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Abstract 

Cardiovascular diseases (CVDs) are the leading cause of disease burden and mortality in 

the world, as well as a major cause of disability and health care costs. With the average lifespan of 

the human population continuously increasing, it is expected that the problem of CVDs will only 

continue to grow in the following years. Current pharmacological treatments for age-associated 

cardiac pathologies such as heart failure and atrial fibrillation present severe clinical efficacy and 

safety problems and are not regarded as definitive cures. This makes it necessary to develop new 

treatment strategies that target the involved molecular pathways and trigger endogenous 

reparative responses.  

Contrary to current molecular treatments, advanced therapy medicinal products (ATMPs) 

such as stem cells, extracellular vesicles (EVs) and biomaterials such as hydrogels could have the 

potential to treat cardiac aging-associated pathologies from a more fundamental level. However, 

many problems and unknowns still need to be solved before they can reach the clinical scenario. 

Some of the most highlighted limitations we focus on in this work are: (i) the lack of deep 

understanding of their mechanism of action (MoA), (ii) their large variability and lack of 

standardization (including inadequate potency tests) and (iii) low in vivo retention at the site of 

interest. Therefore, the main objective of this thesis is to develop, characterize and evaluate 

advanced therapies for the treatment of cardiac pathologies solving some of their current 

limitations to enhance their therapeutic potential. 

To achieve this aim, we first focus on improving standardization and development of 

potency assays. We describe the main characteristics and challenges for a cell therapy based 

potency test in the cardiovascular field and we review and propose different types of assays that 

could be taken into consideration based on the product’s expected MoA and the target 

cardiovascular disease. Secondly, as cardiosphere-derived cells (CDCs) and their secreted EVs 

(CDC-EVs) have previously reported to have anti-senescent effects and this is considered 

important in aging-related cardiac diseases, we explore potential predictors of rejuvenating 

potency with a special focus on the chronological age of the CDC-donors and CDC-senescence, 

among others. Multiple in vitro tests allow us to conclude that more than cell particular biological 

markers or characteristics, the cell bioactivity relative to the expected MoA should be a better 

predictor for the ATMP potency. Thus, we evaluate if the in vitro anti-senescent and pro-

angiogenic effect of the CDC-EVs, scored with a matrix assay, can be used to predict the in vivo 

potency of the CDC-EVs in an animal model of cardiac aging. Our results show that EVs 

classified in vitro as potent with the matrix assay have more cardiac reparative potential in vivo than 
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EVs classified as non-potent. After further validation, the matrix assay proposed here could be a 

suitable in vitro potency test for discerning suitable allogenic biological products in the cardiac 

aging clinical scenario. 

Next, with the purpose of improving EV retention at the site of interest, we develop an 

optimized product combining hydrogels from cardiac extracellular matrix (cECM), polyethylene 

glycol and EVs to overcome some of their individual limitations: long gelation time of the cECM 

and poor retention of the EVs. We conclude that the combined product rapidly gels at 

physiological temperature and presents improved mechanical properties while maintaining the 

injectability, the biodegradability, and the bioactivity of its individual components. In addition, it 

serves to better retain the EVs on-site in vivo. 

Finally, we explore the electrophysiological modifications induced by CDC-EVs on 

arrhythmogenic tissue to better understand the mechanisms behind their antiarrhythmic effect. 

We found that CDC-EVs reduce spontaneous activation complexity and increase conduction 

velocity of cardiomyocytes leading to a less arrhythmogenic profile. If validated in other cellular 

models, CDC-EVs may be used specifically as antiarrhythmic agents in a wide range of cardiac 

pathologies. 

Although future work should aim to further validate these results both at preclinical and 

clinical level, these findings together partially overcome some of the main challenges for the 

therapeutic use of cellular therapies and open a new horizon for the treatment of cardiac-aging 

related pathologies, some still considered as unmet medical needs. 
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Chapter 1 

1. Introduction 

Cardiovascular diseases (CVDs), particularly associated to increasing age, are the leading 

cause of disease burden and mortality in the world, as well as a major cause of disability and 

health care costs [1]. However, current treatments present severe clinical efficacy and safety 

problems [2, 3] and are not regarded as definitive cures [4]. The use of advanced therapies, 

including stem cell therapy, extracellular vesicles (EVs) and biomaterials such as hydrogels has 

emerged as a potential breakthrough [5]. Nevertheless, many problems and unknowns still remain 

that need to be solved before they can reach the clinical scenario. In this section, we revise heart 

anatomy and physiology, the pathophysiological changes associated with cardiac aging and heart 

disease at functional, structural, cellular and molecular level, and the limitations of current 

available treatments. Then, we introduce the state of the art of advanced reparative and 

regenerative therapies in the cardiovascular field, including stem cells, stem cell-derived EVs and 

hydrogels and the main limitations they face towards successful translation into the clinical 

scenario. 

1.1 The heart 

The heart is the natural pump of the body in charge of maintaining blood circulation. 

Blood flow ensures a constant oxygen and nutrient supply to all the cells in our body, as well as a 

removal of waste from the cellular processes. To perform this task efficiently, the heart presents 

unique molecular, cellular, and structural characteristics that translate into a coordinated electrical 

and mechanical activity. In this section, we are going to review the heart anatomy and its role in 

maintaining blood circulation, the main cell types involved and their characteristics, and how 

these, together with the conduction system, cooperate to lead to effective pumping. 

1.1.1 Heart anatomy 

The heart is an organ forming part of the cardiovascular system and located near the 

midline of the thoracic cavity, in the mediastinum (Figure 1.1a). Inside the mediastinum, the heart 

is protected by the pericardium and the pericardial fluid, that confine the heart to its position but 



Chapter 1 

2 
 

allow the vigorous movement required for contraction. The heart wall is composed of three 

layers: the epicardium (the more external layer), the myocardium (the middle layer) and the 

endocardium (the inner layer) (Figure 1.1b). The epicardium and the endocardium are of 

connective tissue (mesothelium and endothelium respectively) to provide smooth surfaces that 

diminish friction of the heart with the pericardial fluid in the exterior and with blood in the 

interior. The myocardium, composed of cardiac muscle, is responsible for the relaxation-

contraction that leads to the pumping. The human heart walls arrange to form four chambers: 

two superior atria and two inferior ventricles (Figure 1.1c). The right and left atria are separated 

by the interatrial septum and the right and left ventricles (RV and LV) are separated by the 

interventricular septum. The thickness of the myocardium is not constant and depends on each 

chamber’s function. On one hand, atria pump blood under lower pressure and smaller distances, 

having thinner walls. On the other hand, ventricles, specially the left one, pump over higher 

distances and have higher workload, requiring thicker walls (Figure 1.1d). 

 

Figure 1.1. Heart anatomy. (a) Heart location inside the thoracic cavity, in the mediastinum. (b) 

Different layers composing the heart wall. (c) Heart chambers. (d) Inferior transversal view of 

the left and right ventricles [6]. 



Introduction 

3 
 

1.1.2 Blood circulation 

As atria and ventricles contract, they push blood from one chamber to the other and 

along the circulatory system to enable blood flow. The circulatory system can be divided into two 

main circulatory pathways: the pulmonary (Figure 1.2a) and the systemic circulation (Figure 1.2b). 

The right atrium receives deoxygenated blood from the superior and the inferior vena cava and 

the coronary sinus. Once it contracts, it pushes blood through the tricuspid valve into the right 

ventricle. Blood passes from the RV through the pulmonary valve into the pulmonary arteries, 

that carry blood to the lungs. In the lungs, gas exchange (carbon dioxide by oxygen) takes place 

in the alveoli and deoxygenated blood becomes oxygenated. Oxygenated blood returns to the 

heart (left atrium) via the pulmonary veins, closing the pulmonary circulation. In the left atrium, 

blood is passed into the LV through the bicuspid valve. From the LV, blood is pushed through 

the aortic valve into the aorta, initiating the systemic circulation. From the aorta, smaller arteries 

and arterioles will branch to finally reach all the organs, tissues, and cells in the body via the 

capillaries. Gas (oxygen by carbon dioxide), nutrients and waste are exchanged between the blood 

and the cells in the organism and systemic deoxygenated blood returns to the heart via the 

capillaries, the venules, the veins, and the inferior and superior vena cava into the right atrium, 

closing the systemic circulation and the circulatory system loop. Cells in the heart itself have its 

own network of blood vessels to receive oxygen and nutrients, called the coronary circulation 

(Figure 1.2c). The coronary arteries branch from the aorta and then divide into capillaries to feed 

the myocardium. After gas and nutrients exchange, deoxygenated blood returns to the right 

atrium through the coronary sinus. 

 

Figure 1.2. Blood circulation. (a) Pulmonary circulation (b) Systemic circulation (c) Coronary 

circulation [6]. 
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1.1.3 Cardiac tissue 

Cardiac tissue contraction is possible because it is mainly composed of cardiomyocytes 

(CMs, cardiac muscle cells). As muscle cells, CMs are electrically excitable (they can initiate action 

potentials) and the electrical activity leads to the mechanical response (contraction). CMs connect 

to each other electrically through proteins formed by connexins and called gap junctions. Gap 

junctions allow the flow of ions for action potentials to propagate from one CM to its neighbors 

to lead to coordinated contraction. CMs have a stable resting potential. Action potentials in 

neighboring cells bring the transmembrane potential of a CM to its threshold potential and 

voltage-gated fast Na+ channels open, Na+ enters the cell, and the depolarization phase initiates. 

Following the depolarization phase, there is a plateau phase. During this plateau phase, voltage-

gated slow Ca2+ channels in the cell membrane open and Ca2+ enters the cell to maintain 

depolarization. This Ca2+ inflow causes more Ca2+ to leave the sarcoplasmic reticulum and to 

trigger contraction. Some voltage-gated K+ channels are also open during the plateau phase, 

allowing K+ to leave the cell and balance Ca2+ inflow to sustain depolarization. After the plateau 

phase, the repolarization phase restores the membrane potential with additional voltage-gated K+ 

channels opening (more K+ outflow) and Ca2+ channels closing. As intracellular Ca2+ 

concentration increases during the plateau phase, it triggers contraction by binding to troponin, 

which allows the actin and myosin filaments in the cardiac fiber to slide and to generate the 

required tension for contraction. The refractory period (time at which a second action potential 

cannot be triggered) of cardiac fibers is considerably longer than the contraction itself. This 

ensures a contraction is not initiated before full relaxation to ensure efficient pumping. The 

action potential of a ventricular CM and the different phases are illustrated in Figure 1.3a [7]. 

Although CMs constitute most of the cardiac mass (~70% in volume) and are responsible 

for heart contraction, they are only around 30% of the total cell number in the heart [8]. The 

proportion of other cell types in the heart still remains controversial, but the approximate 

remaining 70% of the cells are smaller-volume cells such as cardiac fibroblasts, smooth muscle 

cells, endothelial cells, pericytes, adipocytes, mesothelial cells, immune cells (myeloid and 

lymphoid) and neural [9]. All these cell types also play important roles in cardiac functioning, 

pathology, and repair. Cardiac fibroblasts produce and organize the extracellular matrix (ECM) 

supporting CMs with biophysical stimuli [9] and constitute around half of the heart cells [10]. 

Smooth muscle cells support the vascular system, endothelial cells form the endocardium, the 

blood vessels and the cardiac valves [8], and pericytes are the mural cells of the microcirculation 

[11]. Adipocytes surround the heart and the great vessels and should be less than 1% of the 

myocardial mass in healthy individuals [12]. Mesothelial cells mainly form the epicardium [13]. 

Immune cells interact with fibroblast and CMs to maintain cardiac homeostasis and normal organ 

function [14]. 
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1.1.4 Conduction system 

One of the main highlights of the heart is its inherent electrical activity resulting from a 

network of specialized cells. Whether these specialized autorhythmic cells are closer to CMs or 

neurons still remains under debate [15]. Regardless of their identity, these cells are able to 

spontaneously generate action potentials without the need of the nervous system. Therefore, they 

act as a pacemaker and ensure a coordinated and effective heart contraction. Heart activation 

starts periodically in the sinoatrial node (SA), located in the right atrial wall. SA node cells do not 

have a stable resting potential, so they depolarize to threshold and initiate action potentials 

spontaneously. From the SA node, the action potential propagates to CMs in the atrium through 

gap junctions. Then the impulse reaches the atrioventricular (AV) node, where the conduction 

velocity (CV) is considerably lower to allow for the atria to contract and fill in the ventricles 

before the impulse reaches the ventricles. The atria are electrically isolated from the ventricles 

except at the AV node. From the AV node, the impulse travels to the bundle of His, the right 

and left bundle branches and finally to the Purkinje fibers where the action potentials propagate 

to the rest of the ventricular myocardium and cause ventricular contraction. Action potential 

propagation through the conduction system and the myocardial tissue leads to electrical currents 

that can be recorded from the surface as an electrocardiogram (ECG). The conduction system of 

the heart is illustrated in Figure 1.3b 

 

Figure 1.3. Ventricular action potential and conduction system of the heart. (a) Action potential 

in a ventricular contractile fiber and the different phases. Reproduced with permission [7]. 

Copyright © 2009, John Wiley & Sons, Inc. (b) Conduction system of the heart [6]. SA: 

sinoatrial. AV: atrioventricular. 

1.1.5 The cardiac cycle and cardiac output 

During the cardiac cycle, the atria and the ventricles contract and relax sequentially to 

force blood from places of higher pressure to areas of lower pressure. First, atrial depolarization 
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causes atrial systole: the atria contract and their pressure increases while the ventricles are relaxed. 

This process pushes blood through the tricuspid and bicuspid valves into the ventricles. As the 

atria empty, their pressure drops, and they start relaxing (atrial diastole). The end of the atrial 

systole coincides with the end of the ventricular diastole as ventricular depolarization triggers the 

initiation of ventricular systole. The ventricles contract and their pressure rise (isovolumetric 

contraction) until the aortic and pulmonary valves open and allow blood to be ejected from the 

ventricles. During ventricular repolarization, ventricles relax and enter diastole. The ventricular 

pressure drops and the pulmonary and aortic valves close, initiating the isovolumetric relaxation 

phase. Ventricular pressure drops until it is below atrial pressure and the cycle initiates again. The 

cardiac cycle, and the correspondence between the ECG signal, the pressure, the volumes and 

the phases of the cardiac cycle are shown in Figure 1.4 [7]. 

Important parameters regarding the cardiac cycle and assessing ventricular performance 

are: 

 Heart rate (HR): Number of cardiac cycles (beats) in one minute. 

 End-diastolic volume and pressure (EDV, EDP). Blood volume/pressure of a 

ventricle at the end of the relaxation period. 

 End-systolic volume and pressure (ESV, ESP). Blood volume remaining/pressure at 

the end of ventricular systole. 

 Stroke volume (SV): Blood volume ejected by a ventricle in each cardiac cycle. It is 

equal to the EDV minus the ESV.  

 Cardiac output (CO): Blood volume ejected by a ventricle in each minute. It is the SV 

multiplied by the HR.  

 Ejection fraction (EF): Percentage of blood leaving the ventricles in the cardiac cycle. 

It is the SV divided by the EDV and multiplied by 100. 

 Cardiac reserve: Increase in CO related to an increase in the HR or the SV. 

 Myocardial performance index (MPI): Assesses global cardiac dysfunction. It is the 

sum of the isovolumetric contraction time and the isovolumetric relaxation time 

divided by the ejection time. 
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Figure 1.4. Cardiac cycle. (a) Electrocardiogram (ECG) (b) Changes in left atrial pressure (green 

line), left ventricular pressure (blue line) and aortic pressure (red line) as they relate to the 

opening and closing of heart valves. (c) Heart sounds (d) Changes in left ventricular volume. (e) 

Phases of the cardiac cycle. Reproduced with permission [7]. Copyright © 2009, John Wiley & 

Sons, Inc. 



Chapter 1 

8 
 

1.2 Cardiac aging and heart disease 

Pathological alterations in cardiac tissue and functioning lead to CVDs, which are the 

leading cause of disease burden and mortality in the world. They are also a major cause of 

disability and health care costs [1]. The main risk factor for the development of cardiovascular 

diseases is increasing age [16]. Aging is a natural biological process in which the body’s 

homeostatic adaptive response is progressively altered, increasing the susceptibility to 

environmental stress and disease. With the average lifespan of the human population 

continuously increasing, it is expected that the problem of cardiovascular diseases will only 

continue to grow in the following years [1]. In this section, we revise the pathophysiological 

functional, structural, cellular and molecular changes behind cardiac aging and age-associated 

heart diseases, available treatments, current needs, and new research directions. 

1.2.1 Functional changes 

The prevalence of heart-related pathologies, such as heart failure (HF), arrhythmia, 

microcirculatory dysfunction, valvular disease and inflammation increase considerably with age 

[16, 17]. At functional level, cardiac aging is mostly characterized by a decline in diastolic 

function. However, systolic function at rest (measured by the EF) is relatively preserved [16]. 

This has led to a designation of two types of HF, each representing around half of the patients 

[18]: with preserved EF (HFpEF), especially prevalent in aged women [19] and responsible of a 

high number of hospital admissions [20], and with reduced EF (HFrEF). Therefore, HFpEF 

characterizes by delayed relaxation, increased myocardial stiffness and decreased filling rate [21]. 

As ventricular filling shifts to later in diastole, atria commonly enlarge to compensate it and 

preserve the EF. Nevertheless, patients with atrial arrhythmias (such as atrial fibrillation, AF) 

have reduced atrial contraction and cannot compensate the diastolic dysfunction by increasing 

the late LV filling [22]. Despite EF at rest being generally preserved during aging, other indicators 

of cardiac function and indirect systolic performance are affected. For example, during exercise, 

maximum HR, cardiac reserve and EF do decrease [23]. With age, there is also a decrease of 

myocardial contractility and MPI increase, implying that a greater fraction of systole is devoted to 

overcoming the pressure changes during the isovolumetric phases. At electrical level, age relates 

to increased incidence of SA node, AV node, bundle of His and bundle branches dysfunction 

(which may manifests as palpitations, dizziness, syncope and confusion) [24], increasing the 

predisposition to arrhythmias, and in particular, AF.  



Introduction 

9 
 

1.2.2 Structural and cellular changes 

Main structural changes responsible for altered functionality in aged hearts are increased 

hypertrophy and cardiac fibrosis. Despite some cellular types having the ability to divide and 

regenerate damage tissue (e.g. fibroblasts and endothelial cells), others, such as adult CMs, 

present limited dividing and regeneration capacity. In humans, CMs exhibit cell cycle arrest 

shortly after birth, and although they may retain their proliferative capacity, CM turnover is rare 

in the human heart (less than 1% of CMs per year [25]) and it even further decreases with age 

[10]. Decreases in proliferative capacity and in numbers of CMs and other cell types present in 

the heart mainly occur when they become senescent or apoptotic. Age- and pathology-induced 

alterations in homeostasis can lead to increased numbers of senescent and apoptotic cells, so to 

compensate for CM loss and maintain contractility and CO, remaining CMs increase in size 

becoming hypertrophic [26]. If CM size increases in length, the LV is able to accept more venous 

return, but the energy cost of ejection is higher, promoting more dilation in a vicious cycle and 

leading to HFrEF (systolic failure). Nevertheless, if CM size increases in thickness, LV wall 

becomes thicker and the size of the LV cavity decreases (and so the LVEDV), affecting LV 

diastolic function [27] (HFpEF). As already mentioned above, to compensate for this, atrial 

cavities tend to dilate. However, this makes them more susceptible to arrhythmias. 

The ECM is a complex protein network providing structural and mechanical support and 

aligning the heart cells. The ECM composition includes several types of collagens (type I, II, III, 

IV, V and VI) as well as elastin, fibronectin, laminin and fibrinogen [28]. The proportion and 

amount of the different proteins in the ECM varies with age [29], and in excess deposition, it can 

increase myocardial stiffness and affect diastolic function [30]. Cardiac aging is associated with 

deregulation of ECM synthesis and degradation, and therefore, with increased collagen 

deposition and increased number of fibroblasts (primary sources of ECM proteins) [17]. Cardiac 

fibroblasts, opposite to CMs, lack electrical excitability and mechanical contractility but have 

considerable proliferative capability [31]. As a result, excess numbers of fibroblasts reduce the CV 

in the cardiac tissue and make it more susceptible to developing arrhythmias [31]. In response to 

CM injury, such as that derived after an ischemic episode of myocardial infarction (MI), large 

numbers of dead CMs are not replaced by newly formed CMs (which lack regenerative potential), 

but by fibrotic tissue [32]. Apart from the electrophysiological implications, large areas of fibrotic 

tissue lack contractility, considerably affecting the heart pumping efficiency. 

1.2.3 Molecular mechanisms 

Several factors and mechanisms can bring cardiac cells into the pathological phenotypes 

that lead to the structural and functional deficiencies. Lack of oxygen and nutrients supply, lack 
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of adequate waste removal, inflammation, and alterations in homeostasis can drive cells to 

senescence and apoptosis, to dysfunction, and ultimately, to death. 

In senescence, cells are metabolically active but arrested in the cell cycle [33]. It is a 

natural cellular response that limits proliferation of aged or damaged cells to allow for normal 

development and maintaining of tissue homeostasis [34]. However, senescent cells accumulate 

with chronological aging and under some pathological situations. Senescence is associated to 

morphological changes, such as increased volume and flattening, to a loss of regenerative 

function, and to secretion of pro-inflammatory cytokines, interleukins, and growth factors 

(secretory phenotype associated with senescence, SASP). The main molecular pathways 

controlling the senescence state are p53/p21 and p16/pRB [35], and although there are other 

known regulators, those are not totally clarified in the cardiovascular system [36]. Senescence-

associated with β-galactosidase (SA-β-gal) indicates lysosomal activity and is considered the gold 

standard for senescent cells. Still, markers of cell cycle arrest (p16, p21, p53), absence of 

proliferation markers (e.g. Ki-67), secretion of pro-inflammatory factors, and DNA damage 

response markers (e.g. γ-H2AX) are commonly used in combination to SA-β-gal to confirm 

senescence [37] (Figure 1.5). Some factors that lead to senescence are oxidative stress and 

inflammation, which provoke DNA damage, mitochondrial dysfunction, activation of oncogenes, 

telomere shortening and deficiencies in autophagy. 

 

Figure 1.5. Markers of senescent cells. Indirect markers characterizing cellular senescence are as 

follows, and these vary among tissues and cells. (1) Enlarged and flat morphology, (2) cell cycle 

arrest (p53/p21, p16Ink4a signals become high), (3) DNA damage response (γ-H2AX, p38 

MAPK signals become high), (4) irreversible termination of proliferation, (5) high senescence-

associated beta-galactosidase (SA-β-gal) activity, (6) telomere attrition, (7) telomere dysfunction, 

(8) senescence-associated distention of satellites (SADs), and (9) senescence-associated 

heterochromatin foci (SAHF) [38]. 
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The heart presents higher basal oxygen consumption than other organs and produces 

more reactive oxygen species (ROS) [39]. Disturbances in ROS are associated to increased cell 

apoptosis and inflammation [40] and to multiple cardiovascular diseases such as HF, 

hypertension, atherosclerosis, cardiac fibrosis and hypertrophy [41, 42]. Increased ROS stimulate 

the production of transforming growth factor-β (TGF-β) in fibroblasts [41]. TGF-β is a pro-

fibrotic factor that increases the expression of ECM proteins and inhibits matrix degradation 

[43]. Elevation of TGF-β also promotes senescence and induces cardiac aging [44].  

As CMs have little ability to proliferate during human lifetime, telomere shortening 

caused by the number of cell divisions does not seem the main mechanism by which CMs enter 

senescence in aged hearts (despite length-independent telomere injury can also activate 

senescence and lead to cardiac fibrosis and hypertrophy) [45]. CM senescence is mainly 

associated with dysfunctional organelles, misfolded proteins and cell death [46]. In particular, 

excessive mitochondrial ROS provoke damage in mitochondrial DNA and redox-sensitive 

mitochondrial proteins [47]. This causes mitochondrial dysfunction and more ROS are produced, 

leading to a “vicious cycle” that leads to necrosis, apoptosis, inflammation [48] and finally ends 

with cellular and organ dysfunction (such as HF [49] and AF [50]). Increasing evidence in animals 

also points towards specific miRNAs as regulators of aging and cardiovascular diseases [51]: miR-

18a, miR19a and miR-19b (decreased in HF and ECM remodeling mediators [52]), miR-22 

(regulator of cardiac fibroblast senescence [53]), miR-29 (related to cellular senescence and 

cardiac aging [44]), miR-34a (regulator of cardiac aging and function [54]), miR-125b (antifibrotic 

[55]), miR-133a (inhibitor of angiogenesis, inflammation, apoptosis and fibrosis [56]) and miR-

378 (antifibrotic [57]). 

Autophagy plays an important role in cellular homeostasis and serves to protect cells 

against stress by eliminating misfolded proteins and damaged organelles, including the 

mitochondria [58]. It also provides nutrients and energy through the degradation of the 

autophagic cargo [59]. Therefore, impaired autophagy associated with age can lead to 

accumulation of misfolded proteins and mitochondrial dysfunction that provoke cardiac 

hypertrophy, fibrosis, and dysfunction [45]. It is also a cell death mechanism, so in excess, it can 

also be pathological [59]. One of the pathways regulating autophagy and nutrient and growth 

signaling is the mammalian target of rapamycin (mTOR) [58]. Reduced mTOR signaling is 

associated to improved resistance against cardiac aging [45]. These main mechanisms and 

pathways behind cardiac aging are shown in Figure 1.6. 
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Figure 1.6. Key mechanisms of cardiac aging. Abnormal expression of ncRNAs can cause 

dysregulation of their downstream target genes, which cause telomere damage and cardiac aging.  

MtDNA mutations, mitochondrial protein oxidation, and impaired mitochondrial turnover can 

cause the loss of mitochondrial function and lead to inadequate ATP synthesis and increased 

ROS production. Increased ROS can lead to further mitochondrial dysfunction, forming a 

vicious cycle. Elevated ROS also lead to telomere dysfunction, DNA damage, and autophagy. 

Wisper indicates Wisp2 super-enhancer–associated RNA; Meg3: maternally expressed gene 3; 

TERRA: telomeric repeat-containing RNA; TAF: telomere-associated DNA damage foci; 

mtDNA: mitochondrial DNA; ROS: reactive oxygen species; and SASP: senescence-associated 

secretory phenotype [45]. 

Age-mitochondria dysfunction and increased ROS have other consequences in other 

organelles such as in the sarcoplasmic reticulum. Impaired sarcoplasmic reticulum activity can 

lead to prolonged relaxation of CMs, which has also been identified as one of the reasons behind 

diastolic dysfunction associated to aging [60, 61]. Alterations in CM relaxation can be caused by 

impaired Ca2+ cycling, by increased myofilaments stiffness, by reduced Ca2+ sensitivity or by 

alterations in actin or myosin [17, 60–62]. To compensate these effects, in aged hearts there may 

be an increase in the L-type Ca2+ current [63] and prolongation of the action potential duration to 

maintain Ca2+ transients and contraction [64]. Although the density of L-type Ca2+ channels does 

not seem to be affected by age [65], the density of L-type Ca2+ channels is reduced in atrial 

myocytes from patients with chronic AF [66]. 

Other related pathways in cardiac aging and pathology are growth and neurohormonal 

signaling. Insulin growth factor 1 (IGF-1) is a characterized pathway related to lifespan 

regulation, and is associated to mitochondrial and cardiovascular protection [67–69] and to 
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reduced cardiac fibrosis [70]. In humans, age-related low serum IGF-1 levels [71] correlate to an 

increased risk of HF [72]. IGF-1 interacts with the renin angiotensin aldosterone system (RAAS) 

to inhibit or activate inflammation and oxidative stress, nevertheless, this mechanism is impaired 

with aging [73]. RAAS is the part of the endocrine system controlling hypertension and stress-

induced cardiac hypertrophy [45]. Upregulation of the RAAS is related to increased cardiac 

hypertrophy, fibrosis, impaired CM relaxation [74], increased ROS [75] and increased 

arrhythmogenicity [76]. β-adrenergic receptors are also part of neurohormonal signaling in heart 

function. They regulate HR, myocardial contractility, blood pressure, wall stress and metabolic 

demand [17, 22], however, their excessive stimulation to maintain CO at early stages of cardiac 

disease is related to increased ROS and heart damage [75]. This leads to a reduction of β-

adrenergic receptor density observed with age (desensitization), which gives rise to further 

pathological changes and remodeling [77], such as hypertrophy, systolic dysfunction, apoptosis 

and fibrosis [78].  

The relationship between the molecular changes described, the cellular phenotypic 

changes, the structural alterations, the functional consequences and the impact on the patients 

suffering from cardiac aging-derived heart disease are summarized in Figure 1.7. 

 

Figure 1.7. The concept of cardiac aging and its biological mechanism. Cardiac aging is a 

pathophysiological process affected by many factors triggered under various intrinsic and external 

stimuli with age. Many factors can affect key cellular processes and pathways during cardiac 

aging, such as oxidative stress, mitochondrial dysfunction, impaired autophagy, telomere damage, 

ncRNAs, and dysregulation of mTOR signaling. These factors can also influence each other and 

lead to cardiomyocyte senescence, apoptosis, and other cell damages. Cardiac aging causes 

changes in heart structure and function, such as progressive myocardial remodeling, decreases in 

systolic and diastolic function. CM indicates cardiomyocytes [45]. 

1.2.4 Treatment, challenges, and new directions 

Although large progresses have been made in the last years in elucidating molecular 

mechanisms behind cardiac aging and cardiac pathology, many unknowns and obstacles still 
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remain [79]. In this section, we review the potential and the limitations of possible treatment 

strategies targeting the known mechanisms behind cardiac aging. 

In the current clinical scenario, cardiac aging itself is not treated until there are symptoms 

or altered cardiac function. As earlier discussed, these are commonly manifested in the form of 

HF and AF. HFpEF treatment, despite its high prevalence and known impact in the quality of 

life and patient prognosis, remains largely as an unsolved clinical need. In these patients, the 

European Society (ESC) clinical guidelines from 2021 only advise the screening and treatment of 

other cardiovascular and non-cardiovascular comorbidities (hypertension, diabetes, cholesterol 

levels…) and the use of diuretics to alleviate the symptoms [80]. In patients with HFrEF, 

pharmacological treatments are advised before considering device therapy to try to reduce 

mortality, prevent recurrent hospitalizations and improve clinical status, functional capacity and 

quality of life [80]. Most of these drugs act by targeting neurohormonal signaling at different 

levels (RAAS and β-adrenergic receptors). These drugs include angiotensin-converting enzyme 

inhibitors (ACE-I), angiotensin receptor-neprilysin inhibitor (ARNI), angiotensin-receptor 

blockers (ARB), mineralocorticoid receptor antagonists (MRA, that bind to aldosterone and 

other steroid hormones) and β-blockers (β-adrenergic receptors blockers), either used alone or in 

combination. Novel therapies being introduced in the clinical guidelines include sodium-glucose 

cotransporter-2-inhibitors (SGLT2i), that inhibit glucose reabsorption at the kidneys to reduce 

blood glucose levels [81], soluble guanylate cyclase stimulators [82] and cardiac myosin activators 

[83]. For the treatment of AF, β-blockers and specific ion channels/pump blockers are used with 

the purpose of controlling the rate and lengthening the action potential [84]. However, current 

pharmacological treatments for HF and AF present severe clinical efficacy and safety problems 

[2, 3] and are not regarded as definitive cures [4]. This makes it necessary to develop new 

treatment strategies that target other involved molecular pathways and that aim to promote 

cardiac cell survival and protection, cardiomyogenesis, cell to cell communication, angiogenesis, 

and vascularization, and to reduce inflammation. 

For the development of more successful treatments, CM survival and protection are 

critical to preserve electrical and contractile ability of the cardiac tissue, especially because of CM 

low proliferative capacity after injury. Mechanisms to promote cardiac cell survival include 

reducing senescence and apoptosis, preventing mitochondrial dysfunction and maintaining 

autophagy. Senolytics are genetic or pharmacological compounds that target the elimination of 

senescent cells by inducing them to apoptosis. They have shown potential to reverse cardiac age-

related dysfunction and could become a new generation therapy for cardiac disorders [85–90]. 

Nevertheless, the use of senolytics leads to depletion in the number of CMs, and whether this 

allows to preserve myocardial function in the long term still remains unknown. While excess 

senescence is pathological, senescence also plays a role in coordinating inflammation, fibrosis and 
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remodeling. Therefore, other pitfalls of using senolytics include enhanced fibrosis, difficult 

translation of the preclinical studies into the clinical scenario, and potential adverse effects [91]. 

Interventions targeting mitochondrial dysfunction are also gaining interest and could have 

large potential. For example, Szeto-Schiller (SS) compounds can reduce mitochondrial ROS in 

CMs and improve diastolic function in aged mice [17, 92, 93]. Mitochondria-targeting therapies 

are still in its infancy and require many more preliminary studies before moving to clinical testing 

[94]. Caloric restriction (CR), which refers to reducing caloric intake but without malnutrition, 

has also shown multiple benefits related to cardiac aging [95], such as attenuation of cardiac 

hypertrophy and fibrosis [96]. Its main mechanisms of action (MoA) are reduction of 

mitochondrial ROS production [97, 98] and reduction in autophagy by the inhibition of the 

mTOR signaling [45, 99]. However, its use in humans would be challenging and developing CR 

mimetics that target similar cellular and metabolic responses is of great interest [17]. In this line, 

rapamycin is a well-established inhibitor of the mTOR signaling pathway, enhancing autophagy, 

regulating oxidative stress, inflammation and organelle function and promoting CM survival [45]. 

Rapamycin treatment can inhibit senescence, reverse age-related diastolic dysfunction [100–102] 

and cardiac hypertrophy [103]. Despite rapamycin being a drug approved by the United States 

Food and Drug Administration (FDA) and the European Medicines Agency (EMA) due to its 

immunosuppressive effects for some non-cardiac pathologies, its use for the treatment of heart 

diseases presents important limitations, such as a high frequency of administration and side 

effects, including anemia and nephrotoxicity [104]. In addition, whether it has the potential to 

treat cardiac pathology in humans still needs to be determined [45, 105].  

The use of growth factors and miRNAs has also been explored to prevent cardiac 

damage associated to age. Growth hormone therapy increases IGF-1 signaling and may have 

benefits for the treatment of HF [67, 68] and cardiac aging [69] by protecting mitochondria from 

ROS [106]. Growth differentiation factor 11 (GDF11), a member of the TGF-β superfamily has 

been attributed rejuvenating potential and has reported beneficial effects for controlling age-

related hypertrophy in animals [107], but in excess concentration, it can have deleterious effects 

at cardiac and systemic levels [108, 109]. Therefore, despite promising, more knowledge needs to 

be gained before moving this potential therapy into the clinical scenario [107]. As recent studies 

are also highlighting the role of miRNAs in regulating cardiac aging, gene therapy is being 

explored as a potential treatment [54]. However, miRNAs are likely to have multiple targets, 

resulting in a high risk of undesirable effects that need to be adequately studied [17].  

The above-mentioned treatments, although they show potential for the treatment of 

cardiac aging related pathologies, are still under investigation, not used in the clinical scenario, 

and in principle do not cover all the molecular mechanisms associated with cardiac aging, such as 

adverse extracellular matrix remodeling and impaired calcium homeostasis (Figure 1.8). Thus, 
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future work is required to better understand the mechanisms, their effects on animals of both 

genders, and their therapeutic potential in humans. For the treatment of cardiac aging, it is 

important to bear in mind that short-term treatments applied later in life when the symptoms are 

initiated will be more translational than long-term or life-long treatments. This becomes 

particularly important if they are delivered systemically, to minimize irreversible side effects [17].  

In this context of limited therapeutic efficacy and a high clinical need, the use of 

advanced therapies, including stem cell therapy, has emerged as a potential breakthrough [5]. 

Contrary to current available treatments, biological products could have the potential to treat 

cardiac aging-associated pathologies from a more fundamental level [110], as they are able to 

interact beneficially with some of the pathophysiological pathways involved and to induce 

changes at molecular, cellular and structural level that can translate into enhanced functionality. 

For example, they can improve cell survival and protection, cell-cell communication, 

angiogenesis, cardiomyogenesis, reduce inflammation and molecularly regulate proliferation and 

cell cycle [79]. However, despite the promising potential of biological therapies, many problems 

and unknowns remain that need to be solved before they can reach the clinical scenario. 

 

Figure 1.8. A schematic summary of the molecular mechanisms of cardiac aging and potential 

cardiac aging interventions. ROS, Reactive oxygen species; CR, caloric restriction; SS, Szeto–

Schiller; miRNA, microRNA; ACE, angiotensin-converting enzyme; Ang, angiotensin. 

Reproduced with permission [17]. Copyright © 2015, Cold Spring Harbor Laboratory Press. 
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1.3 Advanced reparative and regenerative therapies in the 

cardiovascular field 

Advanced therapy medicinal products (ATMPs), according to the EMA, are medicines 

for human use based on genes, tissues or cells [111]. In general, they are considered innovative 

therapies that target diseases with high unmet clinical needs [112]. Since the first ATMPs were 

authorized in 2009 by the EMA and in 2010 by the US FDA [113], many products have followed. 

In the cardiovascular field, the discovery of stem cell niches in the heart drove significant 

attention towards ATMPs due to the limited regenerative capacity of the human heart and the 

large clinical need [114]. Despite the results of the preclinical studies using cell therapy for cardiac 

repair and regeneration seemed very promising, rapid implementation into clinical trials led only 

to modest outcomes [79]. This made the scientific community to re-think and re-define the field 

of cell therapy in cardiac applications, stablishing which were the main limitations and the 

priorities that needed to be solved before further moving them into the cardiac clinical scenario 

[115]. In this section, we revise stem cells and their use for the treatment in cardiac pathologies 

both at preclinical and clinical level, with a focus on cardiosphere-derived cells (CDCs). Then, we 

review knowledge about their MoA and how using cell-derived products, and in particular 

extracellular vesicles (EVs), may overcome some of the stem cell limitations. We also discuss the 

use of biomaterials, focusing on hydrogels, as ATMPs used alone or in combination with stem 

cells or their derived products. Finally, we highlight current limitations and possible solutions for 

enhancing translation of cardiac regenerative and reparative ATMPs into the clinical scenario. 

1.3.1 Stem cells 

Stem cells are defined as immature and unspecialized cells capable of differentiating into 

different and multiple types of specialized cells [116]. From the human heart, cells with different 

molecular and functional properties have been isolated, some called stem or progenitor cells 

(CPCs) as they have the ability to self-renew in culture and differentiate into different lineages 

[115, 117]. In vivo, these cells are involved in maintaining homeostasis and heart repair [118]. 

Despite these cells being capable of differentiating mostly into endothelial and mesenchymal cells 

(MSCs), they present limited ability to differentiate into functional and mature CMs, and if so, 

only under exceptional circumstances [119]. Apart from that, the only stem cells capable of 

generating CMs under the culture of specific factors are pluripotent stem cells (PSCs), that can be 

of embryonic origin (ESCs) or induced by reprogramming differentiated adult cells (iPSCs) [115]. 

Other cell types explored in preclinical and clinical trials in the cardiovascular field include stem 

cells of non-cardiac origin, such as bone marrow (BM) mononuclear cells (BM-MNCs), bone 
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marrow MSCs (isolated from BM-MNCs and denoted BM-MSCs) or MSCs cultured from a 

variety of tissue sources (such as adipogenic tissue, AT-MSCs) [120, 121]. 

First approaches used stem cells of non-cardiac origin, such as BM-MNCs and MSCs. 

BM-MNCs are a heterogeneous population of myeloid and lymphoid cells, endothelial 

progenitors, hematopoietic stem cells and small fractions of MSCs [122]. These are easy to obtain 

(from BM aspirates) and do not require culture or expansion [123]. However, in clinical trials, 

they only showed limited regenerative potential and minimal improved cardiac function [115], if 

any [122]. MSCs are defined as plastic-adherent cells in serum-containing medium expressing the 

following surface markers: CD105, CD73 and CD90 and able to differentiate into chondrocytes, 

osteoblasts, adipocytes and fibroblasts [124]. MSC differentiation into other cell types, such as 

CMs has been described but remains controversial [122], as well as whether if MSCs are formed 

by heterogeneous cell populations [115]. They should also lack the expression of hematopoietic 

markers (CD45, CD34, CD14/CD11b, CD79α and HLA-DR) and can be isolated from different 

tissues [124]. Their main advantages are easy isolation and expansion together with numerous 

bioactive properties [122], but therapeutically they present limited regenerative potential and 

minimal improved cardiac function [115].  

The use of ESC or iPSCs seemed promising because of their ability to differentiate into 

CMs under specific stimulus. Nevertheless, their use includes several problems such as genomic 

instability, potential risk of teratomas [125] and potential graft rejection requiring 

immunosuppression in the case of ESCs [126, 127]. In addition, ESC and iPSCs derived CMs 

(ESC-CM and iPSC-CMs) are largely immature in terms of structure and function, differing 

considerably from adult CMs [128] what can trigger life-threatening arrhythmias in vivo [125, 126, 

129, 130]. Moreover, to serve these purpose of heart re-muscularization, ESC and iPSCs need 

high engraftment rates after transplantation, but evidence shows that they disappear rapidly after 

transplantation in the heart [131]. 

CPCs are purified cell populations of cardiac origin with greater potential for cardiac 

repair after being selected and/or modified in vitro to enhance their reparative properties (e.g. 

engraftment, survival, plasticity and paracrine activity) [115]. Although their isolation from 

cardiac biopsies is more invasive, they can be cultured in vitro to yield adequate numbers for 

transplantation [120]. Among CPCs, different subpopulations have been isolated and explored in 

both preclinical and clinical trials: CDCs, c-kit+ (or CD117+) cells, and Sca-1+ cells. These cells, 

and in particular CDCs, have shown superior regenerative potential and improved cardiac 

function vs. BM-MNCs and MSCs in vivo [132]. However, comparison between MSCs and CPCs, 

and between the different types of CPCs has not been done in clinical studies [115].  
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Cardiospheres are self-organized three-dimensional (3D) structures obtained after 

established 3D culturing system from cardiac explant-derived cells (EDCs) [133]. Cardiospheres 

are a complex, niche-like environment that favors proliferation and stemness of CPCs. CDCs, 

obtained after further culture of cardiospheres, are multipotent and clonogenic [134]. They 

express CD105 and are negative for the expression of hematopoietic markers (CD45) [133]. 

Inside the CDC population, there are a variable proportion of cells expressing other surface 

markers: CD117 (c-kit), CD90 (Thy-1) and CD31 [133]. Therefore, they include different 

subpopulations such as c-kit+ cells, endothelial cells, and MSCs. In vivo, CDCs stimulate 

angiogenesis and left ventricular functional improvement [132, 135] by increasing microvessel 

formation, by activating endogenous cardiomyogenesis [136], by attenuating CM apoptosis and 

hypertrophy and by reducing collagen deposition and enhancing collagen degradation [137, 138]. 

They also present immunomodulatory effects [137, 139], ability to elongate telomere length and 

to reduce cell senescence [140]. In vitro and in vivo, the use of CDCs has shown superior efficacy 

compared to c-kit+ and CD90+ populations alone [132, 138]. In clinical trials, the use of CDCs 

has been proven to be safe and to have some beneficial effects. However, improvements in 

cardiac function and scar size reduction have been moderate and variable, with some clinical 

trials failing to meet their primary endpoint. Main clinical trials using CDCs for the treatment of 

cardiac and non-cardiac pathologies are summarized in Table 1.1.  

Clinical 
Trial 

Treated 
pathology 

Administration 
Route 

CDCs origin 
Patients 
included 

Benefits 
No observed 

changes 

CADUCEUS 
Phase I 
2014 

[141, 142] 

MI Intracoronary Autologous 31 

↓ Scar size 
↑ Viable myocardium 

↑ Segmental 
myocardial function 

↔ LVEF 
↔ LVEDV 
↔ LVESV 

↔ NYHA class 
↔ Functional 

capacity 
↔ QoL 

ALLSTAR 
Phase I/II 

2021 
[143–145] 

MI Intracoronary Allogenic 142 

↓ LVEDV 
↓ LVESV 

↓ NT-proBNP 
↑ Segmental 

myocardial function 

↔ LVEF 
↔ Scar size 

HOPE 
Phase I/II 

2019 
[146] 

DMD Intracoronary Allogenic 25 

↓ Scar size 
↑ Inferior wall systolic 

thickening 
↑ Upper limb 
performance 

↔ LVEF 
↔ LVEDV 
↔ LVESV 

 

HOPE-2 
Phase II 
2020 

[147, 148] 

DMD 
Multi-doses, 
Intravenous 

Allogenic 
20, planned 

80 * 

↑ LVEF 
↓ LVEDV 
↓ LVESV 

↓ CK-MB isozyme 
↑ Upper limb 
performance 

 

DYNAMIC 
Phase I 
2020 
[149] 

HFrEF / 
Dilated 

cardiomyopa
thy 

Intracoronary Allogenic 14 

↑ LVEF 
↓ LVESV 

↑ NYHA class 
↑ QoL 
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TICAP 
Phase I 
2015 

[150, 151] 

HLHS Intracoronary Autologous 18 

↑ RVEF 
↓ RVESVI 

↑ Weight-for-age z 
score 

↓ NYUPHFI 
↓ Incidence of coil 

occlusion for 
collaterals 

↓ BNP 
↓ Unplanned catheter 

interventions 

↔ RVESVI 
 

PERSEUS 
Phase II 
2017 
[152] 

Single 
ventricle 

physiology 
Intracoronary Autologous 41 

↑ VEF 
↓ VESV 
↓ VEDV 

↑ Weight-for-age z 
score 

↓ NYUPHFI 
↑ IGF-1 
↑ HGF 
↑ QoL 

↓ Cardiac fibrosis 
↓ BNP 

 

Regress-HFpEF 
Phase I 
[153] 

 

HFpEF Intracoronary Allogenic 
Planned 40 # 

 
  

ALPHA  
Phase I 
2018 

[154, 155] 
 

Pulmonary 
hypertension  

Infusion in RV 
outflow tract 

Allogenic 
6 

Planned 26 # 
  

CAP-1002 in 
Severe COVID-

19 Disease 
2020 

Compassionate-use 
[156, 157] 

COVID-19 Intravenous Allogenic 6 Safety only  

Table 1.1. Clinical trials using CDCs. MI: Myocardial infarction. BNP: Brain natriuretic peptide. 

DMD: Duchenne muscular dystrophy. HFrEF: Heart failure with reduced ejection fraction. 

HLHS: Hypoplastic left heart syndrome. HFpEF: Heart failure with preserved ejection fraction. 

NYHA: New York Heart Association Classification for heart failure. QoL: Quality of life. 

NYUPHFI: New York University Pediatric Heart Failure Index. * Preliminary results only. # Still 

recruiting. 

1.3.2 Stem cell-derived products: extracellular vesicles (EVs) 

In the early stages of cell-therapy development for cardiac applications, the hypothesis 

was that stem cells exerted their beneficial effects by engrafting into the cardiac tissue, 

differentiating into CM, and therefore regenerating/remuscularizing heart muscle. However, later 

evidence showed that this could not be the main mechanism: (i) transplanted cells engrafted 

poorly after administration and practically disappeared after a certain amount of time, but the 

effects persisted [138, 158–162], and (ii) implanted cells, regardless of the type, very barely 
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differentiate into CMs in vivo [122, 163–165]. This shifted the paradigm to exploring whether if 

transplanted cells exerted their MoA though paracrine secretion that activated endogenous 

cardiac repair [120]. It is now well accepted that stem cells secrete signaling molecules (cytokines, 

growth factors, vesicles, exosomes…) that are capable of recruiting and activating endogenous 

CPCs, inducing vessel formation, reducing fibrosis, modulating inflammation, inhibiting 

apoptosis and promoting CM proliferation [166–168]. 

Most of the paracrine action of stem cells is exerted by biomolecules enclosed in EVs 

[169]. Several studies have shown that EVs secreted by different types of stem cells are able to 

recapitulate the beneficial effects of their parenteral cells in cardiac applications [138, 170–175].  

EVs from BM-MSCs, ESCs, CPCs and CDCs have shown efficacy after intramyocardial injection 

in MI models [172, 176–181] and after intravenous administration in myocardial ischemia, dilated 

cardiomyopathy and muscular dystrophy [182–189]. EVs are nanosized particles secreted by cells 

(not necessarily stem cells) and formed by a lipid bilayer transporting inside proteins, noncoding 

nucleic acids (including miRNAs), and lipids rafts intended to be delivered to other cells as a 

mechanism of cell to cell communication [190]. The term EVs includes two main subcategories 

of particle classification: exosomes and microvesicles [191]. EVs regulate diverse functions such 

as maintaining cardiovascular homeostasis, structure, and function, and may have neutral, 

beneficial or deleterious effects in target cells. However, under pathological situations, their 

content and number can vary. Thus, they hold prevention, diagnostic and therapeutic potential to 

treat cardiovascular diseases [190].  

CDC-derived EVs (CDC-EVs) present many cardiac beneficial effects for their potential 

use as treatments and have shown superior efficacy for cardiac applications compared to EVs 

from other non-cardiac cells [192–194]. In vitro, CDC-EVs inhibit apoptosis, promote 

proliferation of CMs and enhance angiogenesis [180, 195, 196]. These results have translated into 

animal models, where CDC-EVs attenuated scar size, necrotic myocardium and adverse 

remodeling while improving cardiac function and inducing neovascularization [176, 180, 181]. 

However, despite knowledge about their MoA being continuously increasing, there is still no 

clear understanding of the mechanisms and signaling pathways by which stem cell EVs exert 

their promotion of cell survival and proliferation, angiogenesis, differentiation of endogenous 

stem cells, extracellular matrix homeostasis and by which they reduce inflammation and fibrosis 

[197]. Pinpointing specific components inside the EVs that recapitulate all their beneficial effect 

is highly desirable in terms of treatment simplification, standardization, and optimization. 

Nevertheless, it may be a hard task because it is likely that several bioactive molecules inside the 

EVs target multiple signaling pathways synergistically [198]. When looking at specific CDC-EV 

cargo, several proteins, miRNAs and RNA fragments have been identified as particularly 

abundant and relevant (although not exclusive) for exerting efficacy [180, 192, 198, 199]. 
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The use of EVs versus their parenteral cells offers many advantages. In the first place, 

they are more stable [200] (even after repeated freeze-thaw cycles [201]) and are immune tolerant 

[181]. In the second place, contrary to cells, high doses of EVs do not face the problem of 

microvascular plugging and partial loss of the injected dose due to reduced transplanted viability 

[110]. From the regulatory point of view, EVs may be regulated as biological medications rather 

than ATMPs, as the manufacturing process is more similar to a drug than to cells and they are 

easier to standardize [202]. Still, clinical use of EVs and their commercial development is in early 

stages [110]. In 2021 there were only 22 clinical trials testing the beneficial effects of EVs, and 

none were in the cardiac field [202]. There is now one planned clinical trial with EVs from iPSC-

derived CPCs [203]. Main advantages of cellular and acellular products (which include EVs) are 

summarized in Figure 1.9. 

 

Figure 1.9. Advantages and disadvantages in cellular and acellular therapy [197]. iPSCs: induced 

Pluripotent Stem Cells. CPCs: cardiac progenitor cells. CDCs: cardiosphere-derived cells. MSCs: 

mesenchymal stem cells. ESCs: embryonic stem cells. SKBCs: skeletal blast cells. EPCs: 

endothelial progenitor cells. HSCs: hematopoietic stem cells. BMMNCs: bone marrow-derived 

mononuclear cells. iCPCs: induced cardiac progenitor cells. 

1.3.3 Hydrogels 

Hydrogels are a form of biomaterials consisting in cross-linked polymeric networks with 

high water content that form soft, 3D structures that mimic the structure of natural tissues [204]. 

When used alone, they have the potential to improve function of the damaged myocardium by 

providing structural and chemical support and inducing endogenous repair [205]. Hydrogels are 
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mainly classified in two types: natural and synthetic hydrogels. Natural hydrogels explored with 

cardiac applications include collagen [206], decellularized ECM (dECM) [205], silk fibroin [207, 

208], chitosan [209, 210], cellulose [211], alginate [212, 213], gelatin [214] and hyaluronic acid 

hydrogels [215]. Their main advantages are that they are highly biocompatible [216] and are in vivo 

degraded by cellular enzymes (or ion exchange in the case of alginate). This makes them very 

safe, but their degradation is hard to control and they offer batch-to-batch variations. In addition, 

their mechanical and electrical properties are different from that of the myocardial tissue [204] 

and they present long gelation times [217]. In contrast, synthetic hydrogels such as polyvinyl 

alcohol (PVA) [218], polyacrylamide, poly(N-isopropylacrylamide) (PNIPAm) [219], polyethylene 

glycol (PEG) [220] and poly(3,4-ethylenedioxythiophen) polysterene sulfonate (PEDOT:PSS) 

[221] are highly controllable and customizable, but are less biocompatible and not degraded in 

vivo unless modified. The field is moving towards developing combined hydrogels that include 

natural and synthetic materials to obtain desirable mechanical and biochemical properties while 

maintaining biocompatibility and biodegradability [217]. 

Hydrogels can be used as a standalone therapy to provide mechanical and chemical 

support, as drug-delivery vehicles, and to construct artificial tissue in the form of patches. While 

the use of patches requires surgery for implementation in cardiac applications, the use of 

injectable hydrogels offers the possibility of minimally invasive delivery through a catheter [222]. 

In this case, a partially cross-linked hydrogel is injected and when reaching the cardiac tissue it 

self-assembles in-situ performing the solution to gel transition to retain this structure [204]. Ideal 

injectable hydrogels exhibit shear thinning behavior, gel fast after injection and once gelled have 

physicochemical properties similar to that of cardiac tissue while being biodegradable [217, 223]. 

These are essential properties to properly integrate with the host tissue, offer mechanical support, 

decrease wall stress and inhibit pathological remodeling [224]. Three different hydrogels have 

been tested in clinical trials with cardiac applications: fibrin [225], alginate [226] and dECM 

hydrogels [227] for the treatment of MI, being the last two injectable. Despite alginate showing 

improved benefits, in some studies fatalities occurred in the hydrogel injection group and not in 

the control group [228], and in the end it only yielded mixed functional results [223, 229, 230]. 

Solid dECM are scaffolds that undergo a process of chemical, enzymatic and/or 

mechanical treatment to lyse or remove the cells while preserving the native structure and 

vasculature in their specific tissue location [205]. Because of this, they are good candidates for 

cardiac repair [121, 231]. dECM can be directly used in solid form, however, its implantation is 

more invasive and it poses more challenges as a drug-delivery material [205]. Solid dECM can be 

lyophilized, milled and solubilized through enzymatical digestion into a liquid solution that gels at 

physiological temperature [232]. This soluble dECM is more versatile than solid dECM, as it 

maintains the ECM composition but lacks the solid and structural constrains of solid dECM. 
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Hydrogels formed from soluble dECM have reported to reduce cardiac fibrosis and hypertrophy, 

increase angiogenesis, reduce CM apoptosis and recruit CPCs [233]. In a large model of MI, they  

attenuated cardiac remodeling, increased the EF, improved ventricular volumes and global wall 

motion index [234, 235]. These translated into one clinical trial were they also showed ability to 

reduce cardiac remodeling [227]. One of the main advantages of dECM hydrogels is that gelation 

is triggered by thermal stimuli. This makes them less harmful to cells, and external triggers such 

as UV radiation that may generate oxidative damage are not required [217]. However, their soft 

mechanical properties and relatively long gelation times are considered insufficiently robust to 

provide sustained mechanical support to the heart [205, 217]. 

Apart from their use as standalone therapies, hydrogels offer many perspectives as drug-

delivery systems. Due to their high fluid content and their ability to exchange it with the 

surrounding medium, hydrogels can be used to administer cells, EVs and other drugs improving 

their retention at the target site and prolonging their survival and/or release [223]. Recent 

preclinical studies have shown that cell therapy can have a positive effect on cardiac function and 

that this effect was enhanced when administered in hydrogels [209, 210, 213, 236–247]. In 

addition, most of these studies report a synergistic effect of both the hydrogel and the cell 

therapy, improving overall efficacy [237, 240–243, 245]. Three clinical studies have been 

performed in the cardiac regenerative field combining cells and hydrogels (fibrin and collagen), all 

during coronary artery bypass graft [225, 248, 249]. The method proved to be safe although the 

study using fibrin hydrogel to deliver ESC progenitors reported alloimmunization [225]. The 

study by He et al. included a cell-only group, and their results provided evidence of enhanced 

benefit when administering the cells in an embedded hydrogel [249]. As cell therapy is moving 

towards the use of cell-free approaches such as EVs, injectable hydrogels have also been explored 

at in vitro and preclinical level as drug-delivery vehicles for EVs in MI [250–255]. Despite there 

are few studies comparing the characteristics and the efficacy of the different hydrogels in vivo 

(either alone, or for cell or EV delivery) [204], some may be more suitable for some applications 

than others [256]. For example, for the delivery of EVs or secretomes, hydrogels with smaller 

pore size are preferred [251].  

Although hydrogels have shown promising applications in the field of cardiac 

regeneration as both standalone and drug-delivery systems, more progress is needed [121]. On 

the one hand, it is necessary to optimize the electrical, mechanical and gelation properties of 

injectable hydrogels while maintaining biodegradability, probably by the combination of both 

natural and synthetic hydrogels. On the other hand, it is necessary to further explore their 

potential as EV drug-delivery systems and confirm if the combined products do present 

enhanced retention and efficacy vs. hydrogels or EVs alone. The different cardiac regenerative 

therapies, including cells, EVs and hydrogels are illustrated in Figure 1.10. 
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Figure 1.10. Regenerative therapies. Classification of the different type of therapies in cell-based, 

cell-free or tissue engineering is done mostly from an academic perspective. In reality many of 

them converge and the combined use of different strategies may lead to better results. CPC 

indicates cardiac progenitor cell; CRISPR-Cas9, clustered regularly interspaced short palindromic 

repeats-associated 9; ESC, embryonic stem cell; and iPSCs, induced pluripotent stem cell. 

Reproduced with permission [169]. Copyright © 2019 Wolters Kluwer Health, Inc. 

1.3.4 Limitations and challenges for translation of cardiac regenerative and 

reparative products 

Biological products such as stem cells, EVs and natural hydrogels present high 

therapeutic potential because of their ability to prevent and counteract different molecular, 

cellular and structural changes behind cardiac pathologies. However, their translation into the 

clinical scenario faces several problems that need to be addressed, at least partially, if we want 

them to succeed in clinical practice. Some of the most highlighted limitations are the lack of deep 

understanding of their MoA, their large variability and lack of standardization and their in vivo 

retention and biodistribution [115, 120, 121, 257]. 

One of the main reasons attributed to the failure of some clinical trials involving 

biological products (and stem cells in particular) is the lack of knowledge about their MoA [122]. 

Most of the clinical trials were initiated under the hypothesis that implanted stem cells will 
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differentiate into CMs and regenerate heart muscle or induce CM proliferation [122]. Despite the 

knowledge in recent years having enormously increased, with the paracrine hypothesis displacing 

this original hypothesis, there are still many unknowns regarding the specific molecules and 

signaling pathways involved [110, 122]. More specific knowledge could help in predicting success 

in humans and boosting efficacy. Therefore, strong efforts are, and should be further put, into 

elucidating these mechanisms. Nevertheless, full understanding of the MoA and pathways 

involved in the efficacy of biological products can be extremely difficult to achieve and may not 

be fully determinant for their use in the clinical practice [122]. As an example, the MoA of some 

pharmaceutical, everyday used drugs, such as statins, also remains elusive [122].  

Another important challenge in therapeutical biological products is their standardization 

both regarding their source and manufacturing, release and delivery processes [258]. Differently 

to chemical or pharmaceutical compounds, biological products are more complex from the 

molecular and structural point of view and confirming their identity does not always extrapolate 

into confirmed efficacy [110]. Thus, when trying to standardize, there are many factors regarding 

their source that need to be considered: the tissue of origin, the cell type/identity and the source 

donor. ECM and cells isolated from different tissues present some common characteristics but 

also some differences that need to be controlled and taken into account when extrapolating the 

results [255, 259–263]. In general, using the same tissue source as the intended target has proven 

superior efficacy [203, 205, 264]. Even inside the same tissue, there may be similar but different 

cell types, and these slight differences may significantly influence the therapeutic properties [132]. 

Another key point in the use of biological therapies is whether the products should be obtained 

and expanded from the own donor (autologous) or from a generic one (allogenic) [265]. 

Autologous therapy was used in the first place in an attempt to avoid immune rejection. 

However, further studies showed that the immunogenic response with allogenic treatment was 

acceptable [265]. Advantages of allogenic treatment include immediate availability and higher 

product control [115, 265]. Even if from the same tissue and type, cells and tissues derived from 

different donors are not 100% identical, and this inherent variability can considerably alter their 

therapeutical properties. It has been demonstrated that cells of the same type but from different 

donors can yield different therapeutic potential [266–268]. Whether differences in the age, sex 

and associated pathologies of the donor determine their derived cells, tissue and EV therapeutic 

potential still remains unclarified [268–276]. Therefore, the use of previously selected highly 

potent allogenic products seems more convenient [121]. 

As biological products are sensitive to the environment, maintaining manufacturing 

conditions constant and developing adequate potency assays are essential factors for consistent 

and successful translation [110, 257]. The processes followed for biological product extraction, 

purification, and culture (in the case of cells) must be adequately described and maintained. 
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Factors such as culture time and number of passages may considerably affect senescence and cell 

therapeutic potential [87, 277]. In the case of dECM, the decellularization procedure (which can 

be more, or less aggressive) can also influence its composition, its physicochemical properties and 

its therapeutic efficacy [261, 278]. In EVs, differences in the characteristics of the parenteral cells, 

as well as the purification method used are also important to determine the EV population, the 

efficacy, and the ease of translation [176, 180, 279]. While high purification of exosome fractions 

from conditioned medium can be arduous and of doubtful translation, tangential flow filtration 

method allows for a less purified population of EV but is more suitable to comply with clinical 

manufacturing standards [202]. In addition, biological products may change their properties in 

time and depending on the environmental conditions. For example, inadequate or prolonged 

cryopreservation can affect biological tissue structure and degradation, and in the case of cells, it 

can affect viability and their therapeutic potential [110, 280]. In line with this, it becomes essential 

to develop adequate potency assays that allow discerning when a specific product is suitable for 

its use in the clinical scenario because it will be effective [110, 202, 257]. However, determining 

adequate quality criteria and optimum manufacturing and storing conditions requires devoted 

studies, which translate into significant time and resources. Unclear and multiple MoA, together 

with the lack of reference materials contribute to further complicate the task [110, 281].  

It is also important to determine optimum parameters for delivery, such as best time to 

deliver the product [115] (which will also depend on the target pathology), the most suitable 

delivery route [120], and the adequate dose [202]. Regarding the time of delivery, for the 

treatment of cardiac aging short-term treatments applied later in life when the symptoms are 

initiated will be more translational and convenient than long-term or life-long treatments [17]. In 

the case of acute MI, it is important to bear in mind inflammation peaks in the target organism, 

as this can directly impact the survival of the transplanted cells [115]. Time of delivery will also 

depend on the expected MoA: if it prevents further damage (protective mechanism), it should be 

administered in early stages of the disease, while if it is capable of reverting the pathological 

changes it can be used in more advanced stages. The route of delivery plays a role in how the 

transplanted product biodistributes inside the organism [121, 161, 264]. Ideally, to maximize 

efficacy and minimize adverse events, the entire administered product is retained into the target 

organ (in this case the heart) and nothing reaches other organs. The different routes of delivery 

available (intravenous, intrapericardial, intracoronary and transendocardial) have different trade-

offs [161]. On the one hand, the simpler, the less invasive, the most economical and therefore the 

most translational is the intravenous/systemic route. Nevertheless, it offers the less proportion of 

retention in the target tissue. On the other hand, the transendocardial route is more costly and 

invasive, but offers more localized administration and retention [161, 282]. The administration 

route and the retention are also important to determine the adequate dose. In cell therapy, 

different doses have been used in the clinical trials proving cell therapy to be save, but there is 
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still a lack of studies devoted to determining the best dose that optimizes efficacy but remains 

safe [110, 115, 120, 202]. 

One of the main challenges of cell and EV therapy is improving their retention [120]. It 

has been shown that implanted cells and EVs poorly engraft in the target region (even with the 

most invasive delivery routes). In addition, in the case of cells, even if they engraft, the hostile 

environment makes survival rates to be very low [121]. Such poor and short retention may be 

considerably limiting the observable therapeutic effect. To solve this, new approaches are looking 

at repeated dosing [122] and prolonged delivery. It seems unrealistic to think that with a single, 

short-lasting dose we will observe significant and long-lasting effects in diseases that currently 

lack adequate treatments. However, repeated dosing in the case of biological products may face 

translational problems as it is not practical and poses even further questions: the number of 

doses, their time interval, the amount of cells/EVs in each of the dose, etc. The modification and 

combination of biological products, such as cells or EVs with the use of biomaterials, is opening 

new perspectives [121, 169]. Apart from combining structural and biological support, both 

improved retention at the target site and more prolonged deliveries may be achieved [223].  

Other factors that may have limited the translation of biological products into the clinical 

scenario are differences between the preclinical models and the target population of patients 

[258, 283]. First, there are significant differences in the cardiac regenerative capacities of rodents 

and humans, so results obtained in preclinical models may not necessarily translate to humans, 

especially if the cells or the EVs used as therapeutic product are of murine origin [120, 257]. 

Secondly, animals included in preclinical studies are usually young, and in some cases of only one 

gender. Preclinical studies should resemble as much as possible the target population of patients, 

where patients are usually aged, have other co-morbidities and have concomitant routine 

medications [115, 120, 169, 257].  

It is also necessary to better refine the target pathology and population in clinical trials as 

well as the primary endpoints and how to measure them. While most of the clinical trials have 

focused on the treatment of HFrEF (of ischemic and non-ischemic origin), most biological 

products present benefits at molecular and structural levels common to several cardiac 

pathologies [120, 257]. Therefore, the potential of these biological products on cardiac diseases 

such as Duchenne muscular dystrophy (DMD) and HFpEF (associated to cardiac aging) should 

not be diminished and should be further explored [257]. In fact, most of the trials have focused 

on acute MI, where several more problems arise with respect to other pathologies [120]. First, the 

inflammation cascade is more dynamic and of higher scale than in other cardiac pathologies, what 

considerably limits implanted cell survival [284, 285]. Secondly, standard of care is now relatively 

good, so enormous amounts of patients will be required to demonstrate beneficial effects of cell-

therapy on endpoints such as death [286]. Moreover, in most clinical trials, LV function, 
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commonly measured with the EF, was used as the primary endpoint. However, some clinical 

trials have reported benefits in the functional capacity, quality of life and reduced mortality and 

hospitalization [287–290]. In the end, clinical outcome is more relevant to patients than LV 

measurements, and because of the biological product’s MoA, their benefits may not always 

translate into a direct improve in the EF [122, 257].  

Finally, the field is also facing problems against legacy and resources obstacles. To ease 

translation, it is necessary to develop protocols and spaces that allow for the large-scale 

production of these products ensuring their standardization [110, 202]. In addition, due to the 

apparent contradictory results and some cases of academic misconduct, the field of cardiac cell 

therapy is facing lack of commercial interest. Commercial interest is required to move from 

proof-of-concept studies into larger clinical trials [110, 257]. In the end, well-designated phase III 

clinical trials are still needed to determine if these biological products are beneficial for patients 

[120, 122, 202, 257]. The priority concepts for solving these limitations in the cardiac regenerative 

and reparative field at different stages of product development and testing are summarized in 

Figure 1.11. 

 

Figure 1.11.  Priority concepts in cardiac regenerative and reparative medicine according to the 

field of research. Reproduced with permission [257]. Copyright © 2020, Oxford University Press.
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Chapter 2 

2. Motivation, objectives and thesis outline 

2.1 Motivation 

Cardiovascular diseases are the leading cause of disease burden and mortality in the 

world. They are also a major cause of disability and health care costs [1]. The main risk factor for 

the development of cardiovascular diseases is aging [16]. With the average lifespan of the human 

population continuously increasing, it is expected that the problem of cardiovascular diseases will 

only continue to grow in the following years [1]. Aging is particularly linked to an increase in the 

prevalence of heart-related pathologies such as heart failure (HF) and atrial fibrillation (AF) [16, 

17].  

Current pharmacological treatments for HF and AF, although dramatically changed the 

prognosis of these patients in the last decades, still present important efficacy and safety 

problems [2, 3] and are not regarded as definitive cures [4]. This makes it necessary to keep 

developing new treatment strategies that target the underlying fundamental molecular pathways 

and try to trigger endogenous reparative responses. In this context of limited therapeutic efficacy 

of the available medicines for some specific cardiac conditions considered as unmet medical 

needs, the use of advanced therapy medicinal products (ATMPs), including stem cell therapy, 

extracellular vesicles (EVs) and biomaterials such as hydrogels has emerged as a potential 

breakthrough [5]. Contrary to current treatments, biological products could have the potential to 

treat cardiac aging-associated pathologies from a more fundamental level [110], as they are able to 

improve cell survival and protection, cell-cell communication, angiogenesis, cardiomyogenesis, 

reduce inflammation and molecularly regulate proliferation and cell cycle [79].  

Despite the promising potential of biological therapies, many challenges and unknowns 

remain to be solved before they can successfully reach the clinical scenario. Some of the most 

highlighted limitations are the lack of deep understanding of their mechanism of action (MoA), 

their large variability and lack of standardization (including inadequate potency tests), and in 

particular for cells and EVs, their low in vivo retention at the target site [115, 257]. 
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2.2 Objectives 

The main objective of this thesis is to develop, characterize and evaluate advanced 

therapies for the treatment of cardiac pathologies solving some of their current limitations to 

enhance their therapeutic potential. This aim is attained by addressing the following more specific 

objectives: 

 To provide a practical guide for the development of potency assays for cell and cell-

based cardiac reparative and regenerative products. 

 To explore markers of anti-aging potency of cardiosphere-derived cell (CDCs) and 

their secreted EVs (CDC-EVs) 

 To evaluate if the in vitro anti-senescent and pro-angiogenic activity of human CDC-

EVs could be used as a predictor of their in vivo potency in an animal model of cardiac 

aging. 

 To develop and characterize an optimized ATMP by combining solubilized cardiac 

extracellular matrix (cECM), polyethylene glycol (PEG), and EVs to yield an injectable 

hydrogel with short gelation time and improved retention of the EVs. 

 To investigate and characterize the antiarrhythmic MoA of CDC-EVs in a suitable in 

vitro model of AF. 

2.3 Thesis outline 

This thesis begins with an introductory chapter (Chapter 1) that includes the state of the 

art of cardiac-aging related pathologies and the use of ATMPs such as cells, cell-derived EVs and 

hydrogels in the cardiac scenario. In Chapter 2, the motivation, the objectives, and the outline 

followed in this thesis are summarized. A practical guide for the development of cell-based 

potency assays in the cardiac field is provided in Chapter 3. The experimental work of the 

research is presented in Chapters 4 to 7. Finally, the discussion and main conclusions of this 

thesis are presented in Chapter 8. The detailed content of Chapters 3 to 8 is the following: 

Chapter 3: The essential need for a validated potency assay for cell-based 

therapies in cardiac regenerative and reparative medicine. A practical approach to test 

development. In this chapter we describe the main characteristics and challenges for a cell 

therapy potency test focusing on the cardiovascular field. Moreover, we discuss different steps 

and types of assays that should be taken into consideration for an eventual potency test 
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development by tying together two fundamental concepts: target disease and expected MoA 

[291]. 

Chapter 4: Exploring the determinants of rejuvenating potency of cardiosphere-

derived cells: chronological vs. biological age. In this chapter we evaluate if the chronological 

age of the donor, cell senescence and ability to form cardiospheres relate to CDC properties and 

the in vitro rejuvenating and pro-angiogenic potency of CDC-EVs. 

Chapter 5: Anti-senescence in vitro potency of extracellular vesicles secreted by 

cardiosphere-derived cells predicts their rejuvenating effects in an aging rodent model. 

The purpose of this study is to evaluate if the in vitro anti-senescent and pro-angiogenic effect of 

the CDC-EVs, scored with a matrix assay, can be used to predict the in vivo potency of the CDC-

EVs in a model of cardiac aging. 

Chapter 6: Cardiac extracellular matrix hydrogel enriched with polyethylene glycol 

presents improved gelation time and increased on-target site retention of extracellular 

vesicles. In this chapter we develop an optimized product combining hydrogels from cECM, 

PEG and EVs to overcome their individual limitations: long gelation time of the cECM hydrogel 

and poor retention of the EVs. We characterize its gelation and mechanical properties, structure, 

biodegradation, bioactivity, and its EV release and on-site retention in vivo [292]. 

Chapter 7: Electrophysiological effects of extracellular vesicles secreted by 

cardiosphere-derived cells: unravelling the antiarrhythmic properties of cell therapy. The 

purpose of this study is to explore the electrophysiological modifications induced by CDC-EVs 

on arrhythmogenic tissue to better understand the mechanisms behind their antiarrhythmic effect 

[293]. 

Chapter 8: Discussion and conclusions. The results and main findings of this thesis 

are discussed, highlighting new directions for future work. Finally, the main conclusions are 

presented. 





 

35 
 

  Chapter 3 

3.  The essential need for a validated potency assay 

for cell-based therapies in cardiac regenerative and 

reparative medicine. A practical approach to test 

development 

3.1 Abstract 

Biological treatments are one of the medical breakthroughs in the 21st century. The initial 

enthusiasm pushed the field towards indiscriminatory use of cell therapy regardless of the 

pathophysiological particularities of underlying conditions. In the reparative and regenerative 

cardiovascular field, the results of the over two decades of research in cell-based therapies, 

although promising, still could not be translated into clinical scenario. Now, when we identified 

possible deficiencies and try to rebuild its foundations rigorously on scientific evidence, 

development of potency assays for the potential therapeutic product is one of the steps which 

will bring our goal of clinical translation closer. Although, highly challenging, the potency tests 

for cell products are considered as a priority by the regulatory agencies. In this chapter, we 

describe the main characteristics and challenges for a cell therapy potency test focusing on the 

cardiovascular field. Moreover, we discuss different steps and types of assays that should be taken 

into consideration for an eventual potency test development by tying together two fundamental 

concepts: target disease and expected mechanism of action. 

3.2 Introduction 

Medical landscape is being dramatically changed by the introduction of cell-based 

therapies [120]. In the cardiovascular field, research in regenerative and reparative medicine made 

an enormous contribution to the understanding of profound pathophysiological processes 

underlying different diseases and biomolecular cellular organization and functioning. However, in 

clinical trials of the field, cell-based therapies have only shown modest efficacy. This has been 
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due in part to a lack of standardization, of comparability studies and of deep understanding of 

the mechanisms of actions (MoA) behind [115]. 

Development of adequate potency assays that reproducibly measure the ability of the cell-

based ingredient to produce a given result (bioactivity), will be a step forward not only in 

industry, but also to overcome these limitations in academic research [257]. In fact, the 

International Council for Harmonisation of Technical Requirements for Pharmaceuticals for 

Human Use (ICH) recommends consideration of biological activity, alongside identity and purity 

among others, for determining product acceptance before intended use [294]. However, 

differently from small-molecule drugs (long dominating the pharmaceutic industry), cell-based 

therapeutics present higher inherent complexity and presumable several MoA that require a 

longer time to attain the clinical scenario and that complicate the development of adequate 

potency measurements. Key aspects are identifying critical quality attributes (CQAs) related to 

the MoA of the product, how to determine their acceptable ranges, and how to measure them 

reproducibly and feasibly on a routine basis. 

In this chapter, we review the need and the requirements in developing potency assays 

for cell-based therapeutics in the cardiovascular field focusing on the recommendations by the 

ICH and those adopted by the U.S Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA). Moreover, we discuss the specific challenges and the practical 

limitations of potency tests in the cardiovascular field not sufficiently commented in the 

regulatory papers. In addition to that, we elaborate on the link between the target cardiovascular 

disease and the expected MoA of the cell-based ingredient to propose potential candidates as in 

vivo, in vitro and surrogate measurements to evaluate potency of the product. The relationship 

between these processes discussed in this work are summarized in Figure 3.1.  

3.3 Potency assay as regulatory recommendation to 

optimize research results 

Potency has been defined as a quantitative measure of biological activity [294]. It can be 

considered equivalent to strength and defined as the therapeutic activity of the drug product [295, 

296]. Therefore, a potency assay is a test or set of tests with the ability to confirm that the 

relevant biologic functions that correlate to the efficacy are present in the active ingredient and in 

the final product [297]. 

Product consistency is one of the pillars for the reproducibility of clinical effects and 

demonstrated efficacy. Identity, purity, stability, and quality, together with potency, need to be 

guaranteed to ensure this consistency. As a result, validated potency assays are necessary before 
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product release to support consistency in the strength of all released products. In fact, both the 

EMA [298] and the FDA [296] have pointed the need for measuring biological activity via a 

validated potency assay for qualification, validation and control of cell-based therapies [299]. In 

this regard, data demonstrating that the potency assay(s) measures an appropriate biological 

activity of the tested therapeutic agent is preferred when the material is ready for the first clinical 

trial [295]. 

 

Figure 3.1. Development and challenges in potency assay development in the cardiovascular 

field. Development of potency assays for cell-based products consists in understanding the 

pathophysiology of the disease, identifying potential mechanisms of action (MoA) to counteract 

it and finding the most suitable cell-based product that exhibits these MoA. When applied, the 

potency assay needs to correlate bioactivity of the product, via a measurement related to the 

MoA, with treatment efficacy. Nevertheless, in the cardiovascular field, the process faces several 

challenges and high requirements. 

However, cell-based therapies present several differences with respect to many classical 

pharmacological compounds (small molecular drugs). As “living products”, cells present larger 

variability, more limited stability, and larger molecular and mechanistic complexity. Their 

biological activity and thus efficacy will strongly rely on their source, processing and/or storage. 

Viable cells may lose their biologic function during processing or storage [297], or change their 

properties in response to their environment with potentially significant functional and safety 

consequences [300]. As a result, merely confirming cell identity and viable cell number at the 

moment of product release does not necessarily correlate to biological activity measurements 

[298]. 
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Solid potency tests are not only useful for ensuring that the final released product is 

consistent, effective, and high-quality manufactured. They also serve during the different stages 

of product development and manufacturing as part of product comparability, stability testing and 

quality evaluation [296, 298]. Adequate potency tests will allow the fair comparison of different 

products (different batches, different cell types or even different sources), and therefore the 

selection of the optimal one regarding a specific MoA. In addition to that, the potency assay may 

also be useful to assess stability by ensuring the strength of the product is maintained at the 

different stages of the manufacturing process and determining product shelf-life and optimum 

manufacturing and storage conditions. Investment in a solid potency assay from early stages of 

product development mitigates the risk of costly product failure in subsequent states [297]. 

3.4 Requirements of  an “ideal” potency assay 

An ideal potency assay should be relevant, practical, reliable and ideally quantify the 

biological activity related to the MoA [296, 298]. Although tolerant with the heterogeneity of the 

product, the assay must be able to detect meaningful changes potentially related to efficacy [296] 

and have predefined acceptance and rejection criteria [297] to conclude if the product is suitable 

for release, as well as its suitable dating periods. To be reliable, potency tests should have 

adequate reference materials: standards and/or controls to ensure interoperator and time-to-time 

consistency. Also, tests should report on accuracy, sensitivity, specificity and reproducibility to be 

amenable for validation and meet labelling requirements [296]. 

Figure 3.2 summarizes the steps to be followed in the process of a potency test 

development. When characterizing the product identity, it is important to appropriately control 

the mixture composition if several cell types are present in the product. Moreover, while identity, 

cell purity and proliferation will influence and may correlate to biological activity and potency, 

this must be demonstrated through qualified experiments. 

3.5 Challenges in the development of  potency assays for 

cell-based therapies 

Development of a potency assay for cell-based products faces several challenges. One is 

the heterogeneity of the primary cells partially related with the particularities of their donors and 

the intention of use as an autologous or allogeneic treatment [296]. Allogeneic treatments have 

presented similar effect but several advantages over autologous treatments, such as larger 

availability and the possibility to select the most potent products [301]. Other factors such as cell 
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age and their previous exposure to risk factors can also determine potency and are more easily 

controlled in allogenic treatments. In cell-based products, and in particular in autologous 

treatments, tests requiring minimal amount would be preferred as the availability is considerably 

limited. 

 

Figure 3.2. Steps in the development of a potency assay. 

Furthermore, cell-based products present a high level of molecular complexity [298, 302], 

as well as multiple, and usually not fully-known MoA [303], entangling the selection of the most 

accurate potency test. Thus, as one single test may not be sufficient to fully represent several 

MoAs of the product, the final potency assay may be based on multiple complementary tests, the 

so called assay matrix [304]. Moreover, when cell-based product is administered in vivo, the 

biodistribution, as well as the retained amount of product in the target tissue are usually crucial 

for the efficacy but can be complex to model. This can considerably difficult establishing links 

between in vitro potency assays and the physiological MoA in vivo [305].  

Cells are also very sensitive to environmental conditions, processing, storing, delivery, 

and administration, what affects their viability and quality attributes, and therefore, their stability 

and shelf-life [298]. So, despite potency should be measured on the final product, stability 

(referring to maintenance of its physiological and potency attributes in time) should also be 

demonstrated during the different phases of product’s life. After the stability is confirmed at all 

the stages, potency measured at a given time-point can be used as indicative of product’s quality 

[306]. 
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Another important limitation is the lack of adequate reference materials and standards. 

To guarantee consistency, reference materials and standards must be highly characterized and be 

sufficiently homogenous and stable [307]. However, when attempting to quantify CQAs in 

biological materials, standardization becomes difficult as the tests commonly lack an existing 

certified reference material to use for comparison and often do not provide measurements in 

independent and internationally recognized units (for example, in International System of Units) 

[281]. The heterogeneity and complexity of living cells difficult the development of a reference 

cell line [305] or a “cell-ruler” [308] to normalize the potency measurement over several batches. 

Determining acceptance and rejection criteria in cell-based products’ potency assays is 

not always trivial. The acceptance criteria may be redefined as new knowledge about the product 

is gained in vitro, in vivo, and in the clinical scenario during the different stages of product and 

potency assay development. It is necessary to ensure that the final defined acceptance criteria 

consists in a numerical range that ensures biological activity and reflects clinical effectiveness 

[296]. 

The bioactivity of the product can be evaluated in vitro and/or in vivo [295]. Potency assays 

performed in vivo should include carefully defined controls, including sham and vehicle treatment 

groups, and take into consideration specific xenogeneic responses that might influence the 

induced effects. Main drawbacks of in vivo models for routine potency assessment are the costs 

and the time consumption [306]. Hence, in vitro models are generally preferred [309]. In vivo 

testing is commonly used to validate the in vitro predictability and to identify the pass/fail results 

for potency, as in vitro tests should correlate to the intended effect in vivo and assumed MoA. 

In vitro functional assays, such as endothelial tube formation for angiogenesis or anti-

inflammatory assessment are often not suitable for routine testing right before the product is 

administered since they present high variability and are time-consuming [298]. Therefore, when 

possible, the use of surrogate (non-direct) measurements that have previously demonstrated 

correlation with functional assays, such as for example specific gene expression or secretion of a 

factor, are preferred [295, 296]. 

3.6 Disease-targeted and mechanism of  action-guided 

potency tests in cardiovascular regenerative medicine 

Cell therapy products have been indistinguishably used for a wide range of cardiac 

diseases over the past two decades many times with just modest efficacy [120, 310]. However, the 

role of the pathophysiological pathways underlying each of the diseases should not be 

underestimated in the therapeutic response of a given cellular product and should be taken into 
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consideration for the right selection of the potency test. While a specific cell-product, with 

predominantly one MoA can be suitable for a particular condition, it may be inappropriate for a 

different disease. Moreover, the pathophysiological stage of the disease, acute or chronic, and the 

predominantly inflammatory or fibrotic underlying background, are also important factors to 

consider when opting for a particular product. Products with more immunomodulatory, anti-

inflammatory and cardioprotective (anti-apoptotic) mechanisms of action may be preferred in 

early stages of the disease, while proangiogenic, anti-fibrotic and strategies targeting direct re-

muscularization may be more beneficial in advanced stages of the disease. 

Several MoA linked to cell-based therapies in cardiovascular regenerative medicine have 

been described [311]: cell survival and protection (cardioprotection), immunomodulatory, anti-

inflammatory and anti-fibrotic effects, angiogenic and cardiomyogenic [79, 285]. To develop an 

adequate potency assay and successfully quantify the potential efficacy of a cell-based product, it 

is essential to identify the most relevant MoA of the therapeutic product and at least one of the 

disease-related significant pathophysiological pathways expected to be counteract by the former 

(Figure 3.3). 

Some cell products have been characterized for their MoA, but a robust quantification of 

these effects to compare and identify the most potent cell type for a certain clinical condition, 

and/or from batch to batch is still lacking [115]. Today is accepted that the cells exert their 

therapeutic effects mostly through paracrine secretion of soluble factors and/or extracellular 

vesicles (EVs) [308, 180, 306, 293]. Indeed, EVs offer the potential to overcome the frailty of cell 

therapy by conserving their bioactivity regardless of the extremes of handling [200]. Moreover, 

the use of EVs, exosomes, or other cell-derived products ease standardization, costs and are 

more manageable to scale-up [310].  

When the expected MoA is paracrine-mediated, the potency assay should initially focus 

on detection of secreted bioactive molecules or particles related to the process, such as cytokines, 

growth factors, miRNA, etc. and then, if possible, find surrogate markers [298]. These analytical 

assays can evaluate immunochemical, biochemical and/or molecular attributes such as cell 

surface markers, secretion factors, protein or gene expression patterns [309]. In case the intended 

effect is through tissue replacement (i.e. using pluripotent stem cells, PSCs), then cell retention, 

differentiation potential and maturity of the differentiated cardiomyocytes (CMs) should be 

considered for the potency assay. 
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3.7 Possible ways of  measuring potency according to the 

expected mechanism of  action 

Once the potential MoA linked to the cell-based therapy product and the target 

cardiovascular pathology have been identified, it is important to determine the potential tests that 

could be used to quantify potency. In this section, different in vivo, in vitro and surrogate tests for 

the different potential MoA (cardiomyogenesis, electromechanical coupling, immunomodulation, 

cardioprotection, angiogenesis and anti-fibrosis) are reviewed (Figure 3.3). 

 

Figure 3.3. Potency tests based on the expected mechanism of action (MoA) for different 

cardiac diseases. 

3.7.1 Cardiomyogenesis 

Cardiomyogenesis refers to new CM formation that is now acknowledged to be rare in an 

adult human heart and still inefficiently achieved by different cell therapy modalities [169].  The 

newly formed CMs can result from direct differentiation of the implanted cells, from 

differentiation of endogenous cardiac stem cells, or from proliferation of pre-existing CMs. 

Cardiomyogenesis resulting from CM division can be confirmed ex vivo by using classical mitotic 

markers, such as Ki-67, phospho-histone 3 and thymidine analogs such as bromo-deoxyuridine in 

multinucleated CMs. However, these are not always indicative of true mitosis or cell division and 

require animals, which may difficult its use for routine testing. If still this is considered as the 
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MoA in a given condition, the combined use of different mitosis and cytokinesis markers (e.g. 

Aurora B kinase) could increase the efficiency of the potency test measured. Cardiomyogenesis 

arising from implanted cell differentiation can be assessed in vitro by quantifying their potential to 

differentiate into the myocyte lineage under specific conditions. Nonetheless, the potential to 

differentiate in vitro may differ in vivo, so adequate correlation between the in vitro differentiation, 

in vivo differentiation and in vivo efficacy must be previously demonstrated. 

3.7.2 Electromechanical maturation and coupling 

Exogenous or extrinsic replacement generally refers to implantation of CMs 

differentiated in vitro from embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs). 

In these studies, electromechanical integration and maturity of transplanted cells into the injured 

heart is fundamental to achieve functional improvement [312] and should be considered for a 

potency assay. To evaluate electrophysiological maturity and avoid potential pro-arrhythmic 

effects [126], the final construct should be assessed for activation frequency, conduction velocity 

(CV) and action potential duration and morphology to be compared to native tissue 

electrophysiological characteristics. Electrophysiological studies are also crucial when the pursued 

target of the therapeutic product is the generation of biological pacemakers or an antiarrhythmic 

effect [313, 314].  

In vitro cell automaticity (spontaneous activation) can be studied using whole-cell voltage 

clamp and simultaneous patch-clamp/laser scanning confocal calcium imaging. High resolution 

activation maps that characterize impulse initiation and propagation can reveal important 

information in vitro about the electrophysiology of the cells to be implanted and about temporal 

coupling between graft and host cells ex vivo. However, these tests are not practical for routine 

and massive testing because they are usually labor intensive and require highly specialized and 

costly equipment. Therefore, despite up to date there are no alternative or validated 

measurements on this regard, it is recommended to explore and attempt to validate alternative in 

vitro or surrogate markers for electrophysiological stability and maturity. For example, for 

functional integration to occur, the maturity of the electrical potential generated by differentiated 

cells is dependent on the amount and proportion of ion channels and the ability of the electrical 

potential to propagate to neighboring cells through gap junctions. Using protein and/or gene 

expression of ion channels and connexin-43 [315] in differentiated CMs, if validated, could be 

indicative of electrical maturity of the product. Evaluating modifications in these proteins in vitro 

in models of target cells or tissues under the presence of the therapeutic product could be 

indicative of electromechanical coupling and antiarrhythmic potential of the therapeutic agent. 
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3.7.3 Immunomodulation 

Contrary to classical belief, inflammation is not necessarily an impediment to tissue 

regeneration. Some immune cells (monocytes and macrophages) are required for cardiac 

regeneration, and injury-induced CM proliferation is inhibited by immunosuppression [79]. 

Harnessing immune cells pro-reparative mechanism(s) to promote heart regeneration vs. their 

pro-inflammatory effect that exacerbates disease will still require better understanding. In fact, 

immunomodulation is gaining support as the main MoA behind cell therapies in the 

cardiovascular field [316]. Despite the challenges in establishing the mechanisms behind 

immunomodulation, mesenchymal stem cells (MSCs) and cardiac progenitor cells (CPCs) have 

shown to attenuate production of TNF-α and IL-6, to increase the expression of IL-10 [317], and 

to polarize an effector macrophage population [318]. Regarding potency assays, cell therapy 

effect on inflammatory response can be assessed in vitro by measuring macrophage activation and 

migration, and secretion of pro- and anti-inflammatory factors, such as TNF-α, IL-6, and IL-10. 

3.7.4 Cardioprotection  

Cardioprotection in terms of increased cellular resistance to internal or external stressors, 

is essential in limiting cardiac remodeling after injury, and therefore preserving cardiac function at 

a longer term. CM loss is probably the main issue related with the disease progression in ischemic 

heart disease and/or systolic heart failure (HF). These cells can be protected directly by means of 

antisenescence, antioxidative or antiapoptotic effects conferred by some therapeutic cells, or by 

stimulation of autophagy, among others [319]. Both MSCs and CPCs have shown to enhance cell 

survival, prevent apoptosis in CMs and prevent ischemic injury via paracrine mechanisms [320, 

141, 176]. 

Ventricular contractility (i.e. left ventricular ejection fraction, EF) assessed by imaging 

techniques in vivo animals is accepted to translate underlying CMs survival and function. They can 

also contribute to the elucidation of the particular mechanisms and to identification of new 

potential markers. However, animal studies are more expensive and non-efficient as a frequent 

potency assay for batch release. Alternatively, if possible, in vitro functional tests once 

demonstrated to be correlated to in vivo expected efficacy could serve to evaluate and quantify 

cardioprotective efficacy of the therapeutic product. In this regard, evaluation of the effect of the 

cell-based products on CM apoptosis and/or senescence could be considered as potential in vitro 

potency assessments for validation. As example of further surrogate potency endpoints, the 

measurement of the secretion or expression of some cytokines (i.e. IGF-1, TNF-α [321, 322]) 

that have demonstrated to be associated with the inhibition of apoptosis and increased CM 

survival could be considered. 
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3.7.5 Angiogenesis  

A continuous supply of nutrients, as well as routes for eliminating metabolic products, is 

essential for tissue health. In the absence of neovascularization following injury, the heart fails to 

repair and instead forms extensive fibrotic scar. Although the precise mechanisms of 

neovascularization are not well defined, endothelial cell proliferation and arrangement into tube-

like structure finally leads to the formation of new vessels. Paracrine activity of MSCs and CPCs 

have shown to augment the pro-angiogenic activity of endothelial progenitor cells [323, 324, 132]. 

This effect has been linked to vascular endothelial growth factor (VEGF) secretion [323] and 

extracellular matrix metalloproteinase inducer (EMMPRIN) release. 

In animal models, angiogenesis can be evaluated with angiography, laser Doppler 

flowmetry, near-infrared spectroscopy (NIRS), histology and immunohistochemistry [306]. In 

vitro proangiogenic potency can be analyzed by the ability of the therapeutic agent to induce 

endothelial cell proliferation and migration, or tube formation on Matrigel. However, due to the 

inherent variability of Matrigel, reference material should be used to ensure test reproducibility. 

Synthetic alternative materials presenting higher sensitivity and reproducibility could be 

alternatively considered [325]. While secretion of involved factors, such as VEGF could serve as 

a potential surrogate measurement, analyzing the combined secretion of different cytokines 

involved in angiogenesis instead of a single one, may increase the predictive value of the potency 

test [326]. 

3.7.6 Anti-fibrotic mechanism 

Another key mechanism of progression of different types of cardiac injuries is fibrosis, an 

increased extracellular collagenous deposition. Transforming growth factor beta (TGF-β) is the 

main player for inducing fibroblast activation and proliferation, extracellular matrix formation, 

and endothelial to fibroblast transdifferentiation [43]. Different cell-based products, such as 

MSCs and CPCs have demonstrated to possess an anti-fibrotic effect by transcriptional 

downregulation of types I and II collagen synthesis [327] and by driving fibroblast to a more 

therapeutic profile (higher stroma-cell-derived factor 1, SDF-1, and VEGF secretion) [328].  

Fibrosis can be easily visualized and quantified ex vivo with Masson trichrome or Sirius 

red staining. However, in vitro fibrosis can be non-directly inferred for example by evaluating 

fibroblasts TGF-β, matrix metalloproteinase (MMP) or tissue inhibitor of metalloproteinases 

(TIMP) secretion under the effect of the therapeutic product. TGF-β, MMP and TIMP secretion 

by the therapeutic cell product itself could be also indicative of fibroblast recruitment potential 

and serve as a surrogate endpoint. 
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3.8 Examples of  potency assays for cell-based therapy 

products in the cardiovascular field 

Among the most detailed potency assays for cell-based therapy products in the 

cardiovascular field are the one for Amorcyte, for MultiStem and for CardiAMP. Amorcyte, 

AMR001 is an autologous cell-therapy for the treatment of myocardial infarction (MI) based on 

CD34+CXCR4+cells. Several parameters were measured during phase I clinical, but only 

mobility in an SDF-1 gradient correlated to efficacy. Therefore, the MoA was thought to be 

product mobilization and migration to the damaged tissue along an SDF-1 gradient where 

administered cells facilitate tissue repair and vascular regeneration. As a result, an in vitro 

migration potency assay of CD34+CXCR4+cells in a defined SDF-1 gradient was used in later 

phases [297, 329]. MultiStem is another cell treatment for MI among other pathologies, but that 

uses allogeneic bone-marrow (BM) derived stromal cells. The main MoA is thought to be 

angiogenesis induction. The initial potency assay determined the minimum levels of VEGF, 

CXCL5 and IL-8 secreted by the cells that led to adequate tube formation, and finally secretion 

of these factors were replaced by their gene expression levels as surrogate markers [297, 329]. 

Recently, BioCardia has patented a new potency assay for their CardiAMP product, which 

consists in autologous bone marrow cells (BMCs) for the treatment of chronic myocardial 

ischemia or HF of ischemic origin. The potency assay, based on previous clinical trial results, 

defines a minimum number and proportion of CD19+, CD34+ and CD133+ cells in BMCs 

from the patient and before expansion to be related to efficacy [330]. Other potency assays and 

their corresponding validation have been investigated in the academy. One consists in a rapid cell 

invasion assay for identifying functional BMCs across Matrigel-coated transwells with an electric 

cell-substrate impedance sensing [331]. Other consists in an in vitro functional analysis for CPC-

derived exosomes at GMP-Grade Manufacturing for evaluating their anti-apoptotic effect in CPC 

and HL-1 CMs and their pro-angiogenic activity through tube formation and amount of CD31 

expression in endothelial cells [332]. 

3.9 Conclusions 

The use of in vivo and some in vitro assays, although closer to the clinical scenario and 

more representative of the mechanism of action (MoA), commonly present high costs and are 

time consuming, making them unfeasible for mass production. The use of simple and easier to 

scale assays such as surrogates related to the specific MoA (i.e. as gene and protein expression or 

the secretion of specific factors) could be more practical. For cardiomyogenesis, potential to 

induce cardiomyocyte (CM) division or to differentiate into the CM lineage is proposed. 
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Expression of ion channels (sodium, calcium and potassium channels) and connexin 43 could be 

indicative of electromechanical maturation and coupling, whereas secretion of pro- and anti-

inflammatory factors (TNF-α, IL-6 and IL-10) could determine immunomodulation. The anti-

senescent and antiapoptotic potential of the product can be determined in vitro on CM and 

stromal cells, VEGF and specific cytokine secretion can be indicative of the angiogenic potential, 

and TGF-β, MMP and TIMP secretion of the antifibrotic potential. However, to develop these, 

or other scalable and accurate potency assays, further work is needed to validate that the potential 

surrogate measurements correlate to the efficacy of the product in patients.  

Development of a potency assay for cell-based therapeutics in the cardiac field is now 

considered a priority by the regulatory agencies to optimize product efficacy in patients. Despite 

the challenges related with reference materials and the complexity of the biological treatments, all 

attempts should be made to develop robust and reproducible potency assays from early stages of 

product development. The potency assays should adequately reflect the product’s relevant 

biological properties related to their expected MoA in the target cardiovascular disease.  
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Chapter 4 

4. Exploring the determinants of rejuvenating 

potency of cardiosphere-derived cells: chronological vs. 

biological age 

4.1 Abstract  

Cardiosphere-derived cells (CDCs) have demonstrated to induce rejuvenation of the 

heart and to improve cardiac structure and diastolic function in old animals. However, the extent 

of the reparative effects of human CDCs seem to variate among different CDC-donors: younger 

donors are thought to generate more potent stem cells. While it is highly desirable to predict the 

in vivo efficacy at the early stages of product development to discard unsuitable donors, there is 

controversy on the relevance of donor and cell characteristics in determining cell potency. In this 

study we evaluated if the chronological age of the donor and/or cellular senescence of CDCs 

better predicts their potency. We focused specifically on the rejuvenating and pro-angiogenic 

potency and used CDC-derived extracellular vesicles (CDC-EVs) as therapeutic product. CDCs 

from 34 human donors (3 months to 81 years old, both sexes) were obtained and characterized. 

After CDC-EVs obtaining, we determined their rejuvenating and pro-angiogenic in vitro efficacy 

on different cell types relevant in heart physiology and pathology, and donor and CDC 

characteristics were correlated to their CDC-EVs potency. Ability to form cardiospheres and 

chronological age and sex of the donor did not relate to most CDC properties and did not 

determine CDC-EV rejuvenating and pro-angiogenic effect in vitro. CDC senescence related to 

other CDC bioactive properties, but this was insufficient to predict CDC-EV anti-senescence 

and pro-angiogenic in vitro potency. This study confirms that CDC-EVs have multiple 

rejuvenating and pro-angiogenic effects on different cell types involved in heart pathology and 

regeneration, but the extent is variable among donors and cannot be predicted by using 

chronological age of the donor or CDC senescence as surrogate markers. For determining cell 

potency, it is important to evaluate functionality relative to the expected mechanism of action, 

since merely cell identity and specific donor or cell characteristics may not translate into boosted 

efficacy for the treatment of a particular pathology.  
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4.2 Introduction 

When moving stem cells as products from preclinical studies to the cardiac clinical 

scenario, hasty translation [283] led to underestimation of how cell heterogeneity and complexity 

could impact potency. Cell (and its derived products) potency has shown to depend on many 

other factors apart from cell identity, such as on the intended purpose and the expected MoA, 

the environment, the cell source, the age of the cells, the age of the donor and the intrinsic 

physiologically state of the tissue of origin [268, 276, 291, 333, 334]. Finding economic, feasible 

and efficient potency assays based on evidence of MoA for cell and cell-derived EVs still remains 

a challenge [110, 279, 291], and crucial for successful translation.  

Despite most clinical trials used confirmation of cell identity as the single requirement 

right before product administration [291], the gold standard for cell potency assessment in 

cardiac applications is structural and functional recovery in a rodent model of myocardial 

infarction (MI) [268, 335]. However, this model is costly, time-consuming and of doubtful 

translation, hindering its use for routine testing [306]. In vitro functional assays do not reflect the 

complexity of living organisms, but they require less time and economic resources and can be 

representative of the MoA if properly validated. In fact, this type of assays is commonly used for 

elucidating mechanisms for cardiac repair behind cardiac stem cells and their derived EVs. Based 

on the expected MoA (pro-angiogenic and anti-senescent) feasible in vitro tests for CDCs and 

CDC-EVs for the treatment of cardiac aging could be their ability to induce tube formation and 

to prevent senescence in human cardiac stromal cells of different donors. Surrogates, usually 

referring to product characteristics, are further preferred to in vitro functional assays as they can 

be tested in early phases of product development and present less variability. Secretion of specific 

factors or miRNAs, or specific cell properties, are sometimes used as surrogate indicators of cell 

potency [291]. Nevertheless, little work exists to explore if these differences in cell characteristics 

or in secretome composition translate into enhanced functionality in vitro and in vivo.  

Some of the explored CDC characteristics that seem relevant for their potency are: (i) the 

proportion of cells expressing specific surface markers, (ii) their ability to form cardiospheres, (iii) 

the chronological age of the donor and (iv) the cellular age. CDCs consistently express the stem 

factor CD105, and there are a variable proportion of cells expressing other surface markers: 

CD117+ (c-kit), CD90+ (Thy-1) and CD31+, while CD45+ remain minority as it is indicative of 

a cocktail of blood lineage markers [133]. CD105, CD117 and CD31+ are essential components 

of cardiospheres [134]. CD117 has been used as a marker of stem/progenitor cells in the heart 

[336] with regenerative potential, but there is controversy on whether it is related to other cell 

populations such as endothelial cells [337] or mast cells [338]. However, CDCs, with all the 

different subpopulations, have revealed superior paracrine function and improved functional 
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benefits vs. the CD117+ population and vs. the CD90+ populations alone. [132]. In addition, 

CD117 expression inside the CDC population seems not to be related to therapeutic efficacy in 

humans and depletion of CD117+ cells did not reduce the structural and functional benefits of 

CDCs in a mouse model of MI [339]. Nevertheless, CD90 expression seems to negatively 

correlate to CDC therapeutic efficacy in humans and its depletion to be beneficial for CDC 

potency in vivo [339]. The proportion of CD90+ has also been related to a reduced ability to form 

cardiospheres (less in number and in diameter), so cardiosphere number and size have also been 

associated with CDC potency in a mouse model of acute MI [334]. CD45+ cells, despite being 

residual in CDCs, have shown to be neither necessary nor sufficient for cardiosphere-formation. 

In fact, depletion of CD45+ cells increases the number of formed cardiospheres [340]. 

Whether chronological age of the donor is relevant to stem cell potency has been widely 

questioned in different scenarios. While some studies have concluded that chronological age was 

relevant to stem cell potency in vitro and in vivo, others have not observed significant differences. 

Stem-cell potency and aging considerably vary depending on the tissue source [341], the 

processing steps and the species used [342], therefore making extrapolation of results sometimes 

hard. In mesenchymal stem cells (MSCs) from murine origin, donor age has shown to be relevant 

in the angiogenic, regeneration and survival potential in a rodent hind limb ischemia model [343], 

in MSC proliferative and metabolism profiles [344], in the adipogenic, chondrogenic and 

osteogenic differentiation potential [345], and in their rejuvenating potential [173, 346]. These 

differences between chronologically young and aged MSCs in rodents seem to translate to their 

derived EVs cargo and potency [173, 346–352]. However, in MSCs from human origin, some 

studies concluded that age did not significantly affect MSCs properties and differentiation 

potential [269, 270], while others relate age with reduced therapeutic properties [271–273]. 

Regarding animal stem cells of cardiac origin, studies have reported differences in donor age 

potential. Cardiac explant-derived cells (EDCs) from old mice present increased cell senescence 

and secretion of senescence-associated cytokines and reduced cardiac repair potential [353]. Sca-

1+CD31- subgroups from young mice presented higher differentiation into cardiac lineages and 

proliferation [354], reduced senescence and increased capacity to proliferate [355]. In CDCs from 

mice, the number of cells obtained, as well as the expression of CD117 and Sca-1 markers, 

proliferation, migration, clonogenicity and differentiation decreased with age [356]. In cardiac 

stem cells (CD117+) derived from human tissue, chronological age correlated to telomere 

dysfunction-induced foci and p16INK4a expression [357]. CD117+ Sca-1+ cells from donors over 

70 years also have shown higher senescence-associated β-galactosidase (SA‐β‐gal), DNA damage 

γ-H2AX, senescence‐associated secretory phenotype (SASP) and less ability to replicate and to 

differentiate [87]. CDCs from neonatal origin showed higher expression of ANG and VEGF, 

higher potential to differentiate into cardiomyocytes (CMs) and to improve left ventricular EF 
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(LVEF), reduce scar size and higher level of blood vessel preservation in infarcted rats [358]. 

Another more recent study showed that age did not significantly affect the quantity and quality of 

CDCs (in terms of SA‐β‐gal, the DNA damage marker γ-H2AX, the expression of VEGF, HGF, 

IGF-1, SDF-1, and TGF-β and in vitro angiogenesis) [274], but that SFRP1, a gene encoding a 

Wnt antagonist, was significantly up-regulated in CDCs from elderly patients (≥65 years old) and 

in CDCs whose senescent phenotype was induced [275].  

Cellular aging is known to have a negative impact on cardiac function [359]. Cell 

senescence, as a way to measure cellular aging, alters negatively cell properties and secretome. 

Cellular senescence increases with the number of cell divisions. Therefore, it is affected by 

chronological age [342] and by the number of passages [333, 360]. Despite senescence being 

recommended as a cell quality marker for cell production [361], it is still not used on routinary 

analysis before cell product release [291]. Some studies have shown that senescence negatively 

impacts on cell reparative potency [87, 277] but it has been poorly explored as a marker of cell-

derived EV potency. Highly senescent cells abundantly produce EVs [362–364]. In fact, the 

production of exosomes from MSCs increases by late passage cultures or senescent donors [364], 

probably through the p53/TSAP6 axis [365]. In addition, their cargo differs from non- (or less-) 

senescent cells [364, 366]. 

The objective of this study was to explore if the chronological age of the donor, cellular 

senescence of CDCs, the proportion of cells expressing specific surface markers or the ability to 

form cardiospheres could be used to predict CDC characteristics and CDC-EVs pro-angiogenic 

and rejuvenating potency in vitro. 

4.3 Materials and Methods 

4.3.1 CDCs and derived extracellular vesicle isolation 

EVs were isolated from CDCs as described in detail by Smith et al. [133]. In brief, cardiac 

biopsies from patients undergoing cardiac surgery were processed through mechanical and 

enzymatic digestion to obtain explants of 1-2 mm size. The explants were cultured over 

fibronectin-coated plates in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented 20% 

with Fetal Bovine Serum (FBS). EDCs started leaving the explant and colonizing the plate after 

proximately 48 hours of culture, and they reached full confluency after approximately 16 days. 

Then, cells were transferred at a density of 25,000 cells/cm2 to ultra-low-attachment Nunclon 

Plates (174932, Thermo Fisher Scientific, Waltham, MA, U.S.A) for 72 hours to allow them to 

form three-dimensional (3D) spheroids (cardiospheres), which are known to potentiate stemness 

and regenerative potential [133]. The cardiospheres were passaged to produce the CDCs and 
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their identity was confirmed by flow cytometry. When CDCs-P3 reached 80% confluence, the 

medium was changed to FBS-free IMDM, and left unchanged for 15 days to allow CDCs to 

secrete and concentrate EVs in the medium. Conditioned medium was filtrated using a 0.45-µm 

filter and ultraconcentrated using Centricon-Plus 70 Centrifugal Filter with 3-kDa cut-off 

frequency (Merck KGaA, Darmstadt, Germany). EVs were then analyzed by nano-particle 

tracking analysis (NTA, performed with NanoSight NS300 from Malvern Panalytical Ltd., 

Malvern, United Kingdom) and their protein content was determined with Bradford assay after 

EV lysis and protease inactivation. EVs were precipitated after incubation with 4% w/v 

polyethylene glycol (PEG) overnight at 4 ⁰C and centrifugation at 4 ⁰C at 1500x g for 30 min. For 

experiments, the precipitated EVs were resuspended in the corresponding medium at the 

specified dose. 

4.3.2 Experimental protocol 

With the aim of identifying markers that predict CDC potency, the experiments were 

divided in sections. First, CDCs from 34 human donors were obtained. During the obtainment, 

cells at the different stages (EDCs, cardiospheres and CDCs) were characterized. Finally, to 

match which characteristics determined in vitro potency, the efficacy of CDC-EVs of different 

donors was tested in vitro on different cell types relevant in heart physiology and pathology. 

 

Figure 4.1. Methodology employed for cardiosphere-derived cell extracellular vesicle (CDC-EV) 

isolation. Cardiac biopsies from patients were immediately processed through mechanical and 
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enzymatic digestion to obtain explants of 1-2 mm. Explant-derived cells (EDCs) started leaving 

the explant and colonizing the plate after approximately 48 h of culture and reached full 

confluency after approximately 16 days. Then, the cells were transferred to ultra-low-attachment 

plates for 72 h to allow them to form three-dimensional (3D) spheroids (cardiospheres). 

Cardiospheres were passaged to produce the so-called cardiosphere-derived cells (CDCs-P0). Cell 

identity was confirmed by flow cytometry in CDCs-P1 cells. CDCs were further passaged until 

CDCs-P3 reached 80% confluence. At that point, the medium was changed to FBS-free IMDM, 

and left unchanged for 15 days to allow CDCs to secrete and concentrate EVs in the medium. 

Conditioned medium was filtrated and ultraconcentrated and EVs were precipitated and further 

resuspended. Quantification was performed through nanoparticle tracking analysis (NTA). 

Average particle size was 200 nm and maximum particle size 450 nm [293]. Scale bars correspond 

to 200 µm. 

4.3.2.1 Product obtainment 

Heart biopsies were collected from 34 patients who underwent cardiac surgery for other 

reasons. Patients of both sexes and different ages (including pediatric and adult) were included. 

Donor age and sex distribution are detailed in Table 4.1 and Figure 4.2. EDCs, cardiospheres, 

CDCs and CDC-EVs were subsequently obtained following the procedure described in section 

4.3.1 (Figure 4.3). 

 

 

 

Table 4.1. Cardiac biopsies donor distribution by age group and sex. 

 

Figure 4.2. Cardiac biopsies donor distribution by age. 

 Males Females Total 
PEDIATRIC (< 14 years) 8  6  14 

ADULTS 9  11 20 
TOTAL 17 17 34 



Exploring the determinants of rejuvenating potency of cardiosphere-derived cells: chronological vs. 

biological age 

55 
 

4.3.2.2 Product characterization 

During the different stages of product (CDC-EVs) development, involved cells were 

characterized in terms of their genetic expression profile, their biological age and/or their 

activity. The characterization methods employed in the different stages of product development 

are summarized in Figure 4.3. In particular, cellular age in EDCs from passage 1 (from 18 

patients) was measured by the percentage of senescent cells and the expression of some 

senescence-related genes (CDKN1A, CDKN2A, and TP53) as illustrated in Figure 4.3b. The 

expression of other genes related to stemness, fibrosis and the secretion of relevant factors for 

cardiac regeneration and repair was also investigated (NANOG, hTERT, GATA4, MEF2C, 

TGFB1, VEGFA, IGF1, IGF1R, HGF, SOD1, SOD2). The size of the 10 largest cardiospheres 

formed by the cells of the 34 patients was also recorded (Figure 4.3c). CDC-P2 identity was 

confirmed by expression of specific surface markers using flow cytometry (99.0 ± 0.2% CD105+ 

cells, 8.7 ± 1.6% CD117+ cells, 36.9 ± 3.8% CD90+ cells, 7.2 ± 1.5% CD31+ cells and 1.3 ± 

0.2% CD45+ cells), and CDC-P2 biological age was characterized by the percent of senescent 

cells in all donors and by telomere length in 16 donors. Additional CDC-P2 characteristics 

explored in these 16 donors included proliferation, DNA synthesis, migration and VEGF-A 

secretion (Figure 4.3d). The protocols followed for each of the characterization tests are 

explained in detail in the following sections. 

4.3.2.3 Product bioactivity evaluation 

The reparative efficacy of the CDC-EVs derived from different donors with low 

senescent and highly senescent CDCs-P3 was evaluated in vitro on cardiac progenitor cells (CPCs, 

CDCs), CMs (HL-1), cardiac stromal cells (CSCs, EDCs) and endothelial cells (ECs, Human 

Umbilical Vein Endothelial Cells, HUVEC). CDC-EV anti-senescent potency was tested in the 

different cell types. While proliferation and DNA synthesis improvement induced by CDC-EVs 

was explored in CPCs and CSCs, CDC-EV ability to prevent apoptosis was studied in CMs and 

their pro-angiogenic potency was determined by the enhancement in endothelial tube formation 

and endothelial VEGF-A secretion. In addition, CDC-EV effects on preventing DNA damage 

and pro-inflammatory factor secretion (TNF-α) were investigated in CSCs. The scheme 

summarizing the explored CDC-EVs therapeutic effects in the different cell types is shown in 

Figure 4.4. 

Bioactivity experiments using CDCs as targets were first used to confirm CDC reparative 

potency is exerted by paracrine activity (Figure 4.4a). CPCs, CDCs-P1 from three different 

donors with a moderate to high proportion of senescent cells were chosen as target cells and 

plated in complete medium at 13,000 cells/cm2 in fibronectin pre-coated 12-well plates for 

senescence experiments and at 9,000 cells/cm2 for proliferation and DNA synthesis experiments. 
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CDCs-P1 from four donors with a low to moderate proportion of senescent cells were chosen as 

treatment and seeded in 12-well ® (3460, Corning®) at 80,000 cells/cm2 (for senescence 

experiments) and 35,500 cells/cm2 (for proliferation and DNA synthesis experiments) as well as 

in standard 12-well plates at 13,000 cells/cm2 for controls. After 24 hours, target CDCs were 

imaged, washed in Phosphate Buffered Saline (PBS), and cultured during 72 hours in FBS-free 

IMDM in the presence of the transwells seeded with the target cells from different donors or in 

absence of treatment cells (controls) as shown in Figure 4.4a. After these 72 hours of co-culture, 

target CDCs and treatment CDCs in the 12-well plates were imaged and fixed for senescence, 

proliferation and DNA synthesis quantification as explained in the following sections (sections 

4.3.5.1, 4.3.9 and 4.3.5.2 respectively). Each condition was run in triplicate. 

 

Figure 4.3. Procedure followed for explant-derived cells (EDCs), cardiosphere and cardiosphere-

derived cells (CDCs) characterization. (a) Cardiac biopsies were collected from 34 patients who 

underwent cardiac surgery for other reasons. The biopsies were processed according to the 

protocol previously described (section 4.3.1) to obtain EDCs. (b) EDCs from 18 donors were 

characterized in terms of their relative gene expression (section 4.3.4) and senescence after 24 

hours of culture (section 4.3.5.1). (c) Cardiospheres from the 34 donors formed after 72 hours 

were imaged and the diameter of the 10 largest measured (section 4.3.6). (d) CDCs were 

characterized in terms of their identity (flow cytometry, section 4.3.7), their biological age 
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(senescence, section 4.3.5.1, and telomere length, section 4.3.8), and proliferation (section 4.3.9), 

DNA synthesis (section 4.3.5.2), migration (section 4.3.10) and VEGF-A secretion (section 

4.3.11.1).  

CDC-EV anti-senescent and anti-apoptotic effects in CMs were studied in vitro on the 

HL-1 cell line (Figure 4.4b). HL-1 cells were plated in complete Claycomb medium at 10,500 

cells/cm2 in pre-coated 12-well plates and in triplicate for each of the apoptosis and senescence 

experiments. After 24 hours, HL-1 plates were washed in PBS and FBS-free Claycomb medium 

alone, or with CDC-EVs from two different donors at a dose of 300 µg/1·106 cells (42 µg/well), 

added. After another 24 hours, H2O2 was added to the HL-1 plates for a final concentration of 

200 µM to induce apoptosis [367]. After 6 hours, the cells were fixed for senescence detection 

and apoptosis quantification as explained in the following sections (4.3.5.1 and 4.3.5.2). 

The anti-senescent, pro-proliferative and DNA protective effect of CDC-EVs on CSCs 

was tested in vitro on EDCs-P2 from one donor with a moderate proportion of senescent cells 

(Figure 4.4d). EDCs-P1 were plated in complete IMDM medium at 13,000 cells/cm2 in 

fibronectin pre-coated 12-well plates for senescence and DNA synthesis experiments, at 26,000 

cells/cm2 for DNA damage and TNF-α secretion, and at 4,200 cells/cm2 in 6-well plates for 

proliferation experiments. After 24 hours, EDCs for the proliferation experiment were imaged 

and all EDCs were washed in PBS and cultured in FBS-free IMDM alone or with CDC-EVs 

from two different donors at a dose of 300 µg/1·106 cells. After another 24 hours, cells for DNA 

synthesis and TNF-α secretion studies were replaced with 500 µl of FBS-free IMDM and the rest 

were left untouched. After another 48 hours, EDCs for proliferation were imaged, media from 

EDCs for TNF-α secretion collected, and EDCs for senescence, DNA synthesis and DNA 

damage quantification fixed as explained in the following sections (4.3.11.2, 4.3.5.1 and 4.3.5.2). 

Each condition was run in triplicate. 

HUVEC were used to test the CDC-EV anti-senescent and pro-angiogenic effect in ECs 

(Figure 4.4c). For senescence and VEGF-A secretion, HUVEC-P5 were plated at 21,000 

cells/cm2 in complete medium (M-200 supplemented with large vessel endothelial supplement, 

LVES) in 12-well plates and in triplicate for each condition. After 24 hours, the plates were 

washed in PBS and 500 µl of LVES-free M-200 alone or with CDC-EVs from two different 

donors (at a dose of 300 µg/1·106 cells, 25 µg/well) were added. After another 18 hours, the 

secretome was collected and analyzed with an VEGF-A ELISA as explained in section 4.3.11.1. 

The cells were fixed for senescence detection as later described (section 4.3.5.1). For endothelial 

tube formation, 87,500 HUVECs-P5 were resuspended in 500 µl of FBS-free M-200 (negative 

control), in M-200 with FBS (positive control) or in FBS-free M-200 with CDC-EVs from four 

different donors (two low senescent and two highly senescent) at 300 µg/1·106 cells and plated 
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on Geltrex-precoated 12-well plates in triplicate for each condition. After 15 hours of incubation, 

tube formation was imaged. Further details are provided on the 4.3.12 Tube formation section. 

After exploring the effects of CDC-EVs from selected low senescent and highly 

senescent CDCs in the different cell types, the anti-senescent and pro-angiogenic potency of 

CDC-EVs from 18 donors was evaluated in CSCs and ECs to confirm if chronological age, 

cardiosphere size, EDC or CDC senescence could be used as surrogate markers of in vitro 

potency.  

 

Figure 4.4. Procedure followed for evaluating the CDC-EV bioactivity in different cell types 

present in the heart. (a) Procedure followed for evaluating the anti-senescent and pro-

proliferative potential of CDC-EVs on cardiac progenitor cells (CPCs). (b) Procedure followed 

for evaluating the anti-senescent and anti-apoptotic potency of CDC-EVs on cardiomyocytes 

(CMs). (c) Procedure followed for evaluating the anti-senescent, pro-proliferative and protective 

potency of CDC-EVs on cardiac stromal cells (CSCs). (d) Procedure followed for evaluating the 

anti-senescent and pro-angiogenic potency of CDC-EVs on endothelial cells (ECs). 
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4.3.3 Cell culture 

All cell lines were cultured and passaged according to published manuals. Cultured cells 

were kept incubated at 37 °C, 5% CO2, 21% O2 and 90% humidity. When cells reached 

confluency, the cells were detached using TryPLETM Select (12563, Gibco) instructions and 

replated in complete medium or frozen (on CryoStor®, C2894, Sigma-Aldrich, at -180 °C). 

4.3.3.1 EDCs and CDCs 

EDCs and CDCs were obtained and cultured following procedures previously published 

[133, 293]. When cultured and passaged, EDCs and CDCs were seeded over fibronectin coated 

plates (341631, Sigma-Aldrich, diluted to 12.5 µg/ml in PBS) at a density of 2,000 cells/cm2 and 

maintained in IMDM (SH30228, Hyclone) supplemented 20% with Fetal Bovine Serum (FBS, 

F524, Sigma-Aldrich), 1% penicillin/streptomycin (PS, 15140, Gibco) and 0.1% 2-

mercaptoetanol (31350, Gibco). EDCs and CDC cells reached confluency after approximately 7 

days when cultured under these conditions. When doing experiments and obtaining CDC-EVs, 

the cells were cultured in FBS-free IMDM, keeping the other supplements (PS and 2-

mercaptoetanol). 

4.3.3.2 HL-1 

HL-1 cells were passaged and cultured following procedures previously published [368]. 

HL-1 cells were seeded over gelatin/fibronectin coated plates (at 0.02%, G1393, Sigma-Aldrich 

and at 5 µg/ml in H2Od, 341631, Sigma-Aldrich respectively) at a density of 15,000 cells/cm2 and 

maintained in Claycomb Medium (51800C, Sigma-Aldrich) supplemented 10% with FBS (F524, 

Sigma-Aldrich), 1% PS and 1% GlutaMAXTM (35050, Gibco). HL-1 cells reached confluency 

after approximately 7 days when cultured under these conditions. When doing experiments in 

HL-1 with the CDC-EVs, the cells were cultured in FBS-free Claycomb, keeping the addition of 

the other supplements. 

4.3.3.3 HUVEC 

HUVEC (C0035C, Gibco) were passaged and cultured following supplier’s instructions. 

HUVEC were plated over plates at a density of 2,500 cells/cm2 and maintained in M-200 (Gibco) 

supplemented with Large Vessel Endothelial Supplement (LVES, A1460801, Gibco) or with the 

Low Serum Growth Supplement (LSGS) kit (S003K, Gibco). HUVEC reached 80% confluency 

after approximately 6 days when cultured under these conditions. When doing experiments in 

HUVEC with the CDC-EVs, the cells were cultured in FBS-free M-200 (unless specified), 

keeping the addition of the other supplements in the LSGS kit. 
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4.3.4 Gene expression analysis 

EDCs-P0 from 18 donors were characterized in terms of the relative gene expression of 

specific genes involved in stemness, fibrosis, the secretion of relevant factors and senescence. 

The genes under study were: NANOG, hTERT and GATA4, MEF2C, TGFB1, VEGF, IGF1, 

IGF1R, HGF, SOD1, SOD2, CDKN1A, CDKN2A, and TP53. RNA from 300,000 pelleted 

EDCs-P0 was isolated using QIAzol Lysis Reagent instructions (QIAGEN, Venlo, The 

Netherlands) and relative gene expression quantification was performed with a two-step Real-

Time Polymerase Chain Reaction (RT-PCR, in a MyCyclerTM Thermal Cycler System, Bio-Rad 

Laboratories, Hercules, CA, U.S.A). One microgram of total RNA was reverse-transcribed into 

complementary DNA (cDNA) using the iScriptTM cDNA Synthesis Kit (1708890, Bio-Rad 

Laboratories) and random hexamer primers in 20-μl reactions, following the manufacturer’s 

instructions. cDNA obtained was diluted 1:20 and gene expression quantification was performed 

in a CFX RT-PCR Detection System (Bio-Rad Laboratories) using a 96-well plate and each 

sample was analyzed in triplicate. PCR amplifications were done with 2 μl of diluted cDNA using 

SYBR® Green chemistry (172-5124 Bio-Rad Laboratories) and specific primer pairs (Table 7.1) 

in a final volume of 20 μl. RT-qPCR efficiency for each assay was controlled using relative 

standard curves generated from a pool of cDNA. Ct data was collected and analyzed applying the 

2-ΔΔCt method for relative quantification using the sample with the highest expression as 

calibrator. Gene expression normalization factor was calculated for each sample based on the 

geometric mean of GADPH and 18S reference genes in geNorm [369]. Specific primer pairs are 

detailed in Table 4.2. 

Gene Protein Forward primer (5’-3’) Reverse primer (5’-3’) Exons 
Protein Coding 

Transcript 

NANOG 
Homeobox protein 

NANOG 

AATACCTCAGCCTCCAGCAGAT
GC 

AGTAAAGGCTGGGGTAGGTAGG
TGC 

2-4 
4-6 

ENST00000229307.9 
ENST00000541267.5 

hTERT 
Telomerase reverse 

transcriptase 
GGTGGCACGGCTTTTGTTCAGA

TG 
TTCAGCCGCAAGACCCCAAAGAG 11-12 ENST00000310581.10 

GATA4 
Transcription factor 

GATA-4 
AGCAGCTTCTGCGCCTGTGG TGGGGGCAGAAGACGGAGGG 

2 
3 
2 
3 
3 

ENST00000532059.6 
ENST00000622443.3 
ENST00000335135.8 
ENST00000532977.1 
ENST00000526974.1 

MEF2C 
Myocyte-specific 

enhancer factor 2C 
TCCTGCAAATATGGCCCTAG CCTGACACACCGGGATTGTT 

12 
11 
11 
11 
11 
12 
11 
11 
10 
11 

ENST00000340208.9 
ENST00000504921.7 
ENST00000437473.6 
ENST00000625585.2 
ENST00000424173.6 
ENST00000636998.1 
ENST00000514028.5 
ENST00000637732.1 
ENST00000510942.5 
ENST00000506554.5 

TGFB1 
Transforming growth 

factor beta-1 
proprotein 

AACCGGCCTTTCCTGCTTCTCA 
TGCGTGTCCAGGCTCCAAATGTA

G 
5-7 ENST00000221930.6 

https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111704;r=12:7787794-7799146;t=ENST00000229307
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111704;r=12:7787794-7799146;t=ENST00000541267
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000164362;r=5:1253147-1295068;t=ENST00000310581
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000136574;r=8:11676959-11760002;t=ENST00000532059
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000136574;r=8:11676959-11760002;t=ENST00000622443
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000136574;r=8:11676959-11760002;t=ENST00000335135
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000136574;r=8:11676959-11760002;t=ENST00000532977
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000136574;r=8:11676959-11760002;t=ENST00000526974
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000340208
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000504921
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000437473
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000625585
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000424173
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000636998
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000514028
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000637732
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000510942
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000081189;r=5:88717117-88904257;t=ENST00000506554
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000105329;r=19:41301587-41353922;t=ENST00000221930


Exploring the determinants of rejuvenating potency of cardiosphere-derived cells: chronological vs. 

biological age 

61 
 

VEGFA 
Vascular endothelial 

growth factor A 
TCTTCAAGCCATCCTGTGTG TGCATTCACATTTGTTGTGC 

3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 
3-4 

ENST00000672860.2 
ENST00000372067.8 
ENST00000372064.9 
ENST00000372077.8 
ENST00000425836.7 
ENST00000372055.9 
ENST00000520948.5 
ENST00000413642.8 
ENST00000482630.7 
ENST00000417285.7 
ENST00000230480.10 
ENST00000324450.11 
ENST00000523950.5 
ENST00000523873.5 
ENST00000518689.5 
ENST00000518824.5 
ENST00000523125.5 
ENST00000457104.6 
ENST00000519767.5 

IGF1 
Insulin-like growth 

factor I 
GCTGGTGGATGCTCTTCAGT ACTCATCCACGATGCCTGTC 

2-3 
3-4 
2-3 
2-3 
3-4 
2-3 

ENST00000307046.8 
ENST00000392904.5 
ENST00000392905.7 
ENST00000337514.11 
ENST00000644491.1 
ENST00000424202.6 

IGF1R 
Insulin-like growth 
factor 1 receptor 

CTCATGCCTTGGTCTCCTTGTCC
T 

CGTCACTTCCTCCATGCGGTAAAT 

5-6 
5-6 
4-5 

ENST00000650285.1 
ENST00000649865.1 
ENST00000558898.1 

HGF 
Hepatocyte growth 

factor 
AGCATGTCCTCCTGCATCTC TGGTTTTTATCTTCAGTGCTGG 

1-2 
1-2 
1-2 
1-2 
1-2 
1-2 
1-2 
1-2 
2-3 
2-3 

ENST00000222390.11 
ENST00000457544.7 
ENST00000444829.7 
ENST00000453411.6 
ENST00000423064.7 
ENST00000465234.2 
ENST00000354224.10 
ENST00000643024.1 
ENST00000412881.5 
ENST00000421558.1 

SOD1 
Superoxide dismutase 

[Cu-Zn] 
CTAGCGAGTTATGGCGACGA TAATGCTTCCCCACACCTTC 

1-2 
1-2 

ENST00000270142.11 
ENST00000389995.4 

SOD2 
Superoxide dismutase 
[Mn], mitochondrial 

CGTCACCGAGGAGAAGTACC TGACCACCACCATTGAACTT 

2-3 
2-3 
2-3 
2-3 
4-5 
2-3 
2-3 

ENST00000538183.7 
ENST00000367055.8 
ENST00000545162.5 
ENST00000535561.5 
ENST00000546087.5 
ENST00000444946.6 
ENST00000537657.5 

CDKN1A 
Cyclin-dependent 
kinase inhibitor 1 

(p21) 

TCCAGCGACCTTCCTCATCCAC TCCATAGCCTCTACTGCCACCATC 

3 
3 
4 
3 

ENST00000244741.10 
ENST00000405375.5 
ENST00000448526.6 
ENST00000615513.4 

CDKN2A 
Cyclin-dependent 

kinase inhibitor 2A 
(p16) 

CCCGTGGACCTGGCTGAG TGATGATCTAAGTTTCCCGA 

2-4 
2-3 
2-3 
2-3 
2-3 
3-4 
2-3 
1-2 

ENST00000498124.1 
ENST00000304494.10 
ENST00000579122.1 
ENST00000579755.2 
ENST00000530628.2 
ENST00000494262.5 
ENST00000498628.6 
ENST00000578845.2 

      

https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000672860
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000372067
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000372064
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000372077
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000425836
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000372055
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000520948
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000413642
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000482630
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000417285
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000230480
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000324450
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000523950
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000523873
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000518689
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000518824
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000523125
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000457104
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112715;r=6:43770184-43786487;t=ENST00000519767
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000017427;r=12:102395874-102481744;t=ENST00000307046
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000017427;r=12:102395874-102481744;t=ENST00000392904
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000017427;r=12:102395874-102481744;t=ENST00000392905
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000017427;r=12:102395874-102481744;t=ENST00000337514
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000017427;r=12:102395874-102481744;t=ENST00000644491
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000017427;r=12:102395874-102481744;t=ENST00000424202
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000140443;r=15:98648539-98964530;t=ENST00000650285
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000140443;r=15:98648539-98964530;t=ENST00000649865
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000140443;r=15:98648539-98964530;t=ENST00000558898
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000222390
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000457544
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000444829
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000453411
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000423064
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000465234
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000354224
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000643024
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000412881
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000019991;r=7:81699010-81770438;t=ENST00000421558
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000142168;r=21:31659666-31668931;t=ENST00000270142
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000142168;r=21:31659666-31668931;t=ENST00000389995
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112096;r=6:159669069-159762529;t=ENST00000538183
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112096;r=6:159669069-159762529;t=ENST00000367055
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112096;r=6:159669069-159762529;t=ENST00000545162
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112096;r=6:159669069-159762529;t=ENST00000535561
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112096;r=6:159669069-159762529;t=ENST00000546087
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112096;r=6:159669069-159762529;t=ENST00000444946
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000112096;r=6:159669069-159762529;t=ENST00000537657
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000124762;r=6:36676460-36687337;t=ENST00000244741
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000124762;r=6:36676460-36687337;t=ENST00000405375
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000124762;r=6:36676460-36687337;t=ENST00000448526
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000124762;r=6:36676460-36687337;t=ENST00000615513
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000147889;r=9:21967752-21995301;t=ENST00000498124
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000147889;r=9:21967752-21995301;t=ENST00000304494
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000147889;r=9:21967752-21995301;t=ENST00000579122
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TP53 
Cellular tumor 

antigen p53 
CTCCCCTGCCCTCAACAAGA CCAACCTCAGGCGGCTCATA 

5-7 
5-7 
4-6 
5-7 
5-7 
5-7 
4-6 
5-7 
5-7 
5-7 
4-6 
1-3 
1-3 
1-3 
1-3 
2-4 
1-3 
1-3 
4-6 

ENST00000635293.1 
ENST00000269305.9 
ENST00000445888.6 
ENST00000610292.4 
ENST00000620739.4 
ENST00000619485.4 
ENST00000455263.6 
ENST00000359597.8 
ENST00000420246.6 
ENST00000610538.4 
ENST00000622645.4 
ENST00000413465.6 
ENST00000504937.5 
ENST00000619186.4 
ENST00000504290.5 
ENST00000510385.5 
ENST00000509690.5 
ENST00000610623.4 
ENST00000508793.5 

GAPDH 
Glyceraldehyde-3-

phosphatase 
dehydrogenase 

GTGGACCTGACCTGCCGTCT GGAGGAGTGGGTGTCGCTGT 

8 
8 
7 
7 
6 
8 

ENST00000229239.10 
ENST00000396861.5 
ENST00000396859.5 
ENST00000396858.5 
ENST00000619601.1 
ENST00000396856.5 

18S rRNA  CGGCGACGACCCATTCGAAC GAATCGAACCCTGATTCCCCGTC   

Table 4.2. Primers used for RT-PCR in EDC characterization 

4.3.5 Histochemistry 

4.3.5.1 Senescence 

Unless otherwise stated in the experimental protocol section, to estimate the percentage 

of senescent cells, cells were plated in complete medium at 13,000 cells/cm2 in fibronectin pre-

coated 12-well plates. After 24 hour-incubation, wells were washed and replaced with FBS-free 

medium (containing the resuspended CDC-EVs if applicable). After another 72 hour-incubation, 

the cells were fixed using Abcam’s Senescence Detection Kit (ab65351, abcam, Cambridge, UK), 

which is used to detect SA-β-Gal activity in cultured cells. The samples were prepared, fixed and 

stained following the assay protocol (with overnight incubation). After staining, samples were 

washed and kept in 70% glycerol (G5516, Sigma-Aldrich) in PBS at 4 ºC. As SA-β-Gal positive 

cells develop a blue color, a total of around 10 images at 20x (around 650 cells) per well were 

taken with a Leica DMI3000B optical microscope and Leica DFC310 FX camera (Wetzlar, 

Germany), and manually classified as senescent (blue) or non-senescent using ImageJ Software. 

4.3.5.2 Immunocytochemistry 

Cell cultures for immunocytochemistry analysis were washed in PBS and fixed in 4% 

formaldehyde for at least 24 hours.  

 

https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000635293
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000269305
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000445888
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000610292
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000620739
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000619485
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000455263
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000359597
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000420246
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000610538
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000622645
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000413465
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000504937
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000619186
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000504290
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000510385
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000509690
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000610623
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000141510;r=17:7661779-7687538;t=ENST00000508793
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111640;r=12:6534512-6538374;t=ENST00000229239
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111640;r=12:6534512-6538374;t=ENST00000396861
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111640;r=12:6534512-6538374;t=ENST00000396859
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111640;r=12:6534512-6538374;t=ENST00000396858
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111640;r=12:6534512-6538374;t=ENST00000619601
https://www.ensembl.org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG00000111640;r=12:6534512-6538374;t=ENST00000396856
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DNA synthesis 

For analyzing DNA synthesis, fixed cells were washed three times in PBS and 

permeabilized with 0.1% Triton-X (X100, Sigma-Aldrich) in PBS for 30 min at room 

temperature (RT). They were later kept 1 hour at RT with Dako protein block (X0909, Dako), 

and overnight incubated in the Ki-67 primary antibody (ab15580, abcam) at a dilution of 1:400 in 

Dako protein block and 4 ºC in a humid chamber. After three 10 min washes, the samples were 

left in Alexa Fluor Goat anti-rabbit 488 nm antibody (10236882, Thermo Fisher Scientific, 

Waltham, MA, U.S.A) at 1:400 in Dako protein block 1 hour at RT, washed twice, incubated in 

DAPI (D8417, Sigma-Aldrich) at 1:5000 in PBS 10 min at RT, washed twice and kept in PBS at 4 

ºC until imaging. Around 10 images at 10x per well (800-1200 cells) were acquired with the Leica 

DMI3000B optical microscope and Leica DFC310 FX camera (Wetzlar, Germany), and analyzed 

using ImageJ Software. 

DNA damage 

For analyzing DNA damage, fixed cells were processed and analyzed as indicated in the 

previous section (DNA synthesis) with some exceptions. The primary antibody used was the γ-

H2AX (ab11174, abcam, Cambridge, U.K.) at 1:500 in Dako protein block for 1 hour at RT, 

while the secondary antibody was the Alexa Fluor Chicken anti-rabbit 594 nm (10759174, 

Thermo Fisher Scientific, Waltham, MA, U.S.A) at 1:400 in Dako protein block 1 hour at RT. 

Apoptosis 

Apoptosis was induced by incorporating H2O2 to the culture medium to a final 

concentration of 200 µM [132, 367]. After 6 hours, the cells were fixed and stained following the 

In situ Cell Death Detection Kit from Roche (11684795910, Basilea, Switzerland). The fixed 

samples were washed three times in PBS and permeabilized with 0.1% Triton-X in PBS for 30 

min at RT. They were later kept 1 hour at RT with Dako protein block and incubated with the 

TUNEL reaction mixture in a humid chamber for 1 hour at 37 ºC. After two washes, the samples 

were incubated in DAPI at 1:5000 in PBS 10 min at RT, washed twice and kept in PBS at 4 ºC 

until imaging. Around 10 images at 20x per well (1200-1600 cells) were acquired with the Leica 

DMI3000B optical microscope and Leica DFC310 FX camera (Wetzlar, Germany), and manually 

analyzed using ImageJ Software. 

4.3.6 Cardiosphere diameter 

EDCs-P0 from 34 donors were transferred at a density of 25,000 cells/cm2 to six ultra-

low-attachment Nunclon Plate-wells for 72 hours to allow them to form 3D spheroids 

(cardiospheres). The 10 largest cardiospheres from each donor were imaged at 5x with the Leica 
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DMI3000B optical microscope and Leica DFC310 FX camera (Wetzlar, Germany), and their 

diameter measured using ImageJ Software. 

4.3.7 Flow cytometry 

For flow cytometry, 150,000 CDCs-P1 from 16 donors were plated in a 100 mm dish and 

cultured until full confluency (around one week) in complete medium. Cells were detached using 

TryPLETM Select (12563, Gibco) instructions, counted (around 500,000) and resuspended in 500 

µl of PBS. Corresponding antibodies (CD105 PE, CD117 APC, CD90 FITC, CD31 PerCP and 

CD45 Vioblue from Miltenyi Biotec) were added to the cell suspension and incubated during 15 

min at RT in the absence of light. Immunofluorescence was quantified with a MACSQuant 

(Miltenyi-Biotech, Bergisch Gladbach) cytometer and data analyzed using Macs Quantify 

software. The average percentage of CDC-P2 from the different donors expressing each of the 

explored surface markers is summarized in Figure 4.5. 99.0 ± 0.2% CD105+ cells, 8.7 ± 1.6% 

CD117+ cells, 36.9 ± 3.8% CD90+ cells, 7.2 ± 1.5% CD31+ cells and 1.3 ± 0.2% CD45+ cells, 

in concordance to the population of CDCs described by other groups [133, 134, 370]. The 

markers expressed by each of the corresponding subpopulations in the CDC mixture are 

indicated in Table 4.3. 

 

Figure 4.5. Percentage of CDCs expressing CD105, CD117, CD90, CD31 and CD45 by flow 

cytometry (n = 18 donors). 

Surface 
Antigen 

Expressed by 

CD105 
Regulatory component of the TGF- β receptor complex. Important in angiogenesis [371] and 

hematopoiesis [372] 

CD117 Stem cell factor, c-kit 

CD90 MSCs or cardiac fibroblasts, thy-1 
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CD31 Endothelial cells 

CD45 Bone-marrow derived or endothelial progenitor stem cells. Hematopoietic progenitors 

Table 4.3. Surface markers characteristic of each subpopulation of cells inside the CDC mixture. 

4.3.8 Telomere length 

CDC-P2 nucleus telomere length was analyzed with the Telomere PNA FISH Kit/Cy3 

(K5326, Dako, Agilent, Santa Clara, CA, U.S.A). 150,000 CDCs-P1 from 16 donors were plated 

in a 100 mm dish and cultured until full confluency (around one week) in complete medium. 

Cells were detached using TryPLETM Select (12563, Gibco) instructions, counted (250,000 - 

500,000), pelleted and resuspended in 9 ml of KCl 75 mM in H2Od. After 30 min incubation at 

37 ºC, nuclei were fixed and washed in Carnoy’s solution (methanol and acetic acid 3:1) and 

stored at 4 ºC until hybridation. Fixed nuclei were pre-treated, denatured and hybridized, washed 

and counterstained following the kit instructions and stored at -20 ºC until imaging. A minimum 

of 50 nuclei from each donor were imaged at 63.5x keeping the same image parameters with a 

confocal scanning inverted AOBS/SP2-microscope (Leica Microsystems, Wetzlar, Germany) and 

analyzed using ImageJ software. After background subtraction, nuclei were segmented in the 

corresponding DAPI image. The mean intensity value of each segmented nucleus was calculated 

in the Cy3 image, as the length of the telomeres is directly correlated to the fluorescence intensity 

of the spots [373]. 

 

Figure 4.6. CDC nuclei from two different donors after merged DAPI and Telomere PNA 

FISH Kit/Cy3 staining. First image shows nuclei with shorter telomere length with respect to the 
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second image, as length of the telomeres is directly correlated to the fluorescence intensity of the 

red spots. Scale bar corresponds to 25 µm. 

4.3.9 Proliferation 

Target EDCs or CDCs-P1 from 16 donors were plated at 4,200 cells/cm2 in 6-well plates 

(3 wells per condition/donor) in complete medium. After 24 hours (time 0), each well was 

washed with PBS, changed to FBS-free medium, an imaged at eight random locations previously 

marked at 5x with the Leica DMI3000B optical microscope and Leica DFC310 FX camera 

(Wetzlar, Germany). After another 72 hours, wells were imaged at the exact same locations with 

the same parameters. Cells in each image were manually counted using ImageJ, and Population 

Doubling Time (PDT) at each location was calculated according to Equation 1. Average PDT 

was obtained from the PDT at each of the 24 locations. 

 

Equation 1. Population Doubling Time.  is equal to the elapsed time, in this case 3 days. 

 is the final number of cells, in this case, after the 72 hours.  is the initial number of cells. 

4.3.10 Migration 

CDCs-P1 were plated at 57,000 cells/cm2 in 12-well plates (3 wells per donor) in 

complete medium. After 24 hours, wells were washed, changed to FBS-free medium and 

incubated for 48 hours. Wounds were generated using a 1000 µl pipette tip, washed, and imaged 

at 5x in five different marked locations per well with the Leica DMI3000B optical microscope 

and Leica DFC310 FX camera (Wetzlar, Germany). After 24 hours, wounds were imaged at the 

same locations. Images were processed in ImageJ to determine the percentage of wound closure. 

First, the wound area at the time of wound generation (time 0) was determined. Then, cells in 

that same area were segmented in the image taken at the same location after 24 hours. The 

percentage of wound closure was calculated at each location as the area of the segmented cells 

divided by the total area of the wound. The average percentage of wound closure for CDCs of 

each donor was obtained by averaging the value in the 15 locations. 

4.3.11 Factor secretion - ELISA 

4.3.11.1   VEGF-A 

To characterize CDC VEGF section, CDCs-P1 from 16 different donors were plated in 

triplicate at 28,500 cells/cm2 in 12-well plates in complete medium. After 24 hours, each well was 
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washed with PBS and incubated with 600 µl of FBS-free media for 72 hours. After this time, the 

conditioned media was collected and the VEGF secretion analyzed following the VEGF enzyme-

linked immunosorbent assay (ELISA) kit instructions from Enzo Life (156-0001, Enzo Life 

Sciences, Farmingdale, NY, U.S.A). 

To study the effect of CDC-EVs on endothelial VEGF-A secretion, HUVEC-P5 were 

plated at 21,000 cells/cm2 in complete medium in 12-well plates and in triplicate for each 

condition. After 24 hours, the plates were washed in PBS and 500 µl of FBS-free M-200 alone or 

with CDC-EVs from two different donors added. After another 18 hours, the secretome was 

collected and analyzed with an VEGF-A ELISA kit (ELH-VEGF kit, RayBiotech, Inc., Parkway 

Lane, GA, U.S.A). 

4.3.11.2   TNF-α 

EDCs-P1 were plated in complete medium at 26,000 cells/cm2 in 12-well plates and in 

triplicate for each condition. After 24 hours, EDCs were washed in PBS and cultured in FBS-free 

IMDM alone or with CDC-EVs from two different donors. After another 24 hours, the medium 

was replaced by 500 µl of FBS-free IMDM. After 48 hours, conditioned media was collected, and 

TNF-α concentration determined using the TNF-α ELISA kit from Enzo Life (ADI-900-099, 

Enzo Life Sciences, Farmingdale, NY, U.S.A). 

4.3.12 Tube formation 

Ability of CDC-EVs to induce endothelial tube formation was tested on HUVECs-P5. 

12-well plates were coated with 150 µl of GeltrexTM (A1413202, Thermo Fisher Scientific, 

Waltham, MA, U.S.A) and incubated at 37 ºC for 30 min. Later, 87,500 cells were resuspended in 

500 µl of FBS-free M-200 (negative control), in M-200 with FBS (positive control) or in FBS-free 

M-200 with CDC-EVs from the different donors at 300 µg/1·106 cells and plated over the pre-

coated plates in three wells per for each condition. After 15 hours of incubation, tube formation 

was imaged at 5x in 5-6 different locations in each well with the Leica DMI3000B optical 

microscope and Leica DFC310 FX camera (Wetzlar, Germany). 16-20 images per condition were 

analyzed and quantified automatically using the Angiogenesis Analyzer tool  in ImageJ [374] and 

used to obtain the average total branching length. 

4.3.13 Statistical analysis 

Results are presented as mean  standard error of the mean in the text and in figures. 

Continuous variables (proliferation, percentage of wound closure, factor secretion and total 

branching length) were compared under the different conditions using Student’s t-tests. 
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Categorical variables (percentage of senescent cells, of Ki-67+cell, of γ-H2AX+ cells and of 

apoptotic cells) were compared using the Z-Score for two population proportions. Pearson tests 

were performed to study the correlation among the different parameters. All probability values 

reported are two-sided, with p < 0.05 considered significant. 

4.4 Results 

4.4.1 CDC’s bioactivity is correlated to the cellular senescence status but 

not to the donor’s chronological age 

CDC senescence seems more determinant than chronological age in CDC proliferative 

and migrative capacities. An example of CDC properties from a chronologically aged donor (70 

years old) but with low CDC senescence (9.1%) vs. a chronologically young donor (7 months 

old) but with high CDC senescence (14.8%) is shown in Figure 4.7a. The CDCs from the aged 

donor, but low senescent, are highly proliferative, with a higher proportion of Ki-67+ cells, and 

with a higher ability for wound closure compared to the CDCs from the young, but highly 

senescent donor. 

Donor’s chronological age or sex are unrelated to molecular markers of cellular aging in 

their derived EDCs and CDCs. Chronological age does not correlate to the genetic expression of 

CDKN1A, CDK2A and TP53 in EDCs, nor any of the other genes explored (R2 < 0.15, p > 0.1). 

No correlation was either observed between chronological age and EDC or CDC senescence 

(Figure 4.7), or to CDC telomere length. EDCs and CDCs from different gender did not present 

significant differences in the cellular aging markers explored. Donor’s chronological age did not 

influence CDC proliferative capacity (PDT), DNA synthesis nor VEGF secretion (R2 < 0.15, p > 

0.1), but it negatively affected CDC migration (R2 = 0.33, p < 0.05, Figure 4.7b). 

Opposite to chronological age, EDC and CDC senescence related to the genetic 

expression of some aging-associated genes and to most CDC properties. The genetic expression 

of CDK2A in EDCs correlated significantly to CDC senescence (R2 = 0.22, p < 0.05), and the 

expression of CDKN1A tended to correlate to EDC senescence (R2 = 0.17, p = 0.09). Despite 

CDC senescence did not correlate to CDC telomere length or VEGF secretion (R2 < 0.15, p > 

0.1), it significantly affected CDC proliferation (PDT, R2 = 0.35, p < 0.05), DNA synthesis (R2 = 

0.34, p < 0.05) and migration (R2 = 0.59, p < 0.001) as shown in Figure 4.7c. 
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Figure 4.7. Donor chronological age vs. CDC biological age effect on different CDC properties. 

(a) Representative images from one chronologically aged donor (70 years old), but biologically 

young (9.1% of senescent CDCs) vs. one chronologically young donor (7 months old), but 

biologically aged (14.8% of senescent CDCs) after 72 hours of culture. (b) Chronological age is 

not significantly related to EDC or CDC senescence, population doubling time (PDT) or DNA 

synthesis capacity (% Ki-67+ CDCs) after 72 hours of culture. Chronological age significantly 

affects CDC migration capacity after 24 hours of wound generation. (c) CDC senescence 

however relates to PDT, DNA synthesis and migration capacity significantly and to a higher 

extent. Adult samples are represented with a square, while pediatric samples are represented with 

a diamond. Male samples are shown in black and female samples in purple. White scale bar 

corresponds to 100 µm, black scale bar to 400 µm. 
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4.4.2 Cardiosphere size and CDC surface markers relate to VEGF secretion, 

but not to other CDC properties 

The genetic expression of VEGFA, IGF1, CDKN2A and CDKN1A in EDCs related to 

the size of the cardiospheres formed (R2 = 0.61 and p < 0.001, R2 = 0.27 and p < 0.05, R2 = 0.53 

and p < 0.01 and R2 = 0.17 and p = 0.08 respectively). In this line, cardiosphere size correlated 

almost significantly to CDC VEGF secretion (R2 = 0.21, p = 0.08), but it did not relate to 

chronological age of the donor or any of the CDC properties measured (senescence, telomere 

length, DNA synthesis, proliferation, migration), with R2 < 0.1 and p > 0.2. The cardiosphere 

size also seemed significantly related to the percentage of CDC cells that were expressing certain 

surface markers. In particular, cardiosphere size related to the percentage of CD31+ CDCs (R2 = 

0.24, p < 0.05), to the percentage of CD45+ CDCs (R2 = 0.35, p < 0.01) and to the percentage of 

CD117+ CDCs (R2 = 0.41, p < 0.01). It did not significantly relate to the percentage of CD90+ 

CDCs (R2 = 0.11, p = 0.2) nor the percentage of CD105+ CDCs (R2 = 0.01, p = 0.7). 

Regarding surface markers, only the percentage of CD117+ CDCs significantly related to 

CDC VEGF-A secretion (R2 = 0.28, p < 0.05). The percentage of CD117+ CDCs did not 

significantly relate to chronological age and the other CDC properties explored: CDC 

senescence, telomere length, and DNA synthesis. Regarding proliferation and migration, higher 

proportion of CD117+ CDCs tended to have higher PDT and lower confluence at the wound 

area, but without reaching significance (R2 = 0.20 and p = 0.08). The rest of the surface markers 

(%CD31+ CDCs, %CD45+ CDCs, %CD105+ CDCs and %CD90+ CDCs) did not correlate to 

VEGF-A secretion, to chronological age, nor to any of the other CDC properties explored (R2 < 

0.15, p > 0.1).  

These results suggest that cardiosphere size and typical CDC surface markers, especially 

CD117, may be unrelated to CDC senescence, proliferation and migration, but they may relate to 

CDC VEGF-A secretion. The relationships found between VEGFA expression in EDCs, 

cardiosphere size, CDC composition and VEGF-A secretion are summarized in Figure 4.8. 

 

Figure 4.8. Cardiosphere size and surface markers relationship to VEGFA expression and 

secretion. * p < 0.05, ** p < 0.01. Gene expression and cardiosphere size relationship: n = 18. 

Cardiosphere size, surface markers and VEGF-A secretion relationship: n = 16. 
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4.4.3 CDC-EVs have an anti-senescent effect on different cell types in the 

heart 

The anti-senescent effect of CDC-EVs derived from selected low senescent CDCs (LS-

CDC-EVs) vs. highly senescent CDCs (HS-CDC-EVs) in CPCs, CMs, CSCs and ECs is shown 

in Figure 4.9. LS-CDC-EVs significantly reduced senescence in all the cell types explored: from 

27.7±1.6 to 19.3±1.9 % of senescent CPCs (p < 0.05), from 16.7 ± 1.2 to 7.3 ± 0.7 % of 

senescent CMs (p < 0.05), from 33.3 ± 2.3 to 24.3 ± 1.9 % of senescent CSCs (p < 0.05) and 

from 23.7 ± 1.3 to 12.2 ± 1.0 % of senescent ECs (p < 0.05). However, HS-CDC-EVs only 

reduced senescence significantly, and similar to the LS-CDC-EVs, in CSCs (to 20.2 ± 1.7 p < 

0.05) and in ECs (to 13.3 ± 1.0, p < 0.05). In CPCs and CMs, the presence of HS-CDC-EVs had 

not a significantly positive effect, and senescence was significantly worst vs. CPCs and CMs 

treated with the LS-CDC-EVs (26.2 ± 1.5% in CPCs and 20.5 ± 1.3% in CMs, p < 0.05). 

4.4.4 CDC-EVs have other “pro-rejuvenating” and pro-angiogenic effects 

on different cell types in the heart 

CDC-EVs also had other beneficial effects for the reparation of damaged or aged heart 

tissue (Figure 4.10). In CPCs, apart from reducing senescence, LS-CDC-EVs significantly 

increased DNA synthesis (0.4 ± 0.2 vs. 1.3 ± 0.4% Ki-67+ CDCs, p < 0.05) and proliferation (16 

± 3.4 vs. 29.6 ± 2.8 %, p < 0.05). However, these benefits were not observed when using HS-

CDC-EVs. Apoptosis in CMs was significantly reduced by both LS- and HS-CDC-EVs, from 

4.94 ± 0.6 in the control group to 2.29 ± 0.4 and 1.8 ± 0.4 % when treated with LS- and HS-

CDC-EVs respectively, p < 0.05). In CSCs, proliferation was significantly improved when using 

LS-CDC-EVs (PDT decreased from 5.7 ± 0.6 to 4.1 ± 0.2 days, p < 0.05), but not when using 

HS-CDC-EVs (6.8 ± 0.9 days, p > 0.1 vs. control, p < 0.05 vs. LS-CDC-EVs). The same 

tendency was observed with CSC TNF-α secretion. LS-CDC-EVs reduced TNF-α secretion from 

19.3 ± 3.4 to 12.3 ± 0.7 pg/million cells (p = 0.07 vs control), while HS-CDC-EVs did not (21.8 

± 1.6, p < 0.05 vs. LS-CDC-EVs). No significant differences were observed in CSCs when using 

LS-CDC-EVs or HS-CDC-EVs vs. control regarding DNA synthesis (percentage of Ki-67+ 

cells) and DNA damage (percentage of γ-H2AX+ cells).  

CDC-EVs also showed pro-angiogenic effects in ECs. LS-CDC-EVS significantly 

increased total tubule length formed in ECs (from 9.2 ± 0.4 to 11.5 ± 0.5 ·103 pixels, p < 0.001). 

HS-CDC-EVs increased tubule length, but not significantly (10.2 ± 0.5 103 pixels, p = 0.1 vs. 

control, p = 0.01 vs. LS-CDC-EVs). Despite both LS- and HS- CDC-EVs having a tendency to 

increase VEGF-A secretion in ECs, this was not significant (p = 0.2). 
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Figure 4.9. Anti-senescent effect of CDC-EVs from a low senescent CDC donor (Low Sen) and 

from a highly senescent CDC donor (High Sen) on different cell types in the heart. Senescent 

cells in blue. (a) CDC-EVs anti-senescent effect in cardiac progenitor cells (n = 862 ± 33 cells 

per group). (b) CDC-EVs anti-senescent effect in cardiomyocytes (n = 1122 ± 100 cells/group). 

(c) CDC-EVs anti-senescent effect in cardiac stromal cells (n = 487 ± 38 cells/group). (d) CDC-

EVs anti-senescent effect in endothelial cells (n = 1125 ± 24 cells/group). * p < 0.05 vs. control 

(CNT). # p < 0.05 vs. treated with CDC-EVs from High Sen. Scale bar corresponds to 100 µm. 

4.4.5 The extent of the CDC-EVs efficacy cannot be predicted by the 

cellular senescence status as surrogate marker 

After observing CDC-EV variability in their anti-senescent and pro-angiogenic effect, CDC-EVs 

were obtained from 18 donors and evaluated in CSCs from two donors and in ECs. The CDC 

characterization parameters (chronological age and gender of the donor, EDC senescence, 
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cardiosphere size and CDC senescence) were correlated against the CDC-EVs capability to 

reduce CSCs senescence and to induce ECs tubule formation. Anti-senescent potency was tested 

in CSCs from two donors: one with moderate basal senescence (26.9 ± 1.4%) and one with high 

basal senescence (47.5 ± 1.28%). CDC-EVs reduced basal senescence of target 1 between -3.2 

and -8.1%, being the reduction significant in 17/18 donors. In target 2, basal CSC senescence 

was reduced by all CDC-EVs as well (between -2.0 and -14.5%), being the reduction significant 

in 15/18. However, the anti-senescent effect of the CDC-EVs did not correlate to any of the 

CDC characterization parameters explored (Figure 4.11a). Regarding angiogenesis, all donors 

except one significantly improved endothelial branching length (between 15-47%). CDC-EVs 

pro-angiogenic effect did not correlate to their anti-senescent effect nor to any of the CDC 

characterization parameters explored (Figure 4.11b). 

 

Figure 4.10. Other rejuvenating and pro-angiogenic effects of CDC-EVs from a low senescent 

CDC donor and from a highly senescent CDC donor on different cell types in the heart.. (a) 
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CDC-EVs effect on DNA synthesis in cardiac progenitor cells (n = 1263 ± 111 cells/group). (b) 

CDC-EVs anti-apoptotic effect in cardiomyocytes (n = 1368 ± 58 cells/group). (c) CDC-EVs 

effect on tube formation in endothelial cells (n = 19 ± 1 images/condition). (d) CDC-EVs 

proliferative effect in cardiac stromal cells (n = 21 ± 1 images/group). * p < 0.05 vs. CNT. # p < 

0.05 vs. High Sen. White scale bar corresponds to 100 µm, black scale bar to 400 µm. 

4.5 Discussion  

The results of this work show that chronological age of the donor, cellular senescence 

and cardiosphere size are not determinant for CDC-EV anti-senescent and pro-angiogenic 

potency. While CDC-EVs from most human donors had significant (but variable) anti-senescent 

and pro-angiogenic effects, the extent of the effect was not affected by chronological age of the 

donor and by senescence of the cells. Chronological age of the donor did not relate to CDC 

characteristics such as senescence, telomere length, proliferative and DNA synthesis capacity, 

VEGF secretion and CDC-EV ability to reduce CSC senescence and induce EC tube formation. 

Although chronological age of the donor significantly related to CDC migration, wound closure 

capacity was more determined by CDC senescence than by chronological age of the donor. CDC 

senescence significantly determined CDC proliferative and DNA synthesis capacity as well. 

However, CDC senescence did not determine CDC-EV potential to reduce CSC senescence and 

induce EC tube formation. None of these CDC properties related to the percentage of cells 

expressing any of the typical surface markers used for CDC population characterization (CD45, 

CD90, CD117, CD105 and CD31). Therefore, despite CDCs from different donors meeting the 

identity requirements for being classified as CDCs, they presented variable degrees of senescence 

and of proliferative and migrative capacities. 

A relationship between the cardiosphere size, specific CDC surface markers and VEGF-

A secretion was observed. Cardiospheres from different donors varied largely in size: while the 

same number of cells in some donors produced fewer but larger cardiospheres, others produced 

a higher number of cardiospheres but smaller in size. VEGF-A gene expression in EDCs 

significantly correlated to cardiosphere size, which at the same time significantly correlated to the 

percentage of CD31+, CD117+ and CD45+ cells. Cardiospheres are known to have distinct 

layers with CD117+ cells at the core and CD105+ and CD31+ cells on the periphery [134]. 

Probably, larger cardiospheres form when the proportion of available CD117+ and CD31+ is 

higher as they can make the nucleus and the periphery of the cardiosphere grow. These larger 

cardiospheres then may yield higher proportions of CD117+ and CD31+ CDCs. On the 

contrary, when these populations are reduced, cardiospheres may tend to form smaller. 
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Figure 4.11. Correlation between the characteristics at different stages of product development 

and final CDC-EVs anti-senescent and pro-angiogenic potency in vitro. (a) Donor chronological 
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age, cardiosphere size, EDC senescence and CDC senescence vs. derived CDC-EVs anti-

senescent potency in one of the CSC target donors (n = 1199 ± 27 cells/condition). (b) Donor 

chronological age, cardiosphere size, EDC senescence and CDC senescence vs. derived CDC-

EVs pro-angiogenic potency in ECs (n = 19 ± 1 image/condition). Adult samples are 

represented with a square, while pediatric samples are represented with a diamond. Male samples 

are shown in black and female samples in purple. 

Despite cardiosphere size also correlated to the percentage of CD45+ cells, these 

represent a minor amount of residual hematopoietic progenitors present in the CDC mixture, 

and they are not essential for cardiosphere formation [340]. In fact, in other studies, complete 

depletion of CD45+ cells has shown to increase the number of formed cardiospheres [340], 

which would be compatible with decreasing their size. The percentage of CD117+ CDCs (more 

abundant in the CDCs than CD31+ or CD45+ cells) positively correlated to CDC VEGF 

secretion. Regardless of the controversy on CD117+ cells identity, CD117 has been linked to 

angiogenesis and VEGF-A secretion [336, 375]. However, when comparing the VEGF-A 

secretion potential of isolated CD117+ cells from the CDC population vs. unsorted CDCs, 

unsorted-CDCs secreted more VEGF-A to the media [132]. Probably, the mesenchymal cell 

subpopulation is needed to provide physical or secretory support to the CD117+ subpopulation 

during CDC expansion [133], but if CD117+ proportions are too low, the VEGF-A secretion of 

the mixture diminishes. The percentage of CD90+ cells inside the CDC mixture has been 

negatively associated to CDC potency [132, 339]. Nevertheless, we have not observed that the 

percentage of CD90+ influenced in any of the CDC characteristics explored here. Differently to 

the work by Gamal-Eldin et. al [334] we did not observe a relationship between the expression of 

CD90+ cells and cardiosphere size. This is probably because their CDC population was 

immortalized and expressed CD90+ levels much higher than the ones of non-immortalized 

cardiospheres in this study. Although cardiosphere size and the percentage of CD117+ CDCs 

seemed to relate to CDC VEGF secretion, no relation was observed between cardiosphere size 

and CDC-EVs anti-senescent and pro-angiogenic potency, questioning its suitability as a 

potential potency marker. 

The effect of chronological age of the donor on stem cell potential has been widely 

argued. However, most of the studies use stem cells from murine origin. While animal models are 

good for investigating mechanisms, the cardiac reparative potential and aging-related processes of 

neonatal and young rodents differ from human donors [120, 376–380]. Therefore, some of the 

differences observed in these studies may not necessarily translate into cardiac stem cells of 

human origin. In addition, several studies employing human cardiac stem cells compare 

characteristics of CDCs from donors with different profiles, but do not confirm if these 

differences in characterization translate into differences in CDC efficacy in vitro or in vivo. The 
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results from studies using extremely low numbers of samples for characterization and/or not 

including age as a continuous variable should also be taken cautiously. 

If this work, chronological age of the donor did not affect the expression of surface 

markers in CDCs nor most of the CDC properties explored (only CDC migration). These results 

are similar to the work of Nakamura et al. [274], where characterization of CDCs from several 

donors did not reveal significant differences related to age of the donor. In this study, we further 

confirmed that the lack of different CDC characteristics associated with age translate into no 

differences in CDC-EVs anti-senescent and pro-angiogenic potency. On the contrary, another 

study by Simpson et. al [358] observed that CDCs from neonatal samples had higher potential to 

improve LVEF, reduce scar size and to preserve blood vessels in infarcted rats. However, this 

study does not clarify if for the in vivo experiment injected CDCs came from several neonates and 

adults or from single selected ones. As our study did not incorporate neonatal samples, if the 

enhanced potency they observed is only characteristic of neonates and not of young donors, 

these effects could not be observed in our study. 

According to our results, advanced chronological age of the donor was not associated to 

significantly higher CDC senesce or reduced telomere length. Nevertheless, Cesselli et al. [357], 

observed that chronological age of CD117+ cells correlated to telomere dysfunction-induced foci 

and p16INK4a expression. Lewis-McDougall also reported similar results in CD117+ Sca-1+ cells 

from donors over 70 years, who showed higher SA‐β‐gal, DNA damage γ-H2AX, SASP and less 

ability to replicate and differentiate [87]. Despite the process of natural aging being associated to 

telomere shortening in cells in vivo [381], cellular aging, especially during in vitro culture, is 

heterogeneous as it depends on many other factors such as environmental factors, tissue origin, 

cell type and number of population doublings [345, 382–385]. Thus, chronological age of the 

donor is not always related to cellular age [386]. Moreover, it is important to note that most CSCs 

are obtained from cardiac biopsies of non-healthy patients. The cardiac pathology, as well as the 

stage, can also affect the stem cell potency and biological aging [268, 357, 387]. The influence of 

all these other factors, as well as the ability of cardiospheres to potentiate stemness, may translate 

differences in the chronological age of the donor into irrelevant for CDC telomere length and 

senescence.  

Cellular age of the stem cells influences their properties, their secretome, and their EV 

cargo [347]. Therefore, it seems relevant to take cellular senescence into account for determining 

therapeutic potential. In fact, several studies have explored ways to rejuvenate cardiac stem cells 

to make them therapeutically more efficient [173, 353, 388, 389]. Even if some studies have 

suggested biomarkers of cellular senescence to determine cell potency [357], few work exists to 

confirm if these characterization differences translate into reduced efficacy and to promote 
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senescence as a measurement of product quality before product release for clinical trials. In this 

work, we observed how CDC senescence, despite not relating to chronological age of the donor, 

determined CDC proliferation and migration. These may be important in applications where 

CDCs are used directly as the therapeutic product (not CDC-derived products) and CDC 

engraftment, migration and proliferation are crucial to exert their mechanism of action (MoA). 

However, in this work we found that CDC senescence did not determine CDC-EVs pro-

angiogenic and anti-senescent potency in vitro. Hence, the use of derived EVs as cell-free 

products may overcome the limitations and consequences of using cellular products with 

heterogeneous cellular ages. 

In vitro functional assays are commonly used the explore the mechanisms of action and 

make comparisons between cellular products. They serve as an intermediate step between 

surrogates (usually product characteristics) and in vivo efficacy as they are more representative of 

the MoA than surrogates but require considerably less time and costs than in vivo efficacy 

experiments. Many studies exploring surrogate markers for potency confirm differences in 

cellular product characteristics but do not confirm if these differences translate into functional 

differences. Furthermore, when product differences are evaluated in vivo, continuous variables, 

such as chronological age of the donor, or cell senescence, are commonly transformed into 

discrete variables (e.g. “young” and “aged”) because otherwise the costs will be not feasible. 

Nevertheless, when interpreting the results, it is not the same to use a pooled set of “young” and 

“old” donors widely characterized than to use single selected young and aged donors.  

In this work, we chose to test the anti-senescent effect of CDC-EVs in vitro on different 

cell types, and in particular in human CSCs from two different donors. We also tested the 

rejuvenating ability of CDC-EVs from selected donors on proliferation and prevention of 

apoptosis in specific cell types including CMs. Finally, we evaluated the pro-angiogenic effect in a 

tube formation assay in endothelial cells. The reduction of in vivo senescence on the different cell 

types in the heart and the ability to induce new vessels has shown multiple therapeutical benefits 

associated with cardiac aging [87, 89, 359, 390]. Therefore, when targeting cardiac aging, 

evaluating the anti-senescent and the pro-angiogenic effect of CDC-EVs seem as reasonable in 

vitro functional assays. The results of this study allow concluding that in spite of the multiple 

beneficial effects of CDC-EVs on different cell types, when using cardio-sphere size, 

chronological age of the donor and cellular senescence as continuous variables, there is no 

relationship between these CDC characteristics and CDC-EVs efficacy in vitro, thus not 

recommending their use as surrogate potency markers. Morevoer, while CDC-EVs from certain 

donors exhibited large anti-senescent potency in vitro, they did not necessarily present large pro-

angiogenic potency and vice versa. This highlights the need of performing adequate bioactivity 
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experiments specific for the expected MoA and the target pathology, as while one product may 

be highly potent for one specific purpose, it may not be for other.  

However, this study presents some limitations that need to be considered when 

interpreting the results. Despite our results suggesting that cardiosphere size, chronological age, 

and cellular senescence are unrelated to CDC-EVs potency because no correlation was found 

with in vitro functionality, this conclusion should be further confirmed using an in vivo model, and 

studying, for example, correlation between in vitro and in vivo efficacy. In addition, although the 

number of donors included is not as small as in other studies (4-5) and the chronological age 

span is wide (3 months - 81 years old), larger number of donors, and inclusion of neonate 

samples, will make the study more robust. Finally, it will be worth exploring if other CDC and 

CDC-EVs characteristics previously related to potency determine anti-senescence and pro-

angiogenic in vitro functionality. Some examples include SDF-1α secretion [110, 268, 391] and 

activation of the Heat Shock Response (HSR) [276], the expression of Mybl2 [353], activation of 

the Wnt/β-catening signaling pathway [275, 334, 335] or the mTOR pathway [392], and specific 

miRNA cargo in the CDC-EVs [196, 334, 393].  

4.6 Conclusions 

Extracellular vesicles derived from cardiosphere-derived cells (CDC-EVs) from most 

human donors present significant anti-senescent and pro-angiogenic potency, but the extent of 

the effect is variable and is not determined by the chronological age of the donor, CDC 

senescence or the ability to form cardiospheres. Since cell identity and specific donor or cell 

characteristics did not translate into boosted bioactivity of CDCs in this study, further evaluation 

of the in vitro functionality relative to the expected mechanism of action as determinant of 

therapeutic potency is warranted. 
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Chapter 5 

5. Anti-senescence in vitro potency of extracellular 

vesicles secreted by cardiosphere-derived cells predicts 

their rejuvenating effects in an aging rodent model 

5.1 Abstract 

Cardiosphere-derived cells (CDCs) and their derived extracellular vesicles (CDC-EVs) 

have demonstrated to induce rejuvenation of the heart and to improve cardiac structure and 

function. However, the extent of the reparative effects of human CDCs seem to variate among 

different CDC-donors and there is a lack of robust potency markers to predict the in vivo efficacy 

at the early stages of product development. The purpose of this study was to evaluate if the in 

vitro anti-senescent and pro-angiogenic effect of the CDC-EVs could be used to predict their in 

vivo efficacy. CDC-EVs from 18 human donors were obtained and their anti-senescent and pro-

angiogenic potency evaluated in vitro using a matrix assay with several markers. According to the 

performance in these tests, potency was scored and CDC-EVs with the highest and lower score 

were classified as potent (P-EVs) and non-potent (NP-EVs) respectively. The rejuvenating effect 

of both type of EVs were tested in an in vivo model of cardiac aging. In the heart of aged rats, P-

EVs had the potential to significantly reduce the expression of the senescence-associated gene 

GLB1 and to non-significantly reduce cardiac hypertrophy and TGFB1 expression. On the 

contrary, NP- EVs did not significantly produce any effect and in fact significantly increased 

cardiac hypertrophy, cardiac fibrosis and reduced perfusion. At systemic level, while P-EVs 

significantly improved glucose metabolism and tended to drive total antioxidant capacity and hair 

growth to a healthier profile, NP-EVs did not significantly improve any of the explored 

parameters and even significantly increased total antioxidant capacity. After further validation, the 

matrix assay proposed here could be used as an in vitro potency test to evaluate EV suitability as 

an allogenic product before its use in the treatment of cardiac aging. 
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5.2 Introduction 

Cellular, structural and functional changes associated with age are largely responsible for 

heart diseases such as heart failure with preserved ejection fraction (HFpEF) and atrial fibrillation 

(AF) [22]. Cardiac aging is associated to increased cell senescence [394], compromised myocardial 

perfusion [395], and increased fibrosis [396] among others. While finding effective treatments 

remains as an unmet clinical need, cardio-sphere derived cells (CDCs) and their derived 

extracellular vesicles (CDC-EVs) present promising characteristics for reverting some of these 

age-associated pathological changes [140], such as increasing microvessel formation, [136], 

attenuating cardiomyocyte (CM) apoptosis and hypertrophy, reducing regional fibrosis [137, 138] 

and acting as immunomodulators [137, 139]. However, cell and cell-derived products present an 

inherent complexity that translates into a variable potency hard to predict [268, 276, 291, 333, 

334].  

These variations in potency, together with the lack of knowledge about the specific 

mechanisms of actions, could justify why similar studies end with apparent contradictory results 

[133, 140, 397–399], or why results in the clinical scenario have not been as successful as 

expected.  Despite being known that potency depends on many parameters apart from cell 

identity [268, 276, 291, 333, 334], identity is commonly used as a synonym of potency for cell use 

in clinical trials [291]. Yet, the standard model for testing cell and cell-derived product potency 

before its use in the clinical scenario are in vivo models of myocardial infarction (MI) [268, 335]. 

Nevertheless, this potency test is costly, time-consuming, and does not allow for product 

classification at early stages [306]. Using characteristics of the donor (such as age and sex), and 

specific CDC characteristics (such as cardiosphere size and senescence) as surrogate markers, as 

shown in the previous chapter, may not be optimum to predict CDC-EVs functionality. Finding 

economic, feasible and efficient potency assays based on evidence of mechanism of action (MoA) 

for cell and cell-derived EVs still remains a challenge [110, 279, 291], and crucial for successful 

translation. Therefore, in vitro functional assays, which are more representative of the MoA than 

surrogates, but more manageable than in vivo assays, seem like an alternative worth exploring. 

One of the main interesting mechanisms of action of CDC and CDC-EVs to treat aging-

related pathologies is their anti-senescent effect [140]. Senescence is related to molecular changes 

and can be assessed using several biomarkers such as senescence-associated β-galactosidase (SA-

β-Gal), p53/p21 and p16 expression, and telomere shortening [400]. However, in some cases, 

telomere length might be an unreliable measure of senescence [361]. Other factors, such as TGF-

β, are also related to cardiac aging-related pathology such as increased fibrosis [401], senescence 

[402] and inflammation [403]. CDC-EVs also have the ability to increase IL-6 levels in plasma 

[404] and to induce IL-6 secretion by CSC and by macrophages [405]. Although IL-6 is 
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associated with the senescence associated secretory phenotype (SASP) [406], acute IL-6 response 

can activate immune cells, initiate a protective response in tissue, and trigger wound healing [407]. 

Ability to induce new vessel formation (angiogenesis) by activation of endogenous endothelial 

cells also seems as an important MoA of CDCs and CDC-EVs [180, 195, 196]. One common 

method to compare angiogenic potency in vitro is to evaluate the capacity of the product to 

induce tube formation in Human Umbilical Vein Endothelial Cells (HUVEC) [408].  

Considering the related mechanisms by which CDC-EVs may exert beneficial effects for 

the treatment of cardiac aging and ways to measure them, we proposed using the CDC-EV anti-

senescent and pro-angiogenic potency in vitro as functional in vitro assays to predict CDC-EV 

potency in vivo. For achieving this purpose, we designed a matrix assay consisting in evaluating 

the anti-senescent potency on cardiac stromal cells (CSCs) from human origin of two different 

donors and the pro-angiogenic effect on human endothelial cells. The anti-senescent effect was 

evaluated using several markers: (i) the percentage of CSC expressing SA-β-gal, (ii) the amount of 

CSC secreted IL-6 and (iii) the CSC relative gene expression of senescence and fibrosis-related 

genes (CDKN1A, TGFB1, CDKN2A and TP53). The pro-angiogenic effect was evaluated 

according to the CDC-EV potency to induce tube formation on endothelial cells. The 

performance in each of the different tests was scored and added to obtain a final potency score. 

As a result, selected CDC-EVs as potent according to this score had the highest anti-senescent 

and pro-angiogenic potency in vitro while selected CDC-EVs as non-potent had the lowest in vitro 

anti-senescent and pro-angiogenic potency. Then, rejuvenating and pro-angiogenic activity of 

potent (P-EVs) vs. non-potent (NP-EVs) CDC-EVs were tested in an in vivo model of D-

galactose (D-gal) induced cardiac aging.  

5.3 Materials and Methods 

5.3.1 Experimental protocol 

CDC-EVs were obtained from 18 donors (3 months to 81 years old, both sexes) as 

previously described in section 4.3.1. Their rejuvenating and pro-angiogenic potency was 

evaluated in vitro and the ones exhibiting the largest effect were classified as “potent” (P-EVs) and 

the ones with the lowest effect as “non-potent” (NP-EVs). Selected P- and NP-EV rejuvenating 

potency was later evaluated in an in vivo model of cardiac aging. 

5.3.1.1 Potent and non-potent CDC-EV selection 

The CDC-EV rejuvenating and pro-angiogenic potency was tested in vitro on human 

CSCs and human endothelial cells (ECs) with a custom designed matrix-assay (Figure 5.1a). 
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Explant-derived cells (EDCs) from passage 3 and from two different human donors were 

obtained as explained in section 4.3.1 and used as the target CSC population as they contain a 

variety of cell types important in heart physiology and pathology [133, 134]. EDCs-P3 from 

donor 1 (54 years old, male) were moderately senescent (25.6 ± 1.4 %), and EDCs-P3 from 

donor 2 (56 years old, female) were highly senescent (47.5 ± 1.3 %). The rejuvenating potency of 

CDC-EVs was determined as their ability to reduce CSC senescence, to induce CSC IL-6 

secretion and to reduce the expression of CDKN1A (p21), TGFB1 (TGF-β), CDKN2A (p16) and 

TP53 (p53) senescence and fibrosis-related genes in CSCs. CDC-EVs pro-angiogenic potency 

was determined as their ability to induce tube formation of HUVEC. 

 EDCs-P2 from the two donors were plated in complete Iscove’s Modified Dulbecco’s 

Medium (IMDM) at 13,000 cells/cm2 in fibronectin pre-coated 12-well plates. After 24 hours, 

EDCs were washed in Phosphate Buffered Saline (PBS) and cultured in Fetal Bovine Serum 

(FBS)-free IMDM alone or with CDC-EVs from the 18 CDC-EV donors at a dose of 300 

µg/1·106 cells. After another 72 hours, media from EDCs for IL-6 secretion was collected, and 

EDCs for senescence or gene expression analyses were fixed and analyzed as explained in the 

following section (5.3.2). Each condition was run in triplicate. 

For endothelial tube formation, as explained in section 4.3.2.3, 87,500 HUVECs-P5 were 

resuspended in 500 µl of FBS-free M-200 (negative control), in M-200 with FBS (positive 

control) or in FBS-free M-200 with CDC-EVs from the eighteen different donors at 300 

µg/1·106 cells and plated on Geltrex-precoated 12-well plates in triplicate for each condition. 

After 15 hours of incubation, tube formation was imaged and quantified. Further details are 

provided on the 5.3.2.4 section. Each condition was run in triplicate. 

With the results from the different tests in the matrix-assay, we observed that there were 

not CDC-EVs with the most and least rejuvenating and pro-angiogenic potency in all the 

considered tests. Therefore, we decided to score the performance (or potency) of each of the 

CDC-EVs in each of the tests in the matrix-assay and add them to calculate a final potency score. 

The score in each of the different tests was assigned as shown in Table 5.1. In each test, the 

CDC-EVs were divided in three groups: the ones showing superior performance (6/18, first 

tercile), the ones showing average performance (second tercile) and the ones showing the worst 

performance (third tercile). The CDC-EVs with the highest total score were selected as potent 

and the CDC-EVs with the total lowest score were selected as non-potent. The maximum 

possible score was 18 if CDC-EVs showed superior performance in all the tests in the matrix-

assay. 
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Test Target 
CDC-EV score if 

in first tercile 
CDC-EV score if 
in second tercile 

CDC-EV score if 
in third tercile 

Senescence reduction 
CSCs from donor 1 2 1 0 

CSCs from donor 2 2 1 0 

Increase in IL-6 
secretion  

CSCs from donor 1 2 1 0 

CSCs from donor 2 2 1 0 

CDKN1A expression 
reduction 

CSCs from donor 1 1 0.5 0 

CSCs from donor 2 1 0.5 0 

TGFB1 expression 
reduction 

CSCs from donor 1 1 0.5 0 

CSCs from donor 2 1 0.5 0 

CDKN2A expression 
reduction 

CSCs from donor 1 1 0.5 0 

CSCs from donor 2 1 0.5 0 

TP53 expression 
reduction 

CSC from donor 1 1 0.5 0 

CSC from donor 2 1 0.5 0 

Increase in tube 
formation 

HUVEC 2 1 0 

Table 5.1. CDC-EV score assigned according to the extent of the beneficial effect in each of the 

different tests in the matrix-assay. The final potency score was calculated as the sum of all of 

them. 

5.3.1.2 In vivo study 

To see if the in vitro matrix-assay could predict the potency of the CDC-EVs in vivo, we 

tested the rejuvenating effects of the in vitro selected potent (P-) and non-potent (NP-) EVs in a 

rodent model of induced cardiac aging. The experimental procedure is illustrated in Figure 5.1b. 

Thirty-six 12-week-old Sprague-Dawley rats (30% females) were randomly allocated into four 

groups: healthy controls (n = 11), cardiac aged controls (sham group, D-gal, n = 12), cardiac aged 

treated with potent CDC-EVs (D-gal + P-EVs, n = 7) and cardiac aged treated with non-potent 

CDC-EVs (D-gal + NP-EVs, n = 6). To induce cardiac aging, animals in the cardiac aged groups 

received during 13 weeks daily sterile intraperitoneal (IP) injections of 600 mg/kg of D-galactose 

(D-gal, G53688, Sigma Aldrich in PBS, at 300 mg/ml) as described [409]. For 13 weeks, animals 

in the healthy control group received daily IP injections of PBS. After this time, the animals 

received IP the corresponding treatment according to their group allocation: either PBS alone 

(healthy controls and cardiac aging sham group), or PBS with P-EVs or NP-EVs at a dose of 7.5 

mg/kg. During the seven following weeks, the animals received twice a week an IP injection of 

PBS or D-gal according to their group allocation. At the endpoint, the animals underwent a 

hemodynamic study, blood sample collection and were euthanized. 

The effect of inducing aging with D-gal and the rejuvenating benefits of P- and NP-EVs 

were explored at cardiac and systemic level. At functional level in the heart, we explored 
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hemodynamic performance and cardiac perfusion (using Single Photon Emission Computer 

Tomography, SPECT). After sacrifice, we determined cardiac hypertrophy and fibrosis, and the 

genetic expression of senescence and fibrosis-related genes (GLB1, TGFB1, CDKN2A and 

TP53). At systemic level, we recorded differences in body weight, glucose tolerance test, hair 

regrowth and serum total antioxidant capacity. Cardiac perfusion, glucose tolerance and hair 

regrowth were recorded both before and after treatment administration. The timeline indicating 

the moment at which each of the tests was performed is included in Figure 5.1b. Further details 

about the different tests are included in the next section (5.3.3). 

 

Figure 5.1. Experimental protocol. (a) Extracellular vesicles obtained from cardiosphere-derived 

cells (CDC-EVs) from cardiac biopsies from 18 different donors were obtained and their anti-

senescent and pro-angiogenic effect evaluated in vitro with a panel of different tests. According to 

the results, CDC-EVs were classified as potent (P-EVs) and non-potent (NP-EVs). (b) P-EVs 

and NP-EVs rejuvenating and pro-angiogenic potency was tested in a rodent model of cardiac 

aging. Timeline including group distribution, product administration and tests performed. F: 

Female. D-gal: D-galactose. P: potent. NP: non-potent. SPECT: Single Photon Emission 

Computer Tomography. IP: Intraperitoneal. 
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5.3.2 In vitro characterization and classification 

5.3.2.1 Anti-senescent effect 

As in section 4.3.5.1, CSCs were plated in complete medium at 13,000 cells/cm2 in 

fibronectin pre-coated 12-well plates. After 24 hour-incubation, wells were washed and replaced 

with Fetal Bovine Serum (FBS)-free medium (blank or containing the resuspended CDC-EVs). 

After another 72 hour-incubation, the cells were fixed using Abcam’s Senescence Detection Kit 

(ab65351, abcam, Cambridge, UK), which is used to detect SA-β-Gal activity in cultured cells. 

The samples were prepared, fixed and stained following the assay protocol (with overnight 

incubation). After staining, samples were washed and kept in 70% glycerol (G5516, Sigma-

Aldrich) in PBS at 4 ºC. As SA-β-Gal positive cells develop a blue color, a total of around 10 

images at 20x (around 1000-1500 cells) per well were taken with a Leica DMI3000B optical 

microscope and Leica DFC310 FX camera (Wetzlar, Germany), and manually classified as 

senescent (blue) or non-senescent using ImageJ Software. All samples were run in triplicate. 

Senescence reduction of CDC-EVs from each donor was calculated as senescence of EDCs-P3 

from donor 1 (25.6 ± 1.4 %) or donor 2 (47.5 ± 1.3 %) minus the senescence of the EDCs-P3 of 

the same donor when treated with the corresponding CDC-EVs. 

5.3.2.2 IL-6 secretion 

CSCs were plated in complete medium at 13,000 cells/cm2 in fibronectin pre-coated 12-

well plates. After 24 hour-incubation, wells were washed and replaced with 600 µl of FBS-free 

medium (blank or containing the resuspended CDC-EVs). After another 72 hour-incubation, the 

conditioned media was collected, diluted 1:25, and IL-6 levels determined following the kit 

instructions from Enzo Life (ADI-900-033, Enzo Life Sciences, Farmingdale, NY, U.S.A). All 

samples were run in triplicate. Increment in IL-6 secretion caused by CDC-EVs was calculated as 

IL-6 secretion of EDCs-P3 from donor 1 or donor 2 under the effect of the different CDC-EVs 

minus the IL-6 secreted by the untreated EDCs (140 ± 6.6 pg/pl in donor 1 and 291 ± 26 pg/pl 

in donor 2). 

5.3.2.3 Gene expression analysis 

The gene expression of senescence and fibrosis-related genes in target CSCs under 

control conditions or treated with the CDC-EVs from the eighteen different donors were 

analyzed. The genes under study were: CDKN1A (p21), TGFB1 (TGF-β), CDKN2A (p16) and 

TP53 (p53). CSCs were plated in complete medium at 13,000 cells/cm2 in fibronectin pre-coated 

12-well plates. After 24 hour-incubation, wells were washed and replaced with FBS-free medium 

(blank or containing the resuspended CDC-EVs). After another 72 hour-incubation, RNA was 

isolated, reverse-transcribed into cDNA, PCR amplified and the gene expression quantified as 
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described in section 4.3.4. Specific primer pairs were detailed in Table 4.2. All samples were run 

in triplicate. The relative expression of each gene in the CSCs under the effect of the different 

CDC-EVs was normalized by the expression of the same gene in the untreated CSCs. 

5.3.2.4 Pro-angiogenic effect 

The pro-angiogenic effect of the different CDC-EVs was tested as their ability to induce 

tube formation. The procedure was as described in section 4.3.12. 12-well plates were coated with 

150 µl of GeltrexTM (A1413202, Thermo Fisher Scientific, Waltham, MA, U.S.A) and incubated at 

37 ºC for 30 min. Later, 87,500 HUVEC-P5 were resuspended in 500 µl of FBS-free M-200 

(negative control), in M-200 with FBS (positive control) or in FBS-free M-200 with the CDC-

EVs at 300 µg/1·106 cells and plated over the pre-coated plates in three wells per for each 

condition. After 15 hours of incubation, tube formation was imaged at 5x in 5-6 different 

locations in each well with the Leica DMI3000B optical microscope and Leica DFC310 FX 

camera (Wetzlar, Germany). 16-20 images per condition were analyzed and quantified 

automatically using the Angiogenesis Analyzer tool  in ImageJ [374] and used to obtain the 

average total branching length. The relative tube formation of HUVEC treated with the different 

CDC-EVs was obtained by normalizing the total branching length by the total branching length 

of HUVEC with FBS-free-medium (and without any CDC-EVs). 

5.3.3 In vivo evaluation 

5.3.3.1 Hemodynamic study and sacrifice 

The hemodynamic study was conducted following the Sciscience PV surgical protocol for 

rat left ventricle (LV) acute pressure-volume measurement (open chest approach). Briefly, the 

rats were anesthetized using 3% sevofluorane and kept mechanically ventilated through a 

tracheotomy. A lateral thoracotomy was performed to expose the heart, and the catheter FTH-

1918B-E218 with the ADV500 system from Transonic used to record pressure-volume inside the 

LV. After the procedure, blood was collected, and the animals euthanized with a cardiac injection 

of 5 ml of 10 mEq KCl. The heart was extracted, cleaned in cold PBS, and later weighted and 

fixed for analysis as described in next sections.  

The pressure and volume signals were analyzed with custom software developed in 

MATLAB. Regarding the pressure wave, we compared the maximum, the minimum, the end-

diastolic (EDP) and the pressure range (maximum - minimum). Also, the maximum derivative of 

pressure, the minimum derivative of pressure and the isovolumic relaxation constant (tau). Tau 

was obtained by fitting a first order exponential (of the form ) in the pressure wave between 

the time of the maximum of the derivative and the time of the minimum of the pressure. Tau 

was calculated as -1/b. All the parameters were calculated by averaging at least four beats in each 
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animal. The number of animals in each group that underwent the hemodynamic study were: 

healthy: n = 7, D-gal: n = 7, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6. 

5.3.3.2 Gene expression analysis 

The gene expression of senescence and fibrosis-related genes in the cardiac tissue of the 

rats in the different groups was analyzed. The genes under study were GLB1 (β-galactosidase), 

TGFB1 (TGF-β), CDKN2A (p16) and TP53 (p53). A small portion of the apex was 

homogenized, and RNA was isolated, reverse-transcribed into cDNA and PCR amplified. The 

gene expression was quantified as described in section 4.3.4, but using ACTB as reference gene 

for gene expression normalization. Specific primer pairs are detailed in Table 5.2. The number of 

animals in each group that underwent the cardiac gene expression analysis were: healthy: n = 6, 

D-gal: n = 11, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6. 

Gene Protein Forward primer (5’-3’) Reverse primer (5’-3’) Exons Transcript 

GLB1 β-galactosidase AGAACGGAGGGCCCATCATAACC  TCCTGCAGGGTCCCACACTTGA 

5-6 
5-6 
5-6 

ENSRNOT00000013632.6 
ENSRNOT00000095071.1 
ENSRNOT00000112983.1 

TGFB1 TGF-β GGCTGAACCAAGGAGACGGAATA GTGGCCATGAGGAGCAGGAAG 3-5 ENSRNOT00000028051.5 

CDKN2A p16 CGAACTGCGAGGACCCCACCAC 
CGTTCCCAGCGGAGGAGAGTA

GATACC 

3-4 
3-4 
2 

ENSRNOT00000084293.1 
ENSRNOT00000079251.1 
ENSRNOT00000103638.1  

TP53 p53 AGCATCGAGCTCCCTCTGAGTCA 
AGGGCTTCCTCTGGGCCTTCTA

AC 

1-3 
2-4 
1-3 
2-4 
2-4 
2-3 
1-2 
1-2 

ENSRNOT00000104927.1 
ENSRNOT00000046490.4 
ENSRNOT00000114382.1 
ENSRNOT00000083458.2 
ENSRNOT00000085115.2 
ENSRNOT00000102405.1 
ENSRNOT00000080584.2 
ENSRNOT00000091216.2 

ACTB β-actin GGCCGTCTTCCCCTCCA CAGTTGGTGACAATGCCGTG 
2-3 
1-2 
2-3 

ENSRNOT00000080216.2 
ENSRNOT00000042459.5 
ENSRNOT00000105242.1 

Table 5.2. Primers used for RT-PCR in heart samples from rat experiments. 

5.3.3.3 Cardiac hypertrophy 

Cardiac hypertrophy was determined at the endpoint by calculating the ratio between the 

heart weight and the body weight. For determining heart weight, hearts were carefully cleaned 

and washed from major vessels, blood, and clots in PBS. The hearts were weighted after 

removing excess fluid. The number of animals in each group that were included in the cardiac 

hypertrophy measurement were: healthy: n = 8, D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal + 

NP-EVs: n = 6. 

https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010196;r=8:114085508-114158127;t=ENSRNOT00000013632
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010196;r=8:114085508-114158127;t=ENSRNOT00000095071
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010196;r=8:114085508-114158127;t=ENSRNOT00000112983
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000020652;r=1:81196532-81212847;t=ENSRNOT00000028051
https://may2021.archive.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000059837;r=5:107823330-107841175;t=ENSRNOT00000084293
https://may2021.archive.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000059837;r=5:107823330-107841175;t=ENSRNOT00000079251
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000059837;r=5:103984949-104003149;t=ENSRNOT00000103638
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000104927
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000046490
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000114382
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000083458
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000085115
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000102405
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000080584
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000010756;r=10:54300048-54311524;t=ENSRNOT00000091216
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000034254;r=12:11663109-11672877;t=ENSRNOT00000080216
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000034254;r=12:11663109-11672877;t=ENSRNOT00000042459
https://www.ensembl.org/Rattus_norvegicus/Transcript/Exons?db=core;g=ENSRNOG00000034254;r=12:11663109-11672877;t=ENSRNOT00000105242
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5.3.3.4 Cardiac fibrosis 

Excised hearts were fixed in 4% formaldehyde at least for one month and a tissue portion 

in the medium region of the ventricles dehydrated and embedded in paraffin blocks. This was 

done with a Myr STP120 (Tarragona, Spain) tissue processor with the following program: (i) 3 

times, 1 hour each, in 96% ethanol (ii) 3 times, 1 hour each, in 100% ethanol (iii) 3 times, 1 hour 

each, in isoparaffin, and (iv) twice, 2 hours each, in paraffin, followed by inclusion with a Myr 

EC350-1 modular tissue embedding center. The blocks were cut into 3 µm slices with a 

microtome (Microm HM325, Thermo Scientific), mounted, and fixed to the glass slide with heat 

(90º C for 1 hour followed by 60ºC for 2 hours). The slices were later deparaffined (embedding 

in isoparaffin during 60 s while shaking) and hydrated (embedding in 100% ethanol during 60 s 

while shaking, the same procedure in 96% ethanol, and in distilled water). The slices were finally 

stained with Masson’s Trichrome staining using the reagents and the procedure from Bio-Optica. 

The slides were mounted and imaged with a Leica DM 1000 LED microscope (8 random images 

per heart, in interstitial sites, at 20x) and manually segmented for estimating the percentage of 

fibrotic area (in blue) using ImageJ. The number of animals in each group that were included in 

the cardiac fibrosis measurement were: healthy: n = 4, D-gal: n = 12, D-gal + P-EVs: n = 7, D-

gal + NP-EVs: n = 6. 

5.3.3.5 Cardiac perfusion 

ECG-gated SPECT images were performed with a small-animal scanner (µSPECT, 

MILabs, the Netherlands) 60 minutes after the intravenous administration of 65.7 ± 11.9 99mTc-

sestamibi. The SPECT acquisition parameters were an isotropic voxel size of 0.4 mm and 1 hour 

of acquisition time, images were reconstructed using two-dimensional ordered subset expectation 

maximization (OSEM-2D) with 16 subsets and 1 iteration. For manual analysis, Multimodality 

Workstation software (MMWKS) [410] was used to define LV myocardium by a single expert to 

get the mean, maximum and minimum of 99mTc-sestamibi uptake values. The number of animals 

in each group that underwent the cardiac perfusion study before receiving the treatment were: D-

gal + P-EVs: n = 4, D-gal + NP-EVs: n = 2. The number of animals in each group that 

underwent the cardiac perfusion study at the endpoint were: healthy: n = 4, D-gal: n = 4, D-gal + 

P-EVs: n = 6, D-gal + NP-EVs: n = 4. To prepare the images for Figure 5.4d, intensity of 

representative raw SPECT images was normalized by the injected dose, by the animal weight and 

by the acquisition time using ImageJ to allow for comparison. From the normalized 3-

dimensional (3D) image, a slide in the middle of the LV was chosen and displayed using the 

physics look up table with the same window and level in the images of the different animals. 
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5.3.3.6 Total antioxidant capacity 

Blood collected at the endpoint on serum tubes was left at room temperature (RT) during 

30 min and then centrifuged at 2000× g at 4° C for 15 minutes. Serum was stored at -80º C until 

used. After 1:500 dilution, total antioxidant capacity was determined following the kit’s 

instructions (MAK187, Sigma-Aldrich). The total antioxidant capacity values were normalized by 

the total protein concentration in the same serum samples, determined with Bradford assay. Total 

antioxidant capacity was estimated in the following number of animals in each group: healthy: n 

= 6, D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6. 

5.3.3.7 Glucose tolerance test 

Animals were deprived from food 8 hours before performing the glucose test. Basal 

glucose level was measured with a FreeStyle Optimum Neo H (Abbott, Chicago, IL, U.S.A) 

glucometer, and then a 10% glucose solution (100 mg/ml in PBS) was IP injected at 10 ml/kg. 

Blood glucose levels were recorded 30 min, 60 min, 90 min and 120 min post-injection. To 

analyze the results, data were fitted to a 4th order polynomial (in a least-squares sense), and the 

total area under the curve, the recovery time, the increment in the area under the curve until the 

recovery time, and the maximum and minimum glucose levels were obtained. Figure 5.2 shows 

an example of glucose level evolution during the tolerance test, the fitting, and the illustration of 

the corresponding parameters obtained. The glucose tolerance test was performed in the 

following number of animals in each group: healthy: n = 7, D-gal: n = 7, D-gal + P-EVs: n = 7, 

D-gal + NP-EVs: n = 6. 

 

Figure 5.2. Glucose level changes in time and the corresponding parameters measured. At time 

0, after basal glucose level recording, 10% glucose solution was injected intraperitoneally at 10 
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ml/kg. Glucose level values recorded are in blue. Glucose level curve resulting from interpolating 

the glucose values recorded is in red. Point at which the basal glucose level is recovered is in 

purple (recovery time). Total area under the curve (AUC) is in green. Increment in AUC until 

recovery time is with diagonal lines. 

5.3.3.8 Hair regrowth 

A 2 x 2 cm approximate area was shaved in the chest of the rats. The area was imaged 

after shaving, after 7 days and after 17 days to monitor hair regrowth. The images were manually 

segmented using ImageJ to determine the area of hair regrowth. Hair regrowth was explored in 

the following number of animals in each group: healthy: n = 8, D-gal: n = 12, D-gal + P-EVs: n 

= 7, D-gal + NP-EVs: n = 6. 

5.3.4 Statistical analysis 

Results are presented as mean ± standard error of the mean in the text and in figures. 

Continuous variables were compared using Student’s t-tests. Categorical variables (percentage of 

senescent cells) were compared using the Z-Score for two population proportions. All probability 

values reported are two-sided, with p < 0.05 considered significant. 

5.4 Results 

5.4.1 CDC-EVs present variable anti-senescent and pro-angiogenic potency 

in vitro, which allows their classification as potent (P-EVs) and non-

potent (NP-EVs) 

The CDC-EVs obtained from the 18 different donors presented variable anti-senescent 

and pro-angiogenic potency (Figure 5.3). Regarding their anti-senescent effect, (i) most CDC-

EVs significantly reduced human CSC senescence from two different donors (Figure 5.3b), (ii) all 

CDC-EVs significantly increased CSC IL-6 secretion (Figure 5.3c) and (iii) most CDC-EVs 

reduced CSC CDKN1A (Figure 5.3d) and CDKN2A (Figure 5.3g) expression but only a few 

CDC-EVs reduced TGFB1 (Figure 5.3e) and TP53 (Figure 5.3f) expression. All CDC-EVs except 

from one donor (number 18) significantly increased tube formation on endothelial cells (Figure 

5.3h). 

Figure 5.3a shows the total potency score obtained by the CDC-EVs from different 

donors used to classify them as potent (green, total score between 11 and 14), mild-potent (white, 

total score between 7.5 and 8.5) and non-potent (red, between 5 and 7). The CDC-EVs with the 

highest potency (1 and 2, with 14 and 12.5 points in the potency score over 18 possible 
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respectively), were among the 33% best CDC-EVs in most of the potency tests in the assay 

matrix. On the other hand, the least potent donor (18, with 5 points in the potency score), was 

among the worst 33% CDC-EVs in most of the potency tests in the assay matrix, not showing a 

significant beneficial effect in most of the in vitro tests. The performance of each of the different 

CDC-EVs on the different tests of the potency matrix assay is shown in Figure 5.3b-h.  

For example, in Figure 5.3b we can see how CDC-EVs from donor 5, classified as 

potent, had the highest average reduction in CSC senescence: 8.1 ± 1.05% in CSCs from the first 

donor (from 25.6 in control conditions to 17.5% when treated, p < 0.001) and 11.0 ± 1.25% in  

CSCs from the second donor (from 47.5 to 36.5% when treated, p < 0.001). However, reduction 

in CSC senesce with CDC-EVs from donor 16, selected as non-potent, were considerably lower: 

4.0 ± 1.4% (p = 0.04) in CSCs from the first donor, and -3.2 ± 1.24 (p > 0.05) in CSCs from the 

second donor. The reduction in senescence induced by CDC-EVs was in general higher in CSCs 

from the second donor, as the basal senescence was higher.  

According to these results, CDC-EVs from donors 1 (14 years old, male) and 2 (77 years 

old, female) were selected as the most potent and used for treating animals assigned to the potent 

EVs group (P-EVs) in vivo. CDC-EVs from donor 18 (73 years old, male) were considered as the 

least potent and were used for treating the animals assigned to the non-potent EVs group (NP-

EVs). 

5.4.2 P-EVs have more rejuvenating cardiac effect in vivo than NP-EVs 

Potent and non-potent CDC-EVs selected according to their potency score in the matrix 

assay were tested in an in vivo model of induced cardiac aging. Administration of daily D-gal had 

several cardiac-aging related effects at cardiac genetic, tissue, organ and functional level (Figure 

5.4). The administration of P-EVs was able to revert some of these cardiac-aging associated 

effects, while the administration of NP-EVs had a minor effect or even contributed more 

negatively to cardiac aging (Figure 5.4).  

 Senescence in the cardiac tissue, measured at genetic level with the relative expression of 

the GLB1 gene, was significantly increased with the daily administration of D-gal (1.56 ± 0.17 vs. 

1.00 ± 0.1 in the healthy group, p < 0.05) as shown in Figure 5.4a. The use of P-EVs reversed 

this effect, as relative GLB1 expression was significantly lower vs. the D-gal group (0.93 ± 0.19, p 

< 0.05) and non-significantly different vs. the healthy group. The use of NP-EVs, despite also 

showed a tendency to reverse this effect (1.10 ± 0.20), did not significantly reduce GLB1 

expression vs. the D-gal group. The relative expression levels of the other senescence-associated 

genes explored (CDKN2A and TP53) presented no differences between groups (data not shown). 
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Figure 5.3. Performance of CDC-EVs from the different donors in the different tests in the 

potency matrix-assay. (a) Total score obtained in the potency matrix-assay, used for the 

classification of potent CDC-EVs, mild-potent CDC-EVs and non-potent CDC-EVs. (b) 

Reduction in CSC senescence (in two target donors) induced by the different CDC-EVs (n = 

1199 ± 27 cells/condition in target donor 1 and n = 1520 ± 18 cells/condition in target donor 2). 
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(c) Increment in CSC IL-6 secretion (in two target donors) induced by the different CDC-EVs (n 

= 3 samples/condition). (d) CDKN1A relative expression in CSC (from two target donors) 

under the effect of the different CDC-EVs (n = 3 samples/condition). (e) TGFB1 relative 

expression in CSC (from two target donors) under the effect of the different CDC-EVs (n = 3 

samples/condition). (f) TP53 relative expression in CSC (from two target donors) under the 

effect of the different CDC-EVs (n = 3 samples/condition). (g) CDKN2A relative expression in 

CSC (from two target donors) under the effect of the different CDC-EVs (n = 3 

samples/condition). (h) Relative tube formation in endothelial cells under the effect of the 

different CDC-EVs. All data are with respect to untreated CSCs or endothelial cells (n = 19 ± 1 

images/condition). 

Cardiac hypertrophy, measured as the ratio between the heart weight and the body 

weight, tended to be increased by daily administration of D-gal (2.6 ± 0.09 vs. 2.5 ± 0.1 g/kg in 

the healthy group, Figure 5.4b). Despite the same tendency being observed in animals of both 

sexes, due to the large variability in the ratio between males and females and to the smaller 

number of females, the difference was only significant in the male group (2.5 ± 0.05 vs. 2.2 ± 0.1 

g/kg, p < 0.01). When using P-EVs, cardiac hypertrophy was slightly reduced vs. the D-gal 

group, but without reaching significance (2.4 ± 0.1 g/kg, p > 0.05 vs. D-gal and vs. healthy). 

When using NP-EVs, cardiac hypertrophy was significantly higher (2.9 ± 0.11 g/kg) both vs. the 

healthy group and the P-EVs groups (p < 0.05). When considering only males, this difference was 

also significant vs. the D-gal group (p < 0.05). 

D-gal and EV administration also had significant effects in cardiac fibrosis (Figure 5.4c). 

At genetic level, D-gal administration significantly increased relative TGFB1 expression (1.77 ± 

0.17 vs. 1.00 ± 0.1, p = 0.01). This expression was reduced by P-EVs (1.5 ± 0.23) to the point of 

not being significantly different to the healthy group (p > 0.05), but this reduction did not achieve 

significance vs. the D-gal group. NP-EVs also reduced relative TGFB1 expression, but to a lesser 

extent (1.6 ± 0.35, p > 0.05 vs. all groups). At cardiac tissue level, the percentage of interstitial 

fibrosis was significantly increased by D-gal (from 1.42 ± 0.17 to 2.02 ± 0.11%, p < 0.05). 

Animals in the P-EVs group presented a similar average cardiac fibrosis (2.01 ± 0.18%), but 

without significant differences vs. the healthy group (p = 0.06). However, animals in the NP-EVs 

group presented a significantly higher cardiac fibrosis than healthy animals (2.10 ± 0.15, p < 0.05 

vs. healthy). Representative images of cardiac fibrosis in animals in the different groups are 

shown in Figure 5.4c. 

At functional level, D-gal administration did not significantly worse cardiac perfusion nor 

cardiac hemodynamic performance. Cardiac perfusion measured by SPECT mean activity at the 

endpoint was similar in the healthy, D-gal and P-EVs groups (262 ± 7, 264 ± 13 and 252 ± 12 
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cps respectively, all differences not significant, p > 0.05, Figure 5.4d). Nevertheless, cardiac 

perfusion of animals treated with NP-EVs was considerably worse than animals in healthy and 

D-gal groups (220 ± 7 cps, p < 0.05 vs. healthy and D-gal). Minimum and maximum activity 

values were not significantly different among all groups, confirming that mean values differences 

are only due to cardiac perfusion differences. As the SPECT images from some animals at pre-

treatment was available, we compared the evolution in cardiac perfusion in some animals before 

and after receiving P- or NP-EVs. While animals receiving P-EVs tended to improve their 

cardiac perfusion (∆ 12 ± 19 cps), administration of NP-EVs tended to worse their cardiac 

perfusion (∆ -3 ± 16 cps). However, due to the small number of animals with this data available, 

the difference was not significant. Representative images of SPECT activity in animals in all 

groups at endpoint and the corresponding image of the P-EV and NP-EV animals before 

receiving the EVs are shown in Figure 5.4d. Regarding hemodynamic performance, animals in 

the D-gal group did not record increases in maximum, end-diastolic and minimum ventricular 

pressure and did not show differences in their maximum and minimum derivatives of pressure 

and the isovolumic relaxation constant (tau) (data not shown). Therefore, there were no margin 

for observing beneficial effects of EV administration. 

5.4.3 P-EVs have more beneficial systemic effects in vivo than NP-EVs 

Apart from the cardiac effects, daily D-gal administration also had other aging-related 

systemic effects, some of which were partly overcome by P-EVs (Figure 5.5). D-gal daily 

administration reduced the increment in body weight (Figure 5.5a), so at week 32, the animals in 

the D-gal group had a considerably lower body weight (546 ± 40 g) vs. the healthy animals (676 

± 60 g). The difference was not significant (p = 0.08) due to the large differences in body weight 

between males and females. However, when analyzing both sexes separately, the difference was 

significant (p < 0.05) in the male group and had the same tendency in the female group. Animals 

in the P- and NP- group had body weights similar to the D-gal group (535 ± 51 and 511 ± 55, p 

> 0.05 vs. all other groups).  

Regarding total antioxidant capacity (Figure 5.5b), D-gal administration tended to 

increase it vs. the healthy group, but without reaching significance (1.51 ± 0.07 vs. 1.38 ± 0.02, p 

> 0.05). P-EVs tended to slightly compensate the increase (1.46 ± 0.08), while NP-EVs even 

further accentuated it (1.54 ± 0.11), but these small differences did not reach significance. When 

looking at total antioxidant capacity differences by gender, while the general tendencies 

previously described were mainly observed in males (were in fact higher total antioxidant capacity 

in the NP-EV group reached significance with respect to the healthy group, p < 0.05), in females 

all groups had very similar total antioxidant capacity. 
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Figure 5.4. Cardiac effects of D-gal and P- and NP-EV administration. (a) Effects on cardiac 

senescence at genetic level (healthy: n = 6, D-gal: n = 11, D-gal + P-EVs: n = 7, D-gal + NP-
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EVs: n = 6). (b) Effects on cardiac hypertrophy on the whole population (healthy: n = 8, D-gal: n 

= 12, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6), on males (healthy: n = 5, D-gal: n = 9, D-

gal + P-EVs: n = 5, D-gal + NP-EVs: n = 4) and on females (healthy: n = 3, D-gal: n = 3, D-gal 

+ P-EVs: n = 2, D-gal + NP-EVs: n = 2). (c) Effects on cardiac fibrosis at genetic (healthy: n = 

6, D-gal: n = 11, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6) and tissue level (healthy: n = 4, 

D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6). Representative images of 

interstitial fibrosis in animals in each group. (d) Effects on cardiac perfusion (healthy: n = 4, D-

gal: n = 4, D-gal + P-EVs: n = 6, D-gal + NP-EVs: n = 4) and the evolution in cardiac perfusion 

(D-gal + P-EVs: n = 4, D-gal + NP-EVs: n = 2). Representative images of Single Photon 

Emission Computer Tomography (SPECT) intensity corrected by injected activity, animal weight 

and acquisition time in animals in the different groups. Also shown images of animals in the P- 

and NP-EVs groups before receiving the EVs to illustrate the effect of the treatment 

administration. D-gal: D-galactose. EVs: Extracellular vesicles. P: potent. NP: non-potent. Black 

scale bar corresponds to 100 µm. White scale bar corresponds to 5 mm. * p < 0.05. 

Daily administration of D-gal also seemed to influence in glucose metabolism (Figure 

5.5c). Both the total AUC and the increment in the AUC until the recovery time were 

significantly lower in the D-gal vs. the healthy group (p < 0.05). P-EVs, contrary to NP-EVs, 

partially compensated the D-gal effect: AUC was closer in the P-EVs to the healthy than to the 

D-gal group (p > 0.05 vs. both groups) and increment in the AUC until the recovery time was 

significantly higher in the P-EVs than in the D-gal group (p < 0.05). 

D-gal administration also seem to negatively impact on hair regrowth (Figure 5.5d). After 

7 days, animals in the D-gal group only had a 16 ± 3% of hair regrowth, while healthy animals 

had 37.1 ± 7.0% (p < 0.05). Both P- and NP- EVs improved hair regrowth vs. D-gal (30.6 ± 11.6 

and 29.1 ± 11.3 respectively, p > 0.05 both vs. D-gal and healthy groups). No significant 

differences were observed in hair regrowth between any of the groups after 17 days. 

Representative images of the differences in hair regrowth after 7 days in animals belonging to the 

different groups are shown in Figure 5.5e. 
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Figure 5.5. Systemic effects induced by D-gal and by P- and NP-EVs in the rodent model. (a) 

Body weight in week 32 in all animals (healthy: n = 6, D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal 

+ NP-EVs: n = 6), in males (healthy: n = 5, D-gal: n = 9, D-gal + P-EVs: n = 5, D-gal + NP-
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EVs: n = 4), and in females (healthy: n = 1, D-gal: n = 3, D-gal + P-EVs: n = 2, D-gal + NP-

EVs: n = 2). (b) Total antioxidant capacity in serum in all animals (healthy: n = 6, D-gal: n = 12, 

D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6), in males (healthy: n = 5, D-gal: n = 9, D-gal + P-

EVs: n = 5, D-gal + NP-EVs: n = 4), and in females (healthy: n = 1, D-gal: n = 3, D-gal + P-

EVs: n = 2, D-gal + NP-EVs: n = 2). (c) Area under the curve (AUC) and increment in AUC 

until recovery time from the glucose tolerance test (healthy: n = 7, D-gal: n = 7, D-gal + P-EVs: n 

= 7, D-gal + NP-EVs: n = 6). (d) Percentage of hair regrowth 7 days after shaving (healthy: n = 

8, D-gal: n = 12, D-gal + P-EVs: n = 7, D-gal + NP-EVs: n = 6). (e) Representative images of 

hair regrowth in the animals in the different groups 7 days after shaving. D-gal: D-galactose. EVs: 

Extracellular vesicles. P: potent. NP: non-potent. 

5.5 Discussion 

The results of this study show that senescence and angiogenesis-related in vitro functional 

assays can be used as predictors of CDC-EV in vivo potency for cardiac aging. The matrix assay 

proposed here evaluates and scores in vitro the anti-senescent potency on CSCs and the pro-

angiogenic potency on endothelial cells using several markers. According to the results in the 

matrix assay, the EVs can be classified as potent, mild-potent and non-potent. These differences 

in the therapeutic potential in vitro seem to translate to the in vivo model, as EVs selected as potent 

had higher rejuvenating potential than EVs selected as non-potent in a rodent model of induced 

cardiac aging.  

To quantify the effect of the in vitro potency, we decided to design a matrix assay that 

evaluated and scored the anti-senescent potency on CSCs from human origin of two different 

donors and the pro-angiogenic effect on human endothelial cells. The anti-senescent effect was 

evaluated using SA-β-gal expression, IL-6 secretion and CDKN1A, TGFB1, CDKN2A and TP53 

expression. The pro-angiogenic effect was evaluated according to the CDC-EV potential to 

induce tube formation on HUVEC. The performance in each of the different tests was scored 

and added to obtain a final potency score, so that selected CDC-EVs as potent according to this 

score had the highest anti-senescent and pro-angiogenic potency in vitro while selected CDC-EVs 

as non-potent had the lowest in vitro anti-senescent and pro-angiogenic potency.  

EVs classified as potent (P-EVs) with the in vitro matrix assay had higher cardiac 

rejuvenating potency in vivo than EVs classified as non-potent (NP-EVs). While P-EVs had the 

potential to significantly reduce the expression of the senescence-associated gene GLB1 in D-gal 

age-induced-animals and to non-significantly reduce cardiac hypertrophy and TGFB1 expression, 

NP-EVs did not significantly produce any effect and in fact significantly increased cardiac 

hypertrophy, cardiac fibrosis and reduce perfusion. These results are in accordance with the 
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effects observed in the in vitro functional assay. While P-EVs (from donors 1 and 2) had 

significant beneficial effects in most in vitro effects explored (reducing CSC senescence, increasing 

CSC IL-6 secretion, reducing the genetic expression of senescence-associated genes and 

improving angiogenesis), NP-EVs (from donor 18) only significantly improved CSC senescence 

in one of the two target donors, increased CSC IL-6 secretion and reduced CDKN2A expression. 

In addition, NP-EVs even tended to worse TGFB1, TP53 and CDKN2A expression in CSCs and 

reduced endothelial tube formation. In vivo, P-EVs also presented a higher tendency to induce 

rejuvenation at systemic level than NP-EVs. While P-EVs significantly improved the increment 

in the AUC until recovery time in the glucose test and tended to drive total antioxidant capacity 

and hair growth to a healthier profile, NP-EVs did not significantly improve any of the explored 

parameters and even significantly increased total antioxidant capacity.  

Although the results go in the direction of our hypothesis and clearly show differences 

between the changes induced by P- and NP-EVs, the benefits exerted by P-EVs are still not as 

remarkable as those in other studies [140], probably because of the limitations of the cardiac 

aging model used. Administration of daily D-gal for several weeks is described to drive age-

related physiological changes in different tissues, particularly in the heart, but we were not able to 

replicate all these effects despite using higher D-gal doses and for considerably longer than 

described in the reference articles. D-gal injections have been related to increased senescence 

[409] (by increasing SA-β-gal, p21 and p53 expression and increasing AGE protein levels [411]) 

and to decreased cardiac function (increased cardiac hypertrophy, CM cross-sectional area and 

decreased EF and fractional shortening (FS) [412]. At systemic level, D-gal is also described to 

decrease antioxidant and total antioxidant capacity levels [413]. However, in this study, D-gal 

only induced moderate changes at cardiac and systemic level: for example, no differences were 

observed between healthy and D-gal animals at hemodynamic and cardiac perfusion level and 

only moderate changes in GLB1 expression, hypertrophy and cardiac fibrosis were observed, 

being the values and differences still far from those of naturally aged of pathological animals 

[140, 414–416]. Therefore, as D-gal did not induce large damage at cellular, structural, and 

functional level, we cannot consider these animals as truly aged or pathological, giving little room 

for the P-EVs to exert any significant benefits. While the number of animals included in this 

study was not very high, the deviation was, becoming hard to find significance in the small 

differences caused either by the model or by P-EVs in these relatively healthy animals. 

Despite the results here suggesting that in vitro EV potency seems to predict efficacy in 

vivo, future experiments should be addressed to confirm the rejuvenating efficacy of P vs. NP- 

EVs in naturally aged animals, as well as to validate if the potency score developed here correlates 

with in vivo, and later clinical, efficacy. To do so, CDC-EVs from large numbers of donors should 

be assessed for the potency score and then tested in vivo. These would also help defining pass and 
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fail quantitative ranges, as the potency score proposed here depends on whether the CDC-EVs 

are among the best, the middle, or the worst tercile, and not on quantitative values. 

In spite of all the limitations, the results highlight the importance of performing adequate 

potency tests before using biological products in the clinical scenario, as the use of non-potent or 

suboptimal products may lead to unforeseen results. Accordingly, we propose a potency matrix 

assay with tests that are relatively fast, easy, and economic to implement and show that it is 

capable of predicting in vivo outcome. After further validation, this matrix assay could eventually 

replace in vivo potency assays (more resource- and time-consuming) before clinical translation. 

5.6 Conclusions 

Differences in the in vitro anti-senescent and pro-angiogenic potency of extracellular 

vesicles derived from cardiosphere-derived cells (CDC-EV) can be used to predict CDC-EV in 

vivo efficacy in a model of cardiac aging. We suggest as a potency test an in vitro matrix assay 

consisting in scoring the CDC-EVs potential to reduce senescence-associated β-galactosidase 

(SA-β-gal), CDKN1A, TGFB1, CDKN2A and TP53 expression and to increase IL-6 secretion on 

cardiac stromal cells, together with CDC-EV ability to induce endothelial tube formation. 

According to the results in the different in vitro tests, CDC-EVs can be classified as potent (P-

EVs), mild-potent and non-potent (NP-EVs). EVs classified in vitro as potent showed more 

rejuvenating potential in an in vivo model of induced cardiac aging than EVs classified as non-

potent. After further validation, the matrix assay proposed here could be a suitable in vitro 

potency test for discerning suitable biological products for their allogenic use in the cardiac aging 

clinical scenario. 
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Chapter 6 

6. Cardiac extracellular matrix hydrogel enriched 

with polyethylene glycol presents improved gelation time 

and increased on-target site retention of extracellular 

vesicles 

6.1 Abstract 

Stem-cell-derived extracellular vesicles (EVs) have demonstrated multiple beneficial 

effects in preclinical models of cardiac diseases. However, poor retention at the target site may 

limit their therapeutic efficacy. Cardiac extracellular matrix hydrogels (cECMH) seem promising 

as drug-delivery materials and could improve the retention of EVs, but may be limited by their 

long gelation time and soft mechanical properties. Our objective was to develop and characterize 

an optimized product combining cECMH, polyethylene glycol (PEG), and EVs (EVs–PEG–

cECMH) in an attempt to overcome their individual limitations: long gelation time of the 

cECMH and poor retention of the EVs. The new combined product presented improved 

physicochemical properties (60% reduction in half gelation time, , p < 0.001, and threefold 

increase in storage modulus, p < 0.01, vs. cECMH alone), while preserving injectability and 

biodegradability. It also maintained in vitro bioactivity of its individual components (55% 

reduction in cellular senescence vs. serum-free medium, p < 0.001, similar to EVs and cECMH 

alone) and increased on-site retention in vivo (fourfold increase vs. EVs alone, p < 0.05). In 

conclusion, the combination of EVs–PEG–cECMH is a potential multipronged product with 

improved gelation time and mechanical properties, increased on-site retention, and maintained 

bioactivity that, all together, may translate into boosted therapeutic efficacy. 

6.2 Introduction 

Regenerative and reparative therapies, although they seem promising in different 

cardiovascular diseases, present demanding requirements that are difficult to achieve and that 
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limit their translation into the clinical scenario [283]. Regenerative products must be 

biocompatible and bioactive, preferably injectable in a unique dose, and adequately retained and 

degraded at the site of interest.  

The main problems of cell products derive from their large variability and their lack of 

stability and standardization [115]. Some of the challenges seemed to be solved once it was 

clarified that most of their beneficial effects are caused by paracrine mediators, such as 

extracellular vesicles (EVs), which possess meaningful advantages as therapeutics vs. their 

parenteral cells [180, 417]. In particular, EVs derived from cardiosphere-derived cells (CDCs) 

have shown potential to improve cardiac function in infarcted [181] and aged hearts [140], as well 

as antiarrhythmic effects [293]. However, EV retention at the target site remains as one of their 

main challenges [418]. 

The use of injectable biomaterials for cardiac regeneration, such as hydrogels, has also 

been explored. Those derived from cardiac extracellular matrix (cECMH) mimic the biophysical 

and topographical properties of the ECM and gel at physiological temperature. In addition, they 

improve cardiac function in preclinical models [235] and have shown safety in a phase I clinical 

trial [222]. Nevertheless, slow gelation time, rapid degradation, and poor mechanical properties 

[217] are some of their physicochemical limitations. The combination of naturally derived 

hydrogels with synthetic materials, such as polyethylene glycol (PEG), seems promising [217] to 

make cECMH more suitable for therapeutic use. 

Apart from providing structural support and favorable bioactivity on surrounding tissue, 

biomaterials can also be used for the delivery of small particles and/or cells to improve their 

retention at the injection site [419]. The combination of hydrogels with other bioactive products 

may solve some of the current limitations they possess individually, and enhance the therapeutic 

response with a synergistic effect [204]. However, specific designs for specific purposes will 

probably be needed. 

The aim of this work was to develop, characterize, and evaluate in vitro and in vivo the 

suitability of a new product composed by EVs derived from CDCs embedded in a PEG–cECM 

hydrogel (EVs–PEG–cECMH) for its use as a regenerative product. Firstly, we explored the 

different physicochemical properties of the combined product (EVs–PEG–cECMH) vs. the 

cECMH alone, and how PEG, which can also be used as a purification method of EVs from 

conditioned medium, influenced the gelation time and the mechanical properties. Secondly, we 

confirmed that product combination into the EVs–PEG–cECMH did not negatively affect the 

bioactivity of the individual components and served to improve EV retention at the injection site 

compared to EV administration in the standard delivery vehicle. 
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6.3 Materials and methods 

6.3.1 EDCs, CDCs, and derived extracellular vesicle isolation 

EVs used as therapeutic product were isolated from human CDCs, as previously 

described in section 4.3.1. The mean EV size obtained by the nanoparticle tracking analysis 

(NTA) software was 170 nm ± 20 nm, with a maximum particle size of 450 nm. For 

experiments, EVs were incubated overnight at 4 °C in 4% w/v polyethylene glycol (PEG), 

precipitated by centrifugation at 1500× g for 30 min, and resuspended in the corresponding 

medium (SFM or cECMH) at a concentration of 5 mg/ml, unless otherwise stated. Considering 

the 4% w/v PEG concentration in the conditioned medium, the size of the pellet containing the 

EVs (150–250 µl) and the volume of cECM in which the pellet was resuspended (1 ml), the 

estimated PEG concentration in the combined product of EVs–PEG–cECM solution was 8 ± 2 

mg/ml.  

6.3.2 Porcine myocardial matrix decellularization, lyophilization, and 

characterization 

Porcine myocardial matrix was decellularized with slight modifications from a previous 

protocol from our group [420]. The heart from six euthanized minipigs (6.5 months old on 

average, three males) were immediately extracted, cleaned from fat, valves, and fibrotic regions, 

and the myocardium was cut into thin slices (1 mm thick) as shown in Figure 6.1a. The slices 

were individually decellularized in a distilled water solution at 1% w/v of sodium dodecyl sulfate 

(SDS) under constant shaking for 48–72 hours, and then washed in distilled water for another 72 

hours. All the solutions were changed daily. The slices were then disinfected for 30 min in 

peracetic acid at 1% and kept in phosphate-buffered saline (PBS) with 1% 

penicillin/streptomycin (Gibco) at 4 °C until lyophilization (Figure 6.1b). Three slices from 

different animals (decellularized and non-decellularized) were frozen in Tissue O.C.T., cut into 4 

µm slices, and stained with DAPI to confirm decellularization. This decellularization protocol has 

been previously shown in our group to yield less than 50 ng of DNA content per mg of tissue 

[420]. The lyophilized samples (in a Telstar, Lioalfa-6 lyophilizer, Munich, Germany, Figure 6.1c) 

were later cut into small pieces (around 1mm size), mixed, and stored at -20 °C until used for 

hydrogel preparation (Figure 6.1d). Sulfated glycosaminoglycan (sGAG) content (total and O-

sulfated) and proteins present in the lyophilized matrix were confirmed in 3 samples by using the 

Blyscan assay (Biocolor Ltd, Carrickfergus, U.K.) and by Liquid chromatography–tandem mass 

spectrometry (LC–MS/MS, in a Triple TOF 6600, Sciex, Old Connecticut Path Framingham, 

MA, U.S.A), respectively.  
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The LC–MS/MS analysis was made using a previously standardized method by our group  

[421, 422]. An equal amount of protein from the samples was loaded on a 10% SDS-PAGE gel. 

The run was stopped as soon as the front had penetrated 3 mm into the resolving gel [423, 424]. 

The protein band was visualized by Sypro Ruby fluorescent staining (Lonza, Basel, Switzerland), 

excised, and subjected to in-gel, manual tryptic digestion following the protocol described 

previously by our group [421, 422]. Peptides were extracted by performing three 20-min 

incubations in 40 μl of 60% acetonitrile dissolved in 0.5% HCOOH. The resulting peptide 

extracts were pooled, concentrated in a SpeedVac, and stored at -20 °C. 

Digested peptides were separated using reverse phase chromatography. Gradient was 

developed using a micro liquid chromatography system (Eksigent Technologies nanoLC 400, 

Sciex, Framingham, MA, U.S.A) coupled to a high-speed Triple TOF 6600 mass spectrometer 

(Sciex, Framingham, MA, U.S.A) with a micro flow source. The analytical column used was a 

silica-based reversed phase column YMC-TRIART C18 150 × 0.30 mm, with a 3 mm particle 

size, and 120 Å pore size (YMC Technologies, Teknokroma, Sciex, Framingham, MA, U.S.A). 

The trap column was a YMC-TRIART C18 (YMC Technologies, Teknokroma, Sciex, 

Framingham, MA, U.S.A) with a 3 mm particle size and 120 Å pore size, switched on-line with 

the analytical column. The loading pump delivered a solution of 0.1% formic acid in water at 10 

µl/min. The micro-pump provided a flow rate of 5 µl/min and was operated under gradient 

elution conditions, using 0.1% formic acid in water as mobile phase A, and 0.1% formic acid in 

acetonitrile as mobile phase B. Peptides were separated using a 90-minute gradient ranging from 

2% to 90% mobile phase B (mobile phase A: 2% acetonitrile, 0.1% formic acid; mobile phase B: 

100% acetonitrile, 0.1% formic acid). Injection volume was 4 µl.  

Data acquisition was carried out in a TripleTOF 6600 System (Sciex, Framingham, MA, 

U.S.A) using a data-dependent workflow. Source and interface conditions were as follows: ion 

spray voltage floating (ISVF) 5500 V, curtain gas (CUR) 25, collision energy (CE) 10, and ion 

source gas 1 (GS1) 25. The instrument was operated with Analyst TF 1.7.1 software (Sciex, 

Framingham, MA, U.S.A). Switching criteria were set to ions greater than the mass to charge 

ratio (m/z) 350 and smaller than m/z 1400, with charge state of 2–5, mass tolerance 250 ppm, 

and an abundance threshold of more than 200 counts (cps). Former target ions were excluded for 

15 s. The instrument was automatically calibrated every 4 hours using as external calibrant tryptic 

peptides from pep Cal Mix (Sciex, Framingham, MA, U.S.A). 

After MS/MS analysis, data files were processed using ProteinPilotTM 5.0.1 software 

from Sciex, which uses the algorithm ParagonTM for database search and ProgroupTM for data 

grouping. Data were searched using a Sus Scrofa specific Uniprot database. False discovery rate 

was performed using a non-lineal fitting method, displaying only those results that reported a 1% 

global false discovery rate or better [425, 426]. For the plot in Figure 6.3, relative abundance of 
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each protein was determined from the number of peptides identified, corrected by the size of the 

protein (in KDa, from Uniprot). 

6.3.3 Cardiac extracellular matrix hydrogel (cECMH) synthesis  

Hydrogels from the lyophilized decellularized cECM were prepared fresh for each 

experiment, with slight modifications from previous protocols [232]. The lyophilized myocardial 

matrix was solubilized with pepsin (P6887, Sigma-Aldrich, at 1 mg/10 mg of lyophilized matrix) 

in 0.01 M HCl (1 ml/10 mg of matrix) under constant stirring for 72 hours, at which point no 

solid particles were visible (Figure 6.1e). The solubilized cardiac matrix solution was placed on ice 

and adjusted to pH 7.4 by progressive addition of 0.1 M NaOH, and to physiological salt 

concentration (PBS 1x) by addition of 1/9 of the volume of PBS 10x. For hydrogel formulations 

incorporating PEG, (molecular weight = 8000, P5414, Sigma-Aldrich, at 3, 6, 12, or 16 mg/ml in 

the final solution), the corresponding amount of polymer was dissolved in the PBS 10x, sterile 

filtered, and added to the solution. All formulations were brought to a final concentration of 8 

mg of solubilized cardiac matrix per ml of solution with the addition of PBS 1x. The solution was 

centrifuged at 4000 rpm and 4 °C for 5 min to remove any remaining insoluble particles (if any) 

and kept at 4 °C until used (maximum 24 hours). The solution was used for the characterization 

experiments, injected or gelled at 37 °C as detailed in the next sections (Figure 6.1f-g). 

 

Figure 6.1. Procedure followed for the preparation of the cardiac extracellular matrix hydrogel 

(cECMH). (a) Porcine cardiac tissue cut into small, thin slides. (b) Decellularized cECM slides. 

(c) Lyophilized cECM. (d) Milled cECM. (e) Solubilized cECM. (f-g) Gelled cECM (cECMH).  
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6.3.4 Gelation kinetics 

Gelation kinetics from three different batches of the control hydrogels, with PEG at 3, 6, 

12, and 16 mg/ml, and with EVs prepared as described above, were studied by turbidimetry as 

previously published [427, 428]. A total of 100 µl of each solution in triplicate were placed in a 

96-well plate, and the optical density (OD) at 405 nm and 37 °C was measured every 15 seconds 

with a SynergyTM HTX Multi-Mode Microplate Reader (BioteK, Winooski, VT, U.S.A.) during 

90 min (when a plateau in all samples had been reached). OD values were averaged and 

normalized for each group. From the normalized plot, the half gelation time ( , at which 

normalized OD was 0.5), the lag phase ( , at which the linear fit in the linear region of the plot 

was zero), and the speed of gelation (S, slope of the linear fit) were compared among the 

different groups. 

6.3.5 Scanning electron microscopy 

To study the effect of PEG and EVs on the hydrogel structure and fiber diameter, 

Scanning Electron Microscopy (SEM) images from hydrogels of two different batches at the 

different conditions (cECMH, cECMH with PEG at 3, 6, and 12 mg/ml, and EVs–PEG–

cECMH) were taken. The solubilized matrix (800 µl) was gelled at 37 °C for 24 hours, and then 

dehydrated with a series of ethanol washes (2 hours at 20%, 2 hours at 40%, overnight at 60%, 2 

hours at 80%, 2 hours at 100%, and overnight at 100%). The dehydrated samples were dried in a 

Thar R100W reactor by using supercritical CO2, as previously described [427], and then were 

immersed in liquid nitrogen before sectioning. Sectioned samples were mounted, and sputter 

coated for 75 s with gold using Leica EM ACE600 (Wetzlar, Germany) to prepare them for 

imaging with a Philips XL30 SEM (Eindhoven, The Netherlands). Four random images at 

24,000x were taken for each sample, and the widths of 20 distinguishable fibers per image (160 

fibers per condition) were measured using ImageJ Software. 

6.3.6 Rheometry and injectability 

Viscosity and rheology measurements were performed in a TA Instruments AR-G2 

rheometer (New Castle, DE, U.S.A) on samples with the different conditions (cECMH, and 

cECMH with PEG at 3, 6, and 12 mg/ml, and with EVs) as shown in Figure 6.2a-c. Viscosity 

was measured with a 40 mm diameter aluminum Peltier plate at the different conditions (from 

three different batches, each sample in triplicate). The rheometer was maintained at 25 °C and 

viscosity was measured between 0.1 and 500 Hz. For storage (G’) and loss modulus (G’’) 

measurements, 1500 µl of hydrogel solution was gelled for 24 hours at 37 °C on 25 mm diameter 

disc-shaped molds. The linear viscoelastic region was determined in 3 samples, applying an 
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oscillatory strain sweep with amplitudes from 0.01% to 200% at a frequency of 1 Hz using a 25 

mm diameter sand-blasted Peltier plate. In 4 samples of each condition (from two different 

batches), the dynamic frequency sweep at a fixed strain within the viscoelastic region (0.15%) was 

performed from 0.01 to 2 Hz at 37 °C. G’ and G’’ at 1 rad/s (0.16 Hz) were plotted.  

Injection forces are also important parameters for shear-thinning hydrogel 

characterization [429]. Injectability of the different preparations was confirmed through a 

commercially available Myostar injection catheter equipped with a 27 G needle at the tip 

(Biosense Webster, Irvine, CA, U.S.A.). The force required for injecting the different solutions 

with a 1 ml Luer-lock syringe connected to the Myostar catheter was measured at an injection 

speed of 500 µl/min using a QTest 1L Elite System (MTS, Artisan Technology Group, 

Champaign, IL, U.S.A., Figure 6.2d-e) and recorded using TestWorks Software. Measurements 

were performed at room temperature (RT) in 3 samples for each group (PBS, cECMH, cECMH 

with PEG at the different concentrations, and EVs–PEG–cECMH). 

 

Figure 6.2. Set up for the rheometry and injectability tests. (a) TA Instruments AR-G2 

rheometer set up with a cECMH. (b) Geometry and cECMH sample aligned in the AR-G2 

rheometer. (c) Geometry correctly placed over the cECMH sample ready for storage and loss 

modulus measurements. (d) QTest 1L Elite System, Luer-lock syringe and Myostar catheter set 

up for measuring the injection force. (e) Luer-lock syringe and Myostar catheter positioning 

during the injection force measurement in the QTest 1L Elite System. 
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6.3.7 Enzymatic degradation assay 

The degradation assay of the hydrogels from six samples (coming from three different 

batches) at the different conditions (cECMH, and cECMH with PEG at 3, 6, and 12 mg/ml) was 

performed as previously described, with slight modifications [430]. Briefly, the solubilized matrix 

(20 µl) was gelled at 37 °C for 24 hours in a 1.5 ml Eppendorf. A total of 20 µl of collagenase 

type II (200 units/ml, LS004176, Worthington) dissolved in 0.1 M Trizma base buffer (T1503, 

Sigma-Aldrich) pH 7.4 and 0.25M CaCl2 were added, and the samples were further incubated at 

37 °C for 5, 24, and 48 hours. A total of 20 µl of collagenase in 20 µl of PBS was used as blanks. 

Following incubation, the samples were centrifuged at 15,000 rpm for 5 min, and 10 µl of the 

supernatant was mixed with an equal volume of 2% ninhydrin reagent solution (N7285, Sigma-

Aldrich). The samples were boiled at 10 min in a water bath, and then 380 µl of distilled water 

was added. In total, 100 µl (in triplicate) was transferred into a 96-well plate and the OD at 570 

nm was measured using an EMax® Plus Microplate Reader (BioteK, Winooski, VT, U.S.A). With 

the ninhydrin assay, a higher OD at 570 nm is indicative of more soluble amines. 

6.3.8 EV bioactivity — anti-senescent effect 

The bioactivity of the EVs, the cECMH, and the PEG–cECMH with the encapsulated 

EVs (EVs–PEG–cECMH) was tested by investigating their anti-senescent effect in EDCs 

coming from two patients different from the EVs used as treatment. In triplicate, 250 µl samples 

of EVs (at 0.56 mg/ml) in SFM, cECM alone, or EVs in PEG–cECM were incubated for 

gelation during 24 hours at 37 °C in 12-well Transwells® (3460, Corning®). EDCs from passage 

3 were seeded at a concentration of 15,000 cells/cm2 in fibronectin precoated 12-well plates. The 

cells were left for 24 hours to attach, and then the medium was changed to SFM (2 ml/well), and 

the Transwells® with SFM (controls), EVs in SFM, cECMH, or EVs–PEG–cECMH were 

added. After 72 hours, the Transwells® were removed and the cells fixed and stained with the 

senescence-associated beta-galactosidase (SA-β-gal) assay, following the manufacturer’s 

instructions (ab65351 Senescence Detection Kit, abcam®). A total of 14 images at 20x (around 

650 cells) per well were taken with a Leica DMI3000B optical microscope and Leica DFC310 FX 

camera (Wetzlar, Germany), and analyzed using ImageJ Software. Cells were classified as 

senescent or non-senescent depending on whether they presented a blue color, and the 

percentage of senescent cells was calculated. 

6.3.9 EV release from cECMH 

Three samples of 100 µl of solubilized cECM and with the EVs resuspended in PEG–

cECM were incubated for gelation during 24 hours at 37 °C in 24-well Transwells® (3422, 
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Corning®). EVs resuspended in SFM were used as controls. The samples were later placed in 24-

well plates, where 600 µl of SFM was added to each well. The medium was collected daily and 

replaced, and the number of particles released was measured in triplicate by NTA using a 

Nanosight NS300 instrument and Nanosight NTA 3.4. software (Malvern Paranalytical, Malvern, 

U.K.) [431]. The samples were injected at RT into the sample chamber using a syringe pump, 

and, for each sample, three videos of 60 s were recorded with screen gain 1 and camera level at 

11. 

6.3.10 EV in vivo retention 

6.3.10.1 EV labeling 

Radioactive labeling of the isolated EVs was carried out with the Single-Photon Emission 

Computed Tomography (SPECT) radionuclide 99mTc based on previous protocols of exosome 

radiolabeling [432]. Briefly, 9–12 mCi of commercial [99mTc] NaTcO4 (Curium Pharma, Madrid, 

Spain) was reduced in the presence of 0.01M SnCl2 in HAc (10%). The reaction was performed 

for 5 min at 37 °C and 700 rpm, under N2 atmosphere. Then, the mixture was neutralized (pH = 

7) with 2.8 N NaOH. EVs (3 mg, 400 µl) were added to the 99mTc (IV) solution and incubated 

and shacked for 30 min at 37 °C and 700 rpm. Radiolabeled EVs were purified by centrifuging 

with 10 KDa Amicon filters (Merck Life Science, Darmstadt, Germany) and resuspended in 400 

µl of PBS or PEG–cECM solution. Radiochemical purity of the recovered product was 

established by radio-thin-layer chromatography (iTLC) using a miniGita Single system (Elisa-

Raytest, Angleur, Belgium). 

6.3.10.2 EV tracking by SPECT-CT imaging 

Multimodality imaging was performed with a small-animal SPECT scanner (µSPECT, 

MILabs, Houten, the Netherlands) and a preclinical Computer Tomography (CT) system (Super 

Argus, SEDECAL, Algete, Spain). SPECT and CT images were acquired 15 min and 24 hours 

after subcutaneous administration of an average 300 µCi dose (no significant differences between 

groups) of radiolabeled EVs (3 mg of protein, 400 µl of PBS or PEG–cECM solution). Six 

Balb/C, 15-week-old female mice of 23.3 ± 1.8 g were divided in two groups; half of them (n = 

3) received EVs in PBS and the rest EVs in PEG–cECM. To co-register the SPECT and CT 

images, each animal was placed on an in-house multimodal bed surrounded by three noncoplanar 

capillaries filled with a mixture of 99mTc and Iopamiro (Bracco Imaging S.p.A, Milan, Italy), which 

was visible in both modalities. The SPECT acquisition parameters were an isotropic voxel size of 

0.75 mm and an acquisition time of 15 min and 1.25 hours. SPECT images were reconstructed 

using two-dimensional ordered subset expectation maximization (OSEM-2D) with 16 subsets 

and 1 iteration. The CT was obtained immediately after completion of SPECT imaging. CT study 
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was acquired using an X-ray beam current of 240 mA and a tube voltage of 40 kVp, and 

reconstructed using an FDK algorithm [433]. SPECT-CT images were co-registered following 

the method of García-Vazquez V. [434]. 

6.3.10.3 Image analysis 

The area of radioactivity was segmented on the SPECT images using a threshold at 50% 

of the maximum using ImageJ 1.49i. The area was compared between the animals that had been 

injected with the radioactively labeled EVs resuspended in PBS vs. EVs resuspended in the 

PEG–cECM.  

6.3.11 Statistical analysis 

Results are presented as mean ± standard deviation in the text and in figures. Continuous 

variables were compared using Student’s t-tests. Pearson tests were performed to study the 

correlation between the PEG concentration and the different parameters in the cECMH. All 

probability values reported are two-sided, with p < 0.05 considered significant. 

6.4 Results 

6.4.1 Lyophylized cECM retained native ECM proteins and sGAGs. 

Decellularization of the myocardial matrix was confirmed by the absence of visible nuclei 

after DAPI staining. Blyscan assay on the lyophilized samples revealed a retained sGAG content 

of 6.1 ± 0.4 µg/mg of lyophilized cECM, of which 1.7 ± 0.6 µg/mg was O-sulfated. LC–MS/MS 

confirmed the presence of around 140 different proteins related to ECM and cardiac tissue. 

Figure 6.3 shows some of the most abundant proteins identified. Collagens of different types (I, 

VI, III, IV, and V) compose most of the cECM, but other relevant proteins involved in 

providing structure and promoting cell attachment and migration, such as fibrinogen, lumican, 

elastin, laminin, and fibronectin, are also present.  

6.4.2 cECM hydrogels incorporating EVs and PEG have shorter gelation 

times, larger fiber diameter, and improved mechanical properties 

while remaining injectable and biodegradable 

6.4.2.1 Gelation kinetics 

Turbidimetry measurements at 37 °C showed an increase in OD as the solutions gelled. 

After 90 min, OD had reached a plateau in all the samples. The incorporation of PEG to the 

cECM solution significantly reduced the amount of time needed to reach the plateau, and, 
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therefore, the gelation time (Figure 6.4a). While  was 42 ± 2 min for the control condition, 

when PEG was incorporated at concentrations of 3, 6, and 12 mg/ml, the  was reduced to 34 

± 4, 20 ± 5, and 9 ± 2 min, respectively (R2 = 0.96, p = 0.02). The reduction in  with the 

incorporation of PEG was achieved due to a faster initiation of polymerization (shorter lag 

phase, , R2 = 0.99, p < 0.01) and to an increased speed of gelation (slope of the OD change, 

R2 = 0.83, p = 0.08). The relationship of , , and the slope of gelation with the PEG 

concentration is summarized in Figure 6.4b. As PEG concentration was increased, the turbidity 

of the gels (final OD value without normalization) also increased (data not shown). For PEG 

concentrations higher than shown (16 mg/ml), no significant change in OD was observed during 

the 90 min, and the solution did not polymerize, even after 24 hours of incubation at 37 °C. This 

suggested that higher PEG concentrations impede adequate gelation.  

 

Figure 6.3. Proteins identified by liquid chromatography–tandem mass spectrometry (LC–

MS/MS) in the lyophilized cardiac extracellular matrix (cECM) (n = 3). 

For the combined product, EVs isolated from conditioned medium [140, 293] were 

incorporated into the hydrogels (EVs–PEG–cECMH), observing similar gelation kinetics to 

hydrogels with PEG (Figure 6.4a). They also presented reduced lag and gelation time (  = 13 ± 

3 min) and a higher speed of gelation (slope = 0.022 ± 0.009). The estimated PEG concentration 

in the combined EVs–PEG–cECMH product was 8 ± 2 mg of PEG per 1 ml of cECM solution. 

6.4.2.2 Fiber diameter 

Hydrogel formulations incorporating PEG and EVs formed the characteristic 

nanofibrous structure with an increase in average fiber diameter, as shown and quantified in SEM 
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images (Figure 6.4c). Fiber density was not homogeneous across the gels, and the fibers tended to 

be randomly oriented in all the samples. However, fiber diameter was strongly correlated to the 

amount of PEG in the hydrogel (R2 = 0.72, p < 0.01). EVs–PEG–cECMH also presented an 

increased fiber diameter with respect to standard hydrogels (100 ± 20 nm vs. 60 ± 20 nm, p < 

0.001). 

6.4.2.3 Injectability, viscosity, storage, and loss modulus 

All the formulations prepared remained injectable and with a viscosity suitable for their 

application through a Myostar injection catheter. In all the samples, the viscosity decreased as 

shear rate increased, as is characteristic of shear-thinning behavior (Figure 6.5a). This property is 

important for injectability, as well as for improved retention [429]. The formulation with the 

highest PEG concentration (12 mg/ml) presented inconsistent viscosity values (data not shown). 

These results seemed not to be reliable, since the very short gelation time of the samples with this 

concentration of PEG did not allow it to remain in soluble form during the viscosity 

measurement. For the remaining PEG concentrations (3 and 6 mg/ml), the amount of PEG 

present did not relate with a change in the viscosity of the solutions at 0.16 Hz (R2 = 0.1, p > 

0.05), and the EVs-PEG–cECM did not present significant viscosity differences with respect to 

cECM alone (Figure 6.5b). Injection force measurements revealed that no additional force is 

required for the injection of cECM solutions incorporating PEG or the EVs–PEG–cECM 

compared to the injection of cECM solution alone (Figure 6.5c). However, the force required to 

inject any of the cECM solutions was significantly higher than the one required to inject the 

standard vehicle (p < 0.001, PBS). 

The mechanical properties of the different hydrogel formulations are summarized in 

Figure 6.5d-e. The amount of incorporated PEG was directly related to an increase in the storage 

modulus of the derived hydrogels (R2 = 0.79, p < 0.001). While higher PEG concentrations also 

lead to a significantly higher loss modulus, the correlation was weaker in comparison to the 

storage modulus (R2 = 0.39, p < 0.01). EVs–PEG–cECMH also presented a higher storage 

modulus than cECMH (15 ± 5 vs. 4.5 ± 0.9 Pa, p < 0.01), and a slightly higher loss modulus (1.5 

± 0.5 vs. 1.1 ± 0.2, p > 0.05). 
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Figure 6.4. Gelation kinetics and fiber diameter. (a) Turbidimetric average results over time, 

with optical density (OD) normalized at 405 nm for the different formulations (n = 3, each in 

triplicate, for each condition). (b) Correlation between the PEG concentration and the half 
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gelation time ( , the lag time ( ), and the slope of the linear regression (speed of gelation) 

obtained from turbidimetry (n = 3, each in triplicate, for each condition). (c) Scanning electron 

microscopy (SEM) images of the different hydrogel formulations and their average fiber diameter 

(n = 160 fibers for each condition). Scale bars correspond to 2 µm. Squared Pearson’s correlation 

coefficient for PEG concentration vs. fiber diameter and its significance (p < 0.01). * p < 0.001 

vs. cECMH. cECMH, cardiac extracellular matrix hydrogel; PEG, polyethylene glycol; EVs, 

extracellular vesicles. 

6.4.2.4 Degradation 

The ninhydrin assay (indicative of the amount of soluble amines) showed that PEG 

incorporation into the hydrogels did not affect their degradation rate, as there were no significant 

differences in OD at 570 nm between any of the formulations at the same time point (p > 0.05, 

Figure 6.5f). All the samples presented significantly higher degradation after being incubated for 

48 hours with collagenase compared to 5 hours of incubation (p < 0.05, paired Student’s t-tests). 

The combined product (EVs–PEG–cECMH) presented the highest value of OD (0.454 ± 0.08 

after 5 hours, 0.654 ± 0.16 after 24 hours, and 0.673 ± 0.17 after 48 hours) in the ninhydrin test. 

However, we did not consider this sample for comparison with the others because of the 

interference of the residual amines of the conditioned medium of the EVs in the ninhydrin test. 

6.4.3 The combined product of EVs–PEG–cECMH maintains the 

bioactivity of the individual components 

The bioactivity and potential beneficial effect of the PEG–cECMH with the embedded 

EVs was confirmed by evaluating the reduction in cardiac stromal cell (EDCs) senescence from 

two different donors in culture (this property of EVs derived from CDCs was proved in other 

studies [140]). As control groups for EVs–PEG–cECMH, we used EDCs incubated with serum-

free media (SFM), EVs alone, or cECMH alone (Figure 6.6a-b). EVs and cECMH significantly 

reduced basal senescence (by around 40%, p < 0.01) in the EDCs derived from both patients. No 

significant differences were detected between the EVs and the cECMH used alone. When using 

the combined product (EVs–PEG–cECMH), basal senescence was further reduced (by ~55%, p 

< 0.001). This difference was also significant with respect to using EVs alone in one of the 

patients (p < 0.05). Images taken with optical microscopy in EDCs from patient 1 show a higher 

proportion of senescent EDCs (in blue) under basal conditions (SFM) than when exposed to 

EVs alone or cECMH alone, and a lower proportion of senescent cells when exposed to EVs–

PEG–cECMH (Figure 6.6c). 
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Figure 6.5. Mechanical properties and degradation of the cECMH alone, with PEG, and with 

PEG-isolated EVs. (a) Average viscosity of the different hydrogel solution formulations (n = 3 

for each condition, each in triplicate). (b) Viscosity at 0.16 Hz (n = 3). Squared Pearson’s 

correlation coefficient for PEG concentration in the cECMH vs. viscosity at 0.16 Hz and its 

significance (p > 0.05). (c) Force required for injection (n = 3). Squared Pearson’s correlation 
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coefficient for PEG concentration in the cECMH vs. injection force and its significance (p < 

0.001). * p < 0.001 vs. cECMH. # p < 0.001 vs. all other groups. (d) Storage modulus at 0.16 Hz 

(n = 4). Squared Pearson’s correlation coefficient for PEG concentration in the cECMH vs. 

storage modulus and its significance (p < 0.001). * p < 0.01 vs. cECMH. (e) Loss modulus at 0.16 

Hz (n = 4). Squared Pearson’s correlation coefficient for PEG concentration in the cECMH vs. 

loss modulus and its significance (p < 0.01) (f) Enzymatic degradation (soluble amines, n = 6, 

each in triplicate). * p < 0.05 with respect to their same group at 5 hours. cECMH, cardiac 

extracellular matrix hydrogel; PEG, polyethylene glycol; EVs, extracellular vesicles. 

 

Figure 6.6. Bioactivity of EVs alone, cECMH, and EVs–PEG–cECMH, measured as anti-

senescent effect. (a) Percentage of senescent explant-derived cells (EDCs) from patient 1 under 

basal conditions and under exposure to EVs alone, cECMH alone, or EVs–PEG–cECMH (n = 
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3). (b) Percentage of senescent EDCs from patient 2 under the different conditions (n = 3). (c) 

Optical microscopy images from EDCs (senescent cells in blue) from patient 1 under the 

different conditions. * p < 0.01 with respect to serum-free media (SFM). # p < 0.05 with respect 

to the EVs group. Scale bars correspond to 100 µm. cECMH, cardiac extracellular matrix 

hydrogel; PEG, polyethylene glycol; EVs, extracellular vesicles.  

6.4.4 The combined product of EVs–PEG–cECMH shows a higher local 

EV retention in vivo 

6.4.4.1 EV Release 

Most EVs incorporated into the PEG–cECMH were cumulatively released during the 

first 48 hours (Figure 6.7a). After this time, there were no significant differences (p > 0.05) 

between the particles detected in control samples (EVs resuspended in SFM) and the cumulative 

number of particles released by the EVs–PEG–cECMH. During days 3 and 4, some particles 

continued to be released, but in considerably lower amounts. The number of particles detected in 

SFM alone (without EVs) or in medium exposed to cECMH or PEG–cECMH alone (without 

EVs embedded) was insignificant, confirming that particles detected in control samples and in 

samples from EVs–PEG–cECMH did correspond to the added EVs. 

6.4.4.2 In vivo retention 

SPECT–CT images of mice revealed a larger area of 99mTc radioactively labeled EVs at 

the subcutaneous injection site when administered embedded in the PEG–cECMH compared to 

their administration resuspended in PBS (Figure 6.7b-c). The area of EVs was four times larger (p 

< 0.05) after 15 min post-injection when using the PEG–cECMH to deliver them. After 24 

hours, the average area of concentrated EVs was twice as large when applied with the PEG–

cECMH, but the difference was not significant (p = 0.1). 

6.5 Discussion 

According to our results, the combination of EVs–PEG–cECMH optimizes the features 

of its individual bioactive components and makes it more suitable in different therapeutical 

applications. EVs–PEG–cECMH maintained or significantly improved the physicochemical 

properties (particularly the gelation time), while not hindering injectability and degradation vs. 

cECMH alone. PEG at low concentrations, which, in fact, can be used to isolate EVs from 

conditioned medium, was responsible for these differences. In addition, the EVs are 

progressively released from the EVs–PEG–cECMH and are better retained at the injection site in 

vivo when administered in the EVs–PEG–cECMH compared to EVs administered in the 
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standard vehicle (PBS). The combination of the products reduces cellular senescence, 

maintaining the bioactive properties of cECMH and EVs alone. 

 

Figure 6.7. EV release from the EVs–PEG–cECMH and EV in vivo retention. (a) Number of 

cumulative EVs released into the medium from EVs–PEG–cECMH for 4 days (n = 3, each run 

in triplicate), evaluated using nanoparticle tracking analysis (NTA). The error bars were obtained 
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by the standard deviation of the three different samples. After 48 hours there were no significant 

differences (p > 0.05) with the number of particles detected in control samples. (b) 

Representative single-photon emission computed tomography–computed tomography (SPECT–

CT) images and area of radioactively labeled EVs (n = 3) after in vivo injection of EVs 

resuspended in phosphate buffered saline (PBS) or in PEG–cECM (EVs–PEG–cECM) 15 min 

and (c) 24 hours post-injection. * p < 0.05. cECMH, cardiac extracellular matrix hydrogel; PEG, 

polyethylene glycol; EVs, extracellular vesicles. 

Although the incorporation of low-molecular-weight PEG up to a certain concentration 

(12 mg/ml) proportionally improved the gelation properties of the cECMH, higher PEG 

concentrations impeded gelation. cECMH have collagen as their main component, so they share 

some similarities in the gelation kinetics with collagen hydrogels [428]. During the lag phase, 

collagen nucleation occurs by forming triple helices. Later, during the gelation phase, these 

assemble into ordered structures to form fibrils [435]. The addition of PEG seems to speed up 

the nucleation phase and favor collagen fibril formation during gelation. This more rapid 

formation could be responsible for the larger fiber diameter [430] and the higher turbidity of the 

gels [435]. Larger fiber diameter could also result from PEG entangled in collagen fibers, similar 

to hyaluronic acid chains incorporated into a collagen network without crosslinking [436]. Other 

studies have incorporated PEG into cECM or collagen hydrogels to tailor their material 

properties [430, 437]. However, these studies incorporate multi-armed PEG with functionalized 

groups that crosslink with the collagen network or modified PEGs that require external triggers 

for polymerization, such as UV light. The addition of functionalized multi-armed PEGs at high 

concentrations (12-24 mg/ml) still allows the formation of gels at 37 °C without external triggers 

and the tuning of mechanical properties and degradation, but they do not improve the gelation 

time [430]. Slow gelation times, which can increase tissue necrosis, have been highlighted as a 

main drawback of ECM hydrogels [217].  

Mechanical properties of the ECM hydrogels are also improved with the incorporation of 

PEG, while injectability and biodegradation are maintained. The mechanical properties of 

cECMH alone are considered insufficiently robust for providing prolonged mechanical support 

in the injured heart, where they are subjected to significant strain and contraction [217]. In 

addition, these properties influence cell fate [438] and migration [439]. PEG–cECMH or EVs–

PEG–cECMH present a significantly higher storage modulus, making them more suitable for 

cardiac applications than cECMH alone. The reduction in the gelation time and the increase in 

the elasticity of the cECMH after gelation did not negatively affect the viscosity of the liquid 

form and their injectability through the Myostar catheter. Even the solutions with reduced 

gelation time could be uniformly injected and did not clog the catheter, an essential property for 

cardiac applications [440]. In fact, when adding the EVs, the force required for injection was 
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considerably lower. Moreover, the incorporation of PEG with the method presented here (linear 

PEG without functionalized groups that react with amines in collagen) does not influence the 

cECMH biodegradation rate, which in vivo studies have shown to completely degrade within 14–

28 days post-injection [235]. 

Hydrogels as vehicles to deliver EVs have already shown potential for improved in vivo 

retention and boosted cardiac function [251, 253, 441]. Applications where fast gelation time 

becomes especially important (e.g., to retain bioactive molecules at the site of injection [217], 

embed cells, or create three-dimensional (3D) tissue-like structures [442]) while maintaining 

injectability and natural tissue environment may potentially benefit from the improved 

physicochemical properties of PEG incorporation into ECM hydrogels. The combined product 

presented here (EVs–PEG–cECMH), with an estimated PEG concentration of 8 ± 2 mg, 

(matching the results obtained in the physicochemical analysis, in which the combined product 

presented average values between the cECMH with PEG at 6 and 12 mg/ml), benefits from 

these improved physicochemical properties.  

EVs administered in vivo in the PEG–cECM solution also achieved the goal of improved 

retention at the target site when compared to EVs administered with the standard vehicle (PBS). 

This is probably because the fast gelation time of the combined product prevents the rapid 

absorption of the subcutaneously injected EVs into the bloodstream right after the injection. 

According to NTA measurements, EVs encapsulated in the PEG–cECMH are mostly released 

during the first 48 hours, which is in line with other studies [255]. In addition, SEM images of the 

EVs–PEG–cECMH show rougher collagen fibers with respect to cECMH or PEG–cECMH 

alone. This phenomenon has also been observed in other studies, where this roughness has been 

related to embedded proteins and vesicles [427]. After several days of soaking the hydrogels, as 

the particles were released to the medium, the fibers started to look smoother. Accordingly, our 

in vivo experiment showed that, although a high proportion of the EVs are probably released 

from the PEG–cECMH during the first day, a large amount of EVs still remain encapsulated at 

the injection site after 24-hours.  

Both the cECMH [235] and the EVs [181] individually have shown favorable effects for 

the treatment of cardiac pathologies in preclinical models. While EVs have been shown to halt 

proinflammatory and profibrotic pathways and induce angiogenesis [181], the ECM hydrogels 

provide mechanical support and an environment with a structure and protein composition close 

to the native cardiac tissue [235]. Moreover, ECM hydrogels promote cellular influx and their 

degradation products favor cellular migration, proliferation [443], and angiogenesis [444]. In this 

study, despite EVs and the cECMH individually showing significant (and similar) anti-senescent 

properties in cardiac stromal cells (CSCs) from different human donors, this effect tended to be 
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enhanced when both products were used together, indicating a possible synergistic effect of both 

products.  

Even if the EVs embedded in PEG–cECMH showed promising characteristics for its use 

in cardiac regenerative applications, future studies should confirm if the improved 

physicochemical properties of the combined product (provided by the PEG), the bioactivity, and 

the enhanced in vivo EV retention vs. the use of the individual components alone translate into 

improved functionality in an animal model. Furthermore, mechanical properties of the PEG–

cECMH, although improved with the addition of PEG, are still far from mimicking that of the 

native ECM. In this study, EVs were tracked in vivo only for 24 hours, and our in vitro tests 

demonstrated that most particles are released during the first 48 hours. Presumably, a longer 

liberation time of the EVs from the PEG–cECMH could increase the efficacy of the product, 

mimicking repeated dosing. Labeling the EVs with other molecular methods (such as with optical 

probes), would allow in vivo tracking of the EVs for longer. This could help determine for how 

long the EVs can remain at the target site after being injected in the PEG–cECMH. To further 

improve and optimize these properties, it becomes necessary to explore modifications in the 

hydrogel composition. For example, modifying the ECM concentration and incorporating 

additional synthetic materials could contribute to the tailoring of mechanical and degradation 

properties [428, 430], as well as pore size [445] and EV release rate. 

Regardless of the limitations cited above, here we show that the delivery of EVs isolated 

with PEG and embedded in cECMH offer a minimally invasive, injectable therapeutical product 

with a fast thermosensitive response at physiological temperature. The product can provide an 

environment with proteins naturally present in the myocardium and with mechanical and 

structural support, while it enables the retention and release of the EVs at the target site. The 

combined product (EVs–PEG–cECMH) presents bioactivity and is biodegradable. As EVs–

PEG–cECMH solves some of the current limitations of this type of biological therapy, it can 

potentially be used in different regenerative medicine applications.  

6.6 Conclusions 

Hydrogels derived from cardiac extracellular matrix (cECMH) incorporating polyethylene 

glycol (PEG) present promising characteristics for the delivery of extracellular vesicles (EVs) for 

different regenerative applications. Once injected into the target tissue, the product rapidly gels at 

physiological temperature. The incorporation of EVs with PEG to the cECMH improves the 

mechanical properties while maintaining the injectability and the biodegradability. In addition, the 

combined product showed bioactivity similar to its individual components. With the EVs–PEG–
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cECMH, the EVs are better retained in vivo on-site. These improved properties of the combined 

product solve some of the current limitations of the individual use of these regenerative 

components, which may be translated into an increased therapeutic efficacy. 
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Chapter 7 

7. Electrophysiological effects of extracellular 

vesicles secreted by cardiosphere-derived cells: unraveling 

the antiarrhythmic properties of cell therapies 

7.1 Abstract  

Although cell-based therapies have shown potential antiarrhythmic effects that could be 

mediated by their paracrine action, the mechanisms and the extent of these effects were not 

deeply explored. We investigated the antiarrhythmic mechanisms of extracellular vesicles secreted 

by cardiosphere-derived cells (CDC-EVs) on the electrophysiological properties and gene 

expression profile of HL-1 cardiomyocytes (CMs). HL-1 cultures were primed with CDC-EVs or 

serum-free media alone for 48 hours, followed by optical mapping and gene expression analysis. 

In optical mapping recordings, CDC-EVs reduced the activation complexity of the CMs by 40%, 

increased rotor meandering and reduced rotor curvature, as well as induced an 80% increase in 

conduction velocity (CV). HL-1 cells primed with CDC-EVs presented higher expression of 

SCN5A, CACNA1C and GJA1, coding for proteins involved in INa, ICaL and Cx43 respectively. 

Our results suggest that CDC-EVs reduce the activation complexity by increasing CV and 

modifying rotor dynamics, which could be driven by an increase in expression of SCN5A and 

CACNA1C genes, respectively. Our results provide new insights into the antiarrhythmic 

mechanisms of cell therapies, which should be further validated using other models. 

7.2 Introduction 

Tachyarrhythmias are variations that increase the normal heart rate (HR) without a 

physiological justification [446], and they are classified into supraventricular and ventricular 

arrhythmias according to their origin [447]. They affect over 2.2% population [448] and are one 

of the main causes of morbidity and mortality worldwide [449]. Clinically they can manifest as 

heart failure (HF), chest pain, weakness, syncope, cardiomyopathy and even cardiac arrest and 
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death [450]. In spite of their high prevalence and impact, current treatments are still suboptimal 

[449]. 

To improve treatment efficacy, an understanding of the physiological mechanisms behind 

the tachyarrhythmias becomes essential [451]. The two main pointed mechanisms are enhanced 

impulse formation and conduction disturbances. Contrary to impulse formation, conduction 

disturbances produce so-called reentrant arrhythmias, in which the arrhythmia is commonly both 

initiated and sustained [446]. Rotors (spiral wave reentries that rotate around anatomical points) 

can occur around anatomical or functional obstacles, such as fibrotic regions, but their initiation 

and maintenance success is tightly related to low conduction velocity (CV) [446, 452] and short 

action potential duration [453]. 

Despite some studies reducing arrhythmogenicity by improving CV [454, 455], 

antiarrhythmic drugs used in the clinic do not currently act through this mechanism [456, 457]. 

CV in the cardiac tissue is mainly determined by the presence of gap junctions and by the late 

sodium current (INa). Gap junctions play an important role in action potential propagation 

between cardiomyocytes (CMs) [315, 455], as they allow the passage of ions between different 

cells [458]. 

Shortening of the action potential duration is associated with shorter refractory periods 

and larger rotor stability [459]. Low L-type calcium current (ICaL, determined by the presence of 

voltage-dependent L-type calcium channels coded by the CACNA family), is related to shorter 

action potential durations [460] and decreased meandering [461], leading to more rotor stability. 

Decreased meandering and an increase in rotor curvature reduce the probability of collision with 

other rotors and reduce the area needed for the rotor to self-sustain, increasing the number of 

possible simultaneous rotors in a certain area. These rotor dynamics related to shorter action 

potentials and low conduction velocities allow for a larger number of reentries in the cardiac 

tissue, leading to a larger activation complexity [462]. This increase in complexity, as a more 

arrhythmogenic profile, is related to longer arrhythmia sustainment and lower ablation success 

[463]. 

Most pharmacologic therapies act by modulating or blocking ion channels, but do not 

correct the underlying causes [464]. On the other hand, ablation therapy produces irreversible 

changes in the cardiac substrate that limit its long-term success and its use in complex activation 

cases [465]. The efficacy of ablation and pharmacological therapies for tachyarrhythmias could be 

eventually optimized by emerging biological therapies, capable of modifying the 

pathophysiological substrate [464]. Some studies showed the antiarrhythmic properties of 

mesenchymal stem cells (MSCs) [466–470] or cardiosphere-derived cells (CDCs) [471, 472], while 

others demonstrated pro-arrhythmic effects [473, 474]. While the topic is still controversial, most 
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of this proarrhythmicity is associated to stem cell engraftment itself and the alteration of the 

overall tissue excitability, as these effects are not observed or seem to be opposite when their 

paracrine factors are used instead [469, 473]. Extracellular vesicles (EVs) are the main paracrine 

mediators of the stem cells [475, 476] and their use as therapeutics may have advantages 

compared to their parenteral cells [180, 417]. It was demonstrated that blocking production of 

EVs renders CDCs ineffective, whereas extracellular vesicles secreted by human CDCs (CDC-

EVs) reproduce the benefits of the parent CDCs [180, 476], as well as cardiac progenitor cells 

with broad-ranging bioactivity in preclinical and clinical studies [140, 141]. 

Therefore, a deeper understanding and exploration of the mechanisms behind the 

potential antiarrhythmic effects of EVs secreted by cardiac stem cells and whether these are 

comparable to antiarrhythmic drugs could contribute to the development of more effective 

antiarrhythmic therapeutics. The objective of this study was to investigate the antiarrhythmic 

effects of human CDC-EVs on the cardiomyocyte monolayer presenting spontaneous 

arrhythmogenic activity and to elucidate the underlying antiarrhythmic mechanisms. 

7.3 Materials and methods  

7.3.1 CDCs and derived extracellular vesicle isolation 

EVs used as treatment were isolated from CDCs from two different human donors as 

explained in section 4.3.1. CDC identity was confirmed by flow cytometry (0.9% CD45+ cells, 

10.6% CD90+ cells, 6.6% CD117+ cells, 99.8% CD105+ cells, and 7.4% CD31+ cells). Half of 

the CDC-EVs plates were treated with EVs from one donor, and the other half were treated with 

CDC-EVs from the other donor. No significant differences in proliferation, electrophysiological 

properties (i.e. activation complexity, dominant frequency, rotor dynamics and CV) and gene 

expression profile were observed between the two donors. For experiments, the precipitated EVs 

were resuspended in Claycomb medium without Fetal Bovine Serum (FBS) at 100 µg/ml. 

7.3.2 Experimental protocol 

The overall experimental protocol is summarized in Figure 7.1a. After CDC-EV isolation 

and quantification, HL-1 cells were plated in 35-mm-diameter petri dishes at a density of 26,000 

cells/cm2 and maintained according to the protocol established by Claycomb et al. [368]. 

Spontaneous beating activity was observed during cell expansion. When cultures reached a 

confluency of 80% (two days after plating), the culture medium was changed to serum-free 

medium, resulting in a control group and an EV group (with EVs resuspended in the serum-free 
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medium). Fully confluent cultures were analyzed with the optical mapping (OM) technique, 

obtaining recordings of 20 s (n = 12 in control and n =12 in CDC-EVs group). After OM, cells 

were lysed and kept for further gene expression analysis in order to contrast the 

electrophysiological results with cardiac remodeling at the molecular level. 

7.3.3 Optical mapping recordings 

Cell cultures were stained with rhod-2 AM (Ca2+-sensitive probe) fluorescent dye prior to 

the calcium transient (CaT) imaging so that the propagation patterns could be recorded. HL-1 

cells were incubated in serum-free media with rhod-2 (AAT Bioquest) at 3.3 µM (from 1mM 

aliquots in dimethyl sulfoxide, DMSO) and Probenecid (AAT Bioquest) at 1.75 mM (from 265 

mM aliquots in Tyrode solution) for 30 min at 37 ⁰C and 5% CO2 level. After dye loading, the 

serum-free medium was changed to fresh Tyrode solution (containing, in mM: NaCl 130, 

NaHCO3 24, NaH2PO4-H2O 1.2, MgCl2 1, KCl 4, glucose 5.6, CaCl2 2.3) at physiological 

temperature. 

To excite rhod-2, cultures were illuminated with a green light-emitting diode light source 

with a plano-convex lens and a green excitation filter. Fluorescence was recorded with an 

electron-multiplying charge-coupled device with a custom emission filter and a high-speed 

camera lens as described in reference [477]. Basal recordings of fluorescence were acquired at 50 

frames/s and a field of view of 2 x 2 cm2. To facilitate linear propagation for velocity 

measurement, cell cultures were delimited in rectangular areas and stimulated with pulses of 40 V 

amplitude, 4 ms width and 1 Hz pacing period. 

7.3.4 Calcium image processing 

Electrophysiological properties of cell cultures were analyzed by processing CaT 

recordings as illustrated in Figure 7.1b. with custom software written in MATLAB, quantifying 

dominant frequency (DF), complexity, curvature, rotor meandering and CV as described by 

Climent et al. [477, 478]. 

7.3.4.1 Spectral analysis 

Power spectra were obtained using a Welch periodogram (2-s Hamming window 

overlap). DF for each pixel was defined as the frequency with the largest peak in the power 

spectrum, and DF for each culture was calculated as its maximum DF value. 
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Figure 7.1. Experimental protocol and methodology employed for calcium transient (CaT) 

recording analysis. (a) Experimental set up consisting of cell seeding at day 0, Claycomb medium 

without FBS (serum-free (SF)), and with addition of extracellular vesicles (EVs) in CDC-EV 

group at day 2, and optical mapping and cell lysis for later RNA extraction at day 4; (b) Example 

of optical mapping recording analysis. Two snapshots of optical mapping recordings are shown 

at 0 and 200 ms (upper left), as well as their phase maps, obtained by applying Hilbert Transform 

(upper right). Example of the optical mapping signal for a specific pixel, and its corresponding 

power spectrum, with the peak marking the dominant frequency, are shown (middle left). For 

conduction velocity (CV) (lower left), the culture is divided into delimited areas and two pixels 

are selected (with their corresponding optical mapping signals). Correlation of these signals gives 
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the time elapsed (∆t) between the activation of the two points. CV is calculated as the ratio 

between the physical distance between the two points and the time elapsed. Rotor curvature, 

complexity and meandering calculated from phase maps are represented. Rotor curvature was 

determined from the derivative of the relative angle (α) over the relative distance (δ) in lines from 

the rotor tip to 2π (middle right). For complexity, phase singularities (PSs) were identified and 

quantified in a certain area (middle right). In rotor meandering, from the phase map, the path 

followed by the tip was traced and quantified (lower right). 

7.3.4.2 Phase singularities and rotor dynamics 

Phase maps were obtained by applying Hilbert transform to CaT signals, defining phase 

singularities (PSs) as points surrounded by phases from 0 to 2 monotonically changing. 

Complexity was defined as the mean number of simultaneous functional reentries in a certain 

area (PS/cm2). 

For curvature measuring, lines connecting phase transitions from 0 to 2 were traced 

from the rotor tip to the periphery. The curvature of the rotor was the mean of the curvatures at 

each point, which were calculated as the derivative of the relative angle (α) over the relative 

distance (δ). 

Rotor meandering was defined as the distance covered by the rotor tip over PS duration 

(cm/s). From the phase map, the path followed by the tip was traced and quantified. Meandering 

in each cell culture was calculated as the mean value of the meandering of all the PS. 

7.3.4.3 Conduction velocity 

CV was defined as the distance traveled by the linear propagation front (cm/s) in areas 

that only allowed unidirectional propagation. CaT signals from pixels at a known spatial distance 

were correlated to obtain time elapsed between their activations (Δt). CV was calculated as the 

distance between the pixels divided by the elapsed time. For each culture, mean CV was 

computed with a minimum of eight delimitated areas. 

7.3.5 Gene expression analysis 

The procedure followed for RNA isolation from the cell cultures, its reverse-transcription 

into cDNA and PCR amplification and gene expression quantification was as described in section 

4.3.4, but using ACTB and 36B4 as reference genes in geNorm for gene expression 

normalization. The genes under study - SCN5A, CACNA1C and GJA1 - encode for proteins 

related to cardiac impulse propagation and involved in different ion currents and channels: 

voltage-activated sodium current (INa), L-type calcium current (ICaL) and connexin 43 (Cx43), 

respectively. 
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Gene Protein Forward primer (5’-3’) Reverse primer (5’-3’) Exons Transcript 

SCN5A Nav1.5 CACCTTCACCGCCATCTACA AAGGTGCGTAAGGCTGAGAC 
4-5 
5-6 

ENSMUST00000065196.13 
ENSMUST00000120420.2 

CACNA1C Cav1.2 CCTCGAAGCTGGGAGAACAG TGTGTGGGAGTCAATGGAGC 

27-28 
27-28 
27-28 
26-27 
26-27 
26-27 
26-27 
27-28 
27-28 
26-27 
27-28 
26-27 
26-27 
26-27 
26-27 
26-27 
27-28 
24-25 
24-25 
23-24 
23-24 
22-23 

ENSMUST00000112793.10 
ENSMUST00000190285.2 
ENSMUST00000187317.7 
ENSMUST00000186889.7 
ENSMUST00000187940.7 
ENSMUST00000187474.7 
ENSMUST00000189389.7 
ENSMUST00000188522.7 
ENSMUST00000185345.7 
ENSMUST00000189520.7 
ENSMUST00000188106.7 
ENSMUST00000078320.14 
ENSMUST00000112790.9 
ENSMUST00000075591.13 
ENSMUST00000188078.7 
ENSMUST00000188865.7 
ENSMUST00000187386.7 
ENSMUST00000220022.2 
ENSMUST00000219833.2 
ENSMUST00000219018.2 
ENSMUST00000219223.2 
ENSMUST00000112825.9 

GJA1 Cx43 CCGGTTGTGAAAATGTCTGCT CGTGAGCCAAGTACAGGAGT 
2 
2 

ENSMUST00000220069.2 
ENSMUST00000068581.9 

ACTB Beta-actin TGCTCTAGACTTCGAGCAG AAGAGCCTCAGGGCATCGG 

4 
3 
3 

ENSMUST00000100497.11 
ENSMUST00000167721.8 
ENSMUST00000171419.8 

36B4 
Acidic ribosomal 
phosphoprotein 

P0 

GCGACCTGGAAGTCCAACTA ATCTGCTGCATCTGCTTGG 

2-3 
2-3 
1-2 

ENSMUST00000086519.12 
ENSMUST00000156359.2 
ENSMUST00000152976.2 

Table 7.1. Primers used for RT-PCR in HL-1 cells 

7.3.6 Statistical analysis 

Results are presented as mean  standard deviation in the text and  standard error of the 

mean in figures. Continuous variables were compared using Student’s t-tests. Pearson tests were 

performed to study the correlation among the different electrophysiological parameters and 

between gene expression. All probability values reported are two-sided, with p < 0.05 considered 

significant. 

7.4 Results 

CDC-EVs seem to drive HL-1 cells to a less arrhythmogenic profile. Figure 7.3 shows the 

comparison of the complexity, the dominant frequency, rotor dynamics and CV for control vs. 

treated with CDC-EV HL-1 cell monolayers to illustrate the differences in their 

electrophysiological properties. The corresponding graphs summarizing the results, as well as 

https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000032511;r=9:119312474-119408082;t=ENSMUST00000065196
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000032511;r=9:119312474-119408082;t=ENSMUST00000120420
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000112793
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000190285
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000187317
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000186889
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000187940
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000187474
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000189389
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000188522
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000185345
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000189520
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000188106
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000078320
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000112790
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000075591
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000188078
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000188865
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000187386
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000220022
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000219833
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000219018
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000219223
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000051331;r=6:118564201-119173851;t=ENSMUST00000112825
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000050953;r=10:56253426-56278609;t=ENSMUST00000220069
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000050953;r=10:56253426-56278609;t=ENSMUST00000068581
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000029580;r=5:142888870-142892509;t=ENSMUST00000100497
https://www.ensembl.org/Mus_musculus/Transcript/Exons?db=core;g=ENSMUSG00000029580;r=5:142888870-142892509;t=ENSMUST00000167721
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representative images of culture wells in both groups, are also shown. The plates were fully 

confluent during optical mapping recordings (plates in both groups reached confluency 

simultaneously) and there were no significant differences in the cell density between the control 

and the active treatment arms (0.42 ± 0.03 x 106 cells/cm2 vs. 0.45 ± 0.05 x 106 cells/cm2, p > 

0.05, Figure 7.2). 

 

Figure 7.2. Representative images of the HL-1 culture at 100% confluency on day 4 of the 

experiment in control and CDC-EVs group. Cell count was 0.42 ± 0.03 * 106 cells/cm2 in control 

plates and 0.45 ± 0.05 * 106 cells/cm2 in CDC-EVs plates, p > 0.05. CNT: control. CDC-EVs: 

extracellular vesicles obtained from cardiosphere-derived cells. 

7.4.1 Effects of extracellular vesicles derived from CDCs on activation 

dominant frequency, complexity and rotor dynamics 

In order to study the electrophysiological modifications of EVs-CDCs on baseline 

arrhythmogenic substrate (spontaneously activating), dominant frequency, activation complexity 

and rotor dynamics were analyzed (Figure 7.3). We observed a significant reduction of ~40% in 

the activation complexity of the CDC-EV treated group (number of phase singularity points per 

square centimeter, 2.60 ± 0.57 vs. 1.54 ± 0.20 PS/cm2, p < 0.01, Figure 7.3a). It can be noticed 

how, in the control group, there were abundant wavebreaks and secondary rotors, while, in the 

CDC-EV treated group, there were fewer and larger rotors, with one main rotor covering most 

of the dish, indicative of simpler activation patterns (Figure 7.3a). However, regarding spectral 

characteristics, both control and treated groups presented no significant differences in their 

activation rate, which was around a frequency of 4 Hz. (3.61 ± 1.44 vs. 4.69 ± 2.15 Hz; p = ns. 

Figure 7.3b). CDC-EVs also induced significant differences in rotor dynamics. In particular, HL-

1 monolayers treated with CDC-EVs presented significant larger spatial rotor instability in 

contrast to control plates, as rotors tended not to remain at fixed positions in the CDC-EV 

treated group. As a result, rotor meandering was significantly higher (1.45 ± 0.7 vs. 4.48 ± 1.95 
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cm/s, p < 0.01, Figure 7.3c) and presented smaller curvatures (1.95 ± 0.45 vs. 0.92 ± 0.23 

rad/cm, p < 0.01, Figure 7.3c). 

 

Figure 7.3. Electrophysiological characteristics comparison (n = 12 in each group) and 

representative examples of control (CNT) and CDC-EV treated cultures. Examples of 
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complexity, dominant frequency, rotor dynamics and conduction velocity are illustrated for both 

groups. (a) Complexity was higher in the CNT vs the CDC-EV group (** p < 0.01). (b) Average 

dominant frequency was not significantly different among both groups (* p > 0.05). (c) Rotor 

meandering was larger in the CDC-EV group vs CNT (** p < 0.01), while curvature was smaller 

(** p < 0.01). (d) Conduction velocity was higher in the CDC-EV group (** p < 0.01). The 

isochrone map shows how the impulse took less time to travel the same distance in the CD-EV 

group (500 ms) vs. the CNT group (1000 ms). 

7.4.2 Extracellular vesicles derived from CDCs increase conduction velocity 

in arrhythmogenic substrate and increase ion channel expression 

CV was assessed in HL-1 cell monocultures in linear propagations at a controlled 

stimulation rate of 1 Hz in absence of spontaneous activity. CV significantly increased by 80% in 

cultures treated with CDC-EVs (from 1.43 ± 0.53 cm/s in the control group to 2.62 ± 0.75 cm/s 

in the CDC-EV treated group, Figure 7.3d). As shown in the representative isochrone map in 

Figure 7.3d, the electrical impulse propagated over 1.5 cm of cell culture in ~1000 ms in the 

control group, while the propagation in the CDC-EV treated group was ~500 ms. 

The analysis of the relative gene expression of genes associated to relevant proteins in 

electrophysiological remodeling revealed a significantly higher gene expression of SCN5A, 

CACNA1C and GJA1 (coding for proteins involved in the regulation of INa, ICaL and Cx43 

respectively) in the treated group (Figure 7.4). 

 

Figure 7.4. Relative gene expression results (n = 9 in each group) normalized to ACTB and 36B4 

housekeeping genes. Relative gene expression of SCN5A (** p < 0.01), CACNA1C (** p < 0.01) 

and GJA1 (* p < 0.05) was significantly higher in the CDC-EV treated group. 

To investigate the mechanism behind the reduction in complexity and the increase in CV 

in treated plates, gene expression of SCN5A, CACNA1C and GJA1 were correlated to the 

electrophysiological parameters measured (Figure 7.5a). While GJA1 did not show a significant 
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relationship, an increase in SCN5A and CACNA1C expression significantly correlated with CV 

(R2 = 0.26, p < 0.05 and R2 = 0.57, p < 0.01 respectively), meandering (R2 = 0.61, p < 0.01 and R2 

= 0.72, p < 0.01) and reduction in complexity (R2 = 0.45, p < 0.01 and R2 = 0.63, p < 0.01). 

7.4.3 Activation complexity electrophysiological mechanisms 

To analyze the electrophysiological mechanisms driving the reduction in the activation 

complexity of the arrhythmogenic substrate under CDC-EV treatment, we analyzed mean 

dominant frequency, rotor curvature, rotor meandering and CV in relation to complexity (Figure 

7.5b). Changes in complexity showed a significant correlation to dominant frequency (R2 = 0.19, 

p < 0.05), CV (R2 = 0.56, p < 0.01), meandering (R2 = 0.46, p < 0.01) and curvature (R2 = 0.18, p 

< 0.05). Higher conduction velocities, higher rotor meandering, and lower curvatures found in 

CDC-EV treated plates are responsible for the reduction in the overall activation complexity. 

Changes in rotor movement in CDC-EV treated plates (larger meandering) are associated to a 

decrease in their curvature, which probably results in a larger area needed for a rotor to self-

maintain. This may result in a reduction of the possible number of active rotors in a given area 

and, therefore, reduce the activation complexity. This higher CV and rotor meandering found in 

treated plates correlates with the higher expression of SCN5A and CACNA1. This suggests that 

the antiarrhythmic properties of EVs are mediated by the increased expression of these genes, 

which modifies rotor dynamics and CV, leading to a reduction of the overall complexity of 

activation. 

7.5 Discussion 

The main finding of this study is that CDC-EVs reduce the spontaneous activation 

complexity of HL-1 CMs. Our results suggest that this simplification to a less arrhythmogenic 

profile may be driven by two mechanisms: the increase in the CV and the modification of rotor 

dynamics, correlated to a higher SCN5A and CACNA1C expression. 

Low and heterogeneous CV of cardiac tissue has been related to higher irregular reentry 

formation and probability of arrhythmic episodes [452]. Despite the fact that improving CV can 

reduce arrhythmogenicity under certain scenarios [454, 455], no chemical drugs have shown 

strong antiarrhythmic effects through this mechanism to date [456, 457]. Therefore, if confirmed 

in other cellular models, CDC-EVs may act as novel therapeutic CV modulators. 

CDC-EVs seem to enhance the gene expression of SCN5A, coding for a protein directly 

related to INa and GJA1, coding for Cx43. An increase in INa conductance is related to a faster 

depolarization and hence to a higher CV of the excitable tissue [452]. The higher CV in CDC-EV 
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treated plates may be caused by the higher expression of SCN5A. In contrast, Cx43, also known 

to play an important role in action potential propagation between CMs and strongly linked to CV 

and antiarrhythmogenicity [315, 455], showed a significantly higher expression in treated plates 

but did not correlate significantly with CV measurements. This suggests that SCN5A may play a 

dominant role in the modifications of CV in our cell model.  

 

Figure 7.5. Relative gene expression relationship with CV and complexity, and relationship of 

the different electrophysiological parameters with activation complexity. (a) Relative gene 

expression of SCN5A, CACNA1C and GJA1 in each sample and its associated CV and 

complexity. While SCN5A and CACNA1C higher expression correlated significantly with higher 

CV and lower complexity measurements, GJA1 expression did not. (b) Dominant frequency (p < 

0.05), CV (p < 0.01), meandering (p < 0.01) and curvature (p < 0.05) correlated significantly to 

activation complexity. 

The second mechanism via which CDC-EVs could reduce activation complexity is by 

acting over rotor dynamics. Lengthening of the action potential and the refractory period is 

commonly associated with an increase in rotor meandering and reduction in curvature [459]. This 

promotes rotor instability, increasing the likelihood of collision with other rotors and enlarging 

the area needed for the rotor to self-maintain. As a result, the number of possible simultaneous 

rotors in a certain area and, therefore, the complexity decrease. A higher increase in ICaL is related 

to larger action potential durations [460] (p. 187) and larger meandering [461]. Treated plates 

showed a significant higher expression of CACNA1C (codes for a protein related to ICaL) that 
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correlated significantly to rotor meandering. A higher expression of CACNA1C could lead to a 

higher conductance of calcium channels and increase in ICaL, which could explain the higher rotor 

meandering found in CDC-EV treated plates. 

Recently, Cho et al. [471] demonstrated the antiarrhythmic effects of CDCs in rats with 

HF and preserved ejection fraction (HFpEF) explained by the upregulation of Ito, 

homogenization of the action potential duration, and fibrosis decrease. Our results are 

complementary to their findings and illustrate that the antiarrhythmic effect of CDC-EVs are 

mediated both by an increase in CV and by modification of rotor dynamics. Our results open 

new perspectives into the unraveling of the antiarrhythmic properties of the CDCs. 

This study used HL-1 CM monolayers as models of arrhythmic substrate. Despite being 

an in vitro cell line capable of presenting a mature cardiac phenotype and being widely used to 

study cardiac electrophysiology and arrhythmias [477–486], their use has several limitations that 

must be taken into account. HL-1 cells, although being mature, are of murine origin and present 

important electrophysiological differences with adult human cardiac tissue. In fact, the expression 

of genes related to potassium currents (such as IK1) could not be analyzed in our study due to the 

extremely low expression. Monolayers also represent an in vitro two-dimensional (2D) scenario 

that aims to represent a more complex three-dimensional (3D) in vivo environment. In addition to 

that, since HL-1 cultures present spontaneous arrhythmogenic activity, it is not possible to 

observe the complete elimination of spontaneous activations under the effect of EVs. Although 

gene expression patterns were used to investigate potential mechanisms of actions, we should not 

consider gene expression as a surrogate of protein expression, since they do not necessarily 

correlate under all circumstances.  

Considering these limitations, future studies should be directed towards validation of the 

increase in CV, rotor meandering, and reduction in complexity of CDC-EVs in other cell models 

and human samples. Protein expression should also be investigated to support the possible 

mechanism of action (MoA) behind the influence of CDC-EVs on the electrophysiological 

properties of CMs. 

7.6 Conclusions 

Extracellular vesicles derived from cardiosphere-derived cells (CDC-EVs) reduce 

spontaneous activation complexity and increase conduction velocity of the HL-1 cardiomyocytes 

leading to a less arrhythmogenic profile. If validated in other cellular models, CDC-EVs may be 

used specifically as antiarrhythmic agents in a wide range of cardiac pathologies. 
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Chapter 8 

8. Discussion and conclusions 

8.1 Main findings 

The use of advanced therapies, including stem cell therapy, extracellular vesicles (EVs) 

and biomaterials such as hydrogels emerged as a potential breakthrough for the treatment of 

cardiac pathologies [5] because contrary to current treatments, they have the potential to treat 

cardiac aging-associated pathologies from a more fundamental level [110]. They are able to 

improve cell survival and protection, cell-cell communication, angiogenesis, cardiomyogenesis, 

reduce inflammation and molecularly regulate proliferation and cell cycle [79]. However, they still 

pose many problems and questions that need to be solved before they can successfully reach the 

clinical scenario. Some of the most highlighted limitations are the lack of deep understanding of 

their mechanism of action (MoA), their large variability and lack of standardization (including 

inadequate potency tests), and in particular for cells and EVs, their low in vivo retention at the 

target site [115, 257]. 

In this context, this thesis aimed to explore, develop and evaluate new strategies to solve 

some of these current limitations for cardiosphere-derived cell secreted extracellular vesicles 

(CDC-EVs). Specific goals included (i) to ease the development of adequate potency assays, (ii) 

explore if specific donor and cell characteristics could be used to predict the potency of 

cardiosphere-derived cells-secreted EVs (CDC-EV), (iii) propose a specific potency test for the 

treatment of cardiac-aging associated pathologies based on CDC-EV expected MoA, (iv) develop 

a new product that enhances EV in vivo retention on-site and (v) explore the electrophysiological 

mechanisms by which EVs exert antiarrhythmic properties. 

Regarding the first specific goal, we developed a guide for the development of potency 

tests in the cardiac field. We proposed several potency tests depending on the target pathology 

and the specific MoA of the biological product. When cardiomyogenesis is the expected MoA, 

we proposed as a potency assay to quantify cardiomyocyte (CM) division induction and ability of 

the cells to differentiate into the CM lineage. To evaluate electromechanical maturation and 

coupling, the expression of ion channels (sodium, calcium and potassium channels) and connexin 

43 could be used as indicators. Secretion of pro- and anti-inflammatory factors (TNF-α, IL-6 and 
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IL-10) is recommended to determine immunomodulation. The anti-senescent and anti-apoptotic 

potency of the product can be determined in vitro on CM and stromal cells, while angiogenic 

potency can be assessed by VEGF and specific cytokine secretion. Regarding antifibrotic 

potency, transforming growth factor-β (TGF-β), MMP and TIMP secretion of either the 

therapeutic product or the target cells are suggested.  

According to this, we decided to explore specifically whether if donor and CDC 

characteristics were determinant for CDC-EVs anti-aging potency. The results showed that 

chronological age of the donor, cellular senescence and cardiosphere size are not determinant for 

CDC-EV anti-senescent and pro-angiogenic potency. While CDC-EVs from most human donors 

had significant (but variable) anti-senescent and pro-angiogenic effects, the extent of the effect 

was not affected by chronological age of the donor and by senescence of the parenteral cells. We 

then decided to test if the in vitro antisenescent and pro-angiogenic potency could be used to 

predict the in vivo potency in the treatment of cardiac aging. We proposed a matrix assay that 

evaluated and scored in vitro the anti-senescent potency on cardiac stromal cells (CSCs) and the 

pro-angiogenic potency on endothelial cells (ECs) using several markers. According to the results 

in the matrix assay, the EVs were classified as potent and non-potent. These differences in the 

therapeutic potential in vitro have been translated to the in vivo model of induced cardiac aging.  

We then thought that a method to improve CDC-EVs retention and enhance therapeutic 

efficacy in vivo was to deliver the EVs embedded in a hydrogel. We considered hydrogels from 

cardiac extracellular matrix (cECMH) as the most appropriate as they have already been tested 

successfully in clinical trials [227] and better mimic the structure and composition of the cardiac 

tissue. However, cECMH present mechanical properties considerably distant from native cardiac 

tissue and have long gelation times [205, 217]. Therefore, to optimize their features, we further 

combined the cECMH with polyethylene glycol (PEG). According to our results, the 

combination of PEG–cECMH improved the physicochemical properties (particularly the 

gelation time), while not hindering injectability and degradation vs. cECMH alone. In addition, 

the embedded EVs in the PEG-cECMH were progressively released and were better retained at 

the injection site in vivo when administered with the combined hydrogel compared to EVs 

administered in the standard vehicle (saline). Moreover, the combined product maintained the 

bioactive properties of cECMH and EVs alone, as it reduced senescence of CSCs. 

Finally, we investigated the electrophysiological changes induced by CDC-EVs to better 

understand and highlight their poorly explored antiarrhythmic effects. The main finding of this 

study was that CDC-EVs reduced the spontaneous activation complexity of HL-1 CMs. Our 

results suggested that this simplification to a less arrhythmogenic profile may be driven by two 

mechanisms: the increase in the conduction velocity (CV) and the modification of rotor 

dynamics, correlated to a higher SCN5A and CACNA1C expression. 
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In summary, these findings together propose solutions to some of the current limitations 

of CDC-EVs and new ways to understand and enhance their therapeutic efficacy in the field of 

cardiac-aging related pathologies. Regarding standardization and potency assays, we provide 

insights and guides into the development of potency assays in the cardiovascular field, we discard 

the chronological age of the donor, cardiosphere size and CDC senescence as markers of CDC-

EV potency and we propose as a potency test a matrix assay assessing the anti-senescent and pro-

angiogenic potency in vitro illustrating its utility in a model of cardiac aging. To mitigate the 

limitation of poor EV retention, we develop a new product combining natural and synthetic 

materials that exhibits improved mechanical properties and faster gelation and show that when 

used to deliver EVs, it improves EV retention on-site. Regarding the MoA behind the 

antiarrhythmic effects, we show that EVs reduce the activation complexity and increase CV, 

opening new perspectives worth exploring for the treatment of cardiac arrhythmias. 

8.2 Comparison with previous studies 

The contributions of this work propose new strategies to enhance CDC-EV therapeutic 

efficacy and to overcome some of their current limitations for translation. Potency assays are a 

requirement by the regulatory agencies to determine product acceptance before intended use 

[294] and are essential to guarantee successful clinical translation, especially in biological products 

were variability can considerably affect the efficacy [110, 202, 257]. However, existing guides for 

the development of potency assays for biological products are general [294–298, 306] and none is 

specifically covering the challenges and limitations regarding the development of potency assays 

for cardiovascular diseases. To our knowledge, the work developed in Chapter 3 is the first to 

discuss specifically potency tests for cell-based products in the cardiovascular field and to 

elaborate on the link between the target cardiovascular disease and the expected MoA of the cell-

based ingredient. Accordingly, we propose potential candidates as in vivo, in vitro and surrogate 

measurements to evaluate potency of the product. 

Using the proposed guide developed in Chapter 3, we investigated if specific surrogate 

markers, such as chronological age of the cell donor, cell senescence or cardiosphere size could 

be used as markers of CDC and CDC-EVs potency in the context of cardiac aging. Previous 

studies had reported differences in cardiac progenitor cells (CPCs) according to chronological age 

of the donor, but most of them used cells of animal origin [353–356]. In this regard, it is 

important to highlight that laboratory animals are exposed to controlled environments and 

commonly share the same genotype, making probably the chronological age a more relevant 

factor influencing the biological conditions of the donated cells. In the case of cells from human 

origin, some studies did report age-related differences while others did not [87, 274, 275, 357, 
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358]. In addition, most of these studies compare characteristics of CPCs from donors with 

different profiles, but do not confirm if these differences in characterization translate into 

differences in CDC efficacy in vitro or in vivo. In our work, we found that chronological age of the 

donor did not affect the expression of surface markers in CDCs nor most of the CDC properties 

explored (only CDC migration). These results are similar to the work of Nakamura et al. [274], 

where characterization of CDCs from several donors did not reveal significant differences related 

to age of the donor. Regarding cellular senescence as a biomarker of cell and cell-derived EV 

potency, it has been previously proposed in some studies [357], but few work exists to confirm 

the relationship between cellular senescence and reduced therapeutic efficacy. We did confirm 

that CDC senescence determined other CDC characteristics more than chronological age, but 

these differences did not relate to impaired or enhanced anti-senescent and pro-angiogenic 

potency of their derived CDC-EVs.  

After discarding these donor and cell characteristics as surrogate markers of CDC-EV 

potency, we explored if CDC-EV in vitro anti-senescent and pro-angiogenic potency could be 

used to predict the in vivo functionality in a model of cardiac aging. Another study had proposed 

an in vitro functional analysis for CPC-derived exosomes by evaluating their anti-apoptotic effect 

in CPC and HL-1 CMs and their pro-angiogenic activity through tube formation and amount of 

CD31 expression in endothelial cells [332]. However, the purpose of this study was to develop a 

standardized production method for large-scale and good manufacturing practice-exosomes, and 

not to validate if the potency assay could effectively differentiate potent from non-potent EVs. 

Despite future work being needed for appropriate validation, the results of our study show that 

differences in the in vitro anti-senescent and pro-angiogenic potency can be quantified and hold 

the potential to predict in vivo efficacy in the treatment of cardiac aging. 

Hydrogels as vehicles to deliver EVs have already shown potential for improved in vivo 

retention and boosted cardiac function in previous studies [251, 253, 441]. Nevertheless, cECM 

hydrogels, which have additionally show that are safe in a phase I clinical trial [222], present some 

physicochemical limitations as slow gelation time, rapid degradation, and poor mechanical 

properties [217]. While other studies have attempted to tailor their material properties with the 

incorporation of PEG [430, 437], these studies incorporate multi-armed PEG with functionalized 

groups that crosslink with the collagen network or modified PEGs that require external triggers 

for polymerization, such as UV light. The addition of functionalized multi-armed PEGs at high 

concentrations still allows the formation of gels at 37 °C without external triggers and the tuning 

of their mechanical properties and degradation, but they do not improve the gelation time [430]. 

Our results show that the delivery of EVs isolated with PEG and embedded in cECMH offer a 

minimally invasive, injectable therapeutical product with a faster thermosensitive response at 

physiological temperature while maintaining the bioactivity of the individual components and the 
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biodegradability. Furthermore, this system allows an improved EV retention and gradual release 

at the site of interest. 

With respect to the antiarrhythmic properties of CDC-EVs, these have been poorly 

explored as most of the regenerative and reparative therapies have been studied in the context of 

heart failure (HF) and more in particular in myocardial infarction (MI) [122]. Recently, Cho et al. 

[471] demonstrated the antiarrhythmic effects of CDCs in rats with HF and preserved ejection 

fraction (HFpEF) explained by the upregulation of Ito, homogenization of the action potential 

duration, and fibrosis decrease. Our results are complementary to their findings and illustrate that 

the antiarrhythmic effect of CDC-EVs are mediated both by an increase in CV and by 

modification of rotor dynamics. Our results open new perspectives into the unraveling of the 

antiarrhythmic properties of the CDCs and potential new treatments, as despite improving CV 

can reduce arrhythmogenicity under certain scenarios [454, 455], no chemical drugs have shown 

strong antiarrhythmic effects through this mechanism to date [456, 457]. 

8.3 Limitations 

The results in this work, although promising, present some limitations that need to be 

taken into account when extrapolating the results. The most significant limitation of this work is 

that it is mainly performed in vitro, with only part of the results validated in vivo. In vitro 

experiments are convenient because they allow testing higher numbers of samples, exploring 

mechanisms and discarding hypothesis. However, mammals are complex multisystemic 

organisms and sometimes the results observed in simple in vitro models do not translate in vivo. 

Moreover, even if validated in vivo, animal models (and small animal models in particular) present 

important differences with respect to the target population. Therefore, while positive in vivo 

results do not necessarily imply clinical positive results, in vivo and in vitro models allow exploring 

mechanisms and are necessary to validate new hypothesis worth further exploring. Despite the 

limitations of the in vitro models, all the work developed in these studies uses as therapeutic 

product cells and EVs obtained from human samples to ease translation. The effects explored in 

vitro, except those explored on CMs, are also studied over cells of human origin. 

In this regard, limitations with respect to the potency tests suggested in Chapter 3 and the 

matrix assay developed in Chapter 5 (or any other potentially scalable and accurate potency assay) 

are that they will always require final validation by confirming that the potential measurements do 

correlate to the efficacy of the product in patients. In addition, although the results go in the 

direction of our hypothesis and show differences between the changes induced by EVs classified 

as potent and non-potent in vivo, the cardiac aging model used also presents some limitations. In 

particular, we only observed moderate differences between healthy and D-gal (aged) animals at 
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molecular and structural level, and none at functional level, being the values and differences still 

far from those of naturally aged of pathological animals [140, 414–416]. This, together with the 

relatively low number of animals included in this study, make it difficult to see the potential small 

differences caused either by the model or by the potent EVs. 

With respect to the combined product consisting in EVs, cECMH and PEG, despite 

showing improved properties and retention, we did not assess if these improvements translate 

into enhanced functionality in an animal model. Furthermore, mechanical properties of the 

PEG–cECMH, even if improved with the addition of PEG, are still far from mimicking that of 

the native ECM. Moreover, EVs were only tracked in vivo for 24 hours. Longer in vivo tracking 

could help determine for how long the EVs can remain at the target site after being injected. 

The main limitation of the study in Chapter 7 is the CM model. HL-1 cells are mature, 

but of murine origin and present important electrophysiological differences with adult human 

cardiac tissue. Furthermore, monolayers represent an in vitro two-dimensional (2D) scenario that 

aims to represent a more complex three-dimensional (3D) in vivo environment. However, an 

adequate in vitro model of adult, mature human CMs is still lacking [487]. 

8.4 Future work 

The results of these studies illustrate the potential of CDC-EVs and their in vitro 

characterization and potency assessment for the successful treatment of cardiac pathologies. 

Nevertheless, future work is needed to further validate these results both at preclinical and 

clinical level. 

Regarding the proposed potency assay for CDC-EV evaluation in the treatment of 

cardiac aging, further work should be directed towards validating if the matrix assay developed 

correlates with efficacy in naturally aged animals and in the clinical scenario. To do so, first, 

CDC-EVs from large numbers of donors should be assessed for the potency score and then 

tested in vivo. These would also help defining pass and fail quantitative ranges, as the potency 

score proposed here depends on whether the CDC-EVs are among the best, the middle, or the 

worst tercile, and not on quantitative values. In addition, although the number of donors 

included is not small (n = 18) and the chronological age span is wide (3 months - 81 years old), 

larger number of donors, and inclusion of neonate samples, will make the study more robust. It 

will also be worth exploring if other CDC and CDC-EVs characteristics, apart from 

chronological age of the donor, CDC senescence, cardiosphere size and the expression of 

specific gene and surface markers, significantly related to potency and could serve as surrogate 

markers of anti-senescence and pro-angiogenic in vitro functionality. Some examples could 
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include CDC SDF-1α secretion [110, 268, 391], activation of the Heat Shock Response (HSR) 

[276], CDC expression of Mybl2 [353], activation of the Wnt/β-catening signaling pathway [275, 

334, 335] or the mTOR pathway [392], and specific miRNA cargo in the CDC-EVs [196, 334, 

393].  

In the work in Chapter 6, we confirmed the improved properties and EV retention of the 

EVs embedded in a PEG–cECM hydrogel. To further improve and optimize these properties, it 

becomes necessary to explore further modifications in the hydrogel composition. For example, 

modifying the ECM concentration and incorporating additional synthetic materials could 

contribute to the tailoring of mechanical and degradation properties [428, 430], as well as pore 

size [445] and EV release rate. Moreover, labeling the EVs with other molecular methods (such 

as with optical probes), would allow in vivo tracking of the EVs for longer than 24 hours to 

determine for how long the EVs can remain at the target site after being injected in the PEG–

cECM solution. It is also important to confirm if these improved mechanical properties, gelation 

time and EV retention of the combined product do translate into enhanced efficacy in an in vivo 

(large animal) model of heart failure. In fact, our group is currently assessing if the 

intramyocardial administration of EVs embedded in the PEG–cECM hydrogel better improves 

cardiac function and structure in a porcine model of chronic MI vs. the injection of saline (sham), 

PEG–cECM hydrogel alone, or EVs alone. 

We are also currently working on validation of our main findings in Chapter 7 (CDC-EVs 

increase CV, rotor meandering, and reduce in complexity in arrhythmogenic tissue) in other in 

vitro models using CMs derived from human induced pluripotent stem cells (iPSC-CM). In these 

experiments, we are also investigating possible protein changes that may further elucidate the 

MoA behind the benefits of CDC-EVs on the electrophysiological properties of CMs. 

8.5 Conclusions 

This thesis provides new insights into mechanisms to enhance the therapeutic potential 

of advanced therapies in the cardiac field. In particular, the following conclusions can be drawn: 

 Despite the challenges and the complexity of the biological treatments, attempts 

should be made to develop robust and reproducible potency assays to predict 

therapeutic efficacy. We provide a guide that suggests some potency assays based on 

the product’s expected mechanism of action (MoA) and the target cardiovascular 

disease. 

 The therapeutic efficacy of human extracellular vesicles derived from cardiosphere-

derived cells (CDC-EVs) is variable and is not determined by the chronological age of 
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the donor or CDC senescence status. It is important to evaluate functionality relative 

to the expected MoA when determining cell potency, as cell identity and specific 

donor or cell characteristics may not translate into boosted efficacy for the treatment 

of a particular pathology. 

 Differences in CDC-EV in vitro anti-senescent and pro-angiogenic potency can be 

used to predict CDC-EV in vivo efficacy in a model of cardiac aging. We suggest as a 

potency test an in vitro matrix assay consisting in scoring the CDC-EVs potential to 

reduce senescence-associated markers on cardiac stromal cells and to induce 

endothelial tube formation. EVs classified in vitro as potent with the matrix assay 

showed to be more protective in an in vivo model of induced cardiac aging than EVs 

classified as non-potent. After further validation, the matrix assay proposed here 

could be a suitable in vitro potency test for discerning suitable allogenic biological 

products in the cardiac aging clinical scenario. 

 Hydrogels derived from cardiac extracellular matrix incorporating polyethylene glycol 

present promising characteristics for the delivery of EVs for different regenerative 

applications. The combined product rapidly gels at physiological temperature and 

presents improved mechanical properties while maintaining the injectability, the 

biodegradability, and the bioactivity of its individual components. In addition, the 

EVs are better retained in vivo on-site.  

 CDC-EVs reduce spontaneous activation complexity and increase conduction velocity 

(CV) of cardiomyocytes (CMs) leading to a less arrhythmogenic profile. If validated in 

other cellular models, CDC-EVs may be used specifically as antiarrhythmic agents in a 

wide range of cardiac pathologies. 

CDC-EVs therapeutic translation may have been limited by their lack of standardization, 

their poor retention, and the lack of knowledge about their specific mechanisms of actions. To 

ease standardization, successful potency assays based on the product’s expected MoA and the 

target cardiovascular disease should be developed. Human CDC-EVs exhibit potential for the 

treatment of cardiac aging-associated pathologies as they present anti-senescent and pro-

angiogenic effects. However, here we showed that the extent of the therapeutic potential is 

variable among donors and cannot be adequately predicted by using simple characteristics of the 

donor or their parenteral cells. Accordingly, we propose as a potency test an in vitro matrix assay 

that classifies the CDC-EVs according to their anti-senescent and pro-angiogenic efficacy and 

illustrate its potential to predict their therapeutic benefit in cardiac aging. To solve the limitation 

of low EVs retention at the site of interest, we developed and optimized a new drug-delivery 

advanced therapeutic medicinal product. This product combines natural and synthetic 
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biomaterials for the intramyocardial delivery of CDC-EVs. Finally, we looked in vitro at the 

electrophysiological changes induced by CDC-EVs on CMs to shed light on the mechanisms by 

which they exert their poorly explored antiarrhythmic properties. Our findings indicate that EV 

increase the CV of the arrhythmogenic substrate and reduce its activation complexity, probably 

by inducing a higher expression of connexins and Na+ and Ca2+ ion channels. Despite future 

work being still needed, these findings together propose solutions to some of the limitations of 

CDC-EVs and new ways to understand and enhance their therapeutic efficacy in the field of 

cardiac-aging related pathologies. 
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