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Abstract

Macrophages are essential for wound repair after myocardial infarction (Ml). CD226, a member of
immunoglobulin superfamily, is expressed on inflammatory monocytes, however, the role of CD226

in infarct healing and the effect of CD226 on macrophage remain unknown.

Methods: Wild type and CD226 knockout (CD226 KO) mice were subjected to permanent
coronary ligation. CD226 expression, cardiac function and ventricular remodeling were evaluated.
Profile of macrophages, myofibroblasts, angiogenesis and monocytes mobilization were determined.

Results: CD226 expression increased in the infarcted heart, with a peak on day 7 after MI. CD226
KO attenuated infarct expansion and improved infarct healing after MI. CD226 deletion resulted in
increased F4/80° CD206" M2 macrophages and diminished Mac-3" iNOS* M1 macrophages
accumulation in the infarcted heart, as well as enrichment of a-smooth muscle actin positive
myofibroblasts and Kié7* CD31" endothelial cells, leading to increased reparative collagen
deposition and angiogenesis. Furthermore, CD226 deletion restrained inflammatory monocytes
mobilization, as revealed by enhanced retention of Ly6C" monocytes in the spleen associated with
a decrease of Ly6C" monocytes in the peripheral blood, whereas local proliferation of macrophage
in the ischemic heart was not affected by CD226 deficiency. In vitro studies using bone
marrow-derived macrophages showed that CD226 deletion potentiated M2 polarization and

suppressed M| polarization.

Conclusion: CD226 expression is dramatically increased in the infarcted heart, and CD226
deletion improves post-infarction healing and cardiac function by favoring macrophage polarization
towards reparative phenotype. Thus, inhibition of CD226 may represent a novel therapeutic

approach to improve wound healing and cardiac function after MI.
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Introduction

Myocardial infarction (MI) and subsequent heart  results in progressive loss of viable myocardium and
failure are the leading causes of death worldwide. MI  adverse remodeling of the infarcted left ventricle (LV),
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leading to chamber dilatation, contractile dysfunction
and eventually heart failure. Whereas proper and
sufficient healing of ischemic injured myocardium
prevents infarction expansion and preserves cardiac
function with better long-term prognosis [1] MI
triggers an inflammatory response which is mediated
primarily by infiltrating immune cells including
monocytes/macrophages, and accumulating evidence
suggests that macrophages response following
infarction is essential for cardiac healing [1-3].
Although recognized as mediator of the prolonged
and uncontrolled inflammation, contributing to
myocardial injury and maladaptive remodeling after
MI, macrophages are indispensably required for
necrotic cell clearance, collagen deposition, and
angiogenesis, thereby promoting infarct healing [4, 5].
These diverse and seemingly conflicting observations
may be attributable to macrophages heterogeneity.

Cardiac macrophages with distinct ontological
origins represent a heterogeneous cell population of
high plasticity that includes a spectrum of activation
status ranging from pro-inflammatory (Ml-type) to
reparative (M2-type) phenotype, in response to
cardiac  microenvironment changes following
myocardial injury like ischemia [1, 3, 6]. The healing
process after MI in murine involves the transition of
pro-inflammatory to reparative macrophages, and
excessive recruitment of inflammatory monocytes and
activation of M1 macrophages retards infarct healing
and worsens post-MI remodeling [1, 5]. The existence
of diverse macrophage subsets and their biphasic
accumulation in ischemic heart represent challenge
but also opportunities to elucidate the precise
contributions of macrophage subsets to myocardial
repair after MI. The expected and optimal healing is to
ameliorate the detrimental effects of inflammatory
macrophages, while sparing the beneficial healing
roles of the reparative macrophages, which are
depending on well-coordinated recruitment and
activation of macrophages subpopulation [5, 7]. The
key molecules and related signaling pathways
governing  macrophage  polarization  toward
pro-inflammatory or reparative phenotype, therefore,
comprise novel potential targets of therapeutic
intervention after MI.

CD226, also named as DNAX accessory molecule
1 (DNAM-1), is a 67-kDa type I membrane protein
belonging to the immunoglobulin superfamily of
receptors, and is constitutively expressed on the
majority of T cells, natural killer (NK) cells, and
monocytes [8], and the role of CD226 as an activating
receptor on NK cells and T cells has been well studied
[9, 10]. However, very little is known about the role of
CD226 in the diseased myocardium, and whether
CD226 is involved in modulation of monocytes/

macrophags activation is poorly understood. A recent
study indicated that CD226 is highly expressed on
inflammatory monocytes, but not on patrolling
monocytes [11]. Our previous studies found that
CD226 is highly expressed on activated human
endothelial cells [12] and CD226 deletion improves
cognitive functions and ameliorates anxiety-like
behaviors in mice [13]. Based on our work and that of
others, we test the hypothesis that CD226 deletion
may promote infarct healing by modulating
macrophage polarization status, and could be
exploited to improve ischemic wound repair and
cardiac function. Here, we demonstrate that CD226
expression is remarkably increased in the infarcted
heart after MI, and CD226 deletion favors
macrophages activation status toward reparative
phenotype in the ischemic heart, while restraining
inflammatory monocytes mobilization from the
spleen and peripheral blood, leading to increased
reparative collagen deposition and angiogenesis,
thereby contributing to infarct healing and preserved
cardiac function.

Methods

The detailed and expanded Methods section is
available in the Supplemental Material.

Mice

Mice with homozygous deletions of CD226
genes (CD22677) on a C57BL/6 background were
kindly provided by Professor Marco Colonna
(Washington University). C57BL/6 mice (8 weeks old)
were purchased from Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China).
CD2267/= (CD226 KO) mice were backcrossed to
C57BL/6 strain, then propagated by CD226%/- x
CD226*/~ mating. Wild-type (WT) mice (CD226%*)
used as control in our experiments are the littermates
of CD226 KO mice.

Statistical analysis

Data were analyzed with GraphPad Prism-5
statistic software. All values are presented as the
mean+SEM.

Results

CD226 expression is increased in the heart
after Ml

To explore whether CD226 is expressed in the
heart after MI and to define its cellular sources, we
subjected wild-type (WT) C57BL/6N mice to
permanent ligation of coronary left anterior
descending (LAD) artery. CD226 expression was not
altered one day after MI, but dramatically increased in
the infarcted heart at day 4, and peaked at day 7 after
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MI when compared with the sham group (Figure 1A
and Figure S1A). Immunofluorescence analyses also
showed a marked increase in the expression of CD226
in the infarct and border area 7 days after MI
compared to the sham group (Figure 1B and Figure
S1B). Furthermore, dual immunofluorescence results

A

Sham D1 D4 D7

revealed that CD226 and Mac-3 co-localization was
commonly observed in the infarct and border zone,
and CD226*Mac3* macrophages accounted for
around 74% of the CD226-expressing cells in the
infarcted heart at day 7 after MI (Figure 1C-E and
Figure S1C).

CD226 | == == -—m

% %

Tubulin | e e o c— — — — -

CD226 / Tubulin

B DAPI

C DAPI

CD226

Sham

CD226

D

%%

1000+
o I
E 300
E
2 600-
[
(%]
+ 4004
w
o~
a 2004
o
04 .
Sham MI7D

m

~

£ 1000+

-g edkk
» 800

@ I
S 600

+

]

& 4001

=

o 200+

o~

o~

[=] 0- T
o Sham MI7D

Figure 1. CD226 expression is increased in the heart after myocardial infarction (MI) and CD226 expressing macrophages accumulate in the
infarcted heart. A. Representative immunoblots and summary data showing CD226 expression in infarcted heart tissue at different time points after MI. NS
indicates no significance. ** P < 0.01 vs. sham and # P < 0.01 versus Ml day 4, n=6 per group. B. Representative images of immunofluorescence staining for CD226
in the infarcted heart of wild type (WT) mice 7 days after M| or sham surgery. Scale bars as indicated (left 20 ym, right 50 ym). C-E. Immunofluorescent costaining
for CD226 (red) and Mac-3 (green) in the infarcted heart of WT and CD226 KO mice (C), and quantitative analysis of CD226* cells (D) and CD226* Mac3+*
macrophages (E) in the infarcted heart at day 7 after MI. DAPI was used for nuclear staining (blue). Scale bar =20 pm. n=6 mice per group, ** P<0.01, *** P<0.001.
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Figure 2. CD226 deletion ameliorates cardiac dysfunction after MI. A. Representative M-mode echocardiograms of infarcted hearts from WT and CD226
KO mice on day 7 after Ml. B-C. Echocardiographic analysis of left ventricle end-systolic diameter (LVESD), LV end-diastolic diameter (LVEDD) and LV ejection
fraction (LVEF) at pre-MI (baseline) and on 1 week and 5 weeks after MI. n=10 per group, * P<0.05 and ** P<0.01 vs. WT at corresponding time point. D.
Representative LV pressure-volume loops of infarcted hearts from WT and CD226 KO mice 5 weeks after MI. E-G. LV end-systolic volume (LVESV), LV end-diastolic
volume (LVEDV), LV end-systolic pressure (LVESP), LV end-diastolic pressure (LVEDP) and maximum of dP/dt were acquired from WT and CD226 KO mice at
5-week end point after Ml or sham operation using Millar catheterization. n=8 per Ml group, n=5 per sham group. * P<0.05, ** P<0.01 vs corresponding Sham, and #

P <0.01,# P <0.01 vs WT MI. Data are expressed as mean+SEM.

CD226 deletion attenuates progressive
ventricular dilation and ameliorates cardiac
function after Ml

To determine the effect of CD226 deletion on
cardiac function and myocardial remodeling, WT and
CD226 KO mice were subjected to MI. LAD coronary
ligation induces transmural ischemia as evidenced by
rapid ST-segment elevation on the ECG within 30
seconds after ligation (Figure S2). Baseline (one day
before LAD ligation) echocardiograms showed that
WT and CD226 KO hearts exhibited comparable
ventricular function. As early as 1 week after MI, both
WT and CD226 KO hearts developed decreased LV
ejection fraction (LVEF) and increased LV chamber
dimension, suggesting cardiac dysfunction and LV
dilatation following MI. However, LV dilatation was
ameliorated in CD226 KO mice compared with WT
mice, as evidenced by reduced LV end-systolic
dimension (LVESD) and LV end-diastolic dimension
(LVEDD) (Figure 2A-2B). This was associated with
more preserved cardiac function in CD226 KO mice,
as reflected by greater LVEF (Figure 2C). The
progressive  ventricular dilation and cardiac
dysfunction observed by serial echocardiography in

WT mice was ameliorated in CD226 KO animals
throughout the duration of study (Figure 2B-2C).

We further measured hemodynamic parameters
using an invasive catheter 5 weeks after MI. MI
resulted in dramatically rightward shift of the
pressure-volume curve in WT mice, and this was
attenuated in CD226 KO mice (Figure 2D and Figure
S3). LV end-systolic volume (LVESV), LV
end-diastolic volume (LVEDV) and LV end-diastolic
pressure (LVEDP) were significantly decreased,
whereas, LV end-systolic pressure (LVESP) was much
more preserved in CD226 KO mice in comparison to
WT mice (Figure 2E-2F and Figure S4A). Moreover,
CD226 KO mice showed increased dp/dtmax values
than WT mice, suggesting improved cardiac
contraction capacity (Figure 2G and Figure S4B).
Together, these results demonstrate that CD226
deletion attenuates progressive ventricular dilation
and restores cardiac function after ML

CD226 deletion prevents infarct expansion and
attenuates cardiac remodeling after Mi

The heart size and heart weight/tibia length
tended to be lower in CD226 KO mice 1 week after MI
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in comparison to WT mice (Figure 3A). Histological
analysis revealed that there was no morphological
difference in the sham-operated hearts between WT
and CD226 KO mice (Figure S5). However, infarcted
hearts of WT mice were more dilated and the
infarction pattern spread far beyond the LV anterior
wall in comparison to infarcted hearts of CD226 KO
mice throughout the study duration (Figure 3B and
Figure S5). Scar tissue percent circumference was
significantly decreased and scar wall thinning was
retarded in CD226 KO hearts at both 1 week and 5
weeks after MI (Figure 3C-3D). Although there was
not statistically different of the post-MI survival rate
between the two groups, (The percent survival at 35
days: CD226 KO, 70.3% vs. WT, 59.7%, P=0.446, n=30-
34. Figure S6A), the LV tissues was more preserved
and infarct wall was thicker in CD226 KO hearts
among mice died 5 days after MI (Figure S6B). CD226
KO mice exhibited more surviving myocardium in the
infarct scar and significantly increased ratio of
myocytes to fibrotic tissues in the infarct zone 1 week
after MI (Figure 3E-3F and Figure S7), and increased
density of collagen deposition in the infarct region 5
weeks after MI (Figure 3E and 3G, Figure S9). In
addition, both masson’s trichrome and picrosirius red
staining revealed a disorganized scar formation with
a predominance of loosely and fragmented collagen
fibers in WT mice, in contrast to a well-organized scar
with well-aligned collagen fibers in CD226 KO mice
(Figure 3E, and Figure S7-9), suggesting reparative
collagen deposition and improved healing of the
infarcted myocardium in CD226 KO mice. Myocardial
interstitial fibrosis in the infarct border zone was
significantly attenuated in CD226 KO mice compared
with WT mice (Figures 3E and 3H, and Figure S8-9).
These results suggest that CD226 deletion inhibits
infarct expansion and exerts a cardio-protective effect
on post-MI remodeling and healing.

Increased accumulation of F4/80* CD206*
M2-like macrophages and less Mac-3* iINOS*
M1 -like macrophages in the ischemic heart of
CD226 KO mice

MI induced a remarkable increase in the
infiltration of CD68* macrophages in the infarct zone,
and the border area (albeit to a lesser extent) 7 days
after MI, whereas, few CD68* macrophages were
observed in the remote area of infarct, as well as in the
sham group. The number of CD68* differentiated
macrophages within the infarct and border zone was
significantly higher in CD226 KO mice compared with
WT mice (Figure 4A-4B, and Figure 510). Equivalent
data were obtained with staining for Mac-3, another
marker for macrophage. However, Ly6G* neutrophils
were rarely observed in the ischemic heart 7 days after

MI (Figure S11). Notably, increased accumulation of
CD68* macrophages corresponded to reduced
interstitial fibrosis and well-aligned collagen fibers in
the infarct border zone, as observed in CD226 KO
mice in contrast to WT mice (Figure S512). Another
observation deserve attention is that there was less
CD68* macrophages infiltration in the infarcted hearts
of mice died within one week after MI, and this trend
was more obvious in WT mice than CD226 KO mice
(Figure S13).

We further explored whether CD226 deletion
affect macrophages phenotype within the infarct
healing microenvironment. There were enhanced
accumulation of F4/80* CD206* M2 macrophages and
diminished recruitment of Mac-3* iINOS* Ml
macrophages in the infarcted heart of CD226 KO mice
7 days after MI compared with WT mice (Figure
4C-4F and Figure S14-15). Intriguingly, we observed
that many F4/80* CD206* M2-like macrophages and
Mac-3* iNOS* M1-like macrophages localized on the
epicardial surface and in the subepicardial space in
addition to the infarct area (Figure S16), which
corroborate previous report that epicardial activation
is involved in promoting leukocyte recruitment and
inflammatory responses [14]. In line with the date
obtained in the infarct area, there were more M2-like
macrophages and less M1-like macrophages in the
perivascular and epicardial area of CD226 KO mice in
comparison to WT mice (Figure 516-17).

CD226 deletion restrains monocytes
mobilization from the blood and spleen,
without affecting proliferation of cardiac
macrophages

To determine whether alterations of macrophage
activation status (increased accumulation of M2-type
macrophages and reduced number of MIl-type
macrophages) in the infarcted hearts of CD226 KO
mice result from increased proliferation of local
macrophages or decreased infiltration of inflamma-
tory monocytes [6, 15], we further explored prolifera-
tion of local macrophages in the ischemic heart.
Proliferating macrophage was identified as dual
positive of F4/80 and Ki67 by immunofluorescence
analysis, and the number of F4/80* Ki67* macro-
phages in the infarcted heart was comparable
between WT and CD226 KO mice, suggesting that
proliferation of local macrophages was not affected by
CD226 deletion (Figure S18).

In response to cardiac injury like MI, marked
expansion of macrophages population in the stressed
heart originate from the spleen via bloodstream [16] in
addition to in situ proliferation of resident
macrophages [15]. We investigated whether CD226
deletion affect mobilization and recruitment of
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monocytes from peripheral blood and spleen. Flow
cytometric analysis demonstrated that MI resulted in
an increase in the number of Ly6Chish monocytes and
increased proportion of Ly6Chish monocytes relative
to Ly6Clew monocytes in the peripheral blood of WT
mice, and this trend was blunted in CD226 KO mice
(Figure 5A-5B). More importantly, WT blood Ly6Chigh
monocytes showed much higher mean fluorescence
intensity (MFI) values of Ly6C than Ly6Chigh
monocytes of CD226 KO mice after MI (Figure 5C). MI

A B

resulted in a decrease in the number of Ly6Chigh
monocytes and decreased proportion of Ly6Chigh
monocytes in the spleen. However, CD226 KO mice
exhibited retention of Ly6Chigh monocytes in the
spleen following MI, as evidenced by an increase in
the number and proportion of Ly6Chish monocytes in
the spleen (Figure 5D-5F), suggesting that CD226
deletion  restrains mobilization of  Ly6Chigh
pro-inflammatory monocytes from the spleen via
peripheral blood after ML
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Figure 3. CD226 deletion prevents infarct expansion and ameliorates cardiac remodeling after MI. A. Gross observation of infarcted hearts (top) and
the ratio of heart weight to tibia length (HW/TL) (bottom). B. Representative images of Masson trichrome staining of heart cross sections of WT and CD226 KO
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E. CD226 KO mice exhibited more preserved myocardium (1 week post-Ml) and increased collagen deposition (5 weeks post-Ml) in the infarct zone, and decreased
interstitial fibrosis in the border zone. Scale bar =50 um. F-H. Ratio of myocyte to fibrosis | week after MI (F) and collagen density 5 weeks after MI (G) in the infarct
zone, and collagen volume fraction in the border zone (H) were quantitatively estimated in 5 randomly chosen high-power fields (X200) in each section. Results
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expressed as mean+SEM.
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area of WT and CD226 KO mice at day 7 after MI. DAPI was used for nuclear staining (blue). Scale bar =50 pm. n=5 mice per group, ** P<0.01 vs. WT. E and F.
Representative immunofluorescence photographs of F4/80+ (red) and CD206* (green) macrophages and quantitative analysis of F4/80* CD206* M2 macrophages in
the infarct, border zone and epicardium area of WT and CD226 KO mice at day 7 after MI. Scale bar =50 ym. n=5 mice per group, ** P<0.01 vs corresponding WT.

CD226 deletion facilitates myofibroblasts
accumulation and angiogenesis in the infarcted
heart

During the proliferative phase of infarct healing,
cardiac fibroblasts mainly of intracardiac origin,
migrate into the infarct area and differentiate into
myofibroblasts, which are crucial for the prevention
of infarct expansion and LV rupture [17].
Accordingly, we examined whether infarct healing

microenvironment dominated by M2 macrophages
lead to reparative properties of fibroblasts in CD226
KO mice. As showed by serial sections staining
analyses, CD226 KO mice exhibited significantly
increased numbers of extravascular a-SMA-positive
spindle-shaped myofibroblasts and higher density of
collagen deposition with well-aligned collagen fibers
in the infarcted hearts 7 days after MI (Figure 6A-6C,
and Figure S19).
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Next, we investigated whether CD226 deletion
and subsequent increased M2 macrophages would
affect angiogenesis in the ischemic heart. Indeed, we
observed increased number of CD31-positive
capillaries and Ki67+ CD31* proliferating endothelial
cells in the infarct border zone of CD226 KO mice 7
days after MI in comparison to WT mice (Figure
6D-6F). However, endothelial cell proliferation and
capillary density in the noninfarcted remote region
and the sham-operated heart were comparable
between WT and CD226 KO mice. Moreover,
arhgap31 was identified as a differentially expressed
protein (detail in Figure 8), and a ~50% increase in the
expression of arhgap31 was detected in the infarcted
heart of CD226 KO mice relative to WT mice, which is
in agreement with previous finding that arhgap31 is
essential to angiogenesis [18]. These findings suggest

that CD226 deletion results in enrichment of a-SMA*
myofibroblasts, and subsequent reparative collagen
deposition and angiogenesis in the infarcted heart.

CD226 deletion potentiates macrophage
polarization toward M2 phenotype and
suppresses M1 polarization

To confirm the in vivo findings and explore the
underlying mechanism, we investigated the effects of
CD226 deletion on macrophage polarization, using
bone marrow (BM)-derived macrophages isolated
from WT and CD226 KO mice. BMDM cells were
differentiated into macrophages and stimulated with
IFN-y (20 ng/mL) + LPS (100 ng/mL) or IL-4 (10
ng/mL) for different times as indicated, and mRNA
level of typical M1 and M2 macrophage marker genes
were measured and profiled. Following treatment
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with LPS + IFN-y, mRNA levels of M1 marker genes
including IL-1p, IL-6, IL-12p40, TNF-a, iNOS were
strongly up-regulated in WT macrophages, whereas
mRNA expression of IL-13, IL-6, IL-12p40 were
significantly ~suppressed in CD226 deficiency
macrophages, with the exception of iNOS (Figure 7A).
IL-4 stimulation induced undetectable expression of
Argl, and moderate increase in the mRNA levels of
CD206, Fizz1 and IL-10 in WT macrophages, whereas
mRNA expression of these M2 marker genes were
strikingly heightened in CD226 deficiency macro-
phages in the presence of IL-4 stimulation (Figure 7B).
Thus, CD226 was identified as a novel molecule
governing macrophage polarization balance, and
CD226 deletion favors M2 polarization and

A a-SMA u-atinin DAPI

suppresses M1 polarization.

Mechanisms by which CD226 regulates macro-
phage polarization in the infarct is a key question we
try to answer. Next, we detected the effect of CD226
knockout on NF-xB p65 and STAT6 phosphorylation
in BMDMs and found that CD226 knockout may
increase a little higher STAT6 phosphorylation in
BMDMs (although P>0.05 corresponding WT, Figure
S20A-B). Then we detected the effect of CD226
knockout on NF-«B p65 and STAT6 phosphorylation
in peritoneal macrophages and found that CD226
knockout increased STAT6 phosphorylation in
peritoneal macrophages (Figure S21A-B).
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Figure 6. CD226 deletion promotes myofibroblasts accumulation and angiogenesis in the infarcted heart after MI. A-B. Representative staining for
a-smooth muscle actin (0-SMA) and a-actinin, and quantitative analysis of a-SMA* myofibroblasts in the infarcted heart 7 days after MI. CD226 KO mice exhibited
an increase in the number of extravascular a-SMA* spindle-shaped myofibroblasts in the infarct area. C. Masson trichrome staining of serial heart sections revealed
higher density of collagen deposition with well-aligned collagen fibers in the infarct zone of CD226 KO mice. D. Representative immunofluorescence staining of
CD31+ capillaries and Ki67+ CD31+ proliferating endothelial cells in the infarct border zone at day 7 after M. E-F. Quantitative analysis of CD31+ capillaries and Ki67+
CD31+ proliferating endothelial cells in the infarct border zone 7 days after MI. n=4 mice per group, * P<0.05 and ** P<0.01 vs. WT. Data are expressed as mean+SEM.
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Figure 7. CD226 deletion suppresses M1 polarization and potentiates M2 polarization in bone marrow derived macrophages (BMDM). BMDM
were isolated from WT and CD226 KO mice. A. Time course changes of M1 polarization marker genes in BMDM, upon stimulation with LPS (100 ng/mL) + IFN-y
(20 ng/mL) for 6, 12 and 24 hours as indicated. CD226 deletion suppressed M1 polarization as evidenced by decreased mRNA levels of IL-13, IL-6, IL-12p40 and
TNF-a. n = 4 independent experiments. * P<0.05, ** P<0.01, ** P<0.01 vs. WT. B. Profile of M2 polarization marker genes in BMDM in the presence of IL-4 (10
ng/mL) for 6, 12 and 24 hours as indicated. CD226 deletion potentiated M2 macrophage polarization as evidenced by increased mRNA levels of Argl, CD206, Fizzl,
Yml, IL-10. n = 4 independent experiments. * P<0.05, ** P<0.01, *** P<0.01 vs. WT.

Quantitative proteomic analysis of
differentially expressed proteins in the
infarcted heart

To identify the differentially expressed proteins
that may be responsible for improving infarct healing
and cardiac function, an independent and nonbiased
proteomics analysis, isobaric tags for relative and
absolute quantification (iTRAQ), was performed
using infarcted hearts of WT and CD226 KO mice, and
a 1.2-fold change was chosen as the threshold for
significant changes in protein expression. Using these
criteria, the expression levels of 38 proteins were
changed in the infarcted hearts of CD226 KO mice
compared with WT group (Figure 8 and Table S1-2).
Of these, 17 proteins including cardiac myosin
light-chain kinase (c(MLCK, encoded by Mylk3) were

up-regulated (Table S1), and 21 proteins including
mitochondrial nicotinamide nucleotide transhydrog-
enase (Nnt) and AMP deaminase 3 (AMPD3) were
down-regulated (Table S2).

Among the up-regulated proteins, cMLCK has
been demonstrated to be critical for adaption to
cardiac stress, and mice with cMLCK overexpression
were protected from pressure overload, whereas
c¢cMLCK KO mice were predisposed to severe heart
failure [19]. In line with this finding, the increased
expression of cMLCK in the infarcted heart of CD226
KO mice (ratio of KO/WT is 1.51, P = 0.007) may
contribute, at least partially, to the preserved cardiac
function. Among the down-regulated proteins, Nnt
normally regenerates NADPH from NADH, but
reverses Nnt depletes NADPH and induces
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mitochondrial oxidative stress and necrosis in the
presence of pressure overload, whereas Nnt defective
mice were protected from oxidative stress and heart
failure [20]. Nnt expression was significantly
decreased in infarcted heart of CD226 KO mice (ratio
of KO/WT is 0.287, P = 0.002), which may contribute
to reduced infarct expanssion and improved cardiac
function. Moreover, AMPD3 is the heart type AMP
deaminase, catalysing the conversion of AMP to IMP,
and increased cardiac AMPD3 expression and activity
is associated with ATP depletion and diastolic
dysfunction in pressure overloaded rat hearts [21].
Consistent with this finding, the decreased level of
AMPD3 in the ischemic heart of CD226 KO mice (ratio
of KO/WT is 0.811, P = 0.001) may contribute to
improved cardiac function. However, the precise role
of these differentially expressed proteins in ischemic
injury and infarct healing needs to be investigated in
the future study.
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Figure 8. Heat maps of differentially expressed proteins in the
infarcted hearts of WT and CD226 KO mice. Inserted, scale of -fold
change. Following mass spectrometry, we set an arbitrary threshold of 1.2-fold
to declare differences, 17 proteins were up-regulated and 21 proteins were
down-regulated in the infarcted hearts of CD226 KO mice compared with WT
mice. n= 3 per group, and each sample was the mixture of two infarcted hearts
of the same group.

Discussion

Here, we demonstrate for the first time that
CD226 expression increased in the infarcted heart
following MI, and CD226 deletion modulates
macrophages activation status toward a reparative
profile in the ischemic heart, while restraining
inflammatory monocytes mobilization from the
spleen and peripheral blood, leading to reparative
collagen deposition and angiogenesis, contributing to
infarct healing. Moreover, CD226 is identified as a
novel molecule governing macrophage polarization
balance, and CD226 deletion favors M2 polarization
and suppresses M1 polarization.

Very little is known about the role of CD226 in
the diseased myocardium. CD226, also named as
DNAM-1, was originally discovered as an adhesion
molecule that is constitutively expressed on the
majority of peripheral blood T lymphocytes and NK
cells and plays an important role in the T cell and NK
cell mediated cytotoxicity and immunity to a variety
of tumors [8-10]. Later, CD226 was also found to
promote inflammation-driven dermal fibrosis in a
mouse model of systemic sclerosis [22] and contribute
to development of acute graft-versus-host disease
(GVHD) in mice [23]. Our recent study showed that
CD226 deficiency improves cognitive functions and
ameliorates anxiety-like behaviors in mice [13].
Another study describes the high expression of CD226
on inflammatory monocytes, but not on patrolling
monocytes [11]. Here, we found that CD226
expression increased gradually in the infarcted heart,
peaked at day 7 after MI, and a large number of
CD226-expressing cells are macrophages. However,
whether CD226 is involved in cardiac macrophage
phenotype modulation and infarct repair remains to
be determined.

Monocytes and macrophages play a crucial role
in the inflammation and injury repair after MI[24,25].
On the one hand, excessive infiltration and activation
of monocytes/macrophages is associated with
augmented inflammation and myocardium injury,
leading to infarct expansion and adverse LV
remodeling in mice [5, 7], On the other hand,
macrophage depletion in infarcted hearts impairs
necrotic cell clearance, collagen deposition, and
angiogenesis, predisposing to cardiac rupture and
heart failure, suggesting macrophage is essential and
indispensible for infarct healing [4]. These diverse and
seemingly conflicting observations may be attributed
to macrophages heterogeneity. Seminal studies by
Nahrendorf and coworkers showed that post-
infarction repair process consists of biphasic
accumulation of 2 distinct subsets of monocytes/
macrophages. The Ly6Chigh proinflammatory mono-
cytes dominate the early phase (1 to 3 days) and
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exhibit phagocytic, proteolytic, and inflammatory
properties, and Ly6Clw reparative monocytes
dominate the late phase (4 to 7 days) and promote
angiogenesis and resolution of inflammation [4, 7, 16].
Thereafter, the phenotypic plasticity and functional
heterogeneity of macrophages has gained increas-
ingly attention in the pathogenesis of cardiovascular
disease, and accumulating evidence have suggested
that indiscriminate or broad immunosuppression is
detrimental for infarct healing because many
macrophage actions, M2 reparative macrophages in
particular, are essential for efficient repair program
and reconstitution of tissue integrity [6, 26-29].

The existence of diverse macrophages subsets
and their biphasic accumulation in ischemic
myocardium represents challenge, but also offer
opportunities to dissect the precise role of a certain
subset of macrophages in myocardial injury and
infarct repair after MI. The expected and optimal
healing is to ameliorate the detrimental effects of
inflammatory macrophages, while sparing the
beneficial healing roles of reparative macrophages.
With the understanding of cardiac macrophages
subsets constitution [6], and the recent insights into
molecular mechanisms underlying phenotypic plas-
ticity of macrophage [1, 3], it has become feasible to
inhibit infiltration of pro-inflammatory monocytes/
macrophages and/or modulate macrophage actions
to optimize healing of injured tissues. One attractive
option is to shift macrophage polarization towards
M2-like phenotype, thereby promote inflammation
resolution and infarct healing. Indeed, previous
studies in ischemic heart indicated that in wvivo
silencing of interferon regulatory factor 5 (IRF5), a
master transcription factor governing macrophage
polarization, suppressed M1 macrophage activation
and supported infarct healing [30]. Whereas deletion
of Tribl, a Ser/Thr protein kinase essential to the
differentiation of tissue M2-like macrophages,
resulted in suppression of M2-like macrophages and
impaired repair of the infarcted myocardium [28].

Our study uncovered the previously unknown
role of CD226 in infarct healing by regulating
macrophages phenotypes in the infarcted heart.
CD226 deletion resulted in an increase of F4/80*
CD206* M2 macrophages and a decline of Mac-3*
iNOS* M1 macrophages in both infarct and border
zone, suggesting accelerated transition of pro-
inflammatory macrophages to reparative macro-
phages in ischemic myocardium. Although local
proliferation of cardiac macrophages was not altered,
CD226 deletion restrained inflammatory monocytes
mobilization from the spleen and peripheral blood
after MI. Moreover, CD226 KO mice exhibited
enrichment of a-SMA* myofibroblasts with high

density of well-aligned collagen fibers in the infarct
region, and an increase of proliferating Ki67+ CD31*
endothelial cells with associated angiogenesis in the
infarct border zone. These findings suggest that
CD226 deletion results in a reparative healing
microenvironment dominated by M2-like
macrophages, thereby attenuating LV dilation and
ameliorating cardiac dysfunction after MI. Taken
together, our work adds to and extends recent
publications describing the role of macrophages in
infarct repair [1, 3, 5], and further strengthens the
notion that modulating macrophages in ischemic
heart towards reparative phenotype is a promising
therapeutics to promote inflammation resolution and
infarct healing after ML

Although CD226 is highly expressed on
inflammatory monocytes [11], its precise role in
modulation of monocytes/macrophages phenotype
and function is poorly understood. Using BM-derived
macrophages isolated from WT and CD226 KO mice,
we identified CD226 as a novel modulator governing
macrophages polarization balance, and CD226
deletion favors M2 polarization and suppresses M1
polarization. An interesting aspect of our study is the
dual function of CD226 deletion in activating M2
genes while repressing M1 genes, which is in line with
the paradigm that M1 and M2 genes are reciprocally
regulated by the same transcription factor in
macrophage polarization, as exemplified by the direct
activation of M2 genes while repression of M1 genes
by IRF5 [31]. More importantly, dual-modulation of
macrophage polarization by CD226 deletion observed
in our study may have broader implications in
optimizing repair of injured tissues in a number of
autoimmune and inflammatory diseases.

Our iTRAQ analysis identified a number of
differentially expressed proteins in the infarcted
heart. Of note, the up-regulated expression of cMLCK
in infarcted heart may contribute to the preserved
cardiac function in CD226 KO mice, which is
consistent with previous study that cMLCK
overexpressed mice were protected from pressure
overload, whereas cMLCK KO mice were
predisposed to severe heart failure [19]. Among the
down-regulated proteins, AMPD3 is the heart type
AMP deaminase, catalysing the conversion of AMP to
IMP, and increased AMPD3 expression and activity
lead to ATP depletion and diastolic dysfunction after
pressure overload in rat [21]. Moreover, Nnt defective
mice were protected from pressure overload induced
heart failure and death [20]. In agreement with these
findings, the decreased expression of AMPD3 and
Nnt in the infarcted heart may account, at least partly,
for the attenuated LV remodeling and improved
cardiac function in CD226 KO mice. However, the
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precise role of these differentially expressed proteins
in myocardial ischemic injury and repair is not well
appreciated, and its interaction with cardiac
macrophages in the ischemic heart remains to be
determined.

The limitation of the present study is using of
CD226 global KO mice to determine the effects of
CD226 deficiency on macrophages, and we can’t rule
out the cellular effects mediated by other
CD226-expressing cells including T lymphocytes. The
present data instigate our future study to dissect the
specific effect of CD226 deletion on macrophages and
T cells using myeloid cell specific CD226 KO mice and
T cell specific CD226 KO mice, respectively, in the
context of infarcted heart healing and remodeling.

In conclusion, the present work uncovers a
previously unappreciated role of CD226 in infarct
healing and cardiac remodeling by modulating
macrophages polarization after MI. Inhibition of
CD226 may represent a novel therapeutic approach to
improve wound repair in the infarcted heart and
other cardiovascular disease. Our data also reinforce
the notion that the phenotypes of macrophages in the
ischemic heart can be modulated to optimize infarct
healing and adaptive remodeling.

Acknowledgements

This work was supported by the National
Natural Science Foundation of China (81571531 to
L.-H.C,; 81770243 to J.-M.P.; 81000088 to J.L.), and
Innovation coordination project of Shaanxi province
(2018SF-139 to L.-H.C.; 2016KTCLO0311 to J.-M.P.).

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v10p2422s1.pdf

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Nahrendorf M. Myeloid cell contributions to cardiovascular health and
disease. Nat Med 2018; 24:711-720.

2.  Frieler RA, Mortensen RM. Immune cell and other noncardiomyocyte
regulation of cardiac hypertrophy and remodeling. Circulation 2015;
131:1019-1030.

3. Epelman S, Liu PP, Mann DL. Role of innate and adaptive immune
mechanisms in cardiac injury and repair. Nat Rev Immunol 2015; 15:117-129.

4.  Nahrendorf M, Swirski FK, Aikawa E, Srangenberg L, Wurdinger T,
Figueiredo JL, Libby P, Weissleder R, Pittet MJ. The healing myocardium
sequentially mobilizes two monocyte subsets with divergent and
complementary functions. ] Exp Med 2007; 204:3037-3047.

5. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after
myocardial infarction: from inflammation to fibrosis. Circ Res 2016; 119:
91-112.

6. Epelman S, Lavine K], Beaudin AE, Sojka DK, Carrero JA, Calderon B, Brija
T, Gautier EL, Ivanov S, Satpathy AT, Schilling JD, Schwendener R, Sergin
I, Razani B, Forsberg EC, Yokoyama WM, Unanue ER, Colonna M, Randolph
GJ, Mann DL. Embryonic and adult-derived resident cardiac macrophages are
maintained through distinct mechanisms at steady state and during
inflammation. Immunity 2014; 40:91-104.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Nahrendorf M, Pittet MJ, Swirski FK. Monocytes: protagonists of infarct
inflammation and repair after myocardial infarction. Circulation 2010;
121:2437-2445.

Shibuya A, Campbell D, Hannum C, Yssel H, Franz-Bacon K, McClanahan T,
Kitamura T, Nicholl J, Sutherland GR, Lanier LL, Phillips JH. DNAM-1, a
novel adhesion molecule involved in the cytolytic function of T lymphocytes.
Immunity 1996; 4:573-581.

Guillerey C, Ferrari de Andrade L, Vuckovic S, Miles K, Ngiow SF, Yong MC,
Teng MW, Colonna M, Ritchie DS, Chesi M, Bergsagel PL, Hill GR, Smyth MJ,
Martinet L. Immunosurveillance and therapy of multiple myeloma are CD226
dependent. J Clin Invest 2015; 125:2077-2089.

Iguchi-Manaka A, Kai H, Yamashita Y, Shibata K, Tahara-Hanaoka S, Honda
S, Yasui T, Kikutani H, Shibuya K, Shibuya A. Accelerated tumor growth in
mice deficient in DNAM-1 receptor. ] Exp Med 2008; 205:2959-2964.

Vo AV, Takenaka E, Shibuya A, Shibuya K. Expression of DNAM-1 (CD226)
on inflammatory monocytes. Mol Immunol 2016; 69:70-76.

Chen L, Xie X, Zhang X, Jia W, Jian ], Song C, Jin B. The expression, regulation
and adhesion function of a novel CD molecule, CD226, on human endothelial
cells. Life Sci 2003; 73:2373-2382.

Fang L, Jin J, Chen P, Wang N, Zeng H, Jin B, Li H, Chen L. CD226 deficiency
improves cognitive functions and ameliorates anxiety-like behaviors in mice.
Brain Behav 2017; 7: e00871.

Huang GN, Thatcher JE,McAnally J,Kong Y,Qi X, Tan W, DiMaio
JM, Amatruda JF, Gerard RD, Hill JA, Bassel-Duby R, Olson EN. C/EBP
transcription factors mediate epicardial activation during heart development
and injury. Science 2012; 338:1599-1603.

Sager HB, Hulsmans M, Lavine K], Moreira MB, Heidt T, Courties G, Sun
Y, Iwamoto Y, Tricot B, Khan OF, Dahlman JE, Borodovsky A, Fitzgerald
K, Anderson DG, Weissleder R, Libby P, Swirski FK, Nahrendorf M.
Proliferation and recruitment contribute to myocardial macrophage expansion
in chronic heart failure. Circ Res 2016; 119:853-864.

Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo
V, Panizzi P, Figueiredo JL, Kohler RH, Chudnovskiy A, Waterman P, Aikawa
E, Mempel TR, Libby P, Weissleder R, Pittet MJ. Identification of splenic
reservoir monocytes and their deployment to inflammatory sites. Science 2009;
325:612-616.

Alex L, Frangogiannis NG. The cellular origin of activated fibroblasts in the
infarcted and remodeling myocardium. Circ Res 2018; 122:540-542.

Caron C, DeGeer ], Fournier P, Duquette PM, Luangrath V, Ishii H,
Karimzadeh F, Lamarche- Vane N, Royal I. CdGAP/ARHGAP31, a
Cdc42/Racl GTPase regulator, is critical for vascular development and
VEGF-mediated angiogenesis. Sci Rep 2016; 6:27485.

Warren SA, Briggs LE, Zeng H, Chuang J, Chang EI, Terada R, Li M, Swanson
MS, Lecker SH, Willis MS, Spinale FG, Maupin-Furlowe J, McMullen JR, Moss
RL, Kasahara H. Myosin light chain phosphorylation is critical for adaptation
to cardiac stress. Circulation 2012; 126:2575-2588.

Nickel AG, von Hardenberg A, Hohl M, Loffler JR, Kohlhaas M, Becker J, Reil
JC, Kazakov A, Bonnekoh J, Stadelmaier M, Puhl SL, Wagner M, Bogeski
I, Cortassa S, Kappl R, Pasieka B, Lafontaine M, Lancaster CR, Blacker TS, Hall
AR, Duchen MR, Késtner L, Lipp P, Zeller T, Miiller C, Knopp A, Laufs
U, Bshm M, Hoth M, Maack C. Reversal of Mitochondrial Transhydrogenase
Causes Oxidative Stress in Heart Failure. Cell Metab 2015; 22:472-484.

Kouzu H, Miki T, Tanno M, Kuno A, Yano T, Itoh T, Sato T, Sunaga D, Murase
H, Tobisawa T, Ogasawara M, Ishikawa S, Miura T. Excessive degradation of
adenine nucleotides by up-regulated AMP deaminase underlies
afterload-induced diastolic dysfunction in the type 2 diabetic heart. ] Mol Cell
Cardiol 2015; 80:136-145.

Avouac ], Elhai M, Tomcik M, Ruiz B, Friese M, Piedavent M, Colonna
M, Bernhardt G, Kahan A, Chiocchia G, Distler JH, Allanore Y. Critical role of
the adhesion receptor DNAX accessory molecule-1 (DNAM-1) in the
development of inflammation-driven dermal fibrosis in a mouse model of
systemic sclerosis. Ann Rheum Dis 2013; 72:1089-1098.

Nabekura T, Shibuya K, Takenaka E, Kai H, Shibata K, Yamashita Y, Harada
K, Tahara-Hanaoka S, Honda S, Shibuya A. Critical role of DNAX accessory
molecule-1 (DNAM-1) in the development of acute graft-versus-host disease
in mice. Proc Natl Acad Sci U S A 2010; 107:18593-18598.

Fei YD, Wang Q, Hou JW, Li W, Cai XX, Yang YL, Zhang LH, Wei ZX, Chen
TZ, Wang YP, Li YG. Macrophages facilitate post myocardial infarction
arrhythmias: roles of gap junction and KCa3.1. Theranostics
2019;9(22):6396-6411.

Wang N, Liu C, Wang X, He T, Li L, Liang X, Wang L, Song L, Wei Y, Wu Q,
Gong C. Hyaluronic Acid Oligosaccharides Improve Myocardial Function
Reconstruction and Angiogenesis against Myocardial Infarction by Regulation
of Macrophages. Theranostics 2019;9(7):1980-1992.

Lorchner  H, Poling ], Gajawada P,Hou Y, Polyakova V, Kostin
S, Adrian-Segarra JM, Boettger T, Wietelmann A, Warnecke H, Richter
M, Kubin T, Braun T. Mpyocardial healing requires Reg3p-dependent
accumulation of macrophages in the ischemic heart. Nat Med 2015; 21:353-362.
Ma Y, Halade GV, Zhang J, Ramirez TA, Levin D, Voorhees A, Jin YF, Han
HC, Manicone AM, Lindsey ML. Matrix metalloproteinase-28 deletion
exacerbates cardiac dysfunction and rupture after myocardial infarction in
mice by inhibiting M2 macrophage activation. Circ Res 2013; 112:675-688.
Shiraishi M, Shintani Y, Shintani Y, Ishida H, Saba R, Yamaguchi A, Adachi
H, Yashiro K, Suzuki K. Alternatively activated macrophages determine
repair of the infarcted adult murine heart. J Clin Invest 2016; 126:2151-2166.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 5

2435

29.

30.

31.

Ochando J, Ordikhani F, Boros P, Jordan S. The innate immune response to
allotransplants: mechanisms and therapeutic potentials. Cell Mol Immunol
2019; 16(4):350-356.

Courties G, Heidt T, Sebas M, Iwamoto Y, Jeon D, Truelove J, Tricot
B, Wojtkiewicz G, Dutta P, Sager HB, Borodovsky A, Novobrantseva
T, Klebanov B, Fitzgerald K, Anderson DG, Libby P, Swirski FK, Weissleder
R, Nahrendorf M. In vivo silencing of the transcription factor IRF5 reprograms
the macrophage phenotype and improves infarct healing. ] Am Coll Cardiol
2014; 635:1556-1566.

Krausgruber T, Blazek K, Smallie T, Alzabin S, Lockstone H, Sahgal
N, Hussell T, Feldmann M, Udalova IA. IRF5 promotes inflammatory
macrophage polarization and TH1-TH17 responses. Nat Immunol 2011;
12:231-238.

http://lwww.thno.org



