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Abstract 

Myocardial infarction (MI) triggers an inflammatory response that contributes to 

cardiac remodelling in adult mice. In contrast, the heart of the post-MI neonatal mouse 

regenerates without scarring due to an anti-inflammatory macrophage-dependent 

process. Previously, Noseda and colleagues demonstrated that intramyocardial 

injection of Lin-Sca1+CD31-PDGFR+SP+ cardiac progenitor/stem cells (CSCs) 

improved cardiac function. However, despite the lack of long-term engraftment, the 

cardiac improvement could be explained by paracrine factors released by CSCs. The 

paracrine effects of CSCs could affect several cell types in the heart, including 

macrophages. Therefore, this PhD thesis hypothesises that CSCs release paracrine 

factors that promote a subtype of anti-inflammatory macrophage phenotype to support 

cardiac regeneration. 

 

After flow sorting, single F4/80+CD11b+ macrophages were analysed by single qRT-

PCR. GM-CSF+LPS+IFNγ-driven M, identified as CX3CR1+CD11b+F4/80loCD206-, 

co-expressed pro-inflammatory genes, Nos2, Cxcl9, Cxcl10 and Il-6. On the other 

hand, M-CSF+IL-4+IL-13-driven M identified as CX3CR1+CD11b+F4/80+CD206+, 

upregulated anti-inflammatory genes, Arg1, Angpt2, and Igf1. Notably, CSCs 

conditioned media (CSC CondM)-driven macrophages were indistinguishable from M-

CSF+IL-4+IL-13-M. Lastly, CSC CondM+IL4+IL13-driven M group was identified as 

CX3CR1+CD11b+F4/80+CD206+, expressing Arg1, Angptl2, Igf1, Il1rl1, and Mrc1, and 

showing a distinct subtype of anti-inflammatory macrophage phenotype compared to 

all prior reports of anti-inflammatory/M2-like macrophages.  
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After confirming that CSCs secrete M-CSF (20pg/mL) as the potential protective 

factor, the M-CSF/CSF1R pathway was inhibited by using first the pharmacological 

inhibitor BLZ945 and then a monoclonal antibody against CSF1R. These inhibitory 

experiments demonstrated that the inhibition of M-CSF activity reduced cell viability, 

the percentage of F4/80+CD11b+CX3CR1+CD206+ macrophages, expression of anti-

inflammatory and pro-fibrotic genes (Arg1, Angpt2, Igf1, Il1rl1, Mrc1 and Gdf15), and 

phagocytosis activity. Multiplex bead-based flow immunoassays also showed that 

CSC CondM+LPS+IFN-M secrete IL-10 depending upon the M-CSF/CSF1R 

pathway.  

 

In conclusion, CSC-secreted M-CSF is the indispensable paracrine factor that induces 

macrophages with an anti-inflammatory phenotype. 
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1.1 Cardiac repair: an urgent unmet clinical need 

1.1.1 Cardiovascular diseases: the leading cause of mortality and 

healthcare cost worldwide  

The Global Burden of Disease study (2015) estimated that non-communicable 

diseases are the leading cause of death globally (~70%), followed by communicable, 

maternal, neonatal and nutritional diseases estimated at around 20%, and injuries at 

about 8%. Among the non-communicable diseases, cardiovascular disease (CVD) is 

the leading cause of mortality, with 17 million deaths globally reported in 2015 alone, 

nearly double the number of deaths caused by cancer (10 million) (Benjamin et al., 

2019; Reddy, 2016; Roth et al., 2017; White & Chew, 2008; Wilkins et al., 2017) (Fig. 

1.1 A). CVDs account for more than 4 million deaths annually in Europe, accounting 

for 45% of all-cause mortality (Townsend et al., 2016).  

 

The most common form of CVD is myocardial infarction (MI), an acute ischemic injury 

resulting in widespread death of cardiomyocytes (CMs). MI has a global incidence of 

over 7 million per year for both genders, with over 70,000 cases in the United Kingdom 

alone (White & Chew, 2008; Wilkins et al., 2017) (Fig. 1.1 B). The prevalence of all 

CVDs is projected to increase as the population ages, reaching 25 million deaths 

annually by 2030, offsetting all advances in age-adjusted mortality (Moran et al., 

2014). This is due to the direct correlation between increasing age and a higher 

incidence of common risk factors in Western countries, such as diabetes, obesity, 

tobacco smoking, physical inactivity, and even excess alcohol (Cook et al., 2014). The 

global population with a high body max index (BMI) is increasing, with one-third 
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classified as overweight or obese (Forouzanfar et al., 2016). By 2025, 18% of men 

and 25% of women are expected to reach the BMI of obesity (Di Cesare et al., 2016). 

A high BMI is a risk factor for developing other conditions such as type 2 diabetes 

mellitus (T2D), hypertension and coronary diseases (Heidenreich et al., 2013; 

Manrique-Acevedo et al., 2020; Stone et al., 2016). On the other hand, the main risk 

factors for developing CVDs are rapid urbanisation, ageing, and population growth in 

low-income countries (Mensah et al., 2015).  

 

Over the past 20 years, for post-MI patients, a breakthrough in cardiac care has been 

the urgent reperfusion therapy, which has improved prognosis by reducing infarct size 

and short-term mortality (Dorn, 2009; Opie et al., 2006). However, uncorrected 

ischemic injury, especially if the infarct area is large or following recurrent MI, 

predisposes to long-term heart failure (HF). HF is a severe deficiency in ventricular 

pump function that impairs ventricular filling or ejection of blood (Anderson & Morrow, 

2017; Saleh & Ambrose, 2018). HF is expected to increase by 50% over the next ten 

years (Ambrosy et al.,2014; Braunwald, 2015; Moran et al., 2014; Vigen, Maddox, & 

Allen, 2012). Worldwide, 38 million people suffer from HF, and the survival rate is 

estimated to be 50% five years after diagnosis (Braunwald, 2015; Cahill et al., 2017). 

The only definitive therapy for advanced HF remains heart transplantation (Dark, 2009; 

Fraccarollo et al., 2012; Hoffman, 2005). However, heart transplantation has many 

limitations, such as the availability of suitable donors or factors related to the immune 

rejection of organs. In addition, it imposes a significant economic burden, estimated at 

over $100 billion annually (Cook et al., 2014). Therefore, CVDs represent a socio-

economic problem with a high financial burden. In Europe, the total annual cost of 

CVDs is approximately €210 billion, split among healthcare (53%), lost productivity 
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(26%) and informal after-care (21%) (Wilkins et al., 2017). Meanwhile, in the United 

States, the total cost is estimated to increase from $318 billion (2015) to $749 billion 

by 2035 (Benjamin et al., 2019).  

 

In conclusion, understanding the clinical progression of HF following MI is essential to 

identify the most effective therapeutic approaches to prevent HF and promote cardiac 

regeneration.  
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Figure 1.1 Cardiovascular diseases, particularly ischemic heart disease, are the leading 
global cause of mortality. 

A, Non-communicable diseases were the most significant cause of death globally in 2015 

(71.3%), while communicable, maternal, neonatal and nutritional diseases accounted for 

20.2% and injuries only 8.5%. Among the non-communicable diseases, the top 3 are CVD (17 

million), cancer (10 million) and chronic respiratory disease (less than one million). Therefore, 

ischemic heart disease is the leading global cause of death for both males and females 

(Modified from Reddy, 2016; Yeh et al., 2010).  
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1.1.2 Cardiac remodelling following myocardial infarction and 

progression to heart failure 

MI occurs due to a lack of oxygenated blood flow supplied to the heart tissue. Typically, 

this event is due to a rupture of the atherosclerotic plaque, which causes ischemic 

damage resulting in loss of CM, estimated at around 1 billion cells (Lundy et al., 2014; 

Saleh & Ambrose, 2018).  

 

Due to ischemic damage, the remaining CMs cannot perform their mechanical and 

structural function. The resulting cardiac damage triggers a repair process, replacing 

necrotic tissue and forming a non-contractile fibrous scar to avoid fatal heart rupture 

(Fraccarollo, Galuppo, & Bauersachs, 2012; Frangogiannis, 2006; Frangogiannis et 

al., 2002; Frangogiannis, 2014). The intrinsic ability of an adult mammalian heart to 

repair or regenerate is next to nil (Aurora & Olson, 2014; Braunwald, 2015; Bui, 

Horwich, & Fonarow, 2011; Mercola, Ruiz-Lozano, & Schneider, 2011; Schneider, 

2016; Uygur & Lee, 2016; Zhang et al., 2016). 

 

The cardiac repair depends on a complex and sequential series of inflammatory 

events that can be divided into three overlapping phases: first, the pro-inflammatory, 

second, the proliferative or regenerative, and finally, the resolution of inflammation 

with the remodelling of the left ventricle (LV) (Dobaczewski, Gonzalez-Quesada, & 

Frangogiannis, 2010; Frangogiannis, 2008; Frangogiannis et al., 2002). 
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Phase I: Pro-inflammatory phase 

In the first few hours after MI, apoptotic and necrotic death of CMs triggers an 

inflammatory response. The initial inflammatory phase activates the pro-inflammatory 

pathways and cellular mediators. In this phase, immune cells are recruited, including 

monocytes, macrophages, neutrophils, and lymphocytes. Neutrophils and 

macrophages infiltrate the infarcted area to remove dead and necrotic cells and debris 

(Forbes & Rosenthal, 2014; Forte et al., 2018). Macrophages recognise and ingest 

apoptotic cells through a process known as efferocytosis (Harel-Adar et al., 2011; 

Huynh et al., 2002). During efferocytosis, macrophages suppress the production of 

pro-inflammatory mediators while inducing anti-inflammatory molecules (Harel-Adar et 

al., 2011; Huynh et al., 2002).  

 

Phase II: Proliferative phase  

The proliferative phase lasts from hours to days. It is characterised by the proliferation 

of endothelial cells (ECs) and fibroblasts and the formation of a microvascular network. 

The microvascular network provides oxygen and nutrients and facilitates the migration 

of fibroblasts to the new developing scar tissue. Cardiac fibroblasts differentiate into 

myofibroblasts that secrete extracellular matrix (ECM) proteins, such as collagen I, 

collagen III and fibronectin (Forbes & Rosenthal, 2014; Spinale, 2007). 

 

Phase III: Resolution of inflammation with LV remodelling 

The resolution of inflammation occurs within weeks or months with a progressive 

apoptotic death of fibroblast and vascular cells and the resulting formation of a non-

contractile fibrotic scar that prevents cardiac rupture (de Couto et al., 2015; 

Frangogiannis, 2008). Preservation of the physiological cardiac structure is vital for 
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maintaining proper cardiac function (Frangogiannis, 2012). Prompt resolution of the 

inflammation is needed to prevent lesion extension and tissue damage. An overactive, 

dysregulated, temporally, or spatially prolonged inflammatory response can lead to 

disastrous consequences. For example, extensive fibrosis promotes adverse cardiac 

remodelling, leading to progressive cardiac dysfunction. Therefore, controlling the 

level and duration of inflammatory activity is both crucial in the natural history of MI 

and also gives rise to potential therapeutic targets to improve heart repair (Fildes et 

al., 2009; Frangogiannis, 2012; Frangogiannis, 2015; Frangogiannis, 2014; Prabhu, 

2005; Sutton & Sharpe, 2000).  

 

During the resolution of the inflammation phase, the LV undergoes a complex 

structural change in size, shape, and function, known as LV remodelling. The LV 

dilates due to myocyte hypertrophy to preserve the systolic strength by reducing the 

stress on the myocardial wall. The remaining functioning myocardium is forced to 

compensate for impaired heart function due to the loss of contractile strength caused 

by CM death. The extent of LV remodelling is influenced by the location and size of 

the infarct zone (Burchfield et al., 2013).  

 

The initial physiological phase of LV remodelling can be beneficial because it 

preserves cardiac output. However, this is followed by a pathological phase, where an 

architectural rearrangement of the surviving myocardium is observed (Burchfield et al., 

2013; Fraccarollo et al., 2012; Opie et al., 2006; Prabhu, 2005; Sutton & Sharpe, 

2000). Fibroblasts near the MI region acquire the smooth muscle cell (SMC) 

characteristics that secret collagen-based matrix. This form of reparative fibrosis is 

necessary to maintain the structural integrity of the heart and to avoid the rupture of 
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the LV. However, excessive ECM deposition increases myocardium stiffness because 

the fibrotic scar is not contractile. Reactive fibrosis leads to systolic and diastolic 

dysfunction, increasing the risk of arrhythmogenicity and progression towards HF 

(Ambrosy et al., 2014; Braunwald, 2015; Fraccarollo et al., 2012; Houser et al., 2012; 

Moran et al., 2014; Noseda et al., 2015; Vigen et al., 2012) (Fig. 1.2). 

 

 

 

Figure 1.2 Post-MI cardiac remodelling 

The lack of oxygen in the first few hours after MI leads to CM death and a pro-inflammatory 
response. In the following hours or days, a proliferative phase is mediated by anti-inflammatory 
cytokines stimulating ECM deposition and proliferation of EC and fibroblast. Finally, the 
formation of a non-contractile fibrotic scar indicates the resolution of inflammation. The fibrotic 
scar’s appearance leads to remodelling of the LV, which can also evolve into general cardiac 
dysfunction, arrhythmogenicity, and even HF (Modified from Forte et al., 2018; Fraccarollo, 
Galuppo, & Bauersachs, 2012). 
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1.1.3 Heart transplant: the only available cure for advanced heart 

failure 

Current treatments to protect against progression from MI to HF are early reperfusion 

therapy, angioplasty, stents, coronary artery bypass graft surgery and anticoagulant 

drugs (Braunwald, 2015; Han et al., 2018). All currently used reperfusion treatments 

can quickly restore blood flow, delaying the progression of the injury that has already 

occurred. However, they do not address the clinical need to repair or reverse the 

damaged tissue (Segers & Lee, 2008). 

 

The goal of the scientific community is to reduce the incidence and severity of CVDs 

globally. A recent pooled patient-level analysis of ten randomised clinical trials of 

primary percutaneous coronary intervention demonstrated the strong link between 

infarct size and the likelihood of hospitalisation for HF within one year (Stone et al., 

2016). The risk of developing HF increased by 20% for every 5% increase in infarct 

size, regardless of all other variables, such as age, gender, diabetes, hypertension, 

hyperlipidaemia, and smoking (Mozaffarian, 2016; Stone et al., 2016). Thus, although 

early reperfusion therapy improves premature mortality from MI, structural remodelling 

of the LV increases progression to HF by impairing the heart's pumping capacity. The 

only definitive therapy for advanced HF remains heart transplant, which cannot be 

considered a realistic long-term therapeutic option for the population at risk due to the 

markedly limited amount of available donors (Dark, 2009; Fraccarollo et al., 2012; 

Hoffman, 2005; Yacoub, 2015).  
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1.2 The mammalian heart has a limited capacity for 

regeneration  

1.2.1 Heart regeneration in zebrafish, amphibia and neonatal mice 

Regenerative capacity is defined as the complete recovery of the structure and 

function of an injured organ or part of the body and varies between species. Teleost 

fish and urodele amphibians are primary models for studying cardiac regeneration in 

vertebrates because they regenerate limbs, fins and organs after injury (Claycomb, 

1992; Jopling et al., 2010; Kikuchi et al., 2010; Poss & Keating, 2002; Raya et al., 

2003).  

 

Danio rerio, also known as zebrafish, regenerates heart tissue without forming a 

fibrotic scar through a robust proliferation of pre-existing adult CMs that re-enter the 

cell cycle (González-Rosa et al., 2017). After surgical resection of approximately 20% 

of the ventricle, within 30-60 days, CM proliferation restored the ventricular 

myocardium (Poss, Wilson & Keating, 2002; Raya et al., 2003). After cryoinjury, the 

apoptotic response causes immune cell infiltration, fibrotic tissue deposition, and scar 

formation, which disappear within 3-4 months, indicating that fibrosis is a transient 

event (González-Rosa et al., 2011). Cardiac regeneration requires upregulation of the 

mitotic checkpoint kinase, ttk protein kinase (Poss, Wilson & Keating, 2002), and 

muscle segment homeobox 1b (msx1b/msxB) and 3 (msx3/msxC) (Raya et al., 2003). 

Genetically engineered CMs express the bacterial enzyme Nitroreductase (NTR), 

which triggers the prodrug metronidazole (Mtz) activation. Activated Mtz becomes a 
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cytotoxic DNA cross-linking agent. The controllable administration of Mtz into the water 

tank allows monitoring of CMs ablation in adult zebrafish (Curado et al., 2007). Finally, 

the hypoxia/reoxygenation (H/R) injury model showed a temporary reduction of 

ventricular function due to cardiac oxidative stress, CMs death, and inflammation 

response, followed by full functional recovery through CM proliferation (Parente et al., 

2013). Despite there are still questions on how to translate these findings into 

therapeutic strategies, considerable work confirmed that adult zebrafish hearts 

regenerate through a robust proliferation of pre-existing CMs, which is maintained in 

adulthood (Jopling et al., 2010; Kikuchi et al., 2010; Mahmoud & Porrello, 2011) (Fig. 

1.3 A). 

 

In Ambystoma mexicanum, also known as axolotls, partial ventricular amputation 

resulted in CMs proliferation, tissue restoration, and contractile function recovery 

(Cano-Martínez et al., 2010). Ventricle wall cryoinjury resulted in the invasion of 

inflammatory leukocytes and activation of CM proliferation for healing, as monitored 

using Bromodeoxyuridine (BrdU) incorporation (Godwin et al., 2017). Interestingly, 

macrophage depletion experiments demonstrated that salamander cardiac 

regeneration is based on a macrophage-mediated mechanism. Macrophage depletion 

by clodronate liposomes (CL2MDP-L) failed cardiac regeneration after cryoinjury, 

while CM proliferation was maintained, indicating that CM proliferation is insufficient 

to prevent fibrotic scar progression (Godwin et al., 2017) (Fig. 1.3 B). 

 

Following cardiac injuries, neonatal mice regenerate the heart without scar (Haubner 

et al., 2012; Lavine et al., 2018; Mahmoud et al., 2014; Porrello et al., 2011, Porrello 

et al., 2013; Xin et al., 2013). However, this regeneration capacity is retained only for 
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seven days after birth, and it is driven by CM proliferation and an angiogenic response 

(Aurora et al., 2014; Forbes & Rosenthal, 2014; Porrello et al., 2011, 2013).  

 

Although the mechanisms involved in mouse neonatal cardiac regeneration remain 

unknown, immune cell infiltration plays a significant role, demonstrating that cardiac 

repair is a macrophage-dependent process (Aurora et al., 2014; Lavine et al., 2014). 

A permanent ligation model demonstrated a quantitative difference in immune 

response between postnatal day one mice (P1, defined as regenerative mice) and P14 

mice (Aurora et al., 2014). Post-MI, fluorescence-activated cell sorting (FACS) and 

immunostaining localised macrophages around the ischemic zone (IZ). Macrophages 

were identified based on F4/80 expression, a widely used marker for mouse 

macrophages. Regenerative mice, P1, expressed a higher number of cardiac F4/80+ 

macrophages without injury and seven days post-MI (Aurora et al., 2014). Monocyte 

and macrophages were depleted from the heart of neonatal mice (P1) undergoing MI 

using CL2MDP-L to establish the role of macrophages in regeneration. Twenty-one 

days after MI, mice treated with CL2MDP-L showed increased collagen staining 

throughout the infarct area up to the apex, forming a fibrotic scar and leading to cardiac 

dysfunction, demonstrating that macrophages are essential for cardiac regenerative 

capacity (Aurora et al., 2014).  

 

Crossing myosin light chain 2v (Mlc2v)-Cre with Rosa26-DTR mice and daily 

administration of diphtheria toxin caused a ventricular CM death bypassing the 

systemic inflammatory activity associated with a thoracotomy (Dewald et al., 2003; 

Lavine et al., 2014). Terminal deoxynucleotidyl transferase dUTP nick end labelling 
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staining (TUNEL) and cardiac troponin I (cTnI) serum concentration levels showed a 

reduction in age-related mortality (Lavine et al., 2014).  

 

Surface marker chemokine (C–C motif) receptor 2 (CCR2) identifies circulation-

derived macrophages (Epelman et al., 2014). Post-injury, two subsets of cardiac 

macrophages increase: in neonatal mice, CCR2-  resident macrophages, and in adult 

mice, CCR2+ recruited and monocyte-derived macrophages (Lavine et al., 2014). In 

vitro, neonatal CCR2- macrophages stimulate CM proliferation, EC tube formation and 

angiogenesis. Therefore, CCR2- macrophages were classified as reparative and non-

inflammatory (Lavine et al., 2014). CCR2- macrophages express high levels of pro-

inflammatory genes, such as monocyte chemoattractant protein-1 (Ccl2) and –7 

(Ccl7), chemokine (C-X-C motif) ligand 1 (Cxcl1), interleukin 6 (Il6), interleukin 

1 (Il1) and tumour necrosis factor-alpha (Tnf). On the other hand, CCR2+ 

macrophages are considered pro-inflammatory with a limited restorative capacity. 

(Lavine et al., 2014) (Fig. 1.3 C). 

 

Overall, injured cardiac tissue can regenerate without scar formation through a new 

proliferation of CMs in adult zebrafish, salamander, and neonatal mice (within 7-day 

after birth. The common feature of this regeneration is the ability of CMs to re-enter 

the cell cycle days after birth (Aguirre, Sancho-Martinez, Izpisua Belmonte, 2013; Yin 

& Poss, 2008), even if only temporarily, as shown in the first week of the life of mice 

(Porrello et al., 2011). Cardiac regeneration, at least in part, depends on a balance 

between monocyte-derived and tissue-resident macrophages. In amphibia and 

neonatal mice, macrophages are involved in cardiac tissue repair, suggesting that their 

role might be an evolutionarily conserved mechanism (Aurora et al., 2014).  
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Figure 1Error! No text of specified style in document.3 Cardiac regeneration capacity in 
zebrafish, amphibians and mice 

(A) Zebrafish, (B) urodele amphibians (e.g. axolotls) and (C) mice are animal models used for 

cardiac regeneration. From embryos to adulthood, they regenerate their organs and body 

parts. Godwin (2017) and Aurora and Lavine (2014) demonstrated that scar-free heart tissue 

regeneration in mice depends on M2-like macrophages (Aurora et al., 2014; Godwin et al., 

2017; Lavine et al., 2014) (Modified from Uygur & Lee, 2016b) (https://smart.servier.com/). 

https://smart.servier.com/
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1.2.2 Limitation in cardiac regeneration of adult mammals 

Unlike the neonatal mouse heart, the adult mammalian heart is a post-mitotic organ, 

unable to regenerate following myocardial damage. Mammalian embryonic and fetal 

CMs can undergo cell division; after birth, this ability is lost and never significantly 

recovered (Ali et al., 2020; Bergmann et al., 2009; Eulalio et al., 2012; Lázár et al., 

2017; Lestuzzi, 2016). Consequently, due to cardiac damage in adult mice and human 

hearts, insufficient renewal of CMs results in a fibrotic scar (Bergmann et al., 2009, 

2011; Hashimoto et al., 2019; Hsieh et al., 2007). Therefore, several studies have 

addressed this challenging topic to obtain a clinically meaningful result. Several 

studies aimed to understand the turnover rate of CM and whether post-ischemic 

damage, adult mammalian cardiac regeneration is driven by pre-existing CMs or by 

CMs derived from undifferentiated progenitor cells. 

 

Sensitive methods retrospectively determine the age of CMs (Bergmann et al., 2009). 

A series of above-ground nuclear bomb tests during the Cold War, which ended in 

1963, raised 14C levels in the global atmosphere. Reacting with oxygen, 14C formed 

14CO2. The average turnover of the CMs was determined by measuring the permanent 

internalisation of 14CO2 into the DNA of CMs, which was around 1% in young people 

(~20 years old) and gradually decreased in adulthood (Bergmann et al., 2009; 

Bergmann et al., 2015; Eschenhagen et al., 2017). However, Bergmann’s studies 

focused on the basal proliferation activity of CMs without addressing the more critical 

question related to the differentiation potential of post-injury CMs (Bergmann et al., 

2009; Bergmann et al., 2015).  
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Cardiogenesis under homeostatic conditions and post-ischemic injury was studied 

using tamoxifen-inducible double-transgenic mice (Cre-loxP system). Here, CMs were 

labelled with a green fluorescent protein (GFP) and cardiogenesis was measured with 

the multi-isotope high-resolution imaging mass spectrometry (MIMS) (Senyo et al., 

2013). MIMIS quantified the two non-radioactive-isotypes-of-nitrogen-14 (14N) and 

nitrogen-15 (15N) (Steinhauser et al., 2012; Zhang et al., 2012). Adult mammalian CMs 

replicate without completing the cell cycle. Therefore, the measurement of the nuclear 

incorporation of 15N in thymidine quantified age-related cardiogenesis. Under 

homeostatic conditions, the incorporation was 5.5%/year in young mice and 2.6%/year 

in older mice (Senyo et al., 2013). 

 

On the other hand, tamoxifen induces GFP expression in CMs derived from pre-

existing myocytes (labelled GFP+ CM), while CMs derived from progenitor cells 

express a GFP- phenotype. Eight weeks after MI, 15N thymidine pulse labelling resulted 

in a similar frequency of the 15N+ expression level in GFP+ myocytes compared to 15N- 

CMs. This indicated that pre-existing CMs are the primary source of new myocyte 

replacement in adult mice in homeostasis and after MI (Senyo et al., 2013). Under 

homeostatic conditions, the proliferation of CM was about 0.76%/year in young adult 

mice while, after injury, it increased by four times (Senyo et al., 2013).  

 

Visual cytokinetic analysis indicated that CMs maintain the ability to become polyploid 

post-MI but lose the capacity to undergo cell division (Hesse et al., 2012). Others argue 

for even lower division rates, suggesting that CMs withdraw entirely from the cell cycle 

after birth and attribute the higher percentage of CM division to binucleation. 

Microarray studies on neonatal DNA synthesis have credited the CM binucleation to 
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karyokinesis without cytokinesis (Walsh et al., 2010). Additionally, this was endorsed 

through a high spatiotemporal resolution system that visualises cell division in live 

native CMs. During the late mitotic phase of the cell cycle, scaffolding protein anillin, 

a specific component of both the contractile ring and the midbody, was fused with 

enhanced GFP (eGFP).  

 

The genes required to induce efficient division of CM involving cytokinesis and 

karyokinesis are unknown. The ability to manipulate these genes is critical to 

regulating CM proliferation. Therefore, several studies have focused on the cell cycle 

regulation of CMs. A study screened a series of cell cycle regulators during 

proliferation in mouse, rat and human fetal CMs, identifying an overexpression of four 

cyclins: cyclin-dependent kinase 1 (CDK1), - 4 (CDK4), cyclin B1 and cyclin D1 

(Mohamed et al., 2018). The combination of these regulators causes post-mitotic CMs 

to re-enter the cell cycle, promoting proliferation and survival and improving cardiac 

function after MI (Mohamed et al., 2018). A chromatin-immunoprecipitation study 

showed that two transcription factors inhibited the cell cycle of CMs: Meis1 and 

Hoxb13. In postnatal mouse CMs, a member of the three amino acid loop extension 

(TALE) family, Meis1, is responsible for the loss of CM’s ability to regenerate. Meis1-

Hoxb13 double knockout (KO) mice showed a reactive CM cell cycle (Nguyen et al., 

2020). 

 

Instead, some studies have shown that post-MI mouse cardiac regeneration did not 

occur via re-entering the pre-existing myocytes cell cycle but from new CMs. 

Therefore, it has been suggested that post-ischemic injury, CM replenishment is 

mediated by adult stem/progenitor cells (Hsieh et al., 2007; Hsueh et al., 2014; Uchida 
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et al., 2013). Genetic fate-mapping studies using tamoxifen-dependent irreversible 

GFP+ CMs provide evidence that the percentage of GFP+ CMs in the border zone of 

MI is 15% lower than in shame-treated mice, indicating a regeneration from de novo 

CMs (Hsieh et al., 2007). Based on these data, in the heart of adult mammals, this 

new population (up to about 10% of host myocytes) can be augmented by therapeutic 

grafting and defined agents (Bergmann et al., 2009; Hsieh et al., 2007; Hsueh et al., 

2014; Johnston et al., 2009; Smart et al., 2011; Smith et al., 2017). Despite these 

findings, which make the regeneration of the dormant adult mammalian heart 

plausible, the post-injury source of the newly formed CMs is still uncertain. Of at least 

equal importance, the biological and technical obstacles to clinically workable self-

regeneration of the heart, which most commonly requires genetic manipulations, give 

renewed emphasis to alternative means of reducing cardiac muscle cell loss, including 

cell transplantation and cardioprotective therapies.   
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1.3 Cardiac regeneration and repair: from cell therapy to 

“cell-free” therapy 

1.3.1 Evolution of cardiac regenerative therapy over the past two 

decades 

Cardiac regenerative medicine aims to overcome the challenges faced by current MI 

treatments. It focuses on finding alternative strategies to treat MI and restore pump 

function by encouraging cardiac regeneration preventing CM death, promoting CM 

regeneration, and inducing cardiac self-repair. Cardioprotective therapy aims to 

prevent the extension of heart damage, while cardio-restorative treatment aims to 

restore normal cardiac function (Aurora & Olson, 2014; Banerjee, Bolli, & Hare, 2018; 

Fiedler, Maifoshie, & Schneider, 2014; Mercola, Ruiz-Lozano, & Schneider, 2011; 

Schneider, 2016; Uygur & Lee, 2016; Zhang et al., 2016).  

 

Cardiac regenerative medicine has evolved over the past 20 years (Fig.1.4). The first 

generation of cardiac regenerative therapy used non-cardiac cells, such as bone 

marrow mononuclear cells (BMMNC), endothelial progenitor cells (EPC) and 

mesenchymal stromal cells (MSC). Although some benefits were observed, there was 

an inconsistency between preclinical and clinical results. The second generation of 

cell therapy targeted organ cells. In the heart, they include cardiac progenitor cells 

(CPCs), cardiac stem cells (CSCs), and human pluripotent stem cell-derived CMs 

(hPSC-CMs). Compared to the first generation, a generic beneficial improvement was 

observed despite the poor long-term cell retention. The next generation introduced a 
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cell-free therapy approach, focusing on the paracrine effects of growth factors, 

cytokines, chemokines, non-coding RNAs and extracellular vesicles.  

 

 

 

Figure 1.4  Illustration to summarise the evolution of cardiac regenerative therapy 

(Modified from (Le et al., 2017)) (https://smart.servier.com/). 

 

 

 

https://smart.servier.com/
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1.3.2 The first generation of cell therapy: non-cardiac cells in the 

adult mammalian heart 

The first generation of cell therapy using non-cardiac stem cells began with BMMNCs, 

demonstrating a modest improvement in heart function but without myocyte 

replacement, as first claimed (Jackson et al., 2001; Meyer et al., 2006; Orlic et al., 

2002; Strauer et al., 2002). The results using BMMNCs, though likewise encouraging 

at first, were ultimately irreproducible by meta-analysis (Gyöngyösi et al., 2016; 

Kovacic & Fuster, 2001; Nguyen et al., 2016; Nowbar et al., 2014). Given this failure 

of the underlying therapeutic principle plus the lack of empirical benefit, the efficacy of 

other cell types was tested. After MI, a purified CD34+ population of ECP showed a 

beneficial impact on neovascularisation (Losordo et al., 2007, 2011; Mangi et al., 2003; 

Ruifrok et al., 2009; Van Ramshorst et al., 2009). In preclinical studies, MSCs 

transplantation was demonstrated to be beneficial. However, in the follow-up clinical 

trial (named POSEIDON), the negative correlation between MSC dosages and cardiac 

improvement raised concern in the scientific community (Hare et al., 2012; Hass et al., 

2011; Huang et al., 2010; Williams & Hare, 2011). The main reasons for the negative 

results obtained in clinical trials were speculated to be how the non-

cardiac/stem/progenitor cells were chosen, characterised, and delivered. Some of the 

observed limited benefits may be attributable to early spontaneous cardiac recovery 

post-MI (Behfar et al., 2014). Furthermore, the lack of standardised molecular markers 

or the formation of colony-forming units followed no practical standards. Therefore, it 

was impossible to guarantee these cells' uniform, efficient and functional power. 

(Dimmeler & Leri, 2008). In summary, the main challenges faced by the first generation 

of cell therapy were the lack of trans-differentiation capacity into cardiac myocytes and 
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the inconsistent cardiac benefits (Balsam et al., 2004; Chien et al., 2019; Mercola et 

al., 2011; Murry et al., 2004; Preda et al., 2014). 

 

 

1.3.3 The second generation of cell therapy: cardiac stem/progenitor 

committed cells  

In the second generation, the scientific community used cells that better resemble 

cardiac stem/progenitor cells to promote autologous regeneration. The main 

advantage of the second generation was the improved engraftment, albeit transiently, 

while the main challenge was identifying and characterising CSCs without knowing a 

specific and unique surface marker (Beltrami et al., 2001; Chong et al., 2011; Chong 

& Angeli, 2019; Martin et al., 2004; Matsuura et al., 2004; Messina et al., 2004; Noseda 

et al., 2015; Noseda et al., 2015; Oh et al., 2003; Oskouei et al., 2012; Oyama et al., 

2007; Pfister et al., 2005; Smart et al., 2011). 

 

The definition, origin, and complete molecular characterisation of dormant adult 

cardiac progenitor cells are unknown. Historically, these studies began with the use of 

the most well-known hematopoietic surface markers, such as the orphan receptor 

stem cell antigen 1 (Sca-1) (Hsueh et al., 2014; Matsuura et al., 2009; Oh et al., 2003; 

Uchida et al., 2013) and the receptor tyrosine kinase (c-kit) (Beltrami et al., 2003; 

Ellison et al., 2013; Kawaguchi et al., 2010). Then, various intracellular and functional 

markers followed, such as the side population (SP) dye-efflux phenotype but still 

without a definitive answer (Martin et al., 2004; Oyama et al., 2007; Pfister et al., 2005). 
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1.3.3.1 Sca1+ CSCs 

Sca1 is one of the most investigated markers for defining mouse CSCs. The 

lymphocyte activation protein-6A (Ly6a) gene encodes for Sca1. Sca1/Ly6a–null mice 

studies showed that Sca1 regulates the developmental and self-renewal of 

hematopoietic stem cells (HSC) (Ito et al., 2003). Ly6a ablation experiments showed 

that Sca1 plays an essential role in HSCs and MSCs differentiation, migration, and 

proliferation (Bradfute et al., 2005; Holmes & Stanford, 2007; Ito et al., 2003; Stanford 

et al., 1997). 

 

In 2003, Professor Michael Schneider’s team isolated Sca1+ MSCs from adult mouse 

myocardium. Following treatment with 5’-azacytidine, cultured Sca1+ MSCs showed 

cardiomyocytes lineage potential by producing sarcomeric -actin and cTnI and 

expressing Homeobox protein Nkx-2.5, - and -myosin heavy chain (MHC and 

MHC), and bone morphogenetic protein receptor type-1A (Bmpr1a). Furthermore, 

intravenous injections of cardiac Sca1+ cells in Cre/loxP (MHC-Cre/R26R) mice 

undergoing ischemia/reperfusion (I/R) showed homing, differentiation and fusion of 

Sca1+ cells in the injured myocardium (Oh et al., 2003).  

 

Engrafting experiments using lineage-tracing tools demonstrated that Sca1+ CSCs 

transplanted post-MI in mouse hearts delayed functional decline, attenuated LV 

remodelling, and increased neo-vascularisation (Bailey et al., 2012; Hsueh et al., 

2014; Matsuura et al., 2009; Rosenblatt-Velin et al., 2011; Uchida et al., 2013; X. Wang 

et al., 2006; Ye et al., 2012). However, there are still questions about the mechanism 
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and role (if there is one) of Sca1+ cells in myocardial development, renewal and repair 

(Zhang et al., 2019). 

 

Circulation has published five independent studies discussing the role of Sca1+ CSCs 

in cardiac repair. These studies showed that Sca1+ CSCs injected into the heart do 

not differentiate into CMs but towards the endothelial lineage. A table summarising the 

key findings in Table A1 (Appendix) (Lee, 2018). These five studies present three main 

limitations. First, none of these five studies worked with the same subpopulation of 

CSCs characterised by Noseda and colleagues. Noseda’s CSCs expressed Sca1+ 

and the platelet-derived growth factor receptor alpha (PDGFR+) but did not 

express  the endothelial marker platelet/endothelial cell adhesion molecule 1 

(PECAM1, also known as CD31) (Noseda et al., 2015). The Sca1/Cre deleter line and 

conventional Rosa26-driven, Cre-dependent reporter systematically fail to capture the 

entire population of Sca1+ CSCs in the heart. Instead, it skewed toward 

PDGFR−CD31+ endothelial precursors and omitted nearly all the PDGFR+CD31- 

cells, the relevant sub-population expressing cardiogenic transcription factors. 

Secondly, although they questioned whether endogenous Sca1+ CSCs generate new 

CMs, these five studies did not claim to answer whether manipulation, expansion, and 

injection of these cells into the injured heart could lead to Sca1+-derived CMs. Finally, 

in vivo studies did not consider the possible adjustments Sca1+ cells could undergo 

following therapeutic stimulation. As discussed below, the developmental plasticity of 

CSCs, whether or not they have the potential to become CMs or ECs, is irrelevant, as 

this PhD thesis focuses on the beneficial effects that secreted paracrine factors might 

have. Therefore, this PhD thesis moved away from the idea that CSCs need to become 

CMs to enhance cardiac regeneration and repair.  
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1.3.3.2 Subpopulations of Sca1+ CSCs 

The side-population (SP) dye-efflux phenotype: SP Sca1+CSCs 

Ly6a lacks the human counterpart (Loughner et al., 2016), so other markers have been 

used to identify CSCs. The SP population is enriched in different tissues, but the 

mouse heart is 100-time richer than non-myocytes (Asakura & Rudnicki, 2002; Kim & 

Morshead, 2003; Montanaro et al., 2003; Summer et al., 2003; Wulf et al., 2003). 

Cardiac SP Sca1+ CSCs differentiate and proliferate, forming hematopoietic and 

cardiac lineages demonstrating multi-potency differentiation (Martin et al., 2004; 

Noseda et al., 2015; Pfister et al., 2005). 

 

CD31: SP Sca1+CD31-CSCs 

A specific subpopulation of cardiac SP Sca1+ CSCs does not express CD31, SP 

Sca1+CD31- CSCs can differentiate into SMCs, ECs and CMs (Martin et al., 2004; 

Matsuura et al., 2009; Noseda et al., 2015; Oh et al., 2003; Oyama et al., 2007; Pfister 

et al., 2005). SP Sca1+CD31- CSCs treated with single factors (e.g. oxytocin or 

trichostatin) formed sarcomere and differentiated into beating CMs. On the other hand, 

under osteogenic inducers, SP Sca1+CD31- CSCs showed positivity for early 

osteocyte markers, while under adipogenic activators, they accumulated oil droplets 

in the cytoplasm, indicating differentiation into adipocytes (Oyama et al., 2007; Pfister 

et al., 2005). 

 

The cardiac-resident colony-forming units-fibroblast (cCFU-Fs) 

The third subpopulation of Sca1+ CSCs consists of adult cardiac-resident colony-

forming units-fibroblast (cCFU-Fs) enriched for PDGFR (Chong et al., 2011). During 
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embryogenesis and differentiation of ESCs, transcription factors of the heart (e.g. Wt1 

or Isl1) were used to identify CSCs (Laugwitz et al., 2008; Moretti et al., 2006; Smart 

et al., 2011). After MI, embryonic Wt1 is re-expressed and activated via thymosin 4 

peptide, generating CMs de novo (Bock-Marquette et al., 2004; Smart et al., 2011). 

 

Lin-Sca1+CD31-PDGFR+SP+ CSCs  

Noseda and colleagues combined two approaches to investigate CSCs heterogeneity 

using single-cell flow cytometry and clonal study (Noseda et al., 2015). Flow cytometry 

allowed the purification of negative hematopoietic lineage (Lin) non-myocytes based 

on the expression of Sca1 in adult mouse myocardium. The Sca1+ CSC population 

was then divided based on the SP phenotype and the mutually exclusive expression 

of PDGFR against CD31. Therefore, Lin-Sca1+ CSCs were distinguished into two 

subpopulations: 25% were in PDGFR+CD31- cells, while the rest were PDGFR-

CD31+ cells (Noseda et al., 2015) (Fig. 1.5 A).  

 

Single-cell (sc) quantitative reverse transcription real-time PCR (sc qRT-PCR) 

revealed a mosaic of subsets of unknown genes using bulk analysis (Noseda et al., 

2015). SP cells represented 1-3% of the whole Sca1+ population, encompassing these 

two subpopulations (Noseda et al., 2015; Oh et al., 2003; Oyama et al., 2007; Pfister 

et al., 2005). PDGFR+ cells do not express endothelial lineage markers, such as 

kinase insert domain protein receptor (Kdr), cadherin 5 (Cdh5), Von Willebrand factor 

(Vwf), or sarcomeric gene markers. On the other hand, PDGFR+ cells are enriched 

with genes encoding cardiogenic factors, including GATA-binding proteins 4 and 6 

(Gata4 and Gata6), myocyte enhancer factor 2A and C (Mef2a and Mefc), T-box 5 

and 20 (Tbx5 and Tbx20), and heart and neural crest derivatives expressed 2 (Hand2) 



47 

 

(Noseda et al., 2015; Olson, 2006). CD31+ cells show opposite gene signature devoid 

of cardiogenic genes while expressing endothelial lineage markers (e.g. Kdr, Cdh5) 

(Noseda et al., 2015). The CSCs described by Noseda showed a divergent 

cardiogenic potential compared to previously described Sca1+ CSCs (Pfister et al., 

2005) (Fig. 1.5 B).  

 

Functionally, the double-positive phenotype SP and PDGFR delimits a population of 

Lin-Sca1+ cells with an efficient clonogenic capacity of 30%. One year of culture 

propagation of Lin-Sca1+CD31-PDGFR+SP+ CSCs maintained a cardiogenic gene 

signature and lacked replicative senescence, as shown by senescence-associated 

−galactosidase activity (Noseda et al., 2015). Subsequently, 250,000 rigorously 

characterised mOrange-labelled Lin-Sca1+CD31-PDGFR+SP+ CSCs were injected 

intramurally at infarction. These engrafted cells showed trilineage EC, SMC and CM 

capabilities, presenting typical CM features, such as a rod shape, bi-nucleation and 

striation. Cell retention dropped dramatically from about 10% (day 1) to 0.1-0.5% (day 

14), with only 10-20 cells persisting in the heart twelve weeks later (Noseda et al., 

2015). 

 

As discussed above, recent fate-mapping studies have challenged the ability of 

endogenous CSCs to differentiate into new CMs (Lee, 2018). This PhD thesis 

considers these results, although the limitations of the experimental design call these 

conclusions into question. For these reasons, this specific subpopulation is referred to 

in this thesis most accurately as cardiac stromal cells (CSCs). This terminology is 

agnostic regarding cell fate as an endogenous population. After cardiac grafting, these 

cells demonstrate a cardiogenic potential while improving cardiac function (Fig. 1.5 C). 
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A series of magnetic resonance tomography (MRI) measurements demonstrated that 

CSCs delivery improved cardiac structure and function, with an increase in LVEF, 

reduction of LV remodelling, and an overall reduction of the infarct size from 45% to 

35% (Noseda et al., 2015). Paradoxically, in contrast to these enormous organ-level 

benefits, lasting engraftment was incredibly rare (0.002%). Subsequent studies using 

transwell co-culture and CSC’s conditioned media experiments confirmed that CSCs 

secrete sufficient paracrine factors to protect mouse and human CMs from I/R injury 

and oxidative stress in culture, respectively (Constantinou et al., 2020). Together, 

these results suggest a potential early paracrine signal for cardioprotection mediates 

the organ-level benefit conferred by CSCs.  
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Figure 1.5 PDGFRα delimits Sca1+ CSCs. 

A, Flow cytometry gating strategy to identify Lin-Sca1+CD31-PDGFR+SP+ CSCs. Mouse 

cardiac non-myocytes can be divided into four populations as indicated 1-4. B, Venn diagram 

maps Sca1+PDGFR+ versus Sca1+CD31+ (section 1-4 from A) shows that regardless of the 

SP classification, PDGFR+CD31- cells are highly clonogenic. Sc qRT-PCR heatmap shows 

PDGFR+CD31- cells express cardiogenic genes, while PDGFR-CD31+ cells are enriched 

for EC lineage markers. C, Twelve weeks later, CSCs injection into the infarct size, MRI 

showed prevented wall thinning, chamber dilation, double post-infarct ejection fraction, and 

reduced infarct size over time by 9.4 Tesla MRI (Modified from Noseda et al., 2015).  
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1.3.3.3 Human clinical trials using CSCs 

CSCs began to be used in human clinical trials, although their characterisation was 

not completed. As reviewed by Ptaszek and colleagues, early human clinical trials 

using CSCs transplants showed poor cardiac functional improvement due to poor cell 

retention of the transplanted cells (Ptaszek et al., 2012) (Table 1.1).  

 

Table 1.1 CSCs used in human clinical trials 

Clinical 
Trial 

Patients 
Autologous 

CSC 
Administration 

method 
Results Issue Reference 

SCIPIO 16 c-kit, Atrial 
Intracoronary 

injection 
Scar reduction: 
30% (at 1 year) 

Retracted 
(Bolli et al., 

2011; Lancet, 
2015) 

CADUCEUS 17 Sca1, LV 
Intracoronary 

injection 
Scar reduction: 
11% (at 1 year) 

Negative 
effectiveness 

(Makkar et al., 
2012) 

TICAP 
14 

≤6-year 
Atrial 

Intracoronary 
injection 

LVEF: 
9% 

PERSEUS (Phase 2) 
(Ishigami et al., 

2015) 

ALCADIA 6 CD105+CD90+ Transepicardial 
 

LVEF: 
12.1±4.9% 

No results posted 
(Takehara et 

al., 2012) 

 

Due to the limited number of participants in these studies, it was difficult to conclude 

the ability of the transplanted CSCs to improve cardiac function. Virtually all the 

proposed cell types lacked graft persistence in animal testing. This highlights the 

limitation in the conditions for cell delivery. Hence, preclinical studies show that cardiac 

functional improvements are more plausibly attributable to early paracrine effects 

rather than grafted cells becoming new myocytes. Therefore, finding appropriate 

approaches to regenerate CM lost after an injury is ongoing (Chimenti et al., 2010; de 

Couto et al., 2015; Hong et al., 2014; Li et al., 2012; Malliaras et al., 2013; Ong et al., 

2015; Tachibana et al., 2017; Tang et al., 2016; Wang et al., 2006). 
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1.3.4 The next-generation of cell therapy: the paracrine hypothesis   

The next generation of cell therapy moved toward a cell-free approach based on the 

hypothesis that paracrine mechanisms mediated functional effects. Despite low long-

term cell retention, several studies have found similar beneficial improvements through 

the paracrine effects of transplanted CSCs. These studies used differently: animal 

models (e.g. mouse, rat, dog, sheep, pig, monkey and even work with human tissues); 

methods of administration (e.g. intramyocardial, intracoronary, and intravenous 

injection); and, types of donor cells (e.g. BMMNCs, CD34+ enriched BMMNCs, 

adipose-derived stem cells, Sca1+, c-kit+, SP Sca1+, CDCs, MSCs, and others). 

Cardiac functional recoveries with improvements in LVEF and LV function were 

observed in all of these studies (Chimenti et al., 2010;  Gnecchi et al., 2005; Hong et 

al., 2014; Kinnaird et al., 2004; Li et al., 2012; Malliaras et al., 2013; Noseda et al., 

2015; Wang et al., 2006). 

 

CSCs differentiated into CMs showed secretion and induction of several molecules, 

including the soluble vascular cell adhesion protein 1 (sVCAM-1). Inhibition of its 

receptor, integrin 41 (very late antigen-4) (VLA-4), induces EC and CSC migration, 

CM survival and amelioration of cardiac dysfunction (Matsuura et al., 2009). This is 

accompanied by improved cardiac function and the activation of endogenous 

progenitor CMs via secretion of stromal cell-derived factor 1 (SDF-1) (Malliaras et al., 

2014). Post-MI, the paracrine effects from CSCs inhibit neutrophil infiltration, excess 

inflammation and oxidative stress via the junctional adhesion molecule-A (JAM-A) (Liu 

et al., 2014). Injection of exogenous CSCs into the mouse heart stimulates the heart 

to produce paracrine factors, such as angiopoietin-2 (ANGPT2), basic fibroblast 
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growth factor (bFGF), hepatocyte growth factor (HGF), insulin-like growth factor 1 

(IGF-1), stromal cell-derived factor 1 (SDF-1) and vascular endothelial growth factor 

(VEGF) (Li et al., 2012). CSCs also secrete extracellular vesicles (EVs) containing 

microRNAs (miRNAs) (Barile et al., 2014; Gray et al., 2015; Ibrahim et al., 2014).  

 

Sca1+ CSC and cardiosphere-derived stem cells (CDCs) compared to BM cells, and 

non-cardiac MSCs are functionally superior due to their paracrine potency (Li et al., 

2012; Liu et al., 2014). Although long-term retention of CSCs in the recipient’s heart is 

lacking, at least in the pre-clinical settings, cell transplant has been reported to improve 

cardiac function with significant benefits. Therefore, a strong consensus has emerged 

that the long-term benefits are likely to be mediated by early secretory mechanisms. 

The paracrine effects of transplanted cells have been reported to benefit several 

aspects of cardiac repair. The most relevant cardiac benefit elements are the following: 

CM’s survival and proliferation, wound healing, angiogenesis, infarct regression, 

immunomodulation, activation of endogenous cardiac progenitor cells and 

enhancement of contractile function (Chimenti et al., 2010; Chong et al., 2011; de 

Couto, 2019; de Couto et al., 2015; den Haan et al., 2012; Gallet et al., 2017; Hong et 

al., 2014; Ibrahim et al., 2014; Kawaguchi et al., 2010; Li et al., 2012; Liu et al., 2014; 

Malliaras et al., 2014; Matsuura et al., 2004, 2009; Nie et al., 2018; Noseda et al., 

2015; Wollert & Drexler, 2010; Wysoczynski et al., 2017).  

 

In conclusion, cell therapy for heart repair has undergone a recent paradigm shift. 

These emerging consensuses have created a new way to address cardiac 

regeneration from cell therapy to a ‘cell-free’ therapy. Paracrine factors secreted by 

CSCs could influence the fate of all cardiac cells. The cells shown to be affected by 
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CSCs are the following: CMs, resident cardiac stem cells, leucocytes, vascular cells, 

fibroblasts, conduction system, and immune cells, including monocytes and 

macrophages (Figure 1.6). Thus, early paracrine signals to the host milieu likely 

explain the extensive findings observed on the heart at the organ level. Among these 

potential targets, the specific role of macrophages in the heart will be discussed below.  

 

 

 
Figure 1.6 Next-generation of cell therapy: the paracrine hypothesis. 

CSCs secrete many factors, such as growth factors, chemokines, cytokines, miRNAs, 

vesicles, etc., which modulate several functions, such as proliferation, differentiation, 

angiogenesis, and inflammation. Despite poor long-term retention, transplanted CSCs interact 

with heart cell types, CMs, ECs, endogenous CSCs, fibroblast, and immune cells, including 

monocytes and macrophages. (https://smart.servier.com/). 

  

https://smart.servier.com/
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1.4 Mouse macrophages in the model of cardiac injury 

and regeneration 

1.4.1 Mouse macrophages: from embryo to adulthood   

Macrophages perform various functions, from maintaining tissue homeostasis to 

invading pathogens to tissue repair and remodelling (Biswas & Mantovani, 2012; 

Ensan et al., 2016; Gordon & Martinez, 2010; Mantovani et al., 2004; Sica & 

Mantovani, 2012). The classification of macrophages is complex and constantly 

evolving due to discoveries. The heterogeneity of macrophage phenotypes reflects the 

diversity of the tissue environment in which they reside  (Gautiar et al., 2012). Knowing 

the origin of macrophages could help understand their functions.  

 

Two distinct lineages classify tissue-resident macrophages, one derived from 

circulating monocytes and the other established during development (Ensan et al., 

2016; Epelman et al., 2014; Lavine et al., 2014). In the late 1960s, van Furth and Cohn 

proposed that the primary sources of mouse tissue-resident macrophages were the 

circulating bone marrow-derived monocytes (BMDMs) (Furth & Cohn, 1968).  

 

More recently, mouse embryonic studies revealed adult HSCs are the primary source 

of self-renewal-maintained macrophages. Embryonic established mouse resident 

macrophages derive from yolk-sac macrophages and foetal monocyte progenitors 

before forming HSC (Epelman et al., 2014; Morris, Graham, & Gordon, 1991; Pinto et 

al., 2012). Yolk-sac-derived macrophages grow independently, contributing to the 
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development of erythroblasts and megakaryocytes (Palis et al., 1999; Tober et al., 

2006).  

 

Embryonic progenitors transiently populate tissues during development in 

“development waves”. The first wave of development occurs between embryonic day 

7 (E7) and day 9 (E9). Between E8 and E8.5, the first macrophages or primitive 

progenitors arise from erythro-myeloid progenitors (EMP) with myeloid lineage 

potential (Frame et al., 2013; Mass et al., 2016; Palis & Yoder, 2001). The foetal liver 

receives two consecutive progenitors during the second wave of development: EMPs 

at E9.5 and HSCs at E10.5/E11. At E9, EMPs begin to populate the foetus and liver 

following the onset of blood circulation and differentiate into monocytes (Hoeffel et al., 

2015).  

 

During development, the heart is enriched with two resident macrophage types: the 

first at E11.5, carrying primitive yolk-sac progenitors expressing low levels of CCR2 

and low levels of major histocompatibility complex class II (MHC-II): CCR2loMHC-IIlo. 

The second wave at E14.5 is enriched for CCR2+MHC-Illo macrophages (Ginhoux et 

al., 2010; Leid et al., 2016).  

 

Studies using Ccr2-/- embryos demonstrated the critical functional role in the coronary 

system development for CCR2-MHC-IIlow macrophages related to epicardium, 

epicardial-derived cells and coronary endothelium (Leid et al., 2016; Stevens et al., 

2016). CCR2- macrophages express insulin-like growth factors 1 and 2 (Igf1, Igf2), 

potential macrophage-derived effector molecules that mediate coronary development 

(Leid et al., 2016). Moreover, CCR2-MHC-IIlo macrophages exist independently of the 
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circulating monocytes maintained during local proliferation (Stevens et al., 2016). On 

the other hand, the maintenance of CCR2+MHC-Illow macrophages depends on 

monocytes, which are associated with the endocardial surface (Leid et al., 2016).  

 

Subsequently (around E15), through the newly developed blood vascular system, 

macrophages transit to the foetal liver, populating the BM, which is, therefore, the 

primary source of subsequent populations of monocyte and macrophage (Hoeffel et 

al., 2015; Stremmel et al., 2018). Between approximately E11 and E17.5, the primary 

source of tissue macrophages is foetal liver monocyte-progenitor cells up to the 

development of BM (Hoeffel et al., 2015). During the third wave of development, from 

about E17.5 to adulthood, haematopoiesis is the primary source of macrophage 

lineages in the tissues (Fig. 1.7). 
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Figure 1.7 Developmental waves of mouse macrophages 

Three waves of progenitor cells are responsible for seeding macrophages into the tissue: the 

first wave, yolk sac progenitors between E7 and E9. Monocyte-like cells populate the fetal liver 

(E11-17.5). The third wave begins around E15.5/E17.5 and continues into adulthood 

(haematopoiesis) (Modified from Williams et al., 2018) (https://smart.servier.com/). 

 

 

After birth, the heart of the neonatal mouse exhibits two populations of CCR2- 

macrophages. Within the first week, through embryogenesis, the “primitive” population 

deriving from the yolk sac is established (Lavine et al., 2014). Next, the “definitive” 

population expressing FMS-like tyrosine kinase three receptors (Flk3) is established 

(Boyer et al., 2011). The upregulation of Flk3 results in a lack of self-renewal in the 

HSC. Hence, a lineage tracing study using Flt3-Cre mice demonstrated that HSC 

derived from Flk3+ progenitors (Boyer et al., 2011). In the arteries, embryonic yolk-sac 

macrophages arise from precursors expressing the fractalkine receptor called C-X3-C 

motif chemokine receptor-1- (CX3CR1) (Molawi et al., 2014; Pinto et al., 2012). The 
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survival of arterial macrophages is maintained by the interaction between CX3CR1 

and its fractalkine ligand, C-X3-C motif chemokine ligand-1 (CX3CL-1) (Ensan et al., 

2016). These interactions also promote survival in other organs and systems such as 

the brain (Boehme et al., 2000), kidneys (Lionakis et al., 2013), and even circulating 

monocytes (Landsman et al., 2009). Using tamoxifen-inducible recombinase Cre mice 

(CX3CR1Cre) crossed with R26-yfp reporter mice, the genetic fate-mapping study 

showed that embryonic CX3CR1+ cardiac macrophages persist even in adulthood 

(Molawi et al., 2014).  

 

In homeostasis, the primary source of adult cardiac resident macrophages is local 

proliferation rather than recruitment of circulating monocytes (Ensan et al., 2016; 

Epelman et al., 2014; Ginhoux et al., 2010; Guilliams et al., 2013; Hashimoto et al., 

2013; Jakubzick et al., 2013). On the other hand, some studies have shown that HSCs 

(in the BM) differentiate into monocytes and are the source of the turnover of resident 

macrophages (Davies et al., 2013; Epelman et al., 2014; Hashimoto et al., 2013; 

Jenkins et al., 2011; Molawi et al., 2014). Interestingly, in adulthood, the sympathetic 

nervous system also regulates the proliferation of cardiac resident macrophages. The 

3-adrenergic receptors improve the re-entry into the cell cycle of extra-medullary 

haematopoiesis (Sager et al., 2016). 

 

Macrophages have significant heterogeneity in origin, functions, molecular markers, 

and classification. Hence, understanding the similarities and differences of 

macrophage populations in more excellent resolution could help study them. 
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1.4.2 Macrophages classification 

 

Macrophages are highly heterogeneous, with different functions based on 

microenvironmental stimulation. Therefore, their classification can be challenging. 

Originally, macrophages were classified according to the two activation pathways of 

type 1 and type 2 helper T-cells (Gordon, 2003). Hence, the separation into a pro-

inflammatory pathway of “classical” activation with M1 macrophages, and an 

“alternative” anti-inflammatory pathway, with M2 macrophages. However, in vivo, 

macrophages are in continuous plasticity; they are subject to change depending on 

the surrounding environment, modifying their phenotypes in response to endogenous 

and exogenous signals,  to the point that the M1 and M2 dichotomy does not possibly 

describe the phenotypes of macrophages (Becker et al., 2014; Kratochvill et al., 2015; 

Stables et al., 2017).  

 

Classifying macrophages as M1 and M2 is a recognised oversimplification (Ginhoux 

et al., 2016; Xue et al., 2014) since they have been often classified using subtypes 

(e.g. M1a, M1b, M2a, M2b, M2c) (Ben-Mordechai et al., 2015). However, their 

classification is still contentions and partially confusing. The current challenge is to find 

a way to classify macrophages reflecting their multidimensional activation system, 

function (in development, homeostasis, diseases, inflammation and repair), and 

location (tissue organ specific versus circulating macrophages) (Ginhoux et al., 2016; 

Mosser & Edwards, 2008; Okabe & Medzhitov, 2016; Wynn et al., 2013).  

 

Therefore, acknowledging that macrophages classification is moving away from a 
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dichotomy model toward a multi-dimensional description, this PhD thesis, in line with 

others (Ginhoux et al., 2016; Murray et al., 2014), proposes classifying macrophage 

phenotypes using the specific stimuli nomenclature.  

 

The M1/pro-inflammatory and M2/anti-inflammatory macrophages should be 

interpreted as the two extremes of a continuum spectrum of possible phenotypes that 

macrophages assume. In line with previous publications, this system helps interpret 

macrophage activity when the focus is on studying the effects of macrophages' 

subpopulations in vitro (Biswas et al., 2012; de Couto, 2019; Frangogiannis, 2007; 

Gordon, 2003; Gordon & Taylor, 2005; Mantovani et al., 2004; Martinez & Gordon, 

2014; Murray et al., 2014; Parisi et al., 2018; Sica & Mantovani, 2012; Xue et al., 2014).  

 

The following paragraphs detail the environmental cues most responsible for altering 

the physiology of macrophages: growth and survival factors, activators and stimuli, 

gene expression signatures, secretome profiles, and surface receptor patterns. 
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1.4.2.1 Growth and survival factors 

Growth and survival factors play a crucial role in the development and regeneration of 

the heart. Several cardiac cells secrete growth and survival factors, including CMs and 

immune cells. During an ischemic event, CMs secrete growth factors to improve 

cardiac remodelling and repair, promoting angiogenesis (Ellison et al., 2011; 

Hausenloy & Yellon, 2009; Ranganath et al., 2012). 

 

Colony-stimulating factors (CSFs) 

The most relevant growth factors implicated in the differentiation of monocytes into 

macrophages are the colony-stimulating factors (CSFs). There are three colony-

stimulating factors, and they can be defined by their ability to differentiate BM 

progenitor cells into distinct types of myeloid cells. They have different roles during 

haematopoiesis, homeostasis and inflammation. 

 

Monocyte-CSF (M-CSF/CSF1) is a hemopoietic growth factor implicated in the 

differentiation, proliferation, and survival of M2-like macrophages. On the other hand, 

granulocyte-macrophage-CSF (GM-CSF/CSF2) promotes neutrophils and 

eosinophils survival and monocytes differentiation into M1-like macrophages. Finally, 

granulocyte-CSF (G-CSF) regulates the differentiation and survival of neutrophils 

(Bonecchi et al., 2000; Chitu & Stanley, 2006; Delneste et al., 2003; Fleetwood et al., 

2007, 2009; Frangogiannis et al., 2003; Hamilton, 2008; McLaren et al., 2011; Pixley 

& Stanley, 2004; Pollard et al., 1987; Smith et al., 1998; Stanley et al., 1978; Verreck 

et al., 2004). 
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CSFs are critical therapeutic targets for intervention in inflammatory, 

autoinflammatory, and autoimmune diseases. Data from cDNA microarray 

demonstrated that in vitro M-CSF stimulation of human BMDMs promotes 

macrophage differentiation. Microarrays meta-analysis confirmed that GM-CSF and 

M-CSF induce BM-derived cells to differentiate into the phagocytes system cells, 

opposite to dendritic cells (DCs) (Mabbott et al., 2010). The following paragraph (1.5) 

will further discuss the role of M-CSF on macrophages.  

 

GM-CSF alone promotes the survival and proliferation of the hematopoietic lineage, 

including BMDMs (Hercus et al., 2009). Circulating GM-CSF levels are low until the 

onset of inflammatory stimuli. Studies on GM-CSF-/- deficient mice confirmed that the 

hematopoietic cellular composition is unchanged in homeostasis, indicating that GM-

CSF is not involved in their survival and maturation within this condition (Cebon et al., 

1994; Cheers et al., 1988). Some exceptions include alveolar macrophages, whose 

functions are hampered in GM-CSF-/- mice, indicating a specific interaction between 

GM-CSF activity and these subsets of macrophages (Paine et al., 2001). Peritoneal 

macrophages were also affected in these conditions, indicating a general role of GM-

CSF in inflammation (L. Becker et al., 2012; Fleetwood et al., 2009).  

 

Insulin-Like Growth Factor 1 (IGF1) 

IGF1 is an anti-inflammatory polypeptide whose beneficial effects on cardiac 

development and disease have been extensively studied (Chao et al., 2003; Duerr et 

al., 1995; Gallego-Colon et al., 2015; Qiong Li et al., 1997). Following acute cardiac 

injury, IGF1 protects the ischemic myocardium, as demonstrated by reducing the 

death of CMs and necrosis induced by polymorphonuclear leukocytes (Buerke et al., 
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1995). Several preclinical cell culture and animal models (e.g. MI mice, I/R rat, and 

culture rat myocytes) have demonstrated that IGF1 improves cardiac function. This 

occurs by preventing CMs apoptosis, inducing CMs survival and improving contractility  

(Buerke et al., 1995; Fabbi et al., 2015; Kawaguchi et al., 2010; Rupert & Coulombe, 

2017; Troncoso et al., 2014).  

 

IGF1 can reduce the expression of pro-inflammatory cytokines, such as IL-1 and IL-

6, while promoting anti-inflammatory molecules, such as IL-4 and IL-10 (Santini et al., 

2007). IGF1 also shows the ability to promote: the regeneration of myocytes by 

inducing DNA synthesis in post-injury adult ventricular rat myocytes (Reiss et al., 

1997); survival of CSCs, delaying cellular ageing by improving telomerase activity 

(Torella et al., 2004); MSCs survive, accelerating their growth when injected using an 

injectable hydrogel (Wang et al., 2010).  

 

Clinical trials have shown that low plasma levels of IGF1 in chronic HF patients have 

deleterious effects, such as severe ventricular dysfunction, due to increased apoptosis 

of skeletal muscle cells (Anker et al., 2001; Niebauer et al., 1998). A rabbit model study 

of MI demonstrated that injection of BM stem cells (BMSC) and biotinylated IGF1 

promotes cell therapy inhibiting CMs apoptosis while inducing specific cardiac proteins  

(Zhang et al., 2017). Thus, a pilot trial called RESUS-AMI demonstrated that despite 

a low dose of IGF1 injected intracoronary in ST-elevation myocardial infarction 

(STEMI) patients did not improve LVEF, a beneficial dose-related effect was observed 

(Caplice et al., 2018).  
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Growth differentiation factor 15 (GDF15) 

Growth differentiation factor 15 (GDF15) is a biomarker of cardiometabolic risk 

(Blankenberg & Zeller, 2017). Serum levels of GDF15 are used to predict the 

progression of cardiac disease (Xu et al., 2006). In hypertrophic and dilated 

cardiomyopathies, GDF15 upregulation prevents CM apoptosis by various agents, 

including oxidative stress (Heger et al., 2010; Kempf et al., 2006; Xu et al., 2006; 

Zhang et al., 2015). Gene expression analysis demonstrated that GDF15 inhibits the 

M1-like phenotype of macrophages downregulating M1-related genes such as Il6, 

Tnf and Ccl2. On the other hand, GDF15 promotes, through paracrine and autocrine 

effects, the M2-like phenotype of macrophages. In brown adipocytes, GDF15 

upregulates the mannose receptor (Mrc1) and arginase (Arg1) (Campderrós et al., 

2019; Jung et al., 2018). 

 

 

1.4.2.2 Activators and stimuli of M1-like and M2-like macrophages 

Lipopolysaccharide (LPS),  interferon-gamma (IFN) and TNF are standard stimuli to 

induce an M1-like macrophage phenotype (Bosisio et al., 2002; Frasca et al., 2008; 

Guha & Mackman, 2002; Mackman et al., 1991; Verreck et al., 2004). The main 

characteristics of the phenotype of M1-like macrophages are the following: the high 

ability to present the antigen, high levels of IL-12 and IL-23 expression, low level of IL-

10 expression, opsonic receptors expression; reactive oxygen species production; and 

high levels of Toll-like receptor 4 (TLR4) expression.  
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On the other hand, the M2-like macrophage phenotype is characterised by low IL-12 

and IL-23 expression levels and high levels of IL-10 and non-opsonic receptors. M2-

like anti-inflammatory macrophages can be divided into three subtypes based on 

specific activation stimuli, pathways and functions. First, the M2a macrophages, 

activated by IL-4 and IL-13, correlate with the type II inflammatory response that 

promotes wound-healing and pathogen elimination. Single-use of IL-4 and IL-13 

induce similar and partially overlapping gene expression signatures. Second, immune-

regulatory M2b macrophages are considered the newest macrophage subtypes. They 

are activated by the exposure to IL-10 – via STAT3/IL-10R pathways, immune 

complexes (IC), or TLR ligands (e.g. LPS). They have generic anti-inflammatory 

characteristics but also pro-fibrotic activities. Finally, M2c macrophages are activated 

by IL-10 or glucocorticoids. They also correlate with immunoregulation, deposition of 

ECM, phagocytosis capacity and post-injury tissue remodelling (Gordon, 2002; 

Mantovani et al., 2004; Martinez et al., 2008; Scotton et al., 2005; Stein et al., 1992). 

 

 

1.4.2.3 Gene expression of Nos2 and Arg1 

The best-established genes used as markers to distinguish M1-like and M2-like 

macrophages are nitric oxide synthase 2 (Nos2) and Arg1. These two enzymes 

compete for the same substrate, L-arginine. NOS2 metabolises L-arginine to nitric 

oxide (NO) and citrulline. NO is then further metabolised to reactive nitrogen species, 

while citrulline is reused in the citrulline-NO cycle for NO synthesis. Alternatively, 

Arginase 1 hydrolyses L-arginine to ornithine and urea. The arginase pathway limits 

the arginine available for NO synthesis. Moreover, ornithine can be used downstream 
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of polyamine and proline syntheses to maintain cellular proliferation and tissue repair 

pathway activity (Rath et al., 2014) (Fig. 1.8).  

 

Macrophages change phenotypes by modifying arginine metabolism from ornithine 

production to NO, moving from tissue repair to engulfment activities. (Mills et al., 

2000). The preference toward one of these two pathways polarises macrophages as 

M1-like or M2-like. Cytokines, such as IL-4 and IL-13, induce Arg1 gene expression 

(Pauleau et al., 2004), while pro-inflammatory stimuli, such as IFN, induce Nos2 

(Pesce et al., 2009). Thus, there are higher levels of Nos2 in M1-like macrophages 

and of Arg1 in M2-like macrophages (Bronte & Zanovello, 2005; Das et al., 2010; 

Lawrence & Natoli, 2011). 

 

 

 

Figure 1.8 Nos2 and Arginase 1 compete for the same substrate: L-Arginine 

Nos2 metabolises L-arginine and produces L-citrulline and NO, which leads to reactive 

nitrogen species (RNOS). Alternatively, Arginase 1 metabolises L-Arginine to urea, which 

enters the urea cycle, and L-ornithine. The final products are L-proline and polyamines to 

support fibrosis and tissue remodelling (Modified from Bronte & Zanovello, 2005).  
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1.4.2.4 M1-like macrophage secretome profile  

Macrophages secrete a series of molecules based on their phenotype. M1-like 

macrophages secrete pro-inflammatory cytokines, chemokines, growth factors, and 

metabolites (Gordon et al., 2014).  

 

Cytokines are small proteins responsible for cell signalling interactions, including 

chemokines, interferons, and interleukins (ILs). Cytokines are secreted by immune 

cells and play a crucial role as modulators of the post-MI inflammatory response 

(Zhang & An, 2007). Chemokines are a family of over 50 small chemotactic cytokines 

(8-12kDa), characterised by their highly conserved four-cysteine motifs. All cytokines 

and chemokines can be grouped based on their functions. There are four subfamilies 

based on their N-terminal cysteine residues (Rollins, 1997; Szentes et al., 2018). CXC, 

or -chemokines with the CXC chemokine receptors (CXCR); CC, or β-chemokines, 

with the CC receptors (CCR); C, or -chemokines; and CX3C chemokines with a single 

ligand, CX3CL1, and a receptor CX3CR1. 

 

Pro-inflammatory cytokines and chemokines  

LPS-stimulated M1-like macrophages activate the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-B)-dependent transcription pathway. This induces 

the production of inflammatory chemokines, including C-X-C motif chemokine (CXCL) 

-1, 2, 3, 5, 8, 9, 19 and C-C chemokine ligand (CCL) -2, 3, 4, 5, 7, 11, 17 and 22 

(Richmond, 2002).  
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LPS-stimulated macrophages release high levels of CXCL1 and CXCL2. CXCL2 and 

CXCL3 are angiogenic chemokines acting through their common receptor, CXCR2, 

attracting neutrophils into the inflammatory site (Frangogiannis, 2006; Sarmiento et 

al., 2011). CXCL1 and CXCL2 show 65% identical amino acid sequences, and their 

syntheses depend on TLR-dependent through the myeloid differentiation primary 

response 88 (MyD88). However, CXCL2 is also synthesised through an alternative 

pathway that uses the TIR-domain-containing adapter-inducing interferon-β (TRIF) 

(De Filippo et al., 2008). CXCL2 is important in neutrophil adhesion guidance through 

the MyD88 pathway, as demonstrated in the MyD88-deficient heart grafts study, in 

which WT/CCR2+ mice express higher levels of CXCL2 than MyD88 deficient mice (Li 

et al., 2016). 

 

IFN plays an essential role in the innate and adaptive immune response, expressed 

by Th1 cells, NK, B cells and macrophages. The IFN molecular pathway includes 

activation of its receptor, followed by the phosphorylation of JAK-1 and -2, which then 

bind with STAT-1 activating STAT-2, inducing transcription interferon-stimulated 

responsive elements in its promoter region (Corbera-Bellalta et al., 2016). Blockade 

of IFN is linked with selective inhibition of CXCL9, CXCL10, and CXCL11 (Corbera-

Bellalta et al., 2016). Interestingly, a study demonstrated that blocking IFN in 

macrophages did not impair the expression of Nos2 – a primary M1 gene marker – 

identifying an IFN-independent pathway that can compensate for inducing an M1 

gene signature (Corbera-Bellalta et al., 2016).  

 

When LPS is combined with IFN, it induces the upregulation of CXCL9, -10 and CCL5 

via activation of IRF-3 (Ito et al., 1999; Ohmori & Hamilton, 2001; Akira, 2003). CXCL-
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9 and CXCL10, and CXCL11 bind to the same receptor, CXCR3. The CXCL9, -10, -

11/CXCR3 axis regulates Th1 cells leading to migration, differentiation and activation 

of immune cells (Farber, 1997; Lee, Lee, & Song, 2009; Qian et al., 2015; 

Tannenbaum et al., 1998).  

 

Pro-inflammatory cytokines and chemokines are also biomarkers of inflammation in 

advanced HF (Altara et al., 2016). Following ischemic/reperfusion, M1-like 

macrophages and Th1 cells are recruited to the site of inflammation and release 

CXCL10, which regulates the reparative response. CXCL10 expression is transient. 

CXCL10 is upregulated until dead cells and debris are cleared, while 24 hours after 

reperfusion, CXCL10 is downregulated to promote angiogenesis (Frangogiannis et al., 

2001).  

 

Interleukin-6 (IL-6)  

IL-6 is a pleiotropic pro-inflammatory cytokine in cardiac disease. After MI, 

macrophages and CMs secrete IL-6, which affects the gene expression profiles of 

many other cardiac cells.  

 

In the short-term post-acute cardiac damage, the primary roles of IL-6 are the 

promotion of inflammation, protection against CMs death, and modulation of tissue 

repair (Frangogiannis et al., 1998; Gwechenberger et al., 1999). However, long-term 

circulating levels of IL-6 are related to pathophysiological conditions, such as 

hypertrophy or reduction of the contractile function (Fontes et al., 2015; Rosen et al., 

2014; Wollert et al., 1996). Hence, the duration of IL-6 signalling determines the final 

clinical outcome, shifting the role of IL-6 from protective to pathogenic (Tsutamoto et 
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al., 1998). Chronic exposure of IL-6 to the heart appears deleterious, while its activity 

in acute conditions showed beneficial effects on CMs. A clinical study with HF patients, 

BIOSTAT-CHEF, showed that elevated IL-6 levels are associated with a better clinical 

outcome, such as reduced LVEF, atrial fibrillation and iron deficiency (Markousis-

Mavrogenis et al., 2019).  

 

Interestingly, a study in IL-6-deficient mice demonstrated that IL-6 absence is 

unrelated to long-term MI size or LV function (Fuchs et al., 2003). IL-6 works through 

homodimerisation of the glycoprotein 130 receptor (gp130), initiating signal 

transduction through phosphorylation and activation of three main pathways: 

JAK/STAT3, SHP2/Gab/MAPK and the Phosphoinositide 3-kinase (PI3K) (Akira et al., 

1990; Fukada et al., 1996; Ohtani et al., 2000; Su et al., 2017). Hence, in IL-6-null 

mice, these pathways may have been activated via alternative mediators. In neonatal 

rat studies, following acute injury, the cardioprotective capacity of IL-6 functions 

through both PI3K and NO-dependent signalling pathways. It regulates the 

concentration of Ca2+ in mitochondria, inhibits the mitochondrial membrane's 

depolarisation and protects the mitochondria's structural integrity (Smart et al., 2006).  

 

Inhibin subunit beta A (Inhba) - Activin A 

Inhibin subunit beta A (Inhba) encodes a preproprotein belonging to the TGF 

superfamily: Activin A. Following a proteolytic cleavage, the preproprotein produces a 

subunit shared between the activin and inhibin protein complex. Activin A/Inhibin are 

factors with a pluripotent capacity (Sierra-Filardi et al., 2011). When stimulated with 

pro-inflammatory mediators stimuli, Activin A modulates the innate immunity, 

promoting the inflammatory response (K. L. Jones et al., 2007; Phillips et al., 2009; 
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Robson et al., 2008), increasing migration of mast cells, expression of mast cell 

protease 1 (mMCP1) (Funaba et al., 2003), and matrix metalloprotease-2 in peritoneal 

macrophages (Ogawa et al., 2000).  

 

Activin A is also induced in monocytes via CD40 and T cell-derived cytokines (Abe et 

al., 2002). Interestingly, studies on Th cells demonstrated that Activin A activation 

produces Arginase1 (Ogawa et al., 2006). Hence, Activin A, which triggers Arginase 

1 production, promotes an anti-inflammatory response while inhibiting the gene 

expression profile of IFN (Ogawa et al., 2006),  indicating the critical role of Activin A 

in the polarisation of macrophages.  

 

Mitogen-activated protein kinase kinase kinase kinase-4 (MAP4K4) and Tissue Factor 

(TF) 

The mitogen-activated protein kinase kinase kinase kinase-4 (MAP4K4) is a 

ubiquitously expressed protein enriched in CMs, and its functions are cell-type 

dependent (Chuang et al., 2014; Fiedler et al., 2019). In mice and human CMs, 

MAP4K4 activates the transforming growth factor β-activated kinase-1 (TAK1, also 

known as MAP3K7) - c-Jun N-terminal kinase (JNK) pathway, which mediates cardiac 

muscle cell death or apoptosis (Fiedler et al., 2019; Xie et al., 2006). The involvement 

of MAP4K4 in immune responses, insulin resistance, and TNF-α activation has already 

been demonstrated in T-cell-specific conditional knockout (cKO) Map4k4 mice, where 

MAP4K4 deficiency induces upregulation of TRAF2 and IL-6 (Chuang et al., 2014; 

Mack et al., 2005).  

 

Little is known about the role of MAP4K4 in macrophages. A study on mouse 

macrophages used a system for delivering small interfering RNA against MAP4K4 
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based on a glucan-based encapsulation. The selective silencing of the Map4k4 gene 

and mRNA led to a decrease of 50% in TNF and IL-1 production. A new pathway 

of MAP4K4 has been discovered, which is insulin sensitive related to and independent 

of p38, JNK or ERK pathways (Aouadi et al., 2010). In M1-like macrophages, LPS is 

recognised by a transmembrane complex formed by TLR4 and the lipid-binding 

accessory protein MD-2 (TLR4-MD2) (Park et al., 2009), which recruits the TNF 

receptor-associated factors 2 and 6 (TRAF2 and TRAF6) leading to MAP4K4 

activation (Poltorak et al., 1998). Inhibition of TAK1 in macrophages activated with 

LPS and IFN reduced the pro-inflammatory cytokines milieu, including TNF 

(Scarneo et al., 2018). LPS – via MAP4K4 – induces the expression of several pro-

inflammatory cytokines (e.g. TNF, IL-1, IL-6, IL-10, IL-12) (Adams & Czuprynski, 

1994; Gessani et al., 1989; Lee et al., 2000). 

 

Tissue factor (TF, also known as factor III or F3) is a highly conserved transmembrane 

glycoprotein expressed in vascular and extra-vascular cells (Mackman et al., 1989; 

Wilcox et al., 1989). TF activates the extrinsic pathway of the coagulation cascade, 

which results in the production of thrombin (Iqbal et al., 2014; Steffel et al., 2006). In 

monocytes and macrophages, LPS, PDGF, angiotensin II (Ang II), TNF and 

oxidative low-density lipoprotein (oxLDL) can be used as inflammatory mediators to 

induce TF/F3 expression (Chung et al., 2007; Ernofsson & Siegbahn, 1996; Guha & 

Mackman, 2002; He et al., 2006; Lewis et al., 1995; Mackman et al., 1991).  

 

After LPS stimulation, TF mRNA exhibits 2-hour stability, followed by a drastic 

decrease in mRNA levels (Brand et al., 1991; Crossman et al., 1990; Iqbal et al., 2014). 

The major protein involved in TF mRNA stability is Tristetraprolin (TTP). TTP exists in 
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two forms: phosphorylated (inactive) and dephosphorylated (active) (Iqbal et al., 2014; 

Iqbal, 2013). The critical equilibrium between these two forms of TTP is regulated 

upstream by the MAPK p38. The p38 pathway can be activated via different stimuli; 

among these, there are also pro-inflammatory mediators, such as LPS (Iqbal et al., 

2014; Kagan et al., 2008; Keshet & Seger, 2010; Park et al., 2009; Poltorak et al., 

1998; Sandler & Stoecklin, 2008). Although p38it is known to be a kinase downstream 

of MAP4K4, the signalling pathway linking MAP4K4 to p38 in TF regulation has not 

yet been characterised. 

 

 

1.4.2.5 M2-like macrophage secretome profile  

M2-like macrophages induce an anti-inflammatory protein profile while inhibiting the 

pro-inflammatory (Bonecchi et al., 1998; Cao et al., 2002; de Couto et al., 2015; 

Gordon & Martinez, 2010; Horner et al., 2000; Lumeng et al., 2007). 

 

Interleukin-10 (IL-10) 

In inflammation, IL-10 regulates different pathways to preserve damaged tissue. In 

LPS- or immune cell-activated macrophages, IL-10 strongly inhibits pro-inflammatory 

cytokines and chemokines production (Moore et al., 2001; Perrier et al., 2004; Sozzani 

et al., 1998). IL-10 downregulates the NF-B pathway and the activities of the signal 

transducer and activator of transcription 1 (STAT1) and STAT3. By inhibiting STAT1 

phosphorylation, IL-10 prevents the production of two primary pro-inflammatory 

proteins whose expression is LPS-dependent,  CXCL9 and CXCL10 (Ito et al., 2003; 

Ito et al., 1999; Lang et al., 2002; Li & Verma, 2002; Riley et al., 1999). Interestingly, 

M2b macrophages stimulated with LPS assume an antitoxic protective role of LPS by 
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expressing high levels of IL-10 and low levels of IL-12 (Mosser, 2003; Mosser & Karp, 

1999).  

 

A genome-wide analysis demonstrated that the IL-10 role is more than just an LPS 

inhibitor of macrophages and DCs function (Perrier et al., 2004). Human monocyte-

derived DCs stimulated with IL-10 alone or combined with LPS express four different 

transcriptional programs, including a unique cluster expressed by combining these 

stimuli. The analysis of these IL-10/LPS induced or suppressed genes revealed 

inflammation inhibition by promoting tissue remodelling (Perrier et al., 2004).  

 

Monocyte chemoattractant protein-2 (CCL2) 

CCR2 expressed on the surface of circulating monocytes binds CCL2. The CCR2-

CCL2 axis is responsible for migrating monocytes to the site of inflammation. However, 

oxygen availability is a critical factor in regulating chemotactic activities, and following 

MI, necrotic cardiac tissue has less than 1% oxygen. This hypoxia condition directly 

affects the production of the Ccl2 transcript and its encoded protein (Bosco et al., 2004; 

Grimshaw & Balkwill, 2001; Turner et al., 1999). Excessive activity of CCL2+ 

monocytes has undesirable effects on cardiac tissue repair (Morimoto & Takahashi, 

2007). Therapeutic studies on siRNA silencing in inflammatory mouse monocytes 

demonstrated a reduction in infarct size due to the degradation of CCR2 (Leuschner 

et al., 2011). However, cell culture experiments showed that CCL2 protects mouse 

myocytes from hypoxia by inhibiting myocyte apoptosis (Morimoto et al., 2008; 

Tarzami et al., 2005).  

 

Interestingly, the CXCR4 receptor increases its chemotactic activities in a hypoxia-



75 

 

dependent pathway. There is a reciprocal modulation between CCL2 and CXCR4 in 

monocytes trafficking within hypoxic tissues (Schioppa et al., 2003).  

 

Transglutaminase 2 TGM2  

Transglutaminase 2 (TGM2) is a multifunctional enzyme implicated in several cell 

functions. TGM2 regulates the migration of macrophages through 3-integrins and 

syndecans and promotes their differentiation (Akimov et al., 2000; Akimov & Belkin, 

2001; Nadella et al., 2015; Scarpellini et al., 2009; Telci et al., 2008; Thomas-Ecker et 

al., 2007; Wang et al., 2010, 2012; Wang & Griffin, 2012). TGM2 also regulates the 

ability of macrophages to engulf apoptotic cells. Following the engulfment of an 

apoptotic cell, macrophages release anti-inflammatory cytokines while hindering the 

pro-inflammatory response to avoid an autoimmune reaction (Gregory & Devitt, 2004; 

Grimsley & Ravichandran, 2003; Hochreiter-Hufford & Ravichandran, 2013; Martinez 

& Gordon, 2014; Rőszer et al., 2011; Savill et al., 2002). 

 

Vascular endothelial growth factor A (VEGFA) and Angiopoietin 2 (ANGPT2) 

Angiogenesis and lymphangiogenesis are crucial in cardiac repair, regeneration, and 

remodelling after MI (Frangogiannis, 2008). Neovascularization supplies nutrients and 

oxygen to the infarcted site; however, pathophysiological vessel growth has an 

adverse clinical outcome (Jetten et al., 2014). Circulating monocytes infiltrate 

damaged heart tissue via post-capillary venules and release pro-and anti-angiogenic 

growth factors (Bruce et al., 2014) (Table 1.2).  

 

At the infarcted site, BMDMs secrete the vascular endothelial growth factor A (VEGFA) 

to induce angiogenesis (Stockmann et al., 2011) (Table 1.2). M1- and M2-like 
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macrophages are present in the early phase of tissue repair, while in the late stage, 

M2-like macrophages are predominant (Willenborg et al., 2012). A tissue engineering 

study implanted collagen scaffolds in the tissue of mice for ten days and confirmed 

that both M1- and M2-like macrophages are needed to achieve vascularisation. M1-

like macrophages coordinate capillary growth while M2-like macrophages stabilise the 

vessels (Spiller et al., 2014). Additionally, a study tested the combined use of tissue 

engineering with the paracrine effects of co-delivering M-CSF and VEGFA-A. The 

results demonstrated an improvement in angiogenesis and pericytes recruitment. 

Thus, promoting M2-like macrophages via M-CSF stabilises vascularisation (Hsu et 

al., 2015).  

 

Table 1.2 Identified pro- and anti-angiogenic factors secreted by BMDMs 

Pro-angiogenic factors 

Ang-2 (Felcht et al., 2012; Hubbard et al., 2005; Zheng et al., 2014) 

Angiotropin (Hockel et al., 1987, 1988) 

CCL2/MCP1 
(Deshmane et al., 2009; Jung et al., 2015; Stamatovic et al., 
2006) 

GM-CSF 
G-CSF 

(Kuwahara et al., 2014; Lee et al., 2005; Natori et al., 2002; Root 
& Dale, 1999; Shi et al., 2006; Tura et al., 2010) 

IGF-1, -2 (Björndahl et al., 2005; Suh et al., 2013; Sunderkötter et al., 1991) 

IL-1 − (Voronov et al., 2003; Watari et al., 2014) 

IL-6 (Bryant-Hudson et al., 2014; Fan et al., 2008) 

PDGF (Sato et al., 1993) 

TGF- − (Ferrari et al., 2009; Sunderkötter et al., 1991) 

TNF- (Leibovich et al., 1987; Riabov et al., 2014) 

VEGF A (Nowak et al., 2008; Wu et al., 2010) 

Anti-angiogenic factors 

Angiostatin (Falcone et al., 1998; Matsunaga et al., 2002) 

IL-10 (Wu et al., 2010) 

TSP-1, -2 (Cursiefen et al., 2011; Ferrari et al., 2009; Fordham et al., 2012) 

VEGF Ab (Nowak et al., 2008) 
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Within the first few hours post-MI, macrophages release angiopoietins that regulate 

the maturation and stability of the neovascular system. Angiopoietin 1 and 2 (ANGPT1 

and ANGPT2) are antagonists. ANGPT1 inhibits angiogenesis, while ANGPT2 

promotes angiogenesis by activating ECs and inducing the expression of angiogenic 

factors, such as VEGF (Augustin & Koh, 2017; Felcht et al., 2012; Kim et al., 2007). 

During inflammation and hypoxia, ANGTP2, VEGF and other angiogenic 

chemokines (CD206, IL8, CXCL10, TGF) work in synergy (Fiedler et al., 2006; 

Frangogiannis et al., 2001; Lee et al., 2000).  

 

Only M2-like anti-inflammatory and pro-reparative macrophages secrete angiogenic-

related factors (Ferraro et al., 2019; Jetten et al., 2014). Therefore, ANGPT2 is 

considered an attractive therapeutic target in CVDs due to its ability to ameliorate 

hypoxia and inflammation following cardiac damage (Lee et al., 2018).  

 

Prostaglandin E Synthase (PTGES) 

Prostaglandin E Synthase (PTGES) is an immunomodulator for cardiac injury. In 

cultured human DCs, PTGES works synergistically with TNF, inducing elevated IL-

12 and IL-23 levels. IL-23 induces the release of other pro-inflammatory cytokines (e.g. 

IL-17), showing the pro-inflammatory capacity of PTGES (Rieser et al., 1997). 

However, whole blood culture experiments demonstrated that PTGES inhibits IL-12 

produced by LPS stimulation. In contrast with its pro-inflammatory activities, PTGES 

disrupts IL-6 production while doubling IL-10 levels (van der Pouw Kraan et al., 1995).  

Similarly, in a mouse study in which macrophages were treated with LPS, PTGES 

inhibited the production of TNF and IL-6. Reduced TNF and IL-6 expression levels 

were inversely proportional to IL-10 immunoreactivity levels. These results indicate 
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that PTGES plays an anti-inflammatory role in LPS-stimulated macrophages and 

produces, throughout an autocrine pathway, high levels of IL-10 (Strassmann et al., 

1994). PTGES also inhibits the production of CCL3 and CCL4 in DCs treated with LPS 

(Jing et al., 2003), reinforcing the bivalent activity of PTGES as an anti-inflammatory 

molecule. In the early stage of MI, a balanced number of macrophages is essential for 

resolving cardiac inflammation and healing. The role of PTGES as an 

immunomodulator is crucial in regulating levels of both pro-inflammatory and anti-

inflammatory macrophages.   

 

 

1.4.2.6 Surface receptor expression pattern in M1-like and M2-like 

macrophages  

Macrophages express different receptors based on their function and phenotype. The 

CCR2-CCL2 axis is involved in the initial recruitment and migration of blood 

monocytes in inflammation (Mantovani et al., 2004). There are two populations of 

monocytes: CX3CR1hiCCR2lo monocytes, precursors of tissue-resident macrophages, 

in the non-inflamed tissue, while CX3CR1loCCR2hi monocytes are enriched in the 

inflamed tissues (Geissmann et al., 2003).   

 

M1-like macrophages express low CCR1, CCR2 and CCR5 and high levels of opsonic 

receptors (Mantovani, 1999; Mantovani et al., 2001; Sica et al., 1997). GM-CSF 

activates a series of proteins involved in other M1-like pathways, such as STAT5, 

extracellular signal-regulated kinase (ERK), V-Akt murine thymoma viral oncogene 

homolog 1 (AKT) and NF-B and the transcription factor IFN regulatory factor-5 (IRF5) 
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(Hansen et al., 2008; Krausgruber et al., 2011).  

 

Following MI and cardiomyopathy, the expression of cardiac TRLs increases (Frantz 

et al., 1999). TLRs are a family of type I transmembrane receptors characterised by 

an extracellular amino terminus involved in pro-inflammatory pathways. To date, ten 

receptors have been identified in humans (TLR1-TLR10) and thirteen in mice (TLR1-

TLR13) (Nie et al., 2018; Tabeta et al., 2004). TLR2 and TLR4 are the primary 

mediators of infarction signals (Arslan et al., 2010; Oyama et al., 2004; Timmers et al., 

2008). Surgical ligation of the left anterior descending coronary artery on TLR2 KO 

mice demonstrated that TLR2 modulates fibrotic tissue deposition and remodelling of 

the LV (Shishido et al., 2003). LPS activation can be regulated by a TLR4-dependent 

and independent pathway, leading to inflammasome activation (Hagar et al., 2013; 

Kayagaki et al., 2013). An I/R study in mice demonstrated that TLR4 mediates the pro-

inflammatory response of macrophages, indicating that TLR4-deficient mice reduce 

infarct size and have a lower inflammatory response to heart damage (Oyama et al., 

2004).  

 

On the other hand, M2-like macrophages have abundant non-opsonic receptors (e.g. 

CD206) and IL-1RII and IL-1Ra. Mouse and human resident macrophages, including 

cardiac resident macrophages, express elevated levels of CD206 (Dupasquier et al., 

2006; Murray, Allen, Biswas, Fisher, Gilroy, Goerdt, Gordon, Hamilton, Ivashkiv, 

Lawrence, Locati, Mantovani, Martinez, Mege, Mosser, Natoli, Saeij, et al., 2014; 

Porcheray et al., 2005; Svensson-Arvelund et al., 2015; Titos et al., 2011; Zeyda et 

al., 2007). CD206 levels are elevated without anti-inflammatory stimulation, indicating 

that the tissue environment promotes its expression (Dupasquier et al., 2006).  
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A study of Cd206-/- mice in lung inflammation demonstrated that the absence of CD206 

induced migration of circulating monocytes to the inflammatory site and increased 

serum pro-inflammatory cytokine levels. Lee and colleagues interpreted this finding as 

showing a critical role for CD206 in controlling inflammation through the clearance of 

pro-inflammatory mediators (Kambara et al., 2015; Lee et al., 2002). Interestingly, 

human CD206+ macrophages also promote fibrosis, producing TGF and CCL18 

(Bellón et al., 2011).  

 

The IL-1 receptor (IL-1R) and TLR family regulate inflammation by producing a broad 

spectrum of cytokines and chemokines. Interleukin 1 receptor-like 1 (IL-1RL1)/IL-33 

signalling activates M2-like macrophages and the production of Th2-related cytokines 

and chemokines, indicating their role in Th2-associated immunological response. 

Administration of IL-33 promotes an increase in IL-4 and IL-13 (Kurowska-Stolarska 

et al., 2009; Schmitz et al., 2005). Compared to M1-like macrophages, M2-like 

macrophages inhibit the production of IL-1 and TLR4 (Bosisio et al., 2002; Dinarello, 

1991; Mantovani et al., 2002). M1-like macrophages upregulate the IL1R1 (Mantovani 

et al., 2002), while M2-like macrophages upregulate IL-1RII and IL-1ra and inhibit IL-

1. Hence, the IL-1 system components are differentially regulated by the M1-like and 

M2-like macrophages.  
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1.4.3 Role of tissue-resident macrophages in the healthy heart   

Cardiac resident macrophages, accounting for 6-8% of the total population of non-

myocyte in the heart, contributes to cardiac homeostasis. Primarily, macrophages 

regulate immune surveillance through phagocytosis and activate the adaptive immune 

system through the MHC class II (Aurora et al., 2014; Epelman, Lavine, et al., 2014; 

Epelman et al., 2014; Frangogiannis, 2015; Perdiguero et al., 2015; Hashimoto et al., 

2013; Heidt et al., 2014; Italiani & Boraschi, 2014; Murray & Wynn, 2011; Pinto et al., 

2016, 2012; Yona et al., 2013). 

 

Furthermore, optogenetic methods showed that connexin 43-expressing 

macrophages also contribute to electrical conduction in the heart. Connexin 43-

expressing macrophages were found around the atrioventricular node, where they 

depolarise in synchrony with the CMs, accelerating the repolarisation of CMs and 

facilitating electrical conduction (Hulsmans et al., 2017). 

 

Recently, single-cell technology identified new transcriptional profiles of macrophages 

(Buenrostro et al., 2018; Gorman et al., 2018; Lavin et al., 2017; Winkels et al., 2018). 

Single-cell RNA sequencing (scRNA-seq) identified two key surface markers, CCR2 

and MHC-II, to distinguish adult macrophage populations. Adult mouse macrophages 

are classified accordingly to the expression levels of CCR2 and MHC-II into three 

populations: CCR2-MHC-IIlow, CCR2-MHC-IIhigh, CCR2+MHC-IIhigh (Epelman et al., 

2014; Heidt et al., 2014; Hulsmans et al., 2017; Lavine et al., 2014). The proliferation 

of embryonic CCR2- macrophages is independent of circulating monocytes. On the 
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contrary, the proliferation of CCR2+ macrophages depends on circulating monocytes 

(Lavine et al., 2014; Molawi et al., 2014), 

 

The role of CCR2- macrophages during development is well defined, while their 

function is still unclear in the healthy adult heart. Overall, both CCR2-MHC-IIlow and 

CCR2-MHC-IIhigh macrophages are considered reparative cells. They express low 

levels of inflammatory molecules and exhibit phagocytosis and pro-angiogenic 

characteristics including the expression of pro-angiogenic molecules, e.g. IGF 1 

(Epelmann et al., 2014; Lavine et al., 2014; Leid et al., 2016). Conversely, in post-MI 

inflammation, CCR2+ macrophages expressing pro-inflammatory molecules regulate 

immune cell infiltration (Lavine et al., 2014; Ridker et al., 2017). 

 

 

1.4.4 Role of macrophages in ischemic cardiac damage 

In the early post-MI phase, the heart produces danger-associated molecular patterns 

(DAMPs) and pro-inflammatory molecules to recruit and activate the innate immune 

system (Arslan et al., 2011; Bianchi, 2007; Cekic & Linden, 2016; Crowther et al., 2001; 

Dobaczewski et al., 2010; Huebener et al., 2008; Lewis & Pollard, 2006; Osterloh et 

al., 2007; Sager et al., 2015; Sunderkotter et al., 1994; Timmers et al., 2012). The 

immune system recognises DAMPs through TLRs, mannose, purinergic and 

scavenger receptors (Lavine et al., 2018; Osterloh et al., 2007; Silverstein & Febbraio, 

2009). Highly potent monocyte-chemoattracts are overexpressed within the first 24 

hours, including CCL2 (Dewald et al., 2005). CCL2-/- mice showed reduced infiltration 

of monocytes in the infarcted tissue (Dewald et al., 2005; Heidt et al., 2014; Hilgendorf 
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et al., 2014). Circulating monocytes migrate across the endothelium to the infarcted 

site to proliferate and differentiate into BMDMs (Nahrendorf & Swirski, 2013). The early 

phase is dominated by monocytes expressing Ly6C and CCR2 and low levels of 

CX3CR1  (Ly6ChiCCR2+CX3CR1lo) (Hilgendorf et al., 2014). Although BM and blood 

are the primary reservoirs of monocytes, Swirski et al. demonstrated that spleen 

monocytes accumulate in damaged tissue during ischemic injury and contribute to 

healing (Swirski, 2009). Experiments using MI as a disease model showed that the 

presence of Ly6Chi-monocytes induces an increase in pro-inflammatory cytokines, 

such as IL-1α, IL-6, and TNF-α (Nahrendorf et al., 2007).  

 

In the later phase of post-MI inflammation (between days 4 and 7), anti-inflammatory 

or reparative monocytes were observed expressing low levels of Ly6C and CCR2 and 

high levels of CX3CR1 (Ly6CloCCR2-CX3CR1hi) (Troidl et al., 2009). However it has 

not been determined whether Ly6Clo monocytes are derived directly from Ly6Chi 

monocytes or independently recruited via CX3CR1 (Frangogiannis, 2015; Hilgendorf 

et al., 2014; Nahrendorf et al., 2007).  

 

During inflammation, the leading role of BMDMs is the clearance of debris and dead 

cells. Macrophages-depleted mouse models showed that macrophages use a specific 

form of phagocytosis, called efferocytosis, to remove necrotic and apoptotic CMs 

(Aurora et al., 2014; Frantz et al., 2013; Van Amerongen et al., 2007). There are three 

signals and processes involved in efferocytosis:  the “find me" signals released by the 

apoptotic cells, the "eat me" signals exposed on the surface of the apoptotic cells, and 

the formation of the efferosome, a specific form of the phagosome used to internalise 

apoptotic cells. CMs undergoing apoptosis expose phosphatidylserine (PtdSer) as an 
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“eat me” signal on the outer leaflet of the cell membrane (Abdolmaleki et al., 2018; 

Grimsley & Ravichandran, 2003) (Fig. 1.9). Enhanced efferocytosis of apoptotic CMs 

demonstrated that tissue clearance is an essential step in inflammation resolution and 

cardiac healing (DeBerge et al., 2017; Howangyin et al., 2016; Wan et al., 2013). IL-4 

is responsible for macrophage fusion and decreases phagocytic capacity (Martinez et 

al., 2013). IL-4 also induces the expression of Tgm2, a novel M2-like macrophage 

marker that controls efferocytosis (Martinez et al., 2013). Inhibition of TGM2 blocks 

phagocytosis and promotes the pro-inflammatory phenotype of macrophages (Eligini 

et al., 2020).  

 

Overall, the repair of damaged heart tissue is a time-dependent process. In the early 

post-MI phase, M1-like macrophages are more abundant, promoting inflammation, 

clearance of necrotic cells and ECM debris (Frangogiannis, 2015; Hart et al., 1989), 

while during the later phase of inflammation, there is a shift towards a higher proportion 

of M2-like macrophages (Frantz et al., 2013). This shift promotes ECM reconstruction 

and scar formation by stimulating cell proliferation and angiogenesis (Song et al., 

2000; Sunderkötter et al., 1991).  
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Figure 1.9 Phagocytosis of apoptotic CMs 

Apoptotic cells release “find me” signals recognised by the “eat me” signals exposed on the 

surface of macrophages. Their binding induces apoptotic cells' internalisation through 

efferosome formation (Modified from Asare et al., 2020) (https://smart.servier.com/). 

 

 

1.4.5 Single-cell genomics to explore macrophage phenotypes 

Gene expression has traditionally been studied using Northern blotting and 

quantitative PCR for pre-selected genes and microarrays or bulk RNA sequencing for 

unbiased, transcriptome-wide coverage. However, bulk analysis obscured populations 

with high levels of heterogeneity (Paik et al., 2020). The new era of gene expression 

is cell-centred, as observed by many studies using a single-cell point of view. The 

single-cell approach began with transcript analysing using qRT-PCR (Bengtsson et 

al., 2005; Eberwine et al., 1992; Warren et al., 2007). The first studies that employed 

a single-cell approach focused on the development and solid cancers (Dalerba et al., 

2011; Deng et al., 2014; Hashimshony et al., 2012, 2016; Jaitin et al., 2014; Kroehne 

et al., 2011; Ramsköld et al., 2012; Shalek et al., 2013; Tang et al., 2009, 2010). Later, 

this technology evolved to reduce noise by improving sensitivity (Grün & Van 

https://smart.servier.com/
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Oudenaarden, 2015; Islam et al., 2014; Kolodziejczyk et al., 2015; Picelli et al., 2013; 

Ramsköld et al., 2012; Wilson et al., 2015). In particular, gene expression profiles 

studied in bulk are now explored using higher sensitivity methods, such as scRNA-seq 

or single-nucleus RNA-seq (Litviňuková et al., 2020; Massaia et al., 2018). The single-

cell approach has also entered the cardiac field, studying cardiac development and 

disease models (DeLaughter et al., 2016; Farbehi et al., 2019; Gladka et al., 2018; Li 

et al., 2015; Litviňuková et al., 2020; Martini et al., 2019; Noseda et al., 2015; Schafer 

et al., 2017; Skelly et al., 2018). ScRNA-seq resolution allows for the deconvolution of 

more complex cellular functions and ambiguous network interactions in bulk analysis. 

ScRNA-seq represents the most advanced technology for exploring heterogeneities 

and identifying new and rare cells or cell states in complex tissues, which is true even 

in the heart. Therefore, scRNA-seq uses unsupervised clustering to deconvert cellular 

tissue composition and even reconstruct lineage fates (Bendall et al., 2014; Durruthy-

Durruthy & Heller, 2015; Grün et al., 2016; Llorens-Bobadilla et al., 2015; Treutlein et 

al., 2014). 

 

The heart comprises several cell types in addition to CMs, including fibroblasts, and 

vascular and immune cells, whose interactions and communications are still poorly 

characterised (Farbehi et al., 2019). Following isolation of single cells and single 

nuclei, performing scRNA-seq and single-nucleus RNA-seq highlighted the distribution 

of the cell landscape of a healthy human heart (Litviňuková et al., 2020). Immune cells 

(myeloid and lymphoid), mainly distributed in the atrial tissue (10.4% versus 5.3% of 

the ventricular tissue), are divided into 21 clusters. Thirteen clusters represent myeloid 

cells, including different subtypes of macrophages, monocytes, and DCs; the other 

eight groups are lymphoid cells (Litviňuková et al., 2020). Macrophages were divided 
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into three populations based on the expression of the Lymphatic Vessel Endothelial 

Hyaluronan Receptor 1 (LYVE1) (Litviňuková et al., 2020). LYVE1+ macrophages 

have previously been described as perivascular cells in human and mouse vessels. 

They maintain arterial stiffness and regulate collagen expression by SMCs (Lim et al., 

2018). Spatial mapping revealed that LYVE1+ macrophages interact with CMs and 

fibroblasts expressing POSTN and TNC, genes related to the TGF signalling 

pathway. Interactions between immune cells, CMs and fibroblasts suggest a tissue-

specific paracrine signalling pathway to maintain homeostasis (Litviňuková et al., 

2020). Among the bioinformatics platforms for scRNA-seq, cell-cell interactions 

analysis (CellPhoneDB) elucidates biological mechanisms and interactions between 

all cardiac cells during homeostasis and disease (Farbehi et al., 2019; Yamada & 

Nomura, 2020). Cell-cell interactions identified that POSTN+TNC+ fibroblasts interact 

with macrophages that express the migration inhibitory factor (MIF). MIF is a 

pleiotropic inflammatory cytokine with a high affinity for the receptor CD74. Hence, this 

interaction has antifibrotic and tissue reparative activity (Heinrichs et al., 2021; 

Litviňuková et al., 2020).  

 

To better understand the interactions between immune and stromal (non-CMs) cells 

during post-MI inflammation, more than 30,000 single cells from post-MI mouse hearts 

(day 3 and 7 versus sham) were analysed by scRNA-seq, revealing more than 30 

different cell populations in the heart (Farbehi et al., 2019). ScRNA-seq of cardiac 

CD45+ cells identified many immune cells in the inflammatory process, including 

neutrophils, T-cells, mast cells, monocytes and macrophages (Martini et al., 2019). As 

critical cells in promoting post-MI inflammation and regeneration, monocytes and 

macrophages have been extensively characterised in several studies (Aurora et al., 
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2014; Dick et al., 2019; Farbehi et al., 2019; Hulsmans et al., 2017; Lavine et al., 2014; 

Leid et al., 2016; Litviňuková et al., 2020; Martini et al., 2019; Nahrendorf et al., 2007). 

The t-SNE projection allowed for classifying cardiac residents and recruiting 

monocytes and macrophages into four clusters. They confirmed, as described above, 

that CCR2- are resident macrophages, while CCR2+ monocytes expressing pro-

inflammatory characteristics are recruited from the bloodstream (Dick et al., 2019; 

Epelman et al., 2014; Farbehi et al., 2019). The analysis of the lineage trajectory 

confirmed that macrophage phenotypes are in a continuum state. From day three post-

MI, M1-like pro-inflammatory macrophages change to an M2-like anti-inflammatory 

phenotype on day seven post-MI (Farbehi et al., 2019; Lavine et al., 2018; Nahrendorf 

& Swirski, 2016). M2-like anti-inflammatory macrophages also merge with cardiac 

resident macrophages (Farbehi et al., 2019). More recently, this continuum has been 

observed in the gene expression gradient in macrophages following ischemic cardiac 

injury (Molenaar et al., 2021). Alongside monocytes and macrophages, CD4+ and 

CD8+ T-cells and neutrophils are expanded in response to the HF disease model 

(Transverse aortic constriction-operated mice) (Farbehi et al., 2019; Martini et al., 

2019).  

 

Building an in vitro model of macrophages is a practical approach that can be used to 

classify disease macrophages in vivo. The in vitro study of macrophages is considered 

a helpful tool for characterising gene expression profiles because it can also explore 

the role of macrophages during disease. Several studies have been performed using 

microarrays and bulk RNA-sequencing datasets (Chen et al., 2019). Meta-analyses 

based on a computational model of eight publicly available transcriptomic datasets 

investigated different phenotypes and functional states of differentiated macrophages 
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in vitro (Chen et al., 2019). This can be considered a practical platform for 

deconvolving macrophage heterogeneity in vitro. They identified both novel and well-

established markers of activated macrophages, including pro-inflammatory cytokines 

(e.g. TNF, CXCL9) expressed by macrophages activated by LPS (Chen et al., 2019). 
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1.5 M-CSF promotes M2-like macrophages 

1.5.1 Bulk RNAseq and single-cell qRT-PCR identified that Lin-

Sca1+CD31-PDGFR+SP+ CSCs secreted M-CSF 

Dr Noseda and Prof Schneider used a systematic complementary approach of bulk 

RNA-Seq and single-cell technologies to investigate the secretome of the Lin-

Sca1+CD31-PDGFR+SP+ CSCs.  

 

Bulk RNA-Seq of the starting (large, unfractionated) population of Sca1+ CSCs was 

compared with the transcriptomics of ESC and neonatal CMs (neoCMs). Data mining 

was performed using the ToppFun function in the ToppGene Suite tool to identify 

categories of Gene Ontologies (GO, “Biological process”). The GO analysis of the 

identified genes encoding for soluble proteins relevant to regeneration, repair and 

paracrine pathways. To further study the transcriptomes of CSCs, the top genes 

determined with GO were mapped, including Csf1, to the freshly isolated 

Sca1+PDGFR+ fraction by sc qRT-PCR (Noseda et al., 2015 and unpublished data) 

(Fig. 1. 10 A).  

 

Secondly, mouse and human CSCs resemble each other in molecular signatures. 

Noseda isolated and expanded human CSCs (hCSC) from several patients. The gene 

expression of the same top genes identified from the bulk RNA-seq in mice was 

analysed by sc qRT-PCR, confirming an enrichment for Csf1 even in hCSC 

(unpublished data) (Fig. 1.10 B).   
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Lastly, human and mouse data sets were analysed for overlapping hits as a route to 

initial prioritisation. It was found that mouse and human CSCs  secreted eighteen 

paracrine factors in common, Csf1 among them. The Venn diagram below uses circles 

to visualise these similarities (overlapping region) and differences (non-overlapping 

regions) (unpublished data) (Fig. 1.10 C). 

 

 

 

Figure 1.10 Identification of M-CSF as a potential mediator of CSC anti-inflammatory 
effect 

A, (LEFT) Bulk RNAseq of ESC, Sca1+ CSCs and neonatal CM (neoCM), gene ontology (GO) 

category. (RIGHT) Sc qRT-PCR tested the expression of paracrine genes in populations of 

interest, including Sca1+ PDGFR+ versus Sca1+CD31+. B, hCSC derived from five patients 

were analysed by sc gene expression profile. C, Venn diagram visualisation of 18 candidate 

factors expressed in mouse and human CSCs, M-CSF among them. Dr Noseda generated A, 

B, and C (unpublished data).  
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1.5.2 M-CSF promotes anti-inflammatory-like macrophages via 

CSF1R 

M-CSF regulates monocyte survival and differentiation into a reparative macrophage 

phenotype expressing phagocytic characteristics ( Hume & MacDonald, 2012; Lin et 

al., 2008; Ma et al., 2012; Pollard, 2009; Rae et al., 2007). M-CSF has a high affinity 

for its colony-stimulating factor 1 receptor (CSF1R).  

 

CSF1R is a homodimeric tyrosine kinase protein containing an extracellular and an 

intracellular domain (Rovida & Sbarba, 2015; Sherr et al., 1988). The extracellular 

domain presents five immunoglobulin (Ig)-like domains and the binding sites of CSF1R 

ligands. The intracellular domain contains two tyrosine kinases domains: the 

juxtamembrane in the proximity of the cellular membrane, one in the middle and one 

at the C-terminus tail. The activation of CSF1R occurs through the 

autophosphorylation of 8 intracellular tyrosine (Tyr): juxtamembrane domain (Tyr-559 

and Tyr-544), kinase insert domain (Tyr-697, Tyr-706 and Tyr-721) and C-terminus 

domain (Tyr-807, Tyr-721 and Tyr-974). Phosphorylation of these tyrosine leads to the 

activation of specific signalling pathways (Stanley & Chitu, 2014) (Fig. 1.11).  
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Figure 1.11 Schematic structure of CSF1R 

CSF1R is a homodimeric tyrosine kinase protein with an extracellular (pink) and an 

intracellular domain (blue), which contains a juxtamembrane region in proximity to the cellular 

membrane and a catalytic domain at the C-terminus. Eight tyrosine residues undergo 

autophosphorylation following M-CSF binding. Tyr-721 phosphorylation activates a PI3K 

pathway, regulating the M1 and M2 dichotomy (Modified from Mun et al., 2020). 

 

 

CSF1R is expressed mainly on the surface of monocytes, macrophages, myeloid DCs, 

microglia and osteoclasts (El-Gamal et al., 2018). In vivo studies conducted in Csf1r-/- 

mice showed that the absence of CSF1R leads to developmental defects, such as 

skeletal and neurological growth problems, and a reduced amount of tissue 

macrophages (Dai et al., 2002; Okamura et al., 2003; Wiktor-Jedrzejczak et al., 1990).  
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M-CSF competes for the CSF1R with another ligand called IL-34 (Lin et al., 2008). 

The primary roles of IL-34 are in brain development, microglia homeostasis in adult 

mice and promoting macrophages survival and proliferation (Lin et al., 2008; Greter et 

al., 2012; Wei et al., 2010). Levels of M-CSF are detectable, being approximately 

10ng/mL in the blood and tens of picograms per milligram in tissues, such as the liver, 

lung, spleen, kidney, intestine and heart (Roth et al., 1997). On the other hand, IL-34 

is only detectable locally when released (Rovida & Sbarba, 2015). M-CSF and IL-34 

do not have a homologous sequence; they bind CSF1R in the extracellular domain but 

at two different sites (Chihara et al., 2010). 

 

The phosphorylation of Tyr-721 activates the PI3K/Akt pathway, which regulates the 

polarisation of M1-like and M2-like macrophages (López-Peláez et al., 2011; Martinez, 

2011; Weichhart & Säemann, 2008; Weisser et al., 2011). In particular, Tyr-721 

phosphorylation improves the phenotype of M2-like macrophages by inhibiting the pro-

inflammatory M1-like macrophages (Caescu et al., 2015). Hence, the M-CSF-CSF1R 

pathway regulates the expression of genes related to the survival, proliferation and 

differentiation of primary macrophages, either by decreasing the expression of the 

anti-apoptotic protein Bcl-xL (Sevilla et al., 2001) or by blocking the expression of the 

CSF1-induced G1 cyclin, cyclin D (Dey et al., 2000; Sherr et al., 1992).  

 

The modulation of macrophage populations through pharmacological disruptions of 

the M-CSF-CSF1R pathway can have various therapeutic applications, such as 

inflammatory, autoimmune diseases or cancer.  
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1.5.3 Preclinical and early clinical use of M-CSF 

Since macrophages often regulate chronic inflammatory diseases, modulation of the 

M-CSF-CSF1R pathway has a potential clinical use. Monocytes need constant 

exposure to M-CSF to re-enter the S phase of the cell cycle and improve differentiation 

into BMDMs (Tushinski & Stanley, 1985). Pharmacokinetics and renal clearance of a 

higher molecular weight recombinant M-CSF protein are slower, allowing a more 

prolonged exposure of monocytes to the cytokine (Bauer et al., 1994; Wong et al., 

1987). Repeated and prolonged treatment of M-CSFS yields more macrophages 

(Hume et al., 1988; Munn et al., 1990; Stoudemire & Garnick, 1991). In mice, 4-day 

administration of recombinant human M-CSF (rhM-CSF) increased circulating mature 

monocytes, tissue-resident macrophages (liver, peritoneal cavity and peritoneum) and 

levels of F4/80 by 10-fold (Hume et al., 1988). In non-human primates, continuous 

intravenous or subcutaneous injection of rhM-CSF increased the number of CD16+ 

and F4/80+ M2-like resident macrophages by five times (Munn et al., 1990). In 

contrast, a single intravenous injection in rats resulted in a peak of resident M2-like 

macrophages within 24 hours, followed by a return to baseline after 36 hours (Ulich et 

al., 1990). The first preclinical and clinical studies using M-CSF are summarised in 

Table 1.3.  
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Table 1.3 Preclinical and early clinical use of M-CSF listed (chronological order)  

 

Phase Patients Dose Duration Key Results Reference 

III 
Randomised 
double-blind 
(59) 

 
2x105 

units/kg 
 
 

Daily; 14 days 
post -BMT 

Increased granulocytes 
recovery time (0.5x109/L); 
survival (120 days post-
BMT) 

(Masaoka 
et al., 
1990) 

I 
Metastatic 
(42) 

0.1-25.6mg 
/m2/d 

 

A 
subcutaneous 
injection every 
28 days; days: 

1-5; 8-12 

Monocytes-LPS treated 
enhanced secretion of 

TNF and IL1. Lower 
blood levels of M-CSF due 
to an increase in renal 
clearance rate 

(Bukowski 
et al., 
1994) 

I 
Metastatic 
(18) 

Escalation: 
50-

150g/kg/d 

Continuous 
infusion; two 

14-day cycles; 
2 weeks of 

rest. 

Adverse effect: rapidly 
reversible 
thrombocytopenia 

(Cole et 
al., 1994) 

I 

Non- 
randomised; 
metastatic 
melanoma 
(24) 

Escalation: 
10-

160g/kg/d 

Continuous 
infusion; 

two 7-day 
cycles; 2 

weeks rest. 

Increased macrophages: 
proliferation; differentiation; 
activation. Adverse effect: 
rapidly reversible 
thrombocytopenia 

(Jakubows
ki et al., 
1996) 

- 

Randomised 
double-blind; 
ovarian 
cancer (44) 

8M 
units/body 

Daily for 
60min; 7 days 

24hrs post-
chemotherapy 

(course II) 

Improvement of: NK-cell 
function; granulocyte 
function; T-cell maturation 

(Hidaka et 
al., 2003) 

 

 

1.5.4 Inhibition of the M-CSF-CSF1R macrophage pathway 

Multiple, highly promising therapeutic applications have shown that M-CSF has a 

trophic and autocrine action (Gow et al., 2010; Irvine et al., 2006; Pollard, 2009). 

Before examining the latest therapeutic approaches for M-CSF, it is necessary to 

discuss three aspects inhibiting the M-CSF-CSF1R pathway (Hume & MacDonald, 

2012).  

 

First, there are two main approaches for inhibiting the M-CSF pathway: blocking the 

kinase activity of M-CSF or hindering the binding of M-CSF to CSF1R using antagonist 
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agents. Secondly, as mentioned above, IL-34 is the second ligand of CSF1R. M-CSF 

and IL-34 bind CSF1R at two different binding sites. However, specific antibodies 

against CSF1R must be designed considering whether or not they will inhibit both the 

M-CSF and IL-34 pathways. Due to the role of M-CSF in macrophage differentiation, 

selective monoclonal antibodies have been developed primarily for the M-CSF binding 

site (Ovchinnikov et al., 2010). Finally, the most commonly used inhibitor to block M-

CSF activity over the past decade has been GW2580 due to the high specificity for 

CSF1R (Burns & Wilks, 2011). However, in the clinical setting, it should be considered 

that the blockade of CSF1R induces an increase in circulating levels of M-CSF 

(Bartocci et al., 1987).  

 

According to the literature, only a few studies have used an antibody to inhibit M-CSF. 

This drawback can be circumvented by using CSF1R inhibitors that target the kinase 

domain of the receptor rather than the M-CSF-CSF1R binding site (Irvine et al., 2006). 

A summary of the most relevant studies using anti-CSF1 antibodies is shown in Table 

1.4. 
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Table 1.4 Application of neutralising anti-M-CSF antibodies (chronological order) (i.p., 
intraperitoneal injection) 
 

Antibody Study model Administration 
Key Results  

& Conclusion 
Reference 

Rat anti-
CSF1 mAb 
(5A1) 

Mouse model of 
collagen-
induced arthritis   

Daily; 20/24 days 
post immunisation 

Endogenous M-CSF 
macrophages exacerbate 
inflammation – collagen-
induced arthritis 

(Campbell et 
al., 2000; 
Lokeshwar & 
Lin, 1988) 

4-month old ovx 
mice  

Weekly i.p of 
0.5mh 

M-CSF mediates 
ovariectomy-induced 
bone loss 

(Cenci et al., 
2000; 
Lokeshwar & 
Lin, 1988) 

Anti-mouse 
CSF1 Ab 

Post-natal mice; 
0.5-57.5 days 
old 

Subcutaneous 
injections 

M-CSF is essential for 
organ maturation and 
somatic growth 

(Wei et al., 
2005) 

Human 
mAb (PD-
0360324) 

Female 
nonhuman 
primates; 3 to 5 
years old; 7/7 
monkey dose-
placebo 

Bi-weekly 
intravenous 
injection of 
100mg/kg; for 29 
days 

Serum M-CSF levels 
increase CD14+CD16+ 
macrophages in Kupffer 
cells and skeletal muscle 
without injury 

(Radi et al., 
2011) 

Anti-human 
CSF1 Ab 
(26730) 

Rheumatoid 
arthritis (RA) 

5g/ml Suppression of 
inflammatory activity of 
RA  

(Garcia et al., 
2016) 

Anti-mouse 
CSF1 Ab 

Mouse model of 
inflammatory 
pain induced by 
intraarticular 
injections of 
zymosan 

Two and one 
days before 
zymosan 
injection: i.p. of 

200l  

Inhibition of acute 
inflammatory pain 
induced by zymosan, 

GM-CSF and TNF 

(Saleh et al., 
2018) 

Anti-mouse 
CSF1 Ab 
(5A1) 

Mouse model of 
cytokines storm 
syndrome 
induced by CpG 
injection 

1mg 2 days 
before infection 
0.5mg 48 and 
96hrs later 

Cytokine storm syndrome 
development reduced 
mortality and 
inflammatory cytokines 
levels. 

(Mahajan et al., 
2019) 

 

 

The other option to hamper the M-CSF pathway is targeting CSF1R directly. To inhibit 

CSF1R is possible to use either monoclonal antibodies or kinase inhibitors.  

 

Two studies developed neutralising antibodies against CSF1R: AFS98 (Sudo et al., 

1995) and M279 (MacDonald et al., 2010). Tumour studies reported that the 

monoclonal antibody M279 has a higher affinity for CSF1R than AFS98 (MacDonald 

et al., 2010). Lenzo and colleagues found that M279 has no protective effect on 
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inflammation patterns, including post-tissue damage or regulation of monocytes and 

macrophages (Lenzo et al., 2012). The most relevant applications of AFS98 in the 

post-MI inflammatory response are in Table 1.5.   

 

 

Table 1.5 Key findings of M-CSF deficiency in different disease models via neutralising 
antibody against CSF1R (AFS98) (chronological order) 
 

Disease model Study model Administration Key Results Reference 

Atherosclerosis 
6-week old 
apoE-/- mice; 
High-fat diet 

I.p. of 2mg; 
alternate days for 
6-week 

- Decreased circulating 
monocytes 

- 70% fewer macrophage-
derived foam cells indicating 
the essential role of 
macrophages in the 
protection of early 
atherogenesis 

(Murayama 
et al., 
1999) 

Acute rejection post 
renal allograft 

C57BL6 or 
BALB/c kidneys 
transplanted 
into BALB/c 
mice 

I.p of 50mg/kg/d; 
for 5-day 

CD68+ macrophages:reduced 
proliferation (82%), interstitial 
accumulation (53%), 
glomerular accumulation (71%) 

(Jose et 
al., 2003) 

Skeletal muscle 
fibrosis post-injury 

C3H/HeN mice 
Injected with 

75l cardiotoxin 
into TA muscle 
 

I.p of 4mg/0.4ml 
PBS. 3-time every 
2-day 

- Inhibition of skeletal muscle 
regeneration 

- Increased adipogenesis 
- Increased fibrosis (collagen 

deposition) 
- Reduced macrophages 

infiltration 

(Segawa et 
al., 2008) 

Diabetic nephropathy 
Obese (db/db) 
mice with type 2 
diabetic  

I.p. of 25mg/Kg; 
Alternate days for 
6-week 

- Inhibited glomerular 
macrophages accumulation, 
proliferation, and activation 

- Suppressed diabetic 
nephropathy progression 

(A. K. H. 
Lim et al., 

2009) 

Pathological 
angiogenesis & 

lymphangiogenesis 
(ischemic 

retinopathy; mouse 
osteosarcoma) 

Osteopetrotic 
(op/op) mice 
 

Subcutaneous 
injection of 
50mg/kg/d. 
P8-11 and P11-16 

- Reduce LYVE1+ and LYVE1- 
macrophages 

- Reduced tumour 
angiogenesis and 
lymphangiogenesis 

(Kubota et 
al., 2009) 

Lung and peritoneal 
inflammation 

Peritonitis mice 
(5mg/ml of M. 
tuberculosis). 
Lung infection 

mice (10g of 
LPS for 72hrs) 

Subcutaneous 

injection, 300g. 
Four days 

- Reduce the accumulation of 
Ly6Clo macrophages  

- CSF1R controls 
macrophages lineage 
development  

(Lenzo et 
al., 2012) 

 

Several small molecules have been developed to target CSF1R directly. Among the 

kinase inhibitors used in vivo, GW2580 (Conway et al., 2005), Ki20227 (Kubota et al., 
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2009) and BLZ945 (Beckmann et al., 2018; Pyonteck et al., 2014) have the most 

significant results and have shown greater specificity for CSF1R than other kinases.  

 

A study in rats showed that the activity of GW2580 increased the circulating 

monocytes under homeostatic conditions (Conway et al., 2008), while the recruitment 

of macrophages into tumours or arthritis was not affected despite an increase in the 

dose of GW2580 (Conway et al., 2008; Priceman et al., 2010). Interestingly, a mouse 

model of acute graft-versus-host disease (GVHD) demonstrated an increase in 

resident macrophages at a lower dose of GW2580 (60mg/kg versus 160mg/kg used 

by Priceman and colleagues) (Hashimoto et al., 2011; Priceman et al., 2010).  

 

Compared to CSF1R-/- mice (Dai et al., 2002), Ki20227 had a minimum effect on the 

circulating concentration of M-CSF (Kubota et al., 2009) and a more significant effect 

on the reduction of Ly6G+ granulocytes, indicating that this inhibitor may have a lower 

affinity for CSF1R-expressing macrophages. It is worth mentioning that imatinib 

(Glivec, STI-571) was initially developed as an inhibitor to target the tyrosine kinase 

bcr-abl. Hence, it has been used to inhibit the expression of PDGFR and c-kit in 

myeloid leukaemia cells. Finally, imatinib efficiently obstructs the cytokine-dependent 

pathways of CSF1R (Dewar et al., 2005).  

 

The pharmacological compound BLZ945 has been described as 1,000-fold more 

selective against CSF1R than other chemical inhibitors (Pyonteck et al., 2014). 

BLZ945 has been used in several studies to induce pharmacological inhibition of 

CSF1R as a treatment to regulate inflammation (El-Gamal et al., 2018). In the mouse 

model of glioblastoma, 67nM of BLZ945 led to tumour regression and increased 
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survival of M2-like macrophages (Pyonteck et al., 2014). BLZ945 is used in an ongoing 

first-in-human (FIH) clinical trial (Phase I/II -NCT02829723).  

 

Cannarile and colleagues have summarised the current clinical development of 

CSF1R inhibitors (Cannarile et al., 2017). A recent study identified M-CSF as an 

essential mediator of human coronary artery disease (CAD). Mendelian randomisation 

(MR) analysis was used based on the Outcome Reduction With Initial Glargine 

Intervention (ORIGIN, NCTOOO69784) trial of 4,147 participants combined with the 

CARDIoGRAM consortium dataset (Sjaarda et al., 2018). This study concluded that 

high levels of M-CSF concentration in the blood correlate with cardiovascular events 

(Sjaarda et al., 2018). These results add to previous studies that have shown a relation 

between M-CSF and atherosclerosis (Rajavashisth et al., 1998; Rajavashisth et al., 

1990; Rosenfeld et al., 1992; Shaposhnik et al., 2010); and in ischemic stroke, as 

discovered by a targeted proteomics study based on two independent cohorts studies 

(PIVUS and ULSAM) (Lind et al., 2015).  

 

Manipulating circulating monocytes and tissue-resident macrophages via the M-CSF-

CSF1R pathway has clear therapeutic potential in tumour studies. Therefore, many 

monotherapy clinical trial studies have developed pharmacological inhibitors of 

CSF1R. 

 

In summary, diverse investigations have implicated the M-CSF/CSF1R pathway in 

cardiovascular disease, inflammation, and cancer. For the present thesis, the 

relevance of the cited inhibitors is their straightforward utility in testing the potential 

contribution of CSC-secreted M-CSF to cardiomyocyte protection.  
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Chapter 2 - Hypothesis and aims  
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2.1 Hypothesis  

Studies using zebrafish, amphibians, and neonatal mice as animal models 

demonstrated that the resolution of post-MI inflammation and cardiac regeneration 

without scar formation is a macrophage-dependent mechanism. Macrophages with an 

M2-like, anti-inflammatory, and pro-reparative phenotype orchestrate regeneration 

(Aurora et al., 2014; Dutta & Nahrendorf, 2015; Frangogiannis, 2015; Lavine et al., 

2014). Furthermore, the paracrine signals released by adult mouse Lin-Sca1+CD31-

PDGFRa+SP+ CSCs could explain the reduction in infarct size despite the lack of 

durable engraftment (Noseda et al., 2015). Thus, Lin-Sca1+CD31-PDGFRa+SP+ CSCs 

could release paracrine factors beneficially affecting different cell types in the heart, 

including macrophages.  

 

The overarching hypothesis of this dissertation is that paracrine signals released by 

adult mouse Lin-Sca1+CD31-PDGFR+SP+ CSCs could promote an anti-

inflammatory-like and reparative macrophage phenotype. To investigate this 

hypothesis, (1) an in vitro model system was established to generate dichotomous 

populations of pro- and anti-/reparative macrophages, including the use of sc qRT-

PCR to profile gene expression at the single-cell level; (2) the impact of CSC-

conditioned medium (CondM) was assessed, using that model; and (3) a candidate 

factor found to be expressed by CSCs was tested, using complementary inhibitors of 

its signalling pathway. These specific questions and the related objectives are detailed 

immediately below.  
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2.2 Questions and corresponding objectives  
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Chapter 3 - Materials and Methods 
 
  



106 

 

3.1 Cell Culture 

Cell culture was carried out under standard sterile conditions in a Biomat 2 class II 

microbial safety cabinet. Cells were incubated in a CO2 incubator (Sanyo; MC0-5M) in 

a humidified atmosphere at 37°C and 5% CO2. All cells were maintained in vented 

T75cm2 cell culture flasks or 6-well plates (Corning). At ≥80% confluence, cells were 

detached from flasks/plates by (1) scraping using a cell scraper (TPP) or (2) incubation 

with 1mL per 75cm2 ,0.25% Trypsin-Ethylenediaminetetraacetic acid (EDTA) diluted in 

phosphate-buffered saline (PBS), incubated at 37°C for 5 minutes and subsequently 

inactivated by adding 11mL fresh culture media to stop the enzymatic activity of 

Trypsin. Cells were then collected and centrifuged at 330 relative centrifugal forces 

(RCF) for 5 minutes at 4°C. The pellet was reconstituted using cultural media. Cell 

number and viability were determined using a Vi-CELL Cell Viability Analyser 

(Beckman Coulter), an automated cell counter, based on the Trypan Blue Dye 

Exclusion method, allowing nine samples to be loaded at once with automated cell 

analysis. Primary cells and cell lines used in this study are listed below and 

subsequently detailed (Table 3.1). 
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Table 3.1 Cell lines and primary cells used in this study 

 
Name Cell type Organism 

Tissue origin or 
transformation method 

Source 

C
e
ll
 L

in
e

s
 

RAW 264.7  Macrophages 
Mus 

musculus 
(mouse) 

Abelson murine 
leukaemia virus-
transformed (Raschke et 
al., 1978) 

ATCC, 
TIB-71 

H9c2 Cardiomyocytes 
Rattus 

norvegicus 
(rat) 

Embryonic rat heart 
tissue 

ATCC, 
CRL-1446 

P
ri

m
a
ry

 C
e
ll

s
 

BMDMs Macrophages 
Mus 

musculus 
(mouse) 

Bone marrow-derived 
from tibias and femurs of 
an adult mouse  

In-house 

Lin-

Sca1+CD31-

PDGFR+S
P+ 

Cardiac 
progenitors/stem/
stromal-like cells 

Mus 
musculus 
(mouse) 

Adult mouse heart, 
derived from a pool of 
freshly isolated cells 

(Noseda et 
al., 2015) 

 

 

3.1.1 Cell lines 

 

3.1.1.1 Mouse RAW 264.7 macrophages 

The mouse macrophage RAW 264.7 cell line was purchased from American Type 

Culture Collection (ATCC, TIB-71). RAW 264.7 cells were cultured in a macrophage 

medium, comprising Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen), 10% 

heat-inactivated (56°C, 30 min) foetal bovine serum (FBS; Gibco), 2 mM L-glutamine 

(Thermo Fischer) and 1x antibiotic-antimitotic (100 U/ml penicillin, 0.1 g/ml 

streptomycin, 0.25 mg/ml amphotericin B; Invitrogen). They were plated at 

10,000/cm2, passaged every three days by scraping and used at a maximum of 30 

passages.  

 

 



108 

 

3.1.1.2 Rat H9c2 cardiomyocytes 

Rat cardiomyocyte H9c2 cell line was obtained from ATCC (CRL-1446) and cultured 

in ATCC-30-2002 media, which contained glucose (4500 mg/L), 4 mM L-glutamine, 1 

mM sodium pyruvate, and 1500 mg/L sodium bicarbonate, supplemented with 10% 

FBS (Gibco) and 1x antibiotic-antimitotic as above. H9c2 were passaged every three 

days using trypsin-0.25% EDTA and maintained by plating at 5,000 cells/cm2.  

 

 

3.1.2  Primary cells 

3.1.2.1 Animals 

All animal procedures were performed with UK Home Office approval (PL 70/6806, 

70/7880, 35/9318) and conformed to the UK Animals (Scientific Procedures) Act, 

1986, incorporating Directive 2010/63/EU of the European Parliament. Procedures for 

the husbandry and housing of animals follow the recommendations of the Association 

for Assessment and Accreditation of Laboratory Animal Care and the UK Code of 

Practice for the Housing and Care of Animals Bred, Supplied or Used for Scientific 

Purposes. The Imperial Hammersmith campus animal facilities comprise an SPF 

animal breeding facility (H2) and a clean facility for experimental surgery and 

physiology (H1). Biosecurity and pathogen exclusions are taken from the Federation 

of European Laboratory Animal Science Associations (FELASA) health monitoring 

guidelines, and all animals are screened four times per year. Mice were housed in 

Allentown XJ individually ventilated cages, with Dates and bedding (ECO2) and a 

12:12 light: dark cycle. Environmental enrichments included small tunnels, chew 
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blocks, and facial tissues. The maximum housing density was 7 per cage if < 25 g and 

5 per cage if R 25 g. C57BL/6 adult mice (8-12 weeks old; Charles River) were 

sacrificed using methods of killing that are acceptable and humane, carried out by a 

competent person and set out in Schedule 1 to the UK Animals (Scientific Procedures) 

Act, 1986. Mice were sacrificed using increasing concentrations of CO2, followed by 

cervical dislocation.  

 

 

3.1.2.2 In vitro differentiation of BMDMs  

After the humane killing, tibias and femur of 9-12-week-old male C57BL/6 mice were 

removed, cleaned out from skin and muscle, and immediately immersed in cold PBS 

(Gibco) and kept on ice until the isolation phase. BM was extracted by flushing tibias 

and femurs three times with 2 mL of cold DMEM (Invitrogen) using a 2 mL syringe and 

23-gauge needle and was filtered through a 70-µm mesh (BD Falcon). After counting, 

the unfractionated BM cells were centrifuged at 300 x g for 5 min at 4°C. Cells were 

then plated for 6 d at a density of 66,000 cells/cm2 in macrophage media 

supplemented with recombinant mouse GM-CSF (10 ng/mL, Peprotech) or 

recombinant mouse M-CSF (10 ng/mL, Peprotech) to induce BMDMs differentiation. 

After 6 d, half of the GM-CSF-M and M-CSF-M were activated for 24 hr with either 

pro-inflammatory or anti-inflammatory stimuli (de Couto et al., 2015; Zhang, 

Goncalves, & Mosser, 2008). GM-CSF-M were activated with 100 ng/mL LPS 

(Sigma) and 50 ng/mL recombinant murine IFN-γ (Peprotech). M-CSF-M were 

activated with 10 ng/mL recombinant murine IL-13 and IL-4 (Peprotech) (Fig. 3.1).  
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Figure 3.1 An in vitro system to study M1- and M2-driven macrophages. 

Sequential chemokines differentiate and activate BMDMs into M1- or M2-driven 

macrophages. Unfractionated BM cells were isolated and cultured for six days in media 

enriched with either GM-CSF (10 ng/mL) or M-CSF (10 ng/mL) to differentiate M1-driven and 

M2-driven-M, respectively. On day 6, half of the cultures were also activated for 24 hr with 

either LPS (100 ng/mL) and IFNγ (50 ng/mL) or with IL-4 (10 ng/mL) and IL-13 (10 ng/mL).  

 

 

3.1.2.3 Cardiac progenitors/stem/stromal-like cells (CSCs) 

Adult mouse Lin-Sca1+CD31-PDGFR+SP+ cardiac progenitors/stem/stromal-like cell 

(CSCs) population were previously generated in our lab as described in Noseda et al., 

2015 and maintained in Clonal Growth Medium (CGM) (Table 3.2) on collagen-coated 

plates, seeded at 5,000 cells/cm2, passaged every 2-3 days using Trypsin-0.25% 

EDTA, and used until passage 25-30.  
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Table 3.2 Clonal Growth Medium 

DMEM/Ham F-12 

Iscove’s Modified Dulbecco’s Medium (IMDM) 

Bovine growth serum (BGS) 

Antibiotics-Antimycotics 

L-Glutamine 

β-mercaptoethanol  

B27 media supplement 

Recombinant human epidermal growth factor (EGF)  

Recombinant human fibroblast growth factor (hFGF) 

Thrombin 

Human cardiotrophin-1 (CT-1) 

65% 

35% 

3.5% 

100U/mL 

2mM 

0.1mM 

1.3% 

6.5ng/mL 

13ng/mL 

0.0005 U/mL 

0.345 /mL 
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3.2 CSC conditioned media production and in vitro use 

3.2.2 Production of CSC conditioned media (CSC CondM) 

To generate CSC conditioned media (CSC CondM), CSC were seeded onto collagen-

coated 6-well plates at high density (100,000 cells/cm2) in CGM for 24 hr. At 24 hr, the 

CGM was aspirated, plates washed twice with DMEM, and CGM replaced with new 

macrophage media. CSC CondM was collected 20-24 hr later, filtered through a 

0.22µm syringe filter (GE Healthcare), further diluted 1:2 with macrophage media, and 

added to the BMDMs (Fig. 3.2).  

 

 

 

Figure 3.2 Schematic representation of CSC CondM production. 

 

 

3.2.3 In vitro system for differentiating BMDMs with CSC’s CondM 

Unfractionated BMDMs were isolated, counted and cultured, as explained above. In 

this integrated version of the in vitro system, BMDMs were differentiated over six days 

in CSC CondM at 50% final concentration. After six days, BMDMs were then activated 

with the M1 stimuli (LPS and IFNy) or the M2 stimuli (IL-4 and IL-13), as described 

above (Fig. 3.3).  
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Figure 3.3 In vitro system for differentiating BMDMs with CSC CondM 
Three new treatment conditions were added to the original in vitro system (Fig. 3.2). BMDMs 

were differentiated over six days in CSC CondM at 50% final concentration. At day 6, they 

were activated (18/20hrs) either with M1 stimuli, LPS (100 ng/mL) and IFNγ (50 ng/mL), or 

with M2 stimuli, IL-4 (10 ng/mL) and IL-13 (10 ng/mL).  
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3.3 Chemical and antibody-based assays  

3.3.1 Pharmacological inhibitor of CSF1R: BLZ945 

4-[[2-[[(1R,2R)-2-hydroxycyclohexyl]amino]-6-benzothiazolyl]oxy]-N-methyl-2-

pyridinecarboxamide (BLZ945) (Pyonteck et al., 2014) was supplied as a crystalline 

solid. A stock solution 10x was made by dissolving BLZ945 in dimethylsulfoxide 

(DMSO). On day 0, BLZ945 was added at two final concentrations:67nM and 370nM. 

It was maintained during the duration of both the differentiation and activation phases 

of the in vitro system. DMSO at the highest concentration was used as vehicle control.  

 

 

3.3.2  Neutralising antibody against CSF1R (CSF1R) 

The neutralising antibody CD115 (c-fms) Monoclonal Antibody (AFS98), Functional 

Grade, eBioscience (CSF1R) was added at a final concentration of 1g/100l at day 

0 of the in vitro system and maintained during the duration of both differentiation and 

activation. As the relevant control, rat IgG2a kappa Isotype Control (eBR2a), 

Functional Grade (eBioscience) was added at the same final concentration.   
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3.4 Flow cytometry  

Cells were labelled with antibodies listed in Table 3.3, and to discriminate viable cells, 

Sytox Blue was added before the acquisition. Flow cytometry and sorting were 

performed using AriaIIu flow sorter (Becton Dickinson) equipped with 355 nm 

ultraviolet, 405 nm violet, 488 nm blue, 561 nm yellow-green and 640 nm red lasers. 

FACS data were analysed using FlowJo v10. 

 

 

Table 3.3 Antibodies and staining used for FACS analyses 

Antibody Conjugate Dilution Isotype 

Mouse monoclonal 
anti-F4/80 

AF647 1:100 Rat monoclonal anti-IgG2a 

Mouse monoclonal 
anti-CD11b 

AF700 1:100 Rat monoclonal anti-IgG2b 

Mouse monoclonal 
anti-CD206 

biotin 1:200 Rat monoclonal anti-IgG2a 

Mouse monoclonal 
anti-CX3CR1 

PE 1:100 Mouse monoclonal anti-IgG2a 

Mouse monoclonal 
anti-CSF1R 

PE/Cy7 1:100 Rat monoclonal anti-IgG2a 

Staining Conjugate Dilution Isotype 

Streptavidin BV605 1:50 N/A 

Sytox Blue N/A 1:1000 N/A 
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3.5 Gene expression analysis 

3.5.1 Single-cell quantitative reverse transcription-PCR (sc qRT-

PCR) 

Multi-parametric FACS (AriaIIu flow sorter, Becton Dickinson) directly sorted viable 

single-cells into 96-well plates containing the reaction mixture (RT-Mix, 10µL/well). 

Here, single cells were pre-amplified using a modified protocol based on CellDirect 

One-Step qRT-PCR Kits (Invitrogen) (Table 3.4), as previously described (Noseda et 

al., 2015) (Fig. 3.4 – Step1).  

 

Table 3.4 RT-Mix (10l/well) 

Reagent  

CellsDirect 2x Reaction Mix 5l 

SUPERase-In RNase Inhibitor 0.1l 

TE buffer 1.2l 

0.2x Assay Mix 2.5l 

RT/Taq mix 1.2l 

Total per reaction 10l 

 

 

RT-Mix contains a mix of prechosen TaqMan primer/probe (Thermo Fisher), listed in 

Table 3.5. TaqMan-MGB probes include a 5’ reporter (R) and a 3’ non-fluorescent 

quencher (Q), with the minor groove binding (MGB) moiety attached to the quencher 

molecule. FAM (6-carboxyfluorescein) was used as the 5’ R dye.  
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Table 3.5 TaqMan probes used for sc qRT-PCR. All probes are conjugated to MGB-FAM 
dye (ThermoFisher).  
The listed probes were used as two panels, designed in-house, as indicated in each 

experiment. 

Gene Panel Gene Panel 

Ang 1, 2 Il6 1, 2 

Angpt1 1, 2 Il10 2 

Angpt4 1, 2 Il11 1, 2 

Angptl2 1, 2 Il13 2 

Angptl4 1, 2 Il34 2 

Angptl7 1, 2 Inhba 2 

Arg1 1, 2 Kdr 1 

Bmper 1 Ly6a 1 

Bmp2 1, 2 Map4k4 Isf. 1 2 

Bmp4 1, 2 Map4k4 Isf. 2 2 

Ccl2 1, 2 Map4k4 Isf. 3 2 

Ccl7 1, 2 Map4k4 Isf. 4 2 

Ccl19 1, 2 Mrc1 2 

Cdh5 1, 2 Myh6 1, 2 

Cd31/pecam 1 Myh11 2 

Clec3b 1 Myl2 1, 2 

Csf1 1, 2 mPGES1 1 

Csf1r 2 Ngf 1 

Csf2 1, 2 Nos2 1, 2 

Cx3cr1 2 Pecam1  2 

Cxcl1 1, 2 Pdgfra 1, 2 

Cxcl2 1, 2 Pi16 1 

Cxcl3 1, 2 Ptch2 1 

Cxcl5 1, 2 Ptges 2 

Cxcl9 1, 2 Sod3 1, 2 

Cxcl10 2 Tbx20 1, 2 

Cxcl12 1, 2 Tcf21 1 

Ereg 1 Tgfb1 2 

F3 2 Tgfb2 2 

Gata4 1 Tgfb3 2 

Gdf15 2 Tgm2 2 

Hand2 1 Tnfa 2 

Igf1 1, 2 Vegfa 2 

Igf2 2 Vegfb 2 

II1b 2 Vegfc 2 

Il1r1 2 Wt1 1 

Il1r2 2 Controls 

Il1rl1 1, 2 Ubc 1, 2 

Il4 2 Hmbs 1, 2 
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The 22 cycles for the pre-amplification were performed in a Veriti Thermal Cycler 

(Applied Biosystems, Thermo Fisher) using specific thermal conditions as indicated in 

Table 3.6 (Fig. 3.4 – Step 2).   

 

Table 3.6 Pre-amplification RT-PCR thermal cycles 

 

 Step 1 Step 2 Step 3  Step 4 

   22 cycles  

Temperature (°C) 50 95 95 60 

Time (min) 15 2 15 4 

 

 

As negative controls, at least three non-template control (NTC) samples were included 

in each run at the pre-amplification stage. Two to three wells per chip were used as 

positive controls containing ten cells/well.  

 

A microfluidic technology performs high throughput gene expression using Dynamic 

Array chips (Fluidigm), the BioMark real-time PCR system (Fluidigm) and TaqMan 

probes to analyse the expression of 48 genes x 48 samples using the BioMark HD 

system (Fluidigm). This allows for the analysis of 42 single cells for each 

experiment/Dynamic Array chip (plus three wells used as a negative control and three 

wells used as a positive control as explained above) (Fig. 3.4 – Step 3 and 4). This 

system allows running 2,304 reactions simultaneously. The instrument’s software for 

gene expression analysis generates a family of PCR curves representing the Cycle 

threshold (Ct) values for each reaction. Ct values were calculated and exported using 

Fluidigm Real-Time PCR Analysis software (v4.3.1, Fluidigm) and visualised as a 

heatmap (Fig. 3.4 – Step 5).  
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Data analysis was performed using an R script developed in-house by Dr Noseda’s 

team. Outliers were identified from quantile-quantile plots of Ct values for an internal 

control gene, Ubiquitin C (Ubc), using a quality control step based on robust, 

standardised expression fractions and expression levels (McDavid et al., 2013).  

 

Ct values were normalised on a per-sample basis, using Ubc as a ubiquitous control,  

Ct sample, gene = Ct sample, gene – Ct sample, Ubc 

ΔCt values were subsequently centred on the sample mean: 

ΔCt centred = ΔCt sample, gene – Ct sample mean 

 

Opposite values (–ΔCt centred) were used for visualisation and further analyses..  

 

 

3.5.2 Methods of visualisation of the results of the sc qRT-PCR  

There are different visualisation methods or plotting techniques for sc qRT-PCR data 

interpretation, such as unbiased hierarchical heatmap, principal component analysis 

(PCA), and dot plot (Fig. 3.4 – Step 6).   

 

Unbiased hierarchical heatmap: An unbiased hierarchical heatmap visualises gene 

expression data by plotting the expression of every gene as -∆Ct values (row) for every 

cell (column). An unbiased hierarchical heatmap is colour-coded to facilitate the 

visualisation of expression levels. Every unbiased hierarchical heatmap reported here 

includes a horizontal colour key for -∆Ct values. Here, red means a high level of 

expression of a gene (-∆Ct value >0), and blue means low expression or no expression 
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of a gene (-∆Ct value <0). Hierarchical clustering also generated two dendrograms to 

reveal patterns among the rows and the columns: one of the genes (vertical) and one 

of the samples (horizontal).  

 

Principal component analysis (PCA): Principal component analysis (PCA) using 

FactoMineR performs dimensionality reduction (Lê et al., 2008). PCA applies multiple 

linear transformations (singular value decomposition) to individual samples' 

expression profiles (PC - score plot) and identifies a series of PCs that elucidate the 

most distinguishing features between the samples. The coefficients of the linear 

transformations (PC - loading plot) measure the underlying variability of the genes 

associated with each component. All plotting was performed using R base graphics 

and ggplot2.  
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Figure 3.4 The workflow of sc expression profiling by qRT-PCR 

1, By preparative sc flow sorting, individual cells were deposited into a 96-well plate. 2, Pre-

amplification for 48 target genes. 3, Microfluidic arrays (Fluidigm) allow simultaneously 

analysing the expression of 48 genes in 48 single macrophages (2,304 reactions). 4, qRT-

PCR was then performed using the BioMark HD. 5, Visualising the Ct values by Fluidigm Real-

Time PCR analysis software as a heatmap. 6, Final analysis was performed using an R-script 

developed in-house.  
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3.6 Protein expression assays 

3.6.1 Enzyme-linked immunosorbent assay (ELISA) 

To test M-CSF secretion levels in CSCs, an ELISA was performed using the M-CSF 

DuoSet kit (R&D systems) for manufacturing instructions. Briefly, 96-well microplates 

(Corning) were coated with 100l/well diluted Capture Antibody overnight at room 

temperature. The following day, plates were washed three times with 400 l/well of 

Wash buffer, blocked using 300ml/well of Reagent Diluent, incubated at room 

temperature for 1 hr, washed three times as above, and 100l/well of sample or 

standards in Reagent Diluent were added to the plate. The plates were then covered, 

incubated for 2 hr at room temperature, washed three times, and treated with 

100l/well of Detection Antibody for M-CSF (1:1000) for 2 hr at room temperature. For 

the detection step, 100l/well Streptavidin-HRP was added for 20 min at room 

temperature, washed, and followed by 100l/well of Substrate solution for 20 min, then 

50 ml/well of Stop Solution. Each well's absorbance was measured immediately using 

a plate reader (Beckman Coulter Paradigm Detection Platform) at 450 nm.   

 

 

3.6.2 Multiplex bead-based immunoassay (LEDENDplex) 

Supernatant from each cultured condition was collected on day 7 of the in vitro 

protocol. The experiments were always carried out in biological triplicate, including 

media-only conditions for each of the seven populations of macrophages generated. 

The supernatant was analysed using a bead-based multiplex immunoassay 
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LEGENDplex (BioLegend). This immunoassay uses two sizes of beads, designated A 

(big) and B (small), having different levels of Allophycocyanin (APC) fluorescence (Fig. 

3.5 A), each combination of size and level being conjugated with a specific antibody 

to one of the 13 cytokines/chemokine of the panel. The bead-antibody-capture analyte 

is then detected using biotin. Therefore, the sandwich is made by capturing bead-(Ab)-

analyte of interest-detection biotin. In the last step, Streptavidin-phycoerythrin (SA-PE) 

recognises a biotinylated antibody (Fig. 3.5 B). The fluorescent signal intensity is 

proportional to the analyte present in the supernatant. Flow cytometry (FACS Diva, 

Becton Dickinson) was then used to quantify PE signal fluorescence intensity, and the 

analyte concentration was obtained using LEGENDplex data analysis software 

(version 8.0.0.0, BioLegend).  
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Figure 3.5 Schematic representation of LEGENDplex (BioLegend) protocol 

A, The beads have two sizes (A-small and B-big) and different levels of APC intensities. Each 

bead is conjugated with an antibody against a specific analyte from the selected panel. B, 

Schematic representation of the three-step staining protocol accordingly to manufacturer 

instructions.  
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Cytokine/chemokine content was assessed using three 13-plex LEGENDPLEX 

panels, called (1) Mouse Inflammation panel; (2) Mouse Proinflammatory Chemokine 

panel; (3) Mouse Cytokine Panel 2; and a 6-plex panel, called Mouse Th2 Panel (6-

plex), together with targeting the following chemokines:  

1. Inflammation 2. Chemokine 3. Cytokines 4. Th2 

Target Target Target Target 

CCL2 (MCP-1) CCL2 (MCP-1) IL-1α IL-5 

GM-CSF CCL3 (MIP-1α) IL-1β IL-13 

IFN-β CCL4 (MIP-1β) IL-3 IL-6 

IFN-γ CCL5 (RANTES) IL-12p40 IL-10 

IL-1α CCL11 (Eotaxin) IL-12p70 TNF-α 

IL-1β CCL17 (TARC) IL-23 IL-4 

IL-6 CCL20 (MIP-3α) IL-7 N/A 

IL-10 CCL22 (MDC) IL-11 N/A 

IL-12p70 CXCL1 (KC) IL-27 N/A 

IL-17A CXCL5 (LIX) IL-33 N/A 

IL-23 CXCL9 (MIG) IFN-β N/A 

IL-27 CXCL10 (IP-10) GM-CSF N/A 

TNF-α CXCL13 (BLC) TSLP N/A 

 

The concentration levels of three independent experiments for each secreted protein 

were normalised per analytes and visualised using an unbiased hierarchical clustering 

heatmap.  

 

 

3.7 Phagocytosis assays  

RAW 264.7 macrophages were plated on a 96-well half-area plate (Corning) at 27000 

cells/cm2 and incubated for 1 hour, left to attach to the plate before starting both 

phagocytosis assays. RAW 264.7 macrophages were fed with pHrodo™ Red E. coli 

BioParticles™ Conjugate (Thermo Fisher) prepared according to manufacturer 

instructions. Alternatively, RAW 264.7 macrophages were fed with apoptotic rat 

cardiomyocytes (H9c2). H9c2 cells were incubated with 80μM of Menadione (Sigma-
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Aldrich) for 24 hours to induce apoptosis (Fiedler et al., 2019). Loss of H9c2 rat 

cardiomyocyte viability was confirmed using trypan blue exclusion (Vi-CELL Cell 

Viability Analyser). Dead H9c2 rat cardiomyocytes were resuspended at a 

concentration of 0.54x106cells/mL. Subsequently, dead H9c2 cells were incubated 

with 5μM pHrodo™ Red, succinimidyl ester (pHrodo™ Red, SE, Invitrogen) for 1 hour 

at room temperature in dark conditions. Cells were centrifuged for 3 minutes at 

160RCF to collect the pellet and gently resuspended in fresh media. Apoptotic H9c2 

rat cardiomyocytes were passed through a 26G syringe and resuspended at a 

concentration of 0.27x106 cells/mL in the following media: control media (untreated), 

50% CSC CondM, 50% CSC CondM + CSF1R or 50% CSC CondM + 5μm 

Cytochalasin D. Cytochalasin D was used as a negative control as it inhibits actin 

polymerization and vacuole formation (Gardai et al. 2005; Ravichandran & Lorenz 

2007; Santulli-Marotto et al. 2015).  

 

Finally, RAW 264.7 macrophages were fed with media containing E.coli bioparticles 

or apoptotic H9c2 cells and incubated for 12 hours. The following day, media was 

aspirated, and RAW 264.7 macrophages were washed 3x with the respective media 

without bioparticles or apoptotic cells. RAW 264.7 macrophages were stained with 

Hoechst 33342 (Sigma-Aldrich) (1:2000) for 20 min.  

 

Phagocytosis assays were then imaged using an AxioObserver Z1 inverted 

fluorescence microscope with a 10x objective (Zeiss). The percentage of pHrodo Red-

positive cells was obtained by counting the total number of RAW 264.7 macrophages 

(Hoechst +) and pHrodo Red positive cells using Fiji (Schindelin et al., 2012). 
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3.8 Statistical analysis 

GraphPad Prism (version 7.04) was used to perform statistical analysis. Data are 

reported as the mean,  standard error (SEM) with p<0.05, unless otherwise stated in 

the legend of the Figures.  

 

Flo cytometry, ELISA and multiplex immunoassays (Legendplex) have been 

performed at least three times independently, with at least three technical triplicates 

per experiment. Data reported from the FACS were analysed using one-way or two-

way ANOVA followed by the Kruskal-Wallis/Dunn test (p<0.005) or by Bonferroni’s test 

for multiple comparisons (p<0.0001). ELISA and Multiplex immunoassay 

(LegendPlex) data were analysed using a two-way ANOVA test, followed by 

Bonferroni’s test (p<0.0001). 

 

The statistical analysis shown in the dot plots is based on the Kruskal-Wallis/Dunn test 

(p<0.005) done using the R script developed in-house. Differential expression was 

determined using a non-parametric Kruskal-Wallis/Dunn test. Euclidean distances 

among samples and genes were used to compute hierarchical clustering using the 

complete linkage method and integrated into data visualization based on heatmaps. 
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3.9 Key resources  

REAGENT SOURCE IDENTIFIER 

Antibodies and other staining reagents 

Armenian Hamster monoclonal anti-
IgG, PE/Cy7-conjugated 

BioLegend 400921 

Monoclonal Antibody (AFS98), CD115 
(c-fms) Functional Grade, eBioscience 

ThermoFisher 16-1152-82 

Mouse anti-IgG, HRP-linked Cell Signalling 7076 

Mouse monoclonal anti-CD11b, Alexa 
Fluor 700-conjugated 

BioLegend M1/70:101222 

Mouse monoclonal anti-CD206, biotin-
conjugated 

Invitrogen MR5D3: MA516869 

Mouse monoclonal anti-CX3CR1, PE-
conjugated 

BioLegend 
SA011F11:149005 

Mouse monoclonal anti-CSF1R, 
PE/Cy7-conjugated 

BioLegend 
AFS98:135524 

Mouse monoclonal anti-F4/80, Alexa 
Fluor 647-conjugated 

BioLegend BM8:123121 

Mouse monoclonal anti-−actin Cell Signalling 3700S 

Mouse monoclonal anti-IgG2a, PE-
conjugated 

BioLegend 400211 

Rabbit anti-IgG, HRP-linked Cell Signalling 7074 

Rat IgG2a kappa Isotype Control 
(Ebr2A), Functional Grade, 
eBioscience 

ThermoFisher 16-4321-82 

Rat monoclonal anti-IgG2a, Alexa Fluor 
647-conjugated 

BioLegend 
400526 

Rat monoclonal anti-IgG2b, Alexa Fluor 
700-conjugated 

BioLegend 
400628 

Rat monoclonal anti-IgG2a, biotin-
conjugated 

Invitrogen PA533213 

Rat monoclonal anti-IgG2b, BV510-
conjugated 

BioLegend 
400645 

Rat monoclonal anti-IgG2a, PE/Cy7-
conjugated 

BioLegend 
400521 

Rabbit polyclonal anti-HGK Cell Signalling 3485S 

Streptavidin, BV510-conjugated BioLegend 405229 

Sytox Blue Invitrogen S34857 

Chemicals, Peptides, and Recombinant Proteins 
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Antibiotic-antimycotic Invitrogen 15240-096 

BLZ-945 Cayman 
Chemical 

953769-46-5 

Bovine growth serum (BGS) Hyclone SH30541 

B27 Supplement Invitrogen 17504-044 

Cardiotrophin-1 Cell Sciences CRC700B 

Collagen type I BD Bioscience 354236 

Dulbecco’s Modified Eagle’s Medium 
(DMEM) 

Invitrogen 11965-092 

Fetal Bovine Serum (FBS) Gibco 10270 

Gelatine solution Sigma-Aldrich G1393-100ML 

Glycine Sigma-Aldrich G7126 

Ham’s F12 Invitrogen 11765-054 

Human cardiotrophin-1 (CT-1) Cell Sciences CRC700A 

Human epidermal growth factor Peprotech AF-100-15 

Human fibroblast growth factor-basic Peprotech 100-18B 

Iscove’s modified Dulbecco’s medium 
(IMDM) 

Invitrogen 12440-046 

L-Glutamine (200mM) ThermoFisher 25030-024 

Lipopolysaccharides (LPS) Sigma-Aldrich L4391 

Methanol ThermoFisher 34860 

ON-TARGETplus Mouse Map4k4 
siRNA – smartpool 

Dharmacon J-040100-05, 06, 
07, 08 

Phosphate Buffered Saline (PBS) 
pH7.2 (1x) 

Gibco 20012-019 

Recombinant Human epidermal growth 
factor (EGF) Miltenyi Biotec 130-097-749 

Recombinant Human fibroblast growth 
factor (hFGF) Peprotech 100-18B 

Recombinant Murine GM-CSF Peprotech 315-03 

Recombinant Murine IFN-γ Peprotech 315-05 

Recombinant Murine IL-13 Peprotech 210-13 

Recombinant Murine IL-4 Peprotech 214-14 

Recombinant Murine M-CSF Peprotech 315-02 

Thrombin Sigma-Aldrich 10602400001 

Tris-Base ThermoFisher 17926 

Trypsin-EDTA 0.25% Phenol red Gibco 25200-056 

-mercaptoethanol Sigma-Aldrich M3148 

Critical Commercial Assays 

CellDirect One-Step qRT–PCR kits Invitrogen 11753500 

Mouse M-CSF DuoSet ELISA R&D System DY416 

PureLink® RNA Micro Scale Kit Invitrogen 12183016 
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LEGENDplex Mouse Inflammation 
Panel (13-plex) with V-bottom Plate 

BioLegend 740150 

LEGENDplex Mouse Proinflammatory 
Chemokine Panel (13-plex) with V-
bottom Plate 

BioLegend 740451 

LEGENDplex Mouse Cytokine Panel 2 
(13-plex) 

BioLegend 740134 

LEGENDplex Mouse Th2 Panel BioLegend 741043 

Experimental Models: Organisms/Strains 

C57BL/6 mice Charles River C57BL/6NCrl 

Oligonucleotides (TaqMan probe) 

Ang ThermoFisher Mm01316661_m1 

Angpt1 ThermoFisher Mm00456503_m1 

Angpt4 ThermoFisher Mm00507766_m1 

Angptl2 ThermoFisher Mm00507897_m1 

Angptl4 ThermoFisher Mm00480431_m1 

Angptl7 ThermoFisher Mm01256626_m1 

Arg1 ThermoFisher Mm00475988_m1 

Bmper ThermoFisher Mm01175806_m1 

Bmp2 ThermoFisher Mm01340178_m1 

Bmp4 ThermoFisher Mm00432087_m1 

Ccl2 ThermoFisher Mm00441242_m1 

Ccl7 ThermoFisher Mm00443113_m1 

Ccl19 ThermoFisher Mm00839967_g1 

Cdh5 ThermoFisher Mm00486938_m1 

Cd31/pecam ThermoFisher Mm01242584_m1 

Clec3b ThermoFisher Mm00495657_m1 

Csf1 ThermoFisher Mm00432686_m1 

Csf1r ThermoFisher Mm01266652_m1 

Csf2 ThermoFisher Mm01290062_m1 

Cx3cr1 ThermoFisher Mm00438354_m1 

Cxcl1 ThermoFisher Mm04207460_m1 

Cxcl2 ThermoFisher Mm00436450_m1 

Cxcl3 ThermoFisher Mm01701838_m1 

Cxcl5 ThermoFisher Mm00436451_g1 

Cxcl9 ThermoFisher Mm00434946_m1 

Cxcl10 ThermoFisher Mm00445235_m1 

Cxcl12 ThermoFisher Mm00445553_m1 

Ereg ThermoFisher Mm00514794_m1 

F3 ThermoFisher Mm00438855_m1 
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Gata4 ThermoFisher Mm00484689_m1 

Gdf15 ThermoFisher Mm00442228_m1 

Hand2 ThermoFisher Mm00439247_m1 

Hmbs ThermoFisher Mm01143545_m1 

Igf1 ThermoFisher Mm00439560_m1 

Igf2 ThermoFisher Mm00439564_m1 

II1b ThermoFisher Mm00434228_m1 

Il1r1 ThermoFisher Mm00434237_m1 

Il1r2 ThermoFisher Mm00439629_m1 

Il1rl1 ThermoFisher Mm00516117_m1 

Il4 ThermoFisher Mm00445259_m1 

Il6 ThermoFisher Mm00446190_m1 

Il10 ThermoFisher Mm01288386_m1 

Il11 ThermoFisher Mm00434162_m1 

Il13 ThermoFisher Mm00434204_m1 

Il34 ThermoFisher Mm01243248_m1 

Inhba ThermoFisher Mm00434339_m1 

Kdr ThermoFisher Mm00440111_m1 

Ly6a ThermoFisher Mm00726565_g1 

Map4k4 Isf. 1 ThermoFisher AJKL180 

Map4k4 Isf. 2 ThermoFisher Mm00500808_m1 

Map4k4 Isf. 3 ThermoFisher AJKAK25 

Map4k4 Isf. 4 ThermoFisher AJIMWK 

Mrc1 ThermoFisher Mm01329362_m1 

Myh6 ThermoFisher Mm00440359_m1 

Myh11 ThermoFisher Mm00443013_m1 

Myl2 ThermoFisher Mm00440384_m1 

mPGES1 ThermoFisher Mm00452105_m1 

Ngf ThermoFisher Mm00443039_m1 

Nos2 ThermoFisher Mm00440502_m1 

Pecam1 ThermoFisher Mm01242576_m1 

Pdgfra ThermoFisher Mm01211685_m1 

Pi16 ThermoFisher Mm00470084_m1 

Ptch2 ThermoFisher Mm00436047_m1 

Ptges ThermoFisher Mm00452105_m1 

Sod3 ThermoFisher Mm01213380_s1 

Tbx20 ThermoFisher Mm00451515_m1 

Tcf21 ThermoFisher Mm00448961_m1 

Tgfb1 ThermoFisher Mm01178820_m1 

Tgfb2 ThermoFisher Mm00436955_m1 

Tgfb3 ThermoFisher Mm00436960_m1 
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Tgm2 ThermoFisher Mm00436987_m1 

Tnfa ThermoFisher Mm00443258_m1 

Ubc ThermoFisher Mm01201237_m1 

Vegfa ThermoFisher Mm00437306_m1 

Vegfb ThermoFisher Mm00442102_m1 

Vegfc ThermoFisher Mm00437310_m1 

Wt1 ThermoFisher Mm00460570_m1 

Software and Algorithms 

FlowJo Version 10 FlowJo N/A 

Fluidigm software Version 4 Fluidigm N/A 

Prism Versions 6 and 7 
GraphPad 
Software Inc 

http://www.graph 
pad.com/scientifi 
c-software/prism/ 

R software environment 
The R 
Foundation 

https://cran.r 
project.org 

Other 

Array chips for 48 assays x 48 samples Fluidigm BMK-M10-48.48 

BioMark HD system Fluidigm N/A 

Cell strainer mesh 70 μm BD Falcon 352350 

0.2 μm filter units FP30/0.2 CA-S GE Healthcare 10462200 

Veriti Thermal Cycler 
ABI 
ThermoFisher 

N/A 
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Chapter 4 – Result I 
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4 Result I: In vitro generation of M1- and M2-driven 

macrophages  

4.1 Introduction and rationale 

Macrophages are in a continuous spectrum of phenotypes ranging from one pro-

inflammatory end to the opposite anti-inflammatory end. Over the past two decades, 

several definitions tried to identify, characterise and classify macrophage phenotypes. 

However, due to the complexity of these phenotypes, with overlapping characteristics, 

there is no consensus on the best way to define them (Anderson & Mosser, 2002; de 

Couto, 2019; Gleissner et al., 2010; Kadl et al., 2010; Mantovani et al., 2002, 2004; 

Martinez & Gordon, 2014; Mills et al., 2000; Parisi et al., 2018; Stein et al., 1992). 

Therefore, this PhD thesis considered the best way to name macrophages based on 

the stimulation used for their differentiation and activation.  

 

Hence, the first objective of this PhD thesis was to design an in vitro system to 

generate pure populations of macrophages that formally express the opposite 

phenotypes of macrophage’s spectrum. Therefore, this Chapter describes the 

experiments conducted to achieve the first aim of this PhD thesis addressing the 

following points: 

 

(i) Establish an in vitro system to differentiate BMDMs into macrophages and 

activate them using cocktails of growth factors and pro- and anti-
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inflammatory stimuli towards the opposite extreme of the macrophages' 

phenotypic spectrum. 

(ii) Demonstrate their distinctive immunophenotype using multi-parametric flow 

sorting. 

(iii) Demonstrate their distinctive gene expression signature at the single-cell 

level, information lacking in the field at the time of this dissertation research.   
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4.2 Results 

4.2.1 In vitro system to study M1- and M2-driven-M 

The in vitro system designed in this PhD thesis uses a combination of growth factors 

and stimuli to generate four populations of macrophages, named according to the 

culture treatment used.  

 

First, GM-CSF and M-CSF differentiated unfractionated BM progenitor cells into GM-

CSF-M and M-CSF-M, respectively. Then, half of the GM-CSF-M were activated 

with the pro-inflammatory stimuli, LPS and IFN and named GM-CSF+LPS+IFN-M. 

Similarly, half of the M-CSF-M were activated with the anti-inflammatory stimuli, IL-4 

and IL-13, and named M-CSF+IL4+IL13-M. M1-driven M includes GM-CSF-M and 

GM-CSF+LPS+IFN-M, while the M2-driven M includes M-CSF-M and M-

CSF+IL4+IL13-M (Fig. 4.1). 

 

 

Figure 4.1 Illustration of the four populations generated in vitro 
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4.2.2 The immunophenotype of M1- and M2-driven-M 

Sequential combinations of growth factors and stimuli used in the culture treatments 

induced distinctive immunophenotypes of macrophages. Multiparametric flow 

cytometry enriched a uniform population of resident cardiac macrophages using the 

resident cardiac marker CX3CR1 and the pan-macrophage maker CD11b, followed 

by a step to discern between M1- and M2-driven-M immunophenotypes using the 

pan-macrophage marker F4/80 and the anti-inflammatory macrophage marker, 

CD206 (Ensan et al., 2016; Gordon & Plüddemann, 2017; Jablonski et al., 2015; Lin 

et al., 2003; Molawi et al., 2014; Morris et al., 1991; Petty & Todd, 1996; Pinto et al., 

2012; Shintani et al., 2016; Stewart et al., 1995).  

 

Live single cells were gated on the Sytox™ Blue dead cell exclusion assay using side 

(SSC-A) and forward scatter(FSC-A). The expression levels of CX3CR1 and CD11b 

were evaluated to enrich resident cardiac macrophages (Ensan et al., 2016; Molawi 

et al., 2014; Pinto et al., 2012). The distribution of CX3CR1+CD11b+ in M1- and M2-

driven-M was unequal, 80% and 50%, respectively (p<0.0001) (Fig. 4.2 A, B). Within 

the CX3CR1+CD11b+ cells, F4/80 and CD206 expression levels were measured (Fig. 

4.2 A, B). FACS data showed that approximately 40% of 

CX3CR1+CD11b+F4/80+CD206+ macrophages were found within the M2-driven-

M (39% in M-CSF+IL4+IL13-M; 18% in M-CSF-M). Conversely, less than 10% of 

CX3CR1+CD11b+F4/80+CD206+ macrophages were found within the M1-driven-

M group  which was instead enriched for  CX3CR1+CD11b+F4/80loCD206- 

macrophages (58% in GM-CSF+LPS+IFN-M; 43% in GM-CSF-M) (p<0.0001) (Fig. 
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4.2 A, B). The unbalanced distribution of CX3CR1+CD11b+ among the generated 

populations did not meet the expectations of this experimental approach.  

 

 

 

Figure 4.2 Flow cytometry data of the four macrophage populations generated in vitro 

A, Representative flow cytometry plots of the four culture conditions. The first column shows 
the expressions CX3CR1 and CD11b. The second column shows the expressions F4/80 and 
CD206. The red gates are on the CX3CR1+CD11b+F4/80loCD206- macrophages, while the 
green gates are on CX3CR1+CD11b+F4/80+CD206+ macrophages. B, Bar graph of the 
percentage of CX3CR1+CD11b+F4/80loCD206- (red) and CX3CR1+CD11b+F4/80+CD206+ 

(green) cells in the four culture conditions. (±SEM, N=3). Two-way ANOVA test with 
Bonferroni’s correction (*, p<0.0001).  
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4.2.3 The single-cell gene expression profile of M1- and M2-driven-

M 

Next, the gene expression profiles of GM-CSF+LPS+IFN-M and M-CSF+IL4+IL13-

M were analysed using the state-of-the-art single-cell qRT-PCR technology.  

 

For this analysis, 84 single cells were flow-sorted, as follows: 42 from the GM-

CSF+LPS+IFN-M group: 21 CX3CR1+CD11b+F4/80loCD206- and 21 

CX3CR1+CD11b+F4/80+CD206+ cells. Similarly, the other 42 single cells were sorted 

from the M-CSF+IL4+IL13-M group: 21 CX3CR1+CD11b+F4/80loCD206- and 21 

CX3CR1+CD11b+F4/80+CD206+ cells. These 84 single cells were preamplified using 

48 preselected genes related to paracrine functions (Table 3.5, Panel 1). Single-cell 

qRT-PCR data were analysed and visualised using the in-house developed R script. 

Due to the complexity of the data generated by sc qRT-PCR, three visualisation 

methods were used to interpret the biological meaning of the data better: unbiased 

hierarchical clustering heatmaps, principal component analysis (PCA), and dot plots.  

 

An unbiased hierarchical clustering heatmap is the first method to visualise single-cell 

gene expression data. The heatmap showed the gene expression profile of all the 

sorted 84 cells, revealing two main clusters reflecting the two culture conditions. All 42 

single cells sorted from GM-CSF+LPS+IFN-M grouped in cluster 1, while all 42 

single cells sorted from M-CSF+IL4+IL13-M grouped in cluster 2. Thus, the selected 

panel of genes successfully resolved the two populations with no overlap. The 

heatmap highlighted seven genes responsible for forming these two clusters. Cluster 

1 was enriched for Ly6a, Il6, Nos2, and Cxcl9, while cluster 2 for Angptl2, Igf1, and 
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Arg1. Consistent with the complementary instructive signals used, Ly6a, Il6, Nos2, and 

Cxcl9 are pro-inflammatory genes, while Angptl2, Igf1, and Arg1 are anti-inflammatory 

genes (Bashir et al., 2016; Bronte & Zanovello, 2005; De Couto et al., 2015; Guha & 

Mackman, 2002; Lewis & Pollard, 2006; Locati et al., 2013; Lumeng et al., 2007; 

Mackman et al., 1991; Mantovani et al., 2004; Murray et al., 2014). The sc qRT-PCR 

analysis confirmed a mutually exclusive expression of Nos2 and Arg1, considered the 

best gene markers to distinguish pro- and anti-inflammatory macrophages. Nos2 was 

expressed exclusively by the GM-CSF+LPS+IFN-M, while Arg1 by the M-

CSF+IL4+IL13-M. However, the expression of these two clusters did not correlate 

with the cells’ immunophenotype based on the expression of F4/80 and CD206. 

Together with the heterogeneous markers under the two conditions tested, this 

suggests that the transcriptomic signature, although limited in scope, identifies 

macrophage features better, at least in this setting.   

 

 



141 

 

 

Figure 4.3 Unbiased hierarchical clustering heatmap shows the single-cell gene 
expression profile of M1- and M2-driven macrophages 

Single-cell qRT-PCR analysis of 84 cells: from GM-CSF+LPS+IFN-M, 21 

CX3CR1+CD11b+F4/80loCD206- (red), 21 CX3CR1+CD11b+F4/80+CD206+ cells (pink), while 

from M-CSF+IL4+IL13-M, 21 CX3CR1+CD11b+F4/80loCD206- (green) and 21 

CX3CR1+CD11b+F4/80+CD206+ cells (dark green). The heatmap shows ∆Ct values (blue, low 

or absent; red, high). Not expressed genes were omitted to increase visualisation quality (Fig. 

A1).  

 

 

The second visualisation method to further explore sc qRT-PCR data was the PCA. 

PCA shows how the data distribution can highlight variability, similarities and gene co-

expression between single cells (Massaia et al., 2018). The difference between the 

first two principal components (PC1 and PC2) measures the variation of the data.  
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PCA of the samples showed that with approximately 40% variability, PC1 separates 

GM-CSF+LPS+IFN-M and M-CSF+IL4+IL13-M into two well-resolved non-

overlapping groups based on their unique gene expression profiles. This visualisation 

method confirmed that the populations clustered based on their culture conditions 

rather than their immunophenotypes, as demonstrated with the heat map. PCA of the 

genes shows three clusters. At the top right, cluster 1 includes the pro-inflammatory 

genes Nos2, Ly6a, Il6, Csf1, and Ptges, and the chemokines Cxcl2, Cxcl3, and Cxcl9. 

PC1 separates clusters 1 from 2 and 3. Cluster 2 includes three anti-inflammatory 

genes, Arg1, Ig1, and Angptl2, and cluster 3 includes the migration-related genes, 

Ccl2 and Ccl7. Clusters 1 and 2 define the main gene differences between GM-

CSF+LPS+IFN-M and M-CSF+IL4+IL13-M, while the migration cluster is 

expressed in both macrophages subpopulations as they do not discriminate between 

these two states (Fig. 4.4). 
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Figure 4.4 PCAs show the single-cell gene expression profile of M1- and M2-driven-M 

PCA of the sample. PC1 separates GM-CSF+LPS+IFN-M and M-CSF+IL4+IL13-M into 
two groups. By contrast, no difference was conferred by the immunophenotype. PCA of genes 
indicates three clusters defining the pro-inflammatory, the anti-inflammatory and the migration-
related genes. 

 

 

Finally, the dot plots were the third method for displaying the sc qRT-PCR data. Dot 

plots show a quantitative difference in the gene expression levels. The expression 

levels of Csf1, Cxcl2, CxcL3, Cxcl9, Il6, Nos2, Ly6a and Ptges were significantly higher 

in GM-CSF+LPS+IFN-M than M-CSF+IL4+IL13-M (p<0.005) (p-values in Fig. A2). 

However, within the GM-CSF+LPS+IFN-M , no differences were observed based on 

their immunophenotype. Similarly, M-CSF+IL4+IL13-M were enriched for Igf1, 

Angptl2, Arg1, Il1rl1 and Tcf21, regardless of their immunophenotypes (p<0.005) (p-

values in Fig. A2). (Fig. 4.5). Thus, single-cell gene expressions indicated that the in 
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vitro system generates two populations of macrophages with opposite gene patterns 

near to the two ends of the macrophage’s phenotypic spectrum. 
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Figure 4.5 Dot plots show the single-cell gene expression profile of M1- and M2-driven 
macrophages 
Dot plots complement the sc qRT-PCR analysis of genes scored statistically different between 

GM-CSF+LPS+IFN (TOP) and M-CSF+IL4+IL13-M (BOTTOM). *, p<0.005 for GM-

CSF+LPS+IFN versus M-CSF+IL4+IL13-M (Kruskal-Wallis/Dunn test). Full heatmap of the 

p-values (Fig. A2).   
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4.3 Discussion  

4.3.1 In vitro differentiation of macrophages: advantages and 

limitations 

The characterisation of signalling and transcription pathways to classify macrophage 

phenotypes in vivo is highly complex due to their spectrum variation. Therefore, in vitro 

studies provide a picture of the extremes of this spectrum (Martinez et al., 2008; Sica 

& Mantovani, 2012). Several in vitro protocols are currently available to differentiate 

BMDMs into macrophages. However, there is a general lack of consensus in the 

scientific community on the best protocol for generating distinct macrophage 

populations. This inconsistency could obscure comparing the results generated in 

various studies (Lee & Hu, 2013; Xu et al., 2007). Therefore, the first objective of this 

PhD thesis was to develop a robust, highly reproducible, and easy-to-use system for 

differentiating BMDMs into macrophages with distinct phenotypes that resemble the 

two extremes of the macrophages spectrum. 

 

The main advantages of this in vitro system 

First of all, the choice of BMDMs as a macrophage source is justifiable from the 

adequate number of monocytes and macrophages obtained compared to other 

methods, such as the isolation of the myeloid progenitor cells from the BM (Francke 

et al., 2011; Marim et al., 2010; Orecchioni et al., 2019). Secondly, the selected factors 

and stimuli generated macrophages with opposite phenotypes. This system is a two-

step protocol that includes a 6-day differentiation phase using a single growth factor, 

either GM-CSF or M-CSF, followed by a short 24-hour activation phase using a 
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cocktail of stimuli. The two-step protocol was crucial in pushing the generated 

populations towards opposite ends of the spectrum of macrophage phenotypes. 

Another advantage of this system is its permutability, which allows studying 

macrophages' plasticity and responses to the local environment. It was designed to 

be easily adaptable and test how factors or conditioned media from different cell types 

or any other perturbation could modulate the phenotypic fate of 

monocytes/macrophages.  

 

The advantage of using two growth factors during the differentiation phase 

Considering that the first goal of this PhD thesis was to obtain macrophages with 

opposite phenotypes, research was conducted throughout the literature to find those 

factors that could produce the most diverse phenotypes of macrophages. Therefore, 

the two growth factors, GM-CSF and M-CSF, were selected and added into the culture 

as early as day zero (Fleetwood et al., 2007). Flow cytometry showed that 

differentiating BM progenitor cells with either GM-CSF or M-CSF produced 

macrophages already driven to opposite ends of the spectrum before the activation 

phase. M-CSF is widely used to differentiate BMDMs into macrophages with cardiac 

resident characteristics. In the next chapter, there is an in-depth discussion of the role 

of M-CSF in differentiation.  

 

Several in vitro studies have used GM-CSF as a growth factor to differentiate DCs 

(Dong et al., 2016; Na et al., 2016). Therefore, in developing this in vitro system, two 

primary considerations were made to ensure BM cells differentiate into macrophages 

rather than DCs. First, macrophages have a strong adherent ability to attach to the 

tissue culture dish compared to DCs. Hence, during the 6-day differentiation phase, 
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the monocytes were allowed to adhere to the plastic surface, becoming monocyte-

derived macrophages. Before starting any analysis or adding any stimuli, the cells 

were washed twice, and the media replaced. Non-strongly adherent cells were washed 

away during this step, leaving only well-differentiated macrophages on the bottom of 

the plastic culture dish. This is an easy, cost-effective step of differentiation that 

ensures a superior enrichment of macrophages. There are other forms of BMDMs 

isolation, such as positive beads isolation, cold-aggregation, Percoll gradient or 

immunomagnetic purification (Chometon et al., 2020). However, these various 

techniques are limited by the duration of their processes. They could cause a reduction 

in cell viability, in some cases due to increased toxicity, such as by using Percoll 

reagents (Oliveira et al., 2012). They can also alter gene and protein expression 

profiles and functional states (Chometon et al., 2020). Lastly, bioinformatics analysis 

confirmed that the M1-driven M generated here exhibit a gene expression profile 

resembling pro-inflammatory macrophages more closely than DCs (Crozat et al., 

2010; Robbins et al., 2008). 

 

The main limitations of this in vitro system  

In vitro studies also have limitations. Several studies have reported that macrophage 

transcriptomes can vary drastically, increasing and decreasing hundreds of genes 

when transferred from their residential tissue to a tissue culture environment (Gosselin 

et al., 2017). Single-cell RT-PCR identifies genes enriched in a specific culture 

condition. Identification of these clusters of genes can be used as a reference for any 

experimental perturbation studies. Furthermore, mouse models are commonly used 

to study post-MI inflammation. However, the translation of mouse work into the clinic 

has its limitations. First, the number of circulating monocytes between mice and 
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humans is different, creating a functional difference in their pathophysiology. Second, 

these two species' gene expression profiles differ, as monocytes and macrophages 

function in healthy and pathological environments. Finally, the protein profile is varied 

enough that the results in mice may not be transferable to human studies. 

 

 

4.3.2 Characterisation of the immunophenotype of macrophages by 

flow sorting: advantages and limitations  

The main advantages of flow cytometry  

Following the development of the in vitro system, the four macrophage populations 

were analysed by flow sorting. Flow cytometry is the gold standard for validating and 

characterising cell surface markers. Monitoring surface marker expression using 

FACS helps compare different macrophage populations and understand similarities 

and differences in a complex population. Therefore, the expression levels of four 

surface markers were used to determine their unique and distinctive 

immunophenotypes and classify these four populations in one of the two extremes of 

the spectrum.  

 

Expressions of CX3CR1 and CD11b were used to obtain a much more homogeneous 

population of macrophages with characteristics of tissue-resident macrophages. The 

original assumption was that the percentage of CX3CR1+CD11b+ cells was similar in 

M1-driven and M2-driven macrophages. The chemokine receptor CX3CR1 is widely 

present in the mononuclear phagocytes system. As reported by Pinto and colleagues, 

CXC3R1 is expressed by cardiac-resident macrophages and in macrophages resident 
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in different tissues such as BM, brain, lung, liver, and gut (Pinto et al., 2012). The role 

of CX3CR1-expressing macrophages is to regulate homeostasis (Lee et al., 2018).  

 

Flow cytometry analysis revealed an unequal proportion of CX3CR1+CD11b+ cells in 

M1-driven and M2-driven macrophages. The M1-driven M group has half as many 

CX3CR1+CD11b+ cells as the M2-driven M. This difference suggests a discrepancy 

in the distribution of cardiac-resident macrophages in the two generated populations. 

Therefore, these findings revealed a limitation in the proposed choice of surface 

markers for analysing these macrophage populations. The reason why a lower 

percentage of CX3CR1+CD11b+ cells was observed in the M1-driven M could be 

explained by some studies that have reported CX3CR1 primarily as a marker of anti-

inflammatory monocytes/macrophages rather than a specific tissue-resident 

macrophage marker (Biagioli et al., 2017; Burgess et al., 2019; Olingy et al., 2017; 

Pinto et al., 2012). Therefore, the M2-driven M were enriched for CX3CR1+CD11b+ 

macrophages because CX3CR1 is related to anti-inflammatory macrophages.  

 

The second step evaluated the expression levels of F4/80 and CD206 into 

CX3CR1+CD11b+ macrophages in each of the four generated populations. F4/80 is 

used to identify macrophages in organs and tissues due to its specificity (Epelman, 

Mann, et al., 2014; Morris et al., 1991). In contrast, CD206 targets anti-inflammatory 

macrophages (Bosisio et al., 2002; Dinarello, 1991; Jablonski et al., 2015; Mantovani 

et al., 2002; Shintani et al., 2016). As expected, the percentage of F4/80+CD206+ 

macrophages in the M2-driven M was five times higher than in the M1-driven M.  
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The limitation of this two-step gating strategy 

Altogether, the four cocktails of factors and stimuli enabled the generation of four 

macrophage populations expressing contrasting immunophenotypes based on the 

analysis of surface marker levels. However, the main limitation of this strategy was 

using CX3CR1 and CD11b as markers to enrich a homogenous population of cardiac 

macrophages. The unbalanced proportion of CX3CR1+CD11b+ macrophages 

detected between M1-driven-M and M2-driven-M can be explained by previous 

investigations that have reported CX3CR1 as a primarily M2-related surface marker 

rather than a tissue-resident marker for macrophages (Biagioli et al., 2017; Olingy et 

al., 2017; Pinto et al., 2012). FACS data from this PhD thesis confirmed that CX3CR1 

resembles an anti-inflammatory macrophage marker rather than a resident cardiac 

marker, explaining this unbalanced distribution. These findings were still valuable 

because they allowed for a better strategic approach used in Chapter 5. 

 

 

4.3.3 Single-cell qRT-PCR: advantages and limitations 

The main advantages of sc qRT-PCR 

Single-cell investigation to resolve heterogeneity and complexity in specific cell 

populations remains a significant challenge in many scientific areas. The single-cell 

approach has been primarily used in the cardiac field to study development and target 

transcripts. It has only recently been applied to identify pathways related to disease 

models (Bengtsson et al., 2005; DeLaughter et al., 2016; Eberwine et al., 1992; Gladka 

et al., 2018; Li et al., 2015; Massaia et al., 2018; Noseda et al., 2015; Schafer et al., 

2017; Skelly et al., 2018; Warren et al., 2007).  
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At the beginning of this research dissertation, sc qRT-PCR was one of the most 

advanced methods for single-cell profiling and was considered the gold standard of 

gene expression analysis. This precise and rapid tool offers the main advantage of an 

unprecedented resolution of the single cells, revealing mRNA levels, prevalence, co-

expression, and heterogeneities to be studied more subtly than in bulk cell populations 

(Massaia et al., 2018; Noseda et al., 2015). Therefore, the advantage of the sc qRT-

PCR is the ability to simultaneously detect and measure the expression of dozens of 

genes from hundreds of single cells (Bengtsson et al., 2005; DeLaughter et al., 2016; 

Eberwine et al., 1992; Gladka et al., 2018; Li et al., 2015; Massaia et al., 2018; Noseda 

et al., 2015; Schafer et al., 2017; Skelly et al., 2018; Warren et al., 2007).  

There already are clear reasons why sc qRT-PCR significantly impacts immune cell 

research. First, it studies rare cells that would be obscured in the bulk RNA approach. 

Secondly, it refines the co-expression models of several immune genes. Finally, it 

decodes signalling pathways that could be regulated differently (Diercks et al., 2009). 

 

 

Limitations of sc qRT-PCR 

On the other hand, the main limitation of sc qRT-PCR is the use of a preselected gene 

panel. However large the panel may be, the number of genes is still limited and is 

based on prior knowledge. Therefore, it is not possible to design a hypothesis-free 

experiment. The challenge is the ability to preselect genes based on the specific 

questions, acknowledging that other aspects or questions will be left out. For example, 

this case did not include transcriptional and epigenetic genes crucial in switching 

macrophage phenotypes (Chen et al., 2020; Ivashkiv, 2013; Kuznetsova et al., 2020).  
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Finally, another recognised limitation is the later and most recent development of 

single-cell or single-nucleus RNA-sequencing, which allows the entire transcriptome 

to be analysed at single-cell resolution with no a priori bias (Ding et al., 2020; Massaia 

et al., 2018). Regardless, future single-cell qRT-PCR experiments are likely to be 

informed by the findings of scRNA-seq, where hundreds or thousands of new gene 

and protein markers are likely to emerge. Indeed, selected examples will be explored 

in the Discussion. 

 

 

4.3.4 The genes enriched in clusters 1 and 2  

To recapitulate, the single-cell qRT-PCR analysis revealed that GM-CSF+LPS+IFN-

M were enriched for Csf1, Cxcl2, CxcL3, Cxcl9, Il6, Nos2, Ly6a and Ptges (cluster 

1), while M-CSF+IL4+IL13-M were enriched for Igf1, Angptl2, Arg1, Il1rl1 and Tcf21 

(cluster 2). Here, there is a discussion of the most relevant genes expressed in these 

two clusters.  

 

Nos2 and Arg1 

Among all the genes selected for the sc qRT-PCR, Nos2 and Arg1 are the best gene 

markers for discerning macrophages with pro-inflammatory-like and anti-

inflammatory-like phenotypes. The divergent phenotypes of macrophages involve the 

common metabolic pathway of L-arginine, converted by either Nos2 or Arg1 (Bronte 

& Zanovello, 2005; Pesce et al., 2009). The Arg1 pathway promotes cardiac healing 

and fibrosis, while Nos2 promotes a strong microbicidal effect (Gordon, 2003; 

Mantovani et al., 2004). GM-CSF+LPS+IFN-M and M-CSF+IL4+IL13-M 
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exclusively expressed Nos2 or Arg1, respectively. Therefore, Nos2 and Arg1 are the 

gene markers used in this PhD thesis to refer to the full activation of the macrophages.  

 

Pro-inflammatory chemokine 

Induction of cytokines and chemokines is a hallmark of the post-MI pro-inflammatory 

response because they can influence the clinical outcome (Frangogiannis, 2006; 

Power & Proudfoot, 2001). Macrophages treated with LPS express pro-inflammatory 

protein profiles, including the chemoattractants CXCL9 and CXCL10 (Corbera-Bellalta 

et al., 2016). Similarly, activating macrophages with the pro-atherogenic cytokine IFN 

induces a local expression of the adhesion molecules CXCL9, CXCL10 and CXCL11. 

IFN also regulates CXCL9/10 receptor expression, known as CXCR3 (Szentes et al., 

2018).  

 

Csf1 interacts synergically with LPS  

The expression of Csf1, the gene encoded for M-CSF, was interestingly upregulated 

in  GM-CSF+LPS+IFN-M. The baseline levels of circulating M-CSF are detectable 

in tens of nanograms per millilitre; however, after exposure to LPS, these levels are 

significantly increased. A counter-intuitive conclusion suggested a synergic interaction 

between endogenous Csf1 in LPS-treated macrophages (François et al., 1997; Roth 

et al., 1997). Furthermore, GM-CSF induces M-CSF but quantitatively less than LPS 

(Martinez & Gordon, 2014). The synergism between higher levels of endogenous Csf1 

in GM-CSF+LPS+IFN-M than in M-CSF+IL4+IL13-M is explained by Evans and 

colleagues. Macrophages treated with M-CSF and LPS upregulated inflammatory 

molecules (e.g. IL-6, IL-12 and TNF) (Evans et al., 1998).  
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M-CSF works synergistically with GM-CSF and IL-6, promoting the proliferation of 

macrophage colonies from human BM progenitor cells (Akira & Kishimoto, 1996). The 

increased production of these proteins may involve a GM-CSF autocrine effect or 

transcriptional mechanisms. For example, the IL-12p40 promoter is activated through 

Ets-2, which responds to M-CSF (Fowles et al., 1998; Ma et al., 1997). However, an 

exploratory approach would investigate whether M-CSF or Csf1 produced under M1 

stimulation contributes to the pro-inflammatory gene and protein profile observed in 

the GM-CSF+LPS+IFN-M or whether it is instead a harmless bystander. This aspect 

was not considered during this PhD thesis, but its role could have been tested under 

pro-inflammatory conditions using a neutralising mAb or a chemical inhibitor. 

 

 

4.3.5 Gene expression profiles correlate with culture treatments but 

not with the F4/80 CD206 immunophenotype 

The single-cell qRT-PCR data confirmed that the chosen culture treatments induced 

two unique and distinct gene expression profiles in GM-CSF+LPS+IFN-M and M-

CSF+IL4+IL13-M. Despite the limitation of the chosen gene panel tested, GM-

CSF+LPS+IFN-M and M-CSF+IL4+IL13-M expressed a homogenous genetic set. 

These uniformities in gene expression profiles were not a priority certainty. Therefore, 

while two distinct clusters enriched with mutually exclusive paracrine genes were 

expected, the unexpected side was that each cluster included an equal number of 

CX3CR1+CD11b+F4/80loCD206- and CX3CR1+CD11b+F4/80+CD206+ cells.  
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Single-cell gene expression analysis revealed no difference between the two 

immunophenotypes in their gene expression signature, indicating a discrepancy 

between the culture treatments for activating macrophages and the expression levels 

of CX3CR1, CD11b, F4/80 and CD206.  

 

This section's unexpected lack of correlation of the immunophenotypes is a limitation. 

Hence, the gene signatures of GM-CSF+LPS+IFN-M and M-CSF+IL4+IL13-M only 

reflect the respective culture treatments without correlating with the 

immunophenotypes evaluated by the initial markers used. Therefore, in the further set 

of experiments described in Chapter 5, it was necessary to re-evaluate the gating 

strategy to better discriminate between the pro- and anti-inflammatory-like 

macrophages, even if losing the goal of enriching resident cardiac macrophages.  
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4.4 Summary and Conclusion  

 

The first objective of this PhD thesis was achieved by designing an in vitro system that 

proved to be easy to use and highly reproducible in differentiating BM into 

macrophages as expected, with unique immunophenotypes and gene expression 

profiles. M1-driven-M were identified as CX3CR1+CD11b+F4/80loCD206-, while the 

M2-driven-M as CX3CR1+CD11b+F4/80+CD206+ (p<0.0001). However, the 

unbalanced distribution of CX3CR1+CD11b+ macrophages in M1-driven-M and M2-

driven-M suggested that CX3CR1 is enriched in anti-inflammatory macrophage 

immunophenotype rather than tissue-resident macrophages. Therefore, the following 

experiments aim to enrich populations with distinct immunophenotypes rather than 

macrophages with tissue-resident features. 

 

Discriminating better than immunophenotype between the culture treatment groups, 

single-cell qRT-PCR revealed two main clusters. Cluster 1 (enriched for Ly6a, Il6, 

Nos2, Cxcl2, Cxcl3, Cxcl9, Csf1, and Ptges) correlates with the GM-CSF+LPS+IFN-

M (p<0.005). Cluster 2 (enriched for Igf1, Angpt2, Arg1, Il11rl1, and Tcf21) correlates 

with the M-CSF+IL4+IL13-M group (p<0.005). 

 

In conclusion, these results indicated that these in vitro generated macrophage 

populations exhibit dichotomous phenotypes as ascertained by single-cell gene 

expression, one near the pro-inflammatory end of the spectrum of possible 

macrophage phenotypes, the other at the opposite anti-inflammatory end (Fig. 4.6).  
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Figure 4.6 In vitro generation of GM-CSF+LPS+IFN-M  and M-CSF+IL4+IL13-M 
The figure indicates which factors and stimuli have been used to differentiate and activate 

macrophages. Following these culture treatments, flow cytometry and sc qRT-PCR detected 

the expression of crucial surface markers and genes, as indicated.  
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Chapter 5 – Results II 
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5 Result II: Paracrine factor(s) released by CSCs 

modulate macrophage immunophenotypes, gene 

signatures and protein profiles  

5.1 Introduction and rationale 

The rare subset of CSCs used in this PhD thesis has been characterised and strictly 

defined as Lin-Sca1+CD31-PDGFR+SP+ (Noseda et al., 2015). After grafting, Lin-

Sca1+CD31-PDGFR+SP+ CSCs reduced infarcted size and improved cardiac 

function through lasting engraftment was extremely rare (Noseda et al., 2015), as in 

related studies by others. (Chimenti et al., 2010; Chong et al., 2011; de Couto et al., 

2015; Hong et al., 2014; Li et al., 2012; Malliaras et al., 2013; Matsuura et al., 2009; 

Ong et al., 2015; Tang et al., 2016; Wang et al., 2006). Based on this cardiac 

improvement without durable engraftment, the benefits might derive from an early 

paracrine effect of injected CSCs. The full range of factors released by CSCs is still 

under investigation. However, this PhD thesis postulated that CSCs could affect 

several types of heart cells beyond just cardiomyocytes, including macrophages. 

Focusing here on the paracrine effects of CSCs on macrophages is based on the 

critical role that anti-inflammatory and pro-reparative macrophages play in the repair 

and regeneration of heart tissue (Aurora et al., 2014; Godwin et al., 2017; Lavine et 

al., 2014).  

 

Therefore, the overall hypothesis of this PhD thesis states that the paracrine signals 

secreted by Lin-Sca1+CD31-PDGFR+SP+ CSCs could modulate the phenotype of 
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macrophages towards the anti-inflammatory and reparative side of the phenotypic 

spectrum (Aurora et al., 2014; Danenberg et al., 2002; Dutta & Nahrendorf, 2015; 

Espinosa-Heidmann et al., 2003; Frangogiannis, 2015; Lambert et al., 2008; Lavine et 

al., 2014; Leor et al., 2006; Ong et al., 2018; Takayama et al., 2000). 

 

The effects of the paracrine signals of CSCs on macrophages were evaluated using a 

cell-free approach based on CSCs' Conditioned Media (CSC CondM). Therefore, this 

Chapter describes the experiments conducted to achieve the second objective of this 

PhD thesis addressing the following points:  

(i) Establish in vitro whether CSC CondM is sufficient to promote survival 

and differentiation of BMDMs into macrophages.  

(ii) Demonstrate whether CSC CondM induces a phenotypic state similar to 

pro-inflammatory-like or anti-inflammatory-like macrophages.  

(iii) CSC CondM can do both (i) and (ii). 
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5.2 Results  

5.2.1 In vitro study of the paracrine effects of CSC CondM on BMDMs 

One of the advantages of the in vitro system developed here is its easy expansion to 

a broader range of samples, precisely, versatility in integrating different culture 

conditions while using M1-driven M and M2-driven M groups as a reference for the 

two extremes of the macrophage’s spectrum. Here, three new culture conditions were 

included, testing for the differentiation of BMDMs using CSC CondM (instead of GM-

CSF or M-CSF), followed by 24-hours stimulation with either LPS+IFN or IL-4+IL-13, 

the pro- and anti-inflammatory factors used for the previous results. Thus, the CSC-

driven M consist of three culture conditions: BMDMs differentiated with CSC CondM, 

named CSC CondM-M CSC CondM-M activated with LPS+IFN named CSC 

CondM+LPS+IFN-M; and CSC CondM-M activated with IL-4+IL-13, named CSC 

CondM+IL4+IL13-M (Fig. 5.1). 
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Figure 5.1 Illustration of the seven populations generated with the integrated version of 
the in vitro system  

The modified version of the in vitro system includes the CSC-driven M (blue): CSC CondM-

M, CSC CondM+LPS+IFN-M, and CSC CondM+IL4+IL13-M. As the reference extremes, 

M1-driven M (red, left) and M2-driven M (green, right) are used, as detailed in Chapter 4.   
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5.2.2 The immunophenotype of CSC-driven M  

 

The results described in Chapter 4 showed that CX3CR1+CD11b+ macrophages were 

not uniformly distributed between the M1- and M2-driven M, confirming that high 

CX3CR1 and CD206 correlate more with an M2-like macrophage phenotype (Ensan 

et al., 2016; Molawi et al., 2014; Pinto et al., 2012).  

 

Here, F4/80 and CD11b were used for better-balanced macrophage populations in 

M1-, M2-, and CSC-driven M Analysis of 6 independent experiments showed that in 

each of the seven conditions tested, at least 70% were F4/80+CD11b+ cells. Thus, this 

change in the starting markers selects a more evenly balanced set of macrophages 

for more detailed analyses. This also includes the CSC-driven M groups indicating 

that BM cells cultured in CSC CondM differentiate into a heterogeneous population 

comparable with M1-driven and M2-driven M (p<0.0001) (Fig. 5.2 A, B).  

 

Subsequently, within the F4/80+CD11b+ macrophage populations, the expression 

levels of CX3CR1 and CD206 were used to distinguish between pro- and anti-

inflammatory immunophenotypes. The FACS data confirmed the mutually exclusive 

induction pattern of CX3CR1 and CD206. The M1-driven-M group expresses 

significantly lower CX3CR1 and CD206 (<10%; p<0.0001) than M2-driven M, in 

which approximately 60% of cells were F4/80+CD11b+CX3CR1+CD206+. Interestingly, 

in the CSC-driven M, approximately 60% of the cells were 

F4/80+CD11b+CX3CR1+CD206+.  
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Hence, the percentage of F4/80+CD11b+CX3CR1+CD206+ cells in CSC-driven-M and 

M2-driven-M were analogous, indicating that macrophages generated with CSC 

CondM showed an anti-inflammatory-like macrophage immunophenotype, as judged 

by the best existing surface markers of this class (Fig. 5.2 A, C). 
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Figure 5.2  Flow cytometry data from the seven culture conditions.  
A, Representative flow cytometry contour plots of the seven culture conditions analysed: M1-

driven M (red); CSC-driven M (blue); M2-driven M (green). B, A bar graph of the 

percentage of F4/80+CD11b+ cells in the viable cells. C, A bar graph of the percentage of 

CX3CR1+CD206+ cells in F4/80+CD11b+ cells. (±SEM, N=6). Two-way ANOVA test with 

Bonferroni’s correction (*, p<0.0001).  
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5.2.3 Single-cell qRT-PCR analysis of the gene signatures of 

CondM+LPS+IFN-M 

After FACS analysis, the gene expression profiles of the seven populations generated 

in vitro were explored by sc qRT-PCR (Table 3.5, panel 2). Single-cell qRT-PCR 

analyses were visualised and discussed in two aspects for clarity. First, the four pro-

inflammatory-related populations were analysed, followed by the four anti-

inflammatory-related populations.  

 

The first analysis investigated how the gene expression profiles of macrophages were 

influenced by differentiation with GM-CSF or CSC CondM differentiation and by the 

activation with LPS and IFN. At least 60 single F4/80+CD11b+ macrophages were 

flow-sorted from the following cultural conditions and analysed by sc qRT-PCR: GM-

CSF-M, GM-CSF+LPS+IFN-M, CSC CondM-M, and CondM+LPS+IFN-M.  

 

The first method to visualise the sc qRT-PCR data was an unsupervised hierarchical 

clustering heatmap (Fig. 5.3). The dendrogram of the genes showed four main 

bifurcations. The first bifurcation determined the formation of cluster 1, enriched for 

the following twelve transcripts: Cxcl1, Cxcl3, Cxcl9, Cxcl10, Il6, Inhba, Map4k4 

Isoform 2, Map4k4 Isoform 3, Nos2, F3, Tgm2 and Vegfa. The population enriched in 

cluster 1 was GM-CSF+LPS+IFN-M. The second bifurcation formed cluster 2, 

enriched for just 4 of the 12 mentioned: Cxcl9, Cxcl10, Nos2 and Tgm2. The population 

of cells in cluster 2 was CSC CondM+LPS+IFN-M. The last two bifurcations resolved 

the differentiated cells in two clusters, clusters 3 (CSC CondM-M) and 4 (GM-CSF-

M).  
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Genes enriched in clusters 1 and 2 showed unique co-variation and upregulation 

patterns; however, they slightly overlap because cluster 2 contains four out of 12 

genes of cluster 1. Based on these observations, cluster 1 was named the “M1-

activated related genes” because the expression of these genes was influenced 

(hampered by CSC CondM or promoted by GM-CSF) by the differentiation medium 

used. In contrast, cluster 2 was named the “core pro-inflammatory genes” because 

these were induced by LPS+IFN regardless of the differentiation media (Fig. 5.3). 

 

 

 

Figure 5.3 An unbiased hierarchical clustering heatmap shows the effects of LPS+IFN 
on the gene signatures of macrophages 

 ~60 single F4/80+CD11b+ cells from GM-CSF-M (coral), GM-CSF+LPS+IFN-M (red), CSC 

CondM-M (yellow), and CondM+LPS+IFN-M (purple) were analysed by qRT-PCR. 

Unbiased hierarchical clustering reveals four genes (pink box) upregulated in GM-

CSF+LPS+IFN-M and CSC CondM+LPS+IFN-M (cluster 2). In bold, genes of cluster 1. 

The heatmap shows ∆Ct values (blue, low or absent; red, high).  
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The PCA of the samples visualised four clusters corresponding to the four populations 

tested. PC1, accounting for 25% of the variation, divided differentiated and activated 

macrophages. In contrast, PC2, with a variability of 10%, separated M1-driven-M and 

CSC-driven-M (Fig. 5.4). Thus, CSC CondM-treated cells largely overlapped those 

differentiated by GM-CSF. In both cases, activation by LPS+IFN gave rise to a distinct 

population, although the overlap was less complete between CSC 

CondM+LPS+IFN and GM-CSF+LPS+IFN−M 

 

Next, the PCA of the genes showed the top differentially expressed genes identified 

within the four clusters. PC1 (~ 12% variability), separating the genes upregulated 

following LPS and IFN−stimulation. In comparison, PC2 (~10% variability) divided 

cluster 1 (“M1-activated related genes”) and cluster 2 (“core pro-inflammatory genes”). 

Interestingly, compared to the heatmap, PCA allowed even better visualisation of the 

genes enriched in clusters 3 (Il10, Mrc1, Angptl2, Vegfb, and Igf1), corresponding to 

the macrophages differentiated with CSC CondM on the PCA of the sample. 

Therefore, this group of genes was called the “differentiation” cluster. The last cluster 

identified in the PCA of the genes enriched for the migration-related genes Ccl2 and 

Ccl7. Ccl2 and Ccl7 expressions were homogeneous under tested conditions (Fig. 

5.4). 

 

 

 

 



170 

 

 
 

Figure 5.4 PCAs show the effects of LPS+IFN on the gene expression profiles of 
macrophages 

PCA of the samples shows that PC1 separated LPS+IFN-stimulated cells from differentiated 

cells, while PC2 divided CSC CondM+LPS+IFN-M from GM-CSF+LPS+IFN-M. PCA of 

the genes indicates four clusters: Cluster 1, M1-activated related genes; Cluster 2, the core of 

pro-inflammatory genes; Cluster 3, differentiation genes; Cluster 4, genes related to migration.  

 

 

The expression of the genes in cluster 2 appeared to depend on the activation with 

LPS+IFN because no significant difference was observed according to the 

differentiation media used (Fig. 5.5 A, top). On the other hand, the expression levels 

of the remaining eight genes enriched solely in cluster 1 suggested that their 

expression depends on the differentiation media used (Fig. 5.5 A, bottom). The 

heatmap based on the Kruskal-Wallis/Dunn test reports the complete set of p-values 

for each comparison made (Fig. 5.5 B).  
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Figure 5.5 Investigation of the effects of LPS+IFN on the gene expression of CSC-

driven M by sc qRT-PCR: dot plot 
A, Dot plots show (TOP) the four core pro-inflammatory genes (cluster 2) upregulated in both 

GM-CSF+LPS+IFN-M (red) and CSC CondM+LPS+IFN-M (purple), and (BOTTOM) the 

remaining eight samples of the cluster 1, more expressed in GM-CSF+LPS+IFN (red) than 

CondM+LPS+IFN (purple). B, p-values heatmap based on the Kruskal-Wallis/Dunn test (*, 

p<0.005).  

 

 

Thus, these data suggest that the paracrine effects of CSCs could interfere with the 

pro-inflammatory gene expression signatures promoted by LPS and IFN  
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5.2.4 Single-cell qRT-PCR analysis of the gene signatures of CSC 

CondM+IL4+IL13-M  

The second aspect of the sc qRT-PCR analysis compared the gene expression 

profiles of at least 60 F4/80+CD11b+ macrophages from each of the following culture 

conditions: M-CSF-M, M-CSF+IL4+IL13-M, CSC CondM-M, and CSC 

CondM+IL4+IL13-M.  

 

In the unsupervised hierarchical clustering heatmap, the dendrogram of the genes 

showed two main bifurcations separating activated and differentiated macrophages. 

The genes expressed in M-CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M 

overlapped to form a single cluster (cluster 1). The five genes upregulated in cluster 1 

were Arg1, Angptl2, Igf1, Il1rl1 and Mrc1. Therefore, cluster 1 was named the “M2-like 

activation cluster”. On the other hand, a third bifurcation separated M-CSF-M (cluster 

2) from CSC CondM-M (cluster 3) within the differentiated group. However, due to 

the similarity between M-CSF-M and CSC CondM-M, the unsupervised hierarchical 

heatmap did not allow visualising the genes responsible for separating these clusters 

(Fig. 5.6). 
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Figure 5.6 An unbiased hierarchical clustering heatmap shows the effects of IL-4+IL-13 

on the gene expression of CSC-driven M  
~60 single F4/80+CD11b+ cells from CSC CondM (yellow), CSC CondM+IL4+IL13 (blue), M-

CSF (light green), M-CSF+IL4+IL13 (dark green) were analysed by qRT-PCR. M-

CSF+IL4+IL13 and CSC CondM+IL4+IL13 upregulate 5 genes (green box) forming cluster 1. 

The heatmap shows ∆Ct values (blue, low or absent; red, high).  

 

 

PCA of the samples highlighted the separation between the IL4+IL13-activated 

macrophages (cluster 1), M-CSF-M (cluster 2) and CSC CondM-M (cluster 3), 

mirroring the three clusters observed with the unsupervised hierarchical clustering 

heatmap. PC1, with a variability of 15%, separated clusters 1 and 2, while PC2 (10% 

variability) separated cluster 3 from the other two. PCA of the genes identified the 

genes enriched in three clusters: Arg1, Angptl2, Il1rl1 and Mrc1 (cluster 1, the M2-like 

activation genes); Cx3cr1, Cxcl2, Il10 and Tgm2 (cluster 2); Vegfb and Gdf15 (cluster 

3) (Fig. 5.7). Thus, macrophages following activation with IL-4 and IL-13 express a 
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very similar gene expression signature regardless of the media used for the 

differentiation.  

 

 

 

Figure 5.7 PCAs show the effects of IL-4+IL-13 on the gene expression profiles of 
macrophages 

PCA of the samples shows that PC1 separated M-CSF-M from M-CSF+IL4+IL13-M, while 

PC2 CSC CondM-M from M-CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M. The PCA of 

the gene indicates that the M2-like activated anti-inflammatory genes (Arg1, Angpt2, Il1rl1 and 

Mrc1) clustered together. 

 

 

Dot plots, paired with a p-values heatmap, confirmed that the expression of the five in 

the M2-like activation cluster depends on the IL-4+IL-13-stimulation (Fig. 5.8 A, top). 

However, there is a difference in the expression levels of Tgm2, Gdf15 and Mrc1 

between M-CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M (Fig. 5.9 A, bottom). 
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CSC CondM+IL4+IL13-M presented a higher expression level of Mrc1 (p=0.012) and 

Gdf15 (p=0.001) and a lower expression of Tgm2 (p=0.0016) (Fig. 5.8 B).  

 

 

 

 

Figure 5.8 Investigation of the effects of IL-4+IL-13 on the gene expression of CSC-

driven M by sc qRT-PCR: dot plots 
A, (TOP) Dot plots showed the expression of genes in cluster 1 depends on IL-4+IL13-

stimulation. (BOTTOM) The three genes whose expression levels differed between the two 

activated groups. B, p-values heatmap based on Kruskal-Wallis/Dunn test (*, p<0.005).  
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5.2.5 Evaluation of the secretion of 23 cytokines and chemokines in 

macrophages 

The secretion levels of 23 cytokines and chemokines were analysed using a multi-

analytical bead-based flow immunoassay to explore the potential CSC paracrine 

factors affecting the macrophage phenotypes. 

 

GM-CSF+LPS+IFN-M secreted the highest levels of the inflammatory cytokines and 

chemokines tested: IL-23, IL-1 , TNF, CCL2, IL12p70, IL-1, IL-6, IL-27, IL17A, IFN-

β, CCL5, CCL20, CCL11, CCL17, CXCL1, CXCL9, CXCL10, CCL3, CCL4, CXCL13, 

CXCL5 and CCL22 (p<0.0001 for each analyte). On the other hand, CSC 

CondM+LPS+IFN−M showed a different secretome profile, secreting only 10 of 

these analytes: IL-6, IL-17A, CCL20, CXCL1, CCL2, CXCL10, CCL3, CCL4, CXCL13 

and CXCL5. Of at least equal importance, these ten analytes were also five to 10 times 

less expressed in CSC CondM+LPS+IFN-M than GM-CSF+LPS+IFN-M 

(p<0.0001 for each). Of all the analytes tested, CSC CondM+LPS+IFN−M secreted 

the highest levels of the immunoregulatory/anti-inflammatory protein IL-10, which was 

not expressed at all by GM-CSF+LPS+IFN-M (p<0.0001) (Fig. 5.9).  
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Figure 5.9 Heatmap of secretion levels of 23 cytokines and chemokines evaluated via a 
multi-analyte bead-based immunoassay 
Each cytokine/chemokine tested secretion levels (rows) in the seven conditions (columns). 

Data normalised for each analyte. (±SEM, N=3). Two-way ANOVA test with Bonferroni’s 

correction. Column 1 versus column 3 (*, p<0.0001). IL-10 secretion levels in column 3 versus 

all the other conditions (†, p<0.0001).  
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5.3 Discussion  

5.3.1 The choice of using Lin-Sca1+CD31-PDGFR+SP CSCs 

The rigorously defined population of dormant Lin-Sca1+CD31-PDGFR+SP+ CSCs 

showed reduced infarct size and preserved cardiac function, preventing HF. However, 

12 weeks after the injections, no grafted cells were found in the heart (Noseda et al., 

2015). The fundamental concept of this PhD thesis is the paracrine hypothesis, in 

which long-lived cardiac improvements were due to factor(s) released by these CSCs, 

rather than based on the cells' ability to engraft persistently. Within the spectrum of 

potential cell therapies reported, there are three reasons why these CSCs were 

chosen.  

 

First, addressing the controversy raised by Lee regarding cardiomyocyte creation by 

endogenous Sca1+ cells (Lee, 2018), the hypothesis of this PhD thesis is still valid 

because it investigated only exogenous, expanded CSCs’ and their paracrine effects, 

not their ability to engraft and differentiate into any of the cardiac lineage populations. 

Therefore, even if the Lin-Sca1+CD31-PDGFR+SP+ CSCs do not engraft or 

differentiate, they could also benefit the recipient hearts as a therapeutic product. 

Furthermore, the fate-mapping studies described by Lee (2018) – failed to capture the 

large subset of Sca1+ that lacks CD31 and possesses PDGFR  (Lee, 2018), i.e., 

overlooking in all reported cases the precise CSCs identified by Noseda (Noseda et 

al., 2015). Presumably, this reflects technical limitations in the sensitivity of current 

“deleter” or “reporter” lines used for the Cre/lox approach. 
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Second, many studies rely on a single marker to define, assign, or purify cell types. 

The most extreme examples are the discredited c-kit (Hong et al., 2014) and the early 

work on SP (Sadek et al., 2009). One of the most critical lessons from the sc qRT-

PCR technology is using multiple markers to obtain homogenous populations. 

Therefore, Lin-Sca1+CD31-PDGFR+SP+ CSCs were chosen because they are 

defined by a series of markers rather than a single marker.  

 

Lastly, Lin-Sca1+CD31-PDGFR+SP+ CSCs were chosen based on functional criteria 

similar to two relevant studies conducted on cCFU-F by Harvey’s group ( Chong et al., 

2011) and the work done with cardiosphere-derived cells by Marban’s group (de Couto 

et al., 2015). Lin-Sca1+CD31-PDGFR+SP+ CSCs closely resemble the MSC-like 

population used by Harvey’s group. Noseda’s and Harvey’s cell populations have a 

virtually identical immunophenotype within the range of markers used by both groups. 

More importantly, they have a near-identical gene expression profile and share stem 

cell functional properties like clonogenicity or colony formation and multilineage 

potential (Chong et al., 2011). On the one hand, Noseda and colleagues tested the 

multilineage potential of Lin-Sca1+CD31-PDGFR+SP+ CSCs as CMs, ECs, and 

SMCs. Using formally identical cells to Lin-Sca1+CD31-PDGFR+SP+ CSCs, Harvey's 

group tested the multilineage potential to form adipocytes, chondrocytes, and 

osteoblasts.  

 

Marban’s study of the cardiosphere-derived cells is a second comparison benchmark 

to be discussed (de Couto et al., 2015). The main difference between Harvey’s CSCs, 

Lin-Sca1+CD31-PDGFR+SP+ CSCs, and Marban’s cells is that CD cells are 

heterogeneous. Due to the lack of agreement from the scientific community on the 
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best cell type, Marban’s group interpreted cell heterogeneity as advantageous. 

Marban’s study had encouraging cultural and animal model results (de Couto et al., 

2015). However, the clinical trial failed without efficacy (Makkar et al., 2012). This 

failure may be related to using heterogeneous populations rather than a well-defined 

homogenous population. Without purifying for a specific set of markers and enriching 

for a homogeneous cell population, it could be that the molecular components 

responsible for the observed benefits in vitro and animal models were then diluted in 

the human clinical trial.  

 

Therefore, based on the above considerations, investigating the paracrine signals 

released by the strictly and rigorously defined population of dormant Lin-Sca1+CD31-

PDGFR+SP+ CSCs was the most relevant and workable approach to studying post-

injury cardiac benefits.  

 

 

5.3.2 FACS analysis revealed an anti-inflammatory-like 

immunophenotype of CSC CondM-driven-M  

FACS analysis showed that all seven tested conditions had equivalent F4/80+CD11b+ 

macrophages. CX3CR1 and CD206 helped to distinguish between pro-inflammatory-

like and anti-inflammatory-like immunophenotypes. These analyses made it possible 

to discover that CSC CondM induced an immunophenotype similar to the M2-driven 

M.  
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5.3.3 CSC CondM+LSP+IFN-M and GM-CSF+LPS+IFN-M have 

different gene signatures  

 

The critical result of the first sc qRT-PCR analysis was the discrepancy observed 

between the gene expression profiles of the GM-CSF+LPS+IFN-M and CSC 

CondM+LPS+IFN-M.  

 

GM-CSF+LPS+IFN-M expressed 12 pro-inflammatory genes (cluster 1: Cxcl1, 

Cxcl3, Il6, Inhba, Map4k4 Isoform 2, Map4k4 Isoform 3, F3 and Vegfa). Based on the 

literature, their expression should directly depend on the activation with LPS and 

IFN (Farber, 1997; Gordon et al., 2014; Lee et al., 2009; Martinez & Gordon, 2014; 

Qian et al., 2015; Tannenbaum et al., 1998). However, CSC CondM+LPS+IFN-M 

expressed for only four of these 12 genes, missing eight (cluster 2: Cxcl9, Cxcl10, 

Nos2 and Tgm2). Two possible interpretations explain the difference between these 

two gene signatures. First, the expression of these eight missing genes may well 

depend on the combined use of GM-CSF followed by LPS and IFN; alternatively, the 

paracrine effect of CSCs somehow prevented their expression. On the other hand, 

regardless of the differentiation medium used, the “core pro-inflammatory genes” 

(cluster 2) are expressed in both populations. Therefore, their expression depended 

exclusively on the activating factors (LPS and IFN).  
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5.3.4 CSC CondM+IL4+IL13-M and M-CSF+IL4+IL13-M have similar 

gene signatures 

The critical result of the second sc qRT-PCR analysis was the similarity of the gene 

expression profiles of M-CSF+IL4+IL13-M and CSC Cond+IL4+IL13-M. Activation 

with IL-4 and IL-13 induced the upregulation of five known anti-inflammatory genes, 

Arg1, Mrc1, Angptl2, Igf1, and Il1rl1.  

 

The paracrine effects of CSCs induced a previously undescribed subset of anti-

inflammatory macrophages. The gene expression profiles of CSC CondM+IL4+IL13-

M and M-CSF+IL4+IL13-M are nearly identical, showing equal levels of the critical 

anti-inflammatory marker gene, Arg1, and of the three genes that promote post-MI 

tissue repair and regeneration, Igf1, Il1rl1 Angptl2 (Bronte & Zanovello, 2005; Das et 

al., 2010; Dupasquier et al., 2006; Heinen et al., 2019; Kambara et al., 2015; Lawrence 

& Natoli, 2011; Lee et al., 2002). However, CSC CondM+IL4+IL13-M expressed 

higher levels of the M2-like markers Mrc1 and Gdf15 and lower levels of Tgm2.  

 

Overall, differentiation of BMDMs with M-CSF or CSC CondM promoted two 

populations with unique gene signatures. When activated with IL-4 and IL-13, 

macrophages express equally high levels of the critical anti-inflammatory gene 

markers. These data could suggest that the paracrine effects of CSCs promote an 

anti-inflammatory-like macrophage phenotype based on the similar transcriptomic 

signature of M2-driven macrophages. 
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5.3.5 CSC CondM+LSP+IFN-M and GM-CSF+LPS+IFN-M have 

different secretomes 

The secretome of the seven macrophage populations tested was then studied using 

a multi-analytical platform. The main advantage was the simultaneous analysis of 

multiple analytes and the possibility to compare the level of expressions among 

different macrophage populations.  

 

The M1-driven-M induced the secretion of 22 (out of 23) pro-inflammatory molecules, 

opposite to the M2-driven-M, which expressed none. CSC CondM+LPS+IFN− 

secreted 5/10-fold lower levels of the pro-inflammatory cytokines and the highest IL-

10 under the conditions tested.  

 

IL-10 plays a critical role in balancing immune and inflammatory responses and 

pathology. Under largely pro-inflammatory conditions and depending on the context, 

IL-10 expression could relate to a counter-regulatory loop or functional effects. Human 

monocyte-derived DCs stimulated with IL-10 alone, or LPS, express four 

transcriptional programs, including a unique set of genes expressed by combining 

these stimuli. Analysis of the genes that induce or suppress IL-10/LPS has revealed 

inhibition of inflammation by promoting tissue remodelling (Perrier et al., 2004).  

 

 

 



184 

 

5.4 Summary and Conclusion  

This Chapter investigated the effects of paracrine signals released by dormant Lin-

Sca1+CD31-PDGFR+SP+ CSCs on BMDMs, demonstrating that they promote 

survival and differentiation of BMDMs into a unique subtype of anti-inflammatory-like 

macrophage. CSC-derived macrophages sit in between the M2a and M2b 

macrophages described by Mantovani (Mantovani et al., 2004), based on the high 

expression of Arg1 (M2a) and the high level of expression of IL-10 following 

LPS+IFN activation (M2b).  

 

The implemented sequential gating strategy identified two distinct macrophage 

immunophenotypes expressing opposite surface markers. Thus, M1-driven-M were 

defined as F4/80+CD11b+CX3CR1-CD206-, while M2-driven-M as 

F4/80+CD11b+CX3CR1+CD206+. The paracrine effects of CSCs induced the 

production of F4/80+CD11b+CX3CR1+CD206+ macrophages. Based on this high 

expression of CX3CR1 and CD206, CSCs induced an anti-inflammatory-like 

macrophage immunophenotype comparable to M2-driven-M (p<0.0001). 

 

Consistent with the improved immunophenotyping results, single-cell qRT-PCR 

showed two mutually exclusive clusters of genes enriched in GM-CSF+LPS+IFN−M 

(Cxcl1, Cxcl3, Cxcl9, Cxcl10, Il6, Inhba, Map4k4 Isoform 2, Map4k4 Isoform 3, Nos2, 

F3, Tgm2 and Vegfa) and M-CSF+IL4+IL13-M (Arg1, Angpt2, Igf1, Il1rl1 and Mrc1). 

BMDMs differentiated with CSC CondM markedly diverge from the pro-inflammatory 

phenotype. Specifically, CSC CondM+LPS+IFN-M showed a reduced induction of 
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the M1-associated pro-inflammatory genes: Cxcl1, Cxcl3, Il6, Inhba, Map4k4 Isoform 

2, Map4k4 Isoform 3, F3 and Vegfa. Conversely, CSC CondM+IL4+IL13-M were 

indistinguishable from the M-CSF+IL4+IL13-M, expressing similar anti-inflammatory 

gene levels: Arg1, Agpt2, Igf1, Il1rl1 and Mrc1 (p<0.005). 

 

Finally, the multiplex bead-based flow immunoassay showed that CSC CondM inhibits 

the secretion of pro-inflammatory cytokines and chemokines after activation with LPS 

and IFN. CSC CondM+LPS+IFN-M secreted the highest levels of IL-10, indicating 

a potential anti-inflammatory feature of CSCs (p<0.0001). 

 

In conclusion, CSCs secrete one or more paracrine factors that promote an anti-

inflammatory macrophage phenotype, disrupting the pro-inflammatory macrophage 

program. 
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Figure 5.10 CSC CondM induces an anti-inflammatory macrophage phenotype  
The paracrine effect of CSCs promotes F4/80+CD11b+CX3CR1+CD206+ macrophages. CSC 

CondM+LPS+IFN-M inhibited the M1-like pro-inflammatory signature while secreting IL-10. 

Conversely, CSC CondM+IL4+IL13-M express an anti-inflammatory-like phenotype.  
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Chapter 6 – Results III 
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6 Result III: Exploring whether CSC-secreted M-CSF 

promotes an anti-inflammatory macrophage phenotype  

6.1 Introduction and rationale  

The previous Chapter suggested that CSCs paracrine factors induce an anti-

inflammatory-like macrophage phenotype. The final aim of this PhD thesis was to 

investigate what CSC-secreted signal(s) might mediate this modulation of the 

macrophage phenotype.  

 

M-CSF differentiates BMDMs toward an anti-inflammatory and pro-reparative 

macrophage phenotype (Chitu & Stanley, 2006; Lin et al., 2008; Ma et al., 2012; 

Pollard, 2009; Rae et al., 2007). Data reported in this PhD thesis showed that CSC 

CondM induces an anti-inflammatory-like macrophage phenotype. Our group, 

performing a systematic complementary analysis using bulk RNA-seq and sc qRT-

PCR, identified that CSCs secrete M-CSF. Therefore, CSC-secreted M-CSF could be 

the potential paracrine factor responsible for this macrophage phenotype (unpublished 

data), though not visualised by the multi-analyte platform used in Chapter 5. 

 

Hence, the third objective of this PhD thesis was to determine whether CSC-secreted 

M-CSF is the potential factor that mediates the anti-inflammatory-like macrophage’s 

phenotype. Therefore, this Chapter describes the experiments conducted to achieve 

the third aim by assessing the effects of the inhibition of the M-CSF/CSF1R pathway 

using two approaches: 
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(i) Blocking the CSF1R activity, using the highly selective pharmacological 

inhibitor, BLZ945 (Pyonteck et al., 2014); and,  

(ii) Using a neutralising mAb (AFS98) (CSF1R) that antagonises the binding 

between M-CSF and CSF1R (Shen et al., 2018). 
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6.2 Results 

6.2.1 ELISA  

ELISA confirmed that mouse Lin-Sca1+CD31-PDGFR+SP+ CSCs secrete 20pg/mL of 

M-CSF (Fig. 6.1). Considering that circulating levels of M-CSF are ten nanograms per 

millilitre (Roth et al., 1997), it seemed plausible that 20pg/mL of M-CSF secreted 

locally by CSCs could be enough to consider it as the primary mediator of this effect. 

 

 

 

Figure 6.1 Lin-Sca1+CD31-PDGFR+SP+ CSCs secrete M-CSF 
M-CSF secreted by CSCs was tested via ELISA (N=3, ±SEM, t-test followed by Bonferroni’s 
correction *, p<0.0001). The data were generated in collaboration with Dr McLean.  
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6.2.2 Pharmacological inhibition of CSF1R with BLZ945  

The pharmacological inhibitor, BLZ945, was used to evaluate the role of CSC-secreted 

M-CSF on the macrophage immunophenotype. In a BMDMs study, BLZ945 (EC50= 

67nM) inhibited the M-CSF/CSF1R activity, showing to be 1,000 times more selective 

against CSF1R than other tyrosine kinases receptors (Pyonteck et al., 2014). The M1-

driven-M, M2-driven-M and CSC CondM-driven-M were treated with BLZ945 

(67nM or 370nM) for seven days, covering differentiation and activation phases. All 

the populations were analysed by FACS, while due to the relevance of the activation 

phase on the gene expression, sc qRT-PCR.was used to analyse only the activated 

populations.  

 

 

6.2.2.1 Pharmacological inhibition of CSF1R with BLZ945 to 

evaluate macrophage immunophenotypes  

FACS data showed that BLZ945 (370nM) reduced cell viability by 50% in CSC 

CondM+LPS+IFN-M, CSC CondM+IL4+IL13-M, and M-CSF+IL4+IL13-M (Fig. 

6.2 A). The expressions of F4/80 and CD11b were analysed to evaluate whether 

BLZ945 affects macrophage differentiation. Interestingly, BLZ945 (370nM) decreased 

by 4-fold the percentage of F4/80+CD11b+ macrophages only in M-CSF-M nd M-

CSF+IL4+IL13-M (p<0.05) (Fig. 6.2 B). Finally, in none of the conditions tested, 

BLZ945 altered the expression of CX3CR1 and CD206 and, therefore, the anti-

inflammatory macrophage immunophenotype (Fig. 6.2 C).  
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Overall, the FACS data showed that BLZ945 disrupted the survival of M2-driven-M 

and CSC CondM-driven-M, but not GM-CSF-LPS+IFN-M. Only in M-CSF+IL4+13-

M BLZ945 reduced F4/80+CD11b+ macrophage. As reported by others (Chitu & 

Stanley, 2006; Lin et al., 2008; Ma et al., 2012; Pollard, 2009; Rae et al., 2007), these 

data confirmed the role of the M-CSF/CSF1R signalling pathway in survival and 

differentiation into macrophages when used as a single factor. However, they also 

suggest that CSCs may secrete other factors for macrophage differentiation, 

responsible for compensating for the absence of M-CSF. 
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Figure 6.2 Pharmacological inhibition of CSF1R with BLZ945 to evaluate the 
macrophage immunophenotype.   

Representative flow cytometry contour plots (TOP) and corresponding bar graphs (BOTTOM) 

of the seven prior culture conditions, each analysed in the absence or presence of BLZ945 

(67nM and 370nM): M1-driven M (red); CSC-driven M (blue); M2-driven M (green). A, Live 

cell dye (Sytox Blue) versus FSC, measuring survival. B, Percentage of F4/80+CD11b+ cells 

in the viable cells. C, Percentage of CX3CR1+CD206+ cells within the F4/80+CD11b+ 

population. (±SEM, N=4). Two-way ANOVA test with Bonferroni’s correction (*, p<0.05). 
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6.2.2.2 Single-cell qRT-PCR analysis of the effects of BLZ945 on 

macrophage gene signatures 

After FACS analysis, the effects of BLZ945 on the gene expression profiles of 

activated macrophages were analysed by sc qRT-PCR. From each condition, 60 

single F4/80+CD11b+ macrophages were flow-sorted. The effects of BLZ945 on the 

expressions of Arg1 and Nos2, the key genes to distinguish pro-inflammatory and anti-

inflammatory macrophages, were analysed. BLZ945 reduced levels of Arg1 in both M-

CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M (p<0.05 for each). On the other 

hand, the expressions of Nos2 were not affected in any of the conditions tested (Fig. 

6.3). Since the expression of Nos2 was not affected, potentially consistent with the 

indication that BLZ945 has a specific inhibitory effect only on the M-CSF/CSF1R 

pathway. The following analyses focused only on the effects of BLZ945 on the gene 

signatures of M-CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M .  
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Figure 6.3 BLZ945 effects on Arg1 and Nos2 expression in activated macrophages 
Sc qRT-PCR expression of Arg1 and Nos2 in activated macrophages under BLZ945. Kruskal-

Wallis/Dunn test (*,p<0.05).  
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Focusing on M-CSF+IL4+IL13-M, the unsupervised hierarchical clustering heatmap 

showed one main bifurcation, reflecting the separation between M-CSF+IL4+IL13-M 

and BLZ945-treated macrophages (Fig. 6.4). 

 

 

 
 

Figure 6.4 An unbiased hierarchical clustering heatmap shows the effects of BLZ945 

on the gene signature of M-CSF+IL4+IL13-M 

~60 single F4/80+CD11b+ cells from M-CSF+IL4+IL13-M (green), M-CSF+IL4+IL13-

M+BLZ945 (67nM, grey and 370nM, black) were analysed by qRT-PCR. The unbiased 
hierarchical heatmap revealed three genes (green box) downregulated with BLZ945. The 
heatmap shows ∆Ct values (blue, low or absent; red, high).  
 

 

PCAs offered a better resolution for exploring this separation. Samples PC1 (16% 

variability) separated M-CSF+IL4+IL13-M+BLZ945 (370nM) from the M-

CSF+IL4+IL13-M. Interestingly, the M-CSF+IL4+IL13-M+BLZ945 (67nM) samples 

were scattered across these two clusters, suggesting a dose-dependent effect of 

BLZ945 on the gene signature (Fig. 6.5). The PCA of the genes identified two clusters. 

Cluster 1 enriched for four anti-inflammatory genes (Angplt2, Ang1, Mrc1, Igf1) and 
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two migratory-related genes (Ccl2 and Ccl7); and cluster 2 enriched for M1-like 

macrophage genes: Il1, Vegf, Tgf and Map4k4 Isoform 2 and 3 (Fig. 6.5).  

 

 

 

Figure 6.5 PCAs show the effects of BLZ945 on the M-CSF+IL4+IL13-M gene signature 

PCA of the samples shows that PC1 separated M-CSF+IL4+IL13-M (green) and BLZ945-

treated M (grey, 67nM and black, 370 nM). PCA of the score shows two clusters: cluster 1 

(Angptl2, Arg1, Mrc1, Igf1, Ccl2 and Ccl7); cluster 2 (Map4k4 Isoform 2 and 3, Il1, Vegf and 

Tgf). 
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Dot plots show that compared to vehicle, BZL945 downregulated three of the genes 

in cluster 1: Arg1 (p=3.8x10-2), Angptl2 (p=3.4x10-3), and Mrc1 (p=5.4x10-3). The 

higher the concentration of BLZ945, the greater the downregulation was observed 

(Fig. 6.6). 

 

  

 
 
Figure 6.6 Dot plots show the effects of BLZ945 on cluster 1 expression  
Dot plots show the effects of BLZ945 on the gene expression of cluster 1. Angplt2, Arg1 and 

Mrc1 (Kruskal-Wallis/Dunn test. *, p<0.05, compared to the vehicle). 

 

 

Overall, single-cell qRT-PCR analysis showed that in M-CSF+IL4+IL13-M, BLZ945 

reduced the anti-inflammatory-related genes Angptl2, Arg1, and Mrc1, suggesting that 

the activity of M-CSF through CSF1R could disrupt the M2-driven gene signature of 

the combination use of M-CSF, IL-4 and IL-13.  

 

The next single-cell qRT-PCR analysis investigated BLZ945 effects on CSC 

CondM+IL4+IL13-M. The unsupervised hierarchical clustering heatmap showed a 

bifurcation forming two clusters. Cluster 1 lacked seven anti-inflammatory/pro-
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reparative genes, Mrc1, Igf1, Angptl2, Vegf, Tgm2, Gdf15 and Arg1, corresponding 

to the CSC CondM+IL4+IL13-M treated with BLZ945 (370nM). In contrast, cluster 2 

was formed by CSC CondM+IL4+IL13-M and CSC CondM+IL4+IL13-M+BLZ945 

(67nM) (Fig. 6.7).  

 

 

 
 
Figure 6.7 An unbiased hierarchical clustering heatmap shows the effect of BLZ945 on 

the CSC CondM+IL4+IL13-M gene signature. 
~60 single F4/80+CD11b+ cells from CSC CondM+IL4+IL13 (blue), CSC 

CondM+IL4+IL13+BLZ945 (67Nm) (grey) and CSC CondM+IL4+IL13+BLZ945 (370nM) 

(black) were analysed by qRT-PCR. Unbiased hierarchical clustering reveals genes 

downregulated in cluster 1 (light blue box). The heatmap shows ∆Ct values (blue, low or 

absent; red, high). 

 

 

Dot plots showed that BLZ945 at 67nM downregulated Arg1 (p=4.5x10-2), while at 

370nM of BLZ945, the expression of four anti-inflammatory genes was downregulated: 
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Angptl2 (p=2.5x10-2), Arg1 (p=3.8x10-2), Igf1 (p=1x10-2) and Mrc1 (p=2.5x10-2) (Fig. 

6.8).  

 

 
 

Figure 6.8 Dot plots show the effects of BLZ945 on CSC CondM+IL4+IL13-M gene 
expression   
Dot plots show the effects of BLZ945 on the gene expression of Angptl2, Arg1, Igf1 and Mrc1 

(Kruskal-Wallis/Dunn test. *,p<0.05).  

 

 

Overall, the M-CSF+IL4+IL13-M BLZ945 disrupted the anti-inflammatory signature 

in CSC CondM+IL4+IL13-M. Thus, in both conditions tested, BLZ945 distributed the 

expression of key anti-inflammatory genes, indicating that the inhibition of the M-

CSF/CSF1R pathway hampered the full activation of macrophages towards the anti-

inflammatory-like phenotype. 
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6.2.3 Inhibition of CSF1R with neutralising mAb (AFS98): CSF1R 

As an independent, complementary approach, macrophages were cultured with a 

neutralising mAb (AFS98) against CSF1R (CSF1R) that antagonises the binding 

between M-CSF and CSF1R (Shen et al., 2018). For the seven days of in vitro 

differentiation and activation, the M1-driven-M, M2-driven-M and CSC CondM-

driven-M were treated with CSF1R (1g/100l). Immunophenotypes, gene profiles, 

secretomes and phagocytotic activities were analysed to evaluate the effects of 

inhibiting the M-CSF/CSF1R pathway.  

 

 

6.2.3.1 Inhibition of CSF1R with CSF1R to evaluate macrophage 

immunophenotypes  

Consistent with results using the CSF1R kinase inhibitor, FACS data showed that the 

percentage of viable cells decreased by 4-fold in M2-driven-M (M-CSF, 64% vs M-

CSF+CSF1R, 17%; M-CSF+IL4+IL13, 66% vs M-CSF+IL4+IL13+CSF1R, 15%) 

and by 2-fold in CSC-driven-M (CSC CondM, 61% vs CSC CondM+CSF1R, 33%; 

CSC CondM+IL4+IL13, 63% vs CSC CondM+IL4+IL13+CSF1R, 35%) (p<0.05) (Fig. 

6.9 A). The differentiation into F4/80+CD11b+ macrophages was also affected by 

CSF1R reduced by 20% in CSC-driven-M while by 30% in M2-driven-M (p<0.05 

for each) (Fig. 6.9 B). Lastly, in CSC CondM-driven M CX3CR1+CD206+ 

macrophages were reduced by 10% (p<0.05) (Fig. 6.9 C).  
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Figure 6.9 CSF1R to evaluate macrophage immunophenotypes. 

Representative flow cytometry contour plots (TOP) and corresponding bar graphs (BOTTOM) 

of the seven culture conditions analysed CSF1R: M1-driven M (red); CSC-driven M (blue); 

M2-driven M (green). A, Live cells dye (Sytox Blue) versus FSC measures survivals. B, 

Percentage of F4/80+CD11b+ cells in the viable cells. C, Percentage of CX3CR1+CD206+ cells 

in F4/80+CD11b+ cells. (±SEM, N=5). Two-way ANOVA test with Bonferroni’s correction (*, 

p<0.05). 
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By contrast, the viability and percentage of F4/80+CD11b+CX3CR1+CD206+ 

macrophages were not affected by blocking CSF1R in CSC CondM+LPS+IFN-M 

and M1-driven-M. These results reinforced the idea that M-CSF is the critical factor 

secreted by CSCs, for promoting the survival and differentiation of M2-like 

macrophages as gauged by immunophenotype. 

 

 

 

6.2.3.2 Single-cell qRT-PCR analysis of the effects of CSF1R on 

macrophage gene signatures 

Next, the effects of CSF1R on the gene profiles of activated macrophages were 

analysed by flow sorting at least 60 single F4/80+CD11b+ macrophages from each 

condition by sc qRT-PCR. The first comparison tested CSF1R in GM-

CSF+LPS+IFN-M and CSC CondM+LPS+IFN-M, while the second tested 

CSF1R in M-CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M.   

 

The unsupervised hierarchical clustering heatmap visualised the sc qRT-PCR data 

from the first analysis. The dendrogram of the genes showed two main bifurcations 

separating GM-CSF+LPS+IFN-M and CSC CondM+LPS+IFN-M (Fig. 6.10 

A). CSF1R did not interfere with the gene profiles of GM-CSF+LPS+IFN-M, as 

expected from the absence of M-CSF. In contrast, in the CSC CondM+LPS+IFN-M, 

CSF1R led to a downregulation of Ccl2 (p=9.4x10-7), Ccl7 (p=3.3x10-3), Cxcl9 

(p=1x10-2), and Vegfc (p=3.9x10-2), and upregulation of InhbA (p=2.8x10-2), Csf1 

(p=2x10-2) and Cx3cr1 (p=2.4x10-3) (Fig. 6.10 B). 
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Figure 6.10 The effects of CSF1R on the pro-inflammatory gene signature   
~60 single F4/80+CD11b+ cells from each condition were analysed by qRT-PCR. A, the 

unbiased hierarchical heatmap shows that in CSC CondM+LPS+IFN +CSF1R, three genes 
were downregulated (bold black and purple boxes), and three were upregulated (black box). 
The heatmap shows ∆Ct values (blue, low or absent; red, high). B, Dot plots visualise 
downregulated and upregulated genes (Kruskal-Wallis/Dunn test, *, p<0.05). 
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The second analysis focused on the M-CSF+IL4+IL13-M and CSC 

CondM+IL4+IL13-M The unsupervised hierarchical clustering heatmap showed 

three main bifurcations forming three clusters. Cluster 1 includes the untreated cells 

(M-CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M) cluster 2, M-CSF+IL4+IL13-

M+CSF1R; and cluster 3, CSC CondM+IL4+IL13-M+CSF1R. Therefore, 

CSF1R induced different downregulatory effects in M-CSF+IL4+IL13-M and CSC 

CondM+IL4+IL13-M (Fig. 6.11 A). 

 

Specifically, in the M-CSF+IL4+IL13-M+CSF1R, nine genes were downregulated: 

Angptl2 (p=1.4 x10-4), Arg1 (p=1.4x10-4), Igf1 (p=3.8x10-6) and Mrc1 (p=3.8x10-5), 

Csf1r (p=1x10-3), Tgm2 (p=5.6x10-2), Tgf1 (p=1.3x10-3), Ccl2 (p=8.1x10-2) and Ccl7 

( p=9.4x10-3). On the other hand, in CSC CondM+IL4+IL13-M+CSF1R only 4 of 

these genes were downregulated: Angptl2 (p=5.3x10-2), Arg1 (p=4.3x10-5), Igf1 

(p=5.5x10-3) and Ccl2 (p=4.3x10-3). Interestingly, dot plots allow to visualise that eight 

genes related to the M1-pro-inflammatory macrophage profile were upregulated in M-

CSF+IL4+IL13-M+CSF1R: Nos2 (p=5.8x10-4), Cxcl1 (p=1.9x10-2), Cxcl10 

(p=1.5x10-4), Cxcl9 (p=4.8x10-7), InhbA (p=3.7x10-2), Il6 (p=4.6x10-10), Map4k4 Isf.2 

(p=3.4x10-2) and Il1r2 (p=1.6x10-4), suggesting a possible shift of the phenotype from 

anti-inflammatory-like to an pro-inflammatory-like. In CSC CondM+IL4+IL13-M only 

Csf1 (p=4.2x10-4) was upregulated (Fig. 6.11 B).  
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Figure 6.11 The effects of CSF1R on the anti-inflammatory gene signature   
~60 single F4/80+CD11b+ cells analysed by qRT-PCR. A, the unbiased hierarchical heatmap 

shows genes downregulated in M-CSF+IL4+IL13+CSF1R (grey box), in CSC 

CondM+IL4+IL13+CSF1R (black box) and upregulated in M-CSF+IL4+IL13+CSF1R (red 
box). The heatmap shows ∆Ct values (blue, low or absent; red, high). B, Dot plots visualise 
downregulated and upregulated genes (Kruskal-Wallis/Dunn test, *, p<0.05). 
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In conclusion, based on sc qRT-PCR data, CSF1R reduced the anti-inflammatory-

like gene signature in M-CSF+IL4+IL13 and CSC CondM+IL4+IL13 macrophages, 

altering the expression of a smaller set of genes when using CondM in lieu of M-CSF. 

This concurs with the inference from using BLZ945 that additional CSC-secreted 

factors are redundant with M-CSF for a subset of CSCs’ effects. 
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6.2.3.3 Inhibition of CSF1R with CSF1R to evaluate the 

macrophage secretome  

In M-CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M, CSF1R disrupted the M2-

like immunophenotype and gene signature. Therefore, the secretome of macrophages 

was also analysed using the multi-analytical bead-based flow immunoassay described 

in Chapter 5.  

 

Unexpectedly, CSF1R reduced the secretion of seven pro-inflammatory cytokines in 

GM-CSF+LPS+IFN−M (CCL5, CCL20, CCL11, CXCL1, CLXCL10, CCL3 and 

CCL4) and of CCL3 and CCL4 in CSC CondM+LPS+IFN.  

 

As a possible explanation for this paradoxical result, a key finding of this experiment 

was the complete inhibition of IL-10 secretion by CSF1R in CSC CondM+LPS+IFN-

M. Therefore, a further culture condition was generated to help test whether IL-10 in 

M1-activated cells depends on CSC-secreted M-CSF. For this comparison, BMDMs 

were differentiated under M-CSF and activated with LPS and IFN This new 

population was named M-CSF+LPS+IFN-M.  

 

M-CSF+LPS+IFN-M secreted an amount of IL-10 similar to CSC 

CondM+LPS+IFN-M (p<0.0001), indicating that IL-10 expression depends on the 

combination used of M-CSF (whether exogenous or CSC-secreted) and LPS and IFN 

(Fig. 6.12).  
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Figure 6.12 CSF1R effects on macrophage secretome   
A, A multi-analytical bead-based flow immunoassay was used to evaluate the effects of 

CSF1R on macrophage secretome. Data are normalised for each analyte. B, Bar graph 

shows the secretion levels of IL-10 in the eight conditions tested in percentage. *, p<0.0001 

(±SEM, N=3) (Two-way ANOVA, multiple comparison test corrected using Bonferroni’s test). 

 

 

6.2.3.4 Inhibition of CSF1R with CSF1R to evaluate macrophage 

phagocytosis  

To test as a related functional response whether M2-like macrophages engulf dying 

CMs in a process that depends on the M-CSF/CSF1R pathway, a phagocyte model 

was then developed.. First, RAW 267.4 macrophages were fed E.coli bio-particles to 

assess phagocytic activity. RAW 264.7 macrophages treated with CSC CondM 
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doubled phagocytosis activity. On the other hand, CSF1R decreased phagocytosis 

activity by 2-fold (p<0.0001) (Fig. 6.13 A). Then, RAW 264.7 macrophages were fed 

dying rat CMs (H9C2) as a more relevant trigger, demonstrating that CSC CondM 

enhanced CM phagocytosis 2.5-fold (p<0.0001). As predicted, CSF1R inhibited this 

effect, so that engulfment levels returned to baseline levels (p<0.0001) (Fig. 6.13 B). 

In conclusion, CSC CondM enhanced phagocytosis, while CSF1R reduced its 

activity, indicating that it may depend on the M-CSF/CSF1R pathway.  

 

 

 

Figure 6.13 CSF1R effects on phagocytosis 
A, Phagocytosis assay on RAW 264.7 cells fed with E.coli bio-particles (N=20/condition). B, 

Phagocytosis assay on RAW 264.7 cells fed with apoptotic rat CMs (N=15/condition). (LEFT) 

Widefield fluorescence microscopy; scale bar = 100 μm. (RIGHT) Bar graphs show the 

percentage of pHrodo+ cells.  (±SEM). Two-way ANOVA followed by Bonferroni’s test, 

*,p<0.0001. Data were performed by Dr Miranda.  
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6.3 Discussion  

6.3.1 CSC-secreted M-CSF promotes an anti-inflammatory-like 

macrophage phenotype 

The entire secretome of CSCs is still unknown; however, bulk RNA-Seq, sc qRT-PCR 

and computational analysis revealed that human and mouse CSCs expressed M-CSF, 

supporting the hypothesis that Lin-Sca1+CD31-PDGFR+SP+ CSCs may induce an 

M2-like macrophage phenotype via this protein. ELISA confirmed that CSCs secrete 

20pg/mL of M-CSF. Considering that circulating levels of M-CSF are in the range of 

10ng/mL and tissue levels in the orders of tens of picograms per milligram (Roth et al., 

1997), 20pg/ml is considered sufficient to modulate the macrophage phenotype.  

 

Having shown in Chapter 5 of this PhD thesis that paracrine effects of CSCs induce 

an anti-inflammatory-like macrophage phenotype, the present chapter presents 

evidence that this is M-CSF-dependent. Therefore, two complementary interventions 

designed to inhibit M-CSF activity tested the role of M-CSF in promoting the M2-like 

macrophage phenotype induced by CSCs.  
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6.3.2 Pharmacological inhibition (BLZ945) of CSF1R suggested a 

compensatory effect CSC CondM+IL4+IL-M 

Here, FACS data confirmed that BLZ945 caused 50% of cell death in M-

CSF+IL4+IL13-M, CSC CondM-LPS+IFN−M and CSC CondM+IL4+IL13-M. 

When M-CSF is the only stimulus, BLZ945 reduces the percentage of F4/80+CD11b+ 

macrophages (M2-driven-M), while in combination with other paracrine signals from 

CSCs, it does not. This difference in the production of F4/80+CD11b+ macrophages 

suggests a redundant effector in the secretome of CSCs. Therefore, M-CSF may not 

be the only paracrine factor secreted by CSCs that promotes macrophage survival 

and differentiation. Alternatively, compensatory effects have been reported after 

inhibition of CSF1R in some circumstances involving CSF2R (Klemm et al., 2021). 

 

Notwithstanding the lack of a substantial effect of the receptor tyrosine kinase inhibitor 

on the CSC CondM-induced immunophenotype, the investigation of the gene 

expression profile was informative. In both M-CSF+IL4+IL13-M and CSC 

CondM+IL4+IL13-M, sc qRT-PCR showed that pharmacological inhibition of CSF1R 

downregulated the expression of three key M2-related anti-inflammatory genes: Arg1, 

Anptl2 and Mrc1. Thus, disruption of the anti-inflammatory macrophage gene 

signature by BLZ945 suggests that CSC-secreted M-CSF is responsible for the anti-

inflammatory gene signature in CSC CondM-driven macrophages. However, 

confirmation by an independent criterion is always worthwhile.  
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6.3.3 CSF1R confirmed that CSC-secrete M-CSF induces a unique 

anti-inflammatory-like macrophage phenotype 

As expected from the experiments above, CSF1R reduced BMDMs’ viability and the 

percentage of F4/80+CD11b+CX3CR1+CD206+ macrophages in CSC 

CondM+IL4+IL13-M. Thus, using the blocking antibody as a complementary 

intervention confirms that BMDMs’ survival and differentiation into macrophages with 

an anti-inflammatory-like immunophenotype are M-CSF-dependent.  

 

The effects of CSF1R on the macrophage immunophenotype provide insight into the 

role of M-CSF. Interestingly, those BMDMs that survive the differentiation phase 

expressed an anti-inflammatory-like immunophenotype. There are two interpretations 

for this outcome: first, as mentioned above, CSCs can secrete other factors that could 

induce an anti-inflammatory-like macrophage immunophenotype regardless of M-

CSF; secondly, only a percentage of the BMDMs were affected by CSF1R and died 

or failed to differentiate, while the rest were unaffected and had the complete anti-

inflammatory-like macrophage immunophenotype: F4/80+CD11b+CX3CR1+CD206+. 

Proof that CSF1R was present at saturating concentrations would help distinguish 

between these possibilities. 

 

The JNK pathway regulates the development, survival and function of macrophages, 

including the expression of pro-inflammatory cytokines (e.g. Tnf, Ccl2, Tgf1). In 

diabetic mice treated with CSF1R, inhibition of M-CSF/CSF1R suggest a reduction 

of JNK pathway activity (Himes et al., 2006; Lim et al., 2009). Here, a similar impact 
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on the gene expression profile of CSC CondM+LPS+IFN-M has been observed. 

CSF1R reduced the expression of pro-inflammatory genes (Cxcl9, Vegfc, Inhba).  

 

Interestingly, there is a slight difference in the gene panel affected by CSF1R in M-

CSF+IL4+IL13-M and CSC CondM+IL4+IL13-M, indicating their unique gene 

signatures. In M-CSF+IL4+IL13-M, CSF1R downregulated nine anti-inflammatory 

genes and upregulated eight pro-inflammatory genes. On the other hand, in CSC 

CondM+IL4+IL13-M, CSF1R downregulated four of these nine anti-inflammatory 

genes. The anti-inflammatory genes downregulated by CSF1R in both macrophage 

populations were Arg1, Angptl2, Igf1 and Ccl2, indicating that the expression of these 

genes was explicitly contingent on the M-CSF/CSF1R pathway, with no other factor(s) 

in CSC CondM able to compensate for the disruption of the signal.  

 

Furthermore, the evaluation of macrophage secretomes showed that inhibition of M-

CSF suppressed IL-10 secretion in CSC CondM+LPS+IFN-M. A new culture 

condition was designed to test whether IL-10 secretion depends on the M-CSF/CS1R 

pathway following LPS+IFN activation. Thus, CSF1R, inhibiting CSC-secreted M-

CSF, disrupted IL-10 secretion. In this tested condition, and for the secretion of this 

interleukin, the paracrine factors of CSCs could not generate any compensatory effect.  

 

Macrophages promote tissue repair also via clearance of the damaged heart by 

engulfing dying CMs (Cook et al., 2014; Fildes et al., 2009; Frangogiannis, 2012; 

Frangogiannis, 2015, 2014; Moran et al., 2014; Mozaffarian, 2016; Prabhu, 2005; 

Stone et al., 2016; Sutton & Sharpe, 2000). The phagocytosis of debris and dead cells 
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helps resolve the inflammation. Thus, promoting the anti-inflammatory-like 

macrophage phenotype enhances heart repair and regeneration (Prabhu & 

Frangogiannis, 2016). Therefore, the final experiment investigated the functional role 

of the M-CSF/CSF1R pathway in regulating phagocytosis.  

 

Mouse‐derived RAW 264.7 macrophages have been used extensively in vitro studies 

because they are mature macrophages with an M2-like phenotype without stimulation 

(Zhang et al., 2012). The benefits of using RAW 264.7 macrophages include (i) easy-

to-maintain cell line, (ii) highly reproducible results, and (iii) cost-effectiveness 

compared to the BMDMs, especially for initial screenings.  

 

Here, the phagocytic activity of RAW 264.7 macrophages was enhanced by the co-

culture with CSC CondM. CSC-secreted M-CSF improved the capacity of RAW 267.4 

macrophages to engulf E.coli bio-particles and dying rat CMs. Conversely, inhibition 

of the M-CSF/CSF1R pathway using CSF1R suppressed the positive effect obtained 

by CSCs, returning phagocytosis activity to baseline. Therefore, the enhanced 

phagocytosis activity may depend on M-CSF secreted by CSCs. This provisional 

conclusion would be strengthened by using at least one complementary inhibitor, such 

as BLZ945, for the cells’ immunophenotype and gene expression profile. 
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6.4 Summary and Conclusion  

The CSCs secretome is not yet fully known. Here, bulk RNA-Seq combined with 

single-cell and computational analysis identified at least one factor released by CSCs 

whose function is associated with macrophages: M-CSF. M-CSF is a known growth 

factor for macrophage differentiation towards the M2-like anti-inflammatory side of the 

macrophage phenotypes spectrum (Lin et al., 2008; Ma et al., 2012; Pollard, 2009; 

Rae et al., 2007). Therefore, two loss-of-function experiments tested whether CSC-

secreted M-CSF is responsible for the anti-inflammatory-like subtype of CSC CondM-

induced macrophage phenotypes. The main results of the effects of the 

pharmacological inhibitor BLZ945 and the neutralising antibody against CSF1R 

(CSF1R) are summarised in Figure 6.14.  

 

In conclusion, these results confirmed the original hypothesis of this PhD thesis. CSCs 

secreted at least one paracrine factor, M-CSF, which induces a unique subtype of M2-

like macrophage phenotype. These results do not rule out the possibility that one or 

more additional paracrine factors may also be needed to induce the anti-inflammatory-

like phenotype if the M-CSF pathway is inhibited.  
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Figure 6.14 CSF1R inhibition disrupts the anti-inflammatory CSC-driven macrophage 
phenotype 
The CSC-secrete M-CSF activity was inhibited using pharmacological inhibition of CSF1R, 

BLZ945 (LEFT) and neutralising monoclonal antibodies against CSF1R, CSF1R (RIGHT). 
The results of each inhibitory system were summarised in the table, indicating the different 
parameters measured (immunophenotype, gene expression, secretome profile, and functional 
activity) (n/a, non-evaluated). 
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Chapter 7 - General Discussion   
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7.1 General Discussion 

7.1.1 CSC-secreted M-CSF induces a unique anti-inflammatory-like 

macrophage phenotype that may provide a therapeutic 

strategy to support post-MI heart repair and regeneration  

Despite considerable advances in cardiac regenerative medicine and age-adjusted 

reduction in mortality rate, the overall progression of ischemic heart disease reduction 

is still weak. Instead, the prevalence is forecasted to increase over the next ten years 

(Roth et al., 2018). Hence, the unmet need is to find new strategies to reduce or 

prevent heart damage. Lin-Sca1+CD31-PDGFR+SP+ CSCs have been shown to 

reduce infarct size and improve cardiac pump function, despite the lack of durable 

engraftment (Noseda et al., 2015). As a postulated explanation for this paradox, Lin-

Sca1+CD31-PDGFR+SP+ CSCs might secrete factors that affect multiple cell types 

in the heart, including macrophages, during post-injury inflammation. Hence, this PhD 

thesis hypothesised that the paracrine signals released by Lin-Sca1+CD31-

PDGFR+SP+ CSCs could modulate BMDMs toward an anti-inflammatory/reparative 

macrophage phenotype.  

 

This PhD thesis investigated the complexity of CSC-driven-M phenotypes by 

designing an in vitro experimental system to produce pro- and anti-inflammatory 

macrophages as the extreme benchmarks and then gauged the CSC-driven-M 

against these. Complementary approaches were used to investigate the generated 
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populations' immunophenotype, single-cell gene signatures, secretome and functional 

activity.  

 

CSC CondM disrupts the full activation of the pro-inflammatory macrophage 

phenotype by promoting a unique and distinctive anti-inflammatory macrophage 

phenotype which, while sharing some characteristics with M2a and M2b, was also 

distinguishable from them, indicating the unique stimulation pattern of CSCs (Gordon, 

2002; Mantovani et al., 2004; Martinez et al., 2008; Scotton et al., 2005; Stein et al., 

1992). These CSC-driven-M expressed high levels of the M2 surface markers, 

CX3CR1 and CD206, and the anti-inflammatory genes Arg1, Angptl2, Mrc1, Igf1 and 

Il1rl1. Demonstrating that CSC CondM promotes an anti-inflammatory signal even in 

pro-inflammatory stimulation, CSC CondM+LPS+IFN-M exhibits a distinct 

secretome characterised by a high level of IL-10 expression.   

 

Two independent perturbations designed to inhibit the M-CSF/CSF1R pathway 

demonstrated that M-CSF is an essential paracrine factor secreted by CSCs that 

regulates BMDMs’ differentiation into macrophages with an anti-inflammatory-like 

phenotype. However, only a subset of the anti-inflammatory-related genes induced by 

CSC CondM was blocked, suggesting the importance of one or more additional 

paracrine factors. Additionally, inhibition of M-CSF led to the conclusion that it induces 

the expression of IL-10 in CSC CondM+LPS+IFN-M. Finally, the phagocytosis assay 

showed that CSC CondM improved this in vitro surrogate of heart repair, the 

engulfment of dying CMs via the M-CSF/CSF1R pathway.  
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In conclusion, CSC-secreted M-CSF induces an anti-inflammatory-like macrophage 

phenotype. This shift may provide a therapeutic strategy to support post-MI heart 

repair and regeneration (Frangogiannis, 2008; Lavine et al., 2014). However, more 

analysis must be conducted by moving to in vivo experiments and identifying the 

additional factors contributing to the full range of CSC CondM’s effects on the 

macrophage transcriptome.  

 

 

7.1.2 Insight into CSC-driven phenotype 

CSC CondM+IL4+IL13-M upregulate the expression of Gdf15 and Mrc1, encoding 

CD206. Interestingly, Mrc1 expression is known to be mediated by GDF15 protein 

(Bosisio et al., 2002; Dinarello, 1991; Jablonski et al., 2015; Mantovani et al., 2002; 

Shintani et al., 2016). MRC1/CD206+ macrophages regulate inflammation, clearing 

the blood from inflammatory cytokines while assuming a pro-fibrotic role, characterised 

by the expression of members of the TGF superfamily (e.g. TGF1) (Bellón et al., 

2011). In some settings, such as atherosclerosis, collagen production prompted by 

MRC1/CD206+ macrophages positively impacts the stability of the plaque (Medbury 

et al., 2013). Despite the scientific case for M-CSF to be essential for the M2-like 

phenotype, other factors, such as IL-4, IL-13, IL-10, and glucocorticoids, induce 

subtypes of anti-inflammatory-like macrophages (e.g. M2a, M2b, M2c) (Mantovani et 

al., 2004). More newly reported factors like IL-38 can mediate this transition and have 

proven therapeutic potential in myocardial injury (Li et al., 2022). CSC-driven-M 

showed both anti-inflammatory and fibrotic features. Due to lack of time, it was 
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impossible to do more experiments to draw a functional conclusion on the role of CSC-

driven-M in cardiac fibrosis. 
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7.2 Study limitations and future implications 

7.2.1 Model system and assay limitations 

This study was carried out using an in vitro system, combined with flow cytometry and 

single-cell qRT-PCR analysis as the main approaches to investigate the macrophage 

phenotypes induced by the paracrine effects of CSC. There are many advantages to 

using flow sorting and sc qRT-PCR. Flow cytometry allows for characterising, 

capturing, selecting, and sorting single cells based on their surface markers. These 

cells can then be analysed by sc qRT-PCR to identify better co-expression and 

variation of the gene expression profile in each cell at a relatively fast speed (~ 24 hrs). 

However, these technologies have limitations (Massaia et al., 2018).  

 

In this study, the main limitation was the selection of which surface and gene markers 

to use based on the literature as indicators of the pro- and anti-inflammatory-related 

phenotypes. As extensively reviewed by Massaia and colleagues, several alternative 

single-cell technologies do not require choosing what to test in advance (Massaia et 

al., 2018). Hence, using these other single-cell-based technologies would have been 

an advantage in conducting an unbiased investigation of macrophage phenotypes that 

is fully transcriptome-wide.  

 

Single-cell INDEX sorting is a technology based on single-cell flow cytometry that does 

not require prior knowledge of the surface markers to be used. INDEX sorting allows 

depositing single cells without reference to their surface markers and analysing them 

retrospectively. Therefore, INDEX sorting could be used to understand the functions 
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of macrophages at a deeper level and even identify new surface markers (Busse et 

al., 2014; Hayashi et al., 2010; Osborne et al., 2015; Penter et al., 2018; Schulte et 

al., 2015). Introducing INDEX sorting technology into this set of experiments, followed 

by sc qRT-PCR or the deeper methods below, could be an impartial bridge between 

the immunophenotype and the gene signature (Penter et al., 2018).  

 

A different approach to studying macrophage gene expression profiles uses scRNA-

seq, which sequences the whole transcriptome at the single-cell level. The use of 

scRNA-seq can be considered an explorative resource to highlight new genes related 

to macrophage phenotypes (Herring et al., 2018; Jaitin et al., 2014; Treutlein et al., 

2014; Wilson et al., 2015). Several scRNA-seq experimental pipelines can be used, 

from SMART-seq2, 10X Genomics to Drop-seq (Massaia et al., 2018). ScRNA-Seq 

can also be associated with other single-cell technologies, such as ATAC-Seq (Xie et 

al., 2022; Zhang et al., 2021) or single-cell proteomics (scProteomics) (Woo et al., 

2022). ScProteomics, for instance, can identify and quantify low-expressed proteins 

using cutting-edge technologies, such as ion-mobility-enhanced mass spectrometry 

acquisition and peptide identification method. However, improving scProteomics 

sensitivity via enhancing protein/peptide recovery and the resolution of peptide 

separation will be needed to reach the same depth of the sc RNA-Seq technologies 

(Woo et al., 2022).  

 

Overall, single-cell technologies are expanding, opening unprecedented opportunities 

to study deeper biological systems and reveal crucial mechanisms almost invisible in 

a bulk approach. Therefore, single-cell analysis is currently applied to genomes and 
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transcriptomes and other ‘omics, from proteomics to metabolomics and epigenomics, 

to study characteristics of macrophage states.  

 

Due to time constraints, future work on using scRNA-seq to analyse macrophage 

transcripts is not reported in this PhD thesis. Still, it is a current platform in the 

supervisor’s research and grant applications. 

 

 

7.2.2 Identification of paracrine factors secreted by CSC that work in 

synergy with M-CSF 

This work is based on the paracrine hypothesis that CSCs, rigorously characterised 

by Noseda and colleagues, improved cardiac function without cell engraftment 

(Noseda et al., 2015). As detailed above, using Noseda’s CSCs was supported by a 

close match to the reported c-CFU-F as a cardiac MSC equivalent (Chong et al., 

2011). These two cell types shared the co-expression of PDGFR with Sca1, 

enrichment for many heart-forming transcription factors, and clonogenic and 

multilineage potential (Chong et al., 2011; Noseda et al., 2015). 

 

This PhD thesis confirmed that CSCs secreted M-CSF is indispensable for generating 

a distinct subtype of anti-inflammatory-like macrophage phenotype. M-CSF was 

essential for many of the effects studied, including phagocytosis of dying CM as the 

functional readout. However, there is a limitation to consider. CSCs secrete other, 

partially redundant factors, contributing to this CSC-induced-anti-inflammatory-driven 

macrophage phenotype. This was most evident in the CSC-induced anti-inflammatory-
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related transcriptome in the present study. Thus, it would be interesting to investigate 

what other factors work alongside M-CSF, including whether their effects are additive, 

synergistic, or complementary.  

 

Future experiments could identify which other potential paracrine factors could interact 

with M-CSF in the macrophage phenotype. Bulk and single-cell RNA-seq could predict 

candidate paracrine factors and potential ligand-receptor interactions with 

macrophages. At the same time, cytokine array screening and mass spectrometry, 

including single-cell methods, can be used to identify the enrichment of a mix of 

cytokines, chemokines, and antagonists in the secretome of CSC. 

 

 

7.2.3 Therapeutic benefits of translation  

The data provide a framework for developing a CSC-secreted M-CSF protocol to 

induce therapeutic anti-inflammatory macrophages for clinical use to enhance cardiac 

regeneration and tissue repair. The present results suggest that the anti-inflammatory-

like macrophage phenotype generated by CSCs could potentially contribute to heart 

repair and regeneration. However, due to the lack of time, it was impossible to explore 

whether the CSC-secreted M-CSF could induce an anti-inflammatory-like macrophage 

phenotype in vivo and, if so, what is the net effect of disrupting this circuit on cardiac 

structure and function. 

 

Scientifically, accessible and better-characterised BMDMs were used as a first step 

towards understanding the phenotypic modulation of cardiac-resident macrophages. 
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It would be necessary to rigorously verify the conclusion of this study with 

macrophages taken from the heart itself. Furthermore, an exciting approach to 

creating the basis for a pre-clinical animal model would be generating a lineage-

restricted and drug-inducible KO mouse line, where Csf1r is ablated in monocytes and 

macrophages. After MI induction, using I/R injury in genetically modified mice, it would 

be possible to measure the damage in an environment where other aspects of the 

inflammatory response are still present. This would avoid less accurate and cruder 

macrophage-depletion experiments, such as clodronate, and the inherent limitations 

of pharmacological inhibition of CSF1R (Leblond et al., 2015). Examples of a genetic 

dissection to probe the role of cytokines and chemokines in myocardial infarction 

include Feng and colleagues' work allowed to identify an alternative way to suppress 

inflammation post-MI via promoting recruitment of Treg following inhibition of CCL17 

in CCR2+ macrophages and DCs (Feng et al., 2022). Cardiac inflammation and 

consequent HF were also attenuated by deleting the IL-17A signalling pathway in 

cardiac Sca1+ fibroblast (Chen et al., 2018). In parallel, and of more immediate 

translational relevance, another interesting experiment would include in this 

experimental setting the administration of M-CSF within the first 24 hours to see 

whether this factor could rescue the adverse effects caused by MI (Okazaki et al., 

2007).  

 

Future studies need to be conducted to find a better translation path. M-CSF alone, or 

in combination with other factors secreted by CSCs, could be administrated to the 

heart systemically. A potential niche application is the administration of M-CSF using 

tissue engineering strategies via patches, scaffolds (Peña et al., 2018) or injectable 

hydrogels, which are adaptable to a minimally invasive approach (Fomby et al., 2010; 
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Hasan et al., 2015; Tous et al., 2011). The use of tissue engineering strategies has 

recently become very important because they offer the possibility of delivering the 

beneficial factor in an immediate, slow and constant release during MI. Considering 

that the M-CSF modulates the post-MI immune response, it is also essential to 

optimise the time of the application to enhance its beneficial effect.  Interestingly, G-

CSF (Achilli et al., 2019) and other cytokines, like the IL-6 receptor antagonist, 

tocilizumab (Kleveland et al., 2016), have been used in clinical trials; however, M-CSF 

and any other anti-inflammatory stimuli have been tested yet.  

 

 

7.3 Conclusive summary 

In conclusion, this PhD thesis demonstrated that CSC-secreted M-CSF is essential as 

a paracrine factor that induces an anti-inflammatory-like macrophage phenotype. First, 

CSC CondM-driven macrophages have a distinct anti-inflammatory like 

immunophenotype, defined as F4/80+CD11b+CX3CR1+CD206+. Secondly, they also 

have an anti-inflammatory and pro-fibrotic gene signature based on the induction of 

Arg1, Angpt2, Igf1, Il1rl1, Mrc1 and Gdf15.  Finally, they exhibit improved phagocytosis 

of dying CM, dependent on the M-CSF/CSF1R pathway (Fig. 7.1). 
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Figure 7.1 Conclusive summary 

CSC-secreted M-CSF improved BMDMs’ viability, differentiation into an anti-inflammatory like 
macrophage phenotype based on high levels of expression of surface markers F4/80, CD11b, 
CX3CR1, and CD206, and the gene signature (Arg1, Angpt2, Igf1, Il1rl1, Mrc1), and enhanced 
phagocytosis capacity. 
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Appendix 

Table A1 Summary of the key findings of the Sca1 fate-mapping papers 

Mouse Model Experimental design 
Key findings and 

comments 
Reference 

Research articles 

Sca1H2B;TdT/+Nkx2.5H2B;GFP/+ 

Early cardiogenic marker 

Nkx2.5 tested by FACS: 

P30-P180 (15- to 30-day 

intervals between stages) 

No double-positive cells 

were found  

(Zhang et 

al., 2018) 

Sca1 H2B;TdT/+cTnTH2B;GFP/+ 

 

Differentiated CMs cTnt 

tested by FACS: P30-

P180 (15- to 30-day 

intervals between stages) 

No double-positive cells 

were found 

Sca1nLacZ;H2B;GFP/+Tie2Cre 

Tie2, endothelial-specific 

mice; co-localisation with 

CD31+ cells. 

Immunostaining. 

Sca1+ cells were purely 

Tie2 endothelial lineage.  

Sca1mCm/+cTnTnlacZ;H2B;GFP/+

ROSA26RTdT/+ 

Post-injury: LAD ligation. 

Immunostaining. 

Ten cells (=0.001% of 

total CMs) were found in 

the heart at 30, 60, 120 

dps 

Sca1nLacZ;H2B;GFP/+Tie2Cre 

Post-injury: LAD ligation. 

Immunostaining. 

Sca1+ cells were 

distributed in the border 

zone and infarct area at 3 

to 30 dps.  

Sca1+ cells maintained 

endothelial features after 

injury. 

Ly6a+/CreR26TdT 

Developmental. Postnatal 

day 1 (P1) versus 1.5 

months. Immunostaining. 

Sca1+ cells generated 

cardiac vasculature. The 

vast majority of TdT+ cells 

were vascular endothelial 

CD31+. 

(Vagnozzi et 

al., 2018) 

Ageing: 3 months. FACS. 70% of Sca1+ were 

CD31+TdT+; 8-9% of 

Sca1+ were CD31-TdT+.  

CMs: 0.0003% 

 

Ly6a+/mCmR26eGFP 

Ageing/Post-MI 

remodelling analysis by 

immunohistochemistry: 3 

months 

Percentage of eGFP+ 

cells were 80% in 

Sca+CD31+ and 10% in 

Sca+CD31+ cells.  

CMs: 0.002%. 

Ageing/Post-MI 

remodelling analysis by 

immunohistochemistry: 

Post-MI 

Mostly CD31+ endothelial 

cells were eGFP+. 
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Research Letters 

Sca1mCmR26TdT 

MI performed after seven 

days of Tam treatment: 6 

months. Immunostaining. 

Very low Sca1+ cell-

derived CMs were 

detected (TdT+ CMs 

found: 0.0002% at base 

line; 0.007% post-MI), 

compared to the higher 

number of Sca1+ cell-

derived endothelial cells 

(Neidig et 

al., 2018) 

Sca12A-CreER 

Pulse Tam-induction. 

Self-cleaving peptide 

sequence between 

endogenous Sca1 and 

inducible Cre-

recombinase. Heart 

collection within 48hrs. 

FACS, immunostaining, 

and Z-stack confocal 

images. 

95% of TdT+ were 

VEcad+ cells. 

67% of VEcad+TdT+ cells 

were Sca1+ cells. 

Sca1+ cells were VEcad+ 

EC. 

(Tang et al., 

2018) 

Homeostasis.  60% of EC were TdT+. 

95% of them were CD31+. 

1,4, 6 weeks post-MI.  Sca1+ cells differentiated 

into EC and fibroblast, but 

not cardiomyocytes. 

 

No TdT+ CMs (TNNI3+). 

65% VEcad+cells were 

TdT+. 91% of TdT+ cells 

were VEcad+. 

 

TdT+PDGFR+ cells in: 

infarct (7%), border (5%), 

remote regions (2%).  

ACTegGFPMHCnLac 100,000 Sca1+EGFP+Lin- 

cells were isolated via 

FACS and injected into 

the infarct border zone of 

nontransgenic mice post-

MI. Immunostaining. 

In 30 engrafted hearts, 

88,062 EGFP+ donor 

cells were tested, and no 

CMs arose from 

transplanted Sca1+ cells.  

(Soonpaa et 

al., 2018) 
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Figure A1. Result I: Full heatmap.  
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Figure A2. Result I: p-values heatmap.  

 

 

 

 


