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Abstract

Despite mounting evidence implicating inflammation in cardiovascular diseases, attempts at
clinical translation have shown mixed results. Recent preclinical studies have reenergized this field
and provided new insights into how to favorably modulate cardiac macrophage function in the
context of acute myocardial injury and chronic disease. In this review, we discuss the origins and
roles of cardiac macrophage populations in the steady-state and diseased heart, focusing on the
human heart and mouse models of ischemia, hypertensive heart disease, and aortic stenosis.
Specific attention is given to delineating the roles of tissue-resident and recruited monocyte-
derived macrophage subsets. We also highlight emerging concepts of monocyte plasticity and
heterogeneity among monocyte-derived macrophages, describe possible mechanisms by which
infiltrating monocytes acquire unique macrophage fates, and discuss the putative impact of these
populations on cardiac remodeling. Finally, we discuss strategies to target inflammatory
macrophage populations.
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INTRODUCTION

Despite recent advances in the treatment of cardiovascular disorders, heart failure remains a
prevalent disease with significant morbidity, mortality, and burden on healthcare costs
worldwide. This situation is likely to worsen as the global prevalence of atherosclerosis
increases and the population ages, both of which are significant risk factors for the
development of heart failure. Although current approaches to heart failure treatment
including neurohormonal blockade, implantable defibrillators, and advanced heart failure
therapies have improved survival (1), patient outcomes remain suboptimal. These
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observations highlight the opportunity and clinical importance of developing new modalities
to prevent or treat heart failure.

An area of growing interest has been the role of inflammation in both the onset and
progression of heart failure. Considerable similarities appear to exist between the roles of
innate immune cells in heart failure and atherosclerosis (an area of heavy investigation).
Atherosclerosis has been characterized as a chronic low-grade state of inflammation driven
by excess cytokine [interleukin (I1L)-1pB, IL-6, and tumor necrosis factor (TNF)] production
and corresponding reduction in proresolving mediators (2). Patients with chronic heart
failure tend to have higher levels of serum biomarkers associated with inflammation,
including high-sensitivity C-reactive protein (hsCRP), IL-1p, IL-6, IL-8, and TNF, each of
which has been found to correlate with clinical events (3—-6). For example, the Controlled
Rosuvastatin Multinational Trial in Heart Failure (CORONA) found that rosuvastatin
lowered CRP levels, which correlated with fewer hospitalizations for cardiovascular causes
in the 4,202 patients studied. Subgroup analysis of this study also found that IL-8 levels
were correlated with all end points in 1,464 of the patients studied independent of N-
terminal probrain natriuretic peptide (NT-proBNP), the most commonly used serum
prognostic biomarker for heart failure severity (6).

Unfortunately, it has been challenging to translate these prognostic findings into clinically
meaningful therapies (7). A prime example surrounds the use of TNF antagonists in two
complementary clinical trials. The Randomized Etanercept Worldwide Evaluation
(RENEWAL) program investigated a chimeric soluble TNF receptor (STNFR2) in a
population of 1,500 patients (8), and the Anti-TNFa Therapy Against Congestive Heart
Failure (ATTACH) trial studied an anti-TNFa chimeric monoclonal antibody (infliximab) in
150 patients (9). Both trials enrolled patients with symptomatic heart failure with reduced
ejection fraction (HFrEF) and elevated CRP levels. Neither trial observed a benefit, despite
lowered CRP. In fact, the ATTACH trial was ended early due to higher rates of mortality and
hospitalization in the high-dose group (8, 9). As a result, TNF blockade is considered
contraindicated in HFrEF. These results were met with obvious disappointment, and many
questioned the relevance of targeting inflammation in heart failure.

Recently, a sense of new hope has reinvigorated this field. Based on growing preclinical
evidence and observational biomarker analyses, the Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study (CANTOS) was designed as a pivotal phase Il study to test
the efficacy of IL-1p blockade in a cohort of high-risk coronary artery disease patients (10).
This study demonstrated significant reductions in subsequent ischemic events and
cardiovascular mortality. In addition to providing definitive support for the role of
inflammation in atherothrombosis, subsequent analysis found that among the 10,061 patients
enrolled, IL-1p blockade dose dependently reduced the rate of hospitalization due to heart
failure (11). While the exact source of IL-1p and mechanism of action remain incompletely
defined, these data provide compelling conceptual evidence that targeting inflammation is a
beneficial approach for patients with atherosclerosis and resultant heart failure. Additional
evidence for immunomodulation in ischemic heart disease stems from investigation of a
monoclonal antibody against P-selectin (a cell-adhesion molecule important to immune cell
trafficking), which was reported to reduce myocardial damage after percutaneous coronary
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intervention (PCI) in patients with non-ST-segment elevation myocardial infarction
(SELECT-ACS Trial) (12, 13).

In this review, we discuss advances in our understanding of the initiation, propagation, and
impact of inflammation on heart failure progression. In recent years, remarkable progress
has been made in delineating the diversity and exploring the function of immune cell
populations resident within and recruited to the heart. Although this review largely focuses
on monocytes and macrophages as therapeutic targets, numerous other immune populations
exist within the healthy and diseased myocardium and are likely to contribute to the heart
failure pathogenesis.

CARDIAC MACROPHAGES RESIDENT IN THE STEADY-STATE HEART

The heart is an immunologically rich tissue, harboring more than 12 times as many immune
cells as skeletal muscle (14). The majority of CD45* (common leukocyte antigen) cells are
macrophages as defined by F4/80, CD64, and myeloid-epithelial-reproductive protein
tyrosine kinase (MerTK) expression (15). Until recently, cardiac macrophages were thought
to be a relatively uniform population of cells enriched for markers belonging to a
classification of macrophages referred to as M2 (16). This classification system was
established based on an in vitro stimulation system that defined macrophages as either
inflammatory (M1) or reparative (M2). However, this nomenclature is largely considered
incomplete and difficult to apply to in vivo populations where cells not only adopt a
multitude of fates between M1 and M2 but also may dynamically interconvert between
phenotypes depending on environmental inputs (17-20). Indeed, tissue-specific cues can
instruct organ-specific transcription profiles in macrophages when transplanted from one
organ to another (21).

Macrophage Ontogeny

An alternative approach to categorize macrophages is to focus on their developmental origin,
as cells that are derived from differing origins are likely to be functionally distinct. As tools
emerged to perform genetic lineage tracing in the hematopoietic system of mice, it was
observed that not all macrophages originated from FLT3*-definitive hematopoietic stem
cells (HSCs). In fact, many organs contain HSC-independent macrophages that are derived
from embryonic (primitive and erythromyeloid) progenitors located within the yolk sac and
fetal liver. HSC-independent macrophages seed tissues during embryonic development and
exist throughout adult life independent of monocyte input, defying years of dogma that
described macrophages as derived from circulating monocytes (22—25). This approach was
essential to delineating the heterogeneity of cardiac macrophages (26).

Recent studies utilized a combination of lineage tracing, parabiosis models, conventional
flow cytometry, and single-cell transcriptomic techniques to rigorously define cardiac
macrophage subpopulations in the steady-state mouse heart. These studies identified three
subsets of cardiac macrophages that could be distinguished based on the cell surface
expression of C-C chemokine receptor 2 (CCR2) and major histocompatibility complex
class Il (MHC-II) expression. Single-cell RNA sequencing of cardiac macrophages
confirmed the presence of these three subsets using an unbiased methodology (27) (Figure
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1). Analysis of parabiosis models and CCR2-deficient mice revealed that CCR2*MHC-11high
macrophages were derived from circulating monocytes, whereas CCR2-MHC-11"9" and
CCR2~MHC-I1'""% macrophages existed independent of monocyte input. Selective labeling
of resident cardiac macrophages (CX3CR1-CreERT2) confirmed that monocytes
preferentially contribute to CCR2*MHC-11M9" macrophages. Conversely, genetic fate
mapping of embryonic-derived macrophages (FLT3-Cre and CSF1R-MerCreMer)
demonstrated that CCR2™MHC-11"9" and CCR2-MHC-11'" macrophages likely arose from
HSC-independent embryonic hematopoietic progenitors (15, 28-30).

Temporally, CCR2-MHC-1'"®% macrophages first appear in the developing heart at
embryonic day 10.5-11.5. These cells are located adjacent to epicardial structures, including
the coronary vasculature, and require signals from the epicardium to infiltrate the developing
heart (31). CCR2-MHC-11'"®% macrophages likely give rise to CCR2-MHC-11high
macrophages during postnatal development. CCR2*MHC-11"9" macrophages appear to
infiltrate the heart after the second week of life in a C-C chemokine ligand 2/7 (CCL2/
CCL7)- and CCR2-dependent manner (32-34).

Resident Macrophage Functions

Under steady-state conditions, the predominant functional distinction is between CCR2*
macrophages and CCR2~ macrophages. CCR2*MHC-11M9" macrophages display markedly
increased mRNA expression of inflammatory chemokines [CCL2, CCL7, CCL17, and C-X-
C chemokine ligand 2 (CXCL2)] and cytokines (IL-1p, IL-6, TNF) and secrete lower levels
of IL-1p protein. In contrast, CCR2~MHC-11"9" and CCR2-MHC-11'" macrophages
express reduced levels of inflammatory mediators and, instead, express numerous growth
factors and extracellular matrix components. CCR2™ macrophages regulate coronary
development and are required for neonatal cardiac regeneration likely through stimulation of
coronary angiogenesis and cardiomyocyte proliferation (33, 34). As discussed in detail
below, selective depletion of CCR2™ macrophages or CCR2* macrophages leads to
divergent effects on inflammatory responses to sterile myocardial injury. The primary
distinction between CCR2-MHC-11N9" and CCR2-MHC-11'°" macrophages appears to be
the ability to present antigens to primed T cells. CCR2*MHC-11Mgh CCR2-MHC-11Mgh and
CCR2™"MHC-I1'""% macrophages display similar capacity for phagocytosis in vitro (15).

Cardiac macrophages interact closely with cardiomyocytes and may form functional
connections between cell types. Within the atrioventricular node, cardiac macrophages
express connexin 43 and form gap junctions with cardiomyocytes. Either macrophage
depletion or selective deletion of connexin 43 in macrophages resulted in delayed
atrioventricular node conduction and heart block (27). These findings illustrate that, in
principle, cardiac macrophages can directly interact with cardiomyocytes, influence
electrical conduction, and potentially participate in the pathogenesis of cardiac arrhythmias.
Consistent with this notion, macrophage-derived IL-1p was sufficient to mediate electrical
remodeling of atrial myocytes, leading to atrial fibrillation-like activity in vitro (35).
Furthermore, these intriguing observations raise the possibility that electrical coupling with
cardiomyocytes could influence the behavior or function of cardiac macrophages. Future
studies will undoubtedly explore this interesting possibility.
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Human Cardiac Macrophages

Importantly, concepts of cardiac macrophage diversity are similarly relevant in the human
heart. Flow cytometric and immunohistochemical examination of left ventricular (LV)
myocardial tissue obtained from discarded donors and heart failure patients at the time of LV
assist device implantation or heart transplantation revealed that the human heart contains
similar populations of CCR2*HLA-DRN9" and CCR2"HLA-DR"9" macrophages. In
contrast to the mouse, the human heart lacked CCR2"HLA-DR!*" macrophages. Combined
immunohistochemical and in situ hybridization analysis of endomyocardial biopsies
obtained from a cohort of sex-mismatched heart transplant recipients (female donors
transplanted into male recipients) provided important insights into the contribution of
monocytes to the maintenance of human cardiac CCR2~ and CCR2* macrophages. Using
the presence of a Y chromosome as a marker for recruited monocyte-derived macrophages,
it was evident that monocytes exclusively contributed to CCR2* macrophages.
Transcriptomic profiling and ex vivo functional assays demonstrated that human CCR2™ and
CCR2* macrophages were functionally analogous to their mouse counterparts. Clinically,
the abundance of CCR2™* cardiac macrophages was associated with and predictive of LV
remodeling in a select group of heart failure patients that underwent implantation of an LV
assist device (36).

These findings highlight the presence, developmental progression, and functional and
clinical relevance of macrophage heterogeneity in the heart and identify CCR2*
macrophages as a particularly inflammatory subset. In the following sections, we discuss
how CCR2* macrophages are activated following myocardial injury, interact with other
immune cell populations including infiltrating monocytes, and contribute to the pathogenesis
of heart failure. We further discuss the plasticity of infiltrating monocytes and monocyte-
derived macrophages and their respective roles in cardiac repair and LV remodeling.

CARDIAC MACROPHAGES IN THE DISEASED HEART

Sterile Inflammation

Although a variety of pathogens may infect and impose significant damage to the heart
(infective myocarditis), this review focuses on sterile inflammation that typically results
from ischemia, ischemia reperfusion injury, and hemodynamic stress.

Ischemia and reperfusion result in tissue necrosis, apoptosis, and necrotic forms of
programmed cell death (necroptosis, ferroptosis). Among these cell death pathways, tissue
necrosis, necroptosis, and ferroptosis appear to stimulate robust inflammatory responses
through the release of alarmins and danger-associated molecular patterns (DAMPs) (37). It
is clear that innate immune responses represent an important pathway to preserve tissue
integrity through removal of necrotic debris and collagen deposition, as suppression of the
innate immune response results in myocardial thinning and cardiac rupture after coronary
ligature in mice. However, it is critical to note that exaggeration or failure to resolve
inflammatory responses potentiates heart failure progression through collateral myocardial
injury, adverse LV remodeling, and inhibition of tissue repair (38).
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In the setting of hemodynamic stress, tissue necrosis is usually not evident. Instead, it is
hypothesized that persistent mechanical stress and chronic neurohormonal activation
compromises cellular autophagic functions. This leads to the accumulation of damaged
organelle, protein, and DNA, triggering the release of DAMPs such as mitochondrial DNA
(mtDNA), which continuously activate inflammatory pathways (39-42). These findings
correlate clinically as well. In a small study of acute heart failure patients, circulating
mtDNA levels at the time of admission to the ICU were predictive of mortality independent
of NT-proBNP, age, gender, and APACHE |1 score (43). The potential roles for mtDNA and
nuclear DNA (nDNA) as mediators of inflammatory responses and prognostically relevant
biomarkers continue to be an active area of investigation (44).

The following discussion focuses on models of ischemic injury (coronary ligation and
ischemia reperfusion injury), pressure overload [transaortic constriction (TAC)], and chronic
neurohormonal activation [angiotensin Il (Ang I1)], primarily in mice.

Local Immune Cell Activation

As previously discussed, cardiac injury results in the release of alarmins (IL-1a., 1L-1-8) and
DAMPs [mtDNA, nDNA, high-mobility group protein B1 (HMGBL1), S100A8/9, ATP,
formyl peptides, and lipids] via multiple mechanisms (39-42). Resident innate immune cells
are the first to sense and respond to the injury via nuclear-encoded receptors that specifically
recognize alarmins and DAMPSs, resulting in immune cell activation, proliferation, and
trafficking as well as chemokine and cytokine production and generation of oxidative
intermediates (Figure 2) (28).

DAMP signaling.—Endosomal and cytosolic DNA (mtDNA, nDNA) are recognized by
Toll-like receptor 9 (TLR9) and cGAS/STING (cyclic GMP-AMP synthase/stimulator of
interferon genes), each of which is highly expressed in resident cardiac macrophages (45,
46). TLR9 and STING activation have been implicated in the pathogenesis of chronic heart
failure and ischemic cardiomyopathy, respectively (40, 47). Interestingly, TLR9 activation
may also have context-dependent protective roles. In a mouse model of isoproterenol-
induced hypertrophy, TLR9 signaling led to activation of phosphoinositide 3-kinase (PI3K)
and protein kinase B (PKB, Akt) in vivo and prevented isoproterenol-induced hypertrophy,
indicating a possible protective role of TLR9 activation in cardiac inflammation (48). In line
with these observations, pretreatment of mice with 1668-thioate (a CpG-containing TLR9
activator) 16 h before TAC attenuated subsequent hypertrophy and fibrosis and preserved
cardiac function as measured by echocardiographic parameters (49).

HMGB1 and ATP are typically released following necrosis or nonapoptotic forms of
programmed cell death and are detected by an array of receptors, including TLR2 and
TLR4, purine receptors, and nod-like receptor family pyrin domain-containing 3 found on
myeloid cells (50). Although necrosis is typically associated with ischemic forms of injury,
activation of both TLR2 and TLR4 has been found to be critical for LV remodeling in
nonischemic models of heart failure, indicating that cell death may also trigger immune cell
activation in a variety of disease settings (15, 51-55). Treatment with the TLR4 antagonist
eritoran attenuated hypertrophic changes and inflammatory gene expression in response to

Annu Rev Physiol. Author manuscript; available in PMC 2020 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhee and Lavine

Page 7

pressure overload (52). Similarly, following Ang Il infusion, TLR4 deficiency suppressed
LV remodeling, which was attributed to reduced monocyte chemotactic protein 1 (MCP-1)
expression and less monocyte infiltration (54). Blockade of the TLR4 coreceptor, myeloid
differentiation 2, protected against Ang Il-induced cardiac remodeling independent of
systolic blood pressure (56). TLR2 may also regulate LV remodeling. After one week of
Ang Il infusion, mice developed hypertrophy with fibrotic changes that were absent in TLR2
knockout or anti-TLR2 antibody-treated mice. These changes occurred in parallel with a
significant decrease in infiltrating macrophages, attributed to a decrease in MCP-1, as well
as significant decreases in cytokine production, including IL-1p, IL-6, TNF-a, and
transforming growth factor-beta (TGF-B) (55). Interestingly, these changes were lost by
adoptive transfer of wild-type bone marrow into TLR2-deficient mice, indicating an
inflammatory and profibrotic role for TLR2-activated infiltrating immune cells during Ang
Il infusion.

TLR signaling may also have context-dependent protective roles. TLR2 deficiency
accelerated the development of cardiac dysfunction in a pressure overload model, possibly
by attenuating a compensatory cardiac hypertrophic response that was driven by stretch-
dependent activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
xB) signaling, IL-1B, insulin-like growth factor 1 (IGF-1), and vascular endothelial growth
factor (VEGF) production (53, 57-59). VEGF and IGF-1 are critical for physiologic cardiac
hypertrophy (60-62). Using bone marrow transplant models, TLR2 deficiency only resulted
in a cardioprotective phenotype when knocked out in the recipient mouse, indicating that
TLR2 is required in resident cardiac cells (53).

Another pathway of interest involves myeloid proteins 8 and 14 (S100A8 and S100A9),
which are released by necrosis and hypoxia and bind to the receptor for advanced glycation
end products (RAGE) as well as TLR4. In mice postmyocardial infarction, it was found that
RAGE was crucial for S100A8/9 signaling, resulting in NF-xB activation and increased
production of inflammatory mediators including S100A8/9 themselves and representing a
positive feedback loop that amplifies the immune response during hypoxic injury (63).
RAGE signaling has been widely studied as a mechanism by which hyperglycemia causes
systemic inflammation and may represent the link between diabetes and cardiovascular
disease (64). This pathway was recently implicated in the ability of resident macrophages to
“cloak” injured or dying cells and suppress neutrophil recruitment (65). Whether this
mechanism is relevant to cardiac injury remains to be explored.

Resident cardiac macrophages.—The concept that resident cardiac macrophages may
have distinct functions compared to macrophages derived from infiltrating monocytes was
motivated by unique functions of cardiac macrophages in the context of neonatal myocardial
injury (66). In response to myocardial infarction, apical resection, or diphtheria toxin—
induced cardiomyocyte ablation, macrophages within the neonatal heart regulate tissue
repair and regeneration. Macrophage depletion resulted in the loss of regenerative potential
(cardiomyocyte proliferation and angiogenesis) and favored fibrotic scar formation and
adverse LV remodeling. At this developmental stage, macrophage expansion occurred
through local proliferation of tissue-resident macrophages rather than Ly6Ch9" monocyte
recruitment. Intriguingly, neonatal cardiac macrophages demonstrated minimal

Annu Rev Physiol. Author manuscript; available in PMC 2020 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhee and Lavine

Page 8

inflammatory chemokine or cytokine expression and, instead, expressed an array of growth
factors previously impacted in cardiomyocyte proliferation and angiogenesis (33). The
signals responsible for neonatal cardiac macrophage activation remained poorly defined.

Recent work has provided initial insights into the roles of resident cardiac macrophages in
the injured adult heart. Numerous studies have documented that resident cardiac
macrophages expand by local proliferation following myocardial infarction (30), TAC (67),
and Ang Il infusion (15). For example, resident cardiac macrophages proliferate in response
to TAC through a KLF4-dependent pathway. Depletion of all resident cardiac macrophages
using a temporal and cell type- specific diphtheria toxin receptor-mediated cell ablation
system (CX3CR1-ertCre; Rosa26-DTR mice) demonstrated that, as a group, resident cardiac
macrophages are protective because they are required to preserve LV systolic function and
reduce LV remodeling following myocardial infarction (30). Selective depletion of resident
CCR2™ macrophages prior to myocardial infarction similarly demonstrated a protective role
for this population and additionally revealed a role for CCR2™ macrophages in suppressing
monocyte and neutrophil infiltration (32).

Intriguingly, cardiac-resident CCR2" macrophages appear to have functions that are quite
distinct from resident CCR2™ macrophages. Selective depletion of this small population of
CCR2* cells (10-15% of total resident cardiac macrophages) prior to myocardial ischemia
reperfusion injury resulted in marked reductions in infarct size, improvements in LV systolic
function, and reduced LV remodeling (32). Mechanistically, CCR2* macrophages
orchestrated the infiltration of neutrophils and monocytes into the myocardium through the
expression of the chemoattractant chemokines CXCL2, CXCL5, CCL2, and CCL7. Resident
CCR2* macrophages also expressed numerous cytokines (IL-1p, IL-6, and TNF), generated
reactive oxygen species (ROS), and potentiated the differentiation of monocytes into
inflammatory macrophage subsets. Many of these appeared to be mediated through
signaling of MYD88, an adapter molecule that is necessary for TLR and IL-1R signaling
(32, 33, 46, 68). To date, the exact ligands responsible for resident CCR2* macrophage
activation remain poorly defined. However, recent studies have implicated ferroptotic cell
death of cardiomyocytes as an early source of DAMPs and alarmins (69).

Although some effector functions of resident CCR2* macrophages directly impart collateral
damage to the myocardium (i.e., generation of cytokines and ROS), it is likely that their
overriding effects are largely mediated through the recruitment of neutrophils and
monocytes. Indeed, neutrophil depletion is sufficient to reduce infarct size and improve LV
systolic function after myocardial infarction (69). Similarly, reductions in monocyte
recruitment are also cardioprotective. In the following sections, we review the importance of
infiltrating monocytes and neutrophils in more detail, highlight identified effector
mechanisms, and discuss emerging concepts related to neutrophil and monocyte diversity
and fate specification.

Peripheral Immune Cell Activation

In addition to the activation of resident cardiac macrophages, immune cell populations in
other lymphoid tissues such as the spleen are also activated. As discussed previously, this
can enhance the circulating pool of immune cells available to respond to the tissue injury,
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which can contribute to the progression from myocardial injury to heart failure. The
following sections explore this in detail.

Myelopoiesis and immune cell mobilization.—Following myocardial injury,
hematopoietic tissues (bone marrow and spleen) are activated to selectively produce and
mobilize peripheral myeloid cells (29). In the context of either cardiac ischemic injury or
hemodynamic stress, activation of hematopoietic tissues is mediated by the sympathetic
nervous system triggering the release of adrenaline and noradrenaline. Engagement of p3-
adrenergic receptors expressed on stromal bone marrow niche cells alters the expression of
factors associated with HSC quiescence (CXCL12, angiopoietin-1) and bone marrow
retention (stem cell factor, VCAM-1). B3-Adrenergic receptor signaling results in selective
maturation and emigration of myeloid cells as well as myeloid precursors that take up
residence in the spleen (29). Hematopoietic activation also favors the production of CCR2*
precursors, as their proliferative abilities postmyocardial infarction are vastly superior to
their CCR2™ counterparts. This effect was recapitulated with intravenous delivery of
HMGBL, suggesting the role of DAMP signaling (70).

Mobilization of myeloid precursors to the spleen initiates extramedullary hematopoiesis that
occurs following Ang Il infusion and myocardial infarction (71, 72). Consistent with the
spleen serving as an important source of monocytes, removal of the spleen prior to Ang Il
infusion significantly reduces cardiac macrophage infiltration (71). A similar scenario is
evident after ischemic cardiac injury, including splenic immune cell expansion (72). In
addition, splenectomy is sufficient to partially reverse heart failure phenotypes in a model of
established ischemic cardiomyopathy. Moreover, adoptive transfer of mononuclear cells
isolated from postmyocardial infarction murine spleens traffics to the heart and induces a
heart failure phenotype (73). 18FDG-PET imaging of patients who suffered an acute
coronary syndrome revealed significant tracer uptake in the spleen, providing indirect
evidence of hematopoietic tissue activation in humans. Interestingly, tracer uptake correlated
with increased inflammatory gene expression (74).

On the basis of these observations, it has been hypothesized that a cardio-splenic axis
mediates myelopoiesis, immune cell mobilization, cardiac recruitment, and subsequent
deterioration of LV function following cardiac injury or hemodynamic stress (71, 72). This
histrionics is consistent with the findings that central sympathetic nervous system activation
is associated with LV hypertrophy in hypertensive patients (75) and that p-adrenergic
receptor knockout mice display attenuated cardiac remodeling and systemic inflammation
post-TAC (76). Furthermore, observational human studies suggest a relationship between
sympathetic nervous activation and heart failure with preserved ejection fraction (HFpEF)
(77), indicating that this may represent a central mechanism contributing to the progression
of both HFrEF and HFpEF.

Neutrophils.—Numerous myeloid cell populations infiltrate the injured myocardium,
including neutrophils, monocytes, and dendritic cells. Among these cell types, neutrophils
appear to enter the heart at the earliest time points, beginning within 2 h following ischemia
reperfusion injury. Intravital imaging of beating mouse hearts has revealed that neutrophils
infiltrate the myocardium through a two-step process: endothelial cell adhesion and
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transendothelial migration. Endothelial cell adhesion is mediated through an endothelial
TLR4-TRIF-type | interferon (IFN)-dependent pathway that is triggered by cardiomyocyte
ferroptosis (69). Transendothelial migration is governed by a pathway that involves MY D88-
dependent secretion of neutrophil chemokines (CXCL2 and CXCL5) from resident CCR2*
macrophages (46). Subsequent neutrophil recruitment appears to be regulated by infiltrating
monocytes that differentiate into a cell type that resembles resident CCR2* macrophages
(32, 33).

In general, neutrophils are thought to impair myocardial repair and contribute to heart failure
progression through generation of damaging cytokines and ROS and release of enzymes
stored in secretory granules. However, neutrophils may also have cardioprotective properties
(78). Mechanistically, neutrophil-derived ROS may stimulate the differentiation of reparative
macrophages, as described in the liver following acetaminophen-induced liver injury (79).
Additionally, neutrophil gelatinase-associated lipocalin was shown to upregulate MerTK
production in macrophages, a receptor essential for efferocytosis (78).

Intriguingly, recent observations have highlighted that distinct populations of neutrophils
may exist: CD206~ and CD206* neutrophils. Following myocardial infarction, infiltrating
neutrophils are predominately CD206~. Over subsequent days CD206™ neutrophils appear to
accumulate; however, the functional relevance of this finding is uncertain (80). In an
atherosclerosis model, infusion of subclinical doses of lipopolysaccharide (LPS) increase the
number of CD206™ neutrophils correlating with larger atherosclerotic plaque size and
reduced plaque stability. 4-Phenylbutyrate treatment, which targets peroxisome homeostasis,
leads to increased numbers of CD206™ neutrophils, decreased plaque size, and increased
plaque collagen (81). The full extent of neutrophil heterogeneity, signals that govern
neutrophil fate specification, and the functional relevance of these cell populations remain
poorly defined. Future studies are likely to focus on these questions as well as interactions
between neutrophils and other immune cell populations.

Monocytes and monocyte-derived macrophages.—Monocytes are robustly
recruited to the heart following ischemic injury or hemodynamic stress. By day 7 following
cardiac injury, monocyte-derived macrophages vastly outnumber resident macrophage
subsets (33, 82, 83). When viewed at the population level, monocyte-derived macrophages
are generally inflammatory and produce high levels of inflammatory chemokines and
cytokines, including CCL2, CCL7, IL-1B, and TNF (33). These cells are thought to recruit
additional monocytes and neutrophils to the heart and contribute to ongoing collateral
myocardial injury (50, 68). Blockade of monocyte recruitment through inhibition of CCR2
signaling improves outcomes in mouse models of myocardial infarction (84-86),
demonstrating the overall impact of monocytes on disease outcomes.

Monocyte-derived macrophages also play a key role in response to hemodynamic stress
(pressure overload, Ang Il infusion), representing >50% of all cardiac immune cells (71,
87). Within the first week following TAC, there is a significant increase in Ly6C"9" blood
monocytes and CD45* cardiac leukocytes (88, 89). This time frame corresponds to an acute
reduction in LV systolic function. Over the subsequent 1-2 weeks LV systolic function
normalizes as a consequence of compensatory LV hypertrophy (88). During this time period
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cardiac macrophage abundance normalizes to near baseline. Macrophages then accumulate
over 4-8 weeks following TAC in mice that transition to heart failure (67). While debate
exists regarding whether early macrophage expansion is dependent on monocytes, it is clear
that the second wave of macrophage expansion is dependent on infiltrating monocytes (67,
87-89). Inhibition of CCR2 signaling through administration of RS-504393 or using CCR2-
knockout mice resulted in reduced macrophage abundance, preservation of LV systolic
function, and increased coronary angiogenesis.

Monocytes display remarkable plasticity and have the capacity to differentiate into a variety
of macrophage and dendritic cell subsets. Using bulk RNA sequencing, macrophage
phenotypes following myocardial infarction vary over time. Day 1 macrophages expressed
inflammatory chemokines/cytokines and matrix-degrading enzymes (matrix
metalloproteinases, IL-1p, TNF), day 3 macrophages expressed inflammatory chemokines/
cytokines and transcripts associated with phagocytosis and cell proliferation, and day 7
macrophages expressed genes associated with extracellular matrix remodeling (82).
Importantly, none of these macrophage signatures fit into the historically defined M1 and
M2 nomenclature.

Single-cell RNA sequencing has provided additional insights into the diverse phenotypes
monocytes may acquire upon entering the myocardium (30, 32). These studies identified at
least 7 distinct macrophage subsets and 3 distinct dendritic cell subsets that were present in
the myocardium following myocardial infarction. Each macrophage subpopulation displayed
unigue morphology and tissue localization. The precise functions of these newly discovered
immune cell subsets and the instructive cues that orchestrate these cell fate decisions are not
fully understood. One exception is a subpopulation of macrophages that display a type I IFN
signature. IFN-biased macrophages are localized in the peri-infarct region and appear to be a
key mediator of inflammation following myocardial infarction (32, 47). Genetic disruption
of interferon regulatory factor 3 (IRF3) or interferon alpha receptor (IFNAR) or
administration of a neutralizing IFNAR antibody 48 h following myocardial infarction led to
reduced mortality and LV remodeling. Cytosolic sensing of either mitochondrial or nuclear
DNA through cGAS and STING signaling appears to be required to induce this phenotype.
Although the exact sources of DNA are not well understood, dying cardiomyocytes are a
likely possibility (47). Consistent with these findings, conditional deletion of cGAS in
macrophages results in altered macrophage phenotypes, including increased numbers of
reparative CD206™ macrophages (45).

A key observation from single-cell RNA sequencing studies in mice is that monocytes may
be able to acquire reparative fates, including those that resemble resident macrophages found
in the healthy heart. While the clinical implications of these findings are obvious, the exact
mechanisms that might govern these events are unclear. Interactions between monocytes and
their local environment are a likely contributor. Upon entering the injured heart, monocytes
and monocyte-derived macrophages encounter and phagocytose cellular debris. As a result,
phagocytosis and efferocytosis may represent one such mechanism. Suppression of
efferocytosis through MerTK and milk fat globule epidermal growth factor 8 (MFGES)
knockout led to marked reductions in production of proangiogenic growth factor (VEGF-A)
expression following myocardial infarction in mice. This resulted in accelerated adverse LV
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remodeling and recapitulated myeloid-specific VEGF-A deficiency (90). In humans, low
MFGES levels correlate with poor cardiac function in dilated cardiomyopathy (91). Other
possibilities include exposure to specific cytokines and growth factors, interaction with
resident macrophages, mechanical strain, or even electrical coupling with cardiomyocytes.
Granulocyte macrophage colony-stimulating factor (GM-CSF) signaling has recently been
implicated in this context (92).

Dendritic cells.—Dendritic cells appear to adversely contribute to LV remodeling
following myocardial infarction. Selective depletion of classical dendritic cells using
ZBTB46-DTR bone marrow chimeric mice was cardioprotective, whereas selective
depletion of plasmacytoid dendritic cells using BDCA2-DTR bone chimeric mice appeared
to have no effect (93). Clinically, dendritic cell abundance negatively correlated with cardiac
rupture following ST-segment elevation myocardial infarction (94). It is important to note
that dendritic cells represent a heterogeneous immune cell population, and it is likely that
distinct dendritic cell subsets may have differing effects on LV remodeling, heart failure
progression, and cardiac tissue repair. Consistent with this concept, single-cell RNA
sequencing has identified multiple classic dendritic cell subsets in the heart following
ischemic myocardial injury (30). Furthermore, dendritic cell depletion reduced the
abundance of CD206* macrophages, suggesting that among their functions dendritic cells
may also influence monocyte differentiation (95).

Between Cardiac Macrophages and T Lymphocytes

Functionally, interactions between monocytes, macrophages, and other immune populations
likely represent important mechanisms by which immune cells adopt particular cell fates and
impact tissue repair and remodeling within the heart. Among such immune cell populations,
T cells play important roles in the response to cardiac injury (96-98). In both ischemic and
nonischemic murine models of heart failure, both regulatory and effector CD4 T cells have
been implicated, and their activation was at least partially dependent on antigen recognition
(99-101). Antigen presentation and chemokine/cytokine signaling may mediate potential
interactions between macrophages and T cells. Both CCR2-MHC-11M9" and CCR2*MHC-
119" macrophages have the capacity to present antigen to T cells (15). Additionally,
CCR2*MHC-11M8" macrophages secrete chemokines and cytokines that impact T cell
function (32, 102).

The role of T cells in ischemic cardiac injury was first explored in adoptive transfer
experiments performed in RAG1 knockout mice (which lack both T and B cells) (103). In
this context, only adoptive transfer of IFN-y-competent effector CD4* T cells could reverse
the protective effects of RAG1 deficiency, suggesting that IFN-y-producing CD4 T cells
mediate components of adverse LV remodeling following ischemic myocardial injury. This
possibility was explored further in the setting of dectin 2 deficiency, which is a pattern
recognition receptor that recognizes components of the fungal cell wall. Dectin 2 deficiency
led to a reduction in the number of IFN-y-producing CD4* T cells in the infarcted heart,
increased survival, and reduced cardiac rupture (104). Interestingly, T cell activation was
found to rely on antigen recognition, as mice with transgenic T cell receptors (TCRs) on
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CD4* T cells that only recognize ovalbumin exhibit poor T cell proliferation following
myocardial infarction (99).

IFN-y-producing CD4 T cells also play important roles in models of nonischemic heart
failure. Absence of this T cell subset preserved LV systolic function following pressure
overload (97). Adoptive transfer of IFN-y-producing CD4 T cells into T cell-deficient mice
partially reversed the protective effects seen in T cell-deficient mice following TAC (96).
Finally, transgenic mice bearing TCRs that recognize ovalbumin exhibit diminished LV
remodeling and systolic dysfunction in the TAC model, implicating antigen recognition in T
cell activation (97). To the best of our knowlege , the importance of T cell antigen
recognition has not been studied in the context of Ang Il infusion. Interestingly, it was
recently found that T cell activation during Ang Il infusion requires contact with
macrophages (105). A feed-forward loop was evident, where T cell-derived IFN-y
stimulated CCL2 production by macrophages leading to further monocyte recruitment and T
cell activation (105).

T cell activation also impacts inflammatory resolution through activation of regulatory T
cells (Tregs). Depletion of Tregs via Foxp3-DTR mice or treatment with anti-CD25 antibody
led to reductions in LV systolic function following myocardial infarction. Conversely, Treg
activation using a superagonist CD28 antibody led to improved survival, preserved LV
systolic function, and increased the number of CD206* macrophages following myocardial
infarction (98). These findings are consistent with other studies reporting beneficial effects
of Treg adoptive transfer in both ischemic and nonischemic heart failure models (106-108).
Treg activation may also depend on antigen recognition, as transgenic mice bearing TCRs
that only recognize ovalbumin exhibit increased incidence of death and cardiac rupture
following myocardial infarction, which was attributed to the loss of Foxp3* Tregs (99). Treg
activation and/or trafficking may also be regulated by interactions with macrophages.
Deletion of CCR5 (necessary for macrophage recruitment and differentiation) leads to
reduced Treg infiltration (109, 110). The exact mechanisms by which different monocyte
and macrophage populations interact with T cells remain an area of intense research that is
only likely to broaden as investigators embrace the extent and importance of immune cell
diversity within the infarcted heart.

TARGETING MONOCYTES AND MACROPHAGES IN HEART FAILURE

Preclinical and human pathological studies have implicated CCR2* macrophages as a
potential cellular target to mitigate damaging inflammatory responses following myocardial
injury. In mice and humans, CCR2* macrophages represent an inflammatory population that
contributes to heart failure progression. Mechanistically, CCR2* macrophages are activated
by MY D88 signaling and generate inflammatory chemokines, cytokines, and oxidative
products that orchestrate neutrophil and monocyte recruitment, selection of inflammatory
fates, and collateral myocardial injury (32, 33, 46).

The possible benefit of targeting this population was first demonstrated using CCR2-targeted
siRNAs. To selectively target phagocytic cells, the CCR2 siRNA was encapsulated in a lipid
nanoparticle, which readily distributes between the blood, spleen, and bone marrow
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following intravenous injection. Application of this agent in mouse models of myocardial
infarction and atherosclerosis confirmed reductions in infarct size and reduced
atherosclerotic lesion size. Molecular imaging using a myeloperoxidase-activatable
gadolinium-based MRI agent (MPO-Gd) to track inflammation revealed that the CCR2
SiRNA decreased myeloperoxidase activity. This correlated with decreased expression of
CCR2, MCP-1, NF-xB, MPO, IL-6, IL-1p, and TNF-a and an increased expression of
IL-10 and arginase. Finally, these findings correlated with improved LV systolic function
and decreased LV remodeling (111). Importantly, this study provided evidence that
phagocytic cells can be targeted without attenuating tissue repair processes.

An important limitation to modalities that either suppress or modulate the immune system is
the potential to increase the risk of opportunistic or life-threatening infections. This was
clearly demonstrated in the recent CANTQOS trial (10). As such, it is essential to devise
diagnostic strategies to identify individuals that are most likely to benefit from the therapy in
question. Furthermore, it is equally important to have the capacity to monitor on-target
responses to ensure appropriate dosing of the therapeutic agent. Molecular imaging
represents one such approach. Recent advances have allowed the direct imaging of CCR2*
cells within the heart. A peptide-based PET tracer was developed that allosterically binds to
an extracellular loop of CCR2 (ECL1i-DOTA). The imaging agent can then be visualized
using either radioactive gallium or copper. ECL1i-DOTA specifically identified CCR2*
monocytes and macrophages in mouse models of cardiomyocyte ablation and myocardial
infarction. Importantly, ECL1i-DOTA uptake on day 4 following myocardial infarction was
predictive of infarct size and LV systolic function 4 weeks later. Finally, this agent may also
be appropriate for human imaging, as it readily identified CCR2* macrophages in human
myocardial tissue (112).

Imaging agents may also be used to deliver therapies. This concept is referred to as
theranostics, modalities used to simultaneously diagnose, deliver therapy, and monitor
treatment effects (113). An example of this approach is a prodrug—fluorophore conjugate
designed to release both its drug cargo (doxorubicin) and fluorescent marker (BODIPY)
when taken up by macrophages. Incubation with cultured macrophages derived from human
monocytes resulted in release of the fluorescent signal and cell death when macrophages
were stimulated with LPS. In vivo application of this reagent in zebrafish demonstrated
selectivity for inflammatory macrophages after tailfin amputation (113). This concept could
certainly be applied to CCR2* macrophages using a radionucleotide tracer.

An alternative strategy is to selectively deliver pharmaceuticals to CCR2* macrophages that
inhibit their activation or differentiation. Indeed, monocytes express CCR2 prior to
differentiating into monocyte-derived macrophages (32, 33, 46). MYD88 and NF-xB
represent potential targets to inhibit CCR2* macrophage activation. MicroRNAs may be
delivered using this approach (114). In principle, these compounds may be delivered to
CCR2* macrophages using ECL li-targeted nanoparticles or nanoclusters. Such
nanotherapeutics may be radiolabeled to provide information regarding target availability.
Currently, we know little regarding how monocytes select inflammatory versus reparative
fates once infiltrating the injured or diseased heart. Once the molecular mechanisms by
which these fate decisions are elucidated, it may be possible to directly manipulate recruited
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monocytes in a manner that favors acquisition of reparative phenotypes. This approach has
tremendous clinical potential given the abundance of monocytes that are recruited to the
injured heart.

Lastly, it is plausible to target the effector pathways by which inflammatory populations of
macrophages exert their effects. Cytokines such as IL-1p and IL-6 are robustly expressed by
CCR2* macrophages, and neutralizing antibodies are clinically available. It is intriguing to
postulate that delivery of neutralizing IL-1f or IL-1 receptor antibodies to patients with
abundant numbers of CCR2* macrophages in the heart may be a tractable and effective
approach. Other possibilities include inhibition of chemokines that potentiate inflammatory
monocyte and T cell recruitment and/or activation.

CONCLUSION AND FUTURE DIRECTIONS

Despite mounting evidence implicating inflammation in the progression from cardiac injury
to heart failure, therapeutic translation has proven difficult. While recent clinical trials have
shown mixed results, targeting of IL-1f in atherosclerosis has provided renewed hope and
confirmed that inflammation is a viable therapeutic target in cardiovascular diseases (10,
11). Here, we have reviewed recent preclinical data on the roles of various subsets of
macrophages in cardiac homeostasis, with a focus on resident and recruited macrophage
diversity. Among the identified macrophage populations within the heart, CCR2* monocytes
and macrophages represent an attractive target for therapies that inhibit immune cell
activation, impact monocyte differentiation, or neutralize effector cytokines and chemokines.
Although our understanding of the immune system is largely incomplete (115), selective
targeting of macrophage subsets represents an important and exciting opportunity for the
emerging field of cardiac immunology.
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Figure 1.
Resident macrophage subsets in the steady-state heart. In the mouse, three macrophage

subsets are differentiated by CCR2 and MHC-I1 expression: CCR2-MHC-11'oW,
CCR2™MHC-11M9" and CCR2*MHC-11"9", Humans have similar subsets but lack the
CCR2"MHC-I1'% sybset. HLA-DR is the human homologue of MHC-11. Predominant
functional distinctions parallel macrophage ontogeny via expression of CCR2.
Abbreviations: CCR, C-C chemokine receptor; MHC, major histocompatibility complex.
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Figure 2.
Immune cell activation and mobilization. Cardiac injury as the result of ischemia,
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Extramedullary
Myeloid hematopoiesis

hemodynamic stresses, and neurohormonal activation releases proteins such as DAMPs and
alarmins that are recognized at the cellular level by receptors such as TLR2, TLR4, and
TLR9. This results in cytokine and chemokine production favoring monocyte and myeloid
precursor emigration from the bone marrow, extramedullary hematopoiesis in the spleen,
and a circulating monocytosis. Neurohormonal activation amplifies these processes at each

level, further exacerbating the monocytosis. Abbreviations: AT-1R, angiotensin Il type
receptor; CCR, C-C chemokine receptor; DAMP, danger-associated molecular pattern;
MCP-1, monocyte chemotactic protein 1; TLR, Toll-like receptor.
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