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Abstract
Acute myocardial infarction (AMI) is a disease associated with high morbidity and mortality. Currently there 

are no available treatments specifically targeting the post-ischemic myocardial processes that lead to heart failure 
and recurrent coronary events. The innate immune system plays a central role in the two consecutive phases that 
follow an acute ischemic event: the inflammatory phase and the reparatory phase. The inflamatory phase involves a 
massive infiltration of neutrophils and inflammatory Ly6Chi monocytes into the injured myocardium. The reparatory 
phase is orchestrated by reparatory Ly6Clo macrophages that clear necrotic and apoptotic cells through efferocyto-
sis, secrete anti-inflammatory mediators and stimulate fibrosis and repair. Important recent studies provided proof 
that Ly6Chi monocytes that enter the myocardium in the inflammatory phase upregulate the orphan nuclear recep-
tor Nr4a1 and switch phenotype to Ly6CloNr4a1hi reparatory macrophages. Additionally, neutrophils have been 
shown to promote cardiac recovery by upregulating expression of the efferocytosis receptor MerTK on reparatory 
macrophages. A finely tuned balance between the inflammatory and the reparatory phases is thus essential for lim-
iting myocardial damage and promoting efficient recovery. Treatment strategies targeting only the inflammatory 
phase have so far failed to improve prognosis in AMI patients. A detailed understanding of the interplay between 
the two phases of the innate immune response is paramount for designing efficient therapies able to improve post-
AMI prognosis. In the current review, we summarize the state-of-the-art of the field and discuss previous therapeu-
tic attempts and currently ongoing clinical trials targeting innate immune mechanisms in AMI patients.

Keywords: myocardial infarction, innate immune system, monocytes/macrophages, neutrophils, myocardial 
repair

Received: 15th June 2017; Accepted: 28th August 2017; Published: 15th September 2017

*Corresponding author: 	Razvan Gheorghita Mares, University of Medicine and Pharmacy Targu Mures, 38 
Gheorghe Marinescu Street, 540139, Targu Mures, Romania. E-mail: razvan_mares_7@yahoo.com

Review



Revista Română de Medicină de Laborator Vol. 26, Nr. 1, Ianuarie, 201810

Introduction

Acute myocardial infarction (AMI) is an 
acute ischemic event that occurs due to imbal-
ance between oxygen supply and demand. Most 
commonly, AMI is caused by occlusion of a 
coronary artery due to rupture or erosion of an 
unstable atherosclerotic plaque, leading to sud-
den interruption of blood flow downstream of 
the occluded vessel (1). The ensuing myocardial 
ischemia and necrosis trigger a potent immune 
reaction involving two mechanistically distinct 
phases: the inflammatory phase and the repa-
ratory phase. The early inflammatory response 
initiates digestion and removal of dead cardi-
ac tissue, and paves the way for the reparative 
phase that involves resolution of inflammation, 
myofibroblast proliferation, scar formation and 
neovascularization (2). An optimal balance be-
tween the two phases is essential for adequate 
cardiac recovery. An exacerbated inflammatory 
phase amplifies the ischemic myocardial dam-
age, leading to additional loss of systolic func-
tion. On the other hand, an extended reparatory 
phase might lead to excessive myocardial fibro-
sis and diastolic dysfunction (3).

Treatments targeting the innate immune 
response may provide important therapeutic 
strategies to reduce myocardial damage and to 
improve cardiac function and prognosis in AMI 
patients. However, previous immunosuppres-
sive approaches have been deleterious in clin-
ical studies, and a treatment able to adequately 
regulate the inflammation/repair balance has so 
far been elusive. In this review, we will address 
the present understanding of the cellular innate 
immune mechanisms active in the post-isch-
emic period, and discuss their impact on car-
diac inflammation and repair. Emphasis will 
be placed on recent experimental evidence of 
paradigm-changing importance in this rapidly 
evolving field. 

Timeline of the innate immune response 
after myocardial infarction 

AMI triggers an abrupt rise in leukocyte 
numbers in blood and myocardium during the 
first hours and days. The two phases of the post-
AMI immune response involve different cellular 
populations and molecular processes. The initial 
inflammatory phase is defined by a robust influx 
of neutrophils into the myocardium, followed by 
Ly6Chi inflammatory monocytes. The reparatory 
phase is characterized by an increased myocar-
dial presence of Ly6Clo reparatory macrophages 
(4). Proper unfolding of the reparatory phase is 
conditioned by an efficient and well-balanced 
inflammatory phase. As discussed below, an ex-
cessive influx of neutrophils and inflammatory 
monocytes in the inflammatory phase leads to 
further myocardial damage and heart failure. 
The involvement of the innate immune cells in 
different stages of post-AMI pathology has at-
tracted increasing attention in recent years. 

Days 1-3: Neutrophils
Neutrophils are the first immune cell type to 

infiltrate the affected myocardium (5). Neutro-
phil infiltration peaks on day 1 post-AMI, and 
then gradually decreases (6). Necrotic cardiomy-
ocytes and activated neutrophils release specific 
proteins that signal the presence of tissue inju-
ry, called danger-associated molecular patterns 
(DAMPs) or alarmins (7). DAMPs such as the 
high mobility group box-1 (HMGB1), S100 pro-
teins or heat-shock proteins (HSPs) initiate the 
inflammatory response after AMI7. DAMPs bind 
to pattern recognition receptors (PRRs) on the 
surface of various cell types including neutro-
phils, monocytes/macrophages, and endothelial 
cells (8,9). The most important PRRs involved 
in the pathogenesis of AMI are toll-like recep-
tors 2 and 4 (TLR2 and TLR4), and the receptor 
for advanced glycation end-products (RAGE) 
(7). Binding of PRRs to these receptors acti-
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vates the transcription factor NF-kB, promoting 
inflammatory cell activation, increased expres-
sion of adhesion molecules, and secretion of a 
broad array of inflammatory mediators includ-
ing alarmins, chemokines, and cytokines such 
as interleukin-1β (IL-1β), IL-6, IL-8 and tumor 
necrosis factor-α (TNF-α) (10-13). These me-
diators promote endothelial activation and per-
meability, leading to further neutrophil recruit-
ment in the infarcted area (12, 14, 15). The role 
of neutrophils during the inflammatory phase 
is to initiate the clearance of necrotic cells and 
tissue debris, and to recruit monocytes into the 
infarcted myocardium. However, activated neu-
trophils also release high levels of reactive oxy-
gen species (ROS) and proteolytic enzymes that 
promote further tissue damage during ischemia/
reperfusion (16). Additionally, experimental evi-
dence suggests that neutrophils may induce death 
of viable cardiomyocytes by direct cytotoxic ac-
tions (16). In humans, studies have shown that 
high levels of neutrophils and their products are 
strongly related to the severity of coronary artery 
disease, size of ischemic injury and a deleterious 
prognosis in AMI patients (17). 

Recent data by Ma et al. revealed for the 
first time that two different neutrophil sub-pop-
ulations are present in the infarcted myocardi-
um during the first 7 days post-AMI: the N1 and 
the N2 neutrophil subsets (6). N1 neutrophils 
are characterized by high expression of genes 
encoding the pro-inflammatory proteins Ccl3, 
Il1β, Il12a and Tnfα, which are predominantly 
upregulated during the first 7 days after the AMI. 
N1 neutrophils are the most abundantly present 
neutrophils, representing >80% of the total neu-
trophil population into the infarcted myocardi-
um (6). In contrast, N2 neutrophils preferential-
ly express the anti-inflammatory Arg1, Cd206, 
Il10 and Tgfβ genes, and their presence gradu-
ally increases during the first week post-AMI 
from around 2.5% on day 1 to 18% on day 7 (6). 

The authors propose surface expression of the 
mannose receptor CD206, actively involved in 
phagocytosis, as a marker for distinguishing N2 
neutrophils (Ly6G+CD206+) from their N1 coun-
terparts (Ly6G+CD206-). In-vitro treatment of 
neutrophils with cardiac cell lysate enriched in 
the HMGB1 and HSP60 alarmins predominant-
ly polarized the cells towards a N1 phenotype. 
This effect was inhibited by a TLR4 blocking 
antibody, suggesting that TLR4 mediates alarm-
in-induced polarization of infiltrating neutro-
phils towards the pro-inflammatory subtype (6).

All the early data, both experimental and 
clinical, pointed towards a deleterious role of 
neutrophils in AMI. However, this paradigm 
has recently been changed by the findings of 
Horckmans et al., showing that neutrophil de-
pletion using an anti-Ly6G antibody (clone 
1A8) in a mouse model of AMI surprisingly led 
to defective myocardial recovery and progres-
sive decline of cardiac function as assessed by 
echocardiography during the first 2 weeks post-
AMI (18). Neutrophil depletion led to defective 
efferocytosis due to decreased expression of the 
efferocytosis receptor myeloid-epithelial-repro-
ductive receptor tyrosine kinase (MerTK) in 
anti-inflammatory macrophages infiltrating the 
infarcted myocardium. The inefficient efferocy-
tosis was associated with excessive deposition of 
collagen fibers both in the infarcted area and in 
the remote myocardium (18). Thus, neutrophils 
are instrumental both in the inflammatory and 
in the reparatory phase by recruiting monocytes 
and shifting monocyte-to-macrophage polariza-
tion in the myocardium towards a reparatory 
MerTKhi phenotype.

Days 3-5: Monocytes
Two distinct monocyte populations have 

been described, both in mice and humans. In 
mice, monocyte phenotypic characterization is 
based on the expression of the chemokine recep-
tors CCR2 and CX3CR1 (fraktalkine receptor, 
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also known as G-protein coupled receptor 13 - 
GPR13), the adhesion molecule CD62L (L-se-
lectin), and the lymphocyte antigen 6C (Ly6C) 
(19). The classical or inflammatory monocyte 
subset expresses high levels of Ly6C, CCR2 and 
CD62L and low levels of CX3CR1. The CCR2+ 
monocytes migrate towards the chemokine 
CCL2, also known as monocyte chemoattractant 
protein-1 (MCP-1), which is highly produced 
at inflammatory sites. The non-classical, or pa-
trolling subset lacks Ly6C, CCR2, and CD62L 
but expresses high amounts of CX3CR1. The 
main chemoattractant for non-classical mono-
cytes is fraktalkine (CXCL1) (20). Based on their 
function, the Ly6ChiCCR2+CD62L+CX3CR1lo 
mouse monocytes approximately correspond 
to human CD14+CD16- classical monocytes, 
whereas the Ly6C-CCR2-CD62L-CX3CR1hi cells 
correspond to non-classical or alternatively-acti-
vated CD14+CD16+ human monocytes (20). For 
convenience, in this review we will refer to these 
cells as Ly6Chi and Ly6Clo monocytes. 

Following neutrophils, monocytes are 
among the earliest responders that penetrate the 
injured myocardium (21). Importantly, neutro-
phils play a central role in inflammatory mono-
cyte recruitment. It has recently been shown 
that this process is partly mediated by the neu-
trophil granular proteins cathelicidins (LL37 in 
humans; CRAMP in mice), which prime mono-
cytes for endothelial adhesion by inducing con-
formational changes of beta1- and beta2-integ-
rins on these cells (22). Several recent studies in 
both rodents and humans have investigated the 
dynamics of monocytes after AMI. Nahrendorf 
et al. demonstrated that ischemic injury in mice 
is followed by a sharp increase in the number 
of inflammatory Ly6Chi monocytes in the blood 
stream and in the heart, starting already during 
the first hours after the coronary occlusion and 
reaching peak numbers by days 3-4 (23). A large 
influx of monocytes in the inflammatory phase is 
thought to contribute to the initial cardiac injury, 

as CCR2 silencing using short interfering RNA 
significantly attenuated infarct size and improved 
heart functionality (24). The pro-inflammatory 
cytokine IL-1β was found to be one of the most 
important stimuli of post-ischemic myelopoesis, 
by stimulating hematopoietic stem-cell prolifer-
ation and by modulating the hematopoietic envi-
ronment in the bone marrow (25). However, as 
the capacity of bone marrow to produce mono-
cytes is insufficient to meet the large acute de-
mand, an important part of monocyte production 
is outsourced to the spleen. The spleen has been 
shown to be the main initial monocyte provid-
er in the first 24 hours after AMI (26), and also 
the main source of monocytes after this initial 
burst (27). Splenic myelopoesis is initiated by 
myeloid progenitor cells that migrate from the 
bone marrow under the influence of AMI-trig-
gered sympathetic signals (28). Leuschner et al. 
found a robust expansion of the myeloid pro-
genitor cells in the spleen post-AMI (27). IL-1β 
was present in high amounts in the spleen after 
an AMI, and was found to be a potent enhancer 
of extramedullary myelopoesis at this site (27). 
Importantly, splenectomy at the time of the AMI 
led to a significant drop in blood and cardiac 
monocytes, but led to impaired left ventricular 
ejection fraction, extended infarct size, thinner 
scar and accelerated left ventricular remodeling 
at 3 weeks after the ischemic event (27). These 
findings demonstrate that, similar to neutrophils, 
monocytes play important roles in cardiac repair 
and recovery. 

In human studies, the post-AMI origin, kinet-
ics and functions of monocytes have been shown 
to be very similar to those described in mice (29). 
It has recently been reported that human infarcted 
myocardium is sequentially infiltrated by 2 dis-
tinct monocyte subsets. Histopathological analy-
sis of 40 hearts collected from patients who died 
at different time points after an AMI has showed 
that in the inflammatory phase (up to 5 days af-
ter AMI), 85 % of the CD14+ monocytes in the 
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infarct border zone were represented by the in-
flammatory CD14+CD16- subset, whereas an 
abundant presence of non-classical CD14+CD16+ 
monocytes was observed in the reparatory phase 
(5-14 days after AMI). Furthermore, the authors 
showed that monocyte recruitment after AMI 
in humans concurs with significantly decreased 
CD14+ cells numbers in spleen in all phases of 
the AMI healing process (29). Using cardiac MRI, 
Tsujioka et al. found that high circulating levels 
of inflammatory CD14+CD16- monocytes during 
the first week after the AMI correlated with 
low myocardial salvage 7 days after infarction, 
and with low left ventricular ejection fraction 6 
months later. Moreover, cardiac MRI performed 
at 6 months after the AMI revealed that peak lev-
els of the inflammatory CD14+CD16- subset cor-
related negatively with myocardial recovery (30). 
These data are well in line with the findings in 
rodents, confirming that excessive monocytosis 
in the immediate post-AMI inflammatory period 
is deleterious for long-term cardiac function and 
might represent a potential target for therapy in 
humans. However, any therapeutic intervention 
targeting monocyte numbers or function would 
have to be extremely finely-tuned in order not to 
impair their important roles in long-term cardiac 
repair and recovery. 

Days 5-7: Macrophages 
Under steady state conditions, tissue resident 

macrophages are mainly cells of embryonic ori-
gin with the ability of self-renewal (31). Recent 
fate mapping experiments revealed that most tis-
sue-resident macrophage compartments are es-
tablished prenatally and develop locally together 
with their respective host tissue (32). Maintain-
ing the macrophage pool independently of the 
hematopoietic machinery requires self-renewal 
capacity (33, 34). However, under certain condi-
tions including ischemia-induced inflammation, 
the cardiac macrophage pool is replenished by 
monocyte-derived cells (33). 

During the first days following an ischemic 
injury, the majority of cardiac macrophages 
derive from inflammatory Ly6Chi monocytes 
recruited from the blood pool. It was initially 
believed that there are two sequential waves of 
monocyte recruitment, followed by differentia-
tion into two distinct macrophage populations 
(23). According to this hypothesis, the first phase 
involves recruitment of Ly6Chi monocytes, dif-
ferentiating into classical M1 inflammatory 
macrophages that clear the cellular and matrix 
debris through efferocytosis. Subsequently, Ly-
6Clo monocytes were thought to differentiate into 
alternatively activated or reparatory M2 macro-
phages that promote resolution of inflammation 
and contribute to wound healing (23). Important 
recent experimental work using mice deficient in 
the transcription factor Nr4a1 (nuclear receptor 
subfamily 4, group a, member 1) contradicts the 
sequential recruitment model and suggests that 
Ly6Chi monocytes drive both the inflammato-
ry and the reparative phase. Nr4a1 is lacking in 
Ly6Chi monocytes, but is essential for the devel-
opment of Ly6Clo monocytes (35). Inflammatory 
Ly6ChiNr4a1lo monocytes massively infiltrate the 
myocardium during the early days after an AMI, 
gradually lose Ly6C surface antigen expression, 
upregulate Nr4a1 and generate Ly6CloNr4a1hi 
reparatory macrophages via local polarization 
(36). In Nr4a1 knockout mice, which do not have 
Ly6Clo monocytes, accumulation of Ly6Clo mac-
rophages in the infarcted myocardium is unaf-
fected, providing strong evidence that these cells 
derive from Ly6Chi monocytes. However, in these 
mice the infiltrating Ly6CloNr4a1-/- macrophages 
predominantly upregulate a set of pro-inflam-
matory genes, demonstrating that Nr4a1 has an 
important role in directing the infiltrating macro-
phages towards an anti-inflammatory and repara-
tory phenotype (36). 

In the infarcted myocardium, macrophages 
are essential for the healing and regenerative pro-
cesses in an efferocytosis-dependent manner. De-
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fective macrophage clearance of necrotic or apop-
totic cells and damaged extracellular matrix leads 
to impaired collagen deposition and scar forma-
tion, causing adverse left ventricular remodeling 
and heart failure (37,38). Novel insights into the 
post-AMI healing process indicate a critical role 
for the efferocytosis receptor MerTK, expressed 
by reparatory macrophages. Echocardiograph-
ic analysis at 7, 14 and 28 days after AMI in 
MerTK-deficient mice revealed impaired cardiac 
function and left ventricular remodeling, char-
acterized by increased end-systolic and end-di-
astolic volumes compared to wild-type animals 
(39, 40). The absence of MerTK led to impaired 
efferocytosis of dying cardiomyocytes, but did 
not affect the number of inflammatory cells infil-
trating the ischemic myocardium (39, 40). These 
effects were replicated in lethally irradiated wild-
type mice transplanted with bone marrow isolated 
from MerTK-/- animals. Conversely, transplanta-
tion of wild-type bone marrow carrying an intact 
Mertk gene into the MerTK-/- mice reversed the 
phenotype, suggesting that MerTK expression in 
bone marrow-derived myeloid cells is required 
and sufficient for an effective efferocytosis pro-
cess (40). Similar results have been described for 
another phagocytosis receptor present on profes-
sional phagocytes, the milk fat globule epidermal 
growth factor 8 (Mfge8). Moreover, the effects 
of MerTK and Mfge8 were found to be slightly 
additive (39). Further support for the central im-
portance of MerTK in cardiac repair was provid-
ed by mechanistic studies in neutrophil-depleted 
mice. Following AMI, the absence of neutrophils 
led to decreased MerTK expression in the rep-
aratory macrophages, accumulation of apoptotic 
cells at the site of the infarction, worsened cardi-
ac function, excessive fibrosis and heart failure18. 
These effects could be reversed by intraperitone-
al administration of the protein neutrophil gelati-
nase-associated lipocalin (NGAL), present in the 
neutrophil secretome, indicating a crucial role of 
this protein in the neutrophil-macrophage cross-
talk in-vivo (18). 

Fibrous scar formation 
The transition from Ly6Chi monocytes to Ly-

6CloMerTKhi macrophages induces resolution of 
inflammation and promotes tissue repair. During 
the reparative phase, new extracellular matrix is 
synthesized to ensure mechanical stability and to 
preserve left ventricular structure41. If this pro-
cess is impaired, it may lead to rupture of the 
weakened ventricular wall and sudden death. 
The Ly6Clo macrophages support myocardium 
healing by secreting anti-inflammatory, pro-fi-
brotic and angiogenic mediators such as IL-10, 
transforming growth factor-β1 (TGF-β1) and 
vascular endothelial growth factor (VEGF) (2, 
39). Myofibroblasts synthesize type I collagen 
that strengthens the infarcted area and prevents 
rupture. The origin of myofibroblasts in the in-
farcted myocardium remains an ongoing dis-
pute, generated by experimental studies with 
contradictory results. Both bone marrow-derived 
fibroblasts and myofibroblasts (42), as well as a 
TGF-β1-driven conversion of epicardial-derived 
cells (resident fibroblasts) into collagen-secret-
ing myofibroblasts (43, 44) have been described. 
Importantly, at 5-7 days after AMI macrophages 
and endothelial cells orchestrate neovascular-
ization in the border zone of the infarcted area, 
increasing blood supply to the remaining viable 
myocardium. This angiogenic response, regulat-
ed by members of the VEGF family, is crucial 
both to salvage ischemic myocardium “at risk” 
during the first week after the AMI, and to im-
prove cardiac remodeling in the long term (45). 
Consequently, the formation of neovessels is a 
very important mechanism that limits infarct ex-
pansion and the transition to heart failure (45). 

The medium to long-term period after AMI
As discussed above, a wealth of murine 

studies have mapped the innate immune events 
occurring during the first 2-3 weeks after AMI. 
Much less is known about the cellular and the 
molecular pathways involved in late cardiac re-
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modeling ultimately leading to end-stage heart 
failure. In both humans and animal AMI mod-
els it has been observed that chronic heart fail-
ure is characterized by persistently augmented 
levels of pro-inflammatory mediators (46). Ele-
vated levels of several inflammatory cytokines 
and chemokines including TNF-α, IL-1β, IL-6, 
MCP-1 correlate with heart failure severity and 
with a poor prognosis (47). 

A recent study by Ismahil et al. indicates that 
chronic post-ischemic heart failure in mice is ac-
companied by elevated numbers of pro-inflam-
matory monocytes, macrophages and dendritic 
cells in blood and in the heart (48). The authors 
suggest that the spleen plays a crucial role in 
the progression of cardiac remodeling, by per-
sistent mobilization of inflammatory monocytes 
promoting an ongoing low-grade inflammatory 
response in the myocardium. In mice with es-
tablished post-ischemic chronic heart failure, 
splenectomy performed at 8 weeks after the 
AMI reversed cardiac remodeling, improved left 
ventricle ejection fraction and attenuated macro-
phage infiltration into the heart. In contrast, mice 
undergoing sham abdominal surgery without 
splenectomy continued to exhibit progressive 
cardiac remodeling and functional decline (48). 
Moreover, adaptive transfer of mononuclear 
splenocytes isolated from mice with heart failure 
to naive mice led to left ventricle dilation, sys-
tolic dysfunction and myocardial fibrosis (48). 
AMI patients frequently have several cardiovas-
cular risk factors and associated comorbidities 
associated with chronic low-grade inflammation 
such as diabetes (49), obesity (50) or renal fail-
ure. These factors might lead to an exaggerat-
ed and prolonged inflammatory response after 
AMI, delayed reparatory mechanisms and more 
severe heart failure. Further studies on leukocyte 
activity and their role in late cardiac remodeling 
might allow us to identify potential therapeutic 
targets to prevent progressive development of 
post-AMI heart failure.

Despite modern reperfusion therapy with 
percutaneous coronary intervention and stenting, 
as well as rigorous control of cardiovascular risk 
factors, the short- and long-term incidence of 
recurrent coronary events is still high (51). The 
mechanisms responsible for the heightened sus-
ceptibility for re-infarction remain to be charac-
terized, but a chronic activation of innate immune 
mechanisms is thought to be highly relevant in 
this context (52). In mice with already developed 
atherosclerosis, Dutta et al. have shown that the 
AMI-triggered inflammatory process increases 
the size and inflammatory cell content of ath-
erosclerotic plaques (28). Protease activity was 
imaged in aortic atherosclerotic plaques by hy-
brid fluorescence molecular tomography-X-ray 
computed tomography (FMT-CT), before and 3 
weeks after the AMI. The results showed a po-
tent increase of plaque protease activity in par-
allel with an increased number of inflammatory 
cells in the atherosclerotic plaque core, particu-
larly the Ly6Chi monocyte subset. The spleen has 
been identified as the most important provider of 
inflammatory monocytes, as atherosclerosis did 
not increase in mice that have been splenecto-
mized at the time of the AMI. Furthermore, the 
authors demonstrated that under the influence of 
heightened sympathetic nervous activity after 
AMI, progenitor stem cells egress from the bone 
marrow, seed the spleen and amplify extramed-
ullary myelopoiesis and monocyte deployment 
to atherosclerotic sites (28). Consequently, leu-
kocyte accumulation within the plaques amplify 
plaque vulnerability, increasing the risk for rup-
ture and thrombosis.    

Anti-inflammatory therapeutic 
approaches in AMI

Early studies suggesting that inflammation is 
deleterious and has a significant impact on long-
term prognosis have prompted interest in devel-
oping effective anti-inflammatory strategies in 



Revista Română de Medicină de Laborator Vol. 26, Nr. 1, Ianuarie, 201816

AMI patients. However, potent anti-inflammato-
ry treatment with glucocorticoids was associated 
with impaired myocardial healing, development 
of ventricular aneurysms and high risk of ven-
tricular rupture in clinical studies (53,54). Sim-
ilar detrimental effects were observed following 
treatment with non-steroidal anti-inflammato-
ry drugs (55). In consequence, glucocorticoids 
and non-steroidal anti-inflammatory drugs are 
contraindicated in patients with AMI by the cur-
rent clinical guidelines (56). The failure of these 
trials revealed the need for more specific and 
finely-tuned immunomodulatory approaches in 
AMI. 

Blockade of the pro-inflammatory cytokine 
IL-1β has emerged in recent years as a potential 
therapeutic approach to reduce  cardiovascular 
risk in AMI survivors. In apolipoprotein E-def-
ficient (ApoE-/-) mice with induced AMI, anti-
body-mediated IL-1β signaling blockade damp-
ened the exacerbated myelopoesis triggered by 
the ischemic injury, leading to a lower degree of 
myocardial inflammation and improved cardi-
ac function at 3 weeks after the infarction (25). 
Recently, the MRC-ILA Heart study, a phase II 
double-blinded randomized placebo-controlled 
trial tested the effects of the recombinant IL-1β 
receptor antagonist Anakinra on systemic in-
flammation and prognosis in 182 non-ST-ele-
vation acute coronary syndrome (NSTE-ACS) 
survivors (57). The treatment, administered in 
the acute 14-day period immediately after the 
AMI, significantly reduced the levels of the in-
flammatory biomarker C-reactive protein (CRP) 
at 7 and 14 days compared to placebo (57). How-
ever, the incidence of major adverse cardiovas-
cular events (MACE) at 1-year was higher in the 
active treatment group, suggesting that IL-1β 
blockade should not be used clinically in the im-
mediate post-AMI period. In contrast, the large 
ongoing CANTOS trial will evaluate the effects 
of IL-1β blockade with the recombinant human 
monoclonal antibody Canakinumab in stable 

post-AMI patients with persistently elevated 
level of systemic inflammation after the acute 
period. This intention-to-treat study will include 
a total of 17200 AMI survivors randomized to 
receive 50, 150 or 300 mg antibody or placebo 
subcutaneously every 3 months for the duration 
of the trial (approximately 4 years). Only pa-
tients with persistent elevation of high sensitivi-
ty C-reactive protein > 2 mg/L post-AMI despite 
application of secondary-prevention strategies 
will be included, as these patients are considered 
to have a high residual cardiovascular risk (58). 
The primary end-point will be a composite of 
recurrent AMI, stroke, and cardiovascular death.

Concluding summary and future 
directions

In summary, important recent discoveries 
have shed light on the systemic and local innate 
immune mechanisms triggered by myocardial 
ischemia. The first events following myocardial 
ischemia are the release of alarmins from dead 
cardiomyocytes and the activation of the sympa-
thetic nerve system. Subsequently, pro-inflam-
matory myeloid cells are released from the bone 
marrow and spleen and infiltrate the myocardi-
um. Elevated levels of IL-1β in these hematopoi-
etic compartments stimulate the accelerated rate 
of myelopoesis required to support the high leu-
kocyte demand. Neutrophils are the first immune 
cells to infiltrate the myocardium, and initiate 
monocyte recruitment through endothelial acti-
vation, in a process partially mediated by catheli-
cidins (59). Recruitment of Ly6Chi inflammatory 
monocytes is the cornerstone of myocardial re-
covery. These cells lose Ly6C expression, upreg-
ulate the transcription factor Nr4a1 and are sub-
sequently polarized into reparatory macrophages 
expressing the efferocytosis receptors MerTK 
and Mfge8 (36, 39). Besides their roles in mono-
cyte recruitment, neutrophils also secrete NGAL, 
which stimulates an efficient monocyte transition 
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into reparatory macrophages (18). Finally, the 
reparatory macrophages clean necrotic cardio-
myocytes and cellular debris through efferocyto-
sis, gradually inhibit the inflammatory response, 
stimulate fibrosis and restore tissue homeostasis. 
The recognition of the efferocytosis receptors 
MerTK and Mfge8 as important contributors to 
the reparatory phase will undoubtedly lead to im-
proved phonotypic characterization of reparatory 
macrophages and further discoveries in the field.

What has become increasingly clear is that 
a finely-tuned balance between the inflammato-
ry and the reparatory phases is key for limiting 
myocardial damage and for efficient cardiac re-
pair. As discussed above, all interventions that 
inhibit the initial inflammatory response invari-
ably affect the reparatory phase as well, with del-
eterious long-term effects on cardiac function. 
Any potentially successful immunomodulatory 
therapy would have to limit the inflammatory 
damage to the myocardium, while improving or 
keeping intact the reparatory mechanisms. How-
ever, this has to be done with caution, as over-
ly active myocardial repair mechanisms might 
lead to excessive fibrous tissue formation and 
diastolic heart failure. The results of the CAN-
TOS trial are eagerly awaited, as this study will 
provide proof-of-concept whether inhibiting the 
inflammatory response in the post-acute period 
in AMI patients with persistently high systemic 
inflammation is beneficial. However, the largest 
amount of myocardial loss occurs in the first few 
hours and days after the ischemic injury, and the 
need for efficient immunomodulatory treatments 
to limit acute myocardial damage is currently 
not addressed. It is possible that targeted immu-
nomodulatory therapies limited to this period 
might reduce the extent of the injury, while leav-
ing the repair mechanisms unaffected. The re-
cent findings reviewed here open new opportuni-
ties for intensified studies in this area, in order to 
promote efficient cardiac recovery, prevent heart 
failure and improve prognosis in AMI patients. 
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