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1. Resumen / Abstract 

 

1.1. Resumen 
 

Aunque clásicamente se les ha definido como células inmunes, sabemos ahora que 

los macrófagos también desempeñan otras funciones necesarias para mantener la 

homeostasis en aquellos tejidos en los que residen (Davies et al., 2013). Éstas funciones 

son prominentes  en el corazón, donde se ha descrito que los macrófagos previenen la 

formación de fibrosis (Chakarov et al., 2019) y favorecen la recuperación del tejido tras 

un daño (Dick et al., 2019; Nahrendorf and Swirski, 2013). Asimismo, una población de 

macrófagos residentes en el nodo atrioventricular modula la conducción eléctrica en el 

corazón (Hulsmans et al., 2017).  No obstante, hay un gran número de macrófagos 

residentes en otras regiones del corazón sano, incluyendo el miocardio ventricular, 

(Pinto et al., 2012)  sugiriendo funciones aún desconocidas. 

En la presente tesis, hemos analizado distintos aspectos de los macrófagos ubicados 

en el miocardio de ratones sanos. Hemos encontrado que estas células tienen una 

amplia distribución en el tejido y fagocitan material procedente de cardiomiocitos de 

forma activa. Los cardiomiocitos expelen mitocondrias dentro de unas estructuras 

rodeadas de membrana dedicadas a tal fin, a través de un proceso regulado por su 

maquinaria de autofagia. Éstas estructuras se asemejan a exoferas descritas en 

neuronas, y su producción se incrementa al inducir estrés celular. Las mitocondrias 

eyectadas a través de éste proceso están en su mayoría dañadas y son eficientemente 

eliminadas por los macrófagos cardíacos. El receptor de membrana Mertk en los 

macrófagos cardiacos permite el reconocimiento y eliminación eficiente de las exoferas, 

evitando una activación del inflamasoma y alteraciones en el tejido cardíaco. Por otra 

parte, la eliminación de macrófagos con herramientas genéticas resulta en una 

cardiopatía severa. Nuestros descubrimientos identifican un par celular inmune-

parenquimal en el corazón necesario para preservar la estabilidad metabólica de los 

cardiomiocitos mediante la eliminación subrogada de componentes celulares dañados 

a los macrófagos circundantes. 
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1.2. Abstract 
 

Classically defined as defensive cells, macrophages are now known to be endowed 

with tissue-specific tasks unrelated to immunity (Davies et al., 2013). These pleiotropic 

functions are prominent in the heart, where tissue-resident macrophages have been 

shown to prevent fibrosis (Chakarov et al., 2019), facilitate electrical conduction in the 

atrioventricular node (Hulsmans et al., 2017), or to favour healing in injured areas (Dick 

et al., 2019; Nahrendorf and Swirski, 2013). Notwithstanding these observations, large 

numbers of macrophages of unknown functions populate other regions of the healthy 

heart, including the ventricular myocardium (Pinto et al., 2012), suggesting broader 

homeostatic functions for heart-resident macrophages.  

In this work, we have analysed macrophages lodged within the healthy murine 

myocardium, and find that they are broadly distributed and actively took cellular 

material derived from cardiomyocytes. Cardiomyocytes ejected mitochondria in 

dedicated membranous particles reminiscent of neural exophers, through a process 

driven by the cardiomyocyte’s autophagy machinery that was enhanced during cardiac 

stress. Mitochondria disposed through exophers were largely dysfunctional, and were 

efficiently eliminated by adjacent macrophages. Recognition of cardiac exophers by the 

phagocytic receptor Mertk prevented inflammasome activation, mitochondrial 

dysfunction and proteostatic defects, while elimination of macrophages with genetic 

tools results in a severe cardiomyopathy. Our findings identify an immune-parenchymal 

pair in the murine heart that allows material transfer to preserve metabolic stability and 

cell homeostasis.  
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2. Introduction 

2.1 Immune system in Immunity & Homeostasis 
 

2.1.1. Immunity 
 

In Biology, Immunity is the capacity of organisms to fight off and resist the attack of 

external agents. It comprehends physical barriers, tissues, as well as specialized cells and 

physiological processes dedicated to this aim that collectively are referred to as the 

Immune System. The importance of Immunity is reflected in its ancient evolutionary 

origin (Medzhitov, 2008), from sentinel cells in social amoebas, at the interface between 

uni- and multicellularity (Chen et al., 2007), to the so called “superior organisms”. In the 

latter, the Immune system acquires a higher level of complexity with two different but 

interconnected branches: Adaptive and Innate Immunity. 

Adaptive Immunity is a more sophisticated Immune strategy; it is mainly present in 

vertebrates (Cooper and Alder, 2006), but is not exclusive to them (Kaufman, 2010). It 

has a slow response to the primary insult, which can take up to several days (Janeway, 

2005), yet is able to generate immunological memory thanks to antibodies, which are 

specialized proteins that recognize specific antigens with high affinity. In this way, 

adaptive immunity guarantees a more efficient response in a second encounter, which 

represents the basis of vaccinations. Under some conditions, antibodies against 

endogenous proteins (autoimmune diseases) or non-pathogenic proteins (allergy) can 

be generated that cause pathologies. The main mediators of adaptive immunity are T 

and B cells, with the latter being the responsible for antibody production. Importantly, 

innate immunity activation is necessary for the activation of adaptive immunity (Abbas 

et al.). 

Innate Immunity is highly conserved in evolution (Medzhitov, 2008). It is not antigen 

specific, however it is very fast (from minutes to hours), and constitutes the first line of 

defence against pathogens (Janeway, 2005). In this case, pathogen recognition is 

generally mediated by PRRs (for Pattern Recognition Receptors) (Janeway, 1989), which 

recognise conserved structures present in infectious agents, called PAMPs (from 

Pathogen Associated Molecular Patterns), or in damaged own cells, called DAMPS (from 
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Damage Associated Molecular Patterns). The known cellular mediators of innate 

immunity are macrophages, monocytes, dendritic cells, neutrophils, basophils, 

eosinophils, mastocytes, natural killer cells (NK), and innate lymphoid cells (Spits and Di 

Santo, 2011). 

In the late 1800s Ilya Ilyich Mechnikov (1845-1916) first studied the behaviour of 

macrophages and neutrophils (which he termed microphages), and found that they are 

essential for phagocytosis of exogenous microorganisms and that this was a 

programmed response crucial for the maintenance of Immunity. Thus Mechnikov 

concluded that the accumulation of inflammatory cells (or inflammation) is not a 

pathologic state, but rather an organismal response against an external insult, whose 

goal is the restoration of homeostasis (Mechnikov, 1892). 

2.1.2. Homeostasis 
 

Homeostasis is a key concept in biology. It is the process by which an organism or a 

cell keeps constant internal conditions even in the face of environmental changes. This 

mechanism ensures that fundamental parameters, for example glucose or oxygen levels, 

are maintained within a range that is acceptable for the organism. Alterations in this 

equilibrium result in transient or permanent adaptations to the new conditions. This 

concept is important because the immune system is one of the key mechanisms that 

enables organismal homeostasis. In fact, the inflammatory response is envisioned as a 

transient process that attempts to restore the baseline physiological state after an insult 

(Nathan and Ding, 2010). When this fails, the organism enters into a state of chronic 

inflammation, as seen during atherosclerosis, obesity or cancer.  

However, excessive activation of the immune cells can cause damage to tissues and 

therefore the innate immune system has developed programs that try to minimize the 

amplitude and duration of the inflammatory response (Soehnlein and Lindbom, 2010). 

Organisms are continuously exposed to changes in their environment, some of which 

cause inflammatory responses which are resolved without appreciable changes in 

organismal homeostasis. Only when the insult is sufficiently strong or persistent, a series 

of events are triggered in response to the stress, resulting in inflammation (Chovatiya 

and Medzhitov, 2014). 
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An inflammatory response starts when the tissue parenchyma, endothelial cells or 

resident immune cells detect the presence of a pathogen (through PAMPs) or tissue 

damage (through DAMPs). Upon detection, these stimuli elicit an orchestrated 

production of cytokines and chemokines which recruit immune cells such as neutrophils 

and monocytes (Schiwon et al., 2014). Once they reach their destination, neutrophils 

release cytotoxic compounds from its granules, produce ROS and release Neutrophil 

Extracellular Traps (NETs), which enable frontline defence against pathogens. The 

release of these compounds, however, is a double-edge sword as they can also damage 

neighbouring host cells (Adrover et al., 2016; Nicolas-Avila et al., 2017). Finally, once the 

inflammatory stimulus is under control, infiltrated immune cells die in situ and are 

removed by macrophages or other phagocytes through a process called phagocytosis, a 

process that ultimately leads to the release of anti-inflammatory cytokines like IL-10 or 

TGFβ, or lipids such as lipoxins, resolvins and protectins (Serhan et al., 2008; Soehnlein 

and Lindbom, 2010; Watanabe et al., 2019). At the same time apoptotic neutrophils 

release mediators that may dampen further inflammatory recruitment (Soehnlein and 

Lindbom, 2010), overall contributing to the resolution of inflammation and restoration 

of homeostasis. 

2.2. Macrophages 

 

Macrophages are a type of white blood cells which belong to the innate immune 

system. It has long been appreciated that macrophages are present in virtually every 

tissue, in each of which they receive different names (Microglia, Osteoclasts, Kupffer 

cells or Langherhans cells; (Ovchinnikov, 2008)). Although macrophages may vary in 

morphology and other properties throughout the body (Krombach et al., 1997), they can 

be identified by expression of specific proteins and transcription factors, such as F4/80 

or PU.1, respectively (Gordon et al., 2014; Gosselin et al., 2014; Hoeksema and Glass, 

2019). 

Macrophages perform a plethora of functions. The most prominent of these is the 

recognition, engulfment and degradation of pathogens and damaged cells through a 

process called phagocytosis.  In order to fulfil their phagocytic role, those cells contain 

a series of receptors in their membrane to capture the target material as well as large 
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amounts of lysosomes in their cytoplasm to degrade it (Gordon, 2016). They are also 

one of the first lines of defence against infections in tissues where they integrate signals 

from their environment and orchestrate early inflammatory responses (Davies et al., 

2013). Finally, they also perform important functions in organ development and in 

maintaining tissue homeostasis (Davies et al., 2013). Below I introduce the cardinal 

features of macrophages. 

2.2.1. Phagocytosis 
 

The word “macrophage” derives from the Greek “makros” (large) and “phagein” 

(eater). Macrophages are immune cells defined by their high phagocytic capacity and 

this PhD thesis is focused on their study. Macrophages perform important functions by 

eliminating unwanted material during embryonic development (Gordon, 2016; Henson 

and Hume, 2006), microbial infection (Dockrell et al., 2001; Kosmider et al., 2012; Martin 

et al., 2012), tissue injury (DeBerge et al., 2017) or during normal tissue function 

(Arandjelovic and Ravichandran, 2015), thereby preserving homeostasis. In most of 

these cases, the eliminated material consists of apoptotic or necrotic cells, i.e. cells that 

become irreversibly damaged as a consequence of external aggression or programmed 

cell death, as is the case for neutrophils and other blood cells that display a short lifespan 

(Pillay et al., 2010; Tak et al., 2013). Indeed, billions of cells are eliminated every day 

from a healthy organism in a manner that does not trigger an inflammatory response 

but is instead part of a homeostatic clearance program that involves their engulfment 

by macrophages and other cells types (Arandjelovic and Ravichandran, 2015; Gordon, 

2016). 

The efficiency of this clearance process is ensured by a series of soluble or cell-bound 

molecules that mediate the attraction, recognition, and engulfment of the target cells 

by macrophages (Hochreiter-Hufford and Ravichandran, 2013). Attraction of 

macrophages is mediated by the so called “find me” signals, and relies on gradients of 

molecules like lisophosphatidilcholine (LPC), sphingosine-1-phosphate (S1P), fractalkine 

(CX3CL1) or nucleosides (i.e. ATP) (Hochreiter-Hufford and Ravichandran, 2013). Once 

macrophages enter in contact with the apoptotic cell a series of molecules called “eat 

me” signals trigger the initiation of phagocytosis. Among these Phosphatidylserine (PS), 
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a phospholipid normally restricted to the inner layer of the plasma membrane by the 

flippase enzyme, is the best characterized. In apoptotic cells scramblases catalyse the 

rapid transfer of PS to the outer layer (Verhoven et al., 1995) allowing its specific 

recognition and silent elimination of the cell (Bose et al., 2004; Fadok et al., 1992; Huynh 

et al., 2002). Opsonin proteins like Growth arrest-specific 6 (Gas6), Annexin A1, S-protein 

or milk-fat globule EGF factor 8 (Mfge8) recognize PS (Dalli et al., 2012; Hanayama et al., 

2004) and interact directly or indirectly with receptors on the surface of macrophages, 

including T cell immunoglobulin- and mucin-domain–containing molecule 4 (Tim4) 

(Miyanishi et al., 2007), the receptor tyrosine kinases Mer (Scott et al., 2001), Axl and 

Tyro3 (Lemke, 2013).  Tyro3, Axl and Mer constitute the TAM receptor family and are 

essential for tissue homeostasis (Rothlin et al., 2015).  

 

Importantly, phagocytosis often influences the transcriptional profile of 

macrophages by activation of nuclear receptors in macrophages, including LXRα and β 

or PPARδ and γ (encoded by Nr1h3, Nr1h2, Nr1c2 and Nr1c3, respectively) (A-Gonzalez 

et al., 2009; Roszer et al., 2011)), which results in transcriptional expression of genes 

involved in the phagocytic cascade and anti-inflammatory signalling, such as IL-10 and 

Introduction Figure 1. Apoptotic cell phagocytosis by macrophages. 

(Right) Apoptotic cells are recognized by macrophages through “Find me” and “Eat me” signals. 
Once macrophages phagocytose the apoptotic cells, they upregulate the expression of Phagocytic 
receptors and anti-inflammatory cytokines, favoring the silent removal of apoptotic cells. (Left) 
When macrophages fail to recognize apoptotic cells, intracellular content is released to the 
interstitium causing inflammation. 
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TGF-β (Fadok et al., 1998; Huynh et al., 2002; Notley et al., 2015), while at the same time 

repressing inflammatory mediators, like IL1-β (A-Gonzalez et al., 2017). Thus, 

macrophages mediate silent removal of apoptotic cells through phagocytosis 

(Introduction Figure 1) thereby avoiding pathologies associated with chronic 

inflammation or autoimmune diseases (A-Gonzalez et al., 2009; Griffith and Ferguson, 

2011; Hanayama et al., 2004; Mukundan et al., 2009; Nagata, 2007; Roszer et al., 2011; 

Scott et al., 2001). 

2.2.2. Tissue Resident macrophages 
 

The majority of tissues in the body contain tissue-resident macrophages andoften 

several phenotypically distinct subsets are evident in discrete micro-anatomical niches 

of the same tissue. As a result of the varying tissue environments and their micro-

anatomical disposition, tissue-resident macrophages are extremely heterogeneous and 

perform functions that are integral to tissue function and homeostasis (Davies et al., 

2013; Hashimoto et al., 2011). 

Apart of their important role in maintaining immune quiescence (Davies et al., 2013), 

some tissue-resident macrophages were found to perform major tissue-specific 

functions, directly related or not with their phagocytic activity (Hochreiter-Hufford and 

Ravichandran, 2013), and typically of non-immune nature. A summary including well-

defined examples of these functions is available in Introduction Figure 2. Importantly, 

animals in which these tissue-resident populations of macrophages are absent or have 

an impaired function manifest severe diseases. For instance, human mutations affecting 

cytokines important for macrophage differentiation and survival (like GM-CSF or M-CSF) 

lead to alveolar macrophage and osteoclast loss, resulting in   pulmonary alveolar 

proteinosis (Carey and Trapnell, 2010) or osteopetrosis (Yoshida et al., 1990), thus 

highlighting their importance in maintaining homeostasis (Davies et al., 2013). 
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2.2.3. Origin of tissue resident macrophages 
 

As indicated above, macrophages are present in many tissues at very early embryonic 

stages, indicating that this cell type is not only critical during inflammation and 

homeostasis in the adult, but also for development, maintenance and repair of growing 

tissues. After their discovery by Mechnikov, macrophages were eventually incorporated 

in early 1900s into the reticulo‐endothelial system, a tissue system comprised of 

reticuloendothelia (phagocytes) and endothelial cells, which were proposed to have a 

common tissue origin. Thus, implying that macrophages originated from, resided and 

renewed within that tissue. Later, the mononuclear phagocyte system (MPS) model was 

Introduction Figure 2. Tissue-resident macrophages perform tissue-specific functions. 

Figure adapted from (Murray and Wynn, 2011), highlighting tissue-resident macrophage 
populations and their roles in different tissues, including: Brain (London et al., 2013; Paolicelli et 
al., 2011), Spleen (Kohyama et al., 2009; MacLennan, 1994), Intestine (Bain et al., 2013; Zigmond 
and Jung, 2013), Lymph nodes (Gray and Cyster, 2012), Bone (Edwards and Mundy, 2011; 
Pollard, 2009), Bone marrow (Casanova-Acebes et al., 2013; Chow et al., 2013; Chow et al., 2011; 
Nagata, 2007), Testis (DeFalco et al., 2015), Liver (Ganz, 2012; Klein et al., 2007), Lungs (Carey 
and Trapnell, 2010; Gautier et al., 2012), Adipose tissue (Nguyen et al., 2011; Odegaard and 
Chawla, 2008; Odegaard et al., 2007). RBC (Red Blood Cells) and HSC (Hematopoietic Stem Cell).   
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formulated postulating that the origin of all macrophages is the terminal differentiation 

from blood monocytes (Davies and Taylor, 2015). Still today the origin of tissue-resident 

macrophages remains controversial and is known to vary depending on the organ.  

Until the early 2000s it was generally assumed that all macrophages shared the same 

monocytic/myeloid progenitor in the bone marrow, as postulated by the MPS model 

(Davies and Taylor, 2015). Indeed, monocytes are myeloid leukocytes produced in the 

bone marrow with potential to differentiate into macrophages and dendritic cells in 

response to inflammatory stimuli (Geissmann et al., 2003). Myeloid, derived from the 

Greek “muelós” (marrow) and “oid” (derived from), is a term used to refer cells 

produced in the bone marrow, which include monocytes but also granulocytes, 

erythrocytes, megakaryocytes and platelets, all of which are now known to derive from 

a common myeloid progenitor (CMP) (Ema et al., 2014). However, many of these cells 

including monocytes have been described to be produced in extramedullary tissues like 

spleen or liver under certain conditions, both during development and adulthood 

(Tomczyk et al., 2017).  Two subsets of monocytes can be distinguished in mice and 

humans based on the expression of different markers (Geissmann et al., 2003; 

Nahrendorf et al., 2007; Ziegler-Heitbrock, 2007). In mice, the “classic” or “pro-

inflammatory” monocytes are characterized by Ly6Chi CX3CR1low CCR2hi surface 

phenotype, and are recruited rapidly from blood into inflamed tissues, where they 

differentiate into macrophages. On the other hand, the “patrolling”  or “anti-

inflammatory” monocytes feature a Ly6Clow CX3CR1hi CCR2low phenotype, and have 

housekeeping functions such as clearing endothelial debris (Auffray et al., 2007; 

Geissmann et al., 2003). 

The appearance of new tools in the last decade has challenged the theory of 

monocytic origin for tissue resident macrophages (Hoeffel and Ginhoux, 2018; Nicolas-

Avila et al., 2018). Thanks to genetic engineering and fate-mapping studies in the mouse, 

it was demonstrated that a significant number of macrophages are derived from 

primitive erythromyeloid precursors (EMPs), cells with  potential to give rise to both 

erythroid and myeloid lineages, that arise in the yolk sac early in development (Kierdorf 

et al., 2013; Schulz et al., 2012; Yona et al., 2013). These macrophages or their 

progenitors seed tissues before birth and proliferate to populate the growing tissues, 
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with negligible or only minimal dependence on circulating monocytes (Perdiguero et al., 

2015; Schulz et al., 2012). During adult life, they maintain their numbers mainly by 

proliferation inside the tissue (Hashimoto et al., 2013).  

However, the system of macrophage formation is not binary, as tissue-macrophage 

origin and reliance on monocyte precursors largely depends on the tissue of residence. 

For example, microglia (macrophages from the CNS) are considered a prototypical 

example of yolk sac-derived macrophage with minimal dependence on adult 

haematopoiesis, and display very low rates of replacement in steady-state in adult 

animals as evidenced by transplantation, parabiosis and lineage-tracing studies 

(Ginhoux et al., 2010; Kierdorf et al., 2013; Schulz et al., 2012; Yona et al., 2013). Similar 

results have been obtained for macrophages in the spleen, peritoneum, liver, and lung, 

which appear to be maintained independently of adult haematopoiesis (Hashimoto et 

al., 2013; Schulz et al., 2012; Yona et al., 2013). On the contrary, other adult tissues 

including regions of the skin and intestine continue to be colonized by monocytes 

through adulthood, such that these tissue-resident macrophage populations in aged 

mice are largely derived from adult haematopoiesis (Bain et al., 2014; Hoeffel et al., 

2012). Thus, macrophage origins are different among tissues and their reliance on 

monocytes may vary in the presence of inflammatory stimuli (Dey et al., 2014). 

2.2.4. Cardiac-resident macrophages 
 

The heart is composed of multiple cell types including cardiomyocytes, fibroblasts, 

endothelial cells, smooth muscle cells, and immune cells, which constitute around 10% 

of non-myocytic cells in the heart (Pinto et al., 2016). Cardiac tissue-resident 

macrophages (cMacs) constitute a large fraction (around 70%) of all immune cells in the 

mouse myocardium (Pinto et al., 2012). They are located in perivascular areas, 

interspersed between cardiomyocytes (Pinto et al., 2012), the epicardium (Pinto et al., 

2014) and the atrioventricular node (Hulsmans et al., 2017). cMacs were also reported 

in normal human hearts as defined by expression of CD68, a myeloid-specific protein 

(Azzawi et al., 1997). A more comprehensive study on hearts from patients subjected to 

surgical procedures was published recently (Bajpai et al., 2018), however those may be 
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not bona fide resident cMacs but inflammatory macrophages that appear due to the 

pathological state of the tissue. 

After the original description of cMacs in 2012, work from several laboratories 

defined heterogeneity in their origin and in the expression of different markers. 

Although the extent of cMacs heterogeneity remains incomplete, most of these cells 

express bona fide markers of tissue macrophages, such as F4/80, CX3CR1, CD68, and 

CD64 (Epelman et al., 2014a; Pinto et al., 2012; Skelly et al., 2018). Like in other tissues, 

various populations of macrophages can be distinguished in the myocardium based on 

the differential expression of specific surface markers by flow cytometry and tissue 

immunostaining, single cell RNAseq (Dick et al., 2019; Skelly et al., 2018), and genetic 

lineage tracing (Molawi et al., 2014). Surface markers that differ in expression between 

cMacs include CX3CR1, MHCII, Ly6C, Lyve-1 and CCR2, which define different 

populations in adult and embryonic mice (Dick et al., 2019; Epelman et al., 2014a; Leid 

et al., 2016; Molawi et al., 2014), and in humans (Bajpai et al., 2018).  

Different studies using genetic fate mapping and parabiosis (Epelman et al., 2014a; 

Heidt et al., 2014; Molawi et al., 2014) have addressed the ontogeny of cMacs. Lineage-

tracing analysis revealed that primitive macrophages originating from yolk sac 

progenitors entered the heart as early as E9.5–E10.5 (Epelman et al., 2014a). In addition, 

part of the embryonic macrophages seems to be derived from the haemogenic 

endocardium (Shigeta et al., 2019). Genetic labelling at E8.5 in mice expressing the Cre 

recombinase gene under the control of one of the endogenous promoters including the 

runt-related transcription factor 1 (Runx1CreER) or the receptor for M-CSF (Csf1rCreER), 

which label yolk-sac derived macrophages at this point (Epelman et al., 2014b), showed 

that significant numbers of these cells persisted well into adult life (Epelman et al., 

2014a). The initial seeding of foetal yolk-sac-derived macrophages to the developing 

heart is through the mesothelium, a structure within and just below the epicardium. 

Accordingly, epicardial ablation results in defective macrophage settlement in the heart 

(Stevens et al., 2016). After E10.5, the foetal liver becomes the major haematopoietic 

organ, with the budding of the first definitive haematopoietic stem cells (HSCs) (Hoeffel 

and Ginhoux, 2018), HSCs express FLT3, a tyrosine kinase receptor, (Boyer et al., 2011). 

By using Flt3Cre mediated lineage tracing a second wave of macrophages originating from 
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foetal liver hematopoietic progenitors was identified at later developmental stages 

(Epelman et al., 2014a). Similar results were obtained labelling cells by Cre recombinase 

expression under the control of theCX3CR1 gene (Cx3cr1CreER), which labels yolk-sac or 

HSC-derived macrophages, depending on the time of induction (Molawi et al., 2014). 

These studies showed that early yolk-sac-derived macrophages persist longer in the 

heart than in other tissues, suggesting a largely embryonic origin for these cells in the 

adult. After birth, cMacs expand and are maintained by local proliferation (Epelman et 

al., 2014a; Heidt et al., 2014; Pinto et al., 2014), which is consistent with studies showing 

that the contribution of blood monocytes to the cMacs pool is minimal even after 4–8 

weeks in parabiosis (Epelman et al., 2014a; Heidt et al., 2014; Molawi et al., 2014). 

However, the interpretation of these results varies between groups: some consider the 

cMac pool as a closed, embryonically-derived system with low contribution of adult 

haematopoiesis (Epelman et al., 2014a; Molawi et al., 2014), while others interpret it as 

a progressive substitution of embryonic derived macrophages by monocyte-derived 

macrophages with age (Heidt et al., 2014). Supporting the latter, both circulating 

monocytes as well as residual cMacs repopulate the heart after severe inflammation 

(Heidt et al., 2014), angiotensin II infusion, sub-lethal irradiation, or cMac depletion 

(Epelman et al., 2014a). Interestingly, self-renewal of the embryo-derived macrophage 

pool declines with age, and may allow progressive replenishment by circulating 

monocytes, even in the absence of injury (Heidt et al., 2014). Together, these data argue 

that cMacs exist independently from blood monocytes in the steady state and self-

renew through in situ proliferation with low monocyte input, with an estimated turnover 

rate of about one month based in BrdU incorporation experiments (Heidt et al., 2014). 

When cMacs are depleted, they are preferentially replenished through both local 

expansion and monocyte replacement to differing degrees (Epelman et al., 2014a; Heidt 

et al., 2014). This shift in the source of cardiac macrophages through development, 

disease, and aging is biologically intriguing but of unknown significance. 

Contrary to other tissue resident populations, little is known about the role of cMacs 

in the steady-state heart, perhaps because they discovery was relatively recent (Pinto et 

al., 2012). However, gene expression profiling and recent functional experiments reveal 

various roles for cMacs in the healthy heart. These processes include general 
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macrophage functions like Immune defence (Heidt et al., 2014; Mylonas et al., 2015) 

and maintenance of immune quiescence through the elimination of debris deposited in 

the cardiac tissue (DeBerge et al., 2017; Pinto et al., 2014; Pinto et al., 2012), but also 

unexpected roles such as the modulation of electrical conduction in the auricular-

ventricular node (Hulsmans et al., 2017), or developmental roles in coronary plexus (Leid 

et al., 2016) and valve formation (Shigeta et al., 2019). A more detailed description of 

cMacs heterogeneity, ontogeny and functions can be found in our recent review 

(Nicolas-Avila et al., 2018) (see Annex 9.3.). 

2.3. Cardiac physiology 

 

The heart is the main component of the circulatory system and functions as a pump 

that moves blood through the body. Blood is a fluid tissue that transport nutrients and 

oxygen to tissues while, at the same time, collects metabolic waste by-products away. 

To understand how cMacs influence cardiac function, which is the central goal of this 

thesis, it is important to introduce important concepts in cardiac biology and 

metabolism. 

2.3.1. Heart: energy and mitochondria 
 

In order to fulfil its function, the heart needs massive amounts of energy: it consumes 

3.5 to 5 kg of ATP per day (in humans) (Neubauer, 2007), at a rate of around 1 mM ATP 

consumed per second (Piquereau and Ventura-Clapier, 2018). Even at rest, the 

consumption of ATP per minute exceeds the size of the ATP and Phosphocreatine (PCr) 

storage pool, which allows for only a few seconds of activity (Piquereau and Ventura-

Clapier, 2018). This exorbitant energy consumption demands for a complex and efficient 

machinery that supplies with high-energy phosphates. In the healthy adult heart, energy 

is largely provided by oxidative phosphorylation that takes place in mitochondria 

(>90%), with minor contribution of glycolysis, as evidenced by the linear correlation 

between oxygen consumption and cardiac work (Stepanov et al., 1997). Mitochondria, 

the key energy-producing organelle in cells, are mainly fuelled by fatty Acetyl-CoA and 

pyruvate, which are the primary metabolites of fatty acids, and carbohydrates, 

respectively (Lopaschuk and Jaswal, 2010). Typically, substrates for oxidative 

phosphorylation consist of 60% to 90% fatty acids and 10% to 40% glucose (Lopaschuk 
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and Jaswal, 2010; Saddik and Lopaschuk, 1991). Nonetheless, healthy hearts present 

metabolic flexibility and reverse coupling between fatty acid and glucose metabolism 

(the Randle cycle) (Hue and Taegtmeyer, 2009), which allows for rapid replenishment of 

consumed ATP under different physiological conditions. This strict energetic demand 

explains why about one third of the cardiomyocyte’s volume is occupied by 

mitochondria, making cardiomyocytes the cells with the highest mitochondria content 

in the body (Schaper et al., 1985), and the heart one of the tissues with highest 

mitochondrial gene expression (Herbers et al., 2019). 

2.3.2. Mitochondria and Autophagy 
 

Mitochondria are vital for key cellular processes including oxidative metabolism, 

calcium buffering, and production of reactive oxygen species (ROS). Damaged 

mitochondria can additionally activate death signals (Green and Kroemer, 2004; Saelens 

et al., 2004) and contribute to cardiac dysfunction via loss of metabolic capacity and 

excessive ROS production (Dai et al., 2014a). Thus, quality control mechanism that 

mediate the elimination of senescent mitochondria, such as mitophagy and macro-

autophagy, are critical for energy and oxidative homeostasis.  

Autophagy, or “eating of the self”, is an evolutionarily conserved mechanism for 

degradation of intracellular components and recycling of metabolites (Levine and 

Kroemer, 2008; Rubinsztein et al., 2011). In most contexts, autophagy denotes macro-

autophagy, a process in which various intracellular materials and organelles are 

recruited into auto-phagosomes, which can be observed in adult mouse hearts by 

electron microscopic (Ikeda et al., 2015), and are targeted for degradation via fusion 

with lysosomes. Mitochondria can also be degraded through mitophagy, which consists 

in the selective formation of phagophores that mature into auto-phagosomes which 

only contain mitochondria and the membrane-associated protein MAP1 light chain 3 

(LC3), that fuses to lysosomes for degradation (Kim et al., 2007). Alternative mechanisms 

of mitochondria degradation, such as mitochondrial derived vesicles, have also been 

described (Sugiura et al., 2014). 

Organelle replacement is partly accomplished during cell division.  Although the adult 

mammalian heart is largely post-mitotic, cardiomyocytes retain some proliferative 
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capacity in response to stress. However, this is very inefficient and does not allow for 

significant replacement of myocytes or dilution of damaged proteins or organelles in 

daughter cells (Bergmann et al., 2009; Senyo et al., 2014). Hence, the adult heart heavily 

relies on quality control mechanisms that ensure cell function and tissue homeostasis 

throughout life (Delbridge et al., 2017; Nakai et al., 2007; Taneike et al., 2010; Wang et 

al., 2008). 

2.3.3. Autophagy and Mitochondria in Cardiac Aging 
 

Aging is the progressive accumulation of changes with time. In the heart, aging causes 

gradual loss of tissue homeostasis and organ failure (Boengler et al., 2009), leading to 

increased incidence of cardiovascular disease in humans (Mozaffarian et al., 2016) and 

mice (Taffet et al., 1997). At the cellular level, aging results in the accumulation of 

damaged proteins, organelles, DNA and oxidized lipids in cardiomyocytes, concomitant 

to reduction in mitochondrial function, gene expression and loss of endogenous 

protective components. Altogether, this contributes to structural and functional defects, 

cardiomyocyte degeneration, loss of protection against injury, and overall cardiac 

dysfunction (Biala et al., 2015; Boengler et al., 2009; Chen et al., 2012; Dai et al., 2014b; 

Li et al., 2018). Since autophagy plays a crucial role in the degradation of long-lived 

proteins and organelles, part of these features are attributable to a decline in the 

maintenance of protein quality control systems (e.g., autophagy) with age (Cuervo et al., 

2005; Rubinsztein et al., 2011; Shirakabe et al., 2016; Yamaguchi and Otsu, 2012). An 

age-related decline in autophagic activity may exacerbate the accumulation of harmful 

cellular debris (Cuervo et al., 2005; Cuervo and Dice, 2000). Accumulation of biological 

debris is relatively slow and therefore typical of long-lived post-mitotic cells such as 

cardiomyocytes, neurons, skeletal muscle fibbers or retinal pigment epithelial cells 

relative to short-lived or renewable cells (Terman et al., 2003). Thus, the dependence of 

cardiomyocytes on autophagy is profound; even more so if one considers that the 

human heart can remain disease free and functionally viable for 70 years or more. 

There is increasing evidence that disrupted autophagy underlies age-related 

cardiomyopathy (Cuervo, 2008; Linton et al., 2015; Shirakabe et al., 2016; Zhou et al., 

2017). First, genetic inhibition of autophagy genes induce an age-like phenotype in the 
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heart. For example, cardiac-specific depletion of the Autophagy Related Gene 5 (Atg5) 

develop an aged-like phenotype with accumulation of ubiquitinilated proteins, p62 and 

damaged mitochondria, resulting in cardiac dysfunction and premature death, (Nakai et 

al., 2007; Taneike et al., 2010). Second, pharmacological or genetic enhancement of 

autophagy delays cardiac deterioration. Systemic overexpression of Atg5 improved 

mitochondrial morphology, respiratory rates and autophagy flux in the mouse heart, 

thus extending organismal lifespan (Pyo et al., 2013). Autophagy activation with 

rapamycin (an mTOR inhibitor) or reduced mTOR expression increased clearance of 

damaged mitochondria, delayed aging and extended lifespan (Anisimov et al., 2011; Dai 

et al., 2014b; Flynn et al., 2013; Harrison et al., 2009; Wu et al., 2013). Long-term caloric 

restriction, a potent inducer of autophagy (Blagosklonny, 2010), increases autophagy 

flux and preserves cardiac function in aged rodents and monkeys (Colman et al., 2009; 

Dai et al., 2014b; Han et al., 2012; Maeda et al., 1985; Niemann et al., 2010; Shinmura 

et al., 2011; Taffet et al., 1997; Wohlgemuth et al., 2007). Further, changes in the 

expression of autophagy related proteins (e.g., Atg9, LC3-II and LAMP-1) have been 

reported in parallel with a decline in cardiac function in aged rats and mice (Boyle et al., 

2011; Hua et al., 2011; Taneike et al., 2010; Wohlgemuth et al., 2007). However, those 

changes at the protein level are difficult to interpret without autophagy flux 

experiments (Klionsky et al., 2016) and are subjected to great variability in experimental 

design (e.g., age choice).  

Another feature of cardiac aging is the accumulation of damaged mitochondria. Age 

correlates with a general decline in mitochondrial function, clonal expansion of 

dysfunctional mitochondria (Khaidakov et al., 2003; Piko et al., 1988; Wanagat et al., 

2002), suppressed degradation of mitochondria through autophagy (Ikeda et al., 2014), 

dysregulation of fusion/fission (Dorn et al., 2011; Sebastian et al., 2016; Stotland and 

Gottlieb, 2016; Zhao et al., 2014) and increased production of ROS (Perez et al., 2009). 

ROS are generated in the cell as a by-product of mitochondrial respiration. Under normal 

conditions, low ROS levels regulate biological processes including autophagy (Scherz-

Shouval et al., 2007; Sciarretta et al., 2013; Song et al., 2014). However, dysfunctional 

mitochondria produce excess ROS that can modify nuclear and mitochondrial DNA 

(mtDNA), proteins, lipids and organelles generating a positive feedback loop that 
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progressively aggravates oxidative stress and mitochondrial dysfunction (Dai et al., 

2014a; Das and Muniyappa, 2013; Judge et al., 2005; Perez et al., 2009; Terman et al., 

2003).  

The simultaneous increase of damaged mitochondria and reduced autophagy with 

age suggested possible mechanistic connection of both phenomena. Indeed, activation 

of autophagy increases expression of proteins involved in mitochondrial energy 

metabolism and restores a more youthful proteomic signature (Dai et al., 2014b), 

reduces mitochondrial H2O2 production and mtDNA damage (Gredilla et al., 2001), 

restores oxidative phosphorylation and beta-oxidation (Dai et al., 2014b; Dhahbi et al., 

2006) and improves diastolic function (Dai et al., 2014b; Dhahbi et al., 2006; Flynn et al., 

2013; Spaulding et al., 1997) in old hearts. The link between autophagy and 

mitochondria damage is bidirectional, since mitochondria-derived ROS production, 

increased DNA damage and defective DNA repair can inhibit autophagy (Aumailley et 

al., 2015; Hariharan et al., 2011; Li-Harms et al., 2015; Scherz-Shouval et al., 2007; 

Sciarretta et al., 2013; Song et al., 2014). Thus, it is conceivable that excessive ROS 

production and mitochondria damage with age impairs autophagy in cardiomyocytes, 

but this has not yet been unambiguously demonstrated. 

In summary, accumulation of damaged mitochondria and consequent dysfunction of 

cardiomyocytes with age is likely the consequence of defective quality control systems. 

This thesis deals with the identification of one such control mechanism that preserves 

mitochondrial quality in cardiomyocytes. 

 

2.3.4. Mitochondria quality control and inflammation 
 

Along with mitochondrial dysfunction, sterile chronic inflammation is a hallmark of 

aging, a process termed inflammaging (Baylis et al., 2013; Picca et al., 2017; Salminen 

et al., 2012) that also affects the cardiac tissue (Wang and Shah, 2015). The two 

phenomena may be causally linked since damaged mitochondria and mitochondria 

derived-compounds are strong activators of inflammation (Weinberg et al., 2015). In this 

context, free mtDNA, extracellular ATP, ROS, N-formyl peptides, Mitochondrial 

transcription Factor A (TFAM) and cardiolipin can function as DAMPs that are released 
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in response to cell stress (Krysko et al., 2011; Little et al., 2014; Nakahira et al., 2011; 

Shimada et al., 2012; Tschopp, 2011; Zhou et al., 2011). DAMPs activate inflammation 

through different mechanism leading to caspase-1 activation and the release of 

proinflammatory cytokines such as Il-1β and TNFα (Baylis et al., 2013; Krysko et al., 

2011), both of which are increased with age (Baylis et al., 2013; Green and Kroemer, 

2004; Salminen et al., 2012). mtDNA is one of the best studied mitochondrial DAMPs. In 

response to cell insults it can be released into the extracellular space or cytoplasm, 

where it can function as an agonist for Toll-like receptors (TLRs) and Nod-like receptors 

(NLRs), (Collins et al., 2004; Oka et al., 2012) or for DNA sensing pathways, such as cGAS-

cGAMP-STING, in which cyclic guanosine monophosphate (GMP)–adenosine 

monophosphate (AMP) synthase (cGAS) acts as a DNA sensor that triggers innate 

immune responses through the activation of STING (from Stimulator of IFN Gene) (Cai 

et al., 2014). In the heart, lysosomal mtDNA that escapes from autophagy in DNAse-

deficient cardiomyocytes has been shown to activate TLR 9 and to cause severe 

myocarditis and dilated cardiomyopathy upon pressure overload (Oka et al., 2012). In 

contrast, autophagy prevents the release of mitochondrial-derived compounds to the 

extracellular space (Nakahira et al., 2011) and autophagy activation through caloric 

restriction or rapamycin treatment suppresses inflammation (Flynn et al., 2013; 

Spaulding et al., 1997). Further, caspase-1 produced upon inflammasome activation 

damages mitochondria and induces degradation of the key mitophagy regulator Parkin, 

resulting in mitophagy block (Yu et al., 2014). These series of findings provide a 

connection between the mitochondrial quality control machinery and inflammasome 

activation in the heart. 

Accumulation of DAMPs has been shown to activate tissue resident macrophages and 

to favour leukocyte infiltration (Goldberg and Dixit, 2015). As pointed at the beginning 

of this introduction (points 2.1 and 2.2), heterogeneous populations of tissue-resident 

macrophages are now known to safeguard tissue homeostasis and to favour resolution 

of local inflammation (Davies et al., 2013). Reduced phagocytosis of macrophage subsets 

with age (Aprahamian et al., 2008; De La Fuente, 1985; Linehan et al., 2014) or 

phagocytic receptor mutant mice (DeBerge et al., 2017; Howangyin et al., 2016; Wan et 

al., 2013) may compromise disposal of cellular debris and accumulation of DAMPs in the 
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myocardium, which contribute to inflammasome activation and heart dysfunction. This 

mechanism would explain the striking protection of hearts seen in Nlrp3-deficient mice 

(Pavillard et al., 2017), and further provide a link between immune and cardiac 

dysfunctions in aged individuals. 

2.4. Assisted phagocytosis and surrogated disposal of 

mitochondria. 

2.4.1. Assisted phagocytosis 
 

In the canonical view of phagocytosis (introduced in Point 2.2.1.), professional 

phagocytes engulf apoptotic cells. However, there are some examples in biology of 

assisted phagocytosis, a process in which macrophages or other specialized phagocytic 

cells incorporate and eliminate material coming from healthy, intact cells. Indeed, 

although most of the cells recycle their damaged or unwanted components through 

autophagy (see Point 2.3.2. and 2.3.3.), some specialized cells may require assisted 

phagocytosis for various reasons, as seen during erythroid and sperm maturation, 

neuronal health maintenance and tissue function as described below. 

Primitive erythroblasts circulate as nucleated cells in mammals until embryonic day 

E14.5-16.5, at which point they interact witch foetal liver macrophages and start to 

enucleate (Kingsley et al., 2004). Upon this period of gestation and later in the adult life, 

a specialized unit formed by macrophages and erythroid progenitors, the erythroblastic 

islands, can be found in haematopoietic organs. These islands are where erythroid 

precursors proliferate and differentiate aided by macrophages, which provide trophic 

factors and eliminate the nucleus of erythroblasts to form the mature enucleated 

erythrocytes (Chasis and Mohandas, 2008; Chow et al., 2013). In testis, male germ cells 

that finalize their differentiation process shed most of their cytoplasmic components as 

residual bodies that are eliminated by Sertoli cells via phagocytosis, thereby removing 

autoantigens that may induce an autoimmune response and recycling the material as 

an energy source (Carr et al., 1968; Sun et al., 2010). 

Interestingly, processes of transcellular degradation have also been observed in 

different types of neurons. For example, retinal ganglion cells of mice expel axonal 

protrusions containing mitochondria at the optic nerve head, which are degraded by 
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neighbouring astrocytes (glial cells) (Davis et al., 2014). In the nematode C. elegans, 

touch neurons produce sub-particles of 3-4 µm diameter at neural soma containing 

mitochondria and protein aggregates which are captured by distant coelomocytes 

(Melentijevic et al., 2017). A similar assisted phagocytosis is involved in the turnover of 

photoreceptor outer segments by retinal pigment epithelial cells in the retina, which is 

crucial for maintain photoreceptor cells alive (Kim et al., 2013). Finally, astrocytes can 

specifically phagocytose synapses in the CNS, maintaining the rest of the cells intact, in 

a process termed synaptic pruning (Chung and Barres, 2012; Chung et al., 2013; Paolicelli 

et al., 2011).  

Similar to canonical phagocytosis, many of these phagocytic events have been shown 

to be dependent on PS exposure in the phagocytosed material (Gyorffy et al., 2018; Lu 

et al., 1999; Ruggiero et al., 2012; Yoshida et al., 2005) and multiple receptors and 

specialized proteins in the phagocytic cells are required for PS recognition and uptake 

of the material. Among these receptors and protein mediators are Mertk, Emp and 

CD163 in macrophages from erythroid islands (Fabriek et al., 2007; Soni et al., 2006; 

Toda et al., 2014); Tyro3, Axl, Mertk and Bal1 in Sertoli cells (Lu et al., 1999; Sun et al., 

2010); Mertk, Mfge8 and Itgb5 in Retinal pigment epithelial cells (Feng et al., 2002; Gal 

et al., 2000; Ruggiero et al., 2012); and Mertk, Mefg10 and Complement receptor 1 in 

astrocytes for synaptic pruning (Chung et al., 2013; Gyorffy et al., 2018). Failure of these 

processes, e.g. by genetic defects in one of these receptors, leads to major disturbances 

in tissue function such as anaemia (Soni et al., 2006), autoimmune disease (Nagata, 

2007), male infertility (Lu et al., 1999); blindness (Gal et al., 2000) and altered brain 

development (Paolicelli et al., 2011). 

2.4.2. Surrogated transfer of mitochondria 
 

In the last few years, mitochondria have been shown to be horizontally transferred 

between mammalian cells. In some cases, this transfer promotes the incorporation of 

exogenous mitochondria into the mitochondrial network of recipient cells, contributing 

to changes in their bioenergetic profile and in other functional properties of recipient 

cells (Ahmad et al., 2014; Hayakawa et al., 2016; Islam et al., 2012; Moschoi et al., 2016; 

Tan et al., 2015; Torralba et al., 2016). In other rare cases, transferred mitochondria have 
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been reported to be degraded by recipient cells, thus resulting in surrogated disposal of 

mitochondria. Indeed, transcellular degradation of mitochondria (a process termed 

“transmitophagy”) has been observed in retinal ganglion cells at the optic nerve head 

(Davis et al., 2014). For retinal ganglion cells this process accounts for the majority of 

mitochondrial turnover, rather than mitochondria degradation by autophagy in the 

ganglion cell soma. The most likely reason for this mechanism is that it is energetically 

beneficial to transfer mitochondria to neighbouring astrocytes, which have high 

phagocytic activity, rather than to transport axonal mitochondria back to the soma for 

degradation (Davis and Marsh-Armstrong, 2014). Interestingly, mesenchymal stem cells 

(MSCs) have been shown to be able to transfer mitochondria to other cells both in vitro 

and in vivo (Rodriguez et al., 2018; Torralba et al., 2016) and damaged MSCs are able to 

transfer deleterious mitochondria to macrophages, which could in principle improve 

their own survival (Phinney et al., 2015).  Finally, similar transcellular degradation of 

mitochondria occurs in gametes upon fertilization, in which sperm mitochondria are 

actively degraded by oocytes by the same molecular machinery used in autophagy (Al 

Rawi et al., 2011; Sato and Sato, 2011). Despite these examples, surrogated disposal of 

mitochondria remains a poorly explored process of unknown significance. In this thesis, 

we uncover a phenomenon of surrogated mitophagy in the adult mammalian heart that 

suggests a stronger reliance of tissue homeostasis on this mechanism than previously 

anticipated. 
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3. Objectives 
 

In 2012, a population of tissue-resident macrophages was described in cardiac tissue 

of mice. Although much work has been done by other laboratories in addressing their 

origins and heterogeneity during the course of this thesis, the general contribution of 

cardiac tissue-resident macrophages to tissue function remains elusive. 

Initially, the main aim of this thesis was the characterization of cardiac tissue-resident 

macrophages and their contribution to general tissue function. In the process, we found 

an intriguing process by which cardiomyocytes produce large particles, which we named 

cardiac exophers, that are phagocytosed by surrounding macrophages. Thus, we also 

focused in the definition of this process, identification of the cargo in cardiac exophers, 

mechanism of exopher production as well as their recognition and elimination by cardiac 

tissue-resident macrophages. 

The specific objectives are the following ones: 

1. Characterize tissue-resident macrophages in adult hearts at the phenotypic 

level, as well as their distribution patterns and phagocytic activity. 

 

2. Define the content and production mechanism of particles produced by 

cardiomyocytes and phagocytosed by cardiac-resident macrophages. 

 

3. Analyse the functional significance of this process in models with defective 

cardiac tissue-resident macrophages.  
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4. Results 
 

4.1. Characterization of tissue-resident macrophages in 

adult hearts (cMacs). 
 

Macrophages display high heterogeneity among different tissues and even within a 

single tissue. A population of macrophages was described in the murine heart in 2012, 

the cardiac tissue-resident macrophages (cMacs). However, many aspects of cMac 

biology and their function in healthy myocardia are still unknown. In order to clarify the 

function of these cells we aimed to assess different properties of those cells. 

 

4.1.1. Definition and phenotypic characterization. 
 

Initial characterization of cMacs was done based on GFP expression in CX3CR1GFP/+ 

mice (Pinto et al., 2012). However, this is a gene also expressed by other immune cells 

including monocytes and dendritic cells (Jung et al., 2000). Thus, after the initial 

description of cMacs other laboratories tried to optimize a gating strategy using auto-

fluorescence and alternative surface markers in order to avoid the use of reporter mice 

to define those cells by FACS (Epelman et al., 2014a; Molawi et al., 2014). 

Following previous reports (Epelman et al., 2014a), we defined macrophages as 

CD45, CD11b, F4/80 and MHCII positive cells in the myocardium, with 3 main subsets 

characterized by differential expression of MHCII and Ly6C: MHCIIhi Ly6CNEG (hereafter 

cMac1), MHCIIlo Ly6CNEG (hereafter cMac2), and Ly6C+ macrophages (Fig.1a). Consistent 

with their macrophage identity, these cells featured large phagolysosome-like vacuoles 

indicative of active phagocytosis (Fig.1b). Combined, the three cMacs subsets account 

for 49.7 ± 2.6% of total leukocytes (CD45+ cells) in the heart. Within total cMacs, cMac1 

subset is the most abundant (59.5 ± 1.8% of total cMacs), followed by cMac2 (24.9 ± 

1.1% of total cMacs) and then the Ly6C+ subset (12.2 ± 1.2% of total cMacs). We 

confirmed that cMacs have myeloid origin as determined by GFP expression in 
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Cx3cr1GFP, MAFIA (a Csf1r-GFP reporter) and LysMGFP reporter mice (Burnett et al., 2004; 

Faust et al., 2000; Hulsmans et al., 2017; Jung et al., 2000)  (Fig.1c).  

 

In order to better define our gating strategy, we examined if other myeloid cell types 

(e.g., monocytes and neutrophils) might be present in the myocardium under steady-

state conditions, potentially contaminating our cytometric strategy. Epelman and 

colleagues found that very few CD11c+ CD103+ dendritic cells (DC) populate the 

Figure 1. cMacs definition by flow cytometry and myeloid origin. 

(a) Gating strategy used to identify cardiac macrophage subsets by flow cytometry. (b) Bright-
field images of sorted and cytospined cardiac leukocytes corresponding to the subsets in (a), 
and stained with Giemsa. Note the presence of large phagolysosomes-like vacuoles in cMacs 
that are absent in monocytes. (c) Percentage of GFP+ within total cMacs in CX3CR1GFP, LysMGFP 
and MAFIA reporter mice. Bars are mean ± SEM from 3-6 mice per group. (d) Dot plot (Left) 
and Histograms (Right) for MHCIINEG cells identified in panel (a). (e) GFP mean fluorescence 
intensity (MFI) for different leukocyte subsets in CX3CR1GFP mice as defined in (a) and (d). 
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myocardium (Epelman et al., 2014a), and thus we discarded DCs. We found some 

MHCIINEG cells in our CD45+ CD11b+ F4/80+ gate that were not present in their report 

(Fig.1a). We identified a fraction of SSChi cells within this gate with Ly6G expression, 

which is characteristic of neutrophils (Fig1.d). However Ly6G+ neutrophils in the steady 

state were scarce (6.9 ± 0.5% of total leukocytes) indicating little contribution to our 

cMacs population. We could also identify within this MHCIINEG population the two 

monocyte subsets that were previously characterized in inflamed heart: the “pro-

inflammatory” (Ly6Chi CX3CR1low CCR2hi), and the “patrolling” or “anti-inflammatory” 

(Ly6Clow CX3CR1hi CCR2low) (Fig1.d) and (Nahrendorf et al., 2007). The latter are more 

abundant in steady state (around 64.1 ± 4.6% of total monocytes) while the first are 

present in low numbers (35.9 ± 4.6% of total monocytes) (Fig1.d). The abundance of 

monocytes in the steady-state was low (8.1 ± 0.7% of total monocytes) in comparison to 

cMacs, and they have lower GFP expression in Cx3cr1GFP model (Fig1.e). 

 

 

 

 

Figure 2. Distribution of cardiac leukocyte cell types. 

Relative cell numbers of cardiac leukocyte as determined by flow cytometry. Note that cMacs 

subsets combined (Total cMacs) constitute almost 50% of all leukocytes present in the steady-

state myocardium. 
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Thus, there is a measurable population of macrophages in the heart that accounts for 

about half of the total leukocytes present in the heart in steady-state (Fig.2) and can be 

defined by their F4/80 and MHCII expression. Although some neutrophils and 

monocytes are present in the heart, they are in low numbers in the steady-state and can 

be easily discriminated from cMacs using antibodies against MHCII or GFP expression in 

Cx3cr1GFP mice (Fig.1a and Fig.1e). 

 

4.1.2. Distribution in cardiac tissue 
 

Because histology studies on murine cMacs in steady state are largely missing, we 

decided to examine macrophage distribution in the hearts of CX3CR1GFP/+ mice. The easy 

discrimination of macrophages form other cells in this model made CX3CR1GFP/+ mice a 

preferred tool for our analyses when compared to the LysM-GFP strain, in which other 

myeloid cells are also GFP+ (Casanova-Acebes et al., 2018), or the MAFIA strain, in which 

monocytes have higher GFP expression than Macrophages (Evrard et al., 2015). 

To examine the global distribution of cMacs in detail, we optically cleared hearts from 

healthy CX3CR1GFP/+ mice and performed whole-organ imaging. GFP+ cMacs were 

ubiquitously distributed (Fig.3a, and Movies S1-2), with an estimate of about 3 x 105 cells 

per heart, an estimation that was comparable to those obtained by FACS. Although a 

previous work reported higher density of cMacs in the atrio-ventricular node (Hulsmans 

et al., 2017), we did not find increased accumulation in that area or any other area in 

the heart. Contrary, cMacs displayed an even distribution in the myocardium around 

both ventricles and the septum (Fig.3b).  

To analyse the micro anatomical distribution of macrophages in wild type (WT) mice, 

we used antibodies against CD68 (Gordon et al., 2014). Macrophages were typically 

located between cardiomyocytes, but also in proximity to blood vessels and in the 

pericardium (Fig.3c). These cells were aligned to the fibers and showed spindled or 

round shapes, depending on the orientation of the myocardial fibers (Fig.3c). 
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Figure 3. cMac distribution in the healthy myocardium. 

(a) Heart imaging. 3D reconstruction of a whole optically-cleared heart from a CX3CR1GFP 

mouse imaging by light sheet microscopy, showing the distribution of cMacs (CX3CR1GFP+ 

cells), and green vessels (CD31, white). Inset at right is a high-magnification raw image of the 

myocardium showing the distribution of cMacs over the autofluorescent tissue. Scale bars, 1 

mm (left panel) and 100 µm (inset). (b) Distribution of cMacs in same hearts in (a). Left, whole 

heart with each dot representing one CX3CR1GFP+ cMac. Right, optical transversal sections 

(655 µm thick, indicated with numbers 1-5) pseudo-colored to display cMac densities. Far 

right, scheme showing the position of the left atrium (LA), left ventricle (LV), right ventricle 

(RV) and Septum (SP).  Scale bar, 1 mm. See also Movies 1-2. (c) Micrographs of WT mice 

showing the different micro-anatomical distribution of cMacs (CD68, green): between 

cardiomyocytes (Left), in perivascular regions (Middle. Vessel indicated by (V)) and in the 

pericardium (Right. Arrow indicates Pericardium). Nuclei (DAPI, blue) and Laminin (Grey) are 

also shown.  Scale bar, 50 µm. 
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Imaging analyses of thick heart sections of CX3CR1GFP/+ mice at higher spatial 

resolution revealed that, on average, each cardiomyocyte is surrounded by about five 

cMacs, and in turn each cMac establishes contacts with five cardiomyocytes through 

long cellular processes (Fig.4a-c).  

Figure 4. cMac interactions with cardiomyocytes. 

(a-b) Micrographs of hearts from CX3CR1GFP mice and matched schemes (right panels) 

illustrating contacts between cardiomyocytes, which are defined by the staining of their basal 

lamina with laminin (red) and cMacs (CX3CR1GFP+, green) in transversal (a) or longitudinal 

sections (d). Scale bars, 20 µm (panel a) and 50 µm (panel b). (d) Quantification of the number 

of interactions as indicated in panels (a-b). Bar graphs show mean ± SEM, from 3 mice. (d-e) 

3D reconstruction of a large field in the left ventricle of a αMHCCreERT Rosa26TdTom mouse one 

week after low tamoxifen administration (d) and an inset (e) showing contacts between one 

cardiomyocyte (tdTomato, red) and six cMacs (CD68, green). Scale bars, 100 µm (d) and 15 

µm (e). Images are representative of hearts from 4 mice. See also Movie S3.  
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We find similar ratios in hearts of αMHCCreERT R26Tdtom reporter mice injected with low 

doses of Tamoxifen, which allows generation of Tomato+ mosaics for high resolution 

imaging of individual cardiomyocytes (Fig.4d-e and Movie S3). Altogether these results 

suggest intimate parenchymal-immune interactions in the heart, and potential 

housekeeping functions for cMacs. 

 

4.1.3. Phagocytic activity of cMacs 
 

Because the myocardial tissue is subjected to constant mechanical stress, we 

speculated that cMacs might facilitate removal of naturally damaged or dead cells. 

Consistent with this possibility, isolated cMacs, but not cardiac monocytes, featured 

large phagolysosome-like vacuoles indicative of active phagocytosis (Fig.1b). To explore 

the phagocytic activity of cMacs, we first used bone marrow transplantation to generate 

mice in which parenchymal cells expressed the DsRed fluorescent protein but cMacs did 

not, thus allowing quantification of material transfer into macrophages by gain of red 

fluorescence (as in (A-Gonzalez et al., 2017)). cMacs from these mice presented marked 

increases in fluorescence, indicating phagocytosis of material from neighbouring 

DsRed+ cells (Fig.5a).  

To define the origin of the phagocytosed material, we generated various mouse 

models in which only circulating leukocytes (using parabiosis Fig.5b; (A-Gonzalez et al., 

2017)), endothelial cells (Fig.5c; using Cadh5CreERT; Rosa26TdTom mice) or cardiomyocytes 

(Fig.5d αMHCCre; Rosa26TdTom mice, hereafter referred to as CardRED mice) expressed 

fluorescent proteins, and examined fluorescence gain by cMacs by flow cytometry. 

cMacs took up abundant fluorescent material from circulating cells as well as from 

cardiomyocytes and, to a lesser extent, endothelial cells (Fig.5b-d). Phagocytosis was 

homogenous among the different subsets of cMacs, except for endothelial cells which 

preferentially transfer fluorescence to Ly6C+ macrophages. Monocytes, in contrast, 
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incorporated little fluorescence in all the models tested (Fig.5a-d), altogether revealing 

that cMacs actively and specifically take up cellular material in healthy hearts.  

 

  

Figure 5. cMacs are highly phagocytic in the steady state. 

(a-d) Cytometric identification of phagocytic cells in the heart of the indicated mouse models. 

Numbers in right Bar plots show mean ± SEM of phagocytic cMacs in each model, from 3-6 mice per 

experiment. Dot Plots show the percentage of F4/80+CD11b+ macrophages (right plots) within 

CD45.1+ or total CD45+ leukocytes that engulf DsRed+/Tomato+ material (middle plots) from 

parenchymal cells (CD45.1 BM transplanted into WTRED mice) (a), circulating cells (WTRED x CD45.1 

parabionts) (b), endothelial cells (Cadh5CreERT Rosa26TdTom) (c), or cardiomyocytes (αMHCCre 

Rosa26TdTom; CardRED) (d), respectively. 
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4.2. Identification and characterization of cardiac 

exophers. 
 

4.2.1. Definition of cardiac exophers  
 

Uptake of cardiomyocyte-derived material was surprising given the low death rates 

of these cells in the steady-state (Bergmann et al., 2009). We therefore examined the 

source of cardiomyocyte-derived material by confocal imaging of ventricular 

myocardium from CardRED mice. We found, unexpectedly, numerous subcellular 

particles (11.5 ± 1.3 particles per 100 µm2 tissue; Fig.6a and Movie S4) whose bright 

fluorescence indicated a cardiomyocyte origin; we referred to these particles as cardiac 

exophers, in analogy to similar structures recently described in C. elegans neurons 

(Melentijevic et al., 2017).  

Cardiac exophers were relatively homogenous in size, with dimensions similar to 

those produced by neurons (mean diameter 3.5 ± 0.1 µm; mean volume 31.0 ± 2.5 µm3), 

but markedly smaller than cMacs (Fig.6b) and were often found associated with or inside 

them (Fig.6c-d and Movie S5), indicating that exophers were part of the phagocytosed 

material. The proximity of exophers to cMacs could not be explained by random 

distribution when comparing distances from macrophages to exophers or to random 

dots in the same images (Fig.6e). The particulate pattern of Tomato signal inside cMacs 

(Fig.6d) and absence of Tomato expression in FACS isolated cMacs from CardRED mice 

allowed us to rule out horizontal transfer of DsRed-encoding mRNA as a mechanism of 

fluorescence acquisition (Fig.6f). Altogether these results demonstrated active uptake 

of cardiomyocyte-derived exophers by cMacs in the healthy myocardium.  
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Figure 6. cMacs phagocytose cardiomyocyte-derived material through cardiac exophers. 

(a) Low and high magnification micrographs of hearts from CardRED mice illustrating the presence of 

cardiomyocytes and cardiomyocyte-derived exophers (white arrowheads) proximal to cMacs 

(green). Nuclei are shown in blue (DAPI). (b) Volumes of cardiac exophers and cMacs reconstructed 

by confocal imaging of hearts from CardRED stained with anti-CD68. Data are mean volumes, from 8 

mice per group. ***, p<0.001 as determined by nonparametric Mann-Whitney test. (c) Percentage 

of cardiac exophers that were associated or not-associated (“Free”) with cMacs. The bar graph 

shows mean ± SEM, from 40 images from 4 mice. (d) 3D reconstructions from confocal images 

showing cardiomyocyte-derived exophers (red), some of which appear inside a cMac. See also 

Movies 4-5. Images are representative of 8 mice. (e) Bars indicate distance of Cardiac exophers 

(green) or Random spots (grey) to the closest cMac in images. Data is mean ± SEM distances for 

each group. Data from 30 images from 3 mice. P-value was obtained by nonparametric Mann-

Whitney test. (n) Expression of tdTomato transcript in total cardiac tissue but not cMacs in CardRED 

mice, as determined by qPCR. Bars shows mean ± SEM from 10-11 mice per group of 2 independent 

experiments. ***, p<0.01 as determined by Student´s t-test. 
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4.2.2. Cargo of cardiac exophers  
 

Because C. elegans neurons use exophers as a means to dispose of protein aggregates 

and organelles (Melentijevic et al., 2017), we examined whether cardiac exophers 

accumulated similar cargo. Transmission electron microscopy (TEM) of mouse murine 

heart sections revealed the prominent presence of mitochondria (Fig.7a) and in rare 

instances sarcomere fragments inside extravascular vesicles similar in size to exophers 

(Fig.7b). Notably, we could find similar structures and cMacs in human samples from 

papillary muscles removed during surgery interventions (Fig.7c-d).  

Figure 7. Visualization of cardiac exophers by TEM in mice and humans. 

(a-b) Representative TEM images of mitochondria- (a) and sarcomere- (b) containing structures 

surrounded by membranes from murine hearts. Scale bars are 2 (top) and 1 µm (bottom) in (a) and 

5, 2 and 1 µm (left to right) in (b). Images are representative of 5 hearts. (c) TEM imaging of similar 

structures in human hearts. Scale bars (left to right) are 2 and 0.5 µm. Exophers are highlighted by 

a red dotted line, and adjacent cardiomyocytes by a yellow mask. Mitochondria and sarcomere are 

pointed to with green and orange arrows. Images are representative of at least 5 hearts. (d) 

Immunofluorescence micrographs of human myocardium obtained from surgical resections of 

papillary muscles. Stained are macrophages (CD68, green), nuclei (DAPI, blue) and sarcomere 

/cardiomyocytes (MyHC; red). Images are representative of 5 samples. Scale bar, 20 µm.  
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To obtain a thorough characterization of the cargo contained within these particles, 

we purified exophers from the myocardia of healthy mice for cytometric and proteomic 

analyses. We used a strategy of serial precipitation and centrifugation combined with 

fluorescence activated cell sorting (FACS) to isolate small tdTomatobright particles from 

pools of hearts of CardRED mice (Fig.8a-b). This strategy was adapted from previous 

reports for the isolation of apoptotic bodies, which are in the same size-range than 

cardiac exophers (around 4 µm diameter; (Atkin-Smith et al., 2017)). Following this 

strategy, we could discard cardiomyocytes and small cardiac cells in the first two steps 

(50g and 300g respectively; Fig.8a and c). Subsequently, we centrifuged at 1000g to 

obtain pellets enriched in small TdTomato+ particles devoid of nuclei and negative for 

the endothelial marker CD31, that we purified by FACS sorting (Fig.8a-c).  

Figure 8. Isolation of cardiac exophers. 

(a) Strategy for enrichment and purification of cardiac exophers by serial sedimentation and 

centrifugation, as indicated in the Methods. (b) Gating strategy used to define exophers by FACS in 

the 1000g pellet of CardRED mice (see Methods). (c) tdTomato (Red) immunofluorescence in the 

pellet of the 50, 300 and 1000g fractions (as defined in (a)) and isolated cardiac exophers (as defined 

in (b)). Nuclei (DAPI, blue) and autofluorescence (green) are also shown. Scale bar 15 µm. Images 

are representative of 3 mice per group. 
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Importantly, proteomic analyses comparing the proteome of purified exophers with 

that of total cardiac tissue revealed remarkable enrichment of mitochondrial proteins. 

This contrasted with a general reduction of proteins derived from all other organelles, 

the membrane and the cytosol (Fig.9a-b).  

 

Figure 9. Proteomic analysis of cardiac exophers reveals preferential transport of 

mitochondria. 

(a) Pie-charts showing the proteome composition of total cardiac tissue and cardiac exophers. 

Colors identify the cellular compartment from which the proteins originate, as shown in the 

legend. (b) List of selected proteins and their relative abundance in total heart and exopher 

proteomes annotated for each cellular compartment.  
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Figure 10. Validation of the exopher proteomic analysis. 

(a) Full list of proteins that show statistically significant difference between exophers (E) and cardiac 

samples (H), as defined with adjusted p-value <0.05 for multiple Student´s t-test comparisons. (b) 

Representative sections of left ventricular sections in CardRED mice (Tomato protein, red) stained for 

the indicated proteins (white) to score their presence in exophers (yellow arrowheads). (c) Fraction 

of exophers positive for the proteins shown in (b). Quantification from 3-6 mice. (d) Cytometric 

analyses of purified exophers stained with the mitochondria-specific probes MitoTracker and 

MitoNIR. Histograms are representative of 5 mice from 2 independent experiments. (e) 

Micrographs (Right) showing heatmap of tdTomato intensities in CardRED mice by 

immunofluorescence, and dot polt (Left) showing tdTomato mean fluorescence intensities (MFI) in 

exophers and adjacent cardiomyocytes; data from 4 mice per group. ***, p<0.01 as determined by 

Student´s t-test. 
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It is important to highlight that, despite no enrichment in proteins other than those 

from mitochondria, this does imply complete absence. In fact, we were able to detect 

sarcomeric proteins myosin heavy chain 6 (MYH6) and 7 (MYH7) in cardiac exophers 

(Fig.10a), in agreement with sarcomere fragments presence in exophers analysed by 

TEM (Fig.7b). We confirmed the proteomic data by immunofluorescence staining of 

intact myocardial tissue, showing the consistent presence in exophers of the 

mitochondrial proteins TOM20 and NDUFS2, variable detection of CYTC, and low or no 

detection of myosin heavy chain 7 (MYH7), ACTIN and DNA (Fig.10b-c). Additionally, 

staining with two different mitochondria-specific probes confirmed the presence of 

mitochondria in isolated exophers by flow cytometry (Fig.10d). Finally, similar to neural 

exophers described in C. Elegans that accumulate fluorescent protein aggregates 

(Melentijevic et al., 2017), cardiac exophers were enriched in the fluorescent protein 

tdTomato, often presenting higher levels that surrounding cardiomyocytes (Fig.10e). 

Altogether, these data demonstrated that while exopher content is diverse, these 

structure are preferentially dedicated to the transport of mitochondria. 
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4.2.3. Cardiac exophers as a mechanism for disposal of 

mitochondria 
 

Exophers were positive for the mitochondrial proteins NDUFS2 and Tom20 (Fig.10c 

and Fig.11a) and Tom20+ exophers could be identified inside CD68+ cMacs by 

immunofluorescence staining (Fig.11b and Movie S6), suggesting exopher-mediated 

intercellular transfer of mitochondria into cMacs. Accordingly, in our TEM analyses we 

could detect evidence of mitochondria-containing exophers in the periphery of 

cardiomyocytes taken up by adjacent cells that were akin in size and morphology with 

previously described cMacs (Fig.11c and (Hulsmans et al., 2017)).  

  

Figure 11. Cardiomyocyte-derived mitochondria are captured by cMacs.  

(a) 2D micrograph of an exopher (arrowhead) containing Tom20+ material (white; left panel); 

right panel shows a 3D reconstruction from the heart of a CardRED mouse, illustrating the 

presence of Tom20+ mitochondria (grey) inside cardiomyocytes and cardiac exophers 

(transparent red). Images are representative of hearts from 4 mice. (b) 3D reconstruction of 

a cMac from the heart of a CardRED mouse containing cardiomyocyte-derived material, inside 

of which there are Tom20+ mitochondria. See also Movie S6. (c) Pseudo-colored TEM images 

of a mononuclear cell (green) taking up mitochondria (red) from a neighboring cardiomyocyte 

(yellow), at two different magnifications (dashed box).  
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Figure 12. Mitochondrial transfer in the conplastic transplant model. 

(a) Experimental strategy to track cardiomyocyte-derived mitochondrial DNA (mtDNA) in cMacs 

after bone marrow transplantation. cMacs from BL/6NZB donors that take up mitochondria in 

BL/6.SJLC57 hearts (pink) can be sort-purified and analyzed to determine the amount of parenchymal 

C57-mtDNA by PCR and BamHI digestion. This allows discrimination of polymorphisms among the 

two mtDNA haplotypes. (b) Detection of C57-mtDNA in BL/6NZB-derived cMacs. Note that while 

BL/6NZB-derived cMacs contain both NZB and C57-mtDNA, BL/6.SJLC57-derived cMacs only carry C57-

mtDNA, indicating specificity and no cross-contamination during sorting. Percentages of donor- and 

host-derived cardiac macrophages are shown. Numbers are mean ± SEM, from 8 mice. (c) 

Representative PCR gels showing amplified C57 and NZB mtDNA, present in BL/6NZB-derived 

macrophages isolated from the indicated tissues. (d) Plots at right show the percent amount of C57-

derived mtDNA in BL/6NZB macrophages sort-purified from the same tissues; BM, bone barrow. Each 

dot is one mouse and bars show means; n= 3-20 mice per group. **, p<0.01; ***, p<0.001; n.s., not 

significant as determined by kruskal-Wallis non-parametric test with multiple Dunn’s comparison 

against Heart. 
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To rigorously assess transfer of cardiomyocyte mitochondria into adjacent cMacs, we 

used two complementary strategies. We first transplanted BL/6.SJLC57 mice with bone 

marrow from conplastic BL/6NZB donors. These mouse strains have identical C57BL/6 

nuclear genomes, but distinct mtDNA haplotypes, C57 and NZB respectively (Latorre-

Pellicer et al., 2016). These mice also express different isoforms of Ptprc (which encodes 

CD45) that allow discrimination of donor from recipient-derived cMacs, thereby 

allowing identification of parenchyma-derived mitochondria in transplanted cMacs 

(Fig.12a-b). cMacs from BL/6NZB donors purified from BL/6.SJLC57 hearts incorporated 

significant amounts of parenchymal C57 mtDNA, at much higher levels than the amount 

of mtDNA transferred in macrophages in multiple other tissues (Fig.12c-d), indicating 

tissue-specific transfer of mitochondria into cMacs.  

Cardiomyocytes were a likely source of mitochondria taken up by cMacs given their 

contribution to the cardiac mass and high mitochondrial content (Goffart et al., 2004). 

To confirm that cardiomyocytes were indeed a source of transferred mitochondria, we 

analysed transfer of cardiomyocyte-derived mitochondrial protein. We enforced 

expression of a monomeric Keima fluorescent protein bearing a mitochondria-directing 

peptide (mt-Keima) in cardiomyocytes (Fig.13a and (Sun et al., 2015)). We ensured cell-

specific transduction by using a cardiotrophic adeno-associated virus 9 (AAV9) combined 

with the cardiomyocyte-specific Tnnt2 promoter to drive mt-Keima expression, and 

confirmed that Keima was expressed in cardiac tissue but not in cMacs (Fig.13b-c). 

Immunofluorescence staining of wild-type hearts five weeks after viral transduction 

revealed that a significant fraction of mt-Keima+ particles typically appeared inside 

CD68+ macrophages, indicating that cardiomyocyte-derived mitochondria were taken 

up by cMacs (Fig.13d and Movie S7).  

The mt-Keima protein changes its excitation wavelength at different pH,  displaying    

a bimodal  excitation  spectrum  with  peaks  around  440  and  586 nm  in  neutral  and  

acidic  solutions, respectively (Sun et al., 2015). Thus, this strategy additionally allowed 

us to identify basic or acidic environments for individual mitochondria, such as those 

existing in the cytoplasm vs. phagolysosomes, respectively.  
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Compared with mitochondria localized within cardiomyocytes, most Keima+ 

mitochondria within cMacs presented an mt-Keima fluorescence ratio indicative of an 

acidic environment (Fig.14a-b), suggesting that they were targeted for degradation 

within macrophage phagolysosomes. Consistent with this possibility, the majority of mt-

Keima+ mitochondria were present in macrophage compartments positive for Lamp1, a 

marker of late phagolysosomes (Fig.14c and Movie S7). Importantly, cMacs isolated 

from mt-Keima-infected hearts or from BL/6NZB-transplanted BL/6.SJLC57 mice lost most 

Figure 13. Mitochondria transfer in AAV9-mtKeima infected hearts. 

(a) Experimental design to tag cardiomyocyte mitochondria with mt-Keima. Mice were 

injected with AAV9 encoding mitochondrial-targeted Keima fluorescent protein (mt-Keima) 

and expression driven by a cardiomyocyte-specific promoter (Tnnt2). (b) Expression of mt-

Keima transcript in total cardiac tissue but not cMacs 6 weeks after infection, as determined 

by qPCR. Bars shows mean ± SEM from 4 mice per group. ND: Not detected. (c) Images 

illustrate the progressive acquisition of mt-Keima fluorescence in infected hearts at weeks 0, 

2 and 5 post infection. Scale bars, 20 µm. (d) Micrographs from hearts infected with AAV9-

mt-Keima, showing a cluster of cardiomyocyte-derived mitochondria (mt-Keima+, red) inside 

a cMac (CD68+, green). Scale bars, 20 µm (left) or 10µm (right panels). 



69 
 

of the mt-Keima fluorescence or BL/6NZB mtDNA after 2-3 days of culture, respectively 

(Fig.14d), indicating that engulfed mitochondria are degraded in cMacs. Finally, 

quantitative analyses revealed that a sizable fraction of acidic mt-Keima+ particles (62.7 

± 9%) localized within cMacs, altogether revealing that a substantial fraction of 

cardiomyocyte mitochondria were eliminated by cMacs (Fig.14e). These data thus 

identify a population of resident macrophages that completes mitophagy of a 

neighbouring, highly-specialized parenchymal cell. 

Figure 14. Transferred mitochondria are degraded by cMacs. 

(a-b) Distribution of mt-Keima in infected hearts. (a) Micrographs illustrating pH-dependent mt-Keima 

fluorescence. Images show Keima-tagged mitochondria in non-acidic (Keima 458nm; Cyan) and acidic 

(Keima 561nm; red) environments. (b) The majority of mitochondria inside cMacs are “acidic” (high 

561/456nm ratios) while most mitochondria inside cardiomyocytes (CM) are “non-acidic” (low 561/456nm 

ratios). (c) Percentage of mt-Keima signal localized inside LAMP1+ or LAMPNEG compartments in cMacs. 

Bars show mean ± SEM from 45 images, from 3 mice. See also Movie S7. (d) Degradation of exogenous 

mitochondria by cMacs. The graph shows percentages of signal in cMacs isolated from transplanted (C57 

recipient) mice or from wild-type mice infected with AAV9-mtKeimaat different times in culture., 

compared time 0; data from 1 (keima) and 2 (NzB transplants) independent experiments. **, p<0.01; ***, 

p<0.001, as determined by multiple nonparametric Mann-Whitney test, against time 0. (e) Percentage of 

total “acidic” keima+ mitochondria that are inside CM or inside cMacs. Bars shows the percentage of 

“acidic” Keima mitochondria (with 561nm signal>458nm signal) in CM or in cMacs. Data are mean ± SEM 

from 15 images and 3 mice per group. *, p<0.05, determined by a nonparametric Mann-Whitney test.  
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4.2.4. Mitochondria quality in exophers 
 

While mitochondrial proteins were massively enriched in our proteomic analysis, we 

noticed that a few mitochondrial proteins were not enriched in exophers, including FIS1, 

OPA1, Cytochrome C (CYTC) and Apoptosis Inducing Factor Mitochondria Associated 1 

(AIFM1; Fig9.b and Fig.15a), all of which were suggestive of dysfunctional mitochondria 

within exophers (Duvezin-Caubet et al., 2006; Joza et al., 2001; Mai et al., 2010). These 

results, along with the observation that cardiomyocyte-derived mitochondria captured 

by cMacs are degraded (Fig.14), suggested that dysfunctional mitochondria could be 

specifically routed to exophers. Complementing this findings, we found that damaged 

mitochondria often accumulated in budding vesicles in the periphery of cardiomyocytes 

(Fig.15b). Using a binary criteria to score mitochondrial fitness from TEM images as 

normal or abnormal (based on membrane integrity and cristae density), we found a 

progressive decline in fitness from perinuclear to border regions of the cardiomyocyte, 

with the highest frequency of morphologically aberrant mitochondria present in 

exophers (Fig.15c-d). This morphological criteria correlated with dramatic disruption of 

the membrane potential of mitochondria present in exophers (Fig.15e), suggesting that 

progressively damaged mitochondria accumulate in the periphery of cardiomyocytes 

and are ejected in exophers.  
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Figure 15. Exophers transport abnormal mitochondria. 

(a) Proteins associated with mitochondrial fitness that show statistically significant decrease when 

compared to total cardiac tissue (see also Fig.10a). Adjusted p-value <0.05. (b) Representative TEM 

images of bubble-like structures containing mitochondria at the border zone (red arrowheads) of 

cardiomyocytes. Scale bars, 2 µm (Left) and 1 µm (Mid-right). (c) Scheme and representative images 

of mitochondria in different regions of cardiomyocytes (arrowheads). Scale bars, 2 µm. (d) (Left) 

TEM micrographs illustrating Normal (preserved integrity) and an Abnormal (damaged membranes, 

cristae or both) mitochondria criteria used for classification. (Right) Percentage of mitochondria 

classified as Normal, Abnormal or Unclassified (not obvious alterations at this resolution). Regions 

were defined as in panel (c); data from 3 mice (e) Membrane potential of mitochondria in cultured 

fibroblasts, cardiac leukocytes or cardiac exophers assessed by mitoNIR uptake in basal conditions 

or in the presence of depolarizing (FCCP) or hyperpolarizing (Oligomycin) agents. Bars show mean ± 

SEM from 4-5 samples per group, 2 independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001; 

n.s., not significant as determined by Multiple t-test vs MitoNIR incubated sample without 

treatment in each group. 
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4.2.5. Production of cardiac exophers involves the 

cardiomyocyte autophagy machinery. 
 

After exploring mitochondrial transfer into cMacs, we became interested in the 

mechanism underlying exopher formation by cardiomyocytes. The observation that 

exophers contained varied cargo and transported dysfunctional mitochondria raised the 

possibility that exopher production was related to autophagy, an ancient system that 

mediates disposal of damaged organelles, can be activated by Rapamycin (by inhibition 

of mTOR), or inhibited by genetic deletion of members of the Atg family, including Atg7 

(Garcia-Prat et al., 2016) (Fig.16a). Using a GFP reporter mouse for LC3, a marker of 

autophagosomes (Mizushima et al., 2004), we found positive puncta in the majority of 

exophers present in heart sections, and GFP was also detected by flow cytometry of 

isolated exophers (Fig.16b-c), suggesting that exophers were associated with autophagy 

pathways.   

Figure 16. Cardiac exophers accumulate LC3. 

(a) Scheme of pathways leading to packing mitochondria into autophagosomes, which can be 

modulated by the mTOR inhibitor rapamycin, and relies on Atg proteins, including Atg7. (b) 

Presence of GFP+ puncta revealing the presence of LC3 in exophers of CardRED mice. (c) 

Detection of LC3-GFP in purified cardiac exophers by flow cytometry. representative of 1 

experiment, n=3 animals. 
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We therefore treated CardRED mice with rapamycin to stimulate autophagy, a 

treatment that resulted in elevated exopher numbers in the myocardium (Fig.17a). 

Consistent with the observation that exophers are captured by cMacs, rapamycin also 

caused increased uptake of cardiomyocyte-derived fluorescence and mt-Keima by 

cMacs (Fig.17b-c).  

Figure 17. Rapamycin increases the production of cardiac exophers. 

(a-c) Enhanced exopher production and mitochondria transfer in Rapamycin-treated mice 

compared with the vehicle group. (a) Micrographs showing increased exophers as detected by 

immunofluorescence in CardRED mice, with bars showing the number of exophers per field of view 

(FOV); data from 4 mice per group. (b) Incorporation of cardiomyocyte-derived tdTomato signal into 

cMacs of vehicle or rapamycin-treated mice, as measured by flow cytometry (representative plots, 

left). Bars show mean fluorescence intensities (MFI) and percent of tdTomato+ cMacs; data from 4 

mice per group. (c) Immunofluorescence images of AAV9-mt-Keima-transduced cardiomyocytes 

showing basic (458) or acidic (561) mt-Keima and macrophages, in control or rapamycin-treated 

mice; data from 5 mice per group. 
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We then induced cardiac-specific impairment of autophagy by constitutive (αMHCCre) 

or tamoxifen-inducible (αMHCCreERT) deletion of only one Atg7 allele (Atg7flox/+ mice) 

from cardiomyocytes, a manipulation that led to efficient suppression of autophagy flux 

in constitutive mice (Fig.18a-b) but better survival after tamoxifen administration to 

inducible mice (Fig.18c).  

Figure 18. Autophagy block and mortality upon Atg7-deletion. 

(a-b) Autophagy flux in αMHCCRE Atg7flox/+ and WT animals at baseline and 12 hours after incubation 

with Hydroxychloroquine (HCQ). (a) Immunofluorescence images of LC3 (red) and nuclei (DAPI, 

blue) in solated cardiomyocytes. (b) Bars show mean ± SEM of LC3 puncta per cardiomyocyte from 

3 mice (300 cells) per group. Scale bar, 20 µm. ***, p<0.001; n.s., not significant as determined by 

Kruskal-Wallis with Dunn’s multiple comparisons test against untreated. (c) Survival curves of 

αMHCCreERT crossed with Atg7+/+, Atg7flox/+, Atg7flox/flox after Recombination induction with tamoxifen. 

*, p<0.05; ***, p<0.001 as determined by Log-rank for Mantel-Cox survival curves; data from 8-14 

mice per group, 3 independent experiments. 
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Figure 19. Production of cardiac exophers is mediated by cardiomyocyte autophagy. 

(a-c) Impaired exopher production and mitochondria transfer in CardRED; Atg7+/flox and αMHCCreERT; 
Atg7+/flox mice. (a) Micrographs showing reduced exophers in CardRED; Atg7+/- mice, with bars 
depicting the number of exophers by field of view (FOV). Data from 4 mice per group. (b) 
Incorporation of cardiomyocyte-derived tdTomato signal into cMacs of Atg7+/+ or Atg7+/- mice, as 
measured by flow cytometry (representative plots, left). Bars show MFI and percent of tdTomato+ 
cMacs; data from 9-10 mice per group. (c) Immunofluorescence images of AAV9-transduced 
cardiomyocytes showing basic (458) or acidic (561) mt-Keima and macrophages, in control or 
αMHCCreERT; Atg7+/flox mice 4 days after tamoxifen treatment; data from 4-5 mice per group. All bars 
show mean ± SEM, and statistical significance was determined using Student’s t-test. 
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Atg7-heterozigous mice manifested a dramatic reduction of cardiac exophers 

(Fig.19a), which was consistently accompanied by reduced uptake of cardiomyocyte-

derived fluorescent protein and mt-Keima by cMacs (Fig.19b-c). Altogether, these 

results support a causal connection between exopher production and the 

cardiomyocytes autophagy machinery.  
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4.2.6. Role of cMacs in the production of cardiac exophers. 
 

Given the close proximity of macrophages to areas of exopher accumulation (Fig.6a), 

we initially hypothesized that cMacs might induce exopher release from adjacent 

cardiomyocytes. We found that, among heart cells, only cMacs expressed the 

sialoadhesin CD169 (Fig.20a) and therefore took advantage of mice expressing the 

diphtheria toxin receptor (DTR) under this locus (CD169DTR mice; (Miyake et al., 2007)) 

to deplete cMacs from adult hearts upon diphtheria toxin (DT) injection (scheme in 

Fig.20b). A single injection of DT rapidly and efficiently depleted macrophages from the 

myocardium (Fig.20c), but not other close related leukocyte populations like monocytes 

or neutrophils. However, cMacs recovered their original numbers after only 4-7 days 

post- injection. Thus, to maintain cMac depletion for longer periods we used repeated 

injections of DT for up to 3 weeks, obtaining similar numbers (Fig.20d).  

We then crossed CardRED with CD169DTR mice to explore the effect of cMac depletion 

in exopher production. Short-term depletion of cMacs (2 days) resulted in accumulation 

of exophers in the myocardial tissue, indicating that cMacs do not induce exopher 

production but instead are required for their removal from the tissue (Fig.21a). 

Interestingly, we noticed that depletion of cMacs for longer periods of time (up to 3 

weeks) resulted in a progressive and strong reduction in exopher numbers (Fig.21a).  

The lack of exophers in cMac-depleted mice was paralleled by a reduction of 

autophagy flux at day 21 but not at earlier points (Fig.21b-d), pointing to a link between 

both processes. Thus, the autophagy machinery of cardiomyocytes autonomously drives 

exopher formation, and their rate of release is matched by their uptake and elimination 

by cMacs. In addition, the data also suggests reciprocal regulation of cardiomyocyte 

autophagy and exopher formation by cMacs since their depletion for long periods 

results in blockade of cardiomyocyte autophagy. 
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Figure 20. cMacs can be specifically depleted in the CD169DTR model 

(a) Expression of CD169 (red) only in CX3CR1GFP+ cMacs (green). Nuclei (DAPI) are blue. Scale bar, 

10 µm. (b) Scheme of DT mechanism of action leading to cell death of CD169 expressing cell, 

including cMacs. (c) Dynamics of cMacs populations after a single dose of DT (Left) and changes in 

cardiac leukocyte populations 2 days after a single injection in DT-treated CD169DTR of relative to 

DT-treated wild-type mice (Right). Data are mean number of different leukocyte populations in the 

hearts at t=2 relative to t=0 ± SEM from 6-9 mice per group. **, p<0.1; ***, p<0.001; n.s., not 

significant, as determined by unpaired t-test against control. (d) Dynamics of cMacs populations in 

Long-term DT administration to  CD169DTR mice (DT administered thrice per week) and analysed at 

the indicated days (0, 7, 14 and 21 days; Left). (Right) Data are mean number of different leukocyte 

populations in the hearts at t=21 relative to t=0 ± SEM form 3 mice per group. ***, p<0.001, as 

determined by one-way ANOVA with Dunnett’s multiple comparisons test against t= 0. 
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Figure 21. Long-term cMac depletion results in halted autophagy and cardiac exopher 

production. 

(a) Left, Representative micrographs and exopher numbers in CardRED CD169DTR mice depleted of cMacs 

for the indicated days compared. Bars at right show mean ± SEM number of exophers per field of view 

(40000 µm2). n = 4-8 mice per group. Scale bar, 20 µm. **, p<0.01; ***, p<0.001; n.s., not significant as 

determined by Kruskal-Wallis with Dunn’s multiple comparisons test against day 0. (b-c) Autophagy 

flux in isolated cardiomyocytes from wild-type controls and cMac-depleted mice at day 2 (b) or 21 (c) 

in DT administration. Fluxes were measured by staining for LC3 (red) and nuclei (DAPI, blue) in basal 

and Hydroxychloroquine (HCQ)-treated cells. Bars show mean ± SEM of LC3+ particles per 

cardiomyocyte. n = 3 mice per group. Scale bar, 20 µm. *, p<0.05; **, p<0.01; ***, p<0.001; n.s., not 

significant, as determined by Student t-test test. (d) Changes in LC3II/I ratio and p62 measured by 

western blot in heart extracts of wild-type controls (day 0) and cMac-depleted mice for the indicated 

days. Bars shows mean ± SEM from 3-7 mice per group, two independent experiments. *, p<0.05; **, 

p<0.01; ***, p<0.001 as determined by unpaired t-test. 
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4.2.7. Cardiac stress induces exopher production. 
 

To assess the capacity of exopher-mediated disposal of mitochondria to adapt to 

situations of cardiac stress, we treated CardRED mice with Isoproterenol, a β-adrenergic 

receptor agonist that increases heart rate and induces tissue hypertrophy (Acin-Perez et 

al., 2018). Isoproterenol caused an increase in cardiac mass as expected, but no changes 

in cMac density after only one week of treatment (Fig.22a). Importantly, isoproterenol 

administration induced a decline in mitochondrial quality in cardiomyocytes as assessed 

by TEM (Fig.22b), which was paralleled by a marked increase in myocardial exophers 

(Fig.22c), elevated transfer of cardiomyocyte-derived fluorescence (Fig.22d), and 

dramatic increase of mt-Keima in cMacs (Fig.23a-c), thereby revealing exophers as a 

dynamic mechanism for elimination of damaged mitochondria under stress.  

The presence of mitochondria in exophers and transfer into cMacs in healthy hearts 

suggested that this might represent a homeostatic mechanism for disposal of 

mitochondria regardless of organelle fitness. In contrast, the presence of dysfunctional 

mitochondria in border zones and exophers, suggested that exophers entailed active 

sorting of defective mitochondria for elimination, thus representing a mechanism of 

quality control. To discriminate between these possibilities, we analysed this process in 

Oma1-KO mice (deficient for a stress response protease that regulates different aspects 

of mitochondria biology) a condition known to preserve mitochondrial function under 

ISO stress (Acin-Perez et al., 2018).  In line with these results, Oma1 deficiency (Fig.23a 

and Fig.23c) prevented mitochondrial transfer after isoproterenol treatment, indicating 

that exopher production is dependent of mitochondria quality. 

To explore if this was the case under a different type of stress, we also analyzed this 

process in CardRED mice after 1 week of permanent coronary artery ligation (Fig.24a).  

We found that areas within and around the infarcted myocardium became enriched in 

cardiomyocyte-derived particles that shared with exophers morphology, presence of 

mitochondria and lack of β-actin (Fig.24b-c). Altogether, the data suggested that 

mitochondrial disposal through exophers occurs in a range of pathophysiological 

conditions, and is enhanced under conditions of tissue stress.   
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Figure 22. Cardiac stress induces exopher production. 

(a-d) CardRED mice treated with vehicle or isoproterenol (ISO) for one week. (a) Cardiac weight and 

cMacs numbers per gram of tissue. Bars shows mean ± SEM from 8 mice per group. ***, p<0.001; 

n.s., not significant, as determined by Student t-test test. (b) (Top) TEM images of mitochondria. 

Mitochondria from isoproterenol-treated mice often displayed reduced cristae density and 

vacuolations (arrowheads). Scale bar, 0.5 µm. Images representative of 5 mice per group. (Bottom) 

Percentage of mitochondria classified as Abnormal (damaged outer membrane, voids, cristae or 

both) in regions defined as in Fig.15; data from 5 mice per group. *, p<0.05; ***, p<0.001 as 

determined by two-way ANOVA with Sidak’s multiple comparison test. (c) Representative 

micrographs and exopher numbers in CardRED mice treated with vehicle or isoproterenol for one 

week. Bar graph show mean ± SEM of total exophers per field of view; data from 4 mice per group. 

(d) tdTomato incorporation in cMacs in same animals in panel (c). Bars show mean ± SEM of 

tdTomato median fluorescence intensity (MFI) and percent of phagocytic cMacs (gated regions in 

plots); data from 4-8 mice per group. 
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Figure 23. Cardiac stress induces mitochondria transfer. 

(a) Representative micrographs and mt-Keima incorporation by cMacs in AAV9-infected WT or 

Oma1-/- mice treated with Isoproterenol or vehicle for one week. (b) Bars show mean ± SEM percent 

mt-Keima inside cMacs, normalized to untreated controls; data from 4-12 mice per group. ***, 

p<0.001; n.s., not significant as determined by ANOVA with Dunn´s multiple comparisons test. 

Figure 24. Exopher-like particles in infarcted hearts. 

(a) Micrograph of infarcted areas in CardRED mice after 7 days of permanent coronary artery ligation. 

Indicated are Infarct (inside dashed line) and Peri-infarct areas. Scale bar, 100 µm. (b) 

Representative micrographs of exopher-like structures (arrowheads) and cMacs in remote and peri-

infarct areas of infarcted hearts. Bars show mean ± SEM number of exophers-like particles per mm2 

of cardiomyocyte-occupied area; data from 3 mice per group. ***, p<0.01, as determined by the 

Student´s t-test. Scale bar, 20 µm. (c) Micrographs of exopher-like particles (yellow arrowheads) in 

infarcted hearts positive for Ndufs2 and negative for Actin. Scale bar, 10 μm. 
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4.3. Effect of macrophage depletion in heart function. 
 

We reasoned that if extrusion of particles and their elimination by cMacs was part of 

a proteostatic program that removes material from viable cells, then depletion of cMacs 

should affect cardiomyocyte homeostasis. We found in CD169DTR mice a useful tool to 

assess this question. 

4.3.1. Depletion of cMacs in CD169DTR mice  
 

As introduced in point 4.2.6., a single injection of DT to CD169DTR mice allowed rapid 

and efficient depletion of macrophages from the myocardium (Fig20c). Contrary to 

other models previously used for the same purpose like Clodronate administration, 

CD11bDTR or Cx3cr1DTR mouse models (Dick et al., 2019; Epelman et al., 2014a; Heidt et 

al., 2014; Hulsmans et al., 2017), CD169DTR is more specific since it does not affect other 

populations of leukocytes, such as monocytes or neutrophils (Fig.20c-d). However, as 

previously reported in other models (Epelman et al., 2014a), cMacs returned after 4-7 

days of unique DT injection (Fig.20c), both due to in situ proliferation (analysed by BrdU 

incorporation in proliferating cells; Fig.25a) and incorporation of monocytes from the 

circulation (analysed in Parabiotic pairs; (Fig.25b)). Thus, to maintain cMac depletion for 

longer periods we used repeated injections of DT for up to 3 weeks (Fig.20d), as 

depletion beyond this time caused mortality (more than 5%;  Fig.25c). Importantly, 

although this approach depletes macrophages in several tissues (e.g., liver and spleen; 

Fig.25d and (Gupta et al., 2016)), it did not cause overt inflammation (Table.1) or 

leukocyte recruitment to the myocardium (Fig.20c-d). Thus, upon continuous DT 

administration to CD169DTR mice, we could maintain low numbers of cMacs for longer 

periods of time without directly affecting other cardiac populations (Fig.20c-d).   
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Figure 25. cMac repopulation after short-term depletion.  

 (a) cMacs proliferate after depletion. CD169-DTR animals injected with DT or saline were 

administered with BrdU. Bars show the percentage of BrdU+ cMacs normalized to the saline-treated 

group. Data are mean ± SEM from 3 mice per group. **, p<0.01; n.s., not significant, as determined 

by unpaired t-test. (b) cMacs rely on circulating monocytes for recovery after depletion. CD169DTR 

were maintained in parabiosis with DsRed-transgenic mice for 1 month, and the chimerism of host 

vs. partner monocytes were measured in heart and blood 5 days after a single injection of saline or 

DT in the CD169DTR partners. Chimerism in the heart only equilibrates with that in blood after 

depletion, indicating that circulating monocytes contribute to cMac repopulation. Data are mean ± 

SEM from 3 parabionts per group. (c) Survival curves of CD169DTR or control (WT) mice treated with 

DT (thrice per week) for the indicated times. ***, p<0.001 as determined by Log-rank for Mantel-

Cox survival curves; data from 30 mice per group, 3 independent experiments. (d) Macrophage 

numbers in the hearts and livers of CD169DTR mice treated with saline or DT for 7 days. ***, p<0.001, 

as determined by unpaired t-test.  
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Table 1. Leukocyte counts in the blood and hearts of CD169DTR mice 21d after 

macrophage depletion. Values are mean ± SEM from 6-11 mice per group. 

 

  

Parameter Units day 0 day 21 P value 

Lymphocytes (Blood) cells/mL 7457 ± 798 7656 ± 751 0.875 

Neutrophils (Blood) cells/mL 2347 ± 630  3653 ± 545 0.180 

Monocytes (Blood) cells/mL 338 ± 57 417 ± 102 0.615 

Neutrophils (Heart) cells/0.1 
mg 

16418 ± 3967 27610 ± 3951 0.086 

Ly6CHI Monocytes 
(Heart) 

cells/0.1 
mg 

2734 ± 779 3895 ± 519 0.273 

Ly6CLO Monocytes 
(Heart) 

cells/0.1 
mg 

5669 ± 1405 7413 ± 1621 0.466 

cMacs (Heart) cells/0.1 
mg 

37746 ± 1808 8329 ± 1754 <0.001*** 
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4.3.2. Proteomic changes in cMac-depleted hearts 
 

By analysing the hearts of DT-treated CD169DTR mice by immunofluorescence we 

found, unexpectedly, that depletion of cMacs dramatically reduced the number of 

exophers in the myocardium (Fig.21a), in coincidence with autophagy block (Fig.21c) 

and de novo appearance of apoptotic TUNEL+ cardiomyocytes (Fig.26a), altogether 

suggesting that cMacs confer basal protection to cardiomyocytes.  

Figure 26. Proteomic changes in cMac-depleted hearts 

(a) Number of total apoptotic cells or apoptotic cardiomyocytes in hearts of CD169DTR mice after 18 

h or 21 days of cMac depletion. Bars show the number of apoptotic cells identified by TUNEL 

staining. Data are mean ± SEM from 30 images and 3 mice per group. ***, p<0.001, as determined 

by nonparametric Mann-Whitney test against WT+DT. (b-d) Proteomic analyses of wild-type hearts 

at different times of cMac depletion. (b) Principal component analysis of control (day 0) and cMac-

depleted mice (day 14 and 21). (c) Bubble plot representation of the most significant changed 

canonical pathways when comparing hearts at days 0 vs. 21, using the Ingenuity Pathway Analysis 

tool. (d) Heat map showing proteins differentially expressed between day 0 and 21, showing also 

the values for day 14, with z-score values shown according to the color scale. The proteins are 

grouped in categories according to their presence in mitochondria or other structures (sarcomere 

and ECM), and the functional pathway in which they are involved.   
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To understand how cMacs contributed to cardiac homeostasis, we performed 

proteomic analysis of the myocardium of cMac-depleted mice. We noticed remarkable 

changes in protein composition over time (Fig.26b-d), primarily affecting mitochondrial 

proteins involved in bioenergetic metabolism, ROS and proteostasis (Fig.26c-d), a 

finding that was consistent with the role of cMacs in promoting mitochondrial recycling. 

Those changes will be analysed with more detail in the following sections.   

 

Other structures and proteins originally present in exophers, like the sarcomeric 

protein Myosin Heavy chain 7 (MYH7) (Fig26d and Fig.27a), were similarly altered in the 

absence of cMacs. TEM analyses revealed that these changes paralleled dramatic 

shortening of the sarcomeres (Fig.27b) and increase in cardiomyocyte size (Fig.27c) after 

cMac depletion. We also found changes in components of the extracellular matrix 

(ECM), and in proteins involved in the regulation of intracellular calcium (Fig.26d). 

Combined, these findings suggested that cMacs are needed for global cardiomyocyte 

homeostasis, from cell survival to proteostasis regulation. 

Figure 27. Structural changes of cardiomyocytes upon long-term cMac depletion. 

Control (WT) and cMac-depleted mice (CD169DTR) treated with DT for 3 weeks were analysed for 

different parameters. (a) Micrographs of heart sections showing the distribution and levels of Myh7 

(red). Shown also are cMacs (green) and nuclei (blue). Scale bar, 10 µm. Bars show mean ± SEM 

from n= 5 mice per group; ***, p<0.001 as determined by unpaired t-test.  (b) TEM images (left) 

illustrating sarcomere lengths (quantified in the right panel). Scale bar, 1 µm. Bars shows means ± 

SEM from n= 25-30 measures per mouse, 3 mice per group. ***, p<0.001 as determined by 

nonparametric Mann-Whitney test. (c) Representative images of isolated cardiomyocytes (bright 

field) and myocardium stained for laminin (white). Bar graphs show mean ± SEM areas and 

perimeters of individual cardiomyocytes measured in cardiac sections. Data are from 4-5 mice per 

group. **, p<0.01; ***, p<0.001 as determined from nonparametric Mann-Whitney test. 
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4.3.3. cMacs preserve homeostasis of cardiomyocyte 

mitochondria  
 

Exopher transfer from cardiomyocytes and the proteome alterations suggested 

global regulatory roles for cMacs in mitochondrial homeostasis, and proteomic analysis 

of CD169DTR hearts confirmed mitochondrial alterations upon cMac-depletion. Although 

many mitochondrial proteins were less represented after cMac-depletion (Fig.26d), 

including those of the oxidative phosphorylation (OXPHOS) system (Fig.28a), 

transmission electron microscopy (TEM) imaging of cMac-depleted mice mice revealed 

a significant increase in the number of mitochondria within cardiomyocytes (Fig.28b), 

which we confirmed by immunostaining for the outer mitochondrial membrane protein 

Tom20 in heart sections (Fig.28c). Citrate synthase activity, another measure of 

mitochondrial mass, confirmed increased mitochondria content in the heart but not in 

the liver (Fig.28c), despite efficient depletion of macrophages in both tissues (Fig.25d 

and (Gupta et al., 2016)).  

Increased mitochondria number could be due to both decrease in mitochondria 

degradation or increase in mitochondria production. The reduced number of exophers 

21 days after depletion (Fig.21a) suggested that mitochondria increase could be due to 

mitochondria accumulation inside cardiomyocytes. However, we also found that 

markers of mitochondrial biogenesis were increased (Fig.28d), indicating that 

mitochondria accumulation in CD169DTR mice might be the result of both processes. 

Interestingly, TEM imaging showed that mitochondria from cMac-depleted hearts were 

not only abundant but larger in size, had marked reductions in cristae density and overall 

morphological abnormalities (Fig.28e). These findings, together with changes in 

mitochondrial proteins were indicative of altered mitochondria function (Fig.26 and 28). 

Thus we explored the metabolic state of hearts 21 days after cMac depletion. First, the 

ratio between the mitochondrial-encoded Cytochrome c oxidase I (CoI) and the nuclear-

encoded Cox IV, two components of the respiratory complex IV, was dramatically 

reduced (Fig.29a), which suggested defects in mitochondrial proteostasis and function 

in the absence of cMacs. 
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Figure 28. Accumulation of abnormal mitochondria in cMac-depleted mice. 

Control (WT) and cMac-depleted mice (CD169DTR) treated with DT for 3 weeks were analysed for 

different parameters. (a) Reduction in structural OXPHOS components identified from the proteomic 

analyses of hearts shown in Fig.25. Plots show mean Zq values for individual proteins in control and 

cMac-depleted mice and color-labeled according to the complex they form part of. ***, p<0.001 as 

determined by two-way ANOVA. (b) Representative TEM images (left) and mitochondrial content 

determined by Tom20 immunofluorescence analysis (right). Scale bar, 10 µm. Bars show mean ± SEM 

from n= 9-10 mice per group; *, p<0.05 as determined by unpaired t-test. (c) Citrate synthase activity. 

Graph shows enzymatic activity per mg of total protein from heart or liver, normalized to the control 

group. Each dot represents value with two technical duplicates per mouse, and black lines show means; 

n= 6-12 mice per group. *, p<0.05; n.s., not significant, as determined by unpaired t-test against the 

control groups. (d) mtFA and PGC1α protein levels measured by western blot, normalized to Actin or 

GADPH, respectively. from n= 4-3 mice per group; *, p<0.05 as determined by unpaired t-test. (e) 

Representative mitochondria from TEM images (Left). Scale bars, 1 µm. Morphometric parameters and 

quantification of mitochondrial area and cristae area per mitochondria. Each dot represents one 

mitochondria and bars show means, from 15-20 images from 3-4 mice per group. ***, p<0.001; *, 

p<0.05 as determined by nonparametric Mann-Whitney test. 
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Figure 29. cMac depletion causes mitochondrial dysfunction in the heart 

Control (WT) and cMac-depleted mice (CD169DTR) treated with DT for 3 weeks were analysed for different 

parameters. (a) Ratios of CoI to Cox IV protein measured by western blot. Each dot is one mouse and bars 

show means, from 7 to 8 mice per group. **, p<0.01 as determined by nonparametric Mann-Whitney test. 

(b-c) Ex vivo ATP production rates in isolated mitochondria form heart (b) or liver (c), in the presence of 

the indicated substrates. Values were obtained by kinetic luminescence assays and normalized to the 

control group. Each dot is the mean for 2 technical duplicates, from 6-7 mice per group. **, p<0.01; n.s, 

not significant as determined by unpaired t-test. (d) Supercomplex assembly assessed by blue native 

electrophoresis of isolated mitochondria from heart. Gels were sequentially stained for antibodies against 

CoI, NDUFA9, UQCR2 and Fp70 to identify complex IV (CIV), complex I (CI), complex III (CIII) and complex 

II (CII), respectively. SC, supercomplex. (Right) Graph shows the relative proportion of CI in complex with 

CIII dimers (CIII2). Data presented as box and whiskers, from 4 mice per group. *, p<0.05; as determined 

by unpaired t-test. (e) Changes in ATPb/GADPH ratios (BEC index) measured by western blot in heart 

extracts. Western blot showing ATPb, GADPH and β-actin protein content. Data presented as box and 

whiskers, from 4 mice per group. *, p<0.05 as determined by unpaired t-test. (f) High-energy phosphate 

metabolites in mice hearts. The graph shows pCreatine (PCr)/ATP ratios measured in vivo by quantitative 

magnetic resonance spectroscopy (31P-MRS). Data presented as box and whiskers, from 4-6 mice per 

group. **, p<0.01 as determined by unpaired t-test. (g) 18F-FDG uptake analyses. Representative PET-CT 

images (left) and 18F-FDG uptake quantification (standardized uptake values; right). Each dot represents a 

mouse and bars show means, from 7-13 mice per group. **, p<0.01 as determined by unpaired t-test. (h) 

Micrographs of heart sections, after staining with DAPI (nuclei, blue) and dihydroethidium (DHE, red) to 

identify superoxide production, which is quantified in the bar graph (right). Autofluorescence (green) 

identifies cardiomyocytes. Bars at right show mean ± SEM from 27-30 images in 9-10 mice per group. ***, 

p<0.001, as determined by unpaired t-test. Scale bar, 50 µm. 
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 Consistent with this, analyses of isolated mitochondria revealed significant 

reductions in ATP production, both when the substrates were glutamate plus malate, or 

succinate (for which electrons are carried by NADH or FAD, respectively; Fig.29b). These 

reductions did not affect mitochondria obtained from livers of the same mice (Fig.29c), 

indicating that damage was tissue-specific. Direct examination of respiratory complexes 

in mitochondria from cMac-depleted mice revealed preferential association of 

complexes I and III into supercomplexes (Fig.29d), a conformation that favours glycolysis 

(Guaras et al., 2016; Lapuente-Brun et al., 2013). Extracts of cMac-depleted hearts 

showed reduced levels of the ATPase β-subunit relative to GAPDH (known as the 

bioenergetic cellular index or BEC (Cuezva et al., 2004), Fig.29e), which aligned with 

increased phosphocreatine (PCr)/ATP ratios in living hearts measured by magnetic 

resonance spectroscopy (31P-MRS; Fig.29f). In functional terms, these findings suggested 

that depletion of cMacs promote a metabolic switch in the heart towards the use of 

glycolysis to compensate for defective oxidative phosphorylation and reduced ATP 

stores. Indeed, in vivo uptake of the glucose analogue 2-deoxy-2-(18F)-fluoro-D-glucose 

(18F-FDG) measured by PET-CT imaging confirmed elevated glycolysis in cMac-depleted 

hearts (Fig.29g). Finally, the proteomic analyses additionally revealed that cMac-

depletion altered several proteins involved in ROS production by mitochondria (Fig.26c-

d); accordingly, we found elevated ROS in sections of cMac-depleted hearts (Fig.29h). 

Thus, hearts depleted of cMacs accumulate defective mitochondria and are 

metabolically unstable. 
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4.3.4. Depletion of cMacs alters cardiac function. 
 

The deficit in ATP production and constitutive shortening of sarcomeres predicted 

alterations in cardiac function in the absence of cMacs. In order to assess this point we 

performed longitudinal echocardiographic studies over three weeks (Fig.30a) followed 

by endpoint (day 21 of cMac depletion) intra-cardiac hemodynamic study in basal 

conditions or after Isoproterenol stimulation (Fig.32a).  

 

Echocardiographic analyses revealed progressive reduction in Left Ventricle (LV) 

diastolic and systolic volumes (Fig.30b), pointing to a reduction in LV mass which we 

confirmed by absolute and relative (to body size) measures of cardiac weight (Fig.31a-

b). Functionally, this was accompanied by a reduction in stroke volume and cardiac 

output (Fig.31c), indicating that the amount of blood pumped by the heart was reduced.  

Figure 30. cMacs preserve cardiac function. 

(a) Experimental scheme to analyze cardiac function by echocardiography, at different times of 

cMac depletion. (b) Selected cardiac parameters measured by echocardiography in control (WT+DT) 

and cMac-depleted mice (CD169DTR+DT) at different times of DT treatment. See also Movie S8. % 

Fraction shortening (%FS), % Ejection Fraction (%EF), E/A mitral valve fluxes ratio (E/A ratio), 

interventricular septum thickness (IVS), left-ventricle volume (LV-Vol), left ventricular-internal 

diameter (LV-ID) and left ventricle mass (LV-Mass) are shown. In some cases, the same parameter 

is measured at systole (s) and diastole (d). n=15-21 mice per group 
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Although we confirmed systolic defects by intra-cardiac hemodynamic analysis, as 

indicated by lower LV-end systolic pressure (LVESP) and a significant reduction in 

maximal dP/dt at baseline and after isoproterenol infusion (Fig.32b), no significant 

changes in LV-ejection fraction (% EF) and fractional shortening (% FS) were found by 

echocardiography (Fig.30b). Thus, the significant reduction in LVESP could be explained 

by a lower LV afterload rather than systolic dysfunction, but confirmation of this will 

require further direct measures of blood pressure. Interestingly, we found significant 

impairment in diastolic function, characterized a reduction of mitral E to A wave ratios 

(E/A ratio) during filling of the left ventricle (Fig.30b), suggestive of dysfunctional 

diastole, which was consistent with the observed reduction in -dP/dt max at baseline 

and after isoproterenol infusion (Fig.32c).  

  

Figure 31. Cardiac mass loss and lower cardiac output in cMac-depleted mice. 

Control (WT) and cMac-depleted mice (CD169DTR) treated with DT for 3 weeks were 

analysed for different parameters. (a) Heart weight and tibia length values. Bars show 

mean ± SEM from 8-10 mice per group. ***, p<0.001; n.s. not significant as determined 

by unpaired t-test. (b) hematoxylin-eosin staining in hearts to show macroscopic 

changes. Scale bar, 2 mm. (c) Heart rate, stroke volume and cardiac output parameters 

as obtained by echocardiography. Bars show mean ± SEM from 15-21 mice per group. 

**, p<0.01; ***, p<0.001 as determined by unpaired t-test.  
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Because the structural changes after depletion of cMacs could cause irreversible 

alterations in heart function, we examined to what extent these cardiac anomalies could 

be reverted if cMacs were allowed to repopulate the myocardium. To this end, we 

treated CD169DTR mice with DT for three weeks, and then ceased treatment and 

Figure 32. Intracardiac hemodynamics in cMac-depleted mice. 

Control (WT) and cMac-depleted mice (CD169DTR) treated with DT for 3 weeks were analysed for 

different parameters. (a) Experimental scheme for intracardiac hemodynamics. A catheter was 

introduced in the left ventricle (as indicated in methods) and recordings were made for different 

parameters in basal and 5 minutes after Isoproterenol administration. (b-c) Values for those 

parameters indicative for systolic (b), or diastolic (c) function are shown. Parameters represented 

are Left ventricular end-systolic pressure (LVESP), left ventricle end-diastolic pressure (LVEDP), 

maximal derivative of LV pressure (dP/dtmax) and minimal derivative of LV pressure (-dP/dtmin). 

Absolute values are shown in bar graphs as Mean ± SEM, while the difference between basal and 

isoproterenol is expressed as delta(∆) vs basal in dot plots. N = 5-6 mice. *, p<0.05; **, p<0.01; ***, 

p<0.001; n.s. not significant, as determined by two-way ANOVA. 
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followed the mice for 10 more weeks (Fig.33a). Concomitant to restoration of cMac 

numbers (Fig.33b), ventricular volumes and both systolic (cardiac output) and diastolic 

(E/A ratio) functions returned to stable baseline values (Fig.33c). Interestingly, 

ventricular mass values remained low after cMac return, suggesting that cMacs support 

diastolic function independent of other effects on cardiac structure. We conclude that, 

by supporting the metabolic and structural demands of cardiomyocytes, cMacs sustain 

the mechanical properties of the myocardium. Although we propose that many of these 

alterations arise from alterations in autophagy and exopher production in the absence 

of macrophages, it is likely that cMacs contribute to myocardial stability through 

additional mechanisms not addressed here. 

Figure 33. Restoration of cMacs rescue cardiac function 

(a) Experimental scheme to analyze cardiac function by echocardiography after cMac recovery. (b) 

Number of cMacs per gram of heart in CD169DTR mice treated with DT for 21 days and then left 

untreated. Measures were obtained at days 0, 2, 21, 42 (day 21 of recovery) and 98 (day 77 of 

recovery). Data is shown as mean ± SEM normalized to Day 0, from 3-7 mice per time. **, p<0.01; 

***, p<0.001; n.s., not significant as determined by unpaired t-test against day 0. (c) Selected cardiac 

parameters measured by echocardiography in CD169DTR mice treated with DT for 21 days, and then 

allowed to recover. Measures were obtained at the indicated times in the same mice. Data are mean 

± SEM normalized to day 0, from 12mice per group. *, p<0.05; **, p<0.01; n.s., not significant, as 

determined by Student’s t-test analysis against day 0. E/A mitral valve fluxes ratio (E/A ratio), left-

ventricle volume (LV-Vol), Cardiac output and left ventricle mass (LV-Mass) are shown. 
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4.3.5. Inflammasome activation in cMac-depleted hearts 
 

Hearts devoid of macrophages lose function over time, with a decreased autophagy 

flux and energy production, as shown above. However, the connection between these 

two factors, autophagy and metabolism, remained unclear. Detailed inspection of 

hearts from cMacs depleted mice by TEM revealed the presence of dismantled exophers 

(Fig.34a) and concomitant accumulation of free mitochondria in the extracellular space 

(Fig.34b). Both intracellular damaged mitochondria (Fig.28 and Fig.29) and 

mitochondria-derived compounds in the extracellular media are strong activators of the 

inflammasome pathway (please see section 2.3.4. of the Introduction). Accordingly, 

western blot analyses of cardiac tissue revealed activation of several inflammasome 

complexes in CD169DTR mice, even at early time points after depletion (Fig.34c). 

 

Figure 34. Inflammasome activation in cMac-depleted mice. 

(a) TEM images mitochondria released to the extracellular space (red arrows) in Control (WT) and 

cMac-depleted mice (CD169DTR). Scale bars are 5 µm (left) 1 µm (middle) and 2 µm (right). (b) 

Quantification of free mitochondria per field of view in same animals than in (a). *, p<0.05; as 

determined by Student’s t-test analysis. (c) Levels of different inflammasome complexes and related 

proteins in heart extracts of Control and cMac-depleted mice at the indicated times after DT 

administration, as measured by western blot. Bar graphs show mean ± SEM protein levels. Data 

from 3-7 mice per group. *, p<0.05; **, p<0.01; ***, p<0.001 as determined by unpaired t-test.  
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The inflammasome machinery has been shown to regulate autophagy through 

cleavage or sequestration of proteins involved in this process (Seveau et al., 2018). This 

phenomenon may account for the autophagy block and lack of exopher production after 

long-term cMac depletion (Fig.21a).  

 

Figure 35. NLRP3 inhibition partially rescues exophers in cMac-depleted mice. 

WT (Control) or CD169DTR mice were treated with DT for the indicated times in combination with 

daily MCC950 or vehicle (PBS). (a) (Right) Experimental scheme.  (Left) Levels of the indicated 

proteins, in heart extracts as measured by western blot. Day 21 in treatment. n = 5 mice. (b) LC3 

levels in isolated cardiomyocytes. Bars show mean ± SEM of LC3+ particles per cardiomyocyte, from 

3 mice per group. Scale bar, 20 µm. ***, p<0.001; n.s., not significant, as determined by one-way 

ANOVA. Day 7 in treatment. (c) Representative mircographs (left) and exopher quantification (right). 

Bars show mean ± SEM exophers per field of view. Data are from 6 mice per group, 2 independent 

experiments. **, p<0.01; ***, p<0.001; as determined by ANOVA with Tukey´s multiple comparisons 

test. Day 21 in treatment (d) (Left) Graphs shows enzymatic activity per mg of total protein from 

heart, normalized to the control group. Each dot represents mean for two technical duplicates per 

mouse, and black lines show means. (Right) Changes in ATPb/GADPH ratios (BEC index) measured 

by western blot in heart extracts. *, p<0.05 as determined by unpaired t-test. n= 8 mice per group. 

Day 21 in treatment 



98 
 

Among the inflammasomes analysed, NLRP3 was consistently induced after cMac 

depletion (Fig.34c). NLRP3 is one of the best studied inflammasome complexes for which 

a potent pharmacological inhibitor, MCC950, has been developed (Fig.35 and (Coll et al., 

2015)). Thus, we assessed the contribution of inflammasome activation towards cardiac 

alterations by treating cMac-depleted mice with this compound. MCC950 treatment 

reduced NLRP3 and its target Caspase-1 in cMac-depleted mice. Notably, it also reduced 

the amount of the autophagy substrate p62 (Fig.35a), a protein that accumulates in 

cMac-depleted mice (Fig.21d). In line with these findings, MCC950 partially rescued the 

autophagy flux (Fig.35b), exopher production (Fig.35c), and mitochondrial function in 

cMac-depleted mice (Fig.35d) suggesting that the autophagy block in cMac-depleted 

mice is at least in part mediated by inflammasome activation.  

Combined, these data establish a regulatory loop involving autophagy, mitochondrial 

release in exophers and elimination by cMacs. If the latter fails, inflammasome 

activation blocks autophagy in cardiomyocytes leading to heart dysfunction.  

Contrasting with this model, however, long-term treatment with MCC950 failed to 

rescue cardiac function in cMac-depleted mice as assessed by echocardiographic 

analysis (Fig.36). We conclude that activation of the NLRP3 inflammasome is only partly 

responsible of the cardiac defects that appear in the absence of cMacs.   
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Figure 36. NLRP3 inhibition does not rescue cardiac function in cMac-depleted mice. 

 Selected cardiac parameters measured by echocardiography in cMac-depleted mice (CD169DTR) 

treated with DT for the indicated times in combination with daily MCC950 or vehicle (PBS). % 

Fraction shortening (%FS), % Ejection Fraction (%EF), E/A mitral valve fluxes ratio (E/A ratio), 

interventricular septum thickness (IVS), left-ventricle volume (LV-Vol), left ventricular-internal 

diameter (LV-ID), left ventricle mass (LV-Mass), Cardiac output and Stroke volume are shown. In 

some cases, the same parameter is measured at systole (s) and diastole (d). n = 5-10 mice per group. 
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4.4. Exopher uptake by cardiac macrophages 
 

We finally aimed to better understand the contribution of cMacs in this process. 

Phagocytosis is not the unique role of macrophages in tissues, they also produce 

cytokines and participate in organogenesis and repair. Thus, we aimed to identify the 

pathway(s) used by macrophages to recognize and capture cardiac exophers, as we 

predicted that this would allow us to interfere with this process while leaving other 

macrophage functions intact.   

 

4.4.1. Role of Mertk in capture of cardiomyocyte-derived 

material  
 

Although relatively uncommon, uptake of material from living, functional cells occurs 

in healthy tissues (a phenomenon of “assisted phagocytosis”; please see part 2.4. of the 

Introduction). In many of these cases, Mertk, a tyrosine kinase receptor in the surface 

of phagocytes, mediates recognition of phosphatidylserine (PS) on target cells and 

allows subsequent internalization (Arandjelovic and Ravichandran, 2015). In addition, 

Mertk has been further proposed to be important in the heart for debris clearing after 

myocardial infarction (DeBerge et al., 2017). In addition, Mertk is transcriptionally 

regulated by LXR nuclear receptors (A-Gonzalez et al., 2009), a signalling pathway that 

we found altered in our proteome analysis (Fig.26c). Inspection of published databases 

(Fig.37a from (Pinto et al., 2012)) and qPCR analyses (Fig.37b) confirmed that both Mertk 

and LXRβ were expressed by heart macrophages. We also confirmed PS exposure by 

cytometric analyses of isolated exophers, thus demonstrating that exophers are PS+ 

(Fig.37c). Thus, we considered Mertk a potential candidate to mediate the recognition 

of cardiac exophers. To assess this directly, we first searched for the presence of PS+ 

particles in fresh ventricular sections using Annexin V as a probe. We found CX3CR1GFP 

cMacs localized proximal to PS+ particles (Fig.37c and Movie S9), which supported our 

contention that Mertk might be a receptor for PS exposed in the surface of exophers.  



101 
 

 

We therefore analysed hearts from LXR- and Mertk-deficient mice. Transfer of 

cardiomyocyte-derived mitochondria tagged with mt-Keima was severely impaired in 

mice lacking either Mertk or both LXRα and β receptors (Fig.38a). In addition, we found 

debris accumulated in the extracellular space of Mertk- and LxR-deficient mice, including 

large amount of cardiomyocyte-derived mitochondria at levels comparable to cMac-

depleted mice (Fig.38b-c), altogether demonstrating that Mertk is an important 

phagocytic receptor involved in the physiological removal of exophers and mitochondria 

released into the cardiac milieu. 

Figure 37. PS exposure in cardiac exophers as a detection signal for cMacs. 

(a) Heatmaps showing differential expression of phagocytosis-related genes and Myh6 (negative 

control) in cMas vs microglia and splenic macrophages. Analyses were performed from public 

databases (Pinto et al., 2012). (b) Expression of genes involved in phagocytosis by qPCR in cMacs. 

Data normalized to Mertk. Bars show mean ± SEM from 5 mice per group. (c) Slices of viable 

myocardium from CX3CR1GFP mice showing the presence of PS patches (Annexin V; red). Annexin V 

binding is calcium-dependent (EDTA control), and identifies PS+ patches, which localize proximal to 

GFP+ cMacs. Bar graph shows distance distribution of Annexin V spots (red) or Random spots (grey) 

to the closest cMac. Numbers indicate mean ± SEM distances for each group. Data from 16-32 

images from 4 mice per group. P value was obtained by nonparametric Mann-Whitney test. See also 

Movie S9 (d) Flow cytometry after AnnexinV staining in exophers of CardRED; LC3GFP mice. 
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Figure 38. The phagocytic receptor Mertk mediates mitochondria uptake by cMacs. 

(a) Bars show the percentage of mt-Keima+ signal inside cMacs in hearts from wild type, Mertk-/- 

and LXRαβ-/- mice infected with AAV9-Keima. Representative micrographs show cMacs (CD68, 

yellow), and cardiomyocyte-derived mitochondria (mt-Keima; cyan-red). Data are mean ± SEM from 

4-5 mice per group. **, p<0.01; ***, p<0.001; n.s., not significant as determined by nonparametric 

Kruskal-Wallis analysis with Dunn´s multiple comparison test against WT. (b-c) Quantification of free 

mitochondria per field of view by TEM (b) and TEM images of mitochondria released to the 

extracellular space in  wild type, Mertk-/- and LXRαβ-/- mice (c). *, p<0.05; **, p<0.01; as determined 

by nonparametric Kruskal-Wallis analysis with Dunn´s multiple comparison test against WT. 
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4.4.2. Inflammasome activation and autophagy alterations in 

Mertk-deficient mice. 
 

Our previous analyses of cMac-depleted hearts revealed activation of the 

Inflammasome. Indeed, extracellular accumulation of cardiomyocyte-derived 

mitochondria in hearts from depleted and mutant mice (Fig.38b-c) might represent a 

common signal for activation of the NLRP3 inflammasome. Consistent with this 

possibility, western blot analyses of heart tissue from LXR- and Mertk-deficient mice 

revealed Inflammasome activation (Fig.39a). Similar to CD169DTR mice, inflammasome 

activation was concomitant to a reduction of the autophagy flux in Mertk mice 

(Fig.39c), suggesting partial blockade in autophagy. Western Blot analysis of autophagy 

related proteins in mice lacking Mertk or LXR receptors showed higher LC3-II to LC3-I 

ratios and p62 accumulation (Fig.39b), confirming autophagy blockade in these mice. 

Figure 39. Inflammasome activation and autophagy block in Mertk-deficient mice. 

(a-b) Levels of different NLRP3 inflammasome related- (a) or autophagy related-proteins (b) in heart 

extracts of wild type, Mertk-/- and LXRαβ-/- mice, as measured by western blot. Bar graphs show 

mean ± SEM protein levels. Data from 6-7 mice per group. *, p<0.05; **, p<0.01; ***, p<0.001 as 

determined by unpaired t-test. (c) Autophagy flux in isolated cardiomyocytes from wild type, Mertk-

/- and LXRαβ-/- mice mice. Fluxes were measured by staining for LC3 (red) and nuclei (DAPI, blue) in 

basal and Hydroxychloroquine (HCQ)-treated cells. Bars show mean ± SEM of LC3+ particles per 

cardiomyocyte. n = 3 mice per group. Scale bar, 20 µm. *, p<0.05; ***, p<0.001; n.s., not significant, 

as determined by ANOVA. 
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4.4.3. Mertk-deficiency causes progressive alterations in the 

heart 

 

Through TEM and functional studies we found that cardiomyocytes from Mertk-

deficient mice recapitulated some of the defects found in cMac-depleted hearts, 

including sarcomere shortening (Fig.40a-b), increased number of mitochondria by TEM 

and Tom20 staining (Fig.40a and Fig40.c), and aberrant mitochondrial morphology and 

lower crista density (Fig.40d).  

Mertk deficiency or mutations in mice or humans (Duncan et al., 2003; Gal et al., 

2000) cause retinal alterations that are worsened with age. In line with this, we found a 

decline in mitochondrial quality in 30 week-old aged Mertk mice (Fig.40e-f). Finally, 

supporting mitochondrial dysfunction in these mice, we found elevated in vivo uptake 

of the glucose analogue 2-deoxy-2-(18F)-fluoro-D-glucose (18F-FDG) by PET-CT imaging, 

thus revealing a metabolic switch to preferential glucose use in the absence of functional 

cMacs (Fig.40d). Thus, uptake of cardiomyocyte derived material through Mertk-

dependent phagocytosis contributes to maintaining mitochondria quality and metabolic 

stability in cardiomyocytes. The mechanisms by which Mertk-deficiency affects cardiac 

structure and function at latter time points should be addressed in future studies. 
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Figure 40. Inflammasome activation and autophagy block in Mertk-deficient mice. 

Wild type and Mertk-/- mice were analyzed for different parameters. (a) Representative TEM images. 

Scale bars, 10 µm (Left) or 1 µm (Right). (b-c) Sarcomere length (b) and mitochondrial content 

determined by Tom20 immunofluorescence analysis (c). Bars show mean ± SEM from n= 9-10 mice 

per group; **, p<0.01; ***, p<0.01; as determined by unpaired t-test. (d) TEM images (micrographs 

at left), and morphometric parameters and quantification of mitochondrial area and cristae area per 

mitochondria. Each dot represents one mitochondria and bars show means, from 15-20 images from 

3-4 mice per group. **, p<0.01; *, p<0.05 as determined by nonparametric Mann-Whitney test. (e-

f) CS activity and Ex vivo ATP production rates in isolated mitochondria in wild-type or Mertk-/- mice 

at different ages in the presence of the indicated substrates (glutamate + malate, or succinate). ATP 

values are corrected to CS activity and bars represent means; data from 10-12 mice per group. Each 

dot is the mean for 2 technical duplicates. *, p<0.05; **, p<0.01; n.s, not significant, as determined 

by unpaired t-test. (g) PET-CT images of 18F-FDG uptake. Image quantification is shown in dot plots 

and given as standard uptake values (SUV) at right, where each dot is one mouse; data from 10 mice 

per group. *, p<0.05; as determined by unpaired t-test. 
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5. Discussion 
 

In the present thesis, we have defined several aspects of the biology of cardiac-

resident macrophages (cMacs). More importantly, we uncover a new mechanism by 

which cMacs help cardiomyocytes to get rid of unwanted cellular debris, including 

damaged mitochondria.  

Virtually every tissue in the body contains resident macrophages and in many 

instances various phenotypically distinct subsets are evident in discrete micro-

anatomical niches of the same tissue. Those cells fulfill tissue-specific and niche-specific 

functions critical to maintain homeostasis in a wide number of organs (Davies et al., 

2013). Accordingly, this thesis demonstrates that macrophages are important for 

cardiomyocyte homeostasis and heart physiology, since elimination of cMacs or 

interference in their phagocytic ability with various genetic tools results in cardiac 

dysfunction with time. 

From a broader perspective, identification of active phagocytosis of cardiomyocyte-

derived organelles by cMacs establishes a paradigm for how resident phagocytes 

contribute to tissue homeostasis. It also predicts that idiopathic cardiac pathologies 

may, in some instances, emanate from defects in these support leukocytes, rather than 

in cardiomyocytes. 

A central conclusion of this PhD thesis is that cMacs are a key component of the 

cardiac tissue, and that they provide a type of support for cardiac function that was 

previously unknown. 
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5.1. cMacs are an important component of the Heart 
 

The discovery of cMacs is quite recent (Pinto et al., 2012), and thus many aspects of 

those cells are poorly understood. Using a combination of flow cytometry and imaging 

techniques, my thesis work demonstrates that macrophages are highly abundant in the 

healthy adult mouse heart, and display an even distribution in the organ (Fig1-3). On 

average, each cMac establish contacts with 5 different cardiomyocyte and vice versa, 

creating a highly interconnected partnership with those cells (Fig.4). However, cMacs 

have been reported to be increased and display a pro-inflammatory phenotype in aged 

mice (Hulsmans et al., 2017; Pinto et al., 2014) but also display unique dynamics of 

recruitment during the postnatal period (Lavine et al., 2014). It is unclear how changes 

in the number and phenotype of cMacs from embryonic stages (Epelman et al., 2014a) 

to old age influences cardiac function. 

We have found heterogeneity in the expression of certain markers (Fig.1) and micro-

anatomical location of cMacs (Fig.3), both observations are of unknown significance. In 

particular, my work has focused in cMacs imbricated between cardiomyocytes, however 

other cMacs are specifically located in perivascular regions and the pericardium (Fig.3). 

Perivascular cMacs may have similar roles to perivascular populations of macrophages 

in other issues like preservation of blood-tissue barriers, immune defense against blood-

borne pathogens, control of inflammatory responses or prevention of fibrosis (Chakarov 

et al., 2019; Lapenna et al., 2018). Also intriguing is the presence of a barrier of 

macrophages in the pericardium. A recent report proposed anti-fibrotic responses for 

these cells after myocardial infarction, which display a transcriptional profile closer to 

peritoneal and pleural macrophages than to other macrophages in the heart (Deniset et 

al., 2019). Importantly, a previous study reported increased cMacs density in the atrio-

ventricular node. Conditional deletion of connexin 43 in macrophages or macrophage 

depletion demonstrated a role for this population of macrophages in atrioventricular 

conduction. This was the first description of a homeostatic role for cMacs, thereby 

establishing a role for these cells in basal cardiac function (Hulsmans et al., 2017). 

Contrasting with this report, we did not find accumulation of macrophages in this or any 

other micro-anatomical region (Fig.3) even if the same reporter mice model (Cx3cr1GFP) 
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was used in both studies. While these discrepancies may be explained by differences in 

the imaging protocol and age of the mice used, the observation of large numbers of 

macrophages populating multiple regions of the healthy heart, including the ventricular 

myocardium, suggests broader homeostatic functions for heart-resident macrophages 

than previously anticipated. In this regard, our data shows that cMacs are actively 

phagocytic in the heart, contributing to the elimination of material originating from 

different sources, including infiltrating leukocytes, endothelial cells and cardiomyocytes 

(Fig.5). 

Thus, my work has identified cMacs endowed with phagocytic activity as a functional 

component of the healthy myocardium, a finding that reinforces the notion that 

phagocytosis optimizes tissue function (Gordon, 2016). 
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5.2. Cardiac exophers: a mechanism of surrogated 

autophagy. 
 

My thesis work has identified an alternative route for elimination of proteins and 

mitochondria from healthy or stressed cardiomyocytes that is driven by components of 

the autophagy machinery, but uniquely relies in previously unidentified, membranous 

structures (cardiac exophers), and ultimately relies on cMacs for efficient elimination. 

Our findings have a number of potential implications: first, they reveal that autophagy 

in a mammalian heart can be completed by the exchange of material between cells. 

Second, it predicts the existence of dedicated biochemical mediators in cardiomyocytes 

that sort unfit mitochondria between intracellular autophagosomes and exophers for 

ejection outside the cell.  

 

5.2.1. Cardiac exophers: A mechanism for transcellular 

degradation of cardiomyocyte material.  
 

Based on the observation that macrophages were able to incorporate fluorescent 

material originated in cardiomyocytes, an assay developed in this thesis (Fig.5), we 

decided to explore the nature of this process. By imaging the hearts of mice with 

fluorescent cardiomyocytes we identify subcellular particles (Fig.6) that we termed 

“cardiac exophers”. We used this terminology because cardiac exophers present an 

average diameter of 3.5 µm (Fig.6), very close to the 4 μm diameter reported in similar 

structures in neurons (Melentijevic et al., 2017). These particles are big enough to 

contain several organelles at once (Fig.7 and (Melentijevic et al., 2017)) and should not 

be confounded with exosomes, which are 100 times smaller (typically ~ 40 to 100 nm in 

diameter (Maas et al., 2017)).  Actually, the size of an exopher is closer to apoptotic 

bodies (1–5 μm diameter), which are subcellular fragments produced during apoptotic 

cell disassembly and are considered the largest type of vesicle in the extracellular vesicle 

family (Atkin-Smith and Poon, 2017). However, contrary to apoptotic bodies, exophers 

are produced by live viable cells and may thus be endowed with unique biological 

functions. 
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Adult mammalian cardiomyocytes present extremely long lifespans and low renewal 

rates. With an estimated annual turnover of 0.3-1% for adult humans, this implies that 

less than 50% of cardiomyocytes are exchanged during a normal lifespan (Bergmann et 

al., 2009). Thus, transfer of cardiomyocyte-derived material to cMacs due to 

cardiomyocyte apoptosis may be very low in steady-state conditions. Counterintuitively, 

however, we found cardiac exophers in the extracellular space, many of which located 

close to, or inside, cMacs (Fig.6). This data suggested that transfer of cellular material 

between cardiomyocytes and cMacs, as also observed by flow cytometry (Fig.5), occurs 

through these particles. 

Examination of cardiac exophers by TEM and proteomics analyses revealed specific 

enrichment in mitochondria-borne proteins, when compared to total cardiac tissue 

(Fig.7 and Fig.9-10). In addition, we demonstrate the transference of cardiomyocyte-

derived mitochondrial protein (mt-Keima) (Fig.13) and mtDNA to neighboring cMacs 

(Fig.12). Recent reports show that mitochondria can be transferred between cells to 

contribute with positive roles, such as mesenchymal stem cells via tunneling nanotubes 

(Rodriguez et al., 2018) and astrocytes to neurons in a stroke model (Hayakawa et al., 

2016). However, we find that most mitochondria in cardiac exophers are damaged 

(Fig.15) and they are degraded after uptake by cMacs (Fig.14), uncovering a previously 

underappreciated option for mitochondrial quality control in cardiomyocytes: 

mitochondrial expulsion for surrogated elimination by neighboring cMacs (Fig.41, see 

below). Our results, along with a previous report in ganglionar neurons of the retina 

(Davis et al., 2014), constitute the only examples to our knowledge of transcellular 

degradation of mitochondria (or “transmitophagy”).  

In summary, we identify a new subcellular entity produced by cardiomyocytes, the 

cardiac exophers. Those particles are enriched in damaged mitochondria and constitute 

a newly-identified type of mechanism of quality control, by which cardiomyocytes 

transfer damaged cellular material to surrounding macrophages. 
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5.2.2. The connection between cardiac exophers and autophagy  
 

Similar to neural exophers in C. elegans (Melentijevic et al., 2017), cardiac exophers 

accumulated varied cargo: mitochondria, sarcomere fragments, protein aggregates…etc 

(Fig.7-10), thus identifying exopher formation and transfer as a general quality control 

mechanism.  

Interestingly, TEM and immunofluorescence analysis of exophers showed 

heterogeneity in the cargo between exophers, for example some transported 

sarcomeric proteins while others did not (Fig.7 and Fig.10). Another important finding 

was that exopher production could be modulated by stress, such as administration of 

isoproterenol or myocardial infarction (Fig.22-24). Thus, we propose that exopher 

numbers and content may vary depending on what cardiomyocytes need in each 

context. An open question is to determine whether and how exopher content varies 

under different physiological or pathological conditions, such as those induced upon 

mitochondrial stress (e.g., by treatment with Isoproterenol or Paraquat) or protein 

aggregation seen in certain cardiomyopathies (Dorsch et al., 2019).  

Here, by using autophagy-inducing drugs (Fig.17) or genetic models (Atg7 deficiency) 

(Fig.16 and Fig.18-19), we demonstrate a functional connection between exopher 

formation and autophagy. Autophagy is an ancient mechanism dedicated to maintaining 

cellular homeostasis through the degradation of damaged cytoplasmic components and 

organelles (Rubinsztein et al., 2011). Conventionally, this occurs through fusion of 

autophagosomes with lysosomes inside the cell. In contrast to degradative autophagy, 

it has been shown that the autophagic machinery, through shared but partially divergent 

pathways, may lead to secretion of cytoplasmic constituents instead of their 

degradation in a process termed “secretory autophagy” (Ponpuak et al., 2015). Either 

way, both mechanisms allow cells to get rid of cytoplasmic material, but the biological 

functions and consequences may be entirely different, as further discussed in the next 

section. 

Are then cardiac exophers a type of ejected autophagosomes? Both cardiac exophers 

and autophagosomes recruit LC3 (Fig.16), a molecule with roles in autophagosome 
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formation and substrate selection, and their formation is regulated by Atg7 (Fig.19) 

(Rubinsztein et al., 2011). At present, however, we cannot discriminate whether 

exophers are a type of autophagosome. In one hand it may be that, in some instances, 

the outer membrane of autophagosomes fuse with the plasma membrane instead of 

lysosomes (Ponpuak et al., 2015), thus releasing their content to the extracellular space 

surrounded by the autophagosome´s inner membrane. Alternatively, exophers may 

constitute a previously unrecognized type of quality control mechanism that share 

molecular mediators with autophagy (Discussion Figure 1).  

 

Discussion Figure 1. Model of mitochondrial elimination through cardiac exophers. 

Model of the mechanism reported here. Mitochondria are damaged due to the normal 
function of cardiomyocytes and higher abundance of damaged mitochondria can be detected 
in the border of the cell. Part of these mitochondria are intracellularly degraded while others 
are packed and released inside exophers into the extracellular space. The process is driven by 
the cardiomyocyte’s autophagy machinery, is stimulated by stress (e.g., isoproterenol 
treatment) and inhibited by deficiency in Atg7. Ejected exophers are phagocytosed by 
neighbouring cMacs through the receptor Mertk. In the absence of cMacs or Mertk, 
mitochondria and other material are released to the milieu and can activate the 
inflammasome, which in turn inhibits autophagy and impairs production of new exophers. 
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Overall, although further experiments are needed to elucidate the detailed 

mechanisms at play, we probe the connection between the production of cardiac 

exophers and autophagy. Our results predict that previously unidentified factors are 

operating in cardiomyocytes to sort unfit mitochondria between intracellular 

degradation systems (i.e. macroautophagy) and exophers for ejection outside the cell. 

Mechanistic dissection of this novel facet of proteostasis and mitochondrial homeostasis 

should be highly informative for a better understanding of cardiomyocytes homeostasis 

and therapeutic interventions in some forms of myocardial disease. 

 

5.2.3. Functional requirement for cardiac exophers  
 

We find that production of cardiac exophers by cardiomyocytes is a mechanism for 

clearing out dysfunctional mitochondria and other cellular components that may 

jeopardize cardiomyocyte homeostasis (Dai et al., 2014a). There are some examples in 

biology of cells that require this form of “assisted” phagocytosis for the elimination of 

cellular waste. For example, in some neurons trough structures that resemble exophers 

(Davis et al., 2014) and photoreceptors, which depend on neighboring cells for the 

elimination of damaged photoreceptor discs. When this assisted phagocytosis fails (by 

deficiency in certain receptors) the cells die thereby causing blindness, as seen in both 

mice and humans (Gal et al., 2000; Kim et al., 2013). Indeed, we find remarkable 

similarities between the removal of cardiac mitochondria and naturally damaged 

photoreceptors in the retina: both are essential for organ function, are surrogated by 

highly specialized parenchymal cells, and rely on the PS receptor Mertk for the capture 

of the eliminated material.  

Just like in dedicated photosensing cells, cardiomyocytes are very specialized with 

about one third of their volume occupied by mitochondria (Schaper et al., 1985), which 

is a reflect of the enormous energetic demands of these cells with uninterrupted 

function throughout the organism’s lifetime (Piquereau and Ventura-Clapier, 2018). 

Thus, assisted degradation of mitochondria by neighboring cMacs may ensure persistent 

cardiomyocyte fitness. Consistent with this notion, our results in cMac-depleted (Fig.26-
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29) or Phagocytic-deficient mice (Fig.39-40) show that in both cases cardiomyocytes 

accumulate debris and damaged organelles with time, thus failing to maintain 

mitochondria quality and proteostasis in the absence of cMac support.  

Conceivably, if only detrimental material (i.e., trash) is eliminated through cardiac 

exophers, as our data currently suggest, then exophers should always be beneficial for 

cells. Hence, what is the true benefit of exopher production for cardiomyocytes and why 

only some cells in the body seem to adopt a surrogated autophagy strategy? In other 

words, why do we find exopher production so restricted to cardiac cells? Here are some 

possible explanations underlying the dependence of cardiomyocytes on exophers: 

1) Energetically, autophagy is typically regarded as positive for the cell since it 

provides amino acids for cellular fueling and protein synthesis. However, 

cardiomyocytes rely very little in amino acid metabolism at steady-state 

(Lopaschuk and Ussher, 2016). Additionally, autophagy requires ATP at different 

steps of the process, including initiation and progression, binding of chaperones 

to substrates and protein unfolding, but mostly for lysosome production, 

lysosomal acidification (Settembre et al., 2013; Singh and Cuervo, 2011) and 

intracellular transport for fusion with autophagosomes (Cordonnier et al., 2001). 

However, cardiomyocytes must devote most of their energy to sarcomere 

contraction, with an energy storage pool that only allows for a few seconds of 

activity (Piquereau and Ventura-Clapier, 2018). Thus, it is likely that it would be 

advantageous for cardiomyocytes to subrogate the degradation its components 

to professional adjacent phagocytic cells.  

 

2) Structurally, cardiomyocytes are highly differentiated cells of large dimensions 

(around 130 um length, 30 um thick (Fig.27)), with a cytoplasm fully packed with 

mitochondria and sarcomere (Fig.28). We propose that these structural features 

set important constrains that likely limit the fusion of large autophagosomes with 

lysosomes in the cytoplasm. These constraints are very evident in neurons, in 

which mitochondria that are damaged in long axons need to travel to the soma 

for degradation in lysosomes (Davis and Marsh-Armstrong, 2014). Extrusion 

through exophers and transmitophagy challenge this model, proposing a more 
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efficient way for neurons to solve the problem. Therefore cells with major 

architectural constrains, as seen in neurons and cardiomyocytes, may benefit 

from the professional help of neighboring phagocytes. 

 
3) A more hypothetical consideration is that neurons and cardiomyocytes acquire a 

“selfish” behavior typical of long-lived cells. There is evidence suggesting that 

some oxidized lipids and protein aggregates cannot be degraded by cells. Thus, 

when long-lived post-mitotic cells fail to degrade their waste products, these 

accumulate in the form of lipofuscin granules, which have unknown 

consequences for the cell’s health. In their “mitochondrial–lysosomal axis theory 

of aging”, Brunk and Terman propose that lysosomal enzymes are directed 

towards lipofuscin granules in senescent long-lived cells and, subsequently, they 

are lost for effective autophagy degradation because lipofuscin remains non-

degradable (Brunk and Terman, 2002). This could lead to progressive impairment 

of autophagy and the gradual accumulation of damaged mitochondria and 

misfolded proteins, features both that lead to aged-related cardiomyopathy 

(Rubinsztein et al., 2011) and neurodegeneration (Brunk and Terman, 2002). 

Since both cardiomyocytes and neurons have very low renewal capacity, exopher 

production may be a self-defense mechanism for long-lived post-mitotic cells to 

minimize the accumulation of intracellular lipofuscin aggregates, and this 

remains an important hypothesis to test in future studies.  

 

4) Although we propose that exophers might be beneficial for every cell, it appears 

to be restricted to some cell types. We note, however, that it would be 

challenging for phagocytes to manage the vast debris produced if every single 

cell released their damaged components to the extracellular milieu. Thus, for the 

common interest of the organism, exopher production should be limited to a 

subset of “privileged” cells. Interestingly, some cancer cells opt for a similar 

secretory strategy, which is referred to as tumor-released autophagosomes 

(TRAPs). In this case, it has been proposed that TRAPs can co-opt macrophage 

function for the tumor benefit (Wen et al., 2018). These findings suggest that 
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exophers may not only be a mechanism for waste elimination, but also a means 

for communication with macrophages. 

 

In summary, we propose that subrogated elimination of mitochondria to cMacs may 

be a necessary feature of the heart originating from the unique structural, mechanic, 

and metabolic demands of cardiomyocytes, a cell of uninterrupted function and a fully 

packed cytoplasm. We propose that assisted phagocytosis by neighboring cMacs may 

be key to ensure persistent cardiomyocyte fitness during the animal’s lifespan.  
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5.3. Cardiac phenotype of mice with defective cardiac 

tissue-resident macrophages 
 

From the observation that cardiomyocytes extrude damaged material in exophers, 

which are captured and degraded by cMacs, we aimed to assess the functional roles of 

these cells in global heart function. In this work, we mainly focused in two models: mice 

in which this population is eliminated (CD169DTR model), and mice mutant for Mertk 

gene, which encodes for a major phagocytic receptor. 

cMac depletion in CD169DTR mice (Fig.20) results in a progressive accumulation of 

debris, including damaged mitochondria, outside cardiomyocytes (Fig.34). It is know 

that mitochondria-derived components are strong activators of the inflammasome 

(Weinberg et al., 2015) and that inflammasome activation can inhibit autophagy (Seveau 

et al., 2018). Accordingly, we found activation of several inflammasomes in hearts of 

cMac depleted mice (Fig.34), which correlated with blockade of autophagy flux and a 

reduction in exopher production after long-term depletion (Fig21). Intriguingly, the final 

consequence of long-term cMac depletion was accumulation of dysfunctional 

mitochondria inside cardiomyocytes, resulting in compromised ATP production (Fig.28-

29 and Fig.41) and organ function (Fig.30-32). Altogether, these results reveal that 

cMacs are important cells for cardiac homeostasis and function.  

cMacs depletion in CD169DTR model is an important improvement over existing 

methods, as these alternative approaches for studying cMac functions (i.e. Clodronate 

administration, CD11bDTR or Cx3cr1DTR mouse models) affected other leukocyte 

populations in the heart, such as monocytes or neutrophils (Dick et al., 2019; Epelman 

et al., 2014a; Heidt et al., 2014; Hulsmans et al., 2017). Nonetheless, CD169DTR mice are 

not an infallible model since DT administration depletes macrophages in tissues other 

than the heart, including liver, spleen or bone marrow (Fig.25 and (Chow et al., 2011; 

Gupta et al., 2016)). Importantly, we did not find systemic inflammation in CD169DTR 

mice (Table 1) or mitochondrial alterations in liver mitochondria (Fig.28-29), despite a 

depletion efficiency in this tissue similar to the heart (Fig.25). Thus, although DT 
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administration to CD169DTR mice depletes populations of macrophages in other tissues, 

these results indicate that damage originated to cardiac tissue was tissue-specific.  

Considering that macrophages do far more than phagocytosis (Davies et al., 2013), 

an open question is how much of the cardiac phenotype found in cMac-depleted mice 

is due to phagocytosis of exophers vs other functions performed by cMacs in the heart. 

To explore this we used the Mertk-deficient mouse model. Mertk is a membrane 

receptor, which indirectly binds Phosphatidylserine (PS), a structure common to 

apoptotic cells (Rothlin et al., 2015) and exophers (Fig.37). Mertk-deficient macrophages 

have problems in the detection and elimination of apoptotic cells (Rothlin et al., 2015) 

and we found similar problems in capturing cardiomyocyte-derived mitochondria by 

macrophages (Fig.38). As a result, Mertk-deficient mice displayed some of the features 

observed in cMacs-depleted mice: accumulation of extracellular debris and 

inflammasome activation (Fig.38), reduced autophagy (Fig.39) and poor mitochondrial 

quality (Fig.40). However, the phenotype of Mertk-deficient mice is evidently milder 

than that of cMac-depleted mice, and appears to worsen with age, a finding that is 

intriguing because it recapitulates other pathologies associated with Mertk-deficiency, 

such as blindness and fertility (Lu et al., 1999; Nandrot et al., 2000)).  

While the consequences of Mertk-deficiency at latter stages of life may require 

further exploration, there are some aspects that should be considered to better 

understand our results. First, Mertk-deficiency does not block completely the 

elimination of cardiomyocyte derived mitochondria (Fig.38). There is vast redundancy 

of ligands and receptors involved in recognition of apoptotic cells, which highlights the 

importance of this process. In fact, we show that cMacs express at least one other 

receptor for PS (Axl; Fig.37) at levels higher than Mertk. In addition, another receptor 

(Timd4) has been identified as a phenotypic marker of a subset of cardiac macrophages 

(Dick et al., 2019). Second, the binding efficiency of macrophages to target particles 

depends on the relative affinity of the molecules involved, as well as on their surface 

density on both leukocyte and target (Rosales and Uribe-Querol, 2017). Third, 

phagocytosis through Mertk-independent pathways have been reported to be more 

pro-inflammatory (Birge et al., 2016). Thus, even if Mertk-deficient cMacs are able to 
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eliminate cardiac exophers through Mertk-independent pathways, the efficiency and, 

more importantly, their silent (i.e. non-inflammatory) removal may be compromised.  

We finally note that the phenotype observed in both CD169DTR and Mertk-/- mice, 

namely autophagy block, accumulation of dysfunctional mitochondria and 

infammasome activation, closely resembles those found in age-related cardiomyopathy 

(Rubinsztein et al., 2011). We predict that alterations in cMacs, such as those associated 

with aging in other macrophage populations (Rawji et al., 2016), may compromise organ 

function and be a currently unappreciated cause of heart disease. 
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5.4. Future directions. 
 

Identification of active phagocytosis of cardiomyocyte-derived material by cMacs 

establishes a novel function for cardiac macrophages and unveils a paradigm for how 

resident phagocytes contribute to tissue homeostasis. Although further studies will be 

required, the identification of exophers suggests that cardiomyocytes, neurons and 

possibly other long-lived cells (i.e. skeletal muscle Fig.12), use this mechanism and 

depend on neighboring macrophages for effective disposal of cellular components that 

are the result of a physiological stress. An important future task will be to identify such 

populations of long-lived cells across the organism. 

Currently, we can only speculate how extrusion of mitochondria and other material 

into exophers may be beneficial for cardiomyocytes instead of intracellular degradation. 

The identification of biochemical pathways acting in cardiomyocytes to sort 

mitochondria into these two options will be key to develop strategies to clearly define 

to what extent the exopher mechanism is important, and to identify new genes that may 

be altered in heart disease. 

It will be also important to determine when this process starts in development and 

to what extent it is affected by, or influences, organismal aging. This will be key for better 

understanding the purpose of this mechanism and potential therapeutic implications in 

age-related cardiomyopathies. Finally, we predict that cardiac dysfunction may, in some 

instances, emanate from defects in immune cells, rather than from cardiomyocytes, a 

concept of important consequences for the diagnosis and treatment of heart disease.  
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6.1. Conclusions 
 

The main conclusions extracted from this present PhD thesis are listed below: 

1. The adult mouse heart hosts an abundant population of tissue resident 

macrophages (cMacs), which displays broad distribution and close interaction 

with individual cardiomyocytes. 

 

2. cMacs present high phagocytic activity in the steady-state, incorporating 

material originated from several cell components of the heart, including 

cardiomyocytes. 

 

3. Cardiomyocytes shed cardiac exophers, which are subcellular particles of defined 

size and composition that are released into the extracellular milieu of the healthy 

myocardium. 

 

4. Cardiac exophers transport multiple material but are highly enriched in damaged 

mitochondria. 

 

5. A measurable fraction of cardiomyocyte-derived mitochondria is delivered to 

cMacs for degradation. In fact more than half of the cardiomyocyte’s 

mitochondria are degraded in cMacs. 

 

6. The autophagic machinery of cardiomyocytes control exopher production. 

 

7. Exopher production by cardiomyocytes adapts to stress.  

 

8. cMacs can be efficiently depleted in CD169DTR mice model. 

 

9. Macrophage elimination in CD169DTR mice causes cardiomyopathy, 

characterized by an autophagy block and accumulation of defective 

mitochondria inside cardiomyocytes.   
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10. The phagocytic receptor Mertk mediates the uptake of cardiomyocyte-derived 

mitochondria by cMacs and deficiency in Mertk causes a cardiomyopathic 

phenotype similar to that caused by cMac elimination, which worsens with age. 
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6.2. Conclusiones 
 

Los resultados presentados en este trabajo permiten extraer las siguientes conclusiones: 

1. El corazón adulto de ratón alberga una abundante población de macrófagos 

residentes (cMacs) que se distribuye por todo el órgano y mantiene una estrecha 

interacción con los cardiomiocitos. 

 

2. Los cMacs presentan una gran actividad fagocitaria en homeostasis, 

incorporando material procedente de múltiples poblaciones cardíacas, 

incluyendo a los cardiomiocitos. 

 
3. Los cardiomiocitos extruden exoferas cardíacas, unas partículas sub-celulares 

con un tamaño y composición específica que son liberadas al medio extracelular 

en el miocardio sano. 

 
4. Las exoferas cardíacas transportan material diverso, pero están altamente 

enriquecidas en mitocondrias dañadas. 

 
5. Más de la mitad de las mitocondrias originadas en los cardiomiocitos es 

degradada en los cMacs. 

 
6. La maquinaria de autofagia presente en los cardiomiocitos controla la 

producción de las exoferas cardíacas. 

 
7. La producción de las exoferas por los cardiomiocitos se adapta a condiciones de 

estrés. 

 
8. Los cMacs expresan CD169 y pueden ser eliminados de forma eficiente en el 

modelo de ratón CD169DTR. 

 

9. La eliminación de macrófagos en el ratón CD169DTR causa una cardiomiopatía, 

caracterizada por un bloqueo de la autofagia y la acumulación de mitocondrias 

dañadas dentro de los cardiomiocitos. 
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10. El receptor fagocitario Mertk media la captación por los macrófagos del material 

liberado por los cardiomiocitos. La ausencia de Mertk mimetiza parte del 

fenotipo observado en los ratones cuyos macrófagos han sido eliminados, el cual 

se hace más evidente a medida que los animales envejecen. 
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7. Materials and Methods 
 

7.1. Mice and Human samples 

 

EXPERIMENTAL MICE 

All experiments were performed in 8- to 18-week-old male mice in a C57BL/6 

background, except those were indicated (aging experiments in WT and Mertk-

deficient). Mice were housed in a specific pathogen-free facility at Fundación CNIC. 

Chow and water were available ad libitum. All mice were maintained in a 12h light/12h 

darkness schedule. Experimental procedures were approved by the Animal Care and 

Ethics Committee of the CNIC and local authorities. 

Strain Phenotype Reference 

WT Wild Type mice Charles Rivers 

CX3CR1GFP GFP expression on myeloid lineage (Jung et al., 2000) 

LysMGFP GFP expression on myeloid lineage (Faust et al., 2000) 

MAFIA GFP expression on myeloid lineage (Burnett et al., 2004) 

LC3-GFP GFP fused to LC3 protein allows for 

autophagosome identification 

(Mizushima et al., 2004) 

αMHCCre Cre recombinase expressed under αMHC promotor (Oka et al., 2006) 

αMHCCreERT Cre recombinase inducible by tamoxifen expressed 

under αMHC promotor 

(Sohal et al., 2001) 

Cdh5CreERT Cre recombinase inducible by tamoxifen expressed 

under Cdh5 promotor 

(Sorensen et al., 2009) 

Rosa26Tdtom STOP codon in tdTomato sequence flanked by  loxP 

sequences 

(Madisen et al., 2010) 

Atg7flox Atg7 sequence flanked by  flox sequences (Komatsu et al., 2005) 

WTRED DsRed expression under 

beta-actina promoter control 

(Vintersten et al., 2004) 

CD169DTR DTR expression in the Cd169 locus. Allows 

macrophage depletion upon Diphtheria Toxin (DT) 

injection  

(Miyake et al., 2007) 

Mertk-/- Mice deficient in Mertk (A-Gonzalez et al., 2017) 

LXRαβ-/- Mice deficient in Nr1h3 and Nr1h2 (A-Gonzalez et al., 2017) 

Oma1-/- Mice deficient in Oma1 (Quiros et al., 2012) 

CD45.1 or 

BL/6.SJLC57 

mouse strain with C57BL/6 background and a 

diferent isoform of Ptprc (which encodes for CD45) 

Jackson Laboratories 
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BL/6NZB Conplastic mouse strain with the nuclear genome 

of C57BL/6 but mitochondrial DNA of NZB 

(Latorre-Pellicer et al., 

2016) 

 

These mice were generated by crossing the different mice strains indicated above: 

Name Strain Phenotype 

CardRED αMHCCre; Rosa26Tdtom TdTomato expression on cardiomyocytes 

CardRED LC3-GFP CardRED LC3-GFP Combination of CardRED and LC3-GFP 

CardRED CD169DTR αMHCCre; Rosa26Tdtom; 

CD169DTR 

Combination of CardRED and CD169DTR 

CardRED Mertk-/- αMHCCre; Rosa26Tdtom; 

Mertk-/- 

Combination of CardRED and Mertk-/- 

Cdh5CreERT Rosa26Tdtom Cdh5CreERT; Rosa26Tdtom Conditional TdTomato expression on 

endothelial cells upon tamoxifen injection 

αMHCCreERT 

Rosa26Tdtom 

αMHCCreERT; 

Rosa26Tdtom 

Conditional TdTomato expression on 

cardiomyocytes upon tamoxifen injection 

αMHCCreERT Atg7flox/+ αMHCCreERT Atg7flox/+ Conditional hemizigosity in Atg7  

αMHCCre Atg7flox/+ αMHCCre Atg7flox/+ Constitutive hemizigosity in Atg7 

 

 

HUMAN SAMPLES 

We obtained papillary muscles from the heart of patients undergoing mitral valve 

replacement. Inclusion criteria for patients that donated cardiac tissue were age older 

than 18 years and in need of mitral valve replacement. Emergency procedures were the 

only exclusion criteria. Five patients were included between July and September 2017. 

Baseline clinical characteristics of patients are described in Data Table 2. Patients were 

anesthetized as usual following our local protocol. Median sternotomy and aortic and 

double venous cannulation were standard. Normothermic bypass was initiated after 

heparinitation. After antegrade cardioplegia the heart was arrested and left atrial was 

opened. Mitral valve was excised cutting mitral chordes and the head of papillary 

muscles. A portion of the papillary muscles head was stored in PFA 4% Glutaraldehyde 

1% (for electron microscopy) or PFA 2% (for immunofluorescence), following the 

protocols described below. This study was conducted in accordance with the Helsinki 

Declaration and approved by the local ethics committee at Hospital Universitario de la 

Princesa (Madrid). Written informed consent was obtained from every patient. 
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Table 2. Description of patients that donated cardiac tissue for analysis. 

Patient no. 1 2 3 4 5 

Age (years) 55 72 74 75 62 

Sex Female Female Male Female Female 

LVEF Normal Normal Normal Normal Normal 
Indication 
for surgery 

Mitral 
regurgitation 

Mitral 
regurgitation 

Mitral 
regurgitation 

Mitral 
stenosis 

Mitral 
regurgitation 

Bypass 

time (min) 
96 102 80 66 85 

Crossclamp 

time (min) 
75 81 60 55 74 

LVEF: left ventricle ejection fraction.  
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7.2. Animal procedures 

 

GENERATION OF BONE MARROW TRANSPLANTED MICE 

Recipient WTRED (CD45.2) or BL/6.SJLC57 (CD45.1) mice were lethally irradiated (6.5 Gy 

split doses, 3 h apart), and subsequently received BL/6.SJLC57 (CD45.1) or BL/6NZB 

(CD45.2) bone marrow donor cells, respectively. Donor BM cells were harvested by 

flushing both femora into RPMI. 106 cells were intravenously injected into recipients. 

 

PARABIOSIS 

Parabiosis is a surgical procedure that allows for the union of circulatory systems of 

2 animals (anastomosis), taking advantage of the natural angiogenic response that takes 

place after the connection of both animals at the dermis. To generate parabiotic pairs, 

we followed our previously described procedures (A-Gonzalez et al., 2017). Mice were 

anesthetized with a mixture of 7.5% ketamine (Imalgene, Merial Laboratorios) 5% 

xylazine (Rompum, Bayer), inyected intraperitoneallly 10μl/g. Then, animals were 

shaved at the corresponding lateral aspects and matching skin incisions were made from 

the olecranon to the knee joint of each mouse, and the subcutaneous fascia was bluntly 

dissected to create about 0.5 cm of free skin. The olecranon and knee joints were 

attached by a single 5-0 polypropylene suture and tie, and the dorsal and ventral skins 

were approximated by continuous suture. A single dose of flunixin meglumine (Schering-

Plough) was injected subcutaneously in each partner at the end of the surgical 

procedure (1 mg/kg). One month after surgery blood samples were obtained from each 

of the partners to assess leukocyte chimerism.  

 

MYOCARDIAL INFARCT BY PERMANENT CORONARY LIGATION 

Myocardial infarction was induced by ligation of the proximal left anterior descending 

(LAD) coronary artery for 7 days without allowing reperfusion. Mice were anesthetized 

with a mixture of Atropine, Xylazine and Ketamine and intubated prior to surgery. In 

order to get access to the heart, skin was opened in a small part of the chest, followed 
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by removal of the muscle layers at the level of the third rib. Then, this third rib was cut 

and a small orifice was done in the chest. Using a 8-0 polypropylene suture, a knot was 

done at the LAD coronary artery level, and the wound was closed with 6-0 sutures. After 

the surgery, a single dose of flunixin meglumine (Schering-Plough, Segre, France) was 

injected subcutaneously and animals were kept in a 37ºC chamber for the next 24 hours. 

At day 7 after surgery, animals were sacrificed and cardiac tissue collected.     

 

HEMODYNAMICS 

Ventricular catheterization was performed as previously described (Pacher et al., 

2008). Mice were anesthetized (ketamine/xylazine (100/10 mg/kg) and intubated. A skin 

incision was made to visualize the diaphragm, which was heat cauterized to expose the 

heart apex. The pericardium was removed gently with forceps. Using a 25–30 gauge 

needle, a stab wound was made near the heart apex into the left ventricle (LV). The 

catheter tip (Transonic, NY, USA) was inserted retrogradely into the LV. After allowing 

the signal to stabilize for 5 min, recordings were made of baseline left ventricular end-

systolic pressure (LVESP), left ventricular end-diastolic pressure (LVEDP), maximal 

derivative of LV pressure (dP/dtmax) and minimal derivative of LV pressure (dP/dtmin). 

The same parameters were recorded 5 minutes after the injection a single dose of 

isoproterenol (40ng/kg) through the femoral vein when signal was stable. At the 

conclusion of the experiment, the catheter was removed by gently pulling it back 

through the stab wound, and the animal was euthanized. 

 

INDUCTION OF CRE-ERT RECOMBINASE WITH TAMOXIFEN 

We use several Inducible Cre strains for different purposes in this work. Fluorescent 

protein expression in endothelial cells was induced in Cdh5CreERT Rosa26Tdtom mice by 

intraperitoneal treatment with tamoxifen (1mg/mice) at days 11, 9 and 7 before 

analysis. In order to obtain single Tdtomato positive cardiomyocytes in αMHCCreERT 

Rosa26Tdtom mice, we give a single dose of tamoxifen at lower concentration (1µg/mice). 

Finally, cardiomyocyte-specific deficiency in Atg7 using αMHCCreERT Atg7flox mice was 

induced by injecting tamoxifen (1mg/mice) for two consecutive days. 
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MACROPHAGE DEPLETION 

Depletion of cMacs in either CD169DTR or αMHCCre; Rosa26Tdtom; CD169DTR mice was 

performed by intraperitoneal injection of 10 µg/kg diphtheria toxin (DT; Sigma). A single 

injection was administered at the indicated times for transient depletion, or three times 

a week for long-term (21d) depletion. In these experiments, control wild type or 

αMHCCre Rosa26Tdtomato; CD169WT mice were treated with same doses of DT. Where 

indicated, CD169DTR mice treated with saline were used as controls. 

 

TREATMENT ADMINISTRATION 

For some experiments, animals were treated with Rapamycin (4mg/Kg mice in 

PBS/DMSO in a 50/50% mixture) or vehicle trice per week intraperitoneally for 2 weeks 

and analyzed at day 14. Isoproterenol hydrochloride (ISO; 25 mg/kg/day; Sigma-Aldrich) 

was chronically administered in mice. Mice were anesthetized with Sevoflurane (2,5-3.5 

% and 1 % O2) and osmotic minipumps (Mini-Osmotic Pump, Alzet) were 

subcutaneously implanted for continuous delivery during 7 consecutive days. Finally, for 

some experiments animals were administrated daily with MCC950 (Merck) 7 mg/kg/day 

for the indicated times. 
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7.3. Experimental setups 
 

INCORPORATION OF EXOGENOUS MATERIAL BY MACROPHAGES  

Phagocytic cMacs were identified based on the incorporation of DsRed or Tomato 

fluorescence (as shown in Fig.5). Engulfment of material in CD45.1-WTRED bone marrow 

chimeras was based on DsRed signal acquisition by CD45.1-derived cardiac macrophages 

in the WTRED transplanted mice. Engulfment of cells in parabionts of CD45.1 with WTRED 

mice was based on acquisition of DsRed signal by tissue-resident macrophages in the 

non-fluorescent partner as previously described (A-Gonzalez et al., 2017). Non-

parabiotic CD45.1 mice were used as controls to set the appropriate gates. Engulfment 

of cardiomyocyte- and endothelial cell-derived material in αMHCCre Rosa26Tdtom and 

Cdh5CreERT Rosa26Tdtom, respectively, was based on tdTomato signal acquisition by cMacs 

when comparing with non-fluorescent control mice.  

 

MT-KEIMA REPORTER IN CARDIOMYOCYTES 

AAV vectors were all produced by the triple transfection method, using HEK 293A 

cells as described previously (Xiao et al., 1998). Shuttle plasmid pAAV-mt-Keima was 

derived from mt-Keima-Red-Mito-7 (a gift from Michael Davidson (Addgene plasmid # 

56018)) and from pAcTnT (a gift from B.A. French). The mt-Keima cDNA is a fusion of 

Keima gene in-frame to the matrix import sequence of human Cox8A: 

MSVLTPLLLRGLTGSARRLPVPRAKIHSLPPEGKLGM. The expression is driven by the 

cardiac-specific promoter TnT (see scheme in Fig.13a). Virus were packaged into AAV-9 

capsids by the CNIC Viral Vector Unit using helper plasmids pAdDF6 (providing the three 

adenoviral helper genes) and pAAV2/9 (providing rep and cap viral genes). Four- to Six-

week-old mice were injected with 3-10 x 1010 viral genomes encoding mt-Keima and 

analyzed 2 to 6 weeks later. 

 

DETECTION OF EXOGENOUS mtDNA IN MACROPHAGES 

BL/6.SJLC57 mice (with C57BL/6 nuclear and C57 mitochondrial DNA) were lethally 

irradiated and transplanted with BL/6NZB bone marrow (C57BL/6 nuclear and NZB 
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mitochondrial DNA), as described above. Differential expression of the CD45.1/CD45.2 

surface marker on these strains additionally allow cytometric discrimination and sorting.  

BL/6NZB CD45.2+ transplanted macrophages were isolated from different tissues by 

cytometric sorting and DNA isolated using NaOH 50mM at 95ºC, and neutralization with 

TrisHCl pH 7.5. Polymorphic G4276A nucleotide in mt-ND2 mitochondrial gene was used 

to genotype the samples. This polymorphism in C57 mtDNA forms part of a BamHI 

restriction site, which is absent in NZB mtDNA (Latorre-Pellicer et al., 2016). Total 

genomic DNA was PCR amplified using standard conditions with the REDExtract-N-

AmpTM PCR ReadyMixTM and the following primers: 5’-AAGCTATCGGGCCCATACCCCG-

3’(3862-3884) and 5’-GTTGAGTAGAGTGAGGGATGGG-3’ (4503-4525), as follow: 95ºC, 

30s; 58ºC, 30s; 72ºC, 45s for 30 cycles. An aliquot of PCR was digested with FastDigest 

BamHI (New England Biolabs), at 37ºC for 10-15 minutes. After agarose gel 

electrophoresis, DNA was visualized with a Gel Doc XR+System (Bio-Rad), and band 

intensities were quantified with Quantity One 1-D Analysis Software. The proportion of 

C57 mtDNA was calculated by adding the intensities of the 414bp and 250bp BamHI 

fragments and dividing by the sum of the intensities of all fragments (undigested 664bp 

fragment from NZB mtDNA, and the 414bp and 250bp BamHI-digested fragments from 

C57mtDNA). 

 

DEGRADATION OF EXOGENOUS mtDNA AND mt-Keima IN 

MACROPHAGES 

We sorted cMacs from mt-Keima-infected hearts or from BL/6NZB-transplanted 

BL/6.SJLC57 and cultured a maximum of 3x105 cardiac macrophages per well in 48w 

plates. We used a medium with αMEM containing NaPyruvate, L-Glutamine and 

Penicillin/Streptomycin, plus Essential aminoacids, including 10% FBS and 10 ng/mL M-

CSF. Macrophages were cultured for 72h at 37Cº, 5% CO2.  
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7.4. Flow cytometry and cell sorting 
 

TISSUE PREPARATION 

The large intestine (colon) was cut into small pieces and subjected to epithelial 

separation by incubation with HBSS with 2mM of EDTA for 20 min at 37ºC and 

subsequently digested in HBSS with liberase (1U/ml, Roche) and DNase I (10 mU/ml, 

Sigma) for 40 min at 37°C. Bone marrow was flushed and hearts, skeletal muscles, livers, 

and spleens were minced and digested in HBSS with liberase (1U/ml, Roche) and DNase 

I (10 mU/ml, Sigma) for 30min at 37ºC. After digestion, single-cell suspensions were 

obtained by gentle pipetting and mechanical dissociation of the remaining pieces 

through cell strainers (BD Falcon). Single-cell suspensions were incubated with the 

indicated antibodies for 15 min at 4°C (see antibody Table below). Samples were 

acquired in a LSRII Fortessa (BD Biosciences) or Canto HTS (BD) equipped with DIVA 

software (BD). The FlowJo software (FlowJo LLC, Ashland, OR) was used to analyse the 

data. 

Antibodies Clone Source  Streptavidin Label Source 

CD45-

PerCP/Cy5.5 

30-F11 Biolegend  Streptavidin eF780 eBioscience 

CD45.1-

PerCP/Cy5.5 

A20 Tonbo 

biosciences 

 Streptavidin PE eBioscience 

CD45.2-FITC 104 Tonbo 

biosciences 

 Streptavidin DyLight 649 Jackson 

Immunoresearch 

CD45.2-

APC/Cy7 

104 eBioscience  

CD11b-PE M1/70 Tonbo 

biosciences 

 

CD11b-Bv510 M1/70 Biolegend  

CD11b-APC M1/70 Tonbo 

biosciences 

 

F4/80-biotin BM8 eBioscience  
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F4/80-APC BM8 eBioscience  

F4/80-PE/Cy7 BM8 Biolegend  

MHCII-PE/Cy7 M5/114.15.2 Biolegend     

MHCII-Biotin M5/114.15.2 Biolegend    

Ly6C-FITC HK1.4 Biolegend     

CD115-PE AFS98 Thermofisher     

Ly6G-AF647 1A8 eBioscience     

CCR2-APC 475301 R&D     

 

 

ESTIMATION OF CELL NUMBERS  

Truecount beads (BD) were prepared at a concentration of 10,000 beads per ml in a 

buffer containing EDTA 0.5M, FBS 0.5% (PEB) and 0.1 µg/mL DAPI (Life Technologies) in 

PBS. 500 µl of this PEB/DAPI buffer containing beads were added to single cell 

suspensions stained for flow cytometry as indicated above. To estimate the absolute 

number of cells, 500-1000 beads were acquired per tube in order to ensure accuracy. 

Cell counts per mg of tissue were calculated as follows: 

𝑐𝑒𝑙𝑙𝑠 

𝑏𝑒𝑎𝑑𝑠
𝑥

10,000 𝑏𝑒𝑎𝑑𝑠

𝑚𝑙 𝑃𝐸𝐵 𝑏𝑢𝑓𝑓𝑒𝑟 
𝑥 

0,5 𝑚𝑙 𝑃𝐸𝐵 𝑏𝑢𝑓𝑓𝑒𝑟

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑠𝑠𝑢𝑒 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑
 𝑥 

1

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛 (𝑚𝑔)
 =  

𝑐𝑒𝑙𝑙𝑠

𝑚𝑔
   

For blood, absolute cell numbers given as cells per ml were obtained using an 

automated hemocounter (Abacus Junior, Diatron; Holliston, USA). 

 

FLOW CYTOMETRY AND SORTING OF CARDIAC EXOPHERS  

The heart was cut into small pieces and subsequently digested in HBSS with liberase 

(1U/ml, Roche) and DNase I (10 mU/ml, Sigma) for 40 min at 37°C. After digestion, single-

cell suspensions were obtained by gentle pipetting. We used a strategy of serial 

centrifugation forces (Fig.8) at 50g and 300g discarding pellet and keeping supernatant 

for a final centrifugation at 1000g. Within the pellet of this fraction, we used the 

endogenous expression of tdTomato in CardRED along with size, antibody (CD31-Bv605; 
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clone 390 Biolegend) and Draq5 staining (Biolegend) to define cardiac exophers and sort 

them in an Aria Cell Sorter (BD) equipped with DIVA software (BD). In some experiments, 

exophers were stained for Mitotracker Deep Red (ThermoFisher), MitoNIR (Abcam) or 

labelled Annexin V-PE (BD Biosciences). In the case of Annexin V, staining was done in 

Annexin binding buffer (10mM HEPES/NaOH, pH 7.4; 140 mM NaCl; 2,5 mM CaCl2). This 

protocol is an adaptation of previously described protocols to obtain samples enriched 

in apoptotic bodies, which are akin in size to cardiac exophers (4 µm; (Atkin-Smith et al., 

2017)). Part of the material obtained in each one of these fractions was subjected to 

cytospin in a Shandon Cytospin™ 4 Cytocentrifuge (ThermoFisher) at 1000 rpm for 5 

minutes, medium velocity. Cells and exophers were then fixed in 4% paraformaldehyde 

for 5 min, permeabilised with 0.01% TritonX100 in PBS for 15 minutes and blocked 1 

hour with 10% BSA and 2% goat serum. For immunofluorescence samples were 

incubated with rabbit anti-RFP (polyclonal; Rockland), washed thrice in PBS and 

incubated with secondary antibodies (Goat anti-Rabbit AF546; Molecular Probes). 

 

PROLIFERATION ASSAY USING BRDU  

For metabolic labelling with 5-Bromodeoxyuridine, mice were administered BrdU (BD 

Biosciences) in drinking water (0.5mg/ml) for 4 days, starting from the time of DT 

injection until tissue collection. Hearts were collected at the indicated times and 

processed as indicated above to obtain single cell suspensions. Then, cells were stained 

for CD45, CD11b, F4/80, MHCII and Ly6C, followed by fixation and intracellular labelling 

of BrdU using an APC-conjugated anti-BrdU antibody, as per manufacturer’s instructions 

(BD Biosciences). Samples were analysed in LSRII Fortessa (BD Biosciences) equipped 

with DIVA software (BD). The FlowJo software (FlowJo LLC, Ashland, OR) was used to 

analyse the data. 

 

CYTOMETRIC ANALYSIS OF MITOCHONDRIAL MEMBRANE POTENTIAL  

Oligomycin (10 mg/ml; Sigma-Aldrich) was used to promote mitochondrial 

polarization (ATP synthase inhibition). Carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone (FCCP, 1uM) uncouples oxygen consumption, collapses the proton 
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gradient and ablates the mitochondrial membrane potential. Total cardiac leukocyte 

fraction and cardiac purified exopheres were treated with oligomyocin, FCCP or medium 

alone for 3 hours at 37ºC. Immortalized mouse adult fibroblasts (MAFs) from C57BL/6 

were used as internal control to assess the treatment responsiveness. Mitochondrial 

membrane potential was measured using the fluorescent probe MitoNIR (Abcam) by 

FACS according to manufacture’s instructions. Cells were incubated in cell culture 

medium supplemented with 1x MitoNIR for 20 minutes at 37ºC. Data acquisition was 

performed using the FACSCanto™ II system (BD Biosciences). All experiments were 

performed in triplicates. Samples were analysed with the BD FACSDivaTM software 

package and the average of the medians and corresponding standard deviations were 

calculated using the FlowJo software (v10). 
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7.5. Imaging Techniques 
 

We used different imaging techniques in this work, each one of them adjusted to 

different purposes. Optical clearing of tissues and imaging by light sheet microscopy 

allowed us to analyse the global distribution of macrophages in the heart, and to 

estimate their numbers. This is possible because the field size captured by unit of time 

is much higher, while resolution tends to be compromised. Confocal microscopy 

allowed us to analyse broad tissue regions at high resolution, necessary to assess the 

micro anatomical distribution of macrophages, Keima+ mitochondria transfer and 

exopher numbers. Transmission electron microscopy allows a subcellular level of 

resolution, necessary to explore sarcomere and mitochondria status in cardiomyocytes 

of the different animal models. We also used bright field microscopy for the 

examination of macrophages and cardiomyocytes isolated from hearts. Finally, we used 

Echocardiography to analyse cardiac function in vivo. 

 

OPTICAL CLEARING AND LIGHT SHEET MICROSCOPY OF WHOLE HEARTS 

4 week-old heterozygous CX3CR1GFP mice were euthanized and immediately 

transcardially perfused with 10ml PBS containing 2mM EDTA pH7.4, followed by 10ml 

of 4% paraformaldehyde (PFA) through the left ventricle. The heart was dissected and 

fixed in 4% PFA (Sigma) overnight at 4°C, followed by extensive washing with PBS. The 

fixed hearts were permeabilised with graded methanol solutions from 50%, 70%, 95% 

and 100%, each incubated for 45minutes, followed by 100% methanol/20%DMSO for 1 

hour. Tissue was rehydrated back to PBS with 45 minute incubation at room 

temperature. Permeabilised sample was blocked overnight in blocking buffer (2.5% goat 

serum, 2.5% donkey serum, 5% BSA, 0.02% gelatin, 20%DMSO, 0.3% TritonX100 in PBS), 

washed extensively with PBS and incubated with primary antibodies in dilution buffer 

(2.5% goat serum, 2.5% donkey serum, 0.2% BSA, 0.02% gelatin, 5%DMSO, 0.3% 

TritonX100 in PBS) for 48 hours. Chicken anti-GFP (1:300 dilution, Abcam ab13970) and 

Armenian hamster anti-CD31 antibodies (1:300 dilution; clone 2H8, Merck) were used. 

Sample was washed 6 times with 3M NaCl+0.3% TritonX100 in PBS, and twice with PBS. 
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Each wash was for 30 minutes at room temperature. Tissue was incubated with 

secondary antibodies (anti-chicken Alexa fluor-647, anti-hamster Alexa fluor-750) 

(Abcam) at 1:300 in dilution buffer for 48 hours, washed as indicated above and taken 

for tissue clearing. All antibody incubations were carried out at 37°C. Heart tissue was 

cleared using the BABB (Benzyl alcohol/ Benzyl benzoate) protocol. Samples were 

dehydrated with methanol as was done for permeabilization, equilibrated with 

BABB:methanol in a 1:1 ratio for 45 minutes and refractive index matched with BABB 

(1:2) for 45 minutes until clear. Cleared heart was imaged using the light sheet 

Ultramicroscope (LaVision BioTec GmbH, Bielefeld, Germany) in BABB with a 2X 

objective, NA 0.5, using a white light supercontinuum laser. Post-acquisition, high 

resolution raw data was downsampled and corrected to remove high intensity artifacts 

arising from uneven light illumination during acquisition, using Imaris 8.0 (Bitplane AG). 

Image contrast was further improved using the unsharp mask function of FIJI Is Just 

ImageJ (NIH), and rendered in 3D using Imaris 8.0. 

 

CONFOCAL MICROSCOPY OF CARDIAC TISSUE 

Mice were sacrificed with CO2 and perfused with a saline solution in order to collect 

the hearts into a 2% PFA solution. Human samples for immunofluorescence fixed in PFA 

2% were obtained as indicated above. After 24 hours in fixation solution at 4ºC, samples 

were cryopreserved with a sucrose gradient, and frozen in OCT Compound (Tissue Tek) 

using dry ice. Tissues were cut in 12 (most of them) or 30 (for 3D reconstructions) μm 

sections in a cryostat (Leica CM1850). Macrophage detection by immunofluorescence 

was carried out in cardiac slices permeabilised with 0.01% TritonX100 in PBS for 15 

minutes and blocked 1 hour with 10% BSA and 2% goat serum. For immunofluorescence, 

mouse tissues were incubated with rat anti-CD68 (clone FA-11; BioRad), rat anti-CD169 

(clone 3D6; kindly provided by S.Gordon), rabbit anti-laminin (polyclonal; Sigma), rabbit 

anti-NDUFS2 (Polyclonal Abcam), rabbit anti-Cytochrome C (clone EPR1327; Abcam), 

rabbit anti-Tom20 (clone FL-145; Santa Cruz Biotechnology), rabbit anti-Myh7 (clone 

NOQ7.5.4D; Sigma) or rabbit anti-LAMP1 (polyclonal; Sigma) primary antibodies. 

Humans samples were incubated with mouse antibodies anti-CD68 (clone PG-M1; 



146 
 

Dako), mouse anti-MYH (clone MF20; DSHB) or rabbit anti-Tom20 (clone FL-145; Santa 

Cruz Biotechnology). Tissues were washed thrice in PBS and incubated with secondary 

antibodies (Molecular Probes) or Phalloidine-AF647 (Thermofisher). All the staining 

steps were conducted in blocking solution for 1 hour at room temperature. Finally, 

tissues were washed in PBS and nuclei were counterstained with DAPI (Life 

Technologies) before mounting with Mowiol 4–88 (Sigma-Aldrich). 

 

TRANSMISSION ELECTRON MICROSCOPY (TEM)  

For TEM analysis of WT and Mertk-/- mice or Human samples, heart pieces were 

primarily fixed in 1% glutaraldehyde and 4% PFA in PBS overnight. Samples were post 

fixed in 1% osmium tetroxide for 60 minutes and dehydrated through a series of ethanol 

solutions (30%, 50%, 70%, 95%, and 100%) and acetone. After the last dehydration step, 

samples were incubated in a 1:3, 1:1, 3:1 mixture of Durcupan resin and acetone and 

cured at 60º for 48h. Ultrathin sections (50-60 nm) were obtained using a diamond knife 

(Diatome) in an ultramicrotome (Leica Reichert ultracut S) and collected in 200-mesh 

copper grids. The sections were counterstained with 2% uranyl acetate in water from 20 

min followed by a lead citrate solution (Reynolds, 1963). Samples were examined with 

a JEOL JEM1010 electron microscope (Tokyo, Japan) equipped with an Orius SC200 

digital camera (Gatan Inc.) at the Transmission Electron Microscopy Laboratory 

(Interdepartmental Research Service, UAM).  

For images of Isoproterenol treated mice we used a different protocol in order to 

obtain better contrast of mitochondria crista. Samples were primarily fixed as described 

above but after buffer washes, samples were post-fixed for 1 h at room temperature in 

a 1:1 solution of 1% osmium tetroxide and 3% aqueous potassium ferrocyanide. Samples 

were then rinsed in distilled H2O. Tissues were dehydrated through a graded acetone 

series and embedded in Spurr’s low viscosity embedding mixture (Electron Microscopy 

Sciences). Ultra-thin sections (60 nm) were then mounted on copper grids and stained 

with lead citrate. Samples were examined on a JEOL 10-10 electron microscope. 
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BRIGHT FIELD MICROSCOPY  

Cardiac macrophages were isolated by FACS and subjected to cytospin in a Shandon 

Cytospin™ 4 Cytocentrifuge (ThermoFisher) at 800 rpm for 5 minutes, medium velocity. 

Cells were then fixed in 4% paraformaldehyde for 5 min, stained in eosin for 5 min, 

washed in dH2O, stained in hematoxilin for 5 min, and finally washed with dH2O and 

mounted with Mowiol. Cardiomyocytes were isolated as indicated below and imaged ex 

vivo. Microscope used for bright field imaging was a Nikon 90i. 

 

ECHOCARDIOGRAPHY  

Echocardiography assessment was blinded and performed by an expert operator in 

mice under isoflurane anesthesia using a high-frequency ultrasound system with a 30-

MHz linear probe (Vevo 2100, Visualsonics Inc., Canada). A base apex electrocardiogram 

was continuously monitored through 4 leads connected to the ultrasound machine and 

isoflurane delivery was adjusted to maintain the heart rate in 450±50 bpm. 

Normothermia was maintained placing mice in a heating platform. Images were 

recorded and transferred to a computer for posterior blinded analysis using the Vevo 

2100 Workstation software. Parasternal standard 2D and MM long and short axis views 

(LAX and SAX view, respectively) were acquired to assess left ventricle (LV) systolic 

function and LV dimensions. LV ejection fraction (LV-EF), end-diastolic anterior and 

posterior wall thickness (LVAW,d and LVPW,d: respectively), end-diastolic and end-

systolic LV internal diameter (LVID,d and LVID,s; respectively) were subsequently 

calculated. A 2D apical view was used to evaluate diastolic dysfunction, using pulsed-

wave (PW) Doppler, to estimate mitral valve inflow pattern. Early and late diastolic 

velocity peak waves (E and A, respectively) were measured and the E/A ratio calculated.  
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7.6. Image analyses 
 

CARDIAC EXOPHERS BY IMMUNOFLUORESCENCE 

Total exophers numbers in the different models and localization of cardiac exophers 

relative to CD68, CytC, NDUFS2, Tom20, MYH7 and DAPI was done manually, as the 

tdTomato signal from CardRED cardiomyocytes did not allow segmentation. The criteria 

for co-localization was the overlapping position of tdTomato signal in the exophers of 

αMHCCre Rosa26Tdtom mice and the stained markers, while the percentage of co-

localization between cardiac exophers and any other “marker” was quantified as 

follows: 

% of exophers co − localizing with "marker" =
N. of exopheres colocalizing with "marker"  x 100

N. of total exopheres
 

We measured the distances between macrophages and cardiac exophers using FIJI Is 

Just ImageJ (NIH), and compared them to the same number of random spots in those 

images. Random spots were 3.5 µm diameter circles (similar to cardiac exophers) 

generated by a macro using FIJI Is Just ImageJ (NIH). 

 

MACROPHAGE TO CARDIOMYOCYTE RATIO 

The cMacs to cardiomyocytes ratio was analyzed in CX3CR1GFP/+ mice. Heart from 

those mice were fixed and frozen as described in the immunostaining methods. We 

obtained thick slices (60 µm) from OCT-included samples using a cryostat and subjected 

them to permeabilization (in PBS + Triton 0.1% solution), blocking (10% BSA, 5% NGS in 

PBS) and staining steps, all of them performed overnight at 4ºC. We stain the samples 

with primary rabbit anti-laminin (polyclonal; Sigma) and secondary goat anti-rabbit 

AF546 antibodies to label cardiomyocytes basal lamina. We performed quantification of 

cMacs and cardiomyocytes interactions in 30 µm thick optic fields obtained using an SPE 

microscope (Leica). 

For the visualization of individual cardiomyocytes we used tissues of αMHCCreERT 

Rosa26Tdtom mice. Cardiac tissue was fixed with a 2% PFA solution. After 24 hours in 

fixation solution at 4ºC, samples were incubated trice with washing buffer (0.05% 
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tritonX-100 in PBS) 1 hour each and Blocked with 1% BSA in PBS overnight. For 

immunofluorescence, mouse tissues were incubated with rat anti-CD68 (clone FA-11; 

BioRad) and rabbit anti-RFP (polyclonal; Rockland) primary antibodies and goat 

secondary antibodies (Molecular Probes). After immunostaining, tissues were washed 

trice with washing buffer (0.05% tritonX-100 in PBS) 1 hour each and dehydrated with 

an ethanol gradient (50%/70%/100% twice) before inclusion in clearing solution (Ethyl 

cinnamate; SIGMA). A large portion of tissue was imaged using a SP8 microscope (Leica) 

using resonant scanner and was then reconstructed using Imaris 8.0 (Bitplane AG). 

 

3D RECONSTRUCTION OF CARDIAC EXOPHERS  

We measured the 3D features of cardiac exophers and cardiac macrophages using 

Imaris Software (Bitplane AG, Switzerland). For 3D reconstructions, we used 0.25 µm 

detail level and a threshold based on absolute intensity. The source channels for the 

reconstruction of cardiac exopheres and cardiac macrophages were Tomato in αMHCCre 

Rosa26Tdtom mice and CD68-FITC, respectively. From the parameters provided by the 

ImarisCell module we selected Volume, Area and Sphericity. In the case of cardiac 

exophers, diameter was calculated from Volume considering them as perfect spheres 

due to their high Sphericity index (0.71±0.01 in exophers vs. 0.37±0.01 in cMacs). 

 

IDENTIFICATION OF ACID VS NEUTRAL PH COMPARTMENTS USING KEIMA 

Keima is a fluorescent protein resistant to lysosomal proteases, with an emission 

spectrum that peaks at 620 nm and a bimodal excitation spectrum peaking at 440 and 

586 nm corresponding to the neutral and ionized states of the chromophore's phenolic 

hydroxyl moiety, respectively. Neutral and ionized states predominate at high and low 

pHs, respectively, thus allowing measurement of mitophagy in vitro and in vivo 

(Katayama et al., 2011). We used this property to evaluate mitochondria degradation in 

macrophages by measuring ratiometric “red-to-green” fluorescence intensities in 

Keima+ regions co-localizing with macrophages (CD68+) or cardiomyocytes. Imaging was 

done using an SP5 confocal microscope (Leica) in two channels via two sequential 

excitations (458 nm for “green”; and 561 nm for “red” excitation), and a 590–650 nm 
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emission filter in both cases. Laser power was set at the lowest output that would allow 

clear visualization of the mt-Keima signal. CD68 labelling (for macrophages) was 

detected using a 488 nm excitation and a 510–550 nm emission filter.  

 

CARDIOMYOCYTES, SARCOMERE AND MITOCHONDRIAL MORPHOLOGY  

Cardiomyocytes area, perimeter and shape descriptors where measured by manually 

definition of cardiomyocytes borders in confocal images from cardiac sections (using 

laminin staining) and isolated cardiomyocytes (bright field) using ImageJ. Sarcomere 

length and mitochondria size and shape were obtained by visual inspection and 

segmentation of these structures in transmission electron microscopy (TEM) images, 

using ImageJ.  

 

DETECTION OF APOPTOTIC CELLS BY TUNEL STAINING 

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling 

(TUNEL) assay was performed using In Situ Cell Death Detection Kit (Roche). Briefly, 

myocardial sections were permeabilized during 15 minutes with 0.1% TritonX100 in PBS, 

washed with PBS and then incubated during 30 minutes at 37ºC with a solution 

containing TdT and biotin-16–deoxyuridine triphosphate (dUTP-biot), followed by 

incubation with FITC-labelled streptavidin for visualization of apoptotic cells. 

Quantification of TUNEL+ nuclei was done manually. 

 

MEASUREMENT OF ROS USING DIHYDROETHIDIUM  

The redox-sensitive, cell-permeable fluorophore Dihydroethidium (DHE, 

SigmaAldrich) was used to evaluate the cellular production of ROS. DHE is oxidized by 

ROS to form a red fluorescent product (ethidium) which intercalates into DNA. Briefly, 

12-μm frozen sections were washed with PBS and incubated for 45 minutes at 37ºC with 

fresh 5mM DHE in DMSO (SigmaAldrich). Nuclei were counterstained with DAPI for 

quantification of fluorescence intensities, and estimation of ethidium/DAPI signal ratios. 
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PHOSPHATIDYL-SERINE (PS) STAINING IN LIVE HEART SECTIONS 

Hearts from heterozygous CX3CR1GFP mice were collected in excision buffer (HBSS 1x, 

FBS 5% at pH7.4) and manually cut perpendicular to the ventricular walls to form 1-2 

mm thick rings of tissue. Those slices were incubated with Annexin V-PE (BD Biosciences) 

in Annexin binding buffer (10mM HEPES/NaOH, pH 7.4; 140 mM NaCl; 2,5 mM CaCl2) 

with or without EDTA 1mM as control, since Annexin-V binding to PS is calcium-

dependent. For imaging, slices were placed into glass petri plates containing fresh 

Annexin binding buffer and immobilized with a coverslip. Images were taken in an SP5 

microscope (Leica) maintaining 37 ºC and 5% O2 pressure. Tissue borders were avoided 

to exclude areas of dead cardiomyocytes. We measured the distances between 

macrophages and phosphatidylserine (Annexin V+) patches using FIJI Is Just ImageJ 

(NIH), and compared them to the same number of random spots in those images. 

Random spots were 1 µm diameter circles (similar to the phosphatidylserine patches) 

generated by a macro using FIJI Is Just ImageJ (NIH). 
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7.7. Mitochondria, inflammasome and autophagy  
 

MITOCHONDRIA ISOLATION AND OXPHOS FUNCTION 

Mitochondria were isolated from mouse heart and liver samples as described 

(Lapuente-Brun et al., 2013) and ATP synthesis was measured by kinetic luminescence 

assay (Vives-Bauza et al., 2007). Mitochondria were resuspended in 160 μl buffer A 

(150mM KCl, 25mM Tris-HCl, 2mM EDTA, 0.1% BSA FA, 10mM K-phosphate and 0.1mM 

MgCl2, pH 7.4) at room temperature and dispensed into the wells of a 96-well 

luminescence reading plate (Costar). Substrate cocktail and buffer B (0.5M Tris-acetate 

pH 7.75, 0.8mM luciferine, 20 μg/ml luciferase) were added, and luminescence was 

measured over 1 min. Substrate cocktails were composed of 6 mM diadenosin 

pentaphosphate and 6 mM ADP supplemented with glutamate + malate for 

determination of CI activity, or with succinate for CII activity. ATP production rate is 

expressed as the amount of ATP produced (nmol/min/mg of protein) relative to 

controls. Technical duplicates were performed and the average value for each animal 

was represented.  

 

CITRATE SYNTHASE ACTIVITY 

Cytrate synthase activity was determined spectrophotometrically as described 

(Birch-Machin and Turnbull, 2001). 10 μg of total protein from tissue homogenates were 

used for the assay. Technical duplicates were performed, as represented. Investigators 

were not blinded to the group allocation. 

 

31P/1H MAGNETIC RESONANCE SPECTROSCOPY (31P/1H-MRS) 

Mice were anesthetized with isoflurane during the whole acquisition. Spectroscopy 

examinations were performed in vivo on a 7T preclinical system (Agilent Varian, Palo 

Alto, USA) equipped with a DD2 console and an active shielded 115/60 gradient insert 

coil with 433 mT/m maximum strength. Double-tuned circular transmit/receive coil 

were used for phosphorus/proton (20 mm), placed over cardiac muscle (Rapid 

Biomedical GmBH, Rimpar Germany). Proton tissue spectra were acquired by 128 
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transients with 2048 complex points with a spectral bandwidth of 10 kHz and a 

repetition time of 1.2 ms. Phosphorus tissue spectra were acquired by 1000 transients 

with 8192 complex points with a spectral bandwidth of 7 kHz and a repetition time of 

800ms. Spectra were acquired with adiabatic radiofrequency pulses to improve 

sensitivity and minimize spectral distortions with an Ernst flip angle. Chemical shift were 

expressed relative to phosphocreatine (0 ppm). Signals in nuclear magnetic resonance 

spectra were determined quantitatively by integration after automatic or manual 

baseline correction, with fitting of each peak of the spectrum (after phase and baseline 

correction) to a Lorentzian function using the Mestrenova program (Mestrelab 

Research, Santiago de Compostela, Spain; released 2015-02-04 version:10.0.1-14719). 

An exponential line broadening (3 Hz for proton) was applied before Fourier 

transformation.  

 

BLUE NATIVE ELECTROPHORESIS 

Mitochondrial proteins from heart tissue were solubilized with digitonin (4g/g) 

(Sigma) and run on a 3%–13% gradient Blue Native gel as described (Acin-Perez et al., 

2008).  Complexes were electroblotted onto PVDF membrane (Merckmillipore) and 

sequentially probed with antibodies against Complex I (mouse anti-Ndufa9; clone 

20C11B11B11), Complex III (rabbit anti-Uqcrc2; polyclonal, Abcam), Complex IV (mouse 

anti-CoI; clone 1D6E1A8, Invitrogen), and Complex II (mouse anti-Fp70; clone 

2E3GC12FB2AE2, Novex by Life Technologies).  

  

WESTERN BLOT ANALYSES  

Total heart protein homogenates were separated by 12.5% SDS polyacrylamide gel 

electrophoresis (SDS PAGE) and electro blotted onto PVDF transfer membrane (BioRad). 

For protein detection, the following antibodies were used: NLRP3 (clone 25N10E9; 

ThermoFisher), Caspase-1 (clone 14F468; Santa Cruz), IL-1beta (clone 3A6; Cell signal), 

LC3 (Polyclonal; Cell Signal), p62 (polyclonal; Cell Signaling), CoI (Complex IV subunit I; 

clone 1D6E1A8, Invitrogen), βActin (clone EA-53, Sigma Aldrich), CoxIV (Complex IV 

subunit IV; clone 3F9D3D11AF6, Abcam), PGC1α (Polyclonal; Abcam), TFAM 

(18G102B2E11), ATPb (ATP Synthase subunit beta; clone 3D5, Abcam) and GADPH 
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(clone 6C5, Abcam). Quantification of signals arising from near-infrared (NIR) 

fluorophores conjugated to secondary antibodies was performed by two-channel 

infrared (IR) scanner (Odyssey v.3.0). Western blot images were quantified by using 

ImageJ software (National Institutes of Health, Bethesda) and βActin or Ponceau S 

staining was selected as a loading control, as indicated. 

 

AUTOPHAGY FLUX ANALYSIS 

Animals were euthanized and the heart was quickly removed, cannulated through 

the ascending aorta, and mounted on a Langendorff perfusion apparatus. The heart was 

then retrogradely perfused for 4 min at room temperature (RT) with pre-filtered Ca2+-

free Perfusion-Buffer [NaCl (113 mmol/L); KCl (4.7 mmol/L); KH2PO4 (0.6 mmol/L); 

Na2HPO4 (0.6 mmol/L); MgSO4·7H2O (1.2 mmol/L); NaHCO3 (12 mmol/L); KHCO3 (10 

mmol/L); HEPES (10 mmol/L); taurine (30 mmol/L); glucose (5.5 mmol/L); 2,3-

butanedione-monoxime (10 mmol/L), pH 7.4]. Enzymatic digestion was performed with 

digestion-buffer [perfusion-buffer with Liberase™ (0.2 mg/mL), Trypsin 2.5 % (0,14 

mg/mL); CaCl2 (12.5 µmol/L) and Phenol Red (0.032 mmol/L)] for 20 min at 37 °C. At the 

end of enzymatic digestion, both ventricles were isolated and gently disaggregated in 5 

mL of Digestion Buffer. The resulting cell suspension was filtered through a 100-µm 

sterile mesh (SEFAR-Nitex) and transferred for enzymatic inactivation to a tube with 10 

mL of stopping-buffer-1 [perfusion-buffer supplemented with fetal bovine serum (FBS, 

10 % v/v) and CaCl2 (12.5 µmol/L)]. After gravity sedimentation for 15 min, 

cardiomyocytes were resuspended in stopping-buffer-2 containing lower FBS (5 % v/v) 

for 10 min. Cardiomyocyte Ca2+-reintroduction was performed in stopping-buffer-2 

with two progressively increased CaCl2 concentrations (112 µmol/L and 1 mmol/L). Cells 

were resuspended and allowed to decant for 10 min in each step, contributing to the 

purification of the cardiomyocyte suspension. The homogeneous suspension of rod-

shaped cardiomyocytes was then resuspended in M199 supplemented with l-glutamine, 

pyruvate, penicillin–streptomycin (1 %), bovine serum albumin (BSA, 2 g/L), blebbistatin 

(25 µmol/L) and FBS (5 %). Cells were plated in single drops onto 20-mm2 glass bottom 

microwell dishes (MatTek) precoated with 100 μL of mouse laminin (200 µg/mL) in 900 

µL NaCl 0.9% for at least 1 h. For each mouse, 2 dishes were used as a control culture 
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and 2 dishes were treated with Hydroxycloroquine (30 µM) for 12h to block lysosomal 

degradation. After culture, cardiomyocytes were fixed overnight at 4°C in 2% 

paraformaldehyde in PBS. After fixation, immunofluorescence was made following 

standard procedures: fixation in methanol at 4ºC for 10 min, permeabilized with 0.5% 

Triton-X 100 and blocked in PBS containing 10% goat serum and 0.1% Triton-X 100. anti-

LC3 antibody (clone 5F10 Nanotools) primary antibody was used and Nuclei were co-

stained with DAPI. Isolated cardiomyocytes were then imaged with a Leica SP5 confocal 

microscope using 20×/0.75 dry and 63×/1.30 oil objectives. Quantifications were made 

by using the macro plugin tool in image J, which automatically detected individual 

cardiomyocytes and quantified the number of LC3, dots per cell. Autophagy was 

determined by evaluating autophagic flux, which is achieved by comparing the number 

of LC3-positive autophagosomes in the absence and presence of hydroxychloroquine.  
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7.8. Molecular analysis 
 

RNA ISOLATION, REVERSE TRANSCRIPTION AND REAL-TIME PCR  

Total RNA was prepared with RNA Extraction RNeasy Plus Micro-kit (QIAGEN) for 

isolation from macrophages or with Trizol (Sigma) for total tissue RNA. RNA was reverse-

transcribed with High- Capacity cDNA Reverse Transcription kit (Applied Biosystems; 

Carlsbad, CA) according to the manufacturer’s protocol. Real-time quantitative PCR 

(SYBR-green, Applied Biosystems) assays were performed with an Applied Biosystems 

7900HT Fast Real-Time PCR System sequencer detector. Expression was normalized to 

36b4 expression. Primer sequences are listed below:  

Primers Sequences 

36b4_Fw (5 ́> 3 ́)  ACTGGTCTAGGACCCGAGAAG 

_Rv (5 ́> 3 ́) TCCCACCTTGTCTCCAGTCT 

Keima_Fw (5 >́ 3 ́)  AGCTTCAGTACGGAAGCATACC  

_Rv (5 ́> 3 ́) TGCTCCTCTCCCATGTATATCC  

Tomato_Fw (5 ́> 3 ́)  GCCGACATCCCCGATTACAAGA 

_Rv (5 ́> 3 ́) CGATGGTGTAGTCCTCGTTGTGG   

Mertk_Fw (5 ́> 3 ́)  GAGGACTGCTTGGATGAACTGTA 

_Rv (5 ́> 3 ́) AGGTGGGTCGATCCAAGG 

LXRα_Fw (5 ́> 3 ́)  CAACAGTGTAACAGGCGCT 

_Rv (5 ́> 3 ́) TGCAATGGGCCAAGGC 

LXRβ_Fw (5 >́ 3 ́)  CCCCACAAGTTCTCTGGACACT 

_Rv (5 ́> 3 ́) TGACGTGGCGGAGGTACTG 

Axl_Fw (5 ́> 3 ́) 
_Rv (5 ́> 3 ́)  

GTGACAGCCTATACCTCGGC 
GGGGGTTCACTCACCAGATG 

Mfge8_Fw (5 ́> 3 ́) 
_Rv (5 ́> 3 ́) 

GTGCCCTGTGGGCTACTC 
GTATTGGGGACGGCTGTG 

Abbreviations: Fw, forward primer; Rv, reverse primer 

 

PROTEOMIC ANALYSIS OF MACROPHAGE DEPLETED HEARTS 

We used hearts after 0, 14 and 21 days of DT treatment in control WT and CD169DTR 

mice. Hearts were collected and frozen in liquid nitrogen. The protein extracts were 

obtained by tissue homogenization with ceramic beads (MagNa Lyser Green Beads, 

Roche, Germany) in extraction buffer (50 mM Tris-HCl, 1 mM EDTA, 2% SDS, pH 8.5 – 

8.8, 50 mM DTT). The protein extract for each time-point from three biological replicate 
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samples in addition to an internal standard generated as a pool of peptides of all 

biological conditions were subjected to tryptic digestion and the resulting peptides were 

labeled with 10-plex isobaric mass tags for relative quantification (TMT, Thermo 

Scientific). Labeled peptides were subjected to peptide separation into six fractions 

using a Waters Oasis MCX cartridge (Waters Corp, Milford, MA). The fractionated 

peptides were analyzed by nano-liquid chromatography-tandem mass spectrometry 

(nanoLC-MS/MS) using a Q-Exactive mass spectrometer (Termo Scientific). Protein 

identification was performed using the SEQUEST HT algorithm integrated in Proteome 

Discoverer 1.4 (Thermo Scientific). MS/MS scans were searched against a mouse 

reference proteome database (UniProtKB/Swiss-Prot 02_12_2015 Release). Peptides 

were identified from MS/MS data using the probability ratio method (Martinez-

Bartolome et al., 2008) and the False discovery rate (FDR) of peptide identifications was 

calculated by the refined method (Bonzon-Kulichenko et al., 2015). Quantitative 

information was extracted from the MS/MS spectra of TMT-labeled peptides using a SQL 

query from the Thermo Proteome Discoverer file (.msf). Protein abundance changes 

were analyzed using the WSPP model, and were expressed using the Zq variable, which 

represents standardized log2 ratio values (Navarro et al., 2014). The validity of the null 

hypothesis at each one of the levels (spectrum, peptide, protein, and functional 

category) was carefully checked by plotting the cumulative distributions, as described 

(Navarro et al., 2014). The proteomics data analysis was performed using the R package 

Limma v3.32.2 (Ritchie et al., 2015). To test differential expression using the moderated 

t statistics by Smyth et al (Smyth, 2004), raw and Benjamini-Hochberg adjusted p-values 

(FDR) were calculated for each of the tests. An adjusted p-value of less than 0.05 was 

considered statistically significant. The differentially expressed proteins between 

WT+DT and CD169DTR+DT (d21) were analyzed using Ingenuity Pathway Analysis (IPA, 

Quiagen, http://www.ingenuity.com). Pathways with adjusted p-values below 0.05 

were considered overrepresented.  

 

PROTEOMIC ANALYSIS OF CARDIAC EXOPHERS vs. TOTAL TISSUE  

We used hearts form CardRED mice and exophers isolated from the same mice as 

indicated in Extra Data Figure 2d-e and methods section. Mice were perfused with PBS 

http://www.ingenuity.com/
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and approximately 50 mg of tissue was frozen in liquid nitrogen from each heart, while 

the rest was used to isolate the corresponding exospheres. The protein extracts were 

obtained in extraction buffer (50 mM Tris-HCl, 1 mM EDTA, 2% SDS, pH 8.5 – 8.8, 50 mM 

DTT) by tissue homogenization with ceramic beads (MagNa Lyser Green Beads, Roche, 

Germany) for total hearts and by heating (5 min  at 90ºC), vortexing and centrifugation 

(10 min at 16100g) for cardiac exophers. Protein lysates from the exospheres and the 

corresponding heart tissue were boiled in 2x Laemmli sample buffer, subjected to in-gel 

digestion (Bonzon-Kulichenko et al., 2011) and analyzed using a Proxeon Easy nano-flow 

HPLC system (Thermo Fisher Scientific, Bremen, Germany) coupled via a 

nanoelectrospray ion source (Thermo Fisher Scientific) to an Orbitrap Fusion mass 

spectrometer (Thermo Fisher). C18-based reverse phase separation was used with a 2-

cm trap column and a 50-cm analytical column (75 µm I.D, 2 µm particle size, Acclaim 

PepMap RSLC, 100 C18; Thermo Fisher Scientific) in a continuous acetonitrile gradient 

consisting of 0-30% A for 120 min, 50-90% B for 3 min (A= 0.1% formic acid; B= 90% 

acetonitrile, 0.1% formic acid) at a flow rate of 200 nL/min. Mass spectra were acquired 

in a data-dependent manner, with an automatic switch between MS and MS/MS using 

a top 15 method and dynamic exclusion. MS spectra in the Orbitrap analyzer were in a 

mass range of 400–1500 m/z and 120,000 resolution. HCD fragmentation was 

performed at 33 eV of normalized collision energy and MS/MS spectra were analyzed at 

30,000 resolution in the Orbitrap. Protein identification was performed as described 

above (Proteome Discoverer 2.1; Thermo Scientific) and MS/MS scans were searched 

against a mouse reference proteome database (UniProtKB/Swiss-Prot April_2018), 

supplemented with the tdTomato and 116 CRAP proteins (Global Proteome Machine) 

(16988 sequences in total). Peptide identification from MS/MS data was performed as 

described above. In order to obtain maximum reliability, we eliminate from the analysis 

all those proteins that have less than 6 counts within all samples and were not detected 

at least in 3 samples of the same group (either total cardiac tissue or exophers). We only 

consider proteins with adjusted p-values below 0.05 as significantly changed between 

both conditions. 
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7.9. Statistical analysis 
 

Data are represented as mean values ± standard error of the mean (SEM) or box and 

whiskers plots. Where applicable, normality was estimated using D’Agostino & Pearson 

or Shapiro-Wilk normality test. For comparison between 2 groups, paired or unpaired t-

test was used when data presented normal distribution and paired or unpaired Mann-

Withney when data did not follow normal distribution. For more than 2 groups, data 

were evaluated by one-way analysis of variance (ANOVA) with Dunnett’s multiple 

comparison when data presented normal distribution and Kruskal-Wallis with Dunn´s 

multiple comparison when data did not follow normal distribution. Log-rank analysis 

was used for Mantel-Cox survival curves. Statistically significant outliers were identified 

using Grubb’s test (ESD method). All statistical analyses were performed using Prism v6 

(GraphPad Software, California, USA). A p-value below 0.05 was considered statistically 

significant (*). P-values p≤0,01 (**) and p≤0,001 (***), as well as non-significant 

differences (n.s.) are indicated.   
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9. Annexes 
 

9.1. Abbreviations 
 

αMHC Alpha Myosin Heavy Chain 

18F-FDG Radiolabelled Fluoro-deoxyglucose (18F) 

%EF % Ejection Fraction 

%FS % Fractional Shortening 

AAV9 Adeno-associated virus serotype 9 

AMP Adenosine Monophosphate 

ANOVA Analysis Of Variance 

Atg (5/7/9) Autophagy related gene (5/7/9) 

ATP Adenosine Triphosphate 

ATPb ATP synthase subunit beta 

BABB Benzyl-Alcohol Benzyl-Benzoate 

BEC index Bioenergetic Cellular index 

BM Bone Marrow 

BrdU Bromodeoxyuridine 

BSA Bovine Serum Albumin 

CCR2 C-C chemokine Receptor type 2 

Cdh5 Cadherin 5 

CD(n) Cluster of Differentiation (Protein number) 

cGAMP Cyclic Guanosine–Adenosine Monophosphate 

cGAS Cyclic Guanosine–Adenosine Monophosphate Synthase 

cMacs Cardiac-resident Macrophages 

CM Cardiomyocyte 

CMP Common Myeloid Progenitor 

CNS Central Nervous System 

CoI Cytochrome c oxidase subunit I 

CoxIV Cytochrome c oxidase subunit IV 

CS Citrate Synthase 
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Csf1r Colony stimulating factor 1 receptor 

CX3CL1 Chemokine (C-X3-C motif) Ligand 1 

CX3CR1 CX3C chemokine Receptor 1 

CYTC Cytochrome C 

DAMPs Damage-Associated Molecular Patterns 

DAPI 4′,6-Diamidino-2-Phenylindole 

DCs Dendritic Cells 

DHE Dihydroethidium 

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic Acid 

Draq5 Deep Red Anthraquinone 5 

DsRed Discosoma-derived Red fluorescent protein 

DT Diphteria Toxin 

DTR Diphteria Toxin Receptor 

DTT Dithiothreitol 

dUTP 2´-Deoxyuridine, 5´-Triphosphate 

ECM Extracellular Matrix 

EDTA Ethylenediaminetetraacetic acid 

Emp Extracellular matrix protein-binding protein emp 

EMPs Erythro-Myeloid Progenitors 

FACS Fluorescence Activated Cell Sorting 

FAD Flavin Adenine Dinucleotide 

FCCP Carbonyl Cyanide-4-(trifluoromethoxy)Phenylhydrazone 

FDR False Discovery Rate 

FIS1 Mitochondrial Fission 1 

FLT3 Fms Like Tyrosine kinase 3 

FOV Field Of View 

FP70 Flavoprotein 70 kDa 

FSC Forward Scatter 

G-CSF Granulocyte Colony-Stimulating Factor 

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase 
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Gas6 Growth arrest-specific 6 

GFP Green Fluorescent Protein 

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor 

HBSS Hank's Balanced Salt Solution 

HCQ Hydroxychloroquine 

HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic acid 

HSC Hematopoietic Stem Cell 

IL1β Interleukin 1β 

IL10 Interleukin 10 

ISO Isoproterenol 

i.p. injection Intraperitoneal injection 

i.v. injection Intravenous injection 

IVS Interventricular Septum 

KO Knockout 

LAD artery Left Anterior Descending Artery 

LAMP1 Lysosomal-Associated Membrane Protein 1 

LAX Long Axis 

LC3 Microtubule-associated protein 1A/1B Light Chain 3B 

LPC Lysophosphatidylcholine 

LV Left Ventricle 

LVEDP Left Ventricle End Diastolic Pressure 

LVESP Left Ventricle End Systolic Pressure 

LV-Vol Left Ventricle Volume 

LVID Left Ventricle Internal Diameter 

Ly6C Lymphocyte antigen 6C 

Ly6G Lymphocyte antigen 6G 

LysM Lysozyme M 

Lyve-1 Lymphatic vessel endothelial hyaluronic acid receptor 1 

LxR Liver X Receptor 

MAFIA Macrophage Fas-Induced Apoptosis (reporter mouse) 

MAFs Mouse Adult Fibroblasts 
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M-CSF Macrophage Colony-Stimulating Factor 

Mfge(8/10) Milk Fat Globule-EGF Factor (8/10) 

MFI Mean/Median Fluorescence Intensity (as indicated) 

MHCII Major Histocompatibility Complex class II 

mRNA Messenger RNA 

MS Mass Spectrometry 

MyHC Myosin heavy chain 

MYH6/7 Myosin heavy chain (6/7) 

MPs Myeloid Progenitors 

MRS Magnetic Resonance Spectroscopy 

MSCs Mesenchymal Stem Cells 

mtDNA Mitochondrial DNA 

mTOR mammalian Target Of Rapamycin 

nDNA Nuclear DNA 

NADH Nicotinamide adenine dinucleotide 

ND Not Detected 

NDUFA9 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9 

NDUFS2 NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 

NETs Neutrophil extra-cellular traps 

NK cell Natural Killer cell 

NLRP3 NACHT, LRR and PYD domains-containing protein 3 

NLRs NOD-Like Receptors 

OCT Optimal Cutting Temperature Compound 

OXPHOS Mitochondrial Oxidative Phosphorylation System 

PAMPs Pathogen-Associated Molecular Pattern 

PBS Phosphate Buffered Saline 

PCr Phosphocreatine 

PCR Polymerase Chain Reaction 

PET-CT Positron Emission Tomography–Computed Tomography 

PFA Paraformaldehyde 

PGC1α Peroxisome proliferator activated receptor gamma coactivator 1 alpha 
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PRRs Pattern Recognition Receptors 

PS Phosphatidylserine 

qPCR Quantitative Polymerase Chain Reaction 

RBCs Red Blood Cells 

RFP Red Fluorescent Protein 

RNA Ribonucleic acid 

ROS Reactive Oxygen Species 

Runx1 Runt-related transcription factor 1 

S1P Sphingosine-1-phosphate 

SAX Short Axis 

SDS Sodium Dodecyl Sulfate 

SEM Standard Error of the Mean 

SC Supercomplex 

SSC Side Scatter 

STING Stimulator of interferon genes 

TCA cycle Tricarboxylic Acid cycle 

TEM Transmission Electron Microscopy 

TFAM Transcription Factor A, Mitochondrial 

TGFβ Transforming growth factor beta 

TLR Toll-Like Receptor 

TNFα Tumour necrosis factor alpha 

Tnn2 Cardiac muscle troponin T 

TOM20 Translocase of outer (mitochondrial) membrane 20 

TRAPs Tumour Released Autophagosomes 

TUNEL Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling 

WT Wild Type 

UQCR2 Ubiquinol-cytochrome-C Reductase complex core protein 2 
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9.2. Collaboration of the PhD student in additional projects 
 

In the course of this thesis, I have participated in other projects resulting in the 

publication of scientific articles in peer-reviewed journals. A brief explanation of this 

work and the articles related to it are described below. 

 

Hematopoietic niche regulation by neutrophils in tissues. 

Initially postulated as a side-project of this thesis. In this Project, I have performed 

experiments in parabiont mice finding that circulating neutrophils infiltrate most tissues 

in healthy mice. Interestingly, this process occurs following either continuous or 

circadian pattern, depending on the tissue. We found that neutrophils are degraded by 

macrophages in the intestine and an impaired migration of neutrophils to this tissue 

causes a down-regulation of cytokines involved in distant bone marrow niche regulation 

(i.e. G-CSF). In other tissues like Lungs, the circadian infiltration of neutrophils regulates 

the expression of genes related with metastasis. Part of my work in this project has been 

published recently in (Casanova-Acebes et al., 2018). 

 

Characterization of neutrophil heterogeneity. 

Our observation of neutrophils infiltrating tissues in the steady-state (Casanova-

Acebes et al., 2018) raised the possibility that heterogeneous populations of neutrophils 

existed in different tissues, similar to what has been reported for resident macrophages. 

I performed bulk RNAseq on isolated neutrophils from different tissues including blood, 

bone marrow, spleen, lung, intestine and skin finding clear differences in the 

transcriptional profile of those cells. We are now repeating experiments at the single 

cell level to better characterize the source and magnitude of this heterogeneity. 

Although this project is still ongoing, I have participated in the elaboration of two 

reviews, which summarize the field of neutrophil heterogeneity, and their functions in 

different tissues (Adrover et al., 2016; Nicolas-Avila et al., 2017). 
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Macrophage functions in other tissues. 

Through a collaboration with Dr. Kronke’s group in Erlangen, I have participated in a 

project focused in studyng the composition, origin and differentiation of subsets of 

macrophages within healthy and inflamed joints (rheumatoid arthritis model). We found 

a barrier-forming population of macrophages in the synovium, which maintained their 

numbers through a pool of locally proliferating mononuclear cells embedded in the 

synovial tissue. These lining macrophages restrict inflammatory reactions by providing 

a tight-junction-mediated shield for intra-articular structures (Culemann et al., 2019). 

I also collaborated in a project focused in determining the phagocytic activity of 

different tissue-resident macrophage populations, and the consequences that 

phagocytosis have in the transcriptional activity of macrophages (A-Gonzalez et al., 

2017). 

Finally, I co-wrote a review focused in the origin and function of cardiac- and brain-

resident macrophages (Nicolas-Avila et al., 2018). 
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9.3. Publications 
 

 

1. Culemann, S., Grüneboom, A., Nicolas-Avila, J.A., Weidner, D., Lämmle, K.F., 
Rothe, T., Quintana, J.A., Kirchner, P., Krljanac, B., Eberhardt, M., Ferrazzi, F., et 
al. (2019). Locally renewing resident synovial macrophages provide a protective 
barrier for the joint. Nature, 572, 670-675.   
 

2. Nicolas-Avila, J.A., Hidalgo, A., and Ballesteros, I. (2018). Specialized functions 
of resident macrophages in brain and heart. J Leukoc Biol 104, 743-756. 

 
3. Casanova-Acebes, M.* Nicolas-Avila, J.A.*, Li, J.L.*, Garcia-Silva, S., 

Balachander, A., Rubio-Ponce, A., Weiss, L.A., Adrover, J.M., Burrows, K., A-
Gonzalez, N., et al. (2018). Neutrophils instruct homeostatic and pathological 
states in naive tissues. J Exp Med 215, 2778-2795. Co-first authorship* 

 
4. Nicolas-Avila, J.A., Adrover, J.M., and Hidalgo, A. (2017). Neutrophils in 

Homeostasis, Immunity, and Cancer. Immunity 46, 15-28. 
 

5. A-Gonzalez, N., Quintana, J.A., Garcia-Silva, S., Mazariegos, M., Gonzalez de la 
Aleja, A., Nicolas-Avila, J.A., Walter, W., Adrover, J.M., Crainiciuc, G., Kuchroo, 
V.K., et al. (2017). Phagocytosis imprints heterogeneity in tissue-resident 
macrophages. J Exp Med 214, 1281-1296. 

 
6. Adrover, J.M., Nicolas-Avila, J.A., and Hidalgo, A. (2016). Aging: A Temporal 

Dimension for Neutrophils. Trends Immunol 37, 334-345. 
 

 
 

Most of the data presented in this thesis is part of a manuscript currently under 

review in Nature.  

7. Nicolás-Ávila, J.A.*, Lechuga-Vieco, A.V.*, Esteban-Martínez, L., Sanchez-Díaz, 
M., Díaz, E., Santiago, D.J., Rubio-Ponce, A., Li, J.L., Balachander, A., Quintana, 
J.A., et al. (2019) Surrogated elimination of mitochondria in the heart. Under 
review in Nature. Co-first authorship* 
 

Two additional studies in which the author of this thesis has collaborated are 

currently under revision in other journals. 

 
 
 
 


