
RESEARCH ARTICLE

Cardiosphere-Derived Cells Facilitate Heart

Repair by Modulating M1/M2 Macrophage

Polarization and Neutrophil Recruitment

Al Shaimaa Hasan1,2, Lan Luo1, Chen Yan1, Tian-Xia Zhang1, Yoshishige Urata1,

Shinji Goto1, Safwat A. Mangoura2, Mahmoud H. Abdel-Raheem2, Shouhua Zhang3, Tao-

Sheng Li1*

1 Department of Stem Cell Biology, Atomic Bomb Institute, Nagasaki University Graduate School of

Biomedical Sciences, Nagasaki, Japan, 2 Department of Medical Pharmacology, Qena Faculty of Medicine,

South Valley University, Qena, Egypt, 3 Department of General Surgery, Jiangxi Provincial Children’s

Hospital, Nanchang, Jiangxi, China

* litaoshe@nagasaki-u.ac.jp

Abstract

Cardiosphere-derived cells (CDCs), one of the promising stem cell sources for myocardial

repair, have been tested in clinical trials and resulted in beneficial effects; however, the rele-

vant mechanisms are not fully understood. In this study, we examined the hypothesis that

CDCs favor heart repair by switching the macrophages from a pro-inflammatory phenotype

(M1) into a regulatory anti-inflammatory phenotype (M2). Macrophages from mice were cul-

tured with CDCs-conditioned medium or with fibroblasts-conditioned medium as a control.

Immunostaining showed that CDCs-conditioned medium significantly enhanced the

expression of CD206 (a marker for M2 macrophages), but decreased the expression of

CD86 (a marker for M1 macrophages) 3 days after culture. For animal studies, we used an

acute myocardial infarction model of mice. We injected CDCs, fibroblasts, or saline only

into the border zone of infarction. Then we collected the heart tissues for histological analy-

sis 5 and 14 days after treatment. Compared with control animals, CDCs treatment signifi-

cantly decreased M1 macrophages and neutrophils but increased M2 macrophages in the

infarcted heart. Furthermore, CDCs-treated mice had reduced infarct size and fewer apo-

ptotic cells compared to the controls. Our data suggest that CDCs facilitate heart repair by

modulating M1/M2 macrophage polarization and neutrophil recruitment, which may provide

a new insight into the mechanisms of stem cell-based myocardial repair.

Introduction

Myocardial infarction (MI) induces inflammation to initiate myocardial repair [1]. This
inflammatory response consists of a cascade of events; first, infiltration of neutrophils and
monocytes/macrophages to clear up necrotic debris; later, extracellularmatrix deposition and
growth factors release; and finally, resolution of inflammation and scar formation [2]. How-
ever, excessive infiltration of the inflammatory cells into the myocardiummay exacerbate heart
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injury and worsen post-MI remodeling, by releasing pro-inflammatory cytokines, cytotoxic
mediators, and reactive oxygen species (ROS) [1, 3–5].

Macrophages are considered an important component of innate immunity and play essen-
tial roles in the inflammatory response [6]. Macrophages have two different phenotypes, the
classically activated (M1) macrophages and the alternatively activated (M2) macrophages [7].
M1 macrophages display pro-inflammatory activities, whileM2 macrophages have anti-
inflammatory/reparative effects and contribute to resolution of inflammation, angiogenesis
and tissue remodeling [6–10]. After MI, M1 macrophages keep predominant at the inflamma-
tory phase (within 5 days after MI) and exhibit phagocytic, proteolytic, and inflammatory
properties, whereasM2 macrophages dominate later (the injury-resolution phase) to promote
tissue repair/remodeling [11].

Cardiosphere-derived cells (CDCs), the cardiac type of mesenchymal stem cells (MSCs),
represent an attractive stem cell source for repairing an injured heart [12–16]. CDCs exhibit
their functional benefits for myocardial repair largely through paracrinemechanisms [14, 17].
Previous studies have demonstrated the immunomodulation properties of MSCs from bone
marrow and adipose tissue [18–21]. A recent study has also found that the therapeutic proper-
ties of CDCs are in association with the suppression of immune response [22].

In this study, we tested the hypothesis that CDCs facilitate heart repair by modulatingM1/
M2 macrophage polarization. Our results showed that CDCs-conditionedmedium signifi-
cantly promotes the macrophages to shift into a regulatory (M2) phenotype. In an acute MI
model of mice, we found that the treatment with CDCs improves heart repair, accompanied by
an increase in M2 macrophages and a decrease in neutrophils in the infarcted heart.

Materials and Methods

Animals

Adult (10-12-weeks-old)male C57BL/6 mice (CLEA Japan, Inc.) were used for the study. All
experiments were approved by the Institutional Animal Care and Use Committee of Nagasaki
University, and performed in accordance with the institutional and national guidelines.

Ex vivo expansion of CDCs and fibroblast culture

Mouse CDCswere expanded using methods similar to those previously described [23]. Briefly,
atria frommice were minced into small fragments and cultured as “explants” on dishes coated
with 15 μg/ml fibronectin (CORNING), by using IMDM basic medium (Gibco), supplemented
with 10% fetal bovine serum (HyClone), 100 units/ml penicillinG and 10 μg/ml streptomycin
(WAKO, Japan). Stromal-like flat cells and phase-bright round cells emerged from the tissue
fragments in 3–5 days and became confluent within 2 weeks. Twice-passaged CDCswere used
for the experiments.

Mouse embryonic fibroblasts (MEFs) were purchased from company (EmbryoMax1

PMEF-P3, strain CF-1, Millipore, Billerica,MA) and cultured on 0.1% (w/v) gelatin-coated cul-
ture dishes in high glucose DMEMmedium (Wako, Japan), supplemented with 10% fetal
bovine serum, 100 units/ml penicillinG and 10 μg/ml streptomycin.

Totally confluent CDCs or MEFs were changed with fresh medium, and conditionedmedia
were obtained 24 hours later. All cells were cultured in a 5% CO2 incubator at 37°C.

Isolation and culture of macrophages

Thioglycolate-elicited peritoneal macrophages were obtained as previously described [24].
Briefly, peritoneal macrophages were elicited by intraperitoneal injection with 3 ml of 3%
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sterile thioglycolate solution (Sigma-Aldrich). Four days later, macrophages were harvested by
peritoneal lavage with 5 ml PBS. Freshly collectedmacrophages were plated in 4-well chamber
culture slides (Lab-Tek, Thermo scientific Nunc) at a density of 4x104/well in RPMI 1640
medium (Wako, Japan) supplemented with 10% fetal bovine serum, 100 units/ml penicillinG
and 10 μg/ml streptomycin. After 2 hours of incubation, non-adherent cells were removed by
washing with PBS. Adherent macrophages were cultured with CDCs- or MEFs-conditioned
medium for another 3 days. The cells were fixed with 4% PFA for 10 min. After blocking,M1
and M2 macrophages were stained with the primary antibodies against CD86 (eBioscience)
and, CD206 (R&D System), respectively and followed by the appropriate fluorescence-conju-
gated secondary antibodies. The cell nuclei were stained with 4’, 6-diamidino-2-phenylin-dole
(DAPI). The positively stained cells were counted under a fluorescent microscopewith
200-fold magnification. Twenty fields per sectionwere randomly selected for quantitative
counting.

Myocardial infarction model and CDCs treatment

Myocardial infarctionmodel was made in mice by ligating the left anterior descending coro-
nary artery as previously described [12]. Mice were then randomly received the injection with
CDCs (1x105/40ul PBS), MEFs (1x105/40ul PBS), or 40 ul PBS alone, into four sites around the
border zone of infarction. All surgical procedures were carried out while the animals were
under general anesthesia with an intraperitoneal injection of 160 mg/kg pentobarbital, and the
animals remained in a supervised setting until becoming fully conscious. The animals were
euthanized by severing the aorta under general anesthesia at 5 and 14 days after treatments,
and the hearts were quickly washed with 5 ml cold cardioplegic solution (Mochida Pharmaceu-
tical Co., LTD.). The ventricular tissues were embedded in OCT compound for histological
analysis.

Histological analyses

The ventricular tissues were sectioned in 5-μm sections and fixed with 4% paraformaldehyde.
To evaluate the fibrotic change and tissue remodeling of the infarcted heart, Masson’s tri-
chrome staining was done according to the manufacturer’s protocol (Sigma-Aldrich).High-
resolution images were acquired with Keyence BZ-9000 fluorescencemicroscope and pro-
cessedwith Image J software: color channels were split and the infarct area was manually traced
on the blue channel. Threshold adjustment and area measurement functions allowed automatic
calculation of the collagen-stained fractionwithin the defined infarct region.

Apoptotic cells within the infarction area were detected by TACS 2 TdT-Fluor In Situ Apo-
ptosis DetectionKit (Trevigen, Inc), according to the manufacturer’s instructions. Angiogene-
sis within the border zone of infarction was also evaluated by immunostaining with a primary
antibody against CD31 (Abcam) and followed by the appropriate fluorescence-conjugated sec-
ondary antibody. The cell nuclei were labeled with DAPI. Terminal deoxynucleotidyl transfer-
ase dUTP nick-end labeling (TUNEL)-positive apoptotic cells and CD31-positivemicrovessels
were viewed by microscopy (Olympus IX83, Olympus), and digital images were acquired with
a DP80 camera using the cellSens software (Olympus), with 200-fold magnification. Twenty
fields per sectionwere randomly selected for quantitative counting.

To detect the macrophages and neutrophils in the infarcted area, tissue sections were fixed
with 4% PFA. After blocking, the sections were incubated with primary antibodies against
F4/80 (Abcam), CD206 (R&D System), CD86 (eBioscience), and NIMP-R14 (Abcam), and fol-
lowed by the appropriate fluorescence-conjugated secondary antibodies. The cell nuclei were
labeled with DAPI. Positively stained cells were counted as described above.
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Statistical analysis

All the results are presented as the means ± SEM. The statistical significance between two
groups was determined by unpaired Students t-test (GraphPad Prism). Multiple comparisons
were done by one-way ANOVA and followed by Turkey’s test. Differences were considered sig-
nificant when p<0.05.

Results

CDCs significantly polarized macrophages from M1 to M2 phenotype in

vitro

First, we investigated whether the CDCs have the ability to modulate macrophage polarity in
vitro. Thioglycolate-activatedmacrophages were collected frommice and cultured with CDCs-
or MEFs-conditionedmedium for 3 days. Compared with the MEFs-conditionedmedium, the
proportion of CD206-positiveM2 macrophages significantly increased after culturing with
CDCs-conditionedmedium (P<0.01, Fig 1A), while CD86-positiveM1 macrophages signifi-
cantly decreased (P<0.001, Fig 1C).

CDCs treatment significantly facilitated the repair/regeneration of the

infarcted heart

Compared with controls, Masson’s trichrome staining revealed that the implantation with
CDCs significantly reduced infarct size at 5 and 14 days after treatments (P<0.05, Fig 2A).

Fig 1. Cardiosphere-derived cells (CDCs) polarized macrophages toward M2 phenotype. Thioglycollate-activated macrophages were collected from

mice and cultured with CDCs- or mouse embryonic fibroblasts (MEF)-conditioned medium for 3 days. Representative images showed the CD206-positive

M2 macrophages (A) and CD86-positive M1 macrophages (C) in each group. The nuclei were stained with DAPI. Scale bar: 50 μm. Quantitative data of

CD206-positive M2 macrophages (B) and CD86-positive M1 macrophages (D) are the mean± SEM from 3 independent experiments.

doi:10.1371/journal.pone.0165255.g001
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Significantly fewer apoptotic cells within the infarcted hearts were also detected in mice injected
with CDCs compared to the controls at 5 and 14 days after treatments (P<0.05, Fig 3A). Further-
more, myocardial neovascularization evaluated by immunostaining with CD31 showed that the
density of microvessels around the border zone of infarction was significantly higher in the
infarcted heart of mice receivedCDCs compared with controls (P<0.05, Fig 4A). These data con-
firmed the potency of CDCs for myocardial repair/regeneration in an acute infarcted heart.

CDCs treatment increased M2 macrophages and reduced the

neutrophils in the infarcted heart

To identify the ability of CDCs for regulating the inflammatory response, we investigated the
levels of macrophages and neutrophils in the infarcted hearts 5 and 14 days after treatments.
The number of whole macrophages positively stained by F4/80 was significantly lower in the
infarction area of hearts treated with CDCs compared to the controls (P<0.05, Fig 5A). The
number of NIMP-R14-positive neutrophils in the infarction area was also significantly lower in
hearts treated with CDCs compared with controls (P<0.05, Fig 5C).

By using specific primary antibodies against CD86 and CD206, we further distinguished the
macrophages into M1 and M2 subsets, respectively. Compared with controls, the CD206-posi-
tive M2 macrophages were detected significantly higher in the infarcted hearts at 5 days after
the treatment with CDCs (P<0.05, Fig 6A). The M2 macrophages were even further increased
in the CDCs-treatedmice at 14 days after treatment (P<0.05, Fig 6A). In contrast, the
CD86-positiveM1 macrophages were significantly reduced in the infarcted hearts of mice
received CDCs compared with controls, at 5 and 14 days after treatment (P<0.05, Fig 6C).

Discussion

Within the last decade, stem cells, especially the CDCs have been proved to be beneficial for
myocardial repair by pre-clinical and clinical studies [25–28], but the complex mechanisms are

Fig 2. Histological analysis of the infarction size 5 and 14 days after treatments. (A) Representative images of Masson’s trichrome staining showed

the infarction area (blue color). (B) Quantitative data of infarct scar size are the mean± SEM from 5 or 6 independent individuals at each time point in each

group. *p<0.05 versus control groups for each time point. CDCs: Cardiosphere-derived cells; MEF: mouse embryonic fibroblasts.

doi:10.1371/journal.pone.0165255.g002
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still investigated to be further understood. In the present study, we found that CDCs-condi-
tionedmedium polarizedmacrophages from a pro-inflammatory (M1) phenotype into an
anti-inflammatory (M2) phenotype in vitro. For in vivo experiments, the implantation of
CDCs into the infractedmyocardium reduced the levels of overall macrophages and neutro-
phils, but increased the proportion of M2 macrophages. Our data suggest that CDCsmay facil-
itate myocardial repair by regulatingM1/M2macrophage polarization and neutrophil
recruitment.

Fig 3. Apoptotic cells in the infarcted heart 5 and day 14 after treatments. (A) Representative images showed the TUNEL-positive apoptotic cells

(green) within the infarction area. The nuclei were stained with DAPI. Scale bar: 20 μm. (B) Quantitative data of TUNEL-positive apoptotic cells are the mean

± SEM from 5 or 6 independent individuals at each time point in each group. Arrows in (A) indicate positively stained cells. *P<0.05 versus control groups for

each time point. CDCs: Cardiosphere-derived cells; MEF: mouse embryonic fibroblasts.

doi:10.1371/journal.pone.0165255.g003

Fig 4. Microvessel density around the border zone of infarction 5 and day 14 after treatments. (A) Representative images showed the microvessels

stained positively with CD31 antibody. The nuclei were stained with DAPI. Scale bar: 20 μm. (B) Quantitative data of microvessel density are the mean±
SEM from 5 or 6 independent individuals at each time point in each group. *p<0.05 versus control groups for each time point. CDCs: Cardiosphere-derived

cells; MEF: mouse embryonic fibroblasts.

doi:10.1371/journal.pone.0165255.g004

Stem Cell Therapy and Macrophage Polarization

PLOS ONE | DOI:10.1371/journal.pone.0165255 October 20, 2016 6 / 12



Macrophages are essential mediators of the inflammatory response and play an important
role in the initiation and resolution of inflammation. After MI, many macrophages infiltrate
into the infarcted heart. It has been demonstrated that the healing of infarctedmyocardium is
supposed to occur throughmacrophage transition; a conversion from a pro-inflammatory
(M1) phenotype to an anti-inflammatory (M2) phenotype [29]. However, enhanced infiltra-
tion of the inflammatory cells into the myocardiummay exaggerate heart injury and worsen
post-MI remodeling [29, 30]. Panizzi et al. reported that the accentuation, prolongation or
expansion of the inflammatory response followingMI, impairs the healing of the infarction in
apoE-/- mice [30]. This suggests that the modulation of the inflammatory response may
improve the healing and attenuate LV remodeling of the injured heart [30].

CDCs, one of the most promising stem cell sources for heart repair have been characterized
as a cardiac type of mesenchymal stem cells [12–16]. The immunomodulation property of
MSCs has been demonstrated by previous studies [18–21]. Therefore, it is not surprising about
the M1/M2macrophage polarization after culturingmacrophages with the CDCs-conditioned
medium. Using an acute MI model of mice, the efficiencyof CDCs for repairing a damaged
heart was well evidenced by; attenuation of apoptosis, promotion of angiogenesis, and reduced
infarct size. Interestingly, the treatment with CDCs also significantly reduced the recruitment
of neutrophils, but especially increased the M2 macrophages in the infarctedmyocardium.

Fig 5. The recruitment of the inflammatory cells in the infarcted heart 5 and day 14 after treatments. Representative images showed the whole

macrophages (F4/80 positive, A) and NIMP-R14-positive neutrophils (C) within the infarction area. The nuclei were stained with DAPI. Scale bar: 20 μm.

Quantitative data of F4/80-positive macrophages (B) and NIMP-R14 positive-neutrophils (D) are the mean± SEM from 5 or 6 independent individuals at

each time point in each group. *p<0.05 versus control groups for each time point. CDCs: Cardiosphere-derived cells; MEF: mouse embryonic fibroblasts.

doi:10.1371/journal.pone.0165255.g005
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Shiraishi M et al. [31] have very recently confirmed the essential role of M2 macrophages in
myocardial repair. By using Trib1-/- mice, in which theM2 macrophages in various organs were
severely reducedwithout affecting other inflammatory cells, including theM1 macrophages [32].
They have demonstrated that the specific depletion of M2macrophages resulted in impairment
of cardiac function and increased the risk of cardiac rupture [31]. A recent study by Hu et al. [33]
have also proved the critical role of scavenger receptor A (SR-A); a homologous to CD206 that is
strongly expressed inM2macrophages, in repairing the infarctedmyocardium [33, 34]. They
have found that the depletion of SR-A in mice resulted in an increase inM1macrophages with a
subsequent decrease inM2macrophages, and impairment of myocardial recovery followingMI
[33]. This suggests that M2 macrophages may play an important role in the repair of the myocar-
dial infarction and the attenuation of post-MI remodeling.

Based on the findings from past studies and our data, we have found that the increase in M2
macrophages by CDCs treatment may facilitate, at least partially the repair of the infarcted
heart. Our results of the in vitro study showed that CDCs have the capacity to modulate M1/
M2 macrophage polarization. This suggests that the treatment with CDCsmay increaseM2
macrophages and modulate the inflammatory response by releasing soluble factors. This has
once again indicated that the beneficial effects of CDCs for myocardial repair through para-
crine mechanisms, rather than direct regeneration [14, 17].

Fig 6. The M1 and M2 macrophages in the infarcted heart 5 and day 14 after treatments. Representative images showed the CD206-positve M2

macrophages (A) and CD86-positive M1 macrophages (C) within the infarction area. The nuclei were stained with DAPI. Scale bar: 20 μm. Quantitative data

of CD206-positve M2 macrophages (B) and CD86-positive M1 macrophages (D) are the mean± SEM from 5 or 6 independent individuals at each time point

in each group. *p<0.05 versus control groups for each time point. CDCs: Cardiosphere-derived cells; MEF: mouse embryonic fibroblasts.

doi:10.1371/journal.pone.0165255.g006
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Although our results provided a novel insight into the mechanisms of stem cell-basedmyo-
cardial repair, several limitations should be mentioned. First, our study was primarily designed
to search whether CDCs have an immunomodulatory effect or not. So, we did not try to under-
stand how the CDCs regulated the macrophages into M2 phenotypes and reduced neutrophils
recruitment. Based on past studies [35–45], complex mechanisms will be involved in CDCs
mediatingM1/M2 switch and neutrophil recruitment. Second, although CDCs-conditioned
mediummediatedM1/M2 polarization in vitro, we did not provide evidence on the macro-
phage phenotypic switch in vivo. The treatment with CDCsmay improve the survival and
recruitment of M2 macrophages in the infarcted heart, however, it is still unclear whether and
how the increased number of M2 macrophages actually contributed to myocardial repair. Oth-
erwise,we did not measure the viable myocardium and the cardiac function, and the apoptotic
cells were only identified by TUNEL staining. Further experiments are needed to explore how
the CDCs regulate M1/M2 polarization and decrease neutrophil recruitment.

In summary, data from the present study showed that CDCs could mediate a switch of mac-
rophages into a regulatory anti-inflammatory (M2) phenotype, which may provide a novel
insight into the mechanisms of CDCs for myocardial repair. The modulation of the inflamma-
tory response by stem cell therapy will be of great significance in enhancing the treatment of
heart failure, especially in patients with excessive and prolonged inflammatory responses.

Author Contributions

Conceptualization:AHMAR SZ TL.

Data curation:AH TL.

Formal analysis:AH LL CY TZ YU SGMAR SM SZ TL.

Funding acquisition:AH TL.

Investigation: AH LL CY TZ YU SGMAR SM SZ TL.

Methodology:AHMAR SZ TL.

Project administration:TL.

Resources:AH LL CY TZ YU SG SZ TL.

Software: LL CY YU SG.

Supervision:TL.

Validation: MAR SZ TL.

Visualization: AH LL CY TZ YU SGMAR SM SZ TL.

Writing – original draft:AH TL.

Writing – review& editing:AH TL.

References
1. Frangogiannis NG. The inflammatory response in myocardial injury, repair, and remodelling. Nat Rev

Cardiol. 2014; 11: 255–265. doi: 10.1038/nrcardio.2014.28 PMID: 24663091

2. Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL, et al. The healing

myocardium sequentially mobilizes two monocyte subsets with divergent and complementary func-

tions. J Exp Med. 2007; 204: 3037–3047. doi: 10.1084/jem.20070885 PMID: 18025128

3. Ertl G, Frantz S. Healing after myocardial infarction. Cardiovasc Res. 2005; 66: 22–32. doi: 10.1016/j.

cardiores.2005.01.011 PMID: 15769445

Stem Cell Therapy and Macrophage Polarization

PLOS ONE | DOI:10.1371/journal.pone.0165255 October 20, 2016 9 / 12

http://dx.doi.org/10.1038/nrcardio.2014.28
http://www.ncbi.nlm.nih.gov/pubmed/24663091
http://dx.doi.org/10.1084/jem.20070885
http://www.ncbi.nlm.nih.gov/pubmed/18025128
http://dx.doi.org/10.1016/j.cardiores.2005.01.011
http://dx.doi.org/10.1016/j.cardiores.2005.01.011
http://www.ncbi.nlm.nih.gov/pubmed/15769445


4. Ben-Mordechai T, Holbova R, Landa-Rouben N, Harel-Adar T, Feinberg MS, Abd Elrahman I, et al.

Macrophage subpopulations are essential for infarct repair with and without stem cell therapy. J Am

Coll Cardiol. 2013; 62: 1890–1901. doi: 10.1016/j.jacc.2013.07.057 PMID: 23973704

5. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat Rev Immunol.

2011; 11: 723–737. doi: 10.1038/nri3073 PMID: 21997792

6. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage plasticity and polarization in tis-

sue repair and remodeling. J Pathol. 2013; 229: 176–185. doi: 10.1002/path.4133 PMID: 23096265

7. Gordon S, Taylor PR. Monocyte and macrophage heterogenecity. Nat Rev Immunol. 2005; 5: 953–

964. doi: 10.1038/nri1733 PMID: 16322748

8. Fujiu K, Wang J, Nagai R. Cardioprotective function of cardiac macrophages. Cardiovasc Res. 2014;

102: 232–239. doi: 10.1093/cvr/cvu059 PMID: 24675722

9. Takeuch O, Akira S. Epigenetic control of macrophage polarization. Eur J Immunol. 2011; 41: 2470–

2525.

10. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. J Clin Invest. 2012; 122:

787–795. doi: 10.1172/JCI59643 PMID: 22378047

11. Nahrendorf M, Pittet MJ, Swirski FK. Monocytes: Protagonists of infarct inflammation and repair after

myocardial infarction. Circulation. 2010; 121: 2437–2445. doi: 10.1161/CIRCULATIONAHA.109.

916346 PMID: 20530020

12. Smith RR, Barile L, Cho HC, Leppo MK, Hare JM, Messina E, et al. Regenerative potential of cardio-

sphere-derived cells expanded from percutaneous endomyocardial biopsy specimens. Circulation.

2007; 115: 896–908. doi: 10.1161/CIRCULATIONAHA.106.655209 PMID: 17283259

13. Cheng K, Malliaras K, Smith RR, Shen D, Sun B, Blusztajn A, et al. Human cardiosphere-derived cells

from advanced heart failure patients exhibit augmented functional potency in myocardial repair. JACC

Heart Fail. 2014; 2: 49–61. doi: 10.1016/j.jchf.2013.08.008 PMID: 24511463

14. Li TS, Cheng K, Malliaras K, Smith RR, Zhang Y, Sun B, et al. Direct comparison of different stem cell

types and subpopulations reveals superior paracrine potency and myocardial repair efficacy with car-

diosphere-derived cells. J Am Coll Cardiol. 2012; 59: 942–953. doi: 10.1016/j.jacc.2011.11.029 PMID:

22381431

15. Malliaras K, Li TS, Luthringer D, Terrovitis J, Cheng K, Chakravarty T, et al. Safety and efficacy of allo-

geneic cell therapy in infarcted rats transplanted with mismatched cardiosphere-derived cells. Circula-

tion. 2012; 125: 100–112. doi: 10.1161/CIRCULATIONAHA.111.042598 PMID: 22086878

16. Shen D, Cheng K, Marban E. Dose-dependent functional benefit of human cardiosphere transplanta-

tion in mice with acute myocardial infarction. J Cell Mol Med. 2012; 16: 2112–2116. doi: 10.1111/j.

1582-4934.2011.01512.x PMID: 22225626

17. Chimenti I, Smith RR, Li TS, Gerstenblith G, Messina E, Giacomello A, et al. Relative roles of direct

regeneration versus paracrine effects of human cardiosphere-derived cells transplanted into infarcted

mice. Circ Res. 2010; 106: 971–980. doi: 10.1161/CIRCRESAHA.109.210682 PMID: 20110532

18. Cho D- I, Kim MR, Jeong H- Y, Jeong HC, Jeong MH, Yoon SH, et al. Mesenchymal stem cells recipro-

cally regulate the M1/M2 balance in mouse bone marrow-derived macrophages. Exp Mol Med. 2014;

46: 1–9.

19. Dayan V, Yannarelli G, Billia F, Filomeno P, Wang XH, Davies JE, et al. Mesenchymal stromal cells

mediate a switch to alternatively activated monocytes/macrophages after acute myocardial infarction.

Basic Res Cardiol. 2011; 106: 1299–1310. doi: 10.1007/s00395-011-0221-9 PMID: 21901289

20. Adutler-Lieber S, Ben-Mordechai T, Naftali-Shani N, Asher E, Loberman D, Raanani E, et al. Human

macrophage regulation via interaction with cardiac adipose tissue-derived mesenchymal stromal cells.

J Cardiovasc Pharmacol Ther. 2013; 18: 78–86. doi: 10.1177/1074248412453875 PMID: 22894882

21. Maggini J, Mirkin G, Bognanni I, Holmberg J, Piazzón IM, Nepomnaschy I, et al. Mouse bone marrow-

derived mesenchymal stromal cells turn activated macrophages into a regulatory-like profile. PLoS

ONE. 2010; 5: e9252. doi: 10.1371/journal.pone.0009252 PMID: 20169081

22. Aminzadeh MA, Tseliou E, Sun B, Cheng K, Malliaras K, Makkar RR, et al. Therapeutic efficacy of car-

diosphere-derived cells in a transgenic mouse model of non-ischaemic dilated cardiomyopathy. Eur

Heart J. 2015; 36: 751–762. doi: 10.1093/eurheartj/ehu196 PMID: 24866210

23. Li TS, Cheng K, Lee ST, Matsushita S, Davis D, Malliaras K, et al. Cardiospheres recapitulate a niche-

like microenvironment rich in stemness and cell-matrix interactions, rationalizing their enhanced func-

tional potency for myocardial repair. Stem Cells. 2010; 28: 2088–2098. doi: 10.1002/stem.532 PMID:

20882531

24. Seitz HM, Camenisch TD, Lemke G, Earp HS, Matsushima GK. Macrophages and dendritic cells use

different Axl/Mertk/Tyro3 receptors in clearance of apoptotic cells. J Immunol. 2007; 178: 5635–5642.

PMID: 17442946

Stem Cell Therapy and Macrophage Polarization

PLOS ONE | DOI:10.1371/journal.pone.0165255 October 20, 2016 10 / 12

http://dx.doi.org/10.1016/j.jacc.2013.07.057
http://www.ncbi.nlm.nih.gov/pubmed/23973704
http://dx.doi.org/10.1038/nri3073
http://www.ncbi.nlm.nih.gov/pubmed/21997792
http://dx.doi.org/10.1002/path.4133
http://www.ncbi.nlm.nih.gov/pubmed/23096265
http://dx.doi.org/10.1038/nri1733
http://www.ncbi.nlm.nih.gov/pubmed/16322748
http://dx.doi.org/10.1093/cvr/cvu059
http://www.ncbi.nlm.nih.gov/pubmed/24675722
http://dx.doi.org/10.1172/JCI59643
http://www.ncbi.nlm.nih.gov/pubmed/22378047
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.916346
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.916346
http://www.ncbi.nlm.nih.gov/pubmed/20530020
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.655209
http://www.ncbi.nlm.nih.gov/pubmed/17283259
http://dx.doi.org/10.1016/j.jchf.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24511463
http://dx.doi.org/10.1016/j.jacc.2011.11.029
http://www.ncbi.nlm.nih.gov/pubmed/22381431
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.042598
http://www.ncbi.nlm.nih.gov/pubmed/22086878
http://dx.doi.org/10.1111/j.1582-4934.2011.01512.x
http://dx.doi.org/10.1111/j.1582-4934.2011.01512.x
http://www.ncbi.nlm.nih.gov/pubmed/22225626
http://dx.doi.org/10.1161/CIRCRESAHA.109.210682
http://www.ncbi.nlm.nih.gov/pubmed/20110532
http://dx.doi.org/10.1007/s00395-011-0221-9
http://www.ncbi.nlm.nih.gov/pubmed/21901289
http://dx.doi.org/10.1177/1074248412453875
http://www.ncbi.nlm.nih.gov/pubmed/22894882
http://dx.doi.org/10.1371/journal.pone.0009252
http://www.ncbi.nlm.nih.gov/pubmed/20169081
http://dx.doi.org/10.1093/eurheartj/ehu196
http://www.ncbi.nlm.nih.gov/pubmed/24866210
http://dx.doi.org/10.1002/stem.532
http://www.ncbi.nlm.nih.gov/pubmed/20882531
http://www.ncbi.nlm.nih.gov/pubmed/17442946


25. Malliaras K, Marban E. Cardiac cell therapy: where we’ve been, where we are, and where we should

be headed. Br Med Bull. 2011; 98: 161–185. doi: 10.1093/bmb/ldr018 PMID: 21652595

26. Lee ST, White AJ, Matsushita S, Malliaras K, Steenbergen C, Zhang Y, et al. Intramyocardial injection

of autologous cardiospheres or cardiosphere-derived cells preserves function and minimizes adverse

ventricular remodeling in pigs with heart failure post-myocardial infarction. J Am Coll Cardiol. 2011;

57: 455–465. doi: 10.1016/j.jacc.2010.07.049 PMID: 21251587

27. Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, Berman D, et al. Intracoronary cardio-

sphere-derived cells for heart regeneration after myocardial infarction (CADUCEUS): a prospective,

randomised phase 1 trial. Lancet. 2012; 379: 895–904. doi: 10.1016/S0140-6736(12)60195-0 PMID:

22336189

28. Malliaras K, Makkar RR, Smith RR, Cheng K, Wu E, Bonow RO, et al. Intracoronary cardiosphere-

derived cells after myocardial infarction: evidence of therapeutic regeneration in the final 1-year results

of the CADUCEUS trial (CArdiosphere-Derived aUtologous stem CElls to reverse ventricUlar dySfunc-

tion). J Am Coll Cardiol. 2014; 63: 110–122. doi: 10.1016/j.jacc.2013.08.724 PMID: 24036024

29. Nahrendorf M, Swirski FK. Monocyte and macrophage heterogeneity in the heart. Circ Res. 2013;

112: 1624–1633. doi: 10.1161/CIRCRESAHA.113.300890 PMID: 23743228

30. Panizzi P, Swirski FK, Figueiredo JL, Waterman P, Sosnovik DE, Aikawa E, et al. Impaired infarct heal-

ing in atherosclerotic mice with Ly-6C(hi) monocytosis. J Am Coll Cardiol. 2010; 55: 1629–1638. doi:

10.1016/j.jacc.2009.08.089 PMID: 20378083

31. Shiraishi M, Shintani Y, Shintani Y, Ishida H, Saba R, Yamaguchi A, et al. Alternatively activated mac-

rophages determine repair of the infarcted adult murine heart. J Clin Invest. 2016; 126: 2151–2166.

doi: 10.1172/JCI85782 PMID: 27140396

32. Satoh T, Kidoya H, Naito H, Yamamoto M, Takemura N, Nakagawa K, et al. Critical role of Trib1 in dif-

ferentiation of tissue-resident M2-like macrophages. Nature. 2013; 495: 524–528. doi: 10.1038/

nature11930 PMID: 23515163

33. Hu Y, Zhang H, Lu Y, Bai H, Xu Y, Zhu X, et al. Class A scavenger receptor attenuates myocardial

infarction-induced cardiomyocyte necrosis through suppressing M1 macrophage subset polarization.

Basic Res Cardiol. 2011; 106: 1311–1328. doi: 10.1007/s00395-011-0204-x PMID: 21769674

34. Tsujita K, Kaikita K, Hayasaki T, Honda T, Kobayashi H, Sakashita N, et al. Targeted deletion of class

A macrophage scavenger receptor increases the risk of cardiac rupture after experimental myocardial

infarction. Circulation. 2007; 115: 1904–1911. doi: 10.1161/CIRCULATIONAHA.106.671198 PMID:

17389263

35. Gordon S, Martinez FO. Alternative Activation of Macrophages: Mechanism and Functions. Immunity.

2010; 32: 593–604. doi: 10.1016/j.immuni.2010.05.007 PMID: 20510870

36. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system in diverse

forms of macrophage activation and polarization. Trends Immunol. 2004; 25: 677–686. doi: 10.1016/j.

it.2004.09.015 PMID: 15530839

37. de Jager SC, Bot I, Kraaijeveld AO, Korporaal SJ, Bot M, van Santbrink PJ, et al. Leukocyte-specific

CCL3 deficiency inhibits atherosclerotic lesion development by affecting neutrophil accumulation.

Arterioscler Thromb Vasc Biol. 2013; 33: e75–e83. doi: 10.1161/ATVBAHA.112.300857 PMID:

23288165

38. Wu J, Li J, Zhang N, Zhang C. Stem cell-based therapies in ischemic heart diseases: a focus on

aspects of microcirculation and inflammation. Basic Res Cardiol. 2011; 106: 317–324. doi: 10.1007/

s00395-011-0168-x PMID: 21424917

39. Zhao A, Urban JF Jr, Anthony RM, Sun R, Stiltz J, van Rooijen N, et al. Th2 cytokine-induced alter-

ations in intestinal smooth muscle function depend on alternatively activated macrophages. Gastroen-

terology. 2008; 135: 217–225. doi: 10.1053/j.gastro.2008.03.077 PMID: 18471439

40. Németh K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A, Doi K, et al. Bone marrow stromal

cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to

increase their interleukin-10 production. Nat Med. 2009; 15:42–49. doi: 10.1038/nm.1905 PMID:

19098906

41. Nakajima H, Uchida K, Guerrero AR, Watanabe S, Sugita D, Takeura N, et al. Transplantation of mes-

enchymal stem cells promotes an alternative pathway of macrophage activation and functional recov-

ery after spinal cord injury. J Neurotrauma. 2012; 29:1614–1625. doi: 10.1089/neu.2011.2109 PMID:

22233298

42. Lee RH, Pulin AA, Seo MJ, Kota DJ, Ylostalo J, Larson BL, et al. Intravenous hMSCs improve myocar-

dial infarction in mice because cells embolized in lung are activated to secrete the anti-inflammatory

protein TSG-6. Cell Stem Cell. 2009; 5: 54–63. doi: 10.1016/j.stem.2009.05.003 PMID: 19570514

Stem Cell Therapy and Macrophage Polarization

PLOS ONE | DOI:10.1371/journal.pone.0165255 October 20, 2016 11 / 12

http://dx.doi.org/10.1093/bmb/ldr018
http://www.ncbi.nlm.nih.gov/pubmed/21652595
http://dx.doi.org/10.1016/j.jacc.2010.07.049
http://www.ncbi.nlm.nih.gov/pubmed/21251587
http://dx.doi.org/10.1016/S0140-6736(12)60195-0
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://dx.doi.org/10.1016/j.jacc.2013.08.724
http://www.ncbi.nlm.nih.gov/pubmed/24036024
http://dx.doi.org/10.1161/CIRCRESAHA.113.300890
http://www.ncbi.nlm.nih.gov/pubmed/23743228
http://dx.doi.org/10.1016/j.jacc.2009.08.089
http://www.ncbi.nlm.nih.gov/pubmed/20378083
http://dx.doi.org/10.1172/JCI85782
http://www.ncbi.nlm.nih.gov/pubmed/27140396
http://dx.doi.org/10.1038/nature11930
http://dx.doi.org/10.1038/nature11930
http://www.ncbi.nlm.nih.gov/pubmed/23515163
http://dx.doi.org/10.1007/s00395-011-0204-x
http://www.ncbi.nlm.nih.gov/pubmed/21769674
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.671198
http://www.ncbi.nlm.nih.gov/pubmed/17389263
http://dx.doi.org/10.1016/j.immuni.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20510870
http://dx.doi.org/10.1016/j.it.2004.09.015
http://dx.doi.org/10.1016/j.it.2004.09.015
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://dx.doi.org/10.1161/ATVBAHA.112.300857
http://www.ncbi.nlm.nih.gov/pubmed/23288165
http://dx.doi.org/10.1007/s00395-011-0168-x
http://dx.doi.org/10.1007/s00395-011-0168-x
http://www.ncbi.nlm.nih.gov/pubmed/21424917
http://dx.doi.org/10.1053/j.gastro.2008.03.077
http://www.ncbi.nlm.nih.gov/pubmed/18471439
http://dx.doi.org/10.1038/nm.1905
http://www.ncbi.nlm.nih.gov/pubmed/19098906
http://dx.doi.org/10.1089/neu.2011.2109
http://www.ncbi.nlm.nih.gov/pubmed/22233298
http://dx.doi.org/10.1016/j.stem.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19570514


43. François M, Romieu-Mourez R, Li M, Galipeau J. Human MSC suppression correlates with cytokine

induction of indoleamine 2,3-dioxygenase and bystander M2 macrophage differentiation. Mol Ther.

2012; 20: 187–195. doi: 10.1038/mt.2011.189 PMID: 21934657

44. Zhang QZ, Su WR, Shi SH, Wilder-Smith P, Xiang AP, Wong A, et al. Human gingiva-derived mesen-

chymal stem cells elicit polarization of m2 macrophages and enhance cutaneous wound healing. Stem

Cells. 2010; 28: 1856–1868. doi: 10.1002/stem.503 PMID: 20734355

45. Kim J, Hematti P. Mesenchymal stem cell-educated macrophages: a novel type of alternatively acti-

vated macrophages. Exp Hematol. 2009; 73: 1445–1453.

Stem Cell Therapy and Macrophage Polarization

PLOS ONE | DOI:10.1371/journal.pone.0165255 October 20, 2016 12 / 12

http://dx.doi.org/10.1038/mt.2011.189
http://www.ncbi.nlm.nih.gov/pubmed/21934657
http://dx.doi.org/10.1002/stem.503
http://www.ncbi.nlm.nih.gov/pubmed/20734355

