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Abstract
Human induced pluripotent stem cell (iPSC)-derived cardiomyocytes (HiCM) transplantation is a potential
next generation cell therapy to repair the injured myocardium. However, a systemic study is yet to be
conducted to evaluate the e�cacy, distribution, and safety of HiCM transplantation. Here using a Rhesus
monkey model of myocardial infarction, we studied the e�cacy of HiCM in repairing cardiac function and
found HiCM signi�cantly restored the ejection fraction (EF%) and fractional shortening (FS%) at 4 weeks
after transplantation and the bene�t lasted through 12 weeks. Furthermore, by using PET/CT tracking, we
�rst demonstrated real-time biodistribution of radiolabeled hiPSC-CMs (89Zr-HiCM) in non-human
primates, and found the majority of transplanted HiCM cells retained in heart after 504 hours. No tumor
or ventricular arrhythmia was detected up to 32 weeks of observation. These results provide strong
evidence to support HiCM as a potential reparative cure for cardiac damage.

Introduction
Heart disease is the primary cause of morbidity and mortality worldwide1. Due to the limited regenerative
capacity of the mammalian adult heart to replace the cardiomyocyte loss caused by coronary artery
disease, novel cell therapies are highly demanded to restore the loss of cardiomyocytes and contractile
function2,3. With the quickly growing expertise in stem cell isolation and handling and the development of
preclinical �ndings, novel cell therapies for heart failure have increasingly �ourished to meet the dire
clinical needs. Although the safety of a variety of stem cells has been consistently reported, their e�cacy
remains controversial, which has limited the translation of stem cell therapies for heart failure from bench
work to clinical practice4.

Human induced pluripotent stem cells (HiPSCs) are attractive sources for regenerative medicine due to
their unlimited availability and scalability. Moreover, there is no ethical opposition to using human iPSC
for therapeutic use5,6. Human iPSCs have the ability to differentiate into cardiomyocytes, providing an
ideal source of exogenous cells to replace the lost and injured myocardium7–9. The safety and e�cacy of
iPSC-CMs (HiCM) have been investigated using a variety of animal models10–13, in which transplanted
cardiomyocytes survived, engrafted and remuscularized infarcted hearts. Previous studies demonstrated
monkey iPSC-CMs regenerated nonhuman primate (NHP) hearts13 and human ESC-derived
cardiomyocytes remuscularized injured myocardium in non-human primates9,14. Despite a consistent
demonstration of cardiac remuscularization, the biological distribution of HiCM by intramyocardial
transplantation remain to be elucidated.

The current study aimed to evaluate e�cacy, pharmacokinetics, and safety of human iPSC-derived
cardiomyocytes (HiCM) in NHP. This study demonstrated that intramyocardial injection of HiCM
remuscularized the acutely injured myocardium, signi�cantly restored the contractile function and
reversed structural remodeling in a NHP model of myocardial infarction. A successful cardiac
regenerative therapy greatly relies on pharmacokinetics which predicts the in vivo biodistribution. The



Page 4/17

development of nuclear-imaging and radioactive compounds enables the visualization of circulation cells
in small animal. In the current study, we showed for the �rst time that a reproducible and robust
radiolabeling (89Zr) protocol enables pharmacokinetic study of transplanted HiCM in a large-animal
model. Safety assessment of HiCM revealed no mortality, tumor, or sustained ventricular tachycardia up
to 3-months of follow-up.

Results
Characterization of Off-the-Shelf HiCM

High-purity cardiac troponin T (cTnT) -positive cardiomyocytes (Figure 1A) were differentiated from
human iPSCs under clinical GMP-compliant (cGMP) conditions. Flow cytometry was used to assess
cardiomyocyte purity (with a threshold set at >95%) after metabolic selection by glucose and glutamine
depletion11,15. (Figure 1B). The electrophysiological features at single-cell level were measured by using
whole-cell patch clamp technology for three consecutive batches of cells. Eighty-seven cells were patched
and gigaseal was successfully obtained in 67 cells. 59.7% cells demonstrated typical ventricular-like
action potential duration (APD) and 23.9% cells demonstrated atrial-like APD. Nodal-like cells consisted of
16.4% of total cells with a spontaneous activation frequency around 1.4 Hz (Figure 1C-D). To illustrate the
electrophysiological pattern of cell mass, spontaneous beating HiCM were studied in vitro with electrical
impedance analysis. A consistent 200-300 ms extracellular �eld potential interval was observed (Figure
1E). Cells were cryopreserved as off-the-shelf products for shipping to animal facility for further
experiments. A viability of over 80% was consistently observed after thawing. 

 

Intramyocardial injection of HiCM restored cardiac function

Myocardial infarction was induced by a 3-h ligation of the left anterior descending (LAD) coronary artery
in Rhesus monkey NHP. The contractile function was assessed by echocardiography. Compared with
sham-operated animals, the EF of the control group consistently declined. Conversely, intramyocardial
injection of HiCM (1×108) signi�cantly restored the EF (vs Vehicle, p<0.05) at 4 weeks (Vehicle, 61.7±9.8;
HiCM, 70.2±3.7) and 12 weeks (Vehicle, 52.4±4.9; HiCM, 73.8±5.0) (Figure 2A). Similarly, the FS of the
control group declined after successful model establishment. Intramyocardial injection of
HiCM (1×108) restored the FS at 4 weeks (Vehicle, 31.7±6.1; HiCM, 37.4±2.6) and 12 weeks (Vehicle,
25.5±2.7; HiCM, 40.3±4.6) (Figure 2B). 

Furthermore, interventricular septal thickness at end diastole (IVSd) and interventricular septal thickness
at end systole (IVSs) were investigated to evaluate the structural remodeling after heart failure. As shown
in Figure 1C, the IVSd of the Vehicle group signi�cantly decreased at 4 weeks (vs Pre-op, p<0.05), and
then recovered after 12 weeks. In contrast, the IVSd of the HiCM group was signi�cantly higher (Vehicle,
2.9±1.2 mm; HiCM, 4.5±1.2 mm) at 4 weeks (Figure 2C). Similarly, the IVSs of the HiCM and Vehicle
groups signi�cantly decreased at 4 weeks (vs Pre-op, p<0.05). However, while the IVSs in Vehicle group



Page 5/17

remained impaired, it was rescued in the HiCM group (Vehicle, 5.1±1.1 mm; HiCM, 6.9±1.0 mm) at 12
weeks (Figure 2D). Similar with our previous work in small animals, HiCM tended to attenuate left
ventricular end-systolic volume (LVESV) enlargement as compared to the control group (Figure 2E), but
the difference failed to achieve statistical signi�cance (Figure 2F).  Taken together, intramyocardial
injection of HiCM (1×108) signi�cantly restored the contractile function and attenuated structural
remodeling in our heart failure Rhesus monkey model.  

 

Bio-distribution of HiCM after intramyocardial injection

To study the tissue bio-distribution of HiCM after intramyocardial injection, Zirconium 89 (89Zr) was
employed to label HiCM. 89Zr-oxine or 89Zr-oxine labeled HiCM (89Zr-HiCM) was intramyocardially
injected. Immediately after cell injection, the NHPs were scanned, and the highest radioactivity retention
was observed in hearts of both cell-free and cell-radiolabeled groups (Figure 3A). Animals in both groups
were monitored for 504 hours, which demonstrated that the majority of 89Zr-HiCM were retained in NHP
hearts by intra-myocardial injection. Real-time radioactivity in other major organs, such as lung, spleen,
liver, and reproductive organs was compared between the two groups. Radioactivity retention in lungs of
89Zr-HiCM-treated NHP peaked within the �rst 2 hours and started to decrease thereafter. After 24 hours,
the radioactivity retention demonstrated similar pattern and intensity in 89Zr-HiCM and 89Zr-oxine groups.
Meanwhile, radioactivity accumulated in spleen and liver at day 7 (Figure 3A), which is consistent with a
recent study based on a mouse model16. The radioactivity retention pattern in kidneys of both groups
was almost identical (Figure 3B). Testis demonstrated no radioactivity retention, indicating that HiCM
may not affect the reproductive system.

 

HiCM remuscularized in rhesus monkey heart

To further investigate if HiCM transplantation could remuscularize the heart and restore the cardiac
function, the monkeys were sacri�ced at 4 weeks or 12 weeks to study the myocardial retention of
HiCM via immunostaining with a human Cardiac Troponin I speci�c antibody. The implanted HiCM
 remuscularized the Rhesus monkey hearts at 4 weeks, and were still detectable at 12 weeks (Figure 4),
which is consistent with previous studies of monkey iPSC-CM12 and human ESC-derived CM9 in NHP. The
HiCM retention in brain, spleen, liver, lung, or kidney at 4 or 12 weeks was undetectable through qPCR of
human mitochondrial DNA (data not shown), which was consistent with a previous report11. 

 

Safety assessment of HiCM injection in health rhesus monkeys
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Intramyocardial injection is widely used in various cell therapies to implant cells for heart failure
treatment17,18. Here, we found that injection of 1×108 HiCM did not affect the body weight of Rhesus
monkey. Animals in both vehicle and HiCM groups underwent full necropsy after experiment. Consistent
with our previous work in immunocompetent rats, no evidence of teratoma or other tumors was detected
in animals receiving HiCM. Although the biodistribution study demonstrated that HiCM migrated to some
somatic organs (mainly in lung, kidney, and liver) after transplantation, no human cells were identi�ed
outside the heart after 3-months. The potential cardiac proarrhythmic effect of HiCM was also analyzed
by ECGs at different time points. NHP in the vehicle group remained in normal sinus rhythm throughout
the study period. In contrast, 4 monkeys (out of 10 animals) in HiCM group developed non-sustained
ventricular tachycardia (NSVT, de�ned as wide QRS complex with rate > 180 bpm, lasting < 15 seconds)
during the �rst two weeks post transplantation. No sustained ventricular tachycardia or ventricular
�brillation were detected and all NHP remained conscious during the experiment. Taken together, no
mortality or tumorigenicity related to HiCM injection were observed during the experiment. 

Discussion
This study has demonstrated that HiCM, which can be large-scale manufactured and cryopreserved,
engraft and restore heart function in infarcted NHP models. Previously, we have demonstrated that HiCM
grafts survived in infarcted rat hearts and restored myocardial function following intramyocardial
transplantation11. However, although proof-of-concept data can be collected in small animal/rodents,
NHP remain a gold standard for con�rmatory studies because of the similarity with humans in behavior,
physiology, biochemistry, and complexity of organ functions. Shiba et al. found signi�cant improvement
in EF followed transplantation of allogeneic macaque iPSC-CM into macaque hearts13. Liu at al
demonstrated an absolute 20% increase in LVEF in two monkey hearts 3 months following hESC-CM
transplantation19. In this study, we have shown that human HiCM remuscularized monkey hearts and
increased LVEF to 73.8 ± 5.0% over a 3-month observation period, compared with vehicle control
recipients (52.4 ± 4.9%). We also showed that intramyocardial injection of HiCM (1×108) signi�cantly
reversed ventricular remodeling after myocardial infarction, indicating the potential reparative potential of
this cell type9–13. Of note, the functional bene�ts afforded by hiPSC-CM transplantation were obtained
when cells were delivered immediately following the coronary artery ligation. As such, they are primarily
representative of the effects of these cells in the setting of an acute myocardial infarction and cannot be
readily extrapolated to a more chronic heart failure scenario.

Immune rejection is a major concern related inherent to the allogeneic nature of HiCM. Previously, Shiba Y
et al. reported that allogeneic monkey iPSC-CM could remuscularize the heart with no evidence of
immune rejection in monkeys treated with clinically relevant doses of methylprednisolone and
tacrolimus13. Despite a similar e�cacy in rescuing contractile function of NHP hearts, Zhu et al. reported
total rejection of hESC-CM following long-term observation (140 days)20. In this study, we used a
prolonged immunosuppression regimen, consisting of methylprednisolone (16 mg/day), tacrolimus (4.5
mg/day), mycophenolate mofetil capsules (2.25 mg/day) and Basiliximab (20 + 20 mg). We found HiCM
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grafts in NHP hearts 4 weeks after transplantation, which were still detectable at 12 weeks. However, at
this time point, the engraftment rate was markedly reduced compared with the 4-week observation time
point. Notwithstanding the fact that these data should be interpreted in light of the xenogeneic setting of
our transplant model, a key question remains the optimal immunosuppression regimen conciliating
survival of the graft with minimization of drug-induced adverse events in patients. In the future, attractive
options include the generation of gene-edited hypoimmunogenic cell lines21 or, maybe better, the
derivation, from the same iPSC line, of both CM and dendritic cell-like cells to induce an allogen-speci�c
tolerance in the recipient22.

Although the e�cacy of exogenous cardiomyocytes derived from pluripotent stem cells has been
consistently reported in large-animal models, its mechanism remains elusive. One hypothesis is the direct
replacement of the irreversible myocardial loss by transplantation of exogenous cardiomyocytes. Liu YW
et al. delivered 750 million hESC-CMs into NHP heart with large myocardial infarction and demonstrated
a striking 20% absolute improvement in LVEF and the presence of large exogenous grafts at 3-months9.
In a similar study, 400 million allogenic macaque iPSC-CM were also demonstrated to integrate and
improve contractile function in macaque infarcts13. In contrast, other studies have reported minimal23 or
even absence of engraftment20, suggesting an alternate mechanism of action based on paracrine
signaling whereby cells promote cardiac repair by actively releasing molecules that harness endogenous
cardiac repair. Here, 100 million HiCM were intramyocardially injected into myocardial infarcts and
signi�cantly restored the EF at 4 and 12 weeks. The current e�cacy study is limited to only one dosage;
future study of multiple doses is needed to elucidate the correlation between e�cacy and dosage.

Intramyocardial injection is the primary choice to implant cells for heart failure17,18. Although radio-
labeling of transplanted cells has been successfully reported to track their fate in a rodent model16, the
dynamic distribution of hiPSC-CMs in NHPs after intramyocardial injection is still unsettled. For the �rst
time, we employed 89Zr to label HiCM and track their in vivo fate by PET/CT scanning. Our results of a
504-hour continuous tracking demonstrated that intramyocardially injected 89Zr-HiCM were mainly
retained in heart. The second largest HiCM-enriched organ was the liver, which is the major organ for
metabolism and detoxi�cation. The tissue distribution of 89Zr-HiCM at 4 weeks was undetectable in brain,
spleen, liver, lung, or kidney, which is consistent with our previous reports in small animals9,13. It is
noteworthy that 89Zr-HiCM were not detected in testis of NHP, indicating that these cardiac regenerative
therapeutics did not pose reproductive toxicity. These data should be interpreted in light of the fact that
radiolabeled cells were injected in healthy NHP hearts and that their biodistribution might be different in
case of a delivery into an infarcted myocardium because of differences in local signaling cues.

Consistent with a previous study using hESC-CMs9, we detected few HiCM in recipient hearts 12-week
post-implantation, leading to conclude that it is unlikely that the bene�ts totally relied on direct
myocardial tissue replacement by exogenous cardiomyocytes despite a continuous post-transplantation
cell death even under immune-suppressants, heart functions in infarcted NHP model gradually improved
and persisted at 12-week post transplantation. This suggests that early/short-term direct cell replacement
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and sustained paracrine effects might synergistically promote cardiac regeneration. These paracrine
effects could be related to the secretion of growth factors/cytokines acting to stimulate blood vessel
growth and/or reduce post-infarct in�ammation23. Indeed, Zhu et al. reported negligible engraftment after
long-term (140 days) hPSC-CVPCs transplantation20, supporting the role of a paracrine effect on
signaling pathways like angiogenesis, in�ammation, apoptosis and �brosis24. Recently, several groups
reported that exosomes secreted by hPSC-CMs induced similar myocardial recovery improvements as
hPSC-CMs, with less cell-mediated complications, for example, arrhythmia25–27, which highlights the
potential role of these nanoparticles as key drivers of the paracrinally-induced repair mechanism.
Regardless of the contribution of these mechanisms to the overall improvement in function, it is likely
justi�ed to pursue attempts at optimizing the survival of transplanted cells to have them structurally
contributing to the replenishment of the lost contractile cell pool. Ventricular arrhythmia is another major
challenge of transplantation of electroactive exogenous cardiomyocytes. Shiba Y. et al. reported that all
the recipients receiving iPSC-CMs (n = 5) showed sustained ventricular tachycardia on day 14, while none
was longer apparent on days 56 and 8413. Liu YW et al. reported that 3 out of 5 hESC-CM treated animals
developed non-sustained ventricular tachycardia (NSVT), compared with 1 out 3 control primates9. Both
studies reported that the arrhythmias occurred early after intramyocardial injection, were not lethal and
then disappeared. In the present study, 4 out of 10 HiCM-transplanted primates developed NSVT
compared with none in the vehicle group. Since hPSC-CMs have a relatively constant spontaneous
beating frequency in vitro, we hypothesize that the development of NSVT may be caused by an
electrophysiological graft/host mismatch during the early post transplantation period. Indeed, the
restriction of these arrhythmias to the early post-transplantation period followed by their waning is
temporally consistent with a gradual maturation of the nodal-like cell fraction initially present in the
transplanted cell pool (16.4% of total in this study) towards a more differentiated adult-like phenotype
reducing the risk of automaticity28. Furthermore, the injection of cell-containing medium introduces
obstacles, such as interfering the propagation of electrical waves and inducing spiral turbulence, a
particular form of functional reentry. In our study, we limited the injection volume at each site to no more
than 100 µL, and no ventricular �brillation was observed. Future clinical trials should be designed to
address this arrhythmic issue both by prevention (through a more extensive pre-transplant maturation of
the grafted cells) and drug management (HCN blocker or beta-blockers, among others) even though the
internal cardioverter de�brillator commonly present in these heart failure patients may act as an
additional safety net.

Taken together, our study demonstrates that intramyocardial injection of HiCM was effective in repairing
injured myocardium and restoring post-infarction myocardial function in NHP models. We have also
shown 89Zr-labeling to be an effective method for real-time bio-distribution tracking in this large animal
model. This study provides strong evidence to support clinical trials of HiCM transplantation as a
potential reparative cure for heart failure. Moreover, re�nements in large-scale cell manufacture should
also be considered to broaden the translatability of this therapy.
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Methods
hiPSC-CMs and cell preparation

The ultra-pure (Purity > 95%) hiPSC-CMs were produced by HELP Therapeutics and cryopreserved in
Liquid Nitrogen. The cell preparation for intramyocardial injection has been described in a previous
paper11. 

Animal Experiments

E�cacy study

Animals and Heart Failure model 

Sixteen Rhesus (Macaca mulatta) monkeys, aged 3-5 years and weighting 4.5-6.0 kg, were obtained from
Sichuan Green-house Biotech Co., Ltd.  The animals were housed in individual cages and acclimatized to
the laboratory condition for a period of at least 2 weeks. They received conventional laboratory diet with
free access to drinking water as approved by the Laboratory Animal Management Committee. All animal
procedures were approved by Institutional Animal Care and Use Committee with code IAC-A2019021-P-
01.  Rhesus monkeys were divided into two groups: vehicle group (n = 6) and HiCM group (n = 10). All the
monkeys subjected to surgical procedure were intubated and ventilated to achieve end tidal CO2 between
35 and 40 mmHg. Standard non-invasive measurements including electrocardiography, cuff blood
pressure, pulse oximetry, and capnography were constantly monitored. Intra-arterial and intravenous
catheters were used. Anesthesia was induced by intramuscular injection of Atropine Sulfate (0.02~0.05
mg/kg), followed by intramuscular injection with Tiletamine Hydrochloride and Zolazepam Hydrochloride
for Injection (Zoletil-50, 0.1~0.15 mL/kg) 30 min later. Sevo�urane (1~3%) inhalation was applied to
maintain the anesthetic condition during the surgical procedure. The heart was exposed via a sternotomy
using rib shears. The left anterior descending artery (LAD) was ligated between the �rst and the second
diagonal artery for 3 hours. In the vehicle group monkeys, 1.25 mL 5% HSA was injected into the left
ventricular wall. In the HiCM group, 1×108 hiPSC-CM resuspension in 1.25 mL 5% HSA was similarly
injected. Injections were made in the myocardium with a 22G needle in and around the infarct area.



Page 10/17

Pericardium and pleura were closed with 4-0 polyethylene sutures after the cardiac hemodynamic
became stable. The sternum incision was closed with 10 silk sutures, and the skin incision was closed
with silk suture. The endotracheal tube was retracted after the spontaneous breathing was restored. 

Immunosuppressants

All animals received immunosuppressive drugs 5 days before surgery: Methylprednisolone (16 mg/day),
Tacrolimus (4.5 mg/day), Mycophenolate mofetil Capsules (2.25 mg/day) and Basiliximab (20 mg on the
day of HiCM injection and 20 mg at 4 days post HiCM injection). 

Echocardiography measurement

Two-dimensional echocardiographic measurements (parasternal long- and short-axis, apical 4- and 2-
chamber views) were performed in left lateral position for all monkeys using a Vivid I Portable Ultrasound
Machine (GE, USA). End-diastolic volume (EDV) and end-systolic volume (ESV) were recorded. EF was
calculated as EF = (EDV - ESV) / EDV × 100%.

Biodistribution study

Subjects

Two male crab-eating (Macaca fascicularis) monkeys, aged 7~8 years and weighting 5.3-5.7kg, were
obtained from Beijing Prima Biotech Inc. The crab-eating (Macaca fascicularis) monkeys were divided
into two groups (89Zr labeled hiPSC-CM and 89Zr-oxine). The 89Zr labeled hiPSC-CMs or 89Zr-oxine were
resuspended in 5% HSA and injected into the left ventricular wall through open chest surgery.

89Zr labeling of hiPSC-CM

89Zr-oxine complex was synthesized from oxine and 89ZrCl4 produced at the Mitro Biotech (Nanjing,

Jiangsu, PRC) as previously reported 29. Human iPSC-CM in phosphate-buffered saline (PBS) were
incubated with 89Zr-oxine (50-80 kBq/106 cells) for 30 minutes. Then, labeled 89Zr-HiCM was washed
twice with PBS and re-suspended in 5% HSA medium for intramyocardial injection. 

Tracking 89Zr-HiCM by clinical PET/CT imaging

PET/ CT imaging was conducted at Mitro Biotech (Nanjing, Jiangsu, PRC) with a Biograph PET/CT
(Siemens, Knoxville, TN, USA). For each scan, anesthesia was induced by intramuscular injection with
Atropine Sulfate (0.02~0.05 mg/kg), followed by intramuscular injection with Tiletamine Hydrochloride
and Zolazepam Hydrochloride for Injection (Zoletil-50, 0.1~0.15 mL/kg) 30 min later. Sevo�urane (1~3%)
inhalation was applied to maintain the anesthetic condition for the duration of PET scanning. Body
temperature was maintained with circulating water heating pads. Whole-body CT scans were acquired at
each time point, for PET attenuation and scatter corrections and region-of-interest (ROI) were delineated.
Iterative reconstructions were performed for all PET data using the same set of manufacture-
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recommended reconstruction parameters. The image analysis software package PMOD (v3.8, PMOD
Technologies LLC, Zürich, Switzerland) was used for quantitative analysis of the ROIs. ROIs were
manually drawn, referencing both PET and CT data at each time point, including heart, lung, liver, kidney,
spleen, testis, muscle, femur bone marrow, tibia bone marrow, and tibia cortical bone.  Subsequently, the
image-derived biodistributions over the course of the imaging study at designated timepoints were
calculated as standardized uptake values (SUVmean) in the above ROIs for all imaging data sets.

Note: MAC (μCi/g) the Mean Activity Concentration in the ROI. ID is the total injected dose on day 0. M is
the mass of the monkey.

Post-operative management (1 week after surgery)

For both e�cacy and biodistribution experiments, prophylactic medications including Cefoxitin Sodium
(50 mg/kg, i.v.), Penicillin sodium (25~75 kIU/kg, i.v.), Fluconazole (50 mg/day), and Cefuroxime Axetil
(0.5 g/day) were provided to all monkeys for 1 week. In case of pain, morphine (0.01~0.015 mg/kg,
intramuscular injection; Animal care, Dunnington, York, UK) was given as deemed necessary.

Immunohistochemistry

Sections from heart tissue samples were cut to 4-6 μm and processed for immunohistochemical
examination by a streptavidin-biotin-peroxidase complex method. Tissue sections were placed on 3-
amino-propyltrieyhoxysilanecoatede slides, dewaxed, and hydrated. Antigen retrieval was facilitated by
heating in citrate buffer (pH 6.0) for 10 min in a microwave oven with a power of 800 watts. The slides
were then dipped in freshly prepared absolute methanol containing hydrogen peroxide 3% vol/vol for 15
min to quench endogenous peroxidase activity. Sections were treated with Rabbit anti-cardiac Troponin I
antibody (ab52862, Abcam, USA) for 60 min. After washing with PBS, the slides were incubated with
rabbit anti-goat immunoglobulin G diluted at 1:300 in PBS for 30 min at room temperature. After washing
with PBS, the slides were treated for 5 min at room temperature with 3,3′-diaminobenzidine
tetrahydrochloride (DAB) in PBS (0.5 mg DAB/mL) containing hydrogen peroxide 30% vol/vol. Sections
were counterstained with Mayer’s hematoxylin, dehydrated, and mounted before imaging.

Data analysis

Data analysis was performed with GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA). Data
are shown as means with standard deviations. Multiple t tests were conducted to evaluate the
signi�cancy: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 1

Characterization of hiPSC-CMs (HiCM).

A Immuno�uorescent staining of cardiac troponin T (cTnT). B Flow cytometer analysis indicating >95%
purity of cTnT-positive cells. C Patch clamp analysis revealed action potential featured with Ventricular-
like, Atrial-like and Nodal-like, which account for 59.7%, 23.9% and 16.4% respectively (D). E Cell mass
electrical impedance study showed normal 200-300 ms EFP.
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Figure 2

HiCM restored cardiac functions.

Intramyocardial injection of HiCM retored EF (A) and FS (B) at 4-week and 12-week post implantation.
Interventricular septal thickness at both diastolic (C) and systolic (D) phases were impoved by HiCM. Left
ventricular end-systolic volume (LVESV) was signi�cantly improved by HiCM (E), while no signi�cant
improvement was found in LVEDV (F). 
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Figure 3

Biodistribution of HiCM188 by radioactivity retention of 89Zr.

A Dynamic images of maximum-intensity total-body PET projections after intramyocardial injection. Top
panel:89Zr labeled hiPSC-CMs. Bottom panel: 89Zr-oxine. B The dynamic SUVmean score of 89Zr
radioactivity retention in Heart, Spleen, Liver, Lung and Kidney.
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Figure 4

Human iPSC-derived cardiomyocytes were remuscularized in heart of the rhesus monkey after
intramyocardial injection.

The rhesus monkeys were sacri�ced at 4 or 12 weeks after intramyocardial injection of hiPSC- CMs,
followed by immunostaining with human cardiac Troponin I, indicated by orange arrow.


