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Adapted from Banerjee et al. Circ Res 2018;123:266-287.

Evolution of Cardiac Cell Therapy Trials

Failure of clinical trials to achieve relevant benefitsAwaiting for the results of the ongoing MSC trials



Ishida et al. Transplantation (on-line, August 5, 2018) 

▪ Pig model of MI

▪ 1 month after MI,  Tx (cell sheets) of iPSC-derived

cardiomyocytes, skeletal myoblasts or mesenchymal

stem cells

▪ Triple-drug regimen of tacrolimus, MMF & 

corticosteroids

▪ Assessment at 2 months post-Tx

Controls iPSC-CM                     MSC                 Sk Myoblasts

Vascular Density



Adapted from Banerjee et al. Circ Res 2018;123:266-287.

Evolution of Cardiac Cell Therapy Trials

Controversial results

of the SCIPIO trial

Neutral results

of the CHART-1 trial

Negative

results of the 

ALLSTAR

trial

CHART-1 Trial

Harvard Medical School and 

Brigham and Women’s Hospital have 

recommended that 31 papers from a 

former lab director be retracted from 

medical journals.

October 14, 2018



Adapted from Banerjee et al. Circ Res 2018;123:266-287.

Evolution of Cardiac Cell Therapy Trials

▪ Availability

▪ Scalability

▪ Cardiovascular differentiation potential in response to specific cues

▪ Possibility of controlling the maturation stage
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The Three Pillars of the ESCORT Trial

3- Provision of a 

trophic support by 

an autologous

pericardial flap

2- Combination of 

cells with a fibrin

scaffold

1- Human

embryonic stem 

cell-derived

cardiovascular

progenitors

Expression of cardiac transcription factors

I6                        SSEA-1+

Mesodermal/cardiac genes

I6           SSEA-1+

Pluripotency genes

ESC Transplantation for Severe Heart Failure



The Three Pillars of the ESCORT Trial

3- Provision of a 

trophic support by 

an autologous

pericardial flap

2- Combination of 

cells with a fibrin

scaffold

1- Human

embryonic stem 

cell-derived

cardiovascular

progenitors

ESC Transplantation for Severe Heart Failure

▪ Shielding effect increasing cell viability & 

retention

▪ 3D ECM-like template featuring instructive 

cues to enhance cell survival, proliferation & 

differentiation

▪ Potential platform for delivery of biologics

▪ Mechanical strengthening of the infarcted

wall

Rationale for the Use of Fibrin as a 

Cell-carrying Scaffold

▪ Biocompatibility

▪ Tunability of mechanical properties

▪ Angiogeneic potential

▪ Long standing safety record

▪ Marketed approval for human use



1- Human

embryonic stem 

cell-derived

cardiovascular

progenitors

The Three Pillars of the ESCORT Trial

3- Provision of a 

trophic support by 

an autologous

pericardial flap

2- Combination of 

cells with a fibrin

scaffold

VEGF expression in 

human pericardium

ESC Transplantation for Severe Heart Failure

Pericardial flap

Cell-loaded fibrin

patch slid into the 

pocket

The « Kangaroo » Operation

Fibrin patch embedding

human ESC-derived

cardio-vascular progenitors

Delivery of the patch onto

the epicardium of the

infarct area

Coverage of the cell-loaded

fibrin patch by the patient’s

pericardium used as a bioreactor



Model

>300

Primary

End point

Roadmap of Preclinical Studies

▪ Cardiac 

differentiation

▪Assessment of      

scaffolds

▪ Functional

outcome

▪Absence of 

teratoma

Number

Tomescot et al. Stem Cells 2007;25:2200-5.

Engraftment of hESC-derived cardiac-committed

cells in the infarcted rat myocardium

(Immunostaining against anti-human myosin)



Model

>300                    54

Primary

End point

▪ Cardiac 

differentiation

▪Assessment of      

scaffolds

▪ Functional

outcome

▪Absence of 

teratoma

Absence of 

teratoma

Number

Roadmap of Preclinical Studies

Teratoma formation 7 weeks after Tx

of undifferentiated hESC in a mouse 

model of immunodeficiency 

(RAG2-/- γc-/- C5-/-) 



Model

>300                    54                           32

Primary

End point

▪ Cardiac 

differentiation

▪Assessment of      

scaffolds

▪ Functional

outcome

▪Absence of 

teratoma

Absence of 

teratoma

▪ Potential for 

cardiac

differentiation

▪Absence of 

teratoma

Number

Roadmap of Preclinical Studies

X 40Blin et al. J Clin Invest 2010;120:1125-39.

Allogeneic Tx of Rhesus ESC-Derived SSEA1+ CV Progenitor Cells in Infarcted

Rhesus

Cell transfection with GFP driven by a cardiac promoter

Assessment at 2 months



Virology

▪ Cell banks
(MCB/WCB, 

LPCB)  

▪ Antibody

▪ SSEA-1+

progenitors

No contamination

Safety Testing

ESC Transplantation for Severe Heart Failure



ESCORT Trial: Viral Testing



Assous et al. Stem Cells 2018;36-814-21.

Minimal DNA integrity testing in hiPSCs



Virology

▪ Cell banks
(MCB/WCB, 

LPCB)  

▪ Antibody

▪ SSEA-1+

progenitors
▪ Karyotype

▪ FISH

▪ CGH arrays

No contamination

No genetic abnormalities

No tumor if

appropriate purification

Safety Testing

46, XY

Normal male karyotype

Cytogenetics

▪ Cell banks

▪ SSEA1+progenitors 

Tumorigenicity

▪ Pluripotent ESC

▪ SSEA1+

progenitors

▪ SSEA-1- cells

▪ Spiking experiments

▪ Injections in 

immunodeficient mice

(RAG2 -/- c-/- C5-/-)

ESC Transplantation for Severe Heart Failure



Inclusion Criteria

▪ Severe LV dysfunction (LVEF ≤ 35%)

▪ History of MI (≥ 6 mo.)

▪ Disabling functional limitation (angina and/or 

NYHA Class III/IV heart failure) despite optimal 

medical therapy

▪ Previous implantation of an ICD ± CRT

▪ Indication for a conventional coronary and/or valve 

procedure





ESCORT Trial

Patient Data

Pt #          Sex/Age (yrs)       LVEF (%)      Myocardial infarction

Age              Location

1*                  M/77 20  30 yrs AS

2 F/68 26 ? Lat

3 M/81 19 10 yrs Ant

9 yrs Inf

4 M/60 32 6 mo. Ant

5 M/65 34 17 mo. Ant

6 M/57                   19                10 mo.             Inf

*Early post-op. death; Multiple co-morbidities (EF:17%; 2 previous MIs; 

respiratory failure; Afib; obesity; peripheral arterial disease); 

no relationship with treatment



Cell Characteristics

Mean dose of delivered cells: 7.5 ± 1.2 million

Viability Purity
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ESCORT Trial: Safety

Outcome Measurements

Potential complication              Assessment Timing

Arrhythmias ICD interrogations Pre-op, 2 wks

1, 3 & 6 mo., 1 yr. 

Tumour PET scan Pre-op, 6 mo.

CT scan Pre-op, 1 yr.

Alloimmunization Donor cell-specific Pre-op, 2 wks, 

antibodies 3 & 6 mo., 1 yr.

Side-effects Clinical evaluation Regular

of immunotherapy Renal function routine checks

Current follow-up: 17 months-4 years



ESCORT Trial: Assessment of Arrhythmias

▪ Sustained ventricular fibrillation or polymorphic ventricular

tachycardia

▪ Sustained monomorphic ventricular tachycardia at a rate >150 bpm

▪ Wide complex tachycardia of unclear type

▪ Sustained atrial fibrillation or flutter

▪ Brady-arrhythmia and shock delivered by ICD 

▪ Brady-arrhythmia or anti-tachycardia pacing

ICD Serial InterrogationsInterrogation     Pt #2           Pt #3           Pt #4           Pt #5            Pt #6

of ICD

2 weeks None           None None None None

1 month None           None None None None

3 months None           None None None None

6 months None           None None None None

1 year None           None None None None



ESCORT Trial: Assessment of Tumorigenicity

18FDG Pet Scan

Pre-op & 6 months

Whole-body CT Scan

Preop & 1 year

Method of         Pt #2           Pt #3           Pt #4           Pt #5            Pt #6

Assessment

PET Scan         Normal       Normal Normal Normal Normal

(6 months)

CT Scan           Normal       Normal        Normal Normal Normal

(1 year)



The ESC line was sequenced on the 22-gene NGS panel validated 

for rare variant detection
Among the 6 

polymorphic loci, 

one is a rare alteration:

SMAD4 p.Phe362Phe;

c.1086T>C

▪ This polymorphism was not present 

in any of the patients’ constitutive 

DNAs

▪ Its presence at an allelic fraction > 

0.005  was not detected either in any 

patient’s plasma postoperatively

Detection of donor cell DNA in patients’ blood

ESCORT Trial: Assessment of Tumorigenicity
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Immunophenotyping of SSEA-1+ Cardiovascular Progenitors

Steady state

Stimulation by IFNγ

ESCORT Trial: Assessment of Alloimmunization



ESCORT Trial: Assessment of Alloimmunization
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Patient Anti-HLA I DSA              Anti-HLA II DSA

Timing            MFI        Timing               MFI

2                     2wks. B44        758

10 wks. Cw*04        600

6 mo. Cw*04      1218

4#                                                       3 mo. DQA1*03        760

6 mo. DQA1*03        659

12 mo. DQA1*03        772

# Pre-op: DQA1*03, MFI: 2313

ESCORT Trial: Assessment of Alloimmunization

▪ Mean daily dose of cyclosporine: 163 mg ± 51 mg

(serum drug levels:102 ± 46 ng/mL) 

▪ Mycophenolate mofetyl: 2g/day

▪ 1-month treatment
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Changes in LV Ejection Fraction



Normal : 1; Mild hypokinesia : 2; Severe hypokinesia : 3; Akinesia : 4; Dyskinesia: 5

Changes in the Regional Function of the 

Cell/Patch-Treated Segments (Score Tx segments/Nb segments)
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PreTx 1 mo.               3 mo.              6 mo.              12 mo.

p=0.0006
Mixed model ANOVA on ranks

4 of the 5 patients who contributed the 1-year data had 

no revascularization of the treated segments



Tx
MI

Tx

12 months3 monthsPre-op

Case Report

Infarcted Non-viable Non-revascularized Cell/Patch Transplanted Area

(2-D Echo, Parasternal short-axis view)
Antero-lateral MI; LAD CABG (mammary graft) 

+ cell/patch delivery on the lateral wall (4 x 106 cells)



Infarcted Non-viable Non-revascularized Cell/Patch Transplanted Area

(2-D Echo, 2-chamber views)
Infero-lateral MI; LAD + obtuse marginal CABG (2 mammary grafts) 

+ cell/patch delivery on the infero-lateral wall (6,5 x 106 cells) 

Case Report

Pre-Op

MI



Infarcted Non-viable Non-revascularized Cell/Patch Transplanted Area

(2-D Echo, 2-chamber views)
Infero-lateral MI; LAD + obtuse marginal CABG (2 mammary grafts) 

+ cell/patch delivery on the infero-lateral wall (6,5 x 106 cells) 

Case Report

Pre-Op

Tx

1 year

MI
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▪ An encouraging signal for future PSC-based clinical

trials with regard to safety

▪ A platform serving as a building block for future 

improvements in cell scale-up, controlled cardiac

differentiation, purification and combinaison with tissue 

engineering

▪ A mechanistic insight possibly paving the way for a-

cellular therapy based on the exclusive delivery of the 

cellular secretome

ESCORT in Perspective
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ESCORT Trial : The Feedback Experience

Step Objective                         Method

▪ Expansion            Feeder-free automated

cultures

▪ Differentiation

▪ Purification

Bioreactor

Improvement of the

CV cell yield
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Step Objective                         Method

▪ Expansion            Feeder-free automated

cultures

▪ Differentiation

▪ Purification

Bioreactor

Improvement of the

CV cell yield

Small molecules

✓ Negative selection targeting pluripotency markers

✓ Microfluidics-based selection
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Hallmarks of Cardiac Regeneration

Adapted from Bertero & Murry Nature Rev Cardiol 2018;15:579–80. 

Methods

▪ Transplantation of 

exogenous PSC-

derived

cardiomyocytes

▪ Stimulation of 

endogenous

cardiomyocyte 

division

▪ Reprogramming of 

endogenous

fibroblasts



Hallmarks of Cardiac Regeneration

Adapted from Bertero & Murry Nature Rev Cardiol 2018;15:579–80. 

Methods

▪ Transplantation of 

exogenous PSC-

derived

cardiomyocytes

▪ Stimulation of 

endogenous

cardiomyocyte 

division

▪ Reprogramming of 

endogenous

fibroblasts

Challenges

▪ Exogenous sources:

✓ Large-scale

production

✓ Maintenance of long-

term cell survival

▪ Endogenous

sources: 

✓ Control of cell cycling

▪ Avoidance of life-

threatening

arrhythmias



Cell Therapy : A Changing Paradigm

Transplantation of 

high numbers of cells

for regenerating

the diseased

myocardium

Cellular graft-induced 

harnessing of endogenous 

repair pathways

Remuscularization

Chong et al. Nature2014;510:273–7.

Paracrine signaling

Adapted from Wang et al.

Int J Cardiol 2015;192:61-69.

Proliferation? Differentiation?Fibrosis

Angiogenesis

CPC

Lines of Evidence

▪ The therapeutic efficacy of 

transplanted cells is

disconnected from their

sustained engraftment

▪ Cells secrete a wide blend

of bioactive factors

▪ The functional benefits of 

the transplanted cells can

be recapitulated by their

secretome



Vitronectin

48hrs

Isl-1

Mef2c

SSEA-1+

SSEA-1+

retained

Progenitors

Head-to-Head Comparison of ESC-Derived SSEA-1+

Cardiac Progenitors vs. Cell-Derived Extracellular Vesicles

EV

Kervadec et al. J Heart Lung Transplant 2016;35:795-807.

Control (alpha-MEM)

138 mice



Vitronectin

48hrs

Isl-1

Mef2c

SSEA-1+

SSEA-1+

retained

Progenitors

Head-to-Head Comparison of ESC-Derived SSEA-1+

Cardio-Vascular Progenitors vs. Cell-Derived Extracellular Vesicles

EV

Kervadec et al. J Heart Lung Transplant 2016;35:795-807.

Control (alpha-MEM)

138 mice

▪ 927 genes were similarly up-regulated

in hESC-Pg-treated and EV-treated mice as 

compared to controls

▪ Z-score analysis predicted that 78% of 

the pathways associated with these up-regulated

genes would predominantly lead to benefical

cardiac outcomes



Paracrine Mechanism of Action of hESC-Derived SSEA-1+

Cardiac Progenitors

Tao et al. Oncotarget 2015;6:42613-22.



Functional Equivalence Between the EV-Enriched Secretome and the 

« Mother » Cells

Organ Model             Comparator End Points          Outcome Reference

Pulmonary MSC        Pulmonary hemodynamics Chen et al. 

hypertension                                      RV hypertrophy Acta Pharmacol Sin

Pulmonary arteriole remodeling 2014;35:1121-8.

Chronic ischemic ESC-derived LV function Kervadec et al. J Heart

Heart failure CV progenitors Lung Tx 2016;35:795-807.

Acute kidney MSC      Recovery of tubular lesions Bruno et al. 

injury Renal function J Am Soc Nephrol

(BUN & creatinine levels)                          2009;20:1053-7.

Stroke                        MSC     Motor coordination deficits Doeppner et al., Stem Cells

Neuronal survival Translational Medicine

Angio-neurogenesis 2015;4:1131-43.

Duchenne                Cardiosphere- LV function Aminzadeh et al. Stem Cell

DCM                       derived cells Reports 2018;10:942-55.



Evolution of Cardiac Cell Therapy Trials

Adapted from Banerjee et al. Circ Res 2018;123:266-287.

EV-enriched secretome
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