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Abstract

Ischemic heart disease (IHD) is a leading cause of morbidity and mortality in developed countries. 

Current pharmacological and interventional therapies provide significant improvement in the life 

quality of patient; however, they are mostly symptom-oriented and not curative. A high disease 

and economic burden of IHD requires the search for new therapeutic strategies to significantly 

improve patients’ prognosis and quality of life. One of the main challenges during IHD is the 

massive loss of cardiomyocytes that possess minimal regenerative capacity. Recent understanding 

of the pathophysiological mechanisms underlying IHD, as well as new therapeutic approaches 

provide new hope for patients suffering from IHD. Synthetic modified mRNA (modRNA) is a new 

gene delivery vector that is increasingly used in in vivo applications. modRNA is a relatively 

stable, non-immunogenic, highly-expressed molecule that has been shown to mediate high and 

transient expression of proteins in different type of cells and tissues including cardiomyocytes. 

modRNA properties, together with its expression kinetics in the heart make it an attractive option 

for the treatment of IHD, especially after myocardial infarction. In this review we discuss the role 

of gene therapy in cardiac regeneration as an approach to treat IHD; traditional and innovative 

gene delivery methods; and focus specifically on modRNA structure, mode of delivery, and its use 

for the induction of endogenous regenerative capacity, mainly in the context of IHD.

INTRODUCTION

Ischemic heart disease (IHD) is a leading cause of morbidity and mortality in developed 

countries. Acute myocardial infarction (MI) affects more than one million Americans yearly, 

and IHD is accountable for approximately 90% of the deaths due to cardiac causes.1 Despite 

advances in coronary interventional procedures, IHD remains the main cause of disability 

and health care expenditure around the world.1

IHD includes several related syndromes caused by acute and chronic myocardial ischemia. 

After acute myocardial ischemia, a series of adverse processes takes place that includes the 
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formation of scar tissue in the infarcted zone, and an increase in pressure and volume load 

that leads to a remodeling process of the ventricles in proportion to infarct size. In most 

patients with acute coronary syndrome, early reperfusion improves myocardial salvage and 

significantly reduces mortality. Revascularization strategies include fibrinolytic therapy, 

catheter-based reperfusion and coronary artery bypass surgery (CABG). However, despite 

the introduction of advanced drug-eluting stents and minimally invasive CABG, the failure 

rate as a result or coronary restenosis and graft occlusion remains relatively high. 

Furthermore, 30–35% of patients cannot undergo full revascularization due to suboptimal 

anatomy or for genetic and molecular reasons, and eventually develop chronic IHD with 

end-stage heart failure.2 Since IHD includes many pathophysiological mechanisms, it 

requires a combined treatment approach. Pharmacological management recommended by 

American Heart Association has an important impact on the mid and long-term survival 

post-MI. Current medical treatments include the use of (1) angiotensin-converting-enzyme 

inhibitors which exert a positive effect on cardiac function by reducing blood preload and 

afterload; (2) beta-blockers that trigger cellular changes by multiple mechanisms and prevent 

the loss of cardiac cells; and (3) angiotensin II receptor blockers which inhibit stimulation of 

the renin-angiotensin-aldosterone system. However, a study that investigated the 

improvement in survival rate when a full complex of medical treatments was used in cases of 

ischemic heart failure, has found that 5-year survival did not exceed 40–50%.3

Additional treatment modality is heart transplantation. The number of heart transplantations 

world-wide is relatively low (~5000 heart transplants yearly), especially when compared to 

the demand. The main reasons for low number of transplantations are the limited numbers of 

donors and many serious complications associated with immunosuppressive therapy. 

Therefore, new therapeutic approaches to treat acute transmural MI, chronic IHD post-MI 

conditions, and ischemic heart failure are needed with the hope of significantly improving 

patients’ quality of life and survival.

ROLE OF GENE THERAPY IN CARDIAC REGENERATION AND IHD

Advances in the understanding of the molecular basis of heart dysfunction during IHD and 

specifically during and after MI, have created an opportunity for the development of gene-

based therapies. Gene therapy goals in treating of IHD are: (1) activation of adult 

cardiomyocytes proliferation, (2) attenuating the innate and adaptive immune response, (3) 

induction of angiogenesis (4) preventing cardiac cells apoptosis and necrosis (see Figure 1).4 

Currently there are several studies that utilize gene therapy strategy to investigate and treat 

IHD: (1) enhancing cardiac muscle contractility by over expression of adenylyl cyclase type 

6, SERCA2a, SUMO1, I1C, S100A1 or R1R2; (2) enhancing angiogenesis by over 

expression of VEGF-A; (3) reducing cell death by overexpression of haem oxygenase-1 and 

VEGF-B, and (4) recruiting stem cells to the injury site by overexpression of SDF-1.5

The notion that structural recovery of ischemia-related damaged heart can be achieved 

through cell regeneration has attracted attention of scientists in recent years. During 

embryonic period, cardiac growth is carried out only through hyperplasia, but after birth, 

cardiac cells lose their capacity to proliferate, and growth occurs by hypertrophy. Currently, 

it is generally accepted that cardiomyocytes have an ability to minimally renew throughout 
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human life with a rate of approximately 1% per year.6 Thus, in recent years, the concept that 

the heart is unable to regenerate has changed. Moreover, it has been demonstrated that 

myocytes are able to reenter the cell cycle and undergo nuclear mitotic division early after 

infarction.7,8 Those studies have shown that the number of dividing myocytes was larger 

especially in the infarct and border zone than in the remote myocardium.9 However, the 

presence of cell division in the remote myocardium suggests continuous cells processes in 

the healthy parts of the heart as well.

MECHANISMS OF HEART REGENERATION

Endogenous regenerative capacity of the adult heart is currently not being the goal of 

existing available treatments for IHD. One of the proposed mechanisms that could enhance 

cell regeneration in the infarcted myocardium is myocyte proliferation.10,11 It was shown 

that surgical resection of the ventricular apex in 1-day-old mice stimulates a regenerative 

response to restore the damaged heart. This regeneration was characterized by 

cardiomyocyte proliferation with minimal hypertrophy or fibrosis. However, the mouse heart 

loses this potential within the first week of postnatal life.12 Cell transplantation offered a 

new promise for regeneration of the damaged myocardium. Supplying new cardiomyocytes 

differentiated from multipotent progenitor cells, pluripotent stem cells, embryonic stem 

cells, or induced pluripotent stem cells is a promising approach.13–17 Importantly, the 

engrafted cells must be compatible with living myocytes, not only in anatomic structure and 

maturation state, but also, they should be able to contract via excitation-contraction coupling 

and to convert an electrical stimulus into a mechanical response. It was previously 

demonstrated that stem cells can differentiate into cardiomyocytes and partially restore their 

functional capacity,18 supporting the concept that different stem or progenitor cells could be 

used for heart regeneration. However, for clinical cell transplantation, many basic issues 

should be solved such as engraftment, survival, cell homing, differentiation and the role of 

paracrine factors release.

Recent advances in cell reprogramming technologies offer new approaches to generate 

cardiomyocytes. It has been shown that direct cell reprogramming into myocytes can be 

achieved by forced expression of the transcription factors Gata4, Mef2c, and Tbx5.19,20 The 

majority of the adult heart cell types are cardiac fibroblasts which account for up to two-

thirds of cells. They provide a mechanical support for cardiomyocytes and coordinate 

excitation-contraction coupling.21 After MI, cardiac fibroblasts proliferate, mobilize and 

mature to create scar tissue that replaces the dead cardiomyocytes. A critical step in this 

process is the phenotype conversion of cardiac fibroblasts to myofibroblasts. The large 

population of cardiac fibroblasts is a potential source of regenerative cardiomyocytes. 

Reprogramming of cardiac fibroblasts to cardiomyocytes is currently being actively 

researched.22,23 However, the efficiency of this process in vivo remains low in means of 

absolute number of converted cardiomyocyte-like cells, their contraction, and their electrical 

properties.20 In order to reactivate the proliferative potential of cardiomyocytes or to 

reprogram fibroblasts into cardiomyocytes, an efficient strategy for exogenous gene delivery 

into the myocardium is required.
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GENE DELIVERY METHODS

There are several ways to introduce exogenous proteins to the cells of a living organism. The 

most straightforward way is to directly inject the desired peptide or protein to the body. This 

approach maintains high level of control over protein dosage, with immediate effects, and 

with no need for cellular translation. However, the half-life of many proteins in the 

physiological environment is very short and may require repetitive administration in order to 

maintain the desired active or therapeutic concentration.

The use of nucleic acids (DNA or mRNA) for gene delivery is an effective approach to 

overcome protein stability challenges. The two main strategies to introduce DNA to cells are 

viral vectors or plasmids.24 The most common viral vector is adenovirus that can infect a 

wide range of cells types. Adenovirus mediates transient expression with high efficiency; 

however it is highly immunogenic.25,26 Additional commonly-used viral vector is a 

lentivirus that efficiently infects a broad range of dividing and non-dividing cells. This 

vector is less immunogenic than adenovirus, but unlike adenovirus, it mediates stable 

integration of the exogenous gene into the genome of the host cell, enabling stable 

expression of the gene. This property is beneficial in certain circumstances but also holds the 

risk for malignant transformation, depending on the location and nature of the integration 

site.27 Currently, the most promising viral vector is associated adeno virus (AAV). This 

relatively small virus has low immunogenicity and the ability to mediate a long-term 

expression of genes with minimal frequency of integration into the host genome.28 AAV 

mediates high expression levels of protein starting a few days after infection. Protein levels 

elevate and reach a plateau after a few weeks (depending on the AAV serotype), and last for 

at least 11 months.29 Importantly, 20–60% of the world population has neutralizing 

antibodies against different serotype of AAV, making it a less attractive therapeutic agent for 

more than a quarter of patients.30,31

Non-viral vectors include plasmid DNA and mRNA. Plasmid DNA is minimally 

immunogenic, but suffers from poor transduction capacity and thus, mediates low levels of 

gene expression.32 Additionally, even though naked DNA is missing the ability to integrate 

into the host genome as lentiviral vectors, there is still a small risk of exogenous DNA 

integration and malignant transformation due to endogenous homologues recombination 

mechanism of the host cells.33 (For a summary of the current gene delivery methods see 

Table 1.)

MODIFIED mRNA

mRNA was first suggested to serve as a vector for gene therapy more than 20 years ago. 

Wolff et al. have demonstrated for the first time, the use of mRNA as a vector for gene 

expression in mammalian cells in vivo. In this pivotal work, the authors generated synthetic 

mRNAs encoding the genes chloramphenicol acetyltransferase and luciferase. The mRNA 

was injected into mouse skeletal muscle and resulted in high expression levels of both 

proteins 18 h post injection, that gradually decreased for the next 42 h.34 In 1992, synthetic 

mRNA was used to treat Brattleboro rats suffering from diabetes insipidus. Those rats have a 

mutation that prevents the translation of the hormones arginine vasopressin (AVP) in the 

Hadas et al. Page 4

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2018 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypothalamus. After injection of a synthetic AVP mRNA into the lateral hypothalamus, the 

authors reported a temporary reversal of diabetes insipidus symptoms in the treated animals.
35 Since then synthetic mRNA has been widely used for vaccination to treat of infectious 

diseases and cancer.36–43 However, the development of synthetic mRNA for gene 

replacement therapy was delayed due to two critical limitations. First, mRNA is not stable in 

physiological conditions and is rapidly degraded by cellular and extracellular Ribonucleases 

(RNase). Different RNases are abundant in mammals’ plasma and cells, and degrade mRNA 

as a host defense mechanism against pathogens,44 as well as part of a quality control step for 

endogenous mRNA.45 As a consequence, the half-life of exogenous mRNA in the body is 

very short and the amount of proteins produced using exogenous mRNA template is limited. 

Second, mRNA is highly immunogenic and can trigger the innate immune response by 

activating Toll-like receptors (TLRs) RIG-1 and MDA-5 in the transfected cells. Exogenous 

RNA is recognized by TLR3, TLR7 and TLR8 in the endosome. The activation of these 

receptors results in the induction of inflammation and inhibition of protein translation.46–49 

In non-immune cells, the exogenous mRNA is recognized by RIG-1 and MDA5 and induces 

inhibition of protein translation, mRNA degradation and inflammation.50–53 Each receptor 

recognizes different features of the exogenous mRNA, providing the organism with reliable 

protection against a wide range of viruses. TLR3 recognizes double-strand RNA,49 TLR7 

and TLR8 recognize single strand RNA,47 and TLR7 also recognizes poly(U).46 RIG-1 and 

MDA-5 are activated by short and long double-strand RNA respectively.50,51

About a decade ago, Katalin Karik’o and Drew Weissman et al. demonstrated that in vitro 

synthesis of mRNA with naturally occurring chemically modified nucleotides, produces a 

more stable, minimally immunogenic mRNA that mediates rapid and strong expression of 

genes.54–56 Based on the findings that chemical modification of DNA can attenuate immune 

response to exogenous DNA,57 and the fact that there are at least 100 known naturally 

occurring modification of ribonucleotides,58 they have used exogenous synthetic mRNA 

with different modified nucleotides to study immune recognition and response by cells54 and 

organisms.55 They have found that incorporation of modified nucleotides, including 5-

methylcytidine (m5C), N6-methyladenosine (m6A), 5-methyluridine (m5U), 2-thiouridine 

(s2U) and pseudouridine (Ψ) to synthetic mRNA, dramatically reduces the recognition of 

RNA by TLR3, 7 and 8, and results in the inhibition of innate immune response of dendritic 

cells.54 Following experiments have shown that Ψ modification yields the highest 

translational capacity and biological stability in vivo compared to unmodified mRNA or 

m5C, m6A, m5U, or s2U modified mRNAs (mod-RNAs).55 The enhancement in translation 

is attributed, at least to some extent, to reduced activation of RNA-dependent protein kinase 

(PKR),56 and high resistance to RNaseL.59 The combination of more than one nucleotide 

modification may have a variable effect on the translation efficiency, depending on the type 

of the transfected cell.60

Translation efficiency of synthetic mRNA can be further enhanced by using stable cap 

analog, optimization of the 5ʹUTR and 3ʹUTR vector sequences, as well as by optimization 

of codon usage61–64 (see Figure 2).
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CURRENT USES OF modRNA

Currently, modRNA is widely used in generating induced pluripotent stem cells by over 

expression of dedifferentiation factors in somatic cells,65–67 and as a vaccination for 

infectious diseases40–43 and cancer36–39 (by direct injection of mRNA encoding specific 

epitopes to induce immune response against the pathogen or malignant cells or by injection 

of transfected dendritic cells). modRNA is also used for enhanced engraftment and direct 

differentiation of ex vivo treated cells prior to transplantation.68

A few studies have demonstrated the potential of modRNA for protein replacement. In 2011, 

Korman et al. used erythropoietin modRNA to increase hematocrit levels in mice. They also 

showed the therapeutic efficiency of surfactant protein B modRNA in a mouse model of 

lethal congenital lung disease.69 In 2013, Zangi et al. showed for the first time that mod-

RNA with cap analog and optimized 5ʹ and 3ʹ UTRs can induce expression of genes in 

heart cells, including cardiomyocytes.70 Additional information about the study can be 

found in the next sections.

Following that pivotal work, the use of mRNA-based gene replacement was demonstrated in 

other diseases using different genes: (1) Bcl-2 mod-RNA was used to reduce hepatocytes 

apoptosis in a mouse model of fulminant hepatitis;71 (2) Intrathecal injection of mRNA, 

with optimized codon usage, encoding frataxin was used to treat Friedreich’s ataxia in mice;
72 (3) The use of modRNA encoding TLR1 TLR2 and TLR6 has been shown to improve 

lung function as well as reduced airway inflammation in a mouse model of asthma;73 (4) 

ModRNA encoding the transcription factor RUNEX1 was used to treat osteoarthritis in 

mice;74 (5) IGF-1 modRNA was shown to reduce apoptosis in mice model of MI;75 (6) In 

2015, Thess et al. demonstrated efficient delivery and physiological effects of modRNA 

encoding for erythropoietin in large animals including pigs and non-human primates.61

ROUTES OF modRNA DELIVERY TO THE HEART

Transduction of foreign RNA into cardiac cells has a great potential value for basic science 

and for clinical applications. However, the success of gene therapy depends largely on the 

use of a reliable and efficient delivery methods.

An effective cardiac gene therapy delivery platform must have the following attributes: (a) 

ability to transfer the gene to different areas of the myocardium including infarct, border and 

remote zones; (b) transduce sufficient numbers of myocytes of the left and right ventricles, 

and (c) establish a predictable relationship between the amount of cardiac genome-copy 

number and cardiac function. Additionally, there is a need to determine whether regional 

gene expression is sufficient to treat underlying cardiac disease or whether a global 

distribution is required.76 Cardiac gene delivery techniques consider, among others, 

variations of heart perfusion during gene transfer, site and method of gene administration, 

and interventional approach like surgical, catheter-based77 (see Figure 3). The different 

approaches have been tested in many completed and ongoing clinical trials in cardiology and 

cardiac surgery. Results from those trials indicate that all three routes of gene delivery are 

safe, feasible and potentially efficacious. However, so far, a comparative clinical evaluation 
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has not been conducted. Nevertheless, it assumed that the best method is to combine 

minimization of technique-associated morbidity and extend vector residence time in 

coronary circulation.76

Globally, it is possible to divide all transfer routes to direct myocardial or transvascular. 

Each strategy has its own barriers that must be overcome for successful delivery. The key 

transfer steps in transvascular delivery are migration through the blood vessel compartment, 

transit via the endothelial barrier, extracellular matrix (ECM) that is composed of 

extracellular fluid and protein structures, navigation in the interstitial environment, and, 

uptake through the cell membrane. During these steps, RNAses are major impediments to 

mRNA delivery.78 During direct myocardial delivery, mRNA is exposed to various critical 

extracellular and intracellular components. For both delivery systems mRNA must navigate 

through the ECM in order to reach cardiomyocytes plasma membrane. This process is 

regulated by tissue collagen and hyaluronic acid.79 After passing through the ECM, mRNA 

must be taken up by cells via receptors or nonspecific binding mechanisms. Nucleic acids 

typically enter cells through endocytosis, phagocytosis, scavenger receptors or 

micropinocytosis. The cellular endosome is one of the most difficult biological obstacles to 

overcome. The endosome contains a number of TLRs and enzymes that recognize foreign 

internalized molecules or ligands and send them to degradation, or for recycling back to the 

plasma membrane. Another obstacle of transduction is the ability of the nucleic acids to 

properly bind to the ribosome and be translated to functional protein after their release from 

the endosome. Additionally, the ischemic conditions present after MI dramatically reduce 

the translation of mRNA. One of the important advantages of direct myocardial approach 

over transvascular approach is the minimization of undesirable systemic effects of 

introducing foreign genes to the body.

To improve the stability of mRNA in physiological conditions, cell penetration, and 

endosomal escape, mRNA can be complexed with biomaterials such as protamine, lipid 

nanoparticles or polymeric nanoparticles80 (see Figure 2). Each class of biomaterials has 

advantages and limitations. Protamin is a cationic protein that can complex with negatively-

charged nucleic acids and increase the transfection ability of cells. However this complex 

may increase the immune response to the transfected cells.81 Lipid nanoparticles are very 

efficient and widely used for in vitro transfection, however they have been found to be toxic 

for cells, which makes them problematic as a vehicle for in vivo transfection.82 Polymeric 

nanoparticles are relatively new and promising biomaterials as vehicles for mRNA delivery, 

and can mediate an efficient transfection with low cytotoxicity.83 More research and 

optimization of vehicles is needed to fully exploit the potential of modRNA as a vector for 

gene therapy.

modRNA USE FOR THE INDUCTION OF ENDOGENOUS REGENERATIVE 

CAPACITY

As mentioned above, MI occurs as a result of ischemia that leads to the death of a significant 

portion of cardiomyocytes. The limited capacity of the heart to regenerate reduces the heart 

function and leads to high morbidity and mortality.
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The properties of modRNA as a delivery method in terms of protein expression efficiency 

and kinetics make it an attractive option for enhancing the endogenous regenerative capacity 

(see Figure 4). After intramyocardial injection of luciferase modRNA into the left ventricle, 

high luciferase activity can be detected within 3 h post injection. The activity levels reach to 

a pick 18 h after injection and decline gradually for 6 days. This time frame is compatible 

with the timing of therapeutic opportunity during and after MI. The timeline of MI 

development includes the induction of cell death less than an hour after occlusion, secretion 

of pro-inflammatory chemokines 4 h after occlusion, followed by the development of 

inflammation. Two days post MI, a rapid proliferation of fibroblasts and angiogenesis can be 

observed, followed by vascular maturation and scar formation 2–3 weeks from MI.84–86 

Owing to its expression kinetics, modRNA serves as an optimal vector to quickly and 

efficiently express gene or genes combinations to minimize heart injury and/or induce 

regeneration. For example, anti-apoptotic and antioxidant proteins, pro-survival genes, 

inflammation modulators, angiogenic factors and genes that may induce cardiomyocyte 

proliferation, or reprograming factors to convert fibroblasts into cardiomyocytes.

As discussed previously, while overexpression of the proper exogenous genes in the heart 

can reduce injury and induce regeneration, prolonged expression of those genes might have 

undesirable long-term effects such as malignant transformation by inhibiting apoptosis and 

suppressing the immune system, combined with uncontrolled proliferation.

Pioneering work in the field has demonstrated that direct injection of VEGF-A modRNA to 

the mice’ infarcted heart mediates ‘pulse-like’ expression of VEGF-A that resulted in 

reduced infarct size, enhanced myocardial perfusion and improved survival. In part, this 

effect was due to a previously unknown effect of VEGF-A on epicardial progenitors. VEGF-

A modRNA amplified these progenitors, mobilized their migration into the myocardium and 

redirected their differentiation toward cardiovascular lineages.70

Huang et al. injected IGF-1 to the infarcted heart of mice and showed a reduction of 

apoptosis in the infarct border zone. The reduction of apoptosis was attributed to an increase 

in the level of Akt and Erk phosphorylation as well as expression of miR-1 and miR-133.75 

However, our own unpublished data suggest that using IGF-1 modRNA induces adipogenic 

differentiation of epicardial progenitor cells, and the formation of epicardial adipose tissue 

in mouse heart after MI (Zangi et al.; under revision). Epidemiological studies have 

demonstrated that epicardial adipose tissue is closely related to coronary artery disease. 

Moreover, infiltration of the myocardium by adipocytes is also a hallmark of arrhythmogenic 

cardiomyopathy. To overcome this issue, we designed a dominant negative IGF1R 

modRNA, that was applied to the heart after MI, and was able to block epicardial fat 

formation. This shows that modified mRNA can be used not only to activate signaling 

pathways but also to block signaling pathways, with physiological impact.

The above-described studies demonstrate the complexity of using paracrine factors for the 

treatment of MI, and highlight the need for careful interpretation of the results. Remaining 

challenges are to find the ideal delivery route (intramyocardial or transvascular), or other 

types of delivery route), and to increase clinical applicability by reducing the cost of 

modRNA production and handling, or alternatively, the amount of modRNA needed for each 
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in vivo delivery. Additionally, it is not yet clear if a short, transient expression of a gene is 

enough to induce substantial cardiac regenerative changes. Improved modRNA with longer, 

but still relatively short expression period of 2–3 weeks, or alternatively, the ability to 

perform repeated modRNA transfections/injection to maintain effective protein levels for a 

longer, but still controlled period, may be needed in order to achieve a long-lasting 

therapeutic effect.

As research in the modRNA field rapidly accumulates, technical aspects to this promising 

technology will improve, enabling the in-depth, and clinically-applicable investigation of 

several mod-RNAs candidates for the treatment of IHD, as well as other morbidities.
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FIGURE 1. 
Ideal treatment for ischemic heart disease. Gene therapy goals in treating of IHD are in 

prevention of pathological heart remodeling by: (a) activation of adult cardiomyocytes 

proliferation (b) attenuating the innate and adaptive immune response (c) induction of 

angiogenesis (d) preventing cardiac cells apoptosis and necrosis.
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FIGURE 2. 
Possible modification of mRNA structure and delivery vehicle for optimal gene expression 

in the heart. Stability and expression level of proteins can be optimize by modifying the 

mRNA composition and structure. The modRNA can be delved naked or after complexing it 

with biomaterials to achieve optimal stability and penetration to the cardiac cells.
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FIGURE 3. 
Routes of modRNA delivery to the myocardium. A current diagram of existing cardiac gene 

delivery techniques considers site and method of administration and, interventional 

approach. Methods for direct gene delivery include injection from epicardial or endocardial 

layers into myocardium. A global transduction of the myocardium can only be achieved with 

intravascular transfer, which includes simple intravenous injection, intracavitary 

administration and intracoronary arteries route of infusion.

Hadas et al. Page 16

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2018 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Main phases of Post-MI myocardial remodeling in mouse. modRNA expression occurs 

during inflammatory and proliferative phases, when most of the changes in cardiac function 

take place.
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