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Abstract 

 
MicroRNAs are emerging as key players in the regulation of the post-myocardial 

infarction (MI) environment. We previously identified that matrix-treated hearts had down-

regulated expression of miR-92a, a miRNA with inflammatory and migratory effects that is 

normally up-regulated after MI. We have shown that type I collagen matrix treatment at 3h post-

MI leads to less inflammation and improved cardiac function, but the underlying mechanisms 

remain to be better characterized. The goal of this study was to elucidate a possible role of miR-

92a in the anti-inflammatory/pro-wound healing effect of matrix treatment post-MI. C57BL/6J 

mice underwent LAD ligation to induce MI. Hearts were removed at 4h, 1d, 3d, and 7d post-MI 

and RNA was extracted from infarct and peri-infarct tissue. PCR analysis revealed that hearts 

injected with matrix at 3h post-MI resulted in significantly decreased miR-92a at 4h, 1d, and 3d 

compared to non-injected animals at each time point (p<0.0001) and PBS injected animals at 4h 

and 7d (p<0.004). Several targets of miR-92a and regulators of macrophage polarization were 

found to be up-regulated (p<0.05) early in MI indicating early amelioration of inflammatory 

processes. In vitro, macrophages cultured on matrix also had decreased expression of miR-92a 

compared to cultures on tissue culture poly styrene (TCPS) (p<0.001). Integrins α5 (ITGAα5) 

and αV (ITGAαV), involved in cell-matrix interactions, as well as inflammatory regulators 

S1PR1 and SIRT1 were identified as putative miR-92a targets. When miR-92a is over-expressed 

in macrophages, ITGα5 (p=0.0002), ITGαV (p=0.02), and S1Pr1 (p<0.0001), and SIRT1 

(p=0.03) all had decreased expression. STAT3 and IL-10 were found to be moderately down-

regulated. In evaluating macrophage phenotypes, M2 macrophages had reduced miR-92a 

expression on matrix compared to M1 macrophages. The migration of M2 macrophages into the 

matrix is increased compared to M1 macrophages. We report that the beneficial effects of matrix 



 

 
iii 

 

treatment post-MI may be mediated, at least in part, through its ability to regulate miR-92a and 

pro-wound healing mechanisms in macrophages. These results present the matrix as a novel non-

pharmacological approach to locally regulate miRNAs in vivo for reducing inflammation and 

protecting the myocardium post-MI. 
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1. Introduction 

1.1 Normal Cardiac Physiology 

 The primary function of the heart is to distribute oxygenated blood through the 

body for cellular respiration, nutrient distribution and waste removal. Cardiac muscle has 

a unique composition with qualities of both skeletal and smooth muscle. Similar to 

skeletal muscle, cardiac muscle is striated, however it is not under voluntary control 

giving it characteristics of smooth muscle as well. To support the very high metabolic 

activity of the heart, the myocardium is densely vascularized to ensure adequate oxygen 

metabolism to avoid metabolic stress and the formation of reactive oxygen species 

(ROS). Electrical communication between cardiomyocytes occurs via gap junctions and 

is critical for regulating synchronous muscle contractions and pumping function. Another 

key factor the myocardium relies on is the extracellular matrix (ECM) for mechanical 

support. During diastole, collagen in the ECM passively provides stiffness to prevent 

temporal dilation, while during systole it is able to transduce force across the 

myocardium (Leonard et al. 2012; Winslow et al. 2015). In addition, the interaction of 

cardiomyocytes with the ECM promotes survival and function (Kresh and Chopra, 2011; 

Okada et al., 2013). Although much of the cellular mass of the heart is composed of 

cardiomyocytes, there are also several other cell types, including endothelial cells, 

fibroblasts and macrophages which have support and maintenance roles crucial to cardiac 

function.  
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1.2 Myocardial Infarction and Cardiac Repair 

 Cardiovascular disease (CVD) is defined as a physiological condition that causes 

impaired function of the heart, or blood vessels of the circulatory system. Myocardial 

infarction (MI) is often the consequence of prolonged CVD and results from the blockage 

of one or more coronary arteries causing ischemia (lack of oxygen and nutrients due to 

loss of blood supply) to the myocardium (Frangogiannis, 2008; Rane and Christman, 

2011). The ischemic event triggers a switch from aerobic to anaerobic respiration leading 

to acidosis from lactic acid accumulation, the generation of reactive oxygen species 

(ROS) and a significant loss of cardiac myocytes (Dzau et al., 2006; Jourdan-Lesaux et 

al., 2010). The post-MI heart undergoes a complex multiphase healing process, involving 

3 overlapping phases: the inflammatory, proliferative and maturation phases (Fraccarollo 

et al., 2012; Frangogiannis, 2006, 2008, 2012; Pfeffer and Braunwald, 1990) (Figure 1). 

In the inflammatory phase, apoptotic and necrotic cardiomyocytes release cytokines that 

signal for the recruitment of neutrophils and monocytes (Fraccarollo et al. 2012). Upon 

arrival of these immune cells to the ischemic tissue, there is a cascade of neurohormonal 

and intracellular signalling events that further mobilizes and activates more immune cells, 

namely neutrophils and macrophages, to remove debris from the infarct area (Fraccarollo 

et al., 2012; Frangogiannis, 2008; Sutton and Sharpe, 2015). After the removal of cellular 

debris, macrophages release growth factors and cytokines such as VEGF and TGF-β 

leading to the maturation of granulation tissue through angiogenesis and the promotion of 

fibroblast proliferation, marking the beginning of the transition from the inflammatory 

phase to the proliferation phase (Fraccarollo et al., 2012; Nahrendorf and Swirski, 2013; 

Pfeffer and Braunwald, 1990). During the proliferative phase, fibroblasts migrate into the 
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infarct where they respond to TGF-β1, fibronectin extra domain A and mechanical 

tension causing them in to undergo a phenotypic change to myofibroblasts (van den 

Borne et al., 2010; Dobaczewski et al., 2011; Fraccarollo et al., 2012; Sutton and Sharpe, 

2015). During the maturation phase, these “new” myofibroblasts, which have smooth 

muscle-like qualities including the ability to contract, secrete large amounts of 

extracellular matrix (ECM) proteins, primarily collagen, into the infarct. The deposition 

of ECM forms the collagenous scar which serves as mechanical support to protect the 

heart from ventricular rupture and is termed reparative fibrosis (Fraccarollo et al., 2012; 

Sutton and Sharpe, 2015). Although this scar is necessary to prevent rupture, maturation 

of the scar introduces its own pathophysiologic complications. Initially there is apoptosis 

of fibroblasts and vascular cells (Frangogiannis, 2008). The rigid scar, which does not 

contribute to the synchronous beating of the heart, leads to cardiac dilation, cardiac 

hypertrophy and in some cases cardiac failure (Dzau et al., 2006; Fraccarollo et al., 2012; 

Jourdan-Lesaux et al., 2010; Kempf et al., 2012; Pfeffer and Braunwald, 1990). Since this 

thesis focuses on the role of the macrophage, more background information on this cell 

type is provided in the following section. 
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Figure 1. Evolution of the infarcted myocardium. MI results in the activation of a 

multiphase healing process, involving 3 overlapping phases: the inflammatory, 

proliferation and maturation phases. This repair process prevents ventricular rupture, but 

it is insufficient to protect the myocardium from massive tissue loss and adverse 

remodeling. 

 

 

Inflammatory phase  

• Cardiomyocyte and endothelial cell death 
• Apoptosis and necrosis 

• g cytokine secretion 
• Upregulation of cellular adhesion molecules 
• Immune cell recruitment  
• Necrotic tissue and debris clearance 

Proliferative phase  

• Continued leukocyte recruitment and 
inflammation  

• Matrix protease secretion 
• Development of granulation tissue 

• Macrophage and fibroblast rich 
• Neoangiogenic  

• Fibroblast proliferation and ECM deposition 

Maturation phase 

• Scar tissue formation 
• Excessive fibrosis and ventricular 

stiffening 
• Cardiomyocyte dysfunction 
• Left ventricular dilation 
• Cardiac failure 
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1.3 Macrophages 

Immune cells are primarily responsible for maintenance of healthy tissue, and 

repairing sick or damaged tissue. Derived from myeloid or lymphoid origins, there are 

several different immune cells from lymphoid natural killer cells to phagocytic tissue 

macrophages (Baltimore et al., 2008). Macrophages are of the most abundant immune 

cells in the body. All macrophages, regardless of their resident location, participate in the 

detection of pathogens and damaged tissue, as well as the clearance of cellular debris 

(Pinto et al., 2014b). This occurs through macropinocytosis, a process involving a variety 

of pattern recognition receptors such as toll-like receptor-4 (TLR-4) mediated 

identification of antigens, and the secretion of chemical factors (Lim and Gleeson, 2011). 

It is important to note that macrophages can be classified into two broad categories: M1 

and M2 phenotype macrophages; although this is a simplification and there are subsets 

within each category (Frangogiannis, 2012; Gordon, 2003; Mantovani et al., 2004). M1 

macrophages are considered to be pro-inflammatory and mediate the initial stages of 

inflammation after injury/insult; while M2 macrophages have an opposing function, as 

they are anti-inflammatory, and promote wound healing and regenerative processes such 

as angiogenesis to help return the tissue to its natural state (Frantz and Nahrendorf, 2014; 

Gordon, 2003; Mantovani et al., 2004; Nahrendorf et al., 2007, 2010; Zhang and Wang, 

2014). Differences in these cells are also apparent in expression of cell surface molecules. 

For example, expression of Ly-6C on the surface is method of identification. Classical, 

M1 macrophages are characterized by high Ly-6C on the surface with predominant 

expression of TNF-α and IL-1β, while alternative M2 macrophages, display low Ly-6C 

on the surface with expression of IL-10 and Arginase-1 (Nahrendorf and Swirski, 2013). 
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The heart has its own resident macrophages known as cardiac tissue macrophages 

(cTMs). The cTMs differ from many other macrophages as they display an alternatively 

active, M2-like phenotype (Pinto et al., 2012). cTMs interact with other cardiac cell types 

and play an important role in cardiac homeostasis. It has been shown that cTMs are 

involved in capillarization of the myocardium, which may be achieved through 

neuropilin1 (NRP1) signaling and direct interaction with endothelial tip cells to promote 

anastomosis (Fantin et al., 2010). cTMs also play a role in controlling age-dependent 

fibrosis, particularly at the epicardial level (Biernacka and Frangogiannis, 2011; Pinto et 

al., 2014a). Maintenance of the epicardium is critical, as it contains multi-potent 

progenitor cells that have the ability to differentiate into endothelial cells, fibroblasts, and 

smooth muscle cells in the event of cardiac injury (Chong et al., 2011; Smart et al., 

2007).  

 

 Evidence continues to accumulate demonstrating the importance of resident 

macrophages in maintaining the optimal cardiac environment. Understanding how 

macrophage dysfunction can lead to a variety of pathophysiological conditions is likely to 

improve therapies for treating the diseased heart. 

 

1.3.1 Macrophage Response to Myocardial Infarction 

 Macrophages play a vital role in the healing of cardiac tissue after infarction. It is 

important to remember that macrophages are a plastic cell with 2 main phenotypes (M1 

and M2) that are derived from the differentiation of monocytes (Gordon, 2003; 

Mantovani et al., 2004; Zhang and Wang, 2014). The inflammatory response after MI is 
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initiated by the release of cytokines from injured/dying cardiomyocytes, which stimulates 

the recruitment of neutrophils and monocytes (Sutton and Sharpe, 2015). Neutrophils and 

monocytes are among the first cell populations recruited to the infarct area post-MI, 

arriving within an hour and persisting in the myocardium for several days (Jung et al., 

2013). The sustained inflammatory environment in acute MI causes the release of 

macrophage colony-stimulating factor (M-CSF) leading to the phenotypic transition of 

monocyte to macrophage (Frangogiannis et al., 2003). The polarization state of the 

macrophage (M1 vs. M2) depends on additional stimuli received from the cell’s 

environment and determines the mode of action of that particular cell (Mantovani et al., 

2004). M1 macrophages are known to be pro-inflammatory and are found in cardiac 

tissue soon after MI. This pro-inflammatory phase is necessary to promote the removal of 

debris and to initiate healing from other immune cells. M2 macrophages on the other 

hand, oppose the action of the M1 as they are anti-inflammatory and pro-wound healing 

(Nahrendorf et al., 2007, 2010; Zhang and Wang, 2014). M2 macrophages are found in 

significant numbers later in the infarct healing process, at approximately 7 days post-MI. 

M2 macrophages are associated with infarct healing, and a shift towards an increased 

M2:M1 ratio is beneficial for the resolution of the inflammatory state and enhancement 

of angiogenesis and decreased scar size (Harel-Adar et al., 2011). It is important to note 

that although the macrophage response is necessary acutely, prolonged activation of 

macrophages results in excessive scarring, cardiac stiffening and heart failure 

(Fraccarollo et al., 2012).  In addition to cTM’s, there are sources for recruited 

macrophages. The injured myocardium releases cytokines such as stromal cell-derived 

factor 1 (SDF-1) and vascular cell adhesion molecule (VCAM) to mobilizes additional 
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monocytes/macrophages from two other primary resources. In the bone marrow, 

hematopoietic stem cells are signalled through specific adhesion molecules such as ITGA 

α4β1 and CXCR4, to initiate the production of mononuclear cell types needed for repair 

(Lo Celso and Scadden, 2011; Ehninger and Trumpp, 2011), and monocytes are 

stimulated to be released and home to the infarct area where they differentiate into 

macrophages upon arrival (Dewald, 2005). There also exists a reservoir of monocytes 

within the spleen, which are mobilized post-MI and contribute significantly to the 

macrophage population found during the MI healing process (Swirski et al., 2009). 

Biomaterial therapy may be an attractive strategy to regulate macrophage function in the 

infarcted myocardium for promoting improved repair/regeneration while not causing 

excessive activation and further damage. 

 

1.4 Rationale for Biomaterials 

1.4.1 Current Treatment of MI 

 The primary goal in treating acute MI is to restore blood flow to minimize the size 

of the infarct and decrease the amount of cellular trauma to cardiac tissue. Current 

medical practice generally consists of a combination of surgical or pharmacological 

techniques (Steg et al., 2012; Wijns et al., 2010). Primary surgical techniques utilized to 

reperfuse the system are the implantation of stents and coronary artery bypass surgery 

(Wijns et al., 2010). A variety of pharmacological agents are also used either to avoid or 

complement surgical techniques. Thrombolytics are an option to circumvent potentially 

invasive surgical methods as they are designed to break up clots in order to restore blood 

flow (Antman et al., 2004). Other therapies include the use of vasodilators and blood 
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thinners in order to promote blood flow and reduce the risk of further clot formation 

(Antman et al., 2004; Steg et al., 2012; Wijns et al., 2010). All these therapeutic 

techniques aim to restore cardiac perfusion; while further medication is prescribed in 

order to manage patient symptoms and prevent further damage to the structural 

components of the heart. Despite the success of these treatments in saving and improving 

the quality of life of patients, they do not address the underlying cause of the disease and 

more importantly, do not replace the tissue that is lost. Since the heart has a very low 

capacity for regeneration, new treatments are required in order to grow new tissue and 

heal the heart at the cellular and molecular level. 

 

1.4.2 Potential of Biomaterials in MI Therapy 

Over the last decade there are has been considerable research dedicated to the 

development of biomaterials, both synthetic and natural, to aid in the healing process 

post-MI (Ahmadi et al., 2014; Jourdan-Lesaux et al., 2010; Kuraitis et al., 2012; Rane 

and Christman, 2011; Suuronen et al., 2006, 2009). Biomaterials can take many forms 

from injectable hydrogels to solid patches and can serve a variety of purposes. A left 

ventricular restraint is a device that is surgically implanted on the outer wall of the heart 

in order to provide increased mechanical support to the weakened ventricle of the 

infarcted heart (Rane and Christman, 2011). Cardiac patches, which can be created in the 

lab and sutured or applied to the surface of the tissue at the site of myocardial injury, 

have also been employed. These integrate with the host tissue and can be used to deliver 

therapeutics such as drugs, growth factors or small molecules (Rane and Christman, 

2011). Recently, there has been an increasing amount of research into injectable 
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hydrogels that can be delivered directly into the cardiac tissue. Injectable biomaterials are 

advantageous as they are less invasive than cardiac patches which require surgical 

procedure. However, injection must be precise as biomaterial that leaks into the ventricle 

would gel causing blockage of systemic vessels. Hydrogel materials are designed to 

remain liquid at cold temperature but gel at physiological temperatures upon injection. 

Although much research has been performed in the development of biomaterials to 

enhance cell transplantation therapies, it is increasingly evident that biomaterials can also 

be effective on their own, independent of cells. Thus far, various biomaterials have been 

shown to improve left ventricular ejection fraction (LVEF), reduce infarct size and 

scarring, and enhance tissue viability, angiogenesis, and cardiomyogenesis. It is clear that 

biomaterials are capable of improving cardiac repair at a cellular level rather than just 

controlling the effects of deteriorating function (Jalil and Seliktar, 2015; Pascual-Gil et 

al., 2015; Venugopal et al., 2012; Wang and Christman, 2015). 

 

 Post-MI, the composition of the cardiac ECM undergoes considerable change as it 

is remodeled through the inflammatory, proliferative and maturation phases of ischemic 

injury (Li et al., 2014). Since a cells function is controlled, in part, by interactions with 

the ECM environment, the cardiac ECM changes that occur post-MI can significantly 

affect the reparative response of the cells in the heart (Bayomy et al., 2012; Dobaczewski 

et al., 2011; Fan et al., 2014) (Table 1). The use of biomaterials may be a promising 

therapy to circumvent adverse compensatory events initiated by ECM changes post-MI. 
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Cardiomyocytes Macrophages Fibroblasts 

Endothelial 

Cells 

Cellular 

Dysfunction  

‐ Cell death 

‐ Minimal 

regeneration 

‐ M1 invasion 

‐ Inflammation 

‐ Myofibroblast 

phenotype 

‐ Extended 

activity 

‐ Apoptosis 

and 

necrosis 

‐ ROS 

production 

Adverse 

Function 

‐ ↓Contractility 

‐ Ventricular 

thinning  

‐ Excessive 

MMP activity 

‐ Pro-nectrotic 

signaling 

‐ ECM 

deposition 

‐ Cardiac 

hypertrophy 

‐ Stiffening  

‐ ↓ Cardiac 

perfusion 

‐ Sustained 

hypoxia  

 

Table 1. Cell responses and functional changes post-MI. The response of different cell 

types after MI and the resultant negative outcome of these responses that may contribute 

to heart failure development. 

 

1.4.3 Use of Collagen Matrices in Cardiac Regeneration 

 Collagen, the most abundant ECM protein in the heart, is widely used in cardiac 

tissue engineering applications. The ECM is responsible for providing structural support 

to the heart as an organ by forming networks for cellular adhesion and communication 

(Fan et al., 2014). Surface adhesion molecules on the cell’s surface such as integrins 

(ITGs) and immunoglobulins bind to the ECM initiating internal signalling cascades 

altering cellular activity (Tallawi et al., 2015). Type 1 collagen-based biomaterials 

delivered as patches or injectable hydrogels have demonstrated the ability to reduce scar 

size, adverse remodeling and to improve function of the MI heart (Ahmadi et al., 2014; 

Blackburn et al., 2015; Serpooshan et al., 2013; Xu et al., 2014). The injection of a 

biomaterial also creates the opportunity for localized cell treatment to an injury. Small 

intestinal submucosal ECM (SIS-ECM), which is composed primarily of  various 
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collagens (type 1 most abundantly), was injected with and without circulating angiogenic 

cells (CACs) into a mouse model of MI (Toeg et al., 2013). Both treatments lead to 

greater LV posterior wall thickness and reduced infarct size with newly formed 

cardiomyocytes and/or cardiac progenitor cells were observed. In other work, cardiac 

ECM, derived from the decellularization of porcine myocardium, has been shown to 

attenuate adverse remodeling and the deterioration of cardiac function of the MI heart in 

both rats and pigs (Seif-Naraghi et al., 2013; Singelyn et al., 2012). In pigs, there was 

visible muscle retention in the endocardium of cardiac ECM-treated animals with 

neovascularization observed below these beds of cardiomyocytes (Seif-Naraghi et al., 

2013). The above examples highlight the use of in vivo derived ECM biomaterials in the 

treatment of MI. Chemically crosslinked collagen hydrogels are also effective at 

improving function post-MI. Previous work out of the Suuronen lab has demonstrated 

that the injection of an EDC/NHS cross-linked collagen matrix is able to improve 

angiogenesis, reduce inflammation and cell death, and prevent further loss of cardiac 

function after MI. It has also been shown that collagen matrices are able to improve 

therapeutic effects of circulating angiogenic cells (Ahmadi et al., 2014; Kuraitis et al., 

2011, 2012; Suuronen et al., 2006, 2009). More recently, our group identified that 

injection of the collagen matrix 3 hours post-MI leads to superior healing compared to 

injection at later time-points. There was also a more predominant M2 response at 2 days 

post injection and increased vascularity in the infarcted area (Blackburn et al., 2015). 

This work demonstrates the viability of the collagen matrix therapy in treating the MI 

heart; however the exact mechanisms of action are still unclear.  
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1.4.4 Macrophage Response to Biomaterial Therapy 

 Macrophages are highly plastic cells that are very sensitive to their surroundings. 

Therefore, biomaterials have the potential to vastly alter macrophage function and 

remodelling in the post-MI heart. Composition of the biomaterial is important; the culture 

of monocytes on polyethylene terephthalate yields an increased M1:M2 response 

compared to culture on polypropylene, which had the opposite effect: greater M2 

polarization (Grotenhuis et al., 2013). This illustrates that macrophages are responsive to 

biomaterial therapy and can be differentially polarized. Other work has aimed to identify 

polarization, as well as subsequent localization, of different cell colonies in response to a 

variety of different biomaterial patches. Specifically, in one study, biomaterials that 

predominantly stimulated M1 polarization, clusters of M1 macrophages were observed 

around the border of the material, while the few M2 macrophages that were present had 

infiltrated the material’s centre and contributed to constructive remodelling (Brown et al., 

2012). Physical characteristics of the biomaterial such as fiber diameter and material 

stiffness have also been studied. Notably, for M0 macrophages cultured on electrospun 

polydioxanone (PDO), greater expression of the M2 marker arginase and reduced 

expression of the M1 marker iNOS was observed on scaffolds with larger fibers and pore 

sizes, suggesting that larger fiber and pore size promote the differentiation of M2 

macrophages (Garg et al., 2013). Similar findings were reported by a group using 

electrospun poly(ε-caprolacetone) (PCL) as the biomaterial suggesting physical 

characteristics may be equally as important as chemical composition (Wang et al., 2014). 

Macrophage phenotype and function plays a significant role in the remodeling of the 
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post-MI heart, therefore how a biomaterial affects macrophages may ultimately decide 

the overall success of a biomaterial therapy. 

 

1.4.5 Importance of Macrophage Migration in Biomaterial Therapy 

 An advantage of biomaterial therapy is that it provides immediate structural 

support to injured cells following MI. One important aspect of this type of therapy is the 

ability of immune cells to migrate through the matrix in order for its therapeutic effects to 

be exerted both within the material and in its periphery. Macrophage migration can be 

chemokine directed and mediated through matrix metalloproteinases (MMP). Not only do 

macrophages have the ability to migrate, they have a diverse chemokine secretion profile 

that is capable of activating migratory pathways in a paracrine fashion. For example, 

myoblast migration was greatest in conditioned media from M2 polarized macrophages 

compared to M1 (Brown et al., 2012). Therefore, in biomaterials, there is the potential to 

control macrophage phenotype and their ability to promote the recruitment of different 

cell types required for the regeneration of cardiac tissues. 

  

1.5 MicroRNA Generation and Processing 

 Emerging in science are a class of small non-coding RNA termed microRNA 

(miRNA or miR). Generally, only 22-25 nucleotides in length, miRNAs regulate gene 

expression through binding of the 3’UTR and negatively regulating translation of the 

target genes mRNA (Ambros, 2004; Bartel, 2009; Dorn, 2011; Port et al., 2011; Rayner 

et al., 2010; Small et al., 2010). Although the majority of miRNA is encoded within 

intergenic strands, there is also portion of miRNA that is encoded by intronic DNA. 
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Intronic miRNAs are spliced out with a spliceosome where it goes for further processing 

in the cytoplasm. Intergenic miRNAs are spliced away from the DNA with the protein 

duplex Drosha-DGCR8, which is then exported the cytoplasm where Dicer prepares the 

mature miRNA for binding to the RNA-induced silencing complex (RISC). At this point, 

the miRNA can be packaged it microvessicles such as exosomes for release or may bind 

to the 3’UTR of the mRNA strand where it causes repression of translation or mRNA 

degradation (Bartel, 2004; Dorn, 2011). Due to the complex nature of miRNAs with 

biogenesis originating from intergenic DNA and intronic processing, they exhibit control 

over many biological processes with high fidelity. Adding to this is the ability for 

miRNAs to target several genes governing the same biologic process. For example, miR-

92a targets several genes associated with ECM interactions, increasing the chance that it 

will produce the desired outcome (Bonauer et al., 2009; Nouraee and Mowla, 2015). 

 

1.5.1 MicroRNA in Cardiovascular Disease and MI 

 Growing evidence suggests that miRNAs play a large role in a wide range of 

cardiovascular diseases from chronic genetic illnesses to acute onset syndromes. miRNA 

profiling of cardiac tissue identified approximately 200 miRNAs which were 

constitutively expressed and regulated in diseases such as cardiac hypertrophy and heart 

failure (Dorn, 2011). Animals in a heart failure model showed recovering miRNA 

profiles after mice received left ventricular assist devices demonstrating in importance of 

miRNA and subsequently mRNA on progression and mediation of heart failure (Dorn, 

2011). During MI, several changes that occur at the molecular level contribute to the end 

fate of the cardiac tissue. One of these molecular factors is alterations in expression 
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miRNAs. It has been shown that after MI, several miRNAs have altered expression in 

cardiac tissue, which contribute to disease pathology and/or wound healing (Bonauer et 

al., 2009; Dong et al., 2009; Hu et al., 2011; Kukreja et al., 2011; Port et al., 2011). For 

example, miR-21 targets genes such as Spry1 and PTEN in fibroblasts which contribute 

to cardiac fibrosis post-MI (Dong et al., 2014; Gong et al., 2014). miR-92a is also 

significantly up-regulated post-MI, which has very negative implications as this is 

associated with anti-angiogenic and pro-inflammatory functions (Bonauer et al., 2009; 

Kukreja et al., 2011). Currently, there have been few studies which characterize the effect 

of biomaterials on miRNA expression during acute cardiac events. As we were interested 

in investigating which microRNAs may be playing a role in the matrix-induced post-MI 

healing, we performed microarray analysis on 2d infarct tissue after injection with matrix 

at 3h post-MI. Matrix treatment resulted in significant alterations in the expression of 

detrimental miRNA, miR-92a (Chiarella-Redfern 2015). With technology advancing and 

becoming more accurate for molecular monitoring, it soon may be possible to use 

miRNAs as biomarkers or as therapeutic targets for cardiac conditions to facilitate early 

diagnosis and treatment. However, given the vast and complex nature of miRNA 

expression, further research must be done to better understand the roles and mechanistic 

action of miRNAs in cardiovascular disease.  

 

1.5.2 miR-92a Regulation and Functions 

 Located at position 31 on the long arm of chromosome 13 is a cluster of 

microRNA known as the miR-17-92 cluster. This group of miRNAs stretches along a 

distance of 800bp on the third intron of the cl31orf25 gene (Hayashita et al., 2005; Ota et 
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al., 2004). The miR-17-92 cluster has been shown to play a part of many diseases; of 

particular interest is miR-92a, which has been shown to participate in the 

pathophysiology of lung cancer, hepatocellular carcinoma, breast cancer, and ventricular 

remodelling post-MI to name a few (Hinkel et al., 2013; Lin et al., 2013; Nilsson et al., 

2012; Shigoka et al., 2010; Zhang et al., 2014). Mechanistically, miR-92a has been 

shown to target ITGAα5 and αV, SIRT1 and S1Pr1 that ultimately affects angiogenesis, 

inflammation, and migration. In a breakthrough study by Bonauer et al in 2009, it was 

found that forced over expression of miR-92a inhibits the formation of vascular 

networks, blocks sprout formation, and reduces cellular adhesion and migration. 

Subsequent anti-miR treatment resulted in increased vessel formation and improved 

overall cardiac function (Bonauer et al., 2009). The improvements in angiogenesis were 

attributed to the upregulation of ITGα5, a known target of miR-92a. Similar results were 

observed when pigs were treated with a locked nucleic acid (LNA)-92a after MI. 

Treatment with  (LNA)-92a led to improved vasculogenesis, reduced scarring, and 

improved cardiac function (Hinkel et al., 2013). In a model of vascular injury, inhibition 

of miR-92a resulted in reduced inflammation as shown by decreased lesion formation 

(Daniel et al., 2014). MiR-92a may play a role in inflammation through known targets 

sirtuin-1 (SIRT1) and S1P1 receptor (S1Pr1), which directly inhibit inflammation in 

macrophages (Bonauer et al., 2009; Hughes et al., 2008; Yoshizaki et al., 2010). 

Dysregulation of miR-92a in some cancers has been associated increased invasiveness 

providing support for miR-92a’s role in migration. In lung cancer, STAT3, an upstream 

regulator of miR-92a, increases miR-92a levels, which directly targets RECK to increase 

invasiveness (Lin et al., 2013). In a different study of breast cancer, the downregulation 
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of miR-92a improved macrophage localization and migration into tumors (Nilsson et al., 

2012).  

 

 It is clear that miR-92a takes part in many biological processes. MiR-92a is 

known to be upregulated post-MI and is a potent inhibitor of anti-inflammatory pathways 

and angiogenesis, both necessary for the repair of MI. Controlling the expression and 

dysregulation of miR-92a offers novel therapeutic opportunities and may be a viable 

approach to improving myocardial repair post-MI.  

 

1.6 Research Plan 

1.6.1 Rationale 

 Inflammation, cardiomyocyte death, adverse cardiac remodelling, and subsequent 

deterioration of cardiac function are all hallmark consequences of MI. Evidence has 

shown that treatment of the infarcted myocardium with biomaterials post-MI is capable 

of reducing adverse ventricular remodelling and improving revascularization and cardiac 

function (Jalil and Seliktar, 2015; Pascual-Gil et al., 2015; Venugopal et al., 2012). Of 

particular interest is a chemically crosslinked type 1 collagen biomaterial which improves 

overall cardiac function attributed to reduced infarct size, inflammation and cell death, 

enhanced angiogenesis, and an altered macrophage polarization profile (Ahmadi et al., 

2014; Blackburn et al., 2015). The biomaterial’s ability to influence macrophage function 

post-MI is key in limiting the chronic inflammation and overall cell death. Although 

promising, an exact mechanism of action has not been defined. With the high activity of 

miRNA in cardiovascular disease, it is believed they play a key role in the adverse of 
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implications of MI. In previous miRNA profile studies from the lab (unpublished), it was 

shown that injection of the collagen biomaterial at 3h post-MI resulted in significantly 

decreased expression of the anti-angiogenic, pro-inflammatory miR-92a at 2-days post-

treatment. It is believed that the efficacy of the biomaterial in treating the MI heart may 

be, in part, due to its ability to regulate miR-92a expression. Since less inflammation was 

observed in the post-MI heart, and given that miR-92a has targets that regulate 

inflammation, this study examined the ability of the matrix to control macrophage 

function through a miR-92a mechanism.   

 

1.6.2 Aims and Objectives 

1. To determine if collagen matrices are able to regulate macrophage phenotype and 

function through regulation of miR-92a. 

2. To identify mechanisms by which miR-92a can control the functionality of 

different macrophage phenotypes. 

 

 

1.6.3 Hypotheses  

We hypothesize that a collagen matrix will promote an anti-inflammatory/pro-

wound healing macrophage phenotype through the downregulation of miR-92a 

expression. Subsequently, we believe that reduced miR-92a levels will result in superior 

migration of wound healing macrophages.  
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2. Materials and Methods 

 

All animal work was performed with the approval of the Animal Care Committee at the 

University of Ottawa Heart Institute 

 

2.1 In Vivo and In Vitro Sample Collection 

2.1.1 Animal Model of MI and Surgical Technique 

 One week prior to surgical procedure, 7-9 week old female C57BL/6J mice 

(Charles River, Sherbrooke, QC, Canada) arrived at the Heart Institute to acclimate. To 

avoid unnecessary pain/distress, 1 hour prior to surgery animals were injected 0.1mL 

buprenorphine. Mice were anesthetized with gaseous isoflurane with 2% oxygen and 

underwent irreversible ligation of the left anterior descending coronary artery (LAD) in 

order to induce MI as described in Ahmadi et al. 2014. In preparation, mice were 

intubated with a 20G catheter (BD Bioscience) and cleared of hair from the chest with 

hair removal cream. Mice were then transferred to a heated operating platform where an 

incision was made between the 4th and 5th rib which were then spread to reveal the heart. 

The LAD was ligated using a 6.0 silk suture (Syneture) with two stitches to produce 

appropriate blanching. The rib separator was removed and skin was closed with #5 

synthetic thread (Syneture). Three hours post-MI mice were randomly selected to their 

treatment group of: i) no injection, ii) PBS injection or iii) collagen matrix injection. 

Animals received injections (PBS or matrix) in 3-4 intramuscular locations, 50uL total, in 

the infarct/peri-infarct region guided through echocardiography with a 27 ½ G syringe. 

Mice were sacrificed at 4h, 1d, 3d, and 7d post- injection. Cardiac tissue samples were 

dissected from the infarct/peri-infarct zone, non-infarcted left ventricle, and right 

ventricular muscle and stored in 4% PFA at -80oC. RNA was later extracted for RT-

qPCR for microRNA expression and target gene expression profiling.  
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 Animals in the SHAM category underwent all the same pre-op procedures and 

had their chest cavities opened similar to experimental group mice, however, no LAD 

ligation was done.  

 

2.1.2 BMDM Isolation and In Vitro Culture 

 Female C57BL/6J wild type mice aged 6-10 weeks were euthanized by CO2 

inhalation and cervical dislocation. Mice were then thoroughly sprayed with 70% ethanol 

to kill bacteria within the fur before skinning the lower half of the mice. Leg amputation 

occurred above the hip joint as to not expose the inner marrow to the external 

environment while being transferred in a sterile tube containing PBS. Small scissors were 

used to clean muscle away from the femur. One cut was made immediately superior to 

the knee and inferior to the hip to create an open-ended tube to flush bone marrow. Using 

a 25G needle attached to a media filled syringe, the needle tip was inserted into one end 

of the bone and marrow was flushed into a clean 50mL Falcon tube. The media used 

consisted of DMEM high glucose (Gibco), 20% L929 conditioned media, 10% FBS 

(Gibco) with pen/strep added. The cell-media mixture was then mixed through pipetting 

to break up larger chunks of marrow and divided equally into (n-1; n= # of legs) 150mm 

diameter plates. For example, if 3 mice were sacrificed, 6 legs were harvested and media 

containing cells were divided into 5 plates. Plates were then topped up with media to a 

total volume of 25mL and placed at 37oC for 4 days. At day 4, more media was added to 

provide nutrition to the cells. If too few cells were stuck down by day 4, cultures were 

spiked with 3-5mL of pure L929 conditioned media to enhance macrophage 

differentiation. Media was changed at day 6 if cells were confluent, or left till day 7 until 
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ready for experimental use, typically day 7. Cells were lifted using 6mL of 5mM 

EDTA/HBSS (without Ca2+/ Mg2+) followed by refrigeration at 4oC for 13 minutes. 

Plates were then gently scraped and cells were collected into a 50mL Falcon tube 

containing 2-3mL media. Prior to centrifugation, 10μl of media was removed and added 

to a counting slide (BioRad) for counting by the TC10 Automated Cell Counter 

(BioRad), while remaining cells were spun at 1300rpm for 5 min to pellet cells for 

EDTA/HBSS removal and resuspension.  

 

 For experiments comparing matrix vs. tissue culture polystyrene (TCPS control), 

cells were plated on matrix at a density of 4.0 x106 cells, while cells seeded on TCPS 

were plated with a density of 2.0x106 cells. Cells were seeded at different densities to 

accommodate for loss of cells during collagenase breakdown of matrix. All experiments 

requiring transfection with miR-mimics or anti-miRs were seeded with 2.0x106 cells. 

 

2.2 Treatment Conditions 

2.2.1 Matrix Preparation 

 The collagen matrix was synthesized in a 5ml Eppendorf bullet tube chilled on ice 

as previously described in Blackburn et al 2015. Collagen was crosslinked using 1ml of 

4.36 mg/ml type 1 rat tail collagen (Corning, Corning NY) and 200μL of crosslinking 

solution. The crosslinker consisted of 0.1M 2(-N-morpholino) ethanesulfonic acid (MES) 

buffer (pH~6.0) added to 2.5mg 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

and 1.5 mg N-hydroxysuccinimide (NHS) forming a 1:1 molar ratio. After thorough 

mixing of crosslinker and collagen, 400μL of PBS was added followed by 100μL of 40% 
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chondroitin sulfate-C (Wako, Osaka, Japan) in Mg2+/Ca2+ free PBS. There was thorough 

mixing after the addition of each ingredient to ensure homogenous mixture. Using 1N 

NaOH, the collagen solution was adjusted to a pH of 7.2 ± 0.2 per colorimetric pH paper. 

For in vivo injections, 200μL of collagen was added to 1cc syringes with a 27 ½ G needle 

(BD Bioscience) and placed on ice to avoid gelation while mice were prepared and 

mapped using echocardiographs. During in vitro experiments 225μL of matrix was 

evenly spread across the surface of 6-well plates and placed at 37oC for 20 minutes for 

gelation. After gelation, the matrix was washed with PBS for 45 minutes twice and left to 

sit overnight in PBS at 37oC. Gels were made on the day of injection for in vivo 

experiments or 1 day prior to use for in vitro experiments.  

 

2.2.2 Transfection of BMDMs with anti/mimic microRNAs 

 miR-92a inhibitors and mimics (Dharmacon) were reconstituted to a final 

concentration of 20μM with ultrapure RNase free water (Invitrogen). The process for 

antimiR and miR-mimic transfection are the exact same. The transfection mixture was 

made by mixing 5μL of mimic with 200μL OptiMEM (Gibco), which was mixed by 

pipetting. This reaction was scaled up based on the number of individual wells needed to 

transfect. Once the transfection mixture was added to the wells, 2μL of lipofectamine 

RNA iMAX were added directly to the wells and swirled to mix. After incubation at 

room temperature for 30 minutes, cells suspended in antibiotic free media (DMEM high 

+ 10% FBS) were seeded at a density of 2.0x106 cells. After the addition of cells, plates 

were placed at 37oC for 48 hours. All miR-92a inhibitor and mimic transfection 

experiments were run against a control antimiR or control miR-mimic, respectively.  
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2.2.3 Macrophage Phenotype Polarization 

 The current cell culture protocol is sufficient to generate large amounts of M0 

macrophages, however, to determine the role of macrophage phenotype on function, 

macrophages need further help to polarize. On day 6, cells were lifted, counted and 

resuspended in a volume that allows for 2mL of media to be added to individual wells of 

a 6-well plate. To induce the M1 phenotype, 2μL [1μg/mL] of lipopolysaccharide (LPS; 

1mg/mL; Sigma) and 2μL [100ng/mL] of interferon gamma (IFN-γ; 100ug/ml; R&D 

Systems) were added to each well to be polarized. The M2 phenotype was induced by 

adding 2μL [10ng/mL] of IL-4 (100μg/ml; R&D Systems) to each well. Cells were then 

placed at 37oC to incubate for 24 hours before being lifted for further treatment on matrix 

or TCPS. 

 

2.3 RNA isolation 

2.3.1 Cardiac Tissue RNA Isolation 

 The lab bench was thoroughly cleaned with RNase Away (Thermo Scientific) to 

avoid any sample being compromised by RNase contamination. One scoop of 2.0mm 

zirconium silicate beads (Ideal Scientific) was placed in a clean 1.5mL Eppendorf tube 

followed by 1ml of TRIzol and cardiac tissue. The tissue was then homogenized at 4oC in 

a bullet blender (Integrated Science Solutions) for 4× 5 minute intervals at an intensity of 

9. The supernatant was then collected and transferred to a clean 1.5mL Eppendorf tube 

with 200μL of chloroform added to the homogenate. The sample was mixed by intense 

shaking for approximately 15 seconds and incubated at room temperature for 15 minutes. 
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Following separation of the TRIzol-chloroform mixture, the tubes were spun at 12000g 

for 15 minutes at 4oC. The top phase containing RNA was then transferred to a clean 

1.5mL tube for washing and precipitation with 1.5x the transferred volume with 100% 

ethanol (eg: 400μL of top phase = 600μL 100% ethanol added). The washed RNA was 

then moved to the miRneasy Micro Kit (Qiagen) for isolation on a column. RNA binds 

the filter of the column as the ethanol passes through during the first spin. Once the 

ethanol is removed, several wash steps occur with the Qiagen’s RWT and RPE wash 

buffers, respectively, followed by a wash with 80% ethanol. Spin columns were then 

placed in a clean 1.5mL tube with 25μL of ultrapure water added to the column for the 

final spin. Water dissolves RNA allowing it to be released from the filter during the final 

spin at 15000g for 1 minute. 

 

2.3.2 Cultured Cell RNA Isolation 

 The isolation of RNA from cultured cells is very similar to cardiac tissue RNA 

isolation except there is no bullet blending homogenization, and instead of transferring 

the upper layer of RNA to a spin column, it is transferred to a clean 1.5mL Eppendorf 

tube. In experiments where cells are on the plate directly, TRIzol was added directly to 

the well, pipetted up and down to wash the surfaced of the plate and transferred to the 

Eppendorf tube. For matrix-cultured cells, the matrix was first dissolved in 200μL of 

2500units/ml type 1 collagenase (Sigma) with 1800μL 3mM CaCl2/HBSS at 37oC for 30 

minutes. The now liquefied matrix was collected in a 15ml tube and spun for 6 minutes at 

1300rpm. The supernatant was aspirated off and 1mL of TRIzol was added directly to the 

cell pellet before transferring to a 1.5mL Eppendorf tube. Chloroform was then added, 
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shaken to mix, and allowed to separate for 15 minutes at room temperature before 

centrifuging at 12000g for 15 minutes. The clear, top phase was removed and transferred 

to a clean 1.5mL tube where 500μL isopropanol was added. The samples with 

isopropanol were mixed by inversion and allowed to incubate at room temperature for 10 

minutes before spinning at 12000g for 10 minutes at 4oC. The clear isopropanol 

supernatant was removed carefully as to not remove the small, white RNA pellet. The 

final step included washing with 1mL of 75% ethanol and centrifugation at 7500g for 5 

minutes at 4oC. After removal of the ethanol, the RNA pellet was allowed to air dry for 

10-15 minutes, depending on the size of the pellet, before reconstituting the RNA pellet 

in 15-20μL of ultrapure RNase free water (Invitrogen).  

 

2.3.3 RNA Quantity and Quality 

 All RNA was analyzed using the NanoDrop-1000 Spectrophotometer with V3.3 

Software (Thermo Scientific). The machine was blanked with ultrapure water prior to 

initial sample. 1μL of sample was placed on the pedestal with the closed arm allowing the 

machine to display RNA concentration in ng/μL, 260/280 (measure of protein 

contamination), and 260/230 (measure of PCR inhibitors). All samples used had 260/280 

≥ 1.9 and 260/230 ≥ 1.5. If samples appeared “messy” with low 260/280 and low 

260/230, samples were run through the wash phases of miRneasy Micro Kit (Qiagen) as 

previously described. This cleans the samples to ensure successful and reliable PCR data.  

 

 Due to the nature of the homogenization process, RNA isolated from cardiac 

tissue is susceptible to fragmentation thus requiring one further quality check with the 
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Agilent RNA 6000 Nano Kit (Agilent Technologies) and the 2100 Bioanalyzer 

instrument with the 2100 Expert Software (Agilent Technologies). This software is 

designed to measure RNA integrity by separated RNA based on weight. After the chip 

was primed with gel-die mix, RNA marker and ladder, 1μL of denatured RNA was 

placed into their respected wells of the chip. The chip was then mixed by vortexing at 

2400rpm for 1 minute before commencement of bioanalyzer. The readout displays an 

RNA integrity number (RIN) which is used as a ranking system out of 10 to grade the 

RNA, with 10 being the best. All tissue isolated RNA was found to have a RIN ≥ 8.0 

which is considered intact and usable for PCR. 

 

2.4 Quantification of miR-92a and Associated Targets 

2.4.1 Reverse Transcription and qPCR for miRNA Target Genes 

 After the search of several databases (miRDB, miRBase, Target Scan) and 

literature searches, targets of miR-92a were identified and primers were ordered for the 

study of gene expression. Along with known targets, genes associated with macrophage 

polarization and genes known to play a role in miR-92a regulation were also tested in 

cardiac tissue and BMDMs:  
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Common Name 
Gene 

Abbreviation 

Primer 

Direction 
Sequence 

Integrin α5 ITG α5 
Forward CTCCCTCTACAACGTCTCAGG 

Reverse CATCTCCATTGGTATCAGTGGC 

Integrin αV ITG αV 
Forward TTGATTCAACAGGCAATCGAGA 

Reverse AGCATACTCAACGGTCTTTGTG 

Sphingosine-1-

Phosphate Receptor 
S1Pr1 

Forward ATGGTGTCCACTAGCATCCC 

Reverse CAGCCGTCTCTGTGTCACAAA 

Sirtuin 1 SIRT1 
Forward CAGCCGTCTCTGTGTCACAAA 

Reverse GCACCGAGGAACTACCTGAT 

Signal Transducer and 

Activator of 

Transcription 3 

STAT3 

Forward CAATACCATTGACCTGCCGAT 

Reverse GAGCGACTCAAACTGCCCT 

Interleukin-10 IL-10 
Forward GCTCTTACTGACTGGCATGAG 

Reverse CGCAGCTCTAGGAGCATGTG 

Inducible Nitric Oxide 

Synthase 
iNOS 

Forward GTTCTCAGCCCAACAATACAAGA 

Reverse GTGGACGGGTCGATGTCAC 

Housekeeping 18s 
Forward GTAACCCGTTGAACCCCATT 

Reverse CCATCCAATCGGTAGTAGCG 

Housekeeping HPRT 
Forward TCAGTCAACGGGGGACATAAA 

Reverse GGGGCTGTACTGCTTAACCAG 

 

Table 2. List of Genes and Primers used in RT-qPCR analysis.  

 

RNA was reverse transcribed to cDNA using IScript Reverse Transcription 

Supermix for RT-qPCR (Bio Rad). cDNA mixture was composed of 4μL supermix, 

500ng - 1ug of RNA, and ultrapure water totalling 20μL. The sample was mixed 

thoroughly and pulse centrifuged to collect contents at the bottom before placing in the 

Mastercycler Gradient (Eppendorf). The Mastercycler RT program is as follows: 25°C 
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for 5min followed by 42°C for 30min and 85°C for 10min finishing with 4oC until 

samples could be diluted 1:10 and stored at -20oC. 

 

 To organize the PCR, a mastermix for each gene of interest was prepared in 

triplicate to accommodate loading on the plate. The triplicate volumes of each ingredient 

in the reaction are: 30μL of SYBR Green Supermix (BIO RAD), 1.2μL of 10uM forward 

and reverse primer and 21.6μL of Ultra Pure distilled water. Prior to plating the reaction, 

56μL of mastermix was combined with 6μL of cDNA. Plates were loaded with 20μL in 

each well, sealed with adhesive plate seals (Fisher Scientific) or cap strips (VWR) and 

spun for 30 seconds in Mini Plate Spinner-MPS 1000 (Labnet). The plate was then placed 

in the Mastercycler Realplex2 (Eppendorf) and turned completing the 30 second at 95oC 

activation followed by repeating 40 cycles of denaturation for 5s at 95°C and 

annealing/extension for 15s at 60°C followed by a melting curve step. Relative 

quantification was used with gene expression normalized to housekeeping gene 

expression.  

 

2.4.2 Reverse Transcription and qPCR for miRNA Expression 

 The primer assays for miRNA PCR were ordered from Qiagen; miR-92a 

(MS00005971) and housekeeping gene RNU6-2_11 (MS00033740). RNA samples were 

reverse transcribed using miScript II RT kit (Qiagen), in a similar fashion to the prior RT 

procedure. In a 0.5mL tube, 500ng of RNA was mixed with 4μL of 5x miScript HiSpec 

Buffer, 2μL of 10x miScript nucleics Mix, 2μL miScript Reverse Transcriptase Mix and 

Ultra Pure water to a total volume of 20μL. Samples were mixed and pulse centrifuged 
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before being placed in the Mastercycler Gradient (Eppendorf). The MiScript RT program 

starts with 37°C for 60min followed by 95°C for 5min and finishes with a hold step at 

4oC until ice or freezing. The samples were diluted 1 in 8 with water and stored at -20°C 

until eventual use. 

 

 For the miScript PCR, one master mix per miRNA and housekeeping control to 

be tested was made. The triplicate volumes of ingredients are as follows: 30μL of 2x 

QuantiTect SYBR green PCR Master Mix, 6μL of miScript Primer Assay, 6μL of 10x 

miScript Universal Primer and 12μL of Ultra Pure distilled water. After mixing, 59.4μL 

of master mix was added to 6.6μL of cDNA in 0.5ml tube. The samples were plated in 

triplicate with 20μL per well, sealed with caps (VWR), spun for 30 seconds in Mini Plate 

Spinner-MPS 1000 (Labnet) and placed in the Lightcycler. The cycling conditions were 

15min at 95°C for the initial activation step and 40 cycles of denaturation for 15s at 94°C, 

annealing for 30s at 55°C and extension for 30s at 70°C, followed by a melting curve 

step. Relative quantification of the miRNA of interest was done by normalizing to 

expression of the RNU6B housekeeping gene.  

 

2.4.3 Protein Isolation and Western Blots 

 Transfected cells and cells plated directly on the surface of the plate were prepped 

for lysis by media aspiration and 2x PBS washes. Cells plated on matrix required one 

further step of collagenase treatment, as previously described, to release cells from the 

matrix. Cells were lysed directly with 2x Laemmli buffer (4% SDS, 20% glycerol, 10% 

2-mercaptoethanol, 0.004% bromphenol blue and 0.125 M Tris HCl, pH approx. 6.8) 
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either on the plate or in a spun 15ml tube from collagen matrix treated cells. Lysis 

occurred for 20-30 minutes on ice before being transferred to a 0.5ml Eppendorf tube and 

stored at -20oC.  

 

 The main running gel was made by mixing 8.0ml of water, 3.0ml of 40% 

acrylamide, 3.8ml of 1.5M Tris buffer (pH 8.8), 0.15ml of 10% sodium dodecyl sulfate 

(SDS), 0.15ml of ammonium persulfate (APS) and 0.012ml of 

tetramethyethylenediamine (TEMED) in a 50mL Falcon tube. The gel solution was then 

transferred to a gel plate where it was filled to approximately 1cm from the top. 

Isopropanol was added to clear any bubbles and keep the gel flat while it solidified for 20 

minutes. Isopropanol was removed prior to addition of the stacking gel (7.5ml of water, 

1.0ml of 40% acrylamide, 1.25ml of 1.0M Tris buffer (pH 6.8), 0.1ml of 10% SDS, 0.1ml 

of APS, and 0.010ml of TEMED) which was left to solidify for 30 minutes with a 10-

well comb present. Samples were prepared for electrophoresis by boiling at 95oC for 10 

minutes then loaded, 48μL, into a 10 well 1.5mm thick, 8% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) with 8μL of Precision Plus Protein 

Ladder (Bio Rad). Once the gel was loaded, the running chamber was topped up with 

electrophoresis buffer (25mM Tris base, 192mM glycine and 3.5mM SDS with double 

distilled water) and electrophoresis began at 90V while the samples were in the stacking 

gel, then turned up to 110V for approximately 90 minutes. Once the dye-front reached the 

bottom of the gel, the electricity was turned off, and the gel was then transferred to a 

methanol activated PVDF membrane for 2 hours at 80V at 4oC. The transfer buffer 

contained 100ml of 10x transfer buffer (25mM Tris Base and 192mM Glycine), 200ml of 
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MeOH and 700ml of ddH20. Immediately following the transfer, membranes were cut 

and blocked in 5% milk in TBST (100ml 10x TBS (50mM Tris Base and 150mM NaCl 

with water, pH 7.4), 900ml ddH2O and 1ml Tween-20 (BioRad)) for 1 hour at room 

temperature on a rocker (Immunetics). Initial probe of blots with primary antibodies 

diluted in PBS + 0.1% azide, ITGAα5 (1:500; Santa Cruz; SC10729), ITGAαV (1:1000; 

Cell Signalling; 4711P), SIRT1 (1:1000; Novus Bio; NBP1-51641SS), S1Pr1 (1:1000; 

CusaBio; CSB-PA020650LA01HU), and loading control tubulin (1:1000; Sigma; T6074-

200UL), were completed overnight at 4oC with constant shaking. Primary antibodies 

were then removed and blots were washed 3x with TBST for 5 minutes before secondary 

antibody were added, 1:1000 dilution of IRDye700 conjugated anti-mouse IgG 

(Rockland) and a 1:1000 dilution of IRDye800 conjugated anti-rabbit IgG (Rockland), 

diluted in PBS-Casein (0.1% Casein, 0.1% SDS, PBS). After 1 hour, the secondary 

antibody was removed and blots were washed 3x TBST for 5 minutes before scanning on 

the Odyssey scanner (LI-COR) using Odyssey Version 3.0 Software. ImageJ was used to 

quantify pixels of protein bands and normalized to the tubulin loading control.  

 

2.5 Macrophage Function Studies 

2.5.1 Macrophage Adhesion by Phenotype 

 On day 6 of BMDM culture, macrophages were lifted, counted and resuspended 

as previously described. Cells were plated on 6-well plates at a density of 4.0x106 cells in 

2mL. Immediately, reagents were added to polarize macrophages to their M0, M1, and 

M2 phenotypes, then incubated at 37oC for 24 hours. On the same day, matrix was 

prepared as described previously with a slight deviation. In this instance, before 
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spreading the matrix, a coverslip was placed in the centre of every well of the 6-well dish 

so to be completely covered when 300μL of matrix was added and evenly spread over the 

well. After 24 hours, media was removed and cells were DAPI stained, 1:1000 in PBS, at 

37oC for 30 minutes. Cells were then lifted and counted and seeded on matrix at a density 

of 4.0x105 cells/mL in 1 mL of media at 37oC. After 24 hours, coverslips were lifted and 

mounted face down on slides with fluorescent mounting medium (Dako). Slides were 

imaged under the Zeiss Axio Fluorescent microscope using Zen Imaging Software. 

Pictures were taken for 5 random locations on the slides at 2 different depths per location.  

 

2.5.2 Macrophage Migration Assay 

 Macrophages were transfected with antimiR-92a and a control antimiR after 7 

days of normal culture. The same transfection procedure as previously described was 

used for this experiment. After 48 hours of transfection, cells were serum starved with 

migration media (DMEM + 0.1% BSA; Sigma) for 1.5 hours in preparation for the 

migration assay. While cells were starving, the bottom migration plate (CIM-Plate 16) 

was prepped by adding 160μL of migration media with CCL2 (150ng/mL; R&D 

Systems) in the top 8 wells, and just migration media in the bottom 8 wells. The top 

chamber was then snapped on and an additional 30μL of migration media was added to 

all wells of the top chamber. The plate was then placed in the xCelligence RT Migration 

system (Roche) and placed in the incubator at 37oC for 1 hour. After the transfected cells 

were lifted, counted, and resuspended at 2.0x106 cells/mL. Prior to loading of the cells, 

the first step was ran on the prepped plate, just migration media and chemokine as 

previously describe, to calibrate for background. The plate was loaded with 2.0x105 cells 
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(100μL) in each well. Each of the transfected cells were measured with and without 

CCL2 chemokine. After the cells were allowed to settle at room temperature for 30 

minutes, the dual chamber plate was placed in the xCelligence machine at 37oC. 

Measurements were taken every 5 minutes for 24 hours to obtain a comprehensive 

temporal profile of macrophage movement.  

 

2.6 Statistical Analysis 

 Values are reported as mean±standard error. For western blot and qPCR analysis, 

data was reported as the mean fold-change of treatment to control. All data was analyzed 

with either a t-test or a one-way ANOVA. Probability values of P<0.05 were considered 

statistically significant. 
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3. Results 

3.1 Profiling Expression of miR-92a and Targets Post-MI 

3.1.1 Collagen Matrix Alters the Expression Profile of miR-92a in the Post-MI Heart 

 It has been shown by our lab previously that injection of EDC/NHS crosslinked 

collagen is effective and improving revascularization and cardiac function while 

decreasing fibrosis and inflammation (Ahmadi et al., 2014; Blackburn et al., 2015). 

Given the anti-angiogenic and pro-inflammatory actions of miR-92a (Bonauer et al., 

2009) and the significant down regulation of miR-92a at 2-days post-MI after matrix 

treatment (unpublished), it was hypothesized that injection of collagen matrix post-MI 

will result in a differential miR-92a expression profile. Mice underwent LAD ligation and 

were subsequently treated with nothing, PBS, or matrix at 3h post-MI. It was found that 

both PBS and matrix treated animals underwent a significant 35% and 75% down 

regulation of miR-92a, respectively at 4-hours post-injection compared to non-injected 

animals (Figure 2a). Additionally, miR-92a had significant reductions in matrix treated 

samples compared to PBS injected animals at 4-hours. At 1-day and 3-day post-injection, 

both PBS and matrix injected animals had significant reduction in miR-92a levels 

compared to non-treated animals with approximately 80% reduced expression (Figure 

2a). There were no significant differences in miR-92a expression between PBS and 

matrix and 1 or 3-days. After 7d, miR-92a was upregulated 1.5-fold in PBS treated 

samples compared to non-treated samples, while matrix treated samples were 40% 

downregulated compared to PBS treated samples (Figure 2a). 
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3.1.2 Expression of miR-92a Targets in Cardiac Tissue Post-MI 

 Following up with miR-92a expression levels, the next goal was to determine how 

the expression of potential miR-92a targets was altered. First, a review of current 

literature as well as a search of databases was completed to identify predicted targets and 

pathways (TargetScan, miRDB, and miRSystem). RT-qPCR revealed that ITGAα5, a 

previously confirmed miR-92a target gene, was significantly upregulated at 3 and 7 days 

by 2.5-fold and 2.3-fold, respectively post-MI compared to PBS treatment. Additionally, 

ITGAα5 was upregulated at 3 and 7 days compared to 4-hour and 1-day matrix injected 

samples. A similar pattern was observed for another miR-92a target ITGAαV as 2-fold 

and 3-fold increased expression at 3 and 7-days were observed for matrix-treated hearts 

compared to PBS treated samples for those time points. When comparing time-points 

between matrix injected samples, ITGAαV expression at 3- and 7-day was upregulated 

compared to 4-hour and 1-day matrix injected samples. The anti-inflammatory S1Pr1 

target was significantly upregulated by 3-fold at 7d post-MI in matrix treated cells 

compared to PBS treated at that time point, while also being upregulated compared to 

matrix treated samples at all other time points. Although SIRT1 expression in matrix-

treated hearts weren’t significantly different from PBS treated animals at any time point, 

it is upregulated by 1.7-fold at 1-day compared to the 4-hour matrix injected samples. 

STAT3 is an upstream regulator of miR-92a that may be a target for negative feedback 

(Lin et al., 2013). At 1-day, a 2.5-fold increase in expression was observed for matrix 

treated samples compared to the PBS group, while also being upregulated compared to 

matrix injected samples at 4-hour and 7-days post-injection. Furthermore, STAT3 

expression in matrix injected samples collected at day 3 was upregulated 2-fold compared 
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to 7-day matrix treated samples. Expression of IL-10, a marker of M2 polarization, was 

also examined. Compared to PBS, there was a 2.9-fold upregulation of IL-10 in 3-day 

matrix samples, which was also significantly upregulated compared to matrix treated 

samples at all other time points. It should also be noted that there is a trend for IL-10 

upregulation in matrix treated samples at 7-days post-MI vs. PBS. 
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Figure 2. In Vivo expression of miR-92a and its targets in non-treated and treated 

infarcted hearts. A) Matrix treatment resulted in reduced miR-92a expression in MI 

A 
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hearts at 4h and 7d compared to the PBS treatment group. Expression was calculated 

using RT-qPCR normalized to U6 and graphically compared to non-treated animals at 

each respected time point (n=3 for all time points). B) Matrix treatment significantly 

increased the expression of several potential miR-92a target genes at different time-points 

post-MI. The RT-qPCR data is presented as relative expression normalized to HPRT 

compared to PBS treated animals (depicted as the red line; n=3 for all time points). * 

Represents PBS vs Matrix for the respective time point, p≤0.05. † represents comparison 

between time-points for matrix injected samples, p≤0.05.  

 

3.2 Matrix Alters Endogenous Expression of miR-92a in Macrophages In Vitro 

 Since it was shown that there was decreased miR-92a in vivo in matrix treated 

hearts and given that macrophages play an important role in MI healing (Blackburn et al., 

2015; Frantz and Nahrendorf, 2014; Nahrendorf et al., 2007, 2010), in vitro cultures of 

bone marrow derived macrophages (BMDMs) were used to assess the ability of the 

matrix to mediate miR-92a in macrophages. BMDMs were cultured and plated on TCPS 

or matrix and allowed to adhere for 48h. It was found that cells cultured on matrix had 

60% decreased miR-92a levels than cells grown on TCPS (Fig. 3a). Unfortunately, the 

RT-qPCR data for potential target gene expression was not as conclusive. Issues arising 

with RNA quality and matrix interacting with housekeeping genes failed to yield 

replicable data. However, at the protein level, western blot analysis revealed non-

significant increased protein expression of S1Pr1 (1.3-fold; Fig. 3b) and SIRT1 (1.3-fold; 

Fig. 3c) in matrix cultured cells compared to TCPS cultured cells. 
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Figure 3. Endogenous Expression of miR-92a by Matrix and Protein Expression of 

Potential mRNA Targets. A) Reduction in miR-92a expression was observed in matrix 
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cultured BMDMs compared to TCPS (p≤0.05; n=3). B) S1Pr1 and C) SIRT1 protein 

expression following matrix culture (p>0.05, n=3).  

 

 3.3 Induction and Inhibition of miR-92a Through Transfection 

3.3.1 Inhibition of miR-92a causes Upregulation of Associated Targets 

 Due to the issues of obtaining reliable PCR data from matrix treated cells, 

antimiR treatment was implemented to mimic the endogenous down-regulation of miR-

92a in macrophages with matrix treatment. BMDMs were cultured and treated with 

control antimiR or antimiR-92a for 48 hours prior to collection and analysis. miR-92a 

expression was reduced by 87% in antimiR treated cells compared to control cells (Fig. 

4a) which is similar in magnitude to the levels of miR-92a downregulation by matrix. As 

hypothesized, there was an upregulation of all predicted targets in antimiR-92a treated 

cells compared to control treated cells (Fig. 4b). The adhesion molecules ITGA α5 and 

αV were upregulated 1.9- and 2.2-fold respectively compared to their control-miR 

transfected samples (Fig. 4b). Anti-inflammatory factor S1Pr1 was upregulated 2-fold, 

while SIRT1 had an increased expression of 2.3-fold compared to controls (Fig. 4b).  
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Figure 4. Expression of miR-92a and its targets in BMDMs treated with antimiR-

92a. A) miR-92a expression is reduced in BMDMs following a 48-hour transfection with 

A) 

B) 
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antimiR-92a (p≤0.05, n=3). B) Upregulation of miR-92a targets in BMDMs treated with 

antimiR-92a compared to controls (p≤0.05, n=3). Data was analyzed using RT-qPCR 

normalized to U6 for miR-92a and 18s for targets, both compared to control treated cells.  

 

3.3.2 Forced Over-Expression Results in Down-Regulation of Targets 

 In order to validate the miR-92a controls the expression of target genes in 

macrophages, forced over-expression of miR-92a was completed using miR-92a mimics. 

Transfection of BMDMs with miR-92a mimic resulted in a 33-fold upregulation in miR-

92a expression compared to cells treated with control mimics (Fig. 5a). Incidentally, the 

increase in miR-92 resulted in significant target down-regulation ranging between 35-

65% (Fig. 5b). ITGAα5 and S1Pr1 had the largest decrease in expression with 63% and 

65% downregulation, respectively. ITGAαV was downregulated by 50% while SIRT1 

had decreased expression by 35% compared to control samples. Western blot analysis 

was attempted; however, no quantifiable bands were detected in the mimic treatment 

group (possibly due to the drastic increase in miR-92a expression).  
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Figure 5. Expression of miR-92a and targets in BMDMs that overexpress miR-92a. 

A) Expression of miR-92a following 48-hour transfection with miR-92a mimic compared 

A) 

B) 
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to cells treated with control mimic (p≤0.05, n=3). B) Increased ITGAα5, ITGAαV, S1Pr1 

and SIRT1 expression in BMDMs following treatment with miR-92a mimic compared to 

control (p≤0.05, n=4). Data was analyzed using RT-qPCR normalized to U6 for miR-92a 

and 18s for targets, both compared to control treated cells.  

 

3.4 Matrix Influence on Macrophage Adhesion and Migratory Function.  

3.4.1 Macrophage Phenotypes Respond Differentially to Matrix 

 After determining that the miR-92a repression enhances expression of cell 

adhesion molecules ITGA α5 and αV, as well as anti-inflammatory factors S1Pr1 and 

SIRT1, we sought to determine how different macrophage phenotypes respond to matrix 

treatment (compared to standard TCPS culture). While no difference in miR-92a 

expression was observed in M0 macrophages between the substrates, it was found that 

matrix culture decreased its expression by 24% and 48% in M1 and M2 polarized 

macrophages, respectively (Fig. 6). Furthermore, M2 macrophages on matrix display a 

trend for reduced miR-92a expression compared to matrix-cultured M0 and M1 

macrophages. 
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Figure 6. Expression of miR-92a in Different Macrophage Phenotypes Following 

TCPS or Matrix Culture. miR-92a expression is reduced in matrix treated M1 and M2 

phenotypes compared to their respective TCPS controls. Expression was calculated using 

RT-qPCR normalized to U6 compared to TCPS cultures at the respective time point 

(p≤0.05, n=3 for all phenotypes).  

 

3.4.2 Cellular Adhesion and Migration in Polarized Macrophages 

 Both ITGA α5 and αV are known to mediate cell interactions with the ECM as 

well as regulate cell migration. Since matrix treatment appears to influence anti-

inflammatory functions, and M2 polarized macrophages had the largest decrease in miR-

92a, it was hypothesized that M2 macrophages would better adhere to the matrix 

(possibly through increased ITGA α5 and αV expression). Polarized macrophages were 

stained with DAPI prior to seeding on matrix. Contrary to the hypothesis, there were no 
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significant differences in adhesion between any of the phenotypes (Fig. 7a). However, 

while taking initial pictures, 2 distinct planes of cells were identified within the matrix 

(Fig. 7b-g). By separately counting cells in the surface and deep planes, it was found that 

M0 cells had approximately equal number of cells at each depth. In contrast, there was a 

greater number of M1 macrophages at the surface compared to the number within the 

matrix; while M2 macrophages migrated and were more numerous  deep within the 

matrix compared to the surface (Fig. 7h). 
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Figure 7. Matrix Effects on Adhesion and Migration of Different BMDM 

Phenotypes. A) Total adhesion of polarized macrophages to collagen matrix. B-G) 

Representative images of DAPI stained cells bound to matrix in different planes. Only 

distinct, focussed dot counted as cells; out of focus “clouds” not counted. H) Adhesion of 

polarized macrophages by depth in the matrix. Data presented as means of cells counted 

from 5 random FOV; p≤0.05, n=3). * Represents surface vs. deep within a phenotype, † 

represents comparison between different phenotypes, p≤0.05.  

 

3.4.3 Effect of miR-92a on Macrophage Migration 

 Since BMDMs were observed to migrate into the matrix, we next attempted to 

further elucidate the role of miR-92a on macrophage migration. BMDMs were cultured 

for 6 days and then transfected with mimic or antimiR-92a and a control antimiR-92a or 

mimic. Cells were left to migrate in the xCelligence RT Migration System for 24h with 

measurements taken every 5 minutes. The raw data (Fig. 8a, 9a) were analyzed for area 

under the curve. Preliminary data reveals that inhibition of miR-92a leads to an increase 

in migration (Fig. 8b), whereas forced overexpression of miR-92a reduces macrophage 

migration (Fig. 9b).  
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Figure 8. Inhibition of miR-92a promotes macrophage migration. A) Raw data of 

migration over a 24h period. B) Quantification of the area under the curve derived from 

the above data (n=1). 
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Figure 9. Forced overexpression of miR-92a impedes macrophage migration. C) 

Raw data of migration over a 24h period. D) Quantification of the area under the curve 

derived from the above data (n=1). 
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4. Discussion 

  

 Following MI the heart undergoes extreme changes in its overall anatomical 

structure as well as its functional capacity. Current treatments focus on restoring blood 

flow followed by symptom alleviation which can prevent further loss of cardiac function, 

but it does not improve it. The complex nature of MI has made it difficult to develop 

treatments at the cell and molecular level that replace lost cells and/or improve the 

function of damaged cells. In previous pre-clinical studies, the injection of a EDC/NHS 

crosslinked collagen hydrogel has been able to increase LVEF and ventricular wall 

thickness, while reducing adverse remodelling (Ahmadi et al., 2014; Blackburn et al., 

2015; Kuraitis et al., 2012). However, despite these results, the mechanism by which the 

matrix treatment exerts its therapeutic effect has remained elusive. Previous work in the 

lab revealed an altered miRNA expression profile in matrix-treated hearts at 2 days post-

MI, which ultimately identified the pro-inflammatory and anti-angiogenic miR-92a to be 

of significant interest. The aim of this project was to further characterize the expression 

of miR-92a and some of its potential mRNA targets in the post-MI heart and determine if 

matrix treatment may be conferring some of its therapeutic benefit through the regulation 

of macrophage function via a miR-92a mechanism.  

 

4.1 Matrix Treatment Alters Post-MI Microenvironment 

4.1.1 Matrix Treatment Accelerates Inflammatory Healing Phase of MI through 

miR-92a Downregulation.  

 Previous work from the lab has shown that the injection of matrix at 3h post-MI 

leads to decreased inflammation in the myocardial tissue (Blackburn et al., 2015). MiR-
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92a, which has been shown to be pro-inflammatory, is generally highly expressed 

following ischemic injury, including MI (Bonauer et al., 2009; Small et al., 2010). Matrix 

injected at 3h post-MI led to a significant reduction in miR-92a expression at 4h and 7d 

post-treatment, suggesting that miR-92a may be involved in the observed matrix benefits 

through the control of inflammation. Since miRNAs work through translational 

repression, meaning decreases in miRNA should lead to increases in target expression 

(Bartel, 2009; Nouraee and Mowla, 2015; O’Connell et al., 2010), we sought to profile 

the expression of several potential targets and regulators of miR-92a in the post-MI heart 

over time. 

 

 Despite significant decreases in miR-92a in matrix treated animals 4h post- 

injection compared to both PBS- and non-injected animals, there was no difference in the 

expression of any miR-92a targets at this time. In the early hours post-MI, the body is 

activating its initial responses and cellular activity is chaotic with mass necrosis and 

apoptosis (Deten et al., 2002; Fraccarollo et al., 2012; Frangogiannis, 2012; Sutton and 

Sharpe, 2015). One of the first events involves the upregulation of adhesion molecules on 

endothelial cells, which leads to the recruitment of phagocytic neutrophils, the first major 

immune cell to localize in the infarct and secrete inflammatory cytokines (Swirski and 

Nahrendorf, 2013). The rapid accumulation of neutrophils post-MI may have resulted in 

the consumption of previously upregulated adhesion molecules or their degradation as 

proteases are also prominent during this period which could explain the lack of 

expression at 4h and 1d post-MI. In the present study, S1Pr1 and SIRT1, which are both 

involved with anti-inflammatory pathways, were not upregulated at 4h post-treatment, as 
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would be expected since the infarct is filled with inflammatory neutrophils and CX3CR1+ 

monocytes (Jung et al., 2013; Swirski and Nahrendorf, 2013). Similarly, the expression 

of STAT3 and IL-10, both involved with M2 polarization and anti-inflammatory 

functions, was not increased early after matrix treatment.  

 

 No difference in miR-92a expression was observed at 1d post-MI between the 

PBS and matrix-treated mice, while its expression for both these groups was reduced 

compared to non-injected controls. We observed a significant increase in STAT3 

expression in matrix treated hearts compared to PBS. Furthermore, for the matrix 

treatment, STAT3 levels were greater at 1d vs. the 4h and 7d time points. This may 

indicate an earlier resolution of the acute inflammatory phase, as STAT3 expression has 

been linked to cardioprotection (Fraccarollo et al., 2012; Haghikia et al., 2014; Hilfiker-

Kleiner et al., 2004). Early relief of inflammation and the prevention of excess 

inflammatory events may be a key function of the matrix contributing to the improved 

LVEF, increased wall thickness, and reduced scar size observed in matrix treated groups 

(Ahmadi et al., 2014; Blackburn et al., 2015). Similar functional benefits have also been 

observed by Kobayashi et al and attributed to increased activation of STAT3 following 

injection with their erythropoietin-gelatin biomaterial (Kobayashi et al., 2008). 

Supporting the theory of early relief of inflammation is the marked increase in expression 

of IL-10 at 3d in matrix treated samples that we observed. IL-10 signaling reduces 

leukocyte infiltration (Frangogiannis, 2006), and in conjunction with elevated STAT3 

levels, it is known to be a potent inducer of alternatively active, M2 macrophages 

(Krishnamurthy et al., 2009; Peda et al., 2016). In fact, previous reports profiling the 
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immune cells present in an infarct described days 3-5 as most prominently being M1, 

with M2 macrophages peaking at day 7 (Yan et al., 2013). The importance of IL-10 and 

STAT3 as regulators of M2 polarization was shown in a cyst cell microenvironment; 

increasing the level of IL-10 alone was not sufficient to change macrophage phenotype, 

however, sustained IL-10 leading to STAT3-mediated pathway activation promoted M2 

polarization and the proliferation of cysts (Peda et al., 2016). In a relevant heart model, 

the injection of IL-10 following ischemia and reperfusion was demonstrated to be 

effective at alleviating inflammation and providing cardioprotection. It was determined 

that these effects were mediated through activation of STAT3, as IL-10 injected with 

Stattic (a STAT3 inhibitor) did not elicit the cardioprotective outcomes indicating IL-10 

requires STAT3 for full anti-inflammatory results (Manukyan et al., 2011). Similarly, 

Krishnamurthy et al (2011) aimed to inhibit excessive post-MI inflammation by the 

administration of exogenous IL-10. It was found that IL-10 treatment significantly 

reduced infarcted myocardial inflammation 3 days post-MI accompanied by attenuation 

of ventricular dysfunction and wall thinning with reductions in infarct size at 14 and 28 

days post-MI. In terms of IL-10 and STAT3 interactions, increased phosphorylated 

STAT3 (p-STAT3) was found at 3 and 28 days post-MI in IL-10 treated animals. The 

increase in p-STAT3 was associated with increased capillary density in the infarct 

potentially mediated through increased VEGF-A (Krishnamurthy et al., 2009). The 

ability of STAT3 to increase capillary density had previously been reported: STAT3 

knockout mice had reduced myocardial capillary circulation and increased cardiac 

fibrosis after 4 months post-natal (Hilfiker-Kleiner et al., 2004). Interestingly, STAT3 has 

also been shown to play a role in the regulation of fibroblast activity (Hilfiker-Kleiner et 
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al., 2004; O’Sullivan et al., 2016). Based on this literature and results, and the increased 

STAT3 and IL-10 that was observed in response to matrix treatment, it is likely that the 

matrix is improving the post-MI microenvironment through macrophage polarization and 

reduction of inflammation, though further experiments need to be done to characterize 

present macrophages at this time.  

 

 STAT3 has also been reported to be involved in the proliferative phase of MI 

through the moderation of fibroblast activity. An increase in STAT3 expression has been 

shown to increase miR-21 which can target Spry1 and PTEN, known to be key mediators 

of cardiac fibrosis (Dong et al., 2014; Haghikia et al., 2014). Given that matrix treatment 

reduces fibrosis in the MI heart (Blackburn et al., 2015), it is possible that the matrix is 

activating STAT3 signaling in macrophages and fibroblasts. To determine activation 

status, it would be interesting to follow up with an expression profile of p-STAT3 to see 

if the STAT3, increased in response to matrix, is being phosphorylated. In vitro 

experiments should also be done with miR-92a and antimiR-92a transfected cell cultures 

to determine if miR-92a targets STAT3 directly of if increases are due to another matrix 

mediated mechanism. In addition, the expression of miR-21 should be looked at to 

determine if matrix benefits may be regulated through a STAT3-miR-21 mechanism. 

 

The increase in SIRT1 we observed in vivo after matrix treatment may be a direct 

result of reduced miR-92a expression, as the same was seen in cultured macrophages 

after inhibition of miR-92a.  The upregulation of SIRT1 has been found to have a 

protective effect against oxidative stress in retinal pigmented epithelium cells through 
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activation of JAK2/STAT3 signaling (Li et al., 2015). Early upregulation of this gene, in 

concert with the previously discussed targets supports the theory that matrix accelerates 

the healing process by early amelioration of the inflammatory phase. In macrophages, 

deletion of SIRT1 results in increased inflammation derived from M1 macrophages in 

liver and adipose tissue of mouse fed high fat diets (Ka et al., 2015; Yoshizaki et al., 

2010). Another miR-92a target known to mediate macrophage function is the 

sphingosine-1-phosphate receptor, which was found to be upregulated at 7 days post-MI 

in matrix-treated hearts. Activation of this G protein coupled receptor by its S1P ligand 

leads to JAK2/STAT3 signaling providing cardioprotection through increased levels of p-

STAT3 (Somers et al., 2012; Wang et al., 2016). Furthermore, pre-treatment of the MI 

heart with S1P can lead to increased nuclear and mitochondrial STAT3 levels 

culminating in a smaller infarct (Frias et al., 2012; Kelly-Laubscher et al., 2014). In 

macrophages specifically, activation of S1Pr1 led to a decrease in the secretion of pro-

inflammatory cytokines TNFα, IL-12 and protein-1 from LPS-induced macrophages 

(Hughes et al., 2008). Activation of the M2 phenotype reduces cardiac inflammation and 

promotes constructive remodeling post-MI (Frantz and Nahrendorf, 2014; Nahrendorf et 

al., 2010). While there are many factors that may regulate macrophage differentiation and 

function, changes in miRNA expression are likely to play an important role. Control 

through miRNA mechanisms is complicated because genes are generally targeted by 

several miRNAs in many cell types. For example, miR-92a is known to target SIRT1 in 

macrophages; and in proangiogenic cells, miR-34a and miR-199a have been shown to 

mediate SIRT1 expression leading to detrimental vascular repair and cardiomyocyte 

apoptosis, respectively, following ischemic events (Seeger et al., 2013; Small et al., 
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2010). Overall, early upregulation of SIRT1 and S1Pr1, in consort with the previously 

discussed miR-92a targets, supports the theory that the matrix accelerates the healing 

process through an earlier resolution of the inflammatory phase. However, further 

experimentation needs to be done to confirm that miR-92a is directly responsible for 

these effects.  

 

4.1.2 Importance of Macrophages in Post-MI Wound Healing  

 Macrophages play a vital role in the initiation and remediation of any wound 

healing process. Highly plastic, macrophages have local populations of cells in many 

organs of the body such as Kupffer cells in the liver, alveolar macrophages in the lungs 

and foam cells in plaque to name a few (Zhang and Wang, 2014). Upon injury, 

macrophages are localized by tissue local macrophages and neutrophils through the 

secretion of pro-inflammatory cytokines and chemokines hours after the infarct (Lindsey 

et al., 2016; Nahrendorf et al., 2010). Monocytes converge on the infarcted tissue where 

they polarize to the pro-inflammatory M1 phenotype to further recruit inflammatory cells 

and undertake tasks such as debris clearance. This inflammatory process generally 

persists for a week post-MI (Frangogiannis, 2008; Nahrendorf and Swirski, 2013; Yan et 

al., 2013). Interestingly, after treatment with our matrix biomaterial, the expression 

patterns of SIRT1, IL-10, and STAT3 indicate transition from the inflammatory to the 

proliferation/maturation phases of MI. Work from other biomaterial labs have reported 

that macrophages respond to physical characteristics such as fiber diameter, fiber tension, 

and pore size, demonstrating macrophage responsiveness to biomaterial therapy (Garg et 

al., 2013; Wang et al., 2014). Biomaterials do require extensive testing as not all have 
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resulted in positive results when interacting with macrophage populations. For example, 

macrophages cultured on polyethylene terephthalate for 3 days resulted in increased 

M1:M2 ratios (Grotenhuis et al., 2013). 

 

Indeed, initial inflammation is necessary to commence the healing process, 

however, M1 dysfunction contributes to excessive loss of cell mass, fibrosis, arrhythmia 

and subsequent heart failure (Francis Stuart et al., 2016). As the MI progresses, 

macrophages undergo a phenotypic transformation from a harmful inflammatory M1 

phenotype, to the anti-inflammatory M2 macrophage. Macrophages with the M2 

phenotype, in terms of infarct repair, are known to be beneficial leading to reduced 

adverse remodeling, and improvements in cardiac function parameters such as ejection 

fraction and end diastolic volume (Harel-Adar et al., 2011; Leor et al., 2016). M2 

macrophages have distinctly different surface markers, such as Ly-6CLo, with different 

chemokine expression, which oppose that of M1 cells (Mantovani et al., 2004; 

Nahrendorf et al., 2007). The functions of M2 macrophages post-MI include the 

promotion of angiogenesis through the secretion of VEGF, influencing migration through 

secretion of MMPs, and production of TGF-β influencing myofibroblasts (Frantz and 

Nahrendorf, 2014; Zhang and Wang, 2014). It is possible that an M2-mediated 

mechanism may be playing a role in the increased angiogenesis and reduced fibrosis 

observed in matrix-treated MI hearts (Blackburn et al., 2015). 

 

Along with influencing macrophage phenotype, down-regulation of miR-92a has 

also been linked to increases in migration (Daniel et al., 2014; Iaconetti et al., 2012), as 
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well as increased invasiveness of breast cancer (Nilsson et al., 2012). Cell migration is an 

important function for reparative cells to allow them to access the damaged tissue. In 

vitro it was shown that M2 polarized macrophages had decreased miR-92a when cultured 

on matrix compared to other phenotypes, which was qualitatively associated with 

increased migration. Preliminary quantitative data supported the qualitative observations 

as macrophages transfected with antimiR-92a had increased migration into the matrix. 

Increased M2 migration is desirable as this would enable cells to promote wound healing 

deeper within the tissue, that otherwise may have been inaccessible to macrophages. 

Several groups have demonstrated increased migration in mononuclear and fibroblast 

migration after treatment with biomaterial (Van Goethem et al., 2010; Piao et al., 2007; 

Raeber et al., 2007). However, no miRNA analysis was conducted to fully characterize 

the migration mechanism.  

 

 Macrophages have been known to partake in autocrine and paracrine signaling, 

which plays a large role in how M2 macrophages exert their positive effects. For 

example, it was previously shown that macrophages are required for endothelial tip 

vascular anastomosis in the hindbrain (Fantin et al., 2010). In a model of MI, 

dysfunctional macrophage signaling leads to the phenotypic conversion of fibroblasts to 

myofibroblasts and excess ECM deposition (Wynn and Vannella, 2016). As well as 

activating neighboring cells, IL-10 has been shown to bind its own surface receptor in an 

autocrine fashion to initiate JAK/STAT signaling in order to self-polarize to the 

cardioprotective M2 phenotype (Peda et al., 2016). Thus, matrix treatment of the MI 
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heart may be promoting such pro-healing M2 macrophage functions, which are crucial 

for cell-cell communication involved in mediating the healing process.  

 

4.2 Interactions between the Collagen Matrix and Cell Adhesion Molecules 

Cell adhesion molecules (CAMS) play an integral role in the post-MI 

environment facilitating cell-cell communication through ECM interactions. One family 

of CAMS that plays central role in the mediation of myocardial events is the integrin 

family. These particular CAMS are abundant in cardiac cells and contribute to  migration, 

angiogenesis, mechanotransduction, and heart development (van der Flier et al., 2010; 

Ross and Borg, 2001). Of particular interest for this study are integrins α5 and αV, which 

are targets for regulation by miR-92a. Along with cellular interactions, integrins α5 and 

αV play a role in maintaining the extracellular environment through ECM homeostasis 

(Bornstein and Sage, 2002; Cho et al., 2016). Inhibition of ITG αV has been linked to the 

induction of pro-inflammatory gene expression and inflammation in atherogenic 

endothelial cells (Chen et al., 2015). miR-92a directly targets ITG α5 and αV, causing 

their down regulation reducing matrix interactions and angiogenic potential of cells 

(Anand, 2013; Bonauer and Dimmeler, 2009; Huang et al., 2014). In the present study, 

forced over expression of miR-92a in BMDMs in vitro led to significantly decreased 

expression of ITG α5 and αV mRNA. The opposite occurred in antimiR-92a treated cells, 

as ITG α5 and αV mRNA expression was increased. However, in BMDMs cultured with 

reduced miR-92a, western blot revealed negligible protein expression in matrix and 

control samples indicating integrins may not be highly expressed in the cultured 

macrophages. Alternatively, the collagenase treatment performed prior to cell lysis may 
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be damaging the integrin protein preventing its detection by the antibody, causing the 

appearance of low expression. Further troubleshooting of these methods could be 

performed, and/or the use of immunohistochemistry may provide information on integrin 

protein levels in BMDMs in response to interaction with the matrix. 

 

Alterations in the native ECM can disrupt integrin binding resulting in substantial 

changes in cellular function. For example, during MI, excessive MMP production 

degrades large quantities of ECM subsequently cleaving integrin-collagen bonds 

disrupting pro-survival signaling (Chen et al., 2016; Rienks et al., 2014). Both ITG α5 

and αV are verified direct targets of miR-92a; in vitro, forced over expression of miR-92a 

led to decreased expression of ITG α5 and αV in BMDMs. The opposite occurred in 

antimiR-92a treated cells. In vivo there was a significant increase in ITG α5 and αV 

expression at 3 and 7 days post-MI coinciding with decreased miR-92a expression 

compared to non-injected and PBS controls, respectively. Previous work from our group 

determined that matrix treatment increases integrin α2, α5 and αV expression in 

circulating angiogenic cells leading to increased adhesion, migration and angiogenic 

potential (Ahmadi et al., 2014; Mcneill et al., 2015). Bonauer et al. (2009) found that 

treatment of an ischemic hindlimb with anti-miR-92a led to significantly more 

angiogenesis attributed to increased ITG α5 and αV in endothelial cells. In fibroblasts, 

reductions of integrins α5 and results in decreased fibroblast migration (Almeida et al., 

2016). Endothelial cells and fibroblasts play an integral role in the in healing the infarcted 

myocardium and are necessary for revascularization and scar formation, respectively. 
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Further research needs to be done on the role of macrophages in the influence of integrins 

to better understand potential targets for therapy. 

  

4.3 MiRNAs and Cardiovascular Disease: Friend or Foe? 

 The role that miRNA plays in the pathology and prevention of disease is very 

complex and a growing field of research. Several miRNAs are well characterized 

regarding their role in the progression of cardiovascular disease. The dysregulation of 

over 65 miRNAs have been implicated in various stages of cardiovascular disease and in 

cardiac conditions such as stable and unstable angina, ST elongated MI (STEMI), and 

acute MI (Ahlin et al., 2016; Bostjancic et al., 2009; Small et al., 2010). Included in the 

list of identified miRNAs is the miR-17-92 cluster which includes miR-17 with roles in 

endothelial cell proliferation and miR-92a which is known for its previously discussed 

pro-inflammatory and anti-angiogenic effects on cardiac tissues (Bonauer and Dimmeler, 

2009; Ranji et al., 2013). Matrix treatment downregulates miR-92a which leads to 

increased expression of anti-inflammatory and pro-angiogenic targets. Given the 

observed changes in miRNA expression, advances in the tracking of miRNAs may allow 

them to be used as biomarkers for disease. However, with high person-to-person 

variability, normalization would have large ranges and may not be conclusive. Although, 

miRNAs could be tracked on an individual basis and utilized as a response to therapy or 

predictor of who may benefit from alternative therapies.  

 

Macrophages play an integral role in the mediation of many conditions. miRNAs 

take advantage of this in order promote the healing or pathology of disease. miRNA of 
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interest, miR-33 targets macrophages in the atherosclerotic plaque, suppressing the 

ABCA1 cholesterol transporter leading to the accumulation of HDL within cells. Further 

inhibition of miR-33 resulted in mobilization of ABCA1 and reversal of plaque 

progression by the efflux of HDL cholesterol into the plasma (Rayner et al., 2011). MiR-

33 has also been shown to induce the prohealing-M2 macrophage phenotype 

(Karunakaran et al., 2015). Recently, miR-223 has been link to MI through its ability to 

ameliorate necroptosis in macrophages. Myocardial infarction in mice transgenic for pre-

miR-223 had increase expression of miR-233 in cardiac tissue which resulted in the 

suppression of the inflammatory RIP1-R1P3-MLKL pathway leading to reduced 

necroptosis and cell survival (Qin et al., 2016). MiR-92a targets macrophage 

inflammatory pathways post-MI which result in increased cell death and excessive 

inflammation. Future work should focus on the pathway by which miR-92a functions in 

macrophages for specific treatment development. 

 

Due to a miRNAs ability to target many processes in a variety of cell types, 

changing miRNA expression may have benefits in one part of the body, and 

simultaneously lead to the exacerbation of disease in another part of the body. In a 

cardio-specific example, miR-155 is associated with both endothelial cell tube formation 

and angiogenesis, as well as in macrophage induction of arteriogenesis. At a glance both 

sound beneficial, however, upon further inspection low levels miR-155 preferentially 

activate endothelial cells for microvessel angiogenesis. At high levels, arteriogenesis 

dominates. With implications miR-155 leading to the progression of atherosclerosis, thus 

increasing expression post-MI to regenerate major vessels may cause the exacerbation of 
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the atherosclerotic plaque resulting the contribution of further vessel occlusions (Rayner, 

2015). Atherosclerosis and myocardial infarction generally go hand in hand, thus 

highlighting the necessity for balance in considering miRNA therapeutics.  In terms of 

MI, indeed, decreasing miR-92a would appear to have a beneficial effect in the 

amelioration of MI, yet further research needs to be done to determine the comprehensive 

effects of miR-92a. An example of this is the function of miR-92a in the heart and in 

numerous cancers. It is well noted that inhibition of miR-92a results in the favorable 

increase of angiogenesis, migration, and cardioprotection for reperfusion injury (Bonauer 

et al., 2009; Daniel et al., 2014; Hinkel et al., 2013; Iaconetti et al., 2012). However, 

inhibition of miR-92a has been associated with increased invasiveness and metastasis of 

breast cancer (Nilsson et al., 2012), and the development of hepatocellular carcinoma 

(Shigoka et al., 2010). This is an important consideration for the aging population, as 

elderly people commonly present in the emergency room with multiple conditions. To 

address this, biomaterials can provide an approach to deliver localized treatment. Matrix 

treatment alone has already demonstrated the ability to regulate miR-92a expression. 

Future work should include incorporation of antimiR-92a into the biomaterial to of 

localized delivery to the infarct which would minimize off-target effects, and potentially 

result in further reduction of miR-92a and superior functional outcomes infarcted 

myocardium. 

 

There needs to be further research done to profile miRNA in early, middle and 

late stages of disease to fully grasp how miRNA exert their effects on cellular pathways 

to know whether they are helping or harming. Mounting evidence demonstrates that miR-
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92a is damming to effective cardiac regeneration whereas increasing levels of different 

miRNAs, such as miR-7a/b may increase regenerative potential (Li et al., 2016). The 

nature of miRNA in the pathogenesis or treatment of cardiovascular disease depends on 

the miRNA and the disease model at hand.   

 

4.4 Future Directions  

As an important next step, we should focus on optimization and repetition of the 

xCelligence migration study to confirm the role of miR-92a in the superior migration of 

anti-inflammatory M2 macrophages compared to pro-inflammatory M1 macrophages. It 

would also be beneficial to obtain protein expression levels in cells treated with antimiR-

92a to confirm functionality of our selected miR-92a targets.  

 

The next big picture step would be to determine the primary source or site of 

activity for miR-92a in the infarcted heart as well as the mechanism by which matrix 

treatment reduces its expression. To determine the cell type(s) in which miR-92a is 

found, myocardial tissue sections from MI hearts should be prepared for fluorescent in 

situ hybridization (FISH) by RNAscope. By doing this, specific cell types could be 

labeled with one probe and miR-92a could be labeled with a second probe; then 

overlapping consecutive images would identify the cell types containing intracellular 

miR-92a. Given that miRNAs can be packaged into exosomes for uptake by other cells, 

FISH analysis would provide information on where miR-92a is present at a specific time-

point post-MI, but may not conclusively identify the cell that produced it. FISH analysis 

at different time-points post-MI would help to elucidate the cells generating miR-92a, 
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and whether signaling through exosomes may be a mechanism in the MI heart. 

Identifying how matrix treatment is effective at reducing miR-92a expression would 

require further database analysis to determine upstream regulators and activators of the 

cl31orf25 gene and whether they are altered by matrix treatment. Another beneficial 

experiment would be to better determine how miR-92a influences the phenotype of 

macrophages. This could be done through mutation of known 3’UTRs of targets to 

incorporate green fluorescent protein (GFP) to be used in time course studies. Reduction 

of green fluorescence would indicate binding of miR-92a, then further pathway analysis 

of proteins could be done to elucidate the mechanism by which macrophage polarization 

is altered.   
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5. Conclusion 

 In conclusion, this study determined that matrix treatment alters the expression of 

miR-92a and its targets in the post-MI environment. Specifically, reduced miR-92a levels 

in matrix-treated hearts was associated with increased expression of IL-10, STAT3, 

SIRT1, S1Pr1, ITG α5 and ITG αV, which are involved in anti-inflammatory pathways or 

cell-ECM interactions. In vitro studies suggest that M2 macrophages are more responsive 

to matrix treatment as they had the greatest decrease in miR-92a, which was associated 

with increased migration on matrix. In summary, we report that the beneficial effects of 

matrix treatment post-MI may be mediated, at least in part, through its ability to regulate 

miR-92a and pro-wound healing mechanisms in macrophages. These results present the 

matrix as a novel non-pharmacological approach to locally regulate miRNAs in vivo for 

reducing inflammation and protecting the myocardium post-MI.  
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