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ABSTRACT  

Background: Heart failure following myocardial infarction (MI) remains one of the major 

causes of death worldwide and its treatment is a crucial challenge of cardiovascular medicine. 

An attractive therapeutic strategy is to stimulate endogenous mechanisms of myocardial 

regeneration. 

Objectives: This study evaluates the potential therapeutic treatment with Annexin A1 (AnxA1) 

to induce cardiac repair after MI. 

Methods: AnxA1 knockout (AnxA1 
-/-

) and wild type mice, underwent MI, induced by ligation 

of the left anterior descending coronary artery. Cardiac functionality was assessed by 

longitudinal echocardiographic measurements. Histological, FACS, dot blot analysis and in-

vitro/ex-vivo studies were used to assess the myocardial neovascularization, macrophage content 

and activity in response to AnxA1. 

Results: AnxA1
-/-

 mice showed a reduced cardiac functionality and an expansion of pro-

inflammatory macrophages in the ischemic area. Cardiac macrophages from AnxA1
 -/-

 mice 

exhibited dramatically reduced ability to release the pro-angiogenic mediator VEGF-A. Vice 

versa, AnxA1 treatment enhanced VEGF-A release from cardiac macrophages and its delivery in 

vivo markedly improved cardiac performance. The positive effect of AnxA1 treatment on cardiac 

performance was abolished in wild type mice transplanted with bone marrow derived from 

Cx3cr1cre
ERT2

Vegf
flox/flox

 or in mice depleted of macrophages. Similar, cardioprotective effects of 

AnxA1 were obtained in pigs in which full length AnxA1 was overexpressed by use of a 

cardiotropic AAV.  

Conclusions: AnxA1 has a direct action on cardiac macrophage polarization towards a pro-

angiogenic, reparative phenotype. AnxA1 stimulated cardiac macrophages to release high 

amounts of VEGF-A, thus inducing neovascularization and cardiac repair.  

 

CONDENSED ABSTRACT: Heart failure following myocardial infrarction is a leading cause 

of mortality and morbidity worldwide. Here we examine to what extent endogenous control of 

inflammation resolution and its therapeutic stimulation enables improved cardiac function. Lack 

of Annexin A1 (AnxA1), a protein with multifaceted resolution-inducing activities, impaired 

healing after myocardial infarction. Mechanistically, myeloid cells infiltrating at early stages 

post MI deliver AnxA1 hereby terminating inflammation and promoting healing. Specifically, 

AnxA1 acts on macrophages to adopt an angiogenic phenotype with release of VEGF-A. Hence, 

therapeutic delivery of AnxA1 in mice or overexpression in pigs facilitated cardiac angiogenesis 

and myocardial repair.  
 

Key words: myocardial infarct, Annexin A1, inflammation, cardiac repair, neovascularization. 
 

Abbreviations and acronyms  
AAR, area at risk 

AAV, Adeno-associated virus 

AnxA1, Annexin A1 

FGF-b, basic Fibroblast Growth Factor 

IS, infarct size 

LAD, left anterior descending coronary artery  

MI, Myocardial infarct 

LV, left ventricle 

VEGF-A, Vascular Endothelial Growth Factor A 
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WT, wild type  
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Introduction 

Coronary artery disease resulting in myocardial infarction (MI) is the major cause of 

death worldwide (1). Despite the advent of new therapeutic strategies to restore blood flow, we 

are not yet able to prevent the onset of heart failure following MI. Hence, it is a major challenge 

to identify innovative strategies to restore nutrient supply to the infarcted myocardium ultimately 

aimed at regeneration of myocardial functionality.  

The cellular response following MI is characterized by a rapid recruitment of neutrophils. 

Their arrival is superseded by the infiltration of classical monocytes, which contribute to 

clearance of debris (2). However, this subset also drives robust inflammation, leading to 

pathological remodeling. In contrast, the appearance of non-classical monocytes and reparative 

macrophages marks a turning point between inflammation and its resolution as these cells govern 

repair and angiogenesis. At this point, knowledge about mechanisms regulating this cellular 

switch and about origin and identity of molecular cues involved is scarce. 

Annexin A1 (AnxA1) is quickly released upon cellular stress (3); it acts through Formyl 

peptide receptor-2 to prevent chemokine-mediated integrin activation and thus turns off 

inflammatory recruitment of myeloid cells (4). AnxA1 also activates pro-repair mechanisms by 

activation of Rac1 and NOX1, resulting in enhanced epithelial cell migration after injury (5). 

Local intestinal delivery of an AnxA1 fragment encapsulated within polymeric nanoparticles 

accelerated recovery following experimentally induced colitis (6,7). With its central position 

during the switch from inflammation to resolution, we here hypothesized that AnxA1 may be an 

important cue linking initial myeloid cell recruitment to myocardial repair. Using AnxA1
-/-

 mice 

and therapeutic delivery of AnxA1, we demonstrate that myeloid cell-derived AnxA1 controls 
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the production of pro-angiogenic VEGF-A from reparative macrophages an effect also 

reproduced in a large animal model of MI.  

Methods 

Mice 

Wild type (WT) female C57BL/6 mice were purchased from Janvier. AnxA1
-/-

 mice were 

a gift from Roderick Flower (Barts and The London, UK). Mice were housed under a standard 

day/night cycle, with free access to food and water. All animal experiments were approved by 

the local ethics committee.  

Mouse studies  

Mice were anaesthetized, ventilated, and a left-sided thoracotomy was performed. The 

LAD was ligated with one single suture. Postoperative analgesia was given subcutaneously upon 

induction of myocardial infarction, as well as 8h and 24h post-surgery. In treatment studies, 

human recombinant AnxA1 (hrAnxA1) was administered (10µg, i.p.) daily up to 6d post MI. 

This dosing schedule was chosen based on published literature (6).  

For macrophage depletion, clodronate-filled liposomes were administered (100µl, i.p.) 

24h before surgery as well as every other day after MI. For bone marrow transplantation, donor 

bone marrow cells (~3*10
6
) from Cx3cr1cre

ERT2
Vegf

flox/flox
 were administered to WT mice one 

day after whole body irradiation. Four weeks after transplantation, mice were treated with 

Tamoxifen (1 mg dissolved in 50 µl Miglyol, 20 grams of weight) to induce macrophage VEGF 

depletion.  

Transthoracic echocardiography was performed with a Vevo3100 Imaging system 

equipped with a 40MHz transducer (VisualSonics). Left parasternal long-axis view and left mid-

papillary, apical and basal short-axis views were acquired.  
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Results 

Annexin A1 preserves cardiac functionality  

Following MI, circulating neutrophils and monocytes migrate into the infarcted myocardium, 

and govern the ensuing inflammatory and reparative processes (8). Timely resolution of 

inflammation requires the coordinated actions of several different pro-resolving mediators 

including AnxA1. In our experiments, AnxA1 accumulation in the infarcted heart peaked at day 

2 after MI and subsequently declined (Figure 1A). Circulating myeloid cells are the main 

AnxA1 sources (Figure 1B), suggesting that these may deliver AnxA1 to the infarcted 

myocardium. In fact, AnxA1 in infarcted hearts primarily derives from infiltrating neutrophils 

(Figure 1C).  

To investigate the role of endogenous AnxA1 in myocardial recovery, longitudinal 

echocardiographic measurements in WT and AnxA1
-/-

 mice were performed. These analyses 

demonstrated that AnxA1
-/-

 mice displayed a worsened cardiac performance compared to the WT 

group. In particular, lack of AnxA1 led to a reduction of the stroke volume and ejection fraction 

(Figure 1D-F). This reduced global performance was also reflected by mitigated left ventricular 

contractility (Figure 1G).  

To study mechanisms underlying reduced cardiac performance, we evaluated the fibrotic 

response in the ischemic myocardium. However, no differences in the cardiac collagen content 

between the groups were found (Figure 1H). In addition, infarct size was not different between 

the strains, a finding corroborated by lack of differences in plasma cardiac Troponin I levels 

(Figure 1I-K, Online Figure 1A). Of note, a recent study reports that lack of AnxA1 increases 

infarct sizes upon ischemia-reperfusion (9) suggesting model-specific effects. Finally, the 

number of apoptotic cells did not differ (Online Figure 1B). Taken together, lack of AnxA1 
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reduces cardiac recovery post MI, which cannot be attributed to fibrosis, infarct extent, or 

accumulation of dead cells.   

Annexin A1 promotes myocardial angiogenesis and limits accumulation of inflammatory 

macrophages 

The post-MI phase is characterized by a reparative stage where angiogenesis occurs. Six 

days post-MI microvascular density, was significantly reduced in AnxA1
-/-

 mice compared to WT 

mice (Figure 2A/B) suggesting hampered angiogenesis in mice lacking AnxA1. This notion was 

confirmed following intravenous infusion of fluorescent microbeads allowing visualizing 

functional microvasculature (Figure 2C-E) as well as by quantification of newly formed 

CD105
+
 endothelial cells (Online Figure 1C). Angiogenic growth within damaged tissues 

provides nutrient supply to facilitate repair. These events are governed by several growth factors 

including VEGF-A, FGF-b, PDGF, and Ang1. Here, we compared the myocardial expression of 

these angiogenic factors in WT and AnxA1
-/-

 mice (Figure 2F/G). VEGF-A was largely depleted 

in absence of AnxA1. Expression of pro-angiogenic FGF-b was also reduced in mice lacking 

AnxA1, while no differences were observed for PDGF and Ang1.  

At the injury site, macrophages remove necrotic debris, secrete cytokines, growth factors, 

and modulate the angiogenic response. Consequently, we analyzed the accumulation of 

macrophages in the myocardium post-MI. In absence of AnxA1 cardiac macrophage content was 

significantly higher (Figure 2H/I), a matter likely attributable to the anti-adhesive effects of 

AnxA1 (4). Of note, numbers of blood leukocyte subsets were not different between the mouse 

strains (Online Figure 2). Given the plasticity of macrophages we not just examined their 

numbers, but also their polarization. In contrast to WT mice, cardiac macrophages from AnxA1
-/-

 

mice showed a clear anti-reparative, pro-inflammatory (Ly6C
hi

) phenotype compared with WT 
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mice (Figure 2J-L). The increase in macrophage numbers and a shift towards a proinflammatory 

phenotype is consistent with a previous report studying the effect of AnxA1 in ischemia-

reperfusion (9). We next evaluated a possible connection between the two striking observations 

we made in AnxA1
-/-

 mice, i.e. hampered angiogenesis and the overt accumulation of 

inflammatory macrophages. Thus, we correlated the numbers of macrophages and angiogenic 

growth factors in WT and AnxA1
-/-

 mice. While we found a positive correlation in WT mice, this 

correlation was lost in mice lacking AnxA1 (Figure 2M/N). Taken together, the reparative 

response differed markedly in AnxA1
-/-

 mice, indicating a prominent role of AnxA1 on cardiac 

macrophages during the process of angiogenesis. 

Annexin A1 promotes VEGF-A release from macrophages inducing angiogenesis 

To identify the cellular origin of VEGF-A and FGF-b, both reduced in AnxA1
-/-

 mice, we 

FACS-sorted cardiac macrophages, endothelial cells, and fibroblast 6d post MI (Online Figure 

3). Absence of AnxA1 led to a defect in VEGF-A secretion from cardiac macrophage (Figure 

3A) as well as FGF-b release from cardiac fibroblasts (Online Figure 4). To test whether AnxA1 

stimulated secretion of angiogenic growth factors from cardiac macrophages, we isolated cardiac 

macrophages post-MI from WT mice 6d after MI and exposed these to AnxA1. Treatment in this 

way significantly enhanced the release of VEGF-A from cardiac macrophages (Figure 3B, 

Online Figure 5). To assess the paracrine effects of the AnxA1-triggered release of angiogenic 

factors, we next treated murine endothelial cells with supernatant derived from cardiac 

macrophages harvested from WT or AnxA1
-/-

 mice. Supernatant obtained from AnxA1
-/-

 mice 

exhibited reduced endothelial cell activation as assessed in migration assays as well as in 3D-

tube formation assays (Figure 3C/E/F). In addition, antibody-assisted neutralization of VEGF-A 

in supernatants of macrophages harvested from WT mice reduced angiogenic properties, an 
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effect not observed when the antibody was used in supernatants of macrophages retrieved from 

AnxA1
-/-

 mice (Online Figure 6A/B). The importance of VEGF-A is further supported by 

increased phosphorylation of VEGFR2 and the downstream signaling molecules FAK and AKT 

in endothelial cells treated with the supernatant of WT mice as compared to endothelial cells 

incubated with supernatants of AnxA1
-/-

 mice (Online Figure 6C-E). Additionally, endothelial 

cell death was significant higher when the monolayer was exposed to the supernatant derived 

from cardiac AnxA1
-/-

 macrophages compared to the supernatant derived from cardiac WT 

macrophages (Online Figure 7A). Opposite effect were found for endothelial cell proliferation 

(Online Figure 7B). Furthermore, supernatant of cardiac post-MI macrophages treated ex vivo 

with human recombinant AnxA1 (hrAnxA1) increased angiogenic properties of endothelial cells 

(Figure 3D/G/H/I). In this setting, antibody-assisted neutralization of VEGF-A in supernatants 

of AnxA1-treated macrophages abrogated heightened angiogenic properties (Figure 3G/H). 

Altogether, these findings identify an indirect role of AnxA1 during neoangiogenesis through 

induction of VEGF-A release from cardiac macrophages. 

Annexin A1 improves myocardial repair through stimulating VEGF-A release from macrophages 

To determine whether hrAnxA1-treatment could improve cardiac function, we 

administered hrAnxA1 to the mice, daily, starting with the day of MI induction. In contrast to 

mice receiving vehicle, hrAnxA1 induced a significant improvement in cardiac function, 

evidenced by increased stroke volume, ejection fraction, and contractility (Figure 4A-C, Video 

S1, S2). In addition, hrAnxA1-treatment reduced infarct size while not affecting the dimensions 

of the area at risk (Online Figure 8). Consistent with our in vitro data, hrAnxA1 significantly 

increased myocardial VEGF-A expression as well as capillary density (Figure 4D-F). 

Furthermore, hrAnxA1 clearly increased the number of newly formed CD105
+
 endothelial cells 
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(Online Figure 9A&D), thus confirming the angiogenic properties of AnxA1. Isolation of 

cardiac macrophages, endothelial cells, and fibroblasts from mice treated with hrAnxA1 

demonstrated that only cardiac macrophages released higher amounts of VEGF-A under these 

conditions (Online Figure 10A). Furthermore, the fraction of cardiac ischemic macrophages 

expressing VEGF-A was significant higher in mice treated with hrAnxA1 (Online Figure 10C). 

In contrast, FGF-b release from cardiac cells and FGF-b expression by macrophages in the 

ischemic myocardium was not altered in mice receiving hrAnxA1 (Online Figure 10B/D) 

suggesting that VEGF-A may stand out as dominant angiogenic factor in the reparative 

responses evoked by hrAnxA1.  

AnxA1 has previously been reported to exert its anti-inflammatory, reparative functions 

via either formyl-peptide receptor 1 (FPR1) or FPR2 (4,5). To test the involvement of these 

receptors in the AnxA1-mediated myocardial repair observed here, we administered hrAnxA1 to 

Fpr1
-/-

 or Fpr2
-/-

 mice after LAD ligation. In these experiments, hrAnxa1 improved cardiac 

function in Fpr1
-/- 

but not in Fpr2
-/-

 mice (Online Figure 11A/B). In addition, hrAnxA1 

promoted VEGF-A production and angiogenesis in mice lacking FPR1 but not in FPR2-deficient 

mice (Online Figure 11C-E). Thus, these data suggest that hrAnxA1 acts through FPR2 to 

promote cardiac repair.   

To test if cardiac macrophages are effector cells during the reparative events triggered by 

AnxA1, we depleted cardiac macrophages using clodronate-filled liposomes. Interestingly, 

hrAnxA1 delivery in mice depleted of cardiac macrophages failed to improve cardiac function 

(Figure 4G/H). In line herewith, macrophage depletion abrogated increases in cardiac VEGF-A 

generation (Figure 4I) and neoangiogenesis (Figure 4J, Online Figure 9B). These results 
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clearly indicate that macrophages are indispensable for hrAnxA1 to improve cardiac 

functionality.  

To consolidate our observations, we transplanted WT mice with bone marrow from 

Cx3cr1cre
ERT2

Vegf
flox/flox

 mice, the latter lacking the ability to release VEGF from macrophages. 

Following reconstitution and tamoxifen treatment, the LAD was ligated and mice were either 

treated with hrAnxA1 or PBS (Figure 4K). In this setup, hrAnxA1 failed to improve stroke 

volume, ejection fraction, and angiogenesis (Figure 4L-N, Online Figure 9C). Taken together, 

these data suggest that hrAnxA1 had the capacity to improve cardiac repair by acting on 

macrophages in the ischemic myocardium stimulating VEGF-A production.  

Therapeutic overexpression of Annexin A1 prevents heart failure in pigs  

To challenge the translational potential of our findings, we used cardiotropic adeno-

associated viral vectors (AAVs) to overexpress full-length AnxA1 in pig hearts. AnxA1 

overexpression was confirmed by immunofluorescence staining in the myocardial tissue of pigs 

(Figure 5A) as well as by in situ hybridization (Online Figure 12). Functionally, overexpression 

of AnxA1 led to a reduction in infarct size (Figure 5B-D). Likewise a trend towards reduced 

serum cardiac troponin I levels was noted (Online Figure 13A). Consistent with the data 

obtained in mice, AnxA1 overexpression in pigs counteracted the increase of the left ventricular 

end-diastolic pressure (Figure 5E), an important cardiac parameter which positively correlates 

with the risk of developing heart failure (10). In addition, overexpression of AnxA1 lowered the 

reduction of ejection fraction after MI (Figure 5F). Angiogenesis within the infarct area was also 

increased after AnxA1 overexpression (Figure 5G, Online Figure 13B). In addition, AnxA1 

overexpression enhanced the total amount of VEGF-A and specifically the number of VEGF-A 

expressing cardiac macrophages (Figure 5H/I) thus corroborating a regulatory loop defined by 



13 

us in mice. Finally, and in agreement with observations made in mice, we observed no 

differences in cardiac collagen deposition and the number of apoptotic cells (Online Figure 

13C/D). 

In additional studies, we aimed at linking our observations to human pathology. For this 

purpose, we assessed cardiac AnxA1 expression in pathology samples obtained from patients 

deceased from acute myocardial infarction. In these samples we observed a highly significant 

correlation between AnxA1 in the infarct area and CD31 staining (Online Figure 14A/B). In 

addition, AnxA1 staining strongly correlated with VEGF-A expression within cardiac 

macrophages (Online Figure 14C). These data suggest that regulatory mechanisms defined in 

mice and pigs may also be important in the human disease.   

Discussion 

Despite significant advances in cardiovascular medicine, optimization of myocardial 

repair and regeneration remain a major therapeutic challenge (11). Heart failure as a consequence 

of impaired restoration of myocardial functionality is an increasing cause of morbidity and 

mortality (12,13). Thus, we aimed at connecting inflammatory processes initiated early after MI 

with delayed healing responses. Based on its abundance in myeloid cells and its reported 

inflammation-resolving and tissue-reparative properties, we chose to focus our studies on 

AnxA1. Our work provides evidence for the importance of endogenous AnxA1 during cardiac 

repair following myocardial ischemia (Central Illustration). Mechanistically, AnxA1 generates 

a reparative, pro-angiogenic macrophage phenotype which controls myocardial neoangiogenesis. 

Therapeutic delivery or overexpression of AnxA1 in mice or pigs strongly improved cardiac 

function, thus supporting the translational potential of AnxA1-centered therapy. 
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Inflammatory cell infiltration in the myocardium plays a crucial role during cardiac injury 

and repair (14). The initial recruitment of inflammatory cells is a dynamic, well-organized 

process of a sequential infiltration in the injured myocardium dominated by neutrophils and 

monocytes. While inflammation is necessary for debridement after ischemia, extensive 

inflammation is thought to drive fibrosis. Therefore the ability to resolve inflammation by the 

cell populations recruited to the myocardium becomes crucial for successful outcome. In 

particular, cardiac macrophages are considered a potential therapeutic target in promoting 

myocardial healing facilitating phagocytosis of necrotic cells and angiogenesis (15,16). Pro-

reparative macrophages release anti-inflammatory cytokines and angiogenic factors, important to 

resolve the inflammation and promote angiogenesis (17,18). In fact, alternatively activated 

macrophages have been shown to dictate repair mechanisms post MI (19). The clinical 

applicability of such knowledge has been demonstrated in patients receiving alternatively 

activated macrophages promoting improved cardiac function (20). In line with the concept of 

endogenous regulatory loops fostering macrophage reprogramming, a recent study revealed that 

neutrophil-borne secretory products generate a reparative macrophage phenotype thereby 

supporting post MI repair (21). In a similar situation, activation of E-prostanoid 3 receptor in 

macrophages was able to improve cardiac repair after MI in a process involving VEGF release 

with consequent improvement of neovascularization in peri-infarct areas (22).  

Angiogenesis is a key factor in the process of cardiac healing after MI. While, strategies 

inducing angiogenesis have become a very attractive approach to improve cardiac repair, none 

has shown sufficient efficacy. As an example, transplantation of autologous endothelial 

progenitor cells or their pharmacological mobilization showed promising data in animal models 

but was largely disappointing in clinical trials (23). The latter is based on low efficacy as well as 
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undesired side effects including angiogenic growth at remote sites. Delivery of growth factors 

such as VEGF may thus be an alternative strategy to facilitate growth of blood flow vessels in 

failing hearts. However, such approaches are hampered by unfavourable pharmacokinetics and 

biodistribution. In addition, spatio-temporal delivery of therapeutic proteins needs to be very 

tightly regulated in order to avoid side effects such as the promotion of tumor growth or 

retinopathy. Another important issue in therapeutic angiogenesis is that the delivery of a single 

growth factor might be insufficient to mimic the complex regulatory mechanisms driving 

neovascularization. In the case of VEGF several formulations and delivery strategies have been 

designed to overcome such problems (24,25). While some of these strategies appear promising, 

the overall efficacy remains rather low. Treatment with AnxA1 or its mimetics may overcome 

some of the shortcomings of VEGF. Its multifaceted activity profile acts at several levels to 

dampen inflammation whilst enhancing repair. AnxA1 delivery reduces accumulation of 

macrophages in models of cardiovascular inflammation (4) and reprograms macrophages 

towards a reparative phenotype epitomized by a favourable cytokine profile (9,26) and the 

release of angiogenic growth factors. Overall, the sum of these mechanisms may exert beneficial 

effects that cannot be matched by delivery of VEGF-A only.  

In our study, we identify an endogenous reparatory loop centered on myeloid cell-derived 

AnxA1 promoting macrophage reprogramming towards an angiogenic phenotype with VEGF-A 

being the signature growth factor. Ultimately, this mechanism promotes cardiac repair. While 

studies on AnxA1 in the context of angiogenesis are scarce, there is evidence for pro-reparative 

effects of AnxA1. Consequently, strategies have been developed to deliver AnxA1 into diseased 

tissue. In the context of cardiac ischemia-reperfusion, Ac2-26 exhibits beneficial effects in part 

due to an inhibition of neutrophil accumulation (27). In addition, Ac2-26 preserves the 
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contractile function as well as the viability of cardiomyocytes (28,29). In the context of 

inflammatory bowel diseases, AnxA1-containing extracellular vesicles released by injured 

epithelium stimulated epithelial migration and wound healing (6). AnxA1 treatment in patients 

with rheumatoid arthritis promoted cartilage protection by increasing the production of 

transforming growth factor-β (30). In atherosclerosis studies, nanoparticles containing Ac2-26 

increased lesion size by reducing lesional superoxide and collagenase activity, demonstrating 

their important role in tissue repair during atherogenesis (26). Such promising findings on the 

potential therapeutic use of AnxA1 have stimulated the interest of designing new therapeutic 

formulations containing AnxA1 or AnxA1 mimetics, such as the controlled-release hydrogels for 

dermal wound repair application and targeted polymeric nanoparticles containing AnxA1 

mimetic peptide Ac2-26 for tissue repair (5,26,31,32). These pharmaceutical strategies offer 

further benefits, overcoming the critical pharmacokinetics of short peptides in an in vivo 

scenario, with the advantage of protecting them from proteolysis during pharmacological 

treatment, and facilitating their delivery to injury sites. 

Taken together, AnxA1-based pharmacologic strategies could be very effective during 

cardiac repair. Indeed, AnxA1 contributes to tissue homeostasis by inducing macrophage 

reprogramming towards a resolving pro-angiogenic phenotype, pointing to AnxA1 as promising 

therapeutic agents for treating myocardial infarction.  

Conclusions 

AnxA1 promotes tissue repair in the ischemic myocardium by activating a pro-

angiogenesis pathway involving cardiac macrophages and VEGF release. 
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Perspectives 

Clinical competencies: Suppressing inflammatory responses after myocardial infarction may 

come at the cost of heightened risk of infection while impairing ongoing repair in the heart. Here 

we test an innovative therapeutic approach to emphasize cardiac healing whilst suppressing 

cardiac inflammation. Annexin A1 skews macrophage activity in the heart towards a reparative 

phenotype thereby promoting endogenous repair processes. Possibly, such approach may be 

superior for cardiac repair and bear less side effects in the context of hampered systemic immune 

responses.   

Translational outlook: Clinical studies are needed to establish the applicability, safety and 

efficacy of Annexin A1 treatment for improvement of cardiac repair post myocardial infarction.   
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Figures 

Central illustration: Annexin A1 treatment improves cardiac functionality by driving 

macrophage polarization towards a pro-angiogenic phenotype. Cardiac repair after MI 

results from a finely orchestrated series of events, initiated after acute inflammation and immune 

cell infiltration that serve to digest and clear damaged cells and extracellular matrix. This phase 

is followed by a reparative phase with resolution of inflammation. Here we show that myeloid 

cell-borne Annexin A1 shifts macrophage polarization towards a reparative, pro-angiogenic 

phenotype that ultimately enhances sprouting of new blood vessels through the release of VEGF-

A hence improving cardiac functionality.   
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Figure 1. Annexin A1 promotes cardiac repair after myocardial infarct. (A) Quantification 

of myocardial AnxA1 deposition at indicated days post MI, one-way ANOVA, *p<0.05 in 

Dunnett’s multiple comparison test. (B) Representative histogram of intracellular AnxA1 content 

in circulating neutrophils (black) and Ly6C
high

 monocytes (grey) compared to FMO control 

(dotted). (C) Cellular distribution of myocardial AnxA1 expression in neutrophils, macrophages, 

and other cell types (pericytes, myofibroblasts, and cardiomyocytes) 2d after MI. n=4. (D-K) MI 

was induced in WT and  AnxA1
-/-

 mice. (D) Heart rate, (E) stroke volume, and (F) ejection 

fraction were assessed longitudinally by echocardiography, n=7, 2-way ANOVA with 

Bonferroni post hoc evaluation, *p<0.05, **p<0.01, ***p<0.001 between WT and AnxA1
-/-

. (G) 

Vector diagrams showing the direction and magnitude of myocardial contraction at midsystole 

(top). Three-dimensional regional wall displacement illustrations show contraction (yellow-red), 

or relaxation (blue) of consecutive cardiac cycles. (H-K) Quantification of (H) total collagen, (J) 

area at risk, and (K) infarct size. (I) Representative images after Evans Blue injection and 

subsequent TTC staining. Values are mean±SEM. Each dot in (A/H/J/K) represents one mouse. 

Unpaired t-test. AnxA1, Annexin A1; AAR, area at risk; IS, infarct size; LV, left ventricle; MI, 

myocardial infarction; TTC, triphenyltetrazolium chloride; WT, Wild type. 
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Figure 2. Annexin A1 promotes myocardial angiogenesis and limits accumulation of 

inflammatory macrophages. (A-E) Quantification of microvascular density in infarcted hearts 

of WT and AnxA1
-/-

 mice 6d post MI. (A) Quantification of CD31 staining and (B) representative 

images, unpaired t-test. Scale bar, 100µm. (C-E) Enumeration of microbeads injected 

intravenously and found (C) inside vessels and (D) per area, unpaired t-test in (C) and Mann-

Whitney test in (D). (E) Representative images of microbeads (red), endothelium (green) and 

DAPI (blue). Scale bar, 100µm. (F) Immunofluorescence-based quantification of indicated pro-

angiogenic factors assessed in the infarct area of WT and AnxA1
-/-

 mice, Mann-Whitney test 
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(VEGF) or unpaired t-test (FGF-b). (G) Representative images of VEGF-A staining (red) and 

DAPI (blue). Scale bar, 50µm. (H) Quantification and (I) representative images of macrophage 

accumulation in infarcted hearts of WT and AnxA1
-/-

 mice. Mann-Whitney test. Scale bar, 50µm. 

(J-L) FACS-based quantification of macrophage populations in the infarcted heart of WT and 

AnxA1
-/-

 mice. (J) Representative blots displaying Ly6C
high

 and Ly6C
low

 macrophages as well as 

(K/L) their quantification, (K) unpaired t-test, (L) Mann-Whitney test. (M/N) Pearson 

correlations between the number of cardiac macrophage and pro-angiogenic factors quantified in 

ischemic myocardium of (M) WT and (N) AnxA1
-/-

 mice. Values are mean±SEM. Each dot 

represents one mouse. Ang1, Angiopoetin 1; FGF-b, fibroblast growth factor b; PDGF, platelet-

derived growth factor; VEGF-A, vascular endothelial growth factor; WT, wild type.   

 

Figure 3. Annexin A1 stimulates pro-angiogenic VEGF-A release from macrophages. (A) 

Assessment of VEGF-A released in medium derived from cardiac macrophages, endothelial cells 

(EC) and fibroblasts, FACS-sorted from WT or AnxA1
-/-

 mice hearts 6d post MI. Mann-Whitney 

test. (B) Quantification of VEGF-A released from WT cardiac macrophages isolated 6 days post 
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MI treated with PBS (ctrl) or AnxA1 (hrAnxA1, 100nM). Mann-Whitney test. (C) Wound 

closure assay of endothelial cell monolayers in the presence of medium alone (ctrl), conditioned 

medium derived from cardiac WT macrophages (WTsup) or in presence of conditioned media 

derived from AnxA1
-/-

 cardiac ischemic macrophages (AnxA1
-/-

sup) 6d post MI,  one-way 

ANOVA and Dunnett’s multiple comparison test. (D) Wound closure assay of endothelial cell 

monolayers in the presence of conditioned medium derived from cardiac WT macrophages 

treated with PBS (ctrlsup) or AnxA1 (hrAnxA1sup), unpaired t-test. (E-I) Endothelial cells tube 

formation assay. Endothelial cells were grown in basement membrane matrix and (E/G) tube 

number and (F/H) length were evaluated after treatment with medium alone (ctrl), conditioned 

medium derived from cardiac WT macrophages (WTsup) or in presence of conditioned media 

derived from AnxA1
-/-

 macrophages (AnxA1
-/-

sup) 6d post MI (E/F). In separate experiments 

endothelial cells were treated with conditioned medium derived from cardiac WT macrophages 

treated with PBS (ctrlsup), AnxA1 (hrAnxA1sup), or AnxA1 in presence of a VEGF antibody 

(hrAnxA1sup + αVEGF-A). One-way ANOVA with Tukey multiple comparison test was used in 

(E), (F), and (G), and Kruskal-Wallis test with Dunn’s multiple comparison test was applied in 

(H). (I) Representative images showing the impact of supernatant derived from hrAnxA1 

stimulated macrophages treatment, compared to the control group. Endothelial cells were stained 

with CellMask
TM

 Orange. Scale bar, 100µm. hrAnxA1, human recombinant Annexin A1; MI, 

myocardial infarction; WT, wild type.  In (A) each dot represents one mouse, (B-H) each dot 

represents one well, in each well several fields of view were observed and averaged. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 between indicated groups.   
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Figure 4. Annexin A1 delivery improves cardiac functionality via release of VEGF-A from 

macrophages. (A-F) WT mice were treated with PBS or hrAnxA1 (10µg/d/mouse, i.p.), cardiac 

function and angiogenesis were assessed. (A) Stroke volume, unpaired t-test. (B) Ejection 

fraction, unpaired t-test. (C) Vector diagrams showing the direction and magnitude of 

myocardial contraction at midsystole. (D) Quantification of myocardial VEGF-A expression, 

unpaired t-test. (E) Assessment of myocardial CD31 immunostaining, unpaired t-test. (F) 3D 
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reconstruction of CD31 staining acquired by 2-photon microscopy, scale bar, 200µm. (G-J) 

Delivery of hrAnxA1 in mice depleted of macrophages fails to improve cardiac function. 

Clodronate liposomes were administered i.p. 24h before the surgical procedure and on day 2, 4 

and 6. (G) Stroke volume, unpaired t-test. (H) Ejection fraction, unpaired t-test. (I) 

Quantification of myocardial VEGF-A, unpaired t-test. (J) Assessment of CD31 staining, 

unpaired t-test. (K-N) Lack of VEGF-A in macrophages abrogates AnxA1-mediated myocardial 

recovery. (K) Experimental outline. WT mice were transplanted with bone marrow from 

Cx3cr1cre
ERT2

Vegf
flox/flox

 mice and then treated with either hrAnxA1 or PBS post MI. Evaluations 

of (L) stroke volume, (M) ejection fraction and (N) neovascularization were performed 6d post 

MI, unpaired t-test. All values are mean±SEM. Each dot represents one mouse. hrAnxA1, human 

recombinant Annexin A1; clod lip, clodronate liposomes; MI, myocardial infarction; VEGF-A, 

vascular endothelial growth factor A; WT, wild type. 

 

Figure 5. Annexin A1 overexpression in pigs improves cardiac functionality. Pigs were 

treated with an empty adenovirus (empty rAAV) or with an AAV promoting expression of 
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human AnxA1 (rAAV.hAnxA1) two weeks prior to ischemia-reperfusion injury. (A) Expression 

of hAnxA1 in the ischemic area. Representative images are displayed to the left, scale bar, 

100µm. (B) Representative images post MI of infarct size and area at risk in control and 

rAAV.AnxA1 treated pigs. (C/D) Quantification of infarct size (C) and area at risk (D). (E) 

LVEDP measurements before and after ischemia-reperfusion injury. (F) Ejection fraction 

measurements before and after ischemia-reperfusion injury. (G) Assessment of myocardial 

CD31 immunostaining. (H) Quantification of myocardial VEGF-A expression. (I) Density of 

cardiac macrophages expressing VEGF-A. All values are mean±SEM. Following Shapiro-Wilk 

normality test, t-test was used in A, C/D, and G-I; Wilcoxon matched-pairs signed rank test was 

used in E/F. Each dot represents one pig.  AAR, area at risk; AnxA1, Annexin A1; EF, ejection 

fraction; IS, infarct size; LV, left ventricle; LVEDP, left ventricle end diastolic pressure. 


