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Abstract

Chemokines are a family of chemotactic cytokines that play an essential role in leukocyte
trafficking. Upregulation of both CC and CXC chemokines is a hallmark of the inflammatory and
reparative response following myocardial infarction. Release of danger signals from dying cells
and damaged extracellular matrix activates innate immune pathways that stimulate chemokine
synthesis. Cytokine- and chemokine-driven adhesive interactions between endothelial cells and
leukocytes mediate extravasation of immune cells into the infarct. CXC chemokines (such as
interleukin-8) are bound to glycosaminoglycans on the endothelial surface and activate captured
neutrophils, inducing expression of integrins. CC chemokines (such as monocyte chemoattractant
protein (MCP)-1) mediate recruitment of pro-inflammatory and phagocytotic mononuclear cells
into the infarct. CC Chemokines may also regulate late infiltration of the healing infarct with
inhibitory leukocytes that suppress inflammation and restrain the post-infarction immune
response. Non-hematopoietic cells are also targeted by chemokines; in healing infarcts, the CXC
chemokine Interferon-y inducible Protein (IP)-10 exerts antifibrotic actions, inhibiting fibroblast
migration. Another member of the CXC subfamily, Stromal cell-derived Factor (SDF)-1, may
protect the infarcted heart by activating pro-survival signaling in cardiomyocytes, while exerting
angiogenic actions through chemotaxis of endothelial progenitors. Several members of the
chemokine family may be promising therapeutic targets to attenuate adverse remodeling in
patients with myocardial infarction.

1. INTRODUCTION

1.1. The inflammatory response in cardiac repair

Complete cessation of blood flow due to occlusion of a coronary vessel results in
irreversible cardiomyocyte injury within 20-40 minutes of sustained severe ischemia [1].
The subendocardial myocardium is more susceptible to ischemic injury; as a result, severe
myocardial ischemia leads to a “wavefront” of necrosis that extends from the subendocardial
region to the subepicardium [2]. Because the adult mammalian heart has negligible
regenerative capacity, sudden necrosis of a large number of cardiomyocytes in myocardial
infarction activates a reparative response that ultimately leads to replacement of dead
cardiomyocytes with scar tissue [3]. From a descriptive perspective, repair of the infarcted
myocardium can be divided into three distinct but overlapping phases: the inflammatory
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phase, the proliferative phase and the maturation phase [4]. During the inflammatory phase,
danger signals released from dying cardiomyocytes and damaged matrix activate the innate
immune response, leading to induction of pro-inflammatory signals and infiltration of the
infarct with neutrophils and pro-inflammatory monocytes. As the wound is cleared from
dead cells and matrix debris, neutrophils become apoptotic and are ingested by
macrophages, activating pathways that inhibit inflammation and induce resolution of the
leukocytic infiltrate. Suppression of the inflammatory response marks the transition to the
proliferative phase, as differentiation of reparative macrophages in the infarct activates
angiogenic and fibrogenic pathways, promoting transdifferentiation and growth of
myofibroblasts and proliferation of endothelial cells. Activated myofibroblasts mediate
wound contraction and secrete structural matrix proteins contributing to formation of a scar.
Maturation of the infarct follows, as the collagenous matrix is cross-linked, and granulation
tissue cells undergo apoptosis. Infarct healing is closely intertwined with geometric
remodeling of the ventricle that becomes more spherical and dilates, while infarcted
segments become thinner and the non-infarcted area undergoes hypertrophy. The extent of
adverse remodeling is dependent not only on the size of the infarct, but also on the
qualitative characteristics of the wound; thus, the molecular signals involved in the
reparative process are also crucial regulators of adverse remodeling.

Repair of the infarcted heart is dependent on sequential mobilization of immune cell
subpopulations that serve diverse roles in the reparative process. Recruitment of leukocyte
subsets in the infarcted heart is orchestrated by the chemokines, a family of chemotactic
cytokines that interact with corresponding chemokine receptors on leukocytes mediating
their activation and extravasation into the infarct. Over the last fifteen years extensive
experimental evidence demonstrated a crucial role for several members of the chemokine
family in the inflammatory and reparative response following myocardial infarction [5]. Our
current review manuscript discusses the involvement of the chemokines in repair and
remodeling of the infarcted heart. Moreover, we attempt to identify promising therapeutic
approaches targeting the chemokine system in order to optimize repair of the infarcted heart
and to prevent adverse cardiac remodeling.

1.2. The chemokine family

Chemokines comprise a group of chemotactic cytokines that regulate trafficking of immune
cells, both in lymphoid organs and in sites of injury. Although cells of the immune system
are the primary targets of chemokines; many non-immune cell types (including fibroblasts,
endothelial cells, smooth muscle cells, cardiomyocytes and neurons) express chemokine
receptors and respond to chemokine activation by altering their phenotype and functional
properties. Thus, a growing body of evidence suggests that chemokine-mediated actions are
not limited to the regulation of leukocyte trafficking. Several members of the chemokine
family are known to modulate complex biological processes, such as cell proliferation,
apoptosis, granule exocytosis and gene transcription. From a structural perspective,
chemokines can be subdivided into CC, CXC, CX3C, and XC subfamilies based on the
number of amino acids between their first two cysteines. CC chemokines are the most
numerous and diverse subfamily, including at least 25 ligands in humans; most CC
chemokines are potent mononuclear cell chemoattractants. CXC chemokines, on the other
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hand, are further classified according to the presence of the tripeptide motif glutamic acid-
leucine-arginine (ELR) in the NH2 terminal region. ELR+ CXC chemokines are critically
involved in chemotactic recruitment of neutrophils.

From a functional standpoint, chemokines can be divided into two categories: homeostatic
chemokines are constitutively expressed in certain tissues, are responsible for basal
leukocyte trafficking and are implicated in formation of lymphoid organs, and inducible
chemokines which are markedly upregulated following tissue injury and participate in
inflammatory reactions by mediating leukocyte activation and tissue infiltration [6, 7].
Although this generalization is somewhat oversimplified and has been challenged by
evidence demonstrating that certain “homeostatic” chemokines (such as Stromal Cell
Derived Factor/SDF-1) can be inducible upon immune activation [8], the concept is valuable
and provides insight into the role of members of the chemokine family in pathological states
[9], [7, 10]. In sites of injury, inducible chemokines are bound to glycosaminoglycans on the
endothelial surface and on the matrix and are presented to circulating leukocytes, thus
interacting with the corresponding chemokine receptors on the leukocyte surface.

2. Initiation of the chemokine response in myocardial infarction

In the infarcted myocardium, cardiomyocyte necrosis and injury of the extracellular matrix
result in rapid release of danger signals that initiate the chemokine response. Experimental
evidence suggests that selected members of the chemokine family (such as monocyte
chemoattractant protein-1(MCP-1)/CCL2) may also be induced in the absence of
irreversible injury, in response to ischemia-activated generation of reactive oxygen species
(ROS) [11], [12]. In both canine and mouse models of brief myocardial ischemia/
reperfusion chemokine upregulation is noted in the absence of infarction and is mediated by
ROS generation [12], [11]. However, in the infarcted myocardium, release of danger-
associated molecular patterns (DAMPS) by dying cells triggers additional potent chemokine-
inducing pathways (such as the complement cascade and Toll-like receptor signaling); thus,
the relative contribution of free radical generation in chemokine induction in the infarcted
heart remains unclear.

2.1. The complement cascade

Activation of the complement cascade is a key component of the innate immune response
following myocardial infarction. Hill and Ward [13] were the first to demonstrate that
leukotactic activity in rat myocardial infarcts was in part due to C3 cleavage products.
Complement activation may exert leukocyte chemotactic actions, at least in part, by
inducing chemokine synthesis in ischemic tissues. C6 deficient rabbits exhibited attenuated
CXCLS8/Interleukin (IL)-8 expression accompanied by decreased neutrophil infiltration in
the infarct [14], suggesting that the cytolytic membrane attack complex plays an important
role in regulating chemokine expression.

2.2. Activation of TLR-mediated pathways

TLR signaling may also play an important role in chemokine upregulation in the infarcted
heart. DAMPs released by dying cardiomyocytes stimulate TLR signaling activating the
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Nuclear Factor (NF)-«xB system in resident myocardial cells and in hematopoietic cells.
TLR4 appears to play an important role in mediating the post-infarction inflammatory
reaction; TLR4 deficient mice exhibit suppressed inflammation following myocardial
infarction [15]. Moreover, TLR2 signaling in leukocytes is also implicated in transduction of
inflammatory signaling in the healing infarct [16]. In addition to its effects on leukocytes,
activation of TLR signaling may also trigger inflammatory pathways in cardiomyocytes,
inducing expression of CXC chemokines [17]. DAMPs are not only generated by
cardiomyocyte necrosis: the rapid breakdown of extracellular matrix in ischemic tissues
results in accumulation of hyaluronan fragments, which are capable of inducing chemokine
synthesis in macrophages [18] and endothelial cells [19] through TLR4-dependent pathways
[20].

2.3. Cytokine-induced chemokine upregulation in the infarct

Induction and release of pro-inflammatory cytokines, such as Tumor Necrosis Factor (TNF)-
a and IL-1B may play an important role in mediating chemokine upregulation in the
infarcted heart. TNF-a deficient mice exhibited attenuated chemokine expression in the
infarcted heart, suggesting an important role for TNF-a signaling in mediating the post-
infarction chemokine response [21]. Moreover, mice with complete loss of IL-1 signaling
exhibited a marked reduction in chemokine expression [22], highlighting the essential role
of IL-1 in the post-infarction inflammatory reaction. Release of active IL-1 in the infarct is
dependent on formation of the inflammasome platform in cardiomyocytes, fibroblasts and
hematopoietic cells in the infarcted region [23], [24]. In addition to cytokine-mediated
actions, preformed mast cell-derived inflammatory mediators, such as histamine and
tryptase, are released in the infarct and may contribute to chemokine upregulation in
ischemic tissues [25], [26].

2.4. The NF-xB system

ROS generation, TLR signaling, activation of the complement cascade, and pro-
inflammatory cytokines mediate chemokine upregulation through a molecular cascade that
involves the NF-xB system [27]. Clearly, the genes regulated by NF-«xB are diverse and do
not only involve those implicated in the inflammatory response (such as chemokines,
adhesion molecules and cytokines), but also genes with a prominent role in growth control
and cell survival [28]. Activation of the NF-«xB signaling cascade in the infarct involves all
cell types implicated in cardiac injury and repair, further complicating understanding of its
role in ischemic tissues.

3. Role of ELR+ CXC chemokines in the infarcted heart

CXC chemokines that contain the ELR motif are potent neutrophil chemoatractants. The
prototypic ELR+ CXC chemokine CXCL8/IL-8 is a key regulator of neutrophil influx and
activation in a wide range of inflammatory processes [29]. Induction of myocardial IL-8
synthesis has been documented in canine [30] and rabbit [31] models of experimental
myocardial infarction. In canine infarcts, IL-8 synthesis was accentuated by reperfusion and
was localized in inflammatory leukocytes and venular endothelial cells of the infarct border
zone [30]. Recombinant canine IL-8 markedly increased neutrophil adhesion to isolated
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canine cardiac myocytes [30], suggesting a potential role in neutrophil-mediated myocardial
injury. In addition to its potential role in leukocyte recruitment, IL-8 also exerts angiogenic
actions; the significance of these effects in myocardial infarction remains unknown. The
lack of an IL-8 homolog in mice has hampered efforts to study its role in myocardial
infarction using loss-of-function approaches.

Even less information is available on the role of other ELR-containing CXC chemokines in
myocardial infarction. CXCL1/Growth Related Oncogene (GRO)-a/KC, a potent neutrophil
chemoattractant, is induced in a rat model of experimental myocardial infarction [32],
however its role in regulating the post-infarction inflammatory response has not been
established. Deficiency of CXCR2, the main receptor for the ELR-containing CXC
chemokines, resulted in significantly decreased inflammatory leukocyte recruitment in
murine infarcts, highlighting the crucial role of this subfamily of chemokines in neutrophil
recruitment [33]. ELR+ CXC chemokines may promote leukocyte activation by binding to
glycosaminoglycans on the endothelial surface. Captured and rolling leukocytes “sense”
chemokines bound to the endothelium; subsequently interactions between immobilized
chemokines and the corresponding leukocyte chemokine receptors activate integrins
resulting in firm adhesion of the leukocyte to the endothelium (Figure 1).

4. ELR-negative CXC chemokines: the role of Interferon-y-inducible Protein
(IP)-10/CXCL10

CXC chemokines that lack the ELR maotif do not induce neutrophil chemotaxis, but are
involved in recruitment and activation of lymphocytes. Moreover, in contrast to the
angiogenic actions of ELR+ CXC chemokines, members of the ELR-negative subfamily
exert potent angiostatic effects in the presence of ELR-CXC chemokines, or basic fibroblast
growth factor (bFGF) [34, 35]. Our experiments have demonstrated that the ELR-negative
CXC chemokine IP-10/CXCL10 is markedly upregulated in canine and mouse models of
reperfused infarction [36], [37]. In the canine model, IP-10 expession was upregulated in
ischemic segments during the first 12h after reperfusion and was localized in the
microvascular endothelium [36]. In vitro experiments demonstrated that TNF-a, which is
released early after myocardial ischemia [25] markedly upregulates IP-10 expression in
canine venous endothelial cells.

In order to study the role of IP-10 in cardiac injury and repair following myocardial
infarction, we studied mice with global loss of IP-10. IP-10 loss did not affect the size of the
acute infarct; however, IP-10 absence resulted in a hypercellular early reparative response,
delayed contraction of the scar and accentuated dilative remodeling followed by rapid wall
thinning and increased systolic dysfunction [37]. IP-10 null infarcts had intense infiltration
with myofibroblasts suggesting that the chemokine may exert anti-fibrotic actions in the
infarcted myocardium. In vitro, IP-10 had no effects on cardiac fibroblast proliferation and
apoptosis, but significantly attenuated bFGF-mediated fibroblast migration. Moreover, 1P-10
enhanced growth factor-induced contraction of fibroblast-populated collagen lattices [37].
The findings highlighted the potent and important effects of IP-10 on non-hematopoietic
cells.
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5. SDF-1/CXCL12

SDF-1 and its receptor CXCR4 have unique functions in myocardial biology. Mice with
targeted deletion of SDF-1 or CXCR4 exhibited embryonic lethality associated with
impaired vascular formation and with development of ventricular aortopulmonary septum
defects, highlighting the role of constitutive SDF-1/CXCR4 signaling in cardiac
development [38]. Studies in experimental models of myocardial infarction demonstrated
that the SDF-1/CXCR4 axis is rapidly activated in the healing infarct [39], [40], [41]. In vivo
experiments have produced somewhat contradictory results highlighting the complex, cell-
type specific and context-dependent actions of SDF-1 signaling in the healing infarct. The
bulk of the evidence suggests protective effects of SDF-1 in the infarcted myocardium. In
several published studies, local infusion, or overexpression of SDF-1 in the infarcted
myocardium attenuated systolic dysfunction and reduced adverse post-infarction
remodeling. Three potential mechanisms of benefit have been suggested:

a. Activation of the SDF-1/CXCR4 axis may accentuate infarct angiogenesis through
recruitment of endothelial progenitor cells (EPC), or via direct stimulation of
angiogenic pathways [42], [43], [44], [45].

b. SDF-1/CXCR4 signaling may exert pro-survival actions on ischemic
cardiomyocytes through effects involving Erk and Akt activation [46].

c. SDF-1 may promote myocardial regeneration through recruitment of CXCR4+/c-
kit+ progenitor cells [44].

However, other studies have suggested detrimental actions of SDF-1 on the infarcted heart.
Experiments using adenoviral-mediated gene therapy showed that CXCR4 overexpression in
the infarcted heart accentuates inflammatory injury and increases activation of pro-apoptotic
pathways worsening cardiac dysfunction [47].

Pharmacologic inhibition of SDF-1/CXCR4 using a selective small molecule CXCR4
antagonist (AMD3100) has also produced conflicting results. Chronic continuous inhibition
of SDF-1/CXCR4 in mice undergoing non-reperfused infarction protocols exacerbated
systolic dysfunction and accentuated adverse post-infarction cardiac remodeling [48].
However, other studies demonstrated beneficial effects of CXCR4 inhibition. CXCR4
antagonism with AMD3100 reduced infarct size and improved systolic function [49] in a rat
model; however, the basis for these effects was not investigated. In another study, a single-
dose AMD3100 injection administered after the onset of myocardial infarction preserved
cardiac function, whereas continuous infusion worsened outcome [50]. The beneficial
actions of early CXCR4 inhibition were associated with increased mobilization of bone
marrow EPCs, whereas, the detrimental effects of chronic antagonism was attributed to
impaired incorporation of EPCs in the infarct border zone [50]. Finally, a recent
investigation using a loss-of-function approach demonstrated that CXCR4 +/- mice had
reduced infarct size when compared with WT animals [51].

These conflicting observations reflect the multifunctional, pleiotropic and context-dependent
actions of SDF-1/CXCR4 signaling and the complexity of the reparative process. Beacuse
CXCR4 signaling regulates phenotype and function of all cell types involved in infarct
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healing; the outcome of strategies targeting the SDF-1/CXCR4 axis is dependent on timing
and spatial localization of the intervention and on the cellular targets affected. Dose-
dependent actions of SDF-1 on various cell types may affect the balance between
angiogenic, pro-survival and pro-inflammatory actions of CXCR4 activation. Experiments
using of conditionally-targeted mice to study cell-specific actions of SDF-1 are needed in
order to understand the role of the SDF-1/CXCR4 axis in myocardial infarction and to
optimally design therapeutic strategies [52], [40].

6. The role of the CC chemokines

Induction of CC chemokines is a hallmark of the inflammatory and reparative response
following myocardial infarction (Figure 2). Perhaps the best characterized CC chemokine,
CCL2/MCP-1, is markedly upregulated in canine [53], rat [54, 55] and mouse models [56]
of experimental myocardial infarction. In the canine model, induction of myocardial MCP-1
mRNA in infracted segments was accentuated by reperfusion and peaked 3h after the acute
event [53]. MCP-1 in the infarct was predominantly expressed by infiltrating leukocytes and
venular endothelial cells. In the mouse model, MCP-1 was also markedly, but transiently
induced, peaking after 3—6h of reperfusion [57].

Our laboratory investigated the role of MCP-1 in infarct healing and cardiac remodeling by
examining the effects of MCP-1 gene disruption and antibody neutralization in a mouse
model of reperfused myocardial infarction [58]. Although MCP-1 loss had no effects on scar
size following myocardial infarction, MCP-1 —/- mice exhibited attenuated dilative
remodelling, associated with decreased and delayed macrophage infiltration in the healing
infarct, and with markedly reduced pro-inflammatory gene expression. Although MCP-1
loss protected from adverse remodelling, this came at a cost: MCP-1 null animals exhibited
delayed replacement of injured cardiomyocytes with granulation tissue and defective
phagocytotic removal of dead cardiomyocytes. On the other hand, MCP-1 antibody
inhibition did not affect recruitment of macrophages in the infarct, but resulted in defects
comparable with the pathological findings noted in infarcted MCP-1 —/- animals [58]. Two
additional studies provide further support to the role of the MCP-1/CCR2 axis in mediating
dilative post-infarction remodeling. Mice with genetic loss of CCR2 were protected from
chamber dilation following myocardial infarction [59]. Moreover, anti-MCP-1 gene therapy
reduced adverse remodeling in a murine model of experimental infarction [60].

What are the mechanisms responsible for the effects of MCP-1 absence in the infarcted
heart? Impaired recruitment of pro-inflammatory monocytes (known to express the MCP-1
receptor, CCR2) [61] may be the most important consequence of MCP-1 loss in the
infarcted heart. These cells exhibit high phagocytotic capacity and a pro-inflammatory
profile (Figure 2); their absence from the infarcted heart may explain the alterations
observed in MCP-1 null animals. However, the effects of MCP-1 may extend beyond its
monocyte chemoattractant properties: MCP-1 may promote macrophage differentiation and
cytokine expression and may have direct effects on myofibroblast phenotype [58].
Suppression of macrophage-derived synthesis of pro-inflammatory cytokines, decreased
macrophage activation, and impaired myofibroblast differentiation and function may be
important additional mechanisms responsible for attenuated left ventricular remodeling in
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MCP-1 null mice. It should be noted, however, that our in vitro experiments failed to
demonstrate consistent effects of MCP-1 on fibroblast gene expression [62].

Although our experiments did not demonstrate a role for MCP-1 in extending
cardiomyocyte injury, several lines of evidence suggest actions of MCP-1 (either direct or
indirect) on cardiomyocyte survival. In a rat model of experimental myocardial infarction,
administration of a neutralizing antibody to MCP-1 significantly reduced infarct size,
presumably through attenuation of inflammatory activity [54]. More recently, administration
of a competitive MCP-1 inhibitor reduced infarct size in a mouse model of myocardial
ischemia/reperfusion [63]. In vitro experiments suggested that MCP-1 may promote
ICAM-1-dependent adhesive interactions between neutrophils and cardiomyocytes [64].
Moreover, MCP-1 binding to its receptor, CCR2, induces expression of a transcription
factor, MCP-induced protein (MCPIP), that is expressed in cardiomyocytes and monocytes
and causes cell death [65], [66].

Several other members of the CC chemokine family are also upregulated in healing
myocardial infarcts and may play a role in regulation of the reparative response. CCL7/
MCP-3 is upregulated in the infarcted myocardium and may stimulate recruitment of
mesenchymal progenitor cells and of circulating angiogenic cells in the site of injury [67],
[68]. Although pro-angiogenic and reparative effects of MCP-3 may be beneficial for infarct
healing, the pro-inflammatory properties of the chemokine may also induce injurious effects
[69]. CCL3/Macrophage Inflammatory Protein (MIP)-1a and CCL4/MIP-1p are also
mononuclear cell chemoattractants, although less efficient than MCP-1 [70]. Distinct
chemokine/chemokine receptor pairs may be responsible for recruitment of monocyte
subpopulations with unique phenotypic properties. Robust induction of MIP-1a and -8 is
noted in reperfused murine infarcts [57]; however, the importance of these chemokines in
myocardial injury and repair has not been systematically investigated. Increased levels of
CCL5/RANTES were found in the serum from patients with acute myocardial infarction
[71]; myocardial RANTES expression was also upregulated in a mouse model of coronary
occlusion [72]. RANTES neutralization significantly reduced infarct size and attenuated
systolic dysfunction in a mouse model of non-reperfused infarction [72]. However, the basis
for these protective effects remain poorly understood.

7. Fractalkine/CX3CL1

Fractalkine (CX3CL1) is a unique chemokine that exists in both soluble and membrane-
anchored forms. As a pro-inflammatory mediator, fractalkine may play a role in the
pathogenesis of the vulnerable atherosclerotic plaque [73]. Increased myocardial fractalkine
expression has been reported in infarcted and remodeling hearts [74], [75]; mononuclear
cells expressing the fractalkine receptor are recruited in the infarct during the proliferative
phase of healing and exhibit a reparative phenotype [61]. Stimulation with soluble
fractalkine increased expression of pro-inflammatory and matrix-degrading genes by
fibroblasts and cardiomyocytes. Fractalkine neutralization delayed the progression of
chamber enlargement following myocardial infarction suggesting that fractalkine signaling
may be implicated in the pathogenesis of dilative remodeling [74].
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8. Inhibition of the chemokine response following myocardial infarction

Tissue repair is dependent on activation of endogenous inhibitory signals that restrain the
inflammatory reaction preventing uncontrolled or extended inflammatory injury. These
STOP signals are critical for cardiac repair: because in the myocardium normal function is
dependent on optimal preservation of structure, prolongation or extension of the
inflammatory reaction following cardiac injury may have catastrophic consequences,
leading to extensive matrix degradation, accentuated cardiomyocyte apoptosis, increased
dilative remodeling and progressive systolic dysfunction [4].

Timely and effective suppression of chemokine signaling may be a key event in protection
of the infarcted heart from adverse remodeling. Multiple inhibitory signals and cellular
effectors may co-operate to limit, contain and suppress the chemokine response. Defects in
suppression of chemokine signaling may be responsible for progressive dilation of the
infarcted ventricle and may extend cardiac injury. Although the molecular pathways
implicated in suppression of chemokine expression and activation following myocardial
infarction remain poorly understood, several recent investigations have identified important
inhibitory pathways:

8.1. Therole of IL-10 and Transforming Growth Factor (TGF)-p

Soluble inhibitory mediators, such as IL-10 and TGF-B1, may be released in the infarct
suppressing chemokine synthesis by endothelial cells and macrophages. IL-10 is markedly
induced in the infarcted myocardium, showing a late and prolonged time course; IL-10
expression is localized in T lymphocytes and in a subset of macrophages [76]. Associative in
vivo studies and in vitro experiments suggested that IL-10 may suppress pro-inflammatory
cytokine and chemokine synthesis and may contribute to stabilization of the matrix by
inducing expression of protease inhibitors. However, experiments examining the role of
IL-10 in post-infarction inflammation using IL-10 —/- mice produced contradictory results:
Yang and co-workers suggested that IL-10 —/- mice had markedly increased mortality and
exhibited enhanced myocardial inflammation following reperfused myocardial infarction
[77]. In contrast, our laboratory found no effects of 1L-10 disruption on survival of mice
undergoing reperfused infarction protocols, but showed that. Although IL-10 —/- mice had
higher peak myocardial TNF-a and MCP-1 mRNA levels following infarction than wildtype
animals [78], these relatively subtle alterations had no effects on chamber dilation following
myocardial infarction.

TGF-B, a highly pleiotropic and multifunctional mediator with context-dependent actions,
has also been implicated in suppression of chemokine-driven inflammation following
myocardial infarction, orchestrating the transition from inflammatory activation to scar
formation. TGF-3 suppresses chemokine synthesis by macrophages and endothelial cells,
attenuates adhesion molecule expression and inhibits the immune response by promoting
differentiation of regulatory T cells (Tregs) [79]. On the other hand, TGF-f induces
myofibroblast transdifferentiation, stimulates synthesis of extracellular matrix proteins [80],
and inhibits matrix degradation by upregulating expression of protease inhibitors [81]. In
healing infarcts, TGF-p may serve as a “master switch” that links repression of chemokine
synthesis with activation of a fibrogenic program [82].
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8.2. Inhibition of chemokine-mediated leukocyte-endothelial interactions

A growing body of evidence suggests that suppression of inflammation is associated with
induction of inhibitory signals that suppress chemokine-mediated leukocyte activation.
Growth Differentiation Factor (GDF)-15, a member of the TGF-f superfamily, inhibits
chemokine-triggered conformational integrin activation in neutrophils, thus limiting
activation of inflammatory leukocytes and preventing adhesion to the endothelium [83].
Loss of the suppressive effects of GDF-15 in post-infarction inflammation results in an
increased incidence of cardiac rupture [83].

8.3. Inhibition of innate immune responses

Our laboratory has recently identified Interleukin Receptor-Associated Kinase (IRAK)-M as
an essential negative regulatory mechanism that prevents uncontrolled TLR/IL-1-driven
inflammation following infarction. Unlike IRAK-1 and IRAK-4, IRAK-M does not
transduce pro-inflammatory signals, but is predominantly expressed in macrophages and
limits TLR/IRAK-1-dependent NF-xB signaling. IRAK-M is upregulated in both
macrophages and fibroblasts in the infarcted heart; IRAK-M absence is associated with
accentuated post-infarction remodeling, increased inflammation and enhanced MMP
activation in the infarct [84].

8.4. The role of the extracellular matrix in negative regulation of chemokine-driven
inflammation

Following myocardial infarction, the extracellular matrix undergoes dynamic changes that
play a key role in regulating inflammatory activity [85], [86]. Because matrix fragments
serve as important “danger signals” that activate inflammation following infarction, removal
of matrix fragments generated in the injured heart is an essential step to restrain and limit the
post-infarction inflammatory response [85]. Studies from our laboratory suggested that
clearance of low molecular weight hyaluronan fragments generates important inhibitory
signals in the infarcted heart, suppressing cytokine and chemokine synthesis [87].

During the proliferative phase of infarct healing induction of matricellular proteins may also
modulate chemokine synthesis. Thrombospondin (TSP) -1, an anti-inflammatory
matricellular protein with potent angiostatic actions and a crucial role in TGF-f activation is
selectively upregulated in the infarct border zone and suppresses the inflammatory reaction,
serving as a barrier that prevents extension of inflammatory activity into the viable non-
infarcted myocardium [88]. Other matricellular proteins, such as osteonectin, osteopontin,
tenascin-C and periostin are also induced in the infarcted heart and may regulate chemokine
expression by modulating cytokine and growth factor signaling. [89], [90].

8.5. Expression of decoy receptors

Negative regulation of chemokine signaling may involve binding to receptors that do not
transduce signal, but serve as a molecular trap that removes the chemokine from the
circulation (decoy receptors). A recently published study demonstrated that the decoy
chemokine receptor D6 is expressed in healing infarcts and protects the heart from excessive
inflammation and adverse remodeling [91].
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8.6. Are chemokines involved in negative regulation of the post-infarction inflammatory

response?

Myocardial infarcts are sequentially infiltrated with monocyte subsets that exhibit distinct
properties. Early recruitment of pro-inflammatory CCR2+ cells is followed by infiltration of
the infarct with reparative monocyte subpopulations [61]. Activation of specific chemokine/
chemokine receptor pairs may be responsible for recruitment of inhibitory mononuclear cell
subsets in the infarcted myocardium. Recent studies from our laboratory demonstrated that
loss of the chemokine receptor CCRS5 is associated with accentuated inflammation and
worse adverse remodeling following myocardial infarction [92]. CCR5 absence was
associated with impaired recruitment of Tregs in the infarcted heart.

9. Chemokines as therapeutic targets in myocardial infarction

Interfering with the inflammatory response in order to reduce extension of cardiac injury
following myocardial infarction is not a new concept. The intense inflammatory reaction
observed in the infarct border zone and the potential of infiltrating leukocytes to induce
cytotoxic cardiomyocyte injury supported the notion that post-infarction inflammation may
extend ischemic damage. This attractive concept was tested by examining the effectiveness
of targeted anti-inflammatory approaches in large animal models of reperfused myocardial
infarction. Extensive experimental evidence demonstrated that neutralization of adhesion
molecules, chemokines and cytokines protected the ischemic and reperfused myocardium,
leading to impressive reduction of the size of the infarct by 40-50% [93]. Unfortunately,
clinical trials failed to translate the concept into a successful therapeutic approach. For
example, although anti-integrin approaches induced impressive infarct size reduction in
experimental animal models, clinical trials showed no effects of early CD11b/CD18 integrin
inhibition in human patients with ST elevation myocardial infarction [94], [95]. Moreover,
in a large clinical trial, treatment with pexelizumab to inhibit the complement cascade, an
essential upstream pathway of the innate immune response, did not improve outcome in
patients undergoing a percutaneous coronary intervention for acute myocardial infarction
[96]. Enthusiasm regarding the use of strategies targeting inflammatory pathways has,
understandably, waned. Considering the failures of the past, is there any reason for optimism
regarding the potential usefulness of strategies targeting the chemokine system?

Considering their marked induction in the infarcted myocardium, and their well-documented
role in cardiac repair and in remodeling of the infarcted heart, certain members of the
chemokine family may be promising targets for patients with myocardial infarction.
However, successful implementation of chemokine-based strategies will require realistic
approaches and a revision of the traditional paradigm on the role of inflammation in post-
ischemic cardiac injury. Over the last decade, studies using genetically targeted mice have
provided evidence against the concept of inflammatory cardiomyocyte injury. Mice with
disruption of key pro-inflammatory pathways, such as the P-selectin/ICAM-1 double
knockout mice [97], the IL-1 type 1 receptor null mice [22] and the MCP-1 —/- animals [58]
had no reduction in infarct size, despite a marked attenuation of inflammatory activity. Thus,
published antibody neutralization studies may have overstated the significance of
inflammation-related extension of ischemic cardiomyocyte death. Chemokine-driven
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inflammatory injury may not accentuate ischemic cardiomyocyte death; however, a growing
body of evidence suggests that inflammatory chemokines may play an important role in the
pathogenesis of dilative remodeling following myocardial infarction. The evidence for a role
of the MCP-1/CCR2 axis is particularly strong; in mouse models of myocardial infarction,
genetic disruption of MCP-1 or CCR2, and MCP-1 antagonism had beneficial effects
significantly attenuating chamber dilation [58], [59], [63]. Thus, MCP-1 inhibition may hold
promise as a strategy for attenuation of adverse remodeling; this approach may be
particularly effective in patients with evidence of defective suppression of inflammatory
signaling. These patients may be identified using biomarkers (such as serum MCP-1 levels)
that may reflect accentuated or prolonged chemokine responses [98], [99].

Through its unique effects in activation of progenitor cells, angiogenesis and pro-survival
signaling, SDF-1 may also hold promise as therapy for patients with myocardial infarction.
Because SDF-1 is rapidly cleaved by MMP-2 generating a neurotoxic substance, use of
protease-resistant forms of SDF-1 may be needed for effective treatment [44]. However, a
word of caution should be raised regarding the pro-inflammatory properties of SDF-1 that
may accentuate matrix degradation and increase fibrosis following infarction.

10. Conclusions

Over the last 15 years, extensive in vivo experimentation has contributed to an explosion in
our knowledge on the role of the chemokines in repair and remodeling of infarcted hearts. In
addition to the expected role of several inducible members of the family in recruitment of
inflammatory cells in the infarct, we have identified new and interesting actions of
chemokines on phenotype and function of non-hematopoietic cells, such as fibroblasts and
cardiomyocytes. Current and future research in the field needs to focus on several distinct
directions. First, the dissection of the cellular targets of chemokines in the infarcted heart is
crucial for understanding their actions. Second, study of mechanisms involved in
termination of chemokine signals in the infarct will contribute to understanding the
consequences of a dysregulated inflammatory cascade and its impact on cardiac remodeling.
Third, identification of specific chemokine/chemokine receptor interactions responsible for
recruitment of mononuclear cell subsets with distinct properties will contribute essential
knowledge for understanding the cellular basis of the reparative response. Mechanistic
studies in the field need to be accompanied by translationally-oriented work to identify
patient subpopulations most likely to benefit from specific approaches targeting the
chemokine system.
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Figure 1.
ELR-positive CXC chemokines mediate neutrophil recruitment in the infarcted heart.

Activation of danger signals result in induction of ELR+ CXC chemokines (such as IL-8);
these chemokines are bound to glycosaminoglycans on the endothelial surface. Neutrophils
are captured (1) by activated endothelial cells and “sense” the immobilized chemokines and
other chemoattractants (such as C5a). Rolling of neutrophils (2) on the endothelium is
mediated by the selectin family of adhesion molecules. Subsequently chemokines interact
with their corresponding receptor (CXCR2) and activate integrins on the neutrophil surface
resulting in firm adhesion of the leukocyte to the endothelial layer (3). Transmigration of the
neutrophils through the endothelial layer follows (4) and leads to infiltration of the infarct
with abundant leukocytes (5).
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Members of the CC chemokine family mediate recruitment of mononuclear cells into the
infarcted myocardium. MCP-1, the best-studied CC chemokine, is markedly upregulated in
the infarct and is responsible for recruitment of pro-inflammatory monocytes that express
CCR2. These cells are capable of producing pro-inflammatory cytokines (such as IL-18 and
TNF-a) and have potent phagocytotic properties. Inhibitory monocytes exhibit a late time
course of recruitment in the infarcted myocardium; the CC chemokine/Chemokine receptor
(CCR) pairs involved in their trafficking remain poorly understood. CCRS5 signaling may be
involved in recruitment of regulatory T cells (Tregs). In addition to its actions on
recruitment of mononuclear cells, MCP-1 may also regulate macrophage differentiation and
may have effects on fibroblasts, cardiomyocytes and endothelial cells (not shown).
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