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Following acute occlusion of a coronary artery causing myocardial ischemia and implementing first-line treatment involving rapid reperfusion, a dynamic and balanced inflammatory response is initiated to repair and remove damaged cells. Paradoxically, restoration of myocardial blood flow exacerbates cell damage as a result of myocardial ischemia–reperfusion (MI-R) injury, which eventually provokes accelerated apoptosis. In the end, the infarct size still corresponds to the subsequent risk of developing heart failure. Therefore, true understanding of the mechanisms regarding MI-R injury, and its contribution to cell damage and cell death, are of the utmost importance in the search for successful therapeutic interventions to finally prevent the onset of heart failure. This review focuses on the role of innate immunity, chemokines, cytokines, and inflammatory cells in all three overlapping phases following experimental, mainly murine, MI-R injury known as the inflammatory, reparative, and maturation phase. It provides a complete state-of-the-art overview including most current research of all post-ischemic processes and phases and additionally summarizes the use of immunomodulatory therapies translated into clinical practice.
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INTRODUCTION

Ischemic myocardial injury causes decreased oxygen tension within the cell, subsequent degradation and loss of oxidative phosphorylation, and decreased generation of high-energy phosphates resulting in loss of membrane integrity (1). Irreversible cardiomyocyte injury, demonstrated by sarcolemmal disruption and presence of small amorphous densities in the mitochondria develops after 20–40 min of sustained severe ischemia (2). Cardiomyocyte cell death causes release of cardiomyocyte-specific proteins, such as myoglobin, cardiac troponin (cTn) T and I, creatine kinase MB (CK-MB), and creatine phosphokinase (CPK), which are used clinically as markers for early detection (3), especially by the use of high-sensitivity cTn assays nowadays (4). The dominant mechanism of cardiomyocyte death is coagulation necrosis, peaking after 12 h up to 4 days, with cell swelling and rupture of cell membranes resulting in extrusion of intracellular contents after passing the point of no return even though reperfusion is applied at a certain moment. This triggers an extensive inflammatory reaction activating reparative pathways ultimately contributing to mature scar formation (5). The other mechanism is apoptosis, peaking after 6–8 h, concerning programmed cell death, in particular, induced by reperfusion and also affecting non-infarcted areas of the LV wall and interventricular septum (6).

Myocardial infarct repair comprises three overlapping phases: the inflammatory, reparative, and maturation phase. The inflammatory phase contains activation of chemokine and cytokine cascades resulting in recruitment of local infiltration of leukocytes into the infarct area. Dead cells and matrix debris are cleared by neutrophils and macrophages. During the reparative or proliferative phase, activated mononuclear cell and macrophage subpopulations release cytokines and growth factors that recruit and activate predominantly myofibroblasts and vascular cells, while pro-inflammatory mediators are suppressed. Activated myofibroblasts abundantly produce extracellular matrix proteins, and an extensive microvascular network is formed with preservation of the structural integrity. In the maturation phase, reparative fibroblasts and vascular cells become apoptotic, and a cross-linked collagen-based scar is formed (7). This review addresses the post-ischemic inflammatory response in its entirety focusing on the role of innate immunity, chemokines, cytokines, and inflammatory cells in all three overlapping inflammatory, reparative, and maturation phases following experimental myocardial ischemia–reperfusion (MI-R) injury. The complexity of this process makes it amenable to pharmacologic interventions of which some has been successfully translated toward clinical practice as discussed in the final section.



MYOCARDIAL ISCHEMIA–REPERFUSION INJURY

As mentioned previously, early reperfusion by primary percutaneous coronary intervention (pPCI) is the recommended therapy in acute myocardial infarction (MI) since reperfusion restores oxygen and nutrient supply accentuating the post-ischemic inflammatory response and accelerating wound healing, making it a prerequisite for cardiomyocyte salvage (8). Even late reperfusion showed to be beneficial in humans, where it results in considerable myocardial salvage (9), as well as in animals, exhibiting permanent reduction of infarct expansion and ventricular remodeling (10). Paradoxically, restoration of myocardial blood flow comes at a price, as it initiates myocardial reperfusion injury by a series of events, which eventually provoke accelerated apoptosis (11).

There are four types of MI-R injury recognized. The first two are reversible and consist of reperfusion-induced arrhythmias, in particular, ventricular arrhythmias, which are usually self-terminating or effectively treated (12), and myocardial stunning, referring to reversible post-ischemic contractile dysfunction resulting from the detrimental effects of oxidative stress and intracellular calcium overload on the myocardial contractile apparatus (13). The other two are irreversible and are known as microvascular obstruction with reduced blood flow to the infarct zone despite patency of the infarcted-related artery (14, 15), and lethal reperfusion injury, which may account for up to 50% of the final infarct size (11).

The innate immune system is triggered following tissue injury resulting in the release of soluble inflammatory mediators soon after reperfusion, inducing an extensive inflammatory response as described above. Recruitment of inflammatory cells, oxidative stress, and endothelial barrier dysfunction compose myocardial healing in the early phase. Cytokines activate and recruit neutrophils to the injured infarct area, which cause direct injury to the endothelial cells via production of reactive oxygen species (ROS) (16), inflammatory cytokines, and adhesion molecules that facilitate binding of leucocytes and platelets. Other mediators of myocardial reperfusion injury are the opening of the mitochondrial permeability transition pore, cardiomyocyte calcium overload with hypercontracture, and intracellular pH changes resulting in a wave front of reperfusion injury with a strict therapeutic window (17). Reperfusion also induces and aggravates apoptosis (6). Through binding and ingestion of dying cells, myeloid cells can markedly influence immune responses. MI-R-induced apoptosis results in changes in cellular structures including loss of the asymmetric distribution of plasma membrane phospholipids (18).


Innate Immunity

Cell death induced by necrosis causes a release of intracellular contents and triggers an inflammatory response by activating the innate immune system (Figure 1). Expression of endogenous ligands upon reperfusion are judged as “danger signals.” These danger-associated molecular patterns (DAMPs) are recognized by both signaling and endocytic pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), expressed by cells of the innate immune system. Activation of inflammatory pathways by activation of, e.g., TLR-mediated pathways, chemoattractants, the complement cascade, and ROS as a result of MI induces the expression of a large panel of pro-inflammatory genes driven by the activation of mitogen-activated protein kinases (MAPKs) and especially nuclear factor (NF)-κB (7).
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FIGURE 1. Innate immunity following myocardial ischemia–reperfusion injury. Ischemic-induced myocardial cell death activates innate immunity. Expression of endogenous ligands upon reperfusion are known as danger-associated molecular patterns (DAMPs) including HMGB1, high-mobility group box-1; HSPs, heat shock proteins; OSEs, oxidation-specific epitopes; HA, hyaluronic acid. These DAMPs are recognized by pattern recognition receptors (PRRs) like TLRs, NLRs, RAGE, complement cascade, reactive oxygen species (ROS), and chemoattractants. Finally, activation of the nuclear factor (NF)-κB and mitogen-activated protein kinase (MAPK) pathways induce the expression of pro-inflammatory chemokines, cytokines, and adhesion molecules regulating a complex post-ischemic inflammatory response.



Danger-Associated Molecular Patterns

The innate immune system can be triggered by endogenous, non-pathogenous signals, referred to as DAMPs (19). These endogenous ligands released in response to MI include high-mobility group box-1 (HMGB1), heat shock proteins (HSPs) and S100-proteins, nuclear and mitochondrial DNAs, RNAs, adenosine triphosphate (ATP), low molecular weight hyaluronic acid, and fibronectin fragments (20). Oxidation-specific epitopes (OSEs) can act as endogenous DAMPs as well (21).

HMGB1, the best characterized danger signal, is a key initiator of inflammatory injury following myocardial ischemia controlled by action mechanisms involving TLRs (22, 23) and RAGEs, the receptor for advanced glycation end products (22). HMGB1 mediates MI-R injury by activation of inflammatory pathways (24), but also confers favorable effects by enhancing angiogenesis, reducing infarct size and improving cardiac function following MI (25). Also, HSPs showed both beneficial and detrimental effects following myocardial ischemia. For instance, HSP20 and HSP70 protect cardiomyocytes against MI-R injury in rodents, with improved recovery of cardiac contractile performance and decreased infarct size (26). However, HSP60 has strongly been associated with the development of ischemic heart failure (27), and HSP60-mediated activation of TLR4 induced myocardial apoptosis and cytokine expression following MI-R injury (28). Also, low molecular weight hyaluronic acid and fibronectin are capable of activating the innate immune system via TLRs (29, 30).



Toll-Like Receptors

TLRs are highly conserved transmembrane receptors and comprise the major group of PRRs, and recognize a variety of DAMPs and pathogen-associated molecular patterns (PAMPs). The TLR family consists of 13 different receptors, classified into the plasma membrane or endosomal localized TLR subfamilies, triggering the innate immune system upon binding of their ligands leading to the dimerization of the cytosolic Toll/interleukin-1 receptor (TIR) domain, ultimately activating nuclear factor (NF)-κB and MAPK pathways to upregulate pro-inflammatory mediators (31, 32). Myocardial infarction induced local TLR4 expression (33), and upregulated TLR4 in cardiomyocytes that exacerbated heart failure (34). Furthermore, TLR4 deficiency resulted in decreased MI-R injury (35), restricted cardiomyocyte apoptosis (23), and attenuated adverse cardiac remodeling resulting in improved LV function (36). In addition, administration of a chemical TLR4 inhibitor reduced the recruitment of Ly-6Chi monocytes accompanied by impaired NF-κB activation and cytokine expression. This resulted in decreased infarct size (37). TLR2 deficiency resulted in reduced LV dilation and improved LV function due to decreased fibrosis in the non-infarcted area (38), and antagonizing TLR2 reduced infarct size after MI-R injury (39). Although less extensive, other TLRs have been analyzed as well following MI-R injury. Signaling of TLR3-TIR domain-containing adaptor inducing IFN-β-mediated transcription factor (Trif) represents an injurious pathway, since TLR3-Trif deletion reduced infarct size and improved LV function probably by mediating myocardial apoptosis (40). In addition, administration of the TLR9 ligand activated the PI3K/Akt signaling pathway conferring cardioprotective effects by induction of TLR9 tyrosine phosphorylation and association with the p85 subunit of PI3K (41). Taken together, TLRs are promising therapeutic targets, and several TLR (ant)agonists already have been developed and investigated following MI-R injury (42, 43).



Nucleotide-Binding Oligomerization Domain-Like Receptors

NLRs are a group of intracellular PRRs with over 20 members. NLRs consist of a pyrin (PYD) or caspase recruitment (CARD) domain at the N-terminus combined with a central nucleotide binding (NACHT) followed by a C-terminal leucine-rich repeat (LRR) domain. The inflammasome comprises an activated NLR protein, the adaptor apoptosis speck-like protein containing a caspase-recruitment (ASC) domain, and procaspase-1 (44). After an MI, the major components of the NLRP3 inflammasome are upregulated and/or activated in leukocytes, fibroblasts, and endothelial cells, as well as in border zone cardiomyocytes, resulting in increased interleukin (IL)-1β and IL-18, its cytokine end products. Targeted gene disruption (45) and antibody neutralization (46) have been shown to reduce infarct size after MI-R injury, whereas NLRP3 deficiency (47) and selective NLRP3 inhibition (48) exhibited additional preservation of cardiac function.



Receptor for Advanced Glycation End Products

The receptor for advanced glycation end products also serves as a multiligand PRR, which triggers a number of cytosolic signaling pathways, including NF-κB and MAPK-dependent inflammatory genes (49). RAGE deficiency protected against MI-R injury resulting in improved cardiac function and remodeling, while RAGE-mediated signaling is essential for circulating cells to migrate to the myocardium and exert detrimental effects (50). Accordingly, co-treatment of soluble RAGE and siRNA RAGE exhibited synergistic cardioprotective effects following MI-R injury (51), and modulation of the AGE-RAGE/MAPK pathways resulted in improved cardiac function by attenuating MI-R injury (52).



Complement Cascade

Involvement of the complement system in myocardial ischemia was first demonstrated almost five decades ago (53), and activation has been suggested to extend ischemic injury (54). The complement cascade operates on the transition from innate to adaptive immunity and is activated through three different mechanisms defined as the classical, alternative, and lectin pathways. All three lead to cleavage of C3 with subsequent activation of C5 and formation of the membrane attack complex (MAC) (55). It consists of numerous plasma and cell membrane proteins, which are activated following binding of antibodies to PAMPs and release of DAMPs in response to tissue injury. Also, C-reactive protein and IgM play an important role since they are co-localized with activated complement in human infarcted myocardium (56). Activation causes opsonization of pathogens, phagocytosis, augmentation of inflammation, and direct cell lysis, which is regulated by many regulatory proteins (57).

All three pathways are involved in the pathogenesis of MI-R injury, by activation-mediated neutrophil and monocyte recruitment in the ischemic myocardium especially in the first hours of reperfusion (58). The lectin pathway, initiated by recognition of the circulating pathogen recognition molecule mannose-binding lectin (MBL), seemed to be the major contributor. Complement inhibition by antibodies against MBL reduced neutrophil infiltration and attenuated pro-inflammatory gene expression (59). In addition, MBL deficiency with concomitant active alternative and classical pathways protected against MI-R injury with resultant preservation of cardiac function (60).

Blocking the complement cascade may reduce myocardial injury, which has been accomplished by consumptive depletion with cobra venom factor (61), antibody-induced inhibition (62), genetic deficiency (63), or ablated plasma activation (64) of individual complement components such as C5, or by infusion of modified native components that block activation like soluble complement receptor type 1 (sCR1) (65) and C1-esterase inhibitor (C1-INH) (66). Despite these promising results in animal models, clinical studies concerning C5 inhibition in humans have been performed with disappointing results (67).



Activation of NF-κB

Induction of pro-inflammatory mediators in ischemic myocardium is controlled by activation of the NF-κB system, a central transcriptional effector of inflammatory signaling, triggering transcription of various genes including inflammatory cytokines, CXC and CC chemokines, and adhesion molecules upon MI (68). The family of transcription factors consists of at least five subunits, RelA (p65), RelB, c-Rel, p50, and p52 (69). NF-κB signaling in the heart has been controversial and seems to regulate three genetic programs depending on the timing and cellular activation, known as acute cytoprotection following hypoxia/ischemia, chronic cytotoxicity generated by a prolonged inflammatory response, and hypertrophy (68).

Pharmacological blockade of inhibitor of NF-κB (IκBα) (70) and inhibitor of NF-κB kinase subunit β (IKKβ) (71), cardiomyocyte-specific NF-κB deletion (72), and blocking of the inflammatory gene activation (73) decreased infarct size, reduced inflammatory responses, and improved cardiac function following MI-R. However, several studies reported conflicting results endorsing the various cellular processes and molecular pathways affected by the NF-κB system, which are also strictly dependent on the cellular context and timing of activation since prolonged NF-κB activation promoted heart failure by provoking chronic inflammation (68).



Chemokines

Following MI, a variety of pro-inflammatory chemokines and cytokines are upregulated as a result of activation of the innate immune system (Figure 2). Chemokines are divided into subfamilies on the basis of the number and sequential relationship of their conserved cysteine residues (CC, CXC, CX3C, and XC) and play a critical role in basal and inflammatory leukocyte trafficking (74). Functionally, they can be divided in homeostatic chemokines, which are constitutively expressed in certain tissues and execute basal leukocyte trafficking, and inducible or inflammatory chemokines, which are markedly upregulated following tissue injury and actively induce leukocyte recruitment (75). Expression of chemokines is managed by activation of TLR-mediated pathways, the complement cascade, ROS generation, and the NF-κB system following myocardial ischemia, while reperfusion accentuates chemokine expression (76).
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FIGURE 2. Post-ischemic inflammatory response. Myocardial infarction especially followed by reperfusion results in a complex post-ischemic inflammatory response encompassing a multifactorial and dynamic process. Apoptosis and necrosis activate the innate immune system resulting in the upregulation of pro-inflammatory chemokines and cytokines. As a result, inflammatory cells are attracted to the ischemic myocardium known as the inflammatory phase. In addition, the production of anti-inflammatory cytokines causes a transition toward the reparative phase accompanied by reparative monocyte and macrophage subtypes. Finally, (myo)fibroblasts and angiogenic cells ensure the formation and maturation of myocardial scar tissue.




CC Chemokines

CC chemokines are the largest and most distinct subfamily and function as potent mononuclear cell chemoattractants. The monocyte chemoattractant protein (MCP)-1/chemokine ligand (CCL)2 is rapidly upregulated in the ischemic myocardium and operates as a potent chemoattractant to mononuclear cells following reperfusion (77). In addition, MCP-1 deficiency attenuated post-ischemic LV remodeling as a result of a prolonged inflammatory phase with decreased and delayed macrophage infiltration (78). However, in the absence of reperfusion, cardiac overexpression of MCP-1 induced macrophage infiltration, neovascularization, myocardial IL-6 secretion, and myofibroblast accumulation, which prevented LV dysfunction and adverse remodeling after MI (79). Furthermore, administration of a CCL2 competitor reduced monocyte recruitment, which attenuated MI-R injury (80), and pharmacological blockage of the CCL5-CXCR4 interaction impaired the inflammatory response resulting in a reduced infarct size and preserved cardiac function (81). Similar results were observed with anti-CCL5 antibody therapy following permanent ischemia as a result of impaired infiltration of mononuclear cells (82). Absence of the chemokine receptor CCR1 resulted in reduced functional impairment and structural remodeling due to an abolished early inflammatory recruitment of neutrophils accompanying improved tissue healing (83). More recently, CCR9 deficiency was demonstrated to reduce mortality as a result of a decreased infarct size and limited adverse LV remodeling associated with an attenuated inflammatory response (84).




CXC Chemokines

CXC chemokines that contain an ELR motif are critically involved in chemotactic recruitment of neutrophils, and those lacking the ELR motif regulate the recruitment and activation of lymphocytes. From the ELR-containing CXC chemokines, CXCL8/IL-8 is upregulated in experimental MI-R and participates in neutrophil-mediated myocardial injury (85, 86). IL-8 induces chemotaxis and granulocyte recruitment, enhances β2 integrin-dependent cellular adhesion (87), and inhibition with a neutralizing monoclonal antibody reduced the degree of necrosis after MI-R independent of neutrophil infiltration (88). Other ELR-containing CXC chemokines, such as growth-regulated oncogene (GRO)-α/KC/CXCL1, macrophage inflammatory protein (MIP)-2/CXCL2, and lipopolysaccharide-induced chemokine (LIX)/CXCL5, induced neutrophil chemotaxis and activation, and are expressed by infiltrated inflammatory cells and ischemic myocardium following MI-R injury (89). In addition, deficiency of the chemokine receptor CXCR2 showed predominant cardioprotective effects with reduced infarct size and recruitment of inflammatory cells after MI-R injury (90). Also, pharmacological inhibition by a chemokine-binding protein of CXC chemokines, such as CXCL1 and CXCL2, reduced infarct size by preventing neutrophil recruitment and ROS production (91).

Of the ELR-negative CXC chemokines, interferon-inducible protein (IP)-10/CXCL10 peaks in the early reperfusion phase and regulates the cellular composition attenuating adverse remodeling, since IP-10 deficiency resulted in a hypercellular early reparative response with intense infiltration of myofibroblasts suggesting the exertion of anti-fibrotic actions following myocardial ischemia (92). Finally, stromal cell-derived factor (SDF)-1/CXCL12 may recruit progenitor cells with angiogenic potential, contributing to neovascularization of the scar (93), and is upregulated after MI regulating therapeutic stem cell homing to ischemic myocardium, which resulted in preserved cardiac function (94). Improved cardiac function after myocardial ischemia was attributed to increased angiogenesis and decreased scar formation as a result of SDF-1α treatment (95), and the protective effect was blocked by the administration of a selective antagonist following MI-R injury (96). However, conflicting observations have been reported following MI-R with detrimental effects of CXCR4-CXCL12 overexpression possibly as a result of enhanced inflammatory cell recruitment, and activation of cell death or apoptosis (97). These conflicting results again reflect the complexity of the reparative process with multifunctional, pleiotropic, and context- and timing-dependent actions of chemokine signaling.



Cytokines

Following acute MI, various inflammatory cytokines are secreted by circulating inflammatory cells and cardiac resident cells, amplifying the pro-inflammatory response to acute ischemia–reperfusion injury by moderating the local recruitment of inflammatory cells (Figure 2). Pro-inflammatory cytokines tumor necrosis factor (TNF)-α, IL-1, and IL-6 have consistently been found to be induced and released following MI (98, 99), whereas IL-10 and transforming growth factor (TGF)-β exerted anti-inflammatory effects (5, 98).


Pro-inflammatory Cytokines

Induction and release of pro-inflammatory cytokines play an important role in mediating chemokine upregulation in the injured myocardium. TNF-α stimulates expression of other pro-inflammatory cytokines, chemokines, and adhesion molecules by leukocytes and endothelial cells, and regulates extracellular matrix metabolism by decreasing collagen synthesis and activating matrix metalloproteinase (MMP) activity (100). Targeted TNF-α overexpression caused adverse cardiac remodeling provoked by progressive cardiomyocyte apoptosis (101). Following MI-R injury, TNF-α deficiency exhibited attenuated chemokine expression and NF-κB activation in the infarcted heart resulting in reduced infarct size and improved cardiac function (102). Additional remote ischemic preconditioning prior to reperfusion attenuated the inflammatory response causing decreased levels of TNF-α and IL-1β accompanied with an improved LV function (103). Pharmacological treatment with morphine following MI-R injury was shown to decrease circulating TNF-α levels and reduce infarct size with concomitant improvement of LV function (104). Furthermore, G protein-coupled receptor kinase 2 (GRK2) deficiency resulted in decreased TNF-α expression and fibrosis resulting in reduced infarct size and preserved cardiac function (105). In experimental MI, TNF-α deficiency protected against myocardial rupture and chronic LV dysfunction by inhibiting abundant inflammation, matrix and collagen degradation, and apoptosis (106). In contrast, protective effects of TNF-α signaling are described as well, since neutralizing TNF-α with adenoviral TNFR1 exhibited detrimental effects by promoting ventricular rupture and exacerbating ventricular dysfunction and remodeling following MI (107). Complexity of cytokine expression regarding therapeutic interventions remains a challenge and influences its effects, which might partially depend on blockage of specific receptors since TNF-α effects was shown to be toxic via TNFR1 and protective via TNFR2 (108, 109).

Neutralization of IL-1 by genetic overexpression of IL-1 receptor antagonist protected the myocardium from MI-R injury by attenuating the inflammatory response associated with decreased apoptosis (110), and reduced inflammatory markers in patients with acute coronary syndrome (111), but exerted no functional improvement (112). Renal sympathetic denervation resulted in a reduced circulating production of pro-inflammatory cytokines IL-1 as well as IL-6 and TNF-α, which was associated with decreased circulating inflammatory cells, reduced infarct size, and improved LV ejection fraction following MI-R injury (113). Administration of a caspase-1 inhibitor combined with a P2Y12 antagonist decreased circulating IL-1β, reducing infarct size and preserving LV-function (114). In addition, treatment with an IL-1 receptor (IL-1R) antagonist as well as IL-1RI deficiency exhibited decreased neutrophil and macrophage infiltration of the injured myocardium with reduced chemokine and cytokine expression subsequently resulting in reduced cardiomyocyte apoptosis and an attenuated fibrotic response preserving adverse remodeling (115, 116).

Synthesis of IL-6 is induced rapidly in the ischemic-reperfused myocardium (117), and IL-6 has been associated with acute coronary syndrome (118). In mendelian randomization studies, IL-6R inhibition resulted in reduced cardiovascular events suggesting a novel therapeutic approach to prevent coronary heart disease (119). In addition, administration of tocilizumab, an IL-6R antagonist, in patients suffering a non-ST-elevation MI attenuated the inflammatory response with reduced levels of high-sensitivity C-reactive protein and cTnT (120). However, pre-clinical studies reported conflicting results, as IL-6 deficiency did not affect infarct size, LV function or remodeling, and survival after unreperfused MI, which was explained by a compensatory role of other mediators (121) but, on the other hand, reduced infarct size following MI-R injury (122). Furthermore, administration of the IL-6R antibody MR16-1 after MI suppressed myocardial inflammation causing impaired LV-remodeling and improved LV contractile function (123), but worsened LV remodeling following MI-R injury (124). Regarding pharmacological treatment, administration of bisoprolol conferred cardioprotective effects following MI-R injury by suppressing both IL-6 as TNF-α secretion and attenuating the unfolded protein response, thereby reducing infarct size and improving post-ischemic cardiac function (125). Linagliptin, a dipeptidylpeptidase (DPP)-4 inhibitor, attenuated the increase in IL-6 as well as IL-1β and TNF-α following MI-R injury, which was associated with a limited infarct size and improved ejection fraction (126).

Overall, attenuating the effects of pro-inflammatory cytokines seemed cardioprotective; however, conflicting results suggest them to exert diverse biological effects and emphasize the complex and pleiotropic cytokine actions in biological processes.



Anti-inflammatory Cytokines

Inhibitory mediators, such as IL-10, TGF-β, or lipid-derived substances may be the predominant mechanism for deactivation of chemokine signals. They exert pleiotropic effects in regulating the immune response and are leading in mediating the post-ischemic reparative response (127).

IL-10 is predominantly expressed by activated T-lymphocytes and stimulated monocytes, and possesses potent anti-inflammatory properties. Induction of IL-10 coincides with the suppression of IL-6 formation in macrophages and monocytes and further inhibits production of IL-1α, IL-1β, TNF-α, and IL-8, suppressing the inflammatory response. Furthermore, it stabilizes the matrix by decreasing metalloproteinase biosynthesis (128). IL-10 is upregulated in reperfused myocardium, and neutralizing IL-10 activity caused reduced expression of tissue inhibitor of metalloproteinases (TIMP)-1, suggesting IL-10 to contribute to stabilization of the matrix (129). Following MI-R injury, IL-10 deficiency resulted in increased fibrosis and apoptosis (130) and an enhanced inflammatory response, associated with increased infarct size and mortality (131). In addition, administration of recombinant IL-10 following MI suppressed the inflammatory response and contributed to improved LV function and remodeling by inhibiting fibrosis and enhancing capillary density (132). Pharmacological treatment with colchicine before (133) or a selective β2 adrenergic receptor agonist during (134) MI-R injury increased systemic IL-10 levels exhibiting a cardioprotective effect with a reduced infarct size. However, conflicting evidence regarding the role of IL-10 in the resolution of the inflammatory response following MI-R exists, as IL-10 deficiency also showed timely repression of pro-inflammatory cytokines and chemokine mRNA synthesis with a similar course of neutrophil infiltrate resolution, indicating the involvement of multiple overlapping modulating mechanisms (135).

Cell proliferation, differentiation, and apoptosis as well as modulation of the immune response are all regulated by TGF-β. Because of its anti-inflammatory and fibrogenic properties, it affects cardiac remodeling by mediating transition from inflammation to fibrosis (136). Upon TGF-β stimulation, myofibroblast transdifferentiation is induced, and the activity of proteases that degrade the extracellular matrix (ECM) is suppressed (137). Following myocardial ischemia TGF-β is increased, of which TGF-β1 and TGF-β2 isoforms are upregulated within the first few days in contrast to the delayed and prolonged expression of the TGF-β3 isoform showing a positive correlation with parameters of the ECM metabolism (138). TGF-β is predominantly located in the infarct border zone activated by the induction of thrombospondin (TSP)-1 following MI-R injury (139). The signaling pathway is regulated through Smad proteins (140) of which Smad3 signaling seemed to be critical in cardiac remodeling (141).

Post-ischemic treatment with TGF-β prevented severe cardiac injury, presumably by attenuating the deleterious effects of pro-inflammatory cytokines (142). Loss of the anti-inflammatory mechanism of growth differentiation factor (GDF)-15, a TGF-β-related cytokine and inhibitor of leukocyte integrin activation, resulted in fatal cardiac rupture after MI (143). Moreover, prevention of myeloid-epithelial-reproductive tyrosine kinase (MerTK) cleavage following MI-R injury resulted in secretion of TGF-β and IL-10, which was associated with a reduced infarct size and improved systolic function (144). However, reducing TGF-β activity by inhibiting the TGF-β type I receptor, attenuated systolic dysfunction and LV remodeling (145), and gene therapy against TGF-β mitigated LV remodeling as well (146). Also, inhibition of TGF-β expression due to a combination therapy of angiotensin-converting enzyme (ACE) inhibitor and angiotensin receptor blocker attenuated cardiac fibrosis and remodeling (147). Furthermore, targeted disruption of TGF-β signaling by conditional deficiency of the TGF-β receptor 1 or 2 resulted in a marked decline in neutrophil recruitment and upregulation of protective cardiokines protecting from LV wall rupture (148). Finally, Smad3 deficiency following MI-R injury resulted in reduced interstitial fibrosis and attenuated cardiac remodeling due to abrogation of the fibrogenic TGF-β responses (149). Discrepancies might be explained by a specific time window of action since activation of TGF-β signaling seemed protective in the early post-ischemic phase, but caused adverse LV remodeling and dysfunction when expression persists over time (150).

The inhibitory cytokines exert pleiotropic effects regarding their inflammatory and reparative properties, which can be either stimulatory or inhibitory, depending on the state of cellular differentiation, microenvironmental cues, and the cellular tissue origin. The related complexity has hampered the translation from attractive hypothesis toward novel therapeutic strategies exhibiting functional improvement in experimental MI models.




Inflammatory Cells

Acute MI results in a complex inflammatory response associated with induction of endothelial adhesion molecules and enhanced permeability of the microvasculature. Upregulated chemokines and cytokines cause extravasation of activated blood-derived cells into the infarcted area (Figure 2), which play an important role in regulating the reparative response and are possible targets for cardioprotective therapies (151). Single-cell RNA-sequencing following unreperfused MI of the non-cardiomyocyte fraction revealed over 30 cell subtype populations, which highlighted post-ischemic non-linear dynamics in myeloid and fibroblast lineages crucial for understanding of cardiac homeostasis, inflammation, fibrosis, repair, and regeneration (152).

At first, platelets are recruited into the injured myocardium representing an important linkage between tissue injury and repair (153). They target monocytes, macrophages, and T-cells by releasing mitogenic factors, recruit leukocytes by production of cytokines and chemokines, and trigger complement activation (154, 155). Following MI-R injury, platelet-derived serotonin induced neutrophil degranulation with release of myeloperoxidase, which was abolished after additional genetic or pharmacological depletion preserving cardiac function (156). In addition, targeting activated platelets with a single-chain antibody-CD39 (Targ-CD39) resulted in attenuated post-ischemic inflammation, reduced infarct size, and increased neovascularization resulting in a remarkable restoration of ejection fraction and strain rate (157).

Briefly, MI triggers a biphasic reaction of inflammation and remodeling, with immediate influx of neutrophils and CCR2+Ly-6Chi pro-inflammatory M1 monocytes/macrophages in the immediate phase, which phagocytose debris and secrete pro-inflammatory cytokines IL-1β, IL-6, and TNFα. After around 3 days transition to the reparative phase is achieved in which accumulated Ly-6C-F4/80hi M2 macrophages secrete anti-inflammatory cytokines IL-10 and TGF-β (158).



Inflammatory and Reparative Phases
 
Neutrophils

Prior to MI, neutrophils as well as monocytes already circulate in the blood in a steady state. In response to experimental MI, neutrophils, which are efficient phagocytes that engulf and degrade microorganisms using oxidative and non-oxidative mechanisms, are migrated into the injured myocardium as the first line of defense to phagocytose death myocardial cells (159). In the clinical setting, elevated neutrophil as well as leukocyte counts following primary PCI in ST-segment elevation MI are directly related to infarct size and LV ejection fraction and are independent predictors of cardiovascular outcomes (160). Neutrophils infiltrate the injured myocardium within hours, peaking at 1–3 days and primarily tend to target the border zone showing accentuated accumulation at reperfusion (161). They are recruited to the injured myocardium by a high concentration of chemotactic factors, such as MIP-2α, IL-8(/CXCL8), CXCL1(/GRO-α/KC), complement 5a, and leukotriene B4. Migration from the circulation into the injured myocardium depends on binding to P-selectin, E-selectin, intercellular adhesion molecule (ICAM)-1, and vascular cell adhesion molecules (162). Until recently, it was believed that cardiac neutrophils demonstrate a pro-inflammatory N1 phenotype, being predominant in the infarct area correlating with wall thinning, and an anti-inflammatory N2 phenotype, increasing over the course of MI (163). Excessive infiltration and/or delayed removal may exacerbate injury by intensifying the inflammatory response. Novel insights show a more complex concept of temporal cardiac neutrophil heterogeneity in experimental MI. Single-cell RNA sequencing combined with surface epitope detection demonstrated more complex neutrophil dynamics with two major subsets. The SiglecFlo neutrophils, resembling circulating blood neutrophils, and the SiglecFhi neutrophil subset, exclusively found in the heart, are characterized by specific effector functions as phagocytosis and production of ROS (164).

Targeting neutrophils to reduce accumulation into the injured myocardium has been shown to reduce infarct size and mostly improved cardiac function following neutralization of the receptor activator of NF-κB ligand (165), plasminogen activator inhibitor-1 deficiency (166), brahma-related gene 1 (BRG1) deficiency (167), pharmacological inhibition, as well as deficiency of transient receptor potential melastatin 2 (TRPM2) (168), or proteasome-mediated IκBα inhibition (169). Furthermore, inhibition of neutrophil activity exposed beneficial effects with a reduced infarct size as a result of pretreatment with a dual cyclooxygenase–lipoxygenase blocking agent before MI-R injury (170). Improved LV function and attenuated adverse remodeling were shown following administration of an inhibitor of the triggering receptor expressed on myeloid cells-1 (TREM-1) (171), a S100A8/A9 blocker (172), or myeloperoxidase inhibitor (173) early after initiating reperfusion. In addition, neutralization of L-selectin and P-selectin with monoclonal antibodies attenuated neutrophil accumulation and reduced myocardial necrosis after MI-R injury (174, 175). However, combined P-selectin and ICAM-1 deficiency demonstrated impaired neutrophil trafficking but did not affect infarct size in response to MI-R (176). Moreover, inhibition or loss of the CD11/CD18-integrin receptor, which allows neutrophil binding and transmigration, resulted in diminished neutrophil accumulation accompanied by a reduced infarct size and preserved cardiac function after experimental MI-R injury (177–179). Disappointingly, clinical studies targeting CD11/CD18 subunits did not report any cardioprotective effect following acute MI, endorsing its challenging aspects (180, 181). Finally, complete neutrophil depletion was shown to be detrimental, since neutrophils are crucially involved by polarizing macrophages toward a reparative phenotype, emphasizing the importance of carefully balanced novel anti-inflammatory therapeutic strategies (182).



Mononuclear Cells

Following experimental MI-R injury, mononuclear cells (monocytes and lymphocytes) are rapidly recruited into the ischemic myocardium, visualized by real-time in vivo imaging (183), due to various monocyte chemoattractants driven by MCP-1 (78). Monocytes and macrophages have a critical role in post-ischemic cardiac repair, since they promote both injury and repair, and express wide heterogeneity and dynamics during the immediate inflammatory response. As a result of cardiomyocyte injury, monocytes and monocyte-derived macrophages infiltrate the heart and largely replace tissue-resident macrophages. Cardiac tissue-resident macrophages originate from CX3CR1+ progenitors (184), are self-renewing and long-lived (185), and display an anti-inflammatory F4/80hiLy-6Clo or M2 phenotype (186). A combination of single-cell RNA sequencing with genetic fate mapping of the healthy adult myocardium revealed four transcriptionally distinct cardiac macrophage subsets, which are, on the one hand, maintained independent of blood monocytes, or on the other hand, partially or fully replaced by monocytes. Following myocardial injury, resident cardiac macrophages, suppressed by peripherally CCR2+ monocyte-derived macrophages, accounted for only 2–5% of the cardiac macrophages within the infarct area (187). Resident cardiac macrophages undergo continuous and distinct transcriptomic changes (186), and their depletion promoted adverse remodeling and impaired cardiac function (187).

Of the monocytes, the pro-inflammatory (Ly-6Chi) monocytes migrate to the site of injured myocardium at first, peaking 3 days after MI, which express TNF-α and IL-1β, produce proteolytic enzymes, and secrete MMPs. They exhibit rapid kinetics with a relatively short circulating life-span (188), and differentiate, in the presence of IFN-γ or lipopolysaccharide (LPS), into activated pro-inflammatory M1 (CCR2+) macrophages secreting large amounts of pro-inflammatory mediators (189). In addition, nuclear receptor subfamily 4, group a, member 1 (Nr4a1) seems critical for Ly-6Chi monocytes to exert either inflammatory or reparative effects following unreperfused MI. Although differentiated cardiac macrophages depend on Nr4a1 to limit inflammation, the apoptotic or proliferation processes seem unaffected (190). Second, after about 7 days, the reparative (Ly-6Clo) monocytes, also suggested to directly correspond with F4/80hiLy-6Clo macrophages originated from Ly-6Chi monocytes (190, 191), become predominant, which differentiate, in the presence of IL-4 and IL-10, toward a reparative M2 (CCR2–) phenotype, promoting the healing response, and contributing to angiogenesis and scar maturation (189). Tissue-resident CCR2+ and CCR2– macrophages differentially regulated cardiac mobilization and recruitment of peripheral monocytes where depletion of tissue-resident CCR2+ macrophages substantially reduced the recruitment of recipient monocytes and neutrophils accompanied by an improved LV systolic function following murine MI-R injury (185). In the clinical setting, higher levels of pro-inflammatory monocytes were associated with severe myocardial injury and poor functional outcome following acute MI (192, 193). Furthermore, the macrophage migration inhibitory factor (MIF) seemed to exert pleiotropic effects following MI-R injury. By activating the cardioprotective AMP-activated protein kinase (AMPK) pathway, it seemed beneficial, on the one hand (194), but MIF deficiency, on the other hand, turned out to protect the heart by suppressing the inflammatory response as well (195). The compartmentalized and opposing effects are largely mediated by CXCR2, where CXCR2-bearing inflammatory cells revealed to be detrimental by increasing monocyte infiltration (196). Efferocytosis of apoptotic cardiomyocytes by macrophages suppressed expression of pro-inflammatory mediators, which may drive resolution of inflammation (197).

Attenuating the pro-inflammatory phase by targeting Ly-6Chi monocytes or M1 macrophages has been shown cardioprotective following reduction of interferon regulatory factor 5 (IRF5) expression (198), injection of phosphatidylserine (PS)-presenting liposomes (199), or irbesartan-nanoparticles (200), as well as administration of annexin A5 (AnxA5) (201) or phosphorylcholine monoclonal immunoglobulin G antibodies (202), and CCR-2 silencing (203). In addition, expediting the differentiation from reparative Ly-6Clo monocytes toward M2 macrophages by administration of pioglitazone-nanoparticles (204) or topiramate (205), Treg-cell activation (206), and silencing the collapsin response mediator protein-2 (CRMP2) (207) limited adverse remodeling. Moreover, exacerbation of the post-ischemic inflammatory response by administering 2-arachidonolyglycerol resulted in increased neutrophil and monocyte counts associated with an increased infarct size and worsened cardiac function (208). Inhibition of the reparative phase finally, by selective depletion of M2 macrophages as a result of deficiency of the kinase tribbles homolog 1 (TRIB1) caused an increased risk of cardiac rupture following MI, emphasizing their role in regulation of fibroblast activation (209).

Other leukocytes, like lymphocytes, dendritic cells, and mast cells invading the injured myocardium includes smaller numbers, but may have an important role in regulating infarct healing and the myeloid response. CD4+ T-lymphocytes was shown to become activated after MI and improved beneficial remodeling and survival (210). Lymphopenia, primarily due to loss of T cells in patients with an acute MI, was correlated with substantial microvascular obstruction (211). Furthermore, Treg-cells are known to attenuate the innate immune response and inducing Treg-cells by injection of tolerogenic dendritic cells (tDCs) elicited an inflammatory-to-reparative macrophage shift yielding improved remodeling associated with preservation of LV function and increased survival (212). However, CD4+ T-cell deficiency also showed to reduce infarct size and preserve ejection fraction following MI-R injury (213), suggesting different roles of T-cells regarding infarct remodeling compared with MI-R injury. B-lymphocytes peak 5 days after acute MI and trigger monocyte mobilization, which deteriorated LV function (214). Following MI, granulocyte—macrophage colony-stimulating factor (GM-CSF)-producing B cells, dendritic cells, and T cells expand in pericardial adipose tissue, at which both B-cell depletion and GM-CSF blockade, as well as removal of pericardial adipose tissue reduced fibrosis and preserved cardiac function (215).

Dendritic cells are antigen-presenting cells contributing to innate immunity and providing a link to the adaptive immune system. Following MI-R injury, they migrate and accumulate in the injured myocardium, and deficiency resulted in increased pro-inflammatory cell and cytokine recruitment with worsened adverse remodeling suggesting immunoprotective effects (216). In addition, exosomes derived from dendritic cells activated CD4+ T-lymphocytes, which improved cardiac function following MI (217). On the other hand, restriction of dendritic cell activation and migration by inhibiting HMGB1 reduced infarct size as well (218).

Resident cardiac mast cells degranulate quickly after MI releasing histamine and pro-inflammatory mediators as TNF-α. Mast cells are increased in reperfused myocardium and are associated with upregulation of stem cell factor (SCF), which may expedite recruitment and homing of primitive bone marrow-derived cells contributing to the reparative phase (219). The most abundant protease in mast cell granules is tryptase, which induced synthesis of chemokines and cytokines to mediate leukocyte accumulation and angiogenesis (220) and was identified to regulate PKA activity modulating cardiomyocyte contractility after acute MI (221). Following MI-R injury, dual inhibition of mast cell and neutrophil-derived proteases reduced myocyte apoptosis and preserved cardiac function (222). Furthermore, inhibition of renin release from mast cells prevented activation of the renin–angiotensin system (RAS), reduced infarct size, and alleviated ventricular arrhythmias (223, 224).




Reparative to Maturation Phase
 
Fibroblasts

Between days 3 and 7 following MI, activated cardiac fibroblasts proliferate, expand, and transdifferentiate into synthetic myofibroblasts preluding the reparative phase of cardiac repair due to the replacement of death cardiomyocytes by a matured fibrotic scar (225, 226). Interstitial fibroblasts surviving the ischemic event, or recruited bone marrow progenitor or epicardial-derived cells may undergo myofibroblast transdifferentiation (227) critically regulated by TGF-β. These myofibroblasts are marked by expression of α-smooth muscle actin (ASMA) and initiate the synthesis of ECM proteins and formation of neovessels (228). In the early post-ischemic period, fibroblasts may even modulate survival pathways in cardiomyocytes, affecting their susceptibility to myocardial ischemia (229). Moreover, myofibroblasts acquired anti-inflammatory properties following milk fat globule-epidermal growth factor (MFG-E)8-mediated engulfment of apoptotic cells (230).

Following MI, generation of active TGF-β in the injured myocardium triggers Smad activation in both fibroblasts and cardiomyocytes. Fibroblast-specific Smad3 seems essential for scar organization, since deficiency accentuated adverse remodeling with perturbed alignment of myofibroblast arrays in the infarct. In contrast, cardiomyocyte-specific Smad3 seems detrimental, as deficiency was associated with attenuated cardiomyocyte apoptosis without affecting infarct size (231). In addition, impaired TGF-β and Smad3 activation in fibroblasts depleted of the primary cilium resulted in decreased ECM protein levels and contractile function (232). Attenuating post-ischemic inflammation by administration of anti-inflammatory IL-10 improved cardiac remodeling and function by stimulation of fibroblast activation influenced by M2 macrophage polarization (233). Furthermore, increased cardiac hyaluronan synthesis contributed to post-ischemic infarct healing by promoting the myofibroblast response and supporting macrophage survival (234).



Neovascularization

Neovascularization is initiated by angiogenic growth factors followed by the recruitment of a muscular coat and formation of neoarterioles during scar maturation, which may stabilize infarct vasculature by inhibition of endothelial cell proliferation and vascular sprouting (235). Vascular endothelial growth factor (VEGF)-induced endothelial cell migration and proliferation cause hyperpermeable neovessel formation. Numerous factors, such as fibroblast growth factors (FGFs), TGF-β, MCP-1, IL-8, and IP-10 modulate angiogenesis, indicating its complexity. The post-ischemic increase in angiopoietin (Ang)-2 expression and reciprocal decrease in Ang-1 expression, suggested a predominant role for Ang-2 in the angiogenic response to MI (236). Furthermore, platelet-derived growth factor receptor (PDGFR) activation is involved in vasculature maturation, which promotes resolution of inflammation and stabilization of the myocardial scar (237). Following MI, cardiomyocyte-specific deficiency of HSPB1 resulted in decreased angiogenesis and collagen deposition with aggravated adverse remodeling and cardiac dysfunction as a result of enhanced leukocyte infiltration and expression of inflammatory cytokines (238).




Resolution of the Post-ischemic Inflammatory Response

The acute transient inflammatory response finally promotes to a stage of tissue repair and scar formation (98, 225). Inhibition of chemokine and cytokine synthesis after they peaked is crucial for the repair process resulting in resolution of the inflammatory response (239). Although identifying the precise mechanisms controlling the switch from formation of pro-inflammatory to anti-inflammatory reparative pathways is an ongoing process, components of resolution include apoptosis, autophagy, necrosis, and formation of anti-inflammatory cytokines (240). Clearance of the neutrophilic infiltrate and removal of debris, inhibition of chemokine and cytokine synthesis, removal of the fibrin-based provisional matrix, and activation of fibroblasts and collagen deposition finally contribute to the myocardial reparative process and mature scar formation. This complex process of infiltration, differentiation, activation, and interaction of various cell types eventually provides accomplishment of complete infarct wound healing, which takes about 2 weeks in mice compared with 6 months in humans (241).




IMMUNOMODULATORY THERAPIES IN CLINICAL PRACTICE

Although therapeutic interventions following myocardial infarction have been dramatically improved over the years, morbidity and mortality remain high. This could largely be explained by the practically lacking capability of the heart to regenerate (242), since differentiated cardiomyocytes predominantly lost their capacity to proliferate. In addition, myocardial wound healing occurs under continuous rhythmic contraction of the non-infarcted myocardium, thus under continuous mechanical stress (241). Treatment of patients to interfere in myocardial remodeling by healing of ischemic myocardium and preventing scar formation with concomitant preservation of cardiac function would be the ultimate goal. In the last years, cardiac regeneration has experienced a watershed moment, and it is believed that even in adult mammals, latent regeneration can be awakened. Combining stem cell-based methods with gene regulatory elements seems promising; however, correct electromechanical incorporation of transplanted cardiomyocytes remains a challenge as yet (243). In addition, combination of selected therapies might be promising exerting synergistic effects, for example, by inhibition of the early pro-inflammatory response with subsequent activation of the anti-inflammatory or the so-called reparative response. At the same time, effects regarding the non-inflammatory components, such as cardiomyocytes, platelet activation, microvascular obstruction, and coronary endothelial dysfunction should also be taken into account (244).

Already in 1973, the use of the anti-inflammatory agent corticosteroid for the first time showed limitation of myocardial infarct size in dogs (245). However, a subsequent clinical trial resulted in deleterious effects (246), possibly caused by delayed wound healing due to an impaired inflammatory response (247). This emphasizes the necessity of wound healing and illustrates the difficulty of counteracting maladaptive inflammatory pathways without interfering in benign wound healing endorsing inflammatory mediators to be notoriously pleiotropic. Current research focuses on targeted anti-inflammatory or immunomodulatory treatment, cardiac cell therapy and regeneration, mechanical therapeutic interventions, pharmacological therapies, and microRNA (miRNA)-targeted treatment. Below, anti-inflammatory and immunomodulatory therapies will be briefly highlighted. In addition, the selection of an appropriate animal model to ensure optimal translation of novel cardioprotective therapies from bench-to-bedside is of the utmost importance (248, 249), ideally allowing for an atherosclerotic phenotype and myocardial ischemia–reperfusion injury (250).

Although the immune response includes an essential part of the reparative myocardial wound healing process, no specific immunomodulatory treatments are available for patients on a large scale. Finished or discontinued clinical trials failed to translate promising results from experimental MI studies in animals toward clinical practice in human patients, although the post-ischemic inflammatory response remains amenable for therapeutic intervention where success depends on timing and topography emphasizing the necessity of real-time visualization of the extent and time course of cellular damage (251). In addition, right selection of subpopulations regarding distinct pathophysiologic perturbations and underlying mechanisms needs to be taken into account. Glucocorticoids were the first to be thought beneficial in post-ischemic remodeling. On the one hand, they attenuate the responses to danger signals during the acute inflammatory phase and reduce leukocyte infiltration; on the other hand, they are known to promote clearance of apoptotic cells and direct macrophages toward an anti-inflammatory phenotype. However, clinical studies showed conflicting results, and considering their broad actions on cell types involved in ischemic injury and effects on several molecular cascades, they are unattractive as a therapeutic option because of a wide variety of adverse events (252).

IL-1 signaling is suggested to play a crucial role in post-ischemic adverse remodeling and cardiac dysfunction, which is attenuated following IL-1 blockade with anakinra in animals (115), and represents a promising therapeutic approach following acute MI in patients (111, 112). Moreover, targeting the IL-1β innate immunity pathway with canakinumab reduced recurrent cardiovascular events in high-risk patients (253). Furthermore, administration of an IL-6R antagonist tocilizumab in patients suffering an acute coronary syndrome attenuated the inflammatory response (120). TNF-α blockade by etanercept reduced systemic inflammation but increased platelet activation following acute MI and was therefore concluded to be unfavorable (254). Targeted interventions regarding anti-inflammatory effects of IL-10 and TGF-β have not made it to a serious clinical trial yet. Trials with humanized recombinant antibody therapy directed against integrins (180) or the complement system (67, 255) failed to show positive effects. On the other hand, intracoronary nitrite following primary PCI for acute MI reduced neutrophil numbers and activation associated with a reduction in infarct size and microvascular obstruction (256). Immunomodulation with cyclosporine, which inhibits the opening of mitochondrial permeability-transition pores and exerts potent immunosuppressive effects, attenuated lethal myocardial injury (257), but did not preserve cardiac function following acute MI (258). Finally, anti-inflammatory therapy with colchicine following MI (259) as well as in patients with chronic coronary disease (260) led to reduced recurrent ischemic cardiovascular events.



CONCLUSION

Acute myocardial infarction especially followed by reperfusion results in a complex post-ischemic inflammatory response encompassing a multifactorial and dynamic process consisting of overlapping inflammatory, reparative, and maturation phases. Therefore, MI-R injury is exceptionally amenable and, above all, suitable for immunomodulatory therapies. However, successful development and translation of future therapeutic strategies should focus on the sensitive balance between anti-inflammatory and pro-reparative effects and should be tested in translational research models exposed to clinically relevant pathophysiologic mechanisms and comorbidity.



AUTHOR CONTRIBUTIONS

NP wrote the manuscript. DA and PQ advised and edited the manuscript. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Lochner A, de Villiers M. Phosphatidylcholine biosynthesis in myocardial ischaemia. J Mol Cell Cardiol. (1989) 21:151–63. doi: 10.1016/0022-2828(89)90858-4

 2. Jennings RB, Murry CE, Steenbergen C Jr, Reimer KA. Development of cell injury in sustained acute ischemia. Circulation. (1990) 82(3 Suppl.):II2–12.

 3. Rajappa M, Sharma A. Biomarkers of cardiac injury: an update. Angiology. (2005) 56:677–91. doi: 10.1177/000331970505600605

 4. Mueller C. Biomarkers and acute coronary syndromes: an update. Eur Heart J. (2014) 35:552–6. doi: 10.1093/eurheartj/eht530

 5. Frangogiannis NG. Regulation of the inflammatory response in cardiac repair. Circ Res. (2012) 110:159–73. doi: 10.1161/CIRCRESAHA.111.243162

 6. Eefting F, Rensing B, Wigman J, Pannekoek WJ, Liu WM, Cramer MJ, et al. Role of apoptosis in reperfusion injury. Cardiovasc Res. (2004) 61:414–26. doi: 10.1016/j.cardiores.2003.12.023

 7. Frangogiannis NG. The inflammatory response in myocardial injury, repair, and remodelling. Nat Rev Cardiol. (2014) 11:255–65. doi: 10.1038/nrcardio.2014.28

 8. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H, et al. 2017 ESC Guidelines for the management of acute myocardial infarction in patients presenting with ST-segment elevation: the Task Force for the management of acute myocardial infarction in patients presenting with ST-segment elevation of the European Society of Cardiology (ESC). Eur Heart J. (2018) 39:119–77. doi: 10.1093/eurheartj/ehx393

 9. Schomig A, Ndrepepa G, Kastrati A. Late myocardial salvage: time to recognize its reality in the reperfusion therapy of acute myocardial infarction. Eur Heart J. (2006) 27:1900–7. doi: 10.1093/eurheartj/ehl174

 10. Boyle MP, Weisman HF. Limitation of infarct expansion and ventricular remodeling by late reperfusion. Study of time course and mechanism in a rat model. Circulation. (1993) 88:2872–83. doi: 10.1161/01.CIR.88.6.2872

 11. Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. N Engl J Med. (2007) 357:1121–35. doi: 10.1056/NEJMra071667

 12. Manning AS, Hearse DJ. Reperfusion-induced arrhythmias: mechanisms and prevention. J Mol Cell Cardiol. (1984) 16:497–518. doi: 10.1016/S0022-2828(84)80638-0

 13. Kloner RA, Bolli R, Marban E, Reinlib L, Braunwald E. Medical and cellular implications of stunning, hibernation, and preconditioning: an NHLBI workshop. Circulation. (1998) 97:1848–67. doi: 10.1161/01.CIR.97.18.1848

 14. Ito H. No-reflow phenomenon and prognosis in patients with acute myocardial infarction. Nat Clin Pract Cardiovasc Med. (2006) 3:499–506. doi: 10.1038/ncpcardio0632

 15. Hausenloy DJ, Chilian W, Crea F, Davidson SM, Ferdinandy P, Garcia-Dorado D, et al. The coronary circulation in acute myocardial ischaemia/reperfusion injury: a target for cardioprotection. Cardiovasc Res. (2019) 115:1143–55. doi: 10.1093/cvr/cvy286

 16. Griendling KK, FitzGerald GA. Oxidative stress and cardiovascular injury: Part I: basic mechanisms and in vivo monitoring of ROS. Circulation. (2003) 108:1912–6. doi: 10.1161/01.CIR.0000093660.86242.BB

 17. Frohlich GM, Meier P, White SK, Yellon DM, Hausenloy DJ. Myocardial reperfusion injury: looking beyond primary PCI. Eur Heart J. (2013) 34:1714–22. doi: 10.1093/eurheartj/eht090

 18. Savill J, Dransfield I, Gregory C, Haslett C. A blast from the past: clearance of apoptotic cells regulates immune responses. Nat Rev Immunol. (2002) 2:965–75. doi: 10.1038/nri957

 19. Matzinger P. The danger model: a renewed sense of self. Science. (2002) 296:301–5. doi: 10.1126/science.1071059

 20. Zuurbier CJ, Abbate A, Cabrera-Fuentes HA, Cohen MV, Collino M, De Kleijn DPV, et al. Innate immunity as a target for acute cardioprotection. Cardiovasc Res. (2019) 115:1131–42. doi: 10.1093/cvr/cvy304

 21. Miller YI, Choi SH, Wiesner P, Fang L, Harkewicz R, Hartvigsen K, et al. Oxidation-specific epitopes are danger-associated molecular patterns recognized by pattern recognition receptors of innate immunity. Circ Res. (2011) 108:235–48. doi: 10.1161/CIRCRESAHA.110.223875

 22. Tian J, Avalos AM, Mao SY, Chen B, Senthil K, Wu H, et al. Toll-like receptor 9-dependent activation by DNA-containing immune complexes is mediated by HMGB1 and RAGE. Nat Immunol. (2007) 8:487–96. doi: 10.1038/ni1457

 23. Ding HS, Yang J, Chen P, Yang J, Bo SQ, Ding JW, et al. The HMGB1-TLR4 axis contributes to myocardial ischemia/reperfusion injury via regulation of cardiomyocyte apoptosis. Gene. (2013) 527:389–93. doi: 10.1016/j.gene.2013.05.041

 24. Andrassy M, Volz HC, Igwe JC, Funke B, Eichberger SN, Kaya Z, et al. High-mobility group box-1 in ischemia-reperfusion injury of the heart. Circulation. (2008) 117:3216–26. doi: 10.1161/CIRCULATIONAHA.108.769331

 25. Kitahara T, Takeishi Y, Harada M, Niizeki T, Suzuki S, Sasaki T, et al. High-mobility group box 1 restores cardiac function after myocardial infarction in transgenic mice. Cardiovasc Res. (2008) 80:40–6. doi: 10.1093/cvr/cvn163

 26. Fan GC, Ren X, Qian J, Yuan Q, Nicolaou P, Wang Y, et al. Novel cardioprotective role of a small heat-shock protein, Hsp20, against ischemia/reperfusion injury. Circulation. (2005) 111:1792–9. doi: 10.1161/01.CIR.0000160851.41872.C6

 27. Tanonaka K, Yoshida H, Toga W, Furuhama K, Takeo S. Myocardial heat shock proteins during the development of heart failure. Biochem Biophys Res Commun. (2001) 283:520–5. doi: 10.1006/bbrc.2001.4801

 28. Kim SC, Stice JP, Chen L, Jung JS, Gupta S, Wang Y, et al. Extracellular heat shock protein 60, cardiac myocytes, and apoptosis. Circ Res. (2009) 105:1186–95. doi: 10.1161/CIRCRESAHA.109.209643

 29. Jiang D, Liang J, Fan J, Yu S, Chen S, Luo Y, et al. Regulation of lung injury and repair by Toll-like receptors and hyaluronan. Nat Med. (2005) 11:1173–9. doi: 10.1038/nm1315

 30. Dobaczewski M, Gonzalez-Quesada C, Frangogiannis NG. The extracellular matrix as a modulator of the inflammatory and reparative response following myocardial infarction. J Mol Cell Cardiol. (2010) 48:504–11. doi: 10.1016/j.yjmcc.2009.07.015

 31. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. (2004) 4:499–511. doi: 10.1038/nri1391

 32. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors. Nat Immunol. (2010) 11:373–84. doi: 10.1038/ni.1863

 33. Frantz S, Kobzik L, Kim YD, Fukazawa R, Medzhitov R, Lee RT, et al. Toll4 (TLR4) expression in cardiac myocytes in normal and failing myocardium. J Clin Invest. (1999) 104:271–80. doi: 10.1172/JCI6709

 34. Liu L, Wang Y, Cao ZY, Wang MM, Liu XM, Gao T, et al. Up-regulated TLR4 in cardiomyocytes exacerbates heart failure after long-term myocardial infarction. J Cell Mol Med. (2015) 19:2728–40. doi: 10.1111/jcmm.12659

 35. Oyama J, Blais C Jr, Liu X, Pu M, Kobzik L, et al. Reduced myocardial ischemia-reperfusion injury in toll-like receptor 4-deficient mice. Circulation. (2004) 109:784–9. doi: 10.1161/01.CIR.0000112575.66565.84

 36. Riad A, Jager S, Sobirey M, Escher F, Yaulema-Riss A, Westermann D, et al. Toll-like receptor-4 modulates survival by induction of left ventricular remodeling after myocardial infarction in mice. J Immunol. (2008) 180:6954–61. doi: 10.4049/jimmunol.180.10.6954

 37. Fujiwara M, Matoba T, Koga JI, Okahara A, Funamoto D, Nakano K, et al. Nanoparticle incorporating Toll-like receptor 4 inhibitor attenuates myocardial ischaemia-reperfusion injury by inhibiting monocyte-mediated inflammation in mice. Cardiovasc Res. (2019) 115:1244–55. doi: 10.1093/cvr/cvz066

 38. Shishido T, Nozaki N, Yamaguchi S, Shibata Y, Nitobe J, Miyamoto T, et al. Toll-like receptor-2 modulates ventricular remodeling after myocardial infarction. Circulation. (2003) 108:2905–10. doi: 10.1161/01.CIR.0000101921.93016.1C

 39. Arslan F, Smeets MB, O'Neill LA, Keogh B, McGuirk P, Timmers L, et al. Myocardial ischemia/reperfusion injury is mediated by leukocytic toll-like receptor-2 and reduced by systemic administration of a novel anti-toll-like receptor-2 antibody. Circulation. (2010) 121:80–90. doi: 10.1161/CIRCULATIONAHA.109.880187

 40. Chen C, Feng Y, Zou L, Wang L, Chen HH, Cai JY, et al. Role of extracellular RNA and TLR3-Trif signaling in myocardial ischemia-reperfusion injury. J Am Heart Assoc. (2014) 3:e000683. doi: 10.1161/JAHA.113.000683

 41. Cao Z, Ren D, Ha T, Liu L, Wang X, Kalbfleisch J, et al. CpG-ODN, the TLR9 agonist, attenuates myocardial ischemia/reperfusion injury: involving activation of PI3K/Akt signaling. Biochim Biophys Acta. (2013) 1832:96–104. doi: 10.1016/j.bbadis.2012.08.008

 42. Arslan F, Houtgraaf JH, Keogh B, Kazemi K, de Jong R, McCormack WJ, et al. Treatment with OPN-305, a humanized anti-Toll-Like receptor-2 antibody, reduces myocardial ischemia/reperfusion injury in pigs. Circ Cardiovasc Interv. (2012) 5:279–87. doi: 10.1161/CIRCINTERVENTIONS.111.967596

 43. Connolly DJ, O'Neill LA. New developments in Toll-like receptor targeted therapeutics. Curr Opin Pharmacol. (2012) 12:510–8. doi: 10.1016/j.coph.2012.06.002

 44. Schroder K, Tschopp J. The inflammasomes. Cell. (2010) 140:821–32. doi: 10.1016/j.cell.2010.01.040

 45. Kawaguchi M, Takahashi M, Hata T, Kashima Y, Usui F, Morimoto H, et al. Inflammasome activation of cardiac fibroblasts is essential for myocardial ischemia/reperfusion injury. Circulation. (2011) 123:594–604. doi: 10.1161/CIRCULATIONAHA.110.982777

 46. Venkatachalam K, Prabhu SD, Reddy VS, Boylston WH, Valente AJ, Chandrasekar B. Neutralization of interleukin-18 ameliorates ischemia/reperfusion-induced myocardial injury. J Biol Chem. (2009) 284:7853–65. doi: 10.1074/jbc.M808824200

 47. Sandanger O, Ranheim T, Vinge LE, Bliksoen M, Alfsnes K, Finsen AV, et al. The NLRP3 inflammasome is up-regulated in cardiac fibroblasts and mediates myocardial ischaemia-reperfusion injury. Cardiovasc Res. (2013) 99:164–74. doi: 10.1093/cvr/cvt091

 48. van Hout GP, Bosch L, Ellenbroek GH, de Haan JJ, van Solinge WW, Cooper MA, et al. The selective NLRP3-inflammasome inhibitor MCC950 reduces infarct size and preserves cardiac function in a pig model of myocardial infarction. Eur Heart J. (2017) 38:828–36. doi: 10.1093/eurheartj/ehw247

 49. Xie J, Mendez JD, Mendez-Valenzuela V, Aguilar-Hernandez MM. Cellular signalling of the receptor for advanced glycation end products (RAGE). Cell Signal. (2013) 25:2185–97. doi: 10.1016/j.cellsig.2013.06.013

 50. Volz HC, Laohachewin D, Seidel C, Lasitschka F, Keilbach K, Wienbrandt AR, et al. S100A8/A9 aggravates post-ischemic heart failure through activation of RAGE-dependent NF-kappaB signaling. Basic Res Cardiol. (2012) 107:250. doi: 10.1007/s00395-012-0250-z

 51. Ku SH, Hong J, Moon HH, Jeong JH, Mok H, Park S, et al. Deoxycholic acid-modified polyethylenimine based nanocarriers for RAGE siRNA therapy in acute myocardial infarction. Arch Pharm Res. (2015) 38:1317–24. doi: 10.1007/s12272-014-0527-x

 52. Suchal K, Malik S, Khan SI, Malhotra RK, Goyal SN, Bhatia J, et al. Protective effect of mangiferin on myocardial ischemia-reperfusion injury in streptozotocin-induced diabetic rats: role of AGE-RAGE/MAPK pathways. Sci Rep. (2017) 7:42027. doi: 10.1038/srep42027

 53. Hill JH, Ward PA. The phlogistic role of C3 leukotactic fragments in myocardial infarcts of rats. J Exp Med. (1971) 133:885–900. doi: 10.1084/jem.133.4.885

 54. Yasojima K, Schwab C, McGeer EG, McGeer PL. Human heart generates complement proteins that are upregulated and activated after myocardial infarction. Circ Res. (1998) 83:860–9. doi: 10.1161/01.RES.83.8.860

 55. Dunkelberger JR, Song WC. Complement and its role in innate and adaptive immune responses. Cell Res. (2010) 20:34–50. doi: 10.1038/cr.2009.139

 56. Krijnen PA, Ciurana C, Cramer T, Hazes T, Meijer CJ, Visser CA, et al. IgM colocalises with complement and C reactive protein in infarcted human myocardium. J Clin Pathol. (2005) 58:382–8. doi: 10.1136/jcp.2004.022988

 57. Ehrnthaller C, Ignatius A, Gebhard F, Huber-Lang M. New insights of an old defense system: structure, function, and clinical relevance of the complement system. Mol Med. (2011) 17:317–29. doi: 10.2119/molmed.2010.00149

 58. Birdsall HH, Green DM, Trial J, Youker KA, Burns AR, MacKay CR, et al. Complement C5a, TGF-beta 1, and MCP-1, in sequence, induce migration of monocytes into ischemic canine myocardium within the first one to five hours after reperfusion. Circulation. (1997) 95:684–92. doi: 10.1161/01.CIR.95.3.684

 59. Jordan JE, Montalto MC, Stahl GL. Inhibition of mannose-binding lectin reduces postischemic myocardial reperfusion injury. Circulation. (2001) 104:1413–8. doi: 10.1161/hc3601.095578

 60. Walsh MC, Bourcier T, Takahashi K, Shi L, Busche MN, Rother RP, et al. Mannose-binding lectin is a regulator of inflammation that accompanies myocardial ischemia and reperfusion injury. J Immunol. (2005) 175:541–6. doi: 10.4049/jimmunol.175.1.541

 61. Gorsuch WB, Guikema BJ, Fritzinger DC, Vogel CW, Stahl GL. Humanized cobra venom factor decreases myocardial ischemia-reperfusion injury. Mol Immunol. (2009) 47:506–10. doi: 10.1016/j.molimm.2009.08.017

 62. Vakeva AP, Agah A, Rollins SA, Matis LA, Li L, Stahl GL. Myocardial infarction and apoptosis after myocardial ischemia and reperfusion: role of the terminal complement components and inhibition by anti-C5 therapy. Circulation. (1998) 97:2259–67. doi: 10.1161/01.CIR.97.22.2259

 63. De Hoog VC, Timmers L, Van Duijvenvoorde A, De Jager SC, Van Middelaar BJ, Smeets MB, et al. Leucocyte expression of complement C5a receptors exacerbates infarct size after myocardial reperfusion injury. Cardiovasc Res. (2014) 103:521–9. doi: 10.1093/cvr/cvu153

 64. Pischke SE, Gustavsen A, Orrem HL, Egge KH, Courivaud F, Fontenelle H, et al. Complement factor 5 blockade reduces porcine myocardial infarction size and improves immediate cardiac function. Basic Res Cardiol. (2017) 112:20. doi: 10.1007/s00395-017-0610-9

 65. Weisman HF, Bartow T, Leppo MK, Marsh HC Jr, Carson GR, et al. Soluble human complement receptor type 1: in vivo inhibitor of complement suppressing post-ischemic myocardial inflammation and necrosis. Science. (1990) 249:146–51. doi: 10.1126/science.2371562

 66. Horstick G, Heimann A, Gotze O, Hafner G, Berg O, Bohmer P, et al. Intracoronary application of C1 esterase inhibitor improves cardiac function and reduces myocardial necrosis in an experimental model of ischemia and reperfusion. Circulation. (1997) 95:701–8. doi: 10.1161/01.CIR.95.3.701

 67. Investigators AA, Armstrong PW, Granger CB, Adams PX, Hamm C, Holmes D, et al. Pexelizumab for acute ST-elevation myocardial infarction in patients undergoing primary percutaneous coronary intervention: a randomized controlled trial. JAMA. (2007) 297:43–51. doi: 10.1001/jama.297.1.43

 68. Gordon JW, Shaw JA, Kirshenbaum LA. Multiple facets of NF-kappaB in the heart: to be or not to NF-kappaB. Circ Res. (2011) 108:1122–32. doi: 10.1161/CIRCRESAHA.110.226928

 69. Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell. (2008) 132:344–62. doi: 10.1016/j.cell.2008.01.020

 70. Onai Y, Suzuki J, Kakuta T, Maejima Y, Haraguchi G, Fukasawa H, et al. Inhibition of IkappaB phosphorylation in cardiomyocytes attenuates myocardial ischemia/reperfusion injury. Cardiovasc Res. (2004) 63:51–9. doi: 10.1016/j.cardiores.2004.03.002

 71. Moss NC, Stansfield WE, Willis MS, Tang RH, Selzman CH. IKKbeta inhibition attenuates myocardial injury and dysfunction following acute ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol. (2007) 293:H2248–53. doi: 10.1152/ajpheart.00776.2007

 72. Zhang XQ, Tang R, Li L, Szucsik A, Javan H, Saegusa N, et al. Cardiomyocyte-specific p65 NF-kappaB deletion protects the injured heart by preservation of calcium handling. Am J Physiol Heart Circ Physiol. (2013) 305:H1089–97. doi: 10.1152/ajpheart.00067.2013

 73. Morishita R, Sugimoto T, Aoki M, Kida I, Tomita N, Moriguchi A, et al. In vivo transfection of cis element “decoy” against nuclear factor-kappaB binding site prevents myocardial infarction. Nat Med. (1997) 3:894–9. doi: 10.1038/nm0897-894

 74. Luster AD. Chemokines–chemotactic cytokines that mediate inflammation. N Engl J Med. (1998) 338:436–45. doi: 10.1056/NEJM199802123380706

 75. Zlotnik A, Yoshie O. Chemokines: a new classification system and their role in immunity. Immunity. (2000) 12:121–7. doi: 10.1016/S1074-7613(00)80165-X

 76. Frangogiannis NG. Chemokines in ischemia and reperfusion. Thromb Haemost. (2007) 97:738–47. doi: 10.1160/TH07-01-0022

 77. Kumar AG, Ballantyne CM, Michael LH, Kukielka GL, Youker KA, Lindsey ML, et al. Induction of monocyte chemoattractant protein-1 in the small veins of the ischemic and reperfused canine myocardium. Circulation. (1997) 95:693–700. doi: 10.1161/01.CIR.95.3.693

 78. Dewald O, Zymek P, Winkelmann K, Koerting A, Ren G, Abou-Khamis T, et al. CCL2/Monocyte Chemoattractant Protein-1 regulates inflammatory responses critical to healing myocardial infarcts. Circ Res. (2005) 96:881–9. doi: 10.1161/01.RES.0000163017.13772.3a

 79. Morimoto H, Takahashi M, Izawa A, Ise H, Hongo M, Kolattukudy PE, et al. Cardiac overexpression of monocyte chemoattractant protein-1 in transgenic mice prevents cardiac dysfunction and remodeling after myocardial infarction. Circ Res. (2006) 99:891–9. doi: 10.1161/01.RES.0000246113.82111.2d

 80. Liehn EA, Piccinini AM, Koenen RR, Soehnlein O, Adage T, Fatu R, et al. A new monocyte chemotactic protein-1/chemokine CC motif ligand-2 competitor limiting neointima formation and myocardial ischemia/reperfusion injury in mice. J Am Coll Cardiol. (2010) 56:1847–57. doi: 10.1016/j.jacc.2010.04.066

 81. Vajen T, Koenen RR, Werner I, Staudt M, Projahn D, Curaj A, et al. Blocking CCL5-CXCL4 heteromerization preserves heart function after myocardial infarction by attenuating leukocyte recruitment and NETosis. Sci Rep. (2018) 8:10647. doi: 10.1038/s41598-018-29026-0

 82. Montecucco F, Braunersreuther V, Lenglet S, Delattre BM, Pelli G, Buatois V, et al. CC chemokine CCL5 plays a central role impacting infarct size and post-infarction heart failure in mice. Eur Heart J. (2012) 33:1964–74. doi: 10.1093/eurheartj/ehr127

 83. Liehn EA, Merx MW, Postea O, Becher S, Djalali-Talab Y, Shagdarsuren E, et al. Ccr1 deficiency reduces inflammatory remodelling and preserves left ventricular function after myocardial infarction. J Cell Mol Med. (2008) 12:496–506. doi: 10.1111/j.1582-4934.2007.00194.x

 84. Huang Y, Wang D, Wang X, Zhang Y, Liu T, Chen Y, et al. Abrogation of CC chemokine receptor 9 ameliorates ventricular remodeling in mice after myocardial infarction. Sci Rep. (2016) 6:32660. doi: 10.1038/srep32660

 85. Ivey CL, Williams FM, Collins PD, Jose PJ, Williams TJ. Neutrophil chemoattractants generated in two phases during reperfusion of ischemic myocardium in the rabbit. Evidence for a role for C5a and interleukin-8. J Clin Invest. (1995) 95:2720–8. doi: 10.1172/JCI117974

 86. Kukielka GL, Smith CW, LaRosa GJ, Manning AM, Mendoza LH, Daly TJ, et al. Interleukin-8 gene induction in the myocardium after ischemia and reperfusion in vivo. J Clin Invest. (1995) 95:89–103. doi: 10.1172/JCI117680

 87. Takami M, Terry V, Petruzzelli L. Signaling pathways involved in IL-8-dependent activation of adhesion through Mac-1. J Immunol. (2002) 168:4559–66. doi: 10.4049/jimmunol.168.9.4559

 88. Boyle EM Jr, Kovacich JC, Hebert CA, Canty TG Jr, et al. Inhibition of interleukin-8 blocks myocardial ischemia-reperfusion injury. J Thorac Cardiovasc Surg. (1998) 116:114–21. doi: 10.1016/S0022-5223(98)70249-1

 89. Chandrasekar B, Smith JB, Freeman GL. Ischemia-reperfusion of rat myocardium activates nuclear factor-KappaB and induces neutrophil infiltration via lipopolysaccharide-induced CXC chemokine. Circulation. (2001) 103:2296–302. doi: 10.1161/01.CIR.103.18.2296

 90. Tarzami ST, Miao W, Mani K, Lopez L, Factor SM, Berman JW, et al. Opposing effects mediated by the chemokine receptor CXCR2 on myocardial ischemia-reperfusion injury: recruitment of potentially damaging neutrophils and direct myocardial protection. Circulation. (2003) 108:2387–92. doi: 10.1161/01.CIR.0000093192.72099.9A

 91. Montecucco F, Lenglet S, Braunersreuther V, Pelli G, Pellieux C, Montessuit C, et al. Single administration of the CXC chemokine-binding protein Evasin-3 during ischemia prevents myocardial reperfusion injury in mice. Arterioscler Thromb Vasc Biol. (2010) 30:1371–7. doi: 10.1161/ATVBAHA.110.206011

 92. Bujak M, Dobaczewski M, Gonzalez-Quesada C, Xia Y, Leucker T, Zymek P, et al. Induction of the CXC chemokine interferon-gamma-inducible protein 10 regulates the reparative response following myocardial infarction. Circ Res. (2009) 105:973–83. doi: 10.1161/CIRCRESAHA.109.199471

 93. Liehn EA, Tuchscheerer N, Kanzler I, Drechsler M, Fraemohs L, Schuh A, et al. Double-edged role of the CXCL12/CXCR4 axis in experimental myocardial infarction. J Am Coll Cardiol. (2011) 58:2415–23. doi: 10.1016/j.jacc.2011.08.033

 94. Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kiedrowski M, et al. Effect of stromal-cell-derived factor 1 on stem-cell homing and tissue regeneration in ischaemic cardiomyopathy. Lancet. (2003) 362:697–703. doi: 10.1016/S0140-6736(03)14232-8

 95. Saxena A, Fish JE, White MD, Yu S, Smyth JW, Shaw RM, et al. Stromal cell-derived factor-1alpha is cardioprotective after myocardial infarction. Circulation. (2008) 117:2224–31. doi: 10.1161/CIRCULATIONAHA.107.694992

 96. Hu X, Dai S, Wu WJ, Tan W, Zhu X, Mu J, et al. Stromal cell derived factor-1 alpha confers protection against myocardial ischemia/reperfusion injury: role of the cardiac stromal cell derived factor-1 alpha CXCR4 axis. Circulation. (2007) 116:654–63. doi: 10.1161/CIRCULATIONAHA.106.672451

 97. Chen J, Chemaly E, Liang L, Kho C, Lee A, Park J, et al. Effects of CXCR4 gene transfer on cardiac function after ischemia-reperfusion injury. Am J Pathol. (2010) 176:1705–15. doi: 10.2353/ajpath.2010.090451

 98. Dewald O, Ren G, Duerr GD, Zoerlein M, Klemm C, Gersch C, et al. Of mice and dogs: species-specific differences in the inflammatory response following myocardial infarction. Am J Pathol. (2004) 164:665–77. doi: 10.1016/S0002-9440(10)63154-9

 99. Nian M, Lee P, Khaper N, Liu P. Inflammatory cytokines and postmyocardial infarction remodeling. Circ Res. (2004) 94:1543–53. doi: 10.1161/01.RES.0000130526.20854.fa

 100. Siwik DA, Chang DL, Colucci WS. Interleukin-1beta and tumor necrosis factor-alpha decrease collagen synthesis and increase matrix metalloproteinase activity in cardiac fibroblasts in vitro. Circ Res. (2000) 86:1259–65. doi: 10.1161/01.RES.86.12.1259

 101. Engel D, Peshock R, Armstong RC, Sivasubramanian N, Mann DL. Cardiac myocyte apoptosis provokes adverse cardiac remodeling in transgenic mice with targeted TNF overexpression. Am J Physiol Heart Circ Physiol. (2004) 287:H1303–11. doi: 10.1152/ajpheart.00053.2004

 102. Maekawa N, Wada H, Kanda T, Niwa T, Yamada Y, Saito K, et al. Improved myocardial ischemia/reperfusion injury in mice lacking tumor necrosis factor-alpha. J Am Coll Cardiol. (2002) 39:1229–35. doi: 10.1016/S0735-1097(02)01738-2

 103. Pilz PM, Hamza O, Gidlof O, Goncalves IF, Tretter EV, Trojanek S, et al. Remote ischemic perconditioning attenuates adverse cardiac remodeling and preserves left ventricular function in a rat model of reperfused myocardial infarction. Int J Cardiol. (2019) 285:72–9. doi: 10.1016/j.ijcard.2019.03.003

 104. Rajani SF, Imani A, Faghihi M, Izad M, Kardar GA, Salehi Z. Post-infarct morphine treatment mitigates left ventricular remodeling and dysfunction in a rat model of ischemia-reperfusion. Eur J Pharmacol. (2019) 847:61–71. doi: 10.1016/j.ejphar.2019.01.023

 105. Woodall MC, Woodall BP, Gao E, Yuan A, Koch WJ. Cardiac fibroblast GRK2 deletion enhances contractility and remodeling following ischemia/reperfusion injury. Circ Res. (2016) 119:1116–27. doi: 10.1161/CIRCRESAHA.116.309538

 106. Sun M, Dawood F, Wen WH, Chen M, Dixon I, Kirshenbaum LA, et al. Excessive tumor necrosis factor activation after infarction contributes to susceptibility of myocardial rupture and left ventricular dysfunction. Circulation. (2004) 110:3221–8. doi: 10.1161/01.CIR.0000147233.10318.23

 107. Monden Y, Kubota T, Tsutsumi T, Inoue T, Kawano S, Kawamura N, et al. Soluble TNF receptors prevent apoptosis in infiltrating cells and promote ventricular rupture and remodeling after myocardial infarction. Cardiovasc Res. (2007) 73:794–805. doi: 10.1016/j.cardiores.2006.12.016

 108. Monden Y, Kubota T, Inoue T, Tsutsumi T, Kawano S, Ide T, et al. Tumor necrosis factor-alpha is toxic via receptor 1 and protective via receptor 2 in a murine model of myocardial infarction. Am J Physiol Heart Circ Physiol. (2007) 293:H743–53. doi: 10.1152/ajpheart.00166.2007

 109. Hamid T, Gu Y, Ortines RV, Bhattacharya C, Wang G, Xuan YT, et al. Divergent tumor necrosis factor receptor-related remodeling responses in heart failure: role of nuclear factor-kappaB and inflammatory activation. Circulation. (2009) 119:1386–97. doi: 10.1161/CIRCULATIONAHA.108.802918

 110. Suzuki K, Murtuza B, Smolenski RT, Sammut IA, Suzuki N, Kaneda Y, et al. Overexpression of interleukin-1 receptor antagonist provides cardioprotection against ischemia-reperfusion injury associated with reduction in apoptosis. Circulation. (2001) 104(12 Suppl. 1):I308–I3. doi: 10.1161/hc37t1.094871

 111. Morton AC, Rothman AM, Greenwood JP, Gunn J, Chase A, Clarke B, et al. The effect of interleukin-1 receptor antagonist therapy on markers of inflammation in non-ST elevation acute coronary syndromes: the MRC-ILA Heart Study. Eur Heart J. (2015) 36:377–84. doi: 10.1093/eurheartj/ehu272

 112. Abbate A, Van Tassell BW, Biondi-Zoccai G, Kontos MC, Grizzard JD, Spillman DW, et al. Effects of interleukin-1 blockade with anakinra on adverse cardiac remodeling and heart failure after acute myocardial infarction [from the Virginia Commonwealth University-Anakinra Remodeling Trial (2) (VCU-ART2) pilot study]. Am J Cardiol. (2013) 111:1394–400. doi: 10.1016/j.amjcard.2013.01.287

 113. Sun X, Wei Z, Li Y, Wang J, Hu J, Yin Y, et al. Renal denervation restrains the inflammatory response in myocardial ischemia-reperfusion injury. Basic Res Cardiol. (2020) 115:15. doi: 10.1007/s00395-020-0776-4

 114. Audia JP, Yang XM, Crockett ES, Housley N, Haq EU, O'Donnell K, et al. Caspase-1 inhibition by VX-765 administered at reperfusion in P2Y12 receptor antagonist-treated rats provides long-term reduction in myocardial infarct size and preservation of ventricular function. Basic Res Cardiol. (2018) 113:32. doi: 10.1007/s00395-018-0692-z

 115. Abbate A, Salloum FN, Vecile E, Das A, Hoke NN, Straino S, et al. Anakinra, a recombinant human interleukin-1 receptor antagonist, inhibits apoptosis in experimental acute myocardial infarction. Circulation. (2008) 117:2670–83. doi: 10.1161/CIRCULATIONAHA.107.740233

 116. Bujak M, Dobaczewski M, Chatila K, Mendoza LH, Li N, Reddy A, et al. Interleukin-1 receptor type I signaling critically regulates infarct healing and cardiac remodeling. Am J Pathol. (2008) 173:57–67. doi: 10.2353/ajpath.2008.070974

 117. Gwechenberger M, Mendoza LH, Youker KA, Frangogiannis NG, Smith CW, Michael LH, et al. Cardiac myocytes produce interleukin-6 in culture and in viable border zone of reperfused infarctions. Circulation. (1999) 99:546–51. doi: 10.1161/01.CIR.99.4.546

 118. Empana JP, Jouven X, Canoui-Poitrine F, Luc G, Tafflet M, Haas B, et al. C-reactive protein, interleukin 6, fibrinogen and risk of sudden death in European middle-aged men: the PRIME study. Arterioscler Thromb Vasc Biol. (2010) 30:2047–52. doi: 10.1161/ATVBAHA.110.208785

 119. Interleukin-6 Receptor Mendelian Randomisation Analysis C, Swerdlow DI, Holmes MV, Kuchenbaecker KB, Engmann JE, Shah T, et al. The interleukin-6 receptor as a target for prevention of coronary heart disease: a mendelian randomisation analysis. Lancet. (2012) 379:1214–24. doi: 10.1016/S0140-6736(12)60110-X

 120. Kleveland O, Kunszt G, Bratlie M, Ueland T, Broch K, Holte E, et al. Effect of a single dose of the interleukin-6 receptor antagonist tocilizumab on inflammation and troponin T release in patients with non-ST-elevation myocardial infarction: a double-blind, randomized, placebo-controlled phase 2 trial. Eur Heart J. (2016) 37:2406–13. doi: 10.1093/eurheartj/ehw171

 121. Fuchs M, Hilfiker A, Kaminski K, Hilfiker-Kleiner D, Guener Z, Klein G, et al. Role of interleukin-6 for LV remodeling and survival after experimental myocardial infarction. FASEB J. (2003) 17:2118–20. doi: 10.1096/fj.03-0331fje

 122. Jong WM, Ten Cate H, Linnenbank AC, de Boer OJ, Reitsma PH, de Winter RJ, et al. Reduced acute myocardial ischemia-reperfusion injury in IL-6-deficient mice employing a closed-chest model. Inflamm Res. (2016) 65:489–99. doi: 10.1007/s00011-016-0931-4

 123. Kobara M, Noda K, Kitamura M, Okamoto A, Shiraishi T, Toba H, et al. Antibody against interleukin-6 receptor attenuates left ventricular remodelling after myocardial infarction in mice. Cardiovasc Res. (2010) 87:424–30. doi: 10.1093/cvr/cvq078

 124. Hartman MH, Vreeswijk-Baudoin I, Groot HE, van de Kolk KW, de Boer RA, Mateo Leach I, et al. Inhibition of interleukin-6 receptor in a murine model of myocardial ischemia-reperfusion. PLoS ONE. (2016) 11:e0167195. doi: 10.1371/journal.pone.0167195

 125. Zhang C, He S, Li Y, Li F, Liu Z, Liu J, et al. Bisoprolol protects myocardium cells against ischemia/reperfusion injury by attenuating unfolded protein response in rats. Sci Rep. (2017) 7:11859. doi: 10.1038/s41598-017-12366-8

 126. Birnbaum Y, Tran D, Bajaj M, Ye Y. DPP-4 inhibition by linagliptin prevents cardiac dysfunction and inflammation by targeting the Nlrp3/ASC inflammasome. Basic Res Cardiol. (2019) 114:35. doi: 10.1007/s00395-019-0743-0

 127. Li MO, Flavell RA. Contextual regulation of inflammation: a duet by transforming growth factor-beta and interleukin-10. Immunity. (2008) 28:468–76. doi: 10.1016/j.immuni.2008.03.003

 128. Lacraz S, Nicod LP, Chicheportiche R, Welgus HG, Dayer JM. IL-10 inhibits metalloproteinase and stimulates TIMP-1 production in human mononuclear phagocytes. J Clin Invest. (1995) 96:2304–10. doi: 10.1172/JCI118286

 129. Frangogiannis NG, Mendoza LH, Lindsey ML, Ballantyne CM, Michael LH, Smith CW, et al. IL-10 is induced in the reperfused myocardium and may modulate the reaction to injury. J Immunol. (2000) 165:2798–808. doi: 10.4049/jimmunol.165.5.2798

 130. Bagchi AK, Akolkar G, Mandal S, Ayyappan P, Yang X, Singal PK. Toll-like receptor 2 dominance over Toll-like receptor 4 in stressful conditions for its detrimental role in the heart. Am J Physiol Heart Circ Physiol. (2017) 312:H1238–47. doi: 10.1152/ajpheart.00800.2016

 131. Yang Z, Zingarelli B, Szabo C. Crucial role of endogenous interleukin-10 production in myocardial ischemia/reperfusion injury. Circulation. (2000) 101:1019–26. doi: 10.1161/01.CIR.101.9.1019

 132. Krishnamurthy P, Rajasingh J, Lambers E, Qin G, Losordo DW, Kishore R. IL-10 inhibits inflammation and attenuates left ventricular remodeling after myocardial infarction via activation of STAT3 and suppression of HuR. Circ Res. (2009) 104:e9–18. doi: 10.1161/CIRCRESAHA.108.188243

 133. Bakhta O, Blanchard S, Guihot AL, Tamareille S, Mirebeau-Prunier D, Jeannin P, et al. Cardioprotective role of colchicine against inflammatory injury in a rat model of acute myocardial infarction. J Cardiovasc Pharmacol Ther. (2018) 23:446–55. doi: 10.1177/1074248418763611

 134. Tian Y, Miao B, Charles EJ, Wu D, Kron IL, French BA, et al. Stimulation of the Beta2 adrenergic receptor at reperfusion limits myocardial reperfusion injury via an interleukin-10-dependent anti-inflammatory pathway in the spleen. Circ J. (2018) 82:2829–36. doi: 10.1253/circj.CJ-18-0061

 135. Zymek P, Nah DY, Bujak M, Ren G, Koerting A, Leucker T, et al. Interleukin-10 is not a critical regulator of infarct healing and left ventricular remodeling. Cardiovasc Res. (2007) 74:313–22. doi: 10.1016/j.cardiores.2006.11.028

 136. Bujak M, Frangogiannis NG. The role of TGF-beta signaling in myocardial infarction and cardiac remodeling. Cardiovasc Res. (2007) 74:184–95. doi: 10.1016/j.cardiores.2006.10.002

 137. Mauviel A. Transforming growth factor-beta: a key mediator of fibrosis. Methods Mol Med. (2005) 117:69–80. doi: 10.1385/1-59259-940-0:069

 138. Deten A, Holzl A, Leicht M, Barth W, Zimmer HG. Changes in extracellular matrix and in transforming growth factor beta isoforms after coronary artery ligation in rats. J Mol Cell Cardiol. (2001) 33:1191–207. doi: 10.1006/jmcc.2001.1383

 139. Frangogiannis NG, Ren G, Dewald O, Zymek P, Haudek S, Koerting A, et al. Critical role of endogenous thrombospondin-1 in preventing expansion of healing myocardial infarcts. Circulation. (2005) 111:2935–42. doi: 10.1161/CIRCULATIONAHA.104.510354

 140. Shi Y, Massague J. Mechanisms of TGF-beta signaling from cell membrane to the nucleus. Cell. (2003) 113:685–700. doi: 10.1016/S0092-8674(03)00432-X

 141. Dobaczewski M, Bujak M, Li N, Gonzalez-Quesada C, Mendoza LH, Wang XF, et al. Smad3 signaling critically regulates fibroblast phenotype and function in healing myocardial infarction. Circ Res. (2010) 107:418–28. doi: 10.1161/CIRCRESAHA.109.216101

 142. Lefer AM, Tsao P, Aoki N, Palladino MA Jr. Mediation of cardioprotection by transforming growth factor-beta. Science. (1990) 249:61–4. doi: 10.1126/science.2164258

 143. Kempf T, Zarbock A, Widera C, Butz S, Stadtmann A, Rossaint J, et al. GDF-15 is an inhibitor of leukocyte integrin activation required for survival after myocardial infarction in mice. Nat Med. (2011) 17:581–8. doi: 10.1038/nm.2354

 144. DeBerge M, Yeap XY, Dehn S, Zhang S, Grigoryeva L, Misener S, et al. MerTK cleavage on resident cardiac macrophages compromises repair after myocardial ischemia reperfusion injury. Circ Res. (2017) 121:930–40. doi: 10.1161/CIRCRESAHA.117.311327

 145. Tan SM, Zhang Y, Connelly KA, Gilbert RE, Kelly DJ. Targeted inhibition of activin receptor-like kinase 5 signaling attenuates cardiac dysfunction following myocardial infarction. Am J Physiol Heart Circ Physiol. (2010) 298:H1415–25. doi: 10.1152/ajpheart.01048.2009

 146. Okada H, Takemura G, Kosai K, Li Y, Takahashi T, Esaki M, et al. Postinfarction gene therapy against transforming growth factor-beta signal modulates infarct tissue dynamics and attenuates left ventricular remodeling and heart failure. Circulation. (2005) 111:2430–7. doi: 10.1161/01.CIR.0000165066.71481.8E

 147. Yu CM, Tipoe GL, Wing-Hon Lai K, Lau CP. Effects of combination of angiotensin-converting enzyme inhibitor and angiotensin receptor antagonist on inflammatory cellular infiltration and myocardial interstitial fibrosis after acute myocardial infarction. J Am Coll Cardiol. (2001) 38:1207–15. doi: 10.1016/S0735-1097(01)01518-2

 148. Rainer PP, Hao S, Vanhoutte D, Lee DI, Koitabashi N, Molkentin JD, et al. Cardiomyocyte-specific transforming growth factor beta suppression blocks neutrophil infiltration, augments multiple cytoprotective cascades, and reduces early mortality after myocardial infarction. Circ Res. (2014) 114:1246–57. doi: 10.1161/CIRCRESAHA.114.302653

 149. Bujak M, Ren G, Kweon HJ, Dobaczewski M, Reddy A, Taffet G, et al. Essential role of Smad3 in infarct healing and in the pathogenesis of cardiac remodeling. Circulation. (2007) 116:2127–38. doi: 10.1161/CIRCULATIONAHA.107.704197

 150. Ikeuchi M, Tsutsui H, Shiomi T, Matsusaka H, Matsushima S, Wen J, et al. Inhibition of TGF-beta signaling exacerbates early cardiac dysfunction but prevents late remodeling after infarction. Cardiovasc Res. (2004) 64:526–35. doi: 10.1016/j.cardiores.2004.07.017

 151. Andreadou I, Cabrera-Fuentes HA, Devaux Y, Frangogiannis NG, Frantz S, Guzik T, et al. Immune cells as targets for cardioprotection: new players and novel therapeutic opportunities. Cardiovasc Res. (2019) 115:1117–30. doi: 10.1093/cvr/cvz050

 152. Farbehi N, Patrick R, Dorison A, Xaymardan M, Janbandhu V, Wystub-Lis K, et al. Single-cell expression profiling reveals dynamic flux of cardiac stromal, vascular and immune cells in health and injury. Elife. (2019) 8:e43882. doi: 10.7554/eLife.43882.061

 153. von Hundelshausen P, Weber C. Platelets as immune cells: bridging inflammation and cardiovascular disease. Circ Res. (2007) 100:27–40. doi: 10.1161/01.RES.0000252802.25497.b7

 154. Gawaz M. Role of platelets in coronary thrombosis and reperfusion of ischemic myocardium. Cardiovasc Res. (2004) 61:498–511. doi: 10.1016/j.cardiores.2003.11.036

 155. Schanze N, Bode C, Duerschmied D. Platelet contributions to myocardial ischemia/reperfusion injury. Front Immunol. (2019) 10:1260. doi: 10.3389/fimmu.2019.01260

 156. Mauler M, Herr N, Schoenichen C, Witsch T, Marchini T, Hardtner C, et al. Platelet serotonin aggravates myocardial ischemia/reperfusion injury via neutrophil degranulation. Circulation. (2019) 139:918–31. doi: 10.1161/CIRCULATIONAHA.118.033942

 157. Ziegler M, Hohmann JD, Searle AK, Abraham MK, Nandurkar HH, Wang X, et al. A single-chain antibody-CD39 fusion protein targeting activated platelets protects from cardiac ischaemia/reperfusion injury. Eur Heart J. (2018) 39:111–6. doi: 10.1093/eurheartj/ehx218

 158. Swirski FK, Nahrendorf M. Cardioimmunology: the immune system in cardiac homeostasis and disease. Nat Rev Immunol. (2018) 18:733–44. doi: 10.1038/s41577-018-0065-8

 159. Pham CT. Neutrophil serine proteases: specific regulators of inflammation. Nat Rev Immunol. (2006) 6:541–50. doi: 10.1038/nri1841

 160. Chia S, Nagurney JT, Brown DF, Raffel OC, Bamberg F, Senatore F, et al. Association of leukocyte and neutrophil counts with infarct size, left ventricular function and outcomes after percutaneous coronary intervention for ST-elevation myocardial infarction. Am J Cardiol. (2009) 103:333–7. doi: 10.1016/j.amjcard.2008.09.085

 161. Vinten-Johansen J. Involvement of neutrophils in the pathogenesis of lethal myocardial reperfusion injury. Cardiovasc Res. (2004) 61:481–97. doi: 10.1016/j.cardiores.2003.10.011

 162. Ebnet K, Vestweber D. Molecular mechanisms that control leukocyte extravasation: the selectins and the chemokines. Histochem Cell Biol. (1999) 112:1–23.

 163. Ma Y, Yabluchanskiy A, Iyer RP, Cannon PL, Flynn ER, Jung M, et al. Temporal neutrophil polarization following myocardial infarction. Cardiovasc Res. (2016) 110:51–61. doi: 10.1093/cvr/cvw024

 164. Vafadarnejad E, Rizzo G, Krampert L, Arampatzi P, Arias-Loza AP, Nazzal Y, et al. Dynamics of cardiac neutrophil diversity in murine myocardial infarction. Circ Res. (2020) 127:e232–49. doi: 10.1161/CIRCRESAHA.120.317200

 165. Carbone F, Crowe LA, Roth A, Burger F, Lenglet S, Braunersreuther V, et al. Treatment with anti-RANKL antibody reduces infarct size and attenuates dysfunction impacting on neutrophil-mediated injury. J Mol Cell Cardiol. (2016) 94:82–94. doi: 10.1016/j.yjmcc.2016.03.013

 166. Praetner M, Zuchtriegel G, Holzer M, Uhl B, Schaubacher J, Mittmann L, et al. Plasminogen activator inhibitor-1 promotes neutrophil infiltration and tissue injury on ischemia-reperfusion. Arterioscler Thromb Vasc Biol. (2018) 38:829–42. doi: 10.1161/ATVBAHA.117.309760

 167. Zhang X, Liu S, Weng X, Zeng S, Yu L, Guo J, et al. Brg1 deficiency in vascular endothelial cells blocks neutrophil recruitment and ameliorates cardiac ischemia-reperfusion injury in mice. Int J Cardiol. (2018) 269:250–8. doi: 10.1016/j.ijcard.2018.07.105

 168. Hiroi T, Wajima T, Negoro T, Ishii M, Nakano Y, Kiuchi Y, et al. Neutrophil TRPM2 channels are implicated in the exacerbation of myocardial ischaemia/reperfusion injury. Cardiovasc Res. (2013) 97:271–81. doi: 10.1093/cvr/cvs332

 169. Bao J, Sato K, Li M, Gao Y, Abid R, Aird W, et al. PR-39 and PR-11 peptides inhibit ischemia-reperfusion injury by blocking proteasome-mediated I kappa B alpha degradation. Am J Physiol Heart Circ Physiol. (2001) 281:H2612–8. doi: 10.1152/ajpheart.2001.281.6.H2612

 170. Amsterdam EA, Pan HL, Rendig SV, Symons JD, Fletcher MP, Longhurst JC. Limitation of myocardial infarct size in pigs with a dual lipoxygenase-cyclooxygenase blocking agent by inhibition of neutrophil activity without reduction of neutrophil migration. J Am Coll Cardiol. (1993) 22:1738–44. doi: 10.1016/0735-1097(93)90605-Z

 171. Boufenzer A, Lemarie J, Simon T, Derive M, Bouazza Y, Tran N, et al. TREM-1 mediates inflammatory injury and cardiac remodeling following myocardial infarction. Circ Res. (2015) 116:1772–82. doi: 10.1161/CIRCRESAHA.116.305628

 172. Marinkovic G, Grauen Larsen H, Yndigegn T, Szabo IA, Mares RG, de Camp L, et al. Inhibition of pro-inflammatory myeloid cell responses by short-term S100A9 blockade improves cardiac function after myocardial infarction. Eur Heart J. (2019) 40:2713–23. doi: 10.1093/eurheartj/ehz461

 173. Ali M, Pulli B, Courties G, Tricot B, Sebas M, Iwamoto Y, et al. Myeloperoxidase inhibition improves ventricular function and remodeling after experimental myocardial infarction. JACC Basic Transl Sci. (2016) 1:633–43. doi: 10.1016/j.jacbts.2016.09.004

 174. Ma XL, Weyrich AS, Lefer DJ, Buerke M, Albertine KH, Kishimoto TK, et al. Monoclonal antibody to L-selectin attenuates neutrophil accumulation and protects ischemic reperfused cat myocardium. Circulation. (1993) 88:649–58. doi: 10.1161/01.CIR.88.2.649

 175. Weyrich AS, Ma XY, Lefer DJ, Albertine KH, Lefer AM. In vivo neutralization of P-selectin protects feline heart and endothelium in myocardial ischemia and reperfusion injury. J Clin Invest. (1993) 91:2620–9. doi: 10.1172/JCI116501

 176. Briaud SA, Ding ZM, Michael LH, Entman ML, Daniel S, Ballantyne CM. Leukocyte trafficking and myocardial reperfusion injury in ICAM-1/P-selectin-knockout mice. Am J Physiol Heart Circ Physiol. (2001) 280:H60–7. doi: 10.1152/ajpheart.2001.280.1.H60

 177. Aversano T, Zhou W, Nedelman M, Nakada M, Weisman H. A chimeric IgG4 monoclonal antibody directed against CD18 reduces infarct size in a primate model of myocardial ischemia and reperfusion. J Am Coll Cardiol. (1995) 25:781–8. doi: 10.1016/0735-1097(94)00443-T

 178. Arai M, Lefer DJ, So T, DiPaula A, Aversano T, Becker LC. An anti-CD18 antibody limits infarct size and preserves left ventricular function in dogs with ischemia and 48-hour reperfusion. J Am Coll Cardiol. (1996) 27:1278–85. doi: 10.1016/0735-1097(95)00578-1

 179. Palazzo AJ, Jones SP, Girod WG, Anderson DC, Granger DN, Lefer DJ. Myocardial ischemia-reperfusion injury in CD18- and ICAM-1-deficient mice. Am J Physiol. (1998) 275:H2300–7. doi: 10.1152/ajpheart.1998.275.6.H2300

 180. Baran KW, Nguyen M, McKendall GR, Lambrew CT, Dykstra G, Palmeri ST, et al. Double-blind, randomized trial of an anti-CD18 antibody in conjunction with recombinant tissue plasminogen activator for acute myocardial infarction: limitation of myocardial infarction following thrombolysis in acute myocardial infarction (LIMIT AMI) study. Circulation. (2001) 104:2778–83. doi: 10.1161/hc4801.100236

 181. Faxon DP, Gibbons RJ, Chronos NA, Gurbel PA, Sheehan F, Investigators H-M. The effect of blockade of the CD11/CD18 integrin receptor on infarct size in patients with acute myocardial infarction treated with direct angioplasty: the results of the HALT-MI study. J Am Coll Cardiol. (2002) 40:1199–204. doi: 10.1016/S0735-1097(02)02136-8

 182. Horckmans M, Ring L, Duchene J, Santovito D, Schloss MJ, Drechsler M, et al. Neutrophils orchestrate post-myocardial infarction healing by polarizing macrophages towards a reparative phenotype. Eur Heart J. (2017) 38:187–97. doi: 10.1093/eurheartj/ehw002

 183. Jung K, Kim P, Leuschner F, Gorbatov R, Kim JK, Ueno T, et al. Endoscopic time-lapse imaging of immune cells in infarcted mouse hearts. Circ Res. (2013) 112:891–9. doi: 10.1161/CIRCRESAHA.111.300484

 184. Ensan S, Li A, Besla R, Degousee N, Cosme J, Roufaiel M, et al. Self-renewing resident arterial macrophages arise from embryonic CX3CR1(+) precursors and circulating monocytes immediately after birth. Nat Immunol. (2016) 17:159–68. doi: 10.1038/ni.3343

 185. Bajpai G, Bredemeyer A, Li W, Zaitsev K, Koenig AL, Lokshina I, et al. Tissue resident CCR2- and CCR2+ cardiac macrophages differentially orchestrate monocyte recruitment and fate specification following myocardial injury. Circ Res. (2019) 124:263–78. doi: 10.1161/CIRCRESAHA.118.314028

 186. Mouton AJ, DeLeon-Pennell KY, Rivera Gonzalez OJ, Flynn ER, Freeman TC, Saucerman JJ, et al. Mapping macrophage polarization over the myocardial infarction time continuum. Basic Res Cardiol. (2018) 113:26. doi: 10.1007/s00395-018-0686-x

 187. Dick SA, Macklin JA, Nejat S, Momen A, Clemente-Casares X, Althagafi MG, et al. Self-renewing resident cardiac macrophages limit adverse remodeling following myocardial infarction. Nat Immunol. (2019) 20:29–39. doi: 10.1038/s41590-018-0272-2

 188. Leuschner F, Rauch PJ, Ueno T, Gorbatov R, Marinelli B, Lee WW, et al. Rapid monocyte kinetics in acute myocardial infarction are sustained by extramedullary monocytopoiesis. J Exp Med. (2012) 209:123–37. doi: 10.1084/jem.20111009

 189. Nahrendorf M, Swirski FK. Monocyte and macrophage heterogeneity in the heart. Circ Res. (2013) 112:1624–33. doi: 10.1161/CIRCRESAHA.113.300890

 190. Hilgendorf I, Gerhardt LM, Tan TC, Winter C, Holderried TA, Chousterman BG, et al. Ly-6Chigh monocytes depend on Nr4a1 to balance both inflammatory and reparative phases in the infarcted myocardium. Circ Res. (2014) 114:1611–22. doi: 10.1161/CIRCRESAHA.114.303204

 191. Rizzo G, Vafadarnejad E, Arampatzi P, Silvestre JS, Zernecke A, Saliba AE, et al. Single-cell transcriptomic profiling maps monocyte/macrophage transitions after myocardial infarction in mice. bioRxiv [Preprint]. (2020). doi: 10.1101/2020.04.14.040451

 192. Tsujioka H, Imanishi T, Ikejima H, Kuroi A, Takarada S, Tanimoto T, et al. Impact of heterogeneity of human peripheral blood monocyte subsets on myocardial salvage in patients with primary acute myocardial infarction. J Am Coll Cardiol. (2009) 54:130–8. doi: 10.1016/j.jacc.2009.04.021 

 193. van der Laan AM, Hirsch A, Robbers LF, Nijveldt R, Lommerse I, Delewi R, et al. A proinflammatory monocyte response is associated with myocardial injury and impaired functional outcome in patients with ST-segment elevation myocardial infarction: monocytes and myocardial infarction. Am Heart J. (2012) 163:57–65 e2. doi: 10.1016/j.ahj.2011.09.002

 194. Miller EJ, Li J, Leng L, McDonald C, Atsumi T, Bucala R, et al. Macrophage migration inhibitory factor stimulates AMP-activated protein kinase in the ischaemic heart. Nature. (2008) 451:578–82. doi: 10.1038/nature06504

 195. Gao XM, Liu Y, White D, Su Y, Drew BG, Bruce CR, et al. Deletion of macrophage migration inhibitory factor protects the heart from severe ischemia-reperfusion injury: a predominant role of anti-inflammation. J Mol Cell Cardiol. (2011) 50:991–9. doi: 10.1016/j.yjmcc.2010.12.022

 196. Liehn EA, Kanzler I, Konschalla S, Kroh A, Simsekyilmaz S, Sonmez TT, et al. Compartmentalized protective and detrimental effects of endogenous macrophage migration-inhibitory factor mediated by CXCR2 in a mouse model of myocardial ischemia/reperfusion. Arterioscler Thromb Vasc Biol. (2013) 33:2180–6. doi: 10.1161/ATVBAHA.113.301633

 197. Wan E, Yeap XY, Dehn S, Terry R, Novak M, Zhang S, et al. Enhanced efferocytosis of apoptotic cardiomyocytes through myeloid-epithelial-reproductive tyrosine kinase links acute inflammation resolution to cardiac repair after infarction. Circ Res. (2013) 113:1004–12. doi: 10.1161/CIRCRESAHA.113.301198 

 198. Courties G, Heidt T, Sebas M, Iwamoto Y, Jeon D, Truelove J, et al. In vivo silencing of the transcription factor IRF5 reprograms the macrophage phenotype and improves infarct healing. J Am Coll Cardiol. (2014) 63:1556–66. doi: 10.1016/j.jacc.2013.11.023

 199. Harel-Adar T, Ben Mordechai T, Amsalem Y, Feinberg MS, Leor J, Cohen S. Modulation of cardiac macrophages by phosphatidylserine-presenting liposomes improves infarct repair. Proc Natl Acad Sci USA. (2011) 108:1827–32. doi: 10.1073/pnas.1015623108

 200. Nakano Y, Matoba T, Tokutome M, Funamoto D, Katsuki S, Ikeda G, et al. Nanoparticle-mediated delivery of irbesartan induces cardioprotection from myocardial ischemia-reperfusion injury by antagonizing monocyte-mediated inflammation. Sci Rep. (2016) 6:29601. doi: 10.1038/srep29601

 201. de Jong RCM, Pluijmert NJ, de Vries MR, Pettersson K, Atsma DE, Jukema JW, et al. Annexin A5 reduces infarct size and improves cardiac function after myocardial ischemia-reperfusion injury by suppression of the cardiac inflammatory response. Sci Rep. (2018) 8:6753. doi: 10.1038/s41598-018-25143-y

 202. Pluijmert NJ, de Jong RCM, de Vries MR, Pettersson K, Atsma DE, Jukema JW, et al. Phosphorylcholine antibodies preserve cardiac function and reduce infarct size by attenuating the post-ischemic inflammatory response. JACC Basic Transl Sci. (2020) 5:1228–39. doi: 10.1016/j.jacbts.2020.09.012

 203. Leuschner F, Dutta P, Gorbatov R, Novobrantseva TI, Donahoe JS, Courties G, et al. Therapeutic siRNA silencing in inflammatory monocytes in mice. Nat Biotechnol. (2011) 29:1005–10. doi: 10.1038/nbt.1989

 204. Tokutome M, Matoba T, Nakano Y, Okahara A, Fujiwara M, Koga JI, et al. Peroxisome proliferator-activated receptor-gamma targeting nanomedicine promotes cardiac healing after acute myocardial infarction by skewing monocyte/macrophage polarization in preclinical animal models. Cardiovasc Res. (2019) 115:419–31. doi: 10.1093/cvr/cvy200

 205. Wang Z, Huang S, Sheng Y, Peng X, Liu H, Jin N, et al. Topiramate modulates post-infarction inflammation primarily by targeting monocytes or macrophages. Cardiovasc Res. (2017) 113:475–87. doi: 10.1093/cvr/cvx027

 206. Weirather J, Hofmann UD, Beyersdorf N, Ramos GC, Vogel B, Frey A, et al. Foxp3+ CD4+ T cells improve healing after myocardial infarction by modulating monocyte/macrophage differentiation. Circ Res. (2014) 115:55–67. doi: 10.1161/CIRCRESAHA.115.303895

 207. Zhou LS, Zhao GL, Liu Q, Jiang SC, Wang Y, Zhang DM. Silencing collapsin response mediator protein-2 reprograms macrophage phenotype and improves infarct healing in experimental myocardial infarction model. J Inflamm. (2015) 12:11. doi: 10.1186/s12950-015-0053-8

 208. Schloss MJ, Horckmans M, Guillamat-Prats R, Hering D, Lauer E, Lenglet S, et al. 2-Arachidonoylglycerol mobilizes myeloid cells and worsens heart function after acute myocardial infarction. Cardiovasc Res. (2019) 115:602–13. doi: 10.1093/cvr/cvy242

 209. Shiraishi M, Shintani Y, Shintani Y, Ishida H, Saba R, Yamaguchi A, et al. Alternatively activated macrophages determine repair of the infarcted adult murine heart. J Clin Invest. (2016) 126:2151–66. doi: 10.1172/JCI85782

 210. Hofmann U, Beyersdorf N, Weirather J, Podolskaya A, Bauersachs J, Ertl G, et al. Activation of CD4+ T lymphocytes improves wound healing and survival after experimental myocardial infarction in mice. Circulation. (2012) 125:1652–63. doi: 10.1161/CIRCULATIONAHA.111.044164

 211. Boag SE, Das R, Shmeleva EV, Bagnall A, Egred M, Howard N, et al. T lymphocytes and fractalkine contribute to myocardial ischemia/reperfusion injury in patients. J Clin Invest. (2015) 125:3063–76. doi: 10.1172/JCI80055

 212. Choo EH, Lee JH, Park EH, Park HE, Jung NC, Kim TH, et al. Infarcted myocardium-primed dendritic cells improve remodeling and cardiac function after myocardial infarction by modulating the regulatory T cell and macrophage polarization. Circulation. (2017) 135:1444–57. doi: 10.1161/CIRCULATIONAHA.116.023106

 213. Mathes D, Weirather J, Nordbeck P, Arias-Loza AP, Burkard M, Pachel C, et al. CD4(+) Foxp3(+) T-cells contribute to myocardial ischemia-reperfusion injury. J Mol Cell Cardiol. (2016) 101:99–105. doi: 10.1016/j.yjmcc.2016.10.007

 214. Zouggari Y, Ait-Oufella H, Bonnin P, Simon T, Sage AP, Guerin C, et al. B lymphocytes trigger monocyte mobilization and impair heart function after acute myocardial infarction. Nat Med. (2013) 19:1273–80. doi: 10.1038/nm.3284

 215. Horckmans M, Bianchini M, Santovito D, Megens RTA, Springael JY, Negri I, et al. Pericardial adipose tissue regulates granulopoiesis, fibrosis, and cardiac function after myocardial infarction. Circulation. (2018) 137:948–60. doi: 10.1161/CIRCULATIONAHA.117.028833

 216. Anzai A, Anzai T, Nagai S, Maekawa Y, Naito K, Kaneko H, et al. Regulatory role of dendritic cells in postinfarction healing and left ventricular remodeling. Circulation. (2012) 125:1234–45. doi: 10.1161/CIRCULATIONAHA.111.052126

 217. Liu H, Gao W, Yuan J, Wu C, Yao K, Zhang L, et al. Exosomes derived from dendritic cells improve cardiac function via activation of CD4(+) T lymphocytes after myocardial infarction. J Mol Cell Cardiol. (2016) 91:123–33. doi: 10.1016/j.yjmcc.2015.12.028

 218. Xue J, Ge H, Lin Z, Wang H, Lin W, Liu Y, et al. The role of dendritic cells regulated by HMGB1/TLR4 signalling pathway in myocardial ischaemia reperfusion injury. J Cell Mol Med. (2019) 23:2849–62. doi: 10.1111/jcmm.14192

 219. Frangogiannis NG, Lindsey ML, Michael LH, Youker KA, Bressler RB, Mendoza LH, et al. Resident cardiac mast cells degranulate and release preformed TNF-alpha, initiating the cytokine cascade in experimental canine myocardial ischemia/reperfusion. Circulation. (1998) 98:699–710. doi: 10.1161/01.CIR.98.7.699

 220. Somasundaram P, Ren G, Nagar H, Kraemer D, Mendoza L, Michael LH, et al. Mast cell tryptase may modulate endothelial cell phenotype in healing myocardial infarcts. J Pathol. (2005) 205:102–11. doi: 10.1002/path.1690

 221. Ngkelo A, Richart A, Kirk JA, Bonnin P, Vilar J, Lemitre M, et al. Mast cells regulate myofilament calcium sensitization and heart function after myocardial infarction. J Exp Med. (2016) 213:1353–74. doi: 10.1084/jem.20160081

 222. Hooshdaran B, Kolpakov MA, Guo X, Miller SA, Wang T, Tilley DG, et al. Dual inhibition of cathepsin G and chymase reduces myocyte death and improves cardiac remodeling after myocardial ischemia reperfusion injury. Basic Res Cardiol. (2017) 112:62. doi: 10.1007/s00395-017-0652-z

 223. Aldi S, Marino A, Tomita K, Corti F, Anand R, Olson KE, et al. E-NTPDase1/CD39 modulates renin release from heart mast cells during ischemia/reperfusion: a novel cardioprotective role. FASEB J. (2015) 29:61–9. doi: 10.1096/fj.14-261867

 224. Marino A, Sakamoto T, Robador PA, Tomita K, Levi R. S1P receptor 1-mediated anti-renin-angiotensin system cardioprotection: pivotal role of mast cell aldehyde dehydrogenase type 2. J Pharmacol Exp Ther. (2017) 362:230–42. doi: 10.1124/jpet.117.241976

 225. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after myocardial infarction: from inflammation to fibrosis. Circ Res. (2016) 119:91–112. doi: 10.1161/CIRCRESAHA.116.303577

 226. Frangogiannis NG. Cardiac fibrosis: cell biological mechanisms, molecular pathways and therapeutic opportunities. Mol Aspects Med. (2019) 65:70–99. doi: 10.1016/j.mam.2018.07.001

 227. Ruiz-Villalba A, Simon AM, Pogontke C, Castillo MI, Abizanda G, Pelacho B, et al. Interacting resident epicardium-derived fibroblasts and recruited bone marrow cells form myocardial infarction scar. J Am Coll Cardiol. (2015) 65:2057–66. doi: 10.1016/j.jacc.2015.03.520

 228. Willems IE, Havenith MG, De Mey JG, Daemen MJ. The alpha-smooth muscle actin-positive cells in healing human myocardial scars. Am J Pathol. (1994) 145:868–75.

 229. Frangogiannis NG. The functional pluralism of fibroblasts in the infarcted myocardium. Circ Res. (2016) 119:1049–51. doi: 10.1161/CIRCRESAHA.116.309926

 230. Nakaya M, Watari K, Tajima M, Nakaya T, Matsuda S, Ohara H, et al. Cardiac myofibroblast engulfment of dead cells facilitates recovery after myocardial infarction. J Clin Invest. (2017) 127:383–401. doi: 10.1172/JCI83822

 231. Kong P, Shinde AV, Su Y, Russo I, Chen B, Saxena A, et al. Opposing actions of fibroblast and cardiomyocyte Smad3 signaling in the infarcted myocardium. Circulation. (2018) 137:707–24. doi: 10.1161/CIRCULATIONAHA.117.029622

 232. Villalobos E, Criollo A, Schiattarella GG, Altamirano F, French KM, May HI, et al. Fibroblast primary cilia are required for cardiac fibrosis. Circulation. (2019) 139:2342–57. doi: 10.1161/CIRCULATIONAHA.117.028752

 233. Jung M, Ma Y, Iyer RP, DeLeon-Pennell KY, Yabluchanskiy A, Garrett MR, et al. IL-10 improves cardiac remodeling after myocardial infarction by stimulating M2 macrophage polarization and fibroblast activation. Basic Res Cardiol. (2017) 112:33. doi: 10.1007/s00395-017-0622-5

 234. Petz A, Grandoch M, Gorski DJ, Abrams M, Piroth M, Schneckmann R, et al. Cardiac hyaluronan synthesis is critically involved in the cardiac macrophage response and promotes healing after ischemia reperfusion injury. Circ Res. (2019) 124:1433–47. doi: 10.1161/CIRCRESAHA.118.313285

 235. Dobaczewski M, Akrivakis S, Nasser K, Michael LH, Entman ML, Frangogiannis NG. Vascular mural cells in healing canine myocardial infarcts. J Histochem Cytochem. (2004) 52:1019–29. doi: 10.1369/jhc.3A6210.2004

 236. Sandhu R, Teichert-Kuliszewska K, Nag S, Proteau G, Robb MJ, Campbell AI, et al. Reciprocal regulation of angiopoietin-1 and angiopoietin-2 following myocardial infarction in the rat. Cardiovasc Res. (2004) 64:115–24. doi: 10.1016/j.cardiores.2004.05.013

 237. Zymek P, Bujak M, Chatila K, Cieslak A, Thakker G, Entman ML, et al. The role of platelet-derived growth factor signaling in healing myocardial infarcts. J Am Coll Cardiol. (2006) 48:2315–23. doi: 10.1016/j.jacc.2006.07.060

 238. Wang Y, Liu J, Kong Q, Cheng H, Tu F, Yu P, et al. Cardiomyocyte-specific deficiency of HSPB1 worsens cardiac dysfunction by activating NFkappaB-mediated leucocyte recruitment after myocardial infarction. Cardiovasc Res. (2019) 115:154–67. doi: 10.1093/cvr/cvy163

 239. Nathan C. Points of control in inflammation. Nature. (2002) 420:846–52. doi: 10.1038/nature01320

 240. Christia P, Frangogiannis NG. Targeting inflammatory pathways in myocardial infarction. Eur J Clin Invest. (2013) 43:986–95. doi: 10.1111/eci.12118

 241. Cleutjens JP, Blankesteijn WM, Daemen MJ, Smits JF. The infarcted myocardium: simply dead tissue, or a lively target for therapeutic interventions. Cardiovasc Res. (1999) 44:232–41. doi: 10.1016/S0008-6363(99)00212-6

 242. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabe-Heider F, Walsh S, et al. Evidence for cardiomyocyte renewal in humans. Science. (2009) 324:98–102. doi: 10.1126/science.1164680

 243. Tzahor E, Poss KD. Cardiac regeneration strategies: staying young at heart. Science. (2017) 356:1035–9. doi: 10.1126/science.aam5894

 244. Davidson SM, Ferdinandy P, Andreadou I, Botker HE, Heusch G, Ibanez B, et al. Multitarget strategies to reduce myocardial ischemia/reperfusion injury: JACC review topic of the week. J Am Coll Cardiol. (2019) 73:89–99. doi: 10.1016/j.jacc.2018.09.086

 245. Libby P, Maroko PR, Bloor CM, Sobel BE, Braunwald E. Reduction of experimental myocardial infarct size by corticosteroid administration. J Clin Invest. (1973) 52:599–607. doi: 10.1172/JCI107221

 246. Roberts R, DeMello V, Sobel BE. Deleterious effects of methylprednisolone in patients with myocardial infarction. Circulation. (1976) 53(3 Suppl.):I204–6.

 247. Kloner RA, Fishbein MC, Lew H, Maroko PR, Braunwald E. Mummification of the infarcted myocardium by high dose corticosteroids. Circulation. (1978) 57:56–63. doi: 10.1161/01.CIR.57.1.56

 248. Hausenloy DJ, Garcia-Dorado D, Botker HE, Davidson SM, Downey J, Engel FB, et al. Novel targets and future strategies for acute cardioprotection: Position Paper of the European Society of Cardiology Working Group on Cellular Biology of the Heart. Cardiovasc Res. (2017) 113:564–85. doi: 10.1093/cvr/cvx049

 249. Lindsey ML, Bolli R, Canty JM Jr, Du XJ, Frangogiannis NG, et al. Guidelines for experimental models of myocardial ischemia and infarction. Am J Physiol Heart Circ Physiol. (2018) 314:H812–38. doi: 10.1152/ajpheart.00335.2017

 250. Pluijmert NJ, Bart CI, Bax WH, Quax PHA, Atsma DE. Effects on cardiac function, remodeling and inflammation following myocardial ischemia-reperfusion injury or unreperfused myocardial infarction in hypercholesterolemic APOE*3-Leiden mice. Sci Rep. (2020) 10:16601. doi: 10.1038/s41598-020-73608-w

 251. Merz SF, Korste S, Bornemann L, Michel L, Stock P, Squire A, et al. Contemporaneous 3D characterization of acute and chronic myocardial I/R injury and response. Nat Commun. (2019) 10:2312. doi: 10.1038/s41467-019-10338-2

 252. Huang S, Frangogiannis NG. Anti-inflammatory therapies in myocardial infarction: failures, hopes and challenges. Br J Pharmacol. (2018) 175:1377–400. doi: 10.1111/bph.14155

 253. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N Engl J Med. (2017) 377:1119–31. doi: 10.1056/NEJMoa1707914

 254. Padfield GJ, Din JN, Koushiappi E, Mills NL, Robinson SD, Cruden Nle M, et al. Cardiovascular effects of tumour necrosis factor alpha antagonism in patients with acute myocardial infarction: a first in human study. Heart. (2013) 99:1330–5. doi: 10.1136/heartjnl-2013-303648

 255. de Zwaan C, Kleine AH, Diris JH, Glatz JF, Wellens HJ, Strengers PF, et al. Continuous 48-h C1-inhibitor treatment, following reperfusion therapy, in patients with acute myocardial infarction. Eur Heart J. (2002) 23:1670–7. doi: 10.1053/euhj.2002.3191

 256. Jones DA, Khambata RS, Andiapen M, Rathod KS, Mathur A, Ahluwalia A. Intracoronary nitrite suppresses the inflammatory response following primary percutaneous coronary intervention. Heart. (2017) 103:508–16. doi: 10.1136/heartjnl-2016-309748

 257. Piot C, Croisille P, Staat P, Thibault H, Rioufol G, Mewton N, et al. Effect of cyclosporine on reperfusion injury in acute myocardial infarction. N Engl J Med. (2008) 359:473–81. doi: 10.1056/NEJMoa071142

 258. Cung TT, Morel O, Cayla G, Rioufol G, Garcia-Dorado D, Angoulvant D, et al. Cyclosporine before PCI in patients with acute myocardial infarction. N Engl J Med. (2015) 373:1021–31. doi: 10.1056/NEJMoa1505489

 259. Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP. Efficacy and safety of low-dose colchicine after myocardial infarction. N Engl J Med. (2019) 381:2497–505. doi: 10.1056/NEJMoa1912388

 260. Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TSJ, et al. Colchicine in patients with chronic coronary disease. N Engl J Med. (2020) 383:1838–47. doi: 10.1056/NEJMoa2021372

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Pluijmert, Atsma and Quax. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Post-ischemic Myocardial Inflammatory Response: A Complex and Dynamic Process Susceptible to Immunomodulatory Therapies



		Introduction



		Myocardial Ischemia–Reperfusion Injury



		Innate Immunity



		Danger-Associated Molecular Patterns



		Toll-Like Receptors



		Nucleotide-Binding Oligomerization Domain-Like Receptors



		Receptor for Advanced Glycation End Products



		Complement Cascade



		Activation of NF-κB



		Chemokines



		CC Chemokines









		CXC Chemokines



		Cytokines



		Pro-inflammatory Cytokines



		Anti-inflammatory Cytokines









		Inflammatory Cells



		Inflammatory and Reparative Phases



		Neutrophils



		Mononuclear Cells









		Reparative to Maturation Phase



		Fibroblasts



		Neovascularization









		Resolution of the Post-ischemic Inflammatory Response







		Immunomodulatory Therapies in Clinical Practice



		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Post-ischemic Myocardial
Inflammatory Response: A
Complex and Dynamic Process
Susceptible to Immunomodulatory
Therapies





OPS/images/fcvm-08-647785-g001.gif
e

ot

s

e rumatines
e N

msenencnade > x> Fkke L
emestisconts






OPS/images/fcvm-08-647785-g002.gif
ammtteny apenn

P

— —
T g e
o ¢ B v B

e e =
@ <) BY =t
[ el T
- P









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





