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Abstract

Cardiovascular diseases, such as myocardial infarction (M), are a leading cause of death worldwide. Acute MI (AMI)
inflicts massive injury to the coronary microcirculation, causing large-scale cardiomyocyte death due to ischemia and
hypoxia. Inflammatory cells such as monocytes and macrophages migrate to the damaged area to clear away dead
cells post-MI. Macrophages are pleiotropic cells of the innate immune system, which play an essential role in the initial
inflammatory response that occurs following MI, inducing subsequent damage and facilitating recovery. Besides their
recognized role within the immune response, macrophages participate in crosstalk with other cells (including cardio-
myocytes, fibroblasts, immune cells, and vascular endothelial cells) to coordinate post-MI processes within cardiac tis-
sue. Macrophage-secreted exosomes have recently attracted increasing attention, which has led to a more elaborate
understanding of macrophage function. Currently, the functional roles of macrophages in the microenvironment of
the infarcted heart, particularly with regard to their interaction with surrounding cells, remain unclear. Understanding
the specific mechanisms that mediate this crosstalk is essential in treating MI. In this review, we discuss the origin of
macrophages, changes in their distribution post-MI, phenotypic and functional plasticity, as well as the specific signal-
ing pathways involved, with a focus on the crosstalk with other cells in the heart. Thus, we provide a new perspec-
tive on the treatment of MI. Further in-depth research is required to elucidate the mechanisms underlying crosstalk
between macrophages and other cells within cardiac tissue for the identification of potential therapeutic targets.
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Background

Acute myocardial infarction (AMI) and subsequent heart
failure are among the leading causes of death and disa-
bility worldwide. Timely reperfusion therapy has revolu-
tionized the emergency management of AMI. The most
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New therapies are needed to reduce infarct size and thus
prevent adverse left ventricular remodeling. This would
reduce the incidence of heart failure after AMI and
improve clinical outcomes.

The innate immune response is an important regulator
of the response to AMI, which consists of inflammatory,
proliferative, and maturation phases [6, 7]. Monocytes
and macrophages take center-stage in all three phases.
The numbers of cardiac monocytes and macrophages
increase rapidly after AMI [8, 9]. The initial populations
of infiltrating monocytes and macrophages exhibit a pro-
inflammatory phenotype which shifts to a predominantly
anti-inflammatory phenotype over the following days,
coordinating the deposition of scar tissue [10]. However,
there is increasing evidence that several different cell
types are involved in the inflammatory response. These
together regulate AMI, which highlights their poten-
tial as therapeutic targets for cardiac recovery. Here, we
discuss the origin and distribution of macrophages fol-
lowing MI. Next, we discuss the phenotypic plasticity of
macrophages and its functional significance. Finally, we
address crosstalk between macrophages and other cell
types within the myocardium post-MI, which dictates
inflammatory and repair processes. Prospective thera-
peutic avenues for MI are then suggested.

Source and distribution of macrophages

Source of macrophages in the heart

Macrophages, the innate immune cells that make up the
mononuclear efferocytosis system, were originally dis-
covered by Elie Metchnikoff in 1882, who described them
as capable of engulfing invading pathogens through effe-
rocytosis. They are now considered to mediate various
processes, ranging from cytokine production, coordina-
tion of efferocytosis, and granulation tissue formation
to organ-specific homeostasis [11]. Macrophages are
broadly divided into monocyte-derived macrophages and
tissue-resident macrophages (RTMs).

Monocyte-derived macrophages

Circulating monocytes are produced via hematopoie-
sis in the bone marrow. Two main monocyte subsets
are observed in the blood, classical and non-classical,
which were originally found in humans. With the aid
of two-color immunofluorescence and flow cytometry,
a subset of cells co-expressing CD14 (lipopolysaccha-
ride receptor) and CD16 (FcyRIII) can be observed in
human peripheral blood, with a subset of cells expressing
Ly-6C later found in mice. Phenotypic analysis showed
that these populations correspond in human and mouse
to each other, which helped experimentally determine
the roles of macrophage populations in human studies
[12, 13]. Classical versus non-classical monocytes are
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distinguished by expression of CD16 (commonly known
as CD14*CD167) in humans and Ly-6C (Ly-6CM&") in
mice. Meanwhile non-classical monocytes are commonly
referred to as CD14+CD16+and Ly-6C°Y, respectively
[14]. Markers that can distinguish between subsets have
been established, including CCR2, MHC-II, HLA-DR,
and others (Table 1) [15-25].

Classical monocytes are released from the bone mar-
row and extramedullary hematopoietic sites (such as the
spleen), then migrating to the site of injury where they
differentiate into macrophages in a CCR2 [chemokine
(C-C motif) receptor 2]-dependent manner. Subse-
quently, these are polarized to a pro- or anti-inflamma-
tory phenotype to regulate tissue inflammation [14, 26].
In contrast, non-classical monocytes are thought to per-
sist in the circulation, and their role in inflammation is
less clear, being mainly involved in maintaining homeo-
stasis [11]. For example, non-classical monocytes patrol
blood vessel walls and process damaged endothelial cells
to preserve blood vessel wall homeostasis in healthy mice
[27].

RTMs

Most RTMs originate from the yolk sac and fetal liver
during embryonic development. Later, they are regulated
by M-CSF to mature into RTMs, such as Langerhans
cells and microglia [28]. M-CSF renews the RTM pool,
maintaining macrophage numbers [29]. RTMs play an
important role in shaping and remodeling tissues dur-
ing development and adulthood. These cells are essential
for the maturation of the nervous and vascular systems,
contribute to bone and tooth morphogenesis, remove
apoptotic cells in the embryo, and coordinate the regen-
eration of the heart as well as of accessory tissues. In
adults, RTMs affect homeostasis and physiological pro-
cesses, including iron metabolism and transport, hemat-
opoietic regulation, induction of electrical impulses
through the heart, tissue remodeling, coronary devel-
opment, and repair, in addition to providing a protec-
tive barrier for joints [30-33]. After tissue injury, the
recovery of activated resident macrophages is initially
low and is described as a ‘disappearance reaction. This
disappearance can be due to increased tissue adherence,
tissue emigration through draining lymphatics, and, pos-
sibly, cell death [34]. Upon recovery from the inflamma-
tory episode, RTMs exhibit enhanced proliferation in
response to M-CSF in order to repopulate inflamed tis-
sues [35].

The function of RTMs extends beyond immunity.
Tissue microenvironments constantly fluctuate in
response to external cues, conferring a certain degree
of dynamism to RTMs. Therefore, it has been proposed
that RTMs should be considered as an integral part of
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Table 1 Phenotypic marker of mouse and human monocyte and macrophage subsets as per references [15-25]

Markers  Type Location Species Monocyte RTM M1 M2
CD45 Receptor Cell membranes Human/Mouse +/+ +/+ +/+ +/+
CD11b Receptor Cell membranes Human/Mouse +/+ +/+ +/+ +/+
CD11c Receptor Cell membranes Human/Mouse +/- -/- +/- -/~
CD68 Receptor Cell membranes Human/Mouse +/+ +/+ +/+ +/+
CD8o Receptor Cell membranes Human/Mouse -/~ low/low +/+ +/+
CD86 Receptor Cell membranes Human/Mouse +/+ -/~ +/+ +/+
CD206 Receptor » Lectin Cell membranes Human/Mouse +/+ +/+ -/- +/+
iNOS Enzyme Cytoplasm Human/Mouse -/- -/- +/+ -/-
Arg1 Enzyme Cytoplasm Human/Mouse -/- +/+ -/- +/+
CCR2 Receptor Cell membranes Human/Mouse +/+ -/~ high/+ low/+
CX3CR1 Receptor Cell membranes Human/Mouse -/+ -/~ low/+ high/+
IL-6 Cytokine Secreted Human/Mouse -/- -/~ +/+ -/-
IL-10 Cytokine Secreted Human/Mouse -/- +/+ -/~ +/+
TNF-a Cytokine Secreted Human/Mouse -/~ -/~ +/+ -/~
cD14 Receptor Cell membranes Human + + high +
cD16 Receptor Cell membranes » Secreted Human + + - high
HLA-DR  Multi-subunit complex » Receptor Cell membranes Human + + + +
F4/80 Receptor Cell membranes Mouse + + + +
Ly-6C Receptor Cell membranes Mouse high/low low high low
MHC-II Multi-subunit complex » Receptor Cell membranes Mouse + + + +
Fizz1 Other Secreted Mouse - - - +
Ym1 Lectin Nucleus » Secreted Mouse - - - +

RTM tissue-resident macrophage

tissues [36]. The factors shaping RTM phenotypes and
functions can be organized within four cardinal points:
ontogeny, local environment, inflammation status,
and time spent in any given tissue [37]. As previously
mentioned, RTMs originate from different sources,
thus being divided into early yolk sac macrophages,
fetal monocytes, or bone marrow-derived monocytes.
In addition, RTMs exhibit different phenotypes and
functions based on their tissue of residence. Mature
peritoneal macrophages were successfully engrafted
in the lungs and acquired an alveolar-macrophage-
like phenotype [38], indicating that the local environ-
ment is a key factor affecting RTM phenotype. Tissues
are very dynamic, and the inflammatory environment
resulting from mechanical, physical, and biochemical
changes is an important aspect affecting RTM pheno-
type and function. However, current studies cannot
adequately recapitulate the complex involvement of
RTMs in inflammation. Tissues host a range of RTMs,
from monocyte-derived macrophages that are freshly
recruited and differentiate within a few hours to those
that have resided there for several months, along-
side original embryonic-derived macrophages present
since birth. Many studies include only one time-point,

usually below the age of 10 weeks, so macrophages may
not have enough time to fully differentiate and acquire
the late programming of RTM populations [37].
Although fate-mapping studies coupled with transcrip-
tomic and epigenetic analyses have greatly improved our
understanding of macrophage ontogeny and revealed
various differences in gene expression and regulation
among different organs, there are still many gaps in our
understanding of RTM phenotype and function.

Distribution of macrophages post-Mi

The heart is the vital organ that drives circulation and,
thus, the nutrient and oxygen supply throughout the
body. As an integral part of the immune system, mac-
rophages play a pivotal role in the initiation, develop-
ment, and resolution of inflammation following damage
to cardiac tissue.

Cardiac macrophage populations in healthy individuals

The human heart contains distinct subsets of CCR2™ and
CCR2" macrophages. The CCR2™ subset is predominant
in cardiac tissue, while CCR2"HLA-DR"® monocytes
are relatively rare, found adjacent to blood vessels within
areas of dense fibrosis. CCR2" macrophages usually
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infiltrate areas enriched in type I collagen, such as scars
or fibrotic tissue.

CCR2™ macrophages represent an RTM population
maintained through cell proliferation, whereas CCR2"
macrophages are maintained through a combination of
monocyte recruitment and cell proliferation. CCR2™ and
CCR2" macrophages have distinct functions in the heart.
CCR2™ macrophages are involved in various forms of tis-
sue remodeling, such as coronary development, postnatal
coronary growth, and cardiac regeneration. However, the
exact functions of CCR2* macrophages within the rest-
ing adult heart have not been completely established [39].

Changes in cardiac macrophage populations post-Ml
Following MI, the macrophage phenotype is subject
to change over time, as RTMs are polarized to an anti-
inflammatory/M2 phenotype [40]. Moreover, the number
of RTMs in the ischemic area drops drastically. Recruited
monocytes infiltrate the infarcted myocardium and are
transformed into macrophages during the first week after
MI [41-43]. Ly-6CM&" monocytes/macrophages gradually
increase, reaching a peak on the third day after MI and
accounting for approximately 50% of the total monocyte/
macrophage population, in contrast to the low levels of
Ly-6C'°" monocytes/macrophages on the third and fifth
days after MI. No increase in the number of these mac-
rophages was observed on day 7 [44]. However, other
studies reported that the number of Ly-6CM#" mono-
cytes/macrophages in the injured myocardium peaks on
day 3 (~4x10* cells/mg tissue) and decreases thereafter
(<0.5% 10* cells/mg tissue on day 7), whereas the number
of Ly-6C'°" monocytes/macrophages only peaks on day 7
(~2x10* cells/mg tissue) [10].

Changes in macrophages within different cardiac areas
post-Ml

The post-MI heart can be divided into infarct,
peri-infarct, and non-infarct areas. The number
of resident macrophages within the infarcted area
decreased by approximately 60% (including resident
CCR2"MHCII"TIMD4t and CCR2™"MHCII"TIMD4~
macrophages), followed by a slow increase through
in situ proliferation [44]. Most of these were replaced
by recruited CCR2* Ly-6CM&" monocytes and CCR2*
monocyte-derived macrophages [41].

In the peri-infarct zone, the number of CD68" mac-
rophages increased significantly in the inflammatory
phase (24—72 h post-MI), peaked during the repair phase
0-4 days post-MI, and did not decrease significantly in
the late stage [45]. CD68*LYVE1™ macrophages increased
on day 2 after MI, whereas the number of CD68YLYVE1*
macrophages did not change, highlighting the spatial
enrichment of resident CD68*LYVE1™ macrophages
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in the peri-infarct zone [46]. Although the number of
CD68"stabilizer-17 macrophages (also known as M2
macrophages) remained unchanged during the inflam-
matory phase, it increased during the regeneration phase
and did not significantly decrease after the 10" day post-
MI [45].

In the non-infarct area, there was an increase in the
number of CD68%stabilin-1* macrophages on days 4—10
after MI [45]. Due to monocyte recruitment and differen-
tiation, the number of macrophages gradually increased
at 4 and 8 weeks after MI. Compared with the non-
ischemic myocardium, the number of macrophages in the
mature infarct scar was lower and decreased with time
[47]. To summarize, at the beginning of the inflammatory
phase (days 1-3), the number of CD68" macrophages in
the infarct area was significantly higher than that in the
peri-infarct and non-infarct areas. Subsequently, after
days 4-10 of MI, the number of CD68" macrophages in
the infarct area decreased but remained higher than that
in the peri-infarct and non-infarct areas. During the late
phase of MI (after day 10), the number of CD68" mac-
rophages in the peri-infarct area was significantly higher
than that in the non-infarcted area [45].

However, most studies examining macrophages after
MI neither distinguish between myocardial regions
(infarct, peri-infarct, and remote zones) nor specifically
investigate the peri-infarct or distal myocardium. Instead,
these have focused on the infarct region. Therefore, the
recognition that there are site-specific macrophages
with differential functions post-AMI may lead to a better
understanding of the role of macrophages in MI.

Phenotype and function of macrophages post-Mi
After MI, the left ventricle undergoes wound healing,
with overlapping phases of inflammation, proliferation,
and repair [48]. Macrophages play an indispensable role
in all stages of cardiac repair. During the early inflam-
matory phase, macrophages exhibit a pro-inflammatory
phenotype, producing a variety of pro-inflammatory
cytokines, chemokines, and matrix metalloproteinases
(MMPs) [49, 50]. During proliferation and repair, mac-
rophages exhibit an anti-inflammatory phenotype and
produce a variety of anti-inflammatory, pro-angiogenic,
and pro-repair factors [50-52]. Macrophages can also
engulf and clear dead cells as well as tissue debris, which
is important for the resolution of inflammation.

Anti-inflammatory and pro-inflammatory phenotypes

Immediately after MI, there is an acute inflammatory
phase that involves significant tissue infiltration by neu-
trophils, monocytes/macrophages, and lymphocytes
[53]. The consensus is that macrophage polarization is
driven by cues in the tissue microenvironment, which
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may include cytokines, growth factors, and microorgan-
ism-associated molecular patterns. After AMI, circulat-
ing monocytes are recruited to the injured heart which
differentiate locally into macrophages and differenti-
ated macrophages can be generally subdivided into pro-
inflammatory and anti-inflammatory macrophages [10,
54].

Pro-inflammatory macrophages are characterized
by efferocytosis, the scavenging of damaged tissue,
increased bactericidal activity (including the expression
of NOS2), high antigen presention capacity associated
with increased MHC-II expression, as well as the release
of pro-inflammatory cytokines, such as IL-12 (inter-
leukin-12), IL-23, IL-27, and TNF-a. They also secrete
chemokines such as CXCL9 (CXC motif chemokine
ligand 9), CXCL10, and CXCL11. Further, pro-inflamma-
tory macrophages express a wide range of MMPs, such as
MMP-1, -2, -7, -9, and -12 [11, 55]. Thus, local inflamma-
tion is induced to clear dead tissue within the infarcted
area. In contrast, anti-inflammatory macrophages
produce anti-inflammatory cytokines such as IL-10,
chemokines such as CCL17 (C-C motif chemokine
ligand 17) [14, 56], and growth factors, including vascular
endothelial growth factor and tumor growth factor-beta
(TGE-P). Together, these mediators stimulate extracel-
lular matrix production by fibroblasts, cell proliferation,
and angiogenesis, thereby promoting tissue remodeling
and repair.

In general, the phenotypical transformation of mac-
rophages after infarction is regulated by the local micro-
environment. In the early stages of infarction, many
pro-inflammatory factors are released to promote mac-
rophage polarization into a pro-inflammatory phenotype.
Based on studies involving LPS-induced inflammation,
macrophages switch to the M1 phenotype following
activation by IFN-B, which requires TRIF-dependent
signaling from TLR4 to IRF3 [57]. Interestingly, tenas-
cin-C (TNC) can also promote the polarization of pro-
inflammatory macrophages through TLR4 and weaken
the effect of IL-4, upregulating the mRNA expression of
interferon regulatory factor 4 and thereby inhibiting anti-
inflammatory polarization [58].

In addition to the classical LPS-induced inflamma-
tory phenotype, several cytokines have been recently
shown to regulate macrophage polarization toward a
pro-inflammatory phenotype, with multiple signaling
pathways implicated. For example, Lgr4 (a member of the
leucine-rich repeat-containing G protein-coupled recep-
tor family) promotes AP-1 activity by enhancing CREB-
mediated c-Fos, Fosll, and Fosb transactivation, leading
to intrinsic pro-inflammatory activation of macrophages
within the infarct region [59]. Additionally, MST1/2
(mammalian STE20-like protein kinase 1/2) is a major
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component of the Hippo signaling pathway and regulates
the macrophage-based immune response to bacterial
infection. MST1 defects promote pro-inflammatory mac-
rophage polarization via the MST1-5-LOX-LTB4-BLT1
axis and hinder cardiac repair after MI [60].

Over time, the infarct area gradually shifts to the repair
stage. Macrophages are polarized into the anti-inflamma-
tory phenotype to promote tissue remodeling and repair.
The roles of IL-4- and IL-13-mediated signal transduc-
tion in anti-inflammatory macrophage polarization have
been confirmed. They act through the IL4Ra-JAK sig-
nal transducer and activator of transcription 6 (STAT6)
pathway, which regulates many pro-inflammatory
macrophage-related genes in mice, including arginase 1
(Argl), macrophage mannose receptor 1 (Mrcl, also
known as CD206), resistin-like-a (Retnla, also known
as Fizzl), and chitinase 3-like 3 (Chi3I3, also known as
Yml) [61]. Crosstalk between the peroxisome prolifer-
ator-activated receptors (PPAR)-y and the IL4-STAT6
axis may collectively regulate the M2 phenotype. A sec-
ond crosstalk pathway has been described, involving IL-
4-mediated stimulation of PPAR-y activation through the
synthesis of putative endogenous PPAR-y ligands [62].
Additionally, Smad3 is implicated in the anti-inflamma-
tory transition of infarct macrophages, mediating the
phagocytosis-associated induction of PPARs [63]. Inter-
estingly, a recent study showed that IL-6 promotes the
expression of Hamp, which encodes hepcidin, through
STAT3 activation. Hepcidin is an upstream repressor of
IL-4 and IL-13. Importantly, the absence of hepcidin in
macrophages promotes IL-6 to activate IL-4 and IL-13
secretion through phospho-STAT3, which is a prerequi-
site for cardiac regeneration [64].

In addition to the classical IL-4/IL-13, various factors
that can modulate macrophage polarization have been
identified. These include MMP, C/EBPf, myonectin,
Smad3, and S100A9. Under MMP-28 knockout, IL-4
does not significantly stimulate macrophage polarization
toward an anti-inflammatory phenotype [65]. In mouse
cardiomyocytes (CMs) overexpressing Nox4, an increase
in cardiac macrophages was noted, in addition to an evi-
dent change toward the anti-inflammatory phenotype
(particularly in the non-infarcted region) after ischemia/
reperfusion. Interestingly, the effect of Nox4 may be
related, at least in part, to changes in MMP-2 activity
during MI repair [66].

It is important to note that cAMP-responsive element-
binding protein (CREB) may act as a pivotal transcription
factor in macrophage polarization by promoting anti-
inflammatory-associated genes while repressing pro-
inflammatory activation. A study showed that C/EBPS
specifically regulates anti-inflammatory genes (including
Argl, IL10, and Mrcl) when its expression is induced by
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another bZIP family transcription factor, CREB [67]. This
response was similar to LPS stimulation, which is medi-
ated by the p38 mitogen-activated protein kinase (p38,
also known as MAPK14), mitogen- and stress-activated
kinase 1 (MSK1, also known as RPS6KAS5), and MSK2
(also known as RPS6KA4). CREB induced the expres-
sion of IL-10 and dual-specificity protein phosphatase 1
(DUSP1), while inhibiting the expression of pro-inflam-
matory genes associated with M1 macrophage activa-
tion [68, 69]. Similarly, myonectin is a myokine that is
upregulated in skeletal muscle and blood by exercise. It
suppresses the inflammatory response to LPS in cultured
macrophages through the S1P/cAMP/Akt-dependent
signaling pathway [70].

S100A9 was originally defined as a pro-inflammatory
alarmin. Its short-term inhibition during the inflamma-
tory phase can suppress systemic and myocardial inflam-
mation, thus improving cardiac function after MI [71].
A recent study found that SI00A9 can activate the tran-
scription factor Nur77 (Nr4al, nuclear receptor subfam-
ily 4 group A member 1) and promote the differentiation
of inflammatory Ly-6C"8" monocytes into reparative Ly-
6C°“MerTKhi macrophages [72].

After polarization, macrophages secrete not only
cytokines but also exosomes with distinct functions. As
natural nanoparticles, exosomes have shown high bio-
compatibility and specific targeting ability, thus being
widely employed as imaging agents and drug carriers in
recent years [73]. For example, M1 macrophage-derived
exosomes were used as nanoparticle coatings to target
drug-resistant and metastatic tumors [74]. Unfortunately,
there are no studies on exosome-encapsulated drugs
to treat MI, necessitating research into the matter. For
example, exosomes containing vascular growth factors
can promote post-infarction angiogenesis, thereby reduc-
ing the infarct area. Alternatively, exosomes may be used
to deliver TGF-P for the promotion of fibrosis and pre-
vention of heart rupture after MI.

Efferocytosis by macrophages

Macrophages phagocytose dead cells and debris through
a process called efferocytosis (removal of apoptotic cells)
[53]. It is a prerequisite for the resolution of inflamma-
tion. Efferocytosis can be divided into four main steps
[75]. In the first step, apoptotic cells release ‘find-me’
signals to attract phagocytes [76]. These include nucleo-
tides adenosine triphosphate and uridine triphosphate,
which are sensed by the macrophage purinergic receptor
P2Y2 (22), or the lipids lysophosphatidylcholine (23) and
sphingosinel-phosphate, which bind to the macrophage
G-protein-coupled receptors G2A and S1P1-5, respec-
tively [77-79]. In addition, the recognition of dead cells
by macrophages may be promoted by the interaction
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between intercellular adhesion molecule 3 (ICAM3 or
CD50) on dead cells and CD14 on macrophages as well
as the interaction between thrombospondin (TSP1) and
CD36 (80, 81].

The second step is the recognition of ‘eat-me’ signals
on the surface of apoptotic cells, which promotes specific
recognition by phagocytes and subsequent internaliza-
tion [82]. Phosphatidylserine (PS) is the most common
‘eat-me’ signal. During apoptosis, this phospholipid is
presented outside the cell membrane and can be directly
recognized by specific efferocytosis receptors on mac-
rophages, such as MerTK (myeloid-epithelial-reproduc-
tive tyrosine kinase), CD36, integrins avf3 and avp5,
TIM-1,4 [T-cell membrane protein (Tim) family], BAI1
(brain angiogenesis inhibitor 1), and stabilin-2. PS can
also be recognized indirectly by receptor tyrosine kinases
Tyro-3, Axl, and Mer that bind to efferocytosis recep-
tors through bridging molecules [for example, MFGE8
(milk fat globule-EGF factor 8 protein), developmental
endothelial locus-1 (DEL-1), galectin-3 (Gal-3), growth
arrest-specific factor 6 (Gas6), and protein S)] [83-85].

In the third step, after the soluble ligand binds to the
receptor, the membrane invaginates, and vesicles con-
taining the receptor and the ligand/cargo from the
plasma membrane lyse [86]. Time delay studies show
that vesicles move through a series of stages (coated with
GTPases Rab5 and Rab7) in cells, leading to progressive
acidification, with the cargo being separated from the
receptor, which can then be recycled back to the mem-
brane, while the contents can be transported to lys-
osomes in cells for degradation [87].

The fourth step, considered a consequence of efferocy-
tosis, involves the release of anti-inflammatory cytokines
(TGE-B, IL-10, and IL-12) or inflammatory cytokines
(IL-1B, TNE, and IL-6) secreted by phagocytes that are
triggered during recognition and processing [88—90].
However, the specific mechanisms involved are unclear.

In addition, it has been found that RTMs effectively
uptake vesicles produced by injured myocardial cells
through the receptor MerTk, thus maintaining cardiac
homeostasis [91]. The efferocytosis capacity of RTMs is
decreased with legumain (Lgmn) deficiency. This may be
related to the function of Lgmn in mediating the conjuga-
tion of LC3-1I and phagosomes, resulting in phagosome-
lysosome fusion and CM degradation, PARP2 cleavage,
and removal of its extracellular FLAG epitope to increase
cytosolic calcium [92].

Crosstalk between macrophages and cardiac cells
post-Mi

The heart is composed of various cell types, such as
myocardial cells, fibroblasts, immune cells, and vas-
cular endothelial cells [93]. Each cell type executes a
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specialized function, while also participating in crosstalk
with other cell types in order to maintain cardiac homeo-
stasis. This crosstalk has a considerable influence on MI
pathogenesis and prognosis. Hereafter, we elaborate on
the possible mechanisms underlying crosstalk between
macrophages and cardiac cells.

Crosstalk between macrophages and CMs

CMs are the basic functional cells of the heart. Upon
MI, many CMs die, forming the infarct area. In the sub-
sequent wound-healing process, dead CMs must be
effectively cleared to prevent secondary necrosis and
long-term inflammation. This clearance is particularly
important in the heart as the ineffective clearance of dead
CMs may lead to loss of collateral muscle cells and infarct
expansion [94, 95]. Therefore, efferocytosis by mac-
rophages is instrumental for the clearance of dead and
apoptotic CMs. The recognition of dead cells during effe-
rocytosis is a multi-step process that requires the chemo-
tactic recruitment of macrophages, receptor-mediated
binding of target cells and macrophages at efferocytosis
synapses, as well as the internalization and breakdown of
dead cells [96, 97].

Many studies have shown that specific efferocytosis
receptors on macrophage membranes are key to regulat-
ing CM efferocytosis. After MI, macrophages have been
shown to identify CMs via the MerTk receptor [98—100].
During homeostasis, CMs release subcellular particles
containing defective mitochondria, called exophers.
These are captured and cleared by surrounding RTMs via
the MerTk receptor, in a process that prevents inflamma-
some activation and blocks autophagy, constituting an
important mechanism for maintaining cardiac homeo-
stasis. When macrophages or MerTk are ablated, cardiac
metabolic function is impaired [91]. Shuang et al. showed
that CMs can induce shedding of the apoptosis receptor
MerTk, leading to reduced efferocytosis after MI, yet the
mechanism is unclear [97].

In addition to the classical apoptotic receptor MerTk,
the integrin-related proteins CD47 and CD72 also affect
the crosstalk between macrophages and CMs after ML
CD47 expression in CMs was shown to increase after MI,
impairing efferocytosis by macrophages via the CD47-
SIRP« axis. Further, SIRPa enhanced the efferocytosis of
dying CMs when CD47 antibodies or agonists were used
to block CD47 on CMs or engage CD47 on macrophage
membranes, respectively [95].

Interestingly, after MI, macrophages not only perform
efferocytosis to ingest apoptotic or damaged CMs, but
also promote CM proliferation and regeneration. The
hearts of newborn mice can completely regenerate after
MI through orchestrated waves of inflammation, matrix
deposition, and remodeling that involve CM proliferation.
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The downstream signaling pathways involved include the
Hippo-Yap, Jakl-STAT3, MekErk1/2, and Notch [101-
103]. With regard to upstream signals, Yan Dong Li et al.
found that oncostatin M (OSM), a cytokine secreted by
macrophages, is a key regulator of CM proliferation and
cardiac regeneration, acting through the gp130/Src/Yap-
Notch and Yap-ctgf/Areg pathways, which are independ-
ent of Hippo signaling [104].

In addition, CCR2™ macrophages can interact with
CMs through focal adhesion complex markers (such as
B-integrins) and can experience an increase in LV pres-
sure as well as a subsequent increase in myocardial wall
stress. TRPV4 (transient receptor potential vanilloid 4) is
activated by such mechanical stimulation to promote the
expression of macrophage growth factors, which is inde-
pendent of MYD88 and TRIF [30].

It is worth noting that during MI, dsDNA from CMs
that have undergone cell death stimulates the cGAS-
STING-IRF3 pathway in bone marrow-derived mac-
rophages (BMDMs) to then potentially induce the
apoptosis of healthy CMs. When H-151 is used to inhibit
this pathway, macrophage-mediated CM apoptosis is
reduced. H-151 inhibits the type I interferon response
in BMDMs via cGAS-STING-IRF3 [105]. In addition,
a study showed that IL-7 could not directly induce cell
apoptosis after ischemia-reperfusion but could induce
CM apoptosis through macrophages and enhance their
migration in vitro. However, its role in MI has not yet
been investigated [106] (Fig. 1).

Crosstalk between macrophages and fibroblasts

The heart acts as an effective muscle pump, essentially
a syncytium of CMs connected to a network of struc-
tural proteins consisting mainly of type I collagen fib-
ers with the tensile strength of steel. The stability of this
extracellular matrix and its dynamic balance with CMs
arise through the gradual transformation (i.e., synthe-
sis and degradation) of interstitial fibroblasts and their
collagen [93]. In adult mammals, the sudden massive
loss of CMs after MI exceeds their limited regenerative
capacity [107], and the structural integrity of the myo-
cardium is maintained by activated fibroblast-like cells,
with these phenotypically transformed, a-smooth mus-
cle actin microfilament-expressing cells referred to as
‘myofibroblasts’ In the later stages of cardiac regenera-
tion, myofibroblasts induce a healing response, includ-
ing the formation of collagen fibers that eventually form
scar tissue [108]. Although initial reparative fibrosis is
essential for preventing ventricular wall rupture, exces-
sive fibrosis in the infarcted and peri-infarcted areas
leads to oversized scar tissue that can progressively
impair heart function and eventually result in heart
failure [109, 110]. Therefore, it is important to regulate
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Fig. 1 Crosstalk between macrophages and cardiomyocytes (CMs). A Dead CMs induce shedding of the MERTK receptor. B Macrophages
phagocytose exophers to maintain homeostasis. C Macrophages secrete OSM to promote CM proliferation through gp130/Src/Yap-Notch and
Yap-ctgf/Areg pathways. D The dsDNA from CMs that have undergone cell death stimulates the cGAS-STING-IRF3 pathway to induce the apoptosis
of healthy CMs. E Macrophages interact with CMs via focal adhesion complex markers (such as 3-integrin) and activate TRPV4 to promote the
expression of M-CSF by sensing left ventricular pressure. F CD47 expression on CMs impairs the efferocytosis by macrophages

fibrosis in order to improve the prognosis of MI. During
the wound-healing stage, recruited macrophages regu-
late fibrosis within the injured area. These express renin
and angiotensinogen-converting enzyme (ACE), pro-
ducing angiotensin II through autocrine action at the
injury site, thereby upregulating and activating TGF-
B,, which triggers the appearance of myofibroblasts at
the injury site. Angiotensinogen II produced by mac-
rophages also binds to AT1 receptors on myofibroblasts
and upregulates TGF-P; to regulate the deposition of
matrix proteins and inhibit matrix degradation in order
to promote tissue repair and scar formation [108].

In addition to the classical renin—angiotensin—aldos-
terone system and TGF-fB;, macrophage subsets can
produce large amounts of pro-fibrotic growth factors,
such as IL-10, IGF-1, platelet-derived growth factors,
and fibroblast growth factors [111-113]. A recent study
found that lgr4 is a leucine-rich repeat-containing G
protein-coupled receptor. It promotes AP-1 activation

in inflammatory macrophages by enhancing CREB-
mediated c-Fos, Fosll, and Fosb transactivation [59].
Surprisingly, macrophages may be transformed into
fibroblast-like cells after MI, yet the specific mechanism
of how this occurs has not been determined [114].

An increasing number of studies have highlighted the
role of macrophage-derived exosomes in fibrosis. M2-like
macrophages activate the circUbe3a/miR-138-5p/Rhoc
signaling axis, interacting with fibroblasts via the release
of circUbe3a-enriched endocytic membrane-derived ves-
icles that mediate intracellular communication through
the delivery of proteins and RNA. This may also affect
cardiac fibrosis after MI [115]. As previously described,
fibrosis inhibition is essential for improving cardiac func-
tion after MI. Abe et al. found that after MI, Ly-6Chi"
macrophages secrete HIF-1 to target the OSM gene,
thereby inhibiting the ERK1/2-SMAD2-TGEFp,; axis-
mediated cardiac fibroblast activation [116]. Alterna-
tively, macrophages secrete mir-155-enriched exosomes
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that are taken up by cardiac fibroblasts, inhibiting their
proliferation through the downregulation of Sos1 expres-
sion [117].

Interestingly, in addition to RTMs and monocyte-
derived macrophages recruited after infarction, Gata6*
pericardial macrophages (GPCMs) are also involved in
cardiac fibrosis after MI, yet their role remains contro-
versial. Deniset et al. found that GPCMs were gradually
recruited to the infarcted area after MI and altered their
phenotypes. Adverse fibrosis in the infarcted region was
increased in Gata6-knockout mice. It is therefore specu-
lated that GPCMs can prevent fibrosis in MI to a certain
extent [118]. Jin et al. employed genetic lineage tracing to
re-assess GPCMs during cardiac injury and repair. They
developed a dual recombinase-mediated genetic trac-
ing system to specifically label GPCMs, demonstrating
GPCM accumulation on the infarct surface, without pen-
etration into the myocardium. There were no significant
changes in myocardial fibrosis or cardiac function follow-
ing ablation of GPCMs or knockout of Gata6, in the con-
text of MI. Therefore, the authors suggest that GPCMs
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do not prevent cardiac fibrosis nor contribute to repair
[119]. The widely divergent views of GPCMs proposed
by the two groups may stem from different experimental
techniques and insufficient sample sizes. Further stud-
ies are therefore needed to determine the specific role of
GPCMs after MI (Fig. 2).

Crosstalk between macrophages and other immune cells
Accumulating evidence shows that a series of finely regu-
lated inflammatory reactions occur after MI [10]. While
the inflammatory response was initially thought to be
detrimental, more studies have found that the immune
system drives repair and tissue remodeling after AMI,
determining the degree of myocardial injury and the
subsequent disease course [120, 121]. After MI, dam-
aged CMs release damage-related molecular patterns
(DAMPs), cytokines, and chemokines, resulting in the
recruitment of a large number of immune cells to the
myocardium [122].

Neutrophils first reach the damaged cardiac tis-
sues after MI, peaking in number on the first day after

GATA6* pericardial macrophages

Angiotensinogen Il
&

)

fibroblasts

Fig. 2 Crosstalk between macrophages and fibroblasts. A The role of Gata6™ pericardial macrophages (GPCMs) remains controversial. B
Macrophages secrete cytokines (such as IL-10, IGF-1, FGFs, PDGFs, angiotensinogen Il) to promote fibrosis. C Macrophages secrete exosomes
enriched with circUbe3a, HIF-1, or mir-155 to inhibit fibrosis. D Macrophages may be transformed into fibroblast-like cells
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ischemia [123]. Although neutrophils initially contrib-
ute to the clearance of cell debris, they secrete inflam-
matory mediators that lead to tissue damage and further
immune cell aggregation [124]. Ly-6CM&" monocytes/
macrophages in the spleen are recruited and activated
by neutrophils in an angiotensin II-dependent man-
ner. When neutrophils are depleted, they can reduce the
recruitment of Ly-6C"8" monocytes/macrophages from
the spleen, and cardiac macrophages mostly proliferate
in a repair phenotype, inducing significant fibrosis [125].
Moreover, neutrophil gelatinase-associated lipocalin
(NGAL) in the neutrophil secretome influences effero-
cytosis by affecting the expression of efferocytosis recep-
tor MertK on the membrane of cardiac macrophages.
In the absence of NGAL, MerTk expression on the car-
diac macrophage membrane is reduced, which impairs
efferocytosis [125]. Except for NGAL, the DNA of neu-
trophil extracellular traps primes Mertk" MHC-II°~int
macrophage polarization via the TRL9 pathway, yet the
specific mechanism remains unclear [122]. Conversely,
Ly-6C"% macrophages produce MMP-12 during the
repair stage, reducing the levels of neutrophil-attracting
chemokines (including CXCL1, CXCL2, and CXCL5) to
limit neutrophil infiltration in infarcted hearts and pro-
mote wound healing [126]. Moreover, IL-4 may be a key
factor in the crosstalk between macrophages and neu-
trophils. Daseke et al. demonstrated that exogenous IL-4
downregulated neutrophil pro-inflammatory markers
(e.g., CCL3, IL12A, and TNF-a) to stimulate the anti-
inflammatory response in macrophages (upregulating
Argl and Ym1) and mediate apoptotic neutrophil clear-
ance. Treatment with IL-4 enhanced the efferocytosis of
neutrophils by macrophages within the infarcted area,
thereby alleviating inflammation [127].

T lymphocyte populations are broadly subdivided
into helper CD4" T lymphocytes and cytotoxic CD8*
T lymphocytes [128]. The former participate in MI
through crosstalk with macrophages. In addition to the
Thl (secrete INF-y and TNF) or Th2 (secrete IL-4 and
IL-13) phenotypes, post-MI CD4" T cells can also be
classified into ‘effector’ (Teff; Foxp3™) and ‘regulatory’
(Treg; Foxp3™) subsets based on Foxp3 expression. Th1l
cells promote pro-inflammatory macrophage polariza-
tion, while Th2 and Treg cells (secrete IL-10 and TGEF-
B) promote anti-inflammatory macrophage phenotypes,
thereby affecting healing and scar formation [129]. Jia
et al. found that, after MI, Treg cells secrete more IL-35
than under normal conditions, with IL-35 stimulat-
ing transcription of -y;CR1 (C-X3-C motif chemokine
receptor 1) and TGF-B; in macrophages through GP130,
IL12RB2, as well as phosphorylation of STAT1 and
STAT4, which subsequently promotes Ly-6C'°" mac-
rophage survival and extracellular matrix deposition.
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This enhances fibrosis after MI and reduces the left ven-
tricular rupture rate [130].

In addition to classical neutrophils and T lymphocytes,
eosinophils and basophils have also been observed fol-
lowing MI. Eosinophils are another subgroup of granu-
locytes whose role in MI is usually ignored. Eosinophil
recruitment occurs on day 4 after MI [131]. It may
be related to the transition from MI to cardiac repair.
When eosinophils are deficient, the availability of IL-4,
IL-5, IL-13, and IL-10 in the infarct area is significantly
reduced, whereas the expression of the pro-inflamma-
tory mediators IL-18, CCL5, and TNF-a is increased,
and macrophage polarization into an anti-inflammatory
phenotype is impaired [132]. Apart from this, Xu et al.
found that macrophage-secreted IL-5 after MI increased
the aggregation of eosinophils, which in turn induced the
transition of BMDMs toward a CD206" phenotype via
the IL-4/STAT6 axis, promoting the recovery of cardiac
dysfunction [133].

The number of basophil granulocytes infiltrating the
infarcted hearts of mice peaked between days 3 and 7
after MI. Antibody-mediated and genetic depletion of
basophils compromises cardiac function and enhances
scar thinning after MI [134]. This may be related to the
phenotypic transformation of macrophages, which is
regulated by basophils. The expression of macrophage
phenotypic markers (such as IL-12f, IFN-y, and argin-
ase-1) and polarization is modulated via production of
IL-4/IL-13 cytokines within the damaged heart after MI
(134-136] (Fig. 3).

Crosstalk between macrophages and vascular endothelial
cells

After MI, many myocardial cells are lost due to
ischemia. Immediate restoration of the blood supply
(such as percutaneous coronary intervention) is the
main method of treating MI and can maximize the sur-
vival rate of patients by preserving cardiac function.
However, there are many problems with reperfusion
treatment in clinical practice, including ischemia—
reperfusion injury and missing the optimal timing for
treatment. Therapeutic angiogenesis significantly pro-
motes repair of the myocardial infarct and prevents
adverse ventricular remodeling. The crosstalk between
macrophages and cardiac endothelial cells plays a cru-
cial regulatory role in vascular remodeling after MI
[137-139].

The classical mechanism underlying macrophage-
mediated angiogenesis after MI is through regulation of
vascular endothelial growth factor levels. The expression
of annexin Al (ANXA1) in neutrophils infiltrating the
damaged tissue is increased, stimulating the polarization
of macrophages toward a repair phenotype and releasing
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Fig. 3 Crosstalk between macrophages and immune cells. A The neutrophil DNA primes macrophage polarization via the TRL9 pathway. B
Neutrophils affect efferocytosis by secreting NGAL which affects expression of the MertK receptor. C Macrophages produce MMP-12 to reduce
neutrophil infiltration. D T cells secrete IL-35, which upregulated the expression of CX3CR1 and TGF-31 in macrophages by inducing GP130
signaling via IL12RB2 and phosphorylation of STAT1 and STAT4. E IL-5 secreted by macrophages increases the aggregation of eosinophils,
which induces phenotypic transformation of macrophages through the IL-4/STAT6 axis. F Basophils secrete IL-4/IL-13 to regulate phenotype

transformation of macrophages

large amounts of VEGF-A [140]. Angiogenesis may be
later induced through multiple pathways, such as ROS/
ER, ROS/START3, and VEGFR-2/p38MAPK signaling
[141-143].

With respect to coronary artery development, CCR2~
macrophages are recruited into the coronary artery ves-
sels at the beginning of perfusion to mediate coronary
artery remodeling by selectively expanding perfusion ves-
sels. This may be related to the pro-angiogenic proper-
ties of embryonic-derived macrophages mediated by the
insulin-like growth factor (IGF) [33]. Moreover, Wong
et al. demonstrated that RTMs physically interact with
adjacent CMs in adult mouse hearts, with mechanical
sensing through a TRPV4-dependent pathway. This reg-
ulates IGF1 expression in CCR2™ cardiac macrophages
and the formation of coronary arteries in dilated cardio-
myopathy, yet its role in MI remains elusive [30].

MMPs are a family of zinc-dependent endopeptidases
that have traditionally been associated with the deg-
radation and turnover of ECM (extracellular matrix)
components. It is now known that MMPs, directly and
indirectly, regulate cell behavior and the microenviron-
ment through the proteolytic processing of various fac-
tors, including membrane receptors and growth factors
[144]. Membrane type 1 matrix metalloproteinase (MT1-
MMP/MMP14) is the first membrane-anchored MMP to
be described, involved in the degradation of a spectrum
of structural matrix proteins (including collagens I, II,
111, fibronectin, and laminin), the proteolytic processing
of growth factors and cytokines (e.g., TGF-p and SDEF-
1), as well as the activation of other MMPs (e.g., MMP2)
[145]. Recent studies show that myocardial macrophages
increase the expression of MMP14 (MT1-MMP) after
MI, activating TGF-f, and leading to paracrine SMAD2-
mediated signaling in endothelial cells as well as the
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endothelial-mesenchymal transition (ENDMT). Mac-
rophage-specific targeting of MT1-MMP attenuates
post-MI cardiac dysfunction, reduces fibrosis, and pre-
serves the cardiac capillary network [146].

Macrophages not only promote, but also inhibit
endothelial cell proliferation. Liu et al. demonstrated
that pro-inflammatory Ml1-like macrophages release
exosomes (M1-Exos) rich in miR-155 following MI. MiR-
155 downregulates target genes by reaching endothelial
cells, including Rac family small GTPase 1 (RAC1), p21
activated kinase 2 (PAK2), Sirtuin 1 (Sirtl), and pro-
tein kinase AMP-activated catalytic subunit alpha 2
(AMPKa?2), to inhibit Sirtl/AMPKa2-endothelial nitric
oxide synthase. Furthermore, RAC1-PAK2 signaling
suppresses the angiogenic capacity of endothelial cells,
aggravates myocardial injury, and inhibits cardiac regen-
eration [137].

Endothelial cells also exert certain effects on mac-
rophages. Recent evidence has shown that after MI,
the increase in Angpt2 expression in endothelial cells is
directly regulated by FOXO1, which antagonizes Tie2,
thus suppressing PI3K/Akt signaling while enhancing
NF-kBp65 and FOXO1 expression. Therefore, increased
FOXO1 transcriptional activity forms a positive feedback
loop with Angpt2 and has a sustained effect on endothe-
lial cells. In macrophages, the Angpt2/ integrin a5p1/
ERK- signaling pathway plays an important role in the
pro-inflammatory polarization of macrophages through
autocrine and paracrine pathways [147]. Surprisingly,
endothelial cells connect with macrophages through the
highly expressed sphingosine 1-phosphate receptor 1
(S1prl) in a contact-dependent manner, promoting the
proliferation of anti-inflammatory macrophages in dam-
aged cardiac tissue through the S1P/S1PR1/ERK/CSF1
pathway, thereby improving adverse cardiac remodeling
after MI [148].

In addition, Reboll et al. identified a new macrophage-
derived cytokine, metrnl (meteorin-like). It is the driving
factor of post-infarction angiogenesis and mediates its
effects via binding to stem cell factor receptor KIT (KIT
receptor tyrosine kinase) on the surface of endothelial
cells [149] (Fig. 4).

Crosstalk between macrophages and lymphangiogenesis

The lymphatic vasculature is a blind-ended network
crucial for tissue-fluid homeostasis, immune surveil-
lance, and lipid absorption from the gut. Recent research
has shown that the cardiac lymphatic system is associ-
ated with the remission of inflammation after MI [150].
In MI, the expression of the pre-lymphangiogenic fac-
tor vascular endothelial growth factor C (VEGEF-C) is
induced, which triggers cardiac lymphangiogenesis,
thereby improving cardiac function [151]. Interestingly,
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macrophages, especially CD11b" macrophages, secrete
VEGE-C and promote lymphangiogenesis during inflam-
mation [152]. However, studies on the crosstalk between
macrophages and the lymphatic system have been lim-
ited. Glinton et al. reported that cardiac macrophages
promote healing by enhancing myocardial lymphangi-
ogenesis. With regard to the mechanism, CD36-depend-
ent exocytosis activates STAT6, leading to the production
of VEGF-C by macrophages and promoting myocardial
lymphangiogenesis following MI [153]. The role of lym-
phangiogenesis after MI cannot therefore be neglected,
with this process representing a potential therapeutic
target.

Conclusions
Since their initial discovery by Elie Metchnikoff, mac-
rophages have long been generally considered immune
cells that primarily phagocytosis. Roles for macrophages
in the maintenance of cardiac homeostasis are now
emerging. In particular, the clearance of dead CMs in
the acute phase as well as their proliferation and regen-
eration during the tissue repair process involve crosstalk
that regulates inflammation, fibrosis, angiogenesis and
lymphangiogenesis. In addition, increasing attention has
been paid to the specific role of macrophage-secreted
exosomes. The various signaling pathways involved in the
above-described intracellular crosstalk are yet to be com-
prehensively explored, as are various other aspects, such
as the influence of age and comorbidities have not been
fully reflected, which are not reflected in mouse studies.
Furthermore, as macrophage play key roles in the
inflammation, proliferation, and tissue repair after MI,
they represent a potential therapeutic target. For exam-
ple, macrophage-targeted gene therapy has great pros-
pects in remodeling the microenvironment of the injured
site and reversing damage to the inflammatory site.
Further, dually transfecting polyplexes of macrophages
and tumor cells have been proposed for cancer treat-
ment [154]. However, macrophages are difficult to trans-
fect, and non-specific delivery would inevitably cause
unwanted systemic side effects [155]. The use of mac-
rophage-derived exosomes as drug carriers, the design of
biomimetic nanoparticles with macrophage membrane
protein engineering, and the generation of nanoparticles
wrapped with a macrophage membrane represent ways
for achieving targeted delivery [74, 156]. It should be
noted that the structural design of such nanotherapeutics
is often very complex, which complicates reproducibility
and safe preparation. PROTAC may be employed for tar-
get protein degradation as it has been previously used to
inhibit the polarization of M2 macrophages for the treat-
ment of glioma [157]. However, it is seldom studied in the
field of cardiovascular research. Taken together, advances
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Fig. 4 Crosstalk between macrophages and vascular endothelial cells. A Neutrophils secrete ANXAT, which stimulates VEGF-A secretion by
macrophages, promoting angiogenesis. B Macrophages physically interact with CMs through a TRPV4-dependent pathway to regulate the
expression of IGF1. C Macrophage MMP14 expression induced the activation of TGF-$1 to stimulate SMAD?2 activity in a paracrine manner. D
MiR-155-enriched exosomes secreted by macrophages downregulate endothelial target genes, including RAC1, PAK2, Sirt1, and AMPKa2. E
Endothelial cells secrete Angpt2 to regulate macrophages through the Angpt2/integrin a531/ERK signaling pathway. F Endothelial cells interact
with macrophages in a contact-dependent manner through the highly expressed sphingosine 1-phosphate receptor 1 (S1pr1) to promote the
proliferation of anti-inflammatory macrophages via the STP/ST1PR1/ERK/CSF1 pathway. G Metrnl (meteorin-like) binds the stem cell factor receptor
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