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Summary 

In this thesis I investigated a previously unrecognized translational burst of the infarct 

and border zone after cardiac reperfusion in a mouse model of ischemia/reperfusion 

injury. This translational response is mediated partly by border zone cardiomyocytes, 

which increasingly translate mRNAs related to inflammation and cell migration in 

response to reperfusion. Among those increasingly translated transcripts is the mRNA 

that encodes C-C Motif Chemokine Ligand 2 (CCL2), a chemokine that is involved in 

the attraction of monocytes to the injured heart. A transient pharmacological inhibition 

of the mechanistic target of rapamycin complex 1 (mTORC1) - eukaryotic translation 

initiation factor 4E binding protein 1 (4EBP1) - eukaryotic translation initiation factor 4E 

(eIF4E) axis, which I found to be involved in the translational activation of border zone 

cardiomyocytes, inhibited myocardial inflammatory, monocyte infiltration, improved 

cardiac contractility, reduced infarct size, and strongly suppressed cardiac Ccl2 

expression and release from the infarcted heart in a preclinical model of 

ischemia/reperfusion in mice. Reduced Ccl2 gene expression after inhibition of the 

mTORC1-4EBP1-eIF4E axis was at least partly derived from attenuated translation of 

the Ccl2 transcript. In addition, a direct inhibitory effect of rapamycin and 4EGI-1, 

pharmacological inhibitors of mTORC1-dependent translation, on circulating 

monocytes was observed, which may contribute to the attenuation of inflammatory 

monocyte infiltration into the infarcted heart after mTORC1-4EBP1-eIF4E axis 

inhibition. Improved cardiac function after pharmacological mTORC1-4EBP1-eIF4E 

axis inhibition may thus result from the attenuation of a pro-inflammatory translational 

network, involving the inhibition of translation of the mRNA encoding for the chemokine 

CCL2 by border zone cardiomyocytes, as well as a direct inhibitory effect on circulating 

monocytes, thus attenuating maladaptive aspects of cardiac inflammation and 

remodeling after myocardial infarction and reperfusion. 
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Zusammenfassung 

In dieser Doktorarbeit untersuche ich eine bisher unbekannte Aktivierung der 

Proteinsynthese im Infarktkern und der Infarkt-Randzone nach kardialer Reperfusion 

in einem Mausmodell des Ischämie-/Reperfusionsschadens. Diese 

Translationsreaktion wird zum Teil durch Kardiomyozyten der Infarkt-Randzone 

vermittelt, welche als Reaktion auf die Reperfusion vermehrt mRNAs translatieren, die 

mit einer Entzündungsreaktion und Zellmigration in Zusammenhang stehen. Zu diesen 

vermehrt translatierten Transkripten gehört auch die mRNA, die für C-C Motif 

Chemokine Ligand 2 (CCL2) kodiert, ein Chemokin, das an der Chemotaxis von 

Monozyten zum Herzen nach einem Myokardinfarkt beteiligt ist. Eine vorübergehende 

und potenziell klinisch umsetzbare pharmakologische Hemmung des mechanistic 

target of rapamycin complex 1 (mTORC1) - eukaryotic translation initiation factor 4E 

binding protein 1 (4EBP1) - eukaryotic translation initiation factor 4E (eIF4E) 

Signalweges, welcher an der Aktivierung der Proteinsynthese von Kardiomyozyten der 

Infarkt-Randzone beteiligt ist, hemmte die myokardiale Infiltration von pro-

inflammatorischen Monozyten, verbesserte die kardiale Kontraktilität, verringerte die 

Infarktgröße und unterdrückte die kardiale Expression des Ccl2-Gens und die 

Freisetzung des CCL2 Proteins aus dem Herzen nach einem Myokardinfarkt in einem 

präklinischen Ischämie/Reperfusion-Modell in Mäusen. Die verringerte Expression des 

Ccl2-Gens nach Hemmung der mTORC1-4EBP1-eIF4E-Achse war in Teilen auf eine 

verminderte Translation des Ccl2 Transkripts in Kardiomyozyten der Randzone 

zurückzuführen. Darüber hinaus wurde eine direkte hemmende Wirkung von 

Rapamycin und 4EGI-1, pharmakologischen Inhibitoren der mTORC1-abhängigen 

Translation, auf zirkulierende Monozyten beobachtet, was zur Abschwächung der 

Infiltration pro-inflammatorisch determinierter Monozyten in das infarzierte Herz nach 

Hemmung der mTORC1-4EBP1-eIF4E-Achse beitragen könnte. Die verbesserte 
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kardiale Funktion nach pharmakologischer Hemmung der mTORC1-4EBP1-eIF4E-

Achse ist daher in Teilen auf die Abschwächung eines entzündungsfördernden 

Translationsnetzwerks zurückzuführen. An diesem Mechanismus ist die Inhibition der 

Translation der für das Chemokin CCL2 kodierenden mRNA beteiligt, welches unter 

anderem von Kardiomyozyten der Infarkt-Randzone vermehrt translatiert wird, sowie 

eine direkte hemmende Wirkung von zirkulierenden pro-inflammatorischen 

Monozyten. 
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3 Introduction 

 

3.1 Ischemic heart disease 

 

Ischemic heart disease is the leading cause of cardiovascular death worldwide 

that is caused by a combination of lifestyle factors, genetics and medical 

complications.134 Sometimes also referred to as coronary heart disease or coronary 

artery disease, ischemic heart disease is caused by inadequate blood flow to the 

cardiac muscle that results in acute or chronic ischemia of the heart. In most cases 

ischemic heart disease is caused by atherosclerosis-mediated stenosis of the coronary 

arteries. Ischemic heart disease may be symptomatic and often presents as angina 

pectoris, dyspnea, fatigue, or arrhythmias but can also remain asymptomatic for many 

years until it eventually manifests as acute coronary syndrome. Especially women or 

patients with other comorbidities such as diabetes may show atypical or no symptoms 

at all, which can complicate diagnosis. The global burden of cardiovascular disease 

(Figure 1) and from ischemic heart disease (Figure 2) varies between regions, 

ethnicities and subpopulations, but remains a leading cause of death worldwide.1,2,5 

While overall numbers of ischemic heart disease increase globally, age-standardized 

prevalence remains relatively stable with a small continues decline of ischemic heart 

disease prevalence in western regions over time.6  
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Figure 1 | Global Burden of Cardiovascular Diseases 

A, Age-standardized disability-adjusted life years (DALYs) per 100,000 for cardiovascular 

diseases globally. B, Age-standardized DALYs specific for individual cardiovascular diseases 

by region. Reproduced with permission from 8The Global Burden of Cardiovascular Diseases 

and Risk: A Compass for Future Health91. This article was published in Journal of the American 

College of Cardiology, Vol. 80 No. 25, Muthiah Vaduganathan, George A. Mensah, Justine 

Varieur Turco, Valentin Fuster, and Gregory A. Roth, The Global Burden of Cardiovascular 

Diseases and Risk: A Compass for Future Health, 236132371, Copyright American College of 

Cardiology Foundation. Published by Elsevier (2022). 
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Figure 2 | Global Burden of Ischemic Heart Disease 

A Age-standardized incidence rate of ischemic heart disease per 100,000 across 195 countries 

and territories for both sexes, 2017. B, C Age-specific numbers, and rates of incident cases 

(B) and deaths (C) of ischemic heart disease by sex, 2017. Error bars indicate the 95% 

uncertainty interval (UI) for numbers. Shading indicates the 95% UI for rates. Adapted with 

permission from 8Global, regional, and national burden of ischaemic heart disease and its 

attributable risk factors, 199032017: results from the Global Burden of Disease Study 201795. 
 

 

3.2 Acute myocardial infarction 
 

3.2.1 Pathophysiology of cardiac ischemia 

 

Myocardial infarction represents an acute and severe manifestation of ischemic 

heart disease that is a major contributor to mortality worldwide.7,8 It is caused by 

inadequate blood supply to the myocardium, resulting in acute ischemia and 

subsequent cardiac injury.9 Prolonged duration of ischemia during myocardial 

infarction causes progressive and irreversible loss of viable cardiac tissue, which is 

associated with a large number of adverse events, such as arrhythmia, ventricular 

aneurysm and rupture, valve dysfunctions, pericarditis and severe inflammatory 

reactions, cardiogenic shock and heart failure, that can ultimately result in death.9312  

Ischemia is defined as insufficient blood supply that does not meet a tissues 

oxygen demand, most of the time going along with insufficient cellular nutrient supply.13 

Exceeding cell type- and tissue-specific intensity and duration thresholds, ischemia will 

cause cell injury that may progress to cell death and organ dysfunction. Ischemia does 

not need to go along with reduced tissue blood flow and is in general caused by 

insufficient blood supply. For example, ischemia can be caused by constant blood flow 

during conditions of increased tissue oxygen demand, when the blood and oxygen 

supply cannot be sufficiently increased to meet higher oxygen need. In the heart, 

determinants of oxygen consumption are 1) myocardial mass, 2) myocardial work 
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(determined by heart rate and blood pressure), 3) pre-contraction tension (defined by 

ventricular dimensions) and 4) inotropic status.13 Some of these remain relatively 

constant, such as myocardial mass, while others can change rapidly, resulting in 

drastic changes in myocardial oxygen demand. 

Compared to other organs, the heart extracts high levels of coronary blood 

oxygen. Even at rest, the myocardium extracts more than 70% of coronary oxygen 

levels and as such, increased myocardial oxygen demand has to be met with increased 

coronary blood flow, resulting in an almost linear relation between myocardial oxygen 

consumption and coronary artery blood flow.13 While under basal conditions, the 

human heart receives approximately 1/20th of the cardiac output, this may rise fourfold 

to meet increased oxygen demand during phases of increased workload. As such, 

myocardial ischemia is in most cases caused by insufficient coronary blood flow, 

however other causes, such as anemia can significantly contribute to ischemia. For a 

more in depth description of the complex determining factors of coronary blood flow, 

such as perfusion pressure, resistance, elasticity, stenosis, relative length of systole 

and diastole, metabolic autoregulation and other factors, readers are referred to related 

literature13,14.  

This study modelled acute severe ischemia that results in cell and tissue injury 

caused by immediate and almost complete loss of oxygen and nutrient supply. 

Clinically, this scenario is encountered in acute myocardial infarction in which acute 

ischemia causes subsequent cardiac injury. 

 

3.3 Myocardial reperfusion and reperfusion injury 

 

In acute myocardial infarction, a so called 8border zone9, which is defined as the 

region surrounding the area of irreversible tissue injury, is characterized by cellular 

injury that not yet resulted in cell death and therefore has the potential to recover or 
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instead progress to irreversible cell damage. The border zone separates the poorly 

perfused 8infarct zone9 from the 8remote area9 and was recently demonstrated to occur 

in human myocardial infarction and further characterized in this setting.15,16 This area 

at risk may be rescued by timely reperfusion and is central to the strategy of preventing 

progressive injury by percutaneous coronary interventions. As cardiac function after 

myocardial infarction is directly correlated to the remaining viable tissue, current gold-

standard for the treatment of myocardial infarction is rapid restoration of coronary blood 

flow by reperfusion, which restores cellular oxygen and nutrients and thereby prevents 

further cell death resulting from ischemia.17 

While this, if performed early enough, significantly improves survival and long-

term cardiac function, reperfusion itself is thought to cause cardiac injury by 

mechanisms proposed to involve arrhythmias, myocardial stunning, oxidative stress, 

calcium overload, metabolic dysregulation, vascular damage, inflammation and other 

mechanisms.18,19 Despite of substantial investigation of 8reperfusion injury9, its 

underlying molecular mechanisms remain incompletely understood. Some investigator 

even question the existence of 8lethal reperfusion injury9, the 8reperfusion-induced 

death of cardiomyocytes which were viable or reversibly injured at the end of 

ischemia9.20 It is even questioned by some authors whether lethal reperfusion injury 

exists in humans.21 As it remains challenging to directly demonstrate reperfusion-

induced cell death, reperfusion injury has been primarily defined by preclinical studies, 

performed in rodents and other animals, that revealed that interventions undertaken 

shortly before or after reperfusion further improve outcome and decrease final infarct 

size, indicative of some form of targetable injury that occurs during or after 

reperfusion.18,20,21 

Current therapies for myocardial infarction target only the ischemic aspect, 

whereas no intervention to reduce reperfusion injury has been successfully translated 
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into the clinic.18 Thus, there is great need to define mechanisms that mediate cell injury 

after reperfusion that may be targeted to further improve outcomes after acute 

myocardial infarction.  

 

3.4 Inflammation after myocardial infarction and cardiac reperfusion 

 

The injured myocardium initiates an inflammatory response after myocardial 

infarction.22 Myocardial necrosis and injury induces complement activation, free radical 

generation and triggers a cytokine response that attracts immune cells.22,23 This 

inflammatory reaction is further accelerated and augmented if the ischemic area is 

reperfused.22,24 While cardiac inflammation is a prerequisite for healing and scar 

formation, such processes, if allowed to proceed and continue in an excessive degree, 

may result in secondary damage, causing adverse remodeling and impaired 

contractility.23 Experimental insights of preclinical studies and promising results of 

clinical studies provided evidence that anti-inflammatory actions can reduce 

myocardial injury after myocardial infarction, further supporting the concept that some 

maladaptive elements of the inflammatory response after myocardial infarction 

extends cardiac injury and mediate adverse myocardial remodeling.23,25 Indeed, many 

patients with myocardial infarction present with signs of inflammation and blood levels 

of the inflammatory protein 8C-reactive protein9 is a strong predictor of future 

cardiovascular events.23,26 However, the evolutionary conserved inflammatory 

response also serves important adaptive functions that mediate aspects of healing, 

regeneration and scar formation and a large number of anti-inflammatory clinical trials 

did not improve or even impaired outcomes, partly related to impaired host 

defense.23,25 Translating findings from preclinical animal models of cardiac 

inflammation to humans has been challenging, which is likely in part dependent on 

significant differences between murine and human inflammatory responses despite of 
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many similarities. For example, systemic administration of corticosteroids as broad 

anti-inflammatory strategy decreased infarct size in a canine model of myocardial 

infarction.27 While a similar approach inhibited leukocyte infiltration in humans, it 

resulted in deleterious outcomes due to delayed healing and collagen deposition.22,28,29 

As such, it remains a central challenge to identify the molecular mechanisms that drive 

maladaptive and adaptive aspects of inflammation that may be of relevance to 

humans. Mechanistic studies over the last decades have revealed a complex and 

dynamic interplay between basically all major cardiac and circulating immune cell types 

that mediate the myocardial inflammatory response, which is functionally divided into 

different phases.23 The first immune phase that last up to approximately 4 days in 

humans and up to 3 days in mice is sometimes referred to as inflammatory phase.30,31 

Immediately after myocardial infarction and reperfusion, damage-associated molecular 

patterns released from injured cardiac cells result in inflammasome activation and 

induction of a sterile inflammatory response mediated by a cascade of cytokines that 

results in successive waves of inflammatory cell infiltration.23,30 This initial inflammatory 

response clears injured and necrotic cells from the damaged myocardium which is 

necessary for scar formation and maturation.30 Thus, this controlled inflammatory 

response is an vital process indispensable for repair and healing.23 However, some 

authors describe evidence for an acute 8overshooting inflammatory burst9 that 

increases cardiac injury during this phase, which may be targeted to improve cardiac 

outcome.23  

The inflammatory phase is followed by a proliferative phase which is 

characterized by the development of granulation tissue.30 This phase approximately 

occurs from day 5 to day 14 after myocardial infarction in humans and from days 4 to 

7 in mice.30,31 During this time many populations of inflammatory leukocytes are 

released from the injured myocardium, transform into more reparative states and 
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several and additional anti-inflammatory, pro-reparative immune cell populations 

infiltrate the myocardium.30 During the proliferative phase granulation tissue is formed 

which is mediated by the induction of angiogenesis and the secretion and modification 

of collagen and other extracellular matrix components by various cardiac cell types.30,31  

In the final maturation phase, which continuous for weeks or months after myocardial 

infarction, the extracellular matrix is further modified, angiogenesis is downregulated 

and immune cells, fibroblasts and other cell types are released from the site of injury, 

leaving a mostly acellular fibrous scar tissue.30,31 The maturation phase may be 

associated with a basal inflammatory activity that can contribute to adverse cardiac 

remodeling.30  

 

All three phases of the post-myocardial infarction response are mediated by 

various immune cell populations, which infiltrate the myocardium in characteristic 

waves that are orchestrated by cardiac and extracardiac gene expression and cytokine 

programs (Figure 3). In a first wave, that occurs within hours to approximately three 

days after myocardial infarction, polymorphonuclear neutrophils enter the 

myocardium.23,30,32,33 This is followed by a second wave, in which 

monocytes/macrophages enter the site of injury. Numerically monocytes/macrophages 

are the largest fraction of immune cells that infiltrate the myocardium after myocardial 

infarction. This second wave can be further divided into two-phases. The first phase 

that occurs approximately 1 to 4 days after myocardial infarction, is dominated by the 

infiltration and proliferation of pro-inflammatory monocytes/macrophages, that are 

sometimes referred to as Ly6Chigh Ccr2+ or M1 monocytes/macrophages, dependent 

on the markers used for identification, which represent partly overlapping pro 

inflammatory cell populations. The second phase, which occurs approximately 2 to 10 

days after myocardial infarction, is dominated by pro-reparative 
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monocytes/macrophages, referred to as Ly6Clow Ccr2- or M2 

monocytes/macrophages. The third wave represents the infiltration of lymphocytes to 

the site of injury, in part due to the formation of autoantigens generated by the release 

of intracellular proteins upon myocardial damage activating lymphocytes of heart-

draining mediastinal lymph nodes, which occurs approximately from day 1 to 10 and 

peaking dependent on the cell type at day 5 to 7 after myocardial infarction. Currently, 

the functions and molecular mechanisms mediated by other less frequent immune cell 

types remains largely unexplored in the context of myocardial infarction and 

reperfusion and is not further described in this thesis. 

 

Figure 3 | Neutrophil, macrophage, and lymphocyte cellular infiltration kinetics 

after myocardial infarction in mice 

A, In the immediate inflammatory response to MI, neutrophils accumulate in the 

microvasculature. These leukocyte infiltration kinetics govern the length and function of each 

of the 3 phases of cardiac repair. Compiled from Yan et al33 and Rusinkevich et al32. 

Reproduced with permission from 8Impact of Reperfusion on Temporal Immune Cell Dynamics 

After Myocardial Infarction930. 

A
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3.4.1 Neutrophils 

 

Neutrophils are maximally activated approximately 4 hours after myocardial 

infarction in humans.30
 After infiltrating the injured myocardium they release reactive 

oxygen species, various enzymes such as metalloproteinases, myeloperoxidase and 

neutrophil elastase, proinflammatory cytokines and alarmins.30,34 For example, 

neutrophils are a primary source of the inflammatory alarmins S100A8 and S100A9, 

which further stimulates cytokine release and leukocyte recruitment and is a predictor 

of poor outcome.30,35337 Clinical studies consistently showed that high numbers of 

circulating neutrophils and high neutrophil-to-lymphocyte ratios around reperfusion are 

associated with increased mortality, poor left ventricular contractility, and an increased 

risk of developing heart failure.30,38 Preclinical studies indicate that attenuating early 

neutrophile accumulation, which peaks at approximal 1 day in mice, is cardioprotective 

and shifts the infiltrating monocyte/macrophage population towards a more reparative 

state.23,30,39 Proposed mechanisms by which neutrophils may further increase 

myocardial injury include the amplification of the following inflammatory response, 

release of damaging reactive oxygen species, enzymes and neutrophil extracellular 

traps, microvascular obstruction and the induction of cardiomyocyte apoptosis.30 While 

neutrophil infiltration peaks at approximately 1 day post myocardial infarction, they 

continue to contribute to the proliferative and maturation phase (Figure 4).30,39,40  
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Figure 4 | Temporal dynamics of neutrophil infiltration and function after 

myocardial infarction and reperfusion 

A, In the immediate inflammatory response to MI, neutrophils accumulate in the 

microvasculature and impair reperfusion by blocking further blood flow, causing microvascular 

obstruction (MVO). The formation of neutrophil extracellular traps (NETs) can also exacerbate 

ischemia/reperfusion injury. Once in the myocardial tissue, neutrophils can phagocytose dying 

cardiomyocytes, produce reactive oxygen species (ROS), and release inflammatory enzymes, 

including myeloperoxidase, matrix metalloproteinases, and neutrophil elastase, all of which 

exacerbate inflammation and cause additional myocardial injury. B, In the proliferative phase, 

neutrophils reach the end of their natural lifespan, undergo apoptosis, and are taken up by 

macrophages through efferocytosis. This polarizes the macrophages to an anti-inflammatory 

phenotype, leading to the resolution of inflammation and the initiation of the proliferative phase. 

C, The long-term actions of neutrophils in the maturation phase remain poorly understood. MI 

indicates myocardial infarction; MMPs, matrix metalloproteinases; MPO, myeloperoxidase; 

MVO, microvascular obstruction; NE, neutrophil elastase; NET, neutrophil extracellular trap; 

and ROS, reactive oxygen species. Reproduced with permission from 8Impact of Reperfusion 

on Temporal Immune Cell Dynamics After Myocardial Infarction930. 

 

 

3.4.2 Monocytes/macrophages 

 

The cardiac monocyte/macrophage compartment and its regulation in response 

to myocardial infarction and reperfusion is complex and controversial. At baseline, 

different sub-populations of tissue resident macrophages populate the myocardium 
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and different monocytes populations enter and leave the heart.41344 Those sub-

populations are represented by different cellular gene expression and various 

presentation of cell surface receptors. While recent single cell RNA sequencing 

experiments revealed the complexity of different monocyte/macrophage cell states, 

those states are classically divided into pro-inflammatory Ly6Chigh Ccr2+ monocytes or 

M1 macrophages and pro-reparative Ly6Clow Ccr2- monocytes or M2 macrophages in 

mice.45,46 However, it needs to be noted that this classification, which is also used in 

parts of this study, likely represents an oversimplification of a complex system that may 

be capable to quantify and categorize certain biological mechanisms. In humans and 

mice, monocytes from the spleen are released to the circulation in response to 

myocardial infarction and infiltrate the injured myocardium within few days, which is 

sustained by extramedullary monocytopoiesis.47349 Reperfusion further promotes 

monocyte recruitment to the heart.30 Monocyte and macrophage numbers peak at 

approximately three days after myocardial infarction.32,33 After infiltration to the 

myocardium, some monocytes differentiate to macrophages that clear necrotic cells 

and break down extracellular matrix.30 In addition, they release cytokines that drives 

further leukocyte infiltration and shape the cardiac inflammatory response.  

 

Proinflammatory monocytes/macrophages were reported to directly contribute 

to cardiac injury after myocardial injury and reperfusion through the release of reactive 

oxygen species, proteolytic enzymes and cytokines that directly induce apoptosis of 

cardiac cells.30 While recent investigations revealed that certain elements of the 

proinflammatory monocyte/macrophage system mediates maladaptive functions that 

contribute to cardiac injury,50,51 monocytes/macrophages are also necessary for proper 

healing of the injured myocardium.52,53 For example, monocyte/macrophage inhibition 

may impair tissue clearance of necrotic and apoptotic cells, which prolongs the 
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inflammatory phase, results in impaired scar formation and increased risk of ventricular 

rupture.30,52,53 Several studies reported that shifting the cardiac monocyte/macrophage 

phenotype from an inflammatory state towards a reparative state, which is sometimes 

examined by comparing the relative proportion of Ly6Chigh Ccr2+ monocytes or M1 

macrophages to Ly6Clow Ccr2- monocytes or M2 macrophages, decreases infarct size 

and improves cardiac function after myocardial infarction in preclinical rodent models.30 

During the proliferative phase most monocytes/macrophages of the heart have 

acquired an anti-inflammatory state and coordinate the formation of granulation 

tissue.30 Monocytes and macrophages continue to proliferate and become recruited to 

the scar tissue during the maturation phase in humans and rodents, during which 

inflammatory populations contribute to adverse cardiac remodeling (Figure 5).30,54356  

 

 

Figure 5 | Temporal dynamics of monocyte/macrophage infiltration and function 

after myocardial infarction and reperfusion 

A, During the initial period of ischemia/reperfusion injury, macrophages in the myocardium are 

derived largely from circulating proinflammatory monocytes. Splenic monocyte release 

sustains the large influx of monocytes into the infarct zone. After entering the myocardial 

tissue, proinflammatory monocytes differentiate into macrophages that phagocytose dying 
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cardiomyocytes and release ROS and proteolytic enzymes. B, At the onset of the proliferative 

phase, macrophages polarize from the proinflammatory to the anti-inflammatory phenotype. 

Throughout this phase, macrophages coordinate the formation of early granulation tissue by 

inducing deposition of collagen and angiogenesis through the release of TGF-³ and VEGF, 

respectively. C, Months after MI, proinflammatory macrophages may persist in the myocardium 

and contribute to adverse remodeling of the left ventricle. MI indicates myocardial infarction; 

ROS, reactive oxygen species; TGF-³, transforming growth factor-³; and VEGF, vascular 

endothelial growth factor. Reproduced with permission from 8Impact of Reperfusion on 

Temporal Immune Cell Dynamics After Myocardial Infarction930. 
 

 

3.4.3 Lymphocytes 

 

The involvement of lymphocytes in cardiac inflammation, scar formation and 

remodeling after myocardial infarction depends strongly on the lymphocyte subtype. 

All major lymphocyte subtypes, including B lymphocytes, CD4+ T lymphocytes, CD8+ 

T lymphocytes and regulatory T lymphocytes (Tregs) were described in the 

inflammatory and healing response after myocardial infarction.30 In general, 

myocardial infiltration of lymphocytes early after myocardial infarction is associated 

with worse clinical outcome and infarct size in humans.30,38,57359 One such maladaptive 

mechanism appears to involve microvascular obstruction by lymphocytes58 In general, 

the specific effects mediated by lymphocyte subpopulations is complex and heavily 

dependent on intercellular crosstalk that may shift cellular responses towards 

inflammatory or reparative states. Readers are referred to current reviews that discuss 

current aspects of lymphocytes in myocardial infarction (Figure 6).60 
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Figure 6 | Temporal dynamics of lymphocyte infiltration and function after 

myocardial infarction and reperfusion 

A, Immediately following reperfusion, lymphocytes aggregate in the microvasculature and 

cause MVO, aggravating ischemia/reperfusion injury. Concurrently, dendritic cells also prime 

the adaptive, antigen-specific immune response by presenting cardiac autoantigens to CD4+ 

T lymphocytes. In the later stages of the inflammatory phase, CD8+ T lymphocytes impair 

healing by releasing cytotoxic enzymes, an effect that may be amplified by CD4+ T 

lymphocytes. However, Tregs can inhibit these detrimental actions and limit cardiac damage. 

B, Throughout the proliferative phase, CD8+ T lymphocytes secrete cytotoxic enzymes while 

Tregs promote the resolution of inflammation. C, In the late maturation phase, the adaptive 

immune response mounts an autoantigen-specific response involving T and B lymphocytes 

causing inflammation that contributes to adverse left ventricular remodeling. This detrimental 

action is opposed by Tregs. CD indicates cluster of differentiation; MI, myocardial infarction; 

MVO, microvascular obstruction; and Treg, regulatory T lymphocyte. Reproduced with 

permission from 8Impact of Reperfusion on Temporal Immune Cell Dynamics After Myocardial 

Infarction930. 
 

 

 

3.5 Cardiac protection and healing mediated by inflammation 

 

Inflammation is a general response to injury and serves important functions in 

homeostasis, functional and structural integrity of tissues and healing.61 In the context 

of myocardial infarction, inflammation is critical for the maintenance of cardiac function 

by supporting the development of a robust myocardial scar at the site of injury that 
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resists wall pressure and prevents cardiac rupture. Initial reparative mechanisms are 

induced by the release of mediators from injured and injury-responsive cells after 

myocardial necrosis.23 Those mechanisms involve the release of IL-2 and IL-10, which 

regulate T-cell and macrophage interaction to promote pro-reparative mechanisms of 

macrophages.23 In addition, IL-4 and IL-13, derived from type 2 helper T-cells (Th2), is 

involved in protective monocyte/macrophage differentiation and polarization.23,62 T-cell 

activated monocytes/macrophages produce and secrete a variety of mediators such 

as growth factors, fibronectin, TGF- ³ or various other cytokines.23 Interestingly, those 

protective effects mediated by certain classes of T-cells may also involve 

autoreactivity, a hallmark of many autoimmune disease which can also foster tissue 

repair, is mediated predominantly by myosin heavy chain-derived antigen presentation 

to CD4+ T cells of mediastinal lymph nodes, which upon antigen stimulation require a 

pro-reparative Treg phenotype.63 As described above, Ly6Clow Ccr2- monocytes or M2 

macrophages mediate reparative functions, for example by releasing growth factors or 

adaptive cytokines such as IL-10.46 However, it should be noted that a large amount 

of data, such as scRNA-Seq experiments, indicate a spectrum of 

monocyte/macrophage states, rather than the frequently used M1/M2 or Ly6Chigh/low  

Ccr2+/- classification.46 Caution needs to be taken to attribute adaptive effects to a 

specific immune cell population. Many inflammatory elements regulate both adaptive 

and maladaptive functions. As an example, while inhibition of CD8+ cells is associated 

with improved cardiac function and overall survival in mice, it also results in poor scar 

formation and higher incidence of cardiac rupture.64 As described above for 

corticosteroids, broad anti-inflammatory strategies, such as the strategy used in this 

thesis, may not be associated with an overall beneficial effect due to the 8off-target 

inhibition9 of protective mechanisms of inflammation involved in scar formation, 

revascularization and healing and ultimately increase the risk of cardiac rupture in 
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humans. Similar complications occurred in the context of myocardial infarction after 

non-steroidal anti-inflammatory drug applications, which pose additional risks such as 

increased atherothrombotic and cardiorenal risk in patients with known coronary artery 

disease.23,65,66 Thus, strategies that preferentially target maladaptive aspects of 

cardiac inflammation, rather than broad untargeted anti-inflammatory therapies, are 

likely to have more success in clinical application. The strategy used in this manuscript, 

transient inhibition of an mTORC1-dependent translationally regulated inflammatory 

network that controls monocyte infiltration to the myocardium, which is described in 

more detail below, will likely also mediate unwanted untargeted anti-inflammatory 

functions. mTORC1 inhibitors are used clinically as immunosuppressants that are 

proposed to function at least in part by inhibiting T-cell activation and proliferation.67 

While there is evidence for an acute 8overshooting inflammatory burst9 that increases 

cardiac injury early after reperfusion, which might be limited by the transient 

pharmacological approach used by this study, future more targeted strategies against 

the translational regulation of inflammation may improve cardiac function yet further 

and provide a better safety profile. 

 

3.6 Acute inflammatory response after myocardial infarction and reperfusion 

 

Inflammation begins immediately in the culprit lesion by the release of damage-

associated molecular patterns and cytokines from injured cardiac cells, as well as 

polymorphonuclear neutrophil, monocyte and lymphocyte activation and infiltration, 

further increasing local release of pro-inflammatory mediators, such as IL-6.23,68 This 

pro-inflammatory cytokine release is further enhanced by reperfusion.69 As described 

in more detail above, activated neutrophils release granule enzymes and extracellular 

traps, inflammasomes become activated, pro-inflammatory monocytes infiltrate the 

heart and differentiate to macrophages with inflammatory properties, which is in part 
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regulated by T-cells. All of those inflammatory responses mediate some immediate 

maladaptive aspects by causing further cell death in viable tissue, especially the border 

zone, but also impair long-term cardiac function by inducing adverse myocardial 

remodeling.23 Some clinical trials that examined the inhibition of mediators of early 

inflammation have shown promising initial results, however with limited effect size of 

the overall amount of cardioprotection and significant differences in outcome based on 

the treatment regime, study population and anti-inflammatory compound.23,70378 Yet, 

no breakthrough clinical success targeting the early inflammatory response has been 

achieved so far and the task remains to identify an effective and safe agent, its optimal 

dose, timing, and duration of administration for clinical usage.23 

 

3.7 Continuous residual inflammatory risk after myocardial infarction 

 

After myocardial infarction, continuing inflammatory activity may impair patient 

outcome by local inflammatory processes that damage cardiac tissue, as well as by 

increased atherosclerotic plaque progression and elevated risk for future events such 

as recurrent myocardial infarction.23 This concept is often referred to as 8residual 

inflammatory risk9 and it has been proposed that targeting chronic inflammation after 

myocardial infarction may improve patient outcome. It has been consistently shown 

that myocardial infarction increases atherosclerosis and future cardiovascular events, 

which is mechanistically linked to a systemic inflammatory response that liberates 

progenitor cells from bone marrow niches that results in a sustained boost of monocyte 

production and increased monocyte recruitment to atherosclerotic lesions.79 Two large 

clinical trials confirmed the beneficial effects of chronic anti-inflammatory therapy using 

the human monoclonal antibody targeting interleukin-1³ 3 Canakinumab80, or low-dose 

colchicine81. While those trials validated the involvement of chronic inflammation in 

future cardiovascular events that may be targeted by pharmacological approach, both 
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trials also reported increased incidences of severe infection with chronic anti-

inflammatory treatment.80,81 Both studies could not demonstrate reduced 

cardiovascular or all-cause mortality.80,81 

 
In summary, a large number of studies point towards the potential of anti-

inflammatory therapy for the attenuation of cardiac injury after myocardial infarction. 

However, many aspects of the regulation of cardiac inflammation in response to 

myocardial infarction, such as the precise dynamics of inflammation, its mediators and 

their individual contribution to adaptive and maladaptive responses, the optimal 

treatment target, initiation timepoint or duration of treatment, remain incompletely 

defined, which currently hinders routine anti-inflammatory treatment in clinical practice. 

Some recent insights indicate that those treatment strategies should be initiated early 

to target the early inflammatory burst, followed by continued anti-inflammatory 

treatment to inhibit residual inflammatory risk and specifically target inflammatory 

pathways that are primarily involved in adverse aspects of inflammation.23 Especially 

patients with large infarcts might profit from anti-inflammatory therapies, due to their 

higher inflammatory burden.23  

 

The present study highlights some of these aspects and describes a novel layer 

of translational regulation of inflammatory gene expression in response to myocardial 

infarction and reperfusion. It provides insights into the functional significance and 

molecular mechanisms of this pathway and demonstrates how it can be transiently 

targeted to improve cardiac function in mice. However, further aspects need to be 

addressed before this concept can be translated into clinical application, which will be 

elaborated further in the discussion. 
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3.8 Translational regulation of gene expression 

 

Cells and tissues react to changes of their environment with altered gene 

expression to adapt to the new condition to maintain homeostasis.82 Gene expression 

is regulated by a complex layer of pathways that can react rapidly to induce transient 

or long-lasting effects that influence cell behavior.82 Those pathways involve epigenetic 

and transcriptional changes, but also involve many post-transcriptional regulatory 

networks, such as translation, RNA or protein modifications, transport, or 

degradation.82 In general, many different cell types act in collaboration to produce 

effects that can either affect small cellular compartments, howl tissues or even the 

overall organism. Traditionally, gene expression has been studied extensively at the 

level of transcription. In comparison, other pathways that regulate gene expression 

have been studied in less detail, partly due to the technical difficulties in studying these 

mechanisms. However, those pathways may be of equal importance for the control of 

gene expression and adaption to changing environments.82 Some studies indicate that 

those posttranscriptional regulatory networks become especially important during 

phases of cellular stress to determine cellular protein levels.83 For example, 

translational mRNA regulation has been consistently shown to be better correlated to 

cellular protein levels compared to transcription in the heart.83385  

To study gene expression, sequencing approaches are often used to examine 

genes, RNA or proteins. Ribosome profiling (Ribo-Seq), which is based on deep-

sequencing of ribosome-protected fragments has been applied to a variety of disease 

states to identify novel or alternatively translated genome regions, to quantify 

translational efficiency or to reveal new insights into the translational process itself.83 

The Völkers lab previously combined a ribosome-tagging approach with ribosome 

profiling, to enable cell-type quantification of translation changes of gene expression 

in vivo.83 Specifically, Rpl22, a core protein of the large ribosomal subunit, is genetically 
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tagged with hemagglutinin in mice (Ribo-tag). Crossing Ribo-tag mice with mice that 

express Cre recombinase under the control of a cell-type specific promotor allows to 

selectively tag ribosomes of a specific cell-type in mice.83 Those ribosomes can be 

purified from whole tissue lysates by a hemagglutinin antibody-mediated pulldown. 

Using those specific ribosomes and their bound mRNAs as input for ribosome profiling 

allows to define a snapshot of translational activity of a cell-type of interest in a complex 

tissue. This study used this technique to investigate translational changes that occur 

in response to ischemia/reperfusion in mice, as described in further detail in the results 

section. 

 

3.8.1 Canonical eukaryotic translation initiation 

 

Translation of mRNA into protein can be divided into three phases 3 initiation, 

elongation and termination, which is followed by ribosome recycling.86 During initiation 

a ribosome is positioned at the selected initiation codon. To accomplish this, the small 

(40S) ribosomal subunit becomes activated to form the 43S pre-initiation complex, 

which is directed towards the 5´ cap of an mRNA during canonical cap-dependent 

translation initiation and scans it in 5´ to 3´ direction until the initiation codon AUG is 

identified.86 Once the small ribosomal subunit is positioned at the selected initiation 

codon, subsequent joining of the large (60S) ribosomal subunit to the position results 

in the formation of the translation competent 80S initiation complex.86 This process is 

assisted by a large number of initiation factors, which is described in further detail 

below. During elongation, repetitive cycles of codon recognition by charged tRNAs, 

peptide bound formation to elongate the translated polypeptide and translocation of 

the ribosome to the next codon are repeated.86,87 Those steps are controlled and 

facilitated by elongation factors. Termination is the process of releasing the polypeptide 

from the ribosome upon reaching a stop codon.86,88 This process is mediated by 
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release factors. Like initiation, elongation and termination are regulated processes that 

influences translation and gene expression. While all three steps are critically regulated 

to determine the quantity of translation of a selected subset of mRNAs, dependent on 

the current cellular need, the strongest regulation appears to occur at the initiation 

step.86,89 As this thesis specifically investigated the regulation of canonical translation 

initiation via the eukaryotic initiation faction (eIF) complex eIF4F in response to 

ischemia and reperfusion in cardiomyocytes, it will proceed to further introduce 

mechanisms of canonical translation initiation. For further information on non-

canonical initiation, elongation, termination and other regulatory elements of 

translation, readers are referred to current reviews of those topics.89 Translation 

initiation describes the process of positioning an elongation-competent 80S ribosome 

at the initiation site (Figure 7). It consists of two major steps, the formation of the 48S 

initiation complex positioned at the initiation codon, which forms on most mRNAs via 

a 5´ to 3´ scanning mechanism, and the joining of the 60S subunit.90 Before 

participating in a new round of translation, 40S and 60S ribosomal subunits are 

separated and made available either by ribosome biogenesis or the recycling of 80S 

ribosomes that are released from an mRNA after termination.90 Recycling of the 80S 

ribosome and its dissociation into its subunits is supported by release factors, the 

initiation factors eIF3, eIF1 and eIF1A, that remain bound to the free 40S subunit to 

prevent re-association with 60S subunits, as well as the recycling factor ABCE1.90 

Those initiation factors that are recruited to the 40S ribosome during recycling later 

form the 43S complex, which consists the 40S ribosomal subunit, eIF3, eIF1, eIF1A, 

eIF5, and the ternary complex consisting of the trimeric eIF2, the initiator methionyl 

tRNA and GTP.86,90 Despite of participating in ribosome recycling, each of those 

initiation factors conducts essential functions during the first steps of translation 

initiation.  
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Figure 7 | Eukaryotic translation initiation 

Translation initiation starts with the binding of eukaryotic translation initiation factor 1 (eIF1), 

eIF1A and eIF3 to the 40S small ribosomal subunit (top left and clockwise). eIF5 and a ternary 

complex of eIF2, guanosine 52-triphosphate (GTP) and the methionine initiatior tRNA (Met-

tRNAiMet) binds to this complex to form a 43S translation pre-initiation complex (43S). Once 
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assembled, the 43S is recruited to the mRNA to form the scanning-competent 48S complex 

(48S open). The activation of mRNA by the cap-binding complex eIF4F is crucial for 

recruitment. eIF4F and polyadenylate-binding protein (PABP) bind to the mRNA9s 52 end and 

poly(A) tail, respectively, selecting the appropriate mRNA for the recruitment. During the 

scanning of the 52 untranslated region (UTR) of mRNA, eIF5 interacts with eIF2 and 

accelerates the hydrolysis of eIF2-bound GTP (not shown). Start-codon selection triggers the 

release of eIF1 and inorganic phosphate (Pi) from the complex. The amino-terminal domain 

(NTD) of eIF5 occupies the position vacated by eIF1 near the P site of the ribosome. eIF23

GDP has a lower affinity for Met-tRNAiMet; therefore, the release of Pi triggers the release of 

eIF23GDP and eIF5, as well as eIF3 and eIF4 factors. The release of eIF23GDP allows the 

binding of eIF5B, which promotes joining of the 60S large ribosome subunit and formation of 

the 80S initiation complex (80S IC). Formation of the 80S IC triggers the hydrolysis of eIF5B-

bound GTP and the release of eIF1A. Following the release of eIF1A, eIF5B undergoes a 

conformational change that places the aminoacylated end of the Met-tRNAiMet in the peptidyl 

transfer centre of the ribosome (not shown). The release of eIF5B marks the end of translation 

initiation and the beginning of elongation (80S EC). During elongation (not shown), eukaryotic 

elongation factor 1A (eEF1A)3GTP delivers the aminoacylated tRNA into the A site of the 

ribosome. Following the release of eEF1A3GDP and formation of the peptide bond, eEF23

GTP promotes the translocation of the tRNA from the A site to the P and E sites of the 

ribosome. The release of eEF23GDP and the deacylated tRNA from the E site allows a new 

cycle of elongation. Translation termination by eukaryotic release factors (eRFs) occurs when 

a stop codon (for example, UAA) is reached and recognized by eRFs. ATP-binding cassette 

sub-family E member 1 (ABCE1) binds to the 80S termination complex and stimulates peptidyl-

tRNA hydrolysis by eRF1. In addition, ABCE1 is crucial for recycling by splitting the 80S into 

the 40S and 60S ribosomal subunits. Following the 80S splitting, the mRNA and tRNA are 

removed from the 40S by recycling factors (not shown), which allows the 40S to become 

available for a new round of translation. CTD, carboxy-terminal domain; m7G, 7-

methylguanosine. Reproduced with permission from Querido et al.89 
 

 

The trimeric eIF2 complex forms the ternary complex together with Met-tRNAi (initiator 

methionyl-tRNA) and GTP. It facilitates the binding to the ribosomal 40S subunit to 

form the 43S complex.90 

eIF2B ist the guanosine nucleotide exchange factor that promotes GDP3GTP 

exchange on eIF2.90 

eIF3, a large multi-subunit complex consisting of at least 12 subunits and one 

transiently associated element eIF3j, which is not considered a bona fide subunit of 

the complex by some authors, is involved in many steps of translation.90,91 Among the 

several functions of the eIF3 complex are serving as a scaffold and binding the 40S 
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subunit, eIF1, eIF5; promoting the binding of eIF23GTP3Met-tRNAi to 40S subunits; 

establishing the interaction with the eIF4F complex by binding to eIF4G and thus 

promoting the interaction of the 43S complexes with mRNA and subsequent scanning; 

as well as assisting in ribosome dissociation and the prevention of re-joining of the 40S 

and the 60S subunits.90,91  

eIF1 stimulates the interaction of the 40S subunit to the ternary complex and later 

ensures the fidelity of initiation codon selection and promotes ribosomal scanning, a 

process that is promoted by eIF1A.90 

eIF5 is a GTPase-activating protein that specifically hydrolyses the eIF2-bound GTP 

on recognition of the initiation codon, which results in dissociation of most initiation 

factors from the complex to allow joining of the 60S ribosomal subunit.90 

 

In parallel to 43S preinitiation complex formation, other initiation factors that 

center around the trimeric eIF4F complex activate to-be-translated mRNAs. During 

canonical cap-dependent translation initiation, the trimeric eIF4F complex, which 

consists of eIF4E, eIF4G and eIF4A, binds mRNAs together with eIF4B to unwind the 

mRNA´s cap-proximal region in an ATP-dependent manner.90 This results in the 

formation of an mRNA loop in which both the 5´ cap and the 3´ poly-A tail of the mRNA 

are bound to the eIF4F complex with assistance of the poly-A-binding protein PABP 

(Figure 8).90 
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Figure 8 | The eukaryotic eIF4F complex 

The eukaryotic translation initiation factor 4F (eIF4F) complex consist of the cap-binding 

protein eIF4E, the RNA helicase eIF4A and the scaffold protein eIF4G. The illustration shows 

the recruitment of eIF4F to mRNA through eIF4E37-methylguanosine (m7G) cap and eIF4G3

polyadenylate-binding protein (PABP)3poly(A) interactions. Adapted with permission from 

Querido et al.89 

 

 

Specifically, eIF4E binds the m7GpppG 52 terminal cap9 structure of mRNA. 

eIF4G, a large scaffolding protein binds eIF4E, eIF4A, eIF3, PABP, mRNA and other 

regulating elements and thus serves as a central interaction mediator between the 43S 

preinitiation complex with the 40S subunit, eIF4F and the mRNA. In addition eIF4G 

regulates the helicase activity of elF4A.90 

eIF4A is an ATP-dependent RNA helicase that unwinds the secondary structure of the 

mRNA 59 UTR to render it more accessible to ribosomal binding and subsequent 

translation.90 For the scanning of mRNAs with long and highly structured 52 UTRs, other 

helicases, such as mammalian DHX29 and DDX3 may be required.89 eIF4A is present 

in much larger quantities over other initiation factors in the cell and recent studies 

indicate that eIF4A has additional functions in translation initiation other than eIF4F-

dependent mRNA 5´ unwinding.89,92394  
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eIF4B is an RNA-binding protein which regulates and enhances the helicase activity 

of eIF4A. eIF4B bind to the eIF3 complex through the eIF3A subunit and thus serves 

in recruitment of the 43S preinitiation complex to the mRNA.90 

eIF4H is homologous to a fragment of eIF4B and enhances the helicase activity of 

eIF4A.90 By itself, eIF4A displays weak ATP-dependent helicase activity that is strongly 

enhanced through a functional interaction with eIF4H or eIF4B. Thus, eIF4H or eIF4B 

are necessary for efficient unwind of the mRNAs 5´ UTR secondary structures to 

promote the efficient scanning of the ribosome for the start codon.95  

eIF5B is a ribosome-dependent GTPase that mediates ribosomal subunit joining and 

displacement of several initiation factors. Upon hydrolysis of eIF5B it is released 

together with eIF1A to leave a elongation competent 80S ribosome at the start codon.90 

In summary, translation regulation of gene expression is primarily regulated at the 

initiation step. Initiation describes the process of forming an elongation-competent 80S 

ribosome at the initiation site, which is mediated by 43S formation, eIF4F-dependent 

activation of a to-be-translated mRNA, loading of the 43S complex to the mRNA to 

form the 48S complex, scanning in 5´ to 3´ direction to identify the start codon, and 

joining of the 60S ribosomal subunit to form the final 80S ribosome, positioned at the 

start site.89,90 This study specifically made use of different genetic and pharmacological 

strategies to inhibit the eIF4F complex to suppress translation initiation during cardiac 

reperfusion. 

 

3.9 The mechanistic target of rapamycin complex 1 (mTORC1) 

 

Regulation of mRNA translation occurs through different signaling pathways 

that couple information about the cellular environment with subsequent responses to 

maintain cell homeostasis.96 A key signaling pathway that controls both the overall 

amount of translation as well as the selective translation of specific transcripts is 
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controlled by the kinase mechanistic target of rapamycin (mTOR).97 mTOR functions 

as a serine/threonine protein kinase  that belongs to the family of phosphatidylinositol 

3-kinase-related kinases.97 mTOR serves as the core catalytic component of two 

protein complex, known as mTOR complex 1 and 2 (mTORC1/2). Among the canonical 

functions of mTORC1 is the regulation of mRNA translation and cell size as well as 

autophagy, and metabolism. In contrast, mTORC2 is involved in a variety of cellular 

functions, the most cited being survival, metabolism, proliferation, cytoskeletal 

rearrangements and migration.97399 Mechanistically, mTORC1 serves as a cellular hub 

that integrates information about the availability of nutrients, growth factors, energy, 

oxygen and stress to promote anabolism and protein synthesis during favorable 

conditions by phosphorylating specific downstream targets, including the eukaryotic 

translation initiation factor 4E-binding proteins (4EBP), ribosomal protein S6 kinase 

beta-1, also known as p70 S6 kinase, LARP1 and others.97 

Eukaryotes express at least three different isoforms of 4EBPs, namely 4EBP1, 

4EBP2 and 4EBP3. All three 4EBP isoforms bind eIF4E to prevent its interaction with 

the mRNA cap and thus eIF4F formation (Figure 9).100 mTORC1 activity results in 

hyperphosphorylation of 4EBPs, which disrupts their interaction with eIF4E, liberating 

eIF4E to interact with eIF4G and form the functional eIF4F complex.97 The regulation 

of the 4EBP-eIF4E interaction is considered a central element of mTORC1-dependent 

regulation of translation.100 As all three 4EBP isoforms are highly homologous and the 

differences between the three isoforms are largely unknown. An antibody targeting 

4EBP1, which is likely to also interact with 4EBP2 and possibly 4EBP3, was used in 

this study. Thus, conclusions drawn for 4EBP1 by this thesis may also apply to the 

other 4EBP isoforms.  

The serine/threonine kinase p70 S6 kinase serves as a second node of 

mTORC1-dependent control of translation.97 p70 S6 kinase is bound to eIF3 in its 
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inactive state and in response to mTORC1-dependent phosphorylation becomes 

released to phosphorylate a number of its own downstream targets.101 

Some of the many phospho-targets of p70 S6 kinase include ribosomal protein 

S6, which is involved in translation, proliferation and cell growth, eIF4B and PDCD4, 

which regulate eIF4A activity, eIF4G (potentially indirectly) or eEF2 kinase, involved in 

elongation.97,102,103 While in this study the phosphorylation state of ribosomal protein 

S6 was used in some instances as an indicator of mTORC1 activity, it should be noted 

that ribosomal protein S6 can also be phosphorylated by other kinases at this site, thus 

it is possible that the phosphorylation of ribosomal protein S6 under these conditions 

was not necessarily mediated by p70 S6 kinase.104  

Inhibition of mTORC1 strongly suppresses translation, which depends on the 

combined suppression of mTORC1-mediated effects on the cellular translation 

apparatus. However, mTORC1 appears to preferentially control the translation of a 

selected subset of mRNAs. Those mRNAs that are preferentially translated during 

mTORC1 activation contain elements in their 5´ UTR that are known as TOP- or TOP-

like motifs, a process that is controlled by mTORC1-mediated phosphorylation of 

4EBP1 and LARP1.97,100,105,106 In general, mTORC1 activity thus leads to activation of 

the translational apparatus and increased translation of TOP motif-containing mRNAs. 

Since many mRNAs containing TOP motifs encode ribosomal proteins, it is assumed 

that sustained mTORC1 activity leads to a general increase in ribosomes and thus 

further increases cellular translational activity.97  

 

3.9.1 mTORC1 as a regulator of cardiac function 

 

mTORC1 activity is essential for cardiac function and several of the effector 

proteins regulated by mTORC1 have been associated with both adaptive and 

maladaptive functions in the cardiac context.1073109 In general, mTORC1 activity was 
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Figure 9 | Regulation of cap-dependent translation initiation by mTORC1 

mTORC1 controls cap-dependent translation via its regulatory phosphorylation of 4E-binding 

proteins (4EBP). In its hypophosphorylated state, 4EBPs bind eIF4E and prevent its interaction 

with eIF4G and the formation of the eIF4F complex. Upon phosphorylation by mTORC1, 

4EBPs are released from eIF4E, thus promoting formation of eIF4F and translation initiation. 

Illustration made in ©BioRender - biorender.com. 
 

 

shown to become activated in response to a variety of pathological cardiac conditions 

in animal models as well as in  diseased human hearts.83,85,107 In addition, the activity 

of mTORC1 correlates with adverse cardiac outcome in cardiac pathology such as 

nonischemic dilated cardiomyopathy.110 Currently it remains controversial how and 

when the mTORC1 pathway should be targeted for the treatment of heart 

disease.107,111,112 While complete gene inactivations of essential mTORC1 

components are lethal, numerous studies have demonstrated that partial inhibition of 

the mTORC1 pathway is protective in different animal models of heart 

disease.107,109,1123117 These preclinical studies prompted exploratory off-label testing in 
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humans, which showed promising initial results.74,118,119 However, systemic inhibition 

of the mTORC1 pathway is associated with adverse side effects, partly limiting its 

clinical application.120 Nevertheless, mTORC1 is considered a highly attractive target 

for many different disease, including cardiac disase.98,121 Previous studies have shown 

that inhibition of mTORC1 protects against ischemic damage and I/R injury.114,115,122,123 

However, the mechanistic basis of the cardioprotective effect of pharmacological 

mTORC1 inhibition and whether it is mediated by translational regulation of gene 

expression remain to be fully elucidated. In addition other studies indicated that long-

term mTORC1 inhibition may be maladaptive in the context of ischemia/reperfusion, 

highlighting the importance of treatment duration for targeting the mTORC1 

pathway.111 

 

3.9.2 mTORC1-dependent regulation of immune responses 

 

 Pharmacological mTORC1 inhibitors such as rapamycin (sirolimus) or 

everolimus are widely used drugs with immunosuppressive properties due to their 

broad spectrum of inhibitory effects on immune cells. As such, they are used clinically 

as immunosuppressants after solid organ transplantation.124 While initially, mTORC1 

inhibitors were thought to mediate their immunosuppressive actions by inhibiting T cell 

proliferation, more recent studies identified the complex nature of anti-inflammatory 

properties of mTORC1 inhibitors that appear to be related to the inhibition of drastic 

metabolic, translational and proliferative responses of immune cells that are required 

for their activation.1253128 In general, the activation of many immune cells goes along 

with a stimulation of protein synthesis and strong adaptions of gene expression, 

regulated at least in part by translational mechanisms that involve the mTOR 

pathways.126,129 In response to myocardial infarction, mTORC1 appears to shift the 

landscape of cardiac macrophages towards a pro-inflammatory phenotype.1303132 
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However, the underlying mechanisms of mTORC1-dependent regulation of the cardiac 

inflammatory response remain largely unknown. 

 

3.10 Objectives 

 

As outlined in the previous chapters, numerous studies suggest that an 

inflammatory response of the heart that occurs after myocardial infarction and 

reperfusion regulates cardiac function. Maladaptive aspects of cardiac inflammation 

may serve as a target for interventions to improve outcomes. However, the complex 

network of immune responses remains incompletely understood, knowledge of which 

is essential for translating efficient therapies into the clinic that sparse adaptive 

elements of inflammation while targeting maladaptive pathways. The mTORC1 

pathway regulates key functions of cardiac inflammation. This study examines how 

mTORC1-dependent translational control is involved the cardiac inflammatory 

response after myocardial infarction. Specifically, the following points are addressed 

in this study: 

1. How is mTORC1 activity and translation regulated after ischemia and 

reperfusion in the heart? 

2. Are changes of translational activity in response to reperfusion controlled by the 

mTORC1 pathway? 

3. Is the cardiac inflammatory response regulated by mTORC1-dependent control 

of translation? 

4. What are mechanisms of translational regulation of cardiac inflammation 

mediated by the mTORC1 pathway? 

5. What are the consequences of inhibiting mTORC1-dependent translation after 

reperfusion on cardiac inflammation and function? 

 



 47 

4 Methods 

 

The methods section is based on and replicated from the research article 8Transient 

inhibition of translation improves cardiac function after ischemia/reperfusion by 

attenuating the inflammatory response9133, written by me: 

 

< 

4.1 Cultured cardiomyocytes  

 

Neonatal rat ventricular cardiomyocytes (NRCMs) were isolated from one to two-day 

old animals via enzymatic digestion and purified by Percoll density gradient 

centrifugation. Cardiac myocytes were then plated at a density of 0.5 X 106 cells per 

well on 34.8 mm plastic plates that had been pre-treated with 0.1% gelatine for 1 h at 

37 °C (cat# F1141, Sigma-Aldrich) and then cultured in DMEM/F12 1:1 (cat# 

11330032, Thermo Fisher Scientific), containing 10% fetal bovine serum, 100 units/mL 

of penicillin, 100µg/mL streptomycin and 292 ¿g/ml glutamine (cat# 10378016, Thermo 

Fisher Scientific). Adult rat ventricular myocytes (ARCM) were isolated from adult male 

rats via enzymatic digestion. Cells were plated in Medium 199 (cat# M7528, Sigma-

Aldrich) supplemented with 100 units/mL of penicillin, 100¿g/mL streptomycin and 

10¿g/mL laminin (cat# L2020, Sigma-Aldrich). After one hour, media was changed to 

ischemia medium (see below) and subjected to the respective treatments. hiPSC-CM 

differentiation was performed according to Siede et al.134 

 

4.2 Simulated ischemia/reperfusion in vitro 

 

Cells were cultured as described above. Cells were washed twice with PBS and 

medium was changed to ischemia medium: low-nutrient DMEM without D-glucose, 

sodium pyruvate, HEPES, L-glutamine and phenol red (cat# A1443001, Thermo Fisher 
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Scientific), supplemented with 0.5% dialyzed fetal bovine serum (cat# A3382001, 

Thermo Fisher Scientific), 100 units/ml penicillin, 100µg/ml streptomycin, and 292 

µg/ml glutamine. Cells were then incubated in a hypoxia incubator at 37°C, 5.0% CO2 

and 0.2% O2 for one to 24 hours. For subsequent simulated reperfusion, medium was 

changed to DMEM/F-12 supplemented with 10% fetal bovine serum and 100 units/mL 

of penicillin, 100µg/mL streptomycin and 292 ¿g/ml glutamine, followed by incubation 

in an incubator at 37°C, 5.0% CO2 and 21% O2. Control cells were cultured in DMEM/F-

12 supplemented with 10% fetal bovine serum and 100 units/mL of penicillin, 

100µg/mL streptomycin and 292 ¿g/ml glutamine at 37°C, 5.0% CO2 and 21% O2 for 

as long as the longest ischemia/reperfusion timepoint. 

 

4.3 Laboratory animals  

 

All animal experiments were approved by the institutional animal care and use 

committee of Heidelberg University. All experiments were performed in 10- to 12-week-

old male or female C57BL/6N mice. All animals were fed ad libitum and were housed 

at Heidelberg University in a temperature- and humidity-controlled facility with a 12-h 

light-dark cycle. Cardiomyocyte-specific Ribo-tag mice were previously described.83 

Briefly, Ribo-tag mice (JAX ID 011029) were bred to ³MHC-Cre mice to obtain Rpl22-

HA-expressing homozygous mice in cardiomyocytes. Dosing studies were performed 

with 6 mg/kg rapamycin or 10 to 100 mg/kg 4EGI-1. In I/R-operated mice receiving 

drug treatment, mice received a first dose of 6 mg/kg rapamycin or 50 mg/kg 4EGI-1 

30 minutes before reperfusion and a second dose of 2 mg/kg rapamycin or 50 mg/kg 

4EGI-1 24 hours after surgery. Control mice in these experiments received equal 

amounts of vehicle at the same time points.  
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4.4 Ischemia/reperfusion and myocardial infarction surgery in vivo 

 

Animals were randomly assigned to each experimental group. Ischemia was induced 

by knotting a suture over a PE-10 tube which was placed over the left anterior 

descending (LAD) coronary artery, thereby compressing the lumen of the artery. 

Ischemia was maintained for 60 minutes. The first dose of pharmacological inhibitors 

or vehicle were injected i.p. 30 minutes before reperfusion. For reperfusion, the PE-10 

tube was pulled out. Permanent myocardial infarction surgery was performed by 

permanently ligating the left anterior descending artery according to the procedure 

described above. Sham surgeries were performed following the same procedures 

except that the LAD was not ligated.  

 

4.5 Puromycin incorporation assay 

 

Changes in the amount of protein synthesis of differentially treated cells were followed 

by puromycin incorporation. In vitro 0.5 ¿g/ml was added to the culture medium 30 

minutes before harvesting the cells. Cells were washed once with ice-cold PBS and 

then harvested as described above. To assess translation rates in vivo, mice were i.p. 

injected with 50mg/kg puromycin or O-propargyl-puromycin 30 minutes before the 

animals were sacrificed. O-propargyl-puromycin was detected with the Click-iT Plus 

OPP Alexa Fluor# 594 Protein Synthesis Assay Kit according to manufacturer9s 

instructions. 

 

4.6 Ex vivo ischemia/reperfusion injury 

 

Langendorff heart perfusions were performed according to Byrne et al.135 Briefly, 

hearts were isolated from 11-13 week-old male C57Bl/6J mice and perfused in the 

Langendorff retrograde mode at constant pressure of 60 mmH with Krebs buffer 

containing (in mmol/L) 128 NaCl, 5.0 KCl, 15 NaHCO3, 1.3 MgSO4, 1.0 KH2PO4, 2.5 
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CaCl2, 5.0 glucose, gassed with 95% O2 and 5% CO2. Left ventricular pressure was 

monitored from a water-filled balloon placed through the left atrial appendage and 

connected to a Millar transducer (Millar Instruments). The balloon was inflated to 

achieve an end-diastolic pressure of 7 to 10 mmHg. Hearts were perfused for 20 min 

of baseline (stabilization) and then subjected to 20 min of global no flow ischemia 

followed by 40 min of reperfusion. Vehicle (0.011% DMSO) or 4EGI-1 (10 or 25 ¿M) 

were introduced to the perfusion buffer 10 minutes prior to the onset of ischemia. After 

40 min of reperfusion, hearts were immediately frozen and stored at 280°C. 

 

4.7 Serum Troponin T and CK measurement 

 

Twenty-four hours after surgery, the mouse was brought to brief anesthesia with 

moderate respiratory slowing with isoflurane to allow retrobulbar blood sampling. 

Heparin-coated capillaries were used for retrobulbar blood sampling. Blood samples 

were kept on ice and centrifuged for 10 minutes at 1000rcf. 10µl of plasma was taken 

from the supernatant and diluted 1:30 in PBS. Troponin T and CK analysis was 

performed at the central laboratory of Heidelberg University Hospital. 

 

4.8 Echocardiography 

 

Echocardiography was carried out on anesthetized mice using a Visualsonics Vevo 

2100 high-resolution echocardiograph. Anesthesia was administered via a facial mask 

and maintained by a minimum dose of isoflurane (1.032.0%). Echocardiography was 

performed at a heart rate of 450-550 bpm. 

 

4.9 Preparation of tissue lysates 

 

Mice were sacrificed and left ventricles were rapidly excised, washed in PBS and snap 

frozen in liquid nitrogen. Tissue used for Ribo-Seq and RNA-Seq analysis was washed 
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in PBS containing 100 ¿g/ml cycloheximide. Left ventricles were homogenized using 

a tissue homogenizer in 5 volumes of ice-cold polysome buffer containing 20mM Tris 

pH 7.4, 10mM MgCl, 200mM KCl and 1% Trition X-100. Tissue used for Ribo-Seq and 

RNA-Seq analysis was homogenized in polysome buffer containing 20 mM Tris pH 

7.4, 10 mM MgCl, 200 mM KCl, 2 mM DTT, 1% Triton X-100, 1U DNAse/¿l and 100 

¿g/ml CHX. For library construction lysates were processed as previously described.83 

For protein analysis via immunoblotting, initial lysates were further diluted with 9 

volumes of RIPA buffer containing 20mM Tris-HCl (pH 7.4), 150mM NaCl, 1% Triton 

X-100, 0.1% SDS, 0,5% Sodium deoxycholate, protease inhibitor cOmplete ULTRA 

(cat# 05892791001, Roche) and phosphatase inhibitor PhosSTOP (cat# 

04906837001, Sigma-Aldrich). RNA was isolated from tissue lysates using TRIzol 

(cat# 15596026, Invitrogen). To separate the infarct, border zone and remote area a 

protocol of Zhang et al.136 was followed. Protein and RNA of the respective regions 

were isolated similar to whole heart lysates as described above. 

 

4.10 Adenoviral and AAV9 generation and usage in NRCMs and mice 

 

pDONR223_EIF4EBP1_WT was a gift from Jesse Boehm & William Hahn & David 

Root (Addgene plasmid #82206; http://n2t.net/addgene:82206; 

RRID:Addgene_82206). Human 4EBP1 was cloned into a recipient 

pAd_CMV_nV5_Dest backbone using the gateway system to generate an adenovirus 

expressing human WT 4EBP1 (Ad4EBP1). To determine the optimal MOI, a 

preliminary dose-escalation experiment was conducted with different doses of 

Ad4EBP1. Ad4EBP1 was added to the culture media for 24h before follow-up 

treatment was initiated. To obtain AAV9 expressing 4EBP1, human WT 4EBP1 was 

cloned into a recipient pSSV9 vector under a cardiomyocyte specific TnT promotor 

(AAV9-4EBP1). To determine the optimal dosage, a preliminary dose-escalation 
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experiment was conducted with different doses of AAV9-4EBP1. AAV9-4EBP1 was 

injected into the tail vein of WT mice and follow-up experiments were conducted 2 

weeks after i.v. injection to ensure sufficient cardiac expression. 

 

4.11 m7GTP pulldown 

 

To enrich mRNA cap associated proteins from cell lysates, agarose beads coupled to 

7-Methylguanosine-5'-triphosphate (m7GTP) were used, which mimics the mRNA 5´ 

cap structure. Cells were washed once with ice-cold PBS and harvested in 600¿l NP-

40 lysis buffer supplemented with 1x PhosSTOP and 1x protease inhibitor cOmplete 

ULTRA. Maximum lysate volume of the sample with the lowest protein concentration 

was taken as input for the following pull-down, to which all other samples were 

normalized (around 2000 - 3500¿g, ~ 500¿l lysate). The corresponding input volumes 

were filled up to 700¿l with NP-40 lysis buffer to ensure sufficient rotation of the beads 

during incubation. 40¿l of the lysates were kept as an input control for western blotting 

to estimate pull-down efficiency. For the following steps, low retention tubes were used. 

For each sample 50¿l of m7GTP agarose beads were used. To equilibrate the beads, 

they were washed three times with 1 ml cold NP-40 lysis buffer and centrifuged at 

500G and 4°C for 3 minutes. After the last washing step, the beads were resuspended 

1:2 in cold NP-40 lysis buffer and 150¿l of the diluted beads were added to the 

prepared samples, then they were rotated (10 rpm) over night at 4°C. The next day, 

the samples were centrifuged at 500 G and 4°C for 3 minutes, the supernatant was 

discarded, and the beads were washed three times with 1ml cold NP-40 lysis buffer. 

To separate bound proteins from the beads, 40¿l 1x Laemmli Sample Buffer with 10% 

³-Mercaptoethanol was added to each sample and the samples were cooked at 95°C 

for 5 minutes. After centrifugation at 500G for 3 minutes, the supernatant was 
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collected, and a western blot was performed. For each sample, maximal volume of the 

respective supernatant as well as 30¿g of the input control were loaded. 

 

4.12 Immunoblotting 

 

Cultured cells were lysed in RIPA Buffer consisting of 50mM Tris pH 7.5, 150mM NaCl, 

1% Triton X-100 and 1% SDS, which was supplemented with protease inhibitor 

cOmplete ULTRA (cat# 05892791001, Roche) and phosphatase inhibitor PhosSTOP 

(cat# 04906837001, Roche). Tissue lysates were prepared as described above. 

Lysates were cleared by centrifugation at 4 °C for 10 minutes at 20.000 rcf. Lysate 

protein concentration was determined using the DC Protein Assay Kit II (cat# 5000112, 

Bio-Rad) according to the manufacturer's instructions. Equivalent amounts of protein, 

usually 20-30 µg, were brought up to similar volume, mixed with Laemmli Sample 

Buffer (Bio-Rad; 161-0747) and 2-Mercapoethanol (cat# M6250, Sigma-Aldrich) and 

boiled at 95°C for 5 minutes. Samples were separated on SDS-PAGE gels and 

transferred to Immobilon-P transfer membranes (cat# IPVH00010, Merck Millipore). 

The following antibodies were used to probe the membranes: eIF4G (cat# 2498, Cell 

Signaling Technology, 1:5000), eIF4A (cat# C32B4, 2013, Cell Signaling Technology, 

1:1000), Phospho-eIF4E Ser209 (cat# 9741, Cell Signaling Technology, 1:1000), 

eIF4E (cat# 9742, Cell Signaling Technology, 1:5000), Phospho-p70 S6 Kinase 

Thr389 (cat#9205, Cell Signaling Technology, 1:1000),  p70 S6 Kinase (cat# 49D7, 

2708, Cell Signaling Technology, 1:1000), Phospho-Akt Ser473 (cat# 9271, Cell 

Signaling Technology, 1:1000), Phospho-Ribosomal S6 Ser235/236 (cat# D57.2.2E, 

4858, Cell Signaling Technology, 1:5000), Ribosomal S6 Ser235/236 (cat# 54D2, 

2317, Cell Signaling Technology, 1:1000), Phospho-4EBP1 Thr37/46 (cat# 236B4, 

2855, Cell Signaling Technology, 1:5000), 4EBP1 (cat# 9452, Cell Signaling 

Technology, 1:5000), P-AMPK (cat# 2535, Cell Signaling Technology, 1:1000), AMPK 
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(cat# 2532, Cell Signaling Technology, 1:1000), Phospho-ERK1/2 Thr202/Tyr204 

(cat# 9101, Cell Signaling Technology, 1:5000), Phospho-p38 MAPK Thr180/Tyr182 

(cat# D3F9, 4511, Cell Signaling Technology, 1:1000), Phospho-Hsp27 Ser82 (cat# 

D1H2F6, 9709, Cell Signaling Technology, 1:1000), Ccl2 (cat# 66272-1-Ig, 1B9F7, 

proteintech, 1:1000), Puromycin (cat# MABE343, Merck Millipore; 1:10,000-50,000), 

GAPDH (cat# G-9, sc-365062, Santa Cruz Biotechnology; 1:20,000), ³-Actin (cat# C4, 

sc-47778, Santa Cruz Biotechnology; 1:20,000), Ponceau solution was prepared with 

Ponceau BS (cat# B6008, Sigma Aldrich). All immunoblots were normalized to a 

loading control. All phosphorylated protein quantifications were first normalized to a 

loading control and then normalized to the detected levels of the unphosphorylated 

protein. 

 

4.13 Quantitative Real Time PCR 

 

Total RNA was isolated from cultured cardiomyocytes using the Quick-RNA MiniPrep 

Kit (cat# R1055, Zymo Research) and from tissue using the RNeasy Mini Kit (cat# 

74104, Qiagen) according to the manufacturer's instructions. cDNA was generated by 

reverse transcription using Superscript III First-Strand Synthesis System (Invitrogen; 

18080-051). Quantitative Real Time PCR was performed with Maxima SYBR 

Green/ROX qPCR Master Mix (Thermo Fisher cat# K0222) in a StepOnePlus RT-PCR 

System (Thermo Fisher). The following primers were used: 

Mouse-Ccl2-F: CACTCACCTGCTGCTACTCA 

Mouse-Ccl2-R: TTGAGCTTGGTGACAAAAACTACA 

Mouse-Ccr2-F: AGGAGCCATACCTGTAAATGCC 

Mouse-Ccr2-R: ATGCCGTGGATGAACTGAGG 

Mouse-Icam-1-F: CCCACGCTACCTCTGCTC 

Mouse-Icam-1-R: GATGGATACCTGAGCATCACC 
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Mouse-Il-1³-F: AGCTGGATGCTCTCATCAGG 

Mouse-Il-1³-R: AGTTGACGGACCCCAAAAG 

Mouse-Il6-F: GATGCTACCAAACTGGATATAATC 

Mouse-Il6-R: GGTCCTAGCCACTGGATCTGTG 

Mouse-mSelectin-F: TGGTCATCTCCAGAGCCAAT 

Mouse-mSelectin-R: GCAGTCCATGGTACCCAACT 

Mouse-Pecam-1-F: CGGTGTTCAGCGAGGTCC 

Mouse-Pecam-1-R: ACTCGACAGGATGGAAATCAC 

Mouse-Tnf-³-F: CCATTCCTGAGTTCTGCAAAG 

Mouse-Tnf-³-R: GCAAATATAAATAGAGGGGGGC 

Mouse-Vcam1-F: TCTTACCTGTGCGCTAATGAGT 

Mouse-Vcam1-R: ACTGGATCTTCAGGGAATGAG 

Human-CCL2-F: CCCCAGTCACCTGCTGTTAT 

Human-CCL2-R: AGATCTCCTTGGCCACAATG 

Human-HPRT-F: CCTGGCGTCGTGATTAGTGA 

Human-HPRT-R: CGAGCAAGACGTTCAGTCCT 

 

4.14 Immunofluorescence of mouse heart sections 

 

Immunocytofluorescence of cardiac sections was performed as previously described.83 

Briefly, hearts were retroperfused with PBS at 70 mmHg, arrested in diastole with 

60mM KCl, fixed by perfusion for 15 minutes with 10% formalin (Sigma; HT501128), 

excised and fixed in formalin for 24 hours at room temperature. Fixed hearts were then 

dehydrated and paraffinized using a HistoCore Pearl and Arcadia H, sectioned and 

placed on glass slides. For immunofluorescence staining, the sections were 

deparaffinized and boiled in 10mM citrate buffer (pH 6.0) for 12 min. After cooling, the 

sections were washed 2x for 5 min with PBS and then treated with TNB blocking 
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solution (0.5% TSA blocking reagent dissolved in TN buffer (0.1 M Tris-HCl (pH 7.5), 

0.15 M NaCl)) for 60 minutes. Sections were stained with antibodies against Troponin 

T (cat#ab209813, Abcam, 1:300), Phospho-S6 Ribosomal Protein (Ser235/236) 

(D57.2.2E) XP® Rabbit mAb (Alexa Fluor® 488 Conjugate) (cat#4803, Cell Signaling 

Technology, 1:200) or Ccl2 (MCP-1 Monoclonal Antibody (2D8), cat#MA5-1704, 

Invitrogen, 1:200) and co-stained with DAPI. OP-Puromycin (Click-iT# Plus OPP 

Alexa Fluor# 594 Protein Synthesis Assay Kit, cat#C10457, Invitrogen) was used 

according to the manufacturer's protocol, TUNEL staining (In Situ Cell Death Detection 

Kit, Fluorescein, cat#11684795910, Roche) was used according to the manufacturer's 

protocol. The secondary antibody used was Cy3 AffiniPure Donkey Anti-Rabbit IgG 

(H+L) (cat# 711-165-152, Jackson ImmunoResearch, 1:100). 

 

4.15 TUNEL cell death assay 

 

Cardiac sections were prepared as described above. The TUNEL staining was 

performed according to the manufacturer's protocol (In Situ Cell Death Detection Kit, 

Fluorescein, cat#11684795910, Roche). For each heart, 10 randomly selected images 

with an edge length of 488µm were acquired near the infarct area and TUNEL-positive 

cells were quantified using ImageJ. 

 

4.16 Infarct size quantification 

 

Isolated hearts were cut into five transversal sections and further processed as 

described above. Cardiac sections were then stained with Masson's trichrome stain. 

An Axio Vert. A1 microscope was used to take pictures of each heart. The percentage 

of the blue fibrous area to the total area of the cardiac section was defined as infarct 

area. ImageJ was used to determine the infarct area using the threshold area. The 

investigator was blinded to treatment during quantification. 
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4.17 Flow cytometry 3 Apoptosis assay in vitro 

 

Apoptosis of isolated cardiomyocytes was induced using H2O2 (50 µM) for 4 hours. 

Cells were treated with the appropriate inhibitors during H2O2 treatment. Apoptosis was 

quantified using the Dead Cell Apoptosis Kits with Annexin V for Flow Cytometry (cat# 

V13242, Invitrogen) according to the manufacturer's protocol. Flow cytometry was 

performed using a FACS verse. Data were analyzed using FlowJo v10. 

 

4.18 Flow cytometry 3 Immune response in vivo 

 

Hearts were harvested 48 hours after I/R surgery, cleared of blood and placed in 1ml 

PBS on ice. To obtain a single cell solution, hearts were cut into small pieces and 

digested in 1ml digestion solution consisting of 1% collagenase XI, 0.5% 

hyaluronidase, 4.5% collagenase I, 0.3% DNase, 2% 1M HEPES and PBS at 37°C for 

60 minutes. The digestion solution was filtered through a 40µm cell strainer with 40ml 

FACS buffer consisting of 2% FCS, 2mM EDTA and PBS and centrifuged at 4°C and 

800 rcf for 5 minutes. Cells were washed twice with FACS buffer and then stained with 

Ly6C, F4/80, CD45, CD11b, and lineage (Ter119, CD90, B220, CD49b, NK1.1, Ly6G) 

for 30 minutes, each diluted 1:200 at 4°C. Afterwards, the staining was stopped using 

900µl FACS buffer and the cell solution was transferred to a counting tube after re-

centrifugation and resuspension in 1ml FACS buffer. For CCL2 quantification, cells 

were fixed with the BD Cytofix/Cytoperm Fixation/Permeabilization Kit according to 

manufacturer9s instructions and afterwards stained with CD45, CD11b, Ly6G, Ly6C, 

F4/80 and CCL2. Flow cytometry was performed using a FACS verse. Data were 

analyzed using FlowJo v10. Gating strategy was performed as previously described.137 
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4.19 Adoptive transfer of CD11b+ immune cells 

 

Adoptive transfer of CD11b+ cells was performed with modifications based on 

Sicklinger et al137. Specifically, single-cell suspensions of spleens and peripheral blood 

of donor CD45.1 mice were prepared, and the monocyte-enriched CD11b+ fraction 

was isolated using IMag# Anti-CD11b Magnetic Particles (BD Biosciences, Clone 

M1/70) according to manufacturer´s instructions. Isolated cells of all donor mice were 

pooled and equally divided across each treatment group. One donor mouse was used 

per two recipient mice. Cells were resuspended in 200¿L RPMI-1640 medium and 

treated ex vivo with 100nM rapamycin, 100µM 4EGI-1 or DMSO as a vehicle for 3h at 

room temperature. CD45.2 recipient mice were randomly assigned to respective 

groups and operated 24h before cell transfer by I/R surgery. Approximately 300.000 

isolated living cells were i.v. injected to each recipient mouse. 24h after cell transfer 

(2d reperfusion), hearts of operated recipient mice were isolated. FACS analysis was 

performed of left anterior wall lysates of CD45.2 recipient mice to enrich for infiltrated 

immune cells. Stainings were performed as described above but with an additional 

CD45.1 antibody. 

 

4.20 Measurement of ex vivo cell survival 

 

Cells were isolated using IMag# Anti-CD11b Magnetic Particles (BD Biosciences, 

Clone M1/70) as described above. Cells were cultured ex vivo in RPMI-1640 medium 

and treated ex vivo with 100nM rapamycin, 100µM 4EGI-1 or DMSO for 3h or 6h at 

4°C or 37°C in two independent experimental sets. After respective treatment, cells 

were stained with a 1:10 dilution of Trypan Blue Solution, 0.4%. Unstained spherical 

cells were counted as viable, stained cells were counted as dead. 200-300 cells were 

counted in total per condition. 
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4.21 Quantification of secreted CCL2 levels 

 

CCL2 proteins levels were quantified in the supernatant media of isolated primary adult 

rat ventricular cardiomyocytes after simulated reperfusion using the Ebioscience Rat 

MCP 1 Instant ELISA Kit (cat# BMS631INST, Invitrogen). In mice, CCL2 protein levels 

were determined in blood serum 2d after reperfusion using the MCP-1 Mouse ELISA 

Kit (cat# BMS6005, Invitrogen). Both kits were used according to manufacturer9s 

instructions, except of using sample dilutions (1:2 to 1:4) to increase signal intensity. 

 

4.22 Polysome fractionation 

 

Polysome fractionation was performed as previously described.108 Briefly, cells were 

lysed in 500)µl polysome buffer (20)mM Tris pH 7.4, 10)mM MgCl, 200)mM KCl, 2)mM 

DTT, 100)¿g/ml CHX, 1% Triton X-100, 1)U DNAse/¿l) containing 100)¿g/ml CHX. For 

complete lysis, the samples were kept on ice for 10)min, homogenized further by 

passing the lysate through a 23-gauge syringe needle ten times and subsequently 

centrifuged at 20,000 G to precipitate cell debris and the supernatant was immediately 

used in the further steps. Sucrose solutions were prepared in polysome gradient buffer. 

Sucrose density gradients (10350% wt/vol) were freshly made in SW40 ultracentrifuge 

tubes using a BioComp Gradient Master (BioComp). Cell lysates were loaded onto 

sucrose gradients, followed by centrifugation for 250)min at 220,000)G, 4°C, in an 

SW40 rotor. Separated samples were fractionated at 0.375)ml/min by using a 

fractionation system BioComp Gradient Station (BioComp) that continually monitors 

OD254 values. 

 

4.23 Parallel generation of Ribo-seq and RNA-seq libraries 

 

Libraries were generated as previously described.83 For each animal, the heart was 

lysed in 700µl polysome buffer (20 mM Tris pH 7.4, 10 mM MgCl, 200 mM KCl, 2 mM 
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DTT, 1% Triton X-100, 1U DNAse/¿l and 100 ¿g/ml CHX) using a tissue homogenizer 

(Bullet Blender, NextAdvance). The tissue was homogenized further by passing the 

lysate through a 23-gauge syringe needle ten times. Homogenates were centrifuged 

at 4°C and 18,000xg for 10 min, and the supernatant was immediately used in the 

further steps. For complete lysis, the samples were kept on ice for 10 min and 

subsequently centrifuged at 20,000 G to precipitate cell debris. To accurately dissect 

translation and transcription, both Ribo-seq and RNA-seq libraries were prepared for 

each biological replicate from the identical lysate. Ribosome footprints were generated 

after immunoprecipitation of cardiomyocyte-specific polysomes with Anti-HA magnetic 

beads after treating the lysate with RNAse I (Ambion). Libraries were generated 

according to the mammalian Ribo-seq kit (Illumina). Barcodes were used to perform 

multiplex sequencing and create sequencing pools containing at least eight different 

samples and always an equal amount of both RNA and ribosome protected fragments 

(RPF) libraries. Sample pools were sequenced on the HiSeq 2000 platform using 50-

bp sequencing chemistry. 

 

4.24 Sequencing data processing and quality control 

 

Sequencing data processing and quality control was performed as previously 

described.83 Adapters removal was done with Flexbar v3.0.36 using standard filtering 

parameters (no prior trimming). Reads with more than 1 uncalled base were not 

included in the output: flexbar --may-uncalled 1 --pre-trim-left 0. Reads aligning to a 

custom bowtie2 v2.3.07 index including mouse rRNA, mtRNA, tRNA, snRNA and other 

ncRNA (Ensembl mus muculus release 97 3 ncrna) were discarded. Remaining reads 

were then aligned in genomic coordinates to the mouse genome (GRCm38.p6) with 

STAR, v.2.5.3a8, inserting annotations on the fly: STAR --quantMode 

TranscriptomeSAM --alignIntronMin 20 --alignIntronMax 100000 --
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outFilterMismatchNmax 1 --outFilterIntronMotifs RemoveNoncanonicalUnannotated --

outFilterMismatchNoverLmax 0.04 --sjdbOverhang 50. Only uniquely mapping reads 

were kept for analysis. For Ribo-seq data, only periodic fragment lengths were kept 

that showed a distinctive triplet periodicity. An automatic Bayesian selection of read 

lengths and ribosome P-site offsets (BPPS) method138 was used to select and shift 

aligned reads to properly account for P-site of the ribosome. For the RNA-seq data, 

reads were trimmed from the 3' end after adapter removal, such that the read length 

before alignment did match the maximum periodic fragment length of the 

corresponding Ribo-seq sample, as determined with the BPPS method. Finally, 

abundance estimates and read count to coding sequences were obtained using 

HTSeq-count139, taking into account the strand-specific protocols. edgeR with standard 

parameters was used for differential gene expression analysis. An cutoff of FDR<0.01 

was used. 

 

4.25 Gene ontology analysis 

 

For GO term analysis, genes with FDR <0.05 were considered for further analysis. 

GOTERM_BP_DIRECT in DAVID 2021140,141 was used with the subset of expressed 

protein-coding genes as background set. Only enriched GO terms with at least five 

significantly changed genes were kept for further analysis and ranked by p-value. Top 

enriched terms were retained and visualized with a custom plotting routine showing p-

value of enrichment.  

 

4.26 Mass spectrometry sample preparation SP3 and TMT labeling, OASIS 

 

Reduction of disulfide bridges in cysteine containing proteins was performed with 

dithiothreitol (56°C, 30 min, 10 mM in 50 mM HEPES, pH 8.5). Reduced cysteines 

were alkylated with 2-chloroacetamide (room temperature, in the dark, 30 min, 20 mM 
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in 50 mM HEPES, pH 8.5). Samples were prepared using the SP3 protocol142 and 

trypsin (sequencing grade, Promega) was added in an enzyme to protein ratio 1:50 for 

overnight digestion at 37°C. Next day, peptide recovery in HEPES buffer by collecting 

supernatant on magnet and combining with second elution wash of beads with HEPES 

buffer.  

Peptides were labelled with TMT10plex143 Isobaric Label Reagent (ThermoFisher) 

according to the manufacturer9s instructions. Samples were combined for the 

TMT10plex and for further sample clean up an OASIS® HLB µElution Plate (Waters) 

was used. Offline high pH reverse phase fractionation was carried out on an Agilent 

1200 Infinity high-performance liquid chromatography system, equipped with a Gemini 

C18 column (3 ¿m, 110 Å, 100 x 1.0 mm, Phenomenex).144  

 

4.27 LC-MS/MS 

 

An UltiMate 3000 RSLC nano LC system (Dionex) fitted with a trapping cartridge (µ-

Precolumn C18 PepMap 100, 5 µm, 300 µm i.d. x 5 mm, 100 Å) and an analytical 

column (nanoEase# M/Z HSS T3 column 75 µm x 250 mm C18, 1.8 µm, 100 Å, 

Waters). Trapping was carried out with a constant flow of 0.05% trifluoroacetic acid at 

30 µL/min onto the trapping column for 6 minutes. Subsequently, peptides were eluted 

via the analytical column with a constant flow of 0.3 µL/min with increasing percentage 

of solvent B (0.1% formic acid in acetonitrile). The outlet of the analytical column was 

coupled directly to a QExactive plus (Thermo) mass spectrometer using the Nanospray 

Flex# ion source in positive ion mode. The peptides were introduced into the 

QExactive plus via a Pico-Tip Emitter 360 µm OD x 20 µm ID; 10 µm tip (New 

Objective) and an applied spray voltage of 2.3 kV. The capillary temperature was set 

at 320°C. Full mass scan was acquired with mass range 375-1200 m/z in profile mode 

with resolution of 70000. The filling time was set at maximum of 10 ms with a limitation 
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of 3x106 ions. Data dependent acquisition (DDA) was performed with the resolution of 

the Orbitrap set to 35000, with a fill time of 120 ms and a limitation of 2x105 ions. A 

normalized collision energy of 32 was applied. Dynamic exclusion time of 30 s was 

used. The peptide match algorithm was set to 8preferred9 and charge exclusion 

8unassigned9, charge states 1, 5 - 8 were excluded. MS data was acquired in profile 

mode. 

 

4.28 Mass spectrometry data analysis 

 

IsobarQuant145 and Mascot (v2.2.07) were used to process the acquired data, which 

was searched against a Mus musculus GRCm38 pep database containing common 

contaminants and reversed sequences. The following modifications were included into 

the search parameters: Carbamidomethyl (C) and TMT10 (K) (fixed modification), 

Acetyl (Protein N-term), Oxidation (M) and TMT10 (N-term) (variable modifications). 

For the full scan (MS1) a mass error tolerance of 10 ppm and for MS/MS (MS2) spectra 

of 0.02 Da was set. Further parameters were set: Trypsin as protease with an 

allowance of maximum two missed cleavages: a minimum peptide length of seven 

amino acids; at least two unique peptides were required for a protein identification. The 

false discovery rate on peptide and protein level was set to 0.01. The raw output files 

of IsobarQuant (protein.txt 3 files) were processed using the R programming language 

(ISBN 3-900051-07-0). Only proteins that were quantified with at least two unique 

peptides were considered for the analysis. Raw TMT intensities (signal_sum columns) 

were first cleaned for batch effects using limma146 and further normalized using vsn 

(variance stabilization normalization)147. Proteins were tested for differential 

expression using the limma package. The replicate information was added as a factor 

in the design matrix given as an argument to the 8lmFit9 function of limma. A protein 

was annotated as a hit with a false discovery rate (fdr) smaller 5 % and a fold-change 
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of at least 50 % and as a candidate with a fdr below 25 % and a fold-change of at least 

50 %. 

 

4.29 scRNA-seq analysis 

 

Processed gene count data from previously published cardiac single cell RNA-seq 

data148 was downloaded from the GEO database (IDs: GSM4376680 3 GSM4376710). 

Gene raw counts were post processed to correct gene names as well as duplicate 

gene entries. Seurat v4.1 was employed for single cell data processing149 following the 

integration approach150. Subsequently, data was converted for usage with the shinycell 

web application as described by Ouyang et al151. All processed data is available at: 

https://shiny.jakobilab.org/Hofmann_et_al_2022/. 

 

4.30 Spatial tanscriptomics analysis 

 

For the spatial analyses, Illumina data from Boileau et al.152 was analyzed. Cell types 

were inferred using spatial spot deconvolution, as explained in Boileau et al. A unique 

cell type was assigned at each spot using the highest probability among all cell types. 

Remote zones were merged into a single remote zone. 

 

4.31 ATAC-Seq analysis 

 

ATAC-seq analysis was performed according to Beisaw et al153. Briefly, raw data from 

accession GSE110209 (samples SRR6676832, SRR6676833, SRR6676834, 

SRR6676835) were downloaded from the European Nucleotide Archive 

(https://www.ebi.ac.uk/ena). Trimmomatic version 0.36 was employed to trim reads 

after a quality drop below a mean of Q15 in a window of 5 nucleotides.154 Only reads 

longer than 15 nucleotides were cleared for further analyses. Trimmed and filtered 

reads were aligned versus the Ensembl mouse genome version mm10 using STAR 
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2.6.1d with the parameters <--outFilterMismatchNoverLmax 0.1 --outFilterMatchNmin 

20 --alignIntronMax 1 --outFilterMultimapNmax 1=8 retaining only unique alignments. 

Reads were deduplicated using Picard 2.18.16 (Picard: A set of tools (in Java) for 

working with next generation sequencing data in the BAM format) to mitigate PCR 

artefacts leading to multiple copies of the same original fragment. The Macs2 peak 

caller version 2.1.1 was employed for each sample with parameters <-q 0.0001=.155 The 

region of interest was defined as the ATAC peak called by the Macs2 peak calling 

software for the Ccl2 promoter. Peaks overlapping ENCODE blacklisted regions 

(known misassemblies, satellite repeats) were excluded. In order to be able to 

compare peaks in different samples to assess reproducibility, the resulting lists of 

significant peaks were overlapped and unified to represent identical regions. Reads 

were recounted after normalization for sequencing depth with bamCoverage 2.5.7 

using bigWigAverageOverBed (UCSC Toolkit)156.  

 

4.32 Transcription factor binding prediction 

 

Transcription factor binding motifs in the Ccl2 promoter region (-500 bps to +100 bps 

from the TSS, mm9) and in two ATAC-seq peaks near the Ccl2 promoter (chr11: 

81848935 -81849122: 188bps, chr11: 81846518-81846775: 258bps, mm9) were 

retrieved by an automated matching of the sequences to all available motifs of the 

JASPAR database in R (version 4.3.1). The JASPAR2018 (version 1.38.0) and 

TFBSTools (version 1.1.1) packages were used for in-house scripting. The relative 

profile score threshold was set to 80%. A motif with an FDR f 0.05 was considered as 

significantly enriched.  
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4.33 Randomization 

 

All anesthesia, analgesia, treatments, surgeries and echocardiographies were 

performed by surgeons, who were blinded to whether the animals received vehicle or 

pharmacological inhibitors. A serum TnT level >1500 pg/ml at 24h after reperfusion 

was defined as threshold for study inclusion of I/R operated mice. Mice that deceased 

prior to blood sampling at 24h after reperfusion were only included in the survival 

analysis. One mouse of the vehicle (rapamycin set) and one mouse of the rapamycin 

treated group did not meet the required threshold and were excluded. All other mice 

with available serum TnT levels reached the predefined threshold after IR operation 

and were included for subsequent analysis. All Sham mice were included in the 

analysis. 

 

4.34 Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism 7.0 (Graphpad Software Inc; 

www.graphpad.com) or R (R Foundation; https://www.r-project.org). Data values are 

presented as mean ± standard error of the mean (SEM). For statistical analysis one-

way ANOVA with Tukey post-hoc analysis was used. When only two conditions where 

compared, unpaired two tailed t-test was used. P < 0.05 was defined as significant 

difference. Details of the statistical analyses of the sequencing data can be found in 

the respective methods section. Biological replicate numbers for each figure can be 

found in the accompanying figure legend.  

=133 
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5 Results 

 

Cells rapidly adapt their translational activity in response to stress.82,83 They shape 

their translational network so that gene expression alters cell function to adjust to the 

new cell environment, and they can react with a general suppression overall protein 

synthesis to maintain sufficient energy levels or proteostasis under conditions where 

nutrients or oxygen are limited, or in response to proteotoxic stress to prevent the 

accumulation of toxic misfolded proteins.83,157  While the heart was previously shown 

to reduce its translational activity during ischemia, it remained unknown how the heart 

responds to reperfusion, when nutrient and oxygen levels of the heart are restored 

within seconds, while other maladaptive conditions such as the abrupt rise of reactive 

oxygen species occur at the same time.158,159 Such immediate changes of the cardiac 

environment could result in conditions where translation becomes activated through 

the induction of anabolic signaling pathways due to a rapid influx of growth factors or 

nutrients, while the cellular environment remains imperfect for protein synthesis - e.g. 

insufficient levels of chaperones or other proteostasis elements -  resulting in the 

accumulation of misfolded proteins, energy depletion or the translation of maladaptive 

gene programs that mediate cell death or cardiac dysfunction. To confirm the 

downregulation of cellular translation in response to ischemia, I subjected different cell 

types, including human embryonic kidney 293 cells (HEK-293), neonatal rat ventricular 

cardiomyocytes (NRCMs), human induced pluripotent stem cell-derived 

cardiomyocytes (iPSC-CMs), and adult rat ventricular cardiomyocytes (ARCMs) to 

increasing timepoints of simulated ischemia (nutrient and oxygen deprivation in vitro) 

of different oxygen tensions, followed by labeling of newly synthesized polypeptides by 

puromycin incorporation and its quantification by western blotting (Figure 10). As 

expected, simulated ischemia resulted in the suppression of cellular translation rates, 
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which correlated with increasing ischemia times or decreasing oxygen tensions (Figure 

10). Interestingly, different cell types showed varying degrees of translational 

suppression during simulated ischemia (Figure 10). While HEK-293 cells or ARCMs 

reacted with a rapid and immediate downregulation of protein synthesis, NRCMs and 

iPSC-CMs remained more resistant to ischemia, which might be related to their 

immaturity and the lower levels of oxygen saturation that are experienced by cells 

during fetal development.160  

 

Figure 10 | Suppression of translation in response to simulated ischemia 
A and B, Puromycin immunoblots and quantification of HEK-293 cells (A) or iPSC-CMs (B) at increasing 

timepoints of simulated ischemia with 1% O2, n)=)3. C to F, Puromycin immunoblots and quantification 

of HEK-293 cells (C), NRCMs (D), iPSC-CMs (E) or ARCMs (F) at increasing timepoints of simulated 

ischemia with 0.2% O2, n)=)3-4. * indicates p<0.05 from control. For statistical analysis one-way ANOVA 

with Tukey post-hoc analysis was used. p < 0.05 was defined as significant difference. Error bars show 

standard error of the mean. Figure legends from Hofmann et al. 2024133. 
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After confirming that cardiomyocyte translation rates are suppressed in 

response to simulated ischemia in vitro, and that such changes can be quantified by 

puromycin incorporation, I quantified translation rates in HEK-293 cells, NRCMs, iPSC-

CMs and ARCMs that were subjected to increasing timepoints of simulated reperfusion 

in vitro (restoration of cellular oxygen and nutrient levels) (Figure 11). While all tested 

cell types reacted with a restoration of translation rates in response to simulated 

reperfusion, dynamics and total levels of translation after reperfusion varied by cell 

type. HEK-293 cells, NRCMs and iPSC-CMs reacted with a continued suppression or 

even further drop of translation rates shortly after reperfusion, whereas ARCMs already 

completely restored proteins synthesis levels within 1 hour after simulated reperfusion 

(Figure 11). At 24 hours NRCMs and iPSC-CMs returned translation rates to baseline 

levels which were observed before ischemia (Figure 11B and 11C). In contrast, HEK-

293 cells and ARCMs reacted with an overshooting protein synthesis response that 

exceeded baseline levels (Figure 11A and 11D). In general, translational dynamics 

during simulated ischemia and after reperfusion appeared to differ between immature 

cardiomyocytes and adult cardiomyocytes, potentially related to differentiation and 

maturity. 

 

To assess translational dynamics in response to ischemia in vivo, adult mice 

were subjected to surgical ligation of the left anterior descending coronary artery (LAD) 

for 3 hours. Successful induction of a myocardial infarction was confirmed by plasma 

creatine kinase at 3 hours post-surgery (Figure 12A). Translation rates were quantified 

in vivo by i.p. injection of puromycin 30 minutes before isolation of the left ventricle. 

Assessment of puromycin incorporation into left ventricular lysates by western blotting 

showed reduced a puromycin signal at 3 hours of myocardial infarction (Figure 12B). 
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Figure 11 | Dynamics of cellular translation rates in response to simulated 

ischemia and reperfusion 
A to D, Puromycin immunoblots and quantification of HEK-293 cells (A), NRCMs (B), iPSC-CMs (C) or 

ARCMs (D) at increasing timepoints of reperfusion, n)=)3-9. * indicates p<0.05 from control. For 

statistical analysis one-way ANOVA with Tukey post-hoc analysis was used. p < 0.05 was defined as 

significant difference. Error bars show standard error of the mean. Data of Figure 11B was produced 

jointly with Fereshteh S. Younesi. Figure legends from Hofmann et al. 2024133. 

 

Puromycin signal by western blot negatively correlated with plasma CK levels, 

indicating that larger myocardial injury results in stronger suppression of cardiac 

translation rates (Figure 12C). However, it must be noted that permanent ligation of a 

coronary artery may limit puromycin delivery to the cardiac tissue, therefore biasing 

the result towards reduced puromycin incorporation. As such, those results need to be 

interpreted with caution. Next, cardiac translation rates were assessed in adult mice in 

vivo after 60 minutes of surgical ligation of the LAD, followed by reestablishing 

coronary blood flow, resulting in rapid reperfusion of the ischemic tissue. Cardiac injury 

was confirmed by blood sampling at 24 hours post-reperfusion and measurement of 

plasma Troponin T levels (Figure 13A). 

 

A
B

C

C
on

tro
l

1h
 Is

ch

1h
  R

ep

3h
 R

ep

6h
 R

ep
 

24
h 

R
ep

0.0

0.5

1.0

1.5

2.0

2.5

P
u
ro

m
y
c
in

 in
c
o
rp

o
ra

tio
n

fo
ld

 o
f 
C

o
n
tr

o
l

ARCM
x x x

C
on

tro
l

6h
 Is

ch

1h
  R

ep

3h
 R

ep

6h
 R

ep
 

24
h 

R
ep

0.0

0.5

1.0

1.5

P
u
ro

m
y
c
in

 in
c
o
rp

o
ra

tio
n

fo
ld

 o
f 
C

o
n
tr

o
l

*
*

iPSC-CMs
Ctr

1h

Puro

Gapdh

Isch
1h

Rep
3h

Rep
6h
Rep

24h
Rep

ARCM

Ischemia (0.2% O  ) + Reperfusion2

D
Ctr

6h

Puro

Gapdh

Isch
1h

Rep
3h

Rep
6h
Rep

24h
Rep

iPSC-CMs

250

150

100
75

50

37

25

20

15

37

250

150

100

75

50

37

25

20

15

37

Ctr
3h

Puro

Gapdh

Isch
1h

Rep
3h

Rep
6h
Rep

24h
Rep

NRCM

250

150

100

75

50

37

25

20

37

Ctr
3h

Puro

Gapdh

Isch
1h

Rep
3h

Rep
6h
Rep

24h
Rep

HEK-293

250

150

100

75

50

37

25

20

37

C
on

tro
l

3 
h 

Is
ch

1 
h 

R
ep

3 
h 

R
ep

6 
h 

R
ep

 

24
 h

 R
ep

0

1

2

3

* * * *

#
HEK-293

P
u
ro

m
y
c
in

 in
c
o
rp

o
ra

tio
n

(f
o
ld

 o
f 
C

o
n
tr

o
l)

n
o
rm

a
liz

e
d
 t
o
 G

a
p
d
h

C
tr

3h
 Is

ch

1h
 R

ep

3h
 R

ep

6h
 R

ep

24
h 

R
ep

0.0

0.5

1.0

1.5

**

NRCM

P
u
ro

m
y
c
in

 in
c
o
rp

o
ra

tio
n

(f
o
ld

 o
f 
C

o
n
tr

o
l)

n
o
rm

a
liz

e
d
 t
o
 G

a
p
d
h



 71 

 

Figure 12 | Cardiac translation rates in response to myocardial infarction 
Plasma CK levels, n)=)5-9 (A), puromycin incorporation, measured by immunoblot, n)=)5-9 (B) and 

Pearson´s correlation coefficient of Plasma CK and cardiac puromycin incorporation (C) of left 

ventricular lysates of mice 3 hours after sham surgery or LAD ligation (MI). * indicates p<0.05 from 

sham. For statistical analysis an unpaired two tailed t-test was used for A and B. Pearson correlation 

with two-tailed p value was computed with GraphPad Prism 7.0 for C. p < 0.05 was defined as significant 

difference. Error bars show standard error of the mean. Data of Figure 12 was produced jointly with Ole 

M. Schwerdt. Figure legends from Hofmann et al. 2024133. 

 

 

 

 

 

Figure 13 | Translational activation after cardiac reperfusion 
Serum Troponin T (TnT) levels, n)=)5-9 (A), puromycin incorporation, measured by immunoblot, n)=)5-9 

(B) and Pearson´s correlation coefficient of serum TnT and cardiac puromycin incorporation (C) of left 

ventricular lysates from mice 2 days after sham or I/R surgery. * indicates p<0.05 from sham. For 

statistical analysis an unpaired two tailed t-test was used for A and B. Pearson correlation with two-

tailed p value was computed with GraphPad Prism 7.0 for C. p < 0.05 was defined as significant 

difference. Error bars show standard error of the mean. Data of Figure 13 was produced jointly with Ole 

M. Schwerdt. Figure legends from Hofmann et al. 2024133. 
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Similar to isolated adult cardiomyocytes, the adult heart reacted with an overshooting 

translational response that exceeded baseline levels at 2 days post-reperfusion by 

approximately 50% (Figure 13B). Interestingly, puromycin incorporation was positively 

correlated to plasma Troponin T levels, indicating that larger myocardial injury is 

associated with an increased translational response after reperfusion (Figure 13C). To 

identify the relative location and cell types responsible for the induction of cardiac 

translation in vivo, I performed immunofluorescent imaging of heart sections from mice 

2 days after reperfusion. Mice were treated with O-propargyl(OP)-puromycin, an 

alkyne analog of puromycin that has improved pharmacological properties over 

puromycin for visualizing translation in vivo. OP-puromycin incorporates into the 

translating polypeptide chain and can be visualized via Cu(I)-catalyzed click chemistry 

which leads to a chemoselective ligation between OP-puromycin and a fluorescent 

dye, allowing for highly selective detection of newly synthesized proteins in vivo.161 

This revealed an upregulation of cardiac translation which especially affected cells of 

the border zone but also within the infarct of mouse hearts after reperfusion (Figure 

14A). Among those translational active cells were Troponin T-positive cardiomyocytes 

of the border zone, indicating that those cells contribute to the upregulation of 

translation observed in left ventricular lysates. To confirm that the border zone and 

infarct area contributed to translation activation after reperfusion, I separated the infarct 

area, border zone and remote area of puromycin injected mice either 30 minutes or 2 

days after reperfusion and quantified puromycin incorporation by western blot (Figure 

14B). I selected the 30 minutes timepoint because a recent manuscript, which was 

published by Zhang et al136 during the preparation of this thesis, showed suppressed 

cardiac translation at 30 minutes after reperfusion. While I could confirm the decreased 

translational activity of the infarct and border zone early after reperfusion described by 

Zhang et al. (Figure 14C), those same areas showed increased translational activity at 



 73 

2 days after reperfusion (Figure 14D). Together with data of an additional timepoint at 

1 hour after reperfusion by Zhang et al136 the data suggests a dynamic translational 

response of the injured heart with initial suppression of translation rates immediately 

after reperfusion, which is followed by a restoration of protein synthesis that later 

exceeds baseline levels in the infarct and border zone (Figure 14E). 

 

Figure 14 | Translational activation of the infarct and border zone after 

ischemia/reperfusion 
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Figure 14 | Translational activation of the infarct and border zone after 

ischemia/reperfusion 
A, OP-Puromycin immunostaining of the infarct region and border zone of mice 2 days after I/R surgery 

and of the remote area of sham mice. B to D Diagram of the experimental setup (B) and puromycin 

incorporation into the sham, infarct, border zone and remote area of mouse hearts 30 minutes (C) or 2 

days (D) after they were subjected to I/R or sham surgery. E, Diagram of the proposed temporal 

dynamics of translational activation of the infarct and border zone after ischemia and reperfusion. Rep 

(reperfusion), Puro (puromycin), Inf (infarct area), Bord (border zone), Rem (remote area). * indicates 

p<0.05 from sham. For statistical analysis a one-way ANOVA with Tukey post-hoc analysis was used 

for C and D.  p < 0.05 was defined as significant difference. Error bars show standard error of the mean. 

B and E made in ©BioRender - biorender.com. Figure legends from Hofmann et al. 2024133. 

 

To identify the molecular events that mediate the regulation of cardiac 

translation during ischemia and reperfusion, I subjected NRCMs to simulated ischemia 

(Figure 15) and reperfusion (Figure 16) to assess intracellular signaling pathways 

known to be involved into the regulation of cellular translational activity. Isolated 

cardiomyocytes were used since the OP-puromycin imaging data revealed that border 

zone cardiomyocytes are involved into the regulation of cardiac translation rates after 

reperfusion (Figure 14A). Assessment of the activity of intracellular signaling pathways 

that are thought to control cellular translation rates revealed that simulated ischemia 

results in a substantial downregulation of pathways involved in cap-dependent 

translation initiation in NRCMs (Figure 15). 

 

Figure 15 | Regulation of signaling pathways controlling eIF4F-dependent 

translation initiation in response to simulated ischemia in cardiomyocytes  
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Figure 15 | Regulation of signaling pathways controlling eIF4F-dependent 

translation initiation in response to simulated ischemia in cardiomyocytes  
A and B, Immunoblots (A) and quantifications (B) of proposed eIF4F-regulatory pathways of NRCMs in 

response to increasing timepoints of ischemia, n = 3-10. * indicates p<0.05 from control. For statistical 

analysis one-way ANOVA with Tukey post-hoc analysis was used. p < 0.05 was defined as significant 

difference. Error bars show standard error of the mean. Data of Figure 15 was produced jointly with 

Fereshteh S. Younesi. Figure legends from Hofmann et al. 2024133. 

 

 

Cap-dependent translation initiation is a rate limiting step of cellular translational 

activity. Specifically, the activity of translation initiation is regulated by the formation of 

the ternary complex, formation of 43S, as well as formation of the eIF4F complex. In 

this thesis I specifically investigated the involvement of the eIF4F complex in 

translational regulation in response to cardiac ischemia and reperfusion (Figure 16A). 

Pull-down of m7GTP associated proteins, which mimics the 5´ mRNA cap, confirmed 

the disruption of the eIF4F complex during simulated ischemia, and re-association after 

simulated reperfusion in NRCMs (Figure 16B). I found upstream pathways known to 

regulate eIF4F formation, specifically the mTORC1-4EBP1-eIF4E axis, as well as the 

MAPK-MNK1/2-eIF4E axis to be highly regulated both during simulated ischemia 

(Figure 15) and after simulated reperfusion in NRCMs (Figure 16C) and were therefore 

considered as candidate pathways that may be responsible for the dynamic changes 

of cardiac translational activity observed after ischemia/reperfusion. 

 

The phosphorylation of ribosomal protein S6 at S235/236, often used as a 

surrogate of mTORC1 activity, was confirmed to occur in the myocardium in response 

to reperfusion (Figure 17). However, it must be considered that this phosphorylation 

side was also shown to be phosphorylated by other kinases, and as such S6 

phosphorylation at this site in vivo may also be mediated by other signaling pathways.  
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Figure 16 | Activation of signaling pathways controlling eIF4F-dependent 

translation initiation after simulated reperfusion  

A, Diagram of major signaling pathways proposed to regulate eIF4F-dependent translation initiation. B, 

Quantification of eIF4F complex assembly by pull-down of mRNA cap-binding proteins via m7GTP-

coupled agarose beads after simulated ischemia or ischemia (6 hours) followed by reperfusion in 

NRCMs, n = 2-3. C Immunoblots and quantifications of proposed eIF4F-regulatory pathways of NRCMs 

after ischemia (3 hours) followed by increasing times of reperfusion, n = 2-8 * indicates p<0.05 from 

control. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for B and C. p 

< 0.05 was defined as significant difference. Error bars show standard error of the mean. A made in 

©BioRender - biorender.com. Data of Figure 16B-C was produced jointly with Fereshteh S. Younesi. 

Figure legends from Hofmann et al. 2024133. 
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Figure 17 | Increased S6S235/236 phosphorylation after cardiac reperfusion  

A, Representative immunoblot and quantification of S6S235/236 phosphorylation of left ventricular lysates 

2 or 24 hours after I/R surgery in mice, n = 7-8. B, Representative phospho-S6S235/236 immunostaining 

of the infarct region and border zone 2 days after sham or I/R surgery in mice. Rep (reperfusion), * 

indicates p<0.05 from sham. # indicates p<0.05 from 3h ischemia. For statistical analysis one-way 

ANOVA with Tukey post-hoc analysis was used for A. p < 0.05 was defined as significant difference. 

Error bars show standard error of the mean. Data of Figure 17B was produced jointly with Ole M. 

Schwerdt. Figure legends from Hofmann et al. 2024133. 

 

 

To further assess the involvement of different upstream pathways proposed to 

control eIF4F formation, I used different pharmacological inhibitors that target specific 

upstream pathways of the eIF4F complex in NRCMs (Figure 18A). Rapamycin, a partly 

selective mTORC1 inhibitor, Torin1, a selective ATP-competitive mTORC1 and 

mTORC2 inhibitor, eFT508, a MNK1/2 inhibitor, and 4EGI-1, a competitive 

eIF4E/eIF4G interaction inhibitor, were studied. I determined minimal required 

effective dosages at baseline in NRCMs (Figure 18B and Figure 19). I selected higher 

dosages (100nM) for rapamycin for follow-up experiments to avoid potential insufficient 

mTORC1 inhibition upon mTORC1 pathway activation after reperfusion. 
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Figure 18 | Dosage testing of pharmacological inhibitors targeting upstream 

signaling pathways of eIF4F  
A, Diagram of signaling pathways affected by the pharmacological compounds used to modulate 

translation initiation in this study. B, Representative immunoblots of the activity of eIF4F-regulatory 

pathways in response to increasing doses of the indicated pharmacological compounds in NRCMs. 

Cells were lysed 6 hours after exposure to the pharmacological inhibitor. A made in ©BioRender - 

biorender.com. Figure legends from Hofmann et al. 2024133. 

 

 

As 4EGI-1 is a competitive eIF4E/eIF4G interaction inhibitor that has no effects 

on upstream signaling pathway activity (Figure 18B), I determined its minimal required 

dosage to inhibit the eIF4F complex in NRCMs at baseline by puromycin incorporation 

and m7GTP pull-down assays (Figure 19B and 19D). In addition, I quantified cellular 

apoptosis in response to increasing concentrations of 4EGI-1 to avoid toxic dosages 

(Figure 19A and 19C). A 4EGI-1 concentration of 100¿M was effective to inhibit 

translation, disrupt the eIF4F complex, and did not cause significant amounts of 

apoptosis for up to 24h after drug exposure in NRCMs, and was therefore selected for 

follow-up experiments (Figure 19). 
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Figure 19 | 4EGI-1 effectively suppresses eIF4F complex formation and protein 

synthesis in cardiomyocytes without causing cell death  
A and C, Quantification of NRCM apoptosis by FACS analysis 24 hours after treatment with increasing 

doses of 4EGI-1 (A), n = 2. Representative FACS plots of each condition are shown below (C). B, 

Quantification of puromycin incorporation 6 hours after treatment with increasing doses of 4EGI-1 in 

NRCMs. D, Representative immunoblot and quantification of eIF4F complex assembly in NRCMs by 

pulldown of mRNA cap-binding proteins via m7GTP-coupled agarose beads at increasing timepoints 

after 4EGI-1 (100µM) treatment, n = 3-4. Ctr (control), * indicates p<0.05 from 0µM 4EGI-1 or control. 

For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for A, B and D. p < 0.05 

was defined as significant difference. Error bars show standard error of the mean (SEM). Data of Figure 

19D was produced jointly with Fereshteh S. Younesi. Figure legends from Hofmann et al. 2024133. 
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To assess the effect of the different pharmacological compounds on eIF4F 

complex formation and translation rates in response to reperfusion, I subjected NRCMs 

to simulated ischemia, followed by simulated reperfusion and immediate exposure to 

the different inhibitors (Figure 20). Only those inhibitors that targeted the mTORC1-

4EBP1-eIF4E axis disrupted the eIF4F complex and inhibited translation rates. In 

contrast eFT508, which inhibits eIF4E S209 phosphorylation, had no effect on eIF4F 

complex formation or cardiomyocyte translation rates after reperfusion (Figure 20). Of 

note, cardiomyocytes treated with rapamycin showed first evidence of reduced 

translation rates at 24 hours of drug exposure, even though eIF4F complex was 

already disrupted after 6 hours. This might be explainable by additional effects 

mediated by rapamycin, as well as the technical properties of the puromycin assay, 

which quantifies amino-acid incorporation into elongating polypeptides rather than 

directly quantifying translation initiation.  

 

Next, I assessed the impact of the different pharmacological inhibitors regulating 

eIF4F assembly or eIF4E S209 phosphorylation in NRCMs in response to H2O2 

treatment. Only 4EGI-1 treatment was associated with a significant inhibition of 

apoptosis, assessed by Propidiumiodid and Annexin V staining and quantification by 

FACS (Figure 21). As expected, Torin1 treatment trended towards increased cell 

death, likely due to its inhibitory action on mTORC2, which regulates cell survival 

(Figure 21). 
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Figure 20 | Control of translation rates in response to reperfusion by the 

mTORC1-4EBP1-eIF4F signaling axis  
A and B, Pull-down of eIF4F proteins via m7GTP-coupled agarose beads, n = 4-5 (A) and puromycin 

immunoblot, n = 4 (B) of NRCMs in response to sI/R and pharmacological inhibitor treatment. A 

representative immunoblot is shown on the left, and quantification of all replicates is shown on the right 

C, Representative immunoblot and quantification of puromycin incorporation 24h and 48h after 

rapamycin and sI/R in NRCMs. The 6-hour quantification was derived from D. Rep (reperfusion), Veh 

(vehicle). Inhibitors were added with reperfusion. The following concentrations were used for A, B and 
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C: Rapamycin 100nM, Torin1 100nM, eFT508 100nM, 4EGI-1 100µM. Ctr (control), Isch (ischemia), 

Rep (reperfusion), * indicates p<0.05 from control. For statistical analysis one-way ANOVA with Tukey 

post-hoc analysis was used for A, B and C. p < 0.05 was defined as significant difference. Error bars 

show standard error of the mean. Data of Figure 20A-B was produced jointly with Fereshteh S. Younesi. 

Figure legends from Hofmann et al. 2024133. 

 

 

Figure 21 | 4EGI-1 inhibits apoptosis in response to H2O2 in cardiomyocytes 

A and B, Quantification of NRCM apoptosis by FACS analysis 4 hours after simultaneous H2O2 (50 µM) 

and pharmacological inhibitor treatment, n = 9-12. Representative FACS graphs of each condition are 

shown on the left. The following concentrations were used: Rapamycin 100nM, Torin1 100nM, eFT508 

100nM, 4EGI-1 100µM. Ctr (control), Isch (ischemia), Rep (reperfusion), * indicates p<0.05 from control. 

# indicates p<0.05 from H2O2. For statistical analysis one-way ANOVA with Tukey post-hoc analysis 

was used. p < 0.05 was defined as significant difference. Error bars show standard error of the mean. 

Data of Figure 21 was produced jointly with Fereshteh S. Younesi. Figure legends from Hofmann et al. 

2024133. 

 

 

To further investigate eIF4E phosphorylation after simulated reperfusion, the 

upstream signaling mediators proposed to control eIF4F S209 phosphorylation, 

ERK1/2 and p38 MAP kinase, were evaluated in NRCMs. For this the MEK1/2 inhibitor 

U0126 (to suppress ERK1/2 activity) and the p38 inhibitor SB202190 were used. Their 

activity and specificity were confirmed in NRCMs by blotting for ERK1/2 T202/Y204 

phosphorylation as well as HSP27 S82 phosphorylation, a downstream target of p38 

MAP kinase (Figure 22A and 22B). In cardiomyocytes (at baseline, during simulated 

ischemia and after simulated reperfusion) eIF4E S209 phosphorylation was 

exclusively regulated by the MEK1/2-ERK1/2 axis and not by p38 MAP kinase (Figure 

22C).  
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Figure 22 | eIF4ES209 phosphorylation is controlled by ERK1/2 and not by p38 in 

cardiomyocytes at baseline and during ischemia or reperfusion  

A, Immunoblots and quantifications of ERK1/2T202/Y204 and HSP27S82 phosphorylation (downstream 

target of p38) in response to U0126 treatment of NRCMs, n = 2. B, Immunoblots and quantifications of 

ERK1/2T202/Y204 and HSP27S82 phosphorylation (downstream target of p38) in response to SB202190 

treatment of NRCMs, n = 2. C, Immunoblots and quantifications of eIF4ES209 phosphorylation in 

response to U0126 or SB202190 treatment of NRCMs at baseline, after simulated ischemia (1 hour) or 

ischemia (3 hours) followed by reperfusion (1 hour). Ctr (control), Isch (ischemia), Rep (reperfusion), n 

= 2. * indicates p<0.05 from control. For statistical analysis one-way ANOVA with Tukey post-hoc 

analysis was used for A to C. p < 0.05 was defined as significant difference. Error bars show standard 

error of the mean. Data of Figure 22 was produced jointly with Fereshteh S. Younesi. Figure legends 

from Hofmann et al. 2024133. 

 

To further test whether eIF4E S209 phosphorylation is regulating overall 

translation rates in vitro, wild type (WT)-eIF4E and phospho-dead eIF4E S209 were 

overexpressed in HEK293-T cells (Figure 23A). Neither overexpression of WT-eIF4E 

or eIF4E S209 phospho-dead resulted in a significant change of translation rates of 

HEK293-T cells (Figure 23B), indicating that eIF4E S209 phosphorylation is not 

regulation overall cellular translational activity. 
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Figure 23 | eIF4ES209 phosphorylation does not regulate overall translation rates 

A, Representative immunoblot of eIF4E after WT-eIF4E or eIF4ES209 phospho-dead expression in 

HEK293-T cells. B, Quantification of puromycin incorporation in HEK293-T cells 48 hours after 

transfection, n = 4-6. A 6-hour treatment of 100nM Torin1 was used as a positive control. * indicates 

p<0.05 from control. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for 

B. p < 0.05 was defined as significant difference. Error bars show standard error of the mean. Data of 

Figure 23 was produced jointly with Fereshteh S. Younesi. Figure legends from Hofmann et al. 2024133. 

 

 

While the ERK1/2-MNK1/2-eIF4E S209 does not seem to control overall 

translational activity, eIF4E S209 phosphorylation may regulate the translation of 

specific transcripts, which could have an impact on overall cardiac function after 

reperfusion. To examine the involvement of eIF4E S209 phosphorylation on cardiac 

function, I conducted a trial experiment of eFT508 treatment of male adult mice treated 

with eFT508 shortly before cardiac reperfusion (Figure 24). A single i.p. injection of 

10mg/kg eFT508 resulted in rapid and persistent inhibition of eIF4E S209 

phosphorylation in whole left ventricular lysates (Figure 24A). However, eFT508 did 

not affect plasma Troponin T levels or ejection fraction 2 weeks after cardiac 

ischemia/reperfusion (Figure 24B and 24C), which is why eFT508 and eIF4E S209 

phosphorylation were not further investigated. I concluded that the mTORC1-4EBP1-

eIF4E axis is the primary regulator of eIF4F complex formation in cardiomyocytes after 

reperfusion. I therefore focused my next experiments on this pathway. 
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Figure 24 | Pharmacological inhibition of eIF4ES209 phosphorylation does not 

affect cardiac function after ischemia/reperfusion in vivo  

A, Immunoblot and quantification of eIF4ES209 phosphorylation in mouse left ventricular lysates at 

increasing timepoints after i.p. injection of 10 mg/kg eFT508. B, Plasma Troponin T levels in male mice 

treated with vehicle or eFT508 (10 mg/kg) 24 hours after I/R surgery, n = 7-9. C. Left ventricular ejection 

fraction of male mice 2 weeks after sham or I/R surgery operated mice treated with vehicle or 10 mg/kg 

eFT508, n = 5-6. Ctr (control), Rep (reperfusion), Veh (vehicle). * indicates p<0.05 from control. For 

statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for A and C. An unpaired 

two tailed t-test was used for B. p < 0.05 was defined as significant difference. Error bars show standard 

error of the mean. Figure legends from Hofmann et al. 2024133. 

 

 

As the competitive eIF4E/eIF4G interaction inhibitor 4EGI-1 had not been used 

in differentiated adult cardiomyocytes prior to this study, I confirmed its 

pharmacological activity in these cell types. As in immature neonatal cardiomyocytes, 

4EGI-1 resulted in the suppression of translational activity both at baseline and after 

reperfusion in adult cardiomyocytes (Figure 25A). In vivo, 4EGI-1 did not inhibit 

upstream mTORC1 activity, as observed in NRCMs (Figure 25B). 
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Figure 25 | 4EGI-1 inhibits translation rates in adult cardiomyocytes  

A, Immunoblots and quantifications of puromycin incorporation in adult cardiomyocytes after 4EGI-1 

treatment at baseline and after sI/R. B, Immunoblots and quantifications of mTORC1 activity of left 

ventricular lysates in response to rapamycin or 4EGI-treatment 2d after I/R surgery, n = 3-4. * indicates 

p<0.05 from control. # indicates p<0.05 from all other conditions. For statistical analysis a two-way 

ANOVA was used for A and a one-way ANOVA with Tukey post-hoc analysis was used for B. p < 0.05 

was defined as significant difference. Error bars show standard error of the mean. Data of Figure 25B 

was produced jointly with Adrian Serafin. Figure legends from Hofmann et al. 2024133. 

 

 

My previous experiments used pharmacological compounds to investigate the 

involvement of the mTORC1-4EBP1-eIF4E axis on translational regulation after 

reperfusion. However, small molecular inhibitors may show unspecific targeting of 

other signaling pathways. To confirm the involvement of the mTORC1-4EBP1-eIF4E 

axis on cardiac translational regulation, I overexpressed 4EBP1 for 24 hours in NRCMs 

by adenovirus-mediated gene delivery (Ad4EBP1) and compared this condition to a 

control adenovirus (AdCtr) or no viral transfection, and quantified cellular translation 

rates. I determined optimal dosages by virus titration (Figure 26). I confirmed 
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overexpression of 4EBP1 by western blot (Figure 26). As described previously, 

overexpression of 4EBP1 caused a dimer formation, reported to increase the binding 

affinity towards eIF4E and eIF4F disruption, as shown below (Figure 27).162 As 

expected, 4EBP1 overexpression in NRCMs resulted in suppression of translational 

activity (Figure 26A and 26B). 

 

 

Figure 26 | 4EBP1 inhibits translation in cardiomyocytes in vitro  
A and B, Immunoblot and quantification of puromycin incorporation in response to increasing amounts 

of 4EBP1 overexpression with Ad4EBP1 in NRCMs, n = 2. * indicates p<0.05 from no virus. For 

statistical analysis one-way ANOVA with Tukey post-hoc analysis was used. p < 0.05 was defined as 

significant difference. Error bars show standard error of the mean. Figure legends from Hofmann et al. 

2024133. 

 

 

Similar to the results observed by pharmacological eIF4F inhibition with 4EGI-

1, 4EBP-1 overexpression in NRCMs resulted in strong suppression of the eIF4F 

complex (Figure 27A and 27B), as well as significant inhibition of cardiomyocyte 

translation rates after reperfusion in vitro (Figure 27C). 

A B

Puro

4EBP1

³-Actin

no virus AdCtr Ad4EBP1

250

150

100

75

50

37

25

20

15

37

37

no
 vi

rus

1u
L A

dC
tr

2u
L A

dC
tr

5u
L A

dC
tr

1u
L A

d4
EBP1

2u
L A

d4
EBP1

5u
L A

d4
EBP1

0.0

0.5

1.0

1.5

P
u
ro
m

yc
in

 in
co
rp
o
ra

tio
n

(f
o
ld

 o
f C

on
tro

l)

*

no
rm

al
ize

d 
to

 ³
-A

ct
in



 88 

 

Figure 27 | 4EBP1 overexpression inhibits eIF4F complex formation and 

translational rates after reperfusion in cardiomyocytes in vitro  

A to C, Representative immunoblot and quantification of 4EBP1, n = 6 (A), eIF4F complex assembly, n 

= 5 (B) and puromycin incorporation, n = 6 (C) after AdCtr or Ad4EBP1 treatment and sI/R (24h Rep) in 

NRCMs. Adenovirus treatment was initiated 24h before induction of ischemia. WT 4EBP1 and dimer 

formation after overexpression as previously described162 indicated by arrows. Rep (reperfusion), Puro 

(puromycin), Ctr (control), * indicates p<0.05 from AdCtr. For statistical analysis an unpaired two tailed 

t-test was used. p < 0.05 was defined as significant difference. Error bars show standard error of the 

mean. Figure legends from Hofmann et al. 2024133. 

 

 

To further confirm the impact of the mTORC1-4EBP1-eIF4E axis on cardiac 

translational activity after reperfusion in vivo, I used AAV9 encoding 4EBP-1 under 

control of a cardiomyocyte-specific Troponin T promotor to specifically overexpress 

4EBP1 in cardiomyocytes of adult male mice (Figure 28A). I confirmed 4EBP1 

overexpression two weeks after i.p. virus injection by western blot (Figure 28B). In 

comparison to 4EBP1 overexpression in NRCMs, AAV9-4EBP1 did not cause dimer 

formation in vivo, which is likely based on differences of baseline 4EBP1 

phosphorylation in vitro and in vivo, which determines the tendency to form dimers.162 
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to I/R surgery (60 minutes ischemia). 24 hours after reperfusion, blood was collected, 

and serum Troponin T levels were quantified. 2 days after reperfusion I i.p. injected 

mice with puromycin and after 30 minutes isolated the hearts which I divided into 

infarct, border zone and remote areas (Figure 28A). While cardiomyocyte-specific 

overexpression did not affect serum Troponin T levels 24 hours after reperfusion 

(Figure 28C), it significantly attenuated translation rates of the border zone (Figure 28D 

to 28F), which is in line with the puromycin imaging data that showed increased 

translation rates of border zone cardiomyocytes after reperfusion (Figure 14A). 

 

 

Figure 28 | Cardiomyocyte-specific 4EBP1 overexpression inhibits translational 

activation of the border zone after reperfusion in vivo  

A, Diagram of the experimental strategy used for B-F. B, Representative 4EBP1 immunoblot of left 

ventricular lysates 2 weeks after AAV9-Ctr or AAV9-4EBP1 i.v. injection. C, Serum Troponin T (TnT) 

levels 24h after I/R surgery in AAV9-Ctr and AAV9-4EBP1 treated mice, n = 7-11. D to F, Representative 

immunoblot and quantification of puromycin incorporation into the infarct (D), border zone (E) or remote 

area (F) 2d after reperfusion in AAV9-Ctr and AAV9-4EBP1 treated mice, n = 7-11. Rep (reperfusion), 

Puro (puromycin), Ctr (control), * indicates p<0.05 from AAV9-Ctr. For statistical analysis an unpaired 

two tailed t-test was used. p < 0.05 was defined as significant difference. Error bars show standard error 

of the mean. A made in ©BioRender - biorender.com. Figure legends from Hofmann et al. 2024133. 
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To investigate the function of the translational burst observed after cardiac 

reperfusion, which was at least partly regulated by the mTORC1-4EBP1-eIF4F axis in 

the heart, rapamycin and 4EGI-1 were used in an in vivo model of ischemia/reperfusion 

to study the consequences of transient pharmacological inhibition of translation during 

cardiac reperfusion (Figure 29 to Figure 34). A singly i.p. injection of 6 mg/kg rapamycin 

was sufficient to suppress cardiac mTORC1 activity, assessed by ribosomal S6 

S235/236 phosphorylation levels of left ventricular lysates, for up to 24 hours (Figure 

29A and 29B). I selected a two-phased injection strategy, injecting 6 mg/kg rapamycin 

30 minutes before reperfusion, followed by a 2 mg/kg maintenance dose after 24 

hours. I reasoned that this could resemble a clinical translatable scenario during which 

rapamycin is immediately injected to patients with a confirmed ST-elevation myocardial 

infarction, followed by reperfusion in the catheterization laboratory and an additional 

drug administration at the next day. This treatment regime resulted in strong 

suppression of mTORC1 activity and inhibited cardiac translational activation at 2 days 

after reperfusion in mice (Figure 29C and 29D). 

 

 

Figure 29 | Rapamycin attenuates translational activation of the heart after 

reperfusion  
A and B, Quantification of cardiac (left ventricular lysates) (A) and hepatic (B) S6S235/236 phosphorylation 

in male mice at different timepoints after 6 mg/kg rapamycin treatment, n = 5 (control), n = 4 (6 hours), 

n = 3 (24 hours) as assessed by immunoblot. C, S6S235/236 phosphorylation of left ventricular lysates of 

vehicle or 2 and 6 mg/kg rapamycin treated mice 2 days after I/R surgery assessed by immunoblot, n = 

6. D, Quantification of myocardial puromycin incorporation of left ventricular lysates in vivo 2 days after 

I/R surgery in response to 6 and 2 mg/kg rapamycin treatment, n = 3-6. Rep (reperfusion), Veh (vehicle), 
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Rapa (rapamycin). * indicates p<0.05 from control or sham. # indicates p<0.05 from 2wk Rep Veh. For 

statistical analysis an unpaired two tailed t-test was used for C and one-way ANOVA with Tukey post-

hoc analysis for D. p < 0.05 was defined as significant difference. Error bars show standard error of the 

mean. Data of Figure 29 was produced jointly with Ole M. Schwerdt. Figure legends from Hofmann et 

al. 2024133. 

 

 

To further assess how this treatment regime affects cardiac injury and function, 

female and male 10-12 weeks old C57BL/6N mice were subjected to 

ischemia/reperfusion surgery and the rapamycin treatment regime described above, 

followed by functional assessment (Figure 30A). I compared Rapamycin treated mice 

to vehicle treated mice after I/R surgery and with sham operated mice. Rapamycin 

treatment did not affect myocardial cell death 24 hours after reperfusion, as assessed 

by a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 

(Figure 30B and 30C) or serum Troponin T levels (Figure 30D). However, rapamycin 

treatment showed a trend towards improved survival 2 weeks after reperfusion (Figure 

30E). While heart weight to tibia length ratio (HW/TL) was not different between all 

groups (Figure 30F), left ventricular ejection fraction was significantly improved in 

rapamycin treated mice compared to vehicle treated mice 2 weeks after I/R surgery 

(Figure 30G). Further, infarct size at 2 weeks after reperfusion was reduced in 

rapamycin treated mice (Figure 30H). However, I observed no differences between 

expression levels of the heart failure markers Nppa, Nppb, Myh7 and Col1a1 between 

sham or rapamycin treated animals (Figure 30I). 
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Figure 30 | Pharmacological mTORC1 inhibition during reperfusion protects 

against I/R injury and improves cardiac function 
A Diagram of the experimental strategy used for B-I. B and C, Representative immunostaining and 

quantification of TUNEL+-cells per view by immunofluorescence in sham or I/R surgery operated mice 

treated with vehicle or 2 and 6 mg/kg rapamycin, n = 3-4. D, Serum Troponin T levels at 24 hours after 

I/R surgery in female and male mice (n = 24-53). E, 2-week survival of sham or I/R surgery operated 

mice treated with vehicle or 2 and 6 mg/kg rapamycin corresponding to mice used for J to M, n = 7-24. 

F to I, Heart weight (HW) to body weight (BW) ratio (F), left ventricular ejection fraction of female (n = 

3-10) and male mice (n = 4-7) (G), infarct size (n = 2-6, male mice) (H), and left ventricular expression 

of Nppa, Nppb, Myh7 and Col1a1 (n = 6 for sham, n = 10 for vehicle and n = 8 for rapamycin, female 

mice) (I) 2 weeks after sham or I/R surgery operated mice treated with vehicle or 2 and 6 mg/kg 

rapamycin. Rep (reperfusion), Veh (vehicle), Rapa (rapamycin). * indicates p<0.05 from control or sham. 

# indicates p<0.05 from 2wk Rep Veh. For statistical analysis one-way ANOVA with Tukey post-hoc 

analysis was used for C, D, F, G, H and I. The logrank test was used to test for differences between 

survival curves using GraphPad Prism 7.0 for E. p < 0.05 was defined as significant difference. Error 

bars show standard error of the mean. A made in ©BioRender - biorender.com. Data of Figure 30 was 

produced jointly with Ole M. Schwerdt. Figure legends from Hofmann et al. 2024133. 
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I observed no obvious sex differences for serum Troponin T levels or left 

ventricular ejection fraction between male and female mice after I/R surgery and 

rapamycin treatment (Figure 31). However, in the separate analysis between female 

and male mice, left ventricular ejection fraction of rapamycin treated mice did not reach 

statistically significant difference compared to vehicle treated mice after I/R surgery 

(cutoff of p < 0.05). 

 

 

 

Figure 31 | Sex-based sub-analysis of rapamycin treated mice after I/R surgery 
A and B, Serum Troponin T levels of female (A) and male (B) mice that were treated with vehicle or 

rapamycin. Serum TnT levels of blood taken 24 hours after I/R surgery. C and D, Left ventricular ejection 

fraction of female (C) and male (D) mice 2 weeks after sham or I/R surgery operated mice treated with 

vehicle or rapamycin. Rep (reperfusion), Veh (vehicle). * indicates p<0.05 from control or sham. # 

indicates p<0.05 from 2wk Rep Veh. For statistical analysis one-way ANOVA with Tukey post-hoc 

analysis was used. p < 0.05 was defined as significant difference. Error bars show standard error of the 

mean. Data of Figure 31 was produced jointly with Ole M. Schwerdt. Figure legends from Hofmann et 

al. 2024133. 
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Rapamycin is a partly selective pharmacological mTORC1 inhibitor. Therefore, 

the observed cardioprotective effects may have also resulted from effects independent 

of translational regulation by the mTORC1-4EBP1-eIF4F axis. To more specifically 

study the functional relevance of mTORC1-dependent translational activity after 

reperfusion, the competitive eIF4E/eIF4G interaction inhibitor 4EGI-1 was used in vivo. 

First, increasing dosages of 4EGI-1 were i.p. injected to male mice and translational 

activity of left ventricular lysates were assessed by a puromycin assay (Figure 32A). 

Both 50mg/kg and 100mg/kg 4EGI-1 resulted in a significant attenuation of cardiac 

translation rates 6 hours after i.p. injection (Figure 32A). However, as the 100mg/kg 

dosage was associated with signs of systemic toxicity (3 of 5 injected mice deceased), 

I selected 50mg/kg 4EGI-1 i.p. for further investigation. A single i.p. injection of 50 

mg/kg 4EGI-1 resulted in persistent attenuation of left ventricular translation rates for 

at least 24 hours, without disrupting upstream mTORC1 activity (Figure 32B and 32C). 

 

Figure 32 | 4EGI-1 inhibits cardiac translation in vivo  
A and B, Quantification of myocardial puromycin incorporation in vivo after 6 hours of 4EGI-1 treatment 

with different concentrations, n = 6 (0, 25 and 50 mg/kg); n = 2 (10 mg/kg and 100 mg/kg), (A) or at 

different timepoints after 4EGI-1 treatment, n = 5 (control), n = 4 (6 hours), n = 3 (24 hours)  (B) as 

assessed by immunoblot. Puromycin was i.p. injected 30 minutes before animals were sacrificed. C, 

S6S235/236 phosphorylation of left ventricular lysates of vehicle or 50 mg/kg 4EGI-1 treated mice 2 days 

after I/R surgery assessed by immunoblot, n = 4. Rep (reperfusion), Veh (vehicle). * indicates p<0.05 

from control. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for A and 

B. An unpaired two tailed t-test was used for C. p < 0.05 was defined as significant difference. Error 

bars show standard error of the mean. Data of Figure 32 was produced jointly with Ole M. Schwerdt. 

Figure legends from Hofmann et al. 2024133. 
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Next, female and male mice were subjected to I/R surgery and treated with 

4EGI-1. A similar approach comparable to the selected rapamycin treatment was 

chosen (50mg/kg 4EGI-1 i.p. 30 minutes before reperfusion, followed by a second 

50mg/kg 4EGI-1 i.p. injection after 24 hours) (Figure 33A). The success of I/R surgery 

was determined by serum Troponin T, which was positively correlated to myocardial 

cell death, assessed by TUNEL staining (Figure 33B). No difference of myocardial cell 

death between vehicle and 4EGI-1 treated mice was observed by the quantification of 

TUNEL positive cells 24 hours after reperfusion (Figure 33C and 33D). Further, 4EGI-

1 treatment did not affect serum Troponin T levels 24 hours after reperfusion, or 

survival up to 2 weeks or heart weight to tibia length ratios (Figure 33E to 33G). 

However, similar to the observations made with rapamycin treatment, transient 4EGI-

1 treatment during and shortly after reperfusion resulted in improved left ventricular 

ejection fraction (Figure 33H) and reduced infarct size (Figure 33I). There was a trend 

towards reduced expression of heart failure markers in 4EGI-1-treated mice after I/R 

surgery compared to vehicle, but this only reached significance for Myh7 (Figure 33J). 

 

As with rapamycin, I observed no obvious sex differences between female and 

male mice for serum Troponin T levels or left ventricular ejection fraction after I/R 

surgery compared to vehicle treated animals (Figure 34). 
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Figure 33 | Short-term inhibition of eIF4F-dependent translation during 

reperfusion improves cardiac function  
A, Diagram of the experimental strategy used for B-J. B, Correlation of TUNEL+-cells to serum Troponin 

T levels. C, Representative immunostaining and D, quantification of TUNEL+-cells per view by 

immunofluorescence in sham or I/R surgery operated mice treated with vehicle or 50 mg/kg 4EGI-1, n 

= 3-4. E, Serum Troponin T levels at 24 hours after I/R surgery in female (n = 2-13) and male mice (n = 

7-25). F, 2-week survival of sham or I/R surgery operated mice treated with vehicle or 50 mg/kg 4EGI-

1 corresponding to mice used for G to J, n = 5-27. G, H, I and J, Heart weight (HW) to body weight (BW) 

ratio (G), left ventricular ejection fraction of female (n = 2-13) and male mice (n = 7-19) (H), infarct size 

(n = 2-5 male mice) (I), and left ventricular expression of Nppa, Nppb, Myh7 and Col1a1 (n = 4-6 female 

mice and 8-14 male mice) (J) 2 weeks after sham or I/R surgery operated mice treated with vehicle or 

50 mg/kg 4EGI-1. Rep (reperfusion), Veh (vehicle). * indicates p<0.05 from control or sham. # indicates 

p<0.05 from 2wk Rep Veh. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was 

used for D, E, G, H, I and J. The logrank test was used to test for differences between survival curves 

using GraphPad Prism 7.0 for F. p < 0.05 was defined as significant difference. Error bars show standard 

error of the mean. A made in ©BioRender - biorender.com. Data of Figure 33B-D was produced jointly 

with Adrian Serafin. Data of Figure 33E-J was produced jointly with Ole M. Schwerdt. Figure legends 

from Hofmann et al. 2024133. 
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Figure 34 | Sex-based sub-analysis of 4EGI-1 treated mice after I/R surgery 
A and B, Serum Troponin T levels of female (A) and male (B) mice that were treated with vehicle or 

4EGI-1. Serum TnT levels of blood taken 24 hours after I/R surgery. C and D, Left ventricular ejection 

fraction of female (C) and male (D) mice 2 weeks after sham or I/R surgery operated mice treated with 

vehicle or 4EGI-1. Rep (reperfusion), Veh (vehicle). * indicates p<0.05 from control or sham. # indicates 

p<0.05 from 2wk Rep Veh. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was 

used. p < 0.05 was defined as significant difference. Error bars show standard error of the mean. Data 

of Figure 34 was produced jointly with Ole M. Schwerdt. Figure legends from Hofmann et al. 2024133. 
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biological replicate from the identical lysate. Library quality control revealed high data 

quality (Figure 35). I removed reads from rRNAs, mtRNAs, tRNAs, snRNAs and of 

other ncRNAs from all libraries prior to further data analysis (Figure 35A and 35B). 

Ribo-Seq libraries retained sufficient periodic and uniquely mapping reads of correct 

ribosomal footprint length, that primarily mapped to mRNA coding sequence and 

showed in-frame periodicity (Figure 35C to 35E). Read p-site offset and read length 

were chosen by unbiased Bayesian model selection for each library and I selected 

reads mapping to genes with an average count of 10 per million reads for further 

analysis (Figure 35G to 35J). Principal component analysis strongly separated sham 

from I/R operated mice both for Ribo-Seq and RNA-Seq libraries (Figure 35K and 35L). 

 

Reads of translated mRNAs (Ribo-Seq) covered most detected transcripts 

(RNA-Seq) and detected almost all proteins detected by mass spectrometry across all 

libraries (Figure 36A). There was a positive correlation between relative changes of 

gene expression after reperfusion by mass spectrometry compared to RNA-Seq and 

Ribo-Seq (Figure 36B and 36C). As expected, Ribo-Seq correlated slightly better with 

gene expression changes by mass spectrometry compared to RNA-Seq (r = 0.5636 vs 

r = 0.5169). At a false discovery rate (FDR) cutoff of < 0.01 569 genes were significantly 

different expressed by both RNA-Seq and Ribo-Seq, 425 genes exclusively by RNA-

Seq and 325 genes exclusively by Ribo-Seq (Figure 36D). 
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Figure 35 | Quality control of RNA-Seq and Ribo-Seq data of sham or I/R surgery 

operated mice 

P-site offset: 0. Likelihood too small P-site offset: -6. Likelihood too small P-site offset: -7. Used for analysis P-site offset: 0. Likelihood too small

P-site offset: -9. Likelihood too small P-site offset: -12. Used for analysis P-site offset: -12. Likelihood too small P-site offset: -13. Likelihood too small

P-site offset: -13. Used for analysis P-site offset: -13. Used for analysis P-site offset: -13. Used for analysis P-site offset: -14. Likelihood too small

P-site offset: -15. Likelihood too small P-site offset: -15. Count too small
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Figure 35 | Quality control of RNA-Seq and Ribo-Seq data of sham or I/R surgery 

operated mice 
A and B, Dot plot displaying the average fraction of raw sequence reads derived from rRNA, mtRNA, 

tRNA, snRNA and other ncRNA for RNA-Seq (A) and Ribo-Seq (B) data of left ventricular lysates 

derived from sham or I/R surgery operated mice. Only the 8cleaned9 reads are used for subsequent data 

analysis. C, Ribo-seq read counts of all libraries showing periodic (usable), non-periodic, multi-mapped 

and non-aligning reads, when mapped to the mouse transcriptome. D, Beeswarm plot visualizing the 

sequenced ribosome footprint lengths across all samples. E, Bar plot showing the percentage of reads 

mapping to the coding sequence (CDS) and 52 and 32 untranslated regions (UTR) of annotated protein-

coding genes. Each line represents a separate sample. F, Bar plot summarizing the ribosome protected 

footprint periodicity for all samples as the percentage of footprints that match the three reading frames 

of the annotated coding sequence genome wide. G, Graphical representation of the periodic profile 

Bayesian model selection showing results for different read lengths and p-site offsets for one typical 

library. H, Periodic footprint lengths and P-offset for all used libraries. I and J, Histograms showing the 

expression level of genes as measured by RNA-seq (I) and Ribo-Seq (J). Expression levels of all genes 

across all samples are included. Genes that met our expression cutoff of 10 counts per million (CPM) 

are colored red. K and L, Principal component analysis of RNA-seq (K) and Ribo-seq (L) libraries after 

sham or I/R surgery. Rep (reperfusion). Detailed information on statistical analysis can be found in the 

method section. Figure legends from Hofmann et al. 2024133. 

 

 

 

 

Figure 36 | Parallel generation of RNA-seq, Ribo-seq and Mass spectrometry 

libraries of mouse hearts after reperfusion  

A, Venn diagram of gene products detected in the transcriptome, translatome, and proteome of left 

ventricular lysates 2 days after I/R surgery in this study.  B and C, Gene-based scatterplot showing the 

correlation between RNA-seq (blue, B) and Ribo-seq (red, C) expression levels and protein abundance 

by mass spectrometry. Correlation coefficients are Pearson r values. D, Scatter plot of Ribo-seq vs. 

RNA-seq in sham- and I/R-operated mice 2 days after surgery. Transcripts were considered significant 

when false discovery rate <0.01. Gray dots indicate no significant change. Significant change at 

translational level is shown in red, at transcriptional level in blue, and regulation at both translational and 

transcriptional levels in green. N g 3 for each time point. RNA-seq Sham n = 5, RNA-seq Rep n = 3, 

Ribo-seq Sham n = 5, Ribo-seq Rep n = 3, mass spectrometry Sham = 2, mass spectrometry Rep n = 

3. Rep (reperfusion). Detailed information on statistical analysis can be found in the method section. 

Figure legends from Hofmann et al. 2024133. 
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A gene ontology analysis of biological processes enriched in genes expressed 

significantly different by Ribo-Seq revealed that transcripts related to processes of cell 

migration, cell adhesion, inflammation and cytoskeleton organization were significantly 

more translated, whereas transcripts related to mitochondrial translation, mitochondrial 

respiration and cardiac muscle contraction were significantly less translated in 

cardiomyocytes 2 days after reperfusion (Figure 37A and 37B). Transcripts previously 

shown to be encoded in an mTOR-dependent manner were significantly more 

translated after reperfusion, while their transcription was not different to other genes 

(Figure 37C). This further indicates that activation of the mTORC1 pathway results in 

translational activation of specific classes of transcripts in response to cardiac 

ischemia/reperfusion. 

 

Due to the strong upregulation of genes related to inflammation and cell 

inflammation, the effects of transient inhibition of translation after reperfusion on 

immune cell infiltration to the injured myocardium was assessed. The gating strategy 

selected leukocytes by CD45, followed by gating of neutrophils and 

macrophages/monocytes by CD11b and the relative signal intensity of a lineage panel 

consisting of Ter119, CD90, B220, CD49b, NK1.1 and Ly6G (Figure 38). Monocytes 

and macrophages were further differentiated by the relative signal intensity for Ly6C 

and F40/80 (Figure 38). 
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Figure 37 | Cell-type-specific Ribo-seq identifies the translational response of 

cardiomyocytes to reperfusion  
A, Enrichment of GO terms for translationally up- and downregulated transcripts in cardiomyocytes 2d 

after reperfusion. The eight most significant GO terms per group were displayed. B, Unbiased clustering 

analysis of RNA-seq and Ribo-Seq of differently expressed genes 2d after I/R surgery. Different colors 

indicate different clusters. Enriched GO terms containing more than 5 significantly regulated 

genes/transcripts are shown on the right for each cluster. C, Cumulative fraction of all detected 

transcripts and detected cardiac mTOR-dependent mRNAs relative to their fold change of RNA-seq 

(top) or Ribo-seq (below). Cardiac mTOR-dependent mRNAs were defined as genes with a heart-

specific TOP score g 2 from Philippe et al105 that were expressed in our RNA-seq and Ribo-seq datasets. 

RNA-seq Sham n = 5, RNA-seq Rep n = 3, Ribo-seq Sham n = 5, Ribo-seq Rep n = 3, mass 

spectrometry Sham = 2, mass spectrometry Rep n = 3. Rep (reperfusion). Detailed information on 

statistical analysis can be found in the method section. Figure legends from Hofmann et al. 2024133. 
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Figure 38 | FACS gating strategy used for Figure 39 
A, Gating strategy and representative flow cytometric plots of mouse hearts 2 days after sham or I/R 

surgery treated with vehicle, 2 and 6 mg/kg rapamycin or 50 mg/kg 4EGI-1. Left ventricular anterior 

walls that contained the infarct and border zone were lysed and used as input to enrich for infiltrated 

immune cells. Lineage represents the combined signal intensity for Ter119, CD90, B220, CD49b, NK1.1 

and Ly6G. Data of Figure 38 was produced jointly with Adrian Serafin. Figure legends from Hofmann et 

al. 2024133. 

 

FACS based immune cell enumeration revealed that both a transient treatment 

with rapamycin or 4EGI-1 resulted in a marked reduction of myocardial 

monocytes/macrophage numbers (Figure 39). There was a stronger suppression of 

proinflammatory Ly6Chigh monocytes compared to Ly6Clow macrophages (Figure 39C 

and 39D), indicative of an inhibition of the infiltration of monocytes during the early 

inflammatory phase after cardiac injury by pharmacological inhibition of the mTORC1-

4EBP1-eIF4E axis. There was no effect on myocardial neutrophil numbers (Figure 

42B), suggesting that rapamycin or 4EGI-1 affect a signaling axis early after 

reperfusion that specifically regulates monocyte infiltration rather than acting anti-

inflammatory in general. 
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Figure 39 | Pharmacological inhibition of the mTORC1-4EBP1-eIF4F axis 

attenuates proinflammatory Ly6Chigh monocyte infiltration to the myocardium 

A to D, Flow-cytometry based enumeration of leukocytes (A), neutrophiles (B). Ly6Chigh monocytes (C) 

and Ly6Clo/F40+ macrophages (D) per mg heart tissue 2 days after sham or I/R surgery in animals 

treated with vehicle, 2 and 6 mg/kg rapamycin, or 50 mg/kg 4EGI-1, n = 3-8. Rep (reperfusion), Veh 

(vehicle). * indicates p<0.05 from sham. # indicates p<0.05 from 2d Rep Veh. For statistical analysis 

one-way ANOVA with Tukey post-hoc analysis was used for A, B, C and D. p < 0.05 was defined as 

significant difference. Error bars show standard error of the mean. Data of Figure 39 was produced 

jointly with Adrian Serafin. Figure legends from Hofmann et al. 2024133. 

 

 

mTORC1 inhibitors are clinically used as immunosuppressants or anti-

proliferative agents. To evaluate immunosuppressive off-target effects, circulating 

immune cells and proliferative bone marrow cells were quantified (Figure 40 and Figure 

41). Neither rapamycin or 4EGI-1 reduced circulating monocyte numbers (Figure 40) 

or proliferative bone marrow cells (Figure 41), suggesting that the reduced myocardial 

monocyte numbers after transient inhibition of the mTORC1-4EBP1-eIF4E axis results 

from an impairment of cell infiltration rather than cell proliferation, which would be in 

line with the Ribo-Seq data that showed that transcripts that are significantly more 

translated 2 days after reperfusion are enriched for functions related to cell migration 

(Figure 37A). 
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Figure 40 | Blood cell count of mice after I/R surgery and treatment with 

rapamycin or 4EGI-1 
A to E, Blood cell count of red blood cells (A), leucocytes (B), lymphocytes (C), granulocytes (D) and 

monocytes (E) 24 hours after I/R surgery in male mice in treated with vehicle, 2 and 6 mg/kg rapamycin 

or 50 mg/kg 4EGI-1, n = 3-13. Rep (reperfusion), Veh (vehicle), Rapa (rapamycin). * indicates p<0.05 

from pre-surgery. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for A 

to E. p < 0.05 was defined as significant difference. Error bars show standard error of the mean. Data 

of Figure 40 was produced jointly with Adrian Serafin. Figure legends from Hofmann et al. 2024133. 

 

 

Figure 41 | Bone marrow proliferative cells of mice after I/R surgery and 

treatment with rapamycin or 4EGI-1  

A and B. Flow-cytometry based enumeration of bone marrow c-Kit+/Sca1+ cells (A) and bone marrow 

c-Kit+/Sca1+/Ki67+ cells (B) 2 days after sham or I/R surgery in animals treated with vehicle, 2 and 6 

mg/kg rapamycin, or 50 mg/kg 4EGI-1, n = 2-6. Rep (reperfusion), Veh (vehicle). For statistical analysis 

one-way ANOVA with Tukey post-hoc analysis was used. p < 0.05 was defined as significant difference. 

Error bars show standard error of the mean. Data of Figure 41 was produced jointly with Adrian Serafin. 

Figure legends from Hofmann et al. 2024133. 
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As transient pharmacological inhibition of the mTORC1-4EBP1-eIF4E axis 

appeared to inhibit certain inflammatory signals that may be involved in the 

cardioprotective effects of rapamycin and 4EGI-1 after I/R surgery, the expression of 

classical inflammatory markers of sham or I/R operated mice, treated with vehicle, 

rapamycin or 4EGI-1 was quantified in left ventricular lysates (Figure 42). While there 

was a trend towards attenuated tumor necrosis factor (Tnf) expression after rapamycin 

or 4EGI-1 treatment, which did not reach statistical significance defined as p < 0.05 by 

one-way ANOVA, and a decrease of interleukin 1b (Il1b) expression after 4EGI-1 

treatment, the examined gene expression profile did not indicate a downregulation of 

cardiac inflammation in general as the driving factor of inhibition of monocyte infiltration 

to the injured heart (Figure 42), further supporting the hypothesis of a specific 

mTORC1-4EBP1-eIF4E axis-regulated pathway that mediates monocyte infiltration. 

 

 

Figure 42 | Inhibition of the mTORC1-4EBP1-eIF4F axis has minor effects on 

selected inflammatory markers that do not explain impaired monocyte 

infiltration  

mRNA levels of selected inflammatory genes of left ventricular lysates 2 days after sham or I/R surgery 

in animals treated with vehicle, 2 and 6 mg/kg rapamycin, or 50 mg/kg 4EGI-1 measured by RT-qPCR, 

n = 6-9. Rep (reperfusion), Veh (vehicle). * indicates p<0.05 from sham. x indicates p<0.05 from 2d Rep 

Rapa. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used. p < 0.05 was 

defined as significant difference. Error bars show standard error of the mean. Data of Figure 42 was 

produced jointly with Adrian Serafin. Figure legends from Hofmann et al. 2024133. 
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The RNA-Seq and Ribo-Seq data revealed that C-C Motif Chemokine Ligand 2 

(Ccl2) gene and transcript, also known as Monocyte Chemoattractant Protein-1 (MCP-

1), was one of the strongest regulated genes 2 days after reperfusion (Figure 43A to 

43C). The CCL2 protein is a secreted chemokine that displays strong chemotactic 

activity for monocytes.163 It has been implicated as an essential element for the 

attraction of monocytes to the injured heart after myocardial infarction.22,163 The Ccl2 

gene was previously primarily shown to be expressed by immune cells and 

fibroblasts,164 however recent reports also indicated Ccl2 gene expression and release 

of the CCL2 protein by cardiomyocytes in response to ischemia and reperfusion.1653167 

Indeed, Ccl2 transcript expression was almost undetectable at baseline in the 

cardiomyocyte-specific Ribo-Seq dataset but was strongly expressed after I/R (Figure 

43C). Whole left ventricular lysates of vehicle, rapamycin or 4EGI-1 treated mice 

revealed that Ccl2 mRNA and CCL2 protein is strongly induced 2 days after 

reperfusion compared to sham-operated mice and that this upregulation was 

significantly blunted after rapamycin or 4EGI-1 treatment both on the transcript and 

protein level (Figure 43D and Figure 43E). This indicates translational dependence of 

CCL2 upregulation after cardiac reperfusion. However, as monocytes themself 

strongly express Ccl2 mRNA and CCL2 protein, reduced Ccl2 transcript levels and 

CCL2 protein levels may also stem from impaired monocyte infiltration to the 

myocardium. CCL2 staining of the border zone of vehicle or 4EGI-1 treated animals 

revealed a perinuclear vesicle like staining pattern typical of a secreted chemokine and 

confirmed that a variety of different cell types, including cardiomyocytes, induce CCL2 

protein after reperfusion (Figure 43F). This upregulation of CCL2 in border zone cells 

was attenuated after pharmacological inhibition of mTORC1-dependent translation 

(Figure 43F). A FACS analysis of the reperfused left ventricular anterior wall showed 

that 4EGI-1 treatment did not affect the relative frequency and intensity of CCL2 of 
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cardiac monocytes but reduced overall numbers of detected monocytes by FACS 

(Figure 43G to 43I). The gating strategy I used to quantify CCL2 levels of cardiac 

monocytes is shown in Figure 44. This data indicates that the inhibition of cardiac CCL2 

protein levels after pharmacological inhibition of the mTORC1-4EBP1-eIF4E axis is 

the result of both attenuated Ccl2 gene activation and synthesis of border zone cells, 

as well as of impaired infiltration of CCL2-expressing monocytes. 

 

 

Figure 43 | Inhibition of mTORC1-4EBP1-eIF4F dependent translation during 

reperfusion attenuates cardiac Ccl2 expression  

A, Scatter plot of Ribo-seq vs. RNA-seq in sham- and I/R-operated mice 2 days after surgery highlighting 

Ccl2 expression (red). B and C, RNA-seq and Ribo-seq expression data of Ccl2 in sham and I/R 

operated mice (CPM - count per million), n = 3-5. D and E, Ccl2 mRNA levels, measured by RT-qPCR 

n = 6-9 (D) and CCL2 immunoblot, n = 2-4 (E) of left ventricular lysates 2d after sham or I/R surgery in 

animals treated with vehicle, 2 and 6 mg/kg rapamycin, or 50 mg/kg 4EGI-1. F Representative CCL2 
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(pink) and Troponin T (green) immunostaining and respective quantifications of the border zone of mice 

24h after sham or I/R surgery which were treated with vehicle or 50mg/kg 4EGI-1, n = 4, approximately 

600 cells were counted per animal. G to I, FACS quantification of CCL2 positive Ly6Chi monocytes (G), 

representative CCL2 monocyte histogram (H) and quantification of median CCL2 intensity of CCL2-

positive Ly6Chi monocytes (I) of vehicle or 4EGI-1 treated mice 48h after I/R surgery. Rep (reperfusion), 

Veh (vehicle). * indicates p<0.05 from sham. # indicates p<0.05 from 2d Rep Veh. x indicates p<0.05 

from 2d Rep Rapa. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for 

D, E and F.  An unpaired two tailed t-test was used for B, C, G and I. p < 0.05 was defined as significant 

difference. Error bars show standard error of the mean. Data of Figure 43D was produced jointly with 

Adrian Serafin. Figure legends from Hofmann et al. 2024133. 

 

 

Figure 44 | FACS gating strategy used to quantify monocyte CCL2 levels 

A, Gating strategy and representative flow cytometric plots of mouse hearts 2 days after sham or I/R 

surgery treated with vehicle or 50 mg/kg 4EGI-1. Left ventricular anterior walls that contained the infarct 

and border zone were lysed and used as input to enrich for infiltrated immune cells. The marked area 

of the histogram was defined as CCL2+ monocytes. Figure legends from Hofmann et al. 2024133. 
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regulation of Ccl2 transcript levels (Figure 45A). Of those, JUNB and STAT3 were 

previously shown to regulate Ccl2 expression during conditions of cellular stress.168,169 

Interestingly, Junb and Fosl2 form the AP-1 transcription factor that is involved in the 

regulation of inflammatory responses in the heart.170 Through analysis of previously 

published Assay for Transposase-Accessible Chromatin coupled to high-throughput 

sequencing (ATAC-Seq) data of mouse hearts after myocardial infarction171 I revealed 

an AP-1 consensus motif and several JASPAR-predicted AP-1 and STAT3 binding 

sites in two Ccl2 promotor regions that have increased chromatin accessibility after 

myocardial infarction (Figure 45B and 45C). However, neither rapamycin or 4EGI-1 

reduced JUNB or FOSL2 levels after reperfusion (Figure 45D). In addition, both drugs 

did not affect AP-1 promotor activity of a luciferase reporter expressed in Hela cells 

(Figure 45E). While this data makes the AP-1 transcription factor less likely to be a 

responsible driver of reduced cardiac CCL2 levels after pharmacological inhibition of 

the mTORC1-4EBP1-eIF4E axis, it cannot be fully excluded that AP-1 or other 

transcription factors such as STAT3 are at least partly involved in the translational-

dependent regulation of CCL2 in the injured heart after reperfusion. 
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Figure 45 | Candidate transcription factors regulated by translation that control 

Ccl2 expression after myocardial infarction and reperfusion  

A, Venn diagram showing the intersection of transcripts significantly upregulated 2d after reperfusion 

and of transcriptions factors predicted to bind the Ccl2 promotor sequence. The blue square labels gene 

products that form the AP-1 transcription factor. Gene names labeled in red were previously shown to 

control Ccl2 expression. Binding sites were analyzed -500bps to +100bps of the Ccl2 transcription start 

site. B and C, Integrated Genome Viewer (IGV) tracks of normalized Assay for Transposase-Accessible 

Chromatin coupled to high-throughput sequencing (ATAC-Seq) data of sham or 7d MI operated mice at 

the Ccl2 locus showing chromatin accessibility and its relative localization to STAT3 (B) or AP-1 (C) 

binding sites. The region of interest was defined as the ATAC peak called by the Macs2 peak calling 

software for the Ccl2 promoter. D, Immunoblot and quantification of JUNB and FOSL2 protein levels of 

left ventricular lysates after rapamycin or 4EGI-1 treatment 2d after reperfusion, n = 3-5. E, Effect of 

rapamycin or 4EGI-1 on the activity of AP-1 binding sites upstream of a luciferase reporter expressed 

in Hela cells. * indicates p<0.05 from sham. For statistical analysis one-way ANOVA with Tukey post-

hoc analysis was used. p < 0.05 was defined as significant difference. Error bars show standard error 

of the mean. Data was generated from publicly available ATAG-Seq data published by van 

Duijvenboden et al171. Figure legends from Hofmann et al. 2024133. 
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To further explore the involvement of cardiomyocytes in the regulation of cardiac 

CCL2 levels, I confirmed the secretion of CCL2 protein from isolated adult rat 

cardiomyocytes in vitro. Simulated ischemia and reperfusion resulted in secretion of 

CCL2 from cardiomyocytes to the culture medium, confirming that cardiomyocytes do 

express and release the CCL2 protein in response to reperfusion (Figure 46A). The 

amount of CCL2 protein detected in the culture medium was strongly inhibited after 

4EGI-1 treatment, further confirming the involvement of the mTORC1-4EBP1-eIF4E 

axis in the release of CCL2 from cardiomyocytes (Figure 46B). To study whether the 

inhibition of the mTORC1-4EBP1-eIF4E axis directly affects the translation of cardiac 

Ccl2 mRNA in cardiomyocytes of mice subjected to I/R surgery, I isolated ribosomes 

of cardiomyocytes from Ribo-tag mice infected with a cardiotropic control-AAV9 or 

4EBP1-AAV9 2 days after reperfusion (Figure 46C). Input lysates confirmed the 

overexpression of 4EBP1 and blotting of human influenza hemagglutinin (HA) after 

HA-RPL22 immonuprecipitation showed successful isolation of ribosomes (Figure 

46C). Quantification of ribosome-associated Ccl2 mRNA, indicative of active 

translation of the transcript, revealed increased ribosome association of Ccl2 mRNA 2 

days after reperfusion in cardiomyocytes, which was completely inhbited after 4EBP1 

overexpression (Figure 46D). I observed similar findings when I isolated Ccl2 mRNA 

from actively translating polysomes after pharmacological eIF4F inhibition with 4EGI-

1 (Figure 46E). Serum CCL2 protein of mice 2 days after reperfusion was significantly 

inhibited after AAV9-mediated overexpression of 4EBP1 in cardiomyocytes, indicating 

that the translational-dependent upregulation of CCL2 protein in cardiomyocytes 

contributes to total CCL2 levels and may contribute to the release of CCL2 protein from 

the injured myocardium (Figure 46F).   
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Figure 46 | eIF4F-dependent translation of the chemokine CCL2 in border zone 

cardiomyocytes  

A, CCL2 media levels of ARCMs after sI/R (1h ischemia and increasing times of reperfusion). B, CCL2 

media levels of ARCMs treated with vehicle or 100µM 4EGI-1 after sI/R (1h ischemia and 6h 

reperfusion). Treatment was initiated with reperfusion. C, Representative immunoblot of input and HA-

RPL22 immunoprecipitation of border zone lysates 2 days after sham or I/R surgery in animals treated 

with AAV9-Ctr or AAV9-4EBP1, confirming successful precipitation and 4EBP1 overexpression in 

cardiomyocytes. D, Ccl2 mRNA levels of cardiac border zone lysates 2 days after sham or I/R surgery 

in animals treated with AAV9-Ctr or AAV9-4EBP1 (left) and quantification of RPL22-associated Ccl2 

mRNA levels - indicative of active translation of Ccl2 transcripts - of border zone lysates 2 days after 

sham or I/R surgery in animals treated with AAV9-Ctr or AAV9-4EBP1 (right). E, Quantification of 

polysome-associated Ccl2 mRNA transcript levels normalized to polysome-associated Hprt transcript 

levels. All polysome-associated mRNA levels were normalized to their respective input (cell lysate) 

mRNA levels. n = 4. F, Serum CCL2 protein levels 2 days after reperfusion following cardiomyocyte-

specific 4EBP1 overexpression in AAV9-Ctr or AAV9-4EBP1 treated mice. * indicates p<0.05 from 

sham. # indicates p<0.05 from 2d Rep AAV9-Ctr. For statistical analysis one-way ANOVA with Tukey 

post-hoc analysis was used for A, D and F. An unpaired two tailed t-test was used for B and E. p < 0.05 

was defined as significant difference. Error bars show standard error of the mean. Figure legends from 

Hofmann et al. 2024133. 
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Figure 47 | Clustering of cardiac cells based on gene expression from sham or 

I/R surgery operated mice  

A, Uniform manifold approximation and projection (UMAP) clustering of cardiac cells from sham (1d and 

14d) and I/R operated mice (1d, 3d, 14d). B, Number of cells per cluster originating from sham or I/R 

surgery operated mice. C to F, Violin plots showing the mRNA expression of marker genes of main 

cardiac cell types to identify cardiomyocytes (C), fibroblasts (D), endothelial cells (E) and immune cells 

(F). Data are shown as normalized transcript counts on a color-coded linear scale. Data was generated 

from publicly available mouse single-cell transcriptomics data published by Molenaar et al148. Figure 

legends from Hofmann et al. 2024133. 
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As the significant contribution of cardiomyocytes to cardiac CCL2 protein levels 

and CCL2 protein release after injury was a rather unexpected finding, the relative 

expression of Ccl2 mRNA across different cardiac cell types was assessed in a 

previously published single cell RNA-Seq dataset of hearts after I/R surgery.148 The 

raw sequencing data was re-analyzed and uniform manifold approximation and 

projection (UMAP) clustering of cardiac cells from sham (1d and 14d) and I/R operated 

mice (1d, 3d, 14d) revealed separate clustering of eight populations in four major 

clusters, which I defined as cardiomyocytes, fibroblasts, endothelial cells and immune 

cells (Figure 47). 

 

The single cell RNA-Seq dataset revealed the upregulation of Ccl2 transcript 

levels early after reperfusion across all detected cell types, including cardiomyocytes 

(Figure 48). The transient increase of Ccl2 mRNA expression with a peak at day 1, 

followed by attenuation of its transcription at 3 days and return to baseline levels at 14 

days after reperfusion is in line with the dynamics of monocyte infiltration to the injured 

myocardium after reperfusion.30 

 

To further quantify the localization of cardiac Ccl2 mRNA expression after 

myocardial infarction, a previously published full-length spatial transcriptomics dataset 

of infarcted mouse hearts152 revealed that Ccl2 becomes specifically expressed in cells 

of the infarct and border zone (Figure 49A and Figure 49C). The quantification of Ccl2 

mRNA levels across different cell types confirmed that almost every cell type increased 

Ccl2 mRNA expression after myocardial infarction and that in cardiomyocytes this 

response was limited to border zone cells (Figure 49B and 49D).  
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Figure 48 | Ccl2 mRNA expression across different cardiac cell types after 

reperfusion  

A, Uniform manifold approximation and projection (UMAP) map indicating the expression of Ccl2 mRNA 

in different identified cardiac cell populations. Data are shown as normalized transcript counts on a 

color-coded linear scale. Different cell populations are highlighted by colored circles. B to F, Violin plots 

showing the mRNA expression of Ccl2 in all cells (B), cardiomyocytes (C), fibroblasts (D), endothelial 

cells (E) and immune cells (F) in sham mice or after increasing timepoints after reperfusion. According 

to Seurat LogNormalize, gene expression measurements for each cell are normalized to total 

expression, multiplied by a scaling factor of 10000, and log-transformed. A to F were generated from 

publicly available mouse single-cell transcriptomics data published by Molenaar et al.148 Detailed 

information on the statistical analysis of scRNA-seq can be found in the method section. Figure legends 

from Hofmann et al. 2024133. 
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Figure 49 | Cell-type-specific Ccl2 expression across the infarct, border, and 

remote zone of infarcted mouse hearts   

A, Annotation of mouse heart regions after myocardial infarction via short-read clustering. UMAP 

representation of regions (top) and expression of Ccl2 mRNA in the respective regions (bottom). B to 

D, Dot plot showing the expression of Ccl2 mRNA across all inferred cells (B), across the infarct, border 

zone and remote area for all calls (C), and across the infarct, border zone and remote area only for 

cardiomyocytes (D). Detailed information on the statistical analysis of full-length spatial transcriptomics 

data can be found in the method section. Data was generated from publicly available mouse 

transcriptomics data published by Boileau et al152. Figure legends from Hofmann et al. 2024133. 

 

 

The full-length spatial transcriptomics dataset of infarcted mouse hearts was 

also used to assess the mRNA expression of the potential upstream Ccl2 regulators 

Junb, Fosl2 and Stat3. All three candidate transcription factors were increasingly 

expressed by a variety of cell types, including cardiomyocytes, at similar regions of 

Ccl2 mRNA expression, again not excluding their involvement in cardiac Ccl2 

transcript regulation (Figure 50). 
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Figure 50 | Spatial and cell-type-specific expression of Ccl2 and potential 

upstream transcriptional regulators after myocardial infarction 
A, Dot plot showing the expression of Ccl2, Stat3, Fosl2 and Junb mRNA across all inferred cells in the 

heart after MI. B, Expression of selected markers in one representative heart axis section. C and D, Dot 

plot showing the expression of Ccl2, Stat3, Fosl2 and Junb mRNA across all inferred cells across the 

infarct, border zone and remote area for all calls (C), and across the border zone and remote area only 

for cardiomyocytes (D). Figure legends from Hofmann et al. 2024133. 
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in attenuated release of CCL2 protein to the perfusion media (Figure 51B), ex vivo 

4EGI-1 treatment was not associated with improved cardiac function and contractility 

at concentrations up to 25¿M (Figure 51C to 51E). Higher dosages (50¿M) resulted in 

strong cardiac toxicity with near complete loss of contractility and left ventricular 

developed pressure, further highlighting the risk of fully inhibiting translation in the 

heart. This data indicates the absence of an immediate protective effect that is 

mediated by cardiac-intrinsic cells after pharmacological mTORC1-4EBP1-eIF4E axis 

inhibition, suggesting a non-immediate effect, potentially mediated by immune cells.  

 

 

 

Figure 51 | Absence of an immediate protective effect of 4EGI-1 on cardiac 

function in an ex vivo reperfusion model  
A and B, Diagram and quantification of CCL2 protein from perfusion media after ex vivo cardiac I/R 

surgery. C to E, Line graphs and respective visualization of end-point measurements as bar/dot plot of 

heart rate (HR) (C), and total (D) and relative (E) evolution of left ventricular developed pressure 
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4EGI-1 or 25¿M 4EGI-1. Isch (ischemia), Rep (reperfusion), Veh (vehicle). * indicates p<0.05 from Veh. 

For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for B, C, D and E. A 

made in ©BioRender - biorender.com. Ex vivo surgeries, heart rate and LVDevP measurements for 

Figure legends from Hofmann et al. 2024133. 

 

 

Pharmacological mTORC1 inhibitors are clinically used as 

immunosuppressants that directly suppress inflammatory functions and proliferation of 

immune cells, likely involving circulating immune cells. As this study injected rapamycin 

and 4EGI-1 i.p. and thus results in systemic drug distribution, they may also directly 

inhibit the activation of circulating monocytes, thereby reducing their capacity to 

infiltrate the infarcted heart after reperfusion. To examine whether rapamycin or 4EGI-

1 may directly act on circulating monocytes and thereby limit their infiltration to the 

heart, I isolated CD11b+ immune cells, including monocytes and neutrophils, from the 

blood and spleens of genetically tagged CD45.1 donor mice and treated ex vivo with 

vehicle, rapamycin or 4EGI-1. Leukocytes of CD45.1 mice are genetically different of 

CD45.2 cells and can be distinguished from CD45.2 leukocytes by a CD45.1 selective 

antibody. I quantified the viability of isolated and treated CD45.1 leukocytes 3 hours 

and 6 hours after isolation and treatment both at 4°C and 37°C, confirming good 

viability 3 hours after ex vivo treatment (Figure 52). Both inhibitors are expected to fully 

inhibit their respective target at 3 hours at a temperature of 37°C. 

 

Figure 52 | Viability of ex vivo treated CD11b+ immune cells 
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Figure 52 | Viability of ex vivo treated CD11b+ immune cells 
A, Bar graph showing the relative amount of viable cells of isolated CD11b+ immune cells from the blood 

and spleen of CD45.1 donor mice 3h to 6h of ex vivo vehicle, rapamycin or 4EGI-1 treatment at 4°C or 

37°C. Baseline represents the relative amount of viable cells immediately after cell isolation. Isolated 

cells of 4 donor mice were equally divided between each condition. Figure legends from Hofmann et al. 

2024133. 

CD45.2 recipient mice were subjected to I/R surgery. On the next day, I isolated 

CD11b+ immune cells from the blood and spleen of CD45.1 donor mice, treated them 

ex vivo with vehicle, rapamycin or 4EGI-1 for 3 hours at 37°C, after which they were 

i.v. injected to operated CD45.2 mice 24 hours after reperfusion (Figure 53A). 48 hours 

after reperfusion and 24 hours after i.v. injection of ex vivo treated CD45.1 cells, I 

analyzed cardiac cells of the left anterior ventricular wall of CD45.2 donor mice by 

FACS (Figure 53A). If rapamycin and 4EGI-1 have the capacity to inhibit monocyte 

infiltration to the injured heart by acting on circulation cells, lower numbers of ex vivo 

rapamycin or 4EGI-1 treated and transplanted CD45.1 monocytes should be detected 

in comparison to vehicle treated and transplanted cells. Indeed, the infiltration of ex 

vivo treated CD45.1 monocytes was strongly suppressed by ex vivo treatment with 

rapamycin or 4EGI-1, whereas the cardiac infiltration of ex vivo treated and 

transplanted CD45.1 neutrophils was not affected by pharmacological inhibition of the 

mTORC1-4EBP1-eIF4E axis (Figure 53B to 53D). The gating strategy used to quantify 

CD45.1 monocytes and neutrophils is shown in Figure 54. The data suggests that 

systemically administered rapamycin and 4EGI-1 also acts on circulating monocytes 

to inhibit their infiltration to the injured heart after reperfusion. 
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Figure 53 | A direct immunosuppressive effect of eIF4F inhibition on circulating 

monocytes  

A Diagram of experimental strategy to investigate the direct effect of rapamycin or 4EGI-1 on circulating 

CD11b+ cells and its impact on immune cell infiltration to the heart. B to D, Quantification of transplanted 

CD45.1 donor leukocyte (B), monocyte (C) and neutrophil (D) infiltration to the reperfused heart of 

CD45.2 recipient mice 2d after I/R surgery by flow-cytometry based enumeration. FACS analysis was 

performed of left anterior wall lysates of CD45.2 recipient mice to enrich for infiltrated immune cells. 

Isolated cells of all donor mice were pooled and equally divided across each treatment group. One donor 

mouse was used per two recipient mice. Approximately 300.000 isolated living cells were injected to 

each recipient mouse. Isolated cells were ex vivo pre-treated with 100nM rapamycin, 100µM 4EGI-1 or 

DMSO as a vehicle for 3h at room temperature. Rep (reperfusion), Veh (vehicle). * indicates p<0.05 

from 2d Rep Veh. For statistical analysis one-way ANOVA with Tukey post-hoc analysis was used for 

B, C and D. A made in ©BioRender - biorender.com. Figure legends from Hofmann et al. 2024133. 

 

 

2d
 R

ep
 V

eh

2d
 R

ep
 R

ap
a

2d
 R

ep
 4

EG
I-1

0.00

0.05

0.10

0.15

0.20

0.25

%
 C

D
4
5
.1

+  
c
e
lls

 o
f 
a
ll 

C
D

4
5

+
 le

u
k
o
c
y
te

s

*

*

CD45.1+ leukocytes

0.00

0.05

0.10

0.15

0.20

0.25

*

*

CD45.1+ monocytes

2d
 R

ep
 V

eh

2d
 R

ep
 R

ap
a

2d
 R

ep
 4

EG
I-1

%
 C

D
4
5
.1

+  
m

o
n

o
c
y
te

s
 o

f 
a
ll 

C
D

4
5

+
 le

u
k
o
c
y
te

s

0.000

0.002

0.004

0.006

0.008

0.010

%
 C

D
4
5
.1

+  
n
e
u
tr

o
p
h
ils

 o
f 
a
ll 

C
D

4
5

+
 le

u
k
o
c
y
te

s

CD45.1+ neutrophils

2d
 R

ep
 V

eh

2d
 R

ep
 R

ap
a

2d
 R

ep
 4

EG
I-1

CB D

+

Isolation of CD11b+ cells
from spleen and blood

CD45.1 donor 
mouse

i.v. injection into CD45.2 
recipient mice 24h post 

surgery

I/R surgery
(60min ischemia)
of CD45.2 mice

V
e

h
ic

le

R
a

p
a

m
yc

in

4
E

G
I-

1

3h treatment of 
CD45.1+ CD11b+ cells 

(37°C)

Cell separation of left 
ventricular anterior wall

monocytes and neutrophils 

1

2

3

7

4

5

6

A



 123 

 

Figure 54 | FACS gating strategy used for Figure 53 
A, Gating strategy and representative flow cytometric plots of recipient mouse hearts 2 days after I/R 

surgery and 24h after injection of vehicle, rapamycin or 4EGI-1 pre-treated CD45.1+ CD11b+ immune 

cells. FACS analysis was performed of left anterior wall lysates of CD45.2 recipient mice to enrich for 

infiltrated immune cells. Isolated cells of all donor mice were pooled and equally divided across each 

treatment group. One donor mouse was used per two recipient mice. Approximately 300.000 isolated 

living cells were injected to each recipient mouse. Isolated cells were ex vivo pre-treated with 100nM 

rapamycin, 100µM 4EGI-1 or DMSO as a vehicle for 3h at room temperature. Figure legends from 

Hofmann et al. 2024133. 
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incorporated into nascent polypeptides and later quantified to determine translation 

rates after myocardial infarction. Those methods are limited by the delivery of the 

quantifying substance to the area of interest, which is compromised in hearts that 

underwent myocardial infarction surgery without reperfusion and also in part after 

reperfusion due to microvascular injury.18 As such, those methods will likely suffer from 

a bias towards decreased translation rates of injured tissues. Older studies using 

methods not necessarily limited by impaired substrate delivery in ex vivo hearts, 

papillary muscles or myocardial slices revealed inconclusive results, with the 

downregulation of translation rates depending on the intensity and duration of the 

hypoxic or ischemic stimulus.173 

 

Similar results of a dependency of translation rates on intensity and duration of 

hypoxia were found in this thesis in isolated cells subjected in vitro to simulated 

ischemia. While it is plausible to assume that ischemia of the infarct core will inhibit 

translation rates, its exact dynamics in the in vivo context remain uncertain. Some data 

of this thesis also suggested a further drop of cardiac translation rates immediately 

after reperfusion. However, this hypothesis is primarily based on this finding in some, 

but not all studied cell types in vitro, as well as on the observation by Zhang et al. 

showing that eIF2³ is increasingly phosphorylated 30 minutes after reperfusion 

compared to the ischemic state prior to reperfusion.136 Therefore, while the overall 

trend of decreased translation rates during ischemia and immediately after reperfusion, 

and increased translation rates 2 days after reperfusion appear valid, exact dynamics 

of translation rates in response to ischemia and reperfusion, especially in humans, 

remain unknown.  
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With the above-mentioned limitations, I concluded that translation rates of the left 

ventricle are reduced at 3 hours of ischemia by LAD ligation in vivo. While I continued 

to investigate how reperfusion alters left ventricular translation rates 2 days after 

reperfusion in vivo, the data of this thesis does not allow to robustly conclude that 

reperfusion increases translation rates compared to non-reperfused conditions in vivo, 

as different timepoints for MI and ischemia/reperfusion were investigated. 2 days after 

the ischemic injury, the heart may have already started to undergo remodeling, 

including hypertrophic cardiomyocyte growth, a process that is known to be driven by 

increased translation rates.83 While the data of this thesis clearly indicates that 

reperfusion results in increased translation rates compared to ongoing ischemia in 

vitro, increased translation rates 2 days after reperfusion in vivo may not necessarily 

be driven by reperfusion itself. 

 

While there have been some inconsistent observation, some previous studies 

have found that mTORC1 is activated after myocardial infarction in vivo115,131,174,175. As 

the mTORC1 pathway is a major driver of protein synthesis it is possible that chronic 

LAD ligation also results in increased translation rates 2 days after surgery in vivo. One 

study directly compared mTORC1 activity at identical timepoints after chronic LAD 

ligation or after ischemia/reperfusion surgery, which showed that both conditions 

increased mTORC1 activity, with a stronger activation observed in reperfused 

hearts.174 From a theoretical standpoint, the infarct core should have limited availability 

of ATP and nutrients, thus limited capacity to perform translation rates. My in vitro data 

that used a simulated ischemia/reperfusion model more closely resembles the 

conditions of the infarct area and only to a lesser extend those conditions of the border 

zone. I would argue that observations that were made in this thesis, especially 

increased translation rates of the injured myocardium and translation-dependent 
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infiltration of monocytes to the site of injury, may represent general responses of the 

injured heart and thus do also occur, potentially to a lesser extent, after chronic 

coronary artery occlusion without reperfusion. However, this is purely hypothetical and 

would need to be studied in the future. 

 

A recent study showed, with some technical limitations as described above, that 

myocardial infarction without reperfusion causes a decrease of translation rates at the 

infarct and the border zone at 24h post-infarction, which remained true when newly 

synthesized proteins were labeled before the induction of myocardial infarction, 

thereby circumventing some of the technical issues described above.172 While 

sarcomeric proteins and components of the tricarboxylic acid cycle and respiratory 

electron transport, as well as some ion channels, were among the mostly synthesized 

proteins of cardiomyocytes at baseline, with additional enrichments of protein functions 

related to cell-cell interactions, ubiquitin protein ligase binding and mRNA binding, the 

landscape of synthesized proteins of cardiomyocytes after myocardial infarction shifted 

towards increased synthesis of proteins related to MAP-kinase activity, GTPase 

activity and lipid/cholesterol/sterol transporter activity, and decreased translation of 

proteins related to mitochondrial function and cytoskeletal components.172 

Thus, all three recent publications that investigated which proteins are newly 

synthesized in response to myocardial infarction or ischemia/reperfusion came to the 

conclusion that the translation of mitochondrial proteins is strongly suppressed in 

response to myocardial infarction or ischemia/reperfusion, while the functions of 

proteins that are increasingly translated differed substantially between all three studies, 

which can be likely explained by technical differences, different disease models, and 

different investigated timepoints after injury.133,136,172 
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In this thesis I used an HA-based immunoprecipitation model of HA-tagged 

ribosomes of cardiomyocytes from whole left ventricular lysates 2 days after 

ischemia/reperfusion surgery in mice.133 This model is highly enriching for 

cardiomyocyte-specific ribosomes, however, ribosomes from other cell types may 

contaminate the immunoprecipitation and thus few read counts from the final Ribo-seq 

library may come from non-myocyte cells. While a previous publication confirmed the 

strong enrichment of cell-type specific transcripts by this method in the heart,83 it 

cannot be excluded that some inflammatory transcripts that showed increased 

translation in the Ribo-seq library, had higher transcript counts after reperfusion due to 

higher number of immune cells in the whole left ventricular lysate and thus higher levels 

of non-myocyte contamination. Despite those limitations, the expression of Ccl2 in 

cardiomyocytes and its responsiveness to ischemia/reperfusion was confirmed by 

several other methods and should therefore represent a true biological event. 

However, the observations of this thesis should be replicated in other studies and by 

additional methods, before translational applications are considered.  

 

6.2 Cardiomyocyte translation rates are dependent on the mTORC1-4EBP1-
eIF4E axis 

 

Translation rates are regulated at the step of translation initiation, which is the 

positioning of an initiator tRNA-loaded ribosome over the start codon of a selected 

mRNA.89 Translation is a highly regulated process that is controlled by several 

conserved signaling pathways that serve as 8gatekeepers9 by sensing the cellular 

environment and either promote or inhibit protein synthesis depending on cellular 

stress, energy, oxygen, nutrient and growth factor availability.89 Among those signaling 

pathways is the mTORC1 pathway, which controls the formation of the eIF4F complex, 

as well as those pathways that control eIF2³ phosphorylation, thereby controlling 43S 
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translation pre-initiation complex formation.89 While those two steps of translation 

initiation are often considered 8master regulators9 of cellular translation rates, many 

other factor that are involved in initiation, elongation, termination and ribosome 

recycling, as well as those involved in processing, posttranscriptional modification and 

localization of RNAs, including RNA-binding proteins, regulate mRNA translation.89 

 

This thesis focused on the mTORC1 and MNK1/2 pathways and their 

involvement in the formation of the eIF4F complex during ischemia and reperfusion, 

but many other factors will be essential for the control of cardiac translation rates after 

reperfusion.136 Using pharmacological inhibitors and genetic manipulation, this thesis 

revealed the involvement of the mTORC1-4EBP1-eIF4E axis in translation rates of 

cardiomyocytes 2 days after reperfusion in vitro and in vivo. Among those different 

pharmacological inhibitors targeting the mTORC1-4EBP1-eIF4E axis was rapamycin, 

a partially selective first-generation mTORC1 inhibitor, that is often considered to have 

limited inhibitory activity towards the 4EBP1 sub-branch of the mTORC1 pathway and 

thus does only weakly inhibit translation rates.176,177 However, 6 hours of rapamycin 

treatment resulted in a significant disruption of the eIF4F complex and chronic 

rapamycin treatment for 24 hours or 48 hours strongly inhibited translation in NRCMs. 

Further rapamycin was sufficient to completely inhibit the cardiac translational burst 

after reperfusion in vivo. Thus, while showing weaker mTORC1-4EBP1-eIF4E axis 

inhibition compared to second generation non-selective mTOR inhibitors, such as 

Torin1, rapamycin was clearly sufficient to inhibit translation in cardiomyocytes and the 

heart after reperfusion at the tested concentrations without showing any obvious off-

target inhibition. However, the relative dynamics of this process remains incompletely 

resolved. 
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Rapamycin attenuated the formation of the eIF4F complex in NRCMs within 6 

hours of reperfusion, whereas reduced translation rates became apparent at 24 hours 

after simulated reperfusion using a puromycin incorporation assay. Technically, the 

puromycin incorporation assay quantifies elongation rates, which could be dynamically 

uncoupled from initiation rates, however those findings further support the involvement 

of other signaling pathways and subbranches of the mTORC1 pathway in the 

regulation of translation rates after reperfusion. Similar discrepancies between the 

timely dynamics of puromycin assay and eIF4F disruption were found for 4EGI-1 in 

vitro. In addition, genetic inhibition of the eIF4F complex in cardiomyocytes via cell 

type-specific overexpression of 4EBP1 suppressed translation rates in the border 

zone, but did not reach significance (p < 0.05, unpaired two tailed t-test) in the infarct 

and remote areas, indicating that other cell types or signaling pathways are involved 

in translation rates there. 

 

In summary, the mTORC1-4EBP1-eIF4E axis of cardiomyocytes is involved in 

the activation of border zone translation 2 days after reperfusion, but other signaling 

pathways and cell types will be involved in the regulation of cardiac translation, which 

was not further investigated in this thesis. 

 

One such pathway is the integrated stress response, regulated by the eIF2 

pathway and Zhang et al. recently showed that this pathway is involved in the 

downregulation of translation during the first minutes after reperfusion in mice.136 

Specifically, Zhang et al. showed that ischemia/reperfusion results in activation of the 

PERK-branch of the unfolded protein response during ischemia and after reperfusion 

and that this may be functionally related to eIF2³ phosphorylation and inhibition of 

translation rates early after reperfusion.136 However, one discrepancy of their study 
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was that PERK phosphorylation, sometimes used as a readout of PERK activation, 

was equally activated after simulated ischemia and simulated ischemia/reperfusion, 

while eIF2³ became increasingly phosphorylated early after reperfusion compared to 

ischemia alone, further indicating that multiple pathways are involved in the regulation 

of cardiac translation rates during ischemia and reperfusion.136 

 

6.3 Transient pharmacological inhibition of eIF4F-dependent translation 
improves cardiac function after myocardial infarction 

 

 

To investigate the impact of translational activation on infarct size and cardiac 

function after reperfusion, this thesis used the pharmacological mTORC1-4EBP1-

eIF4E inhibitors rapamycin and 4EGI-1. Both compounds attenuated translation in 

vivo, reduced infarct size and improved cardiac function at least up to 2 weeks after 

reperfusion in mice. Classical heart failure and remodeling markers including Nppa, 

Nppb, Myh7 and Col1a1 transcripts were not consistently downregulated in rapamycin 

or 4EGI-1 treated animals, while 4EGI-1 treated animals showed a clear trend for 

overall decreased expression of those marker, which did not meet significance by the 

predefined threshold of p < 0.05. Troponin T and TUNEL quantifications revealed no 

difference of myocardial cell death between rapamycin/4EGI-1 or vehicle treated 

animals 24 hours after I/R surgery. 

 

Those discrepancies between the absence of early protection from injury but a 

reduced infarct size at 2 weeks indicate a protective mechanism that is mediated by 

the prevention of late reperfusion injury, which may be mediated by excess 

inflammation and maladaptive cardiac remodeling. In line with this hypothesis was the 

finding that both pharmacological inhibitors strongly prevented monocyte infiltration to 

the injured heart, suggestive of an anti-inflammatory effect. Surprising was the finding 



 131 

that neither rapamycin nor 4EGI-1 affected neutrophil infiltration to the heart, indicative 

of a specific pathway that is affected by pharmacological mTORC1-4EBP1-eIF4E axis 

inhibition, that is essential for monocyte activation or infiltration. This study did not 

specifically examine immune cell populations other than monocytes/macrophages or 

neutrophils. As the clinically observed anti-inflammatory effects of the mTORC1 

inhibitors everolimus or silolimus (rapamycin) in the context of immunosuppression in 

solid organ transplantation are thought to be mediated by the inhibition of the 

progression through the G1/S transition of T-cells, attenuation of the infiltration of T-

cell may also be involved in the cardioprotective effects of rapamycin or 4EGI-1 after 

reperfusion in mice. 

 

In this thesis I used a pharmacological treatment protocol that may have 

translational application for patient care. The pharmacological inhibitors were i.p. 

injected 30 minutes before reperfusion, followed by a second i.p. injection at the 

second day. This may represent a clinical scenario where a patient receives an i.v. 

injection during first aid or when arriving in the hospital, and later additional treatments 

in the following days. 

 

I specifically decided to use a protocol that is based on i.p. injections to facilitate 

rapid systemic accumulation of effective drug concentrations, as reperfusion injury and 

the inflammatory response occurs early after reperfusion. In addition, a transient 

treatment protocol was selected to circumvent side effects that may result from chronic 

suppression of translation. Rapamycin, a partly selective mTORC1 inhibitor, was 

previously shown to also inhibit mTORC2 assembly when administered chronically, 

and mTORC2 is known to mediate adaptive effects in response to myocardial 

infarction.115,178,179 A previous study that pre-treated pigs for 7 days with rapamycin 
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showed that mTORC1-inhibitor treated pigs had a worse outcome after myocardial 

infarction.111 In addition, several eIF4E-binding compounds induce cell death after 

chronic treatment, thus indicating that full translational inhibition may only be tolerated 

short-term, if at all.180,181 

 

4EGI-1, one of the compounds used by me in this thesis, had a low tolerance 

both in vitro and in vivo and only a very limited concentration range could be identified 

that inhibited translation without being severely toxic. Despite showing protective 

effects at the selected concentration in the ischemia/reperfusion model used in this 

thesis, clinical application of 4EGI-1 in its current form is unlikely and the results should 

be seen as proof of mechanism, that requires further investigating before it can be 

considered as a therapeutic option in humans. 

 

Surprisingly, rapamycin, which is often described as a rather weak translational 

inhibitor due to its limited inhibition of the 4EBP1 sub-branch of the mTORC1 pathway 

compared to other mTOR inhibitors, fully inhibited translational activation in vivo and 

resulted in translational suppression in vitro after treatment for 12 hours. In addition, 

rapamycin improved cardiac function to a similar degree as 4EGI-1 and even showed 

a clear trend for improved survival, compared to the trend for impaired survival 

observed after 4EGI-1 treatment. 

 

Rapamycin is an approved drug, clinically known as sirolimus, which is used for 

the treatment of several disease, including coronary artery disease (drug-eluting stents 

are covered with sirolimus or related compounds).182 Despite of certain side effects 

that can occur after long-term treatment with sirolimus or similar compounds, their 

short-term use is considered to be safe, making sirolimus or related drugs optimal 
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candidate drugs for the treatment of myocardial infarction. In addition, the OSIRIS trial 

revealed that an adjunctive sirolimus treatment with an intensified loading regimen 

before coronary intervention resulted in a significant improvement in angiographic 

parameters of restenosis.183 

 

During the preparation of this thesis, the results of the Controlled-Level 

EVERolimus in Acute Coronary Syndrome (CLEVER-ACS, clinicaltrials.gov 

NCT01529554) trial got published, which did not show any improvement of infarct size 

or cardiac function after everolimus treatment in patients with a myocardial infarction 

that underwent percutaneous coronary intervention-based reperfusion.184 CLEVER-

ACS was a phase II randomized, double-blind, multi-center, placebo-controlled trial on 

the effects of a 5-day course of oral everolimus on infarct size, LV remodeling, and 

inflammation in patients with acute ST-elevation myocardial infarction.74 

 

Within 5 days of successful primary percutaneous coronary intervention, patients 

were randomly assigned to everolimus (first 3 days: 7.5 mg every day; days 4 and 5: 

5.0 mg every day) or placebo, respectively.74 The primary efficacy outcome was the 

change from baseline (defined as 12 hours to 5 days after pPCI) to 30-day follow-up 

in myocardial infarct size as measured by cardiac magnetic resonance imaging.74 

Secondary endpoints comprised corresponding changes in cardiac and inflammatory 

biomarkers as well as microvascular obstruction and LV volumes assessed by cardiac 

magnetic resonance imaging.74 Everolimus is pharmacologically very similar to 

sirolimus, with shorter half-lifes and improved bioavaiability.185,186 However, 

conclusions made from clinical trials using everolimus are very likely also applicable to 

sirolimus. 
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Therefore, results from the CLEVER-ACS trial are in strong contrast to the 

beneficial effects observed by me in this thesis and by other that used rodent models 

of myocardial infarction and ischemia/reperfusion.114 While other treatment protocols 

that showed beneficial effects of rapamycin in mice are comparable to the one used 

by the CLEVER-ACS trial (oral treatment initiation days after ischemic event),114 the 

treatment protocol used by me in this thesis (i.p. application, treatment initiation during 

ischemic event and once again after 24 hours). In this thesis I concluded that at least 

some of the protective effects of rapamycin treatment in mice was mediated by 

inhibition of pro-inflammatory monocyte infiltration to the injured myocardium. As 

further described in the introduction, those pro-inflammatory monocytes infiltrate the 

heart very early after myocardial infarction and later are replaced by reparative 

monocytes.30 Thus, delayed oral drug treatment is potentially missing the critical time 

window to target pro-inflammatory monocytes, which could explain the discrepancies 

between the results of this thesis and the CLEVER-ACS trial, as also noted by the 

authors of the CLEVER-ACS trial 8however, we cannot rule out that regimens including 

periprocedural drug application with intravenous formulations of mTOR inhibitors or 

longer treatment durations could have favorably affected the results.8184 

 

However, it must be noted that a post hoc analysis of 8 patients in which 

everolimus therapy was initiated within 12 hours after percutaneous intervention vs. 13 

patients that received placebo within 12 hours (10 patients at follow-up) did not show 

differences in the relative change in infarct size from baseline (12 hours to 5 days after 

percutaneous intervention) to follow up (30 days).184 Based on this small sample size 

it appears less likely that an earlier treatment initiation after percutaneous intervention 

of oral everolimus would have resulted in a different outcome, even though this sample 

size is severely underpowered to draw such a conclusion. Other relevant differences 
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may be i.p/i.v. vs. oral drug administration, rapamycin (sirolomus) vs. everolimus and 

treatment initiation before percutaneous intervention vs. treatment initiation after 

percutaneous intervention. 

 

Others have hypothesized that only rapamycin treatment prior to reperfusion is 

protective,121 but this conclusion is in my opinion currently not adequately supported 

by the available literature. I suggest that future studies should compare oral and i.v., 

as well as early (before reperfusion) and late (after reperfusion) treatment initiation 

protocols using rapamycin (sirolimus), everolimus or newer generation mTORC1-

selective inhibitors in randomized, double-blind, placebo-controlled large animal 

models of ischemia/reperfusion to guide future clinical trial design.   

 

6.4 Inhibition of eIF4F-dependent translation attenuates cardiac expression 
and secretion of the monocyte attracting chemokine CCL2 

 

Transcripts increasingly translated 2 days after reperfusion were enriched for 

functions associated with cell migration, cell adhesion and inflammation. Among those 

transcripts was the mRNA encoding the monocyte attracting chemokine CCL2, which 

was one of the genes/transcripts with the strongest relative increase of transcription 

and translation. As increased Ccl2 expression showed a near identical relative 

increase between RNA-Seq (transcription) and Ribo-Seq (translation), its upregulation 

may be primarily upregulated at the transcriptional level, or by an increased presence 

of Ccl2 expressing cells. However, as this study used transcriptional expression data 

of bulk RNA-Seq and compared it to cardiomyocyte-specific Ribo-Seq data, relative 

expression levels may not necessarily be derived from the same cell populations. As 

Ccl2 transcript and CCL2 protein expression was highly sensitive to the inhibition of 

eIF4F-dependent translation and as such seems to require a functional translational 
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apparatus for its upregulation and secretion, its regulation is at least partly dependent 

on translation. 

 

As many other transcripts related to inflammation and immune cell attraction were 

upregulated by translation, rapamycin and 4EGI-1 will mediate their anti-inflammatory 

actions not necessarily exclusively due to their regulation of CCL2. For example, other 

candidate transcripts are those that are involved in tumor necrosis factor secretion, as 

they were highly enriched among increasingly translated mRNAs 2 days after 

reperfusion and cardiac Tnf levels showed a clear trend towards decreased 

expression, which did not reach the predefined significance threshold, likely due to 

high variance across individual samples. In addition, rapamycin is well known to 

regulate proteostasis and protein processing in part through its regulation of mTORC1-

dependent autophagy, and other proteostasis-regulating pathways, or simply be 

inhibiting the synthesis of proteins that could misfold.98,187 Further, attenuating 

translation may improve cardiac function through the regulation of many other 

pathways that are compromised during ischemia/reperfusion, e.g. increasing energy 

availability due to inhibiting protein synthesis, a highly energy demanding process.  

 

The attenuation of of Cc2 mRNA levels after rapamycin or 4EGI-1 treatment 

indicate that either upstream transcriptional regulators of Ccl2 are regulated by the 

mTORC1-4EBP1-eIF4F axis, or that changes in transcript levels are dependent on 

different numbers of infiltrating immune cells that themselves express Ccl2 mRNA and 

thereby increase overall cardiac Ccl2 mRNA levels. In this thesis I tried to identify an 

upstream transcription factor that is controlled by translation and responsible for the 

transcriptional regulation of Ccl2. Promising candidates included Junb, Fosl2 and Stat3 

and I could identify motifs of their transcription factor binding sites in the promotor 
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region of Ccl2 which become increasingly accessibly after myocardial infarction. 

Neither Junb nor Fosl2 appeared to mediate the effects of pharmacological mTORC1-

4EBP1-eIF4F axis inhibition. Stat3 was not further investigated and remains a high 

priority candidate that should be investigated in future experiments. 

 

Previous studies suggest that immune cells and fibroblasts are the primary 

source of CCL2 secretion. However, cardiomyocyte-specific Ribo-Seq suggested an 

involvement of cardiomyocytes to cardiac CCL2 protein expression. In addition, 

endothelial cells, which will play critical roles during the control of immune cell 

infiltration in response to ischemia/reperfusion were previously shown to express Ccl2 

mRNA and CCL2 protein.188,189 A re-analysis of a cardiac scRNA-Seq dataset of sham 

or I/R-operated mice that clustered cell types into the main cardiac cell populations 

cardiomyocytes, fibroblasts, endothelial cells and immune cells confirmed that Ccl2 

mRNA expression was strongest in immune cells and fibroblasts but revealed that 

each annotated cell type increased Ccl2 transcript expression early after reperfusion. 

In addition, spatial transcriptomics revealed that almost every cell type increased Ccl2 

mRNA expression after myocardial infarction, primarily in the infarct and border zone. 

However, cell annotation from this dataset must be interpreted with care, as the dataset 

has only near single cell resolution and cell type annotation is derived from the 

expression profile of the most likely cell type of the assessed area and is therefore 

susceptible to transcript contamination from other cell types.152 As monocytes are 

relatively small, some of those results could be derived from the contamination of 

certain areas defined as a different cell population with transcripts of monocytes that 

were closely localized to the allocated spatial area. As the frequency of monocytes 

increases in the infarct area and border zone, this could give the appearance of an 

increased Ccl2 mRNA expression in every cell type of the infarct and border zone as 



 138 

observed in this thesis. With recent improvements in spatial transcriptomics techniques 

the definitive localization of Ccl2 transcript expression across individual cells of the 

border zone and infarct area will be determined after myocardial infarction.15,190 

 

  As cardiomyocytes are a highly abundant cardiac cell type and Ccl2 mRNA 

expression appears to primarily occur in the infarct and border zone, they are likely to 

significantly contribute to overall cardiac CCL2 protein levels. Indeed, cardiomyocyte-

specific overexpression of 4EBP1 reduced serum CCL2 protein levels 24 hours after 

reperfusion by approximately one third, highlighting the contribution of cardiomyocytes 

to cardiac CCL2 protein release after myocardial ischemia/reperfusion. However, this 

data does not allow to conclude any relation between Ccl2 transcript translation and 

secretion. The observation that cardiomyocyte-restricted 4EBP1 overexpression alters 

serum Ccl2 levels may also be related to other mechanisms that alter Ccl2 processing, 

secretion or cardiac cell death. Ccl2 is a protein that is subjected to post-translational 

modification that controls its activity.164  

For the anti-inflammatory effects, however, additional systemic effects of mTOR 

inhibition and translational dependence must be considered. This thesis specifically 

investigated the effects of rapamycin or 4EGI-1 on circulating monocytes and revealed 

the importance of a direct effect of mTORC1-4EBP1-eIF4E pathway inhibitors on 

circulating monocytes that impair their infiltration to the injured heart. Using a CD45.1/2 

system, I observed reduced numbers of ex vivo treated monocytes to the heart after 

I/R surgery. However, due to the low total number of CD45.1 cells detected in the 

hearts of CD45.2 recipient mice, these results should be interpreted with caution, 

indicating that the majority of transplanted cells did not survive to procedure, or did not 

infiltrate the injured heart at the selected timepoint. In addition, it must be considered 

that anti-inflammatory and cardioprotective effects after systemic mTORC1 inhibition 
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may not only be derived from cardiac cells or circulating immune cells but may also 

involve other cell types of other organs that were not investigated in this thesis.  

 

In summary, this work describes translational control of an inflammatory network 

in the heart in response to ischemia and reperfusion that may be targeted to improve 

outcomes after myocardial infarction. 

 

 

6.5  Limitations 

 

This study conducted experiments in mice, isolated cardiomyocytes from rodents, 

and various other cell lines. Although rodents are closely related to humans on a 

phylogenetic level, findings from rodent experiments do not necessarily apply to 

humans. This discrepancy can arise from several factors, including differences in 

physiology between rodents and humans, effects specific to those species, presence 

of comorbidities in the clinical setting, and lack of efficacy in chronic disease conditions, 

among others. For example, rodent and human immune cells show significant 

differences in cell function and different dynamics of immune cell activation in response 

to myocardial infarction and reperfusion. In addition, pharmacological inhibitors were 

used in this study just prior to reperfusion, a strategy that is possible but more difficult 

to implement in a clinical trial to test efficacy in humans. This study used simulated 

ischemia and reperfusion, which is based on restricting nutrient and oxygen supply to 

cells, followed by simulated 8reperfusion9 (changing media to high-nutrient culture 

conditions and restoring oxygen levels). This model does not adequately capture the 

complex and dynamic conditions present in the multicellular heart during ischemia and 

reperfusion. As a mouse model, myocardial infarction was surgically induced in healthy 

young adult mice. While the mentioned techniques are established and widely used 
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models to study cardiac ischemia and reperfusion, it is important to note that none of 

these models can capture the full complexity of human disease and does not represent 

the conditions present in multimorbid patients with advanced age, commonly affected 

in the clinical setting. Even though some existing data points to the general 

involvement of translational regulation of cardiac gene expression and the involvement 

of the mTORC1 pathway in the inflammatory response, this study does not allow any 

definite conclusions about the studied pathways or pharmacological efficacy in 

humans. These findings should be considered preliminary and if other researchers can 

replicate these results, potentially using different model systems, it may pave the way 

for human translational studies, provided that adequate safety measures are ensured. 

 

 

6.6 Outlook 
 

This thesis describes the activation of a translational network of the infarct and 

border zone, which regulates the cardiac inflammatory response after 

ischemia/reperfusion. In addition, this thesis identifies a translation-dependent intrinsic 

mechanism of circulating monocytes that regulates their infiltration to the injured 

myocardium after I/R surgery in mice. However, several important mechanistic details 

remain unknown. While I provided some insight into the spatiotemporal regulation of 

this translational activation by investigating different timepoints after reperfusion, by 

dissecting the heart into the infarct, border zone and remote area, as well as by using 

immunofluorescent imaging of translation of cardiac sections, where and when this 

response becomes activated remains unknown. In addition, it is not known whether 

the translational response is of transient nature or rather represent a longer lasting 

process that drives gene expression over several days and whether it remains limited 
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to certain areas of the myocardium or extends throughout the heart, for example to 

mediate cardiac remodeling. Future experiments should therefore try to describe the 

spatiotemporal dynamics of this translational response in more detail. The usage of 

genetic labeling of newly synthesized protein, e.g. by methods recently used by Liu et 

al.172 may circumvent some of the limitations the arise from pharmacological labeling 

of newly synthesized polypeptides. As further described above, the translational 

activation may not only occur in response to reperfusion but could instead represent a 

general response of the heart to injury. Similar experiments as the ones described in 

this thesis should be performed in different cardiac injury model, for example 

permanent LAD ligation, electric- or cryoinjury.  

 

In this thesis I focused specifically on cardiomyocytes, however many other cell 

types such as immune cells, fibroblasts and endothelial cells will contribute to the 

translational activation after cardiac ischemia/reperfusion. The Ribo-tag model used in 

this thesis can be crossed to other cell-type specific Cre-reporter lines to specifically 

investigate the translational response of those cell-types to cardiac injury.83 In addition, 

mouse models that genetically label newly synthesized proteins could be engineered 

to specifically examine translation of a selected cell population. While those different 

cardiac cell types may share certain translational gene programs, many aspects of 

translation will be mediated in a cell-type-specific manner, which were missed in this 

thesis. With the recent progressions made in spatial omics techniques, as well as 

single-cell ribosome profiling, a spatial single cell atlas of cardiac translation in health 

and disease may be feasible in the near future.1903192 

 

Here, I demonstrated that a treatment protocol of either of the two 

pharmacological compounds, rapamycin and 4EGI-1, shows cardioprotective effects 
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in an ischemia/reperfusion model in mice. However, neither of the two drugs may 

represent ideal candidate drugs for clinical use. 4EGI-1, a eIF4E/eIF4G interaction 

inhibitor, that blocks cap-dependent translation by disrupting the eIF4F complex, has 

imperfect solubility and only a small range of efficacy without being toxic in vivo. 

Therefore, in its current state 4EGI-1 should be seen as a proof-of-principle compound 

that has serious safety concerns for clinical applications. Whether the toxicity of 4EGI-

1 is due to its general inhibition of cap-dependent translation, a concept that itself may 

not be translatable to the clinic, or target specific, as observed for other eIF4E-binding 

compounds,180,181 is unknown. Rapamycin, on the other hand, is a partially selective 

mTORC1 inhibitor with limited efficacy against certain downstream targets of 

mTORC1, including 4EBP1. Rapamycin has a relatively weak direct effect on the total 

amount of cellular protein synthesis and influences many functions other than 

translation. Whether this broader effect, that is mediated by the inhibition of mTORC1, 

is a good or bad thing in the context of ischemia/reperfusion is not known, based on 

previous literature I would argue that those properties may actually be beneficial 

compared to a general and strong inhibition of protein synthesis. Rapamycin, for 

example, leads to an activation of autophagy which, despite some controversy, is 

generally considered beneficial.193 While generally considered as a relatively safe 

drug, the broader effect of rapamycin may, however, be associated with certain 

undesired side-effect, such as stomatitis, hypercholesterolemia, hypertriglyceridemia, 

hyperglycemia, insulin resistance and immunosuppression.194 Several mTORC1 

inhibitors that have better mTORC1-selectivity over mTORC2 were recently 

identified.1953199 Their usage may results in better efficacy and less side effects, 

however whether they are safe alternatives to conventional mTORC1 inhibitors such 

as rapamycin should be tested in future studies, including in the context of cardiac 

ischemia/reperfusion. In addition, interesting pharmacological targets may be 



 143 

endogenous mTORC1-selective elements such as PRAS40, RHEB or the TSC 

complex, target other elements of the eIF4F complex such as eIF4G or eIF4A, or act 

more specifically on selected transcripts such as by targeting RNA-binding proteins or 

by using antisense oligonucleotides.  

 

Targeting the mTORC1 pathway and translation are promising strategies to 

treat various cardiovascular disease. Future studies need to further explore the 

mechanisms that determine gene expression, protein synthesis and the inflammatory 

response in the heart. While this thesis uncovered novel mechanisms that determine 

cardiac function, many more remain unexplored, the study of which will improve our 

understanding of cardiovascular pathophysiology and guide the development of new 

treatments for cardiovascular disease. 
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