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Becher et al. Eur Heart J 2022;43:3005-7.

An Update on Global Epidemiology in Heart Failure 
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Seyihoglu et al. Cytotherapy 2024 S1465-3249(24)00770-9.

16 randomized controlled studies (excluding those with high risk of bias and including 4 for AMI)

LVEF
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Key Translational Challenges

MSC

▪ Tissue source

▪ Scalability

▪ Batch-to-batch reproducibility

Gray et al. Technology (Singap World Sci). 2016;4:201-215. 

Potential Solutions

▪ Immortalized cell lines

▪ Differentiation of MSC from iPSC
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Paracrine Effects of MSC

Lee and Kang. Stem Cell Sun et al. 

Research & Therapy 2020;11:397. Stem Cell Reports 2021;16:1662-1673.
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Equivalence of Outcomes Between Cells and Their Secretome

Ischemic HF              ESC-derived CV progenitors          Kervadec et al. J Heart Lung Tx 2016;35:795-807.

Retinal injury                            MSC                                                Yu et al. Sci Rep 2016 6:34562.

Organ          Model                        Comparator                                               Reference

Pulmonary  hypertension          MSC                                   Chen et al. Acta Pharmacol Sin 2014;35:1121-8.

Acute kidney  injury                 MSC                                    Bruno et al. J Am Soc Nephrol 2009;20:1053-7.

Stroke                                       MSC        Doeppner et al., Stem Cells Translational Medicine 2015;4:1131-43.

Traumatic brain injury             MSC                                                         Kim et al. PNAS 2016;113:170-5.

                                                                                                         

Duchenne  DCM       Cardiosphere-derived cells      Aminzadeh et al,. Stem Cell Reports 2018;10:942-55.

Limb ischemia                      CD34 cells                         Mathiyalagan et al. Circ Res 2017; 120:1466-1476.

If EV Duplicate the Effects of Their 

Parental Cells, Why Choosing EV?

▪ Absence of potential cell-induced 

adverse events (arrhythmias, uncontrolled 

proliferation)

▪ Better « druggability »

▪ Lack of immunogenicity
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Clinical Trials of EV-Based Therapies

Fan et al. Signal Transduct Target Ther 2024;9:17.



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

Paracrine Signaling

Parental cells Manufacturing Characterization

Use of Secretome for Heart Failure: Translational Issues

Rezaie et al. J Cell Physiol 2019;234:21732-45.

Key Requirements

▪ Lineage matching

▪ Early stage of 

differentiation



González-King Garibotti et al. J Extracell Vesicles 2024;13:e12445.

Selection of EV Parental Cells: 

Early Differentiation & Lineage Matching

Effects of sEV in in vitro models of cardiac fibrosis



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

Paracrine Signaling

Parental cells Manufacturing Characterization

Translational Issues
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First-in-Man Treatment of Heart Failure by a Cardiovascular Cell-Derived Secretome

cGMP Differentiation 

iPSC-CPC

cGMP iPSC 

reprogramming

cGMP Banking

cGMP iPSC

cGMP EV Production

Single 

donorProduct Release

Regulatory approval

CPC-EV-

Enriched 

Secretome

- 80°C

IMP

P

30 kDa

Sterilizing 

filtration



1 mo.

Clinical examination

24-Holter, EchoSecretome infusionsScreening

visit
6 mo. 12 mo.Standard lab tests▲1st 2nd 3rd

±▲▲ ▲▲

Clinical examination
24-Holter, CMR, 
±Echo, VO2Max

QoL questionnaire

Standard lab tests▲
        18FDG PetScan (6 mo.)

▲ Including CRP and BNP/NT-ProBNP

▲ Cytokine and T, B, NK cells assays

▲ Donor-specific antibodies

4 weeks3 weeks3 weeks 3 weeks
▲▲▲▲ ▲ ▲

Baseline visit

Signature of the consent form

Clinical examination
24-Holter, CMR, Echo, VO2 Max

QoL questionnaire

Standard lab tests▲+ DSA▲

Phone call
         18FDG PetScan

▪ Cohort 1: 4 patients: 20x109 particles/kg per infusion (cumulated 

dose: 60x109 particles/kg per treatment)

▪ Cohort 2: 8 patients (if no SAE in cohort 1): 40x109 particles/kg 

(cumulated dose: 120x109 particles/kg per treatment)

No immunosuppression



Which Molecular Weight Cut-Off?

Tangential Flow Filtration

V Bellamy et al, unpublished results

Effect of Size Cut-off on EV Recovery

Roefs et al. Eur J Pharm Biopharm 2022;170:59-69.Stork et al. Cells 2021;10:1543 

RT-qPCR quantification of mature miRNAs from EV and Non-EV fractions at their cellular 

expression level

96.2–99.9% of total miRNA is secreted in the non-EV fraction

Endothelial cells             Fibroblasts              Macrophages        Cardiomyocytes

sEV subpopulations exhibit distinct preferential uptake characteristics

Van de Wakker et al. J Extracell Vesicles 2024;13:e12396.

Characterization of the Final Product: EV-Enriched Secretome

Changes in LVEF in a Rat Model of MI

Comparison of Total Conditioned Medium (TCM)

Exosomes (EXO) and Exosome-Free Protein-Enriched Fraction (EF)

Control

Human 

Microvascular 

Endothelial Cells 

Total Cond. medium

Exo

Proteins

Sharma et al. Circ Res 2017;120:816-34.

Equivalence between cells 

and the Exo fraction
Equivalence

 between the 

Exo and 

protein 

fractions

CM better than each fraction separately



CD9 CD81CD63 Overlay

Super-resolution microscopy (ONi) images of a single 

particle from a sample of the final product 

Cryo-TEM images of single particles 

from a sample of the final product

Characterization of the Final Product: Identity
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Characterization of the Final Product: Lack of Immunogenicity
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Characterization of the Final Product: Potency

CM : Complete Medium

DM : Serum-deprived medium

Effect if  ˃ 1 Effect if  ˃ 1 
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CD63 CD81 CD9

Patient # 4 : EV of CTC-1

Blue = Positive markers

Inj 1

Inj 2

Inj 3

Res-EV

PBS

P
at

ie
n
t 

4

Characterization  of EV by ELISA Test for CD63, CD81 and CD9 (EV markers) 
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Staurosporine Viability Test

n = 2 n = 2 n = 3 n = 1 n = 2

Effect 
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Characterization of the Final Product: Stability



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

Paracrine Signaling

Parental cells Manufacturing Characterization

Use of Secretome for Heart Failure: Translational Issues

Paracrine Signaling

Parental cells Manufacturing Characterization

▪ Mapping of the cargo content by 

omics

▪ Bioinformatics-based prediction of 

targets

Cocozza  Cell 2020;182:262



FCDI-CTC1

Viability

Identity

Purity

Sterility

Genomic integrity

Adventitious agent screening

SECRET-HF: Quality Controls

In-process

Number and size 

of particles

EV marker identity

Protein concentration

Sterility

Final clinical-grade product

Number and size of particles

EV marker identity (CD3, CD69, 

CD81)

Sterility, Endotoxins, Mycoplasma

Potency (cell proliferation assay)

Immunogenicity

Tumorigenicity

Immunogenicity

Residual DNA

Transcriptomics/Proteomics

Stability

In vivo GLP animal studies

Toxicity

Tumorigenicity



Final Product Preparation and Delivery
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Target effect  Mechanism of action      Biotherapy
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Cardiac Cell Therapy Clinical Trials

Pluripotent stem cells

ESC

iPSC

Cardiomyocytes

▪ Cardiovascular differentiation potential in response to 

specific cues

▪ Possibility of controlling the maturation stage

▪ Scalability



Cardiac Cell Therapy Clinical Trials

▪ Cardiovascular differentiation potential in response to 

specific cues

▪ Possibility of controlling the maturation stage

▪ Scalability

Pluripotent stem cells



Cardiac Cell Therapy Clinical Trials

ESCORT Trial

▪ 6 patients with severe LV dysfunction

(EF≤35%)

▪ SSEA-1 Isl-1+ cardiac progenitors

embedded in a surgically delivered fibrin patch

▪ Outcome measures:

✓ Feasibility: Scale-up, cardiac specification, 

purification

                     Established

✓ Safety: Arrhythmias (ICD recordings), 

tumor (whole-body CT & PET scans), allo-

immunization (donor-specific antibodies)

        No safety issues (FU: 7 yrs and 6 mo-10 yrs) 

years)

JACC 2018;71:429-38.



Surgical Delivery

Study ID Nb Pts Cell source Dosing

X 106

Indication Delivery Status

jRCT2053190081 10 iPSC 33/patch 

(3 patches)

Ischemic Cell sheet/Stand-alone Not 

recruiting

NCT04696328 10 iPSC Ischemic Cell sheet/Stand-alone Unknown

jRCTa032200189 3 iPSC 50 Ischemic + CABG Completed

LAPIS NCT04945018 10 iPSC 50/150 Ischemic + CABG Active

Bio-VAT 

NCT 04396899

53 iPSC 200/800

 (5-20 patches)

Ischemic & 

non ischemic

Collagen patch/

Stand alone

Active

HEAL NCT03763136 20 iPSC 200 Ischemic + CABG Active

NCT05566600 32 iPSC 100/200/400 Ischemic + CABG Active

NCT05223894 20 iPSC 100 Ischemic + CABG Active

NCT05647213 50 iPSC

Autologous skin cells to 

cardiac lineage

? (dose-

escalating)

CHD ?  Active

PSC Clinical Trials 

Catheter-based Delivery

HECTOR NCT05068674 18 ESC 50/150/300 Ischemic Endoventricular Suspended

NCT04982081 20 iPSC 100/400 Ischemic Endoventricular Not yet 

recruiting



Key Translational Challenges

PSC

▪ Completeness of differentiation

▪ Extent of differentiation (CPC vs. 

Mature CM; optimal CM/EC/Fb ratio)

▪ Arrhythmias

▪ Immune response

▪ Persistence of engraftment

Strategies

▪ Patch delivery

▪ Anti-arrhythmic drugs

▪ Optimization of cell 

     maturation 

▪ Gene editing ?
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Key Translational Challenges

PSC

▪ Completeness of differentiation

▪ Extent of differentiation (CPC vs. 

mature CM; optimal CM/EC/Fb ratio)

▪ Arrhythmias

▪ Immune response

▪ Persistence of engraftment

MDR: cyclo+

methylpredisolone+

basiliximab

Zhu et al. Circ Res. 2018;122:958-69.

PCR-based Assessment of Cell 

Engraftment

MDR regimenDay 3

« Our observations clearly exclude remuscularization as an important mechanism

whereby hPSC-CVPCs (cardiovascular progenitors) improve LV function 

after MI in primates »



Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Target effect  Mechanism of action      Biotherapy

Repair     Paracrine signaling  ■ Mesenchymal 

         stromal cells

         ■ Extracellular 

         vesicles

Regeneration           Increase of the   

    contractile cell pool from: 

     ■ Exogenous sources   ■ Cardiomyocytes

     ■ Endogenous sources   ■ RNA triggers

■ Cardiomyocytes



Yan et al. J Mol Cell Cardiol 2024;188:1–14.

Common and Distincts Mechanisms of Action of the Most Investigated 

Stem Cells for Cardiac Repair

?

Khan et al. Stem Cell Reviews and Reports 2022;18:1143–1167.

MSC

CSC
LVESV

P=0.13

P=0.0003 favours experimental   favours control
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Cardiac Regeneration

▪ In the mammalian heart, 

cardiomyocyte proliferation is 

turned off shortly after birth

▪ However, the mechanisms of 

cell cycling are still in place

▪ Their reactivation might 

improve pump function

Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Uygur & Lee Dev Cell. 2016;36:362–374. 



Cardiac Regeneration

▪ In the mammalian heart, 

cardiomyocyte 

proliferation is turned off 

shortly after birth

▪ However, the mechanisms 

of cell cycling are still in 

place

▪ Their reactivation might 

improve pump function

Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Rationale: Cardiac remodeling and subsequent heart failure remain critical 

issues after myocardial infarction despite improved treatment and reperfusion 

strategies. Recently, cardiac regeneration has been demonstrated in fish and 

newborn mice after apex resection or cardiac infarctions. Two key issues remain 

to translate findings in model organisms to future therapies in humans: what is 

the mechanism and can cardiac regeneration indeed occur in newborn humans?

Objective: To assess whether human neonatal hearts can functionally recover 

after myocardial infarction.

Methods and Results: Here, we report the case of a newborn child having a 

severe myocardial infarction due to coronary artery occlusion. The child 

developed massive cardiac damage as defined by serum markers for 

cardiomyocyte cell death, electrocardiograms, echocardiography, and cardiac 

angiography. Remarkably, within weeks after the initial ischemic insult, we 

observed functional cardiac recovery, which translated into long-term normal 

heart function.

Conclusions: These data indicate that, similar to neonatal rodents, newborn 

humans might have the intrinsic capacity to repair myocardial damage and 

completely recover cardiac function.

Haubner et al. Circ Res 2016;118:216-221.



Cardiac Regeneration

▪ In the mammalian heart, 

cardiomyocyte 

proliferation is turned off 

shortly after birth

▪ However, the mechanisms 

of cell cycling are still in 

place

▪ Their reactivation might 

improve pump function

Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Meng et al. Cardiovasc Res 2022;118:2402–2414.

X
X

Liu et al. Sci Transl Med 2021;13:600. 

LV Function Cardiomyocyte 

proliferation

(AAV9)–based gene therapy to locally knock down the Hippo 

pathway gene Salvador (Sav) in a pig model of ischemia/reperfusion



Factors Inducing 

Cardiac Regeneration

▪ Small molecules

▪ Non coding RNAs

▪ Gene therapy

▪ mRNAs

Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Cimaglerdin dose 

(mg/kg)

Mean AUC for change 

in LVEF 

over 90 days in all 

patients

Lenihan et al. J Am Coll Cardiol Basic Trans Science 2016;1:576–86.



Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Diez-Cunado et al. Cell Rep. 2018;23:2168–2174.

miR’ome screens 

reveals that 96 

miRNAs promote

human iPSC-derived

cardiomyocyte 

replication

Most of the 

miRNAs act by 

inhibiting Hippo 

signaling

The data suggest 

highly redundant 

regulation of Hippo 

components by many 

miRNAs

Factors Inducing 

Cardiac Regeneration

▪ Small molecules

▪ Non coding RNAs

▪ Gene therapy

▪ mRNAs
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Factors Inducing 

Cardiac Regeneration

▪ Small molecules

▪ Non coding RNAs

▪ Gene therapy

▪ mRNAs

AAV-9-mediated delivery of YAP in the adult

murine myocardium immediately after MI

Lin et al. Circ Res. 2014;115:354-363.

Challenges Associated With Gene 

Therapy

AAV:

▪ Immune response limiting to a single 

dose

▪ Liver toxicity

▪ Thrombotic microangiopathy (at high 

AAV doses in a subset of patients with 

pre-existing antibodies or rapid antibody 

responses)

Lentiviruses: Genotoxicity

All: Manufacturing, scale-up and costs 



Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Factors Inducing 

Cardiac Regeneration

▪ Small molecules

▪ Non coding RNAs

▪ Gene therapy

▪ mRNAs

Leveraging the Covid-19 Vaccine 
Technology

Spike

CM proliferation 

inducer

X

Sun et al. Circulation Research. 2023;133:484–504.

Horizon Europe 

Programme



Biothérapies et Pathologies Cardiaques : Quelle Biothérapie pour quel Effet ?

Issues Associated With mRNAs for Cardiac Regeneration

▪ Efficiency of the LNP-mediated transfection of the target cardiomyocytes

▪ Cardiomyocyte-specific expression of the pro-proliferation factors(s)

▪ Achievement of therapeutically active levels of the translated factor(s)

▪ Arrhythmia-free coupling of the newly formed cardiomyocytes with the 

resident ones



Outline

▪ Repair vs. regeneration

▪ Delivery issues

▪ Remaining challenges

Biothérapies et Pathologies Cardiaques : 

Quelle Biothérapie pour quel Effet ?



Rheault-Henry et al. World J Stem Cells 2021;13:236-259.

The Issue of Delivery

Transendocardial

Intravenous

Intracoronary
Intramyocardial

3D Scaffold

Issues Associated With Direct Myocardial Approaches

▪ Invasiveness

▪ Low retention

▪ Logistics

▪ Cost

Interest of the IV route for the delivery of  a cellular 

secretome

▪ Absence of invasiveness

▪ Ease/low cost of implementation expanding potential indications

▪ Possibility of repeated administrations



Heart            Liver          Spleen            Lung          Kidneys 

Biodistribution of fluorescent nanodiamond-labeled placenta choriodecidual

membrane-derived MSCs (pcMSCs)

Zhuang et al. J Biomed Sci. 2021;28:28.

The Paradox of IV Delivery of Cells

Wysoczynski et al. Cir Res 2018;123:138-158.

Improved outcomes

Author        Patient Population         Trial Design                FU                Outcome

Hare                            Acute MI                Allogeneic BM-MSC          6 mo.  J

J Am Coll Cardiol.   LVEF ~ 50%                  Double-blind 

2009;54:2277-86. Placebo:21; MSC:39           Dose-ranging 

0.5, 1.6 and 5 x 106 cells/kg

Butler                         Nonischemic            Allogeneic BM-MSC          3 mo.

Circ Res                      cardiomyopathy    Single-blind                 

2017;120:332-40.          LVEF ≤40%                1.5×106 cells/kg 

                            Placebo: 12; MSC:10

Bartolucci          Ischemic & nonischemic   Allogeneic UC-MSC           1 yr

Circ Res                    cardiomyopathy                Double-blind

2017;121:                    LVEF ≤40%                   1×106 cells/kg

1192-1204.             Placebo:15; MSC:15

LVEF

Remodeling

VT

6 min WT

Functional 

scores

LVEF

Functional

scores

Clinical Trials of Randomized Placebo-Controlled  

Intravenous Cell Therapy



The Paradox of IV Delivery of Cell Products

Kang et al. J Extracell Ves 2021;10:e12085.

Small-EV biodistribution collated from seven studies that investigated EV 

biodistribution through in situ analysis of live whole animals

High                      Moderate                          Low  No detection

† indicates 

representation by 3 

or fewer studies

Model                      Parental cell               Main outcome

Myocardial infarction (rat)1                        CSC                       Improved function                       

                                Reduction of IS

Myocardial infarction (pig)2                       MSC                       Improved regional function

                                Increased fibrosis (MRI)

    

Genetic cardiomyopathy (mouse)3         Cardiospheres             Reduced arrhythmogenicity

Genetic cardiomyopathy (mouse)4 Cardiospheres Improved function

Chemotherapy-induced HF (mouse)5 ESC                       Reduced apoptosis & fibrosis

Chemotherapy-induced HF (mouse)6 MSC                      Improved function

Reduced apoptosis & 

inflammation

Chemotherapy-induced HF (mouse)7 CSC                       Improved function

Reduced fibrosis

Chemotherapy-induced HF (rat)8 CPC Improved function

Reduced fibrosis

       

Beneficial Effects of Intravenously Delivered EV in Cardiac Diseases

1Cardiovasc Res 2021;117:918-29.       2Front Cardiovasc Med. 2020;7:601990.            3Eur Heart J 2021;42:3558-71. 
 4JCI Insight. 2019;4:e125754. 5Cell Transplantation 2015;21:1919–30.  6Biochem. Biophys. Res. Commun. 2018:503;2611–18.
7Stem Cells International 2015:2015:960926.  8Cardiovasc Res 2020;116:383-392.

Desgres et al. Front. Cardiovasc. Med. 2023;10:1206279.

Basal CS                  Basal endocardial CS          Basal epicardial CS
Gal 3                         Myh6/Myh7                           NPPA



Khan et al. Stem Cell Reviews and Reports 2022;18:1143–1167.

37 studies, 703 animals

Impact of the Route for Delivery (Meta-regression Analysis)

Criteria Subgroups Mean 

difference 

[95%CI]

P-value

Location

Local (N=31) 7.97% [3.55, 

12.39]

0.001

Peripheral (N=7) 12.10% [9.54, 

14.66]

<0.001
EF

Location

Local (N=3) -0.07mL [-0.10, 

0.87]

0.878

Peripheral (N=8) -0.45mL [-1.06, 

0.16]

0.131
LVESV

Location

Local (N=3) -0.78mL [-1.48, -

0.09]

0.030

Peripheral (N=6) -0.51mL [-0.91, -

0.11]

0.016
LVEDV

Location

Local (N=5) -7.57% [-13.67, -

1.46]

0.018

Peripheral (N=18) -10.60% [-14.35, -

6.86]

<0.001
Infarct size



Clarifying the Efficacy and MoA of Possible Delivery Routes

 Requirement for the therapeutics                       Delivery

       to be present in the heart                           route

                 No              IV

                 Yes    🗸IV

     ■ Bypass of the MPS hepatic uptake

     ■ Engineering of EV with 

         heart-specific ligands

      🗸 Local

                                  

Cells/EV for the Treatment of Heart Failure



The “Bioreactor” Hypothesis

Macrophage
Modulation of the immune reponse

▪ Down-regulation of pro-inflammatory signals

▪ Up-regulation of anti-inflammatory signals (     M2 macrophages,     Treg)

Reprogrammed 

host immune cell

Cardiac tissue repair

Blood trafficking

Adapted from Savitz & Cox Nature Reviews Neurology 2023;19:9-18.



Rat model of glomerulonephritis

Both IV-injected ASCs and BMMSCs protect the kidney from renal damage 

whereas few of them are found in the target organ

Shimamura et al. Communications Biology 2022:5;753.

ASC-derived EVs are transferred to 

M2 macrophages in the spleen, 

leading to macrophage activation via 

PGE2 stimulation and reduction of 

M1 macrophages
EV-transferred M2 macrophages move from 

the spleen to the inflamed kidney through the 

blood stream, resulting in the increase of Treg

and decrease of M1 macrophages



Bai et al. J Nanobiotechnology 2022;20: 86.

Human Placental Exosomes Induce Maternal Systemic 

Immune Tolerance by Reprogramming Circulating 

Monocytes



Cells/EV for the Treatment of Heart Failure

Clarifying the Efficacy and MoA of Possible Delivery Routes

 Requirement for the therapeutics                       Delivery

       to be present in the heart                           route

                 No              IV

                 Yes    🗸IV

     ■ Bypass of the MPS hepatic uptake

     ■ Engineering of EV with 

         heart-specific ligands

      🗸 Local

                                  



Cells/EV for the Treatment of Heart Failure

Clarifying the Efficacy and MoA of Possible Delivery Routes

 Requirement for the therapeutics                       Delivery

       to be present in the heart                           route

                 No              IV

                 Yes    🗸IV

     ■ Bypass of the MPS hepatic uptake

     ■ Engineering of EV with 

         heart-specific ligands

      🗸 Local (mandatory for intended 

          regeneration)

                                  



Outline

▪ Repair vs. regeneration

▪ Delivery issues

▪ Remaining challenges

Biothérapies et Pathologies Cardiaques : 

Quelle Biothérapie pour quel Effet ?



Key Remaining Challenges

▪ Sould we pursue the quest for regeneration or shift to a paracrinally-

mediated repair?

▪ If the paracrine paradigm is privileged:
✓ Can the therapeutic effects of the secretome be duplicated by just a few of its components?

✓ What are the optimal dosing metrics?

✓ Does its presumed mechanism of action (resetting of the immune system) validate a 

systemic delivery?

▪ How can we leverage the capabilities of AI for making CMC more cost-

effective (enhancement of process efficiency, product quality, regulatory 

compliance) and prospectively identify responders vs. non responders to 

improve positive outcomes of clinical trials?
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