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Crosstalk Between Cardiac Cells
and Macrophages Postmyocardial Infarction:
Insights from In Vitro Studies

Pamela Hitscherich, PhD, and Eun Jung Lee, PhD

Cardiovascular disease, including myocardial infarction (MI), is the leading cause of death in the western
world. Following MI, a large number of cardiomyocytes are lost and inflammatory cells such as monocytes and
macrophages migrate into the damaged region to remove dead cells and tissue. These inflammatory cells secrete
growth factors to induce degradation of the extracellular matrix in the myocardium and recruit cardiac fibro-
blasts. However, the contribution of specific macrophage subsets on cardiac cell function and survival in the
steady state as well as in the diseased state is not well known. There is an increasing demand for in vitro cardiac
disease models to bridge the critical missing link in the existing experimental methods. In this review, studies
using in vitro models to examine the interaction between macrophages and cardiac cells, including cardio-
myocytes, endothelial cells, and fibroblasts, are summarized to better understand the complex inflammatory
cascade post-MI. The current challenges and the future directions of in vitro cardiac models are also discussed.
Detailed and more mechanistic insights into macrophages and cardiac cell interactions during the multiphase
repair process could potentially revolutionize the development of treatments and diagnostic alternatives.
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Impact Statement

The inflammatory cascade postmyocardial infarction (MI) is very complex. In vitro cardiac disease model studies bridge the
critical missing link in the existing experimental methods and provide insights, including multicellular interaction post-MI.
Detailed and more mechanistic insights into macrophages and cardiac cell interactions during the multiphase repair process
could potentially revolutionize in developing treatments and diagnostic alternatives.

Introduction

The postmyocardial infarction (MI) microenviron-
ment is very complex. Lack of oxygen and nutrients

causes hypoxia and massive amounts of cell death, igniting
both an innate and adaptive downstream immune response.
Despite the knowledge that inflammation plays a crucial
role in the pathogenesis of MI injury,1–3 little is known
about cellular crosstalk between resident myocardial and in-
flammatory cells and the key factors that dictate either con-
structive or maladaptive healing.

With the dynamic nature of the heart, it is difficult to
directly assess interaction of various cells and their true
healing potential in vivo. Standard cell culture techniques
do not provide a realistic environment in which functional
outcomes of a given cell therapy can be evaluated. Animal

models often involve such a complex combination of factors
that it is difficult to interpret the outcomes. To bridge this
critical missing link in the available experimental methods,
which typically leap from cell cultures in a Petri dish to ex-
perimental animal models to clinical trials, in vitro models
are required. In this review, we will provide an overview of
studies using in vitro models to understand the complex
inflammatory cascade post-MI, including the interaction
between macrophages and cardiac cells post-MI.

Post-MI Inflammation

Following MI, there are multiple overlapping stages of
repair which include inflammation, proliferation, and remod-
eling. Initially, cell death and debris as well as proinflam-
matory cytokines and chemokines, including interleukins
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from both necrotic and apoptotic cells initiates neutrophil
infiltration (Fig. 1A).1 Neutrophils are the first to arrive and
are short lived. They contribute to the infarct injury by se-
creting proteases and generating reactive oxygen species
(ROS) before turning apoptotic (Fig. 1A).4 ROS is involved
in proangiogenic or profibrotic roles although excess release
of ROS is shown to be detrimental post-MI.5,6 Neutrophils
initiate monocyte recruitment and eventual macrophage
differentiation at the site of injury (Fig. 1A),1 replacing
embryonic-derived tissue resident macrophages7 and taking
on distinct phenotypes.7,8

Proinflammatory or classically activated M1 phenotype
macrophages are initially responsible for removing necrotic
cardiomyocytes and fibroblasts along with apoptotic neutro-
phils that have responded before them.9 Phagocytic function
of macrophages is known as a regulator of inflammation
through clearing of the numerous apoptotic cells such as
neutrophils and promoting secretion of M2-like anti-
inflammatory mediators such as interleukin (IL)-10 and
transforming growth factor beta (TGF-b).10 Specifically, ef-
ferocytosis, or the clearing of apoptotic cells, is one of the
most important functions of proinflammatory macrophages
post-MI. It has been found that macrophage myeloid-
epithelial-reproductive tyrosine kinase (Mertk) is expressed
by proinflammatory macrophages and it is necessary and
sufficient for proper engulfment and efferocytosis in mice.11

In fact, depleted Mertk expression corresponded to apoptotic
cardiomyocyte accumulation, increased infarct size and ad-
verse remodeling suggesting Mertk is an essential receptor for
proper apoptotic cardiomyocyte/macrophage interaction. Si-
milar results were also found in primary human adult cardi-
omyocytes and macrophages.12

As healing continues, repair moves into the proliferative
phase where macrophage polarization shifts toward the anti-
inflammatory or alternatively activated M2 phenotype, pro-
moting myofibroblast and vascular cell infiltration (Fig. 1B).13

In the diseased state, fibroblasts and macrophages secrete
high levels of matrix metalloproteinases (MMPs), such as
MMP214 and MMP9,15 which cause extensive matrix
breakdown, altering the mechanical properties of the tissues.
This shift in mechanical properties causes changes in fi-
broblast secretion profile to increased expression of TGF-a
and TGF-b.16 Additionally, the loss of IL-1b and IL-10
expression during proliferative phase allows fibroblasts to
transdifferentiate into myofibroblasts.17 Myofibroblasts ex-
press a-SMA, which allows them to form adhesion bridges
with extracellular matrix (ECM) fibronectin, initiating a
contractile force that is maintained until collagen fiber de-
position can reinforce the infarct as it matures (Fig. 1B).16

Inflammatory and reparative cells eventually become apo-
ptotic and collagenous scar tissue is formed (Fig. 1C).18 An
intricate and complex inflammatory cascade regulates the
resulting tissue remodeling, leading to structural and func-
tional alterations, which can cause an irreversible decrease
in cardiac pump performance.

A recent study demonstrated that the inhibition of the
innate immune response through treatment with a potent an-
tioxidant called 3-bromo-4,5-dihydroxybenzaldehyde (BDB)
resulted in a noticeable improvement in survival and cardiac
function of mice due to inhibition of macrophage infiltration
and proinflammatory cytokine production.19 Similarly, a study
by Tokutome et al. used nanoparticles (NPs) loaded with an
anti-inflammatory drug named Pioglitazone to target mono-
cytes and macrophages. NPs inhibited monocyte recruitment

FIG. 1. An overview of the post-MI multiphase reparative process, including initial inflammatory phase (A), followed by
proliferative phase (B), leading to remodeling/maturation phase (C). IL, interleukin; MI, myocardial infarction; MMP,
matrix metalloproteinases; ROS, reactive oxygen species; TGF-b, transforming growth factor beta; TIMP, tissue inhibitor of
metalloproteinase.
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and inflammatory gene expression in macrophages while
promoting a more M2 type macrophage phenotype. These
NPs lessened ischemia/reperfusion injury and significantly
reduced mouse mortality.20 These recent studies further
support the need for a more in-depth understanding of the
cells governing the inflammatory cascade post-MI to de-
velop successful therapies for post-MI regeneration.

Even though macrophages are among the key cells acti-
vated during this initial phase of the host response and
mediate inflammation post-MI,1,21 it remains unknown what
mechanisms underlie the macrophage polarization shift. In
addition, while the classification of macrophage phenotypes
into M1–M2 paradigm is widely accepted and used, there
has been an increasing body of evidence recently demon-
strating a wide phenotypic variation of macrophages in vivo
post-MI.22 Further investigation accounting for the hetero-
geneity of macrophages will be critical to the prevention
of detrimental remodeling as the prolonging of inflammation
is associated with dysfunctional matrix deposition, scar
formation, and heightened cardiomyocyte apoptosis.1

Interaction of Macrophages with Cardiomyocytes

Despite its abundancy in both healthy and injured heart,
the role of macrophages in the heart has been underappre-
ciated in the past.1 Macrophages have long been thought to
only possess immune-related function, such as phagocytosis.
However, it has recently been demonstrated that resident
cardiac macrophages play a role during healthy and steady
condition as well.23,24 Resident cardiac macrophages not
only express the gap junction protein connexin43 (Cx43)
and directly couple with conducting cells in the atrioven-
tricular (AV) node, but also depolarize along with them.23,24

In fact, macrophage coupling changes the resting membrane
potential of cardiomyocytes, which may accelerate their
repolarization. Additionally, delayed AV conduction is seen
after both macrophage ablation and deletion of macrophage
Cx43 suggesting that macrophages play a crucial role in
healthy, steady-state cardiac conduction.23,24

In addition, the effects of macrophages on survival and
apoptosis of murine embryonic and adult cardiomyocytes
have been demonstrated. A recent study by Trial et al. ex-
amined the effect of rat splenic macrophages on the survival
of primary rat cardiomyocytes up to 24 h.25 They demon-
strated that macrophages activated using 110 ug per 106

cells of fibronectin fragments (FNf) protect cardiomyocytes
from apoptosis through the secretion of tumor necrosis
factor-a (TNF-a), fibroblast growth factor-1 (FGF-1),
insulin-like growth factor 1 (IGF-1), and leukemia-
inhibiting factor (LIF) (Fig. 2A). In vitro stimulation of
human monocytes with FNf also induced overexpression of
TNF-a, FGF-1, IGF-1, and LIF suggesting that tissue deg-
radation signals such as FNf may stimulate cardiomyocyte-
protective macrophage phenotype.

Heinemann et al. examined embryonic and adult murine
cardiomyocytes under normoxic and hypoxic conditions for
up to 24 h to explore the role of cannabinoid receptor 2
(CB2) during inflammation phase post-MI (Fig. 2B).26 It has
been shown that CB2 is associated with myocardial adap-
tation and inflammatory modulation. Both hypoxia and
interferon-gamma treatment induced the expression of CB2
receptor in cardiomyocytes. They have also demonstrated

that proinflammatory primary murine macrophages ex-
press higher levels of CB2 receptor compared with anti-
inflammatory macrophages and their expression of CB2
receptor was further increased when cultured under hyp-
oxia. During coculture, when CB2 receptor expression was
knocked down in pro-inflammatory macrophages, higher
cardiomyocyte apoptosis was demonstrated, suggesting that
CB2 receptor could play a critical role in the survival of
cardiomyocytes post-MI.

Moreover, a recent study by Ai et al. utilized microfluidic
channels to coculture RAW264.7 cell line with H9c2 myo-
blasts for up to 3 days (Fig. 2C).27 Their microfluidic de-
vice allowed spatial separation of heterogeneous cells while
maintaining soluble factor communication. They have shown
that macrophages polarized using lipopolysaccharides (LPS)
into a proinflammatory phenotype promoted myocyte apo-
ptosis through mitochondrial damage. This study demon-
strates the potential of the microfluidic coculture device for
real-time monitoring of inflammatory response for myocar-
dial disease and for anti-inflammatory drug screening.

Finally, the most recent study by our group examined
the effects of direct and indirect interaction with polarized
macrophage subsets on the function of mouse embryonic
stem cell-derived cardiomyocytes (mES-CM) in vitro
(Fig. 2D).28 This study demonstrated that both macrophage-
derived factors and direct coupling with macrophages affect
calcium-handling function of mES-CM. Specifically, it is
shown that macrophage-derived matricellular protein os-
teopontin plays a role in affecting mES-CM store-operated
calcium entry, a calcium-handling mechanism known to be
upregulated post-MI.

Interestingly, until recently, how surviving cardiomyo-
cytes might influence macrophages post-MI was largely
unexplored. Pallotta et al. found that human stem cell-
derived cardiomyocyte-conditioned media caused increased
migration of proinflammatory macrophage through BMP4
by using a three-dimensional (3D) inverted invasion assay
(Fig. 2E).29 However, as the differentiated cardiomyocytes
were *76% pure, contributions by other cell types, includ-
ing fibroblast and endothelial-like cells were not fully as-
sessed. Another study by Almeida et al. explored the role of
extracellular vesicles in crosstalk between cardiomyocytes
and macrophages.30 Cardiomyoblast cell line (H9c2) and
neonatal cardiomyocytes were cultured under both normal
and ischemic conditions and EVs were collected from their
media. H9c2-derived EVs promoted a proinflammatory phe-
notype in RAW264.7 macrophages with increased expres-
sion of inducible nitric oxide synthase (iNOS), IL-1b, and
IL-6 through activation of the map kinase pathway p38. This
was similar to the phenotype seen in tissue-resident cardiac
macrophages.31 Similar, but not identical, p38 activation
was seen in macrophages cultured in neonatal CM-derived
EVs, which caused upregulation of iNOS, IL-1b, IL-6,
IL-10, and TNFa (Fig. 2F). Interestingly, ischemia induced
increased adhesion of macrophages to ECM component fi-
bronectin, but reduced their phagocytic behavior and direct
interaction or adhesion to cardiomyocytes.30 Additionally,
EVs isolated from human serum of both healthy and MI
patients induced changes in macrophage phenotype, how-
ever, contamination of EV samples with other plasma
components prevented further exploration of human EV-
specific effects. This study underlines the importance of
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understanding how macrophage phenotype is affected by
cardiomyocytes post-MI and how it mediates cardiac repair.

Interaction of Macrophages with Endothelial Cells

The vascular network, composed of endothelial cells (ECs),
is estimated to be within 2–3 mm of any cardiomyocytes in
the heart,32,33 with ECs being the most abundant nonmyo-
cyte cell type in the myocardium.34 Complex paracrine in-
teractions between ECs and cardiomyocytes are important in
both the healthy and diseased tissue.32,33 They play a crucial
role in inflammation and are the first cell type to recognize
and respond to injury and infection in many cases.35 Post-
MI, ECs become activated by binding damage-associated
molecular patterns (DAMPs) that are released from necrotic
cardiomyocytes through toll-like receptors (TLRs).17,36

Activated ECs respond to injury by producing ROS and pro-

inflammatory cytokines, such as monocyte chemoattractant-1
(MCP-1), which initiate monocyte and macrophage infil-
tration to the infarct.37 Additionally, activated ECs begin to
express numerous adhesion proteins such as p-selectins,
which help inflammatory cells like leukocytes bind to the
vascular walls, and enter the tissue as the tight junctions
between ECs loosen and the endothelium permeability
changes in response to inflammation.17,35

Once the initial proinflammatory monocytes and macro-
phages have infiltrated the tissue, they begin to secrete
proteases and cytokines, such as MMP9 and TNF-a, while
removing dead cells and debris.38,39 Macrophages regulate
angiogenesis by breaking down the ECM and basement
membrane to allow proliferating ECs to form sprouts. After a
few days, when the phenotype of macrophage shifts from
proinflammatory to anti-inflammatory, prohealing phenotype,
macrophages begin to express and secrete proangiogenic

FIG. 2. Schematics of in vitro studies demonstrating the interaction between cardiomyocytes and macrophages: (A)
Demonstration of macrophages activated by FNf-protecting cardiomyocytes from apoptosis through the secretion of TNF-a,
FGF-1, IGF-1, and LIF.25 (B) Demonstration of both hypoxia and IFNg treatment inducing the expression of CB2 receptor
in cardiomyocytes and macrophages and that CB2 receptor could play a critical role in the survival of cardiomyocytes post-
MI.26 (C) Potential use of microfluidic coculture device for real-time monitoring of interaction of macrophages and cardiac
cells.27 (D) Demonstration of both macrophage-derived factors, specifically matricellular protein OPN and direct coupling
with macrophages affect calcium-handling function of cardiomyocytes.28 (E) Demonstration of cardiomyocyte-conditioned
media causing increased migration of proinflammatory macrophage through BMP4.29 (F) EVs derived from cardiomyocytes
promoted a proinflammatory phenotype in macrophages with increased expression of iNOS, IL-1b, IL-6, TNF-a, and IL-10
through activation of the map kinase pathway p38.30 CB2, cannabinoid receptor 2; EVs, extracellular vesicles; FGF-1,
fibroblast growth factor-1; FNf, fibronectin fragments; IFNg, interferon-gamma; IGF-1, insulin-like growth factor 1; iNOS,
inducible nitric oxide synthase; LIF, leukemia inhibiting factor; LPS, lipopolysaccharides; OPN, osteopontin; TNF-a, tumor
necrosis factor-a.
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factors, such as vascular endothelial growth factor (VEGF)
and tissue inhibitor of metalloproteinase 1 (TIMP-1), which
inhibit MMP action and promote tissue remodeling and scar
formation.37,39

Since it is difficult to fully understand interaction of
macrophages and ECs from complex in vivo studies, several
groups have utilized in vitro models to more closely inves-
tigate the effect of inflammation on angiogenesis (Fig. 3).
Tattersall et al. found that bone marrow-derived macropha-
ges are proangiogenic by using a bead capillary sprouting
assay.40 The presence of macrophages increased the number
of human umbilical vein endothelial cells (HUVECs) as well
as the length of HUVEC sprouts when in coculture for up to
6 days. Polarization of macrophages into a proinflammatory
phenotype enhanced these ‘‘angiotrophic’’ effects through
Notch signaling. Notch signaling is responsible for a myriad
of physiological processes and allows neighboring cells to
communicate with one another. Specifically, Jagged1, a cell
surface ligand that interacts with numerous Notch receptors,
was essential for EC sprouting. Additionally, the addition of
pericytes enhanced EC sprouting through Notch1 signaling
suggesting that support cells also play a significant role in
wound healing. Further studies are necessary to explore the
effects of inflammation on the supporting cells.

Butoi et al. used transwell culture setup to explore how
macrophages affect not only ECs, but also smooth muscle
cells (SMCs), which serve as support cells for vascular
networks and angiogenesis.41 Coculture of macrophages and
SMCs depressed SMC expression of ECM proteins such
as collagen type I. Inversely, the expression of VEGF and
MMP was significantly increased in both cell types when in

coculture for up to 3 days. Furthermore, conditioned media
from the coculture induced EC sprouting and tube formation
when cultured in Matrigel, demonstrating a proangiogenic
milieu of factors. This study suggests that macrophage-SMC
crosstalk may play a crucial role in the regulation of an-
giogenesis and ECM deposition post-MI.

Extended from their previous study demonstrating the
effects of inflammatory macrophage-derived BMPs on stem
cell-derived cardiomyocytes two dimensionally (2D),29

Pallotta et al. recently explored the effects of BMPs on
cardiomyocytes using a 3D in vitro model.42 Enhanced ex-
pression of cardiac markers by human embryonic stem cell
(ESC)-derived cardiomyocytes was examined when cultured in
a 3D collagen tissue preconditioned with BMPs. Additionally,
BMP retention in the tissue fostered HUVEC sprouting and tube
formation, suggesting that BMP-loaded scaffolds or therapies
may not only enhance cardiac differentiation of stem cell
sources but also enhance in vitro angiogenesis post-MI. Future
studies may include a combination of cardiomyocytes, ECs, and
support cells, such as pericytes and SMCs, which would mimic
more closely the complex in vivo tissue composition.

Interaction of Macrophages with Fibroblasts
and Myofibroblasts

Cardiac fibroblasts are key to the physiological structure
and function of the heart as they form a 3D network between
cells and tissue layers and are involved in electrical sig-
naling. While cardiac fibroblasts have long been considered
to be the most abundant cell type in the myocardium, recent
findings suggest that fibroblasts make up only about 15% of

FIG. 3. A schematic
summary of studies demon-
strating the crosstalk
between macrophages and
other cardiac cells. The
presence of macrophages
enhanced proliferation and
sprouting of endothelial cells
through Notch1 signaling.40

Coculture of macrophages
and SMCs depressed SMC
expression of collagen
type I, whereas upregulating
VEGF and MMP expression,
suggesting the role of
macrophage-SMC crosstalk
in regulation of angiogene-
sis.41 Inflammatory
macrophage-derived BMPs
enhanced the expression of
cardiac markers in cardio-
myocytes and BMP retention
in the tissue fostered endo-
thelial cell sprouting and
tube formation.42 SMC,
smooth muscle cell; VEGF,
vascular endothelial growth
factor.
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nonmyocytes in the heart.34 After the initial inflammation
phase post-MI, cardiac fibroblasts become activated into
cardiac myofibroblasts, which rapidly proliferate and mi-
grate into the necrotic myocardium to synthesize the ECM
and initiate the remodeling process.43–45

It has been demonstrated that fibroblasts are activated by
DAMPs released by necrotic cardiomyocytes post-MI.46,47

Additionally, fibroblasts express proinflammatory cytokines,
MMPs, and break down the ECM.17,18 Nakaya et al. re-
cently demonstrated that cardiac myofibroblasts phagocy-
tize apoptotic cardiomyocytes through milk fat globule/
epidermal growth factor 8 (MGF-E8). Following MGF-E8-
mediated engulfment of apoptotic cells, myofibroblast
transition from a pro- to an anti-inflammatory phenotype48

contributing to collagen synthesis, healing, and scar for-
mation.17 This transition mirrors the shift of macrophages
from proinflammatory to anti-inflammatory phenotype, sug-
gesting that continuous and intricate communication be-
tween fibroblasts and macrophages exist in the post-MI
microenvironment.

One of the key factors implicated in the crosstalk between
fibroblasts and macrophages is TGF-b. TGF-b is a multi-
functional protein known to have three isoforms present
mostly in the latent form. It can be activated by a number of
agonists, including ROS, MMPs, and other cytokines and is
also involved in numerous mitogen-activated protein kinase
pathways. Macrophages and fibroblasts are both the main
sources and effectors of TGF-b post-MI.1,18,49,50 TGF-b is
known to have both pro- and anti-inflammatory effects on
macrophages by contributing to monocyte recruitment and
activation, as well as suppression of proinflammatory mac-
rophage phenotype. TGF-b is also known to promote myo-
fibroblast differentiation, ECM deposition, and inhibition of
MMPs through induction of TIMP expression.1,49–51 With
its complex role in post-MI, it is difficult to study TGF-b
signaling in vivo due to knockout fatality.50

A recent in vitro study examined myofibroblast/
macrophage crosstalk through conditioned media experi-
ments.52 Murine dermal myofibroblast-conditioned media
enhanced the expression of markers, such as ARG1 and
YM1, as well as secretion of IL-10 in anti-inflammatory
bone marrow-derived macrophages, through IL-6 and
COX-2 (Fig. 4A). Myofibroblast-derived IL-6 and PGD2
increased ARG1 activity and expression, whereas LPS in-
duced IL-10 production. Conditioned media from macro-
phages, which were cultured in myofibroblast conditioned
media with IL-4 and IL-13, resulted in reduced fibroblast
migration and COX-2, PGE2, and PGD2 expression.52 This
study demonstrates that the feedback communication be-
tween fibroblasts and macrophages can directly promote
wound healing and tissue repair.

Recent studies have also implicated the expression of
TGF-b with the development of fibrosis. Alvarez et al. ex-
plored the relationship between macrophages and fibroblasts
in association with congenital heart block. It was demon-
strated that conditioned media from human macrophages
activated by immune complexes induced human fetal
cardiac fibroblasts to secrete TGF-b in an endothelin-1-
dependent manner through toll-like receptor 7 (TLR7)
leading to a fibrosing phenotype (Fig. 4B).53 This study
supports the role of endothelin-1 in profibrotic responses in
linking TLR7 inflammatory signaling. In another study, Ma

et al. explored the role of TGF-b in hypertensive cardiac
fibrosis. They demonstrated that in vitro coculture with pri-
mary peritoneal mouse macrophages increased the expres-
sion of a-SMA and collagen type I and production of TGF-b
in neonatal mouse cardiac fibroblasts through IL-6 signaling
(Fig. 4C).54 In the skin injury model, myeloid cell-specific
STAT3 signaling has been found to be associated with
TGF-b expression in macrophages and fibroblasts.55 Spe-
cifically, IL-10 decreased both macrophage and fibroblast-
derived TGF-b expression in a STAT3-dependent manner.
This study highlights the protective role of STAT3 signaling
in immune cell-mediated skin fibrosis demonstrating a link
between STAT3 signaling and TGF-b. However, whether
similar relationship between STAT3 signaling and TGF-b
expression is found in post-MI microenvironment awaits
further investigations.

IL-1b, a protein known to be associated with TGF-b, is
secreted by macrophages. It inhibits the conversion of fibro-
blasts to myofibroblasts until the proinflammatory micro-
environment is cleared and new ECM can be deposited.16,18

Mitchell et al. used a modified Boyden chamber to examine
the role of proinflammatory cytokines on migration of neo-
natal rat cardiac fibroblasts in vitro.56 They demonstrated
that macrophage-secreted IL-1b induced significant increase
in the migration of cardiac fibroblasts (Fig. 4C). Similar to
IL-1b, TNF-a is also secreted by inflammatory macrophages
and is involved in the migratory phenotype and function
of fibroblasts postinjury. This study suggests that further
elucidation of mechanisms that control cardiac fibroblast
migration can potentially aid in developing therapies for
physiological remodeling.

Siwik et al. demonstrated that TNF-a reduces collagen
synthesis and increases MMP production in both neonatal
and adult rat cardiac fibroblasts in vitro (Fig. 4C).57 In ad-
dition, Sun et al. utilized a knockout mouse model to
demonstrate that TNF-a induced proliferation of cardiac
fibroblasts, collagen degradation, MMP activity, and inflam-
matory cytokine production.58 Excessive TNF-a was also
associated with left ventricular dysfunction and rupture, fur-
ther demonstrating the importance of a better understanding
of the detailed and complex interactions between macro-
phages and fibroblasts.

Other proteins secreted by macrophages after myocardial
injury include platelet-derived growth factor (PDGF) and
high mobility box 1 protein (HMGB1) (Fig. 4C). PDGF is
a chemoattractant for fibroblasts59 and HMGB1-induced
chemokine releases in cardiac fibroblasts through the recep-
tor RAGE, which regulates wound healing and scar for-
mation.60 Anti-inflammatory macrophages secrete arginase,
which ultimately metabolizes to proline, a major component
of collagen synthesis by fibroblasts and myofibroblasts.61

Relm-a, which controls LH-2-mediated fibrotic collagen
crosslinking is also secreted by anti-inflammatory macro-
phages.62 Macrophages are also shown to promote apoptosis
of fibroblasts and myofibroblasts, however, details regarding
that relationship are not fully understood.63,64 A more recent
in vitro study demonstrated the importance of understanding
how the temporal shift in macrophage phenotype affects
fibroblast phenotype; with proinflammatory macrophage-
conditioned media promoting proinflammatory gene expression
in fibroblasts and anti-inflammatory macrophage-conditioned
media-induced fibroblast proliferation. Additionally, fibroblasts

480 HITSCHERICH AND LEE



first cultured with proinflammatory macrophages and then
anti-inflammatory macrophages demonstrated decreased
expression of inflammatory markers and increased collagen
secretion,65 demonstrating plasticity of fibroblast pheno-
type. This further reveals the complexity of interactions
between macrophages and fibroblasts and further studies are
needed to fully understand the inflammatory microenviron-
ment post-MI.

Sources of Macrophages

Various sources of macrophages, including immortalized
cell lines, primary cells and pluripotent stem cell-derived
cells have been considered and utilized thus far (Table 1).
While each cell source exhibits its own list of benefits and
limitations, all sources have been successfully used in
macrophage biology. One of the most commonly used im-
mortalized cell line is RAW264.7, a monocyte/macrophage-
like cell line derived from Abelson leukemia-infected
BALB/c mice.66–68 These cells are relatively easy to culture
and have a highly stable proliferative capacity. RAW264.7

cells can also be polarized into different macrophage phe-
notypes by using cytokines, such as LPS or IL-4.66 Simi-
larly, THP-1, a human monocytic leukemia cell line69–71

and U937, a human promonocytic myeloid leukemia cell
line, have also been widely used.72,73 THP-1 cells are easily
cultured, adherent cells that can be easily differentiated

Table 1. Summary of Various Sources

of Macrophages Commonly Used

Cell type References

Cell line RAW264.7 (mouse) 66–68

THP-1 (human) 69–71

U937 (human) 72,73

Primary Peripheral blood 74–76

Bone marrow derived 77,78

Pluripotent stem
cell derived

mESC 81–83

hESC 84,85

hiPSC 86–88

hESC, human embryonic stem cell; hiPSC, human induced
pluripotent stem cell; mESC, mouse embryonic stem cell.

FIG. 4. Schematics of in vitro studies demonstrating the interaction between macrophages and cardiac fibroblasts/
myofibroblasts: (A) Bidirectional crosstalk through IL-6, PGE2, and PGD2 between myofibroblasts and macrophages
enhanced anti-inflammatory phenotype in both cells.52 (B) Macrophages activated by immune complexes induced cardiac
fibroblasts to secrete TGF-b in an endothelin-1-dependent manner through TLR7 leading to a fibrosing phenotype.56 (C)
Macrophage-secreted IL-1b induced significant increase in migration of cardiac fibroblasts.56 Macrophages increased
expression of a-SMA and collagen type I and production of TGF-b in cardiac fibroblasts through IL-6 signaling.57

Macrophage-induced TNF-a enhances proliferation of cardiac fibroblasts, collagen degradation, MMP activity, and in-
flammatory cytokine production.58 PDGF, platelet-derived growth factor; TLR7, toll-like receptor 7.
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into macrophages through phorbol-12-myristate-13-acetate
(PMA) and further polarized into different phenotypes.
U937 cells possess a theoretically unlimited proliferative
capacity and can be differentiated into macrophages. One of
the benefits of these cell lines is less variability among
batches as they have relatively homogenous genetic back-
grounds. However, they are immortalized cells derived from
malignant background and they still need to be fully char-
acterized to determine whether they possess all the native
features of primary cells.72

Primary cells, including peripheral blood-derived mac-
rophages, are also widely used in the field of inflammation
research. While these cells are relatively easy to isolate, it is
difficult to obtain consistent and high yields from patients.
In addition, tissue-specific phenotype is not well represented
in peripheral blood macrophages.74–76 Alternatively, bone
marrow-derived macrophages are another commonly used
primary cell source, although it requires more complex
isolation technique.77,78 They exhibit more expansive pro-
liferative capacity in vitro, however, there is some debate
regarding the reproducibility of the expansion technique as
it has been found that cell density may not only affect cell
surface marker expression but also functional aspects.77,79,80

Most recently, studies have demonstrated the use of
pluripotent stem cells in deriving monocytes and macro-
phages. Several groups have demonstrated successful dif-
ferentiation of macrophages from ESC.81,82 Dreymueller
et al. showed that murine ESC-derived macrophages ex-
hibited a more anti-inflammatory or M2 phenotype com-
pared with bone marrow-derived macrophages. Despite their
anti-inflammatory phenotype, these cells delayed the heal-
ing of deep skin wound.83 Similarly, Haideri et al. derived
murine ESC macrophages and found their phenotype to be
different from bone marrow-derived macrophages through
reduced phagocytic function as well as reduced response to
LPS and enhanced response to IL-4. However, when used
in a liver fibrosis model, ESC macrophages significantly
reduced hepatic fibrosis by downregulating myofibroblasts
and activated liver progenitors, showcasing their potential
therapeutic capacity.84 Anderson et al. demonstrated that
human ESC-derived CD34 hematopoietic progenitor cells
can be differentiated into macrophages following colony
formation and treatment with GM-CSF and M-CSF.85 The
resulting cells expressed characteristic macrophage cell
surface markers, exhibited phagocytic function and cytokine
secretion.85

Most recently, Cao et al. developed an efficient protocol
to obtain induced pluripotent stem cell (iPSC)-derived
macrophages.86 They performed a thorough characterization
demonstrating that iPSC-derived macrophages exhibit sim-
ilar gene expression profiles to peripheral blood macro-
phages, including CD68, and similar cell surface marker
expression, including CD11b, CD18, and CD45. Addition-
ally, iPSC-derived macrophages were successfully polarized
into both M1 and M2 phenotype, similar to peripheral
blood-derived macrophages, expressing classical pro and
anti-inflammatory markers, respectively. These cells also
expressed typical endocytic, phagocytic, and efferocytotic
function.86 Mucci et al. described a robust protocol for the
generation of murine iPSC-derived macrophages and ex-
plored an option for using these macrophages as a tool for
disease modeling of hereditary pulmonary alveolar protei-

nosis.87 Additionally, iPSC-derived macrophages can be
used to more easily obtain quiescent macrophages on a large
scale, yet consistent as is needed for the study of certain
pathogens such as Salmonella, which infect macrophages.88

As described by these studies, iPSC-derived macrophages
offer a unique advantage in disease-specific modeling,
providing a platform for developing advanced therapeutic
approaches. Moreover, iPSC-derived macrophages with
high proliferative capacity to allow for an abundant supply
for experimentation would be beneficial. Further identifi-
cation and analysis of specific macrophage populations
by taking into account for heterogeneity and variation in
macrophage phenotype will facilitate our understanding of
the phenotype regulations and novel signaling pathways for
therapeutic applications.

Conclusion and Future Directions

Despite recent progress in efforts to better understand the
post-MI microenvironment, there remains much unknown
details surrounding cardiac cell crosstalk and their ultimate
effects on cardiac healing and function. To date, only a
limited number of studies examined any phenotypic or
functional changes in cardiomyocytes in evaluating the ef-
fect of coculture with macrophages or macrophage-derived
factors. Further investigation examining the changes in
cardiomyocyte function in response to subsets of polarized
macrophage would provide useful information. Addition-
ally, more studies using human primary or stem cell-derived
cell types instead of murine cell type to investigate the effect
of direct interaction between cells would be critical for
clinical translation. While previous studies focused more on
the initial proinflammatory response using proinflammatory
macrophages, further studies are needed using macrophages
of other phenotypes, as there are more emerging evidence
suggesting the wide phenotypic spectrum of macrophages.22

The results from these studies can provide insights into the
optimal timing of clinical interventions and therapies.

With the dynamic nature of the heart, it is difficult to
directly assess the interaction of cardiomyocytes with neigh-
boring or infiltrating cell types and their true healing po-
tential in vivo. Standard cell culture techniques do not
provide a realistic environment in which functional out-
comes of a given intervention can be evaluated. Animal
models often involve such a complex combination of fac-
tors that it is difficult to interpret the outcomes. To bridge
this critical missing link in the available experimental
methods, which typically leap from cell cultures in a Petri
dish to experimental animal models of heart disease to
clinical trials, in vitro models are required.

However, an alternative to existing models that focus
almost exclusively on mimicking the healthy cardiac mi-
croenvironment with the goal of providing a living surgical
replacement, there is a growing need for in vitro diseased
experimental models to study heart failure. While there are
multiple ways to generate disease models ranging from
simple 2D cultures to organ-on-chip models, organoids, and
complex 3D cocultures, an appropriate model should be
selected based on the purpose of the study and the questions
being asked. Advanced 3D tissue models allowing indepen-
dent control of cell and extracellular components can serve
as a powerful tool to simulate cell interactions in 3D tissues
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to directly evaluate function and interaction of cell and
tissue during reparative process post-MI. Moreover, in vitro
diseased tissue model mimicking the multiphase post-MI
condition with multiple cell types rather than cocultures can
better recapitulate tissue-level pathophysiology. Detailed
and mechanistic studies on the interaction of various cell
types and the microenvironment during multiple phases of
post-MI repair will lead to a better understanding of im-
portant factors needed to develop therapies for cardiovas-
cular diseases. A 3D diseased tissue model or organoids can
also serve as a platform for efficiently screening candidate
therapeutic strategies provided, and they reproduce key as-
pects of natural cardiac tissue function. Taken together,
in vitro models and studies provide a reliable platform to
gain insights into otherwise complex interactions and these
findings can be validated in in vivo animal models for com-
plete understanding of macrophage and cardiac cell signal-
ing in the post-MI environment.
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