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Abstract
Macrophages are one cell type in the innate immune system. Recent studies involving macrophages have overturned the 
conventional concept that circulating bone marrow-derived blood mononuclear cells in the adult body continuously replace 
macrophages residing in the tissues. Investigations using refined technologies have suggested that embryonic hematopoie-
sis can result in the differentiation into macrophage subgroups in some tissues. In adulthood, these macrophages are self-
sustaining via in situ proliferation, with little contribution of circulating bone marrow-derived blood mononuclear cells. 
Macrophages are integral component of the heart, accounting for 8% of the non-cardiac cells. The use of innovative molecular 
techniques in paradigm shifting researches has revealed the complexity of cardiac macrophages, including their heterogene-
ity and ontological diversity. Resident cardiac macrophages modulate the physiological and pathophysiological processes 
of the cardiovascular system, with distinct and crucial roles in healthy and injured hearts. Their functions include sensing 
of pathogens, antigen presentation, digesting cell debris, regulating inflammatory responses, generating distinct cytokines, 
and secreting some regulatory factors. More recent studies have revealed further functions of cardiac macrophages. This 
review focuses on macrophages within the cardiovascular system. We discuss evidence that has changed our collective 
view of cardiac macrophage subgroups, and improved our understanding of the different phenotypes, cell surface markers, 
heterogeneities, origins, developments, and the dynamic and separate roles of these cardiac macrophage subgroups in the 
steady state and injured hearts. This review may provide novel insights concerning the pathophysiology of cardiac-resident 
macrophages in cardiovascular diseases and innovative therapeutic strategies that could include the modulation of the role 
of macrophages in cardiovascular injuries.
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Introduction

A statistical analysis of the 2017 Global Burden of Disease 
Study (https ://www.healt hdata .org/gbd) data revealed that 
non-communicable diseases (NCDs) accounted for 73.4% 
of global mortality. Cardiovascular mortality ranks first in 
global human mortality due to NCDs, with 17.8 million 
deaths attributed to cardiovascular diseases (CVDs) in the 
2017 study [58]. The Prospective Urban Rural Epidemiol-
ogy Study (PURE; https ://www.phri.ca/pure/) prospectively 

estimated the morbidity and mortality of common diseases 
in people with disparate incomes from different countries. 
The study subdivided countries into three income-related 
groups (high-, middle-, and low-income). CVD morbidity 
and related mortality in poorer countries were higher than 
in developed countries. The lower income countries experi-
enced more CVD-related deaths than deaths due to with neo-
plasm, with the opposite found in developed countries and 
several middle-income countries. Although PURE indicates 
a novel epidemiological shift among these various classifica-
tions of NCDs, CVDs continue to be the primary cause of 
global death in humans between 35 and 70 years of age [8].

The mammalian heart is comprised of cardiac and non-
cardiac cells. The latter include various cell types, such as 
endotheliocytes, fibroblasts, smooth muscle cells, immune 
cells, and parenchymal cells. Endothelial cells outnumber all 
other non-cardiac cells, comprising greater than 60% of the 
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cells, contrary to what was once thought. Fibroblasts consti-
tute less than 20% of the non-cardiac cells [54]. The cross-
talk communication and cooperation between these cardiac 
and non-cardiac cells is the basis of the origin, evolution and 
maturation of the heart [55].

In the 1960s, Van Furth and Cohn proposed that mac-
rophages (MFs) are a component of mononuclear phago-
cytes in the body and suggested that they were derived from 
circulating blood mononuclear cells [66]. MFs in the heart 
are a part of the innate immune system with important func-
tions in myocardium homeostasis, inflammation and pathol-
ogy [48]. MFs likely degrade released macromolecules and 
phagocytose apoptotic cardiomyocytes, simultaneously 
mediating the formation of granulation tissue and structural 
reconstruction [50]. Several contemporary studies have 
reversed the long-standing view that MFs residing in the 
heart originate solely from circulating mononuclear cells 
[22]. Furthermore, clarification of the features of cardiac-
resident MFs has revealed functions that go beyond the 
long-established functions as defenders and performers in 
the immune system [69]. We review here the present cogni-
tion about the heterogeneous originations of cardiac-resident 
MFs, its renewals and contributions to heart both during 
steady and after heart injury.

Classification of cardiac‑resident MFs

MFs have pronounced plasticity. In the general M1/M2 sub-
group classification method that has been widely studied, 
M1 designates “pro-inflammatory” MF and M2 designates 
“anti-inflammatory” MFs [68]. This classification is appro-
priate for some in vitro studies. However, it has numerous 
disadvantages when used in in vivo studies of MF subpop-
ulations [18]. In vivo, MFs often simultaneously express 
surface markers of the M1/M2 subset. Seeking to develop a 
classified method that is better suited to in vivo conditions, 
some researchers have proposed a common MF nomencla-
ture, which classifies MFs on the basis of diverse origin, 
activation, and binding to their cell surface biomarkers.

One study reported that cardiomyocytes make up 
31.0 ± 4.2% of the total cells in the heart, with 43.6 ± 4.1% 
of the total cells being endotheliocytes, 4.7 ± 1.5% being 
leukocytes, and 20.7 ± 4.5% unidentified of. The same study 
reported that concerning non-cardiac cells, 63.3 ± 5.4% 
were endotheliocytes, 6.8 ± 2.1% were white blood cells, 
and 29.9 ± 5.9% were unidentified. To further determine the 
composition of non-cardiac cells, flow cytometry analysis 
was performed using different antibodies directed at endo-
theliocytes, white blood cells, and resident mesenchymal 
cells (RMC), as well as staining of nuclei and metabolic 
activity. These analyses revealed that endothelial cells 
 (CD31+  CD45–) constituted 62.1 ± 3.9% of non-cardiac 

cells, leukocytes  (CD45+) accounted for 9.6 ± 1.3%, and 
RMC  (CD31–  CD45–) accounted for 27.3 ± 5.3%. Simul-
taneously, data generated using the Sequential PAttern 
Discovery using Equivalence classes(SPADE) algorithm 
revealed 63.9 ± 3.4% of non-cardiac cells were endothelio-
cytes, 9.4 ± 1.6% were white blood cells, and the remaining 
26.7 ± 4.0% were resident mesenchymal cells. To describe 
subgroups of white blood cells, the authors analyzed leu-
kocytes  (CD45+) on the basis of several surface biomarker 
molecules. Myeloid cells  (CD11b+; 81.4 ± 1.4%), B cells 
(8.9 ± 0.6%), T cells (3.1 ± 0.4%), and non-myeloid/lym-
phoid cells (6.6 ± 0.6% leukocytes) were characterized 
within the system [54].

In another study, flow cytometry analysis established 
that 10.3 ± 0.4% of the cardiac cell population from mice 
were white blood cells, and that  CD45+  CD11b+ F4/80+ 
 Ly6Clow macrophages (7.9 ± 0.3% of all cardiac cells) 
were the most abundant proportion of all white blood cells 
in the heart. In a series of five autopsy cases, examination 
of human hearts using the CD68 MF biomarker revealed a 
spindle-like appearance of myocardial MFs [27]. Another 
study described that most of the  CD45+white blood cells in 
the murine myocardium were  CD11b+ F4/80+Ly6clowMFs. 
Analogous to those of mice, myocardial cells of humans 
consisted of more MFs in the atrio-ventricular node than in 
the left ventricular myocardium, and the circulating mono-
cytes had a minimal contribution to MFs in these two sites. 
MFs in the human atrio-ventricular (AV) node were spindle 
shaped [30].

Similar to these studies, another study visualized MFs 
residing in the total leukocyte population in the normal myo-
cardium using a murine Cx3cr1GFP/+ transgenic reporter in 
which the gene encoding enhanced green fluorescent protein 
(GFP) substituted for one allele of the Cx3cr1 gene in MFs 
[32]. Another study using transgenic mice found that GFP-
positive cells constituted the majority of CD45+cells, and 
that most were myeloid, as determined using CD11b stain-
ing. These findings revealed that cardiac MFs accounted for 
a substantial portion of white blood cells [55].

The heterogeneity of the macrophages residing in the 
heart tissue has been implied based on the presence of vari-
ous surface molecular biomarkers and ontogenesis. One 
study described at latest three different macrophage sub-
groups in the adult murine myocardium:  CCR2– MHC-
IIlow MFs,  CCR2– MHC-IIhigh MFs, and monocyte-derived 
 CCR2+MHC-IIhigh MFs. Mononuclear cells have been char-
acterized as  CCR2+ MHC-IIlow [33]. CCR2 (chemokine 
(C–C motif) receptor 2) has been closely related to MFs 
originating from circulating  Ly6chigh mononuclear cells, 
which retain the CCR2 surface marker following differen-
tiation [3].

The embryonic heart in the mouse reportedly contains 
two embryonic MF subgroups that can be subdivided based 
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on CCR2,  CCR2–MFs and  CCR2+ MFs, derived from dif-
ferent lineages. During embryo growth,  CCR2– and  CCR2+ 
MFs occupied distinct positions of the embryonic heart with 
 CCR2+ MFs located almost uniquely in the trabecular pro-
jections of the endocardium, while  CCR2– MFs resided pre-
dominantly within the myocardial wall. The authors revealed 
the similar levels of expression of MF biomarkers CD64, 
MertK, and CD11c in  CCR2– and  CCR2+ MF subgroups 
were similar.  CCR2+ MFs expressed the mononuclear 
cell marker Ly6c, while  CCR2– MFs had more abundant 
expression of CX3CR1-GFP than  CCR2+ MFs. Microarray 
gene expression profiling studies identified that  CCR2– and 
 CCR2+ MF subpopulations were different groups with dis-
tinctly different expression of 674 genes [36].

The adult human myocardium also contains a het-
erogeneous population of macrophages that can be par-
titioned into different subgroups on the basis of the 
expression of CCR2 and HLA-DR (human homolog of 
MHC-II):  CCR2+HLA-DRhigh,  CCR2–HLA-DRhigh MFs 
and  CCR2+HLA-DRlow mononuclear cell. The authors sub-
divided MFs residing in the myocardium into  CCR2+and 
 CCR2– subpopulations with distinct tissue localization, 
origins, and properties.  CCR2– and  CCR2+ MFs displayed 
distinct gene expression profiles.  CCR2+ MFs preferentially 
located within areas of heart scar tissue or fibrotic tissue in 
myocardium where they were inserted into areas containing 
type I collagen, while  CCR2– MFs were closely linked to 
coronary endothelial cells [4].

However, another study using flow cytometry with 
several cell surface biomarkers simultaneously with auto-
fluorescence of cardiac MFs revealed the heterogeneity of 
cardiac-resident MFs. Most of the myocardial  CD45+ cells 
were characterized as F4/80+CD11b+. In this heterogeneous 
subset, a similar examination identified four MF subgroups 
(R1–R4) in adult mouse heart. R1 was comprised of  Auto+ 
 Ly6c–, MHC-IIhigh,  CX3CR1high, and  CD206int. R2 was com-
prised of  Auto+Ly6c–, MHC-IIlow,  CX3CR1int,  CD206high, 
and  CD11clow. A small subset of R1 MFs were  CD11chigh, 
while the majority of R1 were  CD11clow, showing addi-
tional heterogeneity. R3 was comprised of  Auto+Ly6c+, 
 MerTK+, and  CD206+-reserved Ly6c protein and accounted 
for approximately 2% of all the MFs in the heart. R4 was 
comprised of  Auto–Ly6c+,  MerTK–, and  CD206– that repre-
sented monocytes. The R4 group existed in the  Auto– gate, 
and could be distinguished from  Ly6c+ MFs (R3) through 
the absence of MerTK alongside CD206. Among these four 
subsets of cardiac MFs, the primary cardiac MF populations 
were the R1 or R2 groups. These two MFs subsets featured 
more particles and more F4/80-expressing cells than mono-
nuclear cells in the myocardium. Another study involving 
Ccr2GFP/+ mice (blood  Ly6chigh monocyte sufficient) charac-
terized all R4 cells (cardiac monocytes) and many  CD11chigh 
MHC-IIhigh MFs (R1-  CD11chigh) as  CCR2+, while 

 CD11clow (R1 and R2), and R3  (Ly6c+) MFs belonged to the 
 CCR2–subset. R1-1 MFs were MHC-IIhighAuto+Ly6c–CX3C
R1highCD206intCD11ChighCCR2+, R1-2 MFs were MHC-
IIhighAuto+Ly6c–CX3CR1highCD206intCD11ClowCCR2–, R2 
MFs were MHC-IIlowCX3CR1intCD206highCD11ClowCCR2–, 
and R3 MFs were  Ly6c+MerTk+CD206+CCR2– and R4 
mononuclear cells were  Auto–Ly6c+MerTk–CD206–CCR2+ 
(Fig. 1). The primary cardiac MF populations were R1 or 
R2 groups [15].

A recent study described that the normal adult 
murine heart includes four subsets of MFs, incorporat-
ing a group of cluster 1  (TIMD4+LYVE1+ MHC-IIlow-

CCR2–), cluster 2  (TIMD4–LYVE1– MHC-IIhighCCR2–) 
and two  CCR2+MHC-IIhigh subsets, with gene expres-
sion differing in the subsets. The authors also found that 
 CD45+CD64+CD14+ MFs could be sorted in the heart of 
adult patients suffering from cardiomyopathies. On the 
basis of HLA-DR (MHC-II) as well as the CCR2 biomarker, 
three subpopulations were identified:  CCR2– HLA-DRhigh, 
 CCR2+ HLA-DRhigh, and  CCR2+ HLA-DRlow. These sub-
sets appeared similar to mouse cardiac macrophages (Fig. 1) 
[14]. Another study revealed that a subgroup of resident 
Gata6 + pericardial macrophages are different from cardiac-
resident macrophages. But this population exhibited tran-
scriptional profiles similar to peritoneal and pleural cavity 
Gata6 + macrophages [11].

Ontogeny of cardiac‑ resident MFs

Findings made over the past decade have overturned the 
former perception of the genesis of cardiac MFs, by dem-
onstrating that MFs residing in the heart are renewed by 
circulation blood mononuclear cells [26]. This view is 
appropriate for dermal and gut macrophages [39]. Parabiosis 
studies, in vivo cell tracking studies, data from bone mar-
row transplants, and genetic fate mapping have revealed the 
mixed ontological origins of several discrete cardiac-resident 
macrophage populations [39, 70].

MFs residing in the heart include a heterogeneous subset 
of populations that originate from different developmental 
lineages including adult mononuclear cells and embryonic 
cells. MFs originating from adult mononuclear cells are 
derived from definitive hematopoietic progenitor cells from 
the bone marrow and spleen. The cells subsequently infil-
trate into the heart via certain signal pathways [16]. MFs 
originating from embryonic cells reside in the heart without 
mononuclear cell supplementation and are derived from dis-
tinct potential lineages containing primitive yolk sac, fetal 
liver monocyte progenitors, and recombination activating 
gene 1 (Rag1)  + lympho-myeloid cells [36]. It was recently 
recognized that the embryonic heart includes several line-
ages of embryonic MFs with different roles that are vital for 
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appropriate tissue growth. The majority of adult cardiac MFs 
originate from embryo precursors that migrated to the heart 
prior to birth and maintained themselves by in situ renewal, 
which was replenished in the absence of adult blood mono-
nuclear cell pool [40, 70].

Yolk sac MFs and fetal liver mononuclear cells are 
embryonic macrophage precursors. Both can differentiate 
into cardiac-resident MFs and can arise from various pro-
genitors external to, or within, an embryo. At embryonic day 
(E) 7.0, the posterior plate mesoderm in the blood islands of 
the extra-embryonic yolk sac (the inner or mesodermal layer 
of the yolk sac) gives rise to the first primitive hematopoie-
sis. Progenitors are generated at E7.25, which in turn give 
rise to primitive erythroblasts, megakaryocytes, alongside 
MFs [46]. The hemogenic endothelium of the yolk sac gen-
erates two erythro-myeloid progenitors (EMPs). The first, 
Blast Colony-Forming Cells, produce early Csf-1R+Myb-
independent AA4.1–c-kit+  CD115+ EMPs (labeled at E7.5), 
which produce yolk sac MFs locally. The second, yolk sac 
 Runx1+hemogenic endothelium, generates late multipotent 
Myb-dependent c-kit+AA4.1+EMPs (labeled at E8.5) that 
mostly migrate to the embryonic liver and then give rise 
to numerous lineages, containing fetal liver mononuclear 
cells that eventually produce tissue-retained MFs. The line-
age potential and ability to produce mononuclear cell inter-
mediates in the yolk sac and fetal liver of these temporally 
different EMPs is different [23]. Primitive EMPs differenti-
ate in situ and primarily produce yolk sac MFs as well as 
red blood cells prior to their blood circulation. Early EMPs 
(primitive wave) in situ give rise mainly to yolk sac MFs in 

the absence of a mononuclear intermediate state. Late EMPs 
not only locally differentiate into yolk sac MF, but also trans-
fer to the fetal liver once blood circulation is established. 
Furthermore, late EMPs (transient definitive wave) give rise 
to multiple lineages including fetal liver mononuclear cells, 
which in turn give rise to heart MFs [1, 28, 59].

We investigated the destiny of late EMPs from the yolk 
sac to the fetal liver. Over time, the late EMPs lost the abil-
ity of the early EMPs to generate yolk sac MFs. However, 
gradually they generated multiple myeloid progenitors in 
the fetal liver, which in turn produced granulocytes along-
side mononuclear cells that ultimately generated tissue MFs. 
Another study revealed the molecular heterogeneity of two 
subsets was due to the differential expression of the colony-
stimulating factor 1 receptor (CSF-1R) of early EMPs versus 
late EMPs. Early EMPs expressed CSF-1R messenger RNA, 
while late EMPs did not. On the other hand, the difference 
in the fate of EMPs’ fate in the lineage potential between the 
yolk sac and fetal liver was controlled by c-Myb. c-Myb is 
a transcription factor required for the proliferation and vari-
ation of each hematopoietic cell lineage. Primitive hemat-
opoiesis develops independent of c-Myb because the earliest 
yolk sac progenitors (early EMPs) do not express c-Myb. 
However, late multipotent EMPs both express and rely on 
c-Myb. The growth of HSCs and  CD11bhigh mononuclear 
cells and MFs requires the transcription factor Myb, while 
Myb is not essential for growth of yolk sac MFs as well as 
yolk sac-derived F4/80bright MFs in many organs, and cell 
subsets can persist in murine adults in the absence of hemat-
opoietic stem cells [60].

Fig. 1  Surface markers of cardiac macrophages defined in different developmental stages of mice and humans. *Surface markers in adult mice 
were derived from two articles
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In contrast, others described that during a short window 
of development in the early mouse yolk sac, the extra-embry-
onic mesoderm can contain three consecutive types of MFs, 
two of which were generated in situ. The authors described 
that first and instantaneous wave contained mature, mater-
nal-derived MFs  (CD45+ Mac-1+F4/80+CX3CR1–c-kit–) 
located in the mesoderm layer from 7.5 days postcoital (dpc) 
on. Maternally derived MFs participated in the elimination 
of pre-teratogenic cells, including radiation- or chemical-
induced malformation. However, maternally derived MFs 
did not expand in culture. This effect was short-lived and 
these MFs were undetectable within yolk sac at 9.5 dpc. 
The second MF population is derived from yolk sac-mono-
potent MF-restricted precursors appearing in the yolk sac 
transiently prior to the erythro-myeloid precursors. These 
macrophage-restricted precursors  (CD45– c-kit+) mature 
via a differentiation pathway (C:  CD45–c-kit+, A1:CD45+ 
c-kit+  Mac1+, A2:CD45+c-kitlowCX3CR1low, A3:CD45+ 
c-kit–CX3CR1+F4/80+). These two waves were shown to 
be produced locally within the former yolk sac, independ-
ent of lympho-myeloid multipotent precursors (LMPs). So, 
the former “primitive MFs” represent a combination of the 
first instantaneous waves alongside definite yolk sac-mono-
potent precursors. Finally, the third wave of  CX3CR1+ MFs 
are derived from the yolk sac-erythro-myeloid precursors 
 (CD45– c-kit+). Both yolk sac-monopotent MF-restricted 
precursors and yolk sac-erythro-myeloid precursors dis-
played potent proliferative ability and can differentiate into 
Mac-1+ F4/80+  CX3CR1+ MFs. However, yolk sac-erythro-
myeloid precursors differ from the yolk sac-monopotent MF-
restricted precursors since the yolk sac-EMP precursors have 
fetal myeloid potential at the clonal level. Analysis of the 
gene expression profiles within myelomonocyte differentia-
tion (MPO) revealed the expression of MPO from cell frac-
tions A1 and A2 of yolk sac-monopotent precursors. The 
authors concluded that MFs derived from c-Kit+  CD45– pre-
cursors (both yolk sac-MP and yolk sac-EMP) progressed 
via an  MPO+mononuclear cell period during their differ-
entiation. Thus, they were associated with the “definitive” 
MF lineage [5].

Embryonic MF populations were established during 
three main successive phases. In mice, at embryonic age 
7.0 (corresponding to 3weeks of gestation in humans), the 
first hematopoietic progenitors (yolk sac-derived mono-
potent progenitors) appeared in the yolk sac outside the 
embryo. These progenitors initiated “primitive hematopoie-
sis”, generating mostly yolk sac MFs as well as nucleated 
red blood cells [1, 28, 42, 59]. In both mouse and rat, yolk 
sac MFs first appeared at E9.0 in the blood islands of the 
yolk sac. Yolk sac MFs that developed instantly lacked any 
peroxidase activity and did not progress via the traditional 
mononuclear intermediate phase that is generally present 
in bone marrow [51, 63, 64]. From E8.5 to E10, yolk sac 

MFs  (CD45+CD11blowF4/80highLy6C–  CCR2–) were present 
in the yolk sac and were distributed within the embryo via 
the blood circulation. As a result, yolk sac MFs were evi-
dent throughout the body of the embryo proper at E10.5 and 
migrated to various tissues [41]. Primitive yolk sac MFs 
continued to locate in every organization from E10 to E12.5 
without decreasing the proliferation ability [29]. Early in 
the development of the embryo, yolk sac MFs metastasized 
from the yolk sac to the embryonic heart, giving rise to a 
portion of the cardiac MFs. Yolk sac MFs were detected in 
the heart at E12.5 [28]. Another study reported that primi-
tive yolk sac-derived MFs migrated to early embryo myocar-
dium by approximately E9.5. The cells were readily evident 
by approximately E10.5. Yolk sac-derived MFs occurred 
within myocardium before the formation of fetal liver hemat-
opoiesis. Yolk sac MFs of the heart comprised MHC-IIlow, 
 CX3CR1high, F4/80high,  CD11blow. These surface makers 
were similar to embryo yolk sac MFs in several other organs 
[15]. Low expression of CCR2 was evident on the surface of 
cardiac yolk sac MFs, described as the  CCR2– subset. The 
embryonic yolk sac MFs initially seeded within the fetal 
myocardium through the mesothelium, a tissue within and 
just below the epicardium. The development of fetal yolk 
sac MFs in the myocardium requires the epicardium [61]. 
Intriguingly, yolk sac-derived MFs present in the adult myo-
cardium is consistent with other MF subpopulations and a 
low, but vital, dedication of yolk sac MFs to adult MFs in 
the heart has been described.

Fetal mononuclear cells contribute to another popula-
tion of adult MFs in the heart. Two waves of embryonic 
mononuclear cells have been demonstrated. The main wave 
comprises hematopoietic stem cell-independent progenitors 
derived mainly from yolk sac-originated late multi-lineage 
EMPs or LMPs. This generates many embryonic mononu-
clear cells between E12.5 and E17.5, which form another, 
definitive hematopoietic stem cell-dependent wave. The lat-
ter wave accounts for a small part of the subset of embryonic 
mononuclear cells after E17.5, the former being the major 
pathway arising from c-Myb+EMPs [21, 28].

From E8.0 to E8.25, EMPs and LMPs that emerge within 
hemogenic endothelium of extra-embryonic yolk sac are 
referred to as “second waves” or “transient definitive hemat-
opoietic period”. Two types of EMPs appear within the yolk 
sac. The first “early’’ EMP-like cells (Csf-1R+Myb-inde-
pendent AA4.1– c-kit+CD115+) at E7.5 primarily differenti-
ate into MFs as well as on behalf of primitive progenitors. 
At E8.25, a second type of “late’’ EMPs (Myb-dependent 
c-kit+ AA4.1+) can differentiate into yolk sac MFs in situ, 
before finally migrating to fetal liver at E9.5 to produce pro-
genitors with wider myeloid cell, including fetal liver mono-
nuclear cells. These fetal liver mononuclear cells are also 
included in producing cardiac-resident MFs in adults [23]. 
With time, late EMPs lose their capacity to generate yolk sac 
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MFs locally, while likely retaining the ability to differentiate 
into other lineages in the fetal liver that contain mononuclear 
cells. EMPs have also been observed in other hemogenic 
organs, for instance, the placenta and umbilical cord. From 
E9.0 or E9.5, they migrate to seed and colonize the fetal liver 
after circulating in the blood. It is not clear whether early 
and late EMPs are different progenitor cell groups derived 
from distinct sources, or the same subset that exists along a 
continuum of maturation periods [21].

Eventually, the intra-embryonic mesoderm commits to 
the hematopoietic lineage and novel types of hematopoietic 
progenitors concurrently emerged, with the almost simul-
taneous appearance of late EMPs at E8.5. The para-aortic 
splanchnopleure (P-Sp) can generate pre-hematopoietic 
stem cells (immature hematopoietic stem cells). At E10.5, 
the hematopoietic endothelium of the aorta–gonado-mes-
onephros region gives rise to embryonic mature hemat-
opoietic stem cells. Pre-hematopoietic stem cells as well as 
mature hematopoietic stem cells migrate to and colonize 
the embryonic liver, where they expand and differentiate 
starting from E12.5, to finally establish “definitive hemat-
opoiesis” [71]. The fetal liver becomes the primary hemat-
opoietic tissue from E11.5. It produces all hematopoietic 
lineages, including the monocyte-derived macrophages, 
and enlarging the definitive hematopoietic stem cell group 
prior to their infiltration into the spleen alongside the bone 
marrow. Thus, in the embryonic liver, a series of yolk sac 
late EMP-derived hematopoiesis, followed by hematopoi-
etic stem cell-originated hematopoiesis. These precursors 
then colonize the embryonic bone marrow where these cells 
ultimately produce adult bone marrow hematopoietic stem 
cells. Hematopoietic stem cells derived from bone marrow 
dominate hematopoiesis and generate all immune lineages 
only during the perinatal stage [23, 29].

Usually mononuclear cells generated in adult bone 
marrow-derived successively from MF-dendritic cell pre-
cursors (MDPs) as well as common monocyte progenitors 
(cMoPs). A study that investigated the origin of fetal liver 
mononuclear cells detected a differentiation continuum 
of progenitors in the fetal liver. The continuum included 
 Lin–  cKit+  Flt3+  CSF–  1R+Ly6c– MDP progenitors within 
fetal liver present from E12.5 to E16.5, as well as  Lin–  cKit+ 
 Flt3–CSF-1R+  Ly6c+ myeloid progenitors (MPs). The phe-
notype in  Ly6c+ MP group was similar to that in cMoP. 
By comparison, the  Ly6c– group in myeloid progenitors 
disappeared in adult bone marrow, indicating that it might 
be an instantaneous fetal MP subset specifically within the 
fetal liver. The authors designated these subsets as fetal liver 
cMoP, fetal liver MP, and fetal liver MDP. Fetal liver MPs 
and fetal liver MDPs were mostly closely related. FL cMoP 
 (Lin–cKit+Flt3–CSF-1R+Ly6c+) seemed to be an intermedi-
ate among the two subgroups and embryonic mononuclear 
cells. The c-Myb+ EMPs gave rise to the fetal liver MP, 

while the LMPs gave rise to the fetal liver MDPs, which 
in turn generated fetal liver cMoP  (CCR2low  CX3CR1low). 
Finally, the latter gave rise to the fetal liver mononuclear 
cells and MFs. The authors suggested the occurrence of 
donation from Flt3-dependent MDP to embryonic mono-
nuclear cells alongside MFs. Embryonic mononuclear cells 
arose through an FLT3-, and perhaps also an HSC-inde-
pendent pathway (fetal liver MPs). Instantaneous fetal liver 
MPs, probably the progeny of c-Myb+ EMPs, are the likely 
primary origin of embryonic mononuclear cells [28].

Fetal mononuclear cells have been shown to emerge 
within the fetal liver at approximately E12.5 as two dis-
tinct Ly6c expression groups, similar to mononuclear cells 
in adult bone marrow. Both embryonic mononuclear cell 
groups express CCR2  (CCR2+), even though the expres-
sion is not necessary for their transfer from the fetal liver 
or infiltration into organs. Compared with mononuclear 
cells in adult bone marrow, expression of the chemokine 
receptor CX3CR1 begins in embryonic mononuclear cells 
only in the blood, after their transfer from the fetal liver. 
Embryonic mononuclear cells display the increased expres-
sion of CX3CR1 and the macrophage biomarkers CD64 
and Mertk, and decreased expression of Ly6c after tissue 
penetration, as the cells differentiate into tissue MFs. At 
approximately E12.5, embryonic mononuclear cells in the 
fetal liver give rise to macrophages in situ and then move 
to the heart around approximately E14.5. MFs originating 
from fetal mononuclear cells include  CD45+,  CX3CR1low, 
F4/80low,  CD11bhigh,  CCR2+, and  Ly6c+. The early tissue 
MFs declined in number from E10.5 to E16.5, By E16.5, 
embryonic mononuclear cells are the primary myeloid cell 
subset in the organs.

Embryonic mouse heart contains  CCR2– and  CCR2+ 
MFs, and  CCR2– MFs overexpress transcripts related to 
yolk sac-derived and -resident macrophage subgroups 
(CX3CR1, Lyve1, Emr1, Cd207, Ccl12). However, expres-
sion of mononuclear cell-originating MF transcripts 
was elevated in the  CCR2+ subpopulation. These tran-
scripts included Ly6c, CxCR2, Sell, Lrf5 and Nr4a1. The 
authors similarly divided the embryonic cardiac MFs into 
F4/80highCD11blow and F4/80lowCD11bhigh subsets and 
reported that the F4/80highCD11blowsubset exclusively con-
sisted of  CCR2–Ly6c– MFs, and so were derived from yolk 
sac progenitors. The F4/80lowCD11bhigh subset predomi-
nately contained  CCR2+Ly6c+ MFs, consistent with fetal 
mononuclear cell origin. The authors further used genetic 
lineage tracing and immunostaining analysis to demonstrate 
that  CCR2–MHC-IIlow MFs originated from yolk sac pro-
genitors, while  CCR2+MHC-IIlowMFs mainly originated 
from definitive hematopoiesis (predominantly embryonic 
mononuclear cell progenitors), with only a minority of this 
subset originating from  Rag1+lympho-myeloid progenitors. 
 CCR2–MHC-IIlow and  CCR2+MHC-IIlow MFs migrated 
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into the myocardium at distinct times during development. 
 CCR2–MHC-IIlow MFs were first detected in cardiac tissue 
at E12.5. Subsequently, the cells populated the subepicar-
dial space and persisted within the ventricular myocardium 
throughout development. From E13.5 to E14.5, yolk sac-
derived  CCR2– MFs played a vital role in growth during 
the maturation of the coronary system. In contrast, at E14.5, 
 CCR2+MHC-IIlow MFs were observed within the endocar-
dium trabeculae. The function of these  CCR2–MHC-IIlow 
MFs is vague because they are dispensable for the develop-
ment of the heart [36].

When adult hematopoietic stem cells give rise to all lin-
eages containing myeloid, lymphoid, megakaryocyte, and 
erythroid cells, they transiently pass through the  FLT3+stage. 
However, FLT3 may not be used to differentiate primitive 
variety from definitive hematopoietic MF originations in 
the developing stage. The authors suggested that most adult 
MFs in the heart develop through FLT3-independent path-
ways and contain an ontological subset that is comprised of 
MFs that originated from the fetal yolk sac and from fetal 
liver mononuclear cells. The suggestion reflects the find-
ing that the tissue-resident MFs were established during 
embryonic development at a time when definitive hemat-
opoiesis could not efficiently drive FLT3-mediated recombi-
nation in the fetal liver. The authors further revealed that the 
F4/80highCD11blow yolk sac-derived MFs consisted of FLT3-
Cre–, while MFs that originated from FL mononuclear cells 
(F4/80low  CD11bhigh) comprised only 5% of FLT3-Cre+ (5%) 
MFs in all organs tested. These findings revealed that pene-
tration of hematopoietic stem cell-derived mononuclear cells 
had started. The collective findings indicate that at primitive 
MFs constitute embryonic yolk sac-derived MFs (FLT3-Cre 
negative) and definitive MFs are subdivided into embryonic 
fetal liver monocyte-derived MFs (FLT3-Cre negative) and 
adult-derived MF subpopulations (FLT3-Cre positive). Fig-
ure 2 depicts the different origins of the cardiac-resident 
macrophages during embryonic development stages.

Renewal of cardiac‑resident MFs

MFs residing in the heart can participate in immunity, tissue 
repair, and tissue homeostasis of the heart. The long-held 
notion was that MFs residing in the heart renew themselves 
from recruitment of circulating blood mononuclear cells 
during steady state and following cardiac damage. However, 
accumulating evidence has established that the composition 
of the cardiac MF pool is not static [20]. Rather, the compo-
sition of the cardiac-resident MF population changes during 
postnatal development and the renewal of cardiac-resident 
MFs depend on the state of the heart along with age.

Most hematopoietic cells replenish from adult hemat-
opoietic stem cells. However, the commitment of adult 

hematopoietic stem cells to MFs residing in some tissues 
varies among origins and is augmented with age. MFs within 
some adult organs, including the brain, epidermis, lung, and 
liver, can self-replenish in the absence of hematopoietic stem 
cells [70]. Several other organs display rapid steady-state 
infiltration like gut and dermis. However, MFs in the heart 
and pancreas are open organs with moderate steady-state 
infiltration [23].

During the steady state, MFs resident in the heart can 
expand locally in the heart and renew via in situ prolifera-
tion, with relatively little contribution of blood monocytes to 
cardiac MFs in the healthy myocardium. During the steady 
state, there is some substitution of the resident  CD11clow 
MHC-IIhigh and MHC-IIlow MFs by blood mononuclear cells. 
 CD11clow macrophage subsets (R1 and R2) mainly exist in 
the absence of imported circulating mononuclear cells and 
can replenish through local expansion.  CD11chigh MHC-
IIhigh macrophages (R1-  CD11chigh) are only modestly sub-
stituted by circulating mononuclear cells, showing that these 
subsets are either derived in situ or macrobiotic. Substitution 
partially involves  Ly6c+ MFs (R3), but not total substitution 
by mononuclear cells.  CD11chighMHC-IIhigh (R1-CD11chigh) 
MFs and  Ly6c+ MFs renew through both in situ prolifera-
tion and by mononuclear cell substitution to various degrees 
[15]. Another study also revealed that during steady state, 
most  CCR2+ MFs (> 80%) in the myocardium and a lower 
fraction of MHC-IIhigh MFs (approximately 25%) residing 
within cardiac tissue are substituted by circulating mono-
cytes, while only approximately 12% of the replacement 
involves MHC-IIlow MFs [14].

Interestingly, in mice, the cardiac-resident MFs experi-
ence dynamic shifts over time, with an age-related stepwise 
substitution of fetal-origin heart-resident MFs by mononu-
clear cell-origin MFs occurring during normal postnatal 
development, even in the absence of inflammation or injury. 
The authors described that all embryo-derived heart MFs 
were MHC-II– at birth, but that, after several weeks, four 
subpopulations had emerged with a progressive increase of 
MHC-II+ heart MFs and a decrease of  CX3CR1+ heart MFs. 
The authors further described that a remarkable fraction of 
heart MFs established during early embryo growth persists 
at birth, with an eight- to tenfold decrease of the most pro-
liferative embryo-derived MFs  (CX3CR1+MHC-II– heart 
MFs) and total heart MFs with age. A remarkable decline in 
the proliferation rate and self-renewal capacity of the heart-
resident embryo-derived MFs was evident with age, which 
led to the gradual reduction in the self-renewal of the pool 
of cardiac-resident MFs and fewer proliferating MFs within 
adult hearts. Whether the decline of this capacity is per-
manent or can be reactivated is unclear. The authors also 
described that the age-related decrease of embryo-derived 
MFs was substituted by monocyte-derived MFs. Infiltrating 
 Ly6c+monocytes could differentiate into all subsets of heart 
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MFs, which preferentially contributed to MHC-II+ MFs and 
led to a varied distribution of the resident MF pool over 
time. Additionally, the serial augmentation of MHC-II+ and 
 CX3CR1–MFs along with the reduction in the number of 
 CX3CR1+ MHC-II– cells were evident [44]. Another study 
also found an age-associated variation in composition, gene 
profile, and function of MFs residing in the heart. The pro-
liferative capacity of the MFs decreased with age and the 
expression of the Cx3cr1 gene was lost in cardiac-resident 
MFs. These events induced age-associated variation in the 
distribution of MFs and gene expression. Age-dependent 
cardiac-resident MFs show a reduced expression of immu-
noreactive genes (Cx3cr1, Lpar6, CD9, Cxcr4, Itga6, and 
Tgfβr1), and an increased expression of fibrogenic genes 
(Ltc4s, Retnla, Fgfr1, Mmp9 and Ccl24) prior to cardiac 
functional impairment [53].

However, in the human heart,  CCR2–HLA-DRhigh 
MFs comprise a tissue-resident subset that is exclusively 

replenished by cell proliferation in  situ. In contrast, 
 CCR2+HLA-DRhighMFs are maintained by a combination 
of infiltrating mononuclear cells as well as cell proliferation. 
The turnover rates in  CCR2+HLA-DRhigh MFs are higher 
than the  CCR2–HLA-DRhigh MFs [4].

The homeostasis of the heart can be perturbed follow-
ing the depletion of MFs, angiotensin II (Ang-II) infusion, 
severe inflammation, sub-lethal irradiation, and myocardial 
infarction. In one study, when cardiac monocytes and MFs 
are depleted with the injection of clodronate liposomes, 
circulating  Ly6chigh monocytes could readily replenish the 
cardiac MF pool and differentiate into all heart-resident MF 
subsets. In contrast,  CD11chighMHC-Ihigh MFs and  Ly6c+ 
MFs appeared to renew both by in situ proliferation and 
mononuclear cell substitution to varying degrees. These 
results correlated well with observations made after the 
induction of myeloid cell depletion in  CD11bDTR/+ mice. 
The authors also explored the inflammatory effects of Ang-II 

Fig. 2  There are different originations of the cardiac-resident mac-
rophages (MFs) during the stages of embryo development. MF 
embryonic precursors include yolk sac macrophages (YS MFs) and 
fetal liver monocytes (FL MOs) arose from various progenitors at dif-
ferent regions exterior to, or inside, the embryo. They contributed to 

cardiac-resident MFs. From embryonic day (E) 7.0 to 9.0, MFs are 
seeded from yolk sac precursors; during E12.5 to 17.5, monocyte-like 
cells are capable of seeding macrophages from the fetal liver. From 
E17.5 through adulthood, mature monocytes from bone marrow are 
able to seed a variety of MF lineages in the tissues
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on cardiac MF populations. Ang-II can induce the rapid 
recruitment of  Ly6c+ monocytes. These monocytes could 
differentiate into all MF groups. In addition to the influx of 
monocytes, MFs were maintained through local proliferation 
when the heart suffered inflammation. However, the cardiac-
resident MFs  (CCR2–CD11clowLy6c–) proliferated inde-
pendent of mononuclear cell supplementation, but through 
in situ expansion, while mononuclear cells expressing CCR2 
could differentiate into both  CCR2+ and  CCR2– MF sub-
populations by infiltration and subsequent expansion [15]. 
After myocardial infarction, an abrupt and almost absolute 
extinction of cardiac MFs was observed within the ensuring 
24 h during myocardial ischemia in the injured myocardium. 
The number of dead MFs significantly and rapidly increased 
within the first 2 h after injury. Then bone marrow-derived 
mononuclear cells overwhelmingly entered the pool of 
heart MFs residing in acute infarctions and proliferated. Ly-
6Chigh mononuclear cells infiltrate the injured heart due to 
the marked increase of monocyte-chemoattractant protein-1 
(MCP-1) within the early inflammation stage of infarct heal-
ing [13]. A small number of Ly-6Clowmononuclear cells can 
infiltrate through CX3CR1 during the second stage [27]. 
Many Ly-6Clow mononuclear cells can be recruited within 
the 2 weeks following cardiac ischemia. After this time, MFs 
residing in infarct can be restored independent of the mono-
nuclear cell blood pool and instead again depend on local 
expansion, similar to the proliferation that occurs during the 
steady condition [27].

Functions of cardiac‑resident MFs

Studies have mainly targeted the functions of MFs that origi-
nate from circulating monocytes on the reconstruction of the 
heart. MFs comprise the major part of the innate immune 
system, which is important in many pathophysiological 
mechanisms and cardiac diseases [7, 19, 34, 49], such as 
atherosclerosis [45, 57], myocardial infarction [14, 27, 47], 
heart failure [18], and myocarditis [37]. Recently, one study 
revealed that pericardial Gata6 + macrophages contribute to 
cardiac repair upon injury and prevent cardiac fibrosis, high-
lighting the complexity of the cardiac macrophages [11].

Our understanding about features of cardiac-resident MFs 
remains limited. As regards their importance in immune 
functions, MFs participate in phagocytosis along with anti-
gen presentation. MFs defend against host cell damage and 
pathogens like bacteria [37]. Knowledge of the functions of 
cardiac MFs is still developing. MFs residing in the heart 
and infiltrating MFs originate from different sources dur-
ing development. They also display different patterns of 
gene expressions and functions. Transcriptional profiling 
of  CCR2+and  CCR2– MFs has revealed that genes within 
 CCR2+ macrophages are related to inflammation signaling 

involving tumor necrosis factor and nuclear factor-kappa 
B, inflammation, allograft rejection, and several inflam-
matory signaling pathways, including interleukin 2/signal 
transducer and activator of transcription 5 (IL2/STAT5), 
IL6/STAT3, interferon-gamma, hypoxia and K-RAS. By 
comparison,  CCR2– MFs express genes related to epithe-
lial–mesenchymal transition, coagulation, myogenesis, p53, 
and IL2/STAT5 signals [4]. Gene expression and pathway 
analyses of cardiac-resident  CCR2–MFs have revealed that 
the cluster  TIMD4+LYVE1+MHC-IIlowCCR2– pathway is 
related to homeostasis sas well as regenerative capabili-
ties, for example, endocytosis, lysosome-mediated deg-
radation, and angiogenesis. Higher expression of antigen 
presentation has been observed in the MHC-II cluster 
 (TIMD4+LYVE1–MHC-IIhighCCR2–). Translational-
ribosomal pathways also significantly accumulate in the 
MHC-II cluster  (TIMD4+LYVE1–MHC-IIhighCCR2–), 
CCR2 cluster  (CCR2+MHC-IIhigh) and Isg clus-
ter  (CCR2+MHC-IIhiIrf7–,Isg20+,Ifit1+), while clas-
sic inf lammatory pathways are enriched in the 
CCR2 cluster  (CCR2+MHC-IIhigh) and Isg cluster 
 (CCR2+MHC-IIhighIrf7+,  Isg20+,  Ifit1+) [14].

This section discusses the different functions of cardiac-
resident  CCR2–MFs and  CCR2+MFs.

Function of cardiac‑resident  CCR2–MFs

Cardiac‑resident  CCR2–MFs play a vital role in advancement 
and maturation of coronary tissue

Embryonic cardiac development includes a complicated set 
of fetal MF groups, which can be subdivided into  CCR2– and 
 CCR2+MFs. The distinct lineages of embryonic MF subsets 
have differing functions.  CCR2–MFs derived from the yolk 
sac are pro-angiogenic so they play a vital role in coronary 
vascular growth and maturations. By facilitating the alter-
native expansion of perfused vasculature, these MFs par-
ticipate in reconstruction of the primitive coronary plexus. 
 CCR2–MFs do not participate in this reconstruction in the 
embryonic heart. Instead, these cells are critical in the recon-
struction of the vascular plexus into a mature vascular tree 
that includes vessels of different widths. In particular, MFs 
preferentially facilitate the development of perfused blood 
vessels. The trade-off is that the blood vessels receive lit-
tle or no perfusion. Mechanistically,  CCR2–MFs directly or 
indirectly regulate coronary endothelial cell proliferation 
and regulate coronary remodeling in a potentially flow-
dependent manner. IGF associated with  CCR2–MF may 
alternatively stimulate expansion of the perfused coronary 
vasculature by promoting the infiltration of endotheliocytes 
into locations of vascular perfusion and consecutive union 
of endotheliocytes into regions of active reconstitution. By 
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contrast,  CCR2+MFs seem to be dispensable for heart devel-
opment [36].

Role of cardiac  CCR2–MFs in cardiac electrophysiology

MFs residing in the heart have a spindle-like appearance 
and a speckle appearance among cardiac muscle cells, 
smooth muscle cells, and endotheliocytes in the myocar-
dium. The sino-atrial node in the heart can engender an elec-
trical impulse that is continuously transmitted to activate 
the atria, atrio-ventricular node (AVN), His and Purkinje 
systems, and finally the ventricles. The AVN is located at 
the base of the right atrium. This site contains cardiomyo-
cytes with distinct action potentials that maintain the unique 
electrical conduction between the atrial and ventricle cham-
bers, which is essential in the cardiac conduction systems. 
One study that examined MFs located in the mouse and 
human distal AVN regions showed that the mouse AV node 
contains more macrophages than the LV-free wall. Many 
 CD45+white blood cells within the murine myocardium are 
 CD11b+F4/80+Ly6ClowMFs. This indicates that circulating 
cells contributed marginally to MFs within the AV node in 
parabiosis study, consistent with MFs in the LV-free wall. 
These MFs contribute to cardiac conduction. RNA-seq and 
real-time PCR analyses demonstrated AV node and LV-free 
wall MF expression channels as well as ion exchangers. 
Microarray data revealed an abundance of genes related to 
electrical conduction in heart MFs. The gene expression pro-
file in the mouse AV node MFs resembled the genes within 
MFs residing in the ventricular region. These MFs express 
genes that were associated with cardiac electrophysiology. 
These AVN MFs mainly expressed Cx43 and Cx43-con-
taining gap junctions that connect the MFs and cardiomyo-
cytes. This leads to cyclical MF depolarization and action 
potentials in MF that are synchronized with action poten-
tials of directly connected cardiomyocytes. AVN MFs can 
modulate electrophysiological properties of cardiomyocytes, 
decrease the effective refractory period of the AVN conduc-
tion structure and facilitate AVN conduction. The electri-
cal load of MFs depolarizes resting cardiomyocytes, which 
contributes to a reduced action potential upstroke velocity 
and overshoot, and faster early repolarization. Deleting Cx43 
in MFs or elimination of MFs using a CD11b-DTR model 
delayed AV conduction and led to an AV block. The authors 
suggested that MFs within the AV node engage in further, 
Cx43-independent tasks, which might or might not be asso-
ciated with conduction. These surprising results extend our 
understanding of the donations of MFs to physiological car-
diac conduction as well as anomaly of heart rhythm [30].

Based on the above observations, MFs may be involved 
in the occurrence and development of atrial fibrillation 
(AF). A relationship between inflammatory and AF has 
been described [6, 17, 25, 52]. Numerous inflammation 

biomarkers and mediators, for instance, tumor necrosis fac-
tor-alpha, C-reactive protein, several IL family molecules 
(IL-2, IL-6, IL-8) as well as monocyte chemoattractant pro-
tein (MCP)-1 are significantly increased in the atria follow-
ing atrial fibrillation. These biomarkers have been related to 
the initiation or result of atrial fibrillation [24, 52]. Whether 
inflammation is an outcome of, or a reason for, atrial fibril-
lation is unclear. The effect of inflammatory in the begin-
ning of atrial fibrillation was determined mainly based on 
the phenomenon that several inflammation conditions, for 
example, myocarditis, pericarditis, and rheumatoid arthritis, 
as well as cardiac surgeries, were related to atrial fibrilla-
tion [35]. Histological analyses conducted in a mouse model 
of atrial fibrillation and in patients with atrial fibrillation 
revealed an augmented amount of mononuclear cells and 
MFs in atrial tissue compared with control group. In some 
clinical studies, administration of glucocorticoids reduced 
the recurrence of atrial fibrillation and depletion of MFs, 
while clodronate liposomes can reduce the inducibility of 
atrial fibrillation in a murine model [12, 62]. However, the 
inflammatory pathway underlying atrial fibrillation activated 
by the immune system leukocyte or the cardiac-resident MFs 
remains unclear. Whether inflammation associated with 
atrial fibrillation is a systemic or regional phenomenon is 
also unclear [25]. More studies that focus on the cardiac-
resident macrophages in the physiopathologic mechanism 
of atrial fibrillation are needed.

Cardiac‑resident  CCR2–MFs can promote heart 
regeneration in neonate mice

In neonatal mice, after cryo-ablation, myocardial infarc-
tion, and other heart injuries, cardiomyocytes can prolifer-
ate effectively, which contributes to the regeneration of the 
newborn mouse heart without scar formation. However, this 
regenerative ability disappears after postnatal day 7 [24]. 
Depletion of macrophages impaired the regeneration capac-
ity of neonatal mice heart. The results indicate that embryo-
derived MFs play crucial roles in neonate mice heart repair 
following heart injury, because the newborn murine prolifer-
ate a subset of embryo-derived cardiac-resident MFs, which 
produce a minor inflammatory reaction, and then facilitate 
the heart repair through the stimulation of coronary angio-
genesis and expansion of myocardial cell. In response to 
injury, the newborn cardiac cells selectively expanded the 
amount of MHC-IIlowCCR2–MFs and do not recruit more 
 CCR2+ monocytes. These MHC-IIlowCCR2– MFs represent 
a relatively pure embryo-derived MF subset. In contrast, 
following ischemic injury in the adult heart, the embryo-
derived MFs are replaced by the recruited monocytes and 
MHC-IIhighCCR2+ monocyte-derived MFs which are pro-
inflammatory and lack reparative activities, resulting in the 
mediation of scar formation rather than regeneration [2, 33].
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A recent study sought to uncover the molecular mecha-
nisms underlying neonatal heart regeneration. The research-
ers examined the transcriptomes and epigenomes in regener-
ative and non-regenerative mouse hearts over a 7-day period 
following myocardial infarction injury. The author identified 
genes and biological processes that were uniquely activated 
in injured regenerative hearts, a unique immune response 
in regenerative hearts, and retained embryonic cardiogenic 
gene program active during neonatal heart regeneration. The 
authors further demonstrated that injury of the regenerative 
heart triggered a unique immune response involving regener-
ation promoted by the macrophage-secreted cytokine factor, 
CCL24, and Igf2bp3, which encoded an RNA-binding pro-
tein and enhanced regeneration. Compared with P14 mac-
rophages, cytokine factor Ccl24 is preferentially expressed 
in P1 macrophages. However, the mechanism of Ccl24 on 
cardiac regeneration and its downstream signal pathway still 
need to be studied. Therefore, reactivation of the develop-
mental and cell cycle gene programs in adult cardiomyocytes 
serves as a potential therapeutic approach to replenish lost 
cardiomyocytes after ischemic injury [67].

Role of cardiac‑resident  CCR2– macrophages 
in the inhibition of recruitment of monocytes during heart 
injury

In a variety of murine models of cardiomyocyte injury, such 
as myocardial infarction, reperfusion myocardial infarction 
and diphtheria toxin cardiomyocyte ablation, a change in MF 
development has been demonstrated, in which infiltrating 
 CCR2+Ly6chigh mononuclear cells and  CCR2+mononuclear 
cell-originated MFs primarily substituted for MFs residing 
in the heart. A mass of monocytes and monocyte-derived 
MFs migrate to the myocardium and accelerate harmful 
reconstruction as well as the pathogenic mechanism of heart 
failure. Nevertheless, the recruitment and fate of circulat-
ing monocytes and MFs are differentially orchestrated by 
distinct subsets of cardiac-resident  CCR2+ and  CCR2– MFs 
after myocardial injury.  CCR2+ MFs in the heart facilitate 
mononuclear cell migration depending on myeloid dif-
ferentiation primary response 88(MYD88), which leads 
to the generation of MCPs and activation of mononuclear 
cells.  CCR2+MFs residing in the heart are critical drivers 
of monocyte recruitment, fate specification, inflammation, 
and adverse LV remodeling. In contrast, cardiac-resident 
 CCR2–MFs can inhibit monocyte recruitment and depletion 
of cardiac-resident  CCR2–MFs before myocardial infarction 
results in significant shifts in the fact of monocyte specifi-
cation, augmentation of MF proliferation, expanded infarct 
size, decreased LV contractive function, as well as exagger-
ated reconstruction of left ventricle. RNA-seq of distinct 
MF subsets has revealed that compared with cardiac-resident 
 CCR2–MFs, cardiac-resident  CCR2+MFs also represent an 

inflammatory population. Cardiac-resident  CCR2–MFs dif-
ferentially expressed several growth factors (Igf1 [insulin-
like growth factor 1], Pdgfc [platelet-derived growth factor 
C], Hbegf [heparin-binding epidermal-like growth factor], 
and Cyr61 [cysteine-rich angiogenic inducer61]) and genes 
associated with myogenesis, DNA repair, epithelial–mesen-
chymal transitions, and RAS signaling [3].

A myocardial ischemia reperfusion study revealed that 
MerTK (MER proto-oncogene tyrosine kinase)-dependent 
phagocytic clearance of  MHCIIloCCR2– cardiac-resident 
MFs ameliorated cardiac damage after myocardium injury. 
However, the capacity of MerTK in the heart was destroyed 
by MerTK cleavage caused by reperfusion. MerTK was sig-
nificantly higher on MHC-IIlowCCR2– cardiac-resident MF 
and was required for both MHC-IIlowCCR2–MFs conserva-
tion and generation of anti-inflammatory mediator. MHC-
IIlowCCR2–MFs played a critical role in the repairing of the 
heart through MerTK after ischemia reperfusion injury. The 
findings indicated that the trigger of MerTK cleavage is the 
CCR2-dependent infiltration of circulating  Ly6chigh mono-
cytes [10].

Cardiac‑resident  CCR2–MFs limit adverse LV remodeling 
and dysfunction

A study used a  Cx3cr1CreER−YFP:R26Td/DTR murine model 
to mark resident MFs and efficiently exhaust absolute 
 CCR2–MFs in the heart, in the absence of influence of other 
cell types. The authors found that diphtheria toxin injec-
tion alone during the steady state without any detectable 
infiltration of neutrophil granulocytes and MFs did not 
result in myocardial fibrosis in the wild type. However, 
exhaustion of MFs residing in the heart led to the dete-
rioration of the global left ventricular contraction capac-
ity between day 7 and day 28 post-infarction, with the 
increase of cardiac hypertrophy, fibrosis and increased late 
mortality by day 35 post-infarction in diphtheria toxin-
treated  Cx3cr1CreER−YFP:R26Td/DTR mice compared to 
 Cx3cr1CreER−YFP:R26Td/ + mice. However, comparison of 
the magnitude of the inflammation response in MF-depleted 
mice with non-depleted  (Cx3cr1CreER−YFP: R26Td/ +) mice 
at day 5 post-infarct revealed no remarkable variation. The 
findings indicated revealed that removal of resident MFs did 
not lead to an exaggerated inflammation reaction [14].

Function of cardiac‑resident  CCR2+MFs

Role of CCR2+MFs in the recruitment of leukocytes 
(monocyte and neutrophil) during heart injury

As described above, during the death of cardiomyocytes, 
 CCR2+ MFs residing in the heart stimulate the infiltration 
of mononuclear cells into the myocardium. This depends on 
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the MYD88 protein, which leads to the secretion of MCPs 
as well as mononuclear cell excitation [43]. These events are 
critical drivers of mononuclear cell recruitment, fate specifi-
cation, inflammation, heart failure pathogenesis and adverse 
heart remodeling [3].

In addition to mononuclear cells, neutrophil granulocytes 
also have an important impact on myocardial ischemia/rep-
erfusion that can occur rapidly in injured myocardium [9]. 
Once they have infiltrated, neutrophil granulocytes release 
a variety of inflammation mediators and chemotactic mod-
erators that result in cell damage or assist in infiltrating of 
other immune cells [31]. The authors showed that during 
ischemia/reperfusion, cardiac-resident  CCR2+monocytes 
and cardiac-resident  CCR2+monocyte-derived macrophages 
facilitated the permeation of neutrophils into injured hearts 
by a Toll-like receptor 9/MyD88-dependent generation of 
the chemotactic mediators CXCL2 and CXCL5 [38].

Pro-inflammatory role of  CCR2+ MFs
The analysis of gene expression, chemotactic mediators, 

inflammation moderators, cytokines as well as related signal 
pathways of the  CCR2+ MFs revealed that these MFs rep-
resented an inflammatory macrophage population.  CCR2+ 
MFs express many chemotactic mediators, chemokine recep-
tors, and inflammatory factors associated with IL-1, IL-6, 
and nuclear factor-kappa-B signals. In vitro, compared to 
 CCR2– MFs, following stimulation with lipopolysaccharide, 
 CCR2+ MFs express higher levels of the pro-inflammatory 
factors: IL-1b and CCL7. Human or genotypic slice culture 
systems also revealed that human heart--resident  CCR2+ 
MFs are pro-inflammatory [4].

Role of  CCR2+MFs in LV dysfunction

After cardiac mechanical unloading,  CCR2+ MFs residing in 
the heart have been correlated with LV contraction function 
that occurs with heart remodeling. Using immunostaining, 
the authors found that the numbers of CCR2+ MFs and their 
percentage were associated with LV contractility following 
left ventricular assist device (LVAD) implantation. Patients 
with improved left ventricular contractility 6 months follow-
ing LVAD implantation had lower numbers and percentage 
of  CCR2+MFs both during LVAD implantation and at the 
time of explant [4].

Cardiac  CCR2+ and  CX3CR1+ MFs can improve heart 
function in cardiac stem‑cell therapy in mice after ischemia/
reperfusion

Cell therapy with adult stem cells (primary bone marrow 
mononuclear cells, MNCs and c-Kit cardiac mesenchymal 
cells/cardiac progenitors cells, CPCs) to regenerate damaged 
heart tissue continue to be extensively used in human clini-
cal trials and animal studies [56]. However, the mechanistic 

basis for this therapy remains unclear. Recently, one study 
revealed that the benefits of cardiac stem-cell therapy using 
MNCs and CPCs were not associated with new cardiomyo-
cyte and cardiac endothelial cell formation. This stem-cell 
therapy in mice after heart ischemic injury could signifi-
cantly improve cardiac function through an acute sterile 
immune response characterized by the short-lived and local 
accumulation of  CCR2+ and  CX3CR1+ macrophages. The 
protective effect of this stem-cell therapy disappeared when 
the acute immune response was suppressed or the mac-
rophages were eliminated. CCR2 null mice and mice lack-
ing CX3R1 could not be benefitted from cardiac stem-cell 
therapy. However, CCR2 deficiency in wild C57BI/6J mice 
significantly improved heart function after ischemia/reperfu-
sion. In contrast,  CX3CR1−/− mice showed cardiac dysfunc-
tion after ischemia/reperfusion injury. In mechanism, injec-
tion of MNCs into mice after ischemia/reperfusion changed 
cardiac fibroblast activity-reduced border zone extracellular 
matrix content [65]. And at the same time, another study 
found that pericardial Gata6 + macrophages benefit cardiac 
repair upon injury and prevent cardiac fibrosis, highlighting 
the complexity of the functions of cardiac macrophages in 
the heart injury [11].

Conclusions

In summary, our review suggests the heterogeneity of car-
diac in situ macrophages and they play a vital and compli-
cated role in both physiological and pathological processes 
of the heart, and are expected to become new targets for the 
treatment of cardiovascular diseases in the future. In terms 
of quantity, cardiac-resident macrophages account for the 
largest proportion of all leukocytes in the heart and their 
classifications and sources are diversified and complicated. 
In the hearts of adult mice and humans, multiple subpopu-
lations of macrophage cells co-exist; in addition to adult 
bone marrow-mononuclear-derived macrophages, there also 
exist embryonic EMP-derived macrophages and embryonic 
mononuclear-derived macrophages, and their self-renewal 
and proliferation patterns also dynamically changed depend-
ing on ageing and different situations. In terms of function, 
with the deepening of various studies, we found that the 
cardiac-resident macrophages play a far more important role 
in cardiovascular disease than their role as immune cells. 
Different cardiac-resident macrophages play a different role 
in neonatal cardiac regeneration, cardiac remodeling and 
cardiac electrophysiology through diverse mechanisms. At 
present, with the development of single-cell sequencing and 
transcriptome sequencing based on different classification of 
cardiac-resident macrophage cells, we have found that there 
are more detailed classifications and functional differences 
between different types of cardiac-resident macrophages. In 
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the future, we also require high-resolution biomarkers of 
different cardiac-resident macrophages to study them. Based 
on the results of single-cell sequence, we might carefully 
identify different cardiac-resident macrophages that play a 
role in various cardiovascular diseases, and carefully study 
their physiological characteristics as well as their functions, 
which are expected to provide new therapeutic strategies for 
cardiac diseases and precision medicine in the future.
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