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1. Summary 

 

Despite reperfusion and pharmacological therapy, the incidence of left ventricular (LV) 

remodeling in ST-segment elevation myocardial infarction (STEMI) is high. New 

therapeutic targets are necessary to prevent heart failure and death. The resident 

macrophage and fibroblast have a key role in inflammation and tissue repair by 

interacting with paracrine signals. The Gas6-TAM system of ligands and receptors is 

involved in tissue repair, regulates the elimination of damaged cells, and modulates 

fibroblast function, but their role in the healing process after STEMI is unknown. We 

have studied the modulation of resident macrophages and fibroblasts by the Gas6-TAM 

system in LV remodeling in human and experimental STEMI. 

 

The role of resident macrophages and the interaction with fibroblasts were 

experimentally characterized in models of isoproterenol-induced cardiomyopathy and 

myocardial infarction in mice deficient in cardiac macrophages and controls. The role of 

the Gas6-TAM system in the differentiation of myofibroblasts was evaluated by 

combining mutations in the Axl, Mertk and Gas6 genes with mice deficient in resident 

macrophages, studied with advanced imaging and histology techniques focusing on LV 

remodeling. At the same time, in a clinical study we measured the levels of Axl, Mertk 

and Gas6 in serum in a series of patients admitted with first STEMI. The relationship 

with LV remodeling and interstitial fibrosis in the non-infarcted myocardium was 

evaluated by cardiac magnetic resonance imaging (CMR), performed at admission and 

at 6 months. 

 

Our hypothesis was that the Gas6-TAM system would be activated and would modulate 

the function of resident macrophages and fibroblasts in tissue repair after myocardial 

infarction, and thus could become a therapeutic target to prevent pathological LV 

remodeling in STEMI. 

 

1.1. Aims 

1. To study the contribution of resident macrophages in LV remodeling after STEMI and 

in the model of pressure overload induced by isoproterenol. 

2. To study the role of the Gas6-AXL axis in the activation of pro-fibrotic myocytes 

after experimental myocardial infarction and in the isoproterenol model. 

3. Determine the effect of inhibition of the AXL pathway in cardiac remodeling and 
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fibrosis after myocardial infarction. 

4. Determine the serum levels of Gas6 and the soluble forms of its TAM receptors in 

the acute phase and the 6 months following the STEMI, and compare them with the 

values obtained in healthy controls adjusted for age and classical risk factors. 

5. Determine if serum levels of Gas6 and / or Axl and Mertk correlate with adverse LV 

remodeling or increased interstitial fibrosis using CMR. 

 

1.2. Study design 

Experimental studies 

We use several strains of mutant mice, Axl KO, Mertk KO, Gas6 KO and CD169-DTR. 

For CD169-DTR animals, the diphtheria toxin injection was planned on days 2, 5 and 7 

days up to 14 days (10 ng/g). This treatment has been shown to suppress CD169 

positive cells. The negative DTR controls were injected with the same dose of 

diphtheria toxin. 

 

Murine model of myocardial infarction. 

Two models of ischemia-reperfusion and myocardial infarction were created with 

temporary (45') and permanent occlusion of the anterior descending artery 

respectively. Cardiac function was measured by echocardiography before the infarction 

and at 28 days in the different groups. After the sacrifice of the mice, we performed 

routine section procedures and histological analysis. The histological sections of the 

hearts were stained with Masson's trichrome and picrosirius red, and examined twice 

blindly. 

 

Isoproterenol model. 

Isoproterenol was administered by ALZET peristaltic pumps that continuously release 

isoproterenol in the subcutaneous space of the animal for 14 days. A flow of 0.25 ml/h 

of a drug solution of 25 mg/kg/day was used. Animals were monitored continuously 

and sacrificed on day 14. Relevant tissue samples were collected and characterized. 

Several parameters of TAM signaling activation have been evaluated, including Mertk 

and Axl phosphotyrosines, AKT phosphorylation and STAT1 and 3 activation. In 

addition, parameters of a profibrotic phenotype, including TGF-beta, fibronectin, 

collagen I and III and angiotensin I were determined. These analyzes defined whether 

the Gas6 / Mertk axis controlled the activation of cardiac myofibroblasts. 
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Clinical study 

We conducted an observational and prospective case-control study. We included 117 

patients with a first STEMI treated with primary angioplasty. Serum was obtained 24 

hours, 7 days and 6 months after the infarction. Cardiac function, infarct size and 

interstitial fibrosis of the non-infarcted myocardium were evaluated with cine CMR, T2 

and T1 mapping and late gadolinium-enhanced techniques. The levels of the different 

components of the Gas6-TAM system were measured in the serum by ELISA 

techniques. 

 

 

2. Results 

 

2.1. Role of macrophages in cardiac remodeling after myocardial infarction. 

The contribution of cardiac macrophages to remodeling after a heart attack was 

studied using the CD169DTR line that allows macrophage depletion at the desired time. 

Depletion before the infarction, three or seven days after the infarction showed that 

the absence of macrophages soon after the infarction caused serious damage to the 

myocardium and high mortality (Fig. 1-B). That is why we established a system to 

eliminate macrophages 7 days post-infarction by permanent ligation. With this model 

we measured cardiac function by ultrasound and remodeling (fibrosis) at 28 days. The 

results show a clear effect of this late depletion in cardiac remodeling that is reflected 

in increased fibrosis, and reduction in myocardial contractility (Fig. 1C-D), with 

decreased ejection and shortening fractions and systolic volume (Fig. 1E). 

 

2.2. Role of TAM receptors in the control of post-infarct cardiac remodeling. 

We have specifically studied the Mertk and Axl receptors using mice deficient in these 

receptors. In the ischemia-reperfusion model, Mertk -/- mice, which do not have this 

phagocytic receptor in macrophages, there is a significant and marked increase in 

infarct size at 24 hours post-infarction, which is accompanied by a notable increase in 

early mortality (3-5 days post-infarction). The permanent coronary occlusion model 

also showed a marked increase in fibrosis in the heart of the mutant mice (Fig. 1F-H), 

indicating a clear deficiency in normal healing in the absence of this receptor. 

The Axl receptor and its ligand, Gas6, also control phagocytosis and are located in the 

cells of the immune system. In the acute reperfusion infarction model, both mutants 

show an increase in the area of myocardial infarction (Figure 2A). This observation 
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contrasts with a reduction in the area of infarction in conditions of permanent coronary 

occlusion (Figure 2B), indicating that the inflammatory component in reperfusion 

conditions can be decisive in early post-ischemic stages in the absence of Axl. 

 

 
 
Figure 1 

 

However, the reduction in fibrosis does not prevent further loss of cardiac function 

(ejection fraction and number of affected VI segments) (Figure 2C). In summary, these 

data suggest an important cardioprotective role of phagocytic resident macrophages in 

the acute phase of the infarction. 
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Figure 2 

 

2.3. Effect of isoproterenol in mice deficient in Axl and Mertk 

The animals were treated by continuous infusion of isoproterenol for 14 days and then 

sacrificed. Tissue samples were collected and characterized. The mice suffer from 

cardiac hypertrophy induced by the drug. An example of each group studied is shown 

(Figure 3A). The relative weight of the organ is greater in those treated with 

isoproterenol in the three groups studied (*p <0.05; **p <0.01 with respect to the 

animals treated with vehicle) (Figure 3B). 

 

In animals KO for Axl, a larger heart size can be seen at baseline, although not 

significantly. After isoproterenol, KO animals for Axl have a greater relative weight of 

the heart than in wild animals (&&, p <0.01). 

 

 
 
Figure 3 

 

We studied the degree of cardiac interstitial fibrosis after isoproterenol with specific 

stains for collagen (Figure 4). An example of a histological sample of each group is 

shown. Mice deficient in Axl and Mertk had a certain degree of fibrosis in the absence 
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of treatment compared to control mice (& p <0.05; &&& p <0.001). This fibrotic area 

increased significantly after isoproterenol treatment in control mice and Mertk -/- (*p 

<0.05 compared to animals of the same genotype treated with vehicle). Surprisingly, a 

smaller area of fibrosis is seen in KO animals for Axl. 

 

 
 
Figure 4 

 

The expression of genes associated with fibrosis in Axl-deficient animals and control 

animals was determined. While the a-SMA myofibroblast marker levels are maintained 

in control mice, these levels increase in KO mice for Axl. However, the expression of 

one of the components of the fibrotic extracellular matrix, collagen A1, is clearly 

increased in wild-type mice compared to those deficient in Axl. The low expression and 

lack of induction of the macrophage chemoattractant factor in Axl-deficient animals is 

remarkable. The significance is indicated by &, p <0.05 with respect to the wild group; 

* p <0.05 and ** p <0.01 with respect to animals of the same genotype treated with 

vehicle (Figure 5). 

 

2.4. Results of the clinical study in STEMI 

A total of 20 patients presented adverse LV remodeling (Δ iVTDVE ≥20%). In the 

multivariate analysis that included arterial hypertension, initial EF, baseline creatinine, 

change in nT1 and segments with microvascular obstruction, only the last two were 

predictors of adverse remodeling. A progressive increase in Axl values was observed in 

patients with respect to controls (Figure 6A). In a retrospective cohort (N=227), Axl 

values were independent predictors of LV remodeling. However, in the prospective 

cohort (N = 117), patients with adverse remodeling had overall only higher values of 

Gas6, p <0.05 (Figure 6B), but none of the TAM receptors did correlate with LV 

volumes or with the infarct size by CMR. 
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Figure 5 

 

 
 
Figure 6 

 

Axl values were correlated with extracellular volume (VEC) in the remote myocardium 

not infarcted in both the acute phase and at 6 months. In contrast, Mertk values were 

inversely correlated with VEC at 6 months (Figure 7). 

 

 

 

 

 

 

 

 
Figure 7 

 

Finally, in both the prospective and the retrospective cohort, higher serum Axl values 

were observed in patients presenting with heart failure during admission (Killip> 1). In 

summary, in patients with IAMCEST, serum Axl values appear to have a greater 

correlation with the pathophysiological processes related to adverse ventricular 

remodeling, such as heart failure and interstitial myocardial fibrosis. 
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3. Relevance and possible future implications 

 

In the experimental model of infarction, macrophages and the modulation of their 

phagocytic Gas6-TAM receptors have an essential role in myocardial repair. The 

suppression of these receptors has deleterious effects on fibrosis, myocardial 

remodeling and the recovery of systolic function. In the pressure overload model, Axl 

deletion is associated with increased hypertrophy but not with increased interstitial 

fibrosis. However, in humans with STEMI, the serum levels of the components of the 

Gas6-TAM system did not correlate with the size of the infarction, and only Axl in the 

retrospective series was associated with adverse LV remodeling. Gas6 and Axl levels 

correlated with the expansion of the extracellular matrix in the remote myocardium in 

the acute phase and at 6 months. In addition, in line with the increase in infarct size 

observed in the Mertk deletion model, in humans an inverse correlation was observed 

between serum Mertk levels and the increase in the extracellular matrix in the remote 

non-infarcted myocardium. 

 

Finally, this work shows that the study of the changes observed in the non-infarcted 

remote myocardium through the characterization of nT1 and VEC with CMR improve 

the prediction of LV ventricular adverse remodeling, beyond the quantification of the 

infarct scar. These preliminary findings deserve a more detailed mechanistic study in 

future research projects, both at the right time after the infarction to modulate the 

function of the macrophages and the relevance, mainly of Axl and Mertk, in the 

development of ventricular remodeling. 
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