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ABSTRACT
Background & Rationale Tissueresiding macrophages (TRMgliard normal
physiologyin the steadystate heart, and can lmeportantfor coordinatingnflammatory
eventsat the onset of injigslike myocardial infarction (ML)Following anischemic
attack though, TRMs become outnumbered by circulating mye&disland momcyte
(mon)derived nacrophages (mfwhich function to clear injury debris ambtrud
cardiac repaito mitigate heart failure (HF) severitfhe major goal of this waris to
investigate how TRM and post MI mf are regulategarticipate ircardiac health and
post injury repairEpidermal growth factor receptor (EGFR) is a cell surface tyrosine
kinase receptogoverning numerous cell processes, trudigh it has beehistorically
studied as an oncogene, EGBERmMplicated incardiac physiology, anldas been shown
to regulatanf 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 & ResultsBy using amyeloid-specificcre, we generated mice wiHGFR
knockoutin mf and other myeloid cellEGFRmyIKO) and performed comparative
analyses betwedhese and control micgVe identified thathe loss of EGFR imyeloid
cells, includingcardiac TRMsresulted inrmodest signs of stress at baselmamnely
enlarged cardiongcytes and elevateddress associatddtal gene transcript3hough the
loss of EGFR did not impact TRM subtype distribution in basal hearts, whole
transcriptomic analyses of these cells réegaver 700 differentially expresseéa

EGFRmylKOrelative to contralAmong these armsulin like growth factor (IGF)



binding proteins IGFBP) family members 5 and Which areknown to regulat@ot only
IGF availability,but also IGF and other cytokine receptor activation, all key players in
cardiac hypertrophy. Indeed, EGFRmyIKO hearts exhibited enhaxtextellular
sigral-regulated kinase (ERK)1&tivation relative to control. Additionallyniresponse
to MI, EGFRmyIKOmice experienced a hastened declineardiacfunction coupled

with exacerbated hypertrophic remodeling, and limited angiogenic répailyses of tk
inflammatory response in EGFRmyIKO injured hearts revealed a greater percentage of
inflammatory CCR2/Ly6¢ mf even at 7 days into the injury, resulting in significantly
reducedranscripts of reparative factdike interleukin(IL)-10.

Conclusions In sum,we propose novel roles for mf EGFR in cardiac physiology and
pathology. TRM EGFR regulates several transcripts, reqtorathintain cardiac
homeostatic integrity. Ilschemicinjury, mf EGFR is key to promoting repand

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 angbrevalent 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 th
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 auses 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).



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; Sarese 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 stagering, 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 (éfined 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
decined 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 owitt-
about twethirds of that being direct medical costs (Virani et al., 20B$)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,antisg 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 largetyijodist



muscular organ ith 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., 201&). T
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 bloodtleatefs
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 rigghtra (RA) through
the vena cava, and is propelled through to the right ventricle (RV) back to the lungs
(Buijtendijk et al., 2020). The coordinat:.
electrical system, referred to as the cardiac conductiagarsy€CS) (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)he 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 5274 %, with the normal values laying about 62 and 64% for
men and women spectively (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



types, distinguished by EF (Savarese et al., 2022). HF statistics and types are detailed in
Figure 1ab.

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 preéserve
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 lodaktits a
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., 20E6)tEF 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 betweendtd%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 Fators 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 (Virahj 2021; Ziaeian et al.,
2016) . Il tds i mportant to note that these

factors can lead to HF development in patients (Virani et al., 2021; Ziaeian et al., 2016).
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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 & 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 wéicular 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 aQ16; Carapetis, 2007; Virani et al., 2021).



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 regdodthe 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 damagd subsequent cell death (Oh et al.,
2020). Since the muscle is pasitotic, with low cell proliferation and renewal rates, cell
death triggers the heartdéds adaptive remode
hypertrophy (muscle growth) and tissuadisis (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, tiag 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). dysfunction in the
vasculature can disrupt coronary circulation; for instance, a myocardial infarction (Ml)
can occur when an obstructive atherosclerotic plaque ruptures, or the cholesterol filled
plaque severely occludes the vessel (Severino et al.).202@n 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)



1.1.6 Current Heart Failure Therapies

Currently, the standard of care for HF
presentations and symptoms by targeting any number of the compensatory mechanisms
that become initiated during disease (Mascolo et al., 2022haj et al., 2019). During
the onset of HF, neurohormonal systems, including the sympathetic nervous system
(SNS), renin angiotensialdosterone system (RAAS), and natriuretic peptides (NP)
become elevated in order to improve ventricular contractilefarentricular 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 majass of HF drugs target
neurohormonal mechanisms by preventing their synthesis, or antagonizing their cognate
receptors (Mascolo et al., 202@achaj et al., 2019).

A major symptom of HF can be reduced pump efficiency; in order to combat this
decline in gstolic function, positive inotropes are often employed (Mascolo et al., 2022;
Machaj et al., 2019)kyere 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., @@¥6re 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., Zag&nt
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 fronulatot) inflammation in



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 (Mascolb, @022). 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 24p. Cardiac myocytes (CMbccupy the greatest volume in the tissue,
though they are not the largest cell type in number (Tucker et al., RdAAukova et
al., 2020 Skelly et al., 2018Pinto et al., 2016). General CM characteristics and function
include organized sarcomeritigctures 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 ds 1 mpor tCiMrarte not mmogenaus. Between tchambers, 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, therebygithen

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



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

heavy chain a (MYH6) (Tucker et al., 2020).
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Figure 2. Cardiac Cellular Complexity. a) Graphic depicts a transverse cross section of
the heartds | eft ventricle. b)) The cell
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 contracfiatvinukova et al., 2020; Walklate
et al., 2021). On the other hand, ventricular CM are enriched with canonical contractile
proteins including those required for excitaticontraction 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.,



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 rgsonse 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 expressto 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 oaiac 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; Dirkxet 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 (lvey et al., 2016; Tallgeistl., 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., 202Q.itvinukova 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 ad2@).
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Early during stress or injury, resident fibroblasts expand in number, and
transdifferentiate into myofibroblasts (lvey et al., 2016; Tallquist et al., 2018; Gibb et al.,
2020; Ivey et al., 2018). Myofibroblasts can be characterized by denovo eaprefssi
periostin, allowing them to migrate to sites of damage, and secrete even larger amounts of
ECM components to build scar tissue (lvey et al., 2016; Tallquist et al., 2018; Gibb et al.,
2020; Ivey et al., 2018). Fibrosis can be a necessary adaptatiie 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:aslidothelial (Endo) and
vascular smooth muscle cells (VSMC) (Tucker et al., 20R0inukova et al., 2020
Skelly et al., 2018Pinto et al., 2016). In the heart, Endo constitute the largest number of
nonCM cells; with the vast majority of Endo lininge 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 (Tuckeradt, 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 remodelinigrough 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 feastking 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 3#, the normal heart maintains resident immune cells to
support optimal physiological faetion (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 (Okyerd al., 2020; Kondo, 2010). To do so, leukocytes have several
mechanisms at their disposal, with some beingtgpk specific (Okyere et al., 2020;
Kondo, 2010). For instance, leukocytes are highly secretory, and often release agents
which are necessaryrfoegulating 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 (Okere 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 initiadlgrive from hematopoietic stem cells
(HSC), and differentiate into subclasses of lymphoid or myeloid progenitors (Kondo,
2010). Common lymphoid progenitors (CLP) can then differentiate into Band T
lymphocytes, natural killer cells (NK), or a few dendritell (DC) subtypes (Kondo,

2010). On the other hand, common myeloid progenitors (CMP) are precursors for
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they function to aid immaintaining cardiac homeostasis. Figure was generated in
Biorender (https://biorender.io) under a student premium license.
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megakaryocytes, erythrocytes, granulocytes, and mononuclear phagocytes like
macrophages (Mf) (Kondo, 2010)

Over the lastiecade 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.,; 20®hukova et al.,
202Q Skelly et al., 2018Pinto 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
neutiophils 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 exts 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 Ml incites a large volumealf 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
(DAMPSs) (Prabhu et al., 2016). DAMPs aeeognized 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 atigg 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 inflammgtaells 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). Thesenfttions 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
(STATSs), and nuclear factoakpa B (NFKB) (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 thegrovide 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
Ar eagtuolr yo cell s (Wu et al ., 2019) . Bl cell s
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-arftammatory 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 environocoestal

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 identifredghat
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 myakaralss, 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 ternfamdtion 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 greatebers,
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 haee lin&ir
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, patieieneeiimplicates
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 Ml and HF patients, and suggested to play airofrotic 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 agagest d
(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 all, Zikyere 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 (DGgvibinction as a
bridge between the innate and adaptive immune system (van de Borght et al., 2018). DCs
arise from common Mo C precursors from the BM, once they differentiate into DC
precursors, they are then able to adopt numerous DC subclasses (Elildhg2014).
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 neutrophiiave 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 matuneBM 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). Inre 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 asubset 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 stesddte 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 nhaisix de
(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 Ml improves outcomes (Lee et
al., 2018).
1.3.4 Macrophages (Mf) in Cardiac Homeostasis & Heart Failug
Mf are a class of myeloid immune cells; here they are expanded upon because
they are the most abundant leukocyte class within the sttatéyheart, and take on even
more roles following an ischemic injury (Tucker et al., 20Q46/inukova et al., 2020
Skelly et al., 2018Pinto 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 biologicaias (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 eR@ll8). 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 circulatingMopr ecur sor s based on
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 @0D17). 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 HSG=yen 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, tisstesiding 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 associatiortheitipicardium
(Lavine et al., 2018). Unlike circulating Mon, which respond to chemokine gradients
using their cognate receptors, these Mf are characterized by low expressioiCof a C
motif Chemokine Receptor 2 (CCR2) (Lavine et al., 2018). Maturatitimese 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 ofgolk
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derived TRM (Lavine et al., 2018; Stevens et al., 2016). Furatlprthese 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 tsagolk
derived TRM, at E14.5, Mf expressing CCR2 can also be observedraltikiely
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@Gl§)R2

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 seénewing, and can be distinguished Bpression
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., POO7).
transcriptional profile of Tim4+ Mf includes high expression of lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE1) and instike growth factor 1 (IGF1)
(Dick et al., 2019). LYVEZ1 allows Mf to interact with the vascular endothelium,
therefoe 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 regeneratio
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 Il (MH@I) (Dick et al., 2019). MHGII hi TRMs have
limited selfrenewal capacity, and thus, are partially replenishedrbuylating Mon
(Dick et al., 2019). MH@I 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 NIHHCTRMs
include cell killing, and regulation of molecular signaling upstream of master regulatory
TFs like NFkB (Dick et al., 2019). The remaining 2 subsets of TRM are CCR2+, and are
entirely maintained by circulating and recruited Mon (Dick et &l19. They can be
di stinguished from one another by oneds
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 responseneidn 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., 2@GIR2 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 Mhttion 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) expresgidulsmans et al., 2017). Mf

and CM coupling allows for regulation of the CCS, as loss of Mf, or Mf specific Cx43
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delays AV conduction (Hulsmans et al., 2017). Loss of Mf and CM coupling is also
associated with mild abnormalities in the atria and veesi@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 (Nicolasila et al., 2020). Depléin 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 (Nicekagla et al., 2020). Thesstudies
illuminate what Mf can do in the steadstate heart, although this is just the beginning.
Currently, the longerm contributions of Mf and other cardiac cells cross talk is still
unknown. Furthermore, the mechanisms necessary for Mf contriliattosmeostatic
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 4Bick et al., 2019). Ischemia results in
the loss of a large perntage 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
chamacterized by their high expression of lymphocyte antigen 6 complex locus c1 (Ly6C)
(Peet et al ., 2020) . The function of Ly6C

be important in cell trafficking (Hanninen et al., 2011). In the first few dagf2+ and
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A myocardial infarction:
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Figure 4. Cardiac Macrophages (Mf) in Post Ischemic Injury Respons&) 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 peripheryatdiithe
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 dynaiftjcs sh
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 adi\stubrt

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 Prot@ncogene, Tyrosine Kinase (MERTK) have been shown to
regulate these roles (Howangyin et al., 2018). Additionally, early post Ml (pMI) Mf are
regponsible 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 di&eptors
(NLR), and receptor for advanced glycatiemd 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 ofkBESTATS, 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 istashan

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 ab).2Bimilarly,

CF, which begin expanding3 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 phenajipesng 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 oicpdat 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 medidtargs 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 rephiase, 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 otiee 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 vahes (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 repd#is 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 mortalgMI (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 Mhenotype, 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.aR021; 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 undetanding 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 ben associated with worse cardiac function (Bajpai et al., 2018).
Remaining questions includare there factors key to Mf activation, survival, function, or

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

1.4 Epidermal Growth Factor Reeptor (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, surviv&cion, and
adaptation of any kind (Holbro et al., 2004). This primarily occurs through cell surface
receptors, which can take signals, or ol ig
of inducing some biological outcome (Holbro et al., 2004 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 activatediggnd 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 ia éxtracellular 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). Ligandding 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 ofl sirface 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 regters 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 farily
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 froncaenorhabditis elegan€. elegansto large mammalghough in
greater complexity in higher organisms (Holbro et al., 2004). Specificaly, @kegans
the ErbB network consists of 1 receptor and ligand, however, in mammalian cells, the
family includes 4 receptors, with an expansive combination of ligaedsiled 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 referredthe &pidermal

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 tirdactor (EGF),
transforming growth factor a (TGFa), hepabinding EGF (HBEGF), amphiregulin

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

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

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 imnsirighcel

makes EGFR an interesting and critical factor to consider.
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Figure 5. Epidermal Growth Factor Receptor (EGFR) Family.a) ErbB%4 family of

cell surface receptors can be activated by a total of 10 ligands conftiroéed in red):
epidermal growth factor (EGF) transforming growth factor alpha ¢&§;mphiregulin
(AR), heparinbinding EGF (HBEGF), epiregulin (EREG), betacellulin (BTC),
neuregulins ¥ (NRGZX4). Arrows specify which ligands activate which recept)
General ErbB structure includes extracellular domain (ECD) comprising of 4 parts,
transmembrane spanning domain, juxtamembrane domain (JMD), kinase domain, and
carboxy terminal (&erm) tail. Structural features of other ErbB members presented.
ErbB2does 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
hasunique 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 recepto
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 (Lemmor26tLdl),
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 partidhea
intracellular domain, consisting of the tyrosine kinase, and carboxyl termitairtQ
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).0nce 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
stimuate intrinsic kinase activity within the intracellular domain (Holbro et al., 2004;
Burgess, 2009). Typically, activated ErbB family receptors can form homo

heterogenous dimers, though dimerizing properties differ between receptors; in
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particular, EriB2 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 @erm tails can interact, resulting in receptor activation (Burgess,
2009; Jura et al.,aD9; 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). Autophosplytated 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 ).

1.4.3EGFR 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 EGHBand 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), aads&AS, 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 nubdechanges downstream of

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

to GABL. PI3K phosphorylates PIP2, yielding PIP3, which leads to the recruitment and
activation of AKT. AKT then regulates a large number of sgtw 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.
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Canonical EGFR pathways:

The mitogeractivated 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, al 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 ©n 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 Rafl, resulting in its translocation to the membrane (Wee et al., 2017).
Translocation of Rafl to the membrane is an initial requirement in its activation
mechanism (Wee et al., 2017). Once fully activated, Rafl kinase activity phosphorylates
the MAPK kinase MIEK); MEK continues the phosphorylation cascade by activating
extracellular signategulated 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 ofeltarge 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 keignaling 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 metabolismifgnation, growth, survival,

32



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., 2017Jowolg 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 theosphorylates

phosphatidylinositot 4 - 5 - biphosphate (PIP2), yielding phosphatidylinosit8I- 4 - 5

- triphosphate (PIP3) (Vanhaesebroeck et al., 2012). PIP3 can recruit pleckstrin
homology (PH) domain containing proteins to the membrane, incltidéngerine

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 (idaatral.,

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 menr8rerss ¢
most commonly associated with EGFR activation (Wee et al., 2017). Ligandattonul
of EGFR is known to mediateSrc activation (Wee et al., 2017). Functionally, EGFR/c
Src signaling may be important for activation of major TFs like STATs anrkBJF
which are key regulators of inflammatory mediators (Wee et al., 2017; Shostak et a
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
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shown to impact distinct biological outcomes followingnislocation 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 nuithesslocation and
function was first reported over 20 years
bind unique DNA sequences commonly seen in some TFs that regulate proliferation (Lin
et al., 2001). Though initially controversial, these earlprephave since been followed

by additional supportive studies, which altogether indicate the potential for EGFR as a
TF, or TF ceactivator (Waugh et al., 2001; Brand et al., 2013). Nuclear EGFR
translocation is argued to add a layer of specificity to EGignaling, 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 mitoclabagrnamics 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 teatei 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; Sorkih,&2G09; 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 ioadd protein effectors

34



(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 (Sousa2@H2,, 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 pefdys 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, amdechanisms 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 patgal binding to EGFR (Grisanti et al., 2017,

Overland et al., 2015). GPCRs may also interact with EGFRs in microdomains, leading
to receptor crostalk and transactivation (Grisanti et al., 2017). Functionally,
transactivation can engage any number oboaral 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 sigaling 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 rep®r 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 heever, 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 gXained 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, 4®; 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, earlyiesueimployed dominant negative
or pharmacologic strategies to understand how EGFR regulates CV homeostasis. In one
such model, mice expressing mutant EGFR with receptor autophosphorytdfioiolsl
lower exhibit significant cardiac hypertrophy, and systdi/sfunction, 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, coenater 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 maiirig 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 #8@% matality 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 dso in post Ml HF development. Interestingly, Mf EGFR has been examined in other
disease models, raising the question tldencardiac Mf, which are a critical cell type in
physiology and pathology, rely on EGFR to functigach of these studies have udiesl
LysMcre model, where a nuclekarcalized 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 irdiole
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 (8hal., 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 MyIEGFR 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) afehetypes 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 celisegulate 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 fargfells, 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
chroni ¢ i nfl ammati on and associated cancers.
mechanisms contributing to, and the physiological outcomes following, are still up for

debate. This is because, for instance, in similar models of colitis, different outcorees hav
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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 (EGFRmyIKO)
exhilit 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 NEB activation through enhanced degradation of its upstream
inhibitor, IkBa (Lu et al., 2014). Here, they reason that prolonged#BI&ctivation, 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 b{Bdeatsa
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 angiogenesisa{Sa 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 M EGFR to regulate the production of both pro and anti

inflammatory cytokines has also been shown to similarly drive gastrointestinal cancer
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subsequent to bacterial infection (Hardbower et al., 2016). It is important to note, that in
this context, Mf EGFRplays 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).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
STATG6 activation, therefore promotiniye production of antiinflammatory mediators,

and EGFR ligands (Zhao G et al., 2016). Elevated levels eEBB for instance can

then contribute to immortmin colonic epithelial (IMCEras) tumor cell proliferation, and
epithelial to mesenchymal transitioBNIT), 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 unkmen (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., 201&)s 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 regjak 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 liglhteon t
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 sedénewal, can exhibit gh 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 EBFand 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 camtribute 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 rolégin
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, tiagure
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., 20%6r 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‘hiSdes/e

any implications for general cardiac physiology? Additionally, in response ton\iére

the needs of macrophages become varied, ranging from debris clearance, repair
induction, to stabilizing the infarct microenvironment, what roles do Mf EGRR?phnd

how? Considering the preliminary evidence, in response to these questions, we
hypothesizethat macrophage EGFR would have protective roles in cardiac physiology,
and reduce the severity of HF outcomes. The studies outlined below will carefully
corsider 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 micegid 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 B6.12986f™>"YMmnc, ID 03176S8UNC 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 harboca@nditional allele of Egfr with exon 3 flanked by
two loxP sites (EGFR); deletion results in early termination of translation (Lee et al.,
2009). To generate EGFR deletion specifically in myeloid cells, EGRRe were
crossbred with homozygous LysMedransgenic mice, and will be denoted
EGFRmyIKO for brevity (Clausen et al., 1999). EGFRmyIKO mice were bred and
maintained at homozygosity (Figure 7). LysMcre mice were secured from Jackson
Laboratory (B6.129R2yz2™®9J Stock No: 004781). Thetudy featured both male
and female 12 16 week old EGFRmyIKO, LysM Cre, and EGfRontrols, unless
otherwise stated. Individual replicates are represented by bullets in bar graphs, and/or are
indicated in figure legends.
2.2 Mouse Genotyping
Mouse gentypes were assessed with agarose gel separation of polymerase chain

reaction (PCR) products using mouse talil clippings. At roughly 3 weeks of age, about 0.5
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Figure 7. Generation of MyeloidCell Specific EGFR Knockout (KO) Mouse Model.
Schematic showig generation of myelotdpecific EGFR knockout mice

(EGFRmyIKO). Homozygous LysMCre transgenic mice (LysM Cre) were crossed to
mice carrying a conditional allele &fgfr with exon 3 flanked by two loxP sites

(EGFR").

cm of tail was clipped andigested in 50 ul of DirectPCR Lysis Reagefiafen

Biotech, Los Angeles, CA) at 95°C 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 tailtssolution were then kept at 55°C overnight
(OIN). The next day, tail solutions were heated at 95°C 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 Tald. PCR was completed at the same time, with
conditions set at 30 cycles of 94°C for 30 sec, 56°C for 25 sec, and 72°C for 60 secs.
Following PCR, products were subject to agarose gel (2% in 1Xatetate
Ethylenediaminetetraacetic acid (EDTA), TherBwmentific, Wilmington, DE) and

distinguished based on size: homozygous EGER8 bp), WT EGFR (253 bp), Cre

(565585 bp).
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Table 1.Primer Sequences for Mouse Genotyping

Name Sequence

Forwar-8d6()506 Reversg&6) 56
Lox3 | CTTTGGAGAACCTGCAGATC CTGCTACTGGCTCAAGTTTC
Cre | GGCGTTTTCTGAGCATACCT CTACACCAGAGACGGAAATCCA

2.3 Reverse Transcriptioni quantitative Polymerase Chain Reaction (RTgPCR)

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 (lnvitrogen, Carl sba
instructions. The RNA was tested for quality and concentration with a Nanodrop 2000
(ThermoScientific, 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 amountfa@DNA (25 ng) was subject to RGPCR in triplicate with the
Powerup Sybr Select Master Mix (Applied Biosystems, Waltham, MA). All of the gene
expression was normalized to an internal control, glyceraldeBypdtesphate
dehydrogenase (GAPDH), and analyreth the Applied Biosystems Comparative CT
Method (2?22 CT) . Al |l of t hgPCRpareiiste@¢in Bablei2zs ed i n RT
2.4 Tissue Histology

All mouse hearts were perfused with saline, cutout, and fixed (whole heart) in 4%
paraformaldehyde (PFA) in phosphdngffered saline (PBS). 72 hr following fixation,
hearts were thoroughly rinsed in PBS, and dehydrated with the Microm STP120 tissue

procesor. Hearts were embedded in paraffin with the HistoStar apparatus, and a Microm
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Table 2.Primer Sequences for RJPCR

Name

Sequence
Forwar-86()506 Reversg&6) 56
Egfr GGAGAGAATCCCTTTGGAGAAC CCAGTTCTGTTTGTCCCATAGT
Cre CAGGTTCGTTCACTCATGGAA TCCTGGCAATTTCGGCTATAC
Actal CCCAAAGCTAACCGGGAGAAG CCAGAATCCAACACGATGCC
Nppb GAGGTCACTCCTATCCTCTGG GCCATTTCCTCCGACTTTTCTC
Myh7 ACTGTCAACACTAAGAGGGTC TTGGATGATTTGATCTTCCAG
Collal GAAACCCGAGGTATGCTTGA GGGTCCCTCGACTCCTACAT
Igfbp5 CCTTGGTGTCTCCCATCTAATC CTGTGACTTGAACTGACCTCAT
Igfbp7 GTAAGGAGGACGCTGGAGAGT CTGGCTGTAATAAAGTGTTAGTGG
Igfl TGGATGCTCTTCAGTTCGTG GTCTTGGGCATGTCAGTGTG
Igf2 CCCTCAGCAAGTGCCTAAAG TTAGGGTGCCTCGAGATGTT
Cd36 TCGGATCTGAAATCGACCTT CACAGGCTTTCCTTCTTTGC
Fabp4 ACACCGAGATTTCCTTCAAACTG CCATCTAGGGTTATGATGCTCTTCA
Cx43/Gjal CCATCCAAAGACTGCGGAT GTAATTGCGGCACGAGGAA
Timp4 GCAAAGACCCTGCTGACACT GGGCTCAATGTAGTTGCACA
Cxcl12 AGAGCCAACGTCAAGCATCT TAATTTCGGGTCAATGCACA
Angptl4 GTTTGCAGACTCAGCTCAAGG CCAAGAGGTCTATCTGGCTCTG
Ccr2 TGCCATCATAAAGGAGCCATAC GTGAATCCAATGCCCTCTTCT
Tim4 TTTGCCTTGTCATTACCTCT TGACTTCCTGGAGATGATTC
Cx3crl GAGAGATGGCTCAGTGGTTAAG CACAGGAACAGGGAGCTATTT
Erbb2 ATTTGCTGGAGAAGGGAGAAC GCGACATTCGGAGTCAATCA
Erbb3 CAGTATGTCCTGGGACTCTAAAC  GACCACCTCACACTTCTCATAG
Gapdh AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT
Lyz2 AATGGCTGGCTACTATGGAGTCA TGCTCTCGTGCTGAGCTAAACA
Argl AAGAAAAGGCCGATTCACCT CACCTCCTCTGCTGTCTTCC
1110 CCAAGCCTTATCGGAAATGA TCACTCTTCACCTGCTCCAC
Cd206 CACAAAGCCATGCTGTAGTA GTGAAGGTGGATAGAGTGGA
Vegfa GAGGATGTCCTCACTCGGATG GTCGTGTTTCTGGAAGTGAGCAA
Fgf2 CACCAGGCCACTTCAAGGA GATGGATGCGCAGGAAGAA
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HM was used to make sections antcron 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
stairing. For analysis of cell size and cell creestional areas, hearts were stained O/N

at 4°C with Wheat Germ Agglutinin (WGA, 1:250, Vector Labs, San Francisco, CA),
then rinsed (3x PBS), and counterstained with NucBlue Fixed Cell ReadyProbes
(ThermoFishg 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 4°C with
isolectin B4 (Lectin, 1:250, Vector Labs, San Francisco, CA), then washed as described
above, andimilarly counterstained with NucBlue. To assess cardiac cell death, sections
were subjected to terminal deoxynucleotidly transferase (fEdiated dUTPnick end
labeling (TUNEL) via arin SituCell Death Detection Kit, TMR Red (Sign#ddrich, St.
Louis, MO). After treating sections with proteinase K, hearts were incubated with TMR
dUTP for 1 hr at 37°C, and counterstained with troponin | (TNNI, 1:100, Cell Signaling,
Danvers, MA) O/N at 4°C. Dikey antiRabbit 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. Neutrdaténsity was determined via myeloperoxidase
(MPO) staining. After antigen retrieval for 1 hr at 95 °C (Vector Labs, San Francisco,
CA), hearts were subject to MPO (4§/ml, R&D Systems, Minneapolis, MN) O/N at

4°C. Donkey antGoat ReadyProbes Secondamtibody 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 presemdl-2 drops of ProLong Gold
Antifade Mountant (ThermoFisher, Fair Lawn, NJ).

To determine fibrosis and infarct size,
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 Hematexgkim,
followed by Biebrich Scarlefcid Fucshin for 5 mins, with washing in between. Tissue
slides were then transferred to phosphotungsgimsphomolybdic acid, and stained with
Aniline Blue. Additional tissue sections were stained with Harris modified Hematexylin
Eosin to determine cell and tissue morphology (Siduaaich, St. Louis, MO).
Immunohistochemistry slides were preserved withdrops of Permount Mounting
Media (ThermoFishefair Lawn, NJ).

Stained heart slides were then analyzed with microscopy, using the Nikon Eclipse
NIiE 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.zEellas
identified after tracing and averaging the area 180 cardiomyocytes overB)
individual images from each LV. The density of capillaries was estimated as lectin
positive capillaries over tissue area HL@individual images from each LV. Celéath
was determined to be the number of TUNEL, NucBlue, TNNI, triple positive cells over
the total number of NucBlue, TNNI double positive cells{ih@Bimages in the infarct
zone and remaining area of each LV. MPO positive neutrophils were determined as
MPO/DAPI double positive cells in-80 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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2.5Primary 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, norcardiomyocyte cells were aaned after both manual and enzymatic
digestion. After PBS infusion, hearts were cut into 1%praces and placed into Roswell
Park Memorial Institute 1640 Media (RPMI) (Cellgro Corning, Corning, NY) containing
450 U collagenase Il (Worthington Biochemitakewood, NJ), and 60 U hyaluronidase
(SigmaAldrich, St. Louis, MO) for every ml. About 7 mis 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 a0 strainer (Greiner Bi®ne, Monroe, NC)
primed with PBS. Red blood cells (RBCs) were then lysed at 37°C for 5 min with
Ammonium Chloride Potassium (ACK) Lysis Buffer (ThermoFisher, Fair Lawn, NJ),
washed, and separated at 1000 rpm for 5 min at 4°G @Wetk 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 overd strainers. Spleen leukocytes we/i¢inen
pelleted at 1000 rpm for 5 min at 4°C. 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 skinusaterand
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 rprmforat

4°C. 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 artiaieirng
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 ¥ li@e cells were stained iRACs
buffer (10% fetal bovine serum (FBS, Gemini Btooducts) in PBS) with the addition of
a mixture of antibodies for 1 hr at 4°C or 15 min at RT. If intracellular staining was
necessary, cells were treated for 20 min at 4°C with a fixation/permetadilibaffer
(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 singl@or 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 aibodies, 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
percentof 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 5@D mg of combined
heart tissue (here;@hearts were combined for each repk¢ats 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 PECy7 BioLegend, San Diego, CA 1:500
TIM4 PECy7 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 BUV395k BD, Franklin Lakes, NJ 1:100
rat IgG2a BVv421k BD, Franklin Lakes, NJ 1:100
rat IgG2b APC-H7 k BD, Franklin Lakes, NJ 1.50
rat IgG2b BV650k BD, Franklin Lakes, NJ 1.50
rat IgG2a PEk BD, Franklin Lakes, NJ 1:100
rat IgG2c PECy7k BioLegend, San Diego, CA 1:500
rat IgG2a PECy7k BD, Franklin Lakes, NJ 1:30
rat IgG2b FITCk BD, Franklin Lakes, NJ 1:100
mouse IgG1 AlexaFluor64k BD, Franklin Lakes, NJ 1:100
mouse 1gG2a PEk BD, Franklin Lakes, NJ 1:100
rat IgG2a AlexaFluor647k 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
(isolaion 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 4°C, 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 CD11BV650 (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 followingisolation, cardiac CD11b cells from EGFRmyIKO vs
EGFR/ control were subject to RNA isolation and quantification as described above.
Total RNA samples were submitted for transcriptomic analysis asfartservice
through the Fox Chase Cancer Centerl@ééeiphia, PA) using the NextSeq2000
platform (lllumina, 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 sasplith RNA integrity number
(RIN) over 8 were used for the mRNA library, which required the NEBNext Ultra Il

Directional RNA Library Prep Kit, Nextseq 2000 R2 100 cycle reagent (lllumina, San
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Diego, CA). Here, mRNAs were enriched two times using the-pdigsed RNA
purification beads, and were then fragmented at 94°C (8 min) by the divalent cation
methodology. T strand cDNA was synthesized with Superscriptll and random primers at
42°C (15 min), followed by" strand synthesis at 16°C (60 min). M @rand synthesis,
dUTP was used to replace dTTP to quench ¥steand during amplification. A
nucl eotide (6A6) was then added to the 36
then both adapters with illuminaP5, P7 sequences, and indices wezd tigédte cDNA
fragment at 30°C (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 98°C (10 sec), at 60°C (30 sec), and 72°C (30 s&c). Aft
additional purification using AMPure beads, libraries were assessed for quality and
guantity 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 log[fold change] > 1.5 and a false discovery rate (FDR) < 0.05 were identified as
significantly differentially expressed between the two groups. To analyzettheala
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-series mouse protein array KRayBiotech, 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 aayed 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 intel®8tl(, IGF2, Igfbpl, 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 (Invitrog@ayrlsbad, 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) wisated from 1 day old
Sprague Dawley rat pups (Harlan Laboratories, Indianapolis, IN). Hearts were excised
and placed in sterile ADS solution (116 mM NacCl, 20 mM HEPES, 80 mMR@, 56
mM glucose, 5.4 mM KCI, 80 mM MgS©pH 7.4). Hearts were cleanefidood and
connective tissue, and were then minced for enzymatic digestid2 harts were
combined and processeeb4imes in a total of 70 mls of digestion buffer (ADS
supplemented with 17640 U collagenase Il (Worthington Biochemical Lakewood, NJ),
and 42 mg pancreatin (Sigr#ddrich, 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
saum, 5% FBS, and 1% penicillin/streptomycin/amphotericin B (PSF) (Gemini Bio
Products). Cells were kept at 37°C in a humidified incubator with 5% CO2. Where
appropriate, NRVM were then kept in HAMs1B 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 resudgim RPMI that had 10% FBS, 1%
penicillin/streptomycin/amphotericin B (PSF, Gemini Btooducts), and 20%
conditioned media from a culture of L929 fibroblasts (BMDM media) (Weischenfeldt et
al., 2008). Cells were plated under sterile conditions, and mmtear phagocytes were
given time to adhere in a humidified atmosphere of 5% &@7°C. 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 1.6cell Based on
experimental needs, leukocytes were initially seeded at a density of 2ov61ell
dishes, 6.0 x 109n 60 mm dishes, or 10.0 x 4id 100 mm dishes. Mf were confirmed by
flow cytometric analysis of F4/80 expression.
2.11 L-cell clone 92Culture

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% £42 37 °C. L929 cells were seeded using a
densty of 5.0 x 16 cells in a T175 cell culture flask, and allowed to grow until they
reached 75% confluency (20 x®L0At 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 recombinantL (BioLegend, San Diego, CA) distrilmat in
0.5% BSA in PBS. BMDMs were cultured in-i.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 (Viole26tat,
Ying et al., 2013).
2.13 Conditioned Media Assays

BMDM were isolated and cultured as described above. To collect naive,
unpolarized BMDM conditioned media, on day 6, control BMDM cultures were placed in
5% FBS, and 1% PSF supplemented RPMI, amd fa& 48 hours. After which, media
was collected and stored-20 °C for future use (24296981Engstrom et al., 2014;
27507810° Zhao et al., 2016). To culture NRVMs with conditioned media, Day 2
NRVM were placed in HAMs .0 free of serum for 24 hourafter 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 and80°C. Both heart tissue, and/or cells were lysed in RIPA buffer (1 M
Tris pH 7.4, 10% NP0, 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 ug) of sample lysates were subjected to-pbDigacrylamide gel

electrophoresis @0% gels), and transferred onto Immob#®8Q polyvinylidene
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fluoride 0.2 um pore membranes (Millipore, Burlington, MA). To limit rgpecific

binding, membranes weptaced 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 TBShey were subjected to secondary
antibody at RT for hr in the dark (1:15000, IRDye680 Donkey anmtbbit IgG, or
IRDye800 Goat antmouse IgG (LICOR Biosciences, Lincoln, NE). Membranes were
then visualized on the ECOR Biosciences Odyssey System. Protein levels were

guantified using automated densitorgetr 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 SignalingTechnologies, 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
pPERK 1/2 T202/Y204 Cell SignalingTechnologies, 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 NorReperfused 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 ovee left chest, followed by a purse suture, allowing
the pectoral muscles to be exposed, dissected, and retracted! ifiterebstal 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 conary artery (LCA) was identified, it was sutured and ligated about 3
mm from its start using a® silk suture. After ligation, the heart was returned into the
intrarthoracic 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 EGFRmyIKO and control mice. Mouse hair was removed
from the chest with Naiprior to echocardiograms. All mice were sedated w892
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 iages 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, ss 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 tintes 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

Naive 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 ds 1 nst r tachddiframcsll.cultiBapies usirgr e
Accutase (Millipore, Burlington, MA). They were then seeded at 1.5gell® in an
XF96 extracellular flux analyzer 96ell plate with XF media pH 7.4 supplemented with
10 mM glucose and 1 mM sodium pyruvate. Ceksevoaded into the analyzer, and
basal OCR was measured. Following this, 1ug/ml of oligomycin was injected to inhibit
the ATRIlinked respiration. Next, 1 um of FCCP was injected to measure maximal
respiration. Lastly, 1/20 um of rotenone/antimycin A wgsdted 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 dgitaphs 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 usingtaved unpaired t tests for two groups,
and ordinaryonsvay ANOVA wi t liple tompagspns for 3rarurore groups
at a single time point. Twovay ANOVA with Bonferroni 6s
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 espatific EGFR deletion using LysM
Cre-mediated recombination. In this model, the cre recombinase is inserted in the first
coding ATG ofLyz2 this results in the loss of endogendayz2expression 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 andanulocytes Abram et al., 2014; Shi et al., 2019 his is becauskyz2
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 systembram 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 differentiain (Figure 8a) Ma et al., 2018 Using BMDM, we then checked
for, andobserved a significant induction of Cre in EGFRmyIKO and LysM Cre in
comparison t&EGFR controls (Figure 8b). We then assayed BMDM for EGFR gene
expression and protein level to confirm successful deletion. EGFRmylKO BMDM

exhibited about 8®0% reduction irEgfr transcript level when compared to EGFR
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Figure 8. Myeloid-Cell Specific EGFRDeletion 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) RTgPCR was used to meas@ee expression anégfr expression in bmdm

from EGFRmyIKO, versus EGERand LysM Cre controls, normalized to Gapdh. N-= 4

11, represented in histogram by individual bullets. **P<0.01, **P<0.001, ns, not
significantusingonsvay ANOVA with Tukeyoddgcmul tipl e coc
Representative i mmun éAbtih grateinsntbradmiffomg EGFR and
EGFRmylKO,EGF®#, and LysM Cre controls. d) EGFR
Actin. N = 411, represented in histogram by individual bullets. *P<0.05, ****P<0.0001,

ns not sigrficantusingonavay ANOVA with Tukeydés multiple
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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 signiicantly reduced by about 560% (Figure 8al).

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 cellsWilliams et al., 18). Recently, however, the use of a LysM
specific fluorescent reporter revealed LysM tracing and targeting of almost 90% of
cardiac mf(NicolasAuvila et al., 2020). To verifyyz2andEgfr expression, we isolated
cardiac nommyocyte cells, and concentrated Cd11b expressing myeloid cells. We
assessed mf density, finding on average, the cell isolates contained ab80¢85
CD45/CD11b/CD64 triple positive mf (Figure 9a).HGFR/ control amimals, cardiac
CD11b isolates expressegz2andEgfr (Figure 9bc). LysM Cre transgenics and
EGFRmyIKO showed no expressionlofz2(Figure 9bc). However, only EGFRmyIKO
exhibited a significant reduction Egfr gene expression (Figure -@b.

The EGFRsignaling 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 myedbcells, 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 EGFRmyIKO had significantly reduced EGFR gene expression and
protein level, ErbB 2 and ErbB3 gene eegsion 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

62



its deletion impacted growth factor signaling. ¥i#bject BMDM from EGFRmyIKO and
controls to immunoblot analyses, finding no significant changes in ERK1/2, or AKT
phosphorylation when normalized to total protein (Figureld)1d ogether, these
findings indicate successful generation of myeloid EGFR kmai; 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 Cellsa) Cardiac noimyocytes were

subject to CD11b cell column istilen. CD11b cells were subject to flow cytometry to

verify and estimate cardiac mf concentration in isolates from EGERsus

EGFRmyIKO hearts using CD45, CD11b, and CD64. b)ydRTR was used to measure

Egfrand c)Lyz 2expression in cardiac CD11bonrmyocyte cells from EGFRmylKO,

versus EGFE and LysM Cre controls, normalized @apdh N = 35, represented in

histogam by individual bullets. *P<0.05, **P<0.01, ***P<0.001, ns, not significant
usingoneway ANOVA with Tukeydés multiple compar
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