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ABSTRACT: Myocardial infarction (MI) is the most common cause of cardiac injury, and subsequent reperfusion further enhances the activation of
innate and adaptive immune responses and cell death programs. Therefore, inflammation and inflammatory cell infiltration are the hallmarks of MI and
reperfusion injury. Ischemic cardiac injury activates the innate immune response via toll-like receptors and upregulates chemokine and cytokine expres-
sions in the infarcted heart. The recruitment of inflammatory cells is a dynamic and superbly orchestrated process. Sequential infiltration of the injured
myocardium with neutrophils, monocytes and their descendant macrophages, dendritic cells, and lymphocytes contributes to the initiation and resolution
of inflammation, infarct healing, angiogenesis, and ventricular remodeling. Both detrimental effects and a beneficial role in the pathophysiology of MI and

reperfusion injury may be attributed to the subset heterogeneity and functional diversity of these inflammatory cells.
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Introduction

Myocardial infarction (MI), and subsequent reperfusion
injury, is the most common and clinically significant form
of acute cardiac injury and results in the ischemic death of
cardiomyocytes.> Among the pathological mechanisms
underlying myocardial ischemia/reperfusion (MI/R) injury,
inflammation and inflammatory cell infiltration, together
with the activation of innate and adaptive immune responses,
are the hallmark of MI and reperfusion injury.®*

Ischemic cardiac injury activates the innate immune
response via toll-like receptor (TLR)-mediated pathways
and upregulates the chemokine and cytokine syntheses in the
infarcted heart. TLRs, which are expressed by inflammatory
cells and also on endothelial cells and cardiomyocytes, can
recognize endogenous danger signals released during cell death
following myocardial ischemia and reperfusion.>® A growing
body of evidence suggests that modulating TLR activation
may enhance the benefits and blunt the negative effects of the
inflammatory response, providing new therapeutic options for
preventing MI/R injury.® Chemokines stimulate the chemot-
actic recruitment of inflammatory cells into the infarct.
One of the well-studied CC chemokines, CC chemokine
ligand 2 (CCL2), is a potent chemoattractant for mono-
cytes, macrophages, T cells, and NK cells; CC chemokine

receptor 2 (CCR2), the receptor for CCL2, is mainly expressed
by monocytes and macrophages. The CCL2/CCR2 signaling
pathway has been implicated in postischemic inflammatory
response, and pharmacological inhibition or genetic targeting
of the CCL2/CCR2 pathway might represent an attractive
approach to blunt excessive inflammation and prevent detri-
mental ventricular remodeling.”? Various cytokines promote
adhesive interactions between leukocytes and endothelial
cells, resulting in the transmigration of inflammatory cells
into the site of injury.

The recruitment of inflammatory cells is a dynamic and
superbly orchestrated process comprising sequential infiltra-
tion of the injured myocardium with neutrophils, mononuclear
cells, dendritic cells (DCs), and lymphocytes.®*13 Neutrophils
migrate into the infarcted myocardium during the first hours
after the onset of ischemia and peak after one day.! There-
after, monocytes and their descendant macrophages dominate
the cellular infiltration and release inflammatory mediators,
reactive oxygen species, and proteolytic enzymes, contributing
to the initiation and resolution of inflammation, phagocyto-
sis, proteolysis, angiogenesis, infarct healing, and ventricular
remodeling."3* Meanwhile, DCs and T lymphocytes are
recruited into the injured myocardium, contributing to wound
healing and ventricular remodeling.”'” Both detrimental
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effects and the beneficial role of these inflammatory cells have
been documented in the pathophysiology of MI and reper-
fusion injury, and the diverse and seemingly conflicting roles
may be attributable to the subset heterogeneity and functional
diversity of the inflammatory cells.>*

Inflammation in MI and Reperfusion Injury

MI/R triggers a complex inflammatory reaction accompanied
by cytokine release and inflammatory leukocyte infiltration into
the endangered myocardial region.!**!% Although the inflam-
matory response and cytokine elaboration after MI/R are inte-
gral to the healing process and contribute to left ventricular
(LV) remodeling, excessive inflammatory responses after MI/R
injury are detrimental for cell survival and extracellular matrix
integrity via an enhanced activation of proapoptotic signaling
pathways, with subsequent poor clinical outcome.>!??0 These
findings suggest that an inflammatory reaction is essential for
the healing process, and thus, no effective therapeutic strategy
against inflammation has been established.*

It has been widely accepted that myocardial infarct heal-
ing and post-MI remodeling are processes in which leuko-
cytes, cytokines, and chemokines play both a beneficial role
and a detrimental role.>*20 Recent studies have demonstrated
that recruited monocytes/macrophages persist for days in the
infarct zone and contribute to inflammation, phagocytosis,
proteolysis, angiogenesis, and collagen deposition. Reduced
macrophage infiltration resulted in decreased inflammation,
diminished interstitial fibrosis, and attenuated LV remodeling
and dysfunction. On the other hand, macrophage participation
is integral to wound healing and tissue repair after MI.342
As shown in Figure 1, these diverse and seemingly contrast-
ing functions might be attributed to macrophage heterogene-
ity, which is characterized by differential activation, distinct
phenotypes, and diverse functions. Hence, the challenge lies
in ameliorating the detrimental inflammatory response while
not affecting the tissue repair response.

Inflammation Wound repair

Anti-inflammatory

Pro-inflammatory cytokines

cytokines

Proteolysis Phagocytosis

Ly-6C"s" monocytes

M1 macrophages Angiogenesis

Interstitial fibrosis
CD4* T cells

ECM destruction ECM reconstruction

Figure 1. Diverse roles of inflammation and inflammatory cells in the
pathophysiology of Ml and reperfusion injury. Inflammation is not only
involved in reperfusion injury and postinfarction remodeling but is also
integral to wound healing and tissue repair after MI. Inflammatory cell
subsets and function heterogeneity account for both the detrimental and
beneficial roles of monocytes/macrophages, DCs, and lymphocytes in
the pathophysiology of reperfusion injury and infarct healing.

Innate Immune System in MI and Reperfusion
Injury

'The innate immune system is activated after various forms of
tissue injury and triggers immune responses in the host.?? The
role of innate immune responses in cardiac ischemic injury
and tissue repair has been shown to be more pivotal than first
thought. The innate immune system contributes importantly
to the progression of myocarditis and the remodeling process
after MI.232° Our understanding of the pathogenesis of MI/R
injury became much clearer with the discovery of TLRs.
TLRs are expressed by leukocytes and recognize pathogen-
associated molecular patterns and endogenous danger signals
released during cell death.?? TLRs are also expressed in cells
with no direct role in host innate immune responses, such as
endothelial cells and cardiomyocytes.?® On activation, TLRs
exert their inflammatory response through nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB)
translocation to the nucleus.>*?” Thus, TLRs hold great prom-
ise as a therapeutic target within the innate immune system,
for cardiac ischemia and other conditions, without affecting
host defense or proper scar formation after infarction.

Modulating TLR activation may enhance the benefits,
blunt the negative effects of the inflammatory response, and
provide new therapeutic options after MI/R injury. This con-
cept is supported by observations in TLR knockout mice.?8!
TLR4-deficient mice sustained smaller infarctions and exhib-
ited less inflammation after MI/R injury.?® Ex vivo experi-
ments showed that TLR27~ hearts performed better than
wild-type hearts after MI/R injury,?’ and TLR2~~ mice were
protected against endothelial dysfunction after MI/R injury.3
Circulating TLR2 was also demonstrated to mediate MI/R
injury. Administration of a TLR2 antagonist just five minutes
before reperfusion reduced infarct size and improved cardiac
performance and geometry. Furthermore, antagonizing TLR2
reduced inflammation and cell death after infarction.3! Thus,
TLR2 has been established as a new therapeutic target for the
treatment of acute ischemic and reperfusion injury, even when
it is initiated in the late ischemic period.

In the setting of MI, deficient TLR2 or TLR4 signal-
ing in mice prevented adverse cardiac remodeling, resulting
in preserved cardiac function and geometry after MI.243
In addition to TLR signaling, activation of the innate immune
system through interleukin-1 receptor-associated kinase 4
(IRAK-4) signaling was important for bone marrow-derived
DC mobilization and maturation, contributing to post-MI
mortality and adverse remodeling. In IRAK-4 knockout mice,
attenuation of toll/interleukin-1 receptor signaling resulted in
lower expression of cytokines and decreased inflammation
through blunted innate immune response.!®

As the cause of inappropriate activation of the inflamma-
tory response after MI, an autoimmune reaction is a possible
mechanism of unnecessary inflammatory reactions induced
secondary to myocardial injury.3>34 It has been demonstrated
that cardiac myosin acts as an endogenous ligand for TLR2

80 l CLINICAL MEDICINE INSIGHTS: CARDIOLOGY 2016:10


http://www.la-press.com
http://www.la-press.com/journal-clinical-medicine-insights-cardiology-j48

2,

Inflammatory cells in myocardial infarction and reperfusion injury

and TLRS8,* and the presence of autoimmunity to cardiac
myosin and troponin is associated with an adverse clinical
outcome after M1.343637 Additionally, lymphocytes obtained
from the spleen of rats that have suffered MI can injure normal
cardiomyocytes,* and heart failure was induced by adoptive
transfer of splenic lymphocytes from rats after MI.33 Further-
more, mice preimmunized with murine cardiac troponin I dis-
played greater infarct size, increased more significant fibrosis,
higher inflammation score, and more cardiac dysfunction after
MI.% These findings indicate that myocardial damage results
in the release of not only endogenous ligands of TLRs but also
self-antigens. Taken together, autoimmune responses against
myocardial antigens may contribute to secondary myocardial
injury after MI and may be a new mechanism of maladaptive

LV remodeling after M1.

CCL2/CCR2 Signaling in MI and Reperfusion
Injury

Chemokine expression is a prominent feature of the postin-
farction inflammatory response, and as an essential player in
inflammatory leukocyte trafficking, chemokines are involved
in I/R injury, myocardial healing, infarct angiogenesis, and
scar formation after MIL.3° In addition, chemokines exert
important effects on nonhematopoietic cells, such as endothe-
lial cells, smooth muscle, and fibroblasts, and may modulate

fibrous tissue deposition and wound angiogenesis.*’

One of the extensively studied CC chemokines, CCL2,
which was originally named monocyte chemoattractant 1, is
a potent chemoattractant for monocytes, T cells, and NK cells
and has been implicated in a wide variety of diseases char-
acterized by monocyte-rich leukocyte infiltrates.*® CCL2
upregulation has been observed in murine, rat, and canine
models of MI/R.”* In the canine model of reperfused infarc-
tion, induction of CCL2 mRNA occurred only in ischemic
segments within the first hour of reperfusion, peaked at three
hours, and was localized by immunostaining on the venular
endothelium.” CCL2 mRNA levels were increased by 40-fold
in the noninfarcted LV one day after left coronary artery
ligation, and increased levels persisted for 28 days.” CCL2
expression was also increased in both experimental and clini-
cal heart failures.*>*} Enhanced myocardial CCL2 expression
contributed to reperfusion injury, infarct healing, and ven-
tricular remodeling through the following two mechanisms:
CCL2-induced infiltration and activation of inflammatory
cells, such as monocytes/macrophages and lymphocytes,”*1%:3
and CCL2-induced transcription factor causing cardiac cell
death and ventricular dysfunction.** CCL2 also promotes the
induction of other cytokines, matrix metalloproteinase, and
transforming growth factor-f3 through an autocrine/paracrine

mechanism,*0:4>:46

thus modulating fibrous tissue deposition
and wound healing.

Given the essential effects of CCL2 signaling on dif-
ferent cell types involved in the postischemia inflammatory

response, the pharmacological inhibition or genetic targeting

of CCL2/CCR2 signaling might represent an attractive
approach to blunt excessive inflammation and decrease
monocyte/macrophage infiltration, thereby promoting infarct
healing and preventing detrimental ventricular remodeling. In
agreement with this concept is the fact that CCL2-deficient
mice display a decreased and delayed macrophage infiltration
and myofibroblast accumulation associated with a dimin-
ished interstitial fibrosis, improvement of LV dysfunction and
regional hypocontractility after MI/R.%!° Similarly, adminis-
tering a CCL2 competitor reduced inflammatory monocyte
recruitment, limited neointimal hyperplasia, and attenuated
MI/R injury in mice.!? Moreover, anti-CCL2 gene therapy
improved the post-MI survival rate, which was associated
with a decreased macrophage recruitment and an attenuated
contractile dysfunction, interstitial fibrosis, and LV cavity
dilatation.” Genetic deletion of CCR2 resulted in a decreased
macrophage infiltration and a reduced TNF-o and matrix
metalloproteinase expressions, which might contribute to the
attenuation of LV remodeling after MI.® Nahrendorf et al
showed that pretreatment of mice for three days with a lipid
nanoparticle that encapsulated a short interfering RNA tar-
geting CCR2 prior to the induction of MI/R injury resulted
in reduced numbers of monocytes and macrophages in the
heart and reduced the infarct size by 34%.1

Monocytes/Macrophages in Infarct Healing and
Reperfusion Injury
The recruitment of inflammatory cells is a dynamic, well-
organized process with sequential infiltration of the injured
myocardium with neutrophils, mononuclear cells, DCs, and
lymphocytes.>*20 A growing number of studies have demon-
strated that recruited monocytes/macrophages persist for days
in the infarct zone and contribute to inflammation, phagocy-
tosis, proteolysis, angiogenesis, collagen deposition, and ven-
tricular remodeling in the setting of myocardial reperfusion
injury and postinfarction healing.”1%1%2%47-49 On one hand,
excessive and prolonged infiltration of inflammatory mac-
rophages into the infarct myocardium is harmful, contributing
to excessive inflammatory response, tissue destruction, inter-
stitial fibrosis, cardiac dysfunction, and adverse ventricular
remodeling.” 1% On the other hand, a controlled recruitment
of macrophages is essential to wound healing and tissue repair
through phagocytosis of necrotic cells, facilitating angiogenesis
and extracellular matrix reconstruction in the ischemia-injured
myocardium and the infarct.*®*’ These diverse and seemingly
conflicting functions may be attributable to macrophage het-
erogeneity as characterized by differential activation, distinct
phenotypes (M1: classically activated macrophages and M2:
alternatively activated macrophages), and diverse functions,
both pathogenic and protective.”=2

The subset heterogeneity and function diversity also
hold true for the monocytes. As reported by Nahrendorf

1.14

et al.'¥, infarcted hearts modulate their chemokine expression

profile over time, and they sequentially and actively recruit
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Ly-6Cheh and Ly-6C'*" monocytes via CCR2 and CX3CR1,
respectively. Ly-6Chie® monocytes dominate early and exhibit
phagocytic, proteolytic, and inflammatory functions. Ly-6C'o™
monocytes dominate later. Ly-6C"&h monocytes digest dam-
aged tissue, whereas Ly-6C'*" monocytes promote healing
via myofibroblast accumulation, angiogenesis, and collagen
deposition.>*14Thus, a therapeutic strategy targeting CCR2*
monocyte/macrophage migration is a promising approach for
treating numerous inflammatory diseases without disrupting
inflammation resolution, which is associated with noninflam-
matory monocytes and alternatively activated macrophages.
Consistent with this concept, recent comprehensive analysis
of mouse cardiac macrophage subsets in a steady state and
during inflammation have revealed that proinflammatory
macrophages, which comprise half of all Ly-6C* monocytes
and MHCII"e? CD11cheh CCR2Meh macrophages, specifi-
cally express CCR2. This finding might explain why short
interfering RNA, targeting the CCR2 axis that blocks the
monocyte/macrophage lineage, was successful in preventing
the ischemic cardiac injury.!*

'The role of monocytes/macrophages in MI/R injury and
postinfarction healing is a double-edged sword, as illustrated
in Figure 1. Monocyte/macrophage recruitment is integral to
the infarct healing; on the other hand, an uncontrolled inflam-
matory cell infiltration may exacerbate reperfusion injury and
compromise the reparative functions mediated by these cells.
Thus, the challenge is how to ameliorate the detrimental
effects of proinflammatory monocytes/macrophages, while
sparing the beneficial roles of the reparative or regulatory
macrophages. The existence of monocyte/macrophage sub-
set heterogeneity and their biphasic recruitment in response
to ischemic injury provide a possible solution. A recent study
has demonstrated that knocking down interferon regula-
tory factor 5, which is a critical transcription factor favoring
M1 polarization, decreased infiltration of M1 and amelio-
rated inflammation following MI, thereby improving infarct
healing.** Additionally, nuclear receptor subfamily 4, group
a, member 1, was demonstrated to be essential to Ly-6Cl”
monocyte production. In the absence of nuclear receptor sub-
family 4, group a, member 1, Ly-6Chi&" monocytes expressed
increased levels of CCR2 on their surface, avidly infiltrated
the myocardium, and differentiated to proinflammatory mac-
rophages, resulting in defective healing and compromised
heart function.” These findings suggest that therapeutics tar-
geting distinct macrophage lineages by genetic manipulation
of polarity-determining genes may serve as new treatments for
cardiovascular diseases.

Stem cell therapy has been considered as the promis-
ing therapeutic in treating cardiovascular diseases, and
many preclinical studies and clinical trials reported benefi-
cial effects of stem cell therapy on infarct healing, although
the underlying mechanism remains poorly understood.
A recent study has provided an insightful explanation that
the cardioprotective effects of mesenchymal stromal cell

treatment might be attributed to the cross talk between
injected stem cells and macrophages.”® Mesenchymal stromal
cell treatment reshaped the macrophage response by favoring
M2 polarization, resulting in increased numbers of M2 and
changed cytokine profile of macrophages, thereby improving
postinfarction healing.>

DCs in MI and Reperfusion Injury

DCs and their precursors are considered sentinels of the
immune system, and they circulate through the blood and
nonlymphoid peripheral tissues, where they become resident
cells over time.”” After pathogen invasion or tissue injury,
DC precursors accumulate rapidly in the local infected or
injured tissues.”” As early as 1993, it was demonstrated
that DCs infiltrated the injured myocardium and partici-
pated in the activation of lymphocytes after MI.® How-
ever, both detrimental effects and beneficial or regulatory
roles of DCs in the postinfarction healing and remodeling
were observed.!>16:5% Tt has been demonstrated that G-CSF
improved early postinfarction LV remodeling through
decreased DCs’ infiltration and suppression of DC-medi-
ated immunity.* Bone marrow-derived DCs” mobilization,
mediated via IRAK-4 signaling, contributed to postinfarc-
tion myocardium apoptosis, Thl cytokine expression, and
interstitial fibrosis, leading to an increased mortality and
an adverse LV remodeling.’® By contrast, in transgenic
mice expressing diphtheria toxin receptor on DCs, which
allowed the investigator to specifically deplete DCs by
injecting diphtheria toxin, DCs were demonstrated to be a
potent immunoprotective regulator during the postinfarc-
tion healing process via control of monocyte/macrophage
homeostasis.!® In addition, DCs were suggested to regulate
the development of autoimmune heart failure through the
recognition of heart-specific peptides.®®

Lymphocytes in MI and Reperfusion Injury

In addition to neutrophils, monocytes/macrophages, and
DCs, lymphocytes are also present in the ischemic and rep-
erfused myocardia and the infarct. CD4* T lymphocytes
accumulate in the infarct zone early during reperfusion,
and the infarct-sparing effect of adenosine A,, receptor
activation is primarily due to inhibition of CD4* T cells’
infiltration and activation in the reperfused heart.! Hof-
mann et al.’’ demonstrated that CD4* T cells proliferated
in draining lymph nodes shortly after ischemic injury, and
CD4* T-cell-deficient mice displayed higher total numbers
of leukocytes and proinflammatory monocytes and increased
LV dilation as determined by serial echocardiography up
to day 56 after MI. Additionally, Foxp3* CD4" regulatory
T cells (Treg) contributed to inflammation resolution and
beneficially influenced infarct healing by modulating mono-
cyte/macrophage differentiation. Mechanistically, Treg cell
depletion was associated with M1-like polarization, charac-
terized by decreased expression of inflammation-resolving
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and healing-promoting factors. Therapeutic Treg cell activa-
tion induced an M2-like differentiation within the healing
myocardium, associated with myofibroblast activation and
increased expression of monocyte/macrophage-derived pro-
teins, fostering wound healing.%?

Apart from T lymphocytes, the interaction between
mature B lymphocytes and monocytes was also involved in
myocardial ischemic injury and maladaptive LV remodel-
ing. Mature B lymphocytes selectively produce CCL7 and
induce Ly6Chigh monocyte mobilization and recruitment to
the heart, leading to an enhanced tissue injury and dete-
rioration of myocardial function. Genetic or antibody-
mediated depletion of mature B lymphocytes impeded
CCLY7 production and monocyte mobilization, attenuated
myocardial injury, and improved cardiac function.®® Collec-
tively, these findings suggest that therapeutic modulation of
lymphocytes constitutes a new approach to improve infarct
healing post-MI.

Perspective

Postinfarction immunoinflammation, as characterized by
inflammatory cell infiltration and the activation of innate
and adaptive immune responses, is essential to cardiac injury
and repair. The inflammatory cascade may provide unique
opportunities for interventions aimed at reducing cardio-
myocyte injury while optimizing the healing response and
attenuating adverse remodeling. Timely resolution of the
inflammatory infiltrate and spatial containment of the
inflammatory and reparative response into the infarcted
area are essential for optimal infarct healing. For instance,
targeting proinflammatory leukocyte subsets, to dampen
detrimental inflammation while sparing the wound heal-
ing roles of the anti-inflammatory monocytes/macrophages,
may reduce cardiomyocyte injury and adverse remodeling.
Despite the challenges ahead, we are hopeful that new ther-
apies for myocardial ischemia and reperfusion will soon be
integrated into clinical practice.
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