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Spatiotemporal Dynamics of Immune Cells in Early Left
Ventricular Remodeling After Acute Myocardial Infarction in
Mice
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Abstract: Myocardial infarction remains a leading cause of
morbidity and death. Insufficient delivery of oxygen to the
myocardium sets into play a complicated process of repair that
involves the temporal recruitment of different immune cells so as to
remove debris and necrotic cells expeditiously and to form effective
scar tissue. Clearly defined and overlapping phases have been
identified in the process, which transitions from an overall proin-
flammatory to anti-inflammatory phenotype with time. Variations in
the strength of the phases as well as in the co-ordination among them
have profound consequences. Too strong of an inflammatory phase
can result in left ventricular wall thinning and eventual rupture,
whereas too strong of an anti-inflammatory phase can lead to cardiac
stiffening, arrhythmias, or ventricular aneurisms. In both cases, heart
failure is an intermediate consequence with death being the likely
outcome. Here, we summarize the role of key immune cells in the
repair process of the heart after left ventricular myocardial infarction,
along with the associated cytokines and chemokines. A better
understanding of the immune response ought to lead hopefully to
improved therapies that exploit the natural repair process for
mending the infarcted heart.
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INTRODUCTION
Cardiovascular diseases (CVDs) remain the leading cause
of death worldwide. According to the 2016 Heart Disease and
Stroke Statistics update of the American Heart Association,
more than 15.5 million people older than 20 years develop
CVDs in the United States.! Notably, according to the World
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Health Organization, around 17.9 million annual CVD-related
deaths worldwide are due to ischemic heart diseases, involving
mostly myocardial infarction (MI).? Left ventricular MI is the
most common form of MI, defined as the decrease in blood flow
to LV cardiac tissue after complete or partial obstruction of the
coronary arteries, resulting in cardiac morphological alterations
and functional imbalance.®> Ml-induced myocardial hypoxic
environment triggers cardiomyocyte death by necrosis. Dying
cardiomyocytes release different types of molecules known as
danger-associated molecular patterns (DAMPs), such as high-
mobility group box-1 (HMGBI1), S100 proteins, heat shock
proteins, low-molecular hyaluronic acid, and fibronectin frag-
ments along with chemoattractants including CXC, CC, and C
chemokines that activate and recruit the immune system into the
site of injury.*

Two of the most common models used by researchers
to study MI are the permanent MI model and the ischemia/
reperfusion model. The inflammatory response in each model
follows a different pattern and timeframe. For instance,
a higher number of infiltrating inflammatory cells, particularly
neutrophils and macrophages, as well as increased cardio-
myocyte clearance and collagen deposition are evident in the
reperfused infarct when compared with the permanent MI
model.> The reperfusion model is also characterized by
a stronger angiogenic response manifested by a higher num-
ber of medium-sized and large vessel formation at 7 and 14
days after reperfusion.’ This review only addresses the role of
immune cells and their temporal distribution in the permanent
MI model. It should be noted that other factors such as micro-
RNAs, microparticles, exosomes, adhesion molecules, pro-
genitor cells are relevant to MI but are not discussed here
because of the constraints of focus.

After the onset of MI, 3 interchangeable but over-
lapping phases are involved in LV remodeling (Fig. 1):
inflammatory, granulation, and maturation phases.® Each
phase is characterized by the temporal release of cytokines
(Table 1) and the presence of associated immune cells (Table
2). The inflammatory phase is initiated seconds to minutes
after MI in response to the release of DAMPs including heat
shock protein, adenosine triphosphate, RNA, and DNA from
dying myocytes into the surrounding extracellular space, re-
sulting in an intensive innate immune response mediated by
the activation of complement cascade and the recruitment of
neutrophils and monocytes to the site of injury.>”-# Mono-
cytes are then differentiated in part into M1 macrophages,
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leading to extracellular matrix (ECM) degradation and the
release of proinflammatory cytokines such as IL-1f and
TNF-o..° Noteworthy, this early proinflammatory response
serves to remove necrotic cardiomyocyte debris from the site
of injury. Healthy myocytes surrounding the infarct are stim-
ulated as well to produce inflammatory mediators/cytokines,
notably IL-6, IL-1B, MCP-1, and TNF-a, which in turn acti-
vate signaling within surviving cardiac myocytes and trigger
leukocyte recruitment and activation.!?

Resolution of inflammation, on the other hand, marks the
beginning of granulation and plays a crucial role in limiting the
myocardial injury to prevent adverse infarct expansion and
border zone extension.” The granulation phase is characterized
by the activation of M2 macrophages, release of anti-
inflammatory cytokines including IL-10 and TGF-f, and dif-
ferentiation of fibroblasts to myofibroblasts to improve ECM
deposition as well as the quality of the forming scar.!!:12 My-
ofibroblast survival along with fibrotic scar formation is the
hallmark of the last phase known as the maturation phase.!?

FIGURE 1. Three overlapping phases are
involved in LV remodeling after MI.

A properly balanced transition between phases is
pivotal in preventing LV rupture and LV stiffness that impede
both systolic and diastolic function of the heart.” The immune
system, hence, plays a very important role in the initiation,
development, and resolution of inflammation after MI (Fig.
1). Immune cells contribute to both the damage and repair of
the cardiac tissue, including scar formation and LV remodel-
ing after MI. The latest findings in the MI field with respect to
the role of immune cells and their temporal distribution in the
early and late stages of MI are summarized in this review. In
addition, we highlight the role and temporal distribution of
the main pro- and anti-inflammatory cytokines involved in
early LV remodeling after MI.

NEUTROPHILS
Neutrophils, also known as polymorphonuclear (PMN)
leukocytes, belong to the innate immune system (Fig. 2 and
Table 2). Neutrophils are recruited to the infarcted area on the
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Between 4 and 7 days after MI, the anti-inflammatory Ly-6C'° monocytes are recruited. Ly-6C'© monocytes express anti-
inflammatory cytokines, such as IL-10 and TGF-R in addition to VEGF, and promote reparative processes such as angiogenesis and
ECM deposition and can differentiate into activated M2 macrophages. DC number peaks in the infarct 5-7 days after MI. They
serve as a major source of IL-23, which in turn functions as a proinflammatory stimulus inducing the differentiation of naive
lymphocytes and secretion of other proinflammatory cytokines. B-cell infiltration also peaks 5-7 days after MI. B-lymphocytes
produce CCL17, which leads to the recruitment of Ly6Ch' monocytes into the infarct area, leading to enhanced tissue injury and
deterioration of myocardial function. Maturation phase (days 7-14): MCs and Treg cells are the main cell populations that peak
after day 7. Treg cell infiltration peaks at day 7 after MI. Treg cells produce IL-10, IL-13, IL-35, and TGF-3 and play an essential role
in the resolution of inflammation and cardiac repair after Ml, leading to the polarization of infiltrating macrophages into an M2
phenotype, thus promoting wound healing. MCs degranulate and serve as an important source of TNF-o. and histamine and
contribute to the postinfarction inflammatory and reparative responses by producing a range of fibrogenic and angiogenic
mediators, including tryptase, chymase, TGF-B, FGF, VEGF, and PDGF.

Natural killers Mast cells Dendritic cells B cells Treg cells
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TABLE 1. Cytokine Temporal Pattern After Ml

Peak (Plasma/Cardiac

Cytokines Immune Cell Source Tissues) Role
IL-1B Proinflammatory monocytes, 0-2 h after MI80-82 Enhances cardiomyocyte apoptosis and the proinflammatory
macrophages, and leukocytes’¢~7? postinfarction immune response’®
Mediates adverse remodeling by altering MMP expression
and activity®°
Enhances leukocytes infiltration into the infarcted area®?
TNF-a. Ly6Ch monocytes, M1 macrophages, 3-7 d after MI3485 Enhances apoptosis-related protein production, activates
lymphocytes, endothelial cells, NF-kB pathway, and promotes leukocytes and neutrophil
fibroblasts, MCs, NK cells, and infiltration into the infarcted area2s:8¢
Thl cells®!%2° Depresses myocardium contractility and enhances
cardiomyocyte hypertrophy37-88
IL-6 T cells, B cells, M1 macrophages, 1-2 d post MI°!-%3 Promotes T- and B-cell differentiation®*
Ly6C" monocytes, stromal cells, Activates NK and macrophages and stimulates
vascular endothelial cells, smooth cardiomyocyte hypertrophy?095
muscle cells, cardiomyocytes, and Extends the degree of myocardial necrosis®?
fibroblast®®-20
IL-4 Eosinophils, basophils, MCs, and Day 7 after MI%° Enhances smooth muscle contractility, promotes monocyte/
Th2 cells?*8 macrophage differentiation to M2 phenotype, and stimulates
M2 macrophage proliferation!%0:101
IL-13 NK cells, MCs, Treg cells, ILC2s, Day 3 after MI'03 Regulates leukocytes recruitment and stimulates M2-like
and CD4" cells (Th2)?8.100,102 monocyte/macrophage differentiation!%4
Enhances cardiac regeneration!03-105
IL-10 Ly6C'® monocytes/M2 macrophages, 3-7 d after MI>3-109.110 Inhibits TNF-a, IL-1p, and IL-6 production!!!-112
various subsets of T cells incluS)iéI}g Decreases neutrophil recruitment to the infarcted area®?
11;21’ Treg, Th2 cells, and Trl Regulates ECM deposition through modulating
metaloproteinases and tissue inhibitors of
metaloproteinases>>-113
IL-12 CD4" cells (Th2), monocytes, Day 7 after MI%? Enhances the differentiation of naive CD4* T cells into Thl
macrophages, DC, and B cellg!!3.116
cells! 14116 Promotes T cells and NK cells to release INF-y,7%-117
Inhibits angiogenic activity!'®
IL-18 Leukocytes, DC, and Within 2 d after MI'20 Stimulates Th1 and NK cells to produce INF-y7%-118
macrophages’>!8:119 Increases the infarct size”®
TGF- B NK cells, MCs, Treg cell, M2 TGF-B1 and TGF-B2 peak Suppresses the expression of proinflammatory cytokines and
macrophages, Ly6C!® monocytes, 672 hours after reperfusion. chemokines, inhibits Thl effector T cells differentiation,
cardiomyocytes, and B cells!?!-123 TGF-3 peaks on day 7 after promotes ECM synthesis, stimulates expression of tissue
M[ 124,126 inhibitor of metalloproteinases, and enhances myofibroblast
transdifferentiation!26-128
IFN-y NK cells, Thl cells, DCs, and NA Activates monocytes and macrophages and drives them

macrophages!6->97%-129

toward an inflammatory phenotype and plays an important
role in initializing the differentiation of monocytes into
macrophages or DCs!127

first day after permanent MI and their levels peak at days 1-3
and then decline to very low levels around day 7.'3 Until
recently, neutrophils were considered a homogenous popula-
tion of cells with a short life span, mainly involved in defense
mechanisms by phagocytosis. However, this view has been
challenged, and several neutrophil phenotypes have been
described that manifest specialized functions including tissue
repair, tumor killing, and immune regulation.'* After MI,
chemokines, such as macrophage inflammatory protein-2a.
(MIP-2a,, CXCL2, GRO B), leukotriene B4 (LTB4), CINC-
1 (CXCL1, GRO a, KC), IL-8 (CXCLS), and complement 5a,
accumulate at the ischemic injury site and attract neutrophils
to the injured area through interaction with cell surface che-
mokine receptors. !>

Neutrophils play an important role in the clearance of
the infarct of dead cardiomyocytes and matrix debris through
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the production of reactive oxygen species and proteolytic
enzymes (Fig. 2). Neutrophils also secrete proinflammatory
mediators that may amplify the recruitment of inflammatory
cells.®16-17 However, Yonggang et al recently reported the
presence of anti-inflammatory N2 neutrophils in the heart
after MI in addition to the well-known N1 phenotype.!® N1
was shown to be the predominant neutrophil phenotype after
the onset of MI, whereas N2 increased over time of injury
with a predominant role in resolving inflammation in a similar
fashion as M2 macrophages.!® Polarization to the N1 pheno-
type was shown to be triggered upon the exposure of circu-
lating neutrophils to DAMPs released from the LV infarct via
toll-like receptor 4 (TLR4).'® The dominant N1 polarization
profile is associated with thinning of the LV infarcted wall
potentially due to secretion of matrix metalloproteinases.!®
In addition, by releasing neutrophil gelatinase-associated
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TABLE 2. Immune Cell Temporal Distribution Post-MI

Immune Cell Type Peak Day Role(s)

Neutrophils 1-3 13130 Contribute to the clearance of the infarct from dead cardiomyocytes and matrix debris through the production of
oxidants and proteolytic enzymes and secrete proinflammatory mediators that may amplify the recruitment of
inflammatory cells® 1617

Monocytes 2-713 Both monocyte subsets hi and lo are able to differentiate into macrophages and/or DCs in addition to modulating
the activity of those cells already residing in the heart!®

Ly-6C!® monocytes 5-7 d16:24 Promote healing and reparative processes such as angiogenesis and ECM deposition and play a role in terminating
inflammation®-2413!

Ly-6CM monocytes 1-3 624 Remove necrotic debris by the combination of proteolysis, phagocytosis,®?* and the production of
proinflammatory mediators such as TNF-alpha!3!

Macrophages 1-7 d3 Modulate the activity of other immune cells such as NK cells by producing interleukins, such as IL-12 and IL-18,
or through direct cell-to-cell contact!®
Interact with endothelial cells to coordinate angiogenesis and promote blood supply in the forming tissue?*
Contribute to inflammation, proteolysis, and phagocytosis by producing inflammatory cytokines, cathepsins, and
matrix metalloproteinases!®
Remove debris, dead cardiomyocytes, and apoptotic neutrophils to prepare for tissue rebuilding and
regeneration!3°

M1 macrophages 1-3dB Have an inflammatory phenotype; they produce proinflammatory cytokines (IL-1f and TNF-o) and participate in
Thl polarization'®

M2 macrophages 5-7dB3 Have an anti-inflammatory phenotype; they regulate the Th2 responses'®

NK cells 3-7dB Interact with cardiac endothelial cells after MI to promote vascularization and angiogenesis via a mechanism
involving a4b7 integrin and KLRG 1 and thus promote cardiac repair>®
Serve as a major source of IFN-7y, which plays a major role in activating monocytes and macrophages and driving
their differentiation into inflammatory M1 macrophages or DCs!®

Regulatory T cells 7-14 d13 Regulate the myocardium repair through suppressing the macrophage and lymphocyte inflammatory activity by
contact-dependent interactions and by secreting soluble inhibitory mediators, such as IL-10 and TGF-f!7->4

T Helper cells (Thl) 7 d% Produce macrophage-activating cytokines®>

T Helper cells (Th2) 7 d% Augment humoral responses and inhibit Thl responses®>

DCs 5-7 d3 Activate CD4" T cells and Tregt cells and regulate the monocyte/macrophage homeostasis'>?

B Lymphocytes 7 413133 Produce Ccl7 and induce Ly6C" monocyte mobilization and recruitment to the heart, thus leading to enhanced
tissue injury and deterioration of myocardial function®*>

MCs 7-14 43 Degranulate and serve as an important source of proinflammatory mediators such as TNF-o and histamine and

trigger a cytokine cascade that mediates proinflammatory leukocyte recruitment!34

Contribute to the postinfarction inflammatory and reparative responses by producing a range of fibrogenic and
angiogenic mediators, including tryptase, chymase, TGF-B, FGF, VEGF, and PDGF°®

lipocalin, neutrophils direct the polarization of macrophages
into the healing M2c¢ macrophage phenotype responsible for
clearing apoptotic neutrophil cells in the infarct after ML !°
Clearance of the apoptotic neutrophils by macrophages and
dendritic cells (DCs) is rate-limiting for the transition to the
granulation phase. If not removed, dying PMNs secrete gran-
ule components to the extracellular environment, prolonging
therefore an adverse form of inflammatory response.!?

MONOCYTES

Monocytes and macrophages represent a part of the innate
immune system (Fig. 2 and Table 2). After neutrophil infiltra-
tion, monocytes are immediately recruited to the infarcted area.
During the first 3 days after MI, Ly-6C" monocytes peak and
accumulate at the site of injury via CCR2, secreting proinflam-
matory cytokines (ie, TNF-a, IL-1[) and proteolytic enzymes
(ie, cathepsins) and expressing dedication toward removing
necrotic debris through proteolysis and phagocytosis.?® The sec-
ond population of monocytes, known as Ly-6C" anti-
inflammatory monocytes, accumulates during the granulation
phase between 4 and 7 days after MI via CX3CR1. Ly-6C"

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

monocytes express and release multiple cytokines including IL-
10, TGF-P, and vascular endothelial growth factor (VEGF) that
promote reparative processes such as ECM deposition and
angiogenesis. Importantly, Ly6CPM monocytes and Ly6Cl
monocytes can differentiate into activated M1 and M2 macro-
phages, respectively, adapting therefore to the appropriate
inflammation-to-granulation transition phases.?%?! Differentia-
tion of monocytes to a particular phenotype occurs in response
to multiple cytokines including IFN-y for the M1 and IL-4 and
IL-10 for the M2 phenotypes.??

M1 MACROPHAGES

After MI injury, the proliferation of resident macro-
phages, infiltration of circulating M1 macrophages, and
differentiation of recruited Ly-6CM monocytes into classically
activated M1 macrophages increase cardiac macrophages by
approximately 2.9-fold.?%2! M1 macrophages (Fig. 2 and
Table 2), also known as classical macrophages, are consid-
ered among the first immune cells to be recruited to the
infarcted myocardium in parallel to neutrophils and mono-
cytes, peaking therefore day 1 and day 3 after MI, and are
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Treg Cells Dendritic Cells Thi Cells Th2 Cells ¥8T Cells B Cells Mast Cells
Cytokine/Agent Role
ROS Respiratory burst, Damages the surrounding necrotic tissue
ccCL-3/ccL-4 Binds to CCR1 on monocytes and attracts them to infarct site
Azurocidin Increases vessel permeability
MPO Degrades elastin and collagen and induces IL-6 secretion
Cathepsin/a-defensin Promote monocyte migration and activate platelets formation
MMPs Degrade collagen and ECM
IL-1B, IL-6, TNF-a Pro-inflammatory cytokines
Proteolytic Enzymes Digest cell debris
IL-10, Arg-1 Anti-inflammatory cytokines
VEGF, TGF-B Differentiation of fibroblasts into myofibroblasts

Facilitate the activation of T cells and cells of the innate immune system such as DCs,macrophages and

GM-CSF, TNF-a, IFN-¥ p
neutrophils

IL-1B, IL-13, TNF-a Pro-inflammatory cytokines

Plays an important role in initializing the differentiation of monocytes into macrophages and dendritic cells

e Drives monocytes and macrophages towards inflammatory phenotype

IL-2, IFN-¥ Activation of T cells

IL-33 Induces M2 macrophages polarization

IL-12, IL-18, IL-15 Activation of NK cells

117 Regulates inflammation through coordinating the expression of IL-1,IL-6,GM-CSF,MCP-1 which attracts
neutrophils and induces cardiomyocyte apoptosis

CCL-7 Recruitment of Ly6C-hi pro-inflammatory monocytes

GIanZYMeE Mefii.eztes the k?llfng of responder T cells and activates CD8+ T cells and NK cells to induce cytolysis and
inhibits the activity of B cells

IL-10, TGF-B Act as inhibitory cytokines that suppress other immune cells

TGF-B, VEGF, PDGF Regulate angiogenesis supporting the formation of granulation tissue

Chymase, Tryptase Proteases that exert pro-inflammatory actions and promote fibrogenesis and myofibroblasts differentiation

Histamine Increases vascular permeability

IL-10 Decreases VEGF expression and mediates the Treg cell-mediated improve in blood flow recovery post Mi

IL-4,5, IL-13,27,35,23 Undefined role in Ml

FIGURE 2. Major immune cells and their associated cytokines or agent implicated in cardiac remodeling after MI. Neutrophils are
the first responders after Ml serving in the clearance of dead cardiomyocytes and cellular debris through the secretion of ROS,
proteolytic enzymes, and MPOs that degrade collagen and the ECM, in addition to azurocidin that increases vascular perme-
ability, cathepsins, and CCL-3/CCL-4 that are involved in the recruitment of monocytes. After neutrophils, the proinflammatory
Ly-6C monocytes and M1 macrophages are recruited and secrete proinflammatory cytokines such as IL-1R, IL-6, TNF-o, and
proteolytic enzymes that digest cellular debris. On the other hand, the anti-inflammatory Ly-6C monocytes and M2 macrophages
secrete anti-inflammatory cytokines such as IL-10, Arg-1 and VEGF, and TGF-B, which plays an important role in the differentiation
of fibroblasts into myofibroblasts. M2 macrophages also secrete CCL-7, CCL-22, and CCL-24, which are involved in the
recruitment of other immune cells. NK cells dominate starting day 3 and serve as an important source of IFN-y, GM-CSF, and TNF-
o, which are responsible for the activation of T cells, DCs, macrophages, and neutrophils. NK cells also produce proinflammatory
cytokines such as IL-1B and IL-13. Treg cells orchestrate the functions of other cells. Treg cells produce granzyme B, which
mediates the killing of responder T cells and activates CD8* T cells and NK cells to induce cytolysis and inhibits the activity of B
cells. Treg cells also produce cytokines such as IL-10, IL-13, and IL-35. Other T-cell subtypes include Th1 cells, which produce TNF-
o, IFN-v, and IL-2, and Th2 cells, which produce IL-4, IL-5, IL-10, IL-13 and IL-33, and y3T cells that produce IL-17. DCs dominate
starting day 5 and secrete IL-12, IL-18, and IL-15, which play an important role in the activation of NK cells. B cells also dominate
starting day 5 and secrete mainly CCL-17, which is responsible for the recruitment of Ly6Ch proinflammatory monocytes. MCs
play an important role in the inflammatory and reparative processes after MI, where they secrete TGF-8, VEGF, and PDGEF that
regulate angiogenesis and support the formation of granulation tissue and histamine that increases vascular permeability, in
addition to proteases such as chymase and tryptase, which exert proinflammatory actions and promote fibrogenesis and my-
ofibroblasts differentiation.
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primarily involved in phagocytosis and inflammation.!3-23-24
M1 macrophages express a proinflammatory phenotype in
response to INF-y through interferon regulatory factor 5
(IRF5) transcriptional activity, which triggers the production
of proinflammatory cytokines including IL-1f and TNF-a. that
are known to promote apoptosis, inflammation, and neutro-
phil infiltration into the infarcted area.?>-¢ Inhibition of IRF5
activity in murine models modulated the inflammatory phe-
notype in M1 macrophages and promoted wound healing.?’

M2 MACROPHAGES

M2 macrophages (Fig. 2 and Table 2), also known as
alternatively activated or polarized macrophages, are anti-
inflammatory macrophages that dominate the macrophage
population as early as day 5 after MI. M2 macrophages,
along with Ly-6C' anti-inflammatory monocytes, play
a major role during the transition into the granulation phase
after MI, preparing the scar for healing and maturation.”-!3
The anti-inflammatory Th2 response regulation, as well as
the secretion of anti-inflammatory mediators and growth
factors, constitutes the hallmark of the M2 role during
the remodeling phase.?3-2* TGF-f, IL-10, and VEGF are
key players during this process. TGF-p triggers the expres-
sion of both CX3CR1 and VEGF through the prostaglandin
E, (PGE2)/E-prostanoid 3 (EP3) receptor signaling path-
way.?8 CX3CR1 chemoattractant properties recruit Ly-6C!°
monocytes into the infarcted zone, which are then polar-
ized, along with M1 macrophages, into the M2 phenotype
in response to IL-10, IL-4, and IL-13.28-39 Both M2 macro-
phages and Ly-6C'° monocytes become the major secretors
of TGF-B and VEGF thereafter, promoting fibroblast to
myofibroblast differentiation and angiogenesis, respec-
tively.2®8. Myofibroblast formation during the granulation
phase is critical for ECM deposition and alpha-smooth
muscle actin (¢-SMA) accumulation to provide the infarct
area with the appropriate level of resilience and strength to
resist LV loading mechanical pressure.?0-3!

A high concentration of IL-4 and IL-33 cytokines in the
macrophage-abundant region was also detected after MI.3?
Both cytokines act through triggering the expression of the
GATA3 transcription factor in macrophages, which plays
a role in polarizing macrophages to the M2 phenotype. Sur-
prisingly, deletion of GATA3 was shown to improve cardiac
remodeling after MI.32 However, in this study, GATA3
would have been deleted from all myeloid cells, which com-
plicates the interpretation of the findings.

INNATE LYMPHOID CELLS

Innate lymphoid cells (ILCs) originate from the com-
mon lymphoid progenitors and comprise a part of the innate
immune system. Unlike B and T cells, ILCs lack antigen-
specific receptors and are stimulated by stress, foreign
microbial compounds, and cytokines.?* According to their
cytokine expression profile, ILCs are divided broadly into 3
categories: ILC1, ILC2, and ILC3, which mimic type 1 helper
(Tyl), type 2 helper (Ty2), and T helper 17 (Ty17) cells’
cytokine expression, respectively.3* For instance, ILCI,

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

which include the cytotoxic innate natural killer (NK) cells,
secrete mainly the proinflammatory IFN-y in response to IL-
12, IL-15, and IL-18 cytokines.'® ILC2, on the other hand,
respond to IL-25, IL-33, and thymic stromal lymphopoietin
(TSLP) and secrete immunomodulatory cytokines including
IL-4, IL-5, and IL-13. ILC3 are stimulated by IL-1f and IL-
23 and are able to produce lymphotoxins, granulocyte-
macrophage colony-stimulating factor (GM-CSF), 1L-22,
and IL-17 and are primarily involved in antimicrobial mech-
anisms.>* After MI, ILC1 and ILC2 subtypes seem to domi-
nate during the remodeling process, while providing a pro-
and anti-inflammatory profile, respectively. NK cells (Fig. 2
and Table 2) are the only cytotoxic cells of the ILC family
that have a major role in LV remodeling by peaking at day 3
after MI.!3 NK cells serve as a main source of IFN-y, which
plays a major role in activating monocytes and macrophages
and driving their differentiation into inflammatory M1 macro-
phages or DCs.!® NK cells also produce GM-CSF and TNF-
a which, along with IFN-vy, facilitate activation of T cells and
cells of the innate immune system, such as DCs, macro-
phages, and neutrophils.'6

NK cells seem also to interact with cardiac endothelial
cells to promote vascularization and angiogenesis through
a mechanism involving 47 integrin and killer cell lectin-
like receptor (KLRG) 1, thereby promoting cardiac repair.3>
For instance, IL-2 upregulation with T-cell infiltration coin-
cides with an increase in the recruitment of NK cells into the
infarct.3> Bouchentouf et al3® showed that IL-2 induces the
expression of a4P7 integrin on NK cells, which allows for
their direct binding to cardiac endothelial cells that express
vascular cell adhesion molecule 1 (VCAM-1), thus contrib-
uting to the proangiogenic effects of NK cells. Mechanisti-
cally, the interaction of a4p7 integrin and VCAM-1 prevents
the interaction between the KLRG 1 on NK cells with N-cad-
herin on cardiac endothelial cells. This phenomenon leads to
the translocation of P-catenins into the nucleus of endothelial
cells, which in turn releases the contact inhibition of endothe-
lial cells and promotes therefore angiogenesis.3>-36

In addition to NK cells, ILC2 were recently shown to
play an important role in cardiac remodeling as early as day 3
after MI.37 Unable to infiltrate the adult heart, ILCs are
believed to reside within the heart throughout its lifespan with
commitment toward group 2 lineage.3” Thus, upon activation
with cytokines such as IL-33 after MI, cardiac ILCs differen-
tiate into ILC2 subtype and play an important role in coordi-
nating a Th2-like response by secreting immunomodulatory
cytokines, including IL-5 and IL-13.37 Knowledge of the
exact temporal distribution of ILC2 along with their specific
role after MI remains basic and requires further investigation.

DENDRITIC CELLS

DCs are antigen-presenting cells that play a key role as
a part of the innate immune system (Fig. 2 and Table 2). They
act as messengers between the innate and adaptive immune
systems.?® DCs are divided into 2 main subsets that express
distinct arrays of innate immune recognition receptors and are
specialized in different activities: the conventional DCs
(cDCs) and the plasmacytoid DCs (pDCs).3° ¢DCs are similar
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to monocytes and secrete IL-12 and display the Toll-like
receptors TLR2 and TLR4. The pDCs resemble plasma cells
and were previously known as interferon (INF)-producing
cells because they can secrete large amounts of INF-o and
they display TLR7 and TLR9.3° Activated DCs were shown
to increase 10 times in the murine myocardium as early as 3
days after MI while peaking 57 days after MI.13:40

Although both ¢DCs and pDCs are present in the
myocardium after ML, their role seems to be different. For
instance, cDCs seems to be responsible, through an increase
in IL-1f and IFN-y production, for the infiltration of multiple
immune cells including macrophages, neutrophils, and
T cells, and specific ¢cDC depletion is associated with
improved cardiac function after MI.*° Complete DCs deple-
tion, however, resulted in the suppression of reparative
monocytes/macrophages along with the activation of inflam-
matory monocytes/macrophages and matrix metalloprotei-
nase 9 (MMP9), thus inducing enhanced inflammation,
ECM degradation, and impaired neoangiogenesis in the post-
infarction healing process.>® The increased inflammatory
response and decreased inflammatory modulation at the site
of injury after complete DC depletion lead to impaired wound
healing, accelerated cardiac dilatation, and deteriorated left
ventricle function after MI.2%-38 Therefore, balanced DC pres-
ence after MI is likely to play an immunoprotective role
through regulating monocyte/macrophage homeostasis during
the healing process.3®

Multiple studies link DC cardioprotective effects after
MI to their direct interaction with and activation of CD4*
T cells. Both in vitro and in vivo studies revealed that exo-
somes released by DCs in the infarct post-MI can improve
cardiac complications through activating CD4" T cells.*!
Deletion of the CD28 costimulatory protein, which is respon-
sible for the activation of CD4" T cells through interacting
with CD80/86 of DCs, decreases myofibroblast number but
increases both proinflammatory IL-1B levels and MMP9
activity, exacerbating LV remodeling after M1.#?> Tolerogenic
DCs are another subset of DCs that play an important role in
the context of MI. Tolerogenic DCs (Tol-DCs) or DCregs
consist of a heterogenic pool of DCs with immunosuppressive
properties, which prime the immune system into a tolerogenic
state through the regulation of T cells.*? Treatment with Tol-
DCs has been shown to improve cardiac function and survival
mainly through the systemic activation of Ml-targeted regu-
latory T cells. Treg activation promoted macrophage polari-
zation and enhanced myocardial neovascularization, limiting
subsequently adverse cardiac remodeling in mice after MI.4#

B-CELLS

B-cells (Fig. 2 and Table 2) belong to the adaptive
immune system. The infiltration of B-cells into the myocar-
dium peaks around 5-7 days after MI and exerts detrimental
effects.!32045 After M, circulating mature B-cells are recruited
to the infarct zone where they induce the mobilization of proin-
flammatory Ly6C" monocytes via a CCL7-dependent process,
increasing cardiac tissue damage.*> B-cell depletion improves
LV fractional shortening and myocardial contractility after
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acute MI, emphasizing, consequently, the adverse effect of this
cell type.*

Mechanistically, B-cells seem to exert their function
through production of auto-antibodies. For instance, the
levels of natural IgM antibodies peak in the injured heart
6—24 hours after MI with negative influence on wound heal-
ing.*¢ Dying cells in the infarct provide many neoantigens
that lead to production of injury-induced antibodies that trig-
ger a local inflammatory response and promote the removal of
cell debris.*”#® Of note, mature B-cells exhibit high levels of
TLR4, indicating their ability to be activated independently of
specific antigen binding.*® Whether B-cell maturation and
infiltration is due to nonspecific TLR activation or specific
antigen stimulation remains unclear. Interestingly, however,
transferring immature B-cells from the bone marrow into the
myocardium after MI preserves LV ejection fraction and de-
creases apoptosis.*® Those findings suggest that B-cell matu-
ration might occur before myocardium infiltration and could
explain the associated adverse effects after MI. Additional
investigation is warranted to further elaborate the mechanisms
through which B-cells exert their adverse effects after MI
along with potential therapeutic strategies.

T-CELLS

T-lymphocytes belong to the adaptive immune system.
T-lymphocyte levels peak in the myocardium by day 7 after
MI and are found mainly in the border zone of the infarct as
well as the intact myocardium and septum.!3-°0 T-cells are
a heterogenous population of immune cells characterized by
the expression of the T-cell receptor. T-cells (Fig. 2) are
classified into cytotoxic and noncytotoxic subtypes including
CD4* T-cells, CD8" T-cells, and y3T-cells.>® Unlike CD8"
cytotoxic T cells which correlate with adverse cardiac remod-
eling after MI, many T-cell types have been shown to be
beneficial for wound healing.’%->3 For instance, CD4" T-cells
are needed to reduce inflammation and promote wound heal-
ing in ML>%54 CD4" T-cell-deficient mice exhibit earlier LV
dilation, compromised collagen deposition, increased infil-
tration of proinflammatory macrophages and Ly6C" mono-
cytes, and increased mortality due to myocardial rupture after
ML3% CD4" cells can be further classified into immuno-
modulatory cells including Tregs, Th2, and proinflammatory
cells such as Thl and Thl7 cells depending on the cos-
timulatory molecules and cytokines expressed by antigen-
presenting cells.>>-5¢

Thl cells (Fig. 2 and Table 2) are characterized by
expression of the potent proinflammatory cytokine IFN-vy,
in addition to TNF-a, and IL-2 cytokines.>” Thl cells play
a pathogenic role and activate proinflammatory effector
mechanisms. Nevers et al>’ showed that the IFN-y—
producing Thl cells play an important role in orchestrating
cardiac fibrosis through mechanisms that involve T-cell
integrin-mediated adhesion with cardiac fibroblasts and sub-
sequent TGF-f3 release. Th2 cells (Fig. 2 and Table 2), on the
other hand, are essential in inducing B-cell antibody isotype
switching from IgM to IgG and are typically characterized by
expression of IL-4, IL-5, and IL-13.%° Th2 cells also inhibit
Thl responses and downregulate local inflammation.’® In
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case of Th1/Th2 functional imbalance, an upregulation of Th1l
activity may participate in the immune-mediated adverse ven-
tricular remodeling after MI.8

Treg cells (Fig. 2 and Table 2) comprise 5%—10% of all
peripheral CD4" T cells and are critical for the induction and
maintenance of immune homeostasis and tolerance.>® Treg
cells play an important role in regulating the transition from
the inflammation phase toward the resolution phase after
MI.** Choo et al** demonstrated that the abundance of Treg
cells in mice with MI directed macrophage differentiation
toward the reparative M2 type, resulting in favorable LV
remodeling. Sharir et al®® showed that transfer of exogenous
Treg cells was able to reduce infarct size and attenuate MI-
induced cardiac remodeling in a murine model of MI. In
addition, Dobaczewski et al demonstrated that Treg cells
can improve healing after MI by modulating monocyte and
macrophage differentiation and that Treg cell recruitment can
limit postinfarction inflammation, prevent excessive matrix
degradation, and attenuate adverse remodeling.®! By contrast,
depletion of Treg cells leads to impaired transition into the
resolution phase, thus resulting in the persistence of inflam-
matory M1 macrophages and delayed wound healing in the
infarcted myocardium.** Mechanistically, Treg cells can
either block the function and maturation of DCs or induce
their secretion of suppressive factors, such as IL-10, I1L-13,
IL-35, and TGF-B, thus inhibiting the priming and differen-
tiation of effector T cells, TNF-a production, and neutrophil
recruitment to the infarcted area.20->3,5%-62

Th17 cells and y3T cells (Fig. 2) follow the same trend
as other T-cell subtypes, and their levels also peak at 7 days
after MI.!3 The differentiation of T cells into Th17 cells is
induced by IL-6 and TGF-B.%° Although Th17 cells seem to
exhibit antifibrotic cardioprotective activities after MI,%3
Th17/Treg functional imbalance exists in patients with acute
coronary syndrome, suggesting a potential role for Th17/Treg
in an analogous manner to the dichotomy of Th1/Th2 T-cell
subsets.®* 8T cells are a major producer of IL-17 in response
to IL-23 effects.!39> Although levels of IL-23 peak 1 day
after MI due to the recruitment of macrophages and neutro-
phils into the infarct,®> levels of IL-23 receptor (IL-23R) peak
at 7 days, coinciding with the infiltration of T-cells into the
myocardium.!3-%> The activation of TLRs in y3T cells along
with IL-23 is enough to promote more infiltration of neutro-
phils into the infarcted zone and to induce a proinflammatory
phenotype via NF-kB, increasing therefore adverse cardiac
remodeling after M1.%3

MAST CELLS

Activated mast cells (MCs) are innate immune cells that
peak at day 7 after MI and mainly act through degranulation
of various molecules including chymases, tryptases, hista-
mine, renin, and cathepsins®®%7 (Fig. 2 and Table 2). The
effect of MCs on cardiac remodeling after MI is controversial.
For instance, MC-deficient mice showed a more significant
adverse LV remodeling after MI characterized by lower frac-
tional shortening, decreased LV posterior wall end-diastolic
thickness, a thinner interventricular end-diastolic septal diam-
eter, and a higher LV internal postsystolic diameter as
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compared to controls, highlighting the pivotal role of MCs
after ML.9%-%% By contrast, Janicki et al®® documented that
chamber dilatation was significantly greater in wild-type
hearts compared with W/WY MC-deficient hearts in addition
to thinner walls and increased collagen deposition. Mechanis-
tically, tryptase released by activated MCs modulates the
activity of protein kinase A responsible for the phosphoryla-
tion of troponin I and myosin-binding protein C in cardio-
myocytes, thus  preventing  hypercontractility = of
cardiomyocytes after MIL.%® In addition, released tryptase,
chymase, TGF-B, FGF, VEGF, and PDGF promote fibrogenic
and angiogenic reponses that are essential for appropriate
wound healing after MI.° On the other hand, the knockout
of MC protease-4, a mouse chymase, decreased apoptosis,
infarct area, and LV systolic and diastolic volume and main-
tained a normal ejection fraction after permanent MI.7°

Histamine, a main constituent of MC granules, has been
shown to play a protective role against myocardial injury.”!
The effect of histamine was studied in histidine decarboxylase
(HDC) knockout mice (HDC™/7), a model lacking the
enzyme that synthesizes histamine from histidine. HDC
knockout mice lack histamine and exhibit a decrease in the
number of MCs.”?> The deficiency of histamine reduced car-
diac function and exacerbated the injury of the infarcted
heart.”! Similarly to histamine deficiency, administering
either an H, receptor antagonist (pyrilamine) or an H, recep-
tor antagonist (cimetidine) worsened cardiac remodeling after
MI, demonstrating, therefore, the importance of both hista-
mine receptors in attenuating MI injury.”! Both histamine
deficiency and histamine receptors antagonisms worsened
cardiac remodeling by promoting the apoptosis of cardiomyo-
cytes and inhibiting macrophage infiltration.”! However,
modulating genetic expression or inhibiting the action of
a particular protein remains biased and can only highlight
the impact of a particular molecule released by a cell type
rather than the cell impact as a whole, tipping the balance
toward either protective or detrimental effects. Ostensibly,
MC presence seems crucial for the remodeling phase after
MI, but their definitive impact remains to be elucidated.

EOSINOPHILS

Eosinophils are among the least studied immune cells
after MI with most studies limited to nonmurine models such
as swine and human. Proinflammatory serum eosinophilic
cationic protein peaked at 2-3 days after MI despite a low
number of blood eosinophils.”> However, events leading to
the recruitment of eosinophils, their physiological and patho-
physiological effects, and the molecular mechanisms and
inflammatory cascades by which they exert their effects
remain poorly understood. Whether eosinophils play a protec-
tive or detrimental role in murine cardiac muscle repair after
MI remains ambiguous and awaits further investigation.

In this context, it might be noted that mouse and human
eosinophil biology is very similar except in the shape of their
nuclei; mouse eosinophils are multilobed compared with the
bilobed nuclei of human eosinophils. Both human and mouse
eosinophils, however, possess all 4 major granular toxic
proteins, termed as major basic proteins, eosinophilic cationic
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proteins, eosinophilic peroxidase, and eosinophil-derived
neurotoxins.”* Eosinophils reside in all segments of the gas-
trointestinal tract, except the esophagus, from the prenatal to
adult stage in both mice and humans at healthy state and their
number increases in the gastrointestinal tract or in other tis-
sues during inflammatory conditions. Overall, it might be
concluded that differences between mouse and human eosi-
nophils are nominal and relatively inconsequential in terms of
understanding their function in human pathophysiological
context.”>

CONCLUSIONS

Inflammation and immunity play critical roles in the
response of the heart to infarction. The immune system has
been shown to have a pivotal role in regulating the initiation,
development, and resolution of inflammation after MI. Over
the past half decade, much progress has been made in
defining the temporal pattern of immune cell recruitment to
the damaged myocardium. Although much is known regard-
ing the initiation of the inflammatory response immediately
after the infarct, less understood are the events that drive the
transition to the resolution of inflammation. It is thus
important to decipher the balance between detrimental and
beneficial effects of the immune system in MI to better find
therapeutic targets for restoring cardiac function after MI. A
better understanding of that process and the interaction among
the immune cell types holds the promise of limiting functional
and structural damage and fostering stable scar formation.
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