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Abstract

Background: Macrophage phenotypes switch from proinflammatory (M1) to anti-inflammatory (M2) following myo-
cardial injury. Implanted stem cells (e.g., induced pluripotent stem cells (iPSCs)) for cardiomyogenesis will inevitably
contact the inflammatory environment at the myocardial infarction site. To understand how the macrophages affect
the behavior of iPSCs, therefore, improve the therapeutic efficacy, we generated three macrophage subtypes and
assessed their effects on the proliferation, cardiac differentiation, and maturation of iPSCs.

Methods: MO, M1, and M2 macrophages were polarized using cytokines, and their properties were confirmed by
the expression of specific markers using reverse transcription-quantitative polymerase chain reaction (RT-qgPCR) and
immunofluorescence. The effects of macrophages on iPSCs were studied using Transwell co-culture models. The
proliferative ability of iPSCs was investigated by cell counting and CCK-8 assays. The cardiac differentiation ability of
iPSCs was determined by the cardiomyocyte (CM) yield. The maturation of CM was analyzed by the expression of
cardiac-specific genes using RT-gPCR, the sarcomere organization using immunofluorescence, and the mitochondrial
function using oxidative respiration analysis.

Results: The data showed that the co-culture of iPSCs with M0, M1, or M2 macrophages significantly decreased
iPSCs' proliferative ability. M2 macrophages did not affect the CM yield during the cardiac differentiation of iPSCs. Still,
they promoted the maturation of CM by improving sarcomeric structures, increasing contractile- and ion transport-
associated gene expression, and enhancing mitochondrial respiration. MO macrophages did not significantly affect
the cardiomyogenesis ability of iPSCs during co-culture. In contrast, co-culture with M1 macrophages significantly
reduced the cardiac differentiation and maturation of iPSCs.

Conclusions: M1-or M2-polarized macrophages play critical roles in the proliferation, cardiac differentiation, and
maturation of iPSCs, providing knowledge to improve the outcomes of stem cell regeneration therapy.
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Introduction
Myocardial infarction (MI) remains the primary cause of
mortality in patients with cardiovascular diseases world-
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is to replace dead tissue with functional CMs. Human
induced pluripotent stem cell (iPSC)-derived CMs (iPSC-
CMs) represent many aspects of human CMs, such as
cardiac gene expression signatures, contractile function,
electrophysiological properties, and metabolic charac-
teristics, and have become a useful tool in cardiovascular
studies, as well as a cell source for heart regeneration [4—
6]. Many studies support the potential therapeutic ben-
efits of iPSCs implanted in the injured myocardium, such
as reducing the cardiac scar size and improving cardiac
functions [7-10].

Macrophages are a key cell type involved in the inflam-
matory process post-MI [11, 12]. It is well recognized that
following MI, the heart experiences monocyte invasion in
the MI microenvironment [13]. MO macrophages differ-
entiated from monocytes are mature macrophages with
a larger and more flattened morphology than monocytes.
A switch from the M1 to M2 subtype is occurred dur-
ing the healing process, suggesting the differential con-
tribution of these macrophage subtypes to the post-MI
microenvironment [14—18]. M1 macrophages involved
in 1-3 days post-MI display a proinflammatory pheno-
type with increased proinflammatory cytokine secretion.
In contrast, M2 macrophages secrete high levels of anti-
inflammatory cytokines and promote angiogenesis and
tissue remodeling on days 5-7 post-MIL.

Once transplanted, iPSCs are surrounded by the
inflammatory environment post-MI, which consists of
inflammatory cells such as M1 and M2 macrophages.
However, little is known about the effects of differ-
ent macrophage subtypes on iPSC behavior. Here, we
addressed these issues by studying the effect of exposing
MO0, M1, and M2 macrophages to iPSCs, in terms of pro-
liferation, cardiac differentiation, and maturation, using
co-culture models.

Materials and methods

Polarization of macrophages

THP-1 cells were cultured and polarized according to
established protocols [19]. Briefly, THP-1 cells were cul-
tured in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS). An amount of 1 x 10° cells was
plated in 6-well plates with 2 ml of medium containing
25 ng/ml PMA (catalog number: P8139; Sigma-Aldrich)
for 2 days to acquire adherent cells (MO macrophages).
MO macrophages were then treated for another 2 days
with 20 ng/ml IFN-y (PeproTech, catalog number: 300-
02) and 100 ng/ml LPS (Sigma-Aldrich, catalog num-
ber: 1L2630) or with 20 ng/ml IL-4 (PeproTech, catalog
number: 200-04) and 20 ng/ml IL-13 (PeproTech, cata-
log number: 200-13) to yield M1 or M2 polarized mac-
rophages, respectively.
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Co-culture transwell system

In total, 8 x 10* macrophages were seeded in a 0.4 um
pore insert of 24-well Transwell plates with 200 pl of
PSCeasyll culture medium (Cellapy, catalog number:
CA1014500) or differentiation medium (Cellapy, cata-
log number: CA2004500). Approximately 5 x 10* iPSCs
were cultured on Matrigel-coated (Cellapy, catalog
number: CA3003100) wells with 800 ul of PSCeasyll
culture medium for the proliferation study. After 6 days
of cardiac differentiation, the cardiac mesoderm pre-
cursors were co-cultured with macrophages in the dif-
ferentiation medium for cardiac maturation studies.

Cell viability of iPSCs

After adding 10 pl of CCKS8 solution (Beyotime, catalog
number: C0038), the cells were incubated at 37 °C for
1 h. Optical density (OD) at 450 nm was recorded using
a microplate reader (BioTek).

Human iPSC culture

Human iPSCs derived from urine renal epithelial cells
of a 37-year-old man were purchased from Cellapy Bio-
logical Technology Company (Beijing, China, catalog
number: CA1002008). Human iPSCs were cultured as
previously described [20, 21]. Briefly, iPSCs were cul-
tured on Matrigel-coated plates with PSCeasyll cul-
ture medium (modified Essential 8 medium) at 37 °C
in a humidified atmosphere of 5% CO,. The medium
was refreshed every day, and the cells were routinely
split 1:10, after reaching 70-80% confluence, onto pre-
coated plates using dissociation medium (Cellapy, cata-
log number: CA3001500).

Differentiation of iPSCs into CMs

Cardiac differentiation of iPSCs was performed using
the CardioEasy Human Cardiomyocyte Differentia-
tion Kit (Cellapy, catalog number: CA2004500). Briefly,
cells were seeded at a confluence of 80-90% before dif-
ferentiation. Then, the cardiac mesoderm precursors
were induced using medium I for 2 days, subsequently
changing to medium II for another 2 days. The medium
was then changed to medium III and refreshed every
2 days. Contracting cells were observed at approxi-
mately day 8. On day 12, purification medium (Cellapy,
catalog number: CA2005100) was used to metabolically
select and purify CMs.
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Bright-field images
Bright-field images were captured using a Mshot MF53-
N microscope with a 10 x PhL contrast filter lens.

Immunofluorescence analysis

Immunostaining of cultured cells was carried out as pre-
viously described [22] using primary antibodies at a dilu-
tion of 1:200 in PBS containing 5% bovine serum albumin
(Sigma-Aldrich, catalog number: A1933) as follows: rab-
bit anti-CCR7 (Beyotime, catalog number: AF1102),
rabbit anti-CD36 (Beyotime, catalog number: AF6414),
and rabbit anti-a-actinin (Proteintech, catalog number:
14221-1-AP). The secondary antibodies used were Alexa
488-conjugated goat anti-rabbit IgG (H+L) (Thermo
Fisher Scientific, catalog number: A32731) and Alexa
568-coupled goat anti-rabbit IgG (H+ L) (Thermo Fisher
Scientific, catalog number: A11010). The secondary anti-
bodies were diluted 1:400 in PBS. Nuclei were visualized
using Hoechst 33,342 (10 pg/ul; Thermo Fisher Scientific,
catalog number: H3570). Stained cells were imaged using
a Zeiss LSM 900 confocal laser scanning microscope.

Total RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

RT-qPCR was performed as previously described [23].
Total RNA was isolated using TRIzol reagent (Invitro-
gen, catalog number: 15596026), according to the manu-
facturer’s protocol. RNA was reverse transcribed using
the PrimeScript RT reagent kit (Takara, catalog number:
RR0O37A). The expression levels of the genes of inter-
est were determined by PCR using TB Green Premix Ex
Taq (Takara, catalog number: RR420A) with primer pairs
(Additional file 2: Table S1). PCR amplifications were
performed using the QuantStudio 3 Real-Time PCR Sys-
tem (Thermo Fisher Scientific). Gene expression levels
were normalized to those of the tyrosine 3-monooxyge-
nase/tryptophan 5-monooxygenase activation protein
zeta (YWHAZ) or glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) housekeeping genes. Quantitative data
were analyzed based on the 2724¢T method.

Oxidative respiration analysis

A high-resolution Oxygraph-2 k respirometer (Oroboros)
was used in this study. Oxidative respiration was per-
formed as previously described [24, 25]. Briefly, cells were
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trypsinized, washed with PBS, resuspended at a density
of 2x10* cells/ml in DMEM supplemented with 10%
FBS and transferred to the chamber of the Oxygraph-2 k
instrument. Total oxygen consumption was monitored
and the following drugs were injected into the medium
as follows: oligomycin (3.5 uM), FCCP (4 uM), antimycin
A (2 uM), and rotenone (2 uM) (all from Sigma-Aldrich).

Statistical analysis

Data are presented as the mean 4 standard error of the
mean (SEM). Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software, San Diego, CA,
USA) using one-way ANOVA with Bonferroni’s test for
multiple comparisons or a Student’s ¢-test for compari-
sons between two groups. All experiments were inde-
pendently replicated at least three times. Statistical
significance was set at P < 0.05.

Results
Polarization and characterization of macrophages
THP-1 monocytes adhered in response to PMA to gen-
erate MO macrophages. MO macrophages were further
polarized into M1 and M2 macrophages upon stimula-
tion with LPS and IFN-y or IL4 and IL13, respectively
(Fig. 1a). The three macrophage subtypes exhibited high
expression of CD68, which is a general macrophage
marker (Fig. 1b), compared to levels of the internal con-
trol gene YWHAZ. The significant upregulation of CD40,
IL1B, and CCL2 was observed in M1 macrophages com-
pared to levels in MO and M2 macrophages (Fig. 1c).
In contrast, significantly higher MRCI, CLECI10A, and
CD163 expression was observed in M2 macrophages rel-
ative to that in MO and M1 macrophages (Fig. 1d).
Immunofluorescence for macrophage subtype mark-
ers was used to further assess the M0, M1, and M2
macrophage populations (Fig. 1e). MO macrophages
showed slight positive staining for the M1 marker
CCR7 and M2 marker CD36. M1 macrophages showed
positive staining for CCR7 and negative staining
for CD36. In contrast, M2 macrophages were posi-
tively stained for CD36 and less positively stained
for CCR7. Consistently, quantifying the fluorescence
intensity from specific macrophage markers showed
significant differences among the three macrophage
populations (Fig. 1f). The expression of CCR7 was

(See figure on next page.)

***P <0.001

Fig. 1 Characterization of polarized macrophages. a Bright-field images showing the morphological appearance of MO, M1, and M2 macrophages.
b-d RT-gPCR analysis of the specific macrophage markers expression, such as general marker for macrophages CD68 (b), M1 markers CD40, IL1b
and CCL2 (c), M2 markers MRC1, CLEC10a, and CD163 (d). e Fluorescence image of MO, M1, and M2 macrophages immunostained for M1-marker
CCR7 (green) and M2-marker CD36 (red). Cell nuclei were counterstained with Hoechst 33,342 (blue). f The quantification of relative fluorescence
intensity of CCR7and CD36 by ImageJ. mRNA levels are shown relative to those of MO macrophage except for CD68, which were set at 1. Data are
presented as mean £ SD, N =3 individual preparations. Statistics were done by one-way ANOVA test with Bonferroni correction. *P <0.05, **P < 0.01,
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significantly higher in M1 macrophages than in MO
and M2 macrophages. In contrast, CD36 was more
highly expressed in M2 macrophages than in MO or
M1 macrophages.
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MO, M1, and M2 macrophages suppress the cell viability

of iPSCs.

To investigate whether macrophages affect the viabil-
ity and proliferation of iPSCs, M0, M1, and M2 mac-
rophages were co-cultured with iPSCs using a Transwell
system (Fig. 2a). After 3 days of co-culture, all three mac-
rophage subtypes significantly inhibited the proliferative
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Fig. 2 Cell proliferation of iPSCs co-cultured with MO, M1, or M2 macrophages. a Scheme showing the set-up of iPSCs proliferation in a
monoculture or co-cultured with MO, M1, and M2 macrophages using a transwell system. b Fluorescence image of the cell nuclei of iPSCs
monoculture or co-cultured for 3 days with MO, M1, and M2 macrophages stained with Hoechst 33,342 (blue). ¢ Quantification of cell nucleiin

iPSC-Mono

iPSC-MO

iPSC-M1

iPSC-M2

iPSCs cultures with indicated conditions. d Cell viability analysis of iPSCs cultures with indicated conditions performed by CCK8. iPSC-Mono, iPSCs
monoculture; iPSC-MO, iPSCs co-cultured with MO; iPSC-M1, iPSCs co-cultured with M1; iPSC-M2, iPSCs co-cultured with M2. Data are presented as
mean =£ SEM, N =3 individual preparations. Statistics were done by one-way ANOVA test with Bonferroni correction. ***P < 0.001
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capacity of iPSCs, as shown by the smaller cell cluster
sizes and decreased cell numbers in iPSC-MO, iPSC-M1,
and iPSC-M2 groups compared with those in the iPSC-
Mono group (Fig. 2b, c). Consistently, the viability of
iPSCs in iPSC-MO, iPSC-M1, and iPSC-M2 groups was
lower than that in the iPSC-Mono group, indicating that
MO, M1, and M2 macrophages suppress the viability of
iPSCs (Fig. 2d).

Effects of macrophages on cardiomyogenic differentiation
capacity of iPSCs

To evaluate the influence of macrophages on the cardio-
myogenic capacity, iPSCs were subjected to cardiomyo-
genic differentiation in the presence of M0, M1, and M2
macrophages (Fig. 3a). iPSCs were first differentiated
into cardiac mesoderm precursors to initiate cardiomyo-
genic differentiation and subsequently differentiated into
CMs with or without exposure to macrophages. After
CM purification at the end of the differentiation period,
almost all cells were stained positive for the cardiac sar-
comeric protein a-actinin in all four culture conditions,
that is iPSC-CM-Mono, iPSC-CM-MO, iPSC-CM-M1,
and iPSC-CM-M2 groups. iPSC-CM-MO and iPSC-CM-
M2 groups achieved similar CM yields and possessed
highly organized sarcomeres, as with that observed in the
iPSC-CM-Mono group. However, the cell yield was sig-
nificantly lower in the iPSC-CM-M1 culture than in the
iPSC-CM-Mono culture (Fig. 3b, c). These findings sug-
gest that M1 macrophages inhibit the cardiomyogenic
differentiation capacity of iPSCs in terms of the CM yield.

Effects of macrophages on the myofibrillogenesis

of hiPSC-CMs

To determine the effects of macrophages on the myofi-
brillogenesis of iPSC-CMs, we examined sarcomeres in
iPSC-CMs co-cultured with different macrophage sub-
types. RT-qPCR analysis of iPSC-CM-Mono culture
versus iPSC-CM-M2 culture revealed enhanced CM
structural maturation in the latter, with upregulation of
the crucial cardiac sarcomeric genes ACTN2, TNNCI,
MYH6, MYH7, MYL2, MYL3, MYL4, and MYL7, which
are essential for sarcomere assembly and function in
the mammalian heart (Fig. 4a). In contrast, iPSC-CM-
M1 cultures showed decreased cardiac sarcomeric gene
expression compared to that in the iPSC-CM-Mono
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group. A similar trend in sarcomeric gene expression was
observed for iPSC-CM-MO and iPSC-CM-Mono groups
(Fig. 4a).

Furthermore, immunostaining for a-actinin in iPSC-
CMs confirmed improved sarcomere organization in
the iPSC-CM-M2 culture compared to that in the iPSC-
CM-Mono group (Fig. 4b). In the iPSC-CM-M1 group,
a-actinin formed a punctate staining pattern remi-
niscent of immature myofibrils, consistent with their
decreased sarcomeric gene expression (Fig. 4b). These
data revealed that M2 macrophages improved, whereas
M1 macrophages inhibited, the structural maturation of
iPSC-CMs.

Effects of macrophages on ion transport-related gene
expression in iPSC-CMs

To determine whether structural maturation was accom-
panied by electrical maturation, we compared the levels
of ion transport-related gene expression in iPSC-CMs
co-cultured with different macrophage types. RT-
qPCR targeting genes encoding cardiac ion channels
(SCN5A/Navl.5, CACNAIC/Cavl.2, KCNH2/Kv1l.l,
and KCNJ11/Kir6.2), a gap junction protein (GJA1/
Cx43), and cardiac Ca?"-handling proteins (RYR2 and
ATP2A2/Serca2) showed an increase in mRNA levels in
iPSC-CM-M2 cultures compared to those in iPSC-CM-
Mono cultures (Fig. 5a—c). The iPSC-CM-MO group
expressed approximately equal levels of ion transport-
related genes relative to those in the iPSC-CM-Mono
group (Fig. 5a—c). However, ion transport-related gene
expression was significantly decreased in iPSC-CM-M1
cultures (Fig. 5a—c). These findings suggested that M2
macrophages increased, whereas M1 macrophages sup-
pressed, the expression of ion transport-related genes.

Effects of macrophages on metabolic maturation

of iPSC-CMs

To determine whether structural and electrical matu-
ration was accompanied by enhanced metabolism, we
first compared metabolic gene signatures among the
four cultures using RT-qPCR analysis. RT-qPCR data
showed a reduction in glycolysis-associated genes (HKI,
PFK, PDH, and GLUTI) and an increase in fatty acid
[-oxidation-associated genes (ACADM, ACOX1, CPTIA,
and CPTI1B) in iPSC-CM-M2 cultures compared to

(See figure on next page.)

Fig. 3 Cardiac differentiation capacity of iPSCs co-cultured with MO, M1, and M2 macrophages. a Scheme showing the set-up of iPSCs
cardiomyogenic differentiation in a monoculture or co-cultured with MO, M1, and M2 macrophages using a transwell system. Cardiac mesoderm
precursors were first derived from iPSCs. Then the cardiac mesoderm precursors continued cardiomyogenic differentiation in a monoculture or
co-cultured with MO, M1, and M2 macrophages using a transwell system. b Fluorescence image of iPSC-CM-Mono, iPSC-CM-MO, iPSC-CM-M1,

and iPSC-CM-M2 stained for sarcomeric a-actinin (red). Cell nuclei were counterstained with Hoechst 33,342 (blue). ¢ Quantification of cell nuclei
in cultures with indicated conditions by Imagel. iPSC-CM, iPSCs derived CM; iPSC-CM-Mono, iPSC derived CM in monoculture; iPSC-CM-MO, iPSCs
derived CM in a co-culture with MO; iPSC-CM-M1, iPSCs derived CM in a co-culture with M1; iPSC-CM-M2, iPSCs derived CM in a co-culture with M2
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those in iPSC-CM-Mono cultures (Fig. 6a, b). In con-
trast, iPSC-CM-M1 cultures had a greater preference
for glycolysis over mitochondrial respiration, as shown
by the higher expression of glycolysis-associated genes
and lower expression of fatty acid B-oxidation-associated
genes compared to levels in the iPSC-CM-Mono group
(Fig. 6a, b).

Mitochondrial respiration of M1 and M2 macrophages
was measured using an Oxygraph-2 k respirometer. The
mitochondrial respiration capacity of iPSC-CM-M2 cul-
tures was significantly higher than that of iPSC-CM-M1
cultures (Fig. 6¢, d). The enhanced mitochondrial res-
piratory capacity of the iPSC-CM-M2 group compared to
that in the iPSC-CM-M1 group indicated that M2 mac-
rophages enhanced the metabolic maturation of iPSC-
CMs compared to that with M1 macrophages.

Discussion
Myocardial infarction remains the leading cause of death
worldwide. Many studies have shown that implanted
iPSCs can diminish the cardiac scar size and improve
functional recovery of the injured myocardium [26, 27].
A better understanding of how the surrounding inflam-
matory environment influences iPSC survival and cardiac
differentiation capability is required to maximize thera-
peutic efficacy. However, previous studies have gener-
ally focused on the effects of macrophages on the existed
cardiac fibroblasts and cardiomyocytes [28—30], mostly
without considering the role of M1/M2 macrophages in
the survival and cardiac differentiation of iPSCs. There-
fore, in the present study, we differentiated and charac-
terized three macrophage subtypes and assessed their
effects on iPSC behavior. All three macrophage subtypes
suppressed iPSC proliferation. M2 macrophages pro-
moted the cardiac differentiation ability of co-cultured
iPSCs in terms of sarcomeric structures, contractile and
electrophysiological gene expression, and mitochondrial
respiration. In contrast, M1 macrophages displayed the
opposite effects compared to those of M2 macrophages.
Before the co-culture process, we evaluated the influ-
ence of the cardiac differentiation medium on the prop-
erties of macrophages. As shown in Additional files 1
and 3: Fig. Sla, the expression of CD68, a macrophage
marker, was not significantly different between MO mac-
rophages cultured in a macrophage growth medium
and those cultured in a cardiomyogenic differentia-
tion medium. The same was observed for M1 and M2
macrophages regarding the expression of their specific
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markers (IL1B, CD40, CCL2, MRC1, CLECI0A, and
CD163). Consistently, immunostaining for macrophage
markers in macrophages cultured with a cardiomyogenic
differentiation medium showed the same pattern as that
with macrophage growth medium (Additional files 1 and
3: Fig. S1b and Fig. 1le). Taken together, these data indi-
cated that the cardiac differentiation medium had no
significant effect on the properties of M0, M1, and M2
macrophages. Therefore, complete cardiac differentiation
medium was used to culture macrophages and generate
iPSC-CMs over the co-culture period.

The CM yield in the iPSC-CM-M2 group was slightly
higher than that in the iPSC-CM-Mono group (Fig. 3b,
c). This phenomenon might result from the effects of
M2 macrophages on BMP proteins expression in the co-
cultured cells. Previous studies have proven that BMP
proteins, especially BMP2, are key players in cardiogen-
esis [31-33]. Although the levels of BMP-2 secretion
among MO, M1, and M2 macrophages were not signifi-
cantly different [34], studies have shown that M2 mac-
rophages have the ability to enhance autologous BMP-2
production in co-cultured cells [35, 36]. However, the
role of BMP-2 in promoting the cardiac differentiation of
iPSCs co-cultured with M2 macrophages requires further
investigation.

Immunostaining for a-actinin in the culture after
CM purification at the end of the differentiation period
revealed that iPSC-CM-M2 cultures possessed highly
organized sarcomeres, even better than those in the
iPSC-CM-Mono group. In contrast, in the iPSC-CM-
M1 group, a-actinin formed a punctate staining pattern,
reminiscent of immature myofibrils (Fig. 4b). This is par-
ticularly relevant to the high expression levels of genes
encoding cardiac sarcomeric and Ca®*-handling proteins
in iPSC-CM-M2 cultures and the low expression levels in
iPSC-CM-M1 cultures (Fig. 4a). This finding is consist-
ent with a previous study, which indicated that M2 mac-
rophages enhanced, whereas M1 macrophages reduced,
the calcium-handling function of CMs [29]. Their study
showed that the conditioned medium from M1 mac-
rophages significantly decreased cardiac troponin T
(c¢TnT) and sarcoplasmic/endoplasmic reticulum calcium
ATPase (Serca2/Atp2a2) gene expression. It was also
demonstrated that the co-culture of M2 macrophages
significantly enhanced Ca*" release in CMs [29, 37]. Sev-
eral studies have investigated the role of macrophages on
CM viability. One examined the effects of proinflamma-
tory macrophages on the survival of rat H9c2 cells. They

(See figure on next page.)

Fig. 4 Structural maturation of iPSC-CMs co-cultured with MO, M1, or M2 macrophages. a RT-qPCR analysis of the cardiac sarcomeric genes
expression. b Fluorescence image of cardiac differentiated iPSC cultures co-cultured with MO, M1, or M2 macrophages immunostained for a-actinin
(red). Cell nuclei were counterstained with Hoechst 33,342 (blue). mRNA levels are shown relative to those of MO macrophage, which were set at 1.
Data are presented as mean 4 SEM, N = 3 individual preparations. Statistics were done by one-way ANOVA test with Bonferroni correction. *P <0.05
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Fig. 5 Analysis of the cardiac ion transport-related gene expression in hiPSC-CMs co-cultured with different macrophages. The mRNA levels of ion
channel genes (a), gap junction protein gene (b), and cardiac Ca>*-handling protein genes (c) were tested by RT-qPCR. The mRNA levels are shown
relative to those of the MO macrophage, which were set at 1. Data are presented as mean =+ SEM, N =3 individual preparations. Statistics were done
by one-way ANOVA test with Bonferroni correction. *P < 0.05, **P < 0.01

(See figure on next page.)

Fig. 6 Metabolic maturation of hiPSC-CMs. a and b RT-gPCR analysis of the glycolysis-associated genes (a) and fatty acid 3-oxidation genes
expression (b). c Traces and d quantification graph for OCR measured by Seahorse respirometry in hiPSC-CMs co-cultured with M0, M1, or M2
macrophages. The mRNA levels are shown relative to those of the MO macrophage, which were set at 1. Data are presented as mean &= SEM, N=3
individual preparations. Statistics were done by one-way ANOVA test with Bonferroni correction. *P <0.05, **P < 0.01, ***P <0.001. OCR, oxygen

consumption rate

found that exposure to proinflammatory macrophages
led to myocyte apoptosis via mitochondrial damage [38].
Another study reported that the addition of M1 condi-
tioned medium decreased the proliferation ability of CMs
compared to that of anti-inflammatory macrophages
[39]. In addition, the suppression of macrophage infiltra-
tion or proinflammatory cytokine production facilitates
cardiac healing and improves cardiac function recovery
[40].

Different phenotypic and functional macrophage sub-
types are along with dramatic metabolic differences. M1
macrophages exhibit increased glycolysis accompanied

by decreased oxygen consumption [41, 42]. M1 mac-
rophages rely on glycolysis to produce ATP, whereas their
TCA cycle has two brakes [43, 44], thus reducing oxida-
tive phosphorylation and fatty acid oxidation [43, 45, 46].
In contrast, the metabolic characteristics of M2 mac-
rophages include intensive oxidative phosphorylation
and fatty acid oxidation [43]. The TCA cycle of M2 mac-
rophages is intact and meets their ATP requirements by
providing substrates for the electron transport chain [43].
Some metabolic products function as mediators of key
signaling pathways [47], affecting not only host cells but
also adjacent cells. Thus, metabolic products generated
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from different macrophage subtypes might lead to sig-
nificant differences in the metabolic signatures of co-cul-
tured iPSC-CMs (Fig. 6).

Interestingly, we found that M2 macrophages enhanced
the cardiac differentiation and maturation of iPSCs,
whereas both M1 and M2 macrophages inhibited the
proliferation of iPSCs. Future studies are required to fully
understand the regulatory mechanisms of macrophages
with respect to the behavior of iPSCs, specifically regard-
ing mitochondrial function.

Conclusions

In this study, we systematically investigated the influ-
ence of different macrophage subtypes on the prolifera-
tion, cardiac differentiation, and maturation of human
iPSCs. We found that all three types of macrophages
significantly reduced iPSC proliferation. Furthermore,
we demonstrated that M2 macrophages had a benefi-
cial effect on iPSC cardiomyogenesis by promoting their
maturation in terms of the sarcomere structure, electro-
physiological-associated gene expression, and mitochon-
drial functions. This enhanced effect was not observed
when the cells were co-cultured with MO macrophages.
M1 macrophages, however, inhibited the cardiac differ-
entiation and maturation of iPSCs. Our findings not only
elucidated the critical role of macrophages in the prolif-
eration and cardiomyogenesis of iPSCs but also provided
essential guidance for the implantation of iPSCs into the
infarcted heart for heart regeneration therapy.
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