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ABBREVIATIONS 

 

α-MEM: Minimal essential medium 

AB: autoMACS® buffer 

ACE: Angiotensin-converting enzyme 

ADSC: Adipose-derived mesenchymal stem cells 

ADSC-CS: Collagen scaffold cellularized with adipose-derived stem cells 

alloADSC-CS: Collagen scaffold cellularized with allogeneic adipose-derived stem cells 

APC: Antigen presenting cells 

bCS: Bilayer collagen scaffold 

SDF1-bCS: Bilayer collagen scaffold loaded with SDF-1 

BM-MNC: Bone marrow mononuclear cells 

BM-MSC: Bone marrow mesenchymal stem cells 

CM: Central memory lymphocytes 

COX-2: cyclooxygenase-2 

CS: Collagen scaffold 

CSC: Cardiac stem cells 

CVD: Cardiovascular diseases 

DC: Dendritic cells 

ECM: Extracellular matrix 

EF: Ejection fraction 

EM: Effector memory lymphocytes 

EPC: Endothelial progenitor cells 

ESC: Embryonic stem cells 

FLST-1: Follistatin-like 1 

FGF: Fibroblast growth factor 

FS: Fractional shortening 
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GMP: Good manufacturing practices 

H-CM: HUVEC complete media 

HF: Hearth failure 

HGF: Hepatocyte growth factor 

H-SFM: HUVEC serum-free media 

HUVEC: Human umbilical vein endothelial cells 

ICAM-1: Intracellular adhesion molecule-1 

IDO: indoleamine-pyrrole 2,3 dioxygenase 

IFNγ: Interferon gamma 

IGF-1: Insulin growth factor 1 

IL-1: Interleukin-1 

IL-2: Interleukin-2 

IL-6: Interleukin-6 

IL-10: Interleukin-10 

iPSC: Induced pluripotent stem cells 

LAD: Left-anterior descending coronary artery 

LIF: Leukaemia inhibitory factor 

LV: Left ventricular 

LVEDV: Left ventricular end-diastolic volume 

LVEF: Left ventricular ejection fraction  

LVESV: Left ventricular end-systolic volume 

MCH: Mean corpuscular haemoglobin 

MCHC: Mean corpuscular haemoglobin concentration 

MCP-1: Monocyte chemotactic protein-1 

MCV: Mean corpuscular volume  

MI: Myocardial infarction  

MMPs: Matrix metalloproteinases 
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MSC: Mesenchymal stem cells 

NO: Nitric oxide 

PBMC: Peripheral blood mononuclear cells 

PCL: Polycaprolactone 

PCLA: Caprolactone-co-L-lactide 

PDGF: Platellet-derived growth factor 

PDL-1: Programmed-dead ligand-1 

PGA: Polyglycolic acid  

PGE2: Prostaglandin-2 

PGF: Placental growth factor 

PHA: Phytohemaglutinnin 

PLA: Polylactic acid  

RBC: Red blood cells 

ROS: Oxygen reactive species 

SAE: Serious adverse events 

SDF-1: Stromal Derived Factor-1 

SKM: Skeletal myoblasts 

TGF-β1: Transforming growth factor β1 

TIMPs: Metalloproteinase inhibitors 

TNBSA: 2,4,6-trinitrobenzenesulfonic acid 

TNFα: Tumour necrosis factor-α 

TSG-6: TNF-stimulated gene 6 protein 

VCAM-1: Vascular cellular adhesion molecule-1 

VEGF: Vascular endothelial growth factor  

WBC: White blood cells 

WJ-MSC: Wharton’s Jelly mesenchymal stem cells 
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1.1. Ischemic cardiomyopathy 

1.1.1. Epidemiology and etiopathology of ischemic cardiomyopathy 

Cardiovascular diseases (CVD) are the leading cause of death in the developed countries 

and are also rapidly increasing in low-mid income countries. According to the las report of the 

European Society of Cardiology, CVD remain the most common cause of death within Europe, 

accounting for 2.2 million deaths in females and 1.9 million deaths in males, in the most recent 

year of available data. These equate to 47% and 39% of all deaths in females and males, 

respectively. Ischaemic heart disease accounts for 38% of CVD deaths in females and 44% in 

males. Stroke is the second most common cause of CVD deaths, accounting for 26% of all CVD 

deaths in females and 21% in males (Fig. 1) [1]. Some non-modifiable factors such as 

hipercolesterolemia, homocysteinemia, hypertension, genetic predisposition and diabetes 

mellitus together with modifiable habits as tobacco use, unhealthy diet, physical inactivity and 

excessive use of alcohol are considered to be the main triggering factors of ischemic 

cardiomyopathy. The development of new drugs and the improvement of medical care have 

decreased its mortality rate at the acute stage and improved the prognosis of the patients. 

Nonetheless, 50% of patients suffering a first myocardial infarction (MI), will die within the next 

5 years. In the socioeconomical aspect and despite the medical advances, the chronic nature of 

the disease and the increasing number of patients with CVD has put great pressure on healthcare 

systems worldwide. According to the European Heart Network, of the total cost of CVD in the 

EU in 2017, around 53% (€111 billion) were due to direct health care costs, 26% (€54 billion) to 

productivity losses and 21% (€45 billion) to the secondary care of people with CVD [2]. 

 

 



Introduction [Escriba aquí] [Escriba aquí] 

20 
 

Fig. 1.  Deaths by cause for all ages in females and males in Europe (2019). Image obtained from Timmis et 
al. [1]. Ischaemic heart disease is responsible for 38% of CVD deaths in females and 44% in males. 

1.1.2. Pathophysiology of Myocardial Infarction   

MI is caused by the obstruction of one or various coronary vessels with the consequent 

suppression of blood supply to the cardiac muscle. The lack of oxygen and nutrients caused by 

the absence of blood irrigation in the area rapidly triggers the cardiomyocyte death, provoking 

the loss of function of the cardiac muscle. Blood flow can be restored in the occluded tissues by 

stenting or cardiac bypass surgeries; however, the damaged cardiac tissue does not self-

regenerate and the heart function remains diminished, with the subsequent chronification of 

the disease.  

1.1.2.1. MI triggering and initiation 

MI is generally triggered by atherosclerosis that can provoke vessels occlusion either by 

plaque or thrombus formation. Endothelial disfunction of the vascular wall (induced either by 

genetic of life-style factors) is followed by lipid accumulation and platelet aggregation, with the 

subsequent release of platelet-derived growth factors. These events stimulate the proliferation 

of smooth muscle cells in the arterial intima forming the nidus of the atherosclerotic plaque. In 
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this scenario, the endothelial cells express a series of adhesion molecules like P-selectin, vascular 

cellular adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1) and E-

selectin that will selectively recruit monocytes [3]. Activated monocytes will ultimately 

transform into pro-inflammatory macrophages and cause the erosion or rupture of the plaque, 

allowing blood to come into contact with its highly thrombogenic core leading to the formation 

of a thrombus, that might finally block the artery causing the cardiac ischemic event (reviewed 

in [4]) (Fig. 2).  

Fig. 2. Atherothrombotic event leading to MI. (A) Lipids accumulate on the arterial wall. (B) Platelets 
aggregate, and smooth muscle cells proliferate in the arterial intima, forming the atherosclerotic plaque. 
The dysfunctional endothelial cells express molecules such as P-selectin, E-selectin, VCAM-1 and ICAM-1 
that will serve as attachment sites for circulating monocytes. These monocytes will eventually transform 
into pro-inflammatory macrophages causing inflammation in the plaque, leading to the erosion and rupture 
of the plaque. (C) The plaque rupture will result in blood coagulation and the formation of a thrombus. The 
eventual release of the thrombus from the arterial wall can lead to an artery occlusion in a remote part of 
the cardiovascular system. (D) Anterolateral MI caused by the obstruction of the irrigating artery, followed 
by the quick death of the cardiomyocytes in the ischemic area.   

1.1.2.2. Evolution of MI 

Due to its high metabolic demand, it is vital for the cardiac muscle to maintain a constant 

oxygen flow, as it cannot function in anaerobic conditions. Prolonged myocardial ischemia 

induces quick cardiomyocyte apoptosis. In a severe case of arterial occlusion, just 10 seconds 

after the event, ATP depletion occurs in the affected cells, and only after 60 seconds of oxygen 

depletion, cardiomyocytes start swelling and suffering structural changes. Around 20 minutes 

post-arterial occlusion the cellular damage is irreversible and in 4 hours, the affected tissue 

becomes necrotic, affecting the normal function of the cardiac muscle (reviewed in [5] and [6]). 

After this ischemic event, a compensatory mechanism is initiated, activating the reparative 

processes that will avoid the heart´s rupture and its irreversible loss of functionality. Three 

different phases can be distinguished in the process of heart remodelling: the inflammatory 

phase, the proliferative phase and the maturation phase, which will be described next. 

-Inflammatory phase: Acute sudden death of cardiomyocytes in the infarcted heart rapidly 

activates the immune system triggering an intense, but transient, inflammatory reaction. In the 
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infarcted myocardium, cellular necrosis and matrix fragmentation generate “danger signals” or 

alarmins (TNFα, IL-6…) that activate the innate immune response leading to the production of 

high levels of oxygen reactive species (ROS) [7]. These molecules cause cellular damage and 

oxidative stress in the area, but also serve to recruit the circulanting inflammatory cells essential 

for the proliferative phase. In this phase the damaged cardiomyocytes, undertake a series of 

changes at structural and functional level to overcome the tissular harm. On the other hand, the 

matrix metalloproteinases (MMPs) become widely activated, promoting the degradation of the 

extracellular matrix and therefore favouring the infiltration of neutrophils, innate lymphoid cells, 

mast cells and monocytes that coordinate the removal of damaged cells and the recruitment of 

additional immune cells from the blood (reviewed in [8]). Additionally, the increase in the 

microvasculature permeability favours the deposition of fibrinogen and fibronectin into the 

ischemic area, creating a “first scar” that will substitute the death tissue (reviewed in [5] and 

[6]).  

- Proliferative phase: In this phase the revascularization of the damaged tissue is initiated. 

Clearance of dead cells and matrix debris produced in the inflammatory phase, sets the stage 

for the proliferative phase, in which there is a switch from pro-inflammatory to anti-

inflammatory activity. The cardiac endothelium and the inflammatory cells secrete chemotactic 

factors such as Stromal Derived Factor-1 (SDF-1) or Vascular Endothelial Growth Factor (VEGF), 

directly involved in the recruitment of vascular progenitors and stem cells (CXCR4+ cells) from 

the bone marrow, which will favour angiogenesis and cardiac repair (reviewed in [9]) (Fig. 3). 

Among these progenitors there is a subpopulation of macrophages characterized by the low 

expression of Ly-6C, which are known to play a vital role in the revascularization process, 

favouring angiogenesis in the area. These macrophages phagocyte apoptotic cells and produce 

large amounts of Interleukin-10 (IL-10) and Transforming Growth Factor β1 (TGF- β1), cytokines 

that will diminish heart inflammation and will attract fibroblasts and promote their 

differentiation towards myofibroblasts (reviewed in [10]).  
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Fig. 3. Recruitment of vascular progenitors and bone marrow-derived stem cells by the ischemic 
myocardium. An ischemic event triggers the upregulation of the hypoxic signal HIF-1, which subsequently 
induces stem cell mobilization signals such as SDF-1 and VEGF and their release in the peripheral blood. 
These signals reach the bone marrow resulting in proliferation and increased CXCR4 receptor expression of 
stem and progenitor cells. The changes in the bone marrow SDF-1 gradient lead to the translocation these 
cells into the peripheral blood and their homing towards the local SDF-1 gradient initiated in the 
myocardium. Stem and progenitor cells selectively home to the ischemic myocardium where they are 
involved in myocardial repair through cardioprotective functions and induction of angiogenesis. Image 
reproduced from [9]. 

-Maturation phase: At this stage there is a progressive alteration in the cellular elements of the 

scar and the composition of the extracellular matrix (ECM). Activated fibroblasts or 

myofibroblasts play a crucial role at this phase by producing metalloproteinase inhibitors 

(TIMPs), which eventually will stop the degradation of the ECM, and by secreting high amounts 

of collagen that will stabilize the matrix developed during the previous phases. However, at the 

end of this phase myofibroblasts become quiescent and undergo apoptosis, reducing their 

matrix-synthetic capacity and attenuating the expression of contractile proteins. Also, during 

this phase, angiogenesis is inhibited and infarct microvessels regress. All these processes leave 

a chronically unfunctional non-contracting region in the ventricular wall (reviewed in [5] and 

[6]).  

The whole heart remodelling process occurs through complex cellular and molecular 

processes with the aim of maintaining the integrity of the myocardium. However, the biggest 

limitation remains in the lack of recovery of the cardiomyocytes in the area, which reflects in a 

loss of contractibility and the stabilization of the scar, leaving a chronically dysfunctional and 

hypertrophic heart, which can easily evolve into Heart Failure (HF) (reviewed in [4]).  
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Fig. 4. Inflammatory, proliferative and maturation phases during MI. Immediately after MI, alarmins 
released by necrotic cardiomyocytes trigger an intense inflammatory reaction that serves to clear the 
infarcted area from dead cells and matrix debris. Removal of dead cells induces suppression of pro-
inflammatory signalling, leading to the transition to the proliferative phase. Fibroblasts differentiate 
towards myofibroblasts and deposit extracellular matrix proteins and a rich neovascular network formed 
with the aid of progenitors and stem cells recruited at the ischemic zone. Finally, during the maturation 
phase, the extracellular matrix, mainly made of collagen, is cross-linked, while infarct fibroblasts become 
quiescent and may undergo apoptosis. Image reproduced from [5]. 

1.2. Treatment of Myocardial Infarction 

1.2.1. Conventional pharmacological treatments 

In the last few decades new therapeutic strategies have been implemented to treat MI, 

mainly with the aim of restoring coronary blood flow and prevent recurrent thrombotic events. 

These advances, both pharmacological and procedural, have significantly improved prognosis in 

patients suffering MI. In the case of an acute event, a rapid reperfusion of the occluded artery 

is performed in order to restore blood flow and to prevent cardiomyocyte apoptosis and the 

consequent loss of heart function. Reperfusion treatment includes thrombolytic agents, 

coronary angioplasty and stents implantation. Furthermore, β-adrenergic blockers and 

Angiotensin-Converting Enzyme (ACE) inhibitors have remained for many years as the most 

effective drugs for palliative treatment of  chronic MI (reviewed in [5]). β-blockers have been 

extensively used as its administration reduces myocardial oxygen consumption by decreasing 

heart rate and blood pressure. Moreover, β-blockade has shown to reduce infarct size, by 

favouring redistribution of myocardial blood supply to ischaemic areas and inhibiting 

catecholamine-induced myocardial necrosis. Also, β-blockers reduce arrhythmogenesis 

following infarction by attenuating both neural and humoral sympathetic actions. Moreover, 

their anti-inflammatory and anti-fibrotic actions have been suggested in several MI 

experimental models. Both experimental and clinical evidence shows that β-blockade may also 

exert favourable effects on the viable myocardium of the non-infarcted segments, reducing 

adverse post-infarction remodelling [11]. Another widely used group of pharmaceutical 

compounds are the ACE inhibitors. Activation of the renin-angiotensin-aldosterone system plays 

an important role in the development and progression of HF. Angiotensin-II, one of the most 
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potent neurohormones in this system, is known to cause vasoconstriction, sodium retention, 

cardiac hypertrophy, cell death, endothelial dysfunction and other detrimental cardiovascular 

effects. Extensive evidence from randomized placebo-controlled clinical trials show that ACE 

inhibitors decrease mortality and diminish the incidence of HF in patients with acute MI, by 

decreasing the formation of Angiotensin-II [12]. In a similar approach, patients with MI are 

treated with aldosterone receptor antagonists. Aldosterone is secreted by the adrenal gland in 

response to angiotensin-II. The primary action of this hormone is sodium and water retention, 

directly affecting arterial pressure values. Moreover, aldosterone may also promote myocardial 

fibrosis and cardiac hypertrophy. Additionally, aldosterone can directly alter endothelial 

function by reducing nitric oxide availability and stimulating a vascular inflammatory response. 

Given this evidence, drug therapy has proven to be beneficial in HF both in the shape of ACE 

inhibitors or angiotensin-II receptor blockers [13]. In parallel, and in combination with other 

medication, anti-platelet agents are normally indicated in patients who have suffered MI. 

Platelets play a key role in physiological haemostasis and thrombus formation, and therefore 

are directly involved in both atherosclerosis and arterial ischemic events that can lead to MI. 

Until recently, antiplatelet therapy was limited to aspirin and clopidogrel, but in the last years, 

newer, safer and more potent agents such as prasugrel and ticagrelor have been marketed [14].  

1.2.2. Alternative treatments for MI 

Even with great development of the pharmacological therapies described above, MI 

remains a health challenge with a high mortality rate. To overcome the limitations of the 

pharmacological treatments, several other alternatives have been explored and are currently 

under research, such as gene, protein and cell therapies. In the last two decades many advances 

have been made in these fields and are summarised below. 

1.2.2.1. Protein and gene therapy for the treatment of MI 

Protein therapy has been intensively tested to treat MI in the last decade, focusing on 

the administration of proteins and cytokines with anti-fibrotic, angiogenic and/or 

immunomodulatory effect. This group of therapeutic proteins includes factors such as Fibroblast 

Growth Factor (FGF), VEGF, SDF-1, Hepatocyte growth factor (HGF), and Insulin Grow Factor-1 

(IGF-1) among many others. Some of these factors have shown preclinical potential for the 

treatment of MI, but their instability in vivo and elevated cost limit their applicability as 

conventional “drug therapy” (reviewed in [15]). In this scenario, nanotechnology and 

bioengineering-based strategies have arisen as a powerful approach to deliver grow factors for 

cardiac regeneration. Biomaterials have unique physicochemical properties that can be tailored 
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according to the desired purpose, as it could be the sustained grow-factor delivery to specific 

organs in the human body (reviewed on [16]). The current state-of-the-art in biomaterials 

employed for cardiac regeneration together with the use of stem cells and cytokines will be 

more specifically addressed in section 1.3.6. 

Another approach for endogenous expression of therapeutic proteins is the gene 

therapy. By this procedure, it is possible to modulate the expression of genes with a key role in 

the pathophysiological processes of heart´s remodelling. Thus, the overexpression of genes 

involved in angiogenesis has been assessed with the objective of restoring physiological blood 

flow in the ischemic myocardium. VEGF has been the most studied growth factor in large animal 

gene transfer studies, showing positive results in vasculogenesis and myocardial perfusion in 

chronic MI animal models [17]. Also, FGF and HGF can function as potent mitogens for a variety 

of cell types and have potential angiogenic properties [18]. However, some safety concerns have 

arisen for the potential tumorigenic effect that the overexpression of these pro-angiogenic 

genes may have. Extreme caution should be applied, and only short-term and/or regulatable 

expression vectors should be used when translating these approaches to clinical scale. In this 

scenario and in order to improve angiogenesis and cardiac regeneration in MI patients, the 

overexpression of SDF-1 has been already tested in clinical development after having shown a 

very promising effect in large animal models of MI. A first Phase I clinical trial confirmed the 

safety of overexpressing SDF-1 in patients with ischemic cardiomyopathy, transferred via 

endomyocardial injection of the plasmid [19]. Additionally, a phase II clinical trial, tested the 

potential of the over-expression of SDF-1 to improve cardiac performance, showing significant 

improvement in ejection fraction (EF), a trend in the attenuation of left ventricular (LV) size and 

increased stroke volume [20].   

In overall, gene therapy seems to be a promising option to treat MI and other 

cardiovascular diseases. However, the safety profile of a gene therapy product must be 

thoroughly evaluated at the pre-clinical stage, before translating it to the clinical scenario.  

1.2.2.2. Cell therapy for the treatment of MI 

Over the past years, cell therapy has emerged as a promising therapeutic option for the 

treatment of CVD, including MI, refractory angina and chronic Heart Failure (HF). Many stem 

and progenitor cell types have been already assessed in preclinical animal models with the aim 

to be next used in a clinical setting. In particular, bone marrow mononuclear cells (BM-MNC), 

skeletal myoblasts (SKM), endothelial progenitor cells (EPC), mesenchymal stem cells (MSC), 

cardiac stem/progenitor cells (CSC), embryonic stem cells (ESC), and induced pluripotent stem 
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cells (iPSC) have been experimentally and/or clinically tested in the last years, each presenting a 

range of advantages and drawbacks (Table 1).  

Table 1. Advantages and drawbacks of the different stem cell types used for cardiac repair 

Cell types 
 

Advantages Disadvantages 

Bone Marrow 
Mononuclear 
Cells (BM-MNC) 

-Paracrine action 

-Favours angiogenesis 

-Moderate benefit in preclinical 
and clinical studies  

-Inflammatory reaction 

Skeletal 
Myoblast (SKM) 

-Easy obtention from skeletal muscle 
biopsies 

-Potent trophic effect 

-Good survival in hypoxic conditions 

-Limited improvement of cardiac 
function 

-Do not electrophysiologically 
couple with host cardiomyocytes 

-Increased risk of ventricular 
arrhythmias 

Endothelial 
Progenitor Cells 

- Potent trophic effect including 
vasculogenic effect 

-Costly production 

  

Mesenchymal 
Stem/Stromal 
Cells (MSC) 

  

-Easily obtained from bone marrow or 
adipose tissue 

-Possibility of generating patient specific 
cells 

-Potent paracrine and immunomodulatory 
action 

-No cardiovascular differentiation 
capacity 

Cardiac Stem 
Cells (CSC) 

-Good tropism for cardiac implantation 

-Potent paracrine effect 

-Limited differentiation capacity 

-Complex surgical obtention 
procedure 

Embryonic Stem 
Cells (ESC) 

-Unlimited expansion in vitro 

-Potential to generate any cell type 
(pluripotent) 

-Risk of immune rejection 

-Risk of teratomas 

-Ethical issues 

Induced 
Pluripotent Stem 
Cells (iPSC) 

-Unlimited expansion in vitro 

-Capacity to differentiate to any cell type 
(pluripotent) 

-Risk of tumour formation 

-Expensive procedure 

-Complex differentiation 
protocols 

 

Two different mechanisms have been discussed by which cell therapy can exert a benefit 

in MI treatment: regenerating the damaged tissue through stem cells differentiation towards 

cardiovascular cells or by limiting and reducing myocardium adverse remodelling and 

inflammation through implanted cells trophic effect (reviewed in [21]).  

Initially, it was thought that inoculating stem cells might promote cardiac repair through 

their own differentiation into functional cardiomyocytes, consequently improving cardiac 
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function. However, it has been proven that except for pluripotent stem cells [22], there is no 

other clinically available cell type which can differentiate to fully functional cardiomyocytes in 

vivo. Therefore, researchers focused their efforts into understanding and potentiating the 

paracrine effect exerted by the implanted stem cells, which has been proven to boost the repair 

mechanisms of the myocardium (reviewed in [21]). Indeed, this paracrine effect is produced by 

cytokines and grow factors secreted by the implanted cells that induce anti-inflammatory, anti-

apoptotic and pro-angiogenic effects into the damaged heart. 

1.3. The use of MSC as a therapeutic strategy in MI treatment 

Based on the promising curative effects, technical feasibility, non-existent ethical issues 

and a relatively reduced economic cost, MSC have become the most tested cell source for MI 

treatment. Their potent therapeutic effect in various life-threatening human diseases as 

cardiovascular diseases but also cerebral spinal cord injury, haematological disorders, diabetes, 

autoimmune diseases and many others are well documented and have allocated MSC in the first 

line of research efforts worldwide. In the recent years, researchers have agreed that the 

therapeutic effect of the MSC remains in their potent paracrine and immunomodulatory effects. 

Hence, MSC are defined as self-renewing and multipotent stem cells, characterized by the 

expression of CD44, CD73, CD90 and CD105 surface markers, as well as negative expression of 

hematopoietic and endothelial lineage-specific markers CD31 and CD45, and very low 

expression of HLA-DR (MHC class-II cell surface receptor). MSC can be derived from the stroma 

of different organs/tissues such as bone marrow (BM-MSC) or adipose tissue (ADSC) and their 

plastic abilities cover multilineage differentiation towards adipocytes, osteoblasts and 

chondroblasts [23][24] (Fig. 5A). Furthermore, due to the very low expression of MHC II and 

antigen presenting cells-type (APC-type) membrane molecules, MSC are considered to be 

immunoprivileged [25][26], consequently having a high potential to be used in the clinical 

setting as allografts.  

1.3.1. Paracrine effect of MSC in the cardiac ischemic environment 

In the cardiac scenario, the MSC are a promising option due to their aforementioned paracrine and 

immunomodulatory properties. Many experimental studies have shown that their therapeutic 

effect in the ischemic heart is derived from the secretion of different factors that promote 

vasculogenesis and angiogenesis, inhibit the inflammatory responses mediated by immune cells, 

regulate extracellular matrix component expression and induce cell survival (Fig. 5B) (reviewed in 

[27] and [28]). It has been demonstrated that MSC produce very high quantities of angiogenic 
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factors such as VEGF, placental growth factor (PGF), FGF and HGF when cultured in vitro [29]. 

Further studies have confirmed that MSC also produce monocyte chemotactic protein 1 (MCP1) 

and SDF-1 that are critical for vascular network remodelling. Proteins that directly repress apoptosis 

like Survivin and cytokines that enhance survival such as IGF1, TGF- β or Activin are also secreted 

by the mesenchymal cells (reviewed in [30]) (Table 2).  

Fig. 5. Therapeutic benefit of bone marrow and adipose derived MSC for cardiac therapy. (A) Obtention, 
expansion, characterization and differentiation of MSC. (B) MSC exert a paracrine action by secreting 
growth factors and cytokines to the surrounding ischemic environment.  

1.3.2. Immunomodulatory effect exerted by MSC 

The immunomodulatory properties of MSC have been widely documented both in vitro 

and in vivo. In the process of tissue repair, MSC can modify the inflamed microenvironment by 

secreting an array of various adhesion molecules, growth factors, and anti-inflammatory 

cytokines. The most remarkable immunomodulatory properties of MSC are (i) the ability of 

suppressing proliferation, cytokine secretion and cytotoxicity of T-cells [31], (ii) regulating the 

function of T-reg cells [32][33][34], (iii) increasing B-cell viability but also inhibiting their 

proliferation and reducing the secretion of antibodies and production of co-stimulatory 

molecules [35][36], (iv) inhibiting the maturation and activation of dendritic cells [37][38][34], 

(v) inhibiting NK cell activation [39] and (vi) promoting maturation of monocytes into anti-

inflammatory type M2 macrophages [40][41] (Fig. 6). All these immunomodulatory actions 

exerted by the MSC are of mayor importance in cardiac regeneration therapy, as over-activation 
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and proliferation of certain populations of immune cells lead to a progressive deleterious cardiac 

remodelling and loss of cardiac function (reviewed in [42]). 

Fig. 6. Effect on the different immune cell populations elicited by MSC by the release of cytokines or directly 
by the cell-to-cell contact. MSC release several cytokines and factors when activated by the inflammatory 
environment, immunomodulating the surrounding immune cells. Direct cell-to-cell contact has also been 
proven to play a key role in the immunosuppressive action exerted by the MSC towards the immune cells.  

Most of the immunosuppressive/immunomodulatory properties that have been 

attributed to the MSC are exerted by several soluble factors and cytokines secreted by these 

cells, such as TGF-β1, prostaglandin E2 (PGE2), HGF, indoleamine-pyrrole 2,3-dioxygenase (IDO), 

nitric oxide (NO) and IL-10 among others (Table 2). Normally, the presence of Interferon-γ (IFN-

γ) and Tumour Necrosis Factor-α (TNF-α) in the acute inflammatory environment triggers the 

production and release of all these chemokines and soluble factors by the MSC. François et al. 

reported that the treatment of BM-MSC with TNF-α and IFN-γ increased the production of IDO, 

which participated in the differentiation of monocytes into IL-10 producing anti-inflammatory 

M2 macrophages [43]. Similarly, the pre-treatment of MSC with IL-1β, significantly upregulated 

the expression of cyclooxygenase-2 (COX-2), IL-6, and IL-8, facilitating MSC survival, neutrophil 

recruitment and immunosuppressive capacity [44]. However, the production and secretion of 

cytokines and soluble factors is not the only mechanism by which the MSC exert a positive effect 

in the immune populations. Also, direct cell-to-cell contact between MSC and immune cells can 

generate an immunomodulatory/immunosuppressive effect on the mentioned cell populations, 
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in an ischemic or inflammatory environment. These interactions are mediated by different 

ligands and bound factors such as Programmed-dead ligand-1 (PDL-1), HLA-G1, Jagged-1 and 

CD54/CD58 which play key roles in these interactions (reviewed in [45]) (Table 2).  

 

Table 2. Soluble factors, chemokines, grow factors and ligands produced/expressed by MSC 

Soluble 
factors 

Functions 
exerted 

Soluble 
factors 

Functions 
exerted 

Membrane 
receptors  

Functions 
exerted 

HGF 

-T-cell inhibition 
-Pro-angiogenic 
and anti-
apoptotic 
-Progenitor cell 
mobilization 

IGF-1 
 
-Wound healing 
 

Jagged -T-cell inhibition 

IDO 
- T-cell inhibition 
- NK inhibition 
- B-cell inhibition 

MMPs 
-ECM degradation 
-Cell migration 

PDL-1 

 
-T-cell inhibition 
and inactivation 
 

IGF -T-cell inhibition SDF-1 
-Progenitor/stem 
cell mobilization HLA-G1 

 
-T-cell inhibition 
-T-reg expansion 
 

PGE-2 

-T-cell inhibition 
-NK inhibition 
-DC inhibition 
-Polarization of 
monocytes to M2 
macrophages. 

FGF 
-Angiogenic 
-Anti-apoptotic 
and anti-fibrotic 

VCAM 
-Cell migration 
-Cell adhesion 

LIF -T-reg expansion 

VEGF 
-Angiogenic 
-Anti-apoptotic 

CD54/CD58 
 
-T-reg expansion 
 

IL-10 
-Polarization to 
M2 type 
macrophages  

CXCR1, 
CXCR2, 
CXCR4, 
CXCR5, CXCR6 

-Cell recruitment 
-Cell activation 

TGF-β -T-cell inhibition 
-NK inhibition 

CCR2, CCR3, 
CCR4, CCR5, 
CCR7, CCR9, 
CCR10 

-Cell migration 
-Cell adhesion 

 

1.3.3. Interaction of MSC with innate and adaptative immune system 

As explained above, it has been widely studied the regulatory interaction of MSC with 

diverse immune cell populations either directly via cell-to-cell contact or indirectly by the 
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secretion of factors and cytokines to the surrounding environment. All these processes will be 

described next in more detail and specifically for every type of immune cell population.  

1.3.3.1. MSC interaction with monocytes and macrophages 

Macrophages are specialized cells responsible for initially eliminating foreign organisms 

and apoptotic cells. It has been shown that when exposed to a pro-inflammatory stimulus as it 

happens in the ischemic scenario in the MI, monocytes are recruited and polarize to M1-type 

macrophages, with a marked pro-inflammatory phenotype. In this scenario, it has been proven 

that the exposure of MSC to inflammatory stimulus promotes the production of IL-10 and PGE2 

by MSC, leading to macrophage reprogramming towards the anti-inflammatory M2-type, rather 

than towards the proinflammatory M1-type. This alternative polarization towards M2-type 

macrophages induces an anti-inflammatory/immunosuppressive effect on other immune 

populations. The M2-type of macrophage is known for producing high levels of the 

immunosuppressive factors such as IL-10, IL-6, and TGF-β factors, and to promote T-reg 

expansion. Also, it has been shown that the interaction of MSC with M1-type macrophages 

significantly diminished the secretion of pro-inflammatory factors such as TNF-α by these 

macrophages (reviewed in[41] and [46]).  

1.3.3.2. MSC interaction with dendritic cells 

Dendritic cells (DC) are the most potent antigen-presenting cells and therefore play a 

key role in initiating immune response. DC can be found in either activated or inactivated state, 

and depending on their maturation state, can exert an immunostimulatory or 

immunosuppressive effect on the surrounding immune cell populations. Among other actions, 

MSC exert an inhibitory effect in the maturation process of the DC, characterized by decreased 

expression of MHC-II and stimulatory molecules such as CD49, CD80, and CD86. Also, MSC block 

the entry of monocytes into the G1 phase by downregulation of cyclin D2, causing an 

accumulation of cells in the G0 phase and preventing the monocytes to differentiate to DC [47]. 

The release of PGE2, TNF-stimulated gene 6 protein (TSG-6) and IL-10 by MSC appears to be the 

main cause of this inhibitory effect in the DC (reviewed in [46]). 

1.3.3.3. MSC interaction with NK cells 

NK cells are a subpopulation of cytotoxic lymphocytes that play a critical role in the 

innate immune system. It has been observed that MSC directly modulate the proliferation, 

cytokine production and cytotoxicity of NK cells. Also, MSC suppress the production of IL-2, IL-

15, and INF-γ in the NK cells in vitro. As with other type of immune cells, this MSC-NK cell 
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interaction occurs by cell-to-cell contact and the secretion of soluble factors such as IDO, PGE-

2, TGF- β1, and HLA-G5 by the MSC (reviewed in [42]). Moreover, when MSC are activated with 

IFN-γ previous to in vitro co-culture with NK, they seem to be protected from NK-mediated cell 

killing, probably due to their upregulated cell surface expression of HLA-1 in the activation state 

[48].   

1.3.3.4. MSC interaction with T- and B-lymphocytes  

MSC exert immunomodulatory effect towards lymphocytes through the expression of 

programmed death 1 ligand (PD-L1), suppressing T-cell proliferation, interleukin-2 (IL-2) 

secretion, inducing hyporesponsiveness and cell death [49]. It has also been shown that MSC 

can polarize T-cells towards T-reg cells, a subgroup of lymphocytes specialized in suppression of 

T-cell mediated immune response, being this mechanism also induced by cell-to-cell interaction 

of MSC with T-cells and by the soluble factors such as PGE-2 and TGF-β [33]. Thus, MSC maintain 

the homeostasis between inflammatory effector T-cells and anti-inflammatory T-regs. 

Additionally, MSC inhibit in vitro T-cell proliferation and activation through the secretion of 

various soluble factors that include TGF-β, HGF, PGE-2, and IDO (reviewed in [42]).  

On the other hand, B-lymphocytes are a major cell type involved in adaptive immune 

response, known for antigen presentation and antibody production. In a study carried by Schena 

et al., MSC pre-treated with IFNγ, inhibited antigen-dependent proliferation and differentiation 

of B-cells to plasma cells in vitro. This inhibitory effect was dependent on pre-activation with 

IFNγ and mediated by cell-to-cell contact, involving the PD-1L/PD1 axis pathway [36]. In another 

study, it was shown that MSC-derived exosomes induced a regulatory response in the function 

of B and T-cells.  Proliferation of both B and T-cells co-cultured with MSC-derived exosomes 

decreased by ~20%. Also, mRNA analysis of activated B-lymphocytes revealed 186 genes that 

were differentially expressed between exosome-treated and control cells [50]. Some of these 

genes are involved in cell trafficking, development, haemostasis, and immune cell function. On 

the other hand, the studies carried by Schu et al. showed that when allogeneic MSC were 

injected into immunocompetent rats, a strong humoral response was generated compared to 

injection with syngeneic cells [51], due to a possible allorecognition. As it will be reviewed in this 

thesis further in the section 1.3.5., it is still controversial if allogeneic MSC activate a humoral 

response by the hosts B cells or not.  

Summarizing, the potent paracrine and immunomodulatory effect together with the 

feasibility to isolate and culture MSC, has given these cells an important role in the cardiac 

regeneration scenario, being subject to numerous preclinical and clinical research studies. In the 
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following chapter the most relevant research that has already been performed with MSC for MI 

treatment will be presented and discussed.  

1.3.4. Experimental studies with MSC on cardiovascular diseases 

1.3.4.1. Preclinical studies in animal models of MI 

The therapeutic potential of MSC for MI treatment has been widely tested in preclinical 

models, showing positive results in cardiac function recovery. The safety profile of MSC for 

intramyocardial administration was first confirmed by several studies carried a decade ago in 

experimental animal models, showing no significant differences in mortality, post-injection 

arrhythmias, cardiac enzyme, or systemic inflammatory markers, comparing to the control 

groups [52][53]. Additionally, further experiments in rodents have shown a functional benefit 

together with reduced scar formation after intramyocardial MSC administration (reviewed in 

[54]). In this setting, various studies performed in our own laboratory tested the safety and 

efficacy of the use of ADSC in rat and porcine MI models, showing that transplantation of the 

cells induced a significant long-lasting (3 months) improvement in cardiac function [55]. 

Similarly,  Ishida et al. confirmed that the intramyocardial injection of autologous ADSC 

improved left ventricular ejection fraction (LVEF), increased wall thickness, and induced vessel 

formation four weeks after implantation in a porcine MI experimental model [56]. In the same 

direction, positive effects on LVEF, reperfusion of the affected area, scar formation and 

myocardium remodelling were observed in another study in swine MI model, four weeks after 

autologous ADSC intracoronary administration [57]. Extensive research has been carried with 

the aim of testing MSC in preclinical animal models of MI, with robust and consistent positive 

results concerning safety and effectivity, encouraging researchers to upscale their experiments 

to the clinical level (reviewed in [58]) .  
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1.3.4.2. Clinical Trials with MSC 

Several clinical trials, most of them in phase I or II, are currently being carried worldwide 

to test the safety and effectivity of the use of MSC to treat different pathologies including the 

ischemic cardiomyopathies (Fig. 7). 

Fig. 7.  Distribution of clinical trials of MSC therapies by (a) phase and (b) region.  Data extracted 
from http://clinicaltrials.gov (data from February 11th, 2019). 

In the clinical scenario, the first-in-human clinical trial, the APOLO study, proved the 

safety and effectivity of the intracoronary administration of autologous ADSC in patients with 

MI, with highly encouraging results. Importantly, there were no safety concerns since no serious 

adverse events (SAE) subsequent to ADSC administration were reported. Furthermore, a 4% 

increase in LVEF, a reduction of the infarcted area and a significant improvement in the perfusion 

effect could be observed in the treatment group [59]. Another phase I study further confirmed 

the safety of using BM-MSC for cardiac repair in humans, showing no arrhythmogenicity, 

toxicity, tumorigenicity, increase of mortality or other adverse effects in a 5-year follow-up after 

intramyocardial injection of the cells [60]. Similarly, the group of Dr. Fernández-Avilés confirmed 

the safety and feasibility of using autologous ADSC in humans for cardiovascular recovery after 

an ischemic event, in the phase I multicentric PRECISE trial [61]. The only ever described SAE 

related to the intracoronary application of MSC was described by L. R. Gao et al., in a study in 

which the researchers reported a serious complication of acute coronary artery occlusion in 

relation to microvessel obstruction during intracoronary BM-MSC application [62]. No other 

major SAE have been reported in any clinical trial as consequence of the use of autologous MSC 

for cardiac repair.  

In terms of efficacy of the MSC therapy, the PROMETHEUS clinical trial, focused on 

chronic HF, obtained positive results in the shape of an increase of 10% and 25%, in LVEF and LV 

stroke volumes respectively, 18 months after autologous MSC intramyocardial administration. 

Also, the scar tissue mass had been reduced in an 8% with an additional concomitant increase 

of viable tissue [63]. Seung-Hwan Lee et al., documented a significant improvement (5.9% ± 8.5% 

vs. 1.6% ± 7.0%) in LVEF by single-photon emission computed tomography, at 6-month follow-
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up after intracoronary administration of autologous BM-MSC in patients with MI [64]. Once the 

safety of the use of MSC was confirmed, larger phase II-III multicentric efficacy studies were 

performed. In the C-CURE, headed by Dr. Andre Terzic and performed in hospitals of Belgium, 

Poland, Serbia and USA, BM-MSC were exposed to a cardiogenic cocktail before being applied 

via endomyocardial injection. Apart of assuring the safety and feasibility of the treatment up to 

a 2-year follow-up, the researchers assessed cardiac function parameters 6 months after 

treatment. LVEF was significantly improved (from 27.5 ± 1.0% to 34.5 ± 1.1%) by cell therapy 

comparing to control, which consisted in standard pharmacological treatment for HF 

management and was associated with a significant reduction in left ventricular end-systolic 

volume (LVESV)  (24.8 ± 3.0 ml vs. 8.8 ± 3.9 ml). Cell therapy also improved the 6-min walk 

distance test and provided a superior composite clinical score encompassing cardiac parameters 

[65].   

A summary of the most relevant clinical trials involving MSC therapy for cardiac repair 

in an ischemic event is shown in Table 3.  
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Table 3. Most relevant clinical trials with MSC for MI 

Title Status Study Phase 
and design/ 
Enrolment 

Condition Cell source/Administration 
route/Dose 

Outcome Ref 

Safety Study of Adult Mesenchymal Stem Cells (MSC) to Treat Acute 
Myocardial Infarction: PROCHYMAL trial 

 

Completed -Phase I 
-Randomized 
-Double-blind 
-53 Individuals 

Acute MI -Allogeneic BM-MSC 
-Intravenous injection 
-5 × 106 cells/kg 
 
 

-No SAE 
-Increased LVEF at 3, 6 and 12 months 

[66] 

A Randomized Clinical Trial of Adipose-derived Stem Cells in Treatment 
of Non Revascularizable Ischemic Myocardium: PRECISE trial 

Completed -Phase I 
-Randomized 
-Double-blind 
-27 individuals 

Ischemic 
cardiomyopathy 

-Autologous ADSC 
-Transendocardial injection 
-1.2 x 106 cells/kg 

-No SAE 
-Improvements in total left ventricular 
mass by magnetic resonance imaging 
and wall motion score index. 
-No changes in LVEF and scar size 
 

[61] 

Efficacy and safety of Mesenchymal stem cell injection for the treatment 
of acute myocardial infarction: a single blinding, multicentre 
randomized control trial. 

Completed -Phase I-II 
-Randomized 
-Single-blind 
-54 individuals 

ST-elevated acute 
MI  

-Autologous BM-MSC 
-Intracoronary injection 
-3.08 ± 0.52 x 106 cells 

-One SAE described (coronary 
occlusion due to BMMSC treatment) 
-Correlation between quality of the 
cells (due to age and risk factors) and 
effectiveness of the therapy.  

[62] 

Ex Vivo Cultured Bone Marrow Derived Allogenic MSC in AMI Completed 
 
 

-Phase I-II 
-Randomized 
-Double-blind 
-20 individuals 

Acute MI -Allogeneic BM-MSC 
-Intravenous infusion 
-2 x 106 cells/kg  

-No SAE 
-No differences in cardiac function vs. 
control 

[67] 

Prospective Randomized Study of Mesenchymal Stem Cell Therapy in 
Patients Undergoing Cardiac Surgery: PROMETHEUS trial  

Completed -Phase I-II 
-Randomized 
-Double-blind 
-9 individuals 

Chronic Ischemic 
Left Ventricular 
Dysfunction 
Secondary to MI 

-Autologous 
-BM-MSC 
-Intramyocardial injection 
-Dose unspecified 

-Increased viable tissue and perfusion 
at 18- month follow up 
-Decreased scar size at 18-month 
follow up 

[63] 
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Title Status Study Phase 
and design/ 
Enrolment 

Condition Cell source/Administration 
Route/Dose 

Outcome Ref 

Intracoronary Human Wharton's Jelly- Derived Mesenchymal Stem 
Cells (WJ-MSC) Transfer in Patients with Acute Myocardial Infarction 
(AMI): WJ-MSC-AMI trial 

Completed -Phase II 
-Randomized 
-Double-blind 
-116 individuals 

ST-Elevated MI -Allogeneic Wharton’s-Jelly 
derived MSC 
-Intracoronary injection 
-6 × 106 cells  

-No SAE 
-Increased LVEF at 18 months 
-Decreased LVESV and LVEDV at 18 
months.  

[68] 

Prochymal® (Human Adult Stem Cells) Intravenous Infusion 
Following Acute Myocardial Infarction (AMI): PROCHYMAL II trial 

Ongoing -Phase II 
-Randomized 
-Double-blind 
-220 individuals 

Acute MI -Allogeneic BM-MSC 
-Intravenous infusion 
-200 x 106 cells 

-Not published yet None 

Mesenchymal STROMAL CELL Therapy in Patients with Chronic 
Myocardial Ischemia: MyStromalCell trial 

Completed -Phase II 
-Randomized 
-Double-blind 
-61 individuals 

Chronic Ischemic 
Heart Disease 

-Autologous ADSC (stimulated 
with VEGF pre injection) 
-Intramyocardial injections  
-Dose unspecified 
 

-No SAE 
-No differences in tolerance to exercise 
vs. Control 

[69] 

A randomized clinical trial of adipose-derived stem cells in the 
treatment of patients with ST-elevation myocardial infarction: APOLLO 
trial 

Completed -Phase I-II 
-Randomized 
-Double-blind 
-14 individuals 

ST-Elevation MI -Autologous ADSC 
-Intracoronary injection 
-20 x106 cells 

 -Trend to improvement in cardiac 
function (elevated LVEF, but not 
significant) at 6 months follow up.  

[59] 

Safety and Efficacy of Intracoronary Adult Human Mesenchymal Stem 
Cells After Acute Myocardial Infarction: SEED-MSC trial 
 

Completed -Phase II-III 
-Randomized 
-Not blind 
-80 individuals 

Acute MI -Autologous BM-MSC 
-Intracoronary injection 
-7.2 ± 0.90 × 107 cells 

-No toxicity or SAE 
-Increased LVEF at 6 months 

[64] 

Safety, Feasibility and Efficacy of Guided Bone Marrow-derived 
Mesenchymal Cardiopoietic Cells for the Treatment of Heart Failure 
Secondary to Ischemic Cardiomyopathy: C-CURE trial 

Completed -Phase II – III 
-Randomized 
-Double-blind 
-47 individuals 
 

Heart Failure class 
II or III 

-Autologous BM derived 
cardiopoietic stem cells 
-Intraventricular administration 
-1200 x 10 6 cells 
 

-Increase of LVEF 
-Reduction of LVESV 
-Improvement in 6-min walk distance 

[65] 
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1.3.5. Allogenic versus autologous MSC in cardiac repair 

In terms of cell source for clinical application, allogeneic MSC are undoubtedly more 

suitable than autologous ones. Firstly, in the autologous transplant model, a valuable time is lost 

in the isolation, in vitro expansion, and validation of the cells. Secondly, several studies have 

demonstrated that aging, status of MSC senescence, overall health condition of the patient and 

risk factors for coronary artery disease negatively influence stem cell function, thus limiting their 

therapeutic potential [70]. Finally, inter-individual variability will also influence success of the 

therapy, which will be conditioned by the quality of each patient´s cells. In the allogeneic model 

instead, cells are fully functional, since are obtained from young and healthy donors. 

Furthermore, MSC are available at the hospital in demand and ready-to-use, guarantying that 

cells have been appropriately extracted, isolated, characterized and stored according to Good 

Manufacturing Practices (GMP) standards. Also, the allogeneic model could help reducing the 

associated costs of MSC-based therapies, due to the lower budget associated to the logistics 

(comparing with the autologous), and therefore making it more affordable for public health 

systems (reviewed in[71]). 

1.3.5.1. Allorecognition of MSC by the host immune cells 

There is still uncertainty about the theoretical “immunoprivileged” status of the MSC. 

The degree of allorecognition that occurs between the host and the allogeneic MSC when these 

are obtained from a donor and infused or transplanted into the patient remains a matter of 

debate these days. Several studies have proven that, in the resting state, MSC express very low 

levels of MHC II and none of other co-stimulatory molecules such as CD40, CD80, or CD86. Since 

these are required for effector T-cell recognition, MSC should remain “invisible” to the host 

immune cells [25][72]. However, several preclinical studies have reported some degree of 

immune activation and response by the host following allogeneic MSC infusion. Zangi et al. 

observed that MSC could not fully evade the host’s immune system despite their 

immunoprivileged status. In their studies, intraperitoneally injected allogeneic MSC lasted 

notably longer in immunodeficient mice than in immunocompetent ones (120 vs. 40 days, 

respectively). Allogeneic fibroblasts used as controls only survived 20 days after infusion into the 

same immunocompetent mice, proving that MSC showed partial immunologic evasion. 

Similarly, syngeneic MSC lasted longer than allogeneic MSC after intravenous administration 

into immunocompetent mice (40 vs. 20 days, respectively) [73]. Another study was designed by 

Huang et al. to test the hypothesis that the activation state of MSC would influence the initiation 

of the immune response. For this purpose, MSC were differentiated into myogenic cells prior to 
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their administration into the host organism to analyse their effects. An increase in the expression 

of immune antigens, such as MHC-Ia, MHC-II, and CD86, was found in the differentiated cells 

but not in the undifferentiated ones. Also, the undifferentiated cells lasted longer than the 

differentiated ones at the injection site [74]. Accordingly, another study found that after being 

placed in the infarcted epicardium of rats, allogeneic and syngeneic MSC sheets engrafted and 

survived in a similar way during the early phase (3 and 10 days) after implantation, but not in a 

later phase (at 28 days), at which time cell survival was considerably reduced in the allogeneic 

MSC implants (0.2% vs. 8.9% with syngeneic cells). In addition, differences in local immunological 

responses could be observed in the shape of CD4+ T cells being accumulated more profusely on 

the allogeneic MSC group when compared with the syngeneic MSC group.  Also, IL-6, which is a 

pro-inflammatory cytokine reported to play a role in allograft rejection, was upregulated in the 

allogeneic MSC group while its expression remained unchanged in the rats treated with 

syngeneic cells. Despite this, the percentages of CD8+ lymphocytes or CD68+ macrophages 

accumulated in the MSC injection site were not significantly different between the allogeneic 

and syngeneic groups. In any case, the beneficial effect on cardiac function recovery and 

myocardium repair remained similar in the allogeneic and syngeneic groups [75]. These findings 

correlate with those obtained by Ishikane et al. in another MI model in rats, in which the efficacy 

of allogeneic or autologous MSC was also compared and both groups experienced an equal 

improvement in cardiac function. Furthermore, in this study, the degrees of cell engraftment 

and immune cell infiltration did not differ between treatments either. Moreover, it was found 

that M2 macrophages (anti-inflammatory type) similarly increased at the transplant site in both 

groups [76]. In a recent study performed in rhesus macaques, the immune response following 

intracranial administration of allogeneic vs. autologous MSC was analysed. The experiment 

revealed a clear allo-recognition based on expansion of NK cells, B and T-cells in peripheral blood 

and detection of allo-specific antibodies in the animals that received the allogeneic, but not in 

the ones that received autologous MSC. Additionally, the degree of MHC mismatch between 

donor’s cells and the immune cells of the recipient significantly influenced the engraftment and 

survival of the transplanted MSC [77].  

At this stage, the information provided by a series of reliable studies suggests that 

allorecognition of the exogenous MSC does indeed occur and affects the survival of these at the 

implantation site. However, even when low/mild immune response seems to exist, this does not 

restrict the therapeutic effect exerted by the implanted allogeneic MSC (reviewed in [78]).  
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1.3.5.2. Clinical trials with allogeneic MSC 

As it has been discussed, there is abundant evidence in pre-clinical animal models that 

show how allogeneic MSC can induce a humoral low-medium grade anti-donor immune 

response (reviewed in [79]). In this scenario, two clinical trials (POSEIDON and PROCHYMAL) 

intended to assess the safety and efficacy of allogeneic MSC in humans. The POSEIDON was a 

phase I–II early-stage study that showed no major alloreactivity against the exogenous cells, as 

alloantigens against the donor were detected in 3.7% of patients only. Additionally, the 

incidence of SAE was low, and unsurprisingly, an improvement of cardiac function and a 

reduction of the infarct size was documented [80]. In the phase-I PROCHYMAL trial, allogeneic 

BM-MSC were intravenously infused in patients who had experienced an MI event, which led to 

an increase of LVEF at three months of 5.9%, higher than the 4.4% experienced by patients who 

received placebo instead. Furthermore, the effect was maintained over six months. Similarly to 

the POSEIDON trial, there were no safety concerns, since no major SAE were documented in the 

treatment group [66]. Another multicentric phase II clinical trial carried by Gao et al., tested the 

safety and efficacy of allogeneic Wharton’s-Jelly MSC (WJ-MSC) in patients who had suffered MI 

of ischemic origin. The results were in accordance whit other clinical trials, since the LVEF at 18 

months follow up was 3 times higher in the treatment group compared to the control. 

Concomitantly, decreases in Left Ventricular End Systolic Volume (LVESV) and Left Ventricular 

End Diastolic Volume (LVEDV) at 18 months in the treatment group were significantly greater 

than those in the placebo group. As expected, no relevant SAE were identified related to the 

treatment with allogeneic WJ-MSC [68] (Table 3). To date, more than 3,000 patients have been 

treated all over the world with allogeneic mesenchymal stem cells for various diseases with no 

serious adverse events being reported linked to their application (reviewed in [79]). In this 

scenario, the PROCHYMAL II, a phase-II trial that includes a larger cohort of patients, is ongoing 

and will contribute to confirm the safety and efficacy of allogeneic MSC in cardiac repair, 

hopefully boosting the use of this therapy in the clinical routine. 

1.3.6. Enhancing the therapeutic effect of stem cells with biomaterials and therapeutic 

molecules 

Despite the proven therapeutic potential of MSC, poor engraftment and survival of the 

transplanted cells within the ischemic myocardium has remained an important limitation when 

it comes to achieving a robust therapeutic effect. Dose and time of infusion and several other 

factors such as mechanical stress caused by heart contractility, cell apoptosis caused by anoikis, 

and endogenous environmental factors such as hypoxia or host immune response, greatly 



Introduction [Escriba aquí] [Escriba aquí] 

42 
 

influence the retention and viability of the infused cells (reviewed in [81] and [82]). Several 

delivery routes have been tested, including intracoronary, intramyocardial and intrapericardial 

ones, showing minimal differences in terms of survival or engraftment of the cells. Hoping to 

improve the efficacy, researchers have shifted towards the use of biomaterials as co-adjuvants 

for stem cell based cardiac regenerative therapy.   

A wide range of biomaterials of both natural and synthetic origin have been assayed for 

cardiac regeneration therapy, either alone or combined with cells. Biomaterial features such as 

composition, elasticity, porosity, viscosity and micro- and nanostructure largely influence 

biocompatibility with the host organism as well as for the exogeneous cells. Generally, suturable 

scaffolds/patches or injectable hydrogels are the types of vehicles that researchers use in order 

to apply stem cell therapy for cardiac regeneration after an ischemic event (reviewed in [83]). 

Additionally, these biomaterials can be functionalized with a wide range of grow factors and 

cytokines that will enhance the therapeutic potential of the biomaterial-based stem cell 

treatments for MI (reviewed in [78]) (Fig. 8).   

Fig. 8. Biomaterials as co-adjuvants in cardiac regenerative therapy. Biomaterials in the shape of cardiac 
suturable patches or hydrogels that can be applied through intravenous, intracoronary, transendocardial or 
intramyocardial delivery routes are being applied to deliver therapeutic cells and cytokines to the damaged 
myocardium. 

Concerning the composition, natural compounds such as collagen, chitosan, alginate, 

fibrin, or synthetic materials including polycaprolactone (PCL) or polyglycolic acid (PGA) and 

polylactic acid (PLA) have been used to develop patches and hydrogels. Also, combinations of 

both natural compounds and synthetic materials have also been developed in order to optimize 

the mechanical properties of the scaffolds/hydrogels and increase cell adhesion and survival 

(reviewed in [83] and [84]). 
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1.3.6.1. Hydrogels as vehicles for therapeutic cells 

Hydrogels are gel-like structures composed of hydrophilic polymer 3D networks, capable 

of retaining a significant amount of water and remain insoluble in water or biological fluids due 

to their crosslinking [85]. Injectable hydrogels for cardiac regeneration are a promising 

therapeutic approach following MI and polymers such as alginate, fibrin, collagen or 

combinations of them have been the most commonly used ones, owing to their gelation 

properties. Biohybrid-made hydrogels using decellularized ECM in combination with other 

biomaterials have also been engineered for its application in damaged heart, being able to mimic 

cardiac tissue in terms of composition, structure, mechanical support and bioactivity [86]. 

Owing to their tuneable physicochemical properties, hydrogels can provide spatial and temporal 

control over the release of loaded therapeutic agents, including chemotherapeutic drugs, 

proteins or cells (reviewed in [87]). Thus, Efrain et al. developed injectable hydrogels, based on 

decellularized porcine cardiac ECM cross-linked with genipin alone or engineered with different 

amounts of chitosan to better control the mechanical properties. Importantly, these hydrogels 

showed no immunogenicity in vitro and in vivo in a chronic MI rat model. Moreover, 

biocompatibility with MSC was demonstrated with high rates of adhesion, survival and 

proliferation when these cells were cultured in the hydrogels. When tested in vivo, the ECM 

based hydrogels favoured preservation of the damaged myocardium and with a significant 

improvement in cardiac function eight weeks post-treatment [86]. Another study in a rat MI 

model, proved that intramyocardially delivered BM-MSC survived longer when administered 

embedded in fibrin glue hydrogel than when administered alone, consequently improving 

cardiac function and scar size [88]. Collagen-made hydrogels have also been assayed to treat MI. 

In fact, in a comparative study between collagen and fibrin biomaterials as cell vehicles, collagen 

was found to be superior to fibrin as a cell carrier in another rat MI model. Even though both 

polymers increased ADSC retention in the implantation site, cell survival was higher in the 

collagen-made hydrogels [89]. Transglutaminase cross-linked Gelatin (Col-Tgel) is a tailorable 

collagen-based hydrogel tested by Chen et al. for cellular delivery in vivo. In in vitro assays, it 

was demonstrated that ADSC survive and proliferate up to 4 weeks in the Col-Tgel. Additionally, 

when tested in vivo in a MI mouse model, intramyocardial delivery of Col-Tgel-ADSC significantly 

increased LVEF at 4 weeks after transplantation, when compared to ADSC alone or Col-Tgel 

alone. Moreover, Col-Tgel-ADSC also significantly decreased LVESV but did not significantly 

decrease the LVEDV when compared with the controls [90]. In a slightly different approach, 

Blocki et al. developed a composite microcapsules made of agarose, collagen, fibrin, and dextran 

sulphate for the encapsulation and delivery of MSC to the damaged myocardium, showing a 
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positive outcome in the shape of successful cell delivery, engraftment and survival [91]. The 

promising results observed with hydrogels at experimental level prompted researchers to test 

their clinical reliability. In fact, alginate has been used in the phase-I PRESERVATION-I 

(Prevention of Remodelling of the Ventricle and Congestive Heart Failure After Acute Myocardial 

Infarction) trial with encouraging results, since these study confirmed the safety and feasibility 

associated with its use [92][93]. Additionally, a clinical trial was completed with VentriGel®, an 

extracellular matrix hydrogel derived from decellularized porcine myocardium, tested in 

infarcted patients. Results from the trial supported the safety and feasibility of transendocardial 

injection of VentriGel® in post–MI patients with left ventricular dysfunction. Although the study 

was not designed to evaluate efficacy, there were significant improvements in 6-min walk test 

distance and decreases in New York Heart Association functional class across the entire cohort 

of patients subjected to the treatment [94]. The confirmation of safety and feasibility in the use 

of hydrogels for the MI treatment by these clinical trials will certainly encourage researchers to 

keep searching for hydrogel-based therapies in the field of cardiac ischemic diseases. 

1.3.6.2. Cardiac cellularized scaffolds and patches to treat MI 

One of the most successful methodologies to combine biomaterials with cell therapy is 

the use of cellularized sheets or porous scaffolds that can be implanted in the damaged heart. 

Several materials have been tested to fabricate these scaffolds in the last two decades, being 

the collagen the most popular among them due its high biocompatibility, surface topology for 

effective cell adhesion and inertness [95] [96]. Other natural or synthetic polymers such alginate, 

gelatine, decellularized bovine pericardium, fibrin, or PCL, have also been used to produce 

cardiac patches, each presenting a different set of advantages and drawbacks to consider. 

Natural polymers normally offer more cell adhesions sites, lower immune response and quicker 

degradation rate at the cost of mechanical strength. Instead, synthetic polymers tend to offer 

superior strength and are more easily tailored to desired mechanical, physical and chemical 

characteristics at the cost of cell-scaffold interactions and immune response. Mixtures of two or 

more natural and/or synthetic polymers have also been assayed to balance the weaknesses of 

one polymer with the strengths of the others (reviewed in [83] and [84]). An interesting 

experiment carried by Giraud et al. in a rat MI model, showed improvement in cardiac function 

after implantation of a patch made of collagen type I and Matrigel®, seeded with rat skeletal 

muscle cells [97]. Following an analogous approach in another rat model, Simpson et al. 

embedded a collagen matrix with MSC to form a cardiac patch, which was then sutured to the 

infarcted myocardium. Greater engraftment of the cells in the infarct zone could be observed at 

one week comparing to control. Interestingly, a significant improvement in cardiac function and 
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anterior wall thickening was also documented later than four weeks after matrix implantation, 

in spite of the fact that cells had not been detected at 4 weeks, suggesting that long-term cell 

engraftment or survival is not required for MSC to exert therapeutic effects [98]. Safety and 

efficacy of collagen made scaffolds seeded with autologous ADSC have also been tested by our 

group, in both rat and swine models of MI [99][100]. The results were highly encouraging as in 

both animal models, the animals treated with the cellularized patch showed increased cell 

engraftment and significant improvement in cardiac function, correlating with a positive 

myocardial remodelling and augmented vasculogenesis [100]. Similarly, Gaetani et al. evaluated 

the therapeutic potential of a 3D-printed patch composed of human cardiac-derived progenitor 

cells seeded in a hyaluronic acid and gelatine-based matrix. The cellularized matrix was 

transplanted in a mouse model of MI showing a significant reduction in adverse remodelling and 

preservation of cardiac function. Furthermore, the patch supported the long-term survival and 

engraftment of the cells in the implantation zone [101]. A different approach consisted in 

creating a patch with decellularized rabbit pericardium, which was later seeded with ADSC and 

implanted in a rat MI experimental model. Immunohistochemical assessments demonstrated 

higher number of desmin-positive cells in the patch implanted group, suggesting cardiomyocyte 

regeneration. Also, imaging techniques of heart biopsies confirmed the presence of 

mesenchymal cells along with neo-vessels in the implantation site [102]. Fibrin has also been 

widely tested in the development of cardiac scaffolds with different cell types. The functional 

effect of delivering endothelial and smooth muscle cells combined with a fibrin porous scaffold 

was examined in a porcine MI experimental model. Imaging techniques showed increased 

engraftment of the transplanted cells and significant LVEF improvement at one and four weeks 

post-treatment [103]. All this data demonstrates the advantages of application of natural 

scaffolds as effective cell delivery devices in cardiac repair after MI, and it emphasizes tissue 

neovascularization and cardiac function recovery following this approach. 

In the field of synthetic polymers, with the aim of finding the most effective one for 

generating cellularized cardiac patches, Ozawa et al. compared the efficacy of caprolactone-co-

L-lactide (PCLA), polyglycolic acid (PGA) and gelatine, seeded with MSC in a rat heart damage 

experimental model. Although seeded MSC survived by at least eight weeks after patch 

implantation in all groups, it is remarkable that a greater degree of cellularization was observed 

in the PCLA patches. Also, larger alpha SMA-positive areas and more extracellular matrix with 

larger elastin-positive areas was observed in the PCLA scaffolds than with the other materials, 

concluding that this one was the most valuable material among the three tested [104]. Similarly, 

Matsubayashi et al. seeded vascular smooth muscle cells from rat aortas 

onto synthetic PCLA patches and cultured them for 2 weeks before implantation into infarcted 
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rats. As control, unseeded patches were used. After 8 weeks, seeded  patches  were thicker and 

smaller in area than unseeded patches and LV systolic function and volume were improved in 

the seeded group [105]. In a more recent study, a scaffold of cellulose nanofibers modified with 

chitosan/silk fibroin was fabricated by electrospinning via layer-by-layer coating technology. 

The scaffolds were seeded with ADSC and adhered to the epicardium of the infarcted rat hearts, 

showing higher cell viability, improved LVEF, and a reduced adverse ventricular remodelling than 

those only treated with injected ADSC [106].  

The positive results obtained using different biomaterials and cell types in animal MI 

models invited researchers to translate these experimental procedures to the clinic. With this 

aim, the phase I MAGNUM clinical trial was designed with the purpose to determine the effects 

exerted by BM-MNC seeded onto collagen scaffolds when implanted in patients presenting LV 

post-ischemic myocardial scars. A control group was implanted with the cells alone. Results were 

promising as no treatment-related SAE were reported during the follow-up period. Furthermore, 

heart functionality and mechanical parameters improved significantly in the patients who were 

treated with the cellurarized patches [107].  

In this scenario, new clinical trials are being performed with different cellularized 

scaffolds in order to determine their putative therapeutic benefit in in patients with 

cardiomyopathies and their feasibility as a standardized treatment in the clinical practice. 

1.3.6.3. Influence of the scaffold design in MSC trophic effect 

In the last years, a clear correlation between the substrate and cell behaviour and 

secretome profile has been discovered. Numerous studies have focused on how the cytokine 

secretion patterns of the MSC are affected by the scaffold substrate in which the cells are in 

contact with. In a recent study, MSC were cultured in a TopoWell®, a multiwell plate with 76 

different surface topographies, in order to analyse the cell shape and cytokine secretion profile 

in each separate well. Interestingly, the surface topography influenced cell shape and secretion 

of pro-angiogenic and anti-apoptotic factors like SDF-1 and HGF [108]. Following a similar 

strategy, the secretomes of the cells cultured in plastic plates, encapsulated in alginate 

hydrogels, or seeded in scaffolds were compared. MSC cultured in scaffolds produced several-

fold higher concentrations of almost all the 70 cytokines whose levels were measured, when 

compared with those obtained under the other experimental conditions. The scaffold-seeded 

cells significantly increased the secretion of a series of well-known pro-survival cytokines like 

VEGF, HGF, IGF, FGF and leukaemia inhibitory factor (LIF) [109]. In a similar manner, Su et al. 

fabricated electrospun scaffolds composed of fibers in random, aligned and mesh-like patterns 

to determine the paracrine behaviour of ADSC seeded on them in comparison to the cell culture 
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in conventional plastic plates. It was found that the cells on the electrospun fibres produced 

significantly higher levels of anti-inflammatory and pro-angiogenic cytokines compared to those 

cultured on plastic [110]. In another recent experiment performed employing 3D scaffolds that 

allowed adjusting different parameters such as stiffness, stress and adhesion ligand density of 

the substrate, it was tested if these stimuli affected the gene expression profile of the MSC 

cultured on it. Dramatic changes in the MSC gene expression patterns were observed depending 

on their specific combinations [111]. 

Hence, the ability to modulate the MSC secretome by modifying the scaffold properties 

highlights the importance of the biomaterial composition and design for boosting the effects of 

the MSC-based cell therapy on cardiac regeneration. Also, in the field of cell differentiation and 

gene expression, Williams et al. studied how the storage modulus of hydrogels with different 

compositions of ECM and fibrin, conditioned the behaviour of C-kit+ cardiovascular progenitor 

cells. In this study, it was shown that the moduli of the substrate increased the expression of 

endothelial and smooth muscle cell markers, indicating that stiffer substrates provoke cell 

differentiation towards a specific cardiac lineage [112].Taking into account all these evidences, 

it seems clear that the biological but also mechanical and geometrical properties of the scaffolds 

are key and need to be carefully taken into account when designing this type of devices for cell 

delivery in the ischemic myocardium. 

1.4. Biomaterial functionalization with cytokines and therapeutic cells 

It is well known that the main beneficial effect of MSC is exerted through trophic action 

by releasing a wide range of therapeutic proteins and factors. As a novel therapeutic approach, 

hydrogels and scaffolds that were initially tailored for stem cell support and cardiac delivery, 

have also been functionalized with such key factors in order to increase their therapeutic 

potential. Following this idea, Ruvinov et al. created an alginate hydrogel with the ability to 

sequentially release IGF-1 and HGF into the myocardium, achieving a beneficial effect in a rat 

model of MI [113]. Similarly, Hao et al. engineered an alginate-based injectable hydrogel that 

gradually delivered VEGF and Platelet-Derived Growth Factor (PDGF) to accomplish a more 

robust effect [114]. Additionally, Gao et al. accomplished an increase in cardiac function and 

vasculogenesis, implanting a myocardial patch made of collagen membranes loaded with 

collagen-binding VEGF, in a rabbit MI model [115]. Epicardial patches containing Follistatin-like 

1 (FSTL-1), which is a well-known cardiomyogenic factor, were designed by Wei et al. for its use 

in a swine MI experimental model. Two weeks after their implantation, a regeneration of the 



Introduction [Escriba aquí] [Escriba aquí] 

48 
 

cardiac muscle and function were observed in comparison with animals that did not received 

the treatment [116]. 

Giving a step forward, the use of biomaterials in the shape of scaffolds or hydrogels for 

a combined cell-cytokine delivery has been extensively evaluated. The addition of cytokines on 

the hydrogels or scaffolds would positively affect both exogenous MSC and resident cardiac cells 

favouring a correct remodelling of the heart after MI. Some experiments have been performed 

following this idea. For instance, Miyagi et al. created a scaffold containing a soft core of gelfoam 

functionalized with a combination of BM-MSC and SDF-1 and coated with an outer layer of PCL 

to add mechanical strength. Its use in a rat MI model showed positive results in the shape of 

cardiac function recovery, diminution of negative remodelling post-MI and increased 

vascularization [117]. In a similar study, VEGF and PDGF were immobilized in MSC-seeded 

scaffolds. This biomaterial exhibited an enhanced mechanical strength in vitro while maintaining 

a porous ultrastructure. The constant release of the cytokines promoted the proliferation and 

survival of the MSC seeded on the scaffold and when tested in vivo in a rat MI experimental 

model, parameters such as cardiac function, cell infiltration and tissue revascularization 

significantly improved at 4 weeks post-treatment, when compared with the control groups 

(cytokine-free patches or cell-free patches) [118]. Interestingly, in a phase I clinical trial named 

“ALCADIA” (AutoLogous Human CArdiac-Derived Stem Cell To Treat Ischemic cArdiomyopathy), 

a hybrid cell therapy application was evaluated, in which intramyocardial injections of 

autologous cardiac stem cells (0.5x106 cells/kg)  were covered by a gelatine scaffold embedded 

with 200 µg of basic Fibroblast Grow Factor (bFGF), and applied in 5 patients with ischemic 

cardiomyopathy and HF. No serious adverse events were notified and 6 months post-treatment. 

In terms of heart function changes, New York Heart Association (NYHA) functional ranking of the 

5 enrolled patients significantly improved from 3.8 ± 0.4 to 1.4 ± 0.17, associated with a 

significant improvement in exercise tolerance evaluated by peak VO2 (from 12.2 ± 3.0% before 

hybrid therapy to 16.7 ± 3.6% after 6 months). Additionally, a significant increase in LVEF (from 

22.6 ± 4.5% to 34.7 ± 7.9%), a smaller infarct volume (from 23.0% to 19.7%) and a concomitant 

decrease in wall motion score (from 17.2 to 6.6) were reported [119]. 

These studies highlight the therapeutic potential of combinational strategies and pave 

the way for further attempts to boost the positive effects of MSC together with cytokine-loaded 

systems. In summary, MI remains as one the leading death causes in the world, with limited 

pharmacological treatment options. Stem cell therapy has arisen as a feasible alternative to treat 

MI, by reducing the deleterious remodelling and favouring the revascularization of the affected 

zone after an ischemic event. Among all the stem cells tested, MSC have been selected due to 

their potent paracrine effect and immunoprivileged status, making them ideal candidates for 
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allogeneic transplant models. Both preclinical and clinical studies have proven the safety and 

effectivity of the treatment of MI with MSC. In order to increase its therapeutic potential, 

implementation of the cell therapy with bioengineered systems such as cardiac scaffolds or 

hydrogels for a combined cell-cytokine delivery is under constant evolution, displaying 

promising results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction [Escriba aquí] [Escriba aquí] 

50 
 

 

 

 

 

 

 

 



 Introduction 

51 
 

 

 

 

 

 

 

 

 

 

 

 

2. HYPOTHESIS AND OBJECTIVES 



Hypothesis and objectives[Escriba aquí] [Escriba aquí] [Escriba aquí] 

52 
 



Hypothesis and objectives 

53 
 

In the last two decades MSC have been extensively tested as a therapeutic option for a 

wide range of diseases and conditions. Their potent paracrine and immunomodulatory action 

have granted them the possibility to be clinically evaluated as a feasible treatment. In the 

specific context of cardiac repair, numerous preclinical studies and clinical trials have 

demonstrated their effectivity in returning the functionality to the infarcted heart by avoiding a 

deleterious remodelling after an ischemic event.  

In the clinical scenario, the availability of allogeneic MSC in a “ready-to-use” format 

would facilitate their applicability and improve its benefit, however, their immune privilege in 

vivo has been subject of debate and needs still to be re-assessed. Additionally, the combination 

of these stem cells with biomaterials like collagen, that has been previously proven 

biocompatible and could act as cell and/or protein carrier, might improve their engraftment and 

survival at the injured zone.  

Thus, the hypothesis of our study is that the use of allogeneic ADSC-collagen patches 

can be safe and would not elicit an adverse immune response, exerting in fact a potent 

immunomodulatory action that would favour the recovery of the heart function after an 

ischemic event. Secondly, we believe that functionalizing the collagen scaffold with grow factors 

or cytokines, could potentiate its therapeutic effect. 

 

Based on these premises, this thesis attempts to fulfil the following objectives: 

1. To evaluate in vivo the safety profile of a GMP-produced CS cellularized with ADSC, for the 

treatment of MI 

2. To assess in vitro and in vivo the immunological effect exerted by the human allogeneic ADSC-

collagen patch 

3. To improve the CS by its functionalization with the pro-angiogenic SDF-1 factor and assess its 

biocompatibility and bioactivity in a rat subacute infarct model   
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3.1. ADSC isolation, culture and characterization  

3.1.1. Isolation of ADSC from rats, minipigs and humans 

ADSC were isolated from inguinal fat of 8 to 12 week-old, wild type Sprague-Dawley rats 

(Harlan) and from 4-6 month Göttingen minipigs (bred in our animal facility). Adipose pads were 

digested with collagenase-I (2 mg/ml, Roche) and stirred at 37°C for 30 minutes for rat adipose 

tissue and for 60 minutes for minipig adipose tissue. After two filtration steps with 100 and 40 

m filters, mature adipocytes were eliminated from the stromal vascular fraction (SVF) by 

centrifugation (600 xg for 10 minutes). The SVF was then washed in PBS (Gibco) and incubated 

for 5 minutes in lysis buffer (31 mM NH4Cl, 2 mM KHCO3, 0.02 mM EDTA) to eliminate the 

contaminating erythrocytes (Fig. 9). Approximately, 1x106 cells were obtained per gram of white 

adipose tissue. Isolated cells were cultured (5% CO2 and humidified atmosphere) at a density of 

7,500 cells/cm2 in ADSC medium (α-MEM (Gibco) supplemented with 10% Fetal Bovine Serum 

(FBS, Biochrom) and 1% penicillin/streptomycin (P/S) (Lonza)). For pig and human ADSC cultures, 

1 ng/ml bFGF (Sigma) was also added to the cell culture media. Sub-confluent cells were 

obtained within a week and passed at a density of 4,000 cells/cm2. Rat and pig ADSC were 

phenotypically characterized as described below after 3–5 passages.  

Human ADSC were prepared by 3P Biopharmaceuticals (Spain) under GMP conditions. 

These cells were obtained from three different healthy donors, expanded until passage 2 and 

phenotypically characterized, confirming their mesenchymal nature.   

Fig. 9. Adipose-derived stem cells (ADSC) isolation from adipose tissue. After mechanical and enzymatic 
digestion of an adipose tissue biopsy and following centrifugation to eliminate mature adipocytes, the 
adipose stromal vascular fraction (SVF) (pellet) is plated and kept in culture for 3 weeks in order to obtain 
an homogeneous mesenchymal cell population (ADSC). Figure acquired from Araña et al. [120]. 

3.1.2. Characterization of rat and pig ADSC by Flow Cytometry 

Rat and porcine ADSC characterization were performed by flow cytometry analysis. 

ADSC at passages 3-5 were thawed, resuspended in ADSC medium and seeded at a density of 

4,000 cells/cm2. When adherent cells were at a confluence of 90-95%, the medium was 
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removed, and cells washed with 10 ml of PBS. Then, cells were detached by incubation with 5 

ml of 0.05% EDTA-Trypsin solution (Lonza) at 37ºC for 10 minutes. When cells were fully 

detached, the trypsin solution was inactivated by adding 10 ml of ADSC medium to the flask. A 

centrifugation step at 600 xg for 8 minutes was carried out, and the cells resuspended in PBS. 

For flow cytometry analysis, 2x105 ADSC cells were incubated for 15 minutes in the dark with a 

mix of 50 µl of the diluted antibodies detailed below (Table 4) in a V-bottom 96-well plate 

(Corning Axygen).  

Table 4. Antibodies used for rat and pig ADSC phenotypic characterization   
 

ADSC 
species Antibody Dilution Reference Brand 

RAT 

PE anti-rat RT1A 1:100 559993 BD 

PE anti-rat RT1B 1:100 554929 BD 

PE anti-rat CD90 1:100 554898 BD 

PE anti-rat CD31 1:100 555027 BD 

PE mouse anti-rat CD45 1:100 554881 BD 

Mouse anti-rat CD73 1:100 551123 BD 

CD29 Anti-Rat HMβ1, PE-Cy7 1:100 A14889 Molecular Probes 

Purified anti-rat CD44H 1:100 554869 BD 

PIG 

FITC anti-pig SLA-DR 1:500 553642 BD 

Alexa Fluor® 647 anti-pig CD29 1:500 561496 BD 

PE anti-pig CD90 1:200 555596 BD 

 

After antibody incubation, the plates were centrifuged at 600 xg for 8 minutes, cells 

resuspended in 200 µl of PBS and transferred to cytometry tubes to be analysed in the 

FACSCanto flow cytometer (BD). Data analysis was performed using FlowJo (BD) software.  

After characterization, cells were frozen in liquid nitrogen for further use in Freezing media (50% 

FBS, 40% α-MEM and 10% DMSO (Panreac) for further use.  

3.1.3. Collagen scaffolds: manufacturing and composition 

The collagen scaffolds (CS) used were manufactured by Naturin Viscofan (Germany) following 

GMP procedures and marketed as Collagen Cell Carrier® (https://www.viscofan-

bioengineering.com/collagen-products/research-grade/collagen-cell-carrier). These CS have 

been especially developed for experimental and clinical purposes, are made of collagen type-I 

of bovine origin, had no added crosslinkers and are biocompatible and biodegradable as 

previously described by our group [99][121] . For in vitro co-cultures, “Ready-To-Use” 6-well and 
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48-well plates (Naturin Viscofan) were used, with the CS attached to the bottom of the wells 

(Fig. 10A,B).  

3.1.3.1. Generation of cellularized collagen scaffolds 

In order to prepare a cellularized CS, ADSC at passages 3-4 were seeded onto the scaffold 

at a density of 10.000 cells/cm2 in ADSC medium. The CS was pre-wetted in media for 12 hours 

before use for in vitro or in vivo studies. Scaffolds of 1x1 cm size were used for rodent 

experiments, and 10x10 cm were used for minipig experiments. Biocompatibility of the CS with 

ADSC has been previously confirmed by our group, as ADSC adhere to the top of the collagen 

membrane forming a monolayer [99] (Fig. 10C).  

Fig. 10. “Collagen Cell Carrier®” scaffolds manufactured by Naturin Viscofan. Membranes come in an (A) 
sterile sheet format to be cut in the desired size and shape or (B) already attached to the bottom of plastic 
wells. (C) Arana et al. [99] have previously characterized these collagen membranes (with 20 µm thickness 
and non-porous features), showing a proper ADSC (Vimentin+ DAPI) adhesion to them, forming a three-
layer cellular sheet 12 hours after their seeding on top of the collagen scaffold. 
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3.2. In vivo safety assesment of the cellularized collagen scaffolds 

With the objective of testing the safety of the use of these CS cellularized with ADSC 

(ADSC-CS), three different rodent models were used. The potential tumorigenicity of the 

cellularized patch was analysed after subcutaneous implantation in an immunosuppressed 

mouse model. Also, the putative toxicity elicited by the cardiac implantation of the human ADSC-

CS was assessed in an immunosupressed rat model with MI. Additionally, an immunocompetent 

rat model was used to study the biodistribution of the cells after cardiac implantation of the rat 

ADSC-CS. 

All experiments were performed in accordance with the "Principles of Laboratory 

Animal Care" formulated by the National Society for Medical Research and the "Guide for the 

Care and Use of Laboratory Animals" prepared by the Institute of Laboratory Animal Resources, 

Commission on Life Science, and National Research Council (published by the National 

Academy Press; revised in 1996). All animal procedures were approved by the University of 

Navarra Institutional Committee on Care and Use of Laboratory Animals (Protocol number: 

144-14) as well as the Community European Council Directive Ref. 86/609/EEC. 

3.2.1. Analysis of ADSC-CS tumorigenicity in a mouse model 

The safety and the putative tumorigenicity elicited by the implantation of the ADSC-CS 

was assessed in a mouse model. For that purpose, ADSC-CS seeded with 5 x 105 human ADSC 

were subcutaneously implanted in 20 adult (10 male and 10 female) Rag2-/-gc-/- 

immunosuppressed mice (Jackson). For implantation purposes, the mouse was placed in a prone 

position and anesthetized were anesthetized by inhalatory anesthesia with 4% isoflurane 

(Esteve Veterinaria). After cleaning and disinfection of the mid back area with povidone-iodine 

and alcohol (Clinica Universidad de Navarra Pharmacy), an incision of about 12 mm was made, 

followed by the subcutaneous ADSC-CS implantation. The incision was closed by suture with 

Vicryl 6/0 (BRAUN Surgical). Subsequently, the whole area was cleaned with hydrogen peroxide 

(Clinica Universidad de Navarra Pharmacy) and the animal was returned to its cage with 

controlled temperature. Animals were euthanised at 3 months (5 male and 5 female) and at 8 

months (5 male and 5 female), perfusion-fixed and skin and muscle samples from the implant 

region extracted and processed for further histological analysis (Fig. 11).  
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Fig. 11. Experimental design of the tumorigenicity study in immunosuppressed mice. Animals were 
implanted with the cellularized CS and half of them were euthanised at 3 months (5 males and 5 females) 
and the other half at 8 months (5 males and 5 females) for anatomopathological and histological analysis. 

Skeletal muscle and skin biopsies from the implantation zones were cut in sections of 4-

5 mm and kept in 4% formaldehyde (Panreac) overnight at 4ºC. Then, the samples were washed 

with 10 ml of MilliQ® water (Merck) and three additional washes with PBS prior to being 

maintained for 24 hours in 70% ethanol (University of Navarra Pharmacy). Finally, the samples 

were embedded in paraffin using a heated paraffin embedding station (Leica Biosystems). From 

the paraffin blocks, four series of 10 slides, measuring 5 μm in thickness were cut and stained 

with Haematoxylin and Eosin (H&E). For H&E staining, sections were incubated in Harris 

haematoxylin (Merck) for 7 minutes, differentiated through 37% HCl–water and Li2CO3 solutions, 

immersed in 0.5% Eosin (Merck) for 10 seconds, dehydrated and finally mounted in DPX (Merck). 

Pictures at 10X and 20X magnifications were taken with an Aperio Scanner CS2 (Leica 

Biosystems) for histological and anatomopathological analysis. 

3.2.2. Toxicity analysis of human ADSC-CS in a chronic infarct model in immunosuppressed 

rats 

The acute, subacute, subchronic and chronic toxicity derived from the myocardial implant 

of a CS cellularized with ADSC of human origin was analysed in immunosuppressed rats.  

3.2.2.1. Experimental design 

To perform this study, 128 (64 males and 64 females) Rowett RH-Foxn1rnu 10-14 week 

old immunosupressed rats (Harlan) were divided into 4 different experimental groups 

depending on the treatment received and other 4 experimental subgroups per group, 

depending on the time of analysis/sacrifice (Table 5). Half of the animals were subjected to MI 

and randomized into two different treatments: the treatment group, in which the ADSC-CS 

were implanted (MI-ADSC-CS group), and a reference group in which the CS without cells were 

implanted (MI-CS group). The non-infarcted animals were subjected to surgery, being half of 

them implanted with the ADSC-CS (Sham-ADSC-CS group) and the other half not implanted 

(Sham group). In each treatment group, animals were divided in 4 subgroups depending on the 
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analyses and/or sacrifice time-point: Acute Toxicity group (animals euthanised at day 2 post-

implant), Subacute Toxicity group (euthanised at day 10 post-implant), Subchronic Toxicity 

group (analysis at day 28 post-implant but the animals maintained until day 90) and Chronic 

Toxicity group (euthanised at day 90 post-implant). Throughout the study, mortality, general 

symptomatology and weight and feed consumed were analysed. Moreover, on the last study 

day (day 2, 10 and 90 according to the subgroup), the animals were euthanised and relevant 

data for characterization of the toxicity obtained through biochemical, haematological, 

urinalysis, and macroscopic evaluation of the necropsy. Additionally, organ weight and 

histopathological measurements were recorded. Experimental design is shown in Table 5.  

Table 5. Experimental groups, parameters analysed and timeline. Animals were divided in 4 groups 
depending on the treatment received. Within each treatment, animals were divided in 4 subgroups with 
different analytical time-points established to study the toxicity at different stages.  
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3.2.2.2. MI induction in rats and implantation of the cellularized patch 

MI was induced in the rats by permanent ligation of the left coronary artery as previously 

described by our group [122]. Briefly, rats were initially anesthetized with 4% isoflurane in an 

induction chamber. Prior to surgery, animals received analgesic drug ketoprofen (Ketofen 1%, 

Jesus Guerrero) 5 mg/Kg subcutaneously and fentanyl (Fentanest, Kern Pharma) 0.15 mg/kg and 

heparin (1%, Rovi) 0.1 mg/kg both administered by intraperitoneal route. The rats were then 

intubated and ventilated at 90 cycles/minute (1.5–2% isoflurane was maintained for continuous 

anesthesia). A left thoracotomy through the fourth intercostal space was performed, and the 

left anterior descending (LAD) coronary artery was occluded 2–3 mm distal from its origin for 1 

hour. The chest was then closed in layers and rats allowed to recover on a heating pad. One-

month post-infarction, animals were implanted with the different treatment options. Before 

starting the implantation procedure, inhalatory anaesthesia (Isoflurane 4%) was administered 

to the animals. Then, these were intubated through with an Abbocath catheter (14G). After, 

300 µg/kg of fentanyl and 5 mg/kg of ketoprofen were administered intraperitoneally to 

potentiate the effect of the inhalatory anaesthesia and 10 mg/kg of enrofloxacin (Kariflox, 

Karizoo) was administered subcutaneously as a prophylactic agent. Finally, the maintenance of 

the anaesthesia with Isoflurane was adjusted to 2.5-3.5 % until the end of the procedure. The 

left thoracic region was shaved, cleaned and disinfected with povidone-iodine and alcohol and 

a median sternotomy approximately 1-1.5 cm in length was performed. After placing the 

retractor and releasing the pericardium, an intramural traction suture (Prolene 7/0, (Ethicon)) 

was threaded in zone VI. When the infarcted area was located, the CS or the ADSC-CS (depending 

on the treatment group) was placed on it and fixed with 5 suture stitches (Prolene 7/0) to the 

ventricular wall. After confirming the absence of bleeding and the animal’s stability, the 

retractor was removed, a drainage tube was inserted to eliminate any residual air 

(pneumothorax) and the skin was closed by planes with Vicryl 4/0 sutures (Ethicon). When the 

absence of residual air was confirmed, the drainage tube was removed. The entire incision area 

was cleaned with hydrogen peroxide. Once recovery and stabilization of spontaneous 

respiration was confirmed, the endotracheal tube was removed. The animals were kept in a cage 

at a controlled temperature until they fully recovered from the anaesthesia. Following the 

intervention, the animals were kept in their regular cage and treated with enrofloxacin antibiotic 

to prevent infection at a dose of 10 mg/kg, orally administered in the drinking water for 5 days. 

Additionally, the analgesic agents buprenorphine (Temgesic, Schering) (0.05 mg/kg/twice daily) 

and ketoprofen (5 mg/kg/once daily) were subcutaneously injected in the following 3 days. 
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Sham group animals underwent surgery the same as all other animals in the study (suture points 

were applied in the myocardium), although no membrane was implanted. 

3.2.2.3. Clinical examination, analytical studies and anatomopathological study 

Throughout the 2, 10, 28 or 90 days following the implantation, according to the study 

subgroup, the following observations were performed: viability/mortality, general 

symptomatology analysed by an Irwin`s test, weight measurement and food and water 

consumption. Regarding food consumption a single measurement was performed per 

experimental group and week. For ethical reasons, animals were caged in groups and it made 

impossible to measure the individual food intake patterns. Once the study period finalized, the 

animals were euthanised in a CO2 chamber. Prior to sacrificing, blood samples were collected 

from the retro-orbital plexus and the tail vein in serum-separating tubes and EDTA tubes, for 

serum and plasma analysis respectively. During the last week of the study (except for the 

subchronic subgroup), a basic fresh urine analysis was performed.  

All animals, except the ones of the subchronic subgroup, underwent a complete 

macroscopic study after sacrifice. The following organs were extracted from all animals: aorta, 

spleen, cerebrum, cerebellum, brainstem, heart (atrium and ventricle), oesophagus, stomach, 

sternum (with bone marrow), femur (with joint), mediastinal lymph nodes, adrenal glands, 

mammary glands, salivary glands, liver, pituitary gland, small intestine (duodenum, jejunum and 

ileum), large intestine (cecum, colon and rectum), tongue, muscle, sciatic nerve, optic nerve, 

eyes, pancreas, skin, Peyer patches, prostate, lungs, kidneys, epididymis/fallopian tube, 

testes/ovaries, thyroid/parathyroid, trachea, uterus, cervix-vagina, urinary bladder, seminal 

vesicle and spinal cord. The spleen, cerebrum, heart, liver, adrenal glands, kidneys and 

testes/uterus and ovaries, and thyroid were weighed and processed for histological analysis. 

The extracted organs were processed, cut and fixed in 10% formaldehyde (Panreac), 

except for the testes, epididymis and eyes, which were fixed in Davidson's fluid. After 24 hours 

for the formaldehyde-fixed tissues and for at least 48 hours for the organs preserved in 

Davidson's fluid, organs were transferred to alcohol 70%. After 24 hours, tissues were all 

included in paraffin blocks to be then cut in four series of 10 slides, measuring 5 μm in thickness. 

H&E staining was performed for histopathological analyses, as described in section 3.2.1. 
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3.2.2.4. Biochemical analyses in blood 

Serum was obtained by centrifuging the whole blood samples collected in tubes with gel 

separator for 10 minutes at 1500xg. A complete biochemical study containing the parameters 

shown in Table 6 was performed using a Cobas c-311 biochemistry analyser (Roche).  

 

Table 6. Biochemical parameters analysed to determine the putative toxicity elicited by the implantation of 
the ADSC-CS 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2.5. Haematological analyses 

The haematological study of whole blood was performed using the XT-1800i automatic 

haematology analyser (Sysmex), after blood sample collection. The parameters shown in Table 

7 were determined.  

 

 

 

 

PARAMETERS UNITS 

Albumin g/dl 

Aspartate aminotransferase (AST) U/l 

Alanine aminotransferase (ALT) U/l 

Total bilirubin mg/dl 

Cholesterol mg/dl 

Creatinine mg/dl 

Glucose mg/dl 

Alkaline phosphatase (ALP) U/l 

Total proteins g/dl 

Urea mg/dl 

Sodium mg/dl 

Chloride mg/dl 

Potassium mg/dl 

Calcium mg/dl 
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Table 7. Haematological parameters measured in whole blood 

 

 

 

 

 

 

 

 

 

3.2.2.6. Biochemical analyses in urine 

All animals (except the subchronic toxicity group), on the day before sacrificing were 

housed in metabolic cages designed for the collection of urine for approximately 15 hours. A 

basic analysis was performed of the fresh urine collected. The parameters analysed were general 

characteristics (volume, appearance, colour and smell) and biochemical determinations 

including glucose, bilirubin, ketonic bodies, density, blood, pH, proteins, urobilinogen, nitrites, 

erythrocytes and leukocytes. The urine biochemistry study was conducted using the Combur 10 

Test® M test strip (Roche) analysis, with a Cobas u 411® analyser (Roche). 

 

3.3. Study of ADSC biodistribution in chronically infarcted immunocompetent rats 

implanted with the ADSC-CS 

Biodistribution of rat GFP+-ADSC cells was determined following ADSC-CS cardiac 

transplant, in chronically infarcted immunocompetent Sprague-Dawley rats. For this purpose, 

the rats were infarcted as previously described in section 3.2.2.2 and the cardiac implantation 

of the ADSC-CS was performed in 8-12-week-old Sprague Dawley rats (4 males and 4 females) 

and evaluated 7 and 30 days post-implant (Fig. 11). With this objective, 5x105 rat GFP+-ADSC 

(derived from the strain Tg(GFP) 1Ba 1Rrcc  and bred in our animal facility) were seeded in 1 cm2 

CS, 12 hours prior to the implantation of the ADSC-CS, following the methodology described in 

section 3.2.2.2. 

PARAMETERS UNITS 

Red blood cell (RBC) count x 106 cell/µl 

White blood cell (WBC) count x 103 cell/µl 

Haemoglobin g/dl 

Hematocrit % 

Mean corpuscular volume (MCV) fl 

Mean corpuscular haemoglobin (MCH) pg 

Mean corpuscular haemoglobin concentration (MCHC) g/dl 

Platelet count x 103 cell/µl 
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Fig. 11. Experimental design of the biodistribution study in rats. Eight chronically infarcted animals were 
implanted with the CS cellularized with GFP-labeled ADSC. Analysis of biodistribution of the implanted cells 
was performed in heart, liver, spleen, kidney, ovaries or testes and mediastinal lymph nodes at day 7 and 
day 30 post-implantation.  

3.3.1. Immunohistochemical study for the detection of ADSC 

At 7 or 30 days post-implantation of the ADSC-CS, the animals were anesthetized with 

a combination of ketoprofen 5 mg/Kg and xylazine (Sigma) (0.05 ml/100 g) administered by 

subcutaneous injection. After confirming that the rat was fully anesthetized, the animal was 

perfused, placing it in the supine decubitus position and its chest cavity opened. Once the field 

was cleared and the heart exposed, a 21G needle of a syringe containing 20 ml of PBS was 

inserted in the lower wall of the left ventricle. Afterwards, an incision was made in the right 

atrium to permit the escape of the return circulation of the washing fluid and the slow, gradual 

injection of the 20 ml of PBS was started. After washing, the fixation of the organs was 

performed using the same procedure with 20 ml of Zinc-Formaline (Thermo Scientific). The 

heart, liver, spleen, kidney, ovaries or testes and mediastinal lymph node were extracted from 

the animal, cut in sections of 4-5 mm thick and included in organ cassettes. These cassettes 

were then submerged in 4% formaldehyde and kept overnight at 4ºC. Then, the samples were 

washed with 10 ml of distilled water and three washes with 15 ml of PBS. Finally, the cassettes 

were maintained in 70% ethanol for 24 hours to be next embedded in paraffin. Four series of 

10 slides, measuring 5 μm in thickness, were made for immunohistochemical analysis. In order 

to detect GFP+-ADSC in the different organs, the slides were incubated with an anti-GFP 

antibody (Invitrogen) (diluted 1:500 in TBS and 10% BSA) for one hour, then washed three 

times with water and finally incubated for 30 minutes with the EnVisionTM-HRP conjugated 

system (Dako). Afterwards, samples were stained by immersing the samples for 30 seconds in 

H&E, washed with water, dehydrated in ethanol 70% and finally mounted in DPX. Images were 

captured using an Aperio Scanner CS2 at 20X magnification, and cell counting performed by 

ImageJ (FIJI). 
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3.4. Mini-pig in vivo model of chronic MI treated with allogeneic-ADSC cellularized 
patch 

The inflammatory and immune response elicited by the implantation of a CS cellularized 

with allogeneic ADSC (alloADSC-CS) in comparison with the allogeneic cells alone (alloADSC) was 

assessed in a minipig chronic MI model. As a control, another group of infarcted but not treated 

animals was included in the study. MI was induced by permanent blockage of the LAD coronary 

artery and two months after, pigs were randomly distributed into the three different 

experimental groups, consisting in 8 animals each. For each group the immunological response 

was analysed at days 15, 30 and 90 post-implantation. Blood immune cell populations were 

quantified by flow cytometry, and the activation status of the lymphocytes determined. 

Additionally, immunoglobulin and protein levels were measured, and a complete biochemical 

analysis was performed in the serum samples obtained. Also, once the study was finalized (day 

90) the animals were euthanised and the hearts extracted for immunohistochemical analysis, in 

order to determine the inflammatory cell infiltration in the implantation zone. The experimental 

design is shown in Fig. 12. 

Fig. 12. Experimental design of the immunological study in a porcine MI model after ADSC-CS implantation. 
Pigs were infarcted 60 days prior to the implantation of the alloADSC-CS or the alloADSC alone, generating 
a chronic MI porcine model. Blood was collected at different timepoints and finally the animals were 
euthanised at day 90 post-implantation in order to extract the hearts and analyse the putative 
immunological effects exerted. 

3.4.1. MI procedure in minipigs and patch implantation 

Adult male and female Göttingen minipigs (average weight, 60–80 kg) procured from 

our breeding center were maintained in the animal facilities of CIFA (University of Navarre, 

Spain) for experimental procedures. All procedures in pigs were performed in accordance with 

the US National Institutes of Health guidelines, the Declaration of Helsinki, and approved by the 

Ethics Committee for Animal Experimentation from the University of Navarra (Protocol number: 

083-14). In each procedure, animals were pre-medicated with a combination of 4 mg/kg 

Tiletamine-zolazepam (Zoletil, Virbac) for 14 days before the induction of the MI. For surgical 

procedure, sedation was first induced by intravenous injection of 5 mg/kg of etomidate 
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(Hypnomidate, Janssen-CILAG) and 0.03 mg/kg cisatracurium besylate (Nimbex, 

GlasoSmithKline). Next, animals were endotracheally intubated and mechanically ventilated 

with supplementary oxygen. During surgery, anesthesia was maintained with a combination of 

2.5% isofluorane (ISOFLO, Abbott) and 0.01 mg/kg/h fentanyl administered by continuous 

infusion. Also, electrocardiography (ECG), heart rate, SpO2, EtCO2, and rectal temperature were 

controlled with a multiparameter monitor. MI was provoked as previously described by our 

group [55][123]. Briefly, an introducer sheath was placed by dissection of the left carotid artery, 

1.5 mg/kg heparin 1% was infused intravenously under fluoroscopic guidance and a 7-Fr guiding 

catheter (Boston Scientific) was positioned in the left coronary ostium. MI was induced by 

selectively delivering a vascular embolization coil via a microcatheter advanced through a 

guiding catheter (3 and 4 mm VortX coils; Boston Scientific) to the intermediate branch or the 

first marginal artery. Coronary occlusion occurred between 15 and 20 minutes after coil 

placement, as demonstrated by coronary angiography and ST segment changes by ECG. 

Following artery occlusion, the delivery catheter was removed, the carotid artery was ligated, 

and the cutdown site was sutured with a Prolene 5/0 non-absorbable suture. At the end of the 

procedure and after extubation, all animals received the analgesic Carprofen (Norocarp, 

Karizoo) at a dose of 4 mg/kg/24 hours by intramuscular injection for 3 days. Two months after 

the induction of the MI, pigs were randomly distributed in groups of 8 animals to receive the CS 

previously seeded with 50 x 106 ADSC (alloADSC-CS), or the same quantity of ADSC cells alone 

(alloADSC). Another group of animals did not receive any treatment (Control group). For ADSC-

CS or ADSC cell implantation a left lateral thoracotomy at the 4–5 intercostal space was 

performed. The pericardium was opened and the alloADSC-CS was sutured at several points 

covering the infarcted left ventricle. For ADSC injection, 50 x 106 cells were resuspended in 9 ml 

of medium and injected in 30 different points (approximately 0.3 ml per injection), with a 27G 

needle (BD), in the infarct and peri-infarct zone. Finally, the pericardium was partially sutured, 

and the thorax closed. Blood samples were obtained on the day before and 15, 30 and 90 days 

post-implant. Three months after scaffold/cells implantation, animals were euthanised with 

pentobarbital and a saturated solution of potassium chloride. The heart was excised, cut in 5 

slides and fixed in 4% paraformaldehyde (Panreac) at 4ºC. After fixation for 2-3 weeks, the hearts 

were dehydrated in ethanol 70% at 4°C for 1 week, then cut in blocks and embedded in paraffin 

as previously described. Sections of 5 µm of thickness were performed for further 

immunohistological analysis.  
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3.4.2. Immunological parameters analysis in blood and serum samples 

To determine the immunological response elicited by the implantation of the alloADSC-

CS, percentages of immune cell populations were quantified, IgG and IgM immunoglobulins 

measured and proteinogram and biochemical analysis performed, from blood and serum 

samples in all groups.  

3.4.2.1. Biochemical parameters and Ionogram 

Blood sampling was performed via the jugular vein harvesting a total of 20-24 ml blood 

at each sampling time to be submitted for haematological (EDTA vacuum tubes), biochemical 

(blank vacuum tubes) and immunological (Lithium heparin vacuum tubes) assays. Blood samples 

were obtained from all animals before surgical intervention (day 0) and at day 15, day 30 and 

day 90 after the procedure. Samples obtained on day 0 and 90 were collected while the animal 

was under anaesthesia, immediately before the surgery (day 0) or the sacrifice (day 90). Day 15 

and 30 samples were obtained after animal’s sedation with 15 mg/Kg ketamine and 0.4 mg/Kg 

diazepam.  

 Whole blood samples were centrifuged at 1300 xg for 10 minutes. Supernatant, (400-600 

μl) was analysed using a Metrolab 2300® biochemistry analyser (Metrolab) and Cobas 8000 

analyser (Roche) for the Ionogram. Several biochemical parameters were measured including 

renal components (bilirubin, urea, creatinine), hepatic enzymes (ALT and AST), C-reactive 

protein, Ionogram (Sodium, Potassium and Chloride) and glucose, at different times throughout 

the study (Table 8). 
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Table 8. Biochemical parameters and Ionogram. The following data was obtained from all the 
animals (n=8/group) at the different timepoints (before treatment (day 0), day 15, day 30 and day 
90 post-treatment)  

PARAMETERS MEASURED UNITS 

Aspartate aminotransferase (AST) U/l 

Alanine aminotransferase (ALT) U/l 

Bilirubin mg/dl 

Creatinine mg/dl 

Glucose mg/dl 

C-reactive protein  mg/l 

Urea mg/dl 

Sodium mEq/l 

Chloride mEq/l 

Potassium mEq/l 

 

3.4.2.2. Immunological cell population analysis 

Characterization of immunologic and inflammatory cells and their activation state was 

performed by flow cytometry analysis. For that purpose, EDTA tubes containing whole blood 

were centrifuged at 400 xg for 30 minutes (with brakes off not to disturb the different layers). 

After that, the mononuclear cell layer undisturbed at the interface was obtained with a Pasteur 

pipette, counted and diluted in PBS. The recovered cells were centrifuged at 600 xg for 10 

minutes and the supernatant was discarded. For antibody labelling, 2x105 cells of each 

experimental group were incubated in 96-well V-bottom plates for 15 minutes with the antibody 

mixes showed in Table 9. After the antibody incubation, cells were washed and resuspended in 

200 µl of autoMACS® Buffer (AB) and transferred to cytometer tubes for further analysis in the 

flow cytometer.   
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Table 9. Antibody panel for immune cell population determination and assessment of the activation state. 
The Monocyte mix was used to label monocytes and granulocytes. The Lymphocyte Mix was employed to 
label B and T-cells, NK cells and to determine the CD4+ and CD8+ subpopulations. The Activation Mix was 
used to assess the activation state of each lymphocyte subpopulation. Antibody dilutions and other 
specifications are included in Table 10. 

 

Table 10. Flow cytometry antibodies used for the immunological cell population analysis. Antibodies were 
used as per manufacturer indication. 

Antibody Fluorochrome Dilution Reference Brand 

SLA-DR FITC 1:100 MCA2314F Serotec 

CD25 PE 1:100 MCA1736GA Serotec 

CD3 PERCPCY5.5 1:10 561478 BD 

CD4 PECY7 1:10 561473 BD 

CD8 Alexa647 1:10 561475 BD 

CD16 PE 1:200 MCA1971PE Serotec 

Anti B-Cell FITC 1:100 4550-02 
Southern 
Biotech 

Anti-porcine Monocyte 
& Granulocyte 

PE 1:100 4525-09 
Southern 
Biotech 

3.4.2.3. Pig IgG and IgM  

IgG and IgM levels were quantified in serum samples by the Clinical Analysis Laboratory 

at Clínica Universidad de Navarra (Pamplona) following standard procedures.  

3.4.3. Immunohistochemical detection of lymphocytes and macrophages infiltration in 

porcine hearts 

Lymphocytes and macrophages infiltration in pig hearts was assessed by 

immunohistochemical analysis at 90 days post-implant. Heart sections were deparaffined in 

Xylol for 30 minutes and subsequently dehydrated in a 100%, 90%, 80% and 70% ethanol (2 

minutes each), continued by a 1-minute washing step with distilled water. Permeabilization of 

the samples was performed submerging the slides in 0.1% Tween for 5 minutes. For antigen 

retrieval, samples were treated with Tris-EDTA pH=9 (programmed at 90Cº, 20 minutes) using 
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the PT-LINK (Agilent). Unspecific union of the antibodies was avoided by incubating the samples 

for 30 minutes with 10% BSA. Cell detection was done by immunohistochemistry for 

lymphocytes , using an anti-CD3 antibody (Abcam), diluted 1:50 in PBS and 10% BSA, and for 

macrophages (CD68+ cells) using “Anti-pig macrophages antibody” (BIO-RAD) diluted 1:500 in 

TBS and 10% BSA. A few drops of EnVisionTM-HRP conjugated system (Dako) were added per 

slide, as secondary reagent and was let incubating for 30 minutes at room temperature. After 

washing the slides in Milli-Q® water, the samples were stained with Harris Haematoxylin by 

immersing the slides for 30 seconds, dehydrated in ethanol 70% and mounted in DPX as o 

previously described. Images were captured using an Aperio Scanner CS2 at 20X magnification, 

and cell counting performed by ImageJ. 

 

3.5. In vitro assay:  immunogenic and immunomodulatory effect of the collagen 

scaffold cellularized with human allogeneic ADSC 

3.5.1. Isolation of Peripheral Blood Mononuclear Cells 

In order to isolate Peripheral Blood Mononuclear Cells (PBMC), 200 ml of whole blood 

were obtained from healthy donors in heparin tubes, after filling an informed consent according 

to the guidelines of the Committee on the Use of Human Subjects in Research at the Clínica 

Universidad de Navarra (Spain). The whole blood was poured in a sterile bottle and diluted 1:2 

with PBS. Then, 15 ml of Ficoll®-Paque (GE Healthcare) was added to 50 ml tubes (Falcon) and 

35 ml of the diluted blood was carefully layered into the Ficoll®-Paque. Then, the tubes were 

centrifuged at 400 xg for 30 minutes (with brakes off not to disturb the different layers). After 

that, the mononuclear cell layer undisturbed at the interface was obtained with a Pasteur 

pipette and transferred to a 50 ml falcon tube. The recovered cells were centrifuged at 600 xg 

for 5 minutes the supernatant was discarded, and the PBMC diluted in the desired volume of 

media. Percentage of lymphocytes (CD3+ cells) in the PBMC was determined by flow cytometry, 

being around 70-75%.   

3.5.2. Experimental design of the co-culture of PBMC with the allogeneic ADSC cellularized 

collagen scaffold 

Human ADSC at passage 3-4 provided by 3P Biopharmaceuticals (Spain) were seeded 

onto CS (alloADSC-CS) as described in section 3.1.3.1. and co-cultured with PBMC previously 

isolated from a different donor as shown in Fig. 13.  
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Fig. 13. Experimental design of the in vitro co-culture of alloADSC-CS and the PBMC. ADSC were obtained 
from adipose tissue extracted from donor 1 and seeded onto CS. PBMC cells were obtained from peripheral 
blood extracted donor 2 and co-cultured with the alloADSC-CS generating an allogeneic setting. These co-
cultures were maintained for 96h, cells were rescued and different parameters such as proliferation, 
phenotypic changes and production of cytokines were analysed by flow cytometry.  

3.5.3. Co-culture of human allogeneic ADSC seeded in a collagen scaffold with lymphocytes 

3.5.3.1. Lymphocyte proliferation assay 

The day before starting the experiment (day -1), ADSC were cultured at a confluence of 

105 cells/well in the “ready-to-use” 48-well collagen plates (Viscofan) as described in section 

3.1.3.1. in a volume of 250 µl of Lymphocyte Co-culture Medium (44.5% αMEM + 44.5% RPMI 

(Gibco) supplemented with 10% FBS and 1% P/S). Cells were let overnight in order to form a 

monolayer. On the following day (day 0), PBMC were obtained from healthy donors and 

incubated with FITC-conjugated CFSE by adding 30 µl at a working concentration of 5 µM for 

each 106 cells (CellTrace™ CFSE, Invitrogen) for 10 minutes at 37ºC. Then, 50 ml of RPMI medium 

was added to the labelled cells and tubes were left in ice for 5 minutes. After a washing step 

with RPMI, 105 CFSE-labelled lymphocytes were resuspended in 250 µl of the lymphocyte co-

culture medium and seeded on top of the ADSC which have formed a monolayer overnight. 

Additionally, as control, lymphocytes alone were also seeded at the same confluence, in “ready-
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to-use” 48-well collagen plates without ADSC (as shown in Fig. 14). To evaluate the 

immunomodulatory capacity of the alloADSC-CS, lymphocyte proliferation was stimulated by 

the addition of 100 µl Phytohemaglutinnin (PHA, Biochrome) at 1 µg/ml to the medium, in half 

of the wells of each experimental group. 

Fig. 14. Plate plan and experimental design of the lymphocyte proliferation assay. Allogeneic ADSC and 
PBMC were co-cultured for 96h, in 48-well “ready-to-use” CS, to analyse the proliferative response of the 
CFSE-labelled lymphocytes. As a control PBMC were cultured alone on top of the CS. PHA was added to half 
of the wells to stimulate the proliferation of the PBMC and to determine the immunomodulatory properties 
of the alloADSC-CS. 

After 96 hours of setting up the cocultures (day 4), the cells in suspension were collected 

from each well by pipetting, pooled together by experimental groups in 15 ml tubes and 

centrifuged at 600 xg for 8 minutes. The pellet was resuspended in sterile AB and cells were 

counted. Then, 2x105 cells of each experimental group were incubated for 15 minutes with CD3-

PERCP-CY5.5, CD8-APC, CD4-PB and CD45-BV510 (specifications of antibodies in Table 13) in a 

96-well V-bottom plate. After incubation, cells were washed and resuspended in 200 µl of AB 

and transferred to cytometer tubes for further analysis in the flow cytometer. 

3.5.3.2. Lymphocyte and ADSC co-culture and phenotypical change analysis 

The day before starting the experiment (day -1), ADSC were cultured at a confluence of 

5x105 cells/well on the 6-well “ready-to-use” collagen plates (Naturin Viscofan) as shown in 

section 3.1.3.1. in a total of 2.5 ml of Lymphocyte Co-culture Medium and let to form a 
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monolayer overnight. On the following day (day 0), PBMC were obtained as described above 

from healthy donors, and 5x106 of them were added to two of the wells in which ADSC have 

formed a monolayer. Additionally, the same amount of PBMC were seeded alone at identical 

confluence as control, as shown in Fig. 15. Finally, IL-2 (Sigma), at working concentration of 300 

IU/ml was added to all wells in order to maintain the viability of the lymphocytes. 

After 96 hours of setting up the cocultures (day 4), the cells in suspension were collected by 

pipetting from each well and pooled together in 15 ml tubes by experimental groups. Once the 

cells in suspension were removed, ADSC were harvested by adding 1 ml of Triple Select® 

(Thermo Fisher) and incubated for 5 minutes at 37ºC, to be later pooled together by 

experimental groups in 15 ml tubes. ADSC cultured alone were also harvested to be used as 

control. After centrifugation at 600 xg for 8 minutes, all cells were resuspended in AB, counted 

and labelled for determining membrane activation markers and intracellular cytokine 

production by flow cytometry analysis (Fig. 15). 

Fig. 15. Plate plan and experimental design for the phenotypic change analysis. ADSC and PBMC were co-
cultured in a 1:10 ratio for 96h before rescuing them for further analysis. Additionally, PBMC and ADSC were 
cultured separately on top of CS as controls.  

3.5.3.3. Determination of membrane activation markers and other phenotypical parameters 

After 96h of co-culturing, cells were rescued and pooled by experimental groups. A total 

of 2x105 cells of each experimental group were incubated with 50 µl of APC-Cy7-conjugated 

ZOMBIE (Biolegend) (diluted 1:1000 in PBS) in a 96-well V-bottom plate at room temperature 

and darkness, in order to discard dead cells when analysing data in the flow cytometer. Two 
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washing steps were required with PBS (150µl per well) before proceeding to antibody 

incubation. For antibody labelling, cells were incubated in 96-well V-bottom plates for 15 

minutes with the antibody mixes showed in Table 11. Only the cells from the experimental 

groups containing ADSC were incubated with the Mix 5, which contains specific antibodies for 

the ADSC. After the antibody incubation, cells were washed and resuspended in 200 µl of BA 

and transferred to cytometer tubes for further analysis in the flow cytometer.   

Table 11. Antibody panel for PBMC and ADSC phenotype determination. The mixes 1-4 were used to label 
lymphocyte membrane markers and Mix 5 for ADSC specific markers. Zombie, a cell viability marker, was 
added before antibody labelling, in order to quantify dead cells in the co-cultures. Antibody dilutions and 
other specifications are included in Table 13. 

3.5.3.4. Measurement of lymphocyte intracellular cytokine production  

A total of 1x106 lymphocytes of each experimental group previously co-cultured for 96 

hours with the allogeneic ADSC were rescued by pipetting and seeded in 96-well flat-bottom 

well plates (Corning) in 100 µl of Lymphocyte Coculture Medium. Once cells were seeded, the 

plates were centrifuged at 600 xg for 1 minute, the supernatant discarded and 50 µl of “working 

solution” added to each well. For analysing the “resting/basal state” lymphocytes, 50 µl of 

Resting Working Solution (1 µl of both Golgi Stop and Golgi Plug (BD Biosciences), 10 µl of 

beriglobine (Acofarma, 50 µg/ml), 37 µl of IL-2 (100 IU/ml) and 450 µl of RPMI medium) was 

added to the wells. For analysing the lymphocytes in an “activated state”, 50µl of Activated 

Working Solution (1 µl of both Golgi Stop and Golgi Plug, 10 µl of beriglobine, PMA (Sigma) at a 

working concentration of 0.5 µg/ml and Ionomycin (StemCell) at 1 µg/ml diluted in 480 µl of 

RPMI medium) was added per well. Cells from each experimental group were incubated with 

50µl of the corresponding working solution, for 5h at 37ºC (Fig. 16). 
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Fig. 16. Plate plan of intracellular cytokine production assay. In green, wells for the activated lymphocyte 
groups and brown for the “resting” lymphocyte groups. Lymphocytes were maintained in flat bottom 96-
well plate in the two different working solutions for 5 hours at 37ºC, before rescuing them for determining 
the intracellular cytokine production.  

After the incubation, cells were rescued by pipetting, and 2x105 cells of each 

experimental group transferred to a 96-well V-bottom plate. After a centrifuge step (600xg for 

1 minute), cells were incubated for 15 minutes with the Membrane Antibody Mix, which 

allowed to determine if the cytokines were produced by the CD4+ or CD8+ cells (Table 12). Once 

the cells were incubated with this mix, another centrifugation step was required followed by a 

washing step with 200µl of AB, before incubating the cells with 100µL/well Cytofix/Cytoperm 

buffer (BD Biosciences) for 15 minutes at 4ºC. Then, 100µl of Perm Wash Buffer (BD Biosciences) 

was added to the cells and the 96-well plate centrifuged as previously done. The cells (pellet) 

were incubated with 50µl/well of the Intracellular Antibody Mix for 15 minutes at 4ºC (Fig. 19). 

After the incubation, a centrifuge step was required, and the cells were washed with 200µl of 

Perm Wash Buffer. Finally, the labeled cells were resuspended in 200µl of AB and transferred to 

cytometry tubes for further analysis in the flow cytometer.  

Table 12. Antibody panel for lymphocyte intracellular cytokines production assay. Cells were first labelled 
for the membrane markers to be able to identify which cytokines were produced by CD4+ and/or CD8+ 
lymphocytes. Then, after treatment with Cytofix/Cytoperm to permeabilize the cell membrane, these were 
incubated with the Intracellular Mix for 15 minutes. Antibody dilutions and other specifications are shown 
in Table 13.  
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Table 13. Flow Cytometry antibodies used for the in vitro co-culture study. Antibodies were used as per 
manufacturer indication. 

Antibody Fluorochrome Dilution Reference Brand 
CD3 PERCPCY5.5 1:100 300430 Biolegend 

CD3 PB 1:10 560365 BD 

CD3 PECY7 1:100 317334 Biolegend 

CD4 PERCPCY5.5 1:10 317428 Biolegend 

CD4 PB 1:100 300521 Biolegend 

CD4 BV-510 1:100 317444 Biolegend 

CD8 FITC 1:10 300906 Biolegend 

CD8 BV-510 1:100 301048 Biolegend 

CD8 APC 1:10 555369 BD 

CD16 FITC 1:100 555406 BD 

CD25 APC 1:10 340907 BD 

CD45 BV-510 1:10 304216 Biolegend 

CD45RO PECY7 1:100 560608 BD 

CD45RA PERCPCY5.5 1:100 304122 Biolegend 

CD56 PE 1:100 362508 Biolegend 

CD90 PE 1:1000 328109 Biolegend 

CD127 PE 1:10 351304 Biolegend 

CD137 APC 1:100 309810 Biolegend 

CD137L APC 1:10 311506 Biolegend 

HLA-DR FITC 1:100 347400 BD 

CTLA-4 APC 1:100 349908 Biolegend 

PD1 PERCPCY5.5 1:100 329914 Biolegend 

PDL1 PECY7 1:100 329718 Biolegend 

IL-17 PE 1:10 560486 BD 

IFN-γ PERCPCY5.5 1:10 560704 BD 

IL-2 PECY7 1:10 500326 Biolegend 

TNFα APC 1:10 554514 BD 

IL-10 PB 1:10 501422 Biolegend 
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3.6. Fabrication of a bilayer collagen scaffold for SDF-1 delivery in MI 

We developed a bilayer collagen scaffold (bCS), using the Collagen Cell Carrier® 

(Viscofan) as structural support, and adding a second layer of 5 mg/ml collagen hydrogel on top 

of the scaffold using a mold frame, loaded with Stromal Derived Factor-1 (Raybiotech), as shown 

in Fig. 17.  

Fig. 17. Bilayer collagen scaffold prepared with the Collagen Cell Carrier® (Naturin Viscofan) as structural 
support and a second layer of collagen hydrogel which can be loaded with SDF-1.   

3.6.1. Preparation of collagen hydrogels  

Three and five mg/ml collagen hydrogels were fabricated through covalent crosslinking 

between intrinsically present collagen primary amino groups and NHS ester reactive groups from 

4arm-PEG-Succinimidyl Glutarate (Sigma) crosslinker. For a 200 µl volume hydrogel, the 

appropriate amount of liquid 6 mg/ml type-I collagen (Naturin Viscofan) was mixed in a 1.5 ml 

tube with 20 µl of PBS 10X. The resulting mixture was thoroughly vortexed and then the pH 

neutralized by the addition of NaOH 1M and kept in ice previous to the addition of a 

stoichiometric amount of 4arm-PEG-Succinimidyl Glutarate (as described in Fig. 18). The mixture 

solution was then vortexed again and pipetted out quickly on top of a Teflon-coated slide to 

further allow crosslinking during 1 hour at 37ºC. In the case of cytokine loaded gels, 100 ng of 

SDF-1 (1 µl of 100 µg/ml stock solution) was added to the mix before the addition of the 

crosslinker. Procedure for the creation of the hydrogels and composition of the 5 mg/ml 

hydrogel is shown in Fig. 18. 
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Fig. 18. Preparation of collagen hydrogels. Steps and procedures followed to prepare SDF-1-loaded 5 mg/ml 
collagen hydrogels with 4-arm-PEG crosslinker, and quantity of each component required to fabricate a 200 
µl volume hydrogel. Hydrogels were prepared manually and in top of hydrophobic Teflon-coated slides. 

3.6.2. Mechanical and chemical characterization of the hydrogels 

3.6.2.1. Rheological characterization of the hydrogels 

Rheological experiments were performed using a strain-controlled AR-2000ex 

rheometer (TA Instruments). Spherical swollen 3 mg/ml and 5 mg/ml collagen hydrogels were 

placed between parallel plates of nonporous stainless steel (diameter = 10 mm). A frequency 

sweep test between 0.01 and 100 Hz at a fixed strain (corresponding to the hydrogel linear 

viscoelastic region) was performed at 37°C to further report the storage modulus of hydrogels. 

An amplitude sweep test was also performer to the hydrogels. During an amplitude 

sweep, the amplitude of the deformation or the shear stress is varied while the frequency is kept 

constant, being the amplitude the maximum of the oscillatory motion. For the analysis, the 

storage modulus G' is plotted against the shear stress (%).  

3.6.2.2. Microstructure qualitative assessment of the hydrogels  

The morphology and microstructure of the collagen hydrogels were qualitatively 

assessed by Field Emission Scanning Electron Microscope (FESEM, Hitachi SU 8000 TED). 
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Cylindrical swollen 5mg/ml collagen hydrogels were first snap frozen by immersion into liquid 

nitrogen, physically fractured with a scalpel and lyophilized prior metalizing for visualization in 

the FESEM. The following equation was employed to estimate hydrogel porosity: 

 

 

Where mgel1 and mgel2 are the weight of the swollen and freeze-dried collagen hydrogels, 

respectively, ρwater is the density of pure water and Vgel, the hydrogel final volume which was in 

this case 200 µl. Excess surface water was removed with a filter paper before each 

measurement. 

3.6.2.3. Crosslinking efficiency determination by TNBSA assay 

Residual primary amine groups of type-I collagen hydrogels were determined using 

2,4,6-trinitrobenzenesulfonic acid (TNBSA) for the detection of free amine groups, and therefore 

the crosslinking efficiency could be calculated. Briefly, the hydrogels were incubated in 0.1 M 

sodium bicarbonate (pH 8.5) and 0.01% of TNBSA for 2 hours at 37 °C. The reaction was stopped 

using 10% sodium dodecyl sulphate (SDS, Sigma) and 1 M hydrochloric acid (HCl, Sigma). The 

samples were then incubated at 120°C for 15 minutes. Absorbance of each sample was read at 

335 nm and the free amine groups quantified by interpolating values from a standard curve of 

known concentrations of glycine (0.005 to 0.05 mg/ml). The standard curves present a gradual 

increase of free amine content of standard glycine solutions.  

Crosslinking efficiency was calculated as:  

 

3.6.2.4. In vitro biodegradation study of the collagen hydrogels 

The degradation profile of the fabricated 3 mg/ml and 5 mg/ml collagen hydrogels was 

evaluated in vitro aiming to estimate the potential modulation of cytokine release from the 

polymer matrix. Hydrogels were incubated at 37 °C in the presence of bacterial collagenase type-

IV Collagenase from Clostridium histolyticum (Sigma, lyophilized powder, ≥125 CDU/mg solid 

CDU = collagen digestion units), at a concentration 25 ng/ml, 50 ng/ml and 100 ng/ml and PBS 

𝐶𝐸%=100−([𝐹𝑟𝑒𝑒𝑁𝐻2𝑔𝑒𝑙] 𝑥 100/ [𝐹𝑟𝑒𝑒 𝑁𝐻2𝐶𝑜𝑙 𝑆𝑁]) 

ColSN = (Collagen without crosslinking) 

Gel = Crosslinked hydrogel 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  
𝑚 − 𝑚

𝜌
× 100 𝑉⁄  
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alone (as a degradation control) for 5 days. At fixed timepoints (1, 6, 12, 24, 48, 72, 96 and 120 

hours) wet collagen hydrogels mass was measured using a AX26 DeltaRange® scale (Mettler 

Toledo). 

3.6.3. In vitro SDF-1 release kinetics  

Collagen hydrogels of 5 mg/ml were loaded with 100 ng (1 µl of 100 µg/ml dilution) of 

SDF-1 (Raybiotech) and incubated at 37 °C in 25 ng/ml of bacterial collagenase type-IV or PBS, 

as described in the section 3.6.2.4. The release of SDF-1 was quantified by Human SDF-1 alpha 

ELISA kit (Raybiotech) after withdrawing 100 µl of media samples at 24, 48, 72, 96 and 120 hours. 

Tubes were replenished with the same volume of incubation media after the withdrawal (Fig. 

19).  

Fig. 19. Measurement of hydrogel-released SDF-1. A volume of 100 µl of incubation media was removed 
from the tube containing the hydrogel at different timepoints (0-120 hours). Concentration of SDF-1 was 
measured by ELISA. 

3.6.4. In vitro hydrogel biocompatibility  

3.6.4.1. Cytotoxicity of the hydrogels over ADSC and HL1 cells 

Collagen hydrogels cytocompatibility over ADSC and HL1 was studied assessing the 

metabolic activity of the cells after 72 and 168 hours of co-culture with the hydrogel. Cell 

metabolic activity was tested by AlamarBlue™ assay (Invitrogen), following manufacturer 

indications. A total of 50 x 105 ADSC were seeded in 48-well plate on 500 µl of ADSC medium and 

after 12 hours of incubation at 37ºC, 5 mg/ml collagen hydrogels were added to the wells. 

Controls consisted of cells alone without hydrogel. After 72 and 168 hours of co-culture, medium 

was withdrawn and substituted by a 500 μl of working solution of AlamarBlue™ (10% v/v in ADSC 
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medium) and left at 37°C for 3 hours. A volume of 100 μl was placed in each well of a black clear 

bottom 96-well plate and measured on a Spectrostar Nano (BMG Labtech) microplate reader 

(reading settings: Em 570 nm, Ex 600 nm). Metabolic activity of cells cultured with the collagen 

hydrogels were normalised against the control cells. The same procedure was performed with 

HL1 cells. In this case cells were incubated in Claycomb medium (Sigma) containing 10% FBS and 

1% P/S. 

3.6.5. In vitro bioactivity of hydrogel-released SDF-1 

3.6.5.1. In vitro migration assay of Human Umbilical Vein Endothelial cells in presence of 

hydrogel-released SDF-1 

The primary Human Umbilical Vein Endothelial cells (HUVEC)  were isolated from fresh 

umbilical cord, with signed consent from the donors and under protocols approved by the 

Institutional Review Board of Human Subjects Research Ethics Committee of the Clinic 

Universidad de Navarra. The umbilical vein was slowly washed twice with 10 ml PBS to remove 

residual blood and clots, then filled with 0.2% collagenase (Gibco) and sealed using haemostats. 

The vein was then incubated for 7 minutes in 37°C with PBS, after which the vein endothelial 

cell sheets were released from the inner lining of the blood vessel. The eluate was collected into 

a sterile 50 ml tube after the haemostats were removed, and the collagenase activity was 

inhibited by adding DMEM media supplemented with 10% FBS. The eluate was then centrifuged 

at 200 xg for 5 minutes and the cell pellet resuspended in HUVEC complete medium (H-CM) 

(MEM199 (Gibco), 10% FBS, 1% P/S, ECGS (7.5 mg/ml)(Sigma) and 10 U/ml Heparin (Hospira 

Iberica SA)) and incubated at 37ºC in a 0.2% gelatin-coated flask. When cells reached 95% of 

confluence, the culture media was replaced by “HUVEC Serum Free Medium” (H-SFM) 

(MEM199, 1% FBS, 10 U/mL Heparin ad 1% P/S) and incubated at 37ºC for 12 hours. Next, cells 

were tripsinized and 40.000 cells were seeded in a 24-well transwell (8µm pore, Costar) in 100 

µl of “H-SFM”. In the bottom part of the transwell, 600 µl Stimulation Media (MEM199, 1%FBS, 

1% P/S and 20 ng/ml of SDF-1 (Raybiotech) was added. For negative and positive controls, 600 

µl of H-SFM or H-CM were added to the bottom part of the transwells respectively. In the 

experimental group, supernatants of the digested hydrogels (at a known SDF-1 concentration 

measured by ELISA) obtained from the SDF-1 release experiment, were diluted into 500 µl of “H-

SFM” making a final concentration of 20 ng/ml,  and were put in the bottom part of the 

transwells. Plates were left at 37ºC for 8 hours to let cells migrate. After that, non-migrated cells 

were removed from the upper part with a swab, membranes fixed in methanol for 5 minutes 

and after washing, stained with Harris Hematoxylin (1:2 dilution) for 8 minutes. After another 
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cycle of washing, the membrane was let to dry and DPX-mounted for migrated cell-counting in 

an optical microscopy at 10x. 

3.6.6. Implantation of a cytokine-loaded bilayer collagen scaffold in a rat subacute MI 

experimental model  

3.6.6.1. Assembly of the bilayer collagen scaffold for in vivo cardiac implantation 

Two different collagen-based materials were combined to prepare a collagen-on-

collagen bilayer scaffold loaded with SDS-1 (SDF1-bCS) for the in vivo application. A framed 

mould was used to prepare a 75 µl disc-shaped collagen type-I hydrogel (prepared as described 

in section 3.6.1.) adhered to a 1.3x1.3 cm2 Collagen Cell Carrier® (Viscofan). For the cytokine 

loaded bCS, SDF-1 at different concentrations (1, 10 or 25 µg) were loaded into the hydrogels 

before the addition of the crosslinker agent. The system was incubated for 1 hour at 37ºC to 

allow the crosslinking process completion. Subsequently, the frame was removed for bCS 

implantation (Fig. 20).  

3.6.6.2. Experimental design of in vivo studies  

All animal procedures were approved by the University of Navarra Institutional 

Committee on Care and Use of Laboratory Animals (Protocol number: 098-19) as well as 

the Community European Council Directive Ref. 86/609/EEC. 

MI was induced in 10-12-week-old, female Sprague-Dawley rats (Harlan Iberica) by 

permanent ligation of the left coronary artery, as described in section 3.2.2.2. Five days post-

infarction, animals were subjected to echocardiographic assessment (as explained in section 

3.6.6.6.). 

For bCS biocompatibility analysis, rats were randomly distributed into two experimental 

groups, implanted (bCS group) or not (Sham group) with the bCS. Surgical procedure was 

similarly performed including 4 suture points in the Sham group (Fig. 20). The bCS were prepared 

on the same day of the implantation and sutured covering all the infarcted and peri-infarcted 

areas as shown in section Fig. 20. Animals were euthanised at days 7 or 30 post-implantation 

(n=3 animals per group and time-point) and perfusion-fixed with Zinc-Formalin during 15 min. 

The hearts were extracted from the animal and post-fixed for histological analyses. 
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Fig. 20. Procedure to fabricate a bCS and application in a MI rat model. (A) A frame was used to prepare a 
75 µl disc-shaped hydrogel adhered to a 1.3x1.3 cm2 Collagen Cell Carrier®. Hydrogel mixture was prepared 
and loaded into the frame that held the CS. The hydrogel was incubated for 1 hour at 37ºC to let it gelify. 
Once the bCS was formed, the frame was removed, and the system implanted into the pericardial wall of 
the myocardium by suturing the bCS in 4 points with the hydrogel in contact with the cardiac damaged 
tissue. (B) Experimental design and timeline of the biocompatibility and cardiac function assessment assays. 
Scaffolds were prepared and implanted in the infarcted animals one week after MI induction. For 
biocompatibility assessment, animals were euthanised at 7 and 30 days post-implant, the hearts extracted, 
and the implantation zones analysed for inflammatory parameters by immunohistology methods. For the 
cardiac function assessment after the implantation of SDF-1 loaded bCS, the scaffolds were prepared with 
different concentrations of SDF-1  (1, 10 and 25 µg), and implanted in infarcted animals that presented an 
EF<40%. Echocardiographic measurements were performed before (day-2) and after the implant (day 60), 
to determine the therapeutic effect elicited by the system. 
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For in vivo therapeutic efficacy assessment, animals with an EF<40% were randomly 

distributed into 5 experimental groups (6-7 rats per group) and treated at day 7 post-infarct. 

Three groups were implanted with the bCS loaded with 1, 10 and 25 µg of SDF1 (SDF1, SDF10 

and SDF25 groups). Another group was implanted with the bCS without cytokine (bCS group) 

and another one was not implanted with the bCS but received the 4 suture points (Sham group). 

Two months after implantation, cardiac function was measured by echocardiography, animals 

perfusion-fixed with Zinc-Formalin and hearts extracted for histological analysis.   

3.6.6.3. Cardiac function assessment by echocardiography 

Echocardiography images were acquired using a high-resolution Vevo 3100 imaging 

system coupled to a MX550D linear-frequency transducer (central frequency 40 MHz), with axial 

resolution of 40 µm and a 14.6 mm field of view (Fujifilm VisualSonics Inc). Images were acquired 

at a frame rate consistently above 200 frames/s. 

Briefly, rats were anesthetized by inhalatory anesthesia with 4% isoflurane in 80% 

oxygen and placed on a handling platform in a supine position. Body temperature was kept at 

37ºC using a heating system within the platform. Furthermore, an infrared warming lamp was 

used when required. Electrocardiography and respiratory rate were monitored by means of 

probes connected to the limbs of the animal. Next, animals were depilated using hair removal 

crème (Veet, Reckitt Benckise), and pre-warmed ultrasound gel (Quick Eco-Gel, Lessa) was 

placed over the chest. For examination, isoflurane concentration was reduced to 2% to obtain 

constant heart rates. 

For the measurement of left ventricular ESV, EDV, and EF in mice after MI, the biplane 

Simpson method was used. In this sense, the Simpson method has been described as one of the 

most reliable and accurate tools for the evaluation of cardiac function after myocardial 

infarction. This method is based on left ventricular length measure from the para-external long 

axis (PSLAX) and ventricular height and width from various orthogonal projections of the short 

axis (SAX). To that aim, a blinded investigator acquired several Bright (B)-mode movies of the 

PSLAX and three orthogonal SAX regions (mid-ventricular, apical and basal). 

Two-dimension B-mode movies were analyzed using VevoLab software (VisualSonics 

Inc.) and the corresponding Simpson tools in the cardiac package. The endocardial cavity of the 

left ventricle from the three SAX B-modes regions (mid-ventricular, apical, basal) was manually 

traced at both diastole and systole phases. On the other hand, the diastolic and systolic length 

of the left ventricle, from the mid mitral annulus to the cardiac apex, were obtained from PSLAX 
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B-mode. All these measurements were used to automatically obtain the ESV (µL), EDV (µL), and 

EF (%) values. Additionally, the software generates the fractional shortening (FS, %) parameter 

values. 

3.6.6.4. Immunohistology analysis 

Hearts were post-fixed in Zinc-Formalin overnight at 4ºC. Then, the samples were 

washed 3 times, for 5 minutes each, with PBS and dehydrated in 70% ethanol for 24 hours. 

Samples were finally embedded in paraffin as previously described. Four series of 10 slides, 

measuring 5 μm in thickness, were prepared for histological analysis. Sirius Red staining was 

performed in order to determine patch integration and degradation. For that purpose, heart 

sections were deparaffinized and immersed in 0.1% Direct Red (Sigma) in a saturated solution 

of picric acid for 30 minutes, dehydrated and mounted in DPX. Additionally, to quantify the 

degree of inflammatory reaction towards the bCS, H&E staining was performed in the slides as 

described in section 3.2.1. Pictures were captured at 20X magnification using the Aperio Scanner 

and the inflammatory areas were quantified by ImageJ, based on the intense purple color 

staining that is due to the nuclear high density of the inflammatory cells.  

3.7. Statistical analysis 

For all the experiments, statistical analysis was performed with the GraphPad Prism 

(version 6) for windows software package. Normality of the samples was determined with the 

Shapiro–Wilk and Kolmogorov–Smirnov normality tests. For samples following normal 

distributions, t-tests or paired samples conventional t-tests were used for comparisons 

between two groups of independent samples and U-Mann-Whitney for non-normal 

distributions. The one-way ANOVA test followed by Sidak was used for samples with normal 

distribution when differences among three or more experimental groups were analysed. For 

comparisons among experimental groups with samples with non-normal distribution, the 

Kruskall-Wallis one-way ANOVA, with multiple comparisons by Dunne’s was employed. 

Statistical significance was determined by P values, being (*) P < 0.05, (**) P < 0.01, (***) P < 

0.001 and (****) p<0.0001.  
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4.1 In vivo safety assessment of the cellularized collagen scaffold in rodent models 

In order to confirm the safety of the CS cellularized with ADSC (ADSC-CS), its potential 

tumorigenicity, toxicity and cell biodistribution were analysed in vivo.  

4.1.1. Assessment of ADSC-CS tumorigenicity in an immunosuppressed mouse model 

No evidence of tumor formation was detected after anatomopathological assessment 

neither at 3 months nor at 8 months after subcutaneous implantation of the cellularized patch. 

Also, no formation of ectopic tissues (bone, cartilage or muscle), necrotic processes or abnormal 

phenomena of any nature were detected at any time-point. Two out of the 10 mice that were 

analysed at 3 months post-implantation had remains of the ADSC-CS together with a low-grade 

inflammation produced as a natural response to the presence of the scaffold. In the rest of the 

mice, no inflammatory infiltrates were detected, showing a completely normal tissue in the 

implantation zones, demonstrating a good tolerance towards the implantation of the patch. At 

8 months post-implantation, no traces of the CS were detected in the subcutaneous tissue and 

low-grade to moderate inflammatory reaction was observed in 3 of the animals against the 

material used for suturing the scaffold to the myocardium. Only in these mice, muscular tissue 

degeneration was observed near the suture points, again related to the surgery procedure of 

the scaffolds and not to the presence of the ADSC-CS itself (Fig. 21). Therefore, it could be 

concluded that the implantation of the ADSC-CS had no tumorigenic effect and was very well 

tolerated and absorbed when subcutaneously implanted in the immunosuppressed mouse 

model.  
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Fig. 21. Anatomopathological analysis of the subcutaneous implantation of a CS cellularized with human 
ADSC. Tumour formation or significant inflammatory response against the cellularized CS is not detected at 
3 and 8 months post-implant in Hematoxilin & Eosin-stained tissue sections. (A) Normal skeletal muscle 
tissue (left, dark pink) and brown adipose tissue (right, light pink) Picture at 4X. (B) Normal white adipose 
tissue with mammary gland ducts (*). Picture at 10X. (C) Suture material with moderate inflammatory 
response against it (green circles). Picture at 10X. (D) Suture material in the implantation zone with a low-
grade inflammatory response (green circles). Picture at 20X. 

4.1.2. Toxicity analysis after human ADSC-CS implant in a rat model of chronic MI 

Putative acute, subacute, subchronic and chronic toxicity induced by the ADSC-CS implantation 

in the hearts, was determined under GLP conditions in a rat immunodepressed model of 

chronic MI.  

4.1.2.1. Viability and general symptomatology 

 No lethality was recorded for any of the animals treated with the scaffold (cellularized or 

not) in the acute and subacute toxicity groups (euthanised at 2 and 10 days post-implantation 

respectively). All the animals from these subgroups were euthanised at the established time-

points. In the subchronic and chronic toxicity groups, mortality throughout the study was 

recorded in 7 animals. Although the cause of death remains unknown, these animals most 

probably died due to the surgical procedure and/or infarction induction. Likewise, these deaths 

were not associated to the treatment since they were homogenously distributed among the four 

groups (data not shown). 
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The general state of health of the animals maintained for 90 days of study (chronic toxicity 

groups), was evaluated after the surgical procedure for the implantation, during the next three 

days, performing a daily Irwin Test adjusted to the animal’s postoperative status (Annex Table 

1). No significant symptomatology was observed, except for one animal of the MI-CS group, 

which showed a state of immobility and prostration, most likely related to the surgery/infarct 

procedure. Subsequently, the Irwin test was performed on a weekly basis (during the 13 weeks 

of study) and the majority of the animals presented normal values, with sporadic alterations not 

attributable to the different experimental treatments.   

4.1.2.2. Body weight and food consumption 

 No significant alterations were observed in the weight gain rhythm or in the food intake 

of the animals during the entire observation period in any of the experimental groups (Fig. 22). 

A mild weight loss was observed in all the animals during the first week of study as consequence 

of the post-operative state of the animals. Similarly, the decreases observed at week 4 and 13 

were related to the fasting period prior to the blood extractions to which the animals were 

subjected. The variations observed in body weight and food intake did not follow any marked 

tendency or pattern, and therefore, were considered not relevant. 
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Fig. 22. Weight and food intake evolution during the study. Data from the chronic toxicity group (euthanised at 
day 90) is represented. For each study group, the mean body weight (in grams) and standard deviation is 
shown, reported during the 13 weeks of study in (A) males and (B) females. For each study group, the 
average weekly food consumption (expressed as grams of food/day) along the study is shown in (C) males 
and (D) females. Animals were caged by experimental groups and therefore a single value was recorded per 
cage/experimental group. Five animals per experimental group and sex were followed from 1 to 13 weeks.  
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4.1.2.3. Analytical study: serum biochemistry and haematological parameters  

 In order to obtain valuable data, the biochemical and haematological parameters of 

MI-ADSC-CS, MI-CS, Sham-ADSC-CS and Sham groups were determined for each time of 

sacrifice and sex group. With regards to the blood, serum and urine analysis, no significant 

alterations with toxicological relevance were found. Slight alterations were detected in males 

and females from all the 3 experimental groups when compared to the Sham group that were 

associated to the infarction and/or surgery procedures (Tables 14-17). These values were 

considered devoid of toxicological significance as analysis of individual data confirmed that 

toxicological values were within the limits of normality.  
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Table 14. Serum biochemistry in male rats. Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the statistical 
significance obtained in the one-way non-parametric ANOVA (Kruskal-Wallis test): (*) p <0.05 and (**) p <0.01 are included. The MI-ADSC-CS, MI-CS and Sham-ADSC-CS vs. Sham control group 
results are represented. Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 animals for day 28 and 90 post-implant.  

 

 

 

 

MALE Time of 
analysis 

Albumin 
(g/dl) 

Urea 
(mg/dl) 

AST  
(U/l) 

ALT  
(U/l) 

ALP 
(U/l) 

T. Bilirubin 
(mg/dl) 

Cholesterol 
(mg/dl) 

Glucose 
(mg/ml) 

Creatinine 
(mg/dl) 

T. Proteins 
(g/dl) 

CPK 
 (U/l) 

GGT 
(U/l) 

Chloro 
(mmol/l) 

Potassium 
(mmol/l) 

Sodium 
(mmol/l) 

Globuline 
(g/dl) 

MI-ADSC-
CS 

Day 2 3.1 ± 0.1 36 ± 5 195 ± 8 35 ± 2 81 ± 12 0.09 ± 0.01 74 ± 4 97 ± 9 0.30 ± 0.02 5.2 ± 0.2 1058 ± 474 0 ± 0 96.4 ± 0.9 4.33 ± .05 132 ± 5 2.1 ± 0.2 

Day 10 3.2 ± 0.2 34 ± 6 101 ± 17 16 ± 2 58 ± 4 0.09 ± 0.01 69 ± 5 66 ± 13 0.34 ± 0.06  4.9 ± 0.4 604 ± 155 0 ± 0 98.6 ± 5.8 4.44 ± 0.23 140 ± 11 1.7 ± 0.2 

Day 28 3.7 ± 0.1  31 ± 5 72 ± 2 31 ± 5 78 ± 2 0.10 ± 0.02 92 ± 1 189 ± 9 0.35 ± 0.04 5.7 ± 0.1 345 ± 95 0 ± 0 92.9 ± 1.3 4.75 ± 0.21 142 ± 1(*) 2.0 ± 0.1 

Day 90 3.6 ± 0.2 37 ± 5 96 ± 8 21 ± 3 51 ± 11 0.08 ± 0.01 89 ± 8 107 ± 13 0.39 ± 0.02 5.3 ± 0.4 529 ± 201 0 ± 0 90.9 ± 1.2 4.32 ± 0.27 126 ± 2 1.7 ± 0.3 

MI-CS 

Day 2 3.3 ± 0.1 37 ± 2 108 ± 13 19 ± 3 78 ± 10 0.09 ± 0.01 78 ± 6 107 ± 13 0.36 ± 0.03 5.6 ± 0.1 537 ± 128 0 ± 0 93.3 ± 1.1 4.19 ± 0.12 115 ± 11(*) 2.2 ± 0.1 

Day 10 3.6 ± 0.2 37 ± 3 82 ± 8 17 ± 3 66 ± 4 0.10 ± 0.01 78 ± 10 113 ± 14 0.35 ± 0.03 5.2 ± 0.1 412 ± 102 0 ± 0 98.8 ± 5.8 4.28 ± 0.18 136 ± 9 1.6 ± 0.1 

Day 28 3.5 ± 0.1 25 ± 2 70 ± 9 32 ± 7 70 ± 12 0.08 ± 0.01 87 ± 9 223 ± 29 0.34 ± 0.03 5.4 ± 0.1 309 ± 53 0 ± 0 94.7 ± 0.2(**) 4.45 ± 0.39 146 ± 6(*) 1.9 ± 0 

Day 90 3.8 ± 0.1 36 ± 2 82 ± 23 21 ± 2 51 ± 9 0.10 ± 0.02(**) 92 ± 8 120 ± 11 0.40 ± 0.03 5.6 ± 0.2 541 ± 454 0 ± 0 89.2 ± 4.9 3.93 ± 0.40 120 ± 9 1.8 ± 0 

Sham-
ADSC-CS 

Day 2 3.1 ± 0.2 44 ± 6 183 ± 36 33 ± 7 85 ± 41 0.12 ± 0.04 92 ± 16 127 ± 12 0.37 ± 0.03 5.4 ± 0.2 1291 ± 685 1 ± 1 89.0 ± 0.6(*) 3.99 ± 0.22 128 ± 4 2.3 ± 0.1 

Day 10 3.6 ± 0.4 32 ± 4 107 ± 8 21 ± 2 59 ± 5 0.10 ± 0.03 82 ± 4 101 ± 26 0.35 ± 0.04 5.3 ± 0.3 830 ± 462 0 ± 0 99.8 ± 0.8 4.48 ± 0.42 139 ± 1 1.7 ± 0.2 

Day 28 3.5 ± 0.2 30 ± 6 81 ± 27 39 ± 21 65 ± 13 0.11 ± 0.02 93 ± 7 208 ± 28 0.30 ± 0.04 5.2 ± 0.2 337 ± 184 0 ± 0 91.0 ± 0.8 4.45 ± 0.25 131 ± 2 1.7 ± 0(*) 

Day 90 3.7 ± 0.1 35 ± 6 80 ± 29 17 ± 4 41 ± 3 0.04 ± 0.01 83 ± 0 132 ± 16 0.37 ± 0.04 5.5 ± 0.1 757 ± 710 0 ± 0 92.1 ± 2.6 4.04 ± 0.11 135 ± 4 1.8 ± 0 

Sham 

Day 2 3.1 ± 0.3 38 ± 3 129 ± 40 38 ± 21 59 ± 5 0.12 ± 0.02 85 ± 19 116 ± 5 0.30 ± 0.02 5.1 ± 0.5 916 ± 885 0 ± 0 100.0 ± 0.5 4.56 ± 0.44 139 ± 1 2.1 ± 0.2 

Day 10 3.7 ± 0.1 34 ± 6 107 ± 12 22 ± 2 56 ± 6 0.11 ± 0.01 77 ± 7 106 ± 3 0.38 ± 0.02 5.3 ± 0.2 379 ± 127 0 ± 0 98.2 ± 0.3 4.72 ± 0.21 124 ± 26 1.6 ± 0.2 

Day 28 3.6 ± 0.1 32 ± 3 122 ± 20 48 ± 13 64 ± 13 0.07 ± 0.01 78 ± 5 194 ± 32 0.29 ± 0.02 5.5 ± 0.1 520 ± 375 0 ± 0 87.3 ± 0.8 4.64 ± 0.21 127 ± 2 1.9 ± 0 

Day 90 3.9 ± 0.4 37 ± 9 96 ± 17 20 ± 7 43 ± 6 0.03 ± 0.02 90 ± 8 127 ± 34 0.41 ± 0.06 5.9 ± 0.7 694 ± 675 1 ± 2 93.0 ± 6.6 4.39 ± 0.38 143 ± 18 2.1 ± 0.5 
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Table 15. Serum biochemistry in female rats.  Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the statistical significance obtained 
in the one-way non-parametric ANOVA (Kruskal-Wallis test): (*) p <0.05 and (**) p <0.01 are included. The MI-ADSC-CS, MI-CS and Sham-ADSC-CS vs. Sham control group results are represented. 
Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 animals for day 28 and 90 post-implant.  

 

 
 

 

 
 

FEMALE Time of 
analysis 

Albumin 
(g/dl) 

Urea 
(mg/dl) 

AST  
(U/l) 

ALT  
(U/l) 

ALP (U/l) T. Bilirubin 
(mg/dl) 

Cholesterol 
(mg/dl) 

Glucose 
(mg/ml) 

Creatinine 
(mg/dl) 

T. Proteins 
(g/dl) 

CPK (U/l) GGT (U/l) Chloro (mmol/l) Potassium 
(mmol/l) 

Sodium 
(mmol/l) 

Globulin 
(g/dl) 

MI-
ADSC-CS 

Day 2 2.7 ± 0.2 37 ± 2 180 ± 22 33 ± 7 54 ± 3 0.11 ± 0.03 65 ± 7 75 ± 5(*) 0.30 ± 0.05 4.5 ± 0.4 690 ± 179 0 ± 0 98.5 ± 1.0 4.39 ± 0.16 136 ± 10 1.8 ± 0.2 

Day 10 3.3 ± 0.3 48 ± 12 118 ± 9 16 ± 3 37 ± 6 0.09 ± 0 74 ± 13 70 ± 7 0.35 ± 0.03 4.6 ± 0.3 670 ± 156 0 ± 0 98.0 ± 4.0 4.71 ± 0.42 134 ± 4 1.8 ± 0.2 

Day 28 4.1 ± 0.1 47 ± 4 79 ± 7 20 ± 5 46 ± 1 0.06 ± 0 93 ± 4 102 ± 26 0.41 ± 0.04 5.6 ± 0.1 433 ± 37 0 ± 0 100.4 ± 0.4(*) 4.09 ± 0.41 147 ± 2 1.5 ± 0.0 

Day 90 3.9 ± 0.3 46 ± 4 97 ± 16 17 ± 3(*) 37 ± 8(*) 0.12 ± 0.03 92 ± 19 92 ± 4 0.41 ± 0.06 5 ± 0.3 522 ± 144 0 ± 0 99.3 ± 2.2 4.80 ± 0.17 133 ± 1 1.6 ± 0.4 

MI-CS 

Day 2 3.2 ± 0.5 43 ± 8 117 ± 20 18 ± 1(*) 45 ± 4 0.08 + 0.01 87 ± 20 88 + 2 0.33 ± 0.06 5.1 ± 0.6 406 ± 157 0 ± 0 93.9 ± 0.2 4.26 ± 0.27 130 ± 11 1.9 ± 0.2 

Day 10 3.7 ± 0,3 47 ± 9 65 ± 6 12 ± 1 39 ± 1 0.06 ± 0.01 98 ± 15 95 ± 6 0.41 ± 0,05 5.2 ± 0.4 216 ± 87 0 ± 0 96.3 ± 1.4 4.01 ± 0.07 132 ± 3(*) 1.4 ± 0.1 

Day 28 3.9 ± 0.4 46 ± 10 131 ± 102 46 ± 56 77 ± 36 0.11 ± 0.06 107 ± 21 166 ± 164 0.43 ± 0.04(*) 6 ± 0.3 268 ± 37 3 ± 6(*) 97 ± 4.7(*) 4.34 ± 0.06 150 ± 6(*) 1.8 ± 0.1(*) 

Day 90 3.9 ± 0.3 38 ± 3 90 ± 20 21 ± 6(*) 33 ± 15(*) 0.15 ± 0.04(*) 98 ± 14 119 ± 33 0.43 ± 0.01 5.4 ± 0.5 391 ± 37 1 ± 2 100 ± 0.8 3.62 ± 0.55 134 ± 1 1.5 ± 0.2 

Sham-
ADSC-CS 

Day 2 3.2 ± 0.5 43 ± 6 166 ± 9 27 ± 2 53 ± 14 0.10 ± 0.03 83 ± 6 104 ± 20 0.26 ± 0.03 4.9 ± 0.6 718 ± 231 1 ± 2 92.1 ± 0.4(*) 3.68 ± 0.13 130 ± 2 1.7 ± 0.2 

Day 10 3.5 ± 0.2 49 ± 2 95 ± 10 14 ± 2 38 ± 3 0.09 ± 0.01 78 ± 3 84 ± 16 0.39 ± 0.06 5.0 ± 0.2 525 ± 180 0 ± 0 101.9 ± 0.7 4.38 ± 0.20 137 ± 3 1.5 ± 0.0 

Day 28 3.8 ± 0.2 32 ± 5 92 ± 14 29 ± 3 42 ± 3 0.08 ± 0.03 88 ± 10 197 ± 10 0.37 ± 0.01 5.3 ± 0.3 546 ± 115 0 ± 0 90 ± 0.7(*) 3.85 ± 0.30 129 ± 3 1.5 ± 0.1 

Day 90 3.9 ± 0.4 44 ± 12 384 ± 642(*)  199 ± 404 27 ± 12 0.08 ± 0.04 65 ± 12 68 ± 20 0.41 ± 0.06 5 ± 0.5 523 ± 136 1 ± 1 94.1 ± 7.9 3.76 ± 0.27 138 ± 11 1.3 ± 0.2 

Sham 

Day 2 2.9 ± 0.3 44 ± 7 111 ± 17 25 ± 3 29 ± 2 0.09 ± 0.03 90 ± 13 112 ± 11 0.29 ± 0.01 4.6 ± 0.3 363 ± 182 0 ± 0 102.4 ± 1.3 4.38 ± 0.42 137 ± 2 1.7 ± 0.1 

Day 10 3.6 ± 0.2 46 ± 2 100 ± 17 14 ± 4 34 ± 2 0.10 ± 0.03 87 ± 8 95 ± 8 0.40 ± 0.02 5.2 ± 0.2 689 ± 247 0 ± 0 99.1 ± 0.6 4.26 ± 0.46 146 ± 3 1.6 ± 0.2 

Day 28 3.9 ± 0.4 29 ± 2 85 ± 22 37 ± 6 46 ± 6 0.07 ± 0.02 83 ± 8 160 ± 9 0.32 ± 0.05 5.4 ± 0.4 372 ± 343 0 ± 0 88.1 ± 0.9 3.98 ± 0.25 126 ± 2 1.4 ± 0.2 

Day 90 4.5 ± 0.4 43 ± 6 67 ± 10 13 ± 1 19 ± 2 0.05 ± 0.03 98 ± 6 111 ± 11 0.43 ± 0.02 6.0 ± 0.4 337 ± 163 1 ± 0 96.2 ± 1.7 3.87 ± 0.18 142 ± 11 1.5 ± 0.1 
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Table 16. Haematological parameters in male rats. Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the 
statistical significance obtained in the one-way non-parametric ANOVA (Kruskal-Wallis test: (*) p <0.05 and (**) p <0.01 are included. The MI-ADSC-CS, MI-CS and Sham-ADSC-CS vs. 
Sham control group results are represented. Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 animals for day 28 
and 90 post-implant. Reticulocytes were not determined (n.d.) on Day 28 

 
 

 

 

MALE 
Time of 
analysis 

RBC 
(x106cell/ml) 

WBC 
(x103cell/ml) 

Haemoglobin 
(g/dl) 

Hematocrit 
(%) MCV (fL) MCH (pg) MCHC (g/dl) 

Platelet 
(x103cell /ml) 

Reticulocytes 
(%) 

MI-ADSC-CS 

Day 2 7.59 ± 0.21 7.42 ± 1.40 13.4 ± 0.2 39.9 ± 0.3 52.6 ± 1.1 17.6 ± 0.2 33.5 ± 0.3 879 ± 86 3 ± 1 

Day 10 8.39 ± 0.27 8.90 ± 2.13 14.6 ± 0.5 42.6 ± 0.8 50.8 ± 0.8 17.4 ± 0.3 34.3 ± 0.6 1034 ± 40 2 ± 0 

Day 28 9.13 ± 0.27 7.08 ± 0.41 16.0 ± 0.3(*)  45.9 ± 1.1 50.2± 0.5(*) 17.6 ± 0.2 34.9 ± 0.4 1160 ± 96  n.d. 

Day 90 8.00 ± 1.55 6.23 ± 1.26 12.8 ± 4.1 36.9 ± 10.6 45.3 ± 5.6 15.5 ± 2.6 34.2 ± 1.7 1129 ± 28 6 ± 8 

MI-CS 

Day 2 7.45 ± 1.50 6.50 ± 1.4 14.4 ± 0 38.9 ± 6.3 52.5 ± 2.3 19.8 ± 3.5 37.5 ± 4.7 922 ± 209 2 ± 1 

Day 10 8.14 ± 0.02(*) 9.06 ± 2.20 14.5 ± 0.1 41.3 ± 0.9 50.8 ± 1.2 17.9 ± 0.1 35.2 ± 0.7 942 ± 116 2 ± 0 

Day 28 8.87 ± 0.16 7.12 ± 0.27 15.2 ± 0.2 43.9 ± 0.7 49.5 ± 0.1(**) 17.2 ± 0.1 34.7 ± 0.2 1071 ± 68  n.d. 

Day 90 8.81 ± 0.24 6.31 ± 0.70 14.7 ± 0.6 42.8 ± 0.7 48.6 ± 0.5 16.7 ± 0.5 34.4 ± 0.9 1112 ± 51 1 ± 1 

Sham- 
ADSC-CS 

Day 2 8.21 ± 0.19 9.79 ± 2.86 14.4 ± 0.4 42.1 ± 0.7 51.2 ± 0.4 17.5 ± 0.1 34.3 ± 0.4 786 ± 367 1 ± 0 

Day 10 8.28 ± 0.02 12.22 ± 3.37 14.4 ± 0.2 41.5 ± 0.7 50.1 ± 1 17.3 ± 0.3 34.6 ± 0.4 1016 ± 76 3 ± 0 

Day 28 8.95 ± 0.5 5.79 ± 1.93 15.5 ± 0.8 44.9 ± 3.1 50.2 ± 1.1 17.3 ± 0.3 34.5 ± 0.7 999 ± 242  n.d. 

Day 90 8.50 ± 0.08 6.53 ± 2.43 14.5 ± 0.7 42.1 ± 1.5 49.5 ± 1.3 17.1 ± 0.6 34.5 ± 0.5 955 ± 71 1 ± 1 

Sham 

Day 2 8.35 ± 0.10 12.23 ± 1.99 14.8 ± 0.3 42.8 ± 0.5 51.3 ± 0.2 17.7 ± 0.2 34.6 ± 0.4 917 ± 187 2 ± 0 

Day 10 8.30 ± 0.10 9.23 ± 1.40 14.5 ± 0.7 42.5 ± 1.7 51.2 ± 1.5 17.4 ± 0.7 34.0 ± 0.5 724 ± 197 3 ± 2 

Day 28 8.42 ± 0.43 5.96 ± 0.55 14.9 ± 0.6 44.1 ± 1.9 52.4 ± 0.9 17.7 ± 0.3 33.8 ± 0.4 997 ± 31   

Day 90 8.47 ± 1.18 7.61 ± 3.79 13.9 ± 3.4 39.9 ± 9.5 46.5 ± 6.1 16.2 ± 2.3 34.8 ± 0.6 1128 ± 69 4 ± 2 
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Table 17. Haematological parameters in female rats.  Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the 
statistical significance obtained in the one-way non-parametric ANOVA (Kruskal-Wallis test: (*) p <0.05 and (**) p <0.01 are included. The MI-ADSC-CS, MI-CS and Sham-ADSC-CS vs. 
Sham control group results are represented. Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 animals for day 28 and 
90 post-implant. Reticulocytes were not determined (n.d.) on Day 28 

 
 

 

 

FEMALE 

Time of 

sacrifice 

RBC 

(x106cell/ml) 

WBC 

(x103cell/ml) 

Haemoglobin 

(g/dl) 

Hematocrit 

(%) 
MCV (fl) MCH (pg) MCHC (g/dl) 

Platelet 

(x103cell /ml) 

Reticulocytes 

(%) 

 
MI-ADSC-CS 

Day 2 7.11 ± 0.32 3.90 ± 1.18 13.1 ± 0.7 38.7 ± 1.4 54.5 ± 0.4 18.4 ± 0.3 33.7 ± 0.7 665 ± 35 3 ± 0 

Day 10 7.75 ± 0.12 3.59 ± 1.22 14.2 ± 0.1 41.3 ± 0.8 53.3 ± 0.2 18.3 ± 0.4 34.3 ± 0.8 936 ± 15 2 ± 0 

Day 28 8.60 ± 0.43 4.01 ± 2.34 15.7 ± 0.3 45.6 ± 0.9 51.6 ± 0.7 17.8 ± 0.3 34.5 ± 0.2 1010 ± 85  n.d. 

Day 90 8.21 ± 0.39 3.57 ± 1.03 14.7 ± 0.3 43.1 ± 0.5 52.6 ± 2.1 17.9 ± 0.4 34.0 ± 0.5 921 ± 77 1 ± 1 

 
MI-CS 

Day 2 8.00 ± 0.30 3.97 ± 1.42 14.5 ± 0.3 42.6 ± 1.8 53.3 ± 0.4 18.2 ± 0.4 34.1 ± 0.8 864 ± 135 2 ± 1 

Day 10 7.84 ± 0.26 3.39 ± 0,67 14.3 ± 0,5 41.7 ± 1.2 53.2 ± 0.9 18.2 ± 0 34.2 ± 0.7 1255 ± 89 3 ± 1 

Day 28 9.34 ± 1.14 3.68 ± 2.32 16.8 ± 1.7 48.0 ± 3.9 51.6 ± 2.3 18.0 ± 0.5 35.0 ± 0.9 1101 ± 231  n.d. 

Day 90 8.98 ± 1.84 4.63 ± 0.77 16.1 ± 2.9 46.0 ± 8.1 51.4 ± 1.3 18.0 ± 0.4 35.0 ± 0.2 751 ± 105 1 ± 1 

 
Sham- 

ADSC-CS 

Day 2 7.47 ± 0.31 4.57 ± 0.20 13.4 ± 0.40 38.9 ± 1.8 52.2 ± 0.5 18.0 ± 0.3 34.4 ± 0.5 821 ± 61 2 ± 1 

Day 10 7.50 ± 0.48 3.87 ± 0.65 13.9 ± 0.8 40.0 ± 1.8 53.4 ± 1.1 18.5 ± 0.2 34.7 ± 0.4 1031 ± 80 2 ± 0 

Day 28 8.37 ± 0.13 4.39 ± 1.26 15.0 ± 0.1 43.9 ± 0.4 52.5 ± 0.6 18.0 ± 0.3 34.2 ± 0.2 835 ± 100  n.d. 

Day 90 8.86 ± 0.75 5.63 ± 1.91 15.6 ± 1.3 45.8 ± 3.7 51.7 ± 0.7 17.6 ± 0.4 34.1 ± 0.3 879 ± 128 2 ± 1 

 
Sham 

Day 2 7.19 ± 0.39 5.29 ± 1.37 13.2 ± 0.9 38.5 ± 1.8 53.6 ± 0.6 18.4 ± 0.3 34.2 ± 1 747 ± 62 2 ± 0 

Day 10 6.80 ± 0.18 2.80 ± 0.64 13.1 ± 0.2 39.2 ± 1.1 57.7 ± 3.3 19.2 ± 0.8 33.3 ± 0.4 944 ± 51 3 ± 1 

Day 28 8.51 ± 0.39 4.65 ± 0.68 15.2 ± 0.8 44.7 ± 2 52.5 ± 1.1 17.9 ± 0.2 34.1 ± 0.4 822 ± 90 n.d.  

Day 90 8.37 ± 0.27 3.69 ± 1.64 14.4 ± 0.6 41.6 ± 1.6 49.6 ± 0.6 17.2 ± 0.4 34.6 ± 0.3 887 ± 93 3 ± 1 
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4.1.2.4. Urine biochemistry 

The urinalysis was performed the previous day to sacrifice to evaluate the possible effect 

caused by the implantation of the cellularized scaffold in the urine parameters. This study 

included evaluation of general characteristics of the urine (volume, aspect, colour and smell) 

and the determination of biochemical parameters (glucose, bilirubin, ketonic bodies, density, 

erythrocytes, pH, proteins, urobilinogen, nitrites and leukocytes), which did not reveal 

noteworthy alterations among the experimental groups, confirming the lack of toxicity elicited 

by the implantation of the scaffolds, in the urine biochemistry (Tables 18-19).  

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 



Results 
 
 [Escriba aquí] [Escriba aquí] 

102 
 

Table 18. Urine Biochemistry parameters for males. Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the 
statistical significance obtained in the one-way non-parametric ANOVA (Kruskal-Wallis test: (*) p <0.05 and (**) p <0.01 are included. MI-ADSC-CS, MI-CS and Sham-ADSC-CS vs. 
Sham control group results are represented. Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 animals for day 
90 post-implant. Nitrites are represented as a positive or negative (in brackets the number of animals positive or negative from the total animals). 

 

 

MALE Density 
(mg/dl) 

pH 
Leukocytes 

(cel/μl) 
Nitrites 

Proteins 
(mg/dl) 

Glucose 
Ketonic bodies 

(mg/dl) 
Urobilinogen 

(mg/dl) 
Bilirubine 
(mg/dl) 

Erythrocytes 
(cel/μl) 

MI-ADSC-CS 

Day 2 1018 ± 3 6.3 ± 0.2 50 ± 43 Negative (3/3) 41 ± 0 Normal (5/5) 8.3 ± 5.7 Normal (3/3) 0.0 ± 0.0 20.0 ± 8.7 

Day 10 1010 ± 9 6.8 ± 0.2 0 ± 0 Negative (2/3) 42 ± 29 Normal (5/5) 6.6 ± 7.6 Normal (3/3) 0.3 ± 0.5 6.6 ± 5.7 

Day 90 1019 ± 9 6.4 ± 0.2 40 ± 0 Negative (3/5) 45 ± 29 Normal (5/5) 13.0 ± 7.6 Normal (5/5) 0.0 ± 0.0 9.1 ± 5.7 

MI-CS 

Day 2 1021 ± 3 6.3 ± 0.2 75 ± 43 Negative (2/3) 75 ± 0 Normal (5/5) 15.0 ± 0.0 Normal (3/3) 0.0 ± 0.0 7.3 ± 5.7 

Day 10 1007 ± 3  7.0 ± 0 13 ± 18 Negative (2/3) 25 ± 0 Normal (5/5) 0.0 ± 0.0 Normal (2/2) 0.0 ± 0.0 5.0 ± 7.0 

Day 90 1020 ± 5 6.2 ± 0.2 65 ± 49 Positive (3/5) 35 ± 22 Normal (5/5) 14.0 ± 21.0 Normal (5/5) 0.2 ± 0.4 11.1 ± 8.4 

Sham- 
ADSC-CS 

Day 2 1022 ± 3 6.0 ± 0 100 ± 0 Negative (2/3) 66 ± 72 Normal (5/5) 15.0 ± 0.0 Normal (3/3) 0.0 ± 0.0 100.6 ± 130.9 

Day 10 1014 ± 3 7.0 ± 0 17 ± 13 Positive (2/3) 25 ± 0 Normal (5/5) 1.6 ± 2.8 Normal (3/3) 0.0 ± 0.0 3.3 ± 5.7 

Day 90 1010 ± 8 6.5 ± 0.7 50 ± 70 Negative (5/5) 13 ± 17 Normal (5/5) 2.5 ± 3.5 Normal (5/5) 0.0 ± 0.0 5.3 ± 7.1 

Sham 

Day 2 1023 ± 3 6.2 ±0.2 25 ± 0 Negative (2/3) 42 ± 29  Normal (5/5) 12.0 ± 5.7 Normal (3/3) 0.7 ± 0.6 20.0 ± 8.6 

Day 10 1013 ± 3 7.3 ± 0.6 25 ± 0 Positive (2/3) 25 ± 0 Normal (5/5) 0.0 ± 0.0 Normal (3/3) 0.0 ± 0.0 0.0 ± 0.0 

Day 90 1018 ± 6 6.2 ± 0.0 100 ± 22 Negative (3/5) 35 ± 20 Normal (4/5) 15.0 ± 20.3 Normal (5/5) 0.0 ± 0.0 19.0 ± 8.2 
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Table 19. Urine Biochemistry parameters for females. Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the 
statistical significance obtained in the one-way non-parametric ANOVA (Kruskal-Wallis test: (*) p <0.05 and (**) p <0.01 are included. MI-ADSC-CS, MI-CS and Sham-ADSC-CS vs. 
Sham control group results are represented. Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 animals for day 
90 post-implant. Nitrites are represented as a positive or negative (in brackets the number of animals positive or negative from the total animals). 

 

 

 

FEMALE 
Density 
(mg/dl) pH 

Leukocytes 
(cel/μl) Nitrites 

Proteins 
(mg/dl) Glucose 

Ketonic bodies 
(mg/dl) 

Urobilinogen 
(mg/dl) 

Bilirubine 
(mg/dl) 

Erythrocytes 
(cel/μl) 

MI-ADSC-CS 

Day 2 1017 ± 6 6.5 ± 0.5 16 ± 14 Negative (3/3) 16 ± 13 Normal (3/3) 2.1 ± 2.9 Normal (3/3) 0.6 ± 0.6 11.6 ± 12.5 

Day 10 1016 ± 10 6.5 ± 0.5 8 ± 14 Negative (3/3) 33 ± 38 Normal (3/3) 5.3 ± 8.6 Normal (3/3) 0.3 ± 0.6 0.0 ± 0.0 

Day 90 1012 ± 10 8.3 ± 0.5 183 ± 274 Positive (2/3) 176 ± 281 Normal (3/3) 5.3 ± 8.6 Normal (2/3) 0.0 ± 0.0 11.6 ± 12.5 

MI-CS 

Day 2 1017 ± 6 6.5 ± 0.5 16 ± 14 Negative (2/3) 33 ± 38 Normal (3/3) 5.3 ± 8.6 Normal (3/3) 0.6 ± 0.0 8.3 ± 4.4 

Day 10 1017 ± 6 7.0 ± 1.0 8 ± 14 Negative (2/3) 25 ± 0 Normal (3/3) 0.0 ± 0.0 Normal (3/3) 0.0 ± 0.0 20.0 ± 26.4 

Day 90 1012 ± 8 7.5 ± 1.0 8 ± 14 Positive (3/3) 8 ± 14 Normal (3/3) 0.0 ± 0.0 Normal (3/3) 0.0 ± 0.0 0 ± 0 

Sham- 
ADSC-CS 

Day 2 1021 ± 9 6.3 ± 0.5 66 ± 57 Negative (2/3) 33 ± 38 Normal (3/3) 10.6 ± 8.6 Normal (2/3) 0.0 ± 0.0 25 ± 25.0 

Day 10 1018 ± 3 6.5 ± 0.0 16 ± 14 Negative (2/3) 33 ± 38 Normal (3/3) 3.3 ± 2.9 Normal (2/3) 0.0 ± 0.0 11.6 ± 12.5  

Day 90 1017 ± 6 6.2 ± 0.7 20 ± 11 Negative (5/5) 20 ± 11 Normal (5/5) 1.1 ± 2.23 Normal (5/5) 0.2 ± 0.4 7.0 ± 10.9 

Sham 

Day 2 1025 ± 0 5.6 ± 0.5 25 ± 0 Positive (2/3) 58 ± 28 Normal (3/3) 23.3 ± 23.6 Normal (2/3) 1.0 ± 0.0 15.0 ± 8.6 

Day 10 1021 ± 7 6.0 ± 0.9 16 ± 14 Positive (2/3) 33 ± 38 Normal (3/3) 6.6 ± 7.6 Normal (2/3) 0.0 ± 0.0 8.3 ± 14.4 

Day 90 1019 ± 4 6.2 ± 0.2 143 ± 237. Negative (4/5) 20 ± 11 Normal (5/5) 6.8 ± 5.47 Normal (5/5) 0.0 ± 0.0 6.0 ± 5.5 
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4.1.2.5. Macroscopic and anatomopathological study 

Animals from all the experimental groups underwent a complete macroscopic study after 

sacrifice at the stated time-points (days 2, 10 and 90 post-implantation), excepting the animals 

from the subchronic groups, in which animals were not euthanised. The macroscopic 

anatomopathological study was performed in all organs extracted from the animals: aorta, 

spleen, brain, cerebellum, encephalic stem, heart (ventricle and auricle), esophagus, stomach, 

sternum (bone marrow), femur (with joint), mediastinal lymph nodes, adrenal glands, salivary 

glands, liver, hypophysis, small intestine (duodenum, jejunum, ilium), large intestine (cecum, 

colon, rectum), tongue, marrow, skeletal muscle, sciatic nerve, optic nerve, eyes, pancreas, skin 

and mammary glands, Peyer plates, prostate, lungs, kidneys, epididymis, testicles/ovaries, 

thyroids/parathyroids, trachea, uterus-fallopian tube, vagina-cervix, bladder, and seminal 

vesicular that did not show relevant macroscopic alterations. Furthermore, their weights 

adjusted into standard healthy parameters and only infarcted hearts showed, as expected, a 

significant relative weight increase due to the remodelling process. Additionally, some 

statistically significant variations were observed in the relative weight of the thyroids in the 

infarcted females (euthanised at day 90) that were implanted with the scaffold, cellularized or 

not, however these differences had no correlation with histological findings and therefore were 

not considered relevant from a toxicological point of view. In the Sham-ADSC-CS group 

alterations in the relative weights were detected in the ovaries and spleens of the females 

analysed at day 90. Again, these differences had no correlation with histological findings (Tables 

20-21). 
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Table 20. Relative weight of organs in males. The weight of each organ was normalized against the net weight of the animals. The data obtained from the animals euthanised 
at days 2, 10 and 90 is shown. Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the statistical significance 
obtained in the one-way non-parametric ANOVA (kruskal-wallis test), according to the levels of significance: (*) p <0.05 and (**) p <0.01 are included. MI-ADSC-CS, MI-CS and Sham-
ADSC-CS vs Sham control group results are represented. Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 animals 
for day 90 post-implant.  

 

 

 

MALES 

Relative weight of organs (%) 

Spleen Brain Heart Liver Thyroids 
Kidney Adrenals Testis 

Right Left Right Left Right Left 

MI-ADSC-CS 

Day 2 0.200 ± 0.023 0.561 ± 0.036 0.251 ± 0.139 3.651 ± 0.243 0.009 ± 0.002 0.393 ± 0.020 0.366 ± 0.022 0.011 ± 0.001 0.011 ± 0.001 0.376 ± 0.070 0.416 ± 0.056 

Day 10 0.198 ± 0.031 0.578 ± 0.030 0.366 ± 0.021 3.015 ± 0.235 0.021 ± 0.008 0.344 ± 0.014 0.347 ± 0.022 0.010 ± 0.002 0.012 ± 0.001 0.425 ± 0.011 0.499 ± 0.176 

Day 90 0.185 ± 0.033 0.508 ± 0.086 0.354 ± 0.087 3.288 ± 0.148 0.023 ± 0.005 0.313 ± 0.030 0.313 ± 0.034 0.009 ± 0.002 0.010 ± 0.001 0.312 ± 0.038 0.365 ± 0.058 

MI-CS 

Day 2 0.193 ± 0.006 0.533 ± 0.048 0.394 ± 0.041 3.634 ± 0.174 0.028 ± 0.008 0.361 ± 0.024 0.361 ± 0.004 0.010 ± 0.003 0.011 ± 0.001 0.410 ± 0.039 0.404 ± 0.034 

Day 10 0.175 ± 0.009 0.576 ± 0.058 0.341 ± 0.020 3.129 ± 0.174 0.032 ± 0.004 0.358 ± 0.009 0.341 ± 0.011 0.011 ± 0.001 0.013 ± 0.003 0.458 ± 0.036 0.459 ± 0.032 

Day 90 0.146 ± 0.014 0.454 ± 0.021 0.285 ± 0.022 3.059 ± 0.220 0.020 ± 0.004 0.310 ± 0.019 0.310 ± 0.015 0.009 ± 0.003 0.008 ± 0.001 0.341 ± 0.021 0.333 ± 0.025 

Sham- 

ADSC-CS 

Day 2 0.198 ± 0.020 0.555 ± 0.022 0.310 ± 0.014 3.882 ± 0.205 0.029 ± 0.003 0.392 ± 0.021  0.388 ± 0.009 0.011 ± 0.002 0.010 ± 0.002 0.414 ± 0.024 0.443 ± 0.028 

Day 10 0.207 ± 0.006 0.521 ± 0.014 0.352 ± 0.014 3.448 ± 0.100 0.037 ± 0.001 0.356 ± 0.022 0.370 ± 0.019 0.012 ± 0.001 0.011 ± 0.002 0.419 ± 0.022 0.409 ± 0.018 

Day 90 0.142 ± 0.003 0.440 ± 0.003 0.333 ± 0.010 3.170 ± 0.035 0.137 ± 0.163 0.323 ± 0.004 0.331 ± 0.022 0.007 ± 0.000   0.006 ± 0.001 0.345 ± 0.002 0.353 ± 0.003 

Sham 

Day 2 0.197 ± 0.012 0.538 ± 0.031 0.280 ± 0.019 3.723 ± 0.369 0.008 ± 0.001 0.370 ± 0.010 0.381 ±0.007 0.010 ± 0.002 0.010 ± 0.002 0.420 ± 0.040 0.410 ± 0.048 

Day 10 0.185 ± 0.015 0.601 ± 0.022 0.292 ± 0.011 3.223 ± 0.240 0.031 ± 0.005 0.375 ± 0.029 0.367 ± 0.025 0.010 ± 0.002 0.011 ± 0.002 0.456 ± 0.024 0.453 ± 0.018 

Day 90 0.155 ± 0.014 0.461 ± 0.039 0.311 ± 0.026 3.507 ± 0.308 0.020 ± 0.004 0.338 ± 0.022 0.334 ± 0.031 0.010 ± 0.002 0.007 ± 0.001 0.359 ± 0.041 0.359 ± 0.045 
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Table 21. Relative weight of organs in females. The weight of each organ was normalized against the net weight of the animals. The data obtained from the animals euthanised 
at days 2, 10 and 90 is shown. Ordered by experimental group, the descriptive statistics of centralization and dispersion (mean and standard deviation) and the statistical significance 
obtained in and the statistical significance obtained in the one-way non-parametric ANOVA (Kruskal-Wallis test: (*) p <0.05 and (**) p <0.01 are included. MI-ADSC-CS, MI-CS and 
Sham-ADSC-CS vs Sham control group results are represented. Analysis was performed in 3 animals per each experimental group and sex for day 2 and 10 post-implant and in 5 
animals for day 90 post-implant.  

 

 

FEMALES 

Relative weight of organs (%) 

Spleen Brain Heart Liver Thyroids 
Kidney Adrenals Ovary 

Right Left Right Left Right Left 

MI-ADSC-CS 

Day 2 0.199 ± 0.015 0.926 ± 0.050 0.428 ± 0.065 3.681 ± 0.252 0.011 ± 0.003 0.382 ± 0.023 0.389 ± 0.029 0.022 ± 0.003 0.021 ± 0.004 0.028 ± 0.007 0.027 ± 0.006 

Day 10 0.230 ± 0.027 0.954 ± 0.025 0.393 ± 0.031 3.252 ± 0.382 0.024 ± 0.001 0.247 ± 0.214 0.248 ± 0.215 0.020 ± 0.001 0.022 ± 0.003 0.026 ± 0.005 0.026 ± 0.005 

Day 90 0.162 ± 0.049 0.803 ± 0.009 0.397 ± 0.023(*) 3.136 ± 0.130 0.012 ± 0.002(*) 0.359 ± 0.014 0.349 ± 0.009 0.016 ± 0.002 0.019 ± 0.002 0.019 ± 0.005 0.023 ± 0.003 

MI-CS 

Day 2 0.213 ± 0.012 0.906 ± 0.076 0.435 ± 0.045 3.758 ± 0.224 0.040 ± 0.011 0.3983 ± 0.013 0.399 ± 0.021 0.020 ± 0.001 0.020 ± 0.001 0.024 ± 0.006 0.024 ± 0.004 

Day 10 0.198 ± 0.027 0.890 ± 0.046 0.455 ± 0.037 3.410 ± 0.396 0.041 ± 0.004 0.370 ± 0.010 0.383 ± 0.020 0.016 ± 0.003 0.018 ± 0.004 0.022 ± 0.004 0.026 ± 0.005 

Day 90 0.185 ± 0.021 0.813 ± 0.134 0.383 ± 0.065 3.370 ± 0.394 0.011 ± 0.003 (*) 0.349 ± 0.010 0.359 ± 0.011 0.015 ± 0.003 0.017 ± 0.002 0.018 ± 0.001 0.018 ± 0.003 

Sham- 

ADSC-CS 

Day 2 0.229 ± 0.004 0.877 ± 0.076 0.339 ± 0.006 4.233 ± 0.394 0.038 ± 0.012 0.402 ± 0.020 0.406 ± 0.020 0.024 ± 0.001 0.024 ± 0.001 0.020 ± 0.003 0.024 ± 0.006 

Day 10 0.210 ± 0.014 0.944 ± 0.038 0.419 ± 0.085 3.307 ± 0.054 0.048 ± 0.001 0.376 ± 0.012 0.377 ± 0.015 0.020 ± 0.001 0.022 ± 0.001 0.025 ± 0.001 0.026 ± 0.001 

Day 90 0.208 ± 0.019(*) 0.833 ± 0.076 0.355 ± 0.034 3.219 ± 0.412 0.039 ± 0.007 0.370 ± 0.016 0.373 ± 0.026 0.020 ± 0.187 0.019 ± 0.004 0.029 ± 0.002(*) 0.036 ± 0.006(*) 

Sham 

Day 2 0.216 ± 0.014 0.879 ± 0.072 0.357 ± 0.031 3.833 ± 0.150 0.009 ± 0.003 0.405 ± 0.025 0.387 ± 0.008 0.020 ± 0.001 0.021 ± 0.001 0.023 ± 0.003 0.026 ± 0.002 

Day 10 0.228 ± 0.019 0.886 ± 0.019 0.348 ± 0.021 3.427 ± 0.183 0.040 ± 0.012 0.372 ± 0.014 0.3763 ± 0.019 0.019 ± 0.001 0.021 ± 0.003 0.021 ± 0.002  0.025 ± 0.005 

Day 90 0.157 ± 0.009 0.757 ± 0.031 0.305 ± 0.025 3.189 ± 0.331 0.036 ± 0.005 0.358 ± 0.033 0.358 ± 0.030 0.017 ± 0.002 0.017 ± 0.001 0.019 ± 0.004 0.019 ± 0.002 



Results 

107 
 

4.1.2.6. Histological analysis of the heart 

Under the conditions of this study, expected alterations in the heart related to the 

infarction induction and to the surgical procedure followed to the patch implant were observed. 

These lesions basically consisted of multifocal myocardial necrosis, which were located in the 

subepicardial area, under the implant. Histologically, foci of myocardial fibers with dense 

eosinophilic sarcoplasm and loss of cross sections were present in the lesions. These lesions also 

showed fibers with focal myolisis, pyknosis and loss of nuclei. This finding showed that initially 

there was a mild inflammatory cell response, soon followed by macrophage and fibroblast 

proliferation.  

In the animals euthanised on day 2 (acute toxicity group) the histological findings 

consisted of remains of matrix in ventricle (pericardium) in MI-ADSC-CS, MI-CS and Sham-ADSC-

CS, with minimal acute inflammation in pericardium in these groups, and multifocal myocardial 

necrosis in both the infarcted groups (MI-ADSC-CS and MI-CS). Additionally, macrophage 

aggregates and minimal epicardial fibrosis were also observed due to the acute nature of the 

inflammation. In the animals euthanised on day 10 (subacute toxicity group), the cardiac 

alterations observed were similar to those described in the animals euthanised on day 2; i.e. 

remains of matrix, macrophage aggregates and epicardial fibrosis. In the chronic toxicity 

subgroup (euthanised at 90 days post-implantation), changes secondary to the myocardial 

repair were detected, consisting of myocardial/pericardial fibrosis, myocardial mineralization, 

pigmented macrophages and presence of multinucleated giant cells. Incidence and severity of 

these markers were greater in the animals in the MI-ADSC-CS group, but these differences did 

not have any toxicological relevance as were related with the myocardial repair process. As 

expected, the animals from the Sham group did not show any type of myocardial alteration (Fig. 

23 and Table 22).   
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Fig. 23. Representative images of histological findings in ventricle. Heart histological sections from different 
experimental groups stained with H&E. In the chronic toxicity model (images A to D) myocardial fibrosis and 
mineralisation is observed. (A) MI-ADSC-CS (fibrosis Grade 3), (B) MI-CS (fibrosis Grade 2), (C) MI-ADSC-CS 
(mineralization Grade 4) and (D) MI-CS (mineralization Grade 2). In the (E) acute and (F) subacute toxicity 
groups, remains of matrix and myocardial necrosis (Grade 3) are observed. Pictures at 10X magnification
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Table 22. Microscopic findings in hearts for each group and sex. The incidence (the number of rats) and average degree of severity of the findings (shown in brackets, from 1 to 
4) are shown. The degree of severity was assessed according to the following scale: Grade 1 (minimum); Grade 2 (mild); Grade 3 (moderate); Grade 4 (high). 
 

Day of sacrifice Findings MI-ADSC-MI CS-MI Sham-ADSC-CS Sham 

Day 2 

Sex/nº of animals Males (3) Females (3) Males (3) Females (3) Males (3) Females (3) Males (3) Females (3) 

Remains of matrix 3 3 3 3 3 2 - - 

Inflammation, acute, pericardium 3 (2.3) 3 (1.3) 3 (1.3) 3 (1.3) 3 (1.3) 1 (2.0) - - 

Myocardial necrosis 3 (3.0) 3 (3.0) 3 (3.0) 3 (2.7) - - - - 

Macrophage aggregates 3 (3.0) 3 (1.7) 3 (2.3) 3 (2.0) 3 (2.0) 3 (1.3) - - 

Pigmented macrophages - 1 (1.0) 3 (1.0) 3 (1.3) - - - - 

Epicardial fibrosis 3 (1.3) 3 (1.7) 3 (1.7) 3 (1.0) 2 (1.5) 2 (2.0) - - 
Multinucleated giant cells - - - - - - - - 

Day 10 

Sex/nº of animals Males (3) Females (3) Males (3) Females (3) Males (3) Females (3) Males (3) Females (3) 

Remains of matrix 3 3 3 3 3 2 - - 

Inflammation, acute, pericardium - - - - - - - - 

Myocardial necrosis 3 (3.0) 3 (3.0) 3 (3.0) 3 (2.7) - - - - 

Macrophage aggregates 3 (3.0) 3 (1.7) 3 (2.3) 3 (2.0) 3 (2.0) 3 (1.3) - - 

Pigmented macrophages - 1 (1.0) 3 (1.0) 3 (1.3) - - - - 

Epicardial fibrosis 3 (1.3) 3 (1.7) 3 (1.7) 3 (1.0) 2 (1.5) 2 (2.0) - - 

Multinucleated giant cells - - - - - - - - 

Day 90 

Sex/nº of animals Males (5) Females (5) Males (5) Females (5) Males (5) Females (5) Males (5) Females (5) 

Remains of matrix 0 0 1 0 0 1 - - 

Inflammation, acute, pericardium - - - - - - - - 

Myocardial necrosis - - - - - 1 (2.0) - - 

Macrophage aggregates - - - - - - - - 

Pigmented macrophages 4 (1.5) 4 (1.0) 2 (1.0) 1 (1.0) - 3 (1.0) - - 

Epicardial fibrosis 5 (2.4) 4 (1.8) - - 2 (2.5) 5 (2.2) - - 

Multinucleated giant cells 1 (1.0) - - - - - - - 

Myocardial mineralization 5 (2.8) 1 (3.0) 1 (2.0) - - - - - 
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4.1.3. Analysis of ADSC biodistribution following ADSC-CS implant in immunocompetent rat 

hearts  

Once the lack of tumorigenicity and toxicity of the cellularized scaffold was confirmed 

and in order to study the biodistribution of the implanted cells, patches were prepared with 

ADSC isolated from transgenic rats that ubiquitously express the GFP protein. A typical 

mesenchymal phenotype was observed for the cultured ADSC, at passages 3-4, by flow 

cytometry analysis (Fig. 24). 

Fig. 24. Rat ADSC characterization and confirmation of the expression of GFP. The cells obtained from the 
rats to prepare the cellularized cardiac scaffolds had a clear mesenchymal phenotype, as were positive for 
CD90, CD29, CD44 and CD73 markers and negative for CD45, CD11B, RT1B and CD31. Additionally, 78% of 
the cells were GFP+, and therefore were valid for the biodistribution study. 

Collagen scaffolds (1x1cm2) were seeded with 5 x 105 of GFP+-ADSC to create a cellularized 

cardiac patch. Ten immunocompetent Sprague Dawley rats (5 female and 5 male) were infarcted 

and implanted 1-month post-infarct with the ADSC-CS. After 1 and 4 weeks, animals were 

euthanised and organs analysed. Tracking of the implanted cells was performed by 

immunohistochemical detection of GFP in heart and other organs such as spleen liver, kidneys, 

lungs and reproductive organs. Implanted GFP+ cells were detected in all the hearts analysed at 

1 week after implantation, averaging 161 ± 45 GFP+ cells/mm2 at the implant zone. The 
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implanted cells were also detected at 1 month post-implantation, although at lower levels, with 

an average count of 29 ± 9 GFP+ cells/mm2. Importantly, no GFP+ cells were detected at the 

spleen, liver, kidneys, lungs or the female and male reproductive organs in any of the animals 

euthanised after 1 week or 4 weeks, which indicates that the implanted ADSC engraft well in the 

injured zone an do not migrate to other organs of the animal (Fig. 25). 

Fig. 25. Biodistribution analysis of GFP-ADSC after CS implant in the infarcted hearts. Representative images of 
heart and other organ sections immunohistochemically stained for the GFP protein at 7 and 30 days post-
implant. (A) GFP+-ADSC were detected in the pericardial area at the CS-ADSC implant site, observing a greater 
density of positive cells at 7 days post-implant in comparison with 30 days post-implant. No cells were detected 
in the control animals. (B) Representative images of spleen, lung, liver, kidney, ovary and testicle sections 
immunohistochemically stained for the GFP protein 7 days post-transplant, where no GFP+ cells were present in 
any of the organs. Analyses were performed in 10 animals (5 males and 5 females).
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4.2. Immunological response in a porcine model of chronic MI implanted with an 

allogeneic-ADSC cellularized patch  

After confirming the safety of the implantation of the cellularized scaffold at the 

tumorigenicity toxicity and cell biodistribution levels, the immunological action of the patch was 

also analysed in a porcine MI model. The putative inflammatory and immune response elicited 

by the implantation of 50 million of porcine allogeneic ADSC seeded onto the collagen 

membrane (alloADSC-CS) or implanted alone (alloADSC), was analysed in infarcted pigs. 

Mesenchymal phenotype of porcine ADSC was effectively confirmed by flow cytometry analysis 

(Fig. 26), as these cells were positive for CD29 and CD90 mesenchymal cell markers and negative 

for Swine Leucocyte Antigen (SLA).   

Fig. 26. Phenotypical characterization of porcine ADSC. Flow Cytometry analysis shows ADSC expression of 
the mesenchymal markers CD90 and CD29, and absence of the immunohistocompatibility marker Swine 
Leukocyte Antigen (SLA) confirming the mesenchymal phenotype of the cells. Grey lines show the control 
isotypes.  

4.2.1. Inflammatory and immunomodulatory action of pig ADSC-CS  

4.2.1.1. Assessment of systemic immune response 

At the stablished timepoints, blood samples were extracted from the different 

experimental groups and PBMC obtained as described in section 3.4.2.2., in order to analyse a 

putative immunological activation in the host by changes in immune cell populations. Flow 

cytometry analysis of pig bloods did not reveal significant alterations in the different populations 

of monocytes, granulocytes, NK and leukocytes in both treated groups in comparison with the 

control at 15, 30 and 90 days post-implant (Fig. 27).  
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Fig. 27. Assessment of blood immune cell populations evolution. Flow cytometry analyses of blood 
leukocytes, granulocytes, monocytes and NK cells did not show significant changes throughout the study at 
days 0 (pre-implant), 15, 30 and 90 after alloADSC-CS or alloADSC implant. Mean ± SEM values are 
represented. Significant differences among groups mean values are indicated as (*) p <0.05 and (**) p 
<0.01. Data of 8 pigs per experimental group is shown.  

4.2.1.2. Determination of lymphocyte subpopulations profile 

Additionally, flow cytometry analysis was performed to determine the evolution of the 

different lymphocyte subpopulations along time. No significant differences were found in the T- 

and B-lymphocyte populations, neither in the CD4+ or CD8+ subpopulations, after 15, 30 or 90 

days of the implantation of alloADSC alone or alloADSC-CS. Additionally, to determine if the 

lymphocytes polarized towards a regulatory phenotype as a consequence of the treatment, the 

expression of CD25 membrane marker was analysed both in the CD4+ and CD8+ cells, showing 

no significant changes among groups in the expression of this marker at any of the time-points 

(Fig. 28). 
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Fig. 28. Analysis of lymphocyte subpopulations. Percentages of B-lymphocytes and T-lymphocytes 
populations, CD4+ and CD8+ lymphocyte subpopulations, and the regulatory lymphocyte subpopulations 
CD4+CD25 and CD8+CD25+ were assessed by flow cytometry in the different experimental groups 
throughout the study. A statistically significant increase in the B- and T-lymphocyte populations as well as 
CD4+ and CD8+ subpopulations was not found in the treated groups, throughout the study. Additionally, 
polarization towards regulatory lymphocyte subpopulations CD4+ CD25+ (T-reg) and CD8+CD25+ was not 
observed in any of the experimental groups. Mean ± SEM values are represented. Significant differences 
among groups mean values are indicated as (*) p <0.05 and (**) p <0.01. Data of 8 pigs per experimental 
group is shown.  

4.2.1.3. Determination of the activation state of the immune cell populations 

Next, in order to evaluate the activation state of the lymphocytes, the expression of the 

membrane marker DR was analysed. A significant lower percentage of DR+ cells was observed 

in CD8+ lymphocytes at 90 days post-implantation in the alloADSC-CS group in comparison with 

the control group, suggestive of the immunomodulatory effect exerted by the treatment. On 

the contrary, no changes were observed in the CD4+ lymphocytes. Also, similar levels of the 

activated subpopulations of regulatory lymphocytes CD4+CD25+DR+ and CD8+CD25+DR+ were 

detected among the three experimental groups at any time-point, suggesting the absence of 

activation of the regulatory lymphocytes after the treatment with alloADSC-CS or alloADSC alone 
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(Fig. 29).  

Fig. 29. Evaluation of the activation state of CD4+ and CD8+ lymphocytes. A significant increase of the 
CD4+DR, CD8+DR+, CD4+CD25+DR+ and CD8+CD25+DR+ activated cells was not observed in the alloADSC 
and alloADSC-CS groups at 15, 30 or 90 days post-implant. Moreover, a significant diminution of the 
CD8+DR+ cells was detected at day 90 in comparison with the control group. Mean ± SEM values are 
represented. Significant differences among groups mean values are indicated as (*) p <0.05 and (**) p 
<0.01. Data of 8 pigs per experimental group is shown.  

4.2.1.4. Measurement of serum IgG and IgM levels and proteinogram analysis 

Serum was obtained from the blood samples extracted at different time-points from the 

three experimental groups, and no significant differences were detected among them in the 

levels of IgG and IgM, which were modulated in a similar manner in all groups (Fig. 30). 

Fig. 30. Assessment of the evolution of IgG and IgM levels. No significant differences were observed among 
experimental groups in peripheral blood IgG and IgM levels (mg/ml) at any time point. Mean ± SEM values 
are represented. Data of 8 pigs per experimental group is included.  
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Additionally, the proteinogram carried out with the samples, showed no significant differences 

in the percentages of albumin, α-globulin, β-globulin and γ-globulin in any of the experimental 

groups when compared with the control group, indicating absence of a systemic inflammatory 

reaction (Fig. 31). 

Fig. 31. Effect of the treatment in the proteinogram. No significant differences were observed in albumin, α-
globulin, β-globulin and γ-globulin levels (protein %) among experimental groups at any time-point. Mean 
± SEM values are represented. Data of 8 pigs per experimental group is shown.  

4.2.1.6. Study of the biochemical parameters  

Finally, biochemical analyses showed that despite slight variations in some parameters 

that were not clinically significant, the animals remained in good health throughout the study, 

with no evidence of adverse effects attributable to the therapy in any case. Hepatic and renal 

function were well preserved in all groups, excepting significant increase in urea values in the 

treated groups. Increased urea in absence of increased creatinine values can be attributed to 

several causes (such as decreased water intake) and therefore, it was considered devoid of  

clinical relevance. At day 30 post-implant, a diminution in the C-Reactive Protein was found in 

the group receiving the alloADSC-CS, which could indicate an enhanced anti-inflammatory 

profile after therapy (Table 23).  
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Table 23. Biochemical parameters throughout the study. Several biochemical parameters were measured 
including renal components (bilirubin, urea, creatinine), hepatic enzymes (ALT and AST), C-reactive protein, 
Ionogram (Sodium, Potassium and Chloride) and glucose, at different times throughout the study. Mean ± 
SEM values are represented. Statistical significance obtained the one-way ANOVA test, according to the levels 
of significance: (*) p <0.05 and (**) p <0.01 are included. AlloADSC and AlloADSC-CS vs Control control group 
results are represented. Data of 8 pigs per experimental group is shown.  

 Experimental Group Day 0 Day 15 Day 30 Day 90 

Bilirubin (mg/dl) 

Control 0.26 ± 0.04  0.16 ± 0.06 0.10 ± 0.01 0.19 ± 0.03 

alloADSC 0.20 ± 0.06 0.12 ± 0.02 0.10 ± 0.01 0.12 ± 0.04 

alloADSC-CS 0.15 ± 0.06 0.15 ± 0.02 0.13 ± 0.02 0.21 ± 0.04 

Urea (mg/dl) 

Control 24.99 ± 3.02 30.99 ± 2.70 28.83 ± 1.82 28.15 ± 2.57 

alloADSC 27.91 ± 2.31 24.70 ± 2.69 33.65 ± 1.86(*) 29.64 ± 3.10 

alloADSC-CS 25.12 ± 2.55 35.67 ± 4.05(*) 27.02 ± 3.05 29.66 ± 1.38 

Creatinine (mg/dl) 

Control 0.94 ± 0.07 1.12 ± 0.17 0.90 ± 0.08 1.04 ± 0.07 

alloADSC 1.00 ± 0.10 1.09 ± 0.13 0.85 ± 0.05 1.08 ± 0.08 

alloADSC-CS 0.99 ± 0.05 1.03 ± 0.09 1.04 ± 0.07 1.19 ± 0.05 

Glucose (mg/dl) 

Control 113.25 ± 11.27 154.62 ± 34.51 85.00 ± 4.69 93.12 ± 11.22 

alloADSC 99.37 ± 8.23 103.43 ± 21.54 82.37 ± 4.99 91.75 ± 5.61 

alloADSC-CS 93.25 ± 7.99 97.12 ± 12.19 82.00 ± 6.85 100.62 ± 17.89 

AST (U/l) 

Control 27.25 ± 3.24 23.37 ± 1.87 25.25 ± 2.42 22.75 ± 2.19 

alloADSC 20.37 ± 2.02 24.43 ± 3.59 27.62 ± 4.29 28.37 ± 4.25 

alloADSC-CS 25.37 ± 3.71 39.37 ± 12.39 21.12 ± 1.88 32.62 ± 6.43 

ALT (U/l) 

Control 27.00 ± 2.69 23.62 ± 3.72 29.87 ± 7.05 27.25 ± 2.18 

alloADSC 25.37 ± 2.37 24.57 ± 2.38 27.75 ± 2.30 30.12 ± 1.43 

alloADSC-CS 30.12 ± 3.47 23.50 ± 2.06 23.12 ± 1.39 27.62 ± 1.40 

C-reactive protein 
(mg/l) 

Control 5.51 ± 2.65 5.37 ± 2.13 1.39 ± 0.73 3.08 ± 1.61 

alloADSC 3.34 ± 1.55 7.37 ± 2.33 1.49 ± 0.91 4.51 ± 1.39 

alloADSC-CS 5.60 ± 2.37 6.02 ± 2.27 0.32 ± 0.26 (*) 1.43 ± 0.62 

Sodium (mEq/l) 

Control 140.25 ± 1.04 142.02 ± 1.66 141.10 ± 1.16 138.26 ± 1.13 

alloADSC 138.82 ± 1.20 139.94 ± 1.30 142.39 ± 1.36 138.75 ± 1.28 

alloADSC-CS 140.16 ± 0.92 141.79 ± 2.93 138.41 ± 2.46 138.84 ± 0.97 

Chloride (mEq/l) 

Control 96.72 ± 1.12 97.92 ± 1.12 96.40 ± 0.89 96.25 ± 0.89 

alloADSC 95.66 ± 0.86 95.72 ± 1.03 97.90 ± 1.18 96.35 ± 1.11 

alloADSC-CS 97.21 ± 0.62 97.96 ± 2.43 95.57 ± 1.46 95.96 ± 0.43 

Potassium (mEq/l) 

Control 6.45 ± 0.52 5.96 ± 0.55 5.70 ± 0.50 5.49 ± 0.38 

alloADSC 6.12 ± 0.45 5.60 ± 0.53 5.51 ± 0.54 5.47 ± 0.44 

alloADSC-CS 5.99 ± 0.63 5.58 ± 0.43 5.22 ± 0.41 5.86 ± 0.39 

 

4.2.1.7. Inflammatory cell infiltration in the ischemic heart  

Finally, in order to determine if the implantation of alloADSC-CS (or alloADSC alone) 

induced a local inflammatory reaction in the heart, lymphocyte and macrophage recruitment 

was histologically analysed in cardiac tissue sections at day 90 post-implant. The results did not 
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show significant differences in the heart CD3+ infiltrated lymphocytes, between the treated 

animals and the control ones (Fig. 32). Also, a low amount of infiltrated CD68+ macrophages 

was found at the implantation sites in the three experimental groups, as only, 55 ± 41 and 57 ± 

31 CD68+ cells/mm2 were counted respectively in the implantation sites of the alloADSC and 

alloADSC-CS implanted groups, which were similar to the values quantified in the control group; 

46 ± 25 CD68+ cells/mm2. 

Fig. 32. Lymphocyte quantification in the implantation zone. Immunohistochemical analysis of heart 
sections did not show differences in the quantity of CD3+ lymphocytes among (A) control, (B) alloADSC and 
(C) alloADSC-CS groups at day 90 post-implantation. Scale Bars: 100 µm. Mean ± SEM values are 
represented. Data of 8 pigs per experimental group included. 

 

4.3. In vitro study of the immunological effect of human allogeneic ADSC seeded on a 

collagen scaffold  

We have demonstrated that the implantation of the alloADSC-CS in vivo is safe and does 

not elicit an adverse immune response in our rodent and porcine models. In vitro studies were 

next performed in order to assess, now in the human context, the putative lack of alloreactivity 

towards the human ADSC when seeded in a collagen scaffold and to better understand the 

mesenchymal cells immunomodulatory action when co-cultured with human Peripheral Blood 
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Mononuclear Cells (PBMC). Lymphocyte proliferative responses, anti- and pro-inflammatory 

cytokine production and phenotypic changes were defined by flow cytometry analysis for this 

purpose. 

4.3.1. Lymphocyte proliferative response towards alloADSC-CS  

With the aim of assessing the putative alloreactive response towards the human 

alloADSC-CS, PBMC were co-cultured with the cellularized patch for 96h. Lymphocyte´s  

proliferative response would be expected in case of an allogeneic reaction of the immune cells 

towards the cellularized patch. In this experiment, neither CD4+ or CD8+ lymphocytes 

proliferated when co-cultured with the alloADSC seeded on the CS in comparison with those 

cultured on top of the CS alone, demonstrating lack of alloreactivity against the mesenchymal 

cells (Fig. 33). Additionally, to study if the alloADSC-CS exerted an immunomodulatory action, 

lymphocytes proliferation was stimulated by adding PHA to the co-cultures. Flow cytometry 

results showed that alloADSC-CS significantly inhibited the proliferation of the PHA-stimulated 

CD4+ as well as CD8+ lymphocytes, when compared to the lymphocytes cultured alone on top 

of the CS. These results confirmed the immunomodulatory properties of the cellularized scaffold 

(Fig. 33). 
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Fig. 33. Lymphocytes proliferative response in the presence of alloADSC-CS. In a basal state (without PHA-
stimuli) lymphocytes co-cultured either with the alloADSC-CS or the CS alone did not proliferate in both CD4+ 
and CD8+ lymphocyte subpopulations, meaning that no alloreactivity was generated against the cellularized 
patch. When PHA (1 µg/ml) was added to the cultures in order to stimulate lymphocyte proliferation, a 
significant inhibition was observed in the lymphocytes co-cultured with the alloADSC-CS, which was not 
observed in the CS group, confirming the potent immunomodulatory effect exerted by the ADSC. Data was 
obtained from 5 independent experiments. Mean ± SEM values are represented. Significant differences 
between groups mean values are indicated as (*) p <0.05.  

4.3.2. Phenotypic characterization and cytokine production profile of lymphocytes co-cultured 

with alloADSC-CS 

Lymphocyte phenotypic changes induced by the presence of the cellularized patch were 

also assessed. For that purpose, PBMC were co-cultured for 96 hours with alloADSC-CS or the 

CS alone and percentages of lymphocyte subpopulations such as naïve, effector, regulatory or 

memory cells, as well as the expression of activation markers and the production of pro-

inflammatory and anti-inflammatory cytokines were studied. 

4.3.2.1. Phenotypical characterization of lymphocytes and ADSC, after co-culture  

After 96 hours of human PBMC co-culture with the human alloADSC-CS, the percentages 

of effector, T-regulatory, effector memory (EM) or central memory (CM) lymphocytes 

subpopulations were quantified. In the hypothetical case that allorecognition had occurred 

towards the alloADSC-CS, an increase of the effector lymphocyte subpopulation would have 

been expected. Importantly, this polarization towards the effector phenotype was not found 

after 4 days of co-culture, which could demonstrate the lack of an alloreactive response, both in 
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CD4+ and CD8+ lymphocytes. No significant alteration of EM or CM subpopulations was found 

neither, accompanied by the maintenance of the naïve lymphocyte subpopulation (Fig. 34).   

Fig. 34. Lymphocyte subpopulations after co-culture with alloADSC-CS. Changes in subpopulation 
percentages were not observed in the lymphocytes after co-culture with alloADSC. (A) Naïve, Effector cells, 
Effector Memory and Central Memory cells percentage of the total CD4+ lymphocyte population and (B) of 
the total CD8+ lymphocyte population. Data was obtained from 6 independent experiments. Mean ± SEM 
values are represented.  

 

Additionally, the expression of the membrane activation markers HLA-DR and CD137 in 

the lymphocytes after the co-culture with alloADSC-CS or CS alone was also determined. The 

lymphocytes co-cultured with alloADSC-CS showed a significant decrease in the expression of 

the activation marker HLA-DR (MHC-II) in both CD4+ and CD8+ cells, comparing with the PBMC 

cultured alone on top of the CS, not only demonstrating the lack of alloreactivity but also the 

potent immunomodulatory effect of the ADSC towards the lymphocyte population. Moreover, 

a significant decrease of CD137, a marker which is normally found in proliferating lymphocytes, 

was found in the CD4+ lymphocytes co-cultured with the alloADSC-CS comparing to the ones 

cultured alone on top of the CS. This diminishment was not found in CD8+ lymphocytes though 

(Fig. 35). 
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Fig. 35. Expression of lymphocyte activation markers after co-culture with alloADSC-CS. (A) Percentage of 
positive cells for HLA-DR and CD137 markers in the CD4+ lymphocyte population and (B) CD8+ lymphocyte 
population is shown. Data was obtained from 5 independent experiments. Mean ± SEM values are 
represented. Significant differences between groups mean values are indicated as (*) p <0.05 and (**) p 
<0.01. 

Programmed death-1 (PD-1) is also an important regulator in T cell activation and 

homeostatic control through cell-cell contact-dependent immunomodulation. A significant 

decrease in both CD4+ PD1+ and CD8+PD1+ lymphocytes were detected in the PBMC co-

cultured with alloADSC-CS compared to the ones cultured onto the CS alone (Fig. 36A). 

Interestingly, when analyzing the membrane markers in the mesenchymal stem cells, a 

significant higher expression of PDL1 (ligand for PD1) was found in the ADSC co-cultured with 

the PBMC in comparison with the ADSC cultured alone on top of the CS, in which PD1L 

expression was minimal. This can be explained as a cell-to-cell contact-dependent 

immunomodulation mechanism exerted by the ADSC towards the lymphocytes, mediated by 

the PD1-PD1L axis (Fig. 36B). No alterations were found in the CD137L membrane marker in the 

ADSC (data not shown).  
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Fig. 36. PD1L-PD1 dependent immunomodulation. A significant diminution in PD1 marker expression was 
observed in the lymphocytes co-cultured with the alloADSC-CS, in comparison with the ones cultured alone. 
Additionally, CD90+ mesenchymal cells in co-culture with PBMC significantly increased the expression of 
PD1L comparing to ADSC cultured alone, in which the expression of this molecule was minimal. (A) 
Percentage of PD1+ lymphocytes in the population when co-cultured with alloADSC-CS or alone. (B) 
Percentage of PD1L+ ADSC in the co-cultures or alone. Data was obtained from 6 independent experiments. 
Mean ± SEM values are represented. Significant differences between groups mean values are indicated as 
*: p <0.05 and **: p <0.01.  

4.3.2.2. Lymphocyte cytokine secretion patterns after co-culture with alloADSC-CS 

Finally, in order to analyse in depth the alloADSC-CS immunomodulatory potential and 

lack of alloreactivity on the lymphocytic population, the lymphocyte cytokine secretion profile 

was evaluated. When lymphocytes in a basal state were co-cultured with alloADSC-CS for 4 days, 

no production of pro-inflammatory (IL-2, TNFα and IFNγ) cytokines was detected. These results 

indicate no alloreactivity towards the allogenic ADSC. Additionally, after the addition of PMA 

(0.5 µg/ml) and Ionomycin (1µg/ml) to the medium, which stimulates lymphocyte cytokine 

production, the alloADSC-CS significantly inhibited the production of IL-2, TNFα and IFNγ by both 

CD4+ and CD8+ lymphocytes, comparing to the control cultures (Fig. 37). In contrast, no major 

differences were observed in the production of IL-10 and IL-17 anti-inflammatory cytokines by 

the lymphocytes when co-cultured with the alloADSC-CS, which expressed the cytokines at low 

basal levels (Fig. 37). 
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Fig. 37. Cytokine production by lymphocytes after activation with PMA/Ionomycin and co-culture with 
alloADSC-CS. Significant decreases in the production of the pro-inflammatory cytokines IL-2, TNFα and IFNγ 
were found in lymphocytes co-cultured with the alloADSC-CS, in comparison with lymphocytes seeded on 
the CS alone, both in CD4+ and CD8+ subpopulations. However, no significant differences were observed 
between groups in the anti-inflammatory cytokines (IL-10 and IL-17) production. Data was obtained from 6 
independent experiments. Mean ± SEM values are represented. Significant differences between groups 
mean values are indicated as *: p <0.05 and **: p <0.01.  

In summary, all this data demonstrated that alloADSC-CS did not induce an allogeneic 

response and confirmed its immunomodulatory capacity in a human in vitro context.  

4.4. Fabrication and characterization of bilayer collagen scaffolds for SDF-1 delivery  

With the aim to improve the therapeutic properties of our CS, we next developed a 

protocol for functionalizing it with growth factors. By the implantation of a cytokine-loaded 

scaffold in the infarcted myocardium, these factors could be delivered into the ischemic zone 

and exert a therapeutical effect. With that purpose, we have engineered a bilayer collagen 

scaffold (bCS) cytokine delivery system, that combined the CS produced by Naturin Viscofan as 

structural support and a collagen hydrogel embedded with SDF-1, adhered to the top of the 

scaffold.  
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4.4.1. Preparation and characterization of collagen hydrogels 

 The collagen hydrogels were prepared following the methodology shown in Fig. 38, 

using 4-arm-PEG as crosslinking agent and a collagen stock solution of 6 mg/ml concentration. 

A detailed protocol to prepare these hydrogels is shown in the methodology section 3.6.1. For 

their mechanical and chemical characterization, ultrastructure analysis, in vitro cytotoxicity and 

SDF-1 release pattern assessment, 200 µl spherical hydrogels were successfully prepared 

following the previously described methodology.  

Fig. 38. Preparation of collagen hydrogels crosslinked with 4-arm-PEG. (A) Protocol steps for hydrogels 
preparation. (B) Round-shaped hydrogels with a final volume of 200 µl were fabricated for chemical, 
mechanical and biological characterization.  

4.4.2. Mechanical properties of collagen hydrogels 

Rheological studies were performed for the mechanical characterization of 3 mg/ml and 

5mg/ml collagen hydrogels. The hydrogels with a collagen concentration of 3 mg/ml exhibited 

lower storage modulus (G’) values than the 5 mg/ml ones, when exposed to a frequency sweep 

test. Storage Modulus (G’) values for the 3 and 5 mg/ml hydrogels were 393 ± 48 Pa and 1319 ± 

416 Pa respectively, at 1 Hz of frequency, close to human heart rate (1.25 Hz) (Fig. 39A). The 

storage modulus is an indicator of the hydrogel’s ability to store deformation energy in an elastic 

manner. G' values in the linear viscoelastic region translates to the stiffness and gel strength 

given by an adequate crosslinking of the polymeric chains. Therefore, as expected, a greater 

storage modulus was found with a higher concentration of collagen. In the same line, the 

amplitude sweep showed a significantly lower storage modulus in the 3 mg/ml hydrogels than 

in the 5 mg/ml hydrogels (Fig. 39B). 
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Fig. 39. Rheological assessment of collagen hydrogels. Hydrogels prepared at 5 mg/ml collagen showed a 
greater storage modulus comparing with the 3 mg/ml hydrogels, both at frequency and amplitude sweep. 
(A) Frequency sweep with a shearing frequency from 0-10 Hz. (B) Amplitude sweep with a shear strain 
against the hydrogel from 0 – 100% (n=3). Mean ± SD values are represented. 

4.4.3. Crosslinking efficiency in collagen hydrogels 

Optimal crosslinking efficiency was confirmed by TNBSA assay in both 3 mg/ml and 5 

mg/ml collagen hydrogels. Polymers of 5mg/ml concentration showed an 87 ± 13% crosslinking 

efficiency meanwhile the 3 mg/ml collagen hydrogel value was 100 ± 3%. The steric impediments 

due to an increased polymer chain density in 5mg/ml collagen hydrogels could reduce the 

availability of the functional groups for covalent crosslinking that explains the lower levels of 

crosslinking efficiency. This increased polymer chain density also rises the storage moduli, as it 

is more difficult for the collagen chains to slide over each other.  

4.4.4. Ultrastructural characterization of hydrogels by Scanning Electron Microscopy  

The microstructure of 3 mg/ml and 5 mg/ml hydrogels was analysed by Scanning 

Electron Microscopy (SEM), showing that the porosity and the pore size of the fabricated 

collagen hydrogels decreased as concentration of collagen increased (Table 24). This responds 

to an increased interconnectivity due to an efficient crosslinking and a more compact 

microstructure when the polymer concentration is higher. The decrease of porosity (from 3 

mg/ml to 5 mg/ml hydrogels) and corresponding change of morphology, could be confirmed 

qualitatively by mere inspection of the SEM micrographs (Fig. 40). Morphologically, the 3 mg/ml 

collagen hydrogels presented an open-pore but less defined structure when compared to 5 

mg/ml collagen hydrogels presenting a more defined and closed-pore microstructure. 

 

 



Results 

127 
 

Table 24.  Porosity and pore size of the collagen hydrogels. Analyses were performed in 3 different 
hydrogels. Mean ± SD values are represented. 
 

Collagen hydrogel 
concentration 

Porosity (%) Pore size (µm) 

3 mg/ml 78.98 ± 2.32 25.86 ± 6.04 

5 mg/ml 72.56 ± 2.45 11.86 ± 2.68 

 

Fig. 40. Representative collagen hydrogels SEM micrographs. (A) Microstructure of the 3 mg/ml hydrogel 
and (B) of the 5 mg/m hydrogel. (Aii) and (Bii) display more detailed magnifications showing pore 
morphology and microstructure integrity. Hydrogels of 5 mg/ml collagen present a more defined and closed-
pore microstructure comparing with the open-pore and less dense pore distribution of the 3 mg/ml 
hydrogels. Scale bars: 50 µm, 10 µm.  

4.4.5. In vitro assessment of collagen hydrogels biodegradation 

The degradation profile of 3 mg/ml and 5 mg/ml collagen hydrogels was assessed by 

incubating them at 37ºC with increasing concentrations of collagenase-IV (25, 50 and 100 

ng/ml). The presence of this enzyme at the given concentrations might emulate heart 

pathological conditions [124]. Gels were also incubated in PBS as control. As expected, the 5 

mg/ml hydrogels lasted longer than the 3 mg/ml when incubated at any collagenase 

concentration. Thus, 5 mg/ml hydrogels lasted up to 5 days in 25 ng/ml collagenase whereas the 

3 mg/ml hydrogels degraded before 48 hours. All the hydrogels incubated in PBS lasted up to 5 

days without showing degradation (Fig. 41).  
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Fig. 41. Degradation profile of 3 mg/ml and 5 mg/ml collagen hydrogels incubated with collagenase. The 3 
mg/ml hydrogels degraded with a faster pace in collagenase containing media comparing to the 5 mg/ml 
collagen hydrogels. In overall, the lower the concentration of the collagenase, the lower the degradation 
rate of both 3 and 5 mg/ml collagen hydrogels. The 5 mg/ml hydrogels lasted up to 120 hours in 25 ng/ml 
collagenase containing media. Both 3 mg/ml and 5 mg/ml hydrogels incubated in PBS (0 ng/ml collagenase) 
did not degrade for up to 120 hours. Three gels were used for the 3 mg/ml concentrations and two for the 
5 mg/ml concentrations. Hydrogels gaining mass depended on the swelling of the hydrogel. Diminution of 
the hydrogel mass was related to the biodegradation caused by the collagenase in the media. Mean values 
of the percentages of the hydrogels mass are represented and error bars correspond to SD. 
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4.4.6. SDF-1 release kinetics in collagen hydrogels 

In view of the mechanical properties and degradation profile of the 5 mg/ml and 3 

mg/ml hydrogels, the highest collagen concentration was chosen for hydrogel cytokine 

encapsulation and following in vivo studies. Cytokine release pattern was next determined in 

hydrogels loaded with 100 ng of SDF-1 and incubated at 37ºC in 25 ng/ml of collagenase solution. 

ELISA measurements showed a sustained and progressive SDF-1 release, with a total cytokine 

release (93.3 ± 7.3%) after 120 hours of incubation (Fig. 42).  

Fig. 42. In vitro assessment of SDF-1 release profile in collagen hydrogels.  Hydrogels were incubated with 
25 ng/ml collagenase for 120 hours. Released SDF-1 was quantified by ELISA from 0-120 hours. Hydrogels 
incubated with 25 ng/ml collagenase showed a progressive and sustained release of SDF-1 (n=3). Mean ± 
SD values are represented.  

4.4.7. Biocompatibility of collagen hydrogels with cardiac and mesenchymal stem cells 

The putative cytotoxicity of 5mg/ml collagen hydrogels over cardiac or mesenchymal 

stem cells was determined by co-incubation of the hydrogels with the different cell types, for 72 

and 168 hours. Alamar Blue® assays were performed at these time-points to determine the 

metabolic activity of the cells. Both, HL1 and ADSC cells did not show alterations in the metabolic 

activity after the co-culture in the presence of collagen hydrogels, in comparison with cells 

cultured alone, demonstrating the biocompatibility of the hydrogel (Fig. 43).  
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Fig. 43. In vitro assessment of collagen hydrogels cytotoxicity in HL1 cardiac cells and ADSC. Fold change in 
metabolic activity of cells cultured in the presence of the collagen hydrogel versus those cultured in regular 
conditions without the hydrogel is shown. No significant differences were found in the metabolic activity of 
(A) HL1 and (B) ADSC and cells in the presence of the hydrogels after 72 and 168 hours of incubation (n=3). 
Data is represented as Mean ± SD. 

4.4.8. SDF-1 bioactivity after its release from collagen hydrogels 

To confirm the bioactivity of SDF-1 after being released from the collagen hydrogels, a 

migration assay was performed with HUVEC in a transwell system. SDF-1 loaded hydrogels were 

incubated with 25 ng/ml collagenase and supernatants collected, then the released SDF-1 was 

quantified by ELISA and diluted in culture media to a final concentration of 20 ng/ml. Released 

SDF-1 bioactivity was tested by a HUVEC migratory assay. Results showed that SDF-1 loaded in 

the hydrogels induce HUVEC migration through a transwell in a similar level than the free 

cytokine at similar concentration, confirming SDF-1 bioactivity after being loaded and released 

from the hydrogels (Fig. 44).  
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Fig. 44. Effect of SDF-1 on HUVEC migration in vitro. Migrated cells were stained with Harris Haematoxylin 
in transwell membranes and quantified after 8 hours of stimulation with SDF-1. Representative pictures 
show migrated HUVEC after culture in (A) Serum Free Media (SFM) (Negative Control), (B) Stimulation media 
with human SDF-1 at 20 ng/ml (in SFM), (C) Stimulation media with human SDF-1 released from collagen 
hydrogels and diluted in SFM at 20 ng/ml (CH-SDF1) and (D) Complete Medium (Positive control). (E) Fold 
increase in the number of migrated HUVEC cells in different experimental groups versus non-stimulated cells 
(SFM) is shown. Data was obtained from 6 independent experiments. Mean ± SD values are represented. 
Significant differences obtained in ANOVA test between the experimental groups and the SFM group are 
indicated as (*) p <0.05, (**) p <0.01 and (***) p<0.001. 
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4.4.9. In vivo biocompatibility of the bilayer collagen scaffold in a rat subacute MI 

experimental model  

For implantation purposes, 75 µl disc-shaped hydrogels were prepared on top of the 

collagen membrane, using a frame system, forming a bCS as explained in section 3.6.6.1. These 

scaffolds were sutured to the heart a week after inducing the infarct in a rat model, covering the 

infarct and peri-infarct zones of the ventricle. Hearts were histologically analysed at 7 and 30 

days post-implant to confirm the biocompatibility of the material with the host. 

At the stated times (7 and 30 days post-implantation), the animals were euthanised, and 

the hearts macroscopically analysed and processed for histological analysis. Macroscopical 

analysis and Sirius Red staining showed a good integration of the bCS at day 7 post-implant being 

by day 30 post-implant practically degraded (Fig. 45A-B). The degree of inflammatory reaction 

against the bCS was also analysed and quantified by H&E staining by quantifying the number of 

infiltrated cells in the implantation zones (Fig. 45C). A moderate inflammatory reaction was 

found in the implanted animals at day 7, that was similar to the one found in the non-implanted 

hearts, being mainly attributable to the infarction induction. At day 30 post-implant, 

inflammation was reduced to minimal levels as consequence of the absorption and 

biodegradation of the majority of the bCS, and no statistically significant differences were noted 

between the implanted and the Sham group (Fig. 45D). All together, these results confirm the 

high biocompatibility of the collagen bCS with the cardiac tissue. 
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Fig. 45. Analysis of bCS biocompatibility after implantation in the infarcted heart. (A) Representative pictures 
of hearts implanted with the bCS at days 7 and day 30 post-implant. Patch implantation (indicated in yellow) 
was clearly distinguishable at day 7 but almost degraded by day 30 post-implantation. (B) Sirius Red staining 
of the hearts sections showed a good integration of the bCS at 7 day post-implantation that was practically 
degraded by day 30. Blue line delimitates the bCS and the cardiac tissue. (C) Haematoxilin & Eosin stained 
heart sections at the bCS implantation zones or Sham hearts. Arrows indicate the presence of the collagen 
membrane and asterisks the location of the 5mg/ml hydrogels. A significant inflammatory reaction against 
the bCS in the infarcted hearts was not found at day 7 or 30 post-implant. (D) Fold increase in the number 
of inflammatory cells counted (in the infarct zone) in the bCS implanted animals versus Sham group. Mean 
and SD are represented from a total of three animals per group.  

 

4.4.10. Therapeutic effect of the SDF1-bCS in a rat subacute infarct model  

Once the biocompatibility of the bCS system was confirmed in vitro and in vivo, the 

therapeutic effect of the bCS loaded with SDF-1 was analyzed in a rat subacute MI model. 

Cardiac functional improvement was assessed by echocardiography 2 months after patch 

implantation by measuring cardiac remodelling parameters such as ESV and EDV and functional 

parameters as EF and FS and comparing them to the baseline values taken at 2 days pre-implant. 

Deleterious remodelling of the heart after the infarct and dilation of the cardiac wall was 

evidenced by a significant augment in the ESV values in the groups which did not receive SDF-1 

(Sham and Control groups). Importantly, these values remained similar to the baseline in the 

animals treated with the bCS loaded with SDF-1 at the three different doses (1, 10 and 25 µg) 

(Fig.46A), not showing a significant augment. Moreover, EDV values did not significantly 

increase in the animals treated with 10 µg of SDF-1 either (Fig.46B).  
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Fig 46. Cardiac remodelling assessed by echocardiography after the implant of the functionalized bCS. (A) 
ESV and (B) EDV values were measured by echocardiography 5 days after MI induction (2 days pre-implant) 
and 60 days after of the implantation of the bCS (loaded or not with SDF-1 at different doses (1µg (SDF1), 
10µg (SDF10) or 25µg of SDF-1 cytokine (SDF25) per patch). A sham group operated but not implanted with 
the bCS was included as control. Statistical significance is calculated by ANOVA with SIDAK comparisons 
between the baseline and day 60 post-implantation and represented as (*) p <0.05, (**) p <0.01, and (****) 
p<0.0001. Data was obtained from 5-7 animals per group. Mean ± SD values are represented.  

Correlating with the cardiac remodelling parameters, a significant improvement in the FS was 

also detected in the animals treated with the bCS loaded with SDF-1 at the three different doses 

(1, 10 and 25 µg) (Fig. 47A). Furthermore, a significant elevation of the EF was also found in the 

animals treated with SDF-1 at the dose of 1 µg, when compared to their pre-implantation values 

(Fig. 47B). Despite it did not reach significance (P=0.057), a strong tendency for an EF 

improvement was also detected in the animals treated with the dose of 10 µg of SDF-1. 

Fig 47. Cardiac function parameters after the implant of the functionalized bCS. (A) FS and (B) EF 
percentages were measured by echocardiography 5 days after MI induction (2 days pre-implant) and 60 
days after of the implantation of the bCS (loaded or not with SDF-1 at different doses (1µg (SDF1), 10µg 
(SDF10) or 25µg of SDF-1 cytokine (SDF25) per scaffold). A sham group operated but not implanted with the 
bCS was included as control. Statistical significance is calculated by ANOVA with SIDAK comparisons 
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between the baseline and day 60 post-MI echocardiographic data for each group: (#) p=0.057 (*) p <0.05, 
(**) p <0.01, (***) p<0.001. Data was obtained from 5-7 animals per group. Mean ± SEM values are 
represented. 
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A large number of studies, both at preclinical and clinical levels, have shown the MSC 

potential as a cell therapy product to treat different diseases, including ischemic 

cardiomyopathies (reviewed at [27] and [28]). However, cardiac benefit of MSC has been 

diminished by their limited degree of engraftment and survival in the ischemic heart. 

Additionally, some other issues related with the MSC immunological profile are still being 

evaluated in order to clinically use cells of allogeneic origin (reviewed in [78] and [125]).  

In our group, we have previously used CS as cell support, which has made possible to 

alleviate the problem of the limited cell graft. This patch system has shown promising results in 

the shape of recovery of the heart function and amelioration of the deleterious remodelling of 

the infarcted myocardium [55][100]. Our studies, and most published ones, have been 

performed with autologous MSC though, thus having some potential limitations for its clinical 

use. It is known that MSC isolated from elderly donors have decreased biological activity 

affecting their efficacy for potential treatments [126][127]. Also, different systemic diseases, 

such as diabetes and rheumatoid arthritis, can alter the intrinsic properties of MSC and 

consequently their trophic effect [128][129]. Furthermore, autologous MSC extraction is time-

consuming and laborious, and needs for validation each time that new cells are derived, delaying 

the treatment of the disease. In contrast, allogeneic MSC can be obtained from young and 

healthy donors and stockpiled in a “ready-to-use” format that can be immediately administered 

when the need arises. In addition, commercial allogeneic MSC production can certainly 

guarantee quality controls and reduce the cost of cell therapies (reviewed in [71]).  

Following this idea, we evaluated the safety and immunological action of our collagen 

membrane cellularized with allogeneic ADSC (namely alloADSC-CS in our study), both in vitro 

and in vivo. Our aim was to translate this system to the clinic in the short term, and for that 

purpose, it was mandatory to test the safety of its use first. Importantly, in order to be able to 

use a medical device in the clinical scenario, this must be generated following GMP standards. 

In our case, the CS were produced by Naturin-Viscofan (Germany) following all the GMP 

regulatory and quality requirements. In the same line, human ADSC were derived, characterized 

and validated for research and clinical purposes by 3P BioPharmaceuticals (Spain), according to 

all the ethical, legal and procedural guidelines.  

With the aim of assessing the safety of the use of ADSC when combined with the CS, we 

evaluated, under GLP conditions, its potential tumorigenicity, toxicity and biodistribution in vivo. 

As expected, we did not observe any trace of tumour formation or any abnormal cell 

differentiation eight months after its subcutaneous implantation into immunosuppressed mice. 

Several studies have similarly proven the lack of tumorigenicity of MSC alone in vitro [130] and 
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in vivo when injected in immunosuppressed rodents [131][132][133]. To extend the biosecurity 

profile of our system, we also carried a toxicity study in a rat immunosuppressed model, in which 

we implanted the cellularized scaffold either on healthy or infarcted hearts. Again, no relevant 

toxicity markers were observed in the parameters measured, such as changes in animals weight 

or food intake as well as blood and urine biochemical parameters, for up to 90 days post-

implantation. Anatomopathological assessment of the hearts did not reveal any tissue 

abnormality after the patch implantation neither. Likewise, no tumorigenic or toxic findings have 

been shown to be elicited by exogenous ADSC when mixed with an absorbable biomaterial 

(CellSaic®) and implanted in a colitis mice model [134]. Moreover, in another study performed 

to test the putative toxicity elicited by human BM-MSC seeded on a porous tricalcium phosphate 

scaffolds and subcutaneously or intramuscularly implanted in mice, no deaths or adverse events 

were found for up to 12 weeks [135]. It is worth mentioning the study carried by Daum et al., as 

they also tested the “Collagen Cell Carrier” manufactured by Viscofan and used in our studies. 

In their case, the scaffold was cellularized with human urothelial cells and implanted into the 

rectus abdominis muscle in a immunodepressed rat model, confirming its biocompatibility, as 

the urothelium-matrix-constructs integrated well in the host tissue and were almost completely 

degraded after 4 weeks. Moreover, no severe inflammatory reactions were detected and 

animals did not show any adverse effects due to implantation [136]. Additionally, the safety and 

feasibility of this system was also tested in a porcine model of urethral stricture. Again, no 

toxicity, SAE or inflammatory responses were found in the treated animals [137]. These results 

also fit with our previous analyses of the collagen patch biocompatibility in rat and minipig 

models, where a good tolerance to the membrane followed by the biodegradation of the 

polymer was observed [99][100]. Furthermore, a good in vivo biocompatibility profile of the 

unseeded Collagen Cell Carrier® was observed by Rahmanian-Schwarz et al. when 

subcutaneously implanted in rats, as the patch showed good integration without scarring or 

inflammation over a period of 6 weeks. Also, histological evaluation after 14 weeks revealed no 

evidence of encapsulation, scar formation, or long-term inflammation, being the collagen 

membrane completely absorbed by that time [138].  

Finally, we deemed important for safety purposes, to determine the fate of the 

implanted cells. For that purpose, we carried out a biodistribution study where the patch seeded 

with rat GFP+-ADSC was intramyocardially implanted in an immunocompetent MI rat model. By 

this strategy, we were able to track the distribution of the ADSC, confirming that cells did not 

migrate to any of the organs analysed (including brain and reproductive organs). As previously 

reported by our group [122], we again confirmed the presence of ADSC for up to 1 month, 
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significantly improving the number and timing of engrafted cells at the injury zone, therefore 

improving their therapeutic action. 

Additionally, and since we were willing to use cells of allogeneic origin, we analysed the 

inflammatory and immune response towards our alloADSC-CS patch in a chronically infarcted 

preclinical pig model. After the implantation of the alloADSC-CS in the porcine hearts, no 

significant responses were in general detected in the evolution of monocyte, granulocyte, NK 

and leukocyte populations at systemic levels. Furthermore, the immunological activation state 

of the lymphocyte subpopulations remained unaltered in the animals treated with the 

cellularized scaffold. Immunoglobulins and serum protein levels were not abnormally altered in 

response towards the allogeneic patch neither, and blood biochemical parameters indicated a 

well-preserved hepatic and renal function in all groups thorough the study. A diminution in 

blood C-Reactive protein levels in the group receiving the alloADSC-CS was also detected, 

suggesting the patch anti-inflammatory effect. Finally, a significant macrophage and lymphocyte 

infiltration was not found at the hearts treated with the alloADSC-CS or the cells alone, 

comparing to the control group. Remains of the patch at the implantation site were not found 

neither at the sacrifice time, 90 days post-implant, which would explain the lack of chronic 

inflammation. In any case, our group has also previously analysed the biocompatibility and 

inflammatory reaction against the CS at early time-points after the implant, showing a moderate 

degree of macrophage infiltration [100][121]. Foremost, a prominent M2-type anti-

inflammatory macrophage phenotype was found, which could in fact be beneficial for cardiac 

recovery after an ischemic event [121].  

Regarding the role of the mesenchymal cells in the allogeneic context, several preclinical 

studies have reported some degree of immune activation/recognition and response by the host, 

following allogeneic MSC infusion or implantation [75] [77]; yet, we did not recognise 

immunological alterations in our immunocompetent pig MI model after the alloADSC-CS 

implantation. Therefore, after examining the results obtained from the tumorigenicity, toxicity 

and biodistribution studies in rodents together with the ones acquired in the immunological 

study performed in pigs, we could conclude that the treatment of MI with the alloADSC-CS patch 

is safe and do not induce an adverse inflammatory or immunologic reaction. 

Next, and with the purpose of better understanding the immunological response elicited 

by the alloADSC-CS in the human context, we carried out an in vitro study in which the human 

ADSC seeded in the collagen patch were co-cultured with allogeneic PBMC. It is known that 

lymphocytes play a key role in allograft rejection through the recognition of allogeneic surface 

antigens [139][140]. Hence, our study was performed with the objective to first assess the 
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putative allorecognition elicited by them towards the allogeneic ADSC. The allorecognition of 

the exogenous cells by the lymphocytes requires co-stimulatory molecules presented by 

activated macrophages, dendritic cells or other APC-cells [141], so, following this idea, we 

stablished our co-cultures with PBMC, which contain the whole array of immune cell 

populations, and not only the purified lymphocyte population.  

Regarding the alloreactivity elicited by our alloADSC-CS, we have shown that when co-

cultured with PBMC, the CD4+ or CD8+ lymphocyte subsets did not proliferate nor express 

higher levels of pro-inflammatory cytokines. There is indeed a concern about the 

immunogenicity of allogeneic MSC, especially when these are implanted, as they can get 

activated when exposed to IFN-γ or other inflammatory stimulus [140]. In this setting, a 

limitation in our study could be the absence of factors or cytokines in the cultures that are 

present in pro-inflammatory circumstances that might activate or differentiate the ADSC, 

making them more immunogenic. Indeed, the process of necrotic cell phagocytosis in the 

ischemic cardiomyopathy setting, leads to the release of pro-inflammatory mediators, such as 

IFN-γ and TNF-α to the microenvironment, so it would have been interesting to add those factors 

to the co-cultures.  

In addition to the lack of alloreactivity, we have also confirmed the potent ADSC 

immunomodulatory capacity also when prepared as a collagen patch. In the proliferation assay, 

in which we stimulated the lymphocyte’s proliferation by the addition of PHA to the cultures, 

both CD4+ and CD8+ lymphocytes cultured with the alloADSC-CS experienced a nearly 4-fold 

decrease in their proliferation rate, comparing to the control cultures. The fact that our ADSC 

are seeded in a CS does not limit their immunomodulatory properties, as our data is consistent 

with the results obtained in similar experiments, in which MSC also inhibited lymphocyte 

proliferation after exogenous mitogenic stimulation [142][143][144][145]. For instance, Van 

Megen et al. stimulated lymphocyte proliferation with a CD3/CD28 microbead system, achieving 

a very high proliferative response. After the co-culture with their HLA-mismatched MSC 

(allogeneic co-culture), a 2-fold diminution in proliferation index was observed in the 

lymphocytes [143]. In a similar approach, Mareshci et al. compared the inhibitory effect of bone 

marrow, placenta and amniotic fluid-derived MSC in the proliferation of a PHA-activated PBMC. 

All the three different types of MSC significantly inhibited the proliferation of the T-cells  in the 

co-culture, being the BM-MSC the ones that exhibited the most potent inhibitory effect among 

them [145].  

We have also analysed the phenotype and activation state of the lymphocytes in the co-

cultures, by assessing the percentages of lymphocyte subpopulations and different membrane 
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markers such as HLA-DR and CD137 among others, known to be overexpressed in stimulated 

lymphocytes [146]. We did not observe any abnormal change in the lymphocyte subpopulations, 

and the Naïve, Effector, EM or CM lymphocytes percentages remained in similar levels both in 

the co-cultured PBMC or the control ones (cultured alone). However, we found that the 

expression of the membrane activation marker HLA-DR was significantly diminished in both 

CD4+ and CD8+ lymphocytes when co-cultured with our alloADSC-CS. In addition, we have 

studied the presence of the CD137 surface molecule, which is rapidly expressed on activated and 

proliferative lymphocytes and it is established as a potent co-signal or co-stimulatory molecule 

found on activated T-cells [147][148]. Hereby, in our study, we have also shown a significant 

decrease in CD137 expression in the CD4+ lymphocytes upon co-culture with the alloADSC-CS, 

although this was not replicated in the CD8+ lymphocyte subset. It is important to mention that 

for the phenotypical analysis of the lymphocytes we did not add any type of pro-inflammatory 

stimuli such as IFN-γ and TNF-α to the co-cultures, however the addition of 300 IU/ml of IL-2 to 

the cultures may have activated the lymphocytes allowing us to observe the mentioned 

diminution of activation markers DR and CD137 by the presence of the alloADSC-CS.  

Interestingly, our results are in accordance with previous studies again, in which similar assays 

were developed to determine the immunomodulatory effect of MSC cultured on plastic. 

Alikarami et al. performed an in vitro study in which MSC derived from amniotic membrane were 

co-cultured with lymphocytes for 72 hours, demonstrating that the presence of the MSC 

diminished both the proliferative response of the lymphocytes and the expression marker HLA-

DR, upon activation with PHA [142]. Another mechanism by which the MSC wield their 

immunomodulatory action, is the one mediated by the PD1-PD1L axis. Programmed death-1 

(PD1) is an important regulator in T-cell activation and homeostatic control. Interestingly, it has 

been recently reported that this particular pathway plays a key role in contact-dependent 

mediated immunomodulation by MSC towards lymphocytes [49][143]. As described by Davies 

et al., we have shown that MSC in contact with the lymphocytes, express the PD1L molecule in 

a significant higher manner when compared to the ADSC cultured alone, emphasizing the 

importance of the external stimulation required to activate the immunomodulatory properties 

of the ADSC. Moreover, we have observed that our cellularized scaffold downregulated 

lymphocyte surface PD1 expression via cell-to-cell contact. Due to the activation occurred by the 

co-culture with the PBMC, ADSC overexpress PD1L, and consequently, mediated by a negative 

immunomodulatory feedback, a decrease in the lymphocyte PD1 surface molecules is observed.  

Finally, we have also studied the cytokine secretion patterns of the lymphocytes 

activated by PMA/Ionomycin in co-culture with the alloADSC-CS, showing that the ones co-
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cultured with the cellularized patch produced significantly lower levels of pro-inflammatory 

cytokines than the lymphocytes cultured alone. This, again, indicates a powerful 

immunosuppressive action of our cellularized patch, as similar results have been previously 

reported using MSC alone (without the CS) [145] [149]. For instance, in the study carried by 

Alikarami et al., which shared our methodology, a significant reduction in the production of IFNγ 

by the lymphocytes was shown, after a 72 hours co-culture with the MSC alone [142]. In a similar 

manner, Prassana et al. showed identical outcome in the pro-inflammatory lymphocyte cytokine 

secretion patterns when these were co-cultured with MSC, also reporting an increase in the 

production of the anti-inflammatory cytokine IL-10 [149]. On the contrary, in our study, we did 

not observe a significant increase in IL-10 or IL-17 anti-inflammatory cytokines.  

In summary, our overall results showed the absence of an immunological reaction in the 

PBMC´s lymphocyte population induced by the allogeneic origin of the ADSC when seeded in the 

CS. Furthermore, we have demonstrated that these cellularized scaffolds are able to modulate 

the proliferative response and the release of pro-inflammatory cytokines of the lymphocytes in 

vitro, upon mitogenic stimulation. Also, lymphocyte phenotypical activation markers are 

decreased in the presence of the alloADSC in the co-culture. These immunomodulatory effects 

exerted by our cellularized patch could be beneficial in a pro-inflammatory ischemic 

environment present in the MI, in which an excessive immune response leads to dysfunctional 

myocardium and negative remodelling process.   

The positive data obtained in this in vitro study, together with the safety parameters 

shown in the in vivo rodent models, the data attained in the porcine model and the improvement 

in heart function demonstrated in the previous studies performed by our group [99] [100], have 

made possible to translate the alloADSC-CS from the preclinical setting to the clinical 

environment. In fact, a Phase-1 clinical trial has been already designed, approved by the Spanish 

Agency of Medicaments and Healthy Products (AEMPS) and started in patients with chronic 

cardiomyopathies (EudraCT: 2017-004503-49 AEMPS: 17-0728). This clinical trial is ongoing at 

the Hospital Gregorio Marañón (Madrid), being carried out by the team of Dr. F. Fernández-

Avilés (Cardiology Department). 

In view of the biocompatibility and versality of our allogeneic patch, we moved forward 

and designed an improved version of the scaffold combined with therapeutic proteins. In 

collaboration with the group of Dr. A. Pandit at the CURAM Institute of the National University 

of Ireland Galway, we have created a CS functionalized with SDF-1, which could be ultimately 

seeded with ADSC and used to treat MI. Many approaches for biomaterials functionalization 

have been tested already by other researchers, with different biomaterials loaded with a wide 
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range of cytokines as Fstl-1, VEGF and PDGF among others, showing cardiac function recovery 

when tested in vivo [115][116][118]. For our study, we chose SDF-1, also named 

as chemokine CXCL12, as it is known to protect the heart from ischemic injury. SDF-1 is a potent 

chemoattractant, recruiting CXCR4+ cardiac and bone marrow-derived stem cells, which will be 

“guided” to the ischemic myocardium by the SDF-1 gradient, stimulating angiogenesis and 

vasculogenesis [9]. The natural expression of SDF-1 is increased in the heart ventricle after MI, 

however, the transient increase of SDF-1 production is not sufficient for tissue repair. Therefore, 

a sustained SDF-1 expression is required to promote cell survival and stem cell mobilization and 

recruitment [9][150]. Intravenous or intracardiac injections of the SDF-1 protein in acutely 

infarcted animals have already shown a functional benefit associated to a reduced infarct size 

and augmented angiogenesis (reviewed in [151]). In a different approach, implantation of SDF-

1-overexpressing MSC and other cell types such as fibroblasts or myoblasts into the damaged 

myocardium of rodent MI models has also shown to attain benefits in heart function recovery 

and angiogenesis [152][153]. Additionally, the overexpression of SDF-1 by the endogenous 

cardiac cells, via intramyocardial injection of adenoviral vectors has shown positive results in 

rats acute infarct by inducing vasculogenesis [154].   

In this scenario, we have engineered SDF-1 loaded systems to gradually delivering the 

cytokine to the infarcted myocardium, with the hypothesis that a constant release of the protein 

instead of a direct bolus injection could exert a more potent therapeutic effect. Other 

researchers have previously reported a controlled release of the cytokine with good results.  

Example given, the group of Chang et al. created gelatin-hyaluronate composites that were 

loaded with SDF-1 and used in a bone defect animal model in order to enhance bone 

regeneration [155] [156]. Similarly, Ding et al. developed an injectable hydrogel loaded with SDF-

1 and VEGF made of chitosan, gelatin, β-glycerphosphate and Arg-Gly-Asp peptide, which 

showed induction of neovascularization, stem/progenitor cell migration and cardiac 

regeneration in a rat MI model [157]. There is a wide variety of approaches for loading a cytokine 

into a biomaterial; however, the methodology that we have employed to achieve the 

functionalization is quite unique. We have used the Collagen Cell Carrier® (provided by Naturin-

Viscofan) as structural support and added a second layer of the same collagen type-I hydrogel 

(embedded with SDF-1), creating a bCS that could cover and treat the whole injured region of 

the heart. Advantageously, we have shown the remarkable biocompatibility of this particular 

collagen material, showing a good tolerance and degradation rate in vivo. With the objective of 

ultimately assembling the bCS, we first generated the collagen hydrogels and characterize them, 
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determining their chemical and mechanical features, cytokine release patterns and bioactivity 

and biocompatibility properties in vitro. 

 Primarily, we deemed essential to mechanically characterize our hydrogels, to be able 

to fabricate them with physicochemical features compatible with their cardiac implantation. The 

rheological analysis performed showed an appropriate storage modulus value for our 5 mg/ml 

hydrogels, fitting with a putative application in the myocardium. We also developed 3 mg/ml 

hydrogels, but these were too mechanically feeble and demonstrated a very low storage moduli 

when exposed at 1 Hz heart´s frequency. Also, residual primary amine groups of type-I collagen 

hydrogels were determined by using TNBSA assay [158][159], confirming an adequate 

crosslinking degree in our hydrogels. Secondly, we performed a biodegradation study, 

incubating the hydrogels at a collagenase concentration known to be present in the ischemic 

heart microenvironment, as the concentration of serum collagenase type-IV found in the 

ischemic heart has previously been reported, averaging 17.5 ng/ml (9.5–32.1) at baseline after 

the infarct event [124]. In view of this data, we incubated our hydrogels at 25-100 ng/ml range 

of collagenase and as expected, the 3 mg/ml hydrogels degraded rapidly even in the lowest 

collagenase concentration. However, the 5 mg/ml hydrogels lasted up to 5 days in the 25 ng/ml 

collagenase dilution, before disintegrating. As a control, our hydrogels were incubated in PBS 

and did not degrade at all, showing that the hydrogels were correctly assembled and crosslinked. 

From the rheological point of view, our 5 mg/ml hydrogels were ideal for our desired 

functionalization purposes and their implantation in the myocardium. On the contrary, the 3 

mg/ml ones were excessively fragile and would not be capable of retaining the loaded cytokine 

the necessary time in the in vivo setting, and therefore were discarded for the purpose of 

assembling the bCS.  

Due to the aforementioned properties, our 5mg/ml collagen hydrogels were chosen to 

be loaded with SDF-1 as shown in section 3.6., and importantly, a progressive and sustained 

SDF-1 release was determined through 120 hours by an ELISA assay. After confirming the 

continuous SDF-1 release pattern we also tested cytokine’s bioactivity after its release from the 

hydrogel. Knowing that the main characteristic of the SDF-1 is its chemoattractant capacity 

towards cells expressing CXCR4+, we assessed the capacity of the released cytokine in a 

migratory assay with HUVEC, which are known to express this receptor [160], concluding that 

the released cytokine maintained its chemoattractant capacity. Comparably, in the research 

carried out by He et al., in which they developed an injectable system based on a temperature-

responsive hydrogel loaded with SDF-1 and VEGF, in vitro migration of MSC and HUVEC was 

induced, via selective SDF-1/VEGF release [161]. Therefore, in a near future, it could be 
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interesting to perform a similar bioactivity assessment of our SDF-1 loaded hydrogels towards 

MSC in vitro.  

Next, we tested the cytotoxicity elicited by the hydrogels towards a cardiac cell line, as 

our bCS will be implanted in the heart tissue. Additionally, to be able to cellularize the bCS with 

ADSC, we assessed the putative toxicity elicited towards these cells too. Collagen is well known 

for its superior biocompatibility, being the most used polymer for preparing implants and 

cytokine-delivery systems (reviewed in [162]). Also, the use of the crosslinking agent 4arm-PEG 

used in our hydrogels has been proven to be widely biocompatible and non-cytotoxic [163], 

being broadly employed to generate biomaterials (reviewed at [164] and [165]). Additionally, 

our own group has reported a good biocompatibility of the CS alone towards ADSC in vitro, and 

good tolerance when implanted in the myocardium, with no signs of cardiotoxicity [100], 

however we deemed crucial to test the putative cytotoxicity of the whole bCS. As expected, we 

confirmed the viability of the cells in contact with our hydrogels, for up to 168 hours, concluding 

that our hydrogels did not elicit any cytotoxic reaction towards them.  

After reporting good collagen hydrogel features in vitro such as biocompatibility, 

adequate rheological properties and the capacity to retain and release SDF-1 in an effective 

manner, we developed a methodology to successfully attach the collagen hydrogel to the non-

crosslinked and non-porous Collagen Cell Carrier®, creating the bilayer collagen scaffold. We 

were able to implant this system in the infarcted myocardium (procedure shown in section 

3.6.6.1.) and to examine its biocompatibility in a rat subacute infarct model. Importantly, we 

observed a good tolerance towards the bCS, by macro and microscopical analysis of the 

implanted hearts, after sacrifice of the animals at 7 and 30 days post-implantation. Additionally, 

the bCS were clearly adhered and integrated into the heart tissue at 7 days, but practically 

degraded by day 30 post-implantation. Only a mild inflammatory reaction was detected against 

the bCS that disappeared with the progressive degradation of the patch. Therefore, it can be 

assumed that our bCS scaffolds did not elicit unwanted inflammatory or immunologic reaction 

when myocardically implanted in rat subacute MI model.  

Finally, we have also assessed the therapeutic efficacy of the bCS loaded with SDF-1 in 

vivo. Sasaki et al. [166] and Saxena et al. [167] have proven the cardiac function amelioration 

after intramyocardial or intracoronary injection of SDF-1 right after infarct induction, in rodent 

models, achieving cardiac function improvement at 4 weeks post-treatment. Despite the 

positive effects observed in these studies, the therapeutic effect of bolus injection of SDF-1 

might be diminished by the short half-life of SDF-1 due to myeloid cell secreted proteases 

[168]. Therefore, we have created a delivery system that will allow to release the cytokine in a 
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much more controlled, sustained and heart´s localized manner. Moreover, we have assessed 

SDF-1 therapeutic potential in a subacute infarct model, with the idea of translating the system 

to the clinic, as it would avoid the high risk of the implantation in the acute moment of the 

infarct. SDF-1-loaded bCS treatment at this time-point, when scar formation is initiated [169], 

could be an optimal time to limit pathological cardiac remodelling and to promote infarct repair.  

Importantly, in our study, we have observed a therapeutic effect of our system at 2 

month post-implantation, by attenuating the adverse remodelling of the heart in the shape of a 

diminution of ESV in all the SDF-1-treated groups. We have also noted a positive effect in the 

EDV, although this was only observed in the 10 µg dose group. This result directly correlates with 

cardiac function elevation observed in all the cytokine-treated groups, in the shape of an 

enhancement in the FS values. Additionally, the improvement observed in the EF values at the 

lower and middle doses of SDF-1 (1 and 10 µg of cytokine) confirmed the beneficial effect of the 

gradual cytokine delivery to the ischemic myocardium. On the contrary, a positive effect was 

not observed in the group treated with the highest dose of SDF-1 (25 µg) which might be 

explained by a feed-back effect of the cytokine at high doses. It has to be noted that the Control 

group (implanted with the bCS without cytokine) experienced a significant amelioration in the 

FS values at 60 days-post implant. In this line, in a recent study, McLaughlin et al. have 

demonstrated a positive cardiac remodelling when a recombinant collagen hydrogel matrix 

(without any added cytokine) was intramyocardially injected at day 7 post-MI in mice [170]. 

Their findings showed functional improvement by promoting a healing environment, 

cardiomyocyte survival, and less pathological remodelling of the myocardium. However, in our 

study, the implantation of the collagen patch alone (Control group), only showed the 

aforementioned amelioration in the FS parameter. This putative beneficial effect of the CS-CH 

will need to be confirmed with a higher number of animals in order to get more robust results 

and conclusions. In any case, our data clearly show that the benefits observed in the cardiac 

parameters in the experimental treated-groups can be mainly attributed to the sustained 

release of SDF-1 into the ischemic myocardium. Histological assessment of cardiac tissue 

remodelling and angiogenesis will help to corroborate our functional results.  

In view of the positive results, in our future experiments we will also generate a dual 

cell-and-cytokine myocardial collagen patch, which could have a potent therapeutic effect 

eliciting cardiac repair in the MI scenario. Interestingly, it has been previously proven that SDF-

1 promotes survival of ADSC when exposed to hypoxic and starvation conditions in vitro [171]. 

Moreover, in vivo experiments established that the post-implantation cell survival and chronic 

wound healing ability of ADSC were increased following pre-treatment with SDF-1 in a diabetic 
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mouse model of chronic wound healing [171]. In a similar study, SDF-1 stimulated ADSC 

paracrine, proliferation and migration abilities in vitro [172]. This cytoprotective and stimulating 

effect exerted towards ADSC acknowledged to the SDF-1, would make our SDF-1 loaded bCS an 

ideal system to be seeded with ADSC prior to its cardiac implantation, promoting their survival 

in an hypoxic environment as the ischemic myocardium.  

Hence, we hope that our research, together with the scientific data generated by many 

other groups, will allow the envision of a near future in which cardiac ischemic diseases will be 

treated with combinations of biomaterials, grow factors and stem cells. These systems could be 

previously manufactured and stored “off-the-shelf” in medical centres, allowing to use them 

also when required with the certainty of having a standardized and validated product available. 

Regarding the clinical use of the allogeneic patch, our study has helped to confirm the lack of 

reaction by the host’s immune system towards the exogenous implant. Furthermore, its 

immunomodulatory effect has also been shown even in the allogeneic context. Ultimately, it 

could be advantageous to confirm the effectivity of our CS in a pre-clinical porcine MI model, to 

be able to compare the results to the ones previously attained by using autologous ADSC. 

In summary, new advances in biomaterial tissue engineering techniques are allowing 

the creation of scaffolds complying with the ideal biomechanical, biological, and biochemical 

properties, which are able to deliver cells and therapeutic drugs at the precise dose, rates and 

location required for the appropriate heart regeneration. Moreover, the use of other types of 

pluripotent stem cells such as iPSC, which hold the ability to differentiate into cardiac cells, could 

not only permit better remodelling of the damaged myocardium, but also could lead to the re-

population of the cardiac muscle with functional cardiomyocytes. In the coming years, we are 

going to address some exciting challenges in the cardiac regeneration therapy field as 

multidisciplinary approaches will be combined in order to attain the main objective, which is the 

recovery of cardiac function after myocardial infarction. 
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1. The subcutaneous implantation of a CS seeded with human ADSC and prepared with GMP-

quality, does not induce tumorigenicity or any abnormal tissue formation for an observation 

period of 8 months, being well tolerated and absorbed in an immunosuppressed mouse model.  

2. Human ADSC-CS does not generate acute, subacute, subchronic or chronic toxicity upon 

myocardial implantation in either healthy or infarcted immunosuppressed rats. No alterations 

in weight or food intake, serum biochemical, haematological and urine parameters and organ 

weight are provoked. Moreover, macro and microscopic examination of the hearts does not 

reveal any pathological alterations, confirming the safety of their use. 

3. When implanted in combination with a CS in the myocardium of an immunocompetent rat, 

rodent ADSC survive for up to a month at the heart´s implantation site and do not migrate to 

other tissues of the animal’s body.  

4. The myocardial implantation of pig alloADSC-CS in an immunocompetent swine model of MI 

does not induce systemic or local immunological reaction. Significant variations in the immune 

cell populations and their activation state, blood and serum biochemical parameters, serum 

immunoglobulins and protein levels and infiltration of lymphocytes and macrophages in the 

heart treated zones are not detected in the animals implanted with the cellularized patch or 

ADSC alone in comparison with the non-treated control ones.  

5. In vitro co-culture of human alloADSC-CS with PBMC does not induce alloreactivity. A 

lymphocyte proliferative reaction or induction of IFNγ, TNFα and IL-2 pro-inflammatory 

cytokines secretion is not elicited by the allogeneic origin of the ADSC. 

6. The human alloADSC-CS exert an immunomodulatory effect in vitro as it significantly inhibits 

preactivated lymphocytes, by significantly diminishing their proliferative response and IFNγ, 

TNFα and IL-2 pro-inflammatory cytokine release. Additionally, a significant diminution of 

membrane activation markers HLA-DR and CD137 is found in the lymphocytes co-cultured with 

the alloADSC. 

7.  In vitro and in vivo data obtained in this work together with previous functional studies carried 

by our group, demonstrate the safety, feasibility and efficacy of the use of our alloADSC-CS for 

its clinical use in patients with chronic cardiomyopathies.  

8. The Collagen Cell Carrier® was effectively functionalized with SDF-1, by using the CS as 

structural support and adding a second layer of 5mg/ml collagen type-1 hydrogel loaded with 

the cytokine.  
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9. The newly designed collagen-hydrogels produced at 3 and 5mg/ml collagen concentration can 

be effectively crosslinked with 4-arm-PEG. The ones with the highest polymer concentration 

have adequate physicochemical and rheological features compatible for its use in the 

myocardium. An optimal biodegradation rate is also found for the 5mg/ml collagen ones in 

comparison with the ones with lowest concentration. 

10. Hydrogels at 5mg/ml collagen concentration are capable of retaining and releasing the 

loaded SDF-1 with a controlled and sustained pattern, in pathological emulating-conditions. 

Moreover, the cytokine released from the hydrogels preserves its bioactivity, stimulating the 

migration of HUVEC.  

11. Collagen-hydrogels do not elicit cytotoxicity towards cardiac cells or ADSC as they do not 

alter their metabolic activity for up to 168h in an in vitro co-culture. 

12. The bCS is biocompatible with the infarcted heart as it does not produce a significant 

inflammatory reaction when implanted in the myocardium of immunocompetent infarcted rats, 

at 7 and 30 days post-implant. Moreover, it effectively integrates in the host tissue, being 

practically degraded by one month after implantation.  

13. Myocardial implantation of SDF-1 loaded bCS in a subacute rat infarct model ameliorates 

cardiac adverse remodelling improving cardiac function at 60 days post-implant. 
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Annex Table 1. Irwin`s test for analysing general symptomatology 

MI-ADSC-CS group 

The table shows, for each week, the number of animals in the MI-ADSC-CS group (n=10; 5 males and 5 females) that 

present the assigned evaluation. This evaluation corresponds to a normal symptomatology for RH-Foxn1rnu rats.  

 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) Observations 

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 

Visual location 10/10 10/10 10/10 9/10 9/9 9/9  

Spontaneous activity 10/10 10/10 10/10 10/10 9/9 9/9  

Reactivity 10/10 10/10 10/10 10/10 9/9 9/9  

Contact response 10/10 10/10 10/10 10/10 9/9 9/9  

Pain response 10/10 10/10 10/10 10/10 9/9 9/9  

Fright response 10/10 10/10 10/10 10/10 9/9 9/9  

Stereotypies 10/10 10/10 10/10 10/10 9/9 9/9  

Vocalization 10/10 10/10 10/10 10/10 9/9 9/9  

Passivity 10/10 10/10 10/10 10/10 9/9 9/9  

Irritability 10/10 10/10 10/10 10/10 9/9 9/9  

Fear 10/10 10/10 10/10 10/10 9/9 9/9  

Aisle 10/10 10/10 10/10 10/10 9/9 9/9  

Corporal position 10/10 10/10 10/10 10/10 9/9 9/9  

Press strength 10/10 10/10 10/10 10/10 9/9 9/9  

Corporal tone 10/10 10/10 10/10 10/10 9/9 9/9  

Members tone 10/10 10/10 10/10 10/10 9/9 9/9  

Atrium reflection 10/10 10/10 10/10 10/10 9/9 9/9  

Corneal reflex 10/10 10/10 10/10 10/10 9/9 9/9  

Ipsilateral reflex 10/10 10/10 10/10 10/10 9/9 9/9  

Balance 10/10 10/10 10/10 9/10 9/9 9/9 Not done in female 10 

Straightening reflex 10/10 10/10 10/10 9/10 9/9 9/9 Not done in female 10 

Temblors 10/10 10/10 10/10 10/10 9/9 9/9  

Contractions 10/10 10/10 10/10 10/10 9/9 9/9  

Ataxic march 10/10 10/10 10/10 10/10 9/9 9/9  

Hypotonic march 10/10 10/10 10/10 10/10 9/9 9/9  

Pelvic elevation 10/10 10/10 10/10 10/10 9/9 9/9  

Straub tail 10/10 10/10 10/10 10/10 9/9 9/9  

Contortions 10/10 10/10 10/10 10/10 9/9 9/9  

Pupillary size 10/10 10/10 10/10 10/10 9/9 9/9  

Palpebral opening 10/10 10/10 9/10 10/10 9/9 9/9  

Skin colour 10/10 10/10 9/10 9/10 8/9 8/9  

Cardiac frequency 10/10 10/10 10/10 10/10 9/9 9/9  

Respiratory frequency 10/10 10/10 10/10 10/10 9/9 9/9  

Exophthalmos 10/10 10/10 10/10 10/10 9/9 9/9  

Urination 10/10 10/10 10/10 10/10 9/9 9/9  

Salivation 10/10 10/10 10/10 10/10 9/9 9/9  

Piloerection 10/10 10/10 10/10 10/10 9/9 9/9  

Diarrheal 10/10 10/10 10/10 10/10 9/9 9/9  

Hypothermia 10/10 10/10 10/10 9/10 9/9 9/9  
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 MI-ADSC-CS group (continuation, weeks 7-13) 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) Observations 

Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 Week 13 

Visual location 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Spontaneous activity 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Reactivity 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Contact response 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Pain response 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Fright response 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Stereotypies 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Vocalization 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Passivity 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Irritability 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Fear 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Aisle 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Corporal position 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Press strength 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Corporal tone 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Members tone 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Atrium reflection 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Corneal reflex 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Ipsilateral reflex 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Balance 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Straightening reflex 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Temblors 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Contractions 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Ataxic march 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Hypotonic march 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Pelvic elevation 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Straub tail 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Contortions 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Pupillary size 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Palpebral opening 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Skin colour 8/9 8/9 7/8 7/8 8/8 8/8 8/8  

Cardiac frequency 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Respiratory frequency 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Exophthalmos 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Urination 8/9 9/9 8/8 8/8 8/8 8/8 8/8 
Female 6 (bloody 

urination) 

Salivation 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Piloerection 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Diarrheal 9/9 9/9 8/8 8/8 8/8 8/8 8/8  

Hypothermia 9/9 8/9 8/8 8/8 8/8 8/8 8/8  
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MI-CS group 

The table shows, for each week, the number of animals in the MI-CS group (n=10; 5 males and 5 females) that present 
the assigned evaluation. This evaluation corresponds to a normal symptomatology for RH-Foxn1rnu rats. 

 

 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) Observations 

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 

Visual location 10/10 10/10 10/10 9/9 8/8 8/8  

Spontaneous activity 10/10 10/10 9/10 9/9 8/8 8/8  

Reactivity 10/10 10/10 10/10 9/9 8/8 8/8  

Contact response 10/10 10/10 10/10 9/9 8/8 8/8  

Pain response 10/10 10/10 10/10 9/9 8/8 8/8  

Fright response 10/10 10/10 10/10 9/9 8/8 8/8  

Stereotypies 10/10 10/10 10/10 9/9 8/8 8/8  

Vocalization 10/10 10/10 10/10 9/9 8/8 8/8  

Passivity 10/10 10/10 10/10 9/9 8/8 8/8  

Irritability 10/10 10/10 10/10 9/9 8/8 8/8  

Fear 10/10 10/10 10/10 9/9 8/8 8/8  

Aisle 10/10 10/10 10/10 9/9 8/8 8/8  

Corporal position 10/10 10/10 10/10 9/9 8/8 8/8  

Press strength 10/10 10/10 10/10 9/9 8/8 8/8  

Corporal tone 10/10 10/10 10/10 9/9 8/8 8/8  

Members tone 10/10 10/10 10/10 9/9 8/8 8/8  

Atrium reflection 10/10 10/10 10/10 9/9 8/8 8/8  

Corneal reflex 10/10 10/10 10/10 9/9 8/8 8/8  

Ipsilateral reflex 10/10 10/10 10/10 9/9 8/8 8/8  

Balance 10/10 10/10 9/10 9/9 8/8 8/8 No carried out in the Female 
7 to avoid excessive effort 

Straightening reflex 10/10 10/10 9/10 9/9 8/8 8/8 No carried out in the Female 
7 to avoid excessive effort 

Temblors 10/10 10/10 10/10 9/9 8/8 8/8  

Contractions 10/10 10/10 10/10 9/9 8/8 8/8  

Ataxic march 10/10 10/10 10/10 9/9 8/8 8/8  

Hypotonic march 10/10 10/10 10/10 9/9 8/8 8/8  

Pelvic elevation 10/10 10/10 10/10 9/9 8/8 8/8  

Straub tail 10/10 10/10 10/10 9/9 8/8 8/8  

Contortions 10/10 10/10 10/10 9/9 8/8 8/8  

Pupillary size 10/10 10/10 10/10 9/9 8/8 8/8  

Palpebral opening 10/10 10/10 9/10 9/9 8/8 8/8  

Skin colour 10/10 10/10 10/10 9/9 8/8 8/8  

Cardiac frequency 10/10 10/10 9/10 9/9 8/8 8/8  

Respiratory frequency 10/10 10/10 9/10 8/9 7/8 7/8  

Exophthalmos 10/10 10/10 10/10 9/9 8/8 8/8  

Urination 10/10 10/10 10/10 9/9 8/8 8/8  

Salivation 10/10 10/10 10/10 9/9 8/8 8/8  

Piloerection 10/10 10/10 10/10 9/9 8/8 8/8  

Diarrheal 10/10 10/10 10/10 9/9 8/8 8/8  

Hypothermia 10/10 10/10 10/10 9/9 8/8 8/8  
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 MI-CS group (continuation, weeks 7-13) 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) Observations 

Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 Week 13 

Visual location 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Spontaneous activity 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Reactivity 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Contact response 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Pain response 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Fright response 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Stereotypies 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Vocalization 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Passivity 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Irritability 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Fear 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Aisle 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Corporal position 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Press strength 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Corporal tone 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Members tone 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Atrium reflection 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Corneal reflex 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Ipsilateral reflex 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Balance 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Straightening reflex 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Temblors 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Contractions 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Ataxic march 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Hypotonic march 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Pelvic elevation 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Straub tail 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Contortions 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Pupillary size 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Palpebral opening 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Skin colour 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Cardiac frequency 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Respiratory frequency 7/8 7/8 7/8 7/8 7/8 7/8 8/8  

Exophthalmos 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Urination 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Salivation 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Piloerection 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Diarrheal 8/8 8/8 8/8 8/8 8/8 8/8 8/8  

Hypothermia 8/8 8/8 8/8 8/8 8/8 8/8 8/8  
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Sham-ADSC-CS group 

The table shows, for each week, the number of animals in the Sham-ADSC-CS group (n=10; 5 males and 5 females) that 
present the assigned evaluation. This evaluation corresponds to a normal symptomatology for RH-Foxn1rnu rats.  

 

 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) Observations 

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 

Visual location 10/10 10/10 10/10 10/10 9/9 8/8  

Spontaneous activity 10/10 10/10 10/10 10/10 9/9 8/8  

Reactivity 10/10 10/10 10/10 10/10 9/9 8/8  

Contact response 10/10 10/10 10/10 10/10 9/9 8/8  

Pain response 10/10 10/10 10/10 10/10 9/9 8/8  

Fright response 10/10 10/10 10/10 10/10 9/9 8/8  

Stereotypies 10/10 10/10 10/10 10/10 9/9 8/8  

Vocalization 10/10 10/10 10/10 10/10 9/9 8/8  

Passivity 10/10 10/10 10/10 10/10 9/9 8/8  

Irritability 10/10 10/10 10/10 10/10 9/9 8/8  

Fear 10/10 10/10 10/10 10/10 9/9 8/8  

Aisle 10/10 10/10 10/10 10/10 9/9 8/8  

Corporal position 10/10 10/10 10/10 10/10 9/9 8/8  

Press strength 10/10 10/10 10/10 10/10 9/9 8/8  

Corporal tone 10/10 10/10 10/10 10/10 9/9 8/8  

Members tone 10/10 10/10 10/10 10/10 9/9 8/8  

Atrium reflection 10/10 10/10 10/10 10/10 9/9 8/8  

Corneal reflex 10/10 10/10 10/10 10/10 9/9 8/8  

Ipsilateral reflex 10/10 10/10 10/10 10/10 9/9 8/8  

Balance 10/10 10/10 10/10 10/10 9/9 8/8  

Straightening reflex 10/10 10/10 10/10 10/10 9/9 8/8  

Temblors 10/10 10/10 10/10 10/10 9/9 8/8  

Contractions 10/10 10/10 10/10 10/10 9/9 8/8  

Ataxic march 10/10 10/10 10/10 10/10 9/9 8/8  

Hypotonic march 10/10 10/10 10/10 10/10 9/9 8/8  

Pelvic elevation 10/10 10/10 10/10 10/10 9/9 8/8  

Straub tail 10/10 10/10 10/10 10/10 9/9 8/8  

Contortions 10/10 10/10 10/10 10/10 9/9 8/8  

Pupillary size 10/10 10/10 10/10 10/10 9/9 8/8  

Palpebral opening 10/10 10/10 10/10 10/10 9/9 8/8  

Skin colour 10/10 10/10 10/10 10/10 9/9 8/8  

Cardiac frequency 10/10 10/10 10/10 10/10 9/9 8/8  

Respiratory frequency 10/10 10/10 10/10 10/10 9/9 8/8  

Exophthalmos 10/10 10/10 10/10 10/10 9/9 8/8  

Urination 10/10 10/10 10/10 10/10 9/9 8/8  

Salivation 10/10 10/10 10/10 10/10 9/9 8/8  

Piloerection 10/10 10/10 10/10 10/10 9/9 8/8  

Diarrheal 10/10 10/10 10/10 10/10 8/9 8/8  

Hypothermia 10/10 10/10 10/10 10/10 8/9 7/8  
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Sham-ADSC-CS group (continuation, weeks 7-13) 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) Observations 

Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 Week 13 

Visual location 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Spontaneous activity 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Reactivity 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Contact response 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Pain response 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Fright response 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Stereotypies 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Vocalization 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Passivity 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Irritability 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Fear 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Aisle 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Corporal position 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Press strength 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Corporal tone 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Members tone 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Atrium reflection 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Corneal reflex 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Ipsilateral reflex 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Balance 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Straightening reflex 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Temblors 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Contractions 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Ataxic march 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Hypotonic march 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Pelvic elevation 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Straub tail 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Contortions 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Pupillary size 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Palpebral opening 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Skin colour 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Cardiac frequency 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Respiratory frequency 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Exophthalmos 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Urination 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Salivation 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Piloerection 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Diarrheal 8/8 8/8 8/8 7/7 7/7 7/7 7/7  

Hypothermia 8/8 8/8 8/8 7/7 7/7 7/7 7/7  
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Sham Group  

The table shows, for each week, the number of animals in the Sham group (n=10; 5 males and 5 females) that present 
the assigned evaluation.This evaluation corresponds to a normal symptomatology for RH-Foxn1rnu rats. 

 

 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) Observations 

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 

Visual location 10/10 10/10 10/10 10/10 10/10 10/10  

Spontaneous activity 10/10 10/10 10/10 10/10 10/10 10/10  

Reactivity 10/10 10/10 10/10 10/10 10/10 10/10  

Contact response 10/10 10/10 10/10 10/10 10/10 10/10  

Pain response 10/10 10/10 10/10 10/10 10/10 10/10  

Fright response 10/10 10/10 10/10 10/10 10/10 10/10  

Stereotypies 10/10 10/10 10/10 10/10 10/10 10/10  

Vocalization 10/10 10/10 10/10 10/10 10/10 10/10  

Passivity 10/10 10/10 10/10 10/10 10/10 10/10  

Irritability 10/10 10/10 10/10 10/10 10/10 10/10  

Fear 10/10 10/10 10/10 10/10 10/10 10/10  

Aisle 10/10 10/10 10/10 10/10 10/10 10/10  

Corporal position 10/10 10/10 10/10 10/10 10/10 10/10  

Press strength 10/10 10/10 10/10 10/10 10/10 10/10  

Corporal tone 10/10 10/10 10/10 10/10 10/10 10/10  

Members tone 10/10 10/10 10/10 10/10 10/10 10/10  

Atrium reflection 10/10 10/10 10/10 10/10 10/10 10/10  

Corneal reflex 10/10 10/10 10/10 10/10 10/10 10/10  

Ipsilateral reflex 10/10 10/10 10/10 10/10 10/10 10/10  

Balance 10/10 10/10 10/10 10/10 10/10 10/10  

Straightening reflex 10/10 10/10 10/10 10/10 10/10 10/10  

Temblors 10/10 10/10 10/10 10/10 10/10 10/10  

Contractions 10/10 10/10 10/10 10/10 10/10 10/10  

Ataxic march 10/10 10/10 10/10 10/10 10/10 10/10  

Hypotonic march 10/10 10/10 10/10 10/10 10/10 10/10  

Pelvic elevation 10/10 10/10 10/10 10/10 10/10 10/10  

Straub tail 10/10 10/10 10/10 10/10 10/10 10/10  

Contortions 10/10 10/10 10/10 10/10 10/10 10/10  

Pupillary size 10/10 10/10 10/10 10/10 10/10 10/10  

Palpebral opening 10/10 10/10 10/10 10/10 10/10 10/10  

Skin colour 10/10 10/10 10/10 10/10 10/10 10/10  

Cardiac frequency 10/10 10/10 10/10 10/10 10/10 10/10  

Respiratory frequency 10/10 10/10 10/10 10/10 10/10 10/10  

Exophthalmos 10/10 10/10 10/10 10/10 10/10 10/10  

Urination 10/10 10/10 10/10 10/10 10/10 10/10  

Salivation 10/10 10/10 10/10 10/10 10/10 10/10  

Piloerection 10/10 10/10 10/10 10/10 10/10 10/10  

Diarrheal 10/10 10/10 10/10 10/10 10/10 10/10  

Hypothermia 10/10 10/10 10/10 10/10 10/10 10/10  
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Sham Group (continuation, weeks 7-13) 

Studied parameters / 

Assigned Evaluation 

Observation period (weeks) 
Observations 

Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 Week 13 

Visual location 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Spontaneous activity 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Reactivity 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Contact response 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Pain response 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Fright response 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Stereotypies 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Vocalization 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Passivity 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Irritability 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Fear 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Aisle 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Corporal position 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Press strength 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Corporal tone 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Members tone 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Atrium reflection 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Corneal reflex 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Ipsilateral reflex 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Balance 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Straightening reflex 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Temblors 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Contractions 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Ataxic march 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Hypotonic march 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Pelvic elevation 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Straub tail 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Contortions 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Pupillary size 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Palpebral opening 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Skin colour 10/10 10/10 10/10 10/10 10/10 10/10 10/10 
 

Cardiac frequency 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Respiratory frequency 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Exophthalmos 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Urination 10/10 10/10 10/10 10/10 10/10 10/10 10/10 
 

Salivation 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Piloerection 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Diarrheal 10/10 10/10 10/10 10/10 10/10 10/10 10/10  

Hypothermia 10/10 10/10 10/10 10/10 10/10 10/10 10/10 
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Abstract: Coronary heart disease is the leading cause of death worldwide with huge socio-economic
consequences. Cell therapy, and particularly mesenchymal stem cells (MSC), are considered a
promising option to treat this disorder, due to their robust trophic and immunomodulatory properties.
However, limitations such as their low rate of engraftment and poor survival after administration
into the heart have precluded their large-scale clinical use. Nevertheless, the combination of MSC
with polymer-made scaffolds or hydrogels has proven to enhance their retention and, therefore,
their efficacy. Additionally, their allogeneic use could permit the creation of ready-to-use cell patches
able to improve their feasibility and promote their application in clinical settings. In this review,
the experimental and clinical results derived from the use of MSC in cardiac pathology, as well as
advances in the bioengineering field to improve the potential of therapeutic cells, are extensively
discussed. Additionally, the current understanding of the heart response to the allogeneic MSC
transplants is addressed.

Keywords: myocardial infarction; biomaterials; mesenchymal stem cells; allogeneic patch

1. Cardiac Diseases: Epidemiology and Etiopathology

Cardiovascular diseases are the leading cause of death worldwide, accounting for 33% of fatalities
in people aged more than 35 years. In Europe alone, cardiac events, and mainly myocardial infarction
(MI), take the lives of 4 million people per year [1].

MI occurs when blood flow is restricted to a part of the heart, thus causing ischemia in the
myocardial muscle. The lack of oxygen in the area induces cardiac tissue necrosis which, in turn,
promotes the formation of a scar tissue that impairs heart contractibility, which may lead to heart
failure in the mid- to long term. MI can be fatal and survivors exhibit a diminished cardiac function
and have reduced life expectancy, even if they were treated promptly. Fortunately, the development
of new drugs and the improvement of medical care have decreased the mortality rate and improved
the prognosis of MI patients. Despite these advances, the chronic nature of the disease has put
great pressure on healthcare systems. In Europe, the annual costs attributable to cardiac ischemic
diseases amount to around 200,000 million euros. This figure represents approximately 54% of the total
investment in health. Furthermore, these pathologies are responsible for a 24% loss of productivity [2].
The epidemic of coronary heart disease is thus one of the biggest challenges facing the scientific and
medical communities.
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2. Mesenchymal Stem Cells (MSC) for the Treatment of Myocardial Infarction (MI)

In the last two decades, cell therapy has become a new alternative for the treatment of MI. Different
types of stem cells, namely bone marrow (BM) and cardiac derived cells, skeletal myoblasts, endothelial
progenitor cells, and mesenchymal stem cells (MSCs), have been tested at both the experimental and
clinical level (reviewed in [3]). Among these, MSCs have been considered as one of the most promising
options for cardiac therapy, due to their paracrine and immunomodulatory properties (reviewed in [4]).
Furthermore, MSCs are considered to be immunoprivileged, and are therefore potentially apt to be
used as allografts [5,6].

MSCs are derived from the stroma of different organs/tissues such as BM or adipose tissue.
They are self-renewing and multipotent, and express phenotypically the CD44, CD73, CD90, and CD105
surface markers. Their plastic abilities cover multilineage differentiation towards adipocytes,
osteoblasts and chondroblasts [7,8] (Figure 1A).

Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  2 of 15 

 

2. Mesenchymal Stem Cells (MSC) for the Treatment of Myocardial Infarction (MI) 

In the last two decades, cell therapy has become a new alternative for the treatment of MI. 
Different types of stem cells, namely bone marrow (BM) and cardiac derived cells, skeletal myoblasts, 
endothelial progenitor cells, and mesenchymal stem cells (MSCs), have been tested at both the 
experimental and clinical level (reviewed in [3]). Among these, MSCs have been considered as one of 
the most promising options for cardiac therapy, due to their paracrine and immunomodulatory 
properties (reviewed in [4]). Furthermore, MSCs are considered to be immunoprivileged, and are 
therefore potentially apt to be used as allografts [5,6]. 

MSCs are derived from the stroma of different organs/tissues such as BM or adipose tissue. They 
are self-renewing and multipotent, and express phenotypically the CD44, CD73, CD90, and CD105 
surface markers. Their plastic abilities cover multilineage differentiation towards adipocytes, 
osteoblasts and chondroblasts [7,8] (Figure 1A). 

In the cardiac context, a large number of experimental studies have demonstrated that treating 
infarcted animals with MSCs exerts a functional benefit, which is mainly due to a series of cytokines 
and growth factors that the MSCs themselves secrete (reviewed in [4]) (Figure 1B). This paracrine 
action induces several beneficial effects on the surrounding ischemic environment, such as the 
promotion of vasculogenesis and angiogenesis, the regulation of extracellular matrix components, 
and the induction of cell survival [4]. The immunomodulatory abilities of MSCs have also been 
documented in vitro. MSCs inhibit the activation and proliferation of T and B lymphocytes. 
Furthermore, when co-cultured with monocytes, MSCs block the differentiation of these into 
dendritic cells and downregulate antigen-presenting-cell molecules. Finally, MSCs reduce the 
cytotoxic activity of natural killer (NK) cells [6] and promote maturation of monocytes into anti-
inflammatory type M2 macrophages [9]. 

Importantly, MSCs can be easily obtained from patients, and the associated risk and morbidity 
are negligible. In sum, the easy availability and the immunomodulatory properties of MSCs have 
placed them in the focus of both researchers and clinicians, who are keen to use them as an effective 
therapeutic tool for heart regeneration. 

 
Figure 1. Therapeutic benefit of bone marrow and adipose derived mesenchymal stem cells for 
cardiac therapy (A). Mesenchymal stem cells (MSC) have been applied in combination with 
biomaterials to enhance their retention in the damaged area. (B) MSC exert a paracrine therapeutic 
action by secreting growth factors and cytokines to the surrounding environment. 

Figure 1. Therapeutic benefit of bone marrow and adipose derived mesenchymal stem cells for cardiac
therapy (A). Mesenchymal stem cells (MSC) have been applied in combination with biomaterials to
enhance their retention in the damaged area. (B) MSC exert a paracrine therapeutic action by secreting
growth factors and cytokines to the surrounding environment.

In the cardiac context, a large number of experimental studies have demonstrated that treating
infarcted animals with MSCs exerts a functional benefit, which is mainly due to a series of cytokines
and growth factors that the MSCs themselves secrete (reviewed in [4]) (Figure 1B). This paracrine action
induces several beneficial effects on the surrounding ischemic environment, such as the promotion of
vasculogenesis and angiogenesis, the regulation of extracellular matrix components, and the induction
of cell survival [4]. The immunomodulatory abilities of MSCs have also been documented in vitro.
MSCs inhibit the activation and proliferation of T and B lymphocytes. Furthermore, when co-cultured
with monocytes, MSCs block the differentiation of these into dendritic cells and downregulate
antigen-presenting-cell molecules. Finally, MSCs reduce the cytotoxic activity of natural killer (NK)
cells [6] and promote maturation of monocytes into anti-inflammatory type M2 macrophages [9].

Importantly, MSCs can be easily obtained from patients, and the associated risk and morbidity
are negligible. In sum, the easy availability and the immunomodulatory properties of MSCs have
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placed them in the focus of both researchers and clinicians, who are keen to use them as an effective
therapeutic tool for heart regeneration.

3. MSC in Preclinical and Clinical Studies for MI Treatment

The therapeutic potential of MSC for MI has been tested in large preclinical animal models,
and cardiac function recovery has been observed, as well as a positive effect on myocardium
remodeling subsequent to their administration, with no identifiable safety concerns. Indeed, numerous
experiments were previously performed in rodent MI models, which had shown a functional benefit
together with reduced scar formation after intramyocardial MSC injection [10–13]. When the safety of
BM-MSC administration was analyzed in a pig model of MI, no differences in mortality, post-injection
arrhythmias, cardiac enzyme release, or systemic inflammatory markers, with respect to the control
group, were documented [14]. Other experiments in porcine models further confirm the safety of the
use of MSC [15,16]. On the other hand, the efficacy of MSC has also been demonstrated in several large
animals. In models of chronic ischemic heart disease in dogs and pigs, MSC increased vascularity and
improved cardiac function in the former [17], and autologous adipose tissue-derived MSC (ADSC),
improved left ventricular (LV) ejection fraction (LVEF), increased wall thickness, and induced vessel
formation four weeks after implantation in the latter [18]. Similar effects on LVEF and myocardium
remodeling were observed in swine four weeks after ADSC and MSC administration [19]; other porcine
MI models further confirmed the usefulness of these cells to improve cardiac function, reduce scar
size, and promote adequate remodeling [15,16]. Finally, it is worth mentioning that MSCs have been
demonstrated to be superior to dermal fibroblasts when transplanted as a cell-sheet into infarcted rat
hearts. Unlike fibroblasts, MSCs significantly improved hemodynamic parameters, increased wall
thickness, and augmented left ventricle end-diastolic dimensions. Importantly, the survival rate after
transplantation was significantly higher in the animals treated with MSC than in those treated with
fibroblasts [20].

The positive preclinical results prompted testing of MSC in the clinical setting. In the
first-in-human clinical trial, namely the APOLO study, the safety and effectiveness of the intracoronary
administration of autologous ADSC were tested in patients who had acute MI (AMI), with encouraging
results. First of all, there were no safety concerns, since no serious adverse effects (SAEs) subsequent to
ADSC administration were reported. Furthermore, a 4% increase in LVEF, a reduction of the infarcted
area and a significant improvement in perfusion could be observed [21]. The PROMETHEUS trial,
focused on chronic disease, obtained additional positive results. Eighteen months after autologous
MSC administration, an increase of 10% and 25% in LVEF and LV stroke volume, respectively, could be
seen in patients with chronic coronary cardiomyopathy. At that time, the scar tissue mass had been
reduced by 8%, and an additional concomitant increase of viable tissue was documented [22].

4. Allogeneic Transplant Model

If a cell therapy-based treatment of MI is planned, allogeneic MSC are undoubtedly more suitable
than autologous ones. Firstly, in the autologous transplant model, precious time is lost in the in vitro
isolation, expansion, and validation of the cells. Secondly, several studies have demonstrated that aging
and risk factors for coronary artery disease negatively influence stem cell function, thus limiting their
therapeutic potential [23]. Finally, inter-individual variability will also influence success, which will be
conditioned by the quality and effectiveness of each patient´s cells. However, provided that a well
identified ready-to-use stock of MSC is available at the hospital, the allogeneic model guarantees that
the cells to be used will be appropriately characterized following all the GMP (Good Manufacturing
Practices)-requirements. Furthermore, these MSC will be fully functional, since they originate from
young healthy donors, and will be able to be stored and kept ready to use off-the-shelf. No less
importantly, widespread application of the allogeneic model could promote the use of MSC-based
therapies, due to the lower costs associated with the logistics, as compared with those linked to the
autologous cell procedures (Table 1).
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Table 1. Pros and cons concerning allogeneic and autologous cell transplant.

ALLOGENEIC MSC AUTOLOGOUS MSC

PROS
Cell availability (“ready-to-use” format)
Right trophic properties
Lower costs in logistics

Perfect immune match
Same MHC haplotype

CONS Low/mild immune response
Shorter survival time in the implant area

Cells available at medium term
Dysfunctional cells in sick/old patients
Higher costs in logistics

These arguments prompted the design of two clinical trials, namely POSEIDON and
PROCHYMAL, intended to assess the safety and efficacy of allogeneic MSC. The first was a phase I–II
early-stage study. Alloantigens against the donor were detected in 3.7% of patients only, i.e., no major
alloreactivity was found, and the incidence of SAEs was low. Interestingly, an improvement of cardiac
function with an increase of systolic volumes and a reduction of the infarct size was documented [24].
Nevertheless, despite these encouraging results, larger studies including a placebo group are required.
In the phase-I PROCHYMAL trial, allogeneic BM-MSC were intravenously infused in patients who had
experienced an AMI event, which led to an increase of LVEF at three months of 5.9%, higher than that
experienced by patients who did not receive cells but placebo instead, i.e., 4.4%. Furthermore, the effect
was maintained over six months. As in the POSEIDON trial, there were no safety concerns, since no
major SAEs were documented in the treatment group [25]. In any case, there are still a series of
concerns regarding this therapy which have to be addressed. PROCHYMAL II is an ongoing phase-II
trial which includes larger cohorts of patients, and therefore, should contribute to confirm the safety
and efficacy of allogeneic MSC in cardiac repair with certainty, and thus, to pave the way to the
incorporation of these procedures in clinical routine.

5. Allorecognition of MSC by the Host Immune Cells

The degree of allorecognition that occurs between the host and the allogeneic MSC when these
are infused or transplanted into an organism is currently a matter of debate. Several studies have
proven that, in the resting state, MSC express no MHC II and low MHC I levels. MSC do not express
co-stimulatory molecules, such as CD40, CD80, or CD86, either. Since these are required for effector
T-cell recognition, MSC remain “invisible” to the host immune cells [5,26]. However, several preclinical
studies still found some degree of immune activation and response by the host subsequent to MSC
infusion. In fact, Zangi et al. observed that MSC could not fully evade the host’s immune system
in spite of their immunoprivileged status. In their studies, intraperitoneally injected MSC lasted
notably longer in immunocompetent mice than in immunodeficient ones (120 vs. 40 days, respectively).
Control allogeneic fibroblasts only survived 20 days after infusion into immunocompetent mice.
Thus, MSC showed partial immunoprivilege. Accordingly, syngeneic MSC, in turn, lasted longer
than allogeneic MSC after intravenous administration into immunocompetent mice (40 vs. 20 days,
respectively) [27]. Another study was designed with rats to test the hypothesis that the activation
state of MSC would influence the initiation of the immune response. For this purpose, MSC were
differentiated into myogenic cells prior to their administration into the host organism to analyze their
effects. An increase in the expression of immune antigens, such as MHC-Ia, MHC-II, and CD86,
was found in the differentiated cells. In vivo, the undifferentiated cells lasted longer than the
differentiated ones at the injection site. Furthermore, the alloantibodies detected in the recipients’
blood had been raised against differentiated allogeneic MSC only [28]. Accordingly, another study
recently found that, after being placed in the infarcted epicardium of rats, allogeneic and syngeneic
MSC sheets engrafted and survived in a similar way during the early phase, i.e., three and 10 days after
implantation, though not in a later phase, i.e., at 28 days, at which time cell survival was considerably
more reduced in the epicardially placed allogeneic MSC implants (0.2% vs. 8.9% with syngeneic cells).
In addition, local immunological responses induced by these could be observed. The rate of CD4+
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T cells that had accumulated on the MSC sheet at days three and 10 was increased in the allogeneic
MSC group when compared with that observed in the autologous MSC group, and interleukin-6 (IL-6),
which is a pro-inflammatory cytokine reported to play a role in allograft rejection, was upregulated in
the allogeneic MSC group, while its expression remained unchanged in the rats treated with syngeneic
cells. Despite this, the percentages of CD8+ T cells or CD68+ macrophages accumulated in the MSC
sheets were not significantly different between the allogeneic MSC and syngeneic MSC groups. In any
case, the beneficial effect on cardiac function recovery and myocardium repair was similar in the
allogeneic and syngeneic groups [29]. These findings are in agreement with those obtained in another
MI model in rats, since the efficacy of allogeneic or autologous MSC sheets was also comparable
because both groups experienced an equal improvement in cardiac function. Furthermore, in this
model, the degrees of cell engraftment and immune cell infiltration did not differ between treatments
either [30].

At this stage, the information provided by a series of reliable studies suggests that host
allorecognition of the exogenous MSC does indeed occur, thus influencing survival of these at the
implantation site. Nevertheless, even though a low/mild immune response seems to exist, this would
not restrict the therapeutic effect exerted by the implanted MSC. More extensive research at both
preclinical and clinical levels should be performed on this specific issue to better understand the
immunoregulatory actions of MSC.

6. Biomaterials as Co-Adjuvants for MSC Therapy in Cardiac Regeneration

Despite the proven therapeutic potential of MSC, poor engraftment and survival of the
transplanted cells within the ischemic myocardium remains an important limitation when it comes
to achieving a robust therapeutic effect. Aside from the delivery mode, dose, and time of infusion,
several other causes, namely mechanical stress caused by heart contractility, cell apoptosis caused
by anoikis, i.e., lack of cell adhesion, and endogenous environmental factors such as hypoxia or host
immune response, influence the retention and viability of the infused cells (reviewed in [31]). In order
to overcome these drawbacks, some approaches have been developed to increase the engraftment
and survival of the cells, which include cell preconditioning by heat-shock, hypoxia, and/or cytokine
pre-treatments. Furthermore, the genetic modification of MSC to overexpress pro-survival factors has
also been proven to be beneficial [31–33]. Notably, the use of biomaterials for improving cell retention
and survival has been thoroughly tested in MI animal models and will be discussed next.

A wide range of biomaterials of both natural and synthetic origin have been assayed for cardiac
regeneration therapy, either alone or together with cells. Biomaterial features such as composition,
elasticity, porosity, viscosity, and micro- and nano-structure largely influence biocompatibility with the
host organism. Overall, biomaterials have been applied to the heart either as scaffolds/patches or as
injectable suspensions/hydrogels (reviewed in [34]). Natural compounds such as collagen, chitosan,
alginate, fibrin, or synthetic materials including polycaprolactone (CPL) or polyglycolic acid (PGA) and
polylactic acid (PLA) derivatives, have been used to develop patches and hydrogels. Combinations
of natural compounds and synthetic materials have also been developed in order to optimize the
mechanical properties of the scaffolds and increase cell adhesion (reviewed in [35]) (Table 2).
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Table 2. Most commonly used biomaterials in cardiac regeneration therapy.
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7. Use of Hydrogels for Cardiac Application

Polymers such alginate, fibrin, or combinations of both have been the most commonly used
materials, owing to their gelation properties for percutaneous delivery. Hydrogels alone can provide
mechanical support for the infarcted heart, and more interestingly, are able to carry cells to the
damaged myocardium. A significant improvement in MSC retention and viability when these are
injected in combination with hydrogels has been widely documented (reviewed in [36]). Accordingly,
in a rat MI model, intramyocardially delivered BM-MSC survived longer when administered with a
fibrin glue hydrogel than when administered alone. As a consequence, cardiac function improved,
and recovery correlated with a reduction in the scar size [37]. Interestingly, collagen hydrogels have
also been assayed to treat MI. In fact, collagen was found to be superior to fibrin as a cell carrier in
another rat model. Even though both polymers increased cardiac ADSC retention, cell survival was
higher with collagen [38]. In a slightly different approach, Yu et al. modified alginate microspheres
in order to permit MSC encapsulation. The subsequent injection into the damaged myocardium of
immunocompetent rats rendered positive results regarding the cell survival rate [39]. Corroborating
the efficacy of this strategy, greater retention and therapeutic effect of BM-MSC was also shown when
subcutaneously injected in a rat model, after their previous encapsulation in alginate [40].

The promising experimental findings observed with this biomaterial prompted researchers to test
their clinical reliability. For this reason, acellular alginate was tested in the phase-I PRESERVATION-I
(Prevention of Remodelling of the Ventricle and Congestive Heart Failure After Acute Myocardial
Infarction) trial with encouraging results, since these confirmed the safety and feasibility associated
with its use. A clinical trial combining alginate with stem cells is currently ongoing [41].

8. Cardiac Patches and Cellularized Scaffolds

In the case of scaffolds, collagen has been extensively used, due to its high biocompatibility,
effective cell adhesion, and low immunogenicity, although other natural or synthetic polymers such
alginate, gelatin, decellularized bovine pericardium, fibrin, or polycaprolactone (PCL), have also been
tested to produce cardiac patches [35,42]. In one of the first experiments carried out with cardiac
scaffolds, an improvement in cardiac function was shown after implantation of a combinational patch
of collagen type I, Matrigel®, and rat skeletal muscle cells on rat infarcted hearts [43]. Following a
similar approach in another rat model, MSCs were embedded into a collagen-I matrix to form a
cardiac patch, which was subsequently sutured to the infarcted heart. Greater engraftment of the
cells in the infarct zone could be observed at one week. Interestingly, a significant improvement in
cardiac function and anterior wall thickening was also documented later than four weeks after matrix
implantation, in spite of the fact that cells had not been detected at 4 weeks, thus suggesting that
long-term cell engraftment or survival is not required for MSC to exert therapeutic effects [44]. On the
other hand, an engineered ultra-thin collagen type-1 scaffold was seeded with autologous ADSC and
subsequently used in a MI porcine model with interesting results. ADSC engraftment was much
greater when they were injected in combination with the scaffold support. Furthermore, the animals
treated with the cellularized patch showed a significant, correlated increase in LVEF when compared
to the control groups, i.e., animals intramyocardially administered either the acellularized patch or
the ADSC alone. Finally, positive remodeling of the myocardium and enhanced vascularization were
also demonstrated [45]. A different approach consisted of creating patches with decellularized rabbit
pericardium, which were later seeded with ADSC and finally used in a rat MI experimental model.
Positive results regarding survival and vascularization of the ischemic tissue could be observed [46].
Fibrin has also been widely tested in the development of cardiac scaffolds with different cell types. It is
worth mentioning that the functional effect of delivering endothelial and smooth muscle cells combined
with a fibrin three-dimensional (3D)-porous scaffold was examined in a porcine MI experimental
model. Imaging techniques showed increased engraftment of the transplanted cells and significant LV
functional improvement at one and four weeks post-treatment [47].



Int. J. Mol. Sci. 2018, 19, 3236 9 of 15

In the field of synthetic polymers, a series of experiments performed with BM mononuclear cells
(BMMC) seeded into biodegradable poly-glycolide-co-caprolactone (PGCL) scaffolds showed that this
combination led to a progressive reduction of LV dilatation, i.e., to preservation of LV function [48].
With the aim of finding the most effective synthetic polymer for generating cellularized cardiac patches,
the ability of caprolactone-co-L-lactide (PCLA) to induce cellularization with MSC was compared with
that of PGA and gelatin in a rat heart damage experimental model. Although seeded MSC survived by
at least eight weeks after patch implantation in all groups, it is noteworthy that a greater degree of
cellularization was observed in the cardiac patches when PCLA scaffolds were used [49]. Silk has also
been explored as a candidate material for carrying MSC to the damaged heart. In a recent study in rat
MI model, cellulose nanofibers modified with chitosan/silk fibroin multilayers was tested, showing
a higher cell viability, improved LVEF, and a reduced adverse ventricular remodeling in the treated
hearts [50]. Interestingly, self-assembling silk hydrogels have been designed as support for MSC where
controllable gel-kinetics could be modified to achieve uniform cell distribution, viability, and space
conformity [51].

The positive preclinical results obtained using different biomaterials and cell types invited
researchers to test whether these experimental procedures could be translated to the clinical setting.
With this aim, the phase I MAGNUM clinical trial was designed with the purpose to compare
the effects exerted by BMMC-seeded cellularized collagen matrices with those exerted by cells
alone in patients presenting LV post-ischemic myocardial scars. Results were promising in that
no treatment-related SAEs were reported during the follow-up period and that heart functionality and
mechanical parameters improved significantly in the patients who were administered cellurarized
patches. In other words, clinically, this procedure seems to be safe, feasible, and effective [52].

9. Acknowledging the Importance of the Scaffold Substrate in the MSC Cytokine Secretion Profile

The undoubted trophic effect induced by MSC, in addition to the well-known influence exerted
by tissue/matrix microenvironment on cell behavior led to the design of studies aimed to unveil
the scaffold substrate-dependent regulation mechanisms of the pattern of cytokine secretion. In a
pioneering study, MSCs were seeded in a TopoWell®, i.e., a multiwell plate enclosing 76 unique
bioactive surface topographies, in order to analyze subsequently the cell shape and cytokine secretion
profile in each separate well. Interestingly, the surface topography did influence cell shape and
secretion of pro-angiogenic and anti-apoptotic factors like stromal-derived factor-1α (SDF-1α) and
hepatocyte growth factor (HGF) [53]. An analogous strategy was followed to analyze if different
microenvironments, ranging from nanoporous hydrogels to macroporous scaffolds, could influence the
cytokine secretion pattern of the MSC in three-dimensional cultures. For such purposes, the secretomes
of the cells cultured in plastic plates, encapsulated in alginate hydrogels, or seeded in scaffolds were
compared. Cells cultured in scaffolds produced several-fold higher concentrations of almost all the
70 cytokines whose levels were measured, when compared with those obtained under the other
experimental conditions. The scaffold-seeded cells showed a particularly significant increase in the
expression of a series of well-known pro-survival cytokines, namely vascular endothelial growth factor
(VEGF), HGF, insulin-like growth factor (IGF,) basic fibroblast growth factor (FGF2), and leukaemia
inhibitory factor (LIF) [54]. In a similar manner, a recent experiment employing 3D scaffolds that
allowed controlling different parameters such as stiffness, stress relaxation, and adhesion ligand
density of the substrate was performed to test if these stimuli affect the gene expression profile
of the MSC cultured on it. Indeed, dramatic changes in the MSCs gene expression patterns were
observed depending on their specific combinations [55]. These evidences supports the notion that
the microenvironment does modulate MSC trophic behavior, and that scaffold composition and
topography are able to significantly enhance cytokine and growth factor secretion by MSC. Thus, the
ability to modulate the MSC secretome by modifying the scaffold properties highlights the importance
of biomaterials for boosting the effects of the MSC-based cell therapy on cardiac regeneration.
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10. Biomaterials Functionalization with Growth Factors

Since the main therapeutic effects of MSC are due to the release of therapeutic proteins and factors,
hydrogels and scaffolds have also been functionalized with such key factors in order to increase their
therapeutic potential. Several of these experimental constructs are worth mentioning. A hydrogel
with the ability to sequentially release IGF-1 and HGF when injected into the myocardium achieved
a therapeutic effect in a rat model of MI [56]. An alginate-based injectable hydrogel that gradually
delivered VEGF and platelet-derived growth factor-BB (PDGF-BB) at different rates to accomplish
a more consistent effect was engineered [57]. Additionally, a myocardial patch made of collagen
membranes loaded with collagen-binding VEGF was generated to be used in a rabbit MI model.
Its implantation led to an increase in cardiac function, vasculogenesis, and patch cellularization [58].
Epicardial patches containing follistatin-like 1 (Fstl1), which is a well-known cardiomyogenic factor,
were designed as well. Two weeks after their implantation in hearts of myocardial infarcted swine,
an increase in cardiomyocyte proliferation, and therefore a regeneration of the cardiac muscle and
function, were observed in comparison with animals not receiving such treatment [59]. Experiments
have also been performed using a scaffold containing a soft core of gelfoam functionalized with
BM-MSC and stromal derived factor-1 (SDF1) and coated with an outer layer of CPL in order to add
mechanical strength. Its use in a rat MI model yielded positive results in that cardiac function was
recovered, and adequate remodeling and increased vascularization were documented [60].

Finally, another combinational approach has recently been reported. Both VEGF and PDGF
were immobilized in MSC-seeded scaffolds [61]. This biomaterial exhibited an enhanced mechanical
strength in vitro while maintaining a porous ultrastructure. In addition, the constant release of
cytokines promoted the proliferation of the MSC. In rats with LV aneurysm post-MI treated with these
VEGF/PDGF-immobilized and MSC-seeded scaffolds cardiac function, cell infiltration and tissue
revascularization improved four weeks after their implantation, when compared with rats that had
been treated with cytokine-free patches or cell-free patches.

Altogether, these studies highlight the clinical potential of combinational strategies and pave the
way for further attempts to boost the natural therapeutic effects of MSC with cytokines and growth
factors, to subsequently “ship” these agents into scaffold or hydrogel “carriers” to be implanted in the
damaged area of the myocardium.

11. Future Perspective: Allogeneic MSC-Seeded and Cytokine-Immobilized Patches for Cardiac
Regeneration

The aforementioned preclinical models and clinical trials allow us to envision a near future
scenario in which cardiac ischemic diseases will be treated with combinations of biomaterials,
pharmacological compounds and stem cells. These agents will have been previously manufactured,
seeded, and stored “off-the-shelf” in medical centers, thus enabling doctors to use them in an acute
phase of the disease with the certainty of having a standardized and validated product available.
Nevertheless, before this goal is achieved, many steps must still be taken. Firstly, regarding MSC,
the allogeneic transplant setting and the possible reaction of the host immune system to exogenous
allogeneic cells need to be better understood. The ongoing PROCHYMAL II clinical trial, as well as
others about to be initiated, will surely provide precious information on such topics. Additionally,
improvements in biomaterial tissue engineering techniques will allow the creation of scaffolds
complying with the ideal biomechanical, biological, and biochemical properties, which are able
to deliver cells and therapeutic cytokines at the precise locations and rates required for the appropriate
heart regeneration (Figure 2). Moreover, the use of other types of stem cells such as induced pluripotent
stem cells (iPSC), which hold the ability to differentiate into cardiac cells, could not only permit better
remodeling of the damaged myocardium, but also could lead to the re-population of the cardiac muscle
with functional cardiomyocytes. These, in turn, will help to regenerate the damaged heart tissue.
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In sum, in the coming years, we are going to address some exciting challenges in the cardiac
regeneration therapy field. Multidisciplinary approaches will be combined, and they will surely play a
central role in the achievement of the main objective, namely the recovery of cardiac function after
myocardial infarction.
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