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Repair of infarcted myocardium by skeletal 
muscle‑derived mesenchymal stromal cells 
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Abstract 

Mesenchymal stromal cells (MSC) are commonly investigated for post-infarction cardiac repair because of their angio-
genic, anti-inflammatory and immunomodulatory properties. However, autologous sources (bone marrow and adi-
pose tissue) require substantially invasive harvest procedures while allogeneic MSC from the cord raise the issue 
of batch to batch variability. This study assessed the effects of another under-investigated cell source: the skeletal 
muscle whose autologous MSC feature the clinically appealing advantage of being retrievable by a minimally invasive 
microbiopsy. MSC differentiated from induced pluripotent stem cells (iPSC) were selected as controls as they also look 
clinically attractive because of their high scalability and high degree of reproducibility. In vitro, muscle-derived (md) 
MSC exhibited typical MSC features including a tri-lineage differentiation potential and had robust angiogenic, 
anti-inflammatory, anti-fibrotic and immune-modulatory effects. Overall, they outperformed iPSC-MSC which 
raised a safety concern linked to the persistence of some pluripotency-associated markers. They were thus chosen 
for the subsequent in vivo evaluation in a rat model of left ventricular (LV) dysfunction induced by ischemia/reperfu-
sion. To this end, mdMSC were embedded in a collagen bioprinted gel; the resulting epicardially-delivered patch 
significantly improved LV ejection fraction compared to a cell-free patch and sham-operated controls. Transcriptomic 
analysis revealed that this benefit was accompanied by a downregulation of fibrosis-, apoptosis-, and inflammation-
related genes. This exploratory proof-of-concept study thus suggests that mdMSC offer an attractive alternative 
because they combine an autologous origin with a minimally invasive harvest procedure. Bioprinting these cells 
with a collagen bioink allows to generate a patch endowed with cardio-reparative properties.
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Introduction
Improved post-myocardial infarction (MI) survival has 
led to a rise in heart failure (HF) cases, highlighting the 
need for new treatments when the conventional ones 
fail. Cell therapy is one of those currently investigated 
and although the quest for the “ideal” cells continues, a 
great deal of interest is paid to mesenchymal stromal 
cells (MSC) as they may contribute to cardiac repair via 
angiogenic, anti-inflammatory, and immunomodulatory 
effects [1]. While the collection of MSC derived from 
bone marrow or adipose tissue require a fairly invasive 
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procedure, those from the umbilical cord are fraught 
with a substantial degree of lot-to-lot variability which 
makes challenging the yield of a consistent Advanced 
Therapy Medicinal Product. Thus, alternative sources of 
MSC still warrant further investigation. Among them, 
MSC from autologous skeletal muscle (mdMSC) have so 
far received less attention and there is not even a men-
tion of this source in an extensive review of the diverse 
sources of MSC in the context of tissue regeneration 
[2] or in a recent compilation of MSC clinical trials [3]. 
However, their non-invasive collection via a microbi-
opsy procedure (Supplementary Fig.  1), their scalability 
(after 13,2 days ± 2,63 of culture, 15–20 mg of tissue yield 
≈ 63,000 ± 30,675 cells) and the observation that they 
share with the other sources of MSC robust paracrinally-
mediated cell-protective effects [4] provide a rationale to 
assess their potential relevance to cardiac repair.

This study was thus designed to first compare, in vitro, 
the effects of mdMSC with MSC from induced pluri-
potent stem cells (iPSC-MSC) as, in a clinical perspec-
tive, the latter also look attractive, in the perspective of 
a consistent product, because of their straightforward 
availability and their origin from a well-defined cell line. 
The most effective and safer candidate turned out to be 
the mdMSC which were then tested in a rat model of 
ischemia–reperfusion in combination with a bioprinted 
patch as, in a translational perspective, this material was 
deemed to be well suited for a scalable and reproducible 
clinical-grade manufacturing.

Results
MSC characterization
Flow cytometry was used to characterize iPSC-MSC 
and mdMSC, both of human origin. At passage 5, 
mdMSC expressed CD90, CD105, and CD73 (Fig.  1A) 
but no hematopoietic lineage markers (CD14, CD31, 
and CD45). In contrast, iPSC-MSC exhibited a complete 
absence of CD105 and partial loss of CD90, with only 
half of the population expressing it, while hematopoi-
etic markers also remained undetected. The expression 
of pluripotency-related transcription factors, analyzed at 

passages 0 and 5, revealed the re-appearance over time of 
Sox2 and Oct3/4 within the iPSC-MSC population (Sup-
plementary Fig. 2). A tri-lineage differentiation assay was 
then conducted (Fig. 1B). After several days of adipogenic 
induction, both MSC types exhibited specific morpho-
logical changes, including lipid vacuole accumulation. 
Chondrogenic and osteogenic differentiation was also 
confirmed using Alcian Blue and Alizarin Red S staining, 
respectively.

To further characterize MSC, their immunogenic-
ity was assessed (Fig.  1C). iPSC-MSC dose-dependently 
inhibited T cell proliferation (left panel) while mdMSC 
were less immunosuppressive (right panel).

In vitro comparison of MSC
To evaluate the pro-angiogenic effects of MSC, a wound-
healing assay was conducted on human umbilical vein 
endothelial cells (HUVEC). Incubation with iPSC-MSC 
and mdMSC significantly enhanced wound closure, with 
the effect becoming more pronounced as the MSC dose 
increased. Notably, mdMSC exhibited a stronger pro-
angiogenic potential than iPSC-MSC (Fig. 2A).

A second potency assay tested MSC for their anti-
apoptotic potential. The outcome measure was the 
viability of HUVEC following a one-hour exposure to 
staurosporine. Co-incubation with iPSC-MSC resulted 
in a small improvement in HUVEC viability, which was 
not found with mdMSC at the concentrations tested 
(Fig. 2C).

At the completion of this array of assays, the use of 
iPSC-MSC was considered problematic because of the 
re-appearance of some of the pluripotency-associated 
markers with the increased number of passages and their 
evaluation was thus discontinued because these tran-
scription factors raised a risk of oncogenicity expected to 
hamper safe clinical applications. mdMSC, in contrast, 
were further assessed in  vitro for their anti-fibrotic and 
anti-inflammatory properties. To this end, human car-
diac fibroblasts (HCF) were first stimulated with TGF-
β1, L-ascorbic acid and sulfate dextran which resulted in 
fibroblast activation (Fig.  3A). Incubation of HCF with 

Fig. 1  Characterization of iPSC-MSC (left panel) and mdMSC (right panel). A: Flow cytometric analysis of iPSC-MSC at passage 3 (left) and mdMSC 
at passage 5 (right). MSC were stained for MSC and hematopoietic surface markers. mdMSC shown to express CD90, CD73, CD105, and no apparent 
CD45, CD14 and CD31. iPSC-MSC express CD73 only, and a third of the population also express CD90. Values show the percentage of positive cells 
(n = 3 biological replicates). B: Assays for iPSC-MSC (left) and mdMSC (right) differentiation. MSC were cultured with lineage-specific media to induce 
cell differentiation. Differentiation into adipocytes, osteocytes and chondrocytes was detected by oil Red O, alizarin red and alcian blue, respectively. 
Original magnification × 20 (n = 2 biological replicates). C: Effects of MSC on T-cell proliferation; a mixed lymphocyte reaction (MLR) was performed 
by co-culturing Peripheral Blood Mononuclear Cells (PBMC) labeled with the CellTrace™ Violet (CTV) Cell Proliferation Kit (Invitrogen) and the two 
types of MSC at different ratios; flow cytometry was then used for selecting T lymphocytes using anti-CD3 and anti-CD45 antibodies and 7AAD; 
the proliferation of the CTV-labeled selected lymphocyte proliferation was then fluorescently assessed (iPSC-MSC n = 1, mdMSC n = 3 biological 
replicates)

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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mdMSC led to a decrease in αSMA expression (Fig. 3B) 
taken as a read-out for an anti-fibrotic effect. This was 
further supported by PCR analysis, which revealed a sig-
nificant downregulation of the fibrosis-associated genes 
FN1 and COL1A1, while POSTN, MMP2, and COL3A1 
exhibited a similar downward trend (Fig. 3C). Finally, an 
inflammation assay was conducted using LPS-stimulated 
THP-1 monocytes. LPS stimulation followed by incu-
bation with mdMSC resulted in a reduction of the pro-
inflammatory cytokine TNFα compared to the LPS-only 
control (stimulated condition), paralleled by an increased 
secretion of the anti-inflammatory cytokine IL-10 
(Fig.  3D). These findings are further supported by the 
analysis of the MSC secretome using a Luminex multi-
plex assay (Supplementary Fig. 5) performed under both 
basal conditions and after IFN-γ priming to simulate 
an inflammatory environment. The results revealed the 
secretion of several key cytokines with therapeutic poten-
tial. More specifically, Interleukin 6 (IL-6), known for its 
role in resolving inflammation and promoting myocar-
dial repair post-infarction [5], was consistently expressed. 
Interferon γ-induced protein 10 (IP-10) was only detected 
after priming and is associated with improved left ven-
tricular (LV) recovery and targeted immune modula-
tion [6]. Monocyte chemoattractant protein 1 (MCP-1) 
secretion markedly increased under inflammatory condi-
tions, and may play a role in recruiting pro-regenerative 
M2 macrophages [7]. Platelet-derived growth factor AA 
(PDGF-AA), may support post-infarction cardiac repair 
by enhancing angiogenesis and regulating fibroblast and 
inflammatory responses, was present at low levels and 
showed a slight decrease following priming [8, 9]. Finally, 
vascular endothelial growth factor (VEGF), a central 
angiogenic factor that supports neovascularization and 
enhances myocardial perfusion, was secreted steadily 
regardless of inflammatory stimulation [10, 11].

Put together, these in  vitro data were considered 
encouraging enough to warrant proceeding to an in vivo 
assessment of mdMSC.

In vivo evaluation of the mdMSC‑functionalized 
bioprinted collagen patch in a rat model of left ventricular 
dysfunction
Seventy immune-competent rats underwent a 45-min 
myocardial ischemia followed by reperfusion (Fig. 4A). 

Three weeks following the induction of MI, a base-
line echocardiography was performed and only rats 
with a LV ejection fraction (LVEF) ≤ 60% were reoper-
ated on and randomly assigned to one of the following 
three groups: sham (thoracotomy alone, n = 10), bio-
printed a-cellular patch (n = 10), or bioprinted patch 
seeded with 100,000 mdMSC (n = 11). Bioprinting used 
acid-soluble bovine type I collagen as the bio-ink and 
was achieved by extrusion, which yielded a solid elas-
tic hydrogel. Flow cytometry performed three days 
post-extrusion showed a high (> 90%) proportion of 
viable (calcein⁺) cells. The patches were applied onto 
the epicardium of the heart with a hemostatic sponge 
(TachoSil®) placed at their outer surface and gently 
pressed to help the patch adhering to the heart. One 
month post-treatment, rats were re-assessed echo-
cardiographically. All data were outsourced to a core 
laboratory when they were blindly analyzed. In both 
treatment groups, LV endsystolic volumes (LVESV) 
increased to a smaller extent from their respective 
baseline values (by 14.4 ± 9.6% in patch group and 
9.1 ± 7.6% in patch + mdMSC group) than in sham 
group where they increased by 70.3 ± 16.8% (Fig.  4B). 
Left ventricular enddiastolic volumes (LVEDV) were 
also lower in the two patch-treated groups (Fig.  4C). 
As a result, LVEF declined from baseline by −7.6 ± 8.2% 
in the sham group; the patch-alone group showed 
an only minor decrease (− 3.2 ± 5.6%), while in the 
patch + mdMSC group LVEF improved by 14.4 ± 6.5% 
(Fig. 4D). In line with these findings, the stroke volume 
was significantly elevated in the patch + mdMSC group 
(Fig.  43E) where the enhanced cardiac function was 
further supported by the analysis of effect size which 
demonstrated the superiority of the cellularized patch 
over both its a-cellular counterpart and sham-operated 
controls (Supplementary Fig.  3). Infarct size did not 
differ among groups (Supplementary Fig.  4). A tran-
scriptomic analysis of heart tissue was performed by 
RT-qPCR (Fig.  4F). Compared to the sham group, the 
patch + mdMSC group showed a significant reduction 
in the expression of genes associated with HF (Ddah1, 
Nppb), inflammation (Cxcl11, Cxcl9), and apoptosis 
(Errfi1). The patch-alone group also exhibited a down-
ward trend in inflammatory markers.

(See figure on next page.)
Fig. 2  Potency assay evaluating MSC. A: Wound healing assay. Results of scar recolonization were normalized to the control poor medium. Data 
are presented as means ± SEM. p value: ≤ 0,05(*), ≤ 0.001(***), ≤ 0.0001(****) Ordinary one-way ANOVA with Dunnett’s multiple comparisons test. 
B: Wound-heal photos under microscope at T0 et T24. Scale bars measure 1 mm. C: Viability test evaluating anti-apoptotic effects. Results were 
normalized to the control MP. Data are presented as means ± SEM. p value ≤ 0,05(*), ≤ 0.0001(****) Kruskal–Wallis test with Dunnett’s multiple 
comparisons test
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Fig. 2  (See legend on previous page.)
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Fig. 3  Potency assay evaluating mdMSC. A-B: HCF imaging and quantification of mean fluorescence of αSMA. Scale bars measure 200 μm. Data 
are presented as means ± SEM. p value: ≤ 0.01(**) Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (n = 2 biological replicates). 
C: Expression of fibrosis-associated genes by HCF stimulated with TGF-β1, L-ascorbic acid and sulfate dextran. Data are presented as means ± SEM. 
p value: ≤ 0,05(*), ≤ 0,01(**), ≤ 0,001(***), ≤ 0,0001(****) Ordinary one-way ANOVA with Dunnett’s multiple comparisons test. D: ELISA-based 
quantification of pro-inflammatory (TNFα) or anti-inflammatory (IL-10) cytokine production in THP-1 cells, with or without LPS stimulation. Data are 
presented as means ± SEM. p value: ≤ 0.05(*), Kruskal–Wallis test with Dunnett’s multiple test correction

(See figure on next page.)
Fig. 4  In vivo evaluation of the mdMSC-loaded collagen patch in a rat model of left ventricular dysfunction. A: Experimental design. B-E: 
Changes in endsystolic (B) and enddiastolic (C) volumes and in LVEF (D) from baseline; Stroke Volume given in absolute values (E). Sham (n = 10), 
patch (n = 10), and patch + mdMSC (n = 11). Data are presented as means ± SEM. p value: ≤ 0.05(*), ≤ 0.01(**)—B-C: Ordinary one-way ANOVA 
with Dunnett’s multiple test correction, D: Kruskal–Wallis test with Dunnett’s multiple test correction, E: Repeated measures two-way ANOVA 
with Tukey’s multiple test correction. F: Fold change in the expression of genes involved in apoptosis (Errfi1), inflammation (Cxcl11, Cxcl9), and heart 
failure (Nppb, Ddha1) in the three experimental groups: sham (n = 8), patch (n = 8), and patch + mdMSC (n = 9). Data are presented as means ± SEM. 
p value: ≤ 0.05(*) Kruskal–Wallis test with Dunnett’s multiple test correction
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Fig. 4  (See legend on previous page.)
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Discussion and conclusions
This study was driven by three clinically-oriented consid-
erations: avoiding the immune response by using autol-
ogous cells; possibility to collect them by a minimally 
invasive procedure; and optimizing their engraftment by 
combining them with a scaffold. The integration of these 
three guidelines led us to assess the effects of mdMSC 
embedded in a bioprinted collagen patch.

While mdMSC share with the other main sources of 
autologous MSC (bone marrow and adipose tissue) a 
high scalability, they offer the distinct, clinically relevant 
advantage of a possible procurement by a minimally inva-
sive procedure thanks to a unique muscle microbiopsy 
procedure (Supplementary Fig. 1) developed by Ceusters 
et  al. [4, 12]. As a comparator, we selected iPSC-MSC 
which are also clinically attractive because their origin 
from a well-defined cell line along with a tight stand-
ardization of differentiation and expansion protocols are 
expected to yield a reproducible product [13]. However, 
we found that they did not fully match the whole set of 
criteria established by The International Society for Cel-
lular Therapy (ISCT) in that they failed to fully express 
MSC-specific markers and, more noticeably, still demon-
strated some of the iPSC-associated pluripotency factors 
[14]. The safety concern raised by the persistence of these 
markers [15] led us to privilege MSC from a muscular 
origin.

In our in  vitro assays, these cells featured robust 
angiogenic and immune-modulatory effects. Of fur-
ther relevance to the pathophysiology of the ischemic 
myocardium, mdMSC also demonstrated anti-fibrotic 
and anti-inflammatory properties in in  vitro assays 
using stimulated fibroblasts and monocytes, respec-
tively. Luminex analysis further confirmed the secretion 
of cytokines contributing to cardiac repair, with IFN-γ 
priming enhancing the secretion by mdMSC of IL-6, 
MCP-1, and IP-10, while VEGF remained consistently 
expressed regardless of any priming, supporting both 
immunomodulatory and pro-angiogenic functions.

These benefits were recapitulated in the in vivo model 
of chronic LV dysfunction where mdMSC improved the 
functional outcomes beyond those seen in the patch-
alone group, thereby suggesting the cardio-protective 
effects of these cells possibly attributable to their parac-
rine effects demonstrated by the in vitro assays [5].

Beyond the nature of the cells, their mode of deliv-
ery is a critical factor of the ultimate outcome. Multiple 
intramyocardial injections have been initially used but 
their limitations are now recognized, which include nee-
dle-related damage to the cells; disruption of the extra-
cellular matrix and subsequent loss of signals modulating 
cell survival and patterning; an inhomogeneous, difficult 
to standardize distribution; and the creation of potential 

arrhythmogenic clusters [16–18]. These hurdles can be 
overcome by the use of an epicardially delivered patch 
serving as a platform for the cells expected to act pri-
marily though the release of paracrine mediators, with-
out integration in the myocardium which is a safety net 
against arrhythmias. mdMSC were thus encapsulated in 
a collagen gel manufactured by bioprinting because this 
approach allows to carefully control the distribution of 
the cells while being amenable to a standardized large-
scale production [19, 20]. Indeed, the naked collagen 
patch yet provided some degree of cardiac preservation 
compared with sham-operated rats, in line with the well-
documented benefits of collagen [21, 22], but the patch-
associated improvement in the functional outcomes was 
further enhanced when the collagen bioink was com-
bined with the mdMSC, suggesting a synergistic effect 
of the cells and the hydrogel. This result aligns with pre-
vious reports documenting the benefits of diverse com-
binations of cells and bioinks: progenitor cardiac cells 
in a mix of gelatin and hyaluronic acid [23]; progenitor 
cardiac cells and MSC in a decellularized extracellular 
matrix [24, 25]; and even iPSC-derived cardiomyocytes, 
endothelial cells and fibroblasts clustered in bioprinted 
scaffold-free cardiospheres [26]. That the bioprinted 
patch improved function without significantly reducing 
infarct size is not an uncommon observation as cardiac 
function and the macroscopic size of cardiac scars have 
previously been shown to be possibly uncoupled read-
outs [27]. Indeed, one month post-infarction, the fibrotic 
scar is already fixed, and any functional improvement is 
expected to be mainly due to the preservation of the still 
viable myocardium mediated by the paracrine effects of 
both the transplanted cells and the collagen biomimetic 
properties, as suggested by our transcriptomic data col-
lected following implantation of both cellular and acellu-
lar patches.

In summary, this study does not claim the superiority 
of mdMSC over the other commonly used MSC but sug-
gests that these cells may enrich the landscape of cardiac 
cell therapy by providing an attractive source of autolo-
gous cells retrievable by a minimally invasive harvest-
ing method. Bioprinting mdMSC with a biocompatible 
material with a long-standing safety record like collagen 
allowed the straightforward production of a clinically 
usable patch endowed with cardio-reparative properties.

Materials and methods
iPSC‑MSC cell culture
Cryopreserved iPSC-derived MSC (iCell® Mesenchymal 
Stem Cells, FUJIFILM Cellular Dynamics International, 
Inc, WI, États-Unis) are thawed and seeded at a density 
of 35,000 cells/cm2 in RoosterNourish™-CSM-XF cul-
ture medium (RoosterBio, Frederick, MD, États-Unis) 
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supplemented with 1% antimycotic antibiotic solution 
(Sigma-Aldrich, Saint-Louis, MO, États-Unis). The cells 
are then placed in an incubator at 37 °C and 5% CO2. The 
medium is changed every 6 days until the cells reach 80% 
confluence (passage 0). The cells are then detached with 
trypsin–EDTA (ThermoFisher, Waltham, MA, États-
Unis) collected and reseeded at a density of 5,000 cells/
cm2 up to passage 2 to build up a bank.

mdMSC cell culture
Cryopreserved MSC are thawed and seeded at a den-
sity of 35,000 cells/cm2 in MesenCult™ Proliferation Kit 
culture medium (StemCell, Vancouver, BC, Canada) 
supplemented with 1% antimycotic antibiotic solution 
(Sigma-Aldrich). Cells are then placed in an incubator 
at 37  °C and 5% CO2. The medium is changed the day 
after thawing, then every 2 days until the cells reach 80% 
confluence (passage 4). Cells are then detached with Try-
pLE™ Express (ThermoFisher), collected and reseeded at 
a density of 5,000 cells/cm2 up to passage 2 to build up a 
bank.

Flow cytometry characterization of MSC
MSC were analyzed by flow cytometry using surface 
markers CD90 (FITC, clone 5A10, Biolegend, San Diego, 
CA, États-Unis), CD105 (BV421™, clone 43A3, Bioleg-
end), and CD73 (PE, clone AD2, Biolegend). Hematopoi-
etic markers CD14 (BV786, clone M5E2, BD Biosciences), 
CD45 (AF700, clone 2D1, Biolegend), CD31 (APC, clone 
WM59, Biolegend), and HLA-DR (PE/Cy7, clone L243, 
Biolegend) were used to confirm their absence. Negative 
controls included unstained MSCs and PBMCs.

iPSC-MSC were stained for Nanog (Vio B515, clone 
REA314, Miltenyi Biotec), Sox2 (PE, clone REA320, 
Miltenyi Biotec, Bergisch Gladbach, Allemagne), and 
Oct3/4 (APC, clone REA622, Miltenyi Biotec) using the 
Transcription Factor Staining Buffer Set (Miltenyi Bio-
tec), following the manufacturer’s protocol. Controls 
included unstained iPSC-MSC and iPSC.

Samples were acquired using a LSRFortessa™ X-20 
cytometer (BD Biosciences) and analyzed with FlowJo 
v10.10.0 (BD Biosciences).

Differentiation into chondrocytes, adipocytes 
and osteocytes
The ability of MSC to differentiate into adipocytes, chon-
drocytes and adipocytes was assessed using the following 
kits: StemPro® Adipogenesis Differentiation Kit (Ther-
moFisher), StemPro® Chondrogenesis Differentiation Kit 
(ThermoFisher), StemPro® Osteogenesis Differentiation 
Kit (ThermoFisher). These kits were used according to 
the supplier’s recommendations.

Mixed lymphocyte reaction
The immunosuppressive capacity of mdMSC and iPSC-
MSC was assessed using a mixed lymphocyte reaction 
(MLR) assay adapted from Nicotra et al. (28). MSC were 
pretreated with IFN-γ for 48 h prior to co-culture. PBMC 
from 10 healthy donors were labeled with CellTrace™ 
Violet Cell Proliferation Kit (Invitrogen) and co-cultured 
with MSC at ratios of 0:1 (control), 1:1, 1:3, 1:5, 1:10, 1:30, 
1:100, and 1:300 (MSC:PBMC). Cells were cultured in 
RPMI 1640 medium supplemented with GlutaMAX™, 
HEPES (ThermoFisher), 10% human AB serum (Euro-
bio, Les Ulis, France), 1% Amphotericin B/Penicillin/
Streptomycin (ThermoFisher), and 10  IU/mL Heparin 
(PanPharma, Luitré, France), at 37  °C with 5% CO₂. On 
day 4, 50 µL of fresh medium was added. On day 7, cells 
were stained with anti-human CD3-PE (BD Biosciences), 
CD45-FITC (BD Biosciences), and viability dye 7-AAD 
(Beckman Coulter, Villepinte, France) for 15 min at 4 °C 
in the dark.

Cells were washed with PBS and analyzed using an 
Attune NxT™ Flow Cytometer (ThermoFisher), and data 
were processed with Attune NxT™ software.

Scratch test
Human umbilical vein endothelial cells (HUVEC, Pro-
mocell, Heidelberg, Allemagne) at early passages (P2–P6) 
are seeded at 40,000 cells/well in 2-well culture inserts 
(Ibidi GmbH, Munich, Germany) placed in 24-well plates 
with Endothelial Cell Growth Medium (Promocell) sup-
plemented with 1% antibiotic–antimycotic (Sigma-
Aldrich), and incubated at 37 °C with 5% CO₂.

In parallel, iPSC-MSC and mdMSC are seeded at 
100,000 or 300,000 cells/well in 6.5  mm Transwell® 
inserts (0.4  µm pore, Corning, Kennebunk, ME, USA), 
in RoosterNourish™-CSM-XF medium (RoosterBio) and 
MesenCult™ medium (StemCell) respectively, and incu-
bated under the same conditions for 24 h.

Once HUVEC reach confluence, inserts are removed to 
create a 500 µm wound. Wells are then filled with:

•	 Positive control: complete medium (basal + 10% FBS)
•	 Negative control: basal medium only
•	 MSC condition: basal medium + MSC in Transwell

Images are taken at T0 and T24 h, and wound closure 
is assessed by comparing the cell-free area between both 
time points.

Viability test
Wells of a 24-well plate are coated with 0.1% gelatin. 
HUVEC (Promocell, passages 2–6) are seeded at 90,000 
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cells/well in Endothelial Cell Growth Medium (Pro-
mocell) supplemented with 1% antibiotic–antimycotic 
solution (Sigma-Aldrich).

In parallel, iPSC-MSC and mdMSC are seeded at 
100,000 or 300,000 cells/well in 6.5  mm Transwell® 
inserts (0.4 µm pores, Corning) using RoosterNourish™-
CSM-XF (RoosterBio) or MesenCult™ (StemCell) media, 
respectively, each supplemented with 1% antibiotic–anti-
mycotic. All cells are incubated at 37 °C, 5% CO₂ for 24 h.

The next day, HUVECs are treated with 0.05 µM stau-
rosporine (Cell Signaling Technology, Danvers, MA, 
USA) in basal medium (without supplements) for 1  h, 
then gently rinsed twice. Wells are then filled with:

•	 Positive control: complete medium (basal + 10% FBS)
•	 Negative control: basal medium
•	 MSC condition: basal medium with Transwell inserts 

containing MSC

After 24  h, cell viability is assessed using the CCK-8 
assay (Sigma-Aldrich, 1:10 dilution, 3  h incubation at 
37 °C). Absorbance at 450 nm is measured using a SPEC-
TROstar Nano spectrophotometer (BMG LABTECH, 
Ortenberg, Allemagne), and data are analyzed with 
MARS software. Results are normalized to the negative 
control.

Multiplex cytokine quantification
Conditioned media were collected from mdMSC cul-
tured for 24  h in poor medium (without FBS), with or 
without IFN-γ stimulation (20  ng/mL). Supernatants 
were clarified by centrifugation at 400 × g for 5 min and 
stored at –80 °C until analysis.

Cytokine concentrations were measured using the 
Human XL Cytokine Luminex® Performance Assay 
46-plex Fixed Panel (R&D Systems, Bio-Techne, Minne-
apolis, MN, USA), following the manufacturer’s protocol. 
Plates were read on a Luminex® 200 system (Luminex 
Corporation, Austin, TX, USA), and data were analyzed 
with xPONENT software (v4.2). Cytokine levels were cal-
culated from standard curves, and all samples were run 
in triplicate.

Anti‑fibrotic assay
Human cardiac fibroblasts (HCF, Promocell, passages 
1–5) are cultured in Fibroblast Growth Medium 3 (Pro-
mocell) supplemented with 1% antibiotic–antimycotic 
solution (Sigma-Aldrich) at 37  °C, 5% CO₂ until 80% 
confluence. Cells are then seeded at 30,000 cells/cm2 in 
24-well plates and incubated for 24  h. The medium is 
replaced with a deprivation medium (DM) (DMEM high 
glucose, 0.5% FBS, 1% antibiotic–antimycotic, 1% non-
essential amino acids) for 24 h. Next, cells are stimulated 

for 24 h in a stimulation medium (DM, 100 µM L-ascor-
bic acid 2-phosphate, 10 ng/mL TGF-β1, 100 µg/mL dex-
tran sulfate). In parallel, mdMSC are seeded at 100,000 
or 300,000 cells/well in 6.5  mm Transwell® inserts 
(0.4  µm pores, Corning) using MesenCult™ medium 
(StemCell) supplemented with 1% antibiotic–antimy-
cotic, and incubated for 24 h. After stimulation, HCF and 
mdMSC cultures are rinsed with deprivation medium, 
and Transwells are placed into the HCF wells (stimu-
lated + mdMSC) for 24  h of indirect coculture at 37  °C. 
Finally, Transwells are removed and HCF are either fixed 
for immunofluorescence or collected after trypsinization 
and stored at −80 °C for qPCR analysis.

Immunofluorescence
HCF are fixed with 2% paraformaldehyde for 15  min at 
37 °C, then washed with cold PBS. Permeabilization and 
blocking are performed for 1 h at 37 °C in PBS contain-
ing 10% FBS and 0.2% Triton X-100. Cells are incubated 
overnight at 4  °C with anti-α-SMA primary antibody 
(clone 1A4, Sigma-Aldrich), then for 1 h at room temper-
ature with Alexa Fluor™ 488-conjugated secondary anti-
body (ThermoFisher) and CellMask™ Deep Red. Nuclei 
are stained with DAPI for 3  min. Images are acquired 
using a Leica DM6000 inverted microscope and analyzed 
with ImageJ.

RNA extraction, RT‑PCR and PCR
Total RNA is extracted using the RNeasy kit (Qiagen, 
Hilden, Allemagne) and quantified with a NanoDrop™ 
One spectrophotometer (ThermoFisher). cDNA is syn-
thesized using the QuantiTect Reverse Transcription 
Kit (Qiagen). qPCR is performed in 96-well plates using 
SYBR® Green reagents (Meridian Bioscience, Cincin-
nati, OH, USA) on a StepOnePlus thermal cycler (Ther-
moFisher). GAPDH is used as the housekeeping gene. 
Primers are designed with Oligo 7 software; sequences 
and annealing temperatures are provided below. Results 
are normalized to the negative control (stimulated) 
(Table 1).

Anti‑inflammatory assay
mdMSC are seeded at 300,000 cells/well in 6.5  mm 
Transwell® inserts (0.4  µm pores, Corning) with Mes-
enCult™ medium (StemCell), 10% FBS, and 1% antibiot-
ics, and incubated for 24  h at 37  °C, 5% CO₂. The next 
day, THP-1 monocytes are seeded at 100,000 cells/cm2 
in RPMI 1640 complete medium (10% FBS, 1% PSA) and 
stimulated with 1  µg/mL of lipopolysaccharide (LPS), 
except for the untreated control. Transwells contain-
ing mdMSC are rinsed and transferred into THP-1 wells 
(stimulated + mdMSC) for 24  h of indirect co-culture. 
Supernatants are collected, centrifuged, aliquoted, and 
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stored at −80  °C. TNFα and IL-10 levels are measured 
by ELISA (Biotechne, MN, États-Unis) according to the 
manufacturer’s protocol, and optical density is read at 
450/570 nm.

Transcriptomic analysis of hearts
Total RNA is extracted from cardiac tissue using TRIzol™ 
(Invitrogen, Waltham, MA, États-Unis) following the 
manufacturer’s protocol. RNA concentration and purity 
are measured with a NanoDrop™ One spectrophotom-
eter (ThermoFisher), and reverse transcription is per-
formed using the QuantiTect Reverse Transcription Kit 
(Qiagen). Gene expression related to fibrosis, apoptosis, 
and heart failure is analyzed using the same RT-qPCR 
protocol described in the “RNA extraction, RT-PCR 
and PCR” section. Primer sequences and annealing tem-
peratures are listed in the table below. Results are nor-
malized to the sham group (Table 2).

Experimental model
Seven-week-old male immunocompetent Wistar rats 
(approximately 200  g) were obtained from Janvier Labs. 
They were housed in our animal facility under specific 
pathogen-free conditions, with free access to food and 
water, and maintained on a 12-h light/12-h dark cycle. 
Rats were housed three per cage initially, and reduced to 
two per cage once they exceeded 300  g. Each cage was 
equipped with environmental enrichment items, includ-
ing wooden chew blocks, shelters, and nesting substrates. 
In this study, the experimental unit is the individual ani-
mal, as n corresponds to the number of animals used.

The required sample size was calculated based on a 
two-sided test with a significance level (α) of 0.05 and 
a statistical power (1 − β) of 0.80, assuming a standard 
deviation (σ) of 10. Using the formula:

where � = 13 is the minimal biologically significant dif-
ference in LV ejection fraction to detect,Zα/2 = 1.96 , 
andZβ = 0.84 , the estimated sample size per group is:

Therefore, at least 10 animals per group are required to 
reliably detect a 13-unit difference under these assump-
tions and our sample sizes have met these numbers.

Experimental procedures
Procedures
The first procedure is performed to induce myocardial 
ischemia–reperfusion injury in rats, thereby establishing 
the heart failure model. A total of 70 rats were included. 
Twelve rats died during surgery. Cardiac function was 
assessed by echocardiography three weeks after infarc-
tion to evaluate the severity of injury. At this stage, 27 rats 
were excluded due to a left ventricular ejection fraction 
(LVEF) greater than 60%, and 31 rats were included and 
randomly assigned to one of the following three groups: 
sham (n = 10), patch (n = 10), or patch + mdMSC (n = 11). 
Randomization was performed using Microsoft Excel, 
with the aim of ensuring a homogeneous distribution of 
LVEF values across the three groups. The sham group, 
which underwent thoracotomy alone without coronary 
artery encircling or any additional treatment, served as 
the control group. The treatment was administered via a 
re-thoracotomy for patch implantation with or without 
cells three weeks after the index injury. An hemostatic 
sponge (TachoSil®) was applied at the outer surface of the 
patch and gently pressed against the myocardial tissue 

n =
2×

(

Zα/2 + Zβ

)2
× σ 2

�2

n =
2× (1.96+ 0.84)2 × 102

132
= 9.27

Table 1  List of human primers for qPCR

Species Gene F/R Sequence (5’to 3’) Hybridization 
temperature

Role

Human COL1A1 Forward GCA​CCT​GCC​GTG​ACC​TCA​AGAT​ 64,2°C Fibrosis

Reverse TGG​CCG​CCA​TAC​TCG​AAC​TGG​AAT​

COL3A1 Forward ATC​AGG​CCA​GTG​GAA​ATG​TAA​AGA​ 59,8°C Fibrosis

Reverse TCA​CAG​CCT​TGC​GTG​TTC​GATAT​

FN1 Forward TCC​CAT​TAT​GCC​GTT​GGA​GAT​GAG​ 59,8°C Fibrosis

Reverse ICAICIGGCCAI 1 1 ICICCCIGAC​

GAPDH Forward ATG​GGG​AAG​GTG​AAG​GTC​GGAG​ 60°C Housekeeping gene

Reverse TCG​CCC​CAC​TTG​ATT​TTG​CAGG​

MMP2 Forward GCG​AGT​GGA​TGC​CGC​CTT​TAA​CTG​ 61,5°C Matrix degradation/
Cardiac remodelingReverse GTC​CAC​GAC​GGC​ATC​CAG​GTT​ATC​

POSTN Forward GGA​GAA​ACG​GTG​CGA​TTC​ACA​TAT​ 59,4°C Cardiac remodeling

Reverse AGA​GCA​I I I I IGICCCGIAICAGA​
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with a gauze dressing to allow the patch to adhere, which 
only took a few minutes. One month after treatments, 
cardiac function was reassessed by echocardiography, 
and the animals were euthanized for heart collection.

All echocardiographic measurements were performed 
in a randomized order (based on the position of the cages 
on the rack) to avoid introducing bias into the assess-
ments. All data were analyzed in a blinded manner by an 
independent core laboratory, which assessed the follow-
ing parameters: left ventricular ejection fraction (LVEF), 
left ventricular end-diastolic volume (LVEDV), left ven-
tricular end-systolic volume (LVESV), and stroke volume. 
Data were double-checked by a senior echocardiogra-
phist (A.H.).

Anaesthesia and euthanasia
All procedures were performed under inhalation anes-
thesia with 2.5% isoflurane. During surgical procedures, 

rats were placed on a heating pad and provided with an 
ocular lubricant (Lubrithal).

Analgesia protocol: pre-operative and post-operative 
buprenorphine injections (0.05  mg/kg) were adminis-
tered for 48 h, and lurocaïne® was injected at the incision 
site at the beginning and end of the procedure.

After the second echocardiography, all animals were 
euthanized using deep inhalation anesthesia with 5% iso-
flurane. The heart, which had to remain intact, i.e., still 
beating at the time of harvesting, was collected for histo-
logical and transcriptomic analyses.

Statistical methods
Data are presented as means ± standard error of the mean 
(SEM).

Statistical analyses were conducted using Prism 10.0 
software (GraphPad Software, San Diego, CA, USA). 
For both in  vitro and in  vivo experiments, data with 
a normal distribution were analyzed using one-way 

Table 2  List of rat primers for qPCR

Species Gene F/R Sequence (5′ or 3′) Hybridization 
temperature

Role

Rat Col1a1 Forward AGC​ATG​TCT​GGT​TTG​GAG​AG 60°C Fibrosis

Reverse GTG​ATA​GGT​GAT​GTT​CTG​GGAG​

Col3a1 Forward GTG​AAC​ATG​GCC​CTC​CAG​ 60°C Fibrosis

Reverse CCT​CTT​TCT​CCT​TTA​GCA​CCTG​

Cxcl9 Forward CAA​ACC​TGC​CTA​GAC​CCA​GAT​TCA​ 59,6°C Inflammation

Reverse GAC​TCC​GGA​TGG​TGG​GGT​GTT​TTA​

Cxclll Forward ACG​GTT​CCA​GGC​TTC​GTT​ATG​TTC​ 59,6°C Inflammation

Reverse GGT​CCA​GGC​ACC​TTT​GTC​CTT​TAT​

Ddahl Forward GCT​GGC​CCC​AAC​CTG​ATC​GCA​ATA​ 62,2°C Cardiac function

Reverse CGT​CCG​GTA​CAG​TGA​GCT​TGT​CAT​

Errfil Forward GCC GTT​TCT​GGA​CCA​TGT​TAT​CTA​ 60,1°C Apoptosis

Reverse CAC​CCC​ACG​ATA​ACT​CTC​AAT​CAT​

Fnl Forward GGT​ACC​ACT​GGC​CAC​ACC​TAC​AAC​ 59,6°C Fibrosis

Reverse GCA​CGT​CCA​ACG​GCA​TGA​AGC​ATT​

Gapdh Forward GGG​CTC​TCT​GCT​CCT​CCC​TGT​TCT​ 63,7°C Housekeeping gene

Reverse TCA​CAA​GAG​AAG​GCA​GCC​CTG​GTA​

Ly6c Forward TGT​GCA​GAA​AGA​GCT​CAG​GGC​TTA​ 60°C Inflammation

Reverse ACA​GAG​CCC​TCT​ACA​GCT​TCT​AAC​

Nppb Forward CGGGCIGAGGI IGII 1 IAGG​AAG​A 59,2°C Heart failure

Reverse GGC​AAG​TTT​GTG​CTG​GAA​GAT​AAG​

Plod2 Forward TCC​GGC​CTC​ACC​ACG​ATG​CGT​CAA​ 62,5°C Fibrosis

Reverse CGG​GGG​GAT​TCG​ATG​GAG​CAA​TTA​

Postn Forward ATA​GAC​GGG​GTT​CCT​GTT​GAA​ATA​ 59,2°C Cardiac remodeling

Reverse TGA​TCG​CCT​TCT​AGA​CCC​TTG​AAC​

Ptgs2 Forward TCT​GGT​GCC​GGG​TCT​GAT​GAT​GTA​ 62,5°C Inflammation

Reverse CGC​TCA​GGT​GTT​GCA​CGT​AGT​CTT​

Thbsl Forward TAC​CAG​TCC​AGC​AGC​CGC​TTC​TAC​ 62,8°C Cardiac remodeling

Reverse CGG​GGC​CAG​TGG​TGG​AGT​TTA​CAA​
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analysis of variance (ANOVA) followed by Dunnett’s 
post hoc test. Non-normally distributed data were 
assessed using the Kruskal–Wallis test for multiple 
comparisons. An effect size was also determined using 
the following equation:

x1 : mean of group 1, x2 : mean of group 2, σpooled : pooled 
standard deviation of the two groups, calculated using 
the following formula:

n1 : sample size of group 1, n2 : sample size of group 2,σ1 : 
standard deviation of group 1, σ2 : standard deviation of 
group 2.
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