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ABSTRACT 

 

Background & Rationale: Tissue residing macrophages (TRMs) guard normal 

physiology in the steady-state heart, and can be important for coordinating inflammatory 

events at the onset of injuries like myocardial infarction (MI). Following an ischemic 

attack though, TRMs become outnumbered by circulating myeloid cells and monocyte 

(mon) derived macrophages (mf), which function to clear injury debris and instruct 

cardiac repair to mitigate heart failure (HF) severity. The major goal of this work is to 

investigate how TRM and post MI mf are regulated to participate in cardiac health and 

post injury repair. Epidermal growth factor receptor (EGFR) is a cell surface tyrosine 

kinase receptor governing numerous cell processes, and though it has been historically 

studied as an oncogene, EGFR is implicated in cardiac physiology, and has been shown 

to regulate mf activation, survival and function.  

Objectives: Here, we investigated how the loss of EGFR in mf would impact basal 

cardiac structure, and function, as well as post MI remodeling, repair, and HF 

development.    

Methods & Results: By using a myeloid-specific cre, we generated mice with EGFR 

knockout in mf and other myeloid cells (EGFRmylKO), and performed comparative 

analyses between these and control mice. We identified that the loss of EGFR in myeloid 

cells, including cardiac TRMs, resulted in modest signs of stress at baseline, namely 

enlarged cardiomyocytes and elevated stress associated fetal gene transcripts. Though the 

loss of EGFR did not impact TRM subtype distribution in basal hearts, whole 

transcriptomic analyses of these cells revealed over 700 differentially expressed in 

EGFRmylKO relative to control. Among these are insulin like growth factor (IGF) 
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binding proteins (IGFBP) family members 5 and 7, which are known to regulate not only 

IGF availability, but also IGF and other cytokine receptor activation, all key players in 

cardiac hypertrophy. Indeed, EGFRmylKO hearts exhibited enhanced extracellular 

signal-regulated kinase (ERK)1/2 activation relative to control. Additionally, in response 

to MI, EGFRmylKO mice experienced a hastened decline in cardiac function, coupled 

with exacerbated hypertrophic remodeling, and limited angiogenic repair. Analyses of the 

inflammatory response in EGFRmylKO injured hearts revealed a greater percentage of 

inflammatory CCR2/Ly6Chi mf even at 7 days into the injury, resulting in significantly 

reduced transcripts of reparative factors like interleukin (IL)-10.  

Conclusions: In sum, we propose novel roles for mf EGFR in cardiac physiology and 

pathology. TRM EGFR regulates several transcripts, required to maintain cardiac 

homeostatic integrity. In ischemic injury, mf EGFR is key to promoting repair and 

limiting HF severity.   
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CHAPTER 1 

CARDIAC PHYSIOLOGY & HEART FAILURE, CONSIDERING THE ROLE 

OF MACROPHAGES 

1.1 Brief Epidemiology of Heart Failure 

1.1.1 Cardiovascular Disease  

Cardiovascular disease (CVD) encompasses a collection of syndromes and 

diseases affecting normal function of the heart and major vessels, with some of the most 

notable and prevalent being coronary heart disease (CHD), stroke, hypertension (HTN), 

and heart failure (HF) (Roth et al., 2020; Virani et al., 2021). To date, CVD remains one 

of the leading causes of worldwide mortality and morbidity: 2019 estimates from the 

world health organization (WHO) indicate about 32%, or 18 million of global deaths can 

be attributed to CVD (Roth et al., 2020; Virani et al., 2021; Savarese et al., 2017; Ziaeian 

et al., 2016; Savarese et al., 2022). In the United States alone, almost half of the 

population is plagued with CVD, as about 49.2% of adults aged 20 or older experience 

some form of CVD (Roth et al., 2020; Virani et al., 2021). Considering these statistics, it 

is quite clear that CVD poses a major health and economic burden.  

Of all CVD, CHD is the most common, and is the leading cause of CVD death, 

followed by stroke, HTN, and HF (Virani et al., 2021). To note though, HF is often the 

end result of many CVD (Virani et al., 2021; Savarese et al., 2017). Further, HF is one of 

the leading causes of hospitalization in US adults; as such, HF is a global pandemic, and  

remains a major public health concern as its prevalence is projected to continue 

increasing  (Roth et al., 2020; Virani et al., 2021; Savarese et al., 2017; Ziaeian et al., 

2016; Savarese et al., 2022).  
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1.1.2 Recent Heart Failure Statistics  

 HF can broadly be defined as the inability of the heart muscle to orchestrate 

adequate perfusion to the remaining tissues, leaving them bereft of required nutrients 

(Virani et al., 2021; Savarese et al., 2017; Ziaeian et al., 2016; Savarese et al., 2022). 

Right now, about 6 million Americans suffer with HF, and globally, this number jumps to 

over 37 million (Virani et al., 2021; Ziaeian et al., 2016). Though these statistics are 

already staggering, recent projections suggest HF prevalence will increase 46% by 2030 

in the US alone (Virani et al., 2021). This increase in prevalence stems from a few 

different factors: greater life expectancy and aging, improved survival following heart 

attacks (defined as vessel occlusion, leading to failure to receive oxygen rich blood) and 

improved treatments for CVD patients (Savarese et al., 2022). Though prevalence rates 

are on the rise, surviving HF has seen some improvements. Rates of HF mortality have 

declined from 1998 to 2008, although they remain astronomical at over 40% by 5 years 

(Virani et al., 2021). Beyond its rising prevalence and high fatality, the total costs of HF 

further intensify its burden. In 2012, about 30.7 billion in total was spent on HF, with 

about two-thirds of that being direct medical costs (Virani et al., 2021). By 2030, we can 

expect that to more than double, and be further compounded by a growing population 

(Virani et al., 2021). Consequently, understanding HF presentations, and searching for 

HF therapies is of utmost importance.  

1.1.3 Normal Cardiac Structure and Function   

To critically consider novel HF therapeutic approaches, the body of this work will 

carefully evaluate general cardiac physiology, mechanisms contributing to HF 

development, and key unanswered questions. The heart is a largely post-mitotic, 
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muscular organ with 4 chambers: 2 atria, and 2 ventricles (Sylva et al., 2014; Buijtendijk 

et al., 2020). To allow for the unidirectional flow of blood, valves lie between atria and 

ventricles, with the mitral on the left, and tricuspid on the right (Park et al., 2017). The 

heart contains 2 other valves, the semilunar valves, which allow for blood to leave the 2 

major arteries: pulmonary and aortic (Buijtendijk et al., 2020). In brief, blood flow 

through the heart can be described as follows. Once oxygen rich blood enters the left 

atrium (LA), from the pulmonary vein, it is propagated through the mitral valve to the left 

ventricle (LV) and pumped through the aorta (Ao) to feed the systemic circulation 

(Buijtendijk et al., 2020). Oxygen deficient blood returns to the right atrium (RA) through 

the vena cava, and is propelled through to the right ventricle (RV) back to the lungs 

(Buijtendijk et al., 2020). The coordination of blood flow relies on the heart’s intrinsic 

electrical system, referred to as the cardiac conduction system (CCS) (Park et al., 2017). 

Electrical conduction generated in the CCS is highly conserved, and is critical for 

maintaining optimal stroke volume (SV), that is, the blood volume ejected during each 

contraction and relaxation cycle (Park et al., 2017).  

1.1.4 Abnormal Cardiac Function & Heart Failure Types   

 Efficient pumping, or systolic function, in the LV is measured by the fraction of 

blood ejected in every contraction cycle (systole) and is denoted as ejection fraction (EF) 

(Savarese et al., 2022). The EF percentage reports this SV relative to blood volume at the 

end of the relaxation cycle (diastole) (Savarese et al., 2022). In adult men and women, 

values of EF range from 52 - 74 %, with the normal values laying about 62 and 64% for 

men and women respectively (Savarese et al., 2022). Though HF was broadly defined 

above, it is important to note its complexity; when the heart fails, it can present in 1 of 3 
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types, distinguished by EF (Savarese et al., 2022). HF statistics and types are detailed in 

Figure 1a-b. 

HF where the EF is reduced to 40% or less (HFrEF) is to date the most 

characterized HF type, as it is easiest to diagnose (Savarese et al., 2022). In HFrEF, 

systolic dysfunction is the main driver of disease, though this is unlike HF with preserved 

EF (HFpEF) (Savarese et al., 2022). As its name would suggest, in HFpEF, patients EF is 

maintained at or above 50% (Savarese et al., 2022). Studies of HFpEF are fewer in 

number, but it is widely understood that HFpEF arises when the ventricle loses its ability 

to relax normally, typically because the muscle is stiff, leaving the heart unable to 

adequately fill during diastole (Savarese et al., 2022). Lastly, HF can present as that with 

mid range EF (HFmrEF) (Savarese et al., 2022; Andronic et al., 2016). HFmrEF has been 

vastly understudied and misdiagnosed largely because it can have hallmarks reminiscent 

of HFrEF or HFpEF (Savarese et al., 2022; Andronic et al., 2016). In recent years though, 

HFmrEF is starting to be defined as HF where EF is between 41 and 49 percent 

(Andronic et al., 2016). It is also important to note that in HFmrEF, there are both 

distinct, yet intermediate clinical, structural, and functional features and outcomes when 

compared to HFrEF or HFpEF (Andronic et al., 2016).  

1.1.5 Risk Factors for Heart Failure  

Irrespective of type, HF can arise from a variety of risk factors and etiologies. 

These can include complications from several other CVDs, hereditary and genetic 

defects, diet and lifestyle choices, or systemic diseases (Virani et al., 2021; Ziaeian et al., 

2016). It’s important to note that these risk factors are not mutually exclusive: many 

factors can lead to HF development in patients (Virani et al., 2021; Ziaeian et al., 2016).  
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Figure 1. Heart Failure (HF) Statistics. a) Prevalence rates, reported, and projected 

costs associated with HF. b) Brief definitions of HF types. EF = ejection fraction. Figure 

was generated in Biorender (https://biorender.io) under a student premium license.    

 

 

Of all risk factors though, ischemic heart disease (IHD), chronic obstructive pulmonary 

disease (COPD), HTN, and rheumatic heart disease (RHD) have been shown to account 

for about two thirds of HF cases (Ziaeian et al., 2016).  

In brief, RHD can develop after an infection which, if left untreated, can trigger a 

chronic and excessive immune response in or near heart valves, ultimately resulting in 

their dysfunction (Carapetis, 2007). Dysfunctional valves due to scarring and damage can 

result in inadequate ventricular filling, or fluid buildup, ultimately resulting in HF 

(Carapetis, 2007). The incidence of valvular and RHD causing HF in the developed 

world is quite rare, though the developing world still experiences relatively high 

prevalence (Ziaeian et al., 2016; Carapetis, 2007; Virani et al., 2021). 

a b 
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COPD is a chronic inflammatory disease in the lungs which can result in 

pulmonary HTN. Of note, HTN itself is a major risk factor for HF (Kotlyarov, 2022; 

Ziaeian et al., 2016; Hawkins et al., 2009). With regards to the heart, HTN or high blood 

pressure increases the afterload, that is, the force opposing ventricular contraction 

(vascular resistance) (Oh et al., 2020). This increase in vascular resistance increases 

muscle strain, ultimately leading to grave damage and subsequent cell death (Oh et al., 

2020). Since the muscle is post-mitotic, with low cell proliferation and renewal rates, cell 

death triggers the heart’s adaptive remodeling and repair responses, namely cell 

hypertrophy (muscle growth) and tissue fibrosis (replacement scar tissue) (Oh et al., 

2020; Bergmann et al., 2015). Though initially adaptive, these processes, coupled with 

continued strain ultimately decreases ventricular compliance (increased stiffness) and 

deteriorates ventricular function, leading to HF (Oh et al., 2020).  

IHD is one of the largest contributors to HF development (Savarese et al., 2022; 

Moran et al., 2014). IHD develops from an imbalance between energetic demands in the 

tissue and coronary blood flow (Severino et al., 2020). Any dysfunction in the 

vasculature can disrupt coronary circulation; for instance, a myocardial infarction (MI) 

can occur when an obstructive atherosclerotic plaque ruptures, or the cholesterol filled 

plaque severely occludes the vessel (Severino et al., 2020). When the muscle near the 

vessel is deprived of oxygen and nutrients, there is a gross amount of cell death, resulting 

again in cardiac remodeling. As highlighted above, remodeling can ultimately turn 

maladaptive, therefore prompting HF (Oh et al., 2020).  
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1.1.6 Current Heart Failure Therapies  

Currently, the standard of care for HF focuses on improving patients’ 

presentations and symptoms by targeting any number of the compensatory mechanisms 

that become initiated during disease (Mascolo et al., 2022; Machaj et al., 2019). During 

the onset of HF, neurohormonal systems, including the sympathetic nervous system 

(SNS), renin angiotensin-aldosterone system (RAAS), and natriuretic peptides (NP) 

become elevated in order to improve ventricular contractile force, ventricular filling, and 

vascular resistance (Mascolo et al., 2022). Overtime, neurohormonal overactivation can 

contribute to and further aggravate adverse cardiac remodeling, ultimately worsening the 

progression of HF  (Mascolo et al., 2022). A major class of HF drugs target 

neurohormonal mechanisms by preventing their synthesis, or antagonizing their cognate 

receptors (Mascolo et al., 2022; Machaj et al., 2019).  

A major symptom of HF can be reduced pump efficiency; in order to combat this 

decline in systolic function, positive inotropes are often employed (Mascolo et al., 2022; 

Machaj et al., 2019; Okyere et al., 2022). Current drugs on the market in this class work 

by enhancing contractile force through activation of the cardiac muscle motor (myosin), 

and enhancing cell respiration (Mascolo et al., 2022; Machaj et al., 2019; Okyere et al., 

2022).   

Beyond these established therapies are newer drug classes on the horizon, as well 

as clinical trials aimed at new therapeutic avenues (Mascolo et al., 2022). Current 

attractive options include gene therapy, specifically, the reintroduction of key genes that 

regulate systolic function (Mascolo et al., 2022). Also, clinical observations and recent 

experimental findings have suggested potential benefits from modulating inflammation in 
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HF states (Mascolo et al., 2022). There has been some initial success in reducing HF 

associated hospitalization with clinical trials that have targeted reducing levels of 

inflammation, though much remains to be learned (Mascolo et al., 2022). In order to fully 

leverage the benefits from immunomodulation in HF, it has become imperative to explore 

the multifaceted and complex role of inflammation in the normal and failing heart.   

 

1.2 Cardiac Cell Distribution, Physiological Function, & Post Injury Mechanisms 

1.2.1 Cardiac Muscle  

The mammalian heart maintains a highly specialized arrangement of cells which 

allow normal cardiac function and optimal physiology; cardiac cellular complexity is 

outlined in Figure 2a-b. Cardiac myocytes (CM) occupy the greatest volume in the tissue, 

though they are not the largest cell type in number (Tucker et al., 2020; Litvinukova et 

al., 2020; Skelly et al., 2018; Pinto et al., 2016). General CM characteristics and function 

include organized sarcomeric structures of actin and myosin proteins which form cross-

bridges to drive muscle contraction (Squire, 1971). Muscle contraction propels the 

ejection of blood into distal tissues. Though actin and myosin are key components of CM, 

it’s important to note that CM are not homogenous. Between chambers, CM 

heterogeneity can be observed: for instance, atrial and ventricular CM vary in gene 

expression patterns, ultimately allowing their unique functions (Tucker et al., 2020; 

Litvinukova et al., 2020). For one, within the sinoatrial node are a subset of CM termed 

pacemaker cells which propagate the CCS (Mangoni et al., 2008). Pacemakers exhibit 

low contractile activity but continuously generate action potentials, thereby driving the 

contractile cycle (Mangoni et al., 2008). Additionally, chamber specific CM can be 



9 

 

distinguished by myosin isoforms like myosin/atrial light chain 2 (MYL7), and myosin 

heavy chain a (MYH6) (Tucker et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cardiac Cellular Complexity. a) Graphic depicts a transverse cross section of 

the heart’s left ventricle. b) The cell complexity present in the mammalian heart can be 

observed. Endo = endothelial cell, VSMC = vascular smooth muscle, CM = cardiac 

myocyte, CF = cardiac fibroblast. Figure was adapted in Biorender (https://biorender.io) 

under a student premium license.    

 

 

These isoforms exhibit structural domains which allow unique biophysical and 

mechanical properties required for atrial contraction (Litvinukova et al., 2020; Walklate 

et al., 2021). On the other hand, ventricular CM are enriched with canonical contractile 

proteins including those required for excitation-contraction coupling, and calcium 

handling processes (Litvinukova et al., 2020).  

In early life, CM exhibit their highest exchange rate, though intrinsic renewal 

drops to less than 1% by adulthood (Bergmann et al., 2015; Lazar et al., 2017). Thus, 

damage to, or loss of CMs is irreversible and largely irreplaceable (Bergmann et al., 

a b 
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2015). To overcome severe CM loss, surviving CM can undergo cell hypertrophy 

(Azevedo et al., 2016). Hypertrophy describes the process whereby cells adapt 

morphologically, increasing in size and volume (Azevedo et al., 2016). Initiation of the 

hypertrophic response is exceedingly complex and can occur through numerous 

mechanisms (Dirkx et al., 2013; Pfleger et al., 2020). For instance, elevated 

neurohormones and growth factors (GF) can initiate molecular changes that then result in 

enhanced global gene expression to account for increased cell size (Dirkx et al., 2013; 

Pfleger et al., 2020). This transcriptional activation within the cell can resemble some 

gene programs seen during cardiac fetal development (Dirkx et al., 2013). Overtime, 

elevated expression of cardiac fetal genes and cell growth turn maladaptive. Dysregulated 

expression of fetal genes involved in CM homeostatic function like contraction, and 

calcium handling can catalyze ventricular dysfunction, ultimately yielding HF (Azevedo 

et al., 2016; Dirkx et al., 2013).  

1.2.2 Cardiac Fibroblasts  

 In the mammalian heart, CM are supported by cardiac fibroblasts (CF). 

Fibroblasts are cells of mesenchymal origin which primarily function to support cardiac 

structural homeostasis (Ivey et al., 2016; Tallquist et al., 2018). In the normal heart, 

quiescent resident fibroblasts are small, spindle shaped cells that produce and secrete 

collagens, glycoproteins, and proteases to maintain the extracellular matrix (ECM) 

(Tucker et al., 2020; Litvinukova et al., 2020). CF also support the myocardium through 

additional functions: they provide insulation of the CCS, and they secrete GF and 

inflammatory mediators (cytokines and chemokines) which regulate muscle growth, 

inflammation, or blood vessel formation (Gibb et al., 2020). 
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Early during stress or injury, resident fibroblasts expand in number, and 

transdifferentiate into myofibroblasts (Ivey et al., 2016; Tallquist et al., 2018; Gibb et al., 

2020; Ivey et al., 2018). Myofibroblasts can be characterized by denovo expression of 

periostin, allowing them to migrate to sites of damage, and secrete even larger amounts of 

ECM components to build scar tissue (Ivey et al., 2016; Tallquist et al., 2018; Gibb et al., 

2020; Ivey et al., 2018). Fibrosis can be a necessary adaptation for the tissue, however, 

excessive myofibroblast activation disrupts the intricate coordination of cells within the 

tissue and weakens tissue compliance (Gibb et al., 2020).  

1.2.3 Cardiac Vasculature   

CM and CF are supported by a network of vascular cells: endothelial (Endo)  and 

vascular smooth muscle cells (VSMC) (Tucker et al., 2020; Litvinukova et al., 2020; 

Skelly et al., 2018; Pinto et al., 2016). In the heart, Endo constitute the largest number of 

non-CM cells; with the vast majority of Endo lining the vascular endothelium (Tucker et 

al., 2020; Pinto et al., 2016). Endo are enriched in genes that participate in processes like 

vascular endothelial growth factor (VEGF) signaling, vasculogenesis, and Endo 

differentiation to name a few (Tucker et al., 2020; Pinto et al., 2016; Lother et al., 2018). 

During normal physiology, Endo also produce paracrine factors and small molecules 

which regulate CM function and remodeling (Segers et al., 2018). In injury states, Endo 

contribute to cardiac remodeling through a few mechanisms. Endo can secrete small 

molecules, and upregulate the secretion of larger GF to modulate the microenvironment 

(Segers et al., 2018). Endo are also important in the rapid regeneration of new blood 

vessels which is necessary to feed working CM (He et al., 2017). 
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1.3 Cardioimmunology: Inflammation in the Healthy and Failing Heart  

1.3.1 Immune Cells: General Introduction 

 As outlined in Figure 3a-b, the normal heart maintains resident immune cells to 

support optimal physiological function (Tucker et al., 2020). Immune cells, or leukocytes, 

are a collection of white blood cells, primarily responsible for sensing and responding to 

foreign pathogens or intrinsic damage with the goal of eliminating and suppressing 

further danger (Okyere et al., 2020; Kondo, 2010). To do so, leukocytes have several 

mechanisms at their disposal, with some being cell-type specific (Okyere et al., 2020; 

Kondo, 2010). For instance, leukocytes are highly secretory, and often release agents 

which are necessary for regulating different inflammatory stages. In brief, chemokines 

and cytokines are secreted at sites of injury; their release primarily triggers the 

recruitment of inflammatory cells, and activates molecular signatures to produce factors 

for resolution (Okyere et al., 2020; Swirski et al., 2018). Leukocytes also secrete 

proteases, extracellular traps, and antibodies to specifically neutralize pathogens, and 

help promote tissue homeostasis and repair (Okyere et al., 2020; Kondo, 2010; Swirski et 

al., 2018). In the context of the heart, these mediators allow leukocytes to initiate repair 

after injury, but also govern homeostasis. 

Leukocytes can be classed by their specific function and origin, making up a few 

different subsets (Kondo, 2010). They all initially derive from hematopoietic stem cells 

(HSC), and differentiate into subclasses of lymphoid or myeloid progenitors (Kondo, 

2010). Common lymphoid progenitors (CLP) can then differentiate into B and T 

lymphocytes, natural killer cells (NK), or a few dendritic cell (DC) subtypes (Kondo, 

2010). On the other hand, common myeloid progenitors (CMP) are precursors for  
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Figure 3. Cardiac Immune Cell Landscape. a) Magnification within the myocardium, 

highlighting cardiac immune cell distribution. Immune cell subsets are indicated by their 

expression of unique markers, pointed out in b) B and T cells are primarily associated 

with the endothelium. Functions of T cells in the steady state heart is not well 

characterized. B cells have been recently shown to contribute to regulating CM integrity, 

size, and cardiac function. DCs are also present within steady state hearts, though their 

function is not yet known. Neutrophils, and mon patrol the endothelium in steady state. 

Mon can transmigrate into myocardium, differentiating into mf. Cardiac mf are the most 

abundant leukocyte in the steady state heart, and are present in a few subtypes. Together, 

they function to aid in maintaining cardiac homeostasis. Figure was generated in 

Biorender (https://biorender.io) under a student premium license.    

  

a 

b 
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megakaryocytes, erythrocytes, granulocytes, and mononuclear phagocytes like 

macrophages (Mf) (Kondo, 2010) 

Over the last decade or so, a combination of cell and tissue profiling studies have 

given greater depth to the understanding of the immune cell makeup, types, and 

proportions in both the normal and injured heart (Tucker et al., 2020; Litvinukova et al., 

2020; Skelly et al., 2018; Pinto et al., 2016; Okyere et al., 2020; Dick et al., 2022; 

Swirski et al., 2018; Lafuse et al., 2021). In the steady state heart, Mf and B Lymphocytes 

are the most numerous immune cell type; T Lymphocytes, DC, monocytes (Mo) and 

neutrophils represent a much smaller percentage, with Mo and neutrophils often only 

identified patrolling the vessels (Okyere et al., 2020; Dick et al., 2022; Swirski et al., 

2018; Lafuse et al., 2021) (Figure 3).  

Following injury, the leukocyte landscape exhibits a large shift, as more immune 

cells are required to mount an appropriate inflammatory response and contribute to 

cardiac adaptation and repair, therefore limiting HF progression (Prabhu et al., 2016). For 

instance, once an MI incites a large volume of cell death, any number of dying cardiac 

cells will release intracellular contents, like mitochondrial DNA, reactive oxygen species 

(ROS), cytokines, and chemokines which become damage associated molecular patterns 

(DAMPs) (Prabhu et al., 2016). DAMPs are recognized by pathogen recognition 

receptors (PRR) mostly on immune cells; PRR activation by DAMPs triggers a wave of 

peripheral inflammatory events (Prabhu et al., 2016). Within minutes of cell death, this 

results in an immense amount of immune cells migrating to the injured heart. Once they 

arrive, extravasate into tissue and become functional, they ingest and clear cell death 

debris, making space for myofibroblasts to form a replacement scar (Prabhu et al., 2016). 
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As time goes on, these highly inflammatory cells get cleared from the tissue, and 

additional leukocytes continue to migrate to the site of injury to help build and stabilize a 

scar, promote angiogenesis, and remodel the myocardium to limit HF (Prabhu et al., 

2016; Swirski et al., 2018). These functions are meticulously coordinated, and rely on the 

activation of major inflammatory programs through key transcription factors (TFs) like 

interferon regulatory factor (IRFs), signal transducer and activator of transcription 

(STATs), and nuclear factor kappa B (NF-kB) (Swirski et al., 2018). Below, each 

leukocyte subtype is reviewed, focusing on how they contribute to cardiac maintenance 

and repair.  

1.3.2 Lymphocytes  

Lymphocytes are typically branded as the adaptive arm of the immune system 

because they provide targeted responses against specific antigens or danger associated 

peptides (Lafuse et al., 2021; Zouggari et al., 2013). Once they derive from CLP in the 

bone marrow (BM), B cells can be subdivided into a few different classes, which allow 

for diverse functions (Kondo, 2010; Wu et al., 2019). For one, conventional B Cells 

function by making unique antibody receptors against specified antigens during injury 

(Kondo, 2010; Wu et al., 2019). In addition to conventional B cells are B1 cells and B 

“regulatory” cells (Wu et al., 2019). B1 cells function similarly to the innate arm of the 

immune system in that they are responsive to immune cues that are released early during 

injury (Wu et al., 2019). Regulatory B cells primarily work to dampen the immune 

response by increasing the secretion of anti-inflammatory cytokines like interleukin 

(IL)10 (Wu et al., 2019). T Lymphocytes make up the other major component of the 

adaptive immune response (Blanton et al., 2019). Similar to B cells, T cells derive from 
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BM CLP that populate the thymus; their maturation requires proliferation, generation of 

diverse T cell repertoires, and the elimination of autoreactive cells (Blanton et al., 2019). 

Once mature, T cells can traffick to other organs, and based on environmental cues 

present, can differentiate to regulate inflammation (Blanton et al., 2019).  

Interestingly, B cells constitute the 2nd largest leukocyte class associated with the 

steady state heart (Lafuse et al., 2021). Although recent studies have identified that most 

myocardial B cells predominantly circulate through small capillaries, these B cells are 

transcriptionally unique, and play an important role in cardiac homeostasis (Adamo (a) et 

al., 2020). Specifically, they have been shown to regulate total myocardial mass, CM size 

integrity, and cardiac function, though mechanistically, it is unclear how (Adamo (a) et 

al., 2020). T lymphocytes are also expressed in healthy mammalian hearts (Tucker et al., 

2020; Swirski et al., 2018; Lafuse et al., 2021). In terms of function relevance, not much 

is known, however, T cells patrolling the endothelium may partake in 

immunosurveillance (Swirski et al., 2018; Lafuse et al., 2021; Blanton et al., 2019).  

Following injury, lymphocytes are present in the heart in much greater numbers, 

and there is ample clinical and experimental evidence to suggest their role in HF 

development (Okyere et al., 2020; Zouggari et al., 2013; Weirather et al., 2014). For 

instance, studies involving B or T lymphocytes in mouse models of HF have linked their 

regulation of inflammatory cytokines like tumor necrosis factor a (TNFa) and interferon g 

(IFNg) to modulating fibrotic remodeling (Okyere et al., 2020; Zouggari et al., 2013; 

Weirather et al., 2014). In addition to these mouse models, patient evidence implicates 

circulating T cells and infiltration of distinct T cell subsets to the heart in pathological HF 

remodeling (Blanton et al., 2019). Similarly, higher levels of B cells have been identified 
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in MI and HF patients, and suggested to play a role in fibrotic remodeling (Zouggari et 

al., 2013; Okyere et al., 2020).  

1.3.3 Myeloid Cells 

 Cells of myeloid origin, in particular, granulocytes and Mon derived cells, allow 

for the innate immune response by providing an initial defense mechanism against danger 

(Kondo, 2010). Consequently, myeloid cells are highly secretory: they release copious 

amounts of cytokines, GF, proteases, and additional inflammatory mediators in order to 

quickly and effectively clear damage (Swirski et al., 2018; Lafuse et al., 2021; Okyere et 

al., 2020). Myeloid cells can also indirectly contribute to a more specific immune 

response through digesting pathogens, and presenting them to adaptive immune cells (van 

de Borght et al., 2018). These include myeloid dendritic cells (DC), which function as a 

bridge between the innate and adaptive immune system (van de Borght et al., 2018). DCs 

arise from common Mon-DC precursors from the BM, once they differentiate into DC 

precursors, they are then able to adopt numerous DC subclasses (Mildner et al., 2014). 

The basal heart contains at least 2 DC subsets, and though their function is unknown, 

they are proposed to safeguard the heart from pathogens, and gatekeep autoimmunity 

(van de Borght et al., 2018).  

In addition to DCs, Mon and neutrophils have also been identified in association 

with the steady state heart (Swirski et al., 2018; Lafuse et al., 2021). Both of these cell 

types stem from the granulocyte Mf precursor, downstream of CMPs (Wolf et al., 2019). 

As progenitor cells, they can mature in BM as either Mon or granulocytes, based on their 

exposure to relevant environmental cues (Wolf et al., 2019). Their release into circulation 

is prompted by specific and strict chemokine gradients established at sites of injury (Wolf 
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et al., 2019). In the basal heart, Mon exist in very few numbers (Swirski et al., 2018; 

Lafuse et al., 2021). They primarily patrol the endothelium, allowing for a rapid immune 

response, should any threat occur (Swirski et al., 2018; Lafuse et al., 2021). Granulocytes 

are a subset of leukocytes with enzyme containing granular structures (Kondo, 2010; 

Swirski et al., 2018). Of all granulocytes, are arguably the most studied in the heart, 

though the presence of neutrophils in the steady-state heart is controversial and still 

debated (Swirski et al., 2018; Lafuse et al., 2021). It is likely that they patrol 

endothelium, but rarely cross into myocardium (Swirski et al., 2018; Lafuse et al., 2021).  

In the event of injury, neutrophils rise in number, and provide the first defense 

once they infiltrate through the activated endothelium (Prabhu et al., 2016; Fine et al., 

2020). Infiltrating neutrophils then release enzymes like serine proteases, matrix 

proteases, and other inflammatory enzymes to begin clearing cell death and matrix debris 

(Prabhu et al., 2016; Fine et al., 2020). DCs have been much less extensively studied, but 

it has been reported that their depletion in experimental MI improves outcomes (Lee et 

al., 2018).  

1.3.4 Macrophages (Mf) in Cardiac Homeostasis & Heart Failure 

 Mf are a class of myeloid immune cells; here they are expanded upon because 

they are the most abundant leukocyte class within the steady-state heart, and take on even 

more roles following an ischemic injury (Tucker et al., 2020; Litvinukova et al., 2020; 

Skelly et al., 2018; Pinto et al., 2016; Dick et al., 2022; Swirski et al., 2018; Lafuse et al., 

2021; Lavine et al., 2018). In general, Mf are the most numerous and diverse of all 

leukocytes; they are capable of regulating a vast array of biological outcomes (Williams 

et al., 2018). To name a few, Mf play major roles in sensing and processing pathogens, 
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they also function as APC, they engulf debris particles, and they are one of the most 

major producers of inflammatory cytokines, and GF (Williams et al., 2018). Since their 

discovery in 1882, they continue to be studied in numerous contexts because of their 

diverse, and at times paradoxical functions in various disease models and injuries 

(Williams et al., 2018).  

Mf can differentiate from circulating Mon precursors based on the tissue’s local 

microenvironment, however, it is important to note that studies from years past have 

shown tissue specific Mf development and origin is not due solely to BM Mon 

differentiation (Williams et al., 2018; Jakubzick et al., 2017). In detail, Mf can derive 

from at least 3 different sources (Jakubzick et al., 2017). Early in embryogenesis, yolk-

sac derived progenitor cells and fetal liver Mon both contribute to populating tissue Mf, 

and are ontologically different from HSCs, even requiring different TFs for cell fates 

(Williams et al., 2018; Jakubzick et al., 2017; Schulz et al., 2012). After birth, circulating 

BM Mon can serve as a 3rd source for Mf in tissues (Dick et al., 2022). So then in the 

adult mammalian heart, tissue residing Mf (TRM) can be stratified based on their origin, 

which allow for diverse function (Lavine et al., 2018).  

Using mice as models, we have learned that TRM that are established in 

embryonic development are first evident at E11.5, in association with the epicardium 

(Lavine et al., 2018). Unlike circulating Mon, which respond to chemokine gradients 

using their cognate receptors, these Mf are characterized by low expression of a C-C 

motif Chemokine Receptor 2 (CCR2) (Lavine et al., 2018). Maturation of these Mf will 

rely heavily on local cues from the epicardium, and circulating Mon can not contribute to 

this Mf population; epicardial ablation in development results in the loss of yolk-sac 
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derived TRM (Lavine et al., 2018; Stevens et al., 2016). Functionally, these TRM, 

starting as early as E13.5 become very important in the development and maturation of 

the coronary system (Lavine et al., 2018; Leid et al., 2016). In addition to yolk-sac 

derived TRM, at E14.5, Mf expressing CCR2 can also be observed, and are likely 

recruited to the heart (Lavine et al., 2018). To date, the specific roles of these recruited 

Mf have not been characterized, and it remains unclear if and how they are required for 

proper cardiac development (Lavine et al., 2018; Leid et al., 2016).  

By adulthood, TRM in mouse hearts can be fully stratified into 4 distinct subsets 

with developmental and functional diversity (Dick et al., 2019). The first and reportedly 

most predominant TRM is entirely self-renewing, and can be distinguished by expression 

of T cell immunoglobulin and mucin domain containing 4 (Tim4) (Dick et al., 2019). 

Tim4 is a phosphatidyl serine receptor that mediates phagocytosis through binding of 

exposed phosphatidylserines apoptotic cell membranes (Miyanishi et al., 2007). The 

transcriptional profile of Tim4+ Mf includes high expression of lymphatic vessel 

endothelial hyaluronan receptor 1 (LYVE1) and insulin-like growth factor 1 (IGF1) 

(Dick et al., 2019). LYVE1 allows Mf to interact with the vascular endothelium, 

therefore supporting vessel health; IGF1 is a potent GF capable of stimulating cell growth 

(Dick et al., 2019). Tim4+ TRM gene expression patterns suggest that functionally, these 

Mf participate in processes like endocytosis, vessel health, muscle cell regeneration, 

muscle cell proliferation, cell chemotaxis, and regulation of leukocyte migration (Dick et 

al., 2019). Tim4+ TRM are unlike the 3 other TRM subsets in the steady state heart, 

which have been shown to receive at least partial renewal input from monocyte 

differentiation (Dick et al., 2019).  
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The 2nd subset of TRM are distinguished by their enrichment in major 

histocompatibility complex II (MHC-II) (Dick et al., 2019). MHC-II hi TRMs have 

limited self-renewal capacity, and thus, are partially replenished by circulating Mon 

(Dick et al., 2019). MHC-II molecules are able to bind fragments of digested pathogens, 

then traffick them to the cell membrane for T cell recognition, allowing antigen 

presentation (van de Borght et al., 2018). Additional functions of MHC-II hi TRMs 

include cell killing, and regulation of molecular signaling upstream of master regulatory 

TFs like NF-kB (Dick et al., 2019). The remaining 2 subsets of TRM are CCR2+, and are 

entirely maintained by circulating and recruited Mon (Dick et al., 2019). They can be 

distinguished from one another by one’s expression of IFN stimulated genes (ISG) (Dick 

et al., 2019). Functionally, ISG TRM are involved in the response to IFN g, and type 1 

IFN (Dick et al., 2019). They also function in the response to foreign invaders by 

recognizing cytotoxic pathogen fragments and viral pathogens (Dick et al., 2019). The 

final subset, CCR2 TRM are enriched in genes involved in glycolysis, (the preferred 

metabolic pathway of inflammatory Mf (Van den Bossche et al., 2015). CCR2 TRM also 

function in the response to hypoxia/ischemia, they regulate fibroblast proliferation 

through cytokine production, and they respond to the release of inflammatory cytokines 

(Dick et al., 2019).  

 A few studies have delved into examining Mf function in the steady state heart. 

Beyond their proposed functions, we have come to appreciate that Mf are important in 

overall cardiac homeostasis. For instance, it was recently shown that Mf form gap 

junctions with CM through connexin 43 (Cx43) expression (Hulsmans et al., 2017). Mf 

and CM coupling allows for regulation of the CCS, as loss of Mf, or Mf specific Cx43 



22 

 

delays AV conduction (Hulsmans et al., 2017). Loss of Mf and CM coupling is also 

associated with mild abnormalities in the atria and ventricles (Hulsmans et al., 2017). 

Beyond these findings, a second study has also shown Mf to be key in supporting 

mitochondrial homeostasis in the heart. When CM eject dysfunctional mitochondria and 

cargo, Mf phagocytose them (Nicolas-Avila et al., 2020). Depletion of Mf or the loss of 

major Mf phagocytic receptors results in impaired clearance of these defective 

mitochondria and cargo, leading to activation of the inflammasome, metabolic 

alterations, and ventricular dysfunction (Nicolas-Avila et al., 2020). These studies 

illuminate what Mf can do in the steady- state heart, although this is just the beginning. 

Currently, the long-term contributions of Mf and other cardiac cells cross talk is still 

unknown. Furthermore, the mechanisms necessary for Mf contribution to homeostatic 

function within basal hearts is still unknown.   

 Following MI, Mf subtype, distribution, and function grows far more complex 

beyond the TRM scope, as detailed in Figure 4a-c (Dick et al., 2019). Ischemia results in 

the loss of a large percentage of TRMs, meaning additional Mf will be recruited to the 

ischemic zone early after injury to initiate injury resolution (Dick et al., 2019; Bajpai et 

al., 2019). In detail, the large volume of cell death will result in enhanced hematopoiesis 

in peripheral tissues like BM and spleen, leading to continued CCR2 dependent Mon 

migration to the heart (Prabhu et al., 2016; Dick et al., 2019, Bajpai et al., 2019). Once 

Mon enter the tissue, they differentiate into Mf, and earlier following injury, can be 

characterized by their high expression of lymphocyte antigen 6 complex locus c1 (Ly6C) 

(Peet et al., 2020). The function of Ly6C is not entirely understood, though it’s thought to 

be important in cell trafficking (Hanninen et al., 2011). In the first few days, CCR2+ and   
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Figure 4. Cardiac Macrophages (Mf) in Post Ischemic Injury Response. a) Following 

myocardial infarction (MI) cardiac cell death leads to the relase of damage associated 

molecular patterns (DAMPs), cytokines, chemokines, and growth factors, which trigger 

inflammatory responses. Inflammatory monocytes from the periphery infiltrate the 

myocardium, and secrete factors to break down ECM, and support inflammation/mf 

differentiation. b) Early post MI mf clear cardiac cell death; mf continue to clear cell 

death from early immune cell responders. c) As time progresses, mf dynamics shift, 

where they support building and stabilizing scar tissue to prevent rupture, support 

angiogenesis, contribute to muscle remodeling. Figure was generated in Biorender 

(https://biorender.io) under a student premium license.    
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Ly6C high Mf are tasked with a few different roles; for one, they are responsible for 

clearing ischemia induced cardiac cell death and debris, as well as short-lived 

inflammatory neutrophils (Prabhu et al., 2016; Peet et al., 2020). This can occur through 

receptor mediated or independent endocytosis and phagocytosis; for instance scavenger 

receptors like MER Proto-Oncogene, Tyrosine Kinase (MERTK) have been shown to  

regulate these roles (Howangyin et al., 2018). Additionally, early post MI (pMI) Mf are 

responsible for the production of cytokines, proteases, and GF which are integral to the 

remodeling heart; once debris is cleared, scar expansion becomes the next priority (Peet 

et al., 2020). pMI Mf express key PRRs like toll like receptors (TLR), nod like receptors 

(NLR), and receptor for advanced glycation-end products (RAGE), which can be 

activated by DAMPs in the infarct microenvironment (Prabhu et al., 2016; Peet et al., 

2020). PRR activation then results in the induction of NF-kB, STATs, IRF, and other 

TFs, leading to the production of IL1b, IL6, IL12, IL18, TNFa, IFNg, MMP9, collagens, 

and transforming growth factor b (TGFb) to name a few (Swirski et al., 2018; Peet et al., 

2020). These factors can activate neighboring CM and CF through paracrine mechanisms 

to initiate CM hypertrophy and fibrotic remodeling. In brief, CM express receptors for 

cytokines like IL6, and TNFa; activation of these receptors triggers molecular signaling 

events which lead to cell growth (Yokoyama et al., 1997; Zhao L et al., 2016). Similarly, 

CF, which begin expanding 1-3 days following MI can be activated to differentiate by 

factors like TGFb, leading to scar formation (Fu et al., 2017). As time progresses, and 

these repair mechanisms take place, Mf continue to switch phenotypes, allowing for 

additional functions (Peet et al., 2020). Later stage pMI Mf can be distinguished by lower 

expression Ly6C and CCR2 (Peet et al., 2020). This wave of Mf can derive from 
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differentiating CCR2+ Mon that exhibit expression and activation of particular TF like 

nuclear receptor subfamily 4 group A member 1 (NR4A1) (Dehn et al., 2018; Hilgendorf 

et al., 2014). Mf in this phase of repair will produce factors like IL10, VEGF, and TGFb 

(Swirski et al., 2018). Functionally, these Mf and their mediators focus on limiting the 

early inflammatory response, stabilizing the expanding scar through continued fibroblast 

activation, and helping to stimulate vessel growth to feed the surviving tissue (Swirski et 

al., 2018; Peet et al., 2020). Following this repair phase, in the weeks pMI, inflammation 

begins to subside, and interestingly, Mf populations begin to mirror baseline TRMs, 

although their origin and genetic signatures may differ greatly (Swirski et al., 2018; Peet 

et al., 2020; Dick et al., 2019). For one, the few TIM4+ TRMs that were able to survive 

the ischemia, in areas remote to the infarct, will proliferate and repopulate the heart (Dick 

et al., 2019). Additionally, once repair mechanisms are stabilized, Mon recruitment will 

not occur at such high volumes (Dick et al., 2019). Mf in the heart will then revert to 

homeostatic functions (Swirski et al., 2018; Dick et al., 2019).  

Currently, it is understood that TRM homeostasis, and the biological processes of 

pMI Mf are critical to adequate cardiac repair; this is because several studies show that a 

disruption in any of these functions can severely alter pMI HF development in mice. For 

one, selective depletion of TRM prior to MI results in adverse events, namely, mice 

lacking TRM experience greater mortality pMI (Dick et al., 2019). This reduction in 

survival may be the result of excessive fibrosis, and hypertrophy, ultimately triggering a 

greater loss of LV function (Dick et al., 2019). In addition to TRM loss, it has recently 

been shown that modulating Mf phenotype, function, and or dynamics, through the 

deletion of key scavenger receptors, metabolic regulators, or TFs, can greatly impact pMI 
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HF development outcomes (Mia et al., 2020; DeBerge et al., 2021; Zhang et al., 2019; 

Galuppo et al., 2017; Liu et al., 2021; Chen et al., 2019; Song et al., 2020). These studies 

begin to link Mf to HF development, but also highlight the need to critically examine 

how Mf, from TRM to recruited Mf pMI, can impact the heart as a whole, and as it is 

failing. A greater understanding of how Mf subtypes influence heart homeostasis and 

pMI repair is of utmost importance. In particular, it could shed light on functional roles of 

Mf in patients with ischemic cardiomyopathy (ICM), for instance, where an abundance of 

CCR2+ Mf have been associated with worse cardiac function (Bajpai et al., 2018). 

Remaining questions include: are there factors key to Mf activation, survival, function, or 

dynamics that could have huge impacts in post MI HF development?  

 

1.4 Epidermal Growth Factor Receptor (EGFR): A Key Factor for Macrophages in 

the Heart? 

1.4.1 Introduction to Receptor Biology  

Within tissues, cells are constantly exposed to signals, which need to be translated 

and integrated appropriately in order to maintain homeostasis, survival, protection, and 

adaptation of any kind (Holbro et al., 2004). This primarily occurs through cell surface 

receptors, which can take signals, or ‘ligands’ from the extracellular space, with the goal 

of inducing some biological outcome (Holbro et al., 2004). In general, cell surface 

receptors come as 1 of 3 types, these being ion channel receptors, G Protein Coupled 

Receptors (GPCR), or enzyme linked receptors (Deller et al., 2000; Miller et al., 2021). 

Briefly, ion channel receptors are typically activated by ligand binding, which results in 

structural changes in the receptor to allow for the exchange of ions between the 

extracellular and intracellular space (Miller et al., 2021). The second class, GPCR, 
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typically have an orthosteric ligand binding pocket in the extracellular space, and in their 

intracellular domain, GPCR bind the heterotrimeric (alpha, beta, gamma) protein, termed 

G protein (Miller et al., 2021). When inactive G protein alpha is bound to guanine 

diphosphate (GDP) (Miller et al., 2021). Ligand binding or activation of GPCR results in 

guanine nucleotide exchange of GDP to guanine triphosphate (GTP) on G alpha, 

allowing for subsequent activation of proteins downstream, to modulate cell function 

(Miller et al., 2021). The third and final class of cell surface receptors are enzyme linked 

receptors. These receptors are differentiated by the presence of catalytic sites within their 

intracellular domains (Miller et al., 2021). Their most common mechanism follows as 

such: after ligand binding, single receptors come in close proximity, forming dimers 

(Miller et al., 2021). This dimerization then activates the catalytic site, resulting in some 

enzyme activity (Miller et al., 2021).  

 The Erythroblastic leukemic viral oncogene (ErbB) family make up one family of 

enzyme linked receptors, functioning as tyrosine kinase receptors (Holbro et al., 2004; 

Deller et al., 2000; Miller et al., 2021). The ErbB family is evolutionarily conserved, as it 

is observed from caenorhabditis elegans (C. elegans) to large mammals, though in 

greater complexity in higher organisms (Holbro et al., 2004). Specifically, in C. elegans 

the ErbB network consists of 1 receptor and ligand, however, in mammalian cells, the 

family includes 4 receptors, with an expansive combination of ligands, detailed in Figure 

5a (Holbro et al., 2004). The complexity of the mammalian ErbB family expands the 

signaling network, adding a great deal of  receptor signaling diversity (Holbro et al., 

2004). The 4 receptors include ErbB1, more commonly referred to as the Epidermal 

Growth Factor Receptor (EGFR), ErbB2, ErbB3, and ErbB4 (Holbro et al., 2004). ErbB2 
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and ErbB3 are also often referred to as human EGFR 2 and 3 respectively (HER2, HER3) 

(Holbro et al., 2004). Ligands in the ErbB family include epidermal growth factor (EGF), 

transforming growth factor a (TGFa), heparin-binding EGF (HB-EGF), amphiregulin 

(AREG), betacellulin (BTC), epigen (EPG), epiregulin (ERG), and neuregulins (NRG) 1-

4 (Holbro et al., 2004). These ligands bind ErbB members with unique specificity, 

outlined in Figure 5a. Of all ErbB receptors, EGFR and ErbB2 are most highly expressed 

in heart tissue (Okada et al., 2022 ). Interestingly, data from the human protein atlas 

database indicates EGFR as being most highly expressed in heart immune cells. This 

makes EGFR an interesting and critical factor to consider. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Epidermal Growth Factor Receptor (EGFR) Family. a) ErbB1-4 family of 

cell surface receptors can be activated by a total of 10 ligands combined (circled in red): 

epidermal growth factor (EGF) transforming growth factor alpha (TGF-a), amphiregulin 

(AR), heparin-binding EGF (HB-EGF), epiregulin (EREG), betacellulin (BTC), 

neuregulins 1-4 (NRG1-4). Arrows specify which ligands activate which receptors. b) 

General ErbB structure includes extracellular domain (ECD) comprising of 4 parts, 

transmembrane spanning domain, juxtamembrane domain (JMD), kinase domain, and 

carboxy terminal (C-term) tail. Structural features of other ErbB members presented. 

ErbB2 does not bind ligand. Kinase domain of ErbB3 functionally impaired. Figure was 

generated in Biorender (https://biorender.io) under a student premium license.    
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1.4.2 EGFR 

 

ErbB receptors share functional and structural homology, though each receptor 

has unique features, allowing for differential receptor signaling kinetics and thus, 

biological outcome (Figure 5b) (Holbro et al., 2004). In detail, the extracellular domain 

(ECD) of EGFR can be divided into 4 domains, which cooperate to maintain the receptor 

in an open or closed state depending on ligand availability (Holbro et al., 2004; Kovacs et 

al.,  2022). Ligand binding to the receptor induces major conformational changes, a 

necessity for receptor dimerization and subsequent activation (Lemmon et al., 2014 ). 

Specifically, beta helical domains 1 and 3 rearrange to bind ligands, allowing for the 

cysteine rich domain 2 to bind and dimerize another receptor molecule (Ogiso et al., 

2002; Burgess, 2009). Following the ECD are the membrane spanning portion, and the 

intracellular domain, consisting of the tyrosine kinase, and carboxyl terminal (C-term) 

tail, rich with autophosphorylation sites (Burgess, 2009; Makki et al., 2013).  

         EGFR dimerization and activation is best exemplified by ligand dependent 

activation of the receptor. ErbB family ligands are typically synthesized as membrane 

bound precursors, which are cleaved by proteases in the MMP or A disintegrin and 

metalloprotease (ADAM) famiily, to make soluble GF (Burgess, 2009; Makki et al., 

2013). Once cleaved, ligands bind EGFR, leading to clustering of receptors on the 

membrane (Burgess, 2009; Makki et al., 2013). Receptor monomers are unable to initiate 

downstream molecular signaling, therefore, 2 receptor molecules form a dimer in order to 

stimulate intrinsic kinase activity within the intracellular domain (Holbro et al., 2004; 

Burgess, 2009). Typically, activated ErbB family receptors can form homo- or 

heterogenous dimers, though dimerizing properties differ between receptors; in 
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particular, ErbB2 and 3 can only signal through heterodimers (Lemmon et al., 2014). 

EGFRs in dimer form are brought in closer proximity, where their juxtamembrane 

domains (JMD) and C-term tails can interact, resulting in receptor activation (Burgess, 

2009; Jura et al., 2009;  Patwa et al., 2021; Zhang et al., 2006 ). In total, the EGFR 

intracellular domain contains 20 tyrosine residues, many of which become 

autophosphorylated upon ligand stimulation (Purba et al., 2017; Lemmon et al., 2014; 

Wee et al., 2017). Autophosphorylated tyrosine residues can then act as docking sites, 

allowing for the recruitment of many intracellular adaptor proteins, most of which 

contain phospho tyrosine binding domains (PTB) (Prenzel et al., 2001; Ogiso et al., 2002; 

Wee et al., 2017 ).  

 

1.4.3 EGFR Signalome 

Of all ErbB receptors, the EGFR signaling network is perhaps the most expansive 

(Wee et al., 2017). Some of the most common molecular signaling pathways downstream 

of EGFR are highlighted below, and represented in Figure 6a (Burgess, 2009). 

Interestingly, many of these pathways are interconnected, with several points of cross talk 

(Wee et al., 2017). Additionally, these molecular signaling events can occur 

simultaneously, leading to biological outcomes like cell proliferation, growth, and 

differentiation (Wee et al., 2017). 
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Figure 6. Major EGFR Signaling Pathways. a) Graphic depicts major signaling 

pathways downstream of EGFR, these being MAPK and PI3K/AKT. Activation of these 

pathways is best exemplified following EGFR ligand activation, leading to dimerization 

and trans/autophosphorylation at particular tyrosine (Y) residues. SHC and GRB2 can 

bind phosphorylated (yellow circles) EGFR, leading to SOS1 recruitment. SOS1, a 

guanine nucleotide exchange factor (GEF), activates RAS, which initiates the MAPK 

cascade (RAF, MEK, and ERK). ERK activation can result in the activation of numerous 

other cytosolic kinases, or nuclear transcription factors (TF) like JUN/FOS and MYC. 

SRC belongs to a family of kinases that mediate molecular changes downstream of 

EGFR. SRC can activate TFs like STATs or NF-kB. PI3K activation follows its binding 

to GAB1. PI3K phosphorylates PIP2, yielding PIP3, which leads to the recruitment and 

activation of AKT. AKT then regulates a large number of cytosolic substrates, including 

mTOR. AKT activation also leads to the activation of additional nuclear TFs. Figure was 

generated in Biorender (https://biorender.io) under a student premium license.    

a 
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Canonical EGFR pathways: 

The mitogen-activated protein kinase (MAPK) pathway is arguably the most 

activated pathway following EGFR activation; MAPK activation mediates a significant 

number of biological responses ranging from cell proliferation, and migration, to cell 

survival, and more (Wee et al., 2017). MAPK activation is initiated after growth factor 

receptor binding 2 (GRB2) binds phosphorylated tyrosine residues within the EGFR 

intracellular domain (Wee et al., 2017). GRB2 functions as an adaptor protein, capable of 

binding son of sevenless 1 (SOS1), a guanine nucleotide exchange factor (GEF) for the 

small GTPase rat sarcoma virus (Ras) (Wee et al., 2017). SOS1 GEF activity results in 

the exchange of GDP for GTP on Ras (Wee et al., 2017). GTP bound Ras then interacts 

with Raf1, resulting in its translocation to the membrane (Wee et al., 2017). 

Translocation of Raf1 to the membrane is an initial requirement in its activation 

mechanism (Wee et al., 2017). Once fully activated, Raf1 kinase activity phosphorylates 

the MAPK kinase (MEK); MEK continues the phosphorylation cascade by activating 

extracellular signal-regulated kinases (ERK) 1 and 2 (Wee et al., 2017). The activation of 

the MAPK signaling pathway induces such a vast array of biological outcomes 

predominantly because of the large number of substrates that are targeted by ERK 1/2 

(Yoon et al., 2006 ). For instance, ERK 1/2 substrates include nuclear transcription 

factors, additional cytosolic kinases, or phosphatases, cytoskeletal proteins, and proteins 

involved in other key signaling pathways (Yoon et al., 2006).  

 Another major canonical pathway that is activated downstream of EGFR 

activation involves phosphatidylinositol 3 kinase (PI3K) and protein kinase B (AKT), 

which are key regulators of processes like metabolism, proliferation, growth, survival, 
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and motility (Vanhaesebroeck et al., 2012). PI3K is a family of kinases, capable of 

phosphorylating membrane phospholipids, which then act as potent second messengers in 

a number of cell signaling events (Wee et al., 2017). Following EGFR activation, PI3K is 

recruited to the receptor, though it does not bind directly (Wee et al., 2017). GRB2 and 

GRB2 associated binder (GAB1) bind activated EGFR, and allow for PI3K docking 

(Wee et al., 2017). In this canonical pathway, PI3K then phosphorylates 

phosphatidylinositol - 4 - 5 - biphosphate (PIP2), yielding phosphatidylinositol - 3 - 4 - 5 

- triphosphate (PIP3) (Vanhaesebroeck et al., 2012). PIP3 can recruit pleckstrin 

homology (PH) domain containing proteins to the membrane, including the serine 

threonine kinase AKT (Wee et al., 2017). AKT translocation to the membrane is the first 

step in its activation; once phosphorylated, AKT in turn targets a large number of 

cytosolic substrates to mediate a number of physiological outcomes (Manning et al., 

2017). 

 The Src family of kinases are non receptor tyrosine kinases that mediate 

molecular changes downstream of EGFR (Sen et al., 2011). Of the 11 members, c-Src is 

most commonly associated with EGFR activation (Wee et al., 2017). Ligand stimulation 

of EGFR is known to mediate c-Src activation (Wee et al., 2017).  Functionally, EGFR/c-

Src signaling may be important for activation of major TFs like STATs and NF-kB, 

which are key regulators of inflammatory mediators (Wee et al., 2017; Shostak et al., 

2015).  

Noncanonical EGFR Functions: 

In addition to activating intracellular molecular protein pathways, EGFR can 

regulate physiology through non canonical mechanisms. For instance, EGFR has been 



34 

 

shown to impact distinct biological outcomes following translocation to different 

compartments of the cell (Wee et al., 2017). In this context, EGFR nuclear and 

mitochondrial signaling have been most extensively studied (Lin et al., 2001; Waugh et 

al., 2001; Brand et al., 2013; Demory et al., 2009). EGFR nuclear translocation and 

function was first reported over 20 years ago when evidence pointed to EGFR’s ability to 

bind unique DNA sequences commonly seen in some TFs that regulate proliferation (Lin 

et al., 2001). Though initially controversial, these early reports have since been followed 

by additional supportive studies, which altogether indicate the potential for EGFR as a 

TF, or TF co-activator (Waugh et al., 2001; Brand et al., 2013). Nuclear EGFR 

translocation is argued to add a layer of specificity to EGFR signaling, as it allows for 

more direct modulation of specific TF targets (Waugh et al., 2001). EGFR is also 

reported to translocate to the mitochondria, where it can associate with and  

phosphorylate mitochondrial proteins, and also regulate mitochondrial dynamics through 

inhibition of mitochondrial fission proteins (Demory et al., 2009; Che et al., 2015).  

EGFR Internalization:  

 Ligand activated EGFR homodimers, or EGFR/ErbB heterodimers can be 

internalized, a mechanism which was first thought to terminate receptor signaling, as 

internalized receptors could be targeted to the lysosome for degradation (Sorkin et al., 

2009). Receptor dimers are internalized through endocytosis, with differing kinetics 

based on dimer makeup (Brand et al., 2013; Sorkin et al., 2009; Holbro et al., 2004). 

Homodimers of EGFR are internalized most rapidly, while ErbB heterodimers are 

internalized at slower rates (Brand et al., 2013). Additionally, it has been shown that 

receptors in endosomes can continue the recruitment of additional protein effectors 
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(Sousa et al., 2012). This highlights receptor endocytic trafficking as a potential 

mechanism through which EGFR/ErbB signaling can be more robust, and specifically 

localized to initiate necessary molecular changes (Sousa et al., 2012; Sorkin et al., 2009).  

EGFR transactivation:  

 An additional layer in the complexity of EGFR signaling stems from its ability to 

be transactivated by other receptors (Grisanti et al., 2017). Some of the most commonly 

studied EGFR transactivation pathways are those secondary to GPCR activation (Grisanti 

et al., 2017). This was first reported after evidence of GPCR ligands inducing EGFR 

phosphorylation (Daub et al., 1996). Since these findings, EGFR transactivation has been 

extensively investigated, and mechanisms leading to GPCR mediated EGFR 

transactivation have been identified (Grisanti et al., 2017). For one, effector proteins like 

G proteins or b Arrestins,  downstream of GPCR can activate proteases which cleave 

EGFR ligands, allowing for their potential binding to EGFR (Grisanti et al., 2017; 

Overland et al., 2015). GPCRs may also interact with EGFRs in microdomains, leading 

to receptor cross-talk and transactivation (Grisanti et al., 2017). Functionally, 

transactivation can engage any number of canonical receptor signaling pathways, but is 

also unique in that it can alter the kinetics of receptor signaling, ultimately yielding 

differential biological outcomes (Grisanti et al., 2014).  

1.4.4 EGFR in the Cardiovascular System   

Historically, EGFR signaling has been the target of cancer research as it is highly 

expressed in tumor tissue, and can be a major driver of tumorigenesis (Holbro et al., 

2004). Within this context, aberrant ligand production, receptor overexpression, or 

mutated forms of the receptor can lead to excessive proliferation and tumor survival 
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(Holbro et al., 2004). Consequently, several EGFR inhibiting strategies have been 

employed as cancer therapeutics and also in clinical trials, with some success (Holbro et 

al., 2004). Currently however, it is well documented that EGFR has physiological roles 

outside of oncogenesis (Burgess, 2009). For one, EGFR is critical for development, as its 

loss in mice is embryonic, or postnatally lethal (Burgess, 2009). The difference in 

lethality can be explained by differences in strain and genetic backgrounds (Burgess, 

2009; Sibilia et al., 1998). However, these early studies reveal that EGFR is clearly 

needed for implantation of the embryo, and development of the central nervous system 

(CNS) (Burgess, 2009; Sibilia et al., 1998).  

In addition to roles in development, EGFR is important in the cardiovascular 

(CV) system, as it is expressed in virtually all cardiac and vascular cell types (Makki et 

al., 2013). Since loss of the receptor is lethal, early studies employed dominant negative 

or pharmacologic strategies to understand how EGFR regulates CV homeostasis. In one 

such model, mice expressing mutant EGFR with receptor autophosphorylation 5-10 fold 

lower exhibit significant cardiac hypertrophy, and systolic dysfunction, with 50% 

mortality by 12 months (Barrick et al., 2009). Similarly, chronic infusion of an EGFR 

inhibitor also leads to cardiac dysfunction in mice, accompanied by elevated fetal gene 

expression, and cardiac cell death (Barrick et al., 2008).  

In more recent studies, the advent of mouse models with promoter specific cre 

recombinases has allowed for the analysis of the distinct roles of EGFR within particular 

cells in the CV system. For example, although Endo specific deletion of EGFR is 

dispensable for basal vascular function, VSMC deletion of EGFR alters vascular tone 

(Schreier et al., 2021; Schreier et al., 2013). In VSMC, EGFR is a critical factor 
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regulating proliferation and migration; its loss results in a modest reduction of the vessel 

media layer, with a concomitant increase in lumen diameter (Makki et al., 2013; Schreier 

et al., 2013). Beyond general vascular homeostasis, manipulating the expression or 

activation of EGFR can also regulate disease outcomes; for instance, EGFR inhibition 

has been shown to limit the severity in models of vascular proliferative disorders like 

restenosis (Makki et al., 2013).  

Cell specific models have also been employed to study the function of EGFR in 

cardiac muscle. In a model of VSMC EGFR deletion, cre promoter overlap in cardiac 

muscle results in 50% reduction in CM EGFR (Schreier et al., 2013). This reduction in 

CM EGFR results in ventricular hypertrophy (Schreier et al., 2013). Further analysis of 

specific CM EGFR deletion shows its importance in maintaining cardiac contracile 

homeostasis and dynamics (Guo et al., 2021). Here, the loss of CM EGFR in mice results 

in progressive systolic dysfunction, and adverse cardiac remodeling by 10 months of age 

(Guo et al., 2021). These phenotypes result in 50-60% mortality by 16 months of age 

(Guo et al., 2021).  

1.4.5 Myeloid-Cell Specific EGFR 

Currently, there have been no full scope reports detailing the role of EGFR in 

cardiac immune cells, especially with regards to their contribution in normal physiology, 

but also in post MI HF development. Interestingly, Mf EGFR has been examined in other 

disease models, raising the question then: do cardiac Mf, which are a critical cell type in 

physiology and pathology, rely on EGFR to function. Each of these studies have used the 

LysMcre model, where a nuclear-localized cre recombinase is inserted into the first 

coding sequence of the lysozyme 2 (Lyz2) gene (Clausen et al., 1999; Shi et al., 2019). 
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Lyz2 is expressed in innate immune cells of myelomonoytic origin, these include Mon, 

Mf, and granulocytes (Shi et al., 2019). As a result, deletion of EGFR is not strict to Mf, 

although, owing to shared precursor cells, and common genetic markers, this is a major 

limitation in virtually all myeloid (myl) targeting cre/lox systems (Shi et al., 2019). 

However, using this model is myl specific, and it is often the case that Mf expression of 

cre and Mf density is greatest relative to Mon or granulocytes (Shi et al., 2019; Hoyer et 

al., 2019). Below, key findings regarding the role of myl/Mf EGFR are discussed; these 

key findings provide rationale for examining whether EGFR ties Mf to cardiac 

physiology/HF development. 

Initial studies of Mf EGFR have examined its role in contributing to 

tumorigenesis in hepatocellular carcinoma (HCC) and a few types of gastrointestinal 

cancer. LysM mediated EGFR deletion has been shown to reduce key cytokines that 

promote hepatocyte malignant growth (Lanaya et al., 2014). In detail, during the 

development of HCC, liver resident Mf, or so called kupffer cells, upregulate EGFR 

(Lanaya et al., 2014). Hepatocytes also undergo damage, resulting in their release of 

DAMPs, which can activate Mf to produce EGFR ligands (Lanaya et al., 2014). This 

induction of EGFR ligands likely contributes to activating EGFR in kupffer cells, which 

then regulates the production and secretion of IL6, allowing for the malignant growth of 

hepatocytes through hepatocyte IL6 receptor (Lanaya et al., 2014).  

Mf EGFR regulation of cytokine production is also observed in other models of 

chronic inflammation and associated cancers. Although it’s important to note, the 

mechanisms contributing to, and the physiological outcomes following, are still up for 

debate. This is because, for instance, in similar models of colitis, different outcomes have 
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been observed following lysm mediated EGFR deletion (Srivatsa et al., 2017; Lu et al., 

2014; Hardbower et al., 2017). One group has observed that myl EGFR protects against 

the development of severe colitis, as EGFR myeloid knockout mice (EGFRmylKO) 

exhibit enhanced inflammation and reduced epithelial barrier integrity during disease 

(Srivatsa et al., 2017). The specific mechanisms leading to this phenotype are not 

identified. On the other hand, using similar mouse models, another group has shown that 

myl EGFR deletion improves colitis outcomes and limits inflammation in the colon (Lu 

et al., 2014). Mechanistically, they provide evidence, suggesting that the loss of Mf 

EGFR leads to prolonged NF-kB activation through enhanced degradation of its upstream 

inhibitor, IkBa (Lu et al., 2014). Here, they reason that prolonged NF-kB activation, in 

response to reduced Mf EGFR activity, results in elevated IL10, which combats 

inflammation in the colon (Lu et al., 2014). Finally, a third group has observed Mf EGFR 

to play no role in colitis severity (Hardbower et al., 2017). Regardless of colitis outcomes 

however, two of the studies mentioned above indicate that in models of colitis associated 

cancer (CAC), Mf EGFR is detrimental, and its deletion reduces tumor burden (Srivatsa 

et al., 2017; Hardbower et al., 2017). In CAC, Mf EGFR activates the TF STAT6, leading 

to the enhanced production of cytokines and growth factors like CXCL9, 10, IL4, 10, 13, 

and VEGF, all of which promote tumor cell survival and angiogenesis (Srivatsa et al., 

2017; Hardbower et al., 2017). Additionally, Mf EGFR also regulates the production of 

pro-inflammatory cytokines, namely IL1b, and IL6, contributing to enhanced 

inflammation and tumorigenesis in CAC (Hardbower et al., 2017). 

The ability of Mf EGFR to regulate the production of both pro and anti 

inflammatory cytokines has also been shown to similarly drive gastrointestinal cancer 



40 

 

subsequent to bacterial infection (Hardbower et al., 2016). It is important to note, that in 

this context, Mf EGFR plays no role in pathogen induced apoptosis, or pathogen 

clearance mechanisms (Hardbower et al., 2016). On the other hand though, another group 

has shown, that Mf EGFR may protect against tumor development in gastrointestinal 

cancers (Zhao G et al., 2016). In brief, EGFR in tumor associated Mf (TAM) can be 

transactivated in the tumor microenvironment, in response to elevated inflammatory 

signaling. They then show that inhibiting Mf EGFR activation can lead to elevated 

STAT6 activation, therefore promoting the production of antiinflammatory mediators, 

and EGFR ligands (Zhao G et al., 2016). Elevated levels of HB-EGF for instance can 

then contribute to immorto-min colonic epithelial (IMCEras) tumor cell proliferation, and 

epithelial to mesenchymal transition (EMT), ultimately increasing tumor burden (Zhao G 

et al., 2016). 

The 2 most recent studies of Mf EGFR have examined its role in CVD. In the 

first, Mf EGFR has been shown to promote atherosclerosis through varied mechanisms, 

the full extent of which is unknown (Zeboudj et al., 2018). In the context of elevated 

oxidized low density lipoprotein (oxLDL), Mf EGFR regulates the expression of a 

scavenger receptor, cluster of differentiation (CD) 36, allowing Mf to engulf oxidized 

cholesterol (Zeboudj et al., 2018). As a result, myl EGFR deletion leads to reduced 

CD36. Heightened endocytosis of oxLDL can result to greater inflammation in the vessel 

wall, resulting in more advanced atherosclerotic lesions (Zeboudj et al., 2018). The 

mechanisms through which EGFR regulates the expression of scavenger receptors is 

currently unknown, and whether this will have an impact in other disease contexts where 

Mf endocytic function is critical is currently unclear.  
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The most recent study examining Mf EGFR sheds the most light on the 

multifaceted roles of EGFR, and is the first to examine how EGFR regulates function of 

Mf differing in origin (Hoyer et al., 2019). Specifically, this study highlights that alveolar 

Mf, which are maintained primarily through self-renewal, can exhibit high expression of 

EGFR during stress, leading to the production and regulation of inflammatory cytokines 

(Hoyer et al., 2019). Notably, in the exact same stress environment, interstitial Mf, which 

derive from Mon differentiation, exhibit lower levels of EGFR, and EGFR is dispensable 

for regulating interstitial Mf inflammatory mediators (Hoyer et al., 2019). These findings 

highlight the importance of Mf EGFR signaling, but further point to its complexity, 

especially when considering how differing origin can contribute to Mf gene expression 

and function (Hoyer et al., 2019).  

 

1.5 Summary, Thesis Key Questions, and Hypothesis   

 HF is a global public health crisis and economic burden (Virani et al., 2021). As 

such, there is an enormous interest to identify novel therapeutic angles (Mascolo et al., 

2022). Inflammation has long been associated with HF, and recently, clinical trials 

targeting inflammation have had moderate success, leaving a desire to explore the full 

extent of how inflammation can contribute to cardiac physiology and HF development 

(Mascolo et al., 2022; Swirski et al., 2018). The most abundant, and complex leukocyte 

in the heart is the Mf (Tucker et al., 2020). Recently, cardiac Mf have been shown to be 

important in stages of cardiac development, heart homeostasis, and HF development 

following MI (Lavine et al., 2018). While these studies have pinpointed Mf roles in the 

heart, exactly how Mf function to yield these outcomes is not fully understood. EGFR is 

a growth factor receptor, critical to a number of biological processes (Holbro et al., 
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2004). EGFR has been shown to be important for Mf function, however, the literature 

surrounding this topic suggests that how Mf EGFR contributes to Mf function is often 

complex, and context dependent (Srivatsa et al., 2017; Lu et al., 2014; Hardbower et al., 

2017; Zhao G et al., 2016; Zeboudj et al., 2018; Hardbower et al., 2016; Hoyer et al., 

2019). This then leaves many unanswered questions, especially when we consider cardiac 

physiology, and HF development subsequent to ischemic attack. For one, how does 

EGFR shape cardiac Mf dynamics, function, and global gene expression? Does this have 

any implications for general cardiac physiology? Additionally, in response to MI - where 

the needs of macrophages become varied, ranging from debris clearance, repair 

induction, to stabilizing the infarct microenvironment, what roles do Mf EGFR play? and 

how? Considering the preliminary evidence, in response to these questions, we 

hypothesized that macrophage EGFR would have protective roles in cardiac physiology, 

and reduce the severity of HF outcomes. The studies outlined below will carefully 

consider these knowledge gaps and provide findings to support that myl/Mf EGFR is 

critical to cardiac homeostasis and protects the infarcted heart during repair.  
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CHAPTER 2 

EXPANDED MATERIALS AND METHODS 

2.1 Animal Protocols 

All experiments requiring mice paid attention to the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals and were approved by the 

Institutional Animal Care and Use Committee (IACUC) at Temple University. The 

project took advantage of the B6.129s6-Egfrtm1Dwt/Mmnc, ID 031765-UNC mouse, 

initially donated by David Threadgill, Ph.D., North Carolina State University. The mice 

were obtained from the Mutant Mouse Regional Resource Center (MMRRC), an NIH-

funded strain repository. They harbor a conditional allele of Egfr with exon 3 flanked by 

two loxP sites (EGFRf/f); deletion results in early termination of translation (Lee et al., 

2009). To generate EGFR deletion specifically in myeloid cells, EGFRf/f mice were 

crossbred with homozygous LysM cre transgenic mice, and will be denoted 

EGFRmylKO for brevity (Clausen et al., 1999). EGFRmylKO mice were bred and 

maintained at homozygosity (Figure 7). LysMcre mice were secured from Jackson 

Laboratory (B6.129P2-Lyz2tm1(cre)Ifo/J, Stock No: 004781). The study featured both male 

and female 12 - 16 week old EGFRmylKO, LysM Cre, and EGFRf/f controls, unless 

otherwise stated. Individual replicates are represented by bullets in bar graphs, and/or are 

indicated in figure legends.  

2.2 Mouse Genotyping 

Mouse genotypes were assessed with agarose gel separation of polymerase chain 

reaction (PCR) products using mouse tail clippings. At roughly 3 weeks of age, about 0.5  
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Figure 7. Generation of Myeloid-Cell Specific EGFR Knockout (KO) Mouse Model. 

Schematic showing generation of myeloid-specific EGFR knockout mice 

(EGFRmylKO). Homozygous LysM-Cre transgenic mice (LysM Cre) were crossed to 

mice carrying a conditional allele of Egfr with exon 3 flanked by two loxP sites 

(EGFRf/f).    

 

cm of tail was clipped and digested in 50 ul of DirectPCR Lysis Reagent (Viagen 

Biotech, Los Angeles, CA) at 95ºC for 20 min. After this, the tails then received an 

addition of 50 ul of DirectPCR Lysis Reagent, supplemented with 0.6 mg/ml of 

proteinase K (VWR, Solon, OH). The tails in solution were then kept at 55ºC overnight 

(O/N). The next day, tail solutions were heated at 95ºC for 10 min, and after robust 

vortex/centrifugation, tail DNA was used for PCR. PCR primers that were used to detect 

floxed Egfr and Cre are provided in Table 1. PCR was completed at the same time, with 

conditions set at 30 cycles of 94ºC for 30 sec, 56ºC for 25 sec, and 72ºC for 60 secs. 

Following PCR, products were subject to agarose gel (2% in 1X Tris-acetate- 

Ethylenediaminetetraacetic acid (EDTA), Thermo Scientific, Wilmington, DE) and 

distinguished based on size: homozygous EGFRf/f (348 bp), WT EGFR (253 bp), Cre 

(565-585 bp).  
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Table 1. Primer Sequences for Mouse Genotyping 

 

 
Name Sequence 

 
Forward (5’ -  3’) Reverse (5’ -  3’) 

Lox3 CTTTGGAGAACCTGCAGATC CTGCTACTGGCTCAAGTTTC 

Cre GGCGTTTTCTGAGCATACCT CTACACCAGAGACGGAAATCCA 

 

2.3 Reverse Transcription – quantitative Polymerase Chain Reaction (RT-qPCR) 

Total RNA was extracted from a variety of samples: frozen or fresh quarter heart 

tissue, as well as frozen or fresh cell pellets/dishes. RNA was extracted using the 

PureLink RNA mini kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. The RNA was tested for quality and concentration with a Nanodrop 2000 

(Thermo Scientific, Wilmington, DE). Following this quantification, 500 ng (cells) or 

1000 ng (tissue) of RNA was converted to complementary DNA (cDNA) using the High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems, Waltham, MA). A 

normalized amount of cDNA (25 ng) was subject to RT-qPCR in triplicate with the 

Powerup Sybr Select Master Mix (Applied Biosystems, Waltham, MA). All of the gene 

expression was normalized to an internal control, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), and analyzed with the Applied Biosystems Comparative CT 

Method (2^-∆∆CT). All of the primers used in RT-qPCR are listed in Table 2.  

2.4 Tissue Histology  

All mouse hearts were perfused with saline, cutout, and fixed (whole heart) in 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS). 72 hr following fixation, 

hearts were thoroughly rinsed in PBS, and dehydrated with the Microm STP120 tissue 

processor. Hearts were embedded in paraffin with the HistoStar apparatus, and a Microm  
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Table 2. Primer Sequences for RT-qPCR  

Name Sequence 
 

Forward (5’ -  3’) Reverse (5’ -  3’) 

Egfr GGAGAGAATCCCTTTGGAGAAC CCAGTTCTGTTTGTCCCATAGT 

Cre CAGGTTCGTTCACTCATGGAA TCCTGGCAATTTCGGCTATAC 

Acta1 CCCAAAGCTAACCGGGAGAAG CCAGAATCCAACACGATGCC 

Nppb GAGGTCACTCCTATCCTCTGG GCCATTTCCTCCGACTTTTCTC 

Myh7 ACTGTCAACACTAAGAGGGTC TTGGATGATTTGATCTTCCAG 

Col1a1 GAAACCCGAGGTATGCTTGA GGGTCCCTCGACTCCTACAT 

Igfbp5 CCTTGGTGTCTCCCATCTAATC CTGTGACTTGAACTGACCTCAT 

Igfbp7 GTAAGGAGGACGCTGGAGAGT CTGGCTGTAATAAAGTGTTAGTGG 

Igf1 TGGATGCTCTTCAGTTCGTG GTCTTGGGCATGTCAGTGTG 

Igf2 CCCTCAGCAAGTGCCTAAAG TTAGGGTGCCTCGAGATGTT 

Cd36 TCGGATCTGAAATCGACCTT CACAGGCTTTCCTTCTTTGC 

Fabp4 ACACCGAGATTTCCTTCAAACTG CCATCTAGGGTTATGATGCTCTTCA 

Cx43/Gja1 CCATCCAAAGACTGCGGAT GTAATTGCGGCACGAGGAA 

Timp4 GCAAAGACCCTGCTGACACT GGGCTCAATGTAGTTGCACA 

Cxcl12 AGAGCCAACGTCAAGCATCT TAATTTCGGGTCAATGCACA 

Angptl4 GTTTGCAGACTCAGCTCAAGG CCAAGAGGTCTATCTGGCTCTG 

Ccr2 TGCCATCATAAAGGAGCCATAC GTGAATCCAATGCCCTCTTCT 

Tim4 TTTGCCTTGTCATTACCTCT TGACTTCCTGGAGATGATTC 

Cx3cr1 GAGAGATGGCTCAGTGGTTAAG CACAGGAACAGGGAGCTATTT 

Erbb2  ATTTGCTGGAGAAGGGAGAAC GCGACATTCGGAGTCAATCA  

Erbb3  CAGTATGTCCTGGGACTCTAAAC GACCACCTCACACTTCTCATAG  

Gapdh AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT 

Lyz2 AATGGCTGGCTACTATGGAGTCA TGCTCTCGTGCTGAGCTAAACA 

Arg1 AAGAAAAGGCCGATTCACCT CACCTCCTCTGCTGTCTTCC 

Il10 CCAAGCCTTATCGGAAATGA TCACTCTTCACCTGCTCCAC 

Cd206 CACAAAGCCATGCTGTAGTA GTGAAGGTGGATAGAGTGGA 

Vegfa GAGGATGTCCTCACTCGGATG GTCGTGTTTCTGGAAGTGAGCAA 

Fgf2 CACCAGGCCACTTCAAGGA GATGGATGCGCAGGAAGAA 
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HM was used to make sections at 5-micron thickness that were placed onto charged 

microscope slides (Globe Scientific, Mahwah, NJ). Attached heart sections were then 

deparaffinized in xylene (15 min) and ethanol (100,90,80, 70%, 5 min each) before any 

staining. For analysis of cell size and cell cross-sectional areas, hearts were stained O/N 

at 4ºC with Wheat Germ Agglutinin (WGA, 1:250, Vector Labs, San Francisco, CA), 

then rinsed (3x PBS), and counterstained with NucBlue Fixed Cell ReadyProbes 

(ThermoFisher, Fair Lawn, NJ) for 10 min at room temperature (RT). Next, to assess 

capillary density within the left ventricle (LV), hearts were stained O/N at 4ºC with 

isolectin B4 (Lectin, 1:250, Vector Labs, San Francisco, CA), then washed as described 

above, and similarly counterstained with NucBlue. To assess cardiac cell death, sections 

were subjected to terminal deoxynucleotidly transferase (TdT)-mediated dUTP- nick end 

labeling (TUNEL) via an In Situ Cell Death Detection Kit, TMR Red (Sigma-Aldrich, St. 

Louis, MO). After treating sections with proteinase K, hearts were incubated with TMR-

dUTP for 1 hr at 37ºC, and counterstained with troponin I (TNNI, 1:100, Cell Signaling, 

Danvers, MA) O/N at 4ºC. Donkey anti-Rabbit ReadyProbes Secondary Antibody Alexa 

Fluor 488 (1:250, ThermoFisher, Fair Lawn, NJ) was then used against TNNI for 

visualization. Nuclei were identified after NucBlue Fixed Cell ReadyProbes staining, 

similarly as described above. Neutrophil density was determined via myeloperoxidase 

(MPO) staining. After antigen retrieval for 1 hr at 95 ºC (Vector Labs, San Francisco, 

CA), hearts were subject to MPO (15 ug/ml, R&D Systems, Minneapolis, MN) O/N at 

4ºC. Donkey anti-Goat ReadyProbes Secondary Antibody Alexa Fluor 555 (1:250, 

ThermoFisher, Fair Lawn, NJ) was then used against MPO for visualization. Nuclei were 

determined after staining with NucBlue Fixed Cell ReadyProbes as described above. All 
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slides subject to immunofluorescence were preserved with 1-2 drops of ProLong Gold 

Antifade Mountant (ThermoFisher, Fair Lawn, NJ). 

To determine fibrosis and infarct size, heart sections were stained with Masson’s 

trichrome (Sigma-Aldrich, St. Louis, MO). Here, sections were kept in Bouins fluid O/N 

at RT. After thorough washing, sections were then incubated in Hematoxylin-Eosin, 

followed by Biebrich Scarlet-Acid Fucshin for 5 mins, with washing in between. Tissue 

slides were then transferred to phosphotungstic-phosphomolybdic acid, and stained with 

Aniline Blue. Additional tissue sections were stained with Harris modified Hematoxylin-

Eosin to determine cell and tissue morphology (Sigma-Aldrich, St. Louis, MO). 

Immunohistochemistry slides were preserved with 1-2 drops of Permount Mounting 

Media (ThermoFisher, Fair Lawn, NJ). 

Stained heart slides were then analyzed with microscopy, using the Nikon Eclipse 

NiE or TiE microscope at the necessary magnification (x) 0.8, 1, 20 or 40. The Nikon 

NIS-Elements software was required to record and analyze images. Cell size was 

identified after tracing and averaging the area of 80-100 cardiomyocytes over 8-10 

individual images from each LV. The density of capillaries was estimated as lectin 

positive capillaries over tissue area in 8-10 individual images from each LV. Cell death 

was determined to be the number of TUNEL, NucBlue, TNNI, triple positive cells over 

the total number of NucBlue, TNNI double positive cells in 8-10 images in the infarct 

zone and remaining area of each LV. MPO positive neutrophils were determined as 

MPO/DAPI double positive cells in 8-10 images over the infarct zone and remote area. 

To determine infarct lengths after injury, the average percent of collagen scar length was 

taken as a percentage over total LV length in 3 images of each LV. 
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2.5 Primary Cell Isolation & Staining for Flow Cytometry  

Cells were isolated from multiple organs from each mouse for analysis. Cells 

isolated from the heart, spleen, bone marrow, and blood were subject to flow cytometry. 

In the heart, non-cardiomyocyte cells were enriched after both manual and enzymatic 

digestion. After PBS infusion, hearts were cut into 1 mm3 pieces and placed into Roswell 

Park Memorial Institute 1640 Media (RPMI) (Cellgro Corning, Corning, NY) containing 

450 U collagenase II (Worthington Biochemical Lakewood, NJ), and 60 U hyaluronidase 

(Sigma-Aldrich, St. Louis, MO) for every ml. About 7 mls of this digestion buffer was 

used for every 120 mg of tissue. After 1 hr in a rocking 37°C water bath, cell suspensions 

were collected and strained through a 40-µm strainer (Greiner Bio-One, Monroe, NC) 

primed with PBS. Red blood cells (RBCs) were then lysed at 37ºC for 5 min with 

Ammonium Chloride Potassium (ACK) Lysis Buffer (ThermoFisher, Fair Lawn, NJ), 

washed, and separated at 1000 rpm for 5 min at 4ºC. Cells were then counted using 

Trypan Blue Solution (ThermoFisher, Fair Lawn, NJ) to check viability.  

Spleens were carefully excised out, rinsed in PBS, and digested manually through 

mashing with syringes and rinsing over 40-µm strainers. Spleen leukocytes were then 

pelleted at 1000 rpm for 5 min at 4ºC. Similarly, RBCs were lysed as described above, 

and the remaining cell pellet was separated and counted as described above. To isolate 

bone marrow leukocytes, femur and tibia bones were cleared of all skin and muscle, and 

flushed with Hanks Buffered Salt Solution (HBSS) using a 27 G needle (BD, Franklin 

Lakes, NJ). Bone marrow pellets were then resuspended into single cell suspensions (18 

G needle, BD, Franklin Lakes, NJ), and leukocytes were spun at 1000 rpm for 5 min at 

4ºC. RBCs were again lysed as described above, and the remaining cell pellet was 
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washed and counted as described above. To collect blood, syringes were coated with 

heparin, and after snipping the aorta, blood was collected and placed in a tube containing 

10% 0.5 M EDTA. Here, RBCs were lysed with 10X blood volume using the protocol 

described above, and the remaining cell pellet was separated and counted as described 

above.  

For flow cytometry analysis, at least 1.0 x 106 live cells were stained in FACs 

buffer (10% fetal bovine serum (FBS, Gemini Bio-Products) in PBS) with the addition of 

a mixture of antibodies for 1 hr at 4ºC or 15 min at RT. If intracellular staining was 

necessary, cells were treated for 20 min at 4ºC with a fixation/permeabilization buffer 

(Cytofix/Cytoperm Fixation/ Permeabilization Kit, BD, Franklin Lakes, NJ). All 

antibodies are listed in Table 3. For each experiment, there was an unstained control of 

each mouse/organ, and single-color compensations using Ultracomp eBeads 

(ThermoFisher, Fair Lawn, NJ) and ArC Amine Reactive Compensation Bead Kit 

(ThermoFisher, Fair Lawn, NJ) depending on what was necessary. To determine antibody 

specificity, cells from the spleen were subject to isotype controls of all fluorophore 

conjugated antibodies, all listed in Table 4. After staining was complete, data from the 

cell pellets resuspended in PBS were acquired on an LSRII flow cytometer and analyzed 

using FlowJo software (Tree Star Inc.). Cell populations were generally regarded as a 

percent of the total number of leukocytes, unless specified.  

2.6 Isolation of Cardiac Cluster of Differentiation (CD)11b Cells 

Non-cardiomyocyte cells were isolated from roughly 500-700 mg of combined 

heart tissue (here, 3-6 hearts were combined for each replicate) as described above. After 

counting with trypan blue, cells were placed in chilled, sterile PBS, and purified with  
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Table 3. Conjugated Antibodies for Flow Cytometry  

Antibody Fluorophore Manufacture Concentration 

CD45 BUV395 BD, Franklin Lakes, NJ 1:100 

Ly6G BV421 BD, Franklin Lakes, NJ 1:100 

CD117 APC-H7 BD, Franklin Lakes, NJ 1:50 

CD11b BV650 BD, Franklin Lakes, NJ 1:50 

CD68 PE BioLegend, San Diego, CA 1:100 

Ly6C PE-Cy7 BioLegend, San Diego, CA 1:500 

TIM4 PE-Cy7 BioLegend, San Diego, CA 1:30 

CCR2 FITC BioLegend, San Diego, CA 1:100 

CD64 AlexaFluor647 BioLegend, San Diego, CA 1:100 

MHC-II PE BioLegend, San Diego, CA 1:100 

F4/80 AlexaFluor647 Invitrogen, Carlsbad, CA 1:100 

LIVE/DEAD Aqua Invitrogen, Carlsbad, CA 1:40 

 

 

Table 4. Flow Cytometry Isotype Control Antibodies  

Antibody Isotope Manufacture Concentration 

rat IgG2b BUV395  BD, Franklin Lakes, NJ 1:100 

rat IgG2a BV421  BD, Franklin Lakes, NJ 1:100 

rat IgG2b APC-H7  BD, Franklin Lakes, NJ 1:50 

rat IgG2b BV650  BD, Franklin Lakes, NJ 1:50 

rat IgG2a PE  BD, Franklin Lakes, NJ 1:100 

rat IgG2c PE-Cy7  BioLegend, San Diego, CA 1:500 

rat IgG2a PE-Cy7  BD, Franklin Lakes, NJ 1:30 

rat IgG2b FITC  BD, Franklin Lakes, NJ 1:100 

mouse IgG1 AlexaFluor647 BD, Franklin Lakes, NJ 1:100 

mouse IgG2a PE  BD, Franklin Lakes, NJ 1:100 

rat IgG2a AlexaFluor647  ThermoFisher, Fair Lawn, NJ 1:100 
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Debris Removal Solution (Miltenyi Biotec, Auburn, CA) according to manufacture 

instructions. Debris was thrown out, and the remaining cells underwent RBC lysis as 

described above. After washing with PBS, the cells were transferred to a degassed, 

chilled, solution of PBS containing 2% bovine serum albumin (BSA) and 0.5 mM EDTA 

(isolation buffer). The CD11b Microbead Cocktail (Miltenyi Biotec, Auburn, CA) was 

then added to cell suspensions, paying attention to manufacture protocols. Here, after 15 

min at 4ºC, cells were washed with isolation buffer and passed through an MS column in 

a magnetic separator (Miltenyi Biotec, Auburn, CA). CD11b cells were held in the 

column, and then carefully pushed out. Cells were counted with trypan blue and used for 

further applications. Adequate debris removal and CD11b concentration were verified 

with flow cytometry using CD11b-BV650 (1:100, BD, Franklin Lakes, NJ), CD45-

BUV395 (1:100, BD, Franklin Lakes, NJ), and LIVE/DEAD Fixable Aqua Dead Cell 

Stain Kit (1:40, Invitrogen, Carlsbad, CA). 

2.7 Whole Transcriptome Analysis 

Immediately following isolation, cardiac CD11b cells from EGFRmylKO vs 

EGFRf/f control were subject to RNA isolation and quantification as described above. 

Total RNA samples were submitted for transcriptomic analysis as a fee-for-service 

through the Fox Chase Cancer Center (Philadelphia, PA) using the NextSeq2000 

platform (Illumina, San Diego, CA). The Bioanalyzer (Agilent Technologies, Santa 

Clara, CA), and Qubit (Invitrogen, Carlsbad, CA) were first used to identify RNA 

quality, and verify concentrations. Then, 200 ng of samples with RNA integrity number 

(RIN) over 8 were used for the mRNA library, which required the NEBNext Ultra II 

Directional RNA Library Prep Kit, Nextseq 2000 R2 100 cycle reagent (Illumina, San 
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Diego, CA). Here, mRNAs were enriched two times using the poly-T based RNA 

purification beads, and were then fragmented at 94ºC (8 min) by the divalent cation 

methodology. 1st strand cDNA was synthesized with SuperscriptII and random primers at 

42ºC (15 min), followed by 2nd strand synthesis at 16ºC (60 min). In 2nd strand synthesis, 

dUTP was used to replace dTTP to quench the 2nd strand during amplification. A 

nucleotide (‘A’) was then added to the 3’ ends of the blunt fragments at 37ºC (30 min), 

then both adapters with illuminaP5, P7 sequences, and indices were ligated to the cDNA 

fragment at 30ºC (10 min). Samples were then subject to AMPure bead purification 

(Beckman Coulter, Pasadena, CA), and subject to PCR to enrich fragments, with 

conditions of 15 cycles at 98ºC (10 sec), at 60ºC (30 sec), and 72ºC (30 sec). After 

additional purification using AMPure beads, libraries were assessed for quality and 

quantity with the bioanalyzer and Qubit. Libraries were then pooled and added to the 

sequencer. Single end reads at 65bp were generated prior to bioinformatics analyses 

using the Cufflink software (Trapnell Lab) at the Illumina server. Genes with absolute 

value log2[fold change] > 1.5 and a false discovery rate (FDR) < 0.05 were identified as 

significantly differentially expressed between the two groups. To analyze the data set, 

functional annotation, networks, and upstream regulator analyses were performed in the 

Ingenuity Pathway Analysis software (Ingenuity Systems, Redwood City, CA).  

2.8 Antibody Array Analysis 

         Using a custom c-series mouse protein array kit (RayBiotech, Peachtree Corners, 

GA), samples were lysed in a proprietary lysis buffer reagent supplemented with 1X 

HALT protease inhibitor cocktail (ThermoFisher, Fair Lawn, NJ). After maximum speed 

centrifugation, sample supernatants were collected and assayed for protein concentration 
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using the Pierce 660 nm Protein Assay Reagent (ThermoFisher, Fair Lawn, NJ). 

Normalized protein concentrations were diluted in kit supplied blocking buffer, and were 

applied to membranes with capture antibodies of interest (IGF1, IGF2, Igfbp1, 2, 3, 5, 6, 

7). After sample incubation, the kit provided biotinylated antibody cocktail was applied, 

followed by streptavidin labeling. The chemiluminescence signals were then recorded 

using an iBright 1500 Imaging System (Invitrogen, Carlsbad, CA). Densitometry was 

then used to quantify protein using kit supported software (RayBiotech, Peachtree 

Corners, GA).  

2.9 Neonatal Rat Ventricular Myocyte (NRVM) Isolation  

         Primary neonatal rat ventricular myocytes (NRVM) were isolated from 1 day old 

Sprague Dawley rat pups (Harlan Laboratories, Indianapolis, IN). Hearts were excised 

and placed in sterile ADS solution (116 mM NaCl, 20 mM HEPES, 80 mM Na2HPO4, 56 

mM glucose, 5.4 mM KCl, 80 mM MgSO4; pH 7.4). Hearts were cleaned of blood and 

connective tissue, and were then minced for enzymatic digestion. 10-12 hearts were 

combined and processed 4-5 times in a total of 70 mls of digestion buffer (ADS 

supplemented with 17640 U collagenase II (Worthington Biochemical Lakewood, NJ), 

and 42 mg pancreatin (Sigma-Aldrich, St. Louis, MO)). Cells were collected and plated 

to allow fibroblasts to adhere. 2 hours later, NRVM were collected and plated in HAMs 

F-10 Nutrient Mixture (ThermoFisher, Fair Lawn, NJ) with the addition of 10% horse 

serum, 5% FBS, and 1% penicillin/streptomycin/amphotericin B (PSF) (Gemini Bio-

Products). Cells were kept at 37ºC in a humidified incubator with 5% CO2. Where 

appropriate, NRVM were then kept in HAMs F-10 growth medium without serum or 

FBS.  
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2.10 Isolation and Culture of Bone Marrow Derived Macrophages  

Bone marrow derived mf (BMDM) came from tibia and femur leukocytes that 

were isolated as described above, except here, using sterile tools and conditions. Isolated 

and strained cells were subsequently resuspended in RPMI that had 10% FBS, 1% 

penicillin/streptomycin/amphotericin B (PSF, Gemini Bio-Products), and 20% 

conditioned media from a culture of L929 fibroblasts (BMDM media) (Weischenfeldt et 

al., 2008). Cells were plated under sterile conditions, and mononuclear phagocytes were 

given time to adhere in a humidified atmosphere of 5% CO2 at 37ºC. Adherent 

monocytes were then cultured for a total of 5 days, and on day 3, BMDM media was 

refreshed. For culturing, 1 ml of media was added for every 1.0 x 106 cells. Based on 

experimental needs, leukocytes were initially seeded at a density of 3.0 x 106 in 6 well 

dishes, 6.0 x 106 in 60 mm dishes, or 10.0 x 106 in 100 mm dishes. Mf were confirmed by 

flow cytometric analysis of F4/80 expression.  

2.11 L-cell clone 929 Culture 

L929 fibroblast cells were kept in culture in Minimum Essential Medium (MEM, 

Cellgro Corning, Corning NY) with the addition of 10% FBS and 1% PSF. Cells were 

grown in a humidified atmosphere of 5% CO2 at 37 °C. L929 cells were seeded using a 

density of 5.0 x 106 cells in a T175 cell culture flask, and allowed to grow until they 

reached 75% confluency (20 x 106). At confluency, media was taken off the cells and 

next sterile filtered to be used for deriving mf from bones.  

2.12 Bone Marrow Derived Macrophage Polarization  

On day 6, BMDMs grown in 6 well dishes or 60/100 mm cell culture plates were 

washed with PBS that was warmed. Cells were then placed in BMDM media with the 
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addition of 10 ng/ml of recombinant IL-4 (BioLegend, San Diego, CA) distributed in 

0.5% BSA in PBS. BMDMs were cultured in IL-4 for 0-24 hours to induce polarization 

(Hardbower et al., 2017). Specific time points will be highlighted in figure legends. 

Polarized mf were confirmed by expression of CD206, and Arginase 1 (Viola et al, 2019; 

Ying et al., 2013).  

2.13 Conditioned Media Assays   

BMDM were isolated and cultured as described above. To collect naïve, 

unpolarized BMDM conditioned media, on day 6, control BMDM cultures were placed in 

5% FBS, and 1% PSF supplemented RPMI, and kept for 48 hours. After which, media 

was collected and stored at -20 °C for future use (24296981 – Engstrom et al., 2014; 

27507810 – Zhao et al., 2016). To culture NRVMs with conditioned media, Day 2 

NRVM were placed in HAMs F-10 free of serum for 24 hours. After which, NRVM were 

then incubated with conditioned media vehicle, or conditioned media from control 

BMDM conditioned media for 2 hours (Evdokimova et al., 2012).  

2.14 Protein Extraction and Immunoblot Analysis 

Heart tissue or cells in culture were perfused/washed with PBS and flash frozen in 

liquid nitrogen and -80ºC. Both heart tissue, and/or cells were lysed in RIPA buffer (1 M 

Tris pH 7.4, 10% NP-40, 10% sodium deoxycholate, 1 M sodium chloride, 0.5 M EDTA 

pH 8, 0.5 M sodium fluoride) with 1X HALT protease inhibitor cocktail (ThermoFisher, 

Fair Lawn, NJ) and phosphatase inhibitor cocktail set IV (Calbiochem, San Diego, CA). 

Protein concentrations were quantified as described above. Normalized concentrations 

(30 - 100 µg) of sample lysates were subjected to SDS-polyacrylamide gel 

electrophoresis (8-10% gels), and transferred onto Immobilon-PSQ polyvinylidene 
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fluoride 0.2 µm pore membranes (Millipore, Burlington, MA). To limit non-specific 

binding, membranes were placed in blocking buffer (Rockland, Pottstown, PA), and then 

subjected to antibodies of interest. All primary antibodies used are provided in Table 5. 

After washing western blot membranes with TBS-T, they were subjected to secondary 

antibody at RT for 1 hr in the dark (1:15000, IRDye680 Donkey anti-rabbit IgG, or 

IRDye800 Goat anti-mouse IgG (LI-COR Biosciences, Lincoln, NE). Membranes were 

then visualized on the LI-COR Biosciences Odyssey System. Protein levels were 

quantified using automated densitometry in the ImageStudio software.  

 

Table 5. Immunoblot Primary Antibodies 

Antibody Manufacture Concentration 

EGFR Cell Signaling Technologies, Danvers, MA 1:1000 

STAT3 Cell Signaling Technologies, Danvers, MA 1:1000 

pSTAT3 Y705 Cell Signaling Technologies, Danvers, MA 1:500 

AKT Cell Signaling Technologies, Danvers, MA 1:1000 

pAKT S473 Cell Signaling Technologies, Danvers, MA 1:1000 

ERK1/2 Cell Signaling Technologies, Danvers, MA 1:1000 

pERK 1/2 T202/Y204 Cell Signaling Technologies, Danvers, MA 1:1000 

B Actin Cell Signaling Technologies, Danvers, MA 1:1000 

B Tubulin Cell Signaling Technologies, Danvers, MA 1:1000 

GAPDH Cell Signaling Technologies, Danvers, MA 1:1000 

 

2.15 Mouse Model of Non-Reperfused Myocardial Infarction  

Myocardial infarction was surgically induced in mice, after they were 

anesthetized with 2% isoflurane inhalation (Gao et al., 2010). In detail, a small incision 

into the skin (1.2 cm) was made over the left chest, followed by a purse suture, allowing 

the pectoral muscles to be exposed, dissected, and retracted. The 4th intercostal space was 

then apparent, and a tiny hole was made in order to gently free the heart out. Once the left 
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main descending coronary artery (LCA) was identified, it was sutured and ligated about 3 

mm from its start using a 6-0 silk suture. After ligation, the heart was returned into the 

intra-thoracic space, and the chest was closed back up. Sham operated mice received 

similar treatment, except here, the LCA was left not occluded.   

2.16 Echocardiography  

The VisualSonic Vevo 2100 Imaging System (FUJIFILM, Toronto, ON) was used 

to track cardiac function in EGFRmylKO and control mice. Mouse hair was removed 

from the chest with Nair prior to echocardiograms. All mice were sedated with 2-3% 

isoflurane (Patterson Veterinary, Greeley, CO) which allowed the heart rate (HR) to be 

maintained at 450 – 550 beats per minute (bpm). To capture echocardiograms, long and 

short axis orientation images of the LV were taken in B and M mode using the MS400 

(30-MHz centerline frequency) probe. Parameters of cardiac function and structure were 

measured using M mode images. These included the diastolic and systolic internal 

diameters of the LV (ID d, s), as well as the posterior and anterior LV wall thickness 

(PW, AW d,s), and volumes (V d,s). The stroke volume (SV) was calculated as the 

difference between diastolic and systolic end volumes. Additionally, ejection fraction 

(EF) was calculated as 100 times the SV/Vd. Fractional shortening (FS) was achieved by 

taking the percentage of the difference in internal diameters between diastole and systole, 

over the diastolic diameter. Additionally, the cardiac output (CO) was calculated as the 

SV multiplied by HR. 

2.17 Mitochondrial Bioenergetics Analysis  

Naïve and polarized BMDM were subject to analysis of oxygen consumption rate 

using the Mito Stress Test Kit (Seahorse Biosciences, North Billerica, MA) according to 
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manufacturer’s instructions. BMDM were first detached from cell culture plates using 

Accutase (Millipore, Burlington, MA). They were then seeded at 1.5 x 105 cells in an 

XF96 extracellular flux analyzer 96-well plate with XF media pH 7.4 supplemented with 

10 mM glucose and 1 mM sodium pyruvate. Cells were loaded into the analyzer, and 

basal OCR was measured. Following this, 1µg/ml of oligomycin was injected to inhibit 

the ATP-linked respiration. Next, 1 µm of FCCP was injected to measure maximal 

respiration. Lastly, 1/20 µm of rotenone/antimycin A was injected to inhibit all 

mitochondrial respiration. All data was analyzed using the Wave software.  

2.18 Statistical Analysis  

All statistical analysis was carried out using GraphPad Prism 8.4.0 software 

(GraphPad Software Inc., San Diego, CA). All data graphs were created after plotting the 

mean ± standard error of the mean (SEM) from at least 3 individual samples per group. 

Statistical comparisons were made by using two-tailed unpaired t tests for two groups, 

and ordinary one-way ANOVA with Tukey’s multiple comparisons for 3 or more groups 

at a single time point. Two-way ANOVA with Bonferroni’s multiple comparisons test 

was for when comparing two or more groups during time course experiments. All 

differences were considered significant at P < 0.05.  
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CHAPTER 3 

MYELOID SPECIFIC EGFR REGULATES CARDIAC HOMEOSTASIS AND 

PROTECTS THE INFARCTED HEART DURING REPAIR 

3.1 Myeloid-Cell Specific EGFR Knockout Mice Show Significantly Reduced EGFR 

Expression in Cardiac Myeloid Cells and Bone Marrow Derived Macrophages 

  To investigate how mf EGFR contributes to cardiac physiology and HF 

development, we generated a mouse model of mf-specific EGFR deletion using LysM 

Cre-mediated recombination. In this model, the cre recombinase is inserted in the first 

coding ATG of Lyz2; this results in the loss of endogenous Lyz2 expression and function, 

for the replacement of cre (Clausen et al., 1999). The LysM Cre transgene then allows for 

genetic deletion in cells of myelomonoytic origin, specifically in monocytes, 

macrophages and granulocytes (Abram et al., 2014; Shi et al., 2019). This is because Lyz2 

expression is not unique to mf, though, as discussed in chapter 1.4.5, this is a common 

limitation in all myeloid and mf targeting cre systems (Abram et al., 2014; Shi et al., 2019). 

  Homozygous LysM Cre transgenic mice were crossbred with mice expressing 

loxP-flanked alleles of EGFR (Figure 7). We first confirmed mf derivation from BM 

mon; about 90% of BMDM were double positive for CD11b and F4/80, indicating 

successful differentiation (Figure 8a) (Ma et al., 2018). Using BMDM, we then checked 

for, and observed a significant induction of Cre in EGFRmylKO and LysM Cre in 

comparison to EGFRf/f  controls (Figure 8b). We then assayed BMDM for EGFR gene 

expression and protein level to confirm successful deletion. EGFRmylKO BMDM 

exhibited about 80-90% reduction in Egfr transcript level when compared to EGFRf/f  
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Figure 8. Myeloid-Cell Specific EGFR Deletion Results in Significant Reduction in 

EGFR Gene Expression and Protein Level in Bone Marrow Derived Mf (BMDM). 

a) BMDM were subject to flow cytometry to verify mf derivation using CD11b, and 

F4/80. b) RT-qPCR was used to measure Cre expression and Egfr expression in bmdm 

from EGFRmylKO, versus EGFRf/f and LysM Cre controls, normalized to Gapdh. N = 4-

11, represented in histogram by individual bullets. **P<0.01, ***P<0.001, ns, not 

significant using one-way ANOVA with Tukey’s multiple comparisons test. c) 

Representative immunoblot showing EGFR and β-Actin protein in bmdm from 

EGFRmylKO, EGFRf/f, and LysM Cre controls. d) EGFR expression normalized to β-

Actin. N = 4-11, represented in histogram by individual bullets. *P<0.05, ****P<0.0001, 

ns not significant using one-way ANOVA with Tukey’s multiple comparisons test. 
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control, and was even further reduced when compared to LysM Cre transgenic controls 

(Figure 8b). Immunoblot analyses of protein levels of the receptor revealed that in 

BMDM, EGFR is significantly reduced by about 50 - 60% (Figure 8c-d).  

  Due to the divergent and complex ontogeny of cardiac mf, we wondered if LysM 

Cre mediated recombination would similarly lead to a significant reduction in EGFR in 

cardiac myeloid cells (Williams et al., 2018). Recently, however, the use of a LysM 

specific fluorescent reporter revealed LysM tracing and targeting of almost 90% of 

cardiac mf (Nicolas-Avila et al., 2020). To verify Lyz2 and Egfr expression, we isolated 

cardiac non-myocyte cells, and concentrated Cd11b expressing myeloid cells. We 

assessed mf density, finding on average, the cell isolates contained about 85 - 90% 

CD45/CD11b/CD64 triple positive mf (Figure 9a). In EGFRf/f  control animals, cardiac 

CD11b isolates expressed Lyz2 and Egfr (Figure 9b-c). LysM Cre transgenics and 

EGFRmylKO showed no expression of Lyz2 (Figure 9b-c). However, only EGFRmylKO 

exhibited a significant reduction in Egfr gene expression (Figure 9b-c). 

  The EGFR signaling network relies on the formation of not only receptor 

homodimers, but also heterodimers with other ErbB receptors to initiate major canonical 

pathways (Holbro et al., 2004). Other ErbB family members have been shown to be 

expressed in CD11b myeloid cells, so we wondered if the reduction in EGFR would 

result in compensatory changes in other ErbB family receptors (Yin et al., 2021). In 

BMDM, though EGFRmylKO had significantly reduced EGFR gene expression and 

protein level, ErbB 2 and ErbB3 gene expression were not significantly altered (Figure 

10a). ErbB 4 was not detected in BMDM from either group (Figure 10a). We next 

assessed the activation of canonical pathways downstream of EGFR to understand how 
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its deletion impacted growth factor signaling. We subject BMDM from EGFRmylKO and 

controls to immunoblot analyses, finding no significant changes in ERK1/2, or AKT 

phosphorylation when normalized to total protein (Figure 11a-b). Together, these 

findings indicate successful generation of myeloid EGFR knockout, with major EGFR 

signaling partners remaining intact.  

 

 
 

Figure 9. Myeloid-Cell Specific EGFR Deletion Results in Significant Reduction in 

EGFR Gene Expression in Cardiac Myeloid Cells. a) Cardiac non-myocytes were 

subject to CD11b cell column isolation. CD11b+ cells were subject to flow cytometry to 

verify and estimate cardiac mf concentration in isolates from EGFRf/f versus 

EGFRmylKO hearts using CD45, CD11b, and CD64. b) RT-qPCR was used to measure 

Egfr and c) Lyz 2 expression in cardiac CD11b+ non-myocyte cells from EGFRmylKO, 

versus EGFRf/f and LysM Cre controls, normalized to Gapdh. N = 3-5, represented in 

histogram by individual bullets. *P<0.05, **P<0.01, ***P<0.001, ns, not significant 

using one-way ANOVA with Tukey’s multiple comparisons test. 
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Figure 10. Myeloid-Cell Specific EGFR Deletion does not Result in Compensatory 

Changes in the ErbB2-4 Family. a) RT-qPCR was used to measure Egfr and Erbb 2 - 4  

in bmdm from EGFRmylKO, versus EGFRf/f and LysM Cre controls, normalized to 

Gapdh. nd = not detected. N = 4-5, represented in heatmap by individual boxes. 

**P<0.01, ***P<0.001, ns, not significant using one-way ANOVA with Tukey’s multiple 

comparisons test.  

 

 
Figure 11. Myeloid-Cell Specific EGFR Deletion does not Alter Canonical EGFR 

Signaling. a) Representative immunoblot showing levels of total ERK 1/2, pERK 1/2 at 

threonine 202/tyrosine 204, total AKT, pAKT at serine 473, and β-Actin in bmdmf from 

EGFRmylKO, EGFRf/f, and LysM Cre controls. b) Total and phospho protein levels 

normalized to β-Actin. N = 3-5, represented in histogram by individual bullets. ns not 

significant using one-way ANOVA with Tukey’s multiple comparisons test. 
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3.2 Myeloid-Cell Specific EGFR Maintains Cardiac Homeostasis During Normal 

Physiology  

  Since cardiac mf can regulate cardiac development, homeostasis, and physiology, 

and EGFR activity and function has been shown to be important for cardiac integrity, we 

sought to determine whether myeloid EGFR deletion would result in any phenotypic 

alterations during normal physiology (Barrick et al., 2009; Lavine et al., 2018). We 

assessed global cardiac morphology with WGA and H&E, finding a significant increase 

in cm cell area in EGFRmylKO hearts relative to controls (Figure 12a-b). This increase in 

cell size did not lead to significant changes in heart tissue weight when normalized to 

body weight (Figure 12c). Further assessment of H&E stained hearts at 1 or 10X revealed 

that EGFRmylKO had no other gross morphological changes or cellular changes (Figure 

12d). 

  We next wondered if the increase in cm size was accompanied with any fetal, 

fibrotic, or inflammatory gene changes, reminiscent of myocardial stress. We observed in 

EGFRmylKO hearts, relative to either control, elevated transcripts of Acta1, Nppb, and 

Myh7 (Figure 13a). Neither Tnf or Il1b were significantly upregulated in EGFRmylKO 

hearts compared to controls (Figure 13b). Interestingly, we observed elevated transcripts 

of Col1a1, especially in comparison to LysM Cre controls (Figure 13b). Cardiac function 

is tightly coupled to cardiac structure, and hypertrophy can be associated with either 

preserved or altered cardiac function (Nakamura et al., 2018). Thus, we assessed whether 

elevated fetal gene transcripts and cm area were accompanied by changes in cardiac 

contractile function. We performed serial echocardiographic assessment of EGFRmylKO 

and control animals monthly from 3 to 8 months of age. Representative m-mode   
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Figure 12. Myeloid-Cell Specific EGFR Deletion Results in Increased 

Cardiomyocyte Size in the Left Ventricle, with No Change in Total Tissue Weight. 

a) Cardiomyocyte size was assessed in LVs of 12-16-week-old EGFRmylKO and control 

mice after WGA staining. Panels shown are representative regions of interest (ROI) from 

20X magnification of the LV from each group, scale bar denotes 50 (upper) 10 (lower) 

μm. b) Quantification of cardiomyocyte size is shown in the histogram. N = 5-6, 

represented by individual bullets in the histogram. *P<0.05, ns not significant, one-way 

ANOVA with Tukey’s multiple comparisons test. c) Heart weights were normalized to 

body weights in 12-16 week old EGFRmylKO and control mice. ns not significant, one-

way ANOVA with Tukey’s multiple comparisons test. d) Panels shown are representative 

regions of interest from 1 (left) and 10 (right) X magnification H & E images of the LV 

from EGFRmylKO and EGFRf/f control. Scale bar denotes 1000 (left) 100 (right) μm.  
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Figure 13. Myeloid-Cell Specific EGFR Deletion Leads to Elevated Levels of Fetal 

Gene Transcripts in the Left Ventricle. RT-qPCR was used to measure the expression 

of a) Acta1, Nppb, and Myh7 and b) Il1b, Tnf, and Col1a1, in left ventricles (LV) of 12-

16-week-old EGFRmylKO mice and controls, normalized to Gapdh.  N = 4-12, 

represented by individual bullets in histogram. *P<0.05, **P<0.01,  ns, not significant 

using one-way ANOVA with Tukey’s multiple comparisons test.  
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echocardiograms revealed cardiac function and morphology (Figure 14a). Over this 6 

month course, cardiac functional parameters in control mice did not significantly change, 

consistent with previous findings (Figure 14A-B) (Bai et al., 2019). Similarly, in 

EGFRmylKO animals, we observed preserved cardiac function in hearts over this 

timecourse (Figure 14a-b). Table 6 details all echocardiography parameters from the 

studied mice. Altogether, these findings may suggest a minor role for myeloid EGFR in 

preserving cardiac homeostasis, specifically through its regulation of cm structural 

integrity and fetal gene expression. 
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Figure 14. Myeloid-Cell Specific EGFR Deletion does not Result in Altered Cardiac 

Function During Normal Adulthood. a) Representative m-mode echocardiograms of 

EGFRmylKO and control hearts at 12 weeks of age. Upper scale depicts 1 mm. Bottom 

scale depicts 0.1 seconds. b) EF, LVIDd, LVPWs, and LV mass corr of EGFRmylKO 

and control mice were analyzed monthly after echo at 3 - 8 months of age (x axis) using 

the VisualSonic Vevo software N = 5-8 per group. Left symbols male, right symbols 

female. *P<0.05, **P<0.01, ***P<0.001 ns, not significant, with two-way ANOVA with 

Bonferonni’s multiple comparisons test.  
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Table 6. All Echocardiographic Parameters for Aged Mice  

 

 

 Egfr f/f  EGFRmylKO Lys M Cre 
 

3 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 450.54 14.22 435.71 7.14 474.87 10.48 480.98 5.71 451.54 26.78 475.65 2.29 
Vol s 28.55 4.94 24.29 1.74 26.43 1.19 30.12 1.28 25.22 1.78 26.90 0.76 

Vol d 62.60 7.50 55.93 2.80 58.25 1.83 65.05 1.93 61.83 3.05 60.84 0.31 

SV 34.05 2.56 31.64 1.11 31.82 0.85 34.92 0.95 36.62 1.27 33.93 0.83 

EF 56.70 3.16 57.34 0.88 54.77 0.84 54.08 1.10 59.27 0.90 55.83 1.26 

FS 29.40 2.05 29.51 0.54 27.88 0.53 27.54 0.68 30.91 0.55 28.66 0.85 

CO 15.12 0.73 13.76 0.50 15.11 0.54 16.33 0.38 16.45 0.42 16.13 0.35 
LV Mass 94.14 6.39 89.69 3.66 102.84 1.53 107.38 2.53 91.57 0.07 89.49 3.55 

LV Mass Cor 75.31 5.11 71.76 2.93 82.27 1.22 85.90 2.03 73.26 0.06 71.59 2.84 

LVID;d 3.74 0.20 3.68 0.05 3.62 0.05 3.76 0.06 3.72 0.09 3.63 0.03 
LVID;s 2.83 0.22 2.72 0.07 2.69 0.04 2.86 0.09 2.73 0.11 2.68 0.07 

LVPW;d 0.75 0.05 0.76 0.02 0.81 0.03 0.84 0.02 0.80 0.00 0.74 0.02 

LVPW;s 0.95 0.07 0.95 0.02 1.07 0.02 1.07 0.04 0.95 0.00 0.95 0.01 

             
4 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 462.41 7.53 457.68 6.67 444.61 11.29 456.23 10.72 465.82 21.91 488.40 3.59 

Vol s 44.77 1.57 34.70 2.23 43.49 2.05 43.09 2.27 17.93 1.09 27.10 0.57 

Vol d 89.36 2.10 68.93 3.17 81.48 2.33 81.76 2.10 49.68 1.42 61.96 1.02 
SV 44.58 1.34 34.23 1.14 37.99 0.56 38.67 0.38 31.75 0.33 34.86 0.64 

EF 49.91 1.19 50.26 1.03 46.91 1.00 47.50 1.74 63.95 1.09 56.27 0.50 

FS 25.21 0.72 25.21 0.61 23.30 0.57 23.64 1.06 34.00 0.77 28.89 0.33 
CO 20.62 0.63 15.64 0.54 16.97 0.67 17.30 0.49 14.77 0.54 17.02 0.35 

LV Mass 112.98 5.26 92.02 5.27 100.20 2.30 108.01 3.70 90.74 0.68 86.03 1.10 

LV Mass Cor 90.38 4.21 73.62 4.22 80.16 1.84 86.41 2.96 72.59 0.54 68.82 0.88 
LVID;d 4.25 0.06 3.80 0.06 4.27 0.04 4.20 0.04 3.52 0.01 3.65 0.02 

LVID;s 3.36 0.04 2.97 0.07 3.34 0.07 3.27 0.08 2.33 0.04 2.78 0.02 

LVPW;d 0.73 0.05 0.73 0.02 0.71 0.01 0.77 0.04 0.80 0.04 0.81 0.03 
LVPW;s 0.91 0.05 0.88 0.02 0.98 0.01 0.99 0.02 1.11 0.01 0.99 0.01 

             
5 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 450.67 3.45 470.31 6.67 477.56 7.36 493.39 14.07 457.73 11.85 475.55 8.55 

Vol s 38.53 0.40 32.56 1.92 41.17 1.09 42.83 2.41 34.69 2.43 26.46 0.82 
Vol d 79.32 0.89 66.85 2.36 86.57 1.17 86.17 2.32 78.79 3.59 65.14 2.01 

SV 40.79 0.73 34.29 0.51 45.40 0.16 43.34 0.85 44.10 1.15 38.68 1.27 

EF 51.46 0.50 52.02 1.14 52.51 0.65 50.31 1.88 56.07 1.09 59.33 0.42 
FS 26.01 0.32 26.30 0.68 26.78 0.40 25.44 1.13 28.98 0.69 31.02 0.30 

CO 18.38 0.22 16.11 0.28 21.68 0.27 20.33 0.46 20.16 0.01 18.35 0.61 

LV Mass 107.91 0.87 89.42 2.46 114.54 2.97 113.25 2.12 115.83 3.07 96.62 2.32 
LV Mass Cor 86.33 0.69 71.54 1.97 91.63 2.38 90.60 1.69 92.67 2.45 77.30 1.86 

LVID;d 4.08 0.07 3.78 0.06 4.26 0.01 4.25 0.05 4.11 0.11 3.76 0.05 

LVID;s 3.41 0.04 3.02 0.07 3.34 0.06 3.39 0.11 3.12 0.10 2.68 0.03 
LVPW;d 0.81 0.04 0.74 0.02 0.80 0.01 0.78 0.01 0.79 0.08 0.78 0.01 

LVPW;s 0.97 0.02 0.94 0.02 1.02 0.04 0.99 0.03 1.05 0.05 1.06 0.04 

             
6 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 504.91 15.25 474.15 5.85 540.34 7.31 473.06 9.60 507.05 5.98 503.37 7.01 
Vol s 38.34 1.17 37.49 0.46 41.03 1.29 40.69 2.57 45.09 1.37 30.00 2.08 

Vol d 77.70 4.01 67.82 0.11 82.87 2.00 79.14 1.97 79.97 1.23 65.43 3.27 

SV 39.37 2.85 30.34 0.41 41.84 0.86 38.45 0.63 34.88 0.14 35.43 1.26 

EF 50.31 1.17 44.70 0.63 50.57 0.53 48.33 2.09 43.64 0.85 54.68 1.10 

FS 25.33 0.76 21.85 0.37 25.52 0.31 24.16 1.23 21.34 0.49 27.94 0.69 

CO 19.78 1.42 14.42 0.35 22.58 0.44 20.30 0.61 17.68 0.14 17.73 0.38 
LV Mass 104.51 5.43 90.41 2.22 124.12 1.30 120.12 4.67 103.71 1.83 91.44 3.79 

LV Mass Cor 83.61 4.34 72.33 1.77 99.30 1.04 96.10 3.74 82.97 1.46 73.15 3.03 

LVID;d 4.11 0.08 3.84 0.02 4.27 0.01 4.19 0.05 4.04 0.05 3.77 0.06 
LVID;s 3.21 0.04 3.15 0.02 3.32 0.01 3.28 0.08 3.41 0.04 2.84 0.06 

LVPW;d 0.76 0.04 0.68 0.02 0.78 0.02 0.79 0.03 0.75 0.02 0.70 0.02 
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LVPW;s 0.92 0.00 0.85 0.01 1.03 0.01 1.00 0.01 0.84 0.01 0.91 0.02 

             
7 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 451.53 3.54 486.47 2.31 501.70 3.18 469.63 5.31 507.28 0.00 503.49 3.96 

Vol s 49.62 2.53 36.45 2.01 42.85 0.28 45.68 3.04 43.26 0.00 29.69 1.10 

Vol d 90.06 3.69 68.28 2.88 87.82 1.05 88.93 3.02 80.19 0.00 64.27 1.90 
SV 40.44 1.69 31.84 1.01 44.97 1.07 43.25 0.66 36.93 0.00 34.58 0.83 

EF 44.96 1.11 47.03 0.72 51.11 0.66 48.66 1.78 46.06 0.00 53.90 0.46 

FS 22.22 0.66 23.20 0.41 25.92 0.42 24.47 1.02 22.74 0.00 27.39 0.28 
CO 18.29 0.90 15.48 0.48 22.59 0.67 21.68 0.47 18.73 0.00 17.38 0.29 

LV Mass 119.67 2.95 98.82 3.07 116.44 0.84 118.06 0.92 118.69 0.00 85.88 1.39 

LV Mass Cor 95.73 2.36 79.05 2.46 93.15 0.67 94.45 0.74 94.95 0.00 68.70 1.11 
LVID;d 4.36 0.06 3.95 0.04 4.34 0.03 4.32 0.06 4.16 0.00 3.74 0.05 

LVID;s 3.48 0.11 3.15 0.05 3.27 0.02 3.34 0.11 3.44 0.00 2.83 0.05 

LVPW;d 0.73 0.04 0.65 0.01 0.73 0.00 0.73 0.02 0.68 0.00 0.73 0.01 
LVPW;s 0.94 0.03 0.91 0.02 0.99 0.01 0.99 0.04 0.82 0.00 0.94 0.01 

             
8 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 521.26 6.63 469.08 4.23 523.95 4.21 480.11 7.51 505.70 0.00 478.65 4.35 

Vol s 36.52 0.86 28.35 0.82 43.03 1.67 37.96 1.61 27.75 0.00 28.09 1.76 
Vol d 84.17 3.95 64.34 1.27 91.14 2.35 83.94 3.17 68.74 0.00 69.16 2.80 

SV 47.65 3.40 35.99 0.91 48.11 2.19 45.98 1.96 40.98 0.00 41.07 1.47 

EF 56.27 1.47 55.95 0.94 52.69 1.62 55.40 1.15 59.59 0.00 59.72 1.48 
FS 29.25 1.03 28.79 0.63 27.03 1.03 28.76 0.78 31.33 0.00 31.44 1.02 

CO 24.70 1.42 16.93 0.55 25.13 1.01 23.38 1.21 20.73 0.00 19.64 0.69 

LV Mass 155.95 12.74 108.30 2.50 150.73 1.11 143.80 7.32 116.55 0.00 132.84 2.99 
LV Mass Cor 124.76 10.19 86.64 2.00 120.58 0.89 115.04 5.85 93.24 0.00 106.27 2.39 

LVID;d 4.12 0.06 3.69 0.03 4.32 0.07 4.13 0.10 3.79 0.00 3.93 0.05 

LVID;s 3.23 0.03 2.84 0.06 3.38 0.06 3.12 0.05 2.90 0.00 2.84 0.08 

LVPW;d 0.93 0.01 0.88 0.02 0.85 0.03 0.89 0.04 0.84 0.00 0.82 0.01 

LVPW;s 1.06 0.04 1.03 0.03 1.15 0.02 1.17 0.04 1.11 0.00 1.10 0.01 

 

 

 

3.3 Myeloid-Cell Specific EGFR Deletion Does not Shift Resident Cardiac 

Macrophage Subsets in the Steady State Heart 

  Since we observed larger CM areas and stress associated fetal gene transcripts in 

EGFRmylKO hearts, we wondered how deletion of myeloid specific EGFR resulted in 

these outcomes. The resting heart contains 4 major mf types, which can be maintained 

through self renewal, or monocyte replacement (Dick et al., 2019; Dick et al., 2022). As 

EGFR is a potent regulator of cell survival and proliferation, we wondered if the loss of 

myeloid expressed EGFR led to a disruption in the normal distribution and maintenance 

of steady state cardiac mf, ultimately leading to this loss in CM integrity (Wee et al., 

2017). We isolated non-CM from heart tissue, and by flow cytometric analyses, 

quantified levels of steady state immune cells. We stratified cardiac leukocytes for 
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CD11b and CD64 expression; on average 28-30% of cells were cardiac mf, unchanged in 

EGFRmylKO hearts (Figure 15a-b) (Zaman et al., 2021; Dick et al., 2019). We then 

wanted to assess if cardiac mf in EGFRmylKO exhibited a unique distribution. We 

analyzed mf for their expression of Tim4, MHC-II, and CCR2 to characterize TRM 

subtypes in basal hearts. MHC-II expression was observed in a large percentage of 

cardiac mf across all groups (Figure 15c-d). Most MHC-II mf exhibited little to no 

expression of CCR2, distinguishing them from CCR2+ mf, which were present in the 

tissue at low densities (Figure 15c). EGFRmylKO hearts exhibited similar levels of 

CCR2 and MHC-II mf relative to controls (Figure 15c-d). Tim4+ mf were the next most 

abundant mf type in basal hearts, with no significant changes observed in EGFRmylKO 

hearts (Figure 15d-e). Analyses of Tim4 vs CCR2 revealed virtually no overlap, 

confirming their distinct origin; this remained unchanged in EGFRmylKO hearts. The 

relative distribution of cardiac mf subtypes was further confirmed by gene expression 

analyses of common TRM markers including Cx3cr1, Tim4, and Ccr2, where no 

significant differences were observed in EGFRmylKO compared to control (Figure 16a) 

(Hulsmans et al., 2017). Together, these data suggest that major cardiac mf subsets are 

maintained even in the absence of myeloid EGFR during normal physiology.  
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Figure 15. Myeloid-Cell Specific EGFR Deletion does not Significantly Influence 

Resident Macrophage Subtypes in the Heart. a) Panels show representative flow 

cytometry plots from EGFRmylKO, showing CD45 leukocytes, which were further 

evaluated for CD11b and CD64 to identify Mf. b) Panels show Mf which were further 

evaluated for their expression of CCR2 vs MHC-II, c) MHC-II vs TIM4. d) 

Accompanying histograms detail respective cell percentages. N = 6-9 per group, ns, not 

significant, with one-way ANOVA with Tukey’s multiple comparisons test.  
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Figure 16. Cardiac CD11b+ Cells in EGFRmylKO Exhibit Unaltered Transcripts of 

Resident Macrophage Markers. a) RT-qPCR was used to measure Tim4, Cx3cr1, and 

Ccr2 in cardiac CD11b+ non-myocyte cells from EGFRmylKO, versus EGFRf/f controls, 

normalized to Gapdh. N = 6, represented in heatmap by individual boxes. Ns, not 

significant using students unpaired t-test. 

 

3.4 Myeloid-Cell Specific EGFR Deletion Significantly Shapes the Cardiac CD11b+ 

Transcriptome in the Steady State Heart  

  In recent years, TRM have been shown to influence basal cardiac homeostasis 

through a number of mechanisms (Dick et al., 2019; Hulsmans et al., 2017; Nicolas-Avila 

et al., 2020). Since EGFRmylKO hearts exhibited signs of stress, we sought to investigate 

global transcriptional changes in EGFRf/f control and EGFR knockout cardiac myeloid 

cells. We isolated non-CM and concentrated them by CD11b (Figure 17a). We then 

subject control and EGFRmylKO cardiac CD11b+ cells to bulk RNA sequencing 

(RNAseq); after identifying those with a false discovery rate (FDR) of 0.05 or less, and 

an absolute value log2 fold change of 1.5 or greater, 763 transcripts were considered 

differentially expressed. Of these 763 differentially expressed genes, 612 were 

downregulated, and 151 were upregulated in EGFRmylKO cells (Figure 17b). Lyz2 and 

Egfr were among the top most significantly differentially expressed genes (Figure 17b).  
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Figure 17. Cardiac CD11b+ Cells in EGFRmylKO Hearts Show Significant 

Differential Gene Expression Compared to Control. a) Schematic depicting 

experimental setup for whole transcriptome analysis. 5-7 hearts were combined to 

generate individual biological replicates, with a total N = 3/group. b) Volcano plot of 

differentially expressed RNA transcripts highlighting the number of genes increased and 

decreased in expression out of total transcripts analyzed. Transcripts were only 

considered significantly differentially expressed at cutoffs: fold change absolute value 

(>1.5) and false discovery rate (< 0.05). Significant transcripts are coded in blue 

(downregulated) or red (upregulated). c) Average expression of cardiac cell types rank 

ordered from RNAseq dataset from high to low, mf, CF, endo, lymphocyte, CM, 

neutrophil. Average transcript expression is listed within graph. 
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To verify the cell makeup of our RNAseq samples, we rank ordered cardiac cell markers, 

finding cardiac mf to be enriched in our cell isolates (Figure 17c). 

  To understand how these differentially expressed transcripts could be linked to 

changes in cardiac structure and physiology, we first processed the dataset through 

Ingenuity Pathway Analysis (IPA). IPA grouped significantly differentially expressed 

genes into known pathways and biological functions (Figure 18a). Interestingly, several 

genes were clustered in pathways related to “communication between innate and adaptive 

immune cells” and “IL15 signaling”. Specific targets assigned to these pathways that 

were differentially altered included T and B cell activating cytokines, complement 

pathway genes, and immunoglobulin heavy and kappa variable genes many which have 

predicted roles in antigen binding, activation of complement, activation of the immune 

response, and phagocytosis (Figure 18b) (Fuchs et al., 2018; Luck et al., 2019).  

  Beyond IPA, RNAseq results were cross-referenced to previous findings 

that detail cardiac mf genes involved in homeostasis, and genes identified in resident mf 

populations. In this regard, we identified reduced expression of Cx43 in EGFRmylKO 

cells, which was validated against both control groups (Figure 19a). Cardiac mf Cx43 has 

been shown to facilitate mf and cm coupling, and its loss in cardiac mf has been shown to 

delay AV conduction, resulting in mild abnormalities in either cardiac chambers 

(Hulsmans et al., 2017). Next, we observed differential expression in Cd36 and Fabp4 in 

EGFRmylKO RNAseq results, both of which have been shown to be uniquely 

upregulated in resident cardiac mf (Dick et al., 2019). RT-qPCR validation of these 

targets in additional EGFRmylKO cells revealed significant downregulation in only Cd36 

expression (Figure 19a). Cardiac stress is known to amplify mf subtype and diversify mf   
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Figure 18. IPA Revealed Relevant Pathways Altered in Cardiac CD11b+ Cells in 

EGFRmylKO Hearts Compared to Control. a) IPA analysis grouped genes into most 

inhibited/activated signaling pathways altered in EGFRmylKO versus control. Line graph 

depicts number of targets assigned to pathway, see upper x axis. Bar graphs depict level 

of significance, see lower x axis. Inhibited pathways are shown by green bars, activated 

pathways are shown by orange bars. b) Heat maps detail significant changes in 

EGFRmylKO, versus EGFRf/f CD11b+ for genes related to “innate/adaptive immunity” 

and “IL15 signaling”.  
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gene expression (Dick et al., 2019). We observed elevated transcripts in EGFRmylKO 

cells shown to be specifically upregulated in cardiac myeloid cells under pathological 

conditions (Figure 19b) (Dick et al., 2019). Altogether, these findings point to EGFR as a 

critical regulator of cardiac myeloid gene expression, and hint at elevated levels of stress 

within hearts deficient in myeloid EGFR.  

 

 

 

 

Figure 19. EGFRmylKO Cardiac CD11b+ Cells Differentially Express Transcripts 

Associated with Resident and Injured Mf Subtypes. a) To validate RNA-seq results, 

RT-qPCR was used to measure Cx43, Cd36, Fabp4, and Gapdh in cardiac CD11b+ cells 

from EGFRmylKO, versus EGFRf/f and LysM Cre hearts. N = 3-5 per group from 5-7 

pooled hearts/replicate, **P<0.01, ***P<0.001, ns, not significant using one-way 

ANOVA with Tukey’s multiple comparisons test.  b) Heat maps detail significant 

changes in EGFRmylKO, versus EGFRf/f CD11b+ for genes previously identified to be 

upregulated in cardiac myeloid cells under stress.  
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3.5 Myeloid-Cell Specific EGFR Regulates CD11b+ IGFBP Expression and is 

Associated with Elevated Growth Factor Signaling in the Heart  

  To understand what differentially expressed genes from the transcriptomics 

dataset might be directly involved in cardiac hypertrophy, we further considered recent 

findings linking cardiac resident mf IGF and IGF binding protein (IGFBP) to 

hypertrophic growth (Zaman et al., 2021; De Ponti et al., 2021; Wong et al., 2021). While 

we observed no changes in Igf1 or Igfbp3, 4 expression, EGFRmylKO cardiac cd11b 

cells had significantly reduced transcript levels of Igfbp5 and Igfbp7 in comparison to 

EGFRf/f controls (Figure 20a-b). Lys M Cre transgenic cells had significantly elevated 

levels of Igfbp4 (Figure 20b). EGFRmylKO cells still maintained reduced transcript 

levels of all Igfbps analyzed in comparison to Lys M Cre controls (Figure 20b). 

  IGFBPs are a family of secreted proteins which regulate cell signaling through a 

variety of mechanisms (Allard et al., 2018; Ito et al., 1993). IGFBPs are capable of 

binding, and thus limiting the bioavailability of IGFs (Allard et al., 2018). However, they 

also bind cell surface receptors like the IGF1 receptor (IGF1R) and TNFR1 (Evdokimova 

et al., 2012; Hwang et al., 2011). When IGFBPs bind these receptors, they reduce growth 

factor or cytokine signaling (Evdokimova et al., 2012; Hwang et al., 2011). Thus, we 

wondered if reduced expression of IGFBP 5 and 7 in EGFRmylKO myeloid cells would 

result in enhanced growth factor or hypertrophic signaling in hearts. As AKT, and 

ERK1/2, are downstream of IGF1R and TNFR1, we assessed their activation in hearts 

from EGFRmylKO and controls (Riedemann et al., 2006; Heineke et al., 2006; Chen et 

al., 2002). We observed enhanced phosphorylation of ERK in EGFRmylKO LV relative  
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Figure 20. Cardiac CD11b+ Cells in EGFRmylKO Hearts Show Differential 

Expression of Igfbp5/7 Relative to Controls. a) RT-qPCR was used to measure Igf1, b) 

Igfbp3, Igfbp4, Igfbp5, Igfbp7  and Gapdh in cardiac CD11b+ cells from EGFRmylKO, 

versus EGFRf/f and LysM Cre hearts. N = 3-5 per group from 5-7 pooled hearts/replicate, 

*P<0.05, **P<0.01, ns, not significant using one-way ANOVA with Tukey’s multiple 

comparisons test.  



81 

 

to control, though not AKT (Figure 21a-b). In total, these findings may suggest novel 

mechanisms through which mf EGFR may contribute to cm homeostasis.  

 

 

 

 

 

Figure 21. EGFRmylKO Hearts Exhibit Elevated Growth Factor Receptor 

Activation Relative to Control. a) Representative immunoblot showing levels of total 

AKT, pAKT at serine 473,  total ERK 1/2, pERK 1/2 at threonine 202/tyrosine 204, 

pMEK1/2 at serine 217 221 and Gapdh in total heart lysate from EGFRmylKO, and 

EGFRf/f controls. b) Total and phospho protein levels normalized to loading control. N = 

5-6, represented in histogram by individual bullets. *P<0.05, ns not significant using 

students unpaired t-test.  
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3.6 Impact of Myeloid-Cell Specific EGFR on Cardiac Structural Integrity During 

Ageing  

  With age, the normal heart experiences cellular and molecular changes, which 

lead to structural remodeling and decreased cardiac function (Nakou et al., 2016). 

Additionally, aging hearts also experience elevated inflammation (Hulsmans et al., 2018). 

In detail, we know that by 18 months of age, hearts experience an expansion in cardiac 

mf, and enhanced BM hematopoiesis (Hulsmans et al., 2018). Since young EGFRmylKO 

had alterations in cardiac mf gene expression, coupled with elevated hypertrophy and 

stress in hearts, we wondered if over time this would further aggravate cardiac aging. To 

that end, we aged EGFRmylKO and controls to 18 months, where we tracked cardiac 

function at 10, 12, 15 and 18 months. We assessed body weights at each of these time 

points. Here, all mice had comparable body weight, when separated by sex (Figure 22a). 

Representative images of m-mode 2D echocardiography show cardiac function and 

structure in female mice (Figure 22b). By 15 months, all animals exhibited a significant, 

though modest decrease in cardiac function, as shown by EF, and FS when compared to 

their cardiac function at 3 months of age (Figure 22c, Figure 14b). Additionally, by this 

time point, total LV mass in all groups were elevated (Figure 22a-c). Increased LV mass 

was also accompanied with increased LV diameters at both systole and diastole (Figure 

22c). Echocardiography analyses did not resolve any differences in wall thickness (Figure 

22c). There were no significant changes in LV posterior wall thickness during systole 

across either group (Figure 22c). Table 7 details all echo parameters from aged mice. 

Altogether, these reports may hint at a role for myeloid expressed EGFR in maintaining 

cardiac integrity with age.  
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Figure 22. Impact of Myeloid-Cell Specific on Cardiac Structural Integrity During 

Ageing. a) Body weight of male and female EGFRmylKO mice and controls at 3 and 18 

months of age ( n = 5-8/group) **P<0.01, ***P<0.001 ns, not significant, with one-way 

ANOVA with Tukey’s multiple comparisons test. . b) Representative m-mode 

echocardiograms EGFRmylKO and control hearts at18 months of age. c) EF, LVIDd, 

LVPWs, and LV mass corr of EGFRmylKO and control mice were analyzed after echo 

using the VisualSonic Vevo software N = 5-8 per group. *P<0.05, ns, not significant, 

with two-way ANOVA with Bonferonni’s multiple comparisons test.  
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Table 7. 10-15 mo Echo Parameters  

 Egfr f/f  EGFRmylKO Lys M Cre 

 

10 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 451.96 7.43 468.23 5.40 472.04 4.89 472.00 6.15 488.46 0.00 460.52 7.10 

Vol s 48.41 1.91 42.01 2.47 45.96 2.66 41.57 2.91 41.71 0.00 29.74 1.30 

Vol d 88.72 3.17 73.66 3.61 83.55 3.31 79.73 2.89 87.33 0.00 65.09 1.34 

SV 40.31 1.29 31.65 1.51 37.59 0.72 38.16 0.78 45.62 0.00 35.34 0.58 

EF 45.48 0.29 43.41 1.15 45.38 0.97 48.16 1.90 52.27 0.00 54.52 1.30 

FS 22.50 0.15 21.22 0.64 22.41 0.54 24.06 1.12 26.63 0.00 27.86 0.85 

CO 18.28 0.89 14.94 0.85 17.76 0.43 18.00 0.34 22.29 0.00 16.25 0.25 

LV Mass 118.56 2.75 92.74 2.71 108.99 5.07 115.72 0.48 88.74 0.00 91.53 1.96 

LV Mass Cor 94.85 2.20 74.19 2.17 87.20 4.05 92.57 0.38 70.99 0.00 73.23 1.57 

LVID;d 4.20 0.02 3.90 0.07 4.20 0.10 4.17 0.07 4.12 0.00 3.84 0.05 

LVID;s 3.55 0.08 3.24 0.08 3.32 0.07 3.27 0.09 3.25 0.00 2.88 0.08 

LVPW;d 0.80 0.01 0.70 0.01 0.73 0.01 0.73 0.01 0.68 0.00 0.71 0.02 

LVPW;s 0.92 0.02 0.82 0.01 0.95 0.01 0.99 0.04 0.91 0.00 0.96 0.01 

             

12 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 471.21 8.47 437.76 5.02 476.80 8.91 448.36 11.80 458.24 0.00 456.23 3.13 

Vol s 42.69 3.90 33.05 1.90 45.90 1.15 40.96 2.66 28.03 0.00 29.88 0.78 

Vol d 87.95 4.12 72.03 3.13 86.82 2.74 83.64 2.97 65.53 0.00 69.07 1.74 

SV 45.27 1.46 38.98 1.31 40.91 1.60 42.68 0.35 37.50 0.00 39.20 1.13 

EF 51.92 2.34 54.92 1.06 46.99 0.38 51.37 1.56 57.23 0.00 56.70 0.57 

FS 26.52 1.45 28.22 0.67 23.39 0.25 26.07 0.97 29.56 0.00 29.29 0.38 

CO 21.27 0.38 17.12 0.65 19.50 0.83 19.13 0.51 17.19 0.00 17.87 0.50 

LV Mass 129.18 4.84 111.33 2.32 143.06 6.50 123.90 2.91 118.86 0.00 105.91 2.45 

LV Mass Cor 103.34 3.87 89.06 1.85 114.45 5.20 99.12 2.33 95.09 0.00 84.73 1.96 

LVID;d 4.18 0.10 3.92 0.07 4.26 0.07 4.30 0.01 3.86 0.00 3.92 0.05 

LVID;s 3.33 0.13 3.16 0.08 3.49 0.03 3.37 0.04 2.94 0.00 3.01 0.05 

LVPW;d 0.80 0.01 0.80 0.01 0.86 0.02 0.80 0.00 0.80 0.00 0.76 0.01 

LVPW;s 0.91 0.02 0.94 0.02 1.03 0.04 1.01 0.02 0.89 0.00 0.94 0.02 

             

15 MONTH MALE FEMALE MALE FEMALE MALE FEMALE 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 436.41 6.81 487.60 4.77 427.42 5.21 461.46 18.46 514.38 0.00 417.31 8.19 

Vol s 44.19 2.47 41.59 1.74 50.76 1.52 49.86 3.07 37.01 0.00 34.88 2.55 

Vol d 80.36 2.23 77.71 1.95 95.10 2.28 88.78 2.59 68.89 0.00 72.52 2.94 
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SV 36.17 1.15 36.12 0.21 44.35 0.86 38.92 0.80 31.88 0.00 37.64 0.54 

EF 45.19 1.94 46.97 1.01 46.72 0.45 44.14 1.98 46.28 0.00 52.72 1.73 

FS 22.28 1.15 23.33 0.60 23.29 0.26 21.76 1.14 22.75 0.00 26.87 1.10 

CO 15.81 0.67 17.62 0.26 18.93 0.23 18.01 0.99 16.40 0.00 15.72 0.41 

LV Mass 121.52 2.21 109.10 2.78 124.09 2.13 125.55 2.09 97.24 0.00 114.85 2.21 

LV Mass Cor 97.21 1.77 87.28 2.23 99.27 1.70 100.44 1.67 77.80 0.00 91.88 1.77 

LVID;d 4.24 0.03 4.08 0.05 4.46 0.07 4.40 0.10 3.97 0.00 4.06 0.07 

LVID;s 3.57 0.04 3.34 0.06 3.62 0.05 3.61 0.09 3.29 0.00 3.14 0.07 

LVPW;d 0.80 0.01 0.77 0.02 0.81 0.03 0.75 0.02 0.78 0.00 0.74 0.02 

LVPW;s 0.93 0.02 0.97 0.02 1.08 0.04 0.92 0.02 0.91 0.00 0.92 0.01 

 

 

3.7 Myeloid-Cell Specific EGFR Deletion Aggravates Cardiac Dysfunction 

Following Ischemic Injury 

  In addition to regulating cardiac homeostasis, mf are vital to the post injury 

response (Ma et al., 2018). In this case, both resident mf and mon derived mf are 

important for adequate injury resolution (Ma et al., 2018; Bajpai et al., 2019; Sager et al., 

2016). From RNAseq analysis, IPA clustered several transcripts to wound healing, 

phagosome formation, and vasculogenesis pathways, which were downregulated or 

inhibited in EGFRmylKO cardiac myeloid cells (Figure 18a). Thus, we wondered how 

EGFRmylKO hearts would respond to ischemic injury. We subjected EGFRmylKO and 

control mice to permanent LAD ligation to induce an MI (Gao et al., 2010). We first 

tracked injury survival across multiple cohorts. We observed that in response to MI, 

EGFRmylKO experienced 20-30% mortality, which was not significantly different from 

either control lines (Figure 23a). Next, to understand how EGFRmylKO mice progressed 

to HF relative to controls, we analyzed cardiac function via 2D echocardiography weekly 

following MI (Figure 24a-b). Here, we observed a hastened decline in cardiac function in 

EGFRmylKO mice, when compared to either control group, indicated by significant  
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Figure 23. Loss of Myeloid-Cell Specific EGFR Does not Significantly Impact 

Survival Following Ischemic Injury. Post MI survival is plotted using Kaplan-Meier 

strategy, with median survival at X days following injury. Survival rate is shown as a 

percent change of the starting number of mice/group. N = 7-12/group. ns, not significant.  

 

 

changes in ventricular EF and FS (Figure 24c). Cardiac dysfunction was maintained in 

EGFRmylKO mice for up to 4 weeks, where it was significantly decreased when 

compared to the LysM Cre controls (Figure 24c). Additionally, the loss of function in 

response to injury relative to baseline, was far greater in EGFRmylKO hearts (Figure 

24d). Echocardiography analyses also revealed signs of grave cardiac remodeling in 

EGFRmylKO hearts (Figure 24b-c). Infarcted animals exhibited severe cardiac dilation, 

in comparison to sham operated animals as indicated by enhanced LVID (Figure 24b-c). 

Though this was slightly higher in EGFRmylKO hearts, the difference did not reach 

statistical significance (Figure 24b-c). Table 8 details all echo parameters in sham or 

infarcted animals. In conclusion, these data suggest that myeloid cell-expressed EGFR 

protects the injured heart from cardiac dysfunction. 
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Figure 24. Loss of Myeloid-Cell Specific EGFR Results in Rapid Decline in Cardiac 

Function Following Ischemic Injury.  a) Schematic depicting experimental timeline b) 

Representative m-mode echocardiograms of EGFRmylKO and control hearts 1 week 

following sham or MI. c) EF, FS, and LVIDd of EGFRmylKO and control mice were 

analyzed after echo using the VisualSonic Vevo software and reported prior to, and 1-4 

weeks after surgery. N = 5-6 (sham) 7-8 (MI) per group. *P<0.05, **P<0.01, 

***P<0.001, ns, not significant, with two-way ANOVA with Bonferonni’s multiple 

comparisons test. d) Difference in post MI 4wk EF and FS from baseline values plotted 

for EGFRmylKO and controls. *P<0.05 , **P<0.01, ns, not significant, with one-way 

ANOVA with Tukey’s multiple comparisons test. 
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Table 8. Sham & MI Echo Parameters 

Baseline SHAM MI 

 EGFRf/f (5) EGFRmylKO (5) LysM Cre (6) EGFRf/f (8) EGFRmylKO (7) LysM Cre (8) 

 AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM AVG SEM 

HR 465.44 15.16 454.48 13.15 488.56 7.20 454.63 12.99 468.20 8.30 458.14 10.03 

SV 29.16 2.95 33.67 3.12 32.07 3.04 31.57 1.52 35.64 2.18 34.67 1.67 

EF 58.29 2.94 54.27 4.26 52.22 2.94 53.77 1.84 55.70 2.14 55.62 2.18 

FS 30.17 1.94 27.89 2.90 26.43 1.86 27.29 1.19 28.64 1.34 28.60 1.40 

CO 13.52 1.31 15.21 1.17 15.66 1.51 14.27 0.50 16.62 0.96 15.87 0.82 

LV Mass 76.64 8.16 94.72 3.79 99.37 4.97 85.23 3.69 99.88 3.45 94.83 3.81 

LVAW;s 1.08 0.08 1.04 0.04 1.12 0.05 0.97 0.05 1.14 0.03 0.99 0.05 

LVAW;d 0.65 0.09 0.63 0.04 0.72 0.04 0.68 0.02 0.69 0.03 0.68 0.01 

LVID;d 3.34 0.19 3.78 0.08 3.76 0.16 3.67 0.05 3.71 0.08 3.74 0.08 

LVID;s 2.54 0.20 2.94 0.14 2.92 0.14 2.87 0.11 2.93 0.09 2.80 0.09 

LVPW;d 0.85 0.05 0.84 0.03 0.76 0.05 0.73 0.03 0.84 0.03 0.79 0.05 

LVPW;s 0.98 0.04 1.05 0.03 0.98 0.05 0.90 0.04 0.97 0.04 1.00 0.05 

 
 

1wk  EGFRf/f (5) EGFRmylKO (5) LysM Cre (6) EGFRf/f (8) EGFRmylKO (7) LysM Cre (8) 

HR 497.84 10.19 475.45 8.60 473.00 6.76 473.77 9.71 492.52 12.42 481.33 9.52 

SV 28.75 1.16 32.05 2.35 33.88 2.60 28.54 2.61 20.06 0.92 38.38 2.42 

EF 60.90 2.99 49.90 1.10 62.21 3.43 35.43 2.48 16.78 1.31 41.01 2.20 

FS 31.94 1.98 24.89 0.66 33.19 2.53 16.87 1.29 7.59 0.60 20.03 1.18 

CO 14.27 0.40 15.31 1.34 16.09 1.40 13.54 1.26 9.86 0.44 18.35 0.89 

LV Mass 81.63 9.65 106.72 7.86 103.78 4.29 104.18 6.61 121.48 8.54 125.38 8.89 

LVAW;s 1.08 0.09 1.04 0.01 1.22 0.06 0.84 0.04 0.73 0.03 0.95 0.06 

LVAW;d 0.70 0.06 0.69 0.03 0.77 0.05 0.68 0.02 0.60 0.02 0.69 0.02 

LVID;d 3.27 0.11 3.83 0.17 3.59 0.10 4.29 0.20 4.95 0.13 4.54 0.17 

LVID;s 2.41 0.11 2.93 0.14 2.60 0.10 3.62 0.19 4.61 0.18 3.57 0.19 

LVPW;d 0.78 0.05 0.88 0.04 0.83 0.03 0.66 0.05 0.61 0.03 0.73 0.03 

LVPW;s 1.02 0.04 1.00 0.04 1.09 0.06 0.76 0.05 0.66 0.02 0.89 0.06 

             

2wk  EGFRf/f (5) EGFRmylKO (5) LysM Cre (6) EGFRf/f (8) EGFRmylKO (7) LysM Cre (8) 

HR 482.65 14.41 464.39 12.12 464.43 15.07 468.13 9.35 431.93 9.85 452.58 14.89 

SV 30.81 1.26 32.83 1.82 37.31 2.58 28.70 3.85 21.41 2.39 36.43 3.65 

EF 57.47 3.24 48.43 2.68 54.52 1.93 31.07 3.21 18.73 2.57 36.30 2.10 

FS 29.71 2.10 24.12 1.57 27.90 1.24 14.69 1.68 8.30 1.32 17.44 1.12 

CO 14.83 0.53 15.34 1.22 17.43 1.52 13.27 1.67 9.17 1.01 16.57 1.87 

LV Mass 84.58 8.31 92.20 4.29 101.21 2.67 108.59 5.28 131.28 11.72 124.92 11.96 

LVAW;s 1.04 0.05 0.96 0.03 1.02 0.04 0.83 0.05 0.75 0.05 0.91 0.05 

LVAW;d 0.68 0.06 0.64 0.02 0.73 0.03 0.63 0.04 0.63 0.04 0.67 0.02 
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LVID;d 3.50 0.09 3.82 0.21 3.98 0.11 4.37 0.17 5.06 0.23 4.60 0.21 

LVID;s 2.58 0.17 3.12 0.23 3.04 0.11 3.85 0.14 4.76 0.24 3.79 0.21 

LVPW;d 0.84 0.04 0.74 0.08 0.73 0.01 0.71 0.07 0.64 0.03 0.62 0.04 

LVPW;s 1.05 0.05 0.94 0.08 0.94 0.04 0.83 0.06 0.67 0.04 0.75 0.02 

             

3wk EGFRf/f (5) EGFRmylKO (5) LysM Cre (6) EGFRf/f (8) EGFRmylKO (7) LysM Cre (8) 

HR 481.89 18.95 509.72 21.97 472.95 12.76 480.70 5.59 499.51 19.21 496.53 13.15 

SV 27.85 2.03 36.11 1.54 32.77 1.76 24.58 4.01 22.09 2.44 32.17 1.38 

EF 56.16 2.83 53.21 2.22 51.02 2.32 25.01 3.58 16.70 1.56 31.14 2.69 

FS 28.73 1.85 27.08 1.37 25.66 1.43 11.66 1.80 7.59 0.74 14.80 1.38 

CO 13.34 0.86 18.46 1.42 15.44 0.71 11.78 1.88 10.88 1.11 15.97 0.88 

LV Mass 79.95 9.49 93.84 3.60 102.71 7.43 113.52 8.45 135.94 8.25 132.41 10.92 

LVAW;s 1.03 0.05 0.99 0.03 1.08 0.05 0.82 0.07 0.76 0.05 0.86 0.04 

LVAW;d 0.68 0.08 0.64 0.02 0.76 0.05 0.66 0.05 0.57 0.03 0.69 0.01 

LVID;d 3.38 0.08 3.83 0.09 3.76 0.11 4.57 0.18 5.24 0.13 4.74 0.17 

LVID;s 2.54 0.11 2.95 0.15 2.89 0.11 3.98 0.16 4.84 0.15 4.02 0.18 

LVPW;d 0.76 0.02 0.77 0.03 0.79 0.04 0.60 0.03 0.68 0.03 0.66 0.04 

LVPW;s 1.01 0.04 0.97 0.04 0.98 0.04 0.72 0.03 0.77 0.03 0.74 0.04 

             

4wk  EGFRf/f (5) EGFRmylKO (5) LysM Cre (6) EGFRf/f (8) EGFRmylKO (7) LysM Cre (8) 

HR 496.40 6.09 519.30 22.42 460.56 13.39 482.80 15.43 510.23 9.25 462.61 7.41 

SV 33.05 1.40 35.01 0.79 34.61 1.23 23.01 3.34 21.32 1.98 30.45 1.32 

EF 61.23 1.22 53.61 3.62 54.24 0.73 23.99 3.01 16.40 1.39 31.95 2.91 

FS 32.17 0.84 27.42 2.25 27.61 0.47 11.08 1.47 7.45 0.66 15.14 1.46 

CO 16.38 0.55 18.12 0.47 15.96 0.84 11.21 1.69 10.89 1.06 14.09 0.65 

LV Mass 88.22 4.27 95.62 8.92 104.21 4.39 131.71 14.39 144.47 6.84 137.26 17.06 

LVAW;s 1.19 0.02 1.05 0.03 1.15 0.04 0.89 0.05 0.82 0.05 0.97 0.06 

LVAW;d 0.73 0.03 0.65 0.05 0.76 0.03 0.72 0.04 0.64 0.04 0.75 0.04 

LVID;d 3.59 0.08 3.88 0.12 3.92 0.08 4.53 0.20 5.17 0.11 4.77 0.23 

LVID;s 2.49 0.08 2.96 0.15 2.95 0.05 4.02 0.22 4.75 0.09 4.01 0.27 

LVPW;d 0.75 0.04 0.71 0.04 0.75 0.02 0.59 0.05 0.63 0.03 0.66 0.06 

LVPW;s 1.04 0.04 0.97 0.04 0.95 0.04 0.68 0.04 0.65 0.03 0.81 0.06 

 

 

 

  



90 

 

3.8 Myeloid-Cell Specific EGFR Limits Adverse Cardiac Remodeling Following 

Ischemic Injury 

  Excessive and adverse cardiac remodeling after injury can increase HF severity, 

and in patients, is associated with poor prognosis (van der Laan et al., 2012; Burchfield et 

al., 2013). Post MI cardiac mf are critical to the remodeling myocardium, as they function 

in numerous wound healing processes (Peet et al., 2020). Since EGFRmylKO 

experienced severe cardiac dysfunction following injury, we assessed hearts for 

parameters of cardiac remodeling. We initially sought to assess the level of ischemic 

injury, and found similar infarct lengths relative to total LV length across all groups 

(Figure 25a-b). Analyses of total collagen in the ischemic border zone indicated enhanced 

fibrotic remodeling near the infarct, which was unchanged by myeloid cell-specific 

EGFR deletion (Figure 25c-d). Compared to sham animals, no significant changes in 

interstitial fibrosis were observed in the remote zones of all infarcted animals (Figure 

25c-d). We next assessed hypertrophic remodeling at the cellular level by WGA. When 

compared to either the EGFRf/f or LysM Cre control group, EGFRmylKO hearts had 

elevated cell size (Figure 26a-b). Post MI cardiac hypertrophy was further confirmed by 

gravimetrics and gene expression analysis where EGFRmylKO had larger heart weights 

(Figure 26c-d). Expression of Acta1 was also elevated in EGFRmylKO ventricles when 

compared to control (Figure 26e). We next stained hearts for isolectin, to assess capillary 

formation following the infarct. When compared to either control group, EGFRmylKO 

hearts had significantly fewer capillaries (Figure 27a-b). These data were also 

accompanied with decreased expression of Il10 in post MI EGFRmylKO ventricles when  
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Figure 25. Loss of Myeloid-Cell Specific EGFR does not Alter Cardiac Fibrosis 

Following Ischemia. a) Representative 0.8X and 1X panels of MTC stained LV 4 weeks 

following sham or MI in EGFRmylKO versus EGFRf/f and Lys M Cre controls. Scale bar 

denotes 2 mm (0.8X) and 1 mm (1X). b) Infarct length was assessed as a percentage of 

the total LV length. N = 5-6 (sham) 7-8 (MI), represented by individual bullets in the 

histogram. ns, not significant using one-way ANOVA with Tukey’s multiple 

comparisons test. c) Representative 20X panels of MTC stained LV 4 weeks following 

sham or MI in EGFRmylKO versus EGFRf/f and Lys M Cre controls. Scale bar denotes 

scale bar denotes 100 μm. d) Fibrosis was assessed as a percentage of the total LV area in 

sham, and both remote (RA) and infarct border zone (BZ) regions. N = 5-6 (sham), 7-8 

(MI) represented by individual bullets in histogram. ***P<0.001, ns, not significant using 

one-way ANOVA with Tukey’s multiple comparisons test. 
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Figure 26. Loss of Myeloid-Cell Specific EGFR Aggravates Pathological 

Hypertrophy Following Ischemia. a) Panels show representative regions of interest 

from 20X magnification of WGA stained hearts 4 weeks following sham or MI in 

EGFRmylKO versus EGFRf/f and Lys M Cre controls. b) Histogram shows quantification 

of cardiomyocyte cell size. N = 4-8, represented by individual bullets in the histogram. 

*P<0.05, ***P<0.001, ***P<0.001 using one-way ANOVA with Tukey’s multiple 

comparisons test. Heart weights from EGFRmylKO versus EGFRf/f and Lys M Cre 

controls were normalized to c) body weights or d) tibia lengths 4 weeks following sham 

or MI. N = 4-12, represented by individual bullets in the histogram. **P<0.01, 

***P<0.001 one-way ANOVA with Tukey’s multiple comparisons test. e) RT-qPCR was 

used to measure the expression of Acta1, and Gapdh in the LV of EGFRmylKO mice vs 

EGFRf/f 7 days post MI, normalized to Gapdh. N = 3 sham, 7-8 MI, represented by 

individual bullets in the histogram. **P<0.01, ns not significant, using one-way ANOVA 

with Tukey’s multiple comparisons test. 
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Figure 27. Loss of Myeloid-Cell Specific EGFR Limits Angiogenic Repair Following 

Ischemia. a) Panels show representative regions of interest from 20X magnification of 

isolectin B4 (ILB4) stained hearts 4 weeks following sham or MI in EGFRmylKO versus 

EGFRf/f and Lys M Cre controls. b) Histogram shows quantification of lectin-stained 

capillary density. N = 5-8, represented by individual bullets in the histogram. 

***P<0.001, **P<0.01, ns, not significant using one-way ANOVA with Tukey’s multiple 

comparisons test. c) RT-qPCR was used to measure the expression of Il10, Fgf, Cxcl12, 

and Vegfa, and Gapdh in the LV of EGFRmylKO mice vs EGFRf/f 7 days post MI, 

normalized to Gapdh. N = 3 sham, 5-8 MI, represented by individual bullets in the 

histogram. **P<0.01, *P<0.05, using one-way ANOVA with Tukey’s multiple 

comparisons test.  
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compared to control (Figure 27c). Levels of Cxcl12, Vegf and Fgf in EGFRmylKO hearts 

were not significantly changed (Figure 27c). Together, these findings provide evidence to 

suggest a role for myeloid cell-specific EGFR in limiting adverse remodeling following 

cardiac injury. 

3.9 Myeloid-Cell Specific EGFR Regulates the Post Ischemic Inflammatory 

Response 

  Myeloid and mf EGFR has been shown to differentially regulate inflammatory 

outcomes in varying disease stages and contexts (Hoyer et al., 2019; Hardbower et al., 

2016). In response to cardiac injury, a multiphasic inflammatory response ensues, and is 

necessary for the healing heart (Prabhu et al., 2016). As EGFRmylKO hearts experience 

greater dysfunction and adverse remodeling, we wondered how myeloid EGFR might 

contribute to the post-MI inflammatory response. We first sought to understand how 

much cell death occurred within the first 24 hours of ischemia. To this end, a second 

cohort of animals were subject to MI, and 24 hours after, we analyzed TUNEL positive 

nuclei. Here, we observed 20-30% TUNEL-positive nuclei within troponin-stained cells, 

indicating a severe level of CM death (Figure 28a-b). This was unchanged in 

EGFRmylKO hearts, and in either group, was not observed in areas remote to the infarct 

(Figure 28a-b).  

  As the earliest response to injury, neutrophils exit the circulation and infiltrate the 

infarcted heart (Prabhu et al., 2016). We quantified neutrophil density by 

myeloperoxidase (MPO) staining within infarcted hearts at 24 hours post-MI (Figure 29a-

b). We observed little to no neutrophils in remote areas, however, infarct regions in all  



95 

 

 
Figure 28. Early Following Ischemia, EGFRmylKO Hearts Exhibit Similar Loss of 

Cardiomyocytes. Panels are representative images of TUNEL, DAPI, and troponin I 

(TnI) stained hearts 24 hours post MI in EGFRmylKO versus EGFRf/f and Lys M Cre 

controls in a) infarct, peri infarct, and remote area, regions of interest from 20X 

magnification. b) Accompanying histogram details TUNEL, TnI, and DAPI positive cells 

over total TnI, DAPI positive cells in the remote and infarcted LV. N = 4-6, represented 

by individual bullets in the histogram. ****P<0.0001, ns, not significant using one-way 

ANOVA with Tukey’s multiple comparisons test.   
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Figure 29. Early Following Ischemia, EGFRmylKO Hearts Exhibit Similar 

Neutrophil Densities. Panels are representative images of MPO, and DAPI stained 

hearts 24 hours post MI in EGFRmylKO versus EGFRf/f and Lys M Cre controls in a) 

infarct and remote areas, from regions of interest at 20X magnification. b) Accompanying 

histogram details MPO and DAPI positive cells over total DAPI positive cells in the 

remote and infarcted LV. N = 4-6, represented by individual bullets in the histogram. 

****P<0.0001, ns, not significant using one-way ANOVA with Tukey’s multiple 

comparisons test.  
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mice exhibited significantly higher neutrophil density (Figure 29a-b). This was 

accompanied by comparable levels of Ly6G positive neutrophils in circulation for all 

groups (Figure 30a,c). The completion of the initial inflammatory phase includes an 

expansion in proinflammatory macrophages, so we assessed levels of inflammatory 

monocytes in the blood at this earliest time point (Prabhu et al., 2016). We did not 

observe a difference in Ly6C and CCR2 double positive inflammatory mon in 

EGFRmylKO blood at 24 hours post MI (Figure 30b-c).  

  Inflammatory monocytes and mf peak around 3-4 days following MI, so we 

analyzed a 3rd cohort of animals at 4 days post MI (Prabhu et al., 2016). By flow 

cytometry, we investigated inflammatory dynamics within these hearts. We identified 

elevated CD45+ leukocytes in all infarcted hearts, relative to sham (Figure 31D). 

Similarly, neutrophil levels were much greater in infarcted hearts relative to sham, though 

they were similar across all groups (Figure 31a-b,d). Next, when we quantified total mf 

levels, we observed no difference in EGFRmylKO hearts (Figure 31a-b,d). However, we 

stratified mf by Ly6C and CCR2 to understand the distribution of inflammatory mf in the 

tissue (Figure 31a-d). Here, we observed in EGFRmylKO hearts elevated inflammatory 

mon-derived mf relative to EGFRf/f controls (Figure 31c,e). Since this time point also 

marks the beginning of the proliferation and resolution phase, we wondered what the 

distribution of pro resolving mf were in hearts, so we analyzed mf for low expression of 

Ly6C (Fu et al., 2017). We identified at 4 days post MI that EGFRmylKO exhibited a 

higher ratio of Ly6C high relative to Ly6C low mf in comparison to either control (Figure 

31e). To understand if this persisted into the repair phase, we injured an additional cohort 

of mice and characterized myeloid inflammation at 7 days post MI. Here, we also   
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Figure 30. Early Following Ischemia, Myeloid-Cell Specific EGFR does not 

Significantly Impact Myeloid Mobilization. Representative flow cytometry plots 

showing CD45+ CD11b+ cells which were stratified for a) Ly6G vs Ly6C b) Ly6G - 

cells were stratified for Ly6C and CCR2 in the blood 24 hr following MI in EGFRmylKO 

versus EGFRf/f and Lys M Cre controls. Accompanying histogram details flow cytometry 

gated cell populations: c) neutrophils, and inflammatory monocytes. N = 4-6, represented 

by individual bullets in histogram. ns, not significant using one-way ANOVA with 

Tukey’s multiple comparisons test.  
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Figure 31. During the Peak of Acute Inflammation, EGFRmylKO have enhanced 

Inflammatory Mfs. Representative flow cytometry plots showing a) live, CD45+, b) 

F4/80+/-, Ly6G+/-, c) Ly6C+/-, CCR2+, in the heart 4 days following MI in EGFRmylKO 

versus EGFRf/f and Lys M Cre controls. d) Accompanying histogram details flow 

cytometry gated cell populations: total neutrophils and macrophages (% Mf) at sham, and 

4 days pMI. N = 3-8, represented by individual bullets in histogram. ns, not significant 

using one-way ANOVA with Tukey’s multiple comparisons test. e) Ly6C hi (percent of 

mf) and ratio of ly6c hi vs lo Mf were plotted in EGFRmylKO versus EGFRf/f and Lys M 

Cre controls at sham, and 4 days pMI.  N = 3-8, represented by individual bullets in 

histogram. ns, not significant using one-way ANOVA with Tukey’s multiple 

comparisons test. *P<0.05, **P<0.01 ns, not significant using one-way ANOVA with 

Tukey’s multiple comparisons test.  



100 

 

assessed total leukocyte, neutrophil, and mf density, and observed similar myeloid 

profiles in EGFRmylKO compared to controls (Figure 32a-d). When we further stratified 

mf for their expression of Ly6C and CCR2, we identified a greater number of 

inflammatory mf in EGFRmylKO hearts relative to either control group (Figure 32e). 

This ultimately resulted in a significant increase in the proportion of inflammatory mf in 

comparison to reparative subsets (Figure 32e). Next, we wondered how TRM in 

EGFRmylKO and control hearts responded to the injury. Around 7 days post MI, TRM 

levels begin to rise through proliferation, to account for those lost in the injury (Dick et 

al., 2019). We analyzed cardiac myeloid cells for their expression of Tim4 to understand 

if the deletion of myeloid EGFR would impact TRM replenishment. We identified no 

significant differences in Tim4/CD11b double positive cells in EGFRmylKO hearts at 7 

days post MI compared to either control (Figure 33a-b). 

  Recently, myeloid specific deletion in EGFR was linked to altered lymphocyte 

inflammatory responses in pathological settings, thus, we assayed for levels of B and T 

lymphocytes in hearts 7 days following MI (Hardbower et al., 2016). We observed no 

differences in total CD3-positive T cells in EGFRmylKO hearts compared to controls 

(Figure 34a-c). Interestingly, in some EGFRmylKO hearts, CD19-positive B cells were 

slightly elevated relative to either control group, though this difference was not 

statistically significant (Figure 34a,c).  
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Figure 32. During Repair & Resolution, EGFRmylKO Hearts Exhibit Reduced 

Reparative Macrophage Subsets. Representative flow cytometry plots showing a) live, 

CD45+, b) F4/80+/-, Ly6G+/-, c) Ly6C+/-, CCR2+, in the heart 7 days following MI in 

EGFRmylKO versus EGFRf/f and Lys M Cre controls. d) Accompanying histogram 

details flow cytometry gated cell populations: total leukocytes (% CD45), neutrophils (% 

NTP), and macrophages (% Mf) at sham, and 7 days pMI. N = 3-8, represented by 

individual bullets in histogram. ns, not significant using one-way ANOVA with Tukey’s 

multiple comparisons test. e) ) Ly6C hi (percent of mf) and ratio of ly6c hi vs lo Mf were 

plotted in EGFRmylKO versus EGFRf/f and Lys M Cre controls at sham, and 7 days pMI.  

N = 3-8, represented by individual bullets in histogram. ns, not significant using one-way 

ANOVA with Tukey’s multiple comparisons test. *P<0.05, **P<0.01 ns, not significant 

using one-way ANOVA with Tukey’s multiple comparisons test. 
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Figure 33. Deletion of Myeloid-Specific EGFR does not Impact TRM Replenishment 

7d pMI. Representative flow cytometry plots showing live, CD45+  cells which were 

stratified for a) CD11b+/-, vs TIM4+/- cells in the heart 7 days following MI in 

EGFRmylKO versus EGFRf/f and Lys M Cre controls. b) Accompanying histogram 

details flow cytometry gated cell populations, and the ratio of live/dead cells. N = 3-5, 

represented by individual bullets in histogram. *P<0.05, ns, not significant using one-way 

ANOVA with Tukey’s multiple comparisons test.  
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Figure 34. Deletion of Myeloid-Specific EGFR does not Significantly Impact 

Lymphocyte Density 7d pMI. Representative flow cytometry plots showing live, CD45+ 

Ly6G-  F4/80- cells which were gated for a) CD19+/-, or b) CD3+/- cells in the heart 7 days 

following MI in EGFRmylKO versus EGFRf/f and Lys M Cre controls. c) Accompanying 

histogram details flow cytometry gated cell populations. N = 3-5, represented by 

individual bullets in histogram. *P<0.05, ns, not significant using one-way ANOVA with 

Tukey’s multiple comparisons test.  
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  In response to an MI, elevated hematopoiesis in the BM and spleen provide a 

major source of leukocytes to mediate the inflammatory response (Ma et al., 2018). Since 

EGFRmylKO hearts exhibited more recruited, inflammatory, mon-derived mf, we sought 

to understand if BM and spleen compartments had elevated inflammatory leukocytes. In 

total, MI did not significantly change leukocyte or neutrophil levels in the BM at 4 or 7 

days (Figure 35a-e). We then looked to characterize CCR2 and Ly6C positive cells in the 

BM. At 4 days post MI, though they were elevated in MI relative to sham, we observed 

no differences in these inflammatory cells in EGFRmylKO animals in comparison to 

controls (Figure 35a-d). By 7 days post MI, this population was not significantly different 

from sham animals (Figure 35e).  

 In addition to these findings, we initially observed that control animals had 

significantly larger spleens, normalized to body weight 7 days post MI (Figure 36a). 

Following injury, an increase in spleen weight can be indicative of an increase in 

myelopoiesis (Leuschner et al., 2012; Halade et al., 2018; Loukov et al., 2016). Thus, we 

similarly assessed levels of inflammation within the spleen in EGFRmylKO animals and 

controls post MI. We first assessed Il1b transcripts at each timepoint, finding no 

significant changes in EGFRmylKO spleens (Figure 36b). We then characterized immune 

cell dynamics. At 4 days post-MI, we identified reduced levels of leukocytes and 

neutrophils in infarcted spleens, relative to sham (Figure 37a-d). Interestingly, levels of 

inflammatory CCR2/Ly6C cells were unchanged in sham or infarcted hearts in either 

control, though in EGFRmylKO spleens, they were significantly reduced post-MI (Figure 

37e). By 7 days post-MI, these differences were no longer observed (Figure 37e). 
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Figure 35. Following MI, Myeloid-Cell Specific EGFR does not Significantly Impact 

Leukocyte Density in BM. Representative flow cytometry plots showing a) live, CD45+, 

b) Ly6G+/-, F480+/-,  and c) Ly6C+/-, vs CCR2+, in the BM following MI in EGFRmylKO 

versus EGFRf/f and Lys M Cre controls. Accompanying histogram details flow cytometry 

gated cell populations: total leukocytes (% CD45), neutrophils, and inflammatory 

recruited cells at d) 4, and e) 7 days post sham or MI. N = 3-8, represented by individual 

bullets in histogram. ns, not significant using one-way ANOVA with Tukey’s multiple 

comparisons test. 
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Figure 36. Following MI, Myeloid-Cell Specific EGFR May Influence Inflammation 

in the Spleeen. a) Spleen weights from EGFRmylKO versus EGFRf/f and Lys M Cre 

controls were normalized to body weights at 24 hr, 4 or 7 days post MI. N = 5-12, 

**P<0.01, ****P<0.0001 one-way ANOVA with Tukey’s multiple comparisons test. b) 

RT-qPCR was used to measure the expression of Il1b, in spleen of post MI EGFRmylKO 

mice and controls, normalized to Gapdh. *P<0.05, one-way ANOVA with Tukey’s 

multiple comparisons test.    

 

 

Altogether, these data suggest a role for EGFR in regulating inflammatory myeloid 

dynamics following cardiac injury. 
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Figure 37. Following MI, Myeloid-Cell Specific EGFR does not Significantly Impact 

Leukocyte Density in Spleen. Representative flow cytometry plots showing a) live, 

CD45+, b) Ly6G+/-, F4/80+, c) Ly6C+/-, CCR2+, in the spleen 4 and 7 days following MI 

in EGFRmylKO versus EGFRf/f and Lys M Cre controls. Accompanying histogram 

details flow cytometry gated cell populations: total leukocytes (% CD45), neutrophils, 

and inflammatory recruited cells at d) 4, and e) 7 days pMI. N = 5-7, represented by 

individual bullets in histogram. ns, not significant using one-way ANOVA with Tukey’s 

multiple comparisons test.  
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3.10 Myeloid-Cell Specific EGFR Promotes Pro-Repair Myeloid Polarization 

  Following MI, the distribution of inflammatory or resolving mf heavily informs 

the level of damage or repair (DeBerge et al., 2021; Mia et al., 2020). During the repair 

phase of injury resolution, mf gene expression and phenotypes are focused on facilitating 

scar stabilization, and angiogenesis (Ferraro et al., 2019; Gombozhapova et al., 2017). 

Since we observed a shift in the mf continuum in EGFRmylKO hearts at 7 days post MI, 

we investigated mf gene expression during the repair phase. We isolated CD11b cells 

from infarcted hearts, and confirmed cardiac mf enrichment (Figure 38a-b). The 

percentage of CD11b cells that were also CD64 positive was lower than basal hearts (95 

vs 65) due to the presence of monocytes and neutrophils within infarcted hearts (Figure 

32a-d). Post-MI cardiac CD11b cells were then subject to gene expression analyses. We 

confirmed that even in injury cardiac myeloid cells maintained EGFR deletion (Figure 

38c). In EGFRmylKO cells, reduced levels of Cd206, Il10, and Vegfa transcripts were 

observed relative to control (Figure 38c). Levels of Angptl4, and Cxcl12 remained 

unchanged (Figure 38c).  

  Reparative mf rely on the upregulation of signaling networks and TFs like STAT3 

in order to mediate their physiological functions (Mouton et al., 2018). EGFR has been 

shown to engage in crosstalk with these pathways, so we investigated whether EGFR in 

mf would contribute to anti-inflammatory pathway activation (Zhao G et al., 2016). We 

isolated and cultured BMDM from control and EGFRmylKO, and stimulated with IL4, a 

potent inducer of reparative mf polarization (Viola et al., 2019). We confirmed 

polarization through enhanced expression of arginase 1 (Arg1) in treated cells relative to 

naive cells (Figure 39a) (Viola et al., 2019). Consistent with previous findings, EGFR   
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Figure 38. Myeloid-Cell Specific EGFR Deletion Results in Reduced Expression of 

Repair Promoting Factors Post Injury.  a) Cardiac non-myocytes were subject to 

CD11b cell column isolation 7 days following MI. b) 7 days post MI CD11b+ cells were 

subject to flow cytometry to verify and estimate cardiac macrophage concentration in 

isolates from EGFRf/f vs EGFRmylKO hearts using CD45, CD11b, and CD64. c) 7 days 

post MI, RT-qPCR was used to measure gene expression of Egfr, Cd206, Il10, Vegfa, 

Angptl4, Cxcl12, and Gapdh in cardiac Cd11b+ cells from EGFRmylKO, versus EGFRf/f. 

N = 5-6 per group, represented by individual boxes in heatmap. ***P<0.001,*P<0.05, ns, 

not significant using one-way ANOVA with Tukey’s multiple comparisons test. 
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Figure 39. EGFR Deletion in BMDM May Result in Reduced STAT3 activation 

following IL4 Induced Polarization. a) schematic depicting bmdm polarization in vitro. 

RT-qPCR was used to measure b) Egfr,  and Arg1 c) Vegf, Il10, and Cxcl12 expression in 

IL4 treated (24 hr, 10 ng/ml) bmdmf from EGFRmylKO, versus EGFRf/f, normalized to 

Gapdh. N = 5, represented by individual bullets in histogram. **P<0.01, ***P<0.001, ns, 

not significant using one-way ANOVA with Tukey’s multiple comparisons test. d) 

Representative immunoblot analysis of STAT3 expression and activation in 

EGFRmylKO versus EGFRf/f IL4 (10 ng/ml) treated bmdm e) Phosphorylated STAT3 

(Y705) normalized to total STAT3 and β-Actin expression. N = 3 individual isolations, 

represented in histogram by individual bullets. ns not significant using one-way ANOVA 

with Tukey’s multiple comparisons test.  
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deficient BMDM had reduced transcripts of Arg1 compared to control, though here, this 

reduction was not significant (Figure 39a). We then sought to determine how EGFR 

deficiency in BMDM affected transcript levels of Il10, Vegfa, Angptl4, and Cxcl12 in IL4 

treatment. We observed reduced levels of these transcripts, though not to the same degree 

as in post-MI cells (Figure 39b). Since STAT3 is a major TF regulating the expression of 

angiogenic cytokines, we examined its activation in control or EGFR deficient BMDM. 

We observed following IL4 stimulation, an increase in STAT3 phosphorylation in control 

BMDM (Figure 39C-D). This was slightly reduced in EGFR deficient cells, though not 

significantly (Figure 39c-d). In total, these findings provide some indication of how 

EGFR may regulate myeloid and mf phenotypes within the context of injury repair.   
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CHAPTER 4 

KEY FINDINGS AND SIGNIFICANCE, DISCUSSION, AND FUTURE 

DIRECTIONS 

4.1 Summary and Significance    

 In recent years, there has been great interest to understand the intricacies of cardiac 

mf biology. Through mouse models, this has resulted in defining their origin, 

characterizing their distribution, and niche, and lastly, uncovering their novel homeostatic 

functions (Williams et al., 2018). Cardiac mf  derive from a combination of embryonic 

yolk sac precursors, fetal liver precursors, and post natal circulating mon (Alvarez-Argote 

et al., 2021). Embryonic TRMs develop in a manner independent of myeloblastosis 

oncogene (c-Myb), a TF critical to hematopoiesis, and renew through proliferation 

(Schulz et al., 2012; Alvarez-Argote et al., 2021). Mechanisms that contribute to their 

renewal continue to be investigated, though the activation of ERK1/2 has been shown to 

be involved in mf proliferation (Sager et al., 2016; Alvarez-Argote et al., 2021). Cardiac 

mf that develop from circulating mon are maintained through continued recruitment of 

mon from extramedullary sites, primarily through CCR2 and its chemokine, CCL2 

signaling (Alvarez-Argote et al., 2021). EGFR is a growth factor receptor which initiates 

ERK1/2 activation to enhance cell proliferation (Wee et al., 2017). Here, we identified 

that the absence of EGFR in mf did not result in significant changes in embryonic mf 

subsets, marked by Tim4 expression. Further, EGFR deficiency did not lead to alterations 

in mon derived mf susbets; CCR2 expressing mf were similar across all groups, Figure 

40A.  
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  Since TRMs can be identified early during embryogenesis, prior to hematopoiesis, 

there has been a push to investigate their homeostatic functions, beyond mediating 

inflammatory events (Williams et al., 2018; Alvarez-Argote et al., 2021). To date, noted 

TRM functions include, but are not limited to capillary and vascular development, 

lymphatic vessel growth and maturation, maintenance of cardiac cell turnover, and 

maintenance of cardiac cell integrity (Leid et al., 2016; Cahill et al., 2021; Nicolas-Avila 

et al., 2020; Hulsmans et al., 2017). Some identified factors contributing to these 

processes include IGF1, VEGFC, MERTK, and CX43 respectively (Leid et al., 2016; 

Cahill et al., 2021; Nicolas-Avila et al., 2020; Hulsmans et al., 2017). Though EGFR is 

implicated in the regulation of some of these factors, how EGFR contributes to TRM 

homeostatic function had not been explored (Sakuma et al., 2021; Guo et al., 2021; 

Zhang et al., 2020). Our findings indicate that EGFR is critical to normal TRM function, 

and homeostatic roles. In hearts with EGFR-deficient TRM, we observed enhanced stress 

and inflammation. This was characterized by elevated cm size, enhanced fetal gene 

transcripts, and an upregulation in stress associated cardiac myeloid cell genes. The shift 

in cardiac myeloid gene expression included a significant decrease in the expression of 

Igfbp5 and Igfbp7, both of which have been shown to regulate the activation of cell 

surface receptors that directly enhance cm growth (Evdokimova et al., 2012; Hwang et 

al., 2011). In hearts with EGFR deficient TRMs, we also observed enhanced 

phosphorylation of ERK1/2, a kinase downstream of growth inducing receptors, Figure 

40A (Heineke et al., 2006). 

  In response to injury, like MI, TRMs aid in initiating inflammatory responses, 

though they are mostly cleared out by ischemia (Dick et al., 2019). To mount an immune 
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response, resolve injury, and engage repair, circulating CCR2 mon infiltrate injured 

hearts, differentiating into mf (Prabhu et al., 2016; Swirski et al., 2018). They secrete 

numerous immune modulators, and are critical to mitigating severe HF outcomes (Adamo 

(b) et al., 2020; Swirski et al., 2018). As EGFR has been implicated in mediating 

inflammatory gene programs, we investigated its definitive role in post MI mf function. 

Here, we show that EGFR is critical to regulating inflammatory responses in injury 

during acute inflammation and resolution and repair. EGFR deletion in myeloid cells 

results in enhanced accumulation of inflammatory mf earlier following injury. During 

resolution and repair, inflammatory mf, relative to resolving mf were much higher in 

hearts with EGFR deficient mf. This resulted in reduced mf transcripts of Il10 and Vegfa. 

Il10 was also significantly reduced in the ventricle, in addition to fewer post injury 

capillaries. Injured hearts lacking myeloid EGFR also experienced aggravated 

hypertrophic remodeling. Together, deficient remodeling in these hearts was coupled to 

systolic dysfunction Figure 40B.  
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Figure 40. Summary: Myeloid EGFR in Cardiac Homeostasis and Injury Repair. a) 

In steady state, cardiac mf, distributed through the ventricle, can be stratified by 

expression of MHC-II, Tim4 and CCR2 (orderd by abundance). They express transcripts 

like Igfbps, which aid in maintaining cardiac homeostasis. The deletion of myeloid EGFR 

does not shift mf abundance or subtype, but results in differential expression of over 700 

transcripts, including Igfbp5/7. These transcriptional changes are accompanied by 

increased levels of ERK1/2 activation, fetal gene transcripts, collagen, and cell size. b) 

Following ischemic injury, mf in the heart help promote repair. A deletion of myeloid 

EGFR increases proinflammatory mf densities, and reduces resolving mf subtypes. This 

results in reduced repair promoting transcripts, leading to limited injury resolution, and 

worstened HF ouctomes.  
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4.2 Extended Discussion 

Lys M Cre Strategy: 

  HF remains a major public health burden that affects over 6 million Americans; 

HF leads to a significant amount of hospitalization in US adults, and aggravates 

healthcare costs in the US (Virani et al., 2021). Currently, there is tremendous interest to 

uncover the cellular and molecular changes that contribute to HF pathogenesis, especially 

within the context of inflammation, in order to identify novel, feasible targets against its 

progression. Cardiac mf have been in focus due to their ability to regulate normal 

physiology and post injury outcomes (Swirski et al., 2018; Dick et al., 2019). 

Specifically, a major research goal of the last few years has been to investigate how they 

contribute to heart health in order to understand if they can be targeted in HF to improve 

patient outcomes (Williams et al., 2018; Lavine et al., 2018).  

  Here, we examined if and how EGFR, a critical regulator of cell signaling, 

contributes to cardiac mf function. To manipulate EGFR in mf, we employed a model of 

myeloid cell-specific EGFR deletion. LysM Cre-mediated EGFR deletion should result in 

deletion of EGFR within all myeloid cells highly expressing lyz2 (Shi et al., 2019). 

Though this model was not exclusive to mf, it provided significant EGFR deletion in 

cells of interest, namely BMDM and cardiac myeloid cells. Our model also did not result 

in any significant compensatory changes in EGFR signaling partners, or pathways. In 

baseline hearts, we identified that the majority of cardiac CD11b-expressing myeloid 

cells were also positive for CD64, indicating significant mf populations. Targeting 

deletion in mf specifically can be quite challenging, likely due to shared precursors, and 

consequently, genes, among many myeloid cells (Shi et al., 2019). Additionally, because 
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we wanted to evaluate the contribution of EGFR in mon-derived mf, both basally, and 

following injury, lyz2 mediated deletion was preferred, over other models like F4/80 Cre 

(Shi et al., 2019). We did verify EGFR deletion in a subset of BM mon, data not shown.  

EGFR Contribution to Maintenance of TRM Subsets: 

  Our first major objective was to determine whether EGFR contributes to TRM 

maintenance. The current understanding is that mf in the steady-state heart are 

maintained in part via proliferation, or monocyte recruitment (Zaman et al., 2020; 

Molawi et al., 2014). To date, very few published studies have addressed TRM renewal 

mechanisms and dynamics in the steady-state heart (Sansonetti et al., 2020; Alvarez-

Argote et al., 2021; Zaman et al., 2020). Following injury however, when surviving TRM 

proliferation occurs at more noticeably, ERK1/2 has been shown to be activated, and 

involved in mf proliferation (Sager et al., 2016). This led us to question the involvement 

of EGFR in steady state mf maintenance. We examined TRM percentages in control and 

EGFR-deficient cardiac nonmyocytes, using Tim4, MHC-II, and CCR2 to define 

populations, and identified no significant changes in TRM subtypes. These findings 

suggest that EGFR may not play a role in TRM maintenance in adulthood, however, this 

interpretation requires additional considerations. Namely, though Tim4, and CCR2 are 

expressed by distinct TRM subtypes, it is not known if over time, expression of these 

markers can become common across types of mf. An explicit investigation of whether 

EGFR regulates TRM proliferation or survival is still required. Beyond this, it is also 

necessary to consider that other factors, like colony stimulating factor 1 (CSF) may play 

more central roles in mf proliferation, resulting in maintained TRM subsets even in the 

absence of EGFR (Guilliams et al., 2020).  
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Myeloid EGFR Contribution to Cardiac Homeostasis 

  We then asked if TRM EGFR resulted in any functional changes in TRM, and 

subsequently cardiac homeostasis. We addressed this objective by first assaying the 

structure and function of hearts with EGFR-deficient myeloid cells. We identified in 

these hearts increased CM size, especially when compared to LysM Cre transgenic 

control hearts. These hearts also exhibited elevated fetal gene transcripts, which were 

indicative of the development of cardiac hypertrophy (Heineke et al., 2006; Nakamura et 

al., 2018). Interestingly, we identified a modest increase in collagen 1 gene expression in 

these hearts, here, it is possible that CM which expand may require additional ECM 

support (Eguchi et al., 2021; Khalil et al., 2019). We measured cardiac systolic function 

in these hearts, finding no significant changes. These findings were in line with other 

studies where pathological hypertrophy does not result in significantly reduced systolic 

function (Zaman et al., 2021; Eguchi et al., 2021; Nakamura et al., 2018). Together, these 

data served as an indication that EGFR was critical to normal TRM function, and cardiac 

homeostasis.  

EGFR-Dependent Regulation of Cardiac Myeloid Transcriptome 

  To investigate how EGFR deficient myeloid cells resulted in cardiac stress, we 

chose to examine global myeloid gene expression in control vs EGFR knockout cells. 

Using total CD11b concentrated cardiac myeloid cells was preferred to understand 

translational significance. RNAseq analysis highlighted the role of EGFR in regulating an 

extensive network of genes. We first processed our results through IPA, which clustered 

several differentially expressed genes into pathways indicating the contribution of 

myeloid EGFR to regulating the link between innate and adaptive immunity. 
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Surprisingly, some of the most upregulated genes from EGFR lacking cells were 

immunoglobin heavy and light chain subunits and complement factors. Additionally, 

EGFR-deficient myeloid cells more highly expressed markers of activated, or stressed mf 

(Huang et al., 2014; Fuchs et al., 2018; Dick et al., 2019). Together, these suggested the 

enhanced inflammatory nature of EGFR-deficient cells, where notably, there was 

significantly enhanced expression of chemokines and cytokines including Il12. This also 

included an upregulation of chemokines like Cxcl13, important in lymphocyte 

recruitment and maturation (Carlsen et al., 2004). B cells are the second largest class of 

immune cells in the steady-state heart, and interestingly, have also been shown to 

regulate CM size (Adamo (a) et al., 2020). Their depletion has been shown to result in 

decreased CM size and increased cardiac function in baseline hearts (Adamo (a) et al., 

2020). Whether B cell densities are elevated in response to myeloid EGFR deletion 

remains to be determined. Though we cannot definitively rule out their contribution to 

gene expression patterns identified in RNAseq experiments, due to the expression of 

Cd11b in a subset of B cells, LysM Cre GFP reporter studies have revealed miniscule 

expression in B cells (Kantor et al., 1992; McCubbrey et al., 2017). As such, elevated 

cardiac hypertrophy, and alterd Cd11b gene expression is most likely the result of the 

loss of EGFR in TRM and cardiac myeloid subsets.  

  Next, a sizable number of differentially expressed genes from EGFR knockout 

myeloid cells were clustered by IPA into pathways related to coronary development, 

maturation, vasculogenesis, and angiogenesis. This was of interest to us, given cardiac mf 

roles in coronary development (Leid et al., 2016). Hearts with EGFR deficient mf did not 

have significant alterations in capillary density, though it remains to be determined how 
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the loss of EGFR in these mf regulates global coronary development, and vascular 

morphology through adulthood. Further, it still remains unclear how long-term inhibition 

of vasculogenic factors in EGFR-deficient mf will impact endothelial function, 

angiogenesis, and adaptation in hypertrophied hearts, though, we predict that over time 

EGFRmylKO hearts may experience increased signs of stress (Gogiraju et al., 2019).  

  EGFR has been linked to regulating Cx43, and in our EGFR knockout myeloid 

cells, Cx43 levels were significantly reduced (Sakuma et al., 2021; Guo et al., 2021). Mf 

Cx43 has been studied in the context of regulating CM membrane potential, and may 

contribute to normal conduction mechanisms in the heart, but connexin gap junction 

proteins are involved in a number of other cell processes. Connexins allow intercellular 

communication through the transfer of ions and other signaling molecules (Rodjakovic et 

al., 2021). The role of mf Cx43 in regulating other CM or cardiac cell function is still 

unexplored, but its reduction in EGFR-deficient myeloid cells could contribute to 

enhanced stress in basal hearts (Rodjakovic et al., 2021). 

  Recent works highlight TRM expression of IGFBP4, and implicate it’s reduction 

in the initiation of AngII mediated hypertrophy (Zaman et al., 2021). Here, IGFBP4 is 

posited to act as a negative regulator of IGF1, with its reduction resulting in enhanced 

IGF1/IGF1R activation (Zaman et al., 2021). Though Igfbp4 was not significantly 

reduced in EGFR deficient myeloid cells, we observed significant reductions in Igfbp 5 

and 7 which similarly impact growth factor (IGF1R) and cytokine (TNFR1) signaling 

(Evdokimova et al., 2012; Hwang et al., 2011). Specifically, IGFBP7 has been shown to 

directly interact with IGF1R, therefore impeding IGF1-mediated activation (Evdokimova 

et al., 2012). Similarly, IGFBP5 has been shown to compete with TNFa for TNFR1 
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binding, resulting in reduced TNFR1 activation (Hwang et al., 2011). Based on these 

functions, we propose a working model where reduced myeloid Igfbp transcripts may 

result in enhanced signaling in neighboring CM. To critically consider this model, we 

first assayed cardiac non-myocytes, depleted of all myeloid cells for expression of Igfbp 5 

and 7, finding much lower levels than in myeloid cells (data not shown). These results 

suggested that myeloid cells are a large source of IGFBP5 and 7 in the adult myocardium. 

IGFBP protein levels of secretion in EGFRmylKO hearts still remains to be determined. 

We then assayed hearts for activation of hypertrophy associated pathways downstream of 

IGF1R and TNFR1, these included AKT and the MAPK cascade of kinases (Fernandez et 

al., 2021; Sabio et al., 2014; Miao et al., 2020). We identified enhanced ERK1/2 

phosphorylation in EGFRmylKO hearts. These findings suggest enhanced signaling in 

EGFRmylKO hearts, though it is not yet established exactly how reduced IGFBP leads to 

these outcomes, and whether these changes in ERK1/2 activation can be attributed to CM 

signaling. Whether reduced IGFBPs result in enhanced CM IGF1R or TNFR1 signaling 

in CM is still being elucidated. Further, which signaling mechanism and pathway is most 

contributing to hypertrophic phenotypes observed in EGFRmylKO hearts remains to be 

determined.  

Does Myeloid EGFR Regulate Cardiac Ageing  

  Mouse models of TRM distribution and subtype have indicated that they begin to 

change with age (Dick et al., 2022; Alvarez-Argote et al., 2021; Hulsmans et al., 2018). A 

recent study has examined all TRM subsets at up to 52 weeks of age in mice, and CCR2 

mf appear to increase in age (Dick et al., 2022). This is further supported by 2 additional 

studies that show decreased CX3CR1, or increased CCR2 mf with ageing (Molawi et al., 
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2014; Hulsmans et al., 2018). During aging, mice experience increased LV mass, and a 

decline in diastolic dysfunction. Though how mf, and a change in mf distribution 

contributes to this is still being explored. We questioned whether mf EGFR would play a 

significant role in functional or structural parameters in aged hearts. Echocardiography 

analyses suggested comparable increases in total LV mass in either group, with similar 

LV dilation. These results suggest myeloid EGFR may not play a role in typical features 

seen during physiological ageing. How myeloid EGFR deletion alters CM size and TRM 

subsets at this aged timepoint still remains unknown. 

Myeloid EGFR Regulates Myeloid Inflammation in the Infarcted Heart   

  In our study, we observed that the loss of myeloid expressed EGFR was of grave 

detriment to injured hearts, and resulted in enhanced inflammation, limited repair, and 

ultimately decreased systolic function. Earlier works have examined the role of myeloid 

and mf EGFR in the development of colitis and colitis-associated cancer (Srivatsa et al., 

2017; Hardbower et al., 2017). These studies highlight the complex and context-

dependent nature of myeloid EGFR in disease pathology. For example, myeloid EGFR 

has been shown to be protective against the development of colitis, though it has also 

been shown to enhance tumor burden in colon cancer (Srivatsa et al., 2017; Hardbower et 

al., 2017). Here, in response to a model of colitis, mice lacking myeloid EGFR 

experience a significant decline in body weight, accompanied with severe colon 

inflammation (Srivatsa et al., 2017). In this model, EGFRmylKO colons exhibit increased 

percentages of CD45+ leukocytes, Ly6C  hi monocytes, and Ly6G neutrophils (Srivatsa et 

al., 2017). However, tumor burden in colitis associated cancer is reduced in mice lacking 

myeloid EGFR (Srivatsa et al., 2017; Hardbower et al., 2017). It is plausible that at the 
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onset of colitis development, myeloid cell-expressed EGFR may promote the production 

of cytokines and growth factors that protect the colon epithelium, thereby limiting 

continued inflammatory responses. However, once colons begin to develop tumors, 

growth factors produced in response to myeloid EGFR activation can enhance tumor 

growth and burden.  

  This complexity in disease outcomes observed with EGFR-deficient myeloid cells 

also extends to cardiovascular related injuries. Here, it is important to consider a recent 

study looking to understand the role of macrophages in systemic injury, and injury 

complications secondary to MI. This study identifies that in response to MI, alveolar and 

interstitial lung mf levels rise, peaking between 1 and 4 days post MI, and declining 

thereafter (Hoyer et al., 2019). This rise in mf levels can be attributed to enhanced 

proliferation (alveolar mf) or recruitment (interstitial mf), and is accompanied by 

significant transcriptional changes at 4 days post MI, reflecting for instance, enhanced 

proliferation (Hoyer et al., 2019). Specifically, MI results in an upregulation of EGFR in 

alveolar lung mf. To understand if this increase in EGFR might regulate inflammatory 

outcomes in the case of secondary complications, mice lacking myeloid EGFR were 

subject to MI, then 4 days after, bacterial pneumonia (Hoyer et al., 2019). In this context, 

myeloid EGFR deletion resulted in improved survival in pneumonia following MI (Hoyer 

et al., 2019). Lungs from EGFRmylKO animals exhibited lower levels of inflammatory 

cytokines like Il1b and Tnfa, accompanied with lower neutrophils, but significantly 

elevated alveolar mf (Hoyer et al., 2019). Similar analyses of inflammatory cytokines in 

MI and pneumonia injured interstitial mf revealed EGFR deletion had no impact, and in 

pneumonia alone, EGFR deletion did not change inflammatory cytokine levels in alveolar 
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mf (Hoyer et al., 2019). These findings suggest that EGFR-dependent regulation of 

inflammation in myeloid subsets is not uniform, and can result in distinct cell 

phenotypes, and ultimately, disease outcomes.  

  Given these previous findings we chose to characterize inflammatory responses in 

the heart post MI at 3 distinct phases. Recent studies have shown early mf phagosome 

activities can heavily influence post-injury repair (DeBerge et al., 2017; Dehn et al., 

2018). IPA analyses from cardiac myeloid cells deficient in EGFR highlighted significant 

reductions in transcripts involved in phagosome formation. We reasoned that this may 

result in improper clearance of dying CM 24 hours post-MI. When we assessed levels of 

apoptotic CM at this time, we didn’t observe any differences. This could point to 

compensatory mechanisms in EGFR-deficient myeloid cells, allowing them to still clear 

dead cells at this point in injury. Though we did not directly examine the phagocytic 

activity of EGFRmylKO mf, they have been shown to not significantly regulate bacterial 

phagocytosis (Hardbower et al., 2016). Unsurprisingly, we then observed similar levels 

of neutrophils in blood and infarcts at this timepoint. We quantified inflammatory 

monocytes at the peak of inflammation, 4 days following MI, finding greater percentages 

in EGFRmylKO hearts, especially relative to EGFRf/f controls. The enhanced presence of 

inflammatory monocytes in EGFRmylKO hearts continued 7 days into the injury. At this 

time, resolving mf subsets initiate transcriptional programs to stabilize cardiac repair 

(Mouton et al., 2018). To understand the level of inflammatory and resolving mf, we 

stratified mf by Ly6C, and observed a greater number of high expressing Ly6C cells 

relative to low in EGFRmylKO hearts. Though we recognize mf phenotypes and 

functions can exist beyond this paradigm, it allows us to draw initial conclusions about 
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how EGFR regulates mf polarization, and is also still accepted in the literature (Nicolas-

Avila et al., 2020; Glinton et al., 2022). We also quantified levels of Tim4 myeloid cells 

at this timepoint during injury. The dynamics of this resident mf subset following injury 

are still being understood, but is thought to be dependent on proliferation, which begins 

around 2-4 days post MI (Dick et al., 2019). Our results here suggest that EGFR is not 

critical to the initial proliferative burst in this mf subset.  

  Since we saw increased levels of recruited inflammatory cells, we sought to 

understand their source. We first examined BM and spleen to understand if myeloid 

EGFR deletion would result in a greater number of monocytes in response to injury. 

Here, we observed that MI resulted in an increase in these cells in the BM relative to 

sham only at 4 days, though there was no different in EGFRmylKO animals. Though we 

observed elevated spleen weights in EGFRmylKO 7 days following MI, analyses of Il1b 

transcripts or inflammatory monocytes did not reveal any post-MI EGFR-dependent 

changes. We did not assay blood for levels of inflammatory monocytes, or extensively 

check cell death and survival in post MI recruited mf, making it difficult to conclude the 

reason for elevated recruited, inflammatory mf in EGFRmylKO hearts. This can be 

further explored, along with a more robust analysis of myelopoiesis in EGFRmylKO 

spleens or BM post MI.  

Myeloid EGFR Regulates Myeloid Polarization in the Infarcted Heart   

  In injured hearts, we observed significantly reduced transcripts of Il10 in EGFR 

deficient cardiac myeloid cells, and EGFRmylKO left ventricles. These findings were 

consistent to prior studies showing reduced levels of Il10 and Vegfa in anti-inflammatory 

polarized EGFR deficient mf (Hardbower et al., 2017). Recently, RNAseq analyses have 
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shown that day 7 post-MI mf more highly express TF like STAT3 to enhance 

transcription of cytokines and growth factors that favor cardiac repair (Mouton et al., 

2018). Since we observed reduced repair associated transcripts in EGFRmylKO post-MI 

cardiac myeloid cells at this timepoint, we wondered whether EGFR was important to 

this pathway. We investigated the contribution of EGFR to this pathway using a more 

traditional model of anti-inflammatory mf polarization: IL4 stimulation (Ying et al., 

2013). We observed enhanced M2 mf polarization in IL4-treated control or EGFR 

deficient BMDM, indicated by increased levels of Arg1 (Viola et al, 2019; Ying et al., 

2013). EGFR KO mf have been reported to produce less Arg1in these conditions, and 

though our experiments suggested that the differences were not significant (Hardbower et 

al., 2016). These mf did not phenocopy EGFR KO myeloid cells post-MI, and no 

significant changes in STAT3 activation were observed between control and KO IL4 

stimulated BMDM. Although EGFR has been reported to be transactivated by IL4, these 

data indicate that mf polarization in culture cannot appropriately recapitulate 

inflammatory events occurring post-MI (Zhao G et al., 2016; Lu et al., 2014). It is also 

important to consider that the large scope of gene programs and protein pathways that 

change in IL4-treated cells within a 24 hour period cannot be fully predicted, especially 

in the absence of EGFR (He et al., 2021). As a result, to fully examine mechanistically 

how myeloid EGFR contributes to post-MI inflammatory phenotypes, it may be 

necessary to consider mf polarization in response to more translationally relevant models. 

For example, assessing mf activation and changes in transcription during efferocytosis by 

coculture with apoptotic cells might be more indicative of EGFR dependent signaling in 

post MI (Glinton et al., 2022).  
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Translational Perspectives: Myeloid EGFR Promotes Healing in the Infarcted Heart   

  Our study emphasizes the significant roles that mf play in cardiac repair, and in 

contributing to HF outcomes and severity. Interestingly, it was recently identified that in 

HF patients receiving an LVAD, improved systolic function, as measured by EF, was 

associated with having a lower percentage of CCR2+ mf in the myocardium, both pre- 

and post-LVAD implantation (Bajpai et al., 2018). EGFRmylKO hearts experienced 

worse cardiac function following injury, here, mice lost a greater percentage of systolic 

function in comparison to either control group. This decline in cardiac function was 

accompanied with aggravated remodeling. Specially, the loss of myeloid EGFR resulted 

in limited angiogenesis and excessive hypertrophic growth. These findings suggest that 

mf, and mf EGFR may be critical in HF outcomes. Long-term consequences post-MI in 

EGFRmylKO hearts still remain to be determined. Additionally, how mf EGFR may 

regulate nonischemic models of HF are still not understood. Further, because myeloid 

EGFR deletion results in elevated stress in hearts before injury, it is important to 

understand how myeloid EGFR deletion purely after injury may impact HF outcomes.  

4.3 Future Directions  

 Altogether, our study indicates myeloid expressed EGFR as a critical regulator of 

cardiac homeostasis and post injury repair. Considering our findings, there are additional 

questions to be answered. First, it is critical to understand through what mechanisms 

EGFR regulates Igfbp 5 and 7 transcript levels in cardiac myeloid cells. Next, do 

decreased levels of Igfbp 5 and 7 in EGFR deficient mf result in enhanced hypertrophic 

signaling in CM? Preliminary evidence might suggest this to be the case, though whether 

this is dependent on TNFR1 or IGFR1R still remains to be determined. Using BMDM, 
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which produce IGF1 and IGFBPs (Figure 41a), we have preliminarily established a 

model where exposing NRVM to conditioned media from mf may enhance 

phosphorylation of AKT and ERK comparable to direct activation of IGF1R for instance 

(Figure 41b). Whether EGFR deficient mf would produce an even stronger response can 

be explored in the future. Additionally, understanding explicitly how mf EGFR 

contributes to ageing and senescence is a required future direction. For instance, does 

EGFR deletion in this model of cardiac stress similarly result in a greater percentage of 

CCR2 inflammatory cells? If so, is this unique to heart muscle, or are these changes 

global, resulting in a multi organ shift in mf distribution. Lastly, it is important to 

understand how EGFR deletion disturbs the post MI mf equilibrium. Studies point to 

mitochondrial bioenergetic flux as a major contributor to mf phenotypes, and EGFR has 

been shown to influence mitochondrial oxygen consumption rates (OCR) (Zhang et al., 

2019; Huang et al., 2020). Interestingly, EGFR-deficient BMDM treated with 

lipopolysaccharide (LPS) or IL4 display altered OCR in comparison to control (Figure 

42). It would be meaningful to understand if this is reflected in post-MI mf, and whether 

this contributes to the shit in mf phenotypes post MI. Addressing these outstanding 

questions would help to uncover a complete understanding of myeloid EGFR in the 

regulation of cardiac homeostasis and injury repair. 
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Figure 41. Mf Secretome May Enhance Growth Factor Signaling in NRVMs. a) 

Representative antibody array showing levels of Igf1 (red), Igfbp1, Igfbp2 (blue), Igfbp3, 

Igfbp5, Igfbp6, and Igfbp7 (green) from BMDM of EGFRf/f control. b) Immunoblot 

showing levels of total AKT, pAKT at serine 473,  and total ERK 1/2, pERK 1/2 at 

threonine 202/tyrosine 204 in NRVM incubated for 2h with serum free (plus or minus 5 

ng/ml Igf1 for 10 min), or 5% fbs in rpmi (v), or 5% fbs in rpmi exposed to wt bmdm for 

48H. 
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Figure 42. EGFRmylKO Mf Display Altered OCR In Response to LPS or IL4, 

Relative to Control. Day 6 bmdm were seeded at 100,000, and treated with a) 100 ng/ml 

LPS or b) 20 ng/ml IL4 for 24 hours. Bmdm were then subject to mitochondrial stress 

tests using the seahorse XF96 analyzer. 3 basal readings were recorded, then cells were 

subject to oligomycin (1ug/ml), FCCP (1uM), and rotenone (Rot)/antimycin a (AA) 

(1uM/20uM).  
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