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ABSTRACT

Macrophages, as central effectors of innate immunity, play context-specific and time-dependent roles in myocardial infarction
(MI) and in the pathogenesis of ischemic heart failure (HF). Their plasticity, heterogeneity, and interactions with other cardiac
and immune cells determine whether inflammation resolves and repair ensues, or maladaptive remodeling culminates in ven-
tricular dysfunction. In this review, we synthesize findings from lineage-tracing studies, single-cell transcriptomic atlases, and
clinical trials to highlight macrophage ontogeny, recruitment, reparative programs, and pathogenic functions in chronic remod-
eling. We discuss embryonically-derived cardiac resident macrophages, recruitment of monocyte-derived macrophages and their
respective roles after ischemic injury, and how efferocytotic clearance of cellular and mitochondrial debris is a key component of
the reparative response. We highlight macrophage interactions with cardiomyocytes, fibroblasts, neutrophils, T cells, and con-
duction system cells, and outline translational strategies involving chemokine pathway inhibition and specialized pro-resolving
mediators. Mechanistic insight into macrophage ontogeny, heterogeneity, and intercellular interactions has uncovered novel
therapeutic possibilities. Targeted, temporally staged macrophage therapies, using biomarkers and imaging for patient stratifica-
tion, may improve post-MI healing and prevent progression toward ischemic HF.

1 | Introduction that the innate immune response, particularly the orchestration

by macrophages, is a fundamental determinant of healing and

Ischemic heart disease remains a leading cause of morbidity and
mortality worldwide. Despite advances in reperfusion therapy,
neurohormonal blockade, and device therapy, many of those
who suffer an acute myocardial infarction (MI) or recurrent
ischemic events go on to develop chronic ischemic heart failure
(HF). The clinical consequences are profound: impaired quality
of life, frequent hospitalization, and enormous contributions to
health expenditure [1]. Earlier paradigms of ischemic HF patho-
genesis centered on loss of functional myocardium, maladaptive
activation of neurohormones, and mechanical stress. However,
accumulating evidence over the past two decades has revealed
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remodeling [2, 3].

Initial descriptions of MI scar pathology revealed “histiocytic
infiltrates” and multinucleated phagocytes within the infarct
region. It was not until the past 15 years that techniques such
as genetic lineage tracing, parabiosis, and single-cell RNA se-
quencing have delineated the origins and dynamic phenotypes
of cardiac macrophages. Studies by Epelman et al. and Lavine
et al. demonstrated that the healthy heart harbors distinct mac-
rophage subsets: long-lived embryonically seeded CCR2™ res-
ident cells and monocyte-derived CCR2* populations that are
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replenished continuously from bone marrow [4, 5]. These re-
sults contradicted earlier dogma that cardiac macrophages were
solely derived from circulating monocytes.

Identification of early Ly6C" monocytes recruitment and sub-
sequent expansion of reparative Ly6C'® macrophages [6], was
another paradigm shift. This work, together with the identifica-
tion of the spleen as a reservoir for monocytes [7], redefined the
infarct as an immunological battlefield where the choreography
of innate cells determines outcome.

Cardiac macrophages are privileged at the intersection of ho-
meostasis, inflammation, and orchestration of repair. In the
healthy heart, they maintain homeostasis by facilitating elec-
trical conduction and performing cellular housekeeping via
continuous engulfment of apoptotic cells, metabolic waste, and
cellular debris without triggering an inflammatory response
(efferocytosis). Upon ischemic injury, lack of oxygen leads to
cellular stress, resulting in production of Damage-Associated
Molecular Patterns (DAMPs). Macrophages respond by am-
plifying leukocyte recruitment and phagocytosing necrotic
cardiomyocytes. Post injury, macrophages initiate resolution
pathways, coordinating fibroblast activation, angiogenesis, and
lymphangiogenesis. However, these very same cells may also
become maladaptive. Persistent CCR2* inflammatory macro-
phage activity, defective efferocytosis, or excessive profibrotic
signaling drive scar tissue expansion, adverse ECM deposition,
and progressive left ventricular (LV) dilation. This duality, re-
parative vs. pathogenic, has made macrophages both challeng-
ing and tantalizing as therapeutic targets.

One of the defining features of macrophages is plasticity.
Unlike lymphocytes, they do not conform to rigid lineage fate
maps but rather adapt continuously to local cues such as hy-
poxia, metabolic stress, cytokines, and extracellular matrix
composition. While the classical M1/M2 polarization scheme
represented a first approximation, transcriptomic studies now
clearly show a spectrum of states rather than binary categories
[8]. In the infarcted heart, macrophages range from highly
inflammatory, interferon-responsive states to reparative
Trem2M, VEGF-C-producing subsets [9, 10]. This complexity
requires moving beyond simplistic dichotomies and toward
spatiotemporal mapping of macrophage states across disease
progression.

The translational relevance of macrophage biology is increas-
ingly recognized. First, monocyte/macrophage signatures in
blood and tissue correlate with infarct size and outcomes in
patients [11]. Second, therapeutic strategies targeting mac-
rophages are emerging: CCR2 antagonists, nanoparticle-
delivered siRNAs to inflammatory monocytes [12, 13],
efferocytosis enhancers via CD47 blockade [14, 15|, and ag-
onists of specialized pro-resolving mediators [16, 17]. Third,
cardiometabolic therapies such as SGLT2 inhibitors may exert
part of their benefit by dampening cardiac macrophage in-
flammation [18, 19].

In this review, we address the macrophage milieu in ischemic
heart disease. We aim to connect basic macrophage biology with
clinical cardiology and highlight therapeutic opportunities to
reduce the enormous burden of ischemic HF.

2 | Macrophage Ontogeny and Homeostasis in the
Healthy Heart

2.1 | Historical View of Cardiac Macrophages

Cardiac macrophages were considered for decades to be a ho-
mogeneous “scavenger” population largely found under patho-
logical conditions such as MI, myocarditis, or other forms of
cardiac injury such as pressure overload. Histological studies
during the 20th century described “tissue histiocytes” scattered
in the interstitial space, but neither their ontogeny nor their
roles were clearly understood. This paradigm was shifted by
fate-mapping studies in mice [4, 20]. Using inducible Cre-loxP
reporters, parabiosis, and bone marrow transplantation, it was
demonstrated that most tissue macrophages, cardiac macro-
phages included, are derived during embryonic development
and are self-sustained into adulthood independent of circulating
monocytes. This contrasted with the previously established no-
tion that tissue macrophages were constantly replenished from
the bone marrow.

2.2 | Embryonic Origins of Cardiac Macrophages

Macrophage ontogeny can be divided into three waves of de-
velopment. Yolk sac-derived macrophages appear as early as
embryonic day 7 (E7.0) in the mouse and 2-3 post-conception
weeks (PCW) in humans to colonize tissues before definitive
hematopoiesis [21, 22]. Fetal liver monocytes expand during
mid-gestation and seed many tissues [23]. Bone marrow-derived
monocytes contribute to some tissue macrophages, such as the
intestine, after birth.

In the heart, fate mapping studies have shown that a significant
proportion of resident macrophages are derived from embryonic
origin (yolk sac and fetal liver). These embryonically derived
macrophages persist into adulthood via self-renewal and con-
stitute a large proportion of the CCR2™ macrophage compart-
ment. In contrast, CCR2* macrophages are derived from bone
marrow-derived monocytes and are progressively replenished
via ongoing monocyte recruitment [4, 5].

This dual ontogeny maintains functional diversity.
Embryonically derived CCR2~ macrophages are likely to adopt
reparative and homeostatic programs, while bone marrow-
derived CCR2* macrophages are more responsive to injury or
inflammatory stimuli [24].

2.3 | Phenotypic Diversity in the Healthy Heart

Cardiac macrophages can be generally divided into CCR2~ and
CCR2" subsets [4, 24]. CCR2™ macrophages exhibit self-renewal
capacity through local proliferation, function in homeostatic sur-
veillance, antigen presentation, clearance of apoptotic cells, and
support tissue repair and conduction. These macrophages express
markers shared among tissue resident macrophages (LYVEL,
FOLR2, TIMD4) and are spatially integrated among cardiomy-
ocytes and endothelial cells to form focal-adhesion-like contacts
that allow for mechanosensing via TRPV4, linking myocardial
stretch to the secretion of trophic and angiogenic factors such as
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IGF1, PDGFC, and CYRG61 [25]. This mechanotransductive net-
work enables the heart to maintain paracrine and structural ho-
meostasis in a state of noninflammatory recruitment.

In contrast, CCR2* macrophages are primarily monocyte-derived
and blood-replenished, which are poised for inflammatory re-
sponses, producing cytokines such as TNF-a, IL-1f3, and CCL2.
Those macrophages act as sentinels for injury but can drive mal-
adaptive inflammation if not regulated. Recent single-cell RNA
sequencing (scRNA-seq) studies in mice and humans confirm
this dichotomy but also reveal further subdivisions, including
interferon-responsive macrophages, antigen-presenting subtypes
with high MHC-II expression, and niche-specific clusters [26, 27].
The balance between reparative CCR2~ cardiac resident macro-
phages and monocyte-derived inflammatory CCR2* macrophages
highlights how macrophage ontogeny shapes inflammatory re-
sponses and outcomes following cardiac injury. The key dynamics
and functions of these macrophage subsets are detailed below.

2.4 | Macrophage Renewal and Maintenance

Contrary to short-lived circulating monocytes, a vast majority
of cardiac macrophages exhibit remarkable longevity. BrdU la-
beling and parabiosis experiments revealed that CCR2~ macro-
phages undergo local renewal through in situ proliferation and

.
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are not generally renewed by monocyte replacement [4, 28]. In
contrast, CCR2* macrophages require continuous replenish-
ment from Ly6CM monocytes (Figure 1).

This balance between these populations shifts with aging:
embryonic CCR2~ macrophages decline, and bone marrow
monocyte-derived CCR2* macrophages proliferate [29]. This
aging-related change can predispose the aging heart to more ro-
bust inflammatory responses during ischemic injury, which can
partially account for the fact that older or metabolically compro-
mised patients do worse after ischemic HF.

2.5 | Niche-Specific Functions of Resident
Macrophages

2.5.1 | Electrical Conduction

One of the most surprising macrophage activities was that res-
ident macrophages play a direct role in cardiac conduction.
Hulsmans et al. [30] demonstrated that cardiac macrophages
within the AV node form gap junctions with cardiomyocytes via
connexin-43 (Cx43). This electrical coupling facilitates impulse
conduction and AV block prevention. Depletion of these macro-
phages in mice caused conduction defects and induced progres-
sive atrioventricular block. In right ventricular (RV) stressed
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FIGURE1 | Ontogeny and steady-state maintenance of cardiac macrophages. The adult heart contains two ontogenically distinct macrophage
populations. Embryonic-derived CCR2™ resident macrophages arise from primitive hematopoiesis in the yolk sac and fetal liver. These cells seed the
myocardium during development and persist into adulthood and are maintained predominantly through local self-renewal and in situ proliferation
under steady-state conditions, with minimal contributions from circulating monocytes. By contrast, CCR2* monocyte-derived macrophages are
replenished continuously from bone-marrow-derived Ly6C" monocytes that enter the heart through CCR2-dependent recruitment. These cells rep-
resent the inflammatory and rapidly replaceable macrophage pool. The balance between these two lineages supports cardiac immune homeostasis
at steady state. The solid arrows indicate seeding of the heart during embryonic development, while a dashed arrow denotes postnatal recruitment
of monocyte-derived macrophages from the circulation. Figure created with BioRender.com.
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mice, Sujita et al. [31] have also illustrated that macrophage-
derived Amphiregulin (AREG) is a critical mediator of cardiac
impulse conduction by regulating phosphorylation and proper
translocation of Cx43 in cardiomyocytes. Deletion of Areg from
macrophages led to gap junction disorganization and conduc-
tion defects, and these mice were vulnerable to cardiac stress-
induced fatal arrhythmias.

2.5.2 | Tissue Surveillance and Antigen Presentation

Resident macrophages are likewise local sentinels. At steady
state, they phagocytose apoptotic cardiomyocytes and additional
detritus, preventing sterile inflammation. These macrophages
express MHC-II and costimulatory molecules, suggesting
antigen-presenting function [4, 32]. The degree to which this
participates in adaptive immune priming in the heart remains
under investigation, yet such interactions might be relevant to
autoimmunity in myocarditis.

2.5.3 | Angiogenesis and Remodeling Support

Under noninjurious conditions, resident macrophages sustain vas-
cular homeostasis. They produce VEGF-A and VEGF-C, which
regulate angiogenesis and lymph angiogenesis [10]. Macrophages
serve as “cellular chaperones” to vessel formation during develop-
ment [33], and these roles persist during adult homeostasis.

2.6 | Human Studies of Cardiac Macrophages

Studies in human heart transplant recipients have validated
the mouse model. Bajpai et al. employed sex-mismatch trans-
plantation and single-cell profiling to demonstrate that human
hearts contain both CCR2~ macrophages of host origin (long-
lived) and CCR2* macrophages replenished by donor-derived
monocytes [24, 34]. Human CCR2- macrophages resemble
mouse TLF+ macrophages, with large cytoplasmic vesicles
and enrichment in key resident macrophages’ genes (LYVEI,
FOLR2, MRC1, MAF, IGFI). By contrast, CCR2+ subsets
(both MHC-IIM and MHC-II'V) were enriched in monocytic
and type I interferon genes [35]. Importantly, the abundance
of CCR2* macrophages correlated with inflammatory activa-
tion and adverse outcomes. This highlights the translational
value of distinguishing resident from recruited macrophages.
Furthermore, scRNA-seq of human nondiseased and failing
hearts [26] uncovered additional heterogeneity among CCR2*
macrophages that included clusters enriched for signatures of
inflammatory cytokine expression, type I and II interferon
activation, lipid associated macrophages, and dendritic-like
cells. The exact function of these populations is a subject of
current investigation.

2.7 | Translational Implications of Ontogeny
Understanding macrophage ontogeny has potential clinical

relevance. Therapeutic strategies that preserve or enhance re-
parative CCR2~ resident macrophages and limit inflammatory

CCR2* monocyte-derived macrophage recruitment are attrac-
tive. For example, CCR2 antagonism may prevent excessive
inflammatory monocyte recruitment following acute injury
[12, 36] and inhibition of key effector cytokines may limit in-
flammatory responses. Niche preservation mechanisms may
retain conduction-supporting macrophages, which could reduce
arrhythmic complications. Cellular therapy approaches have
considered renewal of reparative macrophages to optimize car-
diac repair and rejuvenation. A key component of these strat-
egies will be the ability to identify patients with active cardiac
inflammation to identify patients likely to benefit from immune
modulatory therapeutic approaches.

3 | Monocyte Recruitment and Inflammatory
Macrophages in Acute Ischemia

3.1 | Acute Myocardial Infarction as an
Immunological Event

Acute MI is associated with a robust innate immune response
triggered by the sudden cell death of cardiomyocytes. Necrosis
releases danger-associated molecular patterns (DAMPs), such
as high mobility group box-1 (HMGBL1), heat-shock proteins,
extracellular ATP, mitochondrial DNA, and fragmented matrix
proteins [2, 37]. These molecules activate pattern recognition
receptors such as toll-like receptors (TLRs) and NOD-like recep-
tors (NLRs) on resident macrophages, dendritic cells, and endo-
thelial cells and induce the release of a cytokine and chemokine
cascade.

Among the earliest quantifiable responses is the prompt activa-
tion of circulating splenic and bone marrow monocytes to the
infarction site. This monocyte influx shows a second phase of
inflammatory macrophages which hallmark the dominant early
infarct milieu [6, 7].

3.2 | Sources of Monocytes: Bone Marrow
and Spleen

Conventional schemes of monocyte recruitment emphasize
bone marrow as the primary reservoir for monocytes. Indeed,
bone marrow-derived Ly6C" monocytes are rapidly mobilized
within a day after coronary occlusion [6]. However, investiga-
tions by Swirski et al. and van der Laan et al. revealed the spleen
as an important reservoir of monocytes [7, 11]. In murine MI,
the spleen is stimulated by adrenergic signaling-mediated con-
traction, mobilizing vast numbers of monocytes into the circu-
lation. These splenic monocytes traffic through CCL2-CCR2
signaling to the infarct, contributing to the bone marrow output.
The spleen is thus an organ of “first response,” providing a rapid
bolus of monocytes.

Clinical studies with ®F-fluorodeoxyglucose (**FDG)-positron
emission tomography (PET) imaging have confirmed splenic
activation in acute coronary syndrome patients, correlating in-
creased splenic activity with increased cardiovascular events
[38]. This serves to underscore the translational value of splenic
monocyte mobilization in humans.
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3.3 | The Biphasic Recruitment Versus
Differentiation Paradigm

Nahrendorf et al. [6] initially proposed the paradigm of biphasic
monocyte recruitment to the infarct. In phase I, Ly6CM mono-
cytes infiltrate the heart during the initial 24-48h following
MI, which relies on CCL2-CCR?2 interactions for trafficking [6].
These Ly6CM monocytes act as inflammatory effectors: phago-
cytosing dead cell debris, releasing proteases (MMP-9, cathep-
sins), secreting pro-inflammatory cytokines (TNF-a, IL-13,
IL-6), and recruiting additional leukocytes. In phase II, Ly6C'®
monocytes with greater reparative functions peak on days 4-7
after MI. With improved technologies including various fate
mapping techniques and single cell RNA sequencing, we now
understand that what was thought to be Ly6C!® monocytes in
phase II are monocyte-derived macrophages that differentiated
from Ly6c" monocytes that entered the heart during the initial
phase of recruitment. These monocyte-derived macrophages
mature into subsets with enhanced reparative function and par-
ticipate in neutrophil efferocytosis, angiogenesis, and resolution
of inflammation (Figure 2) [4, 39].

3.4 | Chemokine and Adhesion Pathways Driving
Recruitment

CCL2-CCR2 interaction is critical for phase I recruitment.
CCR2-deficient mice exhibit reduced monocyte invasion and
improved remodeling outcomes [36]. Pharmacological CCR2
inhibition has been shown to be effective in reducing infarct
inflammation in preclinical model systems [12]. Integrins and
cell adhesion molecules are involved in monocyte recruitment.
Very late antigen-4 (VLA-4) binding to its ligand VCAM-1 and
lymphocyte function-associated antigen-1 (LFA-1) binding to
ICAM-1 are required for adhesion to activated endothelium
[40]. Blockade of these mechanisms reduces the entry of mono-
cytes. CX3CR1-fractalkine interaction regulates Ly6C!® mac-
rophage expansion via recruitment and local proliferation. In

Phase 1
/—/‘\

{ \}Inﬂammatory
\/ macrophage

Debris clearance
Cytokine production

atherosclerosis, CX3CL1-CX3CR1-mediated survival signals
are critical for atheroma formation and progression [41].

3.5 | Inflammatory Macrophage Differentiation
and Functions

Following recruitment and infiltration into the infarcted
myocardium, Ly6CP monocytes differentiate into an array of
inflammatory macrophage subsets. Their major functions in-
clude debridement (release of proteases and ROS to degrade
necrotic cardiomyocytes and matrix debris), amplification of
inflammation (release of TNF-«, IL-1f, IL-6, and chemok-
ines such as CCL2 and CCL?7 to attract additional neutrophils
and monocytes), matrix degradation (hyperactivated MMPs
destabilizing the extracellular matrix, jeopardizing infarct
expansion and rupture), and antigen presentation (upregula-
tion of MHC-II and costimulatory molecules, potentially trig-
gering adaptive immune responses) [32]. Such mechanisms
are required for removal of necrosis within the short term.
Sustained or excessive inflammatory macrophage activity is,
however, pathological.

3.6 | Clinical Relevance of Human Cardiac
Monocyte and Macrophage Diversity

Following acute MI, patients display expansion of
CD14+*+*CD16~ monocytes (analogous to murine Ly6Ch)
within 24h and CD14*tCD16% intermediate/nonclassical
monocytes later during the course of the disease [11]. Early
monocyte count is a predictor of larger infarct and poor
prognosis. Endomyocardial biopsy and explant studies show
CD68* and CCR2* rich macrophages in early infarcted tis-
sue [24]. TSPO, CCR2 or CD163-targeted PET allows imaging
of cardiac monocyte/macrophage abundance in patients and
correlates with inflammatory activity and adverse remodeling
[42-48].

Phase 2
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§ @ Monocyte-derived
\ J macrophage maturation

\/\/
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Reparative  { = "
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Angiogenesis
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FIGURE 2 | Biphasic monocyte/macrophage response to cardiac injury. Cardiac injury triggers a biphasic response of monocytes and macro-
phages. Phase 1 is dominated by the rapid accumulation of inflammatory Ly6CPM CCR2* monocytes, which are recruited to the injury site from the
bone marrow and splenic reservoirs in a CCR2-mediated chemotaxis manner. These monocytes then differentiate into pro-inflammatory macro-

phages, which eliminate debris and propagate cytokine signals. Phase 2 marks the predominance of Ly6C° reparative macrophages, which originate

from Ly6C" monocytes that have lost the Ly6C surface marker or from a separate population of pre-existing Ly6C'® monocytes. Such macrophages

are engaged in the promotion of angiogenesis and the reorganization of the extracellular matrix. Figure created with BioRender.com.
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Clinical and experimental evidence shows that overactivation
or chronic inflammatory recruitment worsens outcomes. In
mice, chronic Ly6Chi infiltration is associated with infarct ex-
pansion and maladaptive remodeling [49]. In humans, increased
monocyte count predicts HF admission and mortality after MI
[11]. Comorbidities such as diabetes, obesity, and aging enhance
CCR2-mediated monocyte mobilization, linking systemic meta-
bolic inflammation with worse cardiac outcomes [50]. Thus, in-
terventions that suppress exaggerated phase I recruitment and/
or limit the inflammatory behavior of these monocyte-derived
macrophages may limit adverse cardiac remodeling and pro-
mote tissue healing.

4 | Macrophages in Inflammation Resolution and
Tissue Repair

4.1 | From Inflammation to Resolution: A
Paradigm Shift

For decades, inflammation was regarded as a passive response
that merely “wore off” after removal of pathogens or necrotic
debris. The discovery of specialized pro-resolving mediators
(SPMs) transformed our understanding, establishing proof that
resolution is an active, highly regulated biological program
[17, 51].

Macrophages are the key players of this shift in the context
of MI. Following the initial burst of inflammation by Ly6Chi/
CCR2* macrophages, the healing heart shifts toward repair
programs. This shift is initiated by efferocytosis and main-
tained by bioactive lipid mediators, metabolic reprogram-
ming, and communication with stromal and immune partners
(Figure 3). When such a transition goes wrong, due to faulty
efferocytosis, disrupted SPM signaling, or associated inflam-
mation, the result is chronic macrophage activation, impaired
scar resolution, and disease progression to ischemic heart fail-
ure [52, 53].

4.2 | Efferocytosis: Macrophages as Resolution
Catalysts

Efferocytosis refers to the clearance of apoptotic cells by mac-
rophages. Unlike phagocytosis of pathogens, efferocytosis is
anti-inflammatory or immunologically silent. Engulfment trig-
gers macrophage reprogramming: anti-inflammatory mediator,
growth factor, SPM upregulation and inflammatory cytokine
downregulation [52, 54].

MerTK, a TAM family receptor tyrosine kinase, is a dominant
efferocytosis receptor of infarct macrophages. MerTK interacts
with apoptotic cell ligands by bridging molecules such as Gas6
and Protein S. Not only does MerTK activation drive engulf-
ment, but it also causes the production of pro-resolving media-
tors (lipoxins, resolvins, and protectins) [54]. Beyond apoptotic
cell clearance, cardiac macrophages also participate in myo-
cardial quality control through MERTK-dependent uptake of
cardiomyocyte-derived exophers containing dysfunctional mi-
tochondria [55].

Ischemic injury

—>
) Efferocytosis-engaged
Apoptotic macrophage
cardiomyocytes (MerTK-dependent)

SPM biosynthesis /

during inflammation
resolution

— Macrophage
(/ \ reprogramming
\_ , — to reparative
- phenotype
Apoptotic
neutrophils

- 12-LOX
- 15-LOX
- 5-LOX

e Lipoxins
e Resolvins
« Protinctins
e Maresins

Resolution of inflammation,
scar stabilization

FIGURE 3 | Macrophage-mediated resolution mechanisms follow-
ing cardiac injury. Ischemic cardiac injury results in cardiomyocyte
death and neutrophil infiltration, generating apoptotic cardiomyocytes
and apoptotic neutrophils that require efficient clearance. Macrophages
undergo efferocytosis of apoptotic cells via MerTK signaling. This pro-
cess acts as a critical point in resolution. Activation of MerTK leads to
the reprogramming of macrophages and the biosynthesis of specialized
pro-resolving lipid mediators (SPMs) such as lipoxins, resolvins, pro-
tectins, and maresins via the lipoxygenases (12-LOX, 15-LOX, and 5-
LOX) pathway. This process inhibits chronic inflammation and fosters
the resolution of macrophages and scar formation after the resolution of
ischemic cardiac injury. Figure created with BioRender.com.

It has been demonstrated that cleavage of MerTK by ADAM17
results in soluble MerTK that inhibits efferocytosis [52, 53].
Ischemia-reperfusion injury in mice increases MerTK cleavage
and dysregulates efferocytosis, resulting in increased neutrophil
debris and defective resolution of inflammation. Mice with the
cleavage-resistant MerTK allele (MerTKCR) have increased ef-
ferocytosis, increased SPM levels, reduced inflammation, and
improved LV remodeling [54].

Reports from autopsy and biopsy revealed efferocytosis failure
in human infarcts, as evidenced by apoptotic neutrophils and
high plasma levels of soluble MerTK [56]. In overall cardiovas-
cular disease, impaired efferocytosis has been linked to athero-
sclerosis, aneurysms, and stroke and thus is an underlying cause
of chronic inflammation.

4.3 | Specialized Pro-Resolving Mediators

SPMs are autacoids derived from lipids through the resolution
process, including resolvins (E- and D-series derived from EPA
and DHA), protectins (e.g., PD1/NPD1), maresins (macrophage
mediators for resolving inflammation), and lipoxins (derived
from arachidonic acid). These mediators turn off inflammation,
promote efferocytosis, enhance tissue regeneration, and reduce
fibrosis [16, 17, 51].
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After efferocytosis, macrophages upregulate 12/15-lipoxygenase
and other biosynthetic enzymes that generate SPMs. In infarcted
murine hearts, SPM levels rise during the resolution phase; in-
creasing SPM production accelerates healing [57]. Abrogation of
SPM pathways, however, prolongs inflammation and elevates
remodeling [58].

In patients with acute coronary syndromes, plasma levels of
resolvins and protectins correlate with improved prognosis
[59]. Nonresolving atherosclerotic inflammation and recurrent
events are linked to low levels of SPM. These observations make
the case for therapeutic strategies that either provide synthetic
SPM or stimulate endogenous production.

4.4 | Reparative Macrophage Phenotypes
4.4.1 | Ly6Cl°-Derived Reparative Macrophages

The second wave of Ly6C!'® monocyte-derived macrophages dif-
ferentiate into the reparative subsets, which are pro-angiogenic
and may promote the structural integrity of the infarct. These
macrophages produce VEGF-A and VEGF-C, which help in
neovascularization and lymphangiogenesis [10]. They also se-
crete TGF-f3 and IL-10, modulating fibroblast activation in a bal-
anced manner.

4.4.2 | Trem2" Macrophages

Trem2" macrophages have been recently characterized by
single-cell RNA-seq as a population which emerges during late
infarct healing [9]. These macrophages exhibit lipid-handling
programs, efferocytic efficacy, and anti-inflammatory profiles.
They resemble “disease-associated macrophages” (DAMs) in
neurodegeneration. Trem2 signaling is required for survival
and reparative functions, suggesting this pathway may serve as
a potential therapeutic target.

4.4.3 | Proliferating Resident Macrophages

Embryonically derived CCR2~ macrophages locally expand
in repair. These resident macrophages help in the removal
of apoptotic debris, maintenance of conduction homeostasis,
and restraint of fibroblast hyperactivation. Their preservation
may be cardioprotective [4, 30]. Macrophages are not only in-
flammatory participants; they are the essential architects of
resolution and healing after MI. Through efferocytosis and
SPM production, they convert the infarct environment from
pathological inflammation to productive healing. The role
of MerTK and efferocytosis in this transition is critical, and
SPMs have provided a biochemical foundation for active res-
olution. Taking advantage of these discoveries toward ther-
apy, by sustaining efferocytosis networks, augmenting SPM
networks, and triggering reparative macrophage phenotypes,
is one of the most promising frontiers for preventing the tran-
sition from MI to ischemic heart failure.

5 | Macrophages in Remodeling and Heart Failure
Progression

5.1 | From Infarct Healing to Chronic Remodeling

Following acute MI, the myocardium undergoes a tightly reg-
ulated sequence of events: clearance of necrotic tissue, gran-
ulation tissue formation, scar deposition, and eventually
ventricular wall remodeling. Ideally, the cascade minimizes
collateral tissue injury and creates a mechanically stable scar
that preserves tissue integrity and chamber geometry. In the
setting of exaggerated or sustained inflammation or failure to
initiate reparative programs, adverse remodeling occurs, which
includes infarct expansion, chamber dilatation, hypertrophy,
and fibrosis of noninfarcted myocardium, capillary rarefaction,
and ultimately, systolic and diastolic HF [60]. Macrophages play
key functions along this spectrum. These processes are not only
active in ischemic cardiomyopathy but also in nonischemic HF
(pressure overload, myocarditis, valvular disease), highlighting
macrophages as key mediators of adverse remodeling and heart
failure.

5.2 | Macrophage Persistence in Ischemic
Remodeling

Macrophage populations decrease from their peak in the
weeks following MI but do not drop to baseline [61]. Fate-
mapping studies show persistence of CCR2* monocyte-
derived macrophages in infarct scars from weeks to months
[5, 24]. These macrophages undergo phenotypic change to
profibrotic and pro-inflammatory macrophages that express
higher levels of TGF-, IL-1f3, IL-6, TNFa, and chemokines
(CXCL1, CXCL2, CCL7, and CCL9) that promote inflamma-
tory leukocyte recruitment.

During inflammation, macrophages secrete IL-13, TGF-3, and
osteopontin (SPP1) that triggers cardiac fibroblast activation
[62]. Activated fibroblasts deposit excess collagen types I and
ITI, contributing to ventricular wall stiffness and impaired re-
laxation. Uncontrolled fibrosis also reduces contractile func-
tion and reserve. Macrophages also release proteases (MMP-9,
cathepsins) degrading ECM in the infarct border, promoting in-
farct expansion, LV dilation, and wall destabilization [63]. These
responses feed forward to increase wall stress, perpetuate neu-
rohormonal activation, and further enhance immune activation.

5.3 | Relevance to Nonischemic Heart Failure

5.3.1 | Pressure Overload and Dilated
Cardiomyopathies

In transverse aortic constriction (TAC) models, CCR2*
monocyte-derived macrophages infiltrate the myocardium
early and drive hypertrophy and fibrosis [64]. Deletion or phar-
macological inhibition of CCR2 diminishes pressure-overload
maladaptive remodeling, suggesting a causal role. In human
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studies, hypertensive heart disease and aortic stenosis tissues
are associated with increased CCR2* macrophages.

Resident macrophages also play a pivotal role in cardiac re-
modeling and heart failure. Wong et al. [25] demonstrated
that embryonically derived resident CCR2~ macrophages
are required to maintain myocardial integrity under stress.
Through lineage tracing and selective depletion models, they
showed that these macrophages persist in the adult heart and
become key mediators of adaptive myocardial remodeling in
the setting of dilated cardiomyopathy and pressure overload
injury. Functionally, these resident macrophages orchestrate
reorganization of cardiomyocytes to achieve a favorable ge-
ometry and drive angiogenesis through secretion of trophic
factors such as Insulin-like Growth Factor 1 (IGF-1). They
also limit fibrotic deposition, maintain vascular homeosta-
sis, and ensure electrical conduction across the myocardium
[4, 5, 30, 32]. These macrophages numerically expand with
acute and chronic hypertensive challenge, correlating with in-
creasing cardiac mass and cardiomyocyte area [65]. Analysis
of transcriptional programs revealed that several key growth
factors (including Igfl, Pf4, and Ang) were constitutively ex-
pressed by such macrophages at steady state and hypertensive
stress despite structural changes to the tissue. Cardiomyocyte
growth and increased cardiac mass are protective mechanisms
that allow hearts of hypertensive mice to adapt to increased
pressure and withstand stress. However, depletion of these res-
ident macrophages impairs adaptive remodeling, which was
primarily dependent on resident macrophage-derived IgfI, re-
sulting in decreased cardiac function [65].

5.3.2 | Cardiometabolic Forms of Heart Failure

Diabetes and obesity reprogram the metabolism of macro-
phages, predisposing them to glycolytic, pro-inflammatory
phenotypes. Hyperglycemia and advanced glycation end prod-
ucts (AGEs) activate NLRP3 inflammasomes in macrophages,
increasing IL-1f and fibrosis [66]. These phenotypes may
contribute to fibrosis, diastolic dysfunction, and vascular pa-
thology in cardiometabolic heart failure with preserved ejec-
tion fraction (HFpEF). Whether SGLT2 and GLP-1 agonists
confer cardiac protection through this mechanism is not yet
known. In addition, the role of NLRP3 and IL-6 inhibitors in
this disease process will be clarified in ongoing clinical stud-
ies [67-69].

5.3.3 | Myocarditis and Autoimmune HF

In viral (coxsackievirus B3, CVB3) myocarditis, tissue injury
involves invading T cells and effector macrophages. Nitric
oxide and inflammatory cytokines produced by activated
macrophages stimulate myocyte apoptosis [70]. Macrophage-
derived IL-23 induces Th17 activation and persistent auto-
immune tissue injury in autoimmune myocarditis models
[71]. Dilated cardiomyopathy may result from continued pro-
inflammatory macrophage activation long after the virus has
been cleared. The role of macrophages in myocarditis is re-
viewed elsewhere [18, 72-75].

5.4 | Macrophage Interactions With Other
Immune and Stromal Cells

Macrophages function as “conductors of the post-MI or-
chestra” through their ability to sense environmental cues
and communicate bidirectionally with neighboring cells.
Understanding these crucial interactions is essential to iden-
tify opportunities to limit myocardial inflammation and pro-
mote cardiac repair.

5.4.1 | Macrophage-Neutrophil Interactions

Neutrophils are early responders to cardiac tissue injury, re-
leasing ROS and proteases to degrade necrotic debris. CCR2*
macrophages produce CXCL1, CXCL2, and CXCLS5 to enhance
neutrophil recruitment [34]. Efferocytosis of apoptotic neutro-
phils by macrophages induces release of anti-inflammatory
cytokines (IL-10, TGF-f) and SPM biosynthesis and initiates
resolution [51]. Disrupting neutrophil clearance leads to NET
(neutrophil extracellular trap) persistence, which amplifies
macrophage inflammatory activation [76, 77] and inhibits mac-
rophage efferocytosis. NETSs release histones and proteases that
activate macrophage pro-inflammatory signaling [77]. In this
scenario, macrophages fail to switch to reparative programs,
prolong inflammation and worsen remodeling. Elevated plasma
NET markers in patients with MI correlate with higher mono-
cyte counts and worse LV remodeling [78].

5.4.2 | Macrophage-T Cell Interactions

Macrophages express MHC-II and costimulatory molecules,
allowing them to present antigens to T cells. This function
is enhanced following sterile cardiac injury and can poten-
tially induce adaptive immune activation. Following MI,
macrophage-T cell crosstalk plays a crucial role in orches-
trating inflammation and tissue repair. CCL17 produced by
CCR2+ macrophages and dendritic cells inhibits regulatory
CD4+ T cell (Treg) recruitment [79]. Weirather et al. [80]
demonstrated that Foxp3tCD4* Tregs promote infarct heal-
ing by modulating monocyte and macrophage differentia-
tion toward a reparative Ly6C!® phenotype, thereby limiting
excessive inflammation and supporting scar formation. In
a complementary study, Xia et al. [81] identified a subset of
the cardiac-resident population of regulatory T cells with
enhanced reparative and anti-inflammatory properties com-
pared to their peripheral counterparts, which promote mac-
rophage polarization toward an anti-inflammatory M2-like
state. This Treg-mediated macrophage modulation represents
a key mechanism driving resolution of inflammation and car-
diac protection post-MI.

5.4.3 | Macrophage-Fibroblast Interactions

Fibroblasts are key effector cells driving scar formation. Cardiac
macrophages produce TGF-, IL-10, osteopontin (SPP1), PDGF,
and CCL24, which activate fibroblasts into a-SMA™* myofibro-
blasts. These myofibroblasts deposit extracellular matrix (ECM)
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proteins, stabilizing the infarct [62]. If macrophage-derived
TGF-£ and CCL24 signaling persists, fibroblasts are chronically
activated and induce diffuse interstitial fibrosis and ventricular
stiffening [82, 83]. Activated fibroblasts release CSF1 and IL-6,
contributing to macrophage survival and profibrotic skewing.
CCL24 neutralization lowers fibroblast activation and scar bur-
den in murine ischemic HF [83]. Similarly, Smad inhibitors of
TGF-f pathways within fibroblasts regulate macrophage activa-
tion indirectly [84].

More recently, cardiac macrophage IL-1b signaling to cardiac
resident fibroblasts was shown to drive the specification of a sec-
ond activated fibroblast lineage marked by fibroblast activator
protein (FAP) and periostin (POSTN). FAPtTPOSTNT fibroblasts
resemble cancer-associated fibroblasts and drive reactive fibro-
sis in the failing mouse and human heart [85].

5.4.4 | Macrophage-Endothelial and Vascular
Interactions

Neonatal macrophages drive cardiac regeneration by promoting
angiogenesis [5, 86]. In particular, LYVE1+ reparative macro-
phages produce VEGF-A, VEGF-C, IGF-1, and angiopoietins,
promoting endothelial sprouting and granulation tissue forma-
tion [10]. LYVE1+ macrophages also produce matrix metallo-
proteinases (MMP9) that remodel the basement membrane,
facilitating capillary invasion [87] and regulating vascular per-
meability and tone.

Cardiac lymphatic vessels are essential regulators of post-MI im-
mune resolution [88-90]. Macrophage-derived VEGF-C drives
lymphatic vessel formation following MI, facilitating interstitial
fluid drainage, lymphatic networks coordinate immune-cell
trafficking, cytokine clearance, and removal of apoptotic de-
bris [10]. Conversely, defective lymphatic remodeling prolongs
leukocyte retention and contributes to adverse ventricular re-
modeling. These observations highlight coordinated macro-
phage-lymphatic interactions as critical determinants of infarct
healing [10].

Activated endothelium expresses adhesion molecules (VCAM-1,
ICAM-1) and releases chemokines (CCL2, CX3CL1), directly
controlling macrophage recruitment. Endothelial-derived nitric
oxide can also modulate macrophage phenotypes.

5.4.5 | Macrophage-Conduction System Interactions

As mentioned above, resident CCR2~ macrophages electrically
couple to cardiomyocytes in the AV node via Cx43 gap junctions.
Electrical coupling enhances conduction velocity and prevents
AV block [30]. Resident macrophages not only maintain tissue
homeostasis but also prevent sudden death under cardiac stress
by maintaining electrical coupling with cardiomyocytes [31].
Inflammatory insults can disrupt this interaction. Infiltrating
CCR2* macrophages during myocarditis or ischemia dis-
turbs conduction and increases arrhythmic risk. Macrophage-
conduction crosstalk thus provides a mechanistic link between
inflammation and arrhythmogenesis. These studies establish
that macrophages are at the center of mechanical and electrical

tolerance of the post-ischemic heart, acting as sentinels deter-
mining whether the injured myocardium adapts or fails.

5.5 | Macrophage Heterogeneity and Single-Cell
Insights

For decades, macrophage biology was conceptualized in the M1/
M2 polarization paradigm: “M1” IFN-y/LPS-activated inflam-
matory macrophages vs. “M2” IL-4/IL-13-activated reparative
macrophages. Useful as a starting point for thinking conceptu-
ally, this model has been too simplistic in vivo. In the heart after
injury, macrophages do not neatly fall into M1/M2 categories
but rather present a continuum of states influenced by ontogeny,
microenvironmental signals, and temporal stage of disease [8].

The implementation of genetic lineage tracing, single-cell
technologies, mass cytometry, and spatial transcriptomics
completely transformed our thinking about macrophage hetero-
geneity. These technologies show us that post-MI macrophages
are heterogeneous beyond the previously long-held M1/M2
paradigm and that there are specific transcriptional programs
linked with inflammation, resolution, fibrosis, angiogenesis,
and electrical conduction support (Table 1).

5.5.1 | Insights From Mouse Models

Dick et al. [35] demonstrated dynamic spatial and proliferative
responses of resident cardiac macrophages following MI. Fate
mapping studies with Cx3cr1¢™FR:R26™ mice revealed early de-
pletion of resident Td-tomato cardiac macrophages within the
infarct core followed by partial repopulation over the subsequent
28days. BrdU labeling further demonstrated a proliferative
burst and numerical expansion early post-MI in the peri-infarct
zone, preceding proliferation of recruited monocyte-derived
macrophages, indicating that expansion of resident macrophage
populations occurs through local self-renewal parallel to mono-
cyte recruitment. To explore recruited macrophage heteroge-
neity, the authors performed scRNA-seq on fate mapped mice
11days post-infarct, corresponding to the resolution of acute
inflammation and maturation of recruited monocytes into tis-
sue macrophages. Findings indicated that most macrophages
acquired transcriptional states not present during homeostasis.
These populations expressed genes enriched in inflammatory
pathways, including interferon-y responses and monocyte che-
motaxis, while also exhibiting activation of reparative and extra-
cellular matrix remodeling programs, highlighting the extensive
phenotypic diversification that accompanies cardiac injury and
repair. Interestingly, recruited monocytes were able to differen-
tiate into macrophage subsets that closely resembled resident
macrophages present during homeostasis, apart from several
mature resident macrophages, including Lyvel, Timd4, Retnla,
Cd163, Folr2, and Klf2, suggesting a full resident macrophage
transcriptional program takes considerable time to imprint.

Farbehi et al. [94] also employed scRNA-seq to construct a
comprehensive cellular atlas of the mouse heart in both homeo-
stasis and post-MI, revealing the dynamic interplay among stro-
mal, vascular, and immune cells. The study identified distinct
macrophage subsets with transcriptional signatures reflecting
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Key macrophage markers and gene programs for resident, inflammatory, and reparative macrophage clusters.

TABLE 1

Human gene

Human surface

References

programs

markers

Mouse surface markers Mouse gene programs

Functional role

Macrophage cluster

[4, 24, 35]

LYVEL, FOLR2,
MERTK, IGF1, APOE,

CCR27, LYVELH,
TIMD4%, FOLR2t,

APOE, GAS6, CIQA/B/C  CD163", CD206™,

CCR27, TIMD4t, TIMD4, LYVE]L, FOLR2,

LYVE1t, F4/80M, CD64t,

Homeostasis, surveillance,

Resident (embryonic-
derived, CCR2")

IGF1, PDGFB, MerTK,

conduction support

GAS6, C1QA/B/C

MerTK*, CX3CR1™™

MerTK*

IL1B, TNF, CCL2, [2, 5,6, 20,

CCR2%,
CD14MCD16,
HLA-DR*, CD11b*

Cytokine production, CCR2*, Ly6CM, CD11b™, IL1B, TNF, IL6, NOS2,

neutrophil recruitment

Inflammatory (Monocyte-
derived, CCR2* Ly6Ch)

91, 92]

CCL3, S100A8,
S100A9, NLRP3

NLRP3, CCL2, CCL3,

F4/80™, CD64*

CCL4, CXCL2, MMP9

5,53, 93]

MRC1, CD163, TGFBI,

CD206%, CD163t,

Ly6C'°, CD206*, CD163™, MRC1, CD163, IGF1,

Resolution, efferocytosis,

Reparative/Pro-resolving

(Ly6C)

1L10, VEGFA, IGF1,

CD14™CD16",
MerTK*t, MSR1*

F4/80M, CD64+, MerTK* TGFB1, IL10, ARG1,

angiogenesis

AXL, PROS1

CHIL3, RETNLA

divergent functions during cardiac injury and repair. Following
MI, resident macrophages displayed transcriptional signatures
associated with reparative phenotypes such as extracellular
matrix remodeling and resolution of inflammation. In con-
trast, monocyte-derived macrophages exhibited proinflamma-
tory gene expression early after infarction. Bajpai et al. showed
that resident cardiac macrophages bear nonredundant roles in
directing monocyte recruitment and differentiation following
myocardial injury [34, 35]. They demonstrated that CCR2*
macrophages secrete chemokines that drive the infiltration of
inflammatory monocytes, thereby fueling post-injury inflam-
mation, while CCR2™ macrophages dampen this process and
support repair. Loss of CCR2™ macrophages resulted in exces-
sive recruitment of monocytes and macrophage subsets with
greatest inflammatory potential. A key observation from these
studies was that CCR2* macrophages are diverse and are com-
prised of Argl*, type I IFN activated, TREM2+, and MHC-1IM
macrophages.

Jung et al. [9] identified a distinctive Trem2" macrophage sub-
population in the infarct. These cells express genes for lipid
metabolism (APOE, LPL), efferocytosis, and anti-inflammatory
signaling at higher levels. Trem2™ cells resemble lipid-associated
macrophages and “disease-associated macrophages” (DAMs)
found in neurodegeneration, suggesting conserved protective
roles among organs. Functionally, Trem?2 signaling is important
for macrophage survival and reparative functions in infarcted
hearts.

Dick et al. [27] demonstrated that three distinct subsets of
tissue-resident macrophages, defined by differential expression
of Timd4, Lyvel, Folr2 (TLF+), MHC-II" and CCR2+ macs,
coexist not only in the heart, but are found in virtually every
tissue, each with similar origins and relationship to circulating
monocytes. TLF+ macs were the most conserved across tissues,
developmental windows and species, and were transcriptionally
the most similar to yolk-sac derived macrophages.

5.5.2 | Insights From Human Studies

Koenig et al. [26] performed large-scale single-cell transcrip-
tomic profiling of failing human hearts. In the donor hearts,
macrophages were identified by tissue-resident, homeostatic
programs marked by MRC1 (Mannose Receptor C-Type 1),
LYVE1 (lymphatic vessel endothelial hyaluronan receptor 1),
and FOLR2 (folate receptor beta), while in dilated cardiomyopa-
thy (DCM) hearts, CCR2* monocyte-derived macrophages were
found to increase with SPP1, CCL2, IL1§, and TNF expression
[26]. These infiltrating cells showed increased antigen presen-
tation and cytokine signaling, which is consistent with chronic
immune activation.

Spatial multi-omics was employed to map outzonation of the mac-
rophage subsets from human MI tissue [95]. Pro-inflammatory,
CCR2*/SPP1* macrophages co-localized with necrotic cardio-
myocytes and activated fibroblasts in the infarct core, whereas
MRC1* reparative macrophages in the border zone resided near
fibroblasts and endothelial sprouts. CCR2* monocytes and
macrophages expressed IL-1f and were predicted to trigger ac-
tivated fibroblast differentiation [85]. Spatial transcriptomics
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positioned these macrophages adjacent to FAP*/POSTN™ fi-
broblasts to form a pathological niche. Conditional deletion of
IL1b in CCR2* monocytes/macrophages, IL-1R in fibroblasts,
or pharmacologic IL-1f blockade inhibited fibrotic remodeling
and preserved systolic function, validating that interference of
macrophage-fibroblast communication can reverse maladaptive
remodeling in heart failure.

Consistent with these findings, Fu et al. [96] defined donor and
end-stage heart-failure hearts from patients with arrhythmo-
genic right-ventricular cardiomyopathy (ARVC). ScRNA-seq
identified a subset of macrophages with increased NLRP3 in-
flammasome components (NLRP3, IL-18, CASP1) and CCL3/
CCL4 that represent a pyroptotic and chemotactic state. NLRP3
inhibition with MCC950 suppressed pro-inflammatory macro-
phage infiltration, reduced fibroblast activation, and improved
ventricular geometry in vivo, highlighting inflammasome sig-
naling as a macrophage-targetable mechanism to ischemic and
nonischemic cardiomyopathies.

Leeet al. [97] defined immune niches of end-stage ischemic heart
failure by high-plex spatial transcriptomics. CD68*/SPP1* mac-
rophage clusters accumulated in peri-scar border regions, co-
localized with COL1A1* fibroblasts and CXCL12* endothelial
cells. These regions had high expression of hypoxia-inducible
and TNF/NF-xB pathways, suggesting that chronically stimu-
lated macrophages sustain hypoxia-induced inflammation and
fibrosis even in chronic scars.

Recent spatial multi-omics studies have identified a distinct
population of type I interferon-activated macrophages local-
ized within the infarct borderzone after MI. Ninh et al. [98]
used single-cell RNA sequencing, spatial transcriptomics, and
multiplexed imaging to demonstrate the presence of clustered
interferon-induced cells (IFNICs) expressing high levels of
interferon-stimulated genes, including IFIT1, IFIT3, ISG15,
and CXCL10, specifically within the mechanically stressed
borderzone rather than the infarct core. These IFN-responsive
macrophages were associated with cardiomyocytes undergoing
nuclear rupture and activation of the cGAS-STING-IRF3 path-
way, leading to persistent type I interferon signaling and im-
paired reparative remodeling [98].

5.5.3 | Insights From In Vitro Model Systems

While mouse injury models and human tissue profiling
have substantially advanced understanding of cardiac mac-
rophage biology, engineered in vitro cardiac systems are
rapidly becoming central tools in cardiovascular immunol-
ogy research—offering unprecedented control over cellu-
lar composition, biomechanical environment, and spatial
organization to dissect human cardiac macrophage-driven
remodeling. Advances in embryonic and induced pluripotent
stem cell (iPSC) technologies have enabled the derivation
of multiple cardiac and immune cell populations, including
chamber-specific cardiomyocytes and primitive macrophages
[99]. This has led to the development of heart-on-a-chip plat-
forms, which form a 3D contractile and cylindrically shaped

microtissue that grows in suspension attached at the ends by
two parallel, flexible wires [100-103]. Incorporation of hESC-
macrophages into these microtissues allows for the study of
tissue-mediated macrophage reprogramming, where in vitro
hESC-macrophages are specified by cardiac fibroblasts and
cardiomyocytes into an “in vivo” cardiac TLF+ macrophage
transcriptional state. Moreover, hESC-Macs, like their in vivo
counterparts, remove mitochondria, and through efferocyto-
sis, enhance cardiomyocyte survival and improve microtissue
contractile function [99]. Additionally, these macrophages are
crucial for long-term vascularization of a similar heart-on-
a-chip platform [104]. These in vitro model systems present
a promising opportunity for interrogation of cardiac macro-
phage functional mechanisms under ischemic, fibrotic, and
metabolic stress and investigation of how cardiometabolic
disease, aging, or genetic background influence macrophage
behavior in ischemic HF.

6 | Therapeutic Targeting of Macrophages in
Ischemic Heart Disease and Heart Failure

6.1 | From Bench to Bedside

Unlike traditional neurohormonal therapies (f-blockers, RAAS
inhibitors) that indirectly affect immune tone, macrophage-
directed therapies aim to precisely reprogram innate immu-
nity. Challenges include the dual roles of macrophages (injury
clearance vs. chronic inflammation), the need for stage-specific
interventions, and macrophage heterogeneity. Preclinical effi-
cacy and early human trials, though, suggest the potential for
macrophage-targeted therapies (Table 2).

6.2 | Targeting Monocyte Recruitment

The CCL2-CCR2 pathway is the canonical driver of Ly6Chi/
CCR2* monocyte recruitment after MI. CCR2-deficient mice
have reduced monocyte infiltration, smaller infarcts, and im-
proved remodeling [36]. Pharmacologic CCR2 or CCL2 neutral-
ization also shows benefit [49]. Leuschner et al. and Majmudar
et al. demonstrated lipid nanoparticles that deliver siRNA
against CCR2 reduce monocyte recruitment, inflammation,
and infarct size [12, 13]. Small-molecule CCR2 antagonists (e.g.,
propagermanium) are being evaluated in patients with cardio-
vascular disease [115].

6.3 | Targeting Inflammatory Cytokines

IL-18 neutralization with canakinumab reduced major adverse
cardiovascular events and hospitalizations for heart failure in
over 10,000 post-MI patients [116, 117]. The IL-1 receptor blocker
decreased CRP and improved LV remodeling in small tstudies
[118]. Larger outcome trials are needed. Preclinical data indi-
cate that NLRP3 inflammasome inhibitors reduce macrophage
IL-1 release and adverse remodeling [119]. Several oral agents
are in clinical development. IL-6 is produced by macrophages
and fibroblasts during chronic remodeling. The RESCUE trial
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| Therapeutic targets, preclinical evidence, translational status and potential risks.

TABLE 2

References

Potential risks

Translational status

Key preclinical evidence

Therapeutic target/strategy

[12, 36, 44, 105]

May impair debris

Early-phase trials; CCR2*
PET imaging used clinically

Reduces Ly6Ch monocyte influx

CCR2 axis inhibition

clearance; systemic

and inflammation; improves

immune effects

remodeling in MI models

[106-109]

Short half-life; potential

SPM analog development

Enhance efferocytosis; reduce
neutrophils; improve post-MI healing

Specialized pro-resolving mediators

(SPMs)

immunosuppression

advancing

[53, 56, 110]

Possible fibrosis;

TAM receptor modulators

MerTK promotes apoptotic cardiomyocyte

MerTK/efferocytosis enhancement

interactions with
cancer immunity

in development

clearance; deficiency worsens remodeling

[3,111, 112]

Off-target metabolic

Metabolic drugs affect
macrophages indirectly

Glycolysis drives inflammation;

Immunometabolism reprogramming

effects; immune

OXPHOS/FAO promote repair

suppression

[12, 49, 113, 114]

Immunogenicity; liver/

Preclinical; oncology nanoparticle

Nanoparticle deliver drugs/miRNA to
infarct macrophages; improve remodeling

Nanoparticle delivery platforms

spleen accumulation

trials provide precedent

with ziltivekimab (IL-6 inhibitor) led to reduced inflammatory
biomarkers in CKD patients with high cardiovascular risk [120].
Large outcome trials for HF are in progress.

6.4 | Enhancing Resolution and Efferocytosis

CD47 is a key anti-phagocytic molecule that is upregulated
on stressed cardiomyocytes. Blockade of CD47 permits mac-
rophages to engulf dying cells. Transient blockade of CD47 at
reperfusion improves efferocytosis and limits remodeling, as
shown by Kojima et al. and Zhang et al. [14, 15]. Early studies
have suggested that some anti-CD47 antibodies cause anemia
through macrophage-mediated engulfment of RBCs.

SPMs, including resolvins, protectins, maresins, and lipox-
ins, are involved in resolving inflammation and enhancing
efferocytosis [16, 51]. Administration of SPMs following MI
accelerates resolution of inflammation, improves quality of
scars, and reduces LV dilation [57]. Lower plasma SPM levels
are associated with worse outcomes in acute coronary syn-
dromes [59]. Thus, early-phase trials are exploring synthetic
SPM analogs.

6.5 | Modulating Macrophage-Fibroblast Crosstalk

Fibroblasts are activated by macrophage secretion of CCL24.
Neutralizing antibodies reduce fibrosis in preclinical HF [121].
Fibroblast-derived CCL2 may sustain monocyte recruitment
during chronic remodeling. CCR2 blockade reduces profibrotic
macrophage accumulation and ameliorates pressure-overload
HF [64]. TGF-f modulation is essential for scar stabilization but
is pathogenic at chronic time points. Blocking TGF-{ increases
the risk of cardiac rupture and selective inhibition of Smad in
fibroblasts demonstrated roles in wound healing [84]. Inhibition
of IL-1 signaling from macrophages to fibroblasts may prove to
be a safer and more effective approach [85]. Specific depletion
of FAP+ fibroblasts through CAR T cells may represent another
attractive option [122, 123].

6.6 | Metabolic Reprogramming of Macrophages

Inflammatory macrophages depend on glycolysis and dis-
rupted TCA cycles with succinate accumulation, driving IL-1/3
production. On the contrary, reparative macrophages rely on
oxidative phosphorylation and fatty acid oxidation to perform
anti-inflammatory functions [111]. PPAR agonists induce repar-
ative oxidative metabolism, suggesting a therapeutic possibility
for targeting NLRP3-related metabolic heart diseases. SGLT2
inhibitors block the activation of NLRP3 and induce reparative
phenotypes in macrophages [18, 19]. Part of their benefit in HF
may be derived from the immunometabolic effects of macro-
phages. Modulators of the mTOR/AMPK pathway may repro-
gram the metabolism of macrophages into anti-inflammatory
states. Activation of AMPK and inhibition of mTOR are known
to shift macrophages toward an anti-inflammatory phenotype
to promote tissue repair and dampen inflammation. This meta-
bolic reprogramming could be a potential therapeutic strategy in
the treatment of HF.
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6.7 | Nanomedicine and Delivery Platforms
6.7.1 | Nanoparticle-Based Targeting

Nanoparticles are capable of selectively delivering RNAi or
drugs into macrophages. Systemically injected lipidoid LNPs
carrying siRNA against CCR2 accumulated in the spleen and
bone marrow, and preferentially entered inflammatory mono-
cytes in mice. Knockdown of CCR2 reduced their recruitment to
inflamed tissues, attenuated infarct inflammation, and lessened
myocardial infarct size after MI [12, 13]. Lipid nanoparticles car-
rying anti-inflammatory drugs targeting monocyte/macrophage
compartments reduce plaque inflammation. Statin-loaded, anti-
inflammatory/pleiotropic rHDL (lipid) nanoparticles were de-
livered to monocyte/macrophage-rich atherosclerotic plaques,
reducing plaque inflammation in mice, an archetype for the
delivery of anti-inflammatory NP payloads by lipids to the my-
eloid compartment, which includes splenic monocytes as a key
reservoir post-MI [124]. Cardiac in vitro models may accelerate
the development of macrophage-directed therapies. Humanized
tissue platforms permit controlled testing of nanoparticle deliv-
ery systems, cytokine blockade, metabolic interventions, and
engineered immune-cell therapies while reducing limitations
associated with species-specific immune differences.

6.7.2 | Imaging-Guided Delivery

Molecular imaging has emerged as a powerful approach to
quantify innate immune activity in MI and heart failure pa-
tients. PET/MRI studies have revealed that FDG uptake
co-localizes with areas of gadolinium enhancement and may
reflect leukocyte recruitment accumulation. These studies also
revealed tracer uptake in the remote myocardium, suggesting
a mechanism for adverse remodeling beyond the infarct core
[42]. Building on this, longitudinal TSPO (activated myeloid cell
marker) targeted-PET studies showed that tracer uptake early
after MI predicts later LV remodeling. Interestingly, this study
linked cardiac inflammation to brain microglial activation, sug-
gesting heart-brain inflammatory axis relevant to chronic HF
symptoms and outcomes [43].

Because inflammatory CCR2% monocytes drive early post-MI
injury and adverse remodeling, CCR2 has emerged as a prime
target for imaging. A peptide radiotracer, **Cu-DOTA-ECL1i,
was used to visualize CCR2* monocytes/macrophages across
multiple cardiac injury models and track their recruitment into
the injured myocardium [44]. First-in-human work in STEMI pa-
tients subsequently showed that the feasibility of CCR2 imaging
in the injured heart: uptake localized to the infarct territory and
associated with impaired wall motion, establishing CCR2-PET
as a clinically translatable marker of inflammatory cell burden
after MI [45]. To enhance clinical practicality and distribution
logistics, next-generation small-molecule CCR2 ligands with 18F
labeling have been reported; while initially evaluated in athero-
sclerosis, they support scalable CCR2-PET workflows that could
be repurposed for post-MI and HF imaging [46]. These tracers
could aid in patient selection and monitoring target engagement
in clinical studies of immune modulatory therapies [48].

There is also momentum to resolve macrophage phenotypes
in vivo. A CD163-targeted PET tracer [**Cu]Cu-ICT-01 was de-
veloped to image resident/reparative (CD163%) macrophages
in vivo, distinguishing these cells from inflammatory subsets
in preclinical atherosclerosis models; such phenotype-sensitive
tools could help disentangle reparative vs. injurious programs
during infarct healing and HF remodeling [47]. Such phenotype-
selective tracers may allow one to differentiate between re-
parative and injurious macrophage programs [42, 43, 45-47|.
Although current cardiovascular PET focuses on the innate
compartment (macrophages, monocytes), recent work has
charted a roadmap for PET probes against adaptive immune
targets (activated T/B cells) to complement macrophage imag-
ing, an advance that could clarify how innate-adaptive crosstalk
shapes post-MI remodeling and HF progression [125].

7 | Conclusions

Macrophages have emerged as central regulators of the entire
trajectory from acute ischemic injury to chronic heart failure
progression. Once considered simple scavengers, they are now
recognized as highly heterogeneous, ontogenically diverse, and
dynamically adaptable cells whose functions extend far beyond
phagocytosis.

This complexity and functional diversity creates both challenges
and opportunities. Macrophages govern and perpetuate cardiac
inflammation and fibrosis, but are also critical mediators of ne-
crotic debris clearance, inflammatory resolution, and infarct
repair. As a result, macrophage-based therapies must target pre-
cise mechanisms and be delivered to patients in the correct dis-
ease context. Precision tools including molecular imaging and
other biomarkers are necessary to safely deploy and monitor
these therapies. This scenario has been successfully navigated
in oncology.

Macrophages sit at the nexus of injury and repair, fibrosis and
regeneration, arrhythmia and conduction stability. Modulating
their functional plasticity may provide new avenues to improve
outcomes for millions of patients with heart failure worldwide.
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