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Dear Editor:

We would like to submit our manuscript entitled “Establishment a Swine Model of Post-myocardial
Infarction Heart Failure for Stem Cell Treatment” for your consideration to publish on JoVE.

Heart failure (HF) following myocardial infarction (MI) remains one of the leading causes of mortality and
morbidity worldwide. Cell-based therapeutics have been explored as a potential approach to replenish the
lost cardiomyocytes and improve LV function in HF. Accordingly, the safety and efficacy of these cells
transplantation in a preclinical large animal model of HF should be tested before clinical use. Pigs are
widely used for cardiovascular disease research. Since their heart size and coronary anatomy are very
similar to that of humans. Here the study present an effective protocol for establishment a chronic HF
model using a closed-chest coronary balloon occlusion of the left circumflex artery (LCX), followed by
rapid ventricular pacing induced with pacemaker implantation. Eight weeks later, the stem cells were
administrated by Intro-myocardium injection. Then the infarct size, heart function and cell survival was
evaluated. This study will help to establish a stable preclinical large animal HF model for stem cell
treatment.

All the authors have significant contribution to the design, data collection and analysis of this study. All the
authors have agreed for its submission to JoVE.

Thank you for your consideration.

Yours sincerely

Hung-Fat Tse, MD, PhD
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27  SUMMARY:
28  We sought to establish a swine model of heart failure induced by left circumflex artery blockage
29  and rapid pacing to test the effect and safety of intramyocardial administration of stem cells for
30 cell-based therapies.
31
32  ABSTRACT:
33  Although advances have been achieved in the treatment of heart failure (HF) following
34  myocardial infarction (Ml), HF following MI remains one of the major causes of mortality and
35 morbidity around the world. Cell-based therapies for cardiac repair and improvement of left
36  ventricular function after Ml have attracted considerable attention. Accordingly, the safety and
37 efficacy of these cell transplantations should be tested in a preclinical large animal model of HF
38 priortoclinical use. Pigs are widely used for cardiovascular disease research due to their similarity
39 to humans in terms of heart size and coronary anatomy. Therefore, we sought to present an
40  effective protocol for the establishment of a porcine chronic HF model using closed-chest
41  coronary balloon occlusion of the left circumflex artery (LCX), followed by rapid ventricular pacing
42  induced with pacemaker implantation. Eight weeks later, the stem cells were administered by
43  intramyocardial injection in the peri-infarct area. Then the infarct size, cell survival, and left
44  ventricular function (including echocardiography, hemodynamic parameters, and
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electrophysiology) were evaluated. This study helps establish a stable preclinical large animal HF
model for stem cell treatment.

INTRODUCTION:

Cardiovascular diseases, coronary artery disease (CAD) in particular, remain the major cause of
morbidity and mortality in Hong Kong and worldwide®. In Hong Kong, a 26% increase from 2012
to 2017 of the number of CAD patients treated under the Hospital Authority was projected?.
Among all CADs, acute myocardial infarction (Ml) is a leading cause of death and subsequent
complications, such as heart failure (HF). These contribute to significant medical, social, and
financial burdens. In patients with MI, thrombolytic therapy or primary percutaneous coronary
intervention (PCIl) is an effective therapy in preserving life, but these therapies can only reduce
cardiomyocyte (CM) loss during MI. The treatments available are unable to replenish the
permanent loss of CMs, which leads to cardiac fibrosis, myocardial remodeling, cardiac
arrhythmia, and eventually heart failure. The mortality rate at 1-year post-Ml is around 7% with
more than 20% patients developing HF3. In end-stage HF patients, heart transplantation is the
only available effective therapy, but it is limited by a shortage of available organs. Novel therapies
are necessary to reverse the development of post-MI HF. As a result, cell-based therapy is
considered an attractive approach to repair the impaired CMs and ameliorate left ventricular (LV)
function in HF following MI. Our previous studies found stem cell transplantation to be beneficial
for heart function improvement after direct intramyocardial transplantation in small animal
models of MI*>. Standardized preclinical large animal HF protocols are thus needed to further
test the efficacy and safety of stem cell transplantation before clinical use.

Recent decades have witnessed the widespread use of pigs in cardiovascular research for stem
cell therapy. HF pigs are a promising model of translational research due to their similarity to
humans in terms of cardiac size, weight, rhythm, function, and coronary artery anatomy.
Moreover, porcine HF models can mimic post-MI HF patients in terms of CM metabolism,
electrophysiological properties, and neuroendocrine changes under ischemic conditions®. The
protocol presented here uses such a standardized pig HF model, employing a closed-chest
coronary balloon occlusion of the left circumflex artery (LCX) followed by rapid pacing induced
by pacemaker implantation. The study also optimizes the route of intramyocardial administration
of stem cells for the treatment of post-MI HF. The purpose is to produce a porcine animal model
of chronic myocardial infarction that can be used to develop treatments that are clinically
relevant for patients with severe CAD.

PROTOCOL:

All animal experiments were performed in accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health and regulations of the
University of Hong Kong, and the protocol was approved by the Committee on the Use of Live
Animals in Teaching and Research (CULTAR) at the University of Hong Kong.

NOTE: Female farm pigs weighing 35—-40 kg (9—12 months old) were used for this study. The
flowchart of this experiment is shown in Figure 1.
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1. Surgical procedures
1.1. Anesthesia and preparation of the animal
1.1.1. Fast the animals for 12 h and subject to water deprivation for 4 h before the experiment.

1.1.2. Anesthetize the pigs through an intramuscular injection of tiletamine+zolezepam (2—7
mg/kg) and xylazine (0.5—1 mg/kg) prepared in 20 mL of normal saline. Monitor the animal's
palpebral reflexes until they are absent.

1.1.3. Remove the pig's hair and sterilize the skin at the neck and the groin for sections 1.3-1.5.
Disinfect the operation area 3x with 70% ethanol and betadine.

1.1.4. Place a 7 mm endotracheal tube into the porcine trachea and place a 22 G venous
indwelling needle into the ear vena.

1.1.5. Move the pig onto the operating table and place in a supine position. Connect the
endotracheal tube to the respirator and mechanically ventilate (inspiratory/expiratory time ratio
1:2) the animal with isoflurane (1.5%—2.0% inhalation) and oxygen (0.5—1.5 L/min inhalation).

1.1.6. Monitor the surface electrocardiogram and blood pressure, and continuously monitor the
heart rate, heart rhythm, and arterial blood pressure via electrophysiology recording systems.

1.2. Echocardiography
1.2.1. Move the pig to the left lateral decubitus position and fix on the table.

1.2.2. Put the probe on the pericardial region and perform serial echocardiography, including 2D
and M-mode imaging, using a high-resolution echocardiographic system and a 3-9 MHz
transducer at the baseline, before cell transplantation and 8 weeks after cell transplantation
(Supplemental Figure 1).

1.2.3. Analyze all the obtained images using commercial software. Calculate the LV end-diastolic
dimension (LVEDD), LV end-systolic dimension (LVESD), LV end-diastolic volume (LVEDV), LV end-
systolic volume (LVESV), LV ejection fraction (LVEF), and wall thickness after standard
echocardiographic images are obtained from the parasternal long-axis view.

NOTE: All the off-line analyses were conducted by another independent operator using a
computer workstation. The variability of the measurements between different observers was 4%
based on 20 repeated random images. All the echocardiographic measurements were performed
in accordance with the American Society of Echocardiography recommendations.

1.3. Pacemaker implantation
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1.3.1. Move the pig to the supine position and fix the limbs of the pig on the table with straps.

1.3.2. Locate the right carotid artery and jugular vein in the carotid triangle (behind the
sternocleidomastoid and surrounded by the stylohyoid, the digastric muscle, and the omohyoid)
and isolate the right carotid artery and jugular vein with hemostatic forceps under sterile
conditions (Supplemental Figure 2). Ligate the distal end of the right carotid artery and jugular
vein.

1.3.3. Cannulate the right jugular vein with an angiocath and insert a pacemaker lead to the right
ventricle under X-ray guidance (Figure 2).

1.3.4. Isolate the sternocleidomastoid and the anterior scalene muscle using forceps. Implant a
pacemaker between the two muscles and sew the two muscles with 2-0 silk. Connect the
pacemaker to the lead.

1.3.5. Reprogram the pacemaker to backup VVI mode (35 bpm) by a pacemaker generator after
the transplantation.

1.3.6. Apply rapid ventricular pacing (150 beats/min) to induce HF by a pacemaker generator 4
weeks after Ml induction. Then set the pacemaker back to backup VVI mode at 8 weeks.

1.4. Invasive pressure volume loop analysis

NOTE: Perform invasive hemodynamic assessment at baseline, before cell transplantation and 8
weeks after cell transplantation to assess changes in LV function.

1.4.1. Isolate the right femoral artery and femoral vein in the femoral triangle (surrounded by the
inguinal ligament, sartorius muscle, and adductor longus muscle) (Supplemental Figure 2).

1.4.2. Cannulate the right femoral artery with an angiocath and place a guidewire into the artery
via the angiocath. Remove the angiocath and cannulate a 9F sheath into the artery under the
guidance of the guidewire. Remove the guidewire.

1.4.3. Cannulate the right femoral vein with a 12F sheath as described in step 1.4.2. Insert a
balloon catheter from the placed 12F sheath into the inferior vena cava (IVC) under X-ray
guidance.

1.4.4. Calibrate a 7 Fr pressure-volume (PV) catheter in isotonic saline with a PV signal processor.

1.4.5. Insert the PV catheter into the LV apex from the placed 9F sheath under X-ray guidance.
Suspend ventilation and measure the left ventricular maximal and negative pressure derivative
(+dP/dt), end-systolic pressure (ESP), and end-diastolic pressures (EDP) with the PV signal
processor.
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1.4.6. Measure the end systolic pressure-volume relationship (ESPVR) by the PV signal processor
during the occlusion of the IVC.

1.4.7. Restart ventilation when the procedure is finished.
1.5. Induction of Ml

1.5.1. Intravenously administer amiodarone (5 mg/kg intravenously over 1 h) and lidocaine (1.5
mg/kg intravenous bolus) to the animal before induction of Ml to prevent ventricular arrhythmias.

1.5.2. Cannulate the right carotid artery with an 8F sheath as mentioned in step 1.4.3.

1.5.3. Perform the coronary angiography through a 6F JR4 over-the-wire guiding catheter via the
placed sheath guided by standard C arm fluoroscopy equipment.

1.5.4. Occlude the left circumflex coronary artery (LCX) distal to the first obtuse marginal branch
with percutaneous transluminal coronary angioplasty (PTCA) dilatation balloon catheter inflation
under X-ray guidance (Figure 2).

1.5.5. Inject 1 mL of 700 um sponge microspheres mixed with 7 mL of iohexol prepared in a 10
mL syringe through the balloon catheter to block the LCX, then deflate the balloon and perform
an angiogram to confirm the occlusion.

1.5.6. Repeat the injection procedure to achieve successful complete blockage.

1.5.7. Monitor the animal heart rate and rhythm to detect cardiac arrhythmias. If ventricular
fibrillation happened, use an external, biphasic defibrillator to reestablish a sinus rhythm using
150-300 J shocks.

1.6. Stem cell injection

1.6.1. Randomly assign all the animals with notable impairment of heart function (LVEF < 40% at
8 weeks after induction of Ml) to two different groups: one that will receive intramyocardial
administration of 2 x 108 human induced pluripotent stem cell-derived mesenchymal stem cells
(hiPSC-MSCs), and a second that will not receive hiPSC-MSCs.

1.6.2. Prepare the hiPSC-MSCs in 2 mL of normal saline for intramyocardial transplantation.
Before intramyocardial hiPSC-MSCs transplantation, repeat the anesthesia and animal
preparation steps mentioned in section 1.1, this time sterilizing 10 cm around the apex beat area.
Perform left thoracotomy at the 4-5 intercostal space with a retractor. Perform pericardiotomy
to expose the infarcted lateral wall.

NOTE: The length of the incision was 10-12 cm.
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1.6.3. Use 5-8 intramyocardial injections (~0.3 mL per injection) around the infarcted area to
administer culture medium (Table of Materials) to one group of animals or 2 x 10% hiPSC-MSCs
to the second group (Figure 3).

1.6.4. Close the intercostal space with iron wire and close the muscle layer with 2-0 silk. Sew the
subcutaneous tissue and skin with 2-0 vicryl.

1.7. Intracardiac programmed electrical stimulation

1.7.1. Perform programmed electrical stimulation using a programmable stimulator to assess the
inducibility of ventricular tachyarrhythmia (VT) after the cell transplantation therapy.

1.7.2. Insert a 6F electrophysiological catheter into the right ventricular apex via the femoral vein
before sacrificing all the animals.

1.7.3. Display the intracardiac recordings with the surface electrocardiogram leads |, I, and Il on
the electrophysiological recording system at a speed of 200 mm/s. Deliver a 2 ms pulse width at

2x the diastolic threshold using a stimulator.

1.7.4. Deliver a pacing train of eight stimuli (S1) at two drive cycle lengths (200 ms and 300 ms),
followed by one (S2) or two (S2 and S3) premature extra stimuli.

1.7.5. Sequentially shorten the coupling intervals until a ventricular effective refractory period or
arrhythmia is induced. Note the presence of inducible sustained VT (>10 s).

2. Postoperative protocol
2.1. Postoperative medicine

2.1.1. Perform conventional pharmacological therapies for HF. In brief, orally administer
metoprolol succinate (25 mg) and ramipril (2.5 mg) to all animals daily.

2.1.2. Intramuscularly administer enrofloxacin (5 mg/kg) and buprenorphine (0.01 mg/kg) to all
animals daily for 1 week after surgery to prevent infection and relieve pain.

2.1.3. To minimize immunological rejection, orally administer a steroid (40 mg/day orally) and
cyclosporine (200 mg/day orally) to all animals from 3 days prior to cell transplantation to 8
weeks after.

2.2. Infarct size assessment

2.2.1. Euthanize the animals by an overdose of dorminal (pentobarbital sodium, 100 mg/kg, 1V)
at the end of the experiment.
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2.2.2. Open the chest and collect the heart. Rinse the heart in 0.9% saline.

2.2.3. Serially section LV tissue samples with a scalpel at 1 cm thicknesses in the LV transverse
direction.

2.2.4. Select portions of the slices that contain the infarcted myocardium to measure the wall
thickness and the infarct area.

2.2.5. Capture the image of these slices and quantitatively analyze the wall thickness and the
infarct area using commercial image analysis software.

2.2.6. Fix the tissue in 10% formalin at 4 °C for a month. Embed the tissue within, adjacent and
remote to the infarct sites (~1 cm? pieces) in paraffin. Section into 5 um slices using a microtome
for histological examination.

2.3. Cell survival

2.3.1. Detect the engraftment of the transplanted cells by immunohistochemical staining with
anti-human nuclear antigen (HNA) according to the protocol provided by the manufacturer.

2.3.2. Capture the image in three different sections at five random fields in each animal and
guantitatively analyze the positive cells in the peri-infarct zone.

NOTE: The image capturing system and image analysis software were used to capture and
analyze the images of the heart sections.

REPRESENTATIVE RESULTS:

Mortality

A total of 24 pigs were used in this study. Three of them died during Ml induction because of
sustained VT. One animal died in the open-heart surgery for cell injection because of wound
bleeding. Two animals died because of severe infection. Two animals were excluded because of
slight EF reduction (LVEF reduction > 40% of baseline). As a result, 16 animals completed the
whole study protocol.

Cardiac function and remodeling

Serial echocardiographic examination showed that LVEF significantly decreased from 68.23 +
3.52% at baseline to 39.37 + 3.22%. LVEDD significantly increased from 3.6 + 0.5 to 4.8 + 0.4 and
LVESD significantly increased from 2.5 + 0.3 to 3.9 + 0.4 (Figure 4A) at 8 weeks after induction of
MI. LVEF and LVESD significantly improved to 52.9 + 4.27% and 3.3 + 0.3 respectively in the hiPSC-
MSCs group 8 weeks after the transplantation, compared with the Ml status (Figure 4A).

The +dP/dt and ESPVR significantly decreased from 1,325 + 63 mmHg/s and 3.9 + 0.4 at baseline
to 978 + 45 mmHg/s and 1.8 + 0.2 at 8 weeks after induction of MI. Intramyocardial
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administration of hiPSC-MSCs increased the +dP/dt and ESPVR to 1,127.4 + 50 mmHg/s and 2.6
+ 0.3 at 8 weeks after iPSC-MSCs transplantation, compared with the Ml status (Figure 4B).

Infarct wall thickness
The average LV infarct wall thickness was measured from 5-7 serial 1 cm thickness section
samples in each animal (Figure 5). The percentage of LV infarction was 16 + 2%.

Cell Survival after the transplantation

There was no cell survival around the injection site in the infarct area 8 weeks after the
transplantation, but a small number of the survival hiPSC-MSCs were visible in the peri-infarct
area (Figure 6).

Inducible ventricular arrhythmia

The incidence of inducible sustained ventricular tachyarrhythmias could be easily increased in
animals with HF (10% at baseline vs. 75% 8 weeks after induction of MI). The hiPSC-MSCs
transplantation does not significantly modify the underlying myocardial substrate to reduce
susceptibility to VT (62.5% in hiPSC-MSCs group 8 weeks after intramyocardial administration of
hiPSC-MSCs, Figure 7).

FIGURE LEGENDS:
Figure 1: Flow chart of the experiment.

Figure 2: Porcine model of myocardial infarction. The porcine model of myocardial infarction
(M1) was induced by embolization of the left circumflex coronary artery (LCX, red arrow) distal to
the first obtuse marginal branch. This coronary artery was occluded with balloon inflation and an
injection of 700 um microspheres. Coronary angiography at pre-Ml, balloon inflation, and post-
MI was performed through a 6F JR4 guiding catheter via the right carotid artery. The pacemaker
lead was inserted into the right ventricle wall (blue arrow).

Figure 3: Cell transplantation in a porcine model of MI. Cell injection sites at the lateral wall
around the infarct area of the left ventricle during left thoracotomy. The blue arrow shows the
peri-infarct area and the red arrow shows the infarct area.

Figure 4: Heart function changes after MI. (A) A LV M-mode echocardiogram image at baseline,
MI, and cell transplantation. LVEF, LVEDD, LVESD significantly decreased 8 weeks after Mi
induction and significantly increased in the hiPSC-MSCs group 8 weeks after cell transplantation.
(B) To assess the cardiac function of the pigs with heart failure, the +dP/dt value and the ESPVR
were measured with a PV signal processor. The inferior vena cava (IVC) was occluded by balloon
inflation (blue arrow) during the ESPVR assessment. Both the +dP/dt and the ESPVR significantly
decreased after Ml induction, and then significantly increased in the hiPSC-MSC groups 8 weeks
after the transplantation. ANOVA followed by Student-Newman-Keuls post hoc testing (SPSS,
version 14) was used with a = 0.05 for significance.

Figure 5: Infarct area changes after MI. LV transverse direction samples sectioned at 1 cm
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thicknesses in each heart containing infarcted myocardium.

Figure 6: Cell survival after the transplantation. The engraftment of the transplanted hiPSC-
MSCs was detected by immunohistochemical staining for anti-human nuclear antigen (red color).
Scale bar = 100 um. Arrows represent positive cells.

Figure 7: The incidences of sustained ventricular tachyarrhythmias. (A) Ventricular
tachyarrhythmias (VT, red arrow) induced by in vivo intracardiac programmed electrical
stimulation. (B) The incidence of VT significantly increased after MI induction. Cell
transplantation did not increase the incidence of VT.

Supplementary Figure 1: Echocardiogram acquisition. The left panel shows the animal’s
position. The right panel shows the probe position. The middle panel shows the
echocardiographic image under this position.

Supplementary Figure 2: Location of vessels. Pigs were placed in the supine position. Incisions
for the carotid artery and femoral artery are presented as a red line. The jugular vein and femoral
vein were beneath the carotid artery and femoral artery respectively.

DISCUSSION:

Standard animal models are of paramount importance to understand the pathophysiology and
mechanisms of diseases and test novel therapeutics. Our protocol establishes a porcine model of
HF induced by left circumflex artery blockage and rapid pacing. Eight weeks after the induction
of M, the animals developed significant impairment of LVEF, LVEDD, LVESD, +dP/dt, and ESPVR.
This protocol also tests the administration method of stem cell therapy for heart regeneration by
intramyocardial injection. The infarct size, and cardiac systolic and diastolic function are
evaluated. This study helps establish a stable and reproducible preclinical large animal HF model
for stem cell treatment, which is similar to clinical cases.

LCX blockage and rapid pacing has been used extensively to create animal models of HF in our
previous studies’®. The LCX distal to the first obtuse marginal branch was occluded, followed by
4 weeks of rapid right ventricular pacing. Myocardium ischemia results in loss of cardiomyocytes
during MI, which causes cardiac fibrosis, myocardial remodeling, and cardiac arrhythmia.
Ventricular pacing results in significant LV dilation, nonischemic impairment of left ventricular
contractility, and severe LV dysfunction®°, Longer durations of ischemia and rapid pacing
produce a progressive experimental low-output HF model for translational research. Previous
studies established heart failure models by inducing MI*°. However, the mortality of severe Ml
was higher and the LVEF reduction of Ml was unstable. Therefore, we apply rapid right ventricular
pacing after LCX blockage to induce significant impairment of cardiac function. As can be seen in
our prior studies, the model presented here yields stable infarct size, and the LVEF of this model
is reduced to at least below 40% normal®2. Had there been fewer infections and bleeding, our
model success rate could have been around 80%.

One of the major hurdles to the clinical application of stem cells is their poor survival and
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engraftment following transplantation. Recent clinical studies and meta-analysis'™*° have failed
to demonstrate any consistent improvement in LV function or infarct size following such therapy.
One of the potential reasons is the low survival rate of transplanted cells. Discovering an optimal
administration method plays a critical role in stem cell therapies. Comparing the three methods
of cell transplantation, intramyocardial administration is more efficient than intravenous and
intracoronary administration due to higher cell retention'®!’. Therefore, we selected an
intramyocardial administration route for iPSC-MSCs delivery in this study. Echocardiographic
results and invasive hemodynamic results demonstrated that intramyocardial administration of
iPSC-MSCs ameliorated LV function of post-MI HF pigs 8 weeks after cell transplantation. Despite
the administration of immunosuppressive drugs (a steroid and cyclosporine), only a few
transplanted cells were detected in the peri-infarct area. No surviving cell was detected in the
infarcted area around the injected site. Previous studies have also found an extremely small
portion of stem cells in the infarcted myocardium after the transplantation®2. Cell loss during
the intramyocardial administration might affect the experimental outcomes. How to improve the
administration methods and increase the residence rate should be clarified in future studies.

Safety, especially arrhythmogenesis, is another vital concern regarding clinical practice with cell-
based therapies. Our recent study demonstrated that intramyocardial administration of human
embryo stem cell (hESC) derived CMs increased the incidence of spontaneous non-sustained
ventricular tachyarrhythmias®. In our post-MI HF porcine model, the incidence of spontaneous
non-sustained ventricular tachyarrhythmia (rate >180 bpm and >12 beats) recorded by telemetry
monitoring from the pacemaker was 25% after Ml induction, but sustained VT could be easily
induced (80%). In this study, the incidence of sudden death remains unchanged with or without
hiPSC-MSCs administration. Moreover, hiPSC-MSCs transplantation did not modify the
underlying myocardial substrate to reduce or increase susceptibility to ventricular arrhythmias.
This result suggests that the large animal chronic HF model could be used for cell safety
assessment.

In summary, the current method provides a stable and reproducible clinically relevant large
animal model of heart failure for cell-based therapies.

ACKNOWLEDGMENTS:
The authors acknowledge Alfreda and Kung Tak Chung for their excellent technical support during
the animal experiments.

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:

1. Mozaffarian D. et al. Heart disease and stroke statistics—2015 update: a report from the
American Heart Association. Circulation. 131, e29-322 (2015).

2. H. Authority. Hospital Authority Statistical Report 2013, Hong Kong 2013.

3. CungT.T.etal. Cyclosporine before PCl in Patients with Acute Myocardial Infarction. The New
England Journal of Medicine. 373 (11), 1021-1031 (2015).



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

4. Liao S. Y. et al. Proarrhythmic risk of embryonic stem cell-derived cardiomyocyte
transplantation in infarcted myocardium. Heart Rhythm. 7, 1852—1859 (2010).

5. Liao S. Y. et al. Overexpression of Kir2.1 channel in embryonic stem cell-derived
cardiomyocytes attenuates posttransplantation proarrhythmic risk in myocardial infarction.
Heart Rhythm. 10, 273-282 (2013).

6. Liu Y. et al. Thoracic spinal cord stimulation improves cardiac contractile function and
myocardial oxygen consumption in a porcine model of ischemic heart failure. Journal of
Cardiovascular Electrophysiology. 23, 534-540 (2012).

7. Liao S. Y. et al. Improvement of Myocardial Function Following Catheter-Based Renal
Denervation in Heart Failure. JACC: Basic to Translational Science. 2 (3), 270-281 (2017).

8. Liao S. Y. et al. Remodelling of cardiac sympathetic re-innervation with thoracic spinal cord
stimulation improves left ventricular function in a porcine model of heart failure. Europace. 17
(12), 1875-1883 (2015).

9. Daehnert I., Rotzsch C., Wiener M., Schneider P. Rapid right ventricular pacing is an alternative
to adenosine in catheter interventional procedures for congenital heart disease. Heart. 90 (9),
1047-1050 (2004).

10. Hala P. et al. Tachycardia-Induced Cardiomyopathy as a Chronic Heart Failure Model in Swine.
Journal of Visualized Experiments. (132), e57030 (2018).

11. Santoso T. et al. Endomyocardial implantation of autologous bone marrow mononuclear cells
in advanced ischemic heart failure: a randomized placebo-controlled trial (END-HF). Journal of
Cardiovascular Translational Research. 7, 545-552 (2014).

12. Traverse J. H. et al. Cardiovascular Cell Therapy Research Network. Effect of intracoronary
delivery of autologous bone marrow mononuclear cells 2 to 3 weeks following acute myocardial
infarction on left ventricular function: the LateTIME randomized trial. Journal of the American
Medical Association. 306, 2110-2119 (2011).

13. Traverse J. H. et al. Cardiovascular Cell Therapy Research Network (CCTRN). Effect of the use
and timing of bone marrow mononuclear cell delivery on left ventricular function after acute
myocardial infarction: the TIME randomized trial. Journal of the American Medical Association.
308, 2380-2389 (2012).

14. de Jong R., Houtgraaf J. H., Samiei S., Boersma E., Duckers H. J. Intracoronary stem cell
infusion after myocardial infarction. A meta-analysis and update on clinical trials. Circulation:
Cardiovascular Interventions. 7, 156—167 (2014).

15. Nowbar A. N. et al. DAMASCENE writing group. Discrepancies in autologous bone marrow
stem cell trials and enhancement of ejection fraction (DAMASCENE): weighted regression and
meta-analysis. British Medical Journal. 348, g2688 (2014).

16. Kanelidis A. J., Premer C., Lopez J., Balkan W., Hare J. M. Route of Delivery Modulates the
Efficacy of Mesenchymal Stem Cell Therapy for Myocardial Infarction: A Meta-Analysis of
Preclinical Studies and Clinical Trials. Circulation Research. 120 (7), 1139-1150 (2017).

17. Hou D. et al. Radiolabeled cell distribution after intramyocardial, intracoronary, and
interstitial retrograde coronary venous delivery: implications for current clinical trials. Circulation.
112 (9 Suppl), 1150-156 (2005).

18. Hu X. et al. A Large-Scale Investigation of Hypoxia-Preconditioned Allogeneic Mesenchymal
Stem Cells for Myocardial Repair in Nonhuman Primates: Paracrine Activity Without
Remuscularization. Circulation Research. 118, 970-983 (2016).



485
486
487
488
489
490
491

19. ChongJ. J. et al. Human embryonic-stem-cell-derived cardiomyocytes regenerate non-human
primate hearts. Nature. 510, 273-277 (2014).

20. Martens A. et al. Substantial early loss of induced pluripotent stem cells following
transplantation in myocardial infarction. Artificial Organs. 38, 978-984 (2014).

21. Shiba Y. et al. Allogeneic transplantation of iPS cell-derived cardiomyocytes regenerates
primate hearts. Nature. 538, 388-391 (2016).



Figure 1

Baseline
Status

Echo, PV Loop

Echo, PV Loop

Echo, PV Loop

Click here to access/download;Figure;Figure 1.tif

- Pacemaker implantation
- Induction of myocardial
infarction

l 4 weeks

Pacemaker ON (VVI 150 bpm)

l 4 weeks

Pacemaker OFF (VOO)

l 24 hours

<Heart Failure Status >

Stem cell transplantation

l 8 weeks

Sacrifice for histological study



https://www.editorialmanager.com/jove/download.aspx?id=1117397&guid=b8d1d7b1-4711-4263-9f48-8eb6beed1ebe&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117397&guid=b8d1d7b1-4711-4263-9f48-8eb6beed1ebe&scheme=1

Figure 2 Click here to access/download;Figure;Figure 2 tiff =

Pre MI Balloon Inflation Post M


https://www.editorialmanager.com/jove/download.aspx?id=1117403&guid=f122d450-c10a-4732-9e50-2c7b66b672a6&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117403&guid=f122d450-c10a-4732-9e50-2c7b66b672a6&scheme=1

Figure 3 Click here to access/download;Figure;Figure 3.tif =



https://www.editorialmanager.com/jove/download.aspx?id=1117398&guid=c736c1a0-6721-4e30-ba12-614dde6e8110&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117398&guid=c736c1a0-6721-4e30-ba12-614dde6e8110&scheme=1

Figure 4

LV +dP/dtimmHg/s)

L Pl 05

fraarires

(21 heP Rl L

1600
1400
A0

0
i1 0]

P-:I!J JOG

gt

LVEDD {cm)

haer i

Baseline

i PSE- WY

ESPVR

BTy

Click here to access/download;Figure;Figure 4.tif

P05

4%
E
-
[
un
-
=

LUk

[tERS AR g Funeel - el

o1 hIPSC-BASCS

P<0.05

Biaretne ] Pl RTSL g


https://www.editorialmanager.com/jove/download.aspx?id=1117399&guid=79b7422b-229b-4d8c-a965-da3164fb007f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117399&guid=79b7422b-229b-4d8c-a965-da3164fb007f&scheme=1

Figure 5 Click here to access/download;Figure;Figure 5.tif



https://www.editorialmanager.com/jove/download.aspx?id=1117400&guid=53c3f6bb-b418-4a0d-9302-eebd9e9137b5&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117400&guid=53c3f6bb-b418-4a0d-9302-eebd9e9137b5&scheme=1

Figure 6 Click here to access/download;Figure;Figure 6.tif

hiPSC-MSCs


https://www.editorialmanager.com/jove/download.aspx?id=1117401&guid=09a16c55-a973-40c1-a466-8eb67462ba42&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117401&guid=09a16c55-a973-40c1-a466-8eb67462ba42&scheme=1

Figure 7 Click here to access/download;Figure;Figure 7.tif =

—T r I = =
[ - - |
Bl%
1 | ! |l | § & "'__,.'" . A |
O ey Ly | T} T PN U O W SO, |
| ~ T "R Ll W ¥

E

5 |-
R R W e W W a U T o R LWL T W E
¥ ¥ f i s gl 1 i 50
Inducible VT &
Sy S |
il k- "'ll. il | | Y f [ % - a | k'l
r 1 1 ||I. I| | % | ﬂi
L L 2
R : | | ll I "";! AT i} L = 10%
- ] | . ~ I' |.-|_,__I | I' | | I I .I II' -.I A } !_’|1-_I|;|_-[ II' .E
i | | |[ | r | | | 1 A T w

cantral MI hiPSC-MSCs



https://www.editorialmanager.com/jove/download.aspx?id=1117402&guid=ff6fad31-e3dd-48c3-bf90-20cc3398011c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1117402&guid=ff6fad31-e3dd-48c3-bf90-20cc3398011c&scheme=1

Table of Materials

Name of Material/Equipment
Amiodarone

Anaesthetic machines and respirator
Angiocath

Anti-human nuclear antigen

Axio Plus image capturing system
AxioVision Rel. 4.5 software

Baytril

Betadine

CardiolLab Electrophysiology Recording Systems
Culture media

Cyclosporine

Defibrillator

Dorminal

Echocardiographic system

EchoPac software
Electrophysiological catheter
Embozene Microsphere
Endotracheal tube

Ethanol

Formalin

IVC balloon Dilatation Catheter

JR4 guiding catheter

Lidocaine

Mersilk

Metoprolol succinate

Microtome

Mobile C arm fluoroscopy equipment
Pacemaker

Pacemaker generator

Company

Mylan

Drager

Becton Dickinson
abcam

Zeiss

Zeiss

Bayer
Mundipharma
GE Healthcare
MesenCult
Novartis

GE Healthcare
TEVA

GE Vingmed

GE Vingmed
Cordis Corp
Boston Scientific
Vet Care

VWR chemicals
Sigma

Boston Scientific
Cordis Corp
Quala

Ethicon
Wockhardt
Leica

GE Healthcare
St Jude Medical
St Jude Medical

Catalog Number
Fabius plus XL
381147
ab19118
Axioskop 2 PLUS

G220f
05420

CardioServ
Vivid i

17020-S1
VCPET70PCW
20821.33
HT501320
3917112041
67208200

W584

RM2125RT

OEC 9900 Elite
PM1272

Merlln model 3330

Click here to access/download;Table of Materials;60392_JoVE_Materials-1.xIsx %

Comments/Description

Axioskop 2 plus

enrofloxacin

700 um
Size 7
10%
Mustang
6F

2-0

Assurity MRI pacemaker


https://www.editorialmanager.com/jove/download.aspx?id=1118245&guid=9138de6b-88e8-4335-b43b-8ce09bcdf935&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1118245&guid=9138de6b-88e8-4335-b43b-8ce09bcdf935&scheme=1

Pressure-volume catheter
Pressure—volume signal processor
Programmable Stimulator

PTCA Dilatation balloon Catheter
Ramipril

Sheath introducer

Steroid

Temgesic

Venous indwelling needle

Vicryl

Xylazine

Zoletil

CD Leycom

CD Leycom

Medtronic Inc

Boston Scientific

TEVA

Cordis Corp

Versus Arthritis

Nindivior

TERUMO

Ethicon

Alfasan International B.V.
Virbac New Zealand Limited

CA-71103-PL
SIGMA-M

5328
H7493919120250
504608X

SR+0X2225C
VCP320H

7F

MAVERICK over the wire

8F, 9F, 12F
buprenorphine
22G

2-0

tiletamine+zolezepam



Author License Agreement (ALA)

io

VISUALIZED £

1 Alewite Center §200
Cambridge, MA 02146
tel. B17.945,9051
Www. jove.com

Click here to access/download;Author License Agreement
(ALA);doc00503320190606093738.pdf

ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article: Ectablishment o Spjine Mgo'(a/{ﬁ

for Sten Ce/% Treatmond

{l ﬂ,s-é- nyomm{iw( :\A{&w{lm Head —l[ﬂu'(We,

Author(s):

EJ,W " AM/ Zhe Zh, Yu Joag  Sijia S Wng ~Hlon Loi, «‘/vty-/:m‘ s
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http://www.jove.com/publish) via:
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Item 2: Please select one of the following items:

I:l Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

I:'The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JOVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

S. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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