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Abstract

Extensive necrosis of ischemic cardiomyocytes in the infarcted myocardium activates the innate
immune response triggering an intense inflammatory reaction. Release of danger signals from
dying cells and damaged matrix activates the complement cascade and stimulates Toll-Like
Receptor (TLR)/Interleukin (IL)-1 signaling, resulting in activation of the Nuclear Factor (NF)-xB
system and induction of chemokines, cytokines and adhesion molecules. Subsequent infiltration of
the infarct with neutrophils and mononuclear cells serves to clear the wound from dead cells and
matrix debris, while stimulating reparative pathways. In addition to itsrole in repair of the
infarcted heart and formation of a scar, the immune system is also involved in adverse remodeling
of the infarcted ventricle. Overactive immune responses and defects in suppression, containment
and resolution of the post-infarction inflammatory reaction accentuate dilative remodeling in
experimental models and may be associated with chamber dilation, systolic dysfunction and heart
failure in patients surviving amyocardial infarction. Interventions targeting the inflammatory
response to attenuate adverse remodeling may hold promise in patients with myocardial infarction
that exhibit accentuated, prolonged, or dysregulated immune responses to the acute injury.

1. Introduction

Because the adult mammalian heart has negligible regenerative capacity, necrotic
myocardial injury in myocardial infarction activates a reparative response that ultimately
leads to replacement of dead cardiomyocytes with scar tissuel, Cardiac repair is dependent
on mobilization of the immune system that serves to clear the wound from dead cells and
matrix debris and to produce mediators that activate fibroblast growth and angiogenesis 2.
However, activation of immune pathways to repair the injured heart does not have
exclusively beneficial effects. Even in vulnerable species, the late manifestation of
myocardial infarction well after the reproductive age does not impose any evolutionary
pressures on the immune system. Thus, immune responses evolved to protect cutaneous and
mucosal surfaces from bacterial contamination and may be inherently overactive for the
sterile environment of the injured heart. In the myocardium, where normal functionis
dependent on optimal preservation of structure, even subtle accentuation of
immunoinflammatory pathways may have catastrophic conseguences.

Over the last 30 years alarge amount of experimental work suggested that immune
responses may extend injury and accentuate adverse remodeling in several distinct cardiac
pathologic conditions 3 4. Because sudden acute loss of alarge number of cardiomyocytesin
myocardial infarction is associated with an intense inflammatory reaction, the bulk of the
evidence on the role of immune activation in cardiac injury is derived from investigations in
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models of ischemic heart disease. In the 1980s and 1990s extensive experimenta evidence
suggested that cytotoxic inflammatory cellsinfiltrating the infarcted myocardium may
exacerbate ischemic injury causing death of viable cardiomyocytes °. Unfortunately,
tranglation of this concept in the clinical context was unsuccessful, as clinical trials
examining the effects of targeted anti-inflammatory approaches in patients with myocardial
infarction did not improve outcome and failed to reduce the size of theinfarct & 7. In recent
years, studiesin genetically targeted mice led to the development of a new paradigm,
suggesting that inflammatory signals may not directly extend ischemic cardiomyocyte
injury, but may play an important role in development of dilative remodeling and heart
failure 3. Our current review manuscript discusses the involvement of immune cells and
pathwaysin cardiac repair and remodeling of the injured heart and attempts to identify
promising therapeutic targets, through the lessons we have learned both from our
experimental work and through the translational failures of the past. We highlight the
importance of endogenous STOP signals that negatively regulate the inflammatory reaction,
orchestrating the transition from inflammation to repair.

2. The immune system in post-infarction remodeling

2.1. Repair and remodeling of the infarcted heart: an overview of the cellular events

Activation of the immune system is ahallmark of myocardial infarction. After 15-20
minutes of severe ischemia cardiomyocytes exhibit irreversible aterations that ultimately
result in their death. Subendocardial cardiomyocytes are more susceptible to ischemic
injury; thus, a“wavefront” of necrosisis noted that extends from the subendocardial areato
the subepicardium 8. Ischemia and necrotic cardiomyocytes trigger a reparative process that
can be divided into three distinct but overlapping phases. During the inflammatory phase,
activation of innate immune signals results in induction of chemokines and cytokines
leading to infiltration of the infarct with neutrophils and pro-inflammatory monocytes that
clear the infarct from dead cells and matrix debris. Apoptotic death of neutrophils marks the
end of the inflammatory phase and may activate signals that inhibit inflammation and induce
resolution of the leukocyte infiltrate. The proliferative phase follows, as reparative
monocytes are recruited in the infarct and macrophages may acquire an angiogenic or
fibrogenic phenotype that promotes differentiation and growth of myofibroblasts and
endothelia cells. Activated myofibroblasts contribute to wound contraction and produce
structural matrix proteins forming a scar. Maturation of the infarct followsand is
characterized by progressive apoptotic death of the cellular elements and by collagen cross-
linking. Asthe infarct heals, the ventricle dilates, while non-infarcted segments become
hypertrophic and exhibit increased interstitial fibrosis. The extent of adverse remodeling is
dependent not only on the size of the infarct, but also on the qualitative characteristics of the
wound.

2.2. Initiation of the immune response in the infarcted myocardium

Acute sudden death of cardiomyocytesin the infarcted heart rapidly activates the immune
system triggering an intense, but transient, inflammatory reaction. In the infarcted
myocardium, cellular necrosis and matrix fragmentation generate alarm signals that activate
the innate immune response; these molecules are known as danger-associated molecular
patterns (DAMPs) 9. The nuclear chromatin-binding protein High-mobility group box-1
(HMGB1) playsacrucial role in initiation of the inflammatory response through actions that
may involve Toll-Like Receptor (TLR) and RAGE signaling 19. Heat shock proteins (HSPs),
ATP and matrix fragments (including low molecular weight hyaluronan and fibronectin
fragments) also serve as “ danger signals’ activating the immune response 2 11,12, 13,
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The immune response following myocardial infarction involves signaling through the TLRs,
afamily of transmembrane receptors that activate downstream pro-inflammatory cascades.
TLRs recognize conserved motifs in pathogens, thus contributing to protection from
infection, but are also activated by DAMPSs, initiating immune responses that clear injured
tissues from dead cells and matrix debris and activate reparative signals. 13 mammalian
TLRs have been identified; in the infarcted myocardium, loss-of function approaches have
identified TLR2 and TLR4, both localized in the cell surface, asimportant mediators of the
inflammatory reaction. Impaired TLR4 signaling attenuated the inflammatory reaction
following myocardia infarction and reduced adverse remodeling; complete loss of TLR4
was al'so associated with a reduction in the size of theinfarct 14 15, TLR2 signaling has also
been reported to mediate inflammatory cardiomyocyte injury following coronary ischemia
and reperfusion 16, DAMPs also activate the complement system, another essential cascade
in transducing the immune response in the infarcted heart. Hill and Ward demonstrated C3
cleavage in the infarcted myocardium and documented arole for the complement system in
leukocyte infiltration 17. Moreover, complement inhibition consistently attenuated leukocyte
recruitment following myocardial infarction 18 highlighting the critical role of the
complement cascade in triggering inflammation in the ischemic myocardium.

Generation of reactive oxygen species (ROS) aso activates immune cellsin the infarcted
heart. ROS promote leukocyte chemotaxis 19 by activating complement, by stimulating
expression of P-selectin and by upregulating cytokine and chemokine synthesis through
activation of the Nuclear Factor (NF)-kB system 20, Although reactive oxygen generation is
important for cardiac repair following infarction, overactive ROS-mediated signaling has
injurious potential by promoting cell apoptosis and by inducing degradation of the
extracellular matrix. The normal heart possesses substantial ability to counterbalance the
generation of ROS through inhibitory enzymatic pathways (such as catalase, glutathione
peroxidase and the superoxide dismutases) and through the actions of intracellular
antioxidants. Following myocardial infarction, the antioxidant defenses are overwhelmed,
resulting in net generation of free radicals that may suppress myocardial function and
activate immune cells inducing inflammatory injury. Because of the pleiotropic effects of
ROS, both beneficial and detrimental actions have been reported after administration of free
radical scavengersin myocardial infarction.

2.3. Cytokine and chemokine signaling in the infarcted heart

TLR-mediated, complement-activated and ROS-induced pathways in the infarcted
myocardium converge on activation of NF-xB that drivesinduction of adhesion molecules
in endothelial cells and production of pro-inflammatory cytokines and chemokines by
fibroblasts, leukocytes and vascular cells 21 22, Asthe prototypical pro-inflammatory
cytokine, Interleukin (IL)-1 mediates synthesis of chemotactic mediatorsin the infarct and
stimulates leukocyte recruitment 23: 24, Processing and generation of active IL-1p in
inflamed tissues requires formation of specialized molecular platforms, called
“inflammasomes” 25. Two recent investigations have demonstrated activation of the
inflanmasome in the infarcted myocardium 26 27, | nflammasome activation in the infarct is
localized in leukocytes, resident fibroblasts and border zone cardiomyocytes 26 27 and
drives IL-1-mediated inflammatory cell infiltration and cytokine synthesis. ROS production,
ATP and potassium efflux may play arole in inflammasome activation in infarct cells.

The pro-inflammatory cytokine Tumor Necrosis Factor (TNF)-a isalso released in the
infarcted myocardium and may play arolein stimulating cytokine synthesis by mononuclear
cellsinfiltrating the infarct 28, In addition to its pro-inflammatory actions TNF-a may also
exert cytoprotective effects 29 and may regulate post-infarction cardiac remodeling through
divergent actionsinvolving TNFR1 and TNFR2 receptors 30. TNFR1 signaling stimulates
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cardiomyocyte apoptosis and enhances inflammatory activity in the infarcted heart, whereas
TNFR2 reduces TNF-induced NF-kB activation and attenuates cardiac injury 0.

Members of the IL-6 family of cytokines (including IL-6, cardiotrophin-1, oncostatin-M and
leukemiainhibitory factor) are also consistently upregulated in experimental models of
myocardial infarction and may modulate the inflammatory and reparative response,
signaling through receptors that share the transmembrane glycoprotein (gp)130 31, Genetic
loss of IL-6 did not affect infarct size, ventricular function and cardiac remodeling in non-
reperfused infarcts®2; in the absence of 1L-6 other gp130 cytokines may act in a
compensatory manner, activating JAK/STAT signaling and maintaining STAT3
phosphorylation. On the other hand, experiments targeting IL-6 through administration of an
anti-1L-6 receptor antibody attenuated adverse remodeling3. Timely activation and
suppression of gp130 signaling may play an important role in regulation of post-infarction
remodeling. In an experimental model of myocardial infarction, failure to suppress gp130/
STAT3 signaling resulted in prolonged and accentuated inflammation predisposing to
cardiac rupture 34,

Several members of the chemokine family are also prominently involved in the post-
infarction inflammatory response 3° and provide key directional signals for recruitment of
leukocyte subpopulations into the infarct. CC chemokines that serve as mononuclear cell
chemoattractants, EL R+ CXC chemokines that function to attract neutrophilsin sites of
injury, and EL R-negative CXC chemokines that recruit lymphocytes and may exert
antifibrotic and angiostatic actions are rapidly, but transiently, upregulated in the infarcted
myocardium. The chemotactic actions of chemokines are dependent on their immobilization
to glycosaminoglycans on the endothelia surface, or on the extracellular matrix; as
leukocytes are captured by activated endothelial cells and roll on the endothelial surface
(through selectin-mediated actions) they “sense” the bound chemokines, and exhibit integrin
activation, thus engaging in firm adhesive interactions with vascular endothelial cells
(Figure 1). Various leukocyte subpopulations exhibit distinct chemokine receptor profiles
and interact with different chemokines; thus selective activation of chemokine/chemokine
receptor pairs orchestrates recruitment of leukocyte subpopulations with distinct

properties 36. 37. 38 Activated |leukocyte P2 integrins interact with endothelial Intercellular
Adhesion Molecule (ICAM)-1 resulting in firm adhesion of leukocytes to the endothelial
layer. Transmigration of activated leukocyte follows, and is dependent on severa adhesion
molecules, including ICAM-1, members of the Junctional Adhesion Molecule (JAM) family
and Vascular-endothelial (VE)-cadherin 39 40,41,

2.4. The cellular effectors of the post-infarction inflammatory reaction

Both resident and bone marrow-derived cells participate in the post-infarction inflammatory
reaction; understanding the relative contribution of inflammatory activation of various cell
typesis limited by the absence of studies using cell-specific loss-of-function approachesin
vivo.

2.4.1. Cardiomyocytes—Necrotic cardiomyocytes release a variety of danger signals,
thus actively contributing to activation of innate immune cascades. Moreover, border zone
cardiomyocytes may exhibit activation of the inflammasome, thus serving as a source of
bioactive IL-1p.

2.4.2. Platelets—In addition to their hemostatic role, platel ets modulate inflammatory
responses and may link tissue injury with the activation of reparative pathways 42. In the
healing infarct activated platelets aggregate in the site of injury and may contribute to the
formation of afibrin-based provisional matrix, necessary to support influx of hematopoietic
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cells and migration of reparative mesenchymal cells 43 13, Platelets may also release
chemokines, cytokines and growth factorsin the infarcted tissue; however, their relative
significance in the post-infarction inflammatory reaction remains unknown.

2.4.3. The neutrophils—Activation of the complement cascade, ROS generation, and
ELR+ CXC chemokines have been implicated in recruitment of neutrophilsin the infarcted
myocardium. By generating ROS and through the release of proteolytic enzymes,
neutrophils infiltrating the infarcted myocardium contribute to the clearance of the infarct
from dead cells and matrix debris. In addition, neutrophils are capable of secreting pro-
inflammatory mediators that may amplify recruitment of mononuclear cells. Experimental
evidence, derived primarily through neutrophil depletion strategies, suggested that
neutrophils may directly injure ischemic, but viable, cardiomyocytes increasing the size of
the infarct through adhesive interactions involving neutrophil integrin activation and
cardiomyocyte ICAM-1 expression 4. However, the in vivo significance of neutrophil-
induced cardiomyocyte injury has been challenged by loss-of-function experimentsin
genetically targeted mice. ICAM-1 null mice had no significant difference in infarct size and
scar formation after 1-3 weeks of reperfusion 4°. Moreover, animals with a combined
deficiency in both ICAM-1 and P-selectin and animals with disrupted IL-1 signaling showed
no reduction in infarct size following ischemia and reperfusion despite a marked impairment
in neutrophil trafficking 46 23,

2.4.4. Monocytes and macrophages—Monocyte subpopulations are sequentially
recruited in the infarcted myocardium and regulate inflammatory and reparative cascades.
Infiltrating monocytes are primarily derived from the circulating blood; however, the
contribution of alternative sources, such as the spleen isincreasingly recognized 47: 48,
During thefirst few hours after reperfusion, complement activation and induction of the CC
chemokine CCL 2/monocyte chemoattractant protein (MCP)-1 play an important rolein
recruitment of pro-inflammatory monocytes 4°: 36: these cells exhibit potent pro-
inflammatory and phagocytotic properties. At alater stage, recruitment of reparative
mononuclear cell subsets may play an important role in activation of fibroblasts and
endothelial cells, promoting formation of a scar. Understanding of the time course,
phenotype and mechanism of recruitment of specific monocyte subsets in the healing infarct
islimited.

In response to the dynamic alterations in cytokine and growth factor expression in the
infarct, infiltrating monocytes undergo phenotypic changes. Maturation of monocytes into
mature macrophages involves the local upregulation of growth factors, such as Macrophage-
Colony Stimulating Factor (M-CSF) 0. Considering the remarkable potential of
macrophages to acquire unigque phenotypic characteristics in response to
microenvironmental cues, differentiation of several distinct subpopulations of macrophages
islikely to orchestrate the inflammatory and reparative response. Thus, macrophage subsets
may play multiple rolesin the healing infarct. First, they phagocytose dead cells and matrix
debris and clear the infarct from apoptotic neutrophils and cardiomyocytes. Second, they
may serve as a source of cytokines and growth factors regulating inflammatory activity,
fibroblast growth and activation, and neovessel formation and maturation. Third, they may
contribute to extracellular matrix remodeling by producing matrix metall oproteinases
(MMPs) and their inhibitors.

2.4.5. The mast cells—In large animals, the heart contains a significant number of
resident mast cells predominantly located in close proximity to vessels; the population of
cardiac mast cellsis smaller in mice, leading perhaps to underestimation of their rolein
heart disease when murine models of cardiac injury are used 1. In a canine model of
experimental infarction, resident cardiac mast cellsin the ischemic territory showed rapid
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and impressive degranulation, releasing large amounts of preformed pro-inflammatory
mediators, including histamine and TNF-q, 28,

2.4.6. The fibroblasts—Fibroblasts are the most abundant non-cardiomyocytesin the
adult mammalian heart 52 and are strategically located in the interstitial and perivascular
space. In the infarcted heart resident cardiac fibroblasts undergo inflammatory activation
and activate the inflammasome platform 27, thus serving as a source of bioactive IL-18.
Activated fibroblasts may aso secrete chemokines; however, their relative contribution to
the activation and progression of the post-infarction inflammatory reaction remains
unknown.

2.4.7. Endothelial cells—Endothelia cells actively participate in the post-infarction
inflammatory reaction. Cytokine release in the infarct zone induces adhesion molecule
expression on the endothelial cell surface, thus promoting adhesive interactions with
circulating leukocytes. Endothelial cells are also amajor source of pro-inflammatory
chemokines (such as MCP-1 and IP-10) 3 54 in the infarcted myocardium.

3. Resolution of the inflammatory response and activation of fibrogenic and
angiogenic pathways

Optimal tissue repair is dependent on activation of endogenous signals that restrain the
inflammatory reaction and stimul ate reparative cascades. These STOP signals are
particularly important in repair of the injured heart. In the myocardium, normal function is
dependent on optimal preservation of structure; even subtle alterations in cardiac
morphology may induce severe dysfunction. Thus, in the injured heart unrestrained,
prolonged or extended inflammatory activity could have catastrophic consequences, leading
to extensive matrix degradation, adverse dilative remodeling and progressive dysfunction 3.
Because myocardial infarction activates several distinct inflammatory cascadesin all cell
typesinvolved in cardiac repair, multiple inhibitory signals may co-operate to restrain and
suppress inflammatory signaling. Recent studies have identified specific cellular processes
(Figure 2) and STOP signals involved in negative regulation of the post-infarction
inflammatory reaction; in their absence, remodeling of the infarcted heart is accentuated.

3.1. The cellular effectors of resolution of inflammation

3.1.1. Clearance of apoptotic neutrophils and removal of matrix debris—
Neutrophils participate in resolution of the inflammatory response through their death.
Neutrophilsinfiltrating injured tissues are programmed to undergo apoptosis °°; ingestion of
apoptotic neutrophils by macrophages exerts potent anti-inflammatory and
immunosuppressive effects 56, mediated through macrophage-derived secretion of TGF-B,
IL-10 and lipid-derived pro-resolving mediators (such as lipoxins). Clearance of apoptotic
cells by macrophages may function as an important endogenous inhibitory mechanism;
however, itsrolein resolution of inflammation following myocardial infarction has not been
investigated.

Removal of matrix fragments generated in the injured heart also appears to play an essential
role in restraining the post-infarction inflammatory response 1. Evidence from our
laboratory suggested that clearance of low molecular weight hyaluronan fragments generates
important inhibitory signals in the infarcted heart 12. In normal hearts, hyaluronan exists as a
high molecular weight polymer; however following myocardial infarction hyaluronan
undergoes degradation that may result in accumulation of low molecular weight speciesin
the area of injury. Hyaluronan fragments activate endothelial cells and macrophages
inducing synthesis of inflammatory cytokines and chemokines /. Hyaluronan modulates the
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inflammatory response through interactions involving CD44, a ubiquitously distributed
transmembrane adhesion molecule 58, CD44 null mice exhibit enhanced and prolonged post-
infarction inflammation followed by reduced myofibroblast infiltration. Isolated CD44 -/-
cardiac fibroblasts had decreased proliferative activity upon stimulation with serum and
exhibited attenuated TGF-fB-induced collagen synthesis when compared with wildtype cells.
Accentuated inflammation and impaired fibroblast activation in CD44 -/- mice resulted in
enhanced dilative remodeling of the infarcted ventricle, without affecting the size of the
infarct. Thus, the effects of CD44 signaling in the infarcted myocardium may extend beyond
itsrole in activating an anti-inflammatory cascade and may also involve regulation of
fibrogenic responses.

3.1.2. Regulatory T cells (Tregs) and inhibitory monocytes/macrophages—
Mononuclear cell subpopulations with inhibitory properties are ideally suited as negative
regulators of the post-infarction inflammatory reaction. The sequential recruitment of
inflanmatory and reparative monocytes in the healing infarct 36 suggests that early
activation of MCP-1/CCR2-dependent chemotaxis may be followed by late activation of
chemotactic pathways that specifically attract inhibitory cells. The chemokine/chemokine
receptor pairs that may beinvolved in recruitment of inhibitory monocytes remain poorly
understood. Differentiated macrophages may also play an important role in suppression of
the post-infarction inflammatory reaction. In the dynamic and complex microenvironment of
the infarct, cytokine stimulation may drive differentiation of macrophage subpopulations
with inhibitory properties that may serve as key effectors in negative regulation of the
inflammatory reaction.

Inhibitory lymphocytes are also recruited in the infarcted myocardium and may play an
important role in restraining the post-infarction inflammatory response. Regulatory T cells
(Tregs) infiltrate the healing infarct and may suppress macrophage and lymphocyte
inflammatory activity through contact-dependent interactions and by secreting soluble
inhibitory mediators, such as 1L-10 and TGF-§ 3. Interactions involving the chemokine
receptor CCR5 are crucial for recruitment of Tregsin the infarct and play an important role
in negative regulation of the inflammatory reaction 37,

3.1.3. Vascular maturation and the role of the pericytes—Healing of the infarcted
heart is associated with intense angiogenesis, as arich microvascular network is formed to
supply the wound with nutrients and oxygen, Rapid induction of angiogenic growth factors
results in formation of a network of hyperpermeable neovessels 23 that may lack a pericyte
coat %°. Asthe infarct vasculature matures, some infarct neovessels are coated with
pericytes, whereas uncoated vessels regress 80, Mature coated vessels are protected from
regression and exhibit decreased inflammatory activity and reduced angiogenic potential
contributing to stabilization of the scar. Our experiments have demonstrated that acquisition
of amuscular coat by infarct neovessels requires activation of Platelet Derived Growth
Factor (PDGF)-BB/PDGF-Rp interactions 1,

3.2. Molecular signals involved in suppression and resolution of inflammation

Suppression and resolution of the post-infarction inflammatory reaction involves activation
of acomplex network of endogenous STOP signals that may co-operate to inhibit
inflammatory activity in all cell typesinvolved in cardiac repair. Secretion of soluble
inhibitory mediators (such as IL-10 and TGF-§), activation of endogenous cascades that
inhibit innate immune response, increased expression of decoy receptors and deposition of
matricellular proteins that modulate inflammatory signaling may play an important rolein
termination and resolution of the post-infarction inflammatory reaction.
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3.2.1. IL-10—IL-10 expression shows a late and prolonged time course in the infarcted
myocardium and is localized in T cells and in a subset of macrophages 62. Associativein
vivo studies and in vitro experiments by our laboratory suggested that IL-10 may suppress
pro-inflammatory cytokine synthesis and may contribute to stabilization of the matrix by
inducing synthesis of protease inhibitors, such as Tissue Inhibitor of Metalloproteinases
(TIMP)-1, by macrophages. Experimentsin IL-10 null mice have produced contradictory
results on the role of 1L-10 in negative regulation of the immune response following
myocardial infarction. Yang and coworkers suggested that IL-10 -/- mice had markedly
increased mortality and exhibited an enhanced inflammatory response following reperfused
myocardial infarction 3, In contrast, our |aboratory found no effects of IL-10 disruption on
survival of mice undergoing reperfused infarction protocols and showed only subtle
differences between 1L-10 null and wildtype animals 4. Although 1L-10 -/- mice had higher
peak myocardia TNF-a and MCP-1 mRNA levels following infarction than wildtype
animals, both groups had timely repression of pro-inflammatory cytokine and chemokine
MRNA synthesis, exhibited a similar time course of resolution of the neutrophil infiltrate
and had comparable adverse remodeling 84. Our findings suggested that IL-10 signaling
plays anon-critical role in suppression of inflammatory mediators, resolution of the
inflammatory response, fibrosis and matrix metabolism following myocardial infarction.

3.2.2. TGF-B—TGF-B, ahighly pleiotropic and multifunctional mediator with context-
dependent actions, may play an important role in suppression of the immune response
following infarction, orchestrating the transition from inflammation to fibrous tissue
deposition. TGF-f suppresses cytokine and chemokine synthesis by macrophages and
endothelia cells, reduces adhesion molecule expression and promotes Treg

differentiation 85. On the other hand, TGF- activates fibroblasts, inducing myofibroblast
transdifferentiation, stimulating synthesis of extracellular matrix proteins (including
collagens, fibronectin, matricellular proteins and proteoglycans) %6, and suppressing matrix
degradation by inducing expression of protease inhibitors (such as Plasminogen Activator
Inhibitor (PA1)-1 and TIMP-1) 87, In healing infarcts, TGF-p may serve as a“master switch”
that links repression of the inflammatory reaction with activation of a fibrogenic program.
Unfortunately, the complex biology of TGF-3 activation, its pleiotropic and context-
dependent actions, and its multiple cellular targets have hampered our efforts to understand
its role in modulating the immune response in the infarcted heart. A crucial role for TGF-j
in resolution of post-infarction inflammation was suggested inhibition studies through
injection of an adenovirus harboring soluble TGF-f type Il receptor in the hindlimb muscles.
Late TGF- inhibition attenuated | eft ventricular remodeling by reducing cardiac

fibrosis 88 89: however, early TGF-f inhibition significantly increased mortality and
exacerbated |eft ventricular dilation enhancing cytokine synthesis. These findings suggested
that TGF-p signaling may play an important role in suppression of inflammatory mediator
synthesis following myocardial infarction 68,

TGF-f exertsits cellular effects by binding to the constitutively active type Il receptor
(TBRII); subsequently the complex transphosphorylates the cytoplasmic domain of the type |
receptor (TRRI). Activation of TRRI propagates downstream intracellular signas, through
the Smad proteins, essential components of the TGF-p signaling pathway 7°, but also
activates Smad-independent pathways. Our experiments demonstrated that the Smad3
cascade is responsible for the fibrogenic, but not for the anti-inflammatory actions of TGF-f
in the infarcted myocardium 71 72,

3.2.3. Growth differentiation factor (GDF)-15—GDF-15, amember of the TGF-
superfamily, has been recently identified as essentia inhibitory molecule that suppresses
chemokine-triggered conformational integrin activation in neutrophils, thus limiting
activation of inflanmatory leukocytes and adhesion to the endothelium 73. Loss of the anti-
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inflammatory actions of GDF-15 resultsin an increased incidence of cardiac rupture
following myocardial infarction /3.

3.2.4. Expression of decoy receptors as a mechanism terminating
inflammation—A growing body of evidence suggests that certain cytokine and chemokine
receptors may bind to their ligands with high affinity without transducing a signal, thus
serving as amolecular trap that removes the cytokine or chemokine from the circulation.
Such decoy receptors have been identified for several members of the cytokine and
chemokine family; however, their role in regulating the post-infarction inflammatory
response remains unknown 4. The balance between surface expression of signaling and
decoy receptors may determine cellular responsiveness to pro-inflammatory cytokines and
chemokines. A recent investigation demonstrated that the decoy chemokine receptor D6 is
expressed in healing infarcts and protects the heart from excessive inflammation and adverse
remodeling 7°.

3.2.5. Activation of intracellular pathways that inhibit the innate immune
response—Because unrestrained innate immune responses could have catastrophic effects
on tissue structure, multiple endogenous inhibitory signals have evolved to limit and contain
activation of TLR/IL-1 signaling 76. Interleukin Receptor-Associated Protein (IRAK)-M isa
member of the IRAK family that, unlike IRAK-1 and IRAK-4, does not transduce pro-
inflammatory signals, but is predominantly expressed in macrophages and limits TLR/
IRAK-1 dependent activation (Figure 3). Recent experiments from our laboratory
demonstrated that IRAK-M is upregulated in both macrophages and fibroblasts in the
infarcted heart and is critically involved in negative regulation of the innate immune
response. IRAK-M loss results in accentuated dilative remodeling, associated with increased
inflammation and enhanced MMP activation /7. Although macrophage IRAK-M had anti-
inflammatory actions, IRAK-M upregulation in cardiac fibroblasts does not affect their
inflammatory capacity but restrains expression and activation of MM Ps promoting a matrix-
preserving phenotype 77

3.2.6. Upregulation of matricellular proteins in the infarct border zone may
inhibit the inflammatory reaction—In addition to its structural role, the cardiac
extracellular matrix is also capable of modulating cellular phenotype and function;
components of the matrix activate and transduce key signals in inflammation and tissue
repair. Following infarction, the cardiac extracellular matrix undergoes dynamic changes
that drive the inflammatory and reparative response. During the first few hours after
infarction generation of matrix fragments stimulates inflammatory mediator synthesis 13.
Formation of aprovisional matrix network comprised of fibrin and fibronectin provides a
conduit for migrating cells facilitating the reparative process 43 78. The proliferative phase
of infarct healing is associated with marked induction and deposition of matricellular
proteins, afamily of macromolecules that do not play a structural role, but bind to the matrix
and modulate cell-cell and cell-matrix interactions 7°. Several members of the matricellular
protein family modulate the post-infarction inflammatory reaction. Thrombospondin (TSP)
-1, apotent angiostatic protein with a crucia 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 8. Other matricellular proteins, such as osteonectin, osteopontin, tenascin-C
and periostin are also induced in the infarcted heart and regulate the reparative response
through di8rect effects on fibroblasts and inflammatory cells and by modulating growth factor
signaling 81.
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Observations documenting abundant infiltration of the infarct border zone with
inflammatory leukocytes, and in vitro studies suggesting that infiltrating neutrophils may
cause cytotoxic cardiomyocyte injury supported the notion that the post-infarction
inflammatory reaction may extend the size of the infarct following myocardial ischemiaand
reperfusion. Early attempts for broad inhibition of the inflammatory reaction in patients with
myocardial infarction using systemic corticosteroids had, in some cases 82, catastrophic
effects, presumed due to impairment of the reparative process. These effects highlighted the
dual function of the immune system in myocardial injury and repair. In the following
decades, the explosive growth in the biology of inflammation fueled experimental studies
targeting specific immune pathways in large animal models of reperfused myocardial
infarction. Extensive experimental evidence demonstrated that antibody neutralization of
adhesion molecules, chemokines and cytokines protected the ischemic and reperfused
myocardium, reducing the size of the infarct by 40-50% 83. These findings generated
considerable enthusiasm regarding the potential effectiveness of targeted anti-inflammatory
approaches in patients with acute myocardial infarction. Unfortunately, clinical trialsfailed
to trandate the concept into a successful therapeutic approach. Despite the success of anti-
integrin approaches in reducing infarct size in experimental models, clinical trials showed no
effects of early CD11b/CD18 integrin inhibition in human patients with ST elevation
myocardial infarction 84 6. Moreover, inhibition of the complement cascade, an essential
component of the innate immune response, did not improve outcome in patients undergoing
a percutaneous coronary intervention for acute myocardial infarction ”.

Why did early inhibition of inflammatory signals fail to reduce ischemic injury in patients
with acute myocardial infarction, despite extensive experimental support? Perhaps, the
enthusiasm generated by the concept and by an impressive volume of promising
experimental evidence may have been misleading. A bias against negative experimental
studies may have resulted in selective publication of studies showing positive results that
may not have adequately reflected the collective experience of the research community.
Over the last decade, studies using genetically manipulated animals have challenged the
concept of inflammatory cardiomyocyte injury. Mice with disruption of key pro-
inflanmatory pathways (such as the P-selectin/ CAM-1 double knockout mice 46, the IL-1
type 1 receptor null mice 23 and the MCP-1 -/- animals %) had no reduction in infarct size,
despite a marked attenuation of inflammatory activity. Thus, the significance of
inflammation-related extension of ischemic cardiomyocyte death may have been overstated.

Moreover, human patient populations with myocardial infarction are highly heterogeneous;
for this reason use of animal models to derive direct translational conclusionsis challenging
and problematic. Animal models are extremely useful in studies designed to obtain
mechanistic insights into the role of specific molecular signals and cellular responses. To
fulfill this goal, animal studies are designed to eliminate variability so that therole of a
specific signal or mediator in the pathophysiologic process of interest can be dissected.
Patients with myocardial infarction on the other hand, exhibit variationsin arange of factors
that may affect outcome. The presence of comorbid conditions (such as diabetes,
hypertension or hyperlipidemia), advanced age, gender-specific effects, differencesin
genetic background, and in the pattern and presentation of coronary disease, and therapy
with various pharmacol ogic agents have profound effects on the inflammatory and
reparative response to myocardial infarction; the complexity of these variations cannot be
recapitulated by any animal model. An example of the effects of one of these factorsis
provided by our studies on the effects of aging on the post-infarction inflammatory reaction.
We found that senescent mice develop worse adverse remodeling following myocardial
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infarction, but exhibit suppressed (and somewhat prolonged) inflammatory activation .
Conclusions on the efficacy of targeted anti-inflammatory strategies were based exclusively
on investigations in young animals (which exhibit robust and transient immune responses to
tissue injury). These findings may not be directly relevant to the aged human population
presenting with an acute coronary event. Thus, in order to interpret findings from
experimental studies we need to recognize that a well-executed animal study should enhance
our knowledge on the pathophysiologic mechanisms of disease. These insights may provide
us with the necessary information in order to develop and design a therapeutic approach.
However, the findings do not have direct predictive value regarding success in the clinical
context.

4.2. Targeted anti-inflammatory approaches may prevent adverse post-infarction
remodeling: the case for personalized approaches based on pathophysiologic insights

Inflammatory injury may not accentuate ischemic cardiomyocyte death; however, a growing
body of evidence suggests that inflammatory mediators play an important role in the
pathogenesis of dilative remodeling following myocardial infarction. In mouse models, loss
of IL-1 or MCP-1 markedly reduced dilative remodeling without affecting the size of the
infarct 2349, Moreover, animals with defects in pathways involved in resolution of
inflanmation 77 exhibited enhanced chamber dilation highlighting the importance of intact
endogenous STOP signalsin protection from dilative remodeling. Inflammation-induced
adverse remodeling of the infarcted heart may be due to activation of several distinct
detrimental processes. First, cytokine-mediated induction and activation of MM Ps and
subsequent loss of extracellular matrix proteins may result in reduced tensile strength of the
infarct, cardiomyocyte slippage and |oss of matrix-derived signals that may support
cardiomyocyte function. Second, defective containment of the post-infarction inflammatory
reaction may stimulate apoptotic pathways in viable cardiomyocytes of the infarct border
zone. Third, extension of pro-inflammatory signaling in non-infarcted areas may trigger
fibrosis exacerbating dysfunction.

Targeted anti-inflammatory strategiesto inhibit IL-1 or MCP-1 signaling may be promising
strategies to attenuate post-infarction remodeling. Two pilot studies examining the effects of
IL-1 inhibition with | L-1 receptor antagonist (anakinra) 86 87 in patients with clinically
stable ST elevation myocardial infarction suggested promising beneficial effects. Treatment
with anakinra suppressed the post-infarction inflammatory response and was associated with
alower incidence of heart failure 87,

However, in order to successfully trandlate this concept to the clinic, we need to recognize
and expl oit the pathophysiologic complexity of post-infarction remodeling. Patients
surviving an acute infarction have very different remodeling responses that may depend on
their comorbidities, genetic factors, age, or their unique pattern of coronary disease; these
responses are to a significant extent independent of the size of the infarct. Some patients
with myocardial infarction exhibit accelerated ventricular dilation accompanied by
progression to systolic dysfunction and heart failure; others develop early and prominent
fibrotic changes associated with concentric hypertrophy and diastolic dysfunction. The
subset of patients with dilative remodeling may have prolonged or exaggerated myocardial
inflammation following infarction, possibly due to defective STOP signals and impaired
negative regulation of the inflammatory reaction. These patients may benefit from
therapeutic strategies targeting specific pro-inflammatory cascades. In contrast, in patients
with prominent fibrosis and diastolic dysfunction (such as individuals with diabetes) 88
inflammatory activity may be temporally and spatially restrained and an overactive TGF-§
response may be responsible for the fibrotic alterations. This subpopulation of patients may
benefit from therapies targeting TGF-f/Smad signaling 89. Biomarker-based approaches
may prove extremely valuable in identifying patient subpopulations with specific
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pathophysiologic disturbances. Patients with a prolonged increase in circulating chemokine
levels had worse prognosis following myocardial infarction 90; this may be due to the
development of dilative remodeling in response to an overactive inflammatory reaction.
These patients may benefit from targeted inhibition of inflammation. On the other hand,
elevated levels of biomarkers indicating increased matrix protein synthesis 91 may
contribute to the identification of patients with more intense fibrotic changes. Development
of reliable biomarker-based approaches to identify subgroups of patients with specific
pathophysiologic responses may prove extremely valuable for effective targeting of post-
infarction cardiac remodeling 92.
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Neutrophil infiltration in the infarcted myocardium and the concept of leukocyte-mediated
cardiomyocyte injury. Neutrophil extravasation in the infarcted heart occursin a series of
sequential steps. Circulating neutrophils are captured by activated endothelial cells (1) and
roll on the endothelial surface (2) through selectin-mediated interactions. Captured
neutrophils can “sense” chemokines immobilized in the endothelial surface (such as IL-8).

I nteractions between the chemokines and their corresponding chemokine receptors activate
integrins on the surface of the neutrophils. Interactions between leukocyte b2 integrins and
endothelial adhesion molecules (such as ICAM-1) result in firm adhesion of the neutrophils
(3). Subsequently the neutrophils transmigrate across the endothelial layer through
interactions that involve adhesion molecules, including V E-cadherin, ICAM-1 and members
of the JAM family (4). In the infarcted tissue, neutrophils release reactive oxygen species
(ROS) and proteolytic enzymes, playing arole in clearance of the infarct from dead cells
and matrix debris (5). Experimental evidence has suggested that neutrophils may adhereto
viable cardiomyocytes and exert cytotoxic effects; however, this concept has been
challenged by recent studies using genetically targeted animals.
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Figure2.

Cellular events associated with negative regulation of the post-infarction inflammatory
response. Recruitment of inhibitory mononuclear cell subpopulationsin the infarcted
myocardium, such as Tregs (1) and inhibitory monocytes (2) may require activation of
specific chemokine/chemokine receptor interactions. Macrophages acquire an anti-
inflammatory phenotype and secrete inhibitory mediators upon phagocytosis of apoptotic
neutrophils (3). Endothelial cells may participate in suppression of the inflammatory
response (4) by producing mediators that inhibit adhesive interactions with leukocytes (such
as GDF-15). Acquisition of a pericyte coat by infarct neovessels (5) may also suppress
inflammatory activity and is mediated through PDGFR-b/PDGF-BB interactions.
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Negative regulation of IL-1/TLR responses plays an important role in restraining the post-
infarction inflammatory reaction. IRAK-M is expressed in infarct macrophages and
fibroblasts and limits IL-1/TLR-mediated NF-«xB activation.
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