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Abstract

Inflammation plays a crucial role in cardiac repair, but may also extend ischemic injury and 

contribute to post-infarction remodeling. This review manuscript discusses recent advances in our 

understanding of the cell biology of the post-infarction inflammatory response. Recently published 

studies demonstrated that the functional repertoire of inflammatory and reparative cells may 

extend beyond the roles suggested by traditional teachings. Neutrophils may play an important 

role in cardiac repair by driving macrophages toward a reparative phenotype. Subsets of activated 

fibroblasts have been implicated in protection of ischemic cardiomyocytes, in phagocytosis of 

apoptotic cells, and in regulation of inflammation. Dissection of the cellular effectors of cardiac 

repair is critical in order to develop new therapeutic strategies for patients with acute myocardial 

infarction.

Introduction

Implementation of early reperfusion strategies significantly reduced acute mortality in 

patients with myocardial infarction. However, this important therapeutic success resulted in 

expansion of the pool of patients who while surviving the acute event, exhibit adverse 

cardiac remodeling, and are susceptible to development of chronic heart failure. Following 

myocardial infarction, sudden death of up to a billion cardiomyocytes triggers an 

inflammatory response that plays a crucial role in repair of the infarcted heart, but is also 

implicated in the pathogenesis of adverse ventricular remodeling [1]. Excessive, prolonged, 

or dysregulated inflammatory responses following myocardial infarction are associated with 

accentuated dilation, infarct expansion and increased fibrosis and may worsen ventricular 

dysfunction [2]. Despite a growing understanding of the molecular signals regulating the 

post-infarction inflammatory response, therapeutic targeting of inflammatory mediators in 

patients with myocardial infarction has proved challenging [3]. This manuscript will discuss 

recent advances that contributed to our understanding of the role of inflammatory pathways 

in cardiac injury, repair and remodeling following myocardial infarction.
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Activation of the post-infarction inflammatory response

Release of damage-associated molecular patterns (DAMPs) by dying cells represents the key 

molecular link between cardiomyocyte death and activation of the post-infarction 

inflammatory response. Experimental studies have suggested that a wide range of danger 

signals, such as high mobility group box-1 (HMGB1) [4,5], Interleukin (IL)-1α [6], and 

extracellular RNAs [7] are released by dying cells and activate innate immune pathways. 

Extracellular matrix protein fragments are rapidly generated in the infarcted heart and may 

also activate inflammatory cascades, linking injury of the interstitial matrix with the 

inflammatory response [8]. Recently published work has added several mediators to the list 

of alarmins, capable of activating inflammatory signaling following myocardial infarction. 

Mitochondrial DNA is released following cardiac injury and may activate innate immune 

pathways extending cardiomyocyte injury [9]. Fragments of sarcomeric proteins are 

generated following infarction and may also activate inflammatory cascades [10]. DAMPs 

have a wide range of likely cellular targets, including resident cardiac macrophages and mast 

cells, vascular endothelial cells, fibroblasts, and infiltrating leukocytes (Figure 1). The 

cellular specificity of the alarmins released in the infarcted myocardium has not been 

investigated.

Endothelial cells

Endothelial cells are the most abundant non-cardiomyocytes in the adult mouse myocardium 

[11] and represent a major source of pro-inflammatory chemokines [12,13] following 

myocardial infarction. Moreover, induction of adhesion molecules on the endothelial surface 

plays an important role in recruitment of inflammatory leukocytes in the healing infarct. The 

signals responsible for inflammatory activation of endothelial cells in the infarcted 

myocardium remain poorly understood. Recently published studies have suggested that in 

the infarcted myocardium, natriuretic peptides released by cardiomyocytes, may activate an 

inflammatory phenotype in endothelial cells, promoting leukocyte recruitment [14]. 

Moreover, activation of forkhead box protein O4 (FoxO4), a transcription factor involved in 

regulation ofmany cellular pathways has also been implicated in inflammatory activation of 

endothelial cells following myocardial infarction [15•]. The upstream signals responsible for 

FoxO4 activation in the endothelium have not been identified.

Neutrophils

Myeloid cells are rapidly recruited in the infarcted myocardium and have been implicated in 

clearance of dead cells, repair, fibrosis, and remodeling of the infarcted heart [16]. Abundant 

neutrophils infiltrate the infarcted myocardium in response to induction of chemotactic 

signals, including chemokines, complement and leukotrienes. Although early investigations 

demonstrated that neutrophils may exert cytotoxic effects on viable cardiomyocytes in the 

infarct border zone extending ischemic injury [17], current concepts suggest that neutrophils 

may also have reparative functions, by regulating recruitment and activation of mononuclear 

cells. Secretory products of neutrophils and platelets have been suggested to act 

synergistically in driving monocyte recruitment in the infarcted heart [18]. A recent study 

showed that neutrophil depletion using infusion of an Ly6G-specific monoclonal antibody 

Frangogiannis Page 2

Curr Opin Physiol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



did not affect infarct size but caused progressive deterioration in cardiac function following 

myocardial infarction. The beneficial effects of neutrophils were presumed due to 

macrophage polarization toward a reparative phenotype and were mediated, at least in part, 

through secretion of neutrophil gelatinase-associated lipocalin (NGAL), a key regulator of 

macrophage function [19•]. It should be emphasized that neutrophil depletion studies in 

experimental models of myocardial infarction have produced conflicting results [20,21,19•], 

likely reflecting differences in the effectiveness and specificity of various approaches and the 

wide range of functions of neutrophils in injured tissues. In addition to transducing 

reparative signals, neutrophils also secrete injurious mediators, such as myeloperoxidase, 

implicated in the pathogenesis of adverse remodeling and arrhythmogenesis following 

myocardial infarction [22]. Moreover, neutrophils infiltrating the infarcted heart may exhibit 

phenotypic heterogeneity. A recent study identified abundant early recruitment of pro-

inflammatory N1 neutrophils in the infarcted heart, followed by late infiltration with N2 

cells [23]. Activation of Toll-like receptor (TLR)4 signaling was implicated in N1 

polarization, suggesting that DAMPs released in the infarct may stimulate a pro-

inflammatory phenotype in neutrophils.

Macrophages in cardiac repair, remodeling and fibrosis

The adult mammalian heart contains a relatively small population of resident macrophages 

[24,25]; the role of these cells in cardiac homeostasis remains unclear. Recent studies in the 

mouse suggested that cardiac macrophages may play an important role in facilitating cardiac 

conduction [26•]; the significance of these observations in function of the human conduction 

system remains unknown. Following myocardial infarction, chemokine-driven recruitment 

of monocytes [27] results in marked expansion of the macrophage population in the 

infarcted region. Infarct macrophages exhibit phenotypic and functional heterogeneity and 

orchestrate the inflammatory and reparative response. Efferocytosis of apoptotic 

cardiomyocytes by macrophages suppresses expression of pro-inflammatory mediators and 

may drive resolution of inflammation following myocardial infarction [28]. Activation of 

negative regulators of the innate immune response, such as Interleukin receptor-associated 

kinase (IRAK)-M in macrophage subsets, suppresses inflammation and attenuates protease 

activation in the infarcted heart [29]. A subpopulation of alternatively activated M2-like 

macrophages activates a reparative program in fibroblasts, promoting repair of the infarcted 

heart [30]. Macrophages may also serve as an important source of Vascular endothelial 

growth factor (VEGF)-A in the infarcted heart, stimulating repair through activation of 

infarct angiogenesis [31•].

Which signals activate myeloid cells in the infarcted myocardium?

Myeloid cells respond to the dynamic changes in their microenvironment and acquire a wide 

range of functional phenotypes. Growth factors and cytokines, neurohumoral mediators, and 

components of the extracellular matrix network play an important role in modulating 

myeloid cell function. During the early pro-inflammatory phase of infarct healing, IL-1 

promotes a pro-inflammatory macrophage phenotype inducing chemokine synthesis and 

protease activation [32]. Members of the bone morphogenetic protein family (BMP) may 

also stimulate pro-inflammatory signaling [33], whereas release of TGF-β by macrophages 
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ingesting apoptotic cells may suppress inflammatory gene synthesis, marking the transition 

to the reparative phase. Maintenance and proliferation of macrophage populations in the 

infarcted myocardium and acquisition of an M2-like phenotype require activation of CSF-1 

signaling cascades [34•,35]. Neurohumoral pathways and mechanosensitive signaling have 

been suggested as important modulators of macrophage activation [36,37]. Adrenergic 

signaling cascades may critically modulate leukocyte function following myocardial 

infarction. β2 adrenergic receptor signaling in leukocytes was found to be important for 

recruitment of leukocytes into the infarcted myocardium, and for repair following infarction 

[38,39•]. On the other hand, the β1 adrenergic receptor cascade has been suggested to exert 

detrimental effects, by promoting neutrophil-mediated injury following myocardial 

infarction [40]. Considering the wide range of cell types targeted by neurohumoral 

mediators, the relative significance of leukocyte-specific effects of catecholamines or 

angiotensin II in regulation of post-infarction injury and repair remains unknown.

Lymphocytes

Lymphocyte subpopulations are rapidly recruited in the infarcted myocardium and may 

downmodulate postinfarction inflammation by secreting inhibitory cytokines, such as IL-10 

[41,42]. A growing body of evidence implicates regulatory T cells (Tregs) in suppression of 

postinfarction inflammation [43]. Although relatively small numbers of regulatory T cells 

(Tregs) infiltrate the infarcted myocardium, these cells seem to have important effects on 

macrophage and fibroblast phenotype [44,45]. A recent study suggested that epicardial 

activation of YAP and TAZ, two core Hippo pathway effectors, may suppress post-infarction 

inflammation and fibrosis by inducing Interferon (IFN)-γ and by promoting recruitment of 

Tregs [46]. The anti-fibrotic effects of IFN-γ may involve upregulation of the anti-fibrotic 

chemokine CXCL10/IFN-γ-inducible protein (IP)-10 [47].

Mast cells and dendritic cells

Early studies in a canine model of reperfused myocardial infarction demonstrated that in 

ischemic myocardial segments, cardiac mast cells degranulate, releasing histamine, mast 

cell-specific proteases and a wide range of cytokines and growth factors [48–50]. In 

comparison to large animals, mice have much lower numbers of cardiac mast cells and 

exhibit modest mast cell infiltration following myocardial infarction [51,52]. A recent study 

in a mouse model of myocardial infarction demonstrated that cardiac mast cells may be 

protective, enhancing cardiomyocyte contractility following myocardial infarction. Mast 

cell-mediated preservation of cardiomyocyte function was attributed to tryptase secretion 

and subsequent activation of protease-activated receptor (PAR)-2, leading to reduction in 

protein kinase A (PKA) activity and modulation of myofilament protein phosphorylation 

[53•]. Considering the wide range of mediators secreted by mast cells, and their diverse 

actions on many cell types involved in cardiac remodeling, the vivo role of this specific 

pathway remains unclear.

Dendritic cells are also activated following myocardial infarction; however, their role in 

regulation of post-infarction inflammation remains unclear. Depletion experiments in a 

mouse model of myocardial infarction suggested that dendritic cells may downmodulate 
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post-infarction inflammation by secreting anti-inflammatory mediators, such as IL-10 [54]. 

In contrast, a recent study suggested that dendritic cells undergo activation following 

infarction and may prime cardiac-specific autoreactive CD4+ T cells [55]. However, the 

potential involvement of autoimmunity in extending or exacerbating injury following 

infarction has not been documented.

The cardiac fibroblasts as regulators of inflammation

The adult mammalian heart contains a significant population of resident fibroblast-like cells 

[11]. Following infarction, fibroblasts undergo myofibroblast conversion, express contractile 

proteins such as α-smooth muscle actin (α-SMA) and secrete large amounts of extracellular 

matrix proteins, serving as the main matrix-secreting cells in the healing scar [56–58]. 

Recent evidence suggests that infarct fibroblasts may have a diverse range of functions 

beyond matrix synthesis. During the early inflammatory phase of cardiac repair, fibroblasts 

may secrete inflammatory mediators and proteases, or modulate cardiomyocyte survival in 

the ischemic heart [59,60]. It has also been suggested that myofibroblasts may exhibit 

phagocytotic properties and, much like macrophages, may negatively regulate the 

inflammatory response as they engulf dead cells [61•]. Experiments in a mouse model of 

myocardial infarction suggested that expression of milk fat globule epidermal growth factor 

8 (MFG-E8) may mediate engulfment of apoptotic cells, leading to acquisition of an anti-

inflammatory myofibroblast phenotype. Quantitation of TUNEL+ signals in α-SMA+ 

myofibroblasts and in CD68+ macrophages suggested that the number of apoptotic cells 

engulfed by myofibroblasts in the infarcted heart was about 40% of that engulfed by 

macrophages. Fibroblast-specific loss-of-function approaches are needed to document the 

impact of the contribution of fibroblastmediated phagocytosis in healing infarcts.

Targeting inflammation in myocardial infarction

Despite extensive experimental evidence suggesting that targeting the inflammatory cascade 

may be effective in attenuating injury following infarction and in preventing adverse 

remodeling and heart failure, clinical translation has proved challenging [62–64]. Clearly, 

broad non-selective inhibition of post-infarction inflammation can be detrimental by 

perturbing the reparative response. The risks of broad immunomodulatory approaches are 

illustrated by recent observations showing that methotrexate administration in patients with 

ST elevation myocardial infarction (STEMI) worsened cardiac function [65]. However, 

several selective approaches targeting specific well-documented inflammatory signals 

appear to hold promise for clinical translation.

Considering the robust experimental evidence suggesting a crucial role for IL-1 signaling in 

dilative remodeling and dysfunction following myocardial infarction [66], targeting IL-1 

represents a promising therapeutic approach for patients with myocardial infarction [67]. 

The promising effects of anakinra administration in early pilot studies in patients with 

myocardial infarction [68], and the effectiveness of IL-1β inhibition in attenuating 

inflammation and in reducing cardiovascular events in high-risk patients with atherosclerotic 

disease in the recently reported Canakinumab Antiinflammatory Thrombosis Outcome 

Study (CANTOS) [69,70] offer a rare air of optimism in a field marred by disappointments. 
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Recent evidence suggesting that IL-1-driven inflammation may be implicated in 

arrhythmogenesis [71,72] may further strengthen the rationale for IL-1 inhibition in selected 

subpopulations of patients with myocardial infarction.

In addition to IL-1, several additional inflammatory targets have been suggested in patients 

with myocardial infarction. In human patients undergoing primary percutaneous coronary 

intervention (PCI) for acute myocardial infarction, intracoronary nitrite treatment decreased 

inflammatory activation of leukocytes; these effects were associated with attenuated 

microvascular obstruction and with a reduction in infarct size [73]. IL-6 inhibition through 

administration of the IL-6 receptor antagonist tocilizumab attenuated the systemic 

inflammatory response and reduced cardiomyocyte injury in patients with non-STEMI 

undergoing PCI [74]. In human patients with non-STEMI undergoing PCI, administration of 

the P-selectin antagonist inclacumab reduced myocardial injury [75]. Finally, administration 

of high dose ω-3 fatty acids in patients with acute myocardial infarction reduced adverse 

ventricular remodeling; the association of benefit with decreased levels of circulating 

inflammatory biomarkers may suggest that the protective effects may reflect attenuation of 

inflammation [76].

Conclusions

After decades of research in the field of myocardial inflammation, we may be closer than 

ever to therapeutic translation. Strategies targeting inflammatory cascades may exert 

beneficial actions in patients with myocardial infarction. Emerging evidence suggests that 

modulation of inflammation may mediate any protective effects of cell therapy with 

mesenchymal stem cells or with cardiosphere-derived cells [77,78]. Moreover, inflammatory 

cells may hold the key to the visionary goal of cardiac regeneration [79]. A lot remains to be 

done in order to advance the clinical implementation of strategies targeting inflammatory 

signals. First, understanding the cell biological mechanisms of myocardial inflammation, 

repair and fibrosis is crucial in order to design sound therapeutic strategies [3,80]. Second, 

identification of patient subpopulations with specific perturbations in inflammatory response 

is needed. Considering the pathophysiologic heterogeneity of myocardial infarction in the 

clinical context, identification of patients with excessive, prolonged or dysregulated 

inflammatory responses is critical in order to define patient subsets likely to benefit from 

targeted anti-inflammatory interventions.
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Highlights

• In the infarcted myocardium, alarmins activate pro-inflammatory signals.

• In addition to their injurious actions, neutrophils may orchestrate repair of the 

infarcted heart by modulating macrophage phenotype.

• Infarct fibroblasts exhibit phenotypic and functional heterogeneity.

• Selective therapeutic approaches targeting Interleukin-1-driven inflammation 

may hold promise for patients with myocardial infarction.
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Figure 1. 
The cell biology of the inflammatory response following myocardial infarction. Dying 

cardiomyocytes release damage-associated molecular patterns (DAMPs), activating 

inflammatory signaling in resident macrophages (Ma), mast cells (MC) and fibroblasts (F) 

and in infiltrating leukocytes. Secretion of pro-inflammatory cytokines (such as IL-1β and 

TNF-α) stimulates expression of CXC and CC chemokines in endothelial cells (EC), 

promoting recruitment of neutrophils (N), monocytes (Mo) and lymphocytes (L). In addition 

to their pro-inflammatory actions, neutrophils may also trigger polarization of reparative 

macrophages. Phagocytotic macrophages clear the infarct from dead cells (including 

apoptotic neutrophils, aN) and acquire anti-inflammatory properties, releasing TGF-β and 

IL-10. Recently published experimental work suggests that myofibroblasts (MF) may also 

play a role in phagocytosis of dead cells and in negative regulation of the inflammatory 

reaction. Dendritic cells (DC) are also activated in the infarcted myocardium and have been 

suggested to inhibit pro-inflammatory signaling by secreting IL-10. Activation of 

autoimmune pathways by dendritic cells has been suggested, but remains poorly 

documented in myocardial infarction. Matricellular proteins play an important role in 

regulating inflammatory and reparative responses in the infarcted myocardium. Matrix 

metalloproteinases (MMPs) secreted by hematopoietic cells and fibroblasts are involved in 

extracellular matrix metabolism and regulate inflammation by modulating activity of 

inflammatory mediators.

Frangogiannis Page 13

Curr Opin Physiol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Activation of the post-infarction inflammatory response
	Endothelial cells
	Neutrophils
	Macrophages in cardiac repair, remodeling and fibrosis
	Which signals activate myeloid cells in the infarcted myocardium?
	Lymphocytes
	Mast cells and dendritic cells
	The cardiac fibroblasts as regulators of inflammation
	Targeting inflammation in myocardial infarction
	Conclusions
	References
	Figure 1

