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1 | INTRODUCTION

| Mediha Becirovic-Agic'? |

Merry L. Lindsey

Abstract

Myocardial infarction (MI) is defined as evidence of myocardial necrosis con-
sistent with prolonged ischemia. In response to MI, the myocardium
undergoes a series of wound healing events that initiate inflammation and
shift to anti-inflammation before transitioning to tissue repair that culminates
in scar formation to replace the region of the necrotic myocardium. The overall
response to MI is determined by two major steps, the first of which is the secre-
tion of proteases by infiltrating leukocytes to breakdown extracellular matrix
(ECM) components, a necessary step to remove necrotic cardiomyocytes. The
second step is the generation of new ECM that comprises the scar; and this
step is governed by the cardiac fibroblasts as the major source of new ECM
synthesis. The leukocyte component resides in the middle of the two-step pro-
cess, contributing to both sides as the leukocytes transition from pro-
inflammatory to anti-inflammatory and reparative cell phenotypes. The bal-
ance between the two steps determines the final quantity and quality of scar
formed, which in turn contributes to chronic outcomes following MI, includ-
ing the progression to heart failure. This review will summarize our current
knowledge regarding the cardiac wound healing response to MI, primarily
focused on experimental models of MI in mice.
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Myocardial infarction (MI) is defined as evidence of cardiomyocyte necrosis consistent with the presence of
prolonged ischemia due to a blocked coronary artery (Thygesen, Alpert, White, & Joint ESC/ACCF/AHA/WHEF Task
Force for the Redefinition of Myocardial Infarction, 2007). In the clinic, MI diagnosis includes the detection of cardiac
biomarkers (e.g., troponin) above the 99th percentile of the upper reference limit, along with other evidence of
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ischemia. Ischemia is demonstrated by the presence of symptoms, electrocardiogram changes, or imaging showing loss
of viable myocardium or regional wall motion abnormality (Thygesen et al., 2007). MI is also diagnosed in humans fol-
lowing sudden unexpected cardiac death with symptoms of ischemia or evidence of fresh thrombus at autopsy. The cur-
rent optimum therapy for MI includes timely reperfusion, along with medical treatment including angiotensin-
converting enzyme inhibitors, beta-blockers, and statins (Ibanez et al., 2018; Members et al., 1996; Roe et al., 2005).
Even when reperfusion occurs, there is an increased risk of developing heart failure, such that ischemic heart disease is
a major contributor to heart failure with reduced ejection fraction (Vedin et al., 2017). The total measurable extent of
cardiomyocyte death is an important factor in the overall risk of heart failure development (Teringova & Tousek, 2017).

Clinically, not everyone receives timely therapy. About 25% of patients with MI will not be reperfused due to a vari-
ety of explanations, including delayed presentation or diagnosis, and lack of success in reperfusion (Lindsey, de Castro
Bras, et al., 2021). In addition, up to 50% of those provided reperfusion therapy will experience the phenomenon of no-
reflow, which is a state of myocardial tissue hypoperfusion due to impaired microvascular flow that occurs in the pres-
ence of a patent epicardial coronary artery (Niccoli et al., 2010; Rezkalla & Kloner, 2002). There is currently a lack of
effective treatments for no-reflow, in part due to its multifactorial nature and in part due to the hemodynamic instabil-
ity of therapies that require very high doses not easily tolerated by patients (Niccoli et al., 2010). Combined, this results
in a significant number of patients with MI who will undergo adverse cardiac remodeling and in some cases death due
to rupture of the left ventricle (LV; Reed et al., 2017). For these patients, the risk of progression to heart failure is high,
and the majority of heart failure with reduced ejection fraction have MI as the underlying etiology (Cahill &
Kharbanda, 2017; Ho et al., 2013; Roger, 2013).

In animal models of MI, the permanent occlusion of nonreperfused MI recapitulates the phenotype of the patient
with no-reflow after MI who ultimately progresses to heart failure and will be the focus of this review (Mouton,
Rivera, & Lindsey, 2018b). As the mouse MI model of permanent occlusion has been extensively evaluated, we will pri-
marily use this model in our discussion. All permanent MI animal models undergo a similar series of events; the major
differences among them are the tolerance to ischemia and the temporal space in which each phase of wound healing
occurs (Dewald et al., 2004; Frangogiannis, 2014; Guo et al., 2012; Yeap et al., 2013; Box 1).

After MI, the myocardium undergoes a series of events that initiates inflammation and shift to anti-inflammation
before transitioning to tissue repair that culminates in scar formation to replace the necrotic myocardium. The overall
response to MI is determined by two major steps, the first of which is the inflammatory response that includes the
secretion of proteases to break down the extracellular matrix (ECM) and is a necessary step to clear necrotic
cardiomyocytes. The second step is the generation of new ECM that comprises the scar; and this step is governed by the
cardiac fibroblasts as the major source of new ECM synthesis. Leukocytes are central to both steps, contributing to the
proteases in the first step and stimulating the fibroblasts in the second step. Leukocytes transition from pro-
inflammatory to anti-inflammatory and reparative cell phenotypes over the first week of MI. The balance between their
phenotypes over the two steps of MI response determines the final quantity and quality of scar formed, which in turn
contributes to chronic outcomes following MI, including the progression to heart failure (Becirovic-Agic et al., 2022;
Chalise, Daseke, Kalusche, et al., 2022).

Necrotic myocytes release complement and other mediators such as damage-associated molecular patterns
(DAMPs) that initiate an early robust inflammatory response (Dobaczewski et al., 2006). Macrophages and neutrophils
in the circulation and spleen respond by infiltrating the infarct site (B Gowda et al., 2021; Dutta et al., 2015; Halade
et al., 2018; Kain & Halade, 2020). Neutrophils quickly predominate, such that by MI day 1 the neutrophil is the pri-
mary cell type in the infarct (Daseke et al., 2021; Ma et al., 2016). The macrophage numbers peaks at MI day 3-5
(Mouton, DeLeon-Pennell, Rivera Gonzalez, et al., 2018). Lymphocytes also contribute to the MI response and are pre-
sent in lower numbers than neutrophils or macrophages (Zaidi, Aguilar, Troncoso, Ilatovskaya, & DeLeon-
Pennell, 2021a; Zaidi, Corker, et al., 2021). T and B cells role in infarct repair has been recently reviewed in detail
(Hofmann & Frantz, 2015; Ilatovskaya et al., 2019; Porsch et al., 2021). While neutrophils and monocytes increase early

BOX1

For the majority of heart failure with reduced ejection fraction cases, myocardial infarction is the underlying
etiology. Patients with no reflow can progress to heart failure and have higher chances of adverse cardiac remo-
deling andmortality.



CHALISE ET AL. A 3 0f19
oA "" WI RE S MECHANISMS OF DISEASE_WI L E YJ—O

in response to myocardial injury, lymphocytes actually decrease to induce lymphopenia, and evaluations that add more
to our understanding of how leukocytes communicate to coordinate MI repair are certainly warranted (Ma et al., 2022).
Cardiac fibroblasts are present throughout the time course, peaking in proliferative capacity at MI day 3 (Mouton
et al., 2019). Inflammation peaks between MI day 1 and 3, followed by anti-inflammation leading to tissue repair and
scar formation over the course of MI (Becirovic-Agic et al., 2022; Tenkorang et al., 2019). The early phase of response is
crucial for MI wound healing, and we will discuss here the roles of the neutrophil, macrophage, and fibroblast to coor-
dinate ECM turnover to regulate wound healing.

2 | TEMPORAL EVOLUTION OF NEUTROPHIL PHENOTYPES

Neutrophils are among the first leukocytes to the ischemic injury after MI and serve as a crucial cell type to initiate and
coordinate the early removal of necrotic debris. Neutrophil numbers peak at MI day 1 and return toward baseline
values by day 7 (Ma et al., 2016). Neutrophil activation involves an increase in cell surface adhesion molecule expres-
sion that allows circulating neutrophils to enter the infarct region and mobilization of newly formed neutrophils from
the bone marrow. Exactly how immune cells home to the infarct is not entirely clear. The most discussed and accepted
possibility is that extravasation occurs at the border zone, and leukocytes then migrate to the necrotic site (Daseke
et al., 2021; Prabhu & Frangogiannis, 2016). Another possible route is through transportation occurring through lym-
phatic vessels, which is not impeded by arterial occlusion (Klaourakis et al., 2021; Lindsey et al., 2001; Swirski &
Nahrendorf, 2013). The lymphatic route has been shown as a mechanism to bring CD4+ T cells to the infarct zone
(Castell et al., 2019; Hampton & Chtanova, 2016; Hofmann et al., 2012).

Cardiomyocyte necrosis releases complement, DAMPs (e.g., high mobility group box 1 [HMGB-1], SI00A8/A9,
mitochondrial DNA, and adenosine triphosphate) and other signaling molecules that activate cell adhesion molecule
expression on circulating neutrophils to trigger extravasation into the infarct region and stimulate maturation and
recruitment of further neutrophils from the bone marrow (Chalise, Becirovic-Agic, Daseke, et al., 2022; Chalise,
Becirovic-Agic, & Lindsey, 2022b). Reduced secretion of CXCL12 in the bone marrow allows mobilization of myeloid
cells to the circulation through CXCL12/CXCR4 (fusion, CD184) axis (Christopher et al., 2009). CXCL12/CXCR4 axis is
very important in early neutrophil and monocyte mobilization from the bone marrow to the circulation and hence for
overall MI wound healing. CXCR4 blockade by use of antagonist improves tissue repair after MI (Hess et al., 2020;
Wang et al., 2019). Neutrophil aging is an intrinsic circadian process, regulating both entry into and clearance out of tis-
sue, that can be modified by inflammation, with Bmall and CXCR2 extending while CXCR4 shortens the half-life
(Adrover et al., 2019).

Once extravasated, neutrophils shed L-selectin (CD62L) to allow diapedesis to the infarct and activation by binding
toll-like receptor (TLR)-4 (Hafezi-Moghadam et al., 2001). Activated neutrophils are characterized as CD62L"°Y and
CXCR4"igh (Deniset & Kubes, 2016; Vafadarnejad et al., 2020). Inhibition of neutrophil recruitment by using CD18 anti-
body reduces infarct size and improves cardiac remodeling in the reperfused MI mouse model (Faxon et al., 2002). Neu-
trophils, once activated, traverse to the infarct region where they degranulate and release a number of proteases
(e.g., matrix metalloproteinase [MMP]-8 and MMP-9 and neutrophil elastase) to breakdown ECM into fragments to
remove necrotic cardiomyocytes (Becirovic-Agic et al., 2021). Neutrophils also release a number of pro-inflammatory
cytokines and chemokines that serve to amplify the inflammatory signal and herald in the macrophages (Chalise
et al., 2022b).

While the net effect of neutrophils is destructive, overall, neutrophil presence is required and essential for MI reso-
lution (Horckmans et al., 2017). A number of groups have shown that complete blockade of neutrophil entry using
anti-inflammatory strategies increases the incidence of rupture in mouse models of permanent occlusion MI (Huang &
Frangogiannis, 2018; Sholter & Armstrong, 2000). Clinical trials targeting immune responses such as methylpredniso-
lone, cyclosporine, or canakinumab (IL-1p antibody) failed to show any significant difference between placebo and
treatment (Cung et al., 2015; Giugliano et al., 2003; Madias & Hood Jr, 1982; Ridker et al., 2017). Angiotensin-
converting enzymes and beta blockers are therapeutically indicated and work in part by modulating inflammation
(Pfeffer et al., 1995; Pfeffer & Pfeffer, 1988). Neutrophil depletion started before MI worsens cardiac physiology after MI
by altering the role of the macrophage (Horckmans et al., 2017). While macrophage numbers are elevated in the
neutrophil-depleted mice due to increased infiltration, at the same time, there is a reduction in their conversion to a
reparative phenotype and reduced phagocytic capacity. Neutrophil gelatinase-associated lipocalin (NGAL) was identi-
fied in the MI neutrophil secretome as being the driver of the effect on macrophages, and NGAL alone could rescue the
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neutrophil-depleted phenotype and induce macrophage phagocytosis. Neutrophil depletion, therefore, was detrimental
to cardiac repair (Horckmans et al., 2017).

Prolonged pro-inflammation is also detrimental and has negative effects on cardiac physiology and survival. While
reduced neutrophil recruitment improves MI repair, complete blockade, or depletion of neutrophils prior to MI is detri-
mental to repair and resolution (Jolly et al., 1986; Wu et al., 2006). Neutrophils are required for creating the functional
space for infarct scar formation by degrading damaged tissue and aiding in its removal (Chalise et al., 2022b). Excessive
neutrophils also have negative effects on infarct repair due to overactive tissue degradation (Arruda-Olson et al., 2009;
Chalise et al., 2022c). Administration of SI00A8/A9, a neutrophil cytosolic protein that acts as a DAMP, exacerbates
infarct wall thinning and impairs LV physiology (Chalise et al., 2022a; Marinkovi¢ et al., 2019; Marinkovi¢ et al., 2020).
Similarly, Inhibition of MMP-12 prevents neutrophil apoptosis from occurring and results in excessive infarct wall thin-
ning and exacerbated LV remodeling due to the prolonged presence of neutrophils (Iyer et al., 2015; A. J. Mouton, Rivera
Gonzalez, Kaminski, Moore, & Lindsey, 2018d). MMP-12 induces polarization of thneutrophil signalome towards an apo-
ptotic signature with upregulation in IL-4 secretion and FOXO1 signaling and downregulation in WNT signaling. (Chalise
et al., 2022d) The neutrophil, therefore, has a complex cellular role in MI remodeling.

One reason for this complexity is that neutrophils across the MI time continuum undergo a full shift in cell polarization
from early pro-inflammation to anti-inflammation to repair (M. J. Daseke et al., 2019; Ma et al., 2016). The change in MI
microenvironment across the first week of MI dictates neutrophil phenotype, as neutrophils polarize in response to the envi-
ronment into which they enter. Single-cell analysis revealed distinct neutrophil profiles across the response to MI. At MI day
1, neutrophils show higher expression of CD62L, CXCL3, CCL6, and CD177 that shifts to the expression of ICAM1, tumor
necrosis factor (TNF) «, and interleukin (IL)-23a at day 3 indicating activated or aged neutrophils (Prince et al., 2017;

Day 1 3 7

., D Pro-inflammation Anti-inflammation Tissue repair
St

Neutrophl

DAMPs release ;‘ Secretion
/ \ Ao (IL-10, TIMP-2,
T Sl Arg1,Ym1)
4 'Degranulatﬁ‘ EpoR. IS8 l
Neutrophil/ | 2" (MMP-8, MMP-9,
L monocyte MPO, NGAL, NE) Seoretion
mobilization (fibronectin,
from bone | Secretion fibrinogen, vitronectin,
marrow to \J (S100A8/A9, IL-1B, ‘ thrombospondin 2,
circulation IL-8, IL-12a, Ccl3, galectin-3, cathepsin
CD-62L Ccl5, CXCL1/2, LIX, B, S100A4, MMP-2,
CC)C(CU 2/. shedding TNFa) ApOptOSIS TIMP-2)
XCR4 axis (Cathepsin D)
Neutrophil/monocyte Inflammation & Apoptosis, inflammation resolution, repair,
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FIGURE 1 Myocardial infarction (MI) neutrophil signaling network. After MI, necrotic cardiomyocytes release damage-associated
molecular patterns (DAMPs) that stimulate neutrophil infiltration from the circulation and mobilization of new neutrophils from the bone
marrow, regulated by CXCL12/CXCR4 signaling. Blood neutrophils infiltrate the infarct, shedding CD-62L along the way. MI neutrophils
are polarized to a pro-inflammatory phenotype at MI day 1. Pro-inflammatory neutrophils undergo degranulation to release various
proteases such as matrix metalloproteinase (MMP)-8, MMP-9, myeloperoxidase (MPO), neutrophil gelatinase-associated lipocalin (NGAL),
and neutrophil elastase. Pro-inflammatory neutrophils also secrete pro-inflammatory proteins (e.g., SI00A8/A9, interleukin (IL)-1p, IL-8, IL-
12a, CCL3, CCL5, CXCL1/2, LIX, and tumor necrosis factor (TNF)a). With the change in tissue microenvironment to anti-inflammatory
status, pro-inflammatory neutrophils undergo apoptosis and newly infiltrating neutrophils polarize to an anti-inflammatory phenotype.
Anti-inflammatory neutrophils are characterized by increased expression of IL-10, arginase (Arg)l, Yml, tissue inhibitor of matrix
metalloproteinase (TIMP)-2, and mannose receptor C-type 1 (Mrc1). By MI day 7, neutrophils show a reparative phenotype with the
predominant secretion of extracellular matrix (ECM) proteins such as fibronectin, fibrinogen, vitronectin, thrombospondin 2, galectin-3,
cathepsin B, S100A4, MMP-2, and TIMP-2. Created with Biorender.com
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Vafadarnejad et al., 2020). At day 5, neutrophils express higher nuclear receptor 4A2 (NR4A2) indicating resolution of
inflammation with increased apoptosis (Vafadarnejad et al., 2020). The MI neutrophil signaling map is shown in Figure 1.

2.1 | Pro-inflammatory neutrophils

Activated neutrophils in the infarct show a pro-inflammatory phenotype. Upon entry to the ischemic site, neutrophils
degranulate to release tissue degrading proteases, reactive oxygen species, chemokines, and cytokines (Kain &
Halade, 2020). The overall phenotype of neutrophils at MI day 1 is pro-inflammatory, with invasion and degranulation
being primary features. Proteomic analysis showed high upregulation of S100A9, fibrinogen, histones, and activin A
indicating positive regulation of secretion (M. J. Daseke et al., 2019). The predominant MMPs are MMP-8 and MMP-9,
although recently MMP-12 was shown to be expressed by neutrophils (Horckmans et al., 2017; Iyer et al., 2015; Kain &
Halade, 2020). Neutrophils also secrete myeloperoxidase, NGAL, and neutrophil elastase in response to MI. MMP-9
secreted by neutrophils in turn stimulates the production of CXCR4 to further increase cell mobilization through a posi-
tive feedback loop (Gopalkrishna et al., 2021; Jin et al., 2008). In the presence of the pro-inflammatory stimulus, fibro-
nectin induces neutrophil degranulation to release MMP-9, which then breaks down fibronectin to its 120 kDa
fragment to further stimulate MMP-9 release in a positive feedback loop that involves fibronectin signaling
(M. J. Daseke et al., 2019).

Neutrophils on MI days 1 and 3 are characterized by the expression of pro-inflammatory cytokines and chemokines,
including IL-1b, IL-8, IL-12a, CC chemokines (CCL)3 and CCL5, CXCL1/2, lipopolysaccharide-induced CXC chemo-
kine (LIX), TNF« (Kain & Halade, 2020). Pro-inflammatory neutrophils also show low expression of anti-inflammatory
proteins, including macrophage mannose receptor 1 (MRC1/CD206) and IL-10 (Ma et al., 2016). The release of pro-
inflammatory mediators creates a gradient for chemotaxis to stimulate the entry of more neutrophils from circulation
to the site of MI as part of the amplification process. This gradient also stimulates the entry of macrophages (Kumar
et al., 2018). Pro-inflammatory neutrophil numbers correlate with the extent of infarct wall thinning (Ma et al., 2016).
Pro-inflammatory neutrophils can sustain inflammation by forming neutrophil extracellular traps (NETs), which allows
proinflammatory neutrophils homing to a specific region by the release of chromatin fibers and histones (Chalise
et al., 2022a; Hofbauer et al., 2019; Ma, 2021).

At the same time, the presence of pro-inflammatory neutrophils is also essential in cardiac wound healing, as
inflammation is required before resolution and repair can be initiated. For the timely resolution of inflammation, it is
important that pro-inflammatory neutrophils undergo apoptosis to remove them after cardiac wound healing has been
initiated. Neutrophil apoptosis occurs through the activation of caspase 3, and MMP-12 can stimulate neutrophil apo-
ptosis directly (Iyer et al., 2015). MMP-9 reduces macrophage phagocytosis of apoptotic neutrophils, and MMP-9 also
reduces neutrophil apoptosis indicated by reduced caspase 9 (DeLeon-Pennell et al., 2016). MMP-9, therefore, prevents
neutrophils from becoming apoptotic and prevents macrophages from phagocytosing apoptotic neutrophils. Induction
of neutrophil apoptosis also initiates the polarization of the anti-inflammatory neutrophil phenotype, indicating there is
a built-in shut-off mechanism to temporally limit inflammation.

2.2 | Anti-inflammatory and reparative neutrophils

Within the infarct zone, by MI day 3 the progression to anti-inflammation and repair commences. The infarct environ-
ment shows increased expression of anti-inflammatory molecules and growth factors such as IL-10, transforming
growth factor p (TGF-p), and vascular endothelial growth factor (VEGF), and this is the environment into which new
neutrophils infiltrate. The overall phenotype of the neutrophil at MI day 3 is apoptotic, with cathepsin activity and
ECM reorganization being primary features. Because neutrophils are transcriptionally active but terminally differenti-
ated cells, apoptosis of the pro-inflammatory neutrophils reduces active inflammation and alters the tissue microenvi-
ronment, which in turn programs new incoming neutrophils toward an anti-inflammatory phenotype (Lakschevitz
et al., 2015; Rosales, 2018). The anti-inflammatory neutrophil is characterized by high expression of Ly6G and CD206,
which continue to increase until MI day 7 (Ma et al., 2016). CD206 in neutrophils is locally produced, as neutrophils in
circulation on MI days 1, 3, or 5 are all CD206 negative (Ma et al., 2016). Proteomic analysis shows high expression of
cathepsin D, Epo-R, a-synuclein, fibronectin, and fibrinogen indicating positive regulation of vasoconstriction
(M. J. Daseke et al., 2019). By MI day 5, neutrophil recruitment is reduced, and the neutrophils present have reduced
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pro-inflammatory and elevated anti-inflammatory gene expression. By MI day 7, the overall phenotype of the neutro-
phil is reparative, with neutrophils contributing to ECM synthesis and reorganization as the top enriched pathway
(M. J. Daseke et al., 2019).

Cathepsins degrade ECM and stimulate apoptosis and autophagy, providing shut-off valves to prevent extended
neutrophil activity through upregulation of caspase 8 and downregulation of pro-survival BCL-2 protein (Chwieralski
et al., 2006; Conus et al., 2012). Upregulation of fibronectin amplifies TNFa stimulated neutrophil apoptosis and aug-
ments macrophage uptake of apoptotic neutrophils, thus serving a dual role in promoting neutrophil removal from the
MI (M. J. Daseke et al., 2019; Kettritz et al., 1999; McCutcheon et al., 1998).

The overall phenotype of the neutrophil at MI day 7 is reparative, with ECM reorganization being the primary fea-
ture. The direct role of neutrophils in tissue repair has been understudied, and neutrophils on MI days 5 and 7 have
increased ECM protein expression, including fibrinogen, fibronectin, thrombospondin-2, galectin-3, MMP-2, tissue
inhibitor of metalloproteinase (TIMP)-2, and vitronectin (M. J. Daseke et al., 2019). Neutrophils at MI day 7 also express
cathepsin B and S100A4.

Fibrinogen stimulates fibroblast proliferation, indicating upregulation of neutrophils to fibroblast cross-talk (Gray
et al., 1993). The increase in TIMP-2 indicates that neutrophils at later times of MI prevent further ECM breakdown by
reducing their expression of MMP-8 and MMP-9 while upregulating TIMPs. At the same time, the increased expression
of MMP-2 in the day 7 neutrophils indicates that it may also serve a neo-homeostatic role to help maintain the infarct
scar, as MMP-2 is associated with cardiomyocyte homeostasis (DeCoux et al., 2014). In vivo, exogenous IL-4 infusion
started 24 h after MI reduced neutrophil expression of CCL3, IL-12a, TGF-p1, and TNFa on MI day 3 (Daseke,
Tenkorang, et al., 2020). Neutrophils stimulated in vitro with IL-4 show a strong anti-inflammatory polarization with
increased expression of anti-inflammatory markers [i.e., arginase (ARG)1, CD206, TGF-f1, and chitinase-3-like protein
3 (YM1); Liu et al., 2021].

As neutrophils directly regulate inflammatory response and tissue microenvironment in MI, targeting neutrophils or
neutrophil components could be therapeutically viable. In cancer, training neutrophils toward granulopoiesis has a positive
effect (Kalafati et al., 2020). Inhibition of neutrophil dimer protein S100A8/A9 improves infarct size after MI (Gebhardt
et al., 2006; Volz et al,, 2012; B. Zhao et al.,, 2021). Resolution promoting factors (resolvin D, annexin Al, and MMP-12)
impact neutrophil infiltration and pro-inflammation (A. J. Mouton et al., 2018b; Pullen et al., 2020; Tourki et al., 2020).
Selective transdifferentiation of neutrophils from an inflammatory to reparative phenotype may provide an improved
response to MI. A significant challenge lies in identifying the appropriate time point to start the therapy, as pro-
inflammatory neutrophils and subsequent signaling are essential for MI resolution. Sex as a biological variable may also need
to be considered. While neutrophil numbers were lower in female mice at MI day 1, the neutrophils from the female mice
showed higher per cell release of MMP-9 to maintain tissue clearance rates (K. Y. DeLeon-Pennell & Lindsey, 2019; DeLeon-
Pennell et al., 2018). The net effect of sex differences on remodeling remains to be fully elucidated.

3 | TEMPORAL EVOLUTION OF MACROPHAGE PHENOTYPES

Along with neutrophils, macrophages are the other leukocytes that predominate the infarct region and include bone
marrow-derived monocytes and macrophages as well as resident macrophages. Blood monocytes infiltrate the LV
infarct in response to chemotactic signals and initially differentiate to a pro-inflammatory profile. Macrophages dis-
play one of two types: (1) the CCR2+ subtype that regulates monocyte recruitment through myeloid differentiation
primary response 88 and (2) the CCR2— subtype that inhibits further monocyte recruitment and offers
cardioprotection after MI through homeostatic functions (Bajpai et al., 2019; Frantz & Nahrendorf, 2014; Hulsmans
et al., 2017; Pinto et al., 2012). The early pro-inflammatory macrophage phenotypically evolves over the first week of
MI (Figure 2; A. J. Mouton, DeLeon-Pennell, Gonzalez, et al., 2018). Pro-inflammatory macrophages amplify the
inflammatory signaling cascade, while anti-inflammatory and reparative macrophages phagocytose apoptotic neutro-
phils to shut off inflammation, and secrete growth factors and ECM components to initiate scar formation, and stim-
ulate neovascularization in the infarct zone.

3.1 | Pro-inflammatory macrophages

The overall phenotype of the macrophage at MI day 1 is pro-inflammatory, with cytokine upregulation and ECM degra-
dation being primary features. Similar to neutrophils, pro-inflammatory macrophages express cytokines and
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FIGURE 2 MI macrophage signaling network. Blood monocytes infiltrate the infarct area and are initially polarized to pro-
inflammatory macrophages by processes similar to neutrophils. Pro-inflammatory macrophages highly express CD14 and a variety of
cytokines (e.g., IL-1p, IL-12a, IL-23, and TNFa). On MI day 1, macrophages aid the neutrophils in necrotic debris clearance by secreting
tissue degrading proteases such as MMP-8 and MMP-9. By MI day 3, macrophages transition to an anti-inflammatory phenotype and
phagocytose apoptotic neutrophils through cell surface expression of Mertk, Mrc1, and Fgcr2b. Anti-inflammatory macrophages secrete IL-
10 and TGF-p, along with IFN-y, IL-12a, and CXCL4, indicating a mixed profile. By MI day 7, macrophages continue to transition toward a
reparative phenotype with the secretion of ECM proteins such as collagen I, periostin (Postn), secreted protein acidic and rich in cysteine
(SPARC) and lysyl oxidase (LOX). Created with BioRender.com

chemokines, including IL-1b, IL-6, and TNFa (Liu et al., 2021). CD14 is also upregulated on MI day 1. Th1l-related cyto-
kines activate M1 macrophages and induce pro-inflammatory activity. In addition to cytokine release, another major
role of pro-inflammatory macrophages is to secrete MMP-8 and MMP-9 to coordinate necrotic tissue removal in con-
junction with the neutrophils. Enrichment analysis of the day 1 MI macrophage transcriptome showed upregulation of
degranulation or release of tissue degrading proteases, and downregulation of ECM organization. Day 1 macrophages
balance neutrophil degranulation by secreting murinoglobulin, an attenuator, and galectin-3, a stimulator, of MMP-9
release (Chalise et al., 2022c).

In vivo, macrophages at MI day 1 are activated by binding TLR ligands to TLR in a MYD88-dependent manner to
induce transcription of interferon (IFN)y and TNFa. Macrophages stimulated by pro-inflammatory cytokines secrete
pro-inflammatory cytokines to maintain the inflammatory condition that extends neutrophil survival (Kumar
et al., 2018). At MI day 1, pro-inflammatory macrophages (F4/80'°"Ly6C"€") predominantly exhibit NF-kB and MAPK
signal activation to increase IL-1p, IL-12a, CXCL4, ILR-2, MMP-8, and IL-24 expression (A. J. Mouton, DeLeon-Pennell,
Gonzalez, et al., 2018). Hypoxic response is indicated in M1 macrophages at day 1 with differential expression of HIF-
la. Glycolysis, a metabolic hallmark of the pro-inflammatory macrophages, is upregulated at MI day 1 (Zhang
et al., 2019; M. Zhao et al., 2020).

Pro-inflammatory macrophages associate with adverse cardiac remodeling after MI. In humans with acute MI,
peak in pro-inflammatory monocytes (CD14"CD16") in the blood is negatively associated with recovery of ejec-
tion fraction 6 months after MI (Tsujioka et al., 2009). Peak circulating monocyte counts were higher in patients
with acute MI who had pump failure or LV aneurysm, with monocyte counts correlating positively with LV end-
diastolic volumes and negatively with ejection fraction (Maekawa et al., 2002). Similar results have been observed
in mouse models of MI with increased macrophages correlated to higher incidences of LV rupture (Hanna
et al., 2020). ApoE™" mice after MI have exacerbated infiltration and prolonged presence of pro-inflammatory
macrophages resulting in reduced ejection fraction measured at MI day 21 (Panizzi et al., 2010). When the
ApoE™!! mice were treated with siRNA targeting CCR2, they were protected from heart failure and had improved
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MI wound healing (Panizzi et al., 2010). An excessive inflammatory response caused by pro-inflammatory macro-
phages therefore can be deleterious and appropriate targeting of this macrophage subtype may improve MI
outcomes.

3.2 | Anti-inflammatory and reparative macrophages

At about MI day 3, macrophages begin to polarize with the overall phenotype of the macrophage being anti-inflamma-
tory, with proliferation, phagocytosis, and metabolic reprogramming being primary features (A. J. Mouton, DeLeon-
Pennell, Gonzalez, et al., 2018). These cells are characterized by high expression of IFNy, IL-12a, and CXCL4, indicating
a combination of pro-inflammation and anti-inflammation. Anti-inflammatory macrophages can be stimulated in vitro
by IL-4, IL-10, or IL-13 (Liu et al., 2021). While IL-4 is not endogenously expressed at high levels after MI, cells in the
heart express IL-4 receptors and can respond to IL-4 stimulation (Daseke, Tenkorang, et al., 2020). Anti-inflammatory
genes expressed by macrophages include ARG1, IL-10, CD206, TGFp, and YM1 (Alvarez-Argote & O'Meara, 2021). By
MI day 7, the macrophages convert to a reparative phenotype, producing collagen, periostin (Postn), secreted protein
acidic and rich in cysteine(SPARC), and lysyl oxidase (A. J. Mouton et al., 2019).

Engulfing of apoptotic neutrophils by macrophages involves GAS6 binding and MerTK activation through
upregulation of AKT signaling (de Couto et al., 2019; DeBerge et al., 2017). Acute inhibition of CD47 during reperfused
MI promotes macrophage phagocytosis and improves cardiac repair (Zhang et al., 2017). Neutrophil phagocytosis by
macrophages reduces IL-23 release and triggers an anti-inflammatory response (Rosales, 2018). The anti-inflammatory
macrophages stimulate fibroblast proliferation and ECM synthesis to initiate scar formation. TGF-f secreted by macro-
phages initiates the proliferative phase and induces repair and regeneration of ECM in the infarct region (A. Hanna &
Frangogiannis, 2019). Anti-inflammatory macrophages also communicate with endothelial cells through the release of
growth factors (e.g., platelet-derived growth factor) to stimulate the formation of new blood vessels necessary to
vascularize the infarct scar (Humeres & Frangogiannis, 2019).

As macrophages play various crucial physiological roles which are essential for infarct wound healing, complete
depletion or early inhibition of macrophages holds less therapeutic potential. Depletion of macrophages by clodronate
liposomes or genetic ablation both impair wound repair (Alvarez-Argote & O'Meara, 2021). In humans, pro-
inflammatory M1 macrophages (CD14"CD16~) were lower in patients with thrombus after MI compared to patients
without thrombus (Ben-Mordechai et al., 2013; Frantz et al., 2013). In patients with ST-segment elevation MI, blood
CD14*"CD16 ™ monocyte counts negatively correlate with MI resolution (Peet et al., 2020). Increasing macrophages pro-
liferation by administration of macrophage colony-stimulating factor (M-CSF, CSF-1) reduces MI cardiac remodeling
(Morimoto et al., 2007), while administering an inducer of granulocyte-macrophage colony-stimulating factor (GM-
CSF) has the opposite effect (Maekawa et al., 2004).

Optimization or refinement of macrophage subtype kinetics may be beneficial in the MI response. A blunted or
accelerated pro-inflammatory phase or an enhanced or early anti-inflammatory phase may provide an improved bal-
ance of phenotypes that allow the essential inflaimmation while promoting repair. CCR2 inhibition targets pro-
inflammatory monocytes (Ly-6C"€") and is beneficial for MI repair (Peet et al., 2020). Similarly, RNA inhibition of the
IRF5 transcription factor reduces pro-inflammatory macrophage numbers without altering anti-inflammatory or repar-
ative macrophages (Wynn & Vannella, 2016). IL-10, an anti-inflammatory agent, administered 24 h after MI, improved
ejection fraction and reduced cardiac dilation by reducing macrophage numbers, and shifting the phenotype to anti-
inflammation and repair (Jung et al., 2017). IL-10 induces phagocytosis by acting through an IL-10-STAT3-galectin
3 axis to upregulate production of osteopontin (Shirakawa et al., 2018). Macrophage-induced phagocytosis is essential
for tissue repair by clearing apoptotic cells and coordinating ECM reorganization during scar formation (Shirakawa
et al, 2018). Effective strategies targeting the macrophages, therefore, will need to consider the necessity of
inflammation.

4 | TEMPORAL EVOLUTION OF FIBROBLAST PHENOTYPES

The cardiac fibroblast is a resident cell type that actively participates in homeostasis of the myocardium by providing
continuous low-grade turnover of ECM, contributing to vascular maintenance, and aiding in the transduction of electri-
cal signals (Baudino et al., 2006; Camelliti et al., 2005; Daseke, Tenkorang-Impraim, et al., 2020; Gaudesius et al., 2003;
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Humeres & Frangogiannis, 2019; Miragoli et al., 2007; A. J. Mouton et al., 2019; Vasquez et al., 2011) Following MI, the
fibroblast transitions from supporting homeostatic functions to actively participating in all phases of infarct wound
healing (Humeres & Frangogiannis, 2019; A. J. Mouton et al., 2019). While ECM synthesis and deposition is the major
and most known role of the fibroblast during infarct healing, the fibroblast polarizes and shows a spectrum of pheno-
types in response to changes in the microenvironment over the MI time continuum (Figure 3; A. J. Mouton
et al., 2019). During the early inflammatory phase, ECM degradation is favored over ECM deposition as the removal of
debris is necessary before scar formation (Nielsen et al., 2019; Tenkorang et al., 2019). Consequently, fibroblasts polar-
ize to support ECM degradation and necrotic debris removal (A. J. Mouton et al., 2019; Nielsen et al., 2019). During the
anti-inflammatory and reparative phase, changes in the microenvironment stimulate fibroblast proliferation and ECM
synthesis resulting in scar formation (A. J. Mouton et al., 2019; Nielsen et al., 2019).

4.1 | Pro-inflammatory fibroblasts

The overall phenotype of the fibroblast at MI day 1 is pro-inflammatory, with cytokine upregulation and anti-migration
being primary features. Cardiac fibroblasts both contribute and respond to pro-inflammatory signaling during MI
(Daseke, Tenkorang, et al., 2020). DAMPs released by necrotic myocytes and leukocytes stimulate fibroblasts through
pattern recognition receptors (TLRs, NLRs, IL-1R1, RAGE) to produce and release a range of chemokines (CXCL1,
CXCL2, CXCL5, CXCL8, CXCL10, CX3C11, CCL2, CCL3, and CCL5) and cytokines (IL-1f, IL-6, IL-8, IL-12p40, IL-
12p70, IL-13, TNFRSF9, and TNFq; Li et al., 2021; Turner, 2016; Wu et al., 2014). The MI day 1 fibroblast also produces
colony-stimulating factor (CSF)-1, which is needed for macrophage differentiation (Mouton, DeLeon-Pennell,
Gonzalez, et al., 2018). The production of pro-inflammatory cytokines by fibroblasts stimulates the influx of leukocytes
into the infarct zone (Altara et al., 2016; Dewald et al., 2005; Frangogiannis, 2015; Montecucco et al., 2012; Mylonas
et al.,, 2017; C. L. Wu et al., 2021). Cultured fibroblasts also produce pro-inflammatory chemokines and cytokines in
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FIGURE 3 MI fibroblast signaling network. In response to MI, cardiac fibroblasts initially polarize to a proinflammatory phenotype at
MI day 1 and secrete cytokines and chemokines (e.g., CXCL1, 2, 5, 8, and 10, CX3C11, CCL2, 3, 5, IL-1f, IL-6, IL-8, IL-12p40, IL-12p70, IL-
13, TNFa, Tnfrsf9, and CSF1) to facilitate leukocyte infiltration. By MI day 3, fibroblasts polarize to a more proliferative phenotype (Ckap4
expression) with characteristics of an activated myofibroblast (a-smooth muscle actin expression and Tgfp1). Activated myofibroblasts
secrete ECM proteins, including collagen I and III, as well as fibronectin that initiates ECM deposition for scar formation. Vascular
endothelial growth factor (VEGF) secretion increases at MI day 3, indicating an angiogenic role for fibroblasts. By MI day 7, fibroblasts
continue to secrete more ECM proteins (collagen I and III, TIMP-1, and collagen crosslinking proteins such as SPARC and LOX for scar
maturation. Reparative fibroblasts at MI day 7 demonstrate an anti-angiogenic profile, indicated by expression of thrombospondin 1. Created
with Biorender.com
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response to IFNy and TNFa, indicating a positive feedback loop is initiated in the presence of a pro-inflammatory envi-
ronment (Daseke, Tenkorang, et al., 2020; Pappritz et al., 2018; Turner et al., 2007). By transcriptomics, the most
upregulated pathway in MI day 1 fibroblast is chemokine- and cytokine-mediated inflammation indicating that cardiac
fibroblast actively regulates the inflammatory response (A. J. Mouton et al., 2019). Pro-inflammatory fibroblasts also
display a pro-survival, anti-proliferative, and anti-migratory phenotype. The expression of anti-apoptotic BCL2 is
increased in MI day 1 fibroblast indicating a pro-survival phenotype, which would also prevent neutrophils from under-
going apoptosis (A. J. Mouton et al., 2019). This in conjunction with a reduced migration rate and absence of prolifera-
tion favors ECM degradation (A. J. Mouton et al., 2019; Nielsen et al., 2019). Thus, pro-inflammatory fibroblasts
promote leukocyte infiltration, ECM degradation, and necrotic debris removal.

4.2 | Anti-inflammatory and reparative fibroblasts

The inflammation starts to subside around MI day 3 (Daseke, Tenkorang, et al., 2020). The overall phenotype of the
fibroblast at MI day 3 is proliferative, with promotion of angiogenesis and ECM production being primary features. The
shift from an inflammatory to an anti-inflammatory environment induces transdifferentiation of the fibroblasts into
myofibroblasts, which start to proliferate and migrate into the infarcted area, resulting in increased wound contraction,
and repair capacity (de Boer et al., 2019; Ma et al., 2017; A. J. Mouton et al., 2019). The main function of the fibroblast
is to synthesize and secrete ECM, a function fundamental for the formation of the collagen-rich scar that replaces the
necrotic myocytes (Daseke, Tenkorang, et al., 2020; Humeres & Frangogiannis, 2019; Nielsen et al., 2019). Even though
replacing myocytes with scar tissue results in loss of contractility and is suboptimal compared to the pre-MI state, the
formation of an infarct scar is crucial for structural integrity to prevent the formation of LV aneurysm and cardiac rup-
ture and is an optimal response to MI (de Boer et al., 2019).

TGF-p1, secreted by most myocardial cell types, including cardiomyocytes and macrophages, is the central
mediator of myofibroblast activation (M. Becirovic-Agic et al., 2021; A. Hanna & Frangogiannis, 2019; Ma
et al., 2017). IL-1, corticotrophin-1, and fibroblast growth factor are additional factors that can stimulate fibroblast
migration into the infarct, but their effect on infarct scar formation is still uncertain (Dobaczewski et al., 2010;
Freed et al., 2011; Ma et al., 2017; Mitchell et al., 2007). The myofibroblast is commonly defined as a postinjury
fibroblast, a definition loosely based on the binary expression of alpha-smooth muscle actin (Ma et al., 2017). This
terminology, however, is limiting since it does not include all the different phenotypes that the fibroblasts display
during the MI time continuum (Daseke, Tenkorang, et al., 2020). MI day 3 fibroblasts have a proliferative and pro-
angiogenic phenotype (A. J. Mouton et al., 2019). Cholesterol biosynthesis, necessary for membrane synthesis and
proliferation, is the major upregulated pathway in the MI day 3 fibroblast. Increased proliferation in combination
with downregulation of pro-apoptotic genes (Caspase 3) explains the increased fibroblast numbers detected around
MI day 3.

Angiogenesis, cell migration involved in sprouting angiogenesis, and blood vessel endothelial cell migration are
additional processes upregulated in the MI day 3 fibroblasts. In vitro, the secretome from day 3 fibroblasts stimulates
endothelial cell tube formation, supporting the pro-angiogenic phenotype (A. J. Mouton et al., 2019). Collagen con-
tent in the infarcted area does not increase measurably until 3-7 days after MI and peaks after 3-6 weeks (de Boer
et al., 2019; Virag & Murry, 2003). The fibroblasts that we typically think of, a prominent producer of ECM, are seen
on MI day 7 (Nielsen et al., 2019). The overall phenotype of the fibroblast at MI day 7 is scar-forming, with ECM pro-
duction and anti-angiogenesis being primary features. The secretome of day 7 fibroblasts is rich in collagen I alpha 1
and 2 chains, SPARC, and lysyl oxidase. At the same time, day 7 fibroblasts also secrete TIMP-1, TIMP-3, and THBS],
which inhibits ECM degradation and angiogenesis (A. J. Mouton et al., 2019). Thus, the anti-inflammatory and repar-
ative fibroblasts support scar formation thorough ECM deposition and revascularization.

Fibroblasts are very changeable in character and therefore amenable to therapy (Gourdie et al., 2016). Promoting
pro-angiogenic fibroblasts early on may be a way to accelerate revascularization and infarct healing. To do this, a better
understanding of the factors that promote different fibroblast phenotypes is warranted. TGF-p1, in addition to stimulat-
ing ECM synthesis and deposition, is a very potent suppressor of inflammation and may therefore be used to promote
infarct healing (A. Hanna & Frangogiannis, 2019). On the other hand, excessive ECM deposition may induce arrhyth-
mias and diastolic dysfunction, showing the importance of having the right amount at the right time (Prabhu &
Frangogiannis, 2016; Zamilpa & Lindsey, 2010).
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FIGURE 4 Cardiac wound healing after MI is a balance between the breakdown of existing ECM and the construction of new ECM to
form an infarct scar. Cell phenotypes transition from early pro-inflammatory to anti-inflammatory and then reparative polarization
phenotypes, with overlap across the time continuum. Pro-inflammatory cells clear necrotic tissue, while anti-inflammatory cells turn off the
inflammatory response and reparative cells promote scar formation and maturation through secretion of ECM and ECM-modifying proteins.
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BOX 2

Fine-tuning the system, rather than total ablation or overexpression of components, will likely yield a better
outcome in myocardial infarction resolution.

5 | CONCLUSIONS

The cardiac response to MI involves a series of wound healing events categorized as temporal shifts from pro-
inflammation to anti-inflammation to repair and scar formation (Figure 4). The neutrophil, macrophage, and fibroblast
all evolve in phenotype along this time continuum. Understanding the balance in interactions among these three cell
types will provide insight into both the mechanisms involved as well as provide targets for therapeutic modulation.
With increased awareness of the importance of rigor and reproducibility, a number of resources have been provided by
the research community to aid in MI research (Lindsey, Brunt, et al., 2021; Lindsey, de Castro Bras, et al., 2021).

Fine-tuning the system, rather than total ablation or overexpression of components, will likely yield a better out-
come. Strategies that temper inflammation or accelerate the transition to turn off inflammation may provide a means
to modify the response. Using resolution-promoting factors is one such arena of promising research (Kain et al., 2014;
A. J. Mouton et al., 2018b; Tourki et al., 2020, Chalise et al., 2022d). While clinical treatment of acute MI has improved
dramatically over the last 40 years, preventing the progression of heart failure remains a significant clinical
issue (Box 2).
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