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Abstract 
 

Myocardial infarction (MI) results from ischemia and reperfusion (IR) injury and is the 

significant cause of death worldwide. Bone marrow mesenchymal stem cell (BM-MSC) 

transplantation has been identified as having the most potential to treat a broad range of 

diseases due to their unique ability to evade the host immune system. However, clinical 

success is limited due to poor homing and survival of MSCs in the injured heart. There is 

still no consensus on which stem cell population confers the most therapeutic capacity to 

treat heart disease. Furthermore, the cellular targets of MSC actions and the mechanisms 

explaining their therapeutic effects are still not fully understood. This current study used 

two subpopulations of human BM-MSCs (hBM-MSCs) originally derived from the same 

bone marrow site called hBM-MSCs Y201 and hBM-MSCs Y202. The hBM-MSCs Y201 were 

a highly tri-lineage differentiating, CD317neg MSC subset, with the expression of genes 

consistent with perivascular interactions in the BM. hBM-MSCs Y202 were a sub-

population that included non-differentiating CD317pos BM resident MSCs, which did not 

express genes associated with vascular interactions. We are the first group to image in 

real-time the kinetics of MSC recruitment and their impact on microvascular events at a 

cellular level in a mouse beating injured heart model. This current study provides novel 

pieces of evidence to show that subpopulations of hBM-MSCs possessed different 

retention potential to mouse beating heart and anti-inflammatory capacities to 

ameliorate myocardial IR injury. 3D culture technique improved hBM-MSCs Y201 

vasculoprotective benefits in reducing the thromboinflammatory response within the 

coronary microcirculation. hBM-MSCs derived from 3D spheroid were much smaller, 

which may reduce their pulmonary microvascular entrapment, leading to increased 

trafficking through the heart, which enhanced their therapeutic effect. The mechanism of 

vasculoprotective benefits of 3D cultured hBM-MSCs Y201 may have been accomplished 

by lowering coronary endothelial cells oxidative stress and reducing the levels of plasma 

pro-inflammatory cytokines. Combination therapy of 3D cultured hBM-MSCs Y201 with 

unfractionated heparin reduced neutrophils and platelets' recruitment within the 

coronary microcirculation following IR injury. 
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General Introduction 

 

Myocardial ischaemia-reperfusion (IR) injury 

Myocardial infarction (MI), commonly known as a heart attack, develops when the heart 

muscle is damaged following blockage of one or more of the epicardial coronary arteries. 

The symptoms of an MI include chest pain, sweating, anxiety, shortness of breath and 

abnormal heart beating (Valensi et al., 2011). Risk factors are smoking, high blood pressure, 

advanced age, obesity and diabetes.  Ischaemic heart diseases and strokes are the leading 

causes of death globally. Indeed, an estimated 13 million people globally died from these 

two conditions in 2010 (Mc Namara et al., 2019). Treatment focuses on rapidly restoring 

blood flow to the heart using either thrombolytic or fibrinolytic drugs, coronary angioplasty 

or primary percutaneous coronary interventions (PPCI).  The latter involves placement of a 

stent to open the culprit artery and has been shown to be very effective at decreasing the 

morbidity and mortality linked with MI.   

Despite these interventions, a significant proportion of MI patients still incur extensive 

muscle damage. This loss of functioning cardiomyocytes reduces pumping efficiency and 

subsequently leads to the development of heart failure, a major driver of morbidity, 

mortality and healthcare cost (Cahill & Kharbanda, 2017).  Indeed, mortality rates in 

hospitalized MI patients is high, ranging between 6% and 14%, but have been shown to be 

as high as 20% in some studies (Frohlich et al., 2013). This damage is partly due to PPCI-

induced reperfusion, which is the only way to salvage the ischaemic myocardium, 

paradoxically leading to additional tissue damage, a condition termed ischaemia-reperfusion 

(IR) injury (Yellon & Hausenloy, 2007).  Indeed, it is estimated that the process of 
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reperfusing the heart following an ischaemic episode is responsible for approximately 50% 

of the final necrotic infarct size (Figure 1.1).  This limits the full benefit of reperfusion 

therapy in terms of infarct size and is therefore an area of significant interest as 

interventions administered at the point of reperfusion have the potential to improve the 

prognosis of many patients following an MI. However, successful therapies that can prevent 

reperfusion-related myocardial injury have not been identified and thus remain one of the 

top 10 unmet clinical needs in cardiology (Ziegler et al., 2019). 

 

1.1.1.   Injury after ischaemia  

During the ischaemic phase, myocardial cells lack both oxygen and nutrition and also endure 

rising levels of carbon dioxide and metabolic waste products. Ultimately, the local rate of 

energy production is unable to meet the demands of the actively working heart.  Many 

metabolic functions are disturbed during this phase as cells switch from performing aerobic 

to anaerobic metabolism (Wu et al., 2018).  In the early stages of ischaemia, stored glycogen 

is converted to glucose to drive mitochondrial energy production anaerobically. However, 

this process generates 2 molecules of adenosine triphosphate (ATP), which is much reduced 

compared to up to 38 produced from each glucose during oxygen availability (Stanley et al. 

2004).  Pyruvate and hydrogen ions (H+) are also formed during this process, with the latter 

lowering cell pH.  Lactate, formed as a result of pyruvate and H+ ions combining, also 

accumulates in the myocardium and has been associated with contractile dysfunction during 

and immediately after ischaemia (Li et al., 2016).  



CHAPTER 1 – GENERAL INTRODUCTION  

4 
 

As the duration of ischaemia increases, mitochondrial oxidative phosphorylation stops, 

leading to a cessation of ATP production. This, along with the fall in intracellular pH, has 

several negative effects on the contractile activity of cardiomyocytes through profound 

disturbances in the ionic homeostasis of sodium (Na+), potassium (K+) and calcium (Ca2+) 

ions (Wu et al., 2018).  Without ATP, energy dependent exchangers such as the membrane 

Na+K+ATPase and Ca2+ ATPase become inactivated.  Disruption of the former leads to 

increased intracellular Na+ and decreased potassium K+ within cardiac cells.  In order to 

compensate for the fall in intracellular pH, H+ are transported out of the cell via the Na+/H+ 

exchanger, again resulting in increased intracellular Na+.  This accumulation of intracellular 

Na+ drives water entry into the cells ultimately leading to cellular swelling, plasma 

membrane rupture and leakage of intracellular content (Kalogeris et al., 2012). 

The large influx of Na+ also leads to an influx of Ca2+ which induces further Ca2+ release from 

intracellular stores. Furthermore, its re-uptake by the sarcoplasmic reticulum storage sites is 

reduced. The alteration of the transport system in sarcoplasmic reticulum and sarcolemma 

causes an increased influx of Ca2+, which leads to Ca2+ overload in the cells (Allen and Xiao, 

2000). The overabundant presence of Ca2+ also destroys cell structure by directly activating 

phospholipases, mainly phospholipase A and protein kinase C, which disintegrates 

membrane lipids (Hausenloy et al., 2016). Indirect cellular damage occurs as Ca2+ overload 

triggers the release of pro-inflammatory cytokines such as tumour necrosis factor- (TNFα) 

(Sanada et al., 2011).  Ultimately, ischaemia results in energy-starved, Ca2+ overloaded, 

acidotic myocytes which collectively disrupt the activity of contractile proteins and induce 

arrhythmia and cell death. 
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Excessive intracellular Ca2+ and ATP depletion also precipitates the opening of large 

conductance channels located on the inner mitochondrial membrane called mitochondrial 

permeability transition pores (mPTP) (Kalogeris et al., 2012). During reperfusion, these open 

channels lead to mitochondrial and then cardiomyocyte death and, as a result of this, 

initiation of an inflammatory response as detailed in Section 1.1.2.5 and Section 1.4. 

 

1.1.2.   Injury after reperfusion 

Reperfusion aims to recover the supply of substrates and oxygen for ATP production and 

normalise extracellular pH by flushing out the accumulated H+. However, although cells 

undergo specific damage during ischaemia, paradoxically, the major damage to cells comes 

from the re-introduction of oxygen during reperfusion and is known as reperfusion injury.  

This was first noted by Robert Jenning and colleagues in his seminal study in 1960 as 

adverse structural and electrical changes in reperfused canine hearts (Jenning et al., 1960). 

Later studies demonstrated that reperfusion induced further ionic and histological 

differences that were not present during ischemia, particularly the swollen appearance of 

mitochondria and cardiac cells. A plethora of studies have since established reperfusion 

injury as a multifactorial and complex process leading to further heart injury that had not 

occurred during the ischaemic period (Kalogeris et al., 2012). Some important pathological 

processes that underlie reperfusion mediated injury are listed below (Figure 1.2). 
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Figure 1.1. Contributions of Ischaemia and Reperfusion to the Final Myocardial Infarction Size.  In the top 
panel, red depicts that the theoretical infarct size is upto 25% of the area at risk if timely reperfusion using 
PPCI  does not in itself cause any reperfusion injury – green dashed line in the lower panel.  Hence this 25% 
infarction is a direct result of the ischaemia alone.  This is the ideal situation as the full benefits of myocardial 
reperfusion have been realised.  This is clearly better than not reperfusing the ischaemic heart at all, as is 
shown in yellow in the top panel, and highlights how a timely reperfusion can salvage the heart and reduce 
infarct size – red dashed line in the lower panel.  Timely reperfusion does indeed salvage the myocardium, but 
not to a point where just ischaemia causes tissue damage.  Paradoxically, reperfusion itself causes tissue 
damage in its own right as shown in green in the top panel – curved solid black line in the lower panel.  Indeed, 
a theoretical 50% of the final myocardial infarct size is due to lethal myocardial reperfusion mediated injury 
(RI).  This is preventable, yet remains an unmet need in cardiology and needs to be reduced in order to 
maximize the benefits of myocardial reperfusion.  Source: Frohlich et al., 2013 and Yellon & Hausenloy, 2007. 
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1.1.2.1.   The pH Paradox 

The accumulation of intracellular Na2+ and Ca2+ leads to an increase in intracellular H+ (which 

is transported out of the cells) and thus development of acidosis during ischaemia (Sezer et 

al., 2018).  After the restoration of blood flow, the acidosis is amended rapidly by the Na+-H+ 

exchanger and Na+-HCO3
- transporter (Lemasters et al., 1996). However, Leamasters and 

colleagues demonstrated that the acidosis actually ‘protected’ against cell death during 

ischaemia and that the rapid return to normal pH after reperfusion caused the 

cardiomyocytes to lose viability and accelerated their death (Lemasters et al., 1996). 

Worsening of the post-ischaemic injury as a result of normalising cellular pH was coined the 

‘pH paradox’.  A number of mechanisms may explain this phenomenon including the fact 

that the rapid return to normal pH led to the opening of the MPTPs and generated reactive 

oxygen species (ROS) (Yang, 2018).  

 

1.1.2.2.   Ca2+ Overload 

Intracellular and mitochondrial Ca2+ overload, initiated during the early stage of ischaemia, 

becomes intensified during reperfusion (Li et al., 2016). With re-introduction of blood flow, 

the aforementioned Na+-H+ exchanger and Na+-HCO3
- transporter are activated, resulting in 

the accumulation of Na+ inside the cells in an attempt to remove intracellular H+. In turn, 

Na+ becomes exchanged for Ca2+ which is greatly exacerbated during reperfusion. The lack 

of ATP production during the IR process enhances the intracellular Ca2+ accumulation 

(Kalogeris et al., 2012). In an attempt to remove this high cytosolic Ca2+, the mitochondria 

become involved. However, elevation in mitochondrial Ca2+ triggers MPTP opening and thus 
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mitochondrial damage. Furthermore, this increased cytosolic Ca2+ also stimulates an 

inflammatory response, myofibrillar hypercontractility and myocardial stunning (Yang, 

2018). 

 

1.1.2.3.   Mitochondrial Dysfunction 

The density of mitochondria in cardiomyocytes is high in order to meet the high demand for 

energy of the heart in order to keep constantly pumping blood (Sezer et al., 2018). Under 

normal conditions, Ca2+ in mitochondria acts as a supportive effector which induces the 

mitochondria to produce ATP (Kalogeris et al., 2012).  However, during IR injury, the 

accumulation of Ca2+ in the cells induces the overload of Ca2+ inside the mitochondria, which 

then destroys the ability of mitochondria to function. This is primarily mediated through the 

opening of MPTPs that become permeable to and allow free movement of ions and other 

solutes with a molecular mass of less than 1500 Da across the inner mitochondria 

membrane (Bernardi and Di Lisa, 2015). As a result, the mitochondria swell, eventually 

resulting in rupture of the outer mitochondrial membrane. This is a major determinant of 

mitochondrial death, which further reduces ATP production, and leads to cardiomyocyte 

death (Kalogeris et al., 2012, Webster, 2012). Necrotic myocytes generate inflammatory 

responses which, as will be seen later in Section 1.1.2.5, perpetuate myocardial IR injury. 

Additionally, mitochondria are key players in the production of ROS. Although they produce 

a small but steady amount as by-products of cellular respiration, the re-introduction of O2 

during reperfusion not only lowers mitochondrial anti-oxidants such as mitochondrial 

superoxide dismutase, but also increases ROS production (Murphy, 2009). 
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1.1.2.4.   Reactive Oxygen Species Production 

ROS are critical mediators of reperfusion injury in the heart capable of damaging proteins, 

lipids and DNA, and further impairing mitochondrial function such that cell death ensues.  

The increase of ROS can be detected in tissues within a few minutes after reperfusion 

(Andrienko et al., 2017). There are various potential enzymatic sources of ROS in the heart 

capable of reducing oxygen to form ROS, such as superoxide (O2
−), hydroxyl radical (OH), 

and hydrogen peroxide (H2O2) and also include those that arise from xanthine oxidase (XO), 

the mitochondrial electron transport chain, nicotinamide adenosine dinucleotide 

phosphate (NADPH) oxidase, cytochrome P450, lipoxygenase/cyclooxygenase and nitric 

oxide synthase  (Raedschelders et al., 2012). During ischaemia, ATP is catabolised to 

hypoxanthine, and at the same time, XO accumulates in the ischaemic tissue. Reperfusion 

of previously ischaemic sites allows for the return of aerobic respiration as oxygen supply is 

re-established. Paradoxically, however, O2 reacts with hypoxanthine and XO to generate 

both O2
− and H2O2   (Granger, 1988, Raedschelders et al., 2012). These free radicals rapidly 

and severely damage the cells free radical scavenging system causing injury to cell 

membranes and proteins directly and also induce injury indirectly by MPTP opening, which 

activates programmed cell death (Yang, 2018). Similar to the pH paradox phenomenon, this 

‘oxygen paradox’ also leads to further intracellular Ca2+ overload as damage to membrane 

structures promotes Ca2+ accumulation within the cell (Kalogeris et al., 2016).  
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Figure 1.2. Schematic of the mechanism of myocardial IR injury. During ischaemia, cells switch to anaerobic 
metabolism in order to generate ATP.  However, this results in a decrease in cellular pH or acidosis and 
insufficient ATP generation to meet the metabolic demands of a busy pumping heart.  ATPases become 
inactivated such that Na

+
/K

+
ATPase pumps stop working leading to Na

+
 accumulation within the cell.  Ca

2+
 

uptake by the endoplasmic reticulum is also reduced leading to Ca
2+

 overload in the cell.  With the 
establishment of reperfusion, oxygen is re-introduced, as are the substrates required for aerobic ATP 
generation.  Furthermore, both lactate and H

+
 are washed out.   However, the washout of H

+
 encourages more 

Ca
2+ 

influx, known as the pH paradox.  Re-introduction of O2 also drives reactive oxygen species (ROS) 
generation. ROS, also delivered by infiltrating neutrophils, leads to excessive cellular damage, mediating 
through the opening of mitochondrial permeability transition pores (MPTPs) and initiation of 
thromboinflammatory cascades. Source: Li et al., 2016.   
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1.1.2.5.   Initiation of Inflammatory Process 

Reperfusion also leads to the production of pro-inflammatory agents, chemokines and 

cytokines which culminate in the recruitment of circulating inflammatory cells, especially 

neutrophils, and an increase in microvascular permeability (Kvietys and Granger, 2012). In 

the absence of activation by pathogens, this inflammation is called sterile inflammation 

(Shen et al., 2013). The main mediators are ROS and the Ca2+ overload described earlier. 

Injured endothelial cells (ECs) start to express a higher level of cellular adhesion molecules 

(e.g. E-selectin, VCAM-1, ICAM-1), which subsequently leads to recruitment of 

inflammatory cells and their tissue invasion (Jaakkola et al., 2000). Activated neutrophils 

produce proteolytic enzymes, pore-forming molecules and further ROS, cytokines and 

chemokines resulting in adverse effects on myocardial cells(Kalogeris et al., 2012). This 

inflammatory process initiated post-reperfusion is described in more detail in Section 1.4. 

 

Clinical manifestations of myocardial IR injury 

Myocardial IR injury ultimately leads to the clinical manifestation of 4 different types of 

dysfunction in the heart, varying in range from reperfusion arrhythmias to fatal multi-organ 

dysfunction syndrome (Sirotkovic-Skerlev et al., 2006). These 4 disturbances include (i) 

myocardial stunning, which is a mechanical dysfunction that persists despite the fact the 

heart has been successfully reperfused, (ii) reperfusion arrhythmias, (iii) no-reflow 

phenomenon, which is an inability to reperfuse the ischaemic myocardium region after 

opening the culprit coronary artery due to a high impedance to the flow of blood through 

the microvasculature and, (v) lethal reperfusion injury (Figure 1.3). 

1.2
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1.2.1.   Myocardial stunning - flow-contractility mismatch 

Myocardial stunning is a term coined to describe the prolonged, reversible contractile 

dysfunction which occurs following a short period of non-lethal ischaemia (Kalogeris et al., 

2016). It is associated with normal perfusion of the heart after PPCI but depressed 

myocardial function that can last for hours or weeks after the ischaemic insult (Kalogeris et 

al., 2012). Myocardial stunning occurs after unstable angina, myocardial intervention, acute 

MI and cardiac surgery (Papadakis et al., 2018). A short duration of ischaemia that is rapidly 

reversed is not long enough to cause significant necrosis of myocardial cells (Kloner, 2020). 

The mechanism of myocardial stunning is not fully understood but appears to be linked 

primarily to dysfunctional calcium cycling and homeostasis in the heart. As described earlier, 

ROS interferes with ion transport activity via abnormalities in the 

Ca2+ ATPase, Na+Ca2+ ATPase and Na+K+ ATPase channels which leads to an increased level of 

intracellular Ca2+ (Kloner et al., 1998). Additionally, ROS can lower the myofilament 

response to Ca2+ and decrease sarcolemma reticulum function. These events eventually lead 

to a decrease in the maximal force of contraction but can be helped by using inotropic drugs 

(Hasenfuss and teerlink, 2011). 

 

1.2.2.    Reperfusion arrhythmias 

Myocardial reperfusion injury can result in serious electrophysiological and metabolic 

alterations which trigger arrhythmias, particularly if the period of ischaemia is long (Gorenek 

et al., 2015). Reperfusion arrhythmias can be life threatening if they cause ventricular 

tachycardia and ventricular fibrillation which are one of the main causes of sudden death in 
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patients relieved from coronary ischaemia (Kalogeris et al., 2012). The most common type 

of arrhythmias noted after PPCI in patients with acute MI are accelerated idioventricular 

rhythm, sinus tachycardia, sinus bradycardia and atrial fibrillation (Yang, 2018).  Again, 

anaerobic glycolysis metabolism with lactic acid production, ROS generation and abnormal 

changes in Ca2+, Na+ and K+ inside and outside of contractile cells contributes to shorter 

action potentials and reduction of contractile forces which ultimately generates reperfusion 

arrhythmias (Gorenek et al., 2014). Numerous factors enhance the sensitivity of the 

myocardium to reperfusion arrhythmias, such as acidosis, angiotensin II release and α-

adrenergic stimulation. The management of arrhythmias is based on anti-arrhythmia drugs 

designed to reduce advancement to a more severe condition and to restore normal 

conduction and rhythm.  

 

1.2.3.   The no-reflow paradox 

Removal of the occlusion within one or more epicardial coronary artery does not always lead 

to resumption of blood flow in the downstream microvasculature of the ischaemic 

myocardium, leading to an event called the ‘no-reflow paradox’ (Ito, 2006). Indeed, no re-

flow is often noted post-PPCI, likely bought about by targeted damage of the tiniest blood 

vessels of the heart as a result of the ischaemic insult. After reperfusion, thromboemboli 

break away from the obstructing plaque resulting in blockage of downstream coronary 

microvessels (Gupta and Gupta, 2016). However, as well as being a ‘victim’, the reperfused 

coronary microcirculation itself can also act as a ‘culprit’ and contribute to tissue damage 

(Jaffe et al., 2008). After reperfusion, the small thromboemboli release from the large 
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plaques and move downstream the microvessels, resulting in the blockage of 

microcirculation. In addition, the reperfusion also causes the recruitment of inflammatory 

cells and accumulation of free radical to injure the vascular endothelial cells which intensify 

the damage of the organ (Rezkalla et al., 2017). This can be mediated by multiple 

microcirculatory perturbations, including EC damage, loss of EC integrity, activation and 

adhesion of inflammatory cells and platelets to inflamed endothelium, microvascular red 

blood cell congestion, capillary hemorrhage, reduction of EC associated vasorelaxation and 

interstitial fluid accumulation and oedema formation to list but a few (Figure 1.4). Again ROS 

generation has a key part in mediating this vascular damage. These events lead to the 

obstruction of smaller blood vessels, resulting in the limitation of blood flow and 

exacerbation of injury, and thus determine infarct size (Collard and Gelman, 2001, Hausenloy 

and Yellon, 2013). It is therefore clear that myocardial IR injury can also be considered multi-

faceted microvascular pathology. As such the coronary microcirculation, a ‘culprit and victim’ 

of MI, has been identified as a prime target for cardioprotection (Hausenloy et al., 2019). 

Pharmacological therapy such as intracoronary nitroprusside, veramilor and nicardioine 

improves the coronary blood flow and prognosis in the patients who suffer from the no-

reflow phenomenon, indicating the importance of suitable management of the condition.  

However, there is currently no specific therapy to actually prevent this condition (Rezkalla et 

al., 2017). 

 

1.2.4.   Lethal reperfusion injury 

The term ‘lethal reperfusion injury’ specifically refers to the death of viable cells that occurs 

specifically as a consequence of reperfusion (Garcia-Dorado et al., 2009). Indeed, 
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immediate death of cardiomyocytes can be observed within minutes of reperfusion. It is 

the most severe consequence of IR injury and the most important cause of contemporary 

treatment failure. During both ischaemia and reperfusion, activation of programmed cell 

death occurs including apoptosis, necroptosis, necrosis and autophagy of dead cells (Sezer 

et al., 2018). Apoptosis is defined by the breakdown of deoxyribonucleic acid, which leads 

to alterations in cell morphology such as cell shrinkage and blebbing. Necrosis is defined by 

organelle and cell swelling resulting in rupture of the cell membrane (Yang et al., 2015). 

The death of cells is a strong stimulus for immune cell activation and leads to excessive pro-

inflammatory cytokine production and recruitment of inflammatory cells (Slegtenhorst et 

al., 2014). Once again, the main mechanism of cardiomyocyte death involves Ca2+ overload 

and production of ROS. Ca2+ overload induces cardiomyocyte damage through various 

mechanisms such as calpain-dependent cytoskeleton fragility, excessive contraction and 

Na2+ pump dysfunction. Additionally, ROS-induced increases in mitochondrial permeability 

leads to their rupture and subsequent cell death (Garcia-Dorado et al., 2009).  
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Figure 1.3. Four Clinical Manifestations of Myocardial Reperfusion Injury. Myocardial stunning and 
reperfusion arrhythmias are either transient or can be easily treated.  However, coronary no-reflow, which is 
associated with microvascular obstruction, and lethal myocardial reperfusion injury are not reversible.  
Currently, there are no viable treatment options for these two clinical manifestations that contribute up to 
50% of the final myocardial infarct size. This thesis will focus on identifying strategies that can protect against 
the microvascular complications (outlined in red). Source:  courtesy of Dr Neena Kalia, University of 
Birmingham.  
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There is a golden-window of opportunity to reduce lethal reperfusion injury which appears 

within 2-3 hours of the onset of MI symptoms (Gloekler et al., 2014). The development of a 

pharmacological and non-pharmacological intervention to reduce the injury of vascular ECs, 

cardiomyocytes and smooth muscle cells has been studied for almost 50 years (Sezer et al., 

2018). However, a suitable and specific treatment still needs to be discovered. 

 

 
 

The role of the coronary microcirculation in myocardial IR  

injury – an important determinant of infarct size 

Clinically, restoration of normal epicardial coronary artery blood vessel flow, but with sub-

optimal myocardial perfusion, can be observed in as many as 50% of PPCI patients, leading 

to worse outcomes than in patients with full perfusion recovery (Bolognese et al., 2004; 

Camici & Crea 2007; De Maria et al., 2015; (Niccoli et al., 2016).  This suggests myocardial 

tissue damage likely occurs subsequent to inadequate perfusion at the level of the coronary 

microcirculation (Bolognese et al., 2004; McAlindon et al., 2018). Indeed, the ‘no reflow’ 

phenomenon described in Section 1.2.3 is often noted post-PPCI, likely brought about by 

targeted damage of the tiniest blood vessels of the heart as a result of both the ischaemic 

and reperfusion insults. This increased clinical recognition of the importance of the coronary 

microcirculation has meant identifying effective strategies to improve perturbations and 

restore microvascular integrity has gained recent attention (Sambuceti et al., 2000; Crea et 

al., 2014; Pries and Reglin 2016; Luscher 2017).   

1.3
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Surprisingly, however, clinical research into the role of the coronary microcirculation in 

cardiovascular diseases (CVD) has been limited. Several challenges present themselves 

making it difficult to investigate dynamic events within the coronary microcirculation 

clinically.  Primarily, the microvessels of interest are small, at less than 200µm in diameter, 

making imaging modalities such as cardiac magnetic resonance (CMR) and positron emission 

tomography (PET) unsuitable due to their limited spatial resolution (Thackeray et al., 2015).  

This inability to directly image coronary microvessels has led to cardiologists focusing their 

efforts on improving flow post-MI within the angiographically visible part of the coronary 

circulation. Hence, little is known about the full range of coronary microcirculatory 

responses to reperfusion-mediated injury in the clinical setting (Kavanagh et al., 2019). 

Nevertheless, progressive loss of distal microvessel perfusion has been clinically 

demonstrated recently in post-MI patients using PET scanning (Thackeray et al., 2015).  

Furthermore, CMR imaging has demonstrated a dark hypointense core within the infarct 

zone representing microvascular obstruction in MI patients, which when persistent was 

indicative of patients more likely to develop adverse ventricular remodeling (Bulluck et al., 

2018). Functional readouts, such as local blood flow and pressure, determined clinically 

using a Doppler flow wire inserted into the coronary artery, have also indicated a lack of 

perfusion in microvessels downstream of an opened epicardial artery (Fearon and 

Kobayashi, 2017). The index of microcirculatory resistance (IMR), a pressure-temperature 

sensor guidewire-based measurement, has also been proposed for quantitatively assessing 

coronary microvessel functional status indirectly post-PPCI in the territory surrounding the 

artery from which the measurement is made (Fearon and Kobayashi, 2017). However, these 

various anatomical and functional assessments are mainly the larger coronary vessels. 
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Hence, actual visualisation of the coronary microcirculation, let alone any perturbations 

within them or the vasculoprotective effects of novel therapies, remains impossible to 

ascertain with current clinical imaging tools.  

The microcirculation is the critical link between the cardiomyocytes and epicardial blood 

vessels (Sambuceti et al., 2002). Most of our knowledge of what may be happening within 

the coronary microvessels post-IR injury has been obtained primarily from experimental 

studies in experimental models of IR injury in which the heart tissue has been interrogated 

histologically and biochemically for morphological deterioration, inflammatory cell 

infiltration and infarct size (Ibanez et al., 2015). These various microvascular perturbations 

are summarised in the sections below, with mechanistic insights provided, and include the 

presence of: (i) swollen and injured ECs compressed by oedematous fluid and surrounding 

cardiomyocytes that are themselves swollen ; (ii) microthromboembolization released from 

the breakdown of atherosclerotic plaque that travel downstream and appear to obstruct 

microvessels ; (iii) vasoconstriction triggered by soluble vasoactive factors and ; (iv) 

thromboinflammation as evidenced by the presence of a high number of intraluminal 

leukocytes, platelet-platelet and platelet-leukocyte aggregates interacting with injury-

activated endothelium (Ibanez et al., 2015).  

 

1.3.1.    Extravascular compression of the coronary microcirculation 

A number of factors can cause the coronary microvasculature to become compressed from 

the outside during IR injury. As described earlier, osmotic water movement into 

cardiomyocytes as a direct consequence of ionic changes leads to these cells becoming 
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swollen. This can lead to extravascular compression of coronary capillaries and a 

substantial reduction, if not total prevention, of blood flow through the heart upon 

reperfusion.  Furthermore, the microcirculation has been reported to be very sensitive to 

extravascular compression by interstitial oedema which occurs as a result of inflammatory 

responses taking place as detailed later in Section 1.3.4 and Section 1.4  (Kloner et al., 

1980).  The lack of blood flow during the ischaemic phase leads to hypoxia which induces 

endothelial dysfunction and loss of the microvascular barrier function, which again leads to 

fluid leakage from microvessels which accumulates in the interstitial spaces surrounding 

blood vessels. This myocardial oedema is exacerbated after the restoration of blood flow 

(Sezer et al., 2018). IR injury also damages the endothelial glycocalyx leading to an increase 

in vascular permeability and capillary leakage. During IR injury, ROS and proinflammatory 

cytokines TNF-α and IL-1β released from activated neutrophil responsible for the activation 

of enzyme such as Heparanase and Metalloproteinase, which induce the degradation of 

endothelial glycocalyx (Yu et al., 2019). Activated neutrophils also release Myeloperoxidase 

enzyme which further the degradation of glycocalyx by cleaving the SYND-1 glycocalyx 

protein (Manchanda et al., 2018). In the hypoxic and postischemic heart, the degradation 

of ATP/ADP causes the accumulation of Inosine, which stimulates mast cells via A3-type 

receptor activation (Becker et al., 2011). Degranulation and releasing of tryptase β and 

heparanase from mast cells induce the shedding of endothelial glycocalyx (Vlodavsky et al., 

2013). Also, in MI patients, increased filling of the heart chambers takes places during the 

relaxation phase of the cardiac cycle. This can also contribute to an increase in the 

compression of muscle capillaries that limits coronary blood flow particularly during heart 

relaxation (Sezer et al., 2018). Collectively, these external compression forces induce a 

reduction of the capillary diameters resulting in a decreased myocardial perfusion.  
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Figure 1.4. The Role of the Coronary Microcirculation in Myocardial IR Injury. Various microvascular 
perturbations take place in the IR injured heart.  (1) Circulating thromboinflammatory cells, primarily 
activated platelets and neutrophils, contribute to a local inflammatory response, microthrombus formation 
and capillary plugging. (2) During clinical procedures designed to induce reperfusion such as PPCI, 
thromboemboli and plaque debris from the culprit artery can distribute in downstream microvessels. (3) 
Oedema from surrounding swollen cardiomyocytes and from fluid lost from leaky microvessels results in the 
external compression of coronary microvessels, which leads to a reduction of blood perfusion within them.  
(4) The increased vascular permeability permits the transmigration of inflammatory cells into the interstitial 
space. Significant inflammation can also lead to the death of cardiomyocytes.  Source - adapted from Ibanez 
et al, 2015. 
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1.3.2.   Coronary microembolization 

Coronary microembolization occurs as a result of some portion of the atherosclerotic 

plaque in the occluded epicardial artery breaking away as a result of PPCI and lodging in 

the downstream microvasculature. Coronary vascular microembolization can cause 

contractility dysfunction and infarction in the heart. Patients who have the largest 

myocardial infarcts have been identified as those who have a substantially higher amount 

of distal coronary vascular microemboli within the ‘larger microvessels’ that can be imaged 

during angiography (Napodano et al., 2012).   

 

1.3.3.   Tonal changes to vessels 

Although ischaemia is a powerful stimulus for vasodilation, during IR injury the significant 

damage to coronary ECs means that this ability is lost (Ibanez et al., 2015). This is primarily 

due to the fact that the damaged endothelium stops generating nitric oxide (NO), which 

would normally elicit vasodilation and prevent platelet-leukocyte-endothelial interactions 

(Sezer et al., 2018). Furthermore, powerful vasoconstrictors such as endothelin-1 (ET-1) 

and thromboxane 2 (TXA2) are released which act on coronary arteries and arterioles to 

decrease their diameters and further reduce downstream blood flow (Ibanez et al., 2015). 

Indeed, ET-1 is one of the most potent endogenous vasoconstrictors known and is 

synthesized and released from both vascular cells and cardiomyocytes following IR injury.  

Patients who demonstrate coronary vasospasm present with high plasma circulating levels 

of ET-1 and this is strongly linked to poorer prognostic outcomes post-MI (Skovsted et al., 

2017).   
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1.3.4.   Intraluminal cellular plugging  

In addition to extravascular compression of the coronary microcirculation, further 

reductions in blood flow post-reperfusion can be mediated by intraluminal microvascular 

obstruction (Yellon and Hausenloy, 2007). The major perturbations that contribute to 

luminal obstruction include inflammatory cell plugging whereby neutrophils in particular 

become adherent to activated endothelium, microthrombosis and vasospasm (Sezer et al., 

2018). Proteolytic digestion of the endothelial basement membrane by these adherent and 

transmigrating neutrophils also contributes to EC detachment, loss of vascular integrity and 

increased vascular permeability (Mutgan et al., 2020). Indeed the detached cells and 

cellular debris can also contribute to microvascular obstruction. Hypoxia also promotes a 

pro-coagulant response in ECs which leads to platelet activation and subsequent 

aggregation (Boyle et al., 1996). Hence, cellular plugging is not just restricted to neutrophil 

events. Platelet-neutrophil aggregates and platelet-platelet aggregates can exacerbate the 

microcirculatory obstruction. Additionally, leukocyte plugging may contribute to red blood 

cell rouleaux formation and packing upstream of areas of cellular plugging from mechanical 

obstruction which again limits the number of capillaries effectively perfusing the heart 

(Sezer et al., 2018). The impairment of the glycocalyx layer on the abluminal surface of ECs 

also makes the capillaries more susceptible to leukocyte plugging by reducing the 

endothelial surface layer lubricity, which make the endothelial surface more slippery and 

less permeable leading to more obstruction of microvessels  (Weinbaum et al., 2007). 
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Thromboinflammatory responses during myocardial IR injury 

Both inflammation and thrombotic events play key roles in the pathophysiology of 

myocardial IR injury. Although platelets appear to have a critical role, it is argued that 

inflammation accounts for a large portion of injury that occurs during reperfusion, 

ultimately affecting final infarct size (Kalogeris et al., 2016, Yellon and Hausenloy, 2007). As 

such, there may be a potential therapeutic benefit in limiting the inflammatory response in 

myocardial IR injury. Previous study demonstrated that when nanoparticle – delivered 

small interfering ribonucleic acid to silence macrophage polarization regulating factor IRF5 

in macropage in skin woud of mice (Courties et al., 2014). Decreasing of IRF5 expression 

decreased the expression of inflammatory M1 macrophage marker resulting in increased 

the infarct healing (Courties et al., 2014, Arai et al., 1996). This indicated that attenuation 

of inflammatory cell subsets has shown a reduction in final infarct size. Whilst some 

inflammatory infiltration may occur during the period of ischaemia, the majority of 

infiltration occurs during the period of reperfusion (Nourshargh and Alon, 2014, Kalogeris 

et al., 2016). These events provide the exact conditions for activation of inflammatory cells 

and initiation of the leukocyte adhesion cascade (See Section 1.4.2.1).   

 

1.4.1.   The thrombogenic response  

Accumulation and aggregation of platelets in myocardial IR injury is a well-documented 

event and shown to be extremely damaging in nature (Rodrigues and Granger, 2010). 

Platelets mediated direct tissue damage by releasing adhesion proteins (e.g., VWF, 

fibronectin, fibrinogen, thrombospodin), chemokines (e.g., platelet factor 4 and RANTES), 

1.4
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coagulation factors (factor V, plasminogen, factor XI) and cytokine- like mediators (e.g. β-

thromglobolin and IL-1 β) that induce the activation of inflammatory cells and hampering 

blood flow (Barrabes et al., 2010). Using a Langendorff rat heart model of IR injury perfused 

with human platelets isolated from healthy or MI patients, they found that glycoprotein 

IIb/lla receptor blocker acciximab drug reduced infarct size and improved functional 

contractile readouts induced by MI patient platelets (Barrabes et al., 2010). Others have 

shown that the ‘sticky’ nature of activated platelets not only promotes platelet-platelet and 

platelet-EC adhesion, but also platelet-leukocyte adhesion (Lam et al., 2015). This 

interaction can be damaging to the microenvironment as it promotes inflammation in the 

tissue. Hussain and colleagues demonstrated release of potent vasoconstrictors such as 

serotonin and TXA2 from activated platelets that lead to more tissue damage (Husain et al., 

1998). Recruitment appears to be mediated by damaged ECs exposing underlying collagen 

which creates a pro-thrombogenic environment (Massberg et al., 1999). Collectively, these 

studies show that the presence of activated platelets in myocardial IR injury is detrimental 

and promotes more damage to cardiac tissue.  

 

1.4.2.   The inflammatory response 

Myocardial IR injury triggers the release of various pro-inflammatory cytokines such as 

TNFα, platelet activation factor (PAF), interleukin (IL)-1, IL-6 and IL-8 as well as the 

transcription factor nuclear factor kappa B (NF-KB) (van Zuylen et al., 2015). These pro-

inflammatory cytokines play an important role in mediating the progressive systemic 

inflammatory response in the IR injured heart. TNFα is one of the more potent pro-

inflammatory cytokines released by ECs, monocytes, macrophages, T-cells, neutrophils and 
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natural killer cells (Xia et al., 1998). It has many functions which include acting as a strong 

chemoattractant, triggering the expression of other cytokines including IL-1, IL-6 and IL-8, 

inducing production of ROS and activating the expression of adhesion molecules on the 

surface of ECs  (Couffinhal et al., 1993). These adhesion molecules include ICAM-1 and 

VCAM-1. IL-1α and IL-1β are also generated during IR injury by similar cells and induce the 

expression of endothelial ICAM-1/VCAM-1 leading to adhesive interactions of neutrophils 

with ECs (Bonaventura et al., 2016). Recently, studies have suggested targeting the IL-1 

receptor as a novel target against myocardial IR injury (Zhu et al., 2019). IL-6 induces a 

neutrophil respiratory burst, triggers endothelial expression of adhesion molecules and 

enhances vascular endothelial permeability.  Elevation of IL-6 level in systemic blood is 

correlated with acute coronary syndrome, indicating that IL-6 also plays a crucial role in the 

progression of myocardial injury (Ikeda et al., 1999). IL-6 has also been reported to be 

associated with the activation of microvascular thrombosis (Jong et al., 2016). MI is also 

associated with the release of IL-8, a potent neutrophil chemotactic factor released from 

activated ECs and leukocytes following ischaemia-induced IL-1 and TNFα generation. IL-8 

stimulates the diapedesis of activated neutrophils through ECs (Oz et al., 1995). 

 

1.4.2.1.   Leukocyte Recruitment – Rolling, Adhesion and Transmigration 

Neutrophils are the first cells to infiltrate the heart following myocardial IR injury following 

activation of the inflammatory process (Sezer et al., 2018). IR injury leads to the release of 

inflammatory cytokines as described earlier, with IL-1 and TNFα triggering the local 

production of chemokines. Activated neutrophils roll along the IR and ROS activated 
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microvascular endothelium before becoming firmly adherent and then transmigrating out 

of the vessel (van Zuylen et al., 2015). This multi-step process is called the leukocyte 

adhesion cascade (Figure 1.5). The initial rolling step is facilitated primarily by L-selectin, 

expressed on leukocytes, and P-selectin and E-selectin, expressed by inflamed ECs. 

Selectins bind to either sialyl LewisX-like glycans or P-selectin glycoprotein ligand-1 (PSGL-1) 

expressed on leukocytes and ECs to mediate the tethering of leukocytes (Ulbrich et al., 

2003).  

The presence of pro-inflammatory cytokines such as TNFα and IL-1β increases selectin 

expression rapidly thus leading to neutrophil rolling. P-selectin is present in specific 

granules of endothelial cells and platelets, which mobilized to surface of the cells within 3 

to 10 minutes after stimulation (McEver, 1991). After stimulated by TNF-α, e-selectin can 

be detected rapidly and reach the maximal level of expression at 2-6 hours and return to 

basal levels after 24 hours (Bevilacqua et al., 1989). Rolling leukocytes come in close 

contact with the activated endothelium which produces chemoattractants such as IL-8 and 

PAF. IL-8 is one of the most important endogenous neutrophil chemoattractants and, after 

binding to its chemokine receptor, activates rolling neutrophils to activate integrins 

expression on their surface (Gonzalez-Aparicio and Alfaro, 2019).  

IL-8 is a heparin-binding protein which presented on rolling leukocyte and attaches to 

glycosaminoglycans on the endothelial surface. As the rolling leukocyte binds IL-8 via 

CXCR1 or CXCR2, the reaction initiated by the leukocyte starts a signal cascade inside the 

leukocyte that stimulates the integrin via its cytoplasmic tail (Muller, 2013). This effect is 

also termed "inside-out" signalling since signals trigger the integrin from the inside 

resulting in improved external adhesion (Hynes, 1992). Inside-out signalling activities 

cause a drastic transformation of integrin from bent low-affinity conformation to stretched 
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intermediate-affinity to high-affinity arrangement (Luo et al., 2017). Neutrophil firm 

adhesion to ECs is triggered by these integrins which are heterodimers comprised of a large 

α-subunit and a smaller β-subunit (Muller, 2013). Integrins are important players in 

leukocyte migration cascade, mediating leukocyte firm arrest on inflamed endothelium and 

organizing transmigration across the basement membrane to facilitate homing to the 

infection or inflammation location (Abram and Lowell, 2009). The specific integrins 

involved in neutrophils making firm adhesive interactions with inflamed ECs are: (i) 

lymphocyte function-associated antigen- 1 (LFA-1) which is also known as CD11a/CD18 and 

L2; (ii) macrophage-1 antigen (MAC-1) which is also known as as CD11b/CD18 and M2 

and; (iii) very late antigen-4 (VLA-4) also known as CD49d/CD29 (Muller, 2013). These 

integrins bind with their respective counterligands that become expressed on ECs after 

being stimulated with TNFα and IL-1. Ligands expressed on ECs for LFA-1 and MAC-1 

includes ICAM-1 and ICAM-2.  VCAM-1 is the major ligand for the integrin VLA4 (Muller, 

2013).  

After arrest, leukocyte adhesion is reinforced by integrin clustering and outside-in signalling 

involving SRC kinases, spleen tyosine kinase and PI3K (Ley et al., 2007). Interaction 

between ligands and integrins triggers "outside-in" signals on the cell membrane, which 

allow the leukocyte to sense and react to extracellular environment. Integrin outside-in 

signalling activates cell migration, spreading, survival, and proliferation (Shen et al., 2012). 

Guanine nucleotide-binding proteins (G protein) mediate integrins inside-out and outside-

in signalling (Shen et al., 2012).  

Cytoskeleton rearrangement of leukocytes plays importence part in leukocyte recruitment 

in injured site. It reduces leukocytes ability to alter their shape from spherical to elliptical, 

which inhibits them from squeezing through the capillary segment and causing the 
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leukocytes to stop at the inflammatory organs (Vicente-Manzanares and Sanchez-Madrid, 

2004). The alterations include the F-actin rim formation of plasma membrane within 10 

seconds after the stimulation by mediators (Yoshida et al., 2006). Lipid mediator 

leukotriene B4 (LTB4) activates leukocytes and triggers the alteration of their shape and 

inducing leukocyte binding to endothelial cells via promoting cell-adhesion molecules 

expression. In postischemic kidney, LTB4 alone causes the neutrophils to migrate into the 

damaged organs in mice model (Noiri et al., 2000). After fiminly attachment to endothelial 

cells, neutrophils polarize and flatten which facilitate them to crawl on the endothelial 

lumen surface in order to find the suitable site for endothelial transmigration (Filippi, 

2019). 

Transendothelial migration or diapedesis is considered the final step of the leukocyte 

adhesion cascade (Choi et al., 2009). The junction between ECs consists of adhesion 

molecules, such as vascular endothelial cadherin (VE-cadherin), holding the ECs together. 

These inter-endothelial contacts become loose in the presence of adherent leukocytes. 

Endothelial cells extend the membrane structures which swamp the adhered neutrophils. 

These structures are called transmigratory cup or docking structure and enriched with 

ICAM-1 and VCAM-1 (Schnoor, 2015). Carman and colleagues provide the evidence of TEM 

images suggested that the transmigratory cup helps facilitate the neutrophil 

transendothelial migration and diapedesis (Carman and Springer, 2004). A number of 

adhesion molecules that favour leukocyte transmigration, such as platelet-EC adhesion 

molecule-1 (PECAM-1) and junctional adhesion molecule-A (JAM-A), also play a pivotal role 

in this process (Ley et al., 2007).  
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Figure 1.5. The Leukocyte Adhesion Cascade Mediates Neutrophil Recruitment During Myocardial IR Injury. 
Multiple cytokines, chemokines and adhesion molecules are involved in this process.  IR injury leads to the 

local release of potent inflammatory cytokines including TNF and IL-1. These lead to the subsequent release 
of chemokines that attract passing neutrophils to the injured tissue microvasculature.  The initial step of 
leukocyte rolling is facilitated by L-selectin, expressed by leukocytes, and P-selectin and E-selectin expressed 
on activated ECs. These selectins then interact with ether sialyl Lewis

X
-like glycans or PSGL-1 expressed on 

leukocytes and ECs to mediate the tethering of leukocytes.  Thereafter, chemokines activate leukocytes to 
express integrins on their surface.  Neutrophils firmly adhere to ECs using LFA-1 or MAC-1 integrins binding to 
endothelial ICAM-1.  Additionally, the VLA-4 integrin can mediate firm interactions after binding to endothelial 
VCAM-1. Transendothelial migration is the final stem of the leukocyte adhesion cascade and leads to the 
infiltration of these inflammatory cells into the myocardial tissue.  It involves a host of adhesion molecules 
including JAM-A,C , CD99 and PECAM-1.  Abbreviations: IR – ischaemia-reperfusion; ECs- endothelial cells; IL-

1 – interleukin-1; TNF - tumour necrosis factor-; PSGL-1 – P-selectin glycoprotein ligand-1; LFA-1 – 

lymphocyte function-associated antigen-1 (CD11a/CD18; L2); MAC-1 – macrophage-1 antigen 

(CD11b/CD18; M2); VLA-4 – very late antigen-4 (CD49d/CD29; 41); ICAM-1 – intercellular adhesion 
molecule-1; VCAM-1 – vascular cell adhesion molecule-1; PECAM-1 – platelet-EC adhesion molecule-1 ; JAM-A 
– junctional adhesion molecule-A; DAMPS – danger associated molecular patterns. 
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Mesenchymal stomal cells 

Mesenchymal stromal cells (MSCs) are spindle-shaped non-haematopoietic, multipotent 

progenitor cells that can differentiate themselves into mesodermal lineages, such as bone, 

cartilage, adipose tissue and muscle. They were first described by Friendenstein, and later 

by others, as supportive stromal cells that maintained the bone marrow (BM) 

microenvironment as the hematopoietic stem cells (HSCs) worked to maintain 

hematopoiesis (Friendenstein et al., 1968).  Although originally isolated from BM, MSCs can 

also be found in many adult tissues including dental pulp, lung, liver, heart, gut, periodontal 

ligament, connective tissue, cord blood, placenta, adipose tissues and skeletal muscle 

(Robey, 2017).  In 2019, International Society for Cell and Gene Therapy mesenchymal 

stromal cell (ISCT MSC) offers a statement to clarify the nomenclature of MSCs. The ISCT 

MSC committee supports the use of acronym MSCs with the: (i) supplement by origin of 

the tissue source of cells which highlight the tissue-specific properties; (ii) propose as MSCs 

unless evidences with both in vitro and in vivo data for stemness; (iii) relate with evidences 

of functional assays to show the MSCs properties with appropriate controls (Viswanathan 

et al., 2019).  

In the absence of a specific or unique cell surface marker, the ISCT set the essential 

requirements for the classification of MSCs which were that they should: (i) demonstrate 

adhesion to a plastic surface in standard culture conditions; (ii) express cell surface 

molecules CD73, CD90, and CD105 and lack haematopoietic cell markers CD11b or CD14, 

CD19 or CD79a, CD34, CD45, HLA-DR surface molecules; (iii) be able to tri-differentiate into 

adipocytes, chondrocytes and osteoblasts in vitro (Horwitz et al., 2005; Dominici et al., 
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2006). These criteria can be applied only to human MSCs (hMSCs).  MScs express a very low 

level of HLA class I and no HLA class II molecules which allow them to escape from host 

immune responses. This interesting feature makes MSCs hypoimmunogenic or ‘immune-

privileged’, which makes them exceptionally suited for both allogeneic and autologous 

transplantation (Puglisi et al., 2011).   

 

1.5.1.   Anti-inflammatory and immunomodulatory properties of MSC 

The anti-inflammatory and immunomodulatory capabilities of MSC are now well accepted 

and have been described by many researchers (Weiss and Dahlke, 2019). This fact, in 

addition to them being easy to isolate and expand in culture, has led to MSCs being at the 

forefront as candidates for cellular therapy to treat CVD including the reperfusion injury 

that occurs post-MI (Rowart et al., 2015). Several studies have demonstrated that 

exogenously administered MSCs ‘home’ or traffic via the circulation to the injured tissue 

and once there can modulate inflammation through release of a secretome containing a 

number of soluble cytoprotective, growth and anti-inflammatory factors which may 

mechanistically explain their beneficial effects. For example, the growth factor TNFα 

stimulated gene/protein 6 (TSG-6), vasoactive prostaglandin E2 (PGE2) and the interleukin-

1 receptor antagonist (IL-1RA) have all been shown to be increased in IR injured murine 

hearts treated with an exogenous infusion of human MSCs (Eleuteri and Fierabracci, 2019). 

Additional factors produced by MSCs include growth factors, such as hepatocyte growth 

factor (HGF), vascular endothelial growth factor (VEGF), basic fibroblast growth factor 

(bFGF), IL-6, transforming growth factor beta (TGF-β) and stromal cell derived factor 1 

(SDF-1) (Jimenez-Puerta et al., 2020). MSCs can drive macrophage polarization from the 
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M1 pro-inflammatory phenotype towards the M2 anti-inflammatory phenotype by 

releasing PGE2, TGF-β and HGF (Faulknor et al., 2017). Macrophages are also key players in 

inflammation, and can contribute to it as well as help resolve it. As such they can exist as a 

pro-inflammatory M1-like phenotype or an anti-inflammatory M2-like phenotype. M1 

macrophages produce high levels of pro-inflammatory cytokines and are involved in the 

early stages of inflammation (Martinez and Gordon, 2014). In contrast, M2 macrophages, 

with lower pro-inflammatory cytokine production, are associated with the resolution of 

inflammation and tissue repair (Ley, 2017). Indeed, PGE2 is one of the important anti-

inflammatory factors in the MSCs immunomodulatory activity, produced from arachidonic 

acid metabolism by cyclooxygenase – 2 (Kota et al., 2017).  TGF-β is one of the major 

cytokines not only responsible for the induction and resolution of inflammation but also 

the initiation of tolerance to the immune cells (Kyurkchiev et al., 2014). MSCs also secrete 

HGF which suppresses the expansion of several immune cells (Madrigal et al., 2014). The 

M2 anti-inflammatory macrophage secretes IL-10 which is an immunosuppressive cytokine 

that reduces proliferation of immune cells such as lymphocytes. Additionally, IL-10 

stimulates the production of regulatory T-cells (Treg) while concurrently decreasing tissue 

migration of neutrophils (Karantalis and Hare, 2015).  MSCs can also perform 

immunomodulatory effects by suppressing maturation and proliferation of pro-

inflammatory immune cells such as T-lymphocytes, dendritic cells, and natural killer cells, 

and also triggering anti-inflammatory subsets such as Tregs. Moreover, MSCs can drive T-

cell development towards the regulatory phenotype (Karantalis and Hare, 2015). 

Collectively, secretion of these various factors from MSCS can inhibit inflammatory 

responses. 
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1.5.2.   Multiple populations and sub-populations of MSCs  

Although Friedenstein and colleagues discovered MSCs in BM, MSCs have since been 

isolated from various tissues such as fat, umbilical cords and heart (Fridenshtein et al., 

1968).  Recent reports showed that these different tissue isolates of MSCs have varying 

abilities to tri-differentiate into adipocytes, osteocytes and chondrocytes (Kang et al., 

2012). Additionally, some but not all MSC populations can also differentiate into 

endodermal lineage cells such as hepatocytes (Ju et al., 2010) as well as cells of 

endodermal lineage including keratinocytes and neurons (Chen et al., 2011, Lynch and 

Ahearne, 2017). More importantly, it has been shown that chemokines or chemical signals 

from local tissues can also varyingly affect the cytokine secretions and immunomodulatory 

properties of MSCs (Weiss and dahlke, 2019).  From a therapeutic perspective, this has an 

important impact on their tissue regenerative and restorative potential. It has also been 

shown that the therapeutic capacity of MSCs can be influenced by donor age with a higher 

donor age decreasing MSC vitality and differentiation capacity (Zarychta Wisniews et al., 

2019).  Choudhery and colleaques show evidences suggested that MSCs obtained from 

donors under 35 years old demonstrate faster growth in vitro, viability, and stronger 

differentiation capacity than MSCs obtained from donors at the age over 60 years old 

(Choudhery et al., 2014).  

Interestingly, MSCs derived from the same site can also vary structurally and functionally.  

This has been demonstrated by expanding subpopulation of MSCs obtained from same 

organ in vitro and identifying different proteins expressed on their surface, such as Stro-1, 

CD 271, CD 105 and CD 106 (Mo et al., 2016, Bensidhoum et al., 2004, Busser et al., 2015, 
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Mabushi et al., 2013).  For example, BM-derived MSC cultures, even from the same donor, 

can present as a heterogeneous population that show differing morphology, differentiation 

and migratory capacity (Phinney et al., 2012). Using a process of cell cloning and 

telomerase-based immortalization, the Genever group recently generated 4 distinct sub-

populations of human BM-derived MSCs which possessed differing phenotype but also 

functionality (James et al., 2015). They showed that the smaller MSCs exhibited potent tri-

lineage differentiation capabilities and had a higher expression set of genes that were 

related to interactions with the BM vasculature and in playing a role in vascular processes 

such blood vessel remodeling, blood vessel morphogenesis, development and patterning of 

vessels. This distinct sub-type of BM-MSCs was also CD317 negative and was called Y201 

cells. The larger and more rare MSC sub-population were poorly or non-differentiating and 

rarely associated with CD31+ vascular cells in the BM when imaged using 

immunohistological staining and did not co-localise with perivascular stroma. This distinct 

sub-type of BM-MSCs was CD317 positive and was called Y202 cells (Figure 1.6 – also see 

Chapter 3, Table 3.1 which highlights the distinct differences between these sub-

populations). This novel study suggests single cells are unlikely to possess all properties 

commonly ascribed to MSCs and that specific functional attributes, such as differentiation 

or immunomodulatory competency, are found within distinct sub-populations.   

In order for MSCs to be utilised clinically, there is a preference in delivering these cells 

systemically.  Hence, there is a reliance on the local injured tissue microvasculature to 

capture circulating exogenously infused MSCs as they traffic through or ‘home’ to the 

tissue or organ. Therefore, it is very important to determine whether differences between 

the types, population and sources of MSCs impacts on their migration and homing ability. 
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Any inter- and intra-tissue MSC heterogeneity may be associated with a varying homing 

potential and therapeutic efficacy in the injured heart, which may explain the poor clinical 

success to date.  However, this has not been extensively studied in any injured organ. 

Indeed data from in vivo studies specifically comparing the efficacy of intra-tissue MSC sub-

populations are limited (An et al., 2018).    

 

 

1.5.3.   Distribution of exogenous MSC following systemic administration 

The ability of MSCs to modify inflammation and also have potent regenerative properties led 

to an explosion of small-scale clinical studies in patients with CVD, particularly in patients with 

MI (Sanina et al., 2015).  There are various techniques to study the distribution and homing of 

MSCs after transplantation such as histology, real-time PCR, fluorescence in situ hybridization, 

fluorescent protein labeling (Zhao et al., 2014). Nevertheless, these techniques are invasive 

and cannot track the kinetics of circulating cells in real-time and in vivo.  However, despite 

major advances in optimising the protocols, the clinical outcome of MSC-based therapy 

remains poor particularly when larger randomised controlled clinical trials are performed. 

Obstacles to success include the fact that following intravenous injection, exogenous MSCs 

can be found at very low levels in the heart (Barbash et al., 2003). High numbers of 

systemically administered cells were found mostly entrapped within pulmonary capillaries 

and less so in the liver, kidney and gastrointestinal tissues 24 hours after the administration. 

Indeed, engraftment in non-pulmonary tissues was very low ranging from 0.1% - 3% of the 

delivered cells (Deak et al., 2010). Gamma camera imaging and isolated organ counting were 

used to study the distribution of systemically infused 99mTC-labelled MSCs. After 4 hours, 
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most MSCs were found in the lung, and only a small number were found in liver, spleen, and 

heart (Barbash et al., 2013). Infrared imaging was used to detect Qtracker655 and Qtracker 

800 labelled MSCs in the heart, lung, kidney, and liver of the Sprague-Dawley rats model. 

Infrared imaging demonstrated most of infused exogenous MSCs were trapped and 

distributed evenly over the lung (Fischer et al., 2009).  A recent intravital study demonstrated 

that intravascularly transplanted MSCs physically trapped in the pulmonary vascular 

bifurcation due to MSC size (Masterson et al., 2021). The MSC physical entrapment is due to 

the average size of infused MSCs are bigger than the pulmonary microvascular diameter 

(Toma et al., 2019). However, Intra-arterial infusion is preferred over intravenous to avoid 

immediate pulmonary entrapment on first pass and in order to image the first instance of 

MSCs trafficking through the coronary microcirculation, before the cells completed their first 

pass through the systemic circulation (Kean et al., 2013). Eggenhofer and colleagues 

suggested that escape of lung entrappment may improve MSC survival and may affect MSC 

distribution to injured organ after transplantation (Eggenhofer et al., 2017).  
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Figure 1.6. MSC Sub-Populations Identified Within Different Bone Marrow Niches.  (A) The perivascular 
niche is the inner core of the BM and contains actively dividing HSCs and sinusoidal endothelium.  The 
endosteal niche is the outer edge of the BM that contains osteocytes, bone matrix and quiescent HSCs.  
Recent work from the Genever group (University of York) identified that even MSCs residing in the same BM 
site possess distinct structural and functional characteristics.  MSCs that had a higher expression set of genes 
that were related to interactions with the BM vasculature showed great tri-lineage differentiation capacity, 
were CD317

neg 
 and were called hBM-MSCs Y201.  MSCs which rarely associated with the vasculature and 

were more endosteal in presence exhibited poor differentiation capacity, were CD317
pos

 and were called 
hBM-MSCs Y202. (B) The images from published work by the Genever group show that in mouse tissue 
sections, CD317 (red) was expressed sporadically throughout the BM. CD317

pos
 cells rarely associated with 

CD31
+
 vascular cells (green) or with Cxcl12-DsRed

+
perivascular stromal and endothelial cells (white) (James et 

al., 2015). 
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1.5.4.   Adhesive mechanisms governing MSC homing to sites of injury  

The exact mechanisms governing MSC trafficking to injured sites have not been fully 

understood, especially for all the different MSC populations. It is inferred that these MSCs 

follow the same adhesion cascade that was described for leukocyte migration and homing to 

sites of inflammation (Section 1.4.2.1; De Becker and Riet, 2016). Indeed, the trafficking 

process of MSCs also includes their tethering, activation, adhesion and transendothelial 

migration or diapedesis (Figure 1.7). In the initial step, immune signals, chemokines, and 

homing receptors are secreted in response to injury. Similar to neutrophils, these activate 

MSCs to tether and roll on the endothelium (Zhao et al., 2014). The tethering step is initially 

expedited by the expression of selectins on the endothelial surface. Interestingly, MSCs have 

been found to be negative for PSGL-1 (Suila et al., 2014). In the absence of PSGL-1, MSCs 

utilise the non-integrin CD44 which is compatible with selectins, leading to their rolling on 

the endothelium (Sackstein et al., 2008). Immobilized P-selectin triggers MSC binding to ECs 

as evidenced by the observation that anti-P-selectin antibodies inhibit MSC rolling (Ruster et 

al., 2006). Galectin-1 expressed on human umbilical cord MSCs has also been reported to 

play an important role as an MSC ligand that can interact with P-selectin on ECs. These 

selectins activate MSCs to tether and roll on the endothelium causing them to come into 

close contact with the vessel lining which subsequently leads to stagnation of MSCs in the 

blood circulation.  

In the second process, MSCs are activated by G-protein coupled chemokine receptors in 

response to the signals from the injured site.  For this activation step, SDF-1 expressed on 

ECs interacts with its receptor CXCR4 expressed on MSCs and is a critical pathway for 
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gradient-guided cell homing to sites of injury (Honczarenko et al., 2006). However, CXCR4 

expression has not been detected by all groups (De Becker and Riet, 2016). MSCs also 

express CXCR7 and it has been shown that this can also bind to SDF-1 to expedite MSC 

homing to the injured lungs (Shao et al., 2019). Recent work has shown that chemokines 

such as monocyte chemoattractant protein 1 (MCP-1) and MCP-3 expressed on myocardium 

interacts with their receptors including CCR2 to mediate MSC activation (Ullah et al., 2019).  

Similarly to inflammatory neutrophils, several studies have confirmed the importance of the 

VLA-4 / VCAM-1 pathway in mediating MSC firm adhesion to endothelium after activation by 

SDF-1. This has been demonstrated by the use of neutralizing antibodies against the β1 

sub-unit of the VLA4 integrin which inhibited MSC homing to ischaemic myocardium (Ip et 

al., 2007).  MSCs also express ICAM-1 and VCAM-1, traditionally found on ECs, although their 

role is somewhat unclear (Krampera et al., 2005).  

In the final transendothelial migration step, matrix metalloproteases (MMPs) secreted by 

MSCs play an essential role in cleaving basement membrane components. MMPs are 

proteolytic enzymes which degrade collagen and gelatin in the basement membrane. 

Inflammatory cytokines stimulate MMP production leading to a substantial induction of 

chemotactic migration of MSCs (Kang et al., 2012).  Additionally, growth factors such as 

PDGF and HGF also stimulate MSC migration and homing (Deak et al., 2010).  

Clinical applications of MSC cytotherapy are very much based on the ability of these 

exogenous cells to successfully migrate or home to the injured tissue such the ischaemic 

heart after their systemic administration and become retained by the local microcirculation 

(Ullah et al., 2019).  However, as stated earlier, this process is inefficient with only a small 

percentage of MSCs reaching the target tissue following systemic administration.  This limits 
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the ability to realise the full therapeutic potential of MSC-based therapies and so there is a 

need to develop strategies to improve MSC recruitment (Ullah et al., 2019). It is anticipated 

that this will allow greater anti-inflammatory effects to be mediated once within the injured 

microvasculature. 

 
 

Three-dimensional (3D) culturing techniques 

One of the more recent and exciting strategies being considered to improve the therapeutic 

effectiveness of MSCs for various ischaemic diseases is to culture them in a way that can 

enhance their anti-inflammatory potential (Silva et al., 2018).  Cell culture traditionally relies 

on culturing cells as two-dimensional (2D) monolayers on plastic surfaces. However, the 

growth of cells using conventional 2D culture methods does not mimic the complexity of the 

microenvironment surrounding them in real tissues or organs in vivo.  Cells grown on plastic 

surfaces leads to cell flattening and changes to their internal cytoskeleton (Knight and 

Przyborski, 2015). These changes affect the shape of the nucleus which results in alterations 

in gene expression and protein synthesis. This has a significant impact on how they 

subsequently behave in various experimental in vitro and in vivo assays. For example, cell 

culture on a flat polystyrene flask decreases the differentiation ability of cells (Cukierman et 

al., 2002).   
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Figure 1.7. The Mesenchymal Stem Cell Adhesion Cascade Showing Key Players in Mediating their Rolling, 
Activation, Adhesion and Transmigration within Inflamed Sites.  MSCs express various molecules such as CD44 
and galectin which interact with selectins expressed on inflamed endothelial cells.  BM-MSCs also express the 
chemokine receptor CXCR4 which binds to its ligand SDF-1 located on the endothelium.  This leads to activation 
of the MSCs.  There are other chemokine receptors on MSCs which can interact with chemokines such as MCP-

1 and MCP-3.  Next, MSCs arrest and adhere firmly to endothelial cells primarily using their VLA-4/ 41 
surface integrin which cooperates with endothelial VCAM-1. Firm adhesion can also be mediated through 

interactions of LFA-1/42 and CD44 on MSCs binding with endothelial endothelial ICAM-1 and HA 
respectively. In the transmigration step, matrix metalloproteases (MMPs) play an essential role in cleaving 
basement membrane components. MMP is a lytic enzyme which degrades collagen and gelatin in the 
basement membrane allowing MSC diapedesis. 
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More recently, there has been a gradual increase in the development of three-dimensional 

(3D) culturing technologies to overcome these problems and help cells to preserve their 

natural physiological properties, architecture and function (Knight and Przyborski, 2015).  

These culturing techniques help increase cell-to-cell contact and interaction which allow cells 

to form more complex structures and lead to enhancement of intercellular signaling (Bartosh 

et al., 2010). Many techniques have been developed to meet the growing demand for 3D cell 

culture and can be basically classified into 2 types, namely scaffold-free and scaffold-based 

cell culture. 3D culture methods utilize non-adherent dishes, cell sheets, micro-fluidics and 

the hanging drop cell culture method (Page et al., 2013).  

The MSC hanging drop culture method leads to the development of cell spheres rather than 

monolayers and is considered to have many benefits over other 3D methods (Ryu et al., 

2019). First, this method is inexpensive and does not require specialized or expensive 

equipment. Cell spheroids can be generated easily by simple cell culture dishes and collected 

by pipettes. Secondly, the final size of the cells is simply manipulated by altering the cell 

concentration or the size of cell suspension droplets (Bartosh and Ylostalo, 2014). This 

technique allows the cells being cultured to aggregate or compress tightly within 48-96 

hours at the apex of the suspension droplets and form a sphere (Bartosh et al., 2010).   

Recent studies show that 3D culture of MSCs can improve their therapeutic capacities 

(Figure 1.8) (Jaukovic et al., 2020b, Petrenko et al., 2017). Indeed, 3D cultured MSCs exhibit 

higher anti-inflammatory potential, stemness, angiogenic properties and survival rates 

following cell administration (Petrenko et al., 2017). This may be linked to the fact that 3D 

cultured MSCs secrete higher level of TSG-6 than cells dissociated from a monolayer (Xu et 

al., 2016). TSG-6 plays an important role in inhibiting neutrophil migration by down-
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regulating pro-inflammatory IL-1 production from macrophages (Jaukovic et al., 2020a). 

Importantly, MSCs derived from 3D spheroids have been reported to be more effective in 

reducing hepatic inflammation by lowing plasma aminotransferase levels, neutrophil 

infiltration, liver damage score and hepatic apoptosis  in rat model with hepatic IR when 

compared to rat transplanted with cells derived from conventional 2D culture (Sun et al., 

2018). Anti-inflammatory IL-10 levels have also been shown to be higher in macrophages co-

cultured with spheroid MSCs (Ylostalo et al., 2012). MSC spheroids also secrete more HGF 

and PGE2 which suppresses macrophage cytokine production more so than cells grown in 2D 

monolayers (Follin et al., 2016). 3D spheroid culture has also been shown to enhance the 

immunomodulatory capacity of MSCs by significantly increasing TGF-β1 and IL-6 production 

(Zimmermann and McDevitt, 2014).  

 
 
 
 

Imaging the beating mouse heart in vivo – intravital microscopy (IVM) 

The importance of the role of the coronary microcirculation in MI has increased clinically 

(Pries et al., 2017).  Therefore, imaging the multitude of dynamic thromboinflammatory and 

vasoactive events that take place in the coronary microcirculation in real-time is key to 

understanding the mechanisms that underpin myocardial IR injury (Kavanagh et al., 2019). 

Furthermore, identifying whether novel therapeutic interventions, such as MSC therapy, are 

beneficial through direct vasculoprotective actions on coronary microvessels is important. 

The lack of clinical methodologies capable of visualising coronary microcirculation has 

contributed to a research ‘black box’ with regards our understanding of the dynamic changes 

that occur in the microcirculation of the IR injured heart (Pries and Reglin, 2017). This gap in 
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our current knowledge can be met through experimental studies.  Indeed, as stated earlier in 

Section 1.3 most of our understanding of microvascular dysfunction post-reperfusion injury 

has been obtained from heart tissue imaged histologically for morphological deterioration, 

inflammatory cell infiltration and infarct size (Sezer et al., 2018).  However, these static 

snapshots provide no indication of the real-time kinetics of deleterious 

thromboinflammatory cell recruitment in the presence of pathophysiological flow, nor 

information on microvessel integrity post-injury.   

Recently, the cardiovascular research community suggested creating an international 

‘coronary microcirculatory observatory’, an EU-wide virtual facility, utilising in vivo imaging  

techniques such as intravital microscopy (IVM) to properly interrogate coronary 

microvascular dysfunction (Pries and Reglin, 2017). IVM is used extensively to experimentally 

image in real-time the microcirculation of solid organs (e.g. liver, kidney, gut) or transparent 

tissues (e.g. mesentery, cremaster muscle) in anaesthetised rodents. It has been used to 

investigate cellular events in various areas such as immunology, tumour biology and 

neurology. Indeed, much of our existing knowledge of the impact of IR injury on the 

microcirculation has been obtained using transparent preparations such as the cremaster 

muscle or gut mesentery (Gavins and Chatterjee, 2004, Kozhura et al., 2005, Yago et al., 

2015).  The advantage of IVM is the ability to image a single cell and track its movement in 

real-time in vivo (Matsuura et al., 2018). However, application of this powerful technique to 

the beating heart in rodents has been challenging primarily due to cardiac cycle and 

respiratory related movement of the heart in all three dimensions, thus imposing a practical 

limitation on the imaging resolution of the coronary microvasculature. As such, other 

surrogate tissue beds, particularly the cremaster, have been used as models of the cardiac 
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microcirculation (Pries and Reglin, 2016). However, the coronary microcirculation is unique 

in both its anatomical design and physical properties, particularly its contractile activity 

which compresses coronary capillaries during systole reducing their diameter up to 20% 

(Yada et al., 1993, Toyota et al., 2002). As such, the impact of IR injury, and the mechanisms 

by which therapeutic vasculoprotective strategies act, may vary in a site specific manner. It is 

only over the last 10 years that suitable techniques capable of imaging cellular trafficking 

have been developed and combined with ECG gating (Lee et al., 2012), pacing (Aguirre et al., 

2014), stabilisers (Jones et al., 2018, Vinegoni et al., 2015, Kavanagh et al., 2019b) and 

advanced software tools (Kavanagh et al., 2019a, Soulet et al., 2013, Gómez-Conde et al., 

2015). The main commonality between these studies is the use of a tissue stabiliser which is 

attached to the heart using an appropriate veterinary glue (Kavanagh et al., 2019b, Lee et al., 

2012, Jones et al., 2018) or is held in place by suction (Vinegoni et al., 2012, Jung et al., 

2013). The stabiliser secures a small portion of the heart ventricle in space and permits 

imaging of the epicardial surface through a central ring and, importantly, without impeding 

its physiological role in blood circulation. As a result of this developmental work,  recent 

studies have started to investigate cellular trafficking in the context of pathological cardiac 

microcirculatory conditions (Jung et al., 2013, Matsuura et al., 2018, Kavanagh et al., 2019b, 

Allan-Rahill et al., 2020).  
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Figure 1.8. MSCs Cultured as Spheroids Using 3D Culture Methods Have Greater Therapeutic Effectiveness.  
Culturing MSCs as spheroids promotes their paracrine secretion, anti-inflammatory activity, cell survival after 
transplantation, differentiation capacity and angiogenesis.  
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Summary 

Despite experimental and clinical studies providing strong evidence that MSCs are beneficial 

in models of ischaemic heart injury, just as many clinical trials have either failed to replicate 

these findings or have shown minor or temporary benefit (Madigan and Atoui, 2018). This 

may in part be due to the fact that there is no consistency amongst the various studies with 

regards to the phenotypic nature of the cells used, route of delivery, number of cells 

injected, timing of delivery post-MI etc. Since coronary microcirculatory dysfunction is 

increasingly identified as a critical pathological component in ischaemic heart disease (Pries 

et al., 2017), understanding whether MSCs, or indeed any form of cellular therapy, can 

protect these delicate structures is important. However, this has received very little 

attention with pertinent questions remaining unanswered. For example, do systemically 

infused MSCs actually traffick to the injured heart and subsequently make firm adhesive 

interactions with the coronary microvasculature in the presence of pathological flow, or do 

they simply passage through?  Which anatomical branches of the microcirculation mediate 

this capture – arterioles, capillaries, post-capillary venules – and are these interactions short-

lived?  Most importantly, does MSC therapy preserve the integrity of the coronary 

microvessels and ensure flow is maintained through the heart – do they only modify one or 

the many different microvascular disturbances?  

This inter- and intra-tissue MSC heterogeneity may be associated with varying homing 

potential and therapeutic efficacy in the injured heart, which may explain the poor clinical 

success of MSCs in clinical trials to date (Mastrolia et al., 2019).  However, this has not been 
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extensively studied in any injured organ, and data from comparative in vivo studies, 

particularly of intra-tissue MSC subpopulations, are limited. For MSCs to be utilized clinically, 

there is a significant interest in delivering these cells systemically.  Hence there is a reliance 

on the local injured tissue microvasculature to capture circulating MSCs as they traffic 

through or ‘home’ to that organ. Therefore, it is important to determine whether differences 

between the types, population and sources of MSCs impacts on their migration and homing 

ability. Recent studies also suggest that 3D spheroid culture enhances the beneficial 

properties of MSCs treatment for cardiovascular disease. The cytokines and growth factors 

derived from MSCs spheroids can ameliorate post-infarct inflammation, promote myocardial 

metabolism and contractility and reduce myocardial fibrosis. However, information on the 

therapeutic effects of cells derived from 3D spheroids in the heart is still scarce with nothing 

known about whether 3D cultured MSCs confer enhanced vasculoprotective effects in the 

reperfused coronary microvessels compared to cells cultured as 2D monolayers. 

Research using conventional immunohistochemistry of tissue sections has tried to answer 

some of these questions but the information they provide is limited as the assays used 

simply provide a ‘static’ snapshot of events at a particular moment in time. Indeed, such 

studies do not inform us whether MSCs are genuinely adherent in the heart or simply caught 

in time passing through it. Ultimately, restoration of blood flow and ventricular muscle 

perfusion is a key to the survival of the myocardium, yet static assays cannot ‘show’ dynamic 

events such as blood flow. As such, they provide no indication of whether injected stem cells 

themselves can occlude blood flow within the tiny coronary vessels.  If this does occur, and it 

is a significant event, it may cause more damage than good and impact negatively on their 

therapeutic effectiveness. It is noteworthy that clinical studies have monitored therapeutic 
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effectiveness of MSCs many weeks or months after their administration, focusing on 

functional improvements or changes in infarct size. However, damage to the coronary 

vasculature post-reperfusion injury is usually mediated within minutes, with the 

development of tissue infarction observed experimentally within hours. Whether MScs have 

the potential to modify these rapid microvascular perturbations has not previously been 

investigated but may prove critical to improving outcomes for MI patients in the acute 

period post-PPCI.   

However, to even begin understanding the potential vasculoprotective efficacy of MSCs, a 

detailed understanding of the exact damage the coronary microcirculation undergoes 

following IR injury in vivo is needed. Currently, little is known about the full range of dynamic 

microcirculatory responses to MI. The Kalia Group has been the first to apply powerful 

spinning Nipkow-based confocal intravital imaging to the beating mouse heart (Kavanagh et 

al., 2019b). They used a stabilisation method, which involved vet-bonding 3D printed in-

house designed stabiliser to the left ventricle, which sufficiently reduced motion in a small 

region of the beating heart to permit intravital imaging of the coronary microcirculation. 

Multiple thromboinflammatory events were identified in the coronary capillaries which led 

to an overall decrease in the density of perfused capillaries in the myocardium within 30 

minutes of IR injury. Whether MSCs can confer vasculoprotection and prevent these 

disturbances is not known.   
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Aims and Hypothesis 

MSCs have been broadly studied for their therapeutic capacity for MI for several decades 

(Madigan and Atoui, 2018, Levy et al., 2020). They show therapeutic potential to reduce 

inflammation and promote tissue healing depends on the quantity of administered cells 

homed to the injured organ (Ullah et al., 2019). However, only a small number of 

systematically transplanted MSCs can effectively recruit to the target tissue, which 

dramatically decreases exogenous cytotherapy effectiveness (De Becker and Riet, 2016). 

Therefore, enhancing the homing of exogenous MSCs would significantly improve their 

beneficial capacity (Li et al., 2017). Moreover, MSCs are heterogeneous with distinct 

characteristics and therapeutic potential, affecting their therapeutic ability (James et al., 

2015). Therefore, it is essential to determine whether differences between the types, 

population and sources of MSCs impact their migration, homing and therapeutic ability (An 

et al., 2018).  

The overall aim of this thesis is to develop a method to improve the ability of MSCs to 

protect the coronary microcirculation of the heart following IR injury.  Two strategies will be 

employed which include: (i) infusing MSCs derived from spheroids grown using a 3D culture 

method and comparing them with MSCs cultured using a conventional 2D method;               

(ii) testing the vasculoprotective ability of MSC populations derived from different tissues 

sources and heterogeneous sub-populations derived from the same tissue source. The 

mechanisms governing any potential improvement in vasculoprotective capability will also 

be determined.  For example, do 3D culture and/or use of a particular sub-population of 

MSC have increased adhesive interactions with the inflamed IR injured coronary 

microcirculation in vivo. This would allow us to identify an MSC sub-population that is most 

1.9
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adhesive and which may therefore have a more therapeutic effect due to their increased 

local presence in the injured heart. The coronary microcirculation of the beating mouse 

heart, that has undergone myocardial IR injury, will be imaged in vivo using confocal-based 

IVM. Heart tissue will also be interrogated ex vivo using multiphoton microscopy, to 

elucidate events taking place in the deeper layers of the myocardium, and also using flow 

cytometry to assess the impact of injury and MSC therapy specifically on coronary ECs.   

Therefore, we hypothesise that 3D culture technique can improve MSC homing within IR 

injured heart and increase of their vasculoprotective effect. Moreoever, these abilities may 

differ between MSC from different sub-populations. 

The overall aims and hypotheses of this study are to: 

1. Aim: The general morphology and surface expression of critical adhesion molecules 

and chemokine receptors of three different populations of MSCs will be compared 

microscopically and using flow cytometrically. The impact of culturing MSCs in a 3D 

hanging drop method on these characteristics will also be determined. The three 

different populations of MSCs tested will be human WJ-MSCs and two immortalised 

human BM-derived MSC sub-populations, namely hBM-MSCs Y201 and hBM-MSCs 

Y202 obtained from the Genever group. The adhesive ability of MSCs derived from 

3D spheroids will be compared with 2D cultured MSCs to different substrates in vitro.  

Hypothesis: Adhesion of 3D cultured MSCs to various substrates in vitro will be 

greater than 2D cultured MSCs. 

2. Aim: Intravitally image the homing kinetics and retention capabilities of 2D and 3D 

cultured MSCs within the IR injured beating mouse heart coronary microcirculation in 
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vivo. Hypothesis: 3D cultured MSCs will have a greater ability to home to, and 

become adherent within, the IR injured beating heart in vivo. 

3. Aim: Intravitally image the ability of 2D and 3D cultured MSCs to modify 

thromboinflammatory responses and improve perfusion within the IR injured beating 

mouse heart in vivo.  Specifically, the recruitment of endogenous neutrophils and 

platelets and changes in functional capillary density will be assessed.  Infarct size will 

also be determined.  Hypothesis: 3D cultured MSCs will reduce infarct size more so 

by having a greater potency to inhibit thromboinflammatory events, protect the 

structural integrity of the microvessels and increase regional blood flow perfusion 

through the heart.   

4. Aim: Determine the mechanisms by which MSCs may confer vasculoprotection. 

Hypothesis: 3D cultured MSCs will greatly reduce endothelial ROS production, 

endothelial oxidative damage, and endothelial adhesion molecule expression and/or 

modify circulating plasma inflammatory cytokine levels.  
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Materials and Methods 

 

Materials  

2.1.1.   Antibodies 

Table 2.1. List of antibodies used in in vitro assay, flow cytometry and intravital 

experiments. 

2.0

  

2.1

  

* NS = Not Specified; SI = Species Independent. 
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2.1.2.   Standard materials and chemical substances 

Table 2.2. Materials frequently used in experiments.  
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Methods 

 

2.2.1.   Cell culture, cell preparation and cell labelling  

2.2.1.1.   Culture medium 

The cell types used in this study that needed cultivation were murine vena cava endothelial 

cells (VCECs), human BM-derived MSCs Y201 (hBM-MSCs Y201), human BM-derived MSCs 

Y202 (hBM-MSCs Y202), human Wharton’s jelly-derived MSCs (WJ-MSCs) and a murine 

embryonic-derived HSC line, HPC-7 (More details were stated later in this chapter). These 

cell types required their own specific media and were cultured using different methods as 

described below.     

 

2.2.1.2.   Cell counting 

A standard Neubauer haemocytometer was used for cell counting. Cell suspensions were 

centrifuged and supernatants were removed. Cell pellets were re-suspended in 1ml of 

media. Trypan blue was added to the cell suspension in a ratio of 1:1 before counting to 

eliminate dead cells from the final count. Counting was assessed microscopically using an 

inverted light microscope with a x10 objective magnification. Viable cells were those that 

had not absorbed the blue dye and were counted in the four large corner squares of the 

haemocytometer (1x1 mm2 fields). Dead cells were those that had taken up the blue dye and 

were therefore excluded from counting (Strober, 2015). Once total cell counts were 

obtained, the cell concentration was calculated using the following formula:  

2.2
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2.2.1.3.   Culturing of murine vena cava endothelial cells 

Immortalised murine VCECs were kindly provided by Dr. Jonathan S Alexander (Health 

Science Centre, Louisiana State University, USA). VCECs were thawed from a 

cryopreserved stock when required and cultured using an endothelial ‘expansion media’ 

containing 85.8% v/v deionised water, 0.96% w/v modified eagle media (MEM) D-valine 

powder, 0.22% w/v sodium bicarbonate, 10% v/v heat inactivated foetal bovine serum 

(FBS), 1% v/v penicillin/streptomycin, 1% v/v of MEM non-essential amino acids, 1% v/v 

of vitamin mix and 10 unit/ml interferon- (IFN). This endothelial expansion media was 

adjusted to pH 7.4. Cells were transferred into T75 culture flasks and incubated at 33.5C 

in a 5% CO2 humidified incubator to allow the cells to expand as previously described 

(Langley et al., 2003). Cells were split at a ratio of 1:3 when confluent which required 

them to be centrifuged at 400g for 5 minutes at room temperature.  When actual 

experiments were to be conducted using the VCECs, they were cultured using a different 

‘experimental media’ which was used instead of the expanding media. VCECs were 

cultured in high glucose (4,500 mg/L) Dulbecco’s MEM (DMEM) combined with 10% v/v 

heat-inactivated FBS and 1% v/v penicillin/streptomycin and incubated at 37 in a 5% CO2 

humidified incubator to allow the cells to be in quiescent state as previously described 

(Langley et al., 2003). All cell culturing procedures were performed in a class II biological 

laminar flow hood using sterile techniques.   
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2.2.1.4.   2D culture of hematopoietic Stem Cells (HSCs) 

The haematopoietic stem/precursor cells used in this study were an immortalised murine 

BM-derived hematopoietic precursor cell line called HPC-7s.  They were kindly obtained from 

Professor Leif Carlsson (Umea Centre for Molecular Medicine, Umea University, Sweden).  

HPC-7 cells were originally generated by transfecting murine embryonic SCs with the LIM-

Homeobox gene LHx2 (Pinto do et al., 1998). HPC-7s display many characteristics of primary 

HSCs, including early haematopoietic transcription markers such as SCL, c-myb, GATA-1 and 

PU.1, express common cell surface markers and are lineage negative (negatively expressed 

mature cell line markers such as CD4, CD8  for T lymphocytes and CD11b/CD18 for 

macrophages as previously described (Pinto do et al., 1998). In addition, the Kalia lab has 

demonstrated previously that HPC-7s express adhesion molecules known to be present on 

primary HSCs and have previously used HPC-7s to model hepatic, renal and myocardial HSC 

recruitment (Kavanagh et al., 2010). These cells were thawed from stock as required and 

cultured in StemPro-34 serum free media, topped with 10% v/v heat-inactivated FBS, 1% v/v 

P/S, 2mM L-glutamine, 2.5% v/v StemPro supplement and 0.02% v/v stem cell factor (White 

et al., 2013). Cells were seeded in T25 tissue culture flasks at a density of 1 x 106 cells/ml in 

suspension and maintained as such on a daily basis. They were centrifuged at 400g for 5 

minutes at room temperature during the sub-culturing or passaging process and cultured at 

37oC in a humidified, 5% CO2 controlled incubator. Cell culturing procedures were performed 

in class II biological laminar flow hood using sterile techniques. 
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2.2.1.5.   2D culture of mesenchymal stomal cells (MSCs) 

Two different types of MSCs were used in this study namely human bone marrow (BM)-

derived MSCs (hBM-MSCs) and human WJ-derived MSCs (WJ-MSCs). The hBM-MSCs used 

were an immortalised cell line that consisted of two MSC sub-populations, namely hBM-

MSCs Y201 and hBM-MSCs Y202. These were kindly obtained from Professor Paul Genever 

(University of York, UK; please refer to https://web.expasy.org/cellosaurus/CVCLVG68 for 

further details on these cells). These sub-populations have been demonstrated, using 

multiparameter analysis, to be two distinct MSC sub-types despite both originating from the 

BM. The Genever group had isolated a heterogeneous population of hBM-MSCs (also called 

marrow stromal cells) and generated 4 phenotypically different immortalised clones (James 

et al., 2015).   

Two of these clones, namely hBM-MSCs Y201 and hBM-MSCs Y202, were used in the current 

study and expressed typical MSC surface markers and were also negative for vascular 

markers. However, The Genever group had identified a number of differences between these 

two sub-populations.  hBM-MSCs Y201 were a highly tri-lineage differentiating, CD317neg MSC 

subset, with expression of genes consistent with perivascular interactions in the BM. hBM-

MSCs Y202 were a sub-population that included non-differentiating, CD317pos BM resident 

MSCs, which did not express genes associated with vascular interactions (James et al., 2015). 

The same group later demonstrated that hBM-MSCs Y202 cells were less effective at 

suppressing CD4+ T cell proliferation and polarised more of these lymphocytes after 5 days 

co-culture into a sub-population of T helper cells with a more pro-inflammatory profile when 

compared to Y201 cells (Kay et al., 2018). These two sub-types were therefore used in the 

current study as they were both BM-derived MSCs, yet possessed remarkably different 
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structural and functional characteristics. These details have been summarised later in Chapter 

3, Table 3.1.  Both types of hBM-MSCs were cultured using 500ml of DMEM topped with 0.9% 

v/v L D-glucose, pyruvate, L-glutamine, 10% v/v FBS and 1% v/v penicillin/streptomycin.  

WJ-MSCs obtained from the umbilical cord of humans which were kindly provided by the 

research group of Professor Gerard Nash (Institute of Cardiovascular Sciences, University of 

Birmingham) and used in compliance with the ethical standards subscribed to by this group. 

The study was conducted in compliance with the Declaration of Helsinki. All human samples 

were obtained with written, informed consent and approval from the North East – Tyne and 

West South Research Ethics Committee (REC 15-NE-0285). Umbilical cords were collected 

from anonymous donors with the assistance of the Birmingham Women's Health Care NHS 

Trust and Sandwell and West Birmingham Hospitals NHS Trust. They were cultured in media 

contained 500ml of low glucose (1g/L) DMEM, with L-glutamine, 10% v/v heat inactivated 

FBS, and 1% v/v penicillin/streptomycin.  Cells were seeded in tissue culture T75 flasks and 

cultured at 37oC in a humidified, 5% CO2 controlled incubator. 

To sub-culture WJ-MSCs, hBM-MSCs Y201 and hBM-MSCs Y202, the cell suspension was 

centrifuged at 400g for 5 minutes at room temperature, transferred into T25 culture flasks 

and incubated at 37˚C in a 5% CO2 humidified incubator. To measure the cell size, MSCs 

were dissociated from the flasks with the Accutase® enzyme. After that, 1 ml of cell 

suspension was transferred onto the glass slide. A total of 50 cells were counted from 5 

randomly selected fields of view and imaged microscopically using an x20 magnification 

with an EVOS microscope. Experiments for each kind of cell were repeated two times with 

two different cell donors. The size of these various stem cells was measured and analysed 

using ImageJ software. The data were presented as the average cell diameter±SEM. 
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2.2.1.6.   3D culture of HSCs and MSCs 

MSCs and HSCs were cultured in a 3D, sphere forming system using a hanging drop method, 

that did not required the addition of exogenous chemicals, as previously described (Bartosh 

and Ylostalo, 2014). Firstly, all stem cells were proliferated using the conventional 2D 

culture method, until they reached 80% confluency, after which 3D cultures were set up. 

Cell suspensions of HSCs, WJ-MSCs, hBM-MSCs Y201, and hBM-MSCs Y202 were then 

produced to yield a concentration of 1.5x106 cells/ml (sufficient to produce 40-60 spheres if 

needed). This was then diluted using culture media for each type of cells to yield 714 

cells/µl. Using a pipette, 35µl droplets of this suspension which finally consisted of 25,000 

cells were dispensed onto the inverted lid of a 150mm petri dish.  Many droplets could be 

comfortably added to each petri dish lid.  10ml of PBS was added to the bottom of the petri 

dish to create a water chamber. The lid on which the stem cell droplets were added was 

then carefully flipped so as to cover the petri dish, allowing the pinnacle of the droplets to 

face downward.  Petri dishes were incubated at 37˚C in a 5% CO2 humidified incubator for 1-

2 days (Figure 2.1A). The hanging drop technique allowed cells to aggregate and form 

homogenous 3D spheres at the apex of the droplet suspension (Figure 2.1B). The size of the 

cells was measured as previously described in section 2.2.1.5. The data were presented as 

the average of cell diameter±SEM. 
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Figure 2.1. Illustration of the hanging drop method used for generating 3D spheroid cultures of HSCs, 
WJ-MSCs, hBM-MSCs Y201 and hBM-MSCs Y202. (A) The schematic outlines the various steps required 
for performing the hanging drop method in which each drop had a stem cell concentration of 
25,000cells/droplet. (B) Following incubation, the stem cells within the droplets began to aggregate until 
3D spheres formed at the apex of the cell suspension droplets.  
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2.2.1.7.   Preparation of CFSE-labelled fluorescent stem cells 

Fluorescent labelling of stem cells was carried out using the 5,6-carboxyfluorescein 

diacetate succinimidyl ester (CFDA-SE). This chemical substance is a non-fluorescent, highly 

cell-permeable fluorescein, It is altered by intracellular esterase enzymes and converted into 

the fluorescent carboxyfluorescein succinimidyl ester (CFSE), which is impermeable to the 

cell membrane, locking it within the cell.  CFSE is a very useful fluorescent intracellular dye 

which can be used for staining numerous types of cells including stem cells and leukocytes 

(Hsu et al., 2015).  

To prepare stem cells for labelling, the desired number of HPC-7s, WJ-MSCs, or 2D and 3D 

cultured hBM-MSCs Y201 or Y202 MSCs were centrifuged at 400g at room temperature for 7 

minutes and then washed with 2ml of PBS. This process was repeated twice.  Stock CFDA-SE 

was diluted in DMSO to obtain a concentration of 10mM and aliquoted in micro-Eppendorf 

tubes for future use.  Whilst waiting for the cells to spin down, aliquoted CFDA-SE was 

thawed at room temperature and kept away from the light. 2µl of 10mM CFDA-SE was 

added to 2ml of PBS to obtain the final staining solution at 10µM.  2ml of this prepared 

CFDA-SE solution was added to 2ml of the cell suspension, leading to a total volume of 4ml 

at 5µM of concentration of CFDA-SE. The labelled cell solution was then incubated for 15 

minutes at 37°C in the dark.  After incubation, 6ml of culture media was added to stop the 

binding of excess CFDA-SE and cells were again centrifuged 400g for 5 minutes at 37°C. The 

resultant supernatant was removed, and the pellet re-suspended with 2ml culture medium 

and centrifuged again at 400g. This process was repeated twice with culture medium to 

remove excess CFDA-SE.  Cells were suspended at the desired concentration and ready for 
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the experiments. CFDA-SE labelled cells were visible as bright green cells using a 488nm 

emission wavelength.   

 

2.2.2.   Investigation of stem cell adhesion to various substrates in vitro 

Studies were performed to assess the adhesive capacity of stem cells to various substrates in 

vitro.  These included testing adhesion to snap frozen sections of heart tissue obtained from 

mice undergoing sham or myocardial IR injury, TNF-stimulated or non-stimulated VCECs 

and also to immobilised endothelial counterligand proteins, ICAM-1 and VCAM-1.  

 

2.2.2.1.   Tissue preparation and cryosection of frozen murine hearts  

Details on the surgical procedures performed on mice can be found later in Section 2.2.5.1, 

2.2.5.2, 2.2.5.3 and 2.2.5.4 as previously described (Kavanagh et al., 2018). Briefly, hearts 

were obtained from male C57BL/6 mice (Harlan, Oxfordshire, UK) that underwent either 

sham surgery or myocardial IR injury. Mice were anaesthetised with 100 mg/kg ketamine 

hydrochloride (Zoetis UK, UK) and 10mg/kg xylazine hydrochloride (Chanelle Animal Health, 

UK) intraperitoneally. Myocardial IR injury was induced in the beating left ventricle by 

reversible ligation of the left anterior descending (LAD) coronary artery for 45 minutes 

followed by reperfusion for 2 hours. After sacrifice, hearts were removed and mounted on a 

small volume of optimal cutting temperature (OCT) compound added to corkboard and 

immediately snap frozen in liquid nitrogen and stored at -80:C until use. 8µm tissue sections 

were sliced from the sham or injured left ventricle, incorporating the area of injury, using a 
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microtome-cryostat (Bright Instrument, UK) and transferred onto glass slides which were 

then air-dried and fixed in acetone for 10 minutes. To store the slides, samples were 

wrapped in research grade aluminium foil and stored at -20:C until use.   

 
2.2.2.2.   Stamper-Woodruff (SW) heart tissue section in vitro adhesion assay  

Modified SW adhesion assays allowed quantification of stem cell adhesion to frozen 

tissue sections in vitro (Stamper and Woodruff, 1976). For 2D cultured MSCs, 1ml of 

0.25% w/v Trypsin/EDTA was added to the flask to detach cells from the plastic bottom. 

For 3D cultured MSCs, the spheres were collected from the petri dish lids and aspirated 

into a 15ml corning tube and washed with PBS. To dissociate the spheres into single 

cells, 2ml Stem pro Accutase® enzyme was added to the tube and incubated at room 

temperature for 10 minutes. After the incubation, the suspension was pipetted up and 

down until the spheres dissociated into single cells.  Cells were then labelled with CFDA-

SE following the protocol mentioned in Section 2.2.1.7. The number of fluorescently 

labelled cells was counted as described in Section 2.2.1.2 to obtain the desired 

concentration. 

Slides of frozen heart sections were thawed at room temperature for 20 minutes and then 

placed in a humidified chamber. 1x105 CFSE-labelled cells / 100l culture media was 

carefully added to each tissue section and incubated for 1 hour on an orbital shaker at room 

temperature. After this incubation, slides were submerged in PBS to remove non-adherent 

stem cells and media, fixed with 100% v/v acetone for 5 minutes and washed with PBS again 

to remove the excess acetone.  Finally, once dry, slides were mounted using non-fluorescein 

Hydromount.  The numbers of adherent cells were counted from 5 randomly selected fields 
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of view imaged microscopically using an x20 objective of an EVOS fluorescent cell imaging 

system microscope (Thermo Fisher Scientific). Firstly, the centremost field of view was 

imaged and then 4 additional regions above, below and to the left and right of this field were 

imaged. This allowed for the avoidance of bias (Figure 2.2).  

 

 

2.2.2.3.   Endothelial cell in vitro adhesion assay  

The protocol was used as previously described (Kavanagh et al., 2013). VCECs were 

expanded on gelatin-coated plates at 33.5:C using the expansion media described earlier in 

Section 2.2.1.3. For experiments, 25,000 VCECs were added to gelatin coated 24 wells plate 

and incubated until confluent at 37°C in experimental DMEM. To activate VCECs, 100ng/ml 

of TNF-α was added to each well and incubated at 37°C for 4 hours. For control experiments, 

the vehicle PBS was added. Single cell suspensions at a concentration of 5x104 cells of either 

2D or 3D cultured HPC-7s, WJ-MSCs, hBM-MSCs Y201 and hBM-MSCs Y202 MSCs were 

incubated with VCECs for 20 minutes at 37°C as shown in figure 2.3. Plates were washed 3 

times with PBS to remove non-adherent cells prior to imaging. Experiments for each group 

were repeated in triplicate. The average number of adherent cells from 10 random fields of 

view per well was determined after imaging microscopically using a x20 magnification and 

an EVOS microscope.  
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Figure 2.2. Selection criteria used for quantitative and qualitative analysis of stem cell adhesion to 
frozen heart tissue sections in vitro. Adherent cells within 5 randomly selected fields of view (red squares) 
were counted to quantitate their adhesion using the in vitro Stamper-Woodruff frozen tissue adhesion 
assay. The area in the middle of the tissue was chosen as the first selected area and imaged.  4 additional 
regions on the left, right, above and below of the first region were also chosen to quantitate cell adhesion 
within.  The same criteria were used to quantitate cell adhesion on vena cava endothelial cells and on 
immobilised ICAM-1/VCAM-1 protein in vitro. The image is a representative frozen heart tissue section 
showing CFSE-labelled stem cells adherent on it and was captured using an EVOS microscope at 4X 
magnification. Scale bar = 1000 µm. 
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2.2.2.4.   Immobilised ICAM-1 and VCAM-1 protein in vitro adhesion assay  

96-well plates were coated with 10 µg/ml of recombinant murine intercellular adhesion 

molecule-1 (ICAM-1) or 10 µg/ml of recombinant murine vascular cell adhesion molecule-1 

(VCAM-1) for 1 hour at room temperature (Kavanagh et al., 2015). Wells with 1% v/v bovine 

serum albumin (BSA) were set as a negative control.  Plates were washed with PBS 3 times 

and the non-coated area of the well base blocked with 1% v/v BSA for 5 minutes. Wells were 

then washed 3 times with PBS and 5x104 of either 2D or 3D cultured HPC-7s, WJ-MSCs, hBM-

MSCs Y201 and hBM-MSCs Y202 were added to each well and incubated with the coated 

plate for 20 minutes at 37°C. After incubation, the plate was washed with PBS three times 

and the cells fixed to the immobilised proteins using 2% v/v glutaraldehyde at 37°C for 15 

minutes. Plates were rewashed after which 100µl of PBS was added to the wells prior to 

imaging. Again, experiments for each group were performed in triplicate. The average 

number of adherent cells from 3 random fields of view per well was determined after 

imaging microscopically using a x20 magnification and an EVOS microscope. Adherent cells 

were quantified and represented as a proportion of the cell adhesion on negative controls.  

 
 

2.2.3.   Flow cytometry and confocal studies to investigate surface adhesion 

molecules and chemokine receptors on 2D and 3D cultured hBM-MSCs 

4 

2.2.3.1   Flow cytometry studies of 2D and 3D cultured hBM-MSCs  

Flow cytometry was used to assess the surface expression of CD18 (integrin sub-unit 2)), 

integrin sub-unit β7, CD44, ICAM-1 (CD54), VCAM-1 (CD106) and CXCR4 (receptor for the 
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chemokine SDF-1) on 2D and 3D cultured MSCs. Cells were dissociated from monolayers 

grown in conventional 2D culture plates or from spheres grown in 3D cultured, washed 

twice with PBS and then centrifuged at 300g for 5 minutes. Pellets were re-suspended in 

cold FACs buffer to reach a concentration of 1x105 cell/ml (PBS, 5% v/v FBS, 0.1% v/v NaN3) 

and incubated for 15 minutes on ice to block the Fc receptor to reduce non-specific 

binding. After blocking, 200µl of the cell suspension was transferred to eppendorf and 

incubated with a fluorochrome-conjugated primary antibody (dilution 1:100) for 30 

minutes in darkness and on ice before performing flow cytometry analysis (Ise et al., 2019). 

Cells were stained with propidium iodide (PI). 

Antibodies used were mouse anti-human PE-conjugated anti-CD18, mouse anti-human FITC 

conjugated integrin sub-unit β7, rat anti-human FITC conjugated anti-CD44, mouse anti-

human FITC conjugated anti-ICAM-1, mouse anti-human FITC conjugated anti-VCAM and 

mouse anti-human FITC conjugated anti-CXCR4. After incubation, cells were washed two 

times with FACS buffer and then re-suspended in 300µl of FACS buffer solution. Samples 

were analysed using a FACSCalibur flow cytometer with analysis conducted on 10,000 

cells/events. Flowing software 2.5.1 (University of Turku, Finland) was used to visualise the 

data. Cells were gated using side scatter (SSC) vs forward scatter (FS). Individual populations 

were then gated on before identifying and eliminating cells that have joined together using 

pulse width vs FS. Live cells (PI-) were gated and shown by FS and SSC. These viable cells 

were gated on FL-1+ or FL-2+ events to evaluate the presence of molecules assessed in this 

study. Histograms were generated, representing the negative control and the positive test 

allowing for quantification of cell adhesion molecules. The expression of cell adhesion 

molecule were quantified and presented as the percentage of total number of cell count. 
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The percentage of cells expressing cell adhesion molecules was determined by calculating 

those with adhesion molecule expression compared to the total number of cells. 

 

2.2.3.2.   Confocal microscopy imaging of 2D and 3D cultured hBM-MSCs  

The pattern of expression of these same molecules was assessed confocally on 2D and 3D 

cultured MSCs fixed with 5% v/v formalin solution for 30 minutes. After fixation, cells were 

washed 3 times with 2% v/v PBSA and then incubated in PBSA for 30 minutes at room 

temperature to reduce unspecific binding.  Following incubation, cells were suspended in 

cold mouse anti-human PE-conjugated anti-CD18, mouse anti-human FITC conjugated 

integrin β7, rat anti-human FITC conjugated anti-CD44, mouse anti-human FITC conjugated 

anti-ICAM-1, mouse anti-human FITC conjugated anti-VCAM and mouse anti-human FITC 

conjugated anti-CXCR4 antibody at 1:50 dilution in the dark on ice for 60 minutes (Kavanagh 

et al., 2013). After antibody incubation, cell suspensions were washed 3 times with 2% v/v 

PBSA. Labelled cells were allowed to settle onto gelatin-coated coverslips overnight at 4:C 

and then mounted with Hydromount agent. Glass coverslips were coated with gelatin to 

increase cell adhesion onto their surface prior to confocal microscopic analysis. 22mm2 glass 

coverslips (Pearl, UK) were placed in the 24 well plates.  400µl of 0.1% w/v gelatin was added 

to each well to coat the surface of the coverslips and then incubated for 10 minutes at the 

room temperature. Coated coverslips were air-dried and stored at room temperature before 

use.  Slides were imaged using the Zeiss 780 Zen Laser scanning confocal microscope (Zeiss, 

US) with 40x magnification water immersion lens.  All images were captured using LSM Zen 

2009 software (Zeiss, US) and were analysed off-line using the ImageJ program (NIH, US).   
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2.2.4.     Murine endothelial cells + hBM-MSCs co-culture experiments in vitro 

2.2.4.1.   Endothelial cells + hBM-MSCs co-culture 

These experiments were conducted to investigate the ability of 2D and 3D cultured hBM-

MSCs Y201 and hBM-MSCs Y202 to reduce hydrogen peroxide (H2O2) mediated oxidative 

damage of VCECs in vitro as previously described (Kavanagh et al., 2019).  To set up the 

assay, immortalised mouse VCECs were seeded in 24 well plates with 1 ml of high 

glucose DMEM media and incubated at 37C in a humidified, 5% CO2 incubator. Once 

confluent, the culture media was removed, the wells were washed three times with PBS 

and 1ml of fresh media was added.  In some wells, 5x104 of either 2D or 3D cultured 

hBM-MSCs Y201 or hBM-MSCs Y202 were seeded with the VCECs.  110μl of 100μM H2O2 

was added to all wells to form a final concentration of 10μM H2O2 to induce oxidative 

damage of the VCECs (Liu et al., 2010). The last three steps were repeated every 24 

hours, with the experiments lasting 72 hours overall.  At 72 hours, VCECs were stained to 

determine how much ROS had been generated (using dihydroethidium) and the degree 

of VCEC oxidative damage (using 8-OHdG staining) and whether the stem cells were able 

to reduce these events (Figure 2.3). 

 
 
 
 
 
 

2.2.4.2.   Quantification of reactive oxygen species using Dihydroethidium in 

endothelial cells + hBM-MSCs co-culture experiments in vitro 

These experiments were conducted to assess the ability of 2D and 3D cultured hBM-MSCs 

Y201 and hBM-MSCs Y201 to modify ROS generation from H2O2 injured VCECs using the 
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superoxide sensitive dye dihydroethidium (DHE). DHE is a cell permeable, fluorescent probe 

commonly used to detect intracellular superoxide. In the presence of superoxide in living 

cells, DHE is oxidised to 2-hydroethidium which is further converted to ethidium, that 

intercalates with nucleic acids staining them a bright fluorescent red  (Chen et al., 2013). 

DHE is specifically used to detect superoxide since other types of ROS, (such as the hydroxyl 

radical, singlet oxygen, and alpha-oxygen) do not oxidise DHE. Following the co-culture 

method described in Section 2.2.4.1, the culture media containing the hBM-MSCs was once 

again removed, wells were washed with PBS and then 500µl of 10 µM of DHE solution was 

added as previously described (Kavanagh et al., 2019).  Plates were incubated at 37C, 5% 

CO2 in the dark for 30 minutes. The wells were then washed thoroughly with PBS and 500µl 

of PBS was added to all wells. This experiment was repeated three times. Images were taken 

with an EVOS fluorescence microscope with a x20 objective lens.  Five images per field were 

taken for each well as shown in Figure 2.4A.  

 
 
 

2.2.4.3.   Quantification of oxidative stress using 8-OHdG labelling in endothelial 

cells + hBM-MSCs co-culture experiments in vitro 

These experiments were carried out to investigate the ability of 2D and 3D cultured 

hBM-MSCs Y201 and hBM-MSCs Y201 to protect H2O2 injured VCECs from oxidative 

damage by staining for 8-hydroxygaunine (8-OHdG).  8-OHdG is a specific marker for 

oxidative damage of DNA and RNA. Following the co-culture method described in 

Section 2.2.4.1, the culture media containing the hBM-MSCs was once again removed 

and wells were washed with PBS. 
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Figure 2.3. Murine endothelial cell + hBM-MSC co-culture assay.  VCECs (orange) were seeded in 24 well 
plates with 1ml high glucose DMEM media topped with 1% v/v penicillin/streptomycin and 10% v/v FBS and 
incubated at 37˚C in a humidified, 5% CO2 incubator. Once confluent, culture media (pink) was removed, the 
wells were washed three times with PBS and 1ml of fresh media was added to each well. In some wells, 5x10

4
 

of either 2D or 3D cultured hBM-MSCs Y201 or hBM-MSCs Y202 (green) were seeded with the VCECs. 500µl of 
10µm H2O2 (yellow) was added to all wells to induce oxidative damage of the VCECs. The last three steps were 
repeated every 24 hours, with the experiments lasting 72 hours overall. After 72 hours, VCECs were stained to 
determine how much ROS had been generated (using dihydroethidium) and the degree of VCEC oxidative 
damage (using 8-OHdG staining) and whether the stem cells were able to reduce these events. 
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Following the protocol described by Kavanagh and colleagues, VCECs were fixed and 

permeabilised with 300l of 70% v/v ethanol and incubated for 1 hour at -20C (Kavanagh et 

al., 2019). After cell fixation, the alcohol was removed and the plates were washed in PBS. To 

block non-specific binding of IgG to Fc receptors, 300µl of the blocking agent (anti-

CD16/CD32 diluted to a ratio of 1:500) was added to the wells and incubated at room 

temperature for 30 minutes. The blocking solution was then removed and the plates were 

washed thoroughly with PBS. The wells were incubated with 1:500 dilution of the primary 

anti-8-OHdG antibody for 1 hour in the dark at room temperature.  Wells were again washed 

with PBS and incubated with 1:250 dilution of the secondary Alexa Fluor 488 donkey anti-

goat antibody in the dark at room temperature for 1 hour (Kavanagh et al., 2019) (Figure 

2.4B). 

 

2.2.4.4.   Analysis of endothelial cell + hBM-MSC co-culture experiments in vitro 

Images were taken using an EVOS fluorescence microscope with the 20x objective lens.  Five 

images per field were taken for each well. Images analysis was conducted using ImageJ 

software. The area of absent and low-intensity colour was excluded from the analysis using 

the threshold modifier function. The formula used to calculate the mean fluorescence 

intensity was the area of intensity multiplied with mean intensity.  The fluorescence intensity 

of the experimental groups containing 2D and 3D cultured hBM-MSCs MSCs Y201 and hBM-

MSCs Y202 was compared to the control group of VCECs in which no stem cells were added. 

The data are expressed as mean fluorescence intensity±SEM. 
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2.2.5.   Intravital microscopy studies of the IR injured beating mouse heart to image 

hBM-MSC trafficking and their vasculoprotective effects in vivo  

State-of-the-art confocal-based intravital microscopy (IVM) was used to image the kinetics of 

hBM-MSC trafficking to and through the beating heart coronary microcirculation in 

anaesthetised sham and IR injured mice in vivo. Specifically, the impact of 2D and 3D culture 

on the numbers of hBM-MSCs free flowing through or becoming firmly adherent within the 

heart microvasculature was assessed. Furthermore, novel beating heart intravital imaging 

was also used to assess whether hBM-MSCs could prevent the thromboinflammatory 

disturbances previously described by us intravitally to take place in the IR injured heart in 

vivo (Kavanagh et al., 2019). Specifically the ability of 2D and 3D cultured hBM-MSCs to 

prevent neutrophil recruitment and platelet aggregation and restore coronary capillary 

perfusion was assessed. 

 

2.2.5.1.   Animals  

All animals studies were approved by the University of Birmingham Ethics Committee and 

the United Kingdom Home Office, in accordance with the Animals  (Scientific Procedures) 

Act of 1986 (ASPA 1986) under Project Licences P552D4447 and P95F9B96 (held by Dr 

Neena Kalia). 8-12 week old male C57BL/6 mice, housed at the Biomedical Services Unit 

(University of Birmingham) were used at a body weight ranging between 25-32g.   All mice 

were provided with food and water ad libitum.  
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2.2.5.2.   Pre-surgical preparation 

All surgical instruments were sterilised using a hot air autoclave before use.  

Furthermore, the downdraft surgical table and surgical stereomicroscope was also 

disinfected using chlorhexidine. General anaesthesia was induced by an intraperitoneal 

injection of a combination of Ketamine hydrochloride (100mg/kg) and Medetomidine 

hydrochloride (100mg/kg). The depth of surgical anaesthesia was monitored every 10 

minutes throughout surgery by checking the pedal reflex (firm toe pinch). Maintenance 

anaesthesia was introduced intra-peritoneally as and when required. Prior to surgery, 

the hair over the neck and left thoracic regions of the mouse was removed using a 

surgical hair clipper and Veet® hair removal cream.  Once exposed, the underlying skin 

was disinfected using chlorhexidine. The mouse was then placed on a specially designed 

surgical board which contained a heating pad linked to a temperature monitor which 

was adjusted to maintain the mouse body temperature at around 37°C. Body 

temperature was measured using a rectal probe (Figure 2.6). The surgical board was 

designed so that the mouse could easily transfer from the surgical area to the intravital 

microscope stage. 
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Figure 2.4. Protocols for quantification of ROS (Superoxide) generation using dihydroethidium and VCEC 
oxidative stress using 8-OHdG labelling. (A) DHE, a cell permeable fluorescent probe, was used to detect 
intracellular superoxide generation.  In the presence of superoxide, it intercalates with nucleic acids and 
emits a bright fluorescent red (green icons are MSCs and yellow icons are H2O2). (B) 8-OHdG is a specific 
marker for oxidative damage of DNA and RNA. A primary anti-8-OHdG antibody and secondary Alexa Fluor 
488 donkey anti-goat antibody was used to detect oxidatively damaged VCECs. At the end of the both 
protocols, images were taken with an EVOS fluorescence microscope with the 20x objective lens. Five 
images per field were taken for each well. 
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2.2.5.3.   Induction of myocardial IR injury 

The anaesthetised mouse was artificially ventilated using a small rodent ventilator 

(MiniVent®, Biochrom Ltd., Harvard Apparatus) which allowed control of the respiratory 

rate, pressure and stroke volume of the anaesthetised mouse.  Endotracheal intubation was 

used to connect the ventilator to the mouse. An incision was made along the midline of the 

neck to expose the trachea.   The anterior aspect of a tracheal cartilage was cut to expose 

the inner side of the trachea. A respiratory tube, which was attached to the ventilator, was 

passed into the trachea towards the lungs, allowing the ventilator to control lung function. A 

knot made with a 5-0 suture was used to secure the connecting respiratory tube within the 

trachea.  The ventilator was connected to an oxygen generating machine which delivered a 

continuous flow of medical grade oxygen at a rate of 130 breaths per minute and a stroke 

volume of 220μl. Expiratory lung gases during the expiration portion of the respiratory cycle 

were released through an expiratory tube. The lungs were at atmospheric pressure during 

these procedures. Peak end expiratory pressure (PEEP) is a pressure applied by the ventilator 

at the end of each breath to prevent the alveoli from collapsing. A PEEP system was 

established by placing the end of the respiratory tube 3-5 cm under the surface of water 

contained in a 15 ml corning tube. 

Once artificial ventilation had been achieved, the left carotid artery was then exposed. After 

the vagus nerve was separated from the artery, a 5-0 suture was placed at the end closest to 

the head and tied off. The other end of the artery was clamped using an atraumatic mini 

arterial clamp. A small incision was made in the artery between the clamp and the suture. A 

cannula, attached to a 1ml syringe filled with PBS, was then passed into the artery and 

securely tied in place using suture. The arterial clamp was then removed. This intra-arterial 



CHAPTER 2 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VITRO STUDIES  

81 
 

cannula allowed for the injection of fluids, fluorescent dyes/antibodies or stem cells into the 

mouse as and when required. 

An incision was then made in the left thoracic region to expose the pectoral muscles 

covering the left ribcage and chest wall. The pectoral muscles in this region were removed 

using a cautery pen in order to gain access to the 3rd and 4th chest ribs. A further incision was 

made between the 3rd and 4th ribs using castro-viejo scissors to expose the underlying heart 

– this incision was kept open using a retractor. The surrounding pericardial sac was then 

removed from the heart. A surgical stereomicroscope was used to identify the LAD coronary 

artery on the surface of the beating left ventricle and an 8-0 suture was passed gently 

through the muscle underneath it. The LAD was then temporarily tied against a small piece 

of 1mm diameter plastic tubing protecting the heart muscle from direct damage from the 

suture (Figure 2.6A). This induced ischaemia to downstream regions of the heart supplied by 

the LAD artery. The occlusion of the LAD artery was confirmed by the change of colour of the 

anterior wall of left ventricle below the ligation point to a very pale pink within seconds after 

ligation. The ischaemic period was allowed to persist for 45 minutes. The thoracic cavity was 

closed temporarily during the ischaemic process by placing a small piece of wet gauze in the 

cavity and covering the wound with Saran wrap.  After 45 minutes, the ligation was removed 

to allow reperfusion of blood within the left ventricle for 2-2½ hours. Reperfusion was 

confirmed by the return of red colour to the anterior wall of the left ventricle after 10 

seconds. Thereafter, mice were culled via an appropriate Schedule 1 method.  The heart and 

lungs were harvested for use in experiments detailed later. Sham mice underwent the same 

surgery as the IR injured mice except the LAD artery was not occluded.   
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2.2.5.4.   Intravital imaging of beating mouse heart in vivo 

In order to image the sham or IR injured anaesthetised mouse beating heart, an in-house 

designed and 3D printed stabiliser was attached to the surface of the exposed left ventricle 

in a region below the LAD ligation point. The 3D printed stabiliser was a ring-shape PLA 

plastic structure which was required to stabilise a small area of the left ventricle and allow 

subsequent intravital imaging of the coronary microcirculation on the epicardial side of the 

muscle. The stabiliser had an internal and external diameter of 2.25mm and 4mm 

respectively. Motion was sufficiently reduced in the x-y plane such that high-quality imaging 

of the epicardial coronary microvasculature could be obtained. Importantly, the rest of heart 

continued to beat normally. The stabiliser was a modified version of one previously 

described by Lee and colleagues (Lee et al., 2012).   

As soon as the LAD artery was un-ligated and reperfusion initiated, a micromanipulator, 

on to which the arm of the stabiliser was attached, was used to gradually approach the 

stabiliser towards the left ventricle and attach it using Vetbond®, highly effective 

biological glue (Figures 2.6B-C). It was not possible to attach the stabiliser whilst the LAD 

artery ligation was still in place; hence why this procedure was performed after the 

ligation was removed.  The central area was kept moist by application of 0.9% w/v saline 

with the surrounding area covered with saran wrap to prevent loss of moisture. As it 

took 20-30 minutes before the beating heart was ready for imaging, the first recording 

lasting 2 minutes took place from a pre-selected field of view (413μm x 308μm) at 30 

minutes post-reperfusion. This also allowed for consistency with regards acquisition of 

the first intravital recording between experiments. 2-minute videos were subsequently 

taken every 15 minutes from the same area for 2-2½ hours. This was accomplished using 
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a Nipkow spinning disk confocal head (Yokogawa CSU, Japan) connected to an upright 

BX61WI Olympus® microscope with an Evolve EMCCD camera (Photometrics, USA) and a 

x20 objective lens (Olympus, Japan). The spinning disc head attachment contained 

10,000 pinholes in the first spinning disk and with a second disk with also 10,000 of 

microlens to focus the excitation laser light into each corresponding pinhole. Two disks 

spun to rapidly scan the field of view, which allowed the rapid moving cells within 

microcirculation to be captured at the high frame rate (Kavanagh et al., 2019). All data 

was captured, stored and analysed using Slidebook 6 software (Intelligent Imaging 

Innovations, USA). Once the intravital experiment was complete, tissue harvesting was 

conducted of organs of interest (heart and lungs) to be utilised in experiments detailed 

later. 

 

2.2.5.5.   Imaging and quantification of hBM-MSC trafficking to the IR injured 

beating heart in vivo 

To intravitally track the homing of hBM-MSCs to the beating heart, 5x105 CFSE-labelled 2D or 

3D cultured hBM-MSCs Y201 or hBM-MSCs Y202 in 200µl PBS were slowly infused via the 

carotid cannula into the systemic circulation at 30 minutes post-reperfusion. The first 

intravital recording was taken at the same time point as cell infusion.  2-minute long videos 

were captured every 15 minutes for 2-2½ hours from the same pre-selected region of 

interest below the LAD ligation point using Slidebook 6.0 capturing software. This also 

allowed for consistency between experiments.  
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Figure 2.5. Surgical preparation of the anaesthetised male C57Bl/6 mouse for intravital imaging of the 
exposed beating heart in vivo.  The anaesthetised mouse was placed on a heating pad on an in-house designed 
surgical board. The mouse was artificially ventilated by placing a cannula into the trachea which was attached 
to a MiniVent ventilator. Oxygen was provided using an oxygen generator machine.  A fluid for hydration and 
infusion of stem cells was given via a cannula placed in the carotid artery.  For thoracotomy, the mouse was 
placed on its right and the hair over the left side of the chest was removed.  An incision was made between the 
3

rd
 and 4

th
 ribs to expose the heart, specifically the beating left ventricle. For intravital imaging, an in-house 

designed 3D printed stabilizer was gradually placed onto the left ventricle with a help of a micromanipulator 
and attached to it using Vetbond®.   
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Figure 2.6. Preparation of the anaesthetised C57Bl/6 mouse beating heart for novel intravital imaging in 
vivo. (A) The left anterior descending (LAD) coronary artery was identified on the surface of the left 
ventricle and temporarily ligated for 45 minutes using the 8-0 suture passed using an attached needle 
underneath it.  It was tied off against a 1 mm plastic tube to avoid damaging and tearing the muscle. 
Occlusion of the LAD and thus induction of myocardial ischaemia was confirmed by a change of colour of 
the anterior wall of the left ventricle below the ligation point from red to pale pink. (B-C)  The arm of a 
micromanipulator was attached to an in-house designed 3D printed stabiliser and used to help place it 
gently onto the surface of beating heart. It was placed firmly on the heart using Vetbond®glue and 
subsequently provided sufficient stability of left ventricle to allow it to intravitally image whilst the heart 
continued to beat normally.  Only a small region of the left ventricle is visible in Image B with rest hidden 
from view under the intercostal muscles. 
 
 
 



CHAPTER 2 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VITRO STUDIES  

86 
 

After the intravital experiment was finished, mice were culled using a Schedule 1 method 

and the heart and lungs removed for use in experiments mentioned later.  All recorded 

videos were stored using Slidebook software and analysed later. 

Videos were subsequently analysed of-line using Slidebook 6.0 analysis software. Free 

flowing MSCs were those cells that simply passed through the coronary microcirculation 

without becoming adherent in a 1 minute duration. These cells were counted twice manually 

for each video taken every 15 minutes at the same pre-selected region of interest (413μm x 

308μm) below the LAD ligation point for the entire experiment to ensure accuracy. Adherent 

MSCs were classified as those cells that remained stationary in the field of view for > 30 

seconds during the 2-minute recording time. The number of free-flowing and adherent MSCs 

was obtained for each 15 minute time point throughout reperfusion.  

 

2.2.5.6.    Imaging and quantification of neutrophils and platelets in the IR injured 

beating heart in vivo after hBM-MSC therapy  

This study was conducted to investigate the potential anti-inflammatory and anti-thrombotic 

effects of 2D or 3D cultured hBM-MSCs Y201 and hBM-MSCs Y202 following myocardial IR 

injury. The number of neutrophils and platelets infiltrating the coronary microcirculation 

were chosen as parameters to assess as we have previously shown these to be detrimental 

to the integrity of the microvasculature in the IR injured beating heart (Kavanagh et al., 

2019). To quantify the number of thromboinflammatory cells intravitally, these circulating 

blood cells were fluorescently labelled using antibodies against their specific cell surface 

markers.  
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Endogenous neutrophils were fluorescently labelled with a PE-conjugated rat anti-mouse Gr-

1 (Ly6G) antibody (0.2mg/ml; 20µl). Endogenous platelets were labelled with an APC-

conjugated rat anti-mouse CD41 antibody (0.2mg/ml; 20µl) (Wang et al., 2017, Da et al., 

2018). To prepare the final concentration (0.4µg/ml) of antibody solution, 20μl of the 

specific antibody was mixed with 80μl PBS for 5 minutes. These antibody solutions were 

prepared fresh minutes prior to their use and introduced intra-arterially 5 minutes before 

the LAD artery ligation was removed. Thereafter, the stabiliser was attached to the left 

ventricle as described in Section 2.2.5.4.  In these experiments, 5x105 cells of unlabelled 2D 

or 3D cultured hBM-MSCs Y201 or hBM-MSCs Y202 in 200µl PBS were slowly infused intra-

arterially at 30 minutes post-reperfusion as described in Section 2.2.5.5. Again, 2-minute 

long videos were recorded every 15 minutes throughout reperfusion and analysed offline 

using Slidebook 6.0 analysis software.  

Free flowing neutrophils were those cells that simply passed through the coronary 

microcirculation without becoming adherent in 1 minute duration. These cells were counted 

twice manually for each video taken every 15 minutes to ensure accuracy. Adherent 

neutrophils were classified as those cells that remained stationary in the field of view for > 

30 seconds during the 2-minute recording time.   

ImageJ (NIH; USA) software was used to quantify the myocardial presence of platelet 

aggregates or thrombi (Figure 2.7). Briefly, selected images at 30, 60 and 90 seconds of the 2 

minute recorded videos were uploaded and the background fluorescence or the low-

intensity colour was subtracted using the threshold modifier function. This then allowed the 

area containing just labelled platelets and platelet aggregates to be highlighted or have a 

mask placed around it.  The mean fluorescence intensity of this adjusted intensity colour was 
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then multiplied with threshold area size (all of the highlighted platelets in the image) as 

shown in the equation below to obtain a value for the mean integrated fluorescence 

Intensity,  The mean integrated fluorescence intensity was compared between the different 

experimental groups. 

                                                             
 

                                         
 
 

 

2.2.5.7.   Imaging functional capillary density in the IR injured beating heart in vivo  

In some experiments, the microcirculation was interrogated using FITC-conjugated bovine 

serum albumin (FITC-BSA). When introduced systemically, it is retained within the 

vasculature, thereby facilitating easy visualisation of the vasculature and confirming the 

presence of blood flow (Kalia et al., 2002). 100μl of FITC-BSA was injected into the mouse 

intra-arterially at the end of certain intravital experiments to qualitatively ascertain any 

changes in functional capillary density (FCD). The capillaries containing FITC-BSA were 

characterised a functional capillaries. The FCD were quantified using ImageJ and presented 

as perfused vascular area (pixel). 

 

2.2.5.8.   Dual therapy with hBM-MSC administration and heparin  

These experiments were performed to determine whether administration of heparin could 

enhance the vasculoprotective effects of hBM-MSCs through more effective inhibition of 

neutrophil and platelet recruitment following myocardial IR injury. Mice were surgically 



CHAPTER 2 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VITRO STUDIES  

89 
 

prepared, as mentioned in Sections 2.2.5.3 and 2.2.5.4.  After 30 minutes of reperfusion, 

400 IU of an unfractionated heparin sodium salt was slowly infused intra-arterially either on 

its own or alongside infusion of hBM-MSCs.  Thereafter, neutrophil and platelet recruitment 

following myocardial IR injury was imaged intravitally as mentioned in Section 2.2.5.6. The 

timeline for all intravital experiments in which (i) MSC trafficking (ii) MSC vasculoprotective 

effects and (iii) MSC + Heparin vasculoprotective effects were imaged is shown in Figure 2.8.  

 

2.2.6.   Multiphoton microscopy studies to image vasculoprotective effects of hBM-

MSCs in deeper layers of the IR injured heart muscle – ex vivo studies  

 

2.2.6.1.   Preparing the excised hearts for multiphoton imaging 

Intravital imaging is restricted to imaging the surface of the beating heart in vivo and 

even with the spinning Nipkow confocal attachment only has a penetration depth of 

approximately 50-60m, hence only the most superficial epicardial side of the heart was 

imaged. The development of multiphoton laser-scanning microscopy (MPLSM) offers a 

potential solution to this problem. It can penetrate directly into tissues at sufficient 

depths to image tissues in situ without significant phototoxicity. MPLSM provides better 

image quality and overcomes the single-photon microscope limitation, such as less 

penetration into the tissue than 50 µm (Wu et al., 2017).  
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Figure 2.7. Analysis of platelet aggregation within the beating heart coronary microcirculation using 
Image J software. A selected image from the intravital 2 minute recorded video was uploaded in ImageJ 
software.  The background fluorescence or the low-intensity colour was subtracted using the threshold 
modifier function. This essentially allowed the area containing just labelled platelets and platelet 
aggregates to be highlighted or have a mask placed around it (red). The mean fluorescence intensity of this 
adjusted intensity colour was then multiplied with the threshold area size (all of the highlighted red areas) 
to obtain a value for the mean integrated fluorescence Intensity. The mean integrated fluorescence 
intensity was compared between the different experimental groups. 
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To determine whether any potential surface inhibition of thromboinflammatory events in 

the presence of hBM-MSCs alone or hBM-MSCs + heparin was also taking place within the 

deeper myocardium, multiphoton ex vivo experiments were also conducted. At the end of 

some intravital experiments in which neutrophils and platelets were imaged, the hearts 

were harvested and kept in PBS on ice to prevent the organs from drying out and preserve 

their freshness. The auricle of the heart was removed manually using a scalpel, and the rest 

of the heart was placed in a petri-dish ready for vibratome sectioning.  

The heart was attached to the specimen holder with the left ventricle side facing up using 

Liquid-Skin  glue (Chemence Medical Inc, UK). The specimen holder was then attached to a 

7000smz Vibrating Blade Tissue Slicer (Campden Instruments Limited, UK). Prior to 

sectioning, all cutting parameters were set on the vibratome and included a frequency of 

60Hz, amplitude of 1.5mm and a tissue thickness of 250m. Once the tissue was mounted to 

the specimen holder, the single-edge razor blade was checked to confirm that the sharpened 

surface was facing upward. The left ventricle was then cut continuously until its whole 

thickness was sectioned and the heart chamber was reached. Approximately 4 to 5 slices of 

250m thickness each were obtained from the left ventricle (Figure 2.9). Forceps were used 

to lift tissue slices into a PBS chamber. Slices were then placed on the snow-coated slide, 

covered with a cover glass and could be kept in PBS and stored at 5C for 3 days. 
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2.2.6.2.   Imaging and quantification of neutrophils and platelets in IR injured hearts 

after hBM-MSC  heparin therapy using multiphoton microscope ex vivo 

Multiphoton microscopy was performed using a FVMPE-RS multiphoton laser scanning 

microscope (Olympus, UK).  Images were obtained using a water-immersion x25 objective 

lens (XLSLPLN25XSVMP2, Olympus, UK). This system has 4 channels, which can accurately be 

adjusted to detect emission signals within the range from 400-1600 nm. Two channels were 

used in this study. These 2 channels were similarly adjusted for the system parameters, 

including amplifier offset, detector gain and amplifier gain. The excitation wavelength used 

to capture images of PE-labelled endogenous neutrophils and APC-labelled endogenous 

platelets was 1040nm and 1200nm respectively. The emission filter sets utilised for 

detection through the non-descanned detector were the: (1) infrared cut filter (BA750), (2) 

SDM570 dichroic mirror (DM) for channel (CH) 1 and the 575/645nm barrier filter (BF) for 

CH1 (3) SDM570 DM for CH3 and 600/670 BF for CH3, (4) FV30-FGR filter cube for CH1 

detector (5) FV30-F475R filter cube for CH3 detector. The coupling mirror for the infrared 

laser used in these experiments was LCDM690-1050. The speed for image scanning was 4 

microsecond per pixel. The resolution of the acquired images was 1024x1024 pixels. Z-stack 

images were assembled for each 250µm thick sections from the surface (1µm per z-step) at 

3 different locations for each section.  Overall, 4 slices of the left ventricle were imaged per 

mouse. 
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2.2.6.3.   Reconstruction, image display and rendering of image stacks from 

multiphoton experiments  

Multiphoton z-stacks were taken from 4 layers, namely the (i) outer epicardial to mid-

myocardial (ii) outer mid-myocardial to mid-myocardial (iii) inner mid-myocardial to mid-

myocardial and from (iv) inner mid-myocardial to inner endocardial avoiding the last 

section which had ‘missing’ myocardium due sectioning through the actual ventricle 

chamber.  Images from each layer were then rendered to form 3D stack images (Figure 

2.10). The image Z-stacks were processed and displayed using ImageJ. Rendering of the 

3D stack was conducted using the ClearVolume (Github, US) plug-in for ImageJ. The 

presence of neutrophils and platelets was analysed as the sum of the fluorescence 

intensity per pixel in each image.   
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Figure 2.8. Timeline for intravital experiments of the beating mouse heart to image hBM-MSC trafficking and 
the vasculoprotective effects of delivering them alone or as a dual therapy with heparin.  Once mice were 
adequately anaesthetised, the LAD coronary artery was temporarily suture ligated to induce myocardial 
ischaemia for 45 minutes after which it was un-ligated and reperfusion initiated.  The heart was then prepared 
for intravital imaging – it took approximately 20-25 minutes to attach the stabiliser to the left ventricle.  It was 
not possible to attach the stabiliser whilst the LAD artery ligation was still in place; hence why this procedure 
was performed after the ligation was removed.  Therefore, the heart was intravitally imaged for the first time 
at 30 minutes post-reperfusion to ensure consistency between experimental groups.  Intravital recordings were 
taken every 15 minutes for the next 2 hour post-reperfusion. HBM-MSCs were injected via the carotid artery 
either alone or as a dual therapy with heparin at 30 minutes post-reperfusion at the same time at the first 
intravital recording.  In experiments in which neutrophils and platelets were being imaged, a PE-conjugated 
anti-Ly6G antibody and an APC-conjugated anti-CD41 was injected via the carotid artery 5 minutes before the 
LAD was un-ligated.  In experiments in which the excised heart was to be subsequently further imaged for deep 
tissue analysis using multiphoton microscopy, (non-therapeutic) heparin was injected via the carotid artery just 
prior to culling.   

 



CHAPTER 2 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VITRO STUDIES  

95 
 

 

 

 
 
 
 
 
 
 
 
 
Figure 2.9. Preparing the murine left ventricle for multiphoton imaging following myocardial ischaemia-
reperfusion injury ex vivo. To ascertain whether any vasculoprotective events imaged using intravital 
microscopy were also occurring in the deeper layers of the myocardium, multiphoton microscopy was used.  
The heart was cut in half longitudinally from the base to apex to expose the inner endocardial layer lining the 
left ventricle chamber.  It was then placed on a specimen holder and attached to a tissue vibratome to precisely 
section the left ventricle wall into 5-6 sections from the epicardial to endocardial side with 250µm thickness 
sections cut.  Multiphoton z-stacks were taken from 4 layers, namely the (i) outer epicardial to mid-myocardial 
(ii) outer mid-myocardial to mid-myocardial (iii) inner mid-myocardial to mid-myocardial and from (iv) inner 
mid-myocardial to inner endocardial avoiding the last section which had ‘missing’ myocardium due to 
sectioning through the actual ventricle chamber.  Images from each layer were then rendered to form 3D stack 
images. 
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2.2.7.   Flow cytometry experiments to analyse hBM-MSC recruitment, coronary 

endothelial and cardiomyocyte oxidative damage and endothelial adhesion 

molecule expression in whole excised digested hearts ex vivo 

 

2.2.7.1.   Digestion of whole hearts and lungs  

Heart and lungs were removed from culled mice at the end of some intravital experiments. 

They were then digested into single-cell suspensions for flow cytometry analysis of hBM-

MSC presence, endothelial and cardiomyocyte oxidative stress and endothelial ICAM-

1/VCAM-1 expression. Firstly, mice were surgically prepared and underwent either sham 

surgery or myocardial IR injury as described in Sections 2.2.5.2, 2.2.5.3, and 2.2.5.4. Some 

mice received 2D and 3D cultured hBM-MSCs Y201 and hBM-MSCs Y202 as described in 

Section 2.2.5.5. The organs of interest were excised and stored in cold PBS to prevent the 

organ from drying out and preserve the freshness of organs. The heart and lungs were then 

finely minced into tiny pieces using a sharp scalpel in a petri-dish. Finely chopped tissues 

were placed in a 15ml corning tube and mixed with 2ml of 0.1% v/v Collagenase type I 

solution to start enzymatic digestion. These processes were performed in a cell culture hood.  

The tube was incubated at 37˚C for 1 hour on the rotator mixer.  After incubation, the 

solution was filtered through a 70µm cell strainer and added to 20ml of warm cell culture 

medium. The cell suspension was centrifuged at 700 g for 10 minutes and washed with PBS. 

The cell pellet was collected fixed and permeabilised using 100% v/v ethanol at least 1 hour 

before labelling cells for oxidative stress or surface adhesion molecules. 
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2.2.7.2.   Quantification of hBM-MSC recruitment in excised whole hearts and lungs 

of mice following myocardial IR injury 

The aim of these experiments was to determine whether the culturing method influenced 

the homing and myocardial retention of different sub-populations of hBM-MSCs to the IR 

injured and the lungs. The protocol was used as previously described (Kavanagh et al., 2019). 

2D and 3D cultured hBM-MSCs Y201 and hBM-MSCs Y202 were labelled with CFSE as 

mentioned in Section 2.2.1.7. Once tissues were collagenase digested into single-cell 

suspensions, cell sorting using flow cytometry was conducted immediately after identifying 

the CFSE-labelled MSC population. Samples were analysed using FACSCalibur flow 

cytometry. The analysis was conducted on 25,000 events. Summit 4.3 software (Beckman 

Coulter, US) was used to visualise the data. A gating strategy was conducted to investigate 

and to quantify the cell population of interest. The data were presented as percentage of 

total MSCs infused in mice. The percentage of infused hBM- MSCs presence in organ was 

determined by calculating those found in each organ (heart or lung) compared to the total 

number of infused hBM-MSCs. 

 

2.2.7.3.   Determination of coronary endothelial cell and cardiomyocyte oxidative 

damage in excised whole hearts and lungs of mice following myocardial IR injury 

The aim of these experiments was to assess whether 2D or 3D cultured hBM-MSCs Y201 

and hBM-MSCs Y202 were able to reduce oxidative damage of coronary endothelial cells 

following myocardial IR injury. Furthermore, to determine the sensitivity of these 

vascular cells to oxidative stress, comparisons were made with cardiomyocytes.  The 
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protocol was used as previously described (Kavanagh et al., 2019). The digested hearts 

single cell population was labelled with a PE-conjugated anti-CD31 antibody to detect 

the endothelial cells, with cardiomyocytes detected using an anti-cardiac troponin-T 

(cTnT) antibody. The oxidative damage of each cell type was detected using an anti-8-

OHdG antibody.  Permeabilised and fixed single digested heart cell suspensions were 

centrifuged for 10 minutes at 700 g at 25°C. Cell pellets were collected and washed once 

in PBS and centrifuged again.  To block non-specific binding of the antibody, cells were 

re-suspended in FACS buffer for 30 minutes. After that, cells were centrifuged to discard 

the supernatant. Cell pellets were re-suspended with the specific antibody solution: 

Alexa Fluor 488-conjugated IgG at a ratio of 1:500, PE-conjugated anti-CD31 at a ratio of 

1:50, PE-conjugated IgG2a at a ratio of 1:50, PE-conjugated REA control antibody at a 

ratio of 1:10, PE-conjugated anti-cTnT at a ratio of 1:10 and Alexa Flour 488-conjugated 

anti-8-OHdG at a ratio of 1:500. Cell suspensions were kept in the Eppendorf tubes 

covered with aluminium foil and agitated gently on ice for 1 hour.  Tubes were again 

centrifuged and cells re-suspended in 300μl of PBS ready for analysis using flow 

cytometry.  Samples were analysed using FACSCalibur flow cytometry. The analysis was 

conducted on 25,000 events. Summit 4.3 software (Beckman Coulter, US) was used to 

visualise the data. The gating strategy is provided (Figure 4.8) to investigate and to 

quantify the cell population of interest. Brifely, cells were gated using SSC vs FS. 

Individual populations were then gated on before identifying and eliminating cells that 

have joined together using pulse width vs FS. Live cells (PI-) were gated and shown by FS 

and SSC. These viable cells were then gated on FL-1 + or FL-2 + events to evaluate the 

presence of molecules assessed in this study, CD31-PE or cTnT PE and A8-OHdG AF488.  
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2.2.7.4.   Determination of endothelial cell adhesion molecules expression in 

excised whole hearts and lungs of mice following myocardial IR injury 

The aim of these experiments was to assess whether 2D or 3D cultured hBM-MSCs Y201 and 

hBM-MSCs Y202 were able to reduce the expression level of adhesion molecules expression 

on the surface of coronary endothelial cells following myocardial IR injury. The protocol was 

used as previously described (Kavanagh et al., 2019). Digested heart coronary endothelial 

cells were labelled with a PE-conjugated anti-CD31 at 1:50, PE-conjugated IgG2a control at 

1:50, FITC-conjugated anti-ICAM-1 at 1:50, FITC-conjugated IgG2a control at 1:50, PECy7-

conjugated anti-VCAM-1 at 1:50, PECy7-conjugated IgG2b control at 1:50. Samples were 

analysed using FACSCalibur flow cytometry. The analysis was conducted on 25,000 events. 

Summit 4.3 software (Beckman Coulter, US) was used to visualise the data.  A gating strategy 

was conducted to investigate and to quantify the cell population of interest.  

 

2.2.8.   Quantification of systemic inflammatory cytokines in the serum of 

myocardial IR injured mice after hBM-MSC therapy using multiplex immunoassays 

To investigate the ability of 2D or 3D cultured hBM-MSCs Y201 and hBM-MSCs Y202 to 

reduce serum levels of inflammatory cytokines, a Luminex® multiplex immunoassay was 

used. Mouse blood was collected after the end of intravital experiments. Briefly, prior to 

sacrifice, a laparotomy was performed and the intestines were moved to one side to gain 

easier access to inferior vena cava. A 1ml syringe with a 25G needle was used to withdraw 

blood from the vena cava.  Between 500-1000µl was obtained per mouse and transferred to 
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an eppendorf tube.  To obtain serum, the blood was centrifuged at 1200g for 5 minutes at 

room temperature.  Serum samples were kept at -80°C until used.   

Measurement of circulating cytokines was conducted using Bio-Plex pro mouse cytokine 23-

Plex assay plate (Bio-Rad Laboratories; USA) and analysed using a Luminex 200 plate reader 

(Bio-Rad Laboratories; USA).  Samples were loaded in triplicate and the protocol supplied by 

the manufacturer for mouse cytokine assay preparation and analysis was followed for 

accurate measurements.  Briefly, the assay buffer, wash buffer and sample diluent were 

brought to room temperature whilst frozen serum samples were thawed.  Serum samples 

were diluted 1:4 with the sample diluent.  One part of 10x wash buffer was diluted with 9 

parts of dH2O to prepare the 1X wash buffer. The standard was reconstituted and then 

vortexed for 5 seconds and incubated on ice for 30 minutes. The blank and standard were 

prepared by four fold dilution as recommended by the manufacturer.  The 10x and 20x 

couple bead were mixed by vortex and protected from the light.  To run the assay, the diluted 

beads were added to the assay plate, washed 2x with 100µl of Bio-Plex wash buffer and then 

samples, standards and blanks were added to each well.  The plate was covered with sealing 

tape and incubated on a shaker at 850  50 rpm at room temperature. Detection antibodies 

were diluted 1-fold before the incubation finished.  The plate was washed 3 times, and 25 µl 

of the detection antibodies were added to each well. Plates were again placed on the shaker 

at 850   50 rpm at room temperature. After washing 3 times, 50µl of 1x SA-PE was added to 

each well. The serum samples were loaded on the plate in triplicate and the plate was read 

using the Bio-Plex MAGPIX® multiplex reader (Bio-Rad Laboratories; USA). The data were 

analysed by Bio-Plex Manager MP Software and Bioplex Manager (Bio-Rad Laboratories; 

USA) using a standard curve given by the manufacturer. 
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2.2.9.   Quantification of infarct size in IR injured hearts after hBM-MSC  heparin 

therapy using the Triphenyl Tetrazolium Chloride (TTC) staining assay  

This study aimed to investigate the ability of 2D or 3D cultured hBM-MSCs Y201 and hBM-

MSCs Y202 to reduce the infarct size following IR injury. The principle of the assay used is 

based on the ability of viable mitochondrial dehydrogenases to react with the tetrazolium 

salts to produce a formazan pigment. Dead tissue would be lacking in these enzymes 

whereas healthy tissue would not. The assay is most reliable at discriminating dead and 

viable tissue with durations of reperfusion greater than 3 hours. Hearts were collected from 

mice that underwent: (i) IR injury alone; (ii) IR injury + 3D cultured hBM-MSCs Y201; or (ii) IR 

injury + heparin (iv) IR injury + heparin + 3D cultured hBM-MSCs Y201 therapy. IR was 

induced as described earlier in Section 2.2.5.3 but with 4 hours of reperfusion to allow the 

formation of infarct area.  After 4 hours of reperfusion, the LAD was re-ligated and 800µl of 

0.5% w/v Evans blue solution was infused via the carotid artery. Evans Blue is an azo dye that 

binds tightly to plasma albumin after systemic injections and distributes itself within 

perfused tissue staining it dark blue (Yao et al., 2018). It allows clear separation of the 

regions of the heart affected by IR injury known as the ‘area at risk’ (AAR) as it stains the 

perfused myocardium and leaves the infarct side unstained.   

The protocol of TTC assay was used as described by Lui and colleagues (Lui et al., 2019). 

After injection of Evans Blue, the mice were culled using a Schedule 1 method and the hearts 

were harvested and wrapped in Saran wrap and left at -20 °C for 1-2 hours to allow the 

tissues to firm so that subsequent sectioning was made easier. 20ml of 1% w/v TTC solution 

was prepared by mixing 2,2,5- TTC with phosphate buffer containing 23% w/v sodium 

phosphate monobasic (0.1M) and 77% w/v sodium phosphate dibasic (0.1M). The TTC 
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solution was adjusted to pH 7.4 and heated in a 37°C water bath before use. Hearts were 

removed from the freezer, cut transversely into 2mm thickness using a sharp blade and 

slices incubated in the 1% w/v TTC solution for 20 minutes at 37°C on an orbital shaker. 

Heart slices were then fixed in 10% v/v formalin for 20 minutes at room temperature. The 

formalin fixing step helped to enhance the contrast between the living and infarcted tissue 

as formalin lightened the tissue and turned blood brown which made the infarct area easier 

to differentiate.  After fixation, slices were washed once in PBS, lightly dried with tissue 

paper and placed on a glass slide for imaging (Figure 2.10). A Zeiss stereomicroscope was 

used for imaging. A 500-gram weight was placed on top of the glass slice outside of the 

imaging field to guarantee a consistent thickness of the heart slices for all experimental 

groups. 

Analyses of the captured images were performed using ImageJ. In IR injured hearts, dual 

labelling with Evans blue and TTC identified 3 separated regions. The perfused myocardium 

unaffected by IR injury was stained blue. The rest of the area that was not stained blue was 

the AAR (Kakimoto et al., 2013). Within this region, the red area defined the area that was 

not affected by IR injury and had viable myocardium.  However, the white area in the AAR 

defined the infarcted or necrotic tissue. To quantitate the infarct size, ImageJ was used to 

measure the area of each of these 3 regions. Overall infarction was presented as the 

infarcted white region as a percentage of the AAR.  
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Figure 2.10. Timeline for infarct size experiments to assess whether 3D cultured hBM-MSCs Y201  heparin 
are effective at reducing myocardial infarction following IR injury. Once mice were adequately anaesthetised, 
the LAD coronary artery was temporarily suture ligated in induce myocardial ischaemia for 45 minutes after 
which are un-ligated and reperfusion initiated.  3D cultured hBM-MSCs Y201 were injected via the carotid 
artery either alone or as a dual therapy with heparin at 30 minutes post-reperfusion. Reperfusion was 
continuing un-interrupted for another 3½ hours.  Immediately thereafter, the LAD was again sutured and Evans 
blue was injected via the carotid artery to identify the perfused regions of the heart.  Mice were then culled, 
the heart harvested, sectioned and stained with Triphenyl Tetrazolium Chloride (TTC) to identify the areas at 
risk and the infarcted tissue.   
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Statistical analysis 

To perform the statistical analysis of the data, Graphpad version 6.0 was utilised. Statistical 

comparison was performed by first testing normality using Kolmogorov–Smirnov test. A 

student t-test test was used to determine significant differences between experimental 

groups of interest. To compare differences between 3 or more groups, a one-way ANOVA 

followed by a Sidak’s posthoc test for multiple comparisons was performed. Survival curves 

were analysed using Mantel-Cox tests. Data were expressed as mean ± standard error of the 

mean (SEM). A value of P ≤ 0.05 was considered as statistically significant.  

 

2.3
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Developing strategies to improve MSC adhesion to the IR injured 

heart – in vitro studies 

 

Introduction and Hypothesis 

3.1.1. Introduction 

MSCs may have significant therapeutic potential for the treatment of ischaemic heart 

disease. However, clinical observations have not matched the initial excitement that 

surrounded their experimental success (Levy et al., 2020). This may be due to poor homing 

of systemically delivered exogenous MSCs to the injured heart due to their large size and 

thus entrapment in tissues such as the pulmonary capillaries (Ullah et al., 2019).  

Developing strategies that can improve MSC adhesive interactions with myocardial 

microvessels and concomitantly decrease non-specific recruitment is therefore critical.  

Alternatively, poor success may be attributable to not yet clearly identifying which MSC 

population is most likely to yield greater homing and/or therapeutic benefits in the heart. 

The overall aim of this thesis is to develop a method to monitor the homing of MSCs to the 

beating heart at a cellular level in vivo using intravital microscopy.  This would allow us to 

identify an MSC population that is most adhesive and which may therefore have a more 

therapeutic effective due to their increased local presence in the injured heart. However, 

before these studies can be performed, in vitro investigations need to be conducted to 

guide on which MSCs will have the most potential to make firm adhesive interactions with 

3.0

 

3.1
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coronary endothelium in vivo. These in vitro studies also support the 3Rs principle of 

reducing animal studies where possible. 

One strategy to improve both the adhesive and the therapeutic potential of MSCs is to 

culture those using 3D rather than using conventional 2D methods (Petrenko et al., 2017). 

Therefore, this chapter will develop a protocol to culture MSCs in 3D using a relatively 

simple scaffold-free, hanging drop method. The adhesion of 2D and 3D cultured MSCs will 

then be tested using frozen heart adhesion assays, static EC adhesion assays and static 

immobilised protein adhesion assays.  Flow cytometric analysis and fluorescent confocal 

microscopy will also be used to assess surface adhesion molecule and chemokine receptor 

expression which could provide a mechanistic understanding of any potential variations in 

adhesion. Importantly, this chapter will test the adhesive capabilities of different MSC 

populations and sub-populations, namely those derived from the BM and from Wharton’s 

jelly, a gelatinous substance found within the umbilical cord.  MSC adhesion will be 

compared to HSCs which have also been considered for myocardial therapeutic purposes. 

These in vitro studies will help inform which MSCs may confer the most adhesive and 

therapeutic capacity to the IR injured heart in vivo.  
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3.1.2.   Hypothesis 

1. HSCs and MSCs cultured using the 3D hanging drop method will form spheroids and 

present with a different morphology to cells grown using conventional 2D methods. 

 

2. Adhesion of HSCs and MSCs cultured using the 3D hanging drop method to various 

substrates in vitro will be increased when compared to those cells grown using 

conventional 2D culture. 

3. Increase in adhesion is linked to increased surface expression levels of adhesion 

molecules and/or chemokine receptors on 3D cultured HSCs and MSCs when 

compared to cells grown in 2D culture.  

 

3.1.3.   Specific aims 

1. The general morphology of HSCs and three different populations of MSCs cultured 

using the 3D hanging drop method will be compared microscopically to cells grown 

using conventional 2D culture.  The three different populations of MSCs tested will 

be human WJ-MSCs and two immortalised human BM-derived MSC sub-

populations, namely hBM-MSCs Y201 and hBM-MSCs Y202 cells. The ability of these 

cells to form spheroids after 1-2 days in culture will be assessed. 

 

2. The adhesive ability of HSCs and three different populations of MSCs cultured using 

the 3D hanging drop method to snap-frozen murine cardiac tissue sections will be 

compared to cells grown using conventional 2D culture.  Adhesion to both sham 



CHAPTER 3 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VITRO STUDIES 
 

109 
 

control and IR injured myocardial tissue will be assessed.  A modified Stamper-

Woodruff in vitro adhesion assay will be used.   

 

3. The adhesive ability of HSCs and three different populations of MSCs cultured using 

the 3D hanging drop method to cardiovascular ECs and immobilized EC adhesion 

proteins, namely ICAM-1 and VCAM-1, will be compared to cells grown using 

conventional 2D culture.  Adhesion to both vehicle control and TNF stimulated ECs 

will be assessed.  A modified in vitro static adhesion assay will be used.     

 

4. The ability of three different populations of MSCs cultured using the 3D hanging 

drop method to modify their surface expression of CXCR4 (chemokine SDF-

1/CXCL12 receptor) and adhesion molecules CD44, ICAM-1 (CD54), VCAM-1 

(CD106) and the integrin β7 sub-unit will be investigated and compared to cells 

grown using conventional 2D culture. Changes in the pattern of expression of these 

molecules will be investigated either using flow cytometry or confocally.  

 
 

  Methods 

The methods used in this chapter are described in detail in Chapter 2. Briefly, to investigate 

the morphology of different stem cells grown under different culture techniques, HSCs, WJ-

MSCs, BM-MSCs Y201 and BM-MSCs Y202 were cultured using either conventional 2D or 

3D hanging drop method described in Section 2.2.1.6. After 48 hours, stem cells were 

examined under an inverted light microscope and spheroid formation and general 

morphology was assessed.   

3.2
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Modified Stamper-Woodruff frozen tissue adhesion assay was performed to investigate the 

adhesion of these different types of stem cell. Briefly, 1x105 of CFSE labelled HSCs, WJ 

MSCs, hBM-MSCs Y201 or hBM-MSCs Y202 were incubated on sham or IR injured mouse 

frozen heart tissue sections at room temperature for 1 hour. The adhesive property of 

HSCs and MSCs to VCECs was examined using a modified static EC adhesion assay. VCECs 

were grown on 24 well plates and stimulated with TNF-α or PBS. Thereafter, cell 

suspensions of HSCs or MSCs, either from 2D or 3D culture methods, were incubated with 

ECs for 20 minutes at 37°C.  A similar static adhesion assay was used to monitor adhesion 

to immobilised proteins.  96-well plates were coated with 10 µg/ml of rmICAM-1 or 10 

µg/ml of rmVCAM-1 protein for 1 hour at room temperature.  Fifty thousand HSCs or MSCs, 

from 2D or 3D culture, were added to each well and incubated for 20 minutes at 37°C.  

For flow cytometry experiments, 2D and 3D cultured MSCs were incubated with 

fluorescently conjugated antibody against CXCR4, CD44, ICAM-1 (CD54), and VCAM-1 

(CD106).  Moreover, the pattern of expression of β7, CD44 and ICAM-1 on individual 2D 

and 3D MSCs was also investigated using a Zeiss 780 Zen laser scanning confocal 

microscope with 40x magnification water immersion lens.   

 

Results 

3.3.1.   3D cultured MSCs were smaller than 2D cultured cells and formed 

spheroids – HSC failed to form spheroids 

WJ-MSCs and hBM-MSCs in 2D culture and those in 3D spheres were firstly dissociated 

using the Accutase® enzyme to create a single cell suspension. The viability of cells was 

3.3
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confirmed using Trypan blue staining technique. The general morphological appearance of 

2D and 3D cultured HSCs, WJ-MSCs, hBM-MSCs Y201 and hBM-MSCs Y202 was observed at 

1 and 2 days of culture using an inverted light microscope. 2D and 3D cultured HSCs 

appeared similar in size to all MSC populations with non-adherent, round, freely floating 

cells observed in suspension.  Although some loose aggregation was observed in 3D, this 

did not result in spheroid formation as shown in Figure 3.1A. As expected, as shown in 

Figure 3.1B-D, 2D cultured WJ-MSCs, hBM-MSCs Y201, and hBM-MSCs Y202 were 

adherent, elongated and fibroblastic in appearance. However, 3D cultured WJ-MSCs, hBM-

MSCs Y201, and hBM-MSCs Y202 formed a network and clumped together after 2 days of 

incubation and formed a spheroid of more compact, rounded cells. 

Figure 3.2 shows the average size of HSCs, WJ-MSCs, and hBM-MSCs. The average size of 

2D and 3D cultured HSCs was 12.2µm (range: 9.7-16µm) and 11.7µm (range: 7.9-15.8 µm) 

respectively.  Although 3D cultured HSCs were slightly smaller, this did not attain statistical 

significance.  The average size of 2D and 3D cultured cells WJ-MSCs was 28.3µm (range: 

13.4-42µm) and 15.4µm (range: 11.4-28.44 µm) respectively. For hBM-MSCs Y201, the 

average size of 2D and 3D cultured cells was 40.4µm (range: 28.3-45.5µm) and 24.2µm 

(range: 19-33.2µm) respectively. The average size of 2D and 3D cultured hBM-MSCs Y202 

was 42.5µm (range: 29.4-49.5µm) and 26.1µm (range: 14.8-38.7µm) respectively.  Hence, 

3D cultured WJ-MSCs and both hBM-MSCs were significantly smaller than those grown in 

2D culture following their removal from culture flasks. The cell size distribution histograms 

are shown in Figure 3.2C. 
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3.3.2.   3D culture increased HSC and MSC adhesion to injured mouse heart 

sections  

Both 2D and 3D cultured HSCs demonstrated a significantly increased adhesion to IR 

injured cardiac tissue when compared to their respective 2D and 3D cultured HSC adhesion 

to sham tissue. Importantly, as shown in Figure 3.3A and E, adhesion of 3D cultured HSCs 

on IR injured tissue was also significantly higher than that of 2D cultured cells on IR injured 

tissue.  

Although both 2D and 3D cultured WJ-MSCs demonstrated an increased adhesion to IR 

injured cardiac tissue when compared to their respective 2D and 3D cultured WJ-MSC 

adhesion to sham tissue, this did not attain statistical significance. However, as shown in 

Figure 3.3B, adhesion of 3D cultured WJ-MSCs on IR injured tissue was significantly higher 

than that of 2D cultured cells on IR injured tissue. Neither 2D nor 3D cultured hBM-MSCs 

Y201 demonstrated an increased adhesion to IR injured cardiac tissue when compared to 

their respective 2D and 3D cultured cell adhesion to sham tissue. However, as shown in 

Figure 3.3C, adhesion of 3D cultured hBM-MSCs Y201 to both sham and IR injured tissue 

was significantly higher than that of 2D cultured cells on IR injured tissue. Similarly, neither 

2D nor 3D cultured hBM-MSCs Y202 demonstrated increased adhesion to IR injured cardiac 

tissue when compared to their respective 2D and 3D cultured cell adhesion to sham tissue.   
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Figure 3.1. Morphology of HSCs and different populations of MSCs cultured using conventional 2D or 3D 
hanging drop methods.  Morphology of 2D and 3D cultured HSCs and MSCs were observed on day 1 and 
day 2 of the incubation period. Cells were investigated under an inverted light microscope. (A)  Loose 
aggregation was observed for 3D cultured HSCs which did not result in spheroid formation.  (B-D) WJ-MSC, 
hBM-MSCs Y201 and hBM-MSCs Y202 formed spheres at day 2 using the 3D hanging drop culture 
technique. Images were captured with a 4x objective. Scale = 400 µm 
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Figure 3.2. Size distribution of HSCs and different populations of MSCs cultured using conventional 2D or 
3D hanging drop methods.  (A) Representative images of conventional 2D cultured and 3D hanging drop 
technique cultured cells as observed under a light microscope. (B) No difference in overall cell size was 
observed for HSCs cultured using 2D or 3D methods. However, all populations of 3D cultured MSCs were 
significantly smaller than those grown in 2D culture following their removal from the culture flasks. (C) Cell 
size distribution of 2D and 3D cultured HSCs and MSCs. Data expressed as mean ± SEM. *p<0.05; 
***p<0.001 when compared using a Student’s t-test; n=50 cells for each group (independent experiments 
using 2 different donors for each cell type). Images were captured with a 20x objective. Scale bar = 200 
µm. 
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However, as shown in Figure 3.3D, adhesion of 3D cultured hBM-MSCs Y202 to IR injured 

tissue was significantly higher than that of 2D cultured cells on IR injured tissue. Therefore, 

3D culture of all SC types led to significantly increased adhesion to IR injured frozen heart 

section when compared to 2D cultured cell adhesion on IR injured tissue following their 

removal from culture flasks. Interestingly, HSCs demonstrated the highest level of adhesion 

(150+ cells) adhesion followed by WJ-MSCs – the least adhesion was noted with both sub-

populations of hBM-MSCs. 

 

3.3.3.   3D culture only increased hBM-MSCs Y201 adhesion to TNFα stimulated 

vena cava ECs  

Interestingly, as shown in Figure 3.4A-D, neither 2D or 3D cultured HSCs, WJ-MSCs, hBM-

MSCs Y201 or hBM-MSCs Y202 demonstrated increased adhesion to TNF stimulated 

VCECs when compared to their respective 2D and 3D cultured cell adhesion to PBS 

stimulated VCECs. In fact, there was a general trend for adhesion to decrease on TNF 

stimulated VCECs for all stem cells types. Therefore, adhesion of stem cells did not rely 

on endothelial activation status. Interestingly, as shown in Figure 3.4C and 3.4E, only 3D 

cultured hBM-MSCs Y201 demonstrated increased adhesion to PBS and TNFα treated 

endothelium when compared to 2D cultured hBM-MSCs Y201, although this was only 

significant for adhesion on TNF stimulated VCECs. 

 

 

 



CHAPTER 3 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VITRO STUDIES 
 

116 
 

 

3.3.4.   3D culture only increased MSC adhesion to ICAM-1 and VCAM-1  

As shown in Figure 3.5A, 3D culture did not modify the adhesion to HSCs or hBM-MSCs 

Y201 to ICAM-1. However, 3D cultured WJ-MSCs and hBM-MSCs Y202 demonstrated 

significantly increased adhesion to immobilised ICAM-1 protein when compared to the 

adhesion of 2D cultured cells. Although adhesion of both 2D and 3D cultured HSCs to 

VCAM-1 was higher than that observed on ICAM-1, 3D culture did not increase adhesion to 

VCAM-1 compared to adhesion of 2D cultured HSCs. However, as shown in Figure 3.5B, all 

populations of 3D cultured MSCs demonstrated significantly increased adhesion to 

immobilised VCAM-1 protein when compared to the adhesion of 2D cultured cells. Indeed, 

hBM-MSCs were more adhesive on VCAM-1 than ICAM-1. Notably, Figure 3.5C shows that 

WJ-MSCs derived from conventional 2D culture exhibited a larger cell size and expanded 

when adherent on ICAM-1 protein.  
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Figure 3.3. Adhesion capacity of HSC and different populations of MSC cultured using conventional 2D or 
3D hanging drop methods to sham and IR injured frozen heart sections and assessed using the modified 
Stamper-Woodruff (S-W) adhesion assay.  (A) Both 2D (p<0.05) and 3D (p<0.05) cultured HSCs 
demonstrated significantly increased adhesion to injured cardiac tissue when compared to their respective 
2D and 3D cultured HSC adhesion to sham tissue. Importantly, adhesion of 3D cultured HSCs on injured 
tissue was also significantly (p<0.05) greater than adhesion of 2D cultured cells on injured tissue. (B) 
Adhesion of 3D cultured WJ-MSCs on injured tissue was only significantly (p<0.05) higher than adhesion of 
2D cultured cells on injured tissue. (C) Adhesion of 3D cultured hBM-MSCs Y201 on both sham (p<0.01) 
and injured (p<0.01) tissue was significantly higher than 2D cultured cells. (D) Adhesion of 3D cultured 
hBM-MSCs Y202 on injured tissue was significantly (p<0.05) higher than 2D cultured cells on injured tissue. 
(E) Representative S-W images showing increased adhesion of 3D cultured HSCs to both sham and IR 
injured heart sections. Mean number of adherent cells from 5 randomly selected fields were assessed 
microscopically. In A, ANOVA showed a significant effect of both culture conditions and treatment; p<0.05. 
In B-D, ANOVA showed a significant effect of culture conditions; p<0.05. Data expressed as the mean ± 
SEM *p<0.05; **p<0.01 by Sidak’s multiple comparison test. n = 5  independent experiments using four 
different donors for each cell type. Scale = 1000µm. 
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Figure 3.4. Adhesion capacity of HSC and different populations of MSC cultured using conventional 2D or 
3D hanging drop methods to vena cava endothelial cells (VCECs) and assessed using static adhesion 

assays.  (A-B) Neither 2D or 3D cultured HSCs or WJ-MSCs demonstrated increased adhesion to TNF 
stimulated VCECs when compared to their respective 2D and 3D cultured cell adhesion to vehicle control 

(PBS) treated VCECs. Adhesion of 3D cultured HSCs or WJ-MSCs on TNF stimulated VCECs was also not 

higher than that of 2D cultured cells on TNF stimulated VCECs. (C) 3D cultured hBM-MSCs Y201 

demonstrated significantly (p<0.05) increased adhesion to TNF treated VCECS when compared to 2D 

cultured hBM-MSCs Y201 (D) 3D cultured hBM-MSCs Y202 did not adhere more to either PBS or TNF 
treated VCECs cells when compared to those grown in 2D culture. (E) Representative static EC adhesion 
assay images showing increased adhesion of 3D cultured hBM-MSCs Y201 to both PBS and TNF-α 
stimulated VCECs. Mean number of adherent cells from 5 randomly selected fields were assessed 
microscopically.  In C, ANOVA showed a significant effect of culture conditions; p<0.05. Data expressed as 
the mean ± SEM *p<0.05; by Sidak’s multiple comparison test. n=5 independent experiments using four 
different donors for each cell type.  Scale = 400µm. 
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Figure 3.5. Adhesion capacity of HSC and different populations of MSC cultured using conventional 2D or 
3D hanging drop methods to immobilised substrate proteins ICAM-1 and VCAM-1 and assessed using 
static adhesion assays. (A) Only 3D cultured WJ-MSCs (p<0.05) and hBM-MSCs Y202 (p<0.05) 
demonstrated significantly increased adhesion to immobilised ICAM-1 protein when compared to those 
cells grown in 2D culture. (B) Only 3D cultured WJ-MSCs (p<0.05), hBM-MSCs Y201 (p<0.05) and hBM-
MSCs Y202 (p<0.05) also demonstrated significantly increased adhesion to immobilised VCAM-1 protein 
when compared to those cells grown in 2D culture. (C) Representative static ICAM-1 protein adhesion 
assay images of 2D and 3D cultured HSCs and MSCs.  Mean of adherent cells from 3 randomly selected 
fields per well were assessed microscopically were assessed microscopically.  In A and B, ANOVA showed a 
significant effect of culture conditions; p<0.01. Data were expressed as mean ± SEM.*p<0.05; **p<0.01 
when tested using a Sidak’s multiple comparison test. n =3 independent experiments using three different 
donors for each cell type.  Scale bar = 400 µm. 
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3.3.5.   3D culture increased surface expression of various cells molecules on  

MSCs – notable increases in CXCR4 on hBM-MSCs Y201 

Flow cytometry was used to investigate the surface expression of the SDF-1 receptor 

CXCR4 and surface adhesion molecules CD44, CD54 (ICAM-1) and CD106 (VCAM-1) on 

individual 2D and 3D cultured WJ-MSCs, hBM-MSCs Y201 and hBM-MSCs Y202 at 2 days of 

cultivation. Figure 3.6A show that 2D cultured WJ-MSCs did express CXCR4, CD44 and 

CD54, but did not express CD106. As shown in Figure 3.6E-F, although CXCR4 seemed to be 

downregulated on 3D culture, the CD44 and CD 54 significantly increases with 3D culture. 

Figure 3.6B shows that 2D cultured hBM-MSCs-Y201 did not express CXCR4 and only low 

levels of CD106. However, expression of CXCR4 was remarkably increased with 3D culture. 

2D cultured hBM-MSCs-Y201 also expressed both CD44 and CD54, but 3D culture 

significantly increased expression of both as shown in Figure 3.6E-F. As shown in Figure 

3.6C and E, 2D cultured hBM-MSCs Y202 expressed low levels of CXCR4 and no CD106 

which did not increase with 3D culture. 2D cultured hBM-MSCs-Y202 also expressed both 

CD44 and CD54. Although the expression of both was with increased with 3D culture, this 

was more remarkable for CD44. 
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Figure 3.6. Cell surface expression of the SDF-1 receptor and CD44/ICAM-1/VCAM-1 adhesion molecules on 
different populations of MSC cultured using conventional 2D or 3D hanging drop methods as assessed by 
flow cytometry at 2 days of cultivation. Cells were dissociated by Accutase® and labelled with FITC 
conjugated monoclonal antibodies and analysed by flow cytometry. The green filled histograms represent 
cells from 2D and 3D cultured MSCs. The red filled histogram represents the isotype controls.  (A) 2D cultured 
WJ-MSCs did not express CXCR4 or CD106 and expression levels did not change with 3D culture.  2D cultured 
WJ-MSCs did express both CD44 and CD54 which was increased with 3D culture. (B) 2D cultured hBM-MSCs-
Y201 did not express CXCR4 or CD106 (low levels) but expression of CXCR4 was remarkably increased with 3D 
culture. 2D cultured hBM-MSCs-Y201 also expressed both CD44 and CD54. 3D culture slightly decreased CD44 
expression but slightly increased CD54 expression. (C) 2D cultured hBM-MSCs Y202 also did not express 
CXCR4 or CD106 and expression levels did not increase with 3D culture. 2D cultured hBM-MSCs-Y202 also 
expressed both CD44 and CD54. Although the expression of both was with increased with 3D culture, this was 
more remarkable for CD44. (D) Only 3D cultured hBM-MSCs Y201 expressed CXCR4. (E-F) 3D cultured MSCs 
express significantly expressed CD44 and CD54 more than those obtained from 2D culture. (G) Only 3D 
cultured hBM-MSCs Y201 expressed CXCR4. Samples were analyzed using FACSCalibur flow cytometry. The 
analysis was conducted on 10,000 events. Flowing software 2.5.1(University of Turku, Finland) was used to 
analyse the data. In D-G, ANOVA showed a significant effect of culture conditions; p<0.05. Data expressed as 
the means ± SEM. Data were representative of 3 independent experiments. *p<0.05 when tested using a 
Sidak’s multiple comparison test. 
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3.3.6.   3D cultured MSCs exhibited more uniform adhesion molecule distribution 

on their cell surface  

Figure 3.7A-B show that only hBM-MSCs Y201 cells, both 2D and 3D cultured, expressed 

the integrin β7 subunit adhesion molecule. However, this was not observed so much on 

their cell surface but appeared to be somewhat internalized. hBM-MSCs Y202 dissociated 

from 3D spheroids expressed CD54 more evenly over their cell surface, whereas on 2D 

cultured cells CD54  tended to be concentrated on one side of the cell surface as shown in 

Figures 3.7C-D. hBM-MSCs Y202 dissociated from 3D spheroid also expressed CD44 more 

evenly over their surface as shown in Figure 3.7E-F, whereas on 2D cultured cells this 

adhesion molecule also tended to be concentrated on one side of the cell surface. For WJ-

MSCs, Figure 3.7G and H show that cells dissociated from spheroid expressed CD44 more 

evenly over their surface, whereas in 2D cultured cells, CD54 was also concentrated on one 

side of the cell surface. 
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Figure 3.7. Cell expression of the integrin β7 subunit, CD54/ICAM-1 and CD44 on different populations of  
MSCs cultured using conventional 2D or hanging drop 3D methods and assessed confocally at 2 days of 
cultivation. (A-B) The expression of the integrin β7 subunit in hBM-MSCs Y201 grown in 2D and 3D culture 
was noted to be more intracellular. (C-D) CD54 expression on 2D cultured hBM-MSCs Y201 tended to be 
on the edges. However, hBM-MSCs Y201 dissociated from 3D spheroids expressed the adhesion molecule 
CD54 more evenly over their surface. (E-F) CD44 expression on 2D cultured hBM-MSCs Y202 was also 
localized to one side of the cell. Again, CD44 expression on 3D cultured hBM-MSCs Y202 was more evenly 
distributed on the cell surface. (G-H) CD44 expression of 2D cultured WJ-MSC was again uneven and 
located more so on one side.  CD44 expression on 3D cultured WJ-MSCs was also evenly distributed on the 
cell surface. Distribution of adhesion molecules was investigated using confocal microscopy at 20X 
magnification. Images were captured and analysed using ImageJ software.   
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Discussion 

Myocardial IR injury, which occurs after reperfusion of an occluded coronary artery in MI 

patients, still has no ideal treatment.  Recent studies have suggested that it occurs as a 

result of specific damage to the coronary microcirculation (Bolognese et al., 2004; Camici & 

Crea 2007; McAlindon et al., 2018). Increasing clinical recognition that the coronary 

microcirculation is a primary target of injury has meant identifying effective strategies to 

improve perturbations within it has gained recent attention (Pries & Reglin. 2016; Lüscher 

2017; Sambuceti et al., 2000; Crea et al., 2014). Studies have shown that MSCs release 

various therapeutic factors that could potentially induce vasculoprotective effects and 

thereby reduce the damaging effects of inflammation. However, clinical success remains 

hampered by poor retention (and survival) of MSCs in ischaemic hearts. This may be 

partially due to MSC size, their adhesive capacity or vasculoprotective potential. 

Collectively, these various problems may significantly impact the homing capacity and/or 

the therapeutic effectiveness of MSCs. Therefore, developing strategies to improve 

myocardial retention of MSCs, and also identification of the most effective MSC type, may 

improve clinical outcomes of cellular therapy for CVD. 

In this chapter we aimed to identify whether 3D culture of MSCs resulted in smaller cells 

which could potentially home better to the heart in vivo by avoiding pulmonary 

entrapment. We show that MSCs cultured using a simple scaffold-free hanging drop 

method clumped together, formed compact spheroids and were considerably smaller than 

those cultured in conventional 2D method.  Interestingly, HSCs did not form spheroids nor 

did different culture methods alter their already smaller size.  Furthermore, we show 3D 

3.4
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culture could potentially improve myocardial retention in vivo as MSCs cultured using the 

hanging drop method was more adherent on a variety of d ifferent substrates. All 

populations of 3D cultured MSCs were more adhesive to IR injured frozen heart tissue and 

immobilised VCAM-1 than those grown in 2D. Surprisingly, only 3D cultured hBM-MSCs 

Y201 adhered more to TNF-α stimulated ECs in vitro.  Although a difference in the adhesion 

of MSC with different tissue origins was not entirely unexpected, it was interesting that 

sub-populations from the BM also showed differential adhesive capacity, with 3D cultured 

hBM-MSCs Y201 showing more favourable results in vitro. We further demonstrated that 

mechanistically this could be explained by 3D culture modifying surface receptor and 

adhesion molecule expression.  Indeed, 3D cultured WJ-MSCs, hBM-MSCs Y201 and hBM-

MSCs Y202 expressed more CD44 and/or CD54 than 2D cultured cells, with hBM-MSCs 

Y201 showing remarkable up-regulation of the SDF-1 receptor CXCR4 after 3D culture.  

Also, 3D cultured MSCs had more uniform adhesion molecule distribution over their cell 

surface which was in contrast to 2D cultured MSCs where uneven distribution, located on 

one side of the cell surface, was noted.    

 

3.4.1.   3D cultured MSCs formed spheroids and were smaller in size 

MSCs are often grown in easy and relatively inexpensive 2D cultures in which they adhere 

to plastic surfaces, spread, become flat and greatly increase their size (Sethe et al., 2006, 

Ksiazek 2009, (Cesarz and Tamama, 2016). When such cells are systemically infused for 

therapeutic purposes, their large size reduces their ability to circulate in the peripheral 

blood and reach the injured heart.  Indeed, less than 5% of injected MSCs have been noted 
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to reach the target injured heart with more than 75% of MSCs becoming entrapped with 

pulmonary capillaries following intravenous administration (Assis et al., 2010, Barbash et 

al., 2003).    

We showed that all MSCs tested in this study were able to form 3D spheres using gravity-

induced aggregation in the hanging drop method.  In this method there is no cell contact 

with a solid surface.  However, cell-cell contact and aggregation into a single compact 

sphere in the apex of the liquid droplet is maximised. Previous studies have also shown 

that MSCs are inclined to self-accumulation and are able to form 3D aggregates when 

cultured on non-adhesive surfaces in vitro, a process that physiologically resembles their 

aggregation ability in vivo (Wang et al., 2009, Baraniak and McDevitt, 2012, Deynoux et al., 

2020). Indeed, Sart and colleagues described the self-assembly of MSCs into tightly packed 

clusters akin to creating an ‘in vivo-like’ microenvironment which better preserved their 

phenotype and innate properties (Sart et al., 2014). In the current study, individual cells, 

once dissociated from spheroids, were spherical and not elongated or fibroblast-like.  

Importantly, they were 50-60% smaller in diameter than MSCs grown using conventional 

2D culture. This is consistent with recently published studies in which diameter decreases 

of up to 70% were observed with 3D culture (Dozza et al., 2017, Bartosh et al., 2010, Zhou 

et al., 2017).  

Recent elegant studies have described the mechanisms by which MSCs organize into 3D 

aggregates (Cecarz and Tamama, 2016). MSCs express a number of surface cell adhesion 

molecules, namely integrins and cadherins, the expression of which varies depending on 

the culture method used. Zhou and colleagues cultured human placental MSCs using 

conventional 2D and 3D hanging drop methods and found a remarkable decline in the 
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integrin expression but an increase in cadherin levels when cells were immunostained and 

imaged confocally (Zhou et al., 2017). Other studies have shown that the initial aggregation 

occurs as a result of homophilic cadherin-cadherin interactions between MSCs expressing 

high levels of surface cadherin (Figure 3.8). These MSCs are located in the centre or interior 

of the aggregate and are usually more rounded in appearance with low intracellular 

tension. Cadherin interactions are also involved in increasing the compactness of the 

aggregate (Egger et al., 2018). This would explain the smaller diameter of the 3D cultured 

MSCs. MSCs with higher levels of integrins and lower cadherin levels tend to move to the 

edge of the aggregate and are morphologically flatter or spindle-shaped as they are 

capable of spreading (Zhou et al., 2017). They can also use their surface integrins to 

interact with any surrounding extracellular matrix proteins if present in the 3D culture 

method. Consequently, they have higher levels of intracellular tension (Egger et al., 2018). 

The small range of cell diameters of cells derived from spheroid could be explained by 

whether the MSCs were originally located in the interior of the aggregate or dissociated 

from the outside.  Nevertheless, even the larger of the 3D cultured MSCs were still smaller 

than the majority of MSCs that had been cultured in 2D. Interestingly, BM-MSCs express 

more N-cadherin and cadherin-11, whilst umbilical cord-MSCs express more E-cadherin 

(Sart et al., 2014). Whether this impacts on their ability to aggregate and subsequently 

compact with greater or lesser efficacy is not known.   

The smaller size of 3D cultured MSCs can also be explained by the fact that these cells have 

been shown to have significantly reduced cytoplasmic actin levels. This meant cell stiffness 

or tension was reduced and these cells could readily self-aggregate in 3D culture conditions 

(Zhou et al., 2017). Indeed, human placental MSCs cultured in 2D presented with multi-
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directional branched F-actin stress bundles at the edge of the cell.  Moreover, 2D MSCs had 

an expanded network of β-actin and α-tubulin, which formed the cytoskeleton filaments, 

leading to the flat and bigger architecture of 2D cultured MSCs (Sart et al., 2004). However, 

when these MSCs were cultured using a hanging drop method, they developed a more 

relaxed cytoskeleton tension with decreased β-actin and thin cortical filaments. This 

potentially allowed the cells to readily aggregate and compact in culture, subsequently 

resulting in the smaller morphology (Zhou et al., 2017). Collectively, such studies suggest 

that the change in the actin cytoskeleton is critically responsible for the altered 

morphology and size of 3D cultured MSCs.   

Interestingly, F-actin polymerization can inhibit the shedding of microparticles from the 

surface of a cell. Therefore, any disruption of a cells cortical actin network results in 

microparticles being generated more readily. Hence, it is also possible that the decrease in 

MSC size after 3D culture was linked to increased secretion of extracellular vesicles due to 

a decrease in F-actin polymerisation (Cesarz and Tamama, 2016). Indeed, Mo and 

colleagues showed higher levels of vesicles on the MSC surface and in the culture medium 

of MSCs when cultured using a hanging drop 3D culture condition, which was associated 

with lower levels of F‐actin (Mo et al., 2018). It would have been interesting to have 

imaged, using scanning electron microscopy, the surface of the WJ-MSCs and BM-MSCs in 

the current study to see if they had increased vesicle presence on their surface or in the 

culture media. 

It is not clear why HSCs were unable to aggregate to form spheroids in the hanging drop 

method after 2 days. One reason for this phenomenon might be that HSCs are normally 

non-adherent cells in culture and easily proliferate in suspension. Although 3D culture has 
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been used widely for MSCs, few studies have tested the spheroid forming efficacy and 

benefits of HSCs. Schmal and colleagues used the hanging drop method and found that 

haematopoietic stem / progenitor cells (HSPCs), when co-cultured with MSCs, did not 

readily interact or adhere to aggregating MSCs (Schmal et al., 2016).  Indeed, it took a week 

before this happened.  HSPC adhesion strength in this model was also weak as they easily 

dissociated from the spheroid forming MSCs without the need to add digesting enzymes.  

They concluded that 2D culture was more appropriate for HSCs. 

 

3.4.2.   3D cultured stem cells were more adherent in vitro 

Increased cell adhesion to inflamed tissue was not unexpected as it is well recognised that 

expression of EC counterligands are up-regulated during inflammation and injury and 

become exposed when frozen tissue sections happen to cut through the vasculature 

(Yemm et al., 2013). The inflammation induced by IR injury is indicated by the remarkable 

production of pro-inflammatory agents, chemokines, and cytokines (Kany et al., 2019). 

These activate the endothelium resulting in them expressing higher levels of cellular 

adhesion molecules such as E-selectin, ICAM-1 and VCAM-1 (Ren et al., 2010). These can 

interact with integrins on the surface of circulating cells such as leukocytes to mediate their 

firm adhesion and subsequent tissue extravasation and invasion (Kvietys and Granger, 

2012).   
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Figure 3.8.  Proposed mechanism for mesenchymal stem cell (MSC) aggregation.  A three-step mechanism 
has been proposed involving (i) cell-cell contact (ii) cadherin accumulation and (iii) aggregate compaction.  
MSCs are a heterogeneous population of cells expressing various levels of integrins and cadherins on their 
surface. When cultured in 3D conditions, Cadherin

high
 MSCs will start to aggregate using cadherin–cadherin 

interactions.  Increased aggregate compactness is also mediated through cadherins. Hence those MSCs 
expressing high levels of cadherins will be found in the centre of the aggregate.  Cadherin

low
 but integrin

high 

MSCs tend to sort out at the edge of the aggregates.  These integrin
high

 MSCs are flatter as they are capable of 
spreading and as such tend to display a more spindle-shape morphology. They could use their surface 
integrins to interact with any surrounding extracellular matrix proteins if present.  Adapted from Sart et al., 
2014. 
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MSCs also express a broad spectrum of integrins on their surface and use a similar 

adhesion cascade when being recruited by the microvasculature of injured tissue (Ren et 

al., 2010).  Indeed, they express LFA1 (CD11a/CD18; αLβ2), which interacts with endothelial 

ICAM-1, and VLA4 (CD49d/CD29; 41), which interacts with endothelial VCAM-1, to 

mediate firm cell adhesion (Van Linthout et al., 2011).  MSCs also express CD44 and P-

selectin which can play important roles in mediating MSC rolling, adhesion to ECs and their 

subsequent transendothelial migration (Nitzsche et al., 2017).  

Importantly, in addition to the expected increased adhesion on IR injured tissue, we further 

noted that 3D culture significantly enhanced the adhesion of all types of stem cells to both 

sham and IR injured tissue when compared to adhesion of 2D cells on the appropriate 

tissue.  The percentage increase was most striking for BM-MSCs Y201 cells.  Indeed our 

novel data demonstrated that on average, 2-3 2D cultured hBM-MSCs Y201 were adherent 

on the heart section per field of view, but this increased to 16-17 when cells were 3D 

cultured. Although 3D cultured WJ-MSCs were generally the most adherent MSC 

population, they were also relatively adherent on sham tissues as well. The mechanisms by 

which this increase may have been mediated are described later (Sections 3.4.3 and 3.4.4). 

Briefly, this is likely linked to the substantial change in the pattern of gene expression of 

MSCs following 3D culture that has been previously described (Honczarenko et al., 2006, 

Sackstein et al., 2008, Suila et al., 2014). Indeed, Potapova and colleagues found 1,731 

genes were overexpressed in human MSCs cultured as 3D aggregates in hanging drops 

when compared to monolayer cultured cells (Potapova et al., 2009). Ultimately, this leads 

to the differential expression of surface adhesion molecules which modify their endothelial 

interactions.  
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MSCs obtained from different sources show a difference in both their functionality and 

phenotype (James et al., 2015). The two different hBM-MSCs used in this study have been 

extensively characterised by Professor Genever’s group who generated these cells and 

shown to be distinctly different in terms of their differentiation and immunomodulatory 

and capacity (James et al., 2015; Kay et al., 2018). The characteristics of these two BM-MSC 

sub-types are summarised in Table 3.1. Importantly, they showed that hBM-MSCs Y201 

exhibited a significantly higher expression set of genes which were related to vascular 

interactions and in playing a role in processes such as blood vessel remodelling, blood 

vessel morphogenesis, development and patterning of vessels. In contrast, hBM-MSCs 

Y202 rarely associated with CD31+ vascular cells in the BM when imaged using 

immunohistological staining and did not co-localise with perivascular stroma. This may 

explain why 3D cultured hBM-MSCs Y201 were able to adhere more readily to ECs than 3D 

cultured hBM-MSCs Y202.  

Interestingly, general adhesion of MSCs to ECs was not dependent upon whether the ECs 

had been TNF activated or not. This observation was similar to a previous study by 

Kavanagh and colleagues (Kavanagh et al., 2013) and previous reports from the Kalia lab 

which showed that WJ-MSCs adhesive capacity did not correlate with the level of VCAM-1 

expression or oxidative damage of ECs.  This suggested that the MSC adhesive potential to 

endothelium did not necessarily depend on vascular injury or cytokine stimulation but 

could be modified by the culture conditions.  
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HSCs, WJ-MSCs, hBM-MSCs Y201 and hBM-MSCs Y202 were able to adhere to ICAM-1 and 

VCAM-1 protein substrates. Both MSCs and HSCs have the same repertoire of receptor and 

cell surface adhesion molecules as leukocytes which can bind to endothelial counter 

ligands such as ICAM-1 and VCAM-1 (Sohni and Verfaillie, 2013). Our finding is consistent 

with previous reports (Huygen et al., 2002, Kavanagh et al., 2013, Kavanagh et al., 2015, 

Segers et al., 2006).  MSCs have been reported to express the α4β1-integrin (VLA-4), which 

is the primary ligand of endothelial VCAM-1 (Segers et al., 2006).  This would explain their 

ability to interact with VCAM-1 protein.  The reason for differences between WJ-MSCs and 

BM-MSCs adhesion to ICAM-1 could be due to the dissimilarity of the primitive 

microenvironment from where these cells were obtained (Ullah et al., 2019). Recent work 

by Petrenko and colleagues demonstrated that WJ-MSCs significantly expressed higher 

COX2 and ICAM-1 compared to BM-MSCs and adipocyte-derived MSCs cells whereas BM-

MSCs expressed higher VCAM-1 than other types of cells (Petrenko et al., 2020). How this 

would modify their adhesion to immobilised VCAM-1 and ICAM-1 is not clear. Alternatively, 

differential adhesion could be explained by passage number and cell age (Valcarcel et al., 

2008). Indeed, freshly-obtained MSCs show higher homing ability than sub-cultured MSCs 

which may explain why primary WJ-MSCs, used at passage 5-7, showed the highest 

adhesion capability to ICAM-1 and VCAM-1, whereas immortalised hBM-MSCs, many 

passages down the line, showed less capacity.  
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Table 3.1. Multiparameter analysis of human bone marrow stromal cells identifies distinct subtypes. A 
heterogeneous population of human BM-derived MSCs (also called marrow stromal cells) were isolated and 
used to generate 4 phenotypically different immortalised clones by the Genever research group (James et al., 
2015).  Two of these clones, namely Y201 and Y202, were used in the current study and expressed typical 
MSC surface markers and were also negative for vascular markers. However, there were a number of 
differences between these two sub-populations. Y201 were a highly differentiating, CD317

neg
 MSC subset, 

with expression of genes consistent with perivascular interactions in the BM.  Y202 were a sub-population 
that included non-differentiating, CD317

pos
 BM resident MSCs, which did not express genes associated with 

vascular interactions. The same group later demonstrated that Y202 cells were less effective at supressing 
CD4+ T cell proliferation and polarised more of these lymphocytes after 5 days co-culture into a sub-
population of T helper cells with a more pro-inflammatory profile when compared to Y201 cells (Kay et al., 
2018). The blue components of the table summarise the information and data provided by James and 
colleagues in 2015. The green component of the table summarises the data provided by Kay and colleagues 
from the same Genever group in 2018. 
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3.4.3.   3D culture increased expression primarily of CXCR4 on hBM-MSCs Y201 

Conventional 2D culture conditions are known to affect the adhesive potential and 

morphology of stem cells by decreasing MSC surface adhesion molecules or receptors that 

respond to chemotactic signals (Ryu et al., 2019). Again, this may explain the limited clinical 

success of these cells for CVDs. Our result show that the most remarkable observation was 

that 3D culture improved the expression of CXCR4 on hBM-MSCs Y201, which did not 

express or had lost expression of this receptor when cultured in 2D monolayers. This 

observation was consistent with recent studies (Potapova et al., 2008, Wang et al., 2019). 

Indeed, Potapova and colleagues not only showed that 3D culture increased CXCR4 

expression on human MSCs, but that when 3D cultured MSCs were then grown in 2D 

monolayers, CXCR4 levels reversed back to the levels more characteristic of a monolayer 

(Potapova et al., 2008). They also similarly demonstrated an increased adhesion to 

HUVECs. Notable differences to the current work were that they activated ECs in the 

presence of hypoxia and performed the adhesion assay in the presence of SDF-1. 

Increased adhesion of MSCs to VCECs in vitro in the current study in the absence of SDF-1 

can still be mechanistically explained by the increased surface expression of CXCR4. ECs 

stimulated in vitro with inflammatory factors such as TNF-α can secrete a multitude of 

chemokines, including IL-8, RANTES and possibly SDF-1 (Potapova et al., 2008).  Although 

CXCR4/SDF-1 signalling primarily induces directional chemotaxis or migration of cells, it is 

also able to enhance integrin activity, thereby increasing cell adhesion (Peled et al., 2000; 

Cheng et al., 2012). This would explain the increased adhesion of 3D cultured MSCs 

expressing more CXCR4 to VCECs in vitro. This is however; highly speculative as some 

studies have shown that TNF activation of ECs tends to not affect, or actually decreases, 
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SDF-1 release or gene expression (Salvucci et al., 2004). It is not clear how the increased 

expression of CXCR4 could mechanistically explain the increased adhesion observed to 

‘non-living’ frozen hearts in the Stamper-Woodruff assays or to immobilised ICAM-

1/VCAM-1 in the absence of SDF-1. Regardless, increased CXCR4 expression would be 

useful in an in vivo setting where SDF-1  would be released from injured tissue such as the 

heart and could therefore lead to increase integrin mediated retention. 

Increased adhesion to the various substrates could also be explained by the fact that 3D 

culture is known to increase the expression of critical surface integrins.  Indeed, expression 

of ICAM-1 binding LFA-1 was noted to have increased 3-fold in CT26 cancer cells derived 

from spheroids (Valcarcel et al., 2008). Additionally, expression of VCAM-1 binding VLA-4 

significantly increased after 3D culture on CD34+ HSCs. In contrast, Bartosh and colleagues 

used flow cytometry to demonstrate a decreased surface expression of the VLA-4 integrin 

sub-unit α4 (CD49d) when MSCs were cultured using a hanging drop method (Bartosh et 

al., 2010).  In the current study, expression levels of these important integrins involved in 

mediating firm adhesion of circulating cells with ECs were not investigated but would be 

worthwhile.   

Changes in the expression of non-integrin adhesion molecules such as CD44 may also 

explain the results presented. There are several well-known ligands of CD44 including HA, 

osteopontin, collagens and matrix metalloproteinases (Viola et al., 2015).  HA is a 

glycosaminoglycan that is expressed within the luminal glycocalyx covering ECs and is 

considered the major ligand for CD44. The CD44-HA interactions have been shown to be 

fundamental for leukocyte-EC binding and their subsequent extravasation from blood into 

inflamed tissue sites (Viola et al., 2015).  Importantly, HA synthesis has been found to be 
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inducible in ECs cultures, and its synthesis is triggered by pro-inflammatory mediators such 

as TNF-α, IL-1 and lipopolysaccharide (Viola et al., 2015). Therefore, the increased 

adhesion of 3D cultured hBM-MSCs Y201 and hBM-MSCs Y202 to IR injured heart sections 

and of hBM-MSCs Y201 to TNF stimulated VCECs could be linked mechanistically to the 

somewhat increased expression of CD44 on these MSCs after 3D culture.   

 

3.4.4.   3D cultured hBM-MSCs Y201 increased ICAM-1 expression which was  

more evenly distributed on its surface 

ICAM-1 and VCAM-1 are traditionally considered EC counterligands for LFA-1 and VLA-4 

integrins found on the surface of circulating neutrophils and lymphocytes (Burne et al., 

2001). Indeed, interactions of ICAM-1 or VCAM-1 with leukocyte integrins mediate their 

recruitment during inflammatory and immune processes. However, increasing evidence 

has demonstrated that these same adhesion molecules are also expressed constitutively at 

low levels on the surface of MSCs and can even serve as markers of MSCs (Ren et al., 2010, 

Nitzsche et al., 2017).  Although their exact function on MSCs remains unclear, increasing 

evidence has indicated that they can mediate close adhesive interactions of MSCs with 

immune T-cells (Hu et al., 2019). Indeed, Ren and colleagues demonstrated that increasing 

ICAM-1 and VCAM-1 expression on MSCs, increased their adhesive interactions with 

lymphocytes and this was subsequently linked to greater immunosuppressive activity (Ren 

et al., 2010). Interestingly, MSCs overexpressing ICAM-1 have been found to be more 

positive for adhesion molecules including the integrin CD29 (1) subunit and CD44, are 

better at tri-lineage differentiation and have superior immunosuppressive activity (Tang et 
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al., 2018). Hence, it is likely that the increased ICAM-1/CD54 demonstrated flow 

cytometrically on the surface of 3D cultured hBM-MSCs Y201 would explain their increased 

adhesion to the various substrates tested in this chapter. It will be interesting to see if 

hBM-MSCs Y201, with increased CXCR4 and ICAM-1 expression, are better at homing, 

adhering and being immunomodulatory in the injured heart in vivo. 

Confocal microscopy showed that cells dissociated from spheroids expressed surface 

adhesion molecules more evenly over the surface, whereas in 2D cultured cells the 

adhesion molecules tended to be concentrated or clustered on one side of the cell surface. 

This site correlated with where they were attached to the bottom of the plastic flask. It has 

previously been shown that tumour cells grown in 2D tissue culture form monolayers 

which result in fewer cell-cell contact points, and the clustering of integrins such as 1 at 

sites of focal adhesion contacts between the cells and the culture surface (Howe et al., 

2012). In contrast, the 3D spheroid hanging drop culturing method allowed cells to attach 

or aggregate together and form spheres rather than sticking to the surface of culture 

dishes (Ryu et al;, 2019). Therefore, cell-cell contacts are increased and integrins are not 

clustered at sites of focal contacts, but become more dispersed across the cell membrane 

at multiple points (Cesarz and Tamama, 2016). Distribution of adhesion molecules over a 

greater surface area has a significant impact on their ability to successfully form firm 

adhesive interactions with counter-ligands on inflamed endothelium (Ren et al., 2010). The 

distribution of surface adhesion molecules is also critical to how well leukocytes can 

migrate to injured sites (Hocde et al., 2009). It remains to be seen whether this more 

uniform distribution of adhesion molecules on 3D cultured MSCs impacts their ability to 

home and become retained within the injured heart in vivo. 
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Conclusion 

This chapter aimed to investigate the characteristics and adhesive capacity of MSCs 

isolated from different sources, namely the BM and umbilical cord Wharton’s jelly, and 

determine which population or sub-population could mediate adhesive interactions with 

coronary microvessels in later in vivo studies. Two of the MSC populations tested were 

derived from the same BMS site and generated using a process of cell cloning and 

telomerase-based immortalisation (James et al., 2015).  CD317 was identified as a novel 

biomarker that allowed isolation of these two sub-sets and was found to be expressed on 

only 9% of BM MSCs (James et al., 2015; Kay et al, 2018). The immunomodulatory ability of 

these two populations differed with hBM-MSCs Y202 not able to supress CD4+ T cell 

proliferation as effectively as hBM-MSCs Y201. Furthermore, they encouraged T cell 

polarisation into a more pro-inflammatory Th1 subset when compared to hBM-MSCs Y201, 

which polarised T cells into the more anti-inflammatory Th2 subset (Kay et al., 2018; Table 

3.1). This clearly suggested single cells were unlikely to possess all properties commonly 

ascribed to MSCs and that specific functional attributes, such as differentiation or 

immunomodulatory competency, were found within distinct sub-populations. Our own 

results supported this conclusion as the adhesive ability of these two subsets to various 

substrates was also different. This inter- and intra-tissue MSC heterogeneity may be 

associated with varying homing potential and therapeutic efficacy in the injured heart, 

which may explain the poor clinical success to date. However, this has not been extensively 

studied in any injured organ, and data from comparative in vivo studies, particularly of 

intra-tissue MSC sub-populations, are limited.  

3.5
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In this chapter, we also developed a strategy to improve MSC adhesion capacity using a 3D 

spheroid culture method.  Although 3D culture considerably reduced the size of all MSC 

populations, there were some additional effects that seemed to be observed primarily on 

hBM-MSCs Y201.  Indeed, 3D culture improved: (i) the adhesion of hBM-MSCs Y201  to 

frozen heart sections more so than other stem cells; (ii) the adhesion of only hBM-MSCs 

Y201  to inflamed ECs; (iii) the adhesion of hBM-MSCs Y201 to VCAM-1, albeit to a similar 

degree as other cells; (iv) expression of CXCR4 remarkably only on hBM-MSCs Y201 and to 

a lesser degree CD54/ICAM-1 and also (v) distributed adhesion molecules more evenly on 

their surface.  Collectively, our data combined with that of previously published work on 

these specific MSC sub-populations, suggests that hBM-MSCs Y201 may yield more 

therapeutic benefit in the injured heart in vivo.   
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Developing strategies to improve MSC adhesion to the IR 

injured heart – in vitro studies 

 

Introduction and Hypothesis 

4.1.1.   Introduction 

Myocardial IR injury is indicated by insufficient blood supply to the heart, primarily due to a 

blockage in one or more of the epicardial coronary arteries, followed by the restoration of 

flow using pharmacological and surgical interventions. However, reperfusion has adverse 

consequences leading to greater muscle infarction than ischaemia alone (Kalogeris et al., 

2012). Indeed reperfusion mediates a complex sterile inflammatory response in which 

innate and adaptive inflammatory processes are stimulated by components released by 

injured or dead cells.  Recruitment of thromboinflammatory cells and production of 

multiple cytokines are triggered which ultimately results in significant perturbations and 

damage to the coronary microcirculation  (Kvietys and Granger, 2012).  Hence the coronary 

microcirculation is both a ‘culprit’ and a ‘victim’ of myocardial IR injury (Hausenloy et al., 

2019).  These multiple vascular events have been characterised in detail in vivo using novel 

intravital imaging of the IR injured beating mouse heart by the Kalia Group (Kavanagh et al., 

2019). 

Preventing microcirculatory disturbances is essential if the myocardium is to survive.  One 

such option is to utilise stem cells as a form of cell therapy.  MSCs provide an interesting 

therapeutic alternative for treatment of MI, however, clinical success has been poor. This 

4.0
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may be partly explained by their poor recruitment from the peripheral blood, following 

their exogenous infusion, and subsequent adhesion to the microvessels of the injured 

heart.   Therefore, the degree to which MSCs cells can be recruited to the IR injured heart is 

an important consideration to make especially as we have shown in the previous chapter 

that different types of MSCs appear to have differing adhesion capabilities. Indeed, in the 

previous chapter we also showed that 3D culture of the hBM-MSCs Y201 sub-population, 

using a hanging drop method, not only reduced their size considerably, modified surface 

adhesion molecule and chemokine receptor expression, but more importantly improved 

their adhesion to frozen IR injured heart sections in vitro more so than other MSC types.   

These structural and functional changes may yield more therapeutic benefit in the injured 

heart in vivo.  However, to date no studies have previously compared the adhesive 

capabilities of different MSC types to the IR injured heart in vivo.  Therefore, in the current 

chapter, we aimed to intravitally test the ability of this particular bone marrow MSC sub-

population to home to and subsequently become adherent in the IR injured beating heart 

in vivo.  Whether 3D culture also improved these events in vivo will be tested by comparing 

to the dynamics of cells cultured using conventional 2D methods.  Events such as the 

trafficking / homing of circulating cells, be they stem cells or blood cells, and changes in 

blood flow and myocardial perfusion are a range of dynamic events that cannot be 

captured with conventional immunohistochemical analysis, which simply provides a ‘static’ 

snapshot in time. Dynamic data of this nature can only be acquired through intravital 

imaging and not histologically.  Although the presence of circulating cells within coronary 

microvessels can be imaged in tissue sections using immunostaining, these images do not 

inform us whether cells are genuinely adhere in the heart or simply caught in time passing 

through it. We also obtain no indication of whether exogenously injected potentially 
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therapeutic cells cause blockage of blood flow in the blood vessels in which they are 

captured – if this is significant, it may cause more damage than good and impact on their 

therapeutic effectiveness.   

Poor clinical success using MSCs has also been partly attributed to their exact therapeutic 

mechanistic properties and mode of action remaining poorly understood due to a lack of 

robust pre-clinical / basic experimental studies (Levy et al., 2020). It is, therefore, important 

to understand how MSCs exert benefit, if at all, in order to ascertain how to improve their 

therapeutic effectiveness in translational and clinical studies. Since microvascular 

perturbations are an important contributor to IR injury in any organ, this chapter will also 

focus on identifying whether 2D or 3D cultured hBM-MSCs Y201 could potentially exert 

myocardial protection through modifying thromboinflammatory events in vivo and 

subsequently improving myocardial perfusion. Immunohistochemical analysis can, at most, 

provide information on neutrophil and platelet infiltration. However, it cannot indicate 

whether the heart has adequate blood perfusion, alterations in functional capillary density, 

whether the velocity of circulating cells has been reduced to a level that is conducive to 

being pro-adhesive, whether coronary microvessels are viable and not ‘leaky’ etc 

(Kavanagh et al., 2019).  Therefore, in this chapter we will apply our novel intravital 

microscopy method to the stabilised beating mouse heart to answer some of these 

pertinent questions.   
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4.1.2.   Hypothesis  

1.        3D cultured MSCs, specifically the hBM-MSCs Y201 sub-population, will have a   

           greater ability to home to, and become adherent within, the IR injured beating heart     

           in vivo  when compared to those MSCs cultured using conventional 2D culture.   

2. 3D cultured hBM-MSCs Y201 will reduce infarct size in the IR injured heart by 

inhibiting any thromboinflammatory events, protect the structural integrity of the 

microvessels and increase regional blood flow perfusion through the heart.  

 

4.1.3.   Specific aims 

1. Intravital studies will be performed on a stabilised small region of the sham or IR  

injured beating mouse heart left ventricle in order to image the coronary 

microcirculation in vivo.  This model will be used to assess the number of free 

flowing 2D and 3D cultured hBM-MSCs Y201 trafficking through the sham and IR 

injured heart and also quantitate their subsequent firm adhesion to coronary 

microvessels.  Results will be compared to 2D and 3D cultured hBM-MSCs Y202.   
 

2.  MSC recruitment data generated intravitally by imaging a small region of the heart 

surface will be confirmed by analysing more regions of the heart surface ex vivo 

using EVOS fluorescent microscopy. Additionally, flow cytometry will be performed 

on digested hearts to quantitate 2D and 3D cultured hBM-MSCs Y201 presence 

throughout the sham and IR injured whole heart. Results will be compared to 2D 

and 3D cultured hBM-MSCs Y202.   

3.  Intravital studies will be performed to determine whether 2D and/or 3D cultured 

hBM-MSCs Y201 can modify thromboinflammatory responses mediated in the IR 

injured heart in vivo.  Specifically, the recruitment of endogenous neutrophils and 

platelets will be quantitated in IR injured hearts in mice receiving either no cellular 

therapy or 2D and 3D cultured hBM-MSCs Y201. Changes in functional capillary 
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density will also be assessed.  Results will be compared to 2D and 3D cultured hBM-

MSCs Y202.  

4.  Intravital studies will be performed to determine whether cellular therapy 

combined with the infusion of the anti-coagulant heparin can enhance the 

retention and/or potential vasculoprotective effects of MSC therapy in the IR 

injured heart in vivo.   

5.  Multiphoton microscopy will be used to ascertain whether any modification of 

neutrophil and/or platelet presence by MSCs was also occurring in the deeper 

layers of the myocardium. 

 

Methods 

The methods used in the chapter have been described in detail in Chapter 2. Briefly, 

anaesthetised mice underwent temporary ligation of the LAD artery for 45 minutes after 

which it was removed to initiate reperfusion for 2-2.5 hours. Anaesthetised sham mice 

underwent the same surgical procedure without the ligation of LAD. To determine the 

recruitment of 2D or 3D cultured hBM-MSCs Y201 or hBM-MSCs Y202 to the beating heart, 

they were firstly fluorescently labelled by incubating with 5µM of CFSE stain for 20 minutes 

before injection (Section 2.2.6). 5x105 cells were then administered via the cannulated 

carotid artery at approximately 20 minutes post-reperfusion with the first intravital 

recording taking place at 30 minutes post-reperfusion. The analysis of intravital images was 

carried out using Slidebook 6.0 capturing software (3i Inc; USA).   

The homing of exogenously administered MSCs to the heart was analysed by manually 

counting the number of free flowing MSCs trafficking through the coronary 

microcirculation within a small region of the stabilised beating heart during a 2 minute 

4.2
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period of recording. Similarly, adherents MSCs were quantitated as those present in the 

field of view microvasculature during 2 minutes of recording time. Adherent MSCs were 

considered to be those cells that remained stationary within the microvessel for ≥ 30 

seconds, whereas other cells were recognised as free-flowing. A similar protocol was used 

to quantitate endogenous adherent neutrophils labelled using a PE-conjugated rat anti-

mouse Gr-1 (Ly6G) antibody.  Endogenous platelets were labelled with an APC-conjugated 

rat anti-mouse CD41 antibody and ImageJ was used to quantitate their presence by 

calculating the mean integrated fluorescence density. Perfused vasculature was identified 

intravitally by injecting FITC-BSA at the end of imaging.   

At the end of intravital experiments, the heart and lungs were collected from culled mice to 

determine the presence of CFSE-labelled MSCs ex vivo using fluorescent EVOS and deep 

tissue multiphoton microscopy. For some experiments, the hearts and lungs were 

collagenase digested to a single cell suspension and analysed flow cytometrically for 

fluorescent MSC presence. Dual Evan’s blue and TTC staining was used to identify infarcted 

muscle which measured by calculating the infarct region as a percentage of the area at risk 

(AAR). GraphPad 6.0 software was used to perform statistical analysis with data presented 

as the mean ± SEM.    
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Results 

4.3.1.    Increased 3D cultured MSC adhesion within injured coronary 

microcirculation  

HPC-7s have been routinely used by the Kalia lab to investigate HSC homing to various 

organs in vivo and to track them intravitally. Intravital studies monitoring HSC trafficking 

has been limited due to difficulties in isolating sufficient numbers for in vivo 

experimentation. As a result, many HSC trafficking studies have relied heavily on HSC lines.  

In the current project, HPC-7s were only used for in vitro studies. In Chapter 3, we noted 

that MSCs were generally more adhesive to IR injured frozen heart sections in vitro. 

Whether this was also true in the presence of flow in vivo was investigated intravitally in 

the IR injured beating heart and compared to mice undergoing sham surgery.  

In initial experiments, exogenous hBM-MSCs at a concentration of 1x106 cells/mouse were 

injected via the carotid artery as a single bolus dose at 30 minutes post-reperfusion.  

However, as shown in Figure 4.1A, the survival rate after cell transplantation was very low 

with the majority of mice unable to survive beyond 2 hours of cell administration. The large 

aggregates of CFSE-labelled hBM-MSCs were found in pulmonary blood vessels of the dead 

mice as shown in Figure 4.1B. We concluded that the mice died from MSCs pulmonary 

embolism. Therefore, the concentration of cells was adjusted to 5x105 cells/mouse, 

injected at 30 minutes post-reperfusion, which greatly improved the survival rate. 

Therefore, this concentration was used for all subsequent intravital experiments.  

4.3
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Adhesion of 2D cultured hBM-MSCs Y201 was low in sham hearts. Immediately after 

infusion, between 0-3 cells were identified adherent within the imaged field of view 

(413μm x 308μm). This number did not change much over the two hours of intravital 

imaging. However, as shown in Figure 4.2A, adhesion of 3D cultured hBM-MSCs Y201 in the 

IR injured heart was significantly higher at all-time points than those observed in sham 

mice. Although ~4-5 cells were adherent at the time of infusion, this gradually increased to 

6-8 cells with time. For 3D cultured hBM-MSCs 201, again adherent MSCs in sham hearts 

remained low with ~3-7 cells/field imaged. However, an almost 3-fold significant increase 

in adherent cells was noted in IR injured hearts with ~8-17 adherent cells observed. Figure 

4.2B shows that sharp rise was noted after 15 minutes of infusion. Adhesion of 3D cultured 

hBM-MSCs 201 was higher in both sham and injured hearts compared to 2D cultured cells. 

As shown in Figure 4.2C, adhesion of 2D cultured hBM-MSCs Y202 was also low in sham 

hearts with ~0-4 cells/field adherent which did not change over the period of imaging. 

However, injury again significantly increased MSC adhesion at all-time points 4-10 adherent 

cells/field observed. Again, 3D cultured MSCs Y202 showed a low retention in sham hearts 

but this significantly increased at all-time points in injured hearts with 6-14 adherent cells 

observed as shown in Figure 4.2D.  Adhesion of 3D cultured hBM-MSCs 201 was higher in 

both sham and injured hearts compared to 2D cultured cells. In conclusion, both MSC sub-

populations appeared to be more adhesive to the coronary microcirculation of IR injured 

hearts with 3D cultured cells the most adhesive.  
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4.3.2.   3D culture technique increases free flowing and adherent hBM-MSCs Y201 

in the healthy sham heart  

IVM was used to investigate whether culturing technique impacted on MSC homing 

capacity to the sham heart. Immediately after infusion, ~3-6 free-flowing 2D cultured hBM-

MSCs Y201 were observed trafficking through the heart in the imaged field of view. This 

was significantly increased with 3D cultured hBM-MSCs Y201 at the time of infusion with 

~9-12 cell observed trafficking through the heart. As shown in Figure 4.3A, free flowing 

MSC number was greatly reduced after the initial point of cell infusion for both 2D (0-5 

cells/field of view) and 3D (0-5 cells/field of view) cultured  hBM-MSCs Y201. No significant 

differences in free flowing cells were observed at these later time points. Number of 

adherent 3D cultured hBM-MSCs Y201 (~5 cells/field of view) was significantly greater than 

2D cultured hBM-MSCs Y201 (~2 cells/field of view) at all time points (Figure 4.3B).  

Interestingly, as shown in Figure 4.3C, IVM was able to detect the smaller size of 3D 

cultured hBM-MSCs Y201 in vivo when compared to those grown in 2D culture. 

 

 

 

 

 

 



CHAPTER 4 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VIVO STUDIES 
 

151 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Survival rate of hBM-MSCs transplanted mice following myocardial IR injury. At the end of 
intravital experimentation, animals were culled and the lungs were removed and imaged on their surface 
using an EVOS fluorescent microscope.  (A) The survival rate of mice received exogenous hBM-MSCs at the 
concentration of 10

5
 cells/mouse was significantly higher when compared to mice received hBM-MSCs at the 

concentration of 10
6
 cells/mouse. (B) Representative images taken from the surface lungs are shown. 

Interestingly, large clumps or aggregates of 2D cultured hBM-MSCs Y202 were present in pulmonary blood 
vessels in mouse received hBM-MSCs at the concentration of 10

6
 cells/mouse, whilst smaller aggregates or 

individual 2D cultured hBM-MSCs Y201 were observed in mouse transplanted with hBM-MSCs at the 
concentration of 10

5
 cells/mouse. Data were analyzed by Mantel Cox tests. N=5, **p<0.01. Images were 

captured with a 20x objective.  Scale bar = 200µm. 

 

 

 

A 

106 cells/mouse 105 cells/mouse B 



CHAPTER 4 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VIVO STUDIES 
 

152 
 

Similar significant results were obtained for free-flowing hBM-MSCs Y202 in sham hearts.  

Interestingly, the number of both 2D and 3D cultured free flowing hBM-MSCs Y202 was 

greater than those observed for hBM-MSCs Y201, with ~11 and 21 hBM-MSCs Y202 

observed at the time of cell infusion respectively. Again, as shown in Figure 4.4A, no 

significant difference in free flowing MSCs was observed after the time of infusion . 

Although adhesion of 3D cultured hBM-MSCs Y202 was increased when compared to 2D 

cultured cells (Figure 4.4B), this did not reach statistical significance.  

 

4.3.3.   Increased myocardial recruitment of 3D cultured hBM-MSC confirmed ex 

vivo using EVOS microscopy with significant entrapment within lungs of all MSCs 

To confirm the data obtained from intravital imaging of the beating heart, the recruitment 

ability of MSCs was also imaged and qualitatively assessed in the same healthy sham heart 

ex vivo using EVOS fluorescence microscopy.  At the end of intravital experimentation (2½ 

hours post-reperfusion / 2 hrs post-MSC infusion), animals were culled and the heart and 

lungs removed and imaged on their surface using an EVOS fluorescent microscope.  Images 

were taken from a number of regions on the surface of the left ventricle of the heart and 

from the left and right lung lobes. Generally, in the heart, as shown in Figure 4.5A, it 

appeared as if more 3D cultured hBM-MSCs Y201 were identified attached to blood vessels 

compared to 2D cultured cells. Interestingly, as shown in Figure 4.5C and D, 3D cultured 

significantly increased hBM-MSCs Y201 recruitment in the heart and significantly decreased 

hBM-MSCs Y201 in the lung.  
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Figure 4.2. Intravital microscopy demonstrated an increased adhesion of both CFSE-labelled MSC sub-
populations within the IR Injured heart with 3D cultured cells most adhesive.  (A) 2D hBM-MSCs Y201 were 
significantly more adherent within IR injured hearts when compared to sham hearts at all time points.  (B) 
Similar results were observed with 3D hBM-MSCs Y201. Furthermore, adhesion of 3D cultured hBM-MSCs 
Y201 was higher in both sham and injured hearts when compared to 2D cultured hearts.  (C) 2D hBM-MSCs 
Y202 were also significantly more adherent within IR injured hearts when compared to sham hearts at all 
time points.  (D) Similar results were observed with 3D hBM-MSCs Y201.  Again, 3D cultured hBM-MSCs Y201 
adhesion was higher in both sham and injured hearts compared to 2D cultured hearts. The first intravital 
videos of the beating heart were captured immediately after infusion of a single dose of 5x10

5
 MSCs/ml via 

the intra-carotid artery.  In IR injured hearts, this was at 30 minutes post-reperfusion.  Hence the above 0 
time point is the equivalent of 30 minutes post-reperfusion.  Results presented as mean ± SEM. Statistical analysis 

performed using Student’s t-test. ***p<0.001, ****p<0.0001; N=5 mice per group.   
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Figure 4.3. Intravital microscopy demonstrated that 3D culture improved numbers of hBM-MSCs Y201 
trafficking through the healthy sham beating heart after systemic infusion and their adhesion within the 
coronary microcirculation in vivo. (A) 3D culture significantly increased numbers of hBM-MSCs Y201 
observed freely flowing in the healthy heart immediately after their systemic infusion. Free flowing MSC 
number was greatly reduced after the initial point of cell infusion for both 2D and 3D cultured hBM-MSCs 
Y201 with no significant differences observed.  (B) 3D culture significantly increased the adhesion of hBM-
MSCs Y201 at all time points within the healthy sham heart when compared to 2D cultured cells, with more 
than a doubling of the number of cells seen.  (C) Representative intravital images of CFSE-labelled 2D and 3D 
culture hBM-MSCs Y201 (arrows) trafficking or adherent within myocardial microvessels. Interestingly, most 
cells derived from 3D culture appeared smaller when injected in vivo.  The first intravital videos of the beating 
heart were captured immediately after infusion of a single dose of 5x10

5
 MSCs/ml via the intra-carotid artery.  

Results presented as mean ± SEM. Statistical analysis performed using Student’s t-test. N = 5 mice per group. 
*p˂0.05; ****p<0.0001. Scale bar = 10µm. 
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Figure 4.4. Intravital microscopy demonstrated that 3D culture improved numbers of hBM-MSCs Y202 
trafficking through the healthy sham beating heart after systemic infusion and their adhesion within the 
coronary microcirculation in vivo. (A) 3D culture significantly increased numbers of hBM-MSCs Y202 
observed freely flowing in the healthy heart immediately after their systemic infusion. Free flowing MSC 
number was greatly reduced after the initial point of cell infusion for both 2D and 3D cultured hBM-MSCs 
Y202 with no significant differences observed.  (B) Although 3D culture increased the adhesion of hBM-MSCs 
Y202 within the healthy sham heart when compared to 2D cultured cells, this did not attain statistical 
significance. (C) Representative intravital images of CFSE-labelled 2D and 3D culture hBM-MSCs Y202 (arrows) 
trafficking or adherent within myocardial microvessels. Interestingly, most cells derived from 3D culture 
appeared smaller when injected in vivo. The first intravital videos of the beating heart were captured 
immediately after infusion of a single dose of 5x10

5
 MSCs/ml via the intra-carotid artery.  Results presented 

as mean ± SEM. Statistical analysis using Student’s t-test. N = 5 mice per group. **p˂0.01. Scale bar = 10µm. 

 



CHAPTER 4 – DEVELOPING STRATEGIES TO IMPROVE MSCS ADHESION – IN VIVO STUDIES 
 

156 
 

Within the lungs, the numbers of 2D and 3D cultured hBM-MSCs Y201 appeared to be 

relatively similar.  Interestingly, as shown in Figure 4.5B, large clumps or aggregates of 2D 

cultured hBM-MSCs Y201 presented in the blood vessels of lung, whilst smaller aggregates 

or individual 3D cultured hBM-MSCs Y201 were observed. Furthermore, the size of 

individual 3D cultured hBM-MSCs Y201 detected in the lungs appeared to be smaller than 

2D cultured hBM-MSCs Y201. Similar ex vivo observations were made in the hearts and 

lungs of healthy sham mice receiving infusions of 2D or 3D cultured hBM-MSCs Y202 as 

shown in Figures 4.6A-B. However, 3D cultured did not increased hBM-MSCs Y202 

recruitment in the heart and decreased hBM-MSCs Y202 in the lung. Overall, the intravital 

data demonstrating increased cardiac retention of 3D cultured BM-MSCs was confirmed in 

ex vivo using EVOS microscopy that sampled a greater area of the heart than that just 

imaged within the centre of the stabiliser in vivo. 

 

4.3.4.   3D culture increases both free flowing and adherent hBM-MSCs Y201, but 

only adhesion of hBM-MSCs Y202, to the IR injured heart 

We next investigated whether culture method impacted MSC homing capacity to IR injured 

heart. Immediately after infusion, ~7 cells free-flowing 2D cultured hBM-MSCs Y201 were 

observed trafficking through the heart in the imaged field of view. Although this increased 

with 3D culture at the time of infusion, this did not reach statistical significance. As shown 

in Figure 4.7A, Free flowing MSC number was greatly reduced thereafter for both 2D and 

3D cultured hBM-MSCs Y201 with no significant differences in free flowing cells was 

observed at these later time points.  
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Figure 4.5. Increased myocardial recruitment of 3D cultured hBM-MSCs Y201 in healthy sham hearts 
confirmed ex vivo with significant entrapment within lungs of all MSCs. At the end of intravital 
experimentation (2½ hours post-reperfusion / 2 hrs post-MSC infusion), animals were culled and the heart and 
lungs removed and imaged on their surface using an EVOS fluorescent microscope.  Representative images 
taken from 3 regions on the surface of the left ventricle of the heart and lungs are shown. (A) Generally, in the 
heart more CFSE-labelled 3D cultured hBM-MSCs Y201 were identified within the vasculature compared to 2D 
cultured cells. (B) Within the lungs, 2D and 3D cultured hBM-MSCs Y201 number appeared to be relatively 
similar. Interestingly, large clumps or aggregates of 2D cultured hBM-MSCs Y201 were present in pulmonary 
blood vessels, whilst smaller aggregates or individual 3D cultured hBM-MSCs Y201 were observed. 
Furthermore, the size of individual 3D cultured hBM-MSCs Y201 detected in the lungs appeared to be smaller 
than 2D cultured hBM-MSCs Y201. (C) 3D cultured significantly increased hBM-MSCs Y201 in the heart. (D) 3D 
cultured significantly decreased hBM-MSCs Y201 in the lung. Results presented as mean ± SEM. Statistical 
analysis using Student’s t-test. n = 3 independent experiments using at least two different donors for each cell 
type.*p˂0.05. Images were captured with a 20x objective.  Scale bar = 200µm.  

C D 
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Figure 4.6. Increased myocardial recruitment of 3D cultured hBM-MSCs Y202 in healthy sham hearts 
confirmed ex vivo with significant entrapment within lungs of all MSCs. At the end of intravital 
experimentation (2½ hours post-reperfusion / 2 hrs post-MSC infusion), animals were culled and the heart 
and lungs removed and imaged on their surface using an EVOS fluorescent microscope.  Representative 
images taken from 3 regions on the surface of the left ventricle of the heart and lungs are shown. (A) 
Generally, in the heart more CFSE-labelled 3D cultured hBM-MSCs Y202 were identified within the 
vasculature compared to 2D cultured cells.  (B) Within the lungs, 2D and 3D cultured hBM-MSCs Y201 number 
appeared to be relatively similar.  Interestingly, large clumps or aggregates of 2D cultured hBM-MSCs Y201 
were present in pulmonary blood vessels, whilst smaller aggregates or individual 3D cultured hBM-MSCs Y201 
were observed. Furthermore, the size of individual 3D cultured hBM-MSCs Y202 detected in the lungs 
appeared to be smaller than 2D cultured hBM-MSCs Y202. (C) 3D cultured increased hBM-MSCs Y202 in the 
heart. (D) 3D cultured slightly significantly decreased hBM-MSCs Y202 in the lung. Results presented as mean 
± SEM. Statistical analysis using Student’s t-test. n = 3 independent experiments using at least two different 
donors for each cell type.Images were captured with a 20x objective.  Scale bar = 200µm. 

C D 
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Number of adherent 3D cultured hBM-MSCs Y201 (~12 cells/field of view) was significantly 

greater than 2D cultured cells (~7 cells/field of view) at all time points in the IR injured 

heart. As shown in Figure 4.7B, the number of 3D cultured hBM-MSCs Y201 increased 

progressively until a plateau was reached 30 minutes post-infusion. Figure 4.7C shows that 

IVM was again able to detect more 3D cultured hBM-MSCs Y201 in vivo in the injured heart 

that were of a smaller size when compared to those grown in 2D culture. 3D culture 

technique did not improve the free flow hBM-MSCs Y202 in injured heart when compared 

to cells cultured in 2D. However, as shown in Figure 4.8A, the trend for increased homing 

immediately upon infusion with a decrease thereafter was still observed. However, as 

shown in Figure 4.8B, adhesion of  3D cultured hBM-MSCs Y202 (~13 cells/field of view) 

within the injured heart was significantly higher adhesion of 2D cultured cells (~6 cells/field 

of view) but only at the end of imaging at 105 and 120 minutes after cell administration.  

Again 3D cultured hBM-MSCs Y202 were of a smaller size when compared to those grown 

in 2D culture as shown in Figure 4.8C.  Interestingly, no significant differences in the 

adhesive ability between the two sub-populations to either sham or IR injured hearts were 

noted.  
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Figure 4.7. Intravital microscopy demonstrated that 3D culture improved numbers of hBM-MSCs Y201 
trafficking through the IR injured beating heart after systemic infusion and their adhesion within the 
coronary microcirculation in vivo.   (A) 3D increased numbers of hBM-MSCs Y201 observed freely flowing in 
the injured heart immediately after their systemic infusion although this did not attain statistical significance. 
Free flowing MSC number was greatly reduced after the initial point of cell infusion for both 2D and 3D 
cultured hBM-MSCs Y201 with no significant differences observed.  (B) 3D culture significantly increased the 
adhesion of hBM-MSCs Y201 at all time points within the injured heart when compared to 2D cultured cells, 
with more than a doubling of the number of cells seen.  (C) Representative intravital images of CFSE-labelled 
2D and 3D culture hBM-MSCs Y201 (arrows) trafficking or adherent within myocardial microvessels. 
Interestingly, most cells derived from 3D culture appeared smaller when injected in vivo.  The first intravital 
videos of the beating heart were captured immediately after infusion of a single dose of 5x10

5
 MSCs/ml via 

the intra-carotid artery.  These were injected at 30 minutes post-reperfusion.  Hence the above 0 time point 
is the equivalent of 30 minutes post-reperfusion. Results presented as mean ± SEM. Statistical analysis 
performed using Student’s t-test. N = 5 per group. **p˂0.01. Scale bar = 10µm. 
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4.3.5.   Increased myocardial recruitment of 3D cultured hBM-MSCs Y201 

Confirmed ex vivo using flow cytometry, but the same effect is not seen with hBM-

MSCs Y202 

Intravital studies of the beating heart were restricted to imaging just one superficial 

epicardial region of the left ventricle within the centre of the stabiliser. To confirm whether 

3D culture actually improved the homing and subsequent recruitment of hBM-MSCs to the 

whole heart, flow cytometry studies was also performed. To detect the presence of CFSE-

labelled infused MSCs in heart and lung, the organs were removed at the end of intravital 

imaging and digested with 0.1% v/v collagenase for 1 hour at 37˚C and analysed flow 

cytometrically. Figure 4.11A shows that the number of 3D cultured hBM-MSCs Y201 

identified in the digested IR injured heart was significantly higher than hBM-MSCs Y201 

retrieved from 2D culture. However, the same culture technique did not significantly affect 

the presence of hBM-MSCs Y202 in the IR injured heart (Figures 4.11A). As expected, 

overall there was a much higher presence of both MSC sub-populations with the lungs 

compared to the heart, but culturing technique did not affect their presence (Figures 

4.11B). Overall, flow cytometric analysis showed that hBM-MSCs Y201 obtained from 3D 

spheroids had a greater homing and retention capacity within the IR injured hearts than 

hBM-MSCs Y201 grown in 2D culture.  
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Figure 4.8. Intravital microscopy demonstrated that 3D culture does not increase numbers of hBM-MSCs 
Y202 trafficking through the IR injured beating heart after systemic infusion but does increase their 
adhesion within the coronary microcirculation in vivo.  (A) No difference in the trafficking of 2D or 3D 
cultured hBM-MSCs Y202 in the injured heart immediately after their systemic infusion was observed.  Free 
flowing MSC number was greatly reduced after the initial point of cell infusion for both 2D and 3D cultured 
hBM-MSCs Y202, but again no significant differences were observed. (B) 3D culture increased the adhesion 
of hBM-MSCs Y202 within the injured heart when compared to 2D cultured cells, but this was only 
significant at 105 AND 120 minutes post-infusion of cells. (C) Representative intravital images of CFSE-
labelled 2D and 3D culture hBM-MSCs Y202 (arrows) trafficking or adherent within myocardial microvessels.  
Interestingly, most cells derived from 3D culture appeared smaller when injected in vivo. The first intravital 
videos of the beating heart were captured immediately after infusion of a single dose of 5x10

5
 MSCs/ml via 

the intra-carotid artery.  These were injected at 30 minutes post-reperfusion.  Hence the above 0 time point 
is the equivalent of 30 minutes post-reperfusion. Results presented as mean ± SEM. Statistical analysis 
performed using Student’s t-test. N = 5 mice per group. **p˂0.01. Scale bar = 10µm. 
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Figure 4.9. Intravital microscopy demonstrated that 3D culture increases adhesion of both hBM-MSCs Y201 
and hBM-MSCs Y202 to a similar level within the sham and IR injured coronary microcirculation in vivo.   
(A) Although 3D culture increased adhesion of both MSC sub-populations in healthy sham hearts, there was 
no significant difference between the adhesive capabilities of the two different MSC types.  However, 3D 
cultured hBM-MSCs Y201 demonstrated the greatest adhesion. (B) 3D culture also increased the adhesion of 
both MSC sub-populations to the IR injured heart.  However, again no significant differences were observed 
between the two different MSC types. The first intravital videos of the beating heart were captured 
immediately after infusion of a single dose of 5x10

5
 MSCs/mice via the intra-carotid artery. These were 

injected at 30 minutes post-reperfusion. Hence the above 0 time point is the equivalent of 30 minutes post-
reperfusion. Results presented as mean ± SEM. ANOVA showed no effect of culture conditions on MSC 
recruitment ; p=0.12. N = 5 mice per group.  
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Figure 4.10. The presence of 3D cultured hBM-MSCs Y201 in the heart and lungs of mice undergoing 
myocardial IR injury was also determined ex vivo using flow cytometry.  A gating strategy was 
conducted to investigate and to quantify the cell population of interest. Cells were gated by side scatter 
vs front scatter. Representative histograms showing the gating technique utilised to isolate CFSE-labelled 
BM-MSCs Y201 from collagenase digested heart and lung tissue. Samples were analyzed using 
FACSCalibur flow cytometry. The analysis was conducted on 25,000 events. Summit 4.3 software 
(Beckman Coulter, US) was used to visualise the data.  
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Figure 4.11. Increased myocardial recruitment of 3D cultured hBM-MSCs Y201 confirmed ex vivo using flow 
cytometry, but the same effect is not seen with hBM-MSCs Y202.  (A) The presence of 3D cultured hBM-MSCs 
Y201 in the digested IR injured heart was significantly higher than cells obtained from 2D culture. However, 
culture method did not improve the presence of hBM-MSCs Y202 in the injured heart. (B) A much greater 
presence of both sub-populations of hBM-MSCs was detected in the lungs compared to the heart. Culture 
technique had no effect on cell present in the lung.  Samples were analyzed using FACSCalibur flow cytometry. 
The analysis was conducted on 25,000 events. Flowing software 2.5.1 (University of Turku, Finland) was used to 
analyse the data. Data presented as the mean ± SEM. *p<0.05, when using a Student’s t-test.  N=3 mice per 
group.   
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4.3.6.   Only 3D cultured hBM-MSCs Y201 reduce neutrophil recruitment within the 

IR injured coronary microcirculation in vivo 

Our group have previously reported that myocardial IR injury induces a striking increase in 

endogenous inflammatory neutrophil recruitment to the beating heart in vivo (Kavanagh et 

al., 2019).  The current study aimed to investigate whether MSCs could therapeutically 

benefit the IR injured heart by conferring a vasculoprotective effect.  Moreover, we wanted 

to determine whether different culture techniques and sub-populations of MSCs had any 

differential effects at the level of the coronary microcirculation  in vivo. Following 

myocardial IR injury, adherent neutrophils were detected within the coronary 

microcirculation, confirming previous investigation by the Kalia group (Figure 4.12A).  Most 

of these were adherent within coronary capillaries.   

Figure 4.13A and 4.14A show that hBM-MSCs Y201 or hBM-MSCs Y202 derived from 

different culture techniques were infused at 30 minutes after reperfusion. Both 2D hBM-

MSCs Y201 (~123 cells/field of view) and 2D hBM-MSCs Y202 (~120 cells/field of view) 

slightly reduced neutrophil recruitment but this did not attain statistical significance. 

However, as show in Figure 4.13A, 3D cultured hBM-MSCs Y201 induced a significant 

decrease at all points from 75 minutes post-reperfusion onwards i.e. 45 minutes after cell 

transplantation. Indeed, the number of adherent neutrophils decreased to ~108 cells/field 

of view in the hearts of mice receiving 3D cultured hBM-MSCs Y201 cell therapy mice 

compared to approximately 130- 140 cells/field of view in the hearts of non-treated injured 

mice. However, as shown in Figure 4.1A, this anti-inflammatory benefit was not observed 

with 3D cultured hBM-MSCs Y202. 
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4.3.7.   hBM-MSCs Y201 and hBM-MSCs Y202 marginally reduce platelet presence 

within the IR injured coronary microcirculation in vivo  

Our group have previously reported that accumulation of platelet microthrombi within the 

coronary capil laries can lead to multiple occlusive events within the coronary 

microcirculation in vivo following IR injury (Kavanagh et al., 2019). Therefore, the current 

study also investigated potential anti-platelet effects of MSCs in the same injury model.   

Platelet aggregation was quantitated as their integrated fluorescence density.  Figure 4.12 

shows that pure platelet aggregates were present in the coronary microvessels when 

intravitally imaged at the first time point at 30 minutes post-reperfusion. They were 

observed primarily within coronary capillaries as spherical / circular aggregates  or 

extending the length of capillaries. Sometimes, neutrophils were seen to be attached to 

platelet aggregates, forming bigger mixed microthrombi.  As shown in Figure 4.13B and 

4.14B,  although systemic infusion of either 2D or 3D cultured hBM-MSCs Y201 or hBM-

MSCs Y202 marginally reduced their presence, this did not attain statistical significance.  
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Figure 4.12. Intravital microscopy demonstrated a high burden of adherent neutrophils and platelet 
microthrombi in the IR injured heart. (A) Representative intravital images taken from the left ventricle of the 
beating mouse heart showing an extensive number of neutrophils (green) were identified in the IR injured 
coronary microvasculature in vivo, but mostly as individual neutrophils.  Platelets (red) were seen forming 
either pure platelet-platelet or mixed platelet-neutrophil aggregates (white: arrows). (B) These inflammatory 
effects were most effectively decreased in mice receiving 3D cultured hBM-MSCs Y201. Endogenous 
neutrophils labelled using a PE-conjugated rat anti-mouse Gr-1 (Ly6G) antibody and endogenous platelets 
labelled with an APC-conjugated rat anti-mouse CD41 antibody. Scale bar = 100 µm. 
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Figure 4.13. Intravital microscopy demonstrated that 3D culture of hBM-MSCs Y201 decreased endogenous 
neutrophil adhesion in the IR injured beating heart in vivo. (A) There was a high volume of adherent 
neutrophils in the IR injured coronary microcirculation, which did not change with the duration of 
reperfusion.  hBM-MSCs Y201 were infused at 30 minutes after reperfusion. 3D cultured hBM-MSCs Y201 
induced a significant decrease in neutrophils adhesion at all points from 75 minutes post-reperfusion 
onwards i.e. 45 minutes after cell transplantation. (B) Platelet aggregation was quantitated as integrated 
fluorescence density and was observed at all time point post-reperfusion. Although 2D and 3D cultured hBM-
MSCs Y201 marginally reduced their presence, this did not attain statistical significance. (C) Representative 
intravital images demonstrating a high burden of neutrophil adhesion (green) and platelet recruitment (red) 
within the IR injured heart which decreased with 3D cultured hBM-MSCs Y201 – the second image is taken at 
120 minutes post-reperfusion. The first intravital videos of the beating heart were captured immediately after 
infusion of a single dose of 5x10

5 
MSCs/ml via the intra-carotid artery. These were injected at 30 minutes 

post-reperfusion. Hence the above 0 time point is the equivalent of 30 minutes post-reperfusion. Endogenous 
neutrophils labelled using a PE-conjugated rat anti-mouse Gr-1 (Ly6G) antibody and endogenous platelets 
labelled with an APC-conjugated rat anti-mouse CD41 antibody. ANOVA showed a significant effect of 3D 
cultured hBM-MSCs Y201 on decreasing neutrophil recruitment, but not platelet in IR injured mice; 
p<0.05.Statistical  analysis  was  performed  using  two-way  ANOVA  with  Sidak’s  multiple  comparison  test. 
*p<0.05. N=5 mice per group. Scale bar = 100 µm. 
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Figure 4.14. Intravital microscopy demonstrated that 3D culture of hBM-MSCs Y201 decreased endogenous 
neutrophil adhesion in the IR injured beating heart in vivo. (A) There was a high volume of adherent 
neutrophils in the IR injured coronary microcirculation, which did not change with the duration of reperfusion.  
hBM-MSCs Y202 were infused at 30 minutes after reperfusion. Neither 2D nor 3D cultured hBM-MSCs Y202 
decreased neutrophils in the IR injured heart. (B) Platelet aggregation was quantitated as integrated 
fluorescence density and was observed at all time point post-reperfusion.  Although 2D and 3D cultured hBM-
MSCs Y202 marginally reduced their presence, this did not attain statistical significance. (C) Representative 
intravital images demonstrating a high burden of neutrophil adhesion (green) and platelet recruitment (red) 
within the IR injured heart which was not decreased with hBM-MSCs Y202. The first intravital videos of the 
beating heart were captured immediately after infusion of a single dose of 5x10

5 
MSCs/ml via the intra-carotid 

artery. These were injected at 30 minutes post-reperfusion.  Hence the above 0 time point is the equivalent of 
30 minutes post-reperfusion. Endogenous neutrophils labelled using a PE-conjugated rat anti-mouse Gr-1 
(Ly6G) antibody and endogenous platelets labelled with an APC-conjugated rat anti-mouse CD41 antibody. 
ANOVA showed no effect of both 2D and 3D cultured hBM-MSCs Y202 on decreasing neutrophil and platelet 
recruitment in IR injured mice; p=0.18. Statistical  analysis  was  performed  using  two-way  ANOVA  with  
Sidak’s  multiple  comparison  test. Results presented as mean ± SEM. N=5 mice per group. Scale bar = 100 µm. 
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4.3.8.   Heparin slightly increases the presence of adherent 3D cultured hBM-MSCs 

Y201 following myocardial IR injury  

Our group has previously demonstrated that platelet microthrombi are amongst the main 

contributors of occlusive events within the coronary capillaries (Kavanagh et al., 2019).  In 

the current study we showed that although hBM-MSC therapy could reduce neutrophil 

adhesion, it was not efficient at reducing the quantity of platelet aggregation following 

myocardial IR injury. We therefore further examined whether co-transplantation with the 

anti-coagulant heparin enhanced the homing of hBM-MSC and/or their 

thromboinflammatory properties.  Unfractionated soluble heparin was infused at 30 

minutes post-reperfusion intra-arterially via the carotid artery followed by immediate 

infusion of MSCs. Since only 3D cultured hBM-MSCs Y201 were capable of decreasing 

neutrophil adhesion, we only selected this sub-population for heparin co-administration 

studies. As shown in Figure 4.15A, Immediately after their infusion, the number of freely 

flowing 3D cultured hBM-MSCs Y201 was observed to be significantly higher than 

observed with heparin administration in IR injured hearts when compared using Student 

t-test. Indeed, ~25 cells/field of view were observed compared to ~12 cells/field with no 

heparin. However, the number of free-flowing MSCs decreased in both groups with time. 

The adhesion of 3D cultured hBM-MSCs Y201 was slightly increased in the presence of 

heparin at all time points as shown in Figure 4.15B, but this increase was not statistically 

significant. 
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Figure 4.15. Intravital microscopy demonstrated that heparin infusion 30 minutes post-reperfusion did not 
increase adhesion of 3D cultured hBM-MSCs Y201 within the IR injured beating heart in vivo.  (A) Heparin 
significantly increased the number of 3D cultured HBM-MSCs Y201 observed freely flowing in the injured 
heart immediately after their systemic infusion. Free flowing MSC number was greatly reduced after the 
initial point of cell infusion in mice both receiving heparin and in those who did not at all other time point 
with no significant differences observed. (B) Heparin infusion did not modify the adhesion of hBM-MSCs Y201 
within the injured heart. (C) Representative intravital images of CFSE-labelled 3D cultured hBM-MSCs Y201 
trafficking or adherent within myocardial microvessels. The first intravital videos of the beating heart were 
captured immediately after infusion of a single dose of 5x10

5 
MSCs/ml via the intra-carotid artery. These were 

injected at 30 minutes post-reperfusion (alongside heparin). Hence the above 0 time point is the equivalent 
of 30 minutes post-reperfusion. Results presented as mean ± SEM. Statistical analysis performed using 
Student’s t-test. N = 5 mice per group. ****p˂0.0001. Scale bar = 100 µm. 
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4.3.9.   Dual therapy with heparin induces an earlier onset of 3D hBM-MSCs Y201 

mediated anti-inflammatory effects following myocardial IR injury  

We further determined intravitally whether co-transplantation of MSCs with heparin could 

improve the thromboinflammatory property of 3D cultured hBM-MSCs Y201. Firstly, the 

effects of heparin alone on neutrophil activity were intravitally assessed in the IR injured 

heart.  No effect on the trafficking of neutrophils in the IR injured heart was observed.  

Indeed a decreased passage of neutrophils through the coronary microcirculation was 

observed with time post-reperfusion in IR injured hearts with and without heparin (Figure 

4.16A). However, as shown in Figure 4.16B, systemic administration of unfractionated 

heparin increased the number of adherent neutrophils (from ~130 cells/field of view to 170 

cells/field of view) by 2 hours post-reperfusion although this did not reach statistical 

significance at any time point. Not only did this demonstrate that heparin itself was not 

anti-inflammatory, surprisingly it showed that it was gradually quite pro-inflammatory. 

Despite these observations, we still investigated whether co-administration of heparin with 

3D cultured hBM-MSCs Y201 enhanced their earlier described thromboinflammatory 

properties.  Surprisingly, as shown in Figure 4.17A, 3D cultured hBM-MSCs Y201 co-

administration with heparin significantly decreased neutrophil recruitment at all time 

points within IR injured hearts when compared to IR injured mice not receiving any 

treatment.  Indeed, neutrophil adhesion in injured hearts receiving 3D cultured hBM-MSCs 

Y201 plus heparin was ~100 cells/field of view compared to ~130 cells/field of view in 

injured but untreated mice. This significant anti-neutrophil effect was observed at all time 

points, unlike with 3D cultured hBM-MSCs Y201 which demonstrated a beneficial effect 

only after 75 minutes of myocardial reperfusion.  This interesting data suggests co -
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transplantation of cellular therapy with heparin induced an earlier onset of MSC mediated 

anti-inflammatory effects in the IR injured heart in vivo.  As shown in Figure 4.17B, Systemic 

infusion of either heparin with 3D cultured hBM-MSCs Y201 marginally reduced the anti-

platelet effects mediated by 3D cultured hBM-MSCs Y201 alone but this was not statistically 

significant. 

 

4.3.10.   Multiphoton microscopy visualised neutrophil adhesion and platelet 

aggregation within deeper layers of the myocardium in IR injured hearts 

Intravital microscopy imaged coronary neutrophil and platelet recruitment in vivo on the 

superficial epicardial side of the left ventricle with a depth of approximately 50-60m. To 

ascertain whether these events were also occurring in the deeper layers of the 

myocardium, multiphoton microscopy was used.  In initial studies, the heart was removed 

after intravital imaging and cut in half longitudinally from the base to apex to expose the 

inner endocardial layer lining the left ventricle chamber. The left ventricle wall was then 

crudely sectioned sagitally into two sections and imaged using the multiphoton (Figure 

4.18A). However, we found that the quality of the images became progressively poorer as 

z-stacks were taken from the outer epicardial to mid-myocardial section and the mid-

myocardial to inner endocardial section. Therefore, we modified the method by using a 

tissue vibratome to precisely section sagitally the left ventricle wall into 5-6 sections with a 

thickness of 250µm. Multiphoton z-stacks were then taken from 4 of these sections, 

namely the: (i) outer epicardial to outer mid-myocardial; (ii) outer mid-myocardial to mid-

myocardial; (iii) mid-myocardial to inner mid-myocardial and from; (iv) inner mid-
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myocardial to inner endocardial (Figure 4.18B). Individual Z-stack images from each section 

were then rendered to form a single 3D stack image. All neutrophils and platelets in each 

section were analysed and a mean single mean fluorescence intensity value was obtained. 

Generally, we noted that many neutrophils were present in all 4 layers as oval cells or with 

a more elongated appearance. A significant presence of platelet aggregates was also 

observed in all layers of the heart muscle wall. However, we suspected that this very high 

platelet presence was not indicative of genuine actively induced thrombotic events due to 

IR injury but was highly likely due to post-mortem ‘congealing’ of blood. To overcome this 

problem, 50 IU of the anti-coagulant heparin was infused intra-arterially immediately 

before culling to prevent platelet ‘coagulation’ immediately after death (not to be confused 

with earlier experiments in which heparin was injected as a therapy 5 mins pre-reperfusion 

as a therapy). This would not have disrupted or ‘dissolved’ any existing platelet aggregates 

that would have genuinely formed as a result of IR injury as heparin is not a thrombolytic 

but prevents existing microthrombi from getting bigger or new ones forming post-mortem.  

However, in such pre-cull heparin treated mice, neutrophils and platelet aggregates could 

still be seen in IR injured hearts, but importantly, in all 4 sections at different depths of the 

ventricular wall. Figure 4.19 shows that larger vessels were easily identified when they 

were clearly demarcated by platelet-rich thrombi or neutrophils. As shown in Figure 4.20, 

similarly to the intravital studies, platelet-neutrophil mixed aggregates were also common. 
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Figure 4.16. Intravital microscopy demonstrated that heparin infusion 30 minutes post-reperfusion 
marginally increased neutrophil recruitment within the IR injured beating heart in vivo.  (A) No effects on the 
trafficking of neutrophils in the IR injured heart were observed.  Indeed a decreased passage of neutrophils 
through the coronary microcirculation was observed with time post-reperfusion in IR injured hearts with and 
without heparin. (B) Systemic administration of unfractionated heparin increased the number of adherent 
neutrophils over time although this did not reach statistical significance at any time point.  Indeed, ~130 
cells/field of view were observed in IR injured hearts which increased to ~170 cells/field of view in IR injured 
hearts receiving heparin by 2 hours post-reperfusion.  (C) Representative intravital images of CFSE-labelled 3D 
cultured hBM-MSCs Y201 trafficking or adherent within myocardial microvessels. The first intravital videos of 
the beating heart were captured immediately at 30 minutes post-reperfusion. Endogenous neutrophils labelled 
using a PE-conjugated rat anti-mouse Gr-1 (Ly6G) antibody and endogenous platelets labelled with an APC-
conjugated rat anti-mouse CD41 antibody. Statistical  analysis  was  performed  using  two-way  ANOVA  with  
Sidak’s  multiple  comparison  test. Results presented as mean ± SEM. N=5 mice per group. Scale bar = 100  m. 
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Figure 4.17. Intravital microscopy demonstrated that dual therapy with heparin induced an earlier onset of 
3D hBM-MSCs Y201 mediated anti-inflammatory effects following myocardial IR injury. (A) 3D cultured hBM-
MSCs Y201 co-administration with heparin significantly decreased neutrophil recruitment at all time points 
within IR injured hearts when compared to IR injured mice not receiving any treatment. Indeed, neutrophil 
adhesion in injured hearts receiving 3D cultured hBM-MSCs Y201 plus heparin was ~100 cells/field of view 
compared to ~130 cells/field of view in injured but untreated mice.  This significant anti-neutrophil effect was 
observed at all time points, unlike with 3D cultured hBM-MSCs Y201 which demonstrated a beneficial effect 
only after 75 minutes of myocardial reperfusion. (b) Infusion of heparin did not significantly reduce the 
quantity of platelet microthrombi in IR injured hearts, although lower aggregation was noted in mice receiving 
both heparin + 3D hBM-MSCs Y201. (C) Representative intravital images of CFSE-labelled 3D cultured hBM-
MSCs Y201 trafficking or adherent within myocardial microvessels. The first intravital videos of the beating 
heart were captured immediately at 30 minutes post-reperfusion. Endogenous neutrophils labelled using a PE-
conjugated rat anti-mouse Gr-1 (Ly6G) antibody and endogenous platelets labelled with an APC-conjugated rat 
anti-mouse CD41 antibody. Statistical  analysis  was  performed  using  two-way  ANOVA  with  Sidak’s  multiple  
comparison  test. Results presented as mean ± SEM. *p<0.05 N=4 mice per group. Scale bar = 100  m. 
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Figure 4.18. Preparing the murine left ventricle for multiphoton imaging following myocardial ischaemia-reperfusion injury ex vivo. To ascertain whether events imaged 
using intravital microscopy were also occurring in the deeper layers of the myocardium, multiphoton microscopy was used.  The heart was cut in half longitudinally from 
the base to apex to expose the inner endocardial layer lining the left ventricle chamber.  (A) In initial studies, the left ventricle wall was then crudely sectioned sagitally into 
two layers and imaged using the multiphoton.  However, we found that the quality of the images became progressively poorer as z-stacks were taken from the outer 
epicardial to mid-myocardial and from the mid-myocardial to inner endocardial layers.  (B) The procedure was then modified by using a tissue vibratome to more precisely 
section the left ventricle wall into 5-6 sections from epicardial to endocardial side as 250µm thickness in order to provide better quality of the images.  Multiphoton z-
stacks were taken from 4 layers, namely the (i) outer epicardial to mid-myocardial (ii) outer mid-myocardial to mid-myocardial (iii) inner mid-myocardial to mid-myocardial 
and from (iv) inner mid-myocardial to inner endocardial avoiding the last section which had  ‘missing’ myocardium due sectioning through the actual ventricle chamber .  
Images from each layer were then rendered to form 3D stack images. 
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Figure 4.19. Multiphoton ex vivo imaging revealed the accumulation of platelet and neutrophil within the 
coronary microcirculation even within the deeper layers of the left ventricular muscle wall. The IR injured 
left ventricle was removed at the end of intravital experimentation, with 50 IU heparin infused immediately 
before culling.  It was then vibratome cut into sections of 250µm thickness. Representative 250µm sections 
from two different mice undergoing myocardial IR injury are shown above.  These 4 z-stack images are from 
an epicardial to mid-myocardial section and show thromboinflammatory presence at all depths of this 

section.  Intravital imaging of the beating heart would not have been able to image beyond 50-60m.  Each 
image shows all of the present cells for that z-stack and above imaged z-stacks with the final image showing 
all of the cells within the 250µm muscle thickness.  Individual neutrophils (green) mostly had a mostly oval or 
elongated appearance and appeared larger in bigger blood vessels.  Platelet aggregates (red) of varying size 
were also observed at all depths. Larger blood vessels were easy to identify as they were often demarcated 
by the neutrophils and/or platelets lining them. Endogenous neutrophils labelled using a PE-conjugated rat 
anti-mouse Gr-1 (Ly6G) antibody and endogenous platelets labelled with an APC-conjugated rat anti-mouse 
CD41 antibody.  The image was taken using an Olympus multiphoton microscope and a 25X objective lens.  
Scale bar = 100µm. 
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Figure 4.20. Multiphoton ex vivo imaging revealed the accumulation of mixed platelet-neutrophil 
aggregates within the coronary microcirculation even within the deeper layers of the left ventricular 
muscle wall.  The IR injured left ventricle was removed at the end of intravital experimentation, with 50 IU 
heparin infused immediately before culling.  It was then vibratome cut into sections of 250µm thickness. A 
representative 250µm section from a mouse undergoing myocardial IR injury is shown above, with all of the 
neutrophils (green) and platelets (red) within the entire 250µm section shown. Mixed aggregates composed 
of both cell types appeared yellow. Endogenous neutrophils labelled using a PE-conjugated rat anti-mouse 
Gr-1 (Ly6G) antibody and endogenous platelets labelled with an APC-conjugated rat anti-mouse CD41 
antibody. The image was taken using an Olympus multiphoton microscope and a 25X objective lens. Scale bar 
= 100µm. 
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4.3.11.   Multiphoton microscopy demonstrated that co-administration of heparin 

with 3D cultured hBM-MSCs Y201 was vasculoprotective even within the deep 

layers of the heart 

Neutrophils were identified in all 4 sections of the IR injured heart ventricle, although their 

presence was highest in the outermost epicardial-to-mid-myocardial layer of the heart.  

Interestingly, in this epicardial layer, IR injured mice receiving heparin as a therapy 5 mins 

prior to reperfusion showed a significantly higher number of neutrophils when compared 

to those receiving no treatment. However, this was significantly decreased when compared 

to mice receiving heparin + 3D cultured 3D hBM-MSCs Y201.  In the next 2nd (outer 

myocardial layer in Figure 4.21), 3rd (inner myocardial layer in Figure 4.21) and 4th 

endocardial layer in Figure 4.21) sections, neutrophil adhesion was similar in all three 

groups but there was a trend for adhesion to decrease to the lowest value in the IR injured 

group receiving heparin + 3D cultured 3D hBM-MSCs Y201. This decrease was statistically 

significant in the 3rd section (Figure 4.21). The neutrophil data for all 4 sections was then 

combined to provide data for the entire imaged thickness of the left ventricle. Again, a rise 

in neutrophil adhesion as a result of heparin was observed which was significantly 

decreased when compared to mice receiving heparin + 3D cultured 3D hBM-MSCs Y201. 

Importantly, this dual therapy group had significantly less neutrophils that IR injured mice 

receiving no therapy (Figure 4.22A).  Platelets were also present in all 4 sections with the 

least identified in the inner section closest to the endocardium. There was a general trend 

for their presence to decrease in IR injured hearts treated with heparin alone but this did 

not attain statistical significance when compared to mice receiving no therapy. Platelet 

presence was lowest in all 4 sections in IR injured mice treated with heparin + 3D cultured 
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3D hBM-MSCs Y201 which was statistically significant in section 1, section 2 and section 4 

when compared to mice receiving no treatment (Figure 4.21). As shown in Figure 4.22B, 

platelet data for all 4 sections was also combined to provide data for the entire imaged 

thickness of the left ventricle and showed a significant decrease in mice receiving heparin 

alone but was the lowest in mice receiving dual therapy when compared to non-treated IR 

injured mice.   

 

4.3.12.   Myocardial IR injury reduces functional capillary density which is restored 

by pre-treatment with 3D hBM-MSCs Y201 

One of the main advantages of intravital imaging is the ability to assess dynamic processes 

such as tissue perfusion or blood flow which is not possible with traditional static 

histological studies. To qualitate this, FITC-BSA was infused via the carotid artery after 2 

hours of reperfusion. FITC-BSA circulates through blood vessels allowing areas of perfusion 

to be identified. An extensive network of FITC-BSA perfused capillaries was observed in 

sham mice, paralleling the arrangement of muscle fibers, with cross connections along 

their length. Focusing up and down on the field of view showed no areas devoid of 

perfused capillaries. Figure 4.23 shows well perfused medium-sized vessels were also 

visible in some fields of view. However, in hearts undergoing IR injury, multiple areas were 

detected in which FITC-BSA did not perfuse, resulting in patchy areas devoid of any 

microvasculature.  This indicated that the functional capillary density (FCD) was reduced in 

these hearts. Indeed, in some fields of view, up to half the imaged area appeared non-

perfused.  Interestingly, medium sized vessels were still readily visible and well perfused in 
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injured hearts. In IR injured mice receiving 3D cultured hBM-MSCs Y201, but not those 

receiving 2D cultured hBM-MSCs Y202, capillaries were better perfused with less 

discontinuous FITC-BSA filled blood vessels. The difference in microvascular perfusion was 

significant between the sham and IR injured mice and IR injured vs IR injured + 3D cultured 

hBM-MSCs mice.  

 

4.3.13.   3D cultured hBM-MSCs Y201 therapy decreases infarct size following 

myocardial IR injury which is further decreased when combined with heparin 

Dual Evans blue and TTC staining was used to determine the area and size of infarction of 

the  heart after myocardial IR injury in mice receiving no therapy, heparin alone, 3D hBM-

MSCs Y201 alone or heparin + 3D hBM-MSCs Y201. Figure 4.24 shows the results from TTC 

assay. The infarct size was large in the hearts of mice undergoing myocardial IR injury at 

49.59%  5.85 (as a % of the area at risk). Although heparin alone led to a decrease in the 

infarct size to 41.48%  4.69, this was not statistically significant when compared to IR 

injured mice receiving no treatment using two-way ANOVA with Sidak’s multiple 

comparison test. However, 3D cultured hBM-MSCs Y201 treatment significantly reduced 

the size of the infarct to 27.25%  2.14 when compared to IR injured hearts receiving no 

treatment. Interestingly, co-administration of both heparin with 3D cultured hBM-MSCs 

Y201 therapy significantly reduced the infarct size further to 23.69%  3.95 when compared 

to mice receiving no treatment and also when compared to mice receiving heparin alone. 

However, there was no significant difference in the infarcted area between IR injured mice 

treated with MSCs and those receiving heparin and MSCs. 
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Figure 4.21. Multiphoton microscopy demonstrated that co-administration of heparin with 3D cultured hBM-MSCs Y201 was vasculoprotective from the epicardial to 
endocardial layer of left ventricle following myocardial IR injury.  Representative multiphoton images demonstrated the accumulation of neutrophil (green) and platelet 
aggregation (red) within the microcirculation in each layer of the heart.  Neutrophils were identified in all 4 sections of the IR injured heart ventricle, although their presence 
was highest in the outermost epicardial-to-inner myocardial layer of the heart.  Heparin pre-treatment at 5 mins prior to reperfusion increased their presence in this outermost 
section.  However, in all layers, there was a general trend for neutrophil presence to decrease in IR injured hearts receiving dual therapy treatment with heparin + 3D cultured 
3D hBM-MSCs Y201. Platelets were also present in all 4 sections with the least identified in the inner section closest to the endocardium.  There was a general trend for their 
presence to decrease in IR injured hearts treated with heparin alone.  Platelet presence was the lowest in all 4 sections in IR injured mice treated with heparin + 3D cultured 3D 
hBM-MSCs Y201. Endogenous neutrophils labelled using a PE-conjugated rat anti-mouse Gr-1 (Ly6G) antibody and endogenous platelets labelled with an APC-conjugated rat 
anti-mouse CD41 antibody. ANOVA showed a significant effect of Heparin + 3D cultured hBM-MSCs Y201 on decreasing platelet recruitment in epicardial, outer myocardial and 
endocardial layer of IR injured heart; p<0.05. ANOVA showed a significant effect of Heparin + 3D cultured hBM-MSCs Y201 on decreasing neutrophil recruitment in epicardial 
and inner myocardial layer of IR injured heart; p<0.05.  Statistical  analysis  was  performed  using  two-way  ANOVA  with  Sidak’s  multiple  comparison  test.  Results presented 
as mean ± SEM. *p<0.05, **p<0.01; N=3 hearts per group. Scale bar = 100µm. 
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Figure 4.22. Multiphoton microscopy demonstrated that co-administration of heparin with 3D cultured 
hBM-MSCs Y201 was vasculoprotective even within the deep layers of the heart following myocardial IR 
injury.   (A) The neutrophil data shown in figure 4.20 for all 4 sections was combined to provide data for the 
entire imaged thickness of the left ventricle.  A rise in neutrophil adhesion as a result of heparin was observed 
which decreased when compared to mice receiving heparin + 3D cultured 3D hBM-MSCs Y201. Importantly, 
the dual therapy group had significantly less neutrophils that IR injured mice receiving no therapy. (B) Platelet 
data for all 4 sections was also combined to provide data for the entire imaged thickness of the left ventricle 
and showed a decrease in mice receiving heparin alone but was lowest in mice receiving dual therapy when 
compared to non-treated IR injured mice. (C) Representative multiphoton images demonstrated the 
accumulation of neutrophil (green) and platelet aggregation (red) within the microcirculation in each layer of 
the heart.  Endogenous neutrophils labelled using a PE-conjugated rat anti-mouse Gr-1 (Ly6G) antibody and 
endogenous platelets labelled with an APC-conjugated rat anti-mouse CD41 antibody. ANOVA showed a 
significant effect of Heparin + 3D cultured hBM-MSCs Y201 on decreasing platelet and neutrophil recruitment  
in IR injured heart; p<0.001.  Statistical  analysis  was  performed  using  two-way  ANOVA  with  Sidak’s  
multiple  comparison  test. Results presented as mean ± SEM. ***p<0.001, ****p<0.0001; N=3 hearts per 
group. Scale bar = 100µm. 
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Figure 4.23. Intravital microscopy demonstrated that 3D cultured hBM-MSCs Y201 was able to improve 
functional capillary density following myocardial IR injury. FITC-BSA was injected after 2 hours of 
reperfusion. (A) Representative intravital images showed a dense network of perfused coronary capillaries in 
sham mice.  Most capillaries parallel the arrangement of the muscle fibers with cross connections that run 
obliquely to fibers along their length.  Well perfused medium-sized vessels were also being seen in some 
fields of view (not in the sham image above). However, IR injury was associated with multiple areas in which 
FITC-BSA did not perfuse, resulting in patchy areas devoid of any vasculature (*). In some fields of view, at 
least half the imaged area could appear non-perfused. Interestingly, medium sized vessels remained perfused 
and thus readily visible.  Similar disruption was noted in mice receiving 2D cultured hBM-MSCs Y202 whereas 
in the hearts of those receiving 3D cultured hBM-MSCs Y201, perfusion was restored. (B) The difference in 
microvascular perfusion was significant between the sham and IR injured mice (p<0.05) and IR injured vs IR 
injured + 3D cultured hBM-MSCs mice (p<0.05). Statistical analysis was performed using a one-way ANOVA 
with Sidak’s multiple comparison tests. N = 3 mice per group. 
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Figure 4.24. 3D cultured hBM-MSCs Y201 therapy decreases infarct size following myocardial IR injury 
which is further decreased when combined with heparin. (A) Dual Evans blue and TTC staining showing the 
non-ischaemic area (blue), area of the viable tissue at risk (red) and infarct area (white) after myocardial IR 
injury in mice receiving no therapy, heparin alone, 3D hBM-MSCs Y201 alone or heparin + 3D hBM-MSCs 
Y201. (B) IR injured hearts of mice not receiving any treatment showed the largest necrotic area presented as 
a % of the area at risk (AAR). The AAR represents the entire myocardial perfusion bed distal to an occluded 
artery.  Although heparin alone led to a decrease in the infarct size, this was not statistically significant when 
compared to IR injured mice receiving no treatment. However, 3D cultured hBM-MSCs Y201 treatment 
significantly reduced the size of infarction when compared to IR injured hearts receiving no treatment. 
Interestingly, co-administration of both heparin with 3D hBM-MSCs Y201 therapy significantly reduced the 
infarct size further which was significantly different when compared to mice receiving no treatment and also 
when compared to mice receiving heparin alone. However, there was no significant difference in the 
infarcted area between IR injured mice treated with MSCs and those receiving heparin and MSCs. Statistical  
analysis  was  performed  using  two-way  ANOVA  with  Sidak’s  multiple  comparison  test. Results presented 
as mean ± SEM. *p<0.05; **p<0.01; ****p<0.0001. N = 12 per group. 
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Discussion 

Reperfusion injury post-PCI remains one of the top 10 unmet clinical needs in cardiology 

(Fuster, 2014).  In the past decade, the use of stem cells and precursor cells has been 

suggested as therapeutic agents for the treatment of ischaemic heart conditions and 

interest in their clinical use has been rising.  In particular, adult MSCs have been extensively 

studied and have, in a number of pre-clinical experimental studies, exhibited potential to 

repair and regenerate various damaged tissues and organs including the heart (Karantalis 

and Hare, 2015). Mechanistically, studies have demonstrated that MSCs reduce 

inflammation by releasing a whole host of therapeutic factors. Nevertheless, clinical 

success rate remains low and this may be linked to their poor trafficking and homing to the 

injured heart after systemic administration. Indeed, more than 80% of exogenously infused 

MSCs become entrapped in the lung with only 0.1-3 % detected in the target organ (Deak 

et al., 2010). 

This may be linked to the fact that they are normally expanded using conventional 2D 

culture, which we and others have shown leads to a large fibroblastic cell phenotype.  

However, no studies have actually imaged the ability of MSCs to home to and become 

retained within the coronary microcirculation at a cellular level in vivo. Moreover, the 

mechanism(s) governing their therapeutic action of MSCs remains unclear.  There is now an 

increased clinical recognition of the importance of the coronary microcirculation in MI 

patients (Pries et al., 2017). However, whether MSCs can protect these delicate structures 

following myocardial IR injury has not been investigated in vivo. This chapter applied 

powerful intravital imaging to the murine beating heart to answer fundamental questions 

* * 

4.4
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about the real-time kinetics of MSC homing to the IR injured heart and also detail their 

potential in vivo vasculoprotective effects.  

In the in vitro studies outlined in Chapter 3 we identified 3D cultured hBM-MSCs Y201 and 

3D cultured hBM-MSCs Y202 as likely candidates to test in vivo because they showed 

greater  adhesion to frozen heart sections, inflamed ECs, VCAM-1 protein. However, only 

3D cultured hBM-MSCs Y201 expressed CXCR4 remarkably on their surface. We therefore 

focused on investigating the recruitment of these BM-derived MSC sub-populations and 

comparing their myocardial homing and benefits with 2D cultured cells. Furthermore, to 

determine whether recruitment was similar for all BM-derived MSCs, comparisons were 

made with 2D and 3D cultured hBM-MSCs Y202. We are the first group to intravitally 

image, at a cellular level and in real-time, the kinetics of MSC recruitment to the beating 

mouse heart after myocardial IR injury. We firstly showed that both hBM-MSC sub-

populations were more adhesive to an injured coronary microcirculation than the healthy 

heart. Furthermore, 3D culture improved their adhesion but most significantly within 

injured rather than sham hearts. Interestingly no significant difference between the 

adhesive capabilities of the two cell types was noted to either healthy sham or injured 

hearts. In an attempt to enhance local MSC recruitment and adhesion, combination 

therapy with heparin was investigated. However, this had no modifying effect on MSC 

adhesion.  Interestingly, the ‘first pass’ of MSCs through the heart immediately after their 

infusion was also significantly increased in both healthy and injured hearts with 3D culture 

for both MSC types, but only at this time point. 

More importantly, we demonstrated that 3D cultured hBM-MSCs Y201 were able to 

decrease neutrophil recruitment within the inflamed coronary microcirculation almost 
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immediately. However, this only became statistically significant 45 minutes after their 

infusion at which point an approximate 25-30% decrease in neutrophil presence was noted.  

This anti-inflammatory benefit was not observed with 3D cultured hBM-MSCs Y202.  

Additional vasculoprotective effects of 3D cultured hBM-MSCs Y201 was their ability to 

improve the density of perfused capillaries in the heart.  No anti-thrombotic effects were 

demonstrated with any form of cellular therapy given alone. Despite this, 3D cultured hBM-

MSCs Y201 therapy did significantly decrease the size of infarction. Interestingly, although 

dual therapy with heparin did not improve local MSC presence in the heart, it did 

accelerate the anti-neutrophil ability of MSCs, decreased platelet presence in the heart and 

reduced final infarct size more so than MSCs alone.  Overall, our novel studies suggested 

that 3D culture of the hBM-MSCs Y201 sub-population was superior in their ability to 

reduce inflammation, improve flow and decrease infarct size after myocardial IR injury, 

with heparin co-administration providing further benefit of reducing inflammation at the 

level of the coronary microvasculature. 

 

4.4.1.   IR injured coronary vasculature targeted by systemically delivered MSCs  

We are the first group to directly demonstrate in vivo at a cellular level that all MSC sub-

types were able to home better and become firmly adherent within the IR injured beating 

coronary microvasculature compared to healthy sham hearts. This clearly indicated that 

circulating MSCs were responsive to microvascular and/or myocardial injury. The ability for 

MSCs to circulate to the injured heart has been previously demonstrated (Saito et al., 

2002).  Indeed Saito and colleagues isolated BM-MSCs, labelled them with a LacZ reporter 
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gene, and injected them into donor mice one week before the heart was injured using 

permanent LAD ligation (Saito et al., 2002). They showed histologically that only the IR 

injured hearts, but not the sham hearts, contained MSCs. Interestingly,  they also showed 

that 1 day after LAD ligation, most MSCs were within blood vessels surrounding the infarct, 

but not within it because the artery that supplied the infarcted area had been permanently 

occluded (Saito et al., 2002).  However, 2 weeks later, MSCs were seen in the infarcted 

myocardium, suggesting they had migrated to the injured site. They concluded that their 

findings were due to signals being released from the damaged myocardium which initiated 

MSC recruitment from the BM and their migration to the injured heart (Saito et al., 2002).  

Specific retention within injured sites has also been demonstrated for other organs. For 

example, MSC recruitment was also increased within the mouse abdomen after irradiation-

induced damage (Mouiseddine et al., 2007).  Previous reports have also used whole animal 

IVIS (in vivo imaging system) to demonstrate MSCs at the site of puncture wounds and 

tumour injured organs days after their infusion (Kidd et al., 2009). However, IVIS does not 

have the cellular resolution of intravital imaging and requires labelled cells to be clustered 

at a high density before they can be imaged. Collectively these studies, with our own, 

demonstrate MSC recruitment tropism is more specific to injured organs.  It is worth noting 

that this differs to our own previously published work on MSC recruitment to the IR injured 

gut, where we found no differences in the adhesion within the mucosal villous capillaries 

between sham and injured gut (Kavanagh et al., 2015). Furthermore, it was not possible to 

improve MSC adhesion with the villous capillaries even with a variety of pre-treatment 

strategies.  Nevertheless, we believe injury is a good cue for MSC homing which was not 
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effective in the gut simply due to the very small size and narrow angle of submucosal 

arterioles in the gut, which limited the recruitment of large MSCs (Kavanagh et al., 2015).   

Previous studies have agreed that the efficacy of MSCs in cell therapy depends on their 

homing ability and engraftment into the injury site (Lin et al., 2017). The mechanisms 

governing their recruitment are complex but appear to involve similar processes to those 

identified for inflammatory cells (Fue et al., 2019). After IR injury, necrotic cells release a 

number of cell components and mediators, called damage-associated molecular patterns 

(DAMP), into the bloodstream thereby inducing an inflammatory response. DAMPs bind 

toll-like receptors (TLRs) on immune cells to activate them, leading to influx of neutrophils 

followed by monocyte and lymphocytes (Van den Akker et al., 2013). Surprisingly, DAMPs 

not only activate TLR on immune cells but also on MSCs. hBM-MSCs present various TLRs 

such as TLR7, TLR 9 and TLR10.  The response of TLR activation on MSCs influences their 

homing capacity and possibly their paracrine activity too (van den Akker et al., 2013). hBM-

MSC migration can also be enhanced by TLR ligand activated by LPS as demonstrated in 

transwell migration assays (Tomchuck et al., 2008). Moreover, the release of pro-

inflammatory mediators from damaged cells, such as IFN-γ, TNF-α and IL-1, have been 

shown to induce the expression of selectins on ECs leading to the initiation of MSC 

migratory processes to injured sites (Linfert et al., 2009). IR injury also oxidatively damages 

the endothelium which, when activated in this way, increases their permeability and up-

regulation of various adhesion molecules, such as ICAM-1 and VCAM-1 (Linfert et al., 2009). 

MSCs express various adhesion molecules, such as L-selectin, P-selectin, CD44, CD49d and 

chemokine receptors such as CXCR4, which enable them to become activated and 

subsequently adhere to ECs (Rowart et al., 2015).   
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These same mechanisms could therefore explain the increased retention of 3D cultured 

hBM-MSCs Y201 in our IR injured beating heart model. Indeed in Chapter 3 we showed that 

3D culture increased the expression of critical chemokine receptors and adhesion 

molecules which are likely involved in mediating the identified increased adhesive capacity 

of 3D cultured MSCs in the injured heart in vivo. Once recruited BM-MSCs can undergo 

diapedesis through blood vessel walls to enter the surrounding parenchyma (Fu et al., 

2019).  However, in the intravitally imaged beating heart the resolution was not sufficient 

to determine whether any of the adherent cells had actually transmigrated into the 

myocardium during the 2-2½ hour imaging duration.  

 

4.4.2.   3D culture enhances myocardial hBM-MSCs Y201 recruitment in vivo 

We are the first to provide exciting data that 3D culture improved retention within both 

the healthy sham and injured coronary microcirculation. Not only this, but the numbers of 

3D cultured hBM-MSCs Y201 and hBM-MSCs Y202 freely circulating through the beating 

heart was also significantly higher at the time of infusion, which may have increased the 

likelihood of subsequent firm adhesive interactions taking place.  In Chapter 3 we showed 

that the size of MSCs released from hanging drop spheres was significantly smaller than 

those obtained from conventional 2D culture. Such smaller cells may have escaped 

entrapment within the pulmonary vasculature and thus led to the maintenance of a 

circulating pool of MSCs in the peripheral circulation (Guo et al., 2014). Indeed, this was 

confirmed by Bartosh and colleagues who showed that hanging drop derived MSCs were 

half the size of monolayer MSCs, which allowed them to pass through the healthy mouse 

lung microvasculature and distribute more efficiently into other tissues (Bartosh et al., 
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2010). This was assessed using real-time PCR of lung tissue collected 15 mins after MSC 

infusion and showed that the number of trapped cells decreased by 25% with a larger 

fraction recovered from liver, spleen, kidney and heart (Bartosh et al., 2010). Although 

actual numbers were not quantitated, we noticed that 2D cultured MSCs tended to appear 

as large clumps in the lungs after systemic administration whereas 3D cultured MSCs were 

present more so as individual cells (Figure 4.4). Collectively, these data emphasizes that 

MSC diameter is critical and needs to be evaluated before systemic injection.    

Despite this, the numbers of freely flowing 3D cultured hBM-MSCs Y201 and hBM-MSCs 

Y202 was observed to be higher only at the first time point imaged immediately after their 

systemic infusion.  This is consistent with previous studies within the Kalia group for both 

MSCs and HSCs imaged intravitally in other IR injured solid organs (Kavanagh et al., 2019c, 

White et al., 2013). This may be explained by the increased myocardial blood flow or 

hyperaemic response that takes place post-reperfusion in the same injury model and 

previously reported by our group (Kavanagh et al., 2019). This was quantitated using laser 

speckle contrast imaging, which monitored overall perfusion in the whole left ventricle of 

the IR injured beating mouse heart. Immediately after the LAD artery was un-ligated, an 

immediate hyperaemic response was noted. This increased delivery of blood to the 

ischaemic heart may have led to the delivery of more MSCs to the IR injured coronary 

microcirculation (Kavanagh et al., 2019).  

The increased homing and subsequent recruitment of 3D cultured cells may also be linked 

to the fact that certain critical receptors for MSC migration and homing, such as CXCR4, are 

lost when MSCs are cultured using conventional 2D methods but recovered with 3D culture 

(Cheng et al., 2013, Potapova et al., 2008). Indeed, we noticed this to be the case in 
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Chapter 3 where our flow cytometry studies detailed the expression of surface CXCR4 only 

on 3D cultured hBM-MSCs Y201, which was otherwise lost on 2D cultured cells. Signaling 

events mediated after interactions of the potent stem cell chemoattractant SDF-1, 

released in abundance from ischaemic tissues, with its CXCR4 receptor, leads to the 

differential expression of 30 genes in MSCs of which 11 are involved in cellular movement 

processes (Stich et al., 2009). Hence restoring expression of CXCR4 on 3D cultured hBM-

MSCs Y201 may have contributed to their increased homing to the IR injured heart. 

Notably, we showed that cells derived from spheroids also expressed surface adhesion 

molecules evenly over their surface, whereas on 2D cultured cells expression was more 

concentrated or clustered on one side of the cell surface. The dispersion of adhesion 

molecules over the cell surface has significance on their availability and capacity to form 

strong bonds with counterligands on the surface of ECs (Ren et al., 2010). Indeed, the 

effectiveness of leukocyte migration to injured sites is affected by the surface distribution 

of adhesion molecules (Hocde et al., 2009). 

Interestingly, we found that the 3D culture technique increased the retention of hBM-MSCs 

Y201, but not hBM-MSCs Y202 within the coronary microcirculation of healthy sham 

hearts. Similar results were showed by Kavanagh and colleagues (Kavanagh et al., 2019). 

They demonstrated that HSCs were found in the sham heart using the same murine 

myocardial IR injury model as the current study.  It is possible that some degree of injury 

due to the sham surgical procedure may have taken place as a suture was passed through 

the left ventricle muscle and placed under the LAD artery but not tied around it. Any 

resultant low level injury induced by the surgical procedure may have mildly stimulated 
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coronary ECs to express vascular adhesion molecules priming them for active MSC 

recruitment.  

 

4.4.3.   3D culture enhances hBM-MSCs Y201 recruitment – supporting evidence  

Intravital imaging is limited by the fact that it can only image the surface of the left 

ventricle with an imaging depth in solid organs of about 50-60m (Wu et al., 2017). 

Furthermore, in other solid organs you could easily scan the surface and image from 

more than one region, however this is technically difficult in our stabilised heart model 

as there is limited room for imaging inside the inner ring of the stabiliser. Due to these 

limitations, flow cytometry experiments were carried out to confirm whether 3D culture 

did indeed increase MSC presence, but had the added benefit of analysing the whole 

heart. Results confirmed the intravital observations that 3D culture increased MSC 

myocardial retention with IR injured hearts, but unlike the superficial imaging intravital 

studies, this was only (remarkably) significant for the hBM-MSCs Y201 sub-population. 

Earlier described changes in the cell size, chemokine receptor expression and adhesion 

molecule expression in chapter 3 may explain this. However, it is also possible that the 

potential location of these MSCs in their native BM origin may also provide an 

explanation. The Genever group who clonally expanded the tested hBM-MSCs 

demonstrated that hBM-MSCs Y201 significantly overexpressed vascular 

support/interaction gene sets, such as those related to blood vessel development and 

remodeling and artery morphogenesis, and were located in a more perivascular location 

(James et al., 2015).  It is therefore possible that perivascular hBM-MSCs Y201 were thus 
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more likely to interact with ECs due to these inherent characteristics. However, hBM-MSCs 

Y202, were reported to rarely associate with CD31+ vascular cells and did not commonly co-

localize with endothelial and perivascular stromal cells (James et al., 2015). Collectively, 

these studies support the theory that different sub-populations of MSCs, despite residing in 

the same tissue of origin, may play specific roles and exhibit distinct characteristics which 

could influence their therapeutic capacity (An et al., 2018). 

 

4.4.4.   Extensive neutrophil and platelet presence throughout the ventricular wall  

We previously demonstrated that IVM is a powerful technique for investigating dynamic 

events in the beating heart coronary microcirculation following myocardial IR injury.  

However, the limitation of this technique is that it only allowed data to be acquired from a 

small region on the epicardial side of the heart and with limited tissue depth imaging 

(Kavanagh et al., 2019).  In order to overcome this limitation, MPLSM was introduced to 

image the impact of IR injury on thromboinflammatory events ex vivo within deeper layers 

of the left ventricular muscle. MPLSM has been used to determine cardiovascular 

diseases in vivo and ex vivo in animal models (Scherschel and Rubart, 2008). MPLSM 

provides better image quality and overcomes the single-photon microscope limitation, 

such as photobleaching, photo-toxicity, and less penetration into the tissue than 50 µm. 

We modified our initial attempts for preparing the isolated heart for multiphoton imaging 

in order to obtain better quality images. This included using a tissue vibratome to precisely 

section the heart sagitally into thin 250m consecutive sections rather than manually 

cutting thicker sections. As far as we are aware, no previous studies have used a similar 
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method to image thromboinflammatory events post-IR injury within the left ventricle at 

various depths, let alone to determine the vasculoprotective benefits of cellular therapy. 

We confirmed neutrophil and platelet presence in the deeper coronary microvessels with 

neutrophils identified in the highest concentration in the outermost layer of the heart. The 

advantage of MPLSM is the capacity to investigate the dynamic of disease in thick tissue up 

to 1 mm (depending on the tissues' type) (Wu et al., 2017). The use of MPLSM allows the 

tracking of single-cell and studying of adhesion and migration of leukocyte (Lee et al., 

2012). Maffia and colleagues demonstrated that MPLSM provides the functional, structural 

and subcellular information from the contracting vessels and beating hearts, which allows 

the investigation of cellular processes, including the leukocytes characteristic and behavior 

in their natural environment (Maffia et al., 2007). More importantly, MPLSM provides the 

true 3D tissue structure, which gives more information about cells and organ structure. 

Therefore, MPLSM grants a useful and insightful data link between the basic research and 

clinical study since it can be used in both in vitro and in vivo experiments (Wu et al., 2017). 

We conclude that MPLSM can overcome the limitation to examine the deep tissue. 

Therefore, to investigate the inflammation in the thick tissue or organ, using MPLSM 

should be considered to gain more information to understand the disease's mechanism. 

 

4.4.5.   3D cultured hBM-MSCs Y201 are vasculoprotective in the injured heart  

Mo and colleagues also suggested that MSCs are a heterogeneous population 

comprising of cells with diverse physical characteristics and functional capacity (Mo et 

al., 2016). This was found to be true in the current chapter when the anti-

thromboinflammatory efficacy of two MSC sub-populations derived from the same 
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origin was investigated. We have previously detailed the main microcirculatory 

perturbations in the IR injured heart intravitally which include increased neutrophil 

recruitment and platelet aggregation with ensuing decreases in the density of functional 

coronary capillaries (Sezer et al., 2018).  The current study is the first to show that only 3D 

cultured hBM-MSCs Y201 were able to confer vasculoprotection, by reducing neutrophil 

recruitment and improving myocardial perfusion, and also decreased infarct size. An 

increasing number of studies have shown that various MSCs can secrete anti-inflammatory 

cytokines which can attenuate neutrophil infiltration, such as IL-2, IL-4, IL-6, CXCL2 and 

CXCR2 (Joel et al., 2019, Harrell et al., 2019). MSCs can also suppress ROS secreted by 

neutrophils, which would protect the ECs, with which neutrophils make close adhesive 

contact, from oxidative injury (Konari et al., 2019). By increasing the presence of MSCs in 

the heart, it is possible that a high concentration of these beneficial factors were released 

locally.  

Concerns have been raised regarding the compatibility of MSCs with blood with recent 

studies having shown them to have pro-coagulant or thrombogenic properties after 

transplantation in patients (Coppin et al., 2019). This appears to be linked to the expression 

of pro-coagulant factors such as tissue factor on the surface of cultured MSCs or through 

their direct adhesion to platelets rather than platelet activation per se. Local studies 

demonstrated the ability of human umbilical cord-derived MSCs to bind to platelets in 

vitro in flow assays and circulating platelets in mice due to podoplanin's expression to form 

clots. Still, interestingly this was not demonstrated for hBM-MSCs (Sheriff et al., 2018). In 

contrast, Netsch and colleagues recently published that MSCs from different origins (bone 

marrow, adipose and cord blood) inhibited agonist-induced activation and aggregation of 
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platelets in platelet-rich plasma and whole blood using a mechanism involving release of 

adenosine, a known platelet inhibitor (Netsch et al., 2018). An anti-platelet capability of 

MSCs has also been shown by others (Mendelson et al., 2019). Our intravital imaging 

showed that both hBM-MSC sub-populations demonstrated a general trend to reduce 

microthrombi in the injured heart, but this was not statistically significant. However, the 

mechanism governing the ability of our hBM-MSCs to reduce platelet presence is still not 

clear. We noted platelet recruitment was initiated very early post-reperfusion – the first 

intravital images were taken at 30 mins and platelets were already adherent at this time 

point. hBM-MSCs were also injected at this time point and so it is possible that for a more 

heightened anti-platelet effect to be elicited, they needed to be infused before platelets 

formed aggregates.  The time point of cellular therapy should therefore be re-considered.  

A barrier to realize the therapeutic potential of MSCs is the intrinsic heterogeneity of cells 

isolated from different and even same sites (James et al., 2015). This was clearly 

highlighted in the current study whereby the vasculoprotective potential of two different 

BM-derived MSCs varied. Although the anti-inflammatory properties of MSCs have been 

receiving increasing interest, a growing body of data suggests that MSCs may also exhibit 

pro-inflammatory properties in certain instances, perhaps to stimulate pathogen clearance 

(Jiang and Xu, 2020). The Genever group identified CD317 as a novel biomarker that 

allowed isolation of two distinct MSC sub-sets (James et al., 2015; Kay et al, 2018).  hBM-

MSCs Y202 were surface CD317+ cells, that made up 9% of the BM MSC population, with 

hBM-MSCs Y201 being CD318- (Kay et al., 2018; James et al., 2015).  CD317 is also known 

as tetherin (also BST-2 and HM1.24) which is best known for its ability to inhibit the spread 

of viral infection by ‘tethering’ viruses to the membrane within infected cells and thereby 
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inhibiting their release from the infected cell (James et al., 2015). It is a transmembrane 

protein expressed on the surface of many cells including mature B-cells, macrophages and 

BM-MSCs. In addition, tetherin activates NF-κB, a transcriptional activator that leads to the 

rapid expression of pro-inflammatory cytokines. This would contribute to the antiviral 

defense response of the host (Gustin and Douglas, 2013).  Therefore, 

CD371+/tetherin+ MSCs could potentially have a role in the clearance of viral infections 

(Gustin and Douglas 2013; O‘Connor 2019). We speculate that in an inflamed organ, 

recruitment of these specific CD317+ MSCs would not be beneficial and may enhance the 

inflammatory response.   Although this was not noted in the heart, this sub-population was 

certainly not anti-inflammatory unlike CD317- hBM-MSCs Y201. Therefore it is possible that 

this particular surface marker may molecularly identify an MSC subset with specific 

vasculoprotective properties in the IR injured heart.  

The Genever group also demonstrated that these two cell types' immunomodulatory ability 

was different, with hBM-MSCs Y202 not able to suppress CD4+ T cell proliferation as 

effectively as hBM-MSCs Y201 (James et al., 2015).  In fact hBM-MSCs Y202 encouraged T 

cell polarisation into a more pro-inflammatory Th1 subset when compared to hBM-MSCs 

Y201, which polarised T cells into the more anti-inflammatory Th2 subset (Kay et al., 2018; 

Table 3.1). This clearly suggested single cells were unlikely to possess all properties 

commonly ascribed to MSCs and that specific functional attributes, such as 

immunomodulatory competency, was found within distinct sub-populations. Our own 

results supported this conclusion as the in vitro and in vivo adhesive ability and in vivo 

vasculoprotective efficacy of these two subsets in the IR injured heart was clearly different.   
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4.4.6.   Combination therapy with heparin? 

We have previously demonstrated that one of the key contributors to the decreased 

density of functional capillaries in the IR injured heart is the occlusion of coronary 

capillaries by platelet microthrombi rather than by the adherent neutrophils (Kavanagh et 

al. 2019). It was therefore disappointing that this particular microvascular perturbation was 

not drastically reduced by our MSC therapy. We, therefore, investigated whether co-

transplantation of MSCs with a potent anticoagulant heparin could enhance, not only the 

homing and retention of MSCs, but also their anti-thromboinflammatory properties. 

Heparin was chosen as it is a widely used, safe drug which could be used clinically as an 

adjuvant if it was noted to improve MSC therapy (Ghadrdoost et al., 2018).  Indeed, co-

administration of heparin has been shown to enhance the migration of MSCs to the colon 

of colitis mice which was linked to reduced colon inflammation, mortality and body weight 

loss (Liao et al., 2017).  Interestingly, the authors of this work were concerned that MSCs 

would cause coagulation when systemically infused which was their reasoning for using 

heparin (Liao et al., 2017). This differed to our own justification which was to test a 

combination therapy, with heparin and MSCs targeting infiltrating platelets and neutrophils 

respectively.   

Although heparin is known as an anti-coagulant, it has also been shown to possess anti-

inflammatory activity due to its ability to bind adhesion molecules involved in leukocyte 

trafficking and thereby preventing these molecules from binding to their counter-ligands 

on vascular endothelium (Brown et al., 2012). The current study shows that administration 

of heparin alone increased neutrophil presence in this layer confirming the in vivo data 

obtained intravitally. We speculate that heparin may have removed the platelet 
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microthrombi and therefore unblocked occluded capillaries. This increased functional 

capillary density would have increased neutrophil trafficking through the coronary 

microcirculation and thus led to the observed gradual increase in neutrophil adhesion. 

Heparin has been reported to induce the leukocytosis in various species, such as humans, 

mice, and cow (Bradfield et al., 1974, Sasaki et al., 1967).   In humans, leukocytosis occurs 

around 0.44% of patients receiving heparin (Zhang et al., 2012). Indeed, heparin should be 

used with consideration with it possible side effect.  Despite this pro-inflammatory 

response, we still tested the vasculoprotective efficacy of a combination therapy of heparin 

and MSCs noted by others to be therapeutic in the heart. In the current study, i t was 

exciting to note that combination therapy resulted in a significant reduction of neutrophils 

and a remarkable decrease in platelets throughout the depth of the ventricular wall. The 

use of a non-anticoagulant fraction of heparin inhibited neutrophil recruitment into the 

mouse lung and cremaster muscle (visualised intravitally) after stimulation with LPS (Riffo-

Vasquez et al., 2016). It is possible that such studies used different doses of heparin which 

would explain the different outcomes. However, similar results to ours have also been 

observed by others in different injury models such as peritonitis (Arimateia et al., 2015, 

Bradfield and Born, 1974, Zhang et al., 2012). The decreased platelet presence was not 

noted when we investigated the superficial layer of the heart intravitally. Alone, intravital 

imaging would have led us to believe that this combination therapy was not beneficial for 

inhibiting platelet events. However, when two different imaging approaches were used, a 

clear effect on thrombotic cells was also apparent. To our knowledge, we are the first 

group to demonstrate using multiphoton imaging the vasculoprotective effectiveness of a 

combination therapy in all layers of the IR injured heart.  
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Inhibiting thromboinflammation and improving perfusion within the coronary 

microcirculation is clearly vital but should be associated with improvements in the 

myocardium's viability. Mice receiving 3D cultured hBM-MSCs Y201 therapy did indeed 

present with infarcts that were 45% reduced when compared to infarcts in mice receiving 

no treatment. Many studies showed the therapeutic effects of MSCs in reducing heart 

infarction (Janssens et al., 2006, Quevedo et al., 2009, Williams et al., 2013). MSCs 

treatment in swine chronic ischemic cardiomyopathy model reduced the infarct size by 

25% with improving LV chamber volumes (Williams et al., 2013). This suggested that infarct 

size reduction after MSC therapy plays an essential part in the therapeutic effects of 

ventricular remodelling. The mechanism of myocardial infarct size reduction with MSC 

treatment is still unclear. Curtis and colleagues showed that inhibition of neutrophil 

adhesion by anti-inflammatory agent reduced the myocardial infarct size by 51% compared 

to the control group (Curtis et al., 1993). This may explain why 3D cultured hBM-MSCs Y201 

infusion reduced infarction size since they inhibited neutrophil recruitment following 

myocardial IR injured. 

Combining therapy with heparin to inhibit multiple perturbations within the coronary 

microcirculation resulted in the infarct size being reduced by 52% of the size in untreated 

mice. Ghadrdoost and colleagues demonstrated that combination therapy of heparin 

enhanced the beneficial effect of MSCs in the rabbit myocardial infarction model 

(Ghadrdoost et al., 2018). They found that MSCs + heparin reduced the fibrotic area of the 

infarcted heart and increased level VEGF and angiogenesis. Indeed, this combination therapy 

had a faster onset of anti-neutrophil activity and even lowered platelet presence more so 

than that seen in the hearts of mice receiving MSCs alone. In this scenario, we postulate that 
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heparin would have targeted the platelets, and MSCs would have prevented any IR-

mediated and heparin-mediated neutrophil adhesion.  

 

Conclusion 

In conclusion, this chapter provided valuable data on the real-time kinetics of 2D and 3D 

cultured MSC, neutrophil and platelet trafficking within the coronary microcirculation of 

the IR injured beating heart. The migratory and adhesive abilities of MSCs have been 

routinely assessed using in vitro transwell assays. This has been achieved in vivo by tracing 

luciferase labelled cells using a bioimaging system such as IVIS (Cao et al., 2016).  However, 

the cellular resolution of the IVIS is not sufficient to track individual cells. We are the first 

to not only provide novel insights into the trafficking capabilities of individual 2D and 3D 

cultured MSC sub-populations, but importantly within the coronary microcirculation in vivo 

in real-time. Our studies highlighted how smaller MSCs could circulate more freely through 

the coronary capillaries immediately upon infusion which, importantly, improved their local 

retention.  Whether this phenomenon was directly linked to the observed therapeutic 

efficacy of 3D cultured MSCs is difficult to conclusively state, but nevertheless 3D culture 

did improve their vasculoprotective capabilities. Moreover, despite improved adhesion of 

both BM-derived MSCs, their ability to protect the microvessels differed, with hBM-MSCs 

Y201 more effective.  We present novel data that an MSC sub-population which normally 

resides in a more perivascular location was more vasculoprotective. Mechanisms to explain 

how vasculoprotection was afforded may be linked to MSC release of beneficial proteins, 

exosomes and cytokines capable of reducing inflammation within an IR injured milieu 

(Jaukovic et al., 2020a).  Moreover, 3D cultured MSCs have been reported to have better 

4.5
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retention and survival capacity with hypoxic areas which may have led to a better anti -

inflammatory capacity (Petrenko et al., 2017).  



CHAPTER 5 – MECHANISMS WHICH BY MSCS ARE VASCULOPROTECTIVE     

207 
 

 

CHAPTER 5 

 

 

Mechanisms by which MSCs  

may confer Vasculoprotection  

following Myocardial  

Ischaemia-Reperfusion Injury  

– in vitro and in vivo Studies  

 



CHAPTER 5 – MECHANISMS WHICH BY MSCS ARE VASCULOPROTECTIVE     

208 
 

 

Mechanism by which MSC confer vasculoprotection 

following myocardial IR injury – in vitro and in vivo studies 

 

Introduction and Hypotheses 

5.1.1.   Introduction 

Cell-based therapeutic strategies to ameliorate CVD have been of interest for over 2 

decades. MSC cellular therapy is considered one of the most promising strategies due to 

their potent regenerative and immunomodulatory capacity as well as their therapeutic 

paracrine activity (Ward et al., 2018). However, clinical success has been limited and it is 

generally agreed that a lack of a thorough understanding of the therapeutic mechanisms 

they employ to confer benefit is partly to blame.  There are still gaps in our understanding 

of which populations and sub-populations of MSCs confer the best therapeutic capacity in 

the diseased heart, and whether this mechanistically involves at a cellular level preserving 

the coronary microcirculation from damage. If vasculoprotection is indeed afforded, then 

in order to optimize MSC-based therapies, the mechanism by which this occurs needs to be 

fully understood.  

We have previously shown in Chapter 3 and Chapter 4 that 3D culture of the hBM-MSCs 

Y201 sub-population, that likely resides in a perivascular niche within the BM, 

demonstrated a greater adhesive capacity to inflamed ECs in vitro and expressed 

remarkably CXCR4 on their surface and, importantly, were better recruited and retained 

within the IR injured heart in vivo. Moreover, hBM-MSCs Y201 demonstrated a superior 
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ability to protect the coronary microcirculation from thromboinflammatory events 

following myocardial IR injury in vivo. We further found that 3D spheroid culture 

remarkably enhanced the homing of these MSCs on first pass to the heart, which was 

probably linked to their smaller diameter, resulting in MSCs being able to better escape 

entrapment within the pulmonary microvasculature.  Additionally, 3D culture enhanced the 

expression of surface adhesion molecules such as CD44 and CD54 on this cell population, as 

well as induced higher expression levels CXCR4, the receptor for the important stem cell 

homing chemokine SDF-1.   

In this chapter, we aimed to investigate the mechanisms by which 3D cultured hBM-MSCs 

Y201 were actually mediating their vasculoprotective effects.  ROS, as well as downstream 

activated cytokines, have been identified in a number of studies to play key and potent 

roles in the pathophysiology of myocardial IR injury (Granger and Kvietys, 2015). ROS, 

which include the free radicals superoxide (O2
−) and hydroxyl radical (OH), but also non-

radical species such as hydrogen peroxide (H2O2), are produced during normal metabolic 

processes (Cadenas, 2018).  When produced at low levels, they are important signalling 

molecules involved in muscle contraction and immune responses (Schieber et al., 2014). 

However, ROS generation can go unchecked when natural anti-oxidants, such as 

superoxide dismutase, catalase and glutathione, become overwhelmed during pathological 

conditions such as myocardial IR injury, resulting in injurious cellular oxidative stress as the 

homeostasis of the redox pathway is disturbed by redundant ROS production (Zuo et al., 

2015). A vicious cycle also ensues when ROS leads to EC activation and subsequent 

inflammatory cell recruitment, with these circulating cells further releasing secondary ROS 

themselves (Cadenas, 2018). ROS induce direct or indirect cell injury by triggering 
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inflammatory cytokine secretion from damaged cells. This occurs as ROS are capable of 

triggering the activation of MAPKs in cardiomyocytes and vascular endothelium, which 

results in the activation of transcription factors such as NFB (Zhang et al., 2014).  NF-κB 

activation can promote inflammatory gene expression for multiple cytokines including IL-

1β, IL-6, IL-10 and TNF-α, and also adhesion factors such as ICAM-1, VCAM-1 and E-selectin 

(Valen et al., 2001).  Hence ROS production following IR injury can lead to the production of 

a whole host of inflammatory cytokines and up-regulation of endothelial adhesion 

molecules that can both activate and capture passing thromboinflammatory cells leading 

to coronary microvascular perturbations and injury (Granger and Kvietys, 2015).   

Therefore, in this Chapter we aimed to investigate whether the specific 3D cultured hBM-

MSCs Y201 sub-population mediated vasculoprotection by reducing ROS generation from, 

and oxidative damage to, EC. Additionally, we investigated their ability to modify 

endothelial ICAM-1 and VCAM-1 expression, which are well recognised markers of 

inflammatory injury. Since cytokine generation can mediate a plethora of inflammatory 

disturbances, we also aimed to determine whether their release into host serum could be 

modified and thus provide an additional mechanism to explain their therapeutic action. 

The list of cytokines examined included well established potent pro-inflammatory cytokines 

such as IL-1, IL-6, IL-8 (KC), TNF and IFN, as well as major anti-inflammatory cytokines 

including IL-4, IL-10 and IL-13. Of these, pleiotropic IL-10 has been demonstrated to possess 

potent anti-inflammatory properties as it can inhibit the release of IL-1, TNF-α and IL-6 

and their receptors, and increase anti-cytokine generation (Zhang et al., 2007).  For all 

studies in this Chapter, direct comparison was made with 2D cultured hBM-MSCs Y201 and 

also with 2D and 3D cultured hBM-MSCs Y202.  Collectively this data would provide us with 
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a mechanistic understanding of the beneficial effect of MSC-based cellular therapy in the 

setting of myocardial IR injury. 

 

5.1.2.   Hypothesis 

1. 3D cultured hBM-MSCs Y201 are most effective at inhibiting the generation of ROS 

from injured cardiovascular ECs in vitro.  

 

2. 3D cultured hBM-MSCs Y201 are most effective at inhibiting oxidative damage in 

injured cardiovascular ECs in vitro. 

 

3. 3D cultured hBM-MSCs Y201 are most effective at inhibiting oxidative damage in 

coronary ECs following myocardial IR injury. 

 

4. 3D cultured hBM-MSCs Y201 are most effective at inhibiting the surface expression 

of ICAM-1 and VCAM-1 on coronary ECs following myocardial IR injury. 

 

5. 3D cultured hBM-MSCs Y201 are most effective at reducing the serum levels of pro-

inflammatory cytokines and increasing levels of anti-inflammatory cytokines 

following myocardial IR injury. 

 

5.1.3.   Specific aims 

1. The ability of 3D cultured hBM-MSCs Y201 to inhibit the generation of ROS from 

injured ECs will be investigated in vitro and compared to that of 2D cultured hBM-

MSCs Y201.  VCECs co-cultured with 2D or 3D cultured hBM-MSCs Y201 will be 

damaged using hydrogen peroxide (H2O2), a free radical known to be generated 
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during IR injury, and generation of ROS will be assessed by immunostaining for DHE.  

To determine whether the ROS inhibition of hBM-MSCs Y201 is superior, 

comparisons will be made with 2D and 3D cultured hBM-MSCs Y202. 

 

2. The ability of 3D cultured hBM-MSCs Y201 to specifically prevent ROS mediated 

oxidative damage of ECs will be investigated in vitro and compared to that of 2D 

cultured hBM-MSCs Y201.  VCECs co-cultured with 2D or 3D cultured hBM-MSCs 

Y201 will be damaged using H2O2 and EC oxidative damage induced specifically by 

this ROS will be assessed by immunostaining for 8-OHdG.  To determine whether 

the ROS inhibiting of hBM-MSCs Y201 is superior, comparisons will be made with 2D 

and 3D cultured hBM-MSCs Y202. 

 

3. The ability of 3D cultured hBM-MSCs Y201 to decrease ROS mediated oxidative 

damage and decrease ICAM-1 / VCAM-1 expression on coronary ECs following IR 

injury will be determined using flow cytometry and compared to that of 2D cultured 

hBM-MSCs Y201.  Hearts will be removed from mice undergoing IR injury   hBM-

MSCs Y201 and digested to single cells.  ROS mediated oxidative injury will again be 

investigated on CD31+ coronary ECs using an anti-8-OHdG antibody, with adhesion 

molecules assessed using antibodies against ICAM-1 and VCAM-1.  To further assess 

whether vasculoprotection is the only underlying mechanism of therapeutic action, 

the expression of 8-OHdG on cardiac troponin positive (cTnT+) cardiomyocytes will 

also be determined.  To determine whether the ROS inhibition of hBM-MSCs Y201 is 

superior, comparisons will be made with 2D and 3D cultured hBM-MSCs Y202.   

4. The ability of 3D cultured hBM-MSCs Y201 to modify the release of anti- and pro-

inflammatory cytokines following myocardial IR injury will be assessed by 
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quantitating serum levels of a number of cytokines using a Luminex assay.  

Comparisons will be again be made with 2D cultured hBM-MSCs Y201 and also 2D 

and 3D cultured hBM-MSCs Y202.  

 

Methods 

The methods used in the chapter were previously outlined in Chapter 2. Briefly, DHE 

immunostaining was carried out to investigate the presence of generated O2
− in live cells.  

VCECs were co-cultured with 1ml of 5x104 hBM-MSCs or 1ml vehicle media in 24 well plates 

for 72 hrs (Kavanagh et al., 2019).  500µl of 10µm of H2O2 was added to all wells to induce 

oxidative damage to the monolayer of VCECs and plates were then incubated at 37C and 

5% CO2.  This was repeated every 24 hrs for 72 hrs.  At 72 hrs, O2
− generation was 

visualised using 500µl of 10µm DHE added for 10 mins.  To investigate the level of VCECs 

undergoing oxidative stress, cells were firstly fixed, permeabilised and then immunostained 

with 300µl of a 1:500 dilution of a primary anti-8-OHdG antibody for 1 hr in the dark at 

room temperature followed by addition of a secondary antibody. This experiment was 

repeated in triplicate with five images per well captured using an EVOS fluorescence 

microscope. Images analysis was conducted using ImageJ software. The area of absent and 

low-intensity colour was excluded from the analysis using the threshold modifier. The 

formula used to calculate the fluorescence intensity was the area of intensity multiplied 

with mean intensity.  

To quantitate oxidative damage of primary coronary ECs following myocardial IR injury, 

mice underwent LAD ligation and 2 hrs reperfusion in the presence or absence of infused 

hBM-MSCs. At the end of reperfusion, mice were culled and isolated hearts underwent 
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collagenase digestion. Coronary ECs were labelled with a PE-conjugated anti-CD31 antibody 

whilst cardiomyocytes were labelled with an anti-cTnT antibody. The oxidative damage of 

each cell was then detected using an anti-8-OHdG antibody. Samples were analysed using 

FACSCalibur flow cytometry with a gating strategy conducted to investigate and quantify 

the cells of interest.  

Luminex® multiplex immunoassay was used to investigate the effect of MSCs on the serum 

levels of 23 different pro- and anti-inflammatory cytokines. To assess the cytokine profile, 

500μl of anti-coagulated blood was collected at the end of 2 hrs reperfusion and 

centrifuged (700 g, 5 min) at room temperature to obtain serum.  Serum was then stored 

at -80°C until ready for use.  Circulating cytokine concentrations were identified in serum 

samples obtained from mice following sham surgery, IR injury, or IR injury + hBM-MSC 

administration. Samples were loaded in triplicate onto a BIO RAD® Bio-Plex Pro mouse 

cytokine 23-Plex assay plate and analysed using Bio-Plex MAGPIX® plate reader (Bio-Rad 

Laboratories; USA). The protocol supplied by the manufacturer was followed for accurate 

measurements. 
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Results 

5.3.1.   hBM-MSCs did not reduce ROS generation from injured VCECs in vitro 

When VCEC-MSC co-cultures were imaged using at 72 hrs, interestingly, as shown in Figure 

5.1A, both 2D cultured hBM-MSCs Y201 and 2D cultured hBM-MSCs Y202 were frequently 

observed as elongated fibroblast-like cells growing on top of the VCECs with some stem 

cells appearing to have incorporated within the VCEC monolayer. Furthermore, VCECs co-

cultured with 2D hBM-MSCs Y201 and 2D hBM-MSCs Y202 tended to arrange into 

clusters.  However, this was not noticed as extensively with 3D cultured hBM-MSCs Y201 

and 3D cultured hBM-MSCs Y202 which did not appear as elongated on the VCECs. The 

VCECs also appeared as continuous monolayers rather than in clusters. As shown in Figure 

5.1B, the size of fibroblast-like cells in 2D cultured hBM-MSCs were significantly larger than 

those grown in 3D culture. As shown in Figure 5.2A-C, neither 2D nor 3D cultured hBM-

MSCs were able to reduce the in vitro production of ROS from H2O2 injured VCECs, 

although a very marginal reduction with 3D cultured hBM-MSCs Y201 was noted.  

 

5.3.2.   Only 2D and 3D cultured hBM-MSCs Y201 reduced oxidative damage of 

H2O2 injured VCECs cells in vitro  

Although MSCs did not reduce ROS presence in H2O2 injured VCECs at 72 hours, we still 

investigated whether endothelial oxidative injury could be prevented by co-culturing VCECs 

with hBM-MSCs. Oxidative stress was determined by immunostaining with an anti-8-OHdG 

5.3

 



CHAPTER 5 – MECHANISMS WHICH BY MSCS ARE VASCULOPROTECTIVE     

216 
 

antibody (Figure 5.3A). 8-OHdG is a marker of oxidative DNA damage, used to confirm the 

extent of injury produced specifically by ROS.   

Interestingly, 2D and 3D cultured hBM-MSCs Y201 were able to significantly decrease the 

fluorescence intensity of anti-8-OHdG staining when compared to control VCECs cultured in 

the absence of hBM-MSCs.  As shown in Figure 5.3A and B, the degree to which 2D and 3D 

cultured hBM-MSCs Y201 reduced VCEC oxidative damage was similar with no significant 

differences between the two groups. Hence, culture technique did not influence the ability 

of hBM-MSCs Y201 to protect against oxidative stress induced by H2O2. The level of 

oxidative stress detected in VCECs co-cultured with 2D and 3D cultured hBM-MSCs Y202 

was similar to the level detected in VCECs without MSCs control group (Figure 5.3C). 

 

5.3.3.   Coronary endothelial cells are more susceptible to oxidative stress than 

cardiomyocytes following myocardial IR injury – All hBM-MSCs reduce endothelial 

oxidative damage 

Flow cytometric analysis was performed on digested whole hearts undergoing sham, IR 

injury and IR injury + hBM-MSCs procedures. The selective gating strategy utilized to 

identify primary CD31+ coronary ECs and cTnT+ cardiomyocytes, and their corresponding 

oxidative damage levels as evidenced by being 8-OHdG+, is provided in Figure 5.4A. The 

percentage of ECs obtained was approximately 9% of the total viable cells analysed from 

the digested hearts regardless of the experimental group.  
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Figure 5.1. Representative images from co-culture assays of murine vena cava endothelial cells (VCECs) 
with 2D and 3D cultured hBM-MSCs Y201 and hBM-MSCs Y202 taken at 72 hours.  (A) Both 2D cultured 
hBM-MSCs Y201 and 2D cultured hBM-MSCs Y202 were frequently observed as elongated fibroblast-like cells 
(outlined in green) growing on top of the VCECs (red), with some stem cells appearing to have incorporated 
within the VCEC monolayer. Furthermore, VCECs co-cultured with 2D hBM-MSCs Y201 and 2D hBM-MSCs 
Y202 tended to arrange into clusters – note the black areas lacking coverage with the VCEC 
monolayer.  However, this was not noticed as extensively with 3D cultured hBM-MSCs Y201 and 3D cultured 
hBM-MSCs Y202, which did not appear to spread as extensively on the VCECs. The VCECs also appeared as 
continuous monolayers rather than in clusters. (B) The fibroblast-like cells in 2D cultured hBM-MSCs were 
significantly larger than those grown in 3D culture. Images were captured using EVOS microscope with a 20x 

objective. Statistical analysis was performed using Student t-tests. *p<0.05. N≥4. Scale bar is 200m. 
 

A 
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Figure 5.2. Neither 2D or 3D cultured hBM-MSCs Y201 nor did hBM-MSCs Y202 decreased the generation of 
ROS by H2O2 injure VCECs in vitro at 72 hours. (A) Representative images of DHE (red) fluorescence staining 
of H2O2 injured VCECs co-cultured with or without hBM-MSCs. Endothelial-stem cell co-culture assays were 
performed in 24 wells plates using mouse VCECs. The control group consisted of VCECs cultured in the 
absence of stem cells. VCECs were damaged using 10µl of H2O2 introduced concurrently with MSCs. After 72 
hours, DHE staining was used to measure ROS generation. (B-C) Neither 2D nor 3D cultured hBM-MSCs Y201 
neither (B) nor hBM-MSCs Y202 (C) reduced the level of ROS production although there was a marginal 
decrease with 3D cultured hBM-MSCs Y201. Statistical analysis was performed using a one-way ANOVA with 
Sidak’s multiple comparison tests. ANOVA showed no effect of treatment on endothelial DHE expression; 
p=0.12. Data were presented as the mean ± SEM. N ≥4. Scale bar is = 200µm. 
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Figure 5.3. Both 2D and 3D cultured hBM-MSCs Y201 significantly decrease oxidative damage of H2O2 
injured VCECs in vitro at 72 hours. (A) Representative images of the oxidative injury marker 8-OHdG (red) in 
H2O2 injured VCECs co-cultured with or without hBM-MSCs.  Endothelial-stem cell co-culture assays were 
performed in 24 wells plates using mouse VCECs. The control group consisted of VCECs cultured in the 
absence of stem cells. VCECs were damaged using 10µm of H2O2 introduced concurrently with MSCs. After 72 
hours, immunostaining using an anti-8-OHdG antibody was used to measure ROS specific damage of VCECS. 
(B) Both 2D and 3D cultured hBM-MSCs Y201 significantly reduced oxidative damage to a similar degree as 
noted by the decreased appearance of red stained cells. The degree to which 2D and 3D cultured hBM-MSCs 
Y201 reduced VCEC oxidative damage was similar with no significant differences between the two groups. (C) 
No statistically significant decrease was noted between with 2D or 3D cultured hBM-MSCs Y202. Statistical 
analysis was performed using a one-way ANOVA with Sidak’s multiple comparison tests. ANOVA showed a 
significant effect of treatment on ECs 8-OHdG expression; P<0.05. Data were presented as the mean ± SEM. 
*p<0.05 by Sidak’s multiple comparison test. N ≥4. Scale bar is = 200µm. 
 

 



CHAPTER 5 – MECHANISMS WHICH BY MSCS ARE VASCULOPROTECTIVE     

220 
 

The percentage of cardiomyocytes obtained was much higher at around 66% of the total 

viable cells analysed from the digested hearts regardless of the experimental group (Figure 

5.4B). These numbers are in agreement with our previously published work (Kavanagh et 

al., 2019). 

As shown in Figure 5.5.A, the degree of oxidative injury in coronary ECs was significantly 

higher in IR injured hearts compared to sham hearts.  Indeed, a quarter (25.07%  3.88) of 

the total ECs analysed underwent oxidative damage after IR injury compared to less than 

two percent (1.12%  0.48) in sham hearts.  Interestingly, 2D cultured hBM-MSCs Y201 

(15.54% 9.02), 3D cultured hBM-MSCs Y201 (8.63  1.25), 2D cultured hBM-MSCs Y202 

(8.80%  1.40;) and 3D cultured hBM-MSCs Y202 (12.42%  2.08) reduced EC oxidative 

damage following IR injury. The greatest reduction was noted with 3D cultured hBM-MSCs 

Y201. However, these reductions were not significantly different when compared to IR 

injured hearts receiving no cellular therapy. 

As shown in Figure 5.5B, cardiomyocytes also demonstrated a degree of oxidative damage 

after myocardial IR injury.  Indeed, 11.10%  2.77 of the total cardiomyocytes analysed 

were susceptible to oxidative damage following IR injury when compared to 

cardiomyocytes in sham hearts (3.89%  2.63). However, this was not statistically 

significant.  Furthermore, this level of damage was not as remarkable as that observed for 

ECs (11.10% vs 25.07%) indicating cardiomyocytes were not as susceptible as vascular 

structures to oxidative injury at 2hrs post-reperfusion.  Nevertheless, 2D cultured hBM-

MSCs Y201 (7.42%  1.64), 3D cultured hBM-MSCs Y201 (6.16%  1.65), 2D cultured hBM-

MSCs Y202 (3.15% 0.64) and 3D cultured hBM-MSCs Y202 (4.39%  1.46) were able to 

reduce the oxidative stress in cardiomyocytes. Again, the greatest reduction was noted 
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with 3D cultured hBM-MSCs Y201.  However, these reductions did not attain statistical 

significance when compared to IR injured hearts receiving no cellular therapy. 

 

5.3.4.   ICAM-1 and VCAM-1 expression increases on coronary endothelial cells 

following myocardial IR injury – all hBM-MSCs reduce endothelial adhesion 

molecule expression 

The degree of endothelial adhesion molecule expression was also determined using flow 

cytometric analysis on digested whole hearts undergoing sham, IR injury and IR injury + 

hBM-MSCs procedures.  The selective gating strategy utilized to identify CD31+ coronary 

ECs, and their corresponding ICAM-1 and VCAM-1 expression levels, is provided in Figures 

5.4A and 5.4C.  The level of ICAM-1 expression in coronary ECs significantly increased in IR 

injured hearts when compared to sham hearts. Indeed 40.91  5.65% of analysed IR injured 

coronary ECs expressed ICAM-1 compared to only 18.26  0.59% of sham ECs.  

Interestingly, 2D cultured hBM-MSCs Y201 (27.94  4.23%), 3D cultured hBM-MSCs Y201 

(26.74  1.36%), 2D cultured hBM-MSCs Y202 (25.83 1.95%) and 3D cultured hBM-MSCs 

Y202 (28.50  3.55%) reduced ICAM-1 expression following IR injury.  However, the 

reduction of ICAM-1 expression was not significant when compared to IR injured hearts 

receiving no therapy (Figure 5.6B).   

The degree of VCAM-1 expression on analysed coronary ECs cells also significantly 

increased in IR injured hearts when compared to sham hearts as shown in Figure 5.6D.  

Indeed 37.50  6.11% of analysed IR injured coronary ECs expressed VCAM-1 compared to 

only 12.59  1.89% of sham ECs.  2D cultured hBM-MSCs Y201 (17.70  1.23%), 3D cultured 
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hBM-MSCs Y201 (15.21  1.56%), 2D cultured hBM-MSCs Y202 (19.01  3.80%) and 3D 

cultured hBM-MSCs Y202 (22.51  1.70%) were able to significantly reduce VCAM-1 

expression following IR injury when compared to IR injured hearts receiving no therapy. 

Interestingly, as shown in Figure 5.6E, there was no significant difference in the basal 

expression of ICAM-1 and VCAM-1 on coronary ECs neither in sham hearts nor in their 

inducible expression following IR injury. This was somewhat surprising as inflammatory 

disorders have been shown to increase VCAM-1 expression more so than ICAM-1.  

 

5.3.5.   3D cultured hBM-MSCs Y201 are most potent at reducing serum levels of 

multiple circulating pro-inflammatory factors in vivo 

Furthermore, we evaluated 23 different circulating cytokines in the serum of sham, IR 

injured and IR injured + hBM-MSCs mice using a multiplex immunoassay.  Circulating serum 

levels of 9 pro-inflammatory cytokines and 1 major anti-inflammatory cytokine, namely IL-

10, were significantly elevated in the IR injured group compared to sham (Table 5.1).  The 

highest pro-inflammatory cytokine increases, more than 6-fold, were seen for IL-6, IL-

12(p40), G-CSF, KC, MCP-1 and MIP-1β cytokines. 2D hBM-MSCs Y201 did not significantly 

reduce any of the 23 cytokines analysed in the serum when compared to IR injured mice. 

Interestingly, circulating levels of IL-17 (p<0.05) and Eotaxin (CCL11; p<0.01) were both 

significantly increased.  However, in mice receiving 3D cultured hBM-MSCs Y201, serum 

levels were significantly (p<0.05) decreased for 9 pro-inflammatory cytokines when 

compared to IR mice.  
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Figure 5.4. Flow cytometric analysis of whole digested hearts in sham, IR injured and IR + hBM-MSCs mice.  
(A) Representative scatter plot demonstrating the selective gating strategy utilized to identify CD31

+
 coronary 

ECs and cTnT
+
 cardiomyocytes from digested heart samples. Cells were gated by side scatter vs front scatter. 

The oxidative damage level was detected by using an anti-8-OHdG antibody (red squares). (B) The percentage 
of ECs and cardiomyocytes obtained from digested whole heart. The analysis was conducted on 20,000 
events with samples analyzed using a FACSCalibur flow cytometer. Flow software was used to visualize the 
data.  Data were presented as the mean ± SEM. N = 3 per group. 
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Figure 5.5. Coronary endothelial cells (ECs) are more susceptible to oxidative stress than cardiomyocytes 
following IR injury, but all populations of 2D and 3D cultured hBM-MSCs are able to protect the ECs (and 
cardiomyocytes) from oxidative damage. (A) Myocardial IR injury significantly (p<0.01) increased oxidative 
damage in ECs when compared to sham at 2 hrs reperfusion. This increase was reduced by both 2D and 3D 
cultured hBM-MSC sub-populations. (B) Cardiomyocytes also showed a degree of oxidative damage following 
IR injury but this was not significant nor as extensive as that seen in ECs. Nevertheless, both 2D and 3D 
cultured hBM-MSC sub-populations were able to decrease this oxidative damage. The analysis was conducted 
on 20,000 events with samples analyzed using a FACSCalibur flow cytometer. Flow software was used to 
visualize the data. ANOVA showed a significant effect of treatment on oxidative damaged of ECs; p<0.01. 
Data were presented as the mean ± SEM. N = 3 per group. **p<0.01 when compared to sham using one-way 
ANOVA with Sidak’s multiple comparison tests. 
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Figure 5.6. ICAM-1 and VCAM-1 expression increases on coronary endothelial cells (ECs) following 
myocardial IR injury, but all populations of 2D and 3D cultured hBM-MSCs are able to reduce their 
expression.  (A & C) Representative scatter plots demonstrating the selective gating strategy utilized to 
identify CD31

+
 coronary ECs on digested heart cells. Cells were gated by side scatter vs front scatter. The two 

adhesion molecules were detected by using an anti-CD54/ICAM-1 and an anti-CD106/VCAM-1 antibody (red 
squares). (B) Myocardial IR injury increased endothelial ICAM-1 expression at 2 hrs reperfusion, but all types 
of hBM-MSCs were able to reduce this to levels similar to that found in sham hearts. However, the reduction 
of ICAM-1 level was not significantly different when compared to IR injury hearts. (D) Myocardial IR injury 
also increased endothelial VCAM-1 expression which was also reduced with all types of hBM-MSCs.  However, 
this decrease was significant when compared to endothelial VCAM-1 expression on IR injured endothelium. 
(E) There was no difference in the basal ICAM-1 and VCAM-1 expression on coronary ECs neither in sham nor 
in IR injured heart. The analysis was conducted on 20,000 events with samples analyzed using a FACSCalibur 
flow cytometer. Flow software was used to visualize the data. Statistical analysis was performed using a one-
way ANOVA with Sidak’s multiple comparison tests. ANOVA showed a significant effect of treatment on 
ICAM-1 and VCAM-1 expression of ECs; p<0.01. Data were presented as the mean ± SEM. N = 3 per group. 
**p<0.01 and ***p<0.001 when compared to sham; #p<0.05 and ##p<0.01 when compared to IR injured 
hearts. 
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These included IL-1, IL-5, IL-6, IL-12 (p40), G-CSF, CXCL1/KC, CCL2/MCP-1, CCL3/MIP-1 

and CCL4/MIP-1. Furthermore, 2 major anti-inflammatory cytokines, IL-10 and IL-13, were 

also significantly (p<0.05) decreased. Significantly increased levels were also observed for 4 

pro-inflammatory cytokines namely IL-2 (p<0.05), IL-12(p70; p<0.01), IL-17 (p<0.01) and 

IFN (p<0.01).  Interestingly, treatment with 2D cultured hBM-MSCs Y202 also reduced 7 

pro-inflammatory cytokine levels in mice serum including IL-1 (p<0.01), IL-3 (p<0.01), IL-9 

(p<0.05), IL-12(p40; p<0.05), G-CSF (p<0.05), CCL4/MIP-1 (p<0.05) and TNF (p<0.05). 

Furthermore, 1 anti-inflammatory cytokine, IL-10, was also significantly (p<0.05) decreased.  

Again, significant increases were observed for IL-2 (p<0.01), IL-5 (p<0.05), IL-17 (p<0.05) 

and Eotoxin (CCL11; p<0.01). Only three pro-inflammatory cytokine levels were significantly 

(p<0.05) reduced in IR injured mice receiving 3D hBM-MSCs Y202 which included IL-1, IL-

12 (p40) and CCL4/MIP-1 with significant increases in 3 pro-inflammatory cytokines 

including IL-5 (P<0.01), IL-17 (p<0.05) and Eotaxin (p<0.01).  

 

5.3.6.   Circulating peripheral blood cell panel following myocardial IR injury 

To assess the thromboinflammatory circulating cell profile of peripheral blood,  500μl of 

anti-coagulated blood was collected from the vena cava of sham, IR injured and IR injured + 

hBM-MSCs mice and run through a Horiba blood counter machine. Results were obtained 

immediately. As shown in Table 5.2, following myocardial IR injury, there was a tendency 

for the total number of circulating white blood cells and platelets to decrease when 

compared to sham numbers. This decrease was most marked for neutrophils. Indeed the 

concentration of circulating neutrophils in IR injured mice was approximately 10-fold lower 
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than that observed in sham peripheral blood.  Interestingly, all hBM-MSC cellular therapies 

were able to attenuate this decrease in circulating neutrophil numbers with the most 

effective response observed for 2D and 3D cultured hBM-MSCs Y202. With regards to 

circulating platelets, myocardial IR injury also decreased their circulating numbers. This was 

also reversed by all types of MSC therapies to some extent. Interestingly, an increase in 

monocyte numbers was noted with cellular therapy, particularly with 3D cultured hBM-

MSCs Y201. However, statistical analysis of all the data obtained indicated that these 

trends were not statistically significant. 

 
 
 

Discussion 

Previous chapters have demonstrated that the hBM-MSCs Y201 sub-population, when 

cultured using a 3D hanging drop method, was the most effective at inhibiting 

thromboinflammatory events, and increasing the density of perfused capillaries, within the 

IR injured beating heart microcirculation in vivo.  Although these results were novel and 

exciting, to maximise the potential of using these cells in a clinical setting, it was important 

to understand the mechanisms governing their ability to confer this coronary 

vasculoprotection. The novel data presented in this chapter indicated that the therapeutic 

effectiveness of 3D cultured hBM-MSCs Y201 may rise from their ability to reduce oxidative 

damage in ECs which was demonstrated both in co-culture experiments and also using flow 

cytometry analysis of IR injured digested hearts. 

5.4

 



CHAPTER 5 – MECHANISMS BY WHICH MSCS ARE VASCULOPROTECTIVE 
     

228 
 

 
Table 5.1. 3D cultured hBM-MSCs Y201 is the most effective at reducing serum levels of multiple pro-inflammatory cytokines. Using a Luminex cytokine array kit, 16 of 
the tested 23 cytokines were increased in the serum following myocardial IR injury – major anti-inflammatory cytokines boxed in red. Indeed, 10 out of 23 cytokines were 
significantly higher in the IR injury group when compared to sham serum (blue). Of these, IL-6, IL-12, G-CSF, CCL1/KC, CCL2/MCP-1, and CCL3/MIP-1β showed greater than 
6-fold increases.  All MSC sub-populations, apart from 2D cultured hBM-MSCs Y201, were able to significantly reduce some cytokines when compared to the IR injured 
group including, those that were increased as a result of injury and even those that were not significantly increased by IR injury (green).  However, 3D cultured hBM-MSCs 
Y201 were the most effective cells as they reduced 11 of the 23 cytokines tested, including 7 of the 10 cytokines significantly increased by IR injury.  Interestingly, some 
cytokines level increased when compared to IR injured levels (yellow). ANOVA showed a significant effect of treatment on level of serum cytokines; p<0.05. Data 
presented as the mean ± SEM pg/ml. *p<0.05 when compared to sham hearts; #<0.05; #p<0.01 when compared to IR injured heart values using Sidak’s multiple 
comparison test. n=3 independent experiments using three different serum donors. 
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Table 5.2. Circulating cell profile in murine blood following myocardial IR injury. Using a Horiba 
haematology analyser machine, the concentration of different types of white blood cells were quantified in 
the peripheral blood of sham, IR injured and IR injured + hBM-MSCs mice. Overall, a general decrease in 
platelets and WBCs, most notably in neutrophils, was observed following myocardial IR injury. This trend was 
reversed following therapy with all types of hBM-MSCs. A similar decrease for circulating platelet numbers 
was also noted in IR injury which was again reversed with all types of hBM-MSC therapy. Interestingly, an 
increase in monocyte numbers was noted with cellular therapy, particularly with 3D cultured hBM-MSCs 
Y201. However, statistical analysis of the data obtained indicated that these trends were not statistically 
significant. Statistical analysis was performed using a one-way ANOVA with Sidak’s multiple comparison tests. 
N=3 per group. 
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Moreover, 3D cultured hBM-MSCs Y201 were able to decrease the expression of 

endothelial ICAM-1 and VCAM-1 adhesion molecules in IR injured digested hearts.  We also 

demonstrate that additional mechanisms of vasculoprotection may include their ability to 

most effectively reduce the levels of circulating pro-inflammatory cytokines.  Indeed, 3D 

cultured hBM-MScs Y201 were the most potent of the tested stem cells to reduce pro-

inflammatory cytokines.  Collectively, this data highlights the multiple mechanisms utilised 

by an MSC sub-population obtained from a BM perivascular niche to protect the coronary 

microcirculation from myocardial IR injury. These novel results may help fill the existing 

knowledge gap in this area and provide new approaches to enhance the effectiveness of 

MSC cytotherapy.  

 

5.4.1.   hBM-MSCs do not reduce endothelial ROS generation  

Oxidative stress, a situation where there is a change from the physiological redox state to 

one with an increase in ROS, is closely linked to several inflammatory pathologies, including 

myocardial IR injury (Zhang et al., 2014). Excessive ROS can mediate a number of 

deleterious effects including inducing cellular lipid peroxidation leading to increased in cell 

membrane permeability, structurally damage proteins by proteolysis, deactivated enzymes 

and cause DNA strand breakage (Granger and Kvietys, 2015). Growing recent evidence 

suggests MSCs may exert antioxidant properties in various experimental models of disease, 

which may provide an explanation for their cytoprotective and anti-thromboinflammatory 

benefits (Stavely and Nurgali, 2020). This has been shown to happen indirectly by releasing 

antioxidants (superoxide dismutase (SOD), catalase, glutathione peroxidase) as 
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demonstrated by the fact that MSC conditioned media was effective at reducing ROS 

accumulation and cell death in fibroblast in vitro (Motegi et al., 2017, Stavely and Nurgali, 

2020). The molecular mechanisms involved include scavenging ROS, enhancing host anti-

oxidant defenses and modulating inflammatory responses (Motegi et al., 2017). For 

example, MSCs have been recently shown to enhance (rather than release themselves) 

SOD activity, an endogenous antioxidant, from cells exposed to oxidative stimuli in vitro 

and also in murine models of inflamed gut (Jung et al., 2020) and ageing (Calio et al., 2014).   

However, in our co-culture studies, we found that none of the tested hBM-MSCs were able 

to decrease the amount of ROS generated by H2O2 damaged VCECs. These finding 

confirmed our previous data which showed that primary MSCs, isolated from the tibias and 

femurs of mice, were also unable to modify ROS generation in similarly H2O2 damaged 

VCECs either at 24 or 72 hrs of co-culture (A. Lokman PhD thesis, University of Birmingham; 

unpublished data). It is possible that the MSCs were themselves damaged after exposure to 

the H2O2 in the culture media. However, they are well known to be able to resist oxidative 

stress which may explain why despite being exposed to H2O2 in the co-culture environment 

and not modifying ROS generation, they were still able to protect the ECs from damage 

(discussed later) (Stavely and Nurgali, 2020). It is also possible that the limitations of DHE 

staining technique could explain the inability to detect any changes in ROS (Griendling et 

al., 2016). Dihydroethidium/DHE is widely used to detect O2
− due to its high sensitivity and 

ease of use (Griendling et al., 2016). Oxidation of DHE by O2
− yields the fluorescent 

product 2-hydroxyethidium (2OH-E+). However, other oxidants for example H2O2 and OH 

can also produce the electron oxidation product ethidium (E+) with similar fluorescence 

characteristics to 2OH-E+. Therefore, superoxide detection by DHE is not specific due to the 
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overlapping fluorescence of superoxide-specific 2OH-E+ and nonspecific E+. Moreover, DHE 

can also be oxidized spontaneously by light-induced oxidation and atmospheric oxidation 

which also produce E+ (Griendling et al., 2016).  If this occurred in our experiments, then 

this could have masked any genuine ability of MSCs to reduce ROS production. 

 

5.4.2.   hBM-MSCs Y201 co-culture protects endothelial cells from oxidative damage  

Despite not modifying ROS generation, we still investigated whether 3D cultured hBM-

MSCs Y201 could prevent ROS mediated oxidative damage of sensitive ECs. Two different 

approaches were used to experimentally assess this in ECs – firstly using an anti-8-OHDG 

antibody to measure oxidative damage in ECs in co-culture with MSCs and secondly using 

the same antibody to measure oxidative stress in IR injured ECs in digested hearts. In co-

culture experiments, we showed that both 2D and 3D cultured hBM-MSCs Y201 could 

lower the oxidative damage of VCECs induced by H2O2 at 72 hrs. The mechanism behind 

this reduction was unlikely to be specifically due to the O2
− radical attenuation as no 

significant reduction was seen in DHE staining. This result is in line with other reports in 

which MSC anti-oxidant potential was described during inflammation in various models 

(Sun et al., 2015). In a mouse model of colitis, transplantation of adipose derived MSCs 

prevented injury mediated decreased in glutathione, an important non-enzymatic 

antioxidant, and increased the activity of SOD (da Costa Goncalves et al., 2017). Overall, by 

preventing the impairment of antioxidants in the inflamed colon, MSCs significantly 

reduced colon damage.  Recently, it has been shown that MSCs can also release 

extracellular vesicles containing active catalase which can break down harmful H2O2 into 
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oxygen and water (de Godoy et al., 2018). Indeed, de Godoy and colleagues used electron 

microscopy to show extracellular exosomes and microvesicles with diameters ranging from 

30-200nm and 400-600nm respectively.   

Moreover, several studies report that MSCs can also fight against oxidative stress injury 

using a novel mechanism involving delivering their own mitochondria through thin 

membrane channels called "tunneling nanotubes" (TNTs) to the injured cells (Han et al., 

2016). This was elegantly demonstrated using confocal imaging of IR injured rat heart 

ventricular cells (H9c2 line) co-cultured with BM-MSCs in which mitochondria trafficking 

could be imaged after staining with Mito-Tracker Deep Red (Han et al., 2016). TNTs are 

long F-actin based plasma membrane protrusions or tubules which connect cells together 

in order for cell-to-cell communications to take place, but can also be used to transfer 

mitochondria from donor cells to recipient cells (Vignais et al., 2017). This novel 

mechanism of ‘stem cell-derived mitochondrial transplantation’ can maintain ATP 

production and aerobic respiration within receiver cells, which protects against 

mitochondrial dysfunction in IR injured or inflamed tissues (Mahrouf-Yorgov et al., 2017).  

Importantly, in the current chapter we found that only hBM-MSCs Y201 but not hBM-MSCs 

Y202 were able to reduce injured VCEC oxidative stress. Heterogeneous populations of 

MSCs hold disparate functional characteristics (James et al., 2015). Indeed, in Chapter 3 we 

demonstrated that 3D cultured hBM-MSCs Y201 were more adhesive to unstimulated and 

stimulated ECs than 2D or 3D cultured hBM-MSCs Y202. It is therefore possible that the 

beneficial antioxidative effects of hBM-MSCs Y201 were improved by their close cell-to-cell 

contact with VCECs in co-culture over 72 hrs. This raises the possibility that improving MSC 

retention within the coronary microvessels of the IR injured heart may subsequently 
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enhance their therapeutic effect. However, in the co-culture experiments, 2D cultured 

hBM-MSCs Y201 demonstrated an equally therapeutic benefit against oxidative damage as 

3D cultured hBM-MSCs Y201.  This may be explained by the fact that in these studies, an 

equal number of 2D and 3D cultured MSCs were placed directly on the endothelial 

monolayers and left there for 72 hrs allowing firm interactions with VCECs to take place. 

Therefore, since there would have been no difference in the quantity of 2D and 3D cultured 

MSCs interacted with ECs in these co-culture wells, it may explain the lack of antioxidant 

differences between cells derived from 2 different culture methods. 

 

5.4.3.   Coronary endothelium is an early target for oxidative damage but 

protected by hBM-MSC  

The above scenario would differ from that in vivo in which we demonstrated a significantly 

greater presence of adherent 3D cultured hBM-MSCs in the IR injured beating heart in vivo 

compared to 2D cultured hBM-MSCs. Therefore, subsequent experiments were conducted 

in which IR injured hearts were removed from mice receiving MSC or no cellular therapy 

and assessed for endothelial oxidative stress using flow cytometry.  

We firstly showed that following myocardial IR injury, there was indeed a remarkable 

increase in oxidative stress demonstrated in approximately 25% of CD31+ coronary ECs.  

Interestingly, cardiomyocytes also demonstrated a degree of oxidative damage, but were 

not as susceptible to this as the ECs. Oxidative damage of cardiomyocytes was not in itself 

surprising as the role of oxidative stress in mediating muscle damage following myocardial 

IR injury is well reported (Hausenloy and Yellon, 2013). However, the fact that flow 
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cytometry demonstrated coronary endothelium, rather than cardiomyocytes, as the 

primary and initial target of oxidative injury was interesting and has been reported by us 

previously (Kavanagh et al., 2019).  Others have also shown this differential susceptibility to 

injury with endothelial and cardiomyocyte apoptotic death occurring at 5 and 60 minutes 

respectively in isolated perfused hearts (Scarabelli et al., 2001, Singhal et al., 2010). 

Collectively these studies highlight the coronary microcirculation as an early and principal 

therapeutic target to prevent ensuing muscle damage (Leucker et al., 2013). It was 

therefore exciting to see that all types of hBM-MSCs could reduce the burden and impact 

of oxidative stress on coronary ECs and reduce the level of oxidative damage by 1/3rd  from 

~25% to ~9% in the case of 3D cultured hBM-MSCs Y201. Although not statistically 

significant, this may just be due to the fact these experiments were conducted on hearts 

derived from 3 mice (note that for 3D cultured hBM-MSCs Y201 the p value was 0.08). The 

fact that all MSCs could do this in IR injured hearts in vivo, but only hBM-MSCs Y201 could 

in H2O2 injured VCECs in vitro, was interesting. It is possible that the hBM-MSCs Y202 sub-

population were less able to resist chronic exposure to the free radical H2O2 in vitro. We 

are not aware of any comparative studies that have examined the anti-oxidant capacity of 

MSCs from different sources or indeed sub-populations from the same source and so this is 

worthy of future consideration. Nevertheless, in our hands, an ability to rapidly modify 

oxidative stress in vivo appears to be an innate capability of BM-derived MSCs. 

Increasing the local presence of MSCs within injured coronary microvessels may be 

necessary to realise the maximal anti-oxidant potential of MSCs. Interestingly, the ability of 

2D and 3D cultured hBM-MSCs to confer anti-oxidative effects in co-culture experiments 

even at 72 hrs suggest they can continue to be beneficial long after they are introduced to 
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a damaged environment in culture. This has important in vivo implications as it suggests 

that if their myocardial presence can be maintained, either through survival or delivery of 

more MSCs at later time points, they can continue conferring vasculoprotective benefits. 

 

5.4.4.   Reducing endothelial ICAM-1 / VCAM-1 – another therapeutic mechanism  

In Chapter 4, an increased neutrophil recruitment was observed within coronary capillaries 

after myocardial IR injury intravitally. It is well established that neutrophil adhesion to 

activated ECs is facilitated by endothelial expression of ICAM-1 adhesion molecules. An 

anti-inflammatory capability is an increasingly recognised mechanism underpinning the 

therapeutic effectiveness of MSCs (Weiss et al., 2019).  Indeed, in Chapter 4 we too found 

that 3D cultured hBM-MSCs Y201 were able to significantly reduce neutrophil recruitment 

within injured coronary capillaries, with heparin dual therapy leading to a faster onset of 

therapeutic action. Therefore, we investigated whether hBM-MSCs could also mediate 

vasculoprotection through an ability to reduce the expression of ICAM-1 and VCAM using 

flow cytometric analysis of ECs within digested heart samples. 

As expected, we firstly demonstrated a significant increase in both ICAM-1 and VCAM-1 

expression on CD31+ ECs from IR injured hearts. This result is in line with previously 

published studies (Burne et al., 2001, Wilhelmi et al., 2005).  Increased endothelial ICAM-1 

/ VCAM-1 expression, as well as E-selectin, has been noted in response to oxidative 

damage (Boyle et al., 1999). Hence it is likely that our observed increased oxidative damage 

of coronary ECs may have contributed, in part, to this raised adhesion molecule expression.  

Interestingly, all MSC groups tested were able to reduce the overexpression of both ICAM-
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1 and VCAM-1, with greater and significant responses observed for the latter. Again it 

seems that an ability to rapidly modify inflammatory markers in vivo appears to be an 

innate capability of BM-derived MSC sub-populations and is supported by other studies. 

Although there was no significant difference in the in vivo antioxidant and anti-ICAM-1 and 

VCAM-1 adhesion molecules ability of all 4 MSC groups, 3D cultured hBM-MSCs Y201 

consistently demonstrated itself to be the most effective. These multiple beneficial effects 

at a molecular level may explain why this particular MSC group was able to significantly 

tame neutrophil recruitment within the injured beating heart as shown in Chapter 4.   

Similar reductions in endothelial ICAM-1/VCAM-1 have been observed by different groups, 

albeit using immunostaining and RT-PCR methods.   Qui and colleagues showed a reduction 

of endothelial ICAM-1 expression after human umbilical cord MSC treatment in a renal 

model of IR injury (Qiu et al., 2014).  Rahbarghazi and colleagues more recently stated that 

there was limited data on the modulatory effects of MSCs on the expression levels 

of ICAM-1 and VCAM-1 in lung tissues and so investigated this in rat asthmatic models.  

They also found BM-MSCS decreased expression of both on pulmonary endothelium 

(Rahbarghazi et al., 2019).  In their study, they further tested whether this benefit could be 

conferred via a paracrine effect by performing parallel experiments using BM-MSC 

conditioned media.  Although conditioned media was effective, the ability to decrease 

adhesion molecule expression was more evident in the cell-treated group.    

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/intercellular-adhesion-molecule-1
https://www.sciencedirect.com/topics/medicine-and-dentistry/vascular-cell-adhesion-molecule-1
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5.4.5.   3D cultured hBM-MSCs Y201 are most potent at reducing circulating serum 

levels of pro-inflammatory factors in vivo 

Myocardial IR injury induces an intense inflammatory response triggered by the release of 

various pro-inflammatory cytokines, such as TNF-α, IL-1β and IL-6 (Sharma and Das, 1997). 

This may be mediated by ROS generation, and in addition to ROS, these cytokines can also 

activate ECs and circulating leukocytes to express surface integrins and cell adhesion 

molecules resulting in subsequent recruitment of inflammatory cells to the site of injury. To 

assess whether the beneficial effects of 3D cultured HBM-MSCS Y201 could also be 

mediated through reductions in the serum level of established inflammation associated 

cytokines, a multiplex array consisting of 23 anti- and pro-inflammatory cytokines was 

used. Firstly we demonstrated that myocardial IR injury, by 2 hours reperfusion, had 

significantly increased the serum levels of 9 pro-inflammatory cytokines of which IL-6, IL-

12, G-CSF, CCL1/KC, CCL2/MCP-1 and CCL3/MIP-1β showed greater than 6-fold increases. 

The levels of obvious and potent inflammatory candidates were also increased, including 

IL-1 and TNF as expected. Interestingly, the level of IL-10, a naturally occurring potent 

anti-inflammatory cytokine, was also significantly increased. Increased levels of this 

particular cytokine have been identified in the plasma of MI patients (Malarstig et al., 

2008).  Furthermore, inducing myocardial IR injury in IL-10 deficient mice was associated 

with increased ICAM-1 expression, massively enhanced neutrophil infiltration and larger 

infarcts (Yang et al., 2000). This study by Yang and colleagues was the first to provide direct 

evidence that endogenous IL-10 was produced in an attempt to protect the heart from IR 

injury (Yang et al., 2000). Clearly, its ability to be protective is overwhelmed by the multiple 

pro-inflammatory cytokines that are concomitantly generated.   
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Interestingly, mice that received 2D cultured hBM-MSCs Y201 did not demonstrate any 

ability to decrease cytokine serum levels. It was, therefore, quite remarkable that simply 

culturing these cells in hanging drops improved their ability to decrease cytokine serum 

levels so much so that 3D cultured hBM-MSCs Y201 were transformed into the most 

effective sub-population. This was evidenced by 9 pro-inflammatory cytokine serum levels 

being reduced in IR injured mice compared to 7 and 3 in mice receiving 2D and 3D cultured 

hBM-MSCs Y202 respectively. This result clearly indicated the ability of 3D culture to 

improve the immunomodulatory effect of MSCs. Indeed, recent studies reported that MSCs 

cultured as spheroids demonstrated intense anti-inflammatory effects mediated via the up-

regulation of TNFAIP6/TSG6 (Bartosh et al., 2010). Moreover, 3D culture up-regulated 

PGE2, which could suppress the increases in inflammatory cytokine release (Ylostalo et al., 

2012).  

Luminex analysis of 23 cytokines highlighted how MSC therapy does not discriminate 

between the pro and anti-inflammatory cytokines and their ability to increase and decrease 

them.  In fact, the whole process seems to be somewhat random. This is evidenced by the 

fact that 3D cultured hBM-MSCs Y201 not only decreased the levels of 9 pro-inflammatory 

cytokines but also 2 anti-inflammatory cytokines, namely IL-10 and IL-13.  In addition, it 

further raised the levels of 4 pro-inflammatory cytokines as well. There was also little 

overlap with the modification made by 2D and 3D cultured hBM-MSCs Y201. Hence it is 

difficult to ascertain which modification(s) was critical if at all.   

However, an interesting observation was the ability of all the effective sub-populations to 

decrease levels of IL-1, IL-12(p40) and CCL4/MIP-1. Indeed remarkable reductions in 

these three were also noted with 2D cultured hBM-MSCs Y201, but these did not attain 
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statistical significance. Not only did MSC therapy reduce these circulating cytokines back 

down to sham levels, but it also reduced the levels of other proinflammatory cytokines that 

did not significantly increase during IR injuries, such as IL-1, IL-2 and IL-3. It is well known 

that IL-1 and IL-6 are cytokines which can exasperate myocardial IR injury (Sharma and 

Das, 1997). Hence, the reduction of multiple cytokine pathways may explain the anti-

inflammatory and associated therapeutic effects of MSCs. Lugrin and colleagues showed 

that necrotic cardiomyocytes from mice exposed to MI released IL-1α in plasma in vivo 

(Lugrin et al., 2015). Also, IL-1α blocking Ab and IL-1 receptor antagonist reduced post 

ischemic inflammation and infarct size and suppressed cardiac fibroblast immune 

activation. They suggested that IL-1α plays important role as a vital danger signal in the 

infarcted heart (Lugrin et al., 2015). IL-1 has received the most attention in the setting of 

CVD, especially in light of the ground-breaking recent CANTOS clinical trial which was the 

first major randomised double-blind trial of canakinumab, a therapeutic monoclonal 

antibody targeting IL-1 (Ridker et al., 2017). The trial involved 10,061 patients with a 

previous history of MI receiving the anti-IL-1 antibody subcutaneously every 3 months. 

The main endpoints, non-fatal MI/stroke or cardiovascular death, were measured ~3½ 

years later. Patients receiving canakinumab demonstrated modest, yet significant, 

beneficial effects with regards to these cardiovascular outcomes. This study sparked a 

renewed interest in the role of inflammation in MI, with experts interpreting the results of 

the CANTOS trial as evidence that anti-inflammatory drugs, particularly those targeting the 

IL-1 pathway, could effectively prevent subsequent cardiovascular events. It is possible, 

therefore, that the universal ability of our tested MSCs to target these potent inflammatory 

cytokines is a critical therapeutic mechanism. 
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Conclusion 

It is essential that the mechanisms governing the biological activity of MSC therapies be 

determined in order for them to reach their full clinical potential and thus enhance their 

treatment efficacy. Oxidative stress is associated with injury to the microvasculature, which 

can lead to thromboinflammation following myocardial IR injury (Mussbacher et al., 2019). 

The oxidatively stressed coronary endothelium can rapidly mediate leukocyte recruitment.  

Furthermore, its loss or denudation can also expose underlying extracellular matrix / 

collagen, which lead to platelet activation and aggregation.  Therefore, protecting in vivo 

this delicate monolayer of cells lining microvessels is critical to prevent the deleterious 

thromboinflammatory events we observed in the IR injured beating heart  

In this chapter, we provide valuable information that hBM-MSCs potentially utilise multiple 

protective mechanisms to confer vasculoprotective benefit within the coronary 

microcirculation following myocardial IR injury.  These include significantly reducing (i) the 

ability of ROS to damage ECs (ii) the expression of critical endothelial adhesion molecules 

and (iii) serum levels of multiple potent inflammatory cytokines. 3D cultured hBM-MSCs 

Y201 were most effective at modifying all three of these events thus providing an 

explanation for the in vivo results provided in the previous chapter (Figure 5.8).   

 

5.5

5
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Figure 5.7. Increased vascular and non-vascular production of reactive oxygen species (ROS) within the IR 
injured heart leads to local tissue oxidative stress and ultimately damage to the vital yet delicate coronary 
microvessels.  When cellular production of ROS increases, such as during myocardial IR injury, it overwhelms 
the host anti-oxidant capacity, leading to a state of oxidative stress. In addition to causing direct damage to 
cellular proteins, lipids and nucleic acids, ROS are also key signalling molecules that can mediate a number of 
additional indirect thromboinflammatory pathophysiological responses. This occurs after ROS activate the 
cytoplasmic transcription factor nuclear factor-κB (NF-κB) that is of central importance in mediating 
thromboinflammation.  NF-κB is expressed in vascular and circulating cells, including anucleate platelets.  
Three downstream effects of NF-κB are shown and include: (i) expression of pro-inflammatory genes 
encoding a multitude of pro-inflammatory cytokines and chemokines; (ii) endothelial dysfunction leading to 
their expression of inflammatory adhesion molecules; and (iii) the induction of pro-coagulatory mechanisms 
through up-regulation of tissue factor and factor VIII (as well as decreased anti)coagulatory mechanisms).  
Collectively, these actions lead to extensive neutrophil recruitment and widespread microthrombus 
formation and subsequent occlusion within the coronary capillaries as demonstrated in Chapter 4 using 
intravital imaging of the mouse IR injured beating heart. We present novel data that 3D culture and 
subsequent systemic infusion of a specific exogenous sub-population of bone marrow-derived MSCs, hBM-
MSCs Y201, can modify at least three of these processes post-reperfusion injury – coronary endothelial 
oxidative damage, expression of coronary endothelial ICAM-1/VCAM-1 and serum concentrations of a 
plethora of pro-inflammatory cytokines. This could mechanistically explain their ability to reduce 
thromboinflammation and confer vasculoprotection in the coronary microcirculation in vivo. (Figure courtesy 
of Dr Neena Kalia, University of Birmingham) 
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General Discussion 

 

Summary of the main findings and general discussion 

CVDs are a group of disorders that cause dysfunction to the heart and the blood vessels.  

Although mortality rates for this condition have gradually declined over the last few 

decades in western countries, approximately 30% of the world population still dies from 

CVDs making it the most significant cause of mortality globally (Sun et al., 2016). The 

biggest contributor to CVD is MI, which induces reversible or irreversible ischaemic damage 

to the heart depending upon how quickly reperfusion can be instigated. Contemporary 

treatments to open the occluded epicardial artery or arteries includes pharmacological 

thrombolytic medications, PPCI or heart surgery (Briffa et al., 2009). Despite the success of 

these therapeutic strategies, a significant proportion of patients still have a low quality of 

life and frequently return to the hospital due to non-reversible tissue damage leading to 

progressive heart failure (Terashvili and Bosnjak, 2019). Growing evidence suggests a 

critical role for the coronary microcirculation in reperfusion mediated damage and the 

development of the ‘no-reflow’ phenomenon. Hence, there is a need to develop 

treatments to improve the prognosis of patients clinically through preservation of the 

coronary microcirculation.  

In the past 20 years, stem cell-based therapies have been identified as having the most 

potential for changing the way multiple diseases, including CVDs, are treated (Stavely and 

Nurgali, 2020).  MSCs have been considered a potential treatment to treat a broad range of 

diseases due to their unique ability to evade the host immune system and the ease of 

rapidly expanding them in culture. Furthermore, the secretome of MSCs has been 
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identified to be therapeutic in many disease models both in vitro and in vivo (Ferreira et al, 

2018). The positive outcomes noted after using them in a plethora of experimental studies 

have driven hundreds of clinical trials (Eleuteri et al., 2019).  ClinicalTrials.gov is an official 

database of privately and publicly funded clinical studies conducted around the world.  A 

search of this database using the term ‘mesenchymal stem cells’ revealed 1,124 clinical 

studies using MSCs to treat various conditions ranging from diabetic neuropathy, Crohn’s, 

lupus, psoriasis, liver disorders, as well as heart diseases (as of September 2020) 

(ClinicalTrial.gov 2020). Indeed, 27 studies appear in this search engine in which MSCs have 

been used, or are still being used in on-going clinical trials, specifically for treating MI 

patients. MSCs have the ability to improve the cardiac microenvironment and trigger the 

repair and regeneration of damaged cardiac myocardium and its vasculature in order to 

recover heart function (ClinicalTrial.gov 2020).   

However despite these clinical trials, to date, no suitable stem cell treatment has been 

successfully adopted to become a stand-alone or adjuvant therapy for effectively treating 

CVDs (Lee et al., 2016). The obstacles that may explain the failure to incorporate MSCs into 

current treatment regimens have been many and include the fact that they exhibit poor 

retention and survival in the ischaemic target organ (Tang et al., 2018). There is also still no 

consensus on which population of stem cell confers the most therapeutic capacity to treat 

heart disease. Furthermore, the cellular targets of MSC actions and the mechanisms 

explaining their therapeutic effects are still not fully understood (Muller et al., 2018). The 

pleiotropic properties of MSCs, such as their immunomodulatory effects, ability to alleviate 

inflammation as well as stimulate tissue regeneration, means it is critical to unequivocally 
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identify the (i) exact molecular and cellular impact of (ii) a defined MSC population on a (iii) 

specific disease using an appropriate clinically relevant disease model.   

This thesis aimed to develop a using 3D hanging culture protocol in order to improve the 

delivery and subsequent capture of MSCs within the IR injured beating mouse heart. Also, 

we aimed to determine whether microcirculatory vasculoprotective effects were a possible 

mechanism of therapeutic action utilised by all or some sub-populations of hBM-MSCs.   

We used various in vitro, in vivo and ex vivo techniques to determine the adhesion 

capabilities of MSCs and identify beneficial mechanisms.  State-of-the-art IVM was used for 

the first time to image at a cellular level and in real-time the kinetics of MSC trafficking to 

the IR injured heart.  Furthermore, the consequences of infusing these cells on platelet and 

neutrophil presence and on the density of perfused capillaries were also assessed in the 

coronary microcirculation. Flow cytometry of digested heart tissue was used to not only to 

support the intravital MSC retention data but also detail their specific beneficial events on 

ECs and cardiomyocytes. Moreover, further mechanisms governing vasculoprotection were 

determined using a multiplex immunoassay. The major novel findings from this thesis 

include the following and are summarised in Figure 6.1: 

 Two sub-populations of hBM-MSCs, Y201 and Y202, originally derived from the 

same BM site, possessed different adhesive potential both in vitro to different 

substrates and, importantly, in vivo within the beating IR injured heart.  Moreover, 

their anti-inflammatory benefits were either present or absent in the injured 

coronary microcirculation, with the more adhesive hBM-MSCs Y201 sub-population 

being vasculoprotective.   
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 hBM-MSCs known to be confined potentially within a more perivascular niche of 

the BM possessed superior adhesion capacity to inflamed ECs in vitro and 

vasculoprotective ability in vivo. This clearly demonstrated that in terms of their 

retention and protective ability, not all BM-derived MSCs were the same.   

 More importantly, the superior adhesive and protective ability was only noted 

when hBM-MSCs Y201 were derived from spheres grown using a 3D hanging drop 

method. Mechanistically, this was likely due to this culture technique increasing 

ICAM-1 and CXCR4 expression on the surface of these cells and also distributing 

adhesion molecules more uniformly on their surface. 3D cultured hBM-MSCs Y201 

were also much smaller than those grown in a 2D culture.  This likely reduced their 

pulmonary microvascular entrapment leading to the observed increase in their 

trafficking through the heart on first pass subsequent. This may have contributed to 

the increased likelihood of capture and retention in the heart.    

 Combination therapy, which involved administering 3D cultured hBM-MSCs Y201 

with unfractionated heparin, further reduced the recruitment of neutrophils and 

platelets within the coronary microcirculation following IR injury with a more rapid 

onset of therapeutic action noted than just using MSCs. Indeed, when the whole 

thickness of the left ventricle was imaged using multiphoton microscopy, this dual 

therapy was noted to be particularly effective at significantly decreasing neutrophil 

and platelet presence in the IR injured heart. This may have been linked to 

increased homing of MSCs to the heart on first pass with a trend for their adhesion 

to increase. We postulate that heparin would have targeted the platelets and the 

MSCs would have prevented the neutrophil adhesion. To our knowledge, we are the 
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first group to demonstrate using multiphoton imaging the vasculoprotective 

effectiveness of a combination therapy in all layers of the IR injured heart.    

 The ability of 3D cultured hBM-MSCs Y201 to ameliorate the perturbations within 

the IR injured microvasculature may have been accomplished by reducing coronary 

EC oxidative stress and/or by reducing the levels of plasma pro-inflammatory 

cytokines including  IL-1, IL-5, IL-6, IL-10, IL-12 (p40), IL-13, G-CSF, IFN-ɣ, KC, MCP-

1, MIP-1a and MIP-1b.    

 Critically, all of these beneficial actions resulted in an increase in the density of 

perfused coronary capillaries and a concomitant decrease in infarct size in mice 

receiving cellular 3D cultured hBM-MSCs Y201 therapy.   

To our knowledge, we are the first group to directly image in real-time the kinetics of MSC 

recruitment and their impact on microvascular events at a cellular level in a mouse beating 

and injured heart model. Just as understanding the pharmacokinetics of drugs is important 

in drug development, we believe that increasing our understanding of the in vivo kinetics of 

MSCs are also important and will allow us to determine and enhance their therapeutic 

potential. There is significant scope, therefore, for using our novel beating heart imaging 

method to further increase our understanding of the microvascular events modified by 

cellular therapy and develop strategies to improve their vasculoprotective efficacy.  In the 

current study we clearly show that hBM-MSCs are rapidly responsive to coronary 

reperfusion injury immediately after their infusion. Although others have shown that MSCs 

can respond to signals released following tissue damage we are the first to show how rapid 

this response is and the extent of their local capture at a cellular level in vivo (Rennert et 

al., 2012, Fong et al., 2011, Lin et al., 2017). Interestingly, in comparison to the intravital 

data on neutrophil recruitment within the IR injured heart, the recruitment of MSCs was 
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much lower. Indeed, 100-150 neutrophils were adherent within an imaged field of view 

whereas less than 20-30 MSCs were captured. This may simply be due to the fact that only 

500,000 exogenous MSCs were actually infused and most of these MSCs became 

entrapped elsewhere after the first pass. 

However, despite this comparatively limited MSC presence, we are also the first to show 

that these cells have a remarkable ability to reduce thromboinflammatory events in the 

heart. We are the first to directly demonstrate that MSCs can rapidly affect the adhesion of 

neutrophils and platelets in a diseased organ in vivo in the presence of pathological flow.   

However, this was very much dependent on the culture method and the MSC sub-

population used.  3D culture promoted the expression of adhesion molecules and restored 

expression of the SDF-1 receptor CXCR4. This chemokine receptor and surface adhesion 

molecules may have facilitated their migration and homing to the damaged organ by 

interacting with the triggering signals emitted from the injured ECs (Hmadcha et al., 2020). 

We also demonstrated that MSCs obtained from 3D culture expressed adhesion molecules 

more uniformly on their cell surface. Collectively, these 3D culture induced changes may 

have promoted MSC homing and adhesion by increasing the chances of the likelihood of 

firm interactions taking place with activated ECs.  Indeed, it has previously been reported 

that the distribution of adhesion molecules on the cell surface affected the potency of 

neutrophil binding to activated ECs (Hocde et al., 2009). The presence of 3D cultured hBM-

MSCs Y201 and 3D cultured hBM-MSCs Y202 was not significantly different in the IR injured 

heart, yet only one cell type was beneficial. This suggests that local presence may not have 

been an important pre-requisite for MSCs to be more therapeutically effective and that the 

actual cell type used is more critical.  
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Heterogeneity of the composition of MSC cultures hinders their use in regenerative 

medicine and this may be a key factor associated with their poor clinical success.  In the 

case of the reperfusion injured heart, we believe there is a critical need for future studies 

to identify a sub-population that has superior vasculoprotective and anti-inflammatory 

effects. Once identified, such MSCs can be manufactured on a large scale to accelerate the 

effective translation of MSC therapeutics for treatment of CVD in clinical practice.  

CD317pos MSCs make up about 9% of the BM MSC population (James et al., 2015; Kay et al., 

2018).  However, we found that this sub-population i.e. the hBM-MSCs Y202, were not able 

to protect the coronary microvessels from an IR inflammatory insult despite being 

recruited to the heart in similar numbers to hBM-MSCs Y201.  Current MSC based therapies 

do not account for the MSCs that are CD317pos.  It is therefore possible that infusing a 

heterogeneous MSC population that includes a fraction of non-migratory, non-

differentiating, proliferative and potentially pro-inflammatory cells could contribute to the 

poor outcome of MSCs in clinical interventions for MI. In addition to the work by the 

Genever group, our novel data also strengthens the case for negative selection of MSCs 

using the biomarker CD317 for thromboinflammatory disorders of the heart and using a 

more purified population (Kay et al., 2018).   

CD317 is not the only surface marker than can potentially select for a more potent 

immunomodulatory MSC sub-population (O’Connor, 2019). Surface markers that select for 

colony-forming MSCs, such as CD271 and STRO-1, have been used to enrich MSCs with 

increased immunosuppressive capacity (Kuci et al., 2010; Nasef et al., 2009). In addition to 

these biomarkers, other antigens have been identified that detect cell-to-cell variation in 

the immunoregulatory activity of MSCs (Yang et al., 2013; Ortiz et al., 2007).  Of these, the 
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expression of VCAM-1 (CD106) on MSCs has been extensively studied (Yang et al., 2013; 

Ren et al., 2010). MSC-induced suppression of T-cell proliferation is achieved after T-cell 

adhesion to MSCs, which can be reversed with a VCAM-1 function blocking antibody (Ren 

et al., 2010). Furthermore, when MSCs derived from human placental chorionic villi were 

divided into VCAM-1- and VCAM-1+ subsets, the latter was far more effective in suppressing 

the secretion of inflammatory cytokines by activated peripheral blood mononuclear cells 

and stimulating the formation of anti-inflammatory regulatory T cells (Yang et al., 

2013). Collectively, all of these studies, including our own, strongly point towards 

developing and testing the vasculoprotective efficacy of MSCs purified for a specific 

marker. 
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Figure 6.1. Proposed mechanism explaining how 3D culture may enhance the homing and recruitment of 
hBM-MSCs Y201 within coronary microvessels following myocardial IR injury. The size of MSCs released 
from hanging drop generated spheres is significantly smaller than those obtained from conventional 2D 
culture.  Such smaller cells may have escaped entrapment within the pulmonary capillaries which would have 
maintained a circulating pool of MSCs in the peripheral circulation. MSCs obtained from spheroids also 
expressed surface adhesion molecules evenly over their surface, whereas on 2D cultured cells expression was 
more concentrated or clustered on one side of the cell surface. The dispersion of adhesion molecules over 
the cell surface has significance on their availability and capacity to form strong bonds with counter ligands 
on the surface of endothelial cells. The increased homing and subsequent recruitment of 3D cultured cells 
may also be linked to the fact that as CXCR4, lost when MSCs are cultured using conventional 2D methods, is 
recovered with 3D culture. The Genever group, who clonally expanded the tested hBM-MSCs, 
demonstrated that hBM-MSCs Y201 significantly overexpressed vascular support/interaction gene sets, such 
as those related to blood vessel development and remodelling and artery morphogenesis, and were located 
in a more perivascular location.   It is, therefore, possible that perivascular hBM-MSCs Y201 were more likely 
to interact with endothelial cells due to these inherent characteristics.  
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Future work 

Although a positive therapeutic effect was noted regarding preventing neutrophil 

recruitment, the 3D cultured MSCs when administered alone at 30 minutes post-

reperfusion did not significantly reduce platelet aggregation. Therefore, future studies 

would need to consider optimising the time point at which MSCs are injected and/or the 

dose in order to determine whether the beneficial effect of MSC therapy can be 

maximised. It could be that what we have shown is the limit of MSC effectiveness and 

cannot be improved upon, but this has to be proven. Testing the efficacy of MSCs delivered 

either before reperfusion is initiated or within minutes of reperfusion would be 

worthwhile. Such studies will also allow us to determine whether the microvascular 

damage mediated by ischaemic injury alone is sufficient to recruit MSCs or whether the 

additional damage that occurs as a result of reperfusion is needed to capture circulating 

MSCs.  Many previous studies have focused on the innate immune response in myocardial 

IR injury. However, the adaptive immune response is also involved. CD4+ T lymphocytes 

have been reported to be sequestrated in the perfused myocardium and can also 

contribute to the development of IR damage  (Boag et al., 2017). To determine whether 3D 

cultured hBM-MSCs Y201 can also modify cells of the heart's adaptive immune system 

needs to be determined. 

We successfully demonstrated that co-administration of unfractionated heparin improved 

the vasculoprotective capacity of 3D hBM-MSCs Y201 throughout the myocardial wall.  

Combination of MSCs with other pharmacological drugs, contemporary anti-platelet drugs 

already used in clinics, or other types of stem cells may further improve their 
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vasculoprotective effects at the level of the coronary microcirculation and so this is also 

worth investigating.   

 

Concluding remarks 

The clinical focus for heart attack patients is to open occluded epicardial arteries to 

improve outcome. However, further improvements to patient outcome will depend on 

addressing problems in the microcirculation that arise during reperfusion. Therefore, 

developing strategies directed at restoring microvascular function appear to be of 

paramount importance. MSC cytotherapy is a promising strategy to treat myocardial IR 

injury, particularly the damage incurred by the coronary microcirculation. However, clinical 

success has been limited. When transplanting exogenous MSCs for therapeutic purposes, a 

major goal is to achieve maximum retention in the injury site.  Recent studies have 

attempted to genetically manipulate SCs in order to enhance their recruitment, for 

example, by transfecting integrins or chemokine receptors on their surface or injecting 

chemokines into the heart to attract circulating MSCs. However, we find 3D culture of 

MSCs, which is a non-invasive and non-genetically engineered approach, may have greater 

clinical applicability. 3D culture also improves the vasculoprotective ability of MSCs in a 

manner that is probably not linked to increased local presence in the IR injured heart.  

Indeed, unlike pharmacological drugs, the 3D cultured MSCs appeared to combine a 

number of protective mechanisms to resolve the thromboinflammatory damage such as 

inhibiting ROS endothelial damage, reducing inflammatory adhesion molecule expression 

and modifying the inflammatory cytokine profile in plasma. It is anticipated that this 

culturing strategy will promote more efficient SCs delivery to the injured coronary 
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microcirculation and subsequently improve thromboinflammatory scores when tested 

clinically.  When combined with the use of a specific CD317pos, purified BM sub-population 

of MSCs, this could be a powerful new cellular treatment for improving the structure and 

function of the perturbed coronary microvessels post-reperfusion. The possibility of an 

anti-platelet effect when MSCs are used as a combination therapy with something like 

heparin is exciting, and may open up the use of MSCs for many CVDs in which the major 

pathology is associated with platelet adhesion or thrombosis. To summarise, this thesis 

provides essential data that culturing a specific sub-population of BM-derived MSCs does 

indeed improve and accelerate their vasculoprotective potential within the injured beating 

coronary microcirculation. 
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