initiated in CDM-PVA, FGF2 (20 ng/ml) and BMP4 (50 ng/ml) for a 

maximum of 2.5 days. To direct differentiation into epicardium, cells were resuspended 

as single cells in CDM-PVA, WNT3A (25 ng/ml, R&D), BMP4 (50 ng/ml) and RA (4 

μM, Sigma) at a seeding density of 1.5 x 104 cells/cm2 and replated for exactly ten 

days with a full medium change every five days. All re-plating of the cells included 

Rock inhibitor (10 μM, Y-27632) in addition to the cytokines described above. 

Additionally, SB431542 (2 μM) was introduced into the culture medium on Day 3 after 

epicardium differentiation.  

2:1:2 hESC-derived cardiomyocytes  

hESC-derived CMs were generated with the ABCX method, utilising a Matrigel 

sandwich (Palpant et al. 2015). As above, hESCs (RUES2, female line, Rockefeller 

University, NIH registry number 0013) were maintained in feeder-free, irradiated 

mouse embryonic fibroblast (MEF)-conditioned medium containing bFGF (4 ng/ml, 

Peprotech) with single-cell passaging when ~70% confluent. Cells were seeded as 

single cells (1 x 105/cm2) on Matrigel-coated (BD 449) plates with conditioned medium 

including Chiron 99021 (1 μM, Cayman Chemical) and ROCK inhibitor (10 μM, Y-
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27632). On Day 0, the medium was replaced with RPMI medium supplemented with 

1X B27 minus insulin (Invitrogen) containing Activin A (100 ng/ml) for 18 hours. On 

day 1, cells were fed with RPMI media plus B27 containing BMP4 (5 ng/ml) and Chiron 

99021 (1 μM) for 48 hours. On day 3, medium was replaced with RPMI medium plus 

B27 containing Xav 939 (1 μM, Tocris). On day 5, the medium was replaced with RPMI 

medium plus B27. On day 7, the medium was replaced with RPMI containing B27 with 

insulin (Invitrogen) and was consequently replaced every other day until D28 and 

harvested for intramyocardial injections.  

Components Volume Company information 
 

RPMI 1640 500ml 
 Thermo Fisher Catalogue number:  11875101 

 
B27 Supplement 10ml  Thermo Fisher Catalogue number: 17504044 
B27 minus Insulin 
Supplement 

10ml 
 Thermo Fisher Catalogue number:  A1895601 

 
Pen/Strep  5ml Life Technologies, Catalogue number 

15140122 
Table 6: Components of RPMI-based media for CMs differentiation and culture 

2:1:3 Neonatal rat cardiomyocytes  

As previously described, NRVMs were harvested as previously described (Reinecke 

et al. 1999). All studies were approved by the University of Washington Animal Care 

and Use Committee (IACUC protocol number 2225-04) and were conducted in 

accordance with the US NIH Policy on Humane Care and Use of Laboratory Animals. 

At postnatal day one or day two, rat pups were separated from their mothers, sedated 

on ice, and euthanized by decapitation. Their hearts were rapidly removed and placed 
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into an ice-cold buffer (in mmol/L: NaCl 116.4, HEPES 20, NaH2PO4 1, glucose 5.5, 

KCl 5.4, MgSO4 0.8; pH 7.4).  

Both atria and the great vessels were trimmed and discarded. The ventricles were cut 

into 2 to 3 mm3 pieces and serially incubated (37°C, 25 minutes) six times, in buffer 

supplemented with collagenase type II (95 U/mL; Worthington) and pancreatin (0.6 

mg/mL; Gibco BRL). After each round of digestion, the supernatant was centrifuged 

(800g, 5 minutes) and the resulting cell pellet was resuspended in DMEM/M199 (4:1) 

supplemented with 50% fetal bovine serum (Gibco) and Penicillin/Streptomycin 

(Sigma, added to a final volume of 1%). Cells were pre-plated onto gelatin-coated 

plates for 60 minutes to reduce the number of contaminating non-CMs. CMs were then 

pooled, counted, and incubated in the medium until further processing. The cell yield 

was ~1.5 x 106 per neonatal heart, and the preparations averaged ~80% CMs, as 

determined by antibody staining for cTnT+ (Abcam) (Fernandes et al. 2010). 

2:1:4 Cellular preparation for intramyocardial injections   

All cells were heat-shocked for 30 min at 42.5°C, on the day before cell transplantation. 

On the day of cell transplantation, all cells were enzymatically dispersed with Trypsin-

EDTA (0.05%), counted and resuspended in 100 μl volume per rat of matrigel and pro-

survival cocktail (PSC). PSC consisted of 50% (vol/vol) matrigel and ZVAD-FMK (100 

μM, Calbiochem), Bcl-XL (50 nM, Calbiochem), Cyclosporin A (200 nM, Wako Pure 

Chemicals), Pinacidil (50 μM, Sigma) and IGF-1 (100 ng ml−1, Peprotech), Table 7. 

Cell preparations were delivered in a combination of Matrigel and PSC.  
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Constituents of 
PSC 

Final cell/gel 
concentration 

Supplier  

Matrigel 50% (vol/vol) Corning, Catalogue no. 354277 

ZVAD-FMK 100 μM Calbiochem, Catalogue no. 627610-1MG 

Bcl-xl BH-44-23 50 nM Calbiochem, Catalogue no.197217-1MG 

Cyclosporin A 200 nM Wako Pure Chemicals, Catalogue no. 

035-16303- 100MG 

Pinacidil 

monohydrate 

50 μM Sigma Aldrich, Catalogue 

No. P154-100mg 

IGF-1 100 ng/ml PeproTech, Catalogue no. 100-11-100μg 

Table 7: Specific components of PSC with concentrations  

2:2 Animal Models of Myocardial infarction (MI) and 

Cell Transplantation 

2:2:1 Chronic MI rat model 

All studies were approved by the University of Washington Animal Care and Use 

Committee (IACUC protocol number 2225-04) and were conducted in accordance with 

the US NIH Policy on Humane Care and Use of Laboratory Animals. The study design 

consisted of the chronic myocardial infarction model (Fernandes et al. 2010) to assess 

the survival and fate of NRVMs or hESC-derived CMs. An a priori sample size 

calculation was undertaken to determine whether the addition of CM-based cellular 

therapy (NRVM or hESC-Epi+CM) is better than PSC alone (Sham) for attenuating  

FS% dysfunction in rats with chronic heart failure.  
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For simple comparison between CM-based cellular therapy versus no cells (PSC 

alone), number of animals/group is estimated by n = 2 x [z(1-a/2) + z(1-b)]^2 divided 

by standardised difference (the treatment difference/standard deviation) squared. For 

5% significance, z(1-a /2) = 1.96. While for a power of 80% z(1- b) = 0.8416.  

 

Fernandes et al  previously showed that rats without heart failure recorded FS% > 

40% which declined to 18.8+/-2.6% (SEM, n=15), at 3 months after cellular therapy in 

the PSC alone group (Sham) (Fernandes et al. 2010). With CM-based cellular therapy, 

we accept that getting halfway to FS% =40% as a clinically significant improvement, 

then we would want to detect an improvement of (40 – 18.8)/2 = 10.6%. Thus, 

standardised difference (treatment difference /standard deviation) = 10.6/10.07 = 1.05 

So, number/group = 2 x [1.96 + 0.8416]2/1.052 = 15.7/1.1 = ~14 animals per group. To 

allow for deaths and incomplete infarction, we estimated at 16 animals per group.  

 

To aid the transfer of surgical expertise to University of Cambridge, the study was 

structured as 2 phases with n=8 animals/group in each phase. The first phase was 

conducted in collaboration with University of Washington. There were 3 study arms: 

10 × 106 NRVMs (n = 8), 5 × 106 hESC-epicardial cells plus 10 × 106 hESC-CMs (n = 

8) and PSC vehicle control (n = 8). Number and causes of animal deaths are presented 

in the Appendix 8.1. Challenges with the second phase of the study was detailed in 

Appendix 8:3. 

 

To induce experimental MI in rats, ischaemia-reperfusion injury instead of permanent 

LAD ligation was utilised. Ischaemia-reperfusion injury most closely aligns with the 

clinical presentation of a heart attack whereby the blocked coronary vessel is 
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reopened within hours to enable reperfusion (Riehle and Bauersachs 2019). The 

effects of reperfusion injury involving the release of ROS and oxidative stress would 

also be studied. The permanent LAD ligation model mimics a chronic total occlusion 

(CTO) of a coronary vessel which not the focus of my doctoral aims. The protocols for 

experimental MI and intra-myocardial cell injections have been previously detailed 

(LaFlamme et al. 2007; Gerbin et al. 2015). 

Nine week old male athymic Sprague Daley rats (Harlan/Envigo) underwent 

anaesthesia through intraperitoneal injection of 68.2 mg/kg Ketamine and 4.4 mg/kg 

Xylazine, intubated and mechanically ventilated with room air and supplemented 

oxygen. A second dose of Ketamine and Xylazine was administered 20 minutes later. 

Animals were placed on a heating pad connected with a rectal temperature probe, 

which ensured the maintenance of body temperature at 37°C. A thoracotomy was 

subsequently performed, the anterior surface of the heart was exposed, and the left 

anterior descending (LAD) coronary artery was visualized. The LAD was consequently 

ligated for 60 minutes after which the ligation was removed, the animals reperfused 

and the chest closed aseptically.  

At day 28 post-MI, the animals were anaesthetized with Isoflurane before undergoing 

a second thoracotomy for intra-myocardial cell transplantations. Animals were serially 

assigned to each of the experimental groups, and cells or vehicle were subsequently 

injected into the infarct and border zones. The chest was subsequently closed, and 

the animals were monitored postoperatively. To optimize graft retention animals 

received a subcutaneous injection of 5 mg/kg Cyclosporine A on the day before 

surgery and daily until seven days after the surgery. To quantify cell proliferation within 
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the grafts, animals were injected with 50 mg kg−1 BrdU on Days one, four, seven and 

14 post-cell injection.  

2:2:2 Echocardiography, exclusion criteria, blinded assessor  

All animals underwent echocardiography to assess cardiac function before myocardial 

infarction (baseline), day 21 after the infarct, and days 28, 56 and 84 after cell 

transplantation. Briefly, animals were lightly anaesthetized with inhaled 1% isoflurane 

(Novaplus), whilst echocardiography was performed with a Vevo 2100 (VisualSonics). 

Images were recorded and analysed using the Vevo LAB software 3.1.0 

(VisualSonics). The primary endpoint was LV fractional shortening (FS%) at day 84 

post-cell transplantation. Secondary endpoints included left ventricular end-systolic 

diameter (LVESD, mm) and end-diastolic diameter (LVEDD, mm). At day 21 post-MI, 

any animal with FS% ≥40% was excluded from the study as they were not in chronic 

heart failure, as previously described (Fernandes et al. 2010). A subset of animals 

died before the day 84 endpoint. Images were anonymized and a primary, trained 

analyser made measurements in a blinded manner. Details of histologic and 

echocardiographic parameters are presented in Appendix 9.2. 

2:2:3: Subacute MI rodent models 

The pilot studies in subacute MI rodent models were similarly approved by the 

University of Washington Animal Care and Use Committee (IACUC protocol number 

2225-04) and were conducted in accordance with US NIH Policy on Humane Care 

and Use of Laboratory Animals. The study design comprised two different animal 
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model studies to assess the survival and fate of hESC-derived epicardial cells with or 

without PSC and heat shock (HS). For the pilot athymic rat study, animals either 

received 5x106 (n=4) epicardial cells with PSC & HS or 5x106 (n=4) epicardial cells 

only. For the pilot NODScid Gamma Mice study, animals received either 5x105 (n=4) 

epicardial cells with PSC & HS or 5x105 (n=4) epicardial cells only. 

A key modification from the chronic MI rat model is the timing of intramyocardial 

cellular injections after myocardial infarctions (MI). For the NODScid Gamma mice, 

the intra-myocardial cellular injections were delivered after permanent LAD ligation. 

As for the subacute MI rat model, the animals underwent a second thoracotomy for 

intra-myocardial cell transplantations at Day 4 post-MI. Animals were subsequently 

randomly assigned to one of the treatment groups, and cells were injected into the 

infarct zone. The chest was subsequently closed, and the animals were monitored 

postoperatively. To optimize graft retention, all animals received a subcutaneous 

injection of 5 mg/kg Cyclosporine A on the day before surgery until seven days after 

the surgery. Due to the pilot nature of these studies, these animals were followed-up 

for one month for histological analyses of cell survival.  

2:2:4 Cambridge rat cardiac regenerative model  

All studies were carried out in accordance to the UK Animals (Scientific Procedures) 

Act of 1986 and the University of Cambridge Animal Welfare Policy, reviewed by the 

University of Cambridge Animal Welfare Ethical Review Board. As adapted from the 

US protocol, a series of studies were performed:  

i) MI as non-survival surgery  
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ii) MI as survival surgery  

iii) MI with 2nd re-opening for cellular injections as non-survival surgery 

iv) MI with 2nd re-opening for cellular injections as survival surgery 

Nine-week-old male wild-type Sprague Daley rats (Harlan/Envigo) underwent 

anaesthesia through intraperitoneal injection of 100 mg/kg Ketamine and 4.4 mg/kg 

Xylazine, intubated and mechanically ventilated with room air and supplemented 

oxygen. A second dose of Ketamine was administered 20 minutes later. Animals were 

placed on a heating pad connected with a rectal temperature probe, which ensured 

the maintenance of body temperature at 37°C. A thoracotomy was subsequently 

performed, the anterior surface of the heart was exposed, and the left anterior 

descending (LAD) coronary artery was visualized. The LAD was consequently ligated 

for 60 minutes after which the ligation was removed, the animals reperfused and the 

chest aseptically closed. At day four post-MI, the animals were anaesthetized with 

Isoflurane before undergoing a second thoracotomy for Vehicle (Matrigel only) 

injections. The chest was subsequently closed, and the animals were monitored 

postoperatively for seven days, one month and two months, to analyse their cardiac 

function.  

2:3 Immunocytochemistry and Immunohistochemistry  

2:3:1 Immunostaining of paraffin-embedded heart sections  

For immunohistochemistry (IHC), hearts were excised post-mortem and prepared as 

described (Bargehr et al. 2019; Gerbin et al. 2015). The hearts were washed in PBS, 
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submerged in hypertonic KCl (140 mM) for 20 minutes and fixed in 4% PFA for 

paraffin-sectioning (4 µm). For IHC, slides were initially de-paraffinized, followed by 

heat-mediated antigen retrieval at 100ºC for 20 minutes and blocked with 5% 

BSA/PBS containing 0.5% Triton X-100 for one hour at room temperature (RT). Then, 

the slides were incubated with primary antibodies at 4°C overnight, and fluorescent 

secondary antibodies were applied at room temperature for 60 minutes the next day. 

All immunostainings with subsequent imaging were performed with simultaneous 

negative and positive controls, as available. Antibodies used for IHC and ICC were as 

listed in Tables 8 & 9. 

Antibody Species Dilution Manufacturer (Cat#) 

WT1  rabbit 1/250 Abcam (AB89910) 

Vimentin, Clone Vim 3B4 Mouse 1:100 Dako (M7020) 

GFP Goat 1:500 Novus (NB-100-1770) 

Human Mitochondria, Clone 113-1 Mouse 1:100 Millipore (MAB1273) 

Fibronectin Rabbit 1:250 Abcam (ab2413) 

Fibronectin (human specific) Rabbit 1:250 Abcam (ab32419) 

Alpha-Actinin Rabbit 1:800 Abcam (ab68167) 

Cardiac Troponin I Rabbit 1:200 Abcam (ab47003) 

Cardiac Troponin T Goat 1:200 Abcam (ab64623) 

Cardiac Troponin T Mouse 1:200 Abcam (ab8295) 

Cardiac Troponin T Mouse 1:100 Thermo Fisher MC-295-P 

Connexin 43 Mouse 1:500 Millipore (MAB3067) 

Connexin 43 Rabbit 1:500 Abcam (ab11370) 

Beta-Myosin Heavy Chain, 

Clone A4.951 

Mouse 1:1 Human Hybridoma Bank 

CD31/ PECAM-1 Rabbit 1:100 Novus (NB100-2284) 
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Biotinylated human Lectin  1:1000 Vector (B-1065) 

Smooth Muscle Alpha Actin Mouse 1:200 Dako (M0851) 

Smooth Muscle Alpha Actin Goat 1:200 Abcam (ab21027) 

Anti-BrdU-POD, Clone BMG-6H8 Mouse 1:40 Roche (11 585 860 001) 

  Troponin I type 1 (slow skeletal) Rabbit 1:200 Novus (NBP1-56641) 

   Wheat Germ Agglutinin,  

   Alexa Fluor 594 Conjugate 
/ 1:200 Thermo Fisher (W11262) 

    Table 8: List of primary antibodies used for ICC and IHC 

 
Antibody Species Dilution Supplier (Cat No.) 

Alexa Fluor 488 Donkey anti-rabbit IgG 1/100 Invitrogen 
A21206 

Alexa Fluor 488 Goat anti-rabbit IgG 1/100 Invitrogen 
A110034 

Alexa Fluor 568 Goat anti-mouse IgG 1/100 Invitrogen 
A11031 

Alexa Fluor 568 Donkey anti-mouse IgG 1/100 Invitrogen 
A10037 

Alexa Fluor 568 Rabbit anti-mouse IgG 1/100 Invitrogen 
A11061 

Alexa Fluor 568 Donkey anti-rabbit IgG 1/100 Invitrogen 
A10042 

Alexa Fluor 568 Donkey anti-goat IgG 1/100 Invitrogen 
A21432 

Alexa Fluor 488 Donkey anti-goat IgG 1/100 Invitrogen 
A11055 

Alexa Fluor 488 Rabbit anti-mouse IgG 1/100 Invitrogen 
A11054 

Alexa Fluor 488 Goat anti-mouse IgG 1:100 Invitrogen 
A11001 

Alexa Fluor 647 Chicken anti-rabbit IgG 1/200 Invitrogen 
A21443 

Alexa Fluor 647 Donkey anti-mouse IgG 1/100 Invitrogen 
A21202 

Alexa Fluor 647 Chicken anti-goat IgG 1/100 Invitrogen 

A17045 

    Table 9: List of secondary antibodies used for IHC and ICC 



116 
 

2:3:2 RNAscope in situ hybridisation 

For identification of transplanted female NRVMs into the male rat recipient, we 

detected rat Xist (X-inactive specific transcript) on FFPE sections using Advanced Cell 

Diagnostics (ACD) RNAscope® 2.5 LS Reagent Kit-RED (Cat No. 322150) and 

RNAscope® 2.5 LS Probe- Rn-LOC100911498-No-XMm (Cat No. 454218). RNA 

quality within the tissue sections was assessed using RNAscope® 2.5 LS Probe- Rn-

PPIB (Cat No. 313928; ACD, Hayward, CA, USA). Negative controls were performed 

using the RNAscope® 2.5 LS Negative Control Probe - DapB (Cat No. 312038).  

Briefly, sections were cut at 4 µm thick, baked for 1 hour at 60oC before loading onto 

a Bond RX instrument (Leica Biosystems). Slides were deparaffinised and rehydrated 

on board before pre-treatments using Epitope Retrieval Solution 2 (Cat No. AR9640, 

Leica Biosystems) at 95°C for 15 minutes, and ACD Enzyme from the LS Reagent kit 

at 40oC for 15 minutes. Probe hybridisation and signal amplification were performed 

according to the manufacturer’s instructions. Fast red detection of rat Xist, PPIB and 

DapB were performed on the Bond Rx using the Bond Polymer Refine Red Detection 

Kit (Leica Biosystems, Cat No. DS9390) according to the ACD protocol. Slides were 

then removed from the Bond Rx and were heated at 60ºC for 1 hour, dipped in Xylene 

and mounted using EcoMount Mounting Medium (Biocare Medical, CA, USA. Cat No. 

EM897L). 
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2:3:3 Infarct size, graft size quantification  

Slides were stained with picrosirius red/ fast-green stain to assess total fibrotic content 

and scar size. Whole slide sections were scanned with the Hamamatsu Nanozoomer 

and the images were exported with NDP software (NDP view 2.6.13) for further 

analyses. In the infarcted sections, picrosirius red positive areas were quantified and 

normalized to the left ventricular area in each section, in a blinded and automated 

manner, via Image J. To assess the survival of cardiac grafts, anti-human 

Mitochondria (Novus) antibodies were used for the Epi+CM group whilst Xist 

RNAScope was used to identify engrafted NRVM. Baseline quantification of Xist 

expression was first performed on female rat hearts. All animals were used for analysis 

except one animal in the CM+Epi study arm, which did not exhibit a detectable graft. 

Graft sizes were then normalized to the size of the corresponding infarct area. To 

detect hESC-cardiac grafts, antibodies directed against either human mitochondria 

and α-Actinin (Abcam) or β-MHC (Developmental Studies Hybridoma Bank) were 

used. NRVM were detected by co-staining with Xist RNAScope (ACDBio) and either 

cTnI (cardiac troponin I, Abcam) or α-Actinin (Abcam). For calculation of individual 

sarcomeric and cellular calculations, similar antibody strategies were undertaken, and 

the resulting images analysed via Image J software, in a blinded fashion.  

2:3:4 Quantification of proliferation & vascularization 

The proliferation rate of CMs was determined from sections stained for BrdU and either 

α-actinin (Abcam) or β-MHC (Developmental Studies Hybridoma Bank). A well-defined 

grid was overlaid over the whole-slide image of entire heart sections, and 9X high-
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powered images were taken per graft section (Liu et al. 2018). Sections of grafts were 

delineated from host myocardium for the calculation. For quantification of proliferation 

rate (%), %BrdU+ve CMs = (BrdU+ve Graft CMs/Total Graft CMs) X 100. As for graft 

CM number and density of CM per mm3, several assumptions were similarly made as 

other reported studies (Liu et al. 2018). Firstly, we assumed that nuclei were 

isotropically packed, and each CM was mononucleated due to relative graft 

immaturity. Hence, nuclear density = CM density. Each heart was serially sliced at 

1mm thickness from apex to the base. Then, each heart slice was sectioned at 4µm 

thickness and graft CMs were identified by immunostaining. Thus, each 1mm heart 

slice was composed of 250 X 4µm sections. From our immunostaining, we noted that 

our average CM nucleus size was 8µm in diameter, thus we assumed that each CM 

nucleus would traverse two (4µm) sections. Based on these assumptions, Graft CMs 

density (per mm3) = (Average number of Graft CMs per mm2 x 250)/2. Total graft CMs 

per animal = Graft CM density per mm3 x Total Graft Size (mm2) x 1 mm thickness.  

To quantify microvascular density, slides were stained with CD31/PECAM (Novus) 

and either anti-human mitochondria (Novus) or Xist RNAScope (ACDBio). To quantify 

mature vessel density, slides were stained for smooth muscle cells (Smooth Muscle 

α-Actin, Dako) and either anti-human mitochondria (Novus) or Xist RNAScope 

(ACDBio). For quantification of both microvascular and mature vessel density in 

cardiac grafts, the infarct zone and the non-injured border zone, 9x high-power images 

were taken in each of the three areas of interest. The number of lumens was counted 

and expressed as the number of vessels per mm2. To determine the fate of epicardial 

cells, slides were co-stained with antibodies directed against anti-GFP (Novus), anti-

human mitochondria (Novus), β-MHC (Developmental Studies Hybridoma Bank), 
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endothelial cells (CD31/PECAM, Novus) or smooth muscle cells (Smooth Muscle α-

Actin, Dako). All images were acquired in technical replicates per whole-heart slide 

section using 3.1 ZEN Blue Lite software and subsequently analysed using Image J 

software, in a blinded fashion.  

2:4 Three-Dimensional Engineered Heart Tissues (3D-

EHTs) 

2:4:1 Generation of 3D-EHTs  

The tissue construct wells were fabricated using polydimethylsiloxane (PDMS) 

(PDMS, Sylgard 184; Dow Corning, Midland, MI). PDMS linker and base were mixed 

in a 1:10 mass-ratio and poured into laser-etched acrylic negative templates featuring 

four wells measuring 3x8x2 mm and containing 2x1mm diameter posts positioned 

3mm from each other. The PDMS was baked at 65°C overnight, removed from the 

negatives, and then autoclaved. The PDMS wells were treated with 5% pluronic acid 

F127 solution (Sigma, P2443) for 1 hour prior to casting the constructs.  

CMs frozen down on day 28 were thawed and cultured for 17-24 days before construct 

casting. Flow cytometry was performed on thawed cells using cTnT antibody (Thermo, 

MS-295-P) on a BD FACSCanto II instrument (Beckton Dickinson, San Jose, CA) and 

analysed using FACSDiva software (BD Biosciences), revealing a purity of 96.5%±0.5 

(i.e., cTnT+). For construct casting, CMs and epicardial cells were trypsinized and 

mixed in a collagen-based gel containing 10x RPMI-1640 medium (Sigma), NaOH, 

geltrex (Invitrogen, A1413202), collagen I Rat Protein (Gibco Life Technologies, 
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A1048301) and water. The cell-gel mixture was poured into the PDMS wells and 

allowed to solidify for 30 minutes at 37°C. Each construct contained either 5x105 CMs 

alone or 5x105 CMs plus 5x104 supportive cells. Constructs were then fed with 7ml of 

RPMI media with B27 plus insulin every other day, and spontaneous contractions were 

observed within five days. All constructs were cultured for 14-21 days and immediately 

snap-frozen after measurements in liquid nitrogen for further RNA analyses via RT-

qPCR.  

2:4:2 Frank-Starling force measurements of 3D-EHTS  

Force measurement of constructs was performed after two weeks in culture as 

previously described (Ruan et al. 2015, Bargehr et al. 2019). In brief, constructs were 

removed from the PDMS wells and suspended between a force transducer (Aurora 

Scientific, model 400A) and length controller (Aurora Scientific, model 312B). To 

assess the Frank-Starling relationship, constructs were stretched from their resting 

length to an additional 25% strain in 6 steps while being bathed in a HEPES-buffered 

Tyrode solution held at 37°C. Force traces were first recorded without electrical 

stimulation and subsequently with 1, 1.5, 2.5Hz at 5V and 50ms pulse duration. 

Passive tension and active force traces were recorded and analysed using customized 

LabView and MATLAB software.  
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2:4:3 Non-ratiometric assessment of 3D-EHT calcium-

handling  

As for the Ca2+-handling by 3D-EHTs, all two-week-old constructs were incubated with 

Fluo-4 AM (Molecular Probes, Invitrogen) for 30 min at 37.5°C. Videos of constructs 

were taken at intrinsic beating rates and when paced at 1Hz, 1.5Hz and 2Hz with a 

Sony Handycam (Vixia HFS20) attached to a fluorescence microscope (Nikon Eclipse 

TS100). All videos were taken at 60 frames per second (fps), subsequently converted 

to frames, imported, and analysed for fluorescence intensity per frame using Image J 

software. All videos were normalized to the background Ca2+ signal.  

2:4:4 Histological processing of 3D-EHTs 

Constructs were washed in PBS, fixed in 4% PFA for 60 minutes and embedded in 

30% sucrose overnight at 4°C to reduce the tissue water content and improve tissue 

preservation during subsequent cryo-embedding. Tissues were washed in PBS and 

allowed to equilibrate in a small amount of optimal cutting temperature compound 

(OCT) before being transferred to new tissue holders where they were fully embedded 

in OCT. The embedded constructs were subsequently transferred onto an ice bath 

composed of 100% ethanol on dry ice. Cryo-embedded blocks were serially sliced on 

a cryotome producing sections with a 10μm thickness.  
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2:4:4 RNA extraction from 3D-EHTs for gene expression 

analyses  

EHTs were dissociated for gene expression analysis one day after the 2-week in situ 

contractile analyses were performed. Total cellular RNA was extracted with 

ARCTURUS PicoPure RNA Isolation Kit (KIT0103, Applied Biosystems) with the 

following modifications. EHTs were dissociated with Lysing Matrix D beads 

(116913050, MP Biomedicals) and 200 μl Extraction Buffer and homogenized using a 

FastPrep-24 5G Instrument (MP Biomedicals) for 30s. The lysate was transferred to a 

fresh tube and incubated at 42 °C for 30 min. Subsequently, 70% ethanol was added 

to the RNA lysate and loaded into a preconditioned column. All the following steps 

were performed according to the supplier’s recommendations, including DNase I 

treatment. Next, 10 μl eluted RNA (corresponding to 75–150 ng) was subjected to 

reverse transcription using Maxima First Strand kit (K1641, Thermo) according to the 

manufacturer’s protocol.  

2:4:5 Quantitative real-time reverse transcription PCR (RT-

qPCR)  

RT-qPCR was performed with SYBR Select Master Mix (Applied Biosystems, 

4472913) using 2 ng of cDNA and 400 nM each of forward and reverse primers. 

Reactions were run on a 7900HT Fast Real-Time PCR System (Applied Biosystem, 

4329001), and data were analyzed using the ∆∆Ct method using HPRT1 or GAPDH 
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as the housekeeping gene. Primers were designed using PrimerBlast and confirmed 

to amplify a single product. Primers sequences are listed below in Table 10. 

Gene Species Forward Primer Reverse Primer 
MYH6 Homo 

Sapiens 
GCCCTTTGACATTCGCACTG GGTTTCAGCAATGACCTTGCC 

MYH7 Homo 
Sapiens 

ACTGCCGAGACCGAGTATG GCGATCCTTGAGGTTGTAGAGC 

TNNI3 Homo 
Sapiens 

TTTGACCTTCGAGGCAAGTTT CCCGGTTTTCCTTCTCGGTG 

TNNI1 Homo 
Sapiens 

CCGGAAGTCGAGAGAAAACCC 
 

TCAATGTCGTATCGCTCCTCA 
 

TNNT2 Homo 
Sapiens 

CCGGAAGTCGAGAGAAAACCC 
 

TCAATGTCGTATCGCTCCTCA 
 

TBX18 Homo 
Sapiens 

ACTCCGGGCGCAACAGAATGG TGGGCCCCAGATGGAAGGCA 

WT1 Homo 
Sapiens 

CACAGCACAGGGTACGAGAG CAAGAGTCGGGGCTACTCCA 

TCF21 Homo 
Sapiens 

TCCTGGCTAACGACAAATACGA TTTCCCGGCCACCATAAAGG 

BNC1 Homo 
Sapiens 

GGCCGAGGCTATCAGCTGTACT GCCTGGGTCCCATAGAGCAT 

NANOG Homo 
Sapiens 

TCCTGAACCTCAGCTACAAACA GGTAGGTGCTGAGGCCTTCT 

SOX2 Homo 
Sapiens 

TGGACAGTTACGCGCACAT CGAGTAGGACATGCTGTAGGT 

FN1 Homo 
Sapiens 

AGCAAGCCCGGTTGTTATGA 
 

CCCACTCGGTAAGTGTTCCC 
 

POSTN Homo 
Sapiens TGAGGCTTGGGACAACTTGG AACAGTGACAACCCCATTAGGA 

COL5A2 Homo 
Sapiens CCCACAGCTGACTTCATGGT CACCATATCCTTCATCCTCGTC 

TFAM Homo 
Sapiens 

CGCTCCCCCTTCAGTTTTGT CCAACGCTGGGCAATTCTTC 

CKMT2 Homo 
Sapiens 

GCCAGGGGAATCTGGCATAA CCCAGCCTCGTTCTTGGATT 

CPT1B  Homo 
Sapiens 

ACATCTCTGCCCAAGCTTCC ACCATGACTTGAGCACCAGG 

GLUT4 Homo 
Sapiens 

ACTGGCCATTGTTATCGGCA GTCAGGCGCTTCAGACTCTT 

CASQ2 Homo 
Sapiens 

TTGCCATCCCCAACAAACCT AGAGTGGGTCTTTGGTGTTCC 

CACNA1
C 

Homo 
Sapiens 

GCCGCTGCAGGAGAGTTTTA CCCACATGTGCAAGACCACA 

SCN5A Homo 
Sapiens 

GGAGAGCGGCTGTGAAGATT CGGTGAAGGTGTACTCGACA 

RYR2 Homo 
Sapiens 

ACAACAGAAGCTATGCTTGGC GAGGAGTGTTCGATGACCACC 
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SLC8A1 Homo 
Sapiens 

AGACCTGGCTTCCCACTTTG TGGCAAATGTGTCTGGCACT 

HPRT Homo 
Sapiens 

TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 

GAPDH Homo 
Sapiens 

AACAGCCTCAAGATCATCAGC GGATGATGTTCTGGAGAGCC 

Table 10: Primers for RT-qPCR analysis of the RNA expression of genes of interest 

2:5 Small Peptide Inhibitor (pUR4) of Fibronectin 

2:5:1 pUR4 generation and cellular treatment  

pUR4 is a small peptide derived from a surface protein of Streptococcus pyogenes 

termed F1 adhesin and is a well-described inhibitor of FN polymerization (Valiente-

Alandi et al. 2018). pUR4 at ~99% purity was obtained commercially from Genscript. 

At day seven after epicardium directed differentiation, hESC-epicardium received 

pUR4 (500 nM) for 72h. During 3D-EHT generation, 10 uL of pUR4 (500nM) was 

included in the gel mixture, and similar concentration of pUR4 was added to the 3D-

EHTs during alternative day media changes, for a total of 14 days.  

2:5:2 Western blot of pUR4-treated hESC-epicardium 

After 72 hours of pUR4 treatment, FN protein content was assessed by 

immunoblotting. Lysate from one confluent well of hESC-epi cells from a six-well plate 

was separated by SDS PAGE on an 8% acrylamide gel, using 10 ul of Precision Plus 

Protein All Blue as standards. Protein was then transferred overnight onto a 

polyvinylidene difluoride (PVDF) membrane (Merck Millipore, IPVH00010). 

Membranes were blocked with 5% fat-free milk in Tris-buffered saline and 0.05% 
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Tween 20 (TBS-T) for 1 hour at room temperature, followed by incubation overnight 

at 4˚C. Membranes were washed with TBS-T three times for 5 minutes at RT before 

incubation with secondary anti-rabbit or anti-mouse HRP-conjugated antibody (Sigma) 

for 1 hour at RT. Membranes were washed with TBS-T, and protein was detected with 

ECL western blotting detection reagents (Pierce). If necessary, the blot was stripped 

with mild stripping buffer for 1 hour and probed again. Antibodies used in western blot 

are outlined in Table 11. 

Antibody 
type  

Protein  Species  Dilution Supplier  

Primary FN Rabbit 1:250 Abcam (ab2413) 
Primary  β-actin Mouse 1:1000 CST (2148S) 
Secondary / Anti-rabbit HRP 1:10,000 NEB (7074S) 
Secondary / Anti-mouse HRP 1:10,000 NEB (7076S) 

Table 11: Antibodies for western blotting 

2:6 Generation of CRISPR-Cas9-mediated Knockout 

Fibronectin (KOFN) hESC cell Line 

2:6:1 Crispr-Cas9-mediated knockout: annealing and cloning 

FN1- targeted sgRNA  

Oligonucleotides were designed using homo sapiens FN1 sequences from Genscript 

(https://www.genscript.com/gRNA-database.html) and modified according to a Zhang 

Lab protocol (https://www.addgene.org/crispr/zhang/PX459-SpCas9+sgRNA), Table 

12. Oligonucleotides were annealed according to the protocol supplied by Zhang and 

colleagues (Ran et al. 2013), and then ligated into the cut vector pSpCas9(BB)-2A-

Puro (PX459) V2.0 (a kind gift from Feng Zhang) using T4 ligase for one hour at room 

temperature, Figure 12. Subsequently, the ligation mix was transformed into alpha-

select competent cells (BioLine) according to the manufacturers’ directions. The 

https://www.addgene.org/crispr/zhang/PX459-SpCas9+sgRNA
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transformed cells were plated onto LB agar plates containing ampicillin and incubated 

overnight before colony picking and sequencing. 

sgRNA ID Oligo (5’ to 3’) Oligo (3’ to 5’) 
sgRNA 1 CACCGGACCTACCTAGGCAATGC

GT 
CCTGGATGGATCCGTTACGCACA
AA 

sgRNA 2 CACCGTACAAACCAACGCATTGC
CT 

CATGTTTGGTTGCGTAACGGACA
AA 

sgRNA 3 CACCGGCTCATAAGTGTCACCCA
CT 

CCGAGTATTCACAGTGGGTGACA
AA 

sgRNA 4 CACCGGAATGGACCTGCAAGCCC
AT 

CCTTACCTGGACGTTCGGGTACA
AA 

sgRNA 5 CACCGTCACACACCTATGGGCTT
GC 

CAGTGTGTGGATACCCGAACGC
AAA 

sgRNA 6  CACCGGACTGTACCTGCATCGGG
GC 

CCTGACATGGACGTAGCCCCGC
AAA 

 

Figure 12: Vector map of pSpCas9(BB)-2A-Puro (PX459) V2.0, used for sgRNA FN1 
knockout. A kind gift from Zhang lab (Addgene plasmid #62988; 
http://n2t.net/addgene:62988; RRID: Addgene_62988). Insert for sgRNA scaffold is as 
shown. Successfully targeted cells were selected via ampicillin resistance.  
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2:6:2 Sequencing of transformed cells 

Colonies of transformed cells grown on LB agar plates overnight were picked in the 

morning and further expanded in LB broth overnight at 37°C. Each colony was then 

digested using the restriction enzyme Bbsl, which cuts in unmodified plasmid but not 

in plasmid with insert, to select out the cloned plasmids with sgRNA. Unmodified 

PX459V2 plasmid was used as a control. Colony digests were analysed by agarose 

gel (1%) electrophoresis (1.30 hour at 100V). Uncut plasmids, i.e., those with the 

desired insert, showed a size of 580bp. Positive colonies were plasmid mini-prepped 

(Qiagen, miniprep kit, used according to manufacturers’ directions) before UW 

sequencing via Source BioScience. Mini-prepped plasmids which showed the correct 

insertion of the sgRNA sequence were selected for midiprep (Qiagen). 

2:6:3 Gene-targeting by GeneJuice-mediated transfection 

To generate the FN1 knockout hESC cell line, individual wells of hESCs were 

transfected with five different cloned plasmids using GeneJuice. Following cell 

passaging, hESCs were incubated with 4 μg of DNA and 10 μl per well of GeneJuice 

in Opti-MEM medium (Gibco) for 24 hours. Briefly, cells were washed in PBS before 

incubation with DNA-OptiMEM mixtures. The DNA-OptiMEM mixtures were:  

i) Mixture 1 comprised 4 μg DNA in 250 μl OptiMEM per well of a six-well plate.  

ii) Mixture 2 consisted of 10 μl GeneJuice in 250 μl OptiMEM per well.  
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Mixtures 1 and 2 were prepared and mixed gently before incubation at room 

temperature for 5 minutes. 250 μl of Mixture 2 was then added to 250 μl Mixture 1 

before incubation at room temperature for 20 minutes.  

500 μl transfection mix of 1:1 of Mixture 1 & Mixture 2, respectively, was added 

dropwise to each well of hESCs. After 24 hours of incubation with DNA-OptiMEM 

mixtures, the cells were washed with PBS and culture medium (mTeSR) was added. 

After 1-2 days, 1 μg/ml puromycin-enriched culture media was added to the cells. After 

seven days, puromycin-resistant colonies were picked and expanded.   

2:6:4 Genotyping of targeted clones  
 

Genomic PCR was used to screen genetically targeted clones to verify site-specific 

targeting, determine whether allele targeting was heterozygous or homozygous, and 

to check for off-target integrations of the targeting plasmid. (See Table 12 for PCR 

primers). Briefly, confluent colonies were used for genomic DNA extraction (Qiagen 

kit DNeasy, used according to manufacturer’s instructions) and genomic PCR with 

FN1-specific primers were done. All PCRs were performed using 100 ng of genomic 

DNA as a template in a 25 μl reaction volume using LongAmp Taq DNA Polymerase 

(NEB) according to manufacturers’ instructions, including 2.5% (v:v) dimethyl 

sulphoxide (DMSO). sgRNA clones with correct amplicon size were purified with a 

PCR purification kit (Qiagen DNeasy kit) according to the manufacturer’s instructions). 

The genomic DNA was sent for Sanger sequencing with either FWD or RVS FN1-

specific primers.  
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FN1 Primer 
name  

FWD Sequence (5’ to 3’) RVS Sequence (5’ to 3’) 

FN1_exon2_1 ATGTGACTTCAATTGTCTGCCTT
C  

CTCGCAGTTAAAACCTCGGCT     

FN1_exon2_2 TGGGAAAAGGAGAAATGCAAAT
GTA 

AACTATGGGGCTTGTTGTCAC     

FN1_exon3_1 GTGGGTTTTCCTTTAGAGGGGAT
T  

CCTTACTTGCGATGGTACAGC 

FN1_exon3_2 ACCGAGTGGGTGACACTTATG     GGCAAACCTCAAAGTTCGGA      
FN1_exon4_1 CATGAAGGGGGTCAGTCCTAC     TGTAGATGTGATTCTGGTCCAA

CC  
FN1_exon4_2 CGTTGTATCTTCAACAGACCGC    CTGGTCCAACCCCACATTAGAA 

Table 12: PCR primer sequences for genotyping Crispr-Cas9-edited KOFN clones 

2:6:5 CRISPR-Cas9-mediated knockout FN hESC cell line  

One homozygous-targeted clone for each vector transfection was selected for 

subsequent differentiation into hESC-epicardium.  

2:7 Generation of Inducible Fibronectin Knockdown 

(sOPTiKD-FN) hESC cell line 

2:7:1 Inducible knockdown: design and annealing shRNA 

oligonucleotides 

Oligonucleotides were designed using TRC sequences from Sigma and are shown in 

Table 13. Hairpin A was selected as a validating hairpin as it downregulated B2M 

expression. Oligonucleotides were annealed according to the protocol supplied by 

Bertero and colleagues (Bertero et al. 2016), and then ligated into the linearised, 

optimised inducible knockdown sOPTiKD vector (a gift from the Vallier Group, 
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University of Cambridge) using T4 ligase for two hours at room temperature. The 

vector map is as shown in Figure 13. The ligation mix was transformed into alpha-

select competent cells (BioLine) according to the manufacturers’ directions. 

Transformed cells were plated onto LB agar plates containing ampicillin, before colony 

PCR screening for successful transformants. 

 
Figure 13: Vector map of pAAV-Puro_siKD 
This siKD plasmid is a kind gift from the Vallier lab, University of Cambridge. shRNA-FN1 

sequences are inserted into the AAV locus. Successfully targeted cells were initially selected 

via ampicillin resistance. Both puromycin resistance site for colony picking and tetracycline 

induction of shRNA site are as shown.  

 

 

 

L4440(9454 .. 9471)  

PciI(9356)  

pBR322ori-F(9201 .. 9220)  

Amp-R(8351 .. 8370)  

AhdI(7801)  

Neo-F(7348 .. 7367)  

Neo-R(6738 .. 6757)  

BstXI(6230)  

ccdB-fwd(6214 .. 6233)  

BsrGI(6086)  

M13/pUC Forward(5888 .. 5910)  

M13 Forward(5879 .. 5896)  

T7(5853 .. 5872)  

T7 promoter

NotI(5833)  

KflI(5663)  

CAP binding site

M13/pUC Reverse   (186 .. 208)

lac operator

M13 Reverse   (205 .. 221)

M13 rev

SbfI   (273)

BsmI   (310)

PshAI   (664)

NheI   (877)

BmtI   (881)

Eco53kI   (924)

SacI   (926)

TspMI  - XmaI   (948)

SmaI   (950)

SA

T2A

Puro-R   (1217 .. 1236)

Puro-F   (1713 .. 1733)

BstBI   (2085)

H1   (2222 .. 2241)

PsiI   (2281)

BglII   (2303)

BspDI  - ClaI   (2316)

SalI   (2324)

KS primer

AccI   (2325)

HincII   (2326)

pBluescriptKS   (2318 .. 2334)

NdeI   (2569)

chicken β- actin promoter

AarI   (3547)

MreI  - SgrAI   (3635)

pCAGGS-5   (3921 .. 3943)

pCAG-F   (4005 .. 4024)

MluI   (4716)
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shRNA 

ID  

Top oligonucleotide (5' to 3')  Bottom oligonucleotide (5' to 3')  

FN1_1 GATCCCGCGTGGTTGTATCAGG

ACTTATCTCGAGATAAGTCCTGA

TACAACCACGTTTTTTG 

TCGACAAAAAAGCTGGTTGTATCAGG

ACTTATCTCGAGATAAGTCCTGATACA

ACCACGCGG 

FN1_2 GATCCCGCCTGCTCCAAGAATTG

GTTTCTCGAGAAACCAATTCTTG

GAGCAGGCTTTTTTG 

TCGACAAAAAAGCCTGCTCCAAGAAT

TGGTTTCTCGAGAAACCAATTCTTGG

AGCAGGCGG 

FN1_3 GATCCCGTGGAACCGGGAACCG

AATATACTCGAGTATATTCGGTT

CCCGGTTCCATTTTTTG 

TCGACAAAAAAGTGAACCGGGAACCG

AATATACTCGAGTATATTCGGTTCCC

GGTTCCACGG 

FN1_4 GATCCCGAATTTGGTTTGGGATC

AATACTCGAGTATTGATCCCAAA

CCAAATCTTTTTTTG 

TCGACAAAAAAGAATTTGGTTTGGGA

TCAATACTCGAGTATTGATCCCAAAC

CAAATTCGG 

FN1_5 GATCCCGTGCAGCACAACTTCGA

ATTATCTCGAGATAATTCGAAGTT

GTGCTGCATTTTTTG 

TCGACAAAAAAGTCAGCACAACTTCG

AATTATCTCGAGATAATTCGAAGTTGT

GCTGCACGG 

Table 13: shRNA sequences for psOPTIkd vector construction. BglII overhang 
is in red, terminator sequence/SalI overhang in blue.  
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2:7:2 Colony PCR of transformants 

After overnight incubation, transformants grown on LB agar plates were picked in the 

morning for colony PCR to check for transformation. AAVs-KD forward 

(CGAACGCTGACGTCATCAACC) and reverse (GGGCTATGAACTAATGACCCCG) 

primers were used; thermocycling conditions were as follows: 95°C for five minutes, 

then 35 cycles of 95°C for 30 seconds, 63°C for 30 seconds and 72°C for 1 minute. 

These PCR reactions were analysed by agarose gel (1.5%) electrophoresis; vectors 

with the desired insert showed a size of 520bp. Miniprep of transformed colonies 

(Qiagen, miniprep kit, used according to manufacturers’ directions) were conducted 

for genomic DNA extraction before Sanger sequencing. Sequencing was done via 

Source BioScience with the protocol specified for strong hairpin structures. Plasmid 

vectors with a correctly inserted shRNA sequence were expanded and selected for 

Midiprep (Qiagen), in preparation for cell transfection. 

2:7:3 Gene-targeting by GeneJuice-mediated transfection 

To generate an inducible FN1 knockdown hESC cell line, AAVS1 locus targeting was 

performed by GeneJuice-mediated transfection. Individual wells of hESCs were 

transfected with five different cloned plasmids using GeneJuice. Following cell 

passaging, hESC cells were incubated with 4 μg of DNA and 10 μl per well of 

GeneJuice in Opti-MEM media (Gibco) for 24 hours. Briefly, cells were washed in PBS 

before incubation with DNA-OptiMEM mixtures. To make DNA-OptiMEM mixtures:  
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i) Mix 1 (equally divided between the two AAVS1 ZFN plasmids, also received from 

Ludovic Vallier’s laboratory, and our shRNA targeting vector) comprised 4μg DNA in 

250 μl OptiMEM per well of a six-well plate.  

ii) Mixture 2 consisted of 10 μl GeneJuice in 250 μl OptiMEM per well.  

Mixtures 1 and 2 were prepared and mixed gently before incubation at room 

temperature for 5 minutes. 250 μl of Mixture 2 was then added to 250 μl Mixture 1 

before incubation at room temperature for 20 minutes.  

500 μl of a transfection mix of the 1:1 of Mixture 1 & Mixture 2 was added dropwise to 

each well of hESCs. After 24 hours of incubation with DNA-OptiMEM mixtures, the 

cells were washed with PBS and culture media (CDM-BSA II) was added. After 1-2 

days, 1 μg/ml puromycin-enriched culture media was added to the cells. After seven 

days in culture, puromycin-resistant colonies were picked and expanded.  

2:7:4 Genotyping of targeted clones 
 

Genomic PCR was used to screen genetically targeted clones to verify site-specific 

targeting and determine whether allele targeting was heterozygous or homozygous. 

(See Table 14 for PCR primers). Locus PCR (‘PCR 1’) for wild-type AAVS1 locus 

indicates a non-targeted allele. ‘PCR 2’ is a locus PCR/loss-of-allele PCR. ‘PCR 2’ 

and ‘PCR 3’ refer to 5’INT/3’INT PCR respectively, which are PCR reactions for vector 

backbone 5’-end and 3’-end genomic integration region, indicative of specific 

transgene targeting. This will also detail homozygous or heterozygous targeting.  

Firstly, DNA was extracted from all targeted clones using a genomic DNA extraction 

kit (Sigma-Aldrich). All PCRs were performed using 100 ng of genomic DNA as a 
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template in a 25 μl reaction volume, LongAmp Taq DNA Polymerase (NEB), and 

including 2.5% (v:v) dimethyl sulphoxide (DMSO).  

Primer name PCR Type Primer Sequence 

AAVS1_Genomic_FWD Locus (‘1’) CTGTTTCCCCTTCCCAGG

CAGGTCC 

AAVS1_Genomic_REV Locus (‘1’) TGCAGGGGAACGGGGCT

CAGTCTGA 

AAVS1_Genomic_FWD 5’ Integration into AAVS1 (‘2’) CTGTTTCCCCTTCCCAGG

CAGGTCC 

AAV_Pur_REV 5’ Integration into AAVS1 (‘2’) TCGCGCGGGTGGCGAGG

CGACCG 

OPT_tetR_FWD 3’ Integration into AAVS1 (‘3’) CCACCGAGAAGCAGTACG

AG 

AAVS_Genomic_REV 3’ Integration into AAVS1 (‘3’) TGCAGGGAACGGGGCTC

AGTCTGA 

Table 14: PCR primer sequences for genotyping sOPTIkd clones 

 

2:7:5 Inducible FN knockdown hESC cell line  

One homozygous-targeted clone for each vector transfection was selected for 

subsequent differentiation into hESC-epicardium with or without the addition of 1 μg/ml 

tetracycline (Sigma) to culture media with the aim of mediating FN1 knockdown. 

hESC-epicardium was differentiated in the presence and absence of tetracycline.  
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2:8 Statistics  

All in vitro studies were performed as three biological replicates (independent 

experiments) from different cellular differentiations. For in vivo experiments, the 

animals were selected by a blinded animal technician for intra-myocardial injections. 

Cardiac function of a specific animal prior to intra-myocardial injections or 

echocardiography was not known to the technician. Due to logistical and technical 

challenges, the study groups were performed in a serial manner. Death and FS% 

≥40% at D28 post-MI (Fernandes et al. 2010) were the only exclusion criteria for 

further histologic analysis. All in vivo data included the exact number of animals 

analysed for each parameter and each endpoint.  

Statistical testing was performed using an unpaired t-test for two-group comparisons 

and a paired t-test for comparison of two paired groups. One-way ANOVA was used 

for the statistical comparison of more than two groups, and a post-hoc Tukey test was 

used if the group variance was equal. As for groups with unequal variance, a post-hoc 

Kruskal–Wallis test with Dunn’s correction for multiple comparisons was applied. 

Measuring two-sided significance, a P-value of 0.05 was considered statistically 

significant. All results are presented as mean ± s.e.m unless otherwise stated. All 

analyses were performed using GraphPad Prism 8.0 software. 
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3. RESULTS CHAPTER I 

3:1: Cellular Therapy Ameliorates Cardiac Function in a 

Chronic MI Rat Model 

Cellular therapy is an attractive, alternative therapy for chronic heart failure patients. 

However, mixed results had been reported for the delivery of NRVMs into a chronic 

MI rat model (Li et al.1996; Sakakibara et al. 2002; Huwer et al. 2003). Moreover, 

delivery of hESC-CMs alone in a chronically infarcted rat heart showed no benefits 

(Fernandes 2010 et al.; Shiba et al. 2014). However, I noted huge variability in the 

chronic MI rat studies; differences in cell dosage, cellular pre-conditioning (PSC) and 

the type & extent of cardiac injury (Li et al.1996; Sakakibara et al. 2002; Huwer et al. 

2003). These key variables might explain the mixed results in the earlier chronic MI 

studies.  

Thus, I proposed to streamline my chronic MI rat studies by using exact cellular doses 

with cellular preconditioning (pro-survival cocktail), a physiological MI animal model 

with ischaemic-reperfusion(I/R) injury, and with a novel cellular adjunct via co-delivery 

with hESC-epicardium. Streamlining studies in this manner should offer fresh insights 

and address whether hESC/IPSC-derived cellular therapy could salvage the 

chronically infarcted myocardium.  
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3:1:1 Optimization of rodent MI studies 

3:1:1:1 Pro-survival cocktail (PSC) 

Prior to launching into chronic MI animal studies, I ascertained that the PSC improved 

the survival of hESC-epicardium, in vivo. PSC was designed to ameliorate the effects 

of the three inter-linked pathways that lead to cell death post-injection: ischaemia, 

anoikis and inflammation (LaFlamme et al. 2007). However, the benefit of PSC has 

only been widely described for the delivery of hESC/IPSC-CMs (Chong et al. 2014; 

Gerbin et al. 2015; Liu et al. 2018). Although unlikely, one of the potential reasons for 

the functional decline with the delivery of hESC-epicardium alone, as reported by 

Bargehr et al., could be that the PSC’ has detrimental effects specific to hESC-

epicardium alone (Bargehr et al. 2019).  

To address this question, a set of pilot animal studies were carried out. Athymic nude 

rats received intramyocardial injections of hESC-epicardium (5X106 cells) delivered in 

Matrigel with PSC and heat-shock (n=4) or in Matrigel without either PSC or heat-

shock (n=4) at four days after MI. All animals were followed up for 28 days; the study 

schematic is shown in Figure 14A. Infarct sizes across both groups were similar, and 

all animals survived till endpoint. The subacute MI timepoint was chosen as it is the 

most favourable timepoint for cellular therapy, corresponding to the angiogenic phase 

of wound repair (LaFlamme et al. 2007) This experimental decision enabled the focus 

to be on the effects of PSC on hESC-epicardial cell viability. Our study showed greater 

cell survival when hESC-epicardial cells were subjected to heat-shock and delivered 

with the pro-survival cocktail four days after myocardial infarct (MI), Figure 14B. Thus, 
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PSC and heat-shock enhanced broad cellular survival, unrestricted to hESC/IPSCs-

CMs alone. 

 

 
 

 
Figure 14: hESC-Epicardium showed greater survival with a pro-survival cocktail in 
subacute MI rat model.  

A Schematic overview of subacute MI animal model with cellular delivery four days after MI 

with 60 min ischaemic-reperfusion injury. Two groups: i) hESC-epicardium (5X106 cells) with 

PCS & HS and ii) hESC-epicardium only (5X106 cells) were injected four days post-infarction. 

N=4 in each group. B Immunofluorescence of infarcted heart sections showed greater hESC-

epicardium (huMito, red) survival with PSC & HS. (Immunofluorescence images captured with 

thanks to Bargehr et al.) 

A 

B 
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3:1:1:2 NODScid gamma mouse 

Having ascertained that PSC enhanced cellular survival, I next interrogated the 

feasibility of different rodent models for the chronic MI study. From a purely practical 

perspective, mice were more accessible than rats, with more mouse-focused surgical 

experience locally. Moreover, studies with human-derived epicardial cell were first 

reported in the mouse MI model (Winter et al. 2007, 2010). Thus, I investigated the 

survival of hESC-derived epicardium in the NODScid Gamma mouse model. NODScid 

Gamma mouse was chosen as an initial model as it is one of the most immuno-

deficient strains of mice, with no T cells, B cells or NK cells, thus reducing the effects 

of the immune system on cell survival. As such, the effects of the PSC and heat shock 

should be readily apparent. Due to technical challenges and reduced resilience in mice 

to MI and ischaemia-reperfusion injury (I/R), this was carried out as permanent LAD 

ligation with direct intramyocardial injections. NODScid Gamma mouse received 

intramyocardial injections of hESC-epicardium (5X105 cells) delivered in matrigel with 

PSC and heat-shock (n-4) or matrigel alone without PSC or heat-shock (n=4) 

immediately after MI. All animals were followed up for 28days; the study schematic is 

shown in Figure 15A.  

Although infarct sizes across both groups were similar, there was minimal/no cell 

survival in the NODScid Gamma mouse MI model for cellular injection with or without 

heat-shock and pro-survival cocktail, Figure 15B. Also, we had two animal deaths in 

the NODScid Gamma mouse acute MI model, compared to none in the subacute MI 

rat model. The acute MI model used with the mice creates a local micro-environment 

that is exceptionally hostile to the newly injected cells, far more so than the sub-acute 

model used the rats. The mouse is also a smaller species with a greatly accelerated 
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heart rate. Collectively, due to the acute MI setting, technical challenges, and 

increased animal deaths with no cellular survival with PSC, the NODScid Gamma 

mouse MI model was not chosen for further cellular therapy experiments.  

 

 

 
Figure 15: Pro-survival cocktail did not improve hESC-epicardium survival in the 
NODScid gamma mouse acute MI model.  

A Schematic overview of NODScid Gamma mouse acute MI, invoked by permanent left 

anterior descending artery (LAD) ligation, with cellular delivery immediately after MI. Two 

groups: i) hESC-epicardium (5X105 cells) with PCS & HS and ii) hESC-epicardium only (5X105 

cells), were injected four days post-infarction. N=4 in each group. B Immunofluorescence of 

infarcted heart sections showed no hESC-epicardium (huMito) survival with or without PSC 

and heat-shock. (Immunofluorescence images captured with thanks to Dr. Bargehr et al)  

A 

B 
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3:1:2 Cellular therapy to regenerate the chronically infarcted rat 

hearts 

Based on the findings of the pilot studies, all subsequent cells were delivered in 

matrigel with PSC and heat-shock, using an athymic nude rat model for the chronic MI 

animal studies. As for the type of cardiac injury, proximal LAD ligation for 60 min with 

ischaemic-reperfusion injury (I/R) would better mimic the clinical sequelae of MI 

(Riehle et al. 2019). Moreover, the athymic nude rat MI I/R model had been used 

successfully for both subacute and chronic MI settings (Fernandes et al. 2010; Gerbin 

et al. 2015; Bargehr et al. 2019). The following set of studies were carried out in the 

University of Washington, Seattle with the help of Amy Martinson (A.M.), an 

experienced animal technician. Due to my surgical background, I was trained in the 

surgical animal model during these experiments to subsequently set up the model in 

Cambridge for future studies.  

3:1:2:1 Experimental design of chronic MI rat studies 

To overcome the hostile chronic MI environment, I rationalised that only optimal cell 

types, singularly or in combination, would form sufficiently sizable cardiac grafts to 

reverse heart failure. Notably, neonatal rat pups at P1/2 retain the endogenous 

potential to regenerate their hearts after cardiac injury (Porrello et al. 2011). Firstly, I 

hypothesised that species-matched cellular therapy with NRVMs delivered at the right 

dosage with PSC would represent the optimal donor cell type. Secondly, I 

hypothesised that despite the species-mismatch, co-delivering hESC-epicardium and 

hESC-CMs, a cell combination proven to augment cardiac graft sizes in the subacute 

MI setting, may lead to the regeneration of the chronically infarcted heart.   
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To test these hypotheses, I carried out a modestly sized study (n=24) in which animals 

were placed in one of three treatment arms following myocardial infarction. Study 

animals received an intramyocardial injection of either: i) 10x106 P1/2 NRVM, ii) a 

combination of hESC-CMs (10x106) and hESC-epicardial cells (5x106) [Epi+CM] or iii) 

PSC/Matrigel alone (a vehicle control) [Sham]. Each treatment arm consisted of 8 

animals and all cells received PSC and heat-shock. A schematic of the study design 

is shown in Figure 16. The CM cell number was kept constant for both NRVM and 

hESC-CMs, whilst hESC-epicardium was delivered at 5X106 cells, as previously 

reported (Bargehr et al. 2019). CM cell number was kept constant to assess the degree 

of ‘primary remuscularization’; hESC-epicardium is not known to give rise to de novo 

CMs (Cao and Cao 2018).  

Next, the chronic heart failure rat model was optimised. As above, each animal 

received a proximal LAD ligation for 60 min. The rat’s cardiac function was assessed 

as left ventricular (LV) function by echocardiography (VisualSonics 2.0) and expressed 

as fractional shortening (FS%). FS% was calculated via echocardiography-derived M-

MODE images of the left ventricle at the short-axis view (SAX), Figure 17. Short axis 

views gave cross-sectional views of the left ventricle contracting, thus capturing overall 

contractile function.  
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Figure 16 Experimental design for Cellular therapy in Chronic MI study 

A Study schematic with timing of cellular therapy and echocardiographic follow-up (FU) in the 

chronic MI rodent model. The rats received myocardial infarction with ischaemic-reperfusion 

injury. 21 days later, the infarcted rats underwent an echocardiogram (ECHO) to evaluate their 

respective cardiac functions. Cardiac function was calculated as FS (Fractional Shortening; 

%). As per a priori exclusion criteria, rats with FS >40% were excluded from the study. The 

remaining rats received intramyocardial cellular injections. All rats were followed up with serial 

monthly echocardiography up until 3 months post-cellular injection. B There were 3 different 

study arms with cell types and numbers as shown. Both species-matched and combination 

therapy groups received pre-conditioning with PSC and heat-shock. NRVM: neonatal rat CMs, 

Epi+CM: hESC-epicardium & hESC-CMs, PSC: pro-survival cocktail, H/S: heat-shock. 

A 

B 
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Figure 17 Echocardiographic analyses of the rat’s cardiac function (FS%)  

To test whether cellular therapy could invoke functional recovery in the chronic MI setting, all 

chronically infarcted rodents received intramyocardial injections, with subsequent monthly 

echocardiographic analyses of their cardiac function. Each rat would receive up to 5 serial 

echocardiographic analyses throughout the study. A Pictorial representation of the right 

ventricle (RV) and left ventricle (LV) captured on the short-axis view (SAX) with 

echocardiography. Grey arrow represents the calculated LV diameter at the end of systole 

and diastole, respectively. Cardiac function is denoted as fractional shortening (FS%), which 

is derived from (LVEDD-LVESD)/LVEDD. LVEDD - left ventricular end-diastolic diameter, 

LVESD - left ventricular end-systolic diameter. B Representative echocardiography-derived 

image for the calculation of cardiac function (FS%). The calculation was made on the short 

axis view (SAX) of the heart. SAX of the LV was initially confirmed via echocardiography set 

in B-mode, then M-mode images were acquired for FS% calculations.  

A 

B 
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All animals received echocardiography at i) Baseline: prior to injury ii) Screening: D21 

post-cardiac injury iii) 1st-month follow-up: D28 post-injection iv) 2nd-month follow-up: 

D56 post-injection and v) 3rd-month follow-up: D84 post-injection. An a priori exclusion 

criterion was made, whereby animals were excluded if their FS ≥40% at D21 post-

injury (Fernandes et al. 2010), Figure 18A. Only animals with FS ≤40% qualified as 

having chronic heart failure and proceeded to cellular injections. All echocardiographic 

results are as shown in the Appendix 9.2. 

Prior to study analyses, we validated interobserver ECHO analyses with the Bland-

Altman plot. Interobserver agreement on echocardiographic analyses between 2 

independent investigators was undertaken in a test sample, with a priori agreement 

on deviation in measurements. Our Bland-Altman plots showed an acceptable range 

of the average FS% difference (x-axis) and the difference between the measurements 

of the two different investigators (y-axis), Figure 18.  
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Figure 18 Bland-Altman plot showed the degree of interobserver agreement for FS% 
calculations 

To evaluate whether cellular therapy could invoke functional recovery in the chronic MI setting, 

chronically infarcted rodents received intramyocardial injections, with subsequent monthly 

echocardiographic analyses of their cardiac function. A An interobserver agreement on the 

echocardiographic analyses of infarcted rats was undertaken in our chronic MI rodent study. 

Bland-Altman plots show the average FS% difference (x-axis) and the difference between the 

measurements of two different investigators (y-axis). The continuous lines exhibit a priori 

agreed deviation in measurements. For the baseline, pre-injection and 1st follow-up, there 

were N=8 per group. For 2nd and 3rd follow-up, there were N=7 per group. Total animals N=38. 

B Intraclass correlation coefficients (ICCs) were shown for all measurements with 95%CI.  
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After the exclusion criteria of FS≤40% at D21 post-MI, there were 6 animals in Sham, 

5 animals in NRVM and 8 animals in the Epi+CM study arms, respectively. These 

remaining animals underwent a second thoracotomy followed by three separate intra-

myocardial cellular injections into the infarct and border zones at 4 weeks post-MI. 

This timepoint correlated with chronic heart failure in rats whilst any later timepoints 

precipitated scar expansion resembling LV aneurysm (Li et al. 2001; Houser 2012; 

Riehle and Bauersachs 2019). All animals were followed up to 3 months post-injection.  

This length of follow-up was chosen as cardiac grafts matured in vivo, with significant 

histological changes over three months (Kadota et al. 2017). Due to the hostility of a 

chronic infarct environment, a longer follow-up period for observable engraftment and 

functional improvement might be required. Given the pathophysiology of heart failure 

and associated LV remodelling, the longer timeframe (i.e. 3 months post-cellular 

injection) was also chosen so that long-term trends in functional changes would be 

revealed. 

Due to the severity of the chronic heart failure model, I accepted the study’s overall 

attrition rate of 17%. This was comparable to other rodent MI studies, reporting ~21% 

mortality rates (Chen et al. 2011). There was one intra-operative death during 

intramyocardial injections due to severe and mature adhesions of chronic infarcts, 

Appendix 9.1. Aside from the intraoperative death, some animals died prior to the 3-

month timepoint from sudden cardiac death during echocardiography (n=1), presumed 

sudden cardiac death with overnight deaths (n=2) and euthanised secondary to drastic 

weight loss (n=1). Overall survival curves between groups were not significantly 

different, Figure 19. Due to the small number of animals and several non-cardiac 

deaths, the limited conclusion was that the severity of heart failure model was equal 

across groups.  
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Figure 19 All-cause mortality Kaplan-Meier survival curves for all groups 

All chronically infarcted rodents received intramyocardial injections, with subsequent monthly 

echocardiographic analyses of their cardiac function. This study aimed to investigate whether 

cellular therapy could invoke cardiac repair in the chronic MI setting. There were 3 groups - 

Sham (Vehicle-control), NRVM (species-matched cellular therapy) and Epi+CM (combination 

cellular therapy). After applying the exclusion criterion of FS ≤40% at D21 post-MI, there were 

n=6 in Sham, n=5 in NRVM and n=8 in the Epi+CM groups which received intramyocardial 

cellular injections. Due to the severity of the heart failure model, the animals were followed-up 

for their overall survival following cellular injections. There was no significant difference 

between overall survival for each group, as calculated using the log-rank Mantel-Cox test. The 

cause of deaths is listed in the Appendix 9.1.  
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3:1:2:2 Cellular therapy ameliorated cardiac dysfunction in 

chronically infarcted rat hearts 

All chronically infarcted animals received echocardiographic follow-up at 1 month, 2 

months and 3 months after intramyocardial cellular injections to assess the effects of 

cellular therapy on their cardiac function. For the animals which survived beyond one 

month post-cellular therapy, their respective pre-injection FS% were Sham 

(28.1±3.59%) vs NRVM (19.2±1.2%) vs Epi+CM (21±1.2%). Sham’s pre-injection 

FS% was significantly higher than NRVM (p - 0.046), denoting a less damaged heart. 

Meanwhile, there were no significant differences between the other groups, Figure 

20. These results indicated that our animals in the cellular treatment groups were 

equally ill prior to cellular intervention. 
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Figure 20: Both cellular treatment groups had similar pre-cellular therapy cardiac 
function 

At D21 after MI, the cardiac functions (fractional shortening, FS%) for all rats were measured. 

All animals with FS ≥40% were excluded. Only the animals with FS ≤ 40% were in heart failure 

and eligible to continue with the study, under either the Sham, NRVM or EPI+CM study arms. 

All eligible animals received intramyocardial injections at D28 post-MI. Thus, cardiac function 

measured at D21 constituted pre-injection FS%. Sham had significantly higher pre-injection 

FS% than either of the cellular treatment groups. All panels, mean±s.e.m.; *P<0.05 **P<0.005. 

Two-sided P values were calculated using a paired t-test for comparison of cardiac function 

within groups between baseline and one month follow-up. If more than two groups were 

compared, a one-way ANOVA with post-hoc correction for multiple comparisons was used. 

N=17 in total for functional analysis after 1 month; Sham, NRVM, Epi+CM, n=5, 4 and 8 

animals. 
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The preliminary data suggested that both cell therapy groups showed potential to 

improve long-term cardiac function compared to sham, despite of the chronic infarct 

environment, Figure 21-23. Unfortunately, we cannot draw any definitive conclusions 

from this study as there were insufficient number of animals for an adequately-

powered statistical analysis. For this thesis, we will discuss the preliminary work and 

how current results inform the future adequately-powered definitive rat study.  

In this preliminary work, the cardiac function of the Sham group declined persistently 

to ΔFS=9.9±2.9% (p-0.117) at three months follow-up, Figure 21, despite better 

cardiac function prior to intramyocardial injections. The trend demonstrated by the 

Sham group represented the clinical course of heart failure after MI (Jessup et al. 

2003).  

By the third month of follow-up, the NRVM group demonstrated sustained cardiac 

functional recovery after receiving cellular therapy. Cardiac function for the NRVM 

group recorded an improvement of ΔFS=4.2±2.8% from pre-injection FS% (p-0.78), 

Figure 21. In contrast to previous studies (Huwer et al. 2003; Sakakibara et al. 2002), 

I observed cardiac functional recovery with the use of NRVMs in a chronic MI (I/R) 

model. This observation might be due to our usage of PSC and increased cell number. 

Surprisingly, EPI+CM was able to overcome the initial decline to recover by the 2nd 

month and attenuated further cardiac dysfunction by three months, with a smaller 

decline of 2.7±0.7% in FS%, (p-0.126,) Figure 21. However, the degree of cardiac 

repair was less pronounced than species-matched therapy. These results further 

emphasised the need to streamline animal studies, in terms of their mode and extent 

of cardiac injury, cellular pre-conditioning methods and cellular doses. Otherwise, a 

pertinent result might be missed. 
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Figure 21: Cellular therapy attenuated cardiac dysfunction in chronically infarcted rat 
hearts 

A Respective trend of the cardiac functional changes throughout the entire chronic MI rat study. 

Key timepoints include pre-myocardial infarction (MI), D21 after MI, intramyocardial injections 

and followed by monthly echocardiographic analyses until 3 months post-cellular therapy. The 

groups were Sham, species-matched cellular therapy (NRVM) and combination cellular 

therapy (Epi+CM). Cardiac function was measured as fractional shortening (FS%), FU= 

B  

A 



153 
 

echocardiographic follow-up B Changes in FS% from pre-cellular therapy FS% at 1 month, 2 

months and 3 months, in each group. Pre-cellular therapy FS% was measured at D21 after 

MI. All echocardiographic measurements were analysed by a blinded, trained assessor. All 

panels, mean±s.e.m.; N=17 in total for functional analyses after 1 month; Sham, NRVM, 

Epi+CM, N=5, 4 and 8 animals.  

On further comparison of the ΔFS% from pre-injection values between groups at one 

month, two months, and three months, we observed significant differences reflecting 

the different contractile profiles following cellular therapy, Figure 22. However, the 

within-group analyses were not significantly different, Figure 23. This finding may be 

explained by the change in the echocardiogram operator during the 2nd month of 

follow-up and the non-parallel nature of the experiment. Significant differences within- 

or between-groups were not observed for global left ventricular systolic or diastolic 

end-dimensions, Figure 24. However, NRVM had an overall, consistent trend for 

reduction in left ventricular systolic (0.63±0.43mm) and diastolic (0.37±0.43mm) end-

dimensions, Figure 24. With great caution due to the low number of animals in this 

preliminary study, this observation might reflect the greater contractile contribution with 

cellular therapy compared to Sham. Further histological evidence will be required to 

explain the cardiac functional observations.  
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Figure 22: Between-group comparison of changes in cardiac function post-cellular 
therapy  

To investigate whether cellular therapy could invoke cardiac repair in the chronic MI setting, 

all chronically infarcted rodents received intramyocardial injections, with subsequent monthly 

echocardiographic analyses of their cardiac function. Three groups: Sham (Vehicle-control), 

NRVM (species-matched cellular therapy) and Epi+CM (combination cellular therapy). 
Between-groups differences in cardiac functional changes (ΔFS%) at A) 1 month, B) 2 months 

and C) 3 months after cellular therapy. All echocardiographic measurements were analysed 

by a blinded, trained assessor. All panels, mean±s.e.m.; *P<0.05 **P<0.005. N = 17 in total for 

functional analyses after 1 month; Sham, NRVM, Epi+CM, n = 5, 4 and 8 animals. 
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Figure 23: Comparison of the individual rat’s cardiac functional changes after cellular 
therapy  

To interrogate whether cellular therapy could invoke cardiac repair in the chronic MI setting, 

all chronically infarcted rodents received intramyocardial injections, with subsequent monthly 

echocardiographic analyses of their cardiac function. Three groups: Sham (Vehicle-control), 

NRVM (species-matched cellular therapy) and Epi+CM (combination cellular therapy). The 
trend of each individual rat’s cardiac functional changes from pre-myocardial infarction (MI) 

until completion of 3 months follow-up for A) Sham, B) NRVM and C) Epi+CM, respectively.  

All panels, mean±s.e.m.; *P<0.05 **P<0.005. N= 7 in total for functional analyses after 1 

month; Sham, NRVM, Epi+CM, n = 5, 4 and 8 animals. 
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Figure 24 Global systolic and diastolic cardiac function changes after cellular therapy  

To interrogate whether cellular therapy could invoke cardiac repair in the chronic MI setting, 

all chronic MI rodents received intramyocardial injections and was follow-up with monthly 

ECHO for up to three months after cellular injections. Three groups: Sham (Vehicle-control), 

NRVM (species-matched cellular therapy) and Epi+CM (combination cellular therapy). FU= 

ECHO follow-up. A Overall changes in left ventricular end-systolic diameter (ΔLVESD) and B, 

left ventricle end-diastolic diameter (ΔLVEDD) between groups at 1-month, 2-month and 3-

month post-cellular therapy. All echocardiographic measurements were analysed by blinded, 

trained assessor. All panels, mean±s.e.m. N=17 in total for functional analyses after 1 month; 

Sham, NRVM, Epi+CM, n=5, 4 and 8 animals.  
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Due to the complex physiology of the chronically infarcted heart and the underlying 

remodelling over time, we interrogated surrogate markers of myocardial functional 

recovery, such as lung/body, heart/body and heart/lung weight ratios at the three-

month endpoint for each animal, Figure 25. Both NRVM and Epi+CM had significantly 

greater heart/lung ratios than Sham, Figure 25D; suggesting that cellular therapy led 

to less lung congestion and better myocardial recovery in the chronically failing heart 

state. Overall, these results highlight that both species-matched and combination 

therapies salvaged cardiac dysfunction in the chronic MI setting, but to different 

extents.  
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Figure 25: Both types of cellular therapy displayed improvement in surrogate markers 
of heart failure  

To interrogate whether cellular therapy could invoke cardiac repair in the chronic MI setting, 

all chronic MI rodents received intramyocardial injections and was follow-up with monthly 

ECHO for up to 3 months after cellular injections. Three groups: Sham (Vehicle-control), 

NRVM (species-matched cellular therapy) and Epi+CM (combination cellular therapy). At 

study endpoint, the body, lung, and heart of each rat were measured. A) No differences in 

body weight between experimental groups. Then, surrogate markers of heart failure were 

quantified as: B) heart/body weight ratio, C) lung/body weight ratio and D) heart/lung weight 

ratios. Cellular therapies had greater heart/lung weight ratios than Sham. All panels, 

mean±s.e.m.; *P<0.05 **P<0.005. N=15 in total for weight analyses at 3 months after cellular 

injections; Sham, NRVM, Epi+CM, N=5, 3 and 7 animals, respectively. 

 

 C 

A B 

 D 



159 
 

3:1:2:3 Cardiac cells engrafted and formed sizable grafts in vivo 

To understand the reasons behind the observed positive trends in cardiac functional 

recovery after cellular therapy, I interrogated the behaviour of the cells post-injection 

by analysing their engraftment, proliferation, and maturation in vivo. 

Prior to assessing cardiac engraftment, we looked for any differences in infarct size or 

intramyocardial fibrosis, as infarct size or fibrotic burden could affect the quantification 

of cardiac engraftment. At three months post-cellular therapy, all hearts had large 

areas of scarring near the infarcted LAD zone and remotely in distant myocardium, 

with chamber dilatation and adverse myocardial remodelling, as expected in a 

chronically failing heart, Figure 26A. For quantification of fibrosis, an automated PCFG 

software based on intensity/area were utilised in a blinded and randomised manner. For all 

animals, the intramyocardial fibrosis and perivascular fibrosis were widespread throughout the 

entire LV. Due to our long follow-up as well, the fibrotic myocardium was analysed at 5 months 

after the initial MI. As such, the overall fibrotic burden could be much higher than expected. 

There were no differences in infarct size, remote intramyocardial and perivascular, or 

total fibrosis content between experimental groups, Figure 26B, C & D. Thus, these 

observations denote the consistency of MI and I/R injury and similarities in injury 

healing across the animals.  
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Figure 26: Distribution and quantification of fibrosis in the chronically infarcted rat 

hearts  

A A representative transverse section of infarcted rodent heart stained for collagen with 

Picrosirius Fast-green (PCFG). Collagen, Red. Scale, 1mm. Quantification of B) infarct area, 

C) remote fibrosis and D) total fibrosis for Sham, NRVM and Epi+CM. PCFG staining of heart 

sections was performed on all animals. N=13 in total for histologic analyses at 3 months after 

cellular injections; Sham, NRVM and Epi+CM, N=4, 3 and 6 animals, respectively. All panels, 

mean±s.e.m.  
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To locate the hESC-CM grafts, I used a human-specific cardiac marker, beta-myosin 

heavy chain (β-MHC/MYH7), whereas adult rat CMs express α-MHC/MYH6. As for the 

NRVM grafts, I stained for Xist (X-inactive specific transcript), which was specific for 

the female NRVM cells engrafted in our male recipients.  Due to gender differences in 

cardiac resilience (Regitz-Zagrosek et al. 2010; Huang et al. 2016; Maric-Bilkan et al. 

2016) and cardiac cellular composition (Lim 2020; Litviňuková et al. 2020; Squiers et 

al. 2020), I decided to maintain male rats in all treatment arms with female-derived 

CMs. Prior to cardiac graft identification, baseline Xist staining in female rat hearts was 

conducted as a positive control to confirm our Xist staining for engrafted female rat 

heart cells in male rats, Figure 27.  
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Figure 27: Baseline Xist (X-inactive specific transcript) in female rats, compared to 
infarcted male rats with cardiac grafts. 

A Representative transverse sections of infarcted female rat heart stained for Xist (X-inactive 

specific transcript, RNAScope, red) throughout infarct and remote zones (I, II) acting as 

positive control and baseline for NRVM graft size calculation. A Scale bar 1 mm. I, II) Scale 

bar, 50 µm. B infarcted male rat heart transverse sections stained for Xist (X-inactive specific 

transcript, RNAScope, red) to locate engrafted female rat heart cells found within infarcted 

regions (III). IV) No Xist was visualised in remote regions, thus enabling graft size calculation 

in the NRVM group. B Scale bar 1 mm. III, IV) Scale bar 50 µm. 

 

 

 

 

 

 

 

 

A 

B 



163 
 

Despite the hostility of a chronic infarct environment, both NRVM and EPI+CM cells 

engrafted within the scar and border zone with host myocardium at three months post-

cellular therapy, Figure 28. Species-matched (NRVM) cardiac graft demonstrated 

large myofibrils with sarcomeric alignment and aligned Cx-43 gap junctions at cell-cell 

intercalated discs, indistinguishable from host myocardium, Figure 28A & B. 

Combination therapy (Epi+CM) formed sizeable cardiac grafts within the infarct zone, 

demonstrating ongoing sarcomeric (βMHC, specific for grafted human CMs) and Cx-

43 gap junction alignment, Figure 28C & D. Further elucidation of graft-host electrical 

connectivity is given in Section 3:1:2:5. As for the animals who died at 1-month post 

cellular therapy, they already displayed cardiac grafts by one month, implying early 

cell survival and engraftment, Figure 36. Both species-matched NRVM and epicardial-

augmented hESC-CMs were able to survive and form long-term engraftments up till 

three months post-cellular therapy, within the chronic infarct environment.  
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Figure 28: Both species-matched and combination cellular therapy engrafted and 
displayed sizeable grafts in chronically infarcted rat hearts  

In all study groups (Sham, NRVM, Epi+CM), the chronically infarcted rats received 

intramyocardial injections at one month after MI. A Transverse section of infarcted rat heart 

with NRVM cardiac grafts in situ. Xist (red) stains for transplanted female NRVM. Scale bar 1 

mm. B NRVM graft showed alignment of sarcomeres (cTNI, green) and Cx-43 (white) gap 

junctions. Scale bar 20 µm. C Epi+CM cardiac grafts in situ with ongoing sarcomeric (βMHC, 

red specific for grafted human CMs) and Cx-43 (white) gap junction alignment. Scale bar 1 

mm. D Epi+CM graft showed aligned sarcomeres with Cx43+ gap junctions. Scale bar 20 µm.  
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The Epi+CM group recorded an average graft size of 1.2±1.3% of LV whilst NRVM’s 

average graft size was 2.7±1.9% of LV, at 3 months post-injection; albeit not 

statistically different, Figure 29. Compared with reported graft sizes in the literature, 

combination therapy (Epi+CM) in the chronic MI setting resulted in graft size ~1.4-fold 

larger than hESC-CMs alone, whilst species-matched therapy resulted in graft size 

~3.2-fold larger than hESC-CMs alone (Fernandes et al. 2010). Notably, hESC-CMs 

monotherapy displayed no cardiac functional benefits (Fernandes et al. 2010). Our 

cardiac functional changes post-cellular therapy suggested a trend towards correlation 

with cardiac graft sizes for both NRVM and Epi+CM, Figure 29. However, there was 

insufficient animals to draw any conclusions on the effect of graft size on cardiac 

function.  
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Figure 29: Engrafted CMs had sizeable grafts despite the chronically scarred 
myocardium  

A Respective histological cardiac graft sizes; quantified as % left ventricle (LV) B Pearson’s 

correlation of cardiac graft size with ΔFS% (change in fractional shortening) at 3 months. In 

Epi+CM, one animal did not have grafts at 3 months due to intra-operative technical 

challenges and was excluded from histological analyses. N=8 in total for histologic analysis of 

cardiac grafts after 3 months; NRVM and Epi+CM, N=3 and 5 animals, respectively. Mean 

values; error bars represent s.e.m. Two-sided P values were calculated using unpaired t-test 

unless otherwise stated. 
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3:1:2:4 Cardiac grafts proliferated in vivo  

To understand the biological process underlying graft formation in vivo, I examined 

whether the engrafted CMs could proliferate in vivo. All the rats were pulsed with the 

thymidine analogue BrdU on days 1, 4, 7 and 14 after cellular injection. BrdU is 

incorporated during the S-phase of the cell cycle, thereby granting an overview of 

cellular proliferation over time, in vivo. This method was preferred over other mitotic 

markers, e.g. ki-67 phosphorylated Histone 3 or Aurora-B kinase, that would only offer 

a single snapshot of cellular proliferation in vivo. Proliferating CMs were identified via 

co-localised staining of BrdU and cTNI for NRVM, whilst hESC-CMs were identified by 

co-localization of BrdU and βMHC.  

Graft CMs in both species matched (NRVM) and combination therapy (Epi+CM) 

groups showed BrdU+ve CMs at 3 months post-cellular therapy, Figure 30. Thus, our 

respective cardiac grafts demonstrated proliferation in vivo over 3 months, despite the 

chronically infarcted environment. 
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Figure 30: Both species-matched and combination cellular therapy’s engrafted CMs 
proliferated in vivo 

A Sham did not have any proliferating CMs. B Proliferating BrdU+ve CMs in NRVM cardiac 

grafts, as shown by co-localization of BrdU (nuclear, red) and α-actinin (green). C Proliferating 

BrdU+ve CMs in Epi+CM cardiac grafts, as shown by co-localization of BrdU (nuclear, red) and 

human-specific βMHC (white). Yellow arrows point to proliferating BrdU+ve CMs with nuclear 

co-localisation of BrdU (red). Scale bar, 20 μm. 

Interestingly, EPI+CM showed greater cumulative proliferation index at 3 months, 

compared to NRVM; Epi+CM = 15.9±0.78% vs NRVM = 12.7±1.04%, (p-0.044), 

Figure 31. A similar observation of proliferating BrdU+ve hESC-CMs within the rat 

chronic infarcts was made (Fernandes et al. 2010). However, our result is the first 
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reported quantification of CM’s proliferation rate within the chronic MI setting, and 

comparable to hESC-CM’s proliferation rate within subacute MI settings (Liu et al. 

2018; Bargehr et al. 2019). Reassuringly, the chronic, fibrotic environment did not 

deter grafted CM’s proliferative capacity in either the species matched (NRVM) or 

combination therapy (Epi+CM) groups.  
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Figure 31: Combination therapy (Epi+CM) had a higher proliferative rate in vivo 

To investigate whether cellular therapy could invoke cardiac repair in the chronic MI setting, 

all chronically infarcted rodents received cellular injections. At 3 months after cellular 

injections, all animals were harvested and investigated for the presence of engrafted CM 

proliferation in vivo. 3 groups: Sham (Vehicle-control), NRVM (species-matched cellular 

therapy) and Epi+CM (combination cellular therapy). Proliferation rate (%) of BrdU+ve CMs in 

NRVM and Epi+CM cardiac grafts, respectively. In Epi+CM, one animal did not have a graft 

at 3 months, traced back to intra-operative technical challenges. This animal was excluded 

from histological analyses. N=8 in total for histologic analyses of cardiac grafts after 3 months; 

NRVM and Epi+CM, N=3 and 5 animals, respectively. All panels: mean values; error bars 

represent s.e.m. *P<0.05.  

 

 

 



170 
 

A greater proliferative index in Epi+CM did not lead to greater cardiac graft size, 

compared to NRVM. Possible reasons included differences in the extent of cell survival 

post-injection or cellular density within grafts. Due to the relative immaturity of both the 

NRVM and the hESC-CMs, cellular isotropy and mononucleated CMs were assumed 

and hence, nuclear density=cellular density (Liu et al. 2018). Each transverse section 

of the LV was cut at 1 mm thickness in a serial manner, from apex to base for total 

graft size (mm2) calculations. Thus, the graft CM density and the total graft CMs per 

animal were calculated, as detailed in Section 2:3:4.  

On average, Epi+CM had 1.5-fold greater CM density in grafts compared to NRVM 

(Epi+CM=5.1±1.2 X105 vs NRVM= 3.5±2.5 X105 CMs per mm3); p-0.374, Figure 32A.  

Total graft CMs per animal were Epi+CM=1.9±1.0 X106 and NRVM= 2.3±1.2 X106, p-

0.795, Figure 32B. Overall, hESC-CMs in the combination therapy group (Epi+CM) 

were more proliferative with higher cellular density and lower total graft CMs. These 

observations implied that hESC-CMs suffered more death during the cellular injections 

and were likely less mature at point of injection compared to NRVM. However, the 

epicardial-augmented hESC-CMs were able to overcome this challenge with a greater 

proliferative index than species-matched NRVM, whilst in a chronic infarct 

environment.  
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Figure 32: Both types of cellular therapy had similar CM densities in their respective 
cardiac grafts  

A Epi+CM cardiac grafts showed greater graft CM density, compared to NRVM.  B The 

average number of graft CMs per animal was similar for both NRVM and Epi+CM. In Epi+CM, 

one animal did not have graft at 3 months due to intra-operative technical challenges and was 

excluded from histological analyses. N=8 in total for histologic analysis of cardiac grafts after 

3 months; NRVM and Epi+CM, n=3 and 5 animals, respectively. All panels: mean values; error 

bars represent s.e.m. *P<0.05. Two-sided P values were calculated using unpaired t-test 

unless otherwise stated. 
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3:1:2:5 Cardiac grafts displayed sarcomeric maturation and Cx-43 

gap junction connectivity in vivo 

The literature reports that CM proliferation and maturation are intrinsically linked with 

trade-offs in both directions, as proliferation requires sarcomeric disassembly 

(Karbassi et al. 2019; Guo and Pu 2020). However, the goal of ‘primary 

remuscularization’ in cellular therapy is eventual graft maturation which delivers 

sufficient cardiac contractility to salvage ‘pump’ failure associated with chronic MI. 

Numerous studies in the subacute MI setting reported graft maturation in vivo (Gerbin 

et al. 2015; Kadota et al. 2018; Liu et al. 2018; Bargehr et al. 2019). Having observed 

CM proliferation in our chronic MI model, it was necessary to investigate the maturity 

of the engrafted CMs. 

At three months after cellular injection, implanted CMs in the species-matched group 

(NRVM) expressed cTnI with demonstrably larger and more organised myofibrils 

despite the chronically scarred environment, Figure 33A. Notably, the combination 

therapy group (Epi+CM) displayed ongoing sarcomeric maturation at 3 months, as 

shown by partial sarcomere isoform switching from immature ssTNI (slow skeletal 

Troponin I) to mature cTnI (cardiac Troponin I), Figure 33B; a switch typically 

observed during maturation (Ruan et al. 2015). Corresponding to observed maturation 

of the engrafted NRVM, NRVM had greater sarcomeric length (2.92±0.08µm vs 

1.71±0.05µm, p<0.0001), cell diameter (10.4±0.82 µm vs 7.83±0.32 µm, p-0.0472) 

and cell size (665.6±14.6 µmm2 vs 322.1±42.7 µmm2, p<0.0001), compared with 

engrafted hESC-CMs (Epi+CM)s at 3 months after cellular therapy, Figure 33C, D & 

E.  
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Figure 33: Engrafted CMs displayed sarcomeric maturation in vivo 

A At 3 months, NRVM grafts showed complete cTnI (mature troponin isoform, green) with 

large, compact myofibrils whilst B Epi+CM showed ongoing switching from ssTnI (slow 

skeletal isoform, red) to cTnI (green). Scale bar, 50 μm & 20 μm. Within-graft quantification of 

C) sarcomere length, D) CM cell diameter, E) CM cell size. N=8 in total for histologic analysis 

of cardiac grafts after 3 months; NRVM and Epi+CM, N=3 and 5 animals, respectively. All 
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panels: mean values; error bars represent s.e.m. *P<0.05 ****P<0.0001. Two-sided P values 

were calculated using unpaired t-test unless otherwise stated. 

To confirm the maturation of engrafted CMs in vivo, the CMs’ sarcomeric alignment 

were quantified. Calculation of sarcomeric alignment for individual NRVM and hESC-

CMs in vitro, Figure 34A. Mature CMs display well-aligned sarcomeres, denoting an 

efficient contractile apparatus, Table 2. Sarcomeric alignment was inversely 

proportional to the angle of sarcomeres (θ) from the long axis of a CM (Young and 

Engler 2011). NRVM consistently displayed a smaller θ angle Figure 34B, compared 

to Epi+CM, Figure 34C, at 3 months post-cellular therapy. Similarly, NRVM had 

significantly greater sarcomeric alignment than Epi+CM at 3 months post-cellular 

therapy, (0.203±0.032 vs 0.045±0.0075, p=0.0008), Figure 34D&E. These sarcomeric 

parameters implied that NRVM displayed greater CM maturation in vivo. Both species-

matched and epicardial-augmented hESC-CMs grafts could mature in vivo, albeit to a 

greater extent in species-matched therapy.  

Several reasons could potentially explain the hESC-CM’s maturation lag in vivo. Prior 

to cellular therapy, NRVM already displayed aligned sarcomeres in vitro, compared to 

hESC-CMs, Figure 34A. There were clear differences in cellular maturity levels prior 

to cellular injections. At 1 month after cellular therapy, comparative observations of 

NRVM and Epi+CM cellular maturity showed similar trends, Figure 35. Unfortunately, 

previous reports of hESC-CMs monotherapy in the chronic infarct environment did not 

report any sarcomeric measurements or ssTNI-cTNI switching (Fernandes et al. 2010; 

Shiba et al. 2014). Both species-matched NRVM and epicardial-augmented hESC-

CMs displayed quantifiable maturation within the chronically scarred environment, 

albeit to different extents.   
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Figure 34: Within-graft sarcomeres matured and aligned in vivo  

A Calculation of sarcomeric alignment of individual NRVM or hESC-CM, in vitro. Scale bar 2 

μm. B NRVM and C Epi+CM’s within-graft sarcomere alignment (α-actinin, green) in vivo, at 

3 months post-cellular therapy. Arrows point to a single CM within grafts. Scale bar 10 μm. D 

Within-graft sarcomere angle (θ) from the CM long axis and E sarcomeric alignment (1/θ) for 

NRVM and Epi+CM. At 3 months, N=8 in total for histologic analyses; NRVM and Epi+CM, 

N=3 and 5 animals, respectively. Mean values; error bars represent s.e.m.; **P<0.005, 

***P<0.001. Two-sided P values were calculated using unpaired t-test unless otherwise stated. 
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Figure 35: Respective cardiac graft maturity at one month after cellular therapy 

A At one month, NRVM grafts showed complete cTnI (mature troponin isoform, green) with 

disorganised myofibrils whilst B Epi+CM started switching from ssTnI (slow skeletal isoform, 

red) to cTnI (green). Scale bar 20 μm.  At 1 month after cellular therapy, within-grafts’ 
quantification of C) sarcomere length, D) CM cell diameter, E) CM cell size and F) sarcomere 

alignment was different between NRVM and Epi+CM. At one month, N=1 for each of the 

NRVM and Epi+CM study arms was available for histologic analysis. Mean values; error bars 

represent s.e.m. 
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Aside from within-graft sarcomeric maturation, intercellular and graft-host electrical 

connectivity is required for functional, contractile myocardium. The lack of connexin-

43 (Cx-43) gap junctions in implanted skeletal myoblasts, contributing to a lack of 

integration with host tissue and subsequent life-threatening arrhythmias, had been 

emphasized as one of the key failures of the MAGIC Trial (Roell et al. 2007; Menasché 

et al. 2008). Thus, our species-matched (NRVM) and combination therapy (Epi+CM) 

grafts were interrogated for the presence of Cx-43 gap junctions, the alignment and 

graft-host gap junction connectivity; all of which constituted as histological evidence 

for electrical connectivity.  

With respect to cell-cell electrical connectivity at 3 months, NRVM grafts displayed 

greater alignment of Cx-43 gap junctions, with EPI+CM showing partial alignment of 

Cx-43, Figure 36. These observations hinted at maturing cardiac grafts within the 

chronically scarred environment. As above, these observations supported the concept 

of a ‘maturation lag’ for EPI+CM compared to NRVM (Section 3:1:2:5). Cx-43 gap 

junction connectivity between the graft and host myocardium was observed in the 

infarct border zones in both groups, which were highly suggestive of electrical 

connectivity with host myocardium, Figure 36. Curiously, there were no observable 

differences in graft-host Cx-43 connectivity between species-match (NRVM) and 

combination therapy (Epi+CM) groups, thereby hinting that CM maturity might not be 

a factor here. Our collective histological evidence of Cx-43 gap junction alignment and 

electrical connectivity was consistent with a contractile contribution from the matured 

NRVM and maturing Epi+CM grafts, respectively.  
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Figure 36: Both cellular treatment groups displayed graft-host Connexin-43 gap 
junction connectivity  

To investigate whether cellular therapy could invoke cardiac repair in the chronic MI setting, 

all chronically infarcted rodents received cellular injections. At 3 months after cellular 

injections, all animals were harvested and investigated for the presence of graft-host connexin-

43 gap junction connectivity. Three groups: Sham (Vehicle-control), NRVM (species-matched 

cellular therapy) and Epi+CM (combination cellular therapy). A At 3 months, NRVM grafts 

displayed histological evidence of connexin-43 gap junctions (white, arrows) interface 

between graft (Xist, red) and host tissue, respectively. Scale bar 50 µm, 20 µm.  B Epi+CM 

grafts demonstrated similar observations between hESC-CMs (βMHC, red) and rat cardiac 

tissue (cTNI, green). Scale bars 50 µm, 20 µm.  
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3:1:2:6 Cardiac grafts displayed vascularization in vivo  

To support cardiac engraftment, proliferation, maturation, and electrical connectivity in 

vivo, a robust blood supply in connection with the host is required. One of the key 

challenges of cellular therapy is sufficient graft vascularization (Bertero and Murry 

2018), which might prove particularly challenging in a chronic infarct environment with 

maturing scar (Fernandes et al. 2010; Shiba et al. 2014). Both species-match (NRVM) 

and combination therapy (Epi+CM) cardiac grafts were investigated for histological 

evidence of within-graft vascularization and graft-host vascular connectivity.  

Firstly, I stained for the presence of CD31, which is a specific endothelial cell marker, 

all neovessels and venules (Bargehr et al. 2019). At three months, within-graft 

vascularization had notably more CD31+ve neovessels in EPI+CMs grafts 

(803.9±112.7vessels/mm2) than NRVM (411.7±88.8vessels/mm2), with a trend 

towards significance, p=0.0535, Figure 37B, C & D. Similarly, Epi+CM had 

significantly more CD31+ve vessels (819.7vessels/mm2) in the remote myocardium, 

compared to NRVM (241.1±30 vessels/mm2, p=0.0062) and Sham (201±101 

vessels/mm2, p=0.0023) respectively, Figure 37F. Although hESC-epicardial cells can 

differentiate into cardiac fibroblasts and SMCs in vitro (Iyer et al. 2015) and GFP+ve 

cells were present in our Epi+CM grafts at 3 months, Figure 38A, the CD31+ve-coated 

vessels were GFP-negative and human mitochondria (HuMito)-negative, indicating a 

host origin, Figure 38B. Similarly, CD31+ve vessels in NRVM grafts were Xist-

negative, Figure 38C. Overall, our observations suggested pro-angiogenic signalling 

by both species matched (NRVM) and combination therapy (Epi+CM) grafts in vivo, 

despite the chronic infarct environment. 
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Figure 37: Combination therapy (CM+Epi) promoted CD31+ve neovascularization 

To investigate whether cellular therapy could invoke cardiac repair in the chronic MI setting, 

all chronically infarcted rodents received cellular injections. At 3 months after cellular 

injections, all animals were harvested and investigated for the presence of neovascularization 

in A Graft, infarcted and remote areas of the infarcted rat heart. Three groups: Sham (Vehicle-

control), NRVM (species-matched cellular therapy) and Epi+CM (combination cellular 

therapy). CD31+ve neovessels (yellow arrow) within B) NRVM (Xist-red, cTnI-green) and C) 
Epi+CM (huMito, red) cardiac grafts. Scale Bar 20 μm. The density of CD31+ve neovessels 

within D) grafts, E) infarct and F) remote areas. N=12 in total for histologic analyses after 3 

months; Sham, NRVM and Epi+CM, N=4, 3 and 5 animals, respectively. Mean values; error 

bars represent s.e.m. *P<0.05.  

 

 

A C 

E 

B 

D F 



181 
 

 
 

 
Figure 38: CD31+ve neovascularization in both NRVM and Epi+CM cardiac grafts were 
derived from their chronically infarcted rat hosts 

A GFP-positive epicardial cells (green, arrow) present within cardiac grafts at 3 months 

endpoint. Scale Bar, 20μm. CD31+ve neovascularization (white, arrow) within both B Epi+CM 

(huMito, red) and C NRVM (Xist-red, cTnI-green) grafts were huMito-negative and Xist-

negative, respectively. This denoted host-origin for CD31+ve neovascularization. Scale Bar, 

20μm. N=12 in total for analyses after 3 months; Sham, NRVM and Epi+CM, N=4, 3 and 5 

animals, respectively.  
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The presence of hESC-epicardium within my Epi+CM grafts likely promoted greater 

pro-angiogenic signalling, as previously observed in the subacute MI setting (Bargehr 

et al. 2019). Our hESC-epicardium augmentation of CD31+ve vascularization could 

have enabled greater hESC-CM proliferation, maturation, and engraftment in vivo, 

leading to cardiac functional benefits; thereby potentially explaining the lack of cardiac 

functional gains observed with hESC-CMs monotherapy (Fernandes et al. 2010). 

Next, I stained for the presence of smooth-muscle actin (SMA+ve) cells as a marker 

of smooth muscle cells (SMC) encoatment of vessels - an observation indicative of 

vessel maturity. I observed similar within-graft SMA+ve vessel density in both NRVM 

(89.1±18.8 vessels/mm2) and Epi+CM (78.9±22.2vessels/mm2), p=0.76, Figure 39 A, 

B & C. Notably, remote host myocardium displayed similar CD31+ve and SMA+ve 

vessel density as their respective grafts for both Epi+CM and NRVM, Figure 39E. 

Crucially, this observation implied homogenous vascular blood supply between the 

cardiac graft and host myocardium. Identical to the CD31+ve neovascularization, 

SMA-coated vessels were GFP-negative, human mitochondria (HuMito)-negative and 

Xist-negative, thereby denoting a host origin, Figure 40A & B. Both NRVM and 

Epi+CM grafts demonstrated similar host-derived vascular networks and blood supply 

as the host’s coronary circulation, thereby reaffirming the functionality of our cardiac 

grafts.  
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Figure 39: NRVM and Epi+CM displayed similar SMA+ve-coated vessel density within 
the cardiac grafts, infarcted and remote regions of their hosts’ myocardium 

At 3 months after cellular injections, all animals were harvested and investigated for the 

presence of SMA+ve-coated vascularization in cardiac graft, infarcted and remote areas of the 

infarcted rat heart. A NRVM (Xist-red, cTnI-green) grafts displayed mature SMA+ve 

vascularization (white, arrow). B) Similarly, Epi+CM grafts (huMito, red) showed similar 

SMA+ve vessels (white, arrow). Scale Bar 20 μm. Comparison of mature SMA+ve vessel 

density within C) grafts, D) infarcts, E) remote regions between NRVM, Epi+CM and Sham 

group, respectively.  N=12 in total for analyses after 3 months; Sham, NRVM and Epi+CM, N 

= 4, 3 and 5 animals, respectively. Mean values; error bars represent s.e.m.  
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Figure 40: Cardiac grafts showed host-derived SMA+ve mature vascularization  

A Mature SMA+ve vessels (white, yellow arrow) within Epi+CM (huMito, red) and B NRVM 

(Xist-red, cTnI-green) grafts were both huMito-negative and Xist-negative. Scale Bar 20 μm. 
N=12 in total for analyses after 3 months; Sham, NRVM and Epi+CM, N=4, 3 and 5 animals, 

respectively.  

 

Collectively, my results showed that both species matched (NRVM) and combination 

(Epi+CM) therapy developed sizeable, long-term cardiac engraftment within the 

chronically infarcted myocardium, underpinned by graft CM proliferation, maturation, 

and Cx-43 connectivity, together with a host-derived vascular supply. Altogether, these 

cardiac grafts demonstrated potential to attenuate cardiac dysfunction in the chronic 

heart failure setting. However, there were insufficient number of animals to draw 

definitive conclusions. To conduct the chronic MI rat experiment with a larger number 

of animals, I proceeded to establish the cardiac regenerative rodent model in 

Cambridge.  
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3:2 Establishing the Cardiac Regenerative Animal 

Model in Cambridge 

The importance of animal models in translational studies cannot be overstated, 

especially with stem cells and cardiac regeneration (Patten and Hall-Porter 2009; 

Riehle and Bauersachs 2019). Due to the relevance of the cardiac regenerative MI 

rodent model for our future studies, I set up this surgical animal model at the University 

of Cambridge. This model encompassed MI and ischaemic heart failure diseased 

states, together with cardiac regeneration intervention in a rat model. This technology 

transfer was deemed feasible based on the operative log of 50 successful rodent 

surgeries with no operative and/or under 30-day mortality in the Murry Lab, University 

of Washington. These surgeries formed the study described above and assistance on 

other projects. The animal model set-up in University of Cambridge is detailed in 

Appendix 9.3.  

The animal model set-up was initially envisioned to propel further animal studies 

forward locally. Despite the willingness of the Sinha lab and swift problem-solving, 

further animal studies could not be completed before the animal facility had to move 

location by March 2020. Given the long follow-up time in these animal studies, they 

could not be re-established and completed within my PhD timeframe. This situation 

was exacerbated by the national lockdown enforced due to the Covid19 pandemic. 

Consequently, the focus switched to the third aim of this doctoral thesis, namely ‘Is 

epicardial-FN the key mediator of epicardial-myocardial crosstalk?’ This question is 

crucial to our understanding of cellular therapy and cardiac regeneration.  
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 4.RESULTS CHAPTER II 

4:1 Epicardial-FN as a key mediator of Epicardial-

Myocardial Crosstalk 

Thus far, I demonstrated that co-delivery of hESC-epicardium enhanced hESC-CM 

survival, maturation, and proliferation in the chronic MI setting. The advantage 

conferred by hESC-epicardium led to the attenuation of cardiac dysfunction in the 

chronic MI setting. The benefits of co-delivering a key stromal cell, i.e., epicardial cells, 

follows our recent report of favourable cardiac repair in the subacute MI setting 

(Bargehr et al. 2019). The epicardium plays a pivotal role in cardiac development and 

disease, widely postulated to be implemented by the extensive epicardial-myocardial 

crosstalk (Smart and Riley 2012; Cao and Poss 2018). From a mechanistic viewpoint, 

I hypothesized that our observed cardiac functional benefits may be underpinned by 

the epicardial-myocardial crosstalk.  

Growing evidence points towards epicardial-FN as a putative key mediator of 

epicardial-myocardial crosstalk (Wang et al. 2013, Cao and Cao 2018). In the 

zebrafish, epicardial-FN was instrumental in directing cardiac regeneration (Wang et 

al. 2013). Our bulk RNA-sequencing data showed upregulated FN1 expression in 

hESC-epicardium compared to hESC-neural crest cells (Bargehr et al. 2019). We also 

noted increased FN deposition in 3D-EHTs and in subacute MI rat hearts, in the 

presence of hESC-epicardium and hESC-CMs (Bargehr et al. 2019). In the subacute 

MI setting, epicardial-FN showed potential for modulating cardiac regeneration, within 

the context of epicardial-myocardial crosstalk (Bargehr et al. 2019).  
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Given this evidence, I first ascertained whether epicardial-FN was also differentially 

deposited within the chronic MI setting. Then, I proceeded to interrogate the effects of 

loss of FN function with the 3D-engineered heart tissues (3D-EHTs). With the 3D-

EHTs, I investigated whether the loss of epicardial-FN function attenuated hESC-CMs’ 

maturation. The overarching hypothesis was that epicardial-FN is the putative key 

mediator for epicardial-myocardial crosstalk; a process crucial in enabling the 

epicardial-augmentation of hESC-CMs’ engraftment and cardiac functional recovery 

in infarcted rat hearts. The results of these loss-of-function experiments are detailed 

below. 

4:1:1 Increased FN deposition with Epi+CM cardiac grafts  

Notably, I observed a unique pattern of FN deposition in the chronically injured hearts 

which received the hESC-cellular (Epi+CM) therapy, compared to NRVM or sham, 

Figure 41B. Both Sham and NRVM showed similar patterns of FN deposition; most 

visibly at the sub-endocardium, Figure 41A & C. In the Epi+CM group, there was 

significantly more FN deposition within cardiac graft regions compared to NRVM, 

Figure 42B & E. However, there were no differences in FN deposition between the 

infarcted or remote regions for all groups, Figure 42 C-D, F-G. Altogether, the 

evidence indicated that hESC-epicardium had a specific effect on FN secretion and 

deposition.  
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Figure 41: The different patterns of FN deposition in chronically infarcted rat hearts  

At 3 months after cellular injections, all animals were harvested and investigated for the 

presence of FN deposition within the infarcted rat hearts. Three groups: Vehicle control 

(Sham), species-matched cellular therapy (NRVM), combination therapy (Epi+CM). The 

overall distribution of FN (red) in A) Sham-Vehicle, B) Epi+CM and C) NRVM sections in 

infarcted rodent hearts with cardiac grafts in situ. Yellow arrows point to FN deposition (red). 

βMHC (white) is specific for grafted human CMs while Xist (purple) stains for transplanted 

female NRVM. Scale bar 1 mm. 
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Figure 42: EPI+CM engraftment altered the fibronectin deposition in chronically 
infarcted rat hearts  

A Schematic of heart areas assessed for FN deposition. FN deposition (red) respectively for 

NRVM and Epi+CM around B) graft areas, C) infarct and D) remote regions. Quantification of 

FN deposition (red) respectively for Sham vs NRVM vs Epi+CM at E) graft areas, F) infarct 

and G) remote regions. Scale bar 20 µm. N=12 in total for histologic analysis of cardiac grafts 

after 3 months; Sham, NRVM and Epi+CM, N=4, 3 and 5 animals, respectively. Mean values; 

error bars represent s.e.m. ****P<0.0001.  
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4:1:2 Functional assessments of 3D-EHTs  

Collectively, there was increased FN deposition in 3D-engineered heart tissues (3D-

EHTs), in both subacute MI and chronic MI settings. Increased FN deposition was only 

observed in the combined presence of hESC-epicardium and hESC-CMs. With this 

growing evidence, I postulated that epicardial-FN underpinned the epicardial-

myocardial crosstalk, which enabled superior CM survival, maturation, and 

proliferation in vivo. To test this hypothesis, I interrogated the loss-of-FN function 

utilising 3D-EHTs, Figure 43.  

3D-EHTs are widely used as a high-throughput platform for drug screening, disease 

modelling and mechanistic studies (Vunjak Novakovic et al. 2014; Hansen et al. 2010; 

Ronaldson-Bouchard et al. 2018). 3D-EHTs enable the quantification of Frank-Starling 

active force generation, Figure 43 and Ca2+-handling, Figure 44, by hESC-CMs. Both 

Frank-Starling active force generation and Ca2+-handling reflect the maturity of hESC-

CMs’ (Guo and Pu 2020, Ronaldson-Bouchard et al. 2018). The degree of hESC-CM 

active force generation is dependent on excitation-contraction coupling (Kane et al. 

2015). The benefits of hESC-epicardium on CM maturation were most clearly shown 

using 3D-EHTs (Bargehr et al. 2019). Thus, the 3D-EHTs represent a practical and 

relevant assay for studying the effects of FN loss-of-function.  
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Figure 43: 3D-EHT workflow with hESC-epicardium & hESC-CMs  

Epicardial cells and CMs are resuspended in a collagen gel and casted in fabricated PDMS 

troughs with two posts positioned at each end. 3D-EHTS were incubated for two weeks prior 

to functional studies, e.g. force or Ca2+-handling measurements. Tissue constructs can 

subsequently be cryo-embedded and sectioned for histologic analysis or used for functional 

studies, investigating Ca2+-handling and force production. 
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Figure 44: Frank-Starling force measurement of 3D-EHTs 

A For measurement of force production, the 3D-EHTs were taken out of their PDMS troughs 

and transferred to a myograph with two arms, one is representing a high-speed length 

controller, the other a force transducer. Whilst bathed in Tyrode’s solution, the 3D-EHTs were 

stretched with the length controller (over six increments) to assess the response to increased 

tension, in accordance with the Frank-Starling law. B Length and force production were 

recorded, which demonstrated that increasing tissue strain resulted in increasing force 

production. Myograph traces were used to quantify active and passive force production 

between experimental groups.  
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Figure 45: Measurements of Ca2+-handling by paced 3D-EHTs 

A For measurement of Ca2+-handling, the 3D-EHTs were taken out of their PDMS troughs and 

transferred to the C-PACE with two electrode arms to create a field stimulus for pacing at 1Hz, 

1.5Hz and 2 Hz. After incubation in Fluo-4 and whilst bathed in Tyrode’s solution, the Ca2+-

handling by 3D-EHTs were measured. B Representative image analysis of a single 3D-EHT 

with the central part of 3D-EHT (region of interest, ROI) used to for measurements. C 
Representative data readout of Ca2+ transients were used to quantify calcium kinetics of 

individual 3D-EHTs.  

 

4:1:3 Optimal ratio of Epi:CM within 3D-EHTs  

The Ca2+-handling apparatus and excitation-contraction coupling in 3D-EHTs 

composed of hESC-CMs alone are underdeveloped, with slower calcium dynamics 

than mature, adult CMs (Ruan et al. 2015). We previously showed that co-culture with 

a key stromal cell type, hESC-epicardium, resulted in greater force generation and 

electrical connectivity (Bargehr et al. 2019). However, the optimal ratio of Epi:CM 

within 3D-EHTs remained unclear. Prior to studying loss-of-FN function in 3D-EHTs 

(also referred to here as constructs), it was necessary to determine the optimal ratio 

of hESC-epicardium to hESC-CMs in 3D-EHTs. Thus, I conducted a dose-response 
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study. This study used a constant total cell number whilst varying the % of stromal 

cells in each group of 3D-EHTs. There were four groups i) CM Only ii) CM+10%Epi iii) 

CM+30%Epi iv) CM+50%Epi.  

The dose-response study confirmed that the optimal ratio of hESC-epicardium to 

hESC-CMs was 1:9, that is 10% hESC-epicardium in each 3D-EHT. CM+10%Epi 

consistently generated the highest Frank-Starling active force, Figure 46. Only 

CM+10%Epi recorded a slope of active force significantly different from zero, 

p=0.0127 Figure 46. However, there was no difference between groups, although 

there was a trend towards statistical difference between CM+10%Epi and 

CM+50%Epi, p=0.0912, Figure 46. As for passive force production, only the slope of 

CM+10%Epi was significantly higher than zero; p=0.0224, Figure 47. To calculate the 

slope of the force against stepwise strain, I used linear regression to generate the 

slope of each condition. Immature CMs are unable to generate a Frank-Starling active 

force (Karbassi et al. 2020; Ronaldson-Bouchard et al. 2018), therefore the slope is 0. 

Then, the slope of each condition was compared to 0 to investigate whether any Frank-

Starling response was present. All force generation dataset were analysed in this 

similar fashion. 

Accordingly, CM+10%Epi demonstrated significantly higher calcium upstroke velocity 

and Ca2+-handling, likely due to improved excitation-contraction coupling secondary to 

CM maturation, Figure 48. Altogether, these results suggested that CM+10%Epi had 

the optimal stromal cell composition in 3D-EHTs. All loss-of-FN function studies with 

3D-EHTs proceeded with an Epi:CM ratio at 1:9.  
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Figure 46: 3D-EHTs with 10% hESC-epicardium displayed the greatest active force 
production  

A Frank-Starling curves of active force production by 3D-EHTs with CM only, CM+10% hESC-

epicardium, CM+30% hESC-epicardium and CM+50% hESC-epicardium. Only the slope of 

CM+10% hESC-epicardium was significantly higher than zero; p-0.0127. B 3D-EHTs with 10% 

hESC-EPI had the highest slope of active force compared to other groups, albeit with no 

statistical difference between groups. There was a trend towards statistical significance 

between 10%hESC-Epi vs 50%hESC-Epi. Each experimental group included N=3 biological 

replicates, all generated and measured separately. Each biological replicate consisted of three 

technical triplicates. Mean values; error bars represent s.e.m. *P<0.05. Two-sided P values 

were calculated using a one-way ANOVA with post-hoc correction for multiple comparisons. 
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Figure 47: 3D-EHTs with 10% hESC-epicardium had greatest passive force production  

A Frank-Starling curves of passive force production of 3D-EHTs containing CM only, CM+10% 

hESC-epicardium, CM+30% hESC-epicardium and CM+50% hESC-epicardium. Only the 

slope of CM+10% hESC-epicardium was significantly higher than 0; p-0.0224. B 3D-EHTs 

with 10% hESC-EPI had the highest slope of passive force compared to other groups, albeit 

with no statistical difference between groups. Mean values; error bars represent s.e.m. 

*P<0.05. Two-sided P values were calculated using a one-way ANOVA with post-hoc 

correction for multiple comparisons. Each experimental group included N=3 biological 

replicates, all generated and measured separately. Each biological replicate consisted of three 

technical triplicates. 
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Figure 48: 3D-EHTs with 10% hESC-Epicardium displayed the most optimal calcium 
kinetics 

Quantification of the calcium kinetics of 3D-EHTS with CM only, CM+10% hESC-epicardium, 

CM+30% hESC-epicardium and CM+50% hESC-epicardium. A Time from baseline to peak 

Ca2+ amplitude was significantly shorter for CM+10% hESC-epicardium. B Ca2+ upstroke 

velocity was significantly faster for CM+10% hESC-epicardium. Correspondingly, C time from 

peak to 50% and D time from peak to 90% amplitude decay were also significantly shorter for 

CM+10% hESC-epicardium. Mean values; error bars represent s.e.m. *P<0.05. ** P<0.005 

*** P<0.0001. Two-sided P values were calculated using a one-way ANOVA with post-hoc 

correction for multiple comparisons. Each experimental group included N=3 biological 

replicates, with 3 technical triplicates each. 
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4:2 Fibronectin (FN) Loss-of-function studies  

The promiscuity of FN-integrin binding and the reported of embryonic lethality of FN 

deletion (George et al. 1993; Pulina et al. 2011), led to the design of multimodal FN 

loss-of-function studies. The studies utilized downstream small peptide inhibitor and 

genetically induced loss of epicardial-FN, with both constitutive and temporally 

modulated loss of FN1 expression. Each modality conferred a different level of control 

over epicardial-FN1 expression and FN function, at the different developmental stages 

of hESC-epicardium. My composite findings enabled a comprehensive investigation 

of the effects of loss of epicardial-FN function and offer novel insights into the dynamic 

nature of epicardial-FN, in the presence of hESC-CMs.  

4:2:1 Small Peptide (pUR4) inhibition of FN 

Fibronectin is a ubiquitous protein with varied functions, with multiple alternative 

splicing sites (Pankov and Yamada 2002; Schwarzbauer and DeSimone 2011). To 

account for the fibronectin’s numerous alternatively spliced isoforms, I initially used a 

small peptide, pUR4, to inhibit fibronectin polymerization. pUR4 is a 49-residue 

recombinant peptide derived from the F1 adhesin of Streptococcus pyogenes, which 

mimics the cell surface binding site of 5 N-terminal type I modules in FN (Tomasini-

Johansson et al. 2001; Valiente-Alandi et al. 2018), thereby preventing FN binding to 

cell-surface receptors (integrins) and subsequent fibrillogenesis, as shown in Figure 

48A. This strategy allowed a broad, downstream inhibition of FN action.  
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Figure 49: Inhibition of fibronectin activity by pUR4 

A Schematic of pUR4 action on fibronectin. pUR4 is a 49-residue recombinant peptide derived 

from the F1 adhesin of Streptococcus pyogenes, which mimics the cell surface binding site of 

5 N-terminal type I modules of FN, therefore preventing FN binding to cell surface receptors 

(integrins). Due to this blockade, fibronectin is unable to form fibrils and transduce intracellular 

or extracellular signals B Addition of recombinant pUR4 to hESC-epicardium in a monolayer 

over 72 hours led to the loss of polymerized fibronectin, as shown by the lack of 250 kDa 

fibronectin on a western blot.  
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4:2:1:1 Effect of pUR4 inhibition of FN on 3D-EHTs force generation  

First, I hypothesized that loss-of-FN function would lead to decreased contractile force 

generation by hESC-CMs. 3D-EHTs have been established as the closest 

physiological model for assessing hESC-CM force production and Ca2+-handling 

(Ronaldson-Bouchard et al. 2018). Prior to force measurements in 3D-EHTs, the 

addition of pUR4 to an hESC-epicardium monolayer for 72 hours resulted in the loss 

of polymerized fibronectin (250kDA), Figure 49B. The effects of pUR4 inhibition in 3D-

EHTs was studied using four groups i) CM Only, ii) CM+Epi, iii) CM+Epi+pUR4, and 

iv) CM+pUR4. The CM Only group was chosen as a negative control. We previously 

showed that 3D-EHTs with CM Only did not increase FN deposition, compared to 

Epi+CM 3D-EHTs (Bargehr et al. 2019). Meanwhile, the CM+pUR4 group was added 

as a control for any non-specific effects of pUR4. All groups were tested for their active 

and passive force generation, alongside their Ca2+-handling profiles.  

The active force-length relationship demonstrated by mature 3D-EHTs was attenuated 

by pUR4 within the Epi+CM+pUR4 group. An active force-length relationship denotes 

the Frank-Starling mechanism and is a hallmark of CM maturity (Guo and Pu, 2020). 

pUR4 in the CM+Epi+pUR4 constructs significantly reduced active force generation 

compared to the CM+EPI constructs, Figure 50. The slope of active force by 

CM+Epi+pUR4 was 0.00056±0.00028 mN/%strain, compared to 

0.0021±0.00047mN/%strain recorded for CM+Epi, p-0.0349 Figure 50. However, 

passive force generation was conserved across all groups, Figure 51. The collective 

data implied that the inhibitory action of pUR4 on epicardial-FN specifically affected 

hESC-CM contractile force and maturation. 
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Figure 50: pUR4 inhibition of FN decreased active force production 

A Frank-Starling curves of active force production of 3D-EHTs with CM only, CM+pUR4, 

CM+hESC-epicardium and CM+hESC-epicardium+pUR4. Only the slope for CM+10% hESC-

epicardium was significantly higher than zero; p=0.0048. B 3D-EHTs containing CM+hESC-

EPI had the highest slope of active force compared to other groups. pUR4 inhibition of 

CM+hESC-EPI led to significantly decreased active force; p=0.0349. Each experimental group 

included N=3 biological replicates, all generated and measured separately. Each biological 

replicate consisted of three technical triplicates. Mean values; error bars represent s.e.m. 

*P<0.05, **P<0.005. Two-sided P values were calculated using a one-way ANOVA with post-

hoc correction for multiple comparisons. 
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Figure 51: pUR4 inhibition of FN conserved passive force production 

A Frank-Starling curves of passive force production of 3D-EHTs containing CM only, 

CM+pUR4, CM+hESC-epicardium and CM+hESC-epicardium+pUR4. No slope was 

significantly higher than zero. B 3D-EHTs across all groups recorded similar slopes of passive 

force production. Each experimental group included N=3 biological replicates, all generated 

and measured separately. Each biological replicate consisted of three technical triplicates. 

Mean values; error bars represent s.e.m. *P<0.05. Two-sided P values were calculated using 

a one-way ANOVA with post-hoc correction for multiple comparisons. 
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Active force generation by 3D-EHTs is regulated by the efficiency of the excitation-

contraction coupling apparatus (Bers 2002; Kane et al. 2015). hESC-CM maturity 

directly affects the efficiency of excitation-contraction coupling, as increased maturity 

brings better organisation of sarcomeres and t-tubules, together with increased 

calcium channel density in the sarcoplasmic reticulum (SR) (Guo and Pu 2020), Table 

2. To initiate excitation-contraction coupling, cellular membrane potential changes 

lead to Ca2+ efflux from the sarcoplasmic reticulum (SR), which induces further Ca2+ 

release from the SR (Bers 2002). Ca2+-induced Ca2+ release triggers actin-myosin 

contraction and leads to active force generation (Bers 2002). Then, cytoplasmic Ca2+ 

is sequestered back into the sarcoplasmic reticulum to be ready for the next 

contraction (Bers 2002). Hence, the 3D-EHT Ca2+ upstroke velocity and time to peak 

fluorescence (TTP) are surrogate markers for the efficiency of Ca2+-induced Ca2+ 

release. Ca2+ upstroke velocity is calculated as peak Ca2+ fluorescence intensity/(time 

to peak fluorescence; TTP). Meanwhile, time to 90% (T90) and time to 50% (T50) 

fluorescence decay is affected by the rate of Ca2+ sequestration into SR. Thus, the 

kinetics of Ca2+ transients in the 3D-EHTs indicate the efficiency of the excitation-

contraction coupling machinery, together with CM’s maturation status.  

pUR4 inhibition of FN function hampered the efficiency of Ca2+-handling in 3D-EHTs, 

Figure 52. EPI+CM inhibited by pUR4 had a lower Ca2+ upstroke velocity compared 

to Epi+CM; Epi+CM+pUR4=7.538±0.29 f0/ms vs. Epi+CM=9.612±0.21 f0/ms, 

p=0.012, Figure 53A. Accordingly, EPI+CM+pUR4 took one-third longer to reach 

peak fluorescence intensity (TTP) compared to Epi+CM. The TTP for Epi+CM+pUR4 

was 149.3±2.2ms, whilst the Epi+CM group TTP was 107.6±2.2ms, p=0.014, Figure 

53B. As for Ca2+ sequestration into SR, there was no difference for time for 50% or 

90% fluorescence decay across all groups, Figure 53C & D. Although not statistically 
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significant, there was a noticeable increase in time to 90% fluorescence decay (T90), 

which was one-third longer with FN inhibition, Figure 53D. Overall, the loss of 

epicardial-secreted FN function in the 3D-EHTs decreased the efficiency of 

Ca2+handling and, consequently, the excitation-contraction coupling machinery and 

active force generation.  

 

 

Figure 52: pUR4 inhibition of FN attenuated Ca2+-handling in 3D-EHTs  

To investigate whether the loss of epicardial-FN function via pUR4 inhibition attenuated the 

maturation of hESC-CMs in 3D-EHTs, the kinetics of Ca2+ transients displayed by all four 

experimental groups were determined. The 3D-EHT groups were i) Epi+CM, ii) 

Epi+CM+puR4, iii) CM only and iv) CM Only+pUR4. Representative Ca2+ transients illustrated 

clear, regular Ca2+ peaks in Epi+CM, which were attenuated in Epi+CM+pUR4. Both CM only 

and CM+pUR4 groups exhibited weak and irregular signals. 
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Figure 53: pUR4 inhibition of FN attenuated Ca2+-handling by 3D-EHTs containing 
epicardial cells 

A Quantification of calcium kinetics revealed significantly lower Ca2+ upstroke velocity with 

CM+EPI+pUR4 compared to other EHTs, p=0.0122. B Correspondingly, there was a 

significantly longer time to peak fluorescence (TTP) for Epi+CM+pUR4, p=0.0144. C Time to 

50% fluorescence decay (T50) and D time to 90% fluorescence decay (T90) of Ca2+-signals 

were each conserved across all groups. Each experimental group included N=3 biological 

replicates, all generated and measured separately. Each biological replicate consisted of three 

technical replicates. Mean values; error bars represent s.e.m.  *P<0.05, **P<0.005, 

***P<0.001, ****P<0.0001. Two-sided P values were calculated using a one-way ANOVA with 

post-hoc correction for multiple comparisons. 
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As for pUR4 inhibition in 3D-EHTs with CM only, there were reduced active force 

production and attenuated Ca2+-handling compared to CM Only, Figures 50, 52 & 53. 

Directed differentiations of hESC-CMs often record around ~10-20% stromal 

contaminants (Mummery et al. 2012). Prior to 3D-EHT generation, hESC-CMs 

underwent lactate selection to yield a >80% cTNT+ve population. Notably, the 

attenuation of 3D-EHT performance due to pUR4 inhibition with hESC-CMs alone, 

was less compared to pUR4 inhibition of hESC-epicardium in the Epi+CM 3D-EHTs, 

Figures 50, 52 & 53. It seemed likely that pUR4 also inhibited the FN secreted by the 

stromal contaminants within hESC-CM differentiations. 

In summary, the loss of FN function in the Epi+CM+pUR4 group significantly reduced 

epicardial augmentation of hESC-CM contractile function. With 3D-EHTs, hESC-

cardiomyocyte contractile function directly correlated with maturity level (Karbassi et 

al. 2020, Guo and Pu 2020). Thus, these findings suggest that the loss of FN activity 

hampered hESC-CM maturation in 3D-EHTs, underpinned by dysregulated epicardial-

myocardial crosstalk.  
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4:2:1:2 Effects of pUR4 inhibition of FN on hESC-cardiomyocytes’ 

maturation  

To investigate how pUR4-inhibited FN attenuated 3D-EHT contractile performance, 

the degree of hESC-CM maturation between the four groups was assessed: i) CM 

Only ii) CM+Epi iii) CM+Epi+pUR4 iv) CM+pUR4. The degree of CM maturation was 

determined by myofibril analyses at the sarcomeric organisation, protein, and RNA 

level.  

In the 3D-EHTs, pUR4 inhibition of epicardial-secreted FN resulted in immature 

sarcomere assembly, Figure 54A. Compared with Epi+CM, pUR4 inhibition in the 

Epi+CM+pUR4 group led to significantly shorter sarcomeric length (1.52±0.05µm vs 

1.75±0.06µm, p=0.0382), Figure 54B. Accordingly, Epi+CM+pUR4 also exhibited less 

well aligned sarcomeres (0.079±0.003 a.u. vs 0.127±0.015 a.u, p=0.0479), when 

compared to Epi+CM, Figure 54C. Notably, the decreased CM maturity displayed by 

Epi+CM+pUR4 corresponded to decreased fibronectin deposition, Figure 54D. Upon 

observation and quantification, the sarcomeric parameters of Epi+CM+pUR4 were 

comparable to CM Only, akin to immature hESC-CMs alone. Thus, pUR4 inhibition of 

epicardial-secreted FN in Epi+CM also attenuated hESC-CM maturation, as judged 

by the level of sarcomere assembly. 
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Figure 54: Loss of epicardial-FN decreased hESC-CMs maturation  

A Representative section of 3D-EHTs demonstrating the differences in hESC-CMs’ 

sarcomeric alignment (βMHC, green) and FN (red) deposition within each experimental group. 

Scale bar 5 µm. CM+Epi had the greatest sarcomeric maturation. With the pUR4 inhibition of 

epicardial-secreted FN, the hESC-cardiomyocyte B sarcomere length and C sarcomeric 

alignment were significantly reduced. D Correspondingly, there was significantly reduced FN 

deposition. Each experimental group included N=3 biological replicates with three technical 

triplicates each. Mean values; error bars represent s.e.m. *P<0.05 **P<0.005, ***P<0.001.  
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Next, I interrogated whether pUR4-inhibition of epicardial-FN in 3D-EHTs, would affect 

the RNA expression of cardiac maturity markers, e.g. MYH 7/6 ratio, RYR and 

SERCA2. In human ventricular muscle, the β-myosin heavy chain subunit (βMHC, 

encoded by MYH7) is predominant compared with the α-heavy chain subunit (αMHC, 

encoded by MYH6), and increases in the ratio of MYH7 to MYH6 are associated with 

hESC-CM maturation, Table 2. Although not significant, likely due to the size of 

experimental error, the Epi+CM+pUR4 group had a decreased MYH7/6 ratio, when 

compared to Epi+CM, Figure 55A.  

RYR encodes for the sarcoplasmic reticulum (SR) Ca2+-ATPase channel which 

enables SR Ca2+ efflux that initiates excitation-contraction coupling (Kane et al. 2015). 

SERCA2 encodes for the SR Ca2+-ATPase channel for Ca2+ influx into the SR, which 

instigates exit from excitation-contraction coupling (Kane et al. 2015). Thus, increased 

RYR and SERCA2 expressions are associated with efficient Ca2+-handling; a defining 

feature of mature CMs, (Guo and Pu 2020), Table 2. Although not significant, likely 

due to the size of experimental error, the Epi+CM+pUR4 group had decreased RYR 

expression, when compared to Epi+CM, Figure 55B. However, there were no clear 

trends across all groups for SERCA2, Figure 55C. The technical difficulties in 

procuring good-quality RNA from the 3D-EHTs likely contributed to the equivocal 

results. Thus, the MYH7/MYH6 RNA expression ratio and RYR expression only hinted 

at a possible decrease in CM maturity with pUR4 inhibition of epicardial-FN.  

The histological evidence and genetic expression of cardiac structural proteins 

showed reduced maturation of hESC-CMs with pUR4-inhibition of FN function. Within 

the 3D-EHTs, loss of epicardial-FN function appeared to undermine the epicardial-

augmentation of hESC-CM maturation.  
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Figure 55: Effects of pUR4 inhibition on the key markers of hESC-CM’s maturity 

Panel of key genetic markers of hESC-cardiomyocyte maturity. A Despite the lack of statistical 

significance, Epi+CM had an increased MYH7/6 expression ratio compared to the other 

groups. B There was a noticeable trend of upregulated RYR for the Epi+CM group, albeit not 

significant. Both the MYH7/6 ratio and RYR expression were reduced with pUR4 inhibition. C 

SERCA2 was not affected by the loss of FN. N=3 biological replicates, all generated and 

measured separately. Each biological replicate consisted of three technical triplicates. Mean 

values; error bars represent s.e.m. Two-sided P values were calculated using a one-way 

ANOVA with post-hoc correction for multiple comparisons. 
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4:2:1:4 pUR4 inhibition of FN altered downstream integrin α5β1 

signalling in 3D-EHTs 

The inhibition of epicardial-FN in 3D-EHT co-cultures of Epi+CM manifested broadly 

as an hESC-CM functional loss. One possible hypothesis is the attenuation of 

maturation of CM by the loss of epicardial-FN, thereby placing epicardial-FN at the 

centre stage of epicardial-myocardial crosstalk. If so, how does epicardial-FN 

communicate with hESC-CMs? By staining for the main cellular signal transducer of 

FN activity, integrin α5β1, it was found that the activated form of integrin α5β1 was 

correspondingly reduced alongside the loss of FN, Figure 56A. Thus, it is highly 

probable that epicardial-FN communicates with hESC-CMs via integrin α5β1. 

Epicardial-FN clearly plays a role in epicardium-myocardial crosstalk, but the extent 

and significance of that role remains to be determined. 

Interestingly, our cells did not upregulate their FN1 expression in response to FN 

inhibition by pUR4, Figure 56B. Thus, we screened for the expression of another key 

cardiac ECM e.g. POSTN, known to be associated with EPDCs (Weeke-Klimp et al. 

2010), dynamic ECM turnover in zebrafish cardiac regeneration (Garcia-Puig et al. 

2019) and more commonly, activated cardiac fibroblasts (Hermans et al. 2016; 

Tallquist and Molkentin 2017). Although not statistically significant, POSTN expression 

appeared to be upregulated in the presence of FN inhibition, Figure 56C. As with 

many other cellular components when they are depleted, certain functions of FN may 

be compensated for by other molecules, in this case most likely an extracellular matrix 

protein (or proteins). Given that my current POSTN data was inconclusive, further work 

would be required to determine the role of POSTN and screen for the upregulation of 

other ECM components during pUR4 inhibition of FN.  
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Figure 56: pUR4 inhibition reduced integrin-signalling and altered ECM composition  

A 3D-EHT sections showed hESC-CMs (βMHC, green) in the CM+EPI group with 

correspondingly more integrin 5αβ1 (red; yellow arrow) clustering. Scale bar 5 µm. FN binds 

to the cell membrane receptor integrin 5αβ1 as its main intracellular signal transducer. B RT-

qPCR results of FN1 and POSTN expression in 3D-EHTs. There was a trend towards 

increased FN1 expression in the presence of hESC-epicardium in 3D-EHTs. Conversely, 

there was a trend towards reduced FN1 expression with pUR4 inhibition in Epi+CM. C With 

the loss of FN1 expression, another key extracellular matrix protein, POSTN, showed a trend 

towards upregulation with the addition of pUR4. N=3 biological replicates. Each biological 

replicate consisted of three technical triplicates. Mean values; error bars represent s.e.m. 
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Collectively, pUR4-inhibition of epicardial-FN function in 3D-EHTs, resulted in the 

attenuation of hESC-CM maturation, which broadly manifested as decreased active 

force-length generation, inefficient Ca2+-handling and lack of sarcomeric assembly. 

The loss of epicardial-FN function in 3D-EHTs also decreased FN-integrin signalling 

with hESC-CMs. Thus, epicardial-FN may be a key mediator of epicardial-myocardial 

crosstalk.  

4:3 Genetically Induced Loss-of-FN function  

Despite some insights gained, the downstream inhibition of FN by pUR4 carried some 

limitations. Namely, pUR4 broadly inhibited all FN secreted by hESC-epicardium and 

any stromal contaminants associated with hESC-CMs. A more precise loss of 

epicardial-FN function was required. The loss of epicardial-FN function by genetic 

deletion of FN1 expression was studied further in 2 ways: i) Crispr-Cas9-mediated 

knockout of FN (KOFN) in an hESC cell line and ii) tetracycline-induced knockdown of 

FN in mature hESC-derived epicardium.  
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4:3:1 Loss-of-FN function negatively affects 3D-EHTs’ 

contractile function 

4:3:1:1 Derivation of Crispr-Cas9-mediated KOFN epicardium 

Although the role of FN in embryonic development has been well-discussed 

(Schwarzbauer and DeSimone, 2011), FN1 expression had not been causally linked 

in the specification of epicardium or subsequent EMT (Cheng et al. 2013). The hESC-

derived knockout FN (KOFN) cell line was generated, and the expression of 

pluripotency markers confirmed, Figure 57.  The hESC-KOFN hESC cell line was 

successfully differentiated into epicardium with the addition of recombinant human 

(FN) at the stage of lateral plate mesoderm and at days 1-3 after directed 

differentiation to epicardium. This was confirmed by expression of the key epicardial 

markers WT1, TCF21 and BNC1 as detected by qPCR, Figure 58A, alongside 

observation of a classical cobblestone morphology, Figure 58B. KOFN-epicardium 

showed reduced FN1 expression at the RNA level and no protein expression 

detectable by immunostaining, Figure 59.   
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Figure 57: Generation of Crispr-Cas9 knockout FN hESC cell line (KOFN)  

A Overview of the design of gRNA incisions sites along with FN1 exons. B Schematic of 

workflow for GeneJuice-mediated transfection of hESC cells with Crispr-Cas9 gRNAs to 

generate knockout-FN cell lines. C Knock-out FN in RUES2 hESC cells had markedly higher 

pluripotency marker expression than hESC-epicardium differentiated from H9, the hESC 

parental line.  
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Figure 58: Differentiation of Crispr-Cas9-mediated KOFN to the epicardium 

A Crispr-Cas9-mediated KOFN epicardium expressed classical epicardium markers such as 

WT1, TCF21 and BNC1 at day 10 after directed differentiation from lateral plate mesoderm. 

This panel of epicardial markers are expressed at similar levels to wild-type H9-derived 

epicardium and wild-type RUES2-derived epicardium. B Representative brightfield image 

showing that Crispr-Cas9 KOFN epicardium exhibit ‘cobblestone’ morphology, a hallmark of 

human foetal epicardium; whilst immunofluorescence showed scattered WT1 (transcription 

factor, red) expression. Scale bar, 20 µm. 
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Figure 59: CRISPR-Cas9 KOFN epicardium demonstrates loss of FN1 expression 

A Crispr-Cas9-mediated KOFN epicardium had significantly reduced FN1 expression at the 

RNA level compared to both wild-type H9 hESC cells and H9-derived epicardium. **** 

p<0.0001, ***p<0.0005. Mean values; error bars represent s.e.m. N=3 biological replicates. 

B Representative immunofluorescence image showing that Crispr-Cas9 KOFN epicardium, 

grown as a monolayer, did not express FN (green) compared to its wild-type counterpart. 

Scale bar 50 µm.  
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4:3:1:2 Crispr-Cas9-mediated KOFN epicardium decreased 3D-

EHTs’ contractile function 

The effects of complete loss of epicardial-FN, with FN1 deleted from the hESC stage, 

was investigated. There were three groups of 3D-EHTs i) CM Only ii) CM+Epi, and iii) 

CM+KOFN Epi. All cells were derived from hESC, as discussed earlier. Both wild-type 

(WT) epicardium and KOFN-epicardium were derived from hESC, and directly 

differentiated to the same maturity level: D10 after Wnt, Bmp4 and Retinoic Acid 

induction (Iyer et al. 2015) All cells were then harvested to generate 3D-EHTs for 

subsequent functional analyses, i.e., force production and Ca2+-handling, alongside 

analyses of key CM maturation markers at the sarcomeric protein and RNA level.  

Similar to pUR4 inhibition of epicardial-FN, the loss of epicardial-FN by genetic 

deletion, also reduced the active force production and active force-length relationship 

in 3D-EHTs. Two weeks after 3D-EHT culture, the loss-of-FN function with KOFN-Epi 

significantly decreased active force production, p=0.0322, akin to 3D-EHTs with 

hESC-CMs alone. Only the CM+Epi active force slope was significantly higher than 

zero; p=0.0044, Figure 60A, thereby demonstrating the classical Frank-Starling 

mechanism and indicating CM maturation. CM+EPI had the highest slope of active 

force compared to other groups, Figure 60B, thereby reliably reproducing earlier 

reported results by the Sinha Lab (Bargehr et al. 2019). Loss of epicardial-FN 

abrogated the benefits conferred by hESC-epicardium onto hESC-CMs within the 3D-

EHTs. However, 3D-EHT passive force production was not affected by the loss of 

epicardial-FN, Figure 61. Collectively, these results further confirmed a key role of 

epicardial-FN in mediating the epicardial-augmentation of hESC-CM contractile 

function and maturation. 
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Figure 60: CRISPR-Cas9- mediated KOFN hESC-epicardium decreased active force 
production by 3D-EHTs  

A Frank-Starling curves of active force production by 3D-EHTs containing CM only, CM+EPI 

and CM+KOFN-EPI. Only the slope for CM+Epi is significantly higher than zero; p=0.0044. B 
CM+EPI had the highest slope of active force compared to other groups. Loss-of-FN function 

with KOFN-Epi significantly decreased active force production; p=0.0322. Similarly, CM Only 

had significantly less active force, p=0.044. N=4 biological replicates, all generated and 

measured separately. Each biological replicate consisted of 3 technical triplicates. Mean 

values; error bars represent s.e.m. *P<0.05, **P<0.005. Two-sided P values were calculated 

using a one-way ANOVA with post-hoc correction for multiple comparisons. 
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Figure 61: CRISPR-Cas9-mediated KOFN in hESC-epicardium conserved passive 
force production by 3D-EHTs 

A Frank-Starling curves of passive force production of 3D-EHTs containing CM only, CM+EPI 

and CM+KOFN-EPI. All the slopes are significantly higher than zero; CM only (p=0.0015), 

CM+Epi (p=0.0089), CM+KOFN-EPI (p=0.002). B All groups had similar slopes of passive 

force production. Each experimental group included N=4 biological replicates, all generated 

and measured separately. Each biological replicate consisted of three technical triplicates. 

Mean values; error bars represent s.e.m. **P<0.005. Two-sided P values were calculated 

using a one-way ANOVA with post-hoc correction for multiple comparisons. 
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Similarly, the loss of FN expression in KOFN-epicardium led to inefficient Ca2+-

handling by the 3D-EHTs. Inefficient Ca2+-handling is a defining feature of immature 

CMs (Guo and Pu 2020). Loss of epicardial-FN in CM+KOFN-EPI significantly 

reduced Ca2+ upstroke velocity, compared to CM+Epi, p=0.0486, Figure 62A, 

together with a significantly longer time to peak fluorescence (TTP), p=0.0201, Figure 

62B. CM+EPI had significantly shorter times to 50% fluorescence decay (T50), 

p=0.0473 and to 90% fluorescence decay (T90), p=0.0152 when compared to CM 

only; reliably reproducing earlier published results (Bargehr et al. 2019), Figure 62 C 

& D. 3D-EHTs with Epi+CM and CM Only, respectively, denoted negative and positive 

controls within our experiments. Again, Ca2+ sequestration and SR influx appeared 

spared from the effects of loss of epicardial-FN expression, as there were no 

significant differences in T50 or T90 with CM+KOFN-EPI, Figure 62 C & D. Loss of 

epicardial-FN expression reduced the efficiency of Ca2+-handling and, therefore, the 

excitation-contraction coupling machinery with direct consequences for hESC-CM 

contractile function.  
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Figure 62: CRISPR-Cas9-mediated KOFN in hESC-epicardium attenuated 
Ca2+Handling 

Calcium kinetics by 3D-EHTs containing CM only, CM+EPI and CM+KOFN-EPI. A 

CM+KOFN-EPI reduced Ca2+ upstroke velocity with B longer time to peak fluorescence (TTP). 

CM+EPI had shorter time to C 50% fluorescence decay (T50) and D to 90% fluorescence 

decay (T90). N=4 biological replicates with 3 technical triplicates each. Mean values; error 

bars represent s.e.m.  *P<0.05. 

 

 

 

A B 

C D 



223 
 

The loss of FN expression in KOFN-Epi also resulted in immature sarcomere 

assembly, thereby explaining the attenuated active force production and Ca2+handling. 

From the histology, 3D-EHTs with KOFN-Epi showed reduced sarcomeric alignment, 

Figure 63A and decreased clusters of integrin α5β1, Figure 63B. Notably, KOFN-Epi 

had significantly shorter sarcomeric length when compared with Epi+CM, 

(1.21±0.07µm vs 1.62±0.09µm, p=0.0386), Figure 63C. Similarly, KOFN-Epi had 

significantly less well aligned sarcomeres and decreased FN deposition, Figure 63D 

& E. In 3D-EHTs with KOFN-Epi, the sarcomeric parameters were similar to immature 

hESC-CMs alone, Figure 63. Thus, the loss of FN expression in KOFN-Epi obviated 

hESC-epicardium augmentation of hESC-CM maturation in 3D-EHTs.  
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Figure 63: CRISPR-Cas9 mediated KOFN-Epi attenuated CM maturation due to 
decreased FN deposition and reduced integrin 5αβ1 clustering 

A 3D-EHT sections from hESC-CMs (βMHC, green) in CM+EPI, with higher FN (red) 

deposition and B integrin 5αβ1 clustering (red; yellow arrows). Scale bar 5 µm. Epi+CM had 

the greatest sarcomeric maturation. With the loss of FN in KOFN-Epi, the hESC-CM C 
sarcomere length and D sarcomeric alignment were significantly reduced. E Correspondingly, 

there was significantly reduced FN deposition. Each experimental group had N=3 biological 

replicates, with 3 technical triplicates each. Mean values; error bars represent s.e.m. *P<0.05 

**P<0.005, ***P<0.001.  
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The effect of loss of FN expression by KOFN-Epi in 3D-EHTs on the mRNA expression 

of cardiac maturity markers, e.g. MYH 7/6 ratio, RYR and SERCA2, was examined 

next. Firstly, the loss of FN expression in KOFN-Epi as visualised at the mRNA level 

was determined, and found to be not statistically significant, Figure 64A. This finding 

for 3D-EHTs contrasted with the RT-qPCR analyses of FN expression in hESC-

epicardium grown as a monolayer, Figure 59. As alluded to earlier (Section 4:2:1:4), 

there were inherent technical difficulties in obtaining good quality mRNA from 3D-

EHTs. This technical challenge might have contributed towards the magnitude of 

experimental error and concomitant lack of statistical significance. Corresponding with 

reduced FN1 mRNA expression, the 3D-EHTs with KOFN-Epi had decreased MYH7/6 

ratios, denoting less mature hESC-CMs, although again not statistically significant, 

Figure 64A & B. There appeared to be a slight reduction in RYR and a minimal rise 

in SERCA2, albeit not statistically significant, Figure 64C & D.  Thus far, this panel of 

data, even though inconclusive, suggested that loss of FN1 expression in hESC-

epicardium reduced CM maturation as measured by mRNA levels. Due to technical 

difficulties with obtaining mRNA samples from 3D-EHTs, this mRNA dataset warranted 

cautious interpretation.  
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Figure 64: CRISPR-Cas9-mediated KOFN-Epicardium and key markers of cardiac 
maturity in 3D-EHTs  

A There was a trend towards increased FN1 expression in Epi+CM. Conversely, there was a 

trend towards decreased FN1 expression in KOFN-epicardium. With the loss-of-FN function, 

there were trends towards decreased B MYH7/6 ratio and C RYR expression, whilst D 

SERCA2 was slightly increased, albeit not statistically significant. N=3 biological replicates 

with 3 technical triplicates. Mean values; error bars represent s.e.m. 
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Overall, KOFN-epicardium demonstrated a pattern of diminished CM function and 

maturation in 3D-EHTs, similar to observations with pUR4 inhibition of FN in Epi+CM 

3D-EHTs. Loss of FN function in KOFN-epicardium visibly attenuated the active force-

length relationship and Ca2+-handling in 3D-EHTs, together with decreased CM 

maturation at the sarcomere assembly level. Growing evidence suggest that 

epicardial-FN is a key mediator for epicardial-myocardial crosstalk, leading to 

augmented hESC-CM maturation and function. 

4:3:2 Temporal modulation of loss-of-FN function decreased 

3D-EHTs’ contractile function 

Loss of FN function had consistently decreased 3D-EHT contractile function, as shown 

by both peptide inhibition of FN and genetic deletion of FN1 expression. KOFN-

epicardium required the addition of human recombinant FN at the lateral plate 

mesoderm stage to ensure progression to epicardial identity. This observation hinted 

at a specific FN role during epicardial specification and contrasted with the sparse 

literature pertaining to epicardial-FN interaction. Our observations of this KOFN-

epicardium behaviour hinted that it exhibited an aberrant hESC-epicardial identity, 

despite the representative epicardial markers, Figure 58. To negate the potential 

confounding factors, I constructed a genetically modified cell line which enabled 

temporal modulation of genetically induced loss of FN1 expression.  
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4:3:2:1 Generation of tetracycline-induced FN knockdown in hESC-

derived epicardium 

Cognizant that fibronectin has a wide-ranging role during embryonic development 

(Schwarzbauer and DeSimone, 2011) and our own experiences (Section 4:3:1:1), I 

interrogated the loss of FN function after hESC-epicardium achieved maturity at D10 

post-directed differentiation (Iyer et al. 2015; Bargehr et al. 2019). For this, a stably 

integrated, tetracycline-inducible short-hairpin guided knockdown of the expression of 

a gene of interest (sOPTiKD) was used, (Bertero et al. 2015), Figure 65. Crucially, 

this elegant system enabled temporal control of FN1 expression, Figure 66A.  The 

hESC-sOPTiKDFN cell line was confirmed to be pluripotent as judged by expression 

of Oct4, Sox2 and Nanog at the RNA level, Figure 66B. The hESC-sOPTiKDFN cell 

line was successfully differentiated into epicardium, which was confirmed via RNA 

expression of the key epicardial markers WT1, TCF21 and BNC1 Figure 66C. 

sOPTiKDFN-epicardium also displayed the classical ‘cobblestone’ morphology in 

brightfield microscopy and expression of the WT1 transcription factor at protein level 

as detected by immunocytochemistry, Figure 67.  
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Figure 65: sOPTiKDFN clones derived from transfection with the sOPTiKD vector 

A Schematic showing the transgenic allele that was generated via sOPTiKD transfection of 

hESCs. AAV-prom, AAVS1 locus promoter; 5′-HAR/3′-HAR, 5’ upstream and 3’ downstream 

homology arms, respectively; SA, splice acceptor; T2A, self-cleaving T2A peptide; Puro, 

puromycin resistance; H1, H1 human RNA polymerase III promoters; TO, tet operon; pA, 

polyadenylation signal; CAG, CAG promoter; OPTtetR, optimised TET repressor. B 

GeneJuice-mediated transfection strategy for sOPTiKD vector insertion within AAVS1 locus 

of ES cells, with subsequent colony selection and expansion for genotyping. C Genotyping 

gels of sOPTiKD clones. Row A is a representative gel for detection of homozygous targeted 

clones; WT H9 gave a band at 1692 bp, whereas no band indicated homozygous transgene 

integration. All clones except ‘5.2’ (labelled ‘het’, blue circle) appeared to be homozygous-

targeted. Row B was a representative gel for 5’ vector integration, indicated by a gel band at 

1103bp (yellow circle).  Row C was a representative gel for 3’ vector integration, as indicated 

by gel band at 1447bp. In this example, clones 4.6, 5.3, 5.5, and 5.6 were homozygous-

targeted with vector integration at 5’ and 3’ (red arrow).  
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Figure 66: sOPTiKD Clone 5.3 selected for Epicardial Differentiations 

A sOPTiKD-FN clones had different FN1 expression upon tetracycline-knockdown. Clone 5.3 

has the greatest FN1 reduction. Clone 5.5 had no FN1 reduction. N=2 biological replicates. * 

p<0.05. B All clones showed similar levels of pluripotency markers C Clone 5.3 expressed 

higher levels of the epicardial markers WT1, TCF21 and BNC1. N=1 biological replicate. D 

Clone 5.3 differentiated to D8 hPSC-epicardium with 24 hours of tetracycline. Scale bar 20 

µm.  
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Figure 67: sOPTiKD Clone 5.3 differentiated to epicardium  

Clone 5.3 differentiated to D8 hPSC-epicardium with 24 hours of tetracycline, showing 

cobblestone morphology and expression of WT1 (red). Scale bar 20 µm. 

4:3:2:2 Tetracycline-induced knockdown of FN in hESC-derived 

epicardium attenuated 3D-EHTs’ contractile function 

Following the successful generation of the sOPTiKD-FN cell line, I examined whether 

the loss of epicardial-FN at D10 epicardium affected the 3D-EHT contractile function. 

There were three groups of 3D-EHTs with i) CM only, ii) CM+sOPTiKD-FN Epi (Tet 

OFF) and iii) CM+sOPTiKD-FN Epi (Tet ON). For CM+sOPTiKD-FN Epi (Tet ON), 

tetracycline induction was started at D8 post-directed differentiation of sOPTiKDFN 

epicardium, prior to incorporation into 3D-EHTs three days later. As 3D-EHTs, 

CM+sOPTiKD-FN Epi (Tet ON) received tetracycline daily during the two weeks of 

culture. Addition of tetracycline induced the knockdown of FN1 expression, Figure 

66A. All experimental groups underwent functional analyses of Frank-Starling active 

force generation and Ca2+-handling, together with analyses of the key CM maturation 

marker, sarcomeric assembly. 
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Tetracycline-induced loss of epicardial-FN in 3D-EHTs significantly decreased active 

force production compared to without tetracycline; p=0.0382, Figure 68A. Only the 

CM+sOPTiKD-FN Epi (Tet OFF) active force slope was significantly higher than zero 

(p=0.0048), Figure 68A, thereby exhibiting the Frank-Starling mechanism and CM 

maturation. CM+sOPTiKD-FN Epi (Tet OFF) also had the highest slope of active force 

compared to other groups, Figure 68B. Reassuringly, our genetically modified hESC-

epicardium conveyed similar benefits within 3D-EHTs; both proving the robustness of 

our protocol (Iyer et al. 2015) and enabling its designation as the negative 

experimental control for our loss-of-FN function studies. Reiterating earlier 

observations, loss of FN did not affect passive force generation, Figure 69. These 

results confirmed that loss of epicardial-FN abrogated the benefits conferred by hESC-

epicardium onto hESC-CM maturation and contractile function. 

 

 

 

 



233 
 

     

         

Figure 68: Tetracycline-induced loss-of-FN function decreased active force in 3D-
EHTs 

Epicardium in all groups was differentiated from the sOPTiKD-FN cell line. D10 sOPTiKD-FN 

epicardium received tetracycline to induce loss of FN. A Frank-Starling curves of active force 

by 3D-EHTs with CM only, CM+sOPTiKD-FN Epi (Tet OFF) and CM+sOPTikKD-FN Epi (Tet 

ON). Only the slope of (Tet OFF) was significantly higher than zero. B (Tet OFF) had the 

highest slope of active force compared to other groups. (Tet ON) had significantly decreased 

active force production compared to (Tet OFF). N=3 biological replicates with three technical 

triplicates each. Mean values; error bars represent s.e.m. *P<0.05, **P<0.005.  
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Figure 69: Tetracycline-induced loss-of-FN function in sOPTiKD- Epi conserved 
passive force in 3D-EHTs 

A Frank-Starling curves of passive force production of 3D-EHTs containing CM only, 

CM+sOPTiKD-FN Epi (Tet OFF) and CM+sOPTikKD-FN Epi (Tet ON). All slopes were 

significantly higher than zero. B There was no difference in the slope of passive force across 

all groups. N=3 biological replicates with three technical triplicates each. Mean values; error 

bars represent s.e.m. *P<0.05, **P<0.005.  
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Similarly, tetracycline-induced loss of epicardial-FN decreased the efficiency of Ca2+-

handling, causing reversion to the immature Ca2+-handling profile of hESC-CMs alone. 

CM+sOPTiKD-FN Epi (Tet OFF) had significantly higher Ca2+ upstroke velocity than 

CM Only; p=0.0253, whilst tetracycline-induced loss of FN reduced Ca2+ upstroke 

velocity with a trend towards statistical significance, p=0.0820, Figure 70A. Loss of 

FN with (Tet ON) and CM only 3D-EHTs nearly doubled the time to peak fluorescence 

(TTP) for CM+sOPTiKD-FN Epi (Tet OFF)  p=0.0227 & p=0.0408 respectively, Figure 

70B. Compared to CM+sOPTiKD-FN Epi (Tet OFF), time to 50% Fluorescence decay 

(T50) was significantly shortened for CM only, p=0.0377; whilst loss of FN with (Tet 

ON) showed a trend towards significance, p=0.0613, Figure 70C. Time to 90% 

fluorescence decay (T90) was not significantly different between groups, Figure 70D. 

For the 3D-EHTs, the attenuation of Ca2+ handling was less pronounced with siKDFN-

derived epicardium, compared to the KOFN-derived epicardium. Nonetheless, any 

reduction in epicardial-FN appeared to eliminate hESC-epicardium augmentation of 

hESC-CM maturation in 3D-EHTs.  
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Figure 70: Tetracycline-induced loss-of-FN function decreased the efficiency of 
Ca2+handling by 3D-EHTs 

A Quantification of calcium kinetics in the 3 experimental groups, composed of i) CM only, ii) 

CM+Epi (Tet OFF) and iii) CM+Epi (Tet ON). CM+Epi (Tet OFF) had significantly higher Ca2+ 

upstroke velocity than CM Only; p=0.0253, whilst loss of FN (Tet ON) showed a trend towards 

significant reduction. B Loss of FN (Tet ON) and CM Only had a significantly longer time to 

peak fluorescence (TTP), p=0.0227 & p=0.0408 respectively. C Time to 50% Fluorescence 

decay (T50) was significantly shortened for CM only, p=0.0377; whilst loss of FN (Tet ON) 

showed a trend towards a significant increase. E Time to 90% fluorescence decay (T90) was 

not significantly different between groups. Mean values; error bars represent s.e.m.  *P<0.05. 

N=3 biological replicates with 3 technical replicates each.  
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Giving credence to earlier observations of reduced CM maturity with epicardial-FN 

loss, CM+sOPTiKD-FN Epi (Tet ON) exhibited decreased sarcomeric assembly 

parameters. 3D-EHTs with CM+sOPTiKD-FN Epi (Tet ON) showed reduced 

sarcomeric alignment, Figure 71A. CM+sOPTiKD-FN Epi (Tet ON) had significantly 

shorter sarcomeric length (1.19±0.12µm vs 1.74±0.17µm, p=0.048), when compared 

with Epi+CM, Figure 71B. CM+sOPTiKD-FN Epi (Tet ON) and CM Only had similar 

sarcomeric parameters, corresponding to a similar reduction in fibronectin deposition, 

Figure 71B-D. From the observations and quantifications of sarcomeric parameters, 

loss of epicardial-FN appears to remove hESC-epicardium augmentation of hESC-

cardiomyocyte maturation in 3D-EHTs. 

 

 

 

 

 

 

 



238 
 

 

 

Figure 71: Tetracycline-induced loss-of-FN function in sOPTiKD-Epi decreased 
sarcomeric maturation in 3D-EHTs 

 A 3D-EHTs sections of i) CM only, ii) CM+Epi (Tet OFF) and iii) CM+Epi (Tet ON). CM+EPI 

(Tet ON) had less organised hESC-CMs (βMHC, green) with decreased FN (red) deposition. 

With the loss of FN in CM+Epi (Tet OFF), the hESC-CM B sarcomere length and C sarcomeric 

alignment were significantly reduced. D Correspondingly, there was significantly reduced FN 

deposition. Each experimental group had N=3 biological replicates, with 3 technical triplicates 

each. Mean values; error bars represent s.e.m. *P<0.05. 

 

Due to the technical challenges in obtaining mRNA from 3D-EHTs and the 

unconvincing results obtained using this RNA, RT-qPCR was not used further for 

analysing 3D-EHTs. The effects of loss of epicardial-FN function on CM maturity were 

demonstrated clearly at the sarcomeric protein level with immunostaining. If further 

interrogation of upstream genetic regulation of epicardial-FN, becomes desirable, 
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RNA-sequencing of the 3D-EHTs may represent a more reliable, and higher-

throughput technique.  

Overall, the decline of 3D-EHT contractile function was consistent across two different 

models of genetically induced loss of epicardial-FN function. This unique pattern of 

cardiomyocyte functional loss included decreased active force-length relationship, 

inefficient Ca2+-handling and immature sarcomeric assembly. Furthermore, this 

decline in CM maturation and contractile force resembled the functional loss with 

pUR4 inhibition of FN in 3D-EHTs, thereby showing consistent results across all the 

different FN functional loss or blockade methods used. Thus far, the evidence 

suggests that epicardial-FN underpins epicardial-myocardial crosstalk, leading to 

epicardial augmentation of hESC-cardiomyocyte maturation.  

4:4 Recombinant Human FN does not completely rescue 

the loss-of-FN function in 3D-EHTs  

Given the compelling results from our loss-of-FN function studies, the possibility that 

recombinant human fibronectin (huFN) could recover or replace the genetically 

induced loss of epicardial-FN in 3D-EHTs was investigated. As alluded to above, 

cellular FN is highly heterogenous, with up to 20 splice variants in humans (Wickstrom 

et al. 2011). The wide variety of FN isoforms might pose a challenge, particularly if 

there is a specific epicardial-FN isoform for communicating with hESC-CMs. However, 

KOFN hESC cells were successfully differentiated into KOFN-epicardium when 

supplemented with commercially sourced recombinant human FN. This observation 

suggested that it might be feasible to perform a rescue of FN function with the 3D-

EHTs studies. Thus, I proceeded into a set of rescue-of-FN function studies with 

recombinant human FN. 
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4:4:1 Recombinant human FN partially salvaged the 3D-EHTs’ 

contractile function  

For the rescue-of-FN function experiments, there were four groups of 3D-EHTs 

containing i) CM only, ii) CM+sOPTiKD-FN Epi (Tet OFF), iii) CM+sOPTikKD-FN Epi 

(Tet ON), and iv) CM+sOPTikKD-FN Epi (Tet ON) + Rescue. hESC-epicardium in 

each group was differentiated from the sOPTiKD-FN cell line. As above, D10 

sOPTiKD-FN epicardium received tetracycline to induce loss of epicardial-FN. 

Rescue-of-FN 3D-EHTs received both tetracycline induction of epicardial-FN loss and 

recombinant human FN, daily. Recombinant human fibronectin was added daily to the 

medium during the two-week culture of 3D-EHTs. To ascertain whether the loss of 

epicardial-FN function in 3D-EHTs could be rescued by recombinant human FN, all 

3D-EHTs underwent analyses of Frank-Starling active force generation, Ca2+-handling 

and of the key CM maturation markers at the sarcomeric assembly level. 

Recombinant human FN appeared to partially rescue the loss of epicardial-FN function 

in 3D-EHTs, in terms of active force generation. For the Frank-Starling active force 

generation, the slopes for all groups were significantly higher than zero, Figure 72. 

3D-EHTs containing CM+sOPTiKD-FN Epi (Tet OFF) had the highest active force 

slope, Figure 72A, forming a reliable positive control for this experiment. Epicardial-

FN loss in 3D-EHTs (Tet ON) had significantly less active force compared to (Tet 

OFF), p<0.0001, Figure 72B. The rescue of epicardial-FN loss group had a higher 

active force slope compared to (Tet ON), trending towards statistical significance, 

p=0.0527, Figure 72B. Passive force generation was equivocal across all groups, 

Figure 73. The active force generation profiles suggested that loss of epicardial-FN 

function in 3D-EHTs could be partially salvaged by recombinant human FN.  



241 
 

       

 
Figure 72: Rescue-of-FN with human recombinant FN partially salvaged active force 
production by 3D-EHTs 

D10 sOPTiKD-FN epicardium received tetracycline to induce FN loss. Rescue-of-FN received 

both tetracycline induction and recombinant human FN. A Active force production by CM only, 

CM+sOPTiKD-FN Epi (Tet OFF), CM+sOPTikKD-FN Epi (Tet ON) and CM+sOPTikKD-FN 

Epi (Tet ON) + Rescue-of-FN. All slopes were significantly higher than zero B (Tet ON) 

produced significantly less active force compared to (Tet OFF). Rescue-of-FN had a higher 

slope of active force than (Tet ON), with a trend towards statistical significance. N=3 biological 

replicates with 3 technical triplicates each. Mean values; error bars represent s.e.m. *P<0.05, 

**P<0.005, ***P<0.001, ****P<0.0001.  
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Figure 73: Rescue-of-FN function with human recombinant FN did not affect the 
passive force generated by 3D-EHTs 

A Frank-Starling curves of passive force production of 3D-EHTs containing CM only, 

CM+sOPTiKD-FN Epi (Tet OFF), CM+sOPTikKD-FN Epi (Tet ON) and CM+sOPTikKD-FN 

Epi (Tet ON) + Rescue-of-FN.  All slopes were significantly higher than zero. B There was no 

difference in the slope of passive force across all groups. N=3 biological replicates, all 

generated and measured separately. Each biological replicate consisted of three technical 

triplicates. Mean values; error bars represent s.e.m. *P<0.05, **P<0.005. Two-sided P values 

were calculated using a one-way ANOVA with post-hoc correction for multiple comparisons.  
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Unfortunately, the addition of human recombinant FN did not recover the inefficient 

Ca2+handling due to the loss of epicardial-FN. 3D-EHT calcium kinetics were assessed 

as a surrogate marker for hESC-CM’s excitation-contraction coupling efficiency and 

maturity. As a positive control, CM+sOPTiKD-FN Epi (Tet OFF) had significantly 

higher Ca2+ upstroke velocity and the shortest time to peak fluorescence (TTP), 

compared to all groups, Figure 74A & B. Notably, rescue of epicardial-FN had a 

significantly lower Ca2+ upstroke velocity compared to (Tet OFF), p=0.0448, Figure 

74A. Rescue of epicardial-FN had a higher TTP compared to (Tet OFF), with a trend 

towards statistical significance, p=0.0884, Figure 74B. Moreover, the calcium kinetics 

demonstrated by the rescue of epicardial-FN group were comparable to (Tet ON). As 

above, time to 50% fluorescence decay (T50) and time to 90% fluorescence decay 

(T90) were not significantly different between groups, Figure 74C & D. In contrast to 

the active force data, the analyses of calcium kinetics implied that recombinant human 

FN failed to completely rescue the loss of epicardial-FN function in 3D-EHTs.  
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Figure 74: Rescue of epicardial-FN with human recombinant FN did not recover the 
inefficient Ca2+ handling by 3D-EHTs 

Calcium kinetics in 3D-EHTs containing CM only, CM+Epi (Tet OFF), CM+Epi (Tet ON) and 

CM+Epi (Tet ON) +Rescue. A, B CM+Epi (Tet OFF) had significantly higher Ca2+ upstroke 

velocity than all groups, with the shortest time to peak Fluorescence (TTP). C Time to 50% 

Fluorescence decay and D Time to 90% Fluorescence decay were not significantly different 

between groups. N=3 biological replicates with 3 technical replicates each. Mean values; error 

bars represent s.e.m. *P<0.05, **P<0.005. Two-sided P values were calculated using a one-

way ANOVA with post-hoc correction for multiple comparisons.  
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Given the contrasting observations from the active force production and analyses of 

Ca2+ kinetics, the effects of rescue of epicardial-FN on sarcomeric assembly, a marker 

of CM maturity, were also examined. 3D-EHTs with CM+sOPTiKD-FN Epi (Tet OFF) 

showed the greatest sarcomeric parameters with highest FN deposition, Figure 75; 

thereby denoting a positive control. Meanwhile, CM+sOPTiKD-FN Epi (Tet ON) 

exhibited decreased sarcomeric parameters, identical to CM Only, Figure 75. The 

rescue of epicardial-FN function recorded sarcomeric parameters lower than (Tet 

OFF) but marginally higher than (Tet ON), with no clear statistical significance in either 

direction, Figure 75B & C. There was significantly less FN deposition in the rescue of 

epicardial-FN group, compared to (Tet OFF), p=0.0221, Figure 75D. This observation 

suggested that delivery of recombinant human FN might affect the rescue of 

epicardial-FN function in 3D-EHTs. Unfortunately, the rescue of epicardial-FN function 

with recombinant human FN, did not completely translate into improved sarcomere 

assembly.  

Overall, the evidence implied that recombinant human FN could partially rescue the 

loss of epicardial-FN function, but further fine-tuning would be required. The rescue of 

epicardial-FN was clearest from the active force generation profile but was not 

corroborated by the analyses of calcium kinetics and sarcomeric assembly. Based on 

these results, I postulated that epicardial FN secretion might be dynamic and guided 

by epicardial-myocardial crosstalk. Rescue of epicardial-FN function appeared to 

require more than a daily, single standard dose of human recombinant FN. Thus, 

recombinant human FN is likely necessary, but insufficient, for the rescue of epicardial-

FN function in 3D-EHTs. 
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Figure 75: Rescue-of-FN function with human recombinant FN did not improve the 
maturation of hESC-CMs in 3D-EHTs 

A 3D-EHTs sections of CM only, CM+Epi (Tet OFF), CM+Epi (Tet ON) and CM+Epi (Tet ON) 

+Rescue. CM+Epi (Tet ON) +Rescue showed organisation of hESC-CMs (βMHC, green) and 

FN (red) deposition, comparable to (Tet ON). Scale bar 5 µm. With the rescue of epicardial-

FN, the hESC-CM’s B sarcomere length and C sarcomeric alignment were higher than (Tet 

ON) but lower than (Tet OFF), albeit not statistically significant in either direction. D Notably, 

the rescue of the epicardial-FN group had significantly lower FN deposition compared to (Tet 

OFF). Each experimental group had N=3 biological replicates, with 3 technical triplicates each. 

Mean values; error bars represent s.e.m. *P<0.05, **P<0.005. 
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Collectively, all three different modalities of FN loss consistently demonstrated that 

epicardial FN was important for hESC-CM’s contractile function and maturity in 3D-

EHTS. These results were specially strengthened, given that each experimental group 

had its own internal positive (Epi+CM) and negative control (CM Only) with 

reproducible trends throughout these studies. The slight difference in response within 

each modality of epicardial-FN loss hinted that the epicardial secretion of FN was 

tightly regulated, specific, and guided by epicardial-myocardial crosstalk. 

Unfortunately, we could only draw a conclusion based upon hESC-CM’s maturation 

from the 3D-EHTs. Other putative functions of epicardial-FN within the epicardial-

myocardial cross talk such as proliferation, angiogenesis, and ECM turnover, cannot 

be deduced from this work. Next, I shall discuss my findings and future experiments 

to further delineate epicardial-FN’s key role in mediating the epicardial-myocardial 

crosstalk.  
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5. DISCUSSION 

A diagnosis of chronic heart failure carries a 50% 5-year mortality, only slightly less 

virulent than lung cancer. Yet, there are no sustainable therapies for this clinical 

condition. Ischaemic heart failure is the direct result of irreversible cardiomyocyte loss 

secondary to myocardial infarction. Exogenous cardiac regeneration uses cellular 

therapy to replenish the cardiomyocyte loss; a process for which the term ‘primary 

remuscularisation’ has been coined (Laflamme and Murry 2011). Replacing the lost 

cardiomyocyte contractile units in the chronically infarcted hearts could salvage the 

declining cardiac pump function. Thus, cellular therapy carries great potential for 

chronic heart failure patients.  

Cellular therapy is conceptually akin to a heart transplant, except at a less invasive 

scale and could be fashioned as an ‘off-the-shelf’ therapy. However, the majority of 

successful cardiac regenerations with hESC/IPSC-derived CMs was performed in 

subacute timepoints post-MI (Laflamme et al. 2007; Caspi et al. 2007; Fernandes et 

al. 2015; Gerbin et al. 2015; Shiba et al. 2016; Liu et al. 2018; Bargehr et al. 2019). 

Intervention at this timepoint may reduce the incidence of chronic heart failure in the 

future but does not directly address the chronic heart failure state.  

Thus far, mixed results were obtained with the delivery of NRVM into a chronic MI rat 

model (Li et al. 1996; Sakakibara et al. 2002; Huwer et al. 2003), whilst the delivery of 

hESC-CMs alone in a chronically infarcted rat heart showed no benefits (Fernandes 

et al. 2010). Combination cellular therapy with hESC-epicardium had not yet been 

trialled in the chronic MI state. Combination therapy with hESC-epicardium was based 

upon the synergistic epicardial-myocardial crosstalk observed during cardiac 
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development, which led to the augmentation of hESC-CMs function and cardiac 

regeneration in the subacute MI setting (Bargehr et al. 2019). However, the exact 

mechanisms underpinning epicardial-myocardial crosstalk remain unclear.  

In my doctoral thesis, I addressed the current knowledge gap in hESC/IPSC-derived 

CMs’ potential to salvage the chronically infarcted myocardium by exploring an optimal 

cellular therapy with i) species-matched cell type and ii) co-delivery of hESC-

epicardium. Both therapeutic groups showed potential to attenuate cardiac 

dysfunction in the chronic MI state. However, definitive conclusions could not be drawn 

due to small sample size. Future adequately powered studies would be required to 

validate this preliminary finding. Alongside this, I explored the mechanism 

underpinning epicardial-myocardial crosstalk leading to an augmented cardiac 

regenerative response. I showed that epicardial-FN is a necessary mediator for 

epicardial-myocardial crosstalk. Discussion of the findings from this work, within the 

context of the wider literature, experimental limitations and the future directions that 

may advance cellular therapy towards clinical translation, now follow. 

5:1 Can Cellular Therapy regenerate the Chronically 

Infarcted Rat Heart?  

Our preliminary findings suggested that both species-matched (NRVM) and 

combination (Epi+CM) cellular therapy could potentially attenuate cardiac dysfunction 

in the chronic MI setting, as there were long-term cardiomyocyte engraftment, 

proliferation, maturation and vascularisation in vivo. The small study size precluded 

any definitive conclusions. Future work includes an adequately powered chronic MI 

rat study to validate my preliminary findings.  
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The chronic MI state is more formidable than its subacute counterpart, given its large 

areas of scarring, spherical LV dilatation and pathophysiological remodelling (Jessup 

and Brozena 2003; Houser 2012). To address the challenges of the chronic infarct 

environment, I first clarified the optimal animal model, cellular preconditioning, then 

trialled the optimal cell types with and without, combinatorial approaches.  

5:1:1 Optimisation of cardiac regenerative rodent MI models 

Delivery of hESC-epicardium with PSC and heat-shock improved cell survival in the 

athymic nude rat model. To examine the effects of PSC and heat-shock, hESC-

epicardium was delivered at four days post-MI – an experimental timepoint shown to 

be favourable for cellular therapy (Zhang et al. 2001; Laflamme et al. 2007; Fernandes 

et al. 2015). PSC is a method of cellular preconditioning to mitigate the three 

interlinked pathways of ischaemia, anoikis and inflammation which lead to high rates 

of post-injection cell death (Müller-Ehmsen et al. 2002; Laflamme et al. 2007). 

Previously, the benefits of PSC were only demonstrated with hESC-CMs in the 

subacute MI setting (Laflamme et al. 2007; Chong et al. 2014; Gerbin et al. 2015; Liu 

et al. 2018). My results confirmed that PSC could also be useful adjuncts for other cell 

types such as hESC-epicardium.  

Minimal hESC-epicardium survived in the acute MI mouse model, despite cellular 

preconditioning with PSC and heat-shock. During acute MI, the local micro-

environment is exceptionally hostile to the newly injected cells (Zhang et al. 2001; 

Laflamme et al. 2007). Currently, there are proven clinical treatments for acute MI, 

such as primary percutaneous coronary interventions (Yancy et al. 2017). To 

extrapolate into the clinical setting, cellular injections during acute MI would involve 

the patient undergoing open-heart surgery during the acute MI state, which is an 
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unsafe clinical setting with physiological instability and highly friable, bleeding tissues. 

Given the experimental findings and clinical considerations, I chose to address cellular 

therapeutics options for the chronic heart failure state using the chronic MI animal 

model.  

For the chronic heart failure setting, the delivery of cellular therapy to the patient could 

be planned, with opportunities for physiological optimisation. At this clinical stage, the 

cardiac tissues are stable, despite the scarring. Furthermore, cellular therapy could be 

delivered alongside concomitant cardiac interventions e.g. coronary artery bypass 

grafts. These are clinical and procedural considerations which make the chronic MI 

setting safer and receptive to cellular therapy.  

The challenges of using hESC-CMs in the mouse model led to selection of the rat 

model for further studies. Mice exhibit heart rates in the range 450-600bpm, compared 

to rats with a range of 250-400bpm, whilst hESC-CMs could be paced up to ~150-

200bpm in vitro (Shiba et al. 2013; Gerbin et al. 2015; Riehle and Bauersachs 2019). 

Cellular injections without leakage at ~500-600bpm are technically challenging. 

Furthermore, any human cellular integration with the mouse host have to overcome 

the difference of ~400bpm in CM contraction rates, compared to just ~200bpm 

difference with rats (Riehle and Bauersachs 2019). Overcoming a difference of 

500bpm is unfeasible, as CM contraction rates are guided by the efficiency of 

excitation-contraction coupling, based upon ATP availability, intra-/extra-cellular 

calcium homeostasis and structural limitations of actin-myosin binding. Hence, the rat 

MI model offers a pragmatic middle ground to assess the feasibility of cellular therapy 

in regenerating chronically infarcted hearts.  
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In summary, the pilot animal studies clarified the importance of PSC for cellular 

preconditioning, the technical advantages in using the rat model and highlighted the 

clinical applicability of chronic rather than acute MI for cardiac regenerative studies.  

5:1:2 Cellular therapy regenerated the chronically infarcted rat 

hearts 

Our preliminary study showed that both species-matched and combination therapy 

could potentially attenuate cardiac dysfunction in the chronic MI setting. In the next 

sections, I shall discuss the findings specific to each type of cellular therapy and how 

they inform upon the next steps toward clinical translation.  

5:1:2:1 Species-matched cellular therapy  

Species-matched cellular therapy potentially demonstrated improved cardiac 

contractility compared to the control group. However, given the small sample size, we 

cannot draw any definitive conclusions with regards to cardiac function. Our 

histological evidence showed concomitant long-term cardiac engraftments, 

cardiomyocyte proliferation, maturation, and connexin-43 gap junction connectivity. 

The species-matched cardiac grafts were vascularised by the host, to the same extent 

as the host myocardium. Despite the hostile and chronically scarred environment, 

species-matched cellular therapy resulted in ‘primary remuscularization’. To examine 

whether the improved contractility of the engrafted CMs promoted cardiac functional 

recovery, an adequately powered study would be warranted. 

Species-matched cellular therapy could feasibly improve cardiac function in the rat 

chronic MI model as our preliminary findings correlated with previous findings in the 

subacute MI setting (Chong et al. 2014; Liu et al. 2018). A closer evolutionary distance 
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between the species of graft cells and host (i.e., human cells in non-human primate) 

had been shown to significantly improve cardiac function in the subacute MI setting  

(Chong et al. 2014; Liu et al. 2018). A similar degree of cardiac recovery was observed 

when non-human primate IPSC-derived CMs were transplanted into the infarcted 

hearts of non-human primates (Shiba et al. 2016). In contrast, when human-derived 

CMs were placed into a rat host after subacute MI, there was only attenuation of 

cardiac dysfunction (Laflamme et al. 2007), perhaps highlighting a species-dependent 

cardiac repair gap.  

How does species-matched cellular therapy enhance cardiac regeneration? Our 

species-matched cellular therapy likely enhanced the injected CMs’ survival due to 

matched beating rate, calcium contractile kinetics, and decreased immunogenicity 

(Milani-Nejad and Janssen 2013; Shiba et al. 2016; Kadota et al. 2017). Rat CMs 

predominantly expressed the α-MHC (>94-100%), with faster contraction kinetics, 

rather than the slower β-MHC expressed by human-derived CMs (Milani-Nejad and 

Janssen 2013). In the rat heart, the overly paced human-derived CMs would be in 

tetany with a rapid depletion of their ATP energy stores - likely to signal cellular 

distress. By matching our NRVM to the host rat heart rate, it led to cell survival and 

integration, as evidenced by our NRVM myofibrils closely resembling the host rat 

myocardium in sarcomeric and Cx-43 alignment, Figure 36. A species-matched 

cellular therapy also reduces immunogenicity and attacks by the host immune 

response to a xenograft. Furthermore, signalling pathways governing  cellular 

maturation, proliferation and integration with the host would be matched at the protein, 

genetic and biochemical level (Halstead et al. 2020; Matsuda et al. 2020; Rayon et al. 

2020).  These species-matched factors led to cell survival and durable engraftment; 

thereby potentially augmenting cardiac repair in our chronically infarcted rats. 
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Our species-matched cellular therapy displayed long-term cardiac engraftment, visible 

up till 3 months after cellular therapy. In contrast to earlier chronic MI rat studies (Li et 

al. 1996; Sakakibara et al. 2002; Huwer et al. 2003), my study utilised PSC and 

doubled the number of injected NRVMs; both well-described factors to enhance cell 

survival and cardiac engraftments in the subacute MI setting (Laflamme et al. 2005, 

2007; Robey et al. 2009). Unfortunately, there were no recorded cardiac graft sizes in 

the earlier NRVM studies for comparison, (Li et al. 1996; Sakakibara et al. 2002; Huwer 

et al. 2003). Our optimised species-matched cellular therapy potentially enhanced cell 

survival which resulted in long-term cardiac engraftment, thereby plausibly leading to 

improved cardiac contractility in the chronically infarcted rat heart.  

Apart from species-matching, NRVMs also represented the optimal cell type to first 

assess the salvageability of the hostile, chronic MI environment. Firstly, P1-7 neonatal 

rats can regenerate after cardiac injury, thereby harbouring a robust regenerative 

response (Porrello et al. 2011; Lam and Sadek 2018). Secondly, adult rat CMs did not 

survive transplantation into rat hearts (Reinecke et al. 1999). Thirdly, NRVMs are still 

mononucleated and highly proliferative, thereby most analogous to hESC-derived 

CMs in cellular maturity (Yang et al. 2014; Kadota et al. 2017). Furthermore, NRVMs 

had greater cTNT+ve purity than rat ESC-derived CMs (Merkl et al. 2013; Dahlmann 

et al. 2018). Generation of rat ESC-derived CMs only records ~20% cTNT+ve cells 

(Dahlmann et al. 2018), compared to >80% cTNT+ve cells for NRVM and hESC-

derived CMs, respectively (Kadota et al. 2017). Finally, the robust ‘workhorse’ NRVMs 

were used in a multitude of proof-of-concept cardiac regenerative studies 

(Zimmermann et al. 2002, 2006; Müller-Ehmsen et al. 2002). Altogether, NRVMs 

exhibited sufficient species compatibility, cellular plasticity, resilience, and proliferative 

potential to salvage a hostile, chronic MI environment.  
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Nonetheless, my findings could also reflect the contributions of species-matched non-

myocyte stromal cells within our species-matched cellular therapy. Recently, Wang 

and colleagues described the unique transcriptomic landscape of P1 non-myocytes 

during neonatal heart regeneration and their putative roles in orchestrating cardiac 

regeneration (Wang et al. 2020). Notably, the pro-regenerative (P1) vs. non-

regenerative (P8) epicardial and cardiac fibroblast populations were markedly different 

(Wang et al. 2020). Thus, the species-matched and pro-regenerative (P1) stromal 

contaminants in our NRVM cellular therapy could have enhanced cardiac repair in our 

chronically infarcted rat hearts. Future experiments using spatial transcriptomics to 

elucidate the spatial interactions of injected NRVMs and stromal cells in vivo would be 

interesting.  

Our species-matched cardiac grafts portrayed greater CM maturity in vivo Figure 33. 

This observation might explain why species-matched cellular therapy could potentially 

salvage the hostile, chronically failing rat heart. Then, what are the key factors that 

enhance cardiac graft maturity?  

Our NRVMs were more mature than hESC-CMs, prior to intramyocardial injections, 

Figure 34A. NRVM exhibited aligned sarcomeres whilst hESC-CMs still maintained 

sarcomeric disorganisation, Figure 34A, Table 2. Moreover, our NRVMs’ pre-injection 

maturity level and survival appeared intertwined. PSC was initially designed as cellular 

preconditioning to improve hESC-CMs’ survival as the foetal-like hESC-CMs lacked 

resilience (Laflamme et al. 2007). Conversely, adult rat CMs are quite fragile upon 

ventricular dissociation, as they need to maintain a cardiac syncytium and their 

binucleated nature (Reinecke et al. 1999). Thus, P1/P2 NRVMs strike the right balance 

of ‘adolescence-like’ maturity (Yang et al. 2014) and resilience for intramyocardial 

injections, leading to greater cell survival, cardiac graft size and maturation.  
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Matching the species of transplanted CMs to the in vivo environment enhanced 

cardiac graft maturation. Our NRVM cardiac grafts showed complete connexin-43 gap 

junction alignment and large myofibrils, closely resembling the chronically infarcted 

host myocardium, Figure 36.  In the subacute MI setting, NRVM matured faster than 

hESC-CMs in the adult rat heart (Kadota et al. 2017). There is consensus that the in 

vivo environment directly affects the maturation of any transplanted CMs, due to the 

environmental biophysical and biochemical cues, together with cellular crosstalk with 

non-myocyte stromal cells (Kadota et al. 2017; Cho et al. 2017; Karbassi et al. 2020; 

Guo and Pu 2020). Supraphysiological electrical pacing promoted hESC-CMs 

maturation in 3D-EHTs (Ronaldson-Bouchard et al. 2018), thus highlighting the 

instrumental role of electrophysiological cues. Our species-matched cellular therapy 

likely led to more efficient cellular crosstalk and matched contractile kinetics, which 

augmented cardiac graft maturation in the chronically infarcted rat hearts.  

Our species-matched cellular therapy showed that the chronically infarcted rat heart 

was potentially amenable to cardiac regeneration. My findings highlighted the need for 

durable and mature cardiac grafts for effective cardiac regeneration of the chronically 

infarcted heart. For clinical purposes, we envision using hESC-CMs instead. To 

recapitulate the above findings with the less mature hESC-CMs, we would need an 

adjunctive cellular therapy such as hESC-epicardium, previously shown to augment 

hESC-CMs survival, proliferation, and maturation in the subacute MI setting (Bargehr 

et al. 2019). 
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5:1:2:2 Combination cellular therapy  

Our preliminary findings implied that the combination therapy [EPI+CM] group was 

able to prevent further decline in cardiac dysfunction by the 3rd month of follow-up, 

despite of the chronically scarred myocardium. An adequately powered study is 

required to validate these early findings. Nonetheless, our findings reiterated the 

potential of epicardial cells as a key stromal cell in creating a supportive 

microenvironment for hESC-CMs in the chronic MI model. Thus, an adjunctive cellular 

therapy may be indicated to salvage the chronic heart failure state. 

In this study, hESC-epicardium was not impaired by the chronic infarct environment 

and was able to augment the hESC-CMs’ survival, proliferation, maturation, and 

vascularisation in vivo, which likely led to long-term cardiac grafts in the chronically 

infarcted rat hearts. Due to the small sample size, definitive conclusions with regards 

to graft size cannot be drawn. 

Our epicardial-augmented hESC-CMs were highly proliferative, despite the chronic MI 

setting. The proliferative rates were comparable to other cardiac regenerative studies 

in the subacute MI setting (Gerbin 2015, Liu 2018). The pro-mitogenic effects of 

epicardium on CMs during cardiac development had been well-documented (Cao and 

Poss, 2018). Other pre-clinical studies utilising human-derived or hESC-epicardium 

have also demonstrated the epicardial-augmentation of CM proliferation (Weeke-

Klimp et al. 2010; Winter et al. 2007, 2009; Bargehr et al. 2019). Our co-delivery of 

hESC-epicardium may have recapitulated the synergistic epicardial-myocardial 

crosstalk during cardiac embryogenesis and thereby, augmented the hESC-CMs’ 

proliferative capacity in vivo.  



258 
 

Apart from epicardial-augmentation, hESC-CM’s proliferative capacity also reflected 

its relative immaturity compared to NRVM (Kadota et al. 2017). Prior to cellular 

injection, our hESC-derived CMs are observably less mature than NRVMs, Figure 

34A. Cardiomyocyte maturation and proliferation are inextricably linked. The cost of 

maturation is the cellular proliferative capacity as sarcomeric disassembly is required 

for cell proliferation (Karbassi et al. 2020; Guo and Pu 2020). Nonetheless, the 

epicardial-augmented hESC-CMs retained their proliferative capacity in the chronic MI 

environment, with subsequent formation of sizeable cardiac grafts and favourable 

cardiac repair. 

Together with proliferation, co-delivery of hESC-epicardium potentially augmented 

hESC-CMs maturation in our chronically infarcted rat hearts. The hESC-CMs 

underwent maturation in vivo, likely explaining our observed delay in cardiac recovery. 

The in vivo environment is instrumental for the maturation of  hESC-CMs (Kadota et 

al. 2017; Cho et al. 2017; Guo and Pu 2020); a critical biological process hastened by 

the addition of hESC-epicardium, as observed in the subacute MI and 3D-EHT setting 

(Bargehr et al. 2019). Although Fernandes et al. reported maturing CMs with hESC-

CMs alone, that chronic MI study reported negative results (Fernandes et al. 2010). In 

the subacute MI setting, hESC-epicardium accelerated hESC-CMs maturation in vivo, 

compared to hESC-CMs alone (Bargehr et al.2019). For the chronically infarcted 

hearts, the co-delivery of hESC-epicardium could similarly speed up hESC-CMs 

maturity in vivo to form mature cardiac grafts with the potential to attenuate cardiac 

dysfunction. The speed of cellular maturation in vivo may be more pertinent in the 

chronic MI setting. 

An abundance of host-derived vascularisation within both species-matched and 

combination hESC-derived cardiac grafts were also observed. The graft vascular 
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supply connected with the host vascular supply in both species-matched and hESC-

derived cardiac grafts. This histological observation correlated with other studies of 

cardiac engraftments in the subacute MI setting (Gerbin et al. 2015; Liu et al. 2018; 

Bargehr et al. 2019). Apart from maintaining a vessel network within our cardiac grafts, 

these observations hinted at pro-angiogenic signalling secreted by the engrafted cells.  

Despite the chronic MI setting, the epicardial-augmented cardiac grafts demonstrated 

increased CD31+ve neovascularization, compared to species-matched cardiac grafts. 

Our rat host myocardium also showed augmented CD31+ve neovascularization, 

which hinted at an organ-wide, heightened vascularisation response, promoted by 

hESC-epicardium. As the vascular supply within our cardiac grafts was host-derived, 

the hESC-epicardium might have secreted pro-angiogenic factors (Winter et al. 2007, 

2009; Riley and Smart 2011). Lack of vascularisation had been highlighted as a key 

reason for the failed hESC-CM monotherapy in the chronic MI setting (Fernandes et 

al. 2010; Shiba et al. 2014). The unique promotion of neovascularization by hESC-

epicardium might have contributed towards greater hESC-CMs survival, proliferation, 

engraftment, and cardiac recovery in our chronically infarcted rat hearts.   

This preliminary work demonstrated that both species-matched and combination 

cellular therapy could plausibly salvage the chronically infarcted myocardium, albeit to 

different extents. In both types of CM-based cellular therapy, there were mature and 

durable cardiac grafts, underpinned by CM engraftment, proliferation, maturation, and 

vascularisation in vivo. Despite the hostile chronic MI environment, optimizing the cell 

types had yield durable and mature cardiac grafts, with the potential to reverse the 

course of the failing heart. Thus, combination cell therapy with hESC-epicardium and 

hESC-CMs may hold translational potential, as a heart failure treatment for our 

patients.  
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5:1:3 Clinical challenges posed by cellular therapy 

Demonstrating that CM-based cellular therapy could potentially rescue the chronically 

failing heart had addressed a notable gap in the cardiac regeneration field. More 

importantly, these results have taken us closer towards clinical translation. However, 

our findings raised several key clinical challenges that need to be addressed prior to 

clinical translation.  

5:1:3:1 Cellular therapy is associated with arrhythmias 

Pre-clinical studies have reported arhythmic events associated with the delivery of 

hESC-CMs to regenerate the infarcted hearts (Shiba et al. 2013; Liu et al. 2018; 

Romagnuolo et al. 2019). These arrhythmic events had been associated with the 

immaturity of engrafted hESC-CMs (Liu et al. 2018; Romagnuolo et al. 2019). Liu et 

al. demonstrated with exhaustive electrophysiological studies that the nidus of 

arrhythmic events is the immature hESC-cardiac graft, events which reduce in 

frequency as the graft matured in vivo (Liu et al. 2018). Although these arrhythmic 

events are self-terminating, they carry significant clinical risks. To reduce the 

arhythmic events, it is reasoned that more mature hESC-CMs at the point of 

intramyocardial injections may be required.  

However, would a more mature hESC-CM proliferate or integrate well in vivo? Given 

that our more mature species-matched therapy resulted in superior cardiac grafts and 

well-aligned connexin-43 gap junctions, a closer look at P1/P2 NRVM behaviour in 

vivo, in real-time, may guide us. Adolescence-like maturity is likely the aim (Yang et 

al. 2014), as injected adult rat CMs did not integrate and died in vivo (Reinecke et al. 

1999). Furthermore, the need for the proliferation-maturation balancing act has been 
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noted (Karbassi et al. 2020; Guo and Pu 2020). Thus, further work is warranted to 

determine the optimal maturity level of CMs, to reduce the pro-arrhythmic risks.  

5:1:3:2 Cellular therapy-related arrhythmias: contractile benefits or 

paracrine solutions?  

Given the pro-arrhythmic risks of CM-based cellular therapy, should the focus be on 

paracrine mechanisms over contractile cell therapy? A proportion of chronic heart 

failure patients already suffer from arrhythmic events, thereby risking further 

aggravation with ‘pro-arrhythmic’ cellular therapy (Menasché et al. 2018). Different 

groups had explored the alternative approach of delivering only paracrine signals to 

the infarcted heart via cardiac progenitor cells, patches or exosomes (Gnecchi et al. 

2008; Zhu et al. 2018; Menasché et al. 2018; Gao et al. 2020). However, these studies 

only reported modest results. Furthermore, the cardiac regenerative paracrine signals 

remained undefined.  

In all likelihood, our exogenously delivered contractile cell types conferred both 

contractile and paracrine benefits amongst themselves and/or with the host tissue and 

system. Despite durable and mature cardiac grafts in the chronic MI environment, our 

graft sizes and those reported in literature account (Fernandes et al. 2010) for graft 

sizes ~ 1-3% of LV, thereby improved cardiac function would likely need both improved 

contractility via ‘primary remuscularization’ at the infarct and paracrine effects on the 

host myocardium. As evidenced by host-derived vascularization within the cardiac 

grafts (Section 3:1:2:6), the contractile cell types likely acted as a continuous source 

of paracrine signalling to the host tissue and organ system. A comparative study of 

hESC-CMs and adult stem cells showed superior cardiac repair by hESC-CMs in the 

subacute MI setting, likely due to increased contractile force afforded by primary 
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‘remuscularization’ (Fernandes et al. 2015). Thus, both paracrine signalling and 

contractile force are required for successful cardiac regeneration.  

Potentially, we could creatively circumvent the arrhythmic events by outlining the 

optimal cellular maturity pre-injection and modulate cellular maturation in vivo via 

genetically-edited and temporally-modulated ‘designer cells’. Before personalised 

‘designer cells’ for chronic heart failure can be created, clarity on the paracrine 

signalling involved is needed. 

5:1:3:3 Cellular therapy is associated with immunogenicity 

For our proof-of-concept studies in the chronically infarcted rat hearts, we tackled the 

immunogenicity concerns by utilising athymic nude rats and a week of cyclosporine 

injections. The attack on donor stem cells is predominantly driven by the adaptive 

immune system. Thus, our athymic nude rats lack the adaptive immune system. 

Furthermore, cyclosporine inhibits Il-2 transcription with subsequent inactivation of T-

cells. Downregulation of the adaptive immune system appeared sufficient for robust 

graft survival in our study, as corroborated by other rat studies in the subacute MI 

setting (Laflamme et al. 2007; Gerbin et al. 2015; Bargehr et al. 2019). Of note, ageing 

athymic nude rats were reported to develop oligoclonal T cells (Vaessen et al. 1986; 

Rolstad 2001). Future longer-term rodent studies may consider regular cyclosporine 

instead.  

As for clinical translation, the immunogenicity of cellular therapy poses a significant 

challenge. To circumvent this, several strategies have been explored, such as 

allogeneic cell transplantation derived from banked IPSC lines or MHC-matching 

(Kawamura et al. 2016; Shiba et al. 2016). Allogeneic MHC-matched and species-

matched IPSC-derived CMs could regenerate the infarcted non-human primate heart, 
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with the reduction to a single immunosuppressive agent (Kawamura et al. 2016; Shiba 

et al. 2016). However, a significant immune response remained (Kawamura et al. 

2016).  

Requiring a lifetime on a triple immunosuppressive regimen is both clinically and cost 

prohibitive. Although patient-specific IPSCs could be generated, de novo 

mitochondrial DNA mutations could still evoke an immunogenic response (Deuse et 

al. 2019). thereby requiring genetically edited hypoimmunogenic IPSCs (Mattapally et 

al. 2018; Murata et al. 2020; Han et al. 2019). Thus, a better solution may be utilized 

such as genetically edited hypoimmunogenic cells with the knockout of two key 

components of MHC complexes I and II, namely β2 microglobulin and class II MHC 

class transactivator (Mattapally et al. 2018), together with the expression of 

immunomodulatory factors such as PD-L1, HLA-G and CD47 from the AAVS locus 

(Han et al. 2019). These ‘designer cells’ have shown promise in early pre-clinical 

studies (Deuse et al. 2019).  

In view of translating Epi+CM cellular therapy into patients, dual-cellular therapy would 

pose a greater immunogenicity concern than monotherapy. A more pragmatic 

approach may be to delineate the paracrine signalling underpinning the epicardial-

myocardial crosstalk, thereby granting novel, acellular approaches in modulating 

hESC-CMs in vivo.  
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5:2 Epicardial-FN is Necessary for Epicardial-

Myocardial Crosstalk 

The synergism between epicardium and CMs witnessed in cardiac development and 

injury (Gittenberger-De Groot et al. 2000; Lie-Venema et al. 2007; Lepilina et al. 2006), 

3D-EHTs and exogenous cellular therapy (Winter et al. 2007, 2009; Bargehr et al. 

2019), makes the co-injection of hESC-epicardium and hESC-CMs (Epi+CM) an 

attractive candidate for heart regeneration in patients. The exact mechanisms 

underlying the beneficial effects of Epi+CM remain to be elucidated, but are likely due 

to a mixture of paracrine signalling and ‘primary remuscularization’. To translate safely 

into clinics, we need to delineate the epicardial-myocardial crosstalk. 

Based on our bulk RNA-sequencing data and observations made by the Sinha Lab 

(Bargehr et al. 2019), we focused upon the role of epicardial-FN. From the chronic MI 

rodent studies, a different pattern of FN distribution was also observed in the presence 

of Epi+CM grafts, compared to NRVM and Sham. FN deposition concentrated 

predominantly around the Epi+CM cardiac grafts, whilst remained subendocardial in 

the other graft types tested. These observations were compelling. Thus, I 

hypothesized that epicardial-FN was a putative key mediator in epicardial-myocardial 

crosstalk, leading to enhanced cardiac regeneration in rodent MI studies. This 

hypothesis was tested using a set of loss of epicardial-FN function and rescue of 

epicardial-FN function studies in vitro.   
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5:2:1 Ratio of Epi:CM in 3D-EHTs 

To study the mechanism of epicardial-myocardial crosstalk, I need to mimic the 

developmental ratios to determine the optimal ratios of Epi: CM. A balance must be 

sought between the amount of contractile cell type and the synthetic, supportive 

stromal cell type (Giacomelli et al. 2017; 2020). My study determined that the optimal 

ratio of epicardium to the CMs was 1:9, as this ratio produced the highest active force 

generation and Ca2+-handling. This ratio of CM to stromal cell has been similarly used 

by other bioengineering groups in their respective 3D-EHTs (Giacomelli et al. 2017; 

2020; Ronaldson-Bouchard et al. 2018). After the determination of the optimal CM:Epi 

ratio for 3D-EHTs, a series of loss of epicardial-FN function studies in 3D-EHTs was 

performed. 

5:2:2 Loss-of-FN function decreased hESC-CM maturation 

and attenuated 3D-EHTs’ contractile function 

Loss of epicardial-FN function abrogated the epicardial-augmentation of hESC-CM 

maturation in 3D-EHTs. Loss of epicardial-FN function resulted in the lack of an active 

force-length relationship, inefficient Ca2+ handling and immature sarcomeric 

organisation, which were defining features of immature CMs (Karbassi et al. 2020; 

Guo and Pu 2020), Table 2. The effects of the loss of epicardial-FN were consistent 

across three different methods of blocking or minimizing epicardial-FN expression, 

which encompassed i) peptide inhibition of FN polymerisation, ii) Crispr-cas9-

mediated knockout of epicardial-FN and iii) tetracycline-induced shRNA-mediated 

reduction in epicardial-FN expression in 3D-EHTs. Our loss of epicardial-FN function 

directly attenuated CM maturation in 3D-EHTs. Notably, the 3D-EHTs with loss of 
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epicardial-FN function displayed similar functional readouts as hESC-CM alone, 

thereby lending further weight to the hypothesis that epicardial-FN is a key mediator 

in epicardial-myocardial crosstalk.  

Given the multifaceted role of FN, do these findings reflect the loss of FN or epicardial-

FN? Initially, this was tested with downstream inhibition of fibronectin polymerisation 

by a small peptide (pUR4) (Tomasini-Johansson et al. 2001; Valiente-Alandi et al. 

2018). Polymerised fibronectin carries wide-ranging influence over crucial cellular 

processes, inclusive of adhesion, growth, proliferation, migration, survival, and 

differentiation (Schwarzbauer and DeSimone 2011). A broad pUR4-mediated 

inhibition of FN function led to vastly different results in the combined presence of 

Epi+CM, compared to CM alone, in 3D-EHTs. There was a greater loss of CM 

maturation in the combined presence of Epi+CM. Furthermore, the results from the 

genetically induced loss of epicardial-FN function were similar to the pUR4 inhibition 

studies. Infarcted rodents receiving hESC-epicardium alone did not exhibit increased 

FN deposition (Bargehr et al. 2019), suggesting that epicardial-FN was only 

upregulated in response to hESC-CMs. Thus far, evidence suggested that epicardial-

FN was plausibly a key mediator of epicardial-myocardial crosstalk and therefore, 

uniquely indispensable to hESC-CMs. 

If so, how does epicardial-FN communicate with hESC-CMs within 3D-EHTs? Our loss 

of epicardial-FN function also decreased FN-integrin signalling with hESC-CMs. 

Polymerised FN signals through a cell surface receptor, integrin-α5β1, as its key signal 

transducer (Hynes 1987; Wickström et al. 2011), thereby enabling extracellular and 

intracellular communication. Integrins usually act as mechano-transducers by 

converting mechanical cues into biochemical signals (Israeli-Rosenberg et al. 2014). 
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The activated integrin-α5β1 signals through multiple pathways that govern various 

crucial cellular processes such as cell migration, survival, cell cycle progression, and 

differentiation (Wickström et al. 2011; Schwarzbauer and DeSimone 2011). Our 

results suggested that epicardial-FN communicated with hESC-CMs via integrin-α5β1. 

A comparative experiment of loss of integrin-α5β1 function with loss of epicardial-FN 

function would be required to confirm our observations. Thus far, and with some 

caution, I postulate that epicardial FN-integrin signalling represents a major 

communication channel within epicardial-myocardial crosstalk, that regulates hESC-

CM maturation.  

Epicardial-FN is instrumental in mediating the epicardial-myocardial crosstalk during 

cardiac regeneration in the zebrafish (Wang et al. 2013). In the zebrafish, injury-

activated epicardial cells secrete the fibronectin isoform (fn1) which binds to integrinβ3 

receptors to integrate CMs within the site of injury (Wang et al. 2013). Fn1 loss-of-

function mutations disrupted zebrafish heart regeneration, leading to fibrosis instead 

of a contiguous wall of new muscle (Wang et al. 2013). The findings from my loss of 

FN-function 3D-EHTs studies shared similarities with the zebrafish model, thus further 

strengthening the evidence that epicardial-FN could be a key mediator of epicardial-

myocardial crosstalk.   

5:2:3 Rescue of loss-of-FN function with human recombinant 

FN 

Our studies to rescue the loss-of-FN function with recombinant, human FN (huFN) 

proved partially successful for active force-length production. However, both Ca2+-

handling profiles and sarcomere assembly remained inefficient and immature. So, why 
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did the rescue of epicardial-FN function did not completely work? The findings can be 

dissected from both technical and biological perspectives.  

From the technical perspective, adding huFN into the media daily might not lead to 

efficient uptake by the CMs encased within the 3D-EHTs. huFN might need to be 

embedded within the 3D-EHTs to be efficacious. Future studies could incorporate 

huFN within the 3D-EHTs during construction. However, the 3D-EHTs were 

constructed from geltrex and collagen. Both components of the extracellular matrix 

which were optimised for a specific Young’s modulus to support force measurements. 

Thus, 3D-EHTs might not be the optimal assay to study the rescue of epicardial-FN 

function studies.  

From the biological perspective, epicardial-FN might be a specific spliced isoform of 

fibronectin and different from the commercially sourced huFN used in this work. FN 

has many alternative splicing sites, giving rise to 20 isoforms in the human, with many 

roles in regulating crucial biological processes during development and disease 

(Schwarzbauer and DeSimone 2011; Astrof et al. 2007; Valiente-Alandi et al. 2018). 

Further studies using a combination of mass spectrometry and proteomics to isolate 

and characterize our epicardial-FN would be useful. These studies should grant 

specific insights into epicardial-FN isoforms and potential binding sites. Nonetheless, 

the rescue of epicardial-FN function studies highlighted the specificity of epicardial-FN 

for augmentation of hESC-CMs.  

Another explanation could be that huFN failed to rescue due to the dynamic nature of 

epicardial-FN secretion, as guided by the evolving needs of the maturing hESC-CMs 

in 3D-EHTs. In the zebrafish, the ECM, inclusive of epicardial-FN, displays a dynamic 

spatiotemporal nature to enable successful cardiac regeneration (Mercer et al. 2013). 
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The FN-integrin signalling pathway transmits biophysical and biochemical cues from 

the environment to invoke specific cellular processes, such as cellular survival, 

migration, proliferation, or maturation (Hynes 1987; Wickström et al. 2011). As the 

hESC-CMs mature over time, a consistent daily dose of huFN might fail to match 

fluctuations in levels possibly required by CMs at different stages of maturation. If so, 

recapitulating this by the addition of recombinant human FN alone may be exceedingly 

difficult.  

Nonetheless, a clear and reproducible loss-of-FN function across three modalities was 

demonstrated. Our findings also supported another hypothesis that epicardium 

communicated with CMs via an epicardial-FN-integrin signalling pathway. Refining the 

exact role of epicardial-FN proved elusive, potentially due to the multifaceted role of 

FN. Moreover, the epicardial-myocardial crosstalk governs many different processes 

during cardiac development and disease (Wang et al. 2011; 2015; González-Rosa et 

al. 2012; Von Gise et al. 2012; Cao and Poss 2018). To examine the broader 

implications of loss of epicardial-FN function, an in vivo study utilising rat MI model 

would be highly warranted. Quite plausibly, epicardial-FN could have more 

downstream effects than just the augmentation of CM maturation. 

To gain a bird’s eye view of the role of epicardial-FN within epicardial-myocardial 

crosstalk, our group recently mapped an epicardium-myocardium interactome, 

utilizing single-cell sequencing data. Focusing solely on epicardial-FN, the interactome 

demonstrated that epicardial-FN putatively signalled via different receptors and 

soluble factors; with downstream effects ranging from ECM turnover, cell survival, 

proliferation, and angiogenesis (Ong, Bargehr, Knight-Schrijver et al. manuscript in 

preparation). The epicardial-FN and CM interactome is shown in Figure 80, Appendix 

9.4.  



270 
 

As for the combination therapy of hESC-epicardium and hESC-CMs as potential 

cellular therapy for heart failure, the epicardial-FN function studies strongly implied 

that hESC-epicardium is irreplaceable. hESC-epicardium needs to be constantly 

present to adapt to the changing needs of hESC-CMs. The dynamic nature of 

epicardial-myocardial crosstalk appeared to be crucial for the augmentation of hESC-

CM contractile function, both in vitro and in vivo.  

5:3 Study Limitations 

5:3:1 Chronic MI rat model  

The in vivo study used had several limitations. Most importantly, there were a limited 

number of animals in each group due to the complexity of the procedure and a long 

follow-up period. This limited the statistical power of several analyses. Each of the 

study arms was conducted in a serial manner, due to the necessity of training and 

collaborative efforts. Given this, all the intra-myocardial injections were performed by 

the same person (A.M.), and she was blinded to the pre-injection cardiac function of 

each animal. In addition, all the echocardiographic analyses were performed by an 

independent, blinded assessor. Despite the serial non-randomised nature of the study, 

we gained important insights into the specific trends of cardiac function post-cellular 

therapy. The detailed histological analyses aligned with the preliminary findings for the 

species-matched and combination therapy groups. However, the small sample size 

precluded any definitive conclusions.  

To validate our preliminary findings, we plan to conduct a randomised, double-blinded 

chronic MI rodent study in spring 2022 in collaboration with Professor Charles E Murry, 

University of Washington, USA. This study would be adequately powered as outlined 
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in Section 2:2:1. Given the challenges with our initial study, this definitive study would 

be conducted as a single-phase study at the University of Washington, USA. We will 

utilise the same surgical and echocardiographic operator throughout to reduce 

operator error.  

Next, we were limited by the type of cardiac imaging modality used in this preliminary 

study. We used 2D-echocardiography in the short axis view (SAX) to evaluate cardiac 

contractility (FS%), similar to previously reported studies (Laflamme et al. 2007; 

Fernandes et al. 2010; 2015; Bargehr et al. 2019). With 2D-ECHO, we cannot evaluate 

the cardiac output, contraction of the graft area or synchronicity of graft contractions. 

At the time of study, we were limited by lack of access to improved versions of rodent 

cardiac imaging e.g. MRI or high-frequency speckle tracing echocardiography, which 

will be further discussed in Section 6:1:1. 

Another limitation is how well chronic infarcts in young athymic nude rats mimic the 

sequelae of a middle-aged patient with a chronically failing heart after myocardial 

infarction. A middle-aged patient could also have other cardiac risk factors such as 

diabetes, atherosclerosis, and obesity. The chronic MI rat model is a proof-of-concept 

study to assess the feasibility of cellular therapy in a chronically scarred heart. In a 

stepwise progression of questioning, proceeding into the usage of diabetic rats, 

atherosclerotic rat models, rats on high-fat diets or ageing rats may be helpful. This 

bridge between pristine animal studies and complex human patients is a well-trodden 

but obstacle-laden path to clinical translation.  
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5:3:2 The 3D-Engineered Heart Tissues 

As for the mechanistic study of FN in 3D-EHTs, there were several limitations. Firstly, 

there was considerable variability amongst the biological and technical replicates 

across all groups for the force generation profile, Ca2+-handling and RNA expression 

experiments. The reasons were due to different cellular differentiation and variable 

construct generation. As EHTs are hydrogel-based and CMs are sensitive to local 

tension, the exact cell:gel ratio is critical for cellular maturation. However, 3D-EHTs 

are the most physiologically relevant model to assess cardiac maturation via Frank-

Starling force generation and Ca2+-handling (Stoehr et al. 2014; Ronaldson-Bouchard 

et al. 2018). Thus, we addressed the limitations above by ensuring CM purity (>80% 

cTNT+ve) and increased cell viability during casting with heat-shock at 42ºCelcius.  

As for imaging of Ca2+ transients, the background fluorescence is a confounding 

variable as the H9 cell line used is GFP+ve. We circumvented this confounder by pacing 

our 3D-EHTs during the measurements. Furthermore, I had only analysed the kinetics 

of Ca2+ transients, rather than absolute values. A more elegant approach would be to 

utilize a hESC-CM with a genetically encoded calcium sensor (Broyles et al. 2018).  

Another limitation is that the mechanistic insights gained from the 3D-EHTs studies 

could only clarify the effects of epicardial-FN on hESC-CM’s maturation, within a 

developmental context. Apart from CM maturation, hESC-epicardium also augmented 

CM proliferation, tissue angiogenesis and ECM turnover in vivo. Thus, our current 3D-

EHTs studies could not fully clarify the role of epicardial-FN in our cardiac regenerative 

rodent studies. Whether epicardial-FN played a role in any of these epicardial-specific 

benefits would need to be elucidated in assays, other than 3D-EHTs. Nonetheless, 

epicardial-FN is proving to be a key mediator for epicardial-augmented cellular 
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therapies, based upon the observations of epicardial-FN’s role in our 3D-EHTs, animal 

MI models and bulk RNA-sequencing data. 

6. FUTURE WORK AND 

DIRECTION 

Despite the encouraging results from our proof-of-concept studies, significant 

roadblocks to translating our findings into patients remain. In terms of clinical priority, 

these are arrhythmic events due to cellular immaturity, immunogenicity, and cellular 

adaptation to the chronic, fibrotic environment. As for scientific prioritisation, 

elucidation of the mechanistic underpinnings of paracrine signalling leading to 

cardiomyocyte survival, proliferation and maturation is a must. This elucidation would 

greatly aid in addressing all the key challenges discussed throughout.  

6:1 Cellular therapy to salvage chronic heart failure 

6:1:1 Cardiovascular imaging 

For future work, characterization of cardiac function in the rodent MI models would 

benefit from a gold standard imaging modality, i.e., magnetic resonance imaging 

(MRI); widely used across small and large animal models for accurate assessment of 

cardiac function (Fernandes et al. 2010; Chong et al. 2014; Liu et al. 2018; 

Romagnuolo et al. 2019).  MRI enables the measurement of cardiac volume changes 

in real-time, thereby giving cardiac output and ejection fraction (EF%) as a more 

encompassing measure of cardiac function. Crucially, MRI enables assessment of 
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scar evolution overtime via T1/T2 weighted images (Romagnuolo et al. 2019). Cardiac 

functional recovery, in the context of fibrosis attenuation to regenerate the infarcted 

heart, remains a major roadblock for this field. Thus, MRI is particularly important for 

the study of chronic heart failure models. 

High-frequency speckle tracking echocardiography (STE) also measures cardiac 

function including global and regional contractility (Bhan et al. 2014; Earl et al. 2021). 

STE utilises high-frequency probes (30–50 MHz) with higher spatial resolution (30 µm) 

to track regional deformity, longitudinal and radial strain. Given this refined resolution, 

STE’s accuracy is comparable to cardiac MRI  (Bhan et al. 2014). Apart from cardiac 

function, STE could identify the infarct region to quantify engrafted CMs’ contractility 

in relation to host myocardium. Compared to MRI, echo is more accessible with shorter 

anaesthetic duration, but the accuracy is operator dependent. Thus, STE is a 

promising imaging modality to evaluate the efficacy of cellular therapy.  

Both MRI and high-frequency speckle tracking echocardiography would offer a better 

resolution of both cardiac function and scar evolution over time, thereby enabling more 

accurate studies as we advance towards clinical translation. 

6:1:2 Cardiac electrophysiological studies 

Further delineation of graft-host electrical integration with ex vivo cardiac calcium-

mapping studies (Shiba et al. 2013; 2014; Gerbin et al. 2015) or in vivo 

electrophysiological studies (Kehat et al. 2004; Chong et al. 2014; Liu et al. 2018; 

Romagnuolo et al. 2019) are warranted. In our chronic heart failure rat model, there 

was histological evidence of connexin-43 gap junction connectivity within graft and 

graft-host, hinting at electrical integration with the host. However, there were also large 
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areas of scarring, potentially impeding electrical connectivity. The only way to prove 

functional graft-host electrical integration is via ex vivo calcium-mapping in the rodent 

model. This might be quite challenging and limited by the size of the cardiac grafts. A 

better approach would be electrophysiological (EP) studies in vivo. EP studies would 

give real-time analyses of electrical connectivity, together with insights into any ‘pro-

arrhythmic’ cellular events. However, EP studies are only feasible in large animal 

models of cardiac regeneration. As graft-host electrical connectivity is a pressing 

question and arrhythmic events carry significant clinical risks, conducting EP studies 

in large animal models of cardiac regeneration, would represent the next step towards 

clinical translation.  

6:1:3 Species-specific ESC/IPSC-derived CMs for pre-clinical 

studies in cardiac regeneration 

Given the augmented cardiac repair with species-matched therapy, the question ‘Are 

species-mismatched cellular therapies impeding the full potential of hESC/IPSC-

derived CMs to regenerate the infarcted rat heart?’ should be asked. 

To address this question, the usage of rat-ESCs/IPSCs to derive CMs and epicardium 

would be commended (Merkl et al. 2013; Dahlmann et al. 2018). Studies utilising 

species-matched IPSC-CMs derived from non-human primates had yielded sizeable 

cardiac grafts, albeit in the subacute MI setting (Kawamura et al. 2016; Shiba et al. 

2016). Drawing upon all the subacute MI studies (Kawamura et al. 2016; Shiba et al. 

2016) and this work, species-matched cellular therapy appears to be beneficial for the 

infarcted heart.  
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 Collectively, these observations are reassuring for the translation of human-derived 

cells for heart failure patients. Therefore, the only benefit that rat-ESC/IPSC CMs could 

offer is a higher-throughput study. If we are limited by imaging and EP studies in the 

rat model, perhaps going directly into a large animal model may be more fruitful 

instead. 

6:1:4 Pre-clinical development of cellular therapy to regenerate 

the chronically infarcted heart  

As for the next steps in translation and pre-clinical development of cellular therapy for 

clinics, we firstly need to interrogate the efficacy of Epi+CM cellular therapy in a pre-

clinical large animal model, i.e., a pig or non-human primate heart failure model. The 

scientific insights to be gained from a large animal model are numerous; 

encompassing in vivo electromechanical integration studies (Chong et al. 2014; Liu et 

al. 2018; Romagnuolo et al. 2019), real-time region-specific cardiac functional studies, 

live-tracking of grafted cells (Ostrominski et al. 2020), detailing clinically relevant 

cellular dosages (Chong et al. 2014; Liu et al. 2018) and immunosuppressive regimen 

(Kawamura et al. 2016; Shiba et al. 2016), whilst trialling different strategies for cellular 

implantation, such as surgical open-heart approaches for direct intramyocardial 

injections or percutaneous angioplasty-guided cellular delivery via the femoral artery. 

On the practical clinical side, these insights would guide the planning and adaptation 

of current hospital infrastructure for cellular-treated patient pathways.  

In the UK, only the TBRC (Translational Biomedical Research Centre, University of 

Bristol) could offer an all-encompassing service with large-scale cellular production 

with a bioreactor, large animal MRI, and a trained team of animal technicians to care 
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for the animals and assist in the cellular interventions. As discussed throughout this 

thesis, the chronic heart failure model is especially challenging, given the long 

timeframe required to observe any reversal of its pathophysiological remodelling. 

Nevertheless, a carefully planned, long-term large animal study with adequate funding 

is required, as the clinical need clearly outweighs the cost.  

6:1:5 Anti-fibrotic therapies as an adjunct to cellular therapy 

for chronic heart failure 

A potential challenge yet to be addressed is the amount of fibrosis in the heart failure 

setting. A fibrotic response following a myocardial infarction is necessary to prevent 

immediate cardiac rupture. However, the mammalian fibrotic response outlasts the 

acute phase of the myocardial infarction and is not cleared away (Frangogiannis and 

Kovacic 2020), unlike the zebrafish cardiac regenerative model (Wang et al. 2011, 

2013; Kikuchi et al. 2011; Cao et al. 2017; Cao and Poss 2018). Persistent local and 

generalised myocardial fibrosis exacerbates cardiac dysfunction post-MI 

(Frangogiannis and Kovacic 2020) and likely to provide a physical impedance to our 

transplanted cells for graft-host integration.  

Various anti-fibrotic therapies, ranging from cell-based to small molecules, are being 

trialled by different groups (Aghajanian et al. 2019; Chothani et al. 2019). Chothani et 

al. demonstrated the feasibility of central post-transcriptional regulation of cardiac 

fibrosis by RNA-binding proteins (Chothani et al. 2019). Adhajanian and colleagues 

utilized genetically engineered T-cells to recognize and ‘eat-up’ pathological cardiac 

fibrosis (Aghajanian et al. 2019). Invoking endogenous cardiomyocyte proliferation 

with microRNA cocktail appeared to attenuate the size of post-MI scar (Gabisonia et 
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al. 2019). A potential approach to tackle fibrosis is to employ both exogenous cellular 

therapies with ‘designer’ cells and endogenous cardiomyocyte proliferation to ‘bridge 

the fibrotic gap’. Despite the promises of cellular therapy and advances in cellular 

genetic modulation, a considerable distance is yet to be covered.  

6:2 Elucidation of epicardial-FN’s role in epicardial-

myocardial crosstalk 

6:2:1 ‘Cardiac injury’ 3D-EHT models 

My current 3D-EHTs model only confer a cardiac developmental context. To address 

this limitation, we could utilise a ‘cardiac injury’ model within 3D-EHTs. A ‘cardiac 

injury’ 3D-EHTs model could be established in two ways: i) ‘acute injury’ model could 

be induced by the addition of a cocktail of pro-inflammatory cytokines (e.g. IL-6, TNF-

alpha) or ii) ‘chronic heart failure’ 3D-EHTs model driven by chronic catecholamine 

toxicity (Tiburcy et al. 2017). Both ‘cardiac injury’ 3D-EHT models would better 

simulate our heart failure animal model.  

More importantly, the ‘cardiac injury’ 3D-EHTs model would enable a specific 

epicardial FN question to be answered, ‘Would epicardial FN still be beneficial in the 

injury setting?’ The FN has a contradictory role in cardiac development and disease 

(Schwarzbauer and DeSimone 2011; Wickström et al. 2011; Valiente-Alandi et al. 

2018). Thus, one postulated that the injury-activated and developmental-activated 

pathways for epicardial-FN secretion and downstream action may be distinct.  

Unlike the animal model, the ‘cardiac injury’ 3D-EHTs would be unencumbered by host 

immune cells infiltration. Any interrogation of the role of epicardial-FN would only be 
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contextualised within epicardial-myocardial crosstalk during injury. Thus, the ‘cardiac 

injury’ 3D-EHTs model represents a stepwise and high throughput manner of 

elucidating the role played by epicardial-FN within our cardiac grafts.  

6:2:2 Does epicardial-FN promote angiogenesis? 

3D-EHTs lack a vascular supply. To interrogate the role of epicardial-FN on 

angiogenesis, I would propose using the chick embryo chorioallantoic membrane 

model (Iyer et al. 2015; Bargehr et al. 2019). In our Epi+CM cardiac grafts, there were 

anecdotal observations of increased CD31+ve angiogenesis and FN deposition within 

similar coordinates on our rat heart sections. Furthermore, FN’s role in angiogenesis 

is well-described (Astrof and Hynes 2009). Thus, one postulated that epicardial-FN 

was pro-angiogenic and led to the enhanced neovascularization observed in our 

epicardial-augmented cardiac grafts.  

Examining this hypothesis in ovo by using our inducible KD-FN cell line co-cultured 

with hESC-CMs, with subsequent quantification of angiogenesis would grant further 

insights. If epicardial-FN is indeed pro-angiogenic, this would imply that epicardial-

FN’s benefits are not limited to hESC-cardiomyocyte maturation, i.e., epicardial-FN is 

multipotent.   

6:2:3 Is the epicardial-FN secretion affected by epicardial 

heterogeneity? 

Gambardella and colleagues have demonstrated that our hESC-epicardium is 

heterogeneous (Gambardella et al. 2019). hESC-epicardium is composed of two 

subpopulations with different cellular preponderances to differentiate into SMC or 

cardiac fibroblasts (Gambardella et al. 2019). The two subpopulations also 
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demonstrated major differences in GO (gene ontology) terms encompassing key 

processes, such as myogenesis, fibrosis and angiogenesis (Gambardella et al. 2019). 

The final cell fate adopted by our implanted epicardial cells could directly affect CM 

proliferation, tissue tension or vascularisation within our cardiac grafts, and thereby 

the degree of myocardial recovery in our infarcted rat hearts.  

Thus, we would need to isolate the two subpopulations and determine the relative 

benefits of each subpopulation on hESC-CM maturation with the 3D-EHTs studies. 

Next, determining if epicardial-FN secretion is favoured by a particular subpopulation 

and whether epicardial-FN contributes to subpopulation crosstalk would be needed. 

Then, we would utilise a dual-reporter cell line to investigate the two subpopulations 

within our cardiac regenerative rodent studies. Collectively, these comprehensive 

experiments would offer greater clarity on the role of epicardial-FN, in the context of 

epicardium heterogeneity and cardiac regeneration. 

6:2:4 Positioning epicardial-FN within the epicardial-

myocardial crosstalk’s genetic blueprint  

FN is a ubiquitous protein secreted by many different cell types and interacts with 

various pathways (Schwarzbauer and DeSimone 2011). Whilst some insights were 

gained from using 3D-EHTs to study the loss of epicardial-FN in mediating epicardial-

myocardial crosstalk, this was quite low-throughput from the mechanistic viewpoint. 

A high-throughput CRISPR-cas9-mediated library screen of epicardial-myocardial co-

cultures, focused on the role of epicardial-FN, could allow us to identify entire 

pathways regulated by epicardial-FN, together with specific interactions with CMs and 

downstream cellular functions. The CRISPR-cas9-mediated library screen could grant 

the resolution required to outline each step of the identified vital pathways. This 
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approach could be complemented by using RNAscope technology and spatial 

transcriptomics to study the epicardial-FN modulated key pathways in vivo. Altogether, 

this could yield a blueprint of epicardial-myocardial crosstalk, with emphasis on the 

role of epicardial-FN in epicardial-myocardial crosstalk.   

As cardiac regeneration advances towards clinical translation, delineating the 

mechanistic underpinnings of epicardial-myocardial crosstalk is increasingly crucial. 

The need for mechanistic insights to be gained, in parallel with cardiac regeneration 

successes in pre-clinical animal models, cannot be overemphasised. 

7. CONCLUSIONS 

This doctoral work demonstrated that regenerating the chronically failing heart with 

CMs of the optimal maturity and similar species, delivered with an appropriate 

supportive stroma, was possible. Furthermore, I showed that epicardial-secreted 

fibronectin played a pivotal role in epicardial-myocardial crosstalk. Merging our 

understanding of the pathophysiological progression of the chronically infarcted heart 

and the role of hESC-epicardium is crucial, to cure chronic heart failure. Exogenous 

cardiac regeneration with cardiomyocyte-based cellular therapy still represents our 

best hope for the ideal heart failure treatment. 

 Moving forward, our collaborative efforts must focus on delineating the mechanistic 

underpinnings of epicardial-myocardial crosstalk, whilst translating these benefits into 

regenerating the chronically infarcted myocardium. Then, perhaps we are inching 

closer to clinical translation, safely and with care.  
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 8. APPENDIX 

8:1 Causes and timing of animal deaths within the 
chronic MI rodent study  
 

 
Animal 
Groups 

Timing of Death  
(calculated as days from  

pre-injection ECHO Exclusion,  
which is D21 post-MI) 

Cause of Death  

1 Sham D8 Intraoperative Death  
2 NRVM D81 Found dead in cage 
3 NRVM D35 Died during 

echocardiography 
4 Epi+CM D35 Euthanized due to drastic 

weight loss  
Table 15: Causes of animal deaths 

 

8:2 Histological and echocardiographic parameters in 
the chronic MI rodent study  
 

Parameter Sham NRVM Epi+CM 
Histologic 

   

Infarct Area (%LV) 18.22±3.61 19.50±1.9 19.66±1.1     

Echocardiography 
   

Fractional Shortening (%),  
D21 post-MI 

28.12±3.6 18.15±1.2 21.66±1.1 

Fractional Shortening (%),  
1st month post-injection 

27.01±3.1 22.89±4.2 14.85±1.6 

Fractional Shortening (%),  
2nd month post-injection 

21.59±4.6 22.76±3.9 22.19±2.5 

Fractional Shortening (%),  
3rd month post-injection  

18.18±2.3 22.38±3.6 19.0±1.2 

Table 16: Histological and echocardiographic parameters 
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8:3 Practical details of the Cambridge set-up of cardiac 

regenerative rodent model  

The Cambridge set-up was performed over 2 Phases with a modest improvement of 

animal survival over time, Figure 76. There were specific challenges in each phase, 

which I would discuss in turn, together with tried and tested solutions that worked 

locally. Finally, I would also discuss and address future solutions for ongoing 

challenges with this complex surgical animal model.  

Broadly, the key procedural steps were divided into i) anaesthetic induction, intubation, 

and ventilation, ii) Operative Part 1- myocardial infarction and recovery, iii) Operative 

Part 2- intramyocardial cellular injections and recovery. These steps were discussed 

in detail in Methods and further illustrated below.  
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Figure 76: Overall survival with Cambridge set-up of the cardiac regenerative model 

A Local set-up of the cardiac regenerative rat MI model was conducted over two periods, 

termed Phase 1 (May-August 2019) and Phase 2 (October-December 2019). B Procedural 

survival rate improved to 50% in Phase 2. 

 

 

A 

B 
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8:3:1 Phase 1 Rodent Studies  

During the Phase 1 studies, our animal survival was dismal at 25%, and all deaths 

occurred peri-operatively Figure 76. The cause of death was predominantly due to 

anaesthetic and intubation concerns as listed below in Table 17.  

 

Table 17: Cause of death for individual rats in Phase 1 

Of note, there were key differences between the local and our collaborator’s 

anaesthetic regimen, intubation set-up and ventilator. Figure 77 illustrated the key 

steps during anaesthetic induction and intubation. Firstly, the lack of pre-specified 

rodent intubation stands for optimal positioning made the vocal cords visualization 

more challenging, Figure 77B. Secondly, for the anaesthetic regimen, the local 

ketamine concentration was delivered in a pre-mix with xylazine. The ketamine and 

xylazine concentration were higher than our collaborator’s lab. However, there was 

difficulty attaining the depth of anaesthesia required to visualise and stop vocal cords 

movements for direct endotracheal intubation, Figure 77C&D. Instead, there were 

repeated oropharyngeal intubations, leading to increasing hypoxia and subsequent 

animal death. Our local experience could be due to different UK/USA-specific 

commercial preparations of anaesthetic agents or delivery in pre-mix has affected its 

potency.  
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Figure 77: Optimization of anaesthetic induction and direct endotracheal intubation in 
rats 

A The rat is initially induced with injectable anaesthetic agents, delivered via intraperitoneal 

injections. This is followed by short-burst of isoflurane-rich oxygenation via nose cone. B For 

the optimized intubation method, the anaesthetized rat is suspended from its front teeth, via a 

pre-specified intubation stand. This suspension enabled lengthening and straightening of the 

rat for C its vocal cords and trachea visualization. D Upon vocal cords visualisation, the 

endotracheal tube is introduced via a hollow metal tube (red arrow).  

 

B 

C D 

A 
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To balance the optimal anaesthetic depth for intubation and throughout the 90 mins 

surgical procedure, we reduced the local ketamine/xylazine dose whilst adding 

Buprenorphine pre-operatively to ensure sufficient analgesia throughout the 

procedure. Furthermore, we added Xylocaine spray orally after anaesthetic induction 

to stop vocal cords movements during intubation. Upon consulting with our London 

colleagues in Imperial College, we included a metal tube introducer within the 

endotracheal (ET) tube to enable better physical guidance and purchased a rodent-

specific intubation stand. All these efforts led to consistently successful intubations, 

and we were able to proceed into surgery.  

The next challenge after intubation was the malpositioning of the ET tube during 

surgery, leading to one-lung ventilation or complete dislodgement with subsequent 

hypoxic deaths. This is due to a lack of cuff around the ET tube to secure its position 

in the trachea, as expected in the clinical setting. To circumvent this, we purchased an 

oxygen monitoring device to enable rapid diagnosis of intraoperative hypoxia and 

correction of ET tube position. With all the new devices and adapted anaesthetic 

regime, we were able to proceed and complete the entire MI surgery.  

The steps of MI surgery are as detailed in Figure 78. We opted for a left-lateral 

thoracotomy approach for better exposure of the left ventricle and clearing the tissue 

field for the second surgery, i.e., intramyocardial injections. The proximal LAD is often 

ligated during this procedure to enable a large anterolateral MI, but this could trigger 

a life-threatening arrhythmic event; similar to clinical observations. Thus, we had one 

sudden cardiac death at the completion of the surgery, attributable to MI-related 

arrhythmia. Arrhythmias was partly attenuated by the delivery of our local anaesthetic 

block, a mixture of lidocaine/bupivacaine. By the end of Phase 1, we had solved the 

anaesthetic, intubation, and intra-operative monitoring challenges.  



288 
 

 
 



289 
 

 
Figure 78: Step-by-step procedure for invoking myocardial infarction in rats 

A The anaesthetized and intubated rat is positioned on its back for subsequent surgeries. 

There is a total of 4 steps for invoking MI; i) left lateral skin incision to visualise the ribcage ii) 

3rd or 4th rib incision to gain access into the thoracic cavity, iii) pericardium is then clear to 

enable visualization of the left ventricle and the LAD and iv) proximal LAD is ligated to simulate 

MI. LV blanching is observed throughout the 60 min I/R injury. The chest is closed. B The rat 

is subsequently recovered with the listed post-operative observations, analgesia regimen and 

study protocol.  

 

8:3:2 Phase 2 Rodent Studies  

In Phase 2, we observed a doubling in our rodent survival to 50%, as shown above in 

Figure 76. Given the key technical tweaks that were discussed above, we were able 

to proceed into surgeries with all our animals. However, the new cause-of-deaths were 

now predominantly due to post-operative recovery and further arrhythmias as listed 

below in Table 18. 

B 
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Table 18: Individual rat’s cause of death during Phase 2 

 I will further discuss each cause of death in detail and outline solutions. One animal 

had direct lung injury during thoracotomy with widespread surgical emphysema. 

Subsequently, he was euthanised. This incidence was likely due to anatomical 

differences, and to circumvent this; we temporarily halted ventilation during 

thoracotomy for future surgeries. With this technical change, we continued 

successfully into full surgeries with animal survival.  

Subsequently, we had two animals demonstrating acute respiratory distress in the 

early days post-operatively. They were cyanotic and gasping for breath. Upon closer 

visualisation, the wound was clean, and all respiratory movements were equal. As 

stated in our animal study plan, we proceeded into euthanasia for animal distress. For 

one animal which developed acute respiratory distress four days after the surgery, 

there were no signs of tamponade, but bilateral atelectasis was observed during post-

mortem. Tamponade is bleeding within the pericardial cavity, causing heart 

compression and pump failure. Atelectasis describes the collapse of lung alveoli due 

to the lack of local inspiration. Thus, acute respiratory distress is likely due to 

atelectasis secondary to post-operative pain.  

For subsequent surgeries, we doubled the post-operative buprenorphine dose and 

increased the duration of administration to 5 days, after consultation with our local 

veterinarian. Following the changes in postoperative analgesic regimen, we 
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proceeded into successful MI surgeries with an uneventful postoperative period with 

other animals.  

In another animal with acute respiratory distress on postoperative day 1, there was 

clear haemothorax with lung collapse upon post-mortem. The haemothorax was likely 

due to bleeding from neurovascular bundle underlining the rib, which was incised 

during thoracotomy. Due to the need to have a large field of entry for intramyocardial 

cellular injections, we need to adhere to the rib incisions. To reduce postoperative 

bleeding, we ensured better rib approximation during thoracotomy closure with double 

sutures within the intercostal space. This will prevent any dislodgement from the 

rodent’s active movements. Stable rib approximation will lead to faster healing and 

prevent any aberrant rib vessel from bleeding with the resulting haemothorax.  

With subsequent surgeries, we completed both MI and intramyocardial cellular 

injections (Sham-Matrigel) for five animals who survived till their study endpoint. Step-

by-step of Operative Part 2: intramyocardial cellular injections are as listed in Figure 

79. Overall, our Phase 2 studies had shown considerable progress in establishing the 

cardiac regenerative MI rodent model in Cambridge. 
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Figure 79: Step-by-step protocol for intramyocardial cellular injections in rats 

A For the second surgery, the anaesthetized and intubated rat is positioned on its back for 

subsequent surgeries. There is a total of 5 steps for cellular delivery via intramyocardial 

cellular injections; i) left lateral skin incision to visualise the ribcage ii) 3rd or 4th rib incision to 

gain access into the thoracic cavity. iii) The pericardium and adhesions are then cleared to 

enable visualization of the infarcted left ventricle and apex. iv) The LV apex is stabilised for 

subsequent v) intramyocardial cellular injections in 3 areas- infarct and border zones. 

Haemostasis and the chest is closed. B The rat is subsequently recovered with the listed post-

operative observations, analgesia regimen and study protocol.  

 

 

 

 

 

B 
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8:3:3 Considerations for future cardiac regenerative rat studies  

Following all the local adaptations with the anaesthetic regimen, intubation, ventilation, 

intra-operative measures, and postoperative analgesia, we still observed occasional 

sudden cardiac deaths. This is likely due to arrhythmias, a life-threatening event. 

Unfortunately, due to the nature of our disease model, this is an unavoidable 

consequence. One future option would be to insert 12-lead ECG into our rodent 

models. This would enable us to pinpoint and quantify the arrhythmic events with 

greater accuracy. Although we were unlikely to successfully treat or prevent it within 

the rodent setting, it is a worthwhile biological observation, given that hESC/IPSC-

derived cell therapy is associated with tachyarrhythmias (Chong et al. 2014; Liu et al. 

2018). An animal model would not only enable us to test the efficacy of stem cell 

therapy but also offer new biological insights into cell behaviour in vivo, over time. 

Thus, all procedural steps need to be streamlined and optimised during an animal 

model to ensure that our future experimentations are robust. Despite the sizeable 

challenges in local technical transfer, it was undoubtedly a worthwhile pursuit.  
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8:4 Interactome map of epicardial-FN with CM  

 

Figure 80: Map of the interactome between epicardial-FN and hESC-CMs  

Based on single-cell sequencing data, the Sinha lab produced a map of the interactome 

between hESC-epicardium and hESC-CMs to elucidate the epicardial-myocardial crosstalk. 

FN1 expressed by the epicardium interacted with several CM membrane genes (ITGB3, 

ITGAV), a soluble factor (HGF) and a receptor tyrosine kinase of the ErbB family (EGFR). 

These interactions appeared to directly affect numerous cellular biological processes such as 

survival, proliferation, and ECM regulation. (With thanks to Dr. Bargehr & Dr. Knight-Schrijver, 

manuscript in preparation). 
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