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Abstract

Understanding how macrophages promote myocardial repair can help create new therapies for infarct repair. We aimed to
determine what mechanisms underlie the reparative properties of macrophages. Cytokine arrays revealed that neonatal car-
diac macrophages from the injured neonatal heart secreted high amounts of osteopontin (OPN). In vitro, recombinant OPN
stimulated cardiac cell outgrowth, cardiomyocyte (CM) cell-cycle re-entry, and CM migration. In addition, OPN induced
nuclear translocation of the cytoplasmatic yes-associated protein 1 (YAP1) and upregulated transcriptional factors and
cell-cycle genes. Significantly, by blocking the OPN receptor CD44, we eliminated the effects of OPN on CMs. OPN also
activated the proliferation and migration of non-CM cells: endothelial cells and cardiac mesenchymal stromal cells in vitro.
Notably, the significant role of OPN in myocardial healing was demonstrated by impaired healing in OPN-deficient neonatal
hearts. Finally, in the adult mice, a single injection of OPN into the border of the ischemic zone induced CM cell-cycle re-
entry, improved scar formation, local and global cardiac function, and LV remodelling 30 days after MI. In summary, we
have shown, for the first time, that recombinant OPN activates cell-cycle re-entry in CMs. In addition, recombinant OPN
stimulates multiple cardiac cells and improves scar formation, LV remodelling, and regional and global function after MI.
Therefore, we propose OPN as a new cell-free therapy to optimize infarct repair.
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Introduction

Understanding the mechanism of myocardial regeneration
and repair can facilitate the efforts to develop new therapies
for myocardial injury. However, despite extensive research
[18, 44], a clinically relevant treatment to regenerate or
repair the human heart has not been found [14, 43].
Introducing the neonatal mouse model of transient myo-
cardial regeneration enables new opportunities to investigate
the process of myocardial regeneration and repair [17, 42].
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These studies identified several factors that may promote
CM proliferation to regenerate adult mammalian hearts [14,
18, 44, 58].

Macrophages are essential for infarct repair and myo-
cardial rejuvenation [2, 6, 13, 26, 45]. The ability of mac-
rophages to penetrate injured tissues, integrate environ-
mental signals and transmit regenerative mediators position
these cells as central orchestrators of the reparative process.
Therefore, studies on how macrophages control myocardial
rejuvenation could identify pathways and molecules that
may promote myocardial repair (regeneration or healing)
in the adult heart.

Here, we sought to determine what underlies the repara-
tive properties of macrophages in neonatal and adult hearts.
We identified a significant role of the matricellular protein
osteopontin (OPN) in infarct repair and CM cell-cycle re-
entry. Thus, we propose that OPN can be used as a new
reparative agent to improve infarct repair.
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Methods

The authors declare that all supporting data are available
within the article and its online supplementary files. More
data supporting this study's findings are available from the
corresponding author upon reasonable request.

Our study has been approved by the Sheba Medical
Center Internal Review Board Committee and was per-
formed following the guidelines of the Animal Care and
Use Committee of the Sheba Medical Center and Tel Aviv
University.

Animals

Wild-type C57BL/6 and ICR mice were purchased from
Envigo RMS (Jerusalem, Israel).

To assess monocyte/macrophage accumulation in the
neonatal heart, we used macrophage reporter Rosa™/™¢ x
Csf-1R-iCre neonatal mice [37]. We crossed Csf-1R-iCre
mice with the Cre-reporter [34] Rosa™™2 [11] mice, in
which Csf-1R-positive cells are GFP-positive.

OPN=* C57BL/6 mice were supplied courtesy of Prof. Eli
Pikarsky, Hadassah Medical Center, Jerusalem. The mice
were crossed to generate homozygote knockout (OPN™7)
and controls (C57BL/6 WT). In all mouse experiments, WT
littermates were used as controls. To confirm genotypes, we
cut the tips of mouse tails, and DNA was extracted with
direct PCR solution (Viagen Biotech, Los Angeles, Cali-
fornia, USA) and Proteinase K (Roche Diagnostics GmbH,
Mannheim, Germany).

Neonatal mouse model of apical resection (AR)
or myocardial infarction (MI)

To determine the role of macrophages in myocardial regen-
eration and repair, we used a neonatal mouse model of AR
or MI [30]. One-day-old neonatal ICR mice (Envigo RMS,
Jerusalem, Israel) were subjected to AR, MI, or sham opera-
tion (n=230). To avoid pain and stress, we anesthetized new-
born mice by inhaling 2% isofluorane and 100% oxygen.
Then, the mice were cooled down on an ice bed for 4 min,
causing asystole and reversible apnea [40] and preventing
excessive blood loss during surgery. The cooling-down
period also provided additional anesthesia.

To perform AR, we opened the chest by left thoracotomy
and used iridectomy scissors to carefully and gradually
resect thin segments from the left ventricular (LV) apex, as
previously described [22, 30, 42]. Then, the thoracic skin
was closed using adhesive tissue glue [30].

We used a similar surgery protocol to induce MI in neona-
tal mice [2, 22, 30]. MI was induced by permanent occlusion
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of the mid-left anterior descending (LAD) coronary artery
by an 8-0 prolene suture (Ethicon, Cornelia, GA, USA) [2,
22, 30]. After MI, animals were placed on a heating pad
(37 °C), allowed to recover, and returned to their mothers.
Sham-operated mice underwent the same procedure with-
out AR or MI. The average survival rate in neonatal mice
after AR and MI was 70% and 40%. Survival after the sham
operation was 95%.

The area of inflammation and granulation tissue 3 days
post AR (n=5 for WT, n=4 for OPN KO) was measured
using SigmaScan Pro 5 (Systat Software San Jose, CA,
USA).

Ml in adult mice

To determine the role of OPN in infarct repair, we used
the mouse model of MI in female 12-week-old ICR mice
(Envigo RMS, Jerusalem, Israel) [6, 22, 35, 37]. Mice were
anesthetized with 1-3% isofluorane, intubated, and venti-
lated with 100% oxygen. The chest was shaved and opened
by left thoracotomy, and LAD ligation was performed using
an 8-0 Prolene suture (Ethicon, Cornelia, GA, USA) to per-
manently occlude the LAD coronary artery.

In the LV remodelling studies, 40 pl of PBS with or with-
out 200 ng of OPN (02260, Sigma-Aldrich, St. Louis, MO,
USA) were injected into the border of the ischemic area.
Myocardial ischemia was confirmed by visual blanching dis-
tal to the occlusion site with wall-motion akinesis [25]. We
also confirmed MI by echocardiography 24 h after surgery.
The chest was closed, and the skin was sutured with a 5-0
Prolene suture (Ethicon, Cornelia, GA, USA). Mice were
placed on a heating pad (37 °C) until recovery. After MI,
the average survival rate was 80%, and the average survival
rate after the sham operation was 95%.

Cardiac macrophage isolation and culture

Macrophages were purified based on plastic adherence and
resistance to trypsinization [6, 37]. We harvested neonatal
hearts 3 days after AR, MI, or sham procedure (n=4 in each
group). We also collected adult macrophages 3 days after
MI in the adult mouse (n=4). Briefly, cells were incubated
for 2 h at 37 °C in humid air with 5% CO, on 6-well plates
supplemented with RPMI (Biological Industries, Beit-Hae-
mek, Israel) with 10% FBS (Fetal Bovine Serum) (Biologi-
cal Industries, Beit-Haemek, Israel) and 1% streptomycin.
Then, non-adherent cells were washed, and to further ensure
macrophage enrichment, 3-min trypsin-EDTA (Ethylenedi-
aminetetraacetic acid) treatment was added to the remain-
ing cells. The trypsin was then blocked with fresh medium
and washed, and the intact adherent cells were considered
cardiac macrophages. To determine purification efficiency,
we stained the cells with the macrophage marker F4/80. We
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found > 90% positive staining for F4/80 in culture [37]. Car-
diac macrophages were grown for 24 h, and the conditioned
medium was collected.

Quantification of macrophage cytokines
and chemokines

To detect and quantify macrophage-derived cytokines and
chemokines, we collected cell culture supernatant for a cus-
tom-made mouse Quantibody Array Kit (RayBiotech Inc.
Insight Biotechnology Ltd, Wembley, UK), according to
the manufacturer's instructions. The array was designed to
quantitatively detect 14 cytokines, chemokines, and growth
factors simultaneously: interleukin (IL)-18, IL-4, IL-6,
IL-10, IL-12 p40/p70, IL-17, monocyte chemoattractant
protein (MCP)-1, tumor necrosis factor (TNF)-a, stromal
cell-derived factor (SDF)-1, IL-13, vascular endothelial
growth factor-A (VEGF-A), insulin-like growth factor (IGF),
hepatocyte growth factor (HGF), and osteopontin (OPN).
The signals (green fluorescence, Cy3 channel, 555 nm exci-
tation, and 565 nm emission) were captured using a GenePix
4000B laser scanner (Bio-Rad Laboratories, Hercules, CA,
USA) and extracted with GenePix Pro 6.0 microarray analy-
sis software. Quantitative data analysis was performed using
the RayBiotech mouse Array software (Q-Analyzer Soft-
ware for QAM-INF-1, Norcross, GA, USA). Sample con-
centrations (pg/ml) were determined from mean fluorescent
intensities (median values) compared with five-parameter
linear regression standard curves generated from standards
provided by the manufacturer. A series of isochronal maps
reflecting the cytokine/chemokine concentrations detected
by the microarrays were constructed by Matlab software
(R2009a, MathWorks, Inc., Natick, MA, USA) to transform
numerical data into simplex graphical patterns.

Organ culture of neonatal hearts

To determine the effect of OPN on neonatal hearts, we used
an organ culture [8, 22]. Hearts were harvested from 1-day-
old neonatal mice. The atrial area was removed, and the
ventricular area was cut into 2 transverse slices cultured on
a coated 48-well dish with CM growth media for 48 h to
achieve adhesion. Next, tissues were treated with 800 ng/
ml OPN (Sigma-Aldrich, St. Louis, MO, USA) or control
culture media without OPN (6 wells in each group) for 72 h
[50]. Cardiac tissue growth was then assessed by cell bud-
ding (outgrowth) from the cultured heart slices using Sig-
maScan Pro 5 (Systat Software San Jose, CA, USA). The
outgrowth was stained with antibodies against a-cardiac
actin (Santa Cruz Biotechnology, Dallas, TX, USA), phos-
phohistone 3 (pH3) (S10 Epitomics, Burlingame, CA, USA),
CD31 (Santa Cruz Biotechnology, Dallas, TX, USA), and
F4/80 (BioLegend, San Diego, CA, USA).

Isolation and culture of neonatal cardiomyocytes
(nCMs)

To explore the effects of OPN on CMs, we isolated and cul-
tured mouse nCMs as previously described [12]. Briefly,
hearts (n=10) were extracted from one-day-old mice into
a bacterial dish containing PBS. After removing unwanted
tissue, the hearts were transferred to a drop of isolation
medium (BDM: Sigma-Aldrich, B-0753; HBSS: BI02-
017-1B; trypsin 0.25%, Gibco) and minced into small
pieces. The pieces were then transferred to a conical tube
containing 10 ml of isolation medium and incubated over-
night with gentle agitation at 4 °C. Next, the isolation
medium was replaced by a digestion medium (collagenase/
dispase: Sigma-Aldrich, 10269638001; L-15: BI, 01-115-
1A, BDM, HBSS), and the conical tube was transferred to
a 37 °C water bath for 20 min with gentle agitation. Then,
when the digestive tissue sank to the bottom, supernatant-
containing cells were transferred to a fresh conical tube and
filled with medium-free collagenase/dispase through a ster-
ile cell strainer (100 um nylon mesh). After centrifugation,
cells taken from the sediment were re-suspended with a plat-
ing medium (DMEM high glucose; M-199: BI, 01-080-1B;
Horse serum/HS, FBS, pen/strep) and seeded on a 3.5-cm
bacterial dish for 2.5 h. Next, the cells were counted after
using trypan blue staining for dead cells. The cells (2 x 10%
well in a 96-well plate) were plated for 18 h on a 96-well
plate pre-coated with collagen 0.01%. Then, we replaced
the plating medium with a medium without serum (DMEM
low glucose, M-199, pen/strep) and treated the cells with or
without 800 ng/ml OPN (02260, Sigma-Aldrich) for 24 h.

MTT colorimetric assay

To determine the effect of OPN on the number of cardiac
cells in culture, we treated nCMs with or without 800 ng/ml
OPN (02260, Sigma-Aldrich) and 10 pg/ml CD44i (KMS81,
Abcam, Cambridge, UK), an antibody against CD44, for
24 h. Then, the cells were exposed to a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) col-
orimetric assay according to the manufacturer's protocol
(ab211091, Abcam, Cambridge, UK). Finally, the number
of cells was determined using a spectrophotometer with a
wavelength of 595 nm.

RealTime-Glo assay

To confirm the effect of OPN on cell number and growth, we
used Promega's RealTime-Glo™ MT Cell Viability Assay
protocol (Cat.# G9711, Promega, Madison, WI, USA).
Briefly, Real Time-Glo reagents were added to nCMs with
a low glucose medium without serum and incubated at 37 °C
and 5% CO, for 1 h. At time 0, luminescence was measured
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using a luminometer with an integration time of 0.3 s per
well. After adding 800 ng/ml/well of OPN, the cells were
returned to the cell culture incubator for 24 h, and lumines-
cence was measured again. The number of cells was calcu-
lated by using the average OD (Optical Density) value of
2% 10 cells at time O h, which is the number of seeded cells.
This average OD was used as a reference: (24 h OD value/
average 0 h OD value) x 2 x 10* cells = number of cells.

RNA extraction and quantitative RT-PCR (qRT-PCR)

Gene expression analysis in cultured CMs was done by quan-
titative RT-PCR (qRT-PCR). Total RNA was extracted from
nCMs using the RNeasy Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer's protocol. The cDNA
was generated from total RNA using the Verso cDNA kit
(Thermo Scientific). qRT-PCR was performed in triplicate
using absolute blue SYBR Green (Thermo, Waltham, MA,
USA). 2744 yalues were normalized to GAPDH. Statisti-
cal analysis was performed using an unpaired t-test. Primers
were designed with PMC—NCBI, Primer3 input, and UCSC
In-Silico PCR (Supplementary Information Table S1).

nCMs staining

To stain the cultured CMs for various markers, we washed
and fixed the CMs using 4% formalin. Blocking (for non-
specific sites) was performed using CAS-Block (008120, life
technologies, Frederick, MD, USA) for 10 min and MOM
(MKB-2213, Burlingame, CA, USA) for 20 min. Next, we
used primary antibodies against Actinin (1:200, A7811,
Sigma-Aldrich, St. Louis, MO, USA) and pH3 (1:100,
S10, ab47297, Abcam, Cambridge, UK) or CD44i (1:100,
KMS81, ab112178, Abcam, Cambridge, UK) or YAP (1:50,
LS-C331201, LSBio, Seattle, WA, USA) for overnight in
4 °C. Then, secondary antibodies Alexa Fluor 488 (1:200,
Jackson ImmunoResearch, Cambridge, UK), Texas Red
(1:200, Jackson ImmunoResearch, Cambridge, UK), and
DAPI (BAR-NAOR, Petah Tikva, Isracl) were added.

The ratio of nuclear to cytoplasmic YAP

To determine the extent of nuclear translocation of YAP, we
quantified the ratio of nuclear YAP to cytoplasmatic YAP.
First, we treated nCMs with or without 800 ng/ml OPN
(02260, Sigma-Aldrich) or 800 ng/ml OPN with 10 pg/
ml CD44i (KM81, Abcam, Cambridge, UK), an antibody
against CD44, for 24 h. After fixation, we used antibodies
against actinin (Green), YAP (Red), and DAPI (Blue). Next,
we obtained microscopy images of each well, two wells per
treatment group, 4 images per well. Then, we analyzed
images using a macro-based algorithm in ImageJ 1.52p
(Wayne Rasband, NIH, Bethesda, Maryland, USA) [48,
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49]. Briefly, the algorithm recognizes the stained areas for
each label, then calculates the fluorescent intensity per label.
Finally, we calculated the ratio of YAP (red) staining in the
nucleus (blue) to YAP staining in the cytoplasm (green).

Isolation and culture of neonatal cardiac
mesenchymal stromal cells (MSCs)

Cardiac MSCs were extracted from neonatal hearts (n=4)
using an enzymatic digestion mixture containing 0.25%
trypsin—EDTA (Gibco-Invitrogen, Carlsbad, CA, USA) and
2.4 U/ml dispase II (Sigma-Aldrich, St. Louis, MO, USA)
[35]. Next, the cells were counted using trypan blue and
plated with fibroblasts medium (DMEM high-glucose, FBS,
pen/strep, glutamine, and B-mercaptoethanol) to 2 x 10°
cells/well in a 96-well plate.

Isolation and culture of cardiac macrophages

Cardiac macrophages were extracted from adult mice
hearts 3 days after MI (n=3 for WT, n=6 for OPN KO)
using an enzymatic digestion mixture containing 0.25%
trypsin—-EDTA (Gibco-Invitrogen, Carlsbad, CA, USA)
and 2.4 U/ml dispase II, (Sigma-Aldrich, St. Louis, MO,
USA) [35]. Next, the cardiac cells were seeded in a 6-well
plate and incubated at 37 °C. After 2.5 h, we added trypsin
to remove non-macrophage cells, and then macrophage
medium [RPMI, 10% FBS, Pen-Strep-Ampho (Biological
Industries, Beit-Haemek, Israel)] for overnight incubation.
Next, we added a macrophage medium without FBS phenol
red for 24 h.

"Wound Healing" scratch assay

To determine the effect of OPN (800 ng/ml) or macrophage
conditioned medium on nCMs or MSCs migration and
"wound healing", we used the scratch assay [28]. The assay
employed a "scratch" across the middle of the well, using a
sterile 10 pl pipette tip. Serial microscopy images monitored
the rate of gap closure. The images were then compared to
quantify the migration rate of the cells.

Endothelial cell (EC) tube formation assay

To determine the effect of OPN on angiogenesis, we used
an EC tube formation assay. Basement membrane matrix
(Matrigel®, BD Biosciences) was added to a 96-well plate
and solidified by incubation at 37 °C for 30 min. Next,
3% 10* human umbilical vein endothelial cells (HUVECs)
were plated onto each Matrigel-containing well with
endothelial cell growth medium and with or without 200,
400, or 800 ng/ml/well OPN. Microscopy images of each
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well and the amount and structure of the tubes were captured
and evaluated after two hours.

Effect of OPN on LV remodelling and function

To determine the effect of OPN on LV remodelling and
function, we used 12-week-old female C57BL/6 mice. MI
was induced as described above [6, 22, 35, 37]. MI was con-
firmed by visual blanching distal to the occlusion site and
by echocardiography 24 h after MI. Mice were treated with
a single injection of 40 pl of PBS with or without 200 ng of
recombinant OPN (02260, Sigma-Aldrich, St. Louis, MO,
USA) to the border of the ischemic zone one minute after
coronary artery ligation. The dose of OPN was determined
based on preliminary toxicity studies and previous reports
[1,9, 56]. Mice with LV ejection fraction >40% on day 1
after MI were excluded from the study (n=15).

Echocardiography to evaluate cardiac remodelling
and function

To assess LV remodelling and function after MI, we used a
special small animal echocardiography system (Vevo 2100
Imaging System; VisualSonics, Toronto, Ontario, Canada)
equipped with a 22- to 55-MHz linear-array transducer
MS550D MicroScan Transducer (VisualSonics, Toronto,
Ontario, Canada). Echocardiographic studies were done
before, 1, and 28 days after injury or sham operation. Light
anesthesia was induced by inhalation of 2% isoflurane/98%
O, and subsequently maintained by 0.5% to 1% isoflurane.
We controlled the isoflurane flow to maintain the heart rate
at>400 bpm (mean 428 + 8 bpm). All measurements were
averaged for 3 consecutive cardiac cycles and performed
by an experienced technician blinded to the treatment
groups. LV ejection fraction (EF) values were calculated
for each animal as follows: LVEF=[(LV vol d-LV vol s)/
LV vol d] x 100; fractional shortening=[(LVDD —LVSD)/
LVDD] x 100.

To improve the sensitivity to detect regional wall motion
abnormalities in adult mice after M1, we used speckle-track-
ing-based strain analysis to quantify strain in the long and
short axes [5, 6]. Echocardiographic images were acquired
at 310 and 405 frames per second for parasternal long-axis
and short-axis views. Three consecutive cardiac cycles
were selected, and the endocardial and epicardial borders
were traced. If needed, borders were corrected to preserve
as precise tracking as possible throughout each cine loop.
Each LV image on the long axis was divided into six seg-
ments for regional speckle-tracking-based strain analysis:
anterior-base, anterior-middle, anterior-apex, posterior-apex,
posterior-middle, and posterior-base. Peak strain data were
recorded from each segment for regional speckle-tracking-
based strain analysis. The global strain of LV was calculated

as the average peak strain obtained from all six segments
[5, 6].

Histological and morphometric analysis
of the hearts

To assess the cardiac injury, healing, repair, and regeneration
after AR, MI, or sham operation, we harvested the hearts at
different time points after the procedure and washed them
with PBS. The hearts were perfused with 4% formaldehyde
(15 mmHg) for 20 min, and measurements were performed
on slices obtained 5 mm from the apex of the heart. Adjacent
blocks were embedded in paraffin and sectioned into 5 pm
slices.

According to standard procedure, we used hematoxylin
and eosin (Sigma-Aldrich, St. Louis, MO, USA) for cells
and extracellular matrix staining. We used picrosirius red
(Direct Red 80, Sigma-Aldrich, St. Louis, MO, USA) to
detect scarring and fibrosis. To identify nCM proliferation
and macrophage accumulation, we stained heart sections
with antibodies against a-cardiac actin (Santa Cruz Bio-
technology, Dallas, TX, USA), actinin (Sigma-Aldrich, St.
Louis, MO, USA), and pH3 (PS10 Epitomics, Burlingame,
CA, USA).

Postmortem morphometric analysis was performed on
hearts from the adult MI experiment, as previously described
[25]. The slides were stained with hematoxylin and eosin
or picrosirius red, photographed and analyzed with plani-
metry software (Sigma Scan Pro 5, Systat Software, San
Jose, California, USA). We measured LV maximal diameter,
defined as the longest diameter perpendicular to a line con-
necting the insertions of the septum to the ventricular wall.
We also measured average wall thickness from 3 measure-
ments of septum thickness, average scar thickness from 3
measurements of scar thickness, LV muscle area (including
the septum), LV cavity area, whole LV area, epicardial scar
length (millimeters), and endocardial scar length (millim-
eters). Relative scar thickness was calculated as average scar
thickness divided by average wall thickness. The expansion
index was calculated as follows: [LV cavity area/whole LV
area]/relative scar thickness.

Statistical analysis

Statistical analysis was performed with GraphPad Prism
version 9.00 (GraphPad Software). Variables are expressed
as mean + SD. Specific statistical tests are detailed in the
figure legends. In brief, differences between values were
tested by unpaired z-test or one-way analysis of variance
(ANOVA) test (> 2 groups) followed by Tukey's multiple
comparisons post-test. If values were not normally distrib-
uted (tested by the D'Agostino-Pearson omnibus normality
test), we used the nonparametric Mann—Whitney test or
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Kruskal-Wallis test (> 2 groups), followed by Dunn's mul-  we used two-way repeated-measures ANOVA followed by
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«Fig. 1 Macrophages infiltrated the site of injury in the neonatal heart.
To explore the role of macrophages in neonatal heart regeneration,
we used transgenic Rosa™™m¢ x Csf-1R-iCre mice (n=10). In these
mice, macrophages are marked by green fluorescent protein (GFP)
and CMs by tomato red. Then, we induced AR in 1-day-old Rosa™’
& x Csf-1R-iCre mice (1-day-old) and examined the hearts 3 days
later. a Monocytes and macrophages (green) accumulated in the
injured site, and a thrombus covered the area of resection (arrow).
Nuclei are stained blue with DAPI. CM (red) expressed ACTB (f
actin). Scale bar: 500 um. b Higher magnification of (a). Monocytes
and macrophages (green) accumulated at the site of injury but not in
remote areas. Nuclei are stained blue with DAPI. CM (red) expressed
ACTB. Scale bar: 200 um. c—g Cytokine secretion from cardiac
macrophages, 3 days after apical resection, MI, or sham operation
in neonatal heart and adult hearts after MI. Macrophages were cul-
tured for 24 h, and conditioned media were analyzed for macrophage-
secreted cytokines by Quantibody array. h—-1 To determine the role of
OPN in myocardial regeneration, we subjected one-day-old newborn
OPN™~ mice (n=150) and WT control (n=51) C57BL/6 neona-
tal mice to AR. Healing and repair were determined on day 3 after
AR. h-i Histologic examination of OPN™~ hearts on day 3 after AR,
revealed immature granulation tissue with large cavities (arrow) and
incomplete healing (n=4). j—k Intensive healing and dense granula-
tion tissue (arrow) in the neonatal WT control heart (n=>5). 1 We used
SigmaScan Pro 5 (Systat Software San Jose, CA, USA) to measure
the area of injury. Statistical analysis was performed using one-way
ANOVA, with Tukey's multiple comparison post-test. ACTB p-actin,
ARapex resection, DAPI4',6-diamidino-2-phenylindole, ILinterleu-
kin, LVleft ventricular, MImyocardial infarction, M® macrophage,
OPN osteopontin, OPN~~ osteopontin  knockout, VEGF vascular
endothelial growth factor, WT'wild type

Results

To demonstrate macrophage accumulation in the injured
neonatal heart, we used transgenic Rosa™/™e x Csf-1R-
iCre mice (n=10). The survival rate after AR was 20%.
Next, we used ICR mice to characterize cardiac-mac-
rophage cytokine secretion (n=78). In these experiments,
the average survival rate in neonatal mice after AR and
MI was 40% and 70%. Survival after the sham operation
was 95%.

Monocytes and macrophages infiltrated the site
of injury in neonatal hearts

Given the results of previous reports indicating that mac-
rophages are essential for myocardial regeneration in the
neonatal heart [2, 13, 22, 26], we sought further to under-
stand the role of macrophages in neonatal heart regen-
eration. First, we resected the apex of Rosa™™¢ x Csf-
1R-iCre newborn mice (n=10), in which monocytes and
macrophages expressed GFP [37]. Three days after AR, a
microscopic examination revealed a robust accumulation
of monocytes at the large thrombus that covered the resec-
tion site and the granulation tissue (Fig. 1a, b).

Neonatal macrophages secreted high amounts
of OPN after cardiac injury

Given that macrophages promote myocardial rejuvenation
via secreted factors [2], we analyzed the profile of cytokines
secreted from cardiac macrophages. First, macrophages were
collected from neonatal hearts after AR (n=7), MI (n=10),
or sham operation (n=35) 3 days after surgery [6, 37]. Next,
we isolated macrophages from adult hearts (n=35) 3 days
after MI. To determine the macrophage cytokine profile in
the regenerating heart, we used a cytokine array of 14 known
cytokines: interleukin (IL)-18, IL-4, IL-6, IL-10, IL-12 p40/
p70, IL-17, monocyte chemoattractant protein (MCP-1),
tumor necrosis factor (TNF)-a, stromal cell-derived fac-
tor (SDF)-1, IL-13, vascular endothelial growth factor-A
(VEGF-A), insulin-like growth factor (IGF), hepatocyte
growth factor (HGF), and OPN.

We found several differences in the profile of macrophage
cytokines (normalized to the number of cells-1.5x 10° in a
well) after various modes of cardiac injury (Supplementary
Information Fig. S1, Fig. 1c—g). First, we found that neona-
tal cardiac macrophages secreted relatively high amounts
of IL-6, a pleiotropic cytokine involved in inflammation
and regeneration after injury, particularly after MI, com-
pared to sham-operated neonatal hearts (Fig. 1c¢). Second,
myocardial injury triggered cardiac macrophages to secrete
significant amounts of OPN, a pleiotropic matricellular
protein (Fig. 1d). Macrophage secretion of IL-10 (Fig. le),
an anti-inflammatory, anti- and pro-fibrotic cytokine, and
IL-13 (Fig. 1f), an anti-inflammatory, regenerative cytokine
[62], was reduced after cardiac injury, compared with sham
operation in neonatal hearts. Surprisingly, neonatal mac-
rophages secreted low amounts of VEGF-A after AR, MI,
and sham operation, compared with adult macrophages after
MI (Fig. 1g). The latter finding suggests that VEGF-A does
not mediate the regenerative properties of neonatal mac-
rophages. Given the cytokine array findings, we aimed to
determine the role of OPN in myocardial regeneration.

Impaired myocardial healing in OPN-deficient Mice

To determine the effect of OPN deficiency on myocardial
regeneration and repair in neonatal hearts, we used 150
C57BL/6 OPN-deficient mice and 51 C57BL/6 (wild-type
control) mice. Postoperative survival immediately after
surgery was similar in the OPN deficient vs. control mice:
71 of 150 (47%) and 22 of 51 (43%). Survival on day 1
after surgery was similar in the OPN deficient vs. control
mice: 20 of 150 (13%) vs. 8 of 51 (15%) on day 1. How-
ever, subsequent survival was lower in OPN =/~ mice than
in control: day 2 survival was 7 of 150 (4.6%) vs. 5 of 51
(10%) (p=0.18), and 3-day survival was 4 of 150 (2.6%)
vs. 5 of 51 (10%) (p =0.047). Finally, among animals that
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«Fig.2 OPN stimulated cardiac cell growth. a, b To determine the
effect of OPN on the expansion of cardiac cells, we used a model
of cardiac organ culture. Cardiac explants were derived from the
heart of a 1-day-old ICR mouse. The explants were treated with
OPN (800 ng/ml) or a control medium for 72 h, and the area of cell
outgrowth was photographed and measured. We used a single field
of X 100 magnification for each well, 5 wells for each treatment. ¢
The outgrowth of cells was greater by > 11-fold after treatment with
800 ng/ml OPN compared with control media. d, e The outgrowth of
cardiac cells was immune-stained for the nuclear marker of mitotic
activity pH3 (red), cardiac actinin (green), and DAPI (blue) for
nuclei. Representative images show that OPN increased the num-
ber of pH3-positive cells (d) compared with control (e). (Images
obtained with a single field of X 100 magnification.) f Staining for
the OPN receptor CD44 (red) and CM actinin (green) revealed posi-
tive CD44 expression on nCMs. g To determine the effect of OPN
on the expansion of cultured CMs, we grew neonatal mouse CMs in
a low glucose medium and treated them with (800 ng/ml) or without
OPN or anti-CD44 antibody for 24 h. The colorimetric assay MTT
determined the number of cells. After 24 h, the CM amount was pre-
served by OPN. On the other hand, the amount of CMs was decreased
without OPN or after adding a CD44 blocker. h To confirm the effect
of OPN on CM expansion, we used the RealTime-Glo™ MT Cell
Viability Assay with (800 ng/ml) or without OPN in a low-glucose
medium for 24 h. By this assay, OPN treatment increased the number
of cells compared with control. The number of cells was calculated
by using the average OD value of 2 x 10* cells at time 0 h: (24 h OD
value/ average 0 h OD value) X 2x 10* cells=the number of cells.
i-m To determine the effect of OPN on the mitotic activity in nCMs,
we extracted and cultured nCMs from 1-day-old C57BL/6 mice. The
purity of nCMs was 85% after 24 h in culture. The cultured cells were
treated with 800 ng/ml OPN (i), without OPN (j) or a combination
of 10 pg/ml CD44i and 800 ng/ml OPN (k) for 24 h and then stained
for pH3 (red), actinin (green), and DAPI (blue) for nuclei. The per-
centage of mitotic activity in nCMs was indicated by nuclear pH3
positive nCMs (arrows). The percentage of pH3 nCMs was calculated
based on 4 different experiments, 3 wells for each treatment group,
in 4 fields of X 100 magnification per well. 1 The percentage of pH3
positive nCMs was higher after OPN therapy compared with the con-
trol and the combination of OPN and CD44i groups. m To determine
the effect of OPN on mitotic activity in non-nCMs, we counted non-
nCM cells that expressed pH3. Cells that did not stain for Actinin
were considered as non-nCMs. The cultured cells were treated with
800 ng/ml OPN, without OPN or with a combination of 10 pg/ml
CD44i and 800 ng/ml OPN for 24 h and then stained for pH3. Com-
pared with the control and the combination groups, the percentage of
pH3-positive non-nCM cells was higher after OPN therapy. Differ-
ences between groups were tested by nonparametric Mann—Whitney
test or Kruskal-Wallis test (>2 groups), followed by Dunn's multi-
ple comparisons post-test. To assess differences in nCM activity by
colorimetric assay, over time, with and without OPN therapy, we
used two-way repeated-measures ANOVA. We used Holm-Sidak's
multiple comparisons post-test to assess the significance of prede-
fined comparisons at specific time points. CD44iCD44 inhibitor,
H&Ehematoxylin and eosin, DAPI4',6-diamidino-2-phenylindole,
MSCmesenchymal stromal cell, MTT3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, nCMsneonatal cardiomyocytes,
ODoptical density, OPN osteopontin, OPN~~ osteopontin knockout,
pH3 phosphohistone-H3, Pl propidium iodide, WT wild-type

survived the AR operation, the 3-day survival was signifi-
cantly lower in OPN-deficient mice than in control mice: 4
of 71 (5.6%) vs. 5 of 22 (22.7%); (p =0.03). These favora-
ble effects on survival suggest that OPN is essential for
myocardial healing, regeneration, and repair.

Histologic examination revealed that OPN™/~ hearts
developed loose granulation tissue with large cavities at the
injured site and incomplete healing of the myocardium on
day 3 after AR (Fig. 1h, i). The impaired healing in OPN KO
hearts contradicted the healing process and compact granu-
lation tissue formation that characterized AR in neonatal
control hearts (Fig. 1j, k) [22, 42]. Moreover, the areas of
inflammation and granulation tissue formation were signifi-
cantly greater in OPN deficient hearts than in WT control,
3 days after AR (Fig. 11). Together, our findings suggest that
OPN is essential for healing in the neonatal heart.

OPN stimulated the growth of neonatal heart tissue

To further investigate the effects of OPN on myocardial tis-
sues, we used the organ culture technique [8, 22]. First, we
harvested one-day-old mouse hearts (n=18), sectioned them
into 0.5—-1 mm pieces, and then cultured the explants. Next,
the explants were treated with 800 ng/ml of OPN or a cul-
ture medium as a control. The dose of OPN was determined
based on preliminary toxicity studies and previous reports
[1,9, 56].

After 72 h, we observed the outgrowth of cardiac cells
from the cultured heart tissues (Fig. 2a, b). The outgrowth
area was more than 11 times greater after OPN treatment
than the medium treatment (Fig. 2¢). Staining of cardiac
tissues for phosphohistone-3 (pH3), a marker of mitotic
activity, revealed a higher expression of pH3 after treatment
with 800 ng/ml of OPN (Fig. 2d), compared with those in
non-treated tissues (Fig. 2e). Most of the pH3-positive cells
were non-CM cells. Together, our results indicate that OPN
stimulates cardiac cell mitotic activity and growth.

OPN promoted cell-cycle activity in nCMs via CD44

The proliferation of resident CMs underlies myocardial
regeneration in the neonatal heart [2, 42]. To determine
whether OPN can specifically stimulate CM proliferation,
first, we stained nCMs for CD44, the OPN receptor. CD44
mediates some OPN mitotic effects [19]. nCM purity was
85% after 24 h. CD44 staining showed that wild-type and
OPN-deficient nCMs express membranous CD44 (Fig. 2f
and Supplementary Fig. S2).

@ Springer



51 Page 10 of 22 Basic Research in Cardiology (2022) 117:51

OPN + CD44i

Control OPN

d Nucleus/Cytoplasm Ratio of YAP e SPP-1 f cD44

4 p=0.0008 p=0.048 109 p=0.03 57 p=0.03

e,
ratio
.

w
s
1
®
Relative RNA expression
a2 o
u
(]
Relative RNA expression
Now

T T T T T T T
> N & 0 (n=4) 800 (n=4) 0 (n=4) 800 (n=4)
00@* & &§ OPN ng/mi OPN ng/ml
&
S
h H CDK1
g TEAD1 CTGF 1
3 =
537 p=006 57 p=003 8 p=0.03 ]
o o 3
s ! 3 +
3 X3 2 .
< < 2z
H . Z:2 z, ]
2 2 2 L
k] 1 =
& & &
T T T T
0 (n=t) 800 (n=1) o (=) 800 (n=4) 0 (n=4) 800 (n=4)
OPN ng/ml| OPN ng/ml OPN ng/ml
) CoNB1 k CCND1 I ceLz
15 -
4 - < p=0.2
5 197 p=003 é p=0.06 = §
ﬁ 8 [ g 3 ° S g 10
- q o 3
3 <2 <
< =
2 z 4
x 4 % o 5
2 21 t 2
5 2 k] K] |
< ° Q | |
'%‘ o ['3
= T T v T T T T
0 (n=4) 800 (n=4) 0 (n=4) 800 (n=4) 0 (n=4) 800 (n=4)
OPN ng/ml OPN ng/ml OPN ng/ml
m MMP-12 n VEGF-A o IGF-1
_ 8 P=0.03 _ 10 P=003 _ 204 P01
S S . S
a 2 8 2 :
86 g 8 15
5 5 s
3 3 6 3 L
£ < g -
[ © 4 [
k| 5 k]
= i == 2
T T T T 0.f T T
0 (n=4) 800 (n=4) 0 (n=4) 800 (n=4) 0 (n=4) 800 (n=4)
OPN ng/ml OPN ng/ml OPN ng/ml

To determine the effect of OPN on nCM number and 24 h (Fig. 2g). Significantly, CD44 antibodies that block the
viability, we used 2 assays. First, we used a 3-(4,5-dimeth- OPN receptor CD44 (CD441) abolished the favorable effect
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) col- ~ of OPN on nCM number (Fig. 2g).
orimetric assay to assess nCM viability and number under To further confirm the favorable effect of OPN on cul-
stress (low-glucose medium and without serum). While the ~ tured nCM viability and number, we used another cell
number of untreated cells decreased, OPN treatment pre-  viability assay: RealTime-Glo™. Bioluminescent analysis
served the number of nCMs in a low-glucose medium for  indicated that OPN increased the number of nCMs compared
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«Fig.3 OPN stimulated the cell cycle in nCMs. To explore the down-
stream signaling pathways underlying the effects of OPN, we grew
nCMs in a low-glucose medium and treated them with 800 ng/ml
of OPN, or 800 ng/ml of OPN plus CD44 blocker. The cells were
stained with DAPI (blue) for nuclei, cardiac actinin (green) for CMs,
and YAP (red). a Microscopic examination of the untreated cells
revealed that YAP (red) is localized to the cytoplasm (arrows). b
Adding OPN to the medium shifted YAP (red) from the cytoplasm
into the nucleus (arrows). ¢ Adding a CD44 blocker abolished the
shift of YAP into the nucleus (arrows). d To measure the extent of
nuclear translocation of YAP, we quantified the ratio of nuclear to
cytoplasmatic YAP fluorescent intensity. First, we obtained micro-
scopic images of each well, 2 wells per treatment group, 4 images
per well. Then, using a macro-based algorithm in ImageJ 1.52p,
we measured the fluorescent intensity within specific areas and cal-
culated the ratio of nuclear to cytoplasmatic YAP staining (red for
YAP, blue for DAPI, and green for cytoplasmatic actin). Quantifying
YAP staining showed that OPN increased YAP nuclear localization
by fourfold compared with control. By adding a CD44 blocker, we
abolished the nuclear translocation of YAP. Together, our data indi-
cate that activation of CD44 by OPN induces nuclear translocation
of YAP in nCMs. Statistical analysis was done by the Kruskal-Wal-
lis test and Dunn's multiple comparisons post-test. e-0 Gene expres-
sion analysis, using qRT-PCR, was performed in nCMs treated with
or without 800 ng/ml OPN for 24 h. qRT-PCR 2722¢T was calcu-
lated using GAPDH as an endogenous control. qRT-PCR revealed
that OPN upregulated the expression of the OPN gene SPP-1 (e)
and its receptor CD44 (f), as well as cell-cycle genes, including the
transcriptional enhancer factor TEF-1 (TEADI1) (g), connective tis-
sue growth factor (CTGF) (h) and the YAP downstream target cyc-
lin-dependent kinase 1 (CDK1) (i). Furthermore, OPN upregulated
cyclin B1, a regulator of the mitotic phase (j), and CCND1, (k) that
encodes cyclin D1. OPN also upregulated several reparative genes in
nCMs, including the monocyte chemokine CCL2 (chemoattractant
protein 1) (1), MMP-12 (m), VEGF-A (n), and insulin-like growth
factor -1 (IGF-1) (o). Statistical analysis was performed using the
nonparametric Mann—Whitney test. CCNBI cyclin B1, CCNDI cyclin
D1, CCL2chemokine (C-C motif) ligand 2, CDK] cyclin-dependent
kinase 1, CTGF connective tissue growth factor, ERK extracellular
signal-regulated kinases, kDAKkilodalton, /GF-1insulin-like growth
factor-1, MMP-12 matrix metallopeptidase 12, nCMsneonatal car-
diomyocytes, OPN osteopontin, pERK phosphor extracellular signal-
regulated kinases, pLATSphospho Large tumor suppressor kinase,
pMST1 phospho macrophage-stimulating 1, pYAP phospho yes-asso-
ciated protein, SPP-Isecreted phosphoprotein 1, TEADI transcrip-
tional enhancer factor TEF-1, VEGF vascular endothelial growth fac-
tor

with untreated cells (Fig. 2h). Overall, our data indicate that
OPN expands the number of nCMs under stress, and CD44
mediates these favorable effects.

To investigate the effect of OPN on nCMs mitotic
activity, we treated nCMs with 800 ng/ml of OPN with
or without CD44i. We found that OPN increased the
expression of pH3, a marker of mitotic activity, in nCMs
by 2.8-fold and in non-nCM by 1.9-fold, compared with
control cells (Fig. 2i-m). To determine whether blocking

the OPN receptor CD44 would decrease cell cycle activity,
we exposed neonatal cardiac cells to OPN with and with-
out CD44. Blocking CD44 abolished the OPN-induced
upregulation of pH3 in both nCMs and non-nCMs) cardiac
actin negative) cells (Fig. 2k—-m). Together, these results
supported the results from viability assays and indicated
that CD44 mediates the effect of OPN on cell cycle activ-
ity and viability.

OPN increased nuclear localization of yes-associated
protein 1 (YAP1)

The Hippo signaling pathway is an evolutionarily ancient
cascade of kinases and proteins that control cell prolifera-
tion and organ size [67]. Inactivating the Hippo pathway, or
activation of its downstream effector, the YAP transcription
co-activator, stimulates myocardial regeneration [64, 68].
YAP is transcriptionally active when it is localized to the
nucleus. To determine whether YAP mediates the down-
stream signaling underlying the actions of OPN, we per-
formed YAP-1 immunostaining. While in untreated nCMs,
YAP was mainly localized to the cytoplasm (Fig. 3a), treat-
ment with OPN translocated YAP to the nuclei (Fig. 3b).
Notably, the blockage of CD44 eliminated the OPN-induced
YAP translocation (Fig. 3c). To estimate the magnitude of
nuclear translocation of YAP, we calculated the ratio of
nuclei to cytoplasm YAP. Quantification of YAP fluores-
cent intensity showed that OPN treatment increased nuclear
localization of YAP by fourfold, compared with no treat-
ment. Notably, the CD44 blocker diminished the nuclear
translocation of YAP (Fig. 3d). Together, our data indicate
that activating CD44 by OPN signals nuclear translocation
of YAP in nCMs.

OPN upregulated cell-cycle genes

To deeper investigate the effects of OPN on the cell cycle,
we analyzed gene expression in nCMs with and without
OPN treatment. Gene expression analysis revealed that OPN
upregulated the expression of genes such as the OPN gene
SPP-1 (Fig. 3e) and its receptor CD44 (Fig. 3f). In addition,
OPN also upregulated the expression of the transcriptional
enhancer factor TEF-1 (TEADL1) (Fig. 3g) that interacts with
YAPI as well as YAP downstream target genes such as con-
nective tissue growth factor (CTGF) (Fig. 3h) and cyclin-
dependent kinase 1 (CDK1) (Fig. 3i). Furthermore, OPN
upregulated CCNB1 that encodes cyclin B1 (Fig. 3j), a regu-
lator of the mitotic (M) phase, and CCND1 (Fig. 3k) that
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Fig.4 OPN stimulated pro-
liferation and migration of
cardiac cells. To determine the
effects of OPN on the migration
of cardiac cells, we used the
wound healing scratch assay. a,
b First, we used a scratch assay
in cultured nCMs of a newborn
mouse. We scratched the sheet
of nCMs with the tip of a 10 pl
pipette. Next, we exposed the
nCMs to a low-glucose medium
with or without 800 ng/ml of
OPN, or 800 ng/ml of OPN
with a CD44 blocker, for 24 h.
a Representative images of gap
closure of nCMs. b OPN accel-
erated the rate of gap closure
([(Area of the gap at #, — Area
of the gap at ¢,)/ Area of the gap
at 1)] X 100) in CMs. Adding a
CD44 blocker eliminated the
favorable effects of OPN on
CMs. To confirm the regenera-
tive properties of macrophage
OPN, we collected conditioned
medium from cultured mac-
rophages isolated from wild-
type or OPN deficient adult
female mice 3 days after MI. ¢
Representative images of gap
closure of nCMs. d Conditioned
medium from WT cardiac mac-
rophages accelerated gap clo-
sure in nCMs to a higher degree
than conditioned medium from
OPN deficient macrophages.
These findings indicate
impaired reparative paracrine
properties of OPN deficient
macrophages. To determine the
effect of OPN on cardiac MSCs
migration and proliferation, we
used the wound healing scratch
assay in cultured MSCs of new-
born C57BL/6 mice. Neonatal
cardiac MSCs were treated with
or without 800 ng/ml OPN for
12 h. e Representative images
of gap closure in OPN-treated
and untreated MSCs. f OPN
accelerated the rate of gap
closure compared with control.
P values were calculated by the
Mann—Whitney test or repeated
measures two-way ANOVA and
Holm-Sidak's multiple com-
parisons post-test. CD44iCD44
inhibitor, MSCs mesenchymal
stromal cells, nCMs neonatal
cardiomyocytes, OPN osteopon-
tin, WT wild-type
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encodes cyclin D1. The latter cell-cycle genes are associated
with CM proliferation [32]. Thus, overall, OPN upregulated
cell-cycle genes.

OPN also upregulated other genes that are relevant
to myocardial rejuvenation. These genes included the
chemokine CCL2 (Fig. 31), matrix metallopeptidase (MMP)-
12 (Fig. 3m), VEGF-A (Fig. 3n), and insulin-like growth
factor-1 (IGF-1) (Fig. 30), which encodes the trophic factor
IGF-1. Upregulation of these genes can contribute to heart
rejuvenation.

In summary, our data indicate that OPN stimulates cell-
cycle activity and expression of reparative genes in nCMs
via the CD44 receptor and nuclear translocation of YAP-1.
Given that macrophages are a primary source of OPN after
myocardial injury [33], our results suggest another mecha-
nism by which macrophages contribute to neonatal heart
regeneration.

OPN facilitated propagation and migration of nCMs

To determine the effect of OPN on the reparative properties
of nCMs, we simulated myocardial regeneration in vitro. We
exposed cultured beating nCMs to a "wound healing" scratch
assay and subsequent OPN (800 ng/ml) or culture medium
treatment. After 24 h, OPN treatment accelerated the rate of
gap closure of beating nCMs compared with untreated beat-
ing nCMs (Fig. 4a, b, Supplementary Information Video 1).
Blocking CD44 by adding CD44 antibodies to the culture
medium eliminated the favorable effect of OPN (Fig. 4b).
The latter result indicated that CD44 mediates the effects of
OPN on the proliferation and migration of nCMs. Overall,
OPN stimulates nCM propagation and migration, critical
elements of myocardial regeneration [20].

Finally, we used the nCMs scratch assay to assess the
regenerative properties of macrophage OPN. We isolated
cardiac macrophages from wild-type and OPN-deficient
adult female mice three days after MI. Macrophages were
cultured for 24 h, and the conditioned medium was collected
and analyzed. The protein concentration in the WT and OPN
KO macrophage media was 28.5 pg/ml and 28.8 pg/ml.
However, while the concentration of OPN in the conditioned
medium from the WT macrophages was 102.94 pg/mL, the
OPN concentration from the OPN KO macrophage medium
was below the threshold of detection. Notably, conditioned
medium from OPN-deficient macrophages was less effective
than conditioned medium from WT cardiac macrophages in
stimulating proliferation and migration of nCMs (Fig. 4c,
d). These findings indicate impaired reparative properties
of OPN deficient macrophages.

OPN facilitated proliferation and migration of MSCs
and ECs

MSCs exert immunoregulatory and reparative functions and
provide paracrine and structural support to tissue regenera-
tion and repair [21]. To investigate the effect of OPN on
cardiac MSCs, we repeated the scratch assay with neonatal
cardiac MSCs (Fig. 4e). Gap closure in cardiac MSCs was
30 times faster than in CMs, with complete closure of the
gap within 12 h, with and without OPN (Fig. 4e, f). Our
results confirm that MSCs and fibroblasts have much higher
turnover rates than CMs [7]. Still, OPN accelerated the rate
of gap closure in neonatal cardiac MSCs, compared with no
treatment (Fig. 4f). Together, our functional in vitro studies
indicate that OPN stimulates the proliferation and migration
of both nCMs and MSCs.

Angiogenesis is an essential factor in myocardial regen-
eration and repair [2]. To determine the effect of OPN on
angiogenesis, we used the angiogenic tube formation assay
(Supplementary Information Fig. S3). Incremental doses of
OPN stimulated the generation of EC tubes, as assessed by
the number of polygons (Supplementary Information Fig.
S3a, b). Overall, our findings confirmed and expanded upon
previous reports regarding the ability of OPN to stimulate
angiogenesis [10].

OPN improved LV remodelling and function after Mi
in adult mice

To examine the relevance of our results in vitro to infarct
repair, we allocated 12-week-old C57BL/6 female mice to
MI (n=82), with a single injection of OPN (200 ng) (n =20)
or saline (n=19) into the ischemic zone after coronary
artery occlusion. Post MI mortality was 34% (28 of 82). Ani-
mals with small or no MI indicated by LVEF >40% on day
1 after MI were excluded from the analysis (7 from the OPN
group and 8 from the control group). Thus, the final analysis
included 39 mice (20 treated by OPN and 19 control).

We assessed LV remodelling and global and regional
function by echocardiography and speckle-tracking-based
strain imaging (Fig. 5 and Supplementary Information
Tables S2, S3, and S4). Compared with control, OPN
therapy prevented diastolic thinning and improved systolic
thickening of the LV anterior wall (infarct-related segments)
and remote posterior LV segments (Fig. 5a—d), reduced
LV dilatation (Fig. 5e—j), and improved LV contractility
(Fig. 5k—m), 30 days after MI. In addition, the increased
thickness of remote LV segments, such as the posterior LV
wall, is compatible with the trophic effects of OPN [16].
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Fig.5 OPN improved LV remodelling and function after MI. To
determine the effects of OPN on adult hearts, we allocated 12-week-
old C57BL/6 female mice to MI and a single intra-myocardial injec-
tion of OPN (200 ng) or saline. LV remodelling, global, and regional
function were assessed by echocardiography before, 1, and 30 days
after ML. a, b OPN prevented diastolic thinning (a) and improved
systolic thickening (b) of the anteroseptal wall (infarct-related LV
segments). ¢, d OPN improved diastolic and systolic thickening of
the posterior wall. e—j OPN reduced diastolic and systolic LV dila-
tation as indicated by reduced LVEDD (e), LVESD (f), LVED area
(g), LVES area (h), diastolic LV volume (i), and LV systolic volume
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(j)- k-m OPN improved LV contractility as indicated by improved
fractional shortening (FS) (k), endocardial fractional area change
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Statistical analysis was performed using repeated measures two-way
ANOVA and Holm-Sidak's multiple comparisons post-test. AW ante-
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The favorable effects of OPN on myocardial function
after MI were partially supported by LV speckle-tracking-
based radial strain analysis in short- and long-axis views
(Fig. 6 and Supplementary Information Table S3). OPN
improved the regional radial strain of the infarcted segments
in the long-axis view (Fig. 6a-h). Notably, OPN enhanced
the recovery of the apical segments (Fig. 6b, e) prone to
dyskinesis and aneurysm formation. In the short-axis view
(Fig. 6j—p), OPN improved the recovery of the inferior
and posterior segments (Fig. 61, m). In several segments,
the favorable effects appeared early, within 1 day after MI
(Fig. 6m, n, p). Overall, OPN therapy improved the recovery
of specific segments after MI.

OPN promoted CM mitotic activity and improved
infarct repair

Assessment of infarct morphology and histology provided
further insight into the mechanism by which OPN improved
cardiac function. Mice were subjected to MI and treated with
a single injection of recombinant OPN (200 ng) or saline
to the border of the ischemic zone after coronary artery
ligation.

First, we examined whether OPN could induce CM cell-
cycle activity in vivo. We assessed cell-cycle re-entry by the
percentage of pH3-positive CMs in the border zone adjacent
to the infarcted tissue 3 days after MI (Fig. 7a, b). OPN
treatment increased cell-cycle re-entry in CMs by 3.4-fold
compared with control (Fig. 7¢). Thus, although a rare event,
OPN stimulated cell-cycle re-entry in adult CMs after M1

Finally, postmortem morphometric analysis (Supplemen-
tary Information Table S5) revealed that OPN increased
scar thickness and reduced scar length, compared with
control (Fig. 7d, e), 30 days after MI. Quantitative analysis
revealed that OPN increased the average scar thickness by
2.3-fold, compared with control (Fig. 7f). This is signifi-
cant because wall stress and the degree of infarct dyskinesis
and LV dilatation are reduced by scar thickening (Laplace's
law). Compared with control, OPN reduced scar length by
fourfold (Fig. 7g) but did not affect the total and relative
scar area (Fig. 7h, Supplementary Information Table S5).
OPN slightly reduced LV area (Fig. 7i) and LV cavity area
(Fig. 7j) but did not affect LV muscle area (Supplementary
Information Table S5). Significantly, OPN reduced the LV
expansion index by 4.4-fold, compared with control, 30 days
after MI (Fig. 7k). In summary, morphometry results sup-
ported the echocardiography results and confirmed the
favourable effects of OPN on infarct repair, scar formation,
and LV remodelling.

Discussion

Our work provides several new findings. First, we show, for
the first time, that after injury in the neonatal heart, car-
diac macrophages secrete high amounts of OPN, which is
essential for myocardial healing. Second, OPN deficiency
in neonatal mice impaired healing after myocardial injury.
Third, OPN deficiency in cardiac macrophages impairs par-
acrine reparative properties. Fourth, we show that recombi-
nant OPN triggers cell-cycle re-entry in nCMs by stimulat-
ing CD44 and YAP signaling (Fig. 8). Fifth, recombinant
OPN affects various cardiac cells other than CMs, including
MSCs and ECs. Finally, we translated our results in neonatal
hearts into a treatment for acute MI in the adult heart. A
single local injection of a high dose of recombinant OPN
improved infarct healing and scar formation, reduced LV
remodelling, and improved overall cardiac function after MI.
Together, our results suggest that OPN is essential for myo-
cardial regeneration and that OPN can be used to stimulate
endogenous healing and infarct repair in adult hearts.

OPN in heart repair as a double-edged sword

OPN may play a dual role in the pathogenesis of cardiovas-
cular diseases [29, 53]. OPN is present at low levels under
basal conditions [55, 57]. However, OPN is upregulated in
acute and chronic injuries [15, 29, 55]. OPN is upregulated
in response to MI [33] and is mainly secreted by cardiac
reparative macrophages [33, 52]. OPN drives cellular func-
tions that impact cell survival, adhesion, migration, and
proliferation [15, 29, 55]. OPN controls macrophage biol-
ogy and regulates migration, survival, phagocytosis, and
cytokine production. In addition, macrophage OPN contrib-
utes to the clearance of dead cells essential for tissue healing
and reparative scar formation [51, 52].

OPN is also a pro-resolving mediator with anti-inflamma-
tory properties [60]. OPN deficiency resulted in increased
LV dilation and worsened cardiac function [57]. In line
with the above reports, we show that OPN inspires vari-
ous cardiac cells (e.g., CMs, MSCs, and ECs) to proliferate,
migrate, and improve infarct repair and scar formation. Our
results support previous reports on the critical role of OPN
in tissue repair [59].

On the other hand, OPN has been linked to the pathogen-
esis of various myocardial disorders, particularly fibrosis
and heart failure. OPN expression coincides with the devel-
opment of pressure overload-induced heart failure [54, 61]
and stimulates a fibrogenic program in cardiac fibroblasts
[15]. In aging hearts, adipose tissue OPN promotes cardiac
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«Fig.6 OPN improved regional LV function by speckle-tracking-
based strain imaging. To confirm the favorable effects of OPN on
myocardial function after MI, we used LV speckle-tracking-based
radial strain analysis in long (a) and short-axis (i) views. a LV seg-
mentation by the long axis view. b—g Radial strain imaging in the
long axis view indicated that OPN improved the function of the api-
cal segment (b). This segment is prone to dyskinesis and aneurysm
formation. The effect of OPN on contractility of other segments: mid-
anterior (c), anterior base (d), posterior apex (e), mid-posterior (f),
and posterior base (g), was less significant. h OPN mildly improved
global radial strain i.e. the average of regional strains across the ven-
tricle, in the long axis view. i LV segmentation by the short axis view.
J—o Radial strain imaging in the short axis view indicated that OPN
improved the contractility of the inferior free segment (m) but to
lesser significance the other segments, including the anterior septum
(j), anterior free segment (k), posterior septal segments (I), posterior
segment (n), and lateral segment (o). p OPN mildly improved global
radial strain, i.e., the average of regional strains across the ventri-
cle, in the short-axis view. Statistical analysis was performed using
repeated measures two-way ANOVA and Holm-Sidak's multiple
comparisons post-test. OPN osteopontin

fibrosis and dysfunction [46]. OPN also has been implicated
in the pathogenesis of heart failure with preserved ejection
fraction (HFpEF) [65].

Serum OPN has been correlated with skeletal muscle
regeneration and proposed as a novel biomarker for muscle
regeneration in Duchenne muscular dystrophy in dogs [24].
On the other hand, an age-dependent increase in the levels
of OPN inhibits skeletal muscle regeneration in mice [38].

The conflicting findings on the role of OPN in cardio-
vascular diseases might depend on the pathological process
(acute vs. chronic) and the Goldilocks theory [29, 53]. Given
the Goldilocks theory, while a robust, sharp, and transient
increase in OPN after an acute injury is reparative and pro-
tective, a continuous rise in OPN during chronic diseases
causes fibrosis and dysfunction. This theory mirrors the con-
cept that while acute inflammation is essential for proper
tissue regeneration and repair, prolonged and unresolved
inflammation is detrimental and promotes fibrosis and dys-
function [47]. Here, we show that a single local injection
of OPN with brief, transient and local effects during infarct
healing is therapeutic and avoids the potential risks associ-
ated with chronic stimulation of ECM proteins.

CD44 and YAP mediates the effects of OPN
on cell-cycle activity

Strategies to promote CM proliferation are an attractive
approach to regenerating the myocardium and improving
heart function [14, 18, 44, 58]. Several factors and signaling

pathways have been identified as modulators of the CM
cell cycle [14, 18, 44, 58]. Several studies have reported
the ability of various ECM proteins, such as periostin [23]
or agrin [3, 4], to stimulate CM proliferation and cardiac
regeneration. Despite its broad roles in myocardial biology
and pathology [15], the role of OPN in myocardial regenera-
tion remains unclear.

Our data indicate that OPN stimulates CM cell-cycle
re-entry by YAP signaling. YAP is the major downstream
effector of the Hippo pathway that controls cell growth, tis-
sue homeostasis, and organ size in various organs, includ-
ing the heart [64, 67]. Here, we show that OPN, via the
membranous receptor CD44, promotes nuclear transloca-
tion of cytoplasmatic YAP, inducing cell-cycle progression
through interaction with TEAD transcription factors. Thus,
our results support the putative regulatory role of CD44 in
Hippo-YAP signaling [66].

Limitations

Our study has several limitations. First, although we showed
that OPN stimulates nCM growth in vitro, we did not prove
CM renewal and myocardial regeneration in adult hearts
in vivo. Analyzing CM renewal after an injury is complex
due to inflammation and proliferation of non-CM cells [14].
Furthermore, markers of proliferation, such as pH3, iden-
tify CMs at metaphase or anaphase but cannot discriminate
between karyokinesis and cytokinesis [18, 27]. DNA repli-
cation does not necessarily result in cell division, as CMs
may contain multiple nuclei (polyploidy) during their cell
cycle [18, 27]. Other popular markers of CM proliferation,
such as Ki67, EdU, and Aurora B-kinase, cannot define CM
cytokinesis [27, 63]. Colorimetric assays, such as MTT or
RealTime-Glo™ MT Cell Viability Assay, are not CM-spe-
cific. Thus, the increase in the colorimetric signal may result
from increased proliferation of neonatal MSCs or ECs that
are present (in small amounts) in primary nCM cultures.
Nevertheless, OPN can improve infarct healing independ-
ent of CM renewal: OPN promotes reparative functions in
MSCs, ECs, and macrophages (Fig. 8) [52].

Second, we used adhesion and resistance to trypsinization
assay to isolate cardiac macrophages. This method yielded
a purification efficiency of >90% based on positive stain-
ing for F4/80 [37]. Other methods of tissue macrophage
isolation, such as cell sorting or magnetic isolation, may
yield a purer macrophage population. However, cell sorting
and magnetic isolation may alter macrophage viability and
function [31, 39, 41]. In addition, while contamination of
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Fig.7 OPN stimulated CM cell-cycle re-entry and improved scar for-
mation after MI. To determine whether OPN could induce CM cell-
cycle activity in vivo, we subjected mice to MI and a single injection
of recombinant OPN (200 ng) or saline to the border of the ischemic
zone. Three days after MI, the hearts were harvested, sectioned, and
slides were stained for pH3 (green), cardiac actinin (red), and DAPI
(blue) for nuclei. Microscopic examination of the border zone, 3 days
after MI, revealed that OPN increased CM mitotic activity (a), indi-
cated by the percentage of pH3-positive CMs (arrows), compared
with control (b). ¢ OPN increased the percentage of pH3-positive
CMs by > threefold, at the border zone, compared with control. d,
e Representative images after picrosirius red staining, 30 days after
MI, showed that OPN reduced scar length and increased scar thick-
ness (d), compared with control (e). For postmortem morphometric
analysis, we measured LV maximal diameter (defined as the longest
diameter perpendicular to a line connecting the insertions of the sep-
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tum to the ventricular wall), average wall thickness from 3 measure-
ments of septum thickness, average scar thickness from 3 measure-
ments of scar thickness, LV muscle area (including the septum), LV
cavity area, whole LV area, epicardial scar length, and endocardial
scar length. Relative scar thickness was calculated as average scar
thickness divided by average wall thickness. The expansion index was
calculated as follows: expansion index=[LV cavity area/whole LV
area]/relative scar thickness. f-k Morphometry analysis revealed that
a local OPN injection increased scar thickness (f) and reduced the
scar length (g), compared with control, 30 days after MI. OPN did not
affect the scar area (h). OPN slightly reduced the LV area (i) and the
LV cavity area (j). OPN reduced the expansion index (k), compared
with control, 30 days after MI. Statistical analysis was performed
using the Mann—Whitney test. LVleft ventricular, OPN osteopontin,
pH3 phosphohistone-H3, PR picrosirius red
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Fig.8 The proposed pathway by which macrophage OPN improves
infarct repair. After a cardiac injury, monocytes and macrophages
infiltrate the injured site. Macrophages secrete OPN, affecting mul-
tiple cardiac cells such as CMs, MSCs, ECs, and macrophages.
Boosting the levels of OPN for a short period stimulates macrophage
recruitment, CM cell-cycle re-entry, angiogenesis, and ECM deposi-
tion. The mechanism of OPN reparative effects involves CD44-YAP

macrophage culture with stromal cells may affect the analy-
sis, the residual stromal cells might improve macrophage
viability and function [36].

Third, in analysing cytokine release from cardiac mac-
rophages, we did not analyze cytokines from macrophages
isolated from sham-operated hearts. Fourth, the timing of
OPN administration (one minute after MI) might be clini-
cally limited. Due to the difficulties associated with second
thoracotomy and delivery of OPN into the thin (< 0.5 mm)
scar of mice after MI, we injected OPN to the border of
the ischemic area immediately after MI. Thus, while clini-
cally limited, our results prove that early administration of
recombinant OPN improves infarct repair, LV remodelling,
and function. Finally, we used an OPN-deficient mouse to
isolate the role of OPN in myocardial regeneration. Thus,
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Cell proliferation
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@D —

ROVOUNONON

Cardiomyocyte

Myocardial
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signaling, cardiac cell proliferation, and cell survival. Overall, tran-
sient exposure to high levels of OPN improves infarct repair. We cre-
ated this figure by BioRender.com. CMs cardiomyocytes, EC endothe-
lial cells, MSCsmesenchymal stromal cells, M®macrophage,
OPNosteopontin, TEADI transcriptional enhancer factor TEF-1,
YAP yes-associated protein

non-macrophage cells may be affected. Macrophage-specific
deletion of OPN might be a better method to confirm the
central role of macrophage OPN in myocardial regeneration
and repair. Indeed, in vitro experiments with OPN deficient
macrophages indicated impaired reparative properties com-
pared with naive macrophages.

Implications and future research

Our results indicate that OPN is a pleiotropic reparative
mediator that activates multiple cardiac cells, stimulates
endogenous tissue healing, and improves infarct repair. A
better understanding of the role of OPN in myocardial repair
and scar formation may promote new therapies to enhance
infarct repair.
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