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2 Chapter 1: Introduction

2.1 Myocardial infarction

Cardiovascular diseases are the leading cause of death worldwide, with an estimated
incidence of death of 17.9 million people per year. ! Cardiovascular diseases are
disorders of the heart and blood vessels, including coronary artery diseases,
cerebrovascular diseases, peripheral arterial diseases, rheumatic heart diseases,
congenital heart diseases, thrombosis and embolisms. %2 Myocardial infarction (MI) is a
cardiac disease caused by coronary artery occlusion, leading to ischemic damage of the
myocardium and characterized by left ventricle remodeling, reduced cardiac function and
development of heart failure. 34

Myocardial infarction is mainly initiated by rupture or erosion of an unstable
atherosclerotic plaque, leading to thrombosis, interruption of blood flow to the heart and
ischemia-induced death of cardiomyocytes. Disruption of endothelial cells integrity
facilitates the infiltration of leukocytes in the tissue.® Danger-associated molecular
patterns (DAMPS) are released by necrotic cells and recognized by infiltrating leukocytes-
expressing pattern recognition receptors (PRRS), initiating an inflammatory response
crucial for the clearance of damaged and dead cells and extracellular matrix debris. 3
Inflammation is then followed by a reparative phase with resolution of inflammation,
myofibroblasts proliferation, collagen deposition and scar formation (Figure 1).3

Several pathophysiological complications are associated with MI. Rupture of the infarcted
tissue is the most dramatic consequence in patients with Ml and, although the incidence
in Ml patients is below 1%, mortality is extremely high.® It is suggested that rupture is
caused by prolonged inflammation or impairment of the reparative processes.® Other
complications include cardiogenic shock, reduced cardiac output that leads to ischemic
dysfunction of vital organs like kidney and brain, and defects in the heart electric
conduction, causing arrhythmias during early and late phase after myocardial infarction.®
Among the patients surviving the initial cardiac events after myocardial infarction, a large

proportion develop Heart Failure (HF) with reduced ejection fraction (HFrEF). 4 HFrEF is
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associated with drastic morphological changes, such as progressive chamber dilation,
increased ventricle stiffness and scarring. 4

To overcome the complications caused by ischemic damage to the myocardium, many
therapeutic strategies have been developed. Restoration of the blood flow via re-opening
of affected coronary arteries through percutaneous coronary intervention, especially
performed shortly after the ischemic damage, improved cardiomyocytes survival and
reduced scar size.®> Beta-blockers administration have been shown to decrease heart
rate, blood pressure, and infarct size after MI, but some studies in experimental Ml
revealed that Beta-blockers administration did not alter infarct size,” despite reduced
incidence of cell death.8-!! Patients treated with angiotensin-converting enzyme (ACE)
inhibitors displayed decreased in mortality and heart failure development.’? ACE
inhibitors treatment showed reduced angiotensin Il levels, correlated with reduced cell
apoptosis and inflammation, reduced cardiac hypertrophy and interstitial fibrosis.1314.15.16
Also, in patients with myocardial infarction statins treatment reduced mortality and fibrosis
in experimental myocardial infarction through suppression of matrix metalloproteinases
(MMP) expression.7-20

Tissue healing after Ml is a finely orchestrated process of events in which different cell
types and molecular components are involved. Inflammation is known to play a critical
role in cardiac remodeling, supporting both tissue damage and repair.® Because of its
dualism, modulating inflammation has been proposed as a potential therapeutic strategy
to improve cardiac repair and functional recovery after myocardial infarction.®

However, trials employing non-targeted inhibition of the inflammatory response after M,
using non-steroidal anti-inflammatory drugs acting via cyclooxygenase inhibition, were
unexpectedly harmful, leading to increased rupture and adverse remodeling, highlighting
the crucial role of the inflammatory response in the reparative processes.?! In more recent
clinical trials, patients with Ml treated with Colchicine, an anti-inflammatory medication,
had lower risk of ischemic cardiovascular events compared to the placebo group. 2 On
the same line, treatment with Canakinumab, a monoclonal antibody against Interleukin-
1B (IL1B), in MI patients led to reduced cardiovascular events compared to the placebo

group. 22 However, it remains unknown how these treatments are affecting cardiac



healing and function after myocardial infarction, although initial data indicate that IL1p
blockade might have beneficial effects and reduce the development of heart failure in Ml
patients. Recently, treatment with anakinra, an IL1-receptor antagonist, in patients with
MI led to reduced incidence of new-onset of heart failure and hospitalization at 1 year
follow-up. 24

Because of the dual role of inflammation in cardiac remodeling after myocardial infarction,
it is crucial to develop therapeutic strategies able to inhibit inflammation deleterious
functions and not affect or increase its beneficial role. For this reason, a selective targeting
of specific subsets of immune cells or specific signaling pathways is needed.
Nevertheless, there are several complications on targeting the immune response
mediators. First of all, the inflammatory mediators are pleiotropic, and can for example
exert different functions in different cell types. 22 Second, the inflammatory response is
a highly dynamic process and finding the precise time window to target a specific cell type
or pathway is quite challenging. Finally, post-MI remodeling in patients is greatly affected
by different aspects, such as genetic background, comorbidities (like hypertension and
diabetes), age and sex, and the influence of these factors on the post-MI inflammatory
response are poorly known. Taken together, these considerations limit the therapeutic
approaches.

In this thesis, | am focusing on the inflammatory response after experimental myocardial
infarction, especially in defining the main drivers of neutrophil and macrophage functional
heterogeneity in the ischemic heart and how they are involved in cardiac remodeling after
MI.



Figure 1: Phases of cardiac healing after myocardial infarction. Ischemic damage triggers tissue injury
and cardiomyocyte death initiating the inflammatory phase, characterized by acute inflammation with
recruitment of immune cells including neutrophils, monocytes/macrophages, dendritic cells, and
lymphocytes. After 4 days in mice, the inflammatory phase is followed by a reparative phase, characterized
by inflammation resolution, angiogenesis, myofibroblast proliferation, collagen deposition, and scar
formation. These are necessary processes for a proper wound healing. Images are taken from Servier
Medical Art (smart.servier.com) and arranged with Inkscape.

2.2 Inflammation in the ischemic heart

2.2.1 Molecular drivers of the inflammatory response

2.2.1.1 Danger-associated Molecular Patterns (DAMPS) involved in immune cell
activation



DAMPs released by necrotic cells and their recognition by PRRs of the innate immune
system is the starting point of an inflammatory response. Upon PRRs activation, a
cascade of inflammatory mediators is activated, including inflammatory cytokines,
chemokines, and cell adhesion molecules.?*-3* In the ischemic heart, some DAMPs are

released by stressed cardiomyocytes, fibroblast and activated leukocytes. 29:31:32

High mobility group box-1 (HMGB1) is released by necrotic cells, monocytes,
macrophages, and stressed cardiomyocytes.3®> HMGB1 binds and activates different Toll-
like receptors (TLRs), including TLR2, TLR3 and TLR4, and receptor for advanced
glycation end-products (RAGE) initiating NF-kB translocation in the nucleus and

activating the proinflammatory signaling cascade.3*36-38

S100A8 (calgranulin A) and S100A9 (calgranulin B) are DAMPs secreted by neutrophils,
monocytes and macrophages during inflammation and activate RAGE and TLR4
receptors, initiating their signaling pathways. In a mouse model of ischemia/reperfusion
injury, S100A8/A9 heterodimer is released immediately after hypoxic damage, inducing
pro-inflammatory cytokines expression in cardiac fibroblasts and macrophages.® High
level of S100A8/A9 are present in patients with acute MI correlating with circulating
neutrophils count, recurrent cardiovascular events and increased risk of cardiovascular

death or M|.4041

S100A1 is a DAMPs secreted specifically by cardiomyocytes during MI. High levels of
S100A1 were found in both experimental MI and patient with acute MI. Cardiac fibroblast
engulf S100A1 via endocytosis, initiating TLR4 dependent-activation via MAP kinases

and NF-kb, exerting a immunomodulatory and anti-fibrotic effect.*?

Fibronectin is an extracellular matrix protein released by fibroblasts in the cardiac tissue
during myocardial hypertrophy and failure.*® Secretion of inflammatory cytokines (e.g.
TNFa, IL6, and IL1B) were induced in bone marrow-derived mast cell in a TLR4-
dependent manner after fibronectin treatment.** In fibronectin knock-out mice, left
ventricular dilation was decreased and systolic performance was increased after MI.

Moreover, inflammation, and metalloproteinase 2 and 9 activity were also decreased.*®
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2.2.1.2 Pattern recognition receptor (PRRs) in myocardial infarction

PRRs are proteins expressed on the cellular and endosomal membranes but they can
also be found in the bloodstream and interstitial fluids. The main PRRs associated with
inflammation after MI are the Toll - like receptors (TLRs) and the nucleotide-binding

oligomerization domain - like receptors (NLRs).4®

TLRs are mostly expressed on leukocytes, but they can also be found in parenchymal
cells, like cardiomyocytes, fibroblasts, and endothelial cells 4748, The signaling pathway
activated by TLRs relies on a cytoplasmatic Toll/interleukin (IL) 1 receptor (TIR) domain
that serve as docking site for an adaptor protein called MyD88, that can engage the
domain directly, for TLR-1-5-6-7-9, or in combination with another adaptor like
TIRAP/MAL, for TLR2-4. Activated MyD88 recruits IL1 receptor associated kinases 4, 1
and 2 (IRAK4, IRAK1, and IRAK2) to the complex. In particular, phosphorylation of IRAK1
recruits tumor necrosis receptor associated factor 6 (TRAF6) that associates with the
ubiquitin-conjugating enzyme 13 (UBC13) and ubiquitin-conjugating enzyme E2 variant
1 (UEV1A). This leads to TRAF6 ubiquitination, activating TAK1 that subsequently
phosphorylates IKKa, IKKB, and IKKy leading to kB degradation and allowing the
translocation of NF-kb to the nucleus inducing the expression of its target genes. 293

The TLRs most expressed in the heart are TLR4, TLR2, TLR3, and TLR5, among which
TLR4 and TLR2 are the most studied in the context of myocardial injury. 3 In circulating
leukocytes from humans with acute Ml increased activation of TLR2 and TLR4 and their
signaling cascade mediators has been observed, correlating with the development of
HF.4%-52  In a mouse model of ischemia/reperfusion injury, disruption or deficiency of
TLR4, TLR2, MyD88, or TLR3 reduced infarct size and, on a complementary approach,
treatment with an a TLR4 antagonist in mice and with an anti-TLR2 antibody in mice and
pigs also reduced infarct size. 53-5° According to these findings, sustained TLRs activation
exacerbates cell death, inflammation, oxidative stress, interstitial fibrosis, and leukocyte
infiltration. In contrast, a study showed a beneficial effect of TLR5 in a model of

ischemia/reperfusion injury, in which TLR5 deficiency increased infarct size, oxidative
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stress, inflammation and left ventricular dysfunction.® It was also shown that TLR2, TLR4
and TLR9 activation before ischemia/reperfusion injury induced cardioprotection,
reducing infarct size and cardiomyocytes survival, via activation of TIR domain and
PI3K/Akt.51-85 Similar protective effects were shown after short-term activation of some
immune signaling.?666-68 These findings suggest that short-term activation of immune
cell pathways has beneficial effect impacting primarily on cardiomyocyte survival,
whereas a prolonged activation exacerbates the inflammatory response recruiting high

number of leukocytes in the heart inducing tissue injury.26.30.66.69

NLRs are sensors that recognize intracellular DAMPs and pathogen-associated
molecular patterns (PAMPSs). They are divided in 4 subfamilies based of their N-terminal
domain: NLRA, NLRB/NAIP, NLRC, and NLRP. NLRs consist of three different domains:
a leucine rich repeat (LRR) domain at the C terminus involved in the recognition of
ligands; a CARD (caspase recruitment domain) and PYD (pyrin domain) domain at the
N-terminal which link the NLRs to the different adaptor proteins and effector molecules;
and a NACHT (neuronal apoptosis inhibitory protein CIITA HET-E TP1) domain which is
important for NLRs activation.”® NLRs are involved in a wide range of molecular functions,
including NFkB signaling pathway, retinoic acid-inducible gene-I-like receptor signaling,
autophagy, major histocompatibility complex (MHC) gene regulation, reproduction and
development.’® In particular, the NLRs most studied in the context of myocardial infarction
are NLRP3 and NOD1.

NLRP3 is associated with the inflammasome, a macroprotein complex that activates a
series of pro-inflammatory cytokines, such as IL1B and IL18.7>-"4 NLRP3 inflammasome
is widely studied in different cardiovascular diseases, such as hypertension, heart failure,
atrial fibrillation and acute MI, promoting adverse inflammatory response in such
diseases. ">7676.77 |n the mouse heart after ischemia/reperfusion injury, NLRP3 and the
downstream components of inflammasome activation caspase-1, IL13 and IL18 are
upregulated. "87° Moreover, in a NLRP3 knock-out mouse model reduced infarct size,
fibrosis, left ventricular dysfunction and decreased macrophage and neutrophils
infiltration were observed.®° Other findings described a link between reactive oxygen

species (ROS) production and NLRP3 inflammasome activation, in which mice after
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ischemia/reperfusion injury treated with antioxidant displayed reduced infarct size
correlated to a diminished level of NLRP3, active caspase-1 and IL1B levels.81.82

NOD1 is an intracellular scaffold protein that consists of CARD, NOD, and leucine-rich
repeat domain. Inactive NOD1 exists in monomer form in the cytosol, while upon
activation, it self-oligomerizes recruiting several accessory/scaffold proteins ending up
with NF-kB activation and its translocation in the nucleus.®® In a model of
ischemia/reperfusion injury, a deleterious effect of NOD1 in cardiac healing was shown.
In fact, activation of NOD1 with its activator DAP (D-glutamyl-meso-diaminopimelic acid)
aggravated ischemic injury promoting cardiomyocytes apoptosis and inflammation. 84 In
particular, activation of NOD1 in cardiomyocytes displayed decreased in L-type Ca?*
current, intracellular Ca?* transients and slow intracellular Ca?* decay, features that are
common in different cardiovascular diseases. 8 NOD1 deletion or pharmacological
inhibition prevented Ca?* mishandling in ventricular cells in a murine model of heart
failure.® These findings highlight the role of NOD1 as regulator of Ca2* dynamic in cardiac

excitation-contraction.

2.2.1.3 Cytokines

Cytokines are biologically active proteins with low molecular weight that act in an
autocrine or a paracrine manner to modulate cell function. After myocardial infarction,
cytokines and chemokines produced by stromal cells or resident immune cells induce
immune cell recruitment in the heart in which they exert their role by also producing a
variety of cytokines and chemokines. &’

Proinflammatory cytokines like TNFa, IL1 and IL6 are among the most important and
widely studied in the context of heart diseases, including myocardial infarction. ©

TNFa is produced in high level in the heart after acute injury or cardiac stress (such as
myocyte stretch, ischemia, pressure, or volume overload), while in physiological condition
it is not present. 8 TNFa has a controversial role, contributing to the development of

cardiac dysfunction, but also known to have cardioprotective effects. 8 On one hand,
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increase in TNFa levels upregulate the expression of antioxidant enzyme manganese
superoxide dismutase and mitochondrial protein A20, supporting a protective role 8°. On
the other hand, TNFa exerts direct toxicity on cardiomyocytes and promotes reactive
oxygen intermediates generation, supporting a role in tissue damage. *° There are two
types of TNFa cell membrane receptors: TNFR-1 and TNFR-2. TNFR-1 is known to exert
deleterious effects, while TNFR-2 exerts a protective effect in the heart. ° Clinical studies
on anti-TNFa antagonists showed contradictory results. In a first study, high risk of death
and hospitalization was increased in patients with heart failure treated with TNFa
antagonist compared to the control group. % In a second study, TNFa antagonist
treatment in patients with chronic heart failure showed lower death rate and
hospitalization. ®3 In a third study, patients with myocardial ischemia treated with a TNFa
antagonist displayed less blood neutrophils and plasma IL6 but increased platelet-
monocyte aggregation. °* These studies suggest that blockage of TNFa eliminates both
its beneficial and detrimental function.

IL1 is a group of 11 cytokines that are known to initiate proinflammatory processes. The
most studied are IL1a and IL1B8 which both bind to the IL1 receptor (IL1R) and exert
similar pro-inflammatory effects. IL1R knock-out mice displayed reduced left ventricular
dysfunction and dilation in a model of ischemia/reperfusion injury.®® Moreover, in
experimental MI, treatment with an IL1R antagonist inhibited myocyte apoptosis,
supporting the notion that the IL1 signaling pathway promotes tissue damage after
ischemic injury.®® IL1B is expressed as inactive precursor and is activated by the
inflammasome after cleavage at specific sites. °” As previously mentioned, myocardial
infarction patients treated with an IL1B blocking antibody showed reduced cardiovascular
events. 22 Although cardiac function readouts were not evaluated in this trial, it supports
the notion that IL1p promotes cardiovascular disease progression.

IL6 is a cytokine with proinflammatory properties and secreted by different cell types. IL6
binding to IL6 receptor (IL6R) and gp130, a transmembrane protein required for IL6/IL6R
recognition, activates various signaling pathways involving different transcription factors,
including STAT1 and STAT3. % Cardiomyocytes-specific over-expression of gp130 in
experimental myocardial infarction led to increased inflammation, adverse remodeling,

mortality rate and heart failure in a STAT3-dependent way. Indeed, genetic STAT3
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reduction in gpl30-enhancing condition improved the healing outcomes, lowered
inflammation, left ventricular rupture and heart failure after myocardial infarction. °°

Anti-inflammatory cytokines are necessary for inflammation resolution, an important
process that reduces the inflammation and initiates the proliferative phase in myocardial
infarction. The most studied anti-inflammatory cytokine is IL10, a homodimer protein
homodimer produced by many types of cells, such as monocytes, T-helper lymphocytes,
mast cells, T regs, macrophages and some subsets of B cells. IL10 is responsible to
reduce TNFa, IL1 and IL6 production.'® Infarcted mice treated with IL10 showed
decreased left ventricular dilation and improved cardiac function, despite unchanged
infarct size and mortality rate. Moreover, IL10 significantly upregulate a pro-reparative
phenotype in heart macrophages isolated after MI. 101 |L10 is required for the induction of
an osteopontin-producing reparative macrophage phenotype in the heart after myocardial

infarction, contributing to fibrosis and clearance of apoptotic cells. 102

2.2.1.4 Transforming growth factor B (TGFp)

Transforming growth factor B (TGFB) comprises a large group of proteins, including the
TGFB1, TGFB2 and TGFB3, the bone morphogenetic proteins (BMPs), the growth
differentiation factors (GDFs), the activins, the inhibins, the nodal, and the anti-Mullerian
hormone proteins. %3 In homeostasis, TGFp is constitutively expressed in the embryonic
and adult heart, localizing specifically in cardiomyocytes, or bound to the extracellular
matrix. 1% TGFR is crucial during cardiac development. Indeed, mice deficient for several
TGFB isoforms, mainly TGFB1 and TGFB2, showed impaired heart development and
impaired cardiac valve formation. 19516 |n adult mice, cardiomyocyte-specific deletion of
Smad4, an intracellular mediator of the TGFB signaling pathway, is associated with
defective cardiac function, fibrosis, increased cardiomyocytes cross-sectional area and
decreased ion channel gene expression. 17

Myocardial infarction is associated with TGFf and the Smad signaling cascade activation.

108,109 The TGFP isoforms seem to follow a time-dependent expression. 104:108.110-113 | g
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model of ischemia/reperfusion injury, TGFB1 and TGFB2 peak between 6-72 hours, while
TGFR3 is upregulated after 7 days. 12 TGFp isoforms are secreted in a latent form that
includes the TGFB dimer, the latency-associated peptide (LAP), and the latent TGF[3-
binding protein (LTBP). 14116 The activation of TGFB signaling pathway involves the
release of the LAP and the LTBP complexes. 14116 However, which are the signals
triggering TGFB activation after myocardial infarction are still unknown, but several
hypotheses have been suggested. In vitro studies suggested that av5 and av3 integrins
are involved in TGF activation and myofibroblast conversion, but the relevance of these
studies in vivo remain to be clarified. '’ Proteases, such as serine proteases, cathepsins,
matrix metalloproteinases, and cysteine proteases, are implicated in TGFB activation
following injury, and, since they are highly activated following cardiac injury, they have
been suggested as potential TGFB activators in the infarcted heart. 118120
Thrombospondin-1 (TSP-1) interacts with the LAP complex promoting TGFB dimer
release and activation. *?* In a murine and canine model of myocardial infarction, TSP-1
is upregulated in the border zone and is associated with an increased level of TGF. 122
Several cell types can produce and release TGF[ after myocardial infarction. In particular,
macrophages seem to be the main producers of TGFB in mice. 1% In CCL2/MCP-1-
deficient mice, a mouse model in which monocyte and macrophage recruitment is
impaired, expression of TGFB2 and TGFB3 was reduced, supporting the hypothesis that
monocytes/macrophage compartments contribute to TGFB production. 12 In contrast,
cardiomyocytes were the major source of TGFB in a porcine model of myocardial
infarction, suggesting that cell type-specific TGFB production might variate across
species. 12 Fibroblast, endothelial cells, mast cells, and lymphocytes are populating the
infarcted heart and can produce TGF[, but whether they contribute significantly to TGF3
availability in the heart remain still unknown. 125-128

TGFB act on different cell types. TGFB1 administration in a feline model of
ischemia/reperfusion reduced cardiomyocyte death. 1?° Ex vivo TGFB1 infusion in the
infarcted heart decreased cardiomyocytes apoptosis via activation of the p42/p44
signaling pathway. *?° In contrast to these findings, TGFB enhanced apoptosis via Smad
signaling pathway in isolated rat cardiomyocytes treated with angiotensin Il. 130 Moreover,

in experimental myocardial infarction, cardiomyocyte-specific knock-out of TGFB1 and
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TGFB2 increased mice survival due to cardiac rupture. 3! The controversial effect of
TGFB on cardiomyocytes might be explained by a dose- and time-dependent action, and
by the different experimental conditions. TGF[3 plays a crucial role in fibroblast activation
in the healing heart. Indeed, TGFf induces cardiac fibroblast activation, their conversion
in myofibroblast, and promotes the synthesis and secretion of collagen I, collagen 1ll, and
fibronectin. 130.132-134 |n experimental myocardial infarction, systemic TGFB inhibition
reduced collagen synthesis and increase MMP expression in the infarcted heart,
supporting the hypothesis that TGFB might be involved in regulating cardiac fibroblast
phenotype and function. 3> TGFp is also a modulator of the response of the immune
cells. It can act as a neutrophil and monocyte chemoattractant and stimulates pro-
inflammatory cytokines and chemokines in monocytes in vitro. 199136-138 |n contrast,
systemic TGFP inhibition increased neutrophil recruitment and production of pro-
inflammatory cytokines in experimental myocardial infarction. 13 TGFB can also modulate
macrophage function. Indeed, in vitro macrophage stimulation with TGFB induced M2
macrophage polarization with suppression of pro-inflammatory cytokines, augmented
macrophage proliferation, reduced nitrogen oxide production, and suppressed cytotoxic

activity against Leishmania parasite infection. 140-144

2.2.1.5 Chemokines

Chemokines are a family of small secreted proteins that are known for their ability to
stimulate leukocyte migration. They are divided into CC, CXC, and CX3C subtypes. 28
Chemokines receptors are expressed in a cell-type specific manner. CCR2 is expressed
in Ly6C" monocytes and is required for their release from the bone marrow. 4> CXCR2
and CXCR4 are expressed in neutrophils and control neutrophil egress and return in the
bone marrow. 46147 The just mentioned chemokines receptors are called “conventional
chemokine receptors”, but also “atypical chemokine receptors” exist. 48 The latter are
involved in leukocyte recruitment acting mainly as decoy receptors, controlling the

chemokine-chemokine receptor interaction. 14° For example, ACKR1 carries chemokines
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across the endothelial cells for presentation to blood leukocytes. %0151 Moreover,
although the mechanisms remain unclear, ACKR1 controls neutrophil phenotype and
numbers in the blood. %2 ACKR2 act as a scavenger receptor, switching from the cell
surface and the cytoplasm and internalizing the chemokines that it encounters while
exposed to the extracellular space. 315 Chemokines internalized in this way are
released by ACKR2 and degraded. %3154 ACKR2 deficiency in mice leads to increased
neutrophils and Ly6C" monocytes infiltration, decreased in survival and cardiac function,
and increase left ventricular dilation after MI. 1%

2.2.2 Cardiac cellular composition and specific cellular roles in the post-Mi
inflammatory response

Different immune and non-immune cell types contribute to the initiation and maintenance
of the inflammatory response after myocardial infarction. A study analyzing the cardiac
cellular components in the normal heart showed that more than 60% of non-myocyte
heart cells are endothelial cells, while leukocytes comprise 5% to 10%, and fibroblasts
constitute less than 20%. 1% It has been widely studied how specific cell populations affect
cardiac remodeling after injury and how the different cellular components interact with
each other. Nevertheless, their relative role in activation of specific inflammatory
cascades remain unclear. For this reason, | am going to describe in this section the
different immune and non-immune cells present in the infarcted heart and how they

participate in the inflammatory processes.

2.2.2.1 Non-immune cell component
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2.2.2.1.1 Cardiomyocytes

Cardiomyocytes are the cellular unit of the myocardium responsible for the heart
contraction. Upon ischemic damage, cardiomyocyte die because of necrosis, releasing
DAMPs and providing the main stimulus for the initiation of the inflammatory response.
Live cardiomyocytes in the border zone are supporting inflammation following activation
with IL1, TLR ligands or ROS. Moreover, different studies have also shown that
cardiomyocytes in the border zone express intercellular adhesion molecule-1 (ICAM1)
and might be involved in supporting inflammation by producing cytokines and
chemokines. 157159 H9¢2 cardiomyocytes cell line treated with LPS showed secretion of
inflammatory cytokines (e.g. TNFa, IL13 and IL6), suggesting a potential role of
cardiomyocytes in supporting the inflammatory response. %0 TGFB deletion in
cardiomyocytes reduced neutrophils infiltration, increased MMP9 activation and survival
in mice over 40 days after myocardial infarction. 3! Although these findings highlight a
potential role of cardiomyocytes in supporting inflammation, their real contribution to
inflammatory processes is still poorly understood and remains to be more precisely

evaluated.

2.2.2.1.2 Endothelial cells

Endothelial cells are the cellular component of the endothelium, the interior surface of
blood vessels. Endothelial cells are required for lymphocytes extravasation from the
circulation into the tissue, in this case the infarcted heart. Upon endothelial cells activation
a series of adhesion molecules are upregulated, such as P-selectin and E-selectin. 162
Selectins bind activated leukocytes, mediating their extravasation through the
endothelium and tissue infiltration. 162 Moreover, activated endothelial cells in the

infarcted area are also an important source of cytokines and chemokines.163.164
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Lymphatic endothelial cells are also involved in cardiac inflammation. Augmented
lymphangiogenesis in the heart after Ml improved clearance of immune cells from the
heart to the lymph node in a LYVE-1-dependent manner. 185 Moreover, Lyve-1 deletion
exacerbated inflammation and reduced cardiac function. % On the contrary,
lymphangiogenesis inhibition using VEGFR3 deletion in endothelial cells or loss of VEGF-
C and VEGF-D did not affect leukocytes infiltration and cardiac function, highlighting that

the role of lymphangiogenesis in Ml needs further evaluation. 166

2.2.2.1.3 Fibroblast

Fibroblasts are the most common cells in connective tissue and are responsible for
producing collagen and extracellular matrix, the structural and biochemical support for
every cell type. In the normal myocardium, fibroblasts are quiescent and provide
maintenance of the extracellular matrix network. In contrast, when fibroblasts are
stimulated with DAMPs, they secrete inflammatory cytokines and chemokines. 67 IL1
signaling pathway seems to have an important role in fibroblast activation during
myocardial infarction. Indeed, activation of IL1 signaling in fibroblasts was described to
promote a proinflammatory phenotype, to inhibit a-smooth muscle actin (a-SMA) and to
promote a matrix-degrading phenotype. 18 scRNA-seq analysis of cardiac fibroblasts
described upregulation of NF-kb-related genes and Ccl2 chemokine, essential for Ly6C"
monocyte recruitment, in a model of pressure overload. 1%° In the same study, blockage
of NF-kb signaling pathway in cardiac fibroblasts attenuated Ly6C"™ monocytes
recruitment and preserved cardiac function.®® Another study highlighted the ability of
cardiac fibroblast to engulf dead cells via secretion of milk fat globule-epidermal growth
factor 8 (MFG-ES8). 1’ MFG-ES8 deficiency led to accumulation of dead cells, exacerbation
of the inflammatory response and decreased survival in experimental MI. 1% Overall,

these data show that fibroblasts can modulate inflammation after myocardial infarction.
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2.2.2.2 Immune cell component

Inflammatory cells infiltrate the infarcted heart dynamically during the different phases of
the healing process, acquiring specialized function (Figure 2). 8’ In this section | am going
to describe the different immune cells invading the heart and how they affect cardiac

healing.

Figure 2: Immune cell kinetic after myocardial infarction. Inflammatory cells dynamically infiltrate the
infarcted heart. Shortly after Ml, resident macrophages die and pro-inflammatory immune cells, such as
neutrophils, Ly6CM monocytes, T cells, and pro-inflammatory macrophages, infiltrate the heart during the
inflammatory phase. The reparative phase is characterized by immune cell population with an anti-
inflammatory response, including anti-inflammatory macrophages, dendritic cells, T regulatory cells, and
Ly6C'* monocytes. During the reparative phase, the resident macrophage pool is replenished. Images are
taken from Servier Medical Art (smart.servier.com) and arranged with Inkscape.
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2.2.2.2.1 Dendritic cells

Dendritic cells are a heterogeneous population of immune cells known also as “antigen-
presenting cells”. Their function consist in antigen presentation to T cell and secretion of
cytokines and growth factors, regulating the immune response and inflammation.t’*
Dendritic cells are classified in two main subpopulation: plasmacytoid dendritic cells
(pDCs) and conventional dendritic cells (cDCs). 172 ¢cDCs can be additionally classified
in cDCs1, defined as CD8a*CD103*XCR1" in mice and CD141*CLEC9A*XCR1* in
human, and cDCs2, defined as CD172a*CD11b* in mice and CD1c*CD172a*in human.
173

The steady state heart is populated by pDCs, cDCs, a pre-cDCs subset and a population
of monocyte-derived DCs (moDCs). 1’4 In homeostatic condition DCs are essential to
maintain peripheral tolerance to the heart. Indeed, IRF8-dependent cDC1 are able to
present cardiac self-antigen in the heart draining lymph nodes stimulating myosin-specific
Treg development. 17> After myocardial infarction in mice, cDCs and moDCs populations
increase in number. 17> In a mouse model of genetic cDCs depletion , improved cardiac
function, reduced fibrosis and immune cells infiltration, including macrophages,
neutrophils and T cells were observed after MI. 174 cDCs2 are migrating to the lymph node
promoting autoreactive priming of Th1/Th17 T cells response. 1® Injection of tolerogenic
DCs in mice induced Tregs systemic activation (in heart, spleen, inguinal and mediastinal
lymph node) and pro-reparative macrophage responses, increasing cardiac function,
improving survival and promoting angiogenesis. 1’6 Although c¢DCs depletion in mice
ameliorated adverse remodeling after MIl, cDCs comprise heterogeneous subsets that
exert different function. "4 For instance, cDCs1 are able to “cross-prime” both CD4+
helper and CD8+ cytotoxic T cells. 7 Indeed, cross-priming inhibition in Clec9a-knock
out mice exacerbated adverse remodeling after Ml reducing collagen deposition and
cardiac function, pointing out that not all cDCs subset are deleterious for the healing
myocardium. 178 In line with this finding, decreased dendritic cells infiltration is associated

with impaired collagen deposition and development of cardiac rupture in human after Ml.
179
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2.2.2.2.2 T and B lymphocytes

T cells and B cells are immune cells of the adaptive immune system. They carry unique
antigen receptors (T-cell receptor (TCR) for T cells and B-cell receptor (BCR) for B cells)
generated by random somatic recombination.

T cells activation takes place in the secondary lymphoid organs (such as lymph node and
spleen) and is mediated by antigen-presenting cells (like dendritic cells, monocytes,
macrophages, and B cells) that internalize the antigen and present it to the TCR via the
major histocompatibility complex (MHC) class | and class Il molecules.*® Once activated,
T cells secret IL2 inducing their expansion and differentiation and, eventually, migrate
from the lymph node to the target organ where they exert specific functions.

Flow cytometry data showed infiltration in the heart of mature B cells, conventional and
unconventional T cells peaking at day 7 after MIl. They also showed activation and
proliferation of CD4+ T and T regulatory (Treg) cells in the heart draining lymph nodes.
Conventional CD4+ T cells in the infarcted heart are mainly Thl polarized, while Th17
and Th2 T cells are hardly detectable.18-184

First studies on the role of the different T cells subsets in a mouse model of
ischemia/reperfusion injury showed that CD4+ T cells, but not CD8+ T cells, contribute to
myocardial ischemia injury after 60 minutes of reperfusion.®> On the contrary, more
recent works better defined the role of CD4+ T cells in cardiac remodeling, showing in
CD4+ knock-out (KO) mice increased left ventricular dilation, impaired neovascularization
and collagen deposition, and increased infiltration of proinflammatory monocytes,
suggesting a protective role of CD4+ T cells probably via modulation of the innate immune
response. 18 Several studies illustrate that especially Tregs play a beneficial role after
MI. Tregs ablation experiments, using cell mediated depletion approach or specific knock
out mouse model, revealed increase in neutrophils and pro-inflammatory Ly6CM"

monocytes infiltration in the heart enhancing the pro-inflammatory milieu leading to left
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ventricular dilation. 125126181 Also Treg drive macrophage towards a pro-repair phenotype.
181

Cytotoxic CD8+ T cells infiltrate in the heart after MI. Genetic CD8+ T cells deficiency
increased neutrophils and macrophages recruitment, delayed necrotic tissue removal and
poor scar formation. Nevertheless, these mice display increased survival and cardiac
function. 87 Poor scar formation in CD8+ T cells deficient mice show increased cardiac
rupture events compared to wild type mice, suggesting that CD8+ T cells contribute to
both cardiac repair and damage after MI. 87 A more recent work using antibody mediated
depletion of CD8+ T cells and CD8+ T cell transfer experiments in mice and pigs
suggested a pathogenic role of CD8+ T cells after myocardial infarction, and revealed
that the deleterious effect of CD8+ T cells is due to release of Granzyme B. This work
also showed that high level of circulating Granzyme B was detected in patients with acute
MI and positively correlate with increased risk of death at 1-year follow-up. 18

B cells deletion in KO mice or via antibody-mediated depletion showed reduced infarct
size and left ventricular dilation, suggesting a pathogenic role of B cells. 18 Moreover, in
these mice models lower levels of the chemokine CCL7 were detected, which is
associated with less pro inflammatory Ly6C" monocytes infiltration presumably because
of increased retention in the bone marrow. 2 In contrast, intramyocardial injection of
isolated bone marrow B cells reduced apoptosis and improved cardiac function after M,
suggesting a possible protective role of B cells. '8 In depth analysis of the B cell
population in the infarcted heart using scRNA-seq highlighted the infiltration of a heart-
specific B cell subset recruited via the CXCL13-CXCR5 axis and contributing to local
TGFB production. 1%° Nevertheless, in CXCR5-deficient mice and in mice treated with a
neutralizing antibody for CXCL13, the ligand of CXCRS5, no improvement in cardiac
function was observed despite reduced B cells infiltration and TGFp levels in the infarcted
heart. 1% Spleen marginal zone B cells were recently shown to promote adverse
remodeling by increasing inflammatory monocyte mobilization via upregulation of the
monocyte chemoattractant CCL7. °! Furthermore, B-cell produced antibodies were
shown to play a detrimental role in cardiac remodeling after Ml. 192 Indeed, mice in which

antibody production is impaired exhibited improved cardiac function that correlated with
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a decrease in transcripts known to promote adverse remodeling, such as MMP9,

collagenase type | and Ill, and IL6. 192

2.2.2.2.3 yOT cells and Innate lymphoid cells

Unconventional yoT cells are lymphocytes that have a yd TCR. They represent 0.5-10%
of circulating lymphocytes in humans and mice, and they are residing in specific tissue

sites, such as skin, intestine, liver, and lungs. 193-1%8

yOT cells infiltrate in the myocardium at day 7 after MI1.1%° y3T cells are the major IL17
producing-cells in the infarcted heart. In IL17A KO mice, survival and left ventricular
dilation was improved over 28 days after Ml. Moreover, decreased inflammation was
described in these mice, reducing neutrophils and monocytes infiltration and their ability
to produce inflammatory cytokines, suggesting a deleterious role of yoT cells via IL17A-
mediated modulation of the innate immune response.?®

Innate lymphoid cells (ILCs) arise from common lymphoid progenitors but, unlike T cells,
they are activated by stress signals, microbial compounds, and cytokines from the
microenvironment rather than antigens. 2°! They are also divided in 3 groups based of the
cytokine profile of the classical CD4+ T helper cells: ILC1s, ILC2s, and ILC3s. 2% In
experimental MI, ILC2s depletion decreased mice survival, heart function, collagen
deposition and increased infarct size. 292 Moreover, ILC2s isolated from pericardial
adipose tissue after Ml showed enrichment of the IL2 pathway. 2°? Infarcted mice treated

with IL2 showed improved cardiac function and reduced infarct size. 202

2.2.2.2.4 Neutrophils
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Neutrophils are the most abundant granulocytes, and they are part of the innate immune
system. They originate from the common myeloid progenitors (CMPs) in the bone marrow
that differentiate in granulocyte macrophage progenitor (GMP). 293208 Granulocyte
colony-stimulating factor (G-CSF) is the main growth factor initiating the differentiation
processes from GMP to mature neutrophils (Figure 3). 20°-212 Three different
intermediate populations of unipotent neutrophil progenitors are described in humans and
mice from the GMP to mature neutrophil stage: an early neutrophil progenitor stage,
followed by a preneutrophil stage, and lastly with the immature neutrophil stage. 205208213
These neutrophil precursor stages rapidly differentiate into mature neutrophils, and these
processes involve several transcription factors, such as PU.1, C/EBPa, or GFI1 (Figure
3). 21 Neutrophils are also produced in extramedullary organs. Indeed, neutrophils
progenitors can be found in the spleen. 215

Retention of neutrophils in the bone marrow is mediated by CXCL12-CXCR4 signaling,
in which CXCL12 produced by bone marrow stromal cells provides a retention signal for
neutrophils through activation of CXCR4 expressed on neutrophils. 216 During tissue injury
or infection, neutrophils are produced through emergency or reactive granulopoiesis in
the bone marrow or via extramedullary hematopoiesis in the spleen. 21’ Their mobilization
into the circulation is mediated by the CXCL1/2-CXCR?2 signaling. %16

In the steady state, mature neutrophils are present in the blood in two ways: circulating,
or residing intravascularly in certain tissues (named marginated neutrophils). 2%
Marginated neutrophils can be found in liver, spleen and bone marrow. 219 In vivo labeling
revealed that the life span of neutrophils in circulation is around 5 days in human and 18
hours in mice. 22° However, neutrophils half-life can variate under different inflammatory
condition, such as presence of cytokines, growth factor and LPS, hypoxia and viral
infections. 221225

Different studies in mice described two subsets of blood neutrophils, named “young” and
“aged”, which are controlled by circadian oscillations. 2?6 Aged neutrophils peak during
the day and they are expressing low level of CD62L (CD62L'°%), while young nonaged
neutrophils express high level of CD62L (CD62L"9") and they peak in the circulation
during the night. 226227 The ageing process has been proposed to favor neutrophils

clearance, while other studies reported that aged neutrophils are the most rapid to
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infiltrate to the sites of inflammation. 226222 Changes in CD62L expression in neutrophils
according to the circadian cycle were detected also in human blood. 22622° Aged
neutrophils home back to the bone marrow, spleen or liver for clearance. 230231

Upon infection or tissue damage, neutrophils rapidly migrate to the target organs thank
to release of inflammatory chemokines, such as CXCL1 and CXCL2. 232 Moreover,
PAMPs and DAMPs can also directly interact with PRRs expressed in neutrophils to
induce their recruitment. 233 Once activated, they switch on a wide range of effector
mechanisms, such as phagocytosis, production of ROS, and neutrophil extracellular traps
(NETs). 234 Regarding tissue injury, neutrophils have always been associated to cause
tissue damage by amplifying the inflammatory response or releasing cytotoxic effectors.
235 However, neutrophils can also promote tissue repair by performing phagocytosis and
releasing growth or pro-angiogenic factors.?3®
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Figure 3: Neutropoiesis. Neutrophils originate in the bone marrow following a series of commitment states.
The hematopoietic stem cell progenitor differentiates into several multipotent progenitor cells, giving rise to
common myeloid progenitors (CMP) and then to granulocyte-macrophage progenitors (GMP). From the
GMP state neutrophil commitment starts with the generation of the common neutrophils progenitor that
goes under the maturation process, generating a pre-neutrophil state followed by the immature neutrophils
state. Mature neutrophils are then produced. Images are taken from Servier Medical Art (smart.servier.com)
and arranged with Inkscape.
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2.2.2.2.4.1Neutrophil heterogeneity

Neutrophils have long been considered as a homogeneous terminally differentiated cell
population with a conserved function. However, neutrophil heterogeneity is starting to be
appreciated and many nomenclature definitions have been proposed.

In healthy subjects, several blood neutrophils subsets were described: CD177+
neutrophils, olfactomedin-4+ neutrophils, a subset of neutrophils expressing variable
TCR-like immune receptors (TCRaB), and a CD49d*CXCR4*VEGFR1*. 236-242 CD177 is
a receptor required for surface presentation of proteinase 3, which mediates
transendothelial migration of CD177+ neutrophils. 241243 QOlfactomedin-4 is expressed in
20-25% of human blood neutrophils, and in mice enhances bactericidal capacity against
Staphylococcus aureus. 238240 CD49d*CXCR4*VEGFR1* neutrophils are able to interact
with VEGFR2 expressed on endothelial cells and their interaction is required for Vascular
endothelial growth factor A (VEGF-A)-induced recruitment of circulating neutrophils
during skeletal muscle hypoxia, supporting angiogenesis. 2** TCRaB neutrophils are
around 3-5% in human, but their functions remain still unknown. 2° As previously
mentioned (see 1.2.2.2.4 Neutrophil), neutrophils are also classified based on
expression of specific aging markers. 23!

A more recent work employed scRNA-seq on human blood neutrophils to characterize
their heterogeneity. 24 In steady sate condition, peripheral blood contained three distinct
transcriptional neutrophils states named: PMNa, PMNb, and PMNc. 246 Although PMNc
subset express high aging score comparing to PMNa and PMND, the latter also express
aging markers, albeit at lower level, suggesting that these three neutrophils subsets might
undergo two distinct aging processes. 246

Gradient density centrifugation of blood from patients with acute or chronic inflammatory
diseases revealed neutrophils enriched in two phases named: “low-density” neutrophils
(LDNs) and “normal-density” neutrophils (NDNs). 24’ LDNs include immature and mature

cells that are described to have an immunosuppressive role in cancer, pregnancy,
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infections and systemic inflammation, while a pro-inflammatory role in autoimmune
diseases. 248251 NDNs represent the neutrophils obtained after red blood cell lysis without
performing any density gradient centrifugation. 247:250.252

During inflammation, neutrophils sense and respond to various PAMPs and DAMPs,
integrating these signals which induce phenotypic and functional changes.?*® For
instance, LPS administration to healthy volunteers showed increase of CD169™
neutrophils with impaired antimicrobial function and a mature CD16+ neutrophil subset
with the ability to suppress T cell response and proliferation. 254255

Similar to macrophages, a N1/N2 neutrophil classification has been proposed. 2°6:257 A
“N1” neutrophils population is characterized by hypersegmented nuclei, production of
inflammatory cytokines, and a potent tumor killing capacity, while a N2 subset is defined
with an immature phenotype, increased arginase activity and promote tumor growth. 257
In a mouse model of lung cancer, neutrophils expressing high level of SiglecF with tumor-
promoting functions, such as active production of ROS and upregulation of angiogenesis-
related gene, were described. 258 We also found in the context of Ml infiltration of SiglecF"
neutrophils in the ischemic heart (Chapter 3)

2.2.2.2.4.2 Neutrophil heterogeneity in the infarcted heart

In response to ischemic heart damage, neutrophils mobilize from the bone marrow and
infiltrate the heart tissue. 2 Isolated neutrophils at Day1, 3, 5, and 7 after Ml showed
dynamic changes of their proteome profile. 2°° Dayl neutrophils showed a pro-
inflammatory profile and have increased degranulation and MMP activity. Day3, Day5,
Day7 neutrophil showed increase in proteins involved in extracellular matrix organization
(e.g. fibronectin, fibrinogen, galectin-3), suggesting a role in supporting scar formation by

stimulating extracellular matrix reorganization. 25°

Yonggang et al. described two distinct neutrophil subsets in the heart after Ml. One was

named N1, defined as Ly6G+CD206-, while the other was named N2, defined as
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Ly6G+CD206+. 20 N1 neutrophils represent more than 80% of the total neutrophils in the
heart and are enriched in pro-inflammatory markers, such as Ccl3, 1l1b, lI112a, and Tnfa,
while N2 are increasing in number over 7 days and they are enriched in anti-inflammatory
markers, like Cd206 and 1110. 260261 Correlation analysis revealed that N1 neutrophils are
associated with infarct wall thinning. Moreover, N2 neutrophils were not found in the
peripheral blood, suggesting that N2 phenotype is acquired in the ischemic heat (Figure
4), 261

In this thesis, we used single-cell RNA sequencing (ScRNA-seq) techniques to better

define neutrophils heterogeneity in the heart after MI, see Chapter 3.

2.2.2.2.4.3 Neutrophils in cardiac injury and repair

Large amount of neutrophils infiltrates the ischemic heart within few hours after ischemic
damage (Figure 2). 262263 DAMPs and alarmins released by damaged cells are
recognized by cardiac resident macrophages and by the endothelium, initiating neutrophil
recruitment. 264 Infiltrating neutrophils phagocyte dead cell debris caused by the ischemic
damage. However, they also release ROS, proteolytic enzymes, and inflammatory
mediators contributing to cardiac injury. Additionally, they produce NET and release
extracellular vesicles (EV) that contain a high amount of inflammatory mediators (Figure
5). 265266 Several evidence also showed a beneficial role of neutrophils in cardiac repair,

promoting anti-inflammatory response, angiogenesis, and pro-reparative effects. 262.264.267

2.2.2.2.4.4 Neutrophils promote cardiac injury

Clinical and experimental studies associated neutrophils infiltration with worsening of
cardiac healing. Indeed, high circulating neutrophils correlate with increased infarct size,

sudden death, and heart failure development. 262.267 Neutrophils depletion or inhibition
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experiments reduced cardiac injury and infarct size in experimental MI, supporting the
evidence that neutrophils have deleterious effect. 268-271

Active neutrophils in the ischemic heart produce a large amount of ROS through a
process called respiratory burst, that is mediated by Nicotinamide adenine dinucleotide
phosphate (NADPH). ROS are responsible to induce tissue injury and to promote release
of pro-inflammatory cytokines.?’>-274 Neutrophils also release a wide range of granular
proteins, such as Myeloperoxidase (MPO), serine proteases, and MMP. These proteins
promote cardiomyocyte death and extracellular matrix degradation (ECM) supporting
tissue damage after MIl. Moreover, neutrophils secrete cytokines (such as TNF-a, IL1p,
and IL8) and chemokines (such as CXCL1, CXCL2, CXCL3, and CXCL8), exacerbating
inflammation and adverse remodeling. 27:275:276

Neutrophil extracellular traps (NETs) are detected in patients with acute Ml and they
positively correlate with cardiac events, increased infarct size and cardiac dysfunction.
217-280 A report showed that plasma thrombin is responsible for NET generation via
platelet activation, contributing to fibrin deposition and formation of fibrin network,
suggesting that NETs might be involved in MI occurrence. Supporting this hypothesis,
PAD4 deficiency or pharmacological inhibition reduced NET formation, inflammation,
cardiomyocyte apoptosis, and improved cardiac function in experimental Ml. 281282
Neutrophils are produced by granulopoiesis in the bone marrow, and, upon Ml, their
production is enhanced. 281282 DAMPs and inflammatory cytokines, and also neutrophils
themselves, can induce granulopoiesis. 283-285Neutrophils recruited in the infarcted heart
release the alarmins S100A8/A9, stimulating IL1B secretion by neutrophils. IL13 enters
in the circulation and binds with its receptor expressed on hematopoietic stem cells in the
bone marrow, promoting granulopoiesis. Disruption of S100A8/A9 and inhibition of
downstream signaling cascade inhibit granulopoiesis and improve cardiac function after
MI. 283 In hypokalemia condition, neutrophils increased cardiac arrythmias in a lipocalin-
2 (LCN2)-dependent manner in infarcted mice, while in human neutrophilia is associated
with tachycardia in Ml patients. 286
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2.2.2.2.4.5 Neutrophils promote cardiac healing

On the other hand, several evidence show that neutrophils are required for a proper
healing after MI.

One of the main function of neutrophils is the phagocytosis of necrotic myocardium and
cellular debris. 287 Phagocytosis by neutrophils is initiated by the interaction between
neutrophil integrins and cellular debris, leading to an increase in intracellular calcium and
calpain activation. Activated calpain induces its translocation to the cell membrane and
contributes to the formation of the phagocytic cup. 227 Moreover, p81 cleavage by calpain
creates a space between the F-actin protrusions and the F-actin membrane which
increases neutrophil membrane size and allows neutrophils to engulf cellular debris. 287
After fulfilling their role, neutrophils are removed from the tissue mainly by apoptosis.
288,289 Apoptotic neutrophils expose phosphatidylserine on the cell surface, which is
recognized by macrophages initiating neutrophils clearance by efferocytosis. 288289 Lipid
mediators and proteins, like Lipoxin A4, resolving E1, and AnxAl, contribute to neutrophil
apoptosis and promote their removal by efferocytosis. 2°0 Efferocytosis stimulates
macrophages to produce anti-inflammatory and pro-resolving mediators, like TGF-,
IL10, VEGF, and specialized pro-resolving mediators, supporting inflammation resolution
and cardiac repair. 2°*2%¢ Moreover, apoptotic neutrophils prevent the binding of
inflammatory mediators from viable cells by acting as scavenger cells. 2°5-297 Delays in
neutrophil apoptosis and persistent neutrophil response cause tissue damage and
exacerbate inflammation, as it was shown in human acute coronary syndromes. 288298
Neutrophils also contribute to macrophage acquisition of a pro-reparative phenotype.
Indeed, in neutrophil-depleted mice macrophages displayed low expression of MerTK, a
receptor involved in clearance of apoptotic cells, leading to reduced cardiac function,
increased fibrosis and accumulation of apoptotic cells. 2°° In the same work, LCN2 was
suggested as a key inducer of pro-reparative macrophage phenotype. 2% Several reports
showed that short-term blockade of S100A9 exert beneficial effect in myocardial repair
and function. In details, S100A9 contributes to monocyte transition towards a reparative

macrophage phenotype, promoting clearance of dead cells and debris. 3%
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Angiogenesis is a critical process for a proper wound healing after MI. In vitro studies
showed that adenosine induces macrophages to produce VEGF, an important growth
factor necessary for angiogenesis. 30 It was shown that activated neutrophils produce
and release adenosine. Moreover, they also release adenosine triphosphate (ATP) after
stimulation, providing a substrate for extracellular generation of adenosine. 302
Neutrophils are the primary source of AnxAl in the infarcted heart, a protein that drive
macrophages towards a pro-angiogenic phenotype. 39! These findings suggest that they
might have an indirect role in angiogenic processes in the heart after MI.

Figure 4: Neutrophils heterogeneity and function after myocardial infarction. Neutrophils infiltrate the
infarcted heart within a few hours after ischemic damage. N1 neutrophils enriched in pro-inflammatory
genes, such as Ccl3, /16, and Il112a, are infiltrating the heart during the inflammatory phase, while N2
neutrophils, enriched in anti-inflammatory genes, such as Cd206 and 1110, are populating the heart during
the reparative phase. Neutrophils performed a variety of functions in the infarcted heart, supporting both
tissue damage and repair. For instance, neutrophils produce cytokines and chemokine, reactive oxygen
species (ROS) and neutrophil extracellular traps (NETS), are involved in extracellular matrix (ECM)
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degradation and removal of debris and dead cells. Images are taken from Servier Medical Art
(smart.servier.com) and arranged with Inkscape.

2.2.2.2.5 Monocytes and macrophages

2.2.2.2.5.1 Monocytes

Monocytes and macrophages are myeloid cells part of the mononuclear phagocyte
system.

Monocytes are short-lived cells that develop in the bone marrow during a process called
“‘monopoiesis”. Pluripotent hematopoietic stem cells (HSCs) develop into multipotent
precursors (MMPs) giving rise then to common myeloid progenitors (CMPs). CMPs
commit to become granulocyte and macrophage precursors (GMPs), the progenitor cells
giving rise to granulocytes. The classical hierarchical model of hematopoiesis states that
GMPs commit to become monocyte-macrophage/dendritic cell precursors (MDPs) before
differentiating in common monocyte precursor (cMoP), the cells giving rise to monocytes
and macrophages. 2% However, scRNA-seq analyses revealed that monocytes could also
be produced by GMPs and MDPs during inflammation (Figure 5). 304

Monocytes exist in two main subsets: classical and non-classical monocytes. 305306
Classical circulating monocytes comprise over 90% of monocytes in human and ~50%
in mice and are defined as CD14*CD16" and Ly6C", respectively. Upon inflammation,
they egress from the bone marrow and extramedullary sites, such as the spleen, and
transit to the target organ in a CCR2-dependet manner. Upon entering the tissue, they
contribute to inflammation via direct effect, producing TNF-a and nitric oxide, or
indirectly, by differentiating into macrophages and dendritic cells. Classical monocytes
also activate T cells via antigen presentation. 307-309

On the other hand, non-classical monocytes comprise less than 10% of monocytes in
human and ~50% in mice and they are defined as CD14*CD16" and Ly6C'"°, respectively.

308 They persist in the circulation and their role during inflammation is still not clear.
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Human and murine non-classical monocytes express high level of CX3CR1 and this
receptor is essential for their survival. 308310311 They circulate in the blood and play a role
in immune surveillance. 312313 Non-classical monocytes patrol healthy tissues by crawling
the endothelium in a LFA-1-dependent way. 32 Upon infection, they rapidly invade
tissues via CX3CR1, initiating the immune response and differentiating into
macrophages. 312

Human and mouse monocytes differ in some surface markers expression. For instance,
human monocyte can be identified by their HLA-DR expression, while only a portion of
mouse monocytes expresses MHCII. 34 On the other hand, mouse monocytes, but not
human monocytes, are characterized by PPARy and phagocytic genes expression. 31°
During homeostasis, classical monocytes remain in the circulation for almost a day before
infiltrating tissues and replacing a proportion of tissue resident macrophages ,or
differentiate in non-classical monocytes in the circulation. 307.316:325317-324  Although
monocytes contribute to the tissue resident macrophage pool during adulthood, little or
no monocyte engraftment have been observed in epidermis, central nervous system, and
the alveolar space. 3%>-331 Moreover, different works showed that the majority of classical
monocytes are recruited in the peripheral tissues in which they differentiate into
monocyte-derived macrophages, especially during diseases, or become part of a
reservoir of undifferentiated monocytes. 316332 ScCRNA-seq of mouse monocytes showed
rather homogenous populations of both classical Ly6C" and non-classical Ly6C'"
monocytes. 333 However, in the same work two populations of Ly6C™ monocytes
population were described: one characterized by CD209a and MHCII expression, while
the other is described as an intermediate state of Ly6C" to Ly6C'° differentiation state. 333
A Ly6C" monocyte subset with a neutrophil-like gene expression signature is described
in both homeostatic and inflammatory condition. 3°4334 Non-classical monocytes circulate
in the blood approximately for 2 days in mice and 7 days in human, but their lifespan can
change based on the microenvironment (e.g. CSF1 availability). 316325 The transition from
Ly6CM to Ly6C' monocytes is dependent on C/EBPB, NR4A1, and KLF2. Indeed,
absence of one of these three transcription factors lead to absence or reduced Ly6C'"
monocyte number. 335-337 Human monocytes are enriched in C/EBPB and NR4A1 motifs,

suggesting that classical to non-classical monocyte transition follows similar mechanisms
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to the ones described in mice. 33 The proportion between classical and non-classical
monocytes depends on many factors. For instance, mice treated with a bacteria peptide
show a shift from Ly6C" to Ly6C'° monocytes. 33° On the other hand, low concentration
of TLR ligands stimulate monocyte mobilization from the bone marrow increasing
circulating Ly6CM monocytes. 34° Non-classical monocytes are also increasing with age
and exercise. 341342

Inflammation triggers a process defined as “emergency monopoiesis”. During this
process, monocytes are produced in high quantity also bypassing the canonical MDP-
cMoP-monocytes development. In fact, neutrophil-like Ly6C" monocytes deriving from
GMP have been described under inflammatory conditions. 304 Moreover, segregated
nucleus-containing atypical Ly6C monocytes (SatM) have been described during
inflammation. 43 During emergency monopoiesis monocytes are also released by the
spleen and recruited to the injured tissue, such as in the vessel wall during atherosclerosis
and in the heart after myocardial infarction. 344-346 Monocytes recruited in the inflamed
tissue exert different functions. They are known to actively promote inflammation via
producing inflammatory cytokines in many disease contexts. 323347 Moreover, monocyte
can differentiate in monocyte-derived dendritic cells and acquire antigen-presentation
ability. For instance, mouse monocytes treated with IL-4 and CSF2 were shown to
efficiently cross-present cell-associated antigen to CD8* T cells. 34 Monocytes are also
involved in tissue remodeling. For instance, in a model of liver injury, monocytes
contribute to hepatic regeneration and neutrophil clearance. 34°3%0 Moreover, in a model
of retina injury, monocytes contribute to retinal progenitor cells survival and proliferation

by producing IL10. 351
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Figure 5: Monopoiesis during steady state and emergency hematopoiesis. Monocytes arise in the
bone marrow from the hematopoietic stem cell progenitors. In the steady state (left), monocyte commitment
starts from the GMP state that differentiates in monocyte-macrophage/dendritic cell precursor (MDP) and
then in common monocyte progenitor (cMoP), giving rise ultimately to Ly6Ch monocytes. Once mature
Ly6CM monocytes enter the circulation, they differentiate in Ly6C'> monocytes or CD209a+ monocyte, or,
after infiltrating the tissue, they can differentiate in macrophages. During emergency hematopoiesis (right),
monocytes are produced in high numbers and also bypassing the canonical MDP-cMoP-monocytes
development. Neutrophils-like Ly6CM monocytes and segregated nucleus-containing atypical Ly6C'e
monocytes (SatM) are produced from the GMP precursor. Images are taken from Servier Medical Art
(smart.servier.com) and arranged with Inkscape.

2.2.2.2.5.2 Macrophages

Macrophages are large phagocytes found in all tissues, where they exert a function of
immunosurveillance and participate in normal tissue homeostasis.3>? Macrophages highly
express CD68 in both mice and human, and F4/80 in mice. They are described as

phagocytic cells, but further research highlights their role in many physiological and
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pathological processes, such as cytokine production, phagocytosis, organ-specific
homeostatic functions and the ability to coordinate the formation of granulation tissue. 33
Macrophages arise in two distinct ways: they develop from different progenitors during
embryogenesis (giving rise to tissue-resident macrophages) or, mainly in inflammatory
condition, via differentiation from monocytes (giving rise to monocyte-derived
macrophages). Tissue-resident macrophages are mainly self-renewing in the tissue with
restricted monocyte contribution to a few specific tissues and subsets.3%*

Macrophages develop during successive distinct waves during embryonic hematopoiesis
and invade the developing organs before and shortly after birth (Figure 6). 353% |n mice,
at E7.0 afirst primitive wave of hematopoiesis developing from the yolk sac occurs, giving
rise to primitive erythroblasts, megakaryocytes, and macrophages. 2°7:3%8 A second wave
of hematopoietic progenitors, named erythro-myeloid precursors (EMPs), with erythroid
and myeloid potential, develop from the yolk sac between E8.0 and E8.5. 3°° From E8.5
EMPs migrate to the fetal liver where they differentiate in different lineage of cells,
including monocytes. 360361 Moreover, at E8.5 a new wave of hematopoietic progenitor
cells from the intraembryonic hemogenic endothelium give rise to fetal hematopoietic
stem cells in the aorta, gonads, and mesonephros region. 362363 At E10.5 these
precursors cell migrate and invade the fetal liver where they establish definitive
hematopoiesis. 362363 Given that embryonic hematopoiesis is characterized by
consecutives or parallel waves, macrophages can arise from different embryonic
hematopoietic progenitors. For instance, microglia in the brain mainly originate from yolk
sac macrophage progenitor, while in other tissue, such as Langerhans cells in the
epidermis, alveolar macrophages in the lungs, and Kupfer cells in the liver, arise from
both yolk sac macrophages as well as fetal liver monocytes. In tissues like the heart and
the gut, monocyte infiltrate in the tissue and partially contribute to the resident-

macrophage pool. 34
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Figure 6: Tissue-resident macrophage ontogeny. Most of the tissue-resident macrophages originate
during embryonic development and mainly self-renew in the tissue. Embryonic-derived macrophages
develop in successive waves. A first wave starts at E7.5 in the Yolk sac, where early erythro-myeloid
precursors (EMPs) generate macrophages that invade the developing tissue around E10.5, especially the
brain. At E8.5 a second wave of late EMP invades the fetal liver where they differentiate in monocytes
around E12.5. These monocytes are then invading the developing tissue and differentiate into
macrophages around E14.5. At E10.5 a third wave comprises hematopoietic stem cells (HSCs) precursors
that invade the fetal liver around E12.5, establishing definite hematopoiesis. Monocytes derived from HSCs
in the fetal liver migrate to the developing tissue and differentiate in macrophages around E18.5. Images
are taken from Servier Medical Art (smart.servier.com) and arranged with Inkscape. Figure re-adapted from
Ginhoux F. et al, 2016. 354

2.2.2.2.5.3 Macrophage Heterogeneity

Macrophages are plastic cells that can switch from one phenotype to another based on
the stimuli they receive from the microenvironment, a phenomenon called “macrophage
polarization”. 364365

Commonly, macrophages have been classified based on their in vitro response to

cytokines stimulation. Based on this model, macrophages exist in two main subsets:
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inflammatory M1 and anti-inflammatory M2 macrophages. 366-370 Stimulation of bone
marrow-derived macrophages (BMDM) with IFNy and TNFa, or with lipopolysaccharide
(LPS) drive them towards M1 phenotype. These macrophages produce high levels of pro-
inflammatory cytokines, such as TNFa, II1a, IL13, IL6, IL12, IL23 and cyclooxygnase-2
(COX-2). M1 macrophages have enhanced glycolytic pathway to sustain their rapid
energy requirements and their increased demands for biosynthetic precursors used for
the synthesis of pro-inflammatory cytokines.®’* On the contrary, BMDM polarize towards
M2 phenotype by stimulation with IL4 and IL13, via STAT6 activation. 372373 M2
macrophages have an anti-inflammatory cytokine profile, which is characterized by IL10
and TGFp production. On the contrary to M1 phenotype, M2 macrophages mainly rely on
oxidative phosphorylation.3”* M2 macrophages are also capable of “re-polarization”, in
which exposure with M1 stimuli leads to phenotypic switch towards M1 phenotype. The
latter is also valid for M1 macrophages exposed to M2 stimuli.3%3

Macrophages are able to integrate multiple signals, such as microbes, damaged, dying
and dead cells, cytokines, lipid mediators, etc... making the in vitro classification
insufficient to describe their real heterogeneity.3>3 Indeed, scRNA-seq together with fate
mapping strategies revealed high heterogeneity in the macrophage pool in both health
and disease. 334374-376 Macrophage ontogeny and normal tissue microenvironment are
also influencing their function. Indeed, tissue-resident macrophage are involved in tissue
homeostatic processes. 37 For instance, intestinal macrophages support immune
tolerance against the microbiota and dietary products, while alveolar macrophages
maintain gas exchange by carrying out the uptake and degradation of dead epithelial cells
and debris preventing respiratory failure. 37837° Another important consideration to make
is that not all tissue-resident macrophages are embryonic-derived, but also adult
monocytes contribute partially or totally to the resident macrophage pool. 354377 For
instance, microglia in the brain are known to have embryonic origin, self-renew in the
tissue, and promote apoptotic neutrons removal and synaptic plasticity. 382381 On the
other hand, intestinal lamina propria macrophages are replenished by bone marrow-
derived macrophages shortly after weaning, a process that continues during adulthood.
382 Kupffer cells are embryonic-derived macrophages residing in the liver that, upon liver

injury, are partially replenished by adult monocytes. 377 Although some reports showed

41



similar behavior between embryonic-derived and monocyte-derived Kupffer cell, other
studies described distinct functions raising the question that tissue-resident macrophage
replaced by monocytes behave differently compared to the embryonic-derived
counterpart. 383-38 A recent work employing scRNA-seq of isolated tissue-resident
macrophages from different organs defined a conserved gene expression signature
across tissues. They described three different subsets: TLF* (expressing TIMD4 and/or
LYVE1 and/or FOLR?2) self-renewing macrophages; MHCIIM"TLF- macrophages renewed
partially by monocytes; CCR2*TLF macrophages replaced entirely by monocytes. 376
Macrophage function is also influenced in disease conditions and different types of
macrophages can coexist at the same time. 3% For instance, scRNA-seq analysis of
atherosclerotic plague macrophages described diverse macrophage transcriptional
states: a pro-inflammatory macrophage subset, resident-like macrophages, and foamy-
TREM2" macrophages. 374387 In obese mouse adipose tissue three subset of
macrophages have also been characterized: a resident-macrophage subset, and two
TREM2" macrophage subsets with a lipid-associated macrophage signature (LAM). 388
The TREM2" LAM macrophage state was described in the last years in different disease
contexts. 387:389-392 | ijll extensively discuss about this specific subset in another
paragraph (see Triggering receptor expressed on myeloid cells-2 (TREM2)).

To summarize, macrophages are plastic cells that originate in a large part during
embryonic development and seed the organs prior and immediately after birth, in which
they contribute to tissue homeostasis. Monocytes produced during definitive
hematopoiesis can to some extent and in an organ and macrophage subset-specific
manner contribute to replenishment of tissue resident macrophage pools. During
inflammation, monocyte-derived macrophages abundantly infiltrate tissues. Tissue
microenvironment drives macrophages to specific phenotypes and, especially during
diseases, different macrophage states with different function coexist at the same time.

For these reasons, studying macrophage functional heterogeneity is challenging.
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2.2.2.2.5.4 Origin of macrophages in the healthy and ischemic heart

Cardiac tissue resident macrophages (CRTMs) comprise 6-8% of non-cardiomyocytes
cells in both human and mouse heart. 3933% cRTMs consist of three different populations:
TIMD4*Lyvel*MHCII®CCR2- macrophages, TIMD4 Lyvel MHCIINCCR2 macrophages
and TIMD4Lyvel MHCIINCCR2* macrophages. The TIMD4*Lyvel*MHCII®CCR2-
subset mostly self-renew in tissue, while monocytes partially replenish the TIMD4LYVE1-
MHCIINCCR2-and fully replace the TIMD4-Lyvel MHCII"CCR2* subset. 37> Fate mapping
analysis using Cx3Cr1CreERT2 Csf1RCeERT2 and FIt3°"® mice described contribution of both
yolk sac macrophages and fetal liver monocytes to the cRTMs pool. 325331 |n the neonatal
heart, embryonic macrophages expand and differentiate in MHCII"CCR2- macrophages
within weeks after birth. 3193% CCR2" yolk sac macrophages have been described to
promote coronary vessel formation and maturation in a IGF-1 dependent-manner. 3%
After MI, a large number of blood monocytes infiltrate the ischemic area within 30 minutes
peaking between day 3 and 5 (Figure 2). 3% Ly6C" monocytes are recruited in in the
ischemic area from the bone marrow and spleen via MCP-1/CCR2 chemokine receptor
interaction by a process named “emergency hematopoiesis”. 124397399 Emergency
hematopoiesis is triggered during an inflammatory responses, in which pro-inflammatory
factors, such as DAMPS and pro-inflammatory cytokines, reach and stimulate the
hematopoietic stem cell niche in the bone marrow to proliferate and produce high amount
of leukocytes, including monocytes. 4°° Monocytes remain in the infarcted heart for about
20 hours and then they are cleared mostly by local cell death or differentiate into
macrophages. %% Nevertheless, their numbers in the infarcted heart are maintained
extremely high due to infiltration of newly recruited monocytes. 40t

Ly6C" monocytes are also mobilizing from the spleen. 39401 Two different studies
demonstrated that the majority of the heart infiltrating monocytes after Ml are recruited
from the splenic monocyte compartment. 39491 |ndeed, one of these studies showed
activation of emergency hematopoiesis in the spleen, in which monocyte-dendritic cell
progenitors (MDP) precursors cells significantly increase in number starting at Day3 and
peaking at Day6 after MI. 491 Interestingly, considering that Ml increases angiotensin |

level in serum, it was shown that angiotensin Il type-1 receptor promote monocyte
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recruitment from the spleen, suggesting a connection between angiotensin Il serum levels
and splenic monocytes mobilization. 3%° Another work highlighted that chronic heart failure
in mice induces spleen remodeling by increased marginal zone and germinal center size,
accompanied by increased number of cDCs, pDCs, CD4* and CD8" T cells, and
decreased number of monocytes. 4%2 Moreover, splenectomy in heart failure mice
improved pathological remodeling and improved cardiac function. 492 Although in this work
the specific contribution of Ly6C" monocytes in the healing processes after Ml was not
described, it definitely pointed out that splenic leukocytes are involved in adverse
remodeling.

A study described the in vivo Ly6C" and Ly6C'° monocytes function by injecting
fluorescent probes to evaluate phagocytosis capacity, cellular matrix digestion, and
cytokines and growth factors expression. 4%3 Ly6C" monocytes displayed higher
proteinase activity, suggesting higher extracellular matrix remodeling ability, and
inflammatory cytokines production, such as TNFa. On the other side, Ly6C'° monocytes
express high level of vascular endothelial growth factor (VEGF) and equal phagocytic
capacity as Ly6C" monocytes. 4°3 Although this work could evaluate monocytes function
in vivo, their Ly6C'° monocytes gating strategy also included a macrophage population
that can bias interpretation. 4°3 The transcription factor NR4A1 was shown to have an
important role in dictating monocyte infiltration and macrophage phenotype. 4% Indeed,
mice lacking NR4A1 display increased number of Ly6C" monocytes and augmented
inflammatory cytokines expression in macrophages in the heart after Ml, and inability of
Ly6C" monocytes to differentiate into non-inflammatory macrophages. 4%4

Mice lacking GM-CSF or its receptor showed decreased leukocytes infiltration, including
monocytes, neutrophils and macrophages, accompanied by improved survival and
enhanced cardiac function after MI. 4%5 In another work, atherosclerotic ApoE-deficient
mice displayed enhanced pro-inflammatory gene expression, such as TNFa, and Ly6C"
monocytes recruitment in the infarcted heart after coronary artery ligation, associated with
reduced cardiac function and increased ventricular dilation. 4% Lastly, increased
infiltration of Ly6C" monocytes together with increased cardiac rupture events and

reduced cardiac function was described in ACKR2-deficient mice after MI. 1%5 QOverall,
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these data indicate that an increase of Ly6C" monocytes infiltration is generally
associated with adverse myocardial remodeling after M. 155405406

Different regional zone can be delineated in the infarcted heart: the infarct zone, the peri-
infarct zone (also called border zone), and the remote zone. 37° Within the infarct zone
cRTMs are reduced due to cell death. In the peri-infarct zone cRTMs increase in number,
while in the remote zone their numbers do not change but they transiently proliferate.
375,393 ScRNA-seq of immune cells isolated from normal and infarcted heart after 11 days
showed replacement of the cRTM compartment by monocytes and four additional MI-
associated macrophage clusters with distinct gene-expression profile and unknown
function were described. 3> Moreover, single-cell transcriptome analysis of macrophages
at day 4 after Ml revealed the presence of an interferon inducible cell cluster, named
“Interferon-inducible cells” (IFNICs). 4°” These macrophages are enriched in expression
of genes of the IRF3-IFN pathway, which detects cytosolic DNA and initiates an interferon
response. A recent work described the presence of a macrophage subset in the
pericardial cavity with a phenotype similar to serous cavity GATA6+ macrophages. 48
ScRNA-seq analysis of mouse heart at different time points after infarction described
different macrophages transcriptional states populating the infarcted heart in a time-
dependent manner. 33440° My work is also focusing on defining macrophage functional

heterogeneity using scRNA-seq, and | will discuss that extensively in Chapter4.

2.2.2.2.5.5 Functions of macrophages in the healthy and ischemic heart

cRTMs play a role in many physiological and pathological processes (Figure 7). In the
steady state, CRTMs are able to phagocyte pathogens and apoptotic cells via TIMD4 or
MerTK. 410-412 They are also involved in the electrical conduction of the heart, regulating
cardiomyocytes membrane potential via connexin-43 gap junction connection. 3°4 Indeed,
CD11bP™ mice, a model of macrophage ablation, develop atrioventricular block. 3%

cRTMs are also involved in maintaining cardiomyocytes homeostasis by taking up
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material released in form of exophers derived from cardiomyocytes, which contain
dysfunctional mitochondria and sarcomeric proteins. 43 Mice with cRTMs depletion or
MerTk-deficiency showed accumulation of dysfunctional mitochondria in cardiomyocytes,
impaired cardiac function, autophagy, and inflammasome activation. #** In various
inflammatory contexts (e.g., Lyme disease, viral myocarditis) macrophages can cause
atrial fibrillation or arrhythmias. 414416 In a mouse model of hypertension, upregulation of
a reparative genes program in cRTMs was shown, in particular with elevated expression
of insulin-like growth factor-1 (Igfl) that correlates with cardiomyocytes hypertrophy and
with preservation of cardiac function. 4’ Moreover, depletion of cRTMs in a mouse model
of dilated cardiomyopathy induced increased mortality, impaired ventricular remodeling
and angiogenesis, suggesting a role of cRTMs in cardiac healing. 4! In a similar way,
increased fibrosis, hypertrophy, and decreased cardiac function and survival were
described in a mouse model of cRTMs depletion after MI. 37°

After MI, cRTMs die and monocyte-derived macrophages are populating the infarcted
heart. During the inflammatory phase, macrophages are involved in clearance of
apoptotic cells, especially cardiomyocytes, and production of inflammatory cytokines,
such as TNFa, IL1, and IL6 (Figure 7). 2>3% Global monocytes and macrophages
depletion with clodronate-liposomes in infarcted mice decreased survival due to
thromboembolic events, with decreased cardiac function and angiogenesis. 4*° In the
reparative phase, macrophages contribute to adaptive remodeling by releasing IL10 and
TGFB, which promote collagen production, fibrosis and angiogenesis. 420 Another paper
corroborate the notion that macrophage contribute to cardiac fibrosis and scar formation.
421 Indeed, macrophages at Day7 after cardiac injury express gene related to collagen
deposition, such as Ctgf, Tgf33, and Serpinel, and also express genes encoding collagen
fibrillar isoforms (Collal, Col3al), suggesting that they both indirectly and directly
contribute to collagen synthesis in mice and zebrafish hearts. 421 Alternatively activated
M2-like macrophages with a reparative role are described in mouse heart after myocardial
infarction. 4?° In this study, TRIB1-deficient mice showed selective depletion of M2-like
macrophages, associated with reduced collagen deposition, fibroblast activation and

increase cardiac rupture. 420
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A study performed RNA-seq in macrophages isolated at different time points after Ml to
assess changes in macrophage transcriptomic signatures. 422 According to their results,
Dayl macrophages are enriched in pro-inflammatory and extracellular matrix degradation
signature, Day3 macrophages displayed higher genes involved in proliferation,
phagocytosis and mitochondrial function, and lastly Day7 macrophages are enriched in
extracellular matrix remodeling and scar formation gene signature. 422

GATAG6™ pericardial macrophages are also invading the myocardium, losing GATAG6
expression and performing an anti-fibrotic function. Indeed, loss of GATA6+
macrophages in experimental Ml enhances fibrosis. 48

IFNIC macrophages play a detrimental role in the healing after MI. In fact, knockout mice
for various component of the IRF3-IFN pathway (including cyclic GMP-AMP synthase
(cGAS), STING, IRF3 and type | IFN receptor (IFNAR)) showed improvement of left
ventricle size, contractile function, and survival. 4°7

In a model of abnormal electrical conduction after MI, macrophages depletion exacerbate
ventricular tachycardia and fibrillation. 286 Moreover, in mice lacking CD36 and MerTk,
known receptors involved in efferocytosis, higher arrhythmia and mortality were
described, together with increased cardiomyocytes death and mitochondrial dysfunction,
suggesting that macrophage-mediated phagocytosis protect against MI-induced
abnormal electrical conduction. 286

Macrophages efficiently clear apoptotic cells from the damaged tissue, a process
essential for inflammation resolution and tissue repair. 309423-426 |ndeed, blocking
efferocytosis via MerTk deficiency in infarcted mice induced accumulation of apoptotic
cardiomyocytes in the myocardium, delayed inflammation resolution, and reduced
cardiac function and infarct size. 3°0:424 Other than MerTk, also milk fat globule epidermal
growth factor-like factor 8 (Mfge8) is involved in the efferocytosis processes. 4?7 In fact,
mice deficient for both MerTk and Mfge8 displayed accumulation of apoptotic cells with
increased fibrosis, infarct size, and reduced angiogenesis. Moreover, MerTk and Mfge8-
deficient bone marrow-derived macrophages have a lower efferocytosis capacity and
VEGF-A production, a growth factor improving cardiac function and angiogenesis. 423
MerTk function is controlled by proteolytic cleavage via the generation of soluble MerTk.

428-430 Elevated serum levels of soluble MerTk were detected in mice and patients with
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MI. In the same study, a mouse model in which MerTk is resistant to shedding showed
improved cardiac function and reduced infarct size after MI. 4> Moreover, high expression
of MerTk was observed in MHCII®CCR2- cRTMs, which displayed increased pro-
reparative cytokines production after efferocytosis. 4?4 Efferocytosis was also shown to
promote macrophages IL10 production by enhancing mitochondrial f-oxidation thanks to
apoptotic cell fatty acids availability. 42> Cardiac macrophages express high level of
VEGF-C and apoptotic cell efferocytosis induces VEGF-C production in bone marrow-
derived macrophages. %?¢ Vegfc deficiency specifically in murine macrophage led to
increased inflammatory cells infiltration, such as neutrophils and Ly6C" monocytes, pro-
inflammatory cytokines production, fibrosis, and reduced cardiac function after MI. 426

The essential role of macrophages in cardiac remodeling after Ml is highly demonstrated
also in zebrafish and neonatal mice after cardiac injury. In fact, both zebrafish and
neonatal mice are able to completely regenerate the injured heart with little or no fibrotic
scar formation. 431432 Cardiac cryoinjury in zebrafish induced massive cardiomyocytes
death, transient fibrosis, followed by full regeneration of the heart. 433-435 Adoptive transfer
of macrophages with Col4al and Col4a3bpa-deficiency into zebrafish’s heart showed
reduced scarring after cryoinjury, supporting the notion that macrophages actively
contribute to collagen deposition and fibrotic processes. 4 The mouse neonatal heart
can also fully regenerate after cardiac injury during the first 7 days after birth. Macrophage
depletion in neonatal mice after cardiac injury induced fibrosis, reduced angiogenesis and
cardiac function and impaired regeneration, suggesting that macrophages are essential
to maintain a proper regenerative capacity in neonatal mice. 43¢ One study described the
difference between neonatal and adult heart inflammation in response to injury, and
demonstrated that neonatal heart injury generates minimal inflammation, with decreased
recruitment of inflammatory cells and pro-inflammatory cytokines production, and
promote cardiac recovery through cardiomyocyte proliferation and angiogenesis. 3%
Moreover, injured neonatal heart show expansion of the embryonic-derived cardiac
macrophage pool with small contribution from monocyte-derived macrophages compared
to adult mice after cardiac injury. 3°® Macrophages have a critical role in the heart

regenerative processes also in other species. 437
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As | already mentioned, monocyte-derived macrophage heterogeneity is described in
mouse heart after MI. 334499 |n particular, a macrophage subset highly expressing Trem2
and displaying a “lipid-associated macrophage” signature populates the heart starting at
Day3 after MI. 334499 |n this context, one focus of my thesis is to characterize the function

of TREMZ2 in macrophages during adaptive remodeling after Ml.

Figure 7: Macrophage function in heart homeostasis and cardiac repair. Macrophages play a crucial
role in both cardiac homeostasis and repair after MIl. In homeostatic conditions, macrophages actively
contribute to tissue homeostasis by facilitating electrical conduction, maintaining cardiomyocytes
homeostasis, and clearing bacteria and apoptotic cells. After MI, macrophages are involved in cardiac repair
processes at different levels. They can both promote and shut down inflammation, prevent arrhythmia
development after MI, clear dead cells from the microenvironment, and promote fibrosis and
neovascularization. Images are taken from Servier Medical Art (smart.servier.com) and arranged with
Inkscape.
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2.3 Triggering receptor expressed on myeloid cells-2 (TREM?2)

TREM2 is a transmembrane receptor of the immunoglobulin superfamily mainly
expressed in macrophages. TREM2 ligands comprise a wide range of anionic molecules,
such as bacterial products, DNA, lipoprotein, and phospholipids. 438 TREM2 receptor
consists in four different parts: an extracellular domain with a V-type immunoglobulin
domain, a short ectodomain, a single transmembrane helix, and a short cytosolic tail.
Since the cytosolic tail lacks signal transduction motifs, TREM2 receptor is associated
with two adaptor proteins, DNAX activation protein 12 (DAP12) and 10 (DAP10), via
oppositely charged residues in their transmembrane domains. Upon TREM2 activation
via receptor-ligand interaction, the co-receptors are phosphorylated inducing the
intracellular signal transduction machinery recruitment. DAP12 induces activation of
spleen tyrosine kinase (Syk), while DAP10 recruits phosphatidylinositol 3-kinase (PI3K).
TREM2 can bind DAP12 or DAP10 and, in some cases, can build a TREM2-DAP12-
DAP10 heterodimers. 43 Association with DAP12 and/or DAP10 is critical to determine
the downstream signaling pathway. For example, in vitro studies in mouse macrophages
have shown that DAP12 is required for Ca?* mobilization, while DAP10 is necessary for
activation of serine/threonine protein kinase (AKT1) and extracellular signal-regulated
kinase (ERK) (Figure 8). 389:439,440

Clinically, mutation and genetic variants of TREM2 leads to different neurodegenerative
syndrome, such as Alzheimer’s disease and Nasu-Hakola disease, and recent evidence

also associated TREM2 with metabolic syndromes and cancer. 388:441,442
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Figure 8: TREM2 signaling pathway. TREM2 interaction with its ligands induces activation of the protein
kinases SYK and PI3K by the co-receptors DAP12 and DAP10 respectively, resulting in the activation of
the downstream signaling pathways. Images are taken from Servier Medical Art (smart.servier.com) and
arranged with Inkscape.

2.3.1 Regulatory mechanisms of the TREM2 signaling pathway

Since TREM2 is suggested to bind a wide range of molecules, the interaction with
different ligands can modulate TREM2 signaling strength and direction. 43843 For
example, the immune receptor tyrosine-based activation motif (ITAM) of DAP12 is known
to be activating signals, but studies in mice have shown that low-affinity/avidity ligands
can promote partial DAP12 phosphorylation with recruitment of SH2 domain-containing
protein tyrosine phosphatase SHP-1, which dephosphorylates downstream targets of Syk
kinase resulting in cellular inhibition. 43° Moreover, the wide range of ligands complicates
to predict which activation signal is activated. Some of these ligands are physiologically
present in the body, such as lipoproteins and apolipoproteins, suggesting a constant
activation of TREMZ2. After tissue damage or cell death additional molecules that interact
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with TREM2 are released, such as LPS during bacterial infection or -amyloid oligomers
during Alzheimer’s disease. 438443444 |In @ mouse model of Alzheimer’s disease it was
shown that microglia upregulate apolipoprotein E (APOE), a ligand of TREM2, resulting
in its activation. 44> TREM2-deficient microglia have reduced expression of APOE. 445446
In a similar way, in high-fat-diet induced obesity mouse adipose tissue, APOE expression
increases in a TREM2-dependent manner. 38 These findings suggest a mechanism in
which TREM2 activation promotes production of TREM2 ligands that sustain TREM2-
dependent activation. 389447

The TREMZ2 signaling pathway might have parallel cellular processes responsible for its
activation and regulation. For instance, TREM2 downstream signaling is influenced by
the presence and availability of DAP12 and DAP10 that may change based on the cell
type and activation state. 439448450 Moreover, the ITAM motif of DAP12 is also
phosphorylated by activation of CSF1 receptor (CSF1R), suggesting that CSF1R activity
might modulate TREM2 signaling pathway activation. 451452 Supporting this idea, humans
with a genetic background causing partial CSF1R activity show symptoms resembling to
Nasu-Hakola disease, suggesting synergy between the TREM2 and CSF1R pathways.
453-455

TREM2 signaling via DAP12 counteracts inflammatory cytokine production following TLR
activation in cultured mouse macrophages, and, contrarily, LPS or IFNy stimulation
abrogate TREM2 expression. 456459

a-secretases-disintegrin, metalloproteinase domain-containing protein 17 (ADAM17) and
ADAM10 are others regulator of TREM2, acting by cleaving TREM2 at the H157-S158
peptide and leading to the release of soluble TREM2 (STREM2), resulting in a decrease
of membrane TREM2 levels and thus blocking the TREM2 signaling pathway. 460-463
Another TREM2 regulation mechanism is through controlling its expression levels.
TREM2 expression is upregulated in a mouse model of Alzheimer’s disease after PPARYy,
PPARSJ, liver X receptor (LXR) and retinoid X receptor (RXR) stimulation. 464465 Moreover,
TREM2 protein expression in mice has been suggested to be regulated also at post-
transcriptional level by the microRNA mir-34a, which is expressed following NF-kB

activation and is present at high levels in the brain of Alzheimer’s disease patients.466:467
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2.3.2 TREM2 and cellular mechanisms

Absence of TREM2 in mice or in vitro macrophages negatively impact phagocytosis of
apoptotic cells, cellular debris, B-amyloid and bacteria. 468-470 On the same line, TREM2
overexpression in non-phagocytic cells induced bacterial, lipoprotein and cellular debris
phagocytosis. 469471 Phagocytosis via TREM2 seems to require membrane presence of
its full-length form. Indeed, inhibition of TREM2 shedding boosted bacterial uptake in a
model of microglia cell line. 468 Although several in vitro experiments suggested that
TREM2 is involved in macrophage phagocytosis, another work showed that TREM2-
deficient and wild-type microglia engulf apoptotic debris equally in vitro. 4’ In an in vivo
mouse model of demyelination, phagocytosis of myelin debris is not impaired in TREM2-
deficient microglia, but lipid processing after phagocytosis in affected leading to
cholesteryl ester and oxidized cholesteryl ester accumulation. 42 Accumulation of these
molecules are found in Alzheimer’'s disease brain and in atherosclerotic plagues, two
diseases in which TREM2 was suggested to play a critical role. 374473474 These findings
suggest that TREM2 is definitely involved in phagocytosis processes, but the exact
mechanisms remain poorly understood.

As mentioned earlier, TREM2 activation antagonize pro-inflammatory signals. 456-458
Indeed, several anti-inflammatory genes are expressed in macrophages in a TREM2-
dependent manner, including Galectin-1, Galectin-3, IL1R antagonist (Il1rn), pro-granulin
(Grn). 320445 TREMZ2 is also counteracting immune-activation sensors of bacterial signals,
like TLRs, by not only producing anti-inflammatory factors, but also shutting down pro-
inflammatory signals. 456-459

TREM2 promotes survival of cultured macrophages deprived of CSF-1 in vitro, and in
vivo under stress condition. 447448475 Microglia deficient for TREM2 or expressing its
dysfunctional variant T66M showed reduced glycolysis and low ATP level, suggesting
that low survival might be caused by metabolic defects.38468 Confirming this hypothesis,
reconstitution of ATP level in microglia under B-amyloid-mediated toxicity improved

survival. 468

53



TREM2 signaling is essential for osteoclast maturation. Indeed, TREM2-deficient mice
showed reduced number of osteoclasts, and in vitro osteoclast precursors required
TREM2 to maturate upon M-CSF treatment. 476 This finding could also explain why bone
function is impaired in Nasu-Hakola disease patients. 450-452

TREM2 is required for the induction of a specific gene expression pattern called disease-
associated microglia (DAMs), a subset of microglia that occurs in several
neurodegenerative diseases in mouse and is characterized by increase in phagocytic
capacity and lipid metabolism-related pathways. 44>477 Similar gene expression pattern
was described in TREM2 lipid-associated macrophages (LAMs) in obese mice adipose
tissue, which form crown-like structure around adipocytes and this gene expression
signature is also TREM2-dependent. 3%° Computational analysis predicted that DAM
program requires four transcription factors: basic-helix-loop-helix family member E40
(BHLHE40), RXR gamma (RXRG), HIF1a and microphthalmia-associated transcription
factor (MITF). Between these, HIF1a is expressed in DAMs in a TREM2-dependent

manner in a mouse model of Alzheimer’s disease. 389445

2.3.3 Physiological role of TREM2

The role of TREMZ2 is widely studied in association with diseases, but its physiological
role still needs to be fully investigated (Figure 9). As previously mentioned, TREM2
genetic variants in human develop diseases in which the most studied are the Nasu-
Hakola disease and the Alzheimer’s disease. The fact that these variants, especially in
the Nasu-Hakola disease patients, develop a consistent variant-dependent phenotype,
suggest that TREM2 might play an important role also in physiological conditions.
Analysis of the Human Cell Atlas showed Trem2 expression in restricted niches, including
microglia, osteoclast, adrenal gland and placenta macrophages. 4’8 While the role of
TREM2 in adrenal gland and placenta is still unclear, extensive studies showed the role
of TREMZ2 in microglia and osteoclasts.
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TREM2 is important for myeloid cells survival and differentiation, as shown in osteoclasts
isolated from Nasu-Hakola patients. 4°9-452 TREMZ2 in mice is also involved in synaptic
pruning, a process of neuronal development in which microglia and astrocytes remove
excessive synapsis via phagocytosis. 4’° Additionally, TREM2 deficiency induces reduced
synapses in 4-week-old mice, although later in life this defect is normalized. 4&°

A TREM2+ macrophages subset is also found in the hair follicle niche, in which they
promote quiescence of the hair follicle stem cells in an oncostatin-M (OSM)-dependent

way. 481

Figure 9: TREM2 function in health and disease. In homeostatic conditions, TREM2 macrophages are
restricted in specific compartments, such as the brain, hair follicles, adrenal glands, placenta, and bones.
On the contrary, TREM2 plays an important role in different diseases context: neurodegenerative diseases,
metabolic diseases such as obesity, fatty liver, and atherosclerosis, tumor, and myocardial infarction.
Images are taken from Servier Medical Art (smart.servier.com) and arranged with Inkscape. Figure re-
adapted from Deczkowska A. et al., 2020. 478

55



2.3.4 Pathological role of TREM2

TREM2 and DAP12 dysfunction was first described in Nasu-Hakola disease, a
lipomembranous osteodysplasia with sclerosing leukoencephalopathy characterized by
bone cysts followed by bone fractures and progressive dementia. 82 In particular, TREM2
is required in microglia for proper phagocytosis of apoptotic neuronal debris and
resolution of inflammation. 483 Moreover, TREM2-deficiency negatively affects osteoclast
differentiation. 4%°

Different genetic variants of TREM2 are linked with late onset of Alzheimer’s disease. 44
The most common TREM2 variant associated with Alzheimer’s disease is R47H, in which
TREM2 loses the binding ability to its ligands and, therefore, the capability to phagocyte
TREMZ2-interacting ligands, such as B-amyloid, APOE and plague-associated lipids.
447.485.486 Moreover, TREM2 is required for microglial survival and the acquisition of the
DAM phenotype. 382445 Presence of microglia with the DAMs in human is still debated.
Studies performing scRNA-seq and single nucleus RNA-seq (ShRNA-seq) showed three
different results: no differences in microglia between control and patient with Alzheimer’s
disease, presence of DAMs in brain of Alzheimer's disease patient, or a completely
different signature in Alzheimer’s disease brain. 47-489 The technical challenges derived
by the isolation of single cells and nuclei from postmortem brain tissue can explain why
the presence of DAMs in human brain is inconsistent between different publications. 490:491
DAMs were also found in other models of neurodegenerative disease, such as
experimental autoimmune encephalomyelitis (AEA), multiple sclerosis (MS), amyotrophic
lateral sclerosis (ALS) and natural aging. 445477492

TREM2 LAMs are detected in obese human and mice visceral adipose tissue. TREM2
deficiency in obese mice revealed that its signaling pathway is crucial for the LAM
phenotype acquisition. In the same study, TREM2 deficiency in obese mice induced
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adipocyte hypertrophy, systemic hypercholesterolemia, body fat accumulation and
glucose intolerance, suggesting a beneficial role of the LAMSs in obesity. 38

LAMs are also detected in atherosclerotic plaque, and they have been proposed to
correspond to foam cells. Gene expression analysis revealed that foamy macrophages
express low inflammatory genes but many lipid processing genes, typical of the TREM2*
LAMs signature pattern. 387391 Although their presence is well established, the function of
TREMZ2 in the context of atherosclerosis still need to be clarified.

In the liver, LAMs were identified in fatty livers of mice fed with a high-fat diet, in other
models of acute and chronic liver injury and human liver cirrhosis. 392493494 |n a model of
liver injury, TREM2 promotes re-population of Kupffer cells, controls endothelial
phenotype and support the transition from pro-inflammatory to tissue repair phenotype in
macrophages. 49°

Additional evidence suggested a role TREMZ2 in tumor-associated macrophages (TAMS).
TREMZ2 was detected in blood monocytes and in TAMs in lung from cancer patients and
in a mouse model of lung cancer, and it was also shown to positively correlate with tumor
progression.*%® ScRNA-seq studies revealed expression of TREM2 in several subsets of
myeloid cells that in the tumor environment are termed myeloid-derived suppressor cells.
497 In a mouse model of lung cancer, TREM2 deletion or treatment with anti-TREM2
antibody improved cancer therapy, suggesting that TREM2 expressed in TAMs support
tumor growth.44! More in depth analysis of TREM2 TAM revealed enrichment in lipid
metabolism genes, extracellular matrix remodeling and immunosuppression.

TREM2 expression in microglia is modulating inflammation in a model of
ischemia/reperfusion injury.*%® Indeed, in both in vivo and in vitro TREM2 gene silencing
intensify the inflammatory response and neuronal apoptosis. 4°8 In a contrary approach,
TREM2 overexpression suppresses inflammation and neuronal apoptosis. 4%
TREMZ2-expressing macrophages are also described in the heart after myocardial
infarction. 33440° | will extensively discuss the role of TREM2 in macrophages in the
context of Ml in Chapter 4 and Chapter 5.
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2.3.5 Soluble TREM2

STREM2 is generated by cleavage of TREM2 by ADAM10/17 or by alternative splicing.
463,499-501 High levels of STREM2 are detected in cerebrospinal fluids of patients with
various neurological conditions, such as multiple sclerosis, Alzheimer’s disease,
Parkinson’s disease, frontotemporal dementia, natural aging and in plasma of Down
syndrome patients. 592519 Moreover, STREM2 is identified as a genetic Alzheimer’s
disease risk status. 506:507.511 Stydies of patients with Alzheimer’s disease showed that
STREMZ2 levels in cerebrospinal fluid are low during the asymptomatic phase, increase
during the early symptomatic stage and decrease slightly in the dementia phase.
505,506,512,513 These findings correlate STREM2 level in cerebrospinal fluid with changes in
microglia activation status, suggesting that STREM2 concentration might be used as a
biomarker of neuronal injury. 505507

Other than being a biomarker, some studies showed that STREM2 might also have a
biological role. Indeed, sTREM2 treatment of bone marrow-derived macrophages and
cultured human microglia deprived of CSF1 and GM-CSF respectively, showed increase
in macrophage survival, activation of NF-kB signaling pathway, production of
inflammatory cytokines and morph