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Exogenous CXCL4 infusion inhibits macrophage
phagocytosis by limiting CD36 signalling to
enhance post-myocardial infarction cardiac
dilation and mortality
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Aims Macrophage phagocytosis of dead cells is a prerequisite for inflammation resolution. Because CXCL4 induces mac-
rophage phagocytosis in vitro, we examined the impact of exogenous CXCL4 infusion on cardiac wound healing and
macrophage phagocytosis following myocardial infarction (Ml).

Methods CXCL4 expression significantly increased in the infarct region beginning at Day 3 post-MI, and macrophages were

and results the predominant source. Adult male C57BL/6] mice were subjected to coronary artery occlusion, and Ml mice
were randomly infused with recombinant mouse CXCL4 or saline beginning at 24 h post-MI by mini-pump infusion.
Compared with saline controls, CXCL4 infusion dramatically reduced 7 day post-Ml survival [10% (3/30) for
CXCL4 vs. 47% (7/15) for saline, P<0.05] as a result of acute congestive heart failure. By echocardiography,
CXCL#4 significantly increased left ventricular (LV) volumes and dimensions at Day 5 post-Ml (all P <0.05), despite
similar infarct areas compared with saline controls. While macrophage numbers were similar at Day 5 post-Ml,
CXCL4 infusion increased Ccr4 and ltgb4 and decreased Adamts8 gene levels in the infarct region, all of which linked
to CXCL4-mediated cardiac dilation. Isolated Day 5 post-MI macrophages exhibited comparable levels of M1 and
M4 markers between saline and CXCL4 groups. Interestingly, by both ex vivo and in vitro phagocytosis assays,
CXCL4 reduced macrophage phagocytic capacity, which was connected to decreased levels of the phagocytosis re-
ceptor CD36. In vitro, a CD36 neutralizing antibody (CD36Ab) significantly inhibited macrophage phagocytic capac-
ity. The combination of CXCL4 and CD36Ab did not have an additive effect, indicating that CXCL4 regulated
phagocytosis through CD36 signalling. CXCL4 infusion significantly elevated infarct matrix metalloproteinase
(MMP)-9 levels at Day 5 post-Ml, and MMP-9 can cleave CD36 as a down-regulation mechanism.

Conclusion CXCL4 infusion impaired macrophage phagocytic capacity by reducing CD36 levels through MMP-9 dependent and
independent signalling, leading to higher mortality and LV dilation.
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1. Introduction

Following myocardial infarction (Ml), the left ventricle undergoes a car-
diac wound healing process, consisting of overlapping inflammatory, pro-
liferative, and maturation phases." Macrophages play an indispensable
role during each stage of cardiac repair. During the early inflammatory
phase, macrophages display a pro-inflammatory phenotype and produce
a variety of pro-inflammatory cytokines, chemokines, and matrix metal-
loproteinases (MMPs).>? In the proliferative and maturation phase, mac-
rophages exhibit an anti-inflammatory phenotype and generate multiple
anti-inflammatory, pro-angiogenic, and pro-reparative factors.”™ In addi-
tion, macrophages can engulf and clear dead cell and tissue debris, which
is important for inflammation resolution.*® Macrophage depletion
impairs cardiac repair in adult mouse hearts and myocardial regeneration
in mouse neonates.””” Macrophages have recently been shown to pro-
mote myocardial electrical conduction in the steady state, indicating a
wide array of macrophage roles.'® Therefore, modulating macrophage
cell physiology may represent a novel way to improve post-MI cardiac
wound healing.”

Platelet factor 4 (PF4) is a platelet protein first discovered by Deutsch
et al. in 1955."" Subsequently, PF4 was classified as a member of the
CXC chemokine family, known as CXCL4. CXCL4 has a relatively weak
chemoattractant role and exhibits strong pro-inflammatory features.'”
CXCL4 deletion attenuates atherosclerosis and mesenteric ischaemia/
reperfusion injury in mouse models by inhibiting inflammation.’*"*
CXCL4 and CCLS5 have functional synergism, and disrupting the CCL5-
CXCL4 interaction inhibits monocyte recruitment and attenuates ath-
erosclerosis in hyperlipidaemic mice.""® In vitro CXCL4 elicits macro-
phage phagocytosis."”

As enhanced inflammation and impaired phagocytosis are detrimental
for post-MI cardiac repair,'®° our initial hypothesis was that CXCL4 in-
fusion in vivo would stimulate macrophage phagocytosis to subsequently
reduce inflammation and orchestrate post-Ml cardiac repair.
Interestingly, CXCL4 infusion led to high mortality and left ventricular
(LV) dilation post-Ml, indicating detrimental mechanisms of CXCL4,
which were explored in the current study.

2. Methods

Detailed descriptions of the materials and methods, and supplementary
tables and figures are available in the Supplementary material online.

2.1 Querying the mouse heart attack
research tool (mMHART) 1.0 database and
tissue bank

We queried our mouse heart attack research tool (MHART) 1.0 data-
base (see Supplementary material online for details) to determine post-
Ml CXCL4 gene expression patterns and used Day 5 post-Ml tissue
sections of C57BL/6) mice from our tissue bank for immunohistochemis-
try analysis.”"*? To examine CXCL4 protein changes after MI, immuno-
histochemistry was performed according to the guidelines and as
described previously using a rat anti-mouse CXCL4 (1:50, MAB595,
R&D).>"*? Staining quantification was calculated as the percentage of
positively stained area to total area. Platelets were stained using a rat
anti-mouse CD41 antibody (1:100, Ab33661, Abcam). To evaluate
CXCL4 cell localization, multiplexed immunofluorescence was per-
formed using the Opal Multiplex Immunohistochemistry Kit (Perkin
Elmer).24 After antigen retrieval, sections were blocked with serum and

incubated with a macrophage antibody Mac3 (1:100, CL8493AP,
Cedarlane), followed by a horseradish peroxidase conjugated anti-rat
IgG, and fluorophore Opal620 (1:100, FP1495A, PerkinElmer). The
above steps were repeated to label neutrophils (1:100, CL8993AP,
Cedarlane) plus fluorophore Opal 520 (1:100, FP1487A, PerkinElmer)
and CXCL4 plus fluorophore Opal690 (1:100, FP1497A, PerkinElmer).
Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, 1:10,
FP1490, PerkinElmer). Images were acquired using the Mantra™
Quantitative Pathology Imaging mi<:roscope.24 The quantitative analysis
was performed using the inForm software.

2.2 CXCL4 mRNA expression in peritoneal

macrophages and infarct macrophages
Peritoneal macrophages were primed to the pro-inflammatory M1 phe-
notype with lipopolysaccharide (1 pg/mL, L2880, Sigma) plus interferon-
v (20 ng/mL, 485-Ml, R&D) or to the anti-inflammatory M2 subtype with
interleukin-4 (20 ng/mL, 404-ML, R&D).2" Unstimulated cells served as
MO. The whole transcriptome analysis was performed using RNA-seq, as
described previously.”*** CXCL4 data were normalized to values of MO
and reported as fold change. We queried our published macrophage
RNA-seq dataset and exported the data of CXCL4 mRNA expression in
macrophages from days 0, 1, and 3 post-M|.2®

2.3 Mice, Ml surgery, and treatment

All animal procedures were approved by the Institutional Animal Care
and Use Committee at the University of Mississippi Medical Center and
were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals published by the United States National Institutes of
Health (Eighth edition; revised 2011). To examine the effect of CXCL4
infusion, male C57BL/6) mice (3-6 months of age) were used. Ml surgery
was performed by permanent ligation of the left coronary artery, accord-
ing to the guidelines and as previously described.?"*”?8 Buprenorphine
(0.1 mg/kg) was intraperitoneally administered at the time of MI. At Day
1 (24 h) post-MI, mice underwent echocardiography assessment to con-
firm MI, and CXCL4 (595-P4-025, R&D) or saline (negative control) was
randomly infused subcutaneously via osmotic mini-pump (Alzet).
Cohort 1 were post-MI mice administered 2.5, 5, 25, or 50 pg/kg/day
CXCL4 and sacrificed at Day 7 post-MI. Cohort 2 were post-Ml mice ad-
ministered 25 pg/kg/day CXCL4 and sacrificed at Day 5 post-MI. CXCL4
infusion at 2.5 pg/kg/day had no significant effect on post-MI 7 day sur-
vival, indicating this dose is below pathological levels. All three other
doses (5, 25, or 50 pg/kg/day) showed a 10% survival at 7 day post-Ml.
We selected the middle dose (25 pg/kg/day) to elucidate the underlying
mechanisms. As controls, CXCL4 (25 ng/kg/day) was administered to
non-MI mice for 4 days. Mice were euthanized with 5% inhalational iso-
flurane, followed by exsanguination and removal of the heart.

2.4 Electrocardiogram, echocardiography,
survival, and necropsy examination

Mice were anaesthetized with 1.5% inhalational isoflurane. After 5min
for stabilization, electrocardiogram (EKG) was recorded in lead |, Il, and
Il configuration for 30 min. Isoproterenol (2 mg/kg, 1351005 USP) was
administered by intraperitoneal injection, and EKG was recorded for an-
other 30 min.**° LV physiology was measured using the Vevo 2100 sys-
tem (VisualSonics) according to the guidelines for measuring cardiac
physiology in mice.***”3" All images were captured at heart rates >400
bpm and at body temperature 35-37°C to achieve physiologically rele-
vant measurements. Three cardiac cycles were analysed and averaged.
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The echocardiography assessor was blinded to experimental groups.
The mice were checked daily for survival analysis. Autopsy was per-
formed on non-surviving mice, and cardiac rupture was confirmed if
there was a blood clot in the thoracic cavity or the LV rupture site was
observed.”’

At sacrifice, the mice were anaesthetized with 2% inhalational isoflur-
ane, and the heart was arrested in diastole using cardioplegic solution.”’
The left ventricle was sliced into apex, middle, and base pieces, and
stained with 1% 2, 3, 5-triphenyltetrazolium chloride for infarct area eval-
uation. Infarct area was calculated as the percentage of infarct area to
total LV area. The infarct regions from the apex and base were isolated
for biochemical analysis. The middle section was fixed in 10% zinc forma-
lin for histological examination.

2.5 Human subjects

All participants gave written consent before participation in the study.
The investigation conformed to the principles outlined in the
Declaration of Helsinki. The human subject protocol was approved by
the Institutional Review Board at the University of Mississippi Medical
Center (IRB# 2013-0164). Plasma was collected within 24 h after admis-
sion in Ml patients (n=50). Echocardiography was acquired during
admission. Plasma CXCL4 levels were quantified using dot immunoblot-
ting. Patient characteristics are listed in Supplementary material online,
Table S3.

2.6 Quantitative real time PCR

Gene array for Inflammatory Cytokines and Receptors (Qiagen) and for
Extracellular Matrix and Adhesion Molecules (Qiagen) were performed
to quantify gene expression levels.”™*? For individual markers, gene ex-
pression was measured using Tagman Gene Expression Master Mix plus
individual primers. The gene levels were normalized to the reference
gene hprt1.2!
ments and analysis.

MIQE guidelines were followed for all the PCR experi-
33

2.7 Immunohistochemistry

Immunohistochemical staining procedures were performed as described
previously and followed the guidelines for authors and reviewers on anti-
body use in physiology studies.”™*** The following antibodies were
used: rat anti-mouse neutrophil antibody (1:100, CL8993AP, Cedarlane)
and macrophage antibody Mac3 (1:100, CL8493AP, Cedarlane). Staining
quantification was calculated as the percentage of positively stained area
to total area.

2.8 Protein extraction, enzyme-linked
immunosorbent assay (ELISA), and
immunoblotting

The guidelines for authors and reviewers on antibody use in physiology
studies were followed.”® Total protein was extracted using reagent
type 4 plus 1x protease inhibitor cocktail. Protein concentrations were
determined by the Quick Start™ Bradford Protein Assay (Bio-Rad).
CXCL4 levels in the infarct were measured using Mouse CXCL4
Quantikine ELISA Kit (MCX400, R&D) according to manufacturer
instructions. Immunoblotting procedures were performed as described
previously.”"3? The densitometry of the total protein was used as the in-
ternal loading control for each lane, and results quantified as the densi-
tometry of the protein of interest divided by the densitometry of the
total protein. Protein expression levels were quantified using the follow-
ing antibodies: CD36 (1:2000, NB400-144, Novus), CD163 (1:1000,

ab182422, Abcam), low-density lipoprotein receptor-related protein 1
(LRP1, 1:1000, ab92544, Abcam), myeloid-epithelial-reproductive tyro-
sine kinase (MERTK, 1:1000, ab95925, Abcam), mannose receptor
C-type 1 (MRC1/CD206, 1:1000, ab64693, Abcam), macrophage scav-
enger receptor 1 (MSR1, 1:1000, ab151707, Abcam), MMP-8 (1:1000,
ab81286, Abcam), and MMP-9 (1:1000, AF909, R&D).

2.9 Macrophage isolation, ex vivo
phagocytosis, and immunoblotting

Macrophages at Day 0 and Day 5 post-MI were isolated using magnetic
microbeads as previously described.***” CD11b"Ly6G™ macrophages
were collected for further analysis. Isolated post-MI macrophages were
used for M1 and M4 phenotype evaluation or stained with a macrophage
specific marker Mac-3 to evaluate purity or used to assess phagocytic
capacity. After fixation, permeabilization, and blocking, macrophages
were stained with a rabbit anti-o-actinin antibody (myocyte marker,
1:50, D6F6, CST) and a rat anti-Ly-6B.2 (neutrophil marker, 1:100,
CL8993AP, Cedarlane), followed by incubation with corresponding fluo-
rescent secondary antibodies. Nuclei were stained with DAPI. The data
were presented as percentage of a-actinin® or Ly-6B.2" macrophages
to total macrophages to indicate macrophage phagocytosis of myocytes
or neutrophils. Immunoblotting for macrophage CXCL4 (1:250,
MAB595, R&D) and CD36 (1:2000, NB400-144, Novus) was
performed.

2.10 Peritoneal macrophage isolation and
stimulation

Unelicited peritoneal macrophages were isolated as described previ-
ously.®" The cells were stimulated with or without 5 pg/mL recombinant
mouse CXCL4 (595-P4-025, R&D) protein for 4h. The cells were
washed with 1x phosphate-buffered saline and used for M1, M2, and M4
phenotype evaluation. The data were represented as fold changes to
unstimulated control group.

2.11 In vitro phagocytosis assay

Phagocytosis was performed according to manufacturer instructions
(V-6694, Molecular Probes). Isolated peritoneal macrophages were stim-
ulated with CXCL4 (5 pug/mL, 595-P4-025, R&D), a CD36 neutralizing
antibody (1 pg/mL, MABF956, Millipore), or CXCL4 (5 pug/mL) + CD36
antibody (1 pg/mL) for 20 h.>* Unstimulated cells served as controls. The
cells were then incubated with the fluorescent Escherichia coli BioParticle
suspension for 2 h. Trypan blue suspension was added to stop the phago-
cytosis process. The cells were fixed with 100% ethanol. Nuclei were
stained with DAPI. The intensity of fluorescence per cell was calculated,
and the data were presented as fold changes to controls.

2.12 Picrosirius red staining

Picrosirius red (PSR) staining was carried out, as previously described.®
Staining quantification was calculated as the percentage of positively
stained area to total area. Six to ten random scans in the infarct region
per section were analysed and averaged.

2.13 Statistical analyses

Statistics were reported according to statistical considerations in report-
ing cardiovascular research.® All experiments were performed and
analysed in a blinded design. Data are presented as mean = SEM. Two
group comparisons were analysed by unpaired or paired t-test. The
in vitro studies used paired t-test, because the same set of cells were
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stimulated under different conditions. Other experiments used unpaired
t-test, because the samples were collected from different biological sets.
Multiple group comparisons were performed using one-way or two-way
analysis of variance (ANOVA) with corresponding post-test. The sur-
vival rate was analysed by Kaplan—Meier survival analysis and compared
by the log-rank test. The »* test was used for rupture rate analysis.
Volcano plot analysis and Pearson correlation analysis were performed
using GraphPad Prism 7.02. A value of P<0.05 was considered statisti-
cally significant. For RNA-seq data, the false discovery rate (FDR)
adjusted P-value was used.

3. Results

3.1 Infarct CXCLA4 levels increased post-Ml
due to macrophage influx

To investigate the cardiac CXCL4 response to MI, we queried the
mHART 1.0 database and used banked LV tissue sections to evaluate
CXCL4 mRNA and protein levels.”” As shown in Figure 1A , infarct
CXCL4 mRNA levels significantly increased at Day 3, peaked at days 5
and 7 (all P<0.05 vs. Day 0), returning to baseline levels by Day 28.
Consistently, immunohistochemical staining of Day 5 post-MI LV tissue
revealed that infarct CXCL4 protein increased by approximately 12-fold
at Day 5 post-Ml, compared with Day 0 controls (Figure 1B, P<0.05 vs.
Day 0). We stained for platelets in the Day 5 infarcted heart, using spleen
as a positive control. There was no evidence of positive staining for
CD41, a specific platelet marker (see Supplementary material online,
Figure S7), indicating that CXCL4 is not likely deriving from platelets at
Day 5 post-MI. The quantitative analysis of multiplex staining of CXCL4,
macrophages, and neutrophils revealed that 72 + 5% of infarct CXCL4
co-localized to macrophages, 4+ 1% to neutrophils, and 24+ 4% to
other cell types (Figure 1C). Within infarct macrophages, 55 £ 6% of mac-
rophages were CXCL4™, while 45 + 6% were CXCL4™ (Figure 1D). The
RNA-seq data demonstrated that Day 3 infarct macrophages had higher
levels of CXCL4 mRNA than Day O cells (see Supplementary material on-
line, Figure S2). Compared with Day O macrophages, Day 5 infarct macro-
phages produced 70-fold more CXCL4 protein (Figure 1E). To study
CXCL4 expression in distinct macrophage phenotypes, peritoneal mac-
rophages were primed to M1 or M2. Compared with MO (unstimulated
controls), M1 showed significantly lower expression of CXCL4

(Figure 1F).

3.2 Exogenous CXCL4 infusion decreased

7 day post-Ml survival

In a dosing experiment, we infused recombinant mouse CXCL4 protein
(2.5, 5, 25, or 50 pg/kg/day) or saline (negative control) to Ml mice at
24h post-MI by osmotic mini-pump. CXCL4 infusion at 2.5 pg/kg/day
had no significant effect on post-Ml 7 day survival (see Supplementary
material online, Figure S3), indicating this dose is below pathological lev-
els. All three other doses (5, 25, or 50 pg/kg/day) resulted in reduced
7 day post-MI survival to 10% (1/10 for each of the three doses, com-
bined 3/30), compared with 47% for the saline controls (7/15, P<0.05,
Figure 1G). Cardiac rupture, arrhythmias, and acute congestive heart fail-
ure are the major causes of post-M| mortality. The decreased survival
rate was not due to an increase in rupture rates (see Supplementary ma-
terial online, Figure S4A). Saline and CXCL4 treated mice both showed
mild atrioventricular block at Day 5 post-MI with or without isoprotere-
nol induction (see Supplementary material online, Figure $4B), with no

evidence of ventricular arrhythmias, indicating that the mortality in the
CXCLA4 treated mice was not due to increased incidence of arrhythmias.
Non-surviving mice in the CXCL4 group had a higher lung oedema index
(wet lung weight: tibia length, Figure 1H), indicative of more severe con-
gestive heart failure. Therefore, CXCL4 induced mortality was due to
acute congestive heart failure.

3.3 Exogenous CXCL4 infusion aggravated
post-MI LV dilation

Since CXCL4 infusion induced a 90% mortality at Day 7 post-Ml, and
most mice died between days 5 and 7, we evaluated the underlying
mechanisms at Day 5 post-Ml as the time of mechanism origin. To con-
firm the recombinant CXCL4 protein homed to the infarct zone, we
measured infarct CXCL4 protein. By ELISA, CXCL4 infusion (25 ng/kg/
day) increased infarct CXCL4 concentrations by 64% at Day 5 post-Ml
(Figure 2A, P<0.05 vs. saline). CXCL4 infusion did not increase Cxcl4
gene levels, as expected (see Supplementary material online, Table ST7).
Infarct areas were similar between saline and CXCL4 treated Day 5
post-MI mice (53+2% for saline vs. 53+4% for CXCL4, P=0.95,
Figure 2B), consistent with CXCL4 infusion being initiated at 24 h post-
M, a time after myocardial salvage would be probable.

Saline and CXCL4 treated mice displayed similar LV dilation and path-
ophysiology responses at 24h post-Ml (the time of intervention),
confirming the grouping was unbiased. CXCL4 treated mice at Day 5
post-MI showed significantly higher end-systolic and end-diastolic vol-
umes and dimensions (Figure 2C, all P < 0.05) than saline controls, indicat-
ing that CXCL4 infusion exacerbated post-MI LV dilation. Fractional
shortening, ejection fraction, and wall thickness at Day 5 post-Ml were
comparable between saline and CXCL4 treated animals (Figure 2C). To
address potential effects of CXCL4 on cardiomyocytes, we infused ex-
ogenous CXCL4 into non-MI mice for 4 days. There was no effect on
cardiomyocytes, indicated by no change in wall thickness or other car-
diac physiology variables (see Supplementary material online, Table S2).
This indicates that the increase in LV dilation at Day 5 post-Ml in CXCL4
treated mice was not due to direct actions of CXCL4 on the myocyte.

Plasma CXCL4 levels are elevated in patients with acute coronary
syndrome and are associated with platelet counts and C-reactive protein
concentrations.”” We measured plasma CXCL4 levels in M patients
within 24 h of admission (see Supplementary material online, Table S3),
and performed correlation analysis to patient characteristics and cardiac
physiology parameters. Plasma CXCL4 levels positively correlated with
end diastolic dimension (Figure 2D) and negatively correlated with inter-
ventricular septal thickness in diastole (Figure 2E). This is consistent with
the mouse data showing that CXCL4 infusion enhances post-Ml LV
dilation.

3.4 The impact of exogenous CXCL4

infusion on post-Ml inflammation

We explored the impact of CXCL4 infusion on inflammation by examin-
ing 84 inflammatory cytokine and receptor genes in the infarct region of
Day 5 post-MI mice. CXCL4 decreased expression of Ccl3 and Ltb and
increased Ccr4 (Figure 3A, all P<0.05 compared with saline). All three
genes are pro-inflammatory factors, and Ccr4 significantly and positively
correlated with LV dilation irrespective of CXCL4 infusion (Figure 3B).
Saline and CXCL4 treated mice showed similar numbers of neutrophils
and macrophages in the Day 5 infarct (Figure 3C and D), indicating that
the impact of CXCL4 on these 3 pro-inflammatory cytokines was not
due to alterations in leukocyte cell numbers.
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Figure | Macrophages were the major source of CXCL4 in Day 5 LV infarct, and exogenous CXCL4 infusion decreased 7 day post-Ml survival. (A) Infarct
CXCL4 mRNA expression significantly increased at Day 3 (n=19), peaked at Days 5 (n=17) and 7 (n = 24), returning to baseline levels by Day 28 post-Ml
(n=7), compared with Day 0 (n=32). One-way ANOVA was used. (B) Infarct CXCL4 protein increased by approximately 12-fold at Day 5 post-MI.
Arrows indicate positive staining (brown dots). Scale bar, 50 pm. n = 6-9/group. *P < 0.05 vs. Day 0. Unpaired t-test was used. (C) Representative images of
multiplex staining of CXCL4 (green), macrophages (orange), and neutrophils (red). Nuclei were stained with DAPI (blue). Scale bar, 50 um. The quantitative
analysis of multiplex staining of CXCL4, macrophages, and neutrophils revealed that 72 £ 5% of infarct CXCL4 co-localized to macrophages, 4 = 1% to neu-
trophils, and 24+ 4% to other cell types. n= 6/group. (D) Within infarct macrophages, 55+ 6% of macrophages were CXCL4", while 45 + 6% were
CXCL4". n=6/group. (E) Compared with Day 0 macrophages, Day 5 infarct macrophages produced 70-fold more CXCL4 protein. n = 5/group. *P < 0.05
vs. Day 0. Unpaired t-test was used. (F) M1 peritoneal macrophages demonstrated lower CXCL4 mRNA levels than MO, evaluated by RNA-seq. n = 4/group.
*FDR adjusted P=0.001 vs. M0. One-way ANOVA was used. (G) CXCL4 infusion decreased 7 day post-Ml survival to 10%, compared with 47% for the sa-
line group. n=15-30/group. *P < 0.05 vs. saline. The survival rate was analysed by Kaplan—Meier survival analysis and compared by the log-rank test. (H)
Lung oedema index, the ratio of wet lung weight to tibia length, was significantly higher in CXCL4 treated non-surviving mice than saline controls. n=8-27/
group. *P < 0.05 vs. saline. Unpaired t-test was used.

To investigate whether CXCL4 can directly regulate macrophage ex-
pression of the three genes differently expressed in saline and CXCL4
treated mice, we stimulated unelicited peritoneal macrophages with re-
combinant CXCL4 (5 pg/mL) for 4 h and measured gene expression us-
ing quantitative real time PCR. Interestingly, in vitro CXCL4 enhanced

macrophages to express Ccl3 (Figure 3E, P<0.05), while in vivo CXCL4
treated mice showed reduced Ccl3 in the infarct region. CXCL4 stimula-
tion in vitro demonstrated no direct impact on Ltb or Ccr4 expression in
macrophages. These results indicate that for these three factors, there is
a divergence between in vitro CXCL4 stimulation by a single factor and
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Figure 2 Exogenous CXCL4 infusion exacerbated LV dilation at Day 5 post-MI. (A) CXCL4 infusion increased CXCL4 levels by 64% in the Day 5 infarct.
Unpaired t-test was used. (B) Infarct areas were comparable between saline and CXCL4 treated mice. Unpaired t-test was used. (C) LV volumes and dimen-
sions in CXCL4 treated mice were higher than saline controls at Day 5 post-MI. Ejection fraction, fractional shortening, and LV anterior wall thickness in sys-
tole were similar between groups. n = 8-9/group. *P <0.05 vs. saline and #P<0.05 vs. respective Day 0. Two-way ANOVA was used. (D and E) Plasma
CXCL4 levels in patients with Ml positively correlated with end diastolic dimension (EDD) and negatively correlated with interventricular septal thickness in

diastole (IVSd). n = 50. Pearson correlation analysis was used.

in vivo multi-cell stimulation by CXCL4 within a complex microenviron-
ment containing other factors.

3.5 In vitro CXCL4 elicited macrophages to
express pro-inflammatory cytokines

Gleissner et al*® previously reported that CXCL4 induces monocyte dif-
ferentiation into a unique macrophage M4 phenotype, which overex-
presses M1 and M2 markers. Using the same macrophages stimulated
above, we measured a panel of M1, M2, and M4 markers. In vitro, CXCL4
significantly up-regulated the expression of all M1 markers examined
(Figure 4A, all P<0.05), which include Cc3, Ccl5, Il1f, and Il6; in contrast,
M2 markers, including Arg1, Fizz1, Tgf31, and Ym1, were not affected by
CXCL4 stimulation (see Supplementary material online, Figure S5).
Consistent with literature,*® CXCL4 up-regulated Tnfo and down-regu-
lated Mmp8 (Figure 4A, both P<0.05); CXCL4 did not affect Il10 and
Mmp12 expression. Post-MI macrophages isolated from Day 5 saline
and CXCL4 infarcts demonstrated no differences in M1 and M4 marker
expression (Figure 4B). This indicates that the in vivo complexity of inflam-
mation is not recapitulated by the single CXCL4 in vitro stimulus.

3.6 Exogenous CXCL4 infusion decreased
ex vivo macrophage phagocytic capacity
Macrophages engulf dead cell and tissue debris, a process termed phago-
cytosis or efferocytosis (clearance of apoptotic cells).”” To evaluate the
effect of CXCL4 on macrophage phagocytic capacity, cardiac macro-
phages (CD11b"Ly6G") were isolated from Day 5 infarcts and stained
with the macrophage specific marker Mac-3 to assess cell purity.””
These CD11b" Ly6G™ macrophages were Mac-3" (Figure 5A), indicating
>95% cell purity. To evaluate the presence of myocytes or neutrophils
within the macrophage (indicating active in vivo phagocytosis), immuno-
cytochemistry was performed on the macrophages using the myocyte
marker (oi-actinin, Figure 5B) and the neutrophil marker (Ly-6B.2,
Figure 5C) antibody. As shown in Figure 5B and D, 35+ 4% of macro-
phages were phagocytic for myocytes in the saline Ml group, which was
significantly reduced by CXCL4 treatment (Figure 5B and D, P<0.05).
Likewise, 18 £ 1% of macrophages were phagocytic for neutrophils in
the saline Ml group, which was significantly reduced by CXCL4 treat-
ment (Figure 5C and D, P<0.05). These data indicate that CXCL4 infu-
sion impaired macrophage phagocytic capacity. This result contradicts
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Figure 3 The impact of exogenous CXCL4 infusion on the inflammatory response. (A) The volcano plot showed that out of 84 inflammatory mediators
examined by gene array, CXCL4 treated mice displayed lower Ccl3 and Ltb and higher Ccr4 in Day 5 LV infarct. n = 9/group. Unpaired t-test were used. FC,
fold change. (B) Ccr4 gene levels positively correlated with end systolic dimension (ESD). n= 17. Pearson correlation analysis was performed. (C and D)
Infarct neutrophil and macrophage numbers were similar between saline and CXCL4 groups. Arrows indicate positive staining. n = 9/group. Unpaired t-test
was used. (E) In vitro, CXCL4 treatment up-regulated Ccl3 expression in peritoneal macrophages. n = 6-9/group. *P < 0.05 vs. negative control. Paired t-test

was used.

previous published in vitro studies demonstrating that CXCL4 induces
phagocytosis, indicating the complex in vivo environment alters the direct
in vitro effect of CXCL4."

3.7 CD36 mediated CXCL4 inhibition of
macrophage phagocytosis

To explore the mechanisms by which CXCL4 infusion decreased macro-
phage phagocytic capacity, we measured six well-known phagocytosis
related markers (Cd36, Cd163, Lrp1, Mertk, Mrc1, and Msr1) in Day 5
infarct macrophages. Out of the six markers examined, only Cd36 gene
expression was statistically decreased in response to CXCL4 treatment
(Figure 5E, P <0.05). The protein levels of these markers in Day 5 infarct
left ventricle were quantified by immunoblotting. In agreement with the
MRNA results, only CD36 protein levels out of the six proteins were

decreased after CXCL4 infusion (Figure 5F and Supplementary material
online, Figure S6). In addition, Day 5 infarct macrophages from CXCL4
treated mice exhibited lower CD36 protein levels than saline controls
(Figure 5G). This indicates that CD36 mediates CXCL4 effects on
phagocytosis.

3.8 CXCL4 inhibited in vitro macrophage
phagocytosis capacity through CD36
signalling

To evaluate whether CXCL4 directly decreased macrophage phagocy-
tosis, unelicited peritoneal macrophages were isolated and stimulated
with CXCL4 for 20 h. Following washing to remove CXCL4, the cells
were incubated with fluorescent E. coli bioparticles to measure phagocy-
tosis. The untreated macrophages efficiently phagocytized bioparticles,
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Figure 4 In vitro CXCL4 treatment induced macrophage production of pro-inflammatory M1 markers. (A) CXCL4 treatment (5 ug/mL for 4 h) signifi-
cantly up-regulated all pro-inflammatory M1 markers examined and M4 marker Tnfo, and down-regulated M4 marker Mmp8. n = é/group. *P < 0.05 vs. nega-
tive control. Paired t-test was used. (B) Day 5 post-M| macrophages in saline and CXCL4 groups exhibited comparable expression of M1 and M4 markers.

n = 6/group. Unpaired t-test was used.

an effect significantly inhibited by CXCL4 stimulation (Figure 6A, P<0.05
vs. control) and in line with the ex vivo findings. The phagocytic capacity
was quantified as fluorescence intensity per cell; and cell numbers were
not different between groups (P =0.61). Thus, the difference in phagocy-
tosis was not due to a difference in cell number. Out of six markers
examined, both Cd36 and Mertk were down-regulated in CXCL4
pre-treated in vitro macrophages (Figure 6B, P <0.05), which further con-
firmed that CD36 signalling may mediate CXCL4 effects on phagocyto-
sis. The fact that Mertk was down-regulated in vitro and not ex vivo
highlights that while the direct effect of CXCL4 on phagocytosis involves
both Cd36 and Mertk, in vivo conditions mask the Mertk effect.

To test if the phagocytosis decrease induced by CXCL4 occurred
through CD36 signalling, macrophages were incubated with CXCL4, a

CD36 neutralizing antibody (CD36Ab), or both. Compared with
untreated controls, either CXCL4 or CD36Ab significantly inhibited
macrophage phagocytic capacity (Figure 6C). The combination of CXCL4
and CD36Ab was not additive (Figure 6C), indicating that CXCL4 regu-
lated phagocytosis through CD36 signalling.

3.9 Exogenous CXCL4 infusion increased
MMP-8 and MMP-9 levels in the Day 5
infarct

Extracellular matrix (ECM) turnover is a necessary component of post-

MI scar formation. We performed gene array analysis for 84 ECM and
adhesion molecules in the infarct of Day 5 post-MI mice. CXCL4 infusion
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Figure 5 Exogenous CXCL4 infusion decreased macrophage phagocytosis by inhibiting CD36 expression. (A) Isolated macrophages (CD11b"Ly6G)
from Day 5 infarct were all Mac-3", a specific marker for macrophages, indicating high purity. (B-D) Macrophage (DAPI™) phagocytosis of myocytes (green)
and neutrophils (red) were decreased after CXCL4 treatment. Yellow arrows indicate phagocytic macrophages. n = 7-9/group. Scale bar, 50 pm. (E) Out of
six phagocytosis markers measured, Cd36 expression was lower in macrophages isolated from the Day 5 infarct of the CXCL4 group. n= é/group. (F)
CXCLA4 infusion significantly reduced CD36 protein levels in Day 5 LV infarct. n = 9/group. (G) CXCL4 infusion significantly reduced CD36 protein levels in
Day 5 infarct macrophages. n = 5-6/group. *P < 0.05 vs. saline. Unpaired t-test was used.

down-regulated the expression of Adamts8, Lama1, and Timp3, and up-
regulated ltgb4 (Figure 7A, all P<0.05). By correlation analysis, Adamts8
negatively and ltgb4 positively correlated with LV dilation irrespective of
CXCL4 infusion (Figure 7B and C). Of note, CXCL4 infusion did not sig-
nificantly affect col or col3 gene expression (see Supplementary material
online, Table $4), two major components of the infarct scar. Collagen
protein levels in the infarct, evaluated by PSR staining, were similar be-
tween saline and CXCL4 treated mice (Figure 7D). Collagen quantity,
therefore, was not influenced by CXCL4 infusion. Tgfb1, the major pro-
fibrotic cytokine, was not significantly affected by CXCL4 infusion (see
Supplementary material online, Table S1).

MMPs regulate many aspects of cardiac remodelling, and MMP-9 in
particular has been shown to cleave CD36 as a mechanism to co-ordi-

. : 34
nate neutrophil apoptosis and removal.”" For the reason, we measured a

panel of MMPs and their tissue inhibitors of metalloproteinases.®”™"’

None of the MMP or TIMP genes were different between saline and
CXCL4 treated infarcts (see Supplementary material online, Table $4).
CXCL4 infusion increased active MMP-8 and MMP-9 levels in the infarct
(Figure 7E, both P <0.05), and both MMPs can degrade ECM to promote
LV dilation. MMP-8, but not MMP-9, negatively correlated with LV infarct
wall thickness (Figure 7F).

4. Discussion

This study explored the impact of exogenous CXCL4 infusion on LV
remodelling and physiology following M, focusing on the reparative
wound healing responses. The salient findings of this study were:
(i) CXCLA4 levels increased in the infarct due to macrophage infiltration;
(i) CXCL4 infusion decreased post-MI survival and aggravated LV
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Figure 6 In vitro CXCL4 pretreatment inhibited phagocytic capability of macrophages through CD36 signalling. (A) Macrophage phagocytosis of fluores-
cent Escherichia coli BioParticles was significantly lower in cells pre-stimulated with 5 pg/mL recombinant CXCL4 protein for 20 h. (B) CXCL4 pretreatment
significantly inhibited macrophage expression of Cd36 and Mertk. n=6-10/group. *P <0.05 vs. control. Paired t-test was used. (C) Either CXCL4 or
CD36Ab significantly inhibited macrophage phagocytic capacity. The combination of CXCL4 and CD36Ab did not have an additive effect. CD36Ab, CD36
neutralizing antibody. Scale bar, 50 pm. n = 6—13/group. P < 0.05 vs. control. One-way ANOVA was used.

dilation, in part by increasing MMP-8 and MMP-9; Ccr4 and ltgb4 posi-
tively correlated with LV dilation, while Adamts8 negatively correlated
with LV dilation; and (i) CXCL4 infusion decreased in vivo macrophage
phagocytosis of myocytes and neutrophils, an effect mediated by CD36.
This is the first study to monitor in vivo phagocytosis of post-MI myocytes
and neutrophils in mice and assign a role for CXCL4 in the process.
After MI, inflammation induces hyper-permeability of the microcircula-
tion in the ischaemic area, which may induce plasma CXCL4 leakage to
the infarct area. Other regions, including skeletal muscle, liver, and kidney
may have increased CXCL4 levels as well. The in vitro results indicate
that CXCL4, regardless of the source, directly affects cardiac macro-
phage physiology.

CXCL4 expression is up-regulated in atherosclerosis, inflammatory
bowel disease, and mesenteric ischaemia/reperfusion injury.'*** The
current study adds to the literature by showing that CXCL4 levels are
dramatically increased after M, peaking at Day 5, and macrophages are

the major source. Moreover, Day 5 M| macrophages produce more
CXCLA4 proteins than Day 0 resident cardiac macrophages. The expres-
sion of CXCL4 in cells other than platelets is not well established.'®****
Whether CXCL4 is derived from other major cell types in the Ml heart
(fibroblasts and endothelial cells) needs to be investigated.

An appropriate degree of inflammation is needed to promote optimal
cardiac repair. Excessive inflammation can further damage normal tissue,
while insufficient inflammation compromises the wound healing re-
sponse.! 2% CXCL4 is a strong pro-inflammatory chemokine that
induces inflammatory cytokine production in vascular smooth muscle
cells by kriippel-like factor 4-dependent mechanisms.*’ Platelet-derived
CXCL4 decreases neutrophil apoptosis after arterial occlusion.*®
CXCL4 deletion decreases neutrophil and monocyte infiltration in a
mouse model of mesenteric ischaemia/reperfusion injury.”? CXCL4™
mice are protected from acute lung injury induced by acid aspiration by
improving barrier function without affecting neutrophil migration.*’
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Figure 7 The impact of exogenous CXCL4 infusion on ECM. (A) Volcano plot demonstrated that out of 84 ECM molecules evaluated by gene array,
CXCLA4 treated mice displayed lower Adamts8, LamaT, and Timp3 and higher ltgb4 in Day 5 LV infarct. n = 9/group. Unpaired t-test was used. (B) Adamts8

negatively correlated with end diastolic dimension (EDD). (C) Itgb4 positively correlated with end diastolic volume (EDV). n=

17. Pearson correlation analy-

sis was performed for B and C. (D) PSR staining demonstrated no statistical difference in total collagen content between saline and CXCL4 LV infarct.
Arrows indicate positive staining. (E) MMP-8 and MMP-9 levels in Day 5 infarct were significantly higher in CXCL4 treated mice than saline controls.
n=9/group. *P <0.05 vs. saline. Unpaired t-test was used. (F) MMP-8, but not MMP-9, negatively correlated with LV infarct wall thickness (posterior wall in

diastole). n = 17. Pearson correlation analysis was used.

Therefore, some of the lung effects observed in the CXCL4 non-
surviving group could also be due to direct effects on the lung. Our study
showed no effect on macrophage and neutrophil numbers; the major ef-
fect was on macrophage phenotype. There was a divergence between
in vitro and in vivo CXCL4 induced M1 and M4 marker expression in mac-
rophages, with in vitro stimulated macrophages showing robust up-regu-
lation of M1 markers. Post-MI macrophages produced similar levels of
M1 markers in saline and CXCL4 treated mice. One explanation for the
discrepancy between ex vivo and in vitro data is that CXCL4 can induce
pro-inflammatory gene expression in unactivated macrophages (in vitro
unstimulated cells) but not in already activated macrophages (post-Ml
cells). Another explanation is that the levels of endogenous CXCL4

were sufficient to induce M1 expression, and the further elevation of
CXCL4 did not have an additive effect. While CXCL4 is a strong in vitro
stimulus, the in vivo Ml complexity does not recapitulate the single stimu-
lus effect. This indicates that CXCL4 effects on LV dilation and mortality
in vivo were not entirely due to effects on polarization.

Phagocytosis and clearance of dead cell and tissue debris by macro-
phages is a prerequisite for post-Ml cardiac repair.® Defects in phagocy-
tosis exacerbate adverse cardiac remodelling, leading to worse LV
physiology. Dr. Thorp’s group has reported that MERTK deletion sub-
stantially impairs macrophage phagocytosis of apoptotic cardiomyocytes,
resulting in worse wound healing.'® CXCL4 infusion suppressed macro-
phage phagocytosis of both myocytes and neutrophils, which partially
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Figure 8 A diagram illustrating the mechanisms of action of CXCL4
in regulating LV remodelling following MI. Ml triggers macrophage infil-
tration into the infarct area, which releases abundant CXCL4. CXCL4
decreases CD36 expression in MMP-9 independent (direct) and depen-
dent (cleavage of CD36) modes to inhibit macrophage phagocytosis of
dead myocytes and neutrophils, which results in impaired removal of
debris and adverse remodelling post-Ml. In addition, CXCL4 up-regu-
lates Ccr4 and Itgb4 and down-regulates Adamts8, which may result in
LV dilation. The cell images are from Servier Medical Art (www.servier.
com).

explained the impaired survival and enhanced LV dilation in mice treated
with CXCL4. While CXCL4-induced macrophages have been shown to
be almost completely devoid of phagocytic capacity,*® in another study
CXCL4 was reported to induce phagocytosis'’ A difference between
the two studies is when CXCL4 was given (simultaneous vs. pre-adminis-
tration), indicating that CXCL4 may rapidly and directly induce phagocy-
tosis initially and inhibit later. Supplementary material online, Table S5
compares in vivo, ex vivo, and in vitro results for phagocytosis and M1
markers induced by CXCL4, to highlight similarities and differences in
response.

Apoptotic cells express multiple find me and eat me signals (e.g. lipid
mediators and nucleotides) that can attract phagocytic cells and bind to
phagocytosis-associated receptors on the cells, including CD36, CD163,
LRP1, MERTK, MRC1, and MSR1. Binding to these receptors initiates the
phagocytosis process.'®*%*" Our in vivo, ex vivo, and in vitro data demon-
strated that CXCL4 down-regulated CD36 expression at both the cell
and tissue level. Consistently, Gleissner et al®® reported that in vitro
CXCL4 significantly decreased Cd36 expression in monocyte-derived
macrophages. CD36, also known as fatty acid translocase, is involved in
the uptake of fatty acid across the plasma membrane in heart and skeletal
muscle.>> CD36 is a scavenger receptor implicated in atherosclerosis.”
CD36 is important for macrophage phagocytosis of apoptotic neutro-
phils in the Ml heart, and in vitro blocking CD36 reduces macrophage
phagocytosis.®* Our findings that the combination of CXCL4 and
CD36Ab did not have an additive effect indicate that CXCL4 regulated
phagocytosis through CD36 signalling. Our in vitro studies used E. coli

BioParticle as the substrate for macrophage phagocytosis. Whether the
effects of CXCL4 on phagocytosis are also mediated through CD36
interactions with other ligands (e.g. oxidized low density lipoprotein) re-
main to be explored. CXCL4 treatment down-regulates CD163 in hu-
man macrophages in vitro.”" Our study demonstrated comparable
CD163 expression in macrophages in saline and CXCL4 treated mice.
This indicates that the impact of CXCL4 on CD163 may be compen-
sated by other unknown mechanisms, or it is context dependent. These
results also highlight that different phagocytosis mechanisms may be in
play under different pathological conditions. Therefore, the primary ef-
fect of CXCL4 infusion was to inhibit macrophage phagocytosis by limit-
ing CD36 signalling, which enhanced post-MI LV dilation and mortality.

New collagen starts to be synthesized to form the reparative scar at
around Day 3 post-MI. CXCL4 infusion did not affect collagen expres-
sion and deposition at Day 5 post-MI. Interestingly, MMP-8 and MMP-9
were higher in mice treated with CXCL4; at this time, both MMPs are
returning towards baseline values. We have previously shown that
CD36 is an in vivo substrate of MMP-9 in the post-MI heart.* MMP-9 can
cleave CD36, leading to reduced CD36 in CXCL4 treated animals. This
may represent another mechanism that CXCL4 inhibits CD36 levels and
subsequently impairs macrophage phagocytosis.

By the law of LaPlace, increased dilation raises LV wall stress and ten-
sion. We have previously reported that left ventricles with higher dila-
tion values at Day 3 post-MI have elevated rupture rates and adverse
remodelling®' In the current study, Ccr4 and ligh4 positively and
Adamts8 negatively correlated with LV dilation, and these genes were af-
fected by CXCL4 treatment. Ccr4 (CD194) is a receptor for the pro-
inflammatory chemokines Ccl2, Ccl4, Ccl5, Ccl17, and Ccl22.>® The
strong correlation between Ccr4 and end diastolic dimensions indicates
that CXClL4-associated inflammation regulates post-MI LV dilation.
ltgb4/CD104 is an integrin that mediates cell-matrix or cell—cell adhe-
sion. Adamts8 is a protease involved in ECM proteolysis. Their roles in
the post-MI heart, however, have not been studied. Studies are needed
to validate whether and how these factors directly contribute and medi-
ate CXCl4-associated post-Ml LV dilation. One limitation is that
CXCL4 was given systemically and is likely to bind to |;>roteoglycans.51
Whether CXCL4 effects on phagocytosis is mediated via binding to pro-
teoglycans needs to be investigated.

In conclusion, this study provides the first evidence that early exoge-
nous CXCL4 infusion inhibits macrophage phagocytosis of myocytes
and neutrophils by suppressing CD36 expression through MMP-9 de-
pendent and independent mechanisms and regulate Ccr4, ltgb4, and
Adamts8 expression to increase mortality and LV dilation (Figure 8).
Studies are warranted to investigate whether blocking endogenous
CXCLA4 is beneficial for post-Ml cardiac wound healing.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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