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Cardiac macrophages are abundant in the healthy heart and after myocardial infarction (MI). Different macrophage phenotypes likely promote
myocardial health vs. disease. Infarct macrophages are inflammatory and derive from circulating monocytes produced by the haematopoietic
system. These cells are centrally involved in inflammatory tissue remodelling, resolution of inflammation during post-Ml healing, and left ventricu-
lar remodelling. Presumably, macrophages interact with myocytes, endothelial cells, and fibroblasts. Although macrophages are primarily
recruited to the ischaemic myocardium, the remote non-ischaemic myocardium macrophage population changes dynamically after MI. Macro-
phages’ known roles in defending the steady state and their pathological actions in other disease contexts provide a road map for exploring cardiac
macrophages and their phenotypes, functions, and therapeutic potential. In our review, we summarize recent insights into the role of cardiac
macrophages, focus on their actions after ischaemia, and highlight emerging research topics.

This article is part of the Spotlight Issue on: Heterocellular signalling and crosstalk in the heart in ischaemia and heart failure.

1. Introduction

The role of inflammation in cardiovascular disease has been under-
appreciated in the past, possibly because cardiologists deal with infection
(as in endocarditis) and autoimmunity (as in myocarditis) less frequently
than with ischaemic or hypertensive heart disease. Today, however, this
situation is rapidly changing as cardiovascular science and immunology
merge their efforts. Increasing numbers of immunologists work on is-
chaemic heart disease while cardiologists are more interested in the in-
tricacies of the immune system. The observation that atherosclerosis is
not merely a lipid storage disorder but is also propelled by immune
system dysfunction initiated a cardiology—immunology convergence.
Research on immune cells in cardiovascular disorders now moves
beyond the arterial wall to yield data on leucocytes in the heart. For in-
stance, like the arterial wall, the healthy myocardium hosts a consider-
able number of macrophages. In fact, macrophages are among the
largest cardiac resident cell populations, trailing only fibroblasts, myo-
cytes, and endothelial cells. This review summarizes recent work on
heart macrophage fate and function in steady state and disease.
We will highlight open questions that merit exploration. VWhenever
data on the heart are lacking, we look to other organs and pathologies
to learn from potential parallels and formulate hypotheses.
We believe that heart macrophages deserve attention because they
are system-wide actors that perform numerous tasks in wound

healing, regeneration, and tissue remodelling. They are recognized as
central operators in cancer, infection, rheumatoid arthritis, diabetes,
obesity, atherosclerosis, and stroke. Exciting recent studies of macro-
phages and related cells reveal properties that go far beyond their clas-
sical phagocytotic function. For instance, skin macrophages are involved
inblood pressure regulation,’ and macrophages may promote insulin re-
sistance.” If future research confirms that macrophages pursue analo-
gous specialized tasks in the myocardium, then these cells may be
attractive targets for cardiovascular therapy.

2. Macrophage phenotypes
and functions

Macrophages are large extravascular immune cells with diverse pheno-
types. Their amoeboid cell bodies may extend dendrite-like protrusions
to survey their surroundings. The cells are numerous and distribute
throughout the body to take up residence in many tissues. The life
span of macrophages may be measured in months during steady state
but can be limited to mere hours during disease. Typically, we study
tissue macrophages by staining for cell surface markers in histology or
multicolour flow cytometry. These markers include CD45, F4/80,
MAC-3, CD11b, CD11c, CDé68, and CD115. Some macrophage
markers are also shared by other leucocyte classes, e.g. neutrophils or
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dendritic cells. The Immunological Genome Project (www.immgen.org)
provides an excellent resource for further information.’

Macrophages have a plethora of divergent functions. As part of the
innate immune system, macrophages provide a first line of defence
during infection and injury. These macrophages may use phagocytosis
to take up bacteria or foreign bodies, which they destroy by enzymatic
digestion in acidic phagolysosomes. Cytotoxic macrophages deliver oxi-
dative bursts or digest matrix by secreting proteases. Inflammatory
macrophages are often referred to as classical or M1 macrophages. In
addition, there are a number of macrophage phenotypes that pursue
highly specialized functions, including osteoclasts (bone remodelling),
Kupffer cells (iron homeostasis), microglia (synaptic pruning), and
CD169" macrophages in the haematopoietic niche (regulating blood
cell production).* Less inflammatory macrophages are commonly
called alternatively activated or M2 macrophages. The scientific commu-
nity agrees that this classification, while helpful, is an oversimplification
and should be used with caution, especially when discussing in vivo
phenotypes.

Two macrophage functions make the cells particularly interesting for
cardiovascular health: (i) their propensity to ingest lipoproteins and give
rise to foam cells in atherosclerotic plaque and (i) their vigorous re-
sponse to ischaemia. The role of macrophages in atherosclerosis was re-
cently summarized elsewhere®~” and is not the subject of this review.

3. Sources of macrophages

The last decade brought about renewed interest in studying the origin of
tissue macrophages. The current view describes a dichotomy, with dif-
ferent sources of macrophage renewal depending on cellular function
and phenotype. In the steady state, the majority of macrophages, with
the exception of those in the intestine,® do not derive from monocytes
but rather from local progenitors that arise from the embryonic yolk sac.
Macrophages produced by these local progenitors take up residence in
their destination tissues prior to birth, as proved experimentally for
microglia in the brain,” lung macrophages, Langerhans cells in the skin,
and Kupffer cells in the liver."® Macrophages in the healthy gut,
however, derive from circulating monocytes.® It is not currently
known whether steady-state heart macrophages are renewed inde-
pendently of circulating monocytes.

Although most macrophages derive from local progenitors in steady
state, tissue inflammation changes macrophages’ source. During such in-
flammation, most macrophages derive from inflammatory monocytes
(Ly6C"" in the mouse, CD14tCD16™ in humans) that are recruited
to the site of inflammation from the blood pool. These monocytes are
the progeny of haematopoietic progenitors and, ultimately, hamatopoie-
tic stem cells (HSCs) residing in the bone marrow. HSCs are rare, with a
frequency of only 1 in 10 000 bone marrow cells. The HSC majority is
quiescent, as only ~5% cycle in the steady state."” Afterinjury, haemato-
poiesis may accelerate to ramp up production of an increasingly differen-
tiated tree of progenitors (Common Myeloid Progenitors, Granulocyte
Macrophage Progenitors, Macrophage Monocyte Progenitor, Common
Monocyte Progenitor), which in turn give rise to monocytes in the bone
marrow.'? The signals that control HSC proliferation and differentiation
to myeloid cells and, specifically, monocytes have been studied in the
steady state and during many pathologies, but little is known about
how the bone marrow adapts to cardiovascular disease. A number of
housekeeping cells reside in the haematopoietic niche and regulate
the blood cell production in the bone marrow by supplying soluble
signals and adhesion to HSCs. These regulatory and supply cells

include mesenchymal stem cells, endothelial cells, macrophages, nerve
cells, and osteoblasts, and they provide fate-regulating signals and
growth factors such as Stem Cell Factor, CXCL12, angiopoietin-1, and
G-CSF.'*™ The above list is incomplete, and the precise cellular
sources of signals that drive HSC activity are still being identified. Add-
itionally, HSCs express receptors, e.g. toll like and interferon receptors,
to directly sense circulating danger signals.'® An emerging research area
aims to identify factors that modulate haematopoietic activity after is-
chaemic injury and in individuals with atherosclerosis, as increased pro-
duction and supply of inflammatory monocytes likely enlarge the pool of
inflammatory macrophages in the heart and in atherosclerotic plaque.
Mature cells follow specific cues for liberation from the bone marrow
into the blood stream. Experiments in mice challenged with lipopolysa-
charide, a component of the bacterial cell membrane, show that mono-
cyte release from the bone marrow into the blood pool depends on
CCR2 chemokine receptor signalling.®

In addition to the bone marrow, the spleen may also contribute blood
monocytes (Figure 1). There is a substantial splenic reservoir of ready-
made monocytes.'” Once this population is exhausted, the spleen pro-
duces new monocytes by hosting extramedullary haematopoiesis.
Splenic haematopoiesis occurs in many different disease settings in the
mouse, including infection, cancer,'® atherosclerosis,”® and after MI.>'
During embryogenesis, the spleen and liver are sites of haematopoiesis,
but these organs cease haematopoietic activity, at least in the steady
state, after birth. The monocyte release from the spleen is independent
of CCR2 but caused by angiotensin-2 signalling.” Splenic monocyte mo-
bilization can be attenuated with ACE inhibitor therapy in the mouse.”

After coronary ligation in mice, sympathetic nervous signalling alarms
the haematopoietic system.”® Beta-3 adrenoreceptors expressed by
niche cells in the bone marrow translate noradrenalin release into a
modified micro-milieu;?* for instance, CXCL12 levels decrease after
MI.2* Lower levels of this retention factor liberate haematopoietic pro-
genitor cells, which then migrate to the spleen where, supported by
increased interleukin-1p3 levels and stem cell factor (SCF), the cells are
retained in a VLA-4-dependent manner and produce monocytes that
consequently migrate to the infarct to supply the macrophage popula-
tion in the ischaemic myocardium.”™** The phenotype of monocytes
made in the spleen is inflammatory;>® however, less inflammatory
Ly6C'®" monocytes can also be found in the organ."” Other research
shows that Whnt, which is thought to regulate HSC self-renewal and ex-
pansion,” increases signalling in the bone marrow after MI.2¢

4. Macrophages in the healthy heart

FACS analysis®’ and histology using CX3CR1°* mice reveal abundant
extravascular macrophages in the healthy heart (Figure 2) located in
direct contact with myocytes and endothelial cells.”® In the steady
state, heart macrophages are not particularly inflammatory. The cells
sparsely express the surface marker Ly6C and have a set of 22 genes
associated with alternatively activated M2 macrophages translated at
high levels.”® That steady-state cardiac macrophages also express
some inflammatory genes, including interleukin-13, highlights the limita-
tions of M1/M2 classification. The function of these cardiac macrophages
in the steady state is largely unknown, and data from macrophage abla-
tion studies are currently not available. We speculate that these cells
may have typical tissue resident macrophage tasks: they guard against in-
fection, regulate angiogenesis, and direct matrix turnover. A potential
role in regulating cardiac capillary density and collagen production
should be explored, as both processes are involved not only in steady
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Figure | Thespleenasasource ofmacrophages. The left panel shows clusters of GFP monocytes residingin the sub-capsular red pulp of CX3XR1 SHAY
mice. The middle panel shows a monocyte departing after Ml in two movie frames acquired in the spleen after coronary ligation. Adapted from reference."”
The right panel shows immunohistochemical monocyte stainingin the spleens of a control patient and a patient after myocardialinfarction. The comparison
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Figure 2 Macrophagesinthe heart. The left panel shows the steady-state myocardiumina CX3CR1 GFPI* mouse (adapted from reference?®). The middle
panel shows macrophage presence in the infarct and the remote myocardium after coronary ligation (adapted from reference?”). The right panel shows the

presence of monocytes in the infarct and in the remote myocardium of a patient with acute Ml (adapted from reference

state but also in the genesis of heart failure. In other tissues, such as
adipose tissue, there is active crosstalk between resident macrophages
and stromal cells, e.g. adipocytes.® It remains to be seen whether
cardiac macrophages, which are abundant in the vicinity of myocytes,
interfere with metabolism, contraction, or survival of cardiomyocytes
in the steady state and/or disease.

The source of macrophages in the healthy heartis currently unknown.
Given that other tissues, such as the skin and the liver, do not replenish
macrophages from circulating monocytes during steady state, it seems
reasonable that cardiac macrophages similarly derive from local progeni-
tors. In other words, macrophages most likely proliferate in the heart.

Though we do not yet know the origins of cardiac macrophages, re-
search is already mapping the roles monocytes play in steady-state
cardiac health. Intravital microscopy shows patrolling monocytes in
small arterioles in the heart.’ These Ly6C'®" monocytes crawl along
the endothelial surface of vessels, sometimes even against the blood

29)

stream. In other tissues, patrolling Ly6C'®" monocytes contribute to
endothelium maintenance by removing apoptotic endothelial cells.**
The function of Ly6C'®* monocytes in the heart remains to be explored.

5. Monocytes and macrophages
in acute myocardial infarction

Soon after myocardial infarction (MI), ischaemic tissue attracts inflam-
matory Ly6C"€" monocytes (Figure 3). As early as 30 min after coronary
ligation, these cells are abundantly recruited, initially outpacing even neu-
trophils.>” Neutrophil tissue numbers peak 24 hafter onset ofischaemia,
whereas inflammatory monocytes peak around day 3.’ Ly6C"&" mono-
cyte recruitment relies on MCP-1/CCR2 chemokine/chemokine recep-
tor interaction.?”>3 Further, the endothelium increases expression of
adhesion molecules such as selectins and vascular cell adhesion
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Figure 3 The biphasic monocyte/macrophage response after myocardial infarction.

molecule-1.*’ Once recruited, many monocytes may differentiate to in-
flammatory macrophages, as the marker F4/80 is expressed at high levels
for several days after Ml. Both monocytes and macrophages generate in-
flammatory cytokines, cathepsins and matrix metalloproteinases. Pre-
sumably, the main function of these monocytes and macrophages is to
remove debris, dead myocytes, and apoptotic neutrophils in order to
prepare for tissue rebuilding and regeneration.

Monocytes and macrophages initially accumulate in the infarct border
zone,"® probably because vascularaccess s stillintact in the myocardium
adjacent to the ischaemic tissue. Over time, macrophages migrate into
the infarct core. This migration has yet to be observed directly;
however, monocyte numbers increase in the infarct core later than in
the border zone, according to human histology studies."® If reperfusion
occurs and if microvascular obstruction is absent, monocytes may dir-
ectly distribute to the infarct core shortly after ischaemic injury.>*

Initial inflammation is followed by a proliferation phase during which
new matrix is generated to provide mechanical stability to the left ven-
tricle. If this phase is compromised, the infarct scar may rupture or
expand, leading to sudden death and left ventricular dilation. At this
point, the surface marker Ly6C is less abundant.”” Macrophages active
during days 4—7 post-MI are less inflammatory and express genes asso-
ciated with prototypical M2 macrophages.®® These cells help rebuild
tissue while likely regulating angiogenesis via VEGF and myofibroblast ac-
tivity via TGF beta.”” Clodronate liposome depletion targeting either the
early Ly6C"®" or the late Ly6C'°" phase shows that both are essential for
infarct healing.?”***” When myeloid cells were depleted, histologic
healing biomarkers indicated impaired dead myocyte removal, slower
matrix rebuilding, and lower microvessel counts.”” Macrophage deple-
tion also led to high incidence of left ventricular mural thrombi attached

to the infarct. This may be clinically relevant, as patients with a left ven-
tricular thrombus exhibit a relative decrease of the CD14TCD16™"
monocyte subset in blood,” a decrease that corresponds to patrolling
Ly6C'®" monocytes in mice. It is conceivable that the lack of patrolling
Ly6C'®" monocytes and infarct macrophages compromise ventricular
endothelial layer maintenance, thereby exposing thrombogenic infarct
tissue to the blood pool.

The exact lineage relationship of Ly6C"" and Ly6C'°" monocytes
to M1 and M2 macrophages has yet to be determined with in vivo
lineage tracing tools. These experiments are complex because
isolation and adoptive transfer of monocytes expose cells to stress
and plastic surfaces, both of which may confound the cell’s
phenotype. It is safe to assume, however, that in the early days after
Ml inflammatory Ly6C™8" monocytes give rise to inflammatory M1
macrophages.

The described biphasic monocyte/macrophage response, which likely
occursin many wounds, was first described in rodent models of perman-
ent coronary ligation.””> A similar time course was subsequently found
for temporal ischaemia followed by reperfusion injury®® and in human
patients after MI."® The first clinical study described a biphasic monocyte
pattern in the blood of patients after MI, with inflammatory
CD147CD16~ monocytes dominating first.>? A recent autopsy study
confirmed the kinetics in infarct tissue, with early abundance of
CD14tCD16~ monocytes while CD147CD16™ monocytes were
found only in the infarcts of patients who died at later time points."®
The same study also reported a precipitous drop in monocyte levels
within the bone marrow and the spleen of infarct patients, suggesting
that, as previously described in mice and rats with coronary ligation,"”
these organs supply monocytes to the infarct in humans.
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6. Macrophages in remote,
non-ischaemic myocardium after Ml

The remote, non-ischaemic myocardium also changes after Ml, as capil-
laries in the remote zone increase recruiting chemokine expression and
attract monocytes.29 When compared with the ischaemic myocardium,
the remote myocardium accumulates monocytes and macrophages
more slowly, as remote zone macrophage numbers peak around day
10 after coronary liga‘cion.29 Although the total numbers of recruited
cells per mg myocardium remain lower than in the ischaemic zone, it
is safe to assume that the non-ischaemic myocardium is also ‘inflamed’
after Ml (Figure 2). The increased presence of myeloid cells in the non-
infarcted remote zone likely contributes to elevated protease activity,
including matrix metalloproteinases® and cathepsins.”” These pro-
teases may attack the extracellular matrix and promote left ventricular
dilation. Even months after coronary ligation in mice, macrophage
numbers in the heart remain high.* Macrophages’ precise function in
remote myocardium within the chronically remodelling heart are
under investigation in several laboratories. By extrapolating the role of
macrophages in chronic inflammation, e.g. pro-fibrotic macrophage
action in liver disease,*? or their matrix-destabilizing function in athero-
sclerotic plaque,* we postulate substantial cross talk between macro-
phage and resident cell impacts post-MI myocardium remodelling.
Further, increased myocardial macrophage presence also occurs after
aortic constriction in mice.** We suspect that macrophages may influ-
ence myocardial capillary density or fibrosis during the chronic remod-
elling process. Given that inflammatory macrophages kill microbes, we
should also investigate potential cross talk with myocytes, which
undergo apoptosis at higher rates during post-MI remodelling* and in
heart failure.*® The hypothesis that inflammatory macrophages may dir-
ectly harm myocytes is further supported by macrophages’ ability to
produce TNFa, a cytokine that induces myocyte apoptosis.*’

7. Macrophages and resolution
of infarct inflammation

Emerging awareness of macrophages’ role in inflammation after Ml indi-
cates that while these cells are absolutely necessary to adequate wound
healing and generating a stable scar that preserves left ventricular geom-
etry, overabundant pro-inflammatory macrophages are also harmful.
Timely resolution of inflammation, i.e. transition from a Ly6C"&" to a
LyéClc’W monocyte/macrophage phenotype in the infarct, is a prerequis-
ite for regenerative processes. If these two phases are corrupted and
infarct inflammation lingers, then healing derails and heart failure
occurs. This concept is supported by pre-clinical data obtained in
ApoE7/7 mice after coronary ligation.48 The rationale for these experi-
ments lies in the limitations of coronary ligation in otherwise healthy
wild-type mice. This widely used protocol fails to account for athero-
sclerosis triggering Ml in almost all patients. ApoEfF mice on a
high-fat diet develop atherosclerosis and blood monocytosis* due to
haematopoietic monocyte overproduction.zo’50 These monocytes
give rise to inflammatory macrophages in atherosclerotic plaque.
In ApoEf/f mice, the circulating monocyte pool and monocyte
production expand, particularly the inflammatory monocyte subset.*
This is the exact same cell type that gives rise to inflammatory infarct
macrophages. Inducing Ml in the setting of pre-existing chronic inflam-
mation may change macrophage supply dynamics and consequently

alter cardiac wound healing. Indeed, in ApoE '~ mice infarct inflamma-
tion resolution is disturbed by oversupplied inflammatory Ly6C"&" cells.
Compared with wild-type mice, ApoE '~ infarcts recruit more mono-
cytes, and the transition between the Ly6C™&" and Ly6C'®" phases is
delayed.*® Disrupted inflammation resolution inhibits regenerative
processes and accelerates post-MI left ventricular dilation, possibly
due to higher protease activity in the heart.>" Clinical data showa correl-
ation between blood monocytosis and outcome in cardiovascular
disease. A patient cohort with high CD14*CD16~ blood monocyte
levels at the time of acute Ml had larger left ventricles at follow-up,’
and monocyte and white blood counts correlate with heart failure
progression.sz‘53

The mechanisms that regulate monocyte production, migration,
and macrophage supply after Ml have not yet been understood
completely. Of particular interest is the biphasic infarct macrophage
phenotype regulation. Dendritic cells, part of the adaptive immune
arm but closely related to macrophages, actively collaborate with
T cells in the setting of infection. Likewise, there may be interaction of
lymphocytes with monocytes and macrophages after ischaemic injury.
In mice that genetically lack CD4 and therefore T-lymphocytes, the
infarct recruits a higher number of leucocytes, including Ly6C"€" mono-
cytes/macrophages. Resolution of inflammation in the infarct is dis-
rupted, leading to impaired healing and accelerated left ventricular
remodelling.>* Although T-lymphocytes increase in the infarct, the
innate immune cell population remains larger, and their relative
numbers suggest that T-lymphocytes have a regulatory rather than ex-
ecutive role. B-lymphocytes likewise interfere with monocyte supply
post-MI.>> These cells increase systemic levels of the chemokine
CCL7, which binds to the receptor CCR2 on monocytes and enables
their mobilization into circulation.>® A previous study in mice with
sepsis also implied a role for CCR2 in monocyte bone marrow exit, al-
though in this case mesenchymal stem cells provided a different CCR2
ligand, namely CCL2.°® These studies demonstrate the need for
further examination of myeloid cell interaction with adaptive immune
cells, despite the lack of exogenous antigens afterischaemic sterile injury.

8. Acute and chronic macrophage
function in the heart and arterial wall

As discussed above, pre-existing atherosclerosis may influence macro-
phage phenotype in acute MI. Conversely, acute Ml may also influence
macrophage biology in atherosclerotic plaque. Epidemiology data
show that re-infarction is common,”” and patients are >50% likely to ex-
perience ischaemic complications in the first year after first infarct.”®
Does acute MI change the supply of monocytes to atherosclerotic
lesions? Indeed, Ml (and ischaemic stroke) accelerates macrophage pro-
genitor production by increasing splenic monocyte output.23 Heigh-
tened sympathetic bone marrow tone immediately after MI changes
the haematopoietic microenvironment and enables haematopoietic
progenitor cells to transfer to the spleen, where outsourced monocyte
production feeds monocyte recruitment to atherosclerotic plaque. This
process leads to higher plaque macrophage numbers and increased
plaque protease activity in ApoEfl* mice with MI. These pathophysio-
logic |3henomena23 may also occur in patients with more than one
vulnerable plaque, especially after tissue ischaemia accelerates system-
wide monocyte supply to atherosclerotic lesions.”
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9. Macrophages and stem cells

Regeneration of myocardium by circulating and resident progenitor cells
continues to be a subject of intense investigation, with the ultimate goal
of regrowing myocardium lost to ischaemia. Clinical studies investigating
whole bone marrow injection showed only minorand rather temporary
beneficial effects. Currently, the most promising experimental avenues
concern cardiac stem cells, which are local progenitors that support
low-level myocyte regeneration even in the healthy state.®® The
SCIPIO trial explored this cell population via in vitro expansion and au-
tologous reinfusion of purified cardiac progenitors.’’ Other data
suggest that injecting mesenchymal stromal cells (MSCs) might increase
the percentage of reparative M2 macrophages in the heart. Depleting
macrophages ablated beneficial effects of MSC injection.®® Reprogram-
ming cardiac resident fibroblasts into myocytes is another interesting
in vivo approach,® although its efficiency remains low. Encouraging
experiments in zebrafish® and newborn mice® indicate that
regrowing myocardium from endogenous sources is possible in prin-
ciple, but the mechanisms involved are currently not well understood.

Macrophages may have a role in regenerative processes in the heart,
just as they support tissue regeneration in other organs. Macrophages
are an essential element of the haematopoietic stem cell niche.'® For in-
stance, a specialized CD169" macrophage is involved in retaining haem-
atopoietic stem cells in the bone marrow. Depletion of CD1697
macrophages impairs red blood cell regeneration.®® Further evidence
for macrophages’ role in forming regenerative niches is that salamanders
injected with macrophage-depleting clodronate liposomes lose their
ability to regrow amputated limbs.%” The amputation wounds close,
but limb regeneration fails after systemic macrophage depletion. If the
wounds are refreshed at a later time point, when the systemic monocyte
population has recovered, the limb regains the capacity to regenerate.
Thus, monocytes and macrophages may inform the microenvironment
and instruct tissue resident progenitors. We speculate that manipulating
macrophage phenotype or number may also aid efforts to regenerate
myocardial tissue.

10. Macrophages as a therapeutic
target

Cardiac macrophages have not been explored as therapeutic targets.
This does not come as a surprise, given that they were only recently
acknowledged as a major cell population in the heart. Once we better
understand the cells’ roles in the heart, specifically targeting macro-
phages, their progenitors or macrophage subtypes may be feasible.
This endeavour must avoid pitfalls arising from targeting inflammation.
Because macrophages are crucial to maintaining the steady state and
defending against infection, any therapy must be specific to ‘harmful’
macrophage functions or subsets, precisely dosed and closely moni-
tored to avoid collateral damage.

Despite the challenges, targeting macrophages presents interesting
opportunities. Nanoparticles may be particularly well suited to deliver-
ing drugs to macrophages. Using lipidoid nanoparticle encapsulation,
systemically injected siRNA is faithfully delivered to monocytes, result-
ing in silencing of the chemokine CCR2.°® Consequently, inflammatory
monocyte recruitment, which depends on interaction between CCL2
and CCR2, decreases in ischaemia reperfusion injury®® and in non-
reperfused ML®” When ApoE ™/~
nanoparticle-loaded siRNA targeting CCR2, the resolution of

mice with Ml are injected with

inflammation and infarct healing improves, and post-MI heart failure
attenuates.*” This approach likely does not interfere with sessile
immune cells, nor should it inhibit proliferation of cardiac resident cells.

As angiotensin 2 receptor signalling regulates monocyte motility and
release from the splenic reservoir,’”” ACE inhibitors and angiotensin re-
ceptor blockers may influence monocyte migration to the site of inflam-
matory activity.”* In addition to many other beneficial actions, this drug
class may have anti-inflammatory properties that can support infarct
healing.

Manipulating the macrophage phenotype may be another therapeutic
option. Once we understand the mechanisms chaperoning the transi-
tion from inflammatory to non-inflammatory macrophage phenotypes,
we can begin to harness them as therapeutic targets. One master pheno-
type switch may be the transcription factor IRF5.”° In isolated macro-
phages, silencing IRF5 shifts inflammatory M1 macrophages towards
the alternatively activated M2 phenotype.”’ While intracellular mole-
cules are often difficult to target with small molecules and biologicals,
siRNA therapy may overcome this hurdle. Targeting the transcription
factor IRF5 in mice with Ml and in mice with skin wounds led to down-
regulation of inflammatory M1 associated genes in infarct and wound
macrophages.”> The expression of M2 genes did not change. RNAI
macrophage reprogramming supported the resolution of infarct inflam-
mation and accelerated wound healing. Skin wounds closed faster and
post-MI heart failure was less likely to occur.”? Interestingly, potentially
beneficial paracrine effects of mesenchymal stem cell treatment after
acute Ml may also come from changing macrophage polarization from
M1 towards M2.%

11. Conclusion

Our review summarizes the opportunities and challenges presented by
the study of cardiac macrophages. Though immunology colleagues have
investigated inflammatory and tissue macrophages in various organ
systems in the past decades, much less is known about macrophages
in the heart, possibly because rapid cardiac motion has made it difficult

7374 now allow us to in-

to follow these cells in vivo. Newer imaging tools
vestigate macrophage numbers, fate, and function at different scales,
from the cellular resolution provided by intravital microscopy in
mouse hearts’”® to the infarct macrophage population probed with
iron oxide nanoparticle MRl in patients.”®’” Multichannel intravital mi-
croscopy of the heart in live mice that express reporter proteins for
macrophages®' and spectrally different colored reporter proteins for
other cardiac resident cells will help identify in vivo cell-cell cross talk.
Emerging molecular imaging probes that either target macrophages dir-
ectly or follow their specific functions’* enable basic research but are
also poised to facilitate clinical trials by adopting molecular imaging read-
outs as end points. Companion imaging strategies help test new drugs by
imaging a drug’s target, thus enabling faster and more economical clinical
trials. Imaging cardiac macrophages in patients with acute Ml is already
possible, as recently demonstrated in two clinical trials.”®””

To understand complex biology requires in-depth knowledge span-
ning multiple research fields. When cardiovascular scientists team up
with immunologists, it enables the application of cutting-edge knowl-
edge and technique, for instance identifying and phenotyping macro-
phages by employing advanced macrophage surface markers. This
type of synergy has already led to increased awareness of cardiac resi-
dent macrophages through adopting reporter strategies such as the
CX3CR1°FP* mouse (Figures 1and 2). In addition, macrophage-specific
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Figure 4 The role of macrophages in cardiovascular disease and intersections with other organ systems. (A) After myocardial infarction, sympathetic
nervous signalling changes the micro-milieu in the bone marrow, leading to haematopoietic stem cell activation (HSC). (B) Macrophages are part of the
haematopoietic stem cell niche and provide signals that regulate the blood cell production. (C) The haematopoietic niche provides monocytes, which
are progenitors of inflammatory macrophages. (D) After MI, haematopoietic stem and progenitor cells (HSPC) are released into the blood stream and
seed the spleen, where they initiate accelerated monocyte production. (E) The spleen is also a site of blood cell recycling. (F) Macrophages are involved
in regulating blood pressure. (G) Macrophages reside in fat tissue and obtain inflammatory phenotypes during obesity. They also promote diabetes.
(H) Monocytes recruited to atherosclerotic lesions differentiate into macrophages and foam cells, which promote plaque growth and rupture. Macro-
phages respond to ischaemic injury in the heart (i) and the brain (j), regulating tissue repair and outcomes.

gene knock outs and macrophage ablation strategies are now being used
to investigate the role of cardiac macrophages in heart disease.

The cardiovascular system is not isolated; rather, it intimately inter-
connects with the entire organism. Many cardiac interactions result in
risk factors for heart disease: e.g. with metabolism (obesity), the endo-
crine system (diabetes), the central nervous system (stress, depression),
autoimmunity (rheumatism), and the haematopoietic system (anaemia).
We hypothesize that the innate immune system, and specifically the
macrophage, may act as an interface between the cardiovascular and
other organ systems (Figure 4). Macrophages reside in haematopoietic
tissue, the heart, the vascular wall, atherosclerotic plaque, fat, skeletal
muscle, bone marrow, lymphatic system, and in the brain. We know
macrophages and their progenitors receive instructions from many
other organs, including the nervous and endocrine systems.” Investiga-
tion into how these forces functionally connect requires a systems ap-
proach and will, we believe, bring about preventive and therapeutic
innovation.
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