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Acute myocardial infarction (MI) causes sterile inflammation, which is characterized by recruitment and acti-
vation of innate and adaptive immune system cells. Here we delineate the temporal dynamics of immune cell
accumulation following MI by flow cytometry. Neutrophils increased immediately to a peak at 3 days post-MI.
Macrophages were numerically the predominant cells infiltrating the infarcted myocardium, increasing in
number over the first week post-MI. Macrophages are functionally heterogeneous, whereby the first re-
sponders exhibit high expression levels of proinflammatory mediators, while the late responders express
high levels of the anti-inflammatory cytokine IL-10; these macrophages can be classified into M; and M, mac-
rophages, respectively, based on surface-marker expression. M; macrophages dominated at 1-3 days post-MI,
whereas M, macrophages represented the predominant macrophage subset after 5 days. The M, macro-
phages expressed high levels of reparative genes in addition to proinflammatory genes to the same levels as
in M; macrophages. The predominant subset of dendritic cells (DCs) was myeloid DC, which peaked in num-
ber on day 7. Th1 and regulatory T cells were the predominant subsets of CD4* T cells, whereas Th2 and Th17
cells were minor populations. CD8* T cells, y6T cells, B cells, natural killer (NK) cells and NKT cells peaked on
day 7 post-MI. Timely reperfusion reduced the total number of leukocytes accumulated in the post-MI period,
shifting the peak of innate immune response towards earlier and blunting the wave of adaptive immune re-
sponse. In conclusion, these results provide important knowledge necessary for developing successful immu-
nomodulatory therapies.
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1. Introduction

Despite the introduction of current gold-standard cardioprotective
therapies including B-blockers, renin-angiotensin-aldosterone system
antagonists, anti-platelet agents, and statins, prognosis remains poor
in post-MI patients, who often display adverse left ventricular (LV) re-
modeling after MI [1]. LV remodeling leads to congestive heart failure
and is a main determinant of morbidity and mortality after MI [2]. At
the present time, therapeutic options to prevent LV remodeling are
limited.

Abbreviations: ASC, Pycard; DC, Dendritic cell; DAMPs, Damage-associated molecu-
lar patterns; IR, Ischemia-reperfusion; Jmjd3, Jumonji domain containing 3; Kif4,
Kruppel-like factor 4; LV, Left ventricular; Treg, Regulatory T cell.

* Corresponding author at: Department of Cardiology, Keio University School of Medicine,
35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan. Tel.: +81 3 5363 3874; fax: +813
5363 3875.

E-mail address: msano@a8.keio.jp (M. Sano).

0022-2828/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.yjmcc.2013.04.023

MI causes sterile inflammation, which is characterized by the re-
cruitment and activation of immune cells of the innate and adaptive
immune systems. These cells may have a cell type-specific function
in the time course after MI that involves clearance of dead tissues,
the reparative response, and adverse remodeling [3-9]. Therefore,
immunomodulatory therapies may harbor a promising potential for
accelerating cardiac repair and ameliorating LV remodeling after ML
To develop optimal immunomodulatory therapies, it is mandatory
to understand the temporal dynamics of immune cell accumulation
following MI. In addition, reperfusion therapy is sure to change the
temporal dynamics of post-MI immune responses. However, previous
such studies are few in number and are focused on either one cell
type only or semi-quantifying the immune cell accumulation by im-
munohistochemistry. A comprehensive characterization of the phe-
notype of immune cells in the infarct area is lacking and the effect
of reperfusion therapy on the immune response remains unclear.

Available techniques for isolating cardiac immune cells remain
problematic because heart is a solid and non-immune organ. In the
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present study, we provided the methods how to characterize immune
cells in the infarcted myocardium after MI. We then comprehensively
investigated the temporal dynamics of immune cell accumulation fol-
lowing MI by flow cytometry and determined the impact of reperfu-
sion therapy on the post-MI immune response.

2. Methods
2.1. Mice

C57BL6/] mice (20 to 25 g, male, 10-12 weeks; Nihon CLEA,
Tokyo, Japan) were used in this study. This study conforms to the
Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication no. 85-23, revised
1996) and was approved by the Institutional Animal Care and Use
Committee at the Keio University School of Medicine.

2.2. Induction of MI and IR models

Mice were subjected to a permanent (MI) or transient (IR) ligation
of the left anterior descending artery or to a sham operation without
ligation, as described previously [3,10]. In brief, mice were lightly
anesthetized with diethyl ether, intubated, and then fully anesthe-
tized with 1.0-1.5% isoflurane gas while being mechanically ventilat-
ed with a rodent respirator. The chest cavity was opened via left
thoracotomy to expose the heart, such that the left anterior descend-
ing coronary (LAD) could be visualized by the microscope and be per-
manently ligated with a 7-0 silk suture at the site of its emergence
from the left atrium. Complete occlusion of the vessel was confirmed
by the presence of myocardial blanching in the perfusion bed. Mice
that died within 24 h after surgery were excluded from the experi-
ment. Sham-operated animals underwent the same procedure with-
out coronary artery ligation. Large infarctions were induced by
proximal ligation of the LAD at the site of its emergence from the
left atrium, and moderate infarctions were induced by ligation of
middle parts of LAD. To induce IR, a slipknot was made around the
left anterior descending coronary artery against PE10 tubing with a
7-0 silk suture. After 45 min of ligation, the ligature was released to
allow reperfusion. In the immune cell infiltration experiments, the
sham operation was done and the animals sacrificed at different
time points. We also proved in a separate experiment that macro-
phage, T cell, and neutrophil numbers in the heart did not change
over the time course after sham operations.

2.3. Infarct size evaluation and morphometric analysis

To evaluate the infarct size after MI, hearts were removed and fro-
zen at —80 °C; however, for IR model, the ligature around the coro-
nary artery was retied, and 1 ml of 2% Evans Blue dye was injected
into the apex of the heart. The frozen heart was cut transversely
into 1-mm-thick slices using a Mouse Heart Slicer Matrix, and stained
with 2% TTC in PBS (pH 7.4) for 20 min in a 37 °C water bath. After
fixation for 4-6 h in 10% neutral buffered formaldehyde, both sides
of each slice were photographed. The viable myocardium stained
brick red, and infarct tissues appeared pale white. Infarct and LV
area were measured by automated planimetry using Image] software
(version 1.43u, National Institutes of Health), with the infarct size
expressed as a percentage of the total LV area. To evaluate the cardiac
remodeling at 28 days after MI, heart tissue was fixed in formalin,
embedded in paraffin, and cut into 5-um-thick sections. Azan staining
was performed on paraffin-embedded sections to determine the mor-
phological effects and extent of cardiac fibrosis. The area of myocardi-
al fibrosis in left ventricular was measured and analyzed using
analysis software (BZ image analyzer II; Keyence).

2.4. Cell preparation for flow cytometry

At each time point, the mice were deeply anesthetized and intracardi-
ally perfused with 40 ml of ice-cold PBS to exclude blood cells. The heart
was dissected, minced with fine scissors, and enzymatically digested
with a cocktail of type II collagenase (Worthington Biochemical Corpora-
tion, Lakewood, NJ), elastase (Worthington Biochemical Corporation),
and DNase I (Sigma, St. Louis, MO) for 1.5 h at 37 °C with gentle agitation.
After digestion, the tissue was triturated and passed through a 70-um cell
strainer. Leukocyte-enriched fractions were isolated by 37-70% Percoll
(GE Healthcare) density gradient centrifugation as described elsewhere
[11]. Cells were removed from the interface and washed with
RPMI-1640 cell culture medium for further analysis. Spleens were re-
moved, homogenized, and then passed through a 70-um nylon mesh in
PBS. After addition of red blood cell lysis buffer (eBioscience) to exclude
erythrocytes, the single cell suspension in PBS was refiltered through a
70-um nylon mesh to remove connective tissue.

2.5. Flow cytometric analysis

Cell suspensions isolated from spleen and leukocyte-enriched frac-
tions from heart were analyzed by flow cytometry. To block nonspecific
binding of antibodies to Fcy receptors, isolated cells were first incubat-
ed with anti-CD16/32 antibody (2.4G2, BD Bioscience) at 4 °C for 5 min.
Subsequently, the cells were stained with a mixture of antibodies at
4 °C for 20 min. Results were expressed as cell number per heart.
Flow cytometric analysis and sorting were performed on a FACSArial
and Ill instrument (BD Biosciences) and analyzed using Flow]o software
(Tree Star).

2.6. Statistical analysis

Values are presented as mean 4+ SEM. Data among multiple
groups were compared using either the Kruskall-Wallis test with
Dunn's multiple comparison test or two-way ANOVA followed by
Tukey's post hoc analysis, as appropriate. A value of P < 0.05 was con-
sidered statistically significant. Statistical analysis was performed
with GraphPad Prism 5.0 (GraphPad Prism Software Inc., San Diego,
CA, USA) and SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Immune cell definition by surface markers

After a 70%-37% Percoll gradient centrifugation, CD45* leukocytes
were enriched either within the 37%/70% interface or the 70% Percoll
solution (Supplementary Fig. 1). Single cell suspensions from freshly
obtained leukocyte-enriched fractions were analyzed for CD11b and
(D45 expression using flow cytometry (Fig. 1A). CD45"CD11b™* mye-
loid cells were divided into F4/80" macrophages and Ly-6G ™ neutro-
phils, with the F4/80" macrophages further divided based on M
(classically activated macrophages, CD206'°"') and M, (alternatively ac-
tivated macrophages, CD206"™#") polarity. CD45*CD11b"" cells com-
prised T cells, B cells, natural killer cells (NK cells), and natural killer
T (NKT) cells. The T cells were further divided into CD4*-aRT cells,
(D8 "-auRT cells, and yoT cells, while NK cells and NKT cells were defined
as CD457CD11b"NK1.17CD3~ and CD45CD11b"%¥NK1.1*CD3 ¥, re-
spectively. The prominent subsets of CD45*tCD11c"MHC-II" dendritic
cells (DCs) were CD11b™* myeloid DCs (Fig. 1B).

3.2. Temporal dynamics of the cellular infiltrate after permanent
myocardial infarction

We initially performed a detailed temporal analysis of cellular in-
filtrate dynamics in the post-MI heart. The total number of infiltrating
CD45* leukocytes gradually increased after MI to a peak on day 7
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Fig. 1. Gating strategy for infiltrating immune cells in the infarcted heart. (A) Populations collected from 37/70% and 70% Percoll fractions were stained for CD45 and CD11b,
allowing the identification of 3 different populations: CD457CD11b* myeloid cells, CD45*CD11b'" cells, and CD45~CD11b'®" non-leukocytes. The CD45+CD11b™ population
contained CD11b*F4/80" macrophages and CD11b*Ly-6G™ neutrophils. Macrophages were further divided into M; and M, macrophages based on the expression of CD206.
The CD457CD11b'°" population was gated into T cells (including CD4*, CD8*, and 5T cells), B cells, natural killer cells (NK cells), and NKT cells with staining for CD3, CD19,

CD4, CD8, TCRY5, and NK1.1. (B) A leukocyte-enriched fraction was stained for CD45, CD11¢, MHC-II, and CD11b. Dendritic cells (DCs) were defined as CD45"CD11¢*MHC-II"
cells; most were CD11b™ myeloid DC.
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Fig. 2. Quantification and characterization of temporal dynamics of the immune response in the permanent MI heart. (A through L) Quantities represent absolute number of cells
per heart (n = 4-7, each). *P < 0.05, **P < 0.01 vs. sham. (M, N) Percentages of macrophages (M) and neutrophils (N) in CD45 " leukocytes infiltrated after MI (n = 4-7, each time
point). **P < 0.01 vs. sham, **P < 0.01 vs. day 1 post-MI. Data were analyzed by Kruskall-Wallis tests with Dunn's multiple comparison.

(Fig. 2). Neutrophils also accumulated in the infarcted heart, peaking
at 3 days after MI and then notably, continuing to accumulate in the
infarcted myocardium over 7-14 days after the MI onset. Numerical-
ly, macrophages were the predominant cells infiltrating the infarcted
myocardium, and these cells showed a biphasic pattern of activation
(Figs. 3A-E). M; macrophages dominated on 1 to 3 days post-MI,
whereas M, macrophages increased more gradually and represented
the predominant macrophage subset after 5 days post-MI. DC accumu-
lation reached a maximum on day 5-7 after MI. Infiltrating CD4 *-o8T
cells, CD8 " -aRT cells and yoT cells, and B cells started to increase grad-
ually to a peak on day 7 after MI. NK cells and NKT cells started to in-
crease on day 3 and peaked on day 7 after ML

Immunohistochemical analysis at day 7 after permanent post-MI
showed that F4/80" macrophages were located mostly in the infarct/
border zone and to a much lesser extent in the remote area
(Supplementary Fig. 2). The numbers of T lymphocytes are low in the

infarct/border zone and could only sporadically observe in the remote
area.

3.3. Biphasic pattern of macrophage activation defined by different
surface marker expressions in the post-MI heart

When monocytes migrate from the circulation and extravasate
through the endothelium, they differentiate into macrophages, which
represent a spectrum of activated phenotypes with significant overlap
in surface marker expression among the different macrophage subsets
[12]. In the present study, we analyzed expression of the cell surface
markers, CD206, Ly-6C, F4/80, and CD11b, to characterize two different
functions of macrophages, namely M; macrophages and M, macro-
phages (Figs. 3A-F). We defined CD206"", Ly-6C*, and CD11b*F4/
80'°™ expressors as M; macrophages, and these were the predominate
macrophages in the early stages of post-MI healing. Cells showing
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CD206"e" Ly-6c~, and CD11b'°"F4/80"" expressions were defined as
M, macrophages; these were the predominant cell type in sham-
operated heart and increased in number at the later stage of post-MI
healing.

We also compared different surface markers to identify M1 and M2
macrophages. Nearly 90% of CD11b*F4/80'°" macrophages were
CD206"" M; macrophages, and 85% of CD11b'°"F4/80"&" macro-
phages were CD206"" M, macrophages. In addition, approximately
85% of CD11b*F4/80'°" macrophages were Ly-6C"" M; macrophages,
and 86% of CD11b'°"F4/80Me" macrophages were Ly-6C'°" M, macro-
phages (Figs. 3G-]). These results indicated that these different surface
markers are comparable for the identification of M; and M, macro-
phage during post-MI healing.

3.4. Changes in the gene expression profile of sorted macrophages during
the time course after MI

Next, we quantified specific gene expression profiles in the macro-
phages accumulated at the various stages of post-MI healing, and
found dramatic changes in the sorted macrophage profiles according
to the shift in macrophage phenotype and function (Fig. 4). First-
responder macrophages exhibited higher expression levels of pro-
inflammatory genes. Corresponding to the increased expression of
Toll-like receptor (TLR)4 and TLR6, the expression levels of pro-
inflammatory mediators such as IL-6, IL-1B, NOS2, IL-12a, and
IL-23a, S100a8, and S100a9 were markedly upregulated in the
first-responder macrophages in this study. NLRP3 inflammasome
component ASC (gene name: Pycard) was also upregulated in the
first-responder macrophages. By contrast, the late-responder macro-
phages expressed high levels of anti-inflammatory cytokine IL-10
(Figs. 4A-C, F and G).

In terms of chemokine receptors, the first-responder macrophages
express high levels of CCR2, CCR7, and CXCR7, whereas the late-
responding macrophages expressed high levels of CX3CR1. The
co-stimulatory molecules CD80 and CD86 were differentially expressed;
CD80 was predominantly expressed in the first-responder macrophages,
and CD86 in the late responders (Figs. 4H-]).

Two adhesion molecules, CD11b (Itgam) and L-selectin, were also
highly expressed in the first-responder macrophages, whereas tran-
scription factors that regulate M, macrophage polarization, Jmjd3,
KIf4, Stat3, and Pparvy, were highly expressed in the late responders
and resident macrophages (Figs. 4D and K). The expression of MHC
class II (MHC-II) enables macrophages to express antigens to CD4 ™"
T cells and also promotes adaptive immunity. Resident and late-
responder macrophages exhibited high expression levels of MHC-II,
whereas 70% of first-responder macrophages had low expression
levels of MHC-II (Figs. 4L and M).

3.5. M, macrophages displayed mixed gene expression profile of both
reparative and proinflammatory activities

M; (CD206"%) and M, (CD206"#") macrophages were separately
isolated from hearts of mice 1 day and 7 days after MI. The defined
M; macrophages expressed high levels of M; signature genes, such
as TNF-a, IL-6, CCL2, and NOS2, with minimal expression levels of
M, signature genes such as IL-10, arginase 1, and TGF-{3. By contrast,
M, macrophages expressed high levels of M, signature genes as well
as the M; signature genes, with the latter at the same levels as in M;

macrophages. These findings indicated that M; macrophages have an
exclusively proinflammatory character, whereas M, macrophages
possess both reparative and proinflammatory characters (Fig. 5).

3.6. Polarization of Th1 and Treg cells in the infarcted heart

CD4™" naive T cell can differentiate into Th1, Th2, Th17 and regula-
tory T cells (Treg) [9]. In this study, IL-12p35 was dramatically
increased on day 1 post-MI (Fig. 6A), while expression of the
Th1-related transcriptional factor TBX21 (Fig. 6B) and Th1 cytokine
IEN-y (Fig. 6C) in the infarcted myocardium increased gradually to a
peak on days 7 and 14. Consistent with this, the number of infiltrating
IFN-y-producing CD4" cells increased gradually and peaked on
days 7 and 14 (Figs. 6D and E). By contrast, there was no change in
the expression levels of Th2-related transcriptional factor GATA3
(Fig. 6F) or the number of IL-4-producing CD4* cells after MI
(Fig. 6G). Th1/Th2 imbalance towards Th1 was thus apparent in the
infarcted myocardium.

As we previously reported, Th17 was not the major source of
IL-17A (Fig. 6H) in the post-MI heart and most IL-17A-producing
cells accumulated in the infarct were yoT cells [13].

The expression of regulatory T (Treg) cell lineage-specific tran-
scription factor Foxp3 (Fig. 61) and the numbers of Foxp3™* Treg
cells increased gradually over a week following MI (Fig. 6]). The ex-
pression levels of IL-10 in the infarct also increased gradually and
peaked on day 7 after MI (Fig. 6K). The percentage of Treg in spleen
did not change after MI, suggesting a specific recruitment of Treg to
the infarcted hearts.

3.7. Temporal dynamics of immune response after MI are changed by
timely reperfusion of occluded coronary arteries

To elucidate the effect of infarct size on immune cells infiltration,
we created MI of varied sizes using the proximal and middle part of
LAD ligation (Supplementary Fig. 3). On day 6 post-MI, echocardio-
graphic examination revealed a markedly enlarged heart (LVEDD
5.96 £+ 0.07 mm, n = 5) with reduced LV systolic function (FS
5.2 £+ 1.01%, n = 5) after the LAD proximal ligation, whereas sig-
nificantly less LV enlargement (LVEDD 4.51 + 0.21 mm, n = 5) and
significantly less severe LV dysfunction (FS 22.3 + 1.7%) was appar-
ent after the LAD middle ligation. In parallel with the infarct size,
macrophages and T cells were significantly more abundant at 7 days
post-MI in severe MI mice compared to moderate MI mice, suggesting
that infarct size is the main determinant for the numerical dynamics
of immune cells after MI with persistent total occlusion of the infarct
artery.

Next, we investigated the impact of timely reperfusion on infarct
size and post-MI remodeling together with immune response tempo-
ral dynamics after MI (Fig. 7 and Supplementary Fig. 4). The morphol-
ogy of the infarct differed between persistent total occlusion of the
infarct artery (LAD proximal) and timely reperfusion of occluded
coronary arteries. The MI with persistent total occlusion of the infarct
artery was transmural (Supplementary Fig. 4). By contrast, the
reperfused MI affected primarily the epicardial layer while the endo-
cardial layers were spared [14-18]. After reperfusion, the infarct size
on day 4 post-MI was significantly less and the adverse remodeling
on day 28 post-MI, measured by LV lumen dilatation and extent of

Fig. 3. Comparison of three methods defining the macrophage activation pattern in the post-MI heart. (A) Representative flow cytometric analysis of M; macrophages (CD11b*F4/
80"CD206~) and M, macrophages (CD11b*F4/80"CD206") (Method 1) in the post-MI heart. Cells were gated on CD45"CD11b"F4/80*Ly-6G~ macrophages for flow cytometry.
(B-E) Time courses of changes in the M;, M, macrophage (Method 1) absolute cell number (B and C) and their percentages relative to the total macrophage population (D and E) infiltrated
into the infarcted heart. (n = 4-7, each). *Pp < 0.01 vs. sham, **P < 0.01 vs. day 1 post-MI. Data were analyzed by Kruskall-Wallis tests with Dunn's multiple comparison. (F) Macrophages
(CD45"CD11b"F4/80"Ly-6G ) were defined as M; and M, macrophages according to Ly-6C (Method 2) and CD11b expression (Method 3) levels. Data were obtained from at least five
independent experiments. (G, H) Macrophages defined by method 3 were re-analyzed with CD206 (G, method 1) and Ly-6C (H, method 2) expression levels, with results revealing that
these three methods are comparable for the identification of M; and M, macrophage in post-MI heart. Data represent four independent experiments. (I, ]) Time courses of changes in biphasic
macrophage activation defined by Ly-6C (Method 2) and CD11b (Method 3). Data represent four independent experiments.
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Fig. 5. M, macrophages displayed mixed gene expression profiles of both M; and M, macrophages. The mRNA expression levels of pro-inflammatory (A) and anti-inflammatory (B) genes
were quantified in M; macrophages (CD11b*F4/807CD206 ) and M, macrophages (CD11b"F4/80"CD206 ") sorted from heart on day 1 and day 7 post-MI (n = 5 or 6). *P <005,

**Pp < 0.01. Data were analyzed by two-way ANOVA followed by Tukey's post hoc analysis.

fibrosis, was significantly less than after MI, with persistent total oc-
clusion of the infarct artery.

The total number of leukocytes reached a maximum level on day 7
after MI with persistent total occlusion of the infarct artery, while
timely reperfusion of occluded coronary arteries shifted this peak to-
wards day 3. In addition, leukocyte accumulation persisted until day
14 after MI with persistent total occlusion of the infarct artery; how-
ever, timely reperfusion of the occluded coronary arteries reduced the
total number of leukocytes accumulating in the infarcted myocardi-
um to less than 20%, and most had disappeared on day 7 after MI.
This treatment thus temporally shifted the innate and adaptive im-
mune response dynamics to an earlier point post-MI; specifically,
the peak of neutrophil infiltration was shifted from day 3 to day 1,
while the peak of macrophage infiltration shifted from day 7 to day
3. In terms of the adaptive immune response, timely reperfusion
also shifted the peak of DC, CD4 ™" T cell, B cell, y&T cell, NK cell, and
NKT cell accumulation from day 7 to day 3 and blunted the wave of
these adaptive immune responses. There was a peak delay of several
days following the adaptive immune response in the setting of MI
with persistent total occlusion of the infarct artery, but this was
shortened between the innate and adaptive immune responses by
the reperfusion. These findings indicated that timely reperfusion
changed the course and the content of immune cells influx and eva-
nescence in the infarcted myocardium.

4. Discussion

The present study provides a precise and comprehensive analysis of
the temporal dynamics of immune cell infiltration after MI by flow
cytometry. Peripheral blood contains mostly monocytes, and when
monocytes migrate from the circulation and extravasate through the
endothelium, they become macrophages. Nahrendorf and their

colleagues demonstrated that heart tissue under steady-state condi-
tions contains mostly F4/80™8" macrophages, while ischemic myocardi-
um contains predominantly F4/80'°" monocytes, but not F4/80Msh
macrophages, at least during the first week after coronary occlusion
[4]. Our definition of macrophage populations by flow cytometry is
CD45"/CD11b ™" /F4/80"/Ly6G ™~ cells. Fluorescence intensities for F4/
80 signals on our defined macrophages were comparable between
sham-operated hearts and hearts at days 1, 3, 5, and 7, and at 14 days
post-MI. Furthermore, the expression levels of F4/80, also known as
Emrl, in isolated macrophages started to increase at day 1 post-MI
and remained elevated until day 14, suggesting that monocytes may
commit to macrophages as early as day 1 after MI. Monocytes and mac-
rophages shared cell surface markers depending on functional diversity,
thus it is difficult to distinguish between monocytes and macrophages
by cell surface markers. In other words, macrophages can be regarded
as “activated monocytes” and the activation probably occurs when
monocytes extravasate through the endothelium.

One of the major findings of this paper is the change over time fol-
lowing MI in macrophage gene expression profiles. These dynamic
changes in gene expression might explain why macrophages can ac-
complish diverse and seemingly contrasting functions. The first-
responder macrophages expressed high levels of pro-inflammatory
mediators, whereas the late responders expressed high levels of anti-
inflammatory cytokine IL-10. ST00A8 and S100A9 produced by macro-
phages are critical for recruiting inflammatory monocytes and their
subsequent differentiation into M; macrophages [19-21]. Interestingly,
S100A8 and S100A9 expressions were also highly elevated in the
first-responder macrophages. Costimulatory molecules CD80/CD86
can regulate inflammation in both the innate and adaptive immune
responses. For instance, neutrophils expressing CD28 activate macro-
phages in a contact-dependent manner via engagement of CD80/CD86
[22]. We found that the macrophage expression of CD80 and CD86

Fig. 4. Time course changes in gene expression profile in the macrophages sorted from post-MI heart. CD11b*F4/80"Ly-6G ~ macrophages were sorted from the post-MI heart at
the indicated time points, and quantitative RT-PCR was employed to measure the M; (A, B), M, (C) signature genes and M,-related transcriptional factors (D). mRNA levels of mac-
rophage markers (E), Toll-like receptors (F), NLRP3 inflammasome genes (G), chemokine receptors (H, I), co-stimulators (J), and adhesion molecules (K) were also quantified by
qPCR. n = 4-6 for each time point. (L, M) MHC-II expression in cardiac macrophages at the indicated time points. Cells were gated on CD45"CD11b*F4/80*Ly-6G~ macrophages.
Data are representative of five experiments. **p < 0.01 vs. sham, **P < 0.01 vs. MI D1 (Kruskall-Wallis tests with Dunn's multiple comparison).
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Fig. 7. Quantification and characterization of temporal dynamics of the immune response in the heart after IR injury. (A through M) Time courses of changes in the absolute immune
cell number infiltrated into the heart after IR injury (n = 4-6, each). *P < 0.05, P < 0.01 vs. sham. (N, O) Percentages of M; macrophages (CD11b*F4/80"CD206 ) and M, mac-
rophages (CD11b*F4/80"CD206*) among total macrophages from heart after cardiac IR injury (n = 4-6, each). **P < 0.01 vs. sham, *P < 0.05, **P < 0.01 vs. day 1 after IR. Data in
A, B, G E, F, ] and K were analyzed by Kruskall-Wallis tests with Dunn's multiple comparison.

was differentially regulated in the time course after MI, with the first
responders showing an increased CD80 expression and downregulated
CD86 expression. Our results are consistent with a previous report of
upregulation of CD80 and downregulation of CD86 in circulating mono-
cytes during early sepsis [23]. In addition, knockout of CD80 or anti-
CD80 treatment conferred better survival outcomes compared to
knockout of CD86 or anti-CD86 treatment in the early stage of sepsis
[22]. These data imply a possible differential role for CD80 and CD86
in regulating macrophage function and implicate CD80 as a potential
target for suppressing the pro-inflammatory activities of macrophages.

Macrophages are the most important source of IL-1, a major
pro-inflammatory cytokine associated with initiating inflammation.
To produce IL-1P, macrophages need two signals: one through TLRs

that induce gene transcription of pro-IL-1p and another through assem-
bly of inflammasomes that cleaves biologically inactive pro-IL-1f to its
active form [24]. The adaptor ASC (Pycard) is also required for assem-
bling inflammasome complexes and an upregulation of ASC suffices to
increase inflammasome activity required to generate mature, bioactive
IL-1P [25]. We found that the first-responder macrophages expressed
higher expression levels of ASC compared to the late responders.
IL-1B and IL-23 produced from first-responder macrophages synergisti-
cally induce IL-17A production by 6T cells, which subsequently causes
the adverse ventricular remodeling typical of the delayed phase after Ml
[13].

These heterogeneous macrophages have been conventionally classi-
fied into M; and M, macrophages based on surface marker expression.
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M; macrophages have been implicated in tissue destruction, whereas
M, macrophages have been implicated in wound healing and tissue re-
pair. In line with this, the infiltrating macrophages in this study showed
biphasic activation after MI, with the first-responder M; macrophages
showing an exclusively pro-inflammatory character. However, the
late-responder M, macrophages showed a mixed character, expressing
high levels of both reparative and proinflammatory genes.

The innate immune response was followed by an adaptive immune
response in the infarcted heart. This second wave of immunity could
modulate the progressive ventricular remodeling that occurs late after
MI. Th1 and Treg cells were the predominant subsets of CD4™ T cells,
whereas the Th2 and Th17 responses were minimal. As a result, a
Th1/Th2 imbalance towards Th1 existed, and such a Th1/Th2 function
imbalance has been associated with post-infarction cardiac insufficien-
cy [26]. 8T cells, but not Th17 cells, are the predominant source of
IL-17A in infarcted heart, while the anti-inflammatory cytokine IL-10
is produced by late-responding macrophages, regulatory T cells, DC
[3], and NKT cells [27].

In the clinical setting, reperfusion therapy is performed in a substan-
tial proportion of patients with acute MI [28]. Therefore, the impact of
timely reperfusion on immune cells infiltrating the infarct area as well
as the time course involved must be known. After permanent ligation,
the immune response mainly depends on ischemic effects in the
heart, whereas after reperfusion the response is more complex because
of the additional effect of reperfusion injury. Reperfusion injury occurs
during the restoration of blood flow and re-oxygenation. During ische-
mic periods, endothelial barrier function is thus impaired and vascular
permeability increases. Restoration of blood flow into infarct-affected
coronary arteries exacerbates inflammatory responses via stimulating
the leakage of plasma proteins and inflammatory cells into the
surrounding tissues [29]. Oxidative stress, which is generated by IR,
may also induce the additional damage-associated molecular patterns
(DAMPs) and prime the responsiveness of TLRs [30,31]. Although it re-
mains unknown whether reperfusion leads to the expression of more
DAMPs than ischemia and whether different signaling pathways are
followed, reperfusion may activate resident cells to promote the overall
inflammatory response.

The possible role of inflammation in the pathological process associ-
ated with IR injury and the impact of reperfusion on long-lasting persis-
tent inflammation after MI should be considered separately [6,9,29].
Previous analysis of the kinetics of the inflammatory response after Ml
by immunohistochemistry demonstrated that reperfusion allows a
faster clearance of cardiomyocyte remnants, an earlier deposition of
collagen, and a stronger angiogenic response [32]. Reperfusion limits in-
farct volume, and we showed in the present study that the scale of glob-
al immune responses is chiefly regulated by infarct volume. Reflecting
the smaller infarct size, the timely reperfusion of occluded coronary
arteries reduced the total number of leukocytes accumulating in the in-
farcted myocardium. In addition, timely reperfusion temporally shifted
the innate and adaptive immune response dynamics to an earlier point
post-MI and blunted the wave of adaptive immune responses. We be-
lieve that although reperfusion therapy transiently exaggerated the
acute inflammatory response in this study, it also promotes rapid clear-
ance of DAMPs and accelerates influx and evanescence of immune cells.
These findings confirmed the bank of experimental evidence indicating
that timely reperfusion not only reduces inflammation in post-MI heart,
but also prevents the transition from acute to persistent inflammation,
and thus prevents the consequent ventricular remodeling.

Reperfusion may stimulate early inflammatory resolution beyond
the golden window for myocardial salvage. In fact, previous studies
reported a reduction in adverse left ventricular remodeling after late
perfusion [33-35]. Contrary to this hypothesis, a randomized study
involving 2166 stable patients with total occlusion of the infarct-
related artery 3 to 28 days after MI and without severe inducible ische-
mia demonstrated that late reperfusion had no clinical benefit with re-
spect to death and heart failure [36]. These results were remarkably

consistent among patients with a low ejection fraction or an anterior
MI, both of which are high risks for adverse LV remodeling. In any
case, substantial changes in the immune response dynamics after MI
with reperfusion should be considered when determining the optimal
target and timing for immunomodulatory therapy.

5. Study limitations

The increasing number of publications on the immune response
highlights the role of immune cell subsets in post-MI cardiac remodeling.
For example, using an MI model with persistent total occlusion of the in-
farct artery, we demonstrated that activated CD11c*MHC 1" CD11b™
myeloid DCs have potent immunoprotective properties during the
post-infarction healing process [3], whereas IL-17A-producing yoT cells
exacerbate adverse remodeling [13]. If applying these experimental re-
sults in the context of immunotherapy, augmentation of DC function or
suppression of yoT cell function could be expected to improve the out-
comes of post-MI healing. More studies need to be carried out to better
understand the mechanism of mobilization and activation of individual
immune cells, cell-to-cell communications between immune cells, and
the interaction between immune cells and non-immune cells, including
cardiomyocytes, fibroblasts, vascular cells, and neuronal cells, all of
which relate to post-MI cardiac remodeling.
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